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1. 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.C. 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
flowing in one direction, then reversing and flowing in the opposite direction.
Terms commonly used in connection with A.C. are :-—

(i) Sine Wave. 4 graphical representation of the A.C. produced by a
conductor rotating at uniform speed in a uniform magnetic field.

(i) Cycle. One complete reversal of A.C. passing through a complete set
of positive and negative values.

(iii) Frequency. The number of cycles per second. Frequencies used in
telecom are expressed in :

- cycles per second (c¢/s).
- kilocycles per second ékc/s;, 1 ke/s
- megacycles per second Mc/é s 1 Mc/s

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 :—

(1) Normal Telephone Conversations use A.C. to carry the message from

one telephone to the other, over the telephone line.

(ii) Carrier Telephony uses A.C's. produced within the carrier system as
"carriers" fo® 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.

(iii) Carrier Telegraphy uses A.C. to provide a number of telegraph channels
over one telephone 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.

(iv) Radio, which embraces broadcasting, radio telephone and telegraph
services and television, uses high frequency 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.

- %o 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/é for ringing current up to thousands of megacycles
per second in the high frequency radio applications.
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2.4 Frequencies Used in Telecom. Frequencies are classified according to their use,
and are :-

(i) Power frequency. A.C. 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.

(i1) Audio frequencies are those which produce sounds which can be heard by the
human ear. They range from 16 c/s to 20 kc/s, but the limits of hearing
vary 7ith different persons. Most people can hear sounds from 30 c/s to
15 kec/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 ¢/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.

(iii) Carrier frequencies 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 kc/s to 150 kc/s (approx.).
However, carrier systems operating over special cable use frequencies

in excess of 1 Mc/s.

(iv) Radio frequencies are those which permit electric current to radiate
appreciable electromagnetic energy, and are used for all forms of
“wireless" transmission.

Radio Frequencies extend from about 30 ko/s upwards.
Frequencies used in telecom in Australia are shown in Fig. 1.

160 MClS 4000MC]s
RADIO TELEPMONE SYSTEMS [ ]
SOMCIS 220 MCPS
TELEVISION ]
eMcls 22 Mcls
SHORT wave ra0i0 D
suds -6 MCls
BROADCAST RADIO
3KCis 15O KC|S
TELEPHONE CARRIER SYSTEMS N - ———
200CK  3KC|s
voice (m.emonv)
sogs
B rower
+ t t t + + + 1 t {
! 1ocks 100ds IKCls 1oxds 1OOKC|s  IMcls 1oMcls  100MC|S  1000MdS 10,000MC|s

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

3.1 Trigonometry 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-Angle Triangles. We know from earlier studies, the sum of the angles
included in a right-angle triangle equals 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", (6).

OPPOSITE
ADJACENT

ADJACENT OPPOSITE

FIG. 2. SIDES OF RIGHT-ANGLE TRIANGLES.

The longest side is the hypotenuse.
The side opposite the reference angle is the opposite side.
The side, which, with the hypotenuse, forms the angle is the adjacent side.

3.3 Trigonometrical Ratios. The 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.

¢ AB _ CD
A A~ €0
| 80 _ DO
: A0~ Co

|

0 1 ]

AB _ €D
] B0 " DO

FIG. 3. TRIGONOMETRICAL RATIOS.

These ratios are known as sine, cosine and tangent, and are expressed as follows :—

Sin @ = —QPPOSITE

HYPOTENUSE
_ ADJACENT
Cos. 0 = fporenuse
OPPOSITE

Tan.0 =

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° -

(1) The value of sine changes grom zero, at O°, when the opposite side PC has
no length, to unity at 90 , when the opposite side coincides with the

hypotenuse, OP.

{Figs. 4a, b and c.)
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(a) sine ¢° = 0. (v) Sine 45° = 0.707.
FIG. 4. VALUES FOR SINE.

-
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90 |
of i
(¢) Sine 90° = 1.

(ii) Cosine has a value of unity at 0° as the adjacent side OC is equal in length
to the hypotenuse, OP, but it diminishes in value as the angle @ increases

towards 90°.
(Figs. 5a, b and c.)

-
N
AN
x

\

\
0° HYPs ‘lrc

ADJ.= | 1

(a) Cosine 0° = 1.

(v) Cosine 45° = 0.707.

FIG. 5.

VALUES FOR COSINE.

HYPal

0C

At 90, cosine is zero as the adjacent side ceases to exist.

P
AN
N
*
\
\
90° \|
ADJ=0 |

(c¢) Cosine 200 = 0.

(1ii) At o° fangent has a value of zero, as the opposite side PC has no length.

At 45

tan 45 is unity.

othe opposite side isoequal in length to the adjacent side, OC, and
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.)

_—
™~ T
N NP
L
\ \\
\ 0PP=0-707
§ 0° on:,.o 4s’ ¢ |
ADJ=1 PC 0 ADJ. 0707 l

(a) Tangent 0° = 0.

(v) Tangent 45° = 1,

FIG. 6.

=1 F'P* -~ \
N
\\
OPPal \
\
90° \
ADJ:0 1

(c¢) Tangent 90° = Infinity.

VALUES FOR TANGERT.

For angles between 90o and 3600, ine, cogine and tangent vary within the same

numerical limits ag for between O and Q0.

Whereas sine, cosine and tangent are

positive between O and 90 , between 90 and 360 there are times when their values

are negative.

Tre 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 0° and 90°, Portion of the "sine" table is shown below.

NATURAL SINES.

; o 5 5 Differences.

[\ }d 6’ 12’ 18 24 30 36 42 48 54 1" 2 3| ¢ 5

0°] 0000 0017 0035 0052 | 0070 0087 0105 | 0122 O140 0157 J 6 9 12 15

1 0175 0192 0209 0227 | C244 0262 0279 | 0297 0314 0332 J 6 9 12 15

2 0349 0366 0384 0401 | C419 0436 0454 | 0471 0483 0506 J 6 9 12 1S

3 0523 0541 0558 0576 | 0593 0610 0628 | 0645 0t63 0080 J 6 9 12 1S

4 0698 0715 0732 0750 | 0767 0785 0802 | 0519 €837 C854 J 6 9 12 14

5 0872 0889 0906 0924 | 0941 0958 0976 | 0993 1011 1028 J 6 9 12 14

SINS® 4 *

6 1045 1063 1080 1097 | 1115 1132 1149 | 1167 1184 1201 J 6 9 12 14

7 1219 1236 1253 1271 | 1288 1305 1323 | 1340 1357 1374 J 6 9 12 14

8 1392 1409 1426 1444 | 1461 1473 1495 | 1503 1530 1547 J &6 9 12 14

9 1564 1582 1599 1616 | 1633 1650 1668 lges I;(7)2 IZ;? g (] g :.’? ::

o 10 1736 | 1754 1771 1788 | 1805 1822 140 | 1857 1874 1 6
SIN 10 24’ * *

11 1908 1925 1942 1959 | 1977 1994 2011 | 2028 2045 20¢2 J 6 9 114

12 2079 2096 2113 2130 | 2147 2164 2181 | 2198 2215 2233 J 6 9 11 14

13 2250 2267 2284 2300 | 2317 2334 2351 | 2368 2385 2402 J 6 8 11 14

14 2419 2436 2453 2470 | 2487 2504 2521 | 2538 2554 257! J 6 8 14

° ., ‘5 2588 2605 2622 2639 | 2656 2372 2689 | 2706 2723 274C 3 g ) It 14

SIN IS 32 - ADD — | ¢

O 2756 | 27723 2790 _28Q3 ) 28, 940, 2852 LI miiR) 2997 | mem o At

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 examnple:-

sin 50 is 0.0872
sin 100 24' is 0.1805.

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

(1) 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 30! = 0,2672).

(11) Refer the diffe;ence In oinutes between the two angles to the "difference” coluan (2' difference at
15 - 0,0006),

(111) Add this to the value of sine previously obtained - (0.2672 - 0,0006).

oo sin 159 32t - 0,2678,

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

(1) On the table, locate an angle whose sine is nearest to, but less than the known sine value, and note
its value (sin 139 24' « 0,2317).

(11) Refer the difference to the difference column; (0.0006 difference at 130 = 2').
(111) Add the corresponding difference in minutes to the angle previously noted - (13% 241 + 21 = 130 261),

oo 0,2323 - sin 130 26!

Tables for values of tangent 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 shown in
the difference column must be subtracted instead of being added.
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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.
Example No.l. In the triangle ABC, calculate -

(i) the length of side BC (ii) the length of side AC.

A
127
8 c
o . adjacent . B . opposite . A
(1) e cos 50 hypotenuse AB (1) ... sin 500 hypotenuse AB
From tables : Fron tables
cos50° = 0.6428 sin 50° = 0,766
. BC . AC
. e 0-5“28 ﬁ ) 0.765 1_2'
BC - 0.6428 x 12 S AC = 0.766 x 12
= 17.7" (approx.) = 9,2" (approx.}
Answer = (1) 7.7% (11) 9.2°%
Example No.2. Calculate the angle 0.
s* 7
(]
4'
ALTERMATIVE BETHODS
sin@ - opposite cos@ - adjacent
hypotenuse hypotenuse
- 3 - b
5 k)
= 0.6 = 0.8
Fron tables : From tables
sin 36952' - 0.6 cos 36052' - 0.8
.. angle ® = 36952 .. angle ® < 36052!

Answer = 369 52!
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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 Fiz. 7.
2=/R2+ X2
13
* x=V22 - R?
R ] R='sz — %2

FIG. 1.
Exarple No.3. In the triangle below, find (i) side Z and (ii) the angle 0.

4
X=5
0
R=l12
R 2 . 2 . Opposite
(i) .... 7 =VR X (1) veu. tan 0 Miacent
Vol 2 X 5
V12"« 5 T
N T = 0,4166
Fron tables -
=18 tan 22937' = 0,4166
- 13 oo Angle @ - 22°37'

Answer = (1) 13 units (11) 220371,

2.8 The calculations involved in Example No.3 are essentially the same as those done when
solving A.C. problems. Any one of the three irig. 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 -

OPPOSITE

Tan.0 = ———
ADJACENT

In the simple aspects of trigonometry dealt witl su fur, anzles have been measured in

degrees and minutes. There is another method of angular measurement, called radian

measure, which is important in A.C. theory.
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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
to the radius. (Fig. 8).

circunference
No. of radians in a circle = S—oconrcrence

\‘/h > radius
. 27 x radius
radius
- 2m
.". One radian = gﬁwg
- 51.3°

FIG. 8. RADIAN MEASURE.

The rotating conductor traverses 2m radians in making one revolution. ihen "f" is
the number of revolutions per second, the conductor has an angular velocity
(symbolW) or rate of rotation of 2mf radians per second.

Therefore
W = Angular velocity in radians per second.

wW=2nrf vhere 2w - 6.28.

f = Revolutions per second.

Example No. 4. Calculate the angular velocity of a conductor which rotates in a
magnetic field at 3000 revolutions per minute.

No. of revolutions per second = RGVAE;E—'M

g
60

= 50,

Angular Velocityw = 2w f e
= 2x3.1% x50
= 314 radians per second

Answer = 314 radians per second.

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 change 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. There are several different values associated with A.C. Theory.

They are :-

(1) 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.C., at a certain
instant or rotational degree rosition during a cycle.

For a sine wave -

INSTANTANEOUS VALUE

PEAK VALUE X sin.0

where @ = number cf degrees frem commencement of cycle.

(ii1) Effective or R.M.S. Value. This is the value of A.C. which produces the
same heatin% effect as a continuous current of the same amount. An A.C.
e

of 10 amps

ffective) 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
squared to give proportional values of instantaneous power. These are
averaged to obtain a mean value of power for the cycle. A value of
current (or voltage) which 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 value of the alternating current or voltage under

consideration.

For a sine wave -

EFFECTIVE VALUE

0707 x PEAK VALUE

Unless definitely stated otherwise, alternating currents and voltages are
referred to in terms of effective values. For example, the "24C volt A.C."
supply used for home livhting has an effective value of 24C volts. The
peak value of this supply is approximately 340 volts, This figure is

calculated as follows :-

Effective Voltage

.".  Peak Voltage

0.707 x Peak Voltage.

Effective Voltage
0,707

Effective Voltage x 1,414
260 x 1.41%

340 volts (approx.)

(iv) Average Value. This 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

0637 x PEAK VALUE

Q)

o
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Tkis is a number whick indicates the wave form of an A.C., It is forn2

4.2 Fcrm Factor,
Form Factor is used in

frocm the ratio of the effective value to the average value.
calibtrating the scale of a moving coil meter to read A.C.

EFFECTIVE VALUE

FORM FACTOR
. AVERAGE VALUE

For a sine wave

0,707 x Peak Value
Fore Foctor * Q63T x Peak Value 11"

As the wave shape becomes flat topped, the form factor tends towards a value of 1.Nn
When the wave tends to become peaked, the value rises above 1.11.

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" (Fig. 9).

E
U2k
I’ l ‘\
4 \
o ,%.

FIG. 9. CURRENT AND VOLTAGE 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 phase'.

5.2 The current in "out of phase! circuits, is said to lead or lag the applied voltage,
depending on whether it reaches its maximum positive value before or after the
voltage reaches its maximum positive value. (Figs. 10a and b.)

(b) Current Lags Voltage by 45°.

(a) Current Leads Voltage by 45°.
FIG. 10. CURRENT AND VOLTAGE OUT OF PHASE.

X 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 difference. Phase

difference is often expressed as a phase angle (8) in electrical degrees.
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6. RESISTANCE IN A.C. CIRCUITS.

6.1 The Resistance 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.C. 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 Relationship. 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
,”?\‘\
’
N 1 E
e 3 ) - ~
B ° 90° 180° 270° 360° 4 .
Y/
(a) (v) (e)

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

6.3 Effect of Frequency. In some A.C. circuits, the resistance of a conductor is fourd to
be higher than when the conductor is part of a D.C. circuit. This 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 orposing 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 frequency the
greater are the self induced e.m.fs. at the centre of the conductor, and it is more
noticeable in conductors which have a high permeability, for example, in G.I. line
wire. It is kept to a minimum by using low permeability conductors that are tutular
or which consist of a number of individually insulated interwoven strards.

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 D.C., the rate of energy transformation, or power in a
purely resistive circuit can be calculated from -

€ = Applied Voltage (K.K.S. Value).

2 .
POWER = E X l . l X R 5 E vhere |+ Current in amperes (R.H.S. Value).

R« Resistance in ohas,

\@ﬂ@



FUNDAMENTALS OF A.C. THEORY.
PAGE 13.

7. INDUCTANCE IN A.C. CIRCUITS.

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

The ability of a circuit to oppose any change in the current is known is Inductance.
7.2 The Unit of Inductance is the Henry, and a circuit has an inductance of 1 Henry when

a current changing 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. They are -

- the millihenry (mH.) which is one thousandth (—13 or 10-3) of 1 Henry.
10

- the microhenry ( pE.) which is one millionth (—13 or 10-6) of 1 Henry.
10

All conductors possess inductancej; 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 Reactance (Symbol XL) is a measure of the opposition to A.C. offered by
an inductive circuit. The reactance of a coil is measured in ohms and is determined
by -

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

(ii) The Frequency. 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 2 radians per cycle.

When the frequency is increased, the flux changes at a faster rate causing
greater opposition.

X = Inductive reactance in ohns.

xl. = WL where w = 2rf.

L = inductance in henries.

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 bte ignored in simple
calculations,

In the inductive components we use in telecom circuits, there are other factors
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 and prevents the magnetic field from changing to the same degree as the
current.

- copper slugs or short-circuit turns are added. The 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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Example No. 5. Find the value of the current when an alternating voltage of 10 volts

at frequencies of (i) 1 ke/s, (ii) 2 ke/s is applied to an 80 mH inductor of
negligible resistance.

Yo ~Jo0

80mH 80mH

() )
lovulkcls lovulkcls

(1)eeee N ~wt (11)eeee X Wl
. 6.28 x 1,000 x 80 . 6.28 x 2,000 x 80
1000 1000
= 500 ohms (approx.) = 1000 ohms (approx.)
3 . £
'R ' %
. 10 x 1000 oA. . 10 x 1000 aA.
500 1000
= 20 mA. = 10 mA,

Answer = (1) 20 eA, (i1) 10 oA,

7.4 Effect of Frequency. 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.

Xt 1
0
FREQUENCY ——o— FREQUENCY =t
(a) Inductive Reactance Increases (b) Current Decreases as
as Frequency Increases Frequency Increases

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.

X = Xut X

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.

S I
X, Xut X

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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% 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 currens. 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.

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. 0

(a)

In Fig. 13b we see that at points 2 and 4, the ! f ? 4! f

current has reached its maximum value, and as it I I | |

is momentarily steady, the rate of change of 1 | l ;

current is zero. Consequently the self induced // 1 \\ |_CURRENT 1

e.m.f. is zero at these points. (Fig. 13c.) 0 | < !

N

I

At points 1, 3 and 5 the current value is zero but | I S” :

here the rate of change of current is the greatest I | ! :
for the cycle. As the magnetic flux has the same ) T '

rate of ckange as the current, the rate of change | | |

of flux is greatest at these points, The self .,1%\ : |
\, .\NDUCED EM.F

.
~
————

|
As the self induced e.m.f. opposes the change which g :
produces it, its direction at points 1, 3 and 5 is - :
opposite to the direction of current change at | .
these instants. At points 1 and 5 the current is (e} T ‘
changing in a positive direction, therefore the self |
induced e.m.f. is maximum in the negative directiong !
at point 3 the current is changing in a negative I
direction, therefore here, the self induced e.m.f. :
reaches its maximum positive value. This is shown 0 !
in Fig. 13c.

~,

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, (a)

equal in magnitude but opposite in direction to ) o
the induced e.m.f. 90° >t

When we draw this voltage in opposition to the self

induced e.m.f. (Fig. 13d), we see that in a purely

inductive circuit the current reaches its maximum I (e)

positive value one quarter of a cycle later than

the voltage - or the current lags this voltage by INDUCTANCE IN A.C. CIRCUITS.
90°. This is shown vectorially in Fig. 13e. FIG. 13.

The statement "current lags the applied voltage by 90°" 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 applied voltage, that is, the P.D. across the inductive reactance which
is 90° out of phase with current. As the P.D. across the resistance is in phase with
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".




FUNDAMENTALS OF A.C. THEORY.
PAGE 16.

7.8 Power in Inductive Circuits. When A.C. flows in an inductor, a magnetic field builds
up and collapses 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 purely inductive circuit.

7.9 Inductance in Telecom Circuits. The applications of inductance in telecom equipment
are many and varied, as shown in the following examples.

(1) A.C. Suppression. Rectifiers alone do not produce a steady D.C., but convert
each cycle of input A.C. 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.C., ripple and reduces its
magnitude whilst allowing the D.C. to pass readily.

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

o—] — Y0y —o
A.C. RECT. D0.C.
O—— —————0
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 in an A,C. 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 thé insertion or withdrawal of a movable portion of the iron core

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

This latter method is widely used in modern telecom power plant witk automatic
output vcltage control.

(iii) Loading. In following sections of the paper, dealing with capacitance in
A.C. circuits, 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. This
process is known as "loading".

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

These are described in other papers cf the course.
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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 "Capacitance", 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 outei 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
discharge current, opposite in direction to the charge current, flows in the circuit.

8.2 The Unit of Capacitance is the Farad., A capacitor has a capacitance of one Farad when
a charge of one coulomb raises the P,D. across the plates by one volt.

ghe farad is too large for practical use, and submltiple units are generally used.
bey are :-

- the microfarad ( uF), which is one millionth (?ég or 10_6) of one Farad

- the micromicrofarad (uuF) or picofarad (pF), which is one million-millionth
1 -12
0;675 or 10" ') of one Farad.

8.3 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 reactance (Symbol Xc) 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 Capacitance. 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 Frequency. When the state of charge on the capacitor is changed in
any way, current flows in the circuit. When the frequency is increased,
the rate of change of charge is inoreased, 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 2w
radians per cycle.

Capacitive reactance can be found from -
| Xc = Capacitive reactance in ohns.
Xc = oC vhere W - 2.

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. 6. Find the current in the circuit when an alternating voltage of 10
volts at a frequency of (i) 1 ke/s (ii) 2 ke/s is applied to a 2pF capacitor of

negligible resistance.

(~)
mvunch

I

. 1,000,000
§.28 x 1,000 x 2

= B0 ohss (approx.)

Answer = (1) 125 aA;

"
2puF

(~)

~o
wvuz ke/s

(1) coeo X - '(I;'c"

. 1,000,000
6.28 x 2,000 x 2

= 40 ohas (approx.)

(11) 250 mA.

8.4 Effect of Frequency. 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 in reactance and current in a
purely capacitive circuit when the frequency is varied, are as showm in Fig. 15a and ‘b:.

|

FREQUENCY ——> FREQUENCY ———

(&) Capacitive Reactance Decreases
as Frequency Increases

(b) Current Increases as
Frequency Increases

FIG. 15. EFFECT QF FREQUENCY ON CAPACITIVE CIRCUIT.

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 = Xo1 + X2

8.6 Capacitors Connected in Parallel. The joint reactance of capacitors connected in
parallel is determined in a similar manner to that employed for parallel resistors.

Xc X¢ Xc2

VmWQ
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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. Maximum current flows when the charge is changing at the
greatest rate. In A.C. 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. The
voltage maintained across the capacitor is
shown in Fig. 16b,

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.

|

|

]

|

i
A% points 1, 3 and 5, the charge is changing-at |
the greatest rate, and thus the current is at a l
maximum value at these instants. At points 1 B ‘*culltlr
and 5, the charge is changing in a positive S|
direction, so current at these points reaches 0 A
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.

N,

N
—— e e
\

\
\
N

0 -—---' —

A

In Fig. 16d 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 maximum positive value, one AN
quarter of a cycle, or 90° before the voltage o
wave does so. )

you

e ———
—
\,

N\

o
S R __
\\

In a purely capacitive circuit therefore, lhe . :
current leads the applied volt%gg by 90°, “This ! (a)
is shown vectorially in Fig. 16e. When the

circuit contains resistance as well as capacitance 1

however, the phase difference between current and

applied voltage is less than 90° as only portion

of the applied voltage is dropped across the
capacitive reactance.

90°

E
—

(e)
FIG. 16. CAPACITANCE IN A.C. CIRCUIT.

8.8 Power in Capacitive Circuits. A capacitor in an A.C. circuit charges and discharges
twice during each cycle. The energy stored when the capacitor charges is returned to
the circuit during discharge, and total power dissipation for each half cycle is zero.

In 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 Capacitance in Telecom. Circuits. 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 Current By-pass Circuit. 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 yF) in parallel with the relay or
resistor, as in Fig. 17, a comparatively low reactance path (40 okms at
2 kc/s) is provided for speech currents.

——

n
H S 390
T

FIG. 17. SPEECH CURRENT BY-PASS CIRCUITS.

~N

(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. The 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, uF are used in this application.

o——
A.C RECT. D.C.

o] T,

FIG., 18. FILTER CAPACITOR.

(iii) Coupling. 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 C.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 ana voltage doubling rectifiers. These are covered in other papers of
the course.
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9. ADDITION OF OUT-OF-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 Graphical 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 —

(i) Draw graphs of the two voltages in their correct phase relationship
along a common time axis, as is partly done in Fig. 19a.
(1i) Plot the direction and instantaneous values of one wave at a number of
points (Fig. 19b).
(iii) Add these instantaneous values algebraically at corresponding points on
the other wave (Fig. 19c).
(iv) Join the ends of these lines to form the graph of the resultant (Fig. 19¢).

%0° -] RESULTANT

100~ Lo 100 o 100

\\)‘,,/ . P
50 // ) \\ 50 // ' 50

/ AN .

ol A 0 4 ] [}

s0*  e0° 493‘\ s0° 60°  o0° 30°  60° 99’

(a) (v) (c)

FIG. 19. ORAPHICAL 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.

= SLI0A +
o

RESULTANT

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 drawn 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 :-

(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.

] T

)
>

A 70 VOLTS A 70 VOLTS

900

A

8 70 voiLrs B 7O VOLYS
(a) (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 otiginal 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 diagrams, 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.

2,

10.

1.

12.
13.

1.

15,

16.

1.

18.

19.

20.

What is an alternating current?

Frequencies used in telecon are measured in ......... SEREEE SRR sden voowe OF woevessmanssssesesis cesenssscesene
Frequencies which produce sounds that can be heard are called vu.eveuenvnvnennennernensnonennnn., S veEeS $ie
Radio Freguencies are those which ...... Sieieies s iareieiaineieingieisie SesEERRR e sescetcsennsone T

In trigonometry sine = Seeseeeeetttecececeatnicratrctcansesennocacacns
cosine = ,...... T Y Vedferaeens

tangent = ...... SEaese ioce T — B
From the trigonometry tables,
sin 36%18' = coeeiiis cos 022100 - e tan 209150 = ...
Fros the trigonometry tables,
sin, o000 is 06372 cos ... 0..... '1s 0.7026; tan ....%...." is 0.5624.

The hypotenuse of a right-angle triangle is 41*® long, and one side is 9" long, What is the length of the third
side?

The angles included in this triangle would be ..........° and eeeenneens’,
That is meant by "Phase angle"?

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

(i) The peak value ...... SN S, Ceecerareecssenans

(11) The effective value vuveiveeennenenennns .
Alternating currents and voltages are measured In ..ceeeeeeenennnnnnnnsn. values.

What is meant by "fora factor®?

1eads
In a purely resistive circuit, the current lags the applied voltage.
is in phase with
At high frequencies, the resistance of a conductor ;:::::::: @08 L0 sevsnsssssvasiseinissiiee
The opposition to A.C. offered by an inductor is called v.ve........ e eeeeeetettaettitesatannsttecnsesncancenennns
Increases
This opposition decreases when the frequency is increased.
resains unchanged
leads
In purely inductive circuits, current lags vo1tage bY cuvevvenrnnnnenrennnnnnns e
Is in phase with
increases
In purely capacitive circuits, the current is liaited by the ....... esveess Which decreases when the
frequency is increased. remains unchanged
leads
In such circuits, the current lags the applied voltage by vuueveeeennenceeness °.

Is in phase with

What is a vector?

END OF PAPER



