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Preface to the
Third Edition

It is now almost eleven years since this book first made its appearance, and the continuing demand warranting
this, the third edition, has been most encouraging.

The original sequence of subject structuring has been retained singe the reasons noted in the preface to the
first edition still apply. 1t has however, been considered necessary to combine the contents of some chapters,
and in others the coverage has been expanded to illustrate the application of principles to a greater number
of systems currently in use,

The application of signal processing by means of digita] circuit techniques to aircraft systems has been norm
practice for a very long time. As far as what may be termed “raw electrical systems™ are concerned, the impact
of these techniques has, in comparison to such systems as navigation, flight management and automatic flight
control, been somewhat less foreboding. However, in relation to those aspects of power generation, distributior
and eontrol, it is necessary to have a pood understanding of the foregoing techniques, and in particular, the
use of logic gates and interpretation of associated diagrams. This latter subject has, therefore, been included in
a new chapter to this edition of the book.

In preparing the revised material, the opportunity has been taken to clear up some anomalies that crept
into the second edition and subsequent reprints, and I am indebted to those readers who submitted comments.,
I am also indebted to others who made suggestions regarding the inclusion of new material, and who supplied
information for reference purposes.

In conclusion, it is perhaps pertinent to note that this edition has been prepared during a transition from on
publisher to another, and so [ would like to thank the one under whose logo it now appears, not only for havin
undertaken their particular tasks, but also for establishing a new publisher/author association,

Copthorne E
Sussex
1986



Preface to the
First Edition

Increases in size and speed, changes in shape and
functional requirements of aircraft have each been
possible by technical research and development and
the progress made not only applies to those visible
structural parts, but also to those unseen systems and
services which enable it to function as &n integrated
machine.

A system ranking very highly indeed in this pro-
gression is the one concerned with electrical power
involving as it does various methods of generation,
distribution, control, protection and utilization, These
methods do, in fact, form a natural “build-up™ of an
aircraft’s electrical system and their sequence sets a
convenient pattern on which a study of principles and
applications can be based. The material for this book
therefore follows this pattern.

In the early days of what is familiarly called “ait-
craft electrics”, there was a certain distrust of the
equipment. Although there was acceptance of the fact
that electricity was necessary for operating the “wire
less” equipment, a few lights and an engine ignition
system, many individuals were inclined to the view
that if other systems conld not be operated either by
alr, hydraulic ofl, cables, numerous mechanieal link-
ages or petrol, then they were quite unnecessary! A
majority of the individuals were mechanics, and the
ground engineers a3 they were then known, and un-
doubtedly, when “electrickery™ began proving itself
a3 a system operating media, it came as a pleasant
relief to leave all relevant work to that odd character,
the electrician, who speaking in some strange jargon
and by means of diagrams containing numnerous mystic
lines and symbols, seemed better able to cope with it
alt?

With the continued development of the various
types of aircraft, the sourees of electrical power have
alzo varied from the simple battery and wind-ddven
generator, through to the most complex multiple a.c.

generating systems, Similarly, the application of power
sources have varied and In cohjunction with develop-
ments in electronics, has spread into the areas of

other systems to the extent of performing not only 2
controlling funection but, as is now so often the case,
the entire operating function of a system. As a result,
the work of the electrician assumed greater importance
and has become highly specialized, while other main-
tenance speclalists found, and continue to find it
increasingly necessary to broaden their knowledge of
the subject; indeed it is incumbent on themn to do 50

in order to carry out their important duties, This also
applies to pilots in order that they may meet the
technical knowledge requirements appropriate to

their duties and to the types of aircraft they fly,

Fundamental electrical prineiples are described in
many standard text books, and in preparing the
material for this book it was in no way intended that
il should supplant their educational role, However, it
has been considered convenient to briefly review cer-
tain relevant principles in the chapters on generation
and conversion of power supplies, to “lead-in™ to the
subject and, it is hoped, to convey more clearly how
they arc applied to the systems described. In keeping
with the introductory nature of the book, and perhaps
more important, to keep within certain size limitations,
it obviously has not been possible to cover all types
of aircraft systems. However, in drawing comparisons
it is found that applications do have quite a ot in
common, and so the axamples finally chosen may be
considered sufficiently representative to provide a
useful foundation for further specialized study.

The detalls given embrace relevant sections of the
varjous syllabuses established for the technical exam-
ination of maintenance engineers and pilots by official
organizations, iraining schools and prefessional soei-
eties. In this connection, therefore, it is also hoped
that the book will provide a usetul source of reference.
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A selection of questions are pravided for each
chapter and the author is indebted to the Society of
Licensed Aircraft Engineers and Technologists for
permission to reproduce questions selected from
examifation papers.

Valuable assistance has been given by 2 number of
organizations in supplying technical data, and in
granting permission to reproduce many of the illustra-
tions, grateful acknowledgement is hereby made to
the following -

Ampheno! Ltd,

Auto Diesels Braby Lid.
Aviquipo of Britain Ltd.
Belling & Lee Lid.

BlC.C

British Aircraft Corporation (Operating) Lid.
Britten-Norman Ltd.
Cannon Electrie {G.B.} Ltd.
Dravall.

Dowty Electrics Ltd.
Graviner (Colnbrook) Lid.

Hawker Siddeley Aviation Lid.
Honeywell Ltd.

Intetnational Rectifier Co, (G_B.) Lid.
Lucas Aerospace Ltd.

Mewton Brothers (Derby) Lid.
Normalair-Garrett Lid.

Plassey Co., Lid.

SAFT (United Kingdom) Ltd.
Sanpamo Weston Lid.

Shell Aviation Mews.

Smiths Industries Lid.

Standard Telephones & Cahbles Ltd.
Tharn Bendix.

Varley Dry Accumulators Ltd.

Finally, thanks are also due to the publishers for
having patiently awaited the completion of sections of
manuseript and also for having accepted a number of
changes of subject.

Copthorne, E.P.
Sussex









cables connecting the linked brushes to the terminals
indicated A and A'. The four field coils are of high
resistance and connected in series to form the field
winding, They are wound and connected in such a
way that they produce alterngte North and South
polarities, The ends of the windin%.f. are brought out to
the terminals indicated as Z and 2",

Generator Characteristics

The characteristics of a generator refer to the relation.
ship between voltage and the current flowing in the
external cirouit connected to 2 generafor, i.g. the

load current, and there are two which may be closely
defined, These are: the external characteristic or
relationship between termingl voligge and load
current, and the interna! charasteristic or relationship
between the aetugl electromagnetic force fe.m.f.)
generated in the ermature windings and load current,
These relationships are gensrally shown in the form of
graphs, with the graph drawn for one particular speed
of the generator,

Satf-excited Shunt-wound Generators

Shunt-wound generators are one of three types in the
self-excited class of machine and as already noted are
used in aircraft d.c. power supply systems. The term
“shunt-wound” is derived from the fact that the
high-resistance field winding iz connected across or

in paralle] with the arrnature as shown in Fig, 1.5, The
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Fig 1.5
Connection of shuni-ficld winding

armature current divides intd two branches, one
formed by the field winding, the other by the

external ¢ircuit. Since the field winding is of high
resistance, the advantage is gained of having maximum
current flow through the external eircuit and expendi-
ture of unnecessary electrdeal energy within the gener-
ator is avoided.

Operating Principle and Characteristic

When the armature is rotated the conductors cut the
weak magnetic field which iz due {o residoal magnet-
ism in the electromagnet system. A small e.m.f. ks
induced in the armature winding and is applied to the
field winding, causing current to flow through it and
so increasing the magnetic flux. This, in turn, causes a
propressive increase in the induced e.m.f. and field
current until the induced e.m.f. and terminal voltage
reach the steady open-circnit maximum.

The characteristic for this type of generator is shown
in Fig. 1.6 and It will be observed that the terminal
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Fig 1.6
Characteristic of self-excited shont-wound generator

voltage tends to fall with increasing load current. This
is due to the voltage drop (IR drop) in the armature
winding and also to a weakening of the main flux by
armature reaction. The fall in termina] voltage reduces
the field current, the main flux is further weakened
and therefpre a further fall in terminal voltage is pro-
duced,

if the process of increasing the load is continued
after the full working load condition has been reached,
the terminal voltage will fall at an increasing rate until
it can no longer sustain the load current and they both
fall to zero, With reduced excitation the external
cheracterstic of a shunt-wound generator falls much
more rapidly so that the point at which veltage collapse
oecurs will be reached with a much smaller load cur
rent, In practice, field current & adjusted to maintain
constant voltage under all load conditions, by a voltage
regulator the operation of which will be described later.



Sometimes 8 generator will lose its residual magnet-
ism or become incorrectly polarized because of heat,
shock, or a momentary current in the wrong direction.
This can be corrected by momentarily passing current
through the field from the positive terminal to the
negative 1erminal; a procedure known as “flashing the
field”.

Generator Construction

A typical self-excited shunt-wound four-pole genera.
tor, which is employed in a current type of turbo-prop
civil iransport aircraft, is illustrated in Fig. 1.7. Tt is
designed to provide an output of 9 kilowatts at a con-
tinuous current of 300 amperes {A) over the speed
range of 4,500 to 8,500 rev/min. In its basic form the
construction follows the pattern conventionally
adopted and consists of five principal assemblies;
namely, the yoke, armature, two end frames and
brugh-gear assembly.

THE YOKE

The yoke forms the main housing of the generator,
and is designed to carry the electromagnet system
made up of the four field windings and pole pieces. It
also provides for the attachinent of the end frame
assemblies. The windings are pre-formed coils of the
required ampers-turns, wound and connected in
series in such a manner that when mounted on the
pole pieces, the polarity of the field produced at the
poles by the coil current is alternately North and
South (see Fig. 1,4). The {ield windings are suitably
insulated &nd are a close fit on the pole pieces which
are bolted to the yoke. The faces of the pole pleces
aré subjected to varying magnetie fields caused by
rotation of the armature, glving rise to induced e.m.f.
which in turn produces eddy cuments through the
pule pieces causing local heating and power wastage.
To minimize these effects the pole pieces are of
laminated construction; the thin soft iron laminations
being oxidized to insulate and 1o offer high electrical
tesistanee to the induced e.m.f.

INTERPOLE AND COMPENSATING WINDINGS
During operation on load, the current flowing through
the armature winding of 4 penerator creates a magnetic
field which is superimposed on the main field pro-
duced by field-winding current. Since lines of force
cannot intersect, the armature field distorts the main
field by an amount which varies with the load; such
distorting effect is termed armature reaction. ¥

uncorrected, armature reaction produces two addition:
undesirable effects: (i) it causes a shift of the Magnetic
Meutral Axis, i.e. the axis passing through two points
at which no e.m.f, is induced in a coil, setting up re-
active sparking at the commutator, and (ii) it weakens
the main fleld causing a reduction in generated e.m.f.
The position of the brushes can be altered to mini-
mize these effects under varying load conditions, but

a more effective method is to provide additional wind-
ingg in the electromagnet system, such windings being
referred to as interpole and compensating windings.

Interpole windings are wound on narrow-faced
auxiliary pole pieces located midway between the
main poles, and are connected in series with the
armature, The windings are such that an interpole has
the same polarity as the next main pole in the directio
of rotation, and as the fluxes are opposite in direction
to the armature flux, they can be equalized at all load:
by having the requisite number of turns,

In order to provide true correction of armature
reaction, the effects produced by interpoles must be
supplemented, since alone they cannot entirely elim-
inate all distortion occurring at the main pole faces,
Compensating windings are therefore connected in
series with the interpole and armature windings, and
located in slots cut in the faces of the main pole shoes
The sides of the coils thus lie parallel with the sides of
the armature coils, The ampere-turns of the winding
are equal to those of the armature winding, while the
flux due to it is opposite in direction to the armature
flux,

AUXILIARY INTERPOLES

The effectiveness of interpoles in minirmizing reactang
sparking is limited by armature speed, and their applis
ation a3 individual components of a field-winding
system is, therefore, resiricted to generators operating
over a narrow speed range, e.g. the designed range of
the generator illustrated in Fig. 1.7. In the case of
generators designed for operation over a wide range,
.2 2850 rey/min up to 10,000 rev/miin, the use of
interpoles alone would produce a side effect resulting
in reactance sparking as the generator speed is reduce
from maximum to minimum. To counteract this, and
for a given load on the generator, it is necessary to
reduce the magnetomotive force {(m.m.f.) of the
interpoles, The desired effect may be obtained by
winding auxiliary coils over the interpole coils

and connecting them in series with the generator shu
field winding in such a way that each coil, when
energized by shunt field circuit current, produces an
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m,m.f. of opposite polarity to that produced by the
interpole coil on the same pole shoe, An exact balance
between reactance e.m.f. and commutation e.m.f, is
maintained over the full working range of generator
speed to assist In producing sparkless commutation.

ARMATURE ASSEMBLY

The armature assembly comprises the main shaft
{which may be solid or hollow} core and main winding,
commutator and bearings, the whole assembly being
statically and dynamically balanced. In the generator
shown, the shaft is hollow and internally splined to
mate with splines of a drive shaft which passes through
the entire length of the armature shaft.

Armature windings are made up of 2 number of
individual identical coils which fil into slots at the
outer edpes of steel laminations which form the core
of the armature. The coils are made from copper
strip and as security against displacement by centri-
fugal force, steel wire (in some cases steel strip) is
bound round the circumference of the armature. The
ends of each coil are brought out to the commutator
and silver brazed to separate segments, the flnish of
one coil being connected to the same segment as the
beginning of another coil. The complete winding thus
forms a closed circuit. The windings are invariably
vacuurn-impregnated with silicone varnish to main.
tain insulation resistance under all conditions,

In common with most aircraft generators, the
commutator is of small diameter to minimize centri-
fupal stressing, and is built up of long, narrow copper
segments corresponding in number to that of the
field coils (a typical figure is 51 coils), The segment
surfaces are swept by brushes which are narrow and
mounted in pairs (usually four pairs) to maintain the
brush contact area per segment — an ¢ssential pre-
requisite for effective commutation.

The armatures of all aircraft generators are
supported in high efficiency ball or roller bearings, or
in combinations of these two types, Where combina-
tions are used in a single generator it will be found
that the ball bearing is invariably fitted at the drive
end of the armature shaft, and the rolier bearing at
the commutator end. This arrangement permits
lateral expansion of the armature shaft, adaing from
temperature increases in the generator, without expos.
ing the bearings to risk of damnage. Bearings are lubrica-
ted either with a specified high-melting-point grease or
lubricating oil and may be of the sealed or non-
sealed types. Sealed grease-lubricated bearings are
pre-packed by the manufacturer and require no further

fubrcation during the life of the bearing. Non-sealed
grease-lubricated bearings are assembled with suffic-
ient lubricant to last for the period of the generator
servicing cycle, In general the lubricant for oil-
lubricated bearings is introduced into the bearing
through the medjum of oil-impregnated felt pads,
Seals are provided to prevent oil escaping into the
interior of the generator,

END FRAME ASSEMBLIES

These agsemblies are bolted one al each end of the
yoke and house the armature shaft bearings. The drive
end frame provides for the attachment of the genera-
tor to the mounting pad of the engine or gear-box
drive (see also p. 8) #nd the commutator and

frame provides 4 mounting for the brush-gear assem-
bly and, in the majority of cases, also provides for
the attachment of a cooling air duct. inspection and
replacement of brushes is accomplished by removing
a strap which normally covers apertures In the commu-
tator end frame.

BRUSH-GEAR ASSEMBLY

The brush-gear agsembly is comprised of the brushes
and the holding equipment necessary for retaining the
brushes in the correct position, and at the correet
angle with respect to the magnetic neutral axis.

Brughes used in aireraft generators are of the eleciro-
graphitie type made from artificial graphite, The
graphite is produced by taking several forms of
natural carbons, grinding them into fine powder,
blending them together and consolidating the mixture
into the desired solid shape by mechanical pressue
followed by exposure to very high temperature in an
electric furnace. These brushes possess both the
robustness of carbon and the lubricating properties of
graphite. In addition they are very resistant to burn-
ing by sparking, they cause little commutator wear
and their heat conductivity enables them to with-
stand overloads.

As stated earlier, an essential prerequisite for
effective commutation is that brush contact area per
commutator segment should be maintained. This is
accomplished by mounting several pairs of brushes in
brush holders; in the generator llustrated in Fig. 1.7
four pairs of brushes are employed. The holders take
the form of open-ended boxes whose inside surfaces
are machined to the size of a brush, plus a slight clear-
ance enabling a brush to slide freely without tilting or
rocking. Contact between brushes and commutator is
maintained by the pressure exerted by the free ends



of adjustable springs anchored to posts on the brush
holders. Springs are adversely affected by current
passing through them; it is usual, therefore, to fit an
insulating pad or rofler at the end of the spring where
it bears on the top surface of the brush.

The brush holders are secured either by bolting
them Lo a support ring (usually called a brush rocker)
which is, in turn, bolted to the commutator end frame,
or as in the case of the penerator llustrated, bolted
directly to the end frame. In order to achjeve the
best possible commutation a support ring, or end
frame, as appropriate, can be rotated through a few
degrees to alier the pasition of the brushes relative to
the rnagnetic neutral axis. Marks are provided on each
generator to indicale the normal operating position.

When lour or more brush holders are provided, they
are located diametrically opposite and their brushes
are alternately positive and negative, those of similar
polarity being connected together by bar and flexible
wire type links,

The brushes are fitted with shori leads or “pigtails”
of flexible copper braid moulded into the brush dur-
ing manufacture. The free ends of the pigtails termin-
ate int spade or plate type terminals which are con-
nected to the appropriate main terminals of the genera-
tor via the brush holders and connecting links.

TERMINAL BLOCKS

The leads from brush-geer assemblies and field windings
are conmected to terminal posts secured to a block
mounted on the commutator end frame o1, in some
generators, on the yoke assembly (see Fig. 1.7). The
terminals and block are englosed in a box-like cover
also secured to the end frame, Entry for the output
supply cables of the distribution system (refer to
Chapter 5} is through rubber clamps. The rotation of
a generator armature is specified in a direction, norm-
ally anti-clockwise, when viewed fram the drive end
assembly. A movable link is fitted between two of the
terminals which can be connected in an alternative
position should it be necessary for the generator to be
driven in the reverse direction,

SPARK SUPPRESSION

SparKing at the brushes of a generator, no matter how
slight, results in the propagation of electromagnetic
waves which interfere with the reception of radio sig-
nals. The interference originating in generators may be
eliminated quite effectively by screening and suppres.
sion. Sereening involves the enclosure of 2 generator
in a continuous metallic casing and the sheathing of

output supply cables in continuous metallic tubing or
conduit to prevent direct radiation. To prevent inter-
ference being conducted along the distribution cable
system, the sereened output supply cables are termin-
ated in filter or suppressor units, These units consist
of chokes and capacltors of suitable electrical rating
built into metal cases located as close to a ptnerator
as possible, Independent suppressor units are rather
cumbersome and quite heavy, and it is therefore the
practice in the design of current types of generator to
incorporate internal suppression systems, These
sysiems do not normally contain chokes, but consist
simply of suitably rated capacitors {see Fig, 1.7)
which are connected between generator casing (earth)
and terminals. The vuse of internal suppression systems
climinates the necessity for screened output supply
cables and conduits thereby making for a considerable
saving in the overal]l weight of a generator installation.

Rectified Powar Supplies

In many of the smaller types of single-engined and
twin-engined aircraft, the primary d.c. power i
supplied in a manner similar to that of aulomobiles,
i.e. It is a rectified output from a frequency-wild
alternating current generator, [ts operating frequency
is about 100 Hz at idling speed of the engine and
increases with speed 1o 1200 Hz or higher.

The generator or alternator as it is more generally
called, consists of a rotor, stator, slip ring and brush
assembly and end frames, In addition six silicon
diodes are carried in an end frame and are connected
as & bridge rectifier (see p. 37} to provide the d.c.
far the aircraft's system. The principal constructional
Teatures are illustrated in Fig, 1.8,

The rotor is formed by two extruded steel pole
pieces which are press-fitted on to the rotor shaft to
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Fig 1.8
Alternator supplying a reciified output



sandwich a field coil and thus form the core of the
electromagnet. Each pole piece has six “fingers”
which in position, mesh but do not touch each
other, Excitation curent is fed to a field coil on the
rotor via brushes, and slip-rings which are press-fitted
anta the rotor shaft,

The stator is made up of a number of steel stamp-
_ ings riveted together to form the core around which
the three star-connecled phase coils are wound. One
end of each winding is connected to the bridge
rectifier assembly while the other ends are joined
to form what is termed the neutral point. The stator
assemnbly s elamped between the end frames.

Figure 1.9 illustrates the cireuit diagram of the
alternator, Unlike a conventional d.c. generator, the
alternator has no residual magnetism and so its field
must be excited initially by d.c. from the aircraft’s
battery or an extemal power supply, When d., is
switched on to the generator, the rotor field coil 15
energized and the pole piece “fingers” become
alternate]y north and south magnetic poles. As the
rotor rotates, the field induces a three-phase
altemating current within the stator which is fed
to the diodes for rectification, and then to the
aireraft’s system. As will be noted from Fig. 1.9,

Alterngigr

when the alternator i supplying the busbar, it will
also supply 1ts own field excitation current to
sustain the regulatad output. The level of voltage is
regulated by a solid-state type of voltage regulator
(see p. 14).

Ganerator/Engine Coupling

Depending on the type and application, a generator
may be driven by an engine ejther from an accessories
gear box, or by a pulley and belt.

The generator already shown in Fig. 1.7, s an
example of one driven through gearing which forms
part of an accessories pear-box. Depending on the
rated output of a generator and on the load require-
ments of the electrical system of a particular aircraft,
there iz a specific gear drive ratio.

The drive from the gear-box is by means of a quill
shaft with either male or female serrations or splines
at one or both ends. The serrations or splines mate
with cotresponding formations on the generator
armature shaft (see Fig. 1.7) to transmit the torque
delivered by the driving gear. One of the requirements
to be satisfled by a quill drive is that It must effect.
ively interrupt transmission of the driving torque in

windings
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the event that the generator armature seizeés up. This
is done by destgning the drive shaft so that at one
saction its diameter is smaller than the remaining
sections; thus providing a weak spot at which the
shaft will shear under the effect of an excessive
torgue.

Quilt drives are usually short and rigld, but in some
cases a long drive with one end mating with serrations
formed deep in a hollow armature shaft may be speci-
fied, This amangement enables the drive to absorb
much of the mechanical vibration which i3 otherwise
passed to a generator from an accessories gear-box,

The method of securing a genérator to an accessor-
ies pear-box varies, but in general it is either one
utilizing 2 mounting flange or one requiring a manacie
rittg. In the mounting flange method, the end frame
at the drve end of a generator is usually extended to
a larger diameter than the yoke, thus forming a pro-
jecting flange. Holes in the flange line up with and
accept studs which are located in the mounting pad
of the engine or gear-box, and the generator is finally
sacured by nuts, locking washers, ete. An alternatiys
form of {lange mounting is based on a generator end
frame having two diameters, The larger diameteris
no greater than that of the yoke and abuts on the
mounting pad while the reduced diameter provides a
channel or “gutter”, between the yoke and the larger
diameter of the end frame, into which the mounting
studs project. Another variation of this form of
mounting is employed in the generator shown in
Fig. 1.7.

In the manacle-ring method of mounting the
generator drive end frame has an extengion with a
recess in the mounting face of the driving unit. When
the generator extension is fully engaged with the
recess, & flange on the end frame abuts on a matching
flange formed on the driving unit mounting face, The
two flanges are then clarnped together by a manacle
ting which, after being placed over tham, is firmly
closed by a tensioning scréw, A spigot arrangement is
usually incorporated to provide location of the
generator to the drive unit, and to absorb torque
reaction when the generator is operating.

The pulley and helt drive iz commonly adopted
for driving altemators of the type shown in Fig. 1.8,
and as may be seen from Fig, 1.10, it 1t dmilay in
many respects to the one adopted in automobiles,

The alternator 18 secured to two mounting
brackets one of which s slotted, so that when the
correspotiding securing bolt is slackened, the alter-
nator may be positioned about the other holt for

the purpose of adjusting belt tendon, The required
driye ratio is, of coursa, determined by the diameters
of the engine and altemator pulleys.

Encpr algeler
ring

Hounling
brochel

Speyrihg ball

Saeurng boll
— Generolor
coahng prpe

Fig 1.10
Pulley and belt drive

Cooling of Generators

The maximum output of i generator, assurming no
limit to input mechanical power, is largely determined
by the ease with which heat (arising from hysteregs,
thermal effect of current in windings, et¢.) can be
dissipated, With large-bulk generators of relatively low
autput the natural processes of heat radiation from the
extensive surfaces of the machine carcase may well
provide sufficient cooling, but such “natural” cooling
is inadequate for the smaller high-output generators
used for the supply of electrical power to aireraft, and
must, therefore, be supplemented by forced cooling,
The most commonly accepted method of codling
is that which utilizes the ram or blast effect resulting
from either the slipstream of a propeller or the air-
stream due to the aircraft’s movement. A typical cool-
ing system is shown in a basic form in Fig. 1.11. The
air &5 forced at high speed into an intake and is led
through light-alloy ducts to a collector at the commu-
tator end of the generator. The air discharges over the
brugh-gear and commutator to cool this natural area
of high temperature, and then passas through the
length of the machine to extiaust through apsriures,
surrounded by & perforated strap, at the drive end. In
order to assist in ram-air cooling and also to provide
some cooling when the aircraft s on the ground,
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many 1ypes of generator have a fan fitted at the dove
end of the armature shaft,

Ar seoop
Engine nocelle s Fam 7 flgw
Cewhing
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Fijter.
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Commuytator

end of genesotar
Fig 1.11

Typical coaling system

Coaling of the alternator shown in Fig. 1.8 is
provided by a fan at the driving end and by air
passing through slotted vents in the slip ring end
frame, Heat at the silicon diodes is dissipated by
mounting them on steel plates known as “heat sinks".

Brush Wear

The carbon from which clectro-graphitic brushes are
made js extremely porous and some of the pores are
so very {ine that carbon has an exceptional ability to
absorb other substances into jts structure, and to
retain them. Moisture is one of these substances and it
plays an important part in the funetioning of a brush

contact by affording a substantial degree of lubsication,

The moisture is trapped under the inevitable irregular-
ities of the contact faces of the brushes and forms an
outside film on the commutator and it is with this
film that the brushes make contact. Just how vital a

part moisture does play was, however, not fully realized

until aircraft began operating at high aititudes and Lhe
problem arose of brushes wearing out very rapidly

under these conditions, Investigations into the prablem

showed that the fundamental difficulty was the
extreme dryness of the atmosphere, this, in its tum,

producing three secondary effects: (i) friction between

brushes 2nd commutator because the lubricating film
cannot form, (i) contact resistance becames negligible
giving rise to heavy reactive sparking and accelerated
brugh erosion and (iit) stalic eleetrical charges due to
frictjon, producing molecular breakdown of the
brushes.

These cffects have been largely eliminated by using
brushes which have a chemical additive as a means of
replacing the function which atmospheric moisture
plays in surface skin formation. Two distinct categor-
ies are in general use: brushes of one catepory forma
constant-resistance semi-lubricating film on the com-
mutator, while those in the other calegory are, in
effect, self-lubrcating brushes which do not form a
film,

The composition of the film-forming brushes
inciudes chemicals (e.g. barium fluoride} to bujld
up progressively a constant-resistance semi-Jubricatin
tilm on the commutator surfaces, Brushes of this
category do not wear ahnormally at altitudes up to
60,000 feet providing that generalors to which they
are fitted have been previously “bench run'' for soms
houts to allow the formatien of the protective film.
This film, once formed, is very dark in colour and m:
often give the impression of a dirty commutator,

Brushes of the non-film-forming category contain
Jubricating ingredient such as molybdenum disulphid
which is often packed in cores running longitudinally
through the brushes. Since the brush is self-Jubricatin
it is unnecessary for generators fitted with this type
to be run for hours prior to entering service. Howeve
they do have the disadvantage of appreciably shorter
life, due to somewhat more rapid wear, when com-
pared with film-forming brushes.

Vaoltage Regulation

The efficient operation of aircraft electrical equipm
requiring d.c. depends on the fundamental requirem
that the generator voltape at the distribution busbar
system be maintained constant under all conditions
load and at varying speeds, within the limits'of 2 pre
scribed range. [t is necessary, therefare, 1o provide
device that will regulate the output voltage of a gens
ator at the designed value and within a specified tok
ance,

There are 2 number of factors which, either sepa
or in combination, iffect the output voltuge of a du
generator, and of these the one which can most con
veniently be controlled is the field circuit current,
which in its turn controls the flux density. This con
trol can be effected by incorporating a variable resis
in series with the field winding as shown in Fig. 1.1
Adjustments 1o this resistor would vary the resistan
of the field winding, and the ficld current and outp
voltage would also vary and be brought 1o the requi
controlling vatue. The application of the resistor in



manner indicated is, however, limited since it is essen-
tial to incorporate a regulating device which will auto-
matically respend to changes of load and speed, and
also, automatically make the necessary adjustments to
the generator field current. Three of the regulation
methods commonly adopted are: the vibrating
contact method; the one based on the pressure/
resistance characteristics of carbort, namely, the
carbon pile methad, and the one based on solid-

state circuit principles.
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tigld

winding LLcad
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Fig 1.12
Conteal of fleld clecuit curtent
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Vibrating Contact Regulator  Vibrating contact regu-
lators are used in several types of small aircraft employ
ing comparatively low d.c. outpui generators and a
typical circuit for the regulation of both voltage and
current of a single generator system is shown in basic
form in Fig. 1.13, Although the coil windings of each
regufator are intereonnected, the circuit arrangement
is such that either the voltage regulator only or the
current regulator only can operate at any one time. A
third unit, called a reverse current cut-out relay, also
forms part of some types of regulator, and since the
relay has a circuit protection function, 2 description
of its construction and operation will ba given in
Chapter 7.

Voltege Reguiator  This unit consists of two windings
assetnbled on a common core, The shunt winding con-
sists of many turns of fine gauge wire and is connected
in series with the eurrent regulator winding and in
parallel with the generator, The series winding, on the
other hand, consists of a few turns of heavy gauge wire
and is connected in series with the generator shunt-
field winding when the contacts of both regulators are
closed, i.e. under static condition of the generator
systern. The contact assembly is comprised of a fixed
contact and a movable contact secured 1o 2 flexibly-

Tg distnbption
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requiatier
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Armatura
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e lensien adusiers:

Fig 1.13
Vibrating contact regulator princlple
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hinged armature. Movement of the armature and,
therafore, the point at which contact opening and
closing takes place is controlled by a spring which is
pre-adjusted to the requirad voltage setting,

When the generator starts operating, the contacts
of both regulators remain closed so that a positive
supply can flow through the generator shunt-field
winding te provide the necessary excitation for raising
the generator output. At the same time current passes
throtgh the shunt winding of the voltage regulator
and, in ¢conjunction with the series winding, it
increases the regulator's electromagnetic field. As soon
as the generator output voltage reaches the pre-adjusted
regulator setting, the electromagnetic field becomes
strong enough to oppose the tension of the armature
spring thereby opening the contaets, In this equilibrium
position, the clreult to the series winding is opened
causing its field to collapse. At the same time, the
supply to the generator fisld winding passes through a
resistance (R) which reduces the excitation current
and, therefore, the generater output voltage. The
reduced output in turn reduces the magnetic strength
of the regulator shunt winding so that spring tension
closes the contacts again to restore the generator out-
put voltage to its regulated value and to cause the
foregoing operating cycle to be repeated. The frequency
of operation depends on the electrical load carried by
the generator; a typical range is between 50 1o 200
times a second.

In regulators designed for use with twin-generator
systems, & third coil 12 also wound on the electro-
magnet core for paralleling purposes (see p, 16) and
is connected to separate paralleling relays.

Current Regulator This unit limits penerator current
output In exactly the sarne way as the voltage regulator
controls voltage output, i.e. by controlling generator
field-excitation cwrrent. 1ts construction differs only
by virtue of having 2 single winding of a few turns of
heavy wire.

When electrical load demands are heavy, the voltage
output vatue of the generator may not increase suffic-
iently to cause the voltage regulator to open its con
tacts, Consequently, the output will continue to
increase until it reaches rated maximum current, this
being the value for which the current regulator is set,
At this setting, the current flowing through the regu-
lator winding establishes a strong encugh electre
magnetic field to attract the armature and so open the
contacts, Thus, it is the current regulator which now
inserts resistance R in the generator shunt-field circuit

to reduce generator output, As soon as there is sufficien
drop in output the field produced by the regulator
winding is overcome by spring tension, the contacts
close and the cycle again repeated at a frequency
similar to that of the voltage regulator,

Carbon Pile Regulator  Carbon has a granular surface
and the contact resistance between two carbon faces
that are held together depends not only on the actual
area of contact, but also on the pressure with which
the two faces are held together. If, therefore, a number
of carbon dises or washers are arranged in the form
of a pile and connected in series with the shunt field
of a generator (see Fig. 1.14) the field circuir resistance
can be varied by increasing or decreasing the pressure
applied to the cnds of the pile and changes in genera.
tor output voltage therefore counteracted. Sinee Lhis
method eliminates the use of vibrating eontacts, it is
applied to generators capable of high current output,
and requiring higher field excitation current, The
necessary variation of pile pressure or compression
under varying conditions of generator speed and load,
is made through the medium of an electromagnet and
spring-controlled arrnature which operale in & similar
manner to those of a vibrating contact regulator.
Under static conditions of the pgenerator system,
the carbon pile is fully compressed and since there is
no magnetic “pull” on the armature, the resistance in
the generator shunt-field cireuit is minimum and the
air gap betwean the regulator armature and electro-
magnet core is maximum. As the generaior starts
operating, the progressively increasing output voltage
is applied to the regulaior coil and the resulting field
establishes an increasing “pull™ on the armature.
During the initial “run-up™ stages, the combination of
low voltage applied to the regularor coil, and the
maximum air gap between aymature and core, results
in a very weak foree of attraction being exerted on the
armature. This force is far smaller than that of the
spring control, hence the armature maintains its origina)
position and continues to hold the carbon pile in the
fully compressed condition; the shunt-field circuit
resistance is thus maintained at minimom value during
ru-up to allow generator output voltage to build up
as rapidly as possible. This condition continues un-
altered until the voltage has risen to the regulated
value, and at which equilibrium is established between
magnetic faree and spring-control force. The srmature
is free to move towards the electromagnet core if the
force of magnetic attraction is increased as a result
of any increase in generator speed within the effective
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Fig 1.14
Carbon pile voltage regulation

speed range, In these circumstances pile compression is
further reduced so that there is more air space between
discs to increase resistance and so check  rise in
generator output voltage; it also inereases the spring
loading that holds the armature away from the core.
Thus, a condition of equilibrium i3 re-gstablished with
the armature in some new position, but with the
output voltage still at the required regulatcd value,
Any reduction of ganerator speed, within the
effectlve speed range, produces a reduction in genera-
tor output voltage thus disturbing regulator armature
equilibrizm in such a manner that the spring-control
force predominates and the armeture moves away
from the electromagnet core, The carban pile is re-
compressed by this movement to reduce the generator
shunt-field circuit resistance and thereby increase
generator output voltape, until the regulated output
is again brought to a state of equilibrium. When
progressive reduction of generator speed resultsin a
condition of maxirmuim pile compression, control of
generator putput valtage iz lost; any further reduction
of generator speed, below the lower limit of the
effective range, resulting in proportional decrease in
output voltage.

When & generator has been rin up and connected
to its distribution busbar system, the switching on of
various requisite consumer services, will impose loads
which digturb the equilibrium of the regulator
armature. The effect is, in fact, the same a3 if the
generator speed had been reduced, and the regulator
automatically takes the appropriate corrective action
until the output voltage i3 stabilized at the critical
value. Conversely, a perceptible decrease in load,
assuming generator speed to be conatant and the
regulator armature to be in equilibrium, results in the
regulator taking the same action as in the case of an
increase in gensrator spead,

Construction The pile unit is housed within a ceramic
tube which, in turn, is enclosed in a solid casing, or
more generally, a finned casing for dissipating the
heat generated by the pile. The number, diameter, and
thickness of the washers which make up the

pile, vardes according to the specific role of the
regulator. Contact at each end of the pile is made by
carbon inserts, or in some types of regulator by silver
contacts within carbon inserts, The initisl pressure of
the pile iz set by a compression screw acting through
the pile on the armature and plate-type control spring
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battery current flows to the collector and emitter
junction. The amplified output in the emitter circuit
flows to the base of TR, thereby switching it on so
that the battery current supplied to the field winding
can be conducted to ground via the collector-emitter
junction of TR,. When the generator is running, the
rotating magnetic field induces an alternating current
in the stator and this is rectified and supplied to the
d.c. power system of the aireraft.

When the alternator output voltage reaches the pre-
set operating value, the current flowing in the reverse
direction through the Zener diode causes it to break
down and to allow the current to flow to the base of
TR, thus awitching it on. The collector-emitter june-
tion of TR, now conducts, thereby diverting current
away from the base of TR, and switching it off. This
action, in turn, switches off TR and so exeitation
current to the alternator field winding is cut off, The
rectifier across the fleld winding (D, )} provides a path
so that field current can fall at a slower rate and thus
prevent generation of a high voltage at TR, each time
it is switched off,

When the alternator output voltage falls to a value
which permits the Zener diode to cease conduction,
TR, will agajn conduct to resiore excitation current
to the field winding, This sequence of operation is
repeated and the alternator output voltage is therehy
maintained at the preset operating value.

Paralleling and Load-Sharing

In multi-engined aireraft, it is generally desirable that
the generators driven hy each engine should operate
in paralle] thereby ensuring that in the event of an
engine or generator failure, there is no intérruption of
primary power supply. Parallel operation requires
that generators carry equal shares of the system load,
and so their output voltages must be as near equal a3
possible under all operating conditiong, As we have
already learned, generators are provided with a voltage
regulator which exercises independent contro] over
voltage output, bul as varlations in output and
electrical loads can occur, it is essential to provide
additional voltage regulation clreuits having the
function of maintaining balanced outputs and load
sharing. The method most commeonly adopted for
this purpose Is that which employs a “load-equalizing
circuit” to control generator output via the voltage
regulators, The principle as applied to a twin-
generator system is Mustrated in much-simplified
form by Fig. 1.18. The generators are Interconnected

on their negative sides, via a series "load-sharing”™ or
“equalizing” loop containing equalizing coils (C,) ¢a
coil forming part of the individual voltage regulator
gircuits,

Equalizing current I,
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Load sharing (carben pile regulators)

The resistances R, and R, represent the resistances
of the nepative sections (interpole windings) ol the
generators, and under balanced load-sharing conditic
the volts drop across each section will be the same,
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i.e. Vi =, R; and ¥, =1; R;.Thus, the net volts
drop will be zero and so no current will flow through
the equalizing coils.

Let us now assume that generator No. 1 tends to
take g somewhat larger share of the total load than
generator No. 2. In this condition the volts drop V|
will now be greater than V, and so the negative
section of penerator No. 1 will be at  lower potential.
As a result, a current I, will flow through the equaliz-
ing coils which sre connected in such a manner that
the effect of 1, is to raise the output voltage of genera-
tor No. 2 ang reduce that of No, |, thereby effect-
ively reducing the unbalance in load sharing.

Figure 1.19 iilustrates the principle as applied to an
equalizing circuit which approximates to that of 4
practical generating system utilizing carbon pile volt-
age reguiators. The equalizing coils are wound on the
same magnetic cores as the voltage coils of Lhe regula-
tors, thus, assuming the sarne unbalanced condilions
as before, the current I, flows in a direction opposite
to that flowing through the No. 2 generator voltage
regulater coil, but in the same direction as the voltage
coil current in No, I regulator. The magnetic effeet of
the MNo. 2 regulator voltage coil will therefore be
weakened resulting in a decrease in carbon pile cesis-
tance and an increase in the output of No. 2 generator
(see also p. 12), enabling it to take more of the load.
The magnetic effect of the No. | regulator voltage coil
on the other hand, is strengthened, thereby increasing
carbon pile resistance and causing No. | generator to
decrease its output and o shed some of its load. The
variations in cutput of each generator continues until
the balanced load-sharing condition is once again
restored, whereby the equalizing-circuit loop ceases
to carry current.

The principle of paralleling as applied to a twin
d.c. generator system utilizing vibrating contact
regulators is shown in Fig, 1.20. In this case, the
equalizing or parallefing circuit comprises an
additional coi] “Eq" in the voltage regulation sections
“A" of each regulator, and a paralleling relay unit,

When both generators are in operation and supply-
ing the requisite regulated voltage, the contacts in the
voltage and current (**B™) regulation sections of each
regulator are closed, The contacts of the reverse
current relays “C" are also closed thereby connecting
both generators to the bushar, The outputs from each
generator are also supplied to the coils of the
paralleling relay unit and so the contacts of its relays
are closed, Thus, together with each of the coils
“Eq", the equalizing or paralleling circuit is formed

between the generator outputs. Under load-sharing
conditions, the current Mowing through the coils
“Eq"” is in the same direction as that through the
voltage coils of the voltage regulating sections of each
regulator, but in equal and opposite directions at the
contacts of the paralleling relay unit.

If the voltage output of one or other generator,
e.g. number 1, should rise, there will be a greater
voltage input to the voltage regulating section of
the number | voltage regulator compared to the
input at the corresponding section of the number 2
regulator. There will therefore, be an unbalanced
{low of current through the equalizing circuit such
that the increase in current through the coll “Eq"
of the number I voltage regulator will now assist the
magnetic effect of the voltage coil D" causing the
relay contacts to open, The resistance thereby
inserted in the {ield circuit of number 1 generator
reduces its excitation current and its voltage output,
Because of the unbalanced condition, the increased
current in the equalizing circuit will also flow across
the parulleling relay unjt contacts to the coil “Eq™
in the number 2 voltage regulator so that it opposes
the magnetic effect of its associated coil “D".

In paralleled alternator systems using solidstate
voltage reguiators, any unbalanced condition is
detected and adjusted by interconnecting the
regulators via two additional paralleling transistors,
one in each regulator.

Batteries
In almost all ajreraft electrical systems a battery has
the following principal functions —

(i) To help maintain the d,c, system voltage under
transient conditions, The starting of large d.c. motor-
driven accessories, such as inverters and pumps, requires
high input current which would lower the busbar volt.
age momentarily unless the battery was available to
assume a share of the load. A similar condition exists
should a short circuit develop in a circuit protected by
2 heavy duty circuit breaker or current limiter. This
function possibly applies to a lesser degree on aircraft
where the electrical system is predominantly a.c., but
the basie principle still holds true,

(ii) To supply power for short term heavy loads
when generator or ground power is not available,

e.g. internal starting of an engine,

(ii) Under emergency conditions, a battery i
intended to supply limited amounts of power. Under
these conditions the battery could be the sole remain-
ing source of power to operate essential flight instru-















charged to a permissible minimum voitage of each

cell. The time taken to discharge is cafled the discharge
rate and the rated capacity of the battery i¢ the pro-
duet of this rate and the duration of discharge (in
hours), Thus, a baitery which discharges 7 A for 5
hours is rated at 35 ampere-hours eapacity, Some
typical discharge rates of lead-acid and nickel-
cadmium batteries are shown in Fig. 1.25.
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Fig 1.25
Typical discharge rates of lead-acid and nickelcadmium
battedes

STATE OF CHARGE

All batteries display certain indications of their state
of charge, and these are of practical help in maintain-
ing operating conditions.

When a lead-acid battery is in the fully-charged
condition each cell displays three distinel indications:
the terminal voltage reaches itz maximum value and
rermains steady; the relative density of the electrolyie
ceases to rise and remmains constant; the plates gas
freely. The relative density is the sole reliable guide to
the electrical condition of the cell of a battery which
is neither fully charged nor yet completely discharged,
If the relative density is midway between the normal
maximum and minimurn values then a cell is approxi-
mately half discharged.

Checks an the relative density of batteries which
do not contain free electrolyte cannot be made; the
state of charge being assessed only from voltage
indications,

As we have already learned (see p. 21), the
electrolyte in the cells of a nickel-cadmium battery
does not chemically react with the plates as the
elecirolyte does In a lead-acid battery. Consequently,
the plates do not deteriorate, nor docs the relative
density of the electrolyte appreciably change. For this
reason, it is not possible to determine the state of
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charge by checking the relative density. Neither can
the charge be determined by a voltage test because of
the inherent characteristic that the voltage remains
constant over a major part of the discharge cyele, The
only possible check that a battery is fully charped is
the battery voltage when “on-charge”'; additionally,
the electrolyte should be at maximurm level under
these conditions,

Formation of white crystals of potassium carbonate
on a propetly serviced nickel-cadmium battery
installed in an aircraft may indicate that the battery
is being overcharped. The crystals form as a result of
the reaction of expelled electrotyte vapour with carbon
dioxide.

THERMAL RUNAWAY

Batteries are capable of performing to their rated
capacities when the teraperature conditions and chaig-
ing rates are within the values specified. In the event
that these are exceeded “thermaal runaway” can oceur,
conditipn which causes violent gassing, boiling of the
electrolyte and finally melting of the plates and casing,
with consequent danger to the aircraft stnucture and
jeopardy of the electrical system,

Stnce batteries have low thermal capacity heat can
be dissipated and this results in lowering of the effect-
ive internal resistance, Thus, when associated with
constant voltage charging, a battery will draw a higher
charging current and thereby set up the “runaway”
condition of ever-increasing charging currents and
temperatures. '

In some aircraft, particularly those employing
nicke]-cadmium batteries, temperature-sensing
devices are Jocated within the batteries to provide a
warning of high battery temperatures and to prevent
overcharging by disconnecting the batteries from
the charging source at a predetermined temperature
{(see alzo p. 29).

LOCATION OF BATTERIES IN AN AIRCRAFT
Depending on the size of aireraft and on the power
requircments for the operation of essential services
under emergency conditions, a single battery or
severa] batteries may be provided. When several
batteries are employed they are, most often, con-
nected in parallel although in some types of aircraft a
series connection is used, e.g, two 14-volt batteries in
serieg, while in others a switching arrangement is






BATTERY CONNECTIONS

The method of connecting batteries to their respective
busbars or power distribution points, depends largely
on the type of battery employed, and on the aircraft's
electrical system. In some cases, usually on the smaller
types of aircraft, the connecting leads are provided
with forked lugs which fit on to the appropriate
battery terminals, However, the method most
commenly employed is the plug and socket type
connector shown in Fig, 1.28. It provides better con-
nection and, furthermore, shields the battery terminals
and cable terminations,
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Battery plug connector

The socket comprises a plastic housing, incorporated
as an integral part of the battery, two shrouded plug
pint and the female threaded portion of a quick-start
thread lead-screw, The plug conststs of a plastic
housing incorporating two shrouded spring-loaded
sockets and terminals for the connection of battery
leads, and the male half of the mating lead-screw
operated by a handwheel, The two halves, on being
engaged, are pulled into position by the lead-serew
which thereafter acts as a lock. Reverse rotation of
the handwhee] separates the connector smoothly with
very little effort. In this way high contact pressures
and low resistance connections are possible and are
consistently maintained.
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TYPICAL BATTERY SYSTEMS

Figure 1,29 shows the circult arrangement for a
battery system which is employed in a current type of
turboprop airliner; the circuit serves as a general guide
to the methods adopted. Four batteries, in parallel are
directly connected 10 a battery busbar which, in the
event of an emergency, supplies power for a limjted
period to essential caonsumer services, i.e. radio, fire-
warning and extinguishing systems, a compass system,
ete, Direct connections are made to ensure that
battery power is gvailable at the busbar at all times.

The batteries also require to be connected to
ensure that they are maintained in a charged condition,
In the example illustrated this iz accomplished by
connecting the batieries to the main d.c. busbar via a
battery relay, power selector switch and a reverse
current circuit breaker.

Under normal operating conditions of the d.c,
supply system, the power selector switch is set to the
“battery" position (in some aircraft this may be
termed the “flight” position) and, as will be noted,
current flows from the batterles through the coil of
the battery relay, the switch, and then to ground via
the reverse current circujt breaker contacis. The
curtent flow through the relay coil encrgizes it,
causing the contacts to close thereby connecting the
batteries to the main busbar via the coil and second
set of contacts of the reverse current circuit breaker,
The d.c. services connected to the main busbar are
supplied by the generators and so the batteries will
also be supplied with charging current from this
S0Urce,

Under emergency conditions, ¢.g. a failure of the
generator supply or main busbar occurs, the batieries
must be isolated from the main busbar since their
total capacity is not sufficient to keep all services in
operation. The power selector switch must therefore
be put to the “off” position, thus de-energizing the
battery relay. The batteries then supply the essential
services for the time pedod pre-calculated on the
basis of battery capacity and current consumption of
the essential services.

The reverse current clrcuit breaker in the system
shown i3 of the electromagnetic type and its purpose
is to protect the batteries against heavy current flow
from the main busbar. Should this happen the current
reverses the magnetic field causing the normally closed
contacts to open and thereby interrupt the circuit
between the batteries and main busbar, and the
battery relay coil eircuit.
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Typical battery system circuit

The battery system in some types of turboprop
powered aircraft is so designed that the batteries
may be switched from a parallel configuration to a
series configuration for the purpose of starting an
engine from the batteries, The clrcuit arrangement
of one such system using two 24-volt nickel-cadmium
batteries iz shown in simplified form in Fig, 1.30.

Under normal parallel operating conditions,
battery 1 is connected to the battery bushar via its
own battery relay, and also contacts 1a.1h of a
battery switching relay. Battery 2 is directly
connected {0 the busbar via its relay.

When i1 is necessary to use the batterles for
starting an engine, i.e, to make an “internal” start,
both batteries are [irst connected o the battery
busbsr in the normal way, and the 24-volt supply
is fed to the starter circuit switch from the busbar,
Closing of the starter switch energizes the correspond-
ing starter relay, and at the same time the 24-volt

supply is fed via the starting circuit, to the eoil of
the battery switching relay thereby energizing it.
Contacts 1a-1b of the relay are now epened to
interrupt the direct connection between battery 1
and the busbar. Contacts 3a-3h are also opened to
interrupt the grounded side of battery 2. However,
since contacts 2a-2b of the switching relay are
simultaneously moved to the ¢losed position, they
connect both batteries in series so that 48 volts

is supplied to the bushar and to the starter moteor,

After the engine has started and reached self-
sustaining speed, the starter relay automatically
de.energizes and the battery switching relay coil
circuit is interrupted to return the batieries to their
normal parallel circuit configuration,

The power selector switches are left in the
“battery" position so that when the engine-driven
generator is switched onto the busbar, charging
currént can flow to the batteries.
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Parailel/series connection of batterias

Battery Charging from External Power

[n some single-engined aircraft systems, the battery
may be charged when an external pawer unjt is
plugged into the aircraft. This is achieved by a
pattery relay closing circuit eonnected across the
main contacts of the relay as shown in Fig. 1.31,

With the external power connected and switched
an, power is available to the battery relay output
terminal via the closed contacts of the external
power relay. At the same time, power is applied to
the battery relay closing circuit via its diode and
resistor which reduces the voliage to the input side
3f the battery relay’s main contacts and coil.

When the battery master switch Is selected to
*on”, sufficient current flows through the coil of
‘he battery relay to energize it. The closed contacts
»f the relay then allow full voltage from the external
jower unit to flow to the battery for the purpose

i o Extgrnat
Powar
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of charging it. The purpose of the fuse in the closing
circuit is to interrupt the charge in the event of a

“shorted” battery.

When the battery is being charged in this manner,
the voltage and current output from the external
power unit must be properly regulated.

Closing eircuit

i | Botgry swilching
I:T:. i}_i i | telay

——— P ARAA
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14

External
powar
relay

Fig 1.31
Battery charging from extemal power

"On-board” Battery Charger Units

In most types of turbojet transport aireraft currently
in service, the battery system incorporates a separate
unit for maintaining the batteries in a stage of charge.
Temperature-sensing eléments are also normally
provided in order to automatically isolate the charging
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¢lrcuit whenever there is a tendency for battery over-
heating to eccur. The circuits of “on-board” charger
units as they are gonerally tarmed, vary between
aircraft types, and space limits description of all of
them. We may however, consider two examples
which highlight some of the varlations to be found,

The much simplified circvit shown in Fig. 1,32
is based on the system adopted for the McDonnell
Douglas DC-10, In this particular application, the
required output of 28 volts is acheved by connecting
two 14-volt batteries in sedes. Furthermore, and
unlike the system shown in Fig, 1,29, the batteries
are only connected to the battery busbar whenever
the normal d.¢, supply (in this case frem transformer/
rectifier units) is not available, Connection to the
busbar and to the charger unit is done automatically
by means of a “charger/battery** relay and by
sensing relays.

When power is available from the main penerating
systern, d,c, it supplied to the battery bushar from a
transformer/rectifier unit and, at the same time, to
the coils of the sensing relays, With the relays ener-
gized, the circuit through contacts A2-A3 is inter-
rupted while the circuits through contacts B1-B2 are

made, The battery switch, which controls the operation

of the charger/battery relay, is closed to the “batt”
pasition when the main electrical power is available,
and the emergency power switch is cloged in the “off"
position.

The charger/battery relay is of the dual type, one
relay being a.c, operated and the other d.c. operated,
The a.c. relay coil is supplied with power from one
phase of the main three-phase supply to the battery
charger, and as will be noted from the diagram, the
relay is energized by current passing to ground via the

contacts B1-BZ of the sensing relays, the battery switch

and the emergency switch. Energizing of the relay
closes the upper set of contacts (A1-A2) to connect
the d.c, positive output from the battery charger to
the batteries, thereby supplying them with charging
current.

In the event of main power failure, the battery
charger will become inoperative, the a.c. charger
relay will de-energize to the centre off position, and
the two sensing relays will also de-energize, thereby
opening the contacts B1-B2 and closing the contacts
A2.A3, The closing of conlacts A2-A3 now permits a
positive supply to flow direct from the battery to the
coil of the d.c. battery relay, which on being energized
also actuates the a.c. relay, thereby closing contacts

B1-B2 which connect the batteries direct to the battery
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busbar. The function of the battery relay contacts is
to connect a supply from the battery busbar to the
relays of an emergency warning light circuit. The charg-
ing unit converts the main three-phase supply of 115/
200 volts a,c. into a controlled d.c. output at constant
current and voltage, via 2 transformer and a full-wave
rectifying bridge circuit made up of silicon rectifiers
and silicon controlled rectifiers (see also p.57). The
charging current is kmited to approximately 65 A, and
in order to monitor this and the output voltage as a
function of battery temperature and voltage, temper-
ature-sensing elements within the batteries are
connected to the S.C.R, “gates™ via 1 ternperature and
reference voltage control circuit, and a logic ¢ircuit.
Thus, any tendency for overcharging and overheating
to occur is checked by such a value of gate circuit
current as will cause the 5,C.R, to switch off the
charging current supply.

The second example shown in Figs. 1.33 and
1.34, is based on that used in the Boeing 737. The
charger operates on 115 volt 3-phase a.c. power
supplied from a “ground service” busbar, which in
turn, is normally powered from the number 1
generator busbar, and/or from an external power
source (see page 27). Thus, the aircraft’s battery is
mainlained in a state of charge both in fight and
on the ground.

In flight the a.c. supply is routed to the charger
thiough the relaxed contacts of a battery charger
transfer relay and an APU start interlock relay,

The d.c. supply for battery charging is obtained
from a transformer-rectifier unit within the charger,
and it maintains cell vollage levels in two modes of
operation: high and low. Under normul operating
conditions of the aircraft’s power generation system,
the charging level is in the high mode since as witl
be noted from the diagram, the mode control relay
within the charger is energized by a rectified output
through the battery thermal switch, and the relaxed
contacts of both the battery bus relay and the
exiernal power select relay, Above 16 amps the
charger acts as an unregulated transformer-rectifier
unit, and when the battery has sufficient charge
that the current tends to go below 16 amps, the
charging current is abruptly reduced to zerc. The
current remains at zero until the battery voltage
drops below the charge voltage, at which time the
charger provides the battery with a pulsed charge
and the process is repeated. The pulsing continues
until the control circuits within the charger change
the operation to the low mode, approximately two






minutes after pulse charging commences,

In the event that the number one generator
supply fails there will be a logs of a.¢. power to
the ground service busbar, and therefore, to the
battery charger. However, with number two
generator still on line, a transfer signal from its
control unit is automatically supplied to the coi]
of the battery charget transfer relay, and as may be
seen from Fig, 1.34, its contacts change over to
connect the charger to the a.c. supply from number
iwo generator, and so charger operation is not
interrupted,

The APU start interlock relay is eonnected in
parallel with a relay in the starting circuit of the
APU, and is only energized during the initial stage
of starting the APU engine, This prevents the starter
motor from drawing part of its heavy starting
current through the battery charger. The interlock
relay releases automatically when the APU engine
reaches 35% rev/min.
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In addition to the control relay within the battery
charger, there are three other ways in which the
charging mode can be controlled, each of them
fulfilling a protective role by interrupting the ground
circuit to the mode control relay and so establishing
alow mode of charge. They are .. () opening of the
battery thermal switch in the event of the battery
temperature exceeding 46 °C (115 °F); (if) loss of
d.c. power from the designated transformer-rectifier
unit causing the battery transfer relay to relax and
the battery bus relay to energize; and (iii) energizing
of the fuelling panel power select relay when external
a.c. power is connected to the aircraft. The latter is
ol importance sinee if the charger was left to operate
in the high mode, then any fault in the regulation of
the external power supply could result in damage to
the aircraft battery,



CHAPTER TWO

Alternating Current

Power Supplies

FUNDAMENTAL PRINCIPLES

Before studying the operation of some typical genera-
ting systems currently in use it will be of value to
recapitulate certain of the fundamentals of alternating
current behaviour, and of terminology commonly used.

Cycle and Frequency
The voltage and current produced by the generator of
an a.c. systern build up from zero to a maximum of
one polarity, then decay to zero, build up to a maxi-
mum of opposite polarity, and again decay 1o zero.
This sequence of build up and reversal follows a sine
wave form and is called a cyele and the number of
cycles in unit time (usually one second} is called the
frequency (see Fig. 2.1). The unit of frequency
meagurement is the Hertz (I1z).

In a conventional generator, the frequency is
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Fig 2.1
Cyele and [requency

dependent upan the speed of rotor rotation within its
stator and the number of poles. Two poles of a rotor
must pass a given point on the stator every cycle,;
therefore:

Frequency (c.p.s.) = rev/min x 2"‘0"5 of poles

For example, with a 6-pole generator operating at
8000 r.pam.,

8000 x 3
a0

For aircraft constant frequency systems {see p. 46)
400 Hz has been adopted as the standard.

Frequency = = 400 ¢,p.§, or 400 Hz

Instantaneous and Amplitude Values
At any given instant of time the actual value of an
alternating quantity may be anything from zero to
a maximum in either a positive or negative direction;
such a value is called an Mnstantanecus Value. The
Amplitude ot Peak Value is the maximum instant-
aneous value of an alternating quantity in the positive
and negative directions,

The wave form of ap alternating &.m.f. induced in
a single-turn coil, rotated at a constant veloeity in a
uniform mugnetic field, is such that at any given
point in the cycle the instantaneous value of e.m.f.
bears a definite mathematical relationship to the
amplitude valde. Thus, when one side of the coil
turns through 8° from the zero e.m.f. position and in
the positive direction, the instantaneous value of e.m.f,
is the product of the amplitude (Ejy ) and the sine of
4 or, in symbols:

Eingt = Emaysin 8

Similarly, the instantaneous vatue of current is
Vinst = I max sin 6.

Root Mean Square Value
The calculation of power, energy, elc., in an a.c. cir-



cuit is not so perfectly strajghtforward as it {sin a
d.c. circuit because the values of current and voltage
are changing throughout the cycle. For this reason,
therefore, an arbitrary “effective” value is essentia).
This vatue is penerally termed the Root Mean Square
(r.m.s,) value (see Fig. 2.2), It is obtained by taking a

i

Fig 2.2
R.M.A. value of altemating eurment

numbet of instantaneous values of voltage or current,
whichever is required, during a half cycle, squaring

the values and taking their mean value and then taking
the square root. Thus, if six values of current "1 are
taken, the mean square value is:

[l'l+ I:‘.I + 132+ [42+ Is'l+ 16'1
6

and the r.m.s. value is:

/\/ L3+ A+ L2+ 12+ 2+ 1)
6

The r.rn.s. value of an alternating current is related
to the amplitude or pesk value according to the wave
form of the current, For a sine wave the relationship
i8 given by:

_Peak _
r.ms. = V2 = (707 Peak

Peak =+/2 r.m.s, = 1-414 r.m.s.

Phasing and Phase Relationships

In connection with a.c. generating systerns and
sssociated circuits, the term “phase” 1z used to indjcate
the number of alternating currents being produced
and/or carried gimultaneously by the same circuit,
Furthermore, it is used in designating the type of
generating system and/or circuit, e.p. a “single-phase™
system or one producing single-phase current, and a
“polyphase™ system or one producing several single
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alternating currents differing in phase. Aircraft poly-
phage systems and eircuits are normally three-phase,
the three currents differing in phase from each other
by 120Q electrical degrees.

The current and voltage in an a.c, circuit have the
same frequency, and the wave form of the alternsting
quantities is sirndlar, j.e, if the voltage is sinusoidal
then the current is also sinusoidal, In some circuits the
fiow of current is affected solely by the applied volt-
age so that both voltage and current pass through zero
and attain their peaks in the same direction simul-
tanecusly; under these conditions they are said to be
“in phase”. In many circuits, however, the current flow
is influenced by magnetic and electrostatic effects set
up in and around the circuit, and although at the same
frequency, voltage and current do not pass through
zero gt the same instant. In these circumstances the
voltage and curment are said to be “out of phase”, the
difference between corresponding points on the wave-
forms being known as the phase difference, The term
“phase angle™ is quite often used, and is synonymous
with phase difference when expressed in angular
measure, The phase relationships for the three basie
forms of a.c. circuits, namely, pure resistive, induct-
ive and capacitive, are illustrated in Fig. 2.3,

In a pure resistive cireuit (Fig, 2.3(a)) the resistance
Is constant, therefore magnetic and electrostatic effects
are absent, and the applied voltage is the only factor
affecting current flow. Thus, voltage and current are
“irt phase™ in a resistive eireuit.

In a pure inductive circuit (normally some resistance
is always present} voitage and current are always out
of phase. This is due to the fact that a magnetic fleld
surrounds the conductors, and since it too continually
changes in magnitude and direction with the alternat-
ing current, a self-induced or “reactance” e.mn.f, is
set up in the cireoit, to oppose the change of current
in the circuit. As a result the rise and fall of the
current is delayed and as may be seen from Fig. 2.3(b)
the current “lags™ the voltage by 9¢ degrees.

Capacitance in an 4.c. cireuit also opposes the
current flow and causes 2 phase difference bstween
applied voltage and curreitt but, 2s may be noted from
Fig. 2.3(c), the effect is the reverse to that of induect-
ance, i.e. the current “leads” the voltage by 90 degrees.

Where the applicd voltape and current are ont of
phase by 90 degrees they are said to be in quadrature.

A three-phase citcuit is one in which three voltages
are produced by a generator with three coils so spaced
within the stator, that the three voltapes generated
are equal but reach their amplitude values at different
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times. For example, in each phase of a 400 He, three-
phase generator, a cycle is generated every 1/400
second. In its rotation, a magnetic pole of the rotor
passes one coil and generates a maximum voltage; one-
third of a cycle {1/1200 secend) later, this same pole
passes another coil and generates a maximum voltage
int it. Thus, the amplitude values generated in the three
coils arc always one-third of & cycle (120 electrical
degrees; 1/1200 second} apart.
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A.C, cireuits phase relationship

The interconnection of the coils to form the three
phases of a basic generator, and the phase sequence, is
shown in Fig. 2.4, The output terminals of generators
are marked te show the phase sequence, and these
terminals are connected to busbars which are identifie
correspondingly.

Phose 4
iy ____:
Siator . g

L____JI'\__’ Phtye

Phase Phasze Fhose
+ a B C
120°-

\.
Phose B
0]
. H

Volis

Phose &

Qne cycle of

Fig 2.4
Three-phase system

Interconnection of Phases

Each phase of a three-phase generator may be brough
out to separate terminals and used to supply separate
proups of consumer serviges. This, however, is an
arrangement rarely encountered in practice since
pairs of *line®” wires would be required for each
phase znd would involve uneconomic use of cable.
The phases are, therefore, interconnected normally
by either of the two methods shown in Fig. 2.5,

The "Star” connection ({(0)) is commonly used in
generators, One end of each phase winding 1s con-
nected (o a commen point known s the neutra poil
while the opposite cnds of the windings are connecte
to three scparate lines, Thus, lwo-phase windings are
connected between each pair of lines. Since similar
ends of the windings are joined, the two phase ean.f
aré in opposition and out of phase and the voliage
between lines (E1) is the phasc voltage {Epp} multi-
plied by +/3. Fur example, if Epy is 120 valts, then
Eyp equals 120 x 1732, or 208 volts approx. As ar a
line and phase currents are congerned, these are equ:
to each other in this type of eircuit conpection.



Il necessary, consumer services requiring only a
single-phase supply can be tapped into a three-phase
star-connected system with a cholce of two different
voltage levels, Thus, by connecting from one phase
to neutral or ground, we obtain a single-phase 120
volts supply while conneeting acrass any pair of lines
we can obtain a single-phase 208 volts supply.
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Flg 2.5
Interconnection of phases
(a) "Star" connection
{b) 'Dalta” connection

Figure 2.5(b} illustrates the “Delta” method of
connection, the windings being connected in series to
form a closed “mesh” and the lines being connected
to the junction points. As only one phase winding is
connected between each pair of lines then, in the
delta method, line voltage (Ey) is always equal to
phase voltage (Epp). The line current, however, is the
difference between the phase currents connected to
the Hne and is equal to the phase current (Ipn)
multiplied by +/3,

Generator Power Ratings

The power ratings of a.c. generators are generally
given in kilovolt-amperes (kVA) rather than kilowatts
(kW) as in the case of d.c, machines. The primary
reason for this is due to the fact that in caleulating
the power, account must he taken of the difference
between the true or effective power, and the apparent
power, Buch a difference arizes from the type of
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circuit which the generator i to supply and the phase
relationships of voltage and current, and is expressed
a5 a ratio termed the power factor (P.F.), This may
be written:

_ Effective Power (kW)
* Apparent Power (kVA)

= cosine phase angle ¢

PF

If the voltage and current are in phase (as in a
resistive circuit) the power factor is 100 per cent or
unity, because the effective power and apparent power
are equal; thus, a generator rated at 100 kVA in a cir-
cuit with a P.F. of unity will have an output 100 per
cent efficlent and exactly equal to 100 kW.

When a eircuit contains induetanee or capacitance,
then as we have already seen (p. 33) current and
voltage are not in phage so that the P.F. is less than
unity. The vector diagram for a current | lagging a
voltage E by an angle v is shown in Fig. 2.6, The
current is resolved into two components at right
angles, one in phase with E and given by I cos ¢, and
the other in quadrature and given by Isin ¢. The
in-phase component is called the active, wattful or
working component (kW) and the quadrature com-
ponent is the idle, wattless or reactive component
{kVAR), The importance of these components will
be more apparent when, later in this chapter, methods
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Fig 2.6
Components of current due to phase difference



36

of load sharing between generators are discussed,
Most a,c, ganerators are designed to take a pro-
portion of the reactive component of current through
their windings a- d some indication of this may be
obtained from the information given on the generator
daia plate. For example, the output rating may he
specified as 40 kVA at 0.8 P.F. This means that the
maxjmum output in kW is 0-8 x 40 or 32 kW, hut
that the product of velts and amperes under all
conditions of P.F. must not exceed 40 kVA,.

FREQUENCY-WILD SYSTEMS

A Frequency-wild system is one in which the frequency
of its generator voltage output is permitted to vary
with the rotational speed of the generator, Although
such frequency variations are not suitable for the
direct operation of all types of a.c. consumer equip-
ment, the output can (after constant voltage regula-
tion) be applied directly to resistive load circuits such
as eleetrical de-icing systems, for the reason that resist-
ance 1o alternating current rermains substantially con-
stant, and is independent of frequency.

Generator Construction

The construction of a typical frequency-wild
generator utilized for the supply of heating current
to a turbo-propeller engine de-icing systern is illus.
trated in Fig. 2.7. Tt has a three-phase output of

22 kVA ar 208 volts and it supplies full load at

this voltage through a frequency range of 280 to

400 Hz. Below 280 Hz the field current is limited
and the output relatively reduced, The generator
congists of two major assemblies: a fixed stator
assernbly in which the current is induced, and a
rotating assembly referred to as the rotor, The

stator assembly is made up of high permeability lani-
inations and is clamped in a main housing by an end
frame having an integral flange for mounting the
generator at the corresponding drive outlet of an
enpine-driven accessory gear-box. The stator winding
is star connected, the star or neutral point being made
by linking three ends of the winding and connecting
it to ground (see also p. 35). The other three ends

of the winding are brought out to a three-way output
terminal box mounted on the end frame of the
generator, Three small current transformers are fitted
into the terminal box and form part of a protection
system known as a Merz-FPrice system (see p. 122).
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Frequency-wild gencrator

The rotor assembly has six salient poles of lamina-
ted construction; their series-connected field windings
terminate 3t two slip rings secured at one end of the
rotor shaft. Three spring-loaded brushes are equispaced
on each slip ring and are contpined within a brush-gear
housing which also forms a bearing support for the
rotor. The brushes are electrically connected 1o d.c.
input terminals housed in an excitation terminal box
mounted above the brush-gear housing. The terminal
box also houses eapacitors which are connected
between the terminals and frame to suppress inter-
ference in the reception of radio signals. At the drive
end, the rotor shaft is serrated and an ofl seal, housed
in a carrier plate bolted to the main housing, is fitted
over the shaft to prevent the entry of oil from the
driving source into the main housing.

The generator is cooled by ram air (see also
Chapter 1, p. 9} passing into the main housing via an
inlet spout at the slip ring end, the air escaping from
the main housing through ventilation slots at the drve-
end. An air-collector ting encloses the slots and is
connected to a vent through which the coaling air is
finally discharged, Provision is made for the installa-
tion of a thermally-aperated switch to cater for an
overheat warning raquirement.
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Linderdrive phase

The variable displacement unit consists of a
cylinder block, reciprocating pistons and a variable
angle wobible or swash plate, the latter being
connected to the piston of a control cylinder, Gil
to this cylinder is supplied from the governor. The
unit is driven direetly by the input gear and the
differential planet gear carrier shaft, so that its
eylinder block always rotates (relative to the port
plate and wobble plate) at a speed proportional to
input gear speed and always in the same direction.
When the control eylinder movyes the wobble plate
to some angular position, the pistons within the
eylinder block are moved in and out as the block
rotates, and so the charge oil 1s compressed 1o a
high pressure and then “ported” to the fixed dis-
placement unit. Thus, under these condittons the
varable displacement unit Functions as a hydraulic

pump.

The supply of charge oil to the unit's control
valve I controlled by a governor valve which is
spring biased, flyweight operated and driven by
the output gear driving the generator, It therefore
responds to chanpes in transmission output speed.

The fixed displacement unit is smilar to the
varjable displacement unit, except that its wobble
plate which has an inclined face, is fixed and has
1o connection with the control eylinder, When oi]
is pumped to the fixed displacement unit by the
variable one, it functions as a hydraulic motor and
its direetion of rotation and speed is détermined
by the volume of ol} pumped to it. It can also
function as a pump and therefore supply the
variable displacement hydraulie unit,

The differential goar consists of a carrer shaft
carrying two meshing {1:1 ratio} planet gears, and
g gear at each end; one meshing with the input gear
and the other with the gear which continuously
drives the variable displacement unit eylinder block.
The carder shaft always rotates in the same direction
and at a speed which, via the input gear, varies with
engine speed. Surrounding the carrier shaft are two
separate “housings”, and gince they have internal
ring gears meshing with the planet gears, then they
can be rotated differentially. Each housing also has
an external ring gear; one (input ring gear) meshing
with the fixed displacernent unit gear, and the other
(output ring gear) meshing with the output gear drve
to the generator, Thus, with the (8D in operation,
the output ring gear “housing” serves as the con-
tinuous drive transmission link between engine and
generator. Since the input ring gear “housing” is
geared to the fixed displacement hydraulic unit,
then depending on whether this urit is acting as a
motor or a purnp, the “housing” can rotate in the
same direction as, or opposite to, that of the carrier
shaft and the output ring gear “housing”. In this way,
speed is added 1o, or subtracted from, the engine
speed, and through the gear ratio (2:1) between the
ring gears and the carrier shaft planet gears, the
output ring gear “housing” rotational speed will be
appropriately adjusted to maintain constant govemor
speed.

When the input speed, via the input gear, is
sufficient to produce the required output speed,
the drive to the generatar is transmitted straight
through the differential and output ring gear. The
variable displacement hydraulic unit cylinder block
i continuously rotating, but the position of its
wobble plate is such that no charge oil is pumped



to the fixed displacement unit. The eylinder block of
this unit and the output ring gear “housing” do not,
therefore, rotate during straight through drive.

If the input speed supplied to the transmission
exceads that needed to produce the required output
speed, the govemar in sensing the speed difference
will cause oil to flow away from the control valve,
Tn this condition, the trangmission is said to be
operating in the underdrive phase and 15 shown in
Fig. 2.10. The control valve changes the angular
position of the variable displacement unit's wobble
plate so that the volume of oil for accommodating
the oil in the bores of the cylinder hlock is increased,
allowing oil to be pumped at high pressure from
the fixed displacement unit, The pressure of the
pistons againsi the inclined face of the unit now
causes its cylinder hlock to rotate in the same
direction as that of the variable displacement unit,
This rotation is transmitted to the input ring gear
“houging™ of the differential unit, so that it will
rotate in the same direction as the output ring
gear “housing”, and the carrier shaft, Begause the
input ring gear “housing” is now rotating in the
samne direction as the carrier shaft then the speed
of the freely rotating planet gear meshing with the
housing will be reduced. The speod of the second
planet gear will also be reduced in direct ratio
thereby reducing the speed of the output ring
gear “housing”, This hydromechanical process of
speed subtraction continues unti! the required
generator drve speed is attained at which the trans.
mission will revert to straight through drive
operation,

When the input speed supplied to the trans-
mission i5 lower than that needed to produce the
required output speed, the governor causes chargs
oil to be supplied to the control valve, In this con-
dition, the transmission is said to be operating in
the everdrive phase and this is shown in Fig. 2.11.
As will be noted, the change in angular position of
the varlable displacement unit's wobble plate now
causes it to pump high pressure oil to the fixed
disptacement unit. The cylinder block and input ring
gear “housing™ therefore rotate in the oppasite
direction to that of the underdrve phase, and so
it increases the rotational speed of the planet gears
and output ring gear “housing™, Thus, speed is
added to restore the required generator drive speed.

In multi-C3D generator systerns the control of
the drives is imporiant in erder that real electrical
load (zee p. 48) will be evenly distributed
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between the generators, Any unbalance in real load
is automatically sensed by control units and Ioad
controllers in the generator systems and, dnce
correction must be made at the generator drive,
signals resulting from an unbalance are fed to an
electromagnetic coil within the basic governor of
each CSD) (see page 39). The electromagnetic
field interacts with additional penmanent magnet
flyweights driven by the governor, to produce a
torque which in conjunetion with centrifugal fores
provides a “fine” adjustment or trimming of the
governor control valve, and of the output speed to
the generators,

A typical CSD/genergtor ingtallation i shown
in Fig. 2,12,

The disconnection of a C.8.D. transmission system
following a malfunction, may be accomplished
mechanically by levers iocated in the flight crew com-
partment, electro-pneumatically, or as is more common,
by an electro-mechanical system. In this system (see
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rotors are mounted; logated in this manner they are
close to the axis of rotation and are not, therefore,
subjected to excessive centrifugal forces. A suppression
capacitor is also connected in the rectifier circuit and
is mounted at one end of the rotor shaft. [ts purpose

is to suppress voltage “spikes” created within the
diodes under certain operating conditions.

The main generator consists of a three-phase star-
wound stator, and an eight.pole rator and its associ-
ated field windinps which are connected to the output
af the rotating rectifier, The leads from the three
stator phases are brought directly to the upper surface
of an output lerminal bosrd, thus permitting the air-
crafl wiring to be clamped directly against the phase
leads without current passing through the terminal
studs. In addition to the field coils, damper (amort-
isseur) windings are fitted to the rotor and are [ocated
in longitudinal siots in the pole faces. Large copper
bands, under stee] bands at each end of the rotor
stack, provide the electrical squirrel-cage cireuit. The
purpose of the damper windinps is to provide an
induction motor effect on the generator whenever
sudden changes in load or driving torque tend to cause
the rotor speed to vary above or below the normal or
synchronous system frequency. Tn isolated generator
operation, the windings serve to reduce excessively
high transient voltages cavsed by line-to-line system
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faults, and to decrease voltage unbalance, during
unbalanced load conditions. In paralle! operation (zee
p. 47), the windings also reduce transient voltages
and assist in pulling in, and holding, a generator in
synchronism.

The drive end of the main rotor shaft consists of a
splined outer adaptor which fits over a stub shaft
secured to the main generator rotot. The stub shaft, in
turn, fits over a2 drive epindle fixed by a centrally
located screw Lo the hollow section of the shaft con-
taining the rotating rectificr assermbly. The complete
shaft is supported at each end by pre-greased sealed
bearings.

The penerator is cooled by ram air which enters
through the end bell section of the casing and passes
through the windings and also through the rotor shaft
to provide cooling of the rectifier assembly. The air
is exhausted through a perforated screen around the
periphery of the casing and at a point adjacent to the
main generator stator. A thermally-operated overheat
detector switch is screwed directly through the stator
[rame section into the stator of the main penerator,
and is connected to an overhieat warning light on the
relevant systemi contral panel.

Further information on the circuit arrangement
of the generator is given an page 45,
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Integrated drive generatar



Integrated Drive Generators

As will be noted from Fig. 2.15, an integrated drive
generator is one in which the CSD and generator
are mounted side by side to form a single compact
unit. This configuration reduces weight, requires
less space, and in comparson with the “end-to-end”
configuration it reduces vibration. The fundamental
canstruction and operation of both the generator
and drive units follow that described in the pre.
ceding paragraphs, The essential difference relates
to the method of cooling the generator. Instead of
air being utilized as the cooling medium, oil is
pumped through the generator; the oil itself i3 in
turn cooled by means of & heat exchanger system,

FIELD EXCITATION OF GENERATORS

The production of a desired output by any type of
generator requires a magnetic fleld to provide excita-
tion of the windings for starting and for the sub-
sequent operational running period. In other words,
a completely self-stariing, self-exciting sequence is
required. In d.c. generators, this is achieved in a fairdy
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straightforward manner by residual magnetism in the
electromagnet system and by the build up of current
through the field windings, The (feld current, as it is
called, is controlled by a voltage regulator system,
The excitation of a.c. generators, on the other hand,
involves the use of somewhat more complex circuits,
the arrangemnents of which are essentially varied to
sujt the particular type of genetator and its control
ling system, However, they all have one commen
feature, i.e. the supply of direct current io the field
windings to maintain the desired a.c. output,

Frequency-Wild Ganerators

Figure 2,16 iz a schematlc illustration of the method
adapted for the generator Wustrated in Fig, 2.7, In
this case, exeitation of the rotor field is provided by
d.e. fropythe aireraft’s main busbar and by rectified
a.¢. The principal components and sections of the
control system associated with excitation are: the
control switch, voltage regulation section, field
excitation rectifier and current compounding section
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consisting of a three-phase current transformer and
rectifier.,

‘The primary windings of the compounding trans-
former are in seties with the three phases of the
generator and the secondary windings in series with
the compounding rectifier.

When the control switch is in the *start” position,
d.c. from the main busbar is supplied to the slip rings
and windings of the generator rotor; thus, with the
generator running, a rotating magnetic field is set up
to induce an alternating output In the stator, The
output is tapped to feed a magnetic amplifier type of
voltage regulator which supplies a sensing current
signal to the excitation rectifier (see p. 45). When
this signat reaches a pre-determined off-load value, the
rectified a.c. through the rotor winding is sufficient
fur the generator to become selfexcited and indepen-
dent of the main busbar supply which is then dis-
connected,

The maximum excitation current for wide-speed-
range high-output generators of the type shown in
Fig. 2.7 is quite high, and the variation in excitation
current necessary to control the output under varying
“load" conditions is such that the action of the voliage
regulator must be supplemented by soine other medium
of variable exeitation current. This is provided by the
compounding transformer and rectifier, and by con-
necting them in the manner already described, direct
current proportional to load current is supplied to the
totor field windings.

Constant-Fraquency Ganerators

The exciter stator of the generator described on

page 41 is made up of two shunt field windings,

a stabilizihg winding and also six permanent magnéts;
the latter provide a residual magnetic field lor initial
excitation. A themmistor is located in series with one
of the paraliel shunt field windings and serves as a
temperature compensator. At low or normal ambient
temperatures, the high resistance of the thermistor
blocks current flow in its winding circuit so that it
causes the overall shunt field resistance to be about
that of the remaining winding circuit. At the higher
temperature resulting from normal operation, the
registance of each single circuit increases to approxi-
mately double. At the same time, however, the
thermistor resistance drops to a negligible value
permitting approximately equal current to flow in
each winding circuit,

The stabilizing winding is wound directly over the
shunt field windings, and with the permanent magnet
poles a& a common magnetic core, a transformer type
of coupling between the two windings is thereby
provided, The rectifier assernbly consists of six silicon
diodes separated by insulating spacers and connected
as a three-phase full-wave bridge.

The excitation circuit arrangement for the generato
is shown schernatically in Fig. 2.17. When the
generator starts running, the flux from the permanent
magnets of the a,c. exciter provides the initial flow of
current int its rotor windings. As a result of the initial
current flow, armature reaction s set up and owing to tl
position of the permanent magnetic poles, the reactior
polarizes the main poles of the exciter stator in the
proper direction to assist the voltage regulator in tak-
ing over exeitation control.

The three-phase voltage produced in the windings i
supplied to the rectifier assembly, the d.c. output of
which iz, In turn, fed to the field coils of the main
generator rotor as the required excitation current. A
rotating magnetic field is thus produced which induces
a three-phase voltage vutput in the main stator wind-
ings. The output is tapped and is (ed back 1o the shunt
field windings of the exciter, through the voltage
fegulator system, in order to produce a field supple-
mentary to that of the permanent magnets. In this
manner the exciter output is increased and the main
generator is enabled to build up its cutput at a faster
rate. When the main output reaches the rated value,
the supplementary electromagnetic field controls the
excitation and the effect of the permanent magnets is
almost eliminated by the opposing armature reaciion.
During the initial stages of generator operation,
the current flow to the exciter anly passes through
one of the two shunt field windings, due to the invers
temperature/resistance characteristics of the thermiste
As the temperature of the winding increases, the
thermistor resistance decreases to allow approximately
equal current to flow in both windings, thus maintajn.
ing a constant effect of the shunt windings.

In the event that excitation current should suddeni
increase or decrease as a result of voltage fluctuations
due, for example, to switching of loads, a current will
be induced in the stabilizing winding since it acts as a
transformer secondary winding. This current is fed int
the voltage regulator as a feedback signal to so adjust
the excitation current that voltage fluctuations resulti
from any cavse are opposed and held to a minimum,
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Voltage regulation

also. This results in an increase or decrease, as appro-
priate, of the excitation current flow to the generator
rotor field winding, continuing until the line voltage
produces balanced signal conditions once more in the
arror sensing clreudt.

Constant-Frequency Systems

The regulation of the output of a constant-frequency
system is also based on the principle of contrelling
field excitation, and some of the techniques thus far
described are in many instances applied, [n installa-
tions requiring a multi-arrangement of constant-fre-
quency generators, additional circuitry 15 required to
control output under load-sharing or paraliel operating
conditions and as this control also involves field excita-
tion, the overall regulation circuit arrangement is of
an integrated, and sometimes complex, fotm, At this
stage, however, we are only concerned with the funda-
mental method of regulation and for this purpose

we may consider the relevant sections or stages of the
¢ircuit shown schematically in Fig. 2.19.

The circuit fs comprised of three main sections; a
voltage error detector, pre-amplifier and a power
amplifier. The function of the voltage error detector
is to monitor the generator output voltage, compare
it with a fixed reference voltage and to transmit any
erfor to the pre-amplifier, It is made up of a three-
phase bridpe rectifier connected to the generator out-
put, and a bridge circuit of which two arms contain

gas-filled regulator tubes and two contain resistances.
The inherent characteristics of the tubes are such tha
they maintain an essentially constant voltage drop
across their connections for 3 wide range of eurrent
through them and for this reason they establish the
reference voltage against which output voltage is con-
tinuously compared. The output side of the bridge is
eonneeted to an “error” control winding of the pre-
amplifier and then from this amplifier to 2 “signal”
contro] winding of a second stage or power amplifier,
Both stages aie three-phase magnetic amplifiers, The
final amplified signal is then supplied to the shunt
windings of the generator a.c. exciter stator (see also
Fig.2.17).

The output of the bridge rectifier in the error
deteclor is a d.c. voltage slightly lower than the aver-
age of the three a.c. line voltages; it may be adjusted
by tneans of a variable resistor{RV,) to bring the
regulator system to a balanced condition for any
nominal value of line voltage. A balanced condition ¢
the bridge circuit concerned is obtained when the
vottage applied across the bridge (points “A"” and B
Is exactly twice that of the voltage drop across the
two tubes. Since under this condition, the voltage dr
across rasistors R and R, will equal the drop across
each tube, then no current will flow in the output ci
cuit to the error control winding of the pre-amplifier

If the a,c, line voltage should go above or below ¢
fixed value, the voltage drops across R and Ry will
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regulation of the two parameters, real load and
reactive load , is requirad. Real load is the actual
working load output in kilowatts (kW) available for
supplying the varjous electrical services, and the
reactive load is the so-called ““wattless Joad” which
is in fact the vector sum of the inductive and
capacitive currents and voltage in the system
expressed in kilovolt-amperes reactive (KVAR), (See
Fig, 2.6 once again.)

Since the real load is directly related to the input
power from the prime mover, Le. the aircraft engine,
real load-sharing control must be on the engine, There
are, however, certain practical difficulties involved, but
ag it is possible to reference back any real load un-
batance to the constant-speed drve unit between
engine and generator, real load-sharing control is
effected at this unit by adjusting Lorque at the output
drive shaft,

Reactive load unbalances are corrécted by control-
ling the exciter field current delivered by the voltage
regulators to their respective penerators, in accordance
with signals from a reactive load-sharing eireuit,

Real Load-Sharing  The sharing of real load between
paralleled generators is determined by the real relative
rotational speeds of the generators which in tum
influence the voltage phase relationships.

As we learned earlier (sec p. 38) the speed of a

generator is determined by the initlal setting of the
governor an its associated constant speed drive, 1t is
not possible, however, to obtain exactly identical
governor settings on all constant speed drives employed
in any one installation, and so automatic control of
the governors becomes necessary.

A.C. generators are synchronous machines. There-
fore when two or more operate in parallel they lock
together with respect to fraquency and the system
frequency established is that of the generator whose
output is at the highest level, Since this is controlled
by speed-governing settings then it means that the
generator associated with a higher setting will carry
more than its share of the load and will supply energy
which tends to miotor the other machines in parallel
with it. Thus, sharing of the total real load is unbal-
anced, and equal amounts of energy in the form of
torque on the generator rotors must be supplied.

Fundamentally, a control system is comprised of
two principal sections: one in which the unbalance is
determined by means of current transformers, and
the other (load controtling section) in which torques
are cstablished and applied. A eircuit diagram of the

system as applied 1o a four-generator installation is
shown schematically in Fig. 2.20.

The current transformers sense the real load dis-
tribution at phase “C" of the supply from each gener-
ator, and are connected in series and together they
form a load shardng loap. Each load controller is
made up of a two-stage magnetic amplifier controlled
by an error sensing ¢lement in paralle! with each cur-
tent transformer. The output side of each load con-
trolter is, in turn, connected to a solenoid in the speed
governor of each constant speed unit,

When current flows through phase “C" of each
generator, a voltage praportional to the eurrent is
induced in each of the current transformers and as
they are connected in series, then current will flow in
the load sharing loop, This current is equal to the
average of the current produced by all four trans-
formers.

Let us assume that at one perjod of system opera-
tion, balanced load sharing conditions are obtained
under which the current output from each transformer
is equal to five amps, then the average flowing in the
load sharing loop will be five amps, and no current cir-
culates through the error sensing elements, If now a
generator, say MNo. 1, runs at a higher speed governot
setting than the other three generators, it will carry
more load and will increase the oulput of its associ-
ated current transformer.

The share of the load being carried by the other
generators falls proportionately, thereby reducing the
output of their cutrent teansformers, and the average
current flowing in the Joad sharing loop remains the
same, 1.e. five amps. If, for example, it is assumed that
the output of No, 1 generator current transformer is
ingreazed to eight amps & difference of three amps
will flow through the error sensing element of its
relevant load controller. The three amps difference
divides equally between the other generators and so
the output of each corresponding current transformer
is reduced by one amp, a difference which flows
through the error sensing elements of the load con-
trollers. The error signals are then applied as d.c.
control signals to the \wo-stage magnetic amplifiers
and are fed to electromagnetic coils which are mounte
adjacent to permanent magnet flywaights and form
patt of the govemnor in each constant speed drive unit
(sec page 39). The current and magnetic field
simulate the effects of centrifugal forces on the fly-
weights and are of such direction and magnitude as
to cause the flyweights 1o be attracted or repelled.

Thus, in the unbalanced condition we have assume
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Real ioad-sharing

i.e. No. | generator running at a higher governor set-
ting, the current and field resulting from the error
signal applied to the corresponding load controller
flows In the opposite sense and repels the {lyweights,
thereby simulating a decrease of centrifugal force.
The movement of the flyweights causes vil to flow to
underdsive and the output speed of the constant speed
unit drive decreases, therebhy correcting the governor
setting to decrease the load being taken by No. |
generator, The direction of the current and field in
the 1oad controller sensing elements of the remaining
generators is such that the governor flyweights in
their constant speed drive units are attracted, allowing
oll to flow to overdrive, thereby increasing the load
being taken by each generator,

Reactive Load-Sharing  The sharing of reactive load
between paralleled generators depends on the relative
magnitudes of their output voltages which vary, and
as with all generator systems are dependent on the
settings of relevant voltage regulators and field
excitation current (see also p. 43). If, for example,

the voltage regulator of one generator is set slightly
above the mean value of the whole parailel system,
the regulator will sense an under-voltage conditien
and it will zecordingly increase its excitation current
in an attempt to raize the whole system voltage to
its setting. However, this results in a reactive com-
ponent of current flowing from the “over-excited”
generator which flows in opposition to the reactive
loads of the other generators, Thus, its load i
increased while the loads of the other generators

are reduced and unbalance in reactive load sharing
exists. [t is-therefore necessary 1o provide a circuit to
cormrect this condition.

In'principle, the method of operation of the reactive
load-sharing circuit is simdlar to that adopted in the
real load-sharing circuit described earlier. A difference
in the nature of the circuitry should however be noted
at this point, Whereas in the real load-sharing circuit
the current transformers are connected directly to
the error detecting elements in load contralling units,
in a reactive load-sharng circuit (see Fig. 2.21) they
are connecied to the pomary windings of devices
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called mutual reactors, These are, in fact, transformers
which have (i) a power source connected to their
secondary windings in addition to their primaries; in
this instance, phase “C" of the generator output, and
(if} an air gap in the iron core to produce a phase
displacement of approximately 90 degrees between
the primary cutrent and secondary voltage. They
serve the purpose of delivering signals to the voltage
regulator which is propartional to the generator's
reactive load only.

When a reactive load unbalance oceurs, the current
transformers detect this in a similar manner to those
assoctated with the real load-sharing circuwit and they
cause differential currents to flow in the primary
windings of their associated mutual reactors. Voltages
proportional to the magnitude of the differential
currents are induced in the secondary windings and
will either lead or lag generator current by 90 degrees,
When the voltage induced in a particular reactor
secondary winding leads the associated generatar
current it indicates that a reactive load exists on the
generator; in other words, that it is taking more than
its share of the total load. In this condition, the

voltage will add to the voltage sensed by the secon-
dary winding at phase “C". If, an the other hand, the
voltage lags the generaior current then the pgenerator
is absorbing a reactive load, 1.¢, it is taking less share
of the total load and the voltage will subtract from
that sensed at phase *C".

The secondary winding of each mutual reactor s
connected in serles with an error detector in each
voltape regulator, the detector functioning in the
same manrer as those used for voltage regulation
and real load-sharing (see pp. 48 and 49).

Let us assume that No. 1 generator takes the
greater share of the load, i.e. it has become over-
excited, The voltage induced in the secondary wind-
ing of the corresponding mutual reactor will be
additive and so the error detector will sense this as
an overvoltage. The resulting d.c. error signal is
applied to the pre-amplifier and then to the power
amplifier the outpul of which is adjusted to reduce
the amount of exciter current being delivered to the
Mo. | generator. In the case of the other three
generators they will have been carrying less than
their share of the reactive load and, therefore, the
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Prior to engine starting, the bus-tie breakers and
field relays are closed (indicator lights out) and the
gonerator breakers are tripped (indicator lights on).
As the first engine is started, the meter selector
switch is positioned at GEN 1 to connect phases
“A" and “C” of this generator to the synchronizing
busbar via the synchronizing lights, Phase “B" is
connected to both the voltmeter and frequency meter
the readings of which are then checked. Since at
this moment, only the number 1 generator is in
operation, then with respect to the other two it
will of cotirse, produce maximum voltage and phase
difference and both synchronizing lights will flash
at a high frequency as a result of the current flow
through them, The (requency control knob for
the generator is then adjusted unti] its load con.
troller has trimmed the CSD/generator spead to
produce 3 *“master” frequency of abbut 403 Hz,
and simultanieous Mlashing of hoth symchronizing
lights.

When the second engine is started, the meter
selector gwitch is positioned at GEN 2 to connect
the synchronizing lights and meters to the appro-
priate phases of number 2 generator, and its
{requency is also adjusted in the manner just
deseribed. The number 1 generator is then con-
negted to its lnad busbar by closing its generator
breaker, This actlon also connects the generator
ta the synchronizing busbar, and since the syn-
chronizing lights are now sensing the output of the
second on-coming generator, their flashing frequency
will be very much less as a result of less voltage and
phase difference between the two generator outputs,
The frequency of the second generator is then
adjusted to obtain the greatest time interval between
flashes of the synchronizing lights, and while the
lights are oui (indicating both sources of power are
in phast) the number 2 generator is connected to
its load busbar by closing its breaker.

As the third engine js started, the meter selector
switeh is positioned at GEN 3, and by following the
same procedure just outlined, number 3 generator
is connected 1o its load busbar. With all three
generators thus connected their substquent operation

It taken care of automatically by the load-sharing
sensing circuits of the assoeisted control and pro-
tection unit,

[t is important to note that a generator must
never be connected to its load busbar when the
synchronizing lights are on. Such actien would
impose heavy loads on the generator or C8D and
possibly cause damage to them, If, et any time the
synchronizing lights flach alternately, a phase
reversal is indicated and the appropriate generator
should not be used.

AIR-DRIVEN GENERATORS

The application of generators dependent upon an
airstreamn as the prime mover is by no means a

new one and, having bean adopted in many early
types of aircraft for the generation of electrical
power, the idea of repeating the practice for to-day’s
advanced electrical systems would, therefore, seem
to be retrogressive, However, an alr-dtive can serve
at a very useful stand-by in the event of failure of a
complete main a.c. generating system and it i5 in
this emergeney role that it is applied to some types
of aircraft.

The drive consists of a two-bladed fan or air
turbine as it is sometimes called, and a step-up ratio
gear train which connects the fan to a single a.c.
generator. The generator is of a similar type 1o the
main generator (sce also p. 41) but has a lower
output rating since it is only required to supply the
consumer equipment essential under emergency con-
ditions. The complete unit is stowed on a special
mounting in the aircraft fuselage, and when required
iz deployed by a mechanically linked release handle
in the flight compartiment. When deployed at air-
speeds of between 120 to 430 knots, the fan and
generator are driven up to their appropriate speeds by
the girstream, and electrical power is delivered via a
regulator at the rated values. A typical nominal fan
speed i¢ 4,800 rev/min and is self-governed by varyin;
the blade pitch angles. The gearbox develops a gener-
ator shaft speed of 17,000 rey/min. After deploymen
of the complete unit, it can only be restowed when
the aireraft is on the ground.



CHAPTER THREE

Power Conversion Equipment

In aircraft electrical installations a number of different
types of consumer equipment are used which require
power supplies different from those standard supplies
provided by the main generator. For example, in an
aircraft having a 28 volts d.c. primary power supply,
certain instruments and electronic equipment are
employed which raquire 26 volts and 115 volts z.c.
supplies for their operation, and as we have already
seen, d.¢. cannot be entirely eliminated even in aircraft
which are primarily a.c. In concept. Furthermore, we
may alse note that even within the items of consumer
equipment themselves, certaln sections of their cir-
cuits require different types of power supply and/or
different levels of the same kind of supply. It there-
fore becomes necessary to employ not only equipment
which will convert electrical power from ona form to
another, but also equipment which will convert cne
form of supply to a higher or lower value.

The equipment required for the conversion of main
power sipplies can be broadly divided into twoe main
typas, static and rotating, and the fundamentals of
construction and operation of typical devices and
machines are described wnder these headings.

Static Converting Eguipment

The principal items which may be grouped under this
heading are rectifiers and transformers, some applic-
ations of which have already been discusszed in
Chapter 2, and statie d.c.fa.c, converters.

The latter items are transistorized equivalents of
rotary inverters and a description of their construction
and operating fundamentals will be given at the end
of this chapter.

RECTIFIERS
The process of converting an a.c. supply intoa d.c,
supply is known as rectification and any static appar-

atus used for this purpose is known as a rectifier.

The rectifying action is based on the principle
that when a voltage is applied to certain combinations
of metallic and non-metallic elements in contact with
cach other, an exchange of electrons and positive
current carriers (known as “holes™) takes place at
the contact surfaces. As a result of this exchange, a
barrier layer is formed which exhibits different
resistance and conductivity characteristics and allows
current to flow through the element combination
mare easily in one direction than in the opposite
direction. Thus, when the applied voltage is an
alternating quantity the hatrier layer converts tha
curent into a undirectional flow and provides a
rectified output.

One of the elements used in combination is
teferred to a3 a “semi-conductor” which by definition
denotes that it possesses a resistivity which lies
between that of a good conductor and a good insul-
ator. Semi-conductors are also further defined by
the number of carriers, L.e, elecirons and positive
“holes”, provided by the “crystal lattice™ form of the
element’s stomic structure. Thus, an element having
& majority of electron carriers is termed “n-type”
while a semi-conductor having a majority of “holes” is
termed *p-type”,

If & p-type semiconductor is in contact with a
metal plate as shown in Fig. 3.1, electrons migrate from
the metal to fill the positive holes in the semi-conductor,
and thiz process continues until the transfarence of
charge has established a p.d. sufficient to stop it. By
this means a very thin layer of the sermi-conductor is
cleared of positive holes and thus becomes an effective
insulator, or barrier layer. When a voltage is applied
such that the semi-conductor is positive with respect
to the metal, positive holes migrate from the body of
the semi-conductor into the barrier layer, thereby
reducing its “forward” resistance and restoring con-
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ductivity. If, on the other hand, the semi-conductor
is made negative to the metal, further electrons are
drawn from the metal o fill more positive holes and
the “reverse” resistance of the barrer layer is thus
increased, The greater the difference in the resistance
to current flow in the two directions the better is the
rectifying effect.
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Fig 3.1
Semi<onductar/metal junction

A simnilar rectifying effect is obtained when an n-
type semi-conductor is in contact with metal and a
difference of potential is established between them,
but in this case the direction of “easy” current flow
is reversed. In practice, a small current does flow
through a rectifier in the reverse direction because
p-type material contains a small proportion of free
electrons and n-type a small number of positive holes.

In the rectification of main 2.c. power supplies,
rectifiers are now invariably of the type employing
the p-type non-metallic semi-conductors, selenium
ang silicon. Rectifiars employing germanium {2
metallic element) are also available but as their
operating temperature i limited and protection
againgt short duration overloads is difficult, they
are not adopted in main powar systems,

SELENIUM RECTIFIERS

The selepium ractifier is formed on an slumintum
sheet which serves both as a base for the rectifying
junction and as a surface for the dissipation of heat.
A cross-section of an element is shown dlagrammatic-
ally in Fig. 3.2 and from this it will be noted that
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Fig 3.2
Cross-section of a selenium rectificr cloment

the rectifying junction covers one side of the base with
the exception of a narrow strip at the edges and a
small area around the fixing hole which is sprayed

with a layer of insulating varnish. A thin layer of 2 low-
melting point alloy, referred to as the counter
electrode, it sprayed over the selenium coating and
insulating varnish. Contact with the two elements of
the rectifying junction, or barrier layer, is made
through the base on one side and the counter elec-
trode on the other.

Mechanical pressure on the rectifying junction
tends to lower the resistance in the reverse direction
and thiz is preventad in the region of the mounting
studs by the layer of varnish.

In practice a number of rectifying elements may
be connected in series or parallel to form what is
generally referred to as a rectifier stack. Two
Lypical stacks are shown in Fig. 3.3.

Fig 3.3
Typical rectifier stacks

When connected in series the elements increase
the voltage handling ability of a rectifier and when
connected in paralle] the ampere capacity is increased,

SILICON RECTIFIERS

Silicon rectifiers, or silicon junction diodes as they
are commonly known, do not depend on such a large
harrier layer as selenium rectifiers, and as a result they
differ radically in both appearance and size. This will



be appareni from Fig. 3.4 which illustrates a junction
diode of a type similar to that used in the constant-
frequency generator described in Chapter 2,
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Fig 3.4
Silicon junction diode

The silicon is in the form of an extremely small
slice cut from a single crystal and on one face it hasa
fused aluminium alloy contaet 1o which is soldered an
anode and lead, The other face iz soldered to a base,
usually copper, which forms the cathode and at the
same time serves as a heat sink and dissipator, The
barrier layer is formed at the alumininm-ilicon
junction.

To protect the junction from water vapour and
other deleterious materials, which can seriousty
impair its performance, it is mounted in & hermetically-
sealed case.

OPFERATING LIMITATIONS OF RECTIFIERS

The limiting factors in the operation of u rectifier

are: (i) the maximum temperature permissible and
{ii) the minimum voltage, i.e. the reverse voltage,
required to break down the barder layer. In selenium
rectifiers the maximum temperature iz of the order
of 70°C. For germanium the temperature is about
50°C, while for silicon up to 150°C may be reached
without destroying the rectifier. 1t should be noted
that these figures represent the actual temperature at
the rectifying junction and therefore the rectifier, as
a complete unit, must be at a much lower temperature,
Proper cooling under all conditions is, therefore, an
essential requirement and is normally taken care

of by blower motors or other forced alr methads such
as the one adopted in the constant-frequency
generator referred to earlier,
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Voltage ratings are determined by the ability of a
rectifier to withstand reverse voltage without passing
excessive reverse current, and the characteristies are
such that reverse current does not increase propor-
tionately to the applied voltage. This is becguse once
all the curmrent carrlers have been brought into action
there is nothing to carry any further current. However,
at a sufficiently high voltage the reslstance in the
reverse direction breaks down completely and reverse
current increases very sharply, The voltage at which
breakdown oecurs is called the Zener voltage, and as
it depends on the impurity content of the material
used, a constant value can be chosen by design and
during manufaciure of a rectifier. For power rectifica-
tion, rectifiers must have a high Zener voltage vajue
and each type must operate at a reverse voliage below
its designed breakdown value. Some rectifiers, how-
ever, are designed to break down at a selected value
within a low voltage range (between 2 and 40 volts is
typical) and to operate safely and continuously at
that value, These rectifiers are called Zener Diodes
and since the Zener voltage is a constant and can there-
fore serve as a reference voltage, they are utilized
mostly in certain low voltage cireuits and systems for
voltage leve] sensing and regulation (see also p. 15),

SILICON CONTROLLED RECTIFIER (5.C.R.)

An 8.C.R., or thyristor as it js sometimes called, is a
development of the silicon diode and it has some of
the characteristics of a thyratron tube. It is a three-
terminal device, two terminals eorresponding to those
of an ordinary silicon diode and the third, catled the
“gate” and corresponding to the thyratron grid. The
construction and operating characteristics of the
device are shown in Fig, 3.5, The silicon wafer which
is of the “n-type’ has three more layers formed with-
inn it in the sequence indicated,

When reverse voltage is applied an 5.C.R. behaves
in the same manner 45 a normal silicon diode, but
when forward voltage is applied current flow is prac-
tically zero until u forward critical “breakover” volt-
age is reached. The voltage at which breakaver takes
place can be varied by applying small current signals
between the gate and the cathods, s method known
a8 "firing”. Once conduction has been Initiated it can
be stopped only by reducing the voltage to a very low
value. The mean value of rectified voltage can be
cantrolled by adjusting the phasing of the pate signal
with respect to the applied voltage, Thus, an S,.C.R.
not only performs the function of power rectification,
bt also the function of an on-off switch, and a vad.
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RECTIFIER CIRCUIT CONNECTIONS

Rectifiers are used in single-phase and three-phase
supply systems and, depending on the conversion
requirements of a circuit or system, they may be
arranged Lo give either half-wave or full-wave rectifica-
tion. In the former arrangement the d.c. output is
available only during alternate half-cycles of an a.c.
input, while in the latter a d.c. output is available
throughout a cycle.

The single.phase half-wave clreuit shown in Fig.
3.7(a)is the simplest possible circuit for a rectifier
and summarizes, in 2 practical manner, the operating
principles already described. The output from the
single rectifier is a series of positive pulses the number

of which is equal to the frequency of the input voltage.

For a single-phase a.c. input throughout a full eycle, a
bridge connection of rectifiers is used (Fig. 3.7(b)).

For half-wave rectification of a three-phase a.c.
input the circuit is made up of three rectifiers in the
manner shown In Fig. 3.8. This arrangement is com-
parable to three single-phase rectification circults, but
gince the positive half-cycles of the input are oceur-
ring at time intervals of one third of a cycle (120
degrees) the number of d.c. pulses or the ripple fre-
quency is increased to three times that of the supply
and a smoother cutput waveform is obiained.

Figure 3.9 shows the circuit arrangement for the
full-wave rectification of a three-phase a.c. input: it
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Single-phase rectification
(a) Half-wave
{b} Full-wave

is of the bridge type and is most commonly used for
power rectification in aircraft. Examples of three-
phase bridge rectifier applications have already been
shown in Chapter 2 but we may now study the cireuit
operations in a little more detall,
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Fig 3.8
Thres-phase half-wave rectification
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Operation of a full-wave bridge rectifier

In this type of circuit only two rectifiers are con-
ducting at any instant; one on the positive side and the
other on the negative side. Also the voltage applied to
the bridge network is that between two of the phases,
i,e. the line voltage. Let us consider the points “A”
and “B" on the three phase voltage curves. These
points represent the line voltage between phases 1
and 2 of the supply and from the circuit diagram we
note that rectifiers R, + and Ry — only will conduct.
From “B" to “C" the line voltage corresponds to that
between phases 1 and 3 and R+ now conducts in
canjuncion with Ry~ Between the points “C” and
“D*" the line voltage comresponds to that between

phases 2 and 3 so that rectifier Ry+ now takes over
and conduets in conjunction with R;—. This process
continues through the remaining three conducting
paths, the sequence of the relevant phases and the
rectiflers which conduct heing as tabulated in Fig. 3.5

The output veltage, which is determined by the
distance between the positive and negative crests, con
sists of the peaks of the various line voltages for phase
angles of 30 degrees on either side of their maxima.
Since the negative half-cycles are included, then the
tipple frequency of a bridge rectifier output is six
times that of the a.c. input and an even smoother
waveform is obtained.
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form it is used for the transformation of single-phasge
a.c. The second, known as the shell type, can be used
for either single-phase or three-phase transformation
and is one in which half the laminations are U-shaped
and the remainder are T-ghaped, all of them heing
assembled to give a magnetic eircuit with two paths.

In bath forms of construction the jolnts are stapgered
in order to minimize the magnetic leakage at the joints.
The laminations are held together by core ¢lamps,

In some designs the cores are formed of strips
which are wound rather ke a clock spring and
bonded together. The cores are then cut into two C-
shaped parts to allow the pre-wound coils to be fitted.
The mating surfaces of the two parts are often ground
to give a very small effective gap which helps to mini-
mize the excitation curtent. After assembly of the
windings the core parts are clamped together by a
steel band around the outside of the core.

Transformer windings are of enamelled copper
wire or strip, and are normally wound on the core
one upaon the other, to obtain maximum mutual
inductive effect, and are well insulated from each
other. An exception to this normal arrangement is
in a variant known as an auto-transformer, in which
the windings are in series and on a core made up of
L-shaped laminations. Bart of both primary and
secondary windings are wound on each side of the
core, On 2 shell-type transformer both windings are
wound on the centre limb for single-phase operation,
and for three-phase operation they are wound on
each limb. Alternative tappings are generally pro-
vided on both windings of a transformer for differ-
ent input and output voltages, while in some types
a number of different secondary windings provide
simultaneous outputs at different voltages.

Circuit Connections.  Voltage transformers are
connected so that the primary windings are in paral-
lel with the supply voltage; the primary windings of
current transformers are connected in series. A single-
phase transformer as the name supgests is for the
transformation of voltage from a single-phase supply
or from any one phase of & three-phase supply. Trans-
formation of three-phase a.c. can be carred out by
means of three separate single-phase transformers, or
by a single three-phase transformer. Transformers for
three-phase cireuits can be connected in one of several
combinations of the star and delta connections (see
also Chapter 2), depending on the requirements for
the transformer. The arrangements afe illustrated in
Fig. 3.11.

B
C

When the star connection is used in three-phase
transformers for the operation of three-phase consumer
equipment, the transformer may be connected as a
three-phase system (Fig, 3.11(a)). If single-phase loads
have to be powered from a three-phase supply it is
sometimes difficult to keep them balanced, it is there-
fore essential to provide a fourth or neutral wire so
that connections of the loads may be made between
this wire and any one of the three-phase lines (Fig.
3.11(b)).
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Circuit connections for three-phase transformers
{z) Star conneclion threc-wise
(B} Star connection four-wire
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The interconnection of neutral points of two star
windings is sometimes undesirable because this pro-
vides an external path for the flow of certain harmonic
currents which can lead to interference with radio
cormunications equipment. This is normally over-
come by connecting one of the two transformer wind-
ings in delta, for example, if the transformer supplies



TRANSFORMERS

A transformer Is a device for converting a.c. at one
frequency and voltage to a.c. at the same frequency
but at another voltage. It consists of three main parts:
(1) an iron core which provides a cireuit of low
reluctance for an alternating magnetic field created
by, (ii) & primary winding which is connected to the
main power source and (iii) 2 sscandary winding
which receives electrical energy by mutual induction
from the primary winding and delivers it to the
secondary circuit. There are two classes of trans-
formers, voltage or power transformers and current
transformers.

Principle.  The three main parts are shown schem-
atically in Fig. 3.10. When an alternating voltage is
applied to the primary winding an alternating
current will flow and by self-induction'will establish
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Transfortner principle

& voltage in the primary winding which is oppaosite

and almost equal to the applied voltape, The differ-
ence betwaeen these two voltages will allow just enough
current (excitation current) to flow in the primary
winding to set up an alternating magnetic fluy in the
core, The flux cuts across the secondary winding and
by mutual induction (in practice both windings are
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wound one on the other) a voltage is established in
the secondary winding.

When a load is connected to the secondary winding
terminals, the secondary voltage causes current to
flow through the winding and 2 magnetic flux is pro-
duced which tends to neutralize the magnetic flux
produced by the primary eurrent. This, in turn,
reduces the self-induced, or opposition, voltage in
the primary winding, and allows more current to flow
in it to restore the core flux to a value which is only
very slightly less than the no-load vahue.

The primary current increases as the secondary
load eurrent increases, and decraases as the secondary
load current decreases, When the load is disconnected,
the primary winding current is again reduced to the
small excitation current sufficient only to magnetize
the core.

To accomplish the funetion of changing voltage
from one value to another, one winding is wound with
more turns than the other. For example, if the prim-
ary winding has 200 turns and the secondary 1000
turns, the voltage available at the secondary terminals
will be %, or 5 times a3 great as the voltage applied
to the primary winding. Thiz ratic of tums (N,) in the
secondary to the number of tums (N,) in the primary
is called the turns or transformation ratio (r) and it
is expressed by the equation.

N _E;
N, E

where E; and E, are the respective voltages of the two
windings.

When the transformation ratio is such that the
transformer delivers a higher secondary voltage than
the primary voltage it is said to be of the “step-up™
type. Conversely, a “step-down" transformer is one
which lowers the secondary voltage. The circuit arrange-
ments for both types are also shown in Fig, 3.10.

r=

Construction of Voltage Transformers.  The core of
a voltage transformer is laminated and conventionally
is built up of suitably shaped thin stampings, about
0-012 in, thick on average, of silicon-iron or nickel.
iron. These materials have the characterlstics of falrly
high resistivity and low hysteresis; therefore, in the
laminated form, the effects of both eddy currents and
hysteresis are reduced to a minimum. Two different
forms of construction are in common use.

In one the laminations are L-shaped and are
assembled to provide asingle magnetic circuit: in this



an unbalanced load, the primary winding is in star
and the secondary is In delta as shown in Fig. 3.11(c).

CURRENT TRANSFORMERS

Current transformers are used in many a.¢. generator
regulation and protection systems and also in con-
junetion with a.c. ammeters. These transformers have
an input/output current relationship which is inversely
proportional to the tums ratio of the primary and
secondary windings. A typical unit is shown in Fig.
3.1, It is designed with only a secondary winding on
a toroidal strip-wound core of silicon-iron. The
assembly together with the metal base is encapsulated
inl & regin compound moulding. The polarity of the
transformer is indicated by the markings Hl on the
side facing the generator and H2 on the side facing the
load.

The primary winding is constituted by passing a
main cable of the power system, through the core
aperture. The cable is wound with a single turn if it
carries high currents, and with two or three turns if it
carries low currents, The eperating principie is the
same as that of a conventional transformer.

In some aircraft generating systems, a number of
current transformers are combined into single package
assemblies to provide a means of centralizing equip-
ment location. One such assembly is illustrated in
Fig. 3.13. It consists of seven transformers which are
supplied with primary voltage via the three feeder
terminals and by insulated busbars passing through
the cores of the transformers which are arranged in
three sets. The busbars terminate in the flexible
insulated straps. Secondary leads from the various
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transformers are brought out through a common
connector.

Contrary to the practice adopted for voltage trang
formers, whenever the secondary windings of current
transformers are disconnected from their load giccuits,
terminals must be short-circuited together. If thisis
not done, a dangerous voltage may develop which
may be harmfuj to anyone accidentally touching the
terminats, or may even cause an electrical breakdown
between the windings.

AUTO-TRANSFORMERS
In circuit applications normally requiring only a small
step-up or step-down of voltage, a special variant of
transformer design is employed and this is known as
an auto-transformer. Its circuit arrangement is shown
In Fig. 3.14 and from this it will be noted that jts
most nptable feature js that it consists of 4 single
winding tapped to form primary and secondary parts,
In the example ilustrated the tappings provide a
stepped-up voltage output, since the number of
primary turns is less thun that of the secondary lums.
When a voltage is applied to the primary terminals
current will flow through the portion of the winding
spanned by these terminals. The magnetic flux due
to this current will flow through the core and will
therefore, link with the whole of the winding. Those
turns between the primary terminals act in the same
way as the primary winding of a conventional trans-
farmer, and so they produce a self-induction voltage
in opposition to the applied voltage. The voltage
induced in the remaining turns of the winding will
be additive, thereby giving a sccondary output veltage

X1 xe
{Start)  (Finish)
Side M1 - towards Side H2-towards
gengrator lnad
Gurrent - () carrying conduttor

" tdantficotion plate

Fig 3.12
Current transformer
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greater than the applied voltage. When a load cireuit
is connected to the secondary terminals, a current due
to the induced voltage will flow through the whole
winding and will be in opposition 1o the primary
current from the input termipals. Sinee the turns
between the primary terminals are common to input
and output eireuits alike they carry the difference
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Fig 3.14
Circuil arrangemenl of an suto-transformer

between the induced current and primary current,
and they may therefore be wound with smaller gauge
wire than the remainder of the winding.

Auto-transformers may also be designed for use in
consumer cireuits requiring three-phase voltage at
varying levels. The circuit arrangement of a typieal
step-up transformer applied to a windshield anti-
icing cireuit is shown in Fig. 3.15. The three windings
are star-connected and are supplied with the “primary
voltage of 208 volts from the alternator system. The
secondary tappings are so arranged that up to four
output voltage levels may be utilized.

TRANSFORMER RATINGS

Transformers are usuaily rated in volt-amperes or
kilovolt-amperes. The difference between the output
terminal voltages at full-load and no-load, with a con-
stant input veltage, is called the regulation of the
transformer. As in the case of an a.c. generator,
regulation Is expressed as a percentage of the tull-load
voltage, and depends not only on actua) losses (¢.g.
hysteresis, eddy current and magnetic leakage) but
also on the power factor of the load. Thus, an
induetive Joad, i.e, one having a lagging power factor,
will give rise to a high percentage regulation, while
with a capacitive load, i.e. one having a leading power
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Fig 3.15
Tappings of a typleal three-phase auto-transformer

factor, the regulation may be a negative quality giving
a higher cutput voltage op full-load than on no-load.
Changes in power supply frequency, or the con-
nection of a transformer to a supply whose frequency
differs from that for which the transformer was
desipned, has a noticeable effect on its operation. This
is due to the fact that the resistance of primary wind-
Ings are so low that they may be considered to be a
purely inductive circuit. If, for example, the frequency
8 reduced at a constant value of voltage, then the
current will rise. The increased current will, in turn,
bring the transformer core nearer to magnetic satura-
tion and this decreases the effectiva value of inductanee
leading to still larger current. Thus, if a transformer
is used at a frequéency lower than that for which it
was designed, there is a risk of excessive heat genera-
tion in the primary winding and subsequent bum out.
On the other hand, a transformer designed for low
frequency can be used with higher frequencies, since
in this case the primary current will be reduced,

TRANSFORMER-RECTIFIER UNITS
Transformer-rectifier units (T.R.1i.’s) are combina-
tions of static transformers and rectifiers, and are
utilized in some a.c. systems as secondary supply
units, and also as the main conversion units in aircraft
having rectified a.c. power systams.

Fig. 3.16 illustrates a T.R.U. designed to operate
on a regulated three-phase input of 200 volts at a
frequency of 400 Hz and to provide a continuous
d.c. output of 110 A at approximately 26 volts. The
circuit is shown schematically in Fig. 3.17. The unit
consists of a transformer and two three-phase bridge
rectifler assemblies mounted in separate sections of
the casing. The transformer has a conventional star-
wound primary winding end secondary windings
wound in star 2and delta. Each secondary winding is
connecled to individual bridge rectifier assemblies
miade up of six siticon diodes, and connected in
parallel. An ammeter shunt (dropping 50 m¥ at
100 A) is connected in the output side of the rect-
ifiers to enable current taken from the main d.c.
output terminals to be measured at ammeter auxiliacy
terminals. These terminals, together with alf others
agsociated with input and output sircuits, are grouped
on a panel at one end of the unit. Cooling of the unit
is by natural convection through gauze-covered ven-
tilation panels and in order to give warning of over-
heating conditions, thermal switches are provided at
the transformer and rectifier assemblies, and are
coninected to independent warning lights. The switehes
are supplied with d.c. from an external source
{normally one of the busbars) and their contacts
close when temperature conditions at their respective
locations rise to approximately 150°C and 200°C.
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delay circuit. The reaton for this is to cause the pulse
shaper to delay its output to the power driver stage
until the voltage has stabilized. The power driver
supplies a pulse-width modulated symmetrical output
to control the output stape, the signal having a square-
wave form. The power driver also shorts itself out each
time the voltage falls to zero, i.e. during “notch time™,
The cutput stage also produces a square-wave out-
put but of variable pulse width. This output is finally
fed to a filter circuit which reduces the total odd
harmonics to produce a sine wave output at the volt-

age and frequency required for operating the systems
connected to the inverter.

As in the case of other types of generators, the
output of a static inverter must also be maintained
within certain limits. In the example illustrated, this
is done by means of a voltage sensor and a current
sensor, both of which produce a rectified a.c. feed-
back signal which controls the “noteh time™ of the
pulse shaper output through the medium of a regula-
tor circnit and a notch control circuit.
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this is the position to which the switch is sclected when
the aircraft is in flight since under this condition the
generator system supplies the main busbar and the
battery is constantly supplied with charping current,

The external powet connector symbol shown in
the diagram represents a twin-socket type of unit
which althgugh of an ohsolete type is worth noting
because it established certain aspects which are basic
in the design of present-day connectors or receptacles
as they are also called, namely the dimensioning of
pins and sockets, and the method of protecting them,
The pins were of different diamelers to prevent a
reverse polarity condition, and the cover of the unit
had to be rotated o expase the sockets.

An example of a current type of unit is shown in
Fig. 4.3. It consists of two positive pins and one
negative pin; ane of the positive pins is shorter and
of smaller diameter than the remaining pins, The
pins are enclosed by a protective shroud, and the
complete unit is normally fitted in a recessed housing
lacated at the approprate part of the airframe
structure. Access to the plug from outside the air-
craft, is via a hinged flap provided with quick-release
fasteners.

F-pin plug

Ernternol supply
sochet

Access dgor =7

Fig 4.3
Fxternal power supply connectiom

The circuit of a three-pin receptacle system is
illustrated in Fig, 4.4, and from this it wil] be noted
that the short positive pin is connected in the coil
circuit of the external power relay, The reason for
this i that in the event of the external supply socket
being withdrawn with the circuit “live”, the external
power relay will de-energize before the main pins are
disengaged from the socket, This ensures that break-
ing of the supply takes place at the heavy-duty
contacts of the relay thus preventing arcing at the
maifl pins.
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Eig 4.4
Threcpin receptacle system

In some aircraft d.c. power is distributed froma
multiple bushar system and it is necessary for certain
services connected to each of the busbars to be oper-
ated when the aircraft {s on the ground. This require:
a more sophisticated arrangement of the external
power supply system and the citeuit of one such
arrangement is shown in Fig. 4.5, [n addition to
the external supply relay or contactor, contactors
for “tying” busbars together are provided, together
with magnetic indicators to indicate that all con-
nections are made,

When the extemal ground power unit i connecte
to the atrcraft and the master switch is selected “on’
it energizes the extemal supply contactor, thus ¢losi
its auxiliary and main sets of contacts, One set of
auxiliary contacts completa a circuit to a magnetic
indicatar which then indicates that the external supy
is connected and on (*C” in Fig. 4.5), a second set
complete circuits to the colls of Mo, 1 and No. 3 bus
tie comtactors while a third and main heavy-duty set
connect the supply direct to the “vital” and No. 2,
busbars, When both bus-tie contactors are energlzed
their main contacts connect the supply from the
external supply contactor to their respective busbars
Indication that both busbars are also “tied” to the
ground power supply 1§ provided by magnetic indica
tors “A’ and “B" which are energized from the vital
busbar via the auxiliary contacts of the contactor,
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Schematic of an external power supply — multiple d.c.
bBusbar system

In some aircraft, and as an example we may con-
sider the Boeing 737, a separate extemnal power
connector is installed for starting an auxiliary power
unit jn the event that the aircraft's battery is in.
operative. The eircuit arrangement is shown in
Fig. 4.6.

The receptacle is located adjacent to the battery
together with two circuit breakers indicated as A"
and “B" in the diagram. The positive pin of the
receptacle is coupled directly to the battery busbar
via circuit breaker “A”, and forms a parallel circuit
with the battery. Before external power is applied,
circuit breaker “B" must be tripped in order to
prevent damage to the battery charger,

A,C. Systemns

In aircraft which from the point of view of electrical
power are principally of the “a.c. type”, then it iz

essential for the external supply system of the install-
ation to include a section through which an extemal
source of a.c. power may be supplied, The circuit
arrangements for the appropriate spstems vary be-
tween aircraft types but in order to gain some under-
slanding of the eircuit requirements and operation
generally we may consider the circuit shown in
Fip.4.7.

When external power is coupled to the receptacle a
three-phage supply is fed to the main contacts of the
external power breaker, to an external power trans-
former/rectifler unit (T.R.U.) and to a phase sequence
protection unit. The T.R.U. provides a 2B volt d.c.
feedback supply to a hold-in circuit of the ground
power unit. If the phase sequence it correct the pro-
tectivn unit completes a cireuit to the control relay
coil, thus energizing it. A single-phase supply is also
fed to an amber light which comes on to indicate that
external power is coupled, and to a voltmeter and






The control panel contains three single-phase a.c.
gircuit breakers, and three more breakers which
protect relay control and indicating light cireuits
within the aireraft’s external power supply circuit,
Indicator lights, interphone jack plug sockets, and
pilot’s call button switch are also contained on the
panel,

The white indicator light is only illuminated
whenever extemal a.c. power is conhected but js
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Fig 4.8
Extertial a.c. power receptacle and control panel
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not supplying power to any a.c. load busbar on the
aircraft, The blue light is illuminated whenever ac,
power is being supplied to the load bugbars,

The pilot’s call button switch and interphone
jack plug sockets provide for communication
between ground crew and flight crew.

AUXILIARY POWER UNITS

Many of today’s aircraft are designed so that if neces-
gary, they may be independent of ground support
equipment. This is achieved by the incorporation of
an auxiliary power unit (A.P.1].) in the tai] section
which, after being started by the aireraft’s battery
system, provides power for engine starting, ground
air conditioning and other electrical services, In
some installations, the A.P.U. is also used for supply-
ing power in flight In the event of an engine-driven
generator failure {see p. 16) and for supplement-

ing the delivery of air to the cabin during take-off
and climb.

In general, an A P.U. consists of a small gas turbing
engine, a bleed-air control and supply system, and an
accessory pearbox. The gas turbine comprises a two-
stage centrifugal compressor connected to a single-
stage turbine, The bleed-air control and supply sys-
ter automatically ragulates the amount of air bleed
from the compressor for delivery to the cabin air
conditioning system. In addition to those accessories
essential for engine operation, e.g. fuel pump control
upit and oil pumps, the accessory gearbox drives a
generator which is of the same type as those driven
by the main engines, and having the same type of
control and protection unit. _

A motor for starting the AP, U. is also secured to
the gearbox and iz operated by the alrcraft battery
system or, when available, from a ground power unit.
In some types of A.P.U. the functions of engine
starting and power generation are combined in a
starter/generator unit, In order to record the hours
nun, att hour meter s automatically driven by an
AP

An external view of a typical unit and a typleal
mstallation, are shown in Figs, 4.9 and 4.10 respect-
ively.






CHAPTER FIVE

Power Distribution

In order for the power available at the appropriate
generating sources, to be made available at the
inputs of the power-consuming equipment and
systems then clearly, some organized form of dis-
tribution throughout an aircraft is essential. The
precise manner in which this is arranged is govemed
principally by the type of alrcraft and its electrical
system, number of consumers and tocation of con-
sumer components, For example, in 2 small light
aircraft, elactrical power requirements may be
Limited to a few consumer services and components
situated within a small area, and the power may be
distributed via only a few yards of cable, some
terminal blocks, circuit breakers or fuses, In a large
multijet transport airerafi on the other hand, literally
miles of cable are involved, together with multiple
load distribution busbars, protection networks,
junction boxes and control panels.

BUSBARS

In most types of aircraft, the output from the genera-
ting sources is coupled 1o one or more low impedance
conductors raferred to as busbars. These are usually
situated in junction boxes or distribution panels
lpcated at central points within the aireraft, and they
provide a convenient means for connecting positive
supplies to the various consumer circuits; in other
words, they perform a “carry-all” function. Bugbars
vary in form dependent on the methods to be adop-
ted in meeting the electrical power requirements of

a particular aircrafl type. In a very simple system a
busbar can take the form of a strip of interlinked
terminals while in the more complex systems main
busbars are thick metal (usually eopper) 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 aireraft and serve
a5 subsidiary busbars,

Busbar Svstems.  The function of a distribution
system is primarily a simple one, but it is complicated
by having to meet additional requirements which con-
Cern a power SOUrce, Of & power consurer system
operating either separately or collectively, under
abnormal eonditions. The requirements and abnormal
conditions, may be considered in relation to three
main areas, which may be summarized as follows:

1. 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.

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

3, Power-consuming equipment faults must not
endanger the supply of power to other equip-
menl.

These requirements are met in a combined manner
by paralleling generatars where appropriate, by pro-
viding adequate circuit proteclion devices, and by
arranging for faulted gencrators 1o e isolated {rom
the distribution systern. The operating fundamenials
of these methods are described elsewhere in this book
but the method with which this Chapter is concerned
is the additional one of arranging busbars and distri-
bution circuits so that they may be fed from differen
POYWET §OUICES,

In adopting this arrangement it is usual 1o
categorize all consumer services into their order of
importance and, in general, they fall into three
grogps: vital, essential and non-essential,






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

Egsentinl services are those required to ensure safe
flight in an in-flight emerpency situation. They are
connected to d.¢, and a.c. bushars, as appropriate,
and in such a way that they can alwvays be supplied
from a generator or from batteries.

Non-cssential services are those which can be
isolated in an in-flight emergency for load shedding
purposes, and are connected to d.c. and a.c, busbars,
as appropriate, supplied from a generator,

Figure 5.1 illustrates in much simplified form, the
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Busbar system

principle of dividing categorized consumer services
between individual busbars, In this example, the
power distribution system is one in which the power
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supplies are 28.volis d.c. from engine-driveh generators
operating in parallel, 115-volts 400 Hz a.c. from rotaty
inverters, and 28-volts d.c. from batteries. Each
generator has its own busbar to which are connected
the non-essential consumer services. Both bushars are
in turn connected to a single bushar which supplies
power to the essential services, Thus, with both
generators operating, all consurmers requiring d.c.
power are supplied, The essential services busbar is
also connected to the battery busbar thereby ensuring
that the batteries are maintained in the charged con-
dition, In the event that one generator should fail it is
automatically isolated from its respective bushar and
all bushar loads are then taken over by the operative
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 & pre-
determined period calevlated on the basts of con-
sumer load requirements and battery state of charge.

For the particular system represented by Fig. 5.1,
¢he d.c. supplies for driving the inverters ars taken
from bushars appropriate to the importance of the
a.c. operated consumers. Thus, essential a.c, con-
sumers are operated by No, 1 inverter and so it is
driven by d.c. from the essential services bushar. No.
2 and No. 3 inverters supply a.c, to non-essential
services and so they are powered by d.c. from the
No, 1 and No, 2 busbars.

Figure 5.2 fllustrates a split busbar method of
power distribution, and is based on an zireraft utilizing
non-paralleled constant-frequency a.c. as the primary
power source and d.c. via transformer.rectifier units
(TR.U.'s).

The generators supply three-phase power through
separate channely, to the two main busbars and these,
in turn, supply the non-essential consumer loads and
T.R.1L.'s, The essential a.c. loads are supplied from the
sssential busbar which under normal operating condi-
tions is connected via a changeover relay to the No. |
main bushar, The main busbars are normally fzolated
from each other i.e., the generators are not paralleled,
but if the supply from either of the generators fails,
the husbars are automatically inter-connegted by the
energizing of the “bus-tie” hreaker and serve as one,
thereby maintaining supplies to all a.c. consumers
and both T.R.U.'s. If, for any reason, the power
supplied from both generators should fail the non-
esseritial services will be isolated and the changeover
relzy between No. 1 main busbar, and the essential
busbar, will sutomatically de-energize and connect
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Split bushar system {primary a.c. power source)

the essential busbar to an emergency static inverter.

The supply of d.c. is derived from Independent
T.RU. and from battedes, The No, 1 T.R.U, supplies
essential loads and the No. 2 unit supplies non-
estenitial loads connected to the main d.c. bushar;
both bushbars are automalically interconnected by
an isolation relay. The batteries are directly connected
to the battery bushar and this is interconnected with
the essential busbar. In the event of both generators
failing the main d.c. busbar will become isclated from
the essential d.c. busbar which will then be auto-
matically supplied from the batterics to maintain
operation of essential d.c. and a.c. consumers.

External power supplies and supplies from an
auxiliary power unit can be connected to the whole
system in the manner indicated in Fig, 5.2.

Another example of a split bushar system, hased
on that used in the B737, it shown in Fig. 5.3. The

primary power source is hon-paralleled 115/200-volt
3-phase a.c. from two 40 kVA generators. A source

of a.c. power can be supplied from another 40 kV A
generator drven by an auxiliary power unit, and also
from an external power unit. Direct current is supplied
via three TR.U.'s,

The four power sources are connected to the
busbars by six 3-phase breakers and two transfer
relays, which are energized and de-energized accard-
ing to the switching selactions made on the system
control panel shown in Fig, 5.4, An interlocking
circuit system betwecn breakers and switches is also
provided to enahble proper sequencing of breaker and
overall system operation. A source of power switched
onto or entering the system always takes priority and
s0 will automatically disconnegt any existing power
source, The switches are of the “momentary select™
type in that following a selection theyare returned
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to a neutral position by spring loading. The bus

transfer switch is retained in the “anto™ position by

a guard cover to provide a path for signals con-

trolling the “normal’ and “alternate’ positions of

the transfer relays. In the “off™ position the transfer
relays are preventeq from being energized to the

“alternate™ positions so that the two main generating

systems are completely isolated from each other.
The indigating lights on the contreol panel are

illuminated as follows:

Ground Power Avallable (blue) — when external
power is plugged
into the alrerafl,

— when either the
narmal coil or
allernate coll of a
transfer relay is
de-energized.

— if both the respect-
ive GCB and BTH
daré open.

— if the respactive
GCR is open.

~ if APU engine s
running and over
Q505 rev/min, but
there is no power

Transfer Bus Off (amber)

Bus Off (amber)

Gen Bus Off (blue)

APU Gen Bus Off (blue)

[rom the generator.

The ammeters indicate the load current of both
main gencrators,

When external power is connacted to the aircraft
and is switched on, the external power contactor
closes and energizes both bus-tie breakers (BTB') 1o
connect power to the whole busbar system, The
connection between the geperator busbars and
transfer busbars is made via the transfer relays which
are energized to the “normal” position by the BTB's,

After starting an engine, number [ for example,
and switching on its generator, BTB 1 trips open to
aflow GCB 1 to close so that all system 1 busbars are
supplied {rom the generator, The number 2 system
busbars are still supplied from external power, When
number 2 engine has been started and its generator
switched on, BTB 2 trips open, GCB 2 closes to
vonnect the generator to the number 2 system bus-
bars, and the extemal power contactor also trips
open,

If it iz only necessary for the services connected to
the ground service busbar to be operated [rom
external power, this may he effected by leaving the
ground power switch on the control panel in the
“off” position, and switching on a separate ground
serviee switch. The switch energizes a ground service
relay the contacts ol which change over a connection
from generator bus 1 to the external power busbar.

The APLJ generator is connected to the entire bus-
bar system via its own three.phase breaker, this, in
turn, being energized by two generator switches (see
Fig. 5.4). Placing the left or number [ swilch to “on
closes the APU generator breaker and also BTB 1,
and with the right or number 2 switch placed to
“on" the BTH 2 is closed. As in the case of connect-
ing an external power supply, the transfer relays are
energized to the “normal™ position by the BTB's,

The normal in-light configuration of the power
distribution system is for each generator {o supply
its respective busbars through its own breaker,
ie, GCBI and GCB 2, These breakers are then
energized by the generator switches, the interlock
circuits keep the BTB's | and 2 in the open position,
g0 that the generator systems are always kept entirely
separate, GCB I and GCB 2 have a set of auxiliary
contacts which in the closed position energize trans.
fer relays to their “normal” positions and so provide
connections between generators and transfer busbars
I and 2. As will be noted from the diagram, the
transfer busbars supply TRLs [ and 2, while TRU 3
is supplied direct from the main busbar 2.

In the event of loss of power from one or other



generator, number 1 for example, GCB 1 will open
thus isolating the corresponding busbars, When

GCB 1 opens, however, another set of auxiliary con-
tacts within the breaker permit a d.c. sgnal to flow
from the control unit of generator 2, via a bus trans-
fer switch, to the “alternate™ coil of transfer relay |,
The contacts therefore change over so that power
can then be supplied to transfer bus 1 from generator
2 which is still supplying its busbars in the normal
way. A similar transfer of power takes place in the
event of loss of power from generator 2.

Generatof bushar ] and main busbar ! which
carry non-essential loads, can not be supplied with
power from generator 2 under the above power
loss conditions, If, however, power to these busbars
is required, the APU may be started and its number 1
switch placed momentarily to ‘“‘on’, thereby closing
the APU breaker and BTB 1. At the same time,
transfer relay 1 contacts would change over from
“altemate™ to “normal™ so that the APU supplies
the whole number 1 system, If a Joss of power from
the number 2 system should then oceur, it is not
possible to connect it to the APU since its number 2
switch is electrically Jocked out durlng in-flight

operation.
-}___

o
GCR's I" -
sad busbars

BTH's I’“"

Synchranizing busbar

gl

The three TRL's are connected in such a way
that the logs of any one unit will not result in the
loss of a d.c, busbar, The relay between TRU 1 and
TRU 3 is held closed by supplying d.c. signals from
the generator control units via the bus transfer
switch in its ““auto” position.

A further variation of the split busbar concept,
as adopted in the a.c. power generating system of
the B747, is simply illustrated in Fig. 5.5. It utilizes
a system of intedocking GCB’s and BTB's, but in
this case various combinations of generator operation
are possible,

If the GCB"s only are closed, then each generator
will only supply its respective load busbar; in other
words, they are operated Individually and un.
paralleled. The generators may, however, also be
operated in parallel when the BTR's are closed 1o
connect the load busbars to a synchronous busbar.,
As will be noted from the dlagram, this busbar is
spift into two parts by a split system bresker (S5B)
which, in the open position allows the generatots
to operate in two paralle] pairs, Cloging of the S5B
connects both parts of the synchronous busbar so
that all four generators can operate as a fully
paralleled systemn. By means of the interlocking

_ .

Synchronizing bushar
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I
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Fig 5.5
Combinations of parallel operation
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system between breakers and the manual and auto-
matic sequencing by which they are centrolled, any
geperator can supply power to any load busbar,
and any combination of generators can be operated
in parallel,

Wires and Cables

Wires and cables constitute the framework of power
distribution systems conducting power in its various
forms and controlled quantities, between sections
contained within consumer equipment (known as
“equipment” wires and cables), and also between
equipment located in the relevant areas of an air-
craft (known as “airframe”™ wires and cables). The
differences between a wire and a cable relate
principally to their constructional features (and
indirectly to their applications alse) and may be
undemstood from the following broad definitions.

A wire is a single solid rod or filament of drawn
metal enclosed in a suitable insulating material and

outer protective covering. Although the term propesly

refers to the metal conductor, it is gencrally under-
stood to include the insulation and covering, Specific
applications of single wires are to be found in con-
sumer equipment; for example, between the supply
connections and the brush gear of a motor, and also
between the various components which together
make up the stages of an electronic amplifiet.

A cable 15 usually made up of a conduetor com-

posed of a group of single solid wires stranded together

to provide greater flexibility, and enclosed by insula-
ting material and outer protective covering. A cable
may be either of the single core type, i.e., with cores
stranded together as a single eonductor, or of the
multicore type having a number of single core cables
in a comrnon outer protective coverng.

Having highlighted the above definitions, it is

ifteresting to note that with the present lack of inter-

national standardization of terminology, they may
not be usad in the same context, For example, in
the U.8. and some other countries, the term “wire”
is used a5 an allembracing ona.
in connection with power distribution systems in

their various forms, such terms as “wiring systerns”™,
“witing of components”, “circuit wiring” are com-

1only used. These are of a general nature and apply
equally to systems incorporating either wires, cables
or both.

TYPES OF WIRES AND CABLES

Wires and cables are designed and manufactured for
duties under specific environmental conditiens and
are seleeted on this basis, This ensures functioning of
distrbution and consumer systems, and also helps to
minimize risk of fire and structural damage in the
event of failure of any kind. Table 5.1 gives details of
some commonly used general service wires and cahles
of UK. manufacture, while typical constructional
features are illustrated in Fig. 5.6.

The names adopted for the various Ly pes ate
derived from contractions of the names of the varou
insulating materials used, Far example, "NYVIN" i
derived from “NYlon™ and from polyVINyl-chloride
(P.V.C.); and “TERSIL" is derived from polyesTER
and S1Licone. Cables may also be further classified b
prefixes and suffixes relating to the number of cores
and any additional protective covering. For example,
“TRINYVIN" would denote a cable made up of Lhre
single Nyvin cables, and if suffixed by “"METSHEAT
the name would further denote that the cable is
enclosed in a meral braided sheath.

It will be noted from the Table that only two
metals are used for eonductors, i.e, copper (which
may also be tinned, nickel-plated or silver-plated
depending on cable application) and ajuminivm.
Copper has a very low specific resistance and is
adopted for all but cables of large cross-sectional
areas. An aluminium conductor having the same
resistance a5 a capper conductor, has only two-third
of the weight but twice the cross-sectional area of
the copper e¢onduetor. This has an advantage where
low-resistance short-term circuits are concerned, for
example, in power supply circuits of engine startet
motor sysiems.

The insulation materials used for wires and cable
must conform 1o a number of rigid requirernents sw
as, toughness and flexibility over a fairly wide tem-
perature range, fesistance to fuels, lubricants and
hydraulic fluids, ease of strpping for terminating, n
flammability and rminimum weight, These require-
ments, which are set out ip standard specifications,
met by the materials listed in Table 5.1 and in the
selection of the correct cable for a specific duty anc
environmerntal condition.

To ensure proper identification of cables, standa
specifications also require that cable manufacturers
comply with a code and mark outer protective cove
ings accordingly. Such a coding scheme usually sig-



Table 5.1

Specilication Materials Ambizat
Tyee British American Conduclor Insulation  temperzture raoge Application
B.5.G. MIL-W- & Coverng
WYVIN 177 5086A (Type 2}  Tinned Copper  *P.¥.C. Compound  —T5°Cto 465  General services wiring
or Glass braid except where ambient
Aduminiem Nylon temperalures are
high andfor extended
PREN Tinned Copper  Glass braid ~¥5°Cto+ S0°C  properties of Mexibility
ar Polychloroprens are resuired.
Aluminitm Compound
TERSIL 189 BTTIB(ASG) Mickelplated Silicone Rubber =75 1o +150°C
Copper, oz Polyester tapes
Aduminim Glass braid
Polyester fibre
Vamnish
EFGLAS 192 T1298 g;cpk;:‘rph ted El;?il‘alf —75°C 1o +220°C In high operating )
s emperaturss and in
areas where resistance
10 aireraft fivids
necessary. Also where
severe flexing under
low-temperature condi-
tions is encountered e.g.,
tanding gear shock strut
switch cinceits.
UNMIFIRE - "F" Mickel-plated Glass braid Up to 240°C [n circuits iequired o
Copper PT.EE lunction during or after
Asbestos fell 2 fize.
impregnated with
silicone varnish
NYVINMETSHEATH Tinned Copper  As far MY VIN plus  —75°C to +65%C In areas where
or an overall tinned- scresning
Aduminitnm copper braid ower- required
leid with polyester
Lape, nylon braid
and lacquer
FEPSIL 206 Mickel-plated Silicone Rubber —15°C 10 +190°C
Copper Glass braid and
Warnish
F.E.P**

* oy Vinvlimhlonde: + PotrTeter FinarnFihvinne 3 Hhnarinated Fiherldona Seaodnae

£8
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nifies, {n sequence, the type of cable, country of
orgin (*G" for U.K. manufaecturers) manufactures’s
code letter, year of manufacture also by a letter, and
its wire gauge size, thus, NYVIN G-AN 22, A colour
code scheme is also adopted particularly as a means of
tracing the individual cores of mufticore cables to and
from their respective terminal points. In such cases it
is usua) for the insulation of each core to be produced
in a different colour and in accordance with the
appropriate specification. Another method of coding,
and one used for cables in three-phase circuits of some
types of aircraft, is the weaving of a coloured trace
into the outer covering of each core; thus red -
{phasc A); yetlow — (phase BY; blue — (phase C). The
code may also be applied to certain single-core cables
by using a coloured outer covering,

ROUTING OF WIRES AND CABLES

As noted earlier in this chapter, the quantity of wires
and cables required for a distribution system depends
on the size and complexity of the systems, However,
regardiess of quantity, it it important that wires and
cables be routed through an ajrcraft in a manner
which, is safe, avoids interference with the reception
and transmission of signals by such equipment as
radio and compass sytems, and which also permits a
systematic approach to their identification, installa-
tion and removal, and to circuit testing, Various
methods, dependent also on size and complexity, are
adopted but in general, they may be grouped under

three principal headings: (i) open loom, (i) ducted
loom, and (jif) conduit,

Open Loom.  n this method, wires or cables o be
routed to and {rom consumer equipment in the
specific zones of the aircraft, are grouped paralle] to
each other in & bundle and bound together with
waxed cording or p.v.c. strapping. A loom is supported
at intervals throughout its run usually by means of
clips secured at relevant parts of the aircraft structure,
An application of the method to an aircraft junction
box is shown in Fig, 5.7,

The composition of a cable loom s dictated by
such factors as (i) overall diameter, (ii} temperature
conditions, i.e. temperature rise in cables when opera-
ting at their maximum current-carrying capacity in
varying ambient temperature conditions, (iii) type of
currept, i,e, whether alternating, direct, heavy-duty or
light-duty, (iv) interference resulting from induetive or
magnetic effects, (v} type of circuit with which cables
are associated; this applies particularly to circuits in
the essential category, the cables of which must be
safe-guarded against damage in the event of short-
circuits developing in adjoining eables.

Magnetic fields exist around cables carrying direct
current and where these cables must interconnect
equipment in the vicinity of a compass magnetic
detector element, it is necessary for the flelds to be
cancelled out. This is achieved by routing the positive
and earth-return cables together and connecting the

TERSIL o

L A e o i s sy

fvickel pisted coppear strand

Silicone rubber

/

Glasx hraie{ PTP/varnish

FERSIL rpmp SR TR e Vet ftnan
/

Finned copper sirand Py Gless brand FEP

NYVIN \ T TR e s
|

Nickef piated coppar strond FTFElglaxs|FTEE Nrylon

EFGLAS B e PP APy FT YT P TEPYRRPPRTTS RS PTRTP YT OT Y
Fig. 5.6

Constructional features of some typical cables.
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Clomp bloch ..
T Clomping  apan - triengn
nut w05her

Hung

Housing

Fig 5.9
Pressure bung assembly

pierced by a special tool when loading the bung with
cables,

The cables are a tight fit in the holes of the bung
which, when fully loaded and forced into the housing
by the clamping nut, is compressed tightly into the
housing snd around the cables, The antj-friction
washer prevents damage o the face of the bung when
the clamping nut is turned, On assembly, hules not
oceupied by cables are plunged with plastic plugs.

In instances where cable “breaks” are required at a
pressure bulkhead, the cables at each side of the bulk-
head are terminated by specially-sealed plug or socket
assemblies of a type similar to those shown in Fig.
5.14 (items 3 and 4).

SPECIAL PURPOSE CABLES

For certain types of electrical systems, cables are
required ta perfarm a more specialized function than
that of the cables already referred to. Some examples
of what are generally termed, special purpose cables,
are described in the following paragraphs,

Tenition Cables.  These cables are used for the trans-
mission of high tension voltages in both piston engine
and turbine engine ignition systems, and are of the
sinple-core stranded type suitably insulated, and
screened by metal bralded sheathing to prevent inter.
ference, The number of cables required for a system
corresponds to that of the sparking plugs or igniter
plugs as appropriate, and they are generally made up
into a complete ignition cable harness. Depending on
the type of engine installation, the cables may be
enclosed in a metal conduit, which also forms part of
2 harness, or they may be routed openly. Cables are
connected to the relevant systern components by

special end fittings comprising either small springs or
contact caps secured to the cable conductor, insulation
and a threaded coupling agsembly.

Thermocouple Cables.  These cables are used for
the connection of cylinder head temperature indicator
and turbine engine exhaust gas temperature indicators
to their respective thermocouple sensing elements. The
conducting matedals are normally the same as those
selected for the sensing element combinations, namely
iron and constantan or copper and constantan for
cylinder head thermocouples, chromel (an alloy of
chromium and nickel) and alumel {an alloy of alumi-
nium and nickel) for exhaust gas thermocouples.

In the case of cylinder head temperature indicating
systems only one thermocouple sensing element is
used and the cables between it and a firewall connec-
tor are normally ashestos covered. For exhaust gas
temperature measurement a number of thermocouples
are required to be radially disposed in the pas stream,
and it is the usual practice therefore, to arranpe the
cables in the form of a harness tallored to suit a
gpecific enpine installation. The insulating material
of the harness cables is either silicone rubber or
P.T.F.E. impregnated fibre glass. The cables terminate
at an engine or firewall junction box from which
cables exiend to the indicator. The insulating material
of extension cables is normally of the polyviny! type,
since thay are subject to lower ambient temperatures
than the engine harness, In some applications exten-
sion cables are encased in silicone paste within metal-
brajded flexible conduit.

Co-axial Cables,  Co-axial cables contain two or more
separate conductors. The innermost conductor may
be of the zolid, or stranded copper wire type, and may
be plain, tinned, sitver-plated or even gold-plated

in some applications, depending on the degree of
conductivity required, The remaining conductors are
in the form of tubes, usually of fine wire braid. The
insulation is usually of polyethylene or Teflon. Outer
coverings of jackets serve to weatherproof the cables
and protect them from fluids, mechanical and elec-
trical darnage. The materals uzed for the coverings
are manufactured to suit aperations under varying
environmentai conditions.

Co-axial cables have several main advantages. First,
they are shielded against electrostatic and magnetic
fields; an electrostatic fleld does not extend beyond
the outer conductor and the fields due to current
flow in inner and outer conductors cancel each other,
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secured directly to a structural member, and either a
single bolt or a chuster of bolts secured to an sarthing
plate designed for tiveting or bolting to a structural
tnember. In order to ensure good electrical contact
and minimum resistance between an earthing bolt or
plate and the structure, protective film is removed from
the contacting surfaces before sssembly. Protection
against corrosion is provided by coating the surfaces
with an anti-corrosion and solvent resistant compound
or, in some cases by interposing an electro-tinned
plate and applying compound to the edges of the
joint. An example of a cluster arrangement with a
corrosion plate is llustirated in Fig, 5.7.

Earth-return cables are connected to earthing boits
by means of crimped ring type connectors, eech bolt
accommeodating cables from several cireuits. For some
circuits, however, it is necessary to connect cables
separately and this applies particularly to those of the
sensitive low current-carrying type, e.g. resistance type
temperature indicators in which egrors can arze from
varying earth return currents of other circuijts.

In aircraft in which the primary structure is of non.
metallic construction, a separate contituous maln
earth and bonding system 12 provided. It consists of
four or more soft copper strip-type conductors ex-
tending the whole lenpth of the fuselage and disposed
go that they are not more than six feet apart as
measured around the periphery of the fuselage at the
position of greatest eross-sectional area. The fuselage
earthing sirips are connected to further strips which
follow the leading and trailing edges from root to tip
of each wing and horizontal stabilizer, and also to a
strip located on or near the leading edge of the vertical
stabilizer. Earthing strips are provided in the trailing
edges of the rudder, clevators and ailerons, and are
connected to the fusslage and wing systems via the
outer hinges of the control surfaces. The strips are
arranged to run with as few bends as possible and are
connected to each other by means of screwed or
riveted joints.

Lightning strike plates, extending round the tips of
each wing, horizontal and vertical stabilizers, fuzelage
nose and tail, are also provided. They consist of copper
strips and are mounted on the exterior of the struc-
ture.

Connections

In order to complete the linkages between the various
units comprising a power distribution system, some
appropriate means of connection and disconnection

must be provided. The number of connections involve
in any one system obviously depends on the type and
size of an aircraft and its electrical installatian, but
the methods of connection with which we are here
concerned follow the same bagic patiem.

In general, there are two connecting methods
adopted and they can be broadly categorized by the
frequency with which vaits must be connected or dis-
connected. For example, cable connections at junc-
tion boxes, terminal blocks, earth stations etc. are of
amore permanent nature, but the cable terminations ar
such that the cables can be readily disconnected when
occagion demands. With equipment of a complex
nature liable to failure as the result of the failure of
any one of a multitude of compoenents, the connec-
tions are made by some form of plup and socket thus
fecilitating rapid replacement of the component.
Furthermore, the plug and socket method also
facilitates the removal of equipment that has ta be
inspected and tested at Intervals specified in main-
tenance schedules.

CABLE TERMINATIONS

There are several methods by which cable termina-
tions may be made, but the one most commonly
adopted in power distribution sysiems is the solder-
less or crimped termination. The seldering method of
making connections is also adopted bul is more
generally confined to the joining of internal circuit
connections of the various items of consumer equip-
ment and in some cases, to the connections belween
zgingle-core cables and plug and socket contacts.

Crimped Termingls. A crimped terminal is one

which has been secured to its conductor by compres.

sin it in such a way that the metals of both terminal
and conductor merge together to form a homogeneow:
mass. Some of the advantages of the crimping methed
are:

1. Fabrication is faster and easter, and uniform opera-
tion is assured.

2. Good electrical conductivity and a lower voltage
drop 15 assured.

3. Connections are stronger (approaching that obtaine
with cold welding}; aetually as strong as the condug
tor itself,

4. Shorting due to solder slop and messy flux probler
are eliminated.

5. "Wicking” of solder on conductor wires and “dry”
joints are eliminated.









keyways are also provided to ensure that plugs and
sockets and their corresponding conductors, mate
correctly; they also prevent relative movement
between their contacts and thereby strain, when the
coupling rings are being tightened. The shelis of “free”
plups and sockets are extended as necessary by the
attachment of outlets or endbells. These provide a
means of supporting the cable or cable loom at the
point of entry to the plug or socket thereby pre-
venting straining of the conductot, and pin or socket
joints, they prevent displacement of the contacts in
the softer material insulators, and the ingress of
moisture and dirt. In many cases a special cable clamp
is also provided (see Fig. 5.14, item 5).

Plug contacts are usually sclid round pins, and
socket contacts have a resilient section which is
arranged 10 grip the mating pin. The contacts are re-
tained in position by insuiators or inserts as they are
often called, which are a gliding fit in the shells and
are secured by retaining rings and/or nuts. Insulators

Fig 5.15
Pin/sockel sequenging
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may be made from hard plastic, neoprene of varying
degrees of hardness, silicone rubber or fluorosilicone
rubber depending on the application of a plug and
socket, and on the environmental conditions under
which they are to be used. Attachment of conductors
to pin and socket contacts is done by crimping (see
p. 89) a method which has now largely superseded
that of soldering, The socket contacts are designed so
that their grip on plug pin contacts is not reduced by
repeated connection and disconnection.

In most applications, plugs and sockets are secured
in the matad condition by means of threaded
coupling rings or fts; in some cases bayonet-lock
and push-pull type couplings may also be employed.

Some typical fixed and iree type plugs and
sockets are illustrated in Fig. 5.14. The rack type
unit {item 7) 13 used principally for the inter-
connection of radio and other electronic equipment
which is normally mounted in special racks or trays,
One of the elements, either the plug or the socket, is

v Polarising key positions
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fixed to the back of the equipment and the mating
uRit is fixed to the rack or tray; elecirical connec-
tion is made when the equipment is slid into the rack
or tray.

In addition to identifying pins and sockets by
numbers or letters, it.is usual in many types of
connectors to sipnify the numerical or alphabetical
sequencing. As shown in Fig. 5.15, this is done by a
spiralling “guideline’’ ermbossed on the faces of
inserts. Every tenth pin or socket cavity is identified
with parenthsses.

“SPOTTING”

This is a technique usually applied to plugs and soc-
kets which are to be employed in situations where
there i5 the possibility of water or other liquids
passing through the cable entry. [t eliminates elaborate
cable farrules, gland nuts, etc, by providing a simple
plastic shroud with sufficient height to cover the
terminations, and filling the cavity with a special
compound which though semi-fluid in its initial con-
dition, rapidly hardens into a rubbery state to form a
fairly efficient seal. In addition to sealing it provides
reinforcement for the cable connections.

The potting compound consists of a basic material
and an alkaline or acid base material (known as an
“accelerator™) which are thoroughly mixed in the
carrect proportion to give the desired consistency and
hardness of the compound. Once mixed, the compound
is injected into a special mould and allowed to set,
When the mould is removed, the resilient hemispheri-
cally-shaped insulation extends well into the plug or
socket, bonding itself 1o the back of the insulant
around the contact and conductor joints and partly
out along the conductor insulation.

Electrical Bonding

STATIC CHARGES

During fMHght, 2 build-up of electrical energy occurs in
the strueturs of an aircraft, developing in two ways:
by precipitation static charges and by charges due to
elecirostatic induction. Precipilation static charges are
built up on the outer surfaces of an aircraft due to
frictional contact with rain particles, snow and ice
crystals, dust, smoke and other air contamination.

As the particles flow over the aircraft negative charges
are left behind on the surfaces and positive charges
are released to flow into the airstream. In addition,
particles of foreign impurities which are themnselves
charged, make physical contact and transfer these

charges to the surfaces of the airerafl, increasing or
decreasing the charged state already present by virtue
of the frictional build-up,

Charges of the electrostatic type are those induced
into an aircraft when flying into electric fields created
by certain types of cloud formation, This condition
of charge is the result of the disruption of water par-
ticles which increases the strength of a field and builds
up such a high voltage that a discharge occurs in the
familiar form of lightning, The discharge can take
place between oppositely charged pockets in one
cloud or 2 negatively charged section apd the top of
the cloud, or between a positively charged pocket
and earth or ground. A well developed cloud may have
several oppositely charged areas, which will produce
several electric fields in both the herizontal and ver-
tical planas, where voltages of up to 10,000 volts per
centimelre can he achieved, The relatlve hazard created
by these high potentials can be readily appreciated
if it is realized that by electrostatic induction, up to
10 million volts with possibly several thousand am-
peres of current, may be permitted to pass through
the aircraft when flying in or near the aforementioned
conditions.

Regardless of how an aireraft acquires [ts static
charges the resultant potential difference between it
and the atmosphere produces a discharge which tends
to adjust the potential of the aircraft to that of the
stmosphete. The charge is therefore being dissipated
almost as it is being acquired, and by natural means,

One of the hazards, however, 1z the possibility of
discharges oceurring within the aircraft as a result of
differences between the potentials of the separate
parts which go to make up the aireraft,and all the
systems necessary for its operation, It is essential, then
fore, to incorporate a system which will form a
continuous low-resistance link between afl parts and
in 50 doing witl:

(i} limit the potential difference hetween all

parls.

{ii} eliminate spark discharges and fire risks.

(iil) carry the exceptionally high voltages and
eurrents go that they will discharge to atmo-
sphere at the extremities of the aircraft.

{iv) reduce interference with radio and navi-
gational aid signals.

{v) prevent the possibility of electrical shock
hazards to persons contacting equipment
and parts of the aircraft,

Such a system is called a bonding sysrem and

although differing in its principal functions, it will be
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clear from the fact that clectrical continuity is ob-
tained, the requirements of the system overlap those
of the carthing system described on p. 87,

The continuous link is formed by metal strip
conductors joining fixed metal parts, e.g. pipes joined
either side of & non-metallic coupling, and by short-
length flexible braid conductors for joining moving
parts such as control rods, flight control surfaces, and
components mounted on flexible mountings, ¢.g.
instrument panels, mounting racks for electronic
equipment. Some typical examples of the method of
joining bonding strips or “jumpers” as they are some-
times called, are shown in Fig. 5.16.

[n general, bonding is classified as Frimary and
Secondary, such classifications being determined by
the magnitude of current to be expected from slectro-
statically induced charges, and precipitation statie
charpges respectively. Primary bonding conductors
are used hetween major components, engines, external
surfaces, ¢.g. [light control surfaces, and the main
structure or ¢arth, Secondary bonding conductors are
used between companents and earth for which pri-
miary conductors are not speeifically required, e.g.
pipelines carrying flammable fluids, metal conduits,
junction boxes, door plates, ete,

Some static charpe is always liable to remain on an
aireraft so that after landing 2 difference in potential
between the aircraft and the ground could be caused,
This obviously is undesirable, since it creates an elec-
tric shock hazard te persons entering or leaving the
aircraft, and can cause spark discharge between the
aircraft and exteenal ground equipment being coupled
to it. In order to provide the necessary leakage path,
two methods are generally adopted cither separately
or in combination. In une, the aireraft is Gtted with 2
nosewheel or tail-wheel tyre as appropriale, the
rubber of which contains a compound providing the
tyre with good electrical conductivity, The second
method provides a leakage path via short flexible steel
wires secured to the nose wheel or main wheel axle
members and making physieal eontact with the ground.

During refuelling of an aircraft, stringent pre-
cautions are necessary 10 minimize the risk of fire or
explosion due to the presence of static charges, The
aireraft itself may be charged, the fuel flowing
through the hose generates electrical potentials, and
the fuel tarker may be charged. Thus potential dif-
terences must be prevented from occurring and which
could otherwise resuli in the generation of sparks and
igmition of flammable vapours. The equalizing of
potentials is achieved by providing a bonding conne¢-

tion between the aireraft and tanker which themselves
are bonded to the ground, and by bonding the hose
nozzle to a point specially provided on the aireraft.
During the refuelling operation physical contact
between the hose nozzle and tank filler is always
majntained.

In a number of cufrent *new technology” aircrafl,
high-performance non-metallic composite materials
are used in major strugtural areas. Although they
obviously have advantages from the structural point
of view, the reduction in what may be ternned the
“metallic content™ of the airframe does, unfortu-
nately, reduce the effectiveness of shielding the
aircraft, and electrical and electronic systems from
the effects of lightning strikes.

Since the operation of 1hese systems is based on
sophisticated digital computing techniques, then
the many computers in control of an aircrafl are
most vuinerahle. This is because the magnetic
induction created by large lightning currents flowing
nearby, could completely destroy microprocessors
and other vital integraied cirguil packs comprising
the units, Thus, {urther lightning protection must
be built into the aireraft, and currently this takes
the form of special suppression fiters and metallic
shielding over system cables,

STATIC DISCHARGE WICKS

As noted earlier, Lthe discharge of static takes place
continuously in order to equalize the potentials of the
charges in the atmosphere and the aireraft. However,
it is often the case that the rate of discharge is lower
than the sctual charging rate, with the result that the
aircraft’s charge potential reaches such a value it per-
mits what is termed a corona discharge, a discharge
which if of sufficient magnitude, will glow it poor
visibility or al night. Corona discharge occurs more
teadily al curves and sections of an aircraft having
minimuny radii such as wing Lips, trailing edges,
propeller tips, horizontal und veriical stabilizers,
radio antennae, pitot tubes, etc.

Corona discharge can cause serious interfercnee
with radio frequency signals and means must therefor
be provided to ensure that the discharges occur at
points where interference will be minimized. This is
sccomplished by devices called static discharge wicks
or more simply, static dischargers. They provide a
relatively easy exit for the charge so that the corona
breaks out at predetermined points rather than hap-
hazardly at points favourable to its oceurrence. Static
dischargers are fitted to the trailing edges of ailerons,



elevators and rudder of an aireraft. A typical static
discharger consists of nichrome wires formed in the
maner of a2 “brush” or wick thereby providing a
number of discharge points. In some instances, static
dischargers may also take the form of small metal rods
for trailing edge fitting and short flat metal blades for
fitting at the tips of wings, horizontal and vertical
stabilizers, Sharp tungsten needles extend at right
angles to the discharger tips to keep corona voltage
low and to ensure that discharge will occur only at
these points,

SCREENING

Screening performs a similar function to bonding in
that it provides a low resistance path for voltages
producing unwanted radio frequency interference.
However, whereas a bonding system is a conducting
link for voltages produced by the build up of static
charges, the voltages to be conducted by 4 sereening
system are those stray ones due to the coupling of
external fields originating fram certain items of
electrical equipment, and eircuits when in operation,
Typical examples are: d.¢. generalors, engine ignition
systemns, d.e. motors, time switches and similar
apparatus designed for making and breaking circuits
at a controlled rate.

To load
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The methods adopted for screening are generally
of three maln types governed principally by the equip-
ment or circuit radiating the interference fields. In
equipment such as generators, motors and time
switches several capacitors, which provide a low cesis.
tance path, are interconnected across the inter-
ference source, i.e. brushes, commutators and con-
tacts, to form a self-contained unit known as a sup-
pressor. The other methods adopted are the enclosing
of equipment and circuits in metal cases and the en-
closure of cables in a metal braided sheath, a method
used for screening the cables of ignition systems. The
suppressors and metal screens are connected to the
main earth or ground system of an aircraft,

STANDARDIZING OF DISTRIBUTION
As mentioned in the introduction to this chapter,
en organized form of power distribution through-
out an aireraft is essential, and as an example of this
we may conclude by considering the sequence illus.
trated in Figs. 5.17 to 5.21. The diagrams, although
based on the B737 power distribution and control
system, are generally representative of the standard
approach adopted in other types of public transport
aircraft,

Figure 5.17 shows the routing of the feeder lines
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o
From APy
genarator

Fig 5.17
Generator fecder kines
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from the main generators and the AP penerator, At
the wing/fuselage junction, the lines pass through
sealed connectors into the underfloor area, All lines
are then routed through an electrical/electronics
compartment (see Fig. 5.18). Those from the main
generalors pass through sealed connectors into the
unpressurized nosewheel well to connect up with
the generator breakers. The feeder lines from the
APU generator are connected to its breaker located
abave [loor level within a special compartment
(designated P6 panel) to the rear of the captain's
position. This compartment contains most of the
a.c. and d.c. bushars, the bus-tie breakers, voltage
contro] and protection units for all three generators,
and an external power control unit, The feeder lines
from the main generator breakers pass into this
compariment 1o connect with the a.c. busbars.

A cireuit breaker panel is mounted orl the front side

Generator
breakars

External

External
poiwar
contactor

Mose-whael
weil

E1 rack

Battary

External d.c.
receptacle

Accees doof 1o
alnctrical/electranic
compariment,

of the compartment. As a complete unit therefore,
the compartment or P6 panel, establishes what is
termed the load control centre of the aircraft.

The electrical/electronics comparttnent serves
ag a centralized area for the rack mounting of the
many “black boxes™ associated with automatic
flight control, compass, radio, and certain other
airfrarne systemns, Removal, installation and main-
tenance checks of these boxes are thereby facilitated
by this arrangemnent.

In order to establish an organized form of systems
control by each member of the flight crew, and also
of ¢cireuit protection, an appropriate number of
contrel panels are strategically located on the flight
deck as Hlustrated in Figs. 5.19, 5.20, and 5.21. The
parels are designated by the letter “P* prefixing the
panel humbers, and in the example considered they
are as follows:

P& panal

AP genarator braaker

Busbar protection panaj
lext. power control wRil}

Generator snd APU

Bus-tla
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TH units
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Invertar
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Fig 5.18 Llectrical/electronics compariment
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HAPTER SIX

Circuit Controlling Devices

In aireraft electrical installations the function of Switches and relays are constructed in & variety of
initiating, and subsequently controlling the operaling fuims, and although not exhaustive, the details glven in
sequences of constituent circuits is performed prin- Table 6.1 may be considered a fairly representative
cipally by switches and refays, and the construction summary of the types and the actuating methods com-

and operation of some typical devices form the subject  monly employed,
of this chapter. [t may be noted that although cireuit
breakers may also come within the above functional

) . - . : Swi
classification, they are essentially circuil protection itches .
devices and, as such, are separately described in the In its simplest form, a switch consists of two contact.
appropriate chapter. ing surfaces which can be isolated from each other
Table 6.1

Primary method of actuating contact assembliss

Switching Devies Remarks
Munusl Mechanical Electrical Electromagnetic
SWITCHES
Topgle X
Pugh X X Certain types
incorporate a
“hold-in"' cail;
lights,
Rolary X
Micro X X X
Rheostat X
Time X Mechanical timing
device opemted in
tum by an &lectric
motor.
Mercury X
Pressure X
Thermal X X Effects of meta]
ex pansion and aiso
of electrie current,.
Proximity X X )
Solid-state X Translstor Lype
"on-off". Used in
the internal circuits
of units such az
zantral and
protection.
RELAYS X Electromagnetic, in
turn controlied by
BREAKERS or x a cireuit incorpora-
Contactors ting one or more
manual switches,
mechanical

switches ot a com-
bination of thess,
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or brought together as required by a movable con-
necting link. This connecting link is referred to as 4
pole and when it provides a single path for a flow of
current as shown in Fig. 6.1(a), the switch is desig-
nated as a single-pole, single-throw switch. The term
throw thus indicates the number of circuits each pole
can complete through the switch, Tn many circuits,
various switching combinations are usually required,
and in order to facilitate the make and break opera-
tions, the contact assemnblies of switches (and certajn
relays} may be constructed as integrated units. For
example, the switch at (b) of Fig. 6.1 can control

two circuits in one single make or break operation, and
is therefore known as a double-pole, single-throw
switch, the poles being suitably insulated from each
other, Two further examples are illustrated in diagrams
{c) and (d) and are designated single-pole, double-
throw and double-pole, dowhle-throw respectively,

-——o"""o-—w —o)/q—
{ o) Singlg-pole, single -thraw tb) Double-pola, singla-1hsow
Cle—
v—thT—
e e N
— I o—
—{_I—-
[E—
(&) Singla=pole, double-throw [ d) Doubte-pole, double-throw
Figb.}

Switch contart grrangements

In addition to the number of poles and throws,
switches (toggle types in particular) are also desig-
nated by the number of positions they have, Thus, a
toggle switeh which is spring-loaded to one position
and must be held at the second to complete a cireuit,
is called a single-positiont switch. If the switch can be
set at either of two positions, c.z. opening the circuit
in one position and completing it In another, it is then
called a rwo-position switeh. A switch which can be
set at any one of three positions, e.g. a centre “off™
and two “on' positions, is a three-position switch,
also known as a selector switch,

TOGGLE SWITCHES
Toggle or tumbler-iype switches, as they are sometimes
called, perform what may be regarded as “'general-

purpose’ switching functions and are used extensively
in the various clreuits. A typical switch is illustrated b
Fig. 6.2.

Elastamer
toggle seal

Flg 6,2
Toggle switch

In some applications it may be necessary for the
switches in several independent circuits to be actuate
simultaneously. This is accomplished by “ganging” tt
switches together by means of a bar linking each
toggle as shown in Fig, 6.3(a). A variation of this
method is used in certain types of aircraft for simul-
taneous action of switch toggles in one direction only

) AR AR

“Cranging” and Yocking ol switches



(usually to & “'system off” position). This is accom-
plished by a separate gang-bar mounted on the control
panel in such a way that it can be pulled down to bear
against the toggles of the switches to push them in the
required direction. When the bar is released it is re-
tumed under the action of a spring,

A further variation is one in which the operation of
a particular switch, or all in a series, may be constrained,
A typical application to a triple generator system is
shown in Fig, 6.3(b), the switches being used for the
alternative disposition of busbar loads in the event of
failure of any of the three generators.

A locking bar is free to rotate in mounting brackets
anchored by the locking nuts of the No. | and No. 2
switches. The radiused cut-outs, at 90 degrees to each
other, are provided along the length of the bar at
positions coincident with the toggles of each switch, A
steel spring provides for tensioning of the bar at each
selected position, and is inserted around the circum-
ference at the right-hand end. Markings 1, 2, 3 and
“N'* correspond to the positions of the cut-outs on the
bar relative to the switch toggles. If, for example, there
iz a failure of No, | generator the bar is rotated to the
position | permitting operation of failure switch No. 1,
but constraining the toggles of the other two switches,
The action for switch operation at positions 2 and 2
is similar. Thus, the busbar loads of g failed generator
can be distributed between remaining serviceable
generators at the same time avoiding inadvertent switch
operation. When the letter “N" is evident the bar and
the cut-outs are positioned so that none of the switches
can be operated,

PUSH-SWITCHES

Push-switches are used primarily for operations of
short duration, i.e. when a circuit is ta be completed
or interrupted momentarily, or when an altemative
path is to be made available for brief periods. Other
varianis are designed to close one or more circuits
(through separate contacis) while opening another
¢ircuit, and in these 1ypes, provision may be made for
contact-action in the individual circuits to oceur in
sequence instead of simultaneously. In basic form a
push-switch consists of a button-operatad spong-
loaded plunger carrying one or more contact plates
which serve 1o estabiish electrical connection between
fixed contact surfaces. Switches may be designed as
independent units for either “push-to-make” or “push-
to-break’ operation, or designed to be double-acting.
For certain warfling and indicating purposes, some
types contain miniature lamps positioned behind a
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small transhicent screen in the push-button. When
illuminated, legends such as “on™, “closed” or *fajl™
are displayed on the screen and in the appropriate
colours.

The construction of a simple type of “push-to-
make” switch and the arrangement of an iluminated
type are shown in Fig, 6.4. In some circuits, for
example in a turbopropeller engine starting cireuit
(see also p. 156), switches are designed to be both
manual and electromagnetic in operation, A wypical
example, normally referred to as a “push-in solenoid

Cone
cohlogt
!

Tarmungl screw Clamping nag
] N

Fush button

Contacl plpie

Simala type

{Nufmingled lens
ay5embly
M

- Translucent
sCréan

Lomp conlacls

Hiumwnalad type

Fig £.4
Push switches

switch”, is shown in Fig. 6.5. The components are
contained within a casing comprising an aluminium
housing having an integral mounting Mange, z sleeve
and an end cover. The solenoid coil is located at the
flange-end of the housing, and has a plunger passing
through it. One end of the plunger extends beyond
the housing flange and has 2 knob secured to it, while
the other end terminates in a spring-loaded contact
assermbly. A combined terminal and fixed contact
block Is attached to the end of the housing and is held
in place by a knurled end cover nut.






of eccentric device to give a snap action and positive
engagement of the contact surfaces.

MICRO-SBWITCHES

Micro-switehes are a special category of switeh and
are one of the most extensively applied electrical
devices in aircraft, performing a wide range of opera
tions to ensure safe control of a varlety of systemns
and components. The term “micro-switch” designates
.3 switehing device in which the differential travel
between “make” and “break” of the operating mech-
anism is of the order of a few thousandths of an inch.
Magnification and snap action of contact mechanism
movaments are derived {rom a pre-tensioned mechan-
ically biased spring. The principle is shown in Fig, 6.7.

Sprng | long mombar}

Dperating ojunger Foed conlugt {normalty closed)

Fraed contadt
{normalty apen)
Zommon lgrmngl Sidn members

Sealgd housing

- - .- Holler
Flunger octualor —_
¢ 9 Loching wire hle — — gt _ig
- Lochwather il

Bushing keyway
- Tgb woshar

Fig 6.7
Micro-switches

The long member of the one-piece spring is cantilever
supported and the operating button or plunger bears
against the spring. Two shorter side members are
anchored in such a way that they are howed in com-
pression, In the inoperative position the contact
mounted on the free end of the spring is held againat
the upper fixed contact by the couple resulting from
both tension and compression force. Depression of the
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operating button deflects the long member downwards
thereby causing a reversal of the couple which “snaps”
the spring and contact downward, Upon removal of
the operating force, cantilever action restores the
spring and contact system to its initlal position with a
snap action,

The method of actuating micro-switches depends
largely on the system to which it is applied but
usually it is either by means of a lever, roller or cam,
these in turn being operated either manually or elec-
trically. The operating ¢ycle of a micro-switch is
defined in terms of movement of the operating
plunger. This has a specified amount of pre-travel, or
free movement before the switch snaps over. Follow-
ing the operating point, there is some over-travel,
while on the return stroke some differential travel
beyond the operating point is provided before the
release action of the switch takes place, The contacts
of the switches shown in Fig. 6.7 operate within
sealed evacuated chambers filled with an inert gas,
&.g. nitrogen,

RHEOSTATS

These are controlling devices containing a resistance
the magnitude of which can be vared, thereby adjus.
ting the eurrent in the elreuit in which it is connected.
A typical example of this method of control is the
one adopted for varying the intensity of ingstrument
panel and certain cockpit lighting,

Rheostats normally adjust circuit resistance with-
out opening the circuit, although in some cases, they
are constructed to serve as a combined on-off switch
and variable resistor.

TIME SWITCHES
Certain consumer services are required to operate on a
pre-determined controlled time sequence basis and as
this involves the switching on and off of various com-
ponents or sections of elrcuit, switches automatically
operated by timing mechanisms are necessary. The prin-
ciple of time switch operation varies, but in general
it is based on the one in which 2 contact assembly is
actuated by a cam driven a¢ constant speed by either
a speed-controlied electric motor or a spring-driven
escapernent mechanism. n some specialized conzumer
services, switches which operate on a thermal prinei-
ple are used. In these the contact assembly is
operated by the distortion of a thermal element when
the latter has been carrying a designed current for a
pre-determined period.

An example of 2 motor-driven time switch unit is
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shown in Fig. 6.8, It is designed 1o actuate relays
which, in tum, control the supply of alternating guy-
rent to the heating elements of a power unit de-icing
system (see p. 170), Signals 1o the relays are given in
repeated time cycles which can be of short or long
duration corresponding respectively to “fast” and
“slow™ selections made on the appropriale system
control switch.

Huph-speed
qrar assembly

Centrifugol

swtlch
intermedioie gear

afsmbly

e

e ==

Comehaft @uembly ~ e G
Fig 6.8

Time switch unit

The unit comprises an assembly of five cam and
lever-actuated micro-switches driven by an a.c. motor
through a reduction gearbox.,

The motor runs at constant speed and drives the
camshaft at one revolution per 240 seconds. Two of
the carms are of the threelobed type and they switch
on 1wo migro-switches three times during one revolu-
tion, each ““on" period corresponding to 20 seconds.
Twa other cams are of the single-lobed type and they
switch on two assoclated micro-switches once during
one revolution, the “on” periods in this case corre-
sponding to 60 seconds. Thus the foregoing cam and
micro-switch operations correspond respectively to
*“fast” and “slow" selections of power to the heating
elements, which are accordingly heated for short or
long periods. The fifth cam and its micro-switch con-
stitute what is termed 2 “homing™ contral eireuit, the
purpose of which is to re-set the time switch after use
so that it will always re-commence at the beginning of
an operaling cycle.

When the “homing” miero-switch closes, it com-
pletes an external relay eircuit whose funetion is to
continue operation of the motor whenever the de-
icing system is switched off. On completion of the
full revolution of the camshaft, the homing ricro-

swilch is opened, thereby stopping the motor and
resetting the mer for the next cycle of operation.

MERCURY SWITCHES

Mercury switches are plass tubes into which stationary
contacts, or electrodes, and a pool of loose mercury
are hermeticaily sealed. Tilting the tube causes the
mercury ta flow in g direction to close or open a pap
hetween the electrodes to “make™ or "break™ the
circuit in which the switch is connected,

The rapidity of “make” and “break™ depends on
the surfaee tension of the mercury rather than on
externally applied forces. Thus, mercury switches are
applied to systems in which the angular position of a
component must be controlied within a narrow band
of operation, and in which the mechanical force
required to titt a switch is very low. A typical appli-
cation is in torque motor circuits of gyro horizons
in which the gyros must be precessed to, and main-
tained in, the vertical position.

Mercury switches are essentially single-pole, sinple-
throw devices but, as will be noted {rom Fig. 6.9, some
variations in switching arrangements can be utilized,

PRESSURE SWITCHES

In many of the aircraft systems in which pressure
measurernent is involved, it is necessary that a warning
be given of either low or high pressures which might
constitute hazardous operating conditions. In some
syslems also, the frequency of operation may be such
that the use of a pressure-measuring instrument is not
justified since it is only necessary for some indication
that an operating pressure has been attalned for the
period during which the system is in operation. To
meet this requirement, pressure switches are instafled
in the relevant systerns and ate connected to warning
or indicator lights located on the cockpit panels.

A typical switch is illustrated in Fig. 6.10. It con-
sists of a metal diaphragm bolted betwsen the flanges
of the two sections of the switeh body. As may be
seen, a chamber is {formed on one side of the dia-
phragm and is open to the pressure source, On the
other side of the diaphragm a push rod, working
through a sealed guide, bears against contacts fittad
in a terminal biock connecied to the warning or indi-
cator light assembly. The contacts may be arranged
1o “make’ on either decreasing or increasing pressure,
and their gap settings may be preadjusted in accord-
ance with the pressures at which warning or indication
is required.

Pressure switches may also be applied to systems









solenoid and armature, and the controlling element
is one or more pairs or contacts.

As in the case of switches, relays are also designated
by their “pale™ and “throw™ arrangements and these
can range from the simple single-pole, single-throw
type to complex multiple contact assemblies control-
ling a variety of circuits and operated by the one
solenoid,

In many applications the solencid is energized
directly from the aireraft power supply, while in
othets it may be energized by signals from an auto-
matic device such as an amplifier in a cabin tempera-
ture-control system, or a fire detector unit, When the
solenoid coil is energized a magnetic field is set up
and at a pre-determined voltage level (called the
“pull-in™ voltage) the armature is attracted to a pole
piece against spring restraint, and actuates the contact
assembly, this in turn either completing or inter-
rupting the circuit being contralled. When the solenoid
coil circuit is interrupted at what is termed the “drop-
out" voltage, the spring returns the armature and con-
tact assembly to the inoperative condition.

In addition to the contact assembly designations
mentioned earljer, relays are also classified by the
order of making and breaking of contacts, whether
normally open (“NO") or normally closed ("NC™)
in the de-energized position, rating of the contacts in
amperes and the voltage of the energizing supply. The
design of a relay is dictated by the function it is re-
quired to perform in a particular system or compornent,
and as a result many types are available, making it
difficult to group them neatly into specific classes.

On a very broad basis, however, grouping is usually
related to the basic form of construction, e.g.
attracted core, attracted-armaiure, polarized armature,
and “slugged™, and the current-carrying ratings of the
controlling element contacts, Le. whether heavy-duty
or light-duty. The deseriptions given in the following
paragraphs are therefore set out on this basis and the
relays selected are typical and penerally representative
of applications to aircraft systems,

ATTRACTED-CORE, HEAVY-DUTY RELAY
The designation *heavy-duty™ refers specifically to
the amount of current to be carried by the contacts.
These relays are therefore applied to circuits involving
the use of heavy-duty motors which may take starting
currents over a range from 100 A to 1500 A, either
short-tetm, as for starter motors for example, or con-
tinuous operation,

A telay of the type used for the control of a

Termingl
mauidlng

Terrunals
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typical turbopropeller engine starter motor circuit is
illustrated in Fig, 6.13. The contact assembly consists
of a thick contact plate and two sultably insulated
fixed contact studs connected to the maln terminals,
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Altracted core heavy-duty relay
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Fig6.14
Attracted armature light-duty ralay (sealed)

The contact plate is mounted on a supporting spindle
and this also carries a soft inner core located inside
the solenaid coil. The complete moving component
is spring-loaded to hold the contact plate from the
fixed contacts and 1o retain the core at the upper end
of the coil. When the coil is energized the polarities
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flux is slowed down by 3 second and opposing mag-
netizing force. This procedure is known as “slugging”
and a relay to which it is applied iz called a “slug”
relay. The relay usually incorporates a ring of copper
ot other non-magnetic conducting matedal (the
“glug"}in the magnetic circuit of the relay, in such

a way that changes in the operating flux which is
linked with the slug originate the required opposing
magnetic force. In some slug relays the required result
is obtained by fitting an additional winding over the
relay core and making provision for short-circuiting
the winding, a3 required, by means of independent
contacts provided in the main contact assemblies.

BREAKERS

These devices sometimes referred to as contactors, are
commonly used in power generation systemns for the
connection of feeder lines to busbars, and also for
interconnecting or “tying” of busbars (see also

page 78), The internal arrangement of one such
breaker is shown in Fig, 6.17.

It consists of main heavy-duty contacts for con-
necting the a.c. feeder lines, and a number of smaller
auxilisry contacts which carry d.c. for the control
of other breakers, relays, indicating lights as appro-
priate to the overall system. All contaets are closed

andfor tripped by a d.c.-operated electromagnetic
coil; a permanent magnet serves to assist the coil in
eloaing, and also Lo latch the breaker in the closed
position, The coit is also assisted in tripping by
means of 8 spring. Two zener diodes are connected
across the coil to suppress arcing of the coil circuit
contaets during closing and tripping.

When say, 2 main generator switch i placed in its
“on" position, a d.c. “closing™ signal will flow
through the relaxed contacts “A" and then through
the coil to ground via relaxed contacts B, With
the coil energized, the main and other auxiliary
conlacts will therefore be closed and the spring will
be compressed. The changeover of the coil contacts
*A" completes a hold.in circuit to ground, and with
the assistance of the permanent magnet the breaker
remains latched.

A tripping signal resulting from either the generat
switch being placed to “off™", or from a fault con-
dltion sensed by a protection unit, will flow 1o
ground in the opposite direction to that when
closing, and via the second set of the “close™ con-
tacts, The spring assists the reversed electromagnetic
field of the coil in hreaking the permanent magnetic
latch,

Breakers of this type are installed with their
opening-closing axis in the horlrontal position.



CHAPTER SEVEN

Circuit Protection Devices

and Systems

In the event of a short elrenit, an averload or other
fault condition occurting in the circuit formed by
cables and components of an electrical system, it is
possible for extensive damage and Failure to result.
For example, if the excessive current flow caused by
a short eircuit at some section of a cable is left un-
checked, the heat generated in the cable will continue
to increase until something gives way. A portion of
the cable may melt, thereby opening the circuit so
that the only damage done would be to the cable
invelved, The probability exists, however, that much
greater damage would result; the heat could char and
burn the cable insulation and that of other cables
forming a loom, and so causing more short circuits
and setting the stage for an electrical fire, It is essen-
tial therefore to provide devices in the network of
power distribution to systems, and having the common
purpose of protecting their circuits, cables and com-
ponents. The devices norrmally employed are fuses,
eircuit breakers and current limiters. In addition,
other devices are provided to serve as protection
against such fault conditions as reverse current,
overvoltage, undervoltage, overfrequency, under-
frequency, phase unbalance, etc. These devices may
generally be consldered as part of main generating
systems, and those associated with d.c. power genera-
tion, in particular, are normally integrated with the
generator control units,

FUBES

4 fuse is a thermal device designed primarily to pro-
ct the cables of a circuit against the flow of short-
sircuit and overload currents, In its basic form, a fuse
ronsists of a low melting point fusible element or link,
snelosed in a glass or ceramic casing which not only
iotects the element, but also localizes any flash which
nay occur when “fusing”. The element is joined to

end caps on the casing, the caps in turn, providing the
connection of the element with the circuit it is
designed to protect. Under short-circuit or overload
current conditions, heating oceurs, but before this

ean affect the circuit cables or other elements, the
fusible element, which has 2 much lower current-
carrying capacity, melts and interrupts the circuit, The
matcrials most commonly used for the elements are
tin, lead, alloy of tin and bismuth, silver or copper in
cither the pure or alloyed state.

The construction and current ratings of fuses vary,
to permit a suitable choice for specific electrical instal-
lations and proper protection of individual circuits.
Fuses are, in general, selected on the basis of the
lowest rating consistent with relizble sy tem operation,
thermal characteristies of cables, and without resulting
“nuisance tripping"”, For emergency circuits, ie.,
circuits the failure of which may result in the inability
of an aircraft to maintain controlled flight and effect a
safe landing, fuses are of the highest rating possible
consistent with cable protecdon. For these cireuits it
is also necessary that the cable and fuse combination
supplying the power be carefully engineered taking
into account short-term tyansients in order to ensure
maxinum utilization of the vital equipment without
cireuit interruption,

Being thermal devices, fuses are also influenced by
ambient temperature variations, These can affect to
some extent the minimum “blowing" current, as well
as “"blowing™ time at higher cuments, and so must also
be 1aken in account. Typical examples of fuses cur-
rently in use in light and heavy-duty circuits, are
shown in Fig. 7.1(a)-{b) respectively. The Light-duty
fuse is screwed into its holder (in some types a bayonet
cap fitting is used) which is secured to the fuse panel
by a fixing nut. The circuit cable is connected to
terminals Jocated in the holder, the terminals making
contact with corresponding connections on the






circuits are switched on they impose current surges

of such a magnitude as to lower the voltage of the
complete system for a time period, the length of
which is 8 function of the Hme response of the genera-
ting and voltage regulating system. In order therefore
to keep the current surges within limits, the starting
sections of the appropriate citcuits incorporate a
registance elemnent which is automatically connected
in series and then shorted out when the current has
fallen to a safe value,

Figure 7.3 illustrates the application of a limiting
resistor to a turbine engine starter motor circuit
incorporating a time switch; the initial current flow
may be as high as 1500 A. The resistor is shunted
across the contacts of a shorting relay which ig con-
trolled by the time switch, When the starter push
switeh is operated, current from the busbar flows
through the coil of the main starting relay, thus
energizing it. Closing of the relay contacts completes
a elreuit to the time switch motor, and alse to the
starter motor via the Hmiting resistor which thus
reduces the peak current and initial starting torque
of the motor. After a pre-determined time interval,
which allows for a build-up of engine motoring
speed, the torque load on the starter motor decreases
and the time switch operates a set of contacts which
complete a circuit to the shorting relay. As will be
clear from Flg. 7.3, with the relay energized the
current from the bushar passes direct to the starter
motor, and the Hmiting resistor is shorted out, When
ignition takes place and the engine reaches what is
termed “self-sustaining speed™, the power supply to
the starter motor circuit 18 then switched off.
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CIRCUIT BREAKERS

Circuit breakers, unlike fuses or current limiters,
isolate faulted circutts and equipment by means of a
mechanical trip device actuated by the heating of a
bi-metallic element through which the current passes
to a switch unit. We may therefore consider them as
being 2 combined fuse and switch device. They are
used for the protection of cables and components
and, since they can be reset after ¢learance of a fault,
they avoid some of the replacement problems associ-
ated with fuses and current limiters. Furthermore,
close tolerance trip time characteristics are possible,
because the linkage between the bi-metal element

and trp mechanism may be adjusted by the manu-
facturer to suit the current ratings of the element, The
mechanism is of the “trip-free™ type, i.. it will not
allow the contacts of the switch unit to be held closed
while a fault current exists in the eircuit,

The fastors governing the selection of circudt
breaker ratings and locations, are similar to those
already described for fuses.

The design and construction of cireuit breakers
varies, but in general they consist of three main
assemblies; a bi-metal thermal element, a contact type
switch unit and a mechanical latching mechanism, A
push-pull button is also provided for manual resetting
after thermal tripping has occurred, and for manual
tripping when it is required to switch off the supply
to the circuit of a gystern. The construction and opera-
tion is Nustrated schematically in Fig, 7.4, (At (2)

Pushrputl
button

Central apring Moin gomisets

Lzt
maghansm

Trermot !
alernznt —,
1el & & o)
t
Lgud Supply
Fig 7.4
Schematc diagtam of circuit braaker operation
(a) Clozed

(6) Trdpped condition

the circuit breaker is shown in its normal operating
position; eurrent passes through the switch unit con-
tacts and the thermal element, which thus carries the
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full current supplied to the load being protected. At
normal current values heat is produced In the thermal
element, but is radiated away fairly quickly, and after
an initial rse the temperature remains constant. if
the current should exceed the normal operating value
due to a short cireuit, the temperature of the element
begins to build up, and since metals comprising the
thermal element have different coefficients of expan-
sion, the element becomes distorted az indicated in
Fig. 7.4(b). The distortion eventually becomes suf-
ficlent to release the latch mechanism and allows the
control spring to open the switch unit contacts, thus
isolating the load from the supply, At the same time,
the push-pull button extends and in many types of
circuit breaker a white band on the button is exposed
to provide a visual indication of the tripped condition.

T~ temperature rise and degree of distortion pro-
duced in the thermal element are proportional to the
value of the current and the time for which it is

applied, The ambient temperature under which the
circuit breaker operates also has an influence on cir-
cuit breaker operation and this, together with operating
current values and tripping times, is derived from
characteristic curves supplied by the manufacturer. A
set of curves for a typical 6 A circuit breaker is shown
in Fig. 7.5. The current values are expressed asa
percentage of the continuwous rating of the circuit
breaker, and the curves are plotted to cover spacified
tolerance bands of current and time for three amb-
ient temperatures. If, for example, the breaker was
operating at an ambient temperature of +57°C, then
in say 30 seconds it would trip when the load current
reached a value between 140 and 160 per cent of the
normal rating, i.e. between 8-4 and 9-6 A. At an
ambient temperature of +20°C it would trip in 30
seconds at between 160 and 190 per cent of the
normal rating (between 9-6 and 11-4 A) while at
—40°C the load current would have to reach a value
between 195 and 21 5 per cent of the normal rating
(between 11.7 and 12-9 A} in order to trip in the same
time interval.

After a gircuit breaker has tripped, the distorted
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Fig 7.6
Cirouit bregkers
(a) Typical

{b) Circuit breaker with a “manuat trip” button



element begins to cool down and reverts itself and
the latch mechanism back to normal, and once the
fault which caused tripping has been cleared, the cir-
cult can again be completed by pushing in the circuit
breaker button, This “resetting” action closes the
main contacts and re-engages the push-button with
the latch mechanism. If it is required to isolate the
power supply to a circuit due to a suspected fault,

or during testing, a circuit breaker may be used as a
switch simply by pulling out the butten. In some
designs a separate button is provided for this purpose.

The external appearance of twao typical single-pole,
single-throw “trip-free” circuit breakers is illustrated
in Fig. 7.6, The circuit breaker shown at (b) incor-
porates a separate manual trip push button, A cover
may sometimes be fitfed to prevent inadvertent opera.
tion af the button.

In three-phase a.c. circuits, triple-pole circuit
breakers are vsed, and their mechanisms are so arranged
that in the event of a fault current in any one or all
three of the phases, all three poles will trip sinmul-
taneously. Similar tripping will take place should an
unbalanced phase condition develop as a result of a
phase becoming “open-circutted”. The three trip
mechanisms actuate a commoan push-pull button.

PROTECTION AGAINST REVERSE CURRENT
In all types of electrical systems the current flow is, of

H3

course, from the power source to the distribution
busbar system and finally to the power consuming
equipment; the interconnection throughout being
made by such automatic devices as voltage regulators
and control units, and by manually controlied
switches. Under fault conditions, however, it is pos-
sible for the current flow to reverse direction, snd as
this would be of detriment to a circuit and associated
equipnent, it is therefore necessary to provide some
automatic means of protection. In order to illustrate
the fundamental principles we may consider two
commonly used methods, namely reverse current
relays and reverse current circuit breakers.

Reversa Current Cut-Out Ralay

A reverse current cut-out relsy is used principally in

a d.c. generating system either as a separate unit or

35 part of a voltage regulatar, e.g. the one described

on p. 18. The circuit arrangement, as applied to the
generating system typical of several types of small
aircraft, is shown in Fig. 7.7. The relay consists of

two coils wound on a core and a spring-controlled
armature and contact assembly. The shunt winding

is made up of many turns of fine wire connected
across the generator so that voltage is impressed on it at
all times. The series winding, of a few turns of heavy
wire, is in series with the main supply line and is
designed to carry the entite line current. The winding
4z also connected to the contact assembly, which under
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Fig 7.7
Reverse current cut-out operation
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static conditions is held in the open position by means
of a spring.

When the generator starts operating and the voltage
builds up to a value which exceeds that of the battery,
the shunt winding of the relay produces sufficient
magnetism in the core to attract the armature and so
¢lose the contacts. Thus the relay acts as an auto-
matic switch to connect the generator to the busbar,
and also to the battery so that it is supplied with
charging current, The field produced by the series
winding zids the shunt-winding field in keeping the
contacts firmby closed.

When the penierator is being shut down or, say, a
failure in its output occurs, then the output falls
below the battery voltage and there is 2 momentary
discharpe of current from the battery in other words,
a condition of reverse current through the cut-out
relay series winding is set up. As this'also causes a
reversal of its magnelic field, the shunt winding-field
will be apposed, thereby reducing core magnetization
until the armature spring opens the contacts. The
generator is therefore switched to the “'off-line”
condition to protect it from damaging effects which
would otherwise resull from “motorng” current dis-
charging from the battery.

Switched Reverse Current Relay

This relay is adopted in the d ¢, generator sysiems of
some types of small aircrafi, its purpose being to
permit switching of a generator on to the main hus-
bar, and at the same time retain the disconnect
function m the event of reverse current. The clrcuit
arrangement is shown in Fig. 7 8.

In addition to a current coil the relay has a voltage
coil, and a pair of contacts actuated via a contactor
coil, When the voltage output is at 3 regulated value,
the current through the voltage coil is sufficient to
actuate {ts contacts which then connect the generator
switch and contactor coil to ground. The contactar
codl is thus energized from the A+ output of the
penerator and 3o the guxiliary and main contacts
cloge to connect the generator output to the battery
and main bushar, The magnetic effect of the current
passing through the current coil assists that of the
voltage coil in keeping the pilot contacts closed.

During engine shut-down, the generatar output
voltage decreases thereby initiating a reverse current
condition, and because the magnetic effect of the
current through the current eoil now opposes that
of the voltage coil, the pilot contacts open to de-
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Fig 7.8
Switched reverse current relay



energize the contactor coil; thus, the main and
auxiliary contacts are opened to discornect the
generator from the battery and main busbar,

Reverse Current Circuit Breakers
These circuit breakers are designed to protect power
supply systems and associated circuits against fault
currents of a mapnitude greater than those at which
cut-guts normally operate, Furthermore, they are
designed to remain in a “locked-out” condition to
ensure complete isolation of a circuit until a fault has
been cleared.

An example of a circuit breaker designed for uge
in a d.c. generating system is shown in Fig. 7.9. t
consists of 3 magnetic unit, the field strength and

Manag! I
Rybber shisuied . - w;‘:? "e
sathng hardhy
- Teemaat
- Block
Han terming! -
(o] — Mmin
BSeY ™ tarmunn

igeneratar

Fig 1.9
Reverse current circull breaker

direction of which are controlled by a single-turn coil
connected between the penerator positive output and
the busbar via a main contact assembly. An auxiliary
contact assembly is also provided for connection in
series with the shunt-field vinding of the generator,
The opening of both conta. * asgsemblies is controlled
by a latching mechanism actuated by the magnet
unit under heavy reverse current conditions. In com-
mon with other circuit breakers, resetting after a
tripping operation has to be done manually, and is
accomplished by a lever which is also actuated by the
latching mechanism, Visual indication of a tripped
condition is provided by a colowred indicator flag
which appears behind 2 window in the cireuit breaker
cover. Manual tripping of the unit is effected by a
push-button adjacent to the resetting lever.

Figure 7.10 is based on the circult arrangement of a
d.¢, generating system used in a particular type of air-
eraft, and is an example of the application of a reverze
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current cirguit breaker in conjunction with a cut-out
relay. Unlike the cireuit shown in Fig. 7.7, the relay
controls the operation of a line contactor connected
in seres with the coil of the reverse current circuit
breaker, Under normal current flow conditions closing
of the relay enecgizes the line contactor, the heavy-
duty contacts of which connect the generator output
to the busbar via the coil and main contacts of the
normally closed reverse current circuit breaker. The
magnetic field set up by the current flow assists that
of the magnet unit, thus maintaining the breaker con-
tactsin the closed position. The generator shunt field
circuit is supplied via the auxiliary contacts.

When the generator is being shut down, or a failure
of its output oceurs, the reverse current resulting
from the drop in output to a value below that of the
hattery flows through the circuit as indicated, and the
cut-out relay is operated to de-energize the lne con-
tactor which takes the generator “off line”. Under
these conditions the reverse current circuit breaker
will remain closed, since the current magnitude is
much lower than that at which a specific type of
breaker is normally rated (some typical ranges are
200-250 A and 850-950 A).

Lzt us consider now what would happen in the
event of either the cut-out relay or the line contactor
failing to open under the above low magnitude
reverse current conditions, ¢.g. contacts have welded
due to wear and excessive arcing, The reverse current
would feed back to the penerator, and in addition to
its motoring effect on the generator, it would alse
reverse the generator field polarity, The reverse current
passing through the circuit breaker coil would continue
to increase in trying to overcame mechanical loads
due to the engine and generator coupling, and zo the
increasing reverse field ceduces the strength of the
magnet unit, When the reverse current reaches the
pre-zet {rip value of the circuit breaker, the field of
the magnet unit is neutralized and repelled, causing
the latch mechanism to release the main and auxiliary
contacts to completely isolate the generator from the
busbar, The breaker must be reset after the circuit
fault has been cleared,

OVERVOLTAGE PROTECTION

Overvoltage is a condition which could arise in a
generating system in the event of 2 fault in the feld
excitation circuit, e.g. Internal grounding of the field
windings or an open-circuit in the voltage regulator
sensing lines. Devices are therefore necessary to pro-
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Overvoltage protection {constant frequency system)

generator breaker to disconnect the generator from
the busbar. The making of solid-state swilch 8,
energizes the light relay causing it to illuminate the
annunciator light which is & white one in the actual
system on which Fig. 7.13 is based. The purpose of
the inverse time delay is to prevent nuisance tripping
under transient conditions,

UNDERVOLTAGE PROTECTION

Undervoltage occurs in the course of operation when
a generator is being shut down, and the flow of reverse
current {rom the system to the penerator is a normal
indicatlon of this condition. In a single d.c. generator
system undervoltage protection is not essential since
the reverse current is sensed and checked by the re-
verse current cut-out, It is, however, essential in a
mulbi-generator system with an equalizing meihod of
load-sharing, and since a load-sharing circuit always
acts to raise the voltage of a lapging generator, then
an undervoltage protection circuit is Integrated with
that of load-gharing. A typical circuit normally com-
prizes a polarized relay which disconnects the load-
sharing circuit and then allows the reverse current
cut-out to disconnect the penerator from the bushar.

In a constant frequency a.c. system, and con-
sidering the case of the one referred to on p. 78,
the circuit arrangement for undervoltage protection
iz similar in many respects to that shown in Fig. 7.13,
since it must also trlp the generator control relay,
the generator breaker, and must also anpunciate
the condition. The voltage level at which the
circuit operates is less than 100 £ 3 volts, A time
delay is also included and is set at 7 £ 2 seconds; its
purpose being to prevent tripping due to transient
voltages, and also to allow the C3D to slow down
to an underfrequency condition on engine shutdown
and so inhibit tripping of the generator control
elay.

When generators are operating in parallel, under-
voltage protection circuits are allied 1o reactive load-
sharing circuits, an example of which was described
on p, 50,

OVER-EXCITATION AND UNDER-EXCITATION
PROTECTION

Over-excitation and under-excitation are conditions
which are closely associzted with those of over-
voltage and undervoltage, and when generators are
aperating in parallel, the conditions are also associ-
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If the current from the generator is 1, and the
fault current between the generator and bushar
equals Iy, then the net current at the busbar will
be equal to [ - [, The fault current will flow
through the aircraft structure and back to the
generator through the ground DPCT. The remainder
of the current I - Iy, will flow through the Joad
DPCT, the loads, the aircraft structure, and then
back to the generator via the ground DPCT, Thus,
the ground DPCT will detect the generator’s total
eurrent (I - Ig} + (Ig) which is equal to I, and the
load DPCT will deteet I - I,

[T the difference in current (i.e, the fault current}
hetween the two current transformers on the phase
line is sensed to be greater than the specified limit
{20 or 30 amperes are typieal values) a protector
circuit within a generator control unit will trip the
gencrator control relay.

From

MERZ—PRICE PROTECTION SYSTEM

This systemn is applied to sorne a.c. generating systems
to provide protection against faults between phases or
between one of the phases and ground. The connectior
for ane phase are shown in Fig. 7.15; those for other
phazes (or other feeders in a single-phase system} being
exactly the same, Two similar current transformers are
connected to the line, one at each end, and their
secondary windings are connected together via two
relay coils. Since the windings are in opposition, and
as long as the currents at each end of the line are equal
the induced e.rm.f%s are in balance and no current flow:
through the relay coils, When a fault occurs, the fault
current creates an unbalanced condition causing
current to flow through the coils of the relays thereby
energizing them so as to open the line at each end.

To

olferaatar

¥

distribution
syatem

Fig 715

Meiz—Price protection system



CHAPTER EIGHT

Measuring Instruments and
Warning Indication Systems

In order to monitar the gperating conditions of the
various supply and utilization systems, it is necessary
for measuring instruments and warning devices, in the
form of indicators and lights, to be included in the
systenis, The number of indicating devices required
and the types employed depend on the type of zir-

craft and the overall nature of its elecirical installation.

Howover, the layout shown in Fig, 8,1 is generally
representative of systems monitoring requirements
and can usefully serve as a basis for study of the ap-
propriate indicating devices.

AMMETERS AND VOLTMETERS

These instruments are provided in d.c. and a.c. power
genetating systems and in most instances are of the
permanent magnet moving-coil type shown in basic
form in Fig. 8.2.

An insirumnenl consists essentiatly of a permanent
magnet with soft-iron pole pieces, between which a
soft-iron core is mounted. A coil made up of 2 nume
ber of turns of fine copper wire iz wound on an
aluminfum former which in turn is mounted on a
spindle so that it ¢an rotate in the air gap between the
pole pieces and the core. The magnetic fleld in the
air gap is an intense uniform radial figld established
by the cylindrieal shape of the pole pieces and core.
Current is led into and out of the coil through two
halrsprings which also provids the controlling force.
The hairsprings are so mounted that as the coil rotates,
one spring is unwound and the other is wound. A
pointer i3 attached to the spindle on which the moving
soil is mounted,

When current flows through the coil a magnetic
Teld is set up which interacts with the main fleld in
he air gap such that it is strengthened and weakened
i shown in the diagram. A force (Fd) 13 exerted on
:ach side of the coil, and the couple so produced
:auses the coil to be rotated until it is balaneed by

the opposing controlling force {(Fc) of the hairsprings,
Thus, rotation of the coil and peinter to the equili-
brium position is proportional to the current flowing
through the coil at that instant. This proportionality
results in the evenly divided scale which is a charac.
teristic of the moving coil type of indicator. When the
coil former rotates in the main field, eddy currents
are induced in the metal and these react with the main
field producing a foree opposing the rotation, thus
bringing the coil to rest with 2 minimum of osciilation.
Indicalors of this kind are said to be “dead beat™.

In order to protect the movemertts ol thase instru.
ments against the effects of external magnetic fields
and also to prevent “magnetic leakage”, the move-
menls are enclosed in a soft-iron case which acts asa
magnetic sereen. The saft-iron has a similar effect to
the core of the indicator, L., it draws in lines of foree
and concentrates the field within itself.

Moving coil instruments are alto generally employed
for the measurement of voltage and currentin an i,
system. Additional components are necessary, of
course, for each measuring application; e.g. for the
measurement of voltage, the instrument must also
contain a bridge rectifier while for the measuremant
of current, a shunt and a transformer are required in
addition to the bridge rectifier.

Reference to Fig. 8.1 shows that all the instru-
ments located on the control panel are of the circular-
scale type; a presentation which is now adopted in
many current types of aircraft. It has a number of
advantages over the more conventional arc-type scale;
namely, that the scale length is inereased and for a
givén measuring range, the graduation of the seale can
e more open, thus helping Lo improve the observa-
tional aceuracy.

In order to cater for this type of presentation, it is,
of caurse, necessary for some changes to be made in
the arrengemnent of the magnet and moving coll
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SHUNTS
Shunts are used in conjunetion with all d.c. system
ammeters, and where specified, in a.c. systems, and
their main purpose is Lo permit an ammelter to measure
a large number of possible values of curmnt, i.e. they
act as Tange cxtension devices. Fundamentally, a shunt
is a resistor having a very low value of resistance and
connested external to the ammeter and in parallel
with its moving coil. The materials used for shunts are
copper, nichrome, manganin, minalpha and teleumen.
Typical shunts used in d.c. and a.c. generating sys-
terns are ilustrated in Fig. 8.4 and although their
principal physical features differ, a feature common
to all shunts should be noted and that is they are
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termingis ————
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Fatentio | {arnmeber |
tarmuraly

Fig 8.4
Shunts

each provided with (our terminals, Two of these are
of large current-carrying capacity (“eurrent™ ter-
minals) for connecting the shunt in series with the
muain circuit, and two are of smaller size to carry
smaller current (*'potential” terminals) when con-
nected to the associated ammeter. The unit shown at
(a) employs strips of lacquered minalpha spaced from
gach other to promote a good circulation of air and
thus ensure efficient cooling.

When the ammeter is in series with the main cir-
cuit only a fraction of the current passes through the
moving coil, the remainder passing through the shunt
which is selected to carry the appropriate load with-
out overheating. The scale of the ammeter is, however,
calibrated to indicate the range of current (low in the
main gircuit, since the Mow through the coil and the
shunt are in some pre-caleulated ratio.

INSTRUMENT TRANSFORMERS

Transformers are used in conjunction with a.c.
measuring instruments, and they perform a similar
function to shunts, i.e. they permit a “scaling-down”
of large currents and voltages to a level suitable for
handlinig by standardized types of instruments, They
fall into two main classes: (i) current or series
transformers and (i) potential or parallel trans-
formers. The construction and operation of both
¢lasses has already been dealt with in Chapter 3 and
at this stage therefore we shall only concern ourselves
with typical applications,

Current transformers are normally used with a.c.
ammeters and Fig. 8.5 illustrates a typical circuil
arrangement. The niain current-carrying conductor
passes throtigh the aperture of the secondary windings,
the output of which is supplied to the ammeter via
a bridge rectifier, which may be a separate unil or
form part of the instrument itself,

An application of a potential transformer is illus-
trated in Fig. 8.6 and it will be noted that in this crse
the transformer forms part of a shunl, the primary
winding being connected to the current terminals 1
and 4. The voltage developed across the shunt is
stepped-up in the transformer to 2 MEXIMUmM r.m.s,
value (2.5 volts in this particular example) when
the rated current is flowing through the shunt. The
transformer output is connected to the Ypotential”
terminals 2 and 3 and is rectified within the relevant
ammeter and then applied to the moaving coil. The
seale of the ammeter used with this transformer
arrangement is non-linear because the deflection of
the moving coil is not proportional to the current
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flowing thraugh the shunt as a result of the sum of

non-linear characteristics of the transformer and

rectifier,

Figure 8.7 {llustrates a circuit arrangement

adopted for the measurement of d.c, loads in a recti-
Bridge fied a.c. power supply system, The ammeter is
rectdfier utilized in conjunction with a three-phase current

transformer, bridge rectifier and a shunt, which form

Selector
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- —— \jAR0000000 -

Main current- K- torrying conductor
( . ; _' Shun!

Currenl transformer
‘ +
. Fig8.5 i Curtenil
Appleation of a current transformer transformer
um!
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alternole: T 1 Main d,c.
Mpvar, | T g T output
fran. tifier
| I — ¥
e
To moin
Fig 8.7 d.¢. busbar
Menzurement of d.c. loads in a rectified a.¢. system
Brio .
* retuer an integrated unit of the type shown in Fig, 8.8, and

also 2 main shunt similar to that employed in basic

d.c. generating systems. The ammeter is calibrated in

amperes d.c. and it may he connected into efther one
f'men'hm of two eircujts by means of a selector switch marked
rensarmer “D.C." and “A.C.". In the “ID.C." position the
amrneter is selected in parallel with the main shunt
so that il measures the total rectified load taken from
the mair d.c. busbar.

When the “A.C." position is selected, the ammeter
is connected to the shunt of the current ransformer
unit and as will be noted from the circuit diagram, this
unit taps the generator output lines at a point before
the main d.c. output rectifier. The transformer output
is rectified for measuring purposes, so therefore in the
“A.C." position of the switch, the ammeter will

Fig 8.6 measure the d.c. equivalent of the total unrectified
Application of a pofential transformer load.

Poltenlal
tronsformer 2

Mawn curesn! -
carryiig onductor Shunt






tial, whose valug is also dependent on the supply
valtage and frequency, is impressed on the moving
¢oil, via the controlling springs, Thus, a second mag-
netie field is produced which interacts with the main
magnetic field and also produces 8 torque causing the
moving coil to rotate in the same manner as a con-
ventional moving coll indicator. Rotation of the coil
continues until the voltage preduced in this winding
by the main field is equa! and oppesite Lo the im-
pressed potential at the given frequency. The total
current in the moving ¢oil and the resulting torque are
therefore reduced to zero and the coil and pointer
remain stationary at the point an the scale which
corresponds 10 the frequency impressed on the two
coils.

POWER METERS

In some a.c. power generating systems it is usual to
provide an indication of the total power penerated
andfor the total reactive power, Separate instruments
may be employed; one calibrated to read directly in
watts and the other calibrated to read in var's {volt-
ampetes reactive) or, as in the case of the instru-
ment flustrated in Fig. 8.10, both functions may be
combined in what is termed a watt/var meter.

The construction and aperation of the meter, not
unlike the frequency meter described earlier, is based
on the conventionat electrodynamorneter pattern and its
scale, which is common to both units of méasurement,
is calibrated for use with a current transformer and an
external resistor. A selector switch mounted adjacent
to the meter provides for it to be operated as either
a wattmeter or as a varmeter.

When selected to read In watts the field coil is
supplied from the current transformer which as will
be noted from Fig. 8,10 senses the load conditions
at phase “B" of the supply. The magnetic field pro-
duced around the fleld coil is proportional to the load.
The moving coil is supplied at 115 volts from phase B
to ground and this field is constant under all condi-
tions. The currents in both coils are in phase with
each other and the torque resulting from both mag:
netic fizlds deflects the moving coil and pointer until
balance between it and controlling spring torque is
attained.

In the “var” position of the selector switch the
field coil is again supplied from the current transformer
sensing joad conditions at phase “B". The moving coil,
however, iz now connected across phases “A” and
“C" and in order to obtain the correci coil current, a
calibrated resistor is connected in the eircuit and
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Fig 8.10
Circuit arrangements of a watt/VAR meter

mounted external to the instrument. The curtent in
the moving coil is then at 90 degrees to the field coil
current, and if the generator 15 loaded at unity power
factor, then the magnetic fields of both coils bear the
same angular relationship and no torque is produced.

For power factors less than unity there is inter-
action of the coil fields and a torque proportionsl to
the load current and phase angle error it produced,
Thus, the moving coil end pointer are rotated to a
balanced position at which the reactive power is indi-
cated.

WARNING AND INDICATING LIGHTS

Warning and indicator lights are used to alert the
flight crew to conditions affecting the operation of
airceaft systems. The tights may be divided into dif:
farent categories according to the function they per-
form, and in peneral, we find that they fall into three
main categories: (i) warning lights, (i} caution lights
and (iii) indicating or advisory lights.

Warning Lights.  These are designed to alert the
flight crew of unsafe conditions and are accordingly
coloured red.

Caurion Lights.  These are amber in colour 1o indj-
cate abnormal but not necessarily dangerous condi-
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tions requiring caution, ¢.g. hydraulic system pressure
runping low.

Indicating or Adwisory Lights, These lights, which are
either green or blug, are provided (o indicate that a
systern is operable or has assumed a safe condition,
c.g. 4 landing gear down and locked,

Warning and indicator light assemblies are, basically,
of simple construction, consisting of a bulb contained
within a casing which incorporates electrical contacts
and terminals for connection into the appropriate cir-
cuit. The coloured lens is contained within a cap
which fits over the casing and bulb, Provision for
testing the bulb to ensure that its filament is intact
is also incorporated in many types of light asse mblies,
The lens cap is 5o mounted on the casing, that it can
be pressed in to connect the bulb directly to the main
power supply. Such an arrangement is referred to as
a “press-to-test” facility.

Lights may also include a facility for dimming and
usually this may be done in either of two ways. A
dimming resistor may be included in the light eircuit,
or the lens cap may incorpotate an irs type diaphragm
which can be opened ur closed by rotating the cap.
Lights used for warning purposes do not usually in-
clude the dimming facility because of the danger
involved in having a dimmed warning light eseaping
notice.

The power supplies for warning and indicator
lights are derived from the d.c. distribution system
atid the choice of busbar for their connection must
be properly selected. For example, if the failure of 2
system or a componént i5 caused by the loss of supply
to an auxiliary busbar, then it is obvious that if the
warning light system is fed from the same busbar
warning indications will also be lost. To avoid this
risk it is necessary for warning lights to be supplied
from busbars different from those feeding the assoe-
iated service, and preferably on or as close as possible
electrically to the busbar. Caution and indicating
lights may also, in some cases, be supplied in a similar
manner, but usually they are supplied from the same
bushar as the associated service.

MAGNETIC INDICATORS

In many types of alreraft system, components require
electrical control; for example, in a fuel system,
electrle actuutors position valves which permit the
supply of fuel from the main tanks to the engines and
also for cross-feeding the fuel-supply. All such devices
are, in the majority of cases, controlled by switches

on the appropriate systems panel, and to confirm the
completion of movement of the device an indicating
system is necessary.

The indicating system can either be in the form of
a scale and pointer type of instrument, or an indicator
light, but both methods can have certain disadvantages.
The use of an instrument is rather space-consuming
pacticularly where a number of actuating devices are
involved, and unless it is essential for a pilot or sys-
tems engineer to know exactly the position of a device
at any one time, instruments are uneconomical. Indi-
cator lights are of course simpler, cheaper and consums
less power, but the liability of their filaments to
failure without warning contributes a hazard particu-
larly in the case where “light out™ is intended to
indicale 4 "safe” condition of a system, Furtherniore,
in systems requiring a series of constant indications of
prevailing conditions, constantly illuminated lamps
can lead to confusion and misinterpretation on the
part of the pilot or systems engineer.

Therefare to enhance the reliability of indication,
indicators containing small electromagnets operating
a shutter or gimilar moving element are instailed
on the systems panels of many present-day aircraft.

In its simplest formi(see Fig. 8.11(a)} a mapnetic
indicator is of the two-position type comprising
a ball pivoted on its axis and spring returned to the
“off"" position. A ferrous armature embedded in the
ball is attracted by the electromagnet when ener-
gized, and rotates the bal] through 150 degress to
present a different picture in the window. The picture
can either be of the line diagram type, or of the
instructive type.

Figure 8,1 1{h) shows a development of the basic
indicator, it incorporates a second electromagnet
which provides for three alternative indicating posi-
tions. The ferrovs armature is pivoted centrally above
the two magnets and can be attracted by either of
them, Under the influence of magnetic attraction the
armature tilts and its aetuating arm will stide the
rack hordzonlally to rotate the pinions fixed to the
ends of prisms. The pritms will then be rotated
through 120 degrees to present a new pattern in the
window. When the rack movas from the centre “rest”
potition, one arm of the hairpin type centring spring,
located in a slot in the rack, will be loaded, Thus, if
the electromagnet is de-energized, the spring will
return to mid-position rotating the pinions and prisms
back ta the “off” condition in the window.

The pictorial presentations offered by these indi-
cators is further improved by the painting of “flow









ELECTRONIC DISPLAY SYSTEMS

An electronic display system is one in which the
data necessary for the in-flight operation of aircraft
and systems, and also for their maintenance, is
processed by high-storage capacity computers and
then presented on the “screens” of colour cathade
ray tube display units in alphanumeric and symbolic
form. Advisory messages relating to faults in any
one of the systems can also be displayed in this
manner, Systems of this type are now in use in
varjous types of aircraft, both military and civil,
and in the latier category we may note as examples,
the Alrbus A210, Boeing 757 and 767,

The data for computer processing and for display,
originates as signals (analogue and/or digital)
generated by sensors associated with each individual
major system of an afrcraft, and as is conventional,
data presentation falls into two broad areas: i) flight
path and navigational, and (ii) engine and air{rame
systems operation. Electronic display systems are
therefore designed appropriate to each of these
areas and are known respectively as an Electronic
Flight Instrument System (EFIS) and either an
Electronic Centralized Aireraft Monitor (ECAM)
systern or an Engine Indicating and Crew Alerting
Systern (EICAS).
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As far as electrical systems are concerned, the
aperational monitoring is handled by either an
ECAM system or ETCAS, and is confined to
electrical power generation. The operation of both
systems js understandably of a complex nature and
space precludes detailed deseriptions of them. We
may however, gain some idea of their function,
particularly in the role of fault annunciation by
briefly referring to the ECAM system, For readers
who may be Interested In more details, reference
may be made to “Microelectronics in Alrcraft
Systems” which is a companion volume to this,

A schematic functional diagram of the ECAM
system (as used in the Airbus A310) is shown in
Fig. 8.14. The CRT display units are mounted side
by side 5o that the left-hand unjt s dedicated to
information in message form on systems’ status,
wamings and corrective action required, while the
right-hand unit i5 dedicated to associated infor-
mation in diggrammatic form. There are four modes
of display, three of which are automatically selected
and referred to ag: flight phase-related, advisory and
failure-related. The fourth mode is manual and
permits the selection of diagrams related to any of
the aircraft’s systems, for routine checking and
also the selection of status messages. The selections
are made on the ECAM control panel.

In the context of this chapter, the failure-related
mode is appropriate and an example of a display
presentation is shown in Fig, 8.15. In this case, there
i5 a problem associated with the number one
generator. The left-hand display unit shows the
affected system in message form, and in red or
amber depending on the degree of urgency, and
also the corrective action required in blue, Al the
same time, a diagram Is displayed on the right-hand
display unit. When the number one generator has
been switched off, the light in the relevant push.
button switch on the flight deck overhead panel is
illuminated, and simultaneously, the blue instruction
on the left-hand display unit changes to white. The
diagram on the right-hand display unit is also “'re-
drawn” to depict by means of an amber line that
the number one generator is no longer available,
and that number two generator is supplying the
husbar system, This is digplayed in green which is
the normal operating colour of the displays, After
corrective action has been taken, the message on the
left-hand display unit can be removed by operating
a “clear” buiton switch on the ECAM control panel,









CHAPTER NINE

Power Utilization-

Motors

Our study of electrical systems thus far, has been
concerned primarily with the fundamental principles
of the methods by which power is produced and
distributed, and alsa of the cireuit protection methods
generally adopted. This study, however, ¢cannot be
concluded without learning something of the various
ways in which the power is utilized within aircraft.
Utilization can extend over very wide areas depending
as it does on the size and type of aircraft, and whether
systems are employed which require full or enly partial
use of electrcal power; therefore, in keeping with the
theme of the book, we shall only concern ourselves
with some typical aspects and applications.

For the purpose of explanation, the subject is
treated in this Chapter and in Chapter 10 respectively
under two broad headings: (i) motors used in con-
junction with mechanijcal systems, e.g, a mator.
driven fuel valve and (if} sysrems which are prinet.
pally allelectric, e.g. an engine starting and ignition
system.

Maotors

A wide varjety of components and systems depend
upon mechanical energy fumished by motors and the
numbers installed in zny one type of aircraft depend
on the extent to which electrical power is in fact
utilized. A summary of some typical applications of
mators is given in Table 9.1,

In most of the above applications the motors and
mechanical sections of the equipment form inte-
grated units. The power supply required for operation
is 28 volts d.c, and/or 26-volts or 115-volts constant
frequency a.c. and is applied almost without exception,
by direct switching and without any gpecial starting
equipment. Many motors are required to operate only
for a short time during a flight, and ratings between
15 and 90 seconds are common. After operation at

the rated load, a cooling period of as long as 10 to
20 minutes may be necessary in some cases, e.g. a
propeller feathering pump motor.

Tahle 9.1

Function

Fuel “trimming™; Cargo door
aperation; Heat exchanger control
flap aperation; Landing flap
operation,

Hot and cold air mixing for air-
conditioning and thermal de-icing;
Fuel shut-off.

Fuel delivery; Propeller feathering;
De-jcing [uid delivery;

Hydraulic fluid,

Gyroscope operation; Servo
contral

Actuators

Cantral Valves

Pumps

Flight [mstruments
and Control Systems

Continuously-rated motors are often fan cooled
and, in the case of fuel booster pumps which are of
the immersed type, heat is transferred from the seale
motor cating ta the fuel, Operating speeds are high
antd in cases where the energy from motors must be
converted into mechanical movements, reduction
pear-boxes are used as the transmission system,

D.C. Motors

The function and operating principle of d.¢. motors
is the reverse of pencrators, i.e. if an external supply
is connected to the terminals it will produce motion
of the armature thereby converting electrical energy
into mechanical energy. This may be seen from Fig.
9.1 which represenis a motor in its simplest form,
i.e. a single ioop of wire * AB" arranged to rotate
between the pole pieces of a magnet. The ends of the
wire are connected to commutator segments which
are contacted by brushes supplied with d.c. With
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Fig 9.1
D.C, motor principle

current flowing in the loop in the direction shown,
mapretic fields are produced around the wire which
interact with the main field and produce forces causing
the loop to move in 4 clockwise direction. When the
loop reaches a position at which the commutator
reverses the polarity of the supply to the loop, the
direction of current flow is also reversed, but due to
the relative positions of the field around the wire and
of the main field at that instant, the forees produced
cause the loop to continue moving in a clockwise
direction. This action continues so long as the power
is supplied to the loop.

As far as construction fundamentals are concerned,
there is little difference between d.c. generators and
motors; they both consist of the same essential parts,
l,e. armature, field windings, commutator and brush-
gear, the same methods of classifying according to
various field excitation arrangements, and in the
majority of motars the armatute and field windings
are supplied from a commeon power source, in other
words they are self-excited.

MOTOR CHARACTERISTICS

The application of a motor to a particular function

is poverned by two main characteristics; the speed
characteristic and the torque characteristic, The
former refers to the vadation of speed with armature
current which is determinad by the back e.m.f., this,
in its tumn, being governed by the mechanical lead on
the motor. The torque characteristic is the relation-
ship between the torque required to drive a given load
and the armature current.

TYPES OF MOTOR

There are three basic types of motors and as in the
case of generators they are clasdfied according to
field excitation arrangements; serias-wound, shunt-
wound and compound-wound. These arrangements
and certain other variations are adopted {or a number
of the functions listed in Table 9.1 and are ilus-
trated in Fig. 9.2,

Sered

[ haka

Shunt
field

| +

+ +

Shun! Campound

Flg 3.2
Types of d.c. motor

Banes

In serfes-wound motors, the field windings and the
armature windings are connected in series with each
other and the power supply. The currents flowing
through both windings and the magnetic flelds pro-
duced are therefore the same. The windings are of
low resistance, and so a seres motor is able to draw a
large current when starting thereby eliminating
building up the field strenpgth quickly and giving the
motor its principal advantages: high starting torque
and good acceleration, with a rapld build-up of back
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e.mn.f. induced in the armature to limit the gurrent
flow through the motor.

The speed characteristic of 2 series wound motar
is such that variations in mechanical load are accom-
panied by substantial speed variations; a light load
causing it {o run at high speed and a heavy load
causing it to run at low speed.

The torque is proportional to the square of the
armature current, and as an increase in load results in
a reduction of the back e.m.f., then there i5 an increase
in armature current and a rapid increase in driving
torque. Thus the torque characteristic is such that 3
motor can be started on full load.

In shunt-wound motors the fleld windings are
arranged in the same manner as those of generators
of this type, i.e. in parallel with the armature. The
resistunce of the winding is high and since it is con-
nected directly across the power supply, the curtent
through it is constant. The armature windings of some
motors are of relatively high resistance and although
their overall efficiency is low compared to the
majority of shunt motors, they can be started by con-
necting them directly to the supply source. For the
starting of motors having low-resistance armature
windings it is necessary for a variable resistance to be
connected in series with the armature. At the start
full resistance would be in circuit to limit the armature
current to some predetermined value. As the speed
builds up the armature current is reduced by the in-
crease in back e.m.f. and then the resistance is pro-
gressively reduced until, at normal speed of the motor,
all resistance ig out of the armature circuit,

In operating from a “no-lead” to a “full-load”
condition the variation in speed of a motor with a
low-resistance armature is small and the motor can
be considered as having a constani-speed characteris-
tic. In the case of a mator with a high-resistance
armature there is 2 more noticeable difference in
speed when operating over the above load conditions,

The torque is proporiional to the armature current
until approaching full-load condition when the in-
crease in armature reaction due to full-load current
has a weakening effect. Starting torque iz small since
the field strength is slow to build up; thus, the torque
characteristie i8 such that shunt-wound motors must
be started on light or no load.

COMPOUND MOTORS

For many applications it is necessary to utilize the
principal characteristics of both series and shunt
motors but without the effects of some of their

normally undesirable features of operation. For
example, a molor may be required to develop the
high starting torque of a series type but without the
tendency Lo race when load is removed. Other appli-
cations may require a motor capable of reducing
speed with inereased load o an extent sufficient

to prevenl excessive power demand on the supply,
while still retaining the smooth speed control and
reliable “off-load” running characteristic of the
shunt motor. These and other requirements can be
met by what is termed compounding, or in other
words, by conbining both series and shunt field
windings in the one machine. In most compound-
wound rnotors Lhe series and shunt windings are
wound to give the same polarity on the pole faces so
that the ficlds produced by each winding assist each

‘other. This method of connection is known as cumu-

lative compounding and there are three forms which
may be used; normal, stabilized shunt and shunt
limited.

In narmal compounding a motor is biased towards
the shunt-wound type, the shunt winding produdng
about 60 to 70 per cent of the tatal flux, the series
winding producing the remainder. The desired charac-
teristics of both series and shunt-wound motors are
relained.

In the stahilized shunt form of compounding a
mator is also biased towards the shunt-wound type
but has a relatively minor serjes winding. The purpose
of this winding is to overcome the tendency of a
shunt moter to became unstable when running at or
near its highest speed and then subjected to an in-
crease in load.

The shunt-limited motor is biased towards the
series-wound type and has a minor shunt field winding
incorporated in the field system. The purpose of the
winding is to limit the maximum speed when running
under “off-load” conditions while leaving the torque
and general speed characteristics unaltered. Shunt
limiting is applied only to the larper sizes of compound
motors, typical examples being engine starter motors
(see Fig. 9.3). The speed/load characteristics of
series, shunt and compound motors are shown in
Fig. 9.4.

SPLIT-FIELD MOTORS

In a number of applications involving motors it is
réquired that the direction of motor rotation e
reversed in order to perform a particular function,
e.g. the opening and closing of a valve by an actuator.
This is done by reversing the direction of current flow
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and magnetic fleld polarity, in either the field windings
or the armature.

A method based on this principle, and one most
commonly adopted in series-wound motors, is that in
which the field winding is split into two electrically
separate sections thereby establishing magnetic fields
flowing in opposite directions. One of the two
windings is used for each direction of rotation and is
controlled by a single-pole double-throw switch. The
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cirenit i3 shown in Fig. 9.5, When the switch is
placed in the “Forward™ position then current will
flow in section “A” of the field winding and will
establizh a field in the iron core of appropriate polar-
ity. Current also flows through the armature winding,
the interaction of its field with that established by
field winding saction “A”" causing the armature to

|

r
|
J_, Forwarg LF'

=)
Reverse
+ |

T gl
L'

Fig 9.5
Aplit field motor cireuit

rotate in the forward direction. When “Reverse” is
selected on the control switch, section “A” is izolated
and current flows through section “B” of the field
winding in the opposite direction. The current flow
through the armature is in the same direction as be-
fore, but as the polarities of the iron core pole pieces
are now reversed then the resultant interaction of
fields canses the armature to run in the reverse direc-
tion. Some split-field series motors are designed with
two separate fleld windings on alternate poles. The
armature in such a motor, a 4-poie reversible motor,
rotates in one direction when current flows through
the windings of one set of opposite pole pleces, and
in the reverse direction when current flows through
the other set of windings.

The reversing of motors by interchanging the
armature connections is also employed in certain
applications, notably when the operating characteris-
tics of compound machines are required. The cireuit
diagram illustrated in Fig. 9.6 is based on the
arrangement adopted in 2 compound motor designed
for the lowering and raising of an aircraft's Janding
flaps (see Fig. 9.7). Current flows to the armature
winding via the contacts of a relay, since the current
demands of the motor are fairly high.
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Motor Actuators

Motor actuators are self-contained units combining
electrical and mechanical devices capable of exerting
reversible linear thrust over short distances, or rever-
sible low-speed turning effort. Actuators are thereby
ctassified as either linear or rotary and may be
poweted by either d.c. or a.c. motars. In the majority
of cases d.c. motors are of the split-fleld seres-wound

type.

LINEAR ACTUATORS

Linear actuators may vary in certain of their design
and constructional features dependent upon the
application, load requirements and the manufacturer
responsible. In general, however, they consist of the
motor which is coupled through reduction gearing to
8 lead screw which on being rotated extends or re.
tracts a ram or plunger, Depending on the size of
actuator, extension and retraction is achieved either
by the action of a conventional serew thread or by
what may be termed a “ball bearing thread”. In the
former case, the lead screw is threaded along its
length with a square-form thread which mates witha
correspanding thread in the hollow ram. With the
matar in operation the rotary motion of the lead
screw is thereby converted into linear motion of the
ram, which is linked to the appropriate movable
somponent.

The ball bearing method provides a more efficient
thread and is usually adopted in large actuators de-
signed for operation against heavy toads. In this case,
the conventional male and female threads are re-
placed by two semi-circular helical groaves, and the
space between the grooves is filled with steel balls,
As the lead screw rotates, the balls exert thrust on the
tam, extending or retracting it as appropriate, and at
the same time, a recirculating device ensures that the
balls are fed continuously into the grooves.

A typical linear actuator iz shown in Fig. 9.8.

ROTARY ACTUATORS

Rotary actuators are usually utilized in components
the mechanical elements of which are required to be
rotated at low speed or through limited angular travel,
As in the case of linear actuators the drive from the
motor is transmitted through reduction gearing, the
output shaft of which is coupled directly to the rele-
vant mevable component, e.g. valve flap. Some
typical examples of the application of rotary actuator:
are air-conditioning system spill valves and fuel cocks.
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LIMIT SWITCHES

Both linear and rotary type actuators are equipped
with limit switches to stop their respective motors
when the operating ram or output shaft, as approp-
riate, has rezched the permissible limit of travel. The
switches are of the micro type (see p. 104) end are
usually operated by a cam driven by a shaft from the
actuator gear-box. In some cases, limit switch con-
tacts are also utilized to complete circuits to indicator
lights or magnetic indicators. The interconnaction of
the switches is shown in Fig. 9.9, which is based on
the circuijt of a typical actuator-controlled valve

system.
Fig 9.5 In the valve closed position, the cam operates the
Linear actuator micro switch A" so that it interrupts the “close”

winding circuit of the motor and completes a cireuit
to the “closed” indicator. The contacts of the micro
switch "B’ are at that moment connected to the

ACTUATOR GEARING “open” winding of the motor so that when the con-
The reduction gearing generally takes the form of trol switch is selected, power is supplied to the winding,
multi-stage spur gear trains for smalt types of linear In running to the valve open position the cam causas
and retary actuators, while in thae larger types it is micra switch “A" contacts to change ovet, thereby
more usual for epicyclic gearing to be employed. The Interrupting the indicator circuit and connecting the
gear ratjos vary between types of actuator and specific  “close” winding so that the motor is always ready for
applications, operation in either direction. As soon as the “open”
28-V de.
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position is reached the cam operates micro switch “B",

the contacts of which then complete a circuijt to the
*open” indicator,

BRAKES

The majority of actuators are fitted with electro.
magnetic brakes to prevent over-travel when the motor
is switched off. The design of brake system varies 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-energized, and the operating solenoids
are connected in series with the armature so that the
brakes are withdrawn immediately power is applied.

CLUTCHES

Friction clutches, which are usually of the single-plate
type or multi-plate type dependent on size of actuatar,
are incorporated in the transmission systems of actua-
tors to protect them against the effects of mechanical
overloading.

INSTRUMENT MOTORS
D.C. motors are not widely used in aircraft instru-

ments, and in present-day systems they are usually con-

fined to one or two types of turn-and-bank indicator
to form the gyroscopic element, The motor armature
together with a concentrically mounted outer rim
forms the gyroscope rotor, the purpose of the dm

being to increase the rotor mass and radius of gyration.

The armature rotates inside a cylindrical 1wo-pole
permanent magnet stator secuted to the pimbal ring.
Current is fed to the brushes and commutator via
flexible springs to permit gimbal ring movement. An
essential requirement for operation of the instrument
is that a conatant rotor speed be maintajned. This is
achieved by a centrifugal cut-out type governor con-
sisting of a fixed contact and a movable contact,
normally held closed by an adjusting spring, and in
series with the armature winding. A resistor is con-
nected in parallel with the contacts.

When the maximum speed is attained, centrifugal
force acting on the movable contact overcomes the
spring restraint, causing the contacts to open. Current
to the armature therefore passes through the resistor
and so reduces rotor speed until it again reaches the
nominal value.

A.C. Motors

In afrcraft employing constant-frequency alternating
current either as the primary or secondary source of

electrical power, it is of course logical 1o utilize a.c.
motors, and although they do not always serve asa
complete substitute for d.c, machines, the advantage:
and special operating characteristics of certain types
are applied to 8 number of systems which rely upon
mechanical energy {rom an electromotive power
source.

The a.c. mator most commonly used is the induc-
tion type, and dependent upon the application may
be designed for operation from a three-phase, two-
phase or single-phase power supply.

INDUCTION MOTORS

An induction motor derives its name from the fact
that current produced in the rotating member, or
rotor, is due to induced e.m.f. created by a rotating
magnetic field set up by a.c. flowing in the windings
of the stationary member or stator. Thus, inter-
connection between the two members is solely mag-
netic and as a result there is no necessity for a comm
tator, slip rings and brushes,

The rotor consists of a cylindrical laminated-iron
core having a number of longitudinal bars of copper
or aluminium evenly spaced around the circumferent
These bars are joined at either end by copper or
alurninium rings to form a composite structure com-
monly called a "squirrcl-cage™. The stator consists of
a number of ring-shaped laminations having slots
formed on the inner surface and into which series-
connected coil windings are placed, The number of
windings and their disposition within the stator is
directly related to the number of poles and phases of
the power supply, e.g, mare windings are required in
3 4-pole motor than in a 2-pole motor both of which
are to be operated from a 3-phase supply.

The wperating principle may be understood from
Fig. 9.10, which represents a 2-pole 3-phase motor
arrangement, Assuming that the relationship betweer
phases (phase rotation} is as indicated, then at the
instant 0°, phases “A" and “C* are the anly two
carrying current and they set up magnetic flelds whic
combine to form a resultant field acting downward
through the rotor core. The field thus passes the bars
of the squirrel-cage, and since they form a closed eir-
cuit of low resistance the e.m.f. induced in the bars
sets up a relatively large current flow in the direction
indicated. As a result of the current flow magnetic
fields are produced around the bars, each field inter-
acting with the main field to produce torques on the
rotor. This action is, in fact, the same as that which
takes place in 2 d.c. mator and alse 2 moving coil
indicator,
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Induction motor principle

Assuming now that the power supply frequency
has advanced through 60 degrees, then phase “A”
cureent falls to zero, phases “B" and *C™ are the two
now carrying current and so the resuitant field pro-
duced also advances through 60 degrees, In other
words, the field staris rotating in synchronism with
tht frequency and establishes torques on the rotor
squirrel-cage barz, thereby turning the rotor in the same
direction as the rotating field in the stator,-This
action continues throughowt the complete power
supply cyele, the field making one complete revolu-
tion. Tn the case of a 4pole motor the field rotates
arly 180 degrecs during a full cycle and a §-pole
motor only 90 degrees,

As the speed of the rotor rises, there is a corre-
sponding decrease of induced e.m.f. and torque until
the latter balances the torques resulting from bearing
fiction, wind-resistance, etc,, and the speed remains
congtant. Thus, the rotor never aceelerates to the
synehronous speed of the stator field; if it were to do
sothe bars would not be cut by the rotating field,
there would be no induced e.m.f. or current flow, and
no torque to maintain rotation.

The synchronous speed of an induction motor is
dutermined by the number of poles for which the
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stator j& wound, and the frequency of the power
supply, i.e.

f (Hz) x 60

Synchronous Speed _
No, of pairs of poles

{rev/min)

The difference between the synchranous and rotor
speeds, measured in rev/min., is called the slip speed
and the ratio of this speed to synchronous speed,
expressed as a percentage, {8 called quite simply the
stip.

SINGLE-PHASE INDUCTION MOTORS

As the name indicates these matars have only one
stator winding, and as this alone cannot produce a
rotating field to turn the rotor then some other
method of seli-starting is necessary. The method most
commonly adopted is the one in which the main
winding of the stator is split to produce a second
starting winding. Thus we obtain whai is usually
called a split-phase motor, and by displacing the
windings mutually at 90 electrical degrees, and arran-
ging that the current in the starting winding either
leads or lags on the main winding, a rotating field can
be produced in the manner of a two-phase motor.
After a motor has attained a certain percentage of its
rated speed, the starting winding may be switched out
of the circuit; it then continues to fun as a single-phase
maotor.

The iagging or leading of currents in the windings
is obtained by arranging that the ratio of inductive
reactance to resistance of one winding differs con-
siderably from that of the other winding. The varia-
tions in ratio may be obtained by one of four methods,
namely resistance starting, inductance starting,
resistance/inductance starting or capacitance starting;
the application of each methad depends on the power
output ratings of the particular motor, For example,
horsepower ratings of capacitance starting motors are
usually fractional and less than 2 h.p.

The first three methods are used only during
starting of a motor, because if both windings re-
mained in efreuit under running conditions, the per-
formance would be adversely affectad. Moreover, a
motor is able to run as a single-phase machine once a
certain speed has been reached, The starting winding
cirguit is normally disconnected by a centrifugal
switeh. The fourth method can be used for both
starting and running, and with suitably rated capacito:
the running performance of capacitor motors, as they
are called, approaches that of two-phase motors.
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Figure 9.11 illustrates the application of a
squirrel-cape capacilor motor to an axial-flow blower
desipned for radio rack cooling ar general air circu.
fation. It utilizes two capacitors connected in parallel
and operates from a 115-volts sinple-phase 400 Hz
supply. The capacitive reactance of the capacitors is
greater than the inductive reactance of the starting
winding, 2nd so the current through this winding
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thereby leads the supply voltage. The current in the
running winding lags on the supply voliage and the
phase difference causing field rotation is therefore the
sum of the lag and lead angles.

TWO-PHASE INDUCTION MOTORS

These find their greatest applications in systems
requiring a servo control of synchronous devices, e.g.
as servomotors in power follow-up synehro systems,

Tormenal block

Tod ang Genring

The windings are also at 90 degrees to each other but,
unlike the motors thus far described, they are con-
nected to different voltage sources, One source is

the main supply for the system and being of constant
magnitude it serves as a reference voltage; the other
source serves as a control voltage and is derived from
a signal amplifier in such a way that it is variable in
magnitude and its phase can either lead or lag the
reference voliage, thereby controlling the speed and
directian of rotation of the field and rotor.

HYSTERESIS MOTORS

Hysteresis motors also consist of a stator and rotor
assembly, but unlike other a.c. motors the operation
is directly dependent on the magnetism induced in
the rotors and on the hysteresis or lagging characteris-
tics of the material (usvally cobalt steel) from which
they are made,

A rotating field is produced by the stator and if
the rotor is stationary, or turning at a speed less than
the synchronous speed, every point on the rotor is
subjected to successive magnetizing cycles. As the
stator field reduces to zero during each cycle, a cer-
taln amount of flux rematns in the rotor material, and
since it lags oo the stator field it produces a torque at
the rotor shaft which remains constant as the rotor
accelerates up to the synchronous speed of the stator
field. This latter feature is one of the principal advan-
tages of hysteresis motors and for this reason they are
chosen for such applications as autopilot servomotors,
which produce mechanical movements of an aireraft's
flight control surfaces,

When the rotor reaches synchronous speed, it is
no longer subjected to successive magnetizing cycles
and in this condition it hehaves as a permanent mag-
net.



CHAPTER TEN

Power Utilization -

Systems

Lighting

Lighting plays an important role in the operation of an
aircraft and many of its systems, and in the main falls
into two groups: external Lighting and internal lighting.
Some of the principal applications of lights within
these groups are as follows:

External Lighting

(i)  The marking of an aireraft’s position by
means of navigation lights.

(i) Position marking by means of flashing
lights,

(iii} Forward Hlumination for landing and
taxi-ing.

(iv) Wumination of wings and engine ajr
intakes to cheek for icing.

{v) Iumination to permit evacuation of
passengers after an emergency landing.

Internal Lighting

(vi) Mumination of cockpit instruments and
control panels.

(vii) Dlumination of passenger cabing and
passenger information signs.

(viii) Indication and warning of system operating
conditions.

EXTERNAL LIGHTING

The plan view of external lighting given in Fig. 10.1
Is based on the Boeing 747 and, although not all the
lights shown would be standard on all other types of
aireraft, it serves to illustrate the disposition of exter-
nal lights generally.

NAVIGATION LIGHTS
The requirements and characteristics of navigation
lights are agreed on an international basis and are set

out in the statutory Rules of the Air and Orders for
Air Navigation and Air Traffic Conirol regulations.

Briefly, these requiraments are that every aircraft in
fHght or moving on the ground during the hours of

darkness shall display:

(2) A green light at or near the starboard wing tip,
vislble in the horizontal plane from a point
directly ahead through an arc of 110 degrees to
starboard.

(b) A red light at or near the port wing tip, with 2
similar are of visibility to port,

(¢) A white light visible from the rear of the aircraft
in the horizontal plane through an are of 140
degrees. The conventional location of this light
i5 in the aircraft's tail, but in certain cases,
notably such aircraft as the Douglas DC-10 and
Lockheed 1011 “Tristar™, white lights are
mounted in the trailing edge sections of each
wing tip.

The above angular settings are indicated in

Fig. 10.1,

The construction of the tight fittings themselves
varies in erder to meet the installation requirements
for different types ofaireraft. In general, hawever,
they eonsist of a filament typa lamp, appropriate
fitting and transparent coloured screen or cap. The
screen is specially shaped and, together with the
method of arranging the filament of the lamp, a sharp
cut-off of light at the required angle of visibility is
obtained, The electrical power required for the lights
is normally 28 volts d.c. but in several current types
of “all a.c.” aircrafi, the lights are supplied with 28
volts a.c, via a step-down transformer. The vperation
of navigation lights, and their circuit arrangements,
are factors which are dictated primarily by the regula-
tions established for the flight operation of the types
of aireraft concerned. Qriginally lights were required
to give steady lighting conditions, but in order to im-
prove the position marking function, subsequent






beam lamp. One half of the reflector is flat and emits
a narrow high-intensity beam of light near the hoti-
zontal, while the other half is curved to increase the
up and down spread of ils emitted beam to 30 degrees
ahove and below the horizonta], and thereby reducing
the light intensity.

Figure 10.3 illustrates a beacon employing two
filament lamps mounted in tandem and pivoted on
their own axes. One half of each lamp forms a
reflector, and the drive from the motor is 20 arranged
that the lamps oscillate through 180 degrees, and as
may be seen from the Inset diagram, the light beams
are 180 degrees apart at any instant. The power
supply required for operation is a.c,

Strobe Lighting.  This type of lighting system is
based on the principle of a capacitor-discharge flash
tube, Depending on the size of the aireraft, strobe
lighting may be installed in the wing tips to supple-
ment the conventional red beacons, they may be used
to function solely as beacons, or may be used in com-
bination as a complete strobe type anti-collision high-
intensity lighting system.

The light unit takes the form of a quartz or glass
tube filled with Xenon gas, and this Is connected to a
power supply unit made up essentially of a capacitor,
and which converts input power of 28 volts d.c, or
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115 volts a.c. as the case may be, into a high d.c. out-
put, usually 450 volts. The capacitor is charged to this
voltape and periodieally discharged between two
elactrodes in the Xenon-filled tube, the energy pro-
ducing an effective high-intensity flash of light having
a characteristic blue-white colour. A typical flashing
frequency Is 70 per minute.

The unit shown in Fig. 10.4 is desigmed for wing
tip mounting and consists of a housing containing the
power supply circuitry, the tube, reflector and glass
lens. When used as supplementary lighting or as a
complete strobe anti-collision liphting system, three
units are jnstatled in trailing positions in each wing tip,
and all lights sre controlled in a flashing sequence by
controllers and flasher timing units.

LANDING LIGHTS AND TAXI LIGHTS

As their nameg indicate these lights provide essential
illumination for the landing of an aircraft and for
taxi-ing it to and from ruaways and terminal areas at
night and at other timess when visibility conditions are
poor, Landing lights are so arranged that they ilu-
minate the runway immediately ahead of the sireraft
from such positipns as wing leading edges, front fuse-
lage sections and nose landing pear structure. The
lights are of the sealed beam type and in some air-
crafi are mounted to direct beams of light at pre-
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methods adopted to meet these requirements are as
follows:

(i} integral lighting, i.e. one in which the light
source is within each instrument;

(iiy pillar and bridge lighting, in whizh a number
of lights are positioned on panels to illumi-
nate small adjacent areas, and to provide
flood-lighting of individual instruments;

(iii) flood-lighting, whereby lamps are positioned
around the cockpit to flood.light specific
panels or a general area.

(iv) traps-lluminated panels which permit
etched inseriptions related to various con-
trols, notices and instructions to be read
under night or poor visthility conditions.

A view of the Boeing 747 cockpil under night

lighting conditions is shown in Fig. 10.7,

INTEGRAL LIGHTING

The principal form of integra! lighting for Instruments
is that known as wedge or front lighting; a form derv-
ing its name fram the shape of the two portions which

LAMP
IMNER WEAGE {A)

b— OUIFR WEDGE [B)

-
[iAL PLATE™

Fig 10.8
Wedae-type lighting
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together make up the instrument cover glass. It refies
for its operation upon the physical law that the angle
at which light leaves a reflecting surface equals the
angle at which it strikes that surface, The two wedges
are mounted opposite to each other and with a
narrow airspace separating them as shown in Fig.
10.8. Light is introduced into wedge “A" from two
G-volt lamps set into recesses in its wide end, A cer-
tain amount of light passes directly through this
wedge and on to the face of the dial while the re.
mainder is reflected back into the wedge by its
polished surfaces. The angle at which the light rays
strike the wedge surfaces governs the amount of Hght
reflected; the lower the angle, the more light is reflected.
The double wedge mechanically changes the angle
at which the light rays strike one of the reflecting
surfaces of each wedge, thus distributing the light
evenly across the dial and also limiting the amount of
light given off by the instrument. Since the gource of
light is a radial one, the initial angle of some light
rays with respect to the polished surfaces of wedge
“A" is less than that of the others. The low-angle light
rays progress further down the wedge before they
leave and spread light across the entire dial. Light
escaping into wedge “B" is confronted with con-
stantly decreasing angles, and this has the effect of
trapping the light within the wedge and directing it to
its wide end. Ahsorption of light reflected into the
wide end of wedge “B" is ensured by painting its
outer part black,

PILLAR. AND BRIDGE LIGHTING

Pillar lighting, 5o called after the method of construc-
tion and attachment of the lamp, provides illumina.
tion for individual instruments and controls on the
varions cockpit panels. A typical assembly, shown

in Fig. 10.9, consists of a miniature centre-contact
filament lamp inside a housing, which is a push fit
into the bady of the assembly. The body is threaded
cxtemnally for attachment to the panel and has a hole
running through its leagth to accommodate a cable
which connects the positive supply 1o the centre con-
tact. The circuit through the lamp fs completed by a
grouind tag connected to the negative cable.

Light is distributed through a filter and an aperture
in the lamp housing. The shape of the aperture dis-
tributes a sector of light which extends downwards
aver an arc of approximately 90 degrees to a depth
slightly less than 2 in, from the mounting point.

The bridge-type of lighting (Fig. 10.9(k)) iz a
mufti-lamp development.of the individual pillar lamp
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(a}

Fig 10.9
Pillat and bridge lghting

already deseribed, Two or four Tamps are fitted to a
bridge structure designed to fit over a variety of the
standardized instrument cases, The bridge fitting is
compozed of two light alloy pressings secured to-
gether by rivets and spacers, and carrying the requisite
number of centre contact assemblies above which the
lamp housings are mounted. Wiring arrangements pro-
vide for two separate supplies to the lamps thus
ensurng that total loss of illumination cannot oceur
as a result of failure of one circuit,

These panels or “lightplates”, provide for the
illumination of system nomenclature, switch
positions etc, They are of plastic through which
light from many very small incandescent bulbs is
passed. The light can only be seen where appropriate
characters have been etched through a painted
surface of a panel, The bulbs are soldered in plage
and are not replaceable when installed. More than
one bulb provides llumination in each relevant area
so that failure of a bulb will not impair illumination,

FLOOD-LIGHTING

Flood-lighting is used for the gereral ilumination of
instruments, control panels, pedestals, side consoles
and areas of cockpit foors. The lights usually take
the form of incandeseent lamp units and fluorescent

tube upits and depending on the type of aircraft, both
forms may be used in combination,

ELECTROLUMINESCENT LIGHTING

This form of lighting is employed in a number of air-
craft as passenger information signs and also, in some
cazes, for the illumination of instrument dials and
selective positions of valves or switches. An electro-
lurminescent light consists of a thin laminate structure
in which a layer of phosphor iz sandwiched between
two electrodes, one of which is transparent, The light
requires a.¢. for its operation, and when this is applied
to the electrodes the phosphor particles luminesce,
i.e. visible light is emitted through the transparent
electrode. The luminescent intensity depends on the
voltage and frequency of the a.c. supply. The area of
the phosphor layer which becomes “electrolumines-
cent™ when the current is applied is that actually
sandwiched between the electrodes; consequently if
the back electrode is shaped in the form of a letter

of a figure the pattern of light emitted through the
transparent electrode ls an image of the back electrode

FASSENGER CABIN LIGHTING
The extent to which lighting is used i a passenger
cabin deperids on Lhe size of a cabin and largely on



the interior decar adopted for the type of aireraft;
thus, it can vary from a small nember of roof-mountad
incandescent lamp fittings to a large number of flugres-
cent fittings located in ceilings and hat racks so as to
give concealed, pleasing and functional lighting effects.
The power supplies required are d.c. or a.c. as appro-
priate, and in all commercial passenger transport ajr-
eraft the lights are controlled from panels at cabin
attendant stations. [n addition to main eabin Hghting,
lights are also provided for passenger service panels

see p, 182) and are required for the illamination of
essential passenger information signs, e.g. “Fasten

Seat Belts” and ““‘Return to Cabin”. The lights for

these signs may be of the incandescent type or, in a
number of aircraft, of the electroluminescent type
described earlier, They are controlied by switches on

1 cockpit overhead panel,

sontrol of Lighting Intensity

certgin internal lighting eircuits must have a means
if varying the light intensity and so they are pro-
fded with an intensity contro] system. The methods
»f control, and their application, depends largely on
he extent of the lighting required, this in turn,
seing dependent on the type of aircraft. The funda-
nental operating principles of each method are
thown in Fig, 10,10,

The most basle of dimming circuits is the one
1tilizing a panel-mounted rheostat which is con-
1ected in series with the liphts whose intensity iz
.0 be controlled (diagram (a)). Power from the d.c.
sushar 1s fed o the rheostat wiper which, at contact
sosition “A" isolates the lights from the supply.
#hen moved to contact position “B”, the cirecuit is
witched on but as current must flow through the
vhole of the rheostat resistance, the lights will be
limly illuminated. As the wiper is moved towards
:ontact position “'C" the resistance in the circuit
»ecomes less and less and so the lighting intensity
ncreases, At position “C" maximum current flows
‘hrough the eircuit 10 provide maximum lighting
ntensity,

Diagramn (b) illustrates a circuit development of
‘he basic rheostat method and is one which i3 widely
wdopted in many aircraft since it permits the use of
ess “‘bulky” rheostats, and contro of an increased
wmber of lights in any one circuit. The circuit
iiilizes an NPN transistor which functions as a
emotely controlled resistor unit, A rheostat is still
‘equired to vary the voltage input Lo the transistor,
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but because a transistor requires only very low
voltage levels over its conducting range, the rheostat
can be smaller from the point of view of electrical
characteristics and physical dimensions.

D.c. power is supplied to the rheostat and also (o
the eollectar *'C" of the transistor, When the rheostat
wiper is at contact position “A™, the voltage at the
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Control of lighting intensity
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base of the transistor is zero, and no carrent flows
through the collector to the emitter “E™ or out to
the lights. Movement of the wiper from contact
position “A™, ¢auses a positive voltage to be applied
to the base of the transistor, and a small amount of
cuirent flows from the collector, and through the
emitter to the lights as 2 result of a redoction in
resistance of the collector-emitter junction, Further
movement of the wiper increases the positive voltage
at the transistor base, and the resulting decrease in
collector-emitter junction resistance increases the
current flow to the lights and therefore, their
intensity.

Diagram () of Fig. 10.10, shows a method in
which lighting intensity may be controlled by means
of a variable transformer. This is commonly adopted
in aircraft whose main power generating systems are
a.¢,

EMERGENCY LIGHTING
An essential requirement concerning lighting is that
adequate illumination of the cockpit and the various
sections of the cabin, exits, escape hatches, chutes
etc., must be provided under emergency conditions,
e.g. a crash-landing at night. The illumination is nor-
mally at a lower level than that provided by the stan-
dard lighting systems, since the light units are directly
powered {Tom an emergency battery pack or direct
from the aircraft battery in some cases, The batteries
are normally of the nickel-cadmium type although
in some aircraft silver-zine batteries are employed.

Under normal operating conditjons of the aireraft,
emergency battery packs are maintained in a fully-
charged condition by a trickle charge {rom the air-
craft’s main busbar systemn.

Primary contro] of the lights i by means of a
switch on a cockpit overhead panel.

Engine Starting Systams

Throughout the development of aircraft enpines a
nurnber of methods of starting them have been used
and the prime mowvers involved have varied from a
mechanic manually swinging a propeller, to clectde
motors and electrie control of sophisticated turbo-

starter units, Although there are still one or two types

of light aireraft in service requiring the manual
swinging technique, the most widely adopted starting
method {or reciprocating engines utilizes electric
motors, while for the starting of gas turbine engines
either electric motors or turbo-starter units may be
utilized as the prime movers,

ELECTRIC STARTER MOTOR SYSTEMS

In basic form, these systems consist of a motor, an
engaging gear, a relay and a starter switch; in some
systems s clutch mechaniam is also incorporated in
the enpaging gear mechanism. The motors employed
may be of the plain series-field type or may be com-
pounded with a strong series bias (see pp. 138 and

Fig. 10.11 shows the interconnection of the pring
electrical components typical of those required for
the starting of reciprocating engines installed in man
types of light aircraft. When the starter switch is clo
direct current from the batiery and busbar energize:
the starter relay, the closed contacts of which conne
the motor to the batiery. The relay contacts are of
the heavy-duty type to carry the high current drawn
the motor. during the period of cranking over the
éngine.

The method of engaging a motor with an engine
varies aeccording to the particular engine design, For
most types of light aircraft engines, a pinion i3 engaj
with a starter gear ring secured to the engine crank-
shaft in a manner similar to that employed for starti
gutomobile engines. When the engine starts, it over-
runs the starter motor and the pinion gets “kicked
out" of enpapgemnent. In other versions used for
starting more powerful engines, a jaw engages with:
similar member on the engine and the drive ig trans-
mitted via 2 ¢lutch and reduction gear train in the
starter motor and in an accessories pearbox in the
engine,

The gear ratio between a starter motor and a re-
eiprocating engine is such that it provides a low erar
ing speed of the engine; a typical reduction ratio is
about 100: 1. Cranking speed is not critical because
the fuel priming provisions made in the starting drill
also because there is a good stream of sparks availab
at the plug points for the powet stroke. Thus, once
the engine has “fired” and gets away under its own
power further assistance from the starter motor is
rendered unnecessary. Although the moment of
inertia of an engine’s moving parts is comparatively
light dudng cranking, a starter motor has to overcor
some heavy frictional loads, i.e. loads of pistons and
bearinps, and also loads due to compression.

TURBINE ENGINE STARTING

Compared with a reciprocating engine, the starting ¢
a turbine engine represents a relatively severe duty
for the starter motor. This stems mainly from the
starting principle involved and also from the constn,
tion of the rotating assemnbly, e,g, whether the com-
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pressor and turbine are on & sinple shaft (single-spool
engine) or whether high-pressure compressor/turbine
assemblies and low-pressure compressor/iurbine
assemblies on separate shafts are employed (two-
spool engine), Another factor also is whether the
compressor and turbine assembly is designed to drive
u propeller. In general, turbine engines have a high
moment of inertia, and since it i3 a requirement that
starting shall be effected as quickly as possible, then
high gear ratios and therefore high cranking speeds
Aré necessary.

The process of starting a turbine engine involves
the provision of an adequate and continuous volume
of air to the combustion system, effective atomiza-
tion of fuel at the bummers of the combustion system,
and the initiation of combustion in the combustion
chambers. To provide the necessary yolume of air
the starter motor must be capable of developing
sufficient power to accelerate the compressor smoothly

and gently from 2 static condition to a fairly high
speed. At some stage in the cranking operation, fuel
is injected into the combustion system and the fuel/
air mixture is ignited, i.e. the englne “fires” or “lights-
up™ 2s it is more usually stated in turbine engine
terms. Unlike reciprocating engine starting, however,
the starter motor does not disengage at this point but,
assisted by the engine, continues to accelerate it up
to a speed at which the engine alone is capable of
maintaining rotation. This is known as the self-
sustaining speed of the engine. Eventually a condition
is reached where the starter motor is no longer
required and its torque, and the current consumed,
start decreasing fairly rapidly. Its speed will tend 10
increase, but this is limited by the retarding torque
provided by the shuni fleld when there is no longer a
load on the motor (see also p, 138). Depending on the
type of starter system, the power supply to the
starter motor is interrupted automatically either by
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the decrease in current causing the starter relay to de-
energize, or by the opening of contacts in a time
switch unit.

Figure 10.12 illustrates the circuit diggram of a
system based on that employed in a current type of
twin turbopropeller aircraft for the starting of its
engines, The starter motor 1s 8 28.volts d.c. four-pole
compound-wound machine having a torque cutput of
16-5 |bf.ft(22-37 Newton metre)} at a speed of 3800
rev/min and a time rating of 90 seconds. It drives the
engine through a cliutch, pawl mechanism and reduc-
tion gear, The clutch is held in the driving position
until the enpine has accelerated above the starter
mator speed and until the centrifugal force acting
on the pawl mechanism is sufficient to release the
pawls, The starter motor is disengaged by the action
of an overspeed relay.

When the master switch is set to the "start™ posi-
tion, ang the starter push switch is depressed, direct
current flows through the coil of the main starter
relay thereby energlzing it. At the same time current
also flows to contaet “1" of the overspeed relay. The
closing of the heavy-duty contacts “A™ and “B" of
the starter relay completes a circuit from the main

busbar to the starter motor via the coil of the over-
speed relay, which on being energized, allows current
to flow across its contacts to the coll of the push
switch thereby holding this switch closed. During
Initial stages of starting the current drawn by the
starter motaor is high, and as this i carded by the

coit of the overspeed relay continued cranking of

the engine is assured. As the engine acoelerates, the
starter motor draws less current until, at 3 value pre-
determined by the speed at which the engine becomes
self-sustaining, the overspeed relay is de-energized, this
in turn de-energizing the starter switch and main
starter relay. The overspeed relay therefore prevents
the starter motor from overspeeding by ensuring that
the power supply is disconnected before the starter
drive is disengaged from the engine.

The purpose of the *blow out™ position of the
master switch is to permit the engine to be cranked
over in order to blow out unburnt fuel resulting from
an unsuccessful start or “light up™. When the position
is selected, the circnit is operated in a similar manner
to normal starting except that the starter switch must
be pulled to the “off" position after the motor has
been running for 30 seconds. The reason for this i
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that since the ignition system is isolated, the starter
mator i8 still heavily loaded and so the current
through the overspeed relay remains too high for the
relay to de-energize of its own accord.

TURBO-STARTER, SYSTEMS

With the development of more powerful turbine en-
gines evar-increasing power output from starter sys-
tems was required for effective starting zction. As

far as electrical methods of starting were concerned
this presented increasingly difficult probiems associ-
ated notably with high current demand, inereased
size and weight of motors and cables, These problems
therefore led to the discontinuance of elestrc motors
for the starting of powerful engines, and their fune-
tions were taken over by turbo-starter systems
requiring a simpler control circuit consuming only a
few amperes.

There are three principal types of turbo-starter
systems, air, cartridge and monofuel, the application
of each being governed largely by the operational role
of the aircraft, Le. civil or military. The basic principle
is the same for each system, that is, a gas is made 1o
impinge on the blades of a turbine rotar within the
starter unit, thereby producing the power required to
turn the engine shaft via an appropriate form of
coupling,

The gas may be (1) compressed air supplied to a
turbine air motor from either an external supply unit,
an A.P.U. in the aireraft or the compressor of a
running engine; (i) the cordite discharge from an
electricelly fired cariridge or (jii) the result of igniting
a monofuel, in other words a fuel which burns freely
without an oxidant such ag air; a typical fue] is iso-
propylnitrate,

The electrical control circuits normally require d.c.
for their operation, thejr function being to energize
solenoid-operated air control valves, to {ire cartridge
units and to energize a fuel pump motor and ignition
gystermns as appropriate to the type of turbo-starter
unit.

STARTER-GENERATOR SYSTEMS

Several types of turbine-powered airsraft are
equipped with starter systems which utilize a prime
mover having the dual function of engine starting and
of supplying power to the aircraft's electrical system.
Starter-generator units are basically compound-wound
machines with compensating windings and interpoles,
and are permanently coupled with the appropriate
engine via a drive shaft and gear train. For starting

157

purposes, the unit functions as 2 fully compounded
motor, the shunt winding being supplied with current
via a field changeover relay. When the engine reaches
self-sustaining speed 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 relay contacts also permit d.c. to flow through
the shunt winding to provide initial excitation of the
fleld. Thus, the machine funetions 4s a conventiona)
d.c. genergtor, its output being connected to the bus.
bar on reaching the regulated level,

Ignition Systems

All types of aireraft engines are dependent on electrical
ignition systems. In reciprocating-type engines, the
charges of fuel vapour and air which are induced and
compressed in the cylinders, are ignited through the
medium of sparks produced by electric discharges
across the gaps between the electrodes of a spark plug
fitted in each cylinder, and a continuous scries of
high-voltage electrical impulses, separated by intervals
which are related to engine speed, must be made
available to each of the plugs throughout the period
the engine is running. A basically similar electrical
ignition system is alse used to initiate combustion of
the fuel/air mixture in the combustion chambers of
gas turbine engines, It is, however, of much simpler
form for the reasons that impulse intervals are not
refated to engine speed, and as combustion is con-
tinugus after “light up”, the ignition system is only
required during the starting period,

Reciprocating-type engine ignition systems fall into
one or other of two main categories; coil ignition and
magneto ignition. The former derives its power from
an external source, e.g. the main power supply, while
the magneto is a self-contained unit driven by the
engine and supplying power from its own generator,
In aircraft engine applications, magneto ignition is
the system most commonly adopted.

MAGNETO IGNITION SYSTEMS

Magneto ignition systems, which operate on the
principles of electromagnetic induction, are classified
a5 either high tension or low tension, and they consist
of the principal components shown schematically in
Fig. 10.13. Most of these components are contained
within the magneto, which js basically a combination
of permanent-magnet a.c. generator and auto-
transformer.
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The high tension system is the one most widely
used, and the requisite alternating fluxes and voltages
are induced elther by rotating the transformer
windings between the poles of a permanent magnet,
by rotating the magnet between fixed transformer
windings or by rotating sofi-iron inductor bars be-
tween fixed permanent magnet and transformer
windings. These arranpements, respectively, permit
further classification of magnetos as (i) rotating”
armature, (i) rotating magnet and (iii) polar inductor.

The rotating portionof a magneto is driven by the
engine through a coupling and an aceessory gear drive
ghaft. As the windings are cut by the alternating
magmetic flux from the appropriate source, a low
voltage is induced in the primary winding to produce
a current and flux of a strength directly proportiona)
1o the rate at which the main flux is cut. At this paint
the primary circuit is broken by the contact breaker,
the contacts, or points, of which are opened by a
cam driven by the rotating assembly. The primary flux
therefore collapses about the secondary winding, which
produces a high voltage output. The output iz, how-
ever, not sufficlent to praduce the required discharge
at the spark plugs and it is necessary to speed up the
rate of flux collapse. This is effected by connecting a

capacitor across the contact breaker so that the capaci
tor is shorted out when the breaker points are closed
and is charged by primary winding current when the
points are open, When the potential difference
across the capacitor reaches the point whereby it dis-
charges itself, the correspondingly high current flows
through the primary winding in the reverse direction
and thereby rapidly suppresses the primary flux to
produce the required higher secondary output vol
lage. In addition to this funetion, the capacitor also
prevents arcing between the contact breaker points
as they begin to apen, thereby preventing rapid
deterioration of the points,

The secondary winding output is supplied to the
distributar, the purpose of which is to ensure that the
high voltage impulses are conducted to the sparking
plugs in accordance with the order in which combus.
tion must take place in each cylinder, i.e, the “firing"
order of the engine. A distributor conssts of two
main parts, a rotor made up of an insulating and a
conducting material, and & block of insulating materia
containing conducting segments corresponding in
number to the number of cylinders on the engine.
The conducting segments are located cireumnferentially
around the distributor block in the desired fidng
order, s¢ that as the rotor turns a circuit is
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completed to a sparking plug each time there i
alignment between the rotor and a sepment.
Distributors usually form part of magnetos, and the
rotors are rotated at the required speed by a gear
driven from the main magneto shaft, In some cases,
however, distributors may be separate units driven
by an engine gear train and drive shaft. To prevent
ionization, and to minimize “flashover”, the distribu-
tor casing is vented to atmosphere, end in many types
of magnet a flameproofl wire mesh screen is provided
ta prevent combustion of any flamimable vapours
round the engine.

MAGNETO AND DISTRIBUTOR SPEEDS

lgnition of the combustible mixture is required in each
eylinder once in every two revolutions of the engine
crankshafl, and as a result there must be a definitie
relationship between such factors as the number of
sparks produced by a magneto and the speeds of the
magneto, distributor and engine. Magneto speed may
be caleulated from the relation:

number of cylinders
2 x mapneto sparks per rev,

A rotating armature magneto, which is normally
only used on engines having up to six cylinders, produces
two sparks per rev, Thus, assuming that one is fitted
to a four-cylinder engine then it must be driven at the
same speed as the cngine. A rotating magnet or polar
inductor magneto produces four sparks per rev and
is normally used on engines having more than six
cylinders. Thus, {or a twelve-cylinder engine the
magneto must be driven at one and a half times the
engine speed. Distributor rotors are driven at half
engine speed irtespective of magneto speed.

AUXILIARY STARTING DEVICES

As mentioned earlier, during starting, a piston angine
is cranked over at very low speeds, and as a result jig
magnelos are driven much too slowly for the e.m.f.
induced in the primary winding to produce a spark of
adequate energy-content at the instant the contact
breaker points open. 1t is therefore necessary to pro-
vide auxiliary means for boosting the magneto output
during the engine starting period, when it is advan-
tageous to have the spark retarded to some extent,
Two methods widely adopted are impulse starters and
booster coils, which are described in the following pars-
graphs. The retarding of the spark is affected by a
secondary brush in the distributor érm which *trails™
the main brush.
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IMPULSE COUPLINGS

Impulse couplings, or impulse starters as they are
sometimes called, are used in some small piston
engine ignition systems and are fitted between the
magneto shaft and drive shaft. The unit produces a
heavy spark by giving a magneto armature or magnet
a brief acceleration at the moment of spark produc-
tion. In one type of unit the coupling between the
magneto and engine is a spring-loaded clutch device
which flicks the armature or magnet through the
positions at which a gpark normally eceurs, thus
momentarly increasing its rotational speed and the
vollage generated, After the engine is started and the
magneto reaches a speed at which it fumnishes suf-
ficient output, flyweights in the coupling fly oulward
due to centrifugal foree and overcome the springs, so
that the coupling functions as a solid drive shaft and
the magneto continues to operate in the normal
TNANNEer.

BOOSTER COILS

Booster coils, which may be either of the high tension
Impulse or low tension impulse type, derive their
power from the aircraft’s system via either the battery
ot the ground power supply source. The supply is
controlled either by a separate booster coil or the
enpine starter switch, High tension booster coils
supply a stream of impulses to the trailing brush of the
distributor, while in a low tension system a stream of
impulses is fed to the magneto primary windings either
to augment or to replace the voltage induced by Lhe
magnetic flux. In some low tension sysiems, the
supply to the primary winding is fed via a second
contact-breaker, which is retarded in relation to the
main contact-hreaker but connected in paraliet with

it. With this arrangement intermittent high tension
current is indueed in the secondary winding of the
magneto,

IGNITION SWITCHES

lgnition systems are controlled by “on-off” switches
connected in the magneto cireuit, but unlike the basic
and conventional switching arrangements, an ignition
system switch completes a circuit by closing its con-
tawts in the “off™ position. The circuit in this case is
between the magneto primary winding and ground,
and since the contact-breaker becomes short.
circuited, then in the event the magnelo is roisfed,
there can be no sudden collapse of the prirmary win-
ding ftux and therefore no high voltage spark across
the spark plug gap.
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On dual-ignition systems each magneto may be
controlled by a separate toggle switch or, as is more
usual, by a rotary type four-position switch controlling
both magnetos. The [our positions are “off"”, “left”,
“right” and “both™. The left and right positions allow
one system (o be turned otf at a time for carrying
out “magneto-drop”™ checks during engine ground
running.

LOW TENSION MAGNETO SYSTEMS

Thesze systems were developed for use on engines
having a large number of cylinders and deslgned for
high altitude operation. They overcome certain
problems which can occur with high tension systems,
e.g. breakdown of insulation within a inagneto due

to deereased atmospheric pressure and electrical
leakage, particularly when ignition harnesses are
enclosed in metal conduits. Furthermare, the amount
of cable carrying high voltages is considerahly
reduced. The magneto is similar to a polar inductor
type of magmeto but does not embody a secondary
coil. Low voltage impulses from the magneto primary
winding are supplied directly to the distributor, which
also differs from the types normally employed, in
that voltage impulses are received and distributed via
a set of brughes and segmented tracks. The distributor
outputt is supplied to transformers corresponding in
number to the number of spark plugs and located near
the plugs. Thus, high voltage is present in only short
lengths of shielded cable. Low tension magnetos are
switched on and off in the same manner as high ten-
sion magnetos,

SPARK PLUGS

The function of a spark plug is to conduct the high
voltage impulses from the magneto and to provide an
air gap across which the impulses can produce a spark
discharge to ignite the fuel/air charge within the
cylinder.

The types of spark plugs used vary in respect to
heat range, thread size, or other characterstics of the
installation requirements of different engines, but in
peneral they consist of three main components: (i)
outer shell, (i) insulator and (ili) centre electrode.
The outer shell, threaded to fit into the cylinder, is
usually made of high tensile steel and is often plated
to prevent corrosion from engine gases and possible
thread seizure, The threads are of close tolerance and
together with 2 copper washer they prevent the very
high pas pressure escaping from the cylinder, Pressure
that might escape through the plug is retained by inner

seals between the outer shell, the insulatoz, and cent
clectrode assembly.

The materials used for insulators vary between
plug designs and applications to specific engines; the
mast commonly adopted are mica, ceramic and
aluminium oxide ceramic, the latter being specificall
developed to withstand more exacting mechanical,
thermal and electrical requirements. Insulation is als
extended into a screen tube which is fixed to the ow
shell and provides attachment for the ignition harnes
cable to ensure suppression of radio interference,

The centre electrode carries the high tension volt:
from the distributor and is so secured that the requi-
site spark gap is formed hetween it and a negative or
ground electrode secured to the firing’ end of the
outer shell. Flectrodes must operate under very sever
environmental conditions, and the materials norinafl
chosgen are nickel, platinum and iddiom.

DUAL IGNITION

Almost all piston engines employ two entirely in-
dependent ignition systems; thus each cylinder has
two spark plugs, each supplied from 2 different
magneto. The purpose of dual ignition is to ()
reduce the possibility of engine failure because of an
engine fault and (if) reduce the time taken to bum
the full charge enabling peak gas pressure to be
reached and thereby increasing engine power output
Both magnetos are normaily switched by a rotary
switch in the manner already described.

TURBINE ENGINE IGNITION SYSTEMS

The igition system of a turbine engine is much simg
ler than that of a piston engine due to the fact that
fewer components are required and that electrical
ignition of the air/fuel mixture is only necetsary whe
starting an engine. Another difference is that the
electrical energy developed by the system s very mu
higher in order to ensure ignition of atomized fuel
under varying atmospheric and air mass flow condi-
tions and to meet the problams of relighting an engin
in the air.

The principal components of a system are a high-
energy ignition unit and an igniter plug interconnect:
as shown in Fig, 10.14, Two such systems are norma
fitted to an engine, the igniter plugs being located in
diametrically-opposed combustion chambers to ensu:
a positive and balanced light-up during starting, Dire
current from the aircraft’s main busbar is supplied to
an induction coll or a transgstorized high tension
generator within the ignition unit in conjunetion witl
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cases, relighting is automatic by having one of the
two ignition units of a low rating (usually 3 joules)
and keeping it in continuous operation. Where this
méthod is not desirable a glow plug is sometimes
fitted in the combustion chamber where it is heated
by the combustion process and remains incandescent
for a sufficient period of time to ensure automatic
re-ignition,

In some types of aireraft the high energy ignition
units are dependent on an jnitial power supply of
H15 volts a.c., and the simplified circuit diagram of
one such unit employed on the Boeing 747, s illustra.
ted in Fig, 10.16.

The a.c. power supply s applied to the primary
winding of a step-up power transformer Tl, viaa
radio noise filter network consisting of inductor L)
and a capacitor Cl. The high voltage induced in the
secondary winding of T is then rectified by the
diodes 1 and 2, the current passing through them
being linited by resistors R1 and R2. The rectified
output charges the capacitor C2 until the stored
voltage reaches the jonization potential of the discharge
gap. The discharge flows through the primary winding
of the high-tension auto-transformer T2, and is further
boosted by a charge developed across capacitor (4.
The voltage induced in the secondary winding is then
of sufficient potential to provide the requisitc discharge
flashover zeross the igniter plug gap, Resistors R3 and
R4 provide (he means of dissipating the energy of the
circuit in the event that the output of the igniter unit
is open-circuited. In addition, they serve to “bleed-of["

Filter
S-volts =TT 1 T,

ov-—g—fiﬂ\--‘
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any residual charge on capacitor C4 between successive
flashovers, and so provide a constant level of Lriggering
voltage from the secondary winding of transformer T2.

Fire Detection and Extinguishing Systems

Fire 13, of course, one of the most dangerous threats
to an aircraft and so precautions must be taken to
reduce the hazard, not anly by the proper choice of
materials and location of equipment in potential

fire zones, but also by the provision of adequate fire.
detection and extinguishing systems, These systems
may be broadly classified as (i) fixed, some examples
of which are used mainly for engine fire protection,
and detection of smoke in baggage compartments,

or (ki) portable, for use in the event of cabin fires,
Buth systems are employed in all aircraft except cer-
tain small low-powered piston engined types which,
having been certificated as constituting a negligible
fire risk, at most need only 3 portuble extinguisher
within the cockpit. Fixed detection and extinguishing
systems only, require electiical power for their opera-
tion, and some typical examples are described in the
following paragraphs.

FIRE DETECTION

A fire detection system is installed mainly in engine
compartments, and consizis of special detecting
elements strategically positioned within several fire
zones designated by the aircraft manufacturer. The
elements, which may be of the “unit™ or “spot” type
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Fig 10.16
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or the “continugus™ wire type, are connected to
warning lights and/or bells, and either type may be
used separately, or together in a combined fire
warning and engine overheat system.

Unit type detectors are situated at poinis most
likely to be affected by fire, c.g. in an engine breather
outlet pipe, and the one most often used in engine com-
partments is of the differential expansion switch type,
the principle of which was described on p. 106.

These detectors may also be used for sensing an over-
heat condition in areas of the airframe structure
adjacent to ducting supplying hot air for air-
vonditioning or de-icing systems.

In order to provide maximum coverage of an engine
fire zone and to eliminate the uze of a considerable
number of unit detectors, a contintous wire type
detector system (known as a “firewire™ systern) is
nommally used. The elemnents of a typical system
take the form of various lengths of wire embedded
in a temperature gensitive material within a small bore
stainless steel or Inconel tube, and joined together
by special coupling units to form a loop which may
be routed round the fire zone as required. The wire
and tube form centre and outer electrodes respect-
ively and are connected 10 the aircraft’s power
supply via a contro) unit. The power supply require-
ments are 28 volts d.¢, and 115 volts a6, or, in some

la3

systemns, 28 voits d.c. only, Depending on the type of
control unit the method of operation may be based
on either vadations in resistance or variations in
capacitance with variations in temperature of the
element {illing material,

The electriga] interconnection of components
normally comprising 3 systein is shown in Fig. 10.17.
ihe control unit in this case is of the type employed
with a variable resistance system. The a.e. supply is fed
10 g step-down transformer, while d,c. is supplied to
the warhing circuit via the contacts of 2 warning relay,
the coil of which may be energized by the rectified
output from the transformer secondary. With the test
switch in the normal position, the ends of the centre
wire electrode of the element are connected in parallel
to the rectifier and to one end of the transformer
secondary winding. The other end of the winding is
connected to the outer tube or electrode so that the
current path is always through the filling material, the
resistance of which will govern the strength of recti-
fied cuerent flowing through the relay coil. With this
arrangenient the warning function is in no way affected
in the event that a break should occur in the loop.

Under normal amblent temperature conditions the
resistance of the filling material is such that only a
small standing current flows through the material;
therefore, the current flowing through the warning
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relay coil is insufficient to energize it. In the event of
a temperature rige the resistance of the filling material
will fall since it has an inverse characteristic, hence
the rectified current through the relay coil will in-
crease, and when the fire zone temperature has risen
to such # value that the relay coil current is at a pre-
determined level, it will enerpize the relay thereby
completing the warning light or bell circuit. When the
temperature falls and the current drops to a pre-
determined level the relay de-energizes and the system
is automatically reset.

In a capacitance systern the detector element is
similar in construction to that earlier deseribed, but
in conjunction with a different type of control unkt
it functions as a variable capacitanee system, the
capacity of the element increasing as the ambient
temperature increases. The element is polarized by the
application of half-wave rectified a.c. from the contrel
unit, which it stores and then discharges as a feedback
current to the gate of a silicon-controlled rectifier
{SCR.) in the control unit during the non-charging half
eycles, When the fire zone temperature rises the feed-
back cutrent rises unti) at 3 pre-determined level the
SCR is triggered to energizs a fire warning light, or
bell, relay. A principal advantage of this sytem is that
a short circuit prounding the element or system
wiring does not result in a false fire warning.

When the test switch is set to the “Test™ position,
the test relay is enesgized and its contacts change
over the supply from the rectifier so that the current
passes directly alonp the centre electrode. Thus, if
there is no break in the loop there is minimum resist-
tance and the warning relay circuit is actuated to
simulate a fire warning and so indicate continuity.

In some enging fire detection systems, detection is
effected by two distinct sensing element loops; an
*overheat™ Joop and a “fire" loop. An example of
one such application based on the Lindberg Systron
Donner system, is shown schematically in Fig, 10.18.
This system, unlike that of the “‘firewire” system
described eartier, utilizes sensing elements which
trigger the waming circuits as 3 result of the tempera-
ture effects on the pressure of a gas.

An element consists of a stainless steel tube pro-
tected throughout its length by a teflon coating.
Inside the tube 15 a metal hydride-coated element
surrounded by an inert gas {helium). One end of
the type iz bifurcated and joined to two diaphragm-
operated pressure switches, one in the open position
and the other always kept closed by the normal
pressure (20 psi) of the heum acting on its

diaphragm. The power required for system operation
is 28 volts d.c. from the aircraft's battery bushar,

and is supplied to the open switch contacts via those
of the normally closed switch. Because the overall
system Is designed to sense two levels of tempera-
ture, then there must be two detecting elements

each with a different temperature sensing level.

In the practical case, there are two pairs of
elements connected as shown in Flg, 10.18, one pair
forming the *overheat’ Joop, and the other pair the
“fire” loop. The ¢lements are Jocated at the bottom
of an engine, and on the engine side of the firewall,

if the local temperature rises to 205 £ 30°C,
the cogting of the element inside an “overheat”
detector will release a gas (principally hydrogen).
This will increase the pressure inside the tube so
that the diaphragm of the normally-open switch will
be displaced and its contacts closed, The slgnal now
flowing from the contacts passes through an
operational amplifier the output of which biases a
transistor to allow the standing 28 volt d.c, to
energize a relay, The closed contacts of the relay
then complete a circuit to an amber “overhest”
light, and atso a light on 2 master caution panel.

If the Jocal ternperature should continue to
increase and reach 315 + 30°C, the pressure of the
releazed hydrogen in a detecting element of the
“fire" loop will trigger a signal to pass through a
circuit gimilar to that of the overheat loop but, in
this case, to illuminate red warning lights, and to
set off an alarm bell.

In the event that the pressure of the helium
inside a detector element should decrease, the
normally-closed pressure switch would open to cause
a “detector inoperative’ light {not shown) to illumi-
nate, Test circuits are therefore provided in the
system so that the integrity of the normally.closed
pressute switches can be checked.

SMOKE DETECTORS
In many of the larger types of transport aircraft, the
freight holds, bapgape compartments and equipment
bays are often {itted with equipment designed for the
detection of smoke, Detection equipment varies in
construction, but in most cases the operation is based
on the principle whereby air is sampled and any
smoke present, causes a change of electric current
within the detector circuit to trigper a warning system,
Figure 10.19 is a schematic arrangement of a
smoke detector in use In some types of transport
aireraft, The principal detecting elements are a
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Fig 10,19
Smoke detector operation

pilot light, a Ught trap and a photo diede, disposed
in a compartment or chamber as shown. The pilot
light and photo diode are pawered by 28-volt d.c.
Sampling tubes connect with the detector and
plenum chambers and a blower motor powered by
115-valt a.c., When the system is armed, the blower
motor draws ajr through the detector from the
compartnent in which the detector js located. The
pilot light directs a beam to the light trap. If smoke
is present to g level of 10 per cent, the light reflected
from it as it passes through the beam wil] be detected
by the photo diode, The current generated by the
divde iz then amplified to trigger a relay the contacts
of which complete a circuit to the appropriate fire
warning light. The light emitting diode (LED) forms
part of a test cireuit which activates the photo
diode to simulate a smoke condition.

FIRE EXTINGUISHING

Fixed fire extinguishing systems are used mainly for
the protection of engine installations, zuxiliary power
units, landing pear wheel bays and baggape compart-
ments, and are designed to dilute the atmosphere of
the appropriate compartments with an inert agent
that will not support combustion. Typical extinguish-
ing agents are methyl bromide, bromoechloradifluerg-
methane, freon, or halco, and these are contained
within metal eylinders or “bottles” of a specified
capacity. The agents are pressurized by an inert gas,
usually dry nitrogen, the pressures varying between
types of extinguisher, e.g. 250 1bifin? for 12 pounds

of methyl bromide, 600 1bf/in? for 4 pounds of freon.

Explosive cartridge units which are fired electrically,

are connected ta distributor pipes and spray rings, or
nozzles, located in the poiential fire zones. Electrical
power for cartridge unit operation is 28 volts d.c. and
is supplied from an essential services bushar; the

girzults are controlled by switches located in the
cackpit. When the cartridge unit is fired n diaphragm
is ruptured and the apprapriate extinguishing agent
is discharged through the distributor pipes and

spray rings.

In the fire extinguisher systems of some types of
aircraft, electrical indicators are provided to show
when an extinguisher has been fired. An indicator
consists of a special type of {use and holder connecte
in the extinguisher cartridge unit circuit. The fuse
takes the form of 2 small match-head type charge
covered by z red powder and sealed within the fuse
body by a dise. A transparent cover encloses the top
of the fuse body and is visible through another cover
serewed on to the fuse holder,

The fuse'is secured in the fuse holder by.a bayonet
type fixing, and elecirical connection to the charge
is by way of terminals in the fuse holdet, contact at
the base of the fuse and the metal disc.

When current flows in an extinguisher cartridge
cireuit, the appropriate fuse charge is fired, thereby
displacing the disc and interrupting the circuit. At the
same tdme red powder is spattered on to the inside of
the cover thus giving 2 positive visible indication of
the firing of the extinguisher cartridge.

lee and Rain Protection Systems

leing on aircraft is caused primarily by the presence
in the atmosphere of supercocled water droplets, i.e.
droplets at a temperature below that at which water
normally freezes. In order to freeze, waler must lose
heat to its surroundings, thus when it strikes, say, an
aircraft wing, an engine air intake or a propeller, ther
is metal to conduet away the latent heat and the
water freezes instantly. The subsequent build-up of
ice can change the aerodynamic shape of the particul
form causing such hazardous situations as decrease
of lift, ehanges of trim due to weight changes, loss of
engine power and damage to turbine engine blading,
In addition, loss of forward vision can oecur due to
ice forming on windshield panels, and on externally
mounted units such as pitot probes, obstruction of 1)
pressure holes will result in false readings of airspeed
and altitude. Therefore, for aircraft which are in-
tended for flight in ice-forming conditions, protective
systems must be incorporated to ensure their safety
and that of the occupants. Figure 10.20 indicates
the extent to which protection may be required
depending on the type and size of sirerafi.

In addition to ice protection systems, some



167

Areas & ynits

protactad
Turbing
ongine air Propellers
irtak
Airfrpme Alrfrema
Struéture gystams
Wings Flinht i I An Ile aof |
tleadin con?roln Windshinlds Stabilizers prP::‘t?(l:s Antennad a;?w; . Ram
edgos I I transdueers Bir 5c00ps
Wing leading -
euge .»:Iatsg Horizantal
Tempearature Static Water &
probos vanis iallot draing
o
Fig 10.20

Ice and yain protection systems

protection must also be afforded when flying in
heavy rain condijtions in order to improve visibility
through cockpit windshields. This is accomplished
by windshield wiper and rain repellent systems.

METHODS OF PROTECTION

There are three methods adopted in the sysiems
in common use and these together with their applica-
tions and fundamental operating principies are set out
in Table 10.1. They are all based on two techniques,
known respectively as de-feing and anti-icing. In de-
icing, ice is allowed to bujld up to ap extent which
will not seriously affect the aerodynamic shape and
is then removed by operation of the system; this cycle
is then continuously repealed, usually by a timing
device. In anti-icing, the system is in operation con-
tinuously so that ice cannot be allowed to form.
Electrical power and certain electrical components
are required in varying degrees for all the systems listed
in Table 10.1. In fluid, hot air bleed and combustion
heating systems the requirements are [airly simple
since it is vsually only necessary to operate an electrical
pump, air control valves and temperature-sensing sys-

lems as appropriate, The requirements {or pneumatic
boot systems are also fairly simple, although the
number of air control valves is increased proportion-
ately to the number of boot sections necessary and an
electronic timer is used.

fo what may be termed “pure electrical heating
systems”, the application of electrical power and
components is much wider and as a result the systems
are of a more complex nature,

Details of the ice and protection systems applied
to some representative types of aircraft are tabulated
in Appendix 9.

PNEUMATIC DE-ICING 5YSTEM

The pneumatic method of de-icing the leading edges
of wings, hodzontal and vertjeal stabilizers is used in
severa] types of small and medium .sized transport
aircraft (see Appendix 9). In general, systams ara
similar in respect of their pringipal components and
overall operation, and we may consider as an example
the one shown in Fig, 10.21, which is applied to the
Piper “Navajo” (PA 31P).







De-icing is effected by de-cer “boots” which are
cemented to the leading edges of the appropriate
surfaces, and which, at controlled time intervals,
inflate to break up ice which has formed on them.

In some systems the boots are inflated in a specific
sequence, but in the example shown, all the boots
inflate simultaneously for a period of & seconds.

The boots are of fabric-reinforced rubber and contain
builtn inflation tubes arranged spanwise (see

Fig. 10.22) which are connected to an air supply
system via solencid-operated valves. In some types
of aircraft, the tubes are arranged chordwise so

that they minimize interference with the airflow over
the relevant surfaces. A thin conductive coating is
provided aver the surfaces of the boots to dissipate
static charges.

Fig 10.22
Descer hoot operation

The air supply in the case of the aireraft con.
sidered fs derived from engine-driven pumps and is
regulated at 18 psi, but in aircraft powered by turbo-
propeller engines, the air is usually tapped from an
engine main compressor stage and then regulated to
the desired pressure. During the deflation period of
the operating cycle, and also during flight under
ne-icing conditions, it is necessary for the boots to
be held f1at agalnst the leading edges of the appro-
priate surfaces, and this is achieved by connecting
the boots, via their solenold-operated valves, to a
vacuum source. Thiz j5 derived by passing air con-
tinuously overboard from the engine-ddven pumps
oOr, éngine compressor as the case may be, through
an gjector/ventud,

ELECTRICAL DE-ICING AND ANTLICING
BYSTEMS

It 1§ beyond the scope of this book to go into the
construction and operating deiall of any one specific
system, but the fullowing detsils, althouph of a
general nature only, may nevertheless, be considered
as typical.
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A system is made up of threc principal sections:
heating elements, control, protection and indicating.
The power supplies normally required are [15 volts
ta 200 volts a.c. for haating (although the propeliers
for some light aircraft types and some windsldeld
panels operate on 28 volts d.c.), 115 volts a.c. and 28
volts d.c. for control and for other sections of a sys
tem. Depending on the spplication, heating current
may be controtled to permit de-icing, anti-icing or
both.

The heating elements vary in design and construc-
tion depending on the application. For propellers they
are of the fine wire type sandwiched in insulating and
protective materials which form overshoes selected
far maximum resistance to environmental conditions
and bonded to the biade leading edges. For propeller-
turbine engine air intakes, leading edges of wings,
and helicopter rator blades, the elements are of the
“sheared foil” type, i.e, they are cut from thin sheets
of high-grade metal to specified lengths and widths
and within very close tolerances, The final resistance
values of the elements which are selected from such
metals as nickel, copper-nicke! and nickel-chrome, are
usually adjusted by chemical etehing. The elements
are also sandwiched beiween insulating and protective
layers to form overshoes or mats,

" Figure 10,23 illustrates one example of z propeller
and air intake de-icing system. Electrical power, at
200 volts a.c and variable frequency, is supplied to
the propeller blades and spinner, via brushes and sHp
rings and a cyclic time switch, so that durdng the

Propeller biades
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Fig 10,23
Propetler and air intake de-icing system












mainly a bridge circuit, of which the sensing element
forms part, an amplifier and a relay. When all the
required power is awitched on initially, the control
unit relay is energized by an unbalanced bridge signal
and the power control relay is energized to supply the
windshicld panel. As the panel temperature begins to
increase, the sensing element resistance also increases
until at a predeternuned controlling temperature (a
typical value is 40°C) the current flowing through the
sensing element halances the bridge circuit, and the
control unit and ,ower controf relays are de-energized,
thereby interrupting the heating current supply. As
the temperature cools the sensing efement resistance
decreases so as to unhalance the bridge circuit and
thereby restore the heating current supply. In a num-
ber of aircraft types the windshields are each fitted
with an additional overheat sensing element which in
the event of failure of the normal sensing element
takes aver its f'unctlun and controls at a suitably higher
temperature; 55°C is a typical value.

Despite aceurate control during manufacture slight
variations in heater film resisiance, and consequently
glass temperature, can ocour. Sensing elements are,
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therefore, individually embedded in ¢ach panel at one

of the hotter spots but where it least affects visibility.
In some types of aireraft, windshields are heated

by resistance elernents of fine wire supplied with

28 volts d.c. Temperature sensing and control of heat-

ing current is carried out by a control unit operating

on a similar principle to that glready described.

Hot-Air Bleed Anti-lcing Systems

Systems of this type are standard principally on the
larger types of public transport aitcraft, lor the anti-
feing of engine air intake nose cowlings, wing leading
edges and leading edge devices such as slats and flaps
{(see Appendix 9).

The hot air is bled from certain stages of main
engine compressors and is then ducted through metal
ducting to the air intakes and leading edges. As far a5
the use of electrical power is concerned, this is
required solely for the.operation of motorized
contral valves in the ducting, valve position indicating
lights, and duct temperature sensing devices. The
maotars are limit switch controlled at the full open
and closed positions, and in most applications they
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Echemate arrangement of windshield anti-icing control system






resonant ultrasonic frequency of 41 kHz. This
frequency, however, is reduced to a nominal 40 kHz
by the brazing of heating elements within the tube
and also by eapping the tip of the tube. The probe

is maintained in its axial vibration by the ultrasonic
{requency excitation current produced by an
oscillator and passed through a drive coil wound
around the probe. The frequency is controlied by

a feedback coll circuit such that the drve coil will
excite the probe at whatever the natural frequency
of the probe might be at the time. When lce forms
on the probe the natural frequency is reduced, and
the output frequency of the oselllatar drive coil is

in turn reduced to match the probe frequency, By
means of a comparator circuit, the lower autput
frequency is compared with a fixed {requency out-
put from a reference vecillatos, The frequency
difference between the two oscillators relates to the
jce fonmation on the probe, and when the difference
has reached a preset level {150 Hz or less) determined
by a band pass filter and a limiting amplifier, a signal
is sent to a switch and delay cireuit. When this occurs
two timer circuits are trigeered; one controlling the
a.c, supply vie a logic AND gate, to the probe heater,
and the other controlling the duration an jeing signal
is available 1o an annunciator light for warning the
flight crew. Thus, as will be noted from Fig. 10.30,
there is a standing logic 1 inpat to the AND gate
from the §15wolt bus, so when timer “A" is triggered
it will supply a second togic 1 input to the gate
causing it to switch on the heater for a period of

4.5 seconds. The signal from timer “B" is 28 volt

d.c. and keeps the annunciator light luminated for

z period of 60 seconds. Melting of the ice from the
probe increases the frequencies of the probe, and if
na other ising signal is detected within 60 seconds,
timer "A™ automatically resets to isolate the heater
from the a.c. supply. This cyele of operation Is
repeated while icing conditions prevail,

Failure monitoring of the detector is accomplished
with unijunction oscillators which are set at both
ends of the maximum difference frequency band. If
the probe becomes severely damaged causing a
significant change in the resonant frequency, or if an
elecironic component failure causes a malfunction
in the reference {requency circuit, the annunciator
light will be continuously illuminated.

Landing Gear Control

in & nurmber of the smaller tvpes of aireraft having a
retractable landing gear sysiem, the extension and

¥
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retraction of the main wheels and nose wheel, is
accomplished by means of electrical power, Fig. 10.31
is a simplified circuit diagram of a representative
control system.

The motor is of the series-wound split-field type
(see also pp. 137 and 138) which is mechanically
coupled to the three “leg” units, usually by a gearbox,
torque shafts, cables, and screw jacks, The 28 volis d.c.
supply to the motor is controlled by a'selector switch,
relay, and switches in the “down-lock™ and “up-lock™
circuits. A safety switch is also included in the circuit
1o prevent accidental retraction of the gear while the
afresaft is on the ground. The switch is fitted to the
shock-strut of one of the main wheel gear units, such
that the compression of the strut keeps the switch
contacts in the open position as shown in the disgram.
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Fig 10.31
Landing gear control system

After take-off, the weight of the aircraft comes off
the landing gear shock-struts, and because they have
4 limited amount of telescopic movement, the strut
controlling the safety switch causes it to close the
switch contaets, Thus, when the pilot selects “gear up”,
a circuit is completed via the selector switch, and
closed contacts of the up-lock switch, to the coil of
the relzy which then completes the supply circuit to
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the “up” winding of the motor, When the landing gear
units commence retracting, the down-lock switch is
automatically actuated such that its contacts will

also close, and will remain 50 up to and in the fully
retracted position. As soon as this position is reached,
the up-lock switch is also actuated so as to open its
contacts, thereby interrupting the supply to the
motor, and the “down” winding circuit of the motor
is held in readiness for extending the landing gear. As
and when the appropriate selection is made, and the
landing gear units commence extending, the up-lock
switch contacts now close and when the landing gear
is down and locked, and the aircraft has landed, the
circuit js again restored to the condition shown in
Fig. 10.31,

Ta prevent over-run of the motor, and hence over-
travel of the landing gear units, some form of braking
is necessary. This is accomplished in some cases, by
incorporating a dynamic brake relay in the circuit.
The relay operates in such 2 manner that during
over-fun, the motor is caused to functian as a
generator, the resulting electrical load on the
armature stopping the motor and gear instantly.

Landing Gear Position Indication

[n retractable landing gear systems, it is, of course,
necessary o provide some indigation that the main

ndicolpr

and nose landing pear units are locked in their retractec
positions during flight, and in their extended positions
safe for landing. The indication method most widely
adopted is based on a system of indicating lights which
are connected to microswitches actuated by the up-
lock and down-lock mechanisms of each landing gear
unit. To guard against landing with the landing gear
retracted or unlocked, a warning horn is also incor-
porated in the indication system. The hom circuit is
activated by a microswiteh the contacts of which are
made or broken by the engine throtile, Fig. 10.32
illustrates a typical circuit arrangement.

The systern operates from a 28 volts d.c. power
supply which is connected to lamps within the indica-
ter case, and also to the up-lock and down-lock micro-
switches of the main and nose landing gear units. Thre
of the lamps are positioned behind red screens, and
three behind green screeens; thus, when illuminated
they indicate respectively, “gear up and locked” and
“gear down and locked”, In the “gear up and locked"
position all lights are extinguished. [n the event of
failure of a green famp filament, provision is made for
switching-in 2 standby set of lamps.

The circuit as drawn, represents the conditions
when the aircraft is on the ground in a completely
static condition. As soon as power goes onta the bus.
bar, the three green lamps will illuminate because
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Anti-skid coniral system

their cireuits are completed to ground via the left-hand
set of contacts of the corresponding down-lock miero-
switches. The engine throttle is closed, and although
its microswitch is also closed, the waming horn cireuit
is isolated since there is no path to ground for current
from the busbar. Assume now that the ajreraft has
taken off and the pilot has selected "“landing gear up";
the down-lock mechanisms of the gear units are dis-
engaged and they cause their mieroswltches to change
rontact positions, thus interrupting the circuits to the
green lamps, At the same time, the red lamps are
(luminated to indicate that the gear units are unlocked,
the power supply for the circuit passing to ground via
the up-lock switches, and the right-hand contacts of
the down-lock switches. When the landing gear units
each their retracted positions, the up-iock mechanisms
wre engaged and cause thelr microswitches to interrupt
ihe cireuits to the red lamps; thus, all lamps are ex-
iinguished. When the pllot selects “landing gear down™,
the up-lock mechanisms now disengage and the miero-
iwltches again complete the circuit to the red jamps
lo indieate an unlocked condition. As soon as the gear
inits reach the fully extended position, the down-lock
nechanisms engage and their microswitches revert to
the ariginal position shown in Fig, 10,32 i.e., red
amps extinguished, and green lamps illuminated to
ndicate *down and locked”.

As noted earlier, a warning horn is included in the
Wystem, the making and breaking of the hom circuit
seing controlled by a throttle-operated mieroswitch.

In the static condition shown in Fig. 10.32, the
throttle microswitch is closed, but the warning horn
will nat sound since the circuit Is interrupted by all
three down-lock microswitches. Simitarly, the circuit
will be interrupted by the throttle microswitch which
is opened when the throttle is set for take-off and
normal cruise power. In the case of an approach to
land, the engine power is reduced by closing the
throttle to a particular approach power setting and

this action closes the throttle microswitch. If, in this
flight condition, the landing gear has not been selected
down in readiness for landing, then the warning hom
will sound since the circuit to ground is then com-
pleted via the right-hand contacts of the downdock
microswitches. After selecting “down™, the hom con-
tinues to sound, but it may be silenced by operating

a push switch which, as will be noted from the diagram,
energizes a relay to interrupt the hom circuit, The relay
Incorparates a hold-in circult so that it will remain
energized unti] the d.c. power supply is finally switched
off. Functional testing of the horn circuit on the
ground, and under engine static conditions, may be
carried out by closing the throttle and its microswitch,
and then operating a test switch,

Anti-8kid Control Systems

The braking systems of many large transport aircraft
are provided with a means of preventing the main
tanding pear wheels from skidding on wet or icy
surfaces, and of ensuring that optimum braking effect
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can be obtained under all conditions, by modulating
the hydraulic pressure applied to the brakes. Funda-
mentally, an anti-skid system senses the rate of change
of wheel deceleration, decreases the hydrawlic pressure
apphed to the brakes when there is an impending skid
condition, and restores the pressure as the wheel
accelerates again.

A number of current anti-skid systems utilize
electrical power, and ty picaily a complete gystem
consists of a number of transducers (one for each
wheel of each main landing gear unit), an anti-skid
control unit containing the requisite number of
individual circuits, and electro-hydraulic anti-skid
contro] valves corresponding to the number of trans.
ducers, and control circuits. A block diagram of one
such system is ustrated in Fig. 10.33; for simplicity
of explanation the diagram and description that
follows, relate to single wheel operation,

The transducer is a speed sensing device and consists

of a stator which is firmly atiaghed to the wheel axle,
and a rotar which iz attached to, and rotates with, the
wheel. The stator contains a permanent magnet, and
when the wheel and rotor are rotaied, the magnetic
coupling, or magnetic reluctance, between the rotor
and stator, is varied. The variation generates within
the stator, an a.c. voltage signal which is directly
propertional ta the rotational speed of the wheel, The
signal is fed to the converter in the control unit, and
is converted to a d.c. voltage signal which serves asa
measufe of the rate of wheel decaleration. The signal
is then applied to a skid control circuit and is com-
pared with a reference veloclty sgnal which has been
predetermined from a known deceleration rate of the
gircraft. Any differences between the two signals pro-
duce error voltages which are processed to determine
whether or not a correction signal is to be applied to
the electro-hydraulic control valve. If wheel decelera-
tion rates are below the reference velocity no comrec-

tion signal is preduced, If, however, the rates are above

the reference velocity, they are then treated as skids or
approaching skids, and correction signals are applied
to the control valve which reduces the hydraulic
pressure applied to the wheel brakess. When the wheel
speed falls below the reference deceleration rate, the
skid eonttol unit transinits a release signal to the
control vajve, Subsequent wheel “spin-up" causes the
brakes to he re-applied, but at a lower pressure deter-
mined by the length of time required for the wheel to
spin-up, Sensing cirenits are also provided, and in con-
junetion with the systems of the other wheels of the
landing gear, they detect and compare “locked wheel”

conditions. In the event of such conditions occurring
the circuits will cause signals to be applied to the
relevant control valves such that they will fully releas
brake pressure.

Windshield Wiper Systems

The circuit arrangement shown in Fig. 10.34 is typic:
of many of the windshield wiper systems currently
in use. The wiper arms and blades for each wind-
shield are actuated by their own 28-volt d.c. varizhle:
speed motors coupled to converters. Each motor is
supplied from different busbars and is controlled

by a four-position selector switch (in some cases the
switch may have zix positions) and the speed
variation aceording to selection, is accomplished

by voltage dividing resistances.

[ the “low™ position of the switch, voltage is
applied 1o the field and armature circuits of the
mator, and then to ground via a second contaet
of the switch and two resistors. The voltage is there-
fore reduced and the motor runs at a low speed, and
by means of its converter sweeps the wiper arm back
and forth, When the *high" position of the switch
is selected, the supply passes to ground through only
one resistor and so the motor and wiper will operate
at a faster speed.

When the uge of the wipers is no longer required,
the contral switch is turned back through the “off™
position to a “park” position, There iz no detent in
this position, and so the switch is manually held
there momentarily. As will be noted from Fig. 10.34
the supply voltage is initjally applied to the motor in
the normal way, but as the connection to ground is
now direetly through the normally-closed contacts
of a brake switch within the motor, then it will run
at its fagtest speed. As the wiper blade reaches its
parked position, the motor operates a cam to change
over the brake switch contacts which then short out
the armature to stap the motor, The switch is then
refeased to spring back to the “off” position.

The purpose of the thermal switch is to open the
motor cireuit if the field winding temperature or
field current should exceed pre-determined values.
Typical values aré 150°C (300 °F) and 8 to 10
amperes respectively.

Rain Repellent Systems

The purpose of these systems is to maintain a clear
ar¢a on the windshields of an aircraft during take-of|
approach and landing in rain conditions. A system
consists of s pressurized container of repeilent
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Fig 10.35
Rain repallent system

operated shut-off valve is provided between the
reservoir and ¢an and is used during can replacement.

Airconditioning Systems

These systems are designed to maintain selected air
temperature conditions within flight crew, passenger
and other compartments, and in general, they are
comprised of five principal sections: air supply,
heating, cooling, temperature control, and distri-
bution. The operation of systers varies depending
on the size and type of aircraft for which they are
designed, and space does not allow for them all to
be described, However, if we take the case of most
of the large transport aircraft, we find that there
are a number of common features which may be
reptesented as shown in Fig. 10.36.

As in the case of hot air bleed anti-ieing systems,
air s supplied from stages of the main engine com-
pressors and serves not only to provide air con.
ditjoning but also pressurization of the cabin. Since
the air from the compressor stages is 100 warm for
direct admission to the cabin, it has to be mixed
with some cold air in ardet to attain preselected
ternperatute eanditions. This is effected by directing
same of the bleed air through 4 cooling pack con.
sisting of a heat exchanger system and a coaling
turbine or air cycle machine. The control of the
bleed air flow is accomplished by an electrically
controlled pack valve, which is energized by a switch
on the system control panel in the cockpit. Down-
streamn of the pack valve is a mix valve which has
the function of proportionately dividing the hot
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illuminated, After the overheat condition has been
corrected, the systemn may be returned to normal
by means of a reset switch. Another thermal switch
set to close at a higher level (e.g. 120 °C (250°F))
pratects against duct overheat should power control
be lost. It completes g circuit which closes the pack
valve and illuminates a “pack trip of " light. The
system may he retumned to normal after the trp
condition has been corrected, by operating the reset
switch referred to above,

Manual control of the system is effected by
moving the selector switch to “cool” or “warm” to
directly actuate the mix valve az appropriate,

Propeller Synchronizer Systems

These systemns are used in some types of twin-engined
aircraft, their purpose betng to autornatically
synchronize the r,p.m. of the propellers. This is
accomplished by utilizing the speed governor of

one propeller as a master unit, and the governor of
the second propeller as the slave unit. Both governors
have magnetic pick-ups which supply electrical pulses
to a control unit which detects any difference in the
frequency of the pulses, The resulting output from
the control unit'is fed to a stepping type motor
actuatar mounted on the slave povernor which is
then “trimmed" to maintain its propeller r.p.am.

at the sgame value as the master governor unit, and
within a limited range. The limiting range of operation
is built into the synchronizer system to prevent the
slave governor unit from losing more than a fixed
amount of propeller r.p.m, in the event of the master
gngine and propeller being *‘feathered” when the
system is in aperation.

Before the systemn is activated, the r.p.m, of each
propeller is manually synchronized as close as
possible, When this has been done and the system
is then activated, a maximuin synchronizing r.p.m.
range {typically + 67) is effective.

Passenger Cabin Services

Tn passenger transport aireraft electrical power is
required within the main cabin compartments for the
service and convenience of the passengers, the extent
of power utilization being poverned of course, by the
aircraft size and number of passengers it is designed to
catry. Apart from the main cabin lighting referred to
on page 132 it is necessary to provide such additional
services as individual reading lights at each seat posi-
tion, 2 cabin attendant call system, public address
system and a palley for the preparation and serving

of anything from light refreshments to several full-
course meals. In-flight cinema entertainment also
gccounts for the utilization of electrical power in
many types of aircraft.

Reading lights may be of the incandescent or
fluorescent type, and are located on passenper
service panels on the underside of hat racks, or in each
seat headrest and are controlled individually. Cabin
attendant call systems are interlinked systems com-
prising switches at 2ach passenger service panel con-
nected to an electrical chime and indicator light at
the cabin attendant’s panel station, The service panel
switches are of the flluminating type to visually indi:
cate to the cabin attendant the seat location from
which a call has been made. In addition the system
provides an interconnection between the flight crew
compartmernt and cabin attendant’s station.

A public address system is provided for giving
passengers instructions and route information, and
psually comprises a central amplifier unit and a num-
ber of loudspeakers concealed a1 various points
throughout the cabin, and in toilet compartments.
[nformation is given, as appropriate, by the aircraft’s
captain or cabin altendant by means of separate
telephome type handsets connected to the loud-
speakers. Tape-recorded music may also be relayed
through the system during passenger embarkation and
disembarkation.

Galley equipment has a considerable technical
influence on the design of an aircraft’s electrical
system, in that it represents 1 very high percentage
of the total systern power requirement, and once
installed it usually becomes a hard-worked section of
an aireraft. The type of equipment and power loading;
are poverned by such factors as route distances to be
flown, number of passengers to be carried and the
class configurations, Le. “economy”, “first-class™ or
“mixed", For aircraft in the “jumbo” and "“wide-
bodied™ categories, palley requirements are, as may
be imagined, faitly extensive, In the Boeing 747 for
example, three galley complexes are installed in the
cabin utilizing both 28 volts d.c. and 115 volts a.c.
power and having & total power output of 140 kV A,
thus, assuming that the generator output is rated with
a power factor of unity, the equivalent d.c. output is
140 kilowatts or in terins of horsepower approxi-
mately 187! The galley unit of the wide-bodied Lock-
heed Y Tristar” is also a complex unit but is located as
a eentral underfloor unit, [t also utilizes d.c. and a.c.
power not only for heating purposes but also for the
operation of lifts which transport ssrvice trolleys to
cabin floor level.



The equipment varies, some typical units being
containers and hot eups for heating of beverages, hot

cupboards for the heating of pre-cooked meals and ovens

for heating of cold pre-cacked meals, 2 number of
which may have to be served, e.g, on long-distance
flights. Other appliances requlred are water heaters
far galley washing-up and toilet washbazins, and re-
frigerators, [n most cases, the equipment is assembled
as 2 self-contained galley unit which can be “plugged
in"" at the desired location within the afrcraft.

It iz usual for the electrical power to be supplied
from the main distribution systems, via a subsidiary
bushar and protection system, and also for certain

galley equipment to be off-loaded in the event of
fajlure of a generating system. The load-shedding
circuit is auttomatic in operation and any override
gysiem provided s under the pilot's control; on some
ircraft load-shedding is also controlled via a landing
gear shock-strut microswitch thereby conserving
electrical power on the ground. The control panel or
panels, which may be mounted on or adjacent to the
gatley unit, incorporates the control switches, indi-
cator lghts and circuit breakers associated with each
itemn of galley equipment, and also the indicator
lights of the cabin attendant calt system.



CHAPTER ELEVEN

Electrical Diagrams and
Identification Schemes

As in all cases involving an assembly, interconnaction
or maintenance, of a number of components forming
a specific system, a diagram is required to provide the
practical puide to the system_ Aircraft electrical instal.
lations are, of course, no exception to this requirement
and the relevant drawing practices are specialized sub-.
jeets necessitating separate standardization of detai] to
ensure uniformity in preparation and presentation.
The standards to which all diagrams are normally
drawn are those faid down by appropriate national
organizations, ¢.g. the British Standards Institution,
Saciety of British Aerospace Constructors (5.B.A.C.)
and in Specification 100 of the Air Transport Associ-
ationt (A.T.A.) of America. The ATA 100 system has
a much greater application internationally than any
other. There are usually three types of diagram
produced far aircraft namely, clreuit diagrams, wiring
diagrams and routing charts.

Clreuit Diggrams,  These are of a theoretical nature
and show the internal circuit arrangements of electrical
and electronic components both individually and
collectively, as a complete distribution or power con-
sumer system, in the detail necessary to understand

the operating principle of the components and aystem.
Cireuits are normally drawn in the “aircraft-on-the-
ground” condition with the main power supply off, In
general, switches are drawn in the “off* position, and
all components such as relays and contactlors are

shown in their demagnetized state, Circuit hreakers

are drawn in the closed condition, In the event that

it is necessary to deviate from these standard conditions,
a note is added to the diagram to clearly define the con-
ditions selected.

Wiring Diggrarms,  These are of a more practical
nature in that they show how all components and
cables of each individual system making up the whole

installation, are to be connected to each other, their
lacations within the aircraft and groups of figures an
letters to indicate how g} components can be identi-
fied directly on the aircraft.

Routing Charts.  These charts have a similar functi
lo witing diagrams, but are sel out in such & manner
that components and cables are drawn under
“location” headings so that the route of distribution
can be readily traced out on the aircraft. In some
cases, both functions may be combined in one diggn:
(see Fig. 11.1).

Wiring diagrams and routing charts are provided fe
the use of maintenance engineers to assist them in
their practical tasks of testing circuits, fault finding
and installation procedures, The number of diagrams
or charts required for a particular aircraft, obviously
depends on the size of the aircraft and its electrical
installation, and can vary from a few pages at the en
of a maintenance manual for a emall light sireraft, ic
several massive volumes for large transport aircraft,

Coding Schemes

As an aid to the correlation of the details illustrated
in any particular diagram with the actual physical
conditions, i.e. where items are located, sizes of
cables used, etc,, aircraft manufacturers also adopt a
identification coding scheme apart from those adopt
by cable manufacturers, Such a scheme may either b
to the manufacturer’s own specifieation, or 1o one
devised as 2 standard coding scheme. In order to
lustrate the principles of schemes generally, some
example apphications of one of the more widely ado
ted coding standards will be described,

In this scheme, devised by the Air Transport Assc
ation of America under Specification No. 100, the
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Position 5, In this position, the rnumber used indicates
the eable size and corresponds 1o the American Wire
Gauge (AWG) range of sizes. This does not apply to
coaxial cables for which the number is omitted, or to
thermoeouple cables for which a dash { - ) is used as
a substitute,

Pasition 6. In this posilion, a letter indicates whether
a cabie is used as a connection to a neutral or earth
point, an a.c. phase cable, or as a thermocouple cahle.
The letter *N” indicates an earth-connected cable, the
letter *V" indicates a supply cable in a single-phase
circuit, while in three-phase circuits the cables are
identified by the letters “A™, "B and “C”, Therme-
couple cables are identified by letters which indicate
the lype of conduclor material, thus: AL (Alumel);
CH (Chromel); CU (Copper). CN (Constantan),

The practical application of the coding scheme may
be undersinod from Fig. 11.1 which shows the
wiring of a very simple temperature sensing switch
and waming lamp system,

The system is related to the No. 2 engine aiy intake,
its sircuit function is designated by the letters “WG”,
and it uses cables of wire size 22 Lthroughoul. Starling
from the power source i.e., from the No. 2 d.c. busbar,
the first cable is run from the fuse connection 2,
through a pressure bung to terminal [ of the switch;
thus, the code for this cable is 2 WG 1 A 22, Terminal
1 also serves as a common power supply connection to
the conlact 2 of the press-to-test facility in the warp-
ing lamp; therefore, the interconnecting cable which
also passes through a pressure bung, Is a second seg-
ment cable and so its code becomes 2 WG 1 B 22,
Terminal 2 of the switch serves as 4 common con-
nection for the d.c. output from both contact 1 of
the press-1o-test facility, and the sensing switch con-
tacts, and as the cables are the second pair in the cir-
cuit and respectively first and second segments, their
code numbers are 2WE 2 A22and 2 WG 2 B 22, The
cable shown going away from the B+ lenminal of the
lainp, i5 a third segment connecting a supply to a
lamp in a centralized warning system and so aecord-
ingly carries the code 2 WG 2 € 22, The cireuit is com-
pleted via cable number 3 and since it connects to
earth it carries the full six-position vode; thus, 2 WG
2AZLN

The coding schemes adopted for items of electrieal
equipment, control panels, connector groups, junction
boxes, etc, are related to physical locations within the
aircraft and for this purpose aircraft are divided inito

efectrical zones. A reference letter and number are
allocated 1o each zone and also to equipment,
connectors, panels ete., so that they can be identified
within the zones. The reference letters and numbers
are given in the appropriate wiring diagrams and are
corrctated to the diagrammatic representations of all
ftetns. In the aircraft itself, references are marked

on or near the related items.

Logic Circuits and Diagrams

The operation of the majority of units comprising
electrical systems is largely based on the application
of solid-state circuit technology i.e, components
such as resistors, capacitors and rectifiers that are
nomally interconnected as separate discrete
components, are all "embedded™ in micro-size
sections of semiconductor material, Apart tom

the vast reduction in dimensions, this form of
integration also mukes possible the productjon of
circuit “packs” capable of performing a vast number
of individually dedicated lunctions. Thus, in know-
ing the aperating parameters of 3 system overall,
and the functions constituent units are required to
perform, the compiete cireuit of a system is built
up by interconnecting selected {unctional packs,
The packs consist of basic decisjon-making elements
referred to as logic gates, each performing combi-
national operations on their inputs and so deter-
mining the state of their outputs.

As far as the diagrammatic presentation of the
foregoing circuits is concerned, greater use is made
of a schematic [orm depicting interconnected blocks
and a variety of special logic symbols, each repre-
senting a specific eircuil network “hidden away™ in
the semiconductor material, The study of a system's
operation is therefore based more on the interpre-
tation of symbols and the logic state of signal
functions at the various interconnections of the
circuit, rather than tracing through diagrams that
depict all internal circuit details In more theoretical
form.

LOCIC GATES
Logic gates are of 4 binary nature i.e. the inputs and
the outputs are in one of two states expressed by
the digital notation | or 0. Other corresponding
expressions are also lrequently used as follows:

| — on; true; high (H); closed ; engaged

0 — off; false; low (L}; open; disengaged

The | and 0 state designations are arbitrary, For

example, if the states are represented by voltage
levels, one may be posilive and the other Q-valts,



ons may be negative and the other Q.volts, one may
be positive and the other negative, both may be
positive, or both may be negative. The epplications
of logic to a system or a device may therefore, be
further defined as follows:

1. Positive logic when the more positive potential
{(high) is consistently selected as the 1 state,

2. Negative Jogic when the [ess positive potential
{low) is consistently selected as the | state,

3, Hybrid or mixed Jogic when both positive or
botit negative logic is used,

The inherent function of a logic gate is equivalent
to that of a conventional switch which can be referred
to 35 2 “two-state” device and this may be illustrated
by constdering the theoretical circuit of a simple
motor control system shown in Fig, 11.2(a). In the
“off™ position of the switch, the whole circuit is
apen, and is in an inactive or Jogic O state, In the
“on" position, the switch closes the relay coil
eircuit causing positive d.c. to pass through the coil.
Since the Input voltage at A is at a high level with
respect 1o ground then the input to the relay coil
is of a logic 1 state and so the coil is energised, The
input voltage at B Is also high and so operates the
motor from the logic 1 state existing at point C by
closing the relay contacts. The circuit may therefore
be considered as a positive logic function circuit.

As a further example of logic switching, let us
consider the motor control gircuit ghown in
Fig. 11.2(b). In this case, control is effected by
stlecting either of two parallel-connected gwitches
located remotely from each other. If it is required to
operate the motor from, suy, the switch 1 location,
the circuit from input A to the relay coil is closed by
placing the switch at the “on™ position, thereby
producing an active logic 1 state in the coil circuit
and at the output C, Switch 2 remains open so that
the cireuit from input B is in the logie O state, The
converse would be true were the motar to be
operated from the switch 2 location and with
swilch 1 off. The circuit is also a positive Togic
cifeuidt,

GATES AND SYMBOLS

The circuits to which digital logic is applied are
combinations of three basic gates performing
functions referred to as “AND™, “OR" and “"NOT";
the last being an inverting function, and giving rise
to two other gates referred (o g5 “NAND” and
"NOR".
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(GGate clrcuits are designed so that switching is
carfed out by either junction diodes, transistors
or by a combination of both, In order to simplify
diagrams as much as possible, the internal circuit
arrangements are omitted, and the gates are repre-
sented by corresponding distinctively-shaped
symbols which conform to accepted standards,

2y
{a}
Off
A
"o
1 On
28V
8 ot
D’:'G-Dn
{b)

Fig 11.2
Logic switching functions

The three basic gate symbols are shown in Fig, 11.3.
Variations in the symbol shapes adopted will be
found in some literature, but those shown are used
in the majority of manuals related to aireraft
systema,

All possible combinations of input loglc states
and their corresponding cutput states, expressed
in terms of the binary digits (bits) O and 1, can be
displayed by means of truth tables, The tables
appropriate to the gates referred to thus far are
given in Appendix 11, and to illustrate how they
are constructed, let ug consider the one shown in
Fig. 11.4. This corresponds to an AND pate, and
as will be noted the table is a ectangular co-
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A
INPUTS

A A
c INPUTS c
, OUTPUT OUTPUT
B B
AND OR

Fig 11.3

A B
INPUT OUTPUT

NOT{Inverter)

Basle gate symbols

Fil o
1 1
A B C
1] ] [+
1] 4 1]
1 o v}
1 1 1
Fig 114

Truth table construction

ordinate presentation, the columns representing
the inputs and outpuyt, and the rows epresenting
the logic combinations,

The number of different pessible combinations
is expressed by 27, where n is the number of inputs.
Thus, for 3 basic 2-input gate the possible combi-
nations are 27 =22 = 4, and 5o the table has two
input golumns and four rows. For a 3-input gate
thers would be eight possible combinations, and
0 on. The sequencing of the Os and the 15 which

make up the logle combinations, is hased on identify-

A Control switch on|

Power to
C_drive motor

Relay contacts
closed

ing the inputs with 25 which are raised to a power
based on the input positions in a table. The table
in Flg. 11.4 has two input columns, and working
from right to left (this sequence always applies)
column B Is identified with 2° and column A with
2", Since 2 raised to zero power equals I, one 0
and one | are alternately placed in each row of
column B, Two raised to the power of one equals
1: therefore, two 05 and two 1s are aligmately
placed in column A. From column C it will be
noted that an AND gate can only produce an output
when the Input combination is in the logic 1 state;
for this reason, the gate is often referred to as an
“all or nothing™ gate,

The same input combinations apply to an OR
pate, but as will be noted from its truth table in
Appendix 11, it will produce an output when the
inputs either singly, or in combination, are in the
logic | state; the gate is therefore referred to as an
“any or all” gate.

Az an illustration of how gate functions may he
related to theoretical circuits, let us again refer to
Fig. 11.2. In order foy the motor shown in diagram
(a) to operate it must have z logic 1 input supplied

A Contral switch 1 on Power 1o
) >C drive motor
g

Control switch 2 off

A Control switeh 1 off Power to

) C drive motor

Control switch 2 on

Fig 11.5
Logic gate/theoretical circuit relationship



to it, and since this cah only be nbtained when
bath the switch and relay contacts are closed, the
cireuit corresponds to an AND function and may
be represented as in Fig, 11.5. For the motor in
diagram (b) to operate, the logic 1 input can be
supplied to it when either switch 1 or switch 2 is
closed ; thus, the circuit corresponds to an OR
function and may be represented by the appropriate
symbaol,

The NOT logic gate is used in circyits that require
the state of a signal to be changed without having
a voltage at the output every time there s one at
the input, or vice versa, In other words, the function
of its circuit is to invert the input stgnal such that
the output is always of the opposite state, The
symbol for an inverter is the same a5 that sdopted
for an amplifier but with the addition of a small
circle {called 2 “state indicator™) drawn at either

C
B—‘ B

Fig1l.6
Inhibited gates

the input or output sides. When the clirele &5 at the
input lde, it means the input signal must be “Jow"
forit to be an activating signal; when at the output
side, an activated output function is “low”™, In many
cases, the NOT function is used in conjunction with
the input to an AND or OR gate, as in Fig, 11.6;the
gate is then said to be inhibited ot negated, In order
to emphasise the inversion, 4 line is drawn over the
letter designating the inverted input. The truth
tables are also given in Appendix 11, and should
be compared with those of the AND and QR gates.
The addition of an Inverter at the output of an
AND gate and of an OR gate changes their function
and they are then known respectively as NAND
{acontraction of Not AND) and NOR (a contraction
of Not OR) gates, They are identified by the symbals
shown in Fig, 11.7.
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T ) >

Fig11.7
NAND snd NOR gates

o

Figure 11.8 {lustrates the symbols of two loge
gates called exclusive OR and exclusive NOR, each
being & combination of two inhibited AND gates
and an OR gate, In some cases, the inputs to AND
and OR gates may be connected {ogether in the
configuration known as “wired AND" and “wired
OR”. They are symbolised as shown in Appendix 11,

As an aid to the Interpretation of schematic
dizgrams that depict the operation of systems in
logic form, Jet us now congider some representative
examples,

PRACTICAL LOGIC DIAGRAMS
Figure ]1.9 relates to the operation of a twin a.c.
generator system, and in particular it shows the
logic states required to connect one of the
generators 1o its respective load busbar, via the
contral relay (GCR) and circuit breaker (GCB),
Contro] is effected through an OR gate, a multi-
input AND gate and an inverter, and all the inputs
are processed by the appropriate circuit modules
of the generator control unit (GCU).

It will be noted that three of the inputs to the
AND gate are negated; therefore, if the retevant
circuit conditions — no intemal faults within the

a
N

Symbal

=

Fig11.8
Exclusive gates
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Fig 11.10
Lopic diagram of a low-pressure waming system

this case, the logic elements used in the circuit are
an inverter, a {lip-flop, and a driver, A flip-{lop

is a bi-stable multi-vibrator device that has the basic
function of storing a single bit of binary data;in
this application it is compriged of three NAND
gates. It is 50 called because the application of a
suitable pulse at one input causes it to “flip” into
one of its two stable states and to remain in that
state, unti] a pulse at a second input causes it to
“flop” into the other state. The driver may be
considerad as a form of amplilying device, Cabin
pressure sensing is effected by a pressure switch
which is adjusted to close under g pre-set low-
pressure condition, and so provide a ground (logic 0)
connection to operate the warning hern.

With the cabin pressure {n its normal (N) range,
the pressure switch is open, and 4 logic | it applied
zs input to the inverter; the inverted output is applied
ta NAND gate 2. The hom cut-out switch iz In the
open position and a logic 1 state is applied to NAND
gate 1, The characteristics of the type of flip-flop
used is such that with logic 0 at its reset (R) input,
and loglc 1 at its set (8) input, NAND gate 1 will
provide a loglc ¢ output and apply this as the secand
input to gate 2. Thus, from the NAND gate tryth
table, gate 2 will provide a Ingic 1 output as a second

input to gate i 50 that it can maintain its logic 0
ouiput. The logic 1 it also applied to gate 3, and
since its second input is Ingie 0, it will provide a
logic 1 input to the driver, the output of which is
also logic 1 to maintain the warning horn in 2 de-
activated state,

If the cabin pressure should go below normal
(M) it will be sensed by the pressure switch whoge
contacts will change over to provide a ground
{logic 0) connection to the inverter. An itverted
output is now applied to the R input of the flip-flop
together with the logic | input at 5, the output
logic states of gates 1 and 2 therefore remain
unchanged, It will, however, be noted from the
diagram that the logic 1 output from the inverter
is also appled as an input to NAND gate 3, so that
the output to the driver now provides the logic 0
causing jt to activate the homn and thereby give
warning of the low ¢abin pressure condition.

De-activation of the horn Is carried out by
depressing the cut-out switch, This changes the
logic input at § from 1 to 0, and since the input
al B remains unchanged, the output from gate 1 is
now logic 1. In tracing this through gates 2 and 3
it can be seen that a logic 1 is produced at the cutput
of gate 3, and of the driver, so when the cabin
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Thrusi idle logic
Cut-aut  (one of four)

Fig 11.11
Logle diagram of a landing-gear aural warning system

pressure is below its normal range, an open-circuit
condition prevails at the horn, When the cut-out
switch is released a logic | is again applied to input 8
at gate 1, and because there {s still a logic 1 at R,

the output logic state of the flip-flop remains
unchanged (or “set™) until the cabin pressure switch
detects that normal pressure conditions have again
been attained.

Figure 11.17 illustrates the logic diagram
appropriate to a systemn which operates a homn to
warn the flight crew that the landing gear is not
down and locked when the trailing edge flaps are
set to the landing confipuration, or when any

engine thrust lever is set to the idle position. The
switches A to F represent input sensors which are
activated by the {laps, landing gear and engine
thrust levers,

When the flaps are in the landing configuration
or range (R), switches A and B are closed end so
produce ground potential (logic 0} inputs to NAND
gate 1;this in turn presents a logic 1 input to gate 2,
If the landing gear is not down and locked (D & L)
a logic 1 from switch C will also be applied as a
second input to gate 2, resulting in a logic O output
to the horn thereby causing it to sound. The logic 1
from switeh C is also applied as an input to gate 4.



Since the flaps are not fully up (U) switches D and
E will apply logic  inputs to gate 3 and thiy also
produces a logic 1 input to gate 4. The third input
to gate 4 is also Jogic 1 and is derived from gate 5
by inversion of the inputs produced when the

corresponding thrust levers are in the idle position,

The output of gate 4 remains logie 0 and the hom
continues to sound.
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When the landing gear is fully extended to the
down and locked pogition, the inputs to gates 2
and 4 from the switch C will be changed to logic 0,
and the horn will therefore be silenced. The homn
may also be silenced by depressing the cut-out
switch, thereby resetting the flip-flop in the thrust
idie logic ¢ireuit,



APPEND1X ONE

Electrical and Magnetic Quantities,

Definitions and Units

Cantity

Definition

Namme of unit

Unit
symbatl

Unit definition

Electric potential

Potential
difference (p.d.)

Electromaotive
foree (em.f)

Current

Resiatance

Power

Frequency

That measured by the enorgy of a upit
positive charge at a point, expressad
relative to zere potentlal, or earth.
That between two points when main-
tained by an e.m.f., or by a curment
Nowing through a resistance,
Difference of potential produced by
sources of alectrical energy which

can be used to didve currents through
external circuits,

The rate of Now of electric charge at 2
point in a cleewit.

The tendency of & conductor to
appose the flow of current and to con-
vert electrical energy into heat. [ts
magnitude depends on such factors as:
nature of donductor material, its
physieal state, ditnensions, tempera-
ture artd thermal properties; fre-
aquency of current and its magnitude,

The rate of doing work or transform.
ing enerpy,

The number of ¢ycied in unit time.

Valt

Ampere

Mifliampere (A x 107%)
Microampere (A = 107%)

Ohm
Mepohm {1 x 10%)

Wall
Kitowatt (W x 10"

Hertz

mA
LA

Hz

Difference of electric
potential between (two points
of a conductor carrying con-
stant current of 1 ampere,
when the power dissipated
between these poinis is equal
1o I watt.

The ampere is that constant
current which, if malatained
in two straight parallel con-
ducters of infinite length, of
negligible cross section, and
placed 1 metre apart in
vacuum, would produce
between the condugiors a
force eqgual to 2 % 10°7 newto:
per metre of length,

The ohm i3 the elecirical
registanca between {wo poinis
of a conduttor when a ¢on-
stant p.d. of 1 vait, applied 10
these points, produces in the
conduetor a current of 1
ampere, the conductor not
being the teat of any e.m.f.

Is the power which In 1
second pives tise to enetgy
of 1 joule.

The defindtion of frequency
also apphies with the unit of
time being taken as I second.
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Cuantity Definition Nemeofunic UMY Unit definition
[nductanee The property of an element or Henry H The inductance of a closed
clrcult which, when carrying a circuit in which an e.m . of
current, is characterized by the 1 volt is produced when the
formation of a magnetic field and current bn the cirenjt varies
the storage of magnetic energy, at tha rate of 1 ampere per
weand,
Capacitanee The propésty of 8 system of conduc- Farad o Tha capacitance of a capaci-
tors and ingulators {a system known Mirrofarad (F = 1079 u tor between the plates of
ag a capacitor) which allows the Picofarad (F x 107'%) pF which there appears a p.d. of
storage of an electric ¢harge when a 1 volt when it is charged by a
p.d. exists between the conductors. In quantity of electricity of |
& capacitor, the ronductors are known coulomb.
as ¢leotrodes or plates, end the in-
sulator, which may be soild, liquid or
gageous, known is the dislectrle.
Electric churge The quantity of efectricity on an Coulomb c The quantity of electricity
electrically charged body, or passing carriod in 1 second by a
at 4 point in an slectrie elreuit duging current of 1 empere.
a given time.
Energy The capacity for doing work. Joule 1) The work done when the
point of application of 3
foree of I newton js displaced
through a distanes of 1 metre
in the direction of the fores,
tmpedance The extent to which the flow of alter- Ohm 7
nating current at a given frequency is
restricted, and represented by the
ratio of r,m.5 values of voltage and
current, Combines resistance, capacitive
and inductive reactance,
Reactance That part of the impedance which is Ghm X
due to inductance or capacitance, ar
both, and which stores energy rather
than dissipatcs it,

Magnetic flux A phenomenon produced in the Weber (Volt-second) Wh The magnetic flux which,
medium surrounding electrie currents linking a circult of 1 tusn,
or magnets. The amount of flux would produce in it an e.m.f.
through any area is measured by the of 1 volt if it were redueed
quantity of electrleity cansed by flaw Lo Zero at a uniform rate in
in a cireuit of glven resistanee bounding 1 zecond.
the area when this cireujt s removed
from the magnetic field.

Magnetic flux The amount of magnetic flux per Tesla T Equal to 1 weber pet square

dengity (Magnetic square centimetre, over a smaf! area metre of circult ares.

inductien) at a point in 3 magnetic fetd, The
direction of the magnete fiux is at
right angies to the area.
Magnetic feld The strangth or force which produces  Ampere per metre Alm

strength (Mag-
netizing force)

or is asseciated with magnetic Nux
density, It is equal to the magneto-
maotive force per centimetre measured
alatg the line of force,
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. - Unit . .
Quantity Definition Matne of unit symbal Unit definition
Magnetomative The magnetic analogue of e.m.f. It Ampere-turns The product of current and
force (mum.f.} represents the summated current oz the number of turns of a
equivalent current, including any djs- eail,
placement current, which threads a Gilbert

Reluciance

Permeability (1}

Permeance

clased |ine in a magnetic field and
praduces 3 magnetic fux along it
Can also be stated as tha work done
in moving a unit magnetic pole
around & closed magnetic circuit.

The ratio of magnetic force to
magnetic flux. May be conslderad

as the opposition to the flux estab-
lished by the [orce. It is the reciprocal
of permeance.

The ratio of the magnetic Mux density
in a medivm to the magnetizing farce
producing it.

The capability of a magnetic circuit to
praduce a magnetic flux under the
influence of an m.m.f., and which s
represented a2 the quotient of a glven
magnedic flux in the magnede clitcult
and the m.m.f. required to praduce it

Ampere-turn/Webar/
Gilbert/Max well

Derived 81 Units with Special Names

Physical quantity Unit Symbol Deftnition of unit
Energy joule J kgm?2s?

Force newton N kgms? =T md
Power waltt W kpmisgr=Jsn
Electiic charge coulomb L As

Electric p.d. valt Y kpmis P Al WA
Electric resistance ohm 0 kgmtst AP=VAT
Electric capacitance farad F Afstkg ‘m=CV
Magnetic flux weber Wh kgm*s? AlmVsg
Magnetic flux density  tesla T kpstAlmWh m?
Inductance henry H kpmts T AT e VEA
Lumineous flux lumen Im ed sr

[Humination lux 1x cd srm™E

Frequency hertz Hz 5

Pressure pascal Pa kpmist= Nm?
Conductance siemens 5 AlsTkgim =0
Viscodty, dynamic poiséuille Pl kgmst=Ns5 m?
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Qther Derived S1 Units

Electric fleld strength  volt per metre V/m  mkgs™ A
Electtic charge density coulombper C/m? s Am™

cubic metre

Electric flux density  coulombper C/m* SAm™?
sQuare metre

Pemittivity farad per Fim s*A'm™kg?
mstre

Current density ampereper  Aym? Am™

squars metre
Magnetic field strength ampereper A/m A m™

metre

Permeability henry per Him mkgstA?
metre

Decirnal Prefixes

Prefix Svymbol Factor

lera T 101 =1 000 000 Q00 000

giga G 10F =1 000 000 000

mega M 10Y =] Q00 00D

kilo S 107 =1000

hecto h 100 =100

deca da o =10

deei d 11 =01

centt c 10-* =001

milli m 107 =00

micro i 10-¢ =000 001

nano n 10-% =0-000 D00 001

pice P 10t =0.000 000 000 001

femta f 10718 =000 000 000 000 001

atto a 10712 = (-000 000 000 000 000 001



APPENDIX TWO

Ohm’s Law

This law is fundamental to all direct current circuits,
and can in 2 modified form also be applied to alterna-
ting current circuits.

The law may be stated as follows: When current
flows in a conductor, the difference in potential
between the ends of the conductor, divided by the
current flowing, is a constant provided there is no
change in the physical condition of the conductor.

The constant is called the resistance (R) of the con-
ductor, and is measured in ofuns (£2). In symbols,

Vv
R=T W

where,

V = potential difference in volts
I = current in amperes.

Calculations involving most conductaors, either
singly or in a variety of combinations (see p. 199}, are
easily salved by thiz law, for if any two of the three
quantities (V, T and R) are known, the third can always
ke found by simple transposition. Thus, from (1)

V = IR volts (2
1= % amperes (3)
Power

Since some of the values uzed to determine the
power delivered to a circuit are the same as those used
in Ohm's law, it is possible to substitute Ohm's law
values for equivalents in the fundamental formula for
power (P) which is:

F= V x1watis

Thus, if %is substituted for | in the power formula,
it becomes
2

V. op=¥
P-inorp— B

Similarly, if IR is substituted for V in the power
formula, then

P=IxlxR or P=I'R

By transposing the formula P = I?R to solve for the
current 1, we obtain

[2 = ...'F...
from which

¥

R

Other transpositions of the foregoing formulae are

as follows:
[= V= \/PR.

R

== e <)

V=






APPENDIX THREE

Power in A.C. Circuits

Real (or Avarage) Power

The power dissipated is P= VI cos 8 where

V = r.m.s. voltage across circuit
[ =rm.s. current flowing in circuit
¢ = phase angle between V and [
cos 8 = the power factor (P.F.) of the circuit

{i} For inductors, capacitors, or circuits contalning
only inductors and capacitors, P.F.= 0 i.e., no power
it dissipated.

(ii} For resistors and resistive cirouits, P.F. = |
i.e., power is dissipated.

(iii) For cirguits containing resistance and reactance,
phase angle § varies between 0° and 90°.

Real power dissipated in an a.c. cireuit is also equal to
2

[*R and Y}T where

! = romas curcent flowing in R
VY = r.m.s. voltage across R.

Reactive Power

Reactive power Pq=VlIsin 8 where V, 1 and 8 are the
same as for real power.

Vi
Also Pq = "X and ~ Where

[=r.m.5. current in the reactance
V = r.m.s. voltage across reactance
X =net reactance.

P, is measuted in volt-amperes reactive (VA;)

Apparent Power

Apparent Power P = VI where V and 1 are the same
as for real power.
Py is measured in volt-amperes (YA}



APPENDIX FOUR

Connection of Capacitors and inductors

Capacitors

IN SERIES

Capacitors in series may be considered as increasing
the separation of the outer plates of the combination.
Thus, the total capacitance Ctis less than the smallest
capacitance of the individual capacitors, and so the
relationship for Cy is similar to that for resistors in
parallel, i.e.,

1 1,11 1

E¥=a+a+a+. . DrCT=T—'ﬁ

'ﬁ'l' + E; +'C—a+ o
When only two capacitors are in series, then
=Gix Gy
Ct C+C

If the capacitors are of equal value C, then Ct =§-

where n = the number of capacitors in serjes,

The total working voltage rating of capacitors in
series is equal to the sum of the ratings of the
capacilors.

The total charge is Gr=0Q; = Q2=0Q3=...

INPARALLEL

Capacitors in parallel may be considered as effectively
Increasing the area of the plates; therefore, since
capacitance Increases with plate area, the total capaci-
tance Cr is equal to the sum of the individual capaci-
tances. Thus, the relationship for Cr is similar to that
for resistors in paraflel, ie,

CT=C1+C1+C3+...

The working voltage of a parallel combination is
limited by the smallest working voltape of the
Individual capacitors.

The total charge is Qr=Q,;+ Qa + Qs +. .,

ENERGY STORED
2
The cnergy (ec) stored in a capacitor ks ep = %/— where
C = capacitance in farads
V = voltage Impressed across capacitor.

Inductors

Indulctors in series, parallel or in combination circuits
act similarly to resistors. Thus:

in serjes, the total inductance Ly =L, + L, + L,

+

LY

in parallel, Lt = 1—111

HL-—l + E + I--a +...
:
The energy (er) stored in an inductorisep = -1121— where

L= induetance in henrys
I = current flow through inductor






Resonant Circuits

From the reactance formulae given above, it will he
gvident that changes in frequency will change the
ohrie values of reactance, e.g. @ decrease in Mmequency
decreases inductive reactance but increases capacitive
reactance. At some particular frequency, known as
the resonant tequency (F ), these reactive effects
will be equal, and since in a circuit containing a
capacitor and inductor in series they will cancel each
other, then only the ohmic value of circuit resistance
would remain to oppose current flow in the cireuit.
Such a circuit is said to be “in resonance™ and is
referred to as a series resonant circuit. If the value

of circuit resistance is small or consists only of the
reslstancs In the conduetors, the value of eurrent
flow ean become very high, In such cases, the voltags
drop across the inductor or capacitar will often be
higher than the applied voltage.

Parallel resonant circuit

203

Resonant frequency is determined ftom the
] -
formula: F, = I /LE" In 2 paralle]l resonant circuit,

the reactances are equal and equal currents will flow
through the inductor and the capacitor. Since the
inductive reactance causes the current through the
inductor to lag the voltage by 90°, and the capacitive
reactance causes the current thraugh the capacitor
to lead the voltage by 907, the two currents are 150°
out of phase, Thus, no current would flow from the
a.¢. supply and the parallel combination of the
inductor and the capacitor would be an infinite
impedance. [n practice this would not be achieved
since some resistance is always present and so the
parallel circult acts as a very high impedance. The
circuit is sormnetimes referred to g3 a tank eireuit, or
an anti-resonant eircuit because of its effect being
opposite to that of a series-resonant circuit.
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Conversion Factors

Multiply By To abtain
Amperes/square metre 6.452 x 10™ Amperes/square inch
Amperesfsquare inch 1550.0 Amperes/square metre
Ampere tumsfem 2.540 Ampers turns/inch
Ampere tumns/inch 0.3937 Ampere turns/em
Ampere tumns/inch 39,37 Ampece turns/metre
Bit 1054.8 Joules
Btu 2.928 x 10™ Kilowatt-hours
Btu/haur 0.2931 Watts
Btu/min 17.57 Watts
Cireufar mils 5.067 » 107 Square centimetras
Circular mils D.7854 Square mils
Circular mhils 7.854 % 107 Square inches
Coulombs/aguare metre 6.452 x10™ Coulom bs/square inch
Foot-pounds/min 2.260 % 107 Kilowatts
Horsepower 745.7 Watts
Horsepower 0.71457 Kilowatts
Inches 1000 Mils
Joules 9,480 = 10™ Biu
Kilowatts 1.34] Horsepawer
Kilowstts 56.92 Btu/min
Square centimetres 1973 x 10 ¢ Circular mils
Square inch 1.273x 10 ¢ Circular mils
Square mils 1.273 Circular mils
Watts 1.34] = 10°¢ Harsepawer




APPENDIX SEVEN

Power Generation System Applications

Power generation systems may be classified as belng
primarily either direct current or aiternating cutrent,
and from this, aircraft are generally and loosely
referred to as “d.c. aircraft” or “a.c. aircraft” depend-
ing on the power utilization requirements of com-
ponents and systems, Inevitably, some systetns
requite power differing from that of the pdmary
generation systu.n and for this purpose secondary
power conversion equipment (e.g, inverters and
TRLI's) is also employed. In some isalated cases
of “d.c. aircraft”, frequency-wild a.c, power is
also utilized in addition to primary d.¢. generators
and power conversion equipment.

The application of these power requirements to
a representative selection of aircraft are tabulated
for reference in this Appendix on pages 206—11.



Power Generation Systems of some
representative types of Aircraft

AIRCRAFT TYPE

PRIMARY POWER

b.C.

AC,

D.C.
GEMERATORIs)

STARTER/
GENERATORIs)

Airbus  A300
A310
A320
Aarotpatiale
ATH 42
Beech Bonanza
Baron
Dughess 76
Duke
a9
King Air
Quaen Alr
Starship
Boeing B70Q7
B727
B737
B7a7
B7G7
B7E87Y
BAr 1-11
148
Jatstraam 31
125-600
700
200
748
ATF
Concorde
Viseount
Cangdair
Challenger

oM oM MOoM oM oM M X

I

X
X

X

A S

1

b N A |

[

1 2 0 x|

=

o= = 1 1

x
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AIACRAFT TYPE

PRIMARY POWER

b.C. ALC,

b.c,
GENERATOR(s!

STARTER/
GENERATORI{s)

Pipar

Apache

Artec

Archer

Arrow

Cherakes
Cherokes Arrow
Chiaftain
Mojave

Navajo

Twin Comanche
Pawnee

Pilatus B-N

Istander
Trislartder

Rockwell

Rabin
Rallys

112

114 Commander
Auara Commander
Thrush

BBE

6O08

Saab Fairchild SF340

Sharts

Skyvan
50230
3030

Swearingen

Merlin HIE

A A A I A A
|

-
1

Wowo oW oW oW W M oM M oW MK
I

k]
|

MO oMK M

NOTE 1 Main a.c. systema non.parallelad,

NOTE 2 Alternator for heating of windshields, flight deck side windaws, pitot probes.
NOTE 3 One static inverter for back.up single.phase ac. power.







APPENDIX EIGHT

Electrical Diagram Symbols

BATTERIES

—L{+= Singlecal

v [ — Multi-sl

10

BELL

BUSBAR

ks

TERMINAL
=

TEST JACK
L)

SOLOER POIN;

ELIP RING

Crotaihg
conducor

—_—

COMNECTOR TEST POINT

Y

SINGLE PIN CONNECTOR

i

AESISTUAS

Fiwad
—A—
Tappad
—AAA—

_9

Variabla
—AAA—

—1

Hagtar
=

o

) 10490

FUFSE 6.1_9

GEARBOX

GROUMDS

————={I Intarng

—_—qlg Extarnal

I Choggis

WARNING LIGHTS
EloEy With pross
B hu

METERS

€3 €3 €9

AMPE Yaolis Fraguedcy
SHLUNT

tdn qob*
t o
COMPLETE CONNECTOR

S

Rocaptacio Plug

WIRES
—-ﬁ— Coupriar
Singla

-
I Shalldad
=

-~

[ Grounded

'_'IH shiald
j: Twisted
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TRANSFORMERS
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EHE 3)@__ EIE 180°
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AUTO

=

=
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THERMAL DEVICES
(™ & == T
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with lime dalay datostar
—F— NG, T = k/l
nC Contects N.O. Contagls N.C.
Tharmal switch Tharmal overload Thermacoupla
SWITCHES
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hald: in
RELAYS -
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APPENDIX TEN

Abbreviations and Acronyms associated
with Electrical Systems

ACMP AC Motar Pump c5D Congtant Speed Drive

ACTR Actuatar cT Current Transformer

ACYR Anticycling Relay CTLR Cross Tie Lockout Relay

AFOLT Automatic Fire/Overheat Logic Test CTLRS Cross Tie Lockowt Relay Slave
AMPL Amplifiar CTR Crass Tie Relay

ANN Annunciator CTTD Cross Tie Time Dalay

AP Auxiliary Power AR Drive Annunciator Aelay

APB Auxiliary Fowar Breakar DBa& Dead Bug Relay

APCR Auxiliary Powar Control Relay DB3R Daad Bus §lave Relay

ARCU Auxiliary Power Control Unit DR Drive Disconnect Relay

APGC Auxiliary Pawer Genarator Control DECR Dacrease

APR Auxliiary Power Relay OGTL Dipital

APZR Auxitiary Powar Slave Ralay DIFF CUR Differentigl Currant

APU Auxiliary Pawar Unit DIsC Disconnect

AR Annunciator Relay [al Differential Frotaction

ARR Annungiptor Reset Relay DPCT Diffarential Protection Conteal Transfor
ATE Automatic Test Equipmant DFR Differential Protection Relay

BAT Battery DRER DCrive Rfunning Slave Relay

BC Bus Control DEAR Distribution System Annunclator Refay
BCHG Battary Charger DERL Disabla

BCP Bus Control Pane| DTB Cead Tie Bus

BCTR Battery Charper Transfer Relay ECAM Eluctronic Centralizad Aircraft Monitor
BITE Bult-in Test Equipmant EDBSR Emargency D,c. Bus Sensing Ralay
BPCU Bus Power Control Wnit E/E Electrical/Electronics

BPR Bus Protection Panel ELCU Elgctrleal Load Contral Unit

BR Battery Holay EMER Emargency

BRER Breakar EMI Electromagnatic |ntarface

BE Battery Switch EP Extarnal Pawer

BSR Bus Sensing Relay EP AVAIL Extarnal Power Available

BTE Buz Tie Braaker EPC Extarnnl Powar Contactor

CAC Caution Advisory Computer EPCR External Power Control Relay

CE {C/8) Circuit Breaker EFM External Power Moniter

CHGR Charger EFR External Power Rélay

CNTOR Cantactor EPTR Emargency Power Transter Relay
CONT Continuous ERER Engine Running Signal Relay

CR Control Ralay EXC Excitation



FF
FFW
FREQ
FsTO
GAH

GB

6e
GCAR
GCB

GCP
GCR
GER AUX

Geu
GEN
GHR
GLR
GND
GPCY
GPER
GR
GRR
GRS
GEAPR
GSEPR
GSR
GBER
HF
HV
HZ
IDG
Fs)
INCP
INTL
NV
158
LCD
LED
LRU
LT

Lv
VDT
MCDF
MG & W

Feadar Fault

Raeder Fault Warning

Frequency

Fault Selactor Time Delay

Generalor Annuniciator Relay

Generator Breaker

Generator Control

Gengratar Control Annunciztor Ralay

Genarator Control Breskey

Genergtor Contral Pana|

Generator Control Relay

Gengrator Control Ralay Auxiliary
{contacts)

Ganarator Cantral Unit

Ganeratar

Ground Handllng Relay

Galley Load Relay

Ground

Ground Power Control Unit

Generator Phase Sequence Relay

Generator Relay ‘

Ground Refueting Reley

Genergtor Relay Slave

Ground Service Auxlliary Power Relay

Ground Service Extarnal Power Relay

Ground Service Relay

Ground Servige Select Relay

High Frequency

High Yaltage

Hertz

Integrated Drive Generatar

Input/Cutput

Inoperative

Interiock

Inverter

Intar Systemn Bus

Liguid Crystal Display

.ight Ermitting EMode

Lire Replaceable Unit

Llght

Low Voltage

Lirear Varieble Displacement Tranaformer

Maintenance Control & Dizplay Pane|
Master Caution & Werning

MT
MOT
MWP
MWS
oc
OF
OFF H
okp
ov
OVHT
OVR
PCA
PCB
PH
PH SEQ
PMG
PMGR
PNL
POT
FRA
Pg
PSM
PSR
FTT
PWM
PWH
RAT
RCR
REG (RGLTAI
RLY
RR
REW
VDT
5CR
SEL
5EQ
SGLU
SHLD
SNSR
soL
SOLY
sPLY
SR
55R

Manual Trip
Motor

Magter Warning Fanel
Master Warning System

Cwvar Current
Owver Frequency
Off-Rasot

Qpen Phase
COver Voltege
Qvarhuest

Cvervgltage Relay
Power Contral Actuator
Printed Circuit Bosard

Phase
Phase Sequenca

Permanent Magnat Genwrator
Permanent Magnet Generator Relay

Papel
Patantiomatar

Power Ready Relay

Phase Sequence

Power Supply Modula
Phase Sequence Relay

Press To Tesgt

Pulse Width Modulswor

Powar
Rem Air Turhine

Raverse Gurrent Relay

Repulator
Relay

Resm Relay
Raset Switch

Rotary Varisble Displacement Transformer
Sillean Control Rectifior

Selector
Sequence

Symbol Generator Unit

Shiald

Bansor
Eolenold
Solenoid Vaive
Supply

Starer Relay

Salid State Relay

217



218

STRY
Sw
SYNC
T8

TBOF
TBE
TRER

T

TMRA

TP

TR (T-R}
TRCR
TRU
UBR

Standby

Swlteh

Synchronise

Tia Bus

Tie Bus DIfferential Protection
Tie Bus Faulr

Transfer Bus Sensing Relay
Time Dalay

Timer

Test Point

Transformer Roctifier
Transfer (Bus) Control Relay
Trensformar Raectifier Unit
Litltivy Bus Relay

LIF
UFR
UFTD
UNBAL
LV
UVR
uvTD
VAR
VRAR
WLDP
XDCR
XFMR
XFR
XMTR

Under Frequency

Under Frequency Relay
Under Frequency Time Delay
Unbalance

Undar Voltage

Under Voltage Raelay

Under Voltape Tlme Delay
Voltege Regulator

Voltege Ragulator Annunciator Relay
Warning Light Display Panel
Transducar

Transformer

Transfar

Transmittar






Exercises

Chapter 1

I

2,

Describe how direct current is produced by a
generator,

Describe how generators are classified, naming
the three classes recognized and the class
normally employed in aircraft sysiems.

3.(a) Briefly deseribe armature reaction and the

4,

5.

6.

effects it has on generator operation.

(b) How is armature reaction corrected in aircraft

generators?
What is meant by reactance sparking? Explain
how it is counteracted.
In connection with generator brushes, state:

{a} the materials from which they are made;
{b) why several pairs of brushes are used,

Briefly describe the causes of brush wear under
high altitude flight conditions and the methods
adopted for reducing wear.

. Which of the factors affecting the output voltage

of a generator is normally controlled?

. With the ajd of a circuit diagram, deseribe the
fundamental principle of the carbon pile method

of valtage regulation,

. Describe how the voltage output of a generator is
controlled by a vibrating contact type ol regulator.
. How is the generator shunt-field resistance con-

trolled by a vibrating contact type of regulator
under heavy external load conditions?

. What additions must be made to voltage regula-

tion circuits of a multi-generator system?

. With the aid of a cireuit diagram describe how

parallel operation of generators can be obtained.

. Describe & means for cooling aircraft generators.
. Briefly describe how the d.c. power is derived in

aircraft utilizing a frequency-wild alternator
sysiem.

20.

21.

22,

23,

24,
25,

26,

7.

. What principal methods are used for the driving

of generators?

. What are the typical contact arrangements of

transistors? Deseribe how current is made to
flow in one of these arrangements.

. State the functions of a Zener diode in the

circult of a sofid-state type of voltage regulator.

. What are the principal functions of batteries in

aircraft?

Describe the construction of a lead-acid battery
and the chemical changes which occur during
charging,

Describe the construction of a nickel-cadmium
battery and the chemical changes which oceur
during charging,

The capacity of a battery is measured in:

(a) volts.

(b) cubic centimetras,

(c) ampere-hours.

What indications would be displayed by a lead-
acid battery of the free elecirolyte type, and a
nickel-cadmium battery, which would serve as
a guide to their state of charge?

Describe a typical method of extracting fumes
ard gases from the battery compartment of an
atrerafl.

What do you understand by the term “‘thermal
ruraway'?

What is the purpose of using a parallel-toserjes
configuration of batteries in some types of
aircrafi?

With the aid of a circuit diagram, describe how
in some types of aircrafl the battery may be
charged from an external power unit.

How are batteries which are installed in most
types of large transport aircraft maintained in
a stale of charge?



Chapter 2

1.

10,
1L

12.

13,

The frequency of an alernator may be deter-

mined by;

(a) dividing the number of phases by the voltage.

{b) multiplying the number of poles by 60 and
dividing by the rev/min.

{c) multiplying the rev/min by the number of
pairs of poles and dividing by &0,

. Explain the term r.m.s. value,
. The current in a purely capacitive circuit will:

() lead the applied voltage.
(b) lag the applied voltage,
{c) be in phase with the applied voltage.

. (a) With the aid of circuit diagrams briefly

describe the two methods of interconnecting
phases.

{b) State the mathematical expressions for
calculating line voltage and line cutrent in
each case.

. The phase voltage of a three-phase starconnected

a.c. generator is;

(a) equal to line voltage.

(b) greater than line voltage.
(c) less than line voltage.

. The ratio of true pawer to apparent power of

an a.¢. circuit is known as;
{&) reactjve power,

{b} power factor,

{c} real power,

. The impedance of an a.c. circuit is measured in:

{4) kilovolt-amperes.
{b) amperes.
{c) ohms.

. How is Power Factor affected by a circuit

cortaining inductance and capacitance?

. What do you understand by the term “[requency-

wild system™?

Srate the factors upon which the frequency
output of an a.c. generator depend.

For what type of load is a frequency-wild supply
most suitable?

With the aid of a schematic diagram, describe
how 2 lrequency-wild generator can be excited
and how its output voltage can he controlled,
In a CSD unit, the control cylinder iz mechanic-
ally coupled to the:

(&) variable displacement unit,

{b} fixed displacement unit.

{c) governor.
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. The governor of a CSD unit is ddven by the.

{a) input pear.

(b)input ring pear.

(c) output gear shaft,

In which phase is 2 C3D unit said to be operating

when the governor causes charge oil to flow into

the control valve?

Explain the purpose of the “fine™ adjustrment of

the governor, and how it is accomplished.

A C8D unjt which has been disconnected during

flight :

{a) may only be reconnected on the ground.

(b) may be reconnected in flight by re-set
mechanisms.

(c) automatically resets at engine shutdown.

. What is the purpose of the a.c. exciter and

rolating rectifier assembiles of a constant-
frequency generator?

. Explain how temperature effects on an ac,

exciter are compensated,

. What factors must be controlled when constant-

frequercy a.c, generators are operated in

parallel?

What is the meaning of kVAR, and to which of

the factors does it refer?

When constant-frequency generators are

operating in paralle], the sharing of real load is

controlled by;

{(a) varying the excitation current in each
generator,

(b} varying the output speed of the CSD units.

{c} shedding certain loads.

. State the functions which current transformers

can perform in controlling load sharing between
constant-lrequency gencrators,
What is a mutual reactor and in which section of
a load-sharing circuit 1s it used?

Chapter 3

1

Rectification is the process of converting:
{8} a high value of a.c. into 2 lower vaiue,
{b)d.c. into a.c.
{c}a.c intod.e.

. Describe the fundamental prineiple on which

rectification is based,

. An “n-type” semiconductor elernent is one

having:
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{a) an excess of “holes™.

(b) a deficiency of "holes™.

{¢) an excess of electrons,

What semi-conductor ¢lements are usually
employed in rectifiers used in aircraft? Describe
the construction of one of these rectifiers.
What is meant by the term Zener voltage?

[s the Zener voltage of any practical value in
rectification equipment?

. Explain the operating principle of u silicon-

controlled rectifier {S.C.R.).

. With the aid of a circuit diagram explain how

full-wave rectification of a three-phase input
takes place,

. Describe the basic construction and principle of

the device used for converting alternating current
from one value to another.

. What is meant by transfarmation ratio and how

is it applied to “step-up” and “step-down™
trensformers?

. Draw a circuit diagram to illustrate a star-

connected three-phase transformer.

. Describe the operation of a current transformer,

For what purpose is such a device used?

. What effects do changes in frequency have on the

operation of a transformer?

. With the aid of a circuit diagram, describe the

operating principle of a typical transforme:r-
rectifier unit.

. For what purpose are the power converting

machines of the rotary type utilized in aircraft?

. Describe a method of regulating the voltage and

frequency of a rotary invérter.

. Describe how transistors are utilized for the

canversion of electrical power supplies and
regilation of voltage and frequency levels.

Chapter 4

1.

[ )

Explain why it is necessary for an external
power supply circuit 1o form part of an air-
craft's electrical system,

. Dhraw a diagram of a basic external d.¢. power

supply circuit and £xplain its operation,

. In a multi-pin plug how is it ensured that the

breaking of the ground power supply circuit
Lakes place without arcing?

. Draw a diagram of an exterral power supply

circuit of a typical “atl-a.c.” aircraft and explain
is operation.

. What principal items are located on a typica)

contral panel as provided on some types of
airerafy?

. State the purpose of an APU and the services

usually provided by jt,

Chapter &
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What is the function of busbars and what form
do they normally take?

. What is meant by a split bushar system?
. Define the three groups which usually categorize

the Importance of consumer services.

. State the lunction ol a bus-tic breaker and the

Lype ol bushar arrangement to which it would
be applied.

. Describe three different types of electrical cable

commonly used in aircraft, stating their proper-
lies, limitations and identifications, State a
typical application of each wype.

. What prncipal methods are adopted for routing

cables through an atreraft?

. Describe a method of routing wires and cables

from a pressurized to a non.-pressurized area of
an aircraft,

. Name some of the materials used for thermo-

couple cables and state their applications,

. What is meant by earthing or grounding?
. How ig a ground system formed in an sircraft the

primary structure of which is non-metallic?
What is 2 crimped terminal?

What is the function of an in-ine connector?
What precautions must be taken when making
aluminium cable connections?

How is it ensured that a plug mates corroctly
with its socket?

State how plug pins and sockel cavities are
identifled and also how their sequencing is
signified.

Discuss briefly the process of “potting” a cable
tu a plug or socket,

What are the prineipal functions of a bonding
system?

State some of the applications of primary and
secondary bunding,

Briefly describe the methods penerally adopted
for the discharging of stalic.

. What is the purpose of screening?
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The number of circults which can be completed
through the poles of a switch is indicated by the
term:

(a) pole.

(b} position,

{c) throw.

. What do you understand by the term “positjon”

in relation to toggle switehes?
To which circuits are (a) push-switches and
(b} rotary switches normally applied?

. Describe the construction and operation of a

micro-switch.

. What are the three main stages of movemnent of a

mjcro-switch operating plunger?

. Describe the construction and operation of a

mercury switch arranged to “break™ a circuit.

. 1n a thermal switeh employing steel and invar

elements, actuation of the contacts under

increasing temperature conditions is caused by:

(a) expansion of the steel element only,

(b) contraction of the invar ¢lement only,

{c) expansion of the steel element cauging dis-
placement of the Invar elermnent,

. What are the principal ways in which relays

may be classified?

. What do you understand by the terms “pull-in”

voltage and “drop-out” voltage?

. Bketch a cross-section of a typical pressure

switch; explain its operation,

What type of reley {s required for a cireuit in

which control circuit current is of a very low

value? Briefly describe the relay and its

operation.

{z) For what purpose are “slugged™ relays used?

{b) Describe the methods usuatly adopted for
obtaining the slugging effects.

Explain how the contacts of a typical bus-tie

breaker remain in the latched position.

Chapter 7

1.

What are the principal differences between a fuse
and a current limiter as far as functions and
applications are concerned?

. State the function of a limiting resistor, and

with the aid of a eircuit diagram describe a
typical application,

10.
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. A circuit breaker is a device for:

(a) protecting an electrical cirevit from current
averload;

(b} collapsing the primary cirevit of a magneto:

{c) completing a circuit without being affected
by current flow.

. With the aid of a sketch, describe the construction

and explain the prineiple of operation, and
characteristics, of a thermal circuit breaker.

. What is meant by the term “trip free” when

applied to a thermal cirouit breaker?

. Under what conditions would you say that it is

permissible for a clrcuit breaker to be used asa
switch?

. What do you understand by the term “reverse

current™?

. Describe the operation of a reyerse current cut-

out relay.

. What is the function of a reverse current circuit

breaker?

Briefly describe the operating principle of a
reverse current circuit breaker.

Diescribe a typical method of protecting a d.c.
generating system against overvoltage.

What is the purpose of incorporating time
delays in the undervoltage and overvoltage
protection eircuits of constant frequency
generating systems?

What are the overall effects of over-excitation
and under-excitation on a.¢. bushar voltage,
and how is protection provided?

What is meant by a differential or feeder fault
and how is it caused?

Briefly describe the operation of a differential
curtent protection system.

Chaptar 8

L.
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Describe the operating principle of a moving coil
instrument,

Can moving coil instruments be directly connected
ini the circuits of a.c. systems for measurement

of voltage and current, or ig it necessary for them
to be used with certain other components?

. A soft-iron core is placed within the coil of 2

moving cail instrument hecause:

(a) it provides a solid spindle about which the
coil can rotate.

{b) this ensures an even, radia) and intensified
magnetic field for the coll to move in,
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{c) the inertia of the core will damp out oscilla-
tions of the coil and pointer,

. Deseribe how ammeters can measure very high

current values without actually earrying full
lead current,

. How are moving coil instruments protected

against the effects of external magnetic fields?

. What is the purpose of central warning systems?

Briefly describe a typical system.

. Define the acronyms ECAM and EICAS.
. What is the format of the displays presented by

the display units of the ECAM system?

Chapter 9

1.

Define the characteristics which govern the
application of a d.c. motor to a particular
function,

. What are the principal characteristics of a shunt-

wound and series-wound motor?

. When the r,p.m, of a shunt-wound motor

increases the current drawn by it.
(=) decreases.

() remains the same.

(¢} increases.

. Draw a circuit diagram of the motor to be

applied to a system where high starting torque
and steady “off-load” running is required.

. What s meant by the term “shunt limiting"?
. With the aid of a circuit dagram explain the

vperation of a3 motor required for simple
reversing functions,

. Actuator motors are prevented {rom over-

running their limits of travel by means of:
{a) manually controlled switches,

(b) electromagnetic brakes.

() cam-operated limit switches.

. {a) Explain how a three-phase rotating magnetic

field is produced in an induction motaor.
{b) Why does the rotor run at a speed slightly
fess than thal of the rotating field?

. Inan a.c. motor, the difference between syn-

chronous speed and the speed of the rotor is
termed:

{(a) the motor loss speed,

(b) the brake speed.

(c) the slip speed.

10. What is the formula for determining the syn-

chronous speed of an induetion motor?

1.

12.

13,

In terms of the amount of field rotation relative
to one cycle of the power supply, what are the
differences between 2-pole, 4-pole and 6-pole
motors?

Describe how a ratating magnetic field is pro-
duced in a single-phase induction motor.
Describe the operation of a hysteresis motor
and state one of its applications.

Chapter 10

1.

10.

A typieal frequency of anti-collision light beam
rotation is;

{a) 40—45 cyeles per minute.

{b) 8090 cycles per second,

{c) 80-90 cycles per minute.

. Why are the two surfaces of a V.shaped reflactor

arranged differently from each other?

. What are the principal functions of a strobe

lighting system?
Describe the operating principle of a strobe
lighting system.

. Give a brief description of the construction of a

typical landing light unit.

. At which stage of landing light operation is the

light noremally llyminated?

. How is it ensured that the beam of an extending/

retracling type of landing light located In a flap
track, remains parallel to a fore and aft datum
during {lap extension?

. By means of a diagram show the interconnection

of the components of a simple engine starting
system.

. In terms of ¢ranking speeds what are the differ-

ences between starter motor requirements {or
reciprocating and turbine engines?

The self-sustaining speed is the:

(a) maximum speed at which the starter motor
runs to maintain rotation of an engine.

(b) speed at which the engine is capable of main-
tatning rotation,

(c} speed at which current to the motor ig
interrupted.

. What type of motor is used {or engine starting

purposes?

. What is the function of an overspeed relay

fitted in some turhine engine starting systems?
Describe how it fulfils this function,
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The purpose of a “blow-out™ cycle is to:

{a) remove excess air from an engine during
starting,

(b) blow cooling air through the starter motor
after starting.

(¢) remove the unburnt fuel from an engine in
the event of an unsuccessiul start,

In systems tncorporating a “*blow-out” factlity,

why s it necessary for the motor running time

to be limited?

Describe the operation of a typical starter-

generator systém.

The contact breaker of a magneto i5 connected

in the:

(a) primary winding cireuit.

{b) secondary winding circuit,

() circuit between distributor and spark plugs.

Explain how the rate of collapsing of the primary

winding flux is increased.

What is the formula for caleulating the speed of 2

magneto?

A rotating armature magneto to be fitted toa

G¢ylinder engine must be driven at:

(a) the same spead as the engine,

(b) half the speed of the engine,

(=) one and 2 half times the engine speed,

Why is it necessary for the output of a magneto

to be boosted during starting? Deseribe a method

of achieving this.

What are the essential differences between low

and high tension magneto systems?

What are the materials generally used for the

insulators and electrodes of spark plugs?

What are the ¢ssential differerices between a

turbine engine ignition system and the system

used for a reciprocating engine?

With the aid of a circnit diagram, explain the

operation of & high energy ignition unit.

What Is the purpose of a “relight" eireuit and

what methods are adoptad?

Describe the construction of a “firewire" type of

detecting element, and state the effects that

temperature changes haye on it.

In what way does a detecting slement of the

Systron Donner System differ from a “firewire”

type?

Describe the operation of a typical smoke

detector.

Describe the operation of an electrically -operated

fire extinguisher.
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Describe the two techniques “de-icing” and
*anti-eing”.

What types of electrical heating elements are
used for the de-icing of propellers and engine
air intakes?

How is electrical power transmitted to propeiler
blade heating elements?

What types of heating elements and power
supplies are used for the anti-icing of windshields?
In a propeller and air intake system using power
cycling, to what air temperatures do “fast™ and
“slow” selections correspond?

In what sequence is current supplied to the
heater elements of a propeller de-icing system
which is d.c. operated?

Describe the operation of 3 control method
adopted in a typical windshield anti-cing
sysiem.

For what purpose is a.c. and d.c. power utilized
in hot-air bleed anti-cing systems?

State the purpose of the anticipator and limit
sensors in the dueting of an airconditioning
system.

How is a desired cabin temperature signal
gstablished when an airconditioning system is
operating in “auto"?

How is a mix valve prevented from staying at a
"too hot" position?

In the event of power control heing lost, how is
the airconditioning ducting protected against
averheat?

Describe the operation of a propeller synchronizer
system,

Chapter 11

1.

2

MName the functions performed by the three
basic logic pates,
The logic symbol shown in Fig, E11.1 represents:

{(2) an AND gate.
{b)a NOR gate.

Fig. E111 (¢} an QR gate.

3. In order to energise the relay In the cireuit shown

in Fig. E11.2, the logic state at the inputs must
be:



226

(%]

N |
Fig. E11.2
{a) loglc 0 at points A and B,

{b) 0 at point A and 1 at point B.
{c) 1 at both points,

. What is the significance of the small circle drawn

at the inpuis or output of some types of logic
gates?

. What is the purpose of logic gate truth tables?

. The truth table shown in Fig. E11.3 corresponds
io:
A B C
1 1 1

(a)an OR gate,
T 0 1 (b)an AND gate.
{c) a NOR gate.

Fig. E11.3

7. The circuit shown in Fig, E11.4 performs a logic:

i

Fig. E11.4

{a} AND function.
(b) OR function.
{c) NAND function,

B, What is the significance of the line drawn over a

letter or sighal function when related to the
input or output of a logic gate?
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A.C, exciter, 41, 44
A.C. generators

wattless compaonent, 35
working component, 35

Bushars, 76
Bus tig breaker, 110

constant frequency, 41, 44
frequency-wild, 36

A.C. motors, 1432
A.C. powersupplies —

compounding transformer, 43

copstant-frequency, 37, 47

constant-speed drive, 37

field excitation, 43

frequency-wild, 36

kilovolt-amperes reactive
(KVAR), 35

load controller, 48

load sharing, 47

Merz-Price system, 122

mutual reactor, 50

voliage regulution, 43

A.C. principles —

active companent, 35
amplitude value, 32
apparent power, 35

cycle, 32

‘delta’ connection, 35
effective power, 33
effective value, 33
frequency, 32

in-phase, 33

instantaneous value, 32
interconnection of phases, 34
kilovolt-amperes, 35

line voltage, 35, 58

neutrsl point, 34

out-of phase, 33

peak value, 37

phase angle, 33

phase relationships, 33
phase voltage, 35
phasing, 33

power factor, 35
yuadrature, 33

guadrature component, 35
reactive component, 35, 36
rool mean square value, 32
sine wave, 32
single-phase, 33

‘star* connection, 35
three-phase, 33

true power, 35
volt-gmiperes reactive, 129
wattful componant, 35

Advisory lights, 130
Airconditioning system, 180
Airdriven generators, 52
Air intake anti-icing, 170
Air turhine, 52

Alternator, 7

Aluminium cable connections, 89
Ammeters, 123
Amortisseur windings, 42
AND gate, B8
Aunnunciator panet, 132
Anti-collision lights, 146
Anti-icing systems, 167
Antiskid control systems, 177
Apparent power 335
Armature. &

Armuture regction, 4
A.T.A. Specification, 184
Auto-transformer, 61
Auxiliary interpoles, 4
Auxjliary power units, 73

Baretter, 45

Base, i4

Battenes —
capacity, 21
charging methods, 27
chemical reactions, 19, 20, 22
connections, 25
dizcharge rale, 23
functions, 18
lead-acid, 20
location, 23
nickel-cadmium, 20, 21
state of charge, 23
thermal runaway, 23
ventilation, 24

Battery charging, 27

Battery systems, 23

‘Blow out’ position, 156

Bonding system, 92

Booster coils, [ 59

Breakers, 110

Bridge lighting, 151

‘Bridge’ rectifier connections,

45,57

Brushes, 6, 10

Brushless generators, 41

Brush wear, 10

Cables —
co-axial, B6
voding schemes, 82, 184
connections, 88
ignition, 86
routing, 84
seals, 85
terminations, 88
thermocouple, 86
types, B2
(Cable zeals, 85
Capacitive circuit, 33
Capacitive load, 62
Carban pile regulator, 12, 67
Caution lghts, 129
Central warning systems, 131
Circuit breakers, 113
Circuit controlling devices —
relays, 106
switches, 99
Circuit diagrams, 184
Circuit protection devices, 111
Circularscale indicator, 123
Coaxial cables, 86
Cockpit lighting, 150
Coding schemes, B2, 184
Collector, 14
Commutator, ]
Compensiting windings, 4
Compound motor, 138, 140
Conduits, 85

Constant{requency generators, 41

Constant-frequency systems, 7,
37,46, 47
Constantspeed drive, 37

Constant-spesd drive disconneel, 3%

Contactors, 118
Control panels, 80, 96, 123
Conversion factar, 204

Cooling of generators, 8, 36,42, 43

Corona dijscharge, 94
Crimped terminals, 88
Current limiters, 112
Current regulator, 12
Current transformer, 48, 61
Cyele, 32



Damper windings, 42
D.C, generators —
characteristics, 3
classifications, 2
cooling, 9
couplings, 8
load-sharing, 16
principles, 1
shunt-wound, 3
spark suppression, 7
voltage regulation, 10
windings, 4
I).C, motors, 136
‘Dead beat' Indications, 123
De-icing systems, 167
‘Pelta’ connaction, 35
Differential current protection, 121
Dimming facility, 153
'Trop-out’ voltage, 107
Dual jgnition, 160
Dueted loom, 83

Earthing, 87
Earth stations, 87
Earth return gysterm, 87
ECAM system, 133
Eddy current damping, 123
Effective power, 35
Electrical bonding, 92
Electroluminescent Hghting, 152
Electronic display systems, 133
Emergency circujts, 77
Emergency lghting, 154
Emitter, 14
Equalizing coils, 18
Fasential services, 77
Exclusive gates, [0
External characteristics {generator),
3
External lighting, 145
External power supplies —
a.c. systems, 71
auxiliary powey units, 73
d.c. systems, 69

Field excitation -

a.C. generators, 43

d.e, generafors, 3, 10
Field "flashing’, 4
Fire detection, 162
Fire extinguishing, 166
Frequency, 32
Frequency moters, 128
Frequency regulation (inverters), 66
Frequency-wild generators, 36
Frequency-wild systems, 36

Full-wave rectification, 57
Fuses, 111

Galley equipment, 182
‘Ganging’, 100
‘Gate’, 55
Generators —
a.c, 36,41
air-driven, 52
de, 1
Generatot circuit breaker, 110

Half-wave rectification, 57
Heat sinks, 7

‘Holes", 14, 53

Hot air bleed systems, 173
Hysteresis motor, 144

Ice and rain protection, 166
Iee'detection, 174
Ienition systems —

cables, B6

distributor, 158

dual, 180

high energy, 161

magneto, 157

spark plugs, 160

switches, 159
Indicating fuge, 112
Indicating lights, 129
Induction motors, 142
Inductive circuit, 33
Inductive load, 62
Inhibited gates, 185
In-line connectors, 89
In-phase, 33
Instrument lighting, 151
Integrated drive generators

{IDG'3), 43
Internal characteristics (generator},

3

internal lighting, 150
Interpole windings, 4
Invarier, 66

‘Tumpers', 94

Kilovolt-amperes (kVA}, 35
Kilovolt-amperes reactive (kVAR),
35

Landing gear control, 175
Landing gear position, 176
Lead-acid battery, 1%, 20
Lighting -

advisory, 130
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anti-collision, 146
cockpit, 150
emergency, 154
ice inspection, 150
instrument, 151
integral, 151
intensity coniral, 153
landing lamps, 147
masteér warning and caution, 132
navigation, 143
passenger cabin, 152
strobe, 147
taxi lamps, 147
Limiting resistors, 112
Limit switches, 141
Linear actuators, 140
Line voltage, 34, 58
Losd controller, 48
Load equalizing circuit, 16
Loadharing -
a.c. génerators, 47
d.c. generators, 16
reactive load, 49
real load, 48
Load-shedding circuit, 183
Logic —
dreuits, 186
diagrams, 184, 189
gates, 185, 219
switching functions, 187
symbols, 187
Low tension magneto, 160

Magnetic amplifiers, 40, 48
Magnetic indicators, 130
Magnetic neutral axis, 4
Magnetic screen, 123
Magnetos, 157
Measuring instroments —
ammeters, 123
frequency meters, 128
moving coll, 123
power meiers, 129
shunts, 126
varmeter, 129
voltmeters, 123
wattmeter, 129
watt/var metey, 129
Mercury switches, 104
Merz-Price syatem, 132
Micro-switches, 103
Motors —
actuator, 140
capacitor, 143
characteristics, 137
compound, 138
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hysteresis, 144
induetion, 1432
instrument, 142
seres, 137
shunt, 138
split-field, 138
starter, | 38
Maoving coil, 123
Mutual reactors, 50

NAND gate, 189

Mavigation lights, 145
Megated, 139

Megative logic, 187

Neutral point, 34
Nickel-cadmium battery, 20
Mon-essenlid] services, 77
Mon-parallel a.c, systems, 77
NOR gatc, 189

NOT function, 189

Moteh time', 68

N-P-N transistor, 14

M-type semiconductor, 14, 53

QOn-board battery charger, 27
Open loom, 84

OR gate, 188

Out-of-phase, 33
Overfrequency protection, 121
Qwverheat detection, 164
Overvoltage protection, 117

Parallzling --
a.c, generators, 47
d.c. generators, 16
Passenger cabin services, 152, 182
‘Pigtails'. 7
Pillar lighting, 151
Plugs, 90
P-M-P trunsistor, 14
Preumatic de-ving, 167
Polar induetor magneto, 158
Polarized armature relay, 108
Polarizing keys, 91
Positive logc, 187
‘Polting', 92
Power canversion equipment ~
rotary, 66
statjc, 52
Power distribution systoms —
bushars, 76
cables, B2
coding schemes, 82
earthing, 87
eleetrical bonding, 92
electrical diagrams, 184

services, 74
‘standardising’, 95
wires, 82
Power factor, 35
Pawer meters, 129
Power utilization —
a,c, motors, 142
actuators, 140
d.c, motors, 136
de.cing, 167
external lighting, 145
engine starting, 154
fire detection, 162
fire extinguishing, 166
ignition, 157
internal lighting, 150
passenger cabin, 152, 182
smoke deteclors, 164
‘Press-to-test’, 130

Primary bonding conductors, 94

Propeller -
de-icing, 170
synchronizing, 187
Proximity swiiches, 106
P-lype semiconductor, 14, 53
‘Pull-in’ voltage, 107
Pulse shaper cirenit, 67

Quadrature, 33
Quadrature component, 35
Quill-drive, 8

Rain repellent system, 178
Reactunce sparking, 4
Reactive component, 35, 48
Reuctive load, 48
Reul lozd, 48
Rectified power supplies, 7
Rectifiers -
vircuit conneetions, 47
‘*holes', 14, 53
ratating, 4]
seleniom, 54
silicon, 54
siticon-controlled, 55
silicon junction diode, 55
Zener diode, 13, 55
Relays —
artracted-armature, 108
attracted-core, 107
overvoltage, |18
polanzed armature, 108,
slugged, 108
‘Relight’ cireuit, 161
Residual magnetism, 3
Resistive circuit, 33

Reverse current cireuit breaker, 117
Reverse current cut-out, 115
Reverse current protection, 115
Reversible compound motor, 139
Ripple frequency, 57
Root mean square value, 32
Rotary actuators, 140
Rotary converting cquipment —
frequency regulation, 66
inverter, 66
static inverter, 67
voltage regulation, 66
Rotating armature magneto, 159
Rotating magnet magneto, F58
Rotating rectifier, 41
Routing charts, 184

Screcning, 7, 93
Secondgry bonding conductory, 94
Self-sustaining specd, 161
Semiconductor, 14
Series-wound motor, 137
Shuonts, 126
Shunt motors, 138
Silican-controlled rectifier (5.C.R.),
55
Silivon junction diode, 55
Single-phase system, 33
Single-phase transformer, 60
§lip speed, 143
Slugged relay, 108
Smoke detectors, 164
Sockets, 90
Spark suppression, 7
Speed characteristic (motors), 137
Split bushar system, 77
Split-field motor, 138
Squirrel-cage, 142
‘Star’ connectjon, 34
Starter-generator, 157
Startcr motor sysiems, 154
State ol charge, 20
Static charger, 93
Static converting equiprment -
rectifiers, 47
static inverter, 67
transformers, 59
transformer-rectifier units, 63
Static discharge wicks, 95
Static inverter, 67
Stepdown transformer, 5%
Step-up transformer, 59
Strobe lighting, 147
Switches —
double-pole, 100
ignition, 159



limit, 141

mercury, 104

micro, 103

position, 100

pressure, 104

proximity, 106

push, 10]

rheostats, 103

rocker-button, 102

rotary, 102

single-pote, 100

thermal, 106, 163, 164

time, 103, 170

togele, 100
Switched reverse current relay, 116
Synchronizing lights, 51
Synchronous speed, 143
Symbols, 212
Syatron Donner detection system,

164

Temperature control {(de-icing and
anti-icing), 170

Thermal runaway, 23

Thermistor, 44

Thermocouple cables, 86

Three-phase system, 34

Three-phase transformer, 62

Thytistor, 55
Torque characteristics (motor), 137
Transformation ratio, 59
Transfarmers —

auto, 61

circuit connections, &0

compounding, 36

current, 40, 61, 124

instrument, 126

ratings, 62

single-phase, 60

step-down, 59

step-up, 59

thres-phase, 62

turns ratio, 59

voltage, 59
Transformer-rectifier units

(T.R.U%), 53

Transistors, 14
Transistorized voltage regulator, 14
"Trip-free’ circuit breaker, 113
Truth tables, 187,219
Turbine engine ignition, 160
Turbine engine starting, 154
Turbo-=starter systems, 157

Underfrequency protection, 121
Undervoltage protection, 120

231

Varmeter, 129

Vibrating contact regulator, 11

Vital services, 77

Volt-amperes teactive, 48, 129

Valtago drop, 3

Voltage regulation —
constant-frequency gencrators,

46

d.e. gengmators, 10
frequency-wild generators, 43
mverters, G&

Voltage transformer, 59

Yoltmeters, 123

Wamning lights, 129

Wattmeter, 123

Watt/var meter, 129

Windshield —
anti-icing, 173
wipers, 178

Wires, 82

Wiring diagrams, 184

Yoke, 4

Zener diode, 15, 55
Zener voltage, 55








