JOINT AVIATION AUTHORITIES
AIRLINE TRANSPORT PILOT’S LICENCE
Theoretical Knmvle [anual

'%oe

e —

c; ,zozé
AIRCRAFT GENERAL I ‘

This leaming material has been approved as
JAA com plmnt by the Umted K’ngdam

CIVIL AVIATION &
AUTHORITY

GXFORD P reescn

#V/a%/ov\ ”Wa/n/hg




© Oxford Aviation Services Limited 2001
All Rights Reserved

This text book is to be used only for the purpose of private study by individuals and may not be reproduced in any form or medium,
copied, stored in a retrieval system, lent, hired, rented, transmitted or adapted in whole or in part without the prior written consent of
Oxford Aviation Services Limited.

Copyright in all documents and materials bound within these covers or attached hereto, excluding that material which is reproduced by the kind
permission of third parties and acknowledged as such, belongs exclusively to Oxford Aviation Services Limited.

Certain copyright material is reproduced with the permission of the International Civil Aviation Organisation, the United Kingdom Civil Aviation
Authority and the Joint Aviation Authorities (JAA).

This text book has been written and published as a reference work to assist students enrolled on an approved JAA Air Transport Pilot Licence
(ATPL) course to prepare themseives for the JAA ATPL theoretical knowledge examinations. Nothing in the content of this book is to be
interpreted as constituting instruction or advice relating to practical flying.

Whilst every effort has been made to ensure the accuracy of the information contained within this book, neither Oxford Aviation Services Limited
nor the publisher gives any warranty as to its accuracy or otherwise. Students preparing for the JAA ATPL theoretical knowledge examinations
should not regard this book as a substitute for the JAA ATPL theoretical knowledge training syllabus published in the current edition of ‘JAR-FCL
1 Flight Crew Licensing (Aeroplanes)’ (the Syllabus). The Syllabus constitutes the sole authoritative definition of the subject matter to be studied
in a JAA ATPL theoretical knowledge training programme. If you elect to subscribe to the amendment service offered with this book please note
that there will be a delay between the introduction of changes to the Syllabus and your receipt of the relevant updates. No student should
prepare for, or is currently entitled to enter himself/herself for, the JAA'ATPL theoretical knowledge examinations without first being enrolled in a
training school which has been granted approval by a JAA-authorised national aviation authority to deliver JAA ATPL training.

Oxford Aviation Services Limited excludes all liability for any loss or damage incurred or suffered as a result of any reliance on all or part of this
book except for any liability for death or personal injury resulting from Oxford Aviation Services Limited’s negligence or any other liability which
may not legally be excluded.

Cover picture by courtesy of the Boeing Company

Published by: Jeppesen GmbH, Frankfurt, Germany

Contact Details:
Pilot Ground Training Department Sales and Service Department
Oxford Aviation Training Jeppesen GmbH
Oxford Airport Frankfurter Strasse 233
Kidlington 63263 Neu-Isenburg
Oxford OX5 1RA Germany
England
Tel: ++44 (0)1865 844290 Tel: ++49 (0)6102 508240
E-mail: ddd@oxfordaviation.net E-mail: fra-services@jeppesen.com

For further information on products and services from Oxford Aviation Training and Jeppesen visit
our web sites at: www.oxfordaviation.net and www.jeppesen.com

ISBN: 0-88487-285-8




FOREWORD

Joint Aviation Authorities (JAA) pilot licences were first introduced in 1999. By the end 02002, all 33 JAA
member states will have adopted the new, pan-European licensing system. Many other countries world-wide
have already expressed interest in aligning their training with the syllabi for the various JAA licences. These
syllabi and the regulations governing the award and the renewal of licences are defined by the JAA’s
licensing agency, known as “Joint Aviation Requirements-Flight Crew Licensing”, or JAR-FCL.

The introduction of JAA licences is, naturally, accompanied by associated JAR-FCL practical skill tests (tests
of flying ability) and theoretical knowledge examinations corresponding to each level of licence: Private Pilot
Licence (PPL), Commercial Pilot Licence (CPL), CPL with Instrument Rating and Air Transport Pilot
Licence (ATPL). The JAR-FCL skill tests and the ground examinations, though similar in content and scope
to those conducted by many national authorities, are inevitably different in detail from the tests and
examinations set by any individual JAA member state under its own national scheme. Consequently, students
who wish to train for JAA licences need access to study material which has been specifically designed to meet
the requirements of the new licensing system.

As far as the JAA ATPL ground examinations are concerned, the subject matter to be tested is set out in the
ATPL training syllabus contained in the JAA publication, ‘JAR-FCL 1 (Aeroplanes)’. Inevitably, this
syllabus represents a compromise between the differing academic contents of the national ATPL training
syllabi it replaces. Thus, it follows that the advent of the new examinations has created a need for completely
new reference texts to cover the requirements of the new syllabus. This series of manuals, prepared by
Oxford Aviation Training and published by Jeppesen, aims to cover those requirements and to help student
pilots prepare for the JAA ATPL theoretical knowledge examinations.

Oxford Aviation Training (OAT) is one of the world’s leading professional pilot schools. It has been in
operation for over thirty years and has trained more than 12,000 professional pilots for over 80 airlines,
world-wide. OAT was the first pilot school in the United Kingdom to be granted approval to train for the JAA
ATPL. As one of the most active members of the European Association of Airline Pilot Schools, OAT has
been a leading player in the pan-European project to define, in objective terms, the depth and scope of the
academic content of JAA ATPL ground training as outlined in ‘JAR-FCL 1 (Aeroplanes)’. OAT led and
coordinated this joint-European effort to produce the JAA ATPL Learning Objectives which are now
published by the JAA itself as a guide to the theoretical knowledge requirements of ATPL training.

In less than two years since beginning JAA ATPL training, and despite the inevitable teething problems that
national aviation authorities have experienced in introducing the new examination system, OAT has achieved
an unsurpassed success rate in terms of the passes its students have gained in the JAA ATPL examinations.
This achievement is the result of OAT’s whole-hearted commitment to the introduction of the new JAA
licensing system and of its willingness to invest heavily in the research and development required to make
the new system work for its students. OAT has not only been at the forefront of the effort made to document
JAA ATPL theoretical knowledge requirements, but it has also produced associated academic notes of the
highest quality and created computer-generated and web-based ATPL lessons which ensure that its students
are as well-prepared as possible to succeed in the ground examinations. OAT’s experience and expertise in
the production of JAA ATPL training material make this series of manuals the best learning material available
to students who aspire to hold a JAA ATPL.
continued....



Jeppesen, established in 1934, is acknowledged as the world’s leading supplier of flight information services,
and provides a full range of print and electronic flight information services, including navigation data,
computerised flight planning, aviation software products, aviation weather services, maintenance information,
and pilot training systems and supplies. Jeppesen counts among its customer base all US airlines and the
majority of international airlines world-wide. It also serves the large general and business aviation markets.

The combination of Jeppesen and OAT expertise embodied in these manuals means that students aiming to
gain a JAA ATPL now have access to top-quality, up-to-date study material at an affordable cost.

Manuals are not, of course, the complete answer to becoming an airline pilot. For instance, they cannot teach
you to fly. Neither may you enter for the new JAA ATPL theoretical knowledge examinations as a “self-
improver” student. The new regulations specify that all those who wish to obtain a JAA ATPL must be
enrolled with a flying training organisation (FTO) which has been granted approval by a JAA-authorised
national aviation authority to deliver JAA ATPL training. The formal responsibility to prepare you for both
the flying tests (now known as “skill tests™) and the ground examinations lies with your FTO. However, these
OAT/Jeppesen manuals represent a solid foundation on which your formal training can rest.

For those aspirant airline pilots who are not yet able to begin formal training with an FTO, but intend to do
so in the future, this series of manuals will provide high-quality study material to help them prepare
themselves thoroughly for their formal training. The manuals also make excellent reading for general aviation
pilots or for aviation enthusiasts who wish to further their knowledge of aeronautical subjects to the standard
required of airline pilots.

At present, the JAA ATPL theoretical knowledge examinations are in their infancy. The examinations will
inevitably evolve over the coming years. The manuals are supported by a free on-line amendment service
which aims to correct any errors and/or omissions, and to provide guidance to readers on any changes to the
published JAA ATPL Learning Objectives. The amendment service is accessible at
http://www.oxfordaviation.net/shop/notes.htm

OAT’s knowledge of and involvement in JAR-FCL developments are second to none. You will benefit from
OAT’s expertise both in your initial purchase of this text book series and from the free amendment service.
OAT and Jeppesen have published what they believe to be the highest quality JAA ATPL theoretical
knowledge manuals currently available. The content of these manuals enables you to draw on the vast
experience of two world-class organisations, each of which is an acknowledged expert in its field of the
provision of pilot training and the publication of pilot training material, respectively.

We trust that your study of these manuals will not only be énj oyable but, for those of you undergoing training
as airline pilots, will also lead to success in the JAA ATPL ground examinations.

Whatever your aviation ambitions, we wish you every success and, above all, happy landings.

Oxford, England. January 2002



PREFACE TO EDITION TWO, FIRST IMPRESSION

Edition Two of this work has been recompiled to give a higher quality of print and diagram. The opportunity
has also been taken to update the contents in line with Oxford Aviation Training’s experience of the
developing JAA ATPL Theoretical Knowledge Examinations.

Oxford, England. September 2002
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DC ELECTRICS BASIC PRINCIPLES

1.1

INTRODUCTION

An electric current is created when electrons are caused to move through a conductor. Moving
electrons can explain most electrical effects.

All materials consist of tiny particles called
atoms. Atoms are made up of a nucleus and
electrons. Atoms of different materials have )
different numbers of electrons. The electrons a @
orbit the nucleus like the sun with planets V
spinning around it.

The electrons have a negative charge and the
nucleus has an equal number of positive
charges making the atom electrically neutral.
The negative electron is held in its orbit by its
attraction to the positive nucleus. Electrons in
outer orbits are not so strongly attracted to the a

positive nucleus and may easily fly off and @
attach themselves to a neighbouring atom in
the material. These are called free electrons. Figure 1.1.

An atom that has lost an electron becomes more positive and is called a positive ion, an atom that has
gained an electron becomes more negative and is called a negative ion. If the free electrons can be
made to move in a particular direction through the material an electric current has been created.

Materials which have free electrons are called conductors, e.g. copper, silver and aluminium.
Materials which have very few free electrons are called insulators, e.g. wood, rubber, glass and
plastics.

Electrons are caused to move along a piece of wire by applying a positive charge from some source
at one end and a negative charge at the other. The positive charge attracts the free electrons and the
negative charge repels them so there is a flow of electrons in one direction through the wire from the
negative terminal to the positive terminal.

To maintain the current flow ,the force which caused the electrons to flow in the first place must be
maintained otherwise the electrons will all collect at the positive terminal and the current flow will
cease. To keep the current flowing the source of the force which caused the electrons to move must
be capable of absorbing the electrons from the positive terminal and transferring them through itself
back to the negative terminal.

1.1-1 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

In this way the current can be maintained as long as there is a complete circuit .

Electricity had been in use before electrons had been discovered and it had been assumed that
electricity had been the flow of something from positive to negative and all the laws of electricity
were based on this idea. This is known as conventional flow. Flow from negative to positive is
known as electron flow.

ELECTRON FLOW

e v

MO ORRORORNOXSORROREORRO
O @OO-O+@+O+-O+®+®

( >

CONVENTIONAL CURRENTFLOW

Figure 1.2

There are six basic means to provide the force which causes electrons to flow:-

a) Friction - static electricity

b) Chemical Action - cells and batteries (primary and secondary cells)
c) Magnetism - generators and alternators

d) Heat - thermocouples (junction of two dissimilar metals)

e) Light - photo electric cell

f) Pressure - piezo electric crystals

Of these only Chemical Action (batteries) and Magnetism (generators) produce electrical power in
sufficient quantities for normal daily needs.

1.1-2 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

1.2

ELECTRO MOTIVE FORCE (EMF)

For electric current to flow there must be a force behind it. In the same way that water needs a force
(pressure) to make it flow, electricity needs pressure, Electro Motive Force (EMF), to make it flow.

In a water tank if pressure decreases, flow decreases. In electrics if the EMF decreases the flow of
electrons decreases.

EMF is measured in units of Voltage. The number of volts is a measure of the EMF or Potential
Difference (the difference in electrical potential between the positive and negative terminal). Voltage
is given the symbol V or E

By increasing the
Voltage the flow of
electrons increases past
any point in a circuit,
and decreasing the
voltage decreases the %

flow. To maintain the High flow Low flow
correct flow it is normal
to keep a constant
Voltage in a circuit.

High flow

Figure 1.3 Comparison between voltage and water pressure

The source of the voltage can be a battery or a generator. Batteries become discharged as their
voltage is used so are limited in their use. Generators are used to maintain a constant Voltage.

For high and low Voltages the following prefixes are used :-

.

One Microvolt - one millionth of a volt (1uV)
One Millivolt - one thousandth of a volt (ImV)
One Kilovolt - one thousand volts (1kV)

To measure voltage a voltmeter is used. It is connected across the two points between which the
voltage is to be measured without disconnecting the circuit.

1.1- 3 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

1.3

14

CURRENT

The current (symbeol I) in a conductor is the number of electrons passing any point in the conductor
in one second and is measured in amperes or amps (symbol A).

Current can be measured by an instrument called an ammeter which is connected into the circuit
so that the current in the circuit passes through the ammeter.

Small values of current are given the following prefixes :-

One Microamp - one millionth of an ampere (1pA)
One Milliamp - one thousandth of an ampere (1mA)

Effects of an electric current:

a) Heating Effect. When a current flows through a conductor it always causes the
conductor to become hot - electric fires, irons, light bulbs and fuses

b) Magnetic Effect. A magnetic field is always produced around the conductor when a
current flows through it - motors, generators and transformers.

c) Chemical Effect. When a current flows through certain liquids (electrolytes) a
chemical change occurs in the liquid and any metals immersed in
it - battery charging and electroplating.

RESISTANCE.

For a current to flow there must be a complete path or circuit. The fewer obstructions in the circuit
the greater will be the current flow. The higher the Voltage the greater will be the current flow.

The obstruction in the circuit which opposes the current flow is called resistance. Different materials
have different numbers of free electrons, those with more free electrons will have a lower resistance
than those with few free electrons, so those with more free electrons are better conductors of
electricity.

For a fixed voltage the smaller the resistance the larger will be the current flow and the larger the
resistance the smaller will be the current flow. The current in the circuit can therefore be adjusted by
altering the resistance.

1.1-4 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

1.5

1.6

1.7

FACTORS AFFECTING THE RESISTANCE

a) Type of material. Eg. Silver is a better conductor than Copper

b) Length. The longer the wire the greater the resistance

c) Cross sectional area. The thicker the wire the smaller the resistance

d) Temperature. The symbol for temperature coefficient is a (alpha). If resistance increases with
an increase of temperature, the resistor is said to have a Positive Temperature Coefficient
(PTC). If resistance decreases with an increase of temperature, the resistor is said to have a
Negative Temperature Coefficient (NTC). Resistors having these characteristics are used in
aircraft systems for temperature measurement.

UNITS OF RESISTANCE

The unit of resistance is the Ohm (symbol Q) A material has a resistance of one ohm if an applied
voltage of one volt produces a current flow of one ampere.

For larger and smaller values :-

One millionth of an ohm = one microhm (1 pQ)
One thousandth of an ohm = one milliohm (1m&2)
One thousand ohms = one kilohm (1 kQ)

One million ohms = one megohm (1 MQ)

RESISTORS

Sometimes resistance is used to adjust the current flow in a circuit by fitting resistors of known value.
These can be either fixed or variable and can be symbolised like this :-

—/vvv\—%

or

—— ¢_

Fixed resistor Variable resistor

1.1-5 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

1.8

1.9

OHMS LAWY
In a closed circuit there is a relationship between Voltage Current and Resistance. If the Voltage
remains constant any increase in resistance will cause a decrease in current and vice-versa (Current

inversely proportional to resistance).

If the resistance remains the same any increase in voltage will cause an increase in current and vice-
versa (Current directly proportional to voltage).

This is expressed as OHMS law:
V=IR

And by transposition

POWER

When a Force produces a movement then Work is said to have been done, the rate at which work is
done is called Power.

In an electric circuit Work is done by the Voltage causing the current to flow through a resistance,
creating heat, magnetism or chemical action

The rate at which work is done is called Power and is measured in Watts
Watts (W) = Voltage (V) x Amperes (I)

Three formulae for calculating power can be derived from the two basic formulae V=IR and W=VxI

a) Voltage unknown W=I?R

b) Resistance unknown W =vxl

) Current unknown W =V?
R

When a current passes through a resistor it becomes hot and will eventually melt if the current
becomes excessive.

1.1- 6 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

1.10

The amount of heat developed by a current I in a resistor R is I? R Watts, therefore it can be seen that
the heating effect is proportional to the square of the current. So a small increase in current can cause
a significant increase in heating effect.

Each electrical component will be given a Power Rating (maximum wattage) which, if exceeded will
cause the component to overheat. Eg. 60 Watt light bulb.

Each electrical circuit in an aircraft will be protected by a fuse or circuit breaker which will prevent
the maximum power rating of a component to be exceeded by breaking the circuit if the current
increases.

SERIES AND PARALLEL CIRCUITS

More than one resistance can be connected in any one circuit and the may be connected in Series -
one after the other, or in Parallel - alongside each other.

a) Series

12v |

| i
Series connection reduces current flow and therefore power consumption, but can be impractical

because individual loads (resistances) cannot be individually controlled. Also the failure of one
resistance would mean failure of the rest of the circuit.

The total circuit resistance can be calculated by summing the individual resistances.
R;=R;+R,+R,
ie.R,=4+6+10
R, =20 ohms

V =1R so current = 12 = 0.6 amps
20

1.1-7 © Oxford Aviation Services Limited



DC ELECTRICS

b)

Parallel

BASIC PRINCIPLES

Parallel connection ensures each resistor is individually controllable and receives the same
voltage. Failure of one resistor will not affect the others .Most aircraft loads are connected

in parallel.

The total circuit resistance can be found by the following method.

~ =
=

12V

R, R,
40 6Q

R,
10Q

7=

7=

7=

Ry

+

N =
— =

-';I’_‘

15+10+6
60

1.94 ohms

V =IRso current =12 = 6 amps approx

1.94

1.1-8

© Oxford Aviation Services Limited



DC ELECTRICS

c) Combination of series and parallel resistors

R,
40

BASIC PRINCIPLES

First evaluate the parallel resistors then add the result to the series resistor

1 =1+1
R, 10 6
1 =3+5
Ry 30
1 =8
R 30
Ry = 30

8
R; =3.75 ohms

Find the lowest common denominator

Therefore the total resistance for the two parallel resistors is:

An alternative method of calculating the resistance of 2 resistors in parallel is:

Ry = R xR,
R, +R,
Using the above example

R, = 10x6
10+ 6
R; = 60 R;=3.75 ohms
16
1.1-9 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

Note: The total resistance of resistors in parallel is always less than the value of the lowest
resistor e.g. 3.75 ohms is less than 6 ohms.

Total circuit resistance is 3.75 ohms plus 4 ohms = 7. 75 ohms
1.11 KIRCHOFF’S LAWS

a) First law

The total current flow into a point on a circuit is equal to the current flow out of that point
e.g.

b) Second law

If all the voltage drops in a closed circuit are added together, their sum always equals the
voltage applied to that closed circuit.

A

2ohms 4ohms 6ohms

r
|
12v|

1.1-10 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

To prove Kirchoff’s 2™ Law, first we must calculate the current and therefore the total resistance

R, = R, +R, + Ry
R, = 2+4+6
R; = 12 ohms

From Ohm’s Law

V=IR 1=V
R
=12
12
[=1amp

We can now calculate the voltage drops throughout the circuit. At present all we know is there is 12
volts before the 2 ohm resistor and zero volts after the 6 ohm resistor.

Using Ohm’s Law V=IR. To calculate the voltage drop across the 2 ohm resistor:
V =1 amp x 2 ohms = 2 volts

Therefore, the voltage drop is 2 voltsi.e. 12 volts enters the 2 ohm resistor 10 volts exits. Using the
same approach for the 4 ohm resistor:

V =1 amp x 4 ohms = 4 volts i.e. 10 volts enters the 4 ohm resistor and 6 volts exits.
Finally, calculating the voltage drop across the 6 ohm resistor:
V =1 amp x 6 ohms = 6 volts i.e. 6 volts enters the 6 ohm resistor and zero volts exit.

Therefore, the voltage drop in the closed circuit is 2 volts + 4 volts + 6 volts = 12 volts which equals
the voltage applied.

1.1-11 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

1.12

WHEATSTONE BRIDGE

The two statements in Kirchoff’s laws concerning the sums of currents and voltages in a circuit are
useful for solving complicated problems. The arrangement of resistors below is called a Wheatstone
Bridge.

te

Applied
voltage

B

The Wheatstone bridge can be used to compare an unknown resistance Ry with others of known
values. R; is varied until zero deflection is obtained on the ammeter. At this point the products of the
diagonally opposite resistors are equal to each other because there is no current flow between point
B and point C and the bridge is said to be balanced.

ie. R; xR, =R, x R; from which

Rx = EZX_R3_
R,

1.1-12 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

Example:

If R, is adjusted until the ammeter reading is zero when R, is 3 ohms, what is the value of Ry?

A

R xR, =R, xR;  from which

R, =R, xR,
R,
therefore R,=6x3
4
R, =18
4
R, = 4.5 ohms

1.1-13 © Oxford Aviation Services Limited
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DC ELECTRICS SELF ASSESSMENT QUESTIONS - THEORY Answers in chapter 9
1. All effects of electricity take place because of the existence of a tiny particle called the:

a) electric.

b) proton.

c) neutron.

d) electron.
2. The nucleus of an atom is:

a) positively charged.
b) negatively charged.

c) statically charged.
d) of zero potential.
3. An atom is electrically balanced when:
a) its protons and electrons balance each other.
b) the protons outnumber the electrons.
c) the electrons outnumber the protons.
d) the electric and static charges are balanced.
4, The electrons of an atom are:
a) positively charged.
b) neutral.
c) negatively charged.
d) of zero potential.
5. A material with a deficiency of electrons becomes:
a) positively charged.
b) negatively charged.
c) isolated.

d) overheated.

1.1-1 5 © Oxford Aviation Services Limited



DC ELECTRICS

6. A material with a surplus of electrons becomes:

a) positively charged.
b) negatively charged.
c) over charged.

d) saturated.

7. Heat produces an electric charge when:

a) like poles are joined.

b) a hard and soft glass is heated.

c) the junction of two unlike metals is heated.

d) hard and soft material are rubbed together.
7. Friction causes:

a) mobile electricity.

b) basic electricity.

c) static electricity.

d) wild electricity.

8. Chemical action produces electricity in:
a) a light meter.
b) a generator.
c) a primary cell.
d) starter generator.
9. A photo electric cell produces electricity when:
a) two metals are heated.
b) exposed to a light source.
c) a light source is removed.
d) exposed to the heat of the sun.
1.1-16

BASIC PRINCIPLES
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DC ELECTRICS BASIC PRINCIPLES

UNITS 1
ELECTRICS
1. The difference in electric potential is measured in:
a) KVAR's
b) watts
c) amps
d) volts
2. The units of electrical power is measured in:
a) watts
b) amperes
c) ohms
d) volts
3. The unit measurement of electrical resistance is:
a) the volt
b) the watt
c) the ohm
d) the ampere
4. An ammeter measures:
a) current
b) power dissipation
c) differences of electrical potential
d) heat energy
5. Materials containing 'free electrons' are called:
a) insulators
b) resistors
c) collectors
d) conductors

1.1-17 © Oxford Aviation Services Limited



DC ELECTRICS BASIC PRINCIPLES

6. The unit used for measuring the E.M.F. of electricity is:
a) the ohm
b) the ampere
c) the volt

d) the watt

7. The unit used for measuring:
a) current - is the volt.
b) resistance - is the ohm.
c) electric power is the capacitor.

d) E.MF. - is the amp.
8. Three resistance of 60 ohms each in parallel give a total resistance of:

a) 180 ohms

b) 40 ohms

c) 30 ohms

d) 20 ohms
9. A voltmeter measures:

a) electro-motive force.

b) the heat loss in a series circuit.

c) the current flow in a circuit.

d) the resistance provided by the trimming devices.
10. Watts =

a) resistance squared x amps

b) volts x ohms

c) ohms x amps

d) volts x amps
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UNITS 2
ELECTRICS
1. The total resistance of a number of power consumer devices connected in series is:
a) the addition of the individual resistances.
b) the addition of the reciprocals of the individual resistance.
c) twice the reciprocal of the individual resistances.
d) the reciprocal of the total.
2. The total resistance of a number of resistances connected in parallel is:
a) R=R, +R, + R, + R,
b) I =1+1+1+1
R; R, R, R; R,
c) 1= R +R+Ry + R,
R;
d) R=1+R2+1+R4
T, R 1 R 1
3. Ohms Law states:
a) Current in amps = Resistance in ohms
Electromotive force in volts
b) Resistance in ohms = Current in amps
Electromotive force in volts
c) Current in amps = Electromotive force in volts
Resistance in ohms
4, A device consuming 80 watts at 8 amps would have a voltage supply of:

a) 640 volts.

b) 12 volts.
c) 10 volts.
d) 8 volts.
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5.

10.

In a simple electrical circuit, if the resistors are in parallel, the total current consumed is equal to:

a)
b)
c)
d)

the sum of the currents taken by the devices divided by the number of devices.
the sum of the currents taken by the devices.

the average current taken by the devices times the number of the devices.

the sum of the reciprocals of the currents taken by the devices.

The symbol for volts is:

a)
b)
c)
d)

EorW
VorE
TorV
RorWw

Electrical potential is measured in:

a)
b)
c)
d)

waltts
bars

volts
ohms

If a number of electrical consuming devices were connected in parallel the reciprocal of the total
resistance would be:

a)
b)
©)
d)

the sum of the currents.

the sum of the reciprocals of the individual resistances.
the sum of their resistances.

volts divided by the sum of the resistances.

The current flowing in an electrical circuit is measured in:

a)
b)
c)
d)

volts
ohms
inductance
amps

Electro-motive force is measured in:

a)
b)
©)
d)

amps x volts
watts
ohms
volts
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DC ELECTRICS MORE SELF ASSESSMENT QUESTIONS
Answers page 1 - 23

Oxford Aviation College

1. OHMS law is given by the formula
a) I=R
v
b) V=R
I
c) 1=V
R

d R =VxI

2. The current flowing in a circuit is
a) Directly proportional to resistance, indirectly proportional to voltage
b) Directly proportional to temperature, inversely proportional to resistance
c) Inversely proportional to resistance, directly proportional to voltage
d) Inversely proportional to applied voltage, directly proportional to temperature
3. The unit of EMF is the
a) Ampere
b) Volt
) Watt
d) Ohm
4, Potential difference is measured in
a) Amps
b) Volts
) Watts
d) Ohms
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5. The unit of current is the
a) Ampere
b) Volt
c) Watt
d) Ohm
6. The unit of resistance is the
a) Ampere
b) Volt
c) Watt
d) Ohm
7. Electrical power is measured in
a) Ampere
b) Volt
c) Watt
d) Ohm
8. 1,250 ohms may also be expressed as

a) 1250 K ohms
b) 1.25 K ohms
c) 1.25 M ohms
d) 0.125 K ohms

9. 1.5 M ohms may also be expressed as

a) 15000 ohms
b) 1500 ohms
c) 150000 ohms
d) 1500 K ohms

10. 550 K ohms may also be expressed as

a) 550000 M ohms
b) 0.55 M ohms

c) 55000 ohms

d) 0.55 ohms
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11. The voltage applied to a simple resistor increases
a) Current will decrease but power consumed remains constant
b) Resistance and power decrease
c) Current flow will increase and power consumed will increase
d) Current flow increases and power consumed decreases
12. What is the total resistance in this circuit
10 kQ 1kQ 500 Q

—— MW AAMANAMN—

a) 11.5 ohms

b) 11,500 K ohms
c) 11.5 K ohms
d) 11.5 M ohms

LOOK AT THE CIRCUIT AT ANNEX ‘A’ AND ANSWER THE FOLLOWING QUESTIONS
13. The total resistance of the circuit is

a) 14 ohms

b) 39.6 ohms

<) 25.6 ohms

d) varies with the applied voltage

14. The current flow indication on ammeter ‘A’ would be
a) 2 amps
b) 2 volts
c) 2.5 amps
d) 2.5 volts
15. The total power consumed in the circuit will be
a) 14 kilowatts
b) 56 kilowatts
c) 56 watts
d) 14 watts
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16. The power consumed by R5 alone is
a) 14 watts
b) 28 watts
c) 112 watts

d) 28 kilowatts
17. The indication on voltmeter V1 will be

a) 2.3 volts

b) 28 volts
c) 9.2 volts
d) 92 volts
18. The indication on voltmeter V3 will be
a) 28 volts
b) 14 volts
c) 14 amps
d) 3.5 volts
19. The indication on voltmeter V2 will be
a) 28 volts
b) 4.8 volts
c) 9.6 volts
d) 14 volts

20. The current flowing through R2 is

a) 0.04 amps
b) 0.4 amps

) 4 amps

d) 40 milliamps

21. The current flowing through R3 is

a) 0.04 amps
b) 0.4 amps

c) 4 amps

d) 40 milliamps
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22,

23.

24.

25.

26.

The current flowing through R4 is

a) 120 milliamps
b) 1.2 amps

c) 19.2 amps

d) 1.92 milliamps

The power consumed by R2 alone is

a) 1.92 kilowatts watts
b) 1.92 watts

c) 65.3 watts

d) 65.3 kilowatts

The power consumed by R3 alone is

a) 1.92 kilowatts watts
b) 1.92 watts

c) 65.3 watts

d) 65.3 kilowatts

The power consumed by R4 alone is
a) 5.76 kilowatts
b) 5.76 volts

c) 5.76 watts
d) 3.33 watts

The power consumed by R1 alone is

a) 18.4 kilowatts
b) 42.32 watts
c) 18.4 watts

d) 4.232 kilowatts
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_@_

R2
R1 R3 R5
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ANSWERS

i Rl ol o

— e \D
—_ 0
OOWgogwaogr»mw 0

H
N

13. Total circuit resistance , evaluate the total resistence of the three resistors in parallel first

Il
+
+

1 =1+1+3
R, 12
1 =35
R, 12

5
Then add the resistances in series
46+2.4+7=14Q

14, [=V =2amps
R
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ANSWERS

15.C
16.B
17.C
18.B
19.B
20.B
21.B
22.B
23B
24B
25.C
26.C
27.C
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CHAPTER TWO - SWITCHES
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2.1 SWITCHES

The initiation and control of aircraft circuits is achieved by switches and relays. Some typical
switches are described here.

Toggle switch
A general purpose switch common in older aircraft having a number of isolating contacts inside.

Can be a two position switch (on or off) or a multi position switch sprung biased to the centre
or off position and then pressed and held to select in the desired direction.

OFF ON OUT OFF IN

N

28— ON 28V
O

Oo——
ouT
TWO POSITION THREE POSITION
Figure 2.1
Switchlight
Switchlights have largely superceded toggle
switches in modern aircraft and combine the
functions of a switch with a push action and an
indicator light for the associated function.
T O IDG
i "R GUARDED MOMENTAR
There are two basic types HSR\;HSL ::¢__ GUARDED MOMENTARY
a) Momentary action press and hold ‘to ——c S ORFIELD
activate, release to deactivate. # DIFF

=
}TP\ ALTERNATE

SWITCHLIGHT WITH
FLOWBAR INDICATOR

b) Alternate action press and release to
activate, press and release a second time
to deactivate.

The indicator in the lens confirms the selected
position or provides a warning which requires the Figure 2.2
switch to be selected.
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Guarded Switches

Toggle switches or switchlights can be guarded to prevent inadvertent operation. Eg. Generator
disconnect, fuel dump master. (See previous diagram)

Micro switch

Microswitches are still used in modern aircraft to detect the position of a particular device eg.
Door open or closed.

The name Microswitch describes the small movement between the ‘make and break’ position.
Microswitches can activate indications on the flight deck or control relays for a sequenced
operation. Largely replaced by proximity detectors nowadays.

OPERATING

PLUNGER MOVING

CONTACT

COMMON
TERMINAL

FIXED
TERMINALS

Figure 2.3

Bi-metallic switch (Thermal switch.)
Bi-metallic switches are temperature sensitive switches and are activated when a threshold value

of temperature is reached to provide an indication to the pilot or to activate / deactivate a circuit.
Eg Fire detection circuits, battery overheat switch, oil tem warning light.

1.2-2 © Oxford Aviation Services Limited



DC ELECTRICS SWITCHES

2.2

PROXIMITY DETECTORS

Proximity Detectors are electrical or electronic sensors that respond to the presence of a material.
The electrical or electronic response is used to activate a switch, relay or transistor. There are
many types of proximity detectors, the major types being inductive, capacitive and magnetic.
The inductive and magnetic sensors need the monitored material to be metal, but the capacitive
type can monitor either metal or non-metal materials.

Inductive Type. This type of sensor has an inductance coil whose inductance changes when a
ferromagnetic material (target) is brought into close proximity with it.

T0
PROXIMITY  {

SWITCH

Figure 2.4

This type of sensor is used in undercarriage system in place of micro switches. A typical
undercarriage system is described below. Each proximity switch consists of three components:

a) A printed circuit card located in what is called the landing gear accessory unit.
b) A sensor located on appropriate landing gear structure.
c) An actuator (or target) for each sensor, located adjacent to its sensor.

The proximity sensor is a hermetically sealed unit, and is actuated by the presence of the actuator
or target, ie. it is not touched by it. As a result, the proximity switch is unaffected by
atmospheric conditions, and is highly reliable.
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Capacitive Type. In this type of sensor detection is made by a capacitor undergoing a
capacitance change owing to the proximity of material.

The capacitive proximity detector is an extremely versatile device in that it is capable of
detecting all materials, liquid and solid. As well as detecting the presence of a ferrous or non-
ferrous target, it can be used to detect high or low liquid levels in a hydraulic or fuel system.

Magnetic Type. A coil situated in a magnetic field will have an emf induced in it if the
magnetic flux changes. The magnitude of the induced emf will depend on the rate at which the
flux is changed. These are the basic principles on which the magnetic proximity detectors
operate.

In its simplest form, a coil is wound around a bar magnet and one pole of the magnet is then
located close to a ferrous object. If the ferrous object moves, the flux in the magnetic changes
and an emf is induced in the coil. If a number of ferrous objects move past the magnet, a train
of pulses is induced in the coil.

Magnetic detectors are most commonly used in conjunction with mild steel gear wheels, each
tooth in the wheel being, in effect, a ferrous object. The detector is located radially and close
to the periphery of the wheel and provides an output having a frequency equal to the frequency
of passage of the teeth past the detector.

Figure 2.5
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UPLOCK SENSOR

ACTUATOR —>» &

(TARGET) \L’ .
~ TELEFLEX
ACTUATOR ) /CABLE
(TARGET) \\\ MV
DOWNLOCK Mtar N

SENSOR ),

Figure 2.6 Landing Gear Position Sensors

23 TIME SWITCHES
Time switches or relays can be initiated electrically or mechanically to activate a circuit after a
specific time interval has occurred. Eg. Auxiliary power unit air intake door closes 30 seconds
after APU has shut down.

2.4 CENTRIFUGAL SWITCHES

These can be set to activate or de-activate a circuit as the rpm of a device increases or decreases.
Eg. Starter motor cut out switch.

1.2-5 © Oxford Aviation Services Limited



CHAPTER THREE - CIRCUIT PROTECTION AND CAPACITORS

Contents

Page
3.1 ELECTRICAL FAULTS . ... e 1.3-1
3.2 CIRCUIT PROTECTION DEVICES . ... .. ... i 13-1
33 FUSES o 1.3-1
34 THE CARTRIDGE FUSE . . ... . e 1.3-2
35 SPARE FUSES. ... o 13-3
3.6 HIGH RUPTURE CAPACITY (HRC)FUSES. ......... ... .. .. ... 13-3
3.7 DUMMY FUSES. . e e 13-4
3.8 CURRENT LIMITERS . ... e 13-4
3.9 CIRCUIT BREAKERS ... ... i e 13-5
3.10 REVERSE CURRENT CIRCUIT BREAKERS. ....................... 1.3-6
3.11  CAPACITORS .. e e e 13-7
312 CAPACITANCE . ... e e e 1.3-8
313 CAPACITORINADCCIRCUIT ...t 1.3-9
3.14 CAPACITORINANACCIRCUIT ..... ..., 1.3-10
3.15 CAPACITORSINPARALLEL .........c.iiuiiiiiniiniiaannnn 1.3-11
3.16 CAPACITORSINSERIES ......... e 1.3-11
SELF ASSESSMENT QUESTIONS . ... o i 1.3-13

© Oxford Aviation Services Limited



DC ELECTRICS CIRCUIT PROTECTION AND CAPACITORS

31

3.2

33

ELECTRICAL FAULTS

In an electrical circuit, abnormal conditions may arise for a variety of reasons, which can cause
over current or over voltage conditions.

If allowed to persist, these abnormal conditions or faults will lead to damage or destruction of
equipment and in extreme cases, loss of life. Certainly the essential power supplies will fail, and
it is therefore necessary to protect circuits against all such faults, by the use of fuses and circuit
breakers.

CIRCUIT PROTECTION DEVICES

There are a number of protection devices used in aircraft electrical systems but only 2 basic
types are discussed here:

a) Fuses.
b) Circuit breakers.

The fundamental difference in the type of protection provided by fuses and circuit breakers is
in their time of operation relative to the attainment of maximum fault current.

A fuse normally opens the circuit before full fault current is reached, whereas the circuit breaker
opens after the full fault current is reached.

This means that when circuit breakers are used as the protection device, both the circuit breaker
and the component must be capable of withstanding the full fault current for a short time.

The circuit breaker has the capability, which the fuse has not, of opening and closing the circuit,
and can perform many such operations before replacement is necessary, it may also be used as
a circuit isolation switch.

FUSES

There are 3 basic types of fuse currently in use on aircraft:

a) cartridge fuse.

b) high rupture capacity (HRC) fuse.

c) current limiter fuse.
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34

THE CARTRIDGE FUSE

CIRCUIT PROTECTION AND CAPACITORS

The cartridge type fuse consists of a tubular glass or ceramic body, 2 brass end caps and a fuse

element.

The element may be one of the following:

a) tinned copper wire.
b) silver wire.
c) a strip of pure zinc - electro tinned.

HOLDER

CLAMP
NUT

TERMINALS
FUSE CARTRIDGE

(@

CEMENT

FUSE
ELEMENTS

RESISTANCE
WIRE

CERAMIC

SAND

CEMENT

(b)

Figure 3.1. Typical Fuses, (a) A Light Duty Circuit Fuse. (b) A High Rapturing
Capacity Fuse.

The latter type element is generally used in heavy duty circuits, the zinc strip being cut to a

specified width.

A fuse operates when the current flowing through it is sufficient to melt the wire or strip
element, the time taken varying inversely with the current.

All fuses are rated at a specific current value, i.e. the rating indicates the current they will carry
continuously or intermittently without unduly heating up or deteriorating.

The rating of a fuse for a particular circuit is such that it is not less than the normal current
flowing in the circuit, but that it operates (‘blows') at a current level below the safety limit of the

equipment or cable used.

1.3-2
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3.5

3.6

For this reason only the specified fuse should be used in a particular circuit. The diagram shows
typical aircraft fuses, the ratings can vary between .5 and 500 amps, the higher ratings being
limited to the HRC or current limiter types.

Fuses are made of a type of wire which has a low melting point, and when it is placed in series
with the electrical load it will melt, blow or rupture when a current of higher value than its
ampere rating is placed upon it.

Fuses are rated in 'amps'.

A blown fuse may be replaced with another of the correct rating once only. If it blows again
when switching on there is a defect in the system and the fuse must not be changed again until
the circuit has been investigated.

SPARE FUSES.

The carriage of spare fuses is mandatory, the quantity of spares being at least 10% of the number
of each rating installed, with a minimum of 3 of each.

HIGH RUPTURE CAPACITY (HRC) FUSES.

The high rupture capacity (HRC) fuse is an improvement on the cartridge type fuse. It is used
mainly for high current rated circuits.

The body is a ceramic material of robust construction and has one or more element holes. The
element holes are filled with powdered marble or clean quartz sand. The end caps are of plated

brass or copper.

The HRC has the following advantages over the normal glass cartridge type;-

a) more accurate operation.

b) operates without flame.

c) does not deteriorate with age, i.e. sagging etc.
d) is more robust.

e) operates rapidly.

f) is not affected by ambient temperature .
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3.7

38

DUMMY FUSES.

Aircraft electrical circuits which are not in use will have dummy fuses fitted. If it is necessary
to isolate a particular circuit by the removal of the fuse in order that the system be made 'safe'
or for work to be carried out, a dummy fuse or fuse holder should replace the fuse which has
been removed.

To distinguish the dummy fuse, a red streamer is attached to it.

Dummy fuse links are manufactured to standard fuse dimensions from red plastic, the centre
portion being square in section with corrugated sides to facilitate identification.

Services protected by circuit breakers are made safe in a similar manner, a warning flag or plate
is clipped to the tripped circuit breaker, indicating that the service has been rendered safe for
servicing.

CURRENT LIMITERS

Current limiters, as the name
suggests, are designed to limit the
current to some pre-determined
amperage value.

They are also thermal devices, but
unlike ordinary fuses they have a high
melting point, so that their
time/current characteristics permit them
to carry a considerable overload current
before rupturing.

For this reason their application is
confined to the protection of heavy-
duty power distribution circuits. The
output of a Transformer Rectifier Unit
would be a prime location for a current
limiter to be used.

Figure 3.2 A Typical Current Limiter (An
Airfuse).

A typical current limiter (manufactured under the name of 'Airfuse') is illustrated in Figure 3.2.
it incorporates a fusible element which is, in effect, a single strip of tinned copper, drilled and
shaped at each end for form lug type connections, with the central portion 'waisted' to the
required width to form the fusing area.

The central portion is enclosed by a rectangular ceramic housing, one side of which is furnished
with an inspection window which, depending on the type, may be glass or mica.
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3.9

CIRCUIT BREAKERS

Circuit breakers combine the function of fuse and switch and can be used for switching circuits
on and off in certain circumstances.

They are fitted to protect equipment from damage resulting from overload, or fault conditions.
The design and construction of circuit breakers is wide and varied.

Generally, the circuit breaker incorporates an automatic thermo-sensitive tripping device and a
manually or electrically operated switch.

Some electrical operated circuit breakers may also include electromagnetic and reverse current
tripping devices.

The smaller type single button circuit breakers, shown in the diagram, range from 5 amps to 45
amps, whereas the larger reverse current circuit breakers can be rated up to 600amps.

Figure 3.3 shows two typical circuit breakers, the single push pull button type has a white marker
band to assist in identifying a 'tripped' circuit breaker amongst a panel of many.

The circuit breaker at (b) is fitted with a "manual trip" button and is more usually associated with
a heavy duty circuit.

(a) SHAKEPROOF
TERMINALS WASHER

MOUNTING

uT
‘PUSH PULL’
BUTTON

HOUSING WHITE

MARKER

;SET
TERMINAL || -« "%

COVER
MOULDING

(b)

Figure 3.3 Circuit Breakers.
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3.10

Circuit breakers are common on the flight deck of modern aircraft and can be categorised as
either;-

a) a Non-Trip Free Circuit Breaker, or
b) a Trip Free Circuit Breaker.

The non-trip free circuit breaker may be held in under fault conditions and the circuit will be
made, this is clearly dangerous.

The Trip free circuit breaker if held in under the same circumstances the circuit can not be
made.

Pressing the re-set button will reset either circuit breaker if the fault has been cleared.
REVERSE CURRENT CIRCUIT BREAKERS.

These circuit breakers are designed to protect power supply systems and associated circuits
against fault currents reversing against the normal current direction of flow of a magnitude

greater than those at which cut-outs normally operate.

They are furthermore designed to remain in a "locked-out" condition to ensure complete
isolation of a circuit until a fault has been cleared.
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3.11

CAPACITORS

Introduction:

A capacitor can perform three basic functions:

1. Store an electrical charge by creating an electric field between the plates.
2. Will behave as if it passes Alternating Current

3. Blocks Direct Current flow

Construction:

In its simplest form a capacitor consists of two metal plates separated by an insulator called a
dielectric. Wires connected to the plates allow the capacitor to be connected into the circuit.

Figure 3.4 shows the construction of a simple capacitor

DIELECTRIC PLATES
<«

ELECTRICAL
CONNECTIONS

Figure 3.4
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Symbols:

Figure 3.5 shows the electrical circuit symbols for various capacitors. With the polarised
capacitor it is important to connect the positive terminal to the positive supply. Non-polarised
types can be connected either way round

FIXED (Non polarised) FIXED (Polarised)

VARIABLE PRESET

Figure 3.5 CAPACITOR SYMBOLS

3.12 CAPACITANCE

The capacitance (C) of a capacitor measures its ability to store an electrical charge. The unit of
capacitance is the FARAD (F). The farad is subdivided into smaller, more convenient units.

1 micro farad (1uF) = 1 millionth of a farad = 10%F
1 nano farad (1nF) = 1 thousand millionth of a farad =10°F
1 picofarad (1pF) = 1 millionth millionth of a farad = 10"°F

Factors Affecting Capacitance:

a) Area of the plates - a large area gives a large capacitance
b) Distance between the plates - a small distance gives a large capacitance
c) Material of the dielectric - different materials give different values of capacitance eg.

paper, mica, air, fuel. The value of the di€lectric is referred to as the dielectric constant
(k). For example, waxed paper has a % value of about 3, whereas airhasa kof 1. So a
capacitor having waxed paper as its dielectric would have 3 times the capacitance of the
same capacitor having air as its dielectric.
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3.13

Working Voltage:

This is the largest voltage DC or Peak AC which can be applied across the capacitor. It is often
marked on the case of the capacitor and if it is exceeded the dielectric may break down and
permanent damage result.

CAPACITOR IN A DC CIRCUIT

Figure 3.6 shows a capacitor in series with a battery and a switch. If the switch is closed
electrons are pushed by the battery on to plate Y building up a negative charge. This charge
exerts a repelling force across the dielectric which causes electrons to leave the plate X and be
attracted to the positive plate of the battery. While this charging action is taking place electrons
are passing through the connecting wires but no current flows through the dielectric.

-
Electrons X
41 + 4+ +

12v ;
1 12 v ¢ Electric
.. m Field

Electrons
—_—>

Figure 3.6

After a short time the difference in charge between the plates results in a potential difference
existing between the plates. The flow of electrons will reduce and stop when the potential
difference between the plates is equal to the supply voltage. The capacitor is now fully charged,
current has stopped flowing, the plates are said to be charged and there exists an electric field
between the plates. The capacitor is now blocking DC flow.

If the switch is opened and the capacitor is disconnected from the battery it holds its charge: a

capacitor stores electrical energy by the formation of an electric field between the plates.
The capacitor will only discharge if it is now connected to an external circuit.

1.3-9 © Oxford Aviation Services Limited



DC ELECTRICS CIRCUIT PROTECTION AND CAPACITORS

3.14 CAPACITOR IN AN AC CIRCUIT

Figure 3.7 shows the battery replaced with an Alternating Current Supply. A light bulb is placed
in series with the supply and the capacitor.

As the terminals X and Y are now changing from positive to negative at a rate depending on the
frequency of the supply, current is first flowing in one direction, reversing and flowing in the
opposite direction. The capacitor is charging in one direction, discharging and then charging in
the opposite direction. This process continues until the supply is disconnected. The bulb will
be continuously ON. Current flows in the wires but no current flows through the dielectric.

Therefore: A capacitor appears to pass AC
\‘//// Fi N/
sQ, ilament \:Q'/
Y Electron ket AC _/\/ Electron — immm
flow — Supply flow
-T- + +] +

N *_

+

(a) (b)

Figure 3.7
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3.15 CAPACITORS IN PARALLEL

Capacitors connected in parallel are effectively increasing the area of the plates. The total
capacitance C, can be found by adding the individual capacitances:

C;-C,+C, etc

Ci1

—O0 < O——

Figure 3.8

3.16 CAPACITORS IN SERIES

Capacitors in series have effectively increased the distance between the plates and therefore the
total capacitance has decreased. The total capacitance is found by using the formula for
resistances in parallel:

1 =1+1
C; C, C, etc

Somnn | me |
Ci C2

Figure 3.9
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CIRCUIT BREAKERS
ELECTRICS
1. In a circuit fitted with a non trip free circuit breaker if a fault occurs and persists:
a) if the reset button is depressed and held in, the circuit will be made.
b) the trip button may be pressed to reset, but not permanently.
c) a non trip free circuit breaker can never be by-passed.
d) the reset button may be pressed to make the circuit permanent.
2. A trip-free circuit breaker that has tripped due to overload:
a) can be reset and held in during rectification.
b) can never be reset.
c) can be reset after overhaul.
d) maybe reset manually after fault has been cleared.
3. Circuit breakers and fuses
a) are used in DC circuits only
b) are used in AC or DC circuits
c) are used in AC circuits only
d) are used in low current circuits only
4. A trip-free circuit breaker is one which:
a) cannot be reset by holding the lever in while the fault persists.
b) can be reset by holding the lever in while the fault persists.
c) must be held in during checks to find faults.
d) can be by passed.
5. If the reset button is pressed in the trip-free circuit breaker, the contacts with the fault cleared
will:
a) be made and kept made.
b) only be made if there is a fuse in the circuit.
c) reset itself only after a delay of 20 seconds.
d) not be made and the reset will remain inoperative.
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6.

10.

A circuit breaker is a device for:

a)
b)
c)
d)

controlling rotor movement only.

isolating the service on overload.

isolating the battery when using the ground batteries.
earthing the magnetos when switching off.

A non-trip free circuit breaker is:

a)
b)
c)
d)

one which can make a circuit in flight by pushing a button.
a wire placed in a conductor which melts under overload.
another type of voltage regulator.

an on-off type tumbler switch.

A non-trip-free circuit breaker that has tripped due to overload:

a)
b)
c)
d)

can never be reset.

can be reset but must not be held in.

can be reset and held in if necessary.

cannot be reset while the fault is still on and must be by passed to make the circuit in an
emergency.

A thermal circuit breaker works on the principle of:

a)
b)
c)
d)

differential expansion of metals.
differential thickness of metals.
differential density of metals.
differential pressure of metals.

Circuit breakers are fitted in:

a)
b)
©)
d)

series with the load.
parallel with the load.
across the load.

shunt with the load.
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FUSES
ELECTRICS
1. A fuse is said to have blown when:
a) an excess current has burst the outer cover and disconnected the circuit from the supply.
b) the circuit is reconnected.
c) a current of a higher value than the fuse rating has melted the conductor and
disconnected the circuit from the supply.
d) the amperage has been sufficiently high to cause the fuse to trip out of its holder and has
therefore, disconnected the circuit from the supply.
2. In a fused circuit the fuse is:
a) in parallel with the load.
b) in series with the load.
c) in the conductor between generator and regulator.
d) only fitted when loads are in series.
3. Overloading an electrical circuit causes the fuse to 'Blow'. This:
a) increases the weight of the insulation.
b) fractures the fuse case.
c) disconnects the fuse from its holder.
d) melts the fuse wire.
4. What must be checked before replacing a fuse:
a) the ohms of the circuit.
b) the amps being used in the circuit.
c) the amps capacity of the consuming device in the circuit.
d) the correct fuse volt or watts rating.
5. The size of fuse required for an electrical circuit whose power is 72 watts and whose voltage is
24 volts is:
a) 24 amps
b) 10 amps
c) 5 amps
d) 15 amps
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6. When selecting a fuse for an aircraft circuit the governing factor is:
a) the voltage of the circuit.
b) cable cross sectional area.
c) resistance of the circuit.
d) power requirements of the circuit.
7. A fuse in an electrical circuit is 'Blown' by:
a) cooler air.
b) the breaking of the glass tube.
c) excess voltage breaking the fuse wire.
d) excess current rupturing the fuse wire.
8. A fuse is used to protect an electrical circuit, it is:
a) of low melting point.

b) of high capacity.
c) of high melting point.

d) of low resistance.
9. Fuses:
a) protect the load.
b) protect the cable.
c) protect the generator.

d) protect both the circuit cable and load.

10. A current limiter:
a) isafuse with a low melting point.
b) is a circuit breaker.
c) is a fuse with a high melting point.
d) is a fuse enclosed in a quartz or sand.
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DC ELECTRICS

4.1

BATTERIES

BATTERIES

The purpose of a battery in an aircraft is to provide an emergency source of power when the
generator is not running and to provide power to start the engine.

A battery is made up of a number of cells which convert chemical energy into electrical energy
by a transfer of electrons from one material to another causing a potential difference between
them. During the transfer of electrons the chemical composition of the two materials changes.

Primary Cell

A primary cell consists of two
electrodes immersed in a
chemical called an electrolyte. The
electrolyte encourages electron
transfer between the electrodes
until there is a potential
difference between them. When
the electron transfer ceases the
cell is fully charged and the
potential difference is
approximately 1.5 Volts
between the two electrodes.

— VOLTAGE +
— +] ELECTRODES

C <ol

- +

Il «€«© [t

- M ELECTROLYTE
<o |

Figure 4.1. A Primary Cell

When the positive and negative terminals are connected to an external circuit electrons flow
from the negative terminal to the positive terminal through the circuit. At the same time more
electrons are allowed to transfer inside the cell from the positive electrode to the negative
electrode. As this circulation of electrons continues the negative electron slowly dissolves in
the electrolyte until it is eventually eaten away and the cell is then “dead” and is discarded.

Primary cells cannot be recharged.

DRY CELL - (PRIMARY)

ZINC PLATE
(NEGATIVE)

CARBON ROD
(POSITIVE)

ELECTROLYTE —

Figure 4.2. A Dry Cell (Primary)

.4-1
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DC ELECTRICS BATTERIES

4.2

SECONDARY CELLS

Secondary cells work on the same principle as primary cells but the chemical energy in the cell
can be restored when the cell has been discharged by passing a “charging current” through the
cell in the reverse direction to that of the discharge current. In this way the secondary cell can
be discharged and recharged many times over a long period of time

During recharging electrical energy is converted into chemical energy which is retained until the
cell is discharged again.

The Capacity of a cell is a measure of how much current a cell can provide in a certain time.
Capacity is measured in Ampere hours (Ah) and is determined by the area of the plates, the
bigger the cell the greater its capacity.

A cell with a capacity of 80 Ah should provide a current of 8A for 10 hours, or 80 A for
1 hr. Theoretically that should be true but in practice the capacity will reduce as the rate of
discharge is increased. Capacity is normally measured at the 1 hour rate.

A single cell battery may be used on its own or cells may be connected ‘in series’ or ‘in parallel’
depending upon the voltage and capacity required

For cells in series the positive terminal of one cell is connected to the negative terminal of the
next and so on. The total voltage is the sum of the individual cell voltages. But the capacity is
that of one cell.

For cells in parallel the positive terminals are joined together and the negative terminals are

joined together. The total voltage is that of one cell but the capacity is the sum of the individual
cell capacities.

, 2v 2v 2v i
+|_+ -+ - 2v| 10ah
1 uF

i

10ah 10ah 10ah 2v] 10ah

+] -
|
2v| 10ah

—— 0O 6v 10ah O——

O 2v 30ah O——

Cells in series Cells in parallel
Figure 4.3
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4.3 LEAD ACID BATTERY
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Figure 4.4

One of the most common types of secondary cell is the Lead Acid cell.

The active material of the positive plate is lead peroxide and the negative plate is spongy lead,
both plates are immersed in an electrolyte solution of water and sulphuric acid. The container
is glass or hard plastic with a filler cap to allow replenishment of distilled water, which is lost
through evaporation during use. A vent hole in the cap allows the escape of hydrogen gas, which
is produced when the cell is working

The state of charge of a lead acid cell can be determined by measuring the strength of the
electrolyte solution . This is done with a hydrometer which measures the specific gravity. A fully

charged cell will have a specific gravity of 1.27, a discharged cell will have a specific gravity
of 1.17.

When the cell is connected to an external circuit and current is flowing lead sulphate is formed
at both plates and the specific gravity will fall as the acid becomes weaker. When the SG has
fallen to 1.17 and the voltage to 1.8 volts the cell should be recharged.

To charge a cell it is connected to a battery charger which applies a slightly higher voltage to the
cell and causes current to flow in the reverse direction through the cell. While this is happening
the lead sulphate which had been deposited on the plates is removed and the SG of the
electrolyte rises to 1.27. The voltage ‘on load’ should have returned to just above 2V.
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When charging a lead-acid battery it is important that the rate of charge is controlled. Charging
too quickly can cause ‘gassing’ and evaporation to occur which may lead to boiling the battery
dry and causing damage to the plates.

TERMINAL VOLTAGE 2.2V

NEGATIVE — POSITIVE PLATE
FSLPA(;EGY LEAD) [\ QE:I (LEAD PEROXIDE)

ELECTROLYTE
(SULPHURIC ACID
AND WATER)

BNETTTzIIT: P+

h

Figure 4.5. A Lead Acid Secondary Cell.

The specific gravity of the electrolyte is an indication of the battery's state of charge or
serviceability. The value of the specific gravity is checked using a hydrometer. The level of
the electrolyte is maintained just above the top of the plates by topping up with distilled water.
Loss of water is caused by gassing at the plates when fully charged.

The on load voltage of each cell of a lead acid battery is 2 volts.

The off-load voltage of each cell of a lead acid battery is 2.2 volts.

Electrolytes are highly corrosive and if spilled in aircraft can cause extensive damage.

The neutralising agent to be used for an acid electrolyte is a sodium bicarbonate solution.
The performance of a battery is affected by temperature. In low temperatures the rate of
discharge is decreased because of higher internal resistance. In warm temperatures the battery
rate of discharge will increase. In general the battery performs better in warm temperatures (just
like your car battery). As a lead acid battery discharges the specific gravity of the electrolyte
reduces. In freezing temperatures with a discharged battery there is a risk of the electrolyte

freezing. It is therefore important to maintain the battery in a fully charged state during winter
operations.
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Fig 4.6 shows free liquid type of lead acid battery where the electrolyte is in liquid form and
Fig.4.7 shows an absorbed liquid type of lead acid battery where the electrolyte is absorbed into
the active materials in the plates making it less prone to spillage.

CELL BLOCK BASE MAT

Figure 4.6. Lead Acid Battery (Free Liquid Type).

CONNECTOR INSULATOR CARRYING HANDLE

CONNECTOR BAR
VENT STOPPER & WASHER

COVER LOCKING RING

COVER
COVER GASKET

CANNON PLUG

CANNON RECEPTACLE o
(INCLUDING 2 CONTACT SLEEVES) k. TN CONTAINER

TERMINAL CONNECTOR

TERMINAL INSULATOR

Figure 4.7. Lead Acid battery (Absorbed Liquid Type)
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4.4

ALKALINE BATTERY (NICKEL CADMIUM, Ni-Cad)

Lead acid batteries are still used in some smaller aircraft but have been largely superceded by
Nickel Cadmium (alkaline type) batteries. These use different materials for their plates and
electrolyte. The plates are mickel oxide and cadmium and the electrolyte is potassium
hydroxide.The Specific Gravity (S.G.) of the electrolyte is 1.240 - 1.300

The on load voltage of one cell is about 1.2 volts.

Unlike the lead acid battery, the relative SG of the nickel-cadmium battery electrolyte does not
change and the voltage variation from "fully charged" to "fully discharged" is very slight. The
only way to determine the state of charge is to carry out a measured discharge testi.e. a capacity
test.

The terminal voltage remains substantially constant at 1.2V throughout most of the discharge.
Due to its low internal resistance it is also capable of supplying high current during its discharge
cycle and low current during recharging without violent fluctuations of terminal voltage.

NiCad batteries have a low thermal capacity, the heat generated in certain conditions is faster
than it can dissipate, so causing a rapid increase in temperature.

This has the effect of lowering the effective internal resistance thus allowing an ever increasing
charging current, which, unless checked, leads to the total destruction of the battery.

This condition is known as a thermal runaway, and can cause so much heat that the battery may
explode. For this reason the charging of the battery must be closely monitored and includes some
safety features

A built-in thermal switch monitors the temperature and operates on a pre-set value of
temperature. This effectively isolates the battery from the charging source until a reduction in
temperature reverts the switch back to its normal position. Associated with the temperature
switch may be an indicator light on the flight deck to alert the pilot.

The nickel cadmium battery, however, is more robust and can hold a constant terminal voltage
much better during the discharge cycle. It is therefore much preferred in large modern aircraft
because in the event of a total failure of the aircraft generators the Ni-Cad battery will provide
a much more stable voltage.

Figure 4.8 is a graphical representation of a comparison of the discharge voltage of a lead acid
against a Ni-cad during discharge.
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4.5

2.2v 7
Lead acid
1.3v AL Ni-Cad ~
Discharge time
Figure 4.8
BATTERY CHECKS

The Capacity of a Battery is the product of the load in amperes that the manufacturers state it
will deliver, and the time in hours that the battery is capable of supplying that load.

The capacity is measured in ampere hours (A/H).

A 40 A/H battery when discharged at the 1 hour rate should supply 40 amps for the 1 hour. This
is known as the 'rated load'. Alternatively the battery could supply 4 amps for 10 hours at the
10 hour rate.

Actual Capacity is determined by the battery's deterioration in service. If a 60 A/H battery when
discharged at the 1 hour rate lasts only for .7 hour, or 42 mins, then the actual capacity is 70%
of its rated capacity. In other words, the battery is only 70% efficient.

A Capacity Test, a test to determine the actual capacity of aircraft batteries, is carried out every
3 months, and the efficiency must be 80% or more for the battery to remain in service.

This capacity will ensure that essential loads can be supplied for a period of 30 minutes
following a generator failure.

Loads would include;- attitude information, essential communication equipment, lighting, pitot
heat, plus any other services necessary for continued safe flight, or loads which cannot easily be
shed.

Spare batteries will be held ready for use in the electrical workshop. Lead acid batteries are
stored in a charged state to prevent deterioration of the battery by sulphation, (para 4.3). Ni Cad
batteries can be stored in a discharged state with no detrimental effect to the battery and
therefore have a longer storage life or ‘shelf life’.
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4.6

The On-load Check is carried out by applying the rated load to the battery circuit for a short
period of time, during which time the battery voltmeter reading must remain constant and not
fall below a stated value. Modern aircraft use times as low as 10 - 20 seconds with the rated
load selected.

The pilots Pre-Flight check of a battery may include comparing the ‘on load’ voltage with the
‘off load’ voltage to give an indication of the state of charge of the battery.

If the battery is not supplying any load then it is likely to show its nominal voltage, if the battery
is then loaded up by switching on selective loads (eg. pitot heater, landing lights, blower motors)
and the voltage is maintained then the battery is in a good state of charge. If the voltage falls
below a stated value within a time limit determined by the manual then the battery is in a low
state of charge and should be replaced.

BATTERY CHARGING

A Constant Voltage Charging system is employed with most lead acid batteries to maintain the
battery in a fully charged condition during flight. With this system the output voltage of the
generator is maintained constant at 14 volts for a 12 volt battery and 28 volts for a 24 volt
battery.

ie. The generator voltage exceeds the battery voltage by 2 volts for every 12 volts of battery
potential.

With alkaline batteries which are susceptible to thermal runaway it may be that a constant
current charging system is employed by a dedicated battery charger which monitors battery
temperature and voltage. Some charging systems use a method known as pulse charging , and
once the battery is up to 85% capacity, the battery charger delivers short pulses of charging
current.

NOTE:

After starting an engine using the aircraft's battery, whether it is a lead acid battery or an alkaline
battery, the generator, when it is on line, recharges that battery.

This is indicated by the high initial reading on the generator's ammeter or the battery ammeter.
This reading should quickly reduce as the battery is recharged, but if the charge rate increases,

or remains high, it could be an indication of a faulty battery.

A high charge rate could result in a battery overheating and subsequent damage.
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4.7

BATTERIES
SECONDARY BATTERIES SUMMARY
Figure 4.9 is a summary of secondary batteries.
Secondary batteries: |DISCHARGED
Summary.
POSITIVE | NEGATIVE | ELECTROLYTE | SPILLAGE S.G.
LEAD-ACID
Sodium 1.270
bicarbonate
+ water
ALKALINE
Boric acid 1.240 -
1.300

Figure 4.9 Secondary Batteries Summary
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BATTERIES 1
1. Battery voltage is tested with:
a) a megometer.
b) a voltmeter on rated load.
c) an ammeter with a rated voltage.
d) a hygrometer.
2. Two 12V 40 amp/hour batteries connected in series will produce:
a) 12V 80 amp/hr
b) 12V 20 amp/hr
c) 24V 80 amp/hr
d) 24V 40 amp/hr
3. Two 12V 40 amp/hour batteries connected in parallel will produce:
a) 12V 80 amp/hr
b) 24V 80 amp/hr
c) 12V 20 amp/hr
d) 24V 40 amp/hr
4. A battery capacity test is carried out:
a) 6 monthly
b) 2 monthly
c) 3 monthly
d) every minor check
5. An aircraft has three batteries each of 12 volts with 40 amp/hr capacity connected in series. The

resultant unit has:

a) a voltage of 36 and a capacity of 120 amp/hr.
b) a capacity of 120 amp/hr and a voltage of 12.
c) a capacity of 36 amp/hr and 120 watts.

d) a voltage of 36 and a capacity of 40 amp/hr.
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6.

10.

An aircraft has a battery with a capacity of 40 amp/hr. Assuming that it will provide its normal
capacity and is discharged at the 10 hour rate:

a) it will pass 40 amps for 10 hrs.
b) it will pass 10 amps for 4 hrs.
c) it will pass 4 amps for 10 hrs.
d) it will pass 40 amps for 1 hr.

Battery capacity percentage efficiency must always be:

a) 10% above saturation level
b) above 70%
c) above 80%
d) above 90%

The method of ascertaining the voltage of a standard aircraft lead-acid battery is by checking:
a) the voltage on open circuit.

b) the current flow with a rated voltage charge.

c) the voltage off load.

d) the voltage with rated load switched ON.

A battery is checked for serviceability by:

a) using an ammeter.

b) measuring the specific gravity of the electrolyte.
c) a boric acid solution.

d) using an ohmmeter.

In an AC circuit:

a) the battery is connected in series.
b) a battery cannot be used because the wire is too thick.
c) a battery cannot be used because it is DC.

d) only NICAD batteries can be used.
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BATTERIES 2
1. The specific gravity of a fully charged lead acid cell is:
a) 1.270
b) 1.090
c) 1.120
d) 0.1270
2. The nominal voltage of the lead acid cell is:
a) 1.2 volts
b) 1.5 volts
c) 1.8 volts
d) 2.0 volts
3. A lead acid battery voltage should be checked:
a) on open circuit
b) using a trimmer circuit
c) with an ammeter
d) on load
4. In an aircraft having a battery of 24 volts nominal and fully charged the voltmeter would read:
a) 22 volts
b) 24 volts
c) 26 volts
d) 28 volts
5. The system used to maintain aircraft batteries in a high state of charge is the:
a) constant current system.
b) constant load system.
c) constant resistance system.
d) constant voltage system.
6. If you connect two identical batteries in series it will:
a) double the volts and halve the capacity.
b) reduce the voltage by 50%.
c) double the volts and leave the capacity the same.
d) double the volts and double the amps flowing in a circuit with twice the resistance.
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7.

10.

The nominal voltage of an alkaline cell is:

a)
b)
c)
d)

The specific gravity of a fully charged alkaline cell is:

a)
b)
c)
d)

2.2 volts
1.8 volts
1.2 volts
0.12 volts

0.120-0.130
1.160

1.240 - 1.30
1.800

The electrolyte used in the lead acid cell is diluted:

a)
b)
c)
d)

The electrolyte used in an alkaline battery is diluted:

a)
b)
¢)
d)

hydrochloric acid.
sulphuric acid.

boric acid.
potassium hydroxide.

a saline solution.

sulphuric acid.

cadmium and distilled water.
potassium hydroxide solution.

1.4-14
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BATTERIES 3
l. The number of lead acid cells required to make up a Twelve Volt Battery is:
a) 8
b) 12
c) 6
d) 10
2. A Voltmeter across the terminals of a battery with all services off will indicate:
a) electromotive force.
b) resistance.
c) a flat battery.
d) residual voltage.
3. The voltage of a secondary cell is:
a) determined by the number of plates.
b) determined by the area of the plates.
c) determined by the diameter of the main terminals.
d) determined by the active materials on the plates.
4. The level of the electrolyte must be maintained:
a) just below the top plate.
b) above the plates level with the filler cap.
c) one inch below the top of the plates.

d) just above the top of the plates.

5. To top up the electrolyte add:
a) sulphuric acid.
b) distilled water.
c) sulphuric acid diluted with distilled water.

d) boric acid.

6. Non-spill vents are used on aircraft batteries to:
a) prevent spillage of electrolyte during violent manoeuvres.
b) stop spillage of the water only.
c) prevent the escape of gases.

d) prevent spillage during topping-up.
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7.

10.

The capacity of a lead acid battery is:

a) determined by the area of the plates.

b) determined by the active materials on the plates.
c) determined by the size of the series coupling bars.
d) determined by the number of separators.

Acid spillage in an aircraft can be neutralised by using:

a) caustic soda.

b) soap and water.

c) soda and water.

d) bicarbonate of soda and water.

When the battery master switch is switched off in flight:

a) the generators are disconnected from the bus bar.
b) the ammeter reads maximum.
c) the battery is isolated from the bus bar.

d) the battery is discharged through the bonding circuit diodes.

When the generator is on line the battery is:

a) in parallel with the other loads.
b) in series with the generator.
c) in series when the generator is on line and is relayed when the generator is off line.

d) load sharing.
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DC ELECTRICS MAGNETISM

5.1

MAGNETISM

A magnet has the following properties:

a) it will attract and pick up bits of iron and steel.

b) if freely suspended, it will come to rest pointing in a N-S direction.

c) a magnetic field (a region surrounding a magnet in which its magnetic effects can be
detected)

If iron filings are sprinkled on to a sheet of paper which is placed over a magnet, the filings
arrange themselves into a distinctive pattern. They trace out invisible lines of influence in the
magnetic field. These lines are called lines of flux or lines of force.

We can give direction to the lines of flux by putting arrowheads on them in the direction a
compass needle would point if placed in the magnetic field.

Lines of flux of a magnet emerge from the N pole and re-enter at the S pole.

Although, in diagrams, some lines of flux are shown incomplete they are in fact always
continuous.

Lines of flux never cross.

When two magnets are brought close together their resultant field is modified by the fact that
lines of flux cannot cross. Where lines of flux from the two magnets are in the same direction
they reinforce one another and the flux density is increased.

When lines of flux from the two magnets oppose one another they tend to cancel each other out.
Magnetic effects are most powerful at two points, usually near the ends of the magnet, called the
poles of the magnet.

When a magnet is freely suspended and comes to rest, the end nearest to the earth's magnetic
north pole is called the 'north seeking' or North (N) pole of the magnet. The other is the South
(S) pole. Ifthe N pole of a magnet is brought near the N pole of another magnet, the two poles
repel each other. Similarly two S poles repel each other.

Attraction occurs between a N and a S pole.

LIKE POLES REPEL
UNLIKE POLES ATTRACT
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Figure 5.1. Flux Distribution
5.2 TEMPORARY MAGNETS

Temporary magnets are made from soft iron which is easily magnetised but readily loses its
magnetic properties.

53 PERMANENT MAGNETS

Permanent magnets are made from hard alloy steels which are difficult to magnetise but
retain their magnetism well.

Figure 5.2. Temporary Magnet
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5.4

5.5

5.6

5.7

PERMEABILITY

If an unmagnetised piece of soft iron is placed in a magnetic field, the lines of flux concentrate
to flow through the iron. The iron itself becomes magnetised and produces additional lines of
flux.

This property of increasing the flux density is called permeability.

If it is removed from the magnetic field, the soft iron loses most of its magnetism. Soft iron is
said to have low magnetic retentivity. The little magnetism which remains is called its residual
magnetism.

MAGNETISM

Magnetism may be destroyed by:

a) heating the material.
b) hammering the material.
c) placing the material inside a solenoid which is supplied with an alternating current.

THE MOLECULAR STRUCTURE OF MAGNETS

In an unmagnetised piece of soft iron, the
molecules tend to form closed chains.
When the iron is magnetised, the
magnetised molecules tend to line up with
invisible lines of influence in the magnetic
field which are called the lines of flux.
When all the molecules line up, the magnet
is said to be saturated and it cannot be
magnetised further.

Figure 5.3. Molecular Distribution

THE MAGNETIC EFFECT OF A CURRENT

When a conductor carries a current, a magnetic field is set up about the conductor in the form
of concentric lines of flux.
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| CURRENT FLOW

Figure 5.4. Magnetic Effect of a Current

5.8 THE CORKSCREW RULE

If a right-handed corkscrew is turned so as to move in the direction of the conventional current
in the conductor, the direction of rotation of the corkscrew is the direction of the lines of flux.

INTO PAPER

-3

Figure 5.5. Direction of Current Flow

OUT OF PAPER
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5.9

5.10

5.11

5.12

THE MAGNETIC FIELD OF A SOLENOID

A solenoid (electromagnet) is a coil of a large number of turns of insulated wire. Between the
coils the flux cancels out. The field pattern is similar to that of a bar magnet. The polarity of
a solenoid may be found by the Right Hand Grasp Rule. Electromagnets and the principle of
electromagnetism play an vital part in the operation and control of many aircraft electrical
circuits.

THE RIGHT HAND GRASP RULE

If a solenoid is held in the right hand so that the fingers are curled round it pointing in the
direction of the conventional current, the outstretched thumb points to the North pole of the
solenoid.

THE STRENGTH OF THE FIELD OF A SOLENOID

The strength of the field of a solenoid can be increased by:

a) increasing the number of turns on the coil.
b) increasing the current.
c) using a soft iron core.

When the current is switched off the magnetic field collapses leaving a little residual magnetism
in the soft iron core.

SOLENOID AND RELAY
Solenoids and relays are nothing more than remotely controlled switches. By switching a small
current from the flight deck a large current can be switched at the solenoid or relay. Eg. The

starter solenoid in the starting circuit for a piston engine.

The solenoid has a moving core whereas the relay has a stationary core and an attracted
armature.

The wires that form the coil of the solenoid or relay are insulated and have no physical or
electrical contact with the circuit which is controlled by the contacts.
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5.13 THE FORCES ON A CONDUCTOR WHICH IS CARRYING A CURRENT

If a current carrying conductor is placed between two magnets, the interaction of the two
magnetic fields will produce a strong magnetic field on one side of the conductor and a weak
magnetic field on the other. The resultant stronger force will cause the conductor to move.

This is the basic motor principle and the direction of movement can be deduced by using
Fleming’s Left Hand Rule. This will be explained in the section dealing with motors.

\

FIELD
STRENGTHENED

FIELD WEAKENED
CONDUCTOR MOVES
IN DIRECTION OF
ARROW

Figure 5.9. Interaction Between Two Magnetic Fields
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MAGNETISM - SELF ASSESSMENT QUESTIONS

1. The area of force around a magnet is termed:
a) conductance.
b) stable.
c) magnetic resistance.

d) magnetic field.

2. When a magnet is unable to accept any further magnetism it is termed:
a) reluctance.
b) saturation.
c) active.
d) reactance.
3. Permanent magnets are manufactured from:
a) steel.
b) plastic.
c) liquid.
d) glass.
4. Magnetic lines of force flow externally from:
a) one main line station to another.
b) the master station.
) the north to the south pole.
d) in a random direction.
5. Which of the two poles has the greatest strength:
a) north seeking pole.
b) south seeking pole
c) both poles have the same strength.
d) the saturated pole.
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6.

Electromagnetism is a product of:

a) voltage.

b) current.

c) resistance.

d) engine resistance.

To increase electromagnetic force one would:

a) increase coil resistance.
b) reduce current flow.

c) lower EMF.

d) increase current flow.

If you bring two magnets together:

a) like poles will attract.

b) unlike poles will attract.

c) over heating will occur.

d) their magnetic fields will adjust to avoid overcrowding.

A soft iron core in an electromagnet:

a) increases flux density.

b) decreases flux density.

c) reduces arcing.

d) increases the lines of strength.

1.5-10
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DC ELECTRICS GENERATORS AND ALTERNATORS

6.1

ELECTROMAGNETIC INDUCTION

Batteries are a good source of DC electricity by conversion of chemical energy, but they are not
inexhaustible and will go flat after a period of time and need recharging. The primary source of
electricity in an aircraft is always the generator or alternator.

Magnetism can be used to generate electricity by converting mechanical energy to electrical
energy by Electromagnetic Induction.

If a conductor is moved in a magnetic field the conductor will ‘cut through’ the invisible lines
of flux. When this happens an Electromotive Force EMF (voltage) is induced into the conductor
as long as the conductor keeps moving. If the conductor stops the induced EMF ceases. It does
not matter if the conductor or the magnetic field is moved as long as there is relative movement
between the two.

If the conductor is connected to a complete circuit then a current will flow in the circuit in
proportion to the induced EMF.

Figure 6.1 The Situation With Relative Figure 6.2 The Situation With the
Motion Between the Magnet and the Magnet at Rest
Coil

Figure 6.3 The Direction of the Relative Motion
Determining the Direction of Current Flow
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Fleming’s Right Hand Rule

The direction of the current can be determined by Fleming’s Right Hand Rule (Figure 6.4). To
do so, align the first finger with the field from the North Pole to the South Pole. Point the thumb
in the direction of rotation and the second finger will show the current direction.

For example, in Figure 6.4 the first finger is aligned with the field and the thumb is pointing
upward in the direction of rotation of the red half of the armature. The second finger shows the
current coming out of the red (negative) half of the armature. The blue half of the armature is
moving downward therefore with the first finger still aligned with the field, if the hand is rotated
through 180 degrees the second finger will show the current going into the armature.

If the direction of rotation or the field polarity is reversed, then so will be the direction of the
current. However, if both are reversed the direction of current remains unchanged.

ThuMb
Motion

First
Finger
Field

A

SeCond
Finger
Current

Figure 6.4 Fleming’s Right Hand Rule
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The magnitude of the induced voltage can be affected in three ways:
a) The rate of cutting of lines of force. (Speed).
b) The strength of the magnetic field. (Flux density).

c) The number of turns of wire. (Larger coil).

THREE WAYS OF INCREASING THE STRENGTH
OF THE INDUCED E.M.F.

1. INCREASE THE 2.INCREASE THE 3.INCREASE THE
SPEED AT WHICH STRENGTH OF THE NUMBER OF TURNS
THE CONDUCTOR MAGNETIC FIELD ON THE COIL
MOVES THROUGH
THE MAGNETIC
FIELD

N . - /

Figure 6.5 Factors Which Determine the Strength of the Induced EMF

6.2 FARADAY’S LAW
Faraday’s law states:-
When the magnetic flux through a coil is made to vary, a voltage is set up. The
magnitude of this induced voltage is proportional to the rate of change of flux.
6.3 LENZ’S LAW
Lenz’s Law states:-
A change of flux through a closed circuit induces a voltage and sets up a current. The

direction of this current is such that its magnetic field tends to oppose the change in flux.

This action produces a back EMF. (see Motors).
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6.4

SIMPLE GENERATOR

The simplest form of a generator is a single loop of wire turning in a fixed magnetic field
produced by a permanent magnet (figure 6.6). The closed circuit is made by attaching rotating
slip rings to both ends of the loop which are in contact with stationery carbon brushes.
Continuous contact between the slip rings and the brushes is maintained by spring pressure. The
brushes are attached to cables which form a closed circuit.

The rotating loop is known as the armature.

The magnetic field is termed the field.

In a simple generator the armature rotates in the field.

An EMF is induced in the armature by electromagnetic induction.

The slip rings, brushes and cables complete the closed circuit and current will flow.

This type of generator produces an AC voltage in the armature and therefore an Alternating
Current in the external circuit (first flowing one way, then changing direction and flowing the
opposite way).

Figure 6.6 and 6.7 show the layout of a simple AC generator and the voltage output rising then
falling then changing direction as the direction of movement of the armature sides reverse their
direction through the magnetic field. The graphical view shows how a sine wave output of AC
is generated. The maximum voltage is induced when there is maximum cutting of lines of flux,
the position where no voltage is induced ( position 1,3 and 5 figure 6.7), when the armature is
moving parallel to the lines of flux, is known as the neutral plane.

A coil of wire can be wrapped around the two poles of the magnet. Passing a current through this
coil will allow the magnetic field strength to be increased and so increase the voltage output of
the generator. This is termed the field coil and is used to control the voltage to a fixed value
irrespective of the generator speed.
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Figure 6.7 AC Generator Voltage Output
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6.5 SIMPLE DC GENERATOR

To produce a DC output from the simple generator it is required to change the AC EMF induced
into the armature to a DC output at the generator terminals. This is done by replacing the slip
rings with a Split Ring Commutator.

SPLIT RING
COMMUTATOR VN

CURRENT

Figure 6.8 The Simple DC Generator

O OO OO

+
EMF t ¢
0° 90° 180° 270° 360°

Figure 6.9 DC Generator Voltage Output
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A split ring commutator is constructed of a single ring of conductive material with an insulator
electrically separating each half of the ring. The armature is constructed with one end of the loop
connected to one conductor of the split ring and the other end to the other one. The commutator
rotates with the armature.

Electrical continuity from one side of the armature, through the armature circuit and to the other
side of the armature is achieved by the use of carbon brushes.

As the armature rotates from 0° to 180° (figure 6.8) the positive brush is in contact with
commutator segment A and the negative brush is in contact with commutator segment B. As it
rotates from 180° to 360° the positive brush is in contact with commutator segment B and the
negative brush is in contact with commutator segment A. The result is that every 180° the
armature terminals are reversed. This causes the current and voltage in the armature circuit to
become DC after commutation.

Layout of a generator system
In an aircraft system the generator, load and battery are all in parallel with each other. The

busbar is a distribution point. The generator output voltage is maintained slightly higher than
battery voltage to maintain the battery charged.

. Busbar |
L +
0 =8
»

Figure 6.10 Diagram of a Generator System
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6.6

CHARACTERISTICS OF THE SERIES WOUND DC GENERATOR

In a series wound DC generator, the armature (the rotating coil), the field coils (wire wrapped
around the pole pieces to add strength to the magnetic field) and the external circuit are all in
series.

This means that the same current which flows through the armature and external circuit also
flows through the field coils.

Since the field current, which is also the load current, is large, the required strength of magnetic
flux is obtained with a relatively small number of turns in the field windings. As the load draws
more current from the generator, this additional current increases the field strength and generates
more voltage in the armature winding. A point is soon reached (A) where further increase in load
current does not result in greater voltage, because the magnetic field has reached saturation point
( the point where no more magnetic lines of force can be absorbed by the pole pieces).

Because a constant voltage is required for aircraft systems the series generator cannot be used.

[ THE CHARACTERISTIC LOAD]

CURVE L
| ) o
e A
FIELD SATURATION D
/ POINT NN \
o A ,,
3 /
. B B - .
" A SERIES WOUND D.C. )
L GENERATOR W DIAGRAMMATIC VIEW )
LOAD CURRENT /

Figure 6.11 Series Wound Generator
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6.7

CHARACTERISTICS OF THE SHUNT WOUND DC GENERATOR

A shunt wound DC generator has its field winding connected in parallel (or shunt) with the
armature. Therefore the current through the field coils is determined by the terminal voltage and
the resistance of the field.

The shunt field windings have a large number of turns, and therefore require a relatively small
current to produce the necessary field flux.

When a shunt generator is started, the build-up time for rated terminal voltage (the maximum
voltage at which the generator can continuously supply its rated load current) at the brushes is
very rapid since field current flows even though the external circuit is open.

The figure below shows a schematic diagram and characteristic curve for the shunt generator.
It should be noted that over the normal operating range of 'no load' to 'full load', the drop in
terminal voltage as the load current increases is relatively small. The shunt generator is therefore
used where a virtually constant voltage is desired, regardless of load changes.

The terminal voltage of a shunt generator can be controlled by a variable resistance connected
in series with the shunt field coils.

/ SHUNT FIELD N RN
/ | / \
[ THE CHARACTERISTIC LOADW ’ \
| CURVE | ‘
e |
- . |
/ RATED LOAD | |
( . 1
1 |
b ' |\
- : | ’
| 8 AN
[ A'SHUNT WOUND D.C. ;
GENERATOR W | : ‘ [ DIAGRAMMATIC VIEW
\ LOAD CURRENT /

Figure 6.12 Shunt Wound Generator
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6.8

6.9

A COMPOUND WOUND DC GENERATOR

A compound wound generator is a generator with combined series and shunt windings. There
are two sets of field coils, one in series with the armature, and one in parallel with the armature.
One shunt coil and one series coil are always mounted on a common pole piece and are
sometimes enclosed in a common covering.

Compound wound generators were designed to overcome the drop in terminal voltage which
occurs in a shunt wound generator when the load is increased. This voltage drop is undesirable
where constant voltage loads are used. By adding the series field, which increases the strength
of the total magnetic field when the load current is increased, the voltage drop caused by the
increased load current flowing through the resistance of the armature is overcome, and it is
possible to obtain an almost constant voltage output.

! VOLTAGE

g =S \J QR

CONTROL

=

Ow-ro<
o>»0r

\———Q Loao @—— |
|

S 0 / B

[coupouuowouun Do GENERATOR) N LOAD CURRENT / ( DIAGRAMMATIC VIEW )

Figure 6.13 Compound Wound Generator

FLASHING THE GENERATOR FIELD

The DC generator is normally self excited due to the residual magnetism which remains in the
field pole pieces when the machine is inactive or static. Self excited means that because of the
residual magnetism as soon as the generator is rotated there will be a voltage produced. Some
of this voltage can be applied to the field coil to increase the magnetism and cause the voltage
to increase further until it reaches its controlled value. An externally excited generator is one
which has no residual magnetism and requires a battery to supply the field coil with current to
start the generating process.

It will have been noted that magnetism can be lost, destroyed or reversed due to the passage of
time, the effects of heat, exposure to an AC field, hammering or shock, and the application of
areversal of polarity. The loss of residual magnetism in a DC generator, which will prevent any
build up in output voltage, can be corrected by momentarily passing a current through the field
in the normal direction.
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6.10

This procedure is known as "flashing the field". In practice some aircraft might have a button
or switch to allow this procedure to be carried out from the cockpit.

ARMATURE REACTION

The armature of a generator is wound with many coils of wire which rotate inside the stationary
generator field. As the load on the generator increases then the current flowing through the
armature coils increases. The current flowing through the coils creates a magnetic field in the
armature which interacts with the stationary magnetic field, causing a distortion of the main
field. This has the effect of shifting the neutral plane (the position where the armature windings
are moving parallel to the lines of flux, where no voltage is induced see fig 6.7).

This distortion is known as armature reaction (see fig. 6.14) and is proportional to the current
flowing through the armature. The brushes of the generator must be set in the neutral plane
otherwise arcing and loss of power can occur. Armature reaction causes the neutral plane to
move in the direction of rotation as the current increases, so a corrective system must be
incorporated to prevent excessive arcing and loss of power.

The best means to maintain a constant neutral plane and therefore reduce arcing and power loss
is by the use of special field poles called interpoles which counteract the effect of armature
reaction. Interpoles, as their name suggests, are fitted between the poles of the stationary field
and are coils of wire connected in series with the load. The polarity of the field produced by the
interpole windings is arranged to be opposite to that of the armature field and so they have the
effect of bending the main field and so the neutral plane back to its correct position. This ensures
that there is minimum arcing at the commutator brushes and minimum overall loss power.

Direction
Neutral Plane | of Rotation

Neutral
Plane

WEAK STRONG
POLE TIP POLE TIP
(a) Armature Flux (b) Field Flux (c) Resultant Flux

Figure 6.14 Armature Reaction
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6.11

MAIN POLES

*NTERPOLES
Figure 6.15 Interpole Generator

COMMUTATOR RIPPLE

Commutator ripple is the term given to the fluctuation of the voltage output of a DC generator
as the voltage rises and falls during the rotation of the armature loop, particularly at low RPM.
By increasing the number of coils in the armature or the number of field coils, or indeed both
then the pulsating or ripple effect of the DC produced by a generator can be reduced. the diagram
below compares a single coil armature with a multiple coil.

+
EMF
i Single coil
+F
EMF ¥
) Multiple coil

Figure 6.16 Single Coil and Multiple Coil Armature Outputs
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6.12

ALTERNATORS

GENERATORS AND ALTERNATORS

Most modern light aircraft use an alternator rather than a DC generator to provide constant
voltage electricity for its electrical system because of the advantages an alternator has.

The alternator has a much better power to weight ratio, will produce a stable output at low RPM
and does not suffer with the problems of a commutator as it uses a rectifier to convert AC to DC.

The following table and diagram identify the constructional differences between the DC

generator and the alternator.

DC GENERATOR ALTERNATOR
Rotating Armature Stationary Armature
Stationary Field Rotating Field

Converts AC to DC by means of a
commutator

Converts AC to DC by means of a rectifier

Suffers from arcing and sparking at the
commutator as the high load current
has to flow through the commutator
and brushes

High load current taken from stationary
armature eliminates arcing and sparking.
Small field current only flows through slip
rings.

DC GENERATOR

Stationary
field

Commutator

Rotating
armature

ALTERNATOR
(Cross section)

Rectifier

Rotating
field

Stationary
armature

Figure 6.17 Construction of a Generator and Alternator
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6.13

VOLTAGE CONTROL

The output voltage of a generator or alternator is dependent upon:-
a) The speed of rotation of the armature or field.

b) The strength of the magnetic field.

c) The number of turns in the armature.

d) The size and shape of the turns in the armature.

Most light aircraft DC electrical systems operate at 14 volts and so all the equipment it designed
to operate correctly when supplied with 14 volts. It is therefore necessary for the output of
the generator or alternator to be controlled, or regulated, to ensure that at all times it
supplies 14 volts.

As can be seen from the table above, there are four factors which influence the output voltage
of a generator or alternator.

The number and size and shape of the turns is a design factor and therefore the operator cannot
alter them.

The generator or alternator is driven by a drivebelt or an engine accessory gearbox and therefore
the speed of rotation of the armature or field is linked to the speed of rotation of the engine.
Controlling the output voltage by controlling the speed of the engine is not a practical solution.

Remember back to basic magnetism, the strength of the magnetic field produced by a coil of wire
is proportional to the current flowing through the coil (an electromagnet).

The only practical method of controlling the output voltage of a generator is to control the
strength of the magnetic field by controlling the current flow in a coil wound around the
magnetic pole pieces (field coil or field winding) . Control of the current flow is achieved by
a voltage regulator.

A voltage regulator consist of:-

a) A variable resistance in series with the field coil. In older voltage regulators the
variable resistance was achieved using a Carbon Pile. In modern voltage regulators it
is achieved by employing an electronic solid state system of transistors, dlodes and
resistors. The net result is the same which ever is used.

b) A control coil in parallel with the field coil and the armature. This is used to sense

the generator output voltage and vary the resistance to control the current through the
field coil, therefore controlling the voltage.
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6.14

The voltage regulator senses the output voltage of the generator or alternator and adjusts
the field current to maintain the correct output voltage irrespective of generator speed or
electrical load

Generator Output

To Busbar
i 14 v
« Eﬁ?ent Sample
Voltage
Generator [P oOMED UMD DR W N DNR WD WO W W DR WA DR GRNWEN O RNG NG ERU D DM NI W UELOR
Y {
Field v i
v Coil 1
|
Regulator

1
1
1
1
1
1
1
1
1
: Voltage
1
1
1
1
1
1
1
1
1
1
a

Magnetic influence proportional to current through control coil alters compression of carbon
pile, varies resistance, adjusts field current to maintain constant voltage output.

Figure 6.18 Carbon Pile Voltage Regulator

VOLTAGE REGULATOR OPERATION.

A Carbon Pile voltage regulator uses the carbon pile as a variable resistor. The carbon pile is
a stack of carbon discs whose overall resistance is proportional to the amount of compression
of the stack. The more the stack is compressed the lower the resistance.

In fig. 6.18 the control coil, which is in parallel with the generator armature, has the generator
output supplied across it. Because the control coil has a fixed resistance and Ohms Laws states
that V=1R, the current through the control coil will vary in direct proportion to the generator
output voltage. As the current varies so will the strength of the magnetic field produced by the
coil.

The strength of the magnetic field produced by the control coil effects the value of the variable
resistance, (the compression of the carbon pile) which is in series with the field coil. As the
resistance in the variable resistor varies, because V =1R, so the current in the field coil varies.
As the current through the field coil varies so does the strength of the magnetic field it produces,
and therefore the EMF induced into the armature, and the output voltage of the generator is
controlled automatically.
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In fig. 6.18 the field coil is shown outside of the generator for clarity, in fact it is an integral part
of the generator construction.

The vibrating contact voltage regulator (fig. 6.19) controls the voltage output in a similar
fashion but instead of varying a resistance it rapidly switches in and out a fixed resistance.

When the generator is started both sets of spring biased contacts are closed. Generator voltage
is felt at the shunt winding and series winding of the voltage regulator. Current flows through
the series winding and closed voltage regulator contact breaker to the field coil to enable the
output voltage to build up.

As the regulated voltage is achieved the current through the shunt and series winding cause an
electromagnetic effect which is sufficient to open the contact breaker points. This open circuits
the series winding and causes the field current to pass through the fixed resistor causing a
reduction of field current and therefore voltage. As the electromagnetic effect of the series
winding is lost the contact breaker closes under spring action and restores field current and
therefore output voltage until the cycle occurs again.

The frequency of operation of the contact depends on the load on the generator but is typically
between 50 and 200 times a second.

The current regulator or current limiter limits the maximum output current in a similar
fashion when the demand on the generator may exceed its maximum safe load. The current
regulator contacts will open switching in the resistor to reduce excitation current.

Output to Bus bar
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‘ - .~ Shunt
! | Winding
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Winding - .
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Figure 6.19 Vibrating Contact Voltage Regulator
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6.15

6.16

LOAD SHARING CIRCUITS

When the aircraft electrical system has two generators feeding one Bus Bar it is known as
PARALLELLING GENERATORS. The advantage of operating generators in parallel is much
the same of having two batteries in parallel - double the capacity. It also allows the generators
to share the total load of the aircraft and enables power to be maintained in the event of a
generator failure.

When parallelling generators it is necessary for each generator to supply half of the total current
demanded by the loads on the Bus Bar. This is known as LOAD SHARING.

To achieve Load Sharing the output voltage of both generators must be exactly the same. If there
is any potential difference between the generator outputs then current will flow from the higher
potential generator to the lower potential generator. This is known as recirculating current.

If this is the case then generator with the higher voltage output will be supplying all the current
demanded by the Bus Bar loads and what ever current is demanded by the potential difference
between the generator outputs. The generator with the lower voltage output will be supplying
no current to the Bus Bar. There will be no load sharing, and the current flowing to the low
output generator will be attempting to turn the generator into a motor. The direction of rotation
of the motor will be in opposition to the direction of rotation of the engine. Flow of current to
the low output generator is undesirable and parallel systems will have reverse current relays
fitted to protect against this fault in the event of a failure of the load sharing circuit.

The load sharing circuit is comprised of equalising coils in the voltage regulators which finely
adjust each generator field current to ensure the output voltages of the parallelled generators are
equal.

In each voltage regulator the equalising coil is positioned such that it effects the magnetic field
produced by the control coil, which effects the value of the variable resistance, which in turn
affects the current through the shut field coil and so regulates the output voltage of the generator.
The direction of flow of current through the equalising coil will determine whether the voltage
output of the generator is increased or decreased.

OPERATION OF LOAD SHARING CIRCUIT
(See Figure 6.20)

a) With both generators “off line” there is no output from either generator and both
Equalising Relays and Line Contactors are open. (The line contactor is a large solenoid
operated contact which enables the output line of the generator to be connected to the
busbar when the output voltage of the generator has been checked and found to be
acceptable. It may be closed automatically or manually from the cockpit.)
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b) When N° 1 generator is brought “on line”, N° 1 generator line conactor closes and its
output, regulated by its voltage regulator, is supplied to the Aircraft Bus Bar.
N° I Equalising Relay, which is part of the generator line contactor, is closed.

c) When N° 2 generator is brought “on line”, N° 2 generator line contactor is closed and
its output, regulated by its voltage regulator, is supplied to the Aircraft Bus Bar.
N° 2. Equalising Relay is also closed. This now connects both generator voltage
regulators into the Equalising circuit.

d) If there is any potential difference between the output of generator 1 and 2 there will be
a current flow through the equalising coils which will apply correcting values to each
voltage regulator increasing the voltage of the lower voltage generator and reducing the
voltage of the higher generator until they are the same, equally sharing the total aircraft

load.
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Figure 6.20 Load Sharing
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6.17

6.18

DC. MOTORS
ELECTRIC MOTORS

An electric motor is a machine for converting electrical energy into mechanical energy. Its
function is, therefore, the reverse of that of a generator. There is little difference between the
construction of D.C. motors and D.C. generators, both have essentially the same parts and they
look alike. In fact, in many cases, a D.C. machine can be used either as a motor or a generator.

Remember back to magnetic principles, a current flowing through a wire placed in a magnetic
field causes the wire to move due to a force acting on the wire; a motor works on this principle.

FLEMINGS LEFT HAND RULE

The direction of rotation of a motor can be determined by Fleming’s Left Hand Rule (Figure
6.21). To do so, align the first finger with the field from the North Pole to the South Pole. Point
the second finger in the direction of the current flowing into or out of the armature and the thumb
will indicate the direction of motion.

For example, in Figure 6. 21 the first finger is aligned with the field and the second finger is
pointing in the direction of the current coming out of the red (negative) half of the armature. The
thumb is pointing upward indicating that the motion is upwards and therefore anticlockwise. In
the blue (positive) half of the armature the current is flowing into the armature. Therefore, with
the first finger still aligned with the field if the hand rotated through 180 degrees the thumb will
now be pointing downward confirming anticlockwise rotation of the armature.

If the current or the field polarity is reversed, then so will be the direction of rotation of the
motor. However, if both are reversed the direction of rotation of the motor remains unchanged.

ThuMb
Motion,
First
F!nger e et ot
/ SeCond -
Finger
Current

Figure 6.21 Fleming’s Left Hand Rule For Motors
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6.19

PRACTICAL DC MOTOR

The simple DC generator shown earlier and the DC motor below are not practical and can be
improved by adding further armature/s and improving the shape of the poles pieces. (Figure
6.22b). Generator voltage output and motor speed can be controlled by the addition of field
windings which enable the field strength to be adjusted. Figure 6. 23 shows a sectional view
of a practical DC generator which is similar to a DC motor.

Figure 6.22 a Simple DC Motor and Figure 6.22b Improved DC Motor
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Figure 6.23 Sectional View of DC Rotating Armature Generator

BACK E.M.F

The movement of the conductor in the magnetic field induces in it an electromotive force (EMF)
which we know from Lenz' law will oppose the rate of change of magnetic flux producing it.
So an EMF is induced into the rotating part of the motor which tends to oppose the rotation of
the motor. That is to say, the induced voltage will oppose the supply voltage. It is therefore
called the back EMF.

The back EMF is proportional to motor speed and can never be as great as the supply input
voltage. The difference between the applied EMF and the back EMF is always such that current
can flow in the conductor and produce motion.

SLOW START RESISTOR
Some motors may have a slow start resistor in the circuit which is switched in series with the
armature when the motor is first started to reduce the initial starting current before a back EMF

has been established. The resistor is then by-passed by a centrifugal or time switch when the
motor is turning to apply full current to the armature.
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6.22

SLOW START RESISTOR
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M STARTER
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Figure 6.23 Slow Start Resistor Circuit

COMMUTATION

The simplest form of motor has a single loop of wire able to rotate freely between the poles of
a permanent magnet. A connection is made from the DC supply source, (a battery) to the loop,
by brushes on a commutator; the 2 segments of which are connected to opposite ends of the loop,
an example of this type of motor is shown (figure 6.22a).

A single loop D.C. motor would not be able to turn heavy loads. To obtain a large mechanical
output, with smooth running, the same improvements are made as in the case of the D.C.
generator. That is, a laminated iron core carrying a number of armature coils is used, and a
corresponding number of commutator segments. The magnetic field is produced by an
electro-magnet and its field coils and the spacing between the armature and pole pieces is kept
as small as possible.
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6.23

SERIES WOUND MOTORS

The series wound motor has its field connected in series with the armature. The field coil
consists of a few turns of heavy wire, and since the entire armature current flows through it, the
field strength varies with the armature current. If the load on the motor increases, it slows down
and the back EMF decreases, which allows the armature and field current to increase and so
provide the heavier torque needed.
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Figure 6.25 Series Wound Motor

Series motors run slowly with heavy loads and very rapidly with light loads. If the load is
completely removed the motor can dangerously overspeed and possibly disintegrate.

The reason for this is that the current required to rotate the motor with only a light load is very
small, and consequently the series wound field coils produce only a weak magnetic field. This
means that the motor cannot turn fast enough to generate the amount of back E.M.F. needed to
restore the balance. Series wound motors are variable speed motors, that is their speed changes
with the applied load, for this reason they are not used either when a constant speed condition
is needed, or where the load is intermittent. The series wound motor has a high starting torque
and because of this it must never be started off load. Use of the series wound motor is mainly
confined to electric actuators, starter motors and landing gear actuation.
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6.24

SHUNT WOUND MOTORS

In a shunt wound motor, the field is connected directly across the voltage source, and is therefore
independent of variation in load and armature current. The field coil consists of many turns of
fine wire. The torque developed varies directly with the armature current.

If the load on the motor increases, the motor slows down, reducing the back E.M.F. (which
depends upon speed as well as on the constant field strength).

The reduced back E.M.F. allows the armature current to increase, thereby furnishing the heavier
torque needed to drive the increased load.

If the load is decreased, the motor speeds up, increasing the back em.f. and thereby decreasing
the armature current and the torque developed whereupon the motor slows down. In a shunt
wound motor, the variation of speed from 'no-load' to normal or 'full’ load is only 10 % of the
'no-load' speed. Shunt wound motors are therefore considered constant speed motors.

Shunt wound motors are normally used where constant speeds under varying loads are required,
and tasks where it is possible for the motor to start under light or no-load conditions, such as
fans, centrifugal pumps and motor generator units.

=N
LY s
by

' ASHUNT WOUND D.C.

) Y
| MOTOR J [ DIAGRAMMATIC VIEW J

Figure 6.26 Shunt Wound Motor
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6.25 STARTER-GENERATOR SYSTEMS

Several types of turbine-powered aircraft are equipped with starter systems which use a starter
generator having the dual function of engine starting and of supplying DC power to the aircraft's
electrical system.

Starter-generator units are basically compound-wound machines with two sets of field windings,
one armature winding and a commutator. They are permanently coupled with the appropriate
engine via a drive shaft and gear train.

For starting purposes, the unit functions as a fully compounded motor, the shunt field winding
being supplied with current via a field changeover relay.

When the engine is running and the starter motor circuit is isolated from the power supply, the
changeover relay is also automatically de-energized and its contacts connect the shunt-field
winding to a voltage regulator. The changeover relay contacts also permit DC to flow through
the shunt winding to provide initial excitation of the field.

The machine thereafter functions as a conventional DC generator, its output being connected to
the bus-bar when it reaches the regulated level.

Motor mode Generator mode

Voltage
regulator

Voltage
regulator

Shunt field

Shunt field

Engine

Drive

Figure 6.27 Compound Wound Motor Generator

The advantage of the starter - generator is that only one device provides both functions, thereby
saving weight and complexity. The disadvantage is its inability to maintain full output at low
rpm hence their use is typical on turbine engines which maintain a high engine rpm. A typical
starter generator supplies 300 amps at 28 volts.
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6.26

6.27

6.28

6.29

ACTUATORS
Equipment and components which are installed in the modern aircraft are generally inaccessible
for manual operation by the pilot or crew. Remote control of such items is achieved by the use

of electrical actuators.

These actuators may be divided into two main groups;-

a) Solenoid actuators.
b) Motor actuators.
SOLENOID ACTUATORS

Solenoid actuators are used to control hydraulic and pneumatic system selectors. Application of
electrical power to a solenoid results in a valve opening under magnetic attraction.

MOTOR ACTUATORS

There are two types of motor actuators in use:-

a) Rotary actuators.
b) Linear actuators.
ROTARY ACTUATORS

Rotary Actuators are operated by small reversible motors which rotate an output shaft through
a gearbox.

They are used for the operation of fuel valves and air/oil shut-off valves.
Control is by means of an ON / OFF or OPEN / SHUT selector switch. Two limit
micro-switches control the extent and direction of travel and also operate the visual indicators

in the cockpit. One limit switch is always closed, allowing current from the selector switch to
the actuator. The limit switches change over at the end of travel.
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6.30 LINEAR ACTUATORS

Linear actuators have small reversible motors which are coupled through a reduction gear to a
screwjack which extends or retracts a ram or plunger.

They are used for any operation which requires a push / pull action, e.g. flaps, undercarriage,
trim tabs, and also as inching controls for oil cooler shutters.

Operation is by means of selector switches when used for full up/down operation, but for small
movements, such as those required with trimming controls, a spring-loaded self-centering 'OFF'
switch is used, movement of the switch one way or the other away from centre supplying power
to the actuator motor, which will then operate in the selected sense.

Two limit switches control the extent of travel and direction, and also operate visual indicators.
The respective switch opens to stop the motor at full travel.

With an inching actuator, both limit switches will be closed at any time the actuator is not at a
full travel position, this will facilitate motor reversal by means of the inching control switch.
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Figure 6.29 A Linear Actuator.
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6.31

6.32

6.33

6.34

6.35

6.36

ACTUATOR BRAKES

Many actuators are fitted with electro-magnetic brakes to prevent over-travel when the motor is
switched off.

The design of brake systems vary with the type and size of the actuator, but in all cases the
brakes are spring-loaded to the 'on' condition when the motor is de-energised, and the operating
solenoids are connected in series with the armature so that the brakes are withdrawn immediately
power is applied.

ACTUATOR CLUTCHES

Friction clutches are incorporated in the transmission systems of actuators to protect them
against the effects of mechanical over-loading.

VISUAL INDICATORS USED WITH LINEAR ACTUATORS

Press-to-test lights or magnetic indicators are used where no intermediate stopping positions
between actuator limits are required.

Position indicators with a graduated scale are fitted in situations where movement either side of
a datum, or between open and closed, is to be shown.

VISUAL INDICATORS USED WITH ROTARY ACTUATORS

These indicate to the pilot the position of the actuated equipment which would typically be fuel
or oil valves. These are only ever in the 'OPEN' or 'SHUT" position.

In both cases an indication of either Loss of Power supply, or that the actuator is travelling
between selected positions, will be required.

INDICATOR LIGHTS

Indicator lights are usually of the 'press-to-test' type. Application of finger pressure on the front
glass of the lamp unit enables the filament to be tested without operating the control switches
of the actuator.

ELECTROMAGNETIC INDICATORS

The electromagnetic indicator was introduced as a replacement for the simple filament lamp
indicator.

The types in common use are the dolls-eye, prism and flag indicators which are illustrated in
Figure 6.30. The pictorial presentations offered by these indicators is further improved by the
painting of 'flow lines' on the appropriate panels so that they interconnect the indicators with the
system control switches, essential indicators and warning lights.
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Figure 6.30 Electro-Magnetic Indicators

6.37 ACTUATOR CONSTRUCTION

The actuator motor is a high speed reversible motor and it is widely used for the electrical
operation of fuel valves, cooler shutters, trimming tabs, etc.

A wide ratio gear train is used to transmit the power and the actuator can be either rotary or
linear in movement.

6.38 THE SPLIT FIELD SERIES ACTUATOR
This type of actuator has two differentially wound series field windings, each producing a flux
in the opposite direction. Only one winding can be energised at any one time, and the direction

of rotation depends on which winding is energised.

Limit switches which are operated by the mechanical load, are normally fitted in series with the
field windings, these stop the motor automatically when the load reaches the limits of its travel.
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6.39

THE SPLIT FIELD SERIES ACTUATOR OPERATION

With an OPEN selection, a supply is fed to the armature via the limit switch, the open field and
brake coils. Energising the brake coils releases the brake (if fitted) allowing the motor to
operate.

On completion of the actuator travel the limit switches are tripped as follows:-

a) Open Limit Switch. This breaks the supply to the motor on completion of travel and
makes the circuit to the 'open' position indicator.

b) Close Limit Switch. This sets up the 'close’ circuit ready for completion when a selection
of 'close’ is made on the control switch.

Note:- the brake solenoid operates immediately the supply is broken thus preventing over-runs
or creep.

A slipping clutch may also be fitted between the armature shaft and gearing to prevent damage
which could be caused by mechanical over load.
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SELF ASSESSMENT QUESTIONS - GENERATOR THEORY

1. An EMF is induced in a conductor rotating in a magnetic field by:
a) capacitive reaction.
b) the reverse current relay.
c) electro transmission.
d) electro magnetic induction.
2. Magnetic field strength is controlled by:
a) battery bus bar current.
b) current in the field coil.
c) current in the armature.
d) current flow to the battery.
3. If a conductor is placed in a magnetic field:
a) an EMF is induced in the conductor.
b) an EMF is induced in the conductor only when the conductor rotates.
c) the applied resistance assists the back EMF.
d) an EMF is induced in the conductor only when the conductor is stationary.
4. The output of a basic generator before commutation is:
a) AC
b) DC and after commutation is AC.
c) DC
d) synchronised AC and DC.
5. An internally excited generator is one where:
a) the field is produced within the distribution.
b) the field is initiated by a HT and LT coil.
c) the field is initiated by the battery.
d) the field is initiated within the generator.
6. A DC generator has a commutator whose purpose is to:
a) change AC to give a generator output of DC.
b) change DC to AC.
c) transmit the generator output to the electrical circuit and to cool the generator.
d) maintain a constant resistance.
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7. Another name for a number of conductors rotating in a magnetic field is:
a) a capacitor.
b) an armature.
c) a condenser.
d) a commutator.
8. A generator is governed so that:
a) the EMF is constant and the rate of flow varies.
b) the rate of flow is constant and the EMF varies.
c) the generator voltage reduces generator temperature.

d) back EMF is equal and opposite to the applied EMF.

9. The voltage regulator:
a) senses cut out pressure and adjusts field current.
b) senses generator output pressure and adjusts field current.
c) senses generator output current and adjusts the field voltage.

d) senses back EMF.

10. The generator master switch is normally:
a) fitted with a mechanical safety catch.
b) in the field circuit which is connected in parallel with the generator output.
c) in the field circuit which is in parallel with the voltage regulator.
d) fitted in series with the commutator.
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GENERATOR CONTROL

1. The voltage regulator:

a)

provides a constant current flow from the generator with changes of generator speed.

b) senses current output.
c) maintains a steady generator voltage with changes of generator speed.
d) regulates the amount of current supplied by the battery to operate the generator.
2. Voltage is controlled in a generator by:
a) a reverse current relay.
b) moving the brushes.
c) a voltage regulator.
d) it is uncontrollable.
3. On aircraft, generator voltage is regulated by:
a) varying the generator field strength.
b) increasing and decreasing the load.
c) changing the generator speed.
d) changing generator load.
4. In an aircraft having a battery with a nominal voltage of 24v, generator output would be:
a) 24 volts.
b) 28amps.
c) 28 volts.
d) 24 amps.
5. In DC electrical generating systems, the voltage regulator controls the system voltage within

prescribed limits:

a)

b)

c)
d)

regardless of varying engine RPM and electrical load, by varying the current in the
generator field windings.

by means of a relay which closes contacts in the output line when a certain RPM is
reached.

by temperature.

by a variable resistance which limits the voltage given by the batteries.
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6.

10.

A voltage regulator is fitted to:

a) prevent high circulating currents.

b) prevent backlash.

c) to ensure correct voltage output to battery.
d) to prevent battery feedback to the generator.

If an aircraft electrical system is quoted as 24 volts DC the output of the generator is:

a) 12 volts with the generators connected in series.

b) 28 volts with the generators connected in parallel.

c) 36 volts with the generators connected in series/parallel.
d) 42 volts.

If a circuit is designed for 12 volts - the generator will:

a) give parallelled output only.
b) give controlled 14 volts.

c) 14 volts wild DC.

d) give controlled 12 volts.

The aircraft electrical generator output is controlled in flight by:

a) sensing the generator output pressure.

b) ram air.

c) a resistance in the generator output circuit.
d) the resistance of the armature circuit.

In a generator control circuit the strength of the magnetic field is controlled by:

a) the commutator.
b) the voltage regulator
c) the reverse current contactor.

d) the output C/B.
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ACTUATORS AND MOTORS
1. Rotary actuators are used for:
a) undercarriage retraction.
b) centre of gravity assessment.
c) operation of fuel cocks.
d) movement of control surfaces.
2. Actuator normal travel is controlled by:
a) a clutch.
b) limit micro switches.
c) mechanical indicators.
d) mechanical stops.
3. AC current from an engine driven generator is converted to DC current by:
a) a commutator
b) a convertor.
c) an alternator.
d) a rotary actuator.
4. On a twin engined DC aircraft having two DC generators load sharing is achieved by:

a) equalising engine RPM’s

b) an equalising circuit to sense the difference and equalise the voltages of the two
generators

c) synchronising relays and voltage coil tuners

d) an equalising circuit to sense the difference and equalise the field currents of the two
generators

5. Pilots are informed of rotary actuator positions by:

a) non return valves.

b) lights or dolls eye indicators.

c) travel indicators.

d) veger counters.
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6. To supply direct current from a generator giving alternating current it is normal to fit:
a) a commutator
b) a rotary inverter.
c) an alternator.
d) a static inverter.
7. Press to test lights are used:
a) to indicate to the pilot that the circuit has power and is complete.
b) to control the movement of a rotary actuator.
c) to indicate to the pilot that the circuit has operated.
d) only to indicate to the pilot that the equipment has malfunctioned.
8. A device for changing AC to DC is:
a) an inverter.
b) a rotary transformer.
c) a rectifier.
d) an alternator.
9. An inching control is used in conjunction with:
a) a linear actuator.
b) a rotary actuator.
c) a combination of linear and rotary actuator.
d) a rectifier.
10. Friction clutches are fitted to actuators for:
a) protection against mechanical overload.
b) protection against brake on loads.
c) protection against non return valve failure.
d) protection against supply failures.
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7.1

7.2

7.3

AIRCRAFT ELECTRICAL POWER SYSTEMS

The power system for a single-engine aircraft consists of a generator or alternator with the

control and indication equipment necessary to supply all the electrical power once the system
is on-line.

The term on-line means that the generator or alternator has been switched into the electrical
system and is actually supplying power to the system.

With multi-engine aircraft two or more generators or alternators are installed in parallel. The

ampere capacity of an aircraft electrical system is determined by the number of
power-consuming devices fitted.

DI - POLE OR TWO WIRE SYSTEM

A dipole or two wire system is required where an aircraft is made of a non conductive material.
The current needs a complete circuit to flow and therefore needs a negative wire to connect the

load to the negative side of the generator as well as a positive or ‘live wire’ to connect from the
Busbar (distribution point) to the load.

BUSBAR
+ L| L| [L| [L
o| 0| |o| |o
Al |A] |A] |A
D| D| |D| |D

Figure 7.1 Dipole System

SINGLE POLE (UNIPOLE OR EARTH RETURN) SYSTEM

This is the most common type of system on an aircraft with metal construction. The metal
airframe is used as the negative conductor completing the circuit for the current flow. The

negative side of the generator is connected to an ‘airframe earth’ as is the negative side of each
load.
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7.4

7.5

BUSBAR
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Figure 7.2 Unipole System

GENERATORS AND ALTERNATORS
Generators or Alternators are used to convert mechanical energy to electrical energy.

A generator produces direct current (DC) by using a rotating armature, stationary field and a
commutator as described in the previous chapter. Whereas an alternator produces alternating
current (AC) by using a rotating field and a stationary armature. If it is required to convert the
AC output of an alternator to DC a diode rectifier is used, fitted in the end frame of the
alternator.

Most modern light aircraft have a direct current system which is powered by an alternator.

The full power output of a generator is closely related to the rpm of the engine and is usually
attained with the engine running at half speed whereas the full power output of an alternator can
be attained at slow running, one obvious advantage that an alternator has over a generator.
The generator is driven at a speed which is approximately three times that of the engine.

VOLTAGE REGULATORS

The Voltage Regulator maintains the output voltage of the generator or alternator at a constant
value, irrespective of the engine rpm or electrical loads. This is achieved by controlling either
the current flow in the field coils of a generator, or the current flow in the exciter field of an
alternator.

The basic voltage regulator setting controls the generator output to maintain 14 volts for a 14
volt system with a 12 volt battery and 28 volts for a 28 volt system with a 24 volt battery .
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7.6 OVERVOLTAGE PROTECTION UNIT

An overvoltage protection unit is fitted to protect against the output voltage of the generator
rising dangerously high and causing damage to aircraft circuits due to overheating (V=IR).
Protects against voltage regulator failure.

The overvoltage protection circuit will automatically disconnect the field circuit if the voltage
rises to typically 16.5 volts in a 14v system, thereby reducing the generator output to zero and
safeguarding the system.

It may also open the generator cut out to prevent reverse current flow.

7.7 GENERATOR CUT-OUT OR REVERSE CURRENT RELAY.
The generator cut out permits the generator voltage to build up to a preset figure before its
contacts close and put the generator on-line. It will open to prevent the battery feeding current

back into the generator when the generator voltage is below that of the battery voltage.

The contacts of a cut out are closed by rising voltage and opened by reverse current. A cut-out
is not fitted in an alternator system as the diodes provide reverse current protection.

Sprung

o contacts
To aircraft
loads
—Z >

Magnetic
influence

&=
e A ] BUS BAR |
(current) i ; < - -
coil \) o : ~
—>» = A
. - ! Battery
; 7 switch
o
l = o
@ = } =
i
i

Shunt i

(voltage) 1

coil =
Normal current flow —>» -
Reverse current flow - -

Figure 7.3 Reverse Current Cut-Out Relay

1.7-3 © Oxford Aviation Services Limited



D.C. ELECTRICS AIRCRAFT ELECTRICAL POWER SYSTEMS

7.8

7.9

7.10

The reverse current cut-out relay shown above would be used with a DC generator. It may be an
integral part of the voltage regulator or it may be a separate unit. Before the generator is started
the spring holds the contacts open. As the generator builds up voltage, that voltage is applied to
the voltage (shunt) coil which has many turns of thin wire and is connected in parallel with the
generator output. When the voltage has built up above the battery voltage the current through
the voltage coil causes a magnetic influence to close the contacts and connect the generator to
the busbar. The current flows through the current coil, which has a few turns of thick wire and
through the contacts to the bus bar and the aircraft loads. The current flow through the current
coil increases the magnetic effect and helps to keep the contacts closed against the spring.

When the output voltage of the generator falls below battery voltage then current flow is
reversed and current flows back toward the generator. The falling voltage of the generator causes
the magnetic influence of the voltage coil to reduce and as the current flow through the current
coil is reversed it reverses the magnetic field produced by the current coil. This opposes the field
produced by the voltage coil and allows the contacts to open by the spring, disconnecting the
generator from the busbar and preventing reverse current into the generator.

RECTIFIERS

The rectifiers in the alternator end frame convert AC to DC and permit the current to flow out
from the alternator but not into it from the battery.

INVERTERS

Static inverter

Static inverters are solid state devices which covert DC to constant frequency AC. A typical
inputs to a static inverter would be 18 - 30 volts DC and the output would be 115 volts AC at 400
hertz frequency. The internal circuitry of a static inverter contains standard electrical and
electronic components such as oscillators, diodes, transistors, capacitors and transformers.

Rotary inverter
Rotary inverters convert DC to AC by using a constant speed DC motor to drive an alternator
thereby producing constant frequency AC.

THE GENERATOR DIFFERENTIAL CUT-OUT

The generator differential cut out is fitted in a multi-engine aircraft to prevent circulating
currents between a generator which is already on-line and one which is coming on-line.

The on-coming generator cannot switch on-line until its output voltage is 2% above the output

voltage of the generator which is already on-line. The 2% difference in potential is between the
on-coming generator output and the battery bus-bar.
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7.11

7.12

7.13

7.14

GENERATOR (OR ALTERNATOR) WARNING LIGHT

The generator or alternator warning light indicates to the pilot that the generator or alternator
voltage has fallen below battery voltage. Illumination of the light is usually associated with the
generator cut out position or a reverse current detector.

GENERATOR (OR ALTERNATOR) MASTER SWITCH

The master switch enables the pilot to electrically isolate the generator or alternator. Opening
the master switch breaks the generator field circuit or the alternator exciter circuit and the
electrical output falls to its residual level which is virtually zero.

MONITORING INSTRUMENTS

Instruments and warning lights must be provided for the pilot to monitor the aircraft DC or AC
electrical system. The AC system is covered in the AC chapter, here we will examine typical
meters and show their use in a DC system.

AMMETERS AND VOLTMETERS.

Ammeters and voltmeters are provided in AC and DC systems and in most cases are of the
moving coil type of instrument shown in the following diagram. The instrument consists of a
permanent magnet with a soft iron core between the poles, inside which fits a former on a
spindle which is free to rotate inside the magnetic field. A coil of wire is wound around the
former and current is allowed to flow around the coil. Two hairsprings are fitted to restrain the
movement of the coil, as the coil rotates one spring is wound up, the other unwound. The
hairsprings allow the current to be fed into and out of the coil. The coil and former carry a
pointer which is arranged to move over a scale as the coil rotates.

When current flows through the coil a magnetic field is created which interacts with the main
field and causes the coil to rotate moving the indicator pointer across the scale until the torque
is balanced by the hairspring. The greater the current flow through the coil, the greater will be
the movement of the pointer. When the current flow reduces the pointer will be returned to its
‘zero’ mark by the hairspring. So the deflection of the pointer is proportional to the current
flowing through the coil, giving rise to an evenly divided scale.

The meter is likely to be housed inside a case made of soft iron to prevent stray magnetism
affecting the indication.

To enable the range of the instrument to be extended a shunt (resistor of low resistance value)
can be fitted in conjunction with this type of meter when used as an ammeter. When used as a
voltmeter, a multiplier (resistor of high resistance value) is fitted. A shunt or multiplier will
allow only a proportion of the total current to be allowed through the instrument therefore
protecting the delicate mechanism but still allowing it to measure large values.
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Figure 7.4 A Moving Coil Instrument

The number of indicating devices required and the types employed depends on the type of
aircraft and the overall nature of its electrical installation.

One ammeter (or loadmeter) is normally provided for each possible source of power, and a single
voltmeter with multiple selections for each DC system.

There are basically two types of ammeter;-
a) the charge / discharge ammeter (or ‘centre zero’ ammeter) see Figure 7.5.
b) the generator ammeter or loadmeter (‘left zero’ ammeter) see Figure 7.5

The charge / discharge or zero-centre type ammeter displays information about current flow
into or out of the battery.

If the needle is to the right of zero, the alternator is working and supplying power to the electrical
system and charging the battery.

If the needle is to the left of zero, then the battery is discharging, indicating that the alternator
is not supplying power to the electrical system.

The loadmeter or left zero type of ammeter displays actual current draw (system demand) from
the alternator.

If the loadmeter reads zero, then the alternator is not supplying power to the system, leaving the
battery as the sole source of power in a single engine system.
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LEFT ZERO AMMETER CENTRE ZERO AMMETER

7.15

7.16

Figure 7.5. Simple Ammeters.

If an alternator fails in flight, all operating electrical equipment begins to deplete the battery.
The pilot must therefore immediately assess the situation to determine what equipment is
absolutely essential to the safety of flight at that moment and turn off everything else to conserve
battery power.

This procedure is known as load shedding.

Figure 7.6. shows both how current is measured with an ammeter placed in the current flow so
that it measures the current flowing through it and how emf and pd are measured with a
voltmeter connected to the two points between which the potential difference is to be measured.

Voltmeters have a high internal resistance and are connected in parallel to measure the voltage
between two points. It may have a multiplier fitted in series with the meter to increase the
indicating range of the instrument.

Ammeters have a low internal resistance and are placed in series to measure current through
the load It may have a shunt fitted in parallel with the meter to increase the indicating range of
the instrument.

THE BATTERY

The battery would normally be a 12 or 24 volt lead-acid or alkaline and can be used to start the
engines, or to supply electrical power in the event of generator or alternator failure.

THE BUS-BARS
The bus bars are the collection and distribution centre for a generator or alternator power supply.

They utilise solid copper bars which can be drilled to permit supply and distribution cables to
be attached.
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Figure 7.8. A Typical Light Aircraft Single Alternator DC System
BUSBARS

In most types of aircraft, the output from the generating sources is coupled to one or more low
impedance conductors referred to as busbars.

Busbars are usually situated in junction boxes or distribution panels located at central points
within the aircraft, and they provide a convenient means for connecting power supplies to the
various consumer circuits; in other words, they perform a 'carry-all' function.

Busbars vary in form dependent on the methods to be adopted in meeting the electrical power
requirements of a particular aircraft type. :

In its simplest form a busbar can take the form of a strip of interlinked terminals, while in the
more complex systems main busbars are thick metal (usually copper) strips or rods to which
input and output supply connections can be made.

The strips or rods are insulated from the main structure and are normally provided with some

form of protective covering. Flat, flexible strips of braided copper wire are also used in some
aircraft and serve as subsidiary busbars.
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7.18

BUSBAR SYSTEMS

The function of a distribution system is primarily a simple one, but it is complicated by having
to meet additional requirements which concern a power source, or a power consumer system
operating either separately or collectively, under abnormal conditions.

The requirements and abnormal conditions may be considered in relation to three main areas,
which are summarized as follows:

a) Power-consuming equipment must not be deprived of power in the event of power
source failures unless the total power demand exceeds the available supply.

b) Faults on the distribution system (e.g. fault currents, grounding or earthing at a busbar)
should have the minimum effect on system functioning and should constitute minimum
possible fire risk.

c) Power-consuming equipment faults must not endanger the supply of power to other
equipment.

These requirements are met in a combined manner by paralleling generators where appropriate,
by providing adequate circuit protection devices, and by arranging for failed generators to be
isolated from the distribution system.

The operating principle of these methods is concerned with the additional one of arranging
busbars and distribution circuits so that they may be fed from different power sources.

In adopting this arrangement it is usual to categorize all consumer services into their order of
importance and, in general, they fall into three groups;

a)  vital,
b) essential,
c) non-essential.

Vital services are those which would be required after an emergency wheels-up landing, e.g.
emergency lighting and crash switch operation of fire extinguishers. These services are
connected directly to the battery.

Essential services are those required to ensure safe flight in an in-flight emergency situation.

They are connected to DC and AC busbars, as appropriate, and in such a way that they can
always be supplied from a generator or from batteries.
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7.20

Non-essential services are those which can be isolated in an in-flight emergency for load
shedding purposes (see below), and are connected to DC and AC busbars, as appropriate, and
are supplied from a generator.

LOAD SHEDDING.

Load shedding is the overall reduction of the electrical loads on the power supply system in the
event that the generators cannot supply all of the load demanded. In some aircraft it can be
automatically achieved, in other aircraft the pilot must monitor the electrical load by use of the
ammeters or loadmeters and maintaining the total load within the rated value of the generator
or alternator. After generator failure some non essential loads would be switched off to prevent
overloading the remaining generator or battery. This will result in a decrease in current demand
from the bus-bar and enable the essential loads to be supplied..

GENERATOR OR ALTERNATOR FAILURE.

The indications of a generator or alternator failure would consist of a generator or alternator
warning light illuminating and the ammeter or loadmeter showing either zero, or a discharge
if it was the centre reading type. Typical actions to be carried out in the event of a Generator or
Alternator Failure are as follows;-

a) switch off all unnecessary electrical loads. Details are given in the aircraft handling
notes of the items to be the subject of load shedding.
b) isolate the generator or alternator electrically by turning the master switch or alternator

switch "off". This will break the field circuit and the output voltage will fall to zero or
a residual value, making the failed system ‘safe’.

c) in most cases a failure of the generator will cause the reverse current relay to operate,
isolating the generator output from the bus bar.
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Figure 7.9. illustrates, in a very simplified form, the principle of dividing categorized consumer
services between individual busbars , this is an example of a split busbar system.

In this example, the power distribution system is one in which the power supplies are 28 volts
DC, from engine-driven generators operating in parallel, 115 volts 400 Hz AC from inverters,
and 24 volts DC from batteries.

Figure 7.9. shows that each generator has its own busbar to which are connected the non-
essential consumer services.

Both busbars are in turn connected to a single busbar which supplies power to the essential
services. Thus, with both generators operating, all consumers requiring DC power are supplied.

The essential services busbar is also connected to the battery busbar thereby ensuring that the
batteries are maintained in the charged condition.

The battery busbar may be referred to as a ‘hot bus’ or ‘hot battery bus’ because it is always
connected to the battery.

In the event that one generator should fail it is automatically isolated from its respective busbar
and all busbar loads are then taken over by the operating generator.

Should both generators fail however, non-essential consumers can no longer be supplied, but the
batteries will automatically supply power to the essential services and keep them operating for
a pre-determined period calculated on the basis of consumer load requirements and battery state
of charge. (Normally 30 minutes).

In the case of the system represented in Figure 7.9., the DC supply to power the inverters is taken
from busbars appropriate to the importance of the AC operated consumers.

Thus, essential AC consumers are operated by No. 1 inverter and so it is supplied with DC from
the essential services busbar.

No. 2 and No. 3 inverters supply AC to non-essential services and so they are powered by DC
from the No. 1 and No. 2 busbars.
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Figure 7.9. Multi DC Generator Split System Block Diagram.
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SELF ASSESSMENT QUESTIONS - GENERATOR CUT-OUT

AIRCRAFT ELECTRICAL POWER SYSTEMS

1. In an electrical circuit the reverse current cut-out relay will open:
a) when battery voltage exceeds generator voltage.
b) when circuit voltage is less than generator voltage.
c) when the main output C/B is reset.
d) when the batteries are flat.
2. A generator cut-out is provided:
a) to prevent the battery over heating.
b) to prevent the battery from being overcharged.
c) to allow the generator to be isolated in a crash.
d) to prevent discharge of the battery through the generator.
3. A generator cut-out will open when:
a) circuit loads equal the battery voltage.
b) the air temperature reaches 45°C.
c) circuit loads equal the generator voltage.
d) generator voltage falls below battery voltage.
4. A generator cut-out is fitted to prevent:
a) the battery discharging through the generator windings.
b) the generator overcharging the battery.
c) fire in the event of overloading the system.
d) out of phasing.
5. In the event of the cut-out points sticking in the closed position, the most probable results, when

the engine stopped would be:

a)
b)
9
d)

gain of engine power.

a burnt out generator.

loss of residual magnetism.
no apparent reaction.
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6.

10.

To prevent circulating currents when more than one generator is being connected to the same bus
bar:

a) reverse current relays are fitted.

b) the generators are connected in series.
c) rectifiers are fitted.

d) differential cut-outs are used.

A generator cut-out is fitted:

a) in series with the generator output.
b) in the diode circuit.
c) in parallel with the generator output.

d) in the field circuit.

On a 28 volt system with a 24 volt battery the cut-out contacts close at approximately:

a) 36 volts.
b) 24 volts.
c) 28 volts.
d) 26 volts.

A component whose job is similar to a generator cut out is:

a) a rectifier.

b) a converter.

c) an inverter.

d) a reverse current relay.

If the cut-out is open, the battery is feeding the loads which are:

a) in series with the battery.

b) in parallel with the battery.
c) in sequence with the cut-out.
d) cross coupled.
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GENERATOR CIRCUIT 1

1. In a two engine aircraft with two generators, there would be:

a)

one ammeter for each generator and one voltmeter switchable to indicate either
generator voltage or battery voltage.

b) one voltmeter for each generator. and one ammeter switchable to indicate either
generator current or battery current.
c) one ammeter showing the total output and one switchable voltmeter .
d) one ammeter and one voltmeter each showing the average current and voltage output.
2. A generator converts mechanical energy to electrical by:
a) electro magnetic spring action.
b) electro magnetic induction.
c) electrostatic induction.
d) electro dynamic induction.
3. In an aircraft electrical system which incorporates a voltmeter, the voltmeter indicates:
a) the flow in the electrical system before the battery cut-out contacts close.
b) the rate of flow at all times.
c) the pressure in the electrical system before and after the cut-out contacts close.
d) the flow in the electrical system after the battery cut-out contacts close.
4. If the generator warning light comes on in flight it indicates that:
a) the generator is feeding the battery bus bar.
b) the generator is not feeding the battery bus bar.
c) the battery has failed.
d) a rectifier is faulty.
5. A generator failure is usually indicated by:
a) the ammeter reading decreasing or showing a discharge and ared warning lamp lighting.
b) the voltmeter reading increasing, the ammeter reading showing discharge and a red lamp
lighting.
c) the current consuming devices failing to operate.
d) the motor speed increasing.
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6.

10.

A generator warning light will be illuminated:

a)
b)

c)

d)

when the battery voltage exceeds that of the generator and the cut-out has opened.

at night only.

when the generator is supplying current to a fully charged battery, and no electrical
loads are switched on.

when the battery charge current is lower than required to maintain its fully charged state.

If a generator fails in flight:

a)
b)
c)
d)

the voltmeter will read maximum.
the ammeter reading will decrease.
load sharing circuits will operate.
the watt metre will show a increase.

If one generator fails you should:

a)
b)
c)
d)

switch off the good generator.

stop and feather the engine concerned.

switch off the failed generator and continue normal use of the electrical system.
switch off the failed generator, and cut down on the electrical services being used.

A generator is brought 'on the line' when it is:

a)
b)
¢)
d)

connected in series with other generators.

switched into the electrical circuit in parallel with the other generators.
connected with the ground batteries for starting.

connected to a phase reducer.

In a twin engine aircraft, fitted with two generators, if one should fail:

a)
b)
c)
d)

the failed generator must be isolated.
cut down the air supply to reduce five risks.
the failed generator must be stopped.
both generators must be switched off.
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GENERATOR CIRCUIT 2

1. A generator is brought 'on line' via the battery cut-out by an increase in:

a) the battery voltage.

b) the radio by pass switch.
c) the generator voltage.

d) the generator field voltage.

2. Generator failure is indicted by:
a) load sharing circuits connecting.
b) a decrease or discharge in ammeter readings and generator warning light on.
c) an increase in voltmeter readings, a discharge in ammeter reading and generator warning
light on.
d) failure of electrically driven instruments.
3. In a twin engine aircraft, with a generator fitted to both engines, the starboard generator fails.
Will:
a) the starboard engine cut.
b) the port engine cut.
) both engines run normally.
d) the engine with the failed generator will automatically feather.
4. Loads on a bus bar are:
a) in series with the generator so that the voltage can be reduced.
b) in parallel so the voltage can be varied.
c) in parallel so the current can be reduced.
d) determined by the cross sectional area of the lead cable.
5. When the battery master switch is switched off in flight:
a) the generators are disconnected from the bus bar.
b) the battery is isolated from the bus bar.
c) the battery is discharged through the bonding circuit diodes.
d) the battery may overheat.
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6. A generator is taken 'off' line by:

a) the battery switch.

b) operation of the field switch.
c) opening of the cut-out.
d) removing of all loads.
7. If the ammeter reads plus 5 amp after engine shut down:
a) some switches have been left 'on'.
b) the battery is charging.
c) the generator field switch is 'on'.
d) the ammeter is defective.
8. If the ammeter shows 'no' charge, yet the battery remains charged. Would you look for:
a) loose battery connections.
b) defective voltage regulator.
c) defective C/B.
d) defective ammeter.
9. A field switch in the generator circuit is:
a) kept in the 'on' position.
b) connected in the armature circuit.
c) to 'shut off' the generator field.
d) to disconnect the battery.

10. During flight a malfunction of the generator cut-out would be indicated by:

a) overheating of the battery.
b) the ammeter.

c) lights going out.

d) the current limiter.
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DISTRIBUTION
1. A short circuit in a 'single pole' electrical circuit would be caused:
a) by a broken conductor between the source of supply and an item of equipment.
b) by an open circuit between loads in parallel.
c) when wiring between the source of supply and an item of equipment goes down to earth.
d) by an open circuit between an item of equipment and earth.
2. In a 2 pole’ electrical circuit, a short of the conductors would result in:
a) an item of equipment operating automatically without switches.
b) the component not working.
c) an increase in voltage.
d) an item of equipment burning out because of a large current flow.
3. The indicating range of an ammeter can be increased by fitting;
a) A shunt fitted in parallel with the instrument.
b) A shunt fitted in parallel with the load
c) A shunt fitted in series with the instrument
d) A multiplier fitted in parallel with the instrument
4, An electrical system which uses the aircraft structure as a return path for current, is known as:
a) a diode pole circuit.
b) an earth return circuit.
c) a single phase circuit.
d) a dipole circuit.
5. On a single pole circuit, if the positive conductor is shorted to the aircraft structure:
a) the electrical component will operate.
b) the fuse will blow.
c) the circuit will be under loaded.

d) the load will only operate at half speed.
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6.

10.

In a double pole circuit:

a)
b)

c)
d)

the systems polarity will change.

the current is supplied by one wire and the current is returned through the aircraft
bonding system.

the current passes out through one wire and is returned through a second wire.

the current passes out through one wire and is returned via the aircraft's immune circuit.

In a earth return circuit if the conductor is open circuited:

a)
b)
c)
d)

the fuse will blow.

the bus bars will overheat.
the load will not operate.
the generator will burn out.

A ‘hot bus’ is :

a)
b)
<)
d)

the bus bar always connected to the battery

the bus bar that supplies the galley power

the bus bar that supplies the essential loads

the bus bar that supplies the nom-essential loads

The earth return system of aircraft wiring is that:

a)

b)

¢)
d)

one lead from the battery and one lead from the component is connected to the aircraft
structure.

one lead from the battery is earthed and both leads of the components are earthed.

the negative sides of the system are connected direct to the positive side of the battery.
rectifiers are cross connected.

A dipole circuit is one where:

a)
b)
¢)
d)

diode valves are used.

three conductors are used.

the aircraft structure is used for the earth return.
two conductor wires are used.
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8.1

8.2

83

BONDING

An aircraft in flight will pick up, or become charged with, static electricity from the atmosphere.
Bonding will prevent any part of the aircraft from building up a potential so great that it will
create a spark and generate a fire risk.

Each piece of the metal structure of the aircraft, and each component on the aircraft, is joined
to the other by flexible wire strips. All strips must be clean and free from any insulating coatings
such as anodizing, paint, grease and oxides to prevent electrolytic corrosion occurring which
would introduce resistance.

This process is called bonding, and it provides an easy path for the electrons from one part of
the aircraft to another.

Bonding can also act as part of the earth return system in a uni pole circuit and will also help to
prevent radio interference due to static discharges.

THE STATIC DISCHARGE SYSTEM OR STATIC WICKS

The static discharge systems, or static wicks, are fitted to reduce static build up on the
airframe. They were originally made of cotton of about the thickness of a cigarette.

They are fitted to the trailing edge of the aircraft control surfaces, and the tips of wings, or
stabilisers. Static electricity is dispersed from them into the atmosphere.

The free end of the wick becomes 'teased' (spread out) and a brush discharge action takes place.
Modern wicks are like miniature barbed antenna, small wire brushes, or alternatively are straight
metal wicks.

DISCHARGE OF STATIC ON TOUCH DOWN

To ensure that no static electrical charge, with its possible fire risk, remains on the aircraft after
landing, the main bond must be brought into instantaneous contact with the ground as the aircraft

touches down.

This is achieved by fitting nose, tail or main wheel tyres which contain a high proportion of
carbon in the rubber.

The tyre is in contact with the main bond via the wheel bearing and any static charge is
dissipated to earth on touch-down.
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84 SCREENING.
Screening is designed to prevent radio interference by absorbing electrical energy.

Static electrical charges, produced by the operation of certain electrical equipment, create
interference on radio circuits.

This interference is overcome by fitting interference suppressors in the cables connected to the
source of interference, and by total enclosure of the cables in a continuous metal sheath.

Screening is required for ignition systems, DC generators and motors (commutator machines),

slip ring machines operating at over 200 rpm and also for any electrical equipment operating by
making and breaking a circuit at a frequency greater than 10 Hz.
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SELF ASSESSMENT QUESTIONS - BONDING-SCREENING

ELECTRICS
1 Why are static wick dischargers fitted to aircraft:
a) to smooth the generator output.
b) to prevent tyres bursting on landing.
c) to minimise radio interference.
d) to act as an earth return in a single pole electrical system.
2 Bonding is used to protect the aircraft against fire from arcing of static electricity by:
a) providing an earth return.
b) shortening the negative strips.
c) maintaining different electrical potential throughout the structure.
d) ensuring the same electrical potential of all metal components.
3 Static electricity constitutes a fire hazard because:
a) metal components become very hot and ignite inflammable gases and materials.
b) sparks occur due to differences of potential and could ignite inflammable gases and
materials.
c) of colour charged electrons.
d) aircraft tyres become heavily charged and may burst on landing.
4 Static electrical charges and currents in an aircraft structure are evened out by:
a) hardening
b) screening
c) bonding
d) anodising
6 The electrical components of aircraft systems are screened to:
a) bond the circuit to reduce risk of fire.
b) prevent them discharging.
c) prevent short circuits in radio equipment.
d) prevent them interfering with the function of radio equipment.
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6

Bonding is a method of:

a)
b)
¢)
d)

heat screening.

providing a positive reaction.

ensuring that the different parts of the aircraft are maintained at a different potential.
ensuring that the different parts of the aircraft are maintained at the same potential.

When refuelling an aircraft:

a)
b)
¢)
d)

the refuelling nozzle must be bonded to the fuel tank.

the bonding plug must be connected to the earth terminal.
the continuity between nozzle and hose must be infinity.
only use plastic nozzles.

The purpose of electrical bonding on an aircraft is:

a)
b)
c)
d)

to prevent compass malfunctioning and accumulation of local static charges.

to reduce the anodising effect.

to isolate all components electrically and therefore make static potential constant.

to provide a low resistance path for earth return circuits and safely dissipate local static
charges and lightning strikes.
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DC ELECTRICS SPECIMEN QUESTIONS

DC ELECTRICS GENERAL NO. 1

1 Spare fuses are carried:
a) at the operators's discretion.
b) for generators only.
c) by law with a stated minimum number required.

d) by the first officer.

2 When selecting a fuse for a circuit the governing factor is:
a) the voltage of the circuit.
b) the fuse length and diameter.
c) the resistance of the circuit.
d) the power requirement of the circuit.
3 Differential cut-outs close when a differential voltage exists between the:
a) generator bus and battery bus-bar.
b) generator bus-bar and earth.
c) batteries.

d) battery bus-bar and earth.
4 Circulating current is the term used to describe:

a) back EMF.

b) current necessary to excite the generator.
c) current passing between two paralleled generators of differing voltage.
d) current passing between AC and DC systems.

5 A megohm is:

a) 10 000 ohms

b) 1000 ohms

c) 1 000 000 ohms

d) 1 000 000 000 ohms

6 Load shedding is:

a) transferring the loads between generators.

b) reducing the load voltage.

c) overall reduction of electrical load on the system.
d) overall reduction of generator voltages.
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7

10

11

the formula for calculating power is

a)

b)

d)

ViorPxRorlxV
R

ViorIxRorIxV

R

VoExRorPxV
R2

VorIxR?orIxV
R2

When a generator is on line and its associated ammeter reads 10 amps, this is an indication of:

a)
b)
c)
d)

BTB's being energised.
battery charge rate.
battery discharge rate.
generator load.

Assuming a 5 amp circuit has failed during flight and investigation has shown that the fuse is
open circuit, the action to be taken is to:

a)
b)

¢)
d)

to switch the circuit off immediately.

switch off replace the fuse with another of the correct rating for the circuit and repeat
this action as often as necessary.

leave the switch on, replace the failed fuse with one of increased rating.

switch off, replace the failed fuse with one of the correct rating once only.

If the voltage in a circuit is doubled the current will:

a)
b)
c)
d)

double

increase only if the battery is in circuit.
remain the same.

decrease.

A simple electrical circuit has a current flow of 4 amperes and its resistance is 5 ohms. How
much power (watts) is used:

a)
b)
c)
d)

20 watts
45 watts
80 watts
100 watts
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12

13

14

15

16

A lead acid battery voltage should be checked:

a) on open circuit with a voltmeter.
b) on load with a voltmeter.

c) on no load with a voltmeter.

d) only if a fault is suspected.

Connecting two batteries in series will:

a) increase the voltage and capacity.

b) have no effect.

c) decrease the voltage and the capacity.

d) increase the voltage, the capacity will remain the same.

An aircraft has a battery with a capacity of 60 A/H. Assuming that it will provide its nominal
capacity and is discharged at the 10 hour rate:

a) it will pass 60 amperes for 10 hurs.
b) it will pass 10 amperes for 6 hours.
c) it will pass 6 amperes for 10 hours.
d) it will pass 60 amperes for 1 hour.

A NICAD battery shows a high temperature after engine start, this could be an indication of:

a) thermal runaway.

b) it is not connected to the battery bus-bar.
c) normal temperature during charging.

d) depends upon the outside air temperature.

When generators are connected in parallel their output voltage must be:

a) divided by the circuit resistance.
b) the same.

c) added together.

d) controlled by one generator.
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DC ELECTRICS SPECIMEN QUESTIONS
DC ELECTRICS GENERAL NO. 2

1 In a direct current generating system the voltage regulator controls the system voltage within
prescribed limits:

a) regardless of varying engine RPM and electrical load by inserting a variable resistance
in the generator field winding.
b) by means of a relay which closes contacts in the output circuit when a prescribed voltage
is reached.
c) of the generator rotor speed.
d) by a variable resistance which limits the voltage given by the battery.
2 A generator or battery cut-out is fitted:
a) to isolate the battery on touch down.
b) to prevent the battery from being overcharged.
c) to allow the generator to be isolated in a crash.
d) to prevent the battery feeding back into the generator when its voltage is above the
generator voltage.
3 A generator or battery cut-out contacts will close:
a) with an increase in battery voltage.
b) with an increase in generator voltage.
c) at flight idle only.
d) with an increase in generator current.
4 Failure of an aircraft generator is indicated by:
a) a red warning light lighting and the ammeter showing zero or discharge.
b) a red warning light going out and the ammeter showing a discharge.
c) a current limiter tripping.
d) a circuit fuse blowing.
5 On a twin engined aircraft with a generator fitted to each engine, if the starboard generator fails,
will:
a) the fuel crossfeed cocks close.
b) the starboard engine cut (stop).
c) the port engine will cut.
d) both engines will run normally.
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6

10

11

On an earth return aircraft wiring circuit:

a) the negative pole is connected to the aircraft structure.
b) the positive pole is connected to the aircraft structure.
c) the negative pole is connected to the positive pole.

d) two fused are needed.

In a dipole aircraft wiring circuit if the conductors are bridged:

a) an item of electrical equipment would be burned out.

b) no immediate action is necessary.

c) the item of electrical equipment would operate normally.
d) the fuse or circuit breaker in that circuit will blow.

A circuit breaker that has tripped due to overload:

a) cannot be reset unless the circuit has returned to normal.
b) will not be able to be reset in the air.

c) will reset itself when the circuit returns to normal.

d) must be replaced.

When changing a blown fuse:

a) it is changed with one of a lower rating.

b) the press to reset button is operated.

c) leave circuit switched on.

d) it is changed with one of the correct rating.
Is this a:

a) faulty switch.

b) double pole switch.

c) quadruple switch.

d) single pole switch.

As the speed of an electric motor increases the back EMF will:

a) remain the same.
b) fluctuate.
c) increase.
d) decrease.

1.9-5
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12 The output of a shunt wound generator:
a) will rise gradually as load is applied.
b) will remain constant as load is applied.
c) will vary with generator speed.

d) will fall gradually as load is applied.

13 Load shedding is:

a) increasing circuit resistance.

b) transferring the loads between generators.

c) reducing the load voltage.

d) overall reductions of the loads on the system.
14 An inertia switch on an aircraft will operate:

a) when selected by the pilot or flight engineer.

b) automatically in flight.

c) during an emergency or crash landing.

d) in flight only.

15 The purpose of electrical bonding on aircraft is:
a) to directly earth the positive lead.
b) to prevent compass malfunctioning and to gather local static charges.
c) to isolate all components electrically and therefore make the static potential constant.
d) to provide a low resistance path for earth return circuits and safely dissipate local static

charges and lightning strikes.

16 Electrical components of aircraft systems are screened to:
a) bond the circuit to reduce risk of fire.
b) prevent them interfering with the function of radio equipment.
c) prevent short circuits interfering with aircraft equipment.
d) prevent engine malfunctions.
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AC ELECTRICS

1.1

1.2

INTRODUCTION.

Alternating current (AC) is used in most large modern transport aircraft because of the following

advantages that it holds over direct current (DC) supplies :-

a) AC generators are simpler and more robust in construction than DC machines.
b) The power to weight ratio of AC machines is better than comparable DC machines.
c) The supply voltage can be converted to a higher or lower value with almost 100%

efficiency using transformers.

d) Any required DC voltage can be obtained simply and efficiently using transformer

rectifier units. (T.R.U.s)

e) Three phase AC motors which are simpler, more robust and more efficient than DC

motors, can be operated from a constant frequency source, (AC generators).

f) AC machines do not suffer from the commutation problems associated with DC

machines and consequently are more reliable, especially at high altitude.

g) High voltage AC systems require less cable weight than comparable power low voltage

DC systems.
THE NATURE OF ALTERNATING CURRENT.

If the electrons flowing

INTRODUCTION

In a circuit move
backwards and forwards

about a mean position

then the current produced N
is known as alternating Magnetic field

current (AC). The \

simple AC generator

shown in Figure 1.1 Armature loop

shows that a loop of wire
(armature) rotated in a
magnetic field
experiences a
continuously changing
flux through it so that a
voltage will be induced
as long as rotation

Load

[V
™~ Carbon brush

continues. Figure 1.1 Simple AC Generator
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The magnitude of the voltage depends on the speed of rotation and the field strength (ie. rate of
change of flux).

When an armature is connected to a load (resistor) in a closed circuit through slip rings and
carbon brushes a current will flow around the circuit in proportion to the induced voltage.

If this armature is rotated as in Figure 1.2 then the flux is constantly changing. In positions 1,3
and 5 the two sides of the loop are moving parallel to the field and so there is no voltage induced
as there is no rate of change of flux. In positions 2 and 4 the two sides of the armature are
moving at right angles to the field and the maximum voltage is induced as there is maximum rate
of change of flux. In between these positions the induced voltage is between maximum and zero.

The polarity of the induced voltage changes as it passes through zero because the direction that
each side of the armature moves through the field is reversed. If the polarity reverses then so
must the current through the external circuit, current flowing backwards and forwards about a
mean position is alternating current . The direction of current flow through each side of the
armature at any point can be determined by using Fleming’s Right Hand Rule for generators.

Figure 1.2 shows one complete revolution of the generator armature and the associated rise and
fall of induced voltage

1 2 3 4 5
+
A
EMF f f J
0 90 180° 270 360
1}

Phase Angle ——>

Figure 1.2 Production of AC

Figure 1.3 illustrates the production of AC The blue vector arrow OP represents one half of the
coil of the generator, pivoted at O and rotating in an anti-clockwise direction. The E.M.F.
induced in the coil is proportional to the ordinate ON, or can be calculated by multiplying the
Max value by the sine of the Phase Angle at that point.

Successive ordinates plotted to a time scale corresponding to the rate of rotation of OP produce
a sine wave which represents an alternating current or voltage.
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INTRODUCTION
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45° /
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225° 7 315°
~er_'./..'—; ______________________________
270°
le Time o
™ [
Figure 1.3 Production of A Sinewave
1.3 TERMS

Several terms are used to describe alternating current, illustrated in Figure 1.4 some of these
terms are explained below:-

Two cycles/second

NN

Eight cycles/second

ANAANN

A

One Second

VVVVV VY

‘l

rl

Figure 1.4. Frequency Comparison

a) Cycle. A cycle is one complete series of values, e.g. the graph of Figure 1.4.

b) Phase. A sine wave can be given an angular notation called phase. One cycle represents
from 0° -360° of phase.

2.1-3
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AC ELECTRICS INTRODUCTION

c) Frequency. The number of cycles occurring each second is the frequency of the supply.
The frequency is measured in Hertz (Hz). One cycle per second is equal to one Hertz.
Constant frequency AC supply systems usually have a frequency of 400 Hz.
Frequency is dependent upon the number of times a North and a South pole pass the
armature in a given time period.

To determine the frequency of a generator output, the following formula can be used :-

Number of Poles 8 R.P.M. = Frequency in hertz
2 60 (secs)

The number of poles is the total of North and South poles making up the field of the generator
and the RPM is the speed of rotation in revolutions per minute.

For example, an 8 pole generator rotating at 6,000 R.P.M. will have an output frequency of :-

8 8 6,000 = 400 Hertz

2 60
d) Period. The period is the time it takes for one cycle to occur. It is the reciprocal of the
frequency:-
Period (T) - 1/ f seconds
e) Amplitude or Peak Value. The amplitude of a sine wave is the maximum value it

attains in one cycle, see Figure 1.5

) Root Mean Square Value.(r.m.s). The effective value of an alternating current is
calculated by comparing it with Direct Current. The comparison is based on the
amount of heat produced by each current under identical conditions.

ie. A DC current of 1 amp will make a resistor hotter than AC with peak value of 1
amp. So to make the resistor as hot with an AC current its peak value must be higher so
that its effective value can be 1 amp.

The effective value is termed the Root Mean Square, which is found by taking a number of
instantaneous values of voltage or current (whichever is required) during a half cycle.

These values are squared and their mean (average) value determined. Obtaining the square root
of the mean value gives the Root of the Mean of the Squares, the r.m.s. value.

Another way of looking at it is that the voltage (or current) rises from zero to maximum in 90°
of phase angle, the average value must occur at the midway point of 45°. As the values follow
a sine curve as previously described then the value at 45° is a product of the Peak value
multiplied by the Sine of 45° (0.707).
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Therefore the r.m.s. value of alternating current (or voltage) is related to its amplitude or peak
value. For a sine wave, the relationship is given by the formula :-

r.m.s. = PEAK VALUE Or r.m.s. = 0.707 X PEAK VALUE
V2

Most AC supply values are given in r.m.s. terms. In general terms, ammeters and voltmeters are
calibrated in r.m.s. values also.

(ST P e ______PeakValue or Amplitude (Positive)
e f _L N\ _______ RMSValue (Peak value X .707)
b
I I
I I
R
0
0° 45° 90°
- S E;a_k Value or Amplitude (Negative)
L One Cycle X
= 1
k ..... ~ < N
> >
Positive Half Cycle Negative Half Cycle

Figure 1.5 AC Terminology

THE RELATIONSHIP OF CURRENT AND VOLTAGE IN AN AC CIRCUIT.

Current and voltage in an AC circuit have the same frequency and the wave form (the shape of
the cycle) is similar, i.e. if the voltage waveform is sinusoidal then the current waveform is also
sinusoidal.

In a DC circuit the current flow was directly affected by the applied voltage and circuit
resistance, in the relationship formulated by OHMS law (I=E/R). ie. The current is directly
proportional to ’

the voltage and inversely proportional to the resistance.

There are very few AC circuits in which the current is affected solely by the applied voltage and
resistance such that both the current and the voltage pass through zero and reach their peaks in
the same direction simultaneously. In such circuits voltage and current are said to be in phase
and the circuit is said to be resistive.
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1.5

INTRODUCTION

In most circuits however because of the ever changing values of voltage and current, the current
flow is influenced by the magnetic and electrostatic effects of inductance and capacitance
respectively, which causes the current and voltage to be out of phase . This means that although
they are at the same frequency, the voltage and current do not pass through zero at the same
time. The difference between corresponding points on the waveforms is known as phase
difference or phase angle. Inductive and Capacitive circuits will be studied later in this text.

RESISTANCE IN AC CIRCUITS.

There is no such thing as a ‘pure resistance” when considering an AC circuit. All resistors, even
a piece of wire, have ’inductance’ as well as resistance, but for the purpose of studying AC
theory in this chapter we have to assume that we can build separate circuits having only
resistance, inductance or capacitance.

In the resistive circuit, then, we are assuming ‘pure resistance’
The voltage and current waveforms when AC is applied across a pure resistive circuit are sine

waves. Both waveforms are in phase as shown in Figure 1.6, and Ohms Law applies as in DC
circuits, remembering that values quoted will be r.m.s. values.

Resistive Circuit - Voltage and Current ‘In Phase’

360°

N

\\ / o~

.

Figure 1.6. The Phase Relationship in A Purely Resistive Circuit
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1.6

INDUCTANCE IN AC CIRCUITS

In section 1.2, in a simple generator a change of flux through a conductor induced a voltage in
that conductor, by rotating the conductor relative to the magnetic field. A different kind of
generator uses a rotating magnetic field and a stationary conductor. Both rely on the physical
movement of conductor or field.

A change of flux in a coil can be achieved without physical motion, by varying a current flow,
thereby changing the magnetic field relative to a coil. Figure 1.7 shows how voltages can be
induced in this manner.

Figure 1.7a shows a DC circuit containing a coil, controlled by a switch, this is the primary
circuit, with no current flow there is no magnetic field created in the coil. Alongside the primary
circuit is another circuit containing a coil and an ammeter, this is the secondary circuit. As there
is no current flow in the primary circuit there will be nothing happening.

In Figure 1.7b the switch has been made and a magnetic field is produced by the current flow
through the coil which expands while the current is increasing. This magnetic field ‘cuts’ the coil
in the secondary circuit as it is expanding, thereby inducing a voltage and current flow which
will show by a deflection of the ammeter. When the current is stable at its maximum the
magnetic field will be stable and there will be no induced voltage. Therefore the meter in the
circuit will kick sharply as the switch is closed and return to zero when the magnetic field
becomes static.

In Figure 1.7¢ the switch has been opened and there is a rapid collapse of the magnetic field
because the current flow has ceased, inducing a voltage in the secondary circuit. The meter will
kick in the opposite direction as the field collapses to zero.

Figure 1.7d and e show an AC circuit, With an ever changing and alternating current flow in the
circuit the magnetic field will be constantly changing therefore there will be a continually
induced voltage and current flow proportional to the AC waveform. This will be indicated by
the ammeter needle swinging alternately left and right. The greatest voltage will be induced
when the current is changing at its greatest rate .ie when it is changing polarity.

This is called mutual induction and is the principle of operation of transformers. The magnitude

of the induced voltage is dependent on the rate of change of magnetic field which is proportional
to the frequency of the supply.
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Figure 1.7 Inductance
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Figure 1.8 Self Induction
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Referring to Figure 1.8, the secondary circuit has been removed, but the AC supply still
generates an ever changing magnetic field which has the effect of inducing a voltage in the coil
itself. This is called self induction and according to Lenz’s law the voltage induced will oppose
any change of current in the circuit. This self induced voltage is often referred to as the Back
EMF .

The amount of inductance in any circuit can be measured by the size of the induced voltage. A
number of factors affect induced voltage.

a) The number of turns in the coil (stronger magnetic field)
b) The addition of a soft iron core in the coil (stronger magnetic field)
c) An increase in the rate of change of current (increase in frequency)

Items a and b refer to the construction of the coil itself and determine the value of the self

inductance for a given frequency. This is referred to as the Inductance of the coil and is a
measure of its ability to produce a back emf. A coil with a high value of inductance will produce
a greater back emf than one with a small value for the same supply frequency.

Any device having inductance can be referred to as an inductor. The unit of inductance is the
Henry and its symbol is a capital L. Inductance is usually expressed in milli-Henries or
micro-Henries as the Henry is too large a unit for practical use. A circuit has an inductance of
one Henry if a current change of one ampere per second induces a Back e.m.f. of one volt.

The effect of inductance in an AC circuit is to cause the voltage and current to be out of phase,
because of the opposition to the current flow the rise in current is held back behind the rise in

voltage ie. current lags voltage.

In a circuit having only inductance the current lags the voltage by 90°. This is illustrated in
Figure 1.9.
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Figure 1.9 The Phase Relationship in A Purely Inductive Circuit

1.7 INDUCTIVE REACTANCE

The opposition to current flow in this circuit is called the Inductive Reactance.

It is called reactance rather than resistance because the effects of inductance depend on the

frequency of the supply as well as the value of the inductance.

Inductive reactance is measured in Ohms and is given the symbol X .

To determine inductive reactance the following formula can be used.

Where T is a constant, f'is the frequency, L is the inductance

X, =2=nfL

From this formula it can be seen that as frequency increases the value of inductive reactance
increases so the circuit current would decrease. Conversely, and more importantly, as the circuit
frequency decreases the inductive reactance decreases and the circuit current increases.

2.1-1
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1.8

CAPACITANCE IN AC CIRCUITS

Capacitance is the ability of a circuit to store an electrical charge. A device used to introduce
capacitance into a circuit is known as a Capacitor. A capacitor consists of two plates separated
by a Dielectric, see Figure 1.10. Dielectrics can be, amongst other things, air, mica or waxed
paper.

Three factors affect the amount of charge a capacitor can hold.

They are;-

a) The area of the plates.

b) The distance between the plates.

c) The material used to separate the plates, the dielectric.

The capacitor will store an electric charge, much like a hydraulic accumulator stores fluid under
pressure, but first it needs to be charged.

When connected to the battery as shown in Figure 1.10 electrons will be removed from the plate
connected to the positive terminal of the battery and added to the plate connected to the negative
terminal, conventional current flow will be from positive to negative. This process will continue
until the plates become saturated and no more current will flow.

Switch
A |
~
| Charging ,' Discharging I
current current
Charai Plate External
cipcal:i?mg —— circuit
I t Dielectric
Capacitor charging Qgpécitgr discharging
+ Voltage
Current \
V&l 0
e
Time
Current

Figure 1.10 A Capacitor in A DC Circuit
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The potential difference between the plates is at its maximum and the capacitor is now fully
charged, its voltage being equal to the battery voltage.

If the switch is now moved to a mid position the charging circuit is disconnected and the
capacitor will hold its charge indefinitely, in a similar fashion to an accumulator. (In practice
there will be some leakage which allows the capacitor to discharge over a period of time).

Using the switch to connect the capacitor to the external circuit will allow the capacitor to
discharge and current will flow around the circuit in the opposite direction until the potential -
difference across the plates has equalised. Notice that the capacitor has discharged in the
opposite direction to which it was charged. Note also that electrons do not pass between the
plates through the dielectric

FTT++7
++4+++

¢

Charge / discharge Charge / discharge
1st half cycle 2nd half cycle

Figure 1.11 Capacitor in An AC Circuit

When fitted in an AC circuit as shown in Figure 1.11 the capacitor will be constantly charging
and discharging as the applied voltage and current flow are constantly reversing polarity and
direction. As the applied voltage falls the capacitor discharges current back into the circuit in the
opposite direction and its voltage falls.

This has the effect of shifting the voltage out of phase with the current, and in a purely capacitive
circuit the current will lead the voltage by 90° see Figure 1.12.

The unit of capacitance is the Farad, and a capacitor is given the symbol C. If a current of
lampere flowing for 1 second creates a potential difference of 1 volt between the plates of a
capacitor then it is a 1 Farad capacitor. Because of the values involved a 1 Farad capacitor is not
a practical size, a more common unit is the micro-farad or pico farad.
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Figure 1.12. Phase Relationship in A Purely Capacitive Circuit

CAPACITIVE REACTANCE

The opposition to current flow in this circuit is called Capacitive Reactance. As in the inductive
circuit the amount of reactance is dependent upon frequency and the value of the capacitor in
Farads. Capacitive reactance is measured in Ohms and is given the symbol X. It can be
calculated by using the following formula:-

From this formula it can be seen that as frequency increases the value of capacitive reactance
decreases so the circuit current will increase. Conversely if frequency decreases capacitive
reactance increases and circuit current will decrease.
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1.10

1.11

IMPEDANCE

The total opposition to current flow in an AC circuit is a combination of Resistance, Inductive
reactance and Capacitive reactance. But because in each circuit there is a different phase
relationship between the voltage and current they cannot simply be added together.

Inductive reactance can be thought of as having the opposite effect to capacitive reactance as in
one circuit the current lags the voltage by 90° and in the other the current leads the voltage by
90°, so they are 180°apart and the total reactance can be found by subtracting one from the
other. Impedance is the vector sum of the resistance and total reactance and represents the total
opposition to current flow measured in Ohms and given the symbol Z

Reactance X

(X - Xc&

Impedance Z

Z= AR+ (X - X

Resistance R
:

Pictorially this can be shown as vectors in an impedance triangle, from which it can be seen that
resistance is out of phase with reactance by 90°:-
Mathematically the vector sum of the two can be expressed using Pythagoras’ Theorem.

RESONANT CIRCUITS

Changes of supply frequency in a circuit will have the opposite effect on capacitance and
inductance. Anincrease of supply frequency willincrease the inductive reactance (XL) and
decrease the capacitive reactance (XC). Increasing XL will cause the current in the circuit to
decrease and decreasing the XC will cause the current to increase.

The manner in which the inductance and capacitance react in an opposite fashion to changes of
supply frequency means that there will be one specific frequency for each circuit at which their

values will be equal.

When the Capacitive Reactance and the Inductive Reactance in a circuit are Equal the
circuit is said to be Resonant.
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If a capacitor and an inductance are placed in series each other, at the resonant frequency the
current flowing in the circuit will be maximum. If on the other hand the capacitor and
inductance are placed in parallel with each other, the current flowing in the circuit at resonant
frequency will be minimum.

SUMMARY SO FAR

a) The Voltage and Current phase relationship in reactive circuits can be remembered
using the following mnemonic:-

C | \4 I L

In a Capacitive circuit, I current leads Voltage leads I current in an L inductive circuit.

b) The effect of frequency variation on inductive and capacitive reactance is shown in the
following graph.
Xc
XL
Reactance
X

Resonant / <

frequency Frequency
XL=Xc

POWER IN AC CIRCUITS

The power absorbed in a DC circuit, according to OHMS law is the product of the Voltage and
the Current. So it is in AC circuits. However due to the change in phase relationship between
voltage and current in reactive circuits the actual power absorbed is not necessarily the same as
the power apparently supplied.

Once again the Resistive, Inductive and Capacitive circuits need to be examined separately and
then a practical circuit having a combination of all three is considered.
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1.14

POWER IN A PURELY RESISTIVE CIRCUIT

The power in a resistive circuit is the average value of all of the instantaneous values of power
for a complete cycle. The instantaneous power value is found by multiplying the instantaneous
values of current and voltage. If this process is carried out over a full cycle it will give the power
curve shown in Figure 1.13.

6
5 -

Voltage -
Curregﬂ 4 Average power
Power 3 +——f —@<—\ ————— _ — . (True power)
r.m.s. Volts x
2. Amps
Watts or Kw

!

v — 04
—_.__»

P 4
Voltage and Current

‘in phase’ = Real power 2-

-3

4

-5-

-6

Figure 1.13 Power in A Purely Resistive Circuit

Notice that the Power curve is always positive because the voltage and current are in phase and
its frequency is twice that of the voltage and current.

This positive power is known as the True Power, Real Power or Wattfull Power and its value
is the product of the r.m.s. current and the r.m.s. voltage. It is measured in Watts or Kilowatts
(KW).

The average power over a complete cycle is the average value of the power curve and can be
represented by a line drawn halfway between the minimum and maximum values

POWER IN A PURELY INDUCTIVE CIRCUIT.
Figure 1.14 shows a purely inductive circuit where the current ‘lags ‘ the voltage by 90°. It can
be seen that by plotting instantaneous values of current times voltage we can obtain the

waveform of instantaneous power.

The axis of that power waveform is the same as that of the voltage and current but its frequency
is double.
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1.15

If the axis of all the waveforms is the same, then the positive power is equal to the negative
power. The positive cycle represents power given to the circuit to generate the magnetic field,
and the negative cycle is power given back by the circuit in generating the back EMF.

Thus in a circuit that contains only inductance, the true power is zero and only the power
required that is necessary to overcome the inductive reactance is absorbed. This called reactive
power and is the product of the voltage and current that is 90° out of phase. It is measured as
Volts x Amps Reactive VAR or KVAR.

The product of the r.m.s. voltage and the r.m.s. current in this circuit is known as the apparent
power and is measured in VA or KVA.

+ Positive power
P
Phase angle 90°
current lags
voltage Vv
> of — A\ — kK -
r’ v True power = 0
|
P

- Negative power

\ 4

Power =V olts x Amps
Reactive. VAR or KVAR
(No real power generated
when current 90° OOP with
voltage)

Figure 1.14 Power in A Purely Inductive Circuit

POWER IN A CAPACITIVE CIRCUIT

Power in a purely capacitive circuit is very similar to the inductive circuit, because the current
is also out of phase with the voltage, but this timé leading Refer to Figure 1.15, once again the
positive power is equal to the negative power thus no real power is absorbed. The power required
is only overcoming the capacitive reactance. When the voltage and current are 90° out of phase
the power required is all reactive power (VAR or KVAR).

As before the r.m.s. volts x r.m.s. amps is apparent power (VA or KVA).
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Power = volts x amps
reactive VAR or KVAR
no real power developed
when current 90° oop with

voltage
Positive power
P v
|
1
° , True
’ v » 0 power = 0

Phase angle 90°

current ‘leads’

voltage

Negative power

Figure 1.15 Power in A Purely Capacitive Circuit
POWER IN A PRACTICAL AC CIRCUIT

A practical AC circuit will always have some resistance and some inductance, the amounts of
each will depend on the construction of that circuit. An AC circuit may also have capacitance
if capacitors are fitted.

Calculating power therefore depends on the ratio of resistance in a circuit to the inductance or
capacitance (remember that inductance has the opposite effect to capacitance so if both are
present in a circuit the effects of one will cancel out some of the other leaving the circuit more
inductive or capacitive depending on which one is more dominant, the resistance will always be
there)

Figure 1.16 shows a circuit having equal resistance and inductance, notice the phase angle is 45°
and that the amounts of positive power and negative power are not equal.

A line dividing the power curve into two equal areas would show the average power consumed
in that circuit. The "average power" in a circuit with both resistance and inductance is the true

power (KW) consumed in that circuit.

The apparent power (KVA) is the r.m.s. volts x amps and the reactive power (KVAR) is the
amount of power required to overcome the inductive reactance.
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Positive power

More positive power than
negative power true power
axis now above the zero
axis True power
2 A \ ey At — (KW)

451
0° =
I \' 45°

Negative power

Phase angle of 45°
current 'lags’ voltage

Power factor =  true power(KW)
Apparent power(KVA)

Figure 1.16 Power in A Circuit Having Equal Amounts of Resistance and
Inductance

POWER FACTOR

There is a definite relationship between the apparent power and the true power, the value of each
will change with the ratio of resistance to inductance (or capacitance) and therefore with the
phase angle.

The greater the phase angle the greater will be the apparent power compared with the true power,
and vice versa.This relationship is called the power factor and can be calculated as the ratio
between True Power and Apparent power

TRUE POWER =  POWER FACTOR (p.f.)
APPARENT POWER '

In a purely inductive (or capacitive) circuit the True power would be Zero and the phase angle
will be 90° so from the formula we can deduce that the Power Factor must also be Zero, its

minimum value.

Decreasing the phase angle increases the True Power and increases the Power Factor.
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In a purely resistive circuit the phase angle will be zero and the true power will equal the
apparent power so the power factor will be its maximum or 1.

The power factor can also be calculated as the cosine of the phase angle

ie. As every good pilot should know, cos 0° =1, cos 90° =0

POWER FACTOR RESUME.

Below is a list of facts relating to the Power Factor. It may be of use when revising the subject

so far.

a)

b)

2

h)

Apparent Power = the product of r.m.s. voltage and current in one half cycle.

Apparent Power can also be called the Theoretical Power or Rated Power. It is
measured in VAs or KVAs.

True Power = Apparent Power, but only if the voltage and the current are in phase.
True Power = Zero, but only if the voltage and the current are 90° out of phase.

True Power can also be called the Real Power, the Effective Power, the Wattful Power
or the Working Power consumed in the circuit.

True Power is measured in Watts or Kilowatts.
Real Power = the voltage 38 the current ® the power factor.

Reactive Power is measured in KVAR’s.

TRUE POWER
APPARENT POWER

POWER FACTOR
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23

INTRODUCTION TO AIRCRAFT POWER SUPPLIES.
The requirement for more power to operate larger pieces of electrical equipment as passenger
aircraft grew in size now means that most large commercial aircraft use alternating current

distribution systems.

The industry standard that has evolved for constant frequency aircraft is:
115/200v AC, 3 phase, 400 Hz.

And the requirement for DC is satisfied by converting AC to 28v DC using transformer rectifier
units (TRU’s), while retaining the battery for emergency use.

The distribution system is laid out in a similar fashion to the DC aircraft using a system of
Busbars having a distinct hierarchy, the emphasis being placed on the ability of the system to
cope with failure with the minimum loss of electrical services.

As in a DC system the AC generators can be operated in parallel if the designer requires.

This chapter will explain different types of AC generator, their operation, control and protection
and some typical aircraft AC systems.

GENERATORS / ALTERNATORS.

In a DC generator the rotating part is always the armature. In an AC generator this is not
generally true.

Another name for an AC generator is Alternator.

There are two types of alternator :-

a) Rotating Armature.

b) Rotating Field.

ROTATING ARMATURE ALTERNATOR.

The rotating armature alternator is similar in construction to a DC generator, the armature
rotates in a stationary magnetic field. As it does so, an e.m.f. is induced into it, and this e.m.f.,
rather than being converted to DC as it is in the commutator of a DC machine, is taken out as AC

through Slip Rings.

The rotating armature is only used in very small output alternators and are not generally used for
supplying AC systems.
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24 ROTATING FIELD ALTERNATOR.

Most practical alternators are designed with a rotating field and a stationary armature so that
the rotor, the moving part, carries the field windings. The field can either be energised by a
permanent magnet or by DC from a separate source.

Cross section Side view

Rotating field
Stationary

armature

-co9-HCO
orm=m
-cvo-HCO

Figure 2.1. Rotating Field Alternator

N.B  The field MUST be energised by DC to keep the correct polarity in the rotor.

One advantage of a rotating field alternator is that only a low current is fed through slip rings to
the field windings.

The output is taken from the stationary armature windings, which means that problems
associated with arcing from the brush gear are greatly reduced. Figure 2.1 illustrates a simple
rotating field alternator.

2.5 ALTERNATOR OUTPUT RATING.

The maximum output current from an alternator depends on the amount of heating loss which
can be sustained in the armature. This power loss heats up the conductors and can, in extreme
cases, destroy the insulation of the windings. Alternators are rated in terms of this armature
current as well as by their voltage output. Thus every alternator is rated in Volt Amperes (VA)
or Kilo Volt Amperes(KVA) , the Apparent Power.
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2.6

2.7

A SINGLE PHASE ALTERNATOR.

A single phase alternator has its stator windings connected in series to supply the output. The
stator windings (coils) are connected so as to be series-aiding, so that the induced voltages in
them are in phase. The rotor consists of two poles of opposite polarity. This is illustrated in
Figure 2.2.

STATOR WINDING

—|  BUS-BAR |

o»Oor

Figure 2.2 Single Phase Alternator

The output of this type of machine will rise to a maximum in one direction, then fall to zero, rise
to a maximum in the other direction and then fall to zero again.

POLYPHASE CIRCUITS.

Polyphase or "multi-phase" alternators have two or more single phase windings symmetrically
spaced around the stator.

The number of separate stator windings determines the number of phases present in the
supply. The currents and voltages generated in this type of machine will have the same the same
frequency but be out of phase with each other.

Corresponding values of voltage or current will be separated by an equal number of degrees.

The most common polyphase alternator is the three phase alternator which has become the
standard AC distribution system for aircraft. This is illustrated in Figure 2.3.
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ALTERNATORS

Note that the phase windings are mechanically arranged to be at 120° to each other in the
sequence A,B,C so that the outputs are electrically separated by 120° as shown in the diagram.
It can be seen that "A" phase reaches a peak going positive before "B" phase reaches a peak
going positive before "C" phase reaches a peak going positive. This is the phase sequence ABC

The peak values of the voltages induced in the three single phase windings of the three phase
alternator shown in Figure 2.3 are 120° displaced from each other. The three phases are
independent of each other.

PHASE B

+

VOLTS

THREE PHASE AC GENERATOR ( ALTERNATOR)
PHASE A
-+ 4
/ PHASE C
Y
PHASE A PHASE B

Hzo"

€«—\ONE CYCLE OF A PHASES-——~4

Figure 2.3 Three Phase Alternator

The advantages of a three phase system are :-

a) They have a greater power / weight ratio.

b) They are easier to work in parallel.

THREE PHASE ALTERNATOR CONNECTIONS.

The outputs of a three phase alternator can be connected by either the "Star" or "Delta" method.
These connections are shown in Figure 2.4,

2.2-4
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T h r conn T h Del nnec

Neutral

Figure 2.4 Star and Delta Connection for Three Phase Alternators

2.9 THE FOUR WIRE STAR CONNECTION.

A star connected three phase alternator has the three phases joined at one end to form a fourth
connection known as the neutral point. Refer to Figure 2.5.

—» L = Line current
Bh 4 Phase A
ase ; loads
Line
Phase voltage
current 'P“T A g @)voltage
Neutral point _L =
C
v
Phase B Phase C
loads loads

Figure 2.5 Star Connected Alternator

The neutral point is normally grounded and used as the earth return in modern aircraft. The
neutral line will carry any out of balance current. This means that if there is an earth fault on
one phase, the neutral will carry an exceptionally high load.

This is the type of alternator that will be fitted to a typical aircraft distribution system because
it can cope with different loads on each bus bar, the delta connection can not.

2.2-5 © Oxford Aviation Services Limited



AC ELECTRICS ALTERNATORS

The connection at the opposite end of the phase from the neutral is called the line connection.
A voltmeter measuring the potential difference between the neutral and the line lead would
read phase voltage. A voltmeter measuring the potential difference between two line
connections would read line voltage.

In this type of alternator the phase voltage and line voltage are different because phase voltage
is measured across one phase whereas line voltage is measures across two phases and is the

vector sum of the two.

Given one or the other of these values, the following formula will enable the student to establish
the missing criterion :-

LINE VOLTAGE = 1.73 % PHASE VOLTAGE
Note :- (1.73 = V3)

The line voltage of a typical aircraft supply system would be 200 volts, from the formula above
it can be seen that the phase voltage would be;-

200 or 115volts.
1.73

To be more specific, a modern aircraft power supply would be 115 / 200 volts, 3 (phase), 400
Hz.

While the voltages of line and phase differ in the "star" connected system, because the windings
form only one path for current flow between phases :-

LINE CURRENT = PHASE CURRENT
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Line current = Phase current x v'3

A phase
Lo loads
Phase
current

A
S —
C phase
o loads

Phase voltage = Line voltage

C

Figure 2.6 Delta Connected Alternator

DELTA CONNECTED ALTERNATOR.

As can be seen from Figure 2.6, in this system the ends of the phases are joined together to form
a closed mesh and the loads are connected in a similar fashion.

Logically, because the potential measured across the phase is measured between two lines, then:-
LINE VOLTAGE IS PHASE VOLTAGE
BUT
LINE CURRENT = PHASE CURRENT X v3
This type of connection will not be used in a practical distribution system because it cannot cope

with unbalanced loads as there is no neutral point. However they may be used for specific
purposes eg. speed sensors or tacho generators.
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2.11 PRACTICAL AC GENERATORS.

Rotating Armature alternators suffer from various disadvantages :-

a) The rotating coils are heavy and centrifugal forces are high
b) Efficient insulation of the rotating coils is difficuit.

c) The resistance across the brushes to the sliprings is high.
d) The rotating coils are difficult to cool.

e) They have a poor power to weight ratio.

Rotating Field alternators make up the majority in use. From the previous sections it will be
seen that in this type of alternator the field is in the rotor and the phase windings form the
stator.

There are two types of rotating field alternator in use on aircraft :-

a) Brushed alternators.

b) Brushless alternators.
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2.12

BRUSHED ALTERNATORS.

ALTERNATORS

The current supply for the excitation of the rotor field can be provided initially from the aircraft
DC bus bar (battery) and then subsequently by rectified AC The DC current is directed through
brushes and slip rings to the rotating field.

Control of the excitation current is by the voltage regulator which samples the alternator output
(115v AC) and adjusts the excitation current to maintain the correct voltage irrespective of the
alternator speed.

The voltage regulator in its simplest form is a variable resistance connected in series with the
field coil ( the principle of the carbon pile regulator in the DC book).

Fig 2.7 shows a block diagram of a Brushed Alternator.

ONLY ONE PHASE SHOWN FOR CLARITY

115v AC BUS
Input
drive Voltage
sample
input
Excitation ¢ ' ; :
current |\'/easrilsatglre B
----------------------------- Rectifier
VOLTAGE
REGULATOR TRU
. Slip rings and
Rotating brushes
field 28v DC BUS BAR
Stationary
armature

Figure 2.7 Brushed Alternator
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BRUSHLESS ALTERNATORS

115v AC BUS

VOLTAGE
SAMPLE

INPUT ’
W‘I TRU

VOLTAGE
REGULATOR

EXCITER GENERATOR

28v DC BUS BAR

MAIN GENERATOR

ROTATING RECTIFIER |

Figure 2.8 Brushless Alternator

A brushless alternator incorporates an exciter generator mounted on the same shaft as the main
generator. The purpose of the exciter generator is to provide a current for the main generator
rotating field. The rotating rectifier converts the AC produced in the exciter armature to DC
required for the main rotor field supply.

Voltage regulation is effected by controlling the Exciter field strength and thereby the current
strength at the main rotor field coil.

Brushless alternators have some advantages over brushed alternators
a) They are very reliable.
b) There are no brush wear problems.
c) They have a high power to weight ratio.

Modern brushless alternators may have a third generator on the same shaft called a Permanent
Magnet Generator (PMG) which provides excitation current for its exciter generator.
Alternator output is usually 200 (line) / 115 (phase) volts @ 400 Hz. There are two basic types
of brushless alternator :-

a) Externally excited. (No residual magnetism in the exciter)

b) Self excited. (Some residual magnetism in the exciter)
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2.15

2.16

2.17

FREQUENCY WILD ALTERNATORS

If an alternator is driven directly from the engine gearbox , then its speed, and therefore the
frequency of its output will vary directly with engine speed. An output from such a generator
is said to be Frequency Wild.

NB. The connection of two frequency wild generators in parallel is not possible.

Frequency wild alternators are usually used on aircraft to power the electrical de-icing systems,
where the resistances that make up the heater mats are not affected by changing frequencies.

OBTAINING A CONSTANT FREQUENCY SUPPLY FROM A FREQUENCY WILD
SYSTEM.

Inverters can be used to give a constant frequency output from a frequency wild supply. The
frequency wild AC is rectified to DC which is used to power either a Rotary or Static Inverter
which then converts DC to constant frequency AC.

CONSTANT FREQUENCY ALTERNATORS

If an alternator can be driven at a constant speed, then the output frequency will be constant.
Driving the engine at a constant speed is not a practical proposition so a device is required to
keep the speed of the alternator constant irrespective of the engine speed.

CONSTANT SPEED GENERATOR DRIVE SYSTEMS.

The Constant Speed Drive Unit (C.S.D.U) consists of an engine driven hydraulic pump, the
output of which drives a hydraulic motor which itself in turn drives the alternator.

The oil which forms the medium through which the mechanism operates and also facilitates
lubrication and cooling, is contained within a reservoir, entirely separate from the engine oil
system.

The output of the hydraulic pump, and therefore the speed of the hydraulic motor, depends on
the angle of a swashplate within the pump. The angle of the swashplate is controlled by a device
called a speed governor. The speed governor is controlled by the load controller which senses
the output frequency of the alternator and is responsible for increasing or decreasing the torque
output of the C.S.D.U. to the alternator drive.

Most C.S.D.U.s are capable of maintaining the alternator output frequency within 5% of 400 Hz
(380 - 420 Hz).

In the event of a mechanical failure in the alternator the C.S.D.U. is protected by a Quill Drive,
this is the equivalent of a weak link which will break before any major damage can be caused.

2.2-11 © Oxford Aviation Services Limited



AC ELECTRICS ALTERNATORS

2.18

2.19

The CSDU operates in one of three modes overdrive, straight through drive or underdrive.

a) overdrive = engine speed less than generator speed
b) straight through drive = engine speed same as generator speed
c) underdrive = engine speed greater than generator speed

Some constant frequency generators have their CSDU and generator combined in one unit called
an Integrated Drive Unit (IDU) or Integrated Drive Generator (IDG)

C.S.D.U. FAULT INDICATIONS IN THE COCKPIT.

There are several indications in the cockpit associated with the Constant Speed Drive Unit and
the problems which might occur with it. The two main ones are :-

a) Low Oil Pressure Warning Lights. These will illuminate when the oil pressure drops
below a predetermined minimum value.

b) High Oil Temperature warning. Monitors the CSDU oil outlet temperature.
THE DRIVE DISCONNECT UNIT (DOG CLUTCH DISCONNECT).

In the unlikely event of a malfunction in the C.S.D.U. or the alternator, the engine input drive
to the C.S.D.U. can be disconnected. This will allow both the drive unit and the alternator to
become stationary, thus eliminating any chance that the malfunction will affect engine
performance.

The disconnection can be carried out at any time the engine is running, although
reconnecting may only be done "manually" on the ground following shut down of the
engine.

Figure 2.9 illustrates a CSDU and drive disconnect mechanism. The disconnect unit is operated
by the selection of a momentary action ‘Drive Disconnect’ switch by the pilot. This operates a
solenoid which causes a mechanical separation of the input drive from the engine to the constant
speed unit. Exceptionally some aircraft may allow automatic disconnection ofthe generator drive
by a generator control unit (GCU) under certain fault conditions.

Modern units can have the CSDU and generator in one unit. These are called Integrated Drive
Units (IDU’s) or Integrated Drive Generators (IDG’s).

Some IDG’s are known as as Permanent Magnet Generators (PMG’s). The generator has
three separate generators on the same shaft, a permanent magnet generator which provides for
initial excitation of the exciter generator which controls the main generator field. This type
of generator is invariably controlled by a Generator Control Unit (GCU) paragraph 2.40
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Engine pisconnect Constant Speed
Input - - - Generator 3 phase
Driv unit Drive Unit output

= P M

T
Frequency

e sampling
Speed 400 Hz
governor
|D|SC | TEMP
1O PRESS Load controller
Disconnect
switch Oil system warnings
Figure 2.9.

VARIABLE-SPEED CONSTANT FREQUENCY POWER SYSTEMS (VSCF)

A variable speed constant frequency system (VSCF) utilises a frequency wild generator driven
by the engine and the variable frequency out put is electronically converted into a constant
frequency 400 Hz supply. The conversion is achieved by a generator converter control unit
(GCCU) which first passes the variable frequency supply through a full wave rectifier where it
is rectified and filtered and then to an inverter where it is formed into a 3 phase 400 HZ AC
supply. This of course eliminates the need for a hydro mechanical CSDU and all its associated
controlling mechanisms. This improves reliability and flexibility on the installation as the
electronic circuit does not necessarily have to be located in the engine compartment with the
generator. VSCF systems are currently fitted to Boeing 737 aircraft and several military aircraft.
The VSCF also incorporates a built in test facility which can provide fault isolation information
to the ground engineer. .

SELF EXCITED GENERATORS.

A self excited generator is one which has some permanent magnetism in its exciter generator.
On initial rotation, the flux from these Stationary Permanent Magnets causes an induced AC
voltage an therefore current to flow in its rotor. The rotor output is then fed directly to a
rotating rectifier which in turn supplies the rotating field coils of the main generator with a DC

supply.
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2.23

2.24

2.25

The output of the main generator stator is tapped to provide a regulated supply to the exciter field
so enabling the voltage to be controlled.

LOAD SHARING OR PARALLELLING OF CONSTANT FREQUENCY
ALTERNATORS.

When running two or more constant frequency alternators in parallel they must be controlled
in order that each one takes a fair and equal share of the load.
This "load sharing" or "parallelling" requires that two parameters are regulated :-

a) Real Load.
b) Reactive Load.

REAL LOAD.

Real Load is the actual working load output available for supplying the various electrical
services and it is measured in Kilowatts (real power or true power see 1.16).

Real Load is directly related to the mechanical power or torque which is being supplied to the
alternator drive by its prime mover, i.e. the engine or CSDU.

Real Load Sharing is achieved by controlling the Constant Speed Drive Unit (C.S.D.U.) and
adjusting the torque at its output shaft so that if the torque of the two or more CSDU’s is equal
then the real load taken by each generator is the same.

REACTIVE LOAD.

Reactive Load is the so-called Wattless Load which is the vector sum of inductive and
capacitive currents and voltages expressed in KVARs (Kilo Volt-Amperes Reactive again see
1.16).

Reactive Load Sharing is achieved by controlling the Voltage Output (Exciter Field
Current) of each generator that is connected in parallel. If their voltages are identical then the
reactive load on each generator will be the same.

PARALLEL CONNECTION.

To control the real and reactive load when two or more generators are paralleled there are two
separate load sharing circuits, one to detect and control real load and one to detect and control
reactive load.

N.B. It must be emphasised that until a generator is connected in parallel with one or more
others it will not be connected into the load sharing circuits. While constant frequency
alternators are operating as individual units, such as at engine start when only one alternator may
be on line, their Real Load and Reactive Load sharing circuits are not connected.
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BEFORE CONNECTING IN PARALLEL.

AC generators, or alternators, are synchronous machines which will lock frequencies when they
are operated in parallel. The system frequency thus becomes that of the alternator with the
highest load.

However if the two alternators are at different frequencies before they are connected in parallel
then damage can occur as one generator tries to slow down and the other tries to speed up, so
they must be at the same frequency before paralleling.

As well as being at the same frequency they must also be of the same phase sequence, ie at any
point in time phase A,B and C on the first generator must be identical to phase A, B and C on

the second generator.

The Voltage of each generator being paralleled must also be the same.

Gen1 Gen2 J :

Frequency different

- 7 Phase sequence same
/ Voltage same

Frequency same
Voltage same
Phase sequence
different
Frequency same
Voltage different
Phase sequence same

Frequency same
Voltage same
Phase sequence same

Figure 2.10 Conditions Required Before Parallelling
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LAYOUT OF A PARALLELLED SYSTEM

Figure 2.11 shows a diagrammatic layout of a three generator parallelled system. Notice that for
each of the three phases of the output there is a separate bus bar, for example the No1 generator
bus bar (Gen Bus1) is made up of three separate bus bars A, B and C for phases A, B and C. The
generator is connected to its own bus bar through a 3 phase circuit breaker called the
Generator Circuit Breaker (GCB), operated automatically or controlled from the flight deck.
All the electrical loads of the aircraft are shared between the three generator bus bars.

To operate the generators in parallel they are connected through their respective generator bus
bars to a synchronising bus bar via a Bus Tie Breaker (BTB) . A Bus Tie Breaker is another
3 phase circuit breaker controlled automatically or manually from the flight deck.

The synchronising bus bar takes no electrical loads at all, it is only there to allow the engine
driven generators to be operated in parallel. Ground power or power from the APU generator can
be connected into the synchronising bus and from there can be fed to the load bus bars through
the BTB’s when the engine generators are not operating and the GCB’s are open.

GEN 1 GEN 2 GEN 3

ot i

GENERATOR

ces I GCB ”I
CIRCUIT I NO 2 “.I NO 3 [
BREAKER NO 1

BUS TIE
BREAKER #1 I”

GROUND
POWER OR
APU

Figure 2.11A Three Generator Parallelled System
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REAL LOAD SHARING
The Load Controller controls the basic frequency of the AC generator (400Hz).

After parallelling the load controllers work as a team to evenly share the real load by increasing
the torque input to the lower speeding alternators drive and decreasing the torque input to the
higher speeding alternators to ensure each alternator takes an equal share of the load.

Current transformers sense the Real Load distribution at the output of each of the parallelled
alternators.

When current flows through these transformers voltage is induced in them and a current flows
in the Load Sharing Loop. Each of the current transformers, which are connected in series
with each other in the loop, has an Error Detector wired in parallel with it.

If it is assumed initially in Figure 2.12 that conditions of balanced load have been attained, then
the current output of each current transformer can also be assumed to be 5 amperes and no
current will flow through the error detectors.

r =1 | r =1
| | | |
| e | |
| | | | : |
MAGNETIC I MAGNETIC I MAGNETIC I
AMPLIFIER AMPLIFIER AMPLIFIER
| |
i el | Lo L |
TO SPEED GOVERNOR NO1 TO SPEED GOVERNOR NO2 TO SPEED GOVERNOR NO 3

Figure 2.12 Real Load Sharing Circuit
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Now imagine that the drive unit of the N° 1 alternator increases its torque output, it will take a
bigger share of the load than the other two alternators which will decrease by a proportional
amount.

The output of the N° 1 alternator current transformer has increased to 6 amperes for arguments
sake, this will mean that the output of the No2 and 3 transformer will decrease to 4 amps so that
the average current flowing in the circuit is still 5 amperes.

According to Kirchoff’s first law the difference between each current transformer and the
average current will be pushed through the error detectors in opposite directions. This signal,
when amplified, will be sent to the speed governors to tell the CSDU for the No 1 Gen to reduce
torqueand the CSDU’s for the No 2 and 3 Gen to increase torque until the current in each
transformer is once again equal and the real load is once again balanced.

Real load sharing is controlled by matching CSDU speed (torque).

REACTIVE LOAD SHARING.

The reactive load sharing circuit shown below looks very similar to the real load sharing circuit.
It works in a similar fashion but it is a completely separate circuit.

The sensing of out of balance loads by the current transformers is the same but this time the error
detector needs to know the difference between the reactive loads carried by each generator.
The mutual reactor is a phase shifting transformer which ensures that the error detector only
detects that part of the current which is 90° out of phase with the voltage (reactive load). The
error signal is then amplified and correcting signals are sent to the generator field circuit to
increase the voltage on the low voltage generator and reduce the voltage of the higher voltage
generator to balance the reactive load.

Reactive load sharing is controlled by the Voltage Regulators matching voltage outputs
(field excitation).
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Figure 2.13 Reactive Load Sharing Circuit

LOAD SHARING GENERAL

It is typical to run three and four generator systems in parallel but most modern twin engined
aircraft wih two generators run the generators in isolation (Split Bus System).

In those three and four generator systems the load sharing circuits operate as shown above but
are extended to cater for the required number of generators.

If any generator in a parallel sytem is not connected in parallel then it will not be connected to
the load sharing circuits either.

REMEMBER: Real load sharing - speed, torque (CSDU)
Reactive load sharing - excitation, field current
(Voltage Regulator)
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233

ALTERNATOR COOLING.

The heat generated in the alternator stator windings due to the current flow through them means
that some form of cooling system is required. Those systems with frequency wild generators or
constant frequency generators with separate CSDU’s typically use ram air cooling in flight and
some means to induce an airflow on the ground.

IDG’s or IDU’s use their oil to cool the stators which is then cooled in its own oil cooler.

GENERATOR FAULT PROTECTION.
When constant frequency alternators are paralleled, then the requirement for other Control and
Protection devices becomes apparent.

There follows a non-exhaustive list of some of those devices :-

a) Bus Tie Breakers (B.T.B.s)

b) Discriminatory circuits.

c) Differential Fault Protection circuits.
d) Synchronising Units.

e) Failure Warning systems.

f) Load meters.

g) Voltage and Frequency meters.

h) Generator Control Units (GCU)
BUS TIE BREAKERS (B.T.B.s).

A bus tie breaker connects two bus bars together. In a paralleled system it connects an alternator
to the synchronising bus bar. The synchronising bus bar allows two or more alternators to be
connected in parallel with each other while the B.T.B.s are closed. Control of the B.T.B. can
be automatic or manual dependent on the type of aircraft. Correct signals from a Synchronising
Unit (monitoring voltage, frequency and phase sequence) must be available before the B.T.B.
will close and put the alternator in parallel with another. In a parallelled system the BTB’s are
normally closed and open under fault conditions. In a Split Bus system (non parallelled) the BTB
is normally open and closes under fault conditions.

Visual indication of the position of the B.T.B.s is given by indicators on the electrical control
panel or the electronic display panel.
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2.35

2.36

DISCRIMINATORY CIRCUITS.

When alternators are paralleled, Discrimination Circuitry is required to ensure that in the event
of a failure, only the faulty system is disconnected from the appropriate bus bar. This is
achieved by selective switching of the GCB’s and BTB’s.

DIFFERENTIAL FAULT PROTECTION.

Control and protection devices must be included within the power supply circuits. These will
monitor system performance and appropriately operate the relevant circuit breakers, G.C.B.s
BTB’s etc. This may be achieved by a component known as a bus power control unit (BPCU)
which monitors the system by current transformers placed at each generator and at each bus bar.
It will isolate a defective generator or faulty bus bar and reconfigure the electrical system to
maintain the maximum usage.

Protection is provided for ;-
a) Over / Under Voltage.
b) Over / Under Frequency.
c) Over / Under Excitation.
d) Differential Current Faults, (short circuits between bus bars or bus bar to
ground, or open circuit faults unbalancing phase outputs).

SYNCHRONISING UNITS.

Before the alternator can be connected to a bus bar which is common to another alternator its
voltages, frequency and phase sequence must be within very strict limits and in the same order.
The Synchronising Unit ensures that these values are within limits before it will allow
connection to a common bus bar. There are two methods in use :-

a) Automatic Control.
b) Manual (Dark Lamp) Method.

Automatic control will not allow the B.T.B. or GCB to close and parallel the generators until
the voltage, frequency and phase sequence of the oncoming generator is within limits This may
be achieved by circuitry within a bus bar protection control unit or in the Generator Control
Units (GCU’s) of a modern IDG system.

The Manual (Dark Lamp) method is a much older method but remains in use on a few
aircraft.Synchronising Lights on the alternator control panel will show when there are
differences between phases of two supplies. Synchronisation is indicated when the lamps are
"dark" and then the BTB. or GCB can be closed by means of the manual switch.
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2.39

2.40

GENERATOR FAILURE WARNING LIGHT.

A Generator Failure Warning Light will illuminate when its associated G.C.B. is tripped.
The Centralised Warning System will operate simultaneously with the Generator Warning
Light and in some aircraft Aural Warnings are generated.

Aircraft with electronic systems management display units will show the failure and the
associated schematic display.

LOAD METERS.

KW/KVAR Meters are used in paralleled alternator systems to indicate the Real Power (KW)
or the Reactive Power (KVAR) output Only one meter may be used to indicate both parameters,
selection of a switch will determine which of the two is shown. Typically the switch is selected
so that the KW output is normally displayed.

The Real Load is the part of the alternator output which is available to do work at the bus bar.

The Reactive Load is the part of the alternator output which is used to create electromagnetic
and electrostaticeffects in the circuits. It is the so-called Wattless Load which is the vector sum
of the Inductive and capacitive Currents and voltages.

Load meters on modern electronic display units may only show a percentage of the maximum
power being taken.

VOLTAGE AND FREQUENCY METERS,

Voltage and frequency indications are also provided for each generator. Typically only one
voltmeter and one frequency meter is provided in systems with several alternators in circuit. The
voltage or frequency of any alternator can be selected by a Multi-position Switch. The switch
can usually be positioned to show not only the supply frequency and voltage of the engine driven
alternators, but also that of the auxiliary power unit, the ground power unit or the Emergency
Ram Air Turbine, if provided.

GENERATOR CONTROL UNIT (GCU)

In a modern generator control system a Generator Control Unit (GCU) houses circuitry to
provide many functions of power control and protection. A typical GCU will monitor generator
output and provide voltage regulation by controlling the exciter field current. Protection circuitry
will monitor for over voltage and over current, frequency, phase sequence and differential
current protection. A GCU will be provided for each generator and they may work as a team with
the BPCU (para 2.35) in controlling fault isolation switching.
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The GCU may also house an Exciter Control Relay otherwise known as a Generator Control
Relay or Generator Field relay. The exciter control relay controls the exciter field current supply
to the generator field. In the event of a dangerous fault occurring (over excitation or over
voltage) the fault protection circuit will open the exciter control relay which will cause the
generator output to fall to a residual value making it safe. The GCU will also open the generator
circuit breaker (GCB) to disconnect the generator from its bus bar. (In a parallelled system power
would be maintained to the generator bus bar from the other generators through the BTB).

EMERGENCY SUPPLIES.

In the unlikely event of some or all of the engine driven AC power generation systems on the
aircraft failing, alternative methods of supply must be made available. Some alternative means
of providing AC are listed below ;-

a) Ram Air Turbine (R.A.T)

b) Auxiliary Power Unit (A.P.U.)

c) Static Inverter.

d) Hydraulic Motor driven generator.

THE RAM AIR TURBINE (R.A.T.)

The Ram Air Turbine (R.A.T. or E.L.R.A.T.), when lowered into the slipstream of an aircraft
in flight will produce an emergency source of AC power. The output is controlled at a nominal
200/ 115 volts, three phase 400 Hz. It will give limited operation only of Flight Instrument and
Radio services in the event of Total Alternator Failure. (RAT’s driving an electrical generator
have been largely superceded by RAT’s driving a hydraulic pump, as modern aircraft are more
dependent on hydraulic power)

THE AUXILIARY POWER UNIT (A.P.U).

The Auxiliary Power Unit (A.P.U.) is usually a small gas turbine engine mounted in the aircraft
tailcone. This engine runs at a constant speed and has its own protection devices in the event
of a Fire, Low Qil Pressure, High Oil Temperature, Overspeed or Overheat.

It can be used, among other things, to drive a 200 / 115 volt, three phase alternator for ground
servicing supplies, or, in some aircraft, for emergency supplies in the air.

The A.P.U. alternator cannot normally be paralleled with the engine driven alternators, and will
usually only supply power to the bus bars when no other source is feeding them.

THE STATIC INVERTER.
A Static Inverter is a Solid State Device capable of supplying the aircraft with 115 volts at 400

Hz for the limited operation of instrument and radio services.
It is powered by the aircraft batteries or from an essential DC Bus Bar.
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245 GROUND POWER CONSTANT FREQUENCY SUPPLY SYSTEM.
The standard modern Ground Power Unit output is 200 / 115 volts, three phase at 400 Hz.

When plugged into the aircraft it can be used to supply all the aircraft electrical services.

The ground power unit circuitry must embody automatic protection systems which ensure that
ground power ;-

a) cannot be connected to the aircraft distribution system if the system is already being
supplied by its own alternators.

b) cannot be connected if the phase sequence of the supply is incorrect.
c) will be rejected and switched off at source if over voltage occurs.
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Figure 2.14 Control and Indications for A Three Engine Parallel System

2.2-24 © Oxford Aviation Services Limited



ALTERNATING CURRENT POWER DISTRIBUTION

2.46

TYPICAL CONTROLS AND INDICATIONS

Figure 2.14 shows typical controls and indications for a three engine parallelled system. This
type of panel uses “switchlights”. these are a combination switch and indicator, either having
a momentary or alternate action eg. push once to activate (Gen disconnect switch) or push once
to switch “on”, then push a second time to switch “off” (Galley power on/off). The indicator
shows switch position or system status.

Each engine drives a constant frequency generator (Integrated Drive Generator or IDG). Oil temp
indications are shown along with overheat and low pressure warning lamps in the disconnect
switch. The disconnect switch is guarded to prevent inadvertant operation.

The APU also drives a generator but this one does not need a constant speed unit because the
APU runs at a constant speed.

The generator field switchlights control the field excitation circuit (exciter control relay) , the
“flowbar” in the “close” switchlight illuminates to indicate the generator field is complete and
the voltage and frequency can be checked by selecting the required generator on the rotary
switch and reading off the voltmeter and frequency meter in the upper right corner of the panel
.The “trip” switchlight opens the field circuit to reduce the generator voltage to zero.

The Generator Circuit Breaker (GCB) is controlled by the GCB switchlights (close/trip) which
connect or disconnect the generator to it’s own AC bus bar or the APU to the AC Tie Bus. The
load on each generator can be monitored by the Real/Reactive load indicator showing KW or
KVAR. The gauge normally shows KW but KVAR can be shown by pressing and holding the
KVAR button to the left of the gauges.

The BTB’s are controlled in the same manner to connect the generator busses to the AC tie bus
for parallel operation, all three generators are normally connected in parallel to share the total
aircraft electrical load.

Each AC bus feeds a TRU which converts 200v/115v AC to 28v DC to power the individual DC
busses, these too are normally parallelled through tie breakers which are all controlled by the DC
Bus Isolation switch.

The DC part of the system can also be checked for Voltage and Current by use of the other rotary
selector and meters for DC Volts and Amps

The Standby bus bars can be fed from the normal electrical supply (AC and DC) or from the

battery in the event of a total supply failure. The Red fail lights indicate no voltage on the
essential or Standby busses.
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gy

From APU
Generator
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Figure 3.1. Generator Feeder Lines.

POWER DISTRIBUTION.

In a very basic form, Figure 3 shows the general layout of an electrical distribution system for
a twin jet aircraft. One generator is driven by and mounted on each engine and one generator is
mounted on the APU (not shown). The feeder cables from each generator are routed through the
aircraft wings and fuselage to meet at a central distribution compartment usually beneath the
flight deck or cabin floor. This distribution compartment will house many of the components
already described: GCB’s, BTB’s, GCU’s or Voltage regulators, current transformers, main
busbars and busbar protection circuitry, battery and battery charger. Busbars and busbar
extensions may be found on the flight deck behind the rear, side and overhead circuit breaker
panels.

A schematic diagram for this type of system is shown at fig.3.2

THE SPLIT BUS SYSTEM.

The Split Bus Bar System uses 115/200v 3 phase constant frequency alternators as the primary
power source. They are not designed to run in parallel and therefore do not require complex
parallelling and load sharing circuits. A 28v DC supply is provided by two Transformer Rectifier
Units (T.R.U.s) convert 115v AC to 28v DC from the two separate AC bus bars. A battery is
provided which will provide power to start the APU and limited emergency power to the
essential busbars.
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If, in the circuit shown in Figure 3.2, either alternator should fail, then the main bus bars are
automatically connected by the Bus Tie Breaker and they will now serve as one bus bar. Power
supplies to all the bus bars are thereby maintained. The APU may then be started in flight and
its generator can be used to restore full power by connecting to AC bus 1 or bus 2. While each
alternator separately supplies its own AC non-essential services and the associated T.R.U., the
essential AC loads are supplied from only the N° 1 main bus bar via a changeover relay. In
particular, note that the main AC bus bars are normally isolated from one another, i.e. the
alternators are not parallelled

If both alternators should fail, then the AC non-essential services, which are normally supplied
from the main AC bus bars, are isolated.

The changeover relay between the N° 1 main bus bar and the essential AC bus bar will
automatically switch over. This causes the essential AC bus bar to be connected to an
Emergency Static Inverter, which should, if the batteries are in a fully charged state, supply the
essential AC for 30 minutes.

GENERATORS
EXTERNAL POWER
RELAY

}
GCB 1 GCB 2
A _| ~ ,.__.—I—..l;
T NQ2AC BUS EXTERNAL
POWER

NON ESS AC BUS NO 1 AC BUS

CHANGE OVER
RELAY

AC ESS BUS

BATT BUS I *—{pc Ess BUS == l * [Dc NoN Ess BUS
bC

BATT
RELAY ISOLATION

RELAY

BUS TIE BREAKER

Ed

Figure 3.2 Split Bus System

Under normal conditions, the DC supply in Figure 3.2 is obtained from the two independent
T.R.U.s. and batteries.

The N° 1 T.R.U. supplies essential DC loads and the N° 2 T.R.U. supplies non-essential DC
loads.
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In normal operation the two bus bars supplying the essential and non-essential DC loads are
connected together by the Isolation Relay. The batteries are connected directly to the Battery
Bus Bar, and through the Battery Relay they feed the essential DC bus bar.

If one alternator fails then both T.R.U.,s are still supplied through the now closed contacts of the
bus-tie breaker, and will still supply all of the DC consumers.

If however both alternators fail, the DC Isolation Relay will open and sepatare the essential and
non-essential bus bars.

Non-essential loads will now no longer be powered, but the AC and DC essential loads will be
fed from the battery bus bar, (the AC loads from the static inverter).

External power or supplies from the A.P.U. can be used to feed all electrical services in the

aircraft on the ground, but the APU generator may only be capable of supplying one bus bar in
flight.

Figure 3.3 and 3.4 show the control panel and ECAM display screen for an Airbus A320, a
typical Split System type layout.
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¢ BAT! ! $N BAT2 ¢ (DcBUS 2 ]
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GALLEY (26 . VJ o I ome 27 . QvJ AC ESS FEED
A FAULT]

l E F::FLT 7 LhcBost || ALTN | (RS BUS 2 E
||§ ° BUS TIE (E:
C et ool s
T [ Moent APU GEN o ||T ExTewr T — T

| LR TAULT AVAL J 1 AVAIL FAULT] FAULT
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IDG GCB APU GEN BU& TIE EXTERNAL
NNECT BREAKER POWER
g\lﬁlc';rgH ¢ CONTROL  coNTROL CONTROL CONTROL

Figure 3.3 A320 Split Bus Control Panel
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Figure 3.4m A320 ECAM Display

PARALLEL BUSBAR SYSTEM

Figure 3.5 illustrates a four generator parallelled system. This system allows various
combinations of alternator operation. Operation of the system begins with the excitation of the
alternator field which will bring its output within the limits required before operation of the
G.C.B. can occur.

When the G.C.B. closes it connects its associated alternator to its Load Bus Bar. Once the
G.C.B. has closed it will remain closed during all normal circuit functioning.

The Bus Tie Breakers are normally closed so that the closure of the G.C.B. effectively connects
the alternator to the Synchronising Bus Bar. If the other one of a pair of alternators (1 & 2) or(
3 & 4) now comes "on line" it too will be joined in parallel to the synchronising bus bar, but only
once the voltage, frequency and phase sequence have been satisfied allowing its GCB to close.
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In the system described there are two synchronising bus bars which can be combined or isolated
by the Split System Breaker (S.S.B.) depending on the flight phase or other system requirement.
Keeping the synchronising bus bars isolated from each other will allow the alternators to operate
as two parallelled pairs which would be a requirement for example during an dual autopilot
autoland to enable the two autopilots to have totally separate power supplies.

If a single alternator failure occurs with a system similar to that shown in Figure 3.5, then
opening of the associated G.C.B. will allow its paired alternator to feed the loads of both of
them. However, this would place a larger load upon that alternator than is being carried by the
pair on the other synchronising bus bar.

Closure of the S.S.B. would bring all three alternators into parallel operation, thus sharing the
total aircraft load between them. Failures are not always that simple however, if there was an
earth fault on a load bus bar for instance, opening of the associated G.C.B. would do little to
help, the other alternator/s would now be attempting to feed the earth fault. Operation of the
B.T.B. associated with the faulty bus bar would prevent the serviceable alternators being affected
by the fault, and then the earth fault could be totally isolated by opening the G.C.B. of the
alternator feeding it.

.

o oome fi- - e
LOAD BUS 1 LOAD BUS 3
e ares [P [--- [---
{ 7 7 9
|  SYNCHRONISINGBUS | | SYNCHRONISINGBUS ' |
0 1 Ol
ss8

Figure 3.5 Parallel Alternator Operation
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An example of an aircraft with this type of parallelled system is the Boeing 747 - 400. Shown
below in Figures 3.6. and 3.7. are the control panel and the EICAS display for the electrical
system.

STANDBY POWER L-- UTILITY --R
AUTO

N

PWR 1 APU GEN 1

OFF

Figure 3.6 747 - 400 Electrical Control Panel
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Figure 3.7 747 - 400 EICAS Electrical Display
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4.1

4.2

TRANSFORMERS.

One of the biggest advantages that an AC supply has over a DC supply is the ease with which
the value of alternating voltage can be raised or lowered with extreme efficiency by the use of
Transformers.

A simple transformer would consist of two electrically separate coils wound over iron
laminations to form a common core. This forms a completely closed magnetic circuit. See
Figure 4.1.

The Primary winding is connected to the AC supply and the output is taken from the Secondary
winding.

The alternating voltage and current in the primary winding creates an alternating flux which
links across to the secondary winding.

The alternating flux in the secondary winding sets up an e.m.f. of mutual inductance which
is available as the output voltage. The out put voltage will be 180° out of phase with the input

voltage. Ifa load is placed across the terminals of the secondary winding then a current will flow
in the circuit. '

LAMINATED SOFT
IRON CORE
AC AC
INPUT — 2OUTPUT
p— 1‘;
A
V. R
\
PRIMARY SECONDARY
WINDING WINDING
Figure 4.1 A Simple Transformer
TRANSFORMATION RATIO.

The Transformation Ratio of a transformer is the ratio of the number of turns of wire on the
secondary winding (N2) to the number of turns of wire on the primary winding (N1). The
transformation ratio will also allow the determination of input and output voltages by using the
formula :-
TRANSFORMATION RATIO (r) = N2 E2
N1 El
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4.3

4.4

4.5

If the transformation ratio is greater than one, then the transformer is a Step Up transformer. If
the ratio is less than one, then the transformer is a Step Down transformer. See Fi gure 4.2,

SECONDARY
WINDING

PRIMARY
WINDING

PRIMARY
WINDING

STEP - UP STEP - DOWN
Figure 4.2 Step Up and Step Down Transformers

POWER IN A TRANSFORMER.

If we ignore the very small losses that do occur in a transformer, then we can say that the power
that goes into a transformer equals the power that comes out of it. The power in either the
primary winding or the secondary winding is equal to the product of the voltage times the current
in either winding.

THREE PHASE TRANSFORMERS.
The output of a three phase alternator can be transformed by either ;-

a) 3 SINGLE PHASE TRANSFORMERS
or

b) 1 THREE PHASE TRANSFORMER.

A three phase transformer consists of the primary and secondary windings of each phase wound
on one of three laminated iron limbs.

AUTO TRANSFORMERS.
Where AC is required for the operation of instruments on the aircraft, an Auto Transformer can
be utilised to either step down, or sometimes even step up, the source supply, the supply usually

required for instruments is 26 volts AC

An auto transformer is a single winding on a laminated core to form a closed magnetic circuit.
Figure 4.3. illustrates the relationship between the primary and secondary in an auto transformer.

2.4-2 © Oxford Aviation Services Limited



AC ELECTRICS

TRANSFORMERS

It should be noted that part of the winding carries both the primary and secondary current

because it is common to both windings.

i)

I

|
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1

PRIMARY
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il

0

STEP UP

SECONDARY

v O
STEP DOWN

Figure 4.3 Auto Transformers

Auto transformers are less expensive than two coil transformers because they use less wire,
however, they do not electrically isolate the primary and secondary windings and so cannot be

used in many circuits for this reason.

4.6 RECTIFICATION OF ALTERNATING CURRENT.

ARectifier is a device which will convert Alternating Current into Direct Current. The operation
of the Diode Rectifier is described in the Semiconductor chapter and is a very common device
in modern aircraft solid state circuits. It can be used to convert AC to DC or as a “Blocking
Diode” (electrical non return valve) to prevent reverse current flow in a DC system.

A diode has a high resistance in one direction and a low resistance in the other. The accepted
symbol for a diode rectifier and the direction of conventional current flow is shown in Figure

4.4.

2.4-3
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4.7 HALF WAVE RECTIFICATION.

A diode inserted in the secondary circuit of a transformer will allow current to flow through the
load in one direction only. This is termed Half Wave Rectification. The bottom half of the AC
waveform is blocked and the frequency of the output is the same as the input, as shown in Figure
4.4.

N S S

CURRENT
FLOW

OUTPUT
INPUT T

Figure 4.4 Single Phase, Half Wave Rectification

4.8 FULL WAVE RECTIFICATION.

To fill in the gaps between pulses that have been left from half wave rectification a Bridge
Rectifier can be used. As can be seen from Figure 4.5 , when one half of the bridge circuit is
presenting a high resistance to current flow, the other half'is allowing it to flow relatively easily.
This arrangement is specifically designed to allow the output of the bridge to be of a single
polarity. The output can be smoothed to some extent by the addition of a capacitor placed across
it

CURRENT FLOW IN FIRST HALF CYCLE
CURRENT FLOW IN SECOND HALF CYCLE

>

- w - T OUTPUT
<

INPUT _ _)
e

Figure 4.5 Single Phase Full Wave Rectifier
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4.9 THREE PHASE RECTIFIERS.

The rectification of a three phase supply can be effected by using a formation of six rectifiers
in a bridge circuit.

This is shown in Figure 4.6. The output of a Three Phase Rectifier is essentially a steady output.

DC OUTPUT

I
PHASE A
!

PE—
-
- DC OUTPUT + - +
LINE VOLTAGE BETWEEN PHASES A AND B LINE VOLTAGE BETWEEN PHASES A AND C

LINE VOLTAGE BETWEEN PHASES BAND C

Figure 4.6 Three Phase Full Wave Rectifier
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4.10

4.11

TRANSFORMER RECTIFIER UNITS (TRU’s)
TRU’s convert AC at one voltage to DC at another voltage by combining the tranformer and
rectifier in one unit (usually 115/200vAC to 28vDC) to supply the DC needs of an AC

distribution system.

TRU’s are invariably multi phase units to achieve a smooth DC output. Indications of TRU
output (amps) can be shown on the main electrical panel on the flight deck.

Cooling is achieved by drawing air through the unit which may be monitored for temperature
with an overheat warning supplied.

INVERTERS
An inverter converts DC to AC.

The inverter in an constant frequency AC equipped aircraft is used as a source of emergency
supply if the AC generators fail, then the inverter is powered by the battery.

Inverters are invariably “solid state” static inverters, (transistorised), in modern aircraft
providing constant frequency AC for operation of flight instruments and other essential AC

consumers. Rotary and Static inverters are described in the DC section.

Aircraft which have a frequency wild distribution systems (British Aerospace ATP, ATR 42) use
inverters to supply their normal constant frequency requirements.

Inverter output can be monitored for voltage and frequency in the same manner as the main
generators.

Cooling is accomplished in the same manner as the TRU.
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5.1

5.2

5.3

ALTERNATING CURRENT MOTORS

Alternating current motors can, in most cases, duplicate the operation of DC motors and are less
troublesome to operate. DC motors have a great deal of trouble with their commutation, high
altitude flight causing particular difficulty because of the associated arcing that occurs.

The brush equipment is another weak link, the heat generated at the brushes causing them to
stick in the holders and as a consequence the resistance between them and the commutator

increases, often to the point of becoming an open circuit, when of course the motor stops.

Synchronous AC motors do in fact use brush gear, their rotors are fed by relatively low current
DC through sliprings, but these in general are less troublesome.

Alternating current motors are particularly suited for constant speed applications since their
speed is determined by the frequency of the applied power supply.

Alternating current motors can be operated from either single or multi-phase power supplies.
THE PRINCIPLE OF OPERATION OF AC MOTORS.

Whether the AC motor is single or multi-phase, the principle of operation is the same,
alternating current applied to the motor stator generates a rotating magnetic field which
causes the rotor to turn.

The majority of motors used in aircraft can be divided into two types :-

a) Synchronous Motors. These are basically alternators operated as motors. Alternating
current is applied to the stator but the rotor has a Direct Current power source.

b) Induction Motors. This type has alternating current applied to the stator but the rotor
has no power source.

THE SYNCHRONOUS MOTOR.

The synchronous motor gets its name because the rotation of the rotor is synchronised with the
rotating field set up in the stator. Its construetion is basically the same as the rotating field
alternator.

As illustrated in Figure 5.1, the application of a three phase supply to the stator causes a rotating

magnetic field to be set up around the rotor. If a bar magnet was suspended in the field it would
rotate synchronously with it (at the same speed as the rotating field).
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Figure 5.1 Generation of A Rotating Magnetic Field

In the same way, the rotor of a synchronous motor, which is energised with DC, acts like a
magnet. It lines up with the field created by the stator and if the field turns, the rotor turns with
it.

Synchronous motors are in fact single speed motors, the speed of rotation depending upon the
frequency of the supply. Since in most cases the supply frequency is constant, then so is the
motor speed. A synchronous motor will rotate at the same speed as the alternator that is
supplying it providing it has the same number of poles. ie. if a synchronous motor with 4 poles
is supplied with a constant frequency 400 Hz supply it will rotate at a constant 12,000 Rpm.

One disadvantage of the synchronous motor is that it is not self starting. To obtain the initial

rotation some induction windings have to be added to the rotor to assist in bringing it up to
synchronous speed.
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Synchronous motors are used on aircraft to indicate engine rpm. A small three phase alternator
(tacho-generator) is driven by the engine so that the frequency of the supply will be directly
proportional to engine speed. The electrical output is connected to a synchronous motor in the
rpm indicator. The indicator needle is coupled to the synchronous motor via a permanent magnet
and a ‘drag cup’. As the synchronous motor rotates it ‘drags’ the drag cup around with it, the
faster the motor goes the further the drag cup moves and the further around the scale the needle
moves. So the movement of the needle will be in proportion to engine rpm.

THE INDUCTION MOTOR

The induction motor gets its name from the fact that an alternating current is induced in the rotor
by the rotating magnetic field in the stator.

It is the most commonly used because of its simplicity, its robustness and because it is relatively
cheap to produce.

This relative cheapness is mainly because of the fact that the rotor is a self contained unit and
not connected to the supply.

COPPER
ROTOR BARS

END RING

SQUIRREL
CAGE ROTOR

Figure 5.2 Squirrel Cage Induction Motor
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5.6

5.7
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THE SQUIRREL CAGE ROTOR

The rotor consists of a cylindrical laminated iron core which has a number of longitudinal bars
of copper or aluminium evenly spaced around the circumference. These bars are joined at either
end by rings of the same material to form a composite structure called a Squirrel Cage. The rotor
bars are of very low resistance material so that a large current can flow through them.

THE INDUCTION MOTOR STATOR

The stator consists of windings, the number of which is related to the number of poles and also
to the number of phases of the power supply. The rotating magnetic field produce in the stator
cuts through the bars of the rotor which is basically a closed circuit of low resistance.

The resultant induced voltage creates a relatively large current flow in the squirrel cage. This
current flow sets up its own magnetic field which interacts with the rotating field of the stator
to produce a torque. If a three phase motor has two phases of its supply reversed, then its
direction of rotation will be reversed also.

SLIP SPEED

The speed of the motor is determined by the frequency of the supply and the load on the motor.
The rotor never quite reaches true synchronous speed, if it did then the squirrel cage bars would
not be cut by any lines of force and thus would not produce the induced voltage. The difference
between synchronous speed and rotor speed is called the slip speed or rotor slip. A typical value
of slip would be 5%. Because of the difference in speed between the stator field and rotor the
induction motor is sometimes referred to as being asynchronous.

STARTING SINGLE PHASE INDUCTION MOTORS

Single phase induction motors are not self starting. Different methods are used to assist in
making them self starting. The most common method is the use of what is called a Split Phase
Winding.

If the current in the split phase winding can be made to lead or lag the current in the main
winding by 90° then a rotating field can be produced.

The lead or lag can be produced by the following methods ;-

a) Resistance starting.

b) Inductance starting.

c) Resistance / inductance starting.
d) Capacitance starting.

The application of each method depends on the power output of the motor, e.g. capacitance
started motors are usually of less than 2 H.P. output.
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59 FAULT OPERATION

Occasionally the failure of one phase of the supply to a three phase induction motor does happen.
If the motor is lightly loaded then it will probably continue to run at about half of its normal
speed. This will create a humming noise in the motor which, because of the usually remote
locations in which the motors are mounted, will probably not make itself apparent. The fault
usually becomes apparent the next time an attempt is made to run the motor, it will not start.
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1. The impedance of a circuit :-
a) is the AC inductive load.
b) is the DC inductive load.
c) is the total resistance in an AC circuit.
d) is the highest resistance of a rectifier.
2. The ratio of true power to apparent power is known as :-
a) Ohms.
b) the power factor.
c) kVAs.
d) the r.m.s. value,
3. In a constant frequency AC supply system, the frequency is determined by :-
a) the generator drive speed and the number of poles.
b) engine drive speed and the power factor.
c) the capacitive reactance.
d) the impedance.
4, The amount of electrical power output for a given generator weight is :-
a) dependent on the aircrafts power requirements.
b) greater for a DC generator.
c) greater for an AC generator.
d) determined by the size of the aircraft.
5. The frequency of a supply is quoted in :-
a) cycles or Hertz.
b) watts.
c) megacycles.
d) cycles / minute.
6. Instrument transformers normally :-
a) convert 14 volts DC to 26 volts AC
b) reduce the A.C supply to 26 volts for some instruments.
c) change 115 volts to 200 volts for engine instruments.

d) convert 28 volts DC to 28 volts AC
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7.

10.

One advantage that AC has over DC is :-

a) that T.R.U.s are not required.

b) that the generators require less cooling.

c) that the cables require less insulation.

d) the ease with which the voltage can be stepped up or down with almost 100%
efficiency.

The voltage output of an AC generator will rise to a maximum value :-

a) in one direction, fall to zero and rise in the same direction.

b) in one direction and remain there.

c) in one direction, fall to zero and rise to a maximum value in the opposite direction.
d) in one direction only.

If the frequency in a circuit is less than it was designed for, then current consumption will :-

a) decrease.
b) remain the same.
c) fluctuate.
d) increase.

In a capacitive circuit, if the frequency increases :-

a) current decreases.

b) current increases.

c) current flow is unaffected by frequency change.
d) the voltage fluctuates.
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ACELECTRICS 2

1. An auto-transformer :-

a) varies its turns ratio automatically to maintain a constant output voltage with varying

input voltage.

b) has only one coil which is used as both primary and secondary.

c) will maintain a constant output frequency with a varying supply frequency.

d) requires an inductive supply.
2. The line voltage of a typical aircraft constant frequency

paralleled AC system is :-

a) 115

b) 208

c) 200

d) 400
3. A 400 Hz supply has :-

a) an output capacity of 400,000 watts.

b) an impedance of 400 ohms.

c) a frequency of 400 cycles per second.

d) a frequency of 400 cycles per minute.
4. In an AC circuit which is mainly inductive :-

a) current will lead voltage.

b) current and voltage will be in phase.

c) current will lag voltage.

d) the power factor will be negative.
S. If the frequency is increased in an inductive circuit :-

a) impedance will increase.

b) impedance will decrease.

c) impedance will remain constant.

d) the heating effect will increase.
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10.

The r.m.s. value of alternating current is :-

a) the mean current value for one half cycle.
b) 1.73 times the peak value.
c) equal to the square root of the peak value.
d) .707 times the peak value.

An alternator is :-

a) a reversing input switch.

b) an AC generator.

c) a DC generator.

d) a static inverter.

A diode :-

a) has a high resistance in one direction and a low resistance in the other.
b) has a high inductance in one direction and a low resistance in the other.
c) has a low resistance in both directions.

d) has a high resistance in both directions.

The number of separate stator windings in an AC generator determines :-

a) the output voltage of the supply.

b) the output frequency of the supply.

c) the power factor.

d) the number of phases present in the supply.

AC generators usually have a rotating field and a fixed armature to :-

a) reduce the overall diameter of the of the generator.
b) allow the output to be taken from the stator.

c) reduce the weight of the generator.

d) prevent arcing at the commutator.
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1. kVAR is a measure of :-

a)

the resistive load on the alternator.

b) the reactive load on the alternator.
c) the total load on the alternator.
d) the total circuit impedance.
2. In a Star wound three phase system :-
a) line voltage equals phase voltage and line current equals .707 times phase current.
b) line current and voltage are 1.73 times phase current and voltage.
c) line current equals phase current and line voltage equals .707 times phase voltage.
d) line current equals phase current and line voltage equals 1.73 times phase voltage.
3. Instruments measuring AC are calibrated in :-
a) r.m.s. values.
b) average values.
c) peak values.
d) mean values.
4. The output of an AC generator is taken from :-
a) the exciter windings.
b) the field coils.
c) the stator windings.
d) the rotor coils.
5. Impedance is the :-
a) vector sum of the resistance and the reactance.
b) sum of the resistance and capacitive reactance.
c) sum of the capacitive reactance and the inductive reactance.
d) sum of the resistance, inductive reactance and the capacitive reactance.
6. If an alternator is run at below normal frequency, then :-
a) electric motors will stop.
b) inductive devices will overheat.
c) lights will become dim.
d) lights will become brighter.
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7. The moving part of an alternator is :-
a) the rotor.
b) the megacycle.
c) the stator.

d) the frequency.

8. The power factor is :-
a) kVA
kW
b) kW
kVAR
c) kW
kVA
d) kVAR
kW
9. When reactance is present in a circuit :-
a) the power factor will be unity.
b) the power factor will be negative.
c) the power factor will be greater than unity.
d) the power factor will be less than one.
10. Generator output frequency is decreased by decreasing the :-
a) generator field rotation speed.
b) generator field voltage.
c) generator field current.
d) generator field impedance.
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AC ELECTRICS 4
1. A step-up transformer is one in which the number of turns on the secondary winding is :-
a) the same as the primary if the cable diameter is the same.
b) greater than that on the primary.
c) less than on the primary.
d) always the same as on the primary.
2. The r.m.s. value of AC is :-
a) 1.73 times the peak value.
b) the peak value times the power factor.
c) the peak value which would provide the same heating effect as DC

d) the value of DC which would provide the same heating effect.

3. In a reactive circuit :-
a) the voltage and current will be out of phase.
b) the voltage and current will be in phase opposition.
c) the voltage will always be led by the current.
d) the voltage and current will be in phase.
4. A transformer which halves the voltage will have :-
a) twice as many turns on the secondary as on the primary.
b) half as many turns on the secondary as on the primary.
c) half as much current flowing in the secondary as in the primary.
d) four times as many turns on the secondary as on the primary.
5. The power output of a transformer is :-
a) in proportion to the transformation ratio.
b) in inverse proportion to the transformation ratio.
c) the same as the power input.
d) increased in a step up transformer.
6. A capacitor consists of two metal plates :-
a) separated by a diabetic.
b) which have current flowing between them.
c) which will not allow a potential difference between them.
d) separated by waxed paper or mica.
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7. In a DC circuit, an inductance :-
a) never has any effect on the voltage.
b) only affects the voltage upon switching on.
c) offers opposition to the flow while switching on and off.
d) will always increase the voltage.
8. The basic unit of inductance is :-

a) the Henry.

b) the Ohm.

) the Farad.

d) the Coulomb.

9. With no load across the output terminals of a transformer :-
a) the current flow will be maximum.
b) the current flow will be negligible.
c) the current will be in phase with the voltage.
d) the voltage in the primary will be always greater than the secondary.

10. A Bridge Rectifier :-

a) will allow full wave rectification.
b) will give half wave rectification.
c) has a high resistance in both directions.

d) has an output with every other half wave chopped off.

I I I I I I S I
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1. A frequency wild alternator must be :-
a) paralleled.
b) a rotating magnet type.
c) self exciting.
d) unparalleled.
2. In a 3 phase AC generator circuit, the phase voltage is :-
a) greater than line voltage.
b) 10% higher than line voltage.
c) less than line voltage.
d) equal to line voltage.
3. If the voltage induced in the secondary windings is greater than that in the primary then the
transformer is :-
a) an autotransformer.
b) a step up.
c) a step down.
d) a magnetic amplifier.
4. If an alternator output is frequency wild, it would normally be used for :-
a) flight instruments.
b) charging a battery.
c) all AC equipment.
d) prop and engine de-icing systems.
5. The generator output voltage is increased by :-
a) putting more load on it.
b) the frequency controller.
c) decreasing the generator field voltage:
d) increasing the generator field current.
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10.

A constant frequency AC supply in an aircraft with only frequency wild generators is provided
by :-

a) an inverter.

b) a diode.

c) an auto-transformer.
d) a rectifier.

An alternator normally used to supply an aircrafts power system would be :-

a) single phase.
b) three phase.
c) two phase.

d) frequency wild.

A permanent magnet in a rotating field generator :-

a) provides for initial excitation of the field.

b) controls the amount of excitation in the stator windings.
c) provides the initial excitation in the voltage regulator.
d) can be flashed by the application of alternating current.

Voltage control of an alternator output is achieved by varying the :-

a) excitation of the rotating commutator.
b) load current.

c) excitation of the rotating field.

d) power factor.

Frequency wild AC is produced when :-

a) a transformer winding open circuits.

b) the voltage regulator is malfunctioning.

c) the rotational speed of the generator varies.
d) the alternator becomes angry.

2 3 ]IS 6 7
[ 1

2.5-16 © Oxford Aviation Services Limited



AC ELECTRICS

ACELECTRICS 6
1. In a star connected supply system :-
a) line and phase current are equal.
b) line current is greater than phase current.
c) line current is less than phase current.
d) phase current is 0.707 times line current.
2. In a 3 phase supply system, line voltage would be sensed between the :-
a) phases only.
b) phase and earth.
c) phase and neutral.
d) phases and earth.
3. In an inductive circuit :-
a) current leads the voltage.
b) current lags the voltage.
c) the voltage is in phase with the current.
d) only the r.m.s. values vary.
4, In a capacitive circuit, if the frequency increases then :-
a) current flow is unaffected.
b) the voltage varies.
c) current flow decreases.
d) current flow increases.
5. The power factor is :-

a) WATTFUL POWER
REAL POWER

b) RATED POWER
APPARENT POWER

c) APPARENT POWER

TRUE POWER

d) REAL POWER

APPARENT POWER
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One advantage of three phase generation over single phase generation is that:-

a) most aircraft services require a three phase supply.

b) it can be more easily transformed into DC

c) it gives more compact generators and allows lower cable weights.
d) the power factor is much lower.

In a typical aircraft constant frequency supply system, the phase voltage is :-

a) 200.
b) 115.
c) 208.
d 400

An alternator with its output taken from its stationary armature, has :-

a) a stationary field.
b) its field excitation fed directly to the armature.
c) AC excitation.

d) a rotating field.

The phase voltage in a star wound three phase system is measured between :-

a) phase and neutral.
b) two phases.

c) two lines.

d) neutral and earth.

If one phase of a star wound three phase system becomes earthed, it will :-

a) earth all three phases.

b) cause a large current to flow in the neutral.
c) have no effect on the other phases.
d) cause a reduction in the frequency of the supply.
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1. The output of the bridge rectifier mounted between the main generator and the excitation
generator in a brushless self excited alternator is :-

a) DC for the excitation of the exciter field.
b) AC for the excitation of the main field.
c) AC for the excitation of the exciter field.
d) DC for the excitation of the main field.
2. The alternators fitted in an aircrafts main power supply system would normally be :-
a) brushed self excited machines.
b) frequency wild.
c) self excited.
d) externally excited.
3. Transferring electrical energy by means of a magnetic field is called :-
a) electrostatic induction.
b) electromolecular induction.
c) electromagnetic induction.
d) electromolecular amplification.
4, A voltage regulator works by :-
a) sensing the battery voltage.
b) assessing the impedance of the circuit.
c) varying the circuit voltage.

d) varying the rotating field strength.

5. To ensure correct load sharing on paralleled alternators :-
a) both real and reactive loads should be balanced.
b) actual loads should be the same.
c) reactive loads should be the same.

d) the load impedance should be constant.
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6. Reactive load sharing is achieved by :-
a) altering the loads on the bus bars.
b) varying the generator rotational speed.
c) varying the generator field current.

d) altering the C.S.D.U. output torque.

7. Real load sharing is achieved by :-
a) varying the alternator rotational speed.
b) varying the generator field current.
c) altering the loads on the bus bar.
d) the voltage regulator.
8. The phase relationship of paralleled generators should be ;-
a) unimportant.
b) 180° apart.
c) synchronous.

d) 120° apart.

9. In a constant speed parallel operation alternator system :-

a) each alternator has its own constant speed drive unit.

b) all engines are run at the same speed.

c) all alternators are driven by the same engine.

d) engine speed is governed by the constant speed drive unit.
10. An aircrafts constant frequency supply is maintained at :-

a) between 350 - 450 Hz.
b) between 380 - 420 Hz.
c) between 115 - 200 Hz.
d) between 395 - 495 Hz.
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1. For a modern aircraft powered by an AC system, the ground power unit must supply :-
a) 28 volts AC only.
b) 200 volts.
c) 115 volts, three phase.
d) 200 volts, three phase, 400 Hz.
2. Oil for the operation of a C.S.D.U. is :-
a) supplied from the engine oil system.
b) a separate self contained supply.
c) drawn from a common tank for all C.S.D.U s.
d) only required for lubrication purposes.
3. Malfunction of a C.S.D.U. requires :-
a) automatic electrical disconnection of the drive at any time in flight.
b) that the input drive will shear on the ground only.
c) operation of the drive disconnect switch at any time in flight.
d) operation of the drive disconnect switch on the ground only.
4, Before two constant frequency AC generators can be connected in parallel :-
a) their frequency, phase, phase sequence and voltage must match, and a means of
automatic real and reactive load sharing must be available.
b) real and reactive loads must match. Frequency, phase and voltage must be within limits.
c) the synchronisation lights on the alternator control panel must be fully bright.
d) suitable control arrangements must exist for the sharing of real and reactive loads. these
will correct any phase or frequency error existing at the time of connection.
5. The generator control relay (G.C.R) is :-
a) in the excitation circuit.
b) between the alternator and its load bus bar.
c) in the stator circuit.
d) between the load bus bar and the synchronous bus bar.

2.5-21 © Oxford Aviation Services Limited



AC ELECTRICS

6.

10.

The running excitation current for an alternator is :-

a) AC

b) DC from the aircraft batteries.

c) DC from the static inverter.

d) DC which is rectified AC and could be from a separate excitation generator on the main

rotor shaft.

If each phase of a three phase star wound system has a phase voltage of 115 volts, the voltage
obtained by bridging two phase would be :-

a) 200 volts AC
b) 173 volts DC
c) 28 volts DC

d) 173 volts AC

Protection from 'earth' faults and 'line to line' faults is given by :-

a) a negative earth detector.

b) a fault protection system including a differential protection monitor.
c) the synchronisation unit.

d) reactive load sharing circuits.

Warnings of C.S.D.U. oil overheat are given in the cockpit by :-

a) audio warning,

b) an 'oil overheat' warning light.

c) a 'low oil pressure' warning light.
d) a temperature gauge.

One disadvantage of parallel operation is that :-

a) faults can propagate, and any error in supply can affect all services.

b) the system is less flexible due to the need for additional control and protection circuits.
c) the greater load on the C.S.D.U.s means that their power / weight ratio is much reduced.
d) there is a considerable increase in complexity compared with a non-paralleled system,

due to the need for C.S.D.U.s and load sharing circuits.
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1. Alternators in parallel operation require the maintenance of constant frequency and phase
synchronisation to :-
a) balance the battery voltage when more than one battery is being used.
b) prevent recirculating currents.
c) control their voltage.
d) reduce their magnetic fields.
2. The A.P.U. generator can only be used when :-
a) another generator is on line.
b) the aircraft is on the ground.
c) the bus bars are being fed from another source.
d) when no other power source is feeding the bus bar.
3. The purpose of the differential protection circuit in a three phase AC system is :-
a) to compare alternator output current to bus bar current.
b) to compare on and off load currents.
c) to compare the alternators reactive load to its real load.

d) to compare the C.S.D.U. efficiency ratings.

4. An alternator driven by a C.S.D.U :-

a) can never be paralleled.
b) will require a voltage controller.
c) will require a lubrication system separated from its drive oil system.
d) will not require a voltage controller.
5. The purpose of a synchronising bus bar is to :-
a) enable interconnections to be made between generator bus bars.
b) supply essential services.
c) monitor on-load currents.
d) interconnect DC bus bars.
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In the event of a mechanical malfunction of the alternator :-

a)
b)
<)
d)

the drive disconnect unit will automatically separate the C.S.D.U. from the alternator.
the real load will be adjusted to compensate.

the quill drive will fracture.

the C.S.D.U. oil temperature will decrease.

The load meter, upon selection to "kVAR" would indicate :-

a)
b)
c)
d)

total power available.
reactive loads.

active loads.

only DC resistive loads.

Disconnection of the C.S.D.U. in flight would be advisable if :-

a)
b)
c)
d)

the frequency meter indicated a discrepancy of greater than 5 Hz between alternators.
there was an over or under voltage.

the oil temperature was high or the oil pressure was low.

the engine failed.

To increase the real load taken by a paralleled AC generator, the :-

a)
b)
c)
d)

generator drive torque is increased.

generator excitation is increased.

generator drive torque and field excitation are increased.
generator voltage regulator adjusts the generator rotor torque.

Load sharing circuits are necessary whenever :-

a)
b)
c)
d)

generators are operating in series.

generators are operating independently.

the ground power and the A.P.U. are serving the bus bars together.
generators are operating in parallel.
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1. Paralleled alternators will have :-

a) one load meter which measures total system load.

b) one voltmeter for each alternator.

<) one load meter for each alternator.

d) one meter which indicates both voltage and frequency.
2. Frequency controlled generators are :-

a) always paralleled.

b) not always paralleled.

c) never paralleled.

d) paralleled only when the DC is paralleled.
3. If the C.S.D.U. drive disconnect unit had been used, the drive can :-
a) only be reconnected when the aircraft is on the ground.

b) be reinstated in flight from the electrical supply department.
c) be reinstated in flight from the flight deck.

d) be reinstated when necessary by using the Ram Air Turbine.
4, When selected to 'kW', the alternator load meter will indicate the:-

a) total circuit load.

b) real load.

c) reactive load.

d) current flowing in the field.
5. An AC generator's 1.D.U. oil system :-

a) is self contained.

b) is common with the engine oil system.

c) is used only for cooling.

d) is used only for lubrication.
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6. An alternator driven by a non-integrated constant speed drive unit, has windings that are cooled
by :-
a) water.
b) oil.
c) oil and water.
d) air and/or oil.
7 The load in a paralleled AC system is measured in :-

a) kW & kVA.
b) kW& kV.
c) kV & kVAR.
d) kW &kVAR.

8. Paralleled generators must share real and reactive loads :-
a) to prevent large current flows through the T.R.U.s.
b) to prevent out of balance forces being fed through the C.S.D.U.s to the engines.
c) to prevent large flows of current from one generator to another.
d) to prevent harmonic frequencies being created in the synchronous bus bars.
9. One advantage of running alternators in parallel is that :-
a) the supply to all circuits is in phase.
b) a large capacity is available to absorb heavy transient loads when switching of heavy
currents occurs.
<) the risk of overloading the system is reduced.
d) there is only a requirement for one C.S.D.U.

10. When an external AC supply is feeding the bus bars :-

a) the internal bus bars are disconnected.

b) the aircraft generators are run in parallel with the external supply.

c) the aircraft generators are taken off line.

d) the synchronising unit will ensure that no frequency difference exists between the

aircraft generators and the external supply.
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1. The output of an alternator is rated in :-
a) kVA.
b) kVAR.
c) kW.
d) kw/kVAR.
2. A three phase AC system can be used to supply :-
a) both one or three phase equipment.
b) only three phase equipment.
c) only single phase equipment.
d) only inductive or capacitive loads.
3. In a frequency wild generation system :-
a) generators can be run in parallel only when all engine r.p.m.s match.
b) generators can never be run in parallel and there can be no duplication of supply.
c) generators can never be run in parallel, but after rectification, the D,C, can be fed to a
common bus bar to provide a redundancy of supply.
d) capacitive and inductive loads can be fed with no problems of overheating.
4. A fault on one phase of a three phase AC star connected system would :-
a) have no effect.
b) effect only the phase concerned.
c) cause inductive loads to overheat.
d) affect all three phases.
5. Fuses and circuit breakers are fitted :-
a) in DC circuits only.
b) in both AC and DC circuits.
c) in AC circuits only.
d) only to protect the wiring.
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The purpose of an inverter is :-

a) to change AC into DC

b) to change the frequency of the AC supply.
c) to act as a back up for the alternator.

d) to change DC into AC

A low reactive load on one generator is compensated for by :-

a) altering the excitation current flowing in its field circuit.
b) increasing the rotor speed.

c) increasing the real load on the other generators.

d) overall load reduction.

In the event of a mechanical failure occurring in the generator, the C.S.D.U. is protected by :-

a) a hydraulic clutch.
b) a universal joint.
c) a quill drive.

d) a feather drive.

To increase the real load which is being taken by a paralleled alternator :-

a) the voltage regulator adjusts the generator rotor torque.
b) both its drive torque and its excitation are increased.

c) only its excitation is increased.

d) its drive torque is increased.

Where the aircraft's main electrical supply is A.C, DC requirements are met by:-

a) batteries.

b) T.R.U.s.

c) inverters.

d) a static inverter.
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1. In a split bus system using non-paralleled constant frequency alternators as the primary power
source :-
a) essential AC loads are supplied directly from N° 1 AC bus bar.
b) essential AC loads are supplied directly from N° 2 AC bus bar.
c) only non-essential AC loads are supplied from the AC bus bars.
d) essential AC loads are normally supplied from N° 1 AC bus bar via the changeover
relay.
2. In a split bus system using non-paralleled constantfrequency alternators as the primary power

source, if both alternators fail :-

a) all non-essential services are lost.
b) all non- essential services will be supplied direct from the battery bus bar.
c) all non-essential services will be supplied from the static inverter.
d) essential DC consumers only will be supplied from the N°1 T.R.U,, all other DC
services will be lost.
3. In normal operation, the split bus bar AC system takes its DC supply from :-
a) two T.R.U.s which are always isolated.
b) a battery which is supplied from N° 1 T.R.U. only.
c) two T.R.U.s which are connected together by the isolation relay.
d) the static inverter.
4, The static inverter in the split bus system supplies :-
a) the essential DC consumers.
b) the essential AC consumers.
c) both essential and non-essential consumers.
d) the batteries.
5. In the split bus system, the AC bus bars :-
a) are automatically connected via the isolation relay if one alternator fails.
b) are automatically connected via the bus tie breaker if one alternator fails.
c) can be connected together by switch selection if one alternator fails.
d) can never be connected together because there is no load sharing circuit.
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With parallel generator operation :-

a) there are two synchronising bus bars which are normally kept isolated.
b) the G.C.B.s connect the generators to the synchronising bus bar.

c) the B.T.B.s connect the synchronising bus bars together.

d) the G.C.R.s connect the generators to their load bus bars.

In a parallel alternator operation, should one alternator fail, then :-

a) the other alternators can be selected to supply its load.

b) the failed alternators loads will not be supplied.

c) the G.C.B. of the failed alternator will remain closed to allow its loads to be supplied
by the remaining alternators.

d) the S.S.B. will close allowing the three remaining alternators to share all of the load.

An earth fault on a bus bar of a parallel generator system :-

a) would require that the appropriate G.C.B. should open.

b) would require that the appropriate B.T.B. should open.

c) would require that both the appropriate G.C.B. and B.T.B. should open.
d) would require that all alternators should operate independently.

To prevent high circulating currents between paralleled alternators, the following conditions
should be met :-

a) their voltage and frequency must be the same.

b) their frequencies must be identical and their phase sequence must be the same.
c) their voltage, frequency, phase and phase sequence must all be the same.

d) their inductive and capacitive reactances must match exactly.

If external power is plugged into an aircraft which utilises the split bus system of power
distribution, then :-

a) it will automatically parallel itself with any alternators already on line.
b) it will only supply non-essential AC consumers.

c) it will supply all the aircraft services.

d) essential AC consumers will be supplied from the static inverter.

A E ; WI_TI_J
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AC ELECTRICS 13
1. Synchronous motors are usually supplied by :-

a) three phase AC
b) single phase AC

c) DC to the stator.
d) DC to the stator and AC to the rotor.
2. Reversing two phases to a three phase motor will :-

a) blow the phase fuses.

b) cause the motor to run in reverse.
c) overheat the stator windings.
d) stall the motor.
3. A synchronous motor runs at a speed that depends upon the
supply :-
a) voltage.
b) current.
c) reactance.

d) frequency.

4. If one phase of the supply to a three phase motor fails, then :-

a) the motor will continue to run at the same speed.

b) will slow down and stop.

c) will stop immediately.

d) will run at about half speed but will not start on its next selection.
5. The basic principle of operation of a 3 phase induction motor is :-

a) A rotating field created in the rotor.

b) A rotating field created in the stator.

c) A stationary field created in the stator,

d) A stationary field created in the rotor.
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6. In an induction motor :-
a) the rotor is star connected.
b) magnetic fields blend evenly with one another.
c) AC is induced in the rotor.

d) a DC supply produces DC in the rotor.

7. In a synchronous motor, the rotor is :-
a) energised by DC and it lines up with the magnetic field in the stator.
b) wave wound.

c) both AC and DC energised.
d) impeded by the AC induced into it.

8. An induction motor has :-
a) slip rings and brushes.
b) a commutator.
c) no slip ring or brushes.
d) slip rings but no brushes.
9. A squirrel cage rotor :-
a) is not connected to the supply.
b) is expensive to produce.
c) rotates at exactly synchronous speed.
d) is a closed circuit of high resistance.
10. A starting circuit for a powerful single phase induction motor might be :-
a) a capacitance starter.
b) a resistance / inductance starter.
c) a cartridge starter.
d) a bump starter.

— m——
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6.1

6.2

6.3

COMPUTERS

A computer may be defined as: A device or set of devices that can store data and a program
that operates on the data. A general purpose computer can be programmed to solve any
reasonable problem expressed in logical and arithmetical terms.

The first fully operational general purpose computer, electromechanical and using binary digits
was the Z3, built in Germany in 1941 by Konrad Zuse.

Basically there are two types of computer:
a) Analogue
b) Digital

By far the most common is the Digital Computer or Micro Processor which now plays a part in
most aspects of everyday life.

ANALOGUE COMPUTERS

An analogue computer uses continuous physical variables such as voltage or pressure to represent
and manipulate the measurements it handles.

Analogue computers are used as electronic models or analogues of mechanical or other systems
in cases where conducting experiments on the system itself would be costly, time consuming or
dangerous. For example when designing a bridge or aircraft wing or any structure where motion
can occur, the engineer must know beforehand how it will react to various physical variables such
as wind speed and temperature.

In recent years analogue computers have become less popular because it is now possible to
program digital computers to simulate moving physical systems.

The remainder of this chapter will deal with digital computers and their use in aircraft.

DIGITAL COMPUTERS

Digital Computers use digital data (binary data) in their operations. This form of data has only
two levels of voltage as opposed to the analogue systems continuous variables. The two levels
correspond to ON or OFF ie switching circuits. Digital circuits are two state circuits. Normally
when working on paper we count from zero to nine - the decimal number system. When the
digital computer works it has to use the ON - OFF, two state or BINARY number system.
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6.4

BINARY NUMBER SYSTEM

The binary number system represents different quantities using only two symbols, 1 and 0. Ifa
quantity larger than 1 must be represented by binary numbers, the symbols systematically repeat.
As in the decimal system, the binary system repeats by adding to the left of the first digit.
Therefore a binary number may be written: 101

How can the equivalent number be represented in the familiar decimal number system?

In the decimal system the least significant digit is on the right and the most significant digit on
the left. The same applies in the binary system.

The 1 on the right represents 1 x 2 to the power 0 or 2° which is decimal 1.
The 0 in the middle tells us there is no value in the column 2! so the is no decimal 2. .
The 1 on the left indicates there is I x 2 to the power 2 or 2° which is decimal 4

By adding the decimal one derived from the binary 1 on the left to the 4 derived from the binary
1 on the right we get decimal number 5.

Binary 101 = Decimal 5

The table below shows the specific value of a binary digit in positions of 1 to 10, with the least
significant number on the right and the most significant number on the left.

BINARY DIGIT 0% ] ot gh 7t 6 | st | 4™ | 3 | pnd | st

POWER 2° 28 27 26 2° 24 2} 22 f 28| 2°
DECIMAL S12 | 256 | 128 | 64 32 16 8 4 2 1
VALUE

Using the table it is easy to convert binary numbers in to their decimal equivalents, you simply
place the binary number under the table, note the powers of two above the binary ones and add
them together. ’

The table below shows another example in addition to the previous number conversion. Note that
binary zeros are not counted.
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Convert binary 111011 to decimal:

Binary digit 6th | 5th | 4th [3rd |2nd | Ist
Power 2% 24 23 22 2! 20
Decimal value 32 16 8 4 2 1

1 0 1 4+1=5

1 1 1 0 1 1 32+16+8+2+1=59

6.5 CONVERTING DECIMAL NUMBERS TO BINARY NUMBERS:

To change decimal numbers to binary numbers we simply progressively divide the decimal
number by 2 and record the remainder, the remainder being the binary number:

Example 1: Convert decimal 96 to binary:

Quotient Remainder

% 48 0 (last binary digit)
2 0

Y 0

£ :

$ s :

P !

% 0 1 (first binary digit)

Decimal number 96 = binary number 1100000
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Example 2: Convert decimal 18 to binary

Quotient Remainder
Sa 9 0
2 4 1
3 2 0
2 1 0
3 0 1

Decimal number = 18
Binary number = 10010

Example 3: Convert decimal 69 to binary

Quotient Remainder
L 34 1
27 0
1z 8 1
3 4 0
3 2 0
2 1 0
3 0 1

Decimal number = 69
Binary number = 1000101

Positive Logic:

Binary 1 is usually represented by a positive voltage +5v or +28v and binary 0 by zero volts
(earth). This is known as positive logic.
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+15V - +10V |- -BINARY 1
= +5v-l LML
0 Mrimnm -BINARY 1 -BINARY 0
i -BINARY 0
A5V | i
(a) (b)
+5V | - ~
o ——————BINARY 1 O T TT T T -BINARY 1
-5V - -BINARY 0 -5V 'BINARY 0

(c) (d)
Four examples of positive logic digital signals.
(a) Binary 1=+7.5V, binary 0=0 V; (b) binary 1=+10 V, binary 0=+5V,
(c) binary 1=+2.5 V, binary 0=-2.5 V;(Bipolar binary) (d) binary 1=0 V, binary 0=-5V.

Negative Logic:

When binary 1 is represented by a negative number and binary 0 by zero (earth). This is called
negative logic and is less common.

+10V -

-BINARY 0 +15V|
=i UL [ [ [ -sNary
-BINARY 1 0 INARY 0

-BINARY 1

(a) (b)

Examples of negative logic digitals signals. (a) Binary 1=+5V, binary 0=+10 V;
(b) binary 1=0 V, binary 0 =+15 V.
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6.6

BASIC COMPUTERS

As can be seen from the examples on the previous page, when counting in the binary system
using just 0 and 1, many more columns are required. Successive columns from the right
represent increasing powers of 2:

24 23 2% 2! 2V%tc

The term BIT may be used when referring to a binary digit. One bit is equal to one binary digit.
A bit will always be a high or low logic level (+ voltage and 0 voltage for example).

Bits handled as a group are referred to as a BYTE. Therefore, an eight bit binary number is a
byte containing eight bits.

A WORD is a grouping of bits that a computer uses as a standard information format. For
example, many systems communicate using a 16 or 32 bit word. Each word for a particular
system will conform to a specific format that enables the computer to understand it and decode
it’s message.

OCTAL NOTATION SYSTEM:

The octal number system is based on eight, 0 to 7. The octal notation system is the binary
representation of an octal number. Octal notation is comprised of a series of three bit groups
(TRIADS). Since the largest decimal number that can be represented by three bits is 7 (111), this
is a base eight or octal system.

Octal notation is useful for certain programming techniques where large quantities of binary
numbers must be manipulated. Octal is often used for the transmission of data by aircraft
computers and their peripherals.

Triad group 4" 30 2 1

3 - digit octal 001 010 100 001
notation

Decimal equivalent 1 2 4 1

of triad

Power of eight 83 82 8! 8°
Decimal value of base eight 512 64 8 1
number

Decimal equivalent of octal (1x512) 2x64) [(4x8)32|UxD1
groups 512 128

Sum the decimal equivalents of each octal group 512 + 128 +32 + 1 = 673

Octal notation 001 010 100 001 = decimal 673
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6.7

6.8

HEXADECIMAL NUMBER SYSTEM:

The hexadecimal (hex) system uses base 16. The main purpose of this system is to represent the
very large numbers of memory locations used in micro controllers and microprocessors.

The hexadecimal system uses the numbers 0 to 9 along with the letters A to F to make up the
16 symbols. The table below shows the relationship between hexadecimal, decimal and binary
numbers:

Hexadecimal Decimal Binary
0 0 0000
1 1 0001
2 2 0010
3 3 0011
4 4 0100
5 5 0101
6 6 0110
7 7 0111
8 8 1000
9 9 1001
A 10 1010
B 11 1011
C 12 1100
D 13 1101
E 14 1110
F 15 1111

An important point to recognise about the hexadecimal system is that 4 binary digits represent
a single hexadecimal digit. This is significant because a 16 bit binary code can be represented
by a 4 digit hexadecimal number.

Digital Computer Components (Hardware):
Having discussed the language in which computers work, and remembering that binary is the

basic language in which calculations are carried out and information is stored in memory, we
shall now look at the construction of a basic computer.
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6.9

6.10

All computers have the basic components shown in the diagram below:

Input
Device ] ALU

Registers
A sddross Control
= adadress bus H
D = data bus Unit

C = control bus

CPU

Figure 1 A Basic Digital Computer

Central Processing Unit (CPU):

The CPU performs, organises and controls all the operations the computer can carry out. It is
really the brain of the computer. What the CPU can do is controlled by an instruction set. The
current standard for high performance processors is Intel’s Pentium II chip design. On two
combined microprocessor chips, that are together less than a couple of square inches, the
Pentium II holds 7.5 million transistors acting as tiny electronic switches.

The CPU itself consists of:

a. Arithmetic Logic Unit: The ALU performs arithmetic calculations and logical
operations in the binary number system.

b. Shift Registers: The shift registers are temporary stores, one of them, called the
accumulator contains the data actually being processed.

c. Control Unit: The control unit contains the computer’s clock. This is a crystal
controlled oscillator which generates timing pulses at a fixed frequency, typically
between 120 and 45MHz. This synchronises computer operations.

INPUT OUTPUT DEVICES:

The CPU accepts digital signals from the input devices, keyboard, mouse or modem, in the case
ofa PC, via its input port. In an aircraft these could be various sensors, Rad Alt, Baro Alt, TAS,
fuel flow, etc.
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6.11

After processing these are fed out via its output port to a Visual Display Unit (Monitor) or
printer. In an aircraft the output may be fed to an EFIS Symbol Generator or the FMS Control
Display Unit (CDU).

BIOS (Basic Input Output System) converts the input signals to a form the computer can work
with and converts the outputs to a form the operator or another aircraft system can understand.

MEMORY:

a. Working Memory: A computer needs a working memory to run the programme of
instructions (software) it has to execute. If the programme is fixed as in a computer
controlled piece of equipment, the memory only has to be read. To do this a Read Only
Memory (ROM) is used. This ROM is programmed by the manufacturer. A
Programmable Read Only Memory (PROM), Erasable Programmable Read Only
Memory (EPROM), or Electronically Erasable Programmable Memory (EEPROM)
would be used if the user wanted to construct or modify the programme himself and keep
it permanently in the memory.

Memory that retains data when the power is switched off is called NON VOLATILE
MEMORY. Memory that loses data in the event of a power failure or switch off is
called VOLATILE MEMORY.

If the programme has to be changed during operation, then the memory must be able to
be written to as well as read. To do this Random Access Memory (RAM) this allows
instructions to be written in, read out and altered at will. A RAM is also required to store
the data for processing as this also will change continually. RAM is normally Volatile
Memory.

b. Permanent Memory: As stated above RAM is volatile and work is lost when power
is removed. Permanent storage for computer programmes and the work they generate
is usually in the form of magnetic disks. Both floppy and hard disks are permanent
stores of computer data. Their storage capacity is measured in megabytes or gigabytes.
Hard disks are usually integral parts of the hardware. Floppy disks can be inserted and
removed from drives and are transportable and securable.

c. Electronically Alterable Read Only Memory (EAROM): This is a special type of
ROM that can be electronically altered. It is used in the data base of the Flight
Management System Computer. This contains a worldwide data base of all airfields,
navigation aids, airways, etc. Of course, periodically, frequencies and airways change
and the data base needs to be updated.

This is achieved on a 28 day cycle when Jeppeson issue an update floppy disk to their

client airlines. The disk is inserted into the FMS Control Display Unit, powered up and
the new data inserted and the old data cancelled.
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6.12

AIRCRAFT SYSTEMS: Systems which are computer controlled include:

a. Flight Management System (FMS)

b. Digital Flight Guidance System (DFGS)

c. Ground Proximity Warning System (GPWS)

d. Traffic Alert Collision Avoidance System (TCAS)

Of course Fly by Wire aircraft take computer control very much further, when the whole flight
envelope is controlled by computer process with inputs from the crew when necessary.

Current design favours the use of dedicated computers for each separate system. In the future
however we may see sharing of computer power in the form of an Integrated Hazard Warning
System (IHWS). Here a powerful central processor, with appropriate back up, handles inputs
from the stall warning system, windshear detection, GPWS, TCAS and even the Weather Radar,
processes the information and prioritises warnings to the crew.

Analogue to Digital Conversion (A to D): Many aircraft sensors produce analogue information
in the form of varying voltages, pressures, temperatures, etc. Of course digital computers use
digital (binary) information and a device called an Analogue to Digital Converter is required
in the interface between the sensor and the computer input device.

Digital to Analogue Conversion (D to A): When a digital computer has to pass information to
an analogue device the process is reversed and a Digital to Analogue Converter is used.
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SELF ASSESSMENT QUESTIONS

COMPUTERS
1. A basic digital computer consists of:
1 input peripherals
2 central processing unit
3. inertial unit
4, memory
5 auto brightness control
6 output peripherals
a. 1,2,3,4and 6
b. 1,2,4and 6
c. 1, 4, 6 only
d. 2,3,4,and 6
2. The Central Processing Unit (CPU) consists of:
1 input device
2 output device
3. Arithmetic Logic Unit (ALU)
4. Shift Registers
5 Control Unit
6 Hard disk
a. 1,2, 3, and five
b. 3,4,and 6
c. 1,2,5,and 6
d. 3,4,5,
3. In computer terminology an input peripheral device would be:
a. a hard disk
b. a floppy disk
c. a keyboard
d. a screen display unit
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4, The two types of binary logic are:
a. positive and negative
b. variable and negative
c. positive and reversible
d. variable and reversible
5. In computer terminology an output peripheral device would be:
a. a floppy disk
b. a hard disk
c. a screen display unit
d. a keyboard
6. In computer terminology a memory which loses its data when power is removed is called:
a. non-volatile
b. non-permanent
c. non-retentive
d. volatile
7. In computer terminology a memory which retains its data when power is removed is called:
a. non-volatile
b. volatile
c. RAM
d. ROM
8. Examples of input peripheral devices are:
1. mouse
2. modem
3. printer
4. screen display unit
5. keyboard
a. 2,3,4,5.
b. 1,2,5.
C. 1, 5.
d. 1,2,3.
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9. In computer terminology “software” refers to:
a. the memory system floppy disks, hard disks, etc
b. the RAM and ROM capacity
c. the programme of instructions
d. the BIOS

10. In computer terminology “hardware” refers to:
a. the digital computer components, keyboard, monitor, CPU, etc
b. the permanent memory system and its capacity
c. the RAM capacity
d. the programme of instructions

11. Memory capacity in a digital computer is expressed in:
a. Bits (Mbits, Gbits)
b. Bytes (Mbytes, Gbytes)
c. ROM capacity
d. RAM capacity

12. The smallest information element in a digital system is:
a. byte
b. digit
c. electron
d. bit

13. A group of binary digits handled as a group is referred to as a:

a. byte
b. mega bit
c. giga bit
d. bits
14, Convert the decimal number 7 to its binary equivalent:
a. 1110
b. 111
c. 1101
d. 100
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15. Convert binary 1110 to its decimal equivalent:

a. 13
b. 14
c. 15
d. 16
16. The computer language in which calculations are carried out and information is stored in
memory is:
a. decimal
b. hexadecimal
c. octal
d. binary
17. The computer language system which uses the base 16 is known as:
a. septagesimal
b. hectadecimal
c. hexadecimal
d. octal
18. The computer language system which uses the base 8 is called:
a. decimal
b. binary
c. octal
d. hexadecimal

19. The number system which uses the numbers 0 to 9 followed by the letters A to F is:

a. alpha numeric
b. hexadecimal
c. octal

d.

numeric alpha

20. In a digital computer binary 1 is represented by +5 volts and Binary 0 by earth. This is an

example of:

a. negative logic
b. bipolar logic
c. positive logic
d. analog system
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21.

22,

23.

24.

25.

In a negative logic system:

binary 1 is a low level, binary 0 is a high level

binary 1 is a high level, binary 0 is a low level

binary 1 is positive, binary 0 is negative

binary 1 and binary 0 are equal levels above and below zero

/o op

The permanent memory of a digital computer usually takes the form of:

Integrated circuits rated in megabytes

shift registers whose capacity is rated in mega or gigabytes

floppy or hard disks whose capacity is measured in mega or gigabytes
Central Processing Unit

/o o

The purpose of the Arithmetic Logic Unit within the Central Processing Unit is to:

act as a temporary store for information being processed

perform calculations in the binary number system

perform calculations in the binary, octal or hexadecimal system

perform all clock functions based on the computer clock frequency (clock time)

/e o

Within the Central Processing Unit, the temporary stores and accumulator which handle the
data during processing are called:

a. Arithmetic Logic Unit (ALU)
b. Shift Registers

c. Control Unit

d. BIOS

Aircraft data in analog form, before being processed by a computer must be passed through a:

a. digital to analog converter (D to A)
b. EPROM

c. EAROM

d.

analog to digital converter (A to D)
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COMPUTERS SAQ ANSWER SHEET.

No A|B|C|D REF

W
>

© |l |[w ]|
>

11 X

12 X

13 X

14 X

15 X

16 X

17 X

18 X

19 X

20 X |

21 X

22 X

23 X

24 X

25 X
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7.1

7.2

AN INTRODUCTION TO SEMICONDUCTORS.

Most people own a some type of hand held or desktop calculator these days. The cost of these
useful devices varies depending on sophistication, simple ones are given away free as advertising
gimmicks, yet there is more computing power inside one of these tiny machines than took Neil
Armstrong to the moon!!

Transistorisation and miniaturisation have enabled us to build ever more sophisticated
electronics and package them in ever smaller units. Modern pilots rely heavily on the electronic
flight systems incorporated in their aircraft and therefore must have an understanding of how
transistors, or more specifically semi-conductors, work.

CONDUCTORS AND INSULATORS.

Before proceeding with the explanation about how semiconductors work, let us remind ourselves
about the general atomic construction of conductors and insulators.

ELECTRON

NEUTRON

PROTON
(+ve) ELECTRON
SHELL

Figure 7.1. A Hydrogen Atom.

The most simple atom is the Hydrogen atom. It consists of a nucleus, containing one proton
(positively charged) and one neutron (neutrally charged), and an electron (negatively charged)
orbiting about the nucleus.

Conductors and insulators have more complex atoms with an increasing (equal) number of
neutrons, protons and electrons with the latter orbiting the nucleus in multiple orbits or shells.

These atoms are held together by the bonds formed between the valence electrons in the outer
shells and arrange themselves into a lattice type arrangement equidistant from each other.
Electrons in the outer shells are less tightly bonded to their parent atom than those on the inner
shells and are free to move from one atom to the next.
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7.3

These electrons, known as free electrons, form the basis for current flow within the material.
Conductors, formed by atoms held together by electrovalent bonds, possess large numbers of
free electrons, this allows current to flow easily through the material or put another way; the
material has high conductivity (low resistivity). Gold, silver and copper are all examples of
good conductors.

Insulators, on the other hand, are formed by atoms held together by covalent bonds and possess
few free electrons. This means that current flow is difficult; the material has low conductivity
(high resistivity). Mica is one example of a good insulator.

SEMICONDUCTORS.

Semiconductors, as their name would imply, fall somewhere between a conductor and an
insulator.

Both materials are formed by atoms with covalent bonds. Though each possess some free
electrons at normal temperatures they are closer to being insulators than conductors. Thus an
e.m.f. applied across the material would give rise to an intermediate current flow, higher than
that in an insulator, but less than that in a conductor.

Conductivity can be improved by the controlled addition of impurities into the Silicon or
Germanium material using a process known as doping.

COVALENTS BONDS— | ®

|

Figure 7.2. A Typical Atomic Lattice Structure.
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7.4 N-TYPE MATERIAL.

SEMICONDUCTORS

By doping the Silicon or Germanium with Arsenic or Antimony, atoms which have 5 valance
electrons in their outer shell are introduced into the lattice structure. The ratio of impurity atoms

to original atoms (doping ratio) is in the order of 1:10°.

.

FREE
ELECTRON

Figure 7.3. ‘N’ Type Material..

Four of the five electrons form covalent bonds with the surrounding atoms, the 5th electron,
having no such ties, becomes a free electron. Conductivity through the material is thus

increased.

We call this type of material N-type because of the surfeit of free electrons which are of course
negatively charged. However, it should be noted that the material remains electrically neutral,
for each free electron there is a fixed positive ion within the material.

2.7-3
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7.5

P-TYPE MATERIAL.

By doping with impurities such Aluminium or Idium, again in the same doping ratio as above,
atoms with only three valence electrons in their outer shell are introduced.

o~ ~ MISSING
Ed) ~®  ___ ELECTRON
. OR ‘HOLE’

Figure 7.4. ‘P’ Type Material..

This time there are only 3 electrons to form the covalent bonds, one is missing. In other words
there is a hole in the valent structure.

Electrons from adjacent atoms tend to move into these holes thus creating holes around the donor
atoms which in turn 'steal' electrons from their neighbours moving the hole on further.

This apparent movement of holes increases the conductivity of the material.
Because of the shortage of electrons the material is classified as P-type.

Again, it should be noted, it possesses no electrical charge, there being an equal number of holes
and fixed negative ions.
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7.6

7.7

CURRENT FLOW.

Applying an e.m.f. across a piece of N-type material would cause the free electrons to migrate
towards the positive terminal.

Any electrons leaving the material at the positive terminal are replaced by electrons entering at
the negative terminal, thus the overall balance between free electrons fixed positive ions is
maintained.

In P-type the situation is more complex, but in general, electrons are attracted into the positive
terminal creating holes in this region.

The holes 'migrate' towards the negative terminal and are ultimately filled by an electron entering
at that point.

Hence in P-type semiconductor material we can consider current flow as the drift of holes in the
conventional direction, namely from the positive to the negative terminal.
Again, overall balance is maintained between electrons and fixed negative ions.

THE P-N JUNCTION.

If we fuse two small pieces of N and P-type materials together, by a process similar to welding,
some free electrons from the N-type material migrate across the boundary into the P-type and
similarly, holes migrate the other way.

This migration produces a charged region known as the Depletion Layer and creates a Barrier
Potential restricting further electron/hole movement. This barrier potential may be represented
as an imaginary battery, though it should be remembered, the regions of increased positive and
negative charge exist only across the junction. The material as a whole possess no electrical
charge.

L eem | t----- . BARRIER
! i POTENTIAL

>

DEPLETION LAYER
Figure 7.5. The P-N Junction.
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7.8

7.9

REVERSE BIAS.

If we now connect an external e.m.f. across the P-N material, as shown in Figure. 7.6 A, more
electrons are drawn across the barrier into the P-type material and more holes are drawn to the

N-type.

This deepens the depletion layer and further electron/hole migration is prevented. Apart from
a small leak current, in the order of uA, no significant current flows. The junction is said to be
reverse biased.

A. Reverse Bias B. Forward Bias

ek

10 UL

M—— External Battery 7

Figure 7.6. Reverse and Forward Bias.

FORWARD BIAS.
By applying the external e.m.f. as shown in Figure. 7.6 B, the direction of the electric field is
such as to produce a drift of holes in the P-type material to the right, and of free electrons in the

N-type to the left.

In the junction region, free electrons and hole combine, thus the barrier potential is overcome
and current is free to flow unimpeded.
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7.10 THE JUNCTION DIODE

It can be seen from Figure 7.7. that current can only flow in one direction through a
semiconductor formed from P-N type material.

In other words the material acts as a rectifier and has similar conduction characteristics of a
thermionic diode (valve).

It is therefore referred to as a Junction Diode.

CIRCUIT
SYMBOL

Conventional
current flow this >
direction only

Figure 7.7. The Junction Diode and its Circuit Symbol.
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7.11

THE BI-POLAR OR JUNCTION TRANSISTOR.

Construction: This is a combination of two junction diodes and consists of either a thin layer
(typically 25 pm) of p-type semiconductor sandwiched between two n-type semiconductors (as
shown in Figure. 7.8 left) which is referred to as an n-p-n transistor, or a thin layer of n-type
semiconductor sandwiched between two p-type semiconductors (as shown in Figure 7.8 right),

which is referred to as a p-n-p transistor.
COLLECTOR COLLECTOR

C C
0

BASE B BASE B
®)
E E

EMITTER EMITTER

NPN PNP

Figure 7.8. The Bi-Polar Transistor.

The three regions of either type of transistor are known respectively as Collector, Base and
Emitter.

The circuit symbol for each transistor differs only in regard to the direction of the arrow between
Base and Emitter. ’

The arrow always represents conventional current flow; thus for an N-P-N transistor it points
from Base to Emitter, and for a P-N-P, from Emitter to Base.

Operation. N-P-N Transistor: If we apply an e.m.f. across the Collector - Emitter region, as
shown in Figure. 7.9 left, no current flows.
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However, if we now add an e.m.f. between across the Base - Emitter region, as shown in Figure.
7.9 right, a large current flows from Emitter to Collector.

C E

REVERSE ~ FORWARD =  BIAS g .
BIAS BIAS VOLTAGE

TRANSISTOR NOT TRANSISTOR
CONDUCTING CONDUCTING

Figure 7.9. Transistor Conduction.
The theory governing the flow of current in a transistor is complex and generally beyond the
scope of this course, but in simple terms here is what happens.

By applying an e.m.f., or Bias voltage, between Base and Emitter of an N-P-N transistor, the
junction is forward biased and a large number of free electrons are attracted to the Base region.

However, in the relatively thin Base region, few holes are produced for these free electrons to
combine with, so the surplus diffuse into the Collector region where they migrate towards the

applied positive potential.

Holes that have combined with free electrons are replaced as an electron leaves the Base region
for the positive terminal of the Bias supply.

Consequently, a relatively small Base - Emitter current flow produces a large Emitter - Collector
flow.

Operation. P-N-P Transistor: A P-N-P transistor's operation is similar in all respects to that
of an N-P-N transistor except that the applied e.m.f.s are reversed.
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7.12

7.13

7.14

7.15

SUMMARY.

The ability of a transistor to control a large Emitter - Collector current by means of a small Base
- Emitter current means it can act as a switch or amplifier, by turning the Base - Emitter current
on and off, or as an amplifier by superimposing a small alternating current signal on the Bias
voltage. In conjunction with the Junction Diode and other electronic components, such as
resistors, capacitors and inductors, the applications for the transistor are almost limitless.

Further more, the ability to control precisely those areas to which doping is applied, using
Photo-etching techniques, means that all of the above components can be incorporated into a
highly sophisticated and complex circuit within a single, small, piece of silicon. The ubiquitous
computer chip is one such example.

For the future, as production techniques improve, faster, more powerful circuits will be
contained in ever smaller packages, leading in turn to more sophisticated technology being
incorporated in the modern airliner.

AN INTRODUCTION TO LOGIC GATES.

Logic gates, or gates, are a type of fundamental function performed by computers and related
equipment. A single integrated circuit (IC) within a computer contains several gate circuits.
Each gate may have several inputs and must have only one output.

There are six commonly used logic gates, the 'AND", the 'OR’, the 'INVERT', the 'NOR', the
'NAND/', and the 'EXCLUSIVE OR'. The name of each gate represents the function it
performs.

BINARY LOGIC.

Logic gates are of a binary nature, i.e. the inputs and the outputs are in one of two states
expressed by the digital notation '1' or '0'. Other corresponding expressions are also frequently
used, they are:

a) '1' - on; true; high (H); closed; engaged.

b) '0' - off; false; low (L); open; disengagéd.

TRUTH TABLES.

Truth Tables are a systematic means of displaying binary data. Truth tables illustrate the
relationship between a logic gate's inputs and outputs. This type of data display can be used to

describe the operation of a gate. For troubleshooting purposes, the truth table data is often
reviewed in order to determine the correct output signal for a given set of inputs.
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7.16

7.17

GATE SYMBOLS.

Each logic gate has a symbol of a specific shape. The symbols are designated to "point” in a
given direction, that is, the inputs are always listed on the left of the symbol and the outputs on
the right.

Since logic gate operate using digital data, all input and output signals will be comprised of '1's
or '0's. Typically the symbol '1' represents 'ON' or voltage positive, and the symbol '0'
represents 'OFF', or voltage negative. Voltage negative is often referred to as zero voltage or the
circuit's ground.

POSITIVE AND NEGATIVE LOGIC.

As stated earlier, logic circuit input and output signals consist of two distinct levels. These
levels are often referred to as 'binary 1' and 'binary 0'. The actual voltage levels required to
achieve a 'binary 1' or 'binary 0' may vary between circuits.

a. If positive logic is used in the digital circuit, a 'binary 1' equals a high voltage level and
a 'binary 0' equals a low voltage level. The actual voltage values may be either both
positive or both negative, or one positive and one negative. The only stipulation for
positive logic is that a 'binary 1' is created by a greater positive voltage than a 'binary
0' . Each signal represents the greater positive voltage value as a 'binary 1', therefore
each example employs the positive logic concept. Most digital systems employ positive
logic throughout the entire computer and related component circuitry.

b. The negative logic concept defines 'binary 1' as the lower voltage value and 'binary

0' as the higher voltage value (more positive). Although less popular, negative logic is
used in some systems in order to meet certain design parameters.
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7.18

THE 'AND' GATE.

The 'AND' gate is used to represent a situation where all inputs to the gate must be '1' (on) to
produce a '1' (on) output. To be an'AND' gate, input No. 1 and input No. 2 and input No. 3 etc,
must be '1" to produce a '1' output. If any input is a '0' (off), the output will be '0' (off). The
symbol and the truth table for a two-input AND gate are illustrated in Figure 7.10.

INPUTS OUTPUT
A
& o g
INPUTS 0 0 0
O 0 1 0
B OQUTPUT 1 0 0
1 1 1

SYMBOL
TRUTH TABLE

IJRJ/“B&@C{“»

A SERIES CIRCUIT

Figure 7.10. The Symbol and Truth Table for an 'AND' Gate.
A simple 'AND' circuit may also be represented by two switches in series used to turn on a light
as shown in Figure 7.10. If both switches (inputs) are '1' (on), the light will turn '1' (on). If
either switch is '0' (off), the light will be '0" (off)

The 'AND' gate is sometimes called an 'ALL or NOTHING' gate.
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7.19 THE 'OR' GATE.
The 'OR' gate is used to represent a situation where any input being '1' (on) will produce a '1"
(on) output. To be an 'OR' gate, input No. 1 or input No. 2 or input No. 3, etc, must be '1' to

produce a '1' output.

Only if all inputs become '0' will the 'OR' gate produce a '0' output. If any input is a '1',
regardless of the other input values the 'OR' gate will produce a '1' output.

A two-input 'OR' gate symbol and corresponding truth table are illustrated in Figure 7.11..

A simple 'OR' circuit may be comprised of two switches in parallel controlling one light. If either
switch is '1' (on), the light will turn '1' (on).

SWA1

A L1

c
INPUTS I
OUTPUT
B
SW2
SYMBOL PARALLEI

INPUTS OUTPUT
0

0 0 o]
0 1 1
1 (o] 1

TRUTH TABLE

Figure 7.11. Representation of the 'OR' Gate.

The OR gate may be called an “ANY or ALL “ gate.
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7.20

THE 'INVERT' OR 'NOT' GATE.

The 'INVERT' gate is used to reverse the condition of the input signal. The TNVERT' gate
contains only one input and one output, and is most often used in conjunction with other gates.

The 'INVERT' gate is sometimes referred to as a'NOT' gate. The symbol and truth table for an
'INVERT" gate are shown in Figure 7.12.

An'INVERT! circuit might be comprised of a switch controlling a normally closed relay which
turns on or off a light. As also illustrated in Figure 7.12., if the switch is turned '1' (on), the light
is '0' (off).

INPUT OUTPUT

SYMBOL

RELAY CIRCUIT

INPUT OUTPUT
s TR

0 1

1 0

TRUTH TABLE

Figure 7.12. Representation of the 'INVERT' or 'NOT' Gate.
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7.21 THE 'NAND' GATE.

LOGIC GATES

The NAND' gate is an 'AND' gate with an inverted output. The output of this gate will be '1'
ifany input is '0'. This is the exact opposite of an 'AND' gate. The representations of a NAND'

gate are shown in Figure 7.13.

A
o—|
INPUTS

B

SYMBOL

C

OUTPUT

oo o—

SwWi1 sw2

RELAY CIRCUIT

INPUTS OUTPUT

TRUTH TABLE

Figure 7.13. The Representations of the 'NAND' Gate.

The NAND' gate circuit illustrated in Figure 7.13.shows if either switch is closed there will be

no output.
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7.22 THE 'NOR' GATE.

The 'NOR' gate is an 'OR' gate with an inverted output. This results in a gate where any input
being '1' will create a '0' output. The 'NOR' symbol, the truth table, the electronic circuit and
the relay circuit which represent a 'NOR' gate are all illustrated in Figure 7.14.

A g L1
&— C )
INPUTS —e9 i

o— OUTPUT
B }—

SwW2

SYMBOL
RELAY CIRCUIT

INPUTS OUTPUT

A B Cc
0 0 1
0 1 0
1 0 0
1 1 0

TRUTH TABLE

Figure 7.14. Representations of the 'NOR' Gate.
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7.23 THE 'EXCLUSIVE OR' GATE.

The' EXCLUSIVE OR' gate is designed to produce a '1' output whenever its input signals are
dissimilar.

An illustration of the representations of the EXCLUSIVE OR' gate is shown in Figure 7.15.
This gate compares a maximum of two input signals to determine its output.

As shown in the truth table within Figure 7.15., if the input signals have like values, the output
will be '0', if the input signals have unlike values, the output will be '1'

A
Cc
INPUTS
OUTPUT L1
B

£
0

A\VALVALVE V)

|
1|f—

SYMBOL FUNCTIONAL CIRCUIT DIAGRAM

INPUTS OUTPUT

>

0 0

0 1 1

1 0 1

1 1 0
TRUTH TABLE

Figure 7.15. Representations of the 'EXCLUSIVE OR' Gate.
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SELF ASSESSMENT QUESTIONS - LOGIC

1. The logic function of the circuit shown is;-

a) AND CONTROL
b) OR
¢) NOR _[:/0——- =

d  NOT

S
TEST
SWITCH

2. The circuit shown here represents;-

a) an 'AND' gate.
b) a 'NOR' gate. A B ¢

c) an 'OR' gate. ._’/._@_“h
d) an 'EXCLUSIVE OR' gate.

3. The diagram is the equivalent of which of the accompanying symbols;-

A B

| >

RELAY CIRCUIT
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4.

The gate symbols shown are;-

a)
b)

c)
d)

'AND' and NAND'.
'EXCLUSIVE OR'
NOR'.

'OR'"and NOR'.
'OR" and 'EXCLUSIVE OR".

and

'EXCLUSIVE

LOGIC GATES

[

e

g

A gate which requires that all inputs must be HIGH to obtain an output would be;-

a)
b)
©)
d)

This diagram represents;-

a)
b)
c)

d)

To obtain logic '0" at output 'Z' there must be;

a)
b)
¢)
d)

a 'NOR' gate.
an 'OR' gate.
an 'AND' gate.
a 'NOT' gate.

an inverter.

an 'AND' gate.

an 'EXCLUSIVE
gate.

an 'OR' gate.

NOR'

OFF

—o o—
28v

OFF

logic '1" at X' and logic '0" at 'Y".
logic '0" at X' and logic '1"at'Y".
logic '1' at X' and logic '1" at 'Y".
logic '0" at X' and logic '0" at 'Y".

2.

?-<?><

7-20
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8.

10.

11.

12.

13.

A transistor ;-

a)
b)
c)
d)

can only be used as an amplifier.

LOGIC GATES

can be used as a demi-conductor to act as an automatic switch or an amplifier.

is an inverted silicon controlled rectifier.

can be used as a semi-conductor to act as an automatic switch or an amplifier.

A transistor ;-

a)
b)
c)
d)

is made up of crystals in the arrangement of emitter, base and collector.
is made up of crystals in the arrangement of emitter, collector and base.
is made up of crystals in the arrangement of collector, emitter and base.
requires a current of ten amps through the base to transmit.

A gate with only one input and one output;-

a)
b)
¢)
d)

cannot be a 'double’ gate.
is a 'NOT"' gate.

can only be a 'semi-gate'.
cannot be a 'NOT' gate.

The two most commonly used gates are;-

a)
b)
c)
d)

'NOT' and NOR'.

'OR' and 'EXCLUSIVE AND'".
'AND' and 'OR".

'AND' and 'NAND'.

Truth tables illustrate the relationship between;-

a)
b)
c)
d)

inputs and outputs.

integrated gates for trouble shooting.
the sequence of operation of the gates.
electronic and electrical circuits.

The output expression for this type of gate is;-

'AND".
'EXCLUSIVE NOR'
'EXCLUSIVE OR'.
'EXCLUSIVE NOT".
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14. In order to energise the relay shown in this circuit,
the logic state at the inputs must be;- _

______‘. ..______
. . *— \
a) logic '0" at points 'A' and 'B'.
b) logic '0' at point 'A' and logic '1" at point 'B'". ® / %
c) logic '1" at points 'A' and 'B'.

d) always identical at points 'A' and 'B'. B l

LLLLLLTL

15. The type of logic gate represented by this diagram
is;-

a) 'OR' o
b)  'NAND' y
©) 'AND'

d  'NOT. <9

QUE || 1 2 3 4 5 6 7 8 9 10
ANS

QUE | 11 12 13 14 15 " 16 17 18 19 20

ANS <"
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LOGIC SELF ASSESSMENT ANSWERS
QUE [ 1 2 3 | 4 5 6 | 7 8 9 10
ANS | B A C || A C D ][ c D A B
QUE || 1 2 | 13 14 15 16 17 18 JI 19 | 20
ANS || C A || C C D ]I
REF || | |
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RADIO THEORY BASIC PRINCIPLES

1.1

1.2

INTRODUCTION.

It is generally agreed that even a partial understanding of radio theory helps in appreciating the
limitations of the various radio aids to navigation. These notes aim to introduce the
fundamentals as simply as possible with a minimum of mathematics.

AC.

In the simple circuit depicted in Figure 1.1(a), alternating current flows in the circuit. This
simply means that the direction of current flow is being reversed at regular intervals. At one
instant the flow is clockwise, the next it is anticlockwise round the circuit. A graph of current
against time in this case would appear as in Figure 1.1(b). It can be shown that the curve is a
sine curve.

ALTERNATOR AMPLITUDE
_®_ TIME
e
D

il

1 «— CURRENT —>+

—\VVWVWN\— SINE CURVE
RESISTANCE
<«—— ONE CYCLE —>
Figure 1.1 (a) Figure 1.1 (b)

A study of this curve shows that the current starts at zero (point A), increases to a maximum
value in one direction (at B), decreases to zero (at C), increases to maximum again in the
opposite direction (at D), and then reduces to zero again at point E. This sequence of events is
called a Cycle, which could be defined as one complete oscillation of the alternating current.
The + and - signs on the graph simply indicate the reversing directions of current flow.

It can be seen from the graph in Figure 1.2(b). that at points B and D the instantaneous current
flow has a maximum value. This peak value (in either direction) is called the Amplitude of the
current. Since a similar graph of alternating voltage in the circuit could be plotted, the term
amplitude is defined as the peak value of the alternating quantity (current or voltage).
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1.3

1.4

The term Frequency is used to state the number of cycles occurring in one second. Frequency
is measured in Hertz ( Hz ). The time for one complete cycle is called the period or periodic
time(T). The relationship between frequency and periodic time is such that one is the reciprocal
of the other; ie

RADIO WAVES.

If an alternating current of suitably high frequency is fed to a transmitting aerial, the energy is
not confined to the metal of the aerial but radiates out into space in the form of electro-magnetic
waves (radio waves). This radiation of energy through space comprises alternating electrical and
magnetic fields at right angles to each other. The amplitude of each field varies (oscillates)
between zero and a maximum value, at the same frequency as the alternating current in the
aerial.

POLARIZATION.

Figure 1.3. Vertical Polarization.

The term polarization is used to describe the direction or plane of oscillation of the electrical
field of an electro-magnetic wave. For instance a vertical transmitting aerial produces (mainly)
a vertically polarized radio wave, with the electrical field (E) oscillations occurring in the
vertical plane and the magnetic field (H) oscillations in the horizontal plane. For efficient
reception, the receiving aerial should also be vertical. If the transmitting aerial is horizontal, the
receiving aerial should also be horizontal.

The electric and magnetic fields oscillate at right angles to each other and both are at right angles
to the direction of propagation (or travel) of the radio wave. Figure 1.3. shows the peak values
E and H of the electric and magnetic fields of a vertically polarized wave.
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1.5

1.6

1.7

1.8

1.9

SPEED OF PROPAGATION.

Radio waves travel at the speed of light. The speed is virtually constant and is:-

300,000,000 metres per second, or 162, 000 nautical miles per second
WAVELENGTH.

The wavelength of a radio wave can be defined as the distance travelled by the radio signal
during the transmission of one cycle. Wavelength is normally expressed in metres unless it is
less than one metre, when centimetres or millimetres are used.

FREQUENCY UNITS.

Frequencies are expressed in Hertz (Hz). One Hertz equals one cycle per second.
Radio frequencies are high and for convenience the following units may be used:-

Kilo-Hertz (kHz) = 1,000 Hz =10° Hz
Mega-Hertz ~ (MHz) = 1,000,000 Hz =10°Hz
Giga-Hertz (Ghz) =10°Hz
Tera-Hertz (THz) =102 Hz
USE OF FREQUENCY UNITS.

kHz are used, normally, up to 3 000 kHz (3MHz)

MHz are used, normally, between 3 and 3 000 MHz (3 GHz)

GHz may be used from 3 GHz upwards, though it is common to continue to use MHz.
THz are not currently used with radio navigation aids.

Examples: Droitwich Broadcasting Station 200 kHz
Doppler Navigation Aid 8 800 MHz or 8.8 GHz

WAVELENGTH, FREQUENCY, AND SPEED OF PROPAGATION.

The relationship between these three quantities is:- c=FfA

Where ¢ = speed of propagation (m/s)
f = frequency in Hz
A = wavelength in metres.

It can also be seen that:-

>
1l
- |0
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With these formulae, it is a fairly simple matter to convert between wavelength and frequency.
It can be seen from the formulae that wavelength is inversely proportional to frequency; so that
if frequency is increased, wavelength will decrease. If the frequency were doubled the
wavelength would be halved.

The transmissions listed below exemplify wavelength decreasing as frequency increases.

Facility Frequency Wavelength
Droitwich Broadcasting Station 200 kHz 1 500 metres
Fan Marker 75 MHz 4 metres
Precision Approach Radar 10 000 MHz 3cm

1.10 FREQUENCY/WAVELENGTH CONVERSIONS.

Example No.1 What frequency corresponds to a wavelength of 1,500 m?

Speed of Propagation (metres/sec)

Frequency Hz =
Wavelength (metres)

_ 300,000,000

= 2 =
1,500 00,000 Hz (or cps) 200 kHz (Answer)

Example No.2 What is the wavelength of a 300 kHz transmission?

Speed of Propagation (metres/sec)

Wavelength (metres) Frequency (Hz)

300,000,000
300 x 1,000

=1,000m (Answer)
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1.11 FREQUENCY SPECTRUM.
Frequencies Frequency Wavelength Facilities
Band
3-30 kHz VLF (Very 100 km - 10 km Very long range navigation .
Frequency) Low
30-300 kHz LF 10 km - 1km Decca, NDB,
(Low Frequency) Loran -C, long/medium wave
broadcasting stations (B/S).
300-3,000 MF 1 km - 100 metres NDB, B/S Radio Range.
kHz (Medium
Frequency)
3-30 MHz HF (High 100 metres-10 HF R/T
Frequency) metres
30-300 MHz| VHF (Very High | 10 metres -1 metre | VHF R/T, VDF, VOR, marker beacons,
Frequency) ILS.
300 - 3,000 | UHF (Ultra High 1 metre -10 cm ILS Glidepath, DME, some Surveillance
MHz Frequency) Radar.
3-30 Ghz SHF (Super High 10 cm -1 cm Precision Approach Radar (PAR), some
(3,000 - Frequency) Surveillance Radar, Doppler, Airborne
30,000 MHz) Weather Radar (AWR), Radio Altimeter.
30-300 GHz| EHF (Extremely 1 cm -1 mm Airfield Surface Movement Radar,
High Frequency) experimental radar.
1.12 PHASE.

In earlier paragraphs the sinusoidal variations of an alternating current or voltage during one
cycle were described. The stage reached in a cycle at a given instant in time is known as the
Phase of the current or voltage. Phase is expressed in degrees (between 0° and 360°).

This is illustrated in Figure 1.4..

270 0 90

1 270 0

Figure 1.4. Phase.
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1.13

1.14

PHASE DIFFERENCE.

Two radio waves at the same frequency can be ‘In Phase’ or ‘Out of Phase’ by any number of
degrees from 1° to 359°. It is essential that the two signals are at the same frequency for there
to be a fixed phase difference between them. If they were at different frequencies (and therefore
different wavelengths) the phase difference would be continually changing.

With some radio aids, including VOR and Decca, the phase difference between two signals is
measured in order to establish a position line. Figures 1.5(a)., 1.5(b)., and 1.5(c). depict
examples of ‘in phase’ and ‘out of phase’ signals.

270 360
270

e

. -
.,
pRTNEeg

0~ 0 ™480 2 3607 90 80 270 360
090 180\27&/,.160/,.40 180 270.. 360 .~
- / \

FIRST SIGNAL SECOND SIGNAL LAGGING BY 90°

Figure 1.5(b) Two Waves 90° Out of Phase

FIRST SIGNAL SECOND SIGNAL LAGGING BY 180°
Figure 1.5 (c) Two Waves 180° Out of Phase

ATTENUATION.

The term attenuation means the loss in strength of a radio signal as range from the transmitter
increases. The signal strength received is inversely proportional to the distance from the
transmitter. A wave becomes attenuated as range increases because:-

a) The radio energy available is spread over a greater area.

b) Radio energy is lost to the earth, the atmosphere, and sometimes to the ionised layers
above the earth.

3.1-6 © Oxford Aviation Services Limited



RADIO THEORY BASIC PRINCIPLES

1.15

1.16

1.17

One factor on which the operational range of a radio emission depends is the transmitter power.
The range obtainable is proportional to the square root of the power; in other words if the range
is to be doubled, the transmitter power must be quadrupled.

REFRACTION.

As a general rule, radio signals travel in straight lines, that is, they follow great circle paths over
the surface of the earth. Under certain circumstances, however, the path of a signal may change
direction. This change of direction is known as refraction. The amount of refraction varies
considerably, depending on conditions. Well-known examples of refraction are:-

Coastal Refraction - where there is a change in direction when a signal crosses a coastline.

Atmospheric Refraction - Where changes in direction occur due to variations in temperature,
pressure, and humidity - particularly at low altitude.

Tonospheric Refraction - where the wave changes direction as it passes through an ionised
layer.

PROPAGATION PATHS.

The path of a radio wave from a transmitter to a receiver many miles away is not necessarily
direct. The following paragraphs describe the various paths a radio signal can follow. In many
cases, the signal may be reaching the receiver by more than one path at the same time, and
because of the different path lengths there will be phase differences between the signals. Such
phase differences affect the resultant signal strength.

For instance, if two waves from the same transmitter travel by different paths and arrive 180°
out of phase, as in Figure 1.5(c)., they will cancel each other if their amplitudes are the same.
The resultant signal strength will be zero, so no signal will be received. Changes in phase
difference will cause changes in signal strength so producing the effect known as ‘fading’.

DIRECT AND GROUND-REFLECTED WAVES.

A signal which travels in a straight line
between transmitter and receiver is called
the direct wave. In addition to this, there
is normally a signal arriving at the receiver
after reflection at the earth’s surface. This
is the ground-reflected wave. These two
waves are jointly known as the Space
Wave and are depicted in Figure 1.6(a).
(In this and other diagrams, the
abbreviation Tx is used for transmitter and

Rx for Receiver.) Figure 1.6(a). Space Wave.

3.1-7 © Oxford Aviation Services Limited



RADIO THEORY BASIC PRINCIPLES

Since the direct and reflected waves follow different paths they may arrive at the receiver with
large phase differences. The situation is further complicated by a change in phase which occurs
at the point of reflection of the ground-reflected wave. The net result is that, for instance, an
aircraft flying towards a ground station may suffer fading or temporary loss of VHF
communications with that station. The range at which this occurs depends on ground aerial
height above the surface, aircraft altitude, and frequency.

The curvature of the earth limits the use of the direct wave. It can be seen from Figure 1.6(b).
that the aircraft ‘below the horizon’ cannot use the direct wave for communications.

The lowest direct wave is just tangential to the surface and is known as the ‘horizon ray’. It will
be appreciated that direct wave communications for the aircraft in Figure 1.6(b). could be
restored by either raising the height of the ground aerial or increasing the aircraft’s altitude.

N5 EART

Figure 1.6(b). Line of Sight.

A formula used for calculating the maximum range of direct wave reception is:-

Range (nm) = 1.25 (/h; + /h)
where h, = height of ground aerial (feet AMSL)
h, = aircraft altitude (feet AMSL)

This formula allows for a small amount of refraction in the lower layers of the atmosphere,
which gives a slightly better range than would be obtained if the direct wave followed a perfectly
straight path without any downward refraction. Under normal conditions, the space wave
provides the only propagation path for frequencies above about 30 MHz.

Therefore, except on fairly rare occasions, communications in the VHF and higher bands suffer
from line of sight transmission with range limited by the curvature of the earth and any high
ground which interrupts the line of sight. Note that the range limitation imposed by Line of sight
transmission is useful when there is a shortage of available frequencies.

3.1-8 © Oxford Aviation Services Limited



RADIO THEORY ‘ BASIC PRINCIPLES

1.18

For instance, with VHF R/T, except in freak conditions, the curvature of the earth gives
protection from mutual interference between stations using a common frequency provided they
are well-separated geographically.

SURFACE WAVE.

If the space wave were the only means of propagation, communications could only be ‘line of
sight’. However, the phenomenon of diffraction can produce a surface wave, a signal which
follows the curvature of the earth as depicted in Figure 1.7.

Diffraction, which occurs for all types of wave motion, allows the wave to pass round an
obstacle. With the surface wave, the obstacle is the earth and the amount of diffraction depends
on the wavelength in relation to the radius of the earth. With longer wavelengths (lower
frequencies) the diffraction effect becomes more pronounced with consequently improved
surface wave range.

The type of surface also influences the range - for two reasons:
a) it affects the amount of downward ‘bending’ of the wave.

b) different surfaces absorb different amounts of radio energy from the wave, so affecting
the rate of attenuation. The latter is always greater over land than over sea so surface
wave range is better over sea than over land.

Frequency is also important, the lower frequencies suffering less attenuation along the surface
and therefore giving better surface wave range.
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Figure 1.7. Surface Wave.
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1.20

Surface wave propagation is complex, but the following general rules can be stated:-

a) Surface wave range is greatest at very low frequencies (most diffraction and least
attenuation).
b) At frequencies above about 30 MHz, surface wave range is only a few miles (very little

diffraction but rapid attenuation).

c) At very low frequencies, surface wave range is great, and is nearly as great over land as
over sea, but as frequency is increased the range over land (particularly dry land)
decreases far more rapidly than over sea.

GROUND WAVE.

The term ground wave is used to describe the combination of direct wave, ground-reflected
wave, and surface wave. Not all these are necessarily present together. For instance, below the
horizon the ground wave consists of the surface wave alone - provided the frequency is low
enough (below about 30 MHz).

SKY WAVE.
Yet another mode of propagation is by sky waves. These are waves which have been reflected

or refracted down from ionised layers above the earth and are sometimes known as ionospheric
waves. More details of sky wave propagation are given in the following paragraphs.

Figure 1.8. lonospheric Refraction.
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1.22

1.23

1.24

THE IONOSPHERE.

Ultra-violet light from the sun can cause electrons to become separated from their parent atoms
of the gases in the atmosphere. The atoms are left with resultant positive charges and are then
known as ions. The intensity of this ionisation depends on the strength of the ultra-violet
radiation and the density of the air. The part of the atmosphere in which this process occurs is
called the ionosphere, extending from about 50 km to as high as 500 km above the earth’s
surface. The ionospere is therefore situated above the stratosphere (which lies above the
troposphere).

Several definite ionised layers exist within it. When a radio wave enters such a layer, refraction
occurs causing the wave to be bent away from its straight path. The amount of refraction
depends on the frequency, the angle at which the wave enters the layer and the intensity of
ionisation. Under certain circumstances the wave may be bent so much that it is returned to earth
as a sky wave as illustrated in Figure 1.8.

IONISED LAYERS.

During daytime hours there are four main ionisation layers designated D, E, F, and F, in
ascending order of height. At night, when the sun’s radiation is absent, ionisation still persists
but is less intense, and fewer layers are found. Since the strength of the sun’s radiation varies
with latitude, the structure of the ionosphere varies widely over the surface of the earth.

Another factor affecting the layers is the state of the sun, since sunspots affect the amount of
ultra-violet radiation. Figures 1.9(a)., 1.9(b)., and 1.9(c). show the approximate vertical
distribution of the layers over the British Isles by day and night in summer and winter.

D-LAYER.

This layer is only significant during daylight hours, dispersing soon after sunset. Itis the lowest
layer and its intensity of ionisation is not great. VLF waves are reflected from the base of the
layer. LF and MF waves enter the layer and are severely attenuated, without being appreciably
refracted. Higher frequency signals pass through the layer with less attenuation. The practical
effect on LF and MF transmissions is that daytime up-going waves are absorbed by the D-layer,
so that LF/MF sky waves which would otherwise be refracted back to earth from the higher
layers are very weak or completely absent by day.

E-LAYER.

This layer, which used to be known as the Kennelly-Heaviside layer, is strongly ionised by day
and remains weakly ionised by night. It produces strong sky waves in the LF and MF bands by
night, but in daytime the D-layer causes so much attenuation, as mentioned in Paragraph 1.23.,
that sky waves are too weak to be usable in these bands by day.
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Usable HF sky waves may be produced by the E-layer by night and day. VHF signals pass
through the E-layer with insufficient refraction to produce sky waves except under freak
conditions (described in later notes). lonospheric refraction is negligible with UHF, SHF and
EHF signals, so sky waves do not occur in these bands.

1.25 F-LAYERS.

At night there is a single F-layer (originally known as the Appleton layer) above the E-layer, but
in daytime the F divides into two - the F, and F, layers. The F-layers are the highest and most
intensely ionised layers. Strong sky waves are produced in the LF, MF, and HF bands at night
but, as in the case of the E-layer, only the HF band has usable F-layer sky waves by day. As with
the E-layer, signals in the VHF and higher bands escape through the F-layer into space with,
normally, no sky waves produced.

AVERAGE
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Figure 1.9(a) Figure 1.9(b) Figure 1.9(c)
Winter Day Winter & Summer Night Summer Day
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Figure 1.10. Critical Angle (HF Band).
HF SKY WAVES.

Sky wave propagation occurs in the HF band (3-30 MHz). However there are many variable
factors which decide whether or not there is a propagation path open between transmitter and
receiver for long range radio-telephony.

For a given frequency, and state of the ionosphere, the amount of refractive ‘bending’ of the
wave will depend on the angle at which the wave penetrates the layer. From Figure 1.10. it can
be seen that waves travelling nearly vertically may escape through a layer (they may be returned
to earth from a higher, more intensely ionised layer).

For waves ascending with an increased angle with the vertical the amount of bending is greater,
and when the angle with the vertical is increased to the critical angle, the path is bent enough
for the wave to return to earth as the ‘first sky wave’. Waves making an angle with the vertical
greater than the critical angle will also produce sky waves, coming down to earth at greater
ranges than that of the first sky wave. The range from the transmitter of the first sky wave for
a given frequency and set of conditions is called the skip distance.

Note that the surface wave from a HF transmitter may become completely attenuated at a shorter
range than that at which the first sky wave returns to earth. This leaves an area in which neither
ground nor sky waves are received and which is known as dead space. Figure 1.11. illustrates
this phenomenon.

Critical angle depends largely on frequency. The higher the frequency, the greater the critical
angle. Therefore, if skip distance is to be reduced, a lower frequency has to be used. This is
most significant when choosing the optimum frequencies for HF communications and ensuring
that the skip distance is less than the range of the distant receiver.
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Figure 1.11. Dead Space and Skip Distance.

As frequency is reduced then, the critical angle decreases and skip distance becomes shorter.
The frequency at which the critical angle reaches zero is called the critical frequency. This is
the highest frequency which will give vertical reflections. With any higher frequency a wave
travelling vertically would escape through the layer.

At and below the critical frequency the intensity of ionisation in the layer is great enough to
produce vertical reflections. Measurements of critical frequency for the E and F layers are made
in various parts of the world and these, together with past records, are used to predict the
optimum HF R/T working frequencies.

It should be noted that for frequencies above about 30 MHz, waves generally escape through the
layers into space - regardless of the angle the wave makes with the vertical. Thus sky waves are
relatively rare in the VHF and higher frequency bands.

For good long-range HF R/T reception a frequency must be chosen which will not suffer too
much attenuation. If a relatively high frequency is used, for example 20 MHz, most of the energy
will pass through the E-layer and be reflected from the more intensely ionised F-layer. (The
higher the frequency, the greater the degree of ionisation required to give reflections.)
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This has advantages. A
single reflection from the F-
layer can give about the same
range as a double reflection
from the E-layer, as shown in
Figure 1.12.. The F-layer
reflection will be stronger
because it has only one
change in direction (with
associated energy-loss)
instead of three with the
double E-layer reflection.

—
P EARTH N
Figure 1.12. Single and Double Reflections.

Furthermore, the signal will not be ‘confined below the E-layer, in a region where denser
atmosphere and daytime D-layer cause more attenuation.

It is worth noting that as frequency is reduced and attenuation of the E-layer reflections
increases, a limit is reached called the ‘Lowest Usable High Frequency’. Below this frequency
the attenuation is too great for the signal to be usable. Yet another reason for using the higher
frequencies is that natural radio noise (static) is worst at low frequencies, becoming much less
significant as the VHF band is approached.

Thus for least attenuation (and so the highest received signal strength for a given transmitter
power) a frequency is chosen which is as high as possible without exceeding the MUF
(Maximum Usable Frequency) for the path between the transmitter and distant receiver. The
MUF is that frequency (for the prevailing conditions) which produces a skip zone extending just
short of the distant receiver. Any higher frequency would give a higher critical angle and a
greater skip distance extending beyond the receiver which would then lose that sky wave contact
with the transmitter.

MUF at night is much less than by day because the intensity of ionisation in the layers is less so
that lower frequencies have to be used to produce the same amount of refractive bending and
give the same critical angle and skip distance as by day. However, the signal attenuation in the
ionosphere is also much less at night so the lower frequency needed is still usable. Hence the
night frequency for a given path is about half the day frequency. It can be seen that shorter
distances can be ‘worked’ at night than by day while still using a single reflection from the F-
layer.

Note that the MUF not only varies with path length and between day and night, but also with
season, meteor trails, sunspot state, and sudden ionospheric disturbances produced by eruptions
on the sun. Because of the variations of MUF, HF transmitting stations have to use frequencies
varying widely between about 2 and 20 MHz.
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1.28

1.29

1.30

FADING.

This is the term given to the repeated variations in received signal strength which are common
with HF communications. Several signals arriving by different paths with varying phase
differences cause ‘interference’ fading.

Polarization fading is caused by changes in polarization of the wave during refraction in a layer.

Absorption fading is caused by variations in the amount of attenuation, while ‘skip fading’ is
caused by changes in the ionisation of the layer varying the MUF and so the skip distance so that
the receiver may alternately lie inside and outside the skip zone.

FADE-OUTS.

Complete loss of HF communications sometimes take place and may last for many hours. This
is caused by eruptions on the sun which produce a high level of radio noise, increased
attenuation in the lower levels, and a reduction in the reflecting efficiency of the F-layer.

HF SKY WAVE RANGES.

It must be remembered that sky waves will not be received within the skip distance - probably

several hundred miles from the transmitter. The theoretical maximum range obtainable by

means of a single reflection from the E-layer is about 1 300 nm; from the F-layer about 2 500

nm.  This theoretical maximum range is achieved with the transmitted signal leaving the
earth’s surface tangentially.

Ranges of 8 000 nm or more may be achieved by means of multiple reflections - mainly from the
F-layer - the signal being alternately refracted down from the layer and reflected up again fro the
earth’s surface until it becomes too weak to use.

SKY WAVES - SUMMARY.

Sky waves are sometimes useful, sometimes a nuisance. They provide long-range
communications in the HF band by day and night. In the LF and MF bands, sky waves greatly
increase the effective range of Loran without serious reduction in accuracy. On the other hand,
ADF errors are immensely increased at night due to the reception of sky waves (which are
absorbed by the D-layer by day). LF / MF sky waves also seriously increase the amount of
mutual interference between NDBs and broadcasting stations at night.
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1.32

It should be remembered that sky waves are rare in the VHF, UHF, SHF, and EHF bands and
performance of the aids in these bands is much the same at night as by day. The main factors
which determine whether sky waves will be received at a given point remote from a transmitter
are:

a) Frequency band in use (sky waves are rare in the VHF and higher frequency bands).

b) Range from transmitter. Sky waves suffer attenuation which varies with the state of the
ionosphere. Noise level also varies. Maximum range is unlikely to exceed 8 000 nm.

) Frequency - mainly in the HF band, where it affects skip distance.
d) Power of transmitter, type of emission (see later notes), and sensitivity of the receiver.
e) State of the ionosphere - which varies with time of day, season of the year, and state of

the sun and affects the amount of refraction, attenuation, and radio noise level.
FREQUENCY / PROPAGATION TABLE.

The following table summarises the main features of the various frequency bands.

Il Frequency Band Type of Propagation
VLF (3-30 kHz) Ground and sky waves
LF (30-300 kHz) Ground waves by day, sky and ground waves at
night
MF (300-3 000 kHz) As for LF band
HF (3-30 MHz) Mainly sky waves - day and night
VHF, UHF, SHF, Space wave (line of sight transmission) except
(30-30 000 MHz) for (see Paragraph 1.32.) Freak propagation
FREAK PROPAGATION.

It has been stated that for frequencies above about 30 MHz, transmission is normally ‘line of
sight’ so that propagation is by means of the space wave. Under certain conditions of freak or
‘anomalous’ propagation, however, ranges much greater than line of sight ranges can be
achieved by means of duct propagation and scatter propagation.
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1.34

1.35

DUCT PROPAGATION.

This effect, also called ‘super-refraction, is associated with a temperature inversion and a
rapid decrease in humidity with height. Such meteorological conditions are most often found
at the surface over land in high pressure conditions at night and in the early morning. A warm
air mass over a cold sea can also produce the effect. It can also occur at higher levels.

The way in which radio signals can be
‘trapped’ in a duct of cold air is shown in
Figure 1.13.. This process sometimes
permits reception of signals at the surface
hundreds of miles beyond the horizon.
The effect is most common in the SHF and
UHF bands, but is also encountered in the
VHF band if the duct is sufficiently deep
(say, 500 ft). Duct propagation can cause
annoying interference between control
towers using the same R/T frequency, and
false range indications on ground radar
screens.

Figure 1.13 Duct Propagation.

SCATTER PROPAGATION.

The E-layer sometimes contains areas of very high ionisation density which can produce weak
sky waves (known as ‘Sporadic-E’ reflections) in the VHF band. The effect is unpredictable and
the sky waves are scattered at random in the forward direction from the transmitter. With
specially designed aerials, scatter propagation can sometimes be used to provide intermittent
extended range VHF R/T but it is not a reliable means of communication.

Scatter propagation can cause mutual interference between VHF radio aids sharing a frequency
and normally protected from interference by line of sight transmission. Television programmes
also suffer from interference due to this effect.

MODULATION.

Intelligence in the form of speech, music, or single audio frequencies cannot be transmitted
direct through space in the form of electro-magnetic waves, because the audio frequencies
involved are too low for efficient transmission. To overcome this difficulty the audio frequency
(from, say, a microphone) is combined with the radio frequency carrier wave at the transmitter.
This process is called Modulation.

The resultant waveform (Modulated Carrier Wave or MCW) is transmitted through space. The
radio frequency (RF) carrier wave can be considered to be ‘carrying’ the audio frequency (AF).
The receiver separates the audio frequency from the carrier frequency, feeding the amplified
audio frequency to the earphones or loudspeaker. Two main types of modulation used are -
‘Amplitude’ and ‘Frequency’ modulation. Pulse modulation is also commonly used.

3.1-18 © Oxford Aviation Services Limited



RADIO THEORY BASIC PRINCIPLES

1.36

e T T T A AT T T | e e e e e e e s ———

{

TR P R 0 B B B T A e o S —

Figure 1.16 (a). RF 300 kHz.

Figure 1.16 (c). MCW Emission (A,).

AMPLITUDE MODULATION (AM)

Figure 1.16(a). shows a constant-amplitude radio frequency (RF) carrier wave of say, 300 kHz.
Figure 1.16(b). depicts a constant-amplitude audio frequency (AF) of, say, 2 kHz which is the
‘intelligence’ required to be transmitted. The latter frequency, keyed in morse, could provide
the identification letters for an NDB. Figure 1.16(c). illustrates the carrier wave modulated by
the audio wave; this resultant waveform (MCW) is known as an A, emission, whether the signal
is keyed or not.

It can be seen that the carrier wave amplitude is varied at a rate depending on the frequency of
the audio wave. The amount of variation of the carrier wave amplitude depends on the
amplitude of the audio wave. It should be noted that these and other diagrams are not to scale;
for instance, with the frequencies chosen for Figures 1.16., there should be 150 cycles of the
carrier wave drawn for each cycle of the audio wave. Further study of Figure 1.16(c). shows that
the peaks of the carrier wave trace out the shape of the audio wave. This is indicated by the
dotted line called the carrier wave envelope. The amplitude of this envelope is a measure of the
strength (or ‘loudness’) of the sound transmitted. The extent to which the carrier is modulated
is called the depth of modulation.

Depth of Modulation = Si n_al am I“_ZUde X 100%
Carrier amplitude
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1.38

1.39

SIDE FREQUENCIES.

The modulated signal depicted in figure 16(c) is the resultant of three frequencies. These are:-
a) The carrier frequency (300 kHz)

b) The carrier plus the audio frequency (300 + 2 = 302 kHz)

c) The carrier minus the audio frequency (300 - 2 = 298 kHz)

The frequencies b) 302 kHz and c) 298 kHz are known as the Side Frequencies.
SIDEBANDS AND BANDWIDTH.

The spread of side frequencies above and below the carrier frequency are known respectively
as the upper and lower sidebands. The total spread of frequencies in the modulated emission is
known as the Bandwidth of the signal. In the case illustrated in Figure 1.16(c)., the bandwidth
is 4 kHz (from 298 to 302 kHz). If the modulating audio frequency were reduced to 1 kHz, the
bandwidth would be only 2 kHz.

A voice (or music) transmission consists of many different audio frequencies, up to at least 5
kHz, impressed on the carrier wave. Consequently many side frequencies exist in the modulated
signal, which may have a bandwidth of at least 10 kHz. Such a signal is classified as an A3E
emission; an example is VHF R/T.

SINGLE SIDEBAND TRANSMISSIONS.

The side frequencies of 298 kHz and 302 kHz in the example above both perform the same
function, they transmit the ‘intelligence’. One of these can be suppressed at the transmitter. For
example, if the upper side frequency of 302 kHz is suppressed, the frequencies transmitted would
be the 300 kHz carrier and the lower side frequency of 298 kHz.

Such a Single Sideband emission has certain advantages:-

a) Narrower bandwidth - occupying less room in the frequency band.

b) The available transmitting power is concentrated in two frequencies instead of three.
The narrower bandwidth of the emission allows a narrower bandwidth (more selective) receiver
to be used. (An alternative terminology is that a receiver with a narrower ’pass band’ can be

used.) The narrow pass band receiver allows a smaller band of frequencies to pass to the
earphones - so cutting down the amount of radio ‘noise’ and increasing the effective range.
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1.40

1.41

A further development is the suppression of the carrier frequency in addition to one of the side
frequencies. This gives an even more efficient signal - a ‘suppressed-carrier single sideband’
emission. Such a transmission requires a modified receiver which substitutes the carrier
frequency (which was suppressed at the transmitter), in order to extract the ‘intelligence’.
Single sideband emissions (SSB) are much used with modern HF R/T transmitter / receivers
giving very long range sky wave voice communications by making the best use of the available
sky wave propagation paths.

FREQUENCY MODULATION (FM).

In this method of modulating a carrier wave, the amplitude remains unaltered but the carrier
frequency is made to vary about a mean value at a rate depending on the frequency of the
modulating audio wave. Figure 1.17. illustrates.

The amount of frequency deviation above and below the normal carrier frequency depends on
the amplitude of the modulating signal. The rate of frequency deviation depends upon the
frequency of the modulating signal.

FM emissions have a greater bandwidth than corresponding AM emissions because the spread
of side frequencies is greater and they are more numerous. Consequently FM is not used in the
congested LF and MF bands where bandwidths have to be restricted.

The main advantage of FM systems is that they are relatively noise-free, since noise frequencies
modulate the amplitude rather than the frequency of the carrier wave. Applications include BBC
VHF sound broadcasting, VOR, Radio Altimeters and some airborne Doppler sensors.

HIGH HIGH HIGH

T T T
LU AU UUY

Figure 1.17.

AERIAL POLAR DIAGRAMS.

Whilst it is not necessary to know precisely how an aerial succeeds in emitting electro-magnetic
radiation, it is useful to have some general knowledge of the distribution of radio energy about
a transmitting aerial.
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This distribution is commonly depicted by means of a
polar diagram, basically a line joining points of equal
signal strength. For areceiving aerial of similar design,
the same polar diagram would apply - this time

showing the reception pattern. TRANSMITTER
[ ]

AERIAL
(PLAN VIEW)

Consider a single vertical aerial transmitting a signal of
constant power. In theory at least, a receiver carried
round a horizontal circle with the transmitting aerial at
its centre would receive a constant strength signal from
the transmitting aerial. The horizontal polar diagram - -
(radiation pattgrn) for a single Verticaﬁ) transmi%:ing Flgl‘Jr(? 1.18. Horlzo_ntal

o : ; o Radiation Pattern (Single
aerial is therefore a circle drawn with the transmitting Vertical Aerial)
aerial at its centre as in Figure 1.18.

The radius of the circle is not important in itself because the circle is simply a line joining points
receiving equal signal strength. Any radius could be chosen. Note that the vertical radiation
pattern is more complicated and will not be dealt with at this stage.

The polar diagram in Figure 1.18. can also be used to show the reception pattern of a single
vertical aerial, the latter being at the centre of the circle. A transmitter (with constant power
output) could be moved in the horizontal plane round the receiving aerial and providing the
transmitter followed a circular path, the receiving aerial would pick up a constant signal strength.
So the polar diagram for a receiving aerial is a line joining the positions of a constant output
transmitter which produce a constant signal strength at the receiver.

Aerial polar diagrams vary in shape depending on the complexity of the aerial system. A well-
known combination of a single vertical receiving aerial and a vertical loop aerial produces a
Cardioid (heart-shaped) reception pattern which is mentioned in the section on ADF.

A more complex system of aerials is :
employed by VOR transmitters to produce K\b ﬂ

the rotating Limacon radiation pattern SZ.ESEL - “’Q.NG'NXLM
described in the section on VOR. Narrow \\_/P U
‘beams’ or ‘lobes’ of radiation can be |
produced by aerials of suitable design for
use by such installations as ILS and PAR.
Figure 1.19. illustrates some different EQUI
radiation patterns produced by directional - SIGNAL ~
aerials which should be compared with the

omni-directional pattern illustrated in ILS LOCALISER LOBES
Figure 1.18.. Figure 1.19. Directional Radiation Patterns.

, CARDIOID LIMACON
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1.42

CLASSES OF EMISSIONS

First Symbol (Type of modulation of main CW)

N Unmodulated Carrier

A Amplitude Modulated Double Sideband
J Single Sideband, Suppressed Carrier

P Unmodulated Pulses

ALSO

H Single sideband

F Frequency modulation

G Phase modulation

K Pulse modulated in amplitude

Second Symbol (Nature of signals modulating main CW)

No Modulation

Single channel, containing information, but unmodulated (keyed)
Single channel, containing information but modulated

Single channel, containing analogue information

Two or more channels containing information (digital)

Two or more channels, containing analogue information
Composite system (1, 2 or 7 above with 3 or 8 above)

Cases not otherwise covered

MO 0N =D

Third Symbol (Type of information to be transmitted)

N No information transmitted

A Telegraphy for aural reception

E Telephony including sound broadcasting
W Combination of above

ALSO

B Telegraphy for automatic reception
C Facsimile

D Data transmission, telemetry

F Television

X Cases not otherwise covered
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The Most Common Designations Are:

(NDB)NON AIA  NDB NON A2A (HF COMMS) J3E  (ILS) A8W
(VOR) A9W (DME) PON (VHF) COMMS A3E (MLS) NOX G1D

143 FREQUENCY/WAVE LENGTH CONVERSION

Convert the following frequencies to wavelengths:

a) 2300khz
b) 403.5khz
c) 71.4khz
d) 6670khz
e) 45Mhz
f) 115Mhz
2) 300Mhz
h) 600Mhz
i) 243Mhz
J) 10Ghz

Convert the following A to frequencies and state the navigation/communication aid using the

facility:

k) 3520m
1) 400m
m) 2.62m
n) 2.47m
0) 89.5cm
p) 341cm
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1.44

qQ 28.3cm

r) 3km

s) 6.98cm

t) 0.02m
DIRECT WAVE

BASIC PRINCIPLES

Calculate the theoretical maximum range in nautical miles and kilometers of transmissions from
a VHF station which is at mean sea level; an aircraft is at the altitude stated in the following:

1. 25001t
2. 8100ft
3. 190001t
4. 31000ft
5. 640001t

Calculate the theoretical maximum range in nautical miles at which a VOR can be received by

an aircraft:

VOR ELEVATION
6. 400ft
7. 16001t
8. 3254t
9. 15001t
10. 1370ft

3.1-25

AIRCRAFT ELEVATION

3600ft

100001t

36001t

20000ft

225001t
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Calculate the theoretical minimum altitude at which an aircraft must fly in order to receive a
DME transmission using the following:

DME ELEVATION AIRCRAFT RANGE
11. MSL 75nm
12. 900ft 150nm
13. 64001t 400nm
3.1-26
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1.45 ANSWERS

a) Frequency/Wavelength conversion:

Ques | Answer Ques | Answer

1. 130.5m 11. 85.2 khz Decca

2. 743m 12. 750 khz NDB

3. 4200m 13. 114.4 Mhz VOR

4. 45m 14. 121.5Mkhz ~ VHF R/T
(International Distress)

5. 6.67m 15. 335 Mhz ILS Glidepath

6. 2.61m 16. 8800 Mhz Doppler

7. Im 17. 1060 Mhz DME

8. 50cm 18. 100 khz Loran C

9. 1.235m 19. 4300 Mhz Radio Altemeter

10. 3cm 20. 15 Ghz ASMI

b) Direct Wave

Ques | Answer Ques | Answer
1. 15.75 km 8. 97.5 nm
2. 208.5 km 9. 225 nm
3. 319 km 10. 234 nm
4. 407.5 km 11. 3,600 ft
5. 585.5 km 12. 8,100 ft
6. 160 nm 13. 57,600 ft
7. 175 nm
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10.

RADIO PROPAGATION REVISION QUESTIONS

Draw a diagram to show two cycles of an electromagnetic wave and illustrate the following
terms:

a) Cycle
b) Wavelength
c) Amplitude

What is the speed of radio waves in m/sec and nm/sec ?

State the formulae that are used to indicate the relationships of frequency, wavelength and speed
of radio waves.

Convert:

a) a wavelength of 3.2 cm to a frequency and nominate its navigation aid.
b) a frequency of 15 Ghz to a wavelength and nominate its navigation aid.
c) a wavelength of 4m to a frequency and nominate its navigation aid.

d) a frequency of 15 Mhz to a wavelength and nominate its navigation aid.

Nominate the navigation aid and frequency band, by name and numerical limits, for the
following frequencies:

a) 10.2 khz
b)  404.5khz
0) 110.25 Mhz
d)  43Ghz

Define the meaning of phase and draw a diagram which shows two radio waves of different
amplitudes 135° out of phase.

Explain the terms "Horizontally" and " Vertically Polarised" with reference to the effecient
transmission and reception of radio waves.

What is the theoretical maximum range in nauttcal miles at which an aircraft at 10000 ft would
receive a VHF transmission from mean sea level ?

Explain the following terms in relation to the propagation of radio emissions
a) Attenuation
b) Refraction

c) Diffraction

List the factors which cause radio waves to be refracted as they enter the ionosphere.
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11.

12.

13.

14.

15.

16.

With reference to HF communications make a sketch to show:

a)
b)
c)
d)

Skip distance

Dead space

Critical angle

The theoretical maximum range from a single hop

Why, for a given reception range, is the daytime HF frequency markedly different to the
nighttime frequency; what is the approximate relationship ?

State, in each of the following cases, two frequency bands in which you would expect:

a)
b)
c)
d)
e)

the use of large transmitting aerials

considerable static interference

negligible static interference

maximum attenuation in precipitation

reception at ranges greater than 300 nm (exclude HF skywaves)

Describe the two types of " Freak Propagation".

With reference to MODULATION:

a)
b)

<)

Why is it necessary to modulate a radio transmission ?

Name the three main methods of modulation and draw diagrams to illustrate their
differences.

Which type of modulation is restricted to the higher frequency bands and why is this
SO

With reference to POLAR DIAGRAMS:

a)
b)

What is a Polar diagram ?
The simple directional LOOP polar diagram has one major disadvantage. What is this
and how is it resolved ?
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SELF ASSESSMENT QUESTION PAPER

1. Phase comparison is only possible between two signals with the same:

a) Amplitude
b) Frequency
c) Amplitude and frequency

d) Plane of polarisation

2. The advantages of single sideband over double sideband communications systems are:
a) Bandwidth halved/power output many times greater
b) Bandwidth halved/signal to noise ratio greater/more power may be transmitted
c) Bandwidth reduced by 2/3 better signal to noise ratio greater

d) Bandwidth reduced by 1/3 power output reduced
3. A signal with a wavelength of 7360 metres lies in the:

a) VLF band

b) LF band
c) MF band
d) HF band
4 A frequency at with skywaves are unlikely to occur by day or night is:
a) LF
b) MF
c) HF
d) VHF
5. Which situation will give the greatest surface wave range?
Surface Frequency
a) Sea 110.0 MHZ
b) Desert 500 kHz
c) Mountains 1.5 MHz
d) Sea 500 KHz
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6. A frequency which corresponds to a wavelength of 12 cm is:
a) 2500 KHz
b) 360 MHz
c) 2500 MHz
d) 3600 MHz
7. A maritime reconnaissance aircraft using primary pulsed air to surface radar first detects a large

vessel on this radar at a range of 110 NM. Considering only line of sight limitations of the

system the aircraft altitude must be approximately:

a) 230 ft
b) 790 ft
c) 2300 ft
d) 7700 ft
8. The diagram below shows two radio waves with:
a) The same frequency and
amplitude, one 90° out of
phase with the other
b) The same frequency, one s .
being 270° out of phase with “\(\ /\ / .
the other and having twice its ARNINAVAS —
amplitude N y N {
c) Different frequencies and
amplitudes, and a phase
difference of 90°
d) The same frequency, one
being 270° out of phase with
the other and having half its
amplitude
9. You are heading west over the mid Atlantic at dusk. Which combination of frequencies would

be most suitable for HF communications with stations ahead and behind?

a)
b)
c)
d)

Ahead

9 MHz
9 MHz
3 MHz
9 Khz

Behind

9 MHz
3 MHz
9 MHz
3 KHz
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10.

11.

12.

13.

14.

Coasting out over the Irish Atlantic coast at dawn, pick suitable HF frequencies for
communication with stations ahead and behind the aircraft:

Ahead Behind
a) 3 KHz 9 KHz
b) 9 MHz 3 MHz
c) 3 MHz 9 MHz
d) 9 MHz 9 MHz

The wavelength corresponding to a frequency of 108.95 MHz is:

a) 0.275m

b) 275 m

c) 27.5m

d) 275m

A horizontally polarised wave is emitted from a................ antenna with the ......... field in the
................ plane and the...............field at 90° to it.

The correct line to complete the above statement is:

a) horizontal electrical vertical magnetic
b) vertical electrical vertical magnetic
c) horizontal magnetic vertical electrical
d) vertical magnetic vertical electrical

The optimum frequency of an HF signal is one which:

a) Puts the receiver just within the surface wave coverage
b) Puts the receiver just within the minimum skip distance
c) Puts the receiver just outside the minimum skip distance
d) Allows a skywave to return to the surface

As the frequency of a signal entering the ionosphere increases, the amount of refraction suffered
by the signal will:

a) Increase

b) Decrease

c) Increase by day, decrease by night
d) Decrease by day, increase by night
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15.

16.

17.

18.

19.

20.

A transmitter polar diagram is a line joining:

a)
b)
c)
d)

Points bounding the limits of reception

Points at which the signal to noise ratio will be 3 : 1
Points at which the signal to noise ratio will be 5 : 1
Points at which the signal strength will be equal

As the frequency of a transmitter is increased the range of the surface wave will:

a)
b)
c)
d)

Increase

Decrease

Remain the same by day but increase by night
Increase over the sea only

The type of modulation described as A3E is used in:

a)
b)
c)
d)

ILS equipment

VHF communications

HF single side band communications
Doppler VOR

As the frequency of an HF transmission is increased the dead space will:

a)
b)
c)
d)

Decrease

Increase due only to the increase of the minimum skip distance

Increase due only to the decreased surface wave coverage

Increase due to both the increasing minimum skip distance and to decreasing surface
wave range

Atmospheric ducting is most likely to occur close to the surface of the earth when:

a)
b)
c)
d)

There is a marked inversion and no change in humidity with height

There is a marked inversion and a marked increase in humidity with height
There is a marked inversion and a marked decrease in humidity with height
Over the sea

The wavelength corresponding to a frequency of 9875 MHz is:

a)
b)
c)
d)

0.303m
0.303 cm
3.03 cm
30.3cm
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21.

22.

23

24.

BASIC PRINCIPLES

A radio aid has a wavelength of 31 cm. The frequency of transmission and the band in which

it operates are:

Frequency
a) 967.7 KHz
b) 967.7 MHz
c) 9.677 Ghz
d) 96.77 MHz

UHF
UHF
SHF
VHF

Study the diagram below which shows two radio signals:

The signal with the

................ amplitude has a phase
difference of............ from the other
si gna‘l. ' L
The line which correctly completes the N .
above statement is: AN/
a) Smaller 325°
b) Larger 225°
c) Smaller 045°
d) Larger 135°
VLF surface waves achieve a greater
range than LF surface waves because:
a) VLF diffraction is greater and attenuation is less
b) VLF diffraction and attenuation are less
c) VLF diffraction is less and attenuation is greater
d) VLF diffraction and attenuation are greater
J3E is the emission designator for:
a) VHF comms
b) Doppler VOR
c) Decca
d) HF comms
3.1-35
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25.

26.

27.

28.

29.

The maximum theoretical range at which an aircraft at FL225 can receive signals from a VOR
situated at 1600 ft AMSL is:

a)
b)
c)
d)

194 NM

The DOC limit
237.5NM
68.75 NM

A horizontally polarised wave is emitted from:

a)
b)
¢)

d)

Horizontal antenna with the electrical field in the vertical plane and the magnetic field
in the horizontal plane

Vertical antenna with the electrical field in the vertical plane and the magnetic field in
the horizontal plane

Horizontal antenna rotating about a horizontal axis with magnetic and electrical fields
in alternating horizontal and vertical planes

Horizontal antenna with the electrical field in the horizontal plane and the magnetic field
in the vertical plane

As frequency increases:

a)
b)
c)
d)

Wavelength decreases and antenna size increases
Wavelength decreases and power requirements increase
Wavelength increases and antenna size decreases
Wavelength decreases and antenna size decreases

Loran operates at 100 KHz the wavelength and band are:

a)
b)
c)
d)

3000cm LF
3000mm VLF
3 Km LF
3NM LF

A radio aid has a wavelength of 18.75 cm the frequency and band are:

a)
b)
c)
d)

16 MHz UHF
16 Ghz SHF
1.6 Ghz UHF
16 KHz SHF
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30. Frequency modulation techniques are not used in the LF/MF/HF bands because:

a) The power requirements would be too high

b) Naturally occurring static would swamp the signal

c) The large bandwidth required is not available in these congested bands

d) Frequency modulation had not been invented when frequencies in these bands were

allocated to users

31. What is the average height of the F layer of the ionosphere:

a) 75 km
b)  225km
¢)  275km
d)  500km

32. Look at this diagram. The correct labelling for Critical Angle, Dead Space and Skip Distance
will be:

critical angle dead space skip distance
a) A - C D
b) A B C
c) D A B
d) E A B
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02 22
03 23
04 24
05 25
06 26
07 27
08 28
09 29
10 30
11 31
12 32
13 33
14 34
15 35
16 36
17 37
18 38
19 39
20 40
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Amplitude

REVISION QUESTION ANSWERS (P 3.1 - 29)

Wavelength

2. 300 x 10° m/s and 162000nm/sec

3. c=fA

4, a)

9375 Mhz AWR

b) 2 cm ASMI
c) 75 Mhz Fan marker
d) 20 m HF radio

5. a)

omega 3 -30khz
b) NDB MF band
c) VOR VHF
d) Rad Alt SHF

300Khz - 30 Mhz
30Mhz - 300 Mhz
3-30 Ghz

3.1-39
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6. Phase is a rotational relationship (measured in degrees) between two sine waves

The reference wave always commences
at the graph intercept (dotted line) and
this point is 0° of phase rotation. The phase
points are now marked along the reference
sine wave 0° 90° 180° 270° etc.
The variable sine wave passes through zero
volts going positive 135° out of phase with
; L7 the reference sine wave. It must be the
135° 270°  360° same frequency, the amplitude is
unimportant.

OOL.

A
PPN
180 \

/

7. A horizontally polarised system uses horizontal Transmitter and Receiver antennas. The “E”
waves are horizontal and the “H” (magnetic) waves are vertical.
A vertically polarised system has vertical antennas Vertical ”E” and Horizontal “H”

8. Providing no intervening high ground
R yax (nm) = 1.25 x (VH, (ft) + VH, (ft))
R pax (nm) = 1.25 x (V0 +v10,000)
R vax (nm) = 1.25x 100
R yax (nm) = 125 nm
9. Attenuation occurs as soon as the radio waves leave the antenna, it is the process of making
smaller.

Refraction occurs because of changes in velocity when a radio wave passes from one
medium to another. ie. From land to sea, or from atmosphere to ionosphere.

Diffraction is the process of bending of a radio wave to stay in contact with earth’s surface.
Diffraction varies inversely with frequency.

10. Radio waves refraction in ionosphere
i) Frequency and therefore wavelength

Frequency increases, refraction decreases
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11.

12.

BASIC PRINCIPLES

Only a narrow band 2 - 25 Khz suffer the optimum refraction. Frequencies below this suffer
excessive ionospheric attenuation. Frequencies above this pass straight through the
ionosphere because they are not refracted enough.

ii) Refraction varies with the state of the ionosphere -
which varies  a) diurnally )
b) seasonally ) Predictable variations
c) with latitude )
d) with short term solar disturbances (SIDS)
IONOSPHERE

layer

DISTANCE

Max single hop
range 1300 nm in E
layer 2500 nmin F

At night the base of the ionosphere is higher and the ionosphere is generally less strongly
ionised. Therefore night refraction occurs at a markedly higher level so the night frequency
needs to be reduced to approximately half the day frequency value. This reduces the critical

angle and reduces the skip distance.
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13. a) Decca Loran LF band
b) LF/MF
c) VHF upwards
d) UHF/SHF/EHF (nothing currently in syllabus for EHF)
e) Loran and Decca LF

14. a) Ducting at VHF and above

Dry air
Temperature inversion

VHF waves travel much
~~ VHF Tx further than line of sight
thoeretical maximum

14. b) Sporadic “E”

T Eme

Intensely ionised
layer

VHF Tx VHF Rx
15. a) To superimpose intelligence on a carriet frequency

b) (i) Keying
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b) (ii) Amplitude AM
Modulation
Carrier

b)(iii) Frequency Mod (FM)
Amplitude
constant
Frequency
varies

b)(iv) Pulse modulation
Radar

c)

FM is limited to VHF and above because it requires a wide bandwidth which is not
available in congested lower frequency bands.
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16. A polar diagram is line joining points where signal strength is equal.

Loop Polar diagram

“A!!
NDB could be here
NuII
NuII
ie. 180°
of
(“)I;’pere ambiguity

BASIC PRINCIPLES

This 180° ambiguity is resolved by combining the loop PD with the sense PD and

forming a cardioid PD.

Cardioid

\ Large null
(G« shifted through

90° resolves

ambiguity
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RADIO THEORY ANSWER SHEET

SELF ASSESSMENT QUESTIONS page 3.1 - 31 to 3.1 - 37.

No |alB[c[p] rer [ no Ja[Blc]p | rer
1 X 21

2 X 22 X

3 X 23 [ x

4 X 24 X |
5 X 25 X I
6 X 26 X
7 X 27 X
8 X 28 X

9 X 29 X

10 X 30 x| |
11 X 31 X

12 X 32 X
13 X 33

14 X 34

15 X 35 Hl
16 X 36

17 X 37

18 X 38

5 ; " |
20 x| | 40 |
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2.1

2.2

PURPOSE

An oscillator is an electronic circuit designed to produce an AC sinewave. The frequency of this
wave ranges from relatively low, a few hundred Herz, to frequencies in the V/UHF band.
Specialist oscillators can produce frequencies to the S/EHF band.

Oscillators are used in radio transmitter systems to produce the carrier wave that will carry
information from transmitter to receiver.

Oscillators are used in the radio receiver systems to generate a signal which when mixed with
the received signal will produce an intermediate frequency which is lower that the received
signal and much easier to amplify and process. This is the super-heterodyne principle.

PRINCIPLE OF OPERATION

An oscillator has no input signal but manages to produce an AC oscillating output signal from
just a DC supply. It does this by using positive feedback. All oscillators consist of three basic
parts:

a) a frequency determining unit
b) an amplifier
c) a positive feedback unit

The principle of operation is shown in figures in Figures 2.1 and 2.2.

=

OSCILLATOR ~ AC OUTPUT

-+ DC INPUT —_

Figure 2.1. Oscillator Input and Output
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FREQUENCY
AMPLIFIER DETERMINING > OUTPUT
CIRCUIT
A
FEEDBACK
NETWORK N
(DC SUPPLY NOT SHOWN)

Figure 2.2. Principle of an Oscillator

2.3 TYPES OF OSCILLATORS

Radio systems use sinusoidal oscillators that produce an output in the form of sine waves. The
frequency determining unit may be one of the following types:

LC (inductance -capacitance)

RC (resistance - capacitance)

Crystal

The LC and crystal oscillators will be discussed in these notes.

24 RESONANT FREQUENCY

Inductive reactance, X;
varies directly with
frequency whereas
capacitive reactance, X Xu
varies inversely with
frequency. If we display
X against frequency on
the same graph as X
against frequency, there
is a point corresponding X =X !
to a certain frequency i
where X = X. E

REACTANCE
(ohms)

Xc

FREQUENCY
RESONANT (Hz)
FREQUENCY, F,

Figure 2.3. X, and X plotted against frequency
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The frequency where X, =X, is called the resonant frequency (Fy).

1

At this point: 27TF L= _2,—7_t~F'_C

1
Solving for f we get f 0 = W

At the resonant frequency alone X; = X and because of the relationship of the currents, they
effectively cancel each other. So at the resonant frequency in a parallel LC circuit the current
flow increases dramatically as all opposition to current flow has been cancelled.

If an inductor of SuH was placed in parallel with a capacitor of 2.5uF the resonant frequency
would be:

1 1
F, = -
©2nVLC T 27T:\/(5x107°)x(25x107)

=45016Hz or 45khz

Now let us connect the above LC circuit into a complete oscillator circuit.

+DC o o
L,C, FREQ Swi1
DETERMINING
CIRCUIT
L, 1 c, e
L, 5pH T 2.54F —
POSITIVE o
FEEDBACK S"L”'.'r"ﬁ{ﬂER
C,—— l 45 KHz

Figure 2.4. LC Oscillator
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2.5

2.6

L.C. OSCILLATOR.

In the circuit on previous page we have a complete oscillator. This is known as a tuned-collector
oscillator. The frequency determining circuit is formed by the parallel connected L1 and C1
(sometimes called a tank circuit).

The amplifier is Transistor TR1 and its job us to make up for losses in the circuit.

Positive feedback is provided by transformer coupling between L1 and L2 to the base of TR1.
This positive feedback keeps the circuit oscillating, rather like whipping a top. Left to its own
devices a spinning top will soon stop spinning unless energy is applied to it in the correct
direction. Energy applied in the wrong direction will stop the spinning i.e. negative feedback.

When the switch SW 1 is closed the transistor conducts and shock excites the L C circuit into
oscillation. A portion of the oscillations are coupled via L1 and L2 to the base maintaining the
oscillations (positive feedback). The output taken from the collector of TR1 is a sine wave of
45 Khz.

If C1 or L1 were replaced by components of different value the output frequency would change.
If C1 was replaced with a variable capacitor we would have a means of easily changing the
output frequency of the oscillator.

PIEZO-ELECTRIC EFFECT.

A piezo electric crystal is a material that produces an emf if it is subjected to mechanical stress.
The emf reverses polarity if the stress is reversed. Conversely the application of a potential
difference across the crystal causes a stress in the material according to the polarity of the crystal
voltage.

When a quartz crystal has a voltage applied across it, it will vibrate and produce a small
electrical AC signal at a frequency that is dependent upon its thickness (Resonant Frequency).

Using quartz crystals as the frequency determining device in oscillators produce extremely

precise stable frequencies. They are particularly used for producing frequencies at VHF and
above.
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2.7

2.8

QUARTZ CRYSTAL CONTROLLED OSCILLATOR

The crystal acts as both the frequency determining circuit as well as providing the positive
feedback

Whereas the output frequency of a bee

LC oscillator may drift with T

temperature variations as the

device warms up, a crystal

controlled oscillator is extremely e
stable. The disadvantage is that we R VERY _%_
cannot easily change the QUARTZ é © StABLe T
frequency as we could in a LC BOT:':::QI:CY—-._ TR FER

oscillator. Modern developments DETERMINING

have overcome this minor | o At ¢

drawback.

Figure 2.5 Crystal Controlled Oscillator

BANDWIDTH AND SELECTIVITY

The figures above show the frequency response of two LC tuned circuits with the same resonant
frequency, f, Frequencies f, and f, occur at 0.707 Vp which is known as the half power or -3dB
points. They give us the bandwidth for the circuit, which is f, -f,. It can be seen that circuit (B)
has a larger bandwidth than circuit (A).

Selectivity is the ability of a tuned in a receiver to differentiate between adjacent stations. It can
be seen that a circuit with a narrow bandwidth will have a higher selectivity.

v
0.707V-~p~--=~~ [- P P,
f, f, f, f f, fo fs f
®

Figure 2.6 Bandwidth for LC tuned Circuits

3.2-5 © Oxford Aviation Services Limited



RADIO THEORY OSCILLATORS

29

2.10

CATHODE RAY TUBE
EMISSION | | ACCELERATION & ! ' DEFLECTION ‘
i [ | FOCUSSING |
ELECTRON | i [ ; DEFLECTOR ;
N | ANODESYSTEM | | P ies
/ 1" ANODE 3(:':\::53 Mu METAS ;
2 RAPHITE
crip 2000 velts) [ 4500 volts) SCREENING \ ‘ GLINING
(variable X-PLATES
around 2" ANODE
- 50volts) (variable Y-PLATES,
CATHODE around FLUORESCENT
(zero voltage 1500 volts) —— SCREEN
ELECTRON BACKING
et - 4~ BEAM
\ =
I ; <— DISPLAY
| — =
<«———SCREEN
Figure 2.7 An Electrostatic Cathode ray Tube.
a) Description. A Cathode Ray Tube (CRT) is an evacuated glass tube in which a

controllable beam of electrons is produced and directed on to a screen to give a visible
display. The tube may be of the electrostatic or the electromagnetic type.

b) Applications. CRT’s are used as displays in radar systems to give a circular
presentation on plan position indicator (PPI) or a rectangular display when used in
computerised radar systems. The television screen is also part of a CRT.

CRT COMPONENTS

a) The Electron Gun. This is made up of the heater cathode and the grid. The cathode

consists of a small cylinder inside which is a low voltage heater. One end of the
cylinder is covered in a barium salt; when heated this emits electrons. The grid is a
metal cylinder surrounding the cathode and is always more negatively charged than the
cathode. Thus the electrons emanating from the cathode are repelled from the grid walls
and form a concentrated narrow beam.

The negative potential of the grid can be varied to control the number of electrons
passing through it to give brilliance control. To increase the brilliance the negativity
is decreased. If the grid is made too negative the flow of electrons ceases and the beam
is cut-off.
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2.11

b) Anode System . From Figure 2.7. it can be seen that the anode system accelerates the
electron beam along the tube, because it is highly positive in respect to the cathode. It
also controls the focus by adjusting the potential of the second anode.

c) Deflection System. The electrostatic system uses deflection plates inside the tube
whereas the electromagnetic system uses coils wrapped round the outside of the tube.
In the electrostatic system, varying potential on the plates causes the electron beam to
deflect horizontally and vertically to ‘paint’ a picture on the screen by moving the
electron ‘spotlight’ across the screen.

d) Flourescent Screen. The inside of the screen is coated with a flourescent substance
which glows when it is bombarded by the electron beam. The colour and persistence of
the glow depend upon the substance used. For colour displays three electron beams are
used to produce the full range of colours from the three primary colours of Red, Green
and Blue. Three secondary colours are produced by mixing the primary colours as
follows:

Red + Green = Yellow (or amber),

Red + Blue = Magenta and

Green + Blue = Cyan.
MICROWAVE OSCILLATORS

Microwave is the general term used to describe radio frequencies higher than 1 Ghz i.e. when
the wavelengths can be measured in cms or mms. At such frequencies conventional circuits using
transistors become unusable due to radiation losses and increased resistance arising from skin
effect.

Klystrons and Magnetrons are two of the devices that can be used for microwave oscillators.
They have frequency determining circuits built into the device and work on a different principle
to conventional oscillators; they use resonant cavities.

The shape of the resonant cavity can be rectangular, spherical or cylindrical. The internal
diameter of the cavity which should be half wavelength, determines its resonant frequency. Due
to skin effect the currents flow only on the innér surfaces of the cavity. The outer surfaces can
therefore be earthed without affecting the cavity operation.
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2.12 KLYSTRON
The Klystron is a low power oscillator which comprises:
a) a resonant cavity

b) an electron gun

REFLECTOR
GLASS
ENVELOPE
I
'
]
.
+
— RF OUTPUT
+1 CAVITY
p—
)
' GRID
T 1 CATHODE
+
Figure 2.8 Klystron Oscillator
c) a reflector electrode
d) an output coupling.

An arrangement for a klystron oscillator is shown at figure 2.8.

Electrons generated at the cathode are roughly focussed into a beam by the negative cylindrical
grid and the positive cavity acting as an anode. Positive feedback is provided by the electrons
which pass through the lips of the cavity and are then reflected back by the negative reflector.
The net result is that an oscillation is set up inside the cavity. The frequency is dependent upon
the cavity dimensions which can be altered by an adjustable screw.

3.2-8 © Oxford Aviation Services Limited



RADIO THEORY OSCILLATORS

2.13

The resulting currents in the cavity walls can be fed to the output terminal via a coupling loop.
Klystrons are used as low power oscillators in radar receivers.

MAGNETRON

For higher power outputs a magnetron is used in microwave oscillators. The magnetron is
constructed by making a number of cavities in a solid block of copper. Each cavity oscillates to
the same frequency as the others. There several versions of cavities used with the most easily
recognisable cavity being the hole and slot type.

The component parts of a magnetron include the anode, the cathode the output coupling and also
a powerful magnet. The cavity block is placed inside the poles of the magnet as shown in figure
2.9.

Electrons emitted by the cathode travel in complicated circular orbits and may return to the
cathode. Oscillations are set up in the cavities and a coupling to one of the cavities provides the

means of extracting the radio energy via co-axial feed connected to a waveguide.

Magnetrons are used as high power oscillators in Radar transmitters.

POLE PIECES OF VERY
POWERFUL MAGNET N

ANODE BLOCK
WITH CAVATIES

HEAVY GLASS
INSULATION

COAXIAL FEED
TO WAVE GUIDE
(OUTPUT)

HEATER LEADS

PICK-UP LOOP

COOLING FINS
CATHODE

S

Figure 2.9 Cross-Section of a Typical Magnetron
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SELF ASSESSMENT QUESTIONS

OSCILLATORS
1. The purpose of a basic Oscillator is to:

amplify a signal

attenuate a signal

produce a sine wave from a DC input
increase the frequency of a sine wave

/a0 oW

2. A basic oscillator consists of

amplifier

positive feedback path
negative feedback path
frequency determining circuit
DC supply

AC supply

AN S o e

-

-

poow
—
AN D

-

3. An electrical resonant circuit is constructed from:

a resistors and inductors in series

b inductors and resistors in series or parallel

c. inductors and resistors always in parallel

d capacitor and inductor which may be in parallel or series

4. When a parallel inductive capacitive circuit is operating at its resonant frequency:

capacitive reactance is greater than inductive reactance
inductive reactance is greater than capacitive reactance
inductive reactance equals capacitive reactance and a large circulating current exists
inductive reactance equals capacitive reactance and zero current flows in the circuit

a0 o
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Capacitive reactance:

e oe

decreases as frequency increases

increases as frequency increases

remains constant with changes in frequency

remains constant up to approximately 30MHz and then decreases with increasing
frequency

Inductive reactance:

a0 o

decreases as frequency increases

increases as frequency increases

remains constant with changes in frequency
effectively falls to zero at VHF and above

In a LC circuit the frequency where XL = XC is called:

/o o

Impedance (Z)
Cancellation point
Oscillation frequency (F,)
Resonant frequency (F,)

Look at the circuit at annex A and answer the following 3 questions

Which components form the resonant circuit and control the frequency of operation:

S

1. Cl1
2. L1
3. TR1
4. L2
5. C2
1 and 2 only
1,2,3,5.
2,3,4,5.

3 only

The NPN transistor TR1 is necessary to:

/RO oP

form the positive feedback path to maintain oscillations
act as the frequency controlling device

act as an amplifier and make up for losses in the circuit

form the negative feedback path to maintain oscillations
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10.

11.

12.

13.

14.

Positive feedback in the circuit:

o o

is provided by transistor TR1

is provided by transformer coupling between L1 and L2

is not necessary, the oscillations are maintained by negative feedback
is determined by the ratio of C1 to L1

In the circuit at Annex A it is necessary to make the output frequency variable. This could be

achieved by:

a. replacing C1 with a variable capacitor

b. placing a variable resistor in the emitter of TR1
c. increasing the turns ratio of L1 - L2

d. making the gain of transistor TR1 variable

The Piezo electric effect is:

the resonation when XL = XC

the generation of sine waves by an oscillator

a quartz crystal vibrating at a frequency dependent on its thickness when an EMF is
applied to it

a quartz crystal vibrating at a frequency dependent on the size of the EMF applied to
it

Look at the circuit at Annex B. This shows:

/e o

an audio frequency amplifier
a radio frequency amplifier
a crystal controlled oscillator
a LC controlled oscillator

The advantages of a crystal controlled oscillator over a LC controlled oscillator include:

Ao o e

1. cheapness of construction

2. precise stable frequency output
3. very narrow bandwidth

4. frequency can easily be changed
2 and 3 only

1,2,and 3

1,3,and 4

there are no particular advantages
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15.

16.

17.

18.

The output frequency of a magnetron depends on:

the voltage applied to the cathode

the voltage applied to the anode

the size of the cavities

the material from which the cavities are constructed

a0 o

To produce frequencies in the SHF (microwave) band which of the following could be used:

LC oscillator
Crystal oscillator
Magnetron
Klystron

Lol ol e

1 and 2 only
2,3,and 4

3 and 4 only
3 only

e o

Oscillations in a magnetron are maintained by:

a, electrons under the influence of a magnetic field energising the cavities

b. electrons under the influence of an electrostatic field creating negative feedback to
the cavities

c. electromagnetic coupling between anode and cathode

d. electromagnetic coupling between heater and cathode

The high power pulse of a ground radar system is most likely to be produced by:

a. crystal oscillator

b. klystron

c. klystron followed by a power amplifier
d. magnetron
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+DC —

SWi1
L1 L G —
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C2 T 45KHz
ANNEX B
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OSCILLATORS SAQ. ANSWER SHEET.

No |A[B|c|Dp| REF

; " —

2 X

3 X |
o |

4 X

5 | x

6 X

7 X

8 | x

9 X

10 X

11 | x

12 X

13 X

14 | x

15 X |

16 X

7 | x "

18 X |
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RADIO THEORY ANTENNAE

3.1 INTRODUCTION.

If a wire is fed with an alternating current, some of the power from it will be radiated into space.
A similar wire parallel to and remote from the first will intercept some of the radiated power and
as a consequence an alternating current of the same frequency will be induced into it. This is
the basis of the transmission and reception of radio waves.

The above involves a transfer of energy from one point to another through free space by means
of an electromagnetic wave (EM Wave). This wave consists of two oscillating fields mutually
perpendicular to each other and to the direction of propagation. The Electric (E) field will be
parallel to the wire from which the wave was emitted while the Magnetic (H) field will be at
right angles. A snapshot of such a wave is shown in Figure 3.1 where the distance between
successive peaks is called the wavelength ().

Figure 3.1. An Electromagnetic Wave

3.2 POLARISATION.

An electromagnetic wave launched from an Y
antenna may be vertically or horizontally v
polarised.

Vertical Polarisation: Thisrequires a vertical E 7 /
antenna which launches a vertical electric ’ 7 =X
field and a horizontal magnetic field. Figure / % 7

3.2 shows a vertically polarised transmission. \ -

-

Figure 3.2. Vertically Polarised
Transmission
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3.3

Horizontal Polarisation: This
requires a horizontal antenna
which launches a horizontal
electric field and a vertical
magnetic field. Figure 3.3 shows
a horizontally polarised
transmission.

Note that the Electric field is
always in the same plane as the
antenna and the transmit and
receive antennas must be in the
same plane.

RADIATION PATTERN OR POLAR DIAGRAM.

ANTENNAE

Figure 3.3 Horizontally Polarised Transmission

By far, the most important characteristic of an antenna is its radiation pattern or Polar Diagram.
In the case of a transmitter antenna, the pattern is a graphical plot of the power or field strength
radiated in different angular directions. Or, more simply, a transmitter polar diagram is a
line joining points of equal power.

A wide variety of polar patterns are possible, such as the omnidirectional pattern in which
energy is radiated equally in all directions. The pencil beam pattern in which energy is
concentrated mainly in one direction. The cosecant squared pattern where the radiated energy
takes the shape of a fan. Figure 3.4. shows an omnidirectional transmitter polar diagram when
radiation takes place from a single piece of wire.

A
VERTICAL "5~ DIPOLE

I\

AERIAL

| HORIZONTAL P.0 |

| vermicALPD |

| composITE P.D |

Figure 3.4. Omni Directional Transmitter Polar Diagram

3.3-2
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34 HALF WAVE DIPOLE ANTENNA

A well known and efficient radiator is the half-wave dipole antenna. It consists of two quarter-
wavelength (of the frequency being transmitted) radiators and is centre fed. Figure 3.5. shows
the current and voltage distribution and relationship in the half wave dipole. Notice the voltage
and current waves are 90° out of phase.

Figure 3.5. Half Wave Dipole

3.5 DIRECTIONAL ANTENNAE

A simple half wave dipole radiates omnidirectionally as shown above. If additional, un-fed
elements are placed near to the dipole it is possible to concentrate the energy into one direction.
The smaller elements placed in front of the dipole (in the direction of propagation) are called
directors. The larger element placed behind the dipole is called a reflector. Together directors
and reflectors are referred to as parasitic elements. Figure 3.6. shows a dipole, folded and fed
with a signal, a reflector and three directors. It produces the beam pattern shown and is often
called a yagi array.

REFLECTOR DIRECTORS

SUPPORTING FOLDED HORIZONTAL
BOOM DIPOLE POLAR PATTERN

Figure 3.6. Yagi Array
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3.6

3.7

m ZERO ﬂmmlmum
\_/PSIGNAL' U SIGNAL
|

CARDIOID LIMACON

EQUI
SIGNAL

ILS LOCALISER LOBES

Figure 1.19. Directional Radiation Patterns.

ANTENNA DIMENSIONS.

A radiating wire, which is what an antenna is, is most efficient when it’s length is equal to half
awave length of the frequency being transmitted. In practice it is not possible to exactly achieve
this because of the prohibitively large size of the antenna at lower frequencies.

It is possible however, to increase an antenna’s natural wavelength by the addition of inductance
(L) or capacitance (C) or a combination of both (LC) in series with the radiating dipole. An

antenna to which inductance, capacitance or a combination of both have been added is called a

Loaded Antenna.

When an antenna is required to transmit a wide band of frequencies such as an aircraft HF
Communications antenna, it may be necessary to “tune” the antenna after changing frequencies.
This involves changing the amounts of L, C, or both in the antenna feeding circuit.

ANTENNA FEEDING CABLES (FEEDERS)

Antennae are designed to transfer energy in the form of electromagnetic waves from the element
to free space efficiently. However, the antenna is likely to be remote from the transmitter where
the electromagnetic wave originates. If a simplé piece of wire connected the transmitter to the
antenna it would undoubtedly act as an antenna and radiate electromagnetic energy within the
aircraft. (Radiation Losses). This would result in loss of power radiated to free space and also
interference with other radio systems within the aircraft. To prevent these problems specialised
feeders are required especially at higher frequencies.
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a)

b)

Coaxial Cables. Here the signal is fed along the inner conductor and the outer
conductor (called the screen) is earthed. This stops the signal escaping (Radiation Loss)
before it reaches the antenna and also protects it from unwanted electromagnetic fields
within the aircraft. Figure 3.7. shows coaxial cable.

OUTER CONDUCTOR
BRAIDED COPPER

COPPER WIRE
INNER CONDUCTOR

\ POLYETHYLENE

DIELECTRIC

Figure 3.7. Coaxial Cable

Waveguide: Coaxial cable becomes unusable at high power levels above about 1 Ghz.
Radar systems use hollow, rectangular metal tubes to convey the electromagnetic energy
from the transmitter to the antenna and also the received signals from the antenna to the
receiver. The energy is actually propagated within the tube much as it would be in free
space. The enclosure of the energy within the tube means that Radiation Loss is almost
zero and also the phenomenon of Skin effect is minimised.

Skin Effect: This phenomena occurs at the higher frequencies (VHF upwards) where
high frequency currents tend to be confined to a thin layer (skin) of the conductor.
Remembering that the resistance of a conductor is proportional to it’s resistivity p,
multiplied by it’s length 1, and divided by it’s cross sectional area A.

Resistance is equal to  pl
a

It can be seen that skin effect causing current to flow only in the skin area has
effectively reduced the cross sectional area of the conductor (A) and this will cause the
resistance to increase with subsequent attenuation of the signal.

To reduce skin effect some conductors are hollow, like miniature waveguide. Another

way of combatting skin effect is to use multi-stranded wire, each strand being separately
insulated. Such wire is known as “Litz” or “Endraht” wire.
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3.8 ANTENNA TYPES.

a)

Simple Antennae.

Over the years a wide variety of antenna designs have evolved and broadly speaking
they can be divided into single radiators and multiple radiators. The monopole and
dipole antennae have been used extensively in the past and are still used individually or
as components of more complex arrays such as the Yagi array.

More recently, the Helix and Spiral antennae shown in Figure 3.9 have evolved and
found a particular use in satellite communications because of their broadband
properties. (Their ability to transmit and receive a wide band of frequencies without re-
tuning).

o—
O—_._
oO——o
O—
MONOPOLE DIPOLE

Figure 3.8. Single Element Antennae

HELIX SPIRAL

Figure 3.9. Broadband Antennae
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b) Radar Antennae

The microwave horn, parabolic reflector and slotted planar array shown in Figure
3.10. are popular antennae which are used extensively in radar and satellite systems.
Microwave horns are very often used as feeds for large parabolic reflectors.

( B

DIPOLE FEED HORN FEED CASSEGRAIN FEED

Figure 3.10. Radar Antennae

Figure 3.11 Airborne Weather Radar Antenna
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c) Aircraft antennae.

Aerials in an aircraft appear in the form of wires, whips, probes, rods, blades,
monopoles, dipoles or cavities. They can be external or internal. Figures 3.12. and 3.13.
show some of the antenna on two different aircraft.

VOR/LOC
V.H.F. SPLITTER FOR U.H.F. G/S
ALTHOUGH EITHER SIDE OF
U.H.F. G/S. FIN, IT IS ONE AERIAL

BOOMERANG TYF\

2 BLADE TYPE AERIALS GAN BE ADE COULD BE FOURD
INCLUDING LOOP COULD BE FOUND
SIDE BY STIFEEOO'IBHIOERE BEHIND AND SENSING. FURTHER TO THE REAR.

AERIALS THAT CAN BE FOUND ON VARIOUS MARKS OF WARRIOR AIRCRAFT

Figure 3.12. Aerials

VOR ANTENNA (BOTH SIDES)
HF COMM ANTENNA —-—\
VHF-1
/1 ADF

[:]DODODDDOODUDDOUDGDDQD gogoonoooLUOL D

VHF-2 v v VHF-3

ATC DME

1&2

GLIDESLOPE
ANTENNA ’

1 RADAR
H ANTENNA

LOCALIZER
ANTENNA

RADOME

Figure 3.13. Antenna installations on modern airliners often include
localizer and glidescope antennae inside the radome and flush mount
VOR and HF comm antennae in the vertical fin.
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SELF ASSESSMENT QUESTIONS

ANTENNAS AND FEEDERS
1. The relationship between current and voltage in a dipole or monopole antenna is:
a. they are out of phase by 90°
b. they are in phase
c. they are in phase on a monopole and out of phase in a dipole
d. they are out of phase by 180°
2. An antenna polar diagram is:
a. a line joining points bounding the limits of reception
b. a line joining points where the signal to noise ratio will be 3 : 1
c. a line joining points where the signal to noise ratio will be 5 : 1
d. a line joining points at which the signal strength is equal
3. A simple dipole may be made directional by:
1. placing a reflector behind it
2. placing directors behind it
3. placing directors in front of it
4. placing reflectors in front of it
a. 1 and 2 only
b. 1,2,3.
c. 1 and 3 only
d. 2 and 4 only
4, With reference to antennas, parasitic elements are:
a. unfed elements which make the radiation pattern directional
b. unfed elements which make the antenna radiation pattern omnidirectional
c. dipole or folded dipole radiating elements
d. parabolic reflectors placed behind the antenna
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5. In the diagram shown here the parts A, B, and C are respectively:
a. dipole, reflector and directors A B C
b. parasitic element, reflector and ~ / “// <
director l—
. i 1
C. reflector, dipole and directors M= '
d. directors, reflector and fed element [l |_
6. What is a loaded antenna:
a. a highly directional antenna
a parabolic dish antenna
c. an antenna which has had its natural wavelength increased by adding inductance and
capacitance or a combination of both
d. an antenna which has had its natural wavelength increased by adding directors and a
reflector
7. Loaded antenna come in the following forms:
1. inductive (L)
2. resistive (R)
3. capacitive (C)
4, inductive capacitive (LC)
5. resistive capacitive (RC)
a. 1,2,3,4,and 5.
b. 4 and 5 only
c. 1, 3, and 4.
d. 1,3, and 5.
8. Skin Effect:
1. causes insulation to breakdown
2. causes to current to flow only in the outer layer of the conductor
3. effectively reduces the resistance of the conductor
4. effectively increases the resistance of the conductor
5. may be overcome by using waveguides
a. 1,2,3,5.
b. 2,3, and 5.
c. 2,4, and 5.
d. 1,4,and 5.
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9.

10.

11.

12.

Skin effect is most likely to occur:

e o

at high power levels up to VHF

at the higher frequencies ie VHF and above
in radar systems fed by rectangular waveguides

ANTENNAE

in moist, humid conditions when insulation may breakdown

To overcome skin effect:

/o o

frequencies are reduced below VHF
power levels are reduced

use hollow conductors, multi stranded conductors or waveguide
use conductors with a large cross sectional area thus reducing resistance

“Litz” or “Endraht” conductors are:

e o

1. multi stranded wire

2. separately insulated wire

3. waveguide
4. used to reduce skin effect

5. used for the transmission of high voltages
4 and 5 only

1,2,and 5

1,2,and 4

1,2,3,4,and 5

Radio beams may be “bent” or deflected by:

/o o

Terrain and buildings
antenna scan rates
different power levels
weather

coastal refraction
ionospheric refraction

SANRAEF O
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13.

14.

15.

16.

17.

18.

The glide slope antenna radiates:

oo

lobe transmissions on a UHF carrier which are amplitude modulated
lobe transmissions on a VHF carrier which are amplitude modulated
a scanning beam on a UHF carrier which is frequency modulated

a scanning beam on a SHF carrier with the designator A8W

The localiser transmitter radiates:

oo

a scanning azimuth beam in the VHF band with 150 Hz and 90 Hz amplitude
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