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• INTRODUCTION.

1.1 In Applied Electricity I, we studied the nature of electricity and the related terms
and laws. We also examined the components which make up electrical circuits, and
studied the characteristics of these circuits under D.0. conditions,

However, to understand the operation of telecommunication equipment, a sound knowledge
of alternating current theory must be attained, and this paper outlines the behaviour
of resistance, inductance and capacitance in A.C. circuits.

1.2 Although this paper briefly revises information given in Applied Electricity I, before
proceeding any further, you should revise the paper "Introduction to A.C. Theory" in
Applied Electricity I,
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2. ALTERNATING CURRENTS IN TELECOMMUNICATION.

2.1 An Alternating Current is one which regularly alters its direction of flow, first
T1ow.ng .n one dime6tion, then reversing and flowing in the opposite direction.
Terms commonly used in connection with A.C. are :-

(i) Sine Wave. A graphical representation of the A.. produced by a
conductor rotating at uniform speed in a uniform magnetic field.

(ii) yole. One complete reversal of A.. passing through a complete set
of positive and negative values.

(iii) FreguenoX. mhe number of oycles per
telecom are expressed in

cycles per second (c/s).
kilocycles per second (kc/s),
megacycles per second (Me/s),

second.

ko/s
Me/s

Frequencies used in

1,000 c/s.
1,000,000 c/s.

2.2 Alternating currents are used in almost every aspect of telecommunication, ranging from
the simple magneto telephone to the complex equipment of radio and television.

The ways in which we use A.C. in telecom are as follows :-

(a) Normal Telephone Gonversations use A.0. to carry the message from
one telephone to the other, over the telephone line.

(1.£)

(iii)

(iv)

Carrier Telep/on) uses A.0's. produced within the carrier system as
carriers" for a number of telephone conversations which can be
transmitted over one line at the same time. The "carrier" currents
have different frequencies which allows them to be separated by
filters in the receiving equipment.

Carrier [e]es-ephy uses A.0. to provide a number of telegraph channels
over one ea1ephone line, or over one channel of a telephone carrier
system. The telegraph signals are in the form of pulses of A.C., the
frequency of which is different for each channel. As with telephone
carrier systems, filters separate the signals at the receiving end,
and no interference takes place between messages.

Radio, which embraces broadcasting, radio telephone and telegraph
ss4ices and television, uses high frequenoy alternating currents as
carriers for the transmission of signals. We often hear radio stations
announce their operating frequency,

2.3 In addition to these actual methods of communication, we use A.C. in other ways. Some
of these are :

to ring telephone bells.TELE"

to provide the supervisory tones in automatic exchanges.
to "direct-dial" over trunk lines.
to test the performance of amplifiers and other equipment.
to operate exchange battery charging equipment.
to heat, light and ventilate buildings,

A.C.'s. used in telecom vary in wave shape and frequency, and come from many different
voltage sources. Some have pure sine wave form, but those used for the transmission of
speech and music are more complex. The voltages producing these currents range from a
few millivolts in the subscriber's telephone to many kilovolts in a radio transmitter.
The frequencies used range from 17 c/s for ringing current up to thousands of megacycles
per second in the high frequency radio applications.
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Frequencies are classified according to their use,

• first
pion, (i) Poyer fr0queneX. A.0. at 50 c/s is distributed by Electricity Authorities

and provides power for all battery charging equipment and for the normal
lighting and power circuits in buildings.

ranging from
is10n,

(A4) Audio frequencies are those which produce sounds which can be heard by the
Human ear. fey range from 16 c/s to 20 kc/s, but the limits of hearing
vary with different persons. Most people can hear sounds from 30 c/s to
15 kc/s.

It is not necessary to transmit the full audio range for satisfactory
sound reproduction. In fact, to do so would be both inconvenient and
unnecessary. The range of frequencies we normally use for the electrical
transmission of sound is :

200 c/s to 3 kc/s for telephone conversations.
30 c/s to 7.5 kc/s for programme transmission.

Although there are frequencies in both speech and music which are not
present after transmission, the frequencies mentioned above are sufficient
for normal reproduction,

Carrier fr0gu0noies are those used in carrier systems for transmitting
simultaneous telephone messages over one pair of wires. The frequencies
used with open wire line systems range from 3 ke/s to 150 kc/s (approx.).
However, carrier systems operating over special cable use frequencies
in excess of 1 Mc/s.

(iv) Radio fregueno]es are those which permit electric current to radiate
appreciable electromagnetic energy, and are used for all forms of
'wireless' transmission.

(i11)

Radio Frequencies extend from about 30 ke/s upwards.

Frequencies used in telecom in Australia are shown in Fig. 1,

160 MCIS
RADIO TELEPHONE SYSTEMS

4000Mc]s

TELEVISION
50 MCIS 220.MC]S-

-.-. .i as
: stations

1±r ways. Some

6McIs 22Mcjs
SHORT WAVE RADIO J

·5MC]s 1-6.MC/S
BROADCAST RADIO

TELEPHONE CARRIER SYSTEMS
3KCIS 1so KC/s

200¢IS

50 CI5
j POWER

3KC]S
voice (TELernoNY]

-- many different
- transmission of
--ts range from a
-ii> transmitter.
-anis of megacycles

tocIs 100cjs IKcIs oxcds ooKc/s IMcls 10Mc]s IO0MC/S I000MIS I0,000MC/S

FIG. 1. FREQUENCIES USED IN ELBDOM.
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3. TRIGONOMETRY AND RIGHT-ANGLE TRIANGLES.

3.1 r1@9nome*EX is a branch of mathematics which deals with the relationships which exist
between the sides and angles of triangles.

At this stage it might seem that trigonometry has no connection with A.C., but we will
see that currents and voltages in A.C. circuits can be represented by vector diagrams
which can be simplified to right-angle triangles. Trigonometry is one of our most
useful aids in solving A.C. problems.

3.2 Right-#nele Triangles. We know from earlier studies, the sum of the angles
included in a right-angle triangle equa3 180°. As one angle is a right-angle,
the remaining two angles together contain 90°

The sides of a right-angle triangle are designated with reference to one of these two
included angles, as shown in Fig. 2. It is the usual practice to refer to the
"reference" angle as "theta", (0).

ADJACENT

FIG. 2. SIDES OF RIGHT-ANGLE TRIANGLES.~
The longest side is the A)polenuse.

The side opposite the reference angle is the 9PP9site side.

The side, which, with the hypotenuse, forms the angle is the @J@oent side.

3.3 Trigonometrioa] Ratios. he ratio between the lengths of the sides of right-angle
triangles which have similar reference angles, always works out to the same numerical
value, irrespective of the size of the triangle, as in Fig. 3,

c

t)tu

B

FIG. 3. TRIGONOMETRICAL RATIOS.

AB CD
10bo

These ratios are known as sine, cosine and tangent, and are expressed as follows t-

Sin 0 OPPOSITE
HYPOTENUSE

Cos. (
ADJACENT

HYPOTENUSE

Tan. (
OPPOSITE
ADJACENT
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3.4 The Numerical_ Values of sine, cosine and tangent vary according to the magnitude of
the reference angle.

For angles between 0' and 90°_
mich exist Co)

but we will

The value of sine changes from zero, at 0', when the opposite side PC has
no length, to unity at 9o, when the opposite side coincides with the
hypotenuse, 0P. (Figs. 4a, b and c.)

=ttor diagrams
tf our most

--angle,

9YPl
4P'2- [4

= of these two
to the

w
\

oPP=O·7O7

I
I

HY?-I

o
90

\
\
I

0 C

(6) sine 45" 9.797-
TI0. A. VALUES POI SINER.

(ii) Cosine has a value of unity at o as the adjacent side 00 is equal in length
to the hypotenuse, QP, but it diminishes in value as the angle 0 increases
towards 9o° At 90°, cosine is zero as the adjacent side ceases to exist.
(Figs. 5a, b and c.)

0 ? C

(a) Sine 0 = 0.

oC

(e) Sine_90° 1 .

---- _
P ---...... ........

"
'- P "" "x* )t )r

\
\ \ HYP-I \

\ \ \
I \o° HYR=I I I 90 °o Pc oc

ADJ,= I o ADJ= O·7O7 ADJ= 0

(a)
--Ett-angle

- sat> numerical
(iii)

gomtneo"1. (b) Gosane 49* « 9.797.

FT9. S- VALUES FOR COSINE,

At 0° tangent has a value of zero, as the opposite side PC has no length.
Ai 45°_the opposite side is equal in length to the adjacent side, O0, and
ban 45° is unity. After 45°' tangent rapidly increases in value until at
90° it is infinite in value, as then the adjacent side has no length.
(Figs. 6a, b and c.)

(e) pesine 90° 0.

as follows :-

k
\

0PP=0707

C

0 ADJ. 0-707

90°
gfi.l

ADJ#0

(a) Tangent o" -9. (b) Tangent 45* -_1. (e) Tangent90"1of±nib-
FIG. 6. VALUES FOR TANGENT.---

For angles between 90' and 360'*, sine, cosine and tangent vary within the same
numerical limits as for between o° and 90°*, Whereas sine, cosine and tangent are
positive between O* and 90*, between 90* and 360° there are times when their values
are negative.

The familiar sine wave is actually a graph of the variation in values of sine
between 0° and 360°
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3.5 {Trigonometrical Tables list the numerical values of sine, cosine and tangent for all
angles between 0o and 90°, Portion of the "sine" table is shown below.

NATURAL SINES.

SIN 5°

0
SIN IO 2

0
SIN IS 3

Differences.
0' 6' 12' 18 24' 30 36' 42' 48' 54' 1 2° 3 4 5°

o° 0000 0017 0035 0052 0070 0087 0105 0122 0140 0157 3 6 9 12 IS

I 0175 0192 0209 0227 0244 0262 0279 0297 0314 0332 3 6 9 12 15
2 0349 0366 0384 0401 0419 0436 0454 0471 0488 0506 3 6 9 12 15
3 0523 0541 0558 0576 0593 0610 0628 0645 0663 0680 3 6 9 12 15
4 0698 0715 0732 0750 0767 0785 0802 0819 08.37 0854 3 6 9 12 14
5 0872 0889 0906 0924 0941 0958 0976 0993 1011 1028 3 6 9 12 14
4 ♦
6 1045 1063 1080 1097 1115 1132 1149 1167 1184 1201 3 6 9 12 14
7 1219 1236 1253 1271 1288 1305 1323 1340 1357 1374 3 6 9 12 14
8 1392 1409 1426 1444 1461 1478 1495 1513 1530 1547 3 6 9 12 14
9 1564 1582 1599 1616 1633 1650 1668 1685 1702 1719 3 6 9 12 14

10 1736 1754 1771 1788 1805 1822 1840 1857 1874 1891 3 6 9 11 14
4 • %

II 1908 1925 1942 1959 1977 1994 2011 20.28 2045 2062 3 6 9 II i4
12 2079 2096 2113 2130 2147 2164 2181 2198 2215 2233 3 6 9 II 14
13 2250 2267 2284 2300 2317 2334 2351 2368 2385 2402 3 6 8 II 14
14 2419 2436 2453 2470 2487 2504 2521 25.38 2554 2571 3 6 8 II 14
15 2588 2605 2622 2639 2656 %2 2689 2706 2723 2740 3 6 8 II 14

2 • ADD •
*£ 2756 2773 27.90 2.907 2823 040 2857 ors* en 2907 L6- - ~

The sine of an angle measured in degrees, or in degrees and certain values of minutes
can be read directly from the table of natural sines. For example:-

sin 50 is 0.0872

sin 100 24' is 0.1805.

To find the sine of an angle which cannot be read directly from the table (for example
15° 32'), the procedure is -

(i) Locate an angle on the table as near as possible to, but less than the required angle, and note
its value of sine. (Sin 150 301 = 0,2672).

(ii) Refer the difference in minutes between the two angles to the "difference" column (2! difference at
15° - 0,0006).

(ii1) Add this to the value of sine previously obtained - (0.2672 + 0.0006).

•• sin 15 321 - 0.2678.

To find the angle which corresponds to a known value of sine, (for example 0.2323),
the procedure is -

(i) On the table, locate an angle whose sine is nearest to, but less than the known sine value, and note
its value (sin 13° 244 « 0.2317).

(ii) Refer the difference to the difference column; (0.0006 difference at 13° = 2').

(iii) Add the corresponding difference in minutes to the angle previously noted - (13° 241 + 21 130 26').

0,2323 sin 13 26
-* 1t

Tables for values of bap@ent are used in exactly the same way as sine tables, as the
values for both sine and tangent increase as the magnitude of the angle increases.

Values of cosine however, decrease as the angle increases, and the numbers show in
the difference column must be subtracted instead of being added.



FUNDAMENTALS OF A.C. THEORY.
PAGE_7-

-et for all 3.6 Trigonometrical Ratios are used to calculate -

- the remaining two sides of a right-angle triangle when one side and one angle
(other than the right angle) are known.

- the included angles of a right-angle triangle when any two sides are known.
5°

- 15

Example No. 1. In the triangle ABC, calculate -

2 15
5
!S

2 14
- 14

(i) the length of side BO

2 14
34

- 14
14
i4

4
14
14
14
4

of minutes

(ii) the length of side AC,
A

B C

(i) .... cos 500 z
adjacent BC

(11) .... sin 50°hypotenuse 78

From tables From tables

cos 50° 0. 6428 sin 50°

0, 6428 2
BC . 0. 7661

BC 0.6428 x 12 AC

7.7* (approx.)

opposite
hypotenuse

AC
76

0. 766

AC
- 17

0. 766 x 12

9.2° (aperex.}

Answer - (1) 7,7* (11) 9.2*.
zle for example

Example No.2. Calculate the angle 6.

1 ++grence at

--le 0.2323),

4*
ALTERNATIVE METHODS

:-•, and note

- 24 - 139 261).

tables, as the
a increases.

sin ( . 9Pp9g1 te
hypotenuse

3
5

0.6

From tables

sin 3652' 0.6

.". angle 0 36 ° 521
cars shown in

cos (

From tables

cos 360 521

.• angle (

adjacent
hypotenuse

4
5

0.8

0,8

36 521
-·--

Answer = 36 521
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3.7 There is also a definite relationship between the three sides of a right-angle triangle.
This relationship is summarised in Pythagoras' theorem, which states -

The square on the hypotenuse of a right-angle triangle equals the sum of
the squares on the other two sides.'

From this we can develop formulas which enable us to calculate any one side of a
right-angle triangle, provided the lengths of the other two sides are known. For
example, in Fig. [.

x

Example No.b:

FIG.I
In the triangle below, find (i) side Z and (ii) the angle 6.

~•-·
R=12

-Fa• 25

(ii) ..... tan 6

From tables =

Opposite
Talat

X 5
7 1z
0,4166

- 13

Answer = (i) 13 units

tan 22371 = 0.4166

.'. Angle 0 = 220.374

(11) 229 37'.

3.8 The calculations involved in Example No.3 are essentially the same as those done when
solving A.C. problems. Any one of the three trig, ratios can be used to find the
angle, and for practice you should repeat part (ii), using the sin and cos ratios.
However, it is the usual practice to use tan in the angle calculation, as the factors
involved (X and R) are usually given, or can be calculated with a minimum of working.
The factor Z is the denominator in the equations for sin and cos, and as this is
nearly always a calculated, and often awkward figure, it is more convenient to use -

Tan. 0 = OPPOSITE
ADJACENT

In the simple aspects of trigonometry dealt with so far, angles have been measured in
degrees and minutes. here is another method of angular measurement, called radian
measure, which is important in A.C, theory.
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gle triangle.

o£

ie of a
wn. For

3.9 Radian Measure is used to express the angular velocity of, or the angular distance
travelled by an object which has rotary motion. When a conductor rotates in a
magnetic field to produce sine wave A.C. its rate of rotation can be expressed in
terms of radians per second.

A Radian is the angle subtended at the centre of a circle by an arc equal in length
t% ch% radius. (rig. 8).

Ko. of radians in a circle • olrcu@rerenoe
radius

One radian

2 mt x radius
radius

- 2r¢

360
2r

- 57.3°.

6. FIG. 8. RADIAN MEASURE.

The rotating conductor traverses 2m radians in making one revolution. When 'f" is
the number of revolutions per second, the conductor has an angular veloci*)
(symbol) or rate of rotation of 2mf radians per second.

he.ref'ore

( * Angular velocity in radians per second.

6= 27f where 2me 6.28.

f « Revolutions per second.

Eireple No._.d. Calculate the angular velocity of a conductor which rotates in a
magnetic field at 3000 revolutions per minute.

Na. of revolutions per second
Revs. per minute

60

3000
de

- 50.

s= done when
find the
-s ratios.
s the factors
-- of working.

this is
.=rt to use -

Angular Velocity 6 2mf

* 2 x 3.14 x 50

314 radians per second

Answer 314 radians per second.

=r measured in
>led radian

In A.C. circuits containing inductance or capacitance, the rate of change of current
has a direct bearing on the amount of opposition offered by the circuit.

As the rate of rotation of the conductor influences the rate of change of the A.C.
produced, we find that wherever the rate of chant of current is a factor which
governs the behaviour of a circuit, reference is made to the angular velocity of
a rotating conductor.
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4. VALUES OF ALTERNATING CURRENT AND VOLTAGE.

4.1 As we saw in Applied Electricity I, during each cycle, an A.C. passes through a large
range of values. here are several different values associated with A.C. Theory.
They are :-

(i) Peak or Maximum Value. This is the maximum value occurring during one cycle.
The peak value is not used as a direct indication of the effectiveness of
an A.C. as this value is attained at two instants only during each cycle.
However we must take peak value into consideration with regard to the
insulation of high voltage circuits.

For a sine wave, the relationship between the peak value and effective
value is-

PEAK VALUE 1·414 x EFFECTIVE VALUE

(ii) Instantaneous Value. This is the actual value of an A.0., at a certain
instant or rotational degree position during a cycle.

For a sine wave -

INSTANTANEOUS VALUE PEAK VALUE x sin.O
where ( = number of degrees from commencement of cycle.

(iii) Effective or R.M.S. Value. fhis is the value of A.C. which produces the
same heating effect as a continuous current of the same amount. An A.C.
of 10 amps (effective) has the same heating effect as 10 amps D.C.

The power of an A.C. is used as a basis for determining its effective
value. For one cycle, instantaneous values of current (or voltage) are
Su@red to give proportional values of instantaneous power. These are
averaged to obtain a [@! value of power for the cycle. A value of
current (or voltage) whih produces the same power is obtained by taking
the square root of the mean power.

This value, (the Root of the Mean of the Squares of instantaneous values)
is the effective ralue of thealternatingcurrent or voltage under
consideration.

For a sine wave -

EFFECTIVE VALUE 0·707 x PEAK VALUE

Unless definitely stated otherwise, alternating currents and voltages are
referred to in terms of effective values. For example, the "240 volt A.C."
supply used for home lighting has an effective value of 240 volts. he
peak value of this supply is approximately 340 volts. This figure is
calculated as follows :-

Effective Vol tage

Peak Vol tage

0.707 x Peak Voltage.

Effective Voltage
0.707

Effective Voltage x 1.414

240 x 1.414

340 volts (approx.)

(iv) Av0race Value. Phis is the average of all the instantaneous values of
the A.C. for one half cycle. Average value is rarely used by technicians,
but it has application in electroplating and similar processes.

For a sine wave-

AVERAGE VALUE 0·637 x PEAK VALUE
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gh a large
Teory.

4.2 Form Factor. This is a number which indicates the wave form of an A.C. It is found
from the ratio of the effective value to the average value. Form Factor is used in
calibrating the scale of a moving coil meter to read A.C.

FORM FACTOR
-g one cycle,
iveness of
aph cycle.
: the

EFFECTIVE VALUE
AVERAGE VALUE

For a sine wave

Tective

fore Factor - 0.70? x Psak Value • 1.11.
0,637 x Peak Value

As the wave shape becomes flat topped, the form factor tends towards a value of 1.0.
When the wave tends to become peaked, the value rises above 1.11.

- UE 5. PHASE.

5.1 When an alternating voltage is applied to a circuit, the resulting current has the
same frequency as the applied voltage.

In some circuits, the current and voltage waves reach their peak positive or
negative values at the same instant. In such circuits, current and voltage are
"in phase" (rig. 9).

E

I-3tive
tag=] are
z> are

taking

or"%54%vse%•

\d
: - values) FI0. 9. CURRENT AND VOL/AGE IN PHASE.

In many circuits the current wave reaches its peak value before or after the voltage
wave does so, In these cases current and voltage are "out of_pase',

:_tag0s are
'i volt A.0,"
-- .s. [he
-g.re is

5.2 he current in "out of phase" circuits, is said to lead or l@g the applied voltage,
depending on whether it reaches its maximum positive value before or after the
voltage reaches its maximum positive value. (Figs. 10a ansJ

(y[fr\L
360°,

/

-lutes of
technicians,

(a) Ourrent Leeds Voltage by 45°. (6) Current lags Voltage by 45*.
FIG. 10. CURRENT AND VOLTAGE OUT OF PHASE.

The time or fraction of a cycle by which the current leads or lags the voltage in an
A.C. circuit at a particular frequency is called the phase differenoe. Phase
difference is often expressed as a phase angle (O) in electrical degrees.
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6. RESISTANCE IN A.C. CIRCUITS.

6.1 The Resieb@mO® of a material is the opposition it offers to the passage of current, and
it depends upon the nature of the material, and upon its length of cross-sectional
area. When an A.0. circuit contains resistance only, the current in the circuit can
be calculated directly from Ohm's Law, provided that effective values are used.

6.2 Phase Re)abionshiR» In purely resistive circuits, (Fig. 11a) changes in the applied
voltage cause corresponding changes in the current, with the result that current and
voltage are in phase, as in Figs. 11b and c.

E

INICT.

R
E

(a) (b)

FIG. 11. RESISTANCE IN A.C. CIRCUITS.

(e)

6.3 Effect of Fr09105RX. In some A.C. circuits, the resistance of a conductor is found to
be higher than when the conductor is part of a D.C. circuit. his is due to the
non"uniform distribution of the current over the cross-section of the conductor when
A.C. flows.

The passage of A.C. produces an alternating flux which cuts across the conductor
developing in it opposing self induced e.m.fs. which are of a higher value at the
centre of the conductor than at the surface.

The result is, that current finds an easier path on the outer surface of the conductor,
and, as such the effective cross-sectional area is reduced.

The tendency for A.C. to flow in the outer "skin" of the conductor in preference to
using the whole cross-sectional area is known as "Skin Effect".

Skin Effect is most noticeable at high frequencies, as the higher the frequenoy the
greater are the self induced em.fs. at the centre of the conductor, and it is more
noticeable in conductors which have a high permeability, for example, in Q.I, line
wire. It is kept to a minimum by using low permeability conductors that are tubular
or which consist of a number of individually insulated interwoven strands,

6.4 Power in Resistive Circuits. When current flows in a resistive circuit it produces heat,
irrespective of its direction. As effective values of A.C. produce the same heating
effect as similar values of DC., the rate of energy transformation, or power in a
purely resistive circuit can be calculated from

E Applied Voltage

ExI 2 e°POWER IR where Current in amperes.-R R Resistance in ohms.

in:-
whit
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7. INDUCTANCE IN A.O. CIRCUITS.

7.1 An Iductor is a device in which energy is stored in a magnetic field. In the paper
in,sromagnetic Induction" of Applied Electricity I, we saw that when the current
through an inductor changes, the changing magnetic flux induces an e.m.f. in the
circuit, which, according to Lenz's Law, opposes the original change in current.

The ability of a circuit ta oppose any change in the current is known ±s Lnduob@no9:

7.2 The Unit of Induobane is the Henry, and a circuit has an inductance of 1 Henry when
a currere 8hanging at a rate of one ampere per second, induces in it an e,m.f. of
one volt.

Whilst the Henry is quite a practical unit, in telecom, we often find it convenient
to use submultiple units. Mhey are -

the millihenry (ml.) which is one thousandth (-' or 10+) of 1 Henry.
1o?

- the microhenry ( µH.) which is one millionth (-'z or ~0®} o£ 1 Henry.
10

All conductors possess inductance; even a straight wire has an e.m.f. induced in it
when the magnetic field surrounding it changes. However, almost all practical
inductors" are wound into a coil, the physical properties of which determine the
inductance value.

7.3 When A.C, flows in an inductive circuit, the continually changing current produces
a continuous opposition or reactance, which is distinct from the normal circuit
resistance.

Inductive A0acbanoe (Symbol Xi) is a measure of the opposition to A.0. offered by
an th5u6tie otmcuit. The reactance of a coil is measured in ohms and is determined
by

(i) The Induo5anoe. When the inductance of a coil is increased, the opposition
to current change is increased, and so, inductive reactance is increased,

(ii) The FregueE9X- The magnetic flux, producing the self induced e.m.f. changes
at the same rate as the current which produces it. We have seen that the
rate of change of current for sine wave A.C. is 2m radians per cycle.
When the fr09u9I9 is increased, the flux changes at a faster rate causing
greater opposition.

-Terence to where

4 " Inductive reactance in ohms.

G * 2rf.
l Inductance in henries.

sen0y the
it is more
3.I, line
-re tubular

produces heavy
sane heating
power in a

In practice, it is impossible to obtain a purely inductive coil, as its windings and
connections must possess some resistance, and when this is large, it must be taken
into account when determining the total opposition to current. However, when the
resistance is small in comparison with the reactance, it can be ignored in simple
calculations,

In the inductive components we use in telecom circuits, there are other f'actors
which influence the opposition to A.C, Generally, the total opposition of a
component at a certain frequency is reduced when -

a steady flux is produced in the magnetic circuit by a D.C. in the winding or
by the presence of a permanent magnet. This causes partial saturation of the
core arid prevents the magnetic field from changing to the same degree as the
current.

copper slugs or short-circuit turns are added. Phe flux caused by the eddy
currents in the slugs opposes the main flux and reduces the magnitude of the
self-induced e.m.f.
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Bxapple No»_2• Find the value of the current when an alternating voltage of 10 volts
at frequencies of (i) 1 kc/s, (ii) 2 ke/s is applied to an 80 mli inductor of
negligible resistance.

80 mH

lo V 4kc/s lo y

80 mH

2 kc /s

:-

(i) ...• 4 "L
6.28 x 1,000 x 80

1000

500 ohms (approx.)

E
7t
10 x 1000 A.

500

20 mA.

(ii) .... AL *GL

6.28 x 2,000 X 80
1000

1000 ohms (approx.)

E

Xi:
10 x 1000 nA.

1000

10 A.

Answer = (1) 20 mA. (11) 10 mA.

7.4 Effect of Fregu9no). As shown in Example No. 5, when the frequency of the A.C. applied
to an inductor is increased, the inductive reactance is increased and the current is
reduced. The variations which occur in reactance and current in a purely inductive
circuit when the frequency is varied are as shown in Fig. 12a and b.

t

0 ~----------FREQUENCY

(a) Inductive Reactance Increases
as Frequency Increases

(b) Current Decreases as
Frequenoy Increases

FREQUENCY m

FIG. 12. EFFECT OF FREQUENCY ON INDUCTIVE CIRCUIT.

7.5 Inductors Connected in Series, When there is no mutual inductance, the total reactance
of a number of inductors connected in series is the sum of the individual reactances.

X1° XL + XL2

I I-+X11 Xµ2

7.6 Inductors Connected in Parallel, As more than one current path is provided when
inductors are connected in parallel, the joint reactance is determined by the same
method as is applied to parallel resistors, provided no mutual inductance exists.

When there is mutual inductance present between series or parallel connected inductors,
factors such as the degree of coupling and the method of connection must be considered
before the combined reactance can be found.
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- of 10 volts

- of 7.7 Phase Relationship. There is another characteristic of inductive circuits which is
important in the study of A.C. The voltage across an inductor reaches its maximum
value when the rate of change of current is greatest. In "sine wave" A.C. circuits
containing inductance only, this instant occurs when the current is zero value. In
such circuits, current lags the applied voltage by 90,

Fig. 13a illustrates a circuit containing a "pure'
inductance (that is, the resistance is negligible).
An alternating sine wave voltage is applied, and
the resulting current is as shown in Fig. 13b.

L

(a)

t= .C. applied
ta current is

inductive

s aS

total reactance
.al reactances.

ii=i when
-- the same
-ze exists,

In Fig. 13b we see that at points 2 and 4, the
current has reached its maximum value, and as it
is momentarily steady, the rate of change of
current is zero. Consequently the self induced
e.m.f. is zero at these points. (Fig. 13c.)

At points 1, 3 and 5 the current value is zero but
here the rate of change of current is the greatest
for the cycle. As the magnetic flux has the same
rate of change as the current, the rate of change
of flux is greatest at these points. The self
induced e.m.f. reaches its maximum value when the
flux is changing at the maximum rate, that is, at
points 1, 3 and 5.

As the self indvced e.m.f. opposes the change which
produces it, its direction at points 1, 3 and 5 is
opposite to the direction of current growth at
these instants. At points 1 and 5 the current is
changing in a positive direction, therefore the self
induced e.m.f. is maximum in the negative direction;
at point 3 the current is changing in a negative
direction, therefore here, the self induced e.m.f.
reaches its maximum positive value. This is shown
in Fig. 130,

By Lenz's Law the direction of the induced e.m.f.
is at all times opposite to the change which
produces it. Here the change is the applied voltage.
The applied voltage is therefore, at all instants,
equal in magnitude but opposite in direction to
the induced e.m.f.

When we draw this voltage in opposition to the self
induced e.m.f. (Fig. 13), we see that in a purely
inductive circuit the current reaches its maximum
positive value one quarter of a cycle later than
the voltage - or the current lags this voltage by
20° mhis is show vectorial1y in Hg. 13e.
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r > E

(e)
INDUCTANCE IN A.C. CIRCUITS.

FIG. 13.

rzpted inductors,
= be considered

The statement "current lags the applied voltage by 9on is correct only when the
inductor has no resistance. In practical inductors, which contain resistance as well
as inductive reactance, the applied voltage is distributed partly across the
resistance and partly across the reactance. In this case, it is only the reactive
component of @pplied voltage, bhat is, the R.D. across the inductive reactanoe which
±e 90° out of phage jifi ourreRE. A% bi F.D. acroas bk »oeRatance Ia I Enso Riek
current, the current lags the applied voltage (which is the resultant of the P.D's)
by less than 90°, This point is dealt with in the paper "Series A.C. Circuits".
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7.8 Power in Inductive QirouiES. When A.C. flows in an inductor, a magnetic field builds
up and Ga1lapses every half cycle. During the first quarter cycle, energy is taken
from the source to create the magnetic field. This energy is restored to the supply
when the field collapses during the next quarter cycle. Although current flows, no
energy is expended in a purl} inductive circuit.

7.9 Inductanoe in Telecom Qirouits. mhe applications of inductance in telecom equipment
are many and ar.ed, as show in the following examples.

(i) A.G. Suppression. Rectifiers alone do not produce a steady D.C., but convert
each oyeld 6r Input A.0. into two half-cycle unidirectional pulses. This
is the equivalent of a steady D.C. with a superimposed A.C. component.

When connected in series with the output (Fig. 14) an inductor called a
"choke" coil offers high opposition to the A.. ripple and reduces its
magnitude whilst allowing the D.C. to pass readily,

Inductors used in this application range in value from less than 1 henry
to approximately 30 henries.

FIG..14-
Other examples of the application of this characteristic of inductance are
found in -

transmission battery feeds

C,B, P.M.B.X. alarm (buzzer) circuits,

(ii) Current Control. As the reactance of an inductor is capable of limiting the
current fa an A0. circuit without energy loss, variable inductors are
employed to control the current in input and output circuits of battery
charging equipment,
The reactance of the inductor may be varied in three ways,

- by adjustment of a coil-tapping switch

by the insertion or withdrawal of a movable portion of the iron core

- by varying the degree of saturation of the magnetic circuit, by
varying a D.C, in an auxiliary winding.

This latter method is widely used in modern telecom power plant with automati:
output voltage control,

(iii) Loa@dins• I following sections of the paper, dealing with capacitance in
R,0. 6rouits, we will find that the effect of capacitance is opposite to
that of inductance, and that one can be used to counter-balance the other.

As the wires in underground cables run side by side, each pair has an
appreciable value of capacitance, which adversely affects the transmission
performance. By connecting inductors called "loading coils" in series
along the cable, the undesirable capacitive effect can be overcome. I'his
process is known as "loading".

Inductance has many other applications in telecom in such items as oscillators,
equalizers, filters, aerial coupling units and carrier frequenoy generators,

These are described in other papers of the course.

-. T
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8. CAPACITANCE IN A.C. CIRCUITS.

8.1 A Capacitor is a device in which energy is stored in an electric field. In the
paper Mapacitance", of Applied Electricity I, we saw that a practical capacitor
consists essentially of two conducting plates separated by a thin layer of
insulating material, or dielectric,

When an e.m.f, is applied to such a capacitor the electric field produced between
the plates distorts the orbits of the outer electrons in the atoms of the
dielectric. This limited electron movement in the dielectric, results in a
momentary "charging current" in the circuit. When the dielectric is strained in
this way, a P,D. is produced across the capacitor which opposes the applied voltage.
The charging current ceases when the capacitor counter voltage equals the applied
e,m.f. and the capacitor is then said to be "charged".

Should the charging voltage be removed, and the capacitor be connected in a closed
circuit, the electrons in the dielectric atoms restore to their normal orbits, and a
disohar@8 current, opposite in direction to the charge current, flows in the circuit.

8.2 [he Unit of Capacitance is the Farad. A capacitor has a capacitance of one Farad when
a charge of one coulomb raises the P.I. across the plates by one volt.

he farad is too large for practical use, and submultiple units are generally used,
They are s-

the microfarad (µF), which is one millionth (-' or 10®) of one Farad
100

- the micromicrofarad (u µF) or picofarad (pF), which is one million-millionth

( 1 -12)ii or 10 of one Farad.
10

3.3 When an alternating e,m.f, is applied to a capacitor, the capacitor alternately
charges and discharges. Although no current passes through the dielectric, an A.C,
flows in the external circuit. This current is limited by the reactance set up by
the capacitor counter voltage.

Capacitive r0@05anoe (Symbol Xo) is a measure of the opposition to A.C. offered by
a capacitor. The reactance of a capacitor is measured in ohms and is determined
by -

(i) The Gapaoibanoe. When the capacitance is increased, the quantity of
electricity required to charge the capacitor to the same potential is
increased, so the current in the circuit must increase also, An
increase in current indicates that the capacitive reactance is reduced.

(ii) The Fr09ue9J. When the state of charge on the capacitor is changed in
any way, current flows in the circuit. When the fr0gueIoY is increased,
the rate of change of charge is increased, which means that the current
is correspondingly increased and capacitive reactance is reduced. We
have seen, that, for sine wave A.C. the rate of change of current is 2n
radians per cycle.

Capacitive reactance can be found from -

4 Capacitive reactance in ohms.

Xe I
GC where G 2mf.

C Capacitance in Farads.

In practice it is not possible to obtain a purely capacitive capacitor, as its
plates and connections must contain some D.C. resistance, but this can be ignored
in simple calculations.
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Example No._O. Find the current in the circuit when an alternating voltage of 10
volts at a frequency of (i) 1 ke/s (ii) 2 kc/s is applied to a 2µF capacitor of
negligible resistance.

2µ f 2 µf

r£.
"21_r7-

10 V

1() .... 1 Ge

ikc/s

(TY) .... K¢

IOV 2kc/s

1,000,000
6.26 +,0tokz

80 ohms (approx.)

E
%
10 x 1,099 ",

5ts

125 A.

1,000,000
6.26 z,o0o Z

40 ohms (approx.)

E
%

10 x 1,00 "
40 A.

250 mA.

JCIE -

±7 p:
I •

Aver.• (1) 125 sA; (i1) 250 s4.

8.4 Effect of Fregu0NO. As shown in Example No. 6, when the frequency of the A.C. applied
to a capacitor is increased, the capacitive reactance decreases and the current in
the circuit increases correspondingly. The variations i reactance and current in a
purely capacitive circuit when the frequency is varied, are as shown in Fig. 15a and b.

FREQUENCYw

(a) Capacitive Reactance Decreases
as Freguenoy Inoreases

(b) Current Increases as
Frequency Increases

Ii¥

FIG. 15. BFFBOT OP FREQUMIOY ON CAPACITIVE OIROUIT.

8.5 Capacitors Connected in Series. When capacitors are connected in series, the total
reactance is the sum of the reactances of the individual capacitors.

Xc = Xe+Xc2
8.6 Capacitors Connected in carallel. The joint reactance of capacitors connected in

parallel is determined in a similar manner to that employed for parallel resistors.

!-1,i
Xe Xc Xe

II1EI

t«ice i

-- -
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.tage of 10
3itor of

8.7 Phase Relationship. We have seen that current flows in a capacitive circuit, only
while the capacitor is charging or discharging, or, in other words, when the state
of charge is changing. Marimum current flows when the charge ie changing at the
featest rate. In A.0. circuits containing capacitance only, this instant occurs
when the applied voltage is at zero value. In such circuits, the current leads the
applied voltage by 90°.

Fig. 16a illustrates a circuit containing
"pure" capacitance. An alternating sine wave
voltage is applied and a current flows. [he
voltage maintained across the capacitor is
shown in Fig. 16b.

t-

As the charge on the capacitor is proportional
to the voltage maintained across it, (Q = CE),
the charge on the capacitor rises and falls in
phase with this voltage, as shown in Fig. 16b.

At points 2 and 4 on Fig. 16b, the charge is
momentarily steady. As current can flow only
when the state of charge is changing, the
current at these points is zero.

the A.0. applied
e current in

current in a
-. Fig. 15a and b.

At points 1, 3 and 5, the charge is changing at
the greatest rate, and thus the current is at a
maximum value at these instants. At points 1
and 5, the charge is changing in a positive
direction, so current at these points reaches
its maximum positive value. At point 3, the
charge is changing in a negative direction
therefore the current attains its maximum
negative value. The variations in current are
shown in Fig. 16c

In Fig. 16 the current wave, which, for sine
wave applied voltage, is also a sine wave, is
referred to the voltage wave. We see that the
current reaches its maxir! positive value, one
quarter of a cycle, or 90°* before the voltage
wave does so.

ases as
creases

the total

In a purely capacitive circuit therefore, the
current leads the applied volbase by 90. "mag
is shown vectorially in Fig. 160. When the
circuit contains resistance as well as capacitance
however, the phase difference between current and
applied volt#ge is less than 90° as only portion
of the applied voltage is dropped across the
capacitive reactance.
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FIG. 16. CAPACITANCE IN A.C. CIRCUIT.

tnnected in
el resistors,

9.8 Power in Capacitiye Circuits.
twice during each cycle. The
the circuit during discharge,

A capacitor in an A.C. circuit charges and discharges
energy stored when the capacitor charges is returned to
and total power dissipation for each half cycle is zero.

I practice, a small amount of energy is converted to heat due to the resistance of
the plates but, as this is small, it is often ignored.
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8.9 Capacitanoe in Tele0om. Qirouits. The capacitor is a very important item in telecom
circuits, and it would be a very difficult task to find one item of equipment that
does not contain at least one capacitor. Some typical applications of capacitors in
telecom are as follows -

(i) Speech Gurrent By-pass Girouit. It is common practice in telecom circuits
to include supervisory relays or sometimes non inductive resistors in the
transmission circuits of C.B. P.M.B.Xs. and intercom. units. As these
relays are inductive, their high opposition to A.C, speech currents could
seriously reduce the level of transmission.

By connecting a capacitor (usually 2 µF) in parallel with the relay or
resistor, as in Fig. 17, a comparatively low reactance path (40 ohms at
2 ke/s) is provided for speech currents.

2

s
T

FIG. 17.

390

SPEECH CURRENT BY-PASS CIRCUITS.

(ii) Filter Circuits. We have seen that an inductor connected in series with
the output of a rectifier smoothes out the pulsating D.C. However, even
when the inductor is included, there is still an appreciable A.C, "ripple'
present in the output. Should the rectifier be supplying power for the
operation of a P.M.B.X. or similar equipment, a "hum" would be heard in
every telephone.

This can be almost eliminated by connecting a capacitor across the output
of the rectifier as in Fig. 18. he capacitor provides a low reactance
path for this A.C. so that it does not pass through the load circuit,

The capacitor used must have a high value of capacitance so that its
reactance to the low (power) frequency is small. Capacitors up to
40,000, µF are used in this application.

·: I RECT.t=fc

!

FIG. 18. FILER CAPACITOR.

(iii) 0ouPlin&. Many telecom circuits require one section of the circuit isolated
from another section as far as D.C. is concerned, but, at the same time, an
A.C. connection must be provided between the two parts. This "coupling"
can readily be provided by a capacitor. We find many examples of this in
telecom, some of which are -

- the connection of the operators circuit in a 0.B. switchboard cord circuit
- the Stone method of transmission feed,

There are many other applications of capacitance in our telecom equipment, but it is
not possible to cover them all here. As a matter of interest, items of equipment, in
which the capacitor is a vital component include -

amplifiers, oscillators, filters, equalisers, timing circuits, spark quench
circuits and voltage doubling rectifiers. These are covered in other papers of
the course.
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• ADDITION OF OUT-OR-PHASE VOLTAGES OR CURRENTS.

9.1 In D.C. circuits, the resultant of a number of voltages or currents can be found by
simple arithmetic. In A.C, circuits, the same method can be applied to "in phase"
voltages and currents, but when currents or voltages are out of phase, they cannot
be combined so simply.

There are two basic methods of adding "out of phase" alternating currents or
voltages -

(i) the graphical method
(ii) the vectorial method.

9.2 Craphioal Addition. Figs. 19 and 20 illustrate the usual method adopted for
graphical addition.

Two sine wave voltages 'A" and 'B', 90° out of phase, each of 70 volts (peak value
100 volts approx,) are to be added. The procedure is -

(A)

(±a)

(111)

(iv)

Draw graphs of the two voltages in their correct phase relationship
along a common time axis, as is partly done in Fig. 19a.

Plot the direction and instantaneous values of one wave at a number of
points (Fig. 19b).

Add these instantaneous values algebraically at corresponding points on
the other wave (Fig. 19c).

Join the ends of these lines to form the graph of the resultant (Fig. 19c)"
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/ ' 50 50 '4 z
Iv / "0 0 0

30° 60° 90° 30 ° 60 ° 90° 30° 60° 90°

( a) (b) (o)
-

FIG. 19- GRAPHTGAL METHOD.

Fig. 20 shows the completed diagram. The resultant has an effective value of
approx. 100 volts (peak value 140 volts approx.) and there is a phase difference
of 45° between it and each of the original waves.

140

100

+ 50

50

100

140

FIG. 20. GRAPHICAL ADDITION.

This method is also applicable to the addition of out of phase currents and is
often used to show the wave form of two or more non sine waves.
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9.3 Vector Addition. Where the wave form of both waves is the same, the resultant of two
out of phase currents or voltages can be found quickly and accurately by using
vectors.

A vector is a line whose length and direction represent the magnitude and direction
of some physical quantity.

Vectors representing alternating currents and voltages are draw so that -

- the length of the vector represents the effective value.

- the angle at which the vectors are drawn to each other or to a reference line
indicates the phase angle.

- the direction of rotation (anti-clockwise), indicates leading or lagging
phase relationships.

It is customary to use open arrow-heads for voltage vectors and closed arrow-heads
for current vectors.

Fig. 21 shows the method of combining the voltages of para. 9.2 by vectors.
The procedure is s-

(i) Draw vectors representing the voltages "A" and "B" to scale. As voltage "A'
leads voltage ''B" by 90°, it is drawn at right angles above the "B' vector,
(Fig. 21a).

(ii) Complete the parallelogram on vectors A" and "B' (Fig. 21b). The length of
the diagonal drawn from the point of intersection of the vectors represents
the effective value of the resultant. The angle it makes with the
original vectors indicates the phase relationship.

A 7O VOLTS

70 VOLTS

(a)

B 70 VOLTS

(b)

VECTOR ADDITION.

FIG. 21.

By measurement on Fig. 21b, the resultant has an effective value of 100 volts (approx.)
and there is a 45 phase difference between it and the two original waves.

When a number of currents or voltages in the same circuit are to be added vectorially,
it is convenient to show their phase relationship by drawing each in relation to a
reference vector.

This reference vector must represent a factor in the circuit common to all the currents
or voltages to be combined.

For example-

voltages in a series circuit are referred to a common current reference vector.

currents in a parallel circuit are referred to a common voltage reference vector.

It is customary to draw this reference vector horizontally.

9.4 Vector di@gram9, similar to Fig. 21 are used extensively to illustrate A.C. circuit
conditions and to simplify A.C. problems. Applications of vectors are given in the
papers "Series A.C. Circuits" and "Parallel A.C. Circuits".
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10. TEST QUESTIONS.

1. What is an alternating current?

2. Frequencies used in telecom are measured in a • • •• •• •• c• •• • • } •• •• • •• 0 9•••••" )f' "•e••• •••• ••••••••.•••••••• •• •• • • •

3. Frequencies which produce sounds that can be heard are ca]led ...........•..•.....•.....•..•......•...•.•.••..• .• •

4. Radio Frequencies are those which ".....•••••••••••••••••..•.•••.•••.•••••.•.••.•••••••••••..•••.•.••••..••...•• • • •

5. In trigonometry sine

cosine=

tangent =

• • 3 • • • • • • • • • • • • • • • • • • • • • • • • • , • • • • • • • • • s " • • • • • •

e• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • t • , • ·. c •

•••••••••••••••••••••••••••••••••••••••••••••••

6. From the trigonometry tables,

sin. 36°1g+ > , cos 42°10! tan 29*15 •• • • • • • • • · •

7. From the trigonometry tables,

sin. ....3.....' is 0.6372; cos ....9.....' is 0.7026; tan ....9.....' ts 0.5624.

8. The hypotenuse of a right-angle triangle is 41* long, and one side is 9" long. #hat is the length of the third

si de?

9. The angles included in this triangle would be ..........' and .........,*

10. What is meant by *Phase angl@?

11. At 30° after the zero point, a sine wave A.C. has an instantaneous value of 5 amps. State -

(i) lha peak value ...............••.......•.............•.•••••••••

(ii) The effective value •.••.••.•.•••••••..•...•..••••••••••••••••••

12. Alternating currents and voltages are measured in

13. What is meant by "form factor*?
l eads

14. In a purely resistive circuit, the current lags
is in phase with

values.

the applied voltage.

1 L:.increases
15. At high frequencies, the resistance of a conductor ecreas@ Sue to ...................•. .• • •

17.

18.

19.

l eads
n purely inductive circuits, current lags voltage by

is in phase with

0

when the .

E+.

is r

16, The opposition to A.U. offered by an inductor is called ........••••..••...............•..........••...•...... • • • •

i ncr eas es
This opposition decreases when the frequency is increased.

remains unchanged

increases

In purely capacitive circuits, the current is limited by the which decreases
frequency is increased. remains unchanged

l ea ds
n such circuits, the current lags the applied voltage by ...................,'

is in phase with

20. What is a vector?

END OF PAPER

tole.
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1.1 In studying electrical theory, calculations are necessary to illustrate the
characteristics of the circuit to be considered. As it is essential to adopt a
logical and methodical approach to the solving of all problems, this paper
follows the step by step method outlined in the paper "Ohm's Law" of Applied
Electricity I, and before proceeding further you should revise these steps to
help you in the more involved problems which follow.

1.2 his paper deals with series A.. circuits, which contain combinations of resistance,
inductance and capacitance. Where possible, calculations in this and other papers
of Applied Electricity 2 are related to teleoom; complex problems with obscure
applications are avoided.

1.3 All A.C. calculations involve the factor m. The exact value of mr cannot be
calculated, and in our work we use 3,14 as m. As the value used for n is approximate,
it is quite in order to simplify calculations by using approximate values.
For example, the reactance of 1µF capacitor st 1 kc/s is 159.23 ohms (approx.),
using n = 3.14. The error introduced by stating X = 160 ohms is about 0.5%, which
is negligible. There is, however, a limit to the degree of approximation we can
tolerate, and approximations which incur an error of more than 1% should be avoided.
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2. SERIES A.C. CIRCUITS.

2.1 Series GirouiVS, We have seen that the characteristics of any series circuit are -

(i) the current is the same in all parts.

(ii) the sum of the P,D's around the circuit equals the applied voltage.

When we apply these rules to A.C. circuits, it must be remembered that the P,D's
across reactive and resistive components are out f phase. Consequently, b~ addition
of theme voltages to find the applied voltage muet be done vectorial}y.

2.2 Impedamoe. In A.C. circuits containing reactance and resistance, the total opposition
to current flow is termed the impedance, the symbol for which is Z,

Impedance is measured in ohms, and Ohm's Law as applied to A.0. circuits is as
follows -

Current in amperes

E=

3. RESISTANCE AND INDUCTANCE IN SERIES.

where Applied vo] tage

7 Impedance in ohms.

3.1 Fig. 1 shows a circuit containing resistance (R) and inductance (L) connected in series
to an alternating voltage. The current (I) produces a P.D. across the resistance (Eg)
and a P.D. across the inductance (BL), the vector sum of which equals the applied
voltage (E).

+ER-"} "EL-"}

c·0:·
FIG. 1. RESISTANCE AND INDUCTANCE IN SERIES.

3.2 Potential Differences. [he P.D's across the components are calculated from Ohm's Law
as follows

ER " P.D, across the resistance in volts

E"=IxR

where

R

P.D. across the inductance in volts

Current in amperes

Resistance in ohms

Inductive reactance in ohms.
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are -

3.3 Yeo5Or Diara. In Fig. 2, the applied voltage (E) is found from the vector sum of
the P.D's Eg and BL,• As each P.D. has a definite phase relationship to the circuit
current (I), the phase difference between Eµ and Ir, can be shown vectorially when
vectors representing these P.D's are drawn in relationship to the current vector,
which is drawn horizontally.

. D's
e addition

pposition

As the current is in phase with the P.D. across
the resistance, the Hp Vector is drawn to scale
along the horizontal reference vector, I as in
Fig. 2a. The current lags the P.D. across the
inductance by 90, therefore the EI vector is
drawn to scale at right angles above I as in
Fig. 2a.

aS
When a parallelogram is constructed (Fig. 2b),
the length of the diagonal represents the
value of the applied voltage, and the circuit
phase angle (6) is shown by the angle the E
vector makes with the current (reference} vector.

1
IL_9_0_0 _;,)-----111r

Isa
(a)0-5 E i

I
I

0
Eg

i I

(b)

FIG. 2. VECTOR DIAGRAM.

The applied voltage can be calculated by applying Pythagoras' Theorem to Fig. 2b.

E - Applied voltage

i in series
stance (Eg)
1plied

E•
L

where P.D. across resistance in volts

P.D. across inductance in volts.

3.4 Jp@dance Formula. As the current is a common factor to voltages Bg, By, and E, we
can represent the circuit by a right-angle triangle, the lengths or'the sides of
which represent the values of R, XL and Z. (Fig. 3b.)

Ea(Ix R) 8

(a) Vector Diagram (b) Impedance Diagram

Jhm's Law F10. 3. TEEDANCE DIAGRAM,

• ol ts

Applying Pythagoras' Theorem to Fig. 3b.

. ol ts
z mpedance in ohms

7 «4xi where R Resistance in ohms
L

KL Inductive reactance in ohms.

As inductive reactance varies with frequency, reference must be made to a
particular frequency when stating the impedance of such a circuit.
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3.5 Phase Angle. Applying trigonometry to Fig. 3b, the angle by which the current lags
the applied voltage can be calculated from -

tan. ( = XL
R where

o Phase angle in degrees

Inductive reactance in ohms

R = Resistance in ohms.

3.6 Example AO._I· A 64 mH inductor is connected in series with a 300 ohm resistor to a
, 1eG a1t@rating voltage of 10 volts. Find -

(i) the impedance
(ii) the phase anglecIIy ae current

(iv) the P.D. across the resistor
(v) the P.D. across the inductor.

Inciude a vector diagram to represent the voltage distribution in the circuit.

300.0 64mH

•vykl
ov 'IKC/S

AL " GL

6.28 x 1000 x 64
1000

- 400 ohms_(approx..

0... f% Ti

Fa G
-[i,one + reo,coo
-/es,ooo

(111) ... E
i
10 x 1099 ",

5ov *

- 20 nA

(iv) ... Eg * I x R

20 x 300
·10o

- 500 ohms

(11) tan O

400
50o

- 1.3333

From tables

tan 53° g' • 1.333

.'. Angle 6 • 53° g' lagging.

(v) .•• E • I x XL

20 x 400
-0Mp

- 8 volts

The vector diagram for this circuit is -

Answer • _(i) 500 ohms; (11) 53° 8' lagging; (111) 20 #A; (iv) 6 volts; (v) 8 volts.
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'. RESISTANCE AND CAPACITANCE IN SERIES.

4.1Fig. 4 shows a series circuit containing resistance (R) and capacitance (C). The
applied voltage (E) is found from the vector sum of the P.D. across the resistance
(En), and the P.D. across the capacitance (EC).

{en-} {tc}

''[IR C

FIG. 4. RESISTANCE AND CAPACITANCE IN SERIES.

4.2 Potential Differences. The potential differences across the resistance and the
capacitance in a series circuit are calculated from Ohms Law.

t.

En IxR

Ee IxXc

ER P.D. across the resistance in volts

f¢ P.D. across the capacitance in volts

where Current in amperes

R Resistance in ohms

*¢ Capacitive reactance in ohms.

'.3 Vector Dia&ran. The applied voltage (E) is found from the vector sum of the
a52out4 pps. he voltage vector diagram is constructed using the current vector as
a reference, in the same way as for series circuits containing resistance and
inductance.

The current is in phase with the P.D. across the resistor, therefore, the ER vector
is drawn to scale along the I vector.

As the current leads the capacitor P.D. by 90°, the E vector is drawn at right
angles below the reference current vector as in Fig. 5a,

When the parallelogram is completed (Fig. 5b), the length of the diagonal represents
the value of applied voltage, and the angle made with the reference vector represents
the circuit phase angle (6).

Ea Ee

(a) (b)

FI9.5. VEOTOR DIAGRAM.

The applied voltage can be found mathematically by applying Phythagoras' heorem
to Fig. 5b, as follows -

E Applied voltage

E where P.D. across resistance in volts

EC P.D. across capacitance in volts.



SERIES A.C. CIRCUITS.
PAGE 6.

4.4 [mP9Gano9. Phe current is a common factor to each of the voltages in the circuit, and the '

cage vector diagram can be simplified to the Impedance Diagram (Fig. 6b).

I
Ec

(I xx&)

En (I xR) A

~Xe

(a) Vector Diagram. (b) Impedance Dia4em.

FIG. 6. IMPEDANCE DIAGRAM.

From Fig. 6b the impedance of the circuit may be found from -

Z Impedance in ohms

where R Resistance in ohms

c * Capacitive reactance in ohms,

As impedance depends to a large extent on capacitive reactance which varies with frequenc
the impedance of such a circuit must be stated as at a particular frequenoy.

4.5 Ehas8 Angle. In circuits containing resistance and capacitance in series, the current
isaas Ope applied voltage by some angle less than 90

From Fig. 6b, the phase angle is calculated from -

6 Phase angle in degrees

tan. ( Xc
where KC Capacitive reactance in ohms

R
R Resistance in ohms.

4.6 As a matter of interest, it is fairly common in Long Line Equipment practice to state
the impedance and phase angle of a circuit or component as a single expression.

For example -

"the characteristic impedance of a telephone line using 100 lb./mile copper

conductors, at a frequency of 800 0/s. is given as 804 V•oo ohms"

This indicates -

(i) the impedance is 804 ohms.

(ii) the phase angle is 20° leading.

In such expressions the angle sign is draw as N for leading phase angles,
(corresponding to ® in Fig. 6b), and as/for lagging phase angles (corresponding to
6 in Fig, 3b),
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4.7 Example No. • A 1µF capacitor is connected in series with a circuit of 200 ohms
resistance to a 1.6 ke/s alternating voltage of 10 volts. Find -

Ci) the impedance

(ii) the phase angle

(111) the current

(iv) the P.D. across the resistance

( v) the P.D. across the capacitor.

Include a vector diagram to represent the voltage distribution in the circuit.

LCb

lov I.6 KC/S

th frequenc

current

X¢" Gc

1,000,000
6.28 x 1600 x 1

-100 ohms {eperox.}

(111) .... I
Ez
10 x 100 "A
-22

- 45 sA (approx.}

- state

(11) tan O *¢
E

(iv) .... Eg I X R

45 x 200
40cc

9 vol ts (approx,)

0 .... 2 • Es 1e
[a +• +in

fro, ooo + 1o,o0o

Fie

223 ohms (approx.) (v) .... Ec " I x KC

45 x 100
10mp

4.5 volts (approx.)

100
200

0.5

From tables

tan 26° 34' • 0.5

Angle ( - 26° 34' leading.

The vector diagram for this circuit is
as follows -

ruing to
Answers - (1) 223 ohms; (11) 26° 34' leading; (111) 45 »A; (1v) 9 volts; (v) 4,5 volts.
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I
5. RESISTANCE, INDUCTANCE AND CAPACITANCE IN SERIES.

5.1 Fig. 7 shows a series circuit containing resistance, inductance and capacitance.
The current produces P.D.'s across these components, the vector sum of which equals
the applied voltage.

FI0.7- RESISTANCE, INDUCTANCE AND CAPACITANCE IN SERIES.

5.2 Potential Difference. As in all series circuits, the P.D.'s across the components are
calculated from Ohms Law.

ER . P.D. across the resistance in volts

En IxR EL - P.D. across the inductance in volts

f¢ gr P.D. across lha capacitance in volis

EL Ix XL here . Current in amperes

R - Resistance in ohms

4L . Inductive reactance in ohms

Ec z Ix X¢ *4¢ Capacitive reactance in ohas.

5.3 Ve0bot Diagram. With regard to the P.D.'s in series circuits, we have seen that the
current fs in phase with Eg, lags Ej, by 90°, and leads Ig by 900.

When we draw a vector diagram for the circuit using the current vector as a reference,
we see that Ej, and Bg are in opposition (Fig. 8a) and the total reactive P.D. is
(E1, - Eg). When the lp vector is combined with the resultant of Er, and Bo, the length
of the resultant indicates the value of the applied voltage, and the angle made with
the reference vector is the phase angle (Fig. 8b).

90°

(a) (b)

FIG. 8. VECTOR DIAGRAM.

The applied voltage can be calculated mathematically from Fig. 8b by -

E where

E = Applied voltage

Eg * P.D. across the resistance in volts

ti * P.D. across the inductance in volts

Eg P.D. across the capacitance in volts.
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5.4 JmP@dance. As the current is a common factor to the voltages of Fig. 8b the
opposition factors in the circuit can be shown by the Impedance Diagram of Fig. 9b.

R

nents are

volts

volts

volis

that the

reference,
2. is
the length

-ade with

(a) Vector Diagram. (b) Impedance Diagram.

FIG. 9- IMPEDANCE DIAGRAM.

From Fig. 9b, the impedance of the circuit can be calculated from

Z Impedance in ohms

R = Resistance in ohms
where

A * Inductive reactance in ohms

g Capacitive reactance in ohms.

In the formula quoted above, it is assumed that Kj is greater than Ag. However the
formula still applies when Xe is greater than II. In these cases (Xi, - Xc) gives a
negative result which becomes positive when squared as in Example No. 3.

As the values of Ay and ac vary with frequency, reference must be made to a particular
frequency whenever the impedance of a circuit is stated.

5.5 Phase angle. In circuits where A, is greater than Ag, the effect of the capacitance
is "swamped" by the greater reactance of the inductance, and the current lags the
applied voltage by some angle less than 90°. he degree of "lag" is determined from
the ratio of the relative values of (KI, - Kg) and R.

Where Ag is greater than AL, the resultant circuit reactance is capacitive, and the
phase angle is leading, and is found from the ratio of (Kc - AI,) and R.

8 = Phase angle in degrees

tan. 6 x
R

where x Resultant reactance of circuit (L - kc) in ohms.

- volts
volts

tr volts.

R Resistance of circuit in ohms,

5.6 yoltgge magnification. In Examples Nos. 1 and 2 of this paper we saw that when
resistance and inductance or resistance and capacitance are connected in series, the
P.D.'s across the components in the circuit can be comparatively large, but
individually they do not exceed the applied voltage.

When inductance and capacitance are connected in series, however, the P.D.'s can be
very high, and often can individually be many times greater than the applied voltage.

This "voltage magnification" is most noticeable when the inductive reactance and
capacitive reactance are approximately equal and are high in comparison with the
resistance, as is the case in Example No. 3

Such circuits are called "resonant circuits" which are widely used in
telecommunication and are dealt with in Section 7 of this paper,
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5.7 Example No._). A series circuit connected to a 10 volt A.C. supply has a resistance
100 ohms, an inductive reactance of 300 ohms and a capacitive reactance of 400 ohms.
Find -

(i) the impedance
(ii) the current

(iii) the phase angle

(iv) the P.D. across the resistor
(v) the P.D. across the inductor

(vi) the P.D. across the capacitor.

Include a vector diagram to illustrate the voltage distribution in the circuit.

R =100.0. 2 = 300.0 Xe=400.0

10 V

(ii) .... I

(111) tan O

E
7

10 x 1009 "A
ii*

71 nA (approx.}

(iv) .... ER = I x R

71 x 100
Moc

- 7.1 volts (approx.)

71 x 300
- 10pi

- 21.3 volts (approx.)

(vi) .... Ec " I x Ag

71 x 400
4Ou0

28.4 volts (approx.)

The vector diagram for the circuit is

c.... 2 -fa + ( - ,g
-,Fas+ too - voo)?

-Fa"+ 7ere
- [o,ooo + 10,o00

- Fu.ooo

- 141 ohms (approx.)

From tables

400 - 300
100

100
100 • 1 •

Ee-EL
7.1¥

E7.I V

45°

E IO¥
tan 45

.'. Ale 0 - 45° leading.

Ee
28.4¥

Ano»ors - (1) 141 ohms; (11) 71 sA; (11Y) 45° leading: (iv) 7.1 volts; (y) 23.3 volte; (vt} 28.% volts-
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5.8 In Examples Nos. 1, 2 and 3, the circuit problems have been solved using a nominated
value of resistance. It is important to note that when calculations are made on
practical A.C. circuits, misleading results may be obtained when the calculations
are based on the D.C. or "ohmic" resistance of the circuit.

A.C. circuit calculations must be based on the Effective or A.C. Resistance, which,
in most cases, is greater than the D.C. resistance. When figures are quoted for A.C.
problems, it is generally assumed that Effective Resistance is meant.

We could define Effective Resistance as that component of impedance, the P.D. across
which is in phase with current, and which represents the combined effect of all forms
of energy transformation in the circuit.

In a D.0. circuit, all the electrical energy is converted into heat in the D.C.
resistance.

In an A.C. circuit, in addition to this, energy is transformed in

- production of heat in the increased resistance due to "skin effect"

- eddy current and hysteresis losses in inductors

- dielectric losses in capacitors

- induction into neighbouring circuits

- radiation into space,

At very low frequencies, these losses are small, and the Effective Resistance of the
circuit is approximately equal to the D.C. resistance.

At higher frequencies, these factors become significantly large, and they must be
represented in the circuit by additional resistance of such a value as to cause an
equivalent transformation of electrical energy.

There are no set formulae for determining Effective Resistance, but it can be
calculated at a particular frequency when the impedance and phase angle have been
measured, as in Example No. d.

Example lo.. At a frequency of 1 kc/s the impedance of a sample magneto bell is
measured 54 T8,500 ohms, the phase angle being 53.5°, Find the Effective Resistance
of the bell at this frequenoy.

l53·5
R

cos 53° 30'

.'. R

Answer

R
i
Z x cos 53° 30 '

18500 x 0.5948

11,000 ohms (approx.)

11,000 ohms.

28.4 volts.

We see that the Effective Resistance of the bell at 1 ke/s is very much higher than
its 1000 ohms D.C. resistance, but we must remember that the bell is designed to
operate at ringing frequency when the power losses would be very much less than at
1 ko/s.
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6. POWER IN A.C. CIRCUITS.

6.1 The Power of an electric circuit is the rate at which electrical energy is converted
into other forms of energy.

In a purely resistive A.C. circuit, electrical energy is converted into heat at the
same rate as in an equivalent D.C. circuit and the power can be calculated from the
product of the current and applied voltage.

In purely inductive or purely capacitive A.C. circuits, the electrical energy which
is taken to create the electric or magnetic field is restored every alternate quarter
cycle when these fields collapse, and the power is zero.

Therefore, in circuits containing both resistance and reactance, electrical energy is
converted to heat in the resistive portions only, as no permanent energy transformation
occurs due to the reactance. As the applied voltage is distributed partly across the
resistance and partly across the reactance, the product of the applied voltage and the
current does not give a true indication of the circuit power.

The value obtained from the product of the applied voltage and the curreni in such
circuits is termed the App9rent PoweE, which is not expressed in watts, but is
referred to in torme or vie-Amp (r.A.) units.

6.2 he True Power of the circuit in watts is the actual rate at which electrical energy
is transformed in the resistive portion of the circuit.

The voltage applied to a series circuit containing reactance and resistance can be
resolved into two components (Figs. 10a and b).

(i) the P.D. across the resistance (Ip) which is the phase with current

(ii) the P.D. across the reactance (EI, or Ee) which is 90° out of phase with
the current.

(a) Inductive Circuit. (b) Capacitive Circuit.

FIG. 10. COMPONENTS OF VOLTAGE.

As the reactive component is ineffective with regard to the power of the circuit, the
true power can be found from the product of the resistive component of voltage (Ip)
and the current (I).

True Power = x ER

but ER * x R

POWER = 1* x R where
Current In amperes

R = Resistance of circuit in ohms

The True Power can also be found from -

True Power I x ER
From Figs. 10a and b

ER E cos (

POWER E x E V Co3. ( whereA

E Applied voltage
Current in amperes

8 Phase angle in degrees.
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6.3 Power Factor. The ratio between the true power in a circuit, and the apparent power
is known as Power Factor.

TRUE POWER
POWER FACTOR * 7P¢ARCAT 'PorER

E x I x cos (
E x I

" cos (

s
±ion
he
the

RFor a series circuit, cos 0 = 57

Therefore -

POWER FACTOR R
Z

where

6 Phase angle

R = Resistance in ohms

Z = Impedance in ohms

In purely resistive circuits, the impedance is equal to the resistance.

POWER FACTOR = 1.

As an indication of the nature of the circuit, Power Factor is expressed as "lagging"
in inductive circuits, and "leading" in capacitive circuits.

6.4 Example No. 2. I the circuit show below, find -

(i) the power factor,

(ii) the power in the circuit.

the
)

Z=500

i=!AMP.
0 = 36° 52' LAGGINGcu." E =say

R=409

(i) .... Power Factor
Rz
40s
0.8 lagging (as the circuit is inductive)

(ii) ALTERNATIVE METHODS

Power Power E x I x cos (

l x Ix40 50 x X cos 36° 52'

40 watts. 50 X X 0. 8

40 vatts.

Answers • _(1) 0.8 lag9in9:(11)30satts:
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7. RESONANCE IN SERIES CIRCUITS.

7.1 Up to this point, we have considered the behaviour of series circuits at one or two
fixed frequencies. We have seen that both inductive reactance and capacitive reactance
vary with frequenoy, and therefore the characteristics of a series circuit containing
inductance, capacitance and resistance must change as the frequency of the applied

voltage is changed.

7.2 Series Resonar@©. When the frequenoy of the alterating voltage applied to a series
546uae 66Eta1ming inductance, capacitance and resistance is increased

XL increases as frequenoy increases.

Xc decreases as frequency increases.

As Xj and Xg vary, the resultant reactance of the circuit (AL - Ac) changes, the
variations for a typical circuit over a range of frequencies being as shown in Fig. 11.

In this diagram (Fig. 11)

Xy and Xa are shown above and below a zero line respectively to indicate
their opposing characteristics;

Xi,- Kc is shown changing from predominantly capacitive at low frequencies
to predominantly inductive at high frequencies.

t
INDUCTIVE

REACTANCE O

CAPACITIVE

I

-"""--- ---------.,!,£------------

----
j - - -

-" le

"//
/

/
7

I
I
I
I
I

FIG. 11. EFFECT OF FREQUENCY ON REAOTANOB.

FREQUENCY -»

From Fig. 11 we see that at one particular frequency, the resultant reactance of the

circuit is zero,

This frequenoy is called the Resonant Fr0quengX (f".), and, in a series circuit, occurs
when the inductive reactanoe equals the capacitive reactance.

Al though the r0a0b@Jee of such.a circuit is always zero at resonance, all practical
circuits contamr «Efstance, and the impedanoe at resonance must always be a finite val:

z +

but, at resonance,

At the Resonant Frequency

o.

z R where

Z - Impedance of circuit at resonance

R Resistance of circuit
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7.3 Impedance Variations in a Series Resonant Circuit. At low frequencies, the reactance
is Esgh Eta6e Ke greatly exceeds IL, (Fig. 11) and therefore the impedance is high.

As the frequency is increased, the reactance decreases, therefore impedance decreases,
until, at resonncg, the impedance is at a minimum value, and is equal to the
resistance.

Beyond the resonant frequency, the reactance increases, as Aj exceeds Ko (Fig. 11),
and the impedance increases, rising as the frequency becomes higher.

These variations in impedance are shown in Fig, 12.

ig• 11.

1
Z

5

a
0 r

FREQUENCY
sIG. 12. IMPEDANCE VARIATIONS IN A SERIES RESONANT CIRCUIT.

7.4 Current in a Series Resonant Circuit. [he variations in impedance over the frequency
range cause corresponding changes in the current in the circuit.

Assuming that the applied voltage remains constant, the current reaches its highest
value at the resonant frequency as then tue resistance is the only current limiting
factor in the circuit. When the resistance is loy, the current reaches a high value
at resonance, as in Fig. 13.

At frequencies above and below resonance, the impedance is high and the current is
correspondingly low.

of the

occurs

tical
inite valu

resonance

FREQUENCY

FIG. 13. CURRENT VARIATIONS IN A SERIES RESONANT CIRCUIT.

. 5 Phase Angle. At frequencies below resonance, the circuit is capacitive (Fig. 11) and
the current leads the applied voltage.

The angle of lead diminishes as the frequency is increased, until, at the resonant
freguengy bhe circuit is resistive end current and voltage are in phage.
A¢ dioquoneios higher bha tie resonant rioquenoy, +he as1cute 1% Shau«eave, (Fig. 11)
and the current lags the applied voltage.
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7.6 Voltage Magnification in Series Resonant Oirouite. By choosing suitable values of
5Eau6tanoe and capacitance, Aj and Kg can be of high value at the resonant frequency.

When the resistance is low, a high value of current flows at resonance, and very high
voltage drops are produced across the reactive components. In practice these voltages
can be many times greater than the applied voltage as in the following example.

7.7 Example No. O. A series circuit has a resistance of 10 ohms, and, at the resonant
frequency, the inductive reactance is equal to the capacitive reactance at 500 ohms.
When 10 volts is applied at the resonant frequency, find -

(i) the P.D. across the inductor

(ii) the P.D. across the capacitor.

R=100 Xu =5009y_=5000

,.....,,
0 V

As 4L ¢ () ..•• 6L zz x AL

z . g x 500

10 ohms 500 vol ts

E (m1) .... E¢ I x ACi
10 1 x 500mo

1 Amp 500 volts
;

Answers- (1) 500 vol ts; (11) 500 volts.

We must remember, that although these high voltages exist separately across the
inductor and the capacitor, their combined total is zero, as they are 180° out of
phase.

7.8 Resistance in Resonant Giroui*s. As the current which causes the voltage magnification
5¢ gEe resonant Froguoney 1g 1imited by the resistance only, the magnitude of the
resonant effect depends largely on the value of the resistance in the circuit.

7.9

The term resistance implies the "effective
resistance", dealt with previously, and
includes the total effect of material
resistance, skin effect and power losses
in the circuit.

When the resistance is low at resonance,
the resonant effect is very marked and a
high degree of voltage magnification is
obtainable.

Should the resistance value be high when
compared with the reactance at resonance,
the resonant effect is barely noticeable.

1
I

R

FREQUENCY

FI. 14. BFFROT OP RESISTANCE.
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7.9 "@" Factor. In a series resonant circuit, the "0" or Quality Factor is a number
which indicates how many times the P.D's across the reactive components exceed the
applied voltage.

For a series circuit -

nant
2 ohms. Q=

E oR E,
E

where

Q - Q Factor

E " P.D. across inductor at resonance

Ec " P.D. across capacitor at resonance

E = Applied voltage.

The factors which influence Q Factor are -

(i) the reactance at resonance; when Xj, and Xg are high, the reactive P.D'
are high.

(ii) the resistance at resonance; when resistance is high, the current is low
and this reduces the value of the P.D's.

As the windings of the inductor are responsible for the bulk of the resistance,
the Q of a resonant circuit can be found from -

a_KL
R

where

Q - Q Factor

• Inductive reactance at the resonant frequency

R Effective resistance at that frequency.

7.10 Calculation of Resonant rregueneY. Resonant frequency has been defined as the
frequency at which Ii, equals Xg. For any combination of inductance and capacitance,
the frequenoy at which this occurs is calculated from -

I
f,-mte where

f, - Resonant frequency in c/s

L • Inductance in henri es

C - Capacitance in farads.

the
ut of

-nification
f the

Phis formula is derived as follows -

At resonance i * Ac

2 7 f,C

(en)* Lc

1
2n fu

-7.11 Example No. I. Find the frequency at which a circuit containing a 100mH inductor and
an 0.4µF capacitor is resonant.

2n Fu
10

cY

2[100 x 4
10° 10l

100,000
6. 28 x 20

2n Fookt

a00 e/e (epprex..}

Answer - 800 c/s.
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7.12 Series Hesonant Qirouite in Telecom. mhe ability of a series resonant circuit to
magnify an applied voltage, has wide application in long line equipment and radio
work, where small signal voltages generate comparatively high voltages across the
components of these "tuned" circuits.

As the impedance of the circuit is much lower at the resonant frequency than at any
other frequency, series resonant circuits are often used to separate one frequency
from a number of frequencies present in the one circuit.

Examples of the use of series resonant circuits in telecom are found in

"tuning circuits" in radio receivers.

"filters" in telephone and long line equipment.

equalisers in radio broadcast and telephone trunk lines.

resonant type frequency meters.

These are covered in other papers of the course.

7.13 Summary of Characteristics of Series Resonant Oirouits. mhe principal factors which
concern us regarding series resonant circuits are

resonance occurs at the frequency when A1, equals Kg.

resonant frequency (f,)
er /TE

at resonance, the impedance is a minimum value and equals the effective
resistance of the circuit. At all other frequencies, the impedance is
higher.

the current is at the maximum value at the resonant frequenoy.

the voltages produced across the inductor and the capacitor are "Q" times
the applied voltage and are greater than the applied voltage when the
resistance is smaller than the individual reactances.

at frequencies below resonance, the circuit is capacitive and the circuit
current leads the applied voltage.

at resonance the circuit is resistive and the circuit current is "in phase'
with the applied voltage.

at frequencies above resonance, the circuit is inductive and the circuit
current lags the applied voltage.
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8. TEST QUESTIONS.

1. The total opposition to current in an A.C. circuit is termed the ...........•....•..•.• . • • . •

2 The vector is used as a reference in vector diagrams for series circuits.

3. Dram a typical vector diagram for an R.L. series circuit.

(1 eads)
4. In series R.L. circuits, current (is in phase with) the applied voltage by an angle calculated from ..........•..•.. . • . .

(lags)

5. When the P.D's across the components in R.L. series circuit are 7 volts and 24 volts respectively, the applied voltage
is "....••••••••••••• volts,

6. The impedance of an R.C. series circuit is found from the formula "......•.•..•••....••• . • •

7. An R.C. series circuit contains 30 ohms resistance and 50 ohms capacitive reactance. Find (1) the impedance;
(11) the phase angle.

8. When R, L and C are connected in series the impedance is found from the formula ......•..•...••..•.•• . •

9. The P.D's measured across the inductor and capacitor in an R, L, C series circuit are 24 volts and 16 volts respectively,
lhen the applied voltage is 10 volts, the P.D. across the resistance is volts.

10. A series circuit has a resistance of 100 ohms, an inductive reactance of 150 ohms and a capacitive reactance of 200 ohms.
Find -

(1) the impedance
(11) the phase angle.

11, The effective resistance of an A.C. circuit is often greater than the I.C. resistance because ".................... . - •

12. In an A.C. circuit the power can be found from the formula ....•........•..•. .. . •

13, Resonance Occurs in series circuits when "... ••••••••••••.•.•.•••••••.•••.••••••••••••••••••••••••.•..•.•.•••••••• • • •

hlah (resistance )
14. At the resonant frequency, the impedance of a serles clrcu\t is "" and is equal in value to the (inductive reactance)

ow(capacitive reactance)

15, An important property of a series resonant circuit is its ability to magnify ........••........•.................•.• • •

16, Q Factor is found from the formula ........•.....•••••••..• , and indicates

17, Resonant frequency is found from the formula .............•..•..... • • •

18, A series cowbinatlon of 0.1 henry inductor and O.1µF capacitor is resonant at a frequency of kc/s,

END OF PAPER.

I

-.
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COMPLEX WAVEFORMS.

.1 [The sine Purve. In the paper "Sound Waves" in Telephony 1 we saw that simple periodic
or cyclic motion such as a tuning fork vibrating or a pendulum swinging can be
expressed in graphical form by a sine curve or sine wave. The sine curve therefore
is the graph which relates the simplest form of natural variation as a function of
time. In the paper "Introduction to A.C." it was shown that the basic alternating
voltage and current variations related to time are also periodic functions which can
be represented by the sine curve.

.2 omDl@x A-8. Waveforms. In telecom the intelligence we wish to transmit is converted
to electrical signals which do not generally vary in accordance with the simple sine
curve. The graphs of such signals may be very complex looking waveforms.

It can be shown that any complex wave (which we must remember is only a graph showing
the variation of some quantity in relation to time) can be resolved into a sine curve
of the same number of periods or cycles per second (the fundamental frequenoy) plus a
number of additional sine curves occurring at frequencies which are multiples of the
fundamental frequency. These multiples are called harmonics; the second harmonic is
twice the fundamental frequency, the third harmonic three times and so on.
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In studying the composition of A.O. waveforms, those which can be resolved into large
numbers of different harmonics extending into high order multiples of the fundamental,
are regarded as the most "complex". The composite wave containing high order harmonics i
may not, however, look very complex when drawn as a graph. For example the "sawtooth", I
"spiked" and square waveforms shown in Fig. 1 look simple rather than complex yet all
contain numerous harmonics and a common characteristic which denotes this is the abrupt
change accompanying sharp rise and/or decay of the signal. A perfect square wave
having instantaneous rise and decay of the voltage or current, theoretically contains
harmonics extending to infinitely high frequencies.

A voltage or current rise and fall occupying infinitely small time (no time), cannot
be achieved and practical square waves have extremely rapid rise and fall of the
waveform with harmonics extending to very high frequencies but not to infinity.
Analysed in this way, any waveform which has square corners or sharp points has high
order harmonics and its composition is therefore "complex". The waveform in Fig. 1d
is typical of a human voice singing a single note (converted to A.C. by a microphone)
and although it looks complex it is much less so in its harmonic composition than
those depicted in Figs. la, b and c.

+
0

(a) (b) (e)

FIG. 1. WAVEFORMS.

1.3 Alternating Voltage or Current. In the operation of most electronic circuits, direct
current, varying or pulsating D.C. or A.C. are present in various parts of the circuit.
We have seen that varying or pulsating D.C. can be regarded as A.0. superimposed on
D.C. and that transformers or capacitors can be readily included in circuits when it
is necessary to separate the A.0. component from the D.O. component. In the study of
such circuits it is often convenient to ignore the D.C. component and to think of each
part of a circuit in terms ot its behaviour to A.C. only (reactance, imvedance, etc.).
D.0. may then be considered theoretically as A.C. of zero c/s and the terms
"alternating" and A.. as including any voltage or current having a 0hanging rate of
0aamge; it is not essential for the polarity to change.

Consequently, we encounter terms such as "positive going" half cycle, "negative going"
half cycle, positive going "swing" of signal and negative going "swing" of signal whic±
refer to the direction of change but have no reference to polarity change. Fig. 2 sho_
this graphically. The terms positive swing and negative swing (without the word
"going") are used rather loosely in practice and can refer either to direction of ch
or actual polarity.

+

0

,,.
I
I
I
I
I
I

' ' \\
\
\
\

+ 7
I

Lal41__T_

CYCLE

0

I
I
I
I
I

-VE GOING

POSITIVE GOING

FIG. 2.
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1.4 Square NaveforI. It is possible to show graphically that a square wave can be
approrimtaa by adding to a sine wave of fundamental frequency a number of odd
harmonics•

Fig. 3a shows a sine wave and its third
harmonic from which the resultant red waveformz/jv,
is obtainable by algebraic addition.

annot
e

high
g+ 1d
phone)
an

(a)

In Fig. 3b the resultant of Fig. 3a has
added to it a fifth harmonic component to
obtain the new resultant in red.

(b)

direct
circuit.

ed on
hen it
tudy of
of each

• etc.).

rate of

In Fig. 3c the resultant of Fig. 3b has a
seventh harmonic added and the resultant is
shcwn in red.

ve going"
gnal whici
ig.2 shor
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n of chang

4
\
\

\
\
I

ITIVE GOING
OF SIGNAL

By adding many further odd harmonics
having the correct amplitude and phasing,
the square waveform of Fig. 3d could be
approximated. Io do this graphically
would be impracticable but Figs. 3a, b and o
suffice to show that the tendency is for
the wave to become more square as odd
harmonics are added.

(e)

(a)

COMPONENTS_OF A SQUARE WAVE.

FIG. 3.
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1.5 Sawtooth Waveform. Fig. 4 shows how a sawtooth wave can be simulated oy the graphical
addition of a fundamental and its odd and even harmonics.

D
HARMONIC

,f~,
A! Ni NK AA A,,

/RESULTANTr iwf
I I
I I

(a) (b) (c) (a.)

FIG. 4. COMPONENTS OF A SAWTOOTH_WAVE.

1.6 Transients. The word "transient" as an adjective means brief or momentary. In telecci.
through common usage it is used as a noun to designate any momentary surge of voltage
or current with a waveform having abrupt change in amplitude or direction.

When a resistive D.C. circuit is switched on, the current rises in the form of a
transient and when switched off the current ceases in the form of a transient (Fig. -
Square waves therefore are actually a series of positive going and negative going
transients separated by intervals of no change.

In sawtooth waves (Fig. 5b) the positive going part is gradual, but the negative going
decay of the signal is a transient.

E

'_j_ c9•

+ +VE GOING { }- VE GOING
CURRENT /TRANSIENT' TRANSIENT

fjAi
TIME

SWITCH
CLOSED

TRANSIEM"

(a) p.0. Resistive Girouit. (b) Sawtooth Generator.

FI0.5- SOURCES OF TRANSIENTS.

i
In the transmission, recording and reproduction of sound, transient signals or
transients result from sudden sharp sounds which are characteristic of such sources
cymbals, bells, triangles and most percussion instruments (or pluckec strings) at ti:
instant of being struck.

All transients irrespective of their source have rapid rise or decay in amplitude
combined with abrupt change in their I@Ve of change. A transient may be a single r
surge which ends abruptly or a seriesgrsuch changes which develop a more constant
amplitude and waveform after a few cycles, or be produced continuously by a device
as a special oscillator. The term is somewhat loosely applied to all these situati

All "transients" therefore have the essential characteristics of complex waves and
similarly contain A.0. frequency components of a very high order.

*
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In the case of square and sawtooth pulses, etc. (sometimes classified as "D.C.
transients"), the component frequencies extend far beyond the pulse repetition rate
as we saw in Figs. 3 and 4.

In the case of transients occurring with abrupt origin of sounds (or switching A.C.
signals on or off) the additional frequency components cover a wider band extending
to both higher and lower frequencies than the subsequent fundamental frequenoy and
its normal harmonics. (Such transients are sometimes distinguished from the pulse
type by the term A.C. transients.)

Consequently, circuits designed to transmit or reproduce transients accurately must
be capable of handling the necessary range of frequencies (or at least a major
percentage of it).

CAPACITANCE.

2,1 We saw in the paper "Capacitance" in Applied Electricity 1 that when a capacitor is
connected to a D.C. source of e.m.f., current flows until the capacitor charges to
a potential equal and opposite to the applied voltage.

When the circuit is opened the charge remains, but when the plates are connected by
a conductor the capacitor acts as a source of supply and current flows in the
opposite direction to discharge the capacitor.

DISCHARGINGiLJ!

CAPACITOR CHARGE AND DISCHARGE CURRENTS.

FIG. 6.

The charge or quantity of electricity stored by the capacitor at any instant is
calculated from -

Q charge in coulombs

Q=C XE where C capacity in farads

ces as
t the

E p.d. across the plates.

here any two of these quantities are know this formula can be transposed to find
the third -

e
e rapi:}
ant
ce sucI
ations

nd car

I

c.
E

AND
Q

E=
C

Ihe potential difference across the plates of a capacitor at any instant is therefore
determined by the quantity of charge (Q) and the capacitance value (C). That is,
the larger the capacitance the larger the quantity of electricity (Q) required to
charge it to a given voltage.
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2.2 Capacitors in Parallel. When capacitors are connected in parallel across a supply
source, the plate area is increased and the total capacity is equal to the sum of the
individual capacitors:

Total C = C1 + C2 + C3 etc.

As the same voltage is connected across the capacitors each stores a quantity of
electricity (Q) proportional to the individual capacity (Q= C X E). The total
charge (Q) is the sum of the charges on the individual capacitors.

1T
FIG. 7. CAPACITORS IN PARALLEL.

2.3 Cap8ibors in Series When capacitors are connected in series the effect is the samo
as fncreasing the dielectric thickness and the total capacity is less than the
smallest capacity in the combinationt

Total C etc.

When the combination is connected to a supply source, current in all capacitors
continues for the same time and each capacitor stores the same quantity of electricity
(Q= It). The voltage across each capacitor depends on the quantity stored and its

capacity (E = ~). Thus the largest capacitor in a series combination has the lowest

voltage across its plates.

FIG. 8. CAPACITORS IN SERIES.---
2.4 Energ stored by a Capacitor. When a capacitor charges, energy is transferred £from

+me applida source aha stored in the capacitor in the form of an electrostatic field.
When the capacitor discharges the same amount of energy is returned to the circuit,
providing there are no losses in the capacitor. In practical capacitors however, a
small amount of energy is converted to heat due to the resistance of the plates and
dielectric losses, but as this is small it is often ignored.

As a matter of interest the amount of energy stored by a capacitor can be calculated
from the formula:

C capacity in farads

Energy 1 C E° (joules)

-7

where
E p.d. across the plates.
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3. TIJ8 CONSTANT IX R/O CIRCUITS.
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3.1 General. We have seen in studying A.0. circuits that when a sinusoidal voltage is
applied across a resistor and capacitor in series the voltages across R and C
separately vary sinusoidally but are 90° out of phase. When a D.0. voltage is
applied to an R/0 series circuit an entirely different set of conditions apply.

It can be shown that if a D.0. energy source were connected across a capacitor, and
the entire circuit had no resistance, the capacitor would charge instantaneously by
the passage of an infinitely large current for an infinitely short time. In practice
however, there is always some resistance to limit the current and the capacitor
charges in a finite time which depends on the values of both R and C.

With any combination of R and C however, graphs of voltage and current with respect
to time conform to an invariable wave shape and certain laws are deduced which are
known as the R/0 time constant.

In studying electronics an understanding of time constant is essential. R/C or L/R
circuits can be used to introduce intentional time delays, or on the other hand,
arrangements of these components for some other function may result in undesired time
delays (phase shift) which must be allowed for,

3.2 Op@Citor OharEiIE• Fig. 9a shows a capacitor C and a resistor R connected in series
across a D.C. source of E volts. E and ER represent the instantaneous voltages
across 0 and R respectively. When switch Si is connected to contact 1, the resulting

E - EC
current (I) =-5- at any instant. At the first instant C is uncharged and offers

no opposing e.m.f. and is therefore equivalent to a short permitting the initial

current to equal I. The capacitor commences to charge immediately and Ee rises in

opposition to the applied voltage E. The current I therefore is reduced from instant
to instant as E - E becomes less.

r-Ec ---t--ER7
-]

IMAX- E
R

14 f-Ee
R

ER=IR

m
eld.
t,
a

nd

*
ted

I•.;

TIMEs

(b)

E MAX= E

E VOLTS
(a)

T1MEo

(c)
FIG. _9. '0' CHARGING.

Eg is maximum at the first instant (when ER

as I is reduced. Being a series circuit ER
and ER = O.

TR E) but becomes progressively less
E - EC. When Ec = E, current ceases

Fig. 9b shows the variation of current with time; the graph for ER with time follows
the same shape. Fig. 9o shows the variation of E with time.
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Capacitor Discharging (Fig. 10). When C is charged to B volts and S1 switched from
contact 1 to contact 2, C commences to discharge. As Ec = E, the initial current
( ' EI) = 5· Ec_is progressively reduced as the energy stored is dissipated in R. At any

instant I=~ and the discharge current curve (Fig. 10b) follows the same curvature

as the charge curve (Fig. 9b); the direction however is opposite and ER is of
opposite polarity. The variation of E with time also follows the same curvature
(Fig. 10¢).

TIME

1 2

SI

]a]

MAX

1

(b)

E

(a)

FIG. 10.

TIME»
(c)

'C' DISCHARGING.

The time taken for charge or discharge of C under the conditions shown in Figs. and 1
varies with the value of C and R but is not affected by the value of E. Increasing C
increases the time because a greater quantity is needed to raise Eg to E volts
increasing R also increases the time because the current starts off at a lower value.

3.4 Exponential PurYe. For any values of 0 and R the shape of the curve remains the same
and it is known as an exponential curve. T'he mathematics of exponential functions are
beyond the scope of' this course but are based on a "natural" logarithmic scale
(Naperian logs to the base e) and have important applications in many natural phenomena
Theoretically, an exponential curve never reaches maximum (or minimum on discharge)
but in practice it is complete enough at 99.9% of maximum.

3.5 [ime Constant. Because the C and R values both determine the charge or discharge time
and the curve with respect to time always follows the same curvature, a constant
percentage of charge is taken on or lost by the capacitor in C X R seconds. CR seconds
is called the time constant (C in farads R in ohms). In this time the voltage Ee
across 0 charging will rise to 0.632 (63%) of its maximum value E (Fig. 11) and the
charge current will fall by 63% to 37% of its maximum value.

In the second time constant interval of CR seconds the same relationship again applies
in CR seconds Eg increases by 63% of 37% of E, and for each successive interval there
is an increase of 63% of the remaining effective E.

100

I'e- m
!%

LlOO V.U----'
E

80
E¢

(°% or g)*
40

20

o"ifIi4
TIME CONSTANT INTERVALS

FIG. 11.
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Examples

Suppose C 2µF and R 1Mo

Time Constant
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CR seconds

- + x 1o109
2 seconds.

After 1st CR interval -

Ec

Effective e.m.f. (E - EC)

After 2nd CR interval -

63 of E

63¥

100 - 63

- 37¥.

63
ij X 1oo

fc 63¥ + 63 of 37¥

63 + 23.3¥

86.3¥ (approx.).

After 3rd CR interval -

EC 86.3¥ + 63 of (100 - 86.3)¥

95¥ (approx.).

After 4th CR interval -

• 9 and
sing C
;
value. After 5th CR interval -

Fc 95¥ + 63% of 100 - 95

98¥ (approx.).

same
ons are

phenoment
rge)

e time
.t

seconds
E¢

I the

applies -
there

Q

EC 99.3¥.

100
1 of

- 0. 0001A.

cE * x 100
109

- 0,0002 coulombs.

F is now near enough to E for practical purposes though in theory it can never quite
equal E. It is interesting to note also that a capacitor would charge or discharge
completely in exactly CR seconds if the current were to maintain its initial value.
This can be demonstrated as follows using the CR values chosen for the example above
(Fig. 10).

E
Initial I g

O- It
4 0,0002
I0.0001

- 2 seconds

- CR,

This theoretical relationship between the initial maximum current and CR is
sometimes used to formulate a definition of time constant. The mathmatical
significance of this for exponential functions has no value for practical circuits
and it is better to regard the CR time constant in seconds as the time for the
capacitor voltage to attain 63% of maximum on charge and 37% maximum on discharge.
The charging current I and the resulting voltage across R fall to 37% of maximum in
CR seconds during both charge and discharge.
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Time constant is often stated in microseconds and for other occasions in seconds.
It is convenient to remember therefore that -

ohms X µF

or legohms X µF

CR in microseconds

CR in seconds.

For example:

1,0009 X 0,1µF gives a time constant of 100µsecs.

or 2#9 X ZµF gives a time constant of 4 secs,

Note also a desired time constant can be obtained by any combination of C and R which
give the required product CR. For example a time constant of 4 seconds could }_
obtained using -

4µF and 1NC

or 2µ.F and 210

or 1µF and 4#O

or 0.5µF and 8l9 and etc.

It follows that if the time constants are equal the whole charge and discharge curves
with respect to time will be equivalent. As the simple product of C and R gives the
times for a constant percentage of the charge or discharge, the voltage or current for
any other elapsed time can be derived quite simply by applying this to an exponential
curve. Examples of this are given in Section 6,

4. INDUCTANCE.

4.1 We saw in the paper "Electromagnetic Induction" in Applied Electricity 1 that when the
circuit from a coil to a D.. source of e.m.f. is closed, current does not rise to its
ohms law value immediately. As the current commences magnetic flux around each turn
of the coil rises and links all other turns and induces an e.m.f. of self induction
(or back e.m.f.). This e.m.f. opposes the applied e.m.f. and the current rises at a
rate determined by the instantaneous differences between the applied voltage and the
self-induced voltages,

L R
v v

SI

,*i}
0---r-------------

TIME

(a)

CIRCUIT
CLOSED

(b)
FI0. 12. INDUCTANCE IN A D.C. CIRCUIT.

/

The value of the self-induced e.m.f. depends on the rate 0f /ange of current which is
maximum the instant switch Siis closed (Fig. 12a) ana decreases t% zero as the

i current value is reached. As show in Fig. 12b the current takes a certain time toR
reach this stead value. When the current does become a constant value the flux in
the coil is stationary and the self-induced e.m.f. disappears. Some energy is now
stored in the magnetic field while some continues to be dissipated in the circuit
resistance (IR) which can be considered as a separate series resistance R (a1though
inherent in the coil conductor).

,,
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s.When the circuit is opened current ceases and a self-induced e.m.f. is set up by the
collapsing flux, its polarity being such as to tend to keep the current flowing in
the same direction. The energy stored in the magnetic field is dissipated in a spark
as the contacts open.

4.2 Inductance is the property of a circuit or component (inductor) which offers opposition
+o any change in current value. Although many coil turns and low reluctance iron
cores greatly increase inductance, all conductors possess some inductance and in high
frequency circuits this may have to be considered even for straight wires, etc.

Summarising, when current increases, the effect of inductance is to oppose this rise
and when it decreases the effect of inductance tends to keep it at its former value.

which
e

In coils or inductors the inductance (L) depends mainly on the number of turns, the
dimensions and type of winding, and the reluctance of the magnetic circuit (as we
have seen the amount of inductance is measured in units called henries). As a matter
of interest, in practical iron cored inductors -

L inductance in henries

? i . turns
lo Ts" where

s - reluctance of the magnetic circult

oc means "is proportional to*,
curves
s the
ent for
ential

-. 3 Energy Stored by an Inductor. With flux maintained by a steady current the energy
stored uh a magnetic field can be found using the following formula included here
as a matter of interest -

l inductance in henries
Energy h1 I? (Joules) here

[ = current in amperes.
en the
to its
burn

tion
at a

d the

Like the energy stored in a capacitor's electric field this stored energy can also
be recovered from the field if, without opening the coil circuit, the D.C. supply is
disconnected and replaced by a resistor or short circuit across the inductor (Fig. 13).

As the field collapses the self-induced voltage
maintains a diminishing current in the coil while
the energy is dissipated as heat in tho circuit
resistances and by the presence of hysteresis and
eddy currents in the core. If the circuit is
opened instead of being shunted, the same laws
apply. The much more rapid collapse of flux induces
a high voltage which ionises the air gap as the
contacts open. Any energy not lost in eddy currents
and hysteresis is dissipated in the spark gap
resistance.

INT R

R

SI

I
i

ich ig f
r.

ime to

in
OW
it
ough

FIG. 13.

Self-Induction and Mutual-Induction. Inductance is the property possessed by coils,
etc., which is expressed as so many henries. Induction is the process or phenomena
by which induced e.m.fs. are produced.

Mutual induction exists when two coils are coupled magnetically by sharing wholly or
partially a common magnetic field. The amount of coupling can be expressed in henries
as mutual inductance.

It is sometimes necessary to make a distinction between magnetically coupled coils and
a single coil the alternative term~ self-induction or self-inductance are then
applied to the single coil,
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4.5 Inductors in Series and Parallel. me joint inductance (L) of series or parallel
combinations @A be found by the same method adopted for calculating joint R in
resistive networks.

That is, with inductors in series

Joint L

and with inductors in parallel

L1 + L2 + L3 etc.

Joint L etc.

These formulae however have very little practical value and if there is any mutual
induction between coils they do not apply.

In addition to this, all coils have inherent resistance, and in some inductors this is
appreciable. The impedance of an inductor is usually of more importance than the
inductance and is dependent on the values of both L and R. As the ratio of L and R
varies widely with different coils, the phase angles of voltage and current also vary.

Therefore, when calculating the joint impedance of inductors in parallel or series
combinations, it is rarely possible to use simple formulae similar to those quoted
for inductance or resistance. Any euoh additions should bo calculated vectorial}y
or if done mathematically the relative phase differences must be allowed for.

5. TUMS CONSEAMT IN L/R CIRCUITS.

5.1 Suppose a pure inductance (L) (no resistance) is connected in series with a pure
resistance R across a D.0. source of E volts (Fig. 14a). ER represents the instantanec.s
voltage drop across R and Er, the instantaneous self-induced e.m.f. produced across L.

5.2 "Charge" Ourvo for Inductance. (Fig. 14b.) he induced e.m.f. EI (or back e.m.f.)
depends on the rate of change of current and is maximum at the instant E is applied.
I reaches maximum only after Ey, decays to zero.

At any instant

or EL, = E - ER

or ER = E - EI,

Theoretically Ej, equals E at the initial instant and then is reduced as current
rising produces a voltage drop across R, and rate of increase of current becomes less.

As EL, is progressively reduced I increases to a maximim and the relationship of
voltage and current with time follows an exponential curve as for R and ( in series.

Er, reaches zero as I reaches its maximumf value. The now constant current maintains

the constant amount of energy stored in the magnetic field (and a power of IR watts
is being dissipated constantly in R in the form of heat).
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.3 "Discharge" Curve for Tnduokanoe. (Fig. 15¢.) when switch Si is switched to short
6Louie L aaa g (s{thou€ moat) the magnetic field starta to collapse and the induced
voltage opposing the change maintains a current in the same direction. Er, rises
abruptly to equal E at the instant S1 is switched but its polarity is opposite that
across L, show in Fig. 14, when the current was rising. IL, ER and I all decay
exponentially as shown.
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5.4 [Time Constant for L and R in series is the time taken for the rising current to reach
63 sf "a.mum value or the falling current to reach 37% of the maximum and is equal

Lto f seconds. (L in Henries, R in ohms.)

As would be expected large values of L and low valves of R give high maximum values of
I but considerable time in attaining that maximim - long time constants. Conversely,
low values of L and large values of R give short time constants.
Examples -

CY) hen L 30H and R is 60 ohms
L 30Tie Constant 5 s

h secona

(YT) hen L . 1 0ml and R is 100 ohms

1i1110 Constant~
10

1000 X 100

. 0001 seconds

2 100µ$ or 0.1ms

CT) When L 30H and R is 600 ohms

Time Constant ' 52
30
600

i7¢ see.

Note that in examples (i) and (iii) inductance is BOH in each case while the time
constant is reduced to one tenth its value in example (i) by using a series R ten
times as great. The maximum current in example (iii) will of course be only one tenth
that in (i) for a given applied voltage. In studying telephone relays we will find
these facts important for understanding relay behaviour in the great variety of
series circuits encountered in practice. In some circuits for example, reducing relay
current with external resistance can reduce its operating time or lag,

6. TIME CONSTANT APPLICATIONS.

6.1 In the design of electric and electronic circuits, the time delay which L, C and R
can introduce may need to be considered, especially in high speed or high frequency
circuits. Relay operate lag mentioned in para. 5.4 is only one example of this.

6.2 On the other hand, time constant circuits are used intentionally to give time delays
ranging from microseconds to several minutes. The usual method of using an R/0
circuit for time delay purposes is to connect some marginal device across the

capacitor which responds only when the voltage rises to the critical predetermined
value.

Time constant circuits are also used for waveshaping such as the production of spiked
pulses from square pulses. Examples of' this and time delay rcuiis appear in vhe
paper "Oscillators".

6.3 A lniverea] Time Constant Ohart (Fig. 16) consists of two exponential curves with the
Y axis divided into a percentage scale and the X axis a time base divied inbo units

L
of time constant CR or f· Regardless of the values of the applied voltage, resisiance
and capacitance or inductance, the chart can be used to determine the instantaneous
current or voltages after any time interval. For example, when the values of the
components sre known the values of Ed, Ty or Ig at any instant aan be obtained by
multiplying the percentages from the curves by the applied voltage.
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reach
s equal

The value of current at any instant can be obtained by multiplying the percentage

corresponding to the point on the curve by the maximum current value (i).

values of
ersely3

VOLTAGE
OR CURRENT
(IN PERCENT

OF MAX.
VALUE)
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jlUl/JU!LILLLIE]I]1JUE Um

4. ]EU1IE1-hi-fit!
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FIG. 16. UNIVERSAL TIME CONSTANT CHART.
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Conversely, the chart can be used to determine suitable values for obtaining a desired
current or voltage after a specified time interval.

Example:- Calculate the value of R which enables an 0.02µF capacitor to charge to
35 volts in 480 microsecs, when the supply voltage is 50 volts D.C.

Percentago of applied E - { y 199 70%501

From curve A

d R
-quency
S

as

70% = 1.2 units of time constant

1.2 I.C. = 480µsecs (In this example)

480T.C. Au7 4O0µ secs

7.C. = CR

tel2ye
' e«v

ined

R . 7.0.,
400 X 1of
1g X . 02

= 20, 000 9

spiked
le

th the
units
sisianez
neous
the
by

Short time constant circuits are used in many electronic circuits where the applied
voltage is not D.C. but A.C. However, where the time constant is much shorter than
a half cycle of the A.C. and the A.C. waveform rises or falls as a transient, the
time constant circuit can still behave in a similar manner to when it has D.0. applied.

Suppose, for example, an R/0 circuit having a time constant of 2µs has an A.C.
applied at a frequency of 1,000c/s and the waveform is nearly square; owing to
the charging time of C being so much less than the time of 500µs taken by one half
cycle, the voltage or current curves can be almost the same as described here for
D.0. circuits. Some waveshaping circuits use this principle and examples are given
in the paper "Oscillators".
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7. L/9 OSOILLATOY CIRCUITS.

7.1 In Section 3 we saw that when a charged capacitor is connected to a resistor, the
discharge current gradually decreases to zero and energy stored in the electric
field is dissipated in the resistor as heat.

When a charged capacitor is connected to an inductor having a very low resistance,
the energy stored is not dissipated but is nearly all transferred to the magnetic
field produced as the capacitor discharges through the coil.

This process will now be examined in detail.

Figs. 17a, by 0, d, e, f, g, h represent the circuit conditions for successivo
instants throughout the cycle and Fig. 18 shows the relationships graphically with
the corresponding instants marked as dotted vertical lines A, B, C, D, E, F, G, H
respectively, sI

2

f7Fig. 17a. Fully charged capacitor (C) commences
to discharge through the coil, The rising flux
induces an e.m.f. of self induction (EI,) which
opposes the voltage across the capacitor (E)
and the current rises gradually (Fig. 18
instant 'A").

t
dr EL AND

re

L...
\ \

'1}•Ft
I I
I I

Fig. 17b. When C has discharged EI, and Ea
are zero volts and the current and flux in L
momentarily reach a period of Z°rO 0Nange at
their maximum value (show as positive peak I
in Fig. 18 instant "B"). I'he energy previously
stored in the electric field of the capacitor
has been transferred to the magnetic field
in the inductor.

Fig» 17c. The current value begins to decrease
and the collapsing flux in L induces a voltago
to maintain a diminishing current in the same
direction and charge C to the opposite
polarity.

Fig. 17d. When the current and flux reach
zero value they are changing at their
maximum rate and C is charged to the
maximum induced e,m,f. across L, The
energy is again stored in the electrostatic
field of the capacitor. (Fig. 18 instant D,)

Fig. 17e. The capacitor begins to discharge
again through L. The current and flux rise in
the reverse direction and maintain the induced
e.m.f. (Er) at the same polarity in opposition
to Es. (As the direction of the flux motion
and polarity both reversed at instant 'p" the
polarity of Fr, is unchanged.)

(a)

I MAX
L

I
I

C I
I
\

(b)

L
\ \

+FLUx
I I
I I
/

(e)

+
L

(a)

L
I \
I I
+l~FLUX

I I I
/,,

(e)

FIG. 17.
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-£. 17f. When C has discharged, the current and flux
-· - again reach a period of no change at their
-=minum value (shown as the negative peak I in Fig. 18
-t-tant "p") Ee and Ej, are zero. The energy is again
tired in the magnetic field of L. (Note opposite
1l=rity to instant "B").

(E)

=. 17g. The current value begins to decrease and
-= flux collapsing induces an e.m.f. to maintain the
+rent in the same direction and recharge the
=tacitor to its original polarity.

sL
\\
I' FLUX
I I
l

/

(g)
-=• 17h. Current and flux reach zero value while

: ranging at the maximum rate. C is charged
-- the resulting maximum induced voltage.
1rditions in the circuit have returned to those
a-listing at the instant the switch closed. he
:-le will recommence as described for instant "A'.

C

+

L

(H)

FIG. 17-
--= designated voltages Er, and E and the phase relationships in Fig. 18 should not
:= confused with those discussed in the preceding A.C. Theory papers. It should be
-tted that when the capacitor discharges E is the applied voltage to the inductor
i the current lags this voltage by 90°. When the inductor flux collapses EI, is the

±t_lied voltage to the capacitor and the current leads this by 90°.
~WT1ur
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IN L

I
I
I
I
/

/
u
/%
7i

EL
_1<I

I I
I

CYCLE------J-

FIG. 18. RELATIONSHIPS BETWEEN EL,, E% AND I.

he entire process (the discharge of the capacitor and the build up of the magnetic
field followed by the charge of the capacitor and the collapse of the field) is
repeated at a rate determined by the values of inductance and capacitance. The
inductance and the capacitance alternately store and release the energy in their
respective fields and the resulting waveform of current in and voltage across the
circuit is that of the simplest form of periodic motion - the sine curve.

l
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7.2 As the time taken for energy to transfer from C to L and back again depends on the
values of C and L, the number of cycles per second can be found from the formula -

f" " frequency of oscillation or resonance

2nc where inductance in henries

C = capacitance in farads.

The derivation of this formula is explained in the papers "A.C. Series Circuits"
and "A.C. Parallel Circuits".

7.3 Damped Oscillations, If L and C in Fig. 17 contained no resistance or other sources
of energy loss, oscillations would continue indefinitely without any decrease in
amplitude. The action of the initial energy being transferred from the electric
field to the magnetic field and back again in an L/0 oscillatory circuit is sometimes
described as a "flywheel effect'.

A somewhat better mechanical analogy is the timing mechanism of a watch - the
capacitance being compared to the elasticity of the hairspring and the inductance tc
the inertia of the balance wheel.

Resistance is always present in electric circuits like friction in a watch. In each
case the amount of energy stored is gradually dissipated as heat and the amplitude
of the oscillations becomes less and less until all the energy is expended and the
action ceases. This is known as damping. (Fig. 19.)I

+
AMPLITUDE

0

r
%

FIG. 19. DAMPED OSCILLATIONS.

The larger the resistance in the circuit the greater is the damping effect and the
shorter the time for oscillations to cease. [he smaller the resistance the less
damping effect and oscillations persist for a longer period. We saw in the papers
"Series A.C. Circuits" and "Parallel A.C. Circuits" that the Q of a resonant
circuit increases with a decrease in resistance. A high Q circuit will therefore
have less damping than a low Q circuit.

Oscillations produced by charging a capacitor and then allowing the oscillations
to damp out are rarely of practical use. In most cases, oscillations of constant
amplitude are required which can supply some energy to another circuit. Energy
must then be applied from an external source at appropriate instants (or, in the
correct phasing). This is the principle used in some oscillators which are
described in the paper 'Oscillators'. It should be noted however, the simple
oscillatory circuit as in Fig. 17 does not constitute an oscillator which is
a device for supplying A.C. continuously to other circuits.
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8. TEST QUESTIONS.

1. A sine curve is the graph relating the variation of degrees. A sine curve plotted with
the horizontal axis as Time is used to represent a number of natural phenomena such as .+...•..•............ ...• . . • .

2. Explain in genera] terms why some waveforms represented by simple looking graphs are actually quite complex.

3. Show by means of a diagram how an A.C. can have negative going and positive going states without actually changing
in direction or polarity.

4. With the aid of diagrams indicate the parts of a square wave and a sawtooth wave which may be called transients.
lhat characteristics distinguish these parts as transients?

5.

Calculate

CI 02 C3

2
Lo0V.

(1) the joint capacitance of the above combinatlon (0.097µF);

(Yi) the p.d. across the 0.1µF capacitor (97 volts);

(111) the charge stored by 10µF capacitor (9. 7µ coulombs).

6. Describe the charge and discharge of a capacitor connected to a D.C. supply in series with a resistor in terms of the
current and capacitor voltage with respect to time.

7. (i) Describe the setting up of a magnetic field by a coil possessing series resistance in terms of the current and tis

(11) Describe the decay of coll current when the applied e.m.f. is replaced by a short circuit.

8. #hat is meant by the time constant of a series R/C circuit?

9. What is meant by the time constant of a series R/l circuit?

10. Referring to the universal time constant char!Page 15, Fig. 16, alculate the following -

(Y) The approx. time taken for a Z2µF capacitor to charge to an applied P.D. of 60V via a 100k2 resistor. (1 sec.}

(1¥) The approx. capacitance which will charge to 100V in 100 milliseconds from a 250V supply in series with 1I.

(ii}) The approx. inductance of a 200Q2 choke in which the current reaches maximum (approx.) 1n 0.25 secs. after the
D.C. potential is switched on. (10H)

11. (1) Describe in genera] terms and with the aid of diagrams what occurs when a charged capacitor \s connected across
low resistance inductor.

(11) Explain in terms of fundamental electromagnetic laws why the coil electrical polarity remains the same as the
current direction changes from capacitor charging to discharging.

12. Daw the current graph of an L/C oscillatory circuit and indicate on it the states in which energy is stored and the
instants at which each state contains maximum energy.

END OF PAPER.
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INTRODUCTION.

.1 In telecom circuits, components are often connected in parallel. In many cases, those
are simple by-pass circuits, as were discussed in the paper 'Fundamentals of A.C.
Theory". However, there are certain instances in moder telephone systems, Long Line
Fquipment and Radio, where the parallel combination of inductance and capacitance is
the most important part of the whole cirouit, and to understand the operation of these
circuits, we must know the principles of parallel circuits under A.C. conditions.

.2 We found in D.0. oircuits that the total opposition of a parallel circuit can be
calculated by using a formula based on the conductance values of the branches.
Whilst equivalent formulse are available for application to A.C. circuits, the
mathematical process is very involved, and at this stage, is beyond the scope of the
course.

.3 This paper deals with combinations of resistance, inductanoe and capacitance connected
in parallel in A.0, circuits.
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2. PARALLEL A.C. CIRCUITS.

2.1 In D.C. circuits, we saw that the characteristics of a parallel circuit are -

(i) the P.Ds. across parallel branches are equal;

(ii) the total circuit current is the sum of the branch currents.

When these rules are applied to A.. parallel circuits, we must remember that the
currents in resistive and reactive branches are out of phase, and the addition of
branch currents must be done ~y vectors.

2.2 Impedanoe of a Parallel Qiroui*. In D.0. circuits, different methods are used to find
the total resistance of series and parallel circuits. Similarly, in A.C. circuits,
the method used to determine the impedance of a series circuit cannot be applied to
parallel circuits. o find the impedance of a parallel A.0. circuit -

(i) calculate the current in each parallel branch from Ohm's Law;

(ii) add these branch currents vectorially to find the circuit current;

(iii) using the circuit current and the applied voltage, calculate the impedance
of' the circuit from -

z E
I

where

z
E

mpedance in ohms.

Applied voltage.

Circuit current in amperes.

3. RESISTANCE AND INDUCTANCE IN PARALLEL.

3.1 Fig. 1 shows a circuit containing inductance and resistance connected in parallel.
The branch P.Ds. (ER and EI,) are equal to the applied voltage (E), and the circuit
current (I), is the vector sum of the branch currents (Ig and Ii,)•

I

I IR TL
I I

En I EL tI I
\ \

' '
FIG. 1. RESISTANCE AND INDUCTANCE IN PARALLEL.

3.2 Ve0tor Diagram. As the applied voltage is equal to the branch P.Ds. it is a factor
common to all the currents in the circuit, and, as such, the E vector is used as a
reference vector for the current vector diagram.

E
In bhe resistive branch, bhe current is in phase with
the P.D. across the branch, so the IR vector is drawn
to scale along the voltage vector. (Fig. 2a.)

In the inductive branch, the current lags the branch
P.D. by 90°, so the Ij, vector is drawn to scale below
the reference vector, lagging it by 90, (Fig. 2a.)

When the parallelogram is completed as in Fig. 2b, the
length of the diagonal represents the value of the
circuit current, and the angle made with the voltage
vector is the phase angle.

9Q °

(a)

e b

I
(b)

FIG. 2. VECTOR DIAGRAM.
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3.3 Circuit Current Formula. In the vector diagram (Fig. 2b), the circuit current is the
hypotenuse of a right-angle triangle in which the branch currents are represented by
the remaining two sides. From Pythagoras theorem -

Circuit current

I = where Current in resistive branch

t the
on of

1 to find
rcui ts,
lied to

1 " Current in inductive branch.

3.4 Phase Angle. As inductance is included in the circuit, the circuit current lags the
applied voltage. Referring to Fig. 2b, the angle of lag is calculated from -

6 Phase angle

tan. 0 where Current in inductive branch

dance

R " Current in resistive branch.

3.5 Example No. {. A resistance of 25 ohms is connected in parallel with an inductive
reactance of 33.3 ohms to a A.C. supply of 10 volts. Find -

(i) the circuit current
(ii) the impedance
(IS +no paso angle.

Include a vector diagram to show the current distribution in the circuit.

lel.
rcuit R XL

25.0 33·3.0
:,
'

IR
E

(ii) ........ z E
% i
10 0.4 Amps 10 20 ohms%5 s7

0.5

L E ILn (1ii) ... tan o
actor %
aS a

10
33.3

z 0.,3 Amps 0.3
0.4 o. 75

E

(1) ....•... I Fe t ? Fron tables

tan 36° 52' tT 0, 75

F + o,3?
.'. 0 36° s2' lagging.

-[ + 0.09 The vector diagram for this circuit is -E
In 0•4 A

-f.
E

0.5 Amps
1. 0·3A

GRAM. Answer z: Ci) 0.5 Asps: (11) 20 ohms; Cir1) 36° s2' 1es91ms-

-----~-------- ·------~
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4. RESISTANCE AND CAPACITANCE IN PARALLEL.

4.1 Fig. 3 shows a circuit containing resistance in parallel with capacitance. The circuit
current (I) is found from the vector sum of the current in the resistive branch (IR)
and the current in the capacitive branch (Ig).

----+
/
I Ie
I

IER
\
\

'
RESISTANCE AND CAPACITANCE IN PARALLEL .

4.2 Vector Di@gram. As the applied voltage (E) is common to all branches and the branch
currents are referred to it, the E vector is the reference vector in the current vector
diagram.

In the resistive branch, current and voltage are in phase, so the Ip vector is drawn
to scale along the voltage reference vector as in Fig» 4a.

The capacitive branch current leads voltage br 90"*, so the Ig vector is drawm to
scale above the voltage vector, leading by 90 as in Fig. 4a.

When the parallelogram is completed (Fig. 4b) the length of the diagonal represents
the value of the circuit current, and the angle made with the voltage reference vector
is the phase angle.

Jc

90°
lb

[2J_Ic

I
I
l

» E
IR

(a) (b)

VECTOR DIAGRAM.

4.3 Circuit Current Formula. As the currents in the circuit can be represented by the sides
5r « Fight-angio triangle, (Fig. 4b) -

1-+i7+ 1?
R C

where

Circuit current

g Currant In resistive branch

lg * Current in capacitive branch.

4.4 {hase Angle. Because the circuit is capacitive, the circuit current leads the applied
voltage. From Fig. 4b, the phase angle is calculated from -

tan. ( Ie
Ia

where

6 Phase angle

lg * Current in capacitive branch

lg " Current in resistive branch.
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circuit
(1g)

4.5 To find the impedance of a parallel circuit for which no applied voltage is given,
for example, a parallel combination of resistance and inductance or resistance and
capacitance, a simple method is to assume a value of applied voltage, and work the
problem using this assumed value.

The working of the problem can be simplified when we choose a value of voltage which
gives "whole number" values of branch currents, and in this regard, a voltage which
is proportional to the L.C.M. of branch resistances or reactances is ideal.

Example No. 2. A 2µF capacitor and a 400 ohm resistor are connected in parallel
across the relays in the duplex relay set. Find (i) the impedance and (ii) the phase
angle of this part of the circuit at a frequency of 1 kc/s. (Xe = 80 ohms.)

Include a vector diagram to show the current distribution in the circuit.

ranch
nt vector 4000 2µF

drawn

As no voltage value is given, assume that the applied voltage is 4 volts.

to

sents
e vector

From tables

the sides

TR = E
ii

4 X 1000 (#A)
400

10 A.
/

\

c E
4¢

4 X 1000 («A)
80

. 50 mA.

/ + e
Fe + 5o? («A)

/ + 2500 (mA)

/s 6so

51 A (approx.)

E(i) z T

(ii) ... tan (

tan 7g° 42'

4 x 1000
51

78.4 ohms.

50
i0 5.

5 (approx,)

•. 0 7e° 42' leading.

Ihe vector diagram for the circuit is -

applied

Answer

Ip 10mA

Ci) 78.4 ohas; (11) 78° 42' leading.
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5. RESISTANCE, INDUCTANOE AND CAPACITANCE TN PARALLRL ,

5.1 Fig. 5 shows a circuit in which resistance, inductance and capacitance are connected
in parallel.

We have seen that Ip is in phase with voltage, Iy, lags voltage by 90° and Ic leads
vol tage by 90°,

FIG.5. RESISTANOE, INDUCTANCE AND CAPACTTAOE Tu PARALIBL.

As in all parallel A.C. circuits, the circuit current is found from the vector sum of
the branch currents. The impedance of the circuit is found from the ratio of the value
of circuit current and applied voltage.

5.2 Ve0tor Diagram. The applied voltage is common to all currents in the circuit, and the
current vector diagram uses the applied voltage vector as a reference. The vector
diagram is constructed by drawing:

- the Ip vector to scale along the reference E vector.

- the Ii vector to scale below the reference vector, lagging by 90
- the Ig vector to scale above the reference vector, leading by 90

rr·
°[so1se

9.0°

IL

(a) (b)

FIG. 6, VECTOR DIAGRAM.

As the currents IL and Ic are 180° out of phase (Fig. 6a) their vector difference
EL -Tc) is combined with the FR yeotor to give the magnitude and phase relationship
of the resultant circuit current (I) as in Fig. 6b.

5.3 0irouit Current Formula. From the vector diagram Fig. 6b, the circuit current is:

where

Circuit current

R Current in resistive branch

l " Current in inductive branch

c * Current in capacitive branch.

In the formula quoted above, it is assumed that the current in the inductive branch
is greater than that in the capacitive branch.

The formula still applies when the capacitive branch current is the greater, as then,
(II - Ig) gives a negative result which becomes positive when squared.
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5.4 Phase Ag49. In circuits where the current in the inductive branch exceeds that in
tne capacitive branch, the circuit current lags the applied voltage, as in Fig. 6b.

When the capacitive branch has the greater current, the circuit current leads the
applied voltage.

The angle of lead or lag is calculated from -

3 leads

tan. ( I- Te
In

where

6 . Phase angle

L Current in inductive branch

c Current in capacitive branch

R 2 Current in resistive branch

5.5 Example No._i: A parallel circuit contains 20 ohms resistance, 10 ohms inductive
reactance and 30 ohms capacitive reactance. When an alternating voltage of 6 volts
is applied, find -

(i) the impedance

(ii) the phase angle.

Include a vector diagram to show the current distribution in the circuit.

tor sum of
of the value:

it, and the
vector

R
20.0

Kc
30.0

Terence
elationship

ent is:

a E

"
6

0.3 Amps0
.

IL E:
E
i
6 0.6 Amps1o

-:

,
_

Ec = ie
6 0.2 Ampsz:

$
.

[+ Cl - +a°

F + (0.6 - 0.2)°

9_ • 12 ohms
0.5

-
(11) .•• tan 6

From tables

tan 53° g'

.• 6

0.6 - 0.2
0.3

- 8- no

- 1.333

The vector diagram for the circuit is

ve branch

A+ 6

=Jo.09 + 0.16

F5

le
•al'$°

0,5 Amps

r, as then, 0 I
Avers • _(1) 12 ohs; (11) 5358'lag9tng.
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6. INDUCTANCE AND CAPACITANCE IN PARALLEL.

6.1 Fig. 7 shows a circuit containing inductance connected in parallel with capacitance.
he circuit current (I), is found from the vector sum of the branch currents, I1, and I;

ID

/

I
I

Ee
\

Ta

ll
FIG. 7. INDUCTANCE AND CAPACITANCE IN PARALLEL.

6.2 Vector Diagram. The applied voltage is common to all branches, and is used as a
reference vector for the current vector diagram.

The current in the inductive branch lags the voltage by 90° so the Iy, vector is drawn
at right angles below the reference vector (Fig. 8a).

The current in the capacitive branch leads the voltage by 90°, so the Ir vector is
drawn at right angles above the reference vector (Fig. 8a).

As the branch currents are 180° out of phase, they are in opposition, and the circuit
current is found from the difference in the branch current values (Fig. 8b).

le

IL

\0°>E
90° I lr-9-0_0 > E

(a) (b)

FIG. 8. VECTOR DIAGRAM.

6.3 Circuit Current Formula. As the branch currents are 180° out of phase, the circuit
current is found from -

- Circuit current

I where Current in inductive branch

c " Current in capacitive branch.

6.4 Rase Agle. As we are considering the theoretical case of pure inductance in parallel
en pure capacitance, the circuit current is 90 out of phase with the applied voltag

When the current in the inductive branch is greater than the current in the capacitive
branch, the circuit current lags the applied voltage by 90°,

Wen the capacitive branch current is the greater, the circuit current leads by 90°,
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6.5 Example No. 4 illustrates two characteristics of parallel inductance-capacitance
circuits. hese are :-

(i) the current in the branches may be greater than the circuit current.

(ii) the impedance of the circuit may be much higher than the impedance of
either of the branches.

These effects are due to the 180° phase difference between the branch currents, and
although they are noticeable at all frequencies, they are most prominent at the
frequency at which the branch currents are equal.

Example N0. 4. Find (i) the impedance and (ii) the circuit current in a circuit
containing 20 ohms inductive reactance connected in parallel with 30 ohms capacitive
reactance to an alternating voltage of 6 volts.

as a

or is drawn

XL
20.0.

Xc
30.n

ector is

the circuit
) .

circuit

L . E (A) .... I . L - ¢
~

6 . 0.3 - 0.2 0.1Amee
2 0.3 Amps

o E (l i) .... Z E
E

. i

6 0, 2 Amps 6 60 ohms50
. 6. .

Mevers_ • (1)0,1 Ape; (t1) 80 ohms.

Practical Parallel Circuits of this type contain resistance as well as inductance
and capacitance and when this resistance is significantly large it must be taken
into account when determining the impedance of the circuit.

The resistance is normally due to the windings of the inductor and can be considered
·as a series resistance in the inductive branch as in Fig. a. Because of this
@gistance, the current in the inductive branch (I1g) lags the voltage by less than
90*, and the formula of paragraph 6.3 no longer applies.

R

L

C

le

in parallel
plied voltage

e capacitive

is by 90°,

(a) (b)

FIG. 9- FRAOTIGAL PARALLEL L/0 OIROUIT.

Although the mathematical solution of such problems is beyond the scope of this
course, an approximate value of circuit current can be obtained from a vector
diagram (Fig. 9b) in which the phase angle of the inductive branch is taken into
account.
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7. PARALLEL RESONANCE.

7.1 We have seen that in a series circuit containing inductance and capacitance, very
significant changes take place in the values of the various circuit quantities at the
resonant frequency.

7.2 When a parallel combination of pure inductance and pure capacitance is connected to
an alternating voltage, the frequency of which is increased -

the current in the inductive branch decreases, due to the increasing inductive
reactance.

the current in the capacitive branch increases, due to the decreasing capacitive
reactance.

The variations in branch current values over a range of frequencies are shown in
Fig. 10. As the branch currents are 180° out of phase, the value of the ·circuit
current is found from the difference in their values. [his is also shown on Fig. 10.

------·---Ac ..-----..--FREQUENCY»
CURRENT Ql~-_______"e

LAGGING

/.,,,,...

1/
/

/
I
I
I
I

FT0. 10. EFFECT OF FREQUENCY ON CURRENTS.

At one particular frequency, the current in tho inductive branch equals the current ir
the capacitive branch, and consequently the circuit current is zero.

This frequenoy is the Resonant lregu0no}, and occurs when the inductive reactanoe equa.
the capacitive reactance.

The variations in the circuit current over the frequency range are as shown in Fig. 11

l
FREQUENCY

CIRCUIT CURRENT VARIATIONS IN A PARALLEL RESONANT CIRCUIT.

FIG. 11.

t
LEADING

0
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7.3 Impedanoe of a Parallel Resonant Circuit. As changes in frequency cause changes in
the value of the circuit current, corresponding variations must be produced in the
impedance of the circuit. he impedance of a parallel circuit containing pure
inductance and capacitance changes as in Fig. 12.

As the circuit current is high in value at low frequencies, the impedance is small.
Approaching the resonant frequency, the current decreases in value, indicating that
the impedance increases. At the resonant frequenoy bhe impedance is infinite as
the circuit current is zero.

Beyond the resonant frequency, the circuit current increases and the impedance
decreases, until, at a very high frequency it falls to a very small value.

1own in
ircuit
on Fig. 10.

2

I I
I I
I I
I \

'FREQUENCY

IMPEDANCE VARIATIONS IN A PARALLEL RESONANT CIRCUIT.

FIG. 12.

.4 irou]ating PurrentS. Although there is no circuit current at the resonant frequency,
current circulates around the branch circuits. Phis circulating current transfers
the storage of energy from the magnetic field to the electric field and back again,
as these fields build up and collapse. (Figs. 13a and b.)

he current in

eacbance equal

wn in Fig. 11,
(a) Eners Stored in Magnetie

Field.

OSCILLATORY CIRCUIT.

FIG. 13.

(b) Bnerg Stored in Electric
Field.

As we are considering the theoretical case of a pure inductance connected in parallel
with pure capacitance, no energy is lost in the transfer, and the currents would
continue to circulate, even when the applied voltage is disconnected..

In practice however, the components contain resistance, and the stored energy is
gradually dissipated, so that if the circulating or "oscillatory" currents are to
be maintained, the voltage source must remain in circuit, or be applied in pulses at
the correct frequency.

although currents circulate within the parallel circuit at all frequencies, they
attain their highest value at the resonant frequency.

4ii4jess 528boa]» .»gr@.-...6ad.

to@iltilnj@bhiaai5i-4i2al4)kg" +re 1pots .1>*els.on-»hot



PARALLEL A.C. CIRCUITS.
AGE 12.

7.5 Effect of Resistance. As the resistance of a capacitor can be made small, the
resistance of the circuit is mainly due to the windings of the inductor.

This series resistance causes the current in the inductive branch to lag the voltage
by less than 90° as in Fig. 14a. Phis curreny, ILR has two components; one in phase
with voltage and one which lags voltage by 90 for the circuit to be resonant this
latter 90° component of I1R must be equal to the current in the capacitive branch.
(Fig. 14b.)

At the resonant frequency, the branch currents Ig and ILR do not canoel completely,
and a small circuit current (in phase with voltage) results. This reduces the
impedance of the circuit at resonance to some finite value as in Fig. 14c.
The impedance at resonance is often called the Dynamio Resistance.

The small circuit current at resonance is sometimes called a "make up" current as it
replaces or makes up for the energy dissipated in the resistance of the circuit thus
maintaining the circulating currents.

(a)

E

Le

(b)

E l
2

0

(e)

FREQUENCY %

RESISTANCE IN PARALLEL RESONANT CIRCUITS.

FIG. 14.

7.6 Current Magnification. In the series circuit, at resonance, we saw that the P.Ds.
across the reactive components are magnified, and are "Q" times greater than the
applied voltage. In the parallel case at the resonant frequenoy, current magnificati:
takes place as the circulating branch current is greater than the circuit current.

With pure components, the degree of current magnification is infinite, as the circuit
current is zero at resonance. However, in practical circuits, the degree of current
magnification is reduced to some finite value, which is indicated by Q Factor.

In a parallel circuit, the Q Factor is a number which indicates how many times the
circulating current at resonance is greater than the circuit current.

Q Current magnification of circuit

Q
Ic oR IL

I
where

o Current in capacitive branch

Current in inductive branch

Circuit current.

As in series circuits Q can be calculated from the ratio of the values of reactance
and resistance at the resonant frequenoy.
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In high "0" circuits, the reactance of the inductive branch is much greater than
the resistance, and the phase angle of the branch is nearly 90 The capacitive
branch has little resistance, and the current in this branch leads by nearly 90
As the branch currents are almost 180° out of phase, the circuit current is small,
and the degree of current magnification is large.

In low "Q" circuits, current magnification is small, as the branch currents are much
less than 180°° out of phase, and the circuit current is of a comparatively high value.

7.7 Resonant Jr0gue!9X. For most practical purposes, the resonant frequenoy of a
parallel circuit may be calculated from the formula used for series circuits.

fr * Resonant frequency

L
1

as it
t thus 27ic where L Inductance in henries

C - Capacitance in farads.

Cramp4o A0.2 Find the value of oapacitor which must be conneoted in parallel with
an inductor of 160 mh, so that the circuit is resonant at 4 kc/s.

f, I
2 *,/Uc

G 2mf

•

Ds.
·he
ificatic
ent.

circuit
urrenb

the

it

tance

faM °° 2mf,

l
to

LC . I
6?

C 7E
I

Gt

C cu t° tan
at

Aver - 0.01µE.

- 2 x 3.14 x 4000

- 25,000 (approx.)

o 1 (n)
GL '

10f
(25 x 10°)? 0.16

1of 10?
25 x 1o° k 25 x 10° 16

108
Ame

I
1o?

0.01 µ F
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7.8 Para]]el Resonant _Oirouits in Tel00om. In modern telecom equipment, the "frequency
sensitive" parallel resonant circuit finds a wide field of application.

Like the series resonant circuit, it is often used to separate signals having
different frequencies, and, in many instances, combinations of series and parallel
resonant circuits are used in this regard.

In addition to "filters", of which there are many types, we find parallel resonant
circuits in many other telecom applications, such as oscillators, carrier frequency
generators, and in many items of measuring and testing equipment.

7.9 Summary of Parallel Resonant Circuits. mhe main characteristics of parallel resonant
circuits are:-

(i) With inductance and capacitance in parallel (theoretical case):

- resonance occurs when AL, equals Xg,

- resonant frequency (f,) 1----2 / LC I
f
i
I

I
i
J

bhe circuit current is zero at the resonant frequency.

circulating current flows at its maximum value, within the parallel
circuit at resonance.

at frequencies below resonance, the circuit is inductive as the current
in the inductive branch is greater than that in the capacitive branch.

at frequencies above resonance, the circuit is capacitive as the current
in the capacitive branch is greater than that in the inductive branch.

(ii) With resistance in series with inductive branch (practical case):

the circuit current is a minimum value at resonance.

the circuit current is "in phase" with the applied voltage i.e. the
circuit is resistive at resonance.

at resonance the impedance is a maximum value. At all other frequencies
the impedance is lower.

resistance has the effect of lowering the impedance and increasing the
circuit current at resonance,

circulating current flows at its maximum values within the parallel
circuit and is "Q" times the circuit current.,

at frequencies below resonance the circuit is inductive and the circuit
current lags the applied voltage.

at frequencies above resonance the circuit is capacitive and the circuit
current leads the applied voltage.
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8. TEST QUESTIONS.

1. Jo find the impedance of a parallel A.C. circuit, the steps are -

(1) •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

(1)

ET13)

2. The ....•......·.... vector is the reference vector for a para]le] circuit vector diagram.

3. n an R.L. para]lel circuit, the circuit current is found from the formula
voltage by an angle calculated from "........••..•......•... • •

leads
and it ~ the a:

ags

4. An 80mH inductor and 1000 ohm resistor are connected in parallel to a 10 volt 1 ke/s alternating voltage. Find -

(1) the circuit current

{11) the impedance

(111) the phase angle.

Include a vector diagram to show the current distribution in the circuit.

5. When R and C are connected in para]]el, the formula for circuit current is •................... .••. . •

6. The branch currents in a parallel circuit with resistive, inductive and capacitive branches are 70 mA, 500 wA and 260 %

respectively. What is the circuit current?

90°
7. When L and C are connected in parallel, the branch currents ar8 gi° out of phase, and the circuit current is found fra

the formula .....••.......••.•••••. • • •

8, Resonance occurs in a para]]el circa\t Whan "....••.•.....••...•..••...•....•••.........•..•.-.•........••.•.•. .••• . . .

9. The circuit current is ..........•.............. in value at resonance in a paralle} circuit containing pure L and C.

0, At resonance, parallel circuits are capable of .......•.......•......... magnification.

11. In practical circuits, resistance is present in the "......•.........•.••.... branch, and its effect is "..•...•.•.• ..

12. What is the value of the inductor which must be connected in parallel with an 1µF capacitor so that the circuit ts
resonant at 1.6 kc/s.
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I5TRODUCTION .

A transformer is a device for transferring electrical energy from one A.C. circuit to
another by means of a common magnetic circuit,

.< Transformers are used in all branches of electrical engineering but we are concerned
only with those used in telecom equipment. These range from very large iron cored
units in low frequency power plant, to very small air cored transformers in high
frequency radio applications,

Modern transformers are extremely efficient and reliable, and very rarely need
replacement. Because of this, their importance is often overlooked, and the reasons
for their inclusion in a circuit are not always completely understood.

.3 The basic theory of transformer operation is outlined in the "Electromagnetic Induction"
paper of Applied Electricity 1, and this should be revised before proceeding further.

This paper deals further with the theory of operation of transformers, and gives
additional information on their construction and use.
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2. TRANSFORMER THEORY.

2.1 In the paper "Electromagnetic Induction" of Applied Electricity 1, we saw that a
transformer consists of two insulated windings, called Primary and Secondary,
arranged on a core of iron or other suitable material, so that the windings are
magnetically coupled.

When an alternating voltage is applied to the primary winding, a flux is set up in
the core which changes at the same rate as the primary current. This flux links the
burns of both windings and according to Lenz's and Faraday's Laws, produces

- a self induced e,m.f. in the primary winding;
a mutually induced e.m.f. in the secondary vinding.

As both e,m.f's are produced by the same flux, the rate of change of flux is the same
for each turn in the primary and secondary windings. Therefore, the induced e.m.f.
per turn is the same in each winding.

When both windings have the same number of turns the self induced e.m.f. in the
primary winding is equal to the mutually induced e.m.f. in the secondary winding.

When the secondary winding has twice as many turns as the primary winding, the
induced e,m.f. in the secondary winding is twice the value of the induced e.m.f. in
the primary winding.

As the self induced e,m.f. in the primary winding can be considered to be equal to
the applied primary voltage, the ratio of the primary voltage (Bp) to the induced
secondary voltage (E") is equal to the ratio of the number of primary turns (Ni) to
the number of secondary turns (Ny).

That is -
or

As the ratio of secondary turns to primary turns
secondary voltage can be found from "(s) is the Turne Ratio (T), the

p

ts Secondary voltage

Es= TxE, where E Primary voltage

Ratio of secondary turns to primary turns.

Ezample 2or_I. A transformer has 1000 turns on the primary winding and 1500 turns or
tne secondary winding, Find the secondary voltage when an alternating voltage of
10 volts is applied to the primary winding.

t
IOOOT 1500T E s

1
4
ifp
1500 1.5
1000 T

f, Tx E,

1.5 x 10 15 volts.,
Answer . 15 volts.
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2.2 A transformer is essentially a connecting device by means of which energy is
transferred from an energy source to a load circuit.

Within the transformer, voltage transformation may occur, but it must always be
remembered that any increase or decrease in the power output from the secondary
winding must be accompanied by a corresponding increase or decrease in power input
to the primary winding.

The action of transformers can best be shown by vector diagrams which depict the
operating conditions in the primary circuit for different types of secondary load
circuits.

For our purposes, it is sufficient to consider the action of a perfect transformer,
that is, one which has no power losses. Such a device is, of course, only
theoretically possible, as in all practical transformers, energy is dissipated in
te resistance of the windings and in eddy currents and hysteresis effects in the
core. However, as correctly designed transformers can be up to 98% efficient, these
losses have only a minor effect on the principles of operation and can be overlooked
at this stage,

-.3 No-Load Conditions. When the secondary winding of a transformer is left with an
"open" circuit, no transfer of energy can take place between windings, and thus the
primary winding is a purely inductive circuit with a comparatively high value of
inductance. When an alternating voltage is applied to the primary winding (Fig. 1a),
the inductive reactance of the primary winding limits the current to a small value,

This current is called the ma&ebisjne ourrenb, as it establishes the flux in tho
core. Because of the inductance of the primary winding, this current lags the
applied primary voltage by 90°.

These "no-load" conditions in the primary circuit are shown vectorially in Fig. 1b,
in which

- the flux vector () is drawn horizontally as a reference;

- the magnestising current vector (I") is drawn in phase with flux;

- the primary voltage (E,) is drawn so that I, lags by 90°.

The flux links the turns of the secondary winding, and induces an e.m.f. (Eg) which,
according to Lenz's Law, is 180° out of phase with Ep. For simplicity, it is
assumed that the transformer has an equal number of turns on each winding and
therefore Eg can be drawn equal to, but 180° out of phase with E, (Fig. 1o).

Under no-load conditions, therefore, an e.m.f. is induced in the secondary winding,
but as the power requirements of the secondary circuit are zero, only a small
magnetising current flows in the primary winding, lagging the primary voltage by 90°.

EpL

Ep

1.I

o t °9 "¢ 90°
cdEs Es Im Im

Es

(a) (~) (e)

TI0.1 TRANSFORMER WITH NO SECONDARY LOAD.
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2.4 Loaiec Pondibion9. When a load circuit is connected to the secondary winding, energy
is transferred from the primary source to the secondary circuit, where it is
dissipated in the secondary load.

As the no-load primary current is "wattless", that is, it lags by 90, additional
current must flow in the primary circuit, so that energy is available for transfer to
the secondary circuit. his increase in primary current is brought about as follows:-

When current flows in the secondary winding it tends to set up a flux in the
core. According to Lenz's Law, this flux opposes that produced by the primary
current, and therefore it reduces the flux producing properties, or inductance
of the primary winding.

With less inductance, the inductive reactance of the primary winding is
reduced and the current in the primary winding increases.

The additional current in the primary winding is called the "felanoe current", as it
counteracts or balances the demagnetising effect of the secondary current
Irrespective of the type of circuit connected to the secondary winding, th~
magnetising effect of the balance current is always equal and opposite to the
demagnetising effect of the secondary current, or

balance current (I;) is always 180° out of phase with secondary current (Ig)3

balance current ampere-turns (Iy x Ni) equals secondary current ampere-turns
(I" x N,).

Therefore

where

b6 Primary balance current

Secondary current

T Turns Ratio,

2.5 Transformer with resistive Secondary1om. Fig. 2a shows a transformer which has an
equal number of turns on eacl Ma5Sisfrg. Tfhe action of the transformer when a
resistive load is connected to the secondary winding is shown in Figs. 2b, c and d.

Fig. 2b shows the vector diagram for the no-load condition. This is the starting
point for all transformer vector diagrams.

As the secondary load is resistive, the secondary current (Iy) is in phase with the
secondary voltage. (Fig. 2c.) To overcome the demagnetising effect of Ig, a balance
current (Iy) flows in the primary winding, 180° out of phase with Ig. As the
windings have an equal number of turns, Iy is equal to Is (Fig. 2c),

In Fig. 2d, the total primary current (Ip) is found from the vector sum of Iy and
Ip. It can be seen that th~ primary current under load is much greater than the
no-load_primary current, and that the phase angle of the primary circuit is much less
than 90°, This indicates that the energy dissipated in the resistive load circuit is
being supplied by the primary voltage source.

5µ f, 5p
1:1

5 J6

Es c < 3
Im Im 1 m

la 1,

Es E , }
(a) (5) (e) (a)

FIG. 2. TRANSFORMER WITH RESISTIVE SECONDARY LOAD.
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When the resistance of the secondary load circuit is reduced, the secondary current
increases correspondingly. To supply the additional energy, and to counter the
demagnetising effect of the increased secondary current, the balance current increases
also,

The vector diagrams of Fig. 3 show the effect of applying progressively heavier
resistive loads to the secondary winding. When the transformer is fully loaded,
(Fig. 3d), the balance current is very much greater than the magnetising current, and,
for most practical purposes can be considered as being equal to the total primary
current. Under these conditions the primary phase angle is very small, and therefore
the primary winding exhibits the resistive characteristics of the secondary load
circuit,

", as it

e

Ip
Jp

I,
Is

·ns Is
Is

(a) (b) (e) (a)

has an

and d .

rting

ith the
a balance
e

FIG. 3. TRANSFORMER WITH RESISTIVE SECONDARY LOADS.

When the resistance of the load circuit is so low that the maximum rated secondary
current value of the transformer is exceeded, the primary current reaches an
abnormally high value. In practical transformers, the windings possess some
resistance, and under such overloaded conditions, sufficient heat can be produced
within the transformer to cause permanent damage.

Example Ao» • A transformer with an equal number of turns on each winding is
connected to an alternating voltage supply of 50 volts. Neglecting the effects of
losses and the small magnetising current, calculate the primary current when circuits
having resistances of (i) 10 ohms and (ii) 1 ohm are connected to the secondary
winding.

:1 1:1
n and
the

much less
ircuii 1: 100. 1g.

4- a t;

07'+

I

y'z
Im

Balance Current

f•... Secondary Current-
%
50fj * 5 Amps

7x ls

x 5

- 5Atos
Primary Current (Approx.)

Avers: _(1) 5 Asps: (11) 50 Asps.

As T 1
Secondary Voltage = Primary Voltage.

) Es(i I .... Secondary Current •
R%

Bal a nee Current

501 50 Amps

ix ls
x 50

• 50Ames
Primary Current (Approx.)
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2.6 Effect of Turns Ratio. Fig. 4a shows a transformer which has a turns ratio of 2,
that is, there are twice as many secondary turns as there are primary turns.

When an alternating voltage is applied to the transformer, a magnetising current flows
in the primary winding. This current (Iµ) lags the applied voltage (Eo) by 90°.
In the secondary winding, the induced voltage (Eg) is 180° out of phase with Pp, but,
because of the turns ratio, E is twice the value of Ep. This is shown in Fig. 4b,
which represents the no-load condition.

As a load circuit is connected to the secondary winding, current flows in the
secondary circuit. As the load is resistive, the secondary current (I) is in phase
with Ey (Fig. 4c).

The balance current in the primary winding (Iy) is 180° out of phase with Ig. As the
primary winding has only half as many turns as the secondary winding, Ip needs to be
twice the value of I, to achieve balance (Fig. 4c).

In Fig. 4d, the total primary current (Ip) is found from the vector sum of Ip and I•
It can be seen that the primary current is approximately twice the value of the
secondary current.

Es R

5p Ep E p

1i Lb

c c
Im Is

Im
Is

Im

Es E s Es

(a) (b) (c) (a.)

FIG. 4. TRANSFORMER WITH UNEQUAL URNS RATIO.

Exam}le No+J· A transformer is used to step dow the 240 volt A.C. supply to
6.3 volts for the operation of the heaters of a number of electron tubes, each of
which requires a current of 0.3 amps. Neglecting the effects of losses and the
magnetising current, find, (i) the turns ratio of the transformer, and (ii) the
primary current when five tubes are connected in parallel.

6·3V VI V2 V3 V4

Secondary Current

(Y).... E, • 1 x Ep

: • . T f,

E
6.3

- 240
1is (approx.)

Answers

th x 5
0.3 x 5 1,5 Amps

(ii).... Balance Current T X ,
1 1.556 x

0.0%Ames-
Primary Current (Approx.

1
to) 5% Ci8) 0.04 Ages-
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-.7 Transformer yith Inaduoti}e 5eoonior Hong. Fig. 5a shows a transformer having windings
won aqua "Ebo±% 5F tuns, «aa @eh an inductive circuit connected to the secondary
winding. It is assumed that the characteristics of the load circuit are such that
the secondary current (I±) lags the secondary voltage (Ey) by approximately 45°.

The operating conditions in the primary winding are shown in the vector diagram
(Fig. 5b) which is constructed using the same method as in previous diagrams.

Note that the primary balance current (Iy) is again drawn 180° out of phase with Is»
and that because of the lagging effect of the magnetising current (I") the phase
difference between Ip and By is greater than that between Is and Eg.

5p

Es 2 s

p

( a)

FIG. 5.

Is

Es
(b)

TRANSFORMER WITH INDUCTIVE LOAD.

Fig. 5b shows that comparatively large currents flow in the windings, but because the
secondary load circuit is inductive only a small amount of energy is consumed in the
load%

The efficiency of a practical transformer operated under these conditions is
comparatively low, as the winding (IR) losses are considerable and out of all
proportion to the amount of useful energy transferred.

Transformer with Capacitive Secondary Load. Fig. 6a shows a 1 : 1 transformer with a
capaoi+I% dad oonno~tag to the secondary winding. In the secondary circuit the
current (Ig) leads the voltage (Ea) by approximately 45°.

The vector diagram (Fig. 6b) shows that the balance current (1y) is equal to Is, and
as these currents are 180° out of phase, I5 leads the primary voltage Ep•

The primary current (Ic) is found from the vector sum of Ip and Ia; es Iy lags by 90°,
the phase difference in the primary circuit is less than that in the secondary circuit.

Ep

:t 16

T},, cE s

ls

Es

(a) (»)

FIG. 6. TRANSFORMER WITH CAPACITIVE LOAD.

In a practical transformer the effect of the losses cause a further reduction in the
phase angle in the primary circuit. When the load circuit is only slightly
capacitive, the primary current can lag the primary voltage.

Under certain circumstances, the capacitance in the load circuit can combine with the
inductance of the transformer to cause a resonant condition, when the secondary
voltage under load can exceed the no-load voltage.
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2.9 Reflected Impedanoe. We have seen that when the impedance of the secondary load circuit
is changed, the subsequent change in secondary current causes a corresponding change
in primary current.

As this change in primary current is fundamentally due to a change in primary
impedance, the change in secondary load impedance causes a proportional change in
impedance in the primary winding.

This action is commonly called "reflection", and the impedance of the load as "seen"
by the energy source through the transformation ratio, is referred to as a reflected
impedance.

The ratio between the impedance of the load circuit and the reflected primary
impedance is called the Impedance Ratio.

We saw in the paper "Electromagnetic Induction" of Applied Electricity 1, that the
impedance ratio of a transformer is equal to the square of the turns ratio, or

T2 _ Zs
Z,

Turns Ratio

where mpedance of primary winding

Zs Impedance of secondary load circuit.

example No. • Transformers with turns ratios of (i) 4 and (ii) 2 are used in turn
to connect a circuit of 10,000 ohms impedance to an alternating voltage source.
Neglecting the effects of losses, find the impedance of the transformer primary
winding in each case,

]'4'd

10,0000 0000.0

(i) •... 12 - 2 (11).... r2 Z
E z;;

% . 2
Zp

2
R P
10,000 10,000
n¢ 4t

625 ohms 2,500 ohms

Answers = (1) 625 ohms; (51) 2,500 ohms.

In the same way, the transformed impedance of the primary source appears across the
secondary winding. However, as we are now "looking" into the transformer in the
reverse direction, the turns ratio figure is inverted when calculating the impedance
of the secondary winding.

In simple transformer calculations, the effects of the core losses and the resistance
of the windings are not considered, and therefore, there is a slight difference
between the measured value of impedance and the figure obtained by calculation.
However, the discrepancy is not serious and the calculated value is sufficiently
accurate for most practical purposes.
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2.10 Impedance latching. In telecom we are concerned with the transmission of A.0.'s over
circuits which contain many different items of equipment such as subscribers
instruments, lines, amplifiers, etc. As these signal currents are often at very low
power levels, electrical energy must be transferred from one circuit to another as
efficiently as possible.

We saw in the paper "Electromagnetic Induction" of Applied Electricity 1, that in a
D.C. circuit, maximum power transfer takes place when the resistance of the load is
equal to the internal resistance of the source. The same conditions apply in
resistive A.C. circuits, but where the load and energy source are reactive, maximum
power transfer occurs when the resistance of the load equals the resistance of the
source, and when the reactances of the load and source are equal in value but opposite
in sign. However, these conditions are seldom encountered, and for most practical
purposes, the maximuim possible power transfer takes place when the impedance of the
source equals the impedance of the load.

In telecom very few of the component circuits of a communication channel have equal
impedance and, to obtain efficient power transfer, it is necessary to use transformers
to connect the various components so that their impedances appear to be equal or are
"matched".

2.11 Impedanoe Matching Using Transformerg. We have seen that the impedance of the circuit
connected t% one viaafng or" transformer is reflected into the other winding, and
that the magnitude of the reflected impedance depends on the turns ratio.

In Example No. 4, a secondary load impedance of 10,000 ohms appears to be 625 ohms
when seen from the energy source through a turns ratio of 4. When the turns ratio
is 2, the source "sees" the load as an impedance of 2,500 ohms.

Therefore, by using a transformer of suitable turns ratio, it is possible to connect
a load to an energy source of unequal impedance, so that

(a) the impedance of the load, as seen by the source, appears equal to the

source impedance;

(ii) the impedance of the source as seen by the load, appears equal to the

load impedance.

10,000¢ When this is achieved, the impedances are matched and energy is transferred
efficiently from the source to- the load.

The turns ratio of a matching transformer can be found from -

T Turns Ratio

1? where 2
Zp •

Impedance of circuit connected to secondary winding

Impedance of circuit connected to primary winding.

Example A0._2• Calculate the turns ratio of a matching transformer suitable for
connect.ng a 600 ohm load circuit to an A.C. source having an internal impedance of
150 ohms.

he

nee 1? fl2, .

ance J%ET 2.
0

Answer = 2.

600.n
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2,12 Transformer Losses. In examining the principles of operation of a transformer, we
have considered the transformer as perfect, overlooking the losses which exist in
practical transformers.

Briefly these are -

(i) Vindine Hoss. This is an IR loss due to the resistance of the windings.
Winding losses increase as the loading increases.

(ii) Edgy Gurrent Loss. This is a power loss caused by the production of eddy
currents in the core. [his loss remains fairly constant from no-load to
full load but it increases rapidly as the frequency of operation rises.

(iii) [steresis Loss. This refers to the energy spent in reversing the
magnetisation of the core material. Hysteresis losses increase with
frequenoy.

(iv) Magetio Leake&e. This occurs when part of the flux from one winding does
not link with the turns of the other winding. Its effect is to add to the
inductive reactance of the windings, and so reduce the secondary terminal
voltage.

With correct design these losses can be kept to a minimum and modern transformers
are very efficient.

As a matter of interest, the efficiency of a transformer is expressed as a
percentage and is given by -

i

!

I

EFFICIENCY (%) OUTPUT IN WATTS
INPUT IN WATTS x100

2.13 Self-0@pacitaroe. Another factor which has an effect on the operation of a
transformer in practice is the self-capacitance which exists across and between
its windings. (Fig. 7.)

Il-
I
I
I I _,_
'-.- ""T

I
I

I_ ll--
I
I

0 I

FIG.I. SELF-CAPACITANCE.

These are due to the combined effects of the minute capacitances between adjacent
turns, adjacent layers and adjacent windings.

Although the values of these self-capacitances are comparatively small, they can have

a serious shunting effect when the transformer operates at high frequencies. When "\i.•.·

the transformer operates over a range of frequencies, the self-capacitance can
combine with the "leakage reactance" and produce a resonant condition at one frequency
within the range. This causes a marked deviation from the normal response of the
transformer.

The transformers used in telecom are often required to operate over a range of
frequencies, and, as a uniform frequency response is desirable, they must be
constructed so that the self-capacitance is kept to a minimum.
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TRANSFORMER CONSTRUCTION.

3.1 For efficient operation, a transformer should be constructed so that all the flux set
up by the primary winding links with the turns of the secondary winding and vice
versa. This ideal cannot be completely achieved but, in a well designed transformer,
the percentage leakage flux is very small.

Irrespective of its type, a transformer has three essential sections. These are -

eddy
ad to
e$,

- does
to the
minal

rmers

en

.2

(i) The Core.
(ii) The Windings.

(iii) The Shielding.

Transformer Cores. he core of the transformer provides the path for the operating
flux. It should have minimum reluctance consistent with minimum eddy current and
hysteresis losses at the operating frequency. Its shape should be such that the
windings can be readily accommodated with marimum flux linkage between windings.

For operation at different frequencies, transformer cores are made from different
materials.

At power frequencies, audio frequencies and the lower carrier frequencies
(up to about 20 ke/s) laminated cores of silicon steel (stalloy) or nickel
iron are used.

At higher carrier frequencies and radio frequencies, the eddy current losses in
a laminated core become excessive and iron dust or "ferrite" cores are used.
(Ferrites are a group of ceramic-like magnetic materials in which iron oxide is
the major component. hese materials have high permeability and extremely high
resistivity. As their eddy current losses are negligible, ferrites are suitable
for use in solid cores at frequencies up to 100 Mc/s.)

At extremely high radio frequencies efficient operation can only be achieved by
using air cores.

Most solid (ferrite) or laminated cores have a closed magnetic circuit, but where
the primary current has a D.C. component, an air gap is left in the core to prevent
magnetic saturation.

Of the closed magnetic circuit cores, there are three types in general use. They are -

CA.) The Toroidal Type. This type of core is in the shape of a closed ring.
(fig. g. fie circular form of the core enables the windings to be
accurately balanced, that is to have identical electrical characteristics.
The leakage flux is negligible as the coils are would over the full length
of the core. Although the winding procedure is complicated this type of core
is used extensively in telecom.

cent

an hat:
When

requer:
the

(a) Toroidal Gore. (b) Toroidal Gore with Winding.

FIG. 8. TOROIDAL TRANSFORMER CORE.
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(ii) The she]] Type. In this design, (Fig. 9), the windings are accommodated on
the centre limb of the core. The outer limbs form parallel flux paths and
therefore have half the cross-sectional area of the centre limb.

The stampings from which a laminated shell core is assembled can be of a
variety of shapes, but the "N" and "I" type is the most common. Fig. 9a
represents a shell type laminated core in which the joints between the
"E" and "I" sections are interleaved to prevent the formation of an air
gap.

This type of construction forms an efficient magnetic circuit, and is used
extensively in transformer construction.

(a) Sholl 0ore. (b) She]] Core with Windings-

FI0. 9. SHELL TYPE TRANSFORMER CORR.

(iii) The Gore Type. Fig. 10 shows a transformer core of this design in which the
magnetic circuit takes the form of a hollow square. This core is often built
up from "U" and "T" type laminations, which can be interleaved as in Fig. 10a.

The windings can be placed on opposite limbs for high voltage isolation, or,
the windings can be split with half of each winding placed on each limb,
This latter method reduces induction from stray magnetic fields as the
interfering e.m.f.'s induced in each half of each winding are in opposition
and they neutralise each other when the windings are accurately divided.

The use of this core is generally restricted to transformers in which low
noise level is important such as amplifier input transformers, or where high
voltages are involved as in .V. line output transformers.

(a) Gore. (b) Core with Windings.

FIG. 10. CORE TYPE TRANSFORMER CORES.

I
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A
I
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3.3 Transformer Yin@dinEs. he number of windings provided is determined by the application
sf the transformer. Many transformers have two or more secondary windings and each
winding may be "tapped" to provide a number of outputs. The number of turns on each
winding is influenced by factors such as the operating frequency, the desired voltage
or impedance of the windings and the size and composition of the core.

The windings are usually wound on a former and assembled to the core as a unit.
They can be layer wound, that is, the turns are wound in layers over the full length
of the winding space, or they can be wound in sections or "pies" which are placed
side by side along the core. This latter method is used to minimise the self
capacitance of the winding»

3.4 shie'@ding. In order to reduce interference and noise in communication circuits,
transformers must be provided with electromagnetic and electrostatic shields.

8le0tromagrebio shields are necessary to confine the flux to the transformer and
prevent electromagnetic induction into and from neighbouring circuits.

Low frequency transformers are usually enclosed in a cover or case of magnetic
material which acts as a magnetic short circuit, preventing the flux from extending
beyond the shield,

In high frequency transformers, shielding is achieved by enclosing the transformer in
a copper or aluminium can. The flux from the transformer induces eddy currents in
bhe can. The eddy current flux opposes the transformer flux and prevents it from
spreading outside the shield.

Electrostatic shields are provided to prevent electrostatic coupling.

Transformers require two types of electrostatic shielding:-

(i) An External shield to prevent the electric field from the transformer from
causing interference in neighbouring circuits and vice versa. This form
of shielding may be provided by the same earthed metallic can which is
used for electromagnetic shielding.

(ii) An Internal shield to reduce the capacitance between windings. Shielding
is achieved by separating the windings with an earth connected non-magnetic
foil wrapping, usually copper. The joint in the foil must be insulated to
prevent the formation of a short-circuited turn (Fig. 11),

By this means, the capacity between windings is replaced by capacity between
each winding and earth. In the event of an insulation breakdown in a power
transformer the electrostatic shield prevents a direct connection between
high voltage and low voltage windings.

SECONDARY
WINDING»s

PRIMARY WINDING_

WITH INSULATED JOINT

FORMER

FIG. 11. SHIELDED WINDINGS.
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4. TYPES OF TRANSFORMERS.

4.1 The transformers used in telecom equipment vary in size, shape and general
construction according to the application of each type, but they can be broadly
classified according to their operating frequency as -

(i) Power transformers.

(ii) Audio frequency transformers.

(iii) Radio frequency transformers.

4.2 Bower Transformers are designed to operate at the power frequency (50 c/s), and are
used to step up or step down the mains supply voltage to a desired value.

The majority of power transformers have closed magnetic circuits employing shell or
core type laminated iron cores. Power transformers often have two or more secondary
windings each with a different number of turns to provide different voltage outputs.
A typical small power transformer as used in mains operated electronic equipment is
shown in Fig. 12.

240V.

COMMON

285¥.
40mA

kC.T.

285v
40mA

(a) Power Transformer. (b) Arrangement of Windings-

FIG. 12. POWER TRANSFORMER.

When a power transformer is under load, the secondary terminal volvage is always
slightly less than the no-load voltage. This reduction in secondary voltage is mainly
due to the voltage drop in the resistance of the windings.

The difference between the no-load voltage and the full load voltage is known as the
Ae£lation of the transformer, and it is usually expressed as a percentage of the
no-load voltage.

. (A Mo-tee Secondary Ve}tage - Eu]] Lend Seeendery Vella9eRegulation (%)
No-Load Secondary Voltage X 100

In a well designed transformer, the regulation does not exceed 5%.

The power output available from a transformer is governed by the cross-sectional area
of the core. For example, a transformer with twice the power output of another needs
to have a core with a cross-sectional area approximately /•5 times greater than that
of the smaller transformer.
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Small radio type power transformers (Fig. 12) are rated in terms of maximum secondary
current. A transformer rated at "100 mA" could be permanently damaged if the
secondary current exceeded 100 mA for a sustained period.

Larger power transformers are rated in terms of secondary volt-amps. The output is
not expressed in watts as the secondary load circuit may not be completely resistive.

Audio Frequenoy Transformer operate at frequencies in the audio range and are used
t6 tranbfer or couple a bignal from one circuit to another, to electrically isolate
two circuits or to match circuits of different impedance.

are
These transformers usually have laminated
iron cores which can be of the open or
closed magnetic circuit type. [he
windings are wound with fine wire, and
often special winding methods are used to
reduce the self-capacitance to give a
uniform or 'flat" response over the
frequency range.

Audio Frequency transformers require
effective shielding to prevent the
introduction of noises such as clicks
and power hum into the circuit. This is
particularly important where the signal
current has a low power level.

The transformer shown in Fig. 13 is a
matching transformer designed to operate
over the frequency range 30 c/s to 12 kc/s. FI0. 13- AUDIO FREQUENCY TRANSFORMER.

- • Kadio Frequency Transformers are used to couple circuits operating at radio frequencies
or ti Ftep up or step down radio frequency voltages.

In most cases, the windings are loosely
coupled magnetically, and ferrite, iron
dust or air cores are used. Shielding is
achieved by enclosing the unit in a can of
aluminium or other low resistance metal.

Many R.F. transformers have a capacitor
connected in parallel with one or both
windings to form resonant circuits. When
signals at different frequencies are
applied to the primary winding of such a
"tuned" transformer, those signals at or
near the resonant frequency predominate
in the secondary circuit. A typical
tuned radio frequency transformer is shown
in Fig. 14. FI0. 14- RADIO FREQUENCY TRANSFORMER.

Because of the wide variety of transformers used in carrier systems, and the extent of
the carrier frequency range, no specific reference to "carrier frequency transformers"
has been made in this paper. However, these transformers mainly perform the same
basic functions of coupling, isolating and impedance matching and are constructed
according to the requirements of their operating frequency.
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5. INDUCTORS.

5.1 An inductor is a device which has been specifically constructed so that it possesses
a certain value of inductance,

In its simplest form an inductor consists of a number of turns of wire. The winding
is arranged so that the flux set up by the passage of varying or alternating current
links the turns and induces an e.m.f. which opposes the change in current.

5.2 Factors Affectipg Inductance. [he inductance of an inductor can be expressed in terms
5r 1aRkages (r1t 1.hes x turns) created when the current changes at a certain rate.
The factors which determine the inductance are -

(i) The Number of Turns. [he number of linkages produced by a certain change
in current is proportional to the resultant change in flux and to the
number of turns on the coil. But as the change in flux is also
proportional to the number of turns, the linkages (and therefore the
inductance) is proportional to the number of turns squared.

(ii) The Method of Winding. Inductance is also affected by the method of winding.
Factors such as the spacing between turns, the number of layers in the
winding, and the type of winding procedure adopted, all influence the
coupling between the turns and consequently affect the inductance.

(1ii) The Reluctanoe of the Magnetic Oirouit. mhe reluctance of a magnetic
circuit is the opposition it offers to the establishment of a magnetic
field. When the current flowing in the winding of an inductor changes,
the extent of the resultant change in flux depends on the reluctance of its
magnetic circuit.

When two inductors have an equal number of turns and when the magnetic
circuit of one has half the reluctance of the other, a certain change in
current produces twice as many linkages in the low reluctance inductor
than are produced in the inductor having the greater reluctance.

Inductance is therefore inversely proportional to the reluctance of the
magnetic circuit, which is the combined effect of -

- the cross-sectional area of the core;

the length of the core

- the permeability of the core under working conditions.

With air cored inductors, inductance is independent of current, as the permeability
of air is unity and does not change.

With iron cored inductors however, the permeability of the iron varies with the
magnitude of the magnetising force produced by the current. All iron cored
inductors therefore, are rated as possessing a certain inductance at a specified
value of current.
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5.3 Construction. Like a transformer, an inductor has three main parts -

(i) The Core.

(ii) The Winding.

(iii) he Shielding.

(i) The Core. Cores used for inductors follow much the same pattern as those used
in transformers which operate within the same frequency range.

For different applications, inductor cores can be of the open magnetic circuit
type, or of the closed magnetic circuit type with or without an air gap.
The material used in the core depends on the operating frequency, but laminated
iron, ferrite or air cores are the most common.

Laminated cores can be of the toroidal, shell or core design, but a much wider
variety of shapes is available in moulded ferrite cores. These include rods
(cylindrical or threaded), tubes, slabs and pot cores. he make_up of one
type of pot core is shown in Fig. 15.

FERRITE RING_...........- /

WINDING BOBBIN

FERRITE INNER CORE

SSEMBLED UNIT

, ° I

FIG. 15. FERRITE POT CORE INDUCTOR.

(ii) Jindir&s. Inductors operating at low frequencies are usually layer wound over
the length of the available winding space. For operation at higher
frequencies, the self-capacitance of a layer winding is excessive, and special
winding methods are adopted. To reduce skin effect, these inductors are
wound with Litzendraht (Litz) wire which consists of a number of individually
insulated interwoven stands or, where large current values are involved, the
inductor is wound in copper tubing.

(iii) Shield1IE. Inductors require electromagnetic and electrostatic shields, and
these are provided by enclosing the core and winding in an earthed metal case,

When the inductor operates at low frequencies, the case is made from a
magnetic material, but for high frequency operation, the unit is enclosed in
a case made from a good electrical conductor such as aluminium,
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5.4 Types of Inductors, There are many different types of inductors used in
telecommunication circuits, and it is not possible to give details of the constructior
and application of all types at this stage. However, most inductors come within the
scope of one of the following classifications.

(i) Power Inductors or choke coils are designed for low frequency operation in
association with power equipment. In telecom, they are mainly used in
smoothing filters in rectifier power supplies. Most power chokes have
laminated iron cores of the shell or core type. In most applications, the
greater part of the current is D.C. and an air gap must be left in the
magnetic circuit. Most power chokes are rated in inductance with reference
to a certain current.

For example, one type of choke is rated at 3 henries when it is carrying its
ratd current of 300 milliamps (D.C.). When the current is reduced to
200 milliamps, the inductance increases to 4 henries. A typical power choke
is show in Fig. 16a.

(ii) Audio Frequeney Iduotorg are designed to offer high impedance to currents at
audio frequencies. They include reactance coils, high impedance relays and
coupling chokes which are covered in other sections of the course,

(iii) Radio Fregueney Inductors have many applications in telecommunication
circuits; these include

suppression of radio frequency currents in audio frequency circuits;

coupling in radio frequency amplifiersy

- resonant circuits.

Many R.F. inductors have air cores, but, following the introduction of the
ferrite magnetic materials, iron (ferrite) cored inductors are available
which can be used at frequencies up to 100 Mc/s. A miniature ferrite cored
R.F. inductor is shown in Fig. 16b.

(a) Low Frequenoy Induotor. (b) Radio Frequency Enduotor.

FIG. 16. TELECOMMUNICATION INDUCTORS.

Sometimes an inductor has auxiliary windings or additional features to enable it to
perform special functions. As the operation of these types requires an understanding
of the equipment with which they are associated, they are described in other papers
of the course.
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6. TEST QUESTIONS.

1. Briefly describe the principle of operation of a transformer.

2. A transformer has 1200 turns on the primary winding and 3000 turns on the secondary winding. Find the secondary
voltage when an alternating voltage of 240 volts is applied to the primary winding.

3. Draw a simple vector diagram to illustrate the no-load condition of a transformer having a turns ratio of 1.

rises above
4. When a resistive load circuit is connected to the secondary winding, the primary current remains the same as the

falls below

no-load value, because

5. Define Balance current.
magnitude and phase?

•• • ·• • ·• • • • ··• •· • • • ••· ·• • •· ·• ·•• • •• • •• ·• • • • ·• •• ·•· • • •· • •• • • • • • • ·• • •• •• • • • • • • • • • • • o • • • • • •• • • • • • • • •

What relationship exists between balance current and secondary current in terms of

(.

6. A transformer is used to operate four 50 volt 100 watt soldering irons from the 240 volt supply. Neglecting losses, fi-;

(i) the turns ratio;
(ii) the secondary current;

(111) the primary current.

7, What is meant by reflected impedance?

8. A transformer with 600 primary turns and 1,200 secondary turns has a circuit of 800 ohms impedance connected to the
secondary winding. Ignoring losses, what would the impedance of the primary winding be under these conditions?

9. What is meant by impedance matching?

10. A 2 ohm loudspeaker is to be connected to an amplifier having an output impedance of approximately 10,000 ohms.
What would be the turns ratio of a suitable matching transformer?

11. Describe three types of closed circuit transformer cores in common use.

12. Name three materials used for transformer cores and briefly state where each is used,

13, Why are transformers provided with electromagnetic shields?

14. Transformers often have internal and external electrostatic shields.

(i) The Internal shield consists of .

and its purpose ls to .

(ii) The external shield consists of .

and its purpose is to , .

15, For what purpose are power transformers used?

16. What is meant by the "regulation" of a power transformer?

17, For what purpose are audio frequency transformers used?

18. Briefly describe the construction of a radio frequency transformer.

19. Name the factors which influence the inductance of an inductor.

20. Why is an air gap left in the core of a power choke?

END OF PAPER.
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INTRODUCTION .

.1 From the earliest days of electrical communication, there has been a necessity for
suitable electrical measuring instruments. As new and more efficient communication
methods were evolved, better measuring instruments were developed, and, at the
present time, there are very few electrical quantities or characteristics which
cannot be measured or evaluated accurately by specialised instruments.

With such a wide variety of measuring instruments available, a knowledge of the
operation of each type is essential, so that the facilities they provide can be
put to best use.

.2 The operation and application of D.0. measuring instruments are described in the
D.C. Measurements" paper, Applied Electricity I.
This paper describes general purpose measuring instruments and measuring methods
which are used in A.C. circuits. Specialised instruments used in Transmission
Measurements are described in other papers of the course.
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2. A.C. MEASUREMENTS.

2.1 The basic requirement of an A.C. measuring instrument is that the pointer is deflected
in the same direction for each half-cycle of the current or voltage to be measured.

Other desirable characteristics of the ideal A.C. meter for use in telecom. circuits
are

(i) The calibration should be accurate at all frequencies within a wide range,
and be independent of waveform.

(ii) The instruent should be capable of adaption for either current or voltage
measurements and the scale markings should correspond to effective values,

(iii) The accuracy should not be affected by temperature changes or by the presence
of stray magnetic fields.

(iv) The energy requirements of the instrument should be small so that its
connection does not unduly upset the circuit under test.

(v) The instrument should be simple to us», and should have an approximately
linear scale.

As no one type of meter can completely satisfy all these requirements, several types
of meters have been developed. The characteristics and applications of some of the
more common types are briefly described in Table 1. All of these meters indicate
effective values,

---·------------ 1-------------------------------------------------------------------- i---------

Type I Principle Characteristics I
----------------7 -------------------- ·---+- --------- ------+:---------
Rectifier Meter I Moving coil meter in ]Sensitive; reasonably accurate. I General current and voltage

rectifying circuit. ISubject to save form errors. { measurements in telecom
Frequency range 2l c/s tu 20 kc/s (approx.] i circuits.

I I
some types to 100 kc/s. $

]/tmer scale, !
]i.-_.-..I~~ :~:::::~~:----1 M:~~~~:~~-:~~:~-:~~~-----r~:::-::~:-;~~~:-~hJ1 rec ti f i e~-::~~~------i-~:~~~.~~-:~:-~,:~~:g e

eter I thermocouple. } Accurate though sluggish in action. measurements in long line and
! Frequency range U to several Mo/s. radio equipment.

} Non-1incar scale.I
I Cannot withstand overload. I

-------------~---+---------------------------7---------------------- ------+--
"1ov· i ng iron i Repulston or attraction l lnscnsiti·ve: re::is:Jna~ly dCCJ1cde; rob~iSL ! Current and voltage
Meler \ between iron va~es. i Frequency rcnge i) to L', c/s (auorsx.) i measurements on some A.G. power

I Non linear scale. } control panels.
--------------l------------------------·---J-------------·---------··----------------·--'--- ·--------
iii

Electrostatic }Attraction between I Imposes negligible loading on circuit.{
Voltmeter ] electrically charged [ Frequency range U to 1 Mc/s (approx.} I
ii!

\" lier+
I ' I
Interaction between { Insensitive; accurate, I Current and voltage measuremeni:
magnetic fields of current ] Frequency range G to 100 c/s {approx.) [ Principle used in wattmeter.,
carrying coils. I Non-linear scale. I

-------------1----------------------{ ~-----------+------------------------
Moving coil meter with ]High input impedance; I Measurement of voltage in
valve amplifier and !Very wide frequency range - some I high impedance, high frequency
rectifier. ]types to over 1000 #c/s. [ circuits.
}[Reasonably accurate. Linear scale.[

Application

Measurement of high voltage
only (over 100 volts).

Dynamometer

Vacuum Tube
Voltmeter

Table 1.

A more detailed description of these instruments is given in Sections 3 to 8
of this paper,
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as reliable measurements are essential in telecom, the selection of the most suitable
instrument for a particular measurement is of great importance. This is particularly
significant with voltmeters, s the parallel connection of a comparatively low
resistance voltmeter across a high impedance circuit or circuit component can
completely upset the voltage distribution in the circuit, and the results may not be
a true indication of its operating conditions.

Fig. 1 illustrates the errors which can be caused by the use of an unsuitable
voltmeter. Two resistors, R1 (20,000 ohms) and R2 (40,000 ohms) are connected in
series to a D.C, source of 6 volts. The normal working conditions in the circuit
have been calculated as t-

Total resistance - 60,000 ohms.

Circuit current * 0.1 mA.

RI
2 0,0 000

--7

"o-wv
V_moon/v

6v

P.D. across Rt

P.D. across R2

2 Volts.

4 Volts.

R2
40,000.

FIG. 1.

When the P.D.'s are measured with a 1000 ohms/volt, 0-10 volt voltmeter (resistance
10,000 ohms) these circuit values ure upset and new, false sets of conditions are
created.

WITH THE METER ACROSS R1:- WITH THE METER ACROSS R2:-

Joint resistance, Ri and Meter 6,66G ohms. Joint resistance, R2 and Meter 8,000 ohms.

Tota] resistance of circuit

Circuit current

Measured P.D. across R1

46,666 ohms.

0.13 A.

0.86 Volts.

Total resistance of circuit 28,000 ohms.

Circuit current 0.21 mA.

Measured P.D. across R2 = 1.68 Volts.

I.L-

From the example, it can be seen that a normal 1,000 ohms/voltmeter can give
misleading results when used in high impedance circuits, as the current required to
operate the meter is sometimes greater than that normally flowing in the circuit.

In general, the resistance of thevoltmeter should be many times greater than the
impedance of the circuit of circuit component across which it is connected.

Safety {reoaub1one. The "D.C. Measurements" paper of Applied Electricity I lists
several precautions to be observed when using measuring instruments. The importance
of these precautions cannot be over-stressed as the safety of the meter depends on
their observation. Briefly, these points are -

(i) Do not connect a meter in circuits where the values to be measured are
likely to exceed its full scale reading. When in doubt, ulways take the
first reading with the meter switched to the highest appropriate range
available.

(ii) Do not use ohmmeters in energised circuits,

(iii) Connect ammeters in series; connect voltmeters in parallel,

(iv) Handle all instruments carefully, and store them away from heat and
moisture.

In many modern multimeters, silicon diodes are connected in parallel with the meter
movement as a precaution against accidental overload. This does not mean that
normal safety precautions are unnecessary, as, in most cases, it is only the meter
movement that is protected and a heavy overload can cause damage to other vital
components.
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3. RECTIFIER TYPE MOVING COIL INSTRUMENTS.

3.1 In the "D.C. Measurements" paper of Applied Electricity I, we saw that the moving coil
meter is a sentitive and accurate instrument for measuring direct currents and
voltages.

Its operation follows the "motor principle" of a current-carrying wire in a magnetic
field. The current to be measured passes through the moving coil producing a
magnetic field, Interaction between this field and the field of a permanent magnet
produces a force which turns the moving coil on its pivots, carrying the pointer
across the scale.

The moving coil meter is suitable for D.C. measurements only, as on A.C., each
reversal of current reverses the direction of deflection of the pointer. Because of
the inertia of the moving system the pointer remains at zero, or at very low
frequencies, vibrates about the zero point.

The moving coil meter may, however, be adapted to measure A.. by associating it with
a suitable arrangement of metal rectifiers so that the A., is rectified, and passes
through the meter in unidirectional pulses.

_Pm
_ 3.2 {p0-at1OE. Figs. 2(a) and (b) show a moving coil meter associated with a full-ave

bridge arrangement of metal rectifiers and show the direction of each half cycle of
current during operation.

For each cycle of A.O., two unidirectional current pulses pass through the meter
giving, at frequencies above about 20 c/s, a steady detlection of the pointer.
The deflection of the pointer corresponds to the average value of the rectified A.0.
but the scale is marked in effective values. (for sine wave A.0. effective values
are 1.11 times or 11% higher than average values.) The calibration is correct for
sine waves only, and with sharply peaked wave forms, appreciable errors are
introduced.

+ {).i

(a)(i)

FIG. 2. FULL-WAVE RECTIFIER MILLTAMIBTER CIRCUIT.

3.3 The circuit
arrangement
Fig. 3(b),
of the A.C.

shown in Figs. 3(a) and (b) provides half-vave rectification. With this
each alterate half-cycle is by-passed around the meter as shown in
The deflection of the meter pointer corresponds to half the average value
being measured but the scalo is calibrated in effective values.

~: - l }f o ~: =f ~--
() (b)

FIG. 3. HALF-WAVE RECTIFIER MILLIAMMETER CIRCUIT.
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3.4 Fro9u9no) Hans9. The plates of the rectifier form a small capacitor which, at high
frequencies shunts current away from the meter. With good quality rectifiers,
accuracy is maintained over the audio frequency range and, by using special
low-capacitance rectifiers, some instruments can be used at frequencies up to 100 ke/s.

Rectifier meters can also be used to measure D.C. Because of the scale calibration
however the readings with a full wave bridge are 11% high and with a half wave
circuit 122% high.

3.5 Rectifier Voltmeters. When a rectifier meter is used as a voltmeter, a suitable
resistor is connected in series between the test terminals and the rectifier unit
(Figs. 4(a) and (b)).

With some low reading voltmeters, the non-linear resistance characteristics of the
rectifier causes a slight cramping of the scale at the lower end. With higher
reading instruments however, the variations in rectifier resistance are swamped by
the high resistance of the "multiplier", and this scale distortion is not apparent.

it with.
passes

-.ave
le of

er

d A.C.
lues
for

(a) (b)

this

FIG. 4. RECTIFIER VOLTMETER.

.6 Rectifier Ammeters. Rectifier meters can be used without modification to measure
currents up to the full scale deflection value of the meter movement.

When a rectifier meter is used to measure currents
in excess of the full scale value, it is necessary
to use a current transformer of suitable turns
ratio, connected as shown in Fig. 5.

Shunts are not used because the non-linear
resistance characteristic of the rectifier
makes it difficult to maintain a constant
relationship between the resistance of the shunt
and the resistance of the meter-rectifier
combination over the operating current range of
the meter movement.

FI0.b. RECTINLBR AMMETER.

value 3.7 Application.
sensitivity
currents of
for current
be arranged
specialised

Rectifier meters are reasonably sensitive, and voltmeters with a
of several thousand ohms per volt and ammeters capable of reading
less than 1 rnA are quite common. In telecom, they are used extensively
and voltage measurements at audio frequencies. Rectifier meters can also
to measure the power level of an A.0. signal, and are used in the
"Volume Indicator" which is used to indicate the intensity or volume of

an audio frequency signal of complex wave form.

Rectifier meters can be readily adapted so that the one meter provides several
current and voltage ranges (A.C. and D.0.) and it is in this "multimeter" form that
it finds the widest use. The Multimeter, A.P.O, No. 2 is an instrument of this
type.



A.C. MEASUREMENTS.
PAGE 6.

3.8 Multimeter, A.P.0. No. i: For many years, the Detector No. 4 was the standard general
purpose test meter available to Technicians. This instrument has now been replaced
by the more versatile Multimeter No. 3 (Fig. 6a) in which provision is made for
measurements over the following ranges.- -- -

CURRENT (p.c.) 0-1mA; 0-10mA.3 0-100mA3 O-1A; O-10A.

VOLAGE (D.c.) 0-3V ; 0-10V3 0-30V 3 0-100V ; 0-300V ; 0-1000V.

CURRENT (A.C. ) 0-1mA3 0-10mA3 0-100mA; 0-1A; O-10A.

VOLTAGE (A.C.) 0-10V ; 0-30V ; 0-100V ; 0-300V ; 0-1000V.

RESISTANCE - From approximately 1 ohm to megohm in four ranges.

In addition provision is made for testing dry cells.

The meter is designed for use in the "face upwards" position. On all D.C. ranges,
the accuracy is better than ± 1% of the full scale value. On the A.C. ranges, the
accuracy is better than ± 2%.
The multimeter is self contained and is housed in a bakelite case, The batteries
required for resistance measurement are fitted in a moulded recess in the rear of the
case, and are accessible via a removable cover.

The operating controls are mounted on the lower part of the front face. A twenty
position, rotary switch is used for range changing, and a variable resistor is provide:
for the "zero ohms" adjustment on resistance measurements. Four test jacks for the
connection of test leads are mounted on the front. he test jack (designated "Negativ:
Common") is used for all measurements in conjunction with one of the other three which
are designated and used as follows:-

( ) (!.)A.C. Amperes u, for A.C. current measurements.

(ii) Positive (+) jack for resistance, A.C. voltage and all D.C. measurements.

(iii) Cell test (+ cell test) for testing dry cells.

The meter scale (Fig. 6b) has a mirror insert to reduce parallax errors. Phe main
scale is linear and is used on all D.C. and A.C. current ranges and the higher A.C.
voltage ranges. Separate non-linear scales are provided for the low (10 volt) A.C.
range, resistance measurements and cell testing.

The instrument is supplied complete with flexible test leads and insulated prods to
which alligator clips can be attached if desired.

A.P.O. No.3

I
, i

(a) Instrument. (b) Scale.

PIG. 6. MUI~IMRTER, A.P.O. NO. 3-
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3.9 The multimeter incorporates several special features. Some of these are -

(i) The Meter Movement is of the "ruggedised core magnet" moving coil type.
In this design, the magnet is mounted in the position normally occupied by
the iron core in conventional moving coil meters. This construction renders
the meter self shielding. he meter requires 400µA (0.4mA) for full scale
deflection and it is compensated for variations in coil resistance due to
temperature changes by the inclusion of the thermistor R1 in its circuit.
The total resistance of the meter circuit is 250 ohms.

(ii) he Rectifier Unit (D1) for the A.C. ranges consists of a single capsule
containing two copper oxide rectifiers, which are arranged in a 'half wave'
circuit.

ges,
1 the

ies
of the

nty
providei

r the
Negative
e which

(iii) Protection against damage due to an accidental overload is provided by two
silicon diodes (D2) connected in parallel with the meter movement. Under
normal usage, the P.D. across the diode is less than 0.1 volt. At this
potential the forward resistance of the diode is extremely high and its
shunting effect is negligible. In the event of an overload, the P.D. across
the diode increases to a value at which the forward resistance is very small,
and the greater part of the overload current is shunted away from the meter.
The action is instantaneous, requires no resetting, and provided the current
rating of the diode is not exceeded, has no adverse effect on the diode.

co
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MULTIMETER, A.P. O. No.3

FIG. 7. MULTIMETER CIRCUIT.
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(iv) A Printed Girouit is used for the connection of the resistors and other
components in the circuit. The printed circuit consists of an insulating
board which has specially shaped copper strips deposited on each side.
Numbered holes are provided in the board through which the connecting leads of
the components are taken and soldered directly to the copper strip on the other
side. The strips are arranged so that when all the components are attached,
the circuit is correctly connected. The two sides of the printed circuit are
shown in Fig. 8.

FI0. 8. PRINTED CIROUIT - MULTIMETER NO. 3.

3.10 The meter is simple to use, and all terminals and switch positions are clearly designated.
Important points concerning its use are:-

(i) On the voltage ranges, (A.0. and D.C.), the meter is shunted so that the
sensitivity is 1,000 ohms per volt. The main scales are used for all direct
voltage measurements, and for alternating voltage measurements over 10 volts.
Low alternating voltage readings are made on the 0-10 volt A.C. scale which
has been specially marked to compensate for the non-linearity of the
rectifiers. For all alternating voltage ranges, the scale markings correspond
to effective values.

(ii) Current measurements are made using the upper main scale. On the O-1mA D.C.
range, the resistance of the instrument is approximately 540 ohms. Normally,
when currents less than 1ma are being measured, the resistance of the circuit
under test is many times greater than 540 ohms, and the connection of the meter
has very little effect. Where extreme accuracy is required, however, allowance
should be made for the meter resistance, The range of alternating current
measurements is extended by using a tapped current transformer.

(iii) When making resistance measurements, the "zero ohms" setting must be readjusted
for each range. As the scale becomes very cramped at the "high" end,
resistance measurements should be made on the ohms range which gives an
indication between the ohms scale markings 5 and 50. To conserve the dry cells,
continuity tests should be made on the Ohms X 100 range.

(iv) Single Dry Cell tests are made on the 1 Amp range with the positive test lead
connected to the 'Cell Test" jack. The meter reading taken after 15 seconds
shows the approximate internal resistance of the cell, from which the remaining
service life can be estimated.

3.11 Multimeter A.P.O. No. &. This is an earlior model A.P.O. multimeter which is similar to
the Multimeter No. 3 except no provision for A.C. current measurements is provided.
Only three test jacks are provided, two of these (+ and -) are used for all current,
voltage and resistance measurements; for cell testing the positive (red) lead is placed
in the '+ cell test' jack.
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THERMOCOUPLE INSTRUMENTS .

4.1 A thermocouple consists essentially of two dissimilar metals fastened together to
form a junction. When the junction is heated, an e.m.f. proportional to the increase
in temperature is developed across the cold ends of the dissimilar metals. This
device is used in conjunction with a sensitive moving coil meter in a thermocouple
measuring instrument.

4.2 Construction. Fig. 9a shows the construction of a typical instrument thermocouple.
Two fine wires of dissimilar materials (such as eureka and iron) are welded to form a
junction. A heater wire is arranged so that it is in thermal contact with the
junction, and the unit is sealed in an evacuated glass bulb. The circuit connections
of a thermocouple instrument are shown in Fig. 9b.

4.3 [Per@ti0!. The current to be measured is passed through the heater wire, and the heat
developed increases the temperature at the junction. With the increase in temperature,
an e,m.f. is produced, and a deflection is obtained on the meter. As the heating
effect of an electric current is independant of the direction of flow, thermocouple
meters may be used for the measurement of A.C. as well as D.C.

The readings are independant of wave form, and as the deflection is actually a measure
of the heating effect of the current, the scale is calibrated in effective values of
A.C. Thermocouple meters are inclined to be sluggish in action, due to the thermal
lag of the thermocouple. They are reasonably accurate, but are not as sensitive as
rectifier instruments.

·signated,
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HEATER WIRE

(a) Thermocouple:

METER

A.C.

(b) Circuit. (e) [Typical Scale.

4.4 Scale. The heat developed at the thermo-junction is proportional to the square of the
current to be measured. The deflection is therefore proportional to the current
squared and these instruments have a non-linear "square law" scale similar to that
shown in Fig, c.

4.5 Fr999Pg{eE9· Because of the extremely small inductance and capacitance of the
heater wire, thermocouple meters can be used at high frequencies. Most types can be
used at frequencies up to several megacycles/second and some special instruments can
be used at 100 Mc/s.
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E10.9. THERMOCOUPLE METER.
4.6 ApPli10ab1on. Thermocouple instruments are available as ammeters and voltmeters.

In telecom, they are used for measurements at carrier frequencies in some transmission
measuring sets, and they are often used to measure high frequency currents in radio
apparatus.

4.7 Precautions, When using thermocouple meters, the utmost care must be exercised as a
slight overload can burn out the heater wire. Most instruments are calibrated with
reference to one particular thermocouple, and should this unit need replacement, the
meter usually has to be re-calibrated.
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5. MOVING IRON INSTRUMENTS.

5.1 These instruments rely on the forces exerted between iron vanes when they are
magnetised.

5.2 0onstrub1ON. The construction of a typical repulsion type moving iron meter is
shown in Fig. 10a3 ( the attract ion type instrument is described in the paper, "D.C.
Measurements" of Applied Electricity 1). A curved wedge-shaped iron vane is fixed
inside a coil of wire and another iron vane is mounted on a spindle so that it is
free to rotate within the arc of the fixed vane. The pointer is attached to the
spindle and hair springs are provided to control its movement. On this type of
instrument it is usual to damp the movement of the pointer by means of a vane in an
air chamber.

5.3 Drab1On. The current to be measured is passed through the coil, magnetising both
iron vanes in the same direction. The resulting force of repulsion causes the moving
vane to rotate on its pivots, carrying the pointer across the scale,

When the current reverses, the magnetic polarity of both vanes reverses, and repulsion
is maintained. This meter is therefore suitable for the measurement of A.C. as well
as D.C.

On A.C. measurements, the scale markings represent effective values, but the readings
are accurate at low (power) frequencies only, due to the inductance of the coil and
eddy current effects in the vanes, The meter can also be affected by stray magnetic
fields, and it is unsuited to the measurement of A.C.s having complex wave form.

5.4 Scale. [he form of the scale is determined by the shape of the vanes. On many
instruments, the scale is cramped at the ends with an approximately linear section
in between. A typical scale is shown in Fig. 10b.

5.5 Er8gieno) HapEs. Moving iron meters have a very limited frequency range, the upper
limit being in the region of 100 c/s.

AMPERES

15

(a) Meter movement. (5) [ypiel eemle.

FIG. 10. MOVING IRON METER.

5.6 {PP4108t1oz, Moving iron meters are available as both ammeters and voltmeters; they
are extremely robust, relatively simple and reasonably accurate at low frequencies, and
are often used as panel instruments on A.C. power switchboards. They are, however, no* }
suitable for the measurement of high frequency currents and voltages of small value, f
and are not used for measurements in telecom circuits.
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ELECTROSTATIC VOLTMETERS ,

6.1 When a capacitor is charged, a force of attraction exists between the oppositely
charged plates. This principle is used in the electrostatic voltmeter.

Construction. Fig. 11a shows the construction of the moving system of a typical
electrostatic voltmeter. The pointer is attached to a number of light metal vanes
which are mounted on a spindle so that they can move between a number of fixed vanes
under the control of a hair spring. The two sets of vanes are insulated from one
another and are led out to two terminals. The construction resembles that of a
variable capacitor.

9pe7ab10n. When the meter is connected across a P.D., the fixed and moving vanes
acquire equal but opposite charges. [he resulting force of attraction draws the
moving vanes into mesh with the fixed vanes, (as shown in Fig. 11a) and the
pointer moves across the scale. The meter can be used for direct and alternating
voltage measurements, as the charges on the vanes are always of opposite polarity
and the force is always one of attraction.

The force of attraction is proportional to the product of the charges on the vanes.
As the charges are equal and proportional to the voltage applied, the deflection is
proportional to the square of the voltage to be measured and, on A.C., the meter
indicates effective values.

The operating current is zero on D.C. and negligible on all but high frequency A.C.

Scale. The scale of an electrostatic voltmeter is non-linear and is usually very
cramped at the lower end, as is shown in Fig. 11b. The form of the scale is
determined by the shape of the vanes, and most meters of this type are designed for
readings over the centre part of the scale only.

6.5 {reg19u9) Hae. The readings are independant of wave form, temperature, and stray
magnetic fields, and are reasonably accurate at frequencies up to approximately 1 Mc/s.

6.2
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ELECTROSTATIC VOLTMETER .

FIG. 11.
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6.6 {PP41oa5io9. Electrostatic voltmeters are suitable for measurement of comparatively
high voltages. As they are not suitable for measurements below about 100 volts, and
as they cannot be used as ammeters, electrostatic voltmeters have only a limited
application in telecom. They are, however, ideal for the measurements of high
voltages in circuits where a normal current operated meter is unsuitable.
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7. DYNAMOMETER INSTRUMENTS .

7.1 The general principle of this type of instrument is similar to that of the moving coil
meter, in that the pointer is attached to a moving coil which is deflected due to the
interaction of magnetic fields. It differs from the moving coil meter, as it has no
permanent magnet, and the main magnetic field is produced by the passage of current
through air or iron cored coils.

7.2 Construction. he construction of one type of dynamometer is shown in Fig. 12a.
The moving coil is mounted inside two fixed air cored coils. Connection is made to the
moving coil by hair springs which are also used to restore the pointer. In the meter
shown, the movement of the pointer is damped by air vanes attached to the lower end
of the moving coil spindle.

7.3 Operabi0n. The current to be measured is passed through both sets of coils. The field
set up by the moving coil interacts with the field set up by the fixed coils and a
deflection is obtained. Since the directions of both fields reverse when the current
reverses, the direction of meter deflection is constant, and the dynamometer is
suitable for measuring both A.C. and D.C.

The deflection is proportional to the product of the field strengths of the coils,
and, as both fields are produced by the current to be measured, the deflection is
proportional to the square of this current. On A.. measurements, the meter
indicates effective values,

7.4 Scale. The scale is non-linear, approximately following the square law form, being
cramped at the lower end. A typical dynamometer scale is shown in Fig. 12b.

7.5 Freguenoy Range. The coils of a dynamometer have an appreciable value of inductance.
ls 1mt6 tho useful upper frequency to not much more than 100 o/s.

(a) Dynamometer. (o) [vpieal Seale.

FIG. 12. DYNAMOMETER INSTRUMENT.

7.6 ApDll@bi0z. Dynamometers are available as very accurate ammeters and voltmeters, but,
because tiey are not suited for the measurement of low values, and because of their
limited frequency range, they are not often used in telecom. In laboratories,
sub-standard dynamometers are used as "transier instruments", that is for checking
A.C. instruments against a D.C. standard, The principle is used in many types of
wattmeters,
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7.7 Wattmeters. A wattmeter is an instrument which is used to indicate the power or rate
of energy transformation in a circuit.

The basic principle of a dynamometer type wattmeter is shown in Fig. 13a. The fixed
coils are connected in series with the equipment so that the magnetic field produced
by these coils is determined by the current. The moving coil and a high value series
resistor are connected in parallel with the equipment under test, so that the current
through the moving coil and therefore its magnetic field, is determined by the
voltage.

The torque produced by the interaction of the magnetic fields of the fixed and moving
coils is proportional to the product of the field strengths. As these are
proportional to the current and to the voltage respectively, the resultant deflection
is proportional to the power dissipated.

A dynamometer wattmeter (Fig. 13b) has an approximately linear scale, and instruments
of this type are available for measuring power up to 1 megawatt.
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(a) Circuit Principle. (b) Kilowatt Meter-

PIG. 13. WATTMETER.

In A.C. circuits, dynamometer wattmeters indicate the true power, that is, the
effect of any phase difference between current and voltage is automatically
compensated for.

For example, when current and voltage are in phase, the fields produced by the
moving and fixed coils reverse at the same instants, and so the direction of the
torque produced does not change. The deflection is proportional to the product of
the current and the voltage, which in an "in phase" circuit, is equal to the true
power.

When current and voltage are out of phase, the fields reverse at different instants
and the torque is no longer unidirectional. Under these conditions, the deflection
is less than would be obtained when the current and voltage are in phase, and it
corresponds to the true power (Ex Ix cos 8) in the circuit.

Wattmeters indicate the average of the instantaneous powers throughout a cycle.
They do not record the total energy dissipated over a per-iod of time. This function
is performed by the "Watt-hour meter" which, although mechanically different, operates
on a similar principle.



A.C. MEASUREMENTS.
PAGE 14.

8. VACUUM TUBE VOLTMETERS.

8.1 A vacuum tube voltmeter or V,T.V.M. (sometimes called a Thermionic Valve Voltmeter)
Consists essentially of a sensitive moving coil meter associated with a rectifying
and amplifying circuit which contains one or more electron tubes. Vacuum tube
voltmeters (Fig. 14) can be used for the measurement of both direct and alternating
voltages. Compared with other types of voltmeters, the advantages of a VT.V.M.
are

(i) he connection of the instrument imposes a negligible loading on the circuit
under test as the operating current for the meter is supplied from an
internal power supply.

(ii) he frequency range of a V.I.V.M. is much greater than that of a normal
voltmeter because of the use of a electron tube as the rectifying device.

FIG. 14. VACUUM TUBE VOLTMETERS.

8.2 Fregueo) Iapge. Vacuum tube voltmeters retain their rated accuracy (which is
approximately ± 5% of full scale values) over a very extensive frequency range which
extends from about 20 c/s to about 5 Mc/s. The useful frequency range can be extended
to over 100 Mc/s (in some special instruments to over 1000 Mc/s) by using special test
probes.

8.3 lnput Conditions. One of the most favourable features of a V.T.V.M. is its high
impedance, which on the D.C. ranges, is of the order of 10 megohms.

On the A.C. ranges, the input impedance is usually less than this figure because of
stray capacitance and dielectric losses. The input impedance becomes less as
progressively higher frequency measurements are made, and at frequencies of several
hundred megacycles/second, the impedance may be as low as 100 ohms.

8.4 Resistance Measurements. Vacuum tube voltmeters can be adapted to serve as very versatil:
ohmmeters, reading, on different ranges, from about 0.1 ohms to 1000 megohms. This
feature is incorporated in most instruments.

8.5 APPlieabion. These instruments are not used for general measurements of direct and
alternating voltage up to carrier frequencies as rectifier instruments which are
simpler to use and less costly are quite adequate. In the high impedance, high
frequency circuits of radio telephone and television however, the V.T.V.M. has an
extensive field of application.
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3.6 Principle of operation - direct voltage measurements. Fig. 15 shows a simple circuit
which is used in many modern vacuum tube voltmeters. A sensitive moving coil meter
is connected between the cathodes of two identical triodes. The anodes are connected
to a positive voltage source and the cathodes are connected to a source of negative
voltage via the resistors R1 and R2. The input terminals lead to a high impedance
voltage divider network, one end of which is earthed. A tapping on the voltage
divider is taken to the grid of V1 and the grid of V2 is earthed.

Basically, the circuit is that of a Wheatstone bridge. V1 and V2 are two of the
arms, and the cathode resistors R1 and R2 comprise the other arms. In the absence
of a P.D. across the input terminals the grids are at the same potential and both
triodes conduct to the same extent. As equal currents flow through R1 and R2, both
cathodes are at the same potential and, in this balanced condition, no current flows
through the meter.

When a P.D. is connected across the input terminals, the grid-cathode potential of V1
changes causing a change in current in this arm of the bridge. With unequal currents,
the cathodes are no longer at the same potential and current flows through the meter.
As the magnitude of the meter current is determined by the value of the voltage applied
to the input terminals, the meter scale can be calibrated to indicate the value of
the applied P.D.

T
I
I

'II

FIG. 15. ELEMENTS OF VACUUM TUBE VOL/METER CIRCUIT.

The potentiometer is provided to compensate for differences in the characteristics of
the tubes so that the initial balance or "zero volts" condition is obtainable.

Other refinements (not shown on Fig. 15) found on a practical V.I.V.M. include:-

(i) additional tappings on the voltage divider network to enable more
than one voltage range to be covered;

(ii) a means of reversing the polarity of the instrument so that positive
or negative voltages can be measured;

(iii) a D.C. amplifying stage between the voltage divider and bridge circuits
to increase the sensitivity.
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8.7 Principle of operation - alternating voltage measurements. For A.0. measurements, a
rectifying circuit containing a diode tube (or semiconductor diode) is added to the
bridge voltmeter circuit, The basic circuit is shown in Fig. 16.

When an alternating voltage is applied across
the input terminals, the diode conducts only
when the anode is positive with respect to the
cathode. During the first of these conducting
half-cycles, a direct voltage, equal to the
peak value of the applied alternating P.D.,
appears across the capacitor C1 as it charges
via the diode.

The capacitor discharges via R3 and the
voltage divider in series, and a unidirectional
P.D. is produced across the voltage divider.
This unbalances the bridge circuit, and causes
a deflection on the meter which is proportional
to the voltage being measured. FI0. 16. V.T.V.M. DIODE RECTIFIER.

Because of the extremely high resistance of the discharge path (approximately
15 megohms) only a small amount of charge leaks away between cycles, and consequently
the diode needs to conduct for only a very short period during each subsequent positive
voltage peak to maintain the full peak voltage across C1. Any slight variations in
the P.D. across C1 as it charges and discharges, are bypassed away from the voltmeter
circuit by the shunt capacitor C2.

When the V.T.V.M. is intended for high frequency measurements, the rectifier section
is housed in the test probe. This is done to keep the connecting leads between the
rectifier and the circuit under test as short as possible, as the inductance and
capacitance of these leads introduce serious errors at high frequencies.

On most V.T.V.M.'s the scales are marked to indicate effective values on the assumption
that the unknown P.D. is sinusoidal. Some instruments have additional scale markings
to indicate peak to peak (twice peak) values.

8.8 Probes. A probe is a special test prod which is designed specifically for one type of
measurement. There are two main types of probes used with V.T.V.M.'s. They are :-

(i) High Voltage (D.9.) Proleg. (Fig. 17a). These are used to extend the range
of the instrument so that extremely high values of voltage (up to 30,000 volts)
can be measured. They contain the necessary multiplier and are heavily
insulated for protection.

(ii) High Frequenoy (A.O.) Probes. (Fig. 17b). These are used to extend the
frequency range of the V.T.V.M. They contain a complete rectifying circuit
which can be of the thermionic valve or semiconductor diode type. Valve type
probes can be used to measure R.F. voltages up to 1000 volts but semiconductor
or crystal probes are limited to the measurement of much smaller values,
usually less than 30 volts,

(5) High frequency Probe.

FIG. 17. PROBES POR V.T.W.M.
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·.9 Using the V.".V.M. A vacuum tube voltmeter is a sensitive instrument which can be
damaged <es4 4s subjected to rough handling. In addition to the normal precautions
observed when using meters, the following procedures must be followed when using
instruments of this type.

(i) yarn Hp+ Before attempting to take measurements, allow sufficient time
for the tubes and other components to warm up and stabilise.

(ii) Zero Setting. Most vacuum tube voltmeters incorporate an electrical zero
aa3ust%Em which must be correctly sot before measurements are made.
Zero adjustments are usually made by means of a potentiometer control when
the input terminals are short circuited. Check the zero adjustment
occasionally during use, and always reset whenever the range is changed,

Do not use the zero adjuster on the meter movement for thi9 purpose.

(iii) Conne0bi0ES. Vacuum tube voltmeters are usually designed for measurements of
o1age with respect to earth potential, and they are provided with one or
more "active" terminals (for various ranges) and one common earth terminal.
Connect the "active" test lead to the desired measuring point and the "earth"
lead to the test circuit earth.

Do not reverse these connections, as the connection of an earthed test lead
at an unearthed high impedance test point can completely upset the voltage
distribution and the results obtained under these conditions are meaningless.

Voltage measurements between two high impedance test points can be made by
reading the P.D. between each point and earth and noting the difference.
The use of this method is limited to cases where there is no change in wave
form or phase between the two test points.

(iv) jigh Fregueney Measurements. An R.F. probe should be used when the frequency
5s m1gbr than approximate1y 50 ke/s. Connect the probe at the exact point
where the measurement is to be made, and make the earth connection for the
probe as close as possible to this point.

Remember that eryetal probes are not suited for the measurement of high
volt8geg.

(v) High Voltage Measurement. When direct voltages greater than 1000 volts are
to be measured, a high voltage probe must be used. Hold the probe behind
the guard (where provided) or near the rear of the handle.

This reduces the electric shock hazard and decreases the capacitive effects
of the hand on the test circuit.

Other safety precautions to be observed when taking high voltage measurements
are

Locate all high voltage test points with the power off.

Make sure no part of the body touches earthed objects,

In all cases the manufacturer's instruction book should be consulted as to any
specialised procedures necessary with a particular instrument. As these manuals
contain information concerning input impedances, accuracy, maximum input ratings,
etc, they should be kept in a safe place where they are not likely to be mislaid.
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9. THE CATHODE RAY OSCILLOSCOPE.

9.1 The Cathode lay Osei119so9pe (sometimes called the cathode ray oscillogrph or O.R.O,)
is an electronic device by means of which variations in electrical quantities are
depicted graphically on the screen of a cathode ray tube,

A cathode ray tube (C.R.T.) is a special type of electron tube in which the electrons
emitted from the cathode are formed into a narrow beam and directed at a fluorescent
screen. The screen glows when bombarded by electrons and a spot of light is produced,
which moves as the electron beam is deflected by the application of voltages to
deflection plates within the tube.

In an oscilloscope, the electron beam is deflected vertically by a voltage which varies
in accordance with the electrical quantity under test at the same time as it is
deflected horizontally at a uniform rate by a voltage generated within the instrument.
In this way, the movement of the spot traces out the variations in amplitude of the
test voltage in relation to a linear time base. As the screen continues to glow for a
short period after the energising electron beam has moved on, and as the beam is
deflected horizontally many times a second, a fully illuminated graph is displayed on
the screen.

9.2 0mp0me!ES. A cathode ray oscilloscope consists of a cathode ray tube, a sweep
generator, amplifiers and a power supply, arranged as shown in the simple block
diagram of Fig. 18,

CATHODE RAY TUBE

HORIZONTAL
VERTICALPLATES EXT. I• PLATES

SWEEP HORIZONTAL VERTICAL0
HORIZONTAL AMPLIFIER AMPLIFIER VERTICALAMP, NT.

AMP,SWEEP

SWEEP

GENERATOR
POWER

SUPPLY

EXTERNAL
SYNC.

EXTERNAL
SYNC.

FIG. 18.

INTERNAL
SYNC.

BLOCK DIAGRAM OF AN OSCILLOSCOPE.

i}o
EARTH

.

he major components are -

(i) he Gethoae Jay "fibe. mhe construction and operation of this tube is described
in the paper "Electron Tubes". Associated with the tube is the power supply
which provides the high voltages necessary for the formation and focussing of
the electron beam .
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(ii) The Sweep Generator. This is a variable frequency oscillator from which
the "sweep voltage" for the horizontal deflection of the electron beam
is derived. (Oscillators of this type are described in the paper
"Oscillators".)

The sweep voltage has a "saw tooth" wave form (Fig. 19) so that the electron
beam is swept across the screen at a uniform speed, corresponding to the
linear time base of a graph. At the end of each sweep, the spot is returned
to its starting point and a new sweep is started. The number of sweeps
which occur each second is called the Sweep FrO9uenp}:

TIME -»

FIG. 19. SAWN TOOTH VOLTAGE.

To obtain a steady pattern on the screen, the sweep frequency must be the
same as, or a submultiple of, the frequenoy of the voltage applied to the
vertical deflection plates. The sweep generator is therefore provided with
coarse and fine frequency controls which enable this adjustment to be made.

In practice, it is very difficult to set the sweep generator controls to
produce the exact sweep frequency required to obtain a completely stationary
pattern, and it is necessary to synchronise the sweep generator with the
frequency of the voltage applied to the vertical plates. The synchronising
signal may be obtained from an external source, or part of the vertical
deflecting voltage may be fed back to control the sweep generator.

(iii) Horizontal or "X" Amplifier. mhis amplifies the voltage to be applied to the
horizontal asflecting plates of the C.R.T. to a value sufficiently high to
deflect the spot across the full width of the screen. T'he horizontal
amplifier is provided with a gain control so that the extent of the
horizontal deflection can be adjusted.

For wave form examination, the output of the sweep generator is amplified
to provide the horizontal deflecting voltage, but for other applications
this voltage may be obtained from an external source.

(iv) Vertical or "Y" Amplifier. mhis amplifier the voltage to be applied to the
vertical aefIeotfng plates to a value sufficient to obtain the desired
vertical deflection of the electron beam.

Since the test voltage can be of a high value in some applications and of
a very low value in others, the gain of the vertical amplifier must be
controllable over a very wide range. In many oscilloscopes, this is
accomplished by means of a stepped "coarse" control in conjunction with a
continuously variable "fine" gain control. The coarse control is usually
a stepped attenuator by means of which the sensitivity of the vertical
amplifier is changed by a convenient factor at each step.

When the voltages to be examined are of a sufficiently high value, the vertical
and horizontal amplifiers need not be used, and some C.R.O.'s provide terminals or
some switching device which enables external voltages to be applied direct to the
deflection plates of the cathode ray tube.
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9.3 ControlS. The operating controls associated with the various component circuits of an
oscilloscope are grouped on the front face of the instrument. The appearance of a
typical general purpose oscilloscope is shown in Fig. 20.
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At present there is no uniformity in the designation, location and number of controls
provided for oscilloscopes, as they vary according to the manufacturer. However all
instruments are provided with certain essential controls, and the designations and
functions of the typical controls shown in Fig. 20 are -

(i) FOCUS. A potentiometer control which is used to adjust the sharpness of tho
pattern,

(ii) INTENSITY. A potentiometer control which is used to adjust the brightness of
the patten.

(iii) HORIZONTAL OR "A" SHIFT. A potontiometer control which is usod to adjust tho
horizontal position of the pattern.

(iv) VERTICAL OR "Y" SITIET. A potentiometer control which is used to adjust tho
vertical position of the pattern.

(v) HORIZONTAL OR "X"' MELI'TUDE. A potentiometer control which is used to adjust
the width of the pattern.

(vi) VERTICAL OR "Y" AUDIITUDE. A potentiometer control which provides a fino
adjustment of the height of the pattern.

(vii) VERTICAL OR "Y" ATTENUATOR. A multi-position rotary switch which provides a
coarse adjustment of the height of the pattern.

(viii) HORIZONTAL OR "X" INPUT SELEOIOR. A rotary switch with two or more positions
Wgh 1Is used t% bolo&t the source (that is, internal or external) of the
horizontal deflecting voltage.

(ix) SWEEP RANGE SELECTOR, A multi-position rotary switch which is used to select
the required frequency range of the internal sweep generator,

(x) SWEEP FREQUENCY ADJUST. A potentiometer control which provides a fine
adjustment of the sweep frequency.

(xi) SYNCHRONISINC SELECTOR. A rotary switch which selocts the source (that is,
internal or extemna.f of the signal which synchronises the sweep frequency
with the frequency of the voltage applied to the vertical deflection plates.

(xii) SYNOERON1SING ADJUST. A potentiometer control which adjusts the amplitude of
the synchronising signal,

On some oscilloscopes the control designations differ from those listed above, but,
in most cases the designations used have essentially the same meaning,

. Terminals., The terminals for the connection of external voltages are also mounted on
The Tront face. The number of terminals provided and their designations vary, bvt the
functions of those shown in Fig. 20 are:-

(i) HORIZONTAL OR "X" Al. Allows an externally generated voltage to be connected
to the horizontal deflection plates of the C.R.T. via the horizontal
amplifier.

(ii) HORIZONTAL OR "X" PLATES. Provides a direct connection to the 0.R.T.
horizontal deflection plates.

(iii) VERTICAL OR "Y" AMP. The normal connection point for the voltage to be
examined. It connects to the vertical deflection plates of the C.R.I. via
the vertical amplifier.

(iv) VERTICAL OR "Y" PLATES. Provides a direct connection to the C.R.I. vertical
deflection plates.

(v) EXERNAL SYNC. Allows the connection of an externally generated synchronising
signal,

(vi) EARTH. The common earthed input terminal.

On some instruments the horizontal and vertical plate connections are located behind
a removable panel at the rear of the case. This position is chosen to minimise the
length of the connecting leads to the deflection plates so that R.F. voltages can be
examined.

)
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9.5 APR4l9at1On. The 0.R.O. is a very versatile instrument with an ever-expanding field
of application. In telecom its main uses are:-

(i) Javefozn anination. This is the most common application of the oscilloscope.
The alternating voltage to be examined is connected to the vertical deflection
plates of the C.R.T. (via the vertical amplifier) and the internally generatei
sweep voltage is applied to the horizontal deflection plates.

The operation of the instrument under these conditions is shown in Fig. 21.
As the electron beam is deflected vertically by the alternating test voltage,
the vertical movement of the spot traces out the variations in amplitude, and
changes in direction which are a characteristic of this voltage. Instantaneous
positions of the spot which correspond to a number of instantaneous values
of test voltage are shown in Fig. 21a.

With the saw-tooth sweep voltage applied to the horizontal deflection plates,
the electron beam is deflected horizontally at a uniform rate, Instantaneous
positions of the spot at corresponding instantaneous values of sweep voltage
are shown in Fig. 21b. As both voltages are applied simultaneously, the spot
moves vertically at the same time as it moves horizontally, tracing out the
waveform of the test voltage in relation to a linear time base. (Fig, 21c.)

2 3 4 5 2 3 4 5

00000
2 3 4 5

(a) Vertical Movement due to Alternating Test Voltage.

2 3 4 5

00000
(b) Jori@onta] Movement due to Saw-tooth Sweep Voltage.

I2 3 4 5

ET040
(c) Simultaneous Vertical and Horizontal Movement,

FI0. 21. WAVEFORM EXAMINATION WITH LINEAR TIME BASE.

a.

When the sweep frequency is the same as the frequency of the test voltage
(Fig. 21), one complete cycle of test voltage waveform is displayed.
To display more than one cycle, the sweep frequency is reduced to a
submultiple of the frequency of the test voltage. For example, when the sweep
frequency is one quarter of the test voltage frequency, the spot moves
vertically through four complete sets of positive and negative values in
the time taken for one horizontal sweep and four complete cycles are
displayed on the screen,

(ii) Fregueaey Measurement. In conjunction with a calibrated oscillator, the
C.B.O. is often used to determine the frequency of an A.C. signal. This is
described in Section 10.5 of this paper.
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(iii) Voltage measure/en*. The 0.R.0. can be used to determine the peak-to-peak value
5T an unknown Alternating voltage. The magnitude of the unknown voltage is
indicated by the length of the vertical line traced on the screen when the
unknown voltage is applied to the vertical deflection plates. A horizontal
sweep voltage is unnecessary in this application but a high frequency sweep is
often used to "spread" the pattern. This makes measurements easier, and also
prevents damage to the screen.

On most oscilloscopes the unknown voltage is connected to the deflection plates
via the vertical amplifier. This allows the measurement of comparatively small
voltages (less than 5 volts). As the gain of the amplifier is adjustable, the
C.R.0. can be calibrated against a known reference voltage, so that a convenient
pattern height represents a certain value of voltage.

On these instruments the vertical amplifier "coarse" control is usually arranged
so that each position of the control changes the sensitivity of the amplifier by
a factor of 10 or other convenient figure. In this way, the coarse control can
be used as a range changing switch and a wide range of voltages can be measured.

It must be remembered that a C.R.O. measures peak-to-peak values which, for sine
vaves, are 2.82 times greater than effective values.

(iv) Response curves. In conjunction with an external sweep generator (a frequency
so@lated oscillator) the oscilloscope can be used to examine the response
characteristics of a circuit which operates over a range of frequencies.

The oscillator generates a constant voltage test signal, the frequency of which
varies over the frequency range of the test circuit many times a second. This
signal is applied to the circuit under test, where it is either amplified or
attenuated. The rectified output of the test circuit is then applied to the
vertical deflection plates of the C.R.P. Any variations in response of the test
circuit over the frequency range of the test signal cause a change in the
voltage applied to the vertical plates and are therefore traced out by the
vertical movement of the spot of light on the screen.

Horizontal deflection of the electron beam is accomplished by a voltage which
changes in value at the same rate as the frequency changes take place in output
of the sweep generator. Since the frequency variations in most sweep generators
occur at power frequency, that is, 50 frequency "sweeps" per second and the
frequency variations during each sweep take place sinusoidally, a 50c/s sine
wave voltage is usually used to provide horizontal deflection.

With the vertical deflection of the spot corresponding to the variations in the
response of the circuit, and the horizontal deflection corresponding to the
frequency range over which these variations occur, the pattern on the screen
portrays accurately a response/frequency graph of the circuit under test.

Some other applications of the C.R.0. are -

Adjustment of telegraph relays.

Simultaneous examination of two signals using a "double-beam" instrument.

- Measurement of time using a sweep generator calibrated in time units
(micro-seconds)

Plotting characteristic curves of electron tubes and transistors.

Examining hysteresis effects in magnetic materials.

- Visual location of trunk line faults.

Also, on many instruments provision is made for attaching a camera, so that the nature
of transient (non-recurring) phenomena can be recorded on film. These instruments are,
generally, only used in research laboratories.
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9.6 Frequency Jang9. When the amplifiers are not used, the cathode ray oscilloscope is
capable of operating at extremely high frequencies. When the amplifiers are used,
however, the frequency range of the instrument is limited to the frequency range
over which the response of the amplifiers is uniform. Most general purpose
instruments perform satisfactorily within the range 10 c/s to 500 kc/s, and some
special laboratory instruments can be used at frequencies up to 50 Mc/,

9.7 Ueing an eoil1osggRe. When using an oscilloscope certain precautions are necessary
to ensure the reliability of the results. These are -

(i) Synchronising. When the 0.R.0. is used for waveform examination, set the
synchronising control to zero, and adjust the controls of the sweep
generator until as near as possible to a stationary patter is obtained.
Then advance the synchronising control to eliminate the slight horizontal
drift.

In any case do not adjust the synchronising control to more than about one
third of its range, as the waveform of the sweep voltage may be distorted,
and the resultant pattern would be misleading.

(ii) Amplifier Overloading. When the signal to be examined is connected via the
vertical amplifier, care is necessary in setting the gain controls to avoid
distortion of the signal waveform due to overloading in the amplifier.

This is particularly important where the vertical amplifier has a "coarse"
stepped control in addition to a continuously variable "fine" control, and
where the range of the latter is sufficient to reduce the overall gain of
the amplifier to zero,

With such an arrangement, it is possible to adjust the pattern to the desire
height by means of the fine control, whilst an excessively high voltage is
applied to the amplifier input via an incorrect setting of the coarse control.
In this way, the input stage of the amplifier is overloaded, and a distorted
signal is applied to the deflection plates of the C.R.T.

To avoid this, set the fine control to near the centre of its range and
adjust the coarse control so that the approximate pattern height is obtained.
Final adjustments can then be made by resetting the fine control,

(iii) Connections. All general purpose oscilloscopes use unbalanced input circuits,
that is, connection to amplifiers, etc. is made by via one "input" or
"active" terminal and an "earth" terminal.

When the C.R.0. is used in a high impedance circuit, connect the "active"
terminal at the high impedance point, and connect the oscilloscope "earth"
terminal to the test circuit earth, or to a point which has a low impedance
to earth.

Should these connections be reversed, the C.R.O. may seriously upset the
operation of the circuit under test and in many cases the pattern will be
confused by extraneous power frequency deflections so that the results are
meaningless,

To prevent damage to the instrument, never exceed the maximum permissible input
voltage as specified by the manufacturer, and never allow the electron beam to
bombard the one spot on the screen for any length of time.
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FREQUENCY MEASUREMENTS.

.1 The measurement of frequency is very important in telecom, as many communication
systems rely on frequency controlled alternating currents for their operation,

Because of the wide range of frequencies encountered in telecom. several different
measurement methods are in use. Briefly, these are:-

(i) Mechanical Resonance methods which are used at power frequencies.

(ii) Comparison methods which are used mainly at audio frequencies.

(iii) Electrical Resonance methods which are mainly used at radio frequencies,

In all cases, the accuracy of the method employed depends upon the accuracy of the
reference frequency used for comparison or calibration, In this regard some precise
frequency measuring devices achieve an accuracy of + 1 part in 100 million,
However, this standard of accuracy is not attainable _ nor is it necessary, for
routine frequency measurements in the field.

1.2 Vibratipg Reed Fregueno) Indicator. This is a direct reading instrument which
operates on the mechanical resonance principle. It is used to indicate the
frequency of the mains power supply,

It consists of a number of steel reeds which are assembled into a comb (Fig. 22a)
and placed in proximity to an electromagnet, Each reed has a different length so
that each has a different natural frequency of vibration, The free ends of the
reeds are usually painted white, and the whole unit is assembled so that the
painted ends of the reeds are visible under a scale which is marked off in cycles
per second,

The current the frequency of which is to be measured is passed through the
electromagnet and the resulting alternating flux causes the reeds to vibrate,
The reed which has a period of vibration which corresponds to the rate of
fluctuation of the magnetic field vibrates with the greatest amplitude and when
viewed from the front, the movement of its painted end creates the illusion of a
vertical line.

The frequency is read by noting the scale marking which is associated with the reed
which has the greatest amplitude of vibration, The instrument shown in Fig. 22b is
indicating a frequency of 50 c/s.

Vibrating reed frequency indicators of this type are usually mounted on the control
panel associated with emergency power plant at telephone exchanges,

47 48 49 50 51 52 53
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(a) Beed Aeeemblr. (b) Vibrating Heed Epdieetor.

FIG. 22. VIBRATING REED FREQUENCY INDICATOR.
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10.3 [he Strobos0pR©. The stroboscope is a device for checking the speed of a rotating
shaft.

As some items of telecom equipment rely on rotating machines for the generation of
A.C. at a definite frequency, the stroboscope provides a very convenient means of
checking the speed (and therefore the frequency of the generated A.C.) of the machine.

A stroboscope usually consists of a disc or drum, the surface of which is divided int:
a number of equal sectors which are painted in contrasting colours. The stroboscope
is attached to the shaft of the machine and, as it rotates, it is illuminated by a
flashing light. When the machine is running at the correct speed, the sectors of the
stroboscope appear to be stationary when viewed under the interrupted illumination.

Fig. 23 shows the action of a 4 sector stroboscope, which, in conjunction with a lamp
operating from a 50 c/s supply, is suitable for checking machines which rotate at
3000 r.p.m.

As the lamp operates on A.C., it flashes twice every cycle, and therefore 100 flashes
occur each second.

Assuming that the machine speed is correct, the disc rotates at 3000 r.p.m., or, 50
times each second.

Therefore, the disc is illuminated twice during the time it takes for each revolutior.

Fig. 23 shows that in the period between flashes, (0.01 seconds), the disc travels a
half revolution, and the relative position of black and white sectors at each instant
of illumination is the same. The eye registers these fleeting glimpses of the
illuminated disc, and, as they occur at the rate of 100 a second, the sectors appear
to be stationary.

LIGHT ON LIGHT OFF LIGHT ON LIGHT OFF LIGHT ON

0 0•0l
TIME (SECONDS)

FIG. 23. STROBOSCOPE ACTION.

0•02

When the machine is running faster than normal speed, the disc completes slightly more
than half a revolution between flashes, and therefore at each successive instant of
illumination, the black and white sectors are displaced forward of their previous
position, and the sectors appear to rotate in the direction of rotation of the machine.

When the machine is running at less than its normal speed, the disc does not complete
a half revolution between flashes and the sectors appear to rotate in the opposite
direction,

Stroboscopes used in telecom usually have a large number of sectors and often,
special equipment is used to produce the interrupted illumination. Phe multi-frequency
generator associated with voice frequency telegraph carrier systems rotates at 3600
r.p.m, This speed is checked and adjusted by viewing a 68 sector stroboscope (34 black
sectors and 34 white sectors) when it is illuminated by a neon lamp operated from a
1020 c/s oscillator.
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Beat Frequency_ Method. When two alternating currents having different frequencies are
combined over a period of time, they aid one another at some instants and oppose one
another at others, The resultant current varies in amplitude at a rate equal to the
difference in frequency,

This effect is shown graphically in Fig. 24 where two sine wave A.C.s of 10 c/s and
8 c/s respectively are combined over a period of one second, The resultant complex
wave has approximately the same frequency as the originals but it goes through two
distinct "cycles" of amplitude variation over the period of one second. Each cycle
of amplitude variation is called a "beat", and the "beat frequency" is equal to the
difference in frequency between the currents which are combined.

In Fig. 24 where a 10 c/s signal is combined with an 8 c/s signal, the beat frequency
is 2 c/s. In the same way, a beat frequency of 5 c/s results when a signal at
1000 c/s is combined with a signal at 995 c/s. When the two signals at the same
frequency are combined, these variations in amplitude do not occur, and the beat
frequency is zero.

FIG. 24. PRODUCTION OF BEATS.

This principle can be used to determine the frequency of an unknown signal by "beating"
it with a known frequency obtained from a calibrated variable frequency oscillator.
In this method, the known and unknown signals are applied together to some form of
indicating device such as a telephone head receiver, and the frequency of the variable
oscillator is adjusted until a beat frequency is detected. This is indicated by
variations in the loudness of the tone heard in the receiver.

The variable oscillator is further adjusted to reduce the frequency of the beat to
zero, or as close as possible to this "zero beat" condition. At this point, the two
frequencies are equal and the unknown frequency can be read from the dial of the
calibrated instrument. An A.C. meter can be used in place of the head receiver, in
which case, the beat is indicated by variations in the deflection of the pointer.
Zero beat is indicated when these variations cease completely.

This method is commonly used to measure frequencies in the audio range, and the
principle is used in the hetrodyne frequency meter, which is capable of measurements
at radio frequencies.



A.C. MEASUREMENTS.
PAGE 28.

10.5 Freguenoy Measurements Using an 0sci110s00pe. mhe 0.R.0. can be used to determine an
unknown frequency by comparison with a known standard frequency. The internally
generated sweep voltage is not used in this application of the C.R.0. as the electron
beam is deflected by the voltage of the known and unknown frequency sources.

10,6 Lissajous Figures. When sine wave alternating voltages of approximately equal values
are applied simultaneously to both sets of deflection plates of a cathode ray tube,
a series of patterns called "Lissajous Figures" is traced on the screen,

When the deflecting voltages have the same frequency, the electron beam is deflected
vertically and horizontally at the same rate, and, depending on the phase relationshi:
between the voltages, a diagonal straight line, an elipse or a circle is displayed or
the screen. (Fig. 25.)

(a) Phase Difference = 0°, (6) Phase Difference - 45°. (e) Phase Difference - 90.
916. 25. LISSAJOUS FIGURES NITE EQUAL FREQUENCIES.

When the deflecting voltages do not have the same frequency, the rate of vertical
deflection is different from the rate at which the electron beam is deflected
horizontally, and the pattern consists of a number of intersecting loops. Fig. 26
shows typical patterns obtained when the deflecting voltages have different
frequencies.

These patterns vary slightly for various phase relationships, and they appear to
rotate when the frequency ratio is not precisely a simple fraction. However, in all
cases, the ratio of the frequency of the vertical deflecting voltage (fy) to the
frequency of the horizontal deflecting voltage (fy) is the same as the ratio of the
number of vertical deflections to the number of horizontal deflections contained in
the pattern,

{tan zn Es'Es_1 13 Evia_1 38

FIG. 26. LISSAJOUS FIGURES WITH UNEQUAL FREQUENCIES.

To measure frequency using this method, the unknown frequency is usually applied to
the vertical deflection plates, and a known frequency is applied to the horizontal
deflection plates. When a stationary pattern is obtained, the unknown frequency can
be calculated from -

Frequency of Vertical Deflecting Voltage (fe
f7vmney GE HFTGGEaT bGP1act1%, Vet Eds« 7E,]

No. of Vertical Deflections
No. of Horizontal Deflections
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With odd frequency combinations, some patters can be quite involved, and to simplify
counting the number of vertical and horizontal deflections, the pattern is enclosed
in an imaginary rectangle. Then

Number of Vertical deflections Number of loops touching horizontal side.

umber of Horizontal deflections umber of loops touching vertical side.

f,
Therefore

£,
NUMBER OF LOOPS TOUCHING HORIZONTAL SIDE
NUMBER OF LOOPS TOUCHING VERTICAL SIDE

when e

fy Frequency of verticai deflecting voltage

f" Frequency of horizontal deflecting voltage,

Examples of the use of this method are shown in Fig. 27 where a known frequency of
ke/s is applied to the horizontal deflection plates.,

3

5

'I

f, 3 6y 1-, 7 -r T 5°x

2 1000 f,
3 X 1000 6

X 1000
X 2 ---- 5 ----

2000 c/s 1500 c/s 200 c/s

FIG. 27 . FREQUENCY CALCULATIONS.

This method of counting applies in all cases where the pattern contains open loops
as, for example, in Figs. 25b and 25c. When the phase difference is such that the
forward and return traces coincide, and the pattern consists of a single line
(Fig. 25a), this method cannot be used. In practice, however, this condition is
comparatively rare, as the slightest variation in the frequency of either voltage
is sufficient to cause the pattern to open up, when the loops are clearly visible.

Lissajous Figures can be used for frequency measurements up to radio frequencies,
The method has the advantage that the range of measurement is not limited to the
frequency range of the known source, as frequency ratios of up to 1:10 or 10:1 can
be detected.

It is also used to check the calibration of an oscillator against a standard fixed
frequency. For example, 25 different spot checks at frequencies between 30 c/s and
3 ke/s are possible by comparison with a fixed 1 ke/s source, without having to count
patterns more complex than 11:4.

When the ratio between the known and unknown frequencies is a large value, the
interpretation of the Lissajous Figures becomes difficult owing to the complexity of
the pattern. In these cases the frequency ratio can be determined from the "spot"
heel" or "gear wheel" patters obtained by using a circular time base.
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10.7 Frequency Comparison Using e Oiroular Time Base. phis method makes use of a circular
time base which has a repetition rate equal to the lower of the two frequencies to
be compared.

The circular time base is derived by applying the low frequency voltage to a
resistance-capacitance phase splitter, and using the potential drops across the
resistor and capacitor as the deflecting voltages for the C.R.T. (Fig. 28a).
As these voltages are 9O out of phase and as they are at the same frequency, the
resultant pattern is a circle (Fig. 28b).

C

(a) Phase splittine Oirouit. (b) Circular Trace,

FIG. 28. CIRCULAR TIME EASE.

The high frequency voltage is applied to one of the electrodes of the
gun, so that the electron beam is modulated at the higher frequency,
irregularities in the circular trace, the number of which corresponds
of times the higher frequency is greater then the lower frequency.

Two types of patterns can be produced by this method,

(i) The Spot-Wheel Patter. This consists of alternate dark and light streaks
on the circular trace (Fig. 29a). It is produced by varying the intensity
of the electron beam by applying the high frequency voltage to the intensity
grid of the C.R.T.

(ii) The Gear Wheel Pattern. This takes tis form of a number of equally spaced
"gear teeth" around the circular trace (Fig. 29b). It is produced by varying
the deflection sensitivity of the C.R.T. by applying the high frequency
voltage to the accelerating electrode.

The number of irregularities (streaks or teeth) on the pattern depends on the ratio
between the frequencies being compared. For example, when the frequency ratio is 25:°
the electron beam undergoes 25 complete changes in intensity, or alternatively the
deflection sensitivity of the C.R.T. changes 25 times in the time taken for one
complete circular sweep, and 25 streaks or teeth are produced.

The patterns shown in Fig. 29 correspond to frequency ratios of 12:1.

C.R.T. electror
This produces
to the number

I
I
\

\
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(b) Gear Wheel Pattern.

/

(a) Spot Wheel Pattern.

FIG. 29• FREQUENCY COMPARISON USING 0.1.O.

ith this method, ratios up to 50:1 can be determined. When the higher frequency is
not an exact multiple of the lower frequency, the pattern rotates, and the direction
of rotation indicates whether the higher frequency is above or below an exact
multiple of the lower frequency,
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Resonance Frequeney leters. In the paper "Series A.0. Circuit~" we saw that the
impedance of a series circuit containing inductance and capacitance is at a minimum
value at the resonant frequency. This principle is used in "Wavemeters" which are
used for frequency measurements in the R.F. range,

A wavemeter usually consists of an externally
mounted inductor, a variable capacitor and a
sensitive A.0. meter connected as in Fig. 30,

To measure an unknown radio frequency, the
wavemeter is placed so that the inductor
comes under the influence of a magnetic
field produced by the current whose
frequency is to be measured. An e.m.f. is
induced across its turns, and a current at
the unknown frequency flows in the

L c

wavemeter circuit, FIG. 30. WAVEMETER CIRCUIT.

The capacitor is adjusted until the current reaches a maximum value as indicated on
the meter. At this setting of the capacitor, the wavemeter is resonant at the
unknown frequency, which can then be read from the calibrated dial of the variable
capacitor. It is important that the magnetic coupling between the wavemeter and the
circuit under test is as loose as possible, as otherwise, the loading imposed by
the tuned wavemeter could upset its operation.

Frequency meters of this type are suitable for use at frequencies up to approximately
300 Mc/s. Other types operating on the resonance principle can be used up to
30,000 Mc/s.

IMPEDANCE BRIDOES.

1.1 In the paper, D.C. measurements (Applied Electricity 1) we saw that the Wheatstone
Bridge provides a most convenient and very accurate means of resistance measurement.
The same principle is applied in the Impedance Bridge which is used for the
measurement of impedance in A.C. circuits.

.2 Bosio lmpedanoe Bridge. The circuit of a basic impedance bridge is shown in Fig. 31.
The network is energised from an A.C. source and a head receiver is used as a
detector. The balance condition of equal potential between points B and D is
irdicated when no tone is heard in the receiver.

A

AT BALANCE:-

l x l

and l, x lp 2 8 4

FIG. 31. IMPEDANCE BRIDGE.

l
Zz

When the bridge is balanced, and when the values and phase angles of the impedances
comprising three of the arms are known, the value and phase angle of the unknown
impedance comprising the fourth arm can be calculated. In practice two of the arms
(ratio arms) contain known, non-reactive resistors; the third arm contains a
calibrated variable resistance connected in series or in parallel with a calibrated
variable reactance.

1.3 There are many adaptations of the basic bridge in use, capable of accurate
measurement of either capacitive or inductive impedances. Impedance bridges used
in telecom are described in other papers of the course,
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12. TEST QUESTIONS.

1. Draw a simple circuit showing how a moving coil meter can be adapted to read A.C.

2. The frequency range of a normal rectifier meter is from approximately c/s to approximately ......- . . . . c

3. Draw simple circuits showing the circuits of (i) a rectifier voltmeter, and (ii) a rectifier ammeter.

4. On the Multimeter, A.P.0. No. 2, protection against accidental overload is provided by the connection of

in series
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • in parallel

5. The sensitivity of the Multimeter No. Z on the voltage ranges is ohms/volt. This means that the

resistance of the instrument on the 30 volt D.C. range is ohms.

6. What is a thermocouple?

7. Briefly explain the principle of operation of a thermocouple meter.

8. What is the effect of overloading a thermocouple meter?

power
9. Moving iron meters are suitable for use at audio frequencies.

radio

with the meter movement.

10.

11.

12.

13.

Electrostatic meters are used to measur unrents ", lo% g]
e re voltages " high Yatues.

Briefly describe the principle of operation of a dynamometer.

n an A.C. circuit a dynamometer wattmeter indicates true poser,
apparent

Compared with normal voltmeters, the advantages of a vacuum tube voltmeter are -

(i) .

(ii)

14. Why is it necessary to use a probe when measuring high frequency voltages with a V.T.V.M.?

15. Draw a simple block diagram of a cathode ray oscilloscope.

16. The functions of the following oscilloscope controls are

(i) Intensity .

(ii) Vertical Shift .

(iii) Horizontal Amplitude .

17. AC.R.O. is calibrated so that 10 volts peak-to-peak corresponds to a line one inch long. What is the length of
line traced when a sinusoidal voltage of 7 volts (effective} is measured?

power
18. Vibrating reed frequency meters are suitable for measurements at audio frequencies.

radio

19. Briefly describe how an unknown frequency is measured by the beat frequency method.

20. When a standard frequency of 1 kc/s is applied to the horizontal deflection plates of a C.R.T. and unknown
frequencies are applied in turn to the vertical deflection plates, the following patterns are obtained. What is
frequency in each case?

Ci) c/s. M
END OF PAPER.

C /s • (iii)~ . •....... C /s.
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ITRODUCTION •

Generators and motors have always been part of the essential equipment at communication
centres and large motor generator sets and motor driven ringers are familiar sights at
many telephone exchanges,

The use of motors and generators is not strictly limited to battery charging power
plant. Small motor driven A.C. generators (alternators) provide the supervisory tones
in telephone exchanges and also generate the voice frequency carrier currents which
allow several motor driven telegraph machines to operate simultaneously over one pair
of wires.

? A telecom Technician must have a sound knowledge of the basic construction and theory
of operation of electric machines to enable him to operate them correctly, interpret
their behaviour, and know when to call in a specialist to repair and overhaul them.

i This paper deals with the most common types of motors and generators which have
application in telecom. Basic principles are revised briefly; a full description of
these principles is given in the paper "Electromagnetic Induction" of Applied
Electricity 1.
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2. D.C. GENERATORS.

2.1 We saw in the paper "Electromagnetic Induction" (Applied Electricity 1) that when a
coil of wire is rotated in a magnetic field an alternating e,m.f. is induced across
its ends. When the ends of the coil are terminated on the segments of a commutator
(Fig. 1a), each time the direction of the induced e,m.f. reverses, the connections
of the coil to the external circuit reverse and a pulsating D.C. flows in the
external circuit.

=
(a) Generator Prinojple. (b) Pulsating Current,

SIMPLE D.0. GENERATOR.

A D.C. generator with a single coil winding (as in Fig. 1a) has little or no practibi
use because of the pulsating nature of its output. In practical machines, the
variation in D.C. output is reduced to a slight "ripple" by using a large number of
generating coils, connected to a corresponding number of commutator segments. The
efficiency of the machine is further improved by -

(i) Winding the coils on a soft iron armature to reduce the reluctance of the
magnetic circuit.

(ii) Using D.C. excited electromagnets to increase the intensity of the magnetic
field,

2.2 D.C. Generator Construction. A practical D.C. generator has three main sections.
These are -

(±) The Fjeld Assembly, (Fig. &) which consists of the outer frame or yoke, the
field poles and the field winding. [he field windings are placed around tie
field poles, and, when energised by D.C., they establish the magnetic field
in which the generating winding rotates. The yoke completes the magnetic
circuit between the field poles, Small generators usually have only two
field poles, but large machines may have four or more poles. Regardless of
the number of poles, however, adjacent field poles are always of the
opposite polarity.

FIG. 2. FIELD ASSEMBLY.
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(ii) [he Armature AssembJ} consists of the main shaft, the armature core, the
armature winding and the commutator. The armature core is assembled from
soft iron laminations, and it is slotted to accommodate the coils which
comprise the armature winding. The armature coils terminate on the
commutator, which consists of a number of individually insulated copper
segments, built up into a cylinder and fixed to the armature shaft.
Generally there are as many commutator segments as there are armature coils.

(iii) The Brush Assembly consists of the carbon brushes which bear on the
commutator, and their associated holders and tensioning springs. Small
generators usually have only two brushes, one for the positive connection
and one for the negative connection. However in larger machines with wide
commutators each "brush unit" may contain several brushes placed side by
side, and in large multi-pole generators two or more brush units are
connected in parallel to form each "brush".

2.3 Armature WindirEs. Most modern generators use a "closed circuit" winding, that is
the co5.g Tomming the winding are interconnected at the commutator segments and
form a closed circuit. The coils are arranged in the armature slots so that
opposite sides of each coil come under the influence of unlike field poles, and the
e.m.fs induced in each side of each coil are additive. With a two pole machine
(Fig. 3a) each coil spans approximately half the armature core; with a four pole
machine (Fig. 3b), the coils are placed in slots approximately one quarter of the
distance around the armature core apart.
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(a) Two Pole Generator.
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(b) Four Pole Generator.

PLACEMENT OF ARMATURE COILS.

As a matter of interest, there are two winding methods in common use. With the "lap"
winding (shown in simplified form in Fig. 4a) there are as many parallel current
paths as there are field poles, and this method is used in generators which have a
high current output at a comparatively low voltage. With a "wave" windings, (Fig. 4b)
there are only two current paths irrespective of the number of field poles; this
winding is used mainly in high voltage generators.

POSITION OF
FIELD POLES

(a) Bap Winding- (b) Jave Jindjps.

FIG. 4. ARMATURE WINDINGS.
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2,4 Commutation, In a simple D.0. generator, the commutator brushes short-circuit the
armature coil for a brief period, each time the connections to the coil are reversed,
This action is shown in Fig. 5, in which the brushes are positioned so that the
short-circuit occurs when the plane of the coil is at right-angles to the magnetic
field.

,]

(a) (o)

FI0.9• COMMUTATION IN A STNPLB GENERATOR.

(c)

With the brushes in this position, the ccil is short-circuited when its conductors
are moving parallel to the field, and the induced e.m.i, is zero, Should the
brushes be rotated a few degrees from this position, they short-circuit the coil whex
its conductors are moving across the field. As a result, an e.m.f. is induced in the
short-circuited coil, and the resultant current causes sparking at the brushes,

The same conditions apply in practical gener=tors in which the armature winding
consists of a large number of coils. Whenever the brushes bridge two commutator
segments a coil is short-circuited, To prevent sparking, the brushes must be
positioned so that the e.m.f. in the short-circuited coil is zero at this instant,

2.5 Armature Reaction, When a generator is in operation, current in the armature winding
sets up a magnetic field which distorts the main field. Fig. 6 shows the field
distortion due to armature flux in a simple two pole generator.

s

I
#,

/

FIG. 6. FIELD DISTORTION DUE TO ARMATURE FLUX.

This "armature reaction" affects the positioning of the brushes, as they must be movei
in the direction of rotation a few degrees so that the short circuit is applied when
he plane of the coil is at right angles to the distorted field.

In practice, it is very difficult to position the brushes correctly, as the armature
flux, and therefore the extent of the field distortion, varies with changes in the
value of armature current. To overcome this difficulty, large generators are
usually provided with auxiliary field poles called "interpoles".
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ImberP9le8• Interpoles which are auxiliary field poles situated between the main
field poles of a generator cancel the effect of armature reaction. The interpole
windings are connected in series with the armature winding and their polarity is the
same as that of the adjacent main pole ahead. When the interpole windings have the
correct number of turns, their magnetic field (which is proportional to armature
current) cancels the field distortion due to the armature flux (also proportional to
armature current) and improves commutation under all conditions of load.

Fig. 7 shows the field assembly of four pole generator which is fitted with interpoles.

INTERPOLE

FIG. 7. D.O. GENERATOR WITH INTERPOLES.

- [Types of Generators. D.C. generators are classified according to the manner in which
the field windings are energised. There are two basic types -

(i) Separately Excited Generators, in which the field current is supplied from
an external D.C. source.

(ii) Self-Excited Generators, in which the field current is supplied by the
machine itself.

Most generators in common use are of the self-excited type which rely on the residual
magnetism of the field system for their initial operation. When the generator is
first started, a small e,m.f. is induced in the armature winding as it moves in the
weak residual field. This induced e,m.f. causes a small current to flow in the field
winding, and this creates a stronger magnetic field resulting in an increase in the
value of induced e.m.f. This "build-up" action continues until the field system
is fully fluxed when the induced e.m.f. attains its rated value.

It is important to note, that the connections to the field windings of a self-excited
generator must never be reversed, as under these conditions, the initial passage of
field current cancels the residual magnetism of the field poles. With no field flux
the generator cannot build up, and the field windings must be 'flashed", that is
connected momentarily across a D.C. supply, to restore the residual field.

Self-excited generators can be divided into three types, shunt, series and compound,
which derive their different characteristics from the method of connecting the field
and armature windings.
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2.8 Shunt Generators. A shunt generator has its field winding connected in parallel with
the armature winding as shown in Fig. 8a. Provided the generator is driven at a
constant speed, the value of the e.m.f. developed in the armature winding depends on
the strength of the magnetic field, which is in turn determined by the magnitude of
the field current., With the shunt connection, the voltage applied to the field
winding is the same as the terminal voltage of the generator, which is equal to the
armature e.m.f. less the P.D. across the internal resistance of the armature winding.

When the generator is connected to a load circuit the drop of potential across the
resistance of the armature causes a slight reduction in terminal voltage, which is
magnified by the decrease in field strength due to the lower voltage applied to the
field winding. As the loading is increased, the terminal voltage decreases as shown
in the typical voltage/loading curve (Fig. 8b),

t
ARMATURE

voLTS

FIELD REGULATOR 0
LOAD (AMPS) -»

(a) Ciroui*. (b) Characteristics.

FIG. 8. SHUNT GENERATOR.

Most shunt generators are provided with a field regulator (Fig. 8a) by means of which
the field current can be varied to provide a means of controlling the output voltage,
When it is necessary to maintain a constant output voltage under varying load
conditions, automatic regulators are employed. These are described in Telephony 5
(Power Plant Components).

2.9 Serie General0rs. In a series generator, the armature, the field winding and the
load circuit are connected in series (Fig. 9a) so that all or a definite part of the
output current is used to establish the magnetic field.

Under no-load conditions, the terminal voltage is minimum, as the field winding is
unenergised. When a load circuit is applied the terminal voltage increases (Rig. 9b),
becoming greater as increases in output current increase the strength of the magnetic
field. The output voltage can be adjusted by a variable resistance shunted across the
series field.

SERIES FIELD

FIELD REGULATOR
t

voLTS

OL------------
LOAD (AMPS)-»

(a) Cir9uit, (b) Characteristics.

FIG. 9. SERIES GENERATOR.
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9ompounad Generators. A compound generator is a combination of the shunt and series
types, as rhd f3sld winding consists of shunt and series connected coils. When the
shunt winding is connected between the series winding and the armature (Fig. 10a)
the generator is referred to as a "short shunt" machine; when the shunt field is
connected between the series field and the output terminals, (Fig. 10b), the
generator is called a "long shunt" machine.

SERIES FIELD

ARMATURE

FIELD REGULATOR FIELD REGULATOR

(a) short Shunt Generator. (b) Long Shunt Generator.

FIG. 10. COMPOUND GENERATORS.

With either connection, a compound generator combines the decreasing voltage
characteristic of a shunt generator with the increasing voltage characteristic of a
series machine. For different applications, a generator may be -

(i) Flat-oompounaded when the series winding is so proportioned that the voltage
remains substantially constant from no-load to full load.

(ii) Over-o9Pon0ed when the series winding has sufficient turns to cause the
voltage to increase slightly from no-load to full load,

(iii) Under-compounded when the voltage decreases slightly when the load is
increased.

The characteristics of the various types are shown in Fig. 11.

OVER COMPOUNDED

I COMPOUNDED

VOLTS

oL-------------
LOAD (AMPS)

FIG. 11. COMPOUND GENERATOR CHARACTERISTICS.

.11 4Ppli0eeion. In telecom, motor driven generators are used for battery charging
5i many telephone exchanges. These machines are always of the shunt field
type, since a series field generator has a less stable output and may run as a
motor at dangerously high speeds if accidentally connected across the battery,
In some cases, the machines are compounded to improve commutation and give
a constant voltage output under varying load conditions. Further details
of motor-generators and of their associated equipment is given in the
papers "Power Plant Components" and "Power Plant, Telephone and Long Line
Stations" in Telephony 5,
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3. D.C. MOORS.

3.1 We saw in the paper "Electromagnetic Induction'' (Applied Electricity 1) that in a
simple D.C. motor, a coil of wire is mounted so that it is free to rotate between the
poles of a permanent magnet. The ends of the coil terminate on the segments of a
commutator, and carbon brushes complete the circuit to an external D.C. supply.

3.2 Prlnoiple of Operation. Figs. 12a, b and c show that when current flows in the coil,
the magnetic field surrounding its conductors interacts with the field of the magnet
and the resulting force causes the coil to rotate, After the coil reaches the
vertical position the commutator reverses the direction of current. [he direction or
the forces acting on the conductors are similarly reversed and the coil continues to
rotate in the same direction as before.

1
(a) (b)

FIG. 12. SIMPLE MOTOR.

(e)

Practical D.C. motors have the same general construotion as D.C. generators. The use
of a large number of armature coils connected to an equal number of commutator segmertr
results in the production of smooth continuous torque. The magnetic field is createi
by D.C. excited field windings, which are connected in series or in parallel with the
armature winding.

3.3 Armature Pack o./.f. and Motor speed. When a motor armature rotates in a magnetic
field an e.m.f. is induced across its winding. This induced e,m.f. opposes the
applied voltage, according to Lenz's law, and limits the armature current. I'he value
of the back e.m.f. depends on the strength of the magnetic field and the motor speed,

When the motor is unloaded, the back e.m.f. rises as the speed increases from zero
until the motor reaches a speed that the back e.m.f. is almost equal to the applied
voltage. The motor settles down at this speed a small value of current is drawn
from the source to supply the small amount of energy required to overcome friction,
windage and resistance losses to keep the armature in motion.

When a mechanical load is applied to the motor, the speed of rotation is reduced and
the baok e.m.f. decreases. The armature current increases until sufficient torque
is developed to handle the increased load, The motor then settles down at a steady
reduced speed.

Decreasing the mechanical load has the opposite effect. When the load is reduced the
motor accelerates. The back e.m.f. rises and the armature current decreases, thus
reducing the torque to the necessary value for the reduced load.

The fundamental relationships which apply to all motors are:-

(i) Motor speed depends on back e.m.f.
(ii) Motor torque depends on the armature current.

In all motors the running speed decreases as the load increases. The extent of the
speed variation from no load to full load varies with the different types of motors
mainly because of the manner in which the windings are energised. However, reducing
the field strength deoreases torque but increases the speed as the machine runs faster
to produce the necessary balancing back e.m.f.
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·- Shunt Motors, In a shunt motor, the field winding is connected in parallel with the
armature winding as shown in Fig. 13a. With this arrangement, field current is
independent of variations in armature current due to load changes, and the resulting
constant magnetic field keeps the speed fairly constant from no-load to full load.

The characteristics of a typical shunt motor are shown in Fig. 13b in which the
motor speed is plotted against the torque requirements of the load. As the speed
variation from no-load to full load is only about 10% of the no-load speed, shunt
motors are considered to be "constant speed" motors» In telecom, they are used to
drive ringing machines in some telephone exchanges and in more modern exchanges the
motor sections of the larger ring and tone dynamators are usually shunt connected.

D.C SHUNT
FIELD

(a) Connections.

ARMATURE
t

SPEED

o,__ _
TORQUE

(b) Characteristics.

FIG. 13. D.C. SHUNT MOTORS.

Series Motors. Fig. 14a shows the basic circuit of a series motor, in which the
field winding, the armature winding and the supply source are connected in series.
As the field winding is energised by armature current, the field strength of a
series motor is not constant, and under different conditions of load, the speed
can vary over a wide range as show in Fig. 14b.

Unloaded, the weak field due to the low value of armature current causes the motor to
race, and possibly run to destruction. The speed decreases rapidly as the load is
applied, and under heavy loads the motor runs comparatively slowly. A feature of
series motors is their tremendous starting torque which far exceeds that of any
other type of electric motor .

D.C.

•SERIES
FIELD

GOVERNOR CONTACT
AND RESISTOR
(WHEN FITTED)

ARMATURE
t

SPEED

o"------------
TORQUE -(a) Connections. (b) Characteristics.

FIG. 14. D.C. SERIES MOTOR.

In small motors, the speed can be controlled within close limits by the use of a
centrifugal governor attached to the motor shaft. The governor contains contacts
which intermittently short-circuit a series field resistor. In telecom, small
governor controlled D.C. series motors are used in impulse machines in 2000 type
telephone exchanges, and they are also used to drive the multi-frequency tone
generators associated with voice frequency telegraph carrier systems.
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3.6 Compound Motors• A compound motor has a field winding which contains both series and
shunt coils, as shown in Fig. 15a. The series field enables the motor to gain
speed quickly under load, and the shunt field enables it to maintain a near constant
speed when the load is removed or varied.

They are designed for applications requiring constant speed with quick changes from
no load to full load, and in telecom, they are used in "no break" standby power plant.

SERIES
FIELD

D.C.
SHUNT
FIELD ARMATURE

SPEED

t
o.__ _

TORQUE -(a) Typical Gonnegtions. (b) Typical Characteristiog-

FIG. 15. D.0. COMPOUND MOTOR.

3.7 Position of brushes, We have seen that armature reaction in a D.0. generator distorts
the main magnetic field and affects the positioning of the brushes. Similar field
distortion occurs in a D.C. motor, but the direction of distortion is opposite to
that in a generator, that is, armature reaction in a motor shifts the neutral
commutating plane against the direction of rotation, as shown in Fig. 16.

To compensate for armature reaction, the brush::
are moved backwards until sparking is at a
minimum. No single setting can give sparkles=
commutation under all conditions of load, but
on small motors the brushes are set by the
maker in a position which gives good average
results.

FIG. 16. FIELD DISTORTION - D.C. MOTOR.

In large motors armature reaction is correctei
by means of compensating windings and inter
poles which function in the same way as those
provided in large generators.

3.8 Starting D.. Motors. When a D.C. motor is running, the armature current is limited
by the armature back e.m.f. However, when the machine is at rest, this back e.m.f.
is not present, and the only factor which opposes the passage of armature current is
the low resistance of the armature winding.

When a large motor is stationary, the application of the full supply voltage, would
result in a starting current at least 20 times greater than the normal running current.
As this current surge could damage the motor, a resistor is connected in series with
the armature winding during the starting process. The value of the resistor is
reduced as the motor gains speed and, when full speed is reached, the resistor is
short circuited.

The complete starting assembly for a D.C. motor usually includes equipment which
protects the motor in the event of overload, and which restores the starter to the
"start" position if the supply voltage fails.

D.C. starters are rarely encountered in telecom, as most of the small motors used can
be started without special equipment. However, the principle is applied in starters
for large A.C. motors, which are used extensively at telecom stations.
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- -IERNATORS.

Alternators. An alternator is a rotary generator, generally provided with D.C.
excited field windings, which, when driven at the appropriate speed, develops an
alternating voltage at a particular frequency.

Regardless of their size or application, all alternators operate on the principle
of electromagnetic induction as a result of relative motion between an electrical
conductor and a magnetic field. The relative motion can be brought about in three
ways

(i) By moving conductors through a stationary magnetic field, as in the
rotating armature alternator.

(ii) By moving a magnetic field across stationary conductors as in the
rotating field alternator.

(iii) By varying the intensity of the magnetic field surrounding stationary
conductors as in the inductor alternator.

-.- The Rotating Armature Alternator. The rotating armature alternator is similar to a
D.C. generator, in that the generating winding is placed on the rotating part of the
machine. Phe principle of operation is shown in Fig. 17.

1HlDl1}

®

AC OUTPUT

FIG. 17. PRINCIPLE OF ROTATING ARMATURE ALTERNATOR.

The Stator or stationary frame is similar in construction to the field assembly of a
D.C. generator. The field coils are wound on specially shaped pole pieces and they
are energised from an external D.C. source. The field system may have four or more
poles, but most of the rotating armature alternators used in telecom have only two
field poles.

The Rotor or rotating portion is laminated and it accommodates the generating winding
in slots in its outer surface. The winding terminates on insulated slip rings, and
carbon brushes which rub on the slip rings complete the circuit to the external load.

The principle of operation is exactly the same as that of the simple A.C. generator,
described in the paper "Electromagnetic Induction", of Applied Electricity 1. The
frequency of the A.C. depends on the speed at which the machine is driven and on the
number of field poles. Frequency can be calculated from -

NUMBER OF POLES
2

Rotating armature alternators are suitable for low voltage, low power applications,
and motor driven machines of this type are used in some telephone exchanges to
produce ringing current. As the D.C. excited field system is the same as that used
in a D.0. machine, it is possible to combine a D.C. motor and a rotating armature
alternator in one unit called a "dynamotor". In these machines, the rotating portion
carries a D.C. motor winding and commutator as well as an alternator winding and
slip rings, with both windings served by a common field. Dynamotors are in common
use as "ringing machines" in telephone exchanges.
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4.3 The Rotating Field Alternator. When electrical energy is generated at high voltages,
insulation problems are introduced which would be very difficult to overcome at the
exposed slip rings of a rotating armature alternator. This difficulty is not encoun.-
in a rotating field alternator, as, in this type of machine, the field system rotates
and the stationary generating winding can be connected directly to the load.

The principle of a basic rotating field alternator is shotm in Fig. 18. In practice,
the turns of the generating winding are embedded in slots in the laminated stator
and the field winding is placed on the rotor. The rotor windings are energised by
D.C. connected via slip rings and carbon brushes. The basic machine shown in Fig. 1i
has four field poles but this number varies in alternators designed for different
applications,

FIG. 18. PRINCIPLE OF ROTATING FIELD ALTERNATOR.

With a D.C. in the rotor winding, a magnetic field with alternate north and south
poles is produced. When the rotor is set in motion the rotor flux links the turns ci
the stator winding and an alternating e.m.f. is generated. he frequency of the outr.
voltage is determined by the speed of the machine, and the number of field (rotor)
poles. With a four pole machine, the magnetic field linking each turn of the
generating winding goes through two complete changes in polarity with each revolutic.
and two cycles of A.C. are produced. When this alternator is driven at 1,500 r.p.m,
(25 revolutions per second) the output voltage has a frequency of 50 c/s.
The frequency can be calculated from -

rower to/o) SEEP,f3.e-t-! , NUMBER OF POLES
2

In large machines the D.C. required for the excitation of the rotor winding is derive:
from a small shunt or compound wound D.0. generator. This "exciter" generator is
mounted on the alternator and is driven from the rotor shaft.

Rotating field alternators are used in practically all applications where electrical
energy is generated commercially. These machines have three separate generating
windings on the stator and produce three voltages which are 120° out of phase,

At important telecom stations, it is current practice to provide a diesel driven
three-phase" alternator which is brought into operation in the event of a failure ir
the commercial power supply. The value and frequency of the output voltage of these
machines is the same as that of the commercial supply, and their operation allows
power plant and other essential services to function normally for the duration of the
power failure. A detailed description of the facilities offered by "standby"
alternators is given in Telephony 5.
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'.4 The Inductor Alternator, In the rotating armature and rotating field alternators the
rotor has a current-carrying winding requiring the use of slip rings and brushes.
In the inductor alternator, however, slip rings and brushes are not necessary as both
the generating and exciting windings are stationary,

A simple inductor alternator is shown in Fig. 19a. It consists essentially of a
specially shaped, laminated, soft iron rotor which revolves in the magnetic field of
a D.0. (or permanent magnet) excited laminated stator. [he rotor is unwound and both
generating and exciting windings are accommodated on the stator.

When the exciting winding is energised, a magnetic field is established across the air
gap between stator and rotor. The intensity of this field depends on the position of
the rotor. For example, when the projections or "teeth" on the rotor are opposite
the stator poles (Fig. 19b), the air gap is of minimum length, and the low reluctance
of the magnetic circuit allows maximum flux across the air gap. When the rotor teeth
are away from the stator poles (Fig. 19c) the reluctance is greatest, and the flux
is considerably reduced,

EXCITING WINDING

/

ROTOR

'-------'D~
GENERATING

a WINDING

3E
(b)

DOD
A.C.

OUTPUT

a)
FIG. 19, SIMPLE INDUCTOR ALTERNATOR.

(e)

With the rotor in motion, the changing reluctance of the magnetic circuit causes
corresponding changes in the flux linking the turns of the generating winding.
As each rotor tooth passes a stator pole, the flux goes through one complete change
in values, from minimum to maximum and back to minimum, inducing one cycle of
alternating e.m.f. across the turns of the generating winding.

The simple machine shown in Fig. 19 has two rotor teeth and therefore two cycles are
produced each time the rotor makes one revolution. In the same way, a machine with
four rotor teeth develops four cycles per revolution. Phe frequency of the output
voltage can be calculated from -

FREcueNcY (e/¢) . SPEED (r.p-s.) x NUNRER OF ROTOR TEETH
60

In practice, the rotor often hos a large number of teeth and the generating winding
is placed on projections on the inner periphery of the stator, Inductor alternators
are capable of producing voltages at voice frequencies and machines equipped with
several multi-toothed rotors and a number of multipole stators can generate several
different frequencies simultaneously.,

In telecom, inductor alternators are used to generate the supervisory tones in
automatic telephone exchanges, and they are also used to produce the voice frequency
carrier currents for telegraph carrier systems. Details of the construction and
operation of these machines are given in Telephony 5 and Long Line Equipment 2.
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5. THE COMMERCIAL ELECTRICITY SUPPLY.

5.1

5.2

In Australia, electric power is generated in power stations and distributed by a
complex system of high voltage power lines. Although knowledge of the details of the
generating and distributing equipment are not necessary, we must have some
appreciation of the nature of this supply, as all power plant in telephone exchanges,
long line equipment stations and other major communication centres operates from the
commercial power mains.

T'he Three Phase System. In most electricity supply areas, alternating current at a
Frequency 5r 4b 75 {s generated and distributed by means of the three phase system.
In this system, the generating machines have three generating windings which are
constructed and positioned in the machine so that the voltage developed in any one
winding is equal to, but 120° out of phase with, the other two voltages. The
relationship between the three voltages is shown graphically in Fig. 20,

PHASE I PHASE 2 PHASE 3

FIG. 20. THREE PHASE VOLTAGE.

The three phase system offers several advantages in usage and distribution when
compared with the single phase system. It delivers a uniform power output throughout
each cycle and therefore facilitates the use of physically smaller, more efficient, a:

smoother running machines of simple design. It also allows the outputs of the three
generator windings to be distributed to three balanced load circuits using three
conductors only, as against six for three equivalent single phase supplies.

To appreciate the three wire distribution
system, let us consider that the three
"phases" are connected to three resistive
load circuits, each of which has the same
resistance.

Because of the nature of the load circuits,
the three currents a.re of equal value, and
as each is in phase with voltage, the
currents are 120° out of phase (Fig. 21),
For convenience, assume that the current
in ea.ch circuit reaches a peak value of
10 amps,

PHASE 2 PHASE 3

FI 0 . 21, T HR EE - P HA S E C URR ENT S .

At any instant in Fig. 21, the value of the current in any one phase is equal in value
but opposite in direction to the algebraic sum of the currents in the two remaining
phases. For example, at 90°, the instantaneous value of the current in phase 1 is 1C
amps in a positive direction; at this instant the currents in phases 2 and 3 are bot±
5 amps in the negative direction. As similar conditions exist at all instants
throughout the cycle, it is possible to connect the three generating windings to the
three load circuits using three wires only, as the return path for each phase is
provided by the conductors connecting the two remaining phases.
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Three Phase Connections. There are two methods of connecting the generating windings
so that a three wire circuit can be used. [hese are -

(o) The Star Connection. In this method, (Fig. 22a), corresponding ends
(Git£r Eu4ting ends or finishing ends) of the three windings aro
connected together to form a "neutral point", and the line wires are
connected to the other ends of the windings. With a star-connected
alternator, the "line voltage" (EI) or voltage between lines is 1.732
times greater than the "phase voltage" (Ep) or voltage across one
winding.

(ii) The Delta Connection. In the delta connection, (Fig. 22b), the windings
are connected in series to form a closed circuit and the line wires are
connected at the junction points. A neutral point is not available in
this connection. With a delta-connected alternator, the line voltage is
equal to the phase voltage.

LI

L2

Lt

L2

L3

L3

(a) Star Connection. (b) Delta Connection.

FIG. 22. THREE-PHASE CONNECTIONS.

In the same way, the load circuits can be connected in star or delta. It is not
essential to use the same connection for the load circuit as is used at the
alternator.

Usually, the commercial power supply is derived from star-connected alternators,
and a four-wire circuit is used in its final distribution. he fourth or "neutral"
wire connects to the neutral point at the source, and it allows_unbalanced loads to
be connected, as the out-of-balance currents return via the neutral wire.
With this arrangement, single-phase supplies are readily obtainable.

Single-Phase and Three-Phase Supplies. Most domestic supplies are single-phase,
derived by connecting between one "line" and the neutral wire at the distribution
pole. However, with large buildings such as telephone exchanges, a three-phase
supply is usually provided for the operation of large motors, rectifiers, etc.
Single-phase circuits for lighting, etc., are derived at the main switchboard.

The nominal voltages of single and three-phase supplies are -

Single-phase
Three-phase

240 volts (between one line and neutral),
415 volts (between any two lines).

Nearly all three-phase operated equipment used in telecom is permanently wired.
However, many single-phase appliances, such as hand drills, soldering irons, etc.,
are portable and can be operated from single-phase power outlets. In most cases,
portable appliances are connected via a three-way cord, in which the third (green)
conductor serves to earth the appliance frame. This is a vital safety feature and
periodic inspection of these appliances must be carried out as outlined in
E.I. WORKSHOPS Plant X 0002 "Testing Single Phase Appliances".
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6. A.C. MOTORS.

6.1 In a D.C. motor both the armature and field system contain insulated windings, and
when these are energised by D.C. the interaction of their magnetic fields produces
torque.

Similarly, torque is developed in an A.. motor as the result of interaction between
two magnetic fields. However, in most A.C. motors, only the stator windings are
connected to the A.C. supply, as the magnetic field of the rotor is established by
induced currents. Motors operating on this principle are called Induction Motors.

Induction motors are available in either single-phase or three
are simple and rugged in construction, reliable in operation and
constant speed characteristic.

An induction motor consists of two parts. [he Sbabor or stationary frame, consists
of an assembly of ring-shaped soft iron stampings wh5oh contains insulated windings
in slots around its inner surface. An outer carcase is sometimes provided as a
mechanical protection for the stampings and windings, but this does not form part of
the magnetic circuit, as does the outer frame or yoke of a D.C. motor.

Fae a0bor or rotating member consists of another set of soft iron stampings which are
rivetted together and fixed to the main shaft.

6.2 Induction Motors.
phase types. They
have practically a

In most induction motors the rotor winding
consists of a number of bars of copper or
aluminium which have been embedded or cast in
slots around the surface of the rotor and short
circuited at their ends by end rings of the same
material.

The rotor-bar assembly resembles a tread-mill or
squirrel-cage, and rotors using this construction
are often referred to as "squirrel-cage rotors""
Fig. 23 shows how the rotor-bar assembly of a large
induction motor would appear if removed from the
rotor and reassembled. The copper bars are often
angled for smoother running of the rotor.

COPPER
BARS

FIG. 23. ROTOR-BAR ASSEMBLY.

6.3 Brineip!e of Operation. When the stator windings are energised by A.C., a rotating
magnetic field is produced, similar to that of a rotating horse-shoe magnet. This
field cuts across the rotor, and the induced e.m.f. causes current to circulate in
the short-circuited rotor bars.

The induced currents in the rotor create a magnetic field, which, in accordance with
Lenz's Law opposes the motion producing them. The rotor flux therefore interacts
with the rotating magnetic field of the stator, and the resulting force turns the
rotor in the same direction as the direction of the rotating stator field.

To maintain the currents producing the rotor flux and keep the motor running there
must always be relative motion between the rotating rotor bars and the rotating
stator flux. Therefore the speed of the rotor can never be equal to the "Synchronous
Speed", or, speed at which the stator field rotates. When the mechanical loading on
the motor is increased, the rotor slows down slightly, increasing the relative motion
between rotor and field. This results in an increase in the magnitude of the induced
current and a greater torque is developed.

The difference between the speed of the rotor and the speed of the field is termed
the "slip", and it is usually expressed as a percentage of the synchronous speed.
The slip varies with different types of machines but, on full load, it is in the
vicinity of 5%.
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--oduotion of a Rotating Stator Flux. he means by which a rotating magnetic field
is produced varies slightly with different types of induction motors, but, in
general, the stator requires at least two windings, and these must be energised by
tut of phase A.C.'s.

Fig. 24a shows the stator of a simple "two-phase" induction motor which has two
windings, A and B, each of which is arranged to produce two magnetic poles of
ppposite polarity. [he windings are placed so that the pole axes are at right
angles, and they are energised by two A.C.'s of the same frequency which are 9o
cut of phase, that is from a "two-phase" supply. The relative direction of the
=tator flux at a number of instants is shown in Fig, 24b.

% 0, current in winding A is zero, and current in winding B is at a maximum
positive value. Therefore poles A and A1 are unmagnetised, but a field exists
=cross B and B1, with a north pole at B.

t 90° eurrent in winding A has risen to a maximum value in the positive direction,
=nd current in winding B has fallen to zero. The field between B and B1, no longer
=mists but a field is established between A and A1, with a north pole at A,
Therefore the axis of the stator magnetic field has turned through 90.

t 180° and 270°, the currents in the windings are of the same value, but in the
-pposite direction to those at 0° and 90°. he magnetic fields at 1800 and 270°
=re therefore opposite in direction to those at 0° and 90°, representing a further
=ngular displacement of 90° at each position. At 360°, the same conditions apply
=s at 00, and therefore, over the cycle, the axis of the stator flux has turned
through 360, This action continues as long as the windings are energised, and a
continuously rotating stator flux is produced.

0° 90° 180° 270° 360°

~I

WINDING A

WINDING B

(a)

o° 90° 180° 270° 360°

(b)

FI9. 24. PRODUCTION OF A ROTATING STATOR FLUX.

In the same way a rotating magnetic field is established when a three-phase supply
is applied to a stator with three-windings, spaced 1200 apart. However, the
number of stator windings does not affect the synchronous speed, and this is
determined by the frequency of the A.C. supply and the number of poles produced
by each winding, For example, when a two pole stator (Fig. 24a) is energised from
a 50 c/s supply, the magnetic field rotates once per cycle, or at 3,000 r.p.m.
kith a four pole stator, synchronous speed at 50 c/s is 1,500 r.p.m,
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6.5 Single-Phase Induction Motors. A single-phase supply provides only one voltage. Whe:
an induction motor stator is energised from such a supply, the magnetic field rever
but it does not rotate. Although a reversing stator flux is sufficient to keep the
rotor turning once it has been started, it is not capable of starting the rotor from
a stationary position.

Most induction motors operated from a single-phase supply are, in fact, two-phase
motors, as they have two separate windings, and incorporate a phase-splitting
arrangement so that the windings are energised by currents which are out of phase.
The most commonly used single-phase motors are briefly described in following
paragraphs.

6.6 The split-Phase Motor. This is a squirrel cage motor which has two separate stator
windings, called the "running" winding and the "starting" winding. Both are wound
to produce the same number of poles, and they are arranged so that the poles of one
winding are situated mid-way between adjacent poles of the other winding. The
running winding is wound with many turns of heavy wire, and has a higher inductance
and lower resistance than the starting winding, which is wound with fewer turns of
finer wire.

The windings are connected in parallel to the single phase supply. As the ratio of
inductive reactance to resistance in the running winding is greater than in the
starting winding the currents energising them are out of phase, and as the windings
are displaced around the stator a rotating magnetic field is set up in the stator.
This cuts across the short-circuited bars in the rotor and sets it in motion. T'he
starting torque is comparatively low, as the phase difference between the currents _:
much less than the required 90°, and a uniform rotating field is not established.

"-When the rotor speed is approximately 75% of the normal speed, the starting winding
is disconnected and. the motor runs on the running winding alone. In most cases, thi:
is done automatically by a switch actuated by a centrifugal mechanism attached to
rotor shaft. The major components of a split-phase motor are show in Fig. 25.

CENTRIFUGAL
SWITCH - OPERATING

MECHANISM

CAST SQUIRREL
CAGE ROTOR STARTING

WINDING
RUNNING
WINDING

FIG. 25. MAJOR COMPONENTS, 4 POLE SPLIT-PHASE MOTOR.

Split-phase motors are mainly used where heavy starting loads are not encountered,
as, for example in bench grinders, circular saws and air circulators. They cannot
withstand a prolonged severe overload, as this causes the rotor speed to fall to a
point where the centrifugal switch restores, and the motor runs with the starting
winding energised continuously. Under these low speed conditions, excessive currer
flows in both windings and the heat generated is often sufficient to burn out the
starting winding .

. ti-
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28P@0i tor Motors. A capacitor motor is a form of split-phase motor in which a
capacitor is connected in series with the starting winding (Fig. 26).

The inclusion of the capacitor causes the
current in the starting winding to lead the
supply voltage. As the inductance of the
running winding causes the current in this
winding to lag the supply voltage, a full
90° phase difference can be obtained and a

uniform "two-phase" rotating stator field
ii established.

apacitor motors have a greater starting
torque and require a smaller starting
current than the normal split-phase motors.
They can be started under load and are used
in refrigerators, air compressors and similar
applications,

SINGLE
PHASE
A.C.

RUN WINDING

START 0WINDING
ROTOR

C

CENTRIFUGA:r-svna "_

FIG. 26. CAPACITOR MOTOR.

In most machines, the starting winding is disconnected by a centrifugal switch when
running speed is reached, and the rotor continues to turn under the influence of the
reversing magnetic field of the running winding. Machines of this type are called
capacitor-start" induction motors. I some special machines, the starting winding
is left in circuit, but the value of the series capacitor is reduced when the rotor
attains normal speed. These "capacitor-start, capacitor-run" motors operate
continuously as two-phase machines, and generally are more efficient, quieter
running and have a greater overload capacity than other single-phase induction
motors,

shaded Kole Not0rs. This type of induction motor has only one insulated stator winding,
and this is placed on projecting pole pieces which are similar to those used in D.C.
machines, Starting torque is developed by the provision of a short-circuited
"shading" winding (usually a single turn of copper strip) around one of the tips of
each pole piece,

The effects of the shading winding is shown in Fig. 27. When the current in the main
winding is increasing from zero, the magnetic effect of the induced current in the
shading windings opposes the build-up of flux in the shaded pole tips, and tends to
iivert the main field to the unshaded pole tips (Fig. 27a). At the instant when the
current is at its maximum value, the shading winding has no effect and the main field
is evenly distributed over the pole pieces (Fig. 27b).

When the current is decreasing to zero, current again circulates in the shading
winding and its effect is to prolong the decay of the main field. The main field is
now concentrated in the shaded pole tips (Fig. 27c).

Although the stator flux does not actually rotate, its axis is tilted slightly before
and after each reversal, and this is sufficient to set the rotor in motion.

(a) (b)

FI0. 27• EFFECT OF POLB SHADING.

(o)

Shaded pole motors have low starting torque, and because of the presence of the
short-circuited shading windings, they are relatively inefficient. They are made in
small sizes only and are used extensively in electric fans,
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6.9 Three-Phase Jnduobion Motors. Induction motors operated from the three-phase supply
have three separate stator windings, arranged so that corresponding poles are spaced
by 120°, As the windings are energised by currents which are 120° out of phase, a
rotating magnetic field is established which sets the rotor in motion,

The rotor can be of the squirrel cage type, or, in some cases, a wound rotor is used.
Both types produce good starting torque without auxiliary stator windings but, a
wound rotor machine requires a lower starting current. The wound rotor type has the
advantage that its speed is variable, but the simpler squirrel cage motors are more
common.

In telecom three phase induction motors drive the large D.C. generators used for
battery charging at telephone exchanges. Although a great number of these "motor
generator" sets are still in use, they have been superseded by static rectifiers.
typical motor-generator installation is shown in Fig. 28.

FIG. 28. MOTOR GENERATOR.

6.10 Synchronous Nobors. As its name implies, a synchronous motor is one which rotates a
the synchronous speed, that is, in step with the rotating magnetic field of the sta.:

Large synchronous motors have the same construction as alternators» The stator win*.
are energised by A.C. to establish a rotating magnetic field; the rotor winding is
excited from a D.C, source, creating a magnetic field similar to that of a permanent
magnet. When the motor is run up to synchronous speed, the magnetic field of the rt
jocks in" with the rotating field of the stator, and the rotor continues to rotate.
following the stator flux in the same way as a compass needle follows a moving magnet

Unless it is specially adapted, a synchronous motor is not self-starting, and a
mechanical overload can cause the rotor to drop out of synchronism and come to a st=-
still. heir principal feature is their constant speed, which, at all times is the
same as the speed of the rotating stator flux, and therefore dependent on the freque
of the supply voltage,

Small single phase A.C. motors with synchronous characteristics are used extensivel;
where a known, constant speed is essential.

These small units often have specially shaped iron rotors which are permanent magnet:
are magnetised by induction from the stator flux. Some types can be made self-starti
and they can be arranged to run at comparatively slow speeds.

Typical applications of these synchronous type motors are in electric clocks and in -
types of tape recorders and gramophone turn-tables.
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A.C. Commutator Motors. In a commutator motor, the rotor is similar to the armature
a " .0. "aOh1ms 1a that it has an insulated winding and is fitted with a
commutator .

There are two main types of commutator motors:-

j

(a) Series Motors, In a series motor, (Fig. 29), the armature (rotor) and field
says5 ace connected in series as in a series D.0. motor. When A.0. is
applied, the magnetic fields of both armature and field windings reverse
each time the current reverses and a unidirectional torque is produced.

A.C. series motors have the same high speed
and high starting torque characteristics as
series D.C. machines, Small series motors
with laminated fields are frequently
designed to operate from either A.C. or
D.C. supplies.

These machines are called "universal
motors", and 'hey are used in electric
hand tools.

A.C.

SERIES
FIELD

ARMATURE

FI0. €9. SERIES MOTOR.

In telecom, A.C. operated universal motors fitted with centrifugal governors,
are used extensively in telegraph machines»

(ii) Repulsion Motors. A repulsion motor is a form of induction motor in that the
rotor Thx fs created by induced currents, However, it does not employ a
rotating magnetic field to develop starting torque as this results from the
force of repulsion exerted between like magnetic poles,

In a repulsion motor the A.C. supply is
applied to the stator winding only the
rotor winding is short-circuited at the
brushes (Fig. 30). When the stator winding
is energised, a reversing magnetic field
cuts across the short-circuited rotor winding
and the induced current sets up a magnetic
field about the rotor.

This rotor field has poles of the same
polarity as the magnetic poles produced
by the energised stator winding, and their
mutual repulsion produces torque.

t]
FIG. 30. REPULSION MOTOR.

In this type of motor, the angle at which the brushes are placed with respect
to the axis of the stator poles is most important, as torque is produced
in certain brush positions only•

The most common type of repulsion motor is the "repulsion start, induction
run" variety, This type of machine starts as a repulsion motor, but when
it has attained speed, a centrifugal mechanism lifts the brushes and applies
a short circuit to all the commutator segments, after which the machine runs
as a normal induction motor,

These machines are notable for their high starting torque, but they are
superseded to some extent by capacitor motors.
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6.12 StarbinE A•9. Motors. Normally, fractional horse-power single phase motors can be
started without the use of special equipment. With large three-phase motors however.
it is necessary to provide some form of starter which limits the current during the
starting process,

Starters for wound rotor motors connect resistance in series with the rotor winding
during starting. As the motor gains speed, the value of the starting resistance is
reduced and when the motor attains normal speed, the rotor winding is short
circuited.

Squirrel cage motors are generally provided with a starter which reduces the applied
voltage during starting. There are two general types of starters for three-phase
squirrel cage motors. -

(i) Aubo-transformer Starters in which an auto-transformer is used to reduce
the value of the supply mains voltage during the starting process.
The starter consists essentially of a multi-pole, two-position switch and
a step-down, three-phase, auto-transformer connected as shown in Fig. 31a.

When the switch is operated to the "start" position, the auto-transformer
is brought into circuit (Fig. 31b) and the voltage applied to the motor
windings is about half the normal value of the supply mains. [his
reduced voltage is sufficient to start the motor and allow it to gain speei

When the normal speed is attained, the starter is operated to the
"run" position. This disconnects the auto-transformer, and the supply
mains are applied direct to the motor (Fig. 31c.)

TO THREE - PHASE SUPPLY

AUTO -
TRANSFORMER

RUN

START

C

TO MOTOR

(a) Starter Circuit.

SUPPLY

LN

L2

L3

A
LI A i

8 MOTOR j"""L2 8
SUPPLY

c
L3 c

(6) Starting Condition. (e) Running Condition.

FIG. 31. ELEMENTS OF AUTO-TRANSFORMER STARTER.
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(ii) Star-Delta Starters by means of which the motor windings are connected in
"gtar" for starting and 'delta' for running. The starter consists of a
multi-pole, two-position switch to which each of the three motor windings
is connected as shown in Fig, 32a.

With the star connection (Fig. 32b) the voltage applied to each winding

of the motor is 1_;32
of the line voltage (240 volts in a 415 volt system)

and the starting current is reduced. With the delta connection (Fig. 32c)
the full line voltage is applied to each winding and the motor is capable
of turning its rated load.

TO THREE-PHASE SUPPLY

MOTOR TERMINAL BLOCK

(a) Starter Circuit.

LI

L2

L3

MOTOR
(STARTING )

(5) Starting condition.

LN

L2

L3

MOTOR
(RUNNING)

(c) Running Condition.

FIG. 32. ELEMENTS OF A STAR-DELTA STARTER.

With either method, the starter usually incorporates protective devices which
operate in the event of an overload, and a mechanical latch ensures that the
gtart-run" sequence of operation is carried out.
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7. TEST QUESTIONS.

1. Briefly explain the principle of operation of a D.C. generator.

2, How is sparkless commutation achieved in a D.C. generator?

3. Name the three basic types of self-excited D.C. generators.

4. Briefly explain the principle of operation of a D.C. motor.

5. Draw simple graphs which show how the speed of (i) a shunt motor, and (ii) a series motor, is affected by loading.

6. Alternators operate on the principle of electromagnetic induction as a result of relative motion between a conductor
and a magnetic field. How is this achieved in:-

(i) a rotating armature alternator?

(ii) a rotating field alternator?

(iii) an inductor alternator?

7. What is a dynamotor?

8. When a two pole, rotating field alternator is driven at 3000 r.p.m., the frequency of the output voltage is......... .

9. With the aid of simple diagrams, describe the operation of a basic inductor alternator.

10. Show graphically the relationship between the voltages in a three-phase supply.

11, In the commercial electricity supply, the nominal voltages are:

(i) singie-phase.........•......... vo]ts.

(ii) three-phase............••....... volts.

12. Briefly describe the construction of a "squirrel cage* induction motor rotor.

13. What is meant by the term "slip" as applied to induction motors?

14. How is a rotating magnetic field established in:

(i) a split-phase induction motor,

(ii) a capacitor type induction motor.

15. What is the principal application of three-phase induction motors in telecon?

16. What is the most important characteristic of a synchronous motor?

17. Briefly explain the principle of operation of a "star-delta" starter for a large three phase induction motor.

END OF PAPER.
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• .1 This and other papers in this book present important aspects of the subject known as
Electronics, which is defined as the "science that deals with the behaviour of free
electrons". "Free electrons" originally implied those which left the surface of a
conductor as in the emission from an electron tube cathode. During the nineteen
twenties however, "dry plate" or "metal" diodes began to take their place as
rectifiers beside the electron tube diodes. These "solid state" materials are now
classified as semiconductors.

Since about 1950, newly developed semiconductors such as crystal diodes, transistors
and other semiconductor devices have been performing most of the functions previously
served by electron tubes or valves.

I

Electronics as a study now includes semiconductor devices, and many electronic
circuits use both electron tubes and semiconductors.

However, although the design, application, and use of semiconductor devices is
increasing rapidly, electron tubes are at present more efficient in certain
applications.

1,2 he subject of electronics deals with alternating voltages and currents over a wide
frequency spectrum and considerations of reactance, phase change, resonance etc., are
fundamental to the understanding of most electronic circuits. This paper assumes that
you have a thorough understanding of the basic theories involved; before proceeding
any further you should revise "Basic Electronics" in Applied Electricity 1, and the
A.C. papers in this book.
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2. ELECTRON TUBE DIODES.

2.1 General. The principles of electron emission and diode construction are explained ir
the paper "Basic Electronics" in Applied Electricity 1. Cathodes may be directly
heated and this arrangement is generally called the "filament" (Fig. 1a). Indirectl
heated cathodes have a separate insulated "heater" (Fig. 1b).

ODE

LAMENT
(CATHODE)

(a) Directly Heated.

ANODE

CATHODE

ATER

(b) Indireotly Heated.

FIG. 1. DIODE SYMBOLS.

All types of electron tubes are subdivided into two general classes -

(i) High-vacuum tubes;

(ii) Gas filled tubes or gas tubes.

Higa-Vacuum tubes are those from which as much air as possible has been removed.
With modern techniques of manufacture this results in internal gas pressure of no mt--

than one hundred-millionth (-_) of atmospheric pressure. Even so, many millions oi
10

gas atoms remain but they occupy a negligible part of the space and nearly all
electrons in the operating current stream pass between electrodes unimpeded. For It:
practical purposes the effects of residual gas are neglected.

Gas-filled tubes are first highly evacuated and some inert gas is then introduced a:
Iow pressure t modify the characteristics in some desired manner. Gases commonly
used are xenon, argon, neon, mercury vapour and sometimes helium. Gas tubes are
classed as vacuum tubes however because the gas pressure is generally less than

20:000 of atmospheric pressure.

High-vacuum tubes are sometimes called "hard" and gas tubes are commonly called "sci-"
Hard tubes sometimes become faulty by developing a leak and turning soft or "gassy".

2.2 Factors Affecting Anode Current. We have seen that when two plates or electrodes are
at a1rf@rent potentials with respect to each other an electric field is established
between them (see the paper "Capacitance" in A.B.1). The behaviour of electrons
(negative charges) in vacuum tubes can be explained with reference to the electrost=-_
fields produced between the various electrodes.

We have also learned that the anode current in high-vacuum electron tube diodes may :
controlled by varying either -

(i) cathode temperature, or

(ii) anode voltage with respect to cathode.

In practice, the cathode temperature is kept constant by operating the filament or
heater at the voltage specified by the makers. At this temperature the specially
treated surface of the cathode is capable of emitting several times the required
maximum anode current but the emission is automatically limited to meet the average
demand of the anode current. This limitation is brought about by the "cloud" of
electrons or Sp8e Oh8Fge which forms around the cathode as represented in Fig. 2a.
As it consists or free electrons the space charge exhibits a negative electrostatic
potential which exerts a strong repelling force on further electrons being emitted
from the cathode surface. Also, the cathode has an electron deficiency which leaves
it electrostatically positive and this makes it more difficult for electrons to esca;
from its surface.
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When no voltage is applied to the anode (Fig. 2a) the cathode therefore reaches a state
f equilibrium where as many electrons return to the cathode as are emitted.

2-pace 0ha}Ee Limitation. When a small voltage is applied to make the anode positive with
respect to cathode only a few of the electrons farthest from the cathode are attracted
across to the anode and constitute the anode current (Fig. 2b). The emission is still
limited by bhe spaoe charge as a small positive potential or charge between anode and
cathode can only partly overcome the strong negative potential between the space charge
and cathode.

CATHODE

ANODE

(a)

T
I
l

FIG. 2.

ANODE

(~)

Ia

SWA
(OP)

+

hen the anode voltage is increased, anode current increases progressively as the space
charge is further cancelled by the greater positive charge on the anode.

Fig, 3a shows graphically the relationship between anode voltage (E"_) and *anode current
I") for a typical diode. Note that the anode current rises progressively with an
increase of anode voltage until a point is reached where further increases in Ea have
little effect on Ia. Up to this point (marked P) anode current depends on the extent
the positive anode charge overcomes the negative space charge and from points O to P
anode current is said to be "space charge limited".

Saturation. Above point P, anode voltage is high enough to completely cancel the
egative space charge and electrons are attracted to the anode at the maximum rate of
emission (for that particular cathode temperature). This condition is called "voltage
saturation" or simply "saturation" and above point P anode current is said to be
"saturation limited". Actually, most diodes give a slight increase in Ia as By is
increased beyond saturation point. his is because increasing positive anode charge
stimulates emission from pockets in the cathode which are not effective emitting
surfaces when space charge is present.

--:======

+ ODE
- _RRENT

la)

p -----

SATURATION,
LIMITED

O ANODE VOLTAGE (Ea)

(a)(b)

FIG. 3. DIODE CHARACTERISTICS.

Fig. 3a is called a diode characteristic curve or simply diode characteristic. Triodes
and other multi-element thermionic tubes all have cathode and anode as emitter and
collector of electrons and their relationship is the same as described here for diodes.
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2.3 9per@bing [apEe. Tubes of all types are normally operated well below saturation poir
with maximum Ig in the relative vicinity of point W on Fig. 4a. The filament or
heater voltage specified by the manufacturer is designed to provide ample emission
(and space charge) combined with long service life. One dotted curve shows how
saturation occurs at lower Ia and B, values when cathode temperature and emission ar
reduced by lowering filament voltage Ee. A falling off in emission during the worki-;
life of a tube results from gradual deterioration of the cathode surface so that eve
with normal Er the point at which saturation would oocur is gradually lowered and
gives the same effect as lowered cathode temperature in a new tube. As Fig. 4a shox:
a considerable drop can occur before performance is affected.

Operating tubes well below saturation point prolongs their working life in another
important way. As explained in para. 2.1 the residual gas atoms remaining in high
vacuum tubes are too few to effect operation as practically all electrons pass to ti:
anode unimpeded. A few electrons colliding with gas atoms knock off an electron
leaving positive gas ions. his is "ionization by collision". he positive ions ar±
comparatively heavy and if there were no space charge surrounding the cathode they
would strike the cathode with enough force to damage its emissive coating and greatl
reduce its life. The space charge provides a free electron to neutralise the ion
before it strikes the cathode.

The upper dotted curve in Fig. 4a shows that a higher value of Er raises vhe saturat_
point. Increased cathode activity would accelerate the surface deterioration and
increase the risk of the filament or heater failing prematurely by "burning out" or
fusing. We see therefore that heaters and filaments should be operated at the ratei
voltages.

Ia

-----/a wen
I
I Ef NORMAL-------

Ef LOW

E a

(a) (b)

2.4 Electrode vol5@ges of electron tubes are always given with respect to the cathode
unless otherwise stated. For example, an anode voltage Ea of +2OOV means that the
anode is at a positive potential of 2OOV with respect to the cathode. [he anode
supply voltage is A.C., for diode rectifiers; at other times a separate D.C. suppl
is used to keep the anode positive with respect to cathode and this supply is
designated by various symbols in different text books. Anode supplies used in
telecom range from about 'OV in telephone exchanges up to several thousand volts in
radio transmitters. The terms Ey or HT (high tension) will be used in this course.
(It is worth noting however that many makers use the term Bpi in their published
data.) Throughout the study of tube theory it is important not to confuse the anode
voltage Ea with the anode supply voltage or HT. hey may be equal in a few test
circuits and under certain conditions in others but in most cases Ba varies and is
less than the HT which is kept constant.
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-. Gas tubes are of two main types

(i) Hot cathode tubes.

(ii) Cold cathode tubes.

With the hot cathode tubes the anode current is derived almost wholly from the
electron emission of the heated cathode. The presence of the gas greatly lowers the
internal resistance of the cathode to anode path and wider electrode spacing may be
used to permit high voltage operation.

Cold cathode tubes conduct by means of a phenomena known as "gas discharge" which was
demonstrated many years before the discovery of thermionic emission and the diode.

Fig. 5a shows the symbols for hot
symbols for cold cathode diodes.
to conduct in either direction or
and anode and conduct much better
indicates a gas filled tube.

cathode gas diodes and Fig. 5b two commonly used
Cold cathode tubes may have symmetrical electrodes
non-symmetrical electrodes corresponding to cathode
in one direction than the other. The black dot

NON
SYMMETRICAL

(a) Jot Cathode. (b) Cold Cathode.

FIG. 5- GAS DIODE SYMBOLS.

2.6 Hot Cathode Gas Diodes. Some of the electrons passing to the anode collide with gas
atoms and cause ionization by releasing an electron from the gas atoms to join those
flowing to the anode; the positive ions return to the cathode. As the ions are much
heavier and move more slowly than the electrons, large numbers collect in the region
of the electron cloud around the cathode, and by completely neutralising the negative
space charge they remove its limiting effect on the anode current. When the external
circuit resistance permits, the current may rise to the full emission of the cathode
without appreciable increase in the anode voltage; that is, the internal resistance
decreases as current rises. Fig. 6 shows a typical gas diode characteristic compared
to portion of a high vacuum diode characteristic.

I a

TOTAL ---
E~MISSION "-

MAX SAFE
CURRENT Z

IL.NIGH VACUUM
DIODE,,,_,---

E a

FIG. 6. GAS DIODE CHARACTERISTIC.

MercurV@pour rectifier diodes operate on this principle and are used where high
voltages and output currents are required as in radio transmitter power supplies.
The mercury is introduced as a liquid during manufacture and when the air is
evacuated from the bulb some of it evaporates. At the normal working temperature,
the residual pool of liquid mercury remaining within the bulb evaporates further to
achieve the optimum gas pressure,
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The quantity of mercury vapour which ionises contributes only a very small proportion
of the anode current but the effect of the positive ions cancelling the space charge
keeps the internal voltage drop to about 15V irrespective of the anode current.
Mercury vapour rectifiers are made having current capacities of up to several hundred
amperes whereas the high internal voltage drop (and therefore heat dissipation) of
high-vacuum rectifiers limits their practical output to about 1A maximum and in most
cases a good deal less than this.

The low voltage between cathode and anode maintained in the operation of gas diodes
ensures that the ions do not strike the cathode with sufficient velocity to damage
its emissive coating. They must not be overloaded beyond their maximum current,
however, as the sharp rise in voltage accompanying saturation will impart greater
energy to the comparatively heavy ions and they will rapidly damage the cathode.
A feature which makes mercury vapour tubes more critical to use than high vacuum
diodes and some other gas diodes, is the need to fully heat the cathode before
applying anode potential. Otherwise the high voltage across the tube in the absence
of full emission will give the initially formed ions enough energy to damage the
cathode (high ionising potentials can knock two electrons from gas atoms to give
twice the normal charge). Section 4 contains some further information on gas diode
applications.

2.7 Cold Cathode Gas Diodes. Gas at atmospheric pressure is commonly regarded as an
insulator. However, in any gas including air, there are always a few ions and free
electrons present owing to the bombardment by solar radiation in the form of ultra
violet and cosmic rays. In this form of ionization the few free electrons do not
have far to travel before colliding with other gas atoms and unless the charge is
very high they do not attain sufficient velocity to ionize additional atoms. Raisirg
the voltage and/or reducing the spacing between electrodes will eventually raise the
charge to a point where these electrons have enough energy to ionize other atoms and
the gap conducts a visible spark followed by an arc when the circuit can maintain th
current.

When two cold electrodes are surrounded by gas at a low pressure the few free
electrons and ions can move freely and some current will flow with quite low
potentials. Fig. 7 shows the characteristic curve of a typical cold cathode diode
together with the test circuit used in plotting the curve.

I a
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VOLTAGE
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-- «- ** VOLTAGE

fB

SUPPLY
VOLTAGE

E a
FIG. 7. COLD CATHODE DIODE CHARACTERISTIC.

Glow Discharge. As the supply voltage is increased, the voltage across the tube (Ee
increases A to Bon the characteristic) and a very small current (about 1µA) flows.
Although ionization increases with voltage, the ions are neutralised quickly and the
current remains almost constant over this region.

At a potential near B, the velocity of the charged particles is sufficient to start
greater ionization of the gas and current rises sharply to point C. At this point
(known as the "striking voltage") the increased ionization decreases the internal
resistance of the tube and the voltage across the tube decreases abruptly (C to D).
The current through the tube is limited by the external resistance (R4).

When the supply voltage is increased further, the current increases and causes a
further decrease in the resistance of the tube. The voltage across the tube therefor=
remains almost constant.
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-9 Disohar&e. If the voltage is further increased, ionization becomes more intense.
e pog.4.yd ions bombard the cathode and heat it so that it emits thermionically and at
tint F this is enough to promote an "arc discharge" similar to the conduction in a hot
athode gas diode. The internal resistance and voltage across the tube drop sharply once
tore and a low voltage will maintain a high current in the region GH. This is a damaging
current, unless the tube is designed to operate in this region. A few rectifier tubes
se cold cathode are discharge and are sometimes referred to as "ionically heated".

±ttlications. Cold cathode tubes operating in the glow discharge region DE (Fig. 7) have
several uses - voltage stabilisers or regulators, intermittent light sources for
stroboscopes, surge protectors or voltage limiters, relaxation oscillators and switching
i=vices. Their dull glow and low energy requirements make them ideal pilot and warning
lights. Many miniature types are made especially for this purpose and are called glow
tubes.

old cathode tubes have three important potentials or voltages as marked on Fig. 7 and
these vary with design and intended use. Point C is the striking or firing voltage
necessary to start the glow discharge. The lower voltage at D is necessary to maintain
it and is the maintaining voltage. Below this voltage, current drops rapidly and the
glow discharge stops; this is the extinction voltage. Maintaining voltages are
generally in the region of about 6OV to 15OV.

las discharge in both hot and cold cathode tubes may be controlled by additional
electrodes but only up to the striking point after which they behave like diodes rather
than triodes. Triode gas tubes are described in the paper "Electron Tubes",

ftoto Tubes, photodiodes or photoelectric "cells" are in three general classes :

(i) Photoemissive tubes.
(ii) Photoconductive cells.

(iii) Photovoltaic cells.

In photoemissive tubes light falling on the cathode surface causes it to emit electrons.

Inphotoconductive cells the resistance varies with the intensity of light.

Photovoltaic cells generate an e.m.f. on being exposed to light.

Photoemissive tubes are constructed as shown in Fig. 8. The relatively large cathode
area is coated with a photosensitive material such as caesium and caesium oxide. The
anode is a thin rod or wire which is adequate for the very small emitted current, and
being small in diameter does not shade the cathode from the light source.

ELECTRONS

LIGHT RAYS
/ /

ca¥
LIGHT
SOURCE

PHOTOSENSITIVE
METAL

CATHODE

L.'II!! ELECTRON
COLLECTOR
ANODE

CURRENT FLOW

FIG. 8. PHOTOEMISSIVE TUBE - TYPICAL CONSTRUCTION.

_, fThe region D to E is called the "glow discharge" and is the normal operating region of
<{most cold cathode tubes. The tube glows fairly dimly and the colour of the light

depends on the gas used. 1g-~'- -·-··
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Photoemissive tubes may be either high-vacuum or gas filled. Cathode emission in
either type rarely exceeds 10µA with a maximum anode voltage of 90V.

AA

5 0

40

30

20

1O

Ionization in the gas types increases anode
current and thus increases overall sensitivity.
The maximum anode current may be up to about
10 times that due to the photoemission alone.
Fig. 9 shows characteristics for typical
phototubes.

·5 I 1 ·5
LUMENS

Gas filled tubes do not respond as well to rapid light variations above about 5kc/s,
and as the curve shows, they are not as linear in their response as the high vacuum
tubes.

"Dark current" is the small current which flows when the cathode is not illuminated;
that is, there is always a residual anode current imposed on that due to light signal:
With high-vacuum tubes this is extremely small and of the order of 0.001µA but with
gas filled tubes may be up to 0.1µA. his may seem negligible but represents a
considerable proportion of a typical maximum output of 5-10µ4.

A typical photoelectric (P.E.) cell circuit is shown in Fig. 10. To make use of the
minute current changes to operate a voltage operated device such as a triode, a load
resistance is used (R1), and this is usually a very high resistance of the order of
1OM9 or higher.

Bl
A*o

20901 to
RELAY

FIG. 10. P.E. CELL, TYPICAL CIRCUIT.

Multiplier_photoemissive tubes. When the light levels are very low, phototubes
incorporating an electron multiplier give better performance than an ordinary
photodiode plus amplifier. Figs. 11a and b show the principle of operation and
symbol of a multiplier phototube. Before reaching the anode the emitted current frc_
the cathode is attracted to a series of additional electrodes called dynodes which
have progressively higher voltages until the anode is reached. The dynodes have a
surface coating to facilitate secondary emission; that is, each primary electron
from the cathode or previous dynode releases several secondary electrons which are
attracted to the next more positive dynode and so on. In this way the weak current
due to the light signal may be increased up to several million times with much less
noise and distortion than by using an external amplifier.

High voltage, low current power supply is needed, as voltage between successive
dynodes is from 100 to 400 volts and 9 or more dynodes are commonly used.

One Telecom application of multiplier phototubes is facsimile picture transmission
via long line or radio.
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(a) Prinojple of operation. (b) Symbol.

PIG. 11. TYPICAL MULTIPLIER PHOTOTUEE.

Photoconductive Cells generally consist of a photosensitive resistance element of cadmium
5JASHadd touataa s4 a vacuum tube. When unilluminated the resistance is very high but
becomes lower with increasing levels of illumination. With a polarising voltage of 100V
or more, some photoconductive cells have sufficient sensitivity and output to operate a
relay directly without an amplifier. The evacuated envelope is not essential for the
operation, but ensures stable characteristics by preventing contamination of the
photosensitive material by the air and water vapour.

Fig. 12 shows the symbol for a photoconductive cell in a typical application.

Semiconductor "junction", photoconductive devices are a more recent development in this
field and their principles are described in the paper "Transistors and Other
Semiconductor Devices".

44/ RELAY

€ ~
B,

Bf1_
PIG. 12. PHOTOCONDUCTIVE CELL - TYPICAL APPLICATION.

- Photovoltaic Cells are the basis of most photographic exposure meters and other forms of
I1sie Ratana.ty meters. They have the advantage of small size and relatively high
output which requires no external energy supply as in the case of all other photoelectric
cells. Sensitive meters and even relays may be operated directly without the need of an
amplifier. Common materials for the electrodes are iron and iron-selenide; selenium is
also used.

The Solar Converter or solar battery is a recently developed semiconductor ",junction"
device which uses solar energy directly to produce useful amounts of electric energy.

The basic unit of a solar converter is a silicon junction diode "cell" having a flat
surface of about one square inch and with the upper electrode thin enough for light to
penetrate to the junction. Cells are connected together to produce a battery of the
desired rating. I operation the cells are both photoconductive and photovoltaic
showing reduced resistance and increased voltage with increase in illumination.
A typical output is about 20-30 milliwatts per cell.

The output and possibilities of solar converters will undoubtedly increase with
development but their use for telecom is being tested overseas for such applications as
power supply for remote line repeaters (amplifiers) carrier systems and small R.A.Xs.
Continuity of service is achieved by having the solar converter charge a battery during
the hours of sunlight.
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3 . SEMICONDUCTOR DIODES.

3.1 General. In 1925 in Great Britain a static rectifier was introduced which required rt
heated cathode or evacuated envelope. It consisted essentially of stacks of copper
discs, each disc having a coating of cuprous oxide on one side. Such an arrangement
is known as,a "metal" rectifier or "dry plate" rectifier or simply a copper oxide
rectifier. A similar metal rectifier was introduced by Germany in the early nineteer
thirties which used steel discs treated with selenium. Both types developed rapidly
and soon superseded tube rectifiers in most high current/low voltage and high voltage
low current applications. (High voltage/high current requirements of traction systez:
(trams and trains) are met by mercury are or ignitron rectifiers.)

Metal rectifiers possess high conductivity in one direction and low conductivity in
the other, a phenomena classified as assymetrical or unilateral conductivity. The
exact reason for this has never been fully explained.

Much research into semiconductors led in 1950 to the American invention of the
germanium junction diode and junction transistor.

Metal rectifiers are thought to function in a somewhat similar fashion to germanium
diodes and silicon diodes and are now classified together with these more recent
developments as semiconductor diodes. Substances having conductivity (or resistivit.
between that of metals and insulators are called semiconductors.

The construction and operation of germanium and silicon "crystal" diodes is describei
in the paper "Transistors and Other Semiconductor Devices". Although the tern "diode"
was defined originally as "a two-element vacuum tube......" it now includes, through
common usage, all devices possessing unilateral conductivity.

3.2 0opper Oxide Rectifiers. Fig. 13 shows the principle of construction of a copper oxit:
rectifier element. Each element consists of a disc of pure copper on one side of
which a thin film of cuprous oxide is formed by a process of heat treatment. Curren.
flows readily from copper to oxide but meets a high resistance to flow from oxide to
copper (current being regarded as electron movement from the negative to the positive
pole of the supply).

To make good electrical contact with the somewhat irregular surface of the oxide it
is generally sprayed with graphite, and a lead disc pressed against its surface is
soft enough to make intimate contact. In the figure the various layers are exaggerat=:

in thickness for clarity, especially the
oxide and graphite. Individual elements

GRAPHITE are assembled in series under high
pressure by clamping on an insulated bolt.

SYMBOL-LOW RESIST--HIGHRESIST

tc 60s,
••ifg
3

ASSEMBLY
HOLE

The number of series elements depends on
the voltage rating; this is dealt with
in para. 3.4. Fig. 14a shows
characteristic curves for a copper oxide
rectifier tested at two temperatures.
In Fig. 14b the 20°0 curve is plotted as
voltage versus resistance. Notice the
very high resistance in the non-conductirg
or reverse direction. In the conducting
or forward direction the current is low
(and resistance high) until the applied
voltage reaches about 0.25V. With further
increase in voltage, but before 1V is
reached, the resistance drops rapidly to
a few ohms.

JENT! OF COPPER OXIDE RECTIFIER.
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Selenium Rectifiers. Each element consists of a steel disc on which is sprayed a thin
layer 5f ery pure selenium. A tin or lead soft alloy sprayed on the selenium provides

the second or counter electrode. Fig. 15 shows
the construction but with thicknesses exaggerated
for clarity. The conducting direction is from
selenium to steel (electron current). The low
forward resistance and high reverse resistance
occurs in metal rectifiers at the junction of the
two electrodes - oxide and copper or selenium and:
steel.

ASSEMBLY
HOLE

TIN

FIG. 15- SELENIUM RECTIFIER BLANENT.

The voltage/current characteristic of selenium
rectifiers is similar to that of the copper oxide
type. Higher temperatures lower both the forward
and reverse resistance as with copper oxide, and
forward resistance remains high below about 0.5V.

Selenium rectifiers are "formed" during manufacture by the passage of current in the
forward direction. If allowed to stand idle for long periods or used only in the
reverse direction for D.0. blocking they may become unformed and lose their rectifying
property. Copper oxide is not affected in this way.

• .4 Voltage Rating of Metal Rectifiers. Single elements can only be used at low voltages,
and discs are assemblss {n series to safely withstand higher reverse voltages. The
reverse or inverse voltage is specified in the rating because in the non-conducting
direction the full voltage appears across the rectifier. In the conducting direction
the voltage drop in the rectifier is small, the greater part of it being dropped across
the load.

The voltage ratings of both copper oxide and selenium rectifiers have been steadily
improved over the years, copper oxide increasing from about 6V to about 20V per element
and selenium from about 12V to 30V or even higher in some cases. By variations in the
manufacturing processes selenium discs are made with several voltage ratings.
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3.5 Current Rating of Metal Rectifiers. mhe current rating depends on the rectifying area of
a disc and the method of cooling. Temperature rise during operation must be kept below
a specified maximum or the elements may become permanently damaged by developing lower
reverse resistance. To minimise the generation of heat within the rectifier the forward
resistance should be as low as possible and reverse resistance as high as possible.
Maximum temperatures are about 55°0 for copper oxide and about 750 for selenium.

Power rectifiers are assembled with cooling fins between the discs and spacing washers to
allow airspace between fins (Fig. 16). In some applications, ratings are further increas
by the use of a forced draft of air or oil bath cooling. Free air flow through verticall
mounted fins is the most general form of cooling in A.P.O. telecom power supplies.

In a rectifier unit or "stack" the number of elements in series determine the inverse
voltage rating. In power supply rectifiers complete units are interconnected in series
to achieve still higher voltage ratings and in parallel to increase the current capacity
of the equipment.

SPACER

\ i.

7 BUSH
ACTIVE
DISCS II*

COOLING
LEAD FIN

"yogis

INSULATOR

(a) Photo. (b) Typical Assembly.

FIG. 16. ASSEMBLY OF POWER RECTIFIERS.

3.6 Diodo symbol. Figs. 17a and b show the A.P.O. symbols for semiconductor diodes (general),
and zener diodes, respectively. Manufacturers circuit diagrams often use the symbols in
Figs. 17c and d, the latter one being used in L.M. Ericsson Crossbar circuits.

MRI±µ + ZRI
'U} H k}

(a) General (A.P.0.) (b) Zener (A.P.o.) (e)

FIG. 17. DIODE SYMBOLS.

(a)

The positive end of a unit is generally marked; a red terminal or red end being one commcr.
method of identification. The marked end corresponds to the cathode of an electron tube
and is called the positive end because when used as a rectifier of A.C. the cathode is th=
positive output terminal for connection to the D.C. load. Fig. 18 compares an electron
tube and semiconductor diode when each is connected as a half-wave rectifier. It is
important to note however, that when the unit is conducting, lhe end marked_ posibiVe 1S
actual]y negative with respect to the other end.
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FIG. 18.
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In the case of the tube it can be seen, that for connection to the load the + output
terminal is the cathode even though the cathode is negative with respect to the anode.
Similarly the arrow head side of the diode symbol in Fig. 18b is positive (anodic) with
respect to the stroke side of the symbol which is therefore equivalent to the cathode.
This side is marked for connection to the positive pole of the load. The load may be
either resistive as in Fig. 18a or a battery undergoing charge as in Fig. 18b. The
arrows indicate electron flow, not conventional current.

Rectification of A.C. is only one of a great many applications of diodes. In other
applications it must be remembered that the diode conducts wher the terminal marked
positive is negative to the other terminal. For example, Fig. 18¢ shows a circuit having
two relays bridged across a line, the polarity of which can be reversed. Relay F operates
only when line A is positive to line B; relay Eremains operated with either line
polarity.

&all diodes (not intended for use as power rectifiers) are to be found in numerous telecom
circuits. Copper oxide units were first in this field for such tasks as polarising
ordinary relays (Fig. 18¢ shows a typical example) and in Long Line Equipment modulators.
ore compact selenium units were a later development and more recently still germanium
diodes have appeared.

The term "signal diodes" is sometimes applied to these small diodes used in audio
frequency, radio frequency and switching circuits to distinguish them from "power diodes"
which handle appreciable power. Both categories are also applied at times to electron
tube diodes.

The copper oxide and selenium diodes used in many Telephony circuits use discs of
diameter arranged in units of from 2 to 12 discs. Assembly is on spindles as in Fig. 16
but without cooling fins.

In another form of construction the discs are contained in insulating tubes with metal
end caps serving as the terminals.

Selenium diodes have not completely replaced copper oxide diodes because of the tendency
of selenium units to become unformed in the absence of polarising voltage.

~o/ing. In circuit diagrams (mainly A.P.O. and B.P.O.) these diodes are coded as follows:-
, 1/6A, 2/6A, 2/2A etc. The prefix 1 indicates a single rectifier unit, the figure

after the bar indicates the number of copper oxide discs, (12 to withstand 50 to 60V and
6 or 2 to withstand lower inverse voltages) and the A indicates the {' diam. disc.
Fig. 19 shows typical coding as used in circuit diagrams.

The prefix 2 indicates two separate units on the same spindle with a common terminal.
The common terminal may be the positive electrode of one unit and the negative of the
other. Alternatively the intermediate terminal (or terminals for more than 2 units in
one) may connect to either two positive or two negative electrodes.

t+ 0 0 ±+ bµ 0 0 +l4« 0 o+]al.yd [to
I/ 12 A 2 /6 A 2N/6A 4P/6A
OR 2/IA

I/ 6 A OR 2/2A

• FIG. 19. TYPICAL CODING OF DIODES IN TELEPHONY.

hen the two internal electrodes are negative the two ends are therefore positive and the
prefix 2P/ is used. Similarly 2N/ indicates that the two ends are the negative electrodes.

Selenium discs are used in similar assemblies to serve the same purposes but because of
their higher inverse voltage rating equivalent units contain half as many discs. Phe
coding however has become firmly associated with the voltage rating rather than the number
of discs. Therefore a selenium unit used for the same purpose as say a 1/12A copper oxide
rectifier is still designated 1/12A even though it has only 6 size A discs.

Different makers use their own forms of coding. For example L.M. Ericsson Crossbar
equipment uses many copper oxide and selenium diodes, but their coding differs and the
discs are generally of a smaller diameter. Crossbar equipment also incorporates crystal
diodes.
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4. RECTIFIERS.

4.1 General. In providing D.C. power from A.C. mains, selenium and silicon rectifiers
have almost superseded all the earlier conversion methods. These have proved to be
both more reliable and efficient than earlier methods except where high currents at
high voltage are involved - for example, high power broadcasting, telecasting and
traction systems.

In 1950, motor generator sets and copper oxide rectifier sets were commonly used in
telecom equipment but there have been no new installations of either for some years.

The term "rectifier set" is used to describe a complete power supply unit including
rectifier elements plus any associated equipment within the unit such as mains
transformer, filtering apparatus, switchgear and manual or automatic output control
equipment. "Rectifier equipment" also implies the complete rectifier set. Very
large sets may have two adjacent cubicles with separate framework and front panelling.
Fig. 20 shows typical rectifier sets as used in many branch telephone exchanges.
Rectifier sets are commonly referred to as rectifiers.

Rectifier sets are available ranging from a few watts up to about 60kW, this limit
being imposed only by the need to maintain a convenient size. Single sets may be
operated in parallel, this being an economical method of operation where the load
varies throughout the day. One of the largest units used by the A.P.0. has a
maximum output of 800A at about 50V. Much larger units are used overseas for Telecom
power supplies.

Descriptions of rectifier sets are given in the paper "Power Plant Components" in
Telephony 5.

FIG. 20. TYPICAL RECTIFIER SETS.

In the early rectifier sets most of the space was taken up by the diode elements and
their large cooling fins. The gradual improvement in temperature and voltage rating
of selenium discs has gradually reduced the space taken by the rectifying elements tc
a point where most of the space is now occupied by the input transformer and
auxiliary gear.
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The use of silicon diodes commenced in Australia in 1960. As a single silicon element
has inverse voltage ad maximum temperature ratings many times that of a selenium disc,
the space needed for a given output has been further reduced. Fig. 21 shows a typical
silicon power diode actual size. Diodes of these small dimensions are made in various
ratings ranging from 50 to 600V peak inverse voltage and will handle maximum continuous
rectified D.C. of from 70 to 250A depending on the cooling arrangements. Typical
figures are 200A at 100°0 base temperature, and 100A at 1200. A T" X 7" cooling fin
and forced air draft are needed to achieve such high output but even allowing for this,
silicon power rectifiers are both smaller and more efficient than selenium rectifiers of
comparable output. Note also that much higher working temperatures are permissible
(maximum for selenium is about 750).

()

FIG. 21. TYPICAL SILICON POWER DIODE.

Rectifier Arrangements. A.C. - D.0. conversion plant operates from single-phase and
Emdee-5hse supplies. The supply to the rectifier is normally connected via a
transformer single-phase or three-phase. This provides the correct input voltage or
a readily adjustable voltage using a tapped transformer. Outputs up to about 3kW are
generally catered for by single-phase rectifiers and above that by three-phase units.
Three-phase transformers are more costly than single-phase transformers but three-phase
rectification is more economical at the higher outputs.

alf-wave rectifiers are suitable only for small powers and where the pulsating nature of
Ere output ti aoc a disadvantage, such as in small battery chargers, eto.

•of
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FIG. 22. HALF-WAVE RECTIFIER.

1.4 Single-phase full-wave push-pull rectification is provided by two diode units and
centre tapped transformer (Fig. 23). One diode conducts for each alternate half
The black and red arrows indicate the relative current paths (- to +).

The alternating voltage across each winding of the transformer must be sufficient to
provide the required D.C. output voltage. The inverse voltage across the non-conducti
rectifier each half cycle however, is the total voltage induced across both second,'*"8

__ ~trans~:3ndings in_ seria,,.~--- _ ____ _ Y

'--c----,-1-;-------' i A C?]•
~NV\

a
cycle.

OUTPUT WAVEFORM LOAD

FIG. 23. FULL-WAVE PUSH-PULL RECTIFICATION.
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The push-pull arrangement is little used with seloniu rectifiers because the same
result is obtainable from the same number of plates using bridge connection which does
not require a centre tapped transformer. The arrangement is widely used with duo-diode
tubes in the power supply of radio and .V. receivers, test gear, etc., where load
current rarely exceeds 2OOmA. Silicon diodes are beginning to supersede tubes in these
applications.

4.5 Singler-phase bridge rectifiers use four diode units and give full-wave rectification.
Fig. 24a shows that opposite pairs conduct together with one pair handling each
alternate half cycle. he black and red arrows indicate the relative current paths for
each half '?ycle (- to_ -J:)· _ _ _ _ _ _ __ _ _
With a bridge rectifier the inverse voltage is applied across the two non-conducting 1g
diodes in parallel. The inverse voltage across each unit is equal to the supply
voltage and the total number of plates of the four units need be no more than that
used for two units in the push-pull arrangement of Fig. 23a. Figs. 24b and c show
alternative schematic arrangements commonly used in circuit drawings; these are
electrically identical to Fig. 24a.

le

L

+

A.C.INPUT

(b)- +
LOAD v

OUTPUT WAVEFORM

(a)(e)

FIG. 24. SINGLE PHASE BRIDGE RECTIFIER.

4.6 Three-paase half-ave rectifiers have three diode units arranged as show in Fig. 25.
One half cycle from each phase is suppressed but because the three voltages overlap in
time the output does not have periods of zero voltage as with single-phase half-wave
circuits (Fig. 22).

+

MAINS
2

INPUT

+

+

+ LOAD

a1 zv z N
I I \

OUTPUT WAVEFORM

PRIMARY - DELTA CONNECTED
SECONDARY-STAR CONNECTED

FIG. 25- THREE-PEASE HALF-WAVE RECTIFIER.

4.7 Three-phase brig&e rectifiers require six diode units arranged as shown in Fig. 26 which
also shows how the half cycle pulses are partly superimposed to give D.C. output of
higher voltage with smaller variation than either single-phase full-wave or half-wave
three-phase rectifiers.
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re are several configurations of diodes and transformer which permit three-phase full
t±e rectification, including a push-pull arrangement. They were developed originally for
:= with gas diodes and some arrangements had advantages for particular types of service.
-th metal rectifiers the three-phase bridge shown in Fig. 26 is suitable for practically
- high power applications; the single-phase bridge (Fig. 24) is used for most lower

: er applications up to 2-3kW.

-±SE 2
[)t

3

". , "Y xxXX Xx»
X\Mi

v? y M y V v vs
OUTPUT WAVEFORM

+
LO AD

FIG. 26. THREE-PHASE BRIDGE RECTIFIER.

las diodes connected in a laree-phase bridge circuit are used for high tension supply in
-zern radio and .,V. transmitters were selenium rectifiers would be more bulky and less
+ificient at the very high voltages used (6kV being typical). A typical circuit is shown

Fig. 27. The diode connections are electrically equivalent to that of Fig. 26 but the
sthodes are directly heated filaments and in three of the six tubes they are supplied by
-parate and well insulated transformers because of the high voltage difference between
i~m. The cathodes of the other three tubes are commoned and may be supplied by one
Transformer of higher rating but in many cases separate transformers are again used; a
single spare transformer of the same rating can then be used in the event of failure to
replace any one of the working six.

\SINGLE
PHASE

3l
+

LO AD
FIG. 27. DEREB-PAASB HIGH VOLTAGE PONER SUPPLY.

For many years mercury vapour tubes have been used extensively for this class of service,
tut it is necessary to observe some special precautions with them because the cathodes
an be damaged if the filaments and tubes are not allowed to warm up before the anode
voltage is applied. Automatic switching is generally provided to ensure this; a time
ielay before the anode voltage is applied allows the residual mercury to vapourise and
produce the correct gas pressure. Continuing operation within correct temperature limits
is also important.
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Recent development of xenon gas diodes have made them equally suitable for high voltage
power supplies having a moderate current drain, Time delay switching is not necessary
as anode and filament voltages can be applied together, Xenon diodes are finding
general use for this class of service.

4.8 Voltage Doublers are rectifier circuits sometimes used to provide relatively high
voltages with low power outputs. Fig. 28 shows a typical full-wave voltage doubler
circuit. The name is derived from the fact that D.C. output voltage on open circuit is
approximately twice that of the A.C. peak input voltage.

MRI

A.C. INPUT t -- Cl
Au 3 LOAD.,-

c 2

+
MR2

FIG, 28. VOL/AGE DOUBLER (FULL-NAVE) .

One half cycle of input charges capacitor 01 to the peak A.C. voltage via diode MR1 as
indicated by red arrows. The other half cycle charges 02 via MR2. The load connects
across the two charged capacitors in series so that the output voltage is twice the pea:
input voltage. With large capacitors and light load current the output voltage on load
is maintained, but heavy load currents or the use of small capacitors which hold only a
small charge will result in output voltage being much less than twice the peak input
value. A varying load will result in varying output voltage.

Because of these disadvantages voltage doublers have, in the past, found only limited
application. Recent developments in electrolytic capacitors and silicon diodes have
made the voltage doubler principle of practical use over a much wider field and many
items of electronic equipment are now using this form of conversion (radio and I.V.
receivers, test gear, etc.).

The circuit of Fig. 28 is only one of several circuits which give rectification and
voltage multiplication. Using more elaborate arrangements of diodes and series
capacitors, it is possible to have voltage tripling and voltage quadrupling rectifiers
and such circuits are used occasionally to derive medium voltage, very low current
outputs from low voltage A.C. Higher multiplying factors are quite possible but not
generally practicable.

4.9 Regulation. Power supplies which supply varying load current are required to have what
known as "good regulation". As explained in relation to power transformers in the paper
ransformers and Inductors", regulation is a measure of the output voltage variation -

no-load to full-load and is usually expressed as a percentage of the no-load voltage,

In power supplies the overall regulation is the voltage variation with load variation
resulting from the losses in every component of the A.C., to D.0. conversion path -
transformer, diodes and filter.

Expressed as a percentage, regulation is :-

No-load voltage - full-load voltage
No-load voltage

Where output drain is constant, regulation is not of prime importance. As long as outr_
voltage on load is sufficiently high a considerable terminal voltage drop when the loat
is applied will not affect operation, except that poor regulation also indicates a power
supply which is wasting energy in its relatively high internal resistance, When a
rectifier supplies several separate circuits low internal supply impedance is desirable
to avoid interference or the need for extensive decoupling filters.

X 100

The resistance of the diode elements accounts for most of the voltage drop in rectifier
although cheap filters used in some low current circuits give a considerable voltage dr:;
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-_TERING IN POWER SUPPLIES.

Ripple. he output from any rectifier is varying D.C. as we saw from the waveforms
shown in Figs. 22 to 26. Any varying or pulsating D.O. may be regarded as comprising
two components; a steady D.C. having an A.C. component superimposed upon it. The
A.C. component is called the ripple and it is the function of the smoothing equipment
or filter to eliminate it or transfer its energy into steady D.C. output.

3ipple Frequenoy
arrangement used.
arrangements .

The frequenoy of the A.C. ripple depends on the rectifier
The following table lists the ripple frequency for the various

Rectifier Arrangement Ripple Frequency Ripple Frequency with
50¢/s Supply

Single-phase, half-wave Supply frequency 50c/s

Single-phase, full-wave Supply frequency X 2 100c/s
(bridge, push-pull or
voltage doubler)

Three-phase, half-wave Supply frequency x 3 150c/s

Three-phase, full-wave Supply frequency X 6 300c/s

Fig. 29 shows the output waveform of a single-phase and three-phase, full-wave
rectifiers divided into their two separate components.

CYCLE OF

+ SUPPLY

0
,

+
AA0 A.C.

VV\ RIPPLE

+ I o.c.
COMPON ENT

IiQ.

(a) Single-phase, full-veve-

+

+

I-CYCLE Qf«!
SUPPLY

D.C.

COMPONENT

0 ---------------

(b) Three-phesg, full-wave.

FIG. 29. REOTIFTR OUTPUT COMPONENTS.

Notice that the A.C. ripple is not of sine waveform and that in Fig. 29a two positive
going and two negative going peaks occur in the time of one cycle of the supply.
This explains how the fundamental ripple frequency is twice that of the supply; in
addition, the non-sinusoidal waveform indicates the presence of higher order harmonics.

Fig. 29b shows that the A.C. ripple on the three-phase full-wave output is six times
the supply frequency and compared to Fig. 29a has a much lower proportion of ripple
to D.C. component. These factors make the smoothing much easier especially with
large output currents.
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5.2 Ripple Filters. Ripple filters usually consist of series inductance and shunt capacitance
although series resistance may also be used in low power circuits. The inductors and
capacitors can be connected in two main ways resulting in filters being classed as either
"choke input" (inductance input) or "capacitor input", (Fig. 30.) In general terms,
filters eliminate the A.C. by offering to the ripple a high series impedance and a low
shunt impedance. In effect they constitute a low pass Tilter with cut-off frequency less
than the ripple frequency. (Low pass, high pass and band pass filters are explained in
Long Line Equipment 1".)

L I
FROM
RECTIFIER Cl

(a) 0hoke Input. (b) Capes!tor Input.

FI0. 39. BASIO FILERS.

LOAD LOAD

(e) Besiptance-0epaoity.

5.3 Eilber Chokes. The choke offers an impedance to ripple which depends on the inductance
and the frequency (X1, = 21fL). The D.0. also flows in the choke and in high current
circuits a low resistance is imperative to avoid wasteful IR power loss and excessive
heating of the choke. Very low resistance necessitates very heavy winding; this limits
the number of turns and consequently the amount of inductance which can be obtained in =
choke of reasonable size,

A choke with a closed magnetic circuit will readily saturate on a low value of load
current with a consequent loss of inductance. Filter chokes therefore have an air gap
in the magnetic circuit to prevent saturation. Even so, the inductance value is less
than a similar choke which does not have to pass D.C. he inductance of a choke or
inductor carrying D.C. is less than that for A.C. only.

Rectifiers having outputs of 100A or more have chokes with a low inductance in the regit:
of one henry or less, whereas small equipment power supplies giving less than, say #A
have chokes ranging up to about 30 henries.

Filter o5Pa9it0rs are nearly always the electrolytic type which have the necessary high
capacity in a reasonable space. Long life is achieved by special sealing techniques
which prevent drying out. Capacities range from 8 or 16µF in low current filters up to
as high as 40,000µF in high current filters although this is achieved with ten or more
capacitors in parallel. Large capacitors are always connected via a fuse to protect tr
equipment in the event of a short circuit.

5.4 Choke-input filters are used in high current circuits, and in low current circuits
requiring good regulation. Theoretically the A.C. component flows via the choke and th=
capacitor but not in the load, the ripple voltage being dropped across L which has
relatively high impedance and not across C which has low impedance. However, as the
impedance of L is not infinite and that of C is not zero at the ripple frequency, some
ripple voltage will be developed across C, and therefore across the load also, which is
in parallel. Where a very high degree of smoothing is required a second filter section
may be used (Fig. 31a) and even a third in some cases.

Where the load incorporates a "floating" secondary battery the smoothing is greatly
improved by the very low impedance of the battery which acts as an effective short
circuit to the A.C. component and shunts any remaining ripple from the load. A capacittr
across the output would serve no useful purpose and is omitted as in Fig. 31b.

FROM
RECTIFIER LOAD

(a)(b)

FIG. 31. TWO SECTION FILTER.

LOAD
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capacitor -inPuE filter (Fig. 30b) are suitable only in fairly low current circuits and
14 Wero thy Ek«Brommer, rectifier combination contains sufficient resistance to

limit the peak charging current of the input capacitor to a safe value. Large capacitors
have very low impedance to current change and a very low impedance source would result
in very large peak charging currents of short duration which could adversely affect the
iiode element.

The charged capacitor across the output of the
rectifiers prevents current flow from them until
the voltage reaches that across the capacitor
terminals. The rectifier therefore supplies its
energy in pulses of short duration and the
design of transformers for high output with this
zype of loading is not practicable. The capacitor
1 discharges to the load between the charging
pulses from the rectifier and the voltage across
it varies as shown in Fig. 32.

VOLTAGE ACROSS INPUT CAPACITOR.

FIG. 32.

When load current is small the input capacitor charges to the peak value of the A.C.
input so that output voltage is higher than that of a choke input filter on the same
rectifier. With heavier load current the peak voltage cannot be maintained and output
oltage drops; regulation therefore is not as good as obtainable with choke input
filters. The choke and second capacitor of input filters attenuate the remaining ripple
in the same manner as described for choke-input filters.

Capacitor-input filtering enables a higher degree of filtering from one section than
choke-input filtering because the input capacitor greatly reduces the ripple voltage
which the following L/C network has to handle.

The use of capacitor-input filters is mainly limited to power supplies for P.M.B.Xs.,
radio receivers, test gear, etc,, where load variation is small and a high degree of
filtering is required in a small space. The supply impedance necessary to limit the
charging current of 01 is inherent in high vacuum diodes,With semi-conductor diodes
some series resistance may be used but the resistance in small transformers is generally
sufficient to limit peak currents.

3/0 Filters (Fig. 30¢) are used in some low current circuits because of their cheapness
"Es8facause the space taken by a choke is saved. Capacitor input is used and a resistor
takes the place of the choke. After the input capacitor has reduced the ripple voltage
as described above, the remainder flows through the second capacitor and drops most of
its voltage in R. The D.C. voltage drop in R is allowed for in the design so that the
output voltage is sufficient on load. R is usually a wirewound vitreous resistor mounted
so that there is sufficient ventilation to dissipate the heat.

Graded Filters. Two or three section filters are used in high quality audio amplifier
power suppl.es. Such filters are often "graded" so that part of the output receives one
stage of filtering, another part two stages, and only the circuits highly susceptible to
hum" pick-up receive the full three stages of filtering. (The first stage of an
amplifier handles signal voltages which may be less than 1mV and noise such as A.C, hum
must be low in proportion.) This makes smaller components adequate in the second and
third sections as the full output is filtered by the first section only (Fig. 33).

:

POWER AMPLIFIER

I 1.-----------1NTERMEDIATE STAGES}-HIGH VOLTAGE,i1'1'mo-I-"" hi.
FROM

"Tr
era. 33. GRADED OUTPUT THREE SZOT'ION FILTER (0hoke Input).
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6. RECTIFIER OUTPUT CONTROL.

6.1 General. In most rectifier sets provision is made to control the output current to
suit the load demand.

Supply sources having negligible internal resistance such as large alternators and
secondary batteries will of course supply a wide range of current values to varying
loads at a practically constant output voltage. Rectifier sets however have some
resistance in the diode elements, transformer, and filter, and without control can
only supply increased output current at a reduced terminal voltage. In the majority
of cases this is undesirable as the supply voltage for modern telecom equipment must
be maintained within narrow limits,

For example, a telephone exchange having a typical load variation of from say 1OA to
4OOA requires a supply maintained between about 46V and 52V. For most economical
operation of the power plant (batteries, rectifiers, etc.) even closer limits are
necessary and modern rectifier sets are able to maintain the busbar voltage within
±* O.5V of an optimum value.

Modern circuits and devices provide sensitive automatic control and are the result
of many years of development. Fig. 34 shows the operating conditions of most large
telecom rectifiers where the load is supplied directly from the rectifier with the
battery "floating" across the terminals and being maintained in a fully charged
state. his arrangement is universal for automatic telephone exchanges although
many P.M.B.Xs. and much long line equipment have no battery supply.

A.C. MAINS
3 PHASE

4
I
I
I
I
I

RECTIFIER
SET
AUTO

CONTROL

FIG. 34. TYPICAL APPLICATION OF RECTIFIER SET.

6.2 Manual Control is affected generally by varying the A.C. input to the rectifying
elements as shown in Fig. 35,

A.C.
MAINS
INPUT

TAPP ING
SWITCH

FI0. >5. MANUAL CONTROL.

TO
LOAD

,

Manual control (or no control with preset output) is suitable for very light loads
such as O.B. P.M.B.Xs., constant loads, or non-critical loads such as batteries beirg
charged while off load.
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·tege stabiliser or vol5age regulator (V5l.) tubes are used in some low current circuits
-> pr6Viad % HIE10 6.% 6F %A0a646 Ltage regulation. we sas in section 2 +hat while
conducting in the glow discharge region of their characteristic, cold cathode diodes
-aintain almost constant voltage between electrodes over a considerable current range.
Ihis property can be used in many ways, the simplest being as shown in Fig. 36.

RR

D.C.
FROM

VR
TUBE

D.C
FROM

RECTIFIER RECTIFIER

(a)(b)

FT0. 36. VOLAGE REOULATJON USING CO] OAT'ODE DIODES.

The load is connected across a V.R. tube of suitable voltage rating (Fig. 36a) (or tubes
in series for voltages above about 150V as shown in Fig. 36b) and the D.C. supply is
connected via a resistance R. In maintaining a constant terminal voltage across itself
the V.R. tube draws less current when the load draws more, and more current when the
load takes less.

For example, if the V.R. tube has a range of from 10 to 50mA, R is adjusted so that the
tube draws about 30mA when the load current is midway between maximum and minimum (say
70mA). When the load current rises to 80mA the V.R. current drops to about 20mA and at
60mA load current the V.R. current rises to about 40mA.

This arrangement is suitable for light loads only. V.R. tubes vary a few volts over
their full range but are excellent for variations of less than 10mA.

V.R. tubes are used more often as a source of "reference voltage" for more elaborate
bypes of voltage regulation. The constant voltage across a V.R. tube carrying nearly
constant current is compared to another voltage which is affected by load variation,
and an accurate signal is derived from the two to operate the control device. This is
usually a variable impedance or resistance in series with the supply.

For example, in one type of electronic regulator the control signal derived using aV.R.
tube as voltage reference is amplified and fed to a triode as shown basically in Fig. 37.
The controlling signal varies the grid to cathode voltage which varies the anode to
cathode resistance and the varying load is supplied with only very slight variation in
load voltage.

D. C.
FROM

RECTIFIER

D.C. AMP
AND

VR TUBE

FIG. 37. ELECTRONIC REGULATOR.

Any form of control which uses variable resistance elements in series with the load is
only practicable with small output powers because the control resistance wastes a
considerable proportion of the total power.

Fig. 36 and 37 show elementary principles of auto control but as such they find little
application in modern telecom circuits.



DIODES AND RECTIFIERS.
PACE 24.

6.4 [The Saturable Reactor or Transductor. fo control large powers with minimum energy waste
sensitive electromagnetic or electromechanical devices are used to vary the A.C. input
to the rectifier elements. The transductor is a static, (no moving parts) electromagne:.
device which provides a means of controlling large amounts of A.C. with a comparativel
small D.C. signal. We have seen that an inductance or choke with low resistance can
introduce a large voltage drop in an A.C. circuit and yet waste very little energy.
Fig. 38 gives the basic principle of a transductor or saturable reactor. Coil A is a
choke of very low resistance and coil B is another winding on the same core. Coil A is
connected in series with an A.C. load which receives an input voltage reduced by the
voltage drop in A. ~

--ll
FIG. 38. PRINCIPLE OF TRANSDUCTOR.

of A is zero and the load receives the full

When D.O. is connected to coil B, the
unidirectional magnetization of the
core reduces the flux variation due t:
the A.C. The inductance of A is thus
lowered, its reactance (Xy, = 2MfL) is
reduced, and the voltage to the load
is increased. The greater the degre=
of D.C. magnetization of the core, ti:
lower the inductance and reactance oi
and the greater the A.C. input to the
load. When the core is sufficiently
saturated, inductance and reactance

applied voltage.

6.5 B/H curves can be used to explain the action of transductors. Fig. 39a shows a typical
curve relating variation of core flux density B with the magnetising force H to cover -
full cycle of A.C. excitation. For simplicity we will consider that hysteresis is
negligible (as is nearly so with some high quality core steels). (See the paper
"Magnetism and Electromagnetism" in Applied Electricity 1.)

B
(KILOGAUSS)

8
(KILOGAUSS)

+ H

(KILOGAUSS)
B

(a)(b)

FIG. 39. FLUX DENSITY VARIATION.

Suppose an A.C. swings the magnetising force from P in the positive direction to Q in
the negative direction, the resulting variation in flux density is a total of about
20 kilogauss. This corresponds with the region of maximum inductance for the A.C. coil.

Suppose now, the unidirectional magnetising force of a D.C. signal in another coil shii
the mean operating H to point N as show in Fig. 39b. An A.C. of the same magnitude wil
now swing the magnetising force over the region PNQ but because of the shape of the
curve in this region the corresponding variation in B is only about g kilogauss. [he
inductance of the A.C. winding is therefore greatly reduced.

Shifting point N to the left (less D.C. signal) will result in a greater inductance ari
shifting it to the right (more D.C.) will reduce the inductance.
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'tiern transductors use special core materials and winding techniques which permit
sensitive control over a wide range for a small energy loss in the D.C. or signal coils.

I. is necessary to prevent A.C. being induced into the D.C. circuit and one method of
-ting this is shown in Fig. 40a. Two identical chokes are used and connected in series
-t that theoretically the A.C. induced into Bi is 180° out of phase with the A.C.
induced into B; the resultant is zero A.C. in the D.C. circuit.

lne method of schematically showing this type of transformer connection and operation is
-town in Fig. 40b. These coils however may be shown without the details of the
connections as shown in Fig. 40¢.

D. C.

8

A Al

(v)
B BI

A Al

(a) (e)

FIG. 49. CONNECTION OF TRANSDUCTOR COILS.

In practice the non-linear magnetization throughout the cycle results in the production
harmonics of the fundamental A.C. supply frequency not all of which are 180 out of

Thase in B and B1. Having low power they can generally be disregarded although in
ertain applications of magnetic amplifiers (a refinement of transductors) additional
-easures are taken to remove them.

Transductor Control of Rectifier Sets. Fig. 41 shows the principle of a controlled
rectifier having a simple type of direct control. The signal windings of the
transductor have low resistance and are in series with the output.

s decrease in load resistance causes an increase of load current. The extra current in
the signal windings of the transductor raises the degree of core magnetization which
lowers the reactance of, and the voltage drop, across the A.C. windings and results in
an increased A.C. voltage to the rectifier. [he increased A.C. voltage to transformer
and rectifier elements compensate for the additional voltage drop across them and
enables the greater D.C. load demand to be met with very little drop in D.C. terminal
voltage. This is the principle of the "fransrector" further details of which are given
in the paper "Power Plant Components" in Telephony 5.

A.C.
SUPPLY

TRANSDUCTOR

i---l
I

SIGNAL WINDINGS

FIG. 41. DIRECT CONTROLLED RECTIFIER.
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6.8 Auto Control Using an Amplifier. The direct control cannot compensate for variation
of mains voltage and frequency. The sensitive control mentioned in para. 6.1 is onl
obtained using rather elaborate voltage reference and D.C. amplifier circuits to
excite the transductor (or transductors). Three-phase rectifiers have a transductor
in each of the three A.C. input leads.

The basic principle of auto control rectifier sets using amplifiers in the control
as shown in Fig. 42.

A.C.
SUPPLY

TRANSDUCTOR

TRANSFORMER
RECTIFIER

AND
FILTER

_________________\ VOLTAGE REFERENCE
AND

D. C. AMPLIFIER

CONTROL CIRCUIT

FIG. 42. PRINCIPLE OF AUTO CONTROL RECTIFIER.

An accurate signal is derived by comparing a constant reference voltage to the outpu:
voltage. his signal is the input to an amplifier, the output current of which flow=
through the control windings of a transductor (or transductors).

When the load current increases and the output voltage decreases slightly, the
increase in amplifier output current decreases the reactance of the transductor A.C.
winding. This allows a compensating increase in A.C. input to supply the increased
demand with minimum voltage drop.

Since the output voltage must decrease (or increase) slightly to provide the control.
absolutely constant voltages cannot be obtained. However the voltage variation in
this system is a fraction of a volt in comparison to a range of several volts obtair=:
when using similar components without automatic control.

By designing the voltage reference circuit to be entirely independent of mains
voltage or frequency, the control compensates for variations in these, as well as ir
the output load.

Further information on transductors and magnetic amplifiers is contained in the paper
"Power Plant Components" of Telephony 5.

6.9 Overload_ protection is provided in all auto control rectifier sets. Should the load
current exceed the maximum safe output of the set an additional feature of the
control circuit prevents it from forcing the output current to continue rising in
an attempt to "follow the load". A voltage proportional to the output current is
also applied to the control circuit and at maximum safe output this additional signal
acts to prevent further output from the D.C. amplifier to the transductor (or
transductors).

For simplicity this additional signal load to the control circuit is not shown in
Fig. 42 but it is usually derived from the voltage drop across one of the series
filter chokes.
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±to-mechanical regulation of rectifier sets has been used overseas for some time but is
now beginning to be used in Australia for large output units of about two hundred
amperes and over.

The principle is relatively simple and a simplified circuit of the control is shown in
Fig. 42. The three phase input to the main transformer is fed in series with the
secondary windings of three small transformers called the "buck boost' transformers.
The primary winding of each buck boost transformer is fed from an auto transformer
supplied by single phase input between the corresponding line and neutral (N).

Bach auto-transformer regulator has two sliding contacts linked mechanically to a small
reversable A.C. motor. A contact voltmeter across the D.C. output has high and low
voltage contacts which control the motor and its direction of rotation via two relays
RR and LR (raise regulator and lower regulator).

"sucK s0osr"
TRANSFORMER
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SINGLE
PHASE
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TRANSFORMERS ID.C.

AND IOUT
RECTIFIERS
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FIG. 42. AUTO-MECHANICAL REGULATION OF RECTIFIER.

In operation the buck boost transformers can either increase or reduce the input voltage
to the main transformer depending on the phase relationship of the buck boost inputs to
the main line current inputs; this in turn depends on the position of the sliding
contacts on the regulator auto transformers. With this arrangement the control
transformers handle little power compared to the main transformer and are therefore
small in size and have low IR losses.

When a change in load or mains voltage alters the output voltage the contact voltmeter
operates either relay RR (low output voltage) or LR (high output voltage) which closes
the motor circuit to affect the necessary adjustment on the regulator transformers.
The contacts of the contact ammeter operate on overload or fault currents and initiate
a lowering of output (circuit not shown).

The buck boost type of control allows an additional useful feature to be included with
large rectifiers. The input transformers are duplicated and the primary windings
operated in parallel. The secondary windings are interconnected with each other, the
rectifiers, and an "interphase" reactor in such a way as to produce a D.C. output having
a ripple frequency of 600c/s, which can be filtered out more readily using smaller
filter chokes than are needed for ordinary single or three-phase rectifiers. (There are
many different transformer connections which produce multiphase output but their study
is beyond the scope of this paper.)

Auto-mechanical control of this type gives higher efficiency for large outputs than
other forms of auto control.
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7. TEST QUESTIONS.---

1. With the aid of a curve describe what occurs when anode current in a diode is (i) space charge limited,
(ii) saturation limited.

2. What is the difference between "hard* and "soft® electron tubes?

3. Describe the operating differences of high-vacuum and gas diodes (hot cathode).

4. What is "glow discharge"?

5. List and describe briefly the three main types of photo diodes.

6. Describe the basic principle used in electron multipliers.

7. (i) Using a curve describe the significance of the forward and reverse characteristics of semiconductor or "meta]"
(ii) How is their behaviour affected by a rise in temperature.

8. How are semiconductor diode elements assembled to increase - (i) the overall voltage rating, and (ii) the overall
current rating of a rectifier.

(i) (ii)

9. Using the standard semiconductor diode symbol, show by means of sketches a diode's relation to -

(i) output polarity when used as a half-wave rectifier;
(ii) the applied D.C. polarity when used to block the current in a resistance.

10. What do you understand by the codes - 1/12A, 2P/6A, 2/1A.

11. What type of mains supply is used for a rectifier set delivering say 200A at 50¥? Give a reason for your answer.

12. In what way has the introduction of silicon power diodes affected the design of rectifier sets?

13. Explain with the aid of sketches, the operation of push-pull single-phase rectifiers using electron tube and
semiconductor diodes.

14. (i) Explain with the aid of a sketch the operation of a single-phase bridge rectifier.
(ii) Why is the bridge circuit preferred to the push-pull circuit for selenium rectifiers.

15. Describe the operation of a full-wave voltage doubler.

16. Draw the circuits for three-phase bridge rectifiers using - (i) semiconductor diodes, (ii) gas diodes.

17. What precautions are necessary in the operation of mercury vapour gas diodes?

18. When the terminal voltage of a power supply varies considerably with load changes, it is said to have poor .

19. (i) Using simple sketches show what determines ripple frequency in single-phase and three-phase full-wave rectifi=-:
(ii) What are the ripple frequencies when the supply frequency is 50c/s?

20. (i) Describe the action of two types of L/C ripple filters.
(ii) One of these cannot be used for all types of circuits. Explain its limitations.

21. How can the output of a rectifier set be manually controlled?

22. Show by means of a sketch how a V.R. tube can be used to stabilise the voltage of a low current circuit.

23. (i) What is a transductor?
(ii) Describe the principle on which transductors operate.

24. Draw a block diagram showing the principle of automatic voltage regulation used for large rectifier sets and bric'
describe its operation.

END OF PAPER.
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IORODUCTFION .

Electron tubes, vacuum tubes, thermionic tubes or valves, are the names used to
describe the range of devices developed from the early diode and triode valves.
This paper describes the general construction and operation of the basic types of
electron tubes used in telecom and extends the information given in the papers
"Basic Electronics" in Applied Electricity 1 and "Diodes and Rectifiers".

I3E CLASSIFICATION.

Because of widely varying requirements of electronic circuits, many tubes are designed
for special applications. Although the large number of different types and their
associated technical data is often bewildering, it should be remembered that most of
these represent adaptions of the basic types - diode, triode, tetrode, pentode, and
cathode ray tubes.

-. The significance of the figures and letter combinations used in tube classifications
(6B8-GT, 12BY7A, K61, etc.) varies somewhat between manufacturers, but as a general
rule the prefix figure (6, 12, 25, 50) refers to the heater or filament voltage -
6 for 6.3V heaters, 25 for 25V heaters, etc.
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¥ 3. TRIODES.

3.1 The basic construction and operation of the three element electron tube (known as =
triode) are explained in the "Basic Electronics" paper of Applied Electricity 1.
he construction of a typical low power triode is shown in Fig. 1. The control gri.
is commonly known as the "grid" and in some tubes, connection to the grid is by me::
of a metal cap on top of the glass envelope. Many high power tubes have the anod=
plate connected to the top cap. In very high power tubes it is common for the out:
surface of the anode to be exposed for air or water cooling.

ANODE

0

I CONTROL
GRID

~i HEATER
g
Ii

FIG. 1. CONSTRUCTION OP TYPICAL TRIODE.

3.2 We saw in the paper "Diodes and Rectifiers" (para. 2,2) that electron movement wit::
vacuum tube is controlled by electrostatic forces resulting from the applied elexir
voltages and the space charge. The addition of the control grid permits the anoi
current to be varied by varying the potential between the control grid and cathci-

The dimensions and shape of the electr:i
and the physical spacing between them,
differ in accordance with the intended
applications. Tubes which are designei
handle considerable power have larger =:
more robust electrodes.

SYMBOL

As the control grid is physically closer to the cathode than the anode, the grid
cathode voltage (known as Grid voltage) exerts a far greater degree of control c.-r
the anode current than the anode-cathode voltage (Anode voltage).

1
ANODE VOLTAGE

CONSTANT

GRID
VOLTAGE
(Eg)

ANODE
V 1VOLTAGE

(Ea)
- H.T. OR

Eg / ANODE
'SUPPLY CUT-OFF

I
0 8 6 4 2 O

Eg

(a)(b)

FIG. 2. TRIODE CONNECTIONS AND CURVE.

3.3 When the anode voltage is fixed and the grid voltage is negative and gradually inc-:=»
the anode current decreases until a point is reached where the combined effect oi ti
negative field of the grid and the space charge cause the anode current to cease.-
is called "cut-off" point. The grid potential needed for "cut-off" varies with ti
design of the tube and the anode voltage. When the anode voltage is increased,
greater negative grid voltage is necessary to cut-off the anode current.
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T3n the grid potential is positive and gradually increased, the anode current increases
i the positive grid attracts some electrons to cause grid current. As the grid is
riven more positive, the grid current amplitude increases. The curve of a typical
ipde valve is shown in Fig. 2b.

-isssiby for Bias. In an amplifier, when an A.C. signal voltage is applied directly
-tween grid and cathode, anode current varies around the zero grid voltage position of
i= curve (Fig. 3b). On the positive half cycle of input voltage, the grid attracts
+l±ctrons and grid current flows. When the grid circuit contains impedance (as is the
is~ in most practical circuits), the grid current causes a voltage drop in opposition
: the applied signal which reduces the voltage applied to the grid of the tube (Bg) and
i- anode current variation is not a true replica of the input voltage waveform as shown
- fig. 3b. This distortion also occurs when the grid voltage extends into the lower
-Ii of the curve. DISTORTED

-\- -- -
-1---- -

GRID
I

ANODE SUPPLY
E APPLIED TO GRID

(a)(b)

FIG. 3. DISTORTION DUE TO GRID CURRENT.

-- Bias. Distortion is avoided by preventing the grid becoming positive and operating
__tame only on the negative linear section of its Ia/Eg characteristic. To achieve
is, the A.0. input signal to the grid is superimposed on a steady negative D.C. voltage
rich is called the "Grid Bias". Fig. 4a shows the battery method of providing this
is. When the signal is applied it varies the grid voltage above and below the bias
:tential. (Fig. 4b.)

- +
BIAS EE

ANODE CURRENT

I -~--c:R~~ONS

--L - -- --~--t_-- ---
(a)

-TE: Grid Voltage is the combination
of signal and bias voltages.

FIG. 4. BASIC TRIODE AMPLIFIER.

rid bias, therefore, establishes the "working point" about which the signal voltage
aries the grid potential through a range within the straight (or linear) section of the
trve. The resulting variations in anode current correspond to those of the input signal
tltage. When variations of grid voltage extend beyond the linear section, the anode
:rrent waveform is distorted. This arises from bias voltages that shift the working
pint close to either end of the linear section, or too large a signal input, or both.

(v)

-fore directly heated tubes and mains operated power supplies were introduced, all
tubes were battery operated. Three batteries, designated A, B and C were used for the
filament, anode and bias supplies respectively as in Fig. 4a. Although the use of
tatteries is now mostly confined to portable equipment, the term B+ is still frequently
ised to designate points connected to a common anode supply,
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3.6 Amplification. The grid, biassed to a negative D.C. potential with respect to cathode,
controls anode current without any current in the grid-cathode circuit. The anode currer.
which is controlled, may dissipate a considerable power as typical anode supply voltages
range from 45V to 300V and typical anode currents range from less than 1mA to above 100m:.
This ability of the triode to control power from the anode supply with negligible power
input shows that amplification is basically a raising of power level. Since there is nc
grid current the triode is a voltage operated device having a very high input impedance.

Actually no input current implies infinitely high impedance. (z= z- f=.) This

is not quite the case as at this stage we have ignored a number of properties of tubes
which in most cases limit the input impedance to a few megohms or less. This is still
very high however and the source of signal does not need to be capable of producing
current or power.

3.7 Voltage erd Porer Amplifiers. The small signal voltages from receiving aerials,
microphones, pickups, etc. range from a few microvolts to a few hundred millivolts and
are unable to "drive" or "swing" the grid of an amplifier, as in Fig. 4a, to produce an;
useful output power for operating devices such as loudspeakers or recording heads.
One or more voltage amplifying stages are used to produce the necessary grid swing for =

power output stage.

3.8 Voltage amplifiers produce a large voltage amplification or "gain" between the input
circuit and the output circuit. A high impedance in the output circuit achieves this
as small anode current variations produce large voltage variations across the high
impedance anode "load". Fig. 5 and Table 1 show how a 100,000 ohm anode load RI, enables
1V changes between grid and cathode to cause 20V changes between anode and cathode.
An A.C. input therefore of 1V peak value will be reproduced in the output having a 20V
peak value. C1 prevents D.C. of the anode supply appearing in the output.

Cl

}o Ia
OUTPUT ANODE VOLTS (m A)

20V PEAK Ea

L 130v
Ea 1 150 v I ·O

FL RL 170¥ O • 6
l00K

25 0V O·

I 04
SUPPLY 0·2

- Eg +
250 V Eg (-VOLTS) 4 3 2 I 0

FI-9· BASIC TRIODE VOLTAGE AMPLIFIER.

{TI -i -
5I I e/es-a/I I I I

t---------------------------------------l-----------l--•---·----•...1-----------------1
iii7

D.0. bias and No signal - 2¥ ] 1aA ] 100¥ ] 150¥ I
} Bias minus signal •ve peak 1¥ ] 1.2A I 120¥ } 130¥I

Bias plus signal -ve peak - 3¥ } 0.8%A ] 80¥ I 170¥ I
L______________ --------L L L J

TABLE 1.
As explained above, input impedance is not infinitely high and all amplification is a
raising of power level. For all ordinary purposes, however, a "voltage amplifier"
is one in which the voltage output component is required. Voltage amplifiers generally
work into high load impedances of up to a megohm but a wide range of impedances is used
in practice and there is no sharp line of demarcation between power and voltage amplifier:
The anode load of voltage amplifiers may be resistive as in Fig. 5 or contain inductive
components also as in Fig. 4.

3.9 Power amplifiers required to operate power consuming devices such as loudspeakers,
recording heads and transmitting antennae use power output tubes. As power is dependent
on Ex 1, these tubes handle larger anode currents and have lower load impedances than
those of voltage amplifiers.
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TUBE CHARACTERISTICS .

'.1 As most tubes can be used in a variety of circuit conditions, manufacturers publish
data which is independent of variable values, such as anode load impedance (RI, in
Fig. 5) but gives information about performance in the permissible range of electrode
voltages and currents. Data is given in two forms-

(i) Characteristic curves.
(ii) ube constants or co-efficients.

Apart from their value to circuit designers, the curves and constants permit us to
explain quite simply a great many concepts which would be difficult using only words,
and they are therefore used frequently in this and following papers. They are not
difficult concepts but to prevent electronics becoming a hard subject it is vital
bhat you understand the significance of curves and constants. Merely memorising
definitions etc. is not enough.

--.2 Characteristic Curves express the relationships between grid voltage, anode voltage
and anode current. o sets of curves may be plotted which give the same infofmation
in a different form -

(i) Mutual characteristic ourveg (Eg/Ia) which show the variation of anode
current with changes in grid voltage, the anode voltage being kept constant
during the plotting of each curve. A curve is plotted for each of several
values of anode voltage resulting in a "family" of curves on the one graph
(Fig. 6a). (Fig. 3 showed a single mutual characteristic curve.) The term
mutual signifies that two separate electrodes are being considered.

(ii) Anode characteristio curves (a/Ia) which show the variation of anode
current ith 6hanging anode voltage, the grid voltage being kept constant
during the plotting of each curve. A family of curves is plotted for
different values of grid voltage. (Fig. 6b.)

ANOD E
CURRENT

uIyyI o (Ia)

ll-rl.ieiieitno
-I6 -14 -12 -10 -8 -6 -% -2 0 +2

GRID VOLTAGE (E,)

(a) Mutual Characteristics.

[2Ill

0 40 80 120 I60 200 240 280 320 360 400

ANODE VOLTAGE (Ea)

(b) Anode Characteristics.

FIG. 6. FAMILIES OF CHARACTERISTIC CURVES.

Note that the curves are nearly parallel and that the higher the value of anode
voltage, the higher the value of negative grid voltage needed to cut-off anode current.

Either family of curves relates the three variables Ea, Ia, Eg on the one graph and
shows that anode current can be controlled more effectively by grid voltage changes
than by anode voltage changes. For example, on the Ea = 160V curve in Fig. 6a, a
change in grid voltage of 2 volts, from -4V¥ to -6V (points X &Y), results in a
change of anode current of approximately 4mA. (8mA to approximately 4mA.) To give
an equal change in anode current with a fixed bias of -6V, the anode voltage has to
be raised approximately 40V, from 160V to 200V (points Y & Z).

The anode characteristics (Fig. 6b) show the same relationship in another way, and
with the same example the corresponding changes of X to Y and Y to Z show the 2V
grid and 40V anode changes, respectively.
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As the same information is contained in either family of curves, data books general
provide only the anode characteristic family.

Fig. 7 shows the type of circuit used for plotting characteristic curves. These cir
are called "static" characteristics to distinguish them from "dynamic" characteristi::
which are sometimes prepared to show the voltage and current relationships when the
tube has a particular output load (such as RI, in Fig. 5). Dynamic characteristics =-
fully explained in the paper "Amplifiers".

,
'i

+

'T
I
L

FIG. 7. CIRCUIT FOR PLOTTING CHARACTERISTIC CURVES.

4.3 Tube Constants. Some of the information contained in characteristic curves is alst
expressed mathematically in terms of three "constants" or co-efficients which are -

(i) Mutual Conductance (symbol gm/

(ii) A.C. Anode (or Plate) Resistance (symbol K)3

(iii) Amplification Factor (symbol µ).

4.4 Mutual Conductance. In varying the anode current independently of anode voltage, :
grid is actually varying the resistance (or conductance) of the anode to cathode
path. Using a test circuit such as Fig. 7, the amount by which the grid of a tut
will control the anode current may also be written as a fraction -

Small change in la
Small change in Eg causing it (Ea is kept constant.)

For example, a typical tube may give 2mA change in anode current, Ia, for a 1V ct==

in grid voltage, Eg. The relationship ~rr:; derives the Mutual Conductance in mil::;_:::

per volt - mutual because it relates two separate electrodes, and conductance bec:.:

it is found by $ (the reciprocal of resistance ).

Mutual Conductance is defined as the ratio of a small change in anode current to 1
small change in grid voltage producing it, anode voltage being constant. That is -

Mutual Conductance
Alam- (Ea constant.)

4E,
where

la is anode current.
Ea is grid voltage.
The Greek letter A
a small change in",

or gm in mA per V (mA/V).

Mutual Conductance therefore, is a measure of the control Eg has over Ia. A fig::
1.5mA/V immediately tells us that under test conditions with Ea maintained constz-
a 1V change in grid voltage within the normal working range will result in anode
current changing about 1.5mA. A gm of 4.3mA/V indicates that Ia changes about '.>
for 1V change in Eg. Some text books use the micromho as the unit for gm values.
As a micromho is 1µA per volt the figure is just 1,000 times that when listed as -
This is, 4.3mA/V is 4,300 micromhos. (1mA = 1,OOOµA.)
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Typical values of gm for different tubes range from about 1mA/V up to about 1OmA/V
(4,000 - 10,000µmhos), although some modern special purpose tubes have gm as high
as 15mA/V. Mutual conductance is also known as control grid transconductance or
simply transconductance.

In determining 8m a "small change" is specified because as we saw in Fig. 6a the
mutual characteristics are not perfectly linear and a small change avoids the
inaccuracy that this non-linearity would introduce. However, the non-linearity
indicates that the relationship between Eg and Ia are not constant over their full
range.

'.5 A.C. Anode Resistance is a measure of the control the anode voltage Ea has on the
anode current L5. fi is generally defined as the ratio of a small change in anode
voltage to the small change in anode current it produces, grid voltage being constant.
Or, as a fraction -

A.C. Anode resistance
Small Change in Ea
Small Change in la

(with Eg constant)

(E, constant) where
Ea is anode voltage.
la is anode current.
A means "a sma]] change in"

AE (in V) X 1000
AT, 7% RA

ra in ohms

For example, suppose a 20V increase in Ea, increases Ia by 2mA, then

20 X 1000
2 10,000 ohms.

It must be remembered that ra is a dynamic measure relating h@&s of voltage and
current and is not the internal D.C. resistance from cathode to anode. Because it
relates changing values it is a measure of a tube's internal impedance to A.C.
A.C. anode resistance is also called A.C. plate resistance, or simply anode (or plate)
resistance. The term anode impedance is sometimes used but strictly speaking this is
not quite correct as ra is not concerned with anode to cathode capacitance which is
part of the impedance at high frequencies.

Triodes have A.0. anode resistances ranging from less than 1,000 ohms up to about
80,O00 ohms.

(It is important to note that the D.C. resistance of the tube is not a constant value
but depends on the grid voltage. It is not listed by manufacturers but when required,
its value can be easily calculated for a particular bias by referring to tho
characteristic curves.)

'.6 Amplification Factor is a ratio expressing the relative effectiveness of the grid
voltage to that of the anode voltage in controlling the anode current. It is
generally defined as the ratio of a small change in anode voltage to the small change
in grid voltage required to cause an equal change in anode current.

Amplification factor Sma]1 Change in Ea
Small Change in Eg

(required to cause the same change
in la or to maintain la constant).

A (la constant) where
Ea is anode voltage.
Eg is grid voltage.
A means *a small change in",
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Considering the examples given in paras. 4.4 and 4.5 for gm and ra, a 1V change in E,
changed Ia by 2mA and a 20V change in Ea changed Ia by the same amount. If these
figures were obtained with the one tube, then -

AEa

" A6
20¥
iv 20

There is no unit forµ as it is a ratio of two voltages.

It is important not to confuse the terms amplification factor and gain. Amplificati::
factor is the maximum voltage amplification a tube is capable of under ideal (test)
conditions. Gain is the voltage gain or power gain of one or more complete stages <i
an amplifier and therefore takes into account the performance of the circuit as a
whole and not only that of the tube under test conditions. With any one stage, volt±x
gain is always less than the amplification factor given for the tube, although for
briodes it may approach it in value when circuit design so intends. This is dealt »
in the paper "Amplifiers".

Different triodes have values of µ ranging from less than 10 up to about 100.

4.7 Relationship between Fa» &ms an@ H• Amplification factor µ actually takes into
consideration the values of both anode resistance ra and the mutual conductance gm.

ra relates A Ea to Ala

9m relates A E¢ to Ala

and J is A Ea
for the same Ala.a

Therefore µ combines the information of both ra and gm•
by 8m in mhos the product is µ for the particular tube.
algebra sum-

When ra in ohms is multipli::
This may be proved by a sir;-

ra X gm *

Cancelling la.... ra 9m

AEa
Since = -.- U -A E
(previously defined)

A fa
X
Ala

Ala A6
A Ea
au
ra 9m where

A is Amplification factor.
ra is A.C. anode resistance.
9m is mutual conductance.

(previously defined)

The three forms of this equation are -

Combining the figures of the previous examples -

With a g of 2mA/V and ra of 10,000 ohms a tube has an amplification factor of -

2
0mg K 10,000 - 20

hen gm is expressed in micromhos {2000 aicromhos for this example)

ms - a - f rt,ao • zo,
10

Since µ is the product of ra and gm, high values of either or both contribute towari
high values of µ.
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Variation Of Ea; Em and H• Individually, the values of the constants are not truly
constant but vary with the applied voltages. If the relationships between Ea, la and
Eg were constant over the whole range, the characteristic curves would be linear,
parallel and equally spaced. As we have seen from Fig. 6, this is not so and the
figures given in tube manuals for the constants refer to their value at typical anode
and grid voltages which are also listed. Referring again to Fig. 6, the figures for
triodes generally apply to the region near points X and Z.

Values for ra 8m and µ can be calculated by selecting points anywhere on the curves.
Note that the ratio of voltage and current changes will have altered for parts of the
curves which have a different slope. A fairly uniform slope of the mutual
characteristics indicates that the gm is fairly constant within that region.
Uniform slope of the anode family indicates that ra is fairly constant within that
region. (The term "slope" is sometimes loosely applied to gm such as a "slope of
4mA/V" or a "steep slope" to indicate high value of gm•) The equal spacing between
curves indicates that µ has a fairly constant value.

The variation of the constants is the reason for calculating their value using
"small changes".

-.9 Significanoe of Tube Gonstants. mhe true significance of rar &n and µ lies in
the ways they may be related to actual circuits and the suitability of particular
tubes for various applications.

Even when the foregoing derivation of µ = ra&m is quite well understood it is not
always easy to appreciate at first why ra is just as important as gm in determining
gain when the tube is used as a voltage amplifier. It is fairly easy to see that
grid control of anode current of say 6mA/V suggests more gain than 1.5mA/V. It may
not be so apparent why an ra of 40,000 ohms compared to one of 10,000 ohms should
suggest an equal improvement.

The constants enable us to express in symbols the fact stated in para. 4.2 - a tube
is capable of amplification because {g 9an control La much more effectively than can
Ea• It is not the actual values but their relation to each other as expressed in
the formula -

µ Afa (Ia constant)AG
u will be increased if either AEy is made larger or AEg made smaller in relation
to the other (for a given Ala). But making 4Ea larger for a given AIa is the
..inrthe 1ode sista ein this s O+a (E, t)same as increasing he anode resistance ra since his is n (Eg constant). The

larger ra then, the less effect Ea changes have on Ia, thereby increasing the
relative effectiveness of Eg changes.

Once grasped, the relationships between the constant and the changes they represent
become simple and significant, but being a threefold relationship they cannot be
simply summed up in a few words. Their application will be made more apparent when
amplification is examined further in the paper "Amplifiers".

Remember, however, that voltage gain is always less than µ which is only a theoretical
maximum,
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5 . TETRODES AND PENTODES.

5.1 he ability of a triode to amplify depends on the effectiveness of the control grid
voltage as compared to that of the anode voltage in controlling anode current. The
effectiveness of the control grid in this respect may be increased by placing it
closer to the cathode in relation to the anode to cathode distance and by forming t-=
grid wires into a finer mesh. These factors set physical limitations on the abili:
of a triode to amplify. Another factor limiting conventional triodes under certai
conditions is the unavoidable capacitance between the electrodes (inter-electrode
capacitance), especially that between grid and anode which at high frequencies result
in undesirable feedback from output to input, For example a typical triode grid-t:
anode capacitance of 2.5µµF has a reactance of about 64,000 ohms at 1Mc/s but only
about 640 ohms at 100Mc/s. (Some modern communications equipment operates at
frequencies ranging into thousands of Me/s.)

HEATER

ANODE

~

- CONTROLI GRID

~ CATHODE

5.2 he tetrode was introduced in 1926 and t±r
four electrodes - the three of the trii.
plus another grid between the control zr_
and anode which is known as the screer
grid or simply "screen". The screen gr:
is similar in construction to the cont-:
grid. Fig. 8 shows the basic arranger=:
of electrodes and the schematic symbol.

FIG. O. TETRODE_- ELECTRODE ARRANGEMENT AND SYMBOL,

Fig, 9a shows how the screen is connected in a basic tetrode amplifier circuit. I±
screen is at a positive potential with respect to cathode, usually somewhat less t-=
anode potential but not always, The screen is supplied by a series dropping resi=-
or a voltage divider, but for A.C, signals it is effectively at cathode potential
because of the bypass capacitor Cy which has low reactance at the lowest frequenc;
being amplified.

INPUT
+

•YgT

(a) Basie Tetrode Amplifier.

OUTPUT

GRID
"

ANODE
0 T g6 1 0a 8

INPUT t t OUTPL"

o 0CATHODE

(b) riode Inter-electrode
Capacitances.

SG ANODE1 : t-1 -◄,-_?,
z'' gavels

I 5 ·r· Xe
-• -O(EXTEz+.

CATHODE

(c) Tetrode Inter-electrode

GRID »°_1. +
=l • 8I

-T
Capacitances,
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The grid to anode capacitance is therefore divided into two - the grid to screen and
screen to anode capacitances, As the screen is effectively earthed to signal
voltages, undesirable electrostatic (capacitive) coupling between anode and grid
(output to input) is reduced 100 times or more. I'he respective conditions for
triodes and tetrodes are compared in Figs, 9b and c,

The screen has a second important effect on the tube characteristics, Being at a
positive potential and closer to the cathode than is the anode the screen
accelerates the electrons through the space between cathode an node and makes the
anode current lees dependent on anode Voltage. hat is, changes of anode voltage
do not change the anode current as much as in a triode because the steady positive
voltage on the screen masks the effect of anode voltage change, his has a marked
effect on the anode resistance ra of tubes with a screen grid.

Since a (Ea constant)

the constant screen potential causes large changes in Ea to have only a small effect
on Ia• When compared to triodes, the value of ra is increased by about 10 to 100
times or more,

5.3 5e0ondary Amis6ion. Some of the electrons striking the anode have sufficient energy
to knock other electrons from its surface. These secondary electrons constitute what
is known as secondary emission, In tetrodes, at certain values of anode and screen
voltage secondary emission results in reduced anode current and increased screen
current. [his is because the positive screen is close to the anode and may collect
more of the secondary electrons than the anode. Fig. 10 shows how the anode
characteristic curve of tetrodes is affected by secondary emission,

ANODE
CURRENT

Ia

0

A»le 8le C
I I
I I
I I
I I

I
I

ANODE VOLTAGE Ea

,
I

Fsg CONSTANT

FIG. 10. ANODE CHARACTERISTIC OF A TETRODE.

In the "A" region of the curve the anode voltage is low and electrons do nob
have sufficient energy to cause secondary emission. In the region "B", secondary
emission starts and here the screen voltage is at least as high as the anode
voltage so the screen collects all the secondary electrons and the anode current
decreases with an increase in anle voltage and vice versa. Because of this, the
region is called the "negative riistance" or "dynatron" region of the tetrode, In
the region C, the anode voltage is higher than the screen voltage and most secondary
electrons return to the anode,

It is only in region "p' th! th tetrode exhibits a reasonably constant value or
a and for effective use as n voltage amplifier must be operate' in this region,

5,4 Use of Tetrodes. Tetrodes are seldom used in lo power circuit b~cause pantolos will
do the same job for most applications., In mainteining a suitabi» working point
pentode voltage requirements are much less critical. One typa of' oscillator cal1l a
dynatron oscillator makes use of the negative resistance portion »f th~ tetrode
characteristic. Tetrodes are common in high power amplifiers o broadcast transitt~rs,
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5.5 Eentodes. Excessive screen grid current of the tetrode at lower anode voltages is
avoided in the pentode - a five element tube - by the use of a third grid called the
suppressor grid placed between screen grid and anode. Fig. 11 shows the basic
electrode arrangement for pentodes and the schematic symbol.

I CONTROL
GRID

HEATER
S

~ ~ CATHODEg
3
~
N

The suppressor is generally connected to the
cathode which makes it negative with respect
to the anode to repel secondary electrons bac
to the anode. Some tubes have the suppressor
connected internally to cathode. The screen
grid operates as for the tetrode and the basic
connection remains as in Fig. a,

he suppressor grid (or "suppressor") helps t:
further reduce the grid-to-anode capacitance
when compared with triodes and tetrodes by
acting as an additional electrostatic shield.

FIG. 11. PENTODE - ELECTRODE ARRANGEMENT AND SYMBOL.

lhe high value of ra for tetrodes applies also to pentodes but is usable at lower at.u
voltages. Fig. 12 shows an anode characteristic family of curves for a typical
pentode. Notice the pronounced knee which occurs at a fairly low anode voltage ari
above which anode voltage increases have a very much smaller effect on the anode
current - that is, A.C. anode resistance ra is very high. Values for ra of up to 'I
are very common and some pentodes have values as high as 2,5M.
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FIG. 12. ANODE CHARACTERISTIC FAMILY OF TYPICAL PENTODE.
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High Gain from Pentodes. he range of mutual conductance values for different
pentodds ss 5r re same order as that for triodes - that is from about 1mA/V to about
10mA/V (1,000 - 10,000 micromhos). Now, as amplification factor µ = rg8 the very
high values of ra for pentodes denote very high values of µ which, at first glance,
seems to suggest extremely high voltage gains. For example, the pentode 6BH6 has an
anode resistance ra of 1.4M9 and a mutual conductance gm Of 4,6mA/V.

Therefore µ ra9m

1.+ x x %
6,440.

In practice, other factors limit greatly the actual yolb8@ £aln obtainable with
pentodes, However, in practical resistance loaded audio frequency amplifiers
voltage gains of from 100 to 300 are obtainable with pentodes while that for triodes
seldom exceeds 70. Even higher gains are realised in narrow band high frequency
amplifiers where anode loads are parallel resonant circuits.

All these considerations are examined in the paper "Amplifiers". [he theoretical
values of µ are not listed for pentodes in tube manuals because ra and &m give
sufficient information and the virtually unattainable amplification factor is of no
practical significance.

5.7 Classification of Tubes. he majority of tubes are classified as "receiving tubes"
or low power tubes which because of their size and design are used for such
applications as radio and television receivers, public address amplifiers etc.
The tubes used in carrier telephone systems, long line V.F. signalling, and
miscellaneous amplifiers in telephone and trunk exchanges all come within this
category. Receiving tubes may be considered as covering the range up to about 20 or
30 watts the majority handle much less power. [he wattage rating of tubes refers
to the anode dissipation only, that is E" max. X Ia max.

he term "transmitting tubes" is generally reserved for tubes of much larger power
handling capacity (and usually large in size) such as those used in the final stages
of radio broadcast transmitters and which range from less than 100W rating up to
several kilowatts. The dividing line is fairly indefinite however because some tubes
suitable for small transmitters are used also to obtain large audio frequency outputs.
Also the low power stages of radio telephone and broadcast transmitters are catered
for using receiving tubes.

5.8 Comparison of Triodes and Pentodes. mhe following table compares the essential
features of triodes and pentodes within the receiving tube category. The figures
give the general range, not the exact upper and lower limits.

Triodes Pentodes Remarks

9m 1 . 1 OmA/V 1 .- 1 OmA/V Major i ty 2 - 6nA /V.
A few 1 ess than 1

j-

ra 1,000¢- 80k 300k0 - 2. 5MO

µ 2 - 100 Not generally ra 9n about 1,000 to 7,000
listed (11ttle
practical
significance)

Gr id-Anode 1.4 - 6µµF . 001 - 0.1µµF
Capacitance

Heater or 0. 05A - 2.5A As for triodes Few exceed 0,6A
Filament Current Most generally 0.3A

Voltage Gain Up to 80 Up to 300 As practical resistance loaded
times times A.F. amplifiers
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6. BIASSING METHODS.

6.1 The D.C. voltage required to bias the grid negative with respect to cathode is obtainei
in several different ways. We saw in Section 1 that it is not usually desirable or
necessary for the grid to become positive to cathode at any stage of its operation.
This condition is met in what is known as Class A amplification and this applies to
the majority of amplifiers especially those operating at audio frequencies. Other
classes of amplifiers are dealt with in the paper "Amplifiers"

Value of Bies Heeded. When the grid is not to be driven positive, D.C. bias must be
at least as high as the peak voltage of the A.C. signal to be applied to the grid.
For example, if the maximum peak amplitude of the input is 12V, then bias must be
at least 12V D.C. If the signal is only a few millivolts, bias may be 1V or less.
A tube is chosen which will handle the maximum grid swing (twice the peak amplitude,.
An ideal Class A amplifier with correct bias allows equal anode current changes for
equal positive and negative swings of the signal input. The actual bias voltage is
mainly determined, therefore, by the characteristics of the tube and sets the
working or operating point at about the centre of that part of the mutual (E/Ia)
characteristic which is most linear (Eg negative).

6.2 Battery Bias is not greatly used in modern tube circuits except for some battery
operated portable equipment. Battery bias is shown in Figs. 4a and 9. As no
appreciable current drain is required, bias batteries are small and give reasonably
long service between replacements.

6.3 0atho0e lies or Self Dias is the most common method of obtaining bias. Figs. 13a ari
show typical cathode bias circuits with two types of input coupling.

-+H.T. +
H.T.

C -

(a) (b)

FIG. 13. ELEMENTS OF CATHODE BIAS.
(c)

The cathode current flowing in the bias resistor Ry makes the cathode positive with
respect to earth by the voltage drop across Ry. Fig, 13c shows this in simplified
form. Suppose, for example anode current in the tube is 2mA and Ry is 15000.
Using Ohm's Law, the cathode end of Ry (point A) is positive with respect to point -
by 3V (E = IR = 0,002 X 1500). Points B and C are at the same potential as there i
no direct current through the resistance between them (the grid always has a D.C. p=.
back to -H,T. or earth). Therefore C is negative with respect to A by the voltag=
drop across Ry. Similarly, the value of Ry can be calculated from the required bi=s
voltage and the cathode current.

With tetrodes and pentodes the cathode current is the sum of anode and screen curre
Apart from its simplicity, cathode bias has some important advantages. It stabiliz:
the operation to a useful degree against fluctuations of high tension voltage (H..
and changes of tube characteristics with age. It also automatically compensates fr
slight differences in characteristics between tubes of the same type. Any on> of
these factors which tends to make the tube draw a larger anode current is counterat:.
to some extent by the increase in bias resulting from the increased voltage drop
across Ry. A fall in anode current has the opposite effect of lowering bias. This
keeps the anode current within narrower limits,
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AYp8SSlDg. Because variations of anode current with signal would be affected in a
5ah3far way, Rg is bypassed for the A.0. signal component by a capacitor Cg as it has
a very low reactance compared to Rµ,
The value of Cy depends mainly on the lowest frequenoy to be amplified at which
frequency it must be a high enough value to have low reactance compared with Ry.
This will ensure that negligible A.0. voltage at the lowest signal frequency appears
across Rx to be fed back as input to the grid along with the D.C. bias. At audio
frequencies, 25µF is a common value for Cy; at radio and carrier frequencies smaller
values are adequate. Any signal voltages produced across Ry are superimposed on the
bias in the opposite direction to the original signal and this reduces the gain of
the amplifier stage at the particular frequency.

Cathode bias has one minor disadvantage in that the anode-cathode voltage is reduced
by the drop across Ry. Compared to the drop in IL, this is negligible in most cases
but becomes important where low anode supply voltages such as 50V are used.

Note that a tube cannot be biassed to cut-off with cathode bias no matter how large
RI is made. Bias is developed only while the tube conducts.

1.1 Back Bias is obtained from a dropping resistor at the "back" of the high tension power
supply. Fig. 14 shows the elements of back bias.

OTHER STAGES
+A H.T. +A Rg

C

H.T.
)eNebl PowER

SUPPLY

FIG. 14. BLAMENTS OF BACK BIAS.

The negative pole of the high tension supply is usually connected to the earth common,
or framework on which components are mounted (which may or may not be actually
earthed). When back bias is used, the supply -ve is connected to the common via the
bias resistor, Rp. The voltage across Ry, is applied between grid and cathode of the
tube via the normal grid resistor Re and the earth common. In principle, it is very
similar to cathode bias except that the value of Ry is determined by the required
bias and the total current being drawn from the supply. This generally includes the
H.T. supply to other stages of the amplifier or associated circuits,

Sometimes back bias is derived for several stages required different bias values,
by making Ry a voltage divider tapped at suitable points.

Bypassing for Signal and "Hum". Rp is bypassed by capacitor Ci to prevent unwanted
Ga@a.1 moodLack as espIashba tor cathode bias, whether back bias is used or not, tho
whole supply is always bypassed by a capacitor Cg to prevent varying voltages being
developed across the internal impedance of the supply, especially when it is a mains
rectifier or dry cells, both of which have appreciable internal impedance.

Bias resistor bypass capacitors Qy in Fig. 13 and 0; in Fig, 14 have another useful
function. Suitably large values of these components help to reduce "hum" in A.C.
operated amplifiers. The bypass capacitors filter the 1OOc/s hum voltage from
across the bias resistor which would otherwise be applied between grid and cathode,
and amplified.
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The small hum voltages arise from two sources - the small ripple from the power sup-_
which may be left after the filtering, and induction and leakage between the A.C.
operated heaters and the cathodes of amplifier tubes. For this reason Cy and CE
are frequently made larger than is necessary for good response at the lowest desiret
frequenoy. For example, 10µF would bypass an Ry of 1,000 ohms quite well for
frequencies as low as about 100c/s but 25µF is often used because of the lower
impedance offered to hum.

6.5 Grid leak Bias, The components necessary for grid leak bias are connected in either
one of two ways as shown in Figs, 15a and b. Bias is produced by the action of th=
input signal and adjusts itself to a value determined by the values of Gg and Rg ar:
the signal amplitude and frequency.

GRID CURRENT ON POSITIVE SIGNAL
PEAKS CHARGES Cg

+

CHARGE IN Cg
LEAKS AWAY VIA
Rg & PRODUCES BIAS
VOLTAGE

(a)(b)

FIG. 15. GRID LEAK BIAS.

The action is similar for either case, When first connected to signal, grid curre±
flows on positive half cycles but not on the negative half cycles. [hat is, the
signal is rectified by the grid and cathode acting as a diode. The unidirectional
pulses soon charge Cg to the polarity indicated, but the charge leaks through resi-ix
lg which has a high enough value to allow Gg to remain charged between signal posit_»
pulses. The combination of Ug and Rg therefore establishes a voltage making the gr
negative to cathode. Once the steady value is reached, the grid need only become
positive to cathode for a brief part of the cycle on positive signal peaks. When
desired, suitable values of Cg and Rg can produce a bias voltage nearly equal to 1±
peak amplitude of the signal voltage.

The two requirements for bias with this method are -

(i) Signal must be present (no signal, no bias).

(ii) Grid current must flow some of the time to maintain g charged to maintai- t
bias,

Therefore grid leak bias does not meet the requirements for Class A amplifiers as
outlined in para, 6.1. Grid leak bias is used for some oscillators and high power
R,F. amplifiers. It is not used for audio frequency amplifiers because signal is
absent in silent periods and because distortion would be too great. At low
frequencies, the bias would vary because Ug would discharge between charging pulse±
very high values of Og and Rg are not practicable.

Fig. 16 represents how grid leak bias is developed for an R.F, oscillator from the
moment of switching on. Once operating, such circuits generally develop a large gr_:
voltage swing with the aid of a tuned circuit which drives the anode current from
maximum to zero, Operating bias voltage may be well beyond cut-off and nearly eq.±
to the peak signal voltage, but zero bias is necessary to allow such circuits to t=
self-starting.
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FIG. 16. DEVELOPING GRID LEAK BIAS - R.F. OSCILLATOR.

Since bias is absent when there is no signal, certain circuits such as R.F. power
amplifiers may use a combination of grid leak and some other form of bias such as
cathode bias. [he latter protects the tube against excessive and continuous anode
current should the signal input, and thus grid leak bias, fail for any reason,

5.6 Contact Potential Bias is sometimes used with triode tubes used as small-signal A.F.
amplifiers. (Fig. 17.)

5 TO IO
MK. Rg

RT

FI0. 17. CONTACT POTENTIAL BIAS.

Because of the different metals used for the various electrodes, electro-chemical
activity produces potentials between electrodes without external voltages applied.
The grids may be regarded as immersed in the electron stream like the electrodes
of a voltaic cell in a liquid. In indirectly heated tubes, the control grid assumes
a potential varying from about -O.1V to -1.1V with respect to cathode. With certain
tubes only, this is enough for bias, providing the grid to cathode resistor Kg is
made high enough not to shunt the weak potential away.
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Some explanations hold that a few electrons strike the grid and leak away through ,
to produce the bias, One tenth of a microamp in 10M is sufficient to produce a bi±:
of 1V.

Some textbooks use the term grid leak bias when referring to this type of bias,
Irrespective of the names, however, the two types of bias should not be confused.
What we have termed contact potential bias reaches only about 1V but is maintained
whether signal is present or not, whereas the grid leak bias described in para. 6,
can be arranged to give quite high values of bias but only when signal is applied,

6.7 Filament Dies, This term has been applied to two methods of biassing, which do not
have much application in modern equipment, being used mainly with directly heated
tubes. Figs. 18a and b represent the elements of each type,

Type (a) is used only with directly heated tubes,
and it results in an average bias of half the
filament voltage. The grid has no bias in
relation to the end of the cathode marked "X",
and a bias equal to the filament voltage with
respect to the end marked 'Y", Average bias is
therefore half the filament voltage.

In the type shown in Fig. 18b, the filaments
(or heaters if the tubes are indirectly heated)
are connected in series and used as a voltage
divider to obtain the required bias for the
respective grids.

A 4¥

'T
I B
i

(a)

-"

- -- T T -
+
T-
-

- Cb)

FIG. 18. ELEMENTS OF FILAMENT BIAS.

6.8 Fixed and self Pins. Some text books divide all biassing methods into two categori-:
fixed bias and self bias, Self bias usually refers to cathode bias, but grid leak it
contact potential bias are also forms of self bias, Battery bias and filament bia±'
are fixed bias, Back bias is intermediate in character between fixed and self bias.
When the tube concerned draws a large percentage of the total current from the pox=r
supply it approaches cathode bias; when it draws only a small percentage back bis>
is nearly fixed bias.

Other methods of biassing may be encountered, though only rarely. Fixed bias for l.
amplifiers is sometimes provided by bias rectifiers entirely separate from the H.I.
anode supply rectifier. Because of its simplicity and important advantages, cathci:
bias now caters for probably 95% or more of all bias requirements,
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SPECIAL TUBES.
7.1 To suit particular purposes, a number of special tube types are made which are

generally adaptions of ordinary triodes, tetrodes or pentodes,

7.2 Beam Power_ Output tetrodes are tetrodes having additional beam forming plates which
confine the electron stream into two fairly narrow beams. The plates also induce an
electric field between screen and anode which functions somewhat like the suppressor
grid of pentodes in limiting the adverse effects of secondary emission. Fig. 19 shows
how beam tetrode tubes are constructed to achieve these effects,

BEAM FORMING
PLATElzi

CATHODE
CONTROL GRID

SCREEN GRID

IBEAM FORMING PLATE

\SCREEN GRID

l\CATHODE

/lJCONTROL GRID

FI0. 19. STRUOTUEB OF BEAM POWER TUBE.
A feature of beam power tubes is the comparatively low screen current drain. The
screen grid is wound with its turns in line with the control grid turns. The effect
of the beam forming plates and the 'shading' of the screen by the grid is that the
electrons travel in 'sheets' between the grid and anode with comparatively few
flowing to the screen. Ordinary pentodes generally have screen currents of from
about one-third to one-sixth of anode currents, whereasbeam power tetrodes generally
have a much lower proportion of screen current. In some cases it is as low as
one-fifteenth of anode current.

In other respects, beam tubes are equivalent to pentodes and families of
characteristic curves have similar shapes to those of pentodes,

7.3 Variable lu Rentodes, know also as "remote cut-off" and "super control" pentodes are
45ls. t 6Fa.nary pentodes in every respect, except that the grid turns are not
evenly spaced. Fig. 20 shows the difference in control grid construction and the
comparative effect this has on the shape of the mutual characteristics. Ordinary or
"sharp cut-off" pentodes have a fairly constant slope until near cut-off while the
variable mu. tube has a gradually decreasing slope down to cut-off at a much higher
negative bias. he slope indicates that mutual conductance (g") varies from maximum
to minimum over a wide range of bias values.

REMOTE
CUT OFF

(a) Grid Construction.

SHARP
CUT OFF

E9

(b) Mutual Curves.

0 +

FIG. 20. COMPARISON OF VARIABLE MU AND SHARP CUT-OFF PENTODES.
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The feature is used mainly for automatic gain control (AGC) or auto volume or
sensitivity control, (AV0), of radio and television receivers, where a large bias is
applied for strong signals and a small bias for weak signals. As ra remains more cr
less constant, variable mutual conductance also results in variable µ and is often
written as such,

Variable mu tubes will amplify either small or large signals without undue
distortion,

7.4 Gas Triodes or Thyratrons are triodes having an inert gas at low pressure, and also
a special type of grid. Fig. 21a shows the usual construction and Fig, 21b the
symbol incorporating the dot to distinguish it as a gas tube, The grid is not of
conventional grid construction but a cylinder around the cathode with long slits
through which the tube conducts. A relatively small grid voltage is able to prever
conduction almost completely until the anode voltage reaches a critical value in
relation to grid voltage. At this point the gas ionizes, the tube conducts heavily
(up to several amps in some cases) and anode to cathode potential drops. This is
the "striking potential" or "firing point" of the tube. The grid voltage is no
longer able to exert any degree of control over anode current and to stop the currer
anode voltage must be reduced below another critical value or "extinction potential".

The graph of Fig. 21¢ shows how the grid voltage alters the firing point. [he
extinction potential is considerably lower than the firing point.

%:

CATHODE
AND

HEATER

(a) Construction. (b) Symbol.
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20 0
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(o) Bffeot of Grid Voltage on Firing Point.

FIG. 21. GAS TRIODE.

he ionized gas provides the additional free electrons for the heavy current in the
same manner as described for gas diodes in the paper "Diodes and Rectifiers". The gr_
loses control after firing occurs, because many positive ions are attracted to it art
form a charge around it which neutralizes its effect,

The Gas triode is widely used in industry as an electronic switch in counting and
control circuits. It is also used in one type of oscillator to produce a saw tooth
output wave form.

7.5 Cold Cathode Triodes are gas tubes and have much in common with the cold cathode
diodes or voltage regulator tubes described in the paper Diodes and Rectifiers",
One type of cold cathode triode is commonly used as a electronic relay or "trigger"
tube where a very small current in the gap between two of the electrodes initiates =
much larger current in the main gap to a third electrode usually the anode. Fig. 2
shows the elements of such a circuit,

The voltage applied across the main gap is called the maintaining voltage and is nt
high enough to cause conduction. A lower voltage signal applied across the control
gap ionizes the gas in the tube and the main gap conducts to supply a heavier output
current which is used to operate a relay or some other control device. Like the
hot cathode gas triodes, conduction continues until the anode voltage is reduced
below the minimum maintaining voltage. The use of an A.0. anode supply is a simple
method of de-ionizing when it is desired that output cease as soon as signal is
removed conduction then occurs only on positive peaks of the anode A.C. supply,
and then only while signal is applied to the auxiliary electrode.
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FIG. 22. COLD CATHODE TRIODE AS ELECTRONIC SWITCH.

This auxiliary electrode has various names, depending on its application; a common
one is "striker anode". Some gas filled cold cathode tubes have two identical
cathodes with the control gap between them in which case either one may be used
as striker with the other as cathode.

These tubes do not rely on cathode emission but only on the gas discharge after
ionization. For rapid firing after the signal is applied, cold cathode tubes are
operated in the presence of some continual (ambient) lighting. In total darkness
firing may not be immediate. Another method of ensuring immediate firing is to
include with the gas in the tube a minute trace of radio active gas. Triodes having
this feature are vsed in Crossbar exchanges where the radio active trace also
ensures random selection of outlets.

Fig. 22 shows only one application, The large variety of tubes and applications
are beyond the scope of this paper.

.6 Multi-Unit Tubes have more than one complete unit within the one envelope and as
such are not special tubes in the same sense as those above, Examples are twin
triodes, triode pentodes and duo-diode-triodes. The units may have separate cathodes
as in Figs. 23a and b, or share a common cathode as in Figs. 23c and d.

(a)
Twin Triode

(b)
Triode-Pentode

(c)
Duo-diode-triode

(a)
Triode-Heptode
(severtesJ

(e)
Pent@grid
(converter)

FIG. 23. MULTI-UNIT TUBE SYMBOLS.

Some multi-unit tubes are designed for particular applications and have internal
connections and/or additional grids. Priode heptode and pentagrid converters
couple the functions of R.F. amplifier and oscillator to produce an intermediate
frequency (I.F.) in radio receivers. With the pentagrid tube, the cathode and grids
1 and 2 are used as a triode oscillator while grids 3, 4 and 5 are used with
cathode and anode as a normal pentode. The two inputs are "mixed" by internal
connection or by sharing the common electron stream, so that such tubes are often
called "mixers".

7.7 Frame-@rid tubes are those constructed using a modern technique which permits
extremely Tine control grid wires to be spaced only a hairs-breadth from the cathode
surface. The wires are too fine to be self supporting as in conventional tubes and
are stretched between a special frame type of support. High values of & and other
advantages are obtained.
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8. CATHODE RAY TUBES.

8.1 The cathode ray tube (C.R.T.) is a vacuum tube especially designed to display
electrical signals so that they may be observed or measured. he size of 'he dist_
screen determines not only the size of the tube envelope but also some of the
electrode voltages. Most cathode ray tubes consist of -

(i) An electron "gun" which -

(a) projects a ray or beam of electrons along the tube axis;

(b) provides a means of converging the beam on a small spot at the
distant end of the tube (focusing),

(ii) A means of deflecting the beam horizontally and vertically.

(iii) A fluorescent screen which converts the energy of the beam into light.

The beam of electrons is focused and deflected by electric fields or magnetic fie::
An electrostatic O.R.T. uses electric fields and an electromagnetic C.R.T. uses
magnetic fields. Some C.R. tubes have electric focusing and magnetic deflection
(a very common arrangement for television "picture" tubes). Cathode ray oscillcs::
(C.R.Os.) generally use electrostatic C.R.Ts. There is a considerable variety ci
electrode arrangements used in C.R.Ts. Many of these are refinements for televisi
use and need not concern us here. The arrangements described in this paper are
typical of oscilloscope C.R.Ts.

8.,2 The Bleotron Oun includes the cathode to emit electrons, the control grid to contr:
the intensity of the beam, and a number of additional electrodes at a positive
potential with respect to cathode which accelerate the electrons away from the
cathode at a high velocity. The actual number of accelerating electrodes varies r
different types of tubes and there may be any number from two to five, Fig, 24
represents an electron gun with four accelerating electrodes - G2, G3, G4 and the
anode. (The screen is shown but deflection arrangements are omitted,)

Sometimes all the accelerating electrodes are called anodes - A4, A2, ete. Howe.±:
the standard term of the Institute of Radio Engineers is "grid" for an electrode ri
one or more openings to permit the passage of electrons or ions, while an "anode"
collects electrons. In the case of the C.R.T., the electrons pass through the fi
accelerating grid to strike the screen and then return to the anode. In some cas-:
the screen itself includes a "metallised" backing which is connected to, and for:
part of the final anode.
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I » >0-0-
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TYPICAL ELECTRON GUN - BASIC ARRANGEMENT AND CONNECTION.

FIG. 24.



700

ELECTRON TUBES.
PAGE 23,

The cathode is usually indirectly heated and the emitting surface is confined to the
disc shaped end adjacent to grid 1.

The grids take the form of discs with holes, or cylinders of various diameters and
very often are a combination of both cylinders and discs,

Grid 1 is the control grid, intensity grid or modulator grid and is generally
negative with respect to cathode. In oscilloscopes the potential of G1 is adjusted
to give a pattern on the screen of the desired brightness or intensity. A varying
signal is applied to this grid only when the beam is required to be interrupted or
the brightness varied such as in producing the spot wheel pattern described in the
paper "A.C. Measurements" (page 30) or for the black, grey and white elements of a
television picture. The remaining grids are all positive with respect to the
cathode and the final anode is most positive of all. C.R.Ts. with large screens
require very high values of voltage on the final anode, Values up to 15kV and
higher are quite common although most oscilloscopes are catered for with an E.H.T.
(extra high tension) of under 10kV As the current drain on the E.H.T. is in the
microamp range the problem of the energy supply is not as great as the problems of
insulation. The final anode is generally a conductive coating inside the flared
portion of the envelope.

:.3 Fo0uSIIE. When this is achieved electrostatically, it is the second function of the
electron gun. The shape of the grids and their position and potential in relation to
each other are arranged to form an electron lens system which focuses the electron
beam in a manner analagous to that of optical lenses focusing a beam of light. In
fact, the phenomena has long been investigated under the name of "Electron Optics".

«OS$over
IN

FIRST ELECTRON LENS.
PT0. 25.

The electrons emitted tend to form a
diverging beam as their like charge causes
them to repel each other. C.R.Ts, have
two electron lenses; the first is formed
by the cathode and grid 1. The electric
field between them causes the beam to
converge and cross over at a point somewhere
between grids 1 and 2, as represented in
Fig. 25. The path of the electrons which
start to diverge is bent by the electrostatic
forces indicated by the dotted lines.

GRID.I.

The first electron lens thus provides a point source at the crossover point which the
second electron lens can focus on the screen.

The second electron lens is generally formed by the last two grids, The shape,
spacing and potential between these provides an electric field after the manner
represented in Fig. 26. On leaving the crossover point the diverging electron paths
are again bent and converge gradually on the distant screen as a small spot. The
sharpness' of the spot (or trace when deflected) is adjusted by adjusting the
potential on the focusing grid (usually the second last grid) which is G3 for the
type of gun represented in Fig. 26. ---.

G2 G3 G4
Grid l

Cathode

E¢,: ---'--'VVV'-A

FIG. 26. SECOND ELECTRON LENS.

-- . .
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It should be appreciated that this description is only a broad outline as the theor
of focusing is rather complex and of importance to designers of C.R.Ts. rather tha
users.

lac8bi0 F0cu5IEE. Coils or permanent magnets mounted outside the tube can also te
used to focus the beam. Fig. 27 represents the focusing of a beam by the magnetic
field through a coil. Correct focus is obtained by adjusting the coil current and
thus the field strength.

Coil

FI0. 2L. MAGNETIC FOCUSING.

The magnetic focusing field causes the electrons to take a spiral path to the sere±:
except those travelling straight through the axis of the coil which are unaffectei
the equal and opposite magnetic forces.

Permanent magnet focusing generally utilises two magnets, one of which may be mo.=i
along the tube to adjust the focus.

Gas FocusIpg is a form of focusing not often used today. The tube contains a small
quantity of inert gas (argon). Some of this is ionised and the heavier ions tend
form a thin positively charged core in the centre which attracts the electrons irt:
a narrow beam. The method is quite effective but ion bombardment of the cathode e
these tubes a shorter life than hard (high vacuum) tubes.

8.4 Eleotrio Deflection of the beam is accomplished by passing the beam through two se-:
deflecting plates to which the deflecting voltages are applied (Fig. 28). Deflect_
may take place after the final anode, or between the last grid and the final anot:
In the latter case the C.R.T. is said to utilise "post deflection acceleration"
(P.D.A.).

y

X [}X

VERTICAL DEFLECTING HORIZONTAL DEFLECTING

y

FIG. 28. DEFLECTING PLATES.

Voltages applied between the sets of plates deflect the beam away from the negati:
plate toward the positive plate, thus moving the spot on the screen. When signal:
are applied to both vertical and horizontal plates simultaneously the direction --
spot moves is a resultant of the two deflecting forces. Because no current is
required, (except at high frequencies where the capacitance between plates has ti :.
considered), very little energy and power are taken from the deflecting circuits,
The horizontal deflecting plates are called the X plates and the vertical deflecti.
plates are called the YI plates.
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The larger the screen, however, the higher the voltages needed for full deflection so
that large diameter tubes generally have magnetic deflection.

:.5 Magnetic Deflection. With this method a yoke consisting of four shaped coils is
slipped over the neck of the tube and fits snugly against the flared or conical part
of the tube. Fig. 29a shows a typical deflection yoke and 29b shows the principle
and manner of connection, An electron beam is deflected at right angles to the
deflecting magnetic field,

Xx

y 0 y

s
I

1',

L
X

(a)(b)

FL0. 29. MAGNETIO DEFLATING COILS.

w

:,6 The Screen, The end of the tube remote from the gun is coated internally with a
compound termed a phosphor which emits light under the impact of the electron beam.
Some phosphors continue to emit after the beam is removed and this radiation is
termed phosphorescence or afterglow to distinguish it from fluorescence produced only
while the beam is acting on the spot, The combination of fluorescence and
phosphorescence is called luminescence,

Many different compounds or mixtures of compounds are used for C.R.Is. providing a
variety of colour and persistence which is the time the phosphorescence maintains a
visible trace, Some applications require short persistence screens and others medium,
long and very long. Where the repetition rate of the sweep is slow (as in radar),
long persistence screens of up to a second or more are often used,

Most general purpose tubes have a medium persistence phosphor which gives a green
trace. Where the pattern is to be photographed, a phosphor giving blue light is
most suitable, White light, medium persistence phosphors are generally used for
television tubes.

-.7 The applications of Cathode lay 9s0jl1os0opes are now so numerous that even a list is
beyond the scope of this paper. he principles of measurement and observation with
linear and circular sweeps were introduced in the paper "A.C. Measurements". Signals
of all types can be applied to the electrodes in all sorts of ways to provide
information in a very convenient form. With appropriate auxiliary circuits the
C.RT. becomes the most versatile of all instruments and because of this, new uses
for it are continually being found; any physical quantity which can be converted
into an electric signal can be observed and measured on the face of a 0.R.T.

In addition to the more familiar uses in electronics and air and sea navigation
+(Radar, etc,) oscilloscopes are being used extensively for research and everyday

measurement in Mechanical Engineering, Photography, Medicine and Nuclear Physics.
Energy of almost any kind is converted to electrical signals by "transducers" designed
for the particular application. (Microphones and pickups are familiar transducers.)
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9. TUBE TESTING.

9.1 Maximum JablDES. Absolute maximum voltage, current and power ratings are specified
for the respective tube elements in makers published data. Circuits are designed -
keep tubes operating well within these limits.

9.2 [Tube Faults. A tube may reach the end of its useful life abruptly or gradually as =
result of one or more of the following typical faults developing.

(i) Low emission, or low cathode activity owing to deterioration of the emissi.
coating of the cathode.

(ii) Filament or heater open circuit.

(iii) Poor vacuum - generally caused by faulty sealing or stresses in the envelcr
and sometimes brought on by rough handling. Tubes with this fault are
called "gassy" or "soft". (Tubes with high vacuum are "hard".) Soft tut=:
may sometimes be detected by the presence of a blue glow,

(iv) Internal short circuits may develop between adjacent elements.

(v) Low insulation between electrodes.

(vi) Microphonic - slight movements of electrodes may generate signals which ir
severe cases can cause a singing or howl when the tube is subjected to ar
mechanical vibration, caused, for example, by a loudspeaker.

9.3 TeSVIIE. As the condition of tubes determines the performance of equipment, routir±
tests are necessary where abrupt failure is to be avoided. There are two main ty-:
of tube tester. The simpler type are called emission testers as they check a tut:
cathode emission. Mutual conductance testers provide a more thorough indicatior t:

performance. As a rule, all types of testers have provision for detecting short
circuits or low insulation between electrodes and this test is generally done firs

An important feature of testers is a means of ensuring that the testing voltages =
correct. This applies particularly to heater or filament voltages as a low heat=
voltage may cause a good tube to have low emission and a high heater voltage coult
temporarily restore the emission of a worn out cathode. As most tube testers ar=
mains operated, a separate meter and an adjustment are provided to compensate fr
mains fluctuations and ensure correct input voltage to the testing circuits,

sic±circuitTest. Inthis test the various pairs of electrodes are switched in :_9.4s6f A.C. in series with a neon lamp or glow tube and capacitor.across a source or · the test th=
Fi 30 shows the elements of a typical shorts test. When performing he test un=

, should be at working temperature and gently tapped with the finger to check i::
loose connections.
The capacitor prevents the lamp glowing due to the rectifying action of the tube
" "en the cathode is checked with other electrodes. fhe capacitor charges or*°°_,"_Ea and provonts curtner current +rough the lamp unless a connection }5
the elements in the tube allows the capacitor to discharge. The tube glows with =
values of current and indicates a low or high resistance connection.

The leads to the electrodes are tested by placing a short circuit across the carat
and checking that the lamp glows.

SELECT HEATER VOLTAGE

PIG. 30. ELEMENTS OF SHORT CIRCUIT TEST.

TUBE
UNDER
TEST
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.5 Emission Test. Fig. 31 shows the circuit elements of a typical emission test. All
+ne el6&trodes except the cathode are connected to the anode. When working
temperature is reached, a small D.. voltage is connected between cathode and the
other electrodes, in series with a D.C. milliammeter switched to a range suited to
the particular tube. The makers of the tester supply figures for good tubes for
comparison, or alternatively the scale is divided into three regions - Good,
Doubtful (?) and Bad. Low readings indicate that cathode activity may be below that
required for good service,

The emission test has limitations as operating connections and conditions are not
simulated. For example, coated cathodes may develop active spots from which emission
is too great for control by the small area of grid in that region. Under these
conditions the total emission may indicate the tube to be normal although it could
well be unsatisfactory over most of the cathode surface. Alternatively, some coated
cathodes are capable of such large emission that in many non-critical circuits the
tube may perform satisfactorily long after the emission has dropped well below its
initial value,

*±TED
-EATER
I.TAGE

D.C, SUPPLY

+

A.C.
METER

ELEMENTS OF EMISSION TEST.

FIG. 31.

ELEMENTS OF MUTUAL CONDUCTANCE TEST.

FIG. 32.

-.6 A Mutual Conductance Test takes into account the basic operating principle of the
mm0e. wen proper. conducted it therefore gives a better indication of performance
than an emission test.

One type of mutual conductance test applies typical anode and grid voltages, and any
change in anode current is noted for a specified alteration of grid voltage. This is
the static or grid-shift test for &m•

The dynamic mutual conductance test uses an A.C. input signal and therefore
approximates more closely to operating conditions, [he resulting A.. component of
the anode current is read by an A.C. milliammeter. Fig. 32 shows the elements of a
dynamic mutual conductance tester,

When a 1V signal (R.M.S.) is applied to the grid, the A.0. component of anode current
in mA is the value of & in mA/V, The meter scale may be calibrated in mA/V or
umhos. Electrode voltages are preselected to suit the tube by means of range
switches,

Some testers provide a power output test with circuit elements similar to that of
Fig. 32. A load impedance is inserted in the anode circuit and the A.C. voltage
across this is proportional to power output.

.7 Tube Tester Limitations, It is impossible for a tube tester to evaluate tubes for
performance in all applications and it cannot always be the final authority on
whether or not a tube is satisfactory. Where possible, an actual operating test in
the equipment where the tube is used will give the best indication of its worth,
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10. TEST QUESTIONS.

1. Explain why a triode valve enables signals to be amplified.

2. State what is meant by the expressions:

(i) anode voltage + 200¥; (ii) screen voltage 100¥; (iii) grid voltage - 5¥.

3. Why are the input signals to electron tube amplifiers generally superimposed on a steady D.C. voltage?

4. With the aid of two simple diagrams, each including a mutual characteristic curve, show the effect of applying
signal to a tube:-

(1) with bias; (1i) without bias.

5. Draw the basic circuit of a voltage amplifier and state the function of each component other than the electron :.:

6. (a) The three main variable quantities whose relationship to each other governs the performance of a tube as ar
amplifier are

(i) ••••••..••...•......•... (ii)........................ (iil) .

(b) With the aid of a simple diagram, describe how a family of characteristic curves shows the relationship be:.-.
these variables.

7. (a) Explain the term "mutual conductance" and how it is derived.

(b) lf the gn of a tube is listed as 3400 micromhos, calculate the approximate change in anode current in mA "
grid voltage was increased by U.5V within its normal operating range {anode voltage maintained constant),

8. (a) Explain the term "A.C. anode resistance" and how it is derived.

(b) If the ra of a tube is listed as 50,000 ohms, by what value approximately would the anode voltage need to :
to increase anode current 1mA within its normal operating range (grid voltage maintained constant),

9. (a) Explain the term "amplification factor", how it may be derived, and how it is related to the mutual conduct±
and A.C. anode resistance.

(b) if the µ of a triode is listed as 20 and the r, as 10,000 ohms, state the effect on the anode current whe
grid voltage is made 0,5¥ more negative within its normal operating range (anode vol tage maintained
constant ).

10, (a) The two principal effects of a screen grid in a vacuum tube are

(i) ······"······ .. ··············"·· (ii) .

(b) What is the principal disadvantage of the tetrode

11. What is the function of the suppressor grid,

12, Draw the circuit of a basic pentode amplifier and explain the function of the screen bypass capacitor, includ'
factors which determine its value.

13. Explain why pentodes allow higher gain than that of triodes.

14. (i) With the aid of a circuit, explain how cathode bias is derived, including the reason for bypassing.

(1) Explain the principles of one other method of obtaining grid bias.

15. Explain the differences in construction and characteristics between sharp cut-off and remote cut-off pentodes,

16. Explain briefly, the principle of a gas triode.

17, With the aid of diagrams, describe the principle of a typical C.R.T. electron gun.

18, With the aid of simple diagrams, explain briefly the basic principles of;

(1) electric focusing and (ii) magnetic focusing of a C.R.T.

19. Describe briefly the principles of:

(1) electric deflection and (ii] magnetic deflection of a C.R.T.

20. List three typical electron tube faults and describe briefly how a tube tester enables these to be detected.

END OF PAPER.
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VOLTAGE AMPLIFIER PRINCIPLES .

ANODE LOADS AND LOADLINES .

'.1 An amplifier is a device which reproduces an electric signal at a higher power level.
In most amplifiers the small input signal controls a large amount of energy from a
separate source. Although there are many components which permit amplification of
the signal level, the most widely used are electron tubes, transistors and magnetic
amplifiers.

1.2 An electron tube amplifier may contain one tube with its associated circuit or may
consist of several similar stages having the output of the first stage connected to
the input of the second stage and so on. Single stage amplifiers capable of giving
moderate output power from a fairly strong input signal are often used for V.F. trunk
line repeaters. Several stages of amplification however may be required to raise the
weak signals (ranging from a few microvolts to a few hundred millivolts) from radio
aerials, microphones and gramophone pick-ups to a usable power level.

1.3 This paper describes the principles and application of electron tubes in amplifiers.
The paper "Transistors and other Semiconductor Devices" describes the application of
transistors in amplifier circuits, and magnetic amplifiers are described in the paper
"Power Plant Components" in Telephony 5.



AMPLIFIERS.
PAGE 2.

2. TYPES OF AMPLIFIERS.

2.1 General. Amplifiers are generally classified with reference to one or more of their
notable features of design. Different categories of amplifiers are defined in the
following paragraphs but as there are no set rules to be observed they are general;
referred to by the features of immediate interest. For example, one amplifier may :
described in terms of "a Class A, resistance coupled, audio frequency amplifier wit
a Class B push-pull output stage" and another as "a Class C, R.F. power amplifier".

2.2 Voltage and Power Amplifiers.

Voltage amplifiors give a voltage gain from input to output. Voltage amplificatior
always accompanied by an increase in power level at the output of a stage even thou.gi
only the voltage component may be needed to drive the grid of the following stage.

Power amplifiers generally require little or no input power but provide appreciable
power +ts an energy converting device such as a transmitting antenna, loudspeaker or
trunk line. Power amplifiers handle relatively large currents by comparison with
voltage amplifiers and may give voltage gain also but this is of secondary importar::

A complete amplifier usually consists of one or more voltage amplifier stages and a
power amplifying "output" stage.

2.3 0lasses oi Operation. Each amplifier stage is classified according to its operatirg
conditions referred to the biassing and signal voltages applied. It is convenient
to refer these conditions to a particular operating or "dynamic" mutual characterist.
curve of the tube working as an amplifier.

The three main classes are Class A, Class B and Class C.

In a Class A operation the bias and signal input voltages are arranged in the desig
so that anode current flows throughout the whole of the cycle of input signal.
Fig. 1a shows this with reference to an Fg/Ia characteristic. Practically all vol.i;
amplifiers operate Class A and the bias voltage fixes the working point near the
centre of the linear portion of the characteristic. Signal voltage superimposed cr
the bias will then result in equal anode current swings for equal grid voltage swi-g
and the output waveform is a true replica of the input waveform. Operation remairs
Class A as long as bias and the negative signal half cycle are together less than ii:
cut-off voltage. Class A power amplifiers often have signal input voltages large
enough to include non-linear parts of the characteristic, which causes some distort_:
of the output signal.
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(c) Class C.

In Class B operation grid bias is approximately equal to cut-off voltage and anod=
current Flows for about half of each input cycle - that is, on the positive input
swings. (Fig. 1b.)

In Class C operation the grid is biassed well beyond cut-off and anode current fl-#:
for appreciably less than half of each input cycle. In most cases, bias voltage i:
at least twice the cut-off voltage. (Fig. 1c.)

/
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Classes A and B are further subdivided in certain instances -

In Class AB operation grid bias and input signal voltages are such that anode current
flows for appreciably more than half but less than the entire part of each input cycle;
that is, in between Class A and Class B operation (Fig. 2a).

The suffix 1 may be added to the letter or letters of classification to denote that
grid current does not flow during any part of the input cycle. For example - A1 as
in Fig. 1a, Bi in Fig. 1b and AB1 in Fig. 2a.

The suffix 2 denotes that grid current does flow during some part of the input oyele -
that is, the peak signal voltage exceeds the bias voltage. For example - AB2 and B2
(Figs. 2b and 2¢).

I a
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(a) Class AB1.
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(b) Class AB2,

FIG. 2.
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I VOLTAGE
I

(e) Class B2.

Class AB, Class B and Class C operation are
used for power amplifiers. If excessive input
signal voltage is applied to Class A1, AB1 or B1
stages the grids will draw grid current on
positive signal peaks. The preceding voltage
amplifying stage cannot generally provide much
power and the input signal voltage is distorted NON-LINEAR
to a reduced positive peak value and this results
in distorted output waveform. (Fig. 3.) This is
not regarded as changing the Class of operation
from say A1 to A2 or AB1 to AB2 but is called
"overloading" or overdriving the stage. At the
same time excessive signal with Class A operation
also causes distortion on negative signal peaks,
as operation is extended into the non-linear
section of the characteristic and even beyond
cut-off if the stage is severely overloaded.

DISTORTION
DUE TO
OVERLOADING
(NON-LINEARITY)

When stages are designed to operate Class AB2, B2 and C2 the preceding stage is able to
supply the power necessary for grid current without excessive drop in signal peak voltage.
Also tubes are used having a linear characteristic which extends well into the positive
grid voltage region so that linear amplification of at least one half cycle is obtained,
and, as explained in the following paragraphs this is all we need for Class AB and
Class B operation.
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Single tubes are often operated Class B or Class C for radio frequency (R.F.) power
amplifiers of transmitters, and some oscillators are operated Class C. In these cases
that part of tbe input cycle not amplified is regenerated by a tuned or "tank" circuit
which generally constitutes the anode load. (Fig. 4.) As long as the tank circuit is
tuned to the frequency of the input, a higher amplitude sine wave output will be produt-

TE BIAS +

TANK
CCT.

ANODE I
cuRRENT "I/\f

CURRENT
fN TANK gr1/Mr
C I RC U IT

HT

FIG. 4. ELEMENTS OF R.F. POWER AMPLIFIER.

Audio Frequency Power Output- 0lasses B or AB. We have seen in Figs. 1 and 2 that ir
all classes of operation except Class A, the anode current waveform is only a part of
signal input cycle. In audio frequency (A.F.) amplifiers, Classes B and AB operation
only be used with a second tube to reproduce the missing part of the cycle. [he two
tubes are connected in "push-pull" which means that while one grid is on the negative
swing the other is on the positive swing; anode current flows in one tube while it is
driven beyond cut-off point in the other.

Fig. 5a shows the elements of a push-pull output stage. For audio frequencies, bias =-:
signal voltages are arranged for either Class A, Class AB or Class B operation. Fig.
shows how the complete output cycle is reconstructed in the secondary of the output
transformer when Class B bias is used. Detailed operation of push-pull circuits is
described under the heading of Power Amplifiers in Section 9.

ANODE Jo I\
CURRENT
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0 AN OD E . I I\ 7I I I I CURRENT
V2
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CURRENT IN 0TRANSFORMER
SECONDARY

(a) (b)

FIG. 5. PUSH-PULL OUTPUT.

2.4 Classification by Frequency Range. Amplifiers can also be classified according to the
frequency range over which they operate.

D.O. amplifiers amplify slow or irregular changes in direct current.

Audio frequenoy (4.F.) amplifiers cover the whole or a part of the audible range frc
about 15c/s up to about 15kc/s. Only very high quality (or high fidelity) reproducti::
instrumental music extends over or beyond this range. In telecom, speech frequencies
are catered for by a much smaller bandwidth of from 200c/s up to about 3kc/s.
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Radio-frequeney (A.F.) amplifiers operate at frequencies above the audio range. They
generally cover a mo1at1oh small bandwidth, although some used in television and long
line carrier telephony operate over bands several megacycles in width.

The terms narrow and wide (or broad) applied to a frequenoy band do not denote specific
ranges of so many cycles, but are relative to the part of the frequency spectrum occupied.
For example, a band ranging from say 50c/s to 10kc/s is a wide band whereas a similar
bandwidth from say 1600/4 + 1610a/s is a narrow band and from 12.7M/s to 12.701Mc/s

narrower still.

Narrow bands can be "tuned" using resonant L/0 anode loads but wideband amplifiers are
not tuned. The further classifications "Tuned" and "Untuned" are also used at times in
describing amplifiers.

Classes of Goupl1ng. Amplifiers are sometimes referred to with reference to the type of
coup.ta.F between Btages. For example, an amplifier may be referred to as transformer
coupled or R/¢ coupled or direct coupled. Coupling methods are described in Section 3.

Configuration of Input and Output Cirouite. There are three methods of circuit
arrangement is the oonneotioa 5r s5put ad output circuits of an amplifier stage -

(i) Common Cathode or (rounded Cathode.

(ii) Grounded Anode or Cathode Follower.

(iii) Common Qrid or Grounded Grid.

Common or Grounded Cathod.e is the conventional
arrangement 5f connecting the input and output of
tubes. The input is connected between grid and
cathode, and the output between anode and cathode
(Fig, 6a). The cathode is therefore common to both
input and output circuits, and is usually but not
necessarily grounded.

Grounded Anode or Cathode Follower amplifier stages
have the load inserted in the cathode circuit
(Fig. 6b). As there is no impedance in series with
the anode it is at earth potential for the A.C.
component of anode current. Input signal is applied
between grid and anode and output voltage is produced
between cathode and anode (earth).

Cathode follower stages give useful power amplification
but no voltage gain. The output impedance is much
lower than that of common cathode stages and
applications make use of this feature.

o +
H.T.

Grounded Grid or Common Grid amplifier stages have the
input signal voltage applied between cathode and grid
with the output being produced between grid and anode.
(Fig. 60.) As the grid is earthed it provides its own
shield between input and output, and the grid to anode
capacitance does not then affect the high frequency
performance as it does in the conventional arrangement.

Grounded grid amplifiers give a voltage gain comparable
with that of a conventional stage using a similar triode
but the input impedance is lower. They are sometimes
used for low noise R.F. amplifiers in preference to a
conventional pentode stage, which introduces more noise
to be amplified along with the low level signals.

J +
H.T.

-
(b)

[
+

(c)
FIG. 6. INPUT AND OUTPUT

CONFIGURATIONS .
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3. INTERSTAGE COUPLING.

3.1 General. o obtain greater amplification than can be obtained from a single stage,
the output signal of one stage is applied to the input of a following stage.
Stages are sometimes referred to as being coupled in tandem or "cascade'.

An interstage coupling circuit provides a low loss path for the A.C. signal without
affecting the D.0. anode and grid bias voltages. The requirements are met by a
number of coupling methods each having advantages and disadvantages for particular
applications.

3.2 Resistance-0apacity Coupling (Fig. 7) is the most widely used form of coupling in
A.F. and wide band amplifiers. The anode load Ry, causes variations of anode voltage
when signal input varies the anode current. The A.C. component of the anode voltag
is applied via the coupling capacitor C to the next stage where it appears across R
between grid and cathode, in series with the bias voltage (usually obtained by a-
cathode resistor). The values shown in Fig. 7 are typical for A.F. amplifiers.

C

0·02

RL
0·25M

+ H.T.

8g
0•5M

FIG. 7. RESISTANCE-CAPACITY COUPLING.

The choice of values for RL,, C and Rg is determined by many factors and the values :
R1, and C vary between wide limits« Ry, is determined mainly by the stage gain requi:
the characteristics of V1 and the H.T. voltage available. Typical values for
A.F. amplifiers range from about 50k0 to about 1M9. Wide band amplifiers require
lower values of RI. (See para. 6.2.)

As C and Rg are in series, and only the voltage across Rg is applied to the input
the reactance of C must be low compared with Rg at the lowest frequency required.
Signal voltage dropped across C is wasted. Rg therefore, must have a high value
compared to the Xe of C at the low frequency end of the band. Rg is also an
unavoidable part of the A.C. load of V1 since it is in parallel with RL,•
When it is desired that the A.C. load of V1 be as high as possible (for maximum g
Rg must be as high as practicable so that its shunting effect on RI, is a minimum.
Typical maximum values for Rg range from about 0.5M9 to 2MO.

Equivalent Networks. Where a combination of impedances are in series and parallel :
in coupling and bypass circuits, it is very convenient to visualise these as a
D.C. resistive voltage divider network. When considering where the maximum voltag:
required, it is easy to see which components must have high impedance and which cr:
low impedance at the particular frequency or range of frequencies. For example, t-:
R/0 coupling between Vi and V2 in Fig. 7 may, for the A.C. signal only, be visuali-
as the networks shown in Fig. 8.

kc
c C r-...,

SIGNAL RL SIGNAL RL fg SIG*:.
FROM c FROM
VI Rg SIGNAL TO VI YI

v2

(a) At low frequencies when Kc ie appreciable: (b) At frequencies when Kc je negligi>

FIG. 8. EQUIVALENT NETWORKS.
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It should be appreciated that the problems of coupling and amplifier performance over
the required frequency range often impose conflicting requirements so that the values
are a compromise. I'he effect of the various components on amplifier performance is

"Samined in Section 7.
l ypper limits of C and lg. We have seen that moderately high values for 0 and Rg are

necessary whd, fo coupling losses are desired. However, an undesirable effect known
as "grid blocking" can occur when the time constant C X Rg is too great. On a
positive signal peak having an amplitude exceeding the bias of V2, the grid draws
current and C becomes charged to a higher than normal value (Fig. a). When the peak
has passed, 0 can only discharge slowly through Rg (Fig. 9b). If both C and Rg are
too high in value (e.g., up to 0.5µF and 5M9) a large negative grid voltage is
produced. T'his could cut off V2 for several seconds.

/

\
'

+ H.T. + H.T.

(a) (b)

FI0. 9. GRID BLOCKING.
Gas Current and Grid Emission. Another undesirable effect could occur if Rg were made
i66 1arge as A1, 4,2bes contain some gas, and positive ions liberated may flow to earth
via Rg and tend to reduce the bias. This is called gas current. Also the grid emits
a few electrons (grid emission) and these also cause a voltage drop in Rg which
opposes the bias. Normally these two effects are very minute but even one tenth of

_a microamp will produce 1V drop across 10 megohms. Rg therefore rarely exceeds 2Mi.

3.3 Transformer 00upling (interstage) uses the transformer primary as the anode load and
tte secohaa ss connected to the input circuit of the following stage (Fig. 10).
The transformer provides the necessary D.. paths for anode and grid while isolating
the high positive D.C. anode voltage from the grid. It is also used to match the
output impedance of the first tube to the impedance of the following grid input
circuit. With the conventional common cathode connection, this requires a step-up
turns ratio, primary to secondary, and thus the transformer can also increase the
voltage gain of the stage.

INPUT
SIGNAL

+
BIAS H.T.

+•
BIAS

FIG. 10. TRANSFORMER COUPLING.
When used in R.F. amplifiers, coupling transformers are generally tuned by capacitors
across primary, or both primary and secondary to increase load impedance at one
operating frequency or to tune several stages to cover a particular band of frequencies.
The principles of tuned and untuned amplifiers are covered in Sections 7 and 8,
Transformers are generally used to couple power output stages to their load. As most
loads have lower impedance than the output circuit of the tube, a step-down turns
ratio is then used.
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3.4 Impedance CoupliQ is similar to R/C coupling except that RL is replaced by either a~
inductor or an 17¢ tuned circuit. (Fig. 11.) Like transformer coupling it has the
advantage that A.C. load impedance is high while D.C. resistance in the anode circui
is low and this contributes to high stage gain (examined in Section 8). For a narr:v
band of R.F. a tuned circuit is generally used as the very high impedance at reason=-:»
permits very high gains,

[ •.

'-.
T

'L -

C

+H.T.

8y

FIG. 11. IMPEDANCE COUPLING.

I

+

In some applications Zj, and C are followed by an output transformer and this type
impedance and transformer coupling is useful where it is desired to keep the D.C.
component out of the transformer.

3.5 Direct Coupling means that the output circuit of one stage is connected to the input
the next for both A.C. and D.C. - that is, without isolating capacitors or transfor--

Fig. 12 shows the principles of direct coupling. Suppose for example that the no--:
(quiescent) anode voltage of V1 is 1OOV with respect to its cathode (reference
point 'r') then the grid of V2 is also at this potential being coupled directly to
V1 anode. o maintain a suitable bias on V2 its cathode must be positive with rest-:
to the grid, making V2 cathode more positive than V1 anode. V2 anode to cathode
voltage is provided by a supply having a still higher positive potential than that i

When more than two stages are direct coupled, the third stage has electrode potenti:.
which are at still higher positive voltages than those of V2.

+100 V

Rut

+ 250¥ + 105¥

FIG. 12. PRINCIPLES OF DIRECT COUPLING.

+400¥

The required potentials are obtained in several different ways generally by the ·=±
of one or two voltage dividers. Fig. 12 gives only the basic principle and cannot :«
regarded as typical because of the variety of direct coupling methods used in pratt.b
Fig. 56 in Section 14 shows an example of direct coupling. Point "r", to which t
other voltages refer can also be several volts positive to earth (or the HT negati
pole).

Direct coupling is necessary for D.C. amplifiers where slow changes of D.C. are
amplified. It is also used for some wide band A.F. and video amplifiers where
response down to zero frequency or a few c/s is desired. Some direct coupled
amplifiers combine all three of the circuit configurations described in Section
common cathode, common grid and cathode follower.

-
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VOLTAGE AMPLIFIER PRINCIPLES.

4.1 Amplificabio. The principles of amplification cannot be totally divorced from the
4es6Esmon and characteristics of triodes, tetrodes and pentodes. Most of the
essential principles have been mentioned and some described in the paper "Electron
Tubes" and before proceeding further these should be revised. The following sections
revise and expand these principles.

Amplification is possible because of the relatively greater control of the grid
voltage (E") than the anode voltage (Ea) over the anode current (Ia). This
relationship is expressed as a factor µ called amplification factor.

A Eal = 2-AE,

Therefore, one tube has a higher value of µ than another when, to give a certain
change in Ia-

(i) The change necessary in E", is larger, and/or

(ii) The change necessary in Eg is smaller.

This is respectively the same as -

(i) A.C. anode resistance (ra} is higher ......•..•.•.. • •

and/or

(11) Mutual conductance (ga) is higher

0)
Ala

(9m = ~)AFg

he value of µ is therefore dependent on the value of both ra and gm• That is -

µ ra 9m

4.2 Anode Load. To use a tube as an amplifier the anode current (varied by the changing
signal voltage on the grid) must flow in a load in series with the anode. Tubes may
be loaded differently as either -

(i) Voltage amplifiers, where the object is large voltage gain from input to
output, or

(ii) Power amplifiers, where the object is power delivered to the load.

Voltage Amplifiors. The anode load of voltage amplifiers is very often a resistance
as Bhown in th% two typical voltage amplifier circuits of Fig. 13.

}o }o

8µ R8µ? 10s
-..
,. 9 + ?l

I'
Eg - +

1- Cg EB
, , Ts- - , - - -
(a) Triode Voltage Amplifier. (b) Pon±ode Volt@go Amplifier.

FIG. 13.
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.3 Triode with Resistive Anode Load (R1,). We have seen from the study of static curves in
the paper "EI6otron Ibca! +ham the anode current Ia of triodes is affected by change i
either anode voltage By or grid voltage Eg, With a resistive anode load RL,, the actual
change in Ia with a signal voltage applied to the grid, must therefore be a resultant ti
the changes in both Bg and Ea. Suppose our triode in Fig. 13 (or Fig. 15) has a static
£ of 3mA/V (remember that this is found with E kept constant). With Ry, in circuit,
the change in Ia per 1V change in Bg will be less than 3mA because the changes of Bg a:
Ea are such as to exert opposing influences on Ia, (The grid changes of course have ti:
major effect.) Analysing the conditions during one half cycle input we find that -

(i) When Eg becomes less negative Ia increases, but because this also increases
the voltage drop in Ry, Ea becomes less positive and thus opposes to some
extent the effect on Ia of the change in Bg.

(ii) On the negative swing of the signal, Eg becoming more negative reduces Ia
and this increases Ea owing to less voltage drop across RL• Again Ba is
affecting Ia in the opposite direction to Bg•

4.4 {yymie Characteristios of Triodes. mhis effect which minimises the amount of change i

Ia with signal input may be shown graphically if a mutual curve is plotted with RI, in
circuit. Fig. 14 shows this for a typical triode (6J5) with three different values fa
RL, The supply voltage By is 250V and the static curve (where RI, = O0) is shown also
for comparison. These curves showing the Bg/Ia relationship, with Ea varying due to E_
are known as dynamic characteristics. Phe static & is about 1.6mA/V. The three
dynamio & values in mA/V are about 0,6 (R = 25k),0.3 (RI, = 50k) and 0.2 (RI, = 100.

8

Eg = 250V

6

la
(m A)

4

lIITriIIIIIIIo
2
+

lo 14 12 I0 8 6

Eg (votrs)
4 2 0

FIG. 14. DYNAMIC CHARACTERISTICS OF TYPICAL TRIODE.

With these curves, the change in Ea with a given change in la can be calculated for eat:
value of RL,, For any value of anode current -

Ea • Eg - ERL (where Epi is the voltage drop across Ri).

- Eg - (I X RL),

Note however, that as the value of Ia rises or falls with signal input the change in
is numerically equal to the chapge in BRL•

a
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Bxagple: Suppose in Fig. 15, Ry is selected to give a bias of -4V and the input signal
has a peak value of 2V the grid swing is from -2V to -6V, a peak-to-peak value of 4V.

A.C.
INPUT

"tdaVT f,

A.C.
OUTPUT

FT0. 15-
The following table compares output peak-to-peak voltage using three values of RL• Tl€
capacitor O which isolates the D.0. component has negligible reactance at the signal
frequency. he values of Ia are approximations from the curves in Fig. 14.

I a
fa* 4L K 8L Peak- to-Peak Vol tage Gain I

L Signal (Es) 5, (Approx.)
A.C. Output Fso

fa - ERL * E, (Eso. g (Amr ox. )

25kg +2 -2¥ 5.8mA 250 - 145 - 105¥ 57¥ Approx. 57
z: 14-2 -6¥ 3.5mA 250- 88 - 162¥ 7

+2 -2¥ 3.4mA 250 - 170 = 80V 60V Approx. 60 1550k 9 -- =
-2 -6V 2.2mA 250- 110 = 140¥ 4

+2 -2¥ 2 mA 250 - 200 - 50V 70V Approx. 70 -: 17100kg ---2 -6¥ 1.3mA 250 - 130 = 120¥ 4
(4¥ peak-to-peak)

1\••K --- -- -- -l
?2t n
,+er]_

33 "v

1,2%»-]
{

'i····--·--·--1
Calculation of S5age Gain. mhe stage voltage gain, or simply stage gain, can bo
calculated from the above figures by dividing the peak-to-peak A.C. output voltage (Ego)
by the peak-to-peak signal input voltage (Eg). That is -

FsoFso
Voltage or Stage Gain* Ez where Ec output signal voltage.

input signal voltage.

The figures in the above table show that the higher values of RI, give higher voltage
gain, even though Fig. 14 shows that the dynamic characteristic has less slope as Ry, is
increased. There is a limit to how high a value of RI, can be used, as above a certain
value there is insufficient anode current for the tube to work normally and gain is
reduced.

Maximum possible voltage gain is not always required and values of RI, for triodes vary
from 2 to about 20 times the ra of the tubes, with a maximum of about 200k9 for normal
supplies of up to 300V. The tube in Fig. 15 has an ra of about 7,000 ohms and an
amplification factor I of 20. The gain of about 14 - 17 in the above example shows how
a triode may give voltage gain approaching H.

In the above examples peak-to-peak voltages have been used for convenience in calculation
from the curves. The use of peak values or peak-to-peak values is common practice in
referring to A.C. signals in electronic circuits.

-. 6 Phase Shift in Amplifiers. When an input signal, applied to an amplifier with a resistive
load, is on the positive half cycle the anode current increases, and the voltage across
Rj, increases making E" less positive, that is the A.C. output signal is on the negative
going half cycle. Similarly when the input signal is on the negative half cycle, anode
current decreases and the voltage across R1, decreases making E" more positive. This
represents a phase change from input to output of 180°. The input and output curves in
Fig. 15 represent this displacement which is further examined in para. 5.6.
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4.7 Pentode with Resistive Load (Fig. 16). When a signal is applied to the grid, variations
in anode current produce variations in anode voltage because of the changing voltage dr::
across RI• In the same way as explained for triodes (para. 4.4), changes in anode volt
tend to offset the effect of the grid voltage changes on anode current. But, because
anode current of pentodes is effected much less by anode voltage changes than that of
triodes (higher values of ry and nearly horizontal E"/I curves of pentodes indicate ti
changes in anode current of pentodes for given grid voltage swing a.re nearly as great
with a load (R) as without it. Therefore the slope of dynamic mutual curves is nearl
as steep as that of the static mutual curve.

4.8 Dynamic Characteristics of Pentodes. Fig. 17a compares dynamic curves for two values cf
RL, with a part of the static curve of the same pentode (6AU6).

FIG. 16.

+H.T. (Ep)

PENTODE WITH RESISTIVE LOAD.

AL=0.0. I
(STATIC) 17

Eg=250v / _+
IX Re= 100ks -I

i

I
I

/
v.......Lr

) Aµ=250kn.

/
/.,,,

3m A

- 3 -I
fg

0

ANODE
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m A

a
2

5

la

lmA

I I I I
RL=250kn /

v
/

I I- ~ -
I -r----

I t-- 0I
l } -.-

/ 0-27mA -I PEAK-TO-PEAK

J
V

'g - 3

- 2
GRID VOLTAGE

(a)
FIG. 17. DYNAMIC CURVES OF TYPICAL PENTODE.

I
I-K I

-2 -15¥

SIGNAL
0•25 v
PEAK -TO-PEAK

(b)

Note that the linear portions of the dynamic curves indicate a dynamic value of 8m
practically equal to the static value. Note also that the dynamic curves bend sharil
before the maximum current is reached. Compare these dynamic curves with those of a
triode in Fig. 14. With high values of RI the sharp bend confines operation within
narrower limits of grid swing than is the case with triodes. The bend occurs when ti:
anode current reaches a point where the anode voltage drops below the screen voltage.

t might appear from Fig. i7a that the RL, = 250K£ dynamic curve has a linear sectior
short to be of practical use. his is not the case however, as small input signals
readily handled and even higher values of Ry are sometimes used. To show sue) appki:
more clearly the Hy = 250k0 curve of Fig. i{a is redrawn in Fig. 17b to an enlarged
rront scale.
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Examples An applied signal of 0.25V (250mV) peak-to-peak (Eg 2.5V to 2.75V) gives a
change in anode current of 0.27mA. However, across the 250k9 load this results in a
voltage change of 67.5V peak-to-peak (change in la XK RI, = 0.27mA X 250k9).

Eso
Therefore voltage or Stage Gain 7.-

67.5270o,28 or 270 approx.

For small-signal amplifiers therefore, one pentode stage can give a very high voltage
gain. (Signals from receiving aerials, microphones etc. may be only a few millivolts
or less.)

As with triodes the higher values of Ry, give higher voltage gains than the lower
values but the permissible peak input signal voltage is lower with pentodes because
of the sharp bend at the upper end of the dynamic characteristics.

ANODE LOADS AND LOADLINES.

5.1 Use of Loadlines. We have seen how dynamic mutual curves can be useful in determining
a tube's performance and optimum operating conditions in an amplifier stage. However,
dynamic curves are rarely supplied by tube makers; the possible combinations of Eg
and. Ry, for any tube are numerous and each would require a dynamic curve to represent it.
The same information can be obtained from a family of static anode characteristics
(supplied by makers) on which a loadline may be plotted to suit any desired combination
of By and R,• Loadlines are straight lines for resistive loads and the two points
necessary for plotting a resistive loadline may be calculated from the values of By
and Ry,• This is explained in para. 5.2.

Fig. 18 shows the family of anode characteristics for a typical triode on which has
been plotted a loadline to suit a load RI, of 50k9 and anode supply Ey of 250V. The
loadline intersects the various Eg curves at points corresponding to the instantaneous
Ia for the particular Bg, of a tube operating under the given conditions. This Ea/Ia
dynamic relationship is the same information as we obtained from a dynamic mutual
characteristic (Fig. 14). In addition, the corresponding anode voltage Ea can be
read off directly instead of being calculated.

8mA

6

la
AN ODE

CURRENT

4

2

E9= 0v -«Y I I
-12/ -2 - 6 -8 - 10

I I I I I I I -17
I I I I I I - 16B J

84/ I / I I I I I /
- 50ks .......... 7v V I 1/ I y

Jt I I /

I 71 7 Q /4 I/ / V / Vr----... ,I ,I
I I % 141 y. V / Y /

/ I • / Eg=250v;; V X _).v y V >< V V'_
I I I

I

0 40 80 20 1o0 200

A NODE VOLTAGE

A
240

Ea
2 80 320 360 400

FIG. 18. ANODE CHARACTERISTICS OF TYPICAL TRIODE WITH LOADLINB.

Suppose a bias of -4 volts is chosen. [his sets the operating point at Q which is
generally called the "quiescent" point of operation and gives the values of Ea
and Ig when no signal is applied (114V and 2.7mA approx.). When a 2V peak
signal is applied the grid swings from -2V to -6V which on the graph corresponds with
the intersection of these two grid voltage curves with the loadline - that is P and R
respectively. These points correspond with anode voltages of approx. 81V and 145V -
a total change of 64V for a total grid voltage change of 4V (peak-to-peak). This

64Vindicates a theoretical voltage gain of 7tr or 16 times.
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5.2 Plotting Anode Loadlines, he method generally used for voltage amplifiers is to choos±
values for By and Ry, and from them determine two points as follows t-

Assuming Fy = 250V and RI, = 50k0

(i) Use the value of anode voltage Ea when Ia is zero (cut-off) as the first poi
his is the supply voltage Ey which in the example is 250V and mark as point
(Figs. 18 and 19).

(ii) Calculate anode current Iy when all the supply voltage is dropped in R1,; th=
is when Ea is zero

which in the example

Eg
a- 8L

250
50 5mA.

Mark this as point B (Figs. 18 and 19).

Ia could only be raised to this value by a deliberate anode to cathode short
circuit, However, it gives us the direction in which Ia increases with
decreasing Ba.

Using the same set of anode characteristics and loadline as in Fig. 18, Fig.
the corresponding dynamic mutual curve may be plotted if required, using the
where the loadline intersects the anode curves. The dynamic curves in Figs,
were plotted by this method.

19 shows 1»
co-ordir±re
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FI0. 19. PLOTTING DYNAMIO CURB USING IOMDLINE.
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FIG. 20. PENODE CHARACTERISTICS WIH LOADLINE.
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Fig. 20 shows a family of pentode characteristics with a loadline for Ey = 300V and
RL, = 100k9. When compared to Fig. 18 note how the shape of the pentode characteristics
allows a smaller grid voltage swing to result in greater changes in Ba. For example, a
change in E" from -2V to -2.5V results in a change in E" from about 125V to about 225V.

D.C. and A.C. Loadlines. go introduce loadlines in a simple manner we have, in paras. 5.1
and 5.2, neglected certain factors which sometimes make the loadline, as plotted, a
little inaccurate for practical use. The loadlines in Figs. 18, 19 and 20 are called D.C.
loadlines because they represent the anode load to D.C. An amplified A.C. signal may
meet a somewhat different value in the output circuit.

- Anode_ load for A.C. Up to this stage we have considered the anode load as being the
resistance KL• Referring to Fig. 21a, and assuming that coupling capacitor C has
negligible reactance at the signal frequency, the A.C. anode load of V1 is actually RI,
in parallel with both Kg and bhe input impedance of V2. Therefore, the resultant of
these impedances is the actual load across which the output voltage of yt is developed.
The input impedance of V2 is generally several megohms and very often the value of Rg is
many times that of R• In such cases the A.C. and D.C. loads are approximately the same
and equal to R, (which is low compared to the parallel A.C. impedance of R" and V2 input).
The D.C. loadline is then sufficiently accurate and we have assumed these conditions
apply in the examples of Figs. 14-20.

A.8. Loadl1mes. In many cases however, Rg may not be much more than twice Rj, and the A.C.
anode load is approximately equal to their equivalent parallel resistance. he D.C.
loadline will not then show the correct dynamic relationship between Ia and E" during
operation, and it becomes necessary to add an A.C. loadline. Ideally the quiescent point Q
remains on the D.C. loadline at the selected bias voltage and the A.C. loadline passes
through Q at a slope determined by the A.C. load of Rj, and Rg in parallel. A typical
result is represented in Fig. 21b.

RL

I I
L L
- H.T, - -

(a)

Ia
D.C.

LO ADLINE

Ea

LOADLINE

(b)

FIG. 21. D.C. AND A.C. ANODE LOADS.

There are other methods of constructing anode loadlines besides the method described.
It is possible to draw the loadline to cross the curves at suitable points and then to
calculate from this the optimum load impedance. [his is often done for power pentodes.

D.C. and A.C. loadlines can be plotted for all types of anode load, but the A.C. loadline
is straight only when the load is resistive. When reactive components are present,
current and voltage are out of phase, and theoretically the A.C. loadline becomes an
ellipse.

The same effect can be shown on a C.R.0. when an ellipse is produced by out of phase
voltages applied to the X and Y plates. (Refer to para. 10.6 of "A.C. Measurements".)
The X and Y axes of the graph on the C.R.T. correspond to the E, and Ia axes of the
graph in Fig. 21b.

There are other factors which may affect the position and shape of both D.C. and A.C.
loadlines. Also, loadlines are sometimes used for calculating screen grid and control
grid requirements. As these considerations are rather theoretical and concerned with
design, they are beyond the scope of this course. However, a basic knowledge of
loadlines assists greatly in the understanding of amplifier principles.
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5.6 A.O. Load and Phase Shift. Fig. 22 shows the phase relationship between input voltage
anode current and output voltage in a single stage resistance loaded amplifier.
Because of the drop across Rj, anode voltage E" decreases as Ia increases and vice
versa, making the A.C. component of Ea 180° out of phase with the A.C. input signal.

C NEXT
" STAGE1itr-o

I
I
I,
s< f¢

INPUT'+ <

SIGNAL' [ta 7
Es L EB :

E¢w
(yehe---o-0

BIAS

OUTPUT
+

0
INPUT

GRID
VOLTAGE

-ERL[\ - Ea= Ee.-Ia RL ---r
I I
I

EB

FIG. 22. 180° PHASE CHANGE IN RESISTANCE LOADED STAGE.

When reactive components constitute a significant proportion of the A.O. load there
will be a phase difference between the signal component of Ia and the A.C. drop
across the load. Consequently phase displacement between the input and output
voltages will be either less or more than 180° depending on whether the load is
capacitive or inductive in character. In multistage amplifiers the phase change per
stage will depend also on whether reactive components are in series or in parallel
with Rg• For details of phase relationships in reactive A.C. circuits refer to the
A.C. papers at the beginning of this book.

5.7 A.0. Load Varies with FrequengX. We have seen that high values of RI, for a given tu
give more stage gain than low values of RL. Similarly, any factor which lowers ts
value of A.C. load must reduce the gain. A load which is resistive only would
present a constant impedance at any frequency and if this could be achieved stage
gain would be independent of frequency. All tubes however have some capacitance
shunted across the input and output as well as some stray capacitance in the circuit
wiring. This can be kept to a small value and may total from about 6 to 60µµF but.
as we saw in studying capacitive reactance, even very small capacitors become quit=
good conductors of high frequency A.C. (20µµF offers about 800k9 reactance at 1Ck:
but only 80k9 at 100kc/s and 8k0 at 1Mc/s.)

The frequency bandwidth over which an ordinary R/0 coupled amplifier can give unif-
gain is therefore limited mainly by the unavoidable shunt capacitance which reduce
the value of A.C. load impedance with an increase in frequency.

Series capacitance in the coupling capacitor also affects bandwidth as its reactart=
increases at low frequency, as we have noted with coupling methods in Section 3,
Fig. 8.

6. FREQUENCY RESPONSE AND BANDWIDTH.

6.1 Main Requirements of Amplifiers. As a general rule amplifiers are designed so that -:
fewest number of stages will provide the necessary gain over the desired frequenc
band. Each stage therefore provides the maximum gain which is consistent with a
uniform "response" to all frequencies in the band. T'he two demands are to a large
extent conflicting, so that, to obtain wide uniform response, gain is sacrificed;
conversely the highest stage gain is obtainable only over narrow frequency bandwiiti:

Fig. 23 compares typical gain versus frequency response curves for three differer.
types of amplifier stage. Curve A is that for an R/0 coupled audio amplifier.
Curve B is that of a narrow band radio frequency (R.F.) amplifier using a "tuned" :
or parallel resonant circuit which gives high load impedance at resonance and ther
high gain.
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Curve C is the response ot a wide band video amplifier (for television picture signals).
A similar very wide bandwidth is required in many long line and radio "bearer" circuits
carrying many hundreds of telephone channels. (In this field the accepted term is broad
band bearer to distinguish from the earlier use of wide and narrow in referring to
different classes of speech channel.) To obtain such wide uniform or "flat" response,
a great deal of stage gain is sacrificed and in addition, "compensation" of the A.C. load
is necessary.

The foregoing is a broad outline. In order to explain the relationship between gain and
bandwidth we must examine the effect of A.C. load and gain still more closely.

RELATIVE
AMPLIFIER

GAIN
A

B NARROW BAND
TUNED R.F.
AMPLIFIER

R-C COUPLED AUDIO AMPLIFIER

VERY WIDE BAND AMPLIFIER (COMPENSATED)

0 1o 100 1o5 10*
FREQUENCY C/S

FIG. 23. TYPICAL AMPLIFIER RESPONSE CHARACTERISTICS.

-,2 Equivalent Amplifier Circuits @nd Stage Gain. he factors which determine stage gain and
overall frequency response are more readily understood by replacing the complete tube
circuit with an equivalent circuit which neglects all D.C. potentials and presents the
tube and coupling circuit as they affect the A.U. signal only-

FIg. 24 shows the basic equivalent in which
the tube is regarded as a constant voltage
A.C. generator with a series impedance equal
to the A.C. anode impedance ra•

FIG. 24. EQUIVALENT CIRCUIT.
Constant Voltage Generator.

The generator terminal voltage is equal to the A.C. signal input voltage Be, multipled
by the amplification factor µ of the tube, that is -µEg, the minus sign being used to
indicate the normal 180° phase change from input to output. This voltage is applied to
the load in series with ra. he output signal Ego across the load Zy, is therefore that
proportion of µEg dropped across ZL. Since the whole of µEs is dropped across the total
circuit impedance (ra + Zy), then -

Output voltage = total amplified signal voltage X proportion of Zi to total Z.

But

Eso
ALEc X --

ra + ZL

Output voltage
TiµuE vol €ago Voltage gain of stage (A)

where

fso Output signal voltage

E, nput signal voltage

p Amplification factor *

ra A.C. anode resistance *

4L A.C. load impedance.

A ----___--___ th] * at working point.

Formula (1) and Fig. 24 are useful for triodes which have µ and ra listed in maker's data
for typical working points. We can see from the formula that when Zr, is much greater
than ra in value, stage gain will approach µ in value, which we saw also from calculations
based on triode dynamic curves (Fig. 14).



a

AMPLIFIERS.
PAGE 18.

However, the µ value of a pentode is not generally listed, nor is it readily determined
from the anode family of static characteristics,

From formula (1) we can readily derive another formula and equivalent circuit using &m
instead of p.

Stage gain (A) -

But µ

A

.......... (1)
ra " A.C. anode resistance}

Where 9m = Mutual conductance

Zi - A.C. load impedance

at working
point

Formula (2) can be used for triodes or pentodes. Note, however, that high valuesof ZI
(and Ry,) generally restrict operation to that part of the characteristics where 8 is
lower than the static value given in the tube manuals, This should be allowed for and
more appropriate value determined from the curves or other published data. [he loadlir:
on Fig. 20 shows this restriction of working point. (µ of triodes is affected less, bu
for greater accuracy when using formula (1) its variation with load should be allowed
for.)

Formula (2) suggests a more suitable equivalent circuit for pentode amplifiers.

Stage gain A
a 4L

........... (2)9m a + 4L

fso a AL
t 9m a + AL

fao
a AL

9m f, a + AL

ra/L
Note that , is equivalent to the formula for finding the joint R of R1 an R2 i:ca + oL

parallel, and therefore represents the joint opposition in ohms of ra and Zr, in parall±.
Also, as gm expressed in mA/V is a measure of the anode signal current milliamps per gr.

signal volt, then gl± will give the A.C. signal component of anode current resulting
from a grid signal Es.

I =-i9mEs(mA):_t -:.i,~$1

L. ------1~-------' E
I

L O AD I
a soi I

iz;
-- j

FIG. 25. EQUIVALENT CIRCUIT.

Constant Current Generator.

The last formula then indicates that a
tube may be also regarded as an A.C.
generator producing a constant current
output equal to & Eg and having an inter
shunting impedance equal to ra across wii:

the load Z1, is connected in parallel.
This is represented in Fig. 25.

Just as stage gain A can be found with either formula (1) or (2) making them equal
expressions, Fig. 24 and Fig. 25 represent the same thing in two ways; either may be
used for any type of tube even though at first they may look very different. Whiche.±-:
circuit is used is a matter of convenience. Fig. 25 is more often used, as most vol.
amplifiers use pentodes which because of their high ra are nearly "constant current"
sources. he rg of triodes is low by comparison and they approach the characteristi-:
constant voltage! sources,
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"Constant Voltage" _and "Constant Current" Sourceg. mhe idea of a "constant current"
source is often hard to grasp at first, as we have become accustomed to thinking in
terms of sources which supply appreciable power (alternators and batteries) the low
internal impedance of which gives them constant terminal voltage over wide variations
in load impedance. Sources in which the internal impedance is much lower than any
load are therefore constant voltage sources.

In electronics, however, we can often use voltage without any appreciable power so
that devices having high internal impedance are commonly sources of signal. When a
source has internal impedance muon higher bhan that of any likely load, it does not
make much difference to the output current whether the load is a high resistance, low
resistance or even a short circuit.

For example - if a generator has an impedance of 1.5M9 and 10V e.m.f., output current
into 100k0 load is 6.25µA, and into a short circuit is 6.6µ1A (by Ohm's Law). Output
current therefore is nearly constant over a wide range of loads and the source may be
thought of as having constant current characteristics. Examples of high impedance or
"constant current" sources are voltage amplifier pentodes, receiving aerials and
certain types of microphones.

No sources have either zero impedance or infinite impedance and the terms are
therefore purely relative to the loading and are really convenient approximations to
aid in explanation.

R/0 O0UPLIN FRGUENOY RESPONSE.

7.1 Bquivalent Circuits, Fig. 26a shows a pentode amplifier stage including all the factors
which determine the value of the A.C. load I, and Fig. 26b shows the full equivalent
circuit with the tube represented as a constant current generator.

Es-

I
I
I
L

I
I
I
I
I
I
I
I

c,:i: ±'\

1 +
M.TI

(a)

(b)

FIG. 26.

he A.C. load consists of four shunt
components,-

(i) Ct, the output capacitance
of V1 (anode-to-cathode),
including stray wiring
capacitances,

(ii) RI, the D.C. anode load
resistance of V1,

(iii) Rg, the grid load of V2,

(iv) C2, the equivalent input
capacitance of V2, including
stray wiring capacitances,

t and one series component -
E so
I (i) C, the coupling capacitor.

We have already seen in Section 3 that C is chosen to have negligible reactanco
compared to Ig• This applies over the mid-frequency and high-frequency (h-f) sections
of the band but as any capacitor (no matter how large) is open circuit to zero c/s or
D.C. the reactance of C must rise at the low-frequency (1-f) end of the band. ['he
shunt components C1 and C2 have a low value and their reactance is so high at the l-f
and mid-f sections of the band that their shunting effect on RI, and R" may be
neglected. (he value of 02 can be much greater than grid-to-cathode capacitance
especially with triodes. Para. 7.6 explains how 02 is derived.)
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It is possible therefore, and convenient, to simplify the full equivalent circuit of
Fig. 27 to -

(±) The mid-frequenoy equivalent whore C
is reganded as a short circuit
compared to Rg» and 01 and 02 as
open circuit compared to RI
(rig. 27a).

(As)

(ii1)

(a) Mid-fre9uenoy-

iE5iiiwhere C is a short circuit,E.·

butthe reac tance of C 1 and -'---$ _ 'o RL _ Rg Cl ' ,,
02 become low enough to have [c2

appreciable shunting effect
on Ry, (Fig. 27b).

The low-frequency equivalent where C1 Es $ i I I} ~ r·
and 02 are virtually an open circuit »i o Ira "RL "Rg E±-
but the reactance of C is no longer
negligible compared to Kg (Fig. 27c). '••__*<

(e) Low-frequency.

(+) High-freguemoy-

FIG. 27. EQUIVALENT CIRCUITS.

(Constant Current Source.)

7 .2 Factors affecting Response. R/C coupling is used in all types of wide band amplifiers -
audio, video and broad band bearer. For easy reference the audio and video amplifier
response curves (Fig. 22) are shown again in Fig. 28.

GAIN

1-f
MID- FREQUENCIES

_..._1El?
MID- FREQUENCIES

10

FREQUENCY C/S.

FIG. 28. RESPONSE OF WIDE BAND STAGES.

The shape of the curves is now explained in terms of the equivalent circuits :-

(i) Gain is constant over the flat section or mid-frequencies (Fig. 27a) because ti
A.C. load is predominantly resistive and the voltage drop across its practical_
constant value is the output signal.

(ii) Gain at the h-f end of the band (Fig. 27b) commences to fall off when the
reactance of C1 and C2 become low enough compared to the parallel equivalent
resistive components RI, and R" to appreciably reduce the A.C. load impedance -
The constant current generator produces a lower voltage drop across the lower
value A.C. load comprising RL,, I", 01 and 02 all in parallel with ra. Respor.s
continues to fall with further frequency rise as reactance of C1 and (2 become
progressively lower.
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(iii) Gain at the l-f end of the band (Fig. 27c) commences to fall off when the
reactance of coupling capacitor C becomes appreciable compared to the
resistance of Rg. As the frequenoy is lowered the voltage drop across C
is increased giving a progressive decrease in the voltage drop across Rg
the input to the next stage.

Fig. 27 uses the constant current generator analogy. If you find it easier to think in
terms of the equivalent constant voltage source with series rg this is shown in Fig. 29
which also further simplifies the hf and l-f equivalent circuits to look like resistive
voltage dividers as we did for R/C coupling in Fig. 8, page 6.

h-f Response. mhe load impedance Zy, is
Towered b the shunt reactance of 01 and
02, resulting in more voltage drop across
ra and less across ZL,•

~D-~-~=--1:E-·1:
°s

(b) 1-f Response. mhe voltage drop across ZL,
ia divided between Xo and Rg and only
that across R" is available at the
output. The more voltage drop across X
the less across Ig•

F10. 39. BRUTALBNT CIRCUITS.

(Constant Voltage Source.)

Bandwidth and Gain. Response is uniform or flat as long as the load is predominantly
res4gt5re. sfnce we cannot get rid of all shunt capacitance we can only keep its
shunting effect on Ry, negligible over wider bandwidths, by using a lower value of RL,
with a consequent reduction in gain. hat is, wider bandwidth is obtained at the
expense of gain.

In amplifiers having a bandwidth of several megacycles, Ry, is only a few thousand ohms
compared with a few hundred thousand ohms in a 5kc/s band audio amplifier. To give
useful gain in spite of very low load resistances, tubes having very high values of 8m
are used (10-15mA/V). These tubes draw larger anode currents than tubes used in other
resistance loaded amplifiers but, because of the low values of RL,, excessively high
supply voltages are not necessary. However, power requirements are considerably greater
than for audio amplifiers.

Low-frequeno} R0p0mse. From Figs. 27¢ and 29b, it would seem that low-frequency
response may ts @tended (to still lower frequencies) by increasing the value of the
coupling capacitor C and/or the value of Rg. This is done, but the possibility of grid
blocking, and gas current and grid emission of the following tube, sets practical limits
on the value of C and Rg as explained in para. 3.2. For response down to a few c/s,
direct coupling becomes necessary.

Up to this stage, we have neglected the effect of frequency change on the reactance of
the capacitors used to bypass cathode bias and screen dropping resistors. (Ck + Cs in
Fig. 13.) If these are not adequate, the low-frequency response will be affected - bias
and screen voltages will alter with signal and act on anode current to reduce gain.
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Usable bandwidth. In practice, some drop in gain is tolerated at the upper and lower
frequency limits. The bandwidth includes the flat mid-frequency section plus the lowered
l-f and h-f sections down to points where only half the mid-frequency power is dissipated
in I_ and they are sometimes termed the half power points.

I

USABLE BANDWIDTH»i
(
I
I

0·707

SIGNAL
VOLTAGE

ACROSS Rg
o'------------------------

POWER

FREQUENCY

FIG. 30. HALF POWER POINTS.

2
Af3 power in resistance= I2R or~'
then the voltage squared across
the grid resistor (Rg) at half power
points equals half the voltage squarei
across I" at mid-frequencies.

7.4 Phas
nea.
cau
cha
and

Thi
and
vid

7.5 "Cort
pha
in
at -use

For
tog:
a r:

since E,*

and E7

c?
1
2

i
5

7.47¢
or 70.7% of Er

0.707 E¢

where
Yoltage across R at mid-frequency.

Voltage across I at half power
points.

The half power points therefore occur when the voltage across I" is 0.707 of that at the
mid-frequencies.

At the h-f end of the band the half power point occurs when the reactance of shunt
capacitance falls to the value of mid-f Zy, thus reducing it by one half. At the l-f eni
the half power point occurs when the reactance of coupling capacitor C rises to equal Ry.

Mid-fr0gue_ (ain of wideband amplifiers can be determined using a much simplified for-
5r r6ii2a (o) Wach we derived for pentode amplifiers from equivalent circuit (Fig. 25

ra AL

• E+4 ............. (2)

27a, we saw that y, over mid-frequencies
substantially of Ry, and Rg in parallel.

rIC. 3l. his is show again for easy reference in Fig. 31.

Except in amplifiers having very high gain and limited bandwidth (RI, 250k9 or more) R
is generally many times Ry, in value and has therefore only a small effect on Zj. i"}
is, Zj, is practically equal to RI, and the following formula suffices -

ra 8L
- " a;i ............. (3)

A s
Its
co
wit°
cor.
a f.

resi

(For narrower bands where triodes may be used, formula (1), page 17, can be similarly
simplified by regarding ZL, = Ry.)

When RI, is only a few thousand ohms (say 20000 to 10,0009) it is so much lower than r,
as well as Rs that they may both be neglected and a further simplification of the formil=
and equivalent circuit (Fig. 32) are sufficiently accurate.

A (very wide bands) .. (4)

FIG. 32.
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.4 Phase Shift. While the load is predominantly resistive, phase change per stage is 180° or
nearly so, but shunt capacity which reduces gain at the h-f end of the response curve also
causes the output signal voltage to lag behind the output current of the tube, and phase
change is less than 180°. At the low frequency end series capacitance C causes the current
and voltage in Rg to lead the signal current in RI and phase change is more than 1800.

This results in phase shift between the harmonics and fundamental frequenoy of a complex wave
and is not serious in sound reproduction but it can be a serious form of distortion with
video and other very wide bands. This is known as "phase distortion".

.5 "Compensabion" is a means of extending either or both l-f and h-f response and reducing the
phase shift in wide band amplifiers. It is accomplished by including additional components
in the coupling circuit which to some extent compensate for the effect of shunt capacitance
at high frequencies and series capacitance at low frequencies. There are several circuits
used, some being rather complex.

E0r h-f compensab1on the simplest and most widely used arrangement is shown in Fig. 33,
together with the equivalent circuit. It is assumed Rj, is low in value making ra and Hg
a negligible shunt load by comparison. This is called "shunt peaking".

Ct+C2

H.T.

(a) (b)

FIG. 33. h-f COMPENSATION BY "SHUNT PEAKING".

A small inductance in series with RI has negligible reactance at low and mid-frequencies.
Its reactance rises at high frequencies as that of (1 and 02 commences to fall and the
combination maintains Z, and gain constant to a higher frequency than would be possible
without it. The phase shift due to 01 and 02 is counteracted by that due to L although
correction is not perfect when L is proportioned to extend the flat response to as high
a frequency as possible. (Half power point may be extended to about 1% times the frequenoy
attained in uncompensated stages.)

low frequency compensation is achieved fairly simply as show in Fig. 34. A high value
resistor R3 in series with RI, is shunted by a capacitor of large value 03.

(a) (b)

FIG. 34. TYPICAL 1-£ COMPENSATION.

At the mid and high frequencies there is no effect on the A.C. load because of the
reactance of C3. At low frequencies the reactance of 03 rises and the combined impedance
of R3 and 03 (shown as Z3 in the equivalent circuit, Fig. 34b) increases the value of
A.C. load and gain to compensate for the increasing voltage drop across coupling
capacitor C. A more constant output voltage across Rg is maintained as frequency is
lowered.

As frequency is lowered Xe causes the voltage across Rg bo start leading the anode signal
voltage. At the same time however Z3 becoming capacitive in character causes the anode
signal voltage to lag the anode signal current and thus compensate to some extent for the
phase shift caused by Xc. The values can be proportioned to permit only a small resultant
phase shift down to quite low frequencies. Section 14 shows typical circuits incorporating
all these principles.
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Another way of improving response characteristics of amplifiers is the use of negative
feedback the details of which are examined in Section 11.

7.6 Input Capacitance and "Mil1or Effect". We have represented input capacitance in the
equivalent circuits of Figs. 26 and 27 by the capacitor 02 in parallel with Rg. The
effective input capacitance of a tube is greater than the simple grid to cathode
inter-electrode capacitance because of a property of amplifiers known as "Miller effect".
Stated simply, this means that input capacitance is increased by an amount which depends
on both grid-to-anode capacitance and voltage gain of the stage, An equivalent circuit
can help explain this phenomena, which if fully analysed involves complex calculations
beyond the scope of this course. A simplified explanation suffices to show that the
Miller effect cannot be neglected, because in some tubes it accounts for the greater
part of the unwanted shunt capacitance (which limits high frequency response).

Fig. 35a shows a complete A.C. equivalent circuit for a triode amplifier including the
three inter-electrode capacities, grid-to-cathode Ugk, grid-to-anode Qga and anode-to
cathode Oak• The output circuit consists of the equivalent A.C. source producing -uEg
volts in series with ra and the load ZI• We have already seen in para. 6,2 that the A.C.
output voltage Ego is greater than the input voltage Es by the voltage gain (A). We car
further simplify the equivalent circuit by replacing the entire section of Fig. 35a
within dotted lines by an imaginary A.. generator producing -AE volts as represented
by Fig, 35b. (The minus sign denotes the 180° phase change when Zj, is resistive.)
The effect of Oak is small enough to be neglected.rt,,
Es° {gk

NP UT
SIGNAL

CATHODE

1kiope--
7l
I I I
j =a[d,

L -~··__JJ
(a)

FI0: 95. INPUT CAPACITANCE,

IT'''
Es zCgk

(b)

We see from this that grid-to-anode capacitance Qga becomes an additional shunt capacity
in series with the output voltage, which being A times input voltage causes Uga to accept
from the input signal a charge A times as great.

For example, a typical triode has Qgk = 4µµF, 0ga = 3µµF and is connected with
resistive load to give a gain of 16, Then -

Equivalent Input Capacitance Cgk + Cga + ACga

- 4 +3+3X16 55µµF,

For multi-element tubes such as pentodes the formula is modified slightly to include the
capacitance from the grid to the other electrodes. The total capacitance from grid to
the other electrodes including anode and cathode all tied together is called 0in•

For example, a typical pentode has Uin = 6µµF, Gga = 0.004°and typical gain of 150, 1G0,

Equivalent Input Capacitance Gin + ACga

- 6 + 160 X 0.005µµF = 6.8µµf.

Note that because the screen and suppressor grids make Qga so low in value, the additior±_
input capacitance due to Miller effect is quite a small proportion, even though voltage
gains of pentodes may be 10 to 20 times that of triodes. Comparing the results of the
typical examples it is easy to see why triodes are not used in wideband voltage amplifier:
At 100kc/s, 55µµF has a reactance of about 30k9 whereas 6.8µµF has a reactance of about
234k9 at the same frequency. Stray wiring capacities add a few {µF to input C in both
cases and careful attention is paid to component layout to keep stray capacitance in
wideband amplifiers to a minimum.
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8. FREQUENCY RESPONSE HITE REACTIVE LOADS.

8.1 Tran@former and Imped@nee Coupling. Transformer and impedance coupling do not permit
Ebe very Kaas masa e1at response "obtainable with R/C0 coupled amplifiers. Their use
is therefore restricted to narrower bands of frequencies.

Fig. 36 shows a typical response characteristic for a transformer coupled stage.
Gain is less at the l-f end of the band than at the h-f end because the inductive
reactance at low frequencies is too low to provide an adequate A.. load for the tube.
Response falls off at high frequencies where shunt inter-turn capacitance and
transformer losses appreciably lower the load impedance. By special transformer
design however, fairly flat mid-frequency response can be obtained, and a bandwidth
up to 1Okc/s is not uncommon for voltage amplifiers.

GAIN

FREQUENCY

TYPICAL RESPONSE CHARACTERISTIC WITH TRANSFORMER COUPLING.

FIG. 36.

8.2

An important advantage of transformer coupling is the low D.C. primary resistance in
series with the anode which permits high gains with fairly low supply voltages; also,
the step-up turns ratio increases the voltage gain by that factor. Except for very
narrow bands, however, high turns ratios are not desirable as too many secondary
turns increase shunt capacitance, and too few primary turns reduce primary impedance
which reduce h-f and l-f response respectively. Where appreciable bandwidth is
desired the transformation ratio is generally no higher than 2 to 4 times. For speech
band amplifiers in telecom (about 100 to 3,000c/s) transformer coupling is very
suitable and fairly widely used.

Tuned voltaee aplifierg have one or more tuned circuits in the A.0. anode load of
aon 6tap0 as di0 nor one stage in Fig. 37a. Basically, such circuits would provide
maximum gain at one frequency only; when required, ganged variable capacitors permit
"tuning" of the amplifier over a range of frequencies. When only a small range of

H.T.

(a)

GAIN

FREQUENCY

(b)

\

\
I
I
I
\
\

' '

PIG. 37. TUNED VOLTAGE AMPLIFIER.
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9. POWER AMPLIFIERS.

9.1 Main Features. We saw in Section 2 that practically every tube produces a greater
output power than the power delivered to its grid and is therefore an amplifier of
power. In contrast however, with circuits designed to produce high voltage gain
and/or high output voltage, the term "power amplifier" is reserved for circuits whic
have their output connected to an energy consuming device such as a trunk line,
a radio transmitting antenna or a loudspeaker. Most of the principles of voltage
amplifiers still apply, but with power amplifiers, additional factors need to be
considered. 'he more important of these are -

(i) The device forming the load generally has an impedance unsuited to the load
requirements of the output stage. An output transformer is used having a
burns ratio that presents the optimum A.C. load to the output stage.
Most loads range from only a few ohms to a few hundred ohms and step down
transformers are required. The transformer also isolates the load from the
HT supply.

(ii) To produce appreciable A.C. power, large anode current swings are necessary.
This requires large "exciting" voltage input to the grid (the function of
the voltage amplifying stages).

(iii) Operating efficiency has to be considered especially where large outputs
are required. That is, the ratio of useful A.C. output power to D.C.
input power is generally as high as practicable to avoid wasteful energy
loss and unwanted heating.

(iv) To meet requirements (ii) and (iii) the tube or tubes must be operated over
the greater part of the dynamic characteristics including part of the curv±i
regions. The non-linear current and voltage relationships met with,
introduce distortion of the signal. (In voltage amplifiers, the
comparatively small input signal swings can be confined to the linear regi:
of the characteristics.) As a rule, the output stage introduces more
distortion than all the other stages combined.

(v) The values of load impedance and bias are therefore critical. For any giver
tube and supply voltage, maximum possible power output is not consistent
with low distortion and the choice of bias and load impedance is therefor=
a compromise between adequate power output and acceptable distortion,

9.2 Single tube output st@gos operating 0less A1 are widely used for audio and video
frequency amplifiers giving moderate outputs of up to about 5 watts ("single ended"
amplifier). Output tubes are sometimes operated in parallel to obtain higher output
power. Fig. 38 shows a single ended Class A output circuit with typical operating
figures listed. These values vary considerably with different tubes and with differ::
loads for the same tube, and are given as a matter of interest only.

Ia= 46mA

MAX.
SIGNAL
+12V

fy
-12 V °
SELF BIAS
APPROX .-I3V

TURNS

{2T!0 APPROX. A.C. POWER 4-5w

..g
HARMONIC
DISTORTION
APPROX. 87

+
H.T. 250 V

-L

TUBE LOAD IMPEDANCE
5000.0. APPROX.

FI0. 38. TYPICAL CLASS A1 POWER AMPLIFIER (SINGLE ENDED).



·.·t

AP LIFTERS .
PAGE 27.

9.3 Push-pull output St@&es are used in many audio frequency amplifiers. Fig. 39 shows a
typical arrangement. he interstage transformer Ti has a secondary centre-tap
connected to both cathodes for the signal frequency and its ends connect to the
output tube grids. The H.T. D.C. is applied to the centre-tapping of the output
transformer primary and with matched tubes the equal and opposite D.0. components in
the output produce no magnetization of the core.

T2

C
FIG. 39. PUSU-PULL A.E. OUIPJT.

When input signal is applied, the grid of V2 is on the positive swing while the grid
of V3 is on the negative swing and vice versa. With Class A bias (from lg in Fig. 39).
The current in one half of T2 primary increases as the current in the other half
decreases and as these currents are in opposite directions their magnetic effects are
additive. The signal is thus amplified and the signal power output induced into T2
secondary is a little more than twice that of similar tubes in single ended output.

Push-pull audio output stages can also be operated Class AB or Class B. With Class B
operation one tube remains cut off while the other amplifies the positive grid swing
and a more appropriate expression for this would be "push-push" output. The full
cycle of input is reproduced in the secondary of the output transformer as described
in Sect. 2(Fig. 5). With Class AB operation more than half the input cycle is
handled by each tube.

As a means of handling large powers, push-pull operation has the advantage that the
two D.C. anode currents do not reduce the transformer inductance - their magnetising
effects are equal and opposite. Many of the effects of non-linearity in the tube's
characteristics are also largely cancelled out and distortion introduced can be quite
low when tubes are well matched.

9.4 Anode Efficiency of output stages is a measure of the useful output (A.C.) with respect
to the total D.0. power fed to the anode. In Class A operation this is only about
20-40% because an "unproductive' D.C. component flows at all times whether there is
signal input or not. Overall effioienoy is a little less than anode efficiency and
takes into account the aaa5tional D.0. power wastage of the screen grid.

Higher efficiency is obtained with Class B and Class C operation because there is no
anode current until signal is applied. Where large power outputs are required this
is an important consideration and the wastefulness of Class A operation cannot be
tolerated. Radio transmitter Class C single ended final stages are the best example
of this. As we saw in Section 2, Fig. 4, anode current is in the form of short pulses
lasting only a fraction of a cycle and which utilise the full range of the tube's
control from cut-off to grid current. The anode load tank circuit reproduces the
full cycle.
Another example is the Class B or AB push pull output stages often used to obtain the
considerable audio output power needed for such applications as large public address
systems,
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9.5 0ubpub Tubes. Triodes, pentodes and beam tetrodes are all used in power amplifiers
but each has advantages and disadvantages:-

- Triodes require large input signal voltage to produce adequate power output,
however, distortion is lower than that of pentodes and beam tubes.

- Pentodes and beam tubes are more sensitive than triodes in that lower exciting
voltages on the grid produce adequate anode current swings. Ordinarily
distortion produced is greater than that of triodes, although this is generally
corrected by the use of negative feedback. (See para. 11.3.)

Output tubes handle far heavier currents than most
Cathode emission is greater and the electrodes are
greater heat dissipation, particularly the anode.
tubes having lower values of rs than other tubes
corresponding types of voltage amplifiers.

voltage amplifying tubes.
constructed to cope with the
These factors result in power
generally about one tenth of

9.6 Output Transformers. Modern high quality A.F. output transformers are made using
special core materials and winding techniques and are capable of flat response
characteristics over a range of at least 10c/s tol0kc/s. This is much greater thar
can be achieved with interstage transformers (para. &.1) because with low impedance
step-down transformers, shunt capacitance is much less and its relative effect on
the A.C. load is also less.

9.7 Phase Inversion. The grids of push-pull stages require signals 180° out of phase ari
the simplest way to obtain this is by using a transformer as shown in Fig. 39.
Very often however, the transformer is replaced by a phase inverter or phase splitti
circuit to avoid the bulk of a transformer or to avoid the non-uniform frequency
response it would introduce.

There are several different phase splitting circuits each having its advantages and
disadvantages. All make use of R/0 networks for the coupling and use a tube or tut±
to provide the out of phase signals. Typical phase inverters are shown in Fig. 40.

RL1
ln Fig. 40a the load of Vi is divided in two, with half in the anode circuit (Rµa} =-:
half in the cathode circuit (RLx). With respect to A.C. ground (earth and H.T,J Ere
cathode goes negative as the anode goes positive and vice versa giving the requirei
signal to V2 and V3 grids via 02 and 03.

Although the D.C. bias of V! is fixed by the bypassed resistor Rµ, the signal volt=g
across the cathode follower part of the load (Rti) is in series with the grid input
voltage and in opposition to it. This is negative feedback and is an important
subject in itself which we will examine fully in Section 11. In the circuit of
Fig. 40a it results in the stage gain of Vi being less than 1; that is, a voltage
loss. Therefore the signal input to V1 must be slightly higher in voltage than th±
required between the grids of V2 and V3.

Fig. 40b is
of its load
V2 via C2.
developed.

another type which uses a twin triode as the phase inverter. V1A has r::
in the anode circuit (RL1), and its anode signal excites the grid of
V1A also has a cathode load (RLk + Ry) across which a smaller signal iz
Ry gives self bias,

Tho grid of V1B is earthed for A.0. via 01 and its input signal 1° cathode oouP]ffi-
V1A as the signal voltage across the common cathode load. As this signal is 180°
of' phase with V1A grid, the effective signal voltage between V1B grid and cathode i:
out of phase with that between V1A grid and cathode. Therefore, the signal at VIE =
which excites V3 grid via 03, has a 180° phase difference from that at V1A anode xri:
excites V2 grid.
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he unbypassed Ry + RLk give negative feedback which prevents the stage having much
voltage gain. In this respect Figs. 40a and 40b are similar; feedback is examined
in Section 11. Practically all phase inverting arrangements have an additional tube
which contributes no appreciable stage gain. This is their main disadvantage and
where space is not critical and wide flat response is not needed the interstage
transformer is still widely used.

FROM
PREVIOUS
STAGE

Ra<1M

02

8L1< 47K

H.T.
·0 2

-%H.T.

RL1. •100K

H.T.

L2< "100K

H.T.

(b)

FTa. 40. mYPIcAL PUSH-PULL OUTPUTS WITH PEASE INVERTERS.

The two 27k0 series grid resistors in Fig. 40b (Rgs1 + Rgs2) are called "grid stoppers".
In some amplifiers undesirable oscillations (known as parasitic oscillations) often
occur due to long leads (which act as inductance), interelectrode capacities etc.
behaving as a resonant circuit. These oscillations are generally high in frequency and
occur through the valves introducing spurious frequencies and distortion, Oscillations
of this type are more prevalent when valves are operated in parallel and it is generally
essential to provide non inductive resistors in each grid lead to eliminate this effect.

9.8 Cathode Follower lower Amplifier#. Although cathode loading gives no voltage gain the
arrangement makes a very good power amplifier for certain applications. Low output
impedance and low distortion are its principal features. A knowledge of negative
feedback is necessary to understand its operation and the description appears in
para. 11.5.
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10. DISTORTION.

10.1 Definition and b)pes. Fidelity is perfect reproduction of the original signal.
Distortion is lack of fidelity and, in practice, is always present in some degree.
In sound reproduction the actual effect of distortion (that is, whether perceptibl±
tolerable or objectionable) depends on many factors. The listener may or may not
have a critical 'ear" and this is one important factor which cannot be expressed a:
a quantity. Distortion itself may be divided into several types the most important
of which are -

(i) Non-linear distortion (also known as amplitude distortion) and resulting ir -

(a) Harmonic Distortion.

(b) Intermodulation distortion.

(ii) Frequency distortion.

(iii) Phase distortion.

(iv) Transient distortion.

10.2 Harmonic Distortion. Speech and music have very complex waveforms which are the
combination of one or more fundamental frequencies and the associated harmonics
which give the sound its characteristic quality. Any non-linearity in an amplifi=:
will produce additional harmonics, not present in the original signal. The 2nd
harmonic predominates with single ended output and 3rd harmonic with push-pull
output. Higher order harmonics up to the 25th may be produced in certain cases .
their level becomes less as the order of harmonic increases.

Using a sine wave input, Figs. 41a and b represent how an output distorted in
amplitude on one half cycle is approximately equivalent to an undistorted wave pl:

a smaller wave at twice the frequency (second harmonic). By combining various
higher order harmonics of smaller amplitude an exact equivalent of the distorted
waveform can be plotted. This indicates that the non-linear characteristic of ar
amplifier produces new harmonics not present in the original signal.

DYNAMIC
CHARACTERISTIC

NON-LINEAR I

- Eg

_Tfj_
ANODE

- ~URRENT

-- ---- ""
O DISTORTED
j'IN AMPLITUDE

SIGNAL
IHPUT
VOLTAGE

FUNDAMENTAL RESULTANT

\ 2 ND JJJFUNDAHENTA.HARMONIC + 2ND
HARMONIC

(a)(b)

PI0. 41. NON-LINEAR DISTORTION.

The proportion of harmonic voltage to sine wave fundamental is expressed as a
percentage. As a general rule the wider the frequency band the less tolerable a

given amount of harmonic distortion and more precautions are taken in the wider
audio amplifiers to keep it to a low percentage. For example, with a 5kc/s
bandwidth 6% of harmonic distortion may be tolerable whereas with an amplifier
response covering a 15kc/s band, 1 to 2% may be less tolerable.
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Non-linear distortion is reduced when output stages are operated at a much lower
maximum output power than they are capable of handling by limiting signal input
voltage to a low value. Very low non-linear distortion is obtained at the cost of
lower efficiency. On the other hand, severe non-linear distortion results from
excessive signal or incorrect bias giving rise to Overloading which we have seen
graphically represented in Section 2, Fig. 3.

10.3 Intermodulation Distortion. The non-linear amplifier allows different frequency
components 6r the output to modulate each other and produce spurious sum and
difference frequencies. The products of harmonic distortion are also affected in
this way and the tones produced from them are actually more objectionable than the
harmonics themselves. One reason for this is than higher order odd harmonics such
as the 7th, 9th, 11th, etc, are discordant with respect to the fundamental and lower
music (where the amplifier response includes the frequency of these harmonics).

10.4 Frequeney Distortion is the variation of amplification with the frequency of the input
at4k1 mas type of distortion has been dealt with in para. 7.2 under the heading
of frequency response. Frequency distortion is present therefore when the response
of the amplifier is not uniform or flat over the full range of the signal. In sound
reproduction, however, a wide flat response and low frequency distortion are only
acceptable to the listener when other forms of distortion are imperceptible.

10,5 Phase Distortion is the alteration of the phase angle between any two component
Frequenc.es 5fa complex wave, icluding phase shift between a fundamental and its
harmonics. We have seen in par&I that the effect of capacitive reactance and
resistance in amplifiers is to produce phase shift at the upper and lower frequenoy
limits. Phase distortion is sometimes called time-delay distortion as a difference
in phase represents a displacement in time.

10,6 Transient Distortion. In sound reproduction, transients are the short sharp sounds
produasd atni my percussion instruments (cymbals, triangles, drums, eto.) or
plucked strings. Such sounds are characterised by steep rise and decay of the
waveform. Some amplifiers with quite good response to tones do not reproduce
transients realistically and the result is called transient distortion. For good
transient response an amplifier needs a wide frequency response (beyond the limits
of audibility), no phase distortion and no tendency to prolong the pulses.

1. FEEDBACK IN AMPLIFIERS.
11.1 Principle of Feedback. When part of the output signal is combined with the input

6a4al, Ff6ddbaok is said to exist. If the net effect of the feedback is to increase
the effective input signal the feedback is positive, direct or regenerative. If the
resultant input signal is reduced by feedback it is said to be negative, inverse or
degenerative. Feedback is mos* Positive when it is in phase with the input signal
and most negative when it is 180° out of phase with the input signal.

Fig. 42 represents the basic principles of applying feedback, positive or negative.
The feedback network or feedback "loop" includes the components used to select the
required fraction of the output (voltage divider, transformer, etc.) and may also
include frequency discriminating circuits when it is desired to have more feedback
at certain frequencies than others.

Es-EsoD>--- AMPLIFIER

] FEEDBACK I
] NETWORK I

FIG. 42. PRINCIPLE OF FEEDBACK.

The feedback loop may enclose one or more stages and may also include the output

transformer •
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11.2 Positive Feedback is used intentionally to produce self oscillation and this aspect
is examined in the paper "Oscillators". If it occurs in amplifiers where it is not
usually intended the result is a tendency to oscillate on signal peaks and such a
condition is called instability. Positive feedback is sometimes used in amplifiers
in conjunction with larger amounts of negative feedback but this is not common.

11.3 Negative Feedback reduces amplifier gain but confers many important advantages -

(i) Nor-linear, frequency and phase distortion are reduced,

(ii) Gain is stabilised against changes in components (e.g. tubes) and changes
in supply voltages.

(iii) Noise and hum originating within the amplifier are reduced.

(iv) Output impedance can be lowered to permit more effective matching with
the load or to obtain other advantages.

Distortion and noise are only reduced for those parts of the amplifier enclosed by
the feedback loop. The greater the feedback voltage the greater the reduction of
gain as well as distortion. Negative feedback is further subdivided into -

(i) Negative Voltage feedback where the feedback voltage is a definite proportion
5r One output voLtago (Bg. 43).

(ii) Negative current feedback where the feedback voltage is proportional to
tie output current (Rd. 44).

(It will be apparent, however, that with purely resistive loads, the two are
equivalent. Final loads are rarely resistive.)

+~ +
}RI

INPUT D> LOAD
SIGNAL % z

AMPLIFIER-
- - - 1+

FIG. 43. PRINCIPLE OF VOLTAGE FEEDBACK.
+

+

INPUT
SIGNAL

+
AMPLIFIER R

LOAD
z

FIG. 44. PRINCIPLE OF CURRENT FEEDBACK.

The amount of feedback is best described by the amount it reduces gain. With a
feedback factor of 10, gain is one tenth of that produced by the same amplifier
without feedback; distortion is reduced to one tenth and 10 times the input sigr-i
voltage is required to produce the same output. The gain reduction factor can al::
be expressed in decibels or db which is logarithmic scale for expressing power or
voltage ratios and is fully explained in Section 12. (A power ratio of 100 to 1 :-:
also be expressed as 20db.)
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Reduction of distortion. The manner in which negative feedback reduces distortion is
shown in Fig. 45. An improbable type of distortion is assumed to make the process
clearer. The feedback voltage (Fig. 45b) is 180° out of phase with the signal but of
somewhat lower peak voltage. The resultant input signal (c) is a combination of (a)
and (b) but has a waveform which can partly compensate for the distortion produced in
the amplifier. Distortion and output voltage are reduced. By applying a larger signal
the original output voltage (a) can be achiezed with much less distortion (d),

SIGNAL I DISTORTED NO FEEDBACK
(a) I\J\_/

OUTPUT

I

(i)
FEEDBACK VOLTAGE-

(c)
RESULTANT INPUT SIGNAL / REDUCED OUTPUT_ REDUCED DISTORTION

\

(a)
RESULTANT INPUT ORIGINAL OUTPUT VOLTAGE0 NUCH LESS DISTORTION

INCREASED SIGNAL VOLTAGE

FEEDBACK REDUCES DISTORTION.

FIG. 45.

Ou5put_ Imped@noe. Voltage and current feedback have similar effects in reduction of
distortion, gain stabilisation and noise reduction, but have an opposite effect on the
operating impedance of the output stage. Voltage feedback reduces the amount of change
in output voltage with ohange in output impedance, but as a constant voltage/low
impedance source is indicated when the output voltage remains constant with a change
in load, any tendency to stabilise output voltage is equivalent to a lowering of output
impedance. That is, the output tube behaves as though its ry Were lowered and this is
generally desirable with inductive loads.

Current feedback, on the other hand tends to stabilise output current with load impedance
changes and this is equivalent to raising output impedance or ra. (We saw in para. 6.1
that E9 appreciable current change with load change indicated a constant current, high
impedance source.)

Negative feedback in amplifiers is sometimes a combination of voltage and current
feedback. A multistage amplifier moy have more than one feedback loop. Care is taken
in design to ensure that feedback which is negative at mid-frequencies cannot become
positive at high or low frequencies owing to adaitional phase change occurring in both
amplifier and feedback network at the ends of the frequency band.
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11.4 Typiee] applications of Negative Feedback. Feedback circuits are so numerous that exar;..
of only the more basic schemes will be given here. The feedback network however can t±
made frequenoy selective to provide a form of frequency compensation with either fixed
or variable components. In audio amplifiers this is called bass or treble "boosting".

(i) Current Feedback. The simplest feedback circuit utilises a cathode bias resis::
which is unbypassed for signal or only partly bypassed. (Fig. 46.) We saw ir.
"Electron Tubes" how a cathode resistor is bypassed to prevent signal voltage
being superimposed on the D.C. bias in such a direction as to oppose the input
signal. Without a bypass, a positive grid swing increases cathode current ani
the voltage drop in the cathode resistor Ry, this opposes (by 180°) the input
signal as it tends to make the cathode more positive with respect to grid whil±
the grid is driving less negative with respect to cathode. Negative grid
swings are similarly opposed by the reduced voltage drop in Ry.

8s

H.T.

(a) (b)
PIG. 46.

Since Ry is in series with the anode load, negative current feedback is
obtained by unbypassed cathode resistors. When the Tu.if value of Ry would
introduce more feedback than desired it is divided into two resistors, one ci
which is bypassed as in Fig. 46b. The value of both resistors determine the :
voltage but only the signal voltage across R2 constitutes the feedback voltag-

(ii) Voltage Feedback. Fig. 47a shows a typical method of applying voltage feedba
over one stage. Since there is 180° phase change between grid and anode sign=
voltages an A.C. connection from anode to grid will normally introduce negati -
feedback. The anode signal voltage is applied to voltage divider Ri, R2, vi=
blocking capacitor C. The proportion across R2 is applied to the grid in seri
with the input signal.

H.T. C
H.T.

(a) (b)
FIG. 47.

Fig. 47b shows a similar arrangement with R/0 coupling. The feedback voltag=
from the anode of V1 is fed via R1 to the impedance of V, RI, and Rg in parall
which together take the place of R2 in Fig. 47a to form the voltage divider
with R1. The feedback voltage from V2 is applied in parallel with the output
signal of Vi and in this respect it differs from Fig. 47a which has the feet::
voltage in series with the signal. The normal coupling capacitor C provides
the D.C. blocking in the V2 anode to grid feedback path.

I
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Fig. 48 shows the elements of typical arrangements where the feedback loop encloses
two stages and the output transformer. In Fig. 48a, Ri and R2 divide the voltage and
that across R2 is fed to Vi grid via Rg; this is voltage feedback. In Fig. 48b the
feedback voltage is fed to Vi via Ry which takes the place of R2 in the voltage
divider; this is also voltage feedback. In addition however, Iy is (necessarily)
left unbypassed and therefore applies some negative current feedback to V1 alone, as
described for Fig. 46a.

(a)
FIG. 48.

H.T,

(b)

R I H.T.

The output transformer introduces approximately 180° phase change as well as the 180°
each of V1 and V2. The manner of connection to the output transformer will therefore
decide whether feedback is in phase or 180° out of phase with the signal input of V1.
A wrong connection is easily rectified by reversing the transformer connection as
positive feedback causes A.F. amplifiers to "howl" (break into oscillation).

'1.5 The Cathode Follower amplifier is one having the whole of the load in the cathode
circuit making the anode common to input and output as far as the signal is concerned
(Fig. 49). Since Rj, is common to both input and output the total output voltage
constitutes a negative feedback voltage superimposed on the input signal. As a result
voltage gain is less than 1; that is, output voltage is lower than the input voltage
(usually only slightly lower). However, the arrangement results in input impedance
being very high and output impedance being quite low; the cathode follower therefore
makes a very good power amplifier where these conditions are desirable, such as in
wide band amplifiers for cathode ray oscilloscopes and television service where, in
certain cases, the load may be supplied direct without an output transformer.

The large amount of negative feedback inherent in cathode follower output stages makes
distortion practically negligible.

Rg

(a)
FIG. 49. CATHODE FOLLOWER OUTPUT STAGES.

(b)
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11,6 Decoupling. Amplifier stages normally share a common power supply and this has an
internal impedance which is in series with all the anode loads as shown in Fig. 50a,
This results in a small amount of feedback between stages, even though the supply
includes filter and bypass capacitors.

In a high gain three stage amplifier the anode current variations of V3 develop a
signal voltage across the supply impedance which finds its way to the grid of V2 vi=
tho anode load of V1 and this is in phase with the signal. This unwanted positive
feedback or regeneration would cause instability.

For example, the power supply may have an impedance of only 10 but if V3 has an ar:

current swing of 50mA a signal voltage of '1 peak-to-peak is produced across the
20

supply (I x R). If V2 has a gain of say 200, its input signal voltage will be abr_
the same order. The in-phase feedback will result in considerably increased input -
V3. This will in turn increase the feedback voltage, and on signal peaks the ampuii
may tend to howl or oscillate and may even continue to oscillate in the absence of
applied signal.

The possibility of this is avoided by the use of R/0 decoupling filters in series r
the anode loads of V1 and V3 (Fig. 50b). Unwanted signal voltage is developed acrt:
R1 and R3 and bypassed to earth via C1 and 03.

It may appear that the additional bypassing effect of 0i and 03 in parallel would
suffice. It must be remembered however that the H.T, supply itself contains some
very large filter capacitors and C1 and C3 would also have to be very large (and
inconvenient) to appreciably lower shunt reactance. Even then, the throe anode " :±:
supply leads are at the same potential for D.C. and A.C.

If we think in terms of a resistive voltage divider as we did for R/C coupling
(Fig. 8) we can see that when the signal current in V3 is made to pass in series
R3 and impedance Zg of the supply, a negligible voltage appears across Zg in corr=r.
to that across R3. This voltage is readily bypassed to earth by a small capacitcr
which need have negligible reactance compared to R3 but not to Zg. Any slight sig.:
voltage appearing across Zg is similarly isolated from V2 grid by the comparative
high resistance of R1 and low reactance of (1. R2 and C2 may also be included tc
prevent degenerative signals between V3 output and input or V2 output and input.

A typical value for decoupling resistors is about one-fifth of the anode load (P_
The decoupling capacitors are chosen to have negligible reactance at the signal
frequenoy.

C
j

PO»i;
L_a______hSll.

H.T Zs
(a) Without Decoupling-

j_ RI ~ -
POE:

l_..._..-__@_tihf :

R2

HT.
(b) Ji th Decoupling-

P10. 50. DECOUPLING OF H.T. SUPPLY.
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-· EXPRESSION OF GAIN AND LOSS.

12.1 Bower Jab1OS. As we have seen, voltage gains (or voltage ratios) are conveniently
expressed as an ordinary multiplying factor - for example, a voltage gain of 150
times or simply 150. Overall amplifiotion of a multistage amplifier or its output
stage alone, is basically a raising of the power level and can likewise be

. output powerexpressed as the ratio T 54 -.input power

12.2 Bels and Decibels. Power gains however, may range from several hundred to several
million times and such figures can be inconvenient for several reasons. A more
convenient expression is based on the logarithm of the power ratio using a unit

10110?
called the bel. A power ratio of 10 times () is 1 bel; 100 times (-;) is

2 bels, 1,000 times (
1
~
3
) is 3 bels, 10,000 times ( 1t) is 4 bels and so on.

Decibels are smaller practical units and 1 decibel= +o bel, or 10 decibels= 1 bel.

Decibel is abbreviated to db, Fig. 51a represents a typical amplifier producing
5W output for O.5mW input and Fig. 51b another producing 1W output for 2mW input.

INPUT

0·5 mW D> OUTPUT

5 W

INPUT

2 mW D> QUTPUT

1 W

(a) (~)
FI0. 51.

Power Amplification
Output
Tint

Output
Taut

5 X 1,000
0.5

1 X 1,000= __2 _

Gain in Bels

Gain in db

10,000 times

log 10,000

4

4 X10

- 40 db.

Gain in Bels

500 times

log 500

2.699 (from tables)

Gain in db » 2,699 X 10

27 db approx.

To find gain in db therefore we may use the formula indicated by the above examples -

Gain db output P10 1094g ,,5..

input P

Actually the difference in power level between any two parts of a circuit whether
as a result of amplification or attenuation (loss) is generally expressed in db
and the more general formula becomes

°;
db - 10 109 E, here

db is gain or loss in decibels and
Pa and Pp are two power levels. . • • . . . . . . . . ( 7)

(For ease in calculation always regard Po as the larger of the two powers.)

It is important to remember that a figure of so many db does not represent any
particular output power, That is, db are not absolute units like volts or watts or
inches but are merely a logarithmic way of expressing an arithmetic ratio.

Pe 1000For instance we can get 30db for any loss or gain where - ' such as

1W 400mW 20¥

in on Toor or 20kn etc.
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The advent@geg of ueirg db ere-

(i) Although power levels in telecom cover a tremendous range, inconvenient
figures are avoided; for example, a power ratio of 2 to 1 is 3db and one
of ten million 70db.

(ii) When a circuit consists of amplification and attenuation in tandem (such as
long trunk line with repeater stations) the overall gain or loss is simply
the sum and difference of the successive gains and losses (Fig. 52),

25 db

Loss
g10. 52.

LOSS

Overall power gain * total gain- total loss

- (30 + 27 + 20 + 24) - (25 + 22 + 28)

- 26 db,

(

THlt,-- ttRllHl'lffi)
2AT105 u6uup

RE4u6&

This is obviously much simpler than the tedious multiplication and divisit
The human ear respondstosoundwavesof varying acoustic power measured i
watts, mi, etc., in accord with a logarithmic scale. Irrespective of the
intensity of any sound, when the power is increased 10 times, the loudnes=
at the ear is approximately doubled, a further power increase of 10 times
(i.e. 100 times the original) the second change in loudness would appear :
the ear the same as the first and the sound about four times as loud,
Therefore in sound reproduction, the comparison of output powers in db bear:
some relation to relative loudness (this is not exact owing to varying
efficiencies of reproducing devices),

2It is useful to remember that a power ratio of = 0.3 bel or 3db, The
power points on a frequency response curve therefore represent a gain of
less than that of the flat response section (Fig. 30).

12.3 Use of Voltage Hatiog. Voltage ratios can also be expressed in db,

e?
Since P i °:and db = 10 log -

fr

»· au, t , •** (6)?

{hen input end output resistances are equal,

(52j°
- 10 10 fa,jz

f20 1og --
5

db ............ (8)

p E Power in Nat ts

E1 nput Voltage

her e Ep - Output Voltage

R; Input Resistance

R? - Output Resistance

In general the input and output resistances are not equal, Despite this, formul=
is sometimes used as a convenient expression for db voltage gain of amplifiers,
Strictly speaking db expresses power ratio and where used to indicate a voltage
ratio this should be specified, since when input and output resistances differ .-±
actual gain in db (power gain) will be a different value. Formula (8) therefore
must be used with caution and only when its possible inaccuracy is clearly under±
or stated.
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13.1 Definition, In the transmission of electric signals noise is any spurious signal
arising from points in the circuit other than the source of intelligence.

13.2 Thermal-agitation Noise, All conductors contain electrons that are in continuous
random motion. his produces a minute voltage or current which varies in a random
manner to constitute a noise signal distributed over a very broad frequenoy band
from the very lowest frequencies to frequencies well above the highest used in
telecommunications, [he effect is called thermal-agitation noise because the
electron movement results from thermal action. It is also called resistance noise
or Johnson noise after the man who first showed how it could be evaluated,

The noise voltage produced in this way depends on the resistance, the temperature
and the bandwidth of the system. All resistance introduces some noise; higher
value resistances or higher temperatures produce more noise than lower resistance
values or lower temperatures. For example, a 500k0 resistor at room temperature
produces a noise voltage of about 6 microvolts.

13.3 Tube Noise. Random noise similar to that produced in resistances is produced in tubes
as a result of irregularities in electron flow. These irregularities arise from a
number of conditions which vary between tubes of different type. The principal one
is called "shot effect and results from the random nature in which cathode emission
replenishes the space charge» [he presence of grids, gas, secondary emission and
division of current between two or more electrodes all produce additional noise which
in some text books are included as shot effect and in others are given additional
names»

Tube noise is rated by a figure called equivalent noise resistance (in ohms)"
A figure of 50000 equivalent noise resistance for a tube indicates that its noise
is equivalent to that produced by thermal-agitation in a 50009 resistance. Triodes
produce less noise than any of the multi-element tubes, Pentodes produce from 3 to
10 times as much noise as triodes.

13.4 Inductive Interference, When a number of oirouits operate with components and lines
in close proximity some energy is transferred between them by electrostatic and
electromagnetic induction. In telecom this is sometimes lumped under the heading
of "crosstalk"; it is not generally intelligible but merely adds to the noise level
in the disturbed circuit,

13.5 Signal to Noise Ratio. It is very important when amplifying weak signals that the
noise level be kept well below the signal level as subsequent stages will amplify
the noise as a part of the signal, The relative level of signal and noise is called
the signal-to-noise ratio and in telecommunications every effort is made to keep the
noise level at least 45db below the signal level; in practice a much better figure
is generally achieved,

The first stage of an amplifier is obviously the most critical because even with
very weak input signals the output of the first stage should be far above the noise
likely to be introduced by subsequent stages. For this reason many low level
amplifiers use low noise triode tubes in the first stage in preference to pentodes
which introduce much higher levels of noise, A typical example of this is found
in many television receivers where low noise is vital for high quality reception,
yet incoming signals may be very weak. he first stage may consist of a twin triode
arranged as a "cascode" stage to achieve good gain with low tube noise.
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Fig. 53 shows the main elements of a typical cascode stage, The signal input gos
to the grid of VIA which is a normal grounded cathode configuration except that t1:
anode load (tuned R.F. choke) is fed via the cathode of V1B making the two anode
circuits in series for D.C. The output signal of V1A appears between cathode of
V1B and earth and is impressed between grid and cathode of V1B via capacitor
C1 which earths V1B grid for the A.C. signal; V1B is therefore a grounded grid
configuration. To bias V1B, its grid is maintained at a slightly less positive
D.C. potential than its cathode by means of the voltage divider R1, R2. Gain
achieved is equivalent to that of a pentode.

VIA VIB•,,.-,,_ ~ ~.
I}00ov' _u1IH
,I I s. .-}}_•.

8a

I
I
i

TO
NEXT
STAGE

RI

"t"
FT0. 53. "CASCODE"! LON NOISE R.E. STAGE.

14. TYPICAL AMPLIFIERS.

14.1 This Section includes three amplifier circuits which together incorporate most cf
the circuit features described in the preceding sections. [he questions listed
below each circuit are to test your assimilation of the principles. Should you
unable to answer any question restudy the relevant sections.

14.2 Manual Gain Control is provided with most amplifiers and is usually a simple
potentiometer controlling the input voltage to one stage. Where the input level
is very low the gain control should not be part of the input circuit to the firs
(high gain) stage as any noise introduced by the potentiometer is amplified
together with the weak signal.

14.3 FI&±_D4 shows the circuit of a high quality audio amplifier which is used as a
programme monitoring amplifier and for other applications in broadcast studios,

One feature of this circuit not previously described is the manner of connecti-±
for the screen and suppressor grids of V1. Phis is virtually a form of triode
operation and is not greatly different from the more conventional method of tri:1-
connecting a pentode where both screen and suppressor grids are commoned to th:
anode".

Another feature of interest is the manner of connection for the screen grids c»
two output pentodes V3 and V4. This gives what is known as partial triode or
ultra-linear" operation and to some degree gives to the stage the more import±±
advantages of both triode andpentode operation - the lower distortion of trioi±:
and higher sensitivity of pentodes.
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1M

HT

10K

GAIN 42db
FREQUENCY RESPONSE I5c/s-30Kc/s (± tdb)
OUTPUT I2WATTS NOMINAL I% DISTORTION

FIG. 54. AUDIO FREQUENCY AMPLIFIER.

.ESTLONS.

(i) List separately the components and circuit currents which determine the value of the
bias voltages for Vi, V2, V3 and V4.

(ii) Describe the coupling circuit between V1 and V2.

iii) What functions are served by the 100k0 resistor and 8µF capacitor in the HT.
lead between V2 and V1?

(iv) Describe the phase inversion process introduced by the circuit of V2,

(v) A1 grids must have a D.C path to cathode. How is this met for the grids of V2?

(vi) Why is the 1M0 grid resistor of V2 returned to earth via a capacitor?

(vii) Which components provide decoupling between stages?

viii) What is the purpose of the 27k0 resistors in series with the V3 and V4 grids?

(ix) Sketch out separately the elements of the circuit which provide negative current
feedback and those which provide negative voltage feedback.

(x) The circuit includes components to limit the response above 15kc/s; which components
do this and how do they operate?
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14.4 Fi&- shows the circuit of the transmitting amplifier used in some typical modern
4 channel carrier systems. It is designed to operate over a band extending from
approximately 3kc/s to 30kc/s.

550µµF

15K

4

+ +
24V~13OV

GAIN 32-52 db
FREQUENCY RESPONSE 3Kc/s TO 3OKc/s (APPROX.)

FI0. 55. TYPICAL TRANSMITTING AMPLIFIER.

QUESTIONS.

(i) List separately the components and the circuit currents which determine the value
the bias voltages for V1 and V2 - V3.

(ii) What is the function of the 0.1µF capacitor between V1 screen and cathode?

(iii) Why is only part of V1 cathode resistance bypassed?

(iv) Which components provide decoupling between stages?

(v) Sketch the elements of that part of the circuit which provides negative voltage
feedback.

(vi) Sketch the elements of that part of the current which provides negative current
feedback.

(vii) What type of coupling is used between the output stage and the load?

(viii) What purpose is served by the choke in series with the D.C. supply?

(ix) Which capacitors bypass the H.T. supply?
Why are two used?

(x) The H.T. supply for the output stage is
The H.T. supply for the input stage is

volts.
volts.
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'.5 Wideband Amplifier. Fig. 56 shows the essentials of a circuit for amplifying the
deflecting voltages applied to the vertical plates of a 5" cathode ray oscilloscope and
covering a band extending from less than 1c/s to higher than 3.5Mc/s. An output voltage
of up to about 400V peak-to-peak can be obtained between the anodes of V4 and V5 which
connect direct to the Y plates of the C.R. tube.

The circuit includes typical examples of all the special features discussed in Sections
7 and 8 which are common to most wideband amplifiers with upper and lower frequency
response extended. One feature of interest not previously mentioned is the push-pull
output stage which includes its own phase splitting drive instead of being preceded by
a phase splitting circuit. he signal inputs to V4 and V5 are 180° out of phase but of
unequal magnitude. However, in this case the output signal is the relative voltage
change between plates Ya and Yb, and a precise balance is not needed,

V} 16BX6

5r O·l

G°°°//+vwH
EEITOR

MAX OUTPUT 400VOLTS (PEAK TO PEAK)
FREQUENCY RESPONSE Ic/s TO 35Mc/s (APPROX)

VERT SHIFT

-VE
(BACK BIAS)

100

Ya

as
J

33

7°°°° 3K 20w
W,W,_ RESISTORS

1·SK

33

3K

Yb

-_ _
5K

V6

- HT

FIG. 56: WIDEBAND AMPLIFIER.

4ESTIONS ±

(i) Sketch the circuit elements of the components which contribute to extended high
frequency response and briefly explain how they perform their function.

ii) Sketch the circuit elements of the components and features which contribute to extended
low frequency response and briefly explain how they perform their function.

iii) Explain why the anode load resistances of V1, V3, V4 and V5 are so much lower in value
than those in most other amplifiers. What is the effect of this on amplifier
performance?

(iv) The anode load resistors of V4 and V5 dissipate considerable power, yet voltage output
only drives a C.R. tube with electrostatic deflection. Explain this.

(v) Why are the interstage coupling capacitors many times the value of those used in
Figs. 54 and 55?
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15. TEST QUESTIONS.

1, Why are voltage amplifiers needed when the final requirement is output power to an energy consuming device?

2. Wth the aid of simple diagrams explain what is meant by the following classes of operation - A, B, C, AB1, A82, B1.

3. Sketch and name the basic amplifier circuit configurations which can be used with electron tubes.

4. (i) What do you understand by the terms wide, broad and narrow as applied to amplifier frequency bandwidth?

(ii) Which type may be used with "tuned" loads and why?

5, Show by means of a circuit how two amplifier stages may be coupled using an R/C network. Describe the function of
each component.

6. What are the advantages and disadvantages of transformer and impedance coupling when compared to R/C coupling?

l. A pentode and a triode having equal gµ values are connected with the same value of anode load (the pentode has su*:
screen voltage applied). Explain why the pentode gives higher voltage gain by comparing the behaviour of the tw:
circuits with a similar grid signal voltage applied.

8. Explain why triode dynamic mutual curves have reduced slope as the load resistance is increased.

9. Explain with the aid of a diagram, the phase relationships between grid voltage, anode current and anode voltage*
resistive loaded amplifier stage.

hat is the effect on the phase angle between input and output voltage, when an appreciable part of the output si_.
passes through a capacitive path across the D.C. load resistance?

Explain the factors which determine the voltage gain of one stage of an R/C coupled amplifier over all parts of
usable frequency bandwidth.

(j) Why is uniform response over wide bands a compromise between gain and bandwidth?

(ii) How is the uniform response range extended to a higher frequency limit (excluding compensation)?

Describe, with the aid of simple circuits, typical methods of achieving h-f and l-f compensation,

Why are operating conditions for power output stages generally more critical than those of voltage amplifier sta;±:

(i) Which is the least efficient class of power amplifier and why?

(ii) What types of output stage circuit can be used for audio amplifiers when a relatively high efficiency is

(i) List the advantages of incorporating negative feedback in amplifiers.

(1i) WEth the aid of simple diagrams describe the difference between negative voltage and negative current +-

(i) Why are logarithmic ratios more convenient for comparing power levels than ordinary arithmetic factors?

(ii) An input signal of 400µW is applied to an amplifier adjusted to give a gain of 40db. What output power
is fed to the load? The gain is readjusted and output becomes 2 watts. What is the new galn figure?

18. A typical triode and a typical pentode have similar values of grid to cathode capacitance. Explain why their
input capacitances differ by a wide margin under operating conditions in typical circuits.

19. Describe the process of decoupling in amplifiers and the reason for its use in some circuits.

20, List four types of distortion which occur in amplifiers and describe what each means in terms of amplifier per*: r

21. Describe how a loadline can be used to obtain the same information as a dynamic mutual curve,

22. The formula A " galµ is applicable with some R/C coupled amplifier stages and not with others. Why is this so.

END OF PAPER.
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1.1 We saw in the papers "A.C. Parallel Circuits" and "Waveforms, Timing and Oscillatory
Circuits" that L/O parallel circuits are oscillatory in nature. In electronics
however, an Oscillator is a device for generating continuous A.. signals of the
desired frequency and waveform, when supplied with energy from a D.0. source.

1.2 Although this paper describes the principles of oscillators which use electron tubes to
control the release of energy from the D.C. supply, the principles also apply to
oscillators using transistors instead of electron tubes.

1.3 In oscillators, the electron tubes themselves function as amplifiers, the actual
oscillation being brought about by additional external circuit arrangements.
Therefore, the principles of amplification, biassing, coupling, loading, feedback etc.,
described in "Electron lubes" and "Amplifiers" must be understood before the circuits
in this paper can be fully comprehended.
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2. OSCILLATOR PRINCIPLES.

2.1 General. There are numerous types of electron tube (or transistor) oscillator circuit:
but common to all types are certain fundamental characteristics which are listed belt¥
and represented in the block diagram Fig. 1.

(i) Positive feedback or regeneration of
sufficient energy to promote and
sustain oscillation.

FEEDBACK
NETWORK

(ii) Sufficient amplification to meet the
energy lost in the circuit and any
supplied to a load.

(iii) A suitable arrangement of the circuit
constants(L & C, R &C or an
electromechanical equivalent such as
a tuning fork or crystal) to confine
oscillations to the required frequency
and to produce the desired waveform.

GR ID
CIRCUIT

ANODE
CIRCUIT

FIG. 1. OSCILLATOR - BASIC PRINCIPI-

2.2 Feedback Networks. The function of the feedback network is to feed back a portion ci
the output voltage in correct phase to sustain oscillation at the desired frequenc.
An oscillator therefore can be regarded as a self-excited amplifier; no external
input signal is needed.

We have seen in the paper "Amplifiers" that there is a normal 180° phase shift betw=±:
the grid and anode voltages when the anode load is resistive.

For full regeneration the phase change around the complete loop must be 360, so
feedback network is used to introduce a further phase shift to provide this. The
various devices used for this purpose (separately or in combination) are -

Transformers.

L/C networks.

R/0 networks.

Interelectrode Capacitances.

Additional electron tubes (or transistors).

2.3 Waveforms. We have seen that the sine wave is a graph representing the simplest kiri
cyclic or periodic function, and that non-sinusoidal waveforms can be resolved intc
sine waves of a fundamental frequency, plus multiples called harmonics. Also, wher ±
circuit is switched on the resulting voltage and current surge (or transient) can b±
rich in high frequency components.

In oscillators, sine waveform is usually required but many oscillators produce comrl-_
forms such as square or sawtooth waves which are extremely rich in harmonics (Fig.
The output waveform is largely determined by the design of the feedback network alt
additional waveshaping circuits often follow the oscillator especially for the more
complex waveforms such as "spikes" or square pulses.

n
V □

(a) Sine wave. (b) Square wave. (e) Sawtooth wave.

FIG. 2. TYPICAL WAVEFORMS.
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-.4 Simple Oscillator. Fig. 3 shows the circuit of a simple "Tuned Grid" oscillator. Mhe
triode amplifier has the grid circuit coupled to the anode circuit by the induction
between Li and L2. This is the feedback path and the connections are arranged to give a
180° phase change between anode voltage and grid voltage. In addition to the 1800
introduced by the tube itself this gives a phase change of 360° in the complete circuit;
that is, the feedback is positive. (The angles given assume resistive conditions at
resonance which may not apply exactly in practice.)

The effective inductance
maximum feedback voltage
Therefore, by choosing a
made to oscillate at the
because its actual value

of Li is tuned by capacitor C to form a resonant circuit and
is fed to the grid circuit at the frequency of resonance.
suitable combination of effective L1 and C the circuit can be
desired frequency. f'he effective inductance of L1 is stipulated
is affected by conditions in the circuits connected to L2 and L3.

here

BIAS

y
it

I
I

1.A

frequency in c/s
rductance in Henri es

C = Capacitance in Farads

~-~-~-~
D.C. SUPPLY

H.T,

SI¥FLA OSCILLATOR (TUNED GRIP).

9per@bi0n. When the circuit is switched on, the anode current rises in a rapid surge and
a voltage is induced across the tuned circuit via the coupling between L2 and L1. This
provides the energy for the tuned circuit to shape the grid input signal to the desired
frequency by permitting maximum voltage across it at its resonant frequency only (the
induced transient will have a component at or near this frequency). The grid input signal
is thus rapidly confined to the required frequenoy.

The signal is amplified and again fed back in phase so that each successive cycle is
increased in voltage until a signal of constant amplitude is reached, its final value
being determined by the circuit characteristics.

An exact description of what occurs in the first moments after switching on an oscillator
would not definitely apply, because of the many possible circuit differences to be found
in practice; nor is it necessary to attempt such descriptions. What actually happens
before frequency and amplitude become stabilised, depends on variable factors such as the
Q of the tuned circuit (if used), the tube claracteristics, the circuit gain, biassing
arrangements, the amount of feedback, etc. 'e important thing to understand is how
oscillators excite themselves while producing u continuous output. As long as the
conditions listed in para. 2.1 are met, any irregularity could begin the excitation, and
the switch-on surge is more than enough to provide it.

Although the frequency of L/0 oscillators is determined by their resonant circuits many
oscillators described in the following Sections do not use L/0 circuits. The general
rule to be remembered therefore, is that oscillation occurs at the frequency which
rovides for maximum positive feedback voltage. ('There is an important exception to this

rule described in Section 4.
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Oscillators using L/C tuned circuits produce an output which is essentially of sine
waveform especially when feedback is just sufficient to sustain oscillation.
Overdriving an oscillator produces distortion just as it does in amplifiers.

2.5 The output of an oscillator can be picked off the circuit at any convenient points
which do not interfere with its operation. One method is shown in Fig. 3 where L3
a third coil mutually coupled with Li and I2.

2.6 Freguonoy Variation. Oscillator frequency is varied by altering any of the circuit
constants which decide the frequency of maximum feedback. In L/C oscillators such ==

Fig. 3, frequency variation (or adjustment) is generally achieved by changing the
value of capacitor C. However, any change in effective inductance of Li will also
change the frequency of oscillation.

2.7 Freguemg} stability is an important requirement of many oscillators. That is, the
frequency must remain constant or within very narrow limits, irrespective of
temperature, loading, or ageing of components. Temperature changes and ageing alter
the values of the circuit constants slightly and this alters the frequency at which
maximum feedback occurs. Constant temperature is often achieved by mounting the
oscillator or its temperature critical components in a thermostatically controlled
oven.

Load variations nlter the effective value of tuned circuit constants and thus alter
the frequency. Referring to Fig. 3, it will be seen that varying amounts of energ
taken from the circuit by the load on I3 must alter the effective inductance of L1
and thus the frequency of oscillation.

Overloading the circuit can reduce the feedback to a point where it is insufficient
to sustain oscillation. Where loads are heavy or varying, the oscillator is coupl=i
to a "buffer" or isolating amplifier which supplies the load; its input presents =
constant (and negligible) load on the oscillator.

2.8 0lass _of Qperat1on. Oscillators may be biassed to operate Classes A, B or 0. Class •
is now general for sine wave oscillators as it produces least distortion of the
waveform. Where very pure waveform is required, Class A1 operation is used; cathti
bias and minimum feedback voltage are typical features of such circuits. The higl=r
efficiency of Classes B and C is not generally needed as most modern oscillators h=
fairly low output and can be followed by a buffer amplifier when necessary.

Grid leak bias is convenient for many oscillators as the zero bias existing when
switching on assists them to be self starting. However grid leak bias needs the fl:»
of grid current for a small portion of each cycle and some distortion results ever
with Class A2 operation.

The paper "Electron Tubes" (Fig. 16, page 17) shows how grid leak can be used to
obtain any desired bias for an oscillator up to that voltage needed for Class C
operation where the tuned circuits sustain oscillation during the long cut-off per-:.
of the tube.

3. L/0 OSCILLATORS.

3.1 E/0 Oscillators are those which use L/0 tuned circuits or "tank" circuits to estabii:
the frequency.

The tuned circuit may be in the grid circuit as in Fig. 3, in the anode circuit, tr
common to both anode and grid; others have both anode and grid circuits separatel
tuned. Positive feedback may be inductively or capacitively coupled. There are -i-
varieties of L/C oscillators, with some having circuit arrangements more suited fr
use at high frequencies than others, and some having merits for special applicaticr:
only.

It is important to remember that stray capacitances in the wiring, interelectrode
capacitances and interturn capacitance of coils must all be considered in determir
correct operation and frequency. This applies to nearly all oscillators, but
especially at the higher frequencies where the comparative effect of these factors
so much greater.
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There are two distinct ways of feeding the high tension voltage to the anode circuits of
Ic oscillators so that they are further subdivided as "geriee fed" or "shunt fed" I/0
oscillators. The simple tuned grid oscillator in Fig. 3 is series fed which means that
the anode circuit inductance and the tube are in series for the anode current D.C. and
A.C. components. Fig. 4a is also series fed. In shunt fed L/C oscillators the anode
tuning inductance is isolated from the D.C. component of anode current by a form of
impedance coupling which uses a high reactance choke in series with the H.T. supply to
the anode as shown in Fig. 4b. As far as the A.0. anode signal is concerned the D.C.
supply is in parallel with the anode load part of the tuned circuit; it presents a high
impedance shunt which has little effect on the signal voltage.

Shunt feed is used where it is desirable to keep high voltage off a tuned circuit which
may require adjustment, or where series feed introduces shunting of the tuned circuit via
the filament and H.T. power supplies.

.2 The Hartley {soi1labor (Fig. 4) uses a tuned circuit common to both the anode and grid
circuits.

LI

L 2

C LI

L2

C
clci

(a)(b)

FIG. 4. HARTLEY OSCILLATOR.

Frequency of oscillation is determined by the resonant frequency of L1 and C1. Bias is
obtained from the grid leak combination Ogg· Feedback is positive because anode and
grid are connected to opposite ends of L1 with respect to cathode. Therefore, when the
anode is on the positive going half cycle of signal the grid is on the negative going
half cycle and vice versa; that is, a phase difference of 180.

This, plus the 180° introduced by the tube itself gives the right condition for maximum
positive feedback at the L1, C1 resonant frequency.

The position of the tapping on L1 is selected to give the correct amount of feedback
voltage for the required amplitude of oscillation.

In the shunt fed Hartley circuit (Fig. 4b) capacitor 02 couples the tuned circuit to the
anode for A.C. only, the D.C. being confined to the high reactance R.F. choke.

-.3 The Colpitts Oscillator (Fig. 5)
is similar to the Hartley
oscillator and was developed to
avoid the necessity of
providing a tapped inductance.
The capacitive part of the
tuned circuit is "tapped" using
two series capacitors. The
frequency is determined by L1
and the joint capacitance of C1
and 02. The ratio of 01 and C2
determine the proper operating
conditions to suit any
particular tube and control the
amplitude of oscillation.

·@ ~

VI I R.F. C.

CI Rg H.T.

LI

IC2 =7- -

F18.5- COLPITTS OSCILLATOR (SHUNT FEED).
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3.4 The Tuned-?late Tuned-@rid Oeoillator (Fig. 6) as the name states, has both anode and
grid circuits tuned. The arrangement is used mainly at high frequencies where the
anode-to-grid interelectrode capacitance Uga has reactance low enough to complete
the feedback path. A small external capacitor may augment this where necessary at
somewhat lower frequencies.

cl LI

FIG. 6. TUNED-PLATE TUNED-GRID OSCILLATOR.

E
H.T.

3.5

Conforming to the general rule for oscillators stated in Section 2, this type of
circuit automatically oscillates at the frequency which provides maximum positive
feedback. At first glance it may appear that interelectrode capacitance Oga would
provide a path for negative rather than positive feedback as, in most circuits, the
anode and grid are 180° out of phase. We have seen however that this applies only
when the load is resistive in character. Also tuned circuits are resistive only at
their resonant frequency, but experience rapid change from zero phase angle at
frequencies slightly off resonance.

For any suitable combination of L1 C1 and I2 02 tuned to resonate at frequencies no
exactly the same, there is a third frequency somewhat lower than either of these at
which the right conditions exist for a total phase shift of 360 around the circuit
(including the tube). The oscillator produces a sine wave output at this frequency.

A more explicit description of operation can only be given by mathematical or vectcr
analysis. It can then be shown for specific values of circuit constants, that
oscillation occurs at a frequency where both tuned circuits are inductive in charact=
The output frequency is therefore lower than the natural frequency of both tuned
circuits. The tuned circuit whose natural frequency is nearest to the output freq-
may be in either the grid or anode circuit. This tuned circuit is the least induct
of the two and has the most affect in determining the frequency of oscillation.

Electron Ooupled Oscillators are those
where the actual oscillator is coupled
to the output, only by the electron
stream of the oscillator tube. The
usual method is to use a pentode tube
with the screen acting as the
oscillator anode of a triode as shown
in Fig. 7.

The electron stream is varied at the
frequency of oscillation and energy
is thus delivered to the load in the
anode circuit via the electron stream.
The suppressor grid is earthed to
serve as an electrostatic shield and
the screen may be bypassed also and
serve as an additional shield.

ELECTRON COUPLED (HARTIBI) OB0IL±:
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This scheme makes the oscillator frequency virtually independent of variations in the
load impedance. It can be regarded as oscillator and buffer amplifier incorporated
in the one stage.

Fig. 7 shows a Hartley oscillator but the principle of electron coupling is not
confined to L/C oscillators. Section 4 includes a circuit of an electron-coupled
crystal-controlled oscillator.

3.6 The Beat-fr0guonoy 9soil18tor (B.F.O.). A single oscillator using variable capacitors
or inductors cannot be tuned over a wide band without switching in different
components to give several consecutive ranges. This can be inconvenient especially
for test oscillators. The disadvantage is overcome by the beat-frequency oscillator,
the principle of which is shown in Fig. 8.

Two R.F. oscillators are used (usually L/0 oscillators) one generating a fixed
frequency output, and the other continuously variable over the required range, which
at R.F., is a comparatively narrow band and readily covered by one sweep of the
tuning capacitor.

For example, a fixed oscillator operating at 650kc/s "beating" its output with that
of another oscillator variable from 500kc/s to 650kc/s will produce an output which
contains the difference frequencies of 0¢/s to 150kc/s.

MODULATOR FILTER D>

FIXED
FREQUENCY i----1OSCILLATOR

VARIABLE I
FREQUENCYIi
OSCILLATOR

AMPLIFIER

FIG. 8. PRINCIPLE OF B.F.O.

The two outputs are fed into a modulator (or detector). The wanted signal is then
amplified and the unwanted R.F. is blocked from the output, either by a low pass
filter which precedes the amplifier or an amplifier designed to have no response to
frequencies above the desired band.

B.F.Os. are widely used as laboratory or test instruments. Some B.F.Os. operate
mainly over the audio frequencies up to about 20 or 25kc/s. Others range up to about
400kc/s in two separate ranges.

A modulator is a circuit with non-linear characteristics allowing two injected
voltages to produce new signals at different frequencies. These are predominantly
the sum and difference frequencies of the two input signals and are called "products
of modulation". Modulation and demodulation are dealt with in "Long Line Equipment 1,
The term detector is sometimes loosely applied to modulators or demodulators, although
more applicable to the latter.
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4. CRYSTAL AND TUNING FORK OSCILLATORS.

4.1 General. In many applications of oscillators in radio and long line telephony a ver;
high degree of frequency stability is required and ordinary L/C oscillators generall
are not stable enough. Oscillators are used which incorporate a crystal or tuning
fork in the oscillatory circuit. These components vibrate at or near their natural
frequency of mechanical resonance and influence the electrical circuit in such a wax
as to keep the oscillations "in step".

4.2 Peizo-electrio Effects are exhibited by certain crystalline materials such as quartz,
Rochelle salts and a few other mineral salts. That is, when compressed or otherwise
deformed by mechanical stress, electric charges appear on opposite faces of the
crystal. his property is used in crystal pick-ups and microphones.

Conversely, when electric charges are
are set up which deform the crystal.
varies with different crystals from a
volts for Rochelle salts.

applied to opposite faces, mechanical strains
The voltage produced by mechanical strain
fraction of a volt up to more than a hundred

Quartz is the most widely used crystal; although its electric response to stress is
less than Rochelle salt it is mechanically much more robust. Rochelle salt is also
more susceptible to heat and ageing.

Crystals" for controlling oscillators are not really full crystals but thin wafers
or slabs cut from a natural or "mother" crystal. There are various ways of cutting
crystals from the mother quartz to suit particular applications and producing
crystals is an art in itself, the study of which is beyond the scope of this course.

The crystals are accurately ground to size to have mechanical resonance at the
desired frequency and then inserted in a special holder with the electrodes contacti
opposite faces but leaving the crystal free to vibrate. Fig. 9 shows an assortment
crystals in holders together with a mother crystal of quartz.

Fig. 10 shows a typical crystal mounting, dismantled.

FIG. 9. TYPICAL HOLDERS AND QUARTZ MOTHRR" CRYSTAL.
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FIG. 10. TYPICAL CRYSTAL MOUNTING.

'.3 Dry@ta] Controlled Oscillators. Fig. 11a is the basic circuit of a typical crystal
cont.5M1aa oscillator used at radio frequencies. Note the similarity to the tuned-plate
tuned-grid circuit of Fig. 6 with the crystal taking the place of the grid L/C circuit.

Electrically the crystal performs like an L/0 resonant circuit having a very high Q and
can in fact be represented by an equivalent L, C and R circuit as shown for typical
crystals in Fig. 11b. The crystal voltage is similar to that across a series L, C and R
circuit when it is vibrating at its natural frequency. The mass and inertia of the
crystal is represented by L, its resilience or ability to flex when a deforming voltage
is applied or removed is represented by C, and frictional losses are represented by R.

The shunt capacitance Ci represents the capacitance between the electrodes with the
crystal forming the dielectric. When connected in circuit the equivalent input
capacitance of the tube, the stray capacitance of the wiring and crystal holder all add
to the value of C1.

-I

4-~-7

r----
1
-*zc-uga

I

C L
C Cl

(a) Basic Gryetal Oscillator. (b) Equivalent Circuit of Gryetal.

FIG. 11. CRYSTAL CONTROLLED OSCILLATOR.

At a particular frequency slightly higher than its natural frequenoy, the series L and C
of the crystal present a reactance equal and opposite to that of C1 and the combination
becomes the equivalent of a parallel resonant circuit.

Quartz crystals are usually calibrated at this frequency where they exhibit the features
of parallel resonance. A small "trimming" capacitor in parallel with Ci is often used
to adjust the output to the exact frequency required.

pera*1on. The anode L/C circuit is tuned above the resonant crystal frequency to be
inductive enough for positive feedback via the grid to anode capacitance Qga•

The feedback voltage is limited to confine amplitude of crystal vibration so that there
is no likelihood of damage. Phis is generally achieved by adjusting the anode tank C
until the crystal oscillates satisfactorily although phase change may be less than 3600
and feedback voltage less than the possible maximum. Oscillators controlled by the
mechanical resonance of crystals (or tuning forks) are therefore an exception to the
general rule stated for other types of oscillators which oscillate at the frequency
which produces maximum positive feedback.
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Fr@gu0noy stabilitX. Crystal oscillators are designed to have "loose" electrical
coupling between the crystal and the rest of the circuit, and only sufficient feedbats
is provided to keep the crystal vibrating. This minimises any tendency for the less
stable circuit components to force the crystal to shift its operating frequency and a
high degree of stability is ensured.

Some crystals have zero temperature coefficient and others are mounted in temperatur=
controlled ovens,to give frequency stabilities ranging from one part in 104 up to or=
part in about 1oo fhe precision of the latter figure is needed only for rare
applications such as frequency standards.

Above about 10-20Mc/s crystals would generally have to be too thin for practical use.
However, using lower frequency crystal oscillators to excite frequency multiplying
circuits much higher frequencies are attained. Modern techniques have produced some
crystals for operation up to about 40Mc/s.

4.4 Crysta] Oscillators in Long Line Tel0phony. mhe arrangement shown in Fig. 11 is used
at radio frequencies and is not suitable for frequencies below several hundred kc/s.
Fig. 12 shows a typical oscillator circuit used in the frequency range from about
5 to 30kc/s which uses a four terminal type of crystal. Many L/C carrier oscillators
used in early type long line carrier telephone systems have been replaced with this
type of circuit.

The output is electron coupled using a pentode as described for Fig. [, the screen
grid performing the function of oscillator anode.

A typical crystal of this type is shown in Fig. 9 and is suspended within a small
vacuum tube. The crystal wafer for these comparatively low frequencies is much larg=:
than those used at radio frequencies and there is ample space for two terminals on
each face.

With the crystal vibrating the two electrodes on one side are on the positive going
half-cycle while the opposite pair are on the negative going half-cycle, a phase
difference of 180°. Positive feedback is therefore a simple matter of connecting
oscillator anode and grid to electrodes on opposite sides of the crystal which can
be seen more readily in the simplified circuit of Fig. 13.

H.T.

H.T7.
+ 130V

R4

C4
l·O

MRI

FIG. 12. TYPICAL CRYSTAL OSCILLATOR FOR LOW FREQUENCIES.
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CI
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4474

CZ

RI

H.T.

FIG. 13. BASIC OSCILLATOR CIRCUIT FROM FIG. 12.

The grid connects to terminal 1, the oscillator anode (screen of pentode) connects to
terminal 3 for the A.C. via C1. Remaining terminals 2 and 4 are commoned and return to
cathode potential via C2, the high reactance of which ensures a low crystal voltage and
loose coupling between anode and grid circuits. [he oscillator anode D.C. supply is
shunt fed via R1.

The bias circuit (Fig. 12) is of interest. R6 provides a small cathode bias voltage
which is low enough to allow the circuit to be readily self-starting. Once operating,
a voltage proportional to the output voltage is fed via 03 and a rectified voltage
appears across R3 due to MR1 shunting out positive half-cycles. A negative potential
fed via R4 appears at the grid end of R5 as an additional bias voltage. Unwanted A.C.
component is filtered out by R4 and 05.

'.5 funine Fork 0soi11labors are used in long line carrier telephony to generate highly stable
carrier signals of lower frequencies than are practicable for crystals. Fig. 14 shows
the basic circuit of a typical tuning fork oscillator.

The steel tuning fork is mounted in the magnetic field of one or more coils from which
it absorbs sufficient energy to become magnetised and vibrate at its natural resonant
frequency. In turn, a voltage of constant frequency is maintained across the coils as
the magnetised fork induces a voltage in the coils at its frequency of vibration.

C
BIAS H.T.

FIG. 14: BASIC TUNING FORK OSCILLATOR.

The tuning fork is made of an alloy having very low coefficient of expansion and is
sealed in an evacuated envelope or mounted in a thermostatically controlled oven.
Output is stable to within one part in a million. In a typical application the 4kc/s
output signal is distorted in a special amplifier called a harmonic generator to produce
numerous harmonics several of which are selected and amplified.
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5. 3/0 0901LLATORS.

5,1 Oscillators which use only resistance and capacitance for regeneration and frequency
selection are now widely used for frequencies up to about 200kc/s. Their principal
advantage over L/C oscillators is the elimination of inductors which for low
frequencies can be both large and costly.

5.2 Two-Stage 8/0 Oscillator. (Fig. 15.) A loop from output to input of a two-stage R/C
coup.lad amplifier gives positive feedback since each tube provides 180° phase change.
An R/C network C1 R1, 02 R2 in the feedback loop ensures that the feedback voltage is
in phase at one frequency only, and thus determines the frequency of oscillation.

A large amount of negative feedback in the amplifier provides stability and low
distortion. When the negative feedback is nearly as great as the positive feedback
the output is remarkably free from harmonics, or practically a pure sine wave.

POSITIVE RI
FEEDBACK r*\
NETWORK ['_ct

R c2

R-C COUPLED
AMPLIFIER

WITH
NEGATIVE FEEDBACK

OUTPUT

PIG. 15- PRINCIPLE OT TWO STAGE B/O OSCILLATOR.

Vien Bridge Oscillator. In the practical form of the two stage R/0 oscillator circu:
+ne posit1ve and negative feedback paths work in conjunction to regulate the input
voltage to the first stage. Fig. 16 shows a typical circuit.

Energy is fed back from the second stage output via the isolating capacitor C3. The
frequency selective voltage divider network R1 C1, R2 C2 applies a portion of this
signal to V1 grid in the correct phase for positive feedback to promote and sustain
oscillation.

In parallel with this is another voltage divider R3 R4 and the voltage across R4
constitutes the negative voltage feedback signal since the anode current is 180° out
of' phase with the grid voltage.

5.3

R 3

C2

H.T.

rIa. 16. TWO 8TA0B R/0 OS07L}ATOR:

TO
BUFFER
STAGE

H.T.
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In addition, because R4 is unbypassed the signal voltage across it due to anode current
signal constitutes a negative current feedback component superimposed on the D.C. bias
voltage across R4. he actual grid input signal is the resultant of the opposing
voltages across R2 and R4.

The principles of negative voltage and current feedback are described in the paper
"Amplifiers".

A tungsten filament lamp is used for R4. Any tendency for the output to increase due
to higher positive feedback at certain frequencies is offset by an increase of current
through the lamp which automatically increases its resistance and thus the negative
feedback voltage across it.

A buffer amplifier follows the two stage oscillator section and maintains a constant
load on the oscillator.

The negative and positive feedback
loops can be redrawn in a bridge
circuit (Fig. 17). This bridge is
similar to that developed by Wien for
frequency and capacitance measurements
and this type of oscillator is often
known therefore as a "Wien Bridge"
oscillator.

This type of oscillator is widely used
as a test instrument providing variable
frequency output, a typical coverage
being 20c/s to 200kc/s. Different

-values of Ri and R2 are switched in for
POSITIVE AND NEGATIVE FEEDBACK AS "WIEN BRIDGE", Vhe several ranges and 01 and 02 are a

ganged variable capacitor for tuning
FIG. 1I. within each range.

5.3 The phase shift oscillator is a one-stage R/C oscillator. (Fig. 18.) The principle is
very Et5.e. Asp/0 "&twork shifts the phase of the signal 180° at the desired
frequenoy. This displacement gives positive feedback in conjunction with the 180
displacement of the tube. With gain adjusted so that feedback is just sufficient to
maintain oscillation, the output has almost pure sine waveform.

-•

PASE SHIFT NETWORK
60° PER SECTION

FIG. 18. PHASE SHIFT OSCILLATOR.

With equal values of C1, 02, 03 and R1, R2, R3, there will be a phase shift of 60° per
section for the frequency at which current in each series section leads the voltage
across it by 60°, The voltage across R1 will be 60° ahead of anode voltage, the voltage
across R2 60° ahead of that across R1 and the voltage across R3 60° ahead of that across
R2.

Four section networks can be used to give an average phase shift of 45° per section.
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6. RELAXATION OSCILLATORS.

6.1 General. Relaxation oscillators have the following characteristics -

(i) They make use of a process involving the building up or breaking down of
energy stored in the electric field of a capacitor or the magnetic field
of an inductor.

(ii) Their output is non-sinusoidal and extremely rich in harmonics.

(iii) Their frequency is not very definitely fixed by the circuit elements and
may be easily synchronised to external signals which can have a high degree
of frequency stability.

There are many types of relaxation oscillators but one form or another is generally
used when numerous harmonics, square waves, saw-toothed waves or timing pulses are
required.

In the application of relaxation oscillators and associated circuits a number of
descriptive terms are used, the more common of which we must first define to simplify
the circuit descriptions to follow.

6.2 Definitions. Many types of relaxation oscillators do not produce a continuous
symmetrical output like all other oscillators. Some are arranged to stay in a
quiescent state until excited by a small external signal; this process is called
"±riggering" .

Circuits which respond to trigger pulses to change their state can be used as
electronic or static switches and the term switching circuit is often used.

Such circuits can be made to block or pass certain other signals and are also known
as "gales". This term is rather loosely applied and "gate" may refer to a circuit
used as an electronic switch but it is also used to refer to the signal or pulse which
initiates the gating function in the circuit.

There are many types of switching circuits, and relaxation oscillator principles are
used in only some of them. Nowadays, the majority of these circuits use cold cathode
tubes or solid state devices such as semiconductor diodes and transistors.

The study of static switching using electronic gates is often classified under the
heading of "pulse techniques" as pulses are generally the means of initiating the
required gating operations. Pulse techniques have become an important branch of
electronics owing to their widespread application to electronic data processing and
computing "machines" as well as their use in many communication circuits. A detailed
study of pulse techniques is beyond the scope of this paper but some information on
the production of trigger pulses is given in para. 6.9.

Relaxation oscillators can be divided into three classes -

(i) Asta9le or "free running" circuits produce a continuous output with or
without external synchronising signals.

(ii) Monostable, "one shot" or "start-stop" circuits stay in a quiescent or
stable state until an external signal is applied and return to that
state in a fixed time interval after the signal is removed.

(iii) Bistable, "flip-flop" or "binary" circuits have two different quiescent
states and remain in either one until changed to the other state by an
external signal.

Relaxation oscillators which stay in a quiescent state until triggered are not strict;
oscillators as defined in Section 1 but are often regarded as such.

Relaxation oscillators were first developed and have found wide use using ordinary
triode tubes and are simplest to describe in that form.

6.3

6.4 1

R
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6.3 Sawtooth Generators are mainly used to produce
the time base or horizontal sweep voltage for
cathode ray oscilloscopes. An early method of
producing sawtooth waveform voltages was by
using the simplest relaxation oscillator - an
R/C circuit in conjunction with a gas diode or
gas triode (Fig. 19a).

The capacitor C charges from the H.T. supply
via R. When the voltage across C reaches the
striking voltage of the cold cathode diode it
conducts and C discharges rapidly until
extinction voltage is reached; C recharges as
before. The output voltage waveform is shown
in Fig. 19b. The frequency of oscillation
depends on the time constant (C X R) and the
voltage characteristics of the tube.

A gas triode can be used to obtain readily
adjustable frequency as varying the grid
voltage alters the striking voltage of the
tube (Fig. 19¢).

A synchronising pulse of the correct polarity
may be used to make the tube strike a little
earlier and thus raise the frequency into
synchronism with that of the injected signal.
Therefore, although a high degree of frequency
stability is not a characteristic of
relaxation oscillators, they may be rendered
as stable as required by a synchronising signal
from a more stable source.

We saw in the paper "Waveforms, Timing and
Oscillatory Circuits" that the rise in voltage
across C confirms to an exponential law so SYNC.
that the long edge of the sawtooth is not
perfectly linear. When only a small pa.rt of
the curve is utilised the non-linearity is
scarcely noticeable. Owing to this
disadvantage however, high quality C.R.Os.
have more elaborate sawtooth generator circuits
using "hard" tubes.

R

+
H. T. C

SY NC. VOLTAGE

(a)

STRIKING VOLTAGE

E

VOLTAGE

~,,s+n- ___.

PIG. 19-

TIME

(b)

R

+
H.T.

C A

(e)
SAWTOOTH GENERATORS.

6.4 The Blocking Oscillator is a type of relaxation oscillator which is used to produce pulses
of relatively large amplitude, short duration and waveform having very steep rise and
fall. Fig. 20a shows the basic circuit and Fig. 20b the pulsing nature of the output.
he time between pulses depends mainly on the time constant of the C,R combination.

R

+
OUTPUT
VOLTS O

TIME

(a) (b)

FIG. 20. BASIC BLOCKING OSCILLATOR.
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Fig. 21 shows the operation of a typical blocking oscillator in stages.

Transformer I provides a large positive feedback
voltage. When anode current increases the
regenerative voltage induced into the grid circuit
drives the grid abruptly positive making the anode
current rise abruptly to maximum at a rate limited
only by the L/R ratio of transformer T. The grid
current which flows charges capacitor C with the
grid end negative with respect to the cathode end
(Fig. 21a).

A point is reached where anode current rises less
r@PiJ· This may result from anode current
approaching saturation in some circuits and from
the comparatively large grid current robbing
electrons from the anode current in others. The
voltage induced into the grid circuit makes the
grid less positive and the anode current increase
rate is slowed some more. Phis cumulative action
brings the anode current momentarily to a steady
value and there is no feedback voltage. C stops
charging and begins to discharge.

Anode current commences to fall and the flux in
the transformer starts to collapse inducing into
the grid circuit a voltage opposite to that which
accompanied the rapid rise in flux. This
regenerative negative grid signal drives anode
current abruptly to zero and the grid voltage to
well beyond cut-off. (Fig. 21b.) Feedback ceases
as there is now no current in transformer T.

Capacitor C is now discharging slowly through R
and the voltage across C and R is high enough to
maintain the grid beyond cut-off for a
comparatively long time which will depend on the
time constant CR (Fig. 21¢).

The grid becomes gradually less negative as C
discharges and when the grid voltage is reached
which allows anode current to recommence, the
rising flux in feedback transformer T drives the
grid positive again and the regenerative cycle
is repeated.

H{t
.MK

R

(a)

---- FLUX

(b)

Ia ZERO
H{Tw......,...,.,..,._..,

FIG. 21.

C CHARGES

With typical blocking oscillators, the rate of rise and fall in anode current depends on
the transformer resistance and inductance ratio but can be extremely rapid. The low level
oscillations following the main pulse are caused by the energy stored in the winding
capacitances of transformer f.

A blocking oscillator is readily synchronised by an external voltage pulse with a frequer:
slightly above that of the free running frequency and applied to the grid so as to raise
it above cut-off voltage a little earlier than the free running discharge of C would all:r
The term "forced frequency" is sometimes used to describe the control of a synchronised
oscillator.

Alternatively, blocking oscillators can be readily biassed beyond cut-off and become
monostable - requiring one input trigger pulse for each output pulse.

The type of blocking oscillator described here is sometimes called the "single swing" tyl
to distinguish it from the "self pulsing" type which oscillates for several cycles in
charging C progressively beyond cut-off.

6.5 '
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1.5 Multivibra5ors are relaxation oscillators using two tubes and having the output of each
coupled to the input of the other. There are no elements in the circuit to limit the
feedback to one frequency so feedback occurs at all frequencies including very high order
harmonics. Their main use is for the generation of square waves or pulses. The circuits
may be astable (free running) to produce continuous output or triggered and be either
monostable (one-shot or start-stop) or bistable (flip-flop).

In astable multivibrators (Fig. 22) extremely rapid changes or transients are separated
by relatively long periods of little apparent change or relaxation, the duration of which
is determined by circuit constants.

-.6 Fig. 22 shows the circuit of an astablo multivibra*or. Being a two stage device, feedback
is positive without the need of a phase reversing transformer or network. Each tube
alternately conducts and is cut-off for a definite interval of time. When V1 is
conducting V2 is cut-off and vice versa. The sequence for one full cycle of operation
can be summarised as follows -

(i) An extremely rapid change from V1 conducting to V2 conducting.

(ii) A long period during which the circuit is "relaxed" and V2 keeps
conducting while V1 remains cut-off.

(iii) A second violent change to V1 conducting and V2 cut-off.

(iv) A second long period during which the circuit is again relaxed with
V1 conducting and V2 cut-off.

The cycle is recommenced when condition (i) follows condition (iv).

y:

H.T.

27Em7an~REEK
44%

0

I
A.

R2

PIG. 22. ASTABLE MULTIVIERATOR (BREE RUNIINO),

When the circuit is switched on anode current rises in both tubes. Circuits which have
equal value components in each tube circuit are called symmetrical but perfect balance
never exists and any slight irregularity will cause the current in one tube to increase
at a greater rate than the other. Phis is sufficient to start the regenerative
multivibrator action. The unbalance is amplified and the cumulative effect drives the
tube with the greatest rate of current increase to maximum while the other is
simultaneously driven back beyond cut-off.
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Supposing the initial anode current in V1 increases at a greater rate than that in V2.
Capacitors Ci and 02 take on a certain charge when the circuit is first switched on. [he
following then occurs in extremely rapid sequence:

ct

- The greater current increase in V1
increases the voltage drop across R3
and the anode voltage of V1 is reduced.
(Point A.)

- Capacitor C2 was charged to a higher
voltage than this and begins to
discharge via R2 and V1 as show by
the dotted arrows in Fig. 23.

- he voltage drop across R2 becomes a
negative going transient signal to
V2 grid which reduces V2 anode
current.

- The reduced voltage drop across R4
increases anode voltage of V2 to
become a positive going transient at
B (of greater magnitude than the
negative going signal from A by the
voltage gain factor of V2).

his positive transient at B is applied
to Vi grid via 01 which further
increases anode current in V1 to produce
an amplified negative going transient
at A which is again applied to V2 grid
via C2.

- This regenerative process continues until
V2 is cut-off and point B is at HT.
voltage. The grid of V1 is therefore
driven positive and capacitor C1 charges
to this voltage by the passage of grid
current in V1 and R4 as show the full
arrows in Fig. 23.

Thus the initial unbalance has received
regeneration from the two stages of
amplification and this cumulative
positive feedback can only cease when
V2 is cut-off and Vy1 anode current is a
maximum.

This action is not gradual; the change is
accentuated to an extent that it becomes a
practically instantaneous "avalanche", and
might occur in less than a microsecond under
typical circuit conditions. The signals
between stages during the switching action
are therefore transients.

H.T.
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?) Current increases in Vi.

2) Increased drop across R3 reduces anode voltage
of V1.

) Capacitor C2 discharges via R2 to reduced anode
voltage of V1.

i) Drop across R2 produces negative golng signal on
V2 grid,

5) Anode current V2 decreases; less drop in R4 makes
V2 anode more positive.

( V1 grid driven positive and Ci charges by grid
current via R4 and VI,

Amplified positive grid signal on V1 greatly
reinforces the initial slight increase in (1) abo:
and so on until V1 draws maximum current and V2
cuts off.

FIG. 23.

The circuit is now in a relaxed state with V1 conducting and V2 cut-off. The only change
occurring is the continuing discharge of 02 via R2 and V1 which maintains V2 cut-off for
a time. (During operation 02 is charged to H.T. voltage on the previous cycle. As we
have considered the circuit starting from zero the initial charge ta.ken on by 02 may be
somewhat less than this value.)

As 02 discharges the voltage drop across R2 is gradually reduced and a point is reached
where V2 grid becoming less negative allows V2 anode current to recommence again.
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The first slight current in V2 ends the period of relaxation and the regenerative process
starts again to switch the circuit in a virtually instantaneous surge to the opposite
condition: H.T.

- Slight current in V2 and R4 reduces the
anode voltage of V2 (point B).

- 01 begins the discharge to this reduced
potential via R1 and V2 as shown by the
dotted arrows in Fig. 24.

- The reduced V2 anode voltage therefore
becomes a negative going transient on
V1 grid which reduces the anode current
in Vi.

- An amplified version of this transient
appears on V1 anode (point A) owing to
reduced voltage drop in R3 and
constitutes a positive going transient
applied to V2 grid.

- 02 charges rapidly to the H.T. voltage
by the grid current of V2 via R3 as
shown by the full arrows in Fig. 24,

- The initial slight current in V2 after
the relaxation period is thus greatly
accentuated by the positive going signal
on its grid. The regenerative process
continues driving V2 to maximum anode
current and V1 to cut-off.

Following on from step (7), Fig. 23, circuit is relaxed as
02 discharges via R2 and V1 to hold V2 cut-off. Voltage
drop across R2 reduces until -

{) V2 begins to conduct via R4.

() Voltage drop in R4 reduces anode voltage of V2.

t
(

The circuit is now again in the relaxed state
which continues while 01 gradually discharges \)
via R1 and V2 to maintain V1 cut-off by the
voltage drop across R1. Vi grid gradually
becomes less negative and when anode current'!

recommences the regenerative process is
repeated as listed for Fig. 23 and the
circuit switches once more to the opposite i
state,

Capacitor C1 discharges via Ri to reduced anode
vol tage of V2.

Drop across RI produces negative going signal on V1
grid.

Anode current V1 decreases; less drop in R3 makes
V1 anode more positive.

Fig. 22 also shows the simultaneous anode
voltage and grid voltage waveforms of both
tubes for two full cycles (not the first
after switching on but after uniform
oscillation has been established with full
charging of 01 and C2 to H.T. voltage each
cycle). The output is taken from either
anode and as shown has a fairly square
waveform which is extremely rich in harmonics.

b) V2 grid driven positive and 02 charges by grid-current
via R3 and V2.

() Amplified positive grid signal on V2 greatly reinforces
the initial slight current in (1) above and so on
until V2 draws maximum current and V2 cuts off.

FIG. 24:

This abundance of multiples of the basic frequency has many practical applications and
harmonics up to the 150th have been used. Astable multivibrators can be synchronised to
run in step with slightly higher frequency signals injected into the circuit. A crystal
oscillator arranged to trigger a multivibrator is often the basis of very stable frequency
multipliers.

Pulse width. The time each tube remains in the relaxed state determines the number of
pulses or cycles per second; the "pulse width" in milliseconds or microseconds is another
measurement often used. This time duration is determined mainly by the time constant C1 R1
and 02 R2 and can be varied to give pulses lasting from microseconds to minutes.
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Asymmetrical Output. In a symmetrical circuit, component values for each tube are equal.
giving equal switching times. The astable multivibrator can also be made to produce
relatively short duration pulses with longer time between them. For example, the time
constant of C1 and R1 in Fig. 22 may have a lower value than C2 and R2 and produce an
output as represented in Fig. 25 from the anode of V1. The anode of V2 will, of course,
furnish the reverse waveform - long pulses at short intervals.

FIG. 25. ASYMBTRICAL OUTPUT.

6.7 Monostable Nultivibrators (one-shot or start-stop). The astable multivibrator (Fig. 22
can be readily converted to be monostable by the addition of a biassing voltage to ore
tube which maintains it cut-off. The circuit stays quiescent until a trigger pulse
opposes the cut-off bias and allows the circuit to switch to the opposite condition,
stay relaxed as the coupling capacitor discharges and then switch back to the original
condition where the cut-off bias maintains the quiescent condition until another trigger
pulse is applied.

More generally monostable multivibrators achieve the same result using a modified circuit
which provides a form of self-bias. Fig. 26 shows a typical monostable circuit in which
a common cathode resistor Ry provides both the necessary bias and part of the regenerati
coupling between stages.

6.8

"•m %

€8
4E15..4+-+ OUT

j_

FIG. 26. MONOSTABLE MULTIVTERATOR (ONE-SHOT).

perab1on. In the quiescent state V2 conducts and its anode current produces a voltage
drop across Ry sufficient to maintain V1 biassed beyond cut-off. 9hangs in V2 anode
current are coupled back to V1 grid also via the changing voltage drop across Ry. Fig,
is therefore known as the one-shot cathode-coupled multivibrator circuit. Cathode courl..
is a form of direct coupling for both D.0. and A.C.

A positive going trigger pulse applied to Vi grid via Ci has sufficient
it above cut-off voltage. V1 conducts and the regeneration takes over.
which follows is similar to that described for the astable circuit with
and can be analysed in a similar way:

V2 is driven to cut-off as V1 rises to maximum anode current.

The circuit remains relaxed in this condition while 02 discharges via R2 and V1
to hold V2 cut-off by the drop across R2.

When V2 grid voltage rises above cut-off, V2 again conducts and the regenerative
signal is fed to Vi grid via Ry and R1.

V1 is driven to cut-off while V2 grid is driven positive as 02 recharges. V2 anode
current drops to normal and holds V1 cut-off by the voltage drop across Ky•

The cycle is complete and the circuit remains quiescent until the next trigger pulse.
Note one trigger pulse provides one full cycle and one square wave output pulse the wii
of which depends on the A.C. coupling circuit between V1 and V2; that is the time cor±tu
of C2 and R2.

0
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The exact proce:

Figs. 22, 23 ar-
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£.8 Bistable Multivibrators have two stable states and bWo trigger pulses are needed to
complete one Fuji dele of operation. Fig; 27 shows the basic circuit of a bistable
multivibrator (binary or flip-flop circuit). It is similar to the astable circuit of
Fig. 22 except that:

- bias is provided to maintain either tube cut-off (cathode bias in Fig. 27);

- pulse width depends on the timing of the trigger pulses and not on circuit
time constants;

direct or D.C. coupling between anodes and grids replaces the A.. coupling
used for free running circuits.

rro. 27. BISTABLM MULTIVIERATOR (FLIP-FLOP).

9perabi0n. Suppose V2 is conducting and V1 is cut-off. V2 anode current in Ry keeps
Eotn cathodes positive with respect to earth by the voltage drop across Ry. The anode
cathode voltage of V2 (point B) is low because of the voltage dropped across R4 and Ry•
R1 is therefore able to keep V1 grid negative to cathode by a voltage sufficient for
cut-off. As there is very little current in R3, Vi anode (point A) is at nearly H.T.
voltage. The high anode-to-cathode voltage of V1 is applied between V2 grid and cathode
via R5 and R2 and these resistors are proportioned to allow sufficient voltage drop
across R2 to overcome the opposing bias voltage across Rk. V2 is thus kept conducting
fully by a grid-cathode voltage which is about zero or slightly positive.

An input trigger pulse is applied to both grids via C1 and C2. A positive pulse starts
conducting in V1 and a negative pulse reduces current in V2; either may be used providing
its magnitude is enough to overcome the cut-off bias on V1. Regeneration takes over and
switches the circuit to V1 conducting and V2 cut-off in a similar manner to that described
for the previous astable and monostable circuits. However, the difference lies in the
direct coupling of both stages. [he negative going transient at A and the positive going
transient at Bare applied directly to the V2 and Vi grids respectively without having to
charge and discharge coupling capacitors in the process. As a trigger pulse is needed to
initiate each switching action there are two quiescent states and no period of relaxation.

When V2 is cut-off the high voltage at B is able to keep Vi biassed to full conduction
via the voltage drop across R1 opposing that across Ry. The much lower voltage at A with
V1 conducting keeps V2 grid near enough to earth potential for the drop across Ry to bias
it beyond cut-off. That is, the initial state described is completely reversed and this
opposite quiescent state continues until another trigger pulse starts conduction in V2.
The regenerative switching action takes over and restores the original quiescent state -
V2 conducting V1 cut-off.

Output signal may be taken from the anode of either tube. Since two pulses are needed
to restore the output potential to the original value, bistable circuits are used to
provide an on-off switch or electronic gate for any time interval.
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Binary Counting. When the output of one bistable circuit is connected as the input of
another bistable circuit and so on for several stages, with suitable indicators in each
stage, a binary counter is formed. Binary notation is a system of counting in twos and
lends itself to electronic computing more readily than decimal notation.

Transistors have proved to be very suitable devices for switching circuits of the
multivibrator type and in these applications they have largely succeeded tubes.
Multivibrator principles remain the same, whichever amplifying device is used and these
are somewhat simpler to explain using tube circuits. (A transistorised binary counter
is described in the paper "Transistors and other Semiconductor Devices".)

6.9 Synchronising pulses used for synchronising or triggering of other circuits are usually
required to have a special type of waveform to ensure reliable triggering. A sharp rise
and fall of voltage occupying a time duration very much less than a half-cycle of the
triggered oscillator has a waveform like that shown in Fig. 28 and is called a "spike".

+ +
EE
()I/ii

FIG. 28. "SPIKES".

The very short duration is necessary to avoid the possibility of the triggering signal
distorting the output waveform or the switching characteristics of the triggered circuit
Where this is not important however, relaxation oscillators can be synchronised by sire
wave input signals.

Spikes are produced by a simple process called pulse differentiation. This consists cf
passing any source of e.m.f. having a sharply rising waveform through an R/C circuit ci
short time constant. Fig. 29 shows how positive and negative spikes are produced from
an input voltage of square waveform and another of trapezoidal waveform.
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FIG. 29. PULSE DIFFERENTIATION.
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When the time constant (CR) of the differentiating circuit (Fig. 29a) is only a fraction
of the pulse width of the input, the output pulse becomes a spike whose width is the
charging or the discharging time of C. [he steep rise of the output in Fig. 29b occurs
because the charging current is maximum at the beginning of the pulse, the discharge
current maximum at the end of the pulse, and output is the voltage drop across R through
which C charges and discharges.

When the input voltage does not reach maximum voltage instantaneously the wavefront of
the output spikes is less step as shown in Fig. 29c.

A sine wave cannot be differentiated to produce spikes directly but other pulse shaping
circuits called "limiters" and "clippers" are used to produce from sine waves other wave
shapes which can be differentiated to produce spikes. Fig. 29c also indicates that the
trapezoidal waveform was produced by limiting the peak amplitude of a sine wave. When
only positive or negative spikes are wanted the unwanted one is removed by rectification.

NOTES
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7. TEST QUESTIONS.

1. List the circuit requirements which must be present to produce self-oscillation.

2. List the various component arrangements commonly used to keep oscillations to the desired frequency.

3. With the aid of a diagram describe the principle of operation of a basic type of electron tube oscillator.

4. What is frequency stability and what are some of the precautions taken to secure it with different types of oscillators

5. Compare and contrast the Hartley and Colpitts oscillator circuits.

6. Explain what is meant by "shunt feed" and "series feed® for oscillator circuits.

7. (i) Describe a common method of obtaining grid bias with L/C oscillators.

(ii) What is the principal advantage of this class of bias?

8. (i) What class of operation is used when a pure waveform is required? (ii) Explain the reason for this.

9. With the aid of a diagram describe the operation of a tuned-plate tuned-grid oscillator.

10. Describe the principles of electron coupling in oscillator circuits.

11. (i) With the aid of a block diagram describe the principle of beat-frequency oscillators. (ii) Why are they widely use:

12. Explain what ts meant by the term "peizo electric effect*.

13. Why are crystal oscillators so widely used?

14. With the aid of a simple diagram describe the basic principle of a crystal oscillator suitable for generating a carri±
signal voltage at 10kc/s.

15. (1) With the aid of a diagram explain how a tuning fork can be used to stabilise an oscillator.

(ii) Is such a device used at low or high frequencies? Give the reason for your answer.

16. (i) Describe the principle of a two stage R/C oscillator.

(ii) How is good waveform secured with this type of oscillator?

17. With the aid of a diagram describe how a single stage resistance loaded amplifier can be made to oscillate at a
particular frequency.

INTR

1.1

18. What do you understand by the terms -

(1) astable

(iv) electronic switch

(11) monostable

(v) gate

(1i1) bistable

(vi) quiescent.
1.2

19, Describe a simple oscillator for producing a voltage of sawtooth waveform.

20. With the aid of a diagram explain the operation of a typical blocking oscillator.

21. In synchronising a relaxation oscillator with a more stable oscillator what is the correct frequency relationship
before the synchronising signals are injected?

22. With the aid of a simple diagram describe the operation of a free running multivibrator.

23. With the aid of a diagram explain the operation of a "flip-flop® circuit.

24. How are triggering spikes produced'?

END OF PAPER.

1.3-
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INTRODUCTION.

1.1 At present, the most prominent semiconductor device is the transistor which was
invented in 1948. However, the use of germanium crystal, from which most transistors
are made, is not new. In the early days of radio it was found that certain crystals
were capable of rectifying A.C. of a low value when one of the two connections was
made to a 'sensitive spot' on a crystal by adjusting a pointed wire known as the
"cat's whisker".

1.2 Thermionic valve rectifiers replaced crystal detectors until their re-introduction in
wartime Radar circuits where they were sometimes superior to valves at ultra high
frequencies, This promoted a great deal of research into the properties and behaviour
o.f substances now classified as "semiconductors" which include copper-oxide, selenium,
germanium and silicon. For rectifiers, including power rectifiers, copper-oxide has
largely been superseded by selenium, which is in turn being gradually superseded by
germanium and silicon.

1.3 The use of semiconductors is now extended beyond the original province of rectification
to a wide variety of amplifying and controlling devices. Rapid development of new
and improved types of semiconductor devices has taken place, and although a great deal
of information has been published, terms and symbols are not yet uniformly
standardised. This paper follows the general trend and important alternatives are
given.
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2. SEMICONDUCTORS FOR TRANSISTORS.

2.1 Semiconductors possess the following characteristics:-

(i) Electrical conductivity (and resistivity) between that of metallic
conductors and insulators.

(ii) A rise in temperature decreases the resistivity. (In metals, a rise in
temperature increases the resistivity.)

(iii) At very low temperatures (approaching absolute zero, -273° g.) semiconductors
become insulators, whilst metals approach zero resistance.

(iv) Impurities in semiconductors decrease the resistivity. (In metals,
impurities increase the resistivity.)

Until recent years, these phenomena were little understood, but now mathematical
calculations and experiments have produced explanatory theories.

2.2 Atomic Sbruoture. In the paper "Electron Theory" (Applied Electricity I) we saw ho:
matter is composed of atoms, with each atom regarded as having a nucleus of positive
electric charges or protons around which revolve an equal number of negative charges
or electrons. Substances mainly differ in the number of protons and electrons
comprising their atoms. Elements having some electrons only loosely bound to their
nucleus conduct electricity when these electrons uove readily between atoms.
Insulators have tightly bound electrons.

2.3 OEYsbals. To understand semiconductors we must expand the electron theory to include
chemical bonds and crystal structure.

The paths or orbits of electrons revolving around the nucleus are known as "shells"
and the number of electrons that any one shell may contain is limited. The number t
shells ranges from one for the simplest and lightest atoms to seven for the heavies
and most complex atoms. The innermost shell may contain a maximum of two electrons.
the second shell up to eight electrons, and the next four shells more than eight.
Fig. 1a represents the structure of the germanium atom, and Fig. 1b shows a further
simplification for germanium and silicon which are both semiconductors.

Silicon.

Germanium.

I
(a) (b)

FIG. 1. REPRESENTATION OF ATOMIC STRUCTURE.

'i

I
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The maximum number of electrons which may form the outer shell is eight; an outer
shell of eight electrons is a very stable atomic state and substances normally in
this state show no inclination to enter into chemical combination or to conduct
electricity. A single shell is complete and stable with two electrons.

The atoms of most substances show a marked tendency to reach this stable state, and
may do so by sharing electrons in their outer shell with similarly placed electrons
of other atoms. Although this sharing of electrons can take place in several ways
we are concerned with orly one of them, producing what is known as a covalent bond
between atoms each of which lacks one or more electrort in its outer shell. Fig. 2
represents an example of such combination, where an atom of carbon combines with
four atoms of hydrogen to for one molecule of the gas methane.

+
t)

A

I Carbon Atom + 4 Hydrogen Atoms I Methane Molecule

FIG. 2.
The stalle state is achieved by the atoms of a single substance when mutual covalent
bonds result in a regular patter of the atomic structure for the whole of a pure
piece of the substance. his regular arrangement of atoms or "lattice" structure
results in what is termed a crystal. Crystalline carbon or diamond is so stable that
it is virtually a perfect insulator and chemically inert.

Pure germanium and silicon become crystalline when each atom forms covalent bonds of
its four outer electrons with those of four adjacent atoms. Fig, 3 represents a
geranium crystal lattice. Only the four valence electrons are shown,as those in the
inner orbits do not concern us at the moment. Notice how by sharing electrons, each
atom achieves the effect of an outer shell of eight electrons.

© e • • •
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FIG. 3. GERMANIUM CRYSTAL LATTICE.
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In this type of pure crystalline germanium, no free electrons are available as
carriers of current. (The term "carriers" is used in semiconductor theory, as
conduction car take place in two distinct ways and movement of free electrons is only
one of these.) The covalent bonds are much weaker than those ii5diamond so that
pure germanium crystal and similar semiconductors are only insulators when no energy I.I'.·•

in the fort of heat or light can enter to break some of the bonds. At room
temperatures, sufficient electrons are freed by thermal agitation to give germanium
crystal a resistivity of about 60 ohms per centimetre cube compared with

1.75 microhms/cm* for copper and 1016 ohms/cm* for mica. When the temperature of
the crystal is raised, the resistivity falls quite rapidly as the greater thermal
vibrations of the atoms free still more electrons as current carriers.

Pure germanium becomes much more conductive when "doped" with minute traces of
certain impurities whose atoms become included in the crystal lattice.

2.4 "N"-T3Pe Germanium is formed when pure germanium is doped with an element such as
arsenic or antimony. These elements have five electrons in the outer atomic shells.
Four of these enter into covalent bonds with adjacent germanium atoms; at normal
temperatures the fifth electron is free to wander throughout the crystal. The curren.
carriers are negative electrons, and this material is called "N"-type germanium.
Fig. 4 represents the idea. As impurities of this type donate electrons to serve as
current carriers they are known as donor impurities.

i
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Impurity Atom

Free Electron

2

REPRESENTATION OF "N"-TYPE CRYSTAL STRUCTURE.

2.5 "P"-{{R9 Germanium is formed when pure germanium is doped with an element such as
indium or aluminium which have only three electrons in the outer shell. These thre
electrons form covalent bonds with adjacent germanium atoms. The fourth covalent
bond cannot be completed except by the impurity atom accepting an electron from
elsewhere. Wherever a bond is not complete, the impurity atom can accept an electri.
from a neighbouring atom. The resulting absence of an electron creates a positivel
charged "hole" in the lattice. Fig. 5 represents the idea.

This is called "P-type germanium and the impurities are called ac@plor impurities.
At normal temperatures holes wander freely in the crystal as an electron released
from an adjacent bond occupies a hole, and, in effect, shifts the hole to the vacat
position.



TRANSISTORS.
PAGE 5.

o•ve
i••

,:
I•l

•• © ©•
®/

Acceptor
Impurity Atom

,'•
-.....

/
©•J

©-
i••,

' • ,
"'• _......... ' • ©- --....,_
I I I• • •
®

. . • •J J'• - '• - '•
/ I ,
• • •® • .· •.! l

i••

FIG. 5. REPRESENTATION OF "P!-TYPE CRYSTAL STRUCTURE.
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Holes therefore move in the opposite direction to electrons in
much the same way as with the sliding pieces of the familiar
puzzle (Fig. 6). When one of the pieces moves to the left,
the hole shifts to the right.

Conduction in P-type crystal is clearly of a different
character to that in N-type and is regarded as a movement of
positively charged holes; that is, the current carriers are
positive holes.

Note that in doped germanium the total number of electrons
and protons remains equal so that separate pieces of N or P-type
crystal have no charge; this is, they are electrically neutral.

Silicon is doped in a similar way to give N and P-type crystals.

FIG. 6.

2.6 Majority and Minority Garr1ere. To give N and P-type materials the desired conductivity,
+he amount 5r 1purity required is extremely small - of the order of one part in
several million. The crystal before doping must therefore be extremely pure and this
can only be attained by complex refining processes.

In practice it is very difficult to produce crystal without some impurities of the
wrong kind and there are always some holes present in N-type crystal and some free
electrons in P-type. Crystal is therefore N-type when the majority of carriers are
electrons and P-type when the majority of carriers are holes.

Majority carriers are holes in P-type crystal and electrons in N-type; minorib
carriers are electrons in P-type and holes in N-type. Generally a minority carrier
fasts only until it is absorbed by recombination with one of the much more numerous
majority carriers. That is, a particular hole in N-type crystal is soon filled by a
free electron, and a free electron in P-type crystal soon occupies a hole.

The entry of heat or light energy creates both majority and minority carriers in any
type of semiconductor crystal. Expanding the idea in para. 2.3, the breaking of
covalent bonds in this way not only frees electrons, but creates what are called
electron-hole pairs; that is, an electron knocked from a bond by thermal energy also
leaves a hole.
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3. CRYSTAL DIODES.

3.1 The P-N_junction is the fundamental building block of most semiconductor devices.
When a single crystal is made having a sudden transition from P-type to N-type a
crystal diode is formed.

At the instant of formation of the junction, holes near the junction on the P side
tend to diffuse into the N region and these combine with some free electrons, while
some electrons in the N region tend to diffuse into the P region and these combine
with some free holes. We saw that separate pieces of N or P crystal are electrically
neutral or uncharged, but a movement of positive and negative charges in this way
builds up a charge in the vicinity of the junction. Electrons leaving the N region
leave it positively charged and holes leaving the P region leave it negatively
charged. A state of equilibrium soon exists because the positive charge on the
N region repels further holes from the P, and the negative charge on the P repels
further electrons from the N. The junction now takes the form of a narrow layer
depleted of current carriers. This is generally called the depletion layer, or
potential barrier. Fig. 7 represents the idea.

p

DEPLETION
LAYER.

N
® DONOR ATOMS.
O ACCEPTOR ATOMS,
~ ELECTRONS.
O HOLES.-REGIONS WITH FREE
CURRENT CARRIERS

FIG. 7.

3.2 When an external voltage is applied with the - pole to the P region and + to the N,
the junction potential is raised further and the barrier is made wider as the majorit
carriers recede still farther from the junction (Fig. 8). This is the non-conducting
or reverse direction.

In practice a very slight lea{8&e current flows and this is accounted for mainly by I
the presence of thermally released electron-hole pairs close to the junction. A few f
minority carriers (electrons) released in the P region are swept into the N region ty 4
the + potential there and similarly a few holes in the N region are attracted into f
the P region. Having crossed the junction they are then majority carriers and promote I
an equivalent current in the external circuit. A junction diode is thus very high
resistance in the reverse direction. A small proportion of leakage current is caused
by surface leakage across the insulation between the leads.

~
HOLES RECEDE

FARTHER FROM JUNCTION

+

FIG. 8.

N

~
ELECTRONS RECEDE

FARTHER FROM JUNCTION.
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When the applied voltage is reversed, the potential barrier is cancelled and a
current results; electrons are injected from N to P and holes from P to N electrons
enter the external circuit.from the P region to create more holes, and enter the
N region to make up for those lost combining with holes in the P region. (Fig. 9.)
This is the low resistance or forward direction.

+

, HOLE FLOW

+ J
ELECTRON FLOW

FIG. 9.

3.3 Junction Diode Characteristics. The P-N junction is therefore a diode or rectifier.
Germanium diodes have similar characteristics to selenium rectifiers (which are
thought to function in a similar way) but, as they have greater reverse resistance
and lower forward resistance, crystal diodes are more efficient rectifiers.
Fig. 10a is a typical characteristic curve for a germanium diode. Notice the very
small leakage current even with high inverse voltages. This leakage current largely
consists of the minority carriers and a rise in temperature releases more of these;
the dotted line on the graph shows how the leakage current increases with a rise of
temperature to 60° C.

P-N junctions are made by a number of different processes - alloying, diffusion or
growing, but these need not concern us as the ultimate structure is the same.

AT 25° C ,/
------ AT 60° C
AMBIENT TEMP /

I
REVERSE VOLTAGE ./v

40 30 20 10 ...., I 2 3 4
/ FORWARD VOLTAGE

/

""",,,,,..,,,,.
-I504A NOTE-• DIFFERENT

SCALES
''

- LOO4A

40mA

30

20

10

v

P TYPE

Vee~ow«eerie
WIRE,

CATHO~
ACTUAL SIZE

SYMBOL.

.,!.£:[)
CASE. GERMANIUM.

ENLARGMENTS

(a) Typical Characteristie (0A85)-

FIG. 10.

(b) Construction» eto.

In small current circuits, germanium diodes are finding increasing use as their
small size is often an advantage. Fig. 10b shows the size and construction of a
bypical germanium diode.
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3.4 Maximum Ratings for crystal diodes are specified by the manufacturers and these must not

be exceeded or the diode may be destroyed or its performance permanently impaired.
The important ratings and typical figures are listed below for the general purpose
germanium diode 0A85 -

I

0A85

ABSOLUTE #AXINUN RATINGS

At Ambient Inverse Voltage Forward Current
-(Surrounding Air ) I I I SurgeI II (Max. DurationTemperature 0f Average I Peak Average 1 PeakI

t~: ..I 1 Second)I

I I
I

I
I
I I

I 2s° o. 90 V 115 V I 50 A 500 mA
II II I II II I I II I II I

I I I II l II' 75° c. II 75 ¥ 100 ¥ 17 mA I 150 mA I 500 mA II II I I I I
I

I I I II I I II I I I I------------·-•-------------.---- -----

I!'-
Note how the values are derated at the higher ambient temperature. [his is to prevent
internal power dissipation from raising the junction temperature above the safe maximw:
when the diode is less able to lose heat to its surroundings; operation above the safe
maximum would seriously shorten its life. [he maximum allowable junction temperature
varies but is in the range 55 - 80°0. for germanium and 130 - 150°0. for silicon,

3,5 Silicon Power Diodes are discussed in the paper "Diodes and Rectifiers". A more recent
development in the field of power rectification is the "controlled" rectifier which is -
semiconductor equivalent of the gas triode or thyratron. Like the latter, the silicon
controlled rectifier is a three terminal device with cathode and anode electrodes plus =

low power controlling element. It is not a true diode therefore but is sometimes
classified as such, The typical controlled rectifier has four regions of conductivity
(P-N-P-N) with the control lead connecting to one of the intermediate regions.

A description of operation is beyond the scope of this paper. It is anticipated however
rectifier sets with currents up to 100A or more will appear and use the new device in
obtaining a sensitive form of automatic output control.

3.6 Zener Diodes. When the maximum inverse voltage is exceeded, a diode may break down in
one of two ways -

(i) "punch through" which destroys the diode and leaves it short-circuited; or

(ii) "Zener" breakdown. (The name is derived from the relationship to experiments
of 0. Zener in 1934.)

+ ZRI
'{<}
(a) @xmbol.

REVERSE VOLTAGE

Vz
~-------ZENER

VOLTAGE
I
A A

At a somewhat lower voltage than "punch through",
a voltage may be reached where the carriers
collide with other atoms with enough energy to
free more carriers. The phenomenon is similar to
that of ionization of a gas, This is Zener
breakdown and, when it occurs, the voltage drop
across the diode remains virtually constantt as
long as the dissipation is limited by external
resistance, it is not harmful. [he feature is
used in diodes made especially for use as voltage
regulators.

Fig. 11a shows the standard symbol of the Zener
Diode and Fig. 11b a typical Zener Diode
characteristic; with suitable design the Zener
voltage may be quite low, -5V being typical.

(b) Characteristic.

FIG. 11.
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4. JUNCTION TRANSISTORS.

4.1 A junction transistor (or crystal triode) has three distinct regions of conductivity
arranged in a 'sandwich' to give two P-N junctions or diodes so close to each other
that interaction occurs between them, Two arrangements are possible, P-N-P and
N-P-N. Operation is similar for both types, the only important difference being
that opposite polarities are required for the external circuit connections.

The three connections of a transistor are called the Emitter, Base and Collector.
Fig. 12 shows the arrangement of the three elements for P-N-P and. N-P-N transistors
and the circuit symbols. As the collector and emitter regions appear identical in
relation to the base, either can be used as collector or emitter, but generally the
area of the collector-base junction is made larger than that of the emitter-base
junction as this improves the performance. This can be seen in Fig. 13a which shows
a cross section of a typical P-N-P transistor made by fusing indium pellets into
opposite sides of an N-type geranium slab.

For satisfactory operation, the thickness of the base region (between the emitter
and collector) must be very small, about one thousandth of an inch being typical.

EMITT~LECTOR

G
erepiej}ee!tenon

%I

o
SYMBOL PNP SYMBOL NPN

FIG. 12.

-- .
%

/w
I I

"·0.

~-~
moons,

--.
f
,·

.--··-.--

(a) Typical
Construction,

(b) Typioa] Transistors and Socket.

FIG. 13.
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4,2 Transistors are encased to prevent their characteristics being altered by contamination
from the air or water vapour, Hermetical sealing in glass or metal envelopes is
generally used; the free space within the envelope is filled with an inert gas, oil
or grease. Glass envelopes are painted black to prevent entry of light.

Transistor symbols and the arrangement of terminal leads are not uniformly
standardised, Fig, 12 shows the symbols most generally used and which are the A.P.O.
standard. For low power and medium power transistors, the three leads are brought out
of the envelope in a straight line with the base in the middle position. The collector
lead is marked by a white or coloured dot or it may be denoted by larger spacing from.
the base lead than the emitter. Very often both methods are used. Higher power types
in metal cans generally have the collector connected to the can; the base and emitter
leads are colour coded and reference should be made to the maker's data. Transistors
are generally soldered into the circuit directly but miniature sockets are sometimes
used; one of these is shown in Fig. 13b.

4.3 Transistor Action. Before we consider how a pair of P-N junctions are able to amplii,
let us see what happens when D.0. voltages are applied to the three terminals of a
typical transistor. Fig. 14 shows the circuit for our first "experiment".

%:
d
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FIG. 14.

The emitter-to-base junction and the collector-to-base junction separately tested, he
low forward resistance and very high reverse resistance in the same way as the crystal
diode.

When the 1.5V battery is connected between collector and base, with the emitter oper
circuit, a small leakage current flows which has a value of about 4µA; the value of
Bp is raised to 6V and the leakage current increases very slightly to 5µ4. This
current is called Io or the cut-off current, the emitter circuit being cut off or
open circuit. As with the reverse current in a crystal diode, Ioo is highly depender.
on temperature and will approximately double itself for every 100. rise in
temperature. This is easily demonstrated in the above circuit if a finger and thumb
are placed lightly on the transistor; the meter needle will rise rapidly to about
8µA in 10 seconds (providing ambient temperature is below body temperature).

Note that the battery in the emitter-base circuit is connected in the forward
direction. As a transistor can be destroyed in a matter of moments should excessive
forward currents pass in the junctions, a limiting resistor Ri is included as well -:
a rheostat R2 to vary the emitter current. The meter in the collector circuit is
switched to the 0-10mA range and switch SWA then closed. With R2 adjusted to give
imA in the emitter it will be found that the collector current rises to very nearly
1mA, Using accurate measurements typical figures would show the collector current I
to be say, 985µ4, composed of the 980µA caused by the 1mA of emitter current and
transistor action" plus the original 5µA of leakage current. In other words, nearl
all the emitter current is collected by the collector; the remaining 15µ4 flows in
the base circuit.

Leaving the emitter current unchanged (Ip
B2 to 1,5V causes negligible change in lg
circuit is very high (at this low rate of
1 megohm.) I

BK

1mA) and reducing the collector voltage
showing that the impedance of the collecttr
change a typical value is in excess of
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4.4 Current Gain. Increasing Ig (by reducing R2) will result in I increasing in
propomt3on - about 980µA increase in Io for every 1000µA increase in Ig• The ratio

of the change in Ic to the change in IE if ;0
8g0 or 0.98 and although a little less

than unity it is called the current gain of the transistor and is designated by the
Greek letter alpha (o).

g - collector current.
g emitter current
O current gain

( common base).
A- small change in

This applies to common base transistor circuits only (base common to input and output
as in Fig. 14.) Although the current change in the output is less than that in the
input, useful amplification is obtained because the current change in the high impedance
collector circuit represents a much higher power level than the similar current change
in the low impedance emitter circuit. (Amplification, properly defined, is a raising
of power level, even though many types of electron tube and transistor amplifiers have
figures given for voltage and current gain when it is convenient to ignore the
different input and output impedances.) Note that similarly to tubes, the transistor
is a device which allows a low power input signal to control the release of a larger
output signal power from a D.C. energy supply.

o (Ec constant) where-

Now, let us return to the motion of current carriers in the two P-N junctions and see
why it is possible for the current in the low impedance emitter circuit to inject
itself into the high impedance collector circuit.

4.5 Theory of Pp@ration. Referring to Fig. 15, the emitter-base junction (1) and the
collector-nase function (2) will each raise a depletion layer or potential barrier
as described for the junction diode (Fig. 7). The P-type collector region becomes
negative with respect to the N-type base. Connection of the battery B2 raises this
barrier still further so that the strong negative charge on the collector exerts a
strong attraction on the base for holes, but which the base cannot supply having only
free electrons, (Neglecting for the moment the leakage current Joor

E c

2

v NE¢

l_{IA_4_____h{1l11
Bl 15vB2 6¥

FI0. 15:
When battery Ba is connected the potential barrier at junction is overcome and
holes are injected from the emitter region into the base. Now because the base is
very thin, most of the holes soon reach the field of influence of the collector
whose negative attraction sweeps them across junction 2 to become the collector
current thus a current of holes is set up between the emitter and collector. The
voltage between emitter and base (Eg) governs the size of the hole current and the
voltage between collector and base (Ec) absorbs this current as fast as it is
supplied by the emitter. A comparatively small number of holes is lost by
recombination with electrons in the base region. A flow of electrons in the external
circuit from emitter to collector keeps up the supply of holes through the two
junctions. A few electrons flow from the base lead to make up for those lost by
recombination with holes. As we saw above however, in a typical transistor about
98% of the holes emitted are collected. Individual transistors vary considerably
with alphas (a) between 0.95 and 0.99.
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4.6 Internal ourren*S. Using the current values of our 'experimental' circuit in Fig. 13,
let us examine the various electron and hole currents, including the leakage current
Ieo• Fig. 16 represents this as simply as possible.

p N p

~E

E

B

C
980
)IcXo

® Ia

TOTAL Ic=985µA

1g
1
1¢

ELECTRON FLOW.
HOLE FLOW'-

Bl' 1-5¥

@
82 6¥

ALL CURRENT VALUES IN µA

FIG. 16.

The 1000µA hole flow in the emitter region iooo" is maintained by the equal electror
flow in the emitter lead *j,cg,
0,98 or a times this emitter current crosses the base region as holes 980

and passes through the collector region to the collector lead where it is maintained

(or neutralised) by an equal electron flom ss,A.
As explained in paragraph 3.2, the leakage current (loo) consists mainly of thermally

released minority carriers, which after crossing the junction become majority carrier

moving as holes in the collector GJ-s~"'" and electrons in the base ,{9. The callee-:::

lead supplies a further 5µA of electrons "",- , which, added to the 980µA, gives a

total collector current Id of 985µA.

20µA of holes from the emitter combine with electrons in the base

Only 15µA of electrons from the base lead 15! is needed to maintain the electron

supply in the base, since as we saw above, 5µA of electrons are released in the base

by the leakage current Ico•

When I is doubled, Ig rises another 980µA and. Iy increases by 20µA. Ioo does not
increase owing to transistor action but may increase because the dissipation raises
the junction temperature and, as we saw, the leakage current is highly temperature
dependent. When the operating temperature has been established, Leo remains constant.

The current in an N-P-N transistor may be analysed in a similar way; the essential
difference is that the main conduction is by electrons.

As well as keeping the base extremely thin to minimise the number of emitter carrier:
that combine with the base carriers, it is usual to use a base material of lower
conductivity than the emitter and collector material; that is, the amount of
impurity is less, thus making the base carriers less numerous.

Note that the main current in a transistor is actually minority carriers while passi
through the base. Also note, that under any circuit conditions Iy = Ic + Ig'

'il

l
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4.7 AplifioaV1on. To enable the maximum number of holes to be collected, the collector
aMtage need be only in the very low region of 0.3 to 0.5V; beyond this, the
collector voltage has little effect on the value of emitter to collector current.
It is possible therefore to insert a high resistance load (Ry) in the collector
circuit without it affecting Ig as long as the voltage drop across RI, with maximum
Ig does not reduce the actual collector (to base) voltage (Ec) to less than the 0.5V
or so mentioned above. Owing to the low impedance of junction 1, very small
variations of' By give quite large variations of Ig corresponding variations of IC
through Rj, give large variations of Ec, Thus a considerable voltage gain can be
achieved,

4.8 EXP!9• Suppose we connect a transistor as in Fig. 17 and vary the emitter current
Esten the values 0.5mA and 1mA by means of rheostat R2. Assume an approximate
emitter-to-base resistance of 100 ohms, which is typical for the chosen values of Iy•
In practice there is some variation of input impedance with input voltage or current.

pnp 2
E c

B
RL

Eg
5 K

V V Ee

6v

2

PIG. 17.

Change in EE Change in I x input R

(1- 0.5) x 100

Neglecting loss in base, lc • lg approx.

Collector voltage when lc is 0,5 mA -

E¢ - 6 V P.D. across RI

6 V c RL

= 6 0.5 x 5000,coo
= 6 2,5 V 3.5 V.

Collector voltage when lc is 1 mA -

E - 6 V IC RL

- 6 1 x 5000
10ob 1 V.

Change in EC

Voltage gain

3.5 - 1

Change in EC

canoe 1a EE

2.5 x 1000
50

2.5 V.

50.
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When the emitter current is varied by an A.0. signal connected to the terminals shown
1, 1, the amplified signal will be available at terminals 2, 2. As any signal input
must appear at the base-emitter junction as varying D.C., a standing D.0. bias must
still be provided, otherwise the A.C. input would be rectified. (Biassing methods
are explained in Section 5.)

4.9 The example (Fig. 17) illustrates in a fairly simple way how a transistor is capable
of amplifying, but it is not a practical circuit for several reasons:

- With a resistive load (R1), the gain of the circuit is greatly limited as
the value of R cannot be increased without increasing the collector
battery voltage. For example, increasing Ry, to 10,000 ohms would require
a collector supply of more than 10V to preserve a working collector-base
potential at 1mA collector current. he voltage gain would have risen to
only about 100.

- The very low input resistance would act as a shunt on most sources of A.C.
signal unless the ,source had a similarly low impedance.

•....
i
f

I

Transformer coupling of input and output enables
greater voltage and power gains are attainable,
shown in Fig. 18, voltage gains of 1,000 or more
be attained.

impedances to be matched and much
Using a circuit similar to that
and power gains of about 30db may

E

B C

FIG. 18.

4.10 [Transistor Amplifiers - Basie Typos. Like valve amplifiers, transistors may have the
input and output circuits arranged in three different ways, A useful analogy may be
drawn between valves and transistors at this stage but like most analogies, the
comparison should not be taken too far. Fig. 19 shows the three basic types of
transistor amplifier and the valve circuit to which each is analagous,

Fig. 19a compares the corresponding electrodes of a transistor and a triode valve,

Fig. 19b compares the common base transistor circuit with common grid valve circuit
frequently called 'grounded' base and 'grounded' grid circuits because these electrode
are usually (but not necessarily) connected to the earthed or common pole of the
battery,

Fig, 19c compares the common emitter circuit with the common cathode circuit.
These are both the most widely used configuration; known also as grounded emitter
and grounded cathode respectively.

Fig. 19d compares the common collector circuit with the common anode or "cathode
follower' circuit.

In Fig. 19, the transistors are all P-N-P types but N-P-N transistors are equally
applicable with reversed battery potentials.
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+
BIAS BIAS
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+

HT
SUPPLY

Common Base, (b) Common Grid.

BIAS
+

C
Common Emitter. (o) Common Cathode.

BIAS COLLECTOR
SUPPLY

BIAS

+
HT

Common Collector. (a)

FIG. 19.

Common Anode (Cathode follower).
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4.11 Common Emitter Amplifiers. We saw in para. 4.6 how small variations of base current
accompanied larger changes in emitter and collector current. Viewed in another way,
the transistor action - (Fig. 16) can be regarded as a flow of electrons from the
base lead to the emitter junction which combine there with an equal number of holes
and thereby stimulate a far greater hole current from emitter to collector. By
completing the collector circuit via the emitter instead of the base (Fig. 20) the
same transistor action permits a small input signal current applied to the base to
control a much larger output signal current across both emitter and collector
junctions. In this way the common emitter amplifier can achieve current gain as well
as power and voltage gain, even though the basic current relationship Ig = Ic + In
still applies.

When we rearrange the "experimental" hook up of Fig. 14 to that of Fig. 20, typical
results are as follows -

z

l

I 4.12

o- 500
µA

R2

SWA 15¥

FIG. 20.
6 v

\ 0-I mA
0-1O

Base Current Ty

OµA

20µA

4OµA

60µA

80µA

2.1mA

3. 1mA

4.1mA

II

t

Emitter Current Iy IC + Iy

200µ4

1.12mA
2.14mA

3. 16mA

4.18mA

Collector Current IC

200µA (leakage I6o')

1.1mA approx.

From this we can see that a change of 20µA in In (40 - 60) gives a change of about
1mA in lc (3.1 - 2.1). Current gain is therefore approximately

10005a 5o.

Current gain for common emitter connection is denoted by various symbols in technical
literature - as yet no standard has been set. We will use the Greek letter Beta (B)
others frequently used are a' or afe•

{Eg constant)

lg + collector current.
lg * base current.

where ~ = current gain
(common emitter)

A means "a small change in"

In the experimental circuit, Fig. 20 therefore, ~ 50.

l

4.13
Leak@&9. From the table we can also see that the 200µA collector-to-emitter leakage
is very much greater than the collector to base leakage in common base circuits
(typically 4-5µA). With the base open circuit, the collector to base leakage electrons
can only return via the emitter-base junction where they stimulate an emitter-to
collector current approximately ~ times as great, just as if they had been injected
via the base lead. Common emitter leakage is therefore an amplified version of the
normal collector-to-base leakage.
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To distinguish the leakage currents of common base and common emitter connection, they
are designated Io and Ioo' respectively.

le' is a maximum when the base is open circuit and minimum when the emitter-base
junction is shorted out externally. When there is an external D.C. resistive path
from base to emitter, Io' is intermediate between these values; the portion of
leakage current taking the external path is not amplified since it does not cross
the emitter junction.

4.12 Interstage Coupling in transistor amplifiers follows similar lines to the methods used
in electron tube amplifiers. Transistors, however, are essentially current operated
devices and input impedances are low compared to tubes which in Class A operation are
purely voltage operated.

The basic connections of transformer coupling for the three types of amplifier are
shown in Fig. 19 where the similarity to valve amplifiers is apparent. The main
differences are in the turns ratios which are calculated to give suitable impedance
matching, that is, a turns step-down from output to input giving a current step-up.

Resistanoe - 0apaoit} ooupling was noted in paragraph 4.9 as being generally unsuitable
for common base stages. The common emitter circuit presents higher input and lower
output impedances than the common base circuit. (About 10000 input and 60k9 output
are typical values.) With R/0 coupling as in Fig. 21, impedance mismatch is therefore
still considerable; transformer coupled common emitter stages give highest gain, over
30db being readily attainable. For low level audio frequency stages R/0 coupling is
preferred, however, because it is less susceptible to hum pick up than transformers
and parts are smaller and cheaper.

The coupling capacitor C has a much higher capacitance than in tube circuits to ensure
that its reactance at the lowest frequency is small compared to the input impedance.
Values from 10 to 100µF are usual; electrolytic capacitors are therefore used and
must be connected in the correct polarity. The A.C. collector load of V1 is R1, R2,
and the base-emitter input impedance of VT2 all in parallel. (R2 is generally the
equivalent resistance of the biassing circuit of VI2 and this is dealt with in
Section 5.)

+

RI

C

R2

+

}

FIG. 21.

With impedance 0oupling, Ri in Fig. 21 is replaced by a choke of suitable impedance;
the arrangement is rarely used.

Biro* 90up41pg allows the output electrode of the first stage to be directly
connected to input electrode of the next (collector to base in common emitter stages),
The collector and biassing voltages are maintained at the correct relative values
using voltage dividers, dropping resistors or a tapped battery. Direct coupling is
simpler than in valve circuits because of the low voltages involved.

4.13 0ommon base an6 oormon collector amplifiers will not be examined in detail as they are
not often used in Departmental equipment.

Common collector amplifiers have high input impedance and low output impedance and
are sometimes used as an impedance matching stage between two common emitter stages,

Common emitter amplifiers introduce a 180° phase change of signal between input and
output. Common base and common collector stages do not cause any appreciable phase
shift.
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4.14 Characteristic Curves. Performance and operating data supplied by makers include sets
of characteristic curves. Transistor constants are more complex than those of valves
because even at audio frequencies they have some internal feedback which causes the
input impedance to vary with load and the output impedance to vary with source
impedance. The curves and working constants (or parameters derived from them) have
to cover a more comprehensive field than do tube curves and constants (ra; 8m and µ).
(Parameters are constants derived to express the performance of a device but the
value may vary with operating conditions and differ from that of other similar
devices. Examples of parameters are ~ and a of transistors, Ia 8m and µ of valves,
resistivity p and coefficients of expansion, which are all constants in particular
circumstances for any one device or material; the variable factor is disregarded or
understood for calculations.)

Fig. 22 shows a typical set of curves for a popular type of audio frequency transistor
in common emitter connection.

These are static curves and for convenience are arranged in four adjacent segments.
For N-P-N transistors the same arrangement may be used though polarity signs are
reversed. [he four segments, A, B, C and D, relate the following variables -

A - Collector current to base current at a typical collector voltage.
The slope of this graph therefore indicates the current gain.

B - Collector current to collector voltage. A family of curves for different
base bias currents. The slope of these curves indicates the collector
impedance.

C - Base voltage to base current with collector open and with a typical
collector voltage. The slope of these curves indicates the input
impedance and shows also how the collector voltage affects it.

D - Collector voltage to base voltage. A family of curves for different
base bias currents. The effect of collector voltage changes on the
base voltage indicates the internal feedback ratio. Note that for all
except the lowest values of bias the effect is too slight to be
noticeable on the graph at the scales used. Ratios of the order of

,' or less are typical.
10

The most useful curves are those in Graph B relating collector voltage and current.
By the use of load lines as is done for valve E/la curves suitable operating condition=
and circuit values can be calculated.

All these F/I curves start from zero but become linear as shown at about 0.2V. For
amplification with minimum distortion, circuits are designed to maintain the
transistor working on the linear portion of the curves. The point on the curves at
which collector dissipation reaches 25mW is shown by the dotted line. This serves
as a guide in design; whether this figure may be safely exceeded depends on ambient
temperature and arrangements made for the transistor to dissipate heat to its
surroundings.

4.15 Point Contact Transistors were invented before junction transistors. They have a base
of either P or N type material with emitter and collector leads of pointed wire
embedded in it very close together. The development of the junction transistor
followed not long after the original discovery and, being a superior device in many
respects, has replaced the point contact type for most applications.

Point contact transistors had better performance at high frequencies than any early
junction transistors; special junction transistors are now made to handle very high
frequencies. Point contact types are little used in Australia.

The theory of operation differs from that of junction transistors; further informati:
is given in Section 7.
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5. PRACTICAL TRANSISTOR CIRCUITS.

5.1 Bias]EE· We have seen how an input signal must be superimposed on a D.0. bias in
order that both half cycles of the signal will be effective. In a similar way to
tube voltage bias the actual bias current for transistors must be set at a value
which allows equal changes in input current for equal positive and negative swings of
the signal - that is, for Class A amplification and minimum distortion. The actual
bias current will depend largely on whether small or large signals are to be
amplified.

Transistor bias circuits, however, are generally more complicated than valve bias
circuits for two main reasons:

(i) Transistors have a leakage current component which is highly temperature
sensitive and changes in ambient and operating temperature will seriously
alter the operating point unless the bias circuit is designed to counteract
this. Temperature rise also affects other characteristics but to a lesser
extent.

(ii) In producing transistors at reasonable cost, present production techniques
allow considerable variation in characteristics between transistors of the
same nominal classification. T'he published data is therefore an average
rating; actual samples may have characteristics which are better or
inferior than average by a specified amount. Tubes vary in this way also
but to a much smaller extent. The difference between maximum and minimum
characteristics is called the production "spread'.

Practical transistor circuits therefore are generally stabilised to maintain the
working point near the desired value in spite of reasonable temperature changes and
possible changes of transistor. It is important for circuits which may use
transistors with either maximum or minimum characteristics, to operate without any
instability (commercially mass produced equipment for example).

Fortunately, stabilised bias circuits generally deal with both problems together.
Because of higher leakage current values and high gain, common emitter circuits are
most in need of stabilisation.

5.2 Series Dias. Fig. 20 showed also that in common emitter circuits, both collector
and base are of the same polarity. This suggests the use of one battery instead of
two and the basic circuit (unstabilised) becomes as shown in Fig. 23 base bias is
current supplied from the collector battery by a series resistor R, the value of
which is chosen to give the desired bias current.

o-[Ih[+
INPUT

?
FIG. 23. SERIES BIAS.

OUTPUT

i

I,

I
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The circuit as in Fig, 23 is inherently unstable. As well as a shift of operating
point with temperature changes, a condition known as "thermal runaway" can occur
especially if the D.C. collector voltage is fairly high. Any increase in junction
temperature increases the leakage current loo'. When this causes sufficient increase
in collector power dissipation to further increase junction temperature and Ico',
the cumulative effect can overheat and destroy the transistor in a short time.

For these reasons series bias is not often used.

5.3 Collector bias, Some stabilisation is provided when the series resistor Ry is taken
from the collector instead of the battery as in Fig. 24a. The bias current is
determined by the average collector voltage and the value of Rt, The collector
voltage is the battery voltage minus the drop in Ky. The tendency for I6o' to
increase is partly offset, as any slight increase raises the voltage drop across R1,$
the slightly lowerod collector voltage applied to Rt reduces the bias current which
in turn reduces collector current, thus tending to stabilise Ic against changes in
its component Ico'• Collector bias would give no stabilisation if the output were
transformer coupled because of the low D.C. resistance of the primary winding,

The effectiveness of collector bias in stabilising the circuit depends on how high an
ambient temperature is to be allowed for and the relative values of battery voltage,
collector voltage, Rj, and B. If sufficient supply voltage is available to allow half
of it to be dropped across Ry with no signal, then any change in operating temperature
can only decrease the heat dissipated by Ig in the junction since this is at maximum
only when the collector impedance equals the load impedance. his application of
collector bias effectively stabilises the circuit and is sometimes called the 'half
supply voltage principle'.

A disadvantage of collector bias is the reduction of gain because the negative
feedback via Ry applies to the A.C. signal as well as the average collector D.C.
voltage. This can be overcome by dividing R; into two equal resistors, and using
a bypass capacitor as in Fig. 24b.

mg,]•
OUTPUT

-
(a)

I
8y Ri

+i

I
$86

OUTPUT

1--
o-[IL_{

INPUT

i
(b)

FIG. 24. COLLECTOR BIAS.
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5.4 One important factor which induces instability in the simple circuits of Figs. 23 and
24 is that the whole of the collector-to-base leakage current finds its way to earth
via the base-emitter junction where, being in the same direction as the bias current.
it gives rise to a collector current of its own by normal transistor action. In other
words (and as mentioned previously in paragraph 4.11), the Io' of common emitter
circuits is much higher than Ieo of common base circuits simply because Ico is
amplified; changes in Ico are likewise amplified. When some of the collector-to-bas=
leakage passes to earth via the base instead of the emitter, this portion is not
amplified and Ioo' is reduced.

Combination Bias or Voltage Divider bias is arranged as shown in Fig• 25 and is the
usual arrangement for common emitter circuits with either resistance or transformer
coupling. A voltage divider R1, R2 is bridged across the supply and the potential
across R2 is applied to the base. A resistor Ry is inserted between emitter and
ground which drops a voltage equal to Ry times the emitter current: (Ig + Iy) Ry•
The actual bias voltage and hence the base current is therefore determined by the
difference between the voltage drops across R2 and Ry; that is (E2 - Eg).

COMBINATION BIAS.

FIG. 22:

Stabilisation. If the no signal value of Ig increases slightly, Eg rises and
lowers the bias voltage (E - Eg). This effect regulates the tendency for I0
change, and in a well designed circuit keeps any change within small limits,
actually D.C. negative feedback.

this
to
This-

Variations of base current with signal will
to variations in Bg• If Rg is bypassed for
gain from this feedback will be minimised.
values for a low power A.F. amplifier.

cause A.C. negative feedback also, owing
the A.0. signal with a capacitor, loss ti
This is shown in Fig. 26 which has typit±

Choice of values for Ry, R2 and R1 is a compromise since values which give maximum
stabilisation may adversely affect input impedance and the gain. For stability
considerations alone, Ry should be as high as possible and R2 as low as possible sc
that the feedback voltage changes across Ky can have sufficient effect on the base
current; a low value of R2 also allows a greater proportion of leakage current to
reach earth via the base. However, too high a value of Ry wastes energy and reduces
the available collector to emitter voltage. Too low a value of R2 may severly shur.t
the signal; R1 would then also be low and the bleed current via Ri and R2 wasteful
of energy,

i
t
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The circuit of Fig. 26 is used as monitoring amplifier in some trunk switchboards.
The 9V supply is derived from a voltage divider across 50V

I

:Jf
R2
5-6K

RN
50K "

FIG. 26.

Choice of workipg Point depends largely on the magnitude of the input signal.
With small signals, bias currents of less than 10µA are common, with larger signals
low and medium power transistors generally require bias currents of the order of
50µA to about 1mA. Because of the low impedance of the base-emitter junction, the
difference in bias voltage to increase the bias current from 10 to 100µA is very
small - often less than 0.1V as can be seen from the curves in Fig. 22. Selection of
values for a circuit stabilised to a specified working point is therefore quite
critical and requires more lengthy calculations than for tube circuits. Maker's
data often includes values for typical applications.

5.5 Power Aplifiers. Like their tube counterparts, transistor power amplifiers operate
with higher currents than the low power stages. Medium power transistors can
safely carry collector currents of 50 - 100mA while some higher power types have
collector currents of from 1-3A for continuous operation. (Some high power pulse
circuits can handle collector currents of hundreds of amperes for short periods of
a few microseconds.)

Fig. 27 shows two medium power transistors in push-pull as used in some hearing aid
telephones. This amplifier gives gain of up to 27db at 1kc/s although a protection
network and volume control on the input reduce usable gain to about 20db. The 10k
resistor gives negative feedback to reduce distortion.

OK

FIG. 27.



TRANSISTORS.
PAGE 24.

Fig. 28a shows the circuit of a typical single ended power stage capable of an
output of just over 2W. The no-signal collector current is about 1A. Note the
low resistance values compared to Figs. 26 and 27 and also the large capacitors
needed to bypass these resistors effectively. Note also that the bias current is
fed via the secondary of the input transformer because with direct feed to the
base, R2 would shunt out most of the signal.

Correct bias current is obtained by adjusting R1 which is then fixed to establish
working point.

Very accurate stabilisation is possible if resistor R2 is made up of two parallel
elements (Fig. 28b) one of which is a suitable thermistor mounted to operate at
the temperature of the transistor itself. A rise in temperature then lowers the
value of R2 and consequently the bias current. Thermistors are dealt with in
Section 8.

Because of the fairly high currents of up to 3A or more, operation from primary
cells is not economical and circuits of this type generally operate from secondary
batteries. Fig. 28a is a typical output stage as used in car radios.

J
R2
6

-i5"

Et5"°

E

(a) (b)

FIG. 28.

5.7 Doil4a5ors using transistors may be made by adapting most of the popular valve
oscillator circuits. Fig. 29 shows a simple 1kc/s oscillator circuit which includes
an amplifier stage to increase the output power and to isolate the oscillator itself
from load variations which would alter the frequenoy,
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FIG. 29.



TRANSIST0RS.
PAGE 25.

5.8 Switchipe Pircuits. The term 'switching' applied to electronics covers a very wide
field. For example, operation of counting or similar recording devices in response
to very small input powers (D.C. up to high frequency A.C.) is a very common
requirement in automatic machine control and processing, electronic computers and
decade and binary counters. Transistors have virtually superseded valves in this
field because of their greater reliability and compactness.

A dial speed checking circuit used in some crossbar exchanges includes a binary
counter with successive stages of bistable ("flip-flop") circuits. The elements of
one stage are shown in Fig. 30. During the receipt of 10 dialled pulses, the seven
stage counter actually counts the number of 100 c/s pulses derived from the mains
supply. (Binary notation is counting in twos and bistable circuits are those which
remain in either one of two states until altered to the other state by an external
signal.)

,1H.----".AA.,__ _
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TO NEXT
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STAGE

VTI

°I]LPuses C3

R4 l C2
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12 K 12K 47K

~ -
DI fRIs

PIG. 30.

In the normal condition VI2 has negative base bias and is conducting while VI1 is
cut off by a positive base-to-emitter potential. Both emitters are kept negative
with respect to earth by the P.D. across R1 (which carries the emitter currents of
7 stages). The base of V1 is positive with respect to the emitter, being connected
to earth via R2. This positive bias is greater at this stage than the opposing
negative potential applied via R4 from the collector of VT2; the collector-to-emitter
voltage of VT2 is low, the greater part of the collector supply voltage being dropped
across R7. As V1 is not conducting there is negligible voltage drop across R6, and
the potential fed via R5 is great enough to keep the V!2 base negative with respect
to the emitter (which is also negative to earth because of R1).

A positive going pulse of short duration is applied to both bases via 03. This does
noi affect the collector current of V1 which is already cut off, but reduces the
collector current of V2. This reduces the drop across R7 and therefore applies a
higher negative potential to the base of VI1 via R4, which at the end of the signal
pulse is enough to allow collector current in VI1 and R6. fhe drop in R6 reduces the
negative potential applied to VI2 base via R5 - further reducing collector current
in VT2 and R7 resulting in a further increase in negative bias for VTi via R4. This
regenerative action continues until VI is fully conducting and VI2 is cut off. This
stable state is then maintained until another positive signal pulse restarts the
regenerative action to restore the original state with VT2 conducting; a pulse is
then fed to the next stage. With this "flip-flop" action there is one output pulse
for every two input pulses.

The diode Di allows C3 to assume the correct state of charge between pulses.
Negative potential applied via R8 is only to ensure that VI2 is first to conduct
when the circuit is switched on. The diode shunts this potential from the base of
V1. he capacitors Ci and 02 improve the switching time by bypassing the high
frequency components of the rapidly changing voltages,
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6. USING TRANSISTORS.

6.1 0o@pared to electron tubes, transistors have a number of advantages and disadvantages.
When using transistors the differences must be kept in mind even when one is very
familiar with wiring and testing valve circuits. The advantages of transistors are -

Small size,
Low operating voltages,
No heaters,
Small energy requirements,
Robust,
Long reliable service life - providing circuit design and
handling precautions are observed.

The disadvantages are -

Very temperature sensitive,
Susceptible to electrical overloads even of very short duration,
Internal feedback.

As we have seen, the drift of characteristics with changes of junction temperature
complicates circuit design as stabilisation not usual with tube circuits is
generally necessary for transistors.

Electrical overloads result in local overheating which can destroy or impair the
performance. Care in design and servicing are especially important as damaging
overloads can arise from hitherto disregarded sources.

Voltage surges and other damaging transients may be set up by steep signal wave forts.
switching of operating potentials, inductive "kicks", etc.

6.2 Absolute Maximum Ratip@ are specified by the makers primarily to limit junction
Fonpratuke wan an doe+ cases should hot exceed about 85° 0. ±er cermansun an 15ci I
for silicon. Preferably junction temperatures should be a good deal less than these I
figures as it has been found that deterioration of transistors and diodes, normally _,,_,
an extremely gradual process, is much accelerated at the upper temperature limits,
Deterioration of transistors becomes evident usually as reduced gain and higher leak=
current,1

Typical Ratings for a medium gain, P-N-P audio frequency transistor (0071) are listei
below.

Absolute Maximum Ratings:

Collector -
Voltage (C - E)

Peak - max. 30V.
Average - max. 30V.

Current
Average
Peak

- max. 10mA
- max. 50mA

Dissipation in free
Ambient T 25° C.
"T 50° 0.
"T 65° 0.

air
- 125mW

50mW
25mW

(77° B.)
(12z° r.)
(149° p.)

Emitter -
Current

Average - max, 12mA
Peak - max. 55A

Base -
Current

Average - max, 2m.A
Peak - max. 51A

Thermal Data:

Junction Temperature (continuous operation)
Junction Temperature (intermittent operation)
Junction Temperature rise in free air
Storage Temperature

- max. 75 0.
- max. 9o° 0.
- 0.4° c/tw.

-55 to +75° C.
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When inductive loads are used, as in transformer or impedance coupled stages, the
usual safeguard against high induced e.m.fs. is to limit the collector supply battery
voltage to no more than half the specified maximum. For example, a transistor haying
a specified maximum collector voltage of 10V would commonly be used with batteries of
up to 9V with resistive loads and with 4.5V supply for inductive loads.

6.3 WiripE HR Precautions. Since their reliability is of the same order as most other
small components - resistors, capacitors, coils, etc. (and greater than that of most
electrolytic capacitors), transistors are generaliy soldered into the circuit
directly. Miniature sockets may be used on some occasions but soldered connections
or "printed" circuitry is preferred.

'When soldering gal care must be taken not to allow overheating of the transistor.
Soldering techniques are not difficult but the following precautions must be observed:-

- Keep the soldering bit and body of the iron well away from the case of the
transistor or any other transistor or crystal diode near by,

- Grip the pigtail tightly with a pair of pliers between the end being soldered
and the transistor itself. The greater mass of the pliers acts as a heat shunt
and prevents excessive heat being conducted up the lead. See Fig• 31.

- Hold the pliers in place for a few seconds after the soldering bit is removed
and the joint is cooling,

Work quickly and avoid prolonged or excessive heating.

- When doing a lot of soldering make sure that the pliers do not become hot and
thus less effective as a heat shunt. Do not put them down close to the
soldering iron.

- Keep the pigtails as long as practicable.

- When bending pigtails grip them with the pliers and avoid bending them at the
point of entry into the transistor as this could possibly damage the hermetic
seal or disturb the internal mounting.

FIG. 31.
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6.4 Heat Sinks are provided for some medium power and all high power transistors. These
are simply a body of metal to absorb and radiate heai generated in the transistor.

• Their use allows higher collector dissipations to be used while keeping junction
temperature within the desired limits,

The usual forms of heat sink are either the metal chassis of the equipment, or blocks
of metal with holes into which the transistors fit snugly, When the chassis is he
heat sink for power transistors the metal case is bolted firmly to it so that a good
thermal contact is obtained either direct or vi mica insulating washers (mica is a
fairly good conductor of heat). Sheet metal clips can be obtained for medium power
transistors; these are shaped to fit snugly over the case and have a fin extending
about inch to one side. This may be bolted to the chassis.

When mounting transistors so that the chassis serves as a heat sink make sure it is
clean and free from paint or varnish at the point of attachment. I'he bolted
connection should be tight and shakeproof washers are recommended.

6.5 [Testing and Servicing Precautions. Considerably greater care is needed when locating
faults in transistor circuits than in valve circuits. Although voltages are low,
accidental short circuits must be avoided.

Remember that the base-emitter resistance is low, yet the base current is frequently
less than 100µA. An accidental short circuit of any negative potential to the base
can increase the base and collector current many times (positive potential for N-P-N.

Short circuits or earths in transformer coupled circuits may result in damaging induce.
e.m.fs. when the short circuits are removed.

Remember that the high value electrolytic capacitors used for bypassing have a low peg:
voltage; any large increase in current through the resistor being bypassed may raise
the voltage and break down the capacitor. If an emitter resistance bypass capacitor
goes short circuit the base bias current and collector current become excessive.

For example, consider the effect of clumsy probing in the circuit of Fig. 32.

--1~-----1-1

100
(o v wkg)

L
i "

hat could happen if -

(i) the collector and base leat:
where short circuited?

(ii) the emitter were shorted
ear th?

(Yii) the 50 k resistor were
s~or ted out?

FIG. 32.

Never disconnect or remake connections, or extract transistors from sockets with the
supply switched on.

To avoid unsoldering it is a good plan to calculate current values by the voltage dr::
across resistors of known value (applying Ohm's Law). Use a sensitive voltmeter wri::
will not appreciably alter the circuit conditions when placed in parallel with resist:
(at least 10,000 ohms per volt is advisable),
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When using ohmmeters (these have an internal battery) check the polarity and maximum
current with another meter first. Quite often the ohmmeter section of multimeters
gives lead polarities opposite to that indicated for voltage and current measurements.
On the low ohms scales currents of 10 and 100mA are common and such currents can be
excessive in many transistors.

When working on a circuit having earthed components it is advisable to use a soldering
iron having an earthed body. A soldering iron with only very slight leakage from
bhe element to an unearthed body could cause damaging currents in some transistor
circuits.

Unlike electron tubes, transistors do not become open circuit internally with the
supply switched off but present non-linear resistance paths between terminals which can
give misleading measurements when other components are being tested with the transistor in
circuit. Should it become necessary to disconnect one or more leads of the transistor or
another component sharing a tag with the transistor - don't forget the soldering
precautions.

Never replace a faulty transistor with a new one without first checking the associated
circuit also. As they are very reliable in themselves, it is very likely the transistor
failed because of a fault in another component.

When a transistor test set is not available, doubtful transistors (and new transistors)
may be tested quite well using the experimental hook up of Fig. 20 on page 16. I£ two
meters are not available a good indication can be obtained by using one meter as shown
in Fig. 33.

75K SWA

E·5 V

FIG. 33.

With switch SWA open, the Ido' should be within the range specified by the maker or
from about 100 to 300µ4. When the switch is closed, base current will rise from 0 to

(1.2 z 106)
about 20µA is,0co j. The rise in collector current indicated on the meter divided

by 20µA will be the approximate current gain ~. For example, a rise from 0.2mA to 1mA

means a p or 19 9 _40. Fig. 33 shows values suitable for typical low power

transistors. R1 may be any value between 20k9 and 100kg as long as its resistance is
known with reasonable accuracy.

Medium power and power transistors require greater currents and suitable values for
the test circuit may be readily calculated from the maker's data. Testing should not
be prolonged unless these transistors are firmly secured to some form of heat sink.
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7. OTHER TYPES OF TRANSISTORS.

7.1 The Point Contact Transistor. Point contact transistors consist of a base material of
N-type or P-type germanium with sharply pointed metallic leads pressing on the base
slab to form the emitter and collector. The two points are only a few mils apart.

Fig. 34 represents a point contact transistor with N-type base material which is the
most commonly used. As far as the polarity of external voltages is concerned, this
corresponds to the P-N-P junction transistors. P-type base point contact transistors
are connected as for N-P-N junction transistors.

EMITTER

BASE

COLLECTOR

N-TYPE
GERMANIUM

'------1-----✓0--------------11---------'
SWA

POINT CONTACT TRANSISTOR.

PIG. 34.

When connected in a common base circuit as in Fig. 34, collector current does not f_:
(except for leakage current) until the emitter-base circuit is completed. Then
however, collector current rises to a value from 2 to 4 times greater than the emitt-r
current. Point contact transistors therefore have current gain alpha ( a) greater
than 1. Input impedance is low and output impedance is fairly high which allows
considerable voltage gain to be achieved.

A number of theories have been advanced to explain why the emitter current changes ca
PE9duce and eon*rol greater collector current changes. It is known that the sharp
po.Eats of emitter and collector give an intense electric field in a small area. It 1:
thought that this field creates holes near the emitter by stripping valence electron
from their covalent bonds. Most of these pass to the collector to recombine with
electrons and at the same time promote an additional and proportional electron flow
from collector to base.

After assembly, point contact transistors are given a forming process involving the
passage of a high current pulse. The point contact wires are alloys of copper and
other metals and one theory suggests that during the forming process, the two metal>
fuse into the germanium differently to give an N region near the point and a P regi::
farther away, creating the effect of a transistor within a transistor.

Point contact transistors are generally confined to common base circuits as the oth::
arrangements are apt to become unstable. This is because internal feedback is
increased with external resistance in the base circuit.

7.2 A Photo Diode is essentially a junction or point contact diode arranged so that light
fat1fng on ft releases carriers to allow conduction in the otherwise non-conductirg
direction. Fig. 35 shows the principle of a junction photo diode. In darkness, cri
the leakage current (called dark current) flows in the load. When light falls on -
junction, a current approximately proportional to the light intensity flows in the
load. A lens is often used to focus the light.

7
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Lens p

"'Light
a R---/

N

PRINCIPLE OF JUNCTION PHOTO-DIODE.

FIG. 35.

7.3 A Photo-transistor is a junction transistor arranged so that light falls on the
ight-sensitive base region. The advantage over the photo-diode or earlier photo
cell is that amplification increases the output. In practice, photo-transistors can
be connected to operate a relay directly without an intermediate amplifying stage.
Fig. 36 shows such a circuit.

With the base connection left open circuit there is a slight voltage between base and
emitter owing to the leakage current. Light generates a bias current which is
amplified in the collector circuit to operate the relay,

c---c
r

ocP7I A
I

LIGHT

PHOTO-TRANSISTOR - TYPICAL CIRCUIT.

PIG. 36.

7.4 The high fre9Ueno} performance of transistors is limited by several factors.
one is the time it takes for a hole or electron to travel through the base.
called the base transit time.

The main
This is

7.5 The Drift Transistor accelerates the carriers through the base by establishing an
internal electric field to assist their passage. [his is done by varying the
distribution of impurity atoms in the base region during manufacture to give high
conductivity near the emitter and low conductivity near the collector. With this
non-uniform conductivity the electron density (in N type base for example) is
greatest near the emitter. The electrons tend to drift out of the high conductivity
region but in so doing produce a positive charge on the atoms from which the
electrons left.

The positive charge of the drift field tends to keep the remaining electrons near
the emitter side of the base. The holes injected by the emitter are accelerated
toward the collector by the drift field, reducing transit time in the base to about a
quarter of that in conventional alloyed transistors. Also, the high conductivity
near the emitter reduces the input resistance and the low conductivity near the
collector reduces the collector capacitance; these two features also improve the
high frequency performance. Drift transistors are capable of operating at frequencies
up to about 300 Mc/s.
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(.6 The Tetrode Transistor has an additional lead attached to the base region making four
Isaacs; H11_ fence the name tetrode. A bias voltage is connected between the two
base leads, and as shown in Fig. 37, this creates an electric field of sufficient
strength to restrict the carriers to a narrow part of the base region. This lowers
the base resistance and the emitter and collector capacitances thus greatly improving
the high frequenoy performance. Power handling capabilities are reduced but this is
not generally important at radio frequencies; gain is also reduced.

B

8. ct

8.

N p N

FIG. 37. TETRODE TRANSISTOR.

7.7 Tunnel Diodes. A new semiconductor phenomena was discovered in Japan in 1958. From
a5soovery a device called the tunnel diode has been developed. Phe main feature of
tunnel diodes is a negative resistance characteristic which can be made use of at
super-high frequencies of up to 10,000 Me/s and probably higher.

These diodes consist of P and N regions having high impurity content and a very abru.i
change from P to N. When a conducting direction voltage is gradually raised, the
forward current first increases with increasing voltage, and then at a potential of
a few hundred millivolts decreases before finally increasing again as in an ordinar
conducting diode. (Fig. 38.)
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PIG. 38.

When biassed to the negative resistance
region the device can be used in
oscillators and amplifiers, although
separating the input and output of a tu
terminal amplifier presents some
difficulties, After further development.
it may supersede more conventional
transistors in many applications
particularly at high frequencies,

The name "tunnel" is derived from the
theory of operation which cannot be
explained by the theory for junction
diodes and transistors outlined in
Sections 3 and 4 and is beyond the sec_
of this paper. (See para. 9.4 however.

l
}

Simply explained, current carriers in any conducting medium can travel either in l
guise of waves or particles; in tunnel diodes the majority carriers are believed
tunnel" through the depletion layer as waves even when as particles they have
insufficient energy to surmount its potential barrier. In transistors, the base
transit time of minority carriers limits their high frequency performance, but sir::
tunnel diodes use the majority carriers at the operating point, this difficulty i=
avoided entirely,
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8. OTHER SEMICONDUCTOR DEVICES.

8.1 Negative Temperature Co-efficient Resistors. "Thermistors" or "M.T.C. Resistors" are
thermally sensitive resistors whose temperature co-efficient is negative and many
times greater than that of metals at room temperature. A typical thermistor may have
a co-efficient of -4 per cent. per degree centigrade at room temperature whereas
that of copper is only + 0.39 per cent. at that temperature.

Thermistors may be divided into two main groups; directly heated and indirectly
heated. he directly heated types are simply the N.T.C. element with two leads.
The indirectly heated types have a metallic heater surrounding the element. Separate
leads are provided for the heater and element which allows separate controlling and
controlled circuits, Thermistors are non-reactive and non-polarised so are suitable
for use in either A.C. or D.C. circuits.

The resistance material consists of metal oxide compounds prepared by special
processes. It is formed into small bead type elements, rods, blockor tubes and
sealed for protection in glass or metal envelopes to suit a wide variety of
applications.

Thermistors are available covering a very wide range, from cold values of 0.5M9
to a few hundred ohms, falling to a range of about 1OOO9 to fractions of an ohm when
heated. Fig. 39 shows typical thermistor curves (for one particular maker's "type A'
thermistors which consist of a directly heated bead in an evacuated glass bulb less
than one inch in length).

Thermistors are widely used in industry for temperature measurement and control,
suppression of current surges and many other applications. In Departmental equipment
they are used for surge suppression to prevent tinkling of bells in duplex telephones
and false operation of shutters in some C.B. P.B.Xs. Temperature stabilisation of
transistor amplifiers is another important application described in Section 5 of this
paper.

100

JO4____al
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POWER INPUT (MILLIWA TTS

FIG. J: TYPICAL THERMISTOR CHARACTERISTICS.



TRANSISTORS.
PAGE 34.

8. 2 Vol5age Dependent Resistors, Non-Linear Resistors or "Varistors" are another
semiconductor product used mainly for the suppression of voltage surges. The
characteristic of these resistors is a sharp drop in resistance as the applied
voltage rises.
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Varistors are made covering a wide range of
voltage and resistance values. Fig. 40 shows
a typical curve for a varistor as used to
suppress inductive voltages across some magnet
coils in crossbar exchanges; when the circuit
to the coil is opened, an effective spark
quench is provided as the resistor becomes a
low resistance non-inductive shunt across the
coil. At normal working voltages the shunt
resistance is very high.

Varistors are composed of silicon carbide ani
a ceramic bonding material, the voltage
dependency being caused by the contact betwee:
the carbide crystals, They are made in the
form of discs from # to 1# inches in diameter
and in rods less than 1 inch in length. They
are not very susceptible to contamination

60 from water vapour or gases and protective
casings are not used except for severe
conditions when a lacquer coating is sufficis
protection.

rI0. 49-
VARISTOR}, TYPICAL CHARACTERISTIO CURVE.

9. FUTURE TRENDS.

9.1 Nev Appl30abi0nS. Transistors are more versatile than valves and are being used
in ways not practicable with valves. Converters of D.C. to A.C. and D.C. to D.C. have
been produced and as development of higher power transistors proceeds these may have
many Departmental applications. One likely use is the provision of 130V D.C. supply
from a 50V exchange battery at combined Telephone and Long Line stations.
Transistorised ringing generators operating from a 12V battery have already been
provided at some country exchanges.

9.2 New Devices. Sections 7 and 8 make no attempt to cover all the available semiconductcr
devices. Development is proceeding rapidly and in technical periodicals new devices
are announced almost every month. New names are continually being added to the
vocabulary of electronics; Field-effect transistor, Tandem transistor, Technetron
P-N-I-P transistor, Spacistor, Thyristor and Tunnel diode are a few examples. It car
be expected that further advances will bring new devices into prominence and perhaps
reduce the importance of some now in use.

Germanium has been the most popular semiconductor material as its purification and
processing presented fewer problems than those of silicon, These difficulties have
been largely overcome and, because silicon has advantages in many applications, it is
being used to a greater extent.

9.3 Miniaturization. The advent of the transistor has made possible true miniaturization
f equipment (alves require airspace to dissipate their heat). Resistors,
capacitors, transformers, etc. have been miniaturized to take full advantage of the
possibilities for compact equipment, Recent manufacturing techniques overseas have
introduced a new concept called micro-miniaturization where a 10 to 15 times further
reduction in size is being achieved mainly for low power high frequency equipment.
With very compact miniature valve equipment a component 'density' of 8,000 per cubic
foot was about the limit (1950). Some recent experimental circuits are so small that
the equivalent component density is from 5 to 10 million per cubic foot (1960)1



TRANSISTORS.
PA0»_35°

9.4 Difficulties in Explaining Basic 0on0pp*s. convincing explanations of the operation
of electronic devices has always presented a problem. The diagrams of atomic
'structure' found useful in the study of chemical combination (such as Figs. 1 to 5
of this paper) have so far been reasonably adequate as a starting point. The Science
of Physics has shown for some time, however, that the concept of the atom as a
'mechanism' with component 'particles' is not valid for all circumstances.
The recently developed Tunnel diode has highlighted this problem since it seems that
no visual model of an arrangement of particles can be conceived to account for its
behaviour. Phe following extract from a periodical (Wireless World - February, 1960)
illustrates this:-

"Using the picture of atomic particles as waves of probability, tunnelling may be
looked upon as due to the fact that waves of a charged particle can penetrate
partially a potential barrier even when the particle does not have enough energy
to surmount the barrier. Now a wave on the other side of the barrier represents
a finite probability of finding a particle on the other side of the barrier.
If and when this probability is realised, the particle is said to have tunnelled
through the barrier •.... , '

We see from this that with words the problem remains, as words attempt to suggest
pictures that are too abstract to be visualised. The principal tool in exploring
sub-atomic phenomena is mathematics and this does not translate readily into words
and pictures, being mainly an abstract form of expression.

Strictly speaking, therefore, the 'microcosm' (the world of protons, electrons, etc.)
does not allow accurate description using visual models or diagrams or even words.
However, several distinguished scientists have endeavoured to express these difficult
ideas in language comprehensible to others. The following paragraphs were prepared
from writings on this subject by Dr. R.C. Johnson, M.A., Ph.D., D.Sc., Master of
Queens College, University of Melbourne; quotations are used with the kind permission
of the author.

During the early part of this century, experiments into the nature of light yielded
very perplexing results. Following this, "...numerous carefully conducted
experiments showed what no one had hitherto suspected, that even our authentic
corpuscles (electrons, etc.) sometimes behave like wave groups!" Now, as ideas
of particles and waves are based on the assumption that distance and time as we
think of them are just as applicable in the microcosm, bhe problem then became
"...a question of whether the fundamental assumptions with which we approached
this field...are applicable at all."

About 1925, this highly unsatisfactory situation in atomic physics was subjected
to careful examination by several brilliant mathematical physicists. The attempt
to provide a model of any sort was definitely ruled out by all these
investigators...; distance and time seem to be indeterminate...and the terms
electron, proton, light quantum are really no more than x, J, and z - symbols
for unknowns."

The present conclusion therefore is that with the probable exception of
mathematics, "...none of our mental concepts (colour, position, shape, sound,
resistance to touch, etc,) apply, and even Space and Time which seem to dominate
our familiar world are quite elusive in the microcosm. They are concepts which
have proved very helpful in the understanding of the familiar world, and which
we ourselves have introduced into it - but only because we found ourselves built
on a very large scale compared with atoms and molecules.''

However, this need not bother us from a practical point of view. The mysteries
surrounding the nature of matter need in no way limit our ability to apply the well
demons*raked laws governing the behaviour of conductors, insulators, vacuum tubes,
semi conductor devices, coils, capacitors, magnets, etc. We should realise, however,
that having used our pictures of sub-atomic 'particles' as a starting point for an
understanding of electrical fundamentals, the ideas and laws developed become self
supporting; the pictures, like all visual aids, have served their purpose and need
not be regarded as a true representation of the foundations of the visible world.
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10. TEST QUESTIONS.

1. List the main characteristics of semiconductors which distinguish them from conductors and insulators.

2. (a) Explain the term 'shells' as applied to imaginary models of atomic structure.
(b) Wlith reference to these shells, describe how some elements possess a stable atomic state.

3. Under what atomic conditions do substances have a crystalline structure?

4. Describe the motion of current carriers under the influence of an applied e.m.f. in -

(a) Pure germanium crystal at room temperature.
(b) N-type germanium crystal.
(c) P-type germanium crystal.

5. What are minority current carriers?

6. (a) What is the effect of an increase in temperature on semiconductor crystals?
(b) How do you account for this?

7. Briefly describe the formation of the depletion layer at a P-N junction.

8. Why does the reverse current in a crystal diode show a marked increase with temperature rise.

9. What is the main application of Zener diodes?

10. By means of a simple diagram, show how evidence of "transistor action" can be obtained using a common base circuit.

11, Draw the basic circuit of a common emitter, transformer coupled transistor amplifier and briefly describe its
operation.

12. Why is the common base amplifier unsuitable for resistance coupling?

13. Why are large value capacitors used for coupling and bypassing in transistor circuits.

14. (a) With the aid of a diagram, describe the simplest method of ottaining base bias in a common emitter amplifier.
(b)'Explain why this method finds very limited practical use.

15, Explain how collector bias tends to overcome the shortcomings of the circuit of Ques. I4a.

16, With the aid of a diagram explain the action of the bias circuit most generally used for common emitter amplifiers.

17. A "thermistor" is sometimes incorporated in the bias circuit of a transistor amplifier. Explain the reason for t"':.

18. What is the principal reason for specifying "absolute maximum ratings" for transistors.

19. List the main precautions to be observed during soldering of transistors into circuits.

20, Show how a transistor may be tested simply when more elaborate test gear is not available.

21, What is the most significant difference between the characteristics of point-contact and junction transistors whe
both are tested in common base circuits?

22. Explain the principle of - (a) a junction photo diode.
(b) a simple photo transistor circuit capable of operating a relay.

23. (a) What are the two main types of "thermistor"?
(b) Name typical applications of "thermistors".

24. (a} What is the chief characteristic of "varistors"?
(b) Explain the action of a varistor used as a spark quench.

END OF PAPER.
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USE OF FOUR FIGURE LOGARITHM TABLES.

The logarithm of a number consists of an integral part called "the characteristic"
or index and a decimal part called "the mantissa".

Mantissa. Referring to the tables on page 2, four numbers forming the mantissa are shown in
rows beside each of the numbers from 10 to 99.

Characteristic. The characteristic has to be determined from the number in each case.
The characteristic of any number greater than unity is positive and is less by one than the
number of figures to the left of the decimal point. The characteristic of a number less than
unity is negative and is greater by one than the number of zeros which follow the decimal
point. For example:-

Characteristic of 7372 is 3
Characteristic of 73.72 is 1
Characteristic of 0.7372 is +

Characteristic of 737.2 is 2
Characteristic of 7.372 is 0
Characteristic of 0.07372 1s p

Negative characteristics are usually designated as bar 1; bar 2, etc.

To find the logarithm of a given number.

Example_1. mo find log 73.

n the column opposite the number 73 is found the mantissa 8633; the characteristic is 1.

log 73 1.8633

0.8633; 1og 7300Similarly log 7,3 3.8633

Example2. o find log 737.

Referring to the tables, find the first two numbers at the extreme left; then passing along the horizontal
line to the number in the vertical column headed by the figure 7, the number 8675 is obtained

lo9 737 2.8675

To obtain the logarithm of a number consisting of four figures use the mean difference columns
at the extreme right of the page.

Example_3. mo find log 737.5.

Characteristic of 737 2

Mantissa of log 737 0.8675

Mean difference for 5 0, 0003

lo9 737.5 2.8678

Similarly 1 og 7.375 0.8678; log . 007375 3.8678

Antilogarithms. The number corresponding to a given logarithm is found by using the table of
Antilogarithms.

Ex25pl9 £. To find the number whose log is 1.5958.

Anti log 595

*3an difference for 8

Anti log .5958

0,3936

7

0.3943

the logarithms of the numbers;

The number whose log is 1.5958 is 39.43.

the sum is the logarithm of the product.

-- .,,
-"
",
"y
""

Divis-: Sitrax- the logarithms of the divisor from the logarithm of the dividend; the
different= i> th= ltgarithm of the quotient.

-EE:- Ir lrgarith-s of decimal numbers, only the characteristic is negative; the

-=ntissa is positive. For example, in log 5.5958 only the 3, called bar 3,

=gativ=, the remaining figures .5958 are positive.
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RECIPROCALS _OF NUMBERS FROM 1 TO 9999.

AMPLE , THE RECIPROCAL .0F 35.5 = 1
35.5 ( FROM TABLES) 0.02817.
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