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FOREWORD

The equipment of a modern aircraft is a series of complexes
joined together into a unified system. Their operation is not pos-
siblc without the use of electrical energy, without the creation
of various electrical machines, drives protective and control
equipment. In recent times there has been an unprecedented growth
of the speed and altitude of flight. This presents scientific and
engineering-technical workers with a number of complicatcd tasks
in providing high quality electrical supply with a higher degree
of reliability, durability, and stability of operation under all
conditions of flight, including emergency conditions.

Alternating current and direct current energy systems are being
perfected, work continues on the stabilization of the frequency of
a-c generators without the use of constant speed drives, on obtain-
ing electrical energy by means of thermoelectric, electrochemical,
and nuclear sources, on increasing the accuracy on the stabilization
of parameters and of the efficiency of primary and secondary sources
of energy, on increasing the reliability and stability of operation
of the energy system 2t high temperatures and under conditons of
supersonic high altitude flight.

This book is an attempt to connect theoretical questions with the

practical optimal decisions and recommendations on designing electrical

supply systems, on methods of developing and drawing up plans, de-
termining the weight and the reliability criteria, selecting the op-
timal configurations and protection of this power supply network and
the principles of construction of the most reliable primary and
secondary a-c and d-c energy systems.

In the book material on primary and secondary energy systems is
systematized optimal versions of electrical energy transmission and
distribution systems, and typeas of protection of the electrical net-
work are examined. Also a comparative appraisal and recommendations
on the selection of optimal electrical supply systems are given.

The material collected in this book can be used not only by de-
signers in the designing of electrical supply systems but also auto-
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mation and other equipment specialists taking part in the develop-
ment of new electrical supply systems.

The author is grateful to N. T. Koroban and candidate of tech-
nical science M. A. Yermilov for critical remarks and yaluable sug-
gestions given during the review and editing of the bouk. To Doctor
of Technical Sciences V. D. Morozovskoy and Engrs. B. L. Kerber, A.
B. Shaposhnikov, N. F. Makokin and E. N. Korshunov for valuable ad-
vice given duriung the review of the manuscript, to the Eng. V. D.
Labutin who gave me a great deal of help during the preparation of
the manuscript, to Engrs. N. M. Nikitina and L. S. Tavluyekua who
did a considerable part of the graphical work. The author requests
that all critical remarks about the book be sent to the following
address: Moscow, K-51, Terovka, 24, Machine Construction Publishing
House.

Section I. Design of Aircraft Electrical Supply Systems

Chapter 1. General Problems of Aircraft Electrification.
1. The Role of Electrical Supply Systems and their Classification.

For supplying power to special equipment aircrafts use different
types of energy; hydraulic, pneumatic, mechanical and electrical.
Electrical energy is the most universal and widely used in all systems
of aircraft equipment.

In Comparison with other types of equipment electrified equip-
ment has a number of important advantages; reliability and durability,
minimal vulnerability, small weight in volume, simplicity and con-
venience in operation.

Electrical energy is easily transmitted over distances, and dis-
tributed to separate users. It can be transformed into other types
of energy. With its help it is easy to automate a series of oper-
ations and thus lessen the work strain of the group so that they can
concentrate their attention on solving the principal problems.

Electrification and automation for aircraft systems considerably
raises the relative weight of the electrical equipment in comparison
with other elements of the aircraft structure. The capacity of the in-
stalled electrical energy sources reaches 250 KWt with the extension
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of the electrical network to over 100 km.

The reliability and precision of the operation of different air-
craft systems depends primarily on the reliability, continuity and
quality of the electrical supply which is provided for by the prim-
ary and secondary d-c and a-c electrical systems.

The constant supply of high quality electrical energy is very
important for the control and navigation systems in all flight con-
ditions especially during take-off and landing where even a short-
term failure of supply or a lowering of its quality could lead to
catastrophy.

To increase the reliability and safety of flight the complete
duplication of control and navigation systems has appeared neces-
sary. This problem could be solved by the use of separate power
supply channels for the duplicated systems with a parallel operation
of the energy sources. During take-off and landing it is advisable
to conduct the power supply at the duplicated channels from two
autonomous systems. This will guarantee continuity and high quality
of the power supply by one oi .he channels for the vital systems
with the failure of any power supply channel.

To provide independence for the electrical power supply system
during rake-off and landing it is necessary to separate the primary
and secondary energy systems into groups (not less than 2) with
parallel operation of the sources for each group. Then the failure
of the separate sources or sections of the network of one channel
will not influence the normal operation of the others.

As a result of the diversity of models, functions, and con-
ditions of operation of aircraft it is impossible to create a unified
optimal electrical supply system. Therefore the choice of a rational
electrical supply system is determined by the specific model and
function of the aircraft.

In all cases (independent of the model and function of the air-
craft) the electrical supply system consists of the primary (basic)
and the corresponding complex of secondary (auxiliary) energy systems.
The entire energy system is designated according to the type of the
primary energy system.

The primary energy system obtains electrical energy from the
primary sources and provides direct power supply to the overwhelming
majority of the users.




The basic sources of energy are generators driven directly from'-
the aircraft engine or through constant speed drive. For the auxil-
iary systems the source is a storage device or a generator drivcen
by an independent engine or turbine driven by the airstream.

The primary energy systems are classified by the type of current
and frequency in the three basic types.

1. Direct current energy systems.

2, Energy systems with a three phase alternating current and a
speed frequency.

3. Energy systems with a three phase alternating current and a
constant frequency.

The secondary erergy systems obtain electrical energy from
sedondary sources converted to the voltage frequency and type of cur-
rent of the primary energy system. They then provide power supply
into users.

Their energy sources are rotating or static convertors or in-
verters, depending on the type of primary energy systems. If the
frequency of the primary and secondary a-c energy systems coincide
then the voltage is converted by transformers.

Secondary energy systems are classified into four basic types ac-
cording to the type of current and the frequency.

1. Energy systems'wlth a single-phase alternating current in the
constant frequency.

2. Energy systems with a three-phase alternating current and a
constant frequency.

3. Energy systems with a three-phase alternating current and a
precision frequency.

4. Direct current energy systems.

The basic parameters of primary and secondary energy systems are
given in Table 1.1.

In addition to those shown in Table 1.1 in some cases d-c 112 v
and single-phase a-c 200 and 115 v energy systems are used. Secondary
energy systems with single phase a-c, 47 and 12 v, with constant and
sweep frequency are also used.
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1. Systems, Type of Energy System, Voltage of the Energy Source,
volts - v, Voltage at the terminal of the user, volts - v,
Frequency cps, Comments.

2. Primary, Direct current 27 v, 28.5 + 3% tolerance 28.5 + 42
28.5 + 72, 27 + 10% tolerance during emergency conditions 20 v,
-, U=28.51% 2% with precise control, capital fluctuation 8%.

3. Primary, Three-phase a-c 200/115 v sweep frequency, 208/120 +
3% 208 + 3%, 200/115 + 5% 200 + 5%, 300-900, f = ~ 400 + 5%
cps, driven from a turbo prop engine.

4. Primary, Three-phase a-c 200/115 v constant frequeancy, 208/120
+ 2% 208 + 2%, 200/115 + 5% 200 + 5%, 400 + 1% tolerance 400
+2%, U =208 + (0.1-1) X with precise control.

5. Secondary, Single-phade a-c 115 v constant frequency, 115 + 3%,
115 + 5%, 400 + 5%, on some convertors f = ~ 400 % cps.

6. Secondary, Three-phase a-c 36 v constant frequency, 36 + 3%
tolerance 37 + 3%, 36 + 5, 400 - 2%, on special convertors
f = 400 + 12 or 400 + 0.1X cps.

7. Secondary, Three-phase a-c 36 v precision frequency, 36 + 3%,
36 + 52, 400 + 0.05 X, also used are 500, 800, 1000, 1200,
2000, 4000, and 10,000 cps frequencies.

8. D~ 27 v, 28.5% 1, 27+ 10%, -, voltage fluctuation 8X.

2. Short Historical Sketch of the Development of Electrical Supply
Systems in Aircraft.

The history of the development of aircraft electrification covers
a relatively small period of time, and is closely connected with the
progress in aviation technology and electrical technology.

In 1869, A. N. Ladygin designed the world's first heavier than air
craft with an electrical engine the 'electroted". The power supply for
the electric engines was supposed to be from special storage systems
developed by P. N. Yablochkov.

In 1912, the firs: bombers where electricity was used for ignition,

heating, and radio-communication were constructed in Russia. They were
the''Russian Hero", "Il'ya Muroneds' and '"Svyabogor'. The sources of
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energy were a-c 0.5-2 kVa generators driven from the aircraft engine
or from a windmill.

The first airplanes had 600-1000 cps a-c electrical supply
systems since the basic users - spark radio telegraph stations, re-
quired a-c while for lighting and heating the nature of the current
did not matter.

In 1919 aviation switched over to a systems 8 v d-c electrical
supply sources of energy of which were storage systems and wind-driven
generators with a capacity of 36 v. The voltage of the network was in-
creased in 1923 to 12 v and 11 1930 to 24 v and remained at that until
1939.

Until 1929 wind-driven d-c generators with a capacity of not ex-
ceeding 250 W were used.

In 1934 generators driven from the main aircraft engine appeared,
the capacity in 1936 was 500 W, and in 1939 - 1000 W.

In 1934 on the airplane 'Maxim Gorky" three-phase a-c 120 v and
27 v d-c were widely used for the first time. The sources of energy
were two three-phase a-c generators with a capacity of 3 - 5.5 kVa
and a voltage of 120 v and two d-c generators with a capacity of 3 -
5.8 kW and a voltage of 27 v, these generators were driven by two
special internal combustion engines. The great turning point in the
development of the electrification of aircraft was a creation in 1939
of the Be-2 dive bomber cn which for the first time electrical mech-
anisms on the landing gear, the stabilizer, flaps, control of the
radiator, trimming caps, and other equipment, were widely used. These
users were supplied with 27 v d-c from two generators with a capacity
of 1 kW each.

Beginning in 1939 the quantity and capacity of the using units
continually increases the length of the electrical network and the
character of the users changed relative to the type of current, vol-
tage and frequency used. The production, transmission, and distrib-
ution of electrical energy became considerably more complicated.
Electrical supply systems changed and their role grew. electrical
energy has become the most important type of power supply for the com-
plex assemblies of aircraft equipment.

Since 1939 there has been an intensive development of 27 v d-c
primary energy systems. The basic sources of energy of which are d-c
generators driven from the aircraft engine and storage batteries as
reserve sources.




During this period the capacity of generators has increased from
1 to 18 kW, and a number of generators on an aircraft has increased
from 1-2 to 8-12 generators. The installed capacity of the energy
system grevw from 100 to 200 times, reaching the maximum in. the middle
of the 1950s. At the same time there have been changes in the system
of distribution of electrical energy (centralized, decentralized, and
mixed), the configuration (open and closed) and the protection of the
powver supply network.

During the middle of the 1950s the speed in altitude of flight
grew, this necessitated a qualitative change in the source of the
energy, equipment, and the power supply network. Non-contact gener-
ators, intensive cohesion, static voltage regulators, and perfected
systems of protection from inverse current, over-voltage, short cir-
cuits, and other kinds of damage appeared. Annular multichannel power
sapply network equipped with double relay and having higher reliabil-
ity became widespread.

For the power supply of a series of instruments, transmitters,
radio and radio-locating equipment, and other equipment, d-c with
increased voltage and a~c with constant frequency were needed. The
nower supply for secondary systems developed parallel to the d-c
primary systems. The source of energy for these systems was a rot-
ating dynamotor, a single-phase 115 v 400 cps convertor with a
capacity from 100 to 600 v-amperes, and a three-phase 36 v 400 cps
convertor with a capacity from 70 to 3000 v-amperes. In recent times
static convertors have become widely used.

Energy systems with a separate operation for convertors have
found practical use. In the initial period (until the 1950s) con-
vertors were used as individual power supply sources for separate
users. Consequently as both the quantity and capacity of the sources
and users grew convertors were used for the group power supply of the
users.

Together with the increased capacity of the users and the neces-
sity to increase their reliabilitv and lower the weight of electrical
equipment, in the 19508 began an intensive development of a-c, 200/
115 v sweep and constant frequency for 400 cps primary energy systems.
Generators with a capacity from 7.5 to 120 kVA appeared. The installed
capacity of aircraft energy systems reached 250 kW.

In the initial period single-phase sweep frequency energy systems
were developed and were used for auxiliary purposes (heating, surface
equipment, and others) on aircraft with a basic d-c energy system. In
recent times three-phase d-c enevyy systems are widely used as a basic
primary energy system. They have constant speed drive, non-contact
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generators and static elements fur control and protection.

To provide power supply for the d-c users along with the three-
phase a-c primary energy systems small capacity d-c 27 v secondary
energy systems developed. They used static mources of energy which
converted a-c into d-c.

At the present time energy supply systems have developed in two
directions; a primary 27 v d-c energy system, and a three-phase a-c
200/115 v primary energy system, one or the other is used depending
on the model and function of the aircraft.

3. Conditions of Operation of Electrical Supply Systems.

Aircraft electrical supply systems operate under conditions sig-
nificantly different from those on the ground. Their altitude and
speed of flight, acceleration, and the various attitudes of the air-
craft have an effect on their operation. The altitude is character-
ized by the parameters of the surrounding air; temperature, density,
pressure, humidity, chemical composition, dielectric strength,
specific heat, and other factors.

Within the limits of the troposphere (up to 11 km) temperature
of the air decreases evenly with the increase in altitude, then re-
mains constant (from an altitude of 11 km to 30 km) at about - 56.5°
C, as one rises further the temperature reaches 0°C at an altitude
of 40 km.

The pressure and density decreases with an increase in altitude.
The amount of moisture and oxygen are also reduced. At the same time
the concentration of ozone increases.

The relative humidity of the air can reach 981 with a temperature
of the surrounding air at + 20° C.

With the lowering of the pressure the dfelectric strength of the
air decreases. At a height of 15 km the dielectric strength is low-
ered to 2.5 times. A result of this fs that the duration of arcing
increases. The change of the parameters of the surrounding air have
a negative effect on the operation of electrical systems. From this
the effectiveness of cool in this lower (especially in the strato-
sphere) altitude, the commutation conditions for electrical machines
deteriorates, the degree of sparking and wear of the brushes in-
creases, the starting time of the mechanisms increases as a result of
a thickening of the lubricants, the operation of commutation devices
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deteriorates in connection with the grovwing fonization and air con-
ductivity the brittleness of insulation materials increases, the
efficiency of electrolytic capacitors and storage battceries deteri-
orates as a result of the increase of their internal resistance or
the freezing of the electrolytes,

As the speed of light {ncreases it rajses the temperature of the
surface layer and the air frame of the afrcraft, this leads to a de-
terioration of the cooling conditions, an incrcase in corrosion, a
lowering of mechanical strengthening, the deterioration of the prop-
erties of the insulating materials and to other results.

Within vide limits the change in temperature lcads to a change
in the resistance of coil winding, eleastic quality of springs and
of linear dimensions. These effects cause changes in the adjustment
of the equipment.

Mechanical over-loading (vibration, bumps, shocks, dvnamic forcew)
has an important influence on the operation and endurance of the
electrical equipment.

The frequency and amplitude of the vibrations arc determined by
the model of aircraft and the primary engine. The frequency of the
vibrations usually fluctuates from 0.5 to 500 cps and acccleration
reaches 10 G or more. Alrcraft and all the clectrical equipment found
on thea can assume any position. This has an effect on the con-
struction of the electrical system and causes additional difff{culty
in the design of the equipment and {ts components in the corresponding
sections.

&. Basic Technical Requircments of Afrcraft Flectrical Supply
Systems.

The technical requirements of afrcraft electrical supply systems
are the basic material in desfign, insulation and operation.

The importance and complexity of the functions carried out by
electrical supply systems and their particular conditions of oper-
ation call for very stringent requirements.

The basic requirenents are as follows:

1. Reliable and f(atlure .ree operation of the svsten under any
flight conditions.

2. Righ durabilicty and resistance to damage, and the durability
of the systen to operate after being damaged.
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}. Autonomy - theo capability of the system to start and to
maintain normal operation without an outside source of energy under
pre-flight and flight conditions.

4. Minimal (light veight and size vith s saxisum possible ef-
ficiency during flight operation. The lowering of efficiency leads
to additional expenditures of fuel, increasing the weight and capa-
city of the matn engine, and consequently fncruasing the weight of
the entire aircraft.

5. High-quality electric energy, {.e¢., constant voltage and
frequency. Divergency fromn these parameters beyond permissible limits
leads to disturbance of normal operatfion of the units using elec-
tricity or to their fallure.

6. Safety and operation of servicing - the use of lov voltage
on the control circuits of alrcraft being flowvn by tnstrument, the
usc of hermutically sealed commutation and protective equipment,
(especially for syntens located close to fuel, ofl, and oxygen), the
use of botter Insulating matcrials in the construction of assemblies,
distributors and other equipment.

7. Stmple and convenient assembling insulation service and re-
placement of eclements and assenblies in the process of production and
operatfon.

8. Migh mechanical duradbility, primarily resistance to vibrations.
flements have to withstand vibration and overloading vithout suffering
damage for the entire course of thelr service life. Ales they should
notl cleplay sympathetic vibrations vithin the range of frequencies
found on alrcraft.

9. High resistance to cktemicals. lnsulation and other covering
clenents should be resistant to damage from the effecets of molsture,
scavater, gasoline, and kerosene, o1l and other corrosive nixtures.

10. High clecirical and thermal duradility.

11. Fire safety. Nessuroe should be taken to prevent the poseibd-
ility of fires. And (ire resiatant materiales should be used.

12. Safaety fron ecaplosions. Theee ahould be & possibility of
localigiag explosions 1n ar fnterior sveembly vwithout any harmf«l

consequences for elements ncardy.

1). Kapid preparcdncas for action.
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14. Absence of obstacles to the operation of radio equipment,
magnetic compasses, instruments, polarized relays, and other equip-
ment arising as aresult of the fluctation of voltage at the conm-
putator of the generators, and the rectifier outlets, vibrating con-
tacts, and also of & result of magnetic fields created by the dif-
fevent assemblies and drives of the electrical supply systes.

The elements of the system should not t(nterfere with one another.

15. The separate assemblics and parts should be inter-replaceable
and standardized.

16. A long service )life with a minimum cost of production, oper-
ation, and repalr.

Certain of the requirements listed might have to be given up be-
cause they are contradictory. During planning we should find a
comproamise solution using the most important of them in a particular
situation.

Requirements inherent only In definfite clements or svsteas are
discussed in the corresponding sections.

Chapter 2. Method of Design of Alrcraft Electrical Systems.

1. The Lay-Out of Electrical Fquipment According to fts Function
and Section.

la the process of design, laboratory research, construction,
testing and operation of aircraft electrical supply systems, thelr
aethod of development and formation of plans {s important. An ef-
ficient method provides for the simplification of the process of
designing, designing, completing plane, fnftiation and control of the
basic paraseters, broadening the area of work, shortening the timr
and cost and rafsing the quality of the completed vork at all stages
of design, construction and operation of the alrcraft. The use of well
developed nethods allovs us to lover the requirements of the qualtfic-
ations of the designers.

The process of designing aircralt olec rical systens (s claborated
in the folloving plan:

. Main electrical diagram.
Seni-sssenbdled eleoctrical dlagran.
Assemdled electrical dilagram.
Tranemission line electrical diagram.
Construct fon shketches.

B B e
e o o =
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It is efficicnt to use the principle of laying out all elec-
trical equipment by sections and functions as the basis of the
system®* of completing plans ar shown in Table 2.1

Table 2.1. Layout of Electrical Equipment by Function .

No. Index Designation No. Index Designation
1 E  D-c energy systea 9 AP Automatic pilot
2 EP  A-c energy system 10 L Lighting
3 AB  Armament (bomb) 11 s Signals
4 AGC  Armament (gun, 12 F Photographic Equip-
rocket) ment
b) £ Eninge systems 13 R Radio Equipment
(Power Supply)
6 AS  Afrcraft steer- 14 S Service Equipmsent
ing
) i Heating system 15 F Fuel System
8 | Instruments 16 F Fire Proofing System
17 ES Engine Starting
18 LG Landing Gear

. -
Each fun:tion includes one or several e¢lectrical gygtems de-
signated to perform a definite operation in the carrying out of that
funct i{on.

The main electrical diagrams are completed sepurately for each
function with connections between the different functions indicated,
{f there are any such connections. Thus, this eliminates the neces-
sity of composing general diagrams for the ertire ajrcraft.

Depending on the ®0del of afrcraft certain functions might be
lacking. In this case thefr number remains empty and the number of
the remaining functions in accordance with the given lay-out is pre-
served. With the appearance of new functions the sequence of number-
ing continues. The number of the specific functions should be kept

® Developed by the author i{n 1950-19513.
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for all models of aircraft.

Fig. 2.1. Diagram of enumeration of aircraft sections and
panels.

Each function also has a letter index, consisting of the first
letter of its nawe. For example E - energy systems, d-c; I - in-
struments; P - photographic equipment, etc.

The functional principle of the lay-out of electrical equipment
is the basis of the construction and numeration of the principal
electrical diagram, assemblies, equipment, and wir-s.

For construction, technological, and operational considerations
the aircraft is divided into several sections; 1 - pilot's compart-
ment; 2 - navigator's compartment; 3 - center section; 4 - tech-
nical section; 5 - tail section; 6 - inner wing; 7 - wing; 8 -
engine gondola; 9 - engine.

Panels, instrument panels, distributors, and flaps of the air-
craft are given a number in which the first digit shows the number
of the section, the second the se¢equential number of the panel in that
section. For example the numbers of the panels in the pilot's com-
partment run from 11 to 19. Panels on the left of the main axis of
the afircraft have odd numbers, and on the right, even numbers.
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A diagram of the electrical equipment lay-out by section and
panel is given in fig. 2.1.

The lay-out of the aircraft by section and enumeration of the
panels of the corresponding section is the basis of the numeration
of the semi-assembled and the assembled diagrams, bunched conductors,
plugs, and enumeration of the blueprints of the constructed units.

2. The System of Numeration of the Main Electrical Diagrams of
Assemblies and Wiring.

The functional designation is a basis of enumeration of the main
electrical diagrams.

The first two digits designate the number of the group. In ac-
cordance with the normal NAP, the electrical equipment group has
number 72. The second two digits designate the number of the sub-
group.

The principal electrical diagrams are given sub-group 00.

In the numeration of the main electrical diagrams the digits after
the dash show the sequential number of the function, for example:

7200-1, - {is the main diagram of the d-c electrical system.

7200-2, - is the main diagram of the a-c electrical system.

The numeration of the electrical diagram for the transmission lines
is determined by the designation of the transmission line and coin-
cides with the number of the corresponding main diagram. But since
the main-function diagram consists of several transmission lines, there
is an additional index, giving the sequential number of the trans-
mission line in the main diagram. For example:

7200-1-1, - {s the transmission line diagram of the d-c
generator.

7200-1-2, - 1{is the transmission line diagram of the storage
system. Other systems have similar designations.

The numeration of the load charge is given by function in accord-
ance with the type of current:

7200-21, - is the charge of the d-c load.

7200-22, - is the charge of the a-c load.
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The numeration of the electrical systems calculation is given by
function in accordance with the type of current:

7200-31, - is the calculation for the d-c electrical system.
7200-32, - is the calculation for the a-c electrical system.

The numeration of the electrical agsemblies and equipment is done
according to function and following the enumeration of the main
electrical diagrams. The first digit shows the number of the function
and the second digit the sequential number of the assembly in the
given function. Assemblies on the left of an aircraft axis have odd
numbers, those on the right have even numbers, for example:

101, - 1is the left d-c generator.
1402, - 1is the right boiler, etc., for other equipment.

Each function has its definite integral of numbers. For example
from 100 to 199 are the assemblies of the d-c electrical system.

If a hundred number integral is not sufficient then additional
numbers are used in the same integral with a zero in front, for example:
0125. '

Assemblies installed in a section or a panel have before the number
of the assembly the number of the corresponding section or panel. For
example, 9-101 is the left d-c generator installed on the engine; 22-
118, is the circuit closer of the right generator installed on the
navigator's distributor. The number of a section or panel can be writ-
ten .under the number of the assembly. For example:

lQ% ’ l%% » and so on. The number of the assembly is drawn on the

blueprint and also on the aircraft in a convenient place.

The above description of the system of enumeration of electrical
systems is simple, graphic, easily remembered, convenient for de-
signing, assembling, and operation.

Wires are marked with letter and number indexes in which the
first letter designates the function.

For example; L - is lighting; S - Signals, and so on for other
functions.

The second letter and sometimes the third, designates the assembly
in the function. The number index after the lctter shows the sequenti-
al number of the wires in the given assembly. For example: EG 1, - is
the left generator wire.
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Wires of the assembly on the left axis of the aircraft or in front
if the assembly is given on the right axis of the aircraft are given

odd numbers.

Wires on the right of the axis are closer to the tail if the as-
sembly is on the axis, are given even numbers. The number index re-
mains unchanged from assembly to assembly, including the case when a
longer wing for the wires there are terminals or plug and socket con-

nectors.

Wires entering or going out of an assembly should have different
number indices. This holds for all commutation equipment, (breakers,
switches, buttons, and so on).

With the connection of a wire to the plug socket connector the
number of the wire should correspond to the number of plug, as shown

in fig. 2.2.

If in this function, one feeder supplies consumers of various types,
the letter index after the circuit breaker of the corresponding consumer
may be changed.

The basis of marking negative wires is the number of the assembly
and the letter M; for example: M592 - is the negative wire of as-
sembly #592.

If during assembly the negative wires are hooked up to a +, then
the marking shown is maintained.

! 10 - 801

! 0-t03 9-805°
2 n <;.$—lmf k—-M’Q il
—) =
\!j " AU —

Fig. 2.2. Diagram with a connection of wires to assemblies.

The wires going out of minus-busses into a unit are marked MO
general unit. A marked minus wire is shown in fig. 2.3.

If a box has several negative busses and each one has a minus-
wire going out of it, then to the index "MO" a number is added; for
example, MO 1; MO 2, and so on.

The entire system of numeration for main diagrams, assemblies,
wires, transmission line diagrams, Jnud charge, and wire calculations,

in shown in Table 2.2.

If a given function has power supply for several users, from one
transmission line, then the letter index is changed after the circuit

closer of that user.
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Fig. 2.3. The marking of minus-wires; a - assembly, b - general.

3. System of Enumeration of Arcing Wiring Diagrams, Wiring Dia-
grams, and Design Blueprints.

The numeration of partial and complete wiring diagrams and the

structure of blueprints is based on the division of aircraft into sectors.

The first two digits signify the rumer of the group. The electrical
equipment group is assigned a number "72". The first two digits sig-
nify the number of the subgroup.

Partial Wiring Diagrams are assigned the number of sub-group '00".
The number of the sector is marked with the second digit after the
dash. The first digit "1" after the dash is the conventional index of
the partial wiring diagrams, for example:

7200-110 - is the partial wiring diagram of the electrical equip-
ment of the pilot's cabin.

Wire Specifications are formed in accordance with the partial
viring diagrams. The conventional index for the specifications of the
wires is the first figure "3" after the dash. For example:

7200-310 - is the specification of the wires in the pilot's
cockpit;

7200-320 - is the specification of the wires of the navigator's
cabin, and so forth.

Photographic Diagrams are partial wiring diagrams of the control
panels, made on photosensitive paper and placed directly in the ap-
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paratus in places convenient for observation.

The photographic diagram numeration is based on the numeration
of the control panels.

The first digit '"1" after the dash is the conventional index
pertaining to the partial wiring diagrams. The second and third digits
correspoad to the number of the control panel, for example:

7200-121 -~ 1is the photographic diagram of the left distributing
device of the navigator;
7200-182 -~ 1s the photographic diagram of the distributing de-

vice of the right-hand section of the engine-noxzzle.

Bunches of conductors are assigned the letter-digit indices, in
which the letters indicate the name of the section, and the digits
the cardinal number of the bunch in this compartment. Bunches of
conductors, passing from one compartment into another without
connection of the places where the compartments join one another, have
a two letter, corresponding to the names of the compartments. The
bunches of conductors loaated to the left of the aircraft axis, are
assigned odd numbers and those located to the right even numbers,
for example:

L1 - is the left bunch of the pilot's cockpit;
LN2 - is the right bunch of the flyer-navigatbr cabin, and so
forth.

The number of the bunch is painted with a special paint on the
ingulation pipes which are set up on the bunch along its length in
several places, convenient for observation.

The connecting plugs are assigned double digital indices, in
which the digits before the dash indicate the number of the compart-
ment of control panel, and the digits after the dash indicate the
cardinal number of the plug in this compartment or panel.

For example: 1-3 is the left plug # 3 of the pilot's cockpit;
a diagram of the conductor-bunch enumeration and their connecting
plugs 1is given in fig. 2.4.

The Wiring Diagrams and Structural Installations are assigned a
subgroup, corresponding to the number of the compartment (third digit)
and the Design Diagrams of the Panels are assigned a subgroup cor-
responding to the number of the panel (third and fourth digits).

The conventional index for the wiring diagrams and the structur-
al blueprints of the panels is the figure '"0" after the dash.
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A - Number of function, B - name of function, C - number of simpli-
fi-d diagrams, D - number of assemblies, Lt - main, F - asuxili-
ary, G - wire indexes, H - number of feeder systems, ! - number

of load rchedules, J - number of calculations.

Simplified diagram of d-c power system

Simplified diagram of the a-c power system

Simplified diagram of bombing armament

Simplified diagram of firing armament

Simplified diagram of the motor systeams

Simplified diagram of aircraft control

Simplified diagram of heating systems

Simplified diagram of instruments

Simplified diagram of automatic systems (automatic pilot)
10. Simplified diagram of svanchronization

WO NOWVE WN

12. Simplified diagram of photographic equipment

13. Simplified diagram of radio equipment feed

14. Simplified diagram of crew's facilities equipment

15. Simplified diagram of the fuel system (fuel)

16. Simplified diagram of the fire fighting system (neutralization)
17. Simplified diagram for starting

18. Simplified diagram of the chassis.

Column 6, (G - wire indexes):

J. E; 2 -A; 3 -BA; & -FA;, S-M; 6 -C; 7-H;8-1;9-AP; 10 -
L; 11 - S; 12 - Ph; 13 - R; 14 - CF; 15 - F; 16 - FF; 17 - St; 18 - Ch

Remarks:

1. 1If any function in a given aircraft is absent, the numbers cor-
responding to it remain free.
2. The distribution of busbars are assigned letter indices A, B, and
C, to the direct-current busbars; and D, E, F, to alternating current
busbars.
3. For testing equipment the general order of numeration of systems,
units, wires, and the distribution busbars, are retaincd with the ad-
dition of letter 1, for example:

7200-11 {is the simplified diagram of the d-c clectric power system
of the testing equipment.

801 I - is the instrument fnr the testing equipment, and so forth.
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Fig. 2.6 - System of Numeratfon of Bunches of Conductors and
Connecting Plugs.

In the conventional designations of the photographic wiring
diagrams of the panels, the figures after the dash signify the numbers
of the panels.

For exanple: 7210-0 - {s the viring diagram of clectrical equip-
ment of the pilot's cockpit; 7221-0 - is the designed blueprint of
the left distribution {nstallation of the navigator's cabin; 7210-11,
12 ... 19 - are the photographic viring diagrams of 11, 12 ... 19,
of the flyer's cockpit.

- 22 -



o lecs

" »
-

o owl
o iw:
o—eill

o8l
o 1222

0 Jucl

e -

. .

= i~ 1w ’ s a %

o oas: r- oot ‘Lol . ) .

B emwe e | SR | B el ewepid oo o o, s o

waeCw e e e | e |

O ol Il v Dat—uN: ol ol . I 1
L IR S U e PR B TT R I ot —ouly vgw-._.d.l T 1 [00C-0nlL pel-eull (€1a3T LotHod b

K-e: lw e | et | & |

e _ . 3 . etH 0 Mg T _ A '

2 wLL &t | ort oex: T ot . . ik otnd

1’ .Pr.. b4 u - » T St VU "] d: R& o..ﬁo. .ln_:p 1A BB TR 12 E_.elmu..l. u.w- L

» vl t o t=h] W ox: | e ' .

to-we: | bt 10| Do wes e 2ot “tol 9 _ _

- » = g "-b ] . .
19 ol m .o.._l.c ;oo —ux: m“ M-: oL cg,n ¢ -9 IN 1IN pst-oL va_ oN ) !h?:.r_::: i
U R I T | | ;
o-we o o, 2 .?. | > _ _ |

- WL LN M o 'S ! :.- — ool o oareg weerieay s
Iy ...'...a“ A e I T , ..,.. haadi s ot e T .m_cﬁ. it B A Rl ./._:..

SR ol TRt {6 a e
o e B TR ,. o ._ _ ” _ m: 1! f “_ R
Y T TR S TSR S TR — —.. . St ol - . N
0 .bm*_— ot ﬁ.— ﬁ._ ”.-onm . .” ”" . »-: oif: b an.. .." 1- .»_. : .:\n.g. altT_ Wl ,.: .”..‘WM:_:._. o
@’ owil Y Y | [ Y YT W u ‘ ’ _ .
i i, . v J ' ) ..U

e LR a s SRR n fol W : I o ! - e
R (A Oty R, POTLIETL LT 1D WY e 2wty U
(% -IW- c v § Yy r » » -t - T [} _

v a wl CP: o _ M L INCIN _ . a.:....
S | LI i =44 o . >» * 2ot 'tot . ) = . s
b whi P 1 i—12 ) 15 ol 1 ol OCLL 0TI LU SHETHN WraKZ Wl Nz s cueyey
» - e | - ) - o
o._ ot ¢ vt oel 6it e..,.. 6l _ | .N&"—m ’.
<Loelly RN G 21 e - <ot’tol on I .
owilg Y i :" u” ”._ wi -olte _:.an..e. LT L CIU ult BRL ol erane e tieyey |
- ]
, . | B ;
20904 _ m .N o Toy w nns w ! . ..N
N tevm ‘0sf v w. Ll meas b eraav dy b o e Certeon, :
TR I N Ton s v o S otaoay gaaetdi b ved g [N T TU TR 2 ¥ PUVEN L I N YUY | .
ool [’ P EETTR BN R T AN .
x | X ' 7 ' b | et ¥ H o 'y a i
A N r ‘ ny 3,49 ‘
LAY UvlIvIowny JUowalvduwo) (7 a[qrl




= Comparimenta

= Pancls

- Number of compartincnt

- Name of compartecnt

- Mumber of partial viring diagran

= Number of wire specification

- Number of bunches of conductors
Number of connecting plugs

- Kumber of viring dlagras

- Number of structural installations
- Number of pancls

- Number of photographic systems

- Number of connecting plugs

- Number of photographic wiring diagrans
- Number of design blueprints.

OCRZXZrteezzaeamocne >
'

1. Pilot's cockpit

2. Xavigator's cabin

J. Middle compartment

&. Technical compartacnt
5. Tail compartment

6. Central plan

7. Ming

8. Engine nozzle

9. Engines.

Remarks:

1. 1f some compartments are absent in the particular aircraft, the
numbers pertaining to it remain frec.

2. If in some compartment .the numbers there used, are fnsuffictent,
ve introduce additional numbers vith the zero index: 011, 012,......
accordingly the following numeratfons of the photographic diagram are
produced: 7200-0111; 7200-0112; .... the auxiliary numbers should be
assigned to splinter-boxes, small boards, and panels.

3. Only such panels should be separated into individual structural
subgroups, which have an independent number and a considerable volume
of structural blueprints. The minor structures of the splinter-boxes,
small boards, and pancls, etc., should be coded according to the sub-
groups of the corresponding compartments.

4. Por wire bunches connecting two nr more compartments, the letter
index is given in accordance to the names of the compartments.

5. For testing equipment the general numeration order is retained for
the blueprints, compartments, panels, connecting plugs, and their
bunches, with the addition of letter 1. For example: 7200-1101 is the
partial wiring diagram of the testing equipment of the flyer's cock-
pit; Kl2I1 {s the bunch of conductors of the testing cquipment of the

right ving, etc.
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Cenoral Purpose Structures - namely connection arose for feed
at the alrport, battery containers, sockets for the fuses, e¢tc., may
be transferred from one type of afrcraft to another without changes.
In that case only the places of their installations in various com-
partments change depending on the type and modification of the air-
craft. Such a structure should be separated into special subgroups,
not connected with a specific compartment.

A complex system of numeratfon of the blueprints with respect to
the coapartments {s given in Table 2.3.

4. Direct Method of Construction of a Schematic Circuit Diagrax.

Schematic circuit diagrams reflect the electrical relationships
betvecn the elements and disclose the principles of {nteraction
between individual elements of clcctrical systems and the entire
complex of electrical equipment.

Schematic diagrams are the principal working document in plotting,
assenmbl {ng, and operation of electrical equipment form the momant of
origination of the draft to the teraination of service of the aircraft,
therefore, they siwould contain all the principal elements of the
electric assemblies, switching equipment, and electrical system, with
the images portrayed simply and clearly.

On the basis of taw schematic diagrams the partial wiring dia-
grams, photographic and general wiring diagrams, and their structural
installation blueprints are developed, their load circuits are plotted,
and their required regulations are performed.

For certain types of aircraft, schematic circuit diagrams are
used for 15 -~ 20 years. During this period, tens of thousands of people
of varfous qualifications and levels of knowledge operated with them,
beginning with the worker and ending with the highly qualified engineer.

Let us examine the possible ways of systematization in determ-
ining the schematic electric circuit diagrams.

The systemmatization is based on the principle of dividing
electrical equipment according to functions. For each function, a
separate Schematic diagram is developed, which is assigned a specific
number with the corresponding numeration of the units and wires.

On the schematic diagrams the electrical units and elements of the

electric system are depicted conventionally, while the electrical
connections between the them are shown with lines, which should have
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the most possible numbers of intersections and inflections. Power
circuits are shown with wavy lines, c¢lectrical units with a con-
ventional outline drawn with thin lines, inside of which the ele-
merts included in the assembly are shown. On the boundary of the
outline the numbers of the terminals are marked (for units with
several plugs, the number of these connection plugs are also marked),
to which the external wires are connected.

It is sufficient to reveal the content of the internal elements
for only one of the repeated assemblies of the same type, and for
the other it is sufficient to mark only the exterior outline and
number of terminals.

For electrical assemblies having a complex system, the picture
of the internal elements should be given in a simplified way-band
assuring the gimplicity of understanding of electrical systems. In
individual cases the interior elements should not be depicted, only
the outline should be drawn with the terminal numeration and their
brief subscripts indicating their purpose.

The conventional image of the protective device should be por-
trayed in accordance with its type. On the conventional outline, the
rated current of the protective device is marked, and next to it the
rated current of the consumer under long and short working regimes.
The time of the brief working regime and the distance to the farthest
point of the feeder.

This makes it possible to compile easily the load schedule, and
select the power of the feed source, the type of protective equipment
and to determine the cross-section of the wires.

If the protective device performs simultaneously the role of the
switch, then one-half of its conventional symbol is sheeted or is
shown in the disconnected position.

On the diagrams near the conventional images of the circuits, the
cross-section of the wires corresponding to them are marked. If the
wire cross-section is constant for all the sectors of the feeder line,
it is marked at the section closest to the protective device.

If the wire cross-sections vary in the different sections of the
system, it is marked at all the sections of the system.

Shielded wires are marked with crosses.

Near the conventional protection symbol the name of the feeder
should be marked. Por example: "Eleron trimmer".
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In cases where the work of the system depends on its initial
position, near terminal switches, relays, electrical units, etc.,
it is necessary to make the appropriate explanations in the dia-
grams. The absence of such explanations (subscripts) renders dif-
ficult reading of the diagram and results in their incorrect
comprehension and operation.

It is desirable to place the description under the corresponding
feeder line in the diagram.

In the specifications the units are enumerated according to in-
creasing numbers, as it is indicated in Table 2.4.

This form of specification makes it possible to tetermine easily
the functions, the type of the unit, the number of .he compartment,
of the panel and the installation blueprint.

The three numbers are also entered into the table and used in
installing additional units.

The name of the units should be brief, precise, and correspond
to the standard designations on the parts and sections.

Table 2.4
. . . - . .
112 2 L4 :.\': vera- 6
' ciperara | Tuu ""'""'lf’:' Hpiacnanne
I l-upua.a
|
7 P LK PR ARRREY l 220 .
S- 8 ' SRTH NS UV | l’"n»zo
: 9. - | ITUSTRTRY l"xlo o, 100 a 17
' o 1
N I e IR nn'hn\ /., w0al8
B ll.l ‘
? [0 11 b 28315 222.0
LLIN l‘ Al l'A I
. 106 12004 FETOS npavore 28419 222
rum e l
-27 -




WO NOWMEWN -

—
It e o o o o o o o o
. o

12.

[
(S ]
L ]

14.
15.
16.
17.
18.

Number of compartment of panel

Number of unit

Name of unit

Type

Number of installation blueprint

Remark

Left generator

Right generator

Inverse current relay of the left generator
Inverse current relay of the right generator
Left generator switch

Right generator switch

GSR-9000

GSR-9000

DMR-400 A

DMR-400 A

Inom

Tnom

For example: the

"light" of left landing light switch. The schem-

atic diagram gives additional specif{ications of the manufactured

articles, which have a great importance in the solution of a number
of problems in planning and operation of electrical equipment. The
specification form is given in Table 2.5.
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1. Cardinal number 8. 1 - Amperes

2. Name of unit 9. Remark

3. Type 10. Generator

4. Quantity 11. Inverse current relay

5. Weight of 1 item kg 12. Voltage regulator

6. P Watts 13. 400 a - 1 min; 600 a - 10 sec
7. U Volts 14. Breaking capacity 2000 a

15. GSR - 9000
16. GMR - 400 A
17. R - 25 AM

Compilation of the specifications does not require additional
time expenditures since in the development of schematic diagrams a
considerable time is devoted to familiarization with the principles
of action and the principal parameters of the manufactured articles.

On the schematic diagram of an electric power system the dis-
tributing bus-bars with the protection devices and the names of the
feeder lines of the consumers according to the functions are portrayed,
This makes it possible to visualize clearly and distinctly the
electric powver system of an aircraft with all the distributing de-
vices and the location of the consumers (see figure 1 of the appen-
dix).

In finishing these schematic diagrams for seyies produced air-
craft in excess of connecting plugs and their number of terminals
to which the wires are attached a path should be introduced, as it
is shown in fig. 2.5.

When the connecting plug indices are available with indication
of the number of terminals, the control of electrical systems for an
ajrcraft is greatly simplified, the time for the control is re-
duced, and during operation it is no longer necessary to have partial
wiring diagrams, with which it is much more diffuclt to perform con-
trol than with the above mentioned simplified circuit diagrams.

Compilation of schematic diagrams according to functions has the
following advantages:

1. It simplifies planning, installation, and operation of the
systems. 't is possible, withcut additional time-loss, to use them
for drafts and blueprints and for all manner of coordination in the
process of planning and finishing the details of electrical equipment

of an aircraft.

2. The project work-front is expanded.
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3. The planning time is reduced.
4. A more profound working-out of the system is provided.

5. It becomes possible to use less skilled designers without
damage to the design quality.

6. It becomes possible to modify substantially the €lectrical
equipment of the aircraft in exceptionally brief periods of time

7. The time for studying the systems in assembly and operational
aircraft is reduced substantially.

8. The replacement of worn-out tracing papers is simplified.

9. The probability of bagic and former errors in electrical
systems is decreased.

10. The preparation is simplified and the time for making out
documents for ordering the finished articles is reduced.

11. It becomes possible to determine easily the weight of the
finighed articles according to their functions, the power consumed,
and other parameters.

5. Method of Plottiné Partial Wiring Diagrams.

The partial wiring diagrams reflect the actual position of
electrical units on an aircraft and tteir external electrical connec-
tions.

The partial electrical wiring diagrams are developed on the basis
of simplified systems and made for every compartment, in accordance
with which they are assigned a number.

On the partial wiring diagram the conventional circuit of the
aircraft compartment is given in which the units, panels, and the con-
necting plugs are indicated. Their location in the system should ap-
proach the actual location of their installation in the aircraft.

On the connection pictures the numbers of the terminals are
marked and the male and the female plugs are also marked. The female
plugs should be located on the side of the current carrying part.

Wires connecting individual elements of electrical equipment with

one another, are connected in bunches, in this way providing the most
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Fig. 2.5. Schematic diagram with indication of the path
of the wires.
Key: 1. Eleron trimmer; 2. 8.5 a - long; 3.
15 a - 12 sec; 4. 20 a - 1 sec - start;

rational communications possible.

Depending on the character of assembly (open, in a shield, in a
pipe) the bunches have their specific symbols.

The schematic location of the bunches should be brought close to
the actual assembly conditions. Avoiding excessive intersections,
which simplifies considerably a reading of the diagram:; and a carrying
out of the subsequent operations.

In developing partial wiring diagrams, the following design, tech-
nological, and operational requirements should be fulfilled: 1. Rati-
onal grouping of units, assuring the minimum weight, the maximum re-
liability and convenience of operation. 2. Technological efficiency of
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manufacture of the units, wire bundles and their assembly on the air-
craft. 3. The minimum quantity of plug connections. 4. Minimum length
of wire communications. 5. Minimum number cf branches in the bundles.
6. Simplicity of removal of bundles, panels and units. 7. Provision
for operational accessibility for examination of the equipment. 8.
Limited use of the splinter-boxes, serving for technological distrib-
ution. 9. Simplicity in depiction of the diagrams.

The specification for the units for the partial wiring in a dia-
gram is made in the form of simplified diagrams. At the beginning of
the specifications in the order of increasing numbers the panels of
the given compartment are indicated. Further, in increasing numbers
with adherence to the order of the functions the specifications of
the units are given. At the end of the specifications also in the
order of increasing numbers the connecting plugs installed in the
given compartments are enumerated. This form of specification simpli-
fies the reading of the partial wiring diagram and its coordination
with the simplified diagrams and design blueprints.

For the partial wiring diagram for each ccmpartment a specific-
ation is made for the wires with indication of the number of the units,
panels, plug-connections, length, types, and cross-sections of the
wires.

To decrease the weight of the wires the units should be fed from
the servicing devices, lucated in the immediate proximity frcm them.

Units installed in the crew's cabins and the unit control circuits
located in other compartments should be supplied with power from the
crew's cabins.

In the process of development of partial wiring diagrams it is
necessary to strive for a rational grouping of electrical equipment
elements in the compartments and the panels from the point of view
of the minimum weight, simplicity of design, technological effective-
ness, reliability, and simplicity of operation in the electrical
equipment of the aircraft.

Photographic Diagrams are developed for the distributing devices,
instrument boards, panels, shields, switching boxes, and other air-
craft units, and are used in the process of operation and electrical
installation.

In the first case the photographic diagrams are printed on photo-
sensitive paper or metal and installed in the corresponding units of
the aircraft. The photographic diagrams should have a black background
and white image. The dimensions of the photographic diagrams are
selected in accordance with the place of thei. installation, but in
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such a way as to provide fcr clarity of the image and reading con-
venience. The arrangement o, the units on the photographic diagram
should correspond to their actual position on the panels, which

simplifies considerably the operation of the clectrical equipment.

In the second case the photographic systems are used in carrying
ont electrical assembly operations on ducts, for which purpose they
give the specification of the wires with indications of the type,
length, and cross-sections.

The cross-sections of the wires inside the panels should cor-
respond to the cross-sections of the suitable wires. However, in
order to decrease the weight and for the sake of compactness of
electrical assembly within the panels it is advisable to use wires
without chlorovinyl braiding and with smaller cross-sections, in
comparison with the suitable wires, without disruption in doing this,
the permissible values of the current load. This pertains primarily
to wires, the cross-sections of which are selected according to the
voltage drop or from considerations of mechanical strength.

If a large number of the wires of the same type and cross-section,
then, for the experimental aircraft it is sufficient to mention this
in the remarks.

6. Methods of Plotting the Wiring Diagrams.

Wiring diagrams are the principal technical documents in the as-
sembly of the electrical system of an aircraft and at the same time
are the systems of communications of the wires and tlhL2 arrangement of
the equipment, the list of the installation blueprirncs, the weight

summary, and finally, the grouping of the electrical equipment for the
given compartment.

In order to reduce the assembly time, decrease possible errors,
raise the quality of the assembly and reduce the weight, the wiring
diagram should be developed in the process of experimental planning and
refined in the final adjustments of the experimental model.

Let us examine the most rational system of formation of wiring
diagrams.

Wiring diagrams are usually made fcr individual compartments, that
is, they are portrait within the outline of the framework of the cor-

responding compartment of an aircraft on a scale, of 1:5 or 1:10 as a
rule.

The structural details of boxes, panels, arms, and other elements,
required for assembly, are marked on the diagram on the same scale, as
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well as all the electrical units, panels, shields, and the plug
connections of the given compartment with indication of the number
of installation in the blueprints and the corresponding numbers of
the units and plug connections according to the partial wiring dia-
gram. If the units are installed on the panel, then only the number
of the panel is given.

Then all the bunched conductors are marked in accordance with
their actual position in the aircraft and with indication of their
numbers. The details and norms for fastening the bunches are indic-
ated.

In order to simplify the installation of the bunches of the
fuselage compartments and nozzles the wiring diagrams should give
the principal plan projection and views of the right and left side
from the inside. In places where the bunches of conductors pass from
side to side, in order to clarify the specific units for fastening
and laying the bunches, the general blueprint should gi-re the types
and units of the corresponding places.

On the wiring diagrams made for experimental airplanes, the
passages and fastenings of the wire-bunches on the main routes are
worked out in details.

The routes of the minor bunches of conductors and their single
wires are marked down tentatively and rendered more pr:cise when the
installations are more refined on the experimental ai-craft.

In refining the routes and fastening details for the bunches of
conductors it is necessary to use photography extensively and to
compose photographic albums in the form of diagrams.

Photographic albums are given to the series producing plants
where the item is to be produced in series.

The internal assemblies of the panels and boards are not indic-
ated, and only the numbers of the installation blueprints and numbers
of photographic diagrams are given.

Publication of photographic albums (blueprints) gives a good
concept on the details of wiring without loss of the designer's time.
This method of showing the wiring details should be called the most
maneuverable and economical.

The specifications for the wiring diagrams are composed according

to the form indicated in Table 2.6. The specification includes all
the electrical units installed in groups 72 and other groups, and also
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the bunches and fastening norms. The specification makes it possible

to determine easily the numbers of the electrical units, the bunches
and installation blueprints, the location of the unit on the aircraft,
the weight of individual installations and the weight of the electrical
equipment of the given compartment.

Table 2.6.
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Key: 1. Number of the aggregates, , .'.els, plug-connections, bunched
conductors; 2. Number of the blueprints; 3. Name of the installation;
4. Quantity; 5. Material; 6. Weight kg; 7. Remarks; 8. Bunch; 9.
Pilot's left distribution system; 10. Voltage regulator; 1l1. Assembling;
12. Installation; 13. Dc; l4. Shielded.

Their specification is arranged in the order of the increasing
numbers.

The recent practice of placing the typical building-in of the
wires, connections, bunches, and other typical assembly elements on
wiring diagrams causes the repetition of single type units, additional
errors, and substantial time-losses, therefore, in developing the
wiring diagrams we should use widely the norms of the standard wiring
elements and units, used for various types of aircraft. The norms
should be supplemented systematically upon the appearance of new
building-in methods.

Drawing of wiring diagrams in the process of planning and their
refining during assembly of experimental models by photography re-
duces the total time-loss for planning and assembly, reduces the weight
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and increases the reliability of electrical systems.

Photographic Wiring Diagrams. The practice of developing and
publishing wiring diagrams for panels, shields, and instrument boards,
distribution systems, and other electrical units, is connected with
great difficulties and considerable time-loss. Given in the series’'
production plants the finishing of blueprints lacks behind the actual
changes in wiring diagrams. For experimental models it is practically
impossible to develop such blueprints. Therefore, it is quite
rational to use photographic wiring diagrams, which show higk quality
of the diagrams with a minimum time expended for designing.

The panels, boards, and other electrical units under the ex-
perimental plans are usually assembled by highly qualified electricians.
‘This ascembly is thoroughly refined with the participation of the de-
signer, and photographed with provision of good visibility of all the
details. The photographs are’assigned the blueprint number. The neces-
sary details and fastening norms are included into the specifications.

The blueprint of the photographic wiring diagram is the principal
technical document in the assembly of experimental and series' pro-
duced aircraft. The photographs are reviewed when the design is ren-
dered more precise.

For connecting wires in carrying out the assembling work the cor-
responding photographic wiring diagram is used.

7. Procedure for plotting the Feeder Circuit Diagrams.

The saturation of modern aircraft with electrical-equipment units
makes it necessary to create feeder diagrams which simplify the ori-
entation in the electrical systems during operation (checking, repairs,
elimination of defects), analysis of reliability, and determination
of the weight of the feeder elements.

The feeder diagrams are formed for individual consumers, or a
group of consumers, which have a common purpose, a single common
protection apparatus, or several protection apparati, serving a group.

The feeder systems are the supplementary sub-division of the
simplified diagrams of each function with the addition of a partial
and a complete wiring diagram part. Some schematic diagrams, drawn ac-
cording to the functions, pass over completely into the feeder dia-
grams without any additional splitting. The typical diagram is given
in fig. 2.6.

The development of either diagram is based on the schematic,
partial, and complete wiring diagrams, the structural principles of
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which extend completely onto the feeder diagrams.

For the greatest obviousness and simplicity in employment, the
feeder diagram should include six basic elements:

1. Simplified diagram of a feeder with indication of the path
of the wires (numbers of connections and terminals).

2, Partial feeder diagram for the entire circuit of the aircraft.

3. Wiring diagram of the feeder, portrait in isolectric or plant
projections for the entire circuit, with marking of the true position
of the units, panels, and the wire bunches.

4. Specification of the feeder wires with indication of their
type, cross-section, length, and weight.

5. Specification of the units of the given feeder.

6. Brief indications of the possibilities of the work of the
system's elements. The feeder systems should be worked in preparation
of the description of the experimental aircraft and used later for
all types of technical information on electrical equipment.

Chapter 3. Stages in Planning the Electrical Systems of Aircraft.
1. Planning Stages.

The process of planning of the electrical systems of aircraft
passes through the following stages:
Draft planning.
. Modeling.
. Work planning.
. Assembly of the experimental model.
Industrial testing of the experimental model.
. Stage testing of the experimental model.
Beginning of series production.

NN W

At all the planning stages theoretical and experimental investig-
ations of various variations of electrical systems are performed
continuously, as a result of which at the moment of starting of series
production of the aircraft the optimum variation with the refined
prospective equipment is determined.

The successful planning of electrical systems for the experimental
alrcraft depends to a great extent on the depth and volume of the
theoretical and experimental fnvestigations of the models, experimen-
tal-series types of equipment and of the systems as a whole.

For this purpose orders for prospective equipment should be placed
before the beginning of planning of the experimental aircraft in order
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Fig. 2.6. Feeder Diagram. Key: 1. Number of the compartment panel;
2. Number of the unit; 3. Name; 4. Quantity; 5. Type;
6. Pilot's cockpit; 7. Navigator's cabin; 8. Tail com-
partment; 9. Navigator's central distribution system
panel; 10. Electrical mechanism; 1l. Switch; 12. Signal
lamp; 13. Automatic protection device; 1l4. Plant public-
ation; 15. Wire markings; 16. Cross-section; 17. Length;
18. Weight kg; 19. Types of wires.
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to accelerate its production and be able to select the optimum equip-
ment at the beginning of planning, which would provide a maximum re-
liability, minimum weight, and simplicity in operation.

2. The Draft.

The draft in the initial and determining stage in the development
of electrical systems of the experimental aircraft. During this peri-
od the basic theoretical and practical problems are solved and the
basic technical documents on electrical equipment is developed.

Technical documents should have a general group character, but
with a theoretical substantiation of the basic problems of principle,
should also be illustrative, precise, clear, and convenient for sol-
ution and coordination of the principal problems with adjacent or-
ganizations, in order to carry out experimental works, modeling, and
work planning. This detailization should be carried out at the work
planning stage.

The combination at the beginning of planning of electrical systems
with the moment of inception of the draft of the aircraft has a
positive effect on the entire course of the process of planning and
construction of the aircratt.

At the draft stage, a comprehensive examination and detection of
the principal possibilities of the consumers, the character and the
specific features of their operation are performed. The required
capacities for flight stages are determined. The principal type of
the current is selected. A comparative analysis of the reliability
and weight of different variations of electrical equipment is carried
out. Simplified diagrams of power systems and their principal con-
sumers are worked out.

On the basis of these works the manufactured articles are ordered,
experimental work is performed for determining the optimum variation,
the electrical equipment is arranged in groups, the aircraft model is
built with the equipment arranged in it, and the working planning is
performed. This makes it possible, by the beginning of the work
planning, to have specific solutions of all the principal problems on
the electrical equipment of the aircraft.

At this stage of the draft planning the following problems should
have a substantiated solution:

Development of simplified electrical systems.

Selection of electrical equipment.

Selection of type of current in the primary power system.
Selection of the voltage, number of phases, and frequency.

&S W=
¢« o o
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5. Selection of the type and number of sources of olectrical
energy.

6. Calculations of electrical parameters.

7. Development of systems of functional relationships between
the systems. ‘~

8. Development of simplified partial assembly of electrical
systems.

9. Arrangement of the distribution devices in groups.

10. Grouping of the electrical equipment.

11. Grouping of the electrical conductor bunches according to
the principal lines.

12. Compilation of the technical requirements for the first
electrical equipment.

Let us examine in brief the content of the above mentioned prob-
lems.

Development of Simplified Electrical Systems. The draft should
be necessarily accompanied by a sufficiently detailed devlopment of
the simplified electrical systems simultaneously in several variations
with subsequent selection of the most rational one of them. '

The content and appearance should approach the work planning
electrical systems. This simplifies the process of grouping of the
equipment on an aircraft, makes it possible to determine the possib-
ilities of the optimum solutions of equations of principle, to de-
termine the necessity for developing new equipment, carrying out the
most rationally design, model, and their work planning.

Special attention should be devoted to the development of the
simplified electric power system, since it determines the rationality,
character, and grouping of the rest of the electrical equipment.

The basic electrical systems should be made with a high degree of
precision, since the errors permitted in them are repeated many times
in all the blueprints derived from them.

In order to signify the grouping of electrical equipment and tie
in the operations with the adjacent organizations, it is advisable
to draw simplified, partial wiring diagrams on the plug diagram blue-
prints with indication of the quantity and cross-section of the wires.

Selection of Electrical Equipment. In accordance with the simpli-
fied electrical diagrams a detailed list of electrical equipment ac-
cording to the functional features is made. In this case the type,
capacity, working time and special operating conditions are indicated.
The list of electrical equipments serves as the initial material for
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grouping, load-schedule compilation, and slection of capacities and
types of energy sources.

In the process of planning the characteristic operation features
are determined as well as the principal technical parameters of the
electricel units, the optimum set of equipment is established, the
possibilities of the use of a series' produced manufactured articles
and the necessity of development of new ones taking into account the
latest achievements are also determined.

It is necessary, to use as much as possible the series' produced
electric units or experimental units, which have passed the state
test. This reduces substantially the time required for planning and
construction of aircraft. However, in ord2r to improve continuously
the technical and operational qualities of the aircraft, the latest
prospective electric equipment should also be developed. The process
of creation of this equipment should be far ahead of the dates of
planning of the aircraft, and as a rule, should be carried out with
the intention of using it in various types of prospective aircraft.
It is advisable to examine simultaneously several variations of
electrical systems and types of principal consumers. Special atten-
tion should be devoted to main consumers, since they exercise the
main influence on the selection of the type of current, voltage,
number of phases, frequency, power, and type of source.

Selection of the Type of Current. In aircraft both direct and
alternating current are used Simultaneously, and depending upon the
proportion of capacity one of them is the principal (primary), and
the second is the auxiliary (secondary).

Direct Current with a voltage of 27 v has passed along oper-
ational testing. It is reliable and safe. It has perfected voltage
regulation equipment and equipment for parallel work of the energy
sources. Direct current is used most reliably for the work of electro-
magnetic devices (relays, conducts, etc.), and incandescent lamp pro-
duce a better illumination effect. However, the d-c system a con-
siderable weight and low efficiency in the transformation of energy.
At high altitude there is a problem of switching, brush-contact, and
cooling.

Alternating Current with a voltage of 200/115 v is beginning to
attain primary importance. It is easily transformed with respect to
voltage and frequency, and makes it possible to raise the ceiling of
the equipment, reduce the weight and simplify the machine's design.
In several types of aircraft the use of a-c motors with short circuit
rotor is a sufficient reason in favor of the alternating current.
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However, up to the present there are no simple and reliable
methods for assuring the stability of the frequency and parallel work
of the energy sources, which results in a complication of the electric
power system and a relative reduction of reliability.

In order to select the type of current for the primary power system
the consumers are divided into three groups and their total capacity
is determined taking into account the coefficient of simultaneous
searching on:

1. Consumers, requiring feed with only d-c (electro-magnetic
trains, control circuits, synchronization, and instruments).

2. Consumers requiring supply of only a-c (certain types of radio
communication, radar, navigation, automatic, and manually operated
equipment).

3, Consumers for which the type of current is unimportant (heaters,
lighting devices, electric motors for the pumps, and certain types of
radio equipment).

Taking into account the general requirement for electric power,
its separation into groups, and also the principal requirements for
feed of individual consumers, the principal type of current selected
for the primary power-system of the aircraft.

For the principal type of current the initial energy sources are
installed, the rationality of installatjon of the primary sources of
energy for the auxiliary type of current is determined by the value
of the power required. Sometimes it is reasonable to produce auxiliary
type of current by transforming it from the principal type of current,
This source is being used most extensively for small capacities.

It is necessary to exclude completely the widely accepted practice
of using consumers and energy sources of various types of current,
voltage, phase number, and frequency, since it decreases considerably
the reliability and increases the weight of the electrical equipment.

Sub-Subreading, Selection of Voltage, Number of Phases and Fre-
quency.

Voltage. The selection of the rated voltage depends on the purpose
and dimensions of the aircraft, the amount and power of the consumers.
The optimum voltage is determined by the calculation method and should
be standard.

For direct current (proceeding from the condition of service
safety) the 27 v voltage is the most rational. The use of higher volt-
ages is sensible only for heavy aircraft, however it has not become
widely used.
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For alternating current (proceeding from the condition of the
minimum weight) the most reliable voltage is 200/115 v with a
grounded neutral powerline).

Number of Phases. With respect to weight, the most rational is
a three-phase operating current, but a more complicated protection
and switching is required for it.

For small power consumers it is more rational to use a single-
phase alternating current, using the neutral powerline with a strict
regularity of distribution of the loads according to phases.

Frequency. The optimum frequency for the entire complex of air-
craf: equipment should be considered the 400 cps frequency also for
individual consumer the 800, 1000, 1200 and 2000 cps frequencies are
better.

Selection of Type and Number of Sources of Electrical Energy.
The selected type of current, voltage, number of phases, frequency
and capacity of the consumers determine the type and power of the
energy sources, while their minimum quantity is determined by the
number of aircraft engines.

In the process of planning an aircraft, the quantity and power
of consumers as a rule increase hefore the value of the capacity
should be increased up to 507% in comparison with the caparity determiuned
in the initial stage of planning.

In the selection of the generators, a power-reserve equal to 50-
100% over the medium load should be assured, depending on the type
and purpose of the aircraft.

Calculations of Electrical Parameters. According to the simplified
diagrams and working conditions of the electrical units, the required
powers are calculated with respect to functions, the load sclhedules
for the energy sources are plotted under various flight conditions,
and calculations are performed for the cross-sections of the wires and
weights of the electrical systems.

In this case it 1s reasonable to perform comparative calculations
of various variations of the diagram for the same system, which makes
it possible to determine the optimum variation of the diagram. In this
case the generalized materials on the systems are planned earlier and
render substantial aid.

Development of Functional Connection Diagrams between the Systems.
Modern aircraft are equipped with complex electrical, electronic, radio-
communication, and radar systems.
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The work of the systems, as a rule, i{s automatic and interrelated
with various signals, commands, and their performance, and i{n order
to coordinate the entire work of the equipment it 18 necessary to work
out diagrams of functional communication between systems.

A diagram should include all the principal urits and their re-
lationship, direc:ions of the movement of signals, commands, and their
fulfillment, parameters of the signals, and commands, their quantity
in cross-sectional wires in the communication and the principal re-
quircments to the individual units and systems.

Development of Partial Wiring Diagrams. Simgplified partial wiring
diagrams should be developed for individual compartments on the tasis
of simplified diagrams.

As has been noted earlier at the stage of the draft-planning the
development of simplified partial wiring diagrams is permitted, which
should be portrait on the blueprints of the simplified circuit dia-
grams. This makes it possible to solve the afore mentioned problems
with a minimum time-loss in planning.

Grouping of the Distributing Devices. Rational Grouping of dis-
tributing devices should be provided for in the development of the
simplified diagram of the power system. The central distributing systems
(ChS) as a rule should be placed near the generators aud principal
power consumers. From the CDS, power is supplied to the power consumers
and secondary distributing systems (DS) located mainly in the crew's
cabins. The latter provide power to minor consumers and the electric
system regulation circuits.

In the CDS and DS protection is grouped according to functions,
and within the functions according to the purpose of the consumers.

Between the distributing busses, the energy should be transmitted
accorded to the circuit, which provides a higher reliability of vi-
ability. In arranging the positions of the distributing devices, it
should be borne in mind, that the systems of transmission and dis-
tribution of electrical energy according to the collection bus-system
without protection of the feed lines are unreliable and present a
fire hazard. The collecting bars have a great length and consequently
a high short-circuit probability and therefore can cause serious
damage and fires on the aircraft.

Layout of the Electrical Equipment. The layout of electrical equip-
ment should take into account the influence of acceleration, vib-
rations, moisture, and temperature, should provide for the techno-
logical effectiveness of installation, convenience and reliability in
exportation .
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The electrical equipment units and cables should be installed in
such a way that they could be examined and replaced with a minimum
time loss.

In arranging the lay-out, the specific feature of operation of
the electrical equipment should be taken into account. Thus, for
example, to assure the reliable work of the current voltage regul-
ator, its axis should be located perpendicularly to Qhe longitudinal
axis of the aircraft, and so forth.

Arrangement of the Bunches of Electrical Conductors along the
Main Lines. The bunches of wires and their cables should be laid
over the shortest distances and removed as far as possible from the
hydraulic system, fuel system and moving parts. The bunches and their
plug-connections should assure satisfactory air-circulation. The
electric lines in conduits should be avoided as much as possible, and
when necessary drainage and natural ventilation should be provided.

Compilation of the Technical Tasks for the New Electrical Equip-
ment. During rough draft-planning in the development of simplified
circuit diagrams it becomes necessary to use new electrical units.

The depth of the analyses and the thoroughness of working out of
the simplified circuit diagrams take into account the emergency
working conditions of the systems, make it possible to determine the
most rational types of new electrical equipment. In accordance with
the simplified circuit diagrams the technical tasks are prescribed
and orders are made for development of new electrical equipment.

The rough draft is examined by the customer. The substantial re-
marks and the requests of the customer are included into the blue-
prints.

The rough draft is the basis for the further stages of planning.

3. Modeling.

In accordance with the draft a natural sized mock ~up of the air-
craft is built, in which the models of the electrical units, boards,
panels, distributing systems, boxes, and other types of equipment
are installed.

The rationality of the arrangement, design, technical effective-
ness and convenience of operation of electrical equipment is checked
on the model.

The model should approach in {ts details to the actual afrcraft.
The well-adjusted mock -up incrcases the quality and reduces the time
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for the working planning and construction of the experimental air-
craft.

The mock+up is accepted by the model commission, and determines
and eliminates the short-comings of the arrangements, taking into
account the requests of the customer. The required finishing ad-
justments of the model are performed and the corresponding changes
in the draft blueprints are made.

Parallel with the arrangement of the electrical units on the
aircraft mock-up in the laboratories of the design bureau and the
corresponding institutes the working models of the electrical systems
with the natural equipment should be installed and investigated in
accordance with the planned simplified electrical diagrams.

If the capacities of the electrical system are great, the testing
is to be performed by physical simulation.

The operating models of the electrical system should be tested
under normal and emergency working conditions.

Several variations of the electrical systems should be developed
and examined simultaneously. According to the results of the tests
the most reliable and light electrical systems are selected.

The complex test and final adjustments of the electrical system
should be performed at all the aircraft planning stages.

Simultaneously, the adjacent design bureau should make models of
and investigate the newly planned electrical equipment.

4. Work Planning.

In accordance with the rough draft, the model, and the results of
laboratory investigations, the work blueprints are developed for the
simplified, partial wiring diagrams, and wiring diagrams of electric-
al systems and structural installations. Final calculations are made
for the powers used, energy power source schedules are plotted, cal-
culations of wire crnss-sections and electrical portection lines are
performed. Short-circuit currents under emergency regimez are cal-
culated, finished articles are refined, and the technical documents
for the newly ordered equipment is given final adjustments.

The ideas behind the simplified circuit diagrams of the rough

draft, should be practically transferred without changes to the blue-
prints. Changes in principle, may be introduced only as a result of

- 46 -



detection of short-comings during a joint investigation of the elec-
trical system by the manufacturer of the equipment, the laboratories
and the design division, planning the aircraft.

The systems and the designs provided for by the blueprints
should be simple, technological effective, convenient, and reliable
in operation.

The technical recommendation should be presented according to the
recommendations described in chapter 2.

5. Assembly of the Experimental Model.

Boards, panels, distributing systems, boxes, and other structural
assemblies of electrical equipment are manufactured and installed ac-
cording to the blueprints.

The internal assemblies of the units, should be carried out out-
side of the aircraft on work-tables, which reduces considerably the
labor consumption and improves the quality of the assemblies.

In the process of assembly the basic and foremost errors per-
mitted in the blueprints are detected and eliminated. During testing
of the electrical systems under a current the defects and errors com-
mitted in the basic and partial wiring diagrams are detected and
*liminated.

The blueprints should be refined only with technical remarks.
In order to simplify work with blueprints the technical remarks should
be formulated with a single number for the entire set of circuit
diagrams connected with these changes. A large number of technical
remarks makes it difficult to read the blueprints and especially the
blueprints of electrical systems, therefore remarks should be entered
into the blueprints periodically. At this stage it {s necessary to
refine thoroughly the assemblies, photographic, and production of
photographic wiring diagrams.

6. Testing of the Experimental Model at the Plant.

During the test at plant the individual electric systems and the
entire complex of electrical equipment are checked on the ground and
under different flight condi:ions, the design, basic, and operational
defects are discovered and eliminated.

Individual electrical svstens ovwing to insufficient studies and

tests at the preceding planning stages may be subjected to substantial
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changes, which halts back the completion dates and increases the
cost of the experimental aircraft. Correct planning methods el-
iminate such phenomena.

The required changes are introduced into the blueprints.

7. State Testing of the Experimental Model.

During the state testing of the experimental model on the ground
and in flight the electrical systems are checked in accordance with
the technical purpose of the aircraft. The working capacity of the
aircraft's electrical equipment is determined under normal and emer-
gency flight conditions.

The artificial creation and the checking of individual emergency
conditions of the electrical systems on a real aircraft may be con-
nected with grievous consequences. In this case operating mock-ups
should be manufactured and the investigation should be performed
under laboratory conditions. As an example we may mention the labor-
atory investigations of the viability of power systems during short-
circuits.

Operating mock-ups provide for a more profound and comprehensive
investigation of the processes occurring under emergency conditions.
Mock-ups with real equipment and power lines should be delivered for
state testing when the aircraft is still in the stage of rough draft
planning.

During the flight tests the basic, design, operational short-
comings in the electrical equipment of the aircraft are detected and
ways to eliminate them are outlined. Insignificant defects are also
eliminated in the process of testing.

According to the results of the tests a document is drawn up with
indications of the defects and recommendations for adjustments. After
the document has been studied the required changes are introduced
into the blueprints and the adjustments of the experimental model are
made. If the adjustments were of a basic character, the experimental
model is delivered for repeated tests.

Individual measures for {mprovement of the systems' work may be
introduced directly when the aircraft is put into series production.
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8. Series Production.

Before putting the aircraft into series production adjustments,
connected with elimination of defects determined during the modeling
process, experimental production, plant aud state tests are intro-
duced into the blueprints as well as the changes caused by the tech-
nological features of series production.

The process of adjustment of the blueprints for series production
usually proves very labor consuming and is connected with the pro-
duction of a large quantity of additional technical documents. How-
ever, when the above examined system of rational planning is used,
the process of reparation is simplified, the quality is improved, and

" the time for the output of technical documents for series production

is reduced.

Section II. Weight and Reliability Criteria of Electrical Equipment
of Aircraft.

Chapter 1. Weight Criterion of Electrical Equipment.
1. Flight Weight nf Electrical Equipment.

The determination of the weight of electrical equipment of an
ajircraft begins with the analysis of the weights of the units in-
stalled, grouped according to functions (purpose) -ccording to the
basic circuit diagrams.

The weight characteristics of the electrical equipment are de-
termined systematically, beginning with the elementary weight and
ending with the flight weight of the entire electrical equipment of
an aircraft.

The principal weight characteristics are as follows:

Elementary Weight of the Electrical Unit. This is the weight of
its components. For the same capacity of an electrical assembly the
elementary weights may vary depending on the structure of the elec-
trical assembly, type of current, voltage, frequency, and installation
conditions.

We give the symbols of the clementary weights of an electrical
unit:
81A - 1is the weight of the electrical part of the electrical
assembly (electric motors, relay, terminal switches, etc);
82A - s the veight of the mechanical part of the electrical
assuobly (drive, reducing gear, pump, etc.);
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83y - 1is the weight of the external equipment, serving the
electrical assembly (switches, relays, terminal switches,
plug connections, etc.);

Bupa - 1s the weight of the powerline wires, installed in the
aircraft for feeding the electrical assembly;

gsp - 1s the weight of the installation structures for the
electrical assembly (arms, stands, etc.);

geAa - 1s the weight of the installation parts of the electrical
assembly (boxes, pipes, hoses, colors, etc.);

g7p =~ 1s the weight of the d-c power system used for feeding
the electrical units;

gepa — 1s the weight of the a-c power system used for feeding
the electrical units;

g3y -~ 1s the auxiliary weight of the aircraft caused by the in-

stallation of this unit (increase in weight of the air-
craft engines, cooling systems, fuel, and so forth).

Let us give certain explanations on the determination of the ele-
mentary welghts of the electrical assemblies.

The weights of the finished articles, the units and the switching
equipment (g)a3 82A3 ggA), are determined according to the data of the
technical description or by woighing.

The weight of the powerline wires (g,p) is determine’ in accordance
with their cross-sections and length specifically for the given type
of aircraft. The weight of one running meter of the wire is determined
from the table of the technical specifications or by weighing.

The weight of the structural installations (gss) is determined ac-
cording to the installation blueprints of the units. It should take
into account all the elements of the aircraft design, connected with
installation of the given unit.

The weight of installation parts (ggs) is determined according
to the installation blueprints. In this case it is mandatory to take
into account the increase i{u weight of the aircralt, caused by the
presence of the installed electrical systems.

The weight of the d-c power system (g7p) used for feeding the given
consumer, is determined from the total weight of the d-c power system
and the total pover of all the consumers.
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where Gjg¢ =~ is the weight of the d-c power system. Index "16" in-
dicates that the weight includes the first to the
sixth elements of the weight. Anslogous indices will
be used later as well;

n
X Py is the total capacity of direct current consumers in-
ie] cluding the short-time consumers;

n - 18 the number of direct current consumers,

Py - 1s the capacity of the given consumer.

The weight of the a-c power system (ggp), used for feeding this
consumer, is determined analogously.

The additional weight of the aircraft (ggA), caused by the in-
stallation cf the electrical unit, depends on the type of the aircraft
and may exceed the sum of all the other eight elements by 2 to 20 times.

From the first eight weight elements of the electrical unit the
greatest in numerical value are the weights of the finished articles,
wires and direct and alternating power systems, used for serving this
electrical unit.

The above enumerated weight characteristics make it possible to
determine the installed and flight weight of individual electrical
units, the functions, and the entire complex of electrical equipment
of an aircraft.

The weight of the electrical unit yithout rtaking into sccount the
weight of the Gjgp Power system - {s the sum of the first six ele-
mentary weights:

Giea = 81A + R2a + 835 + Bua + Bsp + FeA-

The weight of the electrical power system for the G;4p electric
unit is determined by the sum of the seventh and eighth elementary
weights:

G78A = R75 * ReA:

The installation weight of the G gp electrical unit is called the
sum of the first cight elementary weights:
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Giga = Giea + Grp,-

Depending on the type of electrical unit some comporent weights
may be absent.

The installation weight of the electrical unit cakes into account
the increase of the weight caused by the service power systems.

The flight weight of the G)g9, electrical unit is determined by the
sum of the nine elementary weights according to the formula:

Giga = Gyga + BoA-

The flight weight of the electrical unit { ystem) in distinction
from the installation "dead'" weight takes into account all the ad-
ditional weights, which are unavoidably related to the installation
of this unit, and makes it possible to evaluate its actual "weight"
for the aircraft.

Thus, for example, the flight wejght of the generator may be de-
termined as

Gigpa = C1g + 89x + 89T + 890X»

where G)y - is the installation weight of the generator;

89Kk - 1s the conditional weight of the aircraft structure
caused by the installation of the generator;

89T -~ is the additional weight of the aircraft engine, fuel,
lubrication, and structure of the aircraft, caused by
drawing of the afrcraft engine power for driving the
generator. This weight depends oa the characteristics
of the aircraft engine with respect to fuel and lub-
rication consumption and the length of the flight;

g90x ~— is the weight of the generator cooling system dependent
on velocity, altitude, and length of flight.

In particular, with a distant aircraft engine the equation for de-
termining the flight weight of the generator assumes the following
form:
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where: a - is the ratio between the weight of the aircraft struc-
ture caused by the increase of its elements upon the
installation of the generator, to its "dead" weight;

B = is the ratio between the weights of the drive device
of the generator to its 'dead" weight;

Yy =« is the ratio between the weight of the cooling system
of the generator to its "dead'" weight;

g - 1s the weight of the aircraft engine per unit of power;

is the consumption of fuel and lubrication per unit of
power of the aircraft engine per hcur;

gox -~ 1s the consumption of the coolant of the unit of power
of the generator per hour;

P. - is the power of the generator in kW;
n, - is the efficiency of the generator;
Ngr - is the efficiency of the drive-gear;

T -~ is the flight time in hours.

By the drive gear we understand a system of transmission of motion
from the aircraft engine to the generator. For d-c generators and un-
stable frequency a-c generators this is a reducing gear, for stable
frequency a-c generators this is a constant speed drive,.

For jet engines the weight and consumption of fuel and lubricants
are prescribed per unit of thrust., If thespecific consumption for
thrust is given the index of a dash, the equation for the flight weight
of a generator assumed the following appearance

102 P P
Glg = (1+G+B+Y)Gle +(g'+g'f.1ubT) Vﬁg—:; + goxT ?T:-Tgr (1 - nrngt))

where V - is the flight velocity in meters per sec.

The weights of the consumers, functions, and the entire comp.ex of
electrical equipment of an aircraft are determined analogously.

2. Determination of the Weight of Electrical Equipment.

According to the above introduced classification the weight of the
electrical equipment of an aircraft is divided into four types: elemen-
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tary, total, installed (dead), and flight.

The concepts of each type of weight pertain in an equal measure
to individual electrical units, functions, and the entire complex
of electrical equipment of an aircraft.

For greater obviousness the sequence of calculation of the weight
is presented in the diagram drawn in fig. 1l.1.

In the calculation-system we give numbers from the first to the
thircieth with digital indices, indicating the elementary weights, in-
cluded in the calculation. For example: l;g, 375, 22}9, in which we
include the elementary weights from 1 to 6; from 7 to 8; and from 1
to 9 included, respectively.
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Fig. 1.1. Diagram of the Aircraft Electrical Equipment Weight Calcul-
ation.
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Key:

For
Ble
the

1. Principal weight; 2. Additional weight; 3. Flight weight;
4. Element.ary; 5. Summary; 6. Installed; 7. Structure; 8. Fuel;
9. Cooling; 10. Electrical unit; 1l1. Serive power system; 12,
Electrical unit; 13. Service power system; 14. Direct current;
15. Alternating current; 16. Unit; 17. Punction; 18. Current
power system; 19. Current power system; 20. Power system; 2l.
Consumers; 22. Electrical equipment.

Letter g with the letter-digit index marks the elementary weights.
example: ggp - is the fifth elementary weight of the assembly;

- is the first elementary weight of the power system; g3, - is
third elementary weight of the consumers.

The letter G with the corresponding index signifies the total

installed and flight weights. The digital index indicates which elem-
entary weights are included in the calculation, and the letters sig-
nify the type of equipment, for example: G)gg¢ - is the total weight
of the function; Gjgn - is the installed weight of the consumers.

The numbers in combination with arrows indicate the order of cal-

culation. The. s0olid arrows show the most convenient order of cal-
culation of the weight; the wavy arrows indicate the electric power
assemblies, and che fine arrows the electric power systems for serv-
ing the electric power assemblies. For certain weights another order
of caiculation ls possible which is indicated with a broken line.

In order to simplify the further calculations in the determination

of the tcotal, installed, and flight weights of electric units the
latter should be grouped with respect to functions in accordance with

the

ent
nat

simplified cfircuit diagrams.

In the diagram we show the calculation of the weight for differ-
variations of the feed of the consumer ith direct and alter-
ing currents. In actual practice the quantity of feed variations

is limited and the calculation system is simplified considerably.

ent

The flight weight of the electrical units, the functions, and the
ire electrical equipment is the actual weight introduced into the

aircraft upon the installation of the electrical units. The flight
weight is the decisive factor in the comparison between the electric-
al equipment of various types of aircraft.

3. The Relative Weight of Electrical Equipment.

In the process of pianning an aircraft, in order to select the

lightest eléctric equipment system, a number of variations of individu-

al
to

electrical systems have to be worked out and compared with respect
their weight. However, by comparing the elementary, total, installed,

and flight weights of electrical equipment we cannot determine the
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lightest electrical power system. Therefore, in order to make a com-
parative analysis of the weight of the electrical equipment of
various systems, we introduce the concept of & relative wveight, re-
presenting the ratio between the flight weight and the useful out-
put of power of the assembly (system).

Thus, for example, the relative flight weight of an electrical
system will be

» Cioa
1A ™ PA ’
where: P, - is the useful output capacity of the electrical system.

The relative weights are subdivided into elementary, summary,
installed, and flight weights, calculated for individual electrical

units, functions, and the entire electrical equipment of an aircraft.

For a single type equipment of a similar capacity the relative
weight is more conveniently determined for the entire set included
in a function.

To determine the relative weight of a function we should proceed
from the average relative weights of the basic electrical units, as
the most accurate ones, ignoring in this case the relative weights
of the secondary units, which have sharply expressed extreme values.

In this way, the Trelative flight weight 1s the principal crit-
erion for the weight in the comparative evaluation of weights of
individual elements and for the entire set of electrical equipment
to various types of aircraft,

In the process of planning for the relative evaluation of weight
of the electrical systems, it is quite useful to utilize approximate
calculations of the relative installed weights.

In the approximate evaluation we performed a simple totaling up
of the weights and their capacities.

1. The relative installed weight of an electrical unit

E GisA

1A =5

A P.A
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vhere:

where:

where:

S.

6.

. Relative installed weight of the function

P9 cl.f
Crog = 5~ -

GCieg - is the total weight of the function.
Pe - i{s the total output power of the function.

. Relative installed veight of d-c electric power syst.m

. G
Ciac * 18¢ |

Pc

Glge - 1is the total weight of the d-c power system,

PE - is the total output capacity of the a-c power system.

. The relative installed weight of the a-c power system

X Glec

CTSC R
P¥

~

G)ge - is the total weight of all the a-c power systems;
Pg - is the total output capacity.of the a-c power system.

The relative installed weight of the power system

* *
GTec G\l'_c

* +
Gige = 3

The relative installed weight of the electric power consumers

n
G
" E 18p

*
clep - ———-n ’

* the asterisk indicates relative weight.
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where: | Cypp - 1% Lhe total weight of the consumers of the function;
1

n - is the number of consumcre in the function,

1. The relative installed weight of electrical ecquipment of an afr-
craft:

® [
. Ciae * Crop
Cig = 7

Chapter 2. Reliability of the Electrical Fquipment.
1. The Problem of Reliability of Electrical FEquipment.

The problem of the reli.uility of the equipments' work attains
special significance in connection with the fact that the development
of the functions of electrical equipment proceeds in the direction
from the auxiliary to the decisive function of control on the aircraft's
flight.

The expansion of the range of problems, solved by means of elec-
trical equipment, results in an abrupt complication of the latter, a
mass employment of electronics, automations, and creation of complex
systems of equipment.

In this connection, rigid limitations are imposed on the newly
designed system on creation of a strengthened reserve (electrical,
mechanical, and other) in connection with the necessity of obtaining
systems with a minimum weight and volume.

In connection with the increase of speed of technical progress,
the type permitted for developing new models is reduced sharply, which
decreases the number of additional tests of different variations for a
comparison of their reliabilities.

The growth of the speed of increased reliability falls behind and
the requirements for it, which reduces the effcctiveness of the new
technological equipment, therefore the problem of reliability 1is the
most important one in the processes of planning, production, and oper-
ation.

The electrical Systems ghould be simple in operating-principle, re-
liable in operation, and viable under combat conditions.

On the rationality and correctness of the system and construction
of installation of the electric power systems depends to a great ex-

* the asterisk indicates relative weight.
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tent on thelr operational rellability and vitality.

All the coneumcru, vith respect to thelr importance, afe divided
into turee categories:

1. Consumers indispensable for flight. Their fallure may result

in great harm, catastrophy, or non-fullillment of the assignment.
2. Consumcrs, the failures of which may cause a detericration

of the crew's working conditions, and complicate the flight conditions.
J. Consumers, operating only on the ground.

In order to assurc complete safety and operational reliabilicy
the following demands are presented to the consumers of the first
category:

1. The consumers should be supplied uith feed under all conditions
of the power system's work, including damage to individual units of
the power supply lines.

2. The supply and systems control circuits should exclude the
possibility of working conditions and controlled units situations in-
admissible for flight safety, when the system fails or when there
are troubles in the control or power supply lines.

3. In systems controlled by two or more members of the crew, a
blocking system should be provided for, which would exclude the sim-
ultaneous switching on of the system for opposing motions (removal
or extension, opening or closing, etc.) and assuring that the system
would be controlled by only the principal member of the crew when
they are simultaneously turned on by several members of the crew.

Principal Characteristics of an Aircraft's Electrical System's Re-
liability are:

Electrical Reliability. Presence of duplication and protection,
correctness of selection of the switching equipment, and other ele-
ments of the system, absence of the harmful influence of some elec-
tric power consumers on the work of the others.

Safety of the System. Any failure of the system or erroneous action
of the crew should not cause a direct emergency situation. Precise,
immediate, and visual signalization of the failure of the system.

The visual nature and sufficiency of signalization of the position
of the unit controlled. Presence of blocking systems and protective
devices excluding accidental or incorrect switching on of the system.
The failure of the blocking system should not disrupt the work of the
principal control system.
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Coavealeonce In Opetatioan. Simplicity of brief ligtt Inepection.
Coavenlonce of (he vos of controlling unite In flight end the possib-
tlity of finding them rapldly. Reduction (o a alnimus of the poesib-
tlicy of erromeous operation in flight.

Poseibility of rapid dieconnection of the system controlled during
an emevrgency situation.

Combat Vitality. Continuity of supply of power to the system upon
damage to & part of the energy sources or part of the enargy uni:.
Rapid and reliable disconnection of the damaged sector of the systom.

2. Basic Concepts and Parameters in Calculating the Reliability.

In the mathematical calculations of relfabilit. of electcical
systems of aircraft the wvell-knowvn general conceptu, terms, and para-
meters are adopted vhich make it possible to analyze and evaluate the
reliability of ths different systems.

The systza is the totality of the jointly acting technical devices,
intended frr carrying out specific functions.

Element of the system ~ is a part of the system, intended for
carrying out specific functions.

Working order - is the state in vhich the system (element) at a
given time-moment correspond to the technical specifications.

Working capacity - is the state in which the system (element) i«
capable at a given time-moment to carry out {its functions with re-
spect to the principal parameters, assuring flight safety.

Fault - is the state in which the system (element) at a given time
moment does not respond to at least one of the established technical
requirements.

"The basic fault" results in a failure, and "a secondary fault"
does not cause a failure.

Failure - is the complete or partial loss of working capacity of
a system (element).

Safety - is the property of the system (element) during the ful-
fillment of the prescribed functions under specific operational cen-
ditions and under the possible external actions, not to cause a broak-
down of the aircraft or endanger the lives of the cr w.
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Reliability - 1o the property of the systes (clement) tou re-
taln ite vorking capacity during a4 preecribed tine interval under
specific operating conditions.

Restorability - {s the property of the system (element. to re-
store tho working capacity as a result of elimination of t'rse causes
of the failure.

Non-Restorability - (s the property of the systes (element) not
to be restorable after the origination of a failure.

Mean-time of a failure-free work - T., - of manufactured articles
{s the mean arithemetical time of their correct work.

For non-restorable articles the aversge failure-free worktime {s
deterained as the ratfo between the total accumulated working time
of the articles vhich failed to their total number, that is,

N

!y
Tep = g

vhere: t; =- {s the accumulated working time of the article before
appearance of the failure;
N - (s the total number of the articles.

For restorable articles the average failure-free wvorking time {s
determined in two stages: 1. The value of the average time t G
accumulated between individual restorable failures of each article,
is calculated as the ratio of the total working time of the article
IAt to the total number of the failures n for this time, or ,

at
DI

i cp *

vhere: 4t -~ (s the time between successive failures of the article.

Thereupon, the mean-time of failure-free work of the entire number
N of the articles is calculated:

ty cp
T - —m——
cp \
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The average fallure-free working time {6 an {llustrative, quant:
tative reliability charactertistic. It is convenient for evaluating
the reliabllity of simplest elemonts, vhich after fallure are not
repaired. It may be used aleo for evaluating the reliadility of com-
plex devices, but in the latter case this characteristic vill re-
flect the value of the meantime of fallure-free vork of a number of
systems before their first failure.

Faflure-Frequency - - s the ratio betveen the number of articles,
vhich have failed {1 a unit of time, and the inftial number of the
articles tested under the conditions, that all the articles out of
order ave not rvestored, {. e., the number of the articles tested
during the testing perfiod decrecases (fig. 2.1):

f « AN
Noat °

vhere: AN - {s the number of articles which have failed during the
time {nterval at At;
No. = {s the initial number of the articles tested;

At - {s the time interval.

According to the value of failure-frequency one can judge the
number of the articles which may go out of commicaion during a des-
cribed time-period, and determine the number of required reserve
elements.

Paflure-Intensity - 2 (fig. 2.2) - is the ratio between the number
of articles which failed during a time unit, and the mean number of
articles wvhich operated correctly during the given time period:

\ = AN__J‘ 28N .
N3¢ (N, +Ny)) ac°
where: At - 1is the working time;
N; - 1is the number of articles operating correctly at thc
beginning of the time period At;
N2 - 1is the number of articles operating correctly at the
end of the At time period;
N - 1is the number of articles operating correctly during
time At;
AN - 1is the number of articles which have failed during the
time At period.
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Fig. 2.1. Typical Curve of a Fig. 2.2. Typical Curve of a Vari-
Variation of Equipment ation of the Intensity of
Failure Frequency ac- Equipment Failure according
cording to the oper- to the stages of vperation.

ation stages.
Key: 1. Working-in period; II. Normal operation; III. Wear.

In the time interval between O to t, the intensity of failures de-
creases sharply. In this sector the elements are waiting in and go
out of commission through internal faults. In the sector from t; to t;
the intensity of failures for the majority of elements is a constant
value. This sector characterizes the normal work of the elements. The
growth of the fajilure intensity curve upon the passage of time t; is
explained by the mechanical and electrical wear of the elements.

The intensity of the articles' failures characterizes the most
complete reliability of the elements and is one of the best reliability
characteristics.

Since it is considered, that all the elements in the equipment
operate during the period of normal operation, that is, the periods of
waiting in and wear, are not examined, the values of the failure in-
tensity are given in the form of a constant value per one working hour.

The tentative data on the intensity of failures of various elec-
trical equipment elements in aircraft are given in Table 2.1.

According to the failure intensity value we can judge on the
quality of the elements; the higher the quality the higher {s the re-
liability and the smaller is the value of failure intensity.

The failure intensity of a given single type element operating
under a similar regime and identical surrounding conditions may fluctu-
ate within a wide range. Its value depends on the quality of the
materials, technology, and efficiency of production, complexity of the
elements, etc.
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Table 2.1. Tentative Datz of Failure-Intensity of Electrical Equip-
ment Elements
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Name of elements

Failure-intensity per 1 out of work

Name of elements for failure-intensity per 1 out of work
Failure-intensity per 1 out of work

Resistors

Capacitors

Potentiometers

Electrical vacuum instruments

Semi-conductor diodes

WoOoONNOWmEswWwN -
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10. Semf-conductor triodes
11. Releys

12, Two-way switches

13. Switches, buttons

14. Microswitches

15. Starters

16. Protective automatic devices
17. Inertial cathodes

18. Fuses

19. Magnetic amplifiers

20. Electricel filters

21. Low power transformers
22. High power transformers
23. Induction, choke coils

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

Solenoids

Plug connections

Solder connections
Measuring instruments
Indicator lamps

Pressure and temperature sensors
Low pover electric motors
High powver electric motors
Electro-magnetic clutches
Transformers

Generators

Conductless generators
Storage batteries.

Today, the data on failure intensity of various elements (Table
2.1), have as a rule, a generalized character without indication of
specific conditions, for which they are correct, and may be used only

in approximate calculations.

Probability of Failure-Free Work - P -

is the probablity of the

fact that under specific operating conditions within the boundaries of
the prescribed time period no failures occur in the work of the article
(fig. 2.3). The probability of failure free work is the principal re-

liability characteristic.

10 Tep

Fig. 2.3. - Typical Variation of Failure-free Work Prob-

ability in Time.

In the general case, when there is a complex relationship between
the frequency or intensity of failures and time, value P may be cal-

culated with the formula:




t
- [ A(t)de

P=e 0

For certain elements (system) the series of failures may be
practically considered as the simplest series of random events, sub-
ject to Poisson's law, in the opposite case during a period of nor-
mal operation the intensity of the articles' failures does not de-
pend on time and is a practically constant value (A = const) and then
the probable reliability is determined according to the exponential
law of reliability:

t
-—T—
Pwe A ae cp ,
where: t - 1is the prescrjbed working time.

The exponential law of reliability 1is correct, when the mechanical
or electrical wear of the elements has not yet practically arrived,
while the waiting in period has been completed, i. e., it is correct
for the period of the normal work of the elements.

The exponential law of reliability is correct for the majority
of simple electrical systems. It is also used in calculating complex
systems, consisting of a large number of elements, the variation in
the reliability of which differs from the exponent, and the mean time
periods of satisfactory work differ. This case is typical for the
majority of complex systems. Practical experience shows that cal-
culations of probability of satisfactory work, carried out under the
exponential law of reliability, in many cases agree well with the ex-
ponential data.

From the exponential law of reliability (see fig. 2.3) follow the
next important conclusions:

1. Reliability of the complex system, as an element, agrees with
the course of time to the exponential law.

2. The more complex the system (non-reserved) i. e., the greater
the number of elements included in it, the lower is its reliability.

3. The reliability of the system depends to a great extent on the
reliability of the elements of which it consists.

4. 1If durirg a prescribed working time there is the possibility
of appearance of a single failure, i. e., tp = Tcp, the probability of
failure-free worx will be of the order of 0.37.

5. 1If a fajilure-free work exceeds by ten times the prescribed
working time, 1. e., t, = 0.1 TC » the probability of failure-free
work of an article wilg be not greater than 0.9.
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Thus, in order to assure a higher level of failure-free work
probability, it is necessary to increase substantially the mean time
of failure-free work in comparison with the prescribed working time
of the article.

The reliability of a system may be increased by simplifying it
and increasing the reliability of its component elements. However,
the decrease of the number of elements in this system, and the in-
crease of their reliability, is a complex technical problem.

The exponential law of reliability is inapplicable for the initial
period of the work of the system, when the process of waiting in takes
place and the intensity of failures is not a constant value.

The introduction into the exponential law formula of an addi-
tional, factor K, obtained from statistics, may take into account the
tact of the correct work of the system of a failure during the waiting
in period and other factors.

3. Brief Information on the Theory of Probabilities as applied to
the Calculation of Reliabiiity.

The theory of probability studies the mass cases of an event or
processes, possessing stable frequency of appearance.

Upon an unlimited increase of the number of tests the statistical
values of the frequency approaches (converges with respect to prob-
ability) to a certain number called THE PROBABILITY OF A GIVEN EVENT:

1. If during a given test the realization of one of the events
examined A}, Az....A, does not prevent the realization of any other
one of them, the events are called compatible. In this case the events
will be independent, if the appearance of one of them will not change
the probability of the appearance of another.

For compatible events the theory of multiplication of probability
is applicable, which is written for independent events in the follow-
ing form:

P(Al . Az...A“)'P(Al) . P(Az)...P(An).

2. If during the given test only one of the conditions examined
Aj, Ay...A,, may occur. These events are called incompatible.

For incompatible events the theory of addition of the probabil-
ities is applicable:
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P(Aj+A+. .. +A ) = P(A)) + P(Ay) + ...+ P(Ay).

The events, included In the vorking state of the system (clement)
and in {ts failures, are i{ncompatible, since the system cannot work
and work at the same time. In this case in the theory of probabdilities
it is said, that incompatible events form a full group for which

PeQel,

wvhere: P - s the probability of the fact that Che system will be
vorkable; , : ,
Q - {s the probability of the opposite event (fallure of
the system).
In the general case for the full group of events A;, A;... Ag

n
I Plag)el.
{=1

In the theory of reliability we Jfetinguish three basic conven-
tiona) types of combjnagions of systems (elementse): successive,

Ian the practice of calculation of the reliadbility of the systen
the method of etructura]l eystems has becoms wvidely popular. The cal-
culation system according to this method 1e formed oa the Weele of
successive and paralle]l comnection of the slenente I1ncluéed (2 o glven
system. These Lypes of conventional connections veed fot the cal-
culation system of rellability do not alweye cotecide vith doolgned
connection of the elements In the cysten, (. 0., the patallel comumec-
tion of certain elements In the electrical clrcults In the calcwlation
of reliadility in a oumber of cases nay be o serlos comnectice

A series connection (basic) 1s called the totality of epeteme
(elemente) for which the necesassry #nd cuffliclient coniition for o
fatlure {s the fatllurte of even cas (snry) syetem (elomewt) 1w juded 1o
the given totality. The calculation systen ond (ds dopondoncs of (he
systen‘s reliadbility on the reliability of 1te elementes I2 o sstice
connection are given in fig. 2.4,

According to the theory of multiplication of preobebliities wibdes
the condition, that the fallure of cach of (e @ dlomente ¢f 1te opoton
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Examples: 1. The system consists of three types of elements (m=3),
possessing vpecific probabilities of good working orders, {. e., P| =
0.995, n; = 40; P, = 0.995, n; = 40; Py = 0.985, nj = 10.

Then the probability of failure free work of the svstem {s

P e 0.999%% - 0.99%%% . 0.985'%<0.82 - 0.82 - 0.87+0.98.

3. The eystem comsletls 0f 100 elementes connected In series.
Jstetnins (b msas prowsbility of faflure free wrb of the ele-
awate providing o0 & prowabllity of good worbing order of the systen

ogusl (o 0.9,

.

rPe0%er ",

P, c 0.998).

A petallel commsction 1o the totality of eysteme (slements) for
hich (he sscessary end sulficiont conditione for & fallute fo the
fellure of all the syetone (slemente) Included In the totality,

The calcrlation eyeten and dependence of the rellablility of the
ivetlon ot (he tellablility of 1te cloements connectled In paralicl io
glven ia fig. 2.9.

The probeblility of feallute of syeton Q with the elements connecled
in patalliel 1o ogual o the product of (ke protebilitice of fteallures
of (he component elemente!

LY 1}
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Fig. 2.6. Diagram of calculation of the reliability of the system
with mixed connection of the elements.
Key: 1. Sector or section.

The system with a parallel connection of the elements will not go
out of commiusion until all its elements have failed.

The probable reliability of system P in this case is determined
as follows:

k
Pel-Qal- g (-FPy).
o1

Since the usual clements connected in parallel (reserve) are
equally reltadble, then

Pel-(1-ppk.
Ixample. The systeon has k = ), PJ = 0.9. Determine P
el -0-0.9) = 1-0.1' = 0.999.

Tarellel commections of subsystems (slements) should be used when
the te)iablility of the system should be higher than the relfadility of
the eubeyeteoms (slemente).

A aleed connectica Jo & ocl of systome (slements)in which various
compinetl jone of sstliece ond parallisl coonections of both the individual
slonente (maito) ond erelame afe woed .

16 Cig. 2.6 wo prtosent oms of (¥ gossible asystleme of calcwulatioa
of %s ¢eilobility of o opetom with nlend connection. Ir seitor |
(%8 clonende oftes conmsitald o sstise, Ile tollabiiity 1o stornined a6
t. et o ?,

4 owitod 3§ (18 clomende ote comvsctand I patelic]-astise, Ito
¢V IN¢r Jo Qetstnired oo feliowe:

x :‘ =




P 1 - [1—(1-P3)k]' [1-(1-P“)k]uhenP3 - Pq.

Prp = [1-(1-Py)k)n,

In sector III the elements are connected in series-parallel, its
reliability is determined as follows

- - - . k
PIII 1 -(1-P5 - Pg)X.

The sectors are connected with one another in series, therefore,
the reliability of the system is determined as the product of the
reliabilities of individual sectors of the system

n
Pe=Py«Prp: Pryp= 1“1 Py.

Example. Determine the reliability of a system the elements of
vhich are connected as it is shown in fig. 2.6 and have the probable
work reliability equal to P} = P, = 0.97; P; = P, = 0.8; Pg = 0.9;
!k = 0.95.

Py =Py - Py=0.97 - 0.97 = 0.9;
Pyp = (1-(1-P3 )¥).[1-(1-P, )K])=[1-(1-0.8)2)2 = 0.92;
Pyyp =1-(1-Ps + Pg )k=1-(1-0.9 - 0.95)? = 0.98;

P‘PI o Pll . P!II - 0.94:-0.92°0.98=0.848.

The method of structural systems i{s simple and convenient, 1. e.,
vhen the element of the system {s subject to only onc type of fatlure.
In a complex system, vhen the element is subject tc two dif{ferent types
of failure, the method of structural system {s not always applicabdle.

For such instances the most universal {s the method of fajluge (ree
work diasgrems developed on the basis of the algebra of logic.

Let us exnamine the essence of that method using an exawple-probdblen
on the selection of the most reliadle type of connection (seriee of
parallel) of two tdentical semiconductor diodes, each of Which 1o aud-
ject to two different types of (allures' ta be punclurted of torn. Ia
fig. 2.7 ve shov two possible simplified dlagrams 0. commect jons of (bes
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diodes: in series and in parallel.

It is prescribed, that the diodes may fail because of puncture
with the probability of q'q = 0.040 and there with q"4 = 0.030. The
probability of failure of the other two conventional elements, in-
cluded in the systems in parallel with the diodes, is assumed to be
equal to q = 0.001.

The prescribed probsbilities of failure free work and failures
of the component elemerts in this case vill be:

1 Desorkamoh pabo u 2 Orwxana
099 v 0,000
g -0.9 A qq 070
1 0960 |Pg datug ! 4y 1010 o upobo 3
Ia’ 0,970 4 0,030 - no obpusy &

Key: 1. Faflure free work; 2. failure; 3. because of puncture;
4. because of rupture.

Let us form a diagram and equations for calculating the prod-
abilities of failure free work of bus-systems

1 fnmensinee i 2 Moy Ssiiarsl pobiras
{ HoHoH ) [P )[--{‘] {-Lm ;

B [zm =

Fig. 2.7. Calculation dlagram for fallure (rve worh.
Koyt ). Simplified diagram; 2. (allure free worh dlagram; ).
system will word without fall; &. or, o0 3. 1€, 8¢, (F.

The heoic aothnd (ot constltw(ioe of the (allure froe work 4la-
gtom 1o (e conpilation of o chain of loglcal condit jose, doternin-
ing thooee cmbisutions of laterrelotod actione of Individusl elemopnts.
of o eyetam, with AIch (allwte (ros Wi Lo oontnd. Thwee loglcel
condit lone ofe weition In (b fotn of ¢ dlagron ond ol gulrelc oguat lon
of ovonte, detotnining the faliute (rvs Wit of o oretam, ¥y oo of
slomunt ety logls olgotte (unitione: logicel aitiplitcat lone, «blit ione,
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and negations of events. The replacement of events by the values of
probability and their appearance results {n an expression for cal-
culating the probability of failure free work of the entire system. '

In the problem examined, the diagram consists of three logical
chains (conditions) of failure free work:

1) Diagram of diodes connected in series - all elements of the
system wvork vithout fail; - failure through puancture (q'y) of one
of the diodes under the condition of failure (ree work of the other
elements of the systema. This logfcal conclusion is reflected in the
diagraa {n the form of tvo analogous chains.

2) System of diodes connected in parallel - all elements of the
systeam wvork vithout f{afil; - failure through rupture (q",) of one of
the diodes under the condition of fallure free work of ¢t other
elements of the systes.

In the diagrams we shov two analogous logical chains expressing
this condition.

The probadility of fatlure free work of tw diodes on the baaile
of the taltial data sdopted for o serics and parallel coanection are
deternined by the folloviag formulas:

Poortos *F° * Plie Pl q) - Pg o P -y q'y or lf;:-q‘:l -
e 0.999° (0.970° - 0.040°] + 0.938;

- g

Prarallel®f’ © Pg o Fa g Pge B - by qge ti1r) L g0
= 0.99° (0.960° - 0.0)0°) < 0.920.

I1a thile way, 18 (his Cooe (s foestvetion of two dicdee ¥ (hwir
paralle] commections (o less tellables, thes vith oot ioe comuct ione

6. Meye (o Increase Ssllatvililty.

Nosouree for Increncing felioblility ey be toton 1a plamning, pro-
ductine, 1a opsrotlios of oyetems blmu;.

COouslly the (oot of cperat ilonel oretoms (slomewnie) socoode oud-
otant 1ally t(he coot of plomning ond produciion, (tetelote (hs principal
eflort otould Vo Siteitod (owatde (M Ctoation of relloble oyotome and
clonvete. Neoverthelses, In ths (1]l of opriations alee, Important
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measures may be taken for increasing the reliabilitcy.

In the course of planning the reliabilities of systems (elements)
may be attained both by the system and the design methods.

System Methods raise the reliability of systems (elements) im-
proving their simplified diagrams, namely:

1. Creating the simplest diagrams possible.

2. Creating diagrams vwith eliminated consequences of failures.

J. Reserving elements and systenms.

4. Introducing automatic control.

Diagram methods are one of the decisive factors in creating re-
liable elements and systems and vhen they are skillfully used, they
make 1t possible to obtain reliable systems, even with insufficient
reliable elements.

Creation of the Simplest Systems possible i{s one of the most im-
portant and difficult problems in planning the systems.

One of the causes of origination of the reliability problea {s the
complexity of diagrans of modern systems, and therefore the rationale
{n degrees of the number of elements in a system (without harmful char-
acteristice and functioning) s the detarming factor in their planning
frfocess. For relay-contact systems a theory based on logic algebra
exiets, vhich makes (Lt possible to plan complex problems with a mini-
mum requirted number of relay-contact elements. The degrees of the com-
plexity of the systems (s the only nethod vith vhich the increase of
teliadbllity accompanics the degrees of veight and volume of the system.

Creation of Systems vith Limited Failure Results - {s of great
iImportance for avalation systems of a responsible purpose (power systems,
coatrol systems, and so {orth). Faflures of such systems are divided
into two groups:

1. Tallures vwith dangerous consequences; disruption of the flight
assiganent, forced landing, accident, catastrophy.

2. Tatlures without dangerous consequences; the deterioration of
vorking conditions for the crew, complication of flizht conditfons, re-
duction of comfort, and so fortth.

The eystems, carrying out the reliable functlons of aviation systems,
should be bullt In such a4 vay as to exclude the possibility of appear-
snce of (allures vith dangerous consequences, or at least to increase
the values of the consequences on the appearance of a fatlure of the
systems of (ts elements and esectors.

In powrrevetems the appearance of a dangerous consequence s also
connected with the loss of feed for a number of systems and a possible
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catastrophy.

Analogous consideration may be expressed with respect to the system
of autamation of aircraft engines, automatic pilot, and other systems, ‘
used in the aircraft (especially pilotless aircraft).

Reservation - is the most effective and promising systems method
of increasing the reliability of elements and systems.

Among the design methods of Increasing the reliability of the
systems applied are methods, analogous to tkose examined for the systems
(creation of the simplest possible design, creation of designs with
eliminated failure consequences, and reservation of structural elements),
and also auxiliary measures: creation of reliable elements, correct
selctions of their parameters, and favorable working conditions, stan—
dardization of elements and systems, convenience in operation and re-«
pairs.

The reliability of an element is determined primarily by the prin-
ciple of its operation, and also depends on its design method and con~
dition of use. Usually the most reliable are the elements which have
no moving parts, incandescent filaments, and fine windings. In this
connection semi-conductor elements are very promising.

New design elements should be unified and possess a high character-
istic of uniformity during the good working order period.

New design development are based to a great extent on a series pro-
duced structural elements, therefore, their reliability should improve
continuously.

Elements should be used only under working conditions specified in
the technical specifications, since thc excess of electrical, trouble,
infiltration loads, raises substantial (up to tens of times) the in-
tensity of their failure.

In planning the systems we should take into account the chgnges
in the parameters of the materials and parts with time and provide for
the possibility of repairs in the process of operation. A comprehensive
automatic control system should provide control of the working order
of the systems and warnings on the place of failure-origination. In this
case the built-in control elements should not reduce the reliability
of the principal system.

In the process of production the reliability may be increased in
the following directions:

1. Improvement of the production processes.

2. Automation of production.
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3. bdraining of the elements and systems.

4. Control of product quality.

5. On the ground adjustment of natural size mock-ups of electrical
systems with imitation of emergency conditions.

In the process of operation the increase of reliability may be
provided for by:
1. Strict adherence to instructions on operation, reguiation,

and their operations.

2. Extensive use of semi-autowatic and automatic control of systems
on the ground and in flight with forecasting of failures.

3. Collection and processing of statistical data on the experience
in operation of the systems.

4. Communications with the industry and planning organizations.

In many cases the methods of servicing is an indispensable means
for maintaining the reliablity of electrical systems and their elements
at the appropriate level.

5. Methods and Ways of Reservation.

The increase of the quality of the system by means of rational use
of excess elements is called reservation. The system shall be called
reserved, if upon a failure of one of several elements it continues to
function normally. A reservation may be performed by two methods:

"hot" or "cold" reserve, which differ with respect to the action of the
system to appearance of failure.

"Hot"-reserve is the constant inclusion of reserve elements parallel
to the principal one under normal working conditions. Upon the origin-
ation of failures there is no disruption in the work of this system
until at least one of the parallel connected elements is in good working
order.

This method is simple, economical, and reliable, especlally when
elements, small units and their feed-lines are reserved. Since the
elements are permanently connected, it is not required to have switch-
over devices or failure-signalization devices.

With the "cold"-reserve the reserve elements are in a disconnected
state (it is assumed, that the intensity of the failures under this
condition is equal to 0). The next reserve element is included in the
work, after the one which has bee¢n working has gone out of order.

Short-comings of this method:

1. Disruption in the work of the system from the ~rment of failure
of the working elements until the connection of the r :r\2 went into
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operation. This phenomenon is especially dangerous in the electric
power supply system.

2. The necessity of having switch-over devices and working-devices,
which increases the volume, weight, and cost, and reduces the reli-
abilicy.

Both reservatfion methods may be used with different methods of con-
nection of the reserve elements or circuits.

There are two principal methods of reservation: the general and
the separate.

General Reservation consists of reservation of the entire system as
a whole. Thanks to its simplicity this method has become widely pop-
ularized especially in the secondary power systems with transformers of
direct current into alternating, and alternating into direct current.

Separate Reservation consists of reservation of a system according
to individual sectors or elements. Any division of the reserve i o
smaller items (reservation on a smaller scale) is more advantageous
from the point of view of increasing the reliability of the system. An
example of this may be a parallel connection into the feed-network of
the generator feeders by individual sectors of the feed-line, to channel
feed and control important consumers, etc.

In designing conduct elements we may use internal reservations, i.e.,
independent switch-rods, regulating their independent conducts, in-
dependent conducts of the basic relay with independent control windings
and so forth.

Use of the above mentioned ways and methods of reservation in the
primary and secondary powersystems are examined in the corresponding
sections.

However, the reserve connection of the system (elements) is not
only sufficiently effective. This pertains to cases when the 3ame
element of a system is subjected to several failures which differ in
their physical essence. In this case for a single type of failures in
order to provide for reservation, the element has to be connected into
the structural system in series, another type of failures in parallel
series. In such cases, each of the above mentioned connections by it-—
self may provide only partial reservation. Energy about this is pro-—
vided by examples given in Table 2.2.

In such cases the use of systems, consisting of combinations of
series and parallel connections for calculating the reliability becomes
practically inconvenient. In this case it is advisable to carry out the
calculations on the basis of logic algebra methods.
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Table 2.2.
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g oY . LT 3 .
e ' N .
1. Element
2. Nature of failure
3. Connection system proceeding from the failure reservation
4. Semi-conductor diode
5. Short-circuit
6. Series
7. Rupture
8. Parallel
9. Control system electric mechanism
10. False pole
11. Series
12. Rupture of control circuit
13. Parallel

Very reliable systems and elements may be created by using re-

servations. With the optimum diagrams for certain systems this does
not cause a substantial increase in weight and volumes, especially
in connection with extensive use of small dimension semiconductive
instruments and their super-miniature parts.

The continuous growth of complexity of diagrams of modern systems

increases the demands for the reliability of elements, however, it is
extremely difficult to reduce the intensity of element-failure to a
minimum value through design and production measures in a short period
of time, and therefore reservation at a given stage is one of the
essential methods for increasing reliability.




6. Tentative Calculation of Power System Reltabidtoy.

Tentative calculation of the reliadility of pover systlems ie
carrivd out at the stage nf rough draft in the developmont of the
simpliffed circuit diagram. In this case {t (s assumed that:

1. All the elements operate during a normal period of time
under normal conditions, their number, type, and failure intensity
are knowm.

2. The entire system functions during the maximum time of a
single flight.

J. At the moment of start of functioning the system {s in good
working order which is achieved by the corresponding control.

4. Pailures of the elements in time are dfstributed according
to the exponential lav, that is, the probability of failure free
work of an element {s determined through and according to formula

P = e-xiti.

where Ay - {s the mean intensity of failures of the { element;

ty - 1is the working time of the { element.

The calculation probability of power systems is carried out in the
following sequence;

l. We determine the probability of failure-free work P of the
included units, auxiliary elements and wires for the prescribed maximum
time flight {1, in this case the intensity of failures is selected ac-
cording to the statistical data of operation of analogous equipment:

P = e-At.

13

2. The probability of failure-free work of a single channel
( generator with equipment) of power P, is determined as the product of
probability of failure-free work of the corresponding units

P, =P - Py ... Pp.

3. The probability of safe work of electrical power systems is
determined by the prubable safety of the work of the channels in-
cluded.



The relfability of a system of electrical power supply is ex-
amined in the sense of providing flight safety. By flight safety
we understand the probability of the power system for its possible
exturnnl damage to provide feed to the cousumer, on the work on
which depends the life of the participants in the flight and the
performance of the assignment. The disruption of safety results in
a dangerous situation.

In the power system with parallel operating channels, the n
time-duplication is provided for, therefore simultaneous going-out
of commission of n-l channels does not result in the failure in the
feed of the principal consumers, if the available power of one chan-
nel is sufficient. The dangerous situation begins only when all the
n channels go out of commission.

The probability of safe work of a power system P, (presénce of
feed at the main distribution busses) in this case is determined by
the expression

A single failure in one of the channels does not result in the ap-—~
pearance of a dangerous situation. However, depending on the character
of a failure (U. e., short circuit at the central busbar) and the
system of unification of channels into parallel work, the dangerous
situation may appear in this case also. A dangerous situation may or-
iginate also in the case of douhle failures during certain combinations.
For example, the failure of an element in the voltage regulation
system and failure of an element in the corresponding protection de-
vice. In certain power systems the break-down or wvakid@ge~° ~-~:rator
bearings also results in a dangerous situation. In this case, due to
the rigid connection of the generators with the afircraft engine, the
mechanical friction_of the parts of the generators may cause a fire
in the aircraft.

The probability of origination of failure of a system Q, ., caused
by a certain double-failure of the units, is determined as

W.c*U - QQ,

where, for example Q) - is the probability of appearance of a failure
in the voltage .-cgulator unit;
Q2 - is the probability of appearance of a failure
in the protection unit.
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The fear of double-failures, resulting in a dangerous situation,
is determined by the proportion

B = —-%o&- = 5
Qc 1-Py

The probability of the absence of a dangerous situation for the
n-channel system of the electrical power supply is determined by the
formula

Pe = U - 800" - (1 - £,

where Q. - is the probability of failure of one of the n-channels;

BQe, -~ 1is the probability of double failure resulting in a
dangerous situation.

According to the calculation of reliability of an electric power
system the composition and types of the elements, the regimes of their
work and the diagrams of connections are rendered more precise and
the optimum variation of the simplified diagram of the electric power
system is finally determined.

Let us examine examplesof tentative calculations of reliability
of electrical power systems for direct and alternating current.

Example 1*. Calculation of reliability of a d-c power system.

Calculation of reliability of a generator's feeder. The calcul-
ation system of a generator's feeder, shown in fig. 2.8, consist of
a giiifs connection of elements. If from statistics we know the in-
tensify of a failure of elements, using the exponential law, we may
determine the reliability.

1. Cutout 1, A; = 0.01 - 1073,

P, = e Mt . 2.73-t - 0.01 - 10—3.

2. DMR: relay 6 pieces, )\ = 0.02 ° 10-3; soldered connections
35 pleces, Agz = 0.0001 x 10~3; plug connections 7 pieces, ;3 =
0=,

0.0005 - 1
The elements are connected in series.

®* The double failure in a single channel resulting in a danger-
ous situation, is not examined in this e..ample.
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-t(6:0.02438 + 0.0001+7 - 0.0008) - 10" . ___¢ .0.127 +10-}
p. - ¢ .‘.73 .

3, 3. Switch 1 piece, »3 = 0.01 - 1077,

-t -+ 0.01 - 1073
Py = e

4. Voltage regulator; carbon rod 1 piece, 2, = 0.08 - 1073, re-
sistor 4 pieces, ), = 0.01 - 10-3, rectifier 4 pleces, X“3 = 0.01 -
10~3, electric magnet windings 4 pileces, x““ = 0.0015 « 10-3, soldered
connections 25 pieces. Ayg = 0.0001 - 10-3, plug connections 5 pieces,
Ayg = 0.0005 + 10-3

]
~ XJ.
M0 |- Bonr. | PH ac r m—'l
.7

Fig. 2.8. Diagram of calculation of generator-feeder reliability.
Key: 1. DMR, 2. Switch, 3. Voltage regulator, 4. Outside
resistor, 5. Generator, 6. Ballast resistor, 7. Short
circuit wires, 8. Feeder.

The elements are connected in series.

P, = e -t (0.08+4 - 0.01+4 - 0.01+4 . 0.0015+25 - 0.0001+45 -

* 0.0005) - 10-3

-t - 0.171 - 1073
P“=e .

5. Outside resistance Ag = 0.12-1073.

e - . 1073
by = o=t 7 012 - 1073,

6. Generator 1 piece, Ag = 0.2 . 1073,
-t + 0.2 - 1073
Pg = e .
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7. Ballast resistance | plece, 7 = 0.001 - 10°°.

, -t - 0.001 - 107}
7= e

8. Short circuit. Length S m, 2y = 0.0001 - 107? length 1 m.

5 -t -+ 5. 0.0001 -+ 10°3 -t - 0.0005 - 103

The reliability of the generator feeder is determined by the
product of reliability of the elements included.

Py = Pyg = PP, -P3 Py, 'Pg ‘Pg'P7 Py =

o ¢~ (0.0140.12740.0140.171+0.12+0. 2+0.001+0.0005) 10-3
ot 0.6395 . 10-3

PK - -

In this way the probable reliability is determined: for 10 hours of
work P, = 0.9931. Por 200 hours of work P, = 0.7447. With parallel
connections of engine readings into the network. The reliability of
the power supply is determined by the expression

PC -] - (l > P‘)n.

For example, when n = 2,
In 10 hours of work P, = 1~(1-09931)2 = 0.959550%.
In 200 hours of work P, = 1~(1-0.7447)2 = 0.935.

However, we should bear in mind that the power supply to all the
consumers upon the failure of the generator feeders is provided up the
moment of complete exhaustion of the reserve capacity, and with the
further failure of the feeders, it is necessary to disconnect the con-
sumers accordingly.

Calculation of reliability of the distribution system power supply.
Let us carry out a comparative calculation of the reliability of the
power supply of the distribution systems with different diagrams of
the supply line.



Fig. 2.9. Diagram of calculation of the reliability of the unprotected
line of distributing system feed: a - structural diagram; b -

calculated diagram.
Key: 1. Distribution system, 2. Generator, ). Central distridb-
ution system, &. Bolted connection, 5. Circuit (n the

vire, 6. Short-circuit in the busbar.

Unprotected lines for the distribution system's supply are given in
fig. 2.9.

The system includes a bolted connection with 2, = 0.000]1 - 10-?,
short circuit in the wires with X, = 0.0001 - 10-3, for 1 m, and short-
circuit for the distribution busbar A3 = 0.001 - 10-. The reliability
of the elements included for 1000 hours of work is determired as

- . - -3 = ¢ v -’
P, = ¢ t:2:0.0001-107% _ -t + 0.0002-1077 _ 4 gog¢.

- e . . -3 — . . -3
p, = gt:25°0.0001:1073 -t - 0.0025:1073 _ o oo,

¢ . 1073
Py = e €°0:001 = 107% _ 4 998,




The total reliability 1
L .
Pe(l -(1-p )"Pr, Py 0.9868.

Feed-lines vith one-sided protection of the distribution systenm
are givea in fig. 2.10.

The systems includes the came clements as in system of (ig. 2.9,
but in addition the cutout with i, « 0.01 : 107!,

The reliadbilities of the elements included for 1000 hours of
vork (s determined as (ollows:

> -t + 3 - 0.0001 - 10-} -t - 0.000) - 10~}

1 * e e ¢ 3
-¢ - 0.01 - 10!

. .

'2 - .
-10? +0 L 107 -
10° (0.0003+0.01) - 107° % 0-0103.0,9890;

Pioo Py * P =0
Py =1 - (1-P;3)? = 1 - (1-0.989)° = 0.9999879;

.10} - . 10~}
Py = o107 - 0.0025 + 1070 -0.0025 _ oo,

- ’. o -3 'S
P e o107 10001 - 1077 | 4 g9y = 0.9982,

2 )
Pig =P ‘P, P, = 0.999879:0.9962° -0.9982 = (.99.

The total relfabiliy 1
Pel-0U-P ) =1-0-0.997«0.9999.

Feed-lines with tw-sided protection are given In (ig. 2.11.
The relfadbilities of the elements (ncluded in 1000 hours of appraision
are deternined:

= ) » . . . -1
10°(4:0.0001¢2:0.0125-0.0001) -10 .’-0.0229.0.9772;

Pip Py PPy o
Py - 1=-(3-0r,,)* = 1-(1-0.9772)" =« 0.99999997) ~ |,

-10? -0.003 - 10°° -0.001
. LK)

Py - = 0.998.;

Pyg =3 ~03-P)° 1 -(1-0.9982)° = 0.9999967%.
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Fig. 2.10. Diagram of calculation of the feed-line reliability with
one-sided protection: a - design diagram; b - cal-
culation diagram.

Key: 1. Distribution system, 2. Generator, 3. Central dis-
tribution system, 4. Bolted connection, S. Circuit
in the wire, 6. Short-circuit in the busbar, 7. Cutout
or fuse.

The overall reliability is

Pe= PI * Pll = 0.99999675.

From the calculation we can see that the most reliable feed-circuit
of the distribution system is the angular four-channel system with
tvo-sided protection for the feed-line.

Example 2%, Calculation of the Reliability of the A-C Power
Systes.

Let us assume, that from statistics we know the intensity of failure
of units included in the electrical power system:

- For elements of voltage regulation and frequency ) = 2-10-7

1/per hour;

- for the protection unit clements A = 1:10~7 1/per hour;

- for the contact-lazy generator ) = 2.9:10"% 1/per hour;

- for constant speed drive ) = 45.2:10"5 1/per hour.

To determine the probability of the absence of a dangerous situ-
ation for a four-channel power system, for a 10 hour flight,

* The failure of auxiliary elements, wires, and the reliability of
electric pover supply to secondary distributing devices is not examined
in “his example.
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b)
Fig. 2.11. Diagram of calculation reliability of the feed-line with
two-sided protection: a - design system; b - . cal-

culation system.

Key: 1. Distribution system, 2. Generator, 3. Central dis-
tribution system, 4. Bolted connection, &4 pieces, 5.
Circuit in the wire, 6. Short—circuit in the busbar,
7. Cutout or fuse, 2 pieces.

—— e
The probability of failure-free work of the unit for a 10 hour
flight is determined according to the formula of the exponential law.
1. For a voltage regulator consisting of 53 elements,

- 2.10"7 . .
Pop = e 21077 733010 16 99089,

2. For frequency regulator consisting of 41 elements,

—0—7"
boch = e 2t A0 g g9993.

3. For the protection unit consisting of 245 elements,

- » -7 . L]
Pp.ay = e b 10T 723 71016 99976,

-



4, For the contactless generator,

Cd - . -s [ ] L]
) pp = e 2901070 01210 99972,

5. For the constant speed drive,

e45.2 10-5 -+ 1 - 10

P _= = 0.9955.

pr

The probability of failure-free work of a single channel of the
electric power system is determined as,

Pk e Ppr ’Pr'Pp.H 'Pp.ch . Pb,e.y = 0.9948.

The probability of failure-free work of a four-channel system
without taking into consideration the determined combination of the
double failure, will amount to

P, = 1-(1-Pk)“ = 1-(0.9948)" = 0.999999999269.

The probability of origination of failures of the system, caused
by certain combinations of double failures of the regulation and voltage
units, will be

Qoc = Q.H * Q.e.y = 48-107% -50:1076 = 24-10-10 ,
anke
The fear of double failures resulting in a dangerous situation,

Qo-c 2410710

l-q( 1-0.9948

= 4,52 - 1077,

B =

The probability of a absence of a dangerous situation for a four-
channel system will be determined by

“ -
P,=(1-8Q)"-Q-8)"-Q = (1-~4,62:10"7 +5.2:10"3)" -

- (1 - 4,62-10"7)" - 0.0052" = 0.999998977.




Section IIl. Aircraft Electric Power Supply Systems.
Chapter 1. Electric Power Transmission and Distribution Systems.

1. Principal Elements and Classification of Electric Power Supply
Systems.

The electric power supply system is the connecting link between
the sources of energy and consumers and consists of the following
elements:

1. Electrical Conductors, intended for transmission of electric
energy from the sources to the consumers.

2. Distribution systems (DS) intended for receiving energy from
the sources and distributing it to the consumers.

3. Equipment for protection of the sources of energy, consumers,
and wires, against short-circuits and overloads.

4. Switching equipment intended for control.

5. Control equipment of gources, consumers, and istributing systems.

6. Devices against interferences in the work of the radio-engineer-
ing and instrumental equipment.

7. Equipment for protection against static electricity.

8. Installation and assembly parts. The electrical power supply
systems are classifled according to a number of features:

According to their purpose their are divided into feed- and dis-
tribution systems. The simplified diagram of a system is given in
fig. 1.1.

Feed-Systems transmit electric power from the sources to the feed
points, primary and secondary distributing systems.

The Distributing Systems transmit the electric power from the feed
points to the consumers.

With respect to the type of current in voltage the electric power
supply systems are cubdivided into 5 groups:

1. D-c low voltage systems (47, 27, and 12 v).
. D-c high voltage systems (112 v and higher).
. Three-phase a-c high voltage systems (200/115 v and higher).
. Single-phase a-c high voltage systems (115; 200 v, and higher).
Three-phase and one-phase a-c low voltage systems (47, 36, 27,
and 12 v).

WM WN

Direct-current, low voltage and three-phase alternating-current,
high voltage power supply systems being the most widely used in most
power systems. In a secondary power system three- and one-phase a-c
lines as well as low voltage d-c lines are usually employed. Direct-
current, high voltage lines are seldom used today.
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Fig. 1.1. Circuit diagram of the feed and distribution systems.

are:

Key: 1. Distribution system, consumers-feeders; 2. Feed
system, energy source feeders; 3. Generator; 4. Auto-
matic starting relay; 5. Automatic control; 6. Central
distribution system; 7. Distribution system; 8. Con-
sumers-feeders; 9. Distribution system.

With respect to the electric power transmission system, designs

. Single wire,

Two-wire,

. Three-wire,

Four-wire.

w1th respect to electric power distribution they are:
1. Centralized,

2. Mixed,

3. Decentralized,

4. Separate.

With respect to configuration they are:

1. Disconnected (radial and main-line),

2. Closed (radial, main-line, rectangular, and angular).
3. Combined.
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With respect to protection they -are:

1. Protected,

2. Non-protected.

With respect to their channels they are:
1. Single channeled,

2. Multi-channeled.

The name of the electrical power system is usually based on con-
figuration, channels, protection, and purpose, or as the explaining
elements, the type of current, voltage, transmissic. system, and dis-
tribution system.

For example: Angular, multi-channel protected feed-line of a direct
current with a voltage of 27 v.

2. Principal Technical Demands to the Electrical Supply System.

The general technical demands examined for electric power supply
systems are applied to electric power lines. Let us not assume specific
features of thase demands and ways of meeting them.

1.The electrical power supply system under normal and emergency con-
ditions of operation of the aircraft should provide high reliability
of electric power transmission from sources to consumers.

2.When individual energy sources fail, and wires are broken off or
short-circuited, the supply system should retain its working capacity
and transmit energy of satisfactory quality,

3.The electrical power supply system should have a minimum flight
weight and assure high quality of electric power transmission from the
sources to the consumers.

Let us ecamine the principal ways of meeting the above mentioned
demands.

High Reliability, Fail Proof Work, and Vitality of the Electric
Power Supply System may be reached by:

- forming of several rings of the supply system, i. e., creating
a main electric power supply ring with primary, central distribution
systems, and the secondary electric power supply ring with secondary
distribution systems;

- making multi-channel feed-lines in the main and secondary energy
rings;

- making two-sided protection for the electric power supply lines
in the main and secondary energy rings;

- selectivity of operation of the protective devices during short-
circuits in the feed-lines, i.e., automatic disconnection of the damaged
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line and attention of the working capacity of the remaining supply
system;

- selective operation of the protection during short-circuit in
the distributing wires of the central distribution system and its

distributing system, 1. e., automatic disconnection of the damaged bus-

bars and retention of the working capacity of the remaining supply
system;

- stringing supply lines of the energy supply rings on two sides
of the aircraft;

- multilateral feed of the main energy ring. The number of power
supply points should correspond to the number of energy sources;

- automatic switching over of important consumers from the dis-
tribution busbar which has been taken out of commission, to the one
operating normally;

- automatic switching over of important consumers to the emergency
supply line when the principal feed-line has been taken out of com-
mission;

- assuring a minimum dispersion of voltages on the distribution
busbars;

- automatic and selective disconnection of the consumer from the
distributing busbar during short-circuiting of its feeder and over-
loads;

- installation of the supply line of the shortest route with a
minimum of connections and transmission resistances in the conducts;

- an effective reduction of the flight-weight of the electrical
supply system may be reached by: using a-c with a voltage of 200/115
v, instead of d-c 27 v;

- a single conductor power transmission system instead of a two-
conductor one;

- using aluminum wires instead of copper wires;

- improving the quality of insulation;

- connecting high capacity consumers to the distributing devices
lying near the energy sources;

- correct selection of wires from conditions of heating and per-
missible voltage loss.

The quality of electrical energy depends on the selection of the
energy sources, the transmission and distribution system, the con-
figuration and protection of the power supply lines. The principal
measures to be taken for increasing the quality of electric power
supply are:

- parallel work of all the energy sources for the main supply
system;

- multi-channel and angular configuration of the feed supply systems;

- feeding the high capacity consumers from the distributing de-
vices lying near the energy sources;

- connecting the working windings of the voltage regulators to the
central distributing system busbars;
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- installation of the network over the shortest routes with a
minimum amount of connections and transition resistances at the con-
ducts;

- selectivity and rapid operation of the protective devices.

In order to combat parasitic magnetic and electrical fields, some
wires and individual assemblies are shielded, electrical filters and
dischargers are installed, individual elements of the aircraft's body
are interconnected with metal, etc.

3. Direct-Current Electric Power Transmission Systems.

On aircrafts with d-c electric power systems two systems for trans-
mitting electric power have been widely adopted, namely the one-con-
ductor and two-conductor systems.

In the One-Conductor Transmission System (fig. 1.2) only the plus
wire is brought up to each source and consumer. The metal body of
the aircraft is used as the minus-conductor. In this case we have to
bear in mind, that over the aircraft's body considerable current flows
(thousands of A), therefore individual elements of its structure
should have a reliable conduct.

Advantages: 1. The body has a high conductivity and we may count
voltage losses only in the plus-conductor.

2. The weight of wires and power line devices in comparison with
the two conductor systems, is reduced by up to 40%, while the dimen-
sions of the power linc devices are reduced to 15 - 20%.

3. The assembly and operation of the power line is simplified con-
siderably.

Fig. 1.2. Diagram of a single conductor direct-current
electric transmission system.

Short—comings: 1. Connection of any wire with the body is short-
circuiting of the electrical system, and therefore the demands to the
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electrical insulation are increased.
2. If an extraneous plus becomes connected into the consumer's

circuit, the latter operates arbitrarily.
The single-wire supply system has become widely used in all types

of aircraft.

In the two-conductor electric power transmission system (fig. 1.3)
direct and inverse wires are connected to bus the source into the
consumers.

A protection and control equipment, as a rule, is installed on
the plus circuits. The protection equipment in the minus circuits is
provided only for units having an inverse conductor, connected with

the mass.

Advautages: 1. When any wire is short-circuited on to the body
the syscem retains its normal working capacity and goes out of com-
mission only on simultaneous short-circuiting of two conductors on the

body.

=

. Clpamwas wuma

Fig. 1.3. Diagram of the two- Fig. 1.4. Failure of a radial
conductor d-c electric ferder upon short-circuiting
power transmission system. of the power electric mech-
Key: 1. Direct pygbarg 2. anism wire in a two-conductor

reverse busbar; 3. reverse system.
conductor; 4. direct con-
ductor.

2. Small hazard for the service personnel, because in such a net-
work, touching even a bare wire is not dangerous.

However, these two advantages are correct only for the two-wire
systems in which the consumers (mainly radio-equipment), having a con-
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nection between the inverse conductor and the mass are absent.

3. Small interference level, because in principle the direct and
inverse conductors represent a bifilar conductor.

Short-comings: 1. With identical voltage loss values in the two-
wire system the wire cross-section is twice and the weight is four-
times greater than in the single-conductor system.

2. The presence in the two-conductor transmission system of con-
sumers with diverse conductors grounded to the mass may result in ad-
ditional emergency conditions (fig. 1.4 and 1.5).

When a power mechanism is turned on the short-circuiting of its
plus conductor to the mass (short-circuiting in point a, see fig.
1.4) causes the flow of the short-circuit current to the minus con-
ductor of the radio-equipment, which is grounded into the mass.

The mass of the current is shown with the broken line. Since the con-
ductors and the cutout of the electric power mechanism are cal-
culated for a large current, then the wires of the mentioned radio-
equipment are calculated for small currents, the short-circuiting
first of all will result in ignition of insulation or burning out of
the wires in the minus circuit of the radio-equipment. This makes it
necessary to install cutouts in the minus wires of the conductors
which are grounded.

When the fuse burns out in the minus grounded circuit of the radio
equipment with a simultaneous short-circuiting of the plus wire of
the electric mechanism to the mass (short-circuiting in point b), the
capacity of which is commensurable with the capacity of the radio-
equipment, there will be a false operation of the electric mechanism,
as it is shown in fig. 1.5.

Fig. 1.5. Falge operation of the electric mechanism upon
short—circuiting of its conductor in a two-con—
ductor system. Key: 1. The fuse has burned out.
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The two-conductor electric power transmission system had been
exceptionally popular at the early stage of development of electrical
equipment of aircraft, when the length of the electric power supply
lines was not great, and the body of the aircraft was wooden or of a
mixed construction.

In individual cases the two-conductor system is used with a com-
mon minus, into which the consumer's two-wires are also brought up:
one from the plus busbar, and other from the combined minus wire. In
the combined minus conductors, the currents of all the consumers con-
nected to them never flow simultaneously, and the > fore, the cross-
section of the combined conductor may be used smal .er than some of
the cross-sections of all the separate minus condu-tors of the con-
sumers. The two-conductor supply systems with a c mbined reverse con-
ductor is the logical conversion from the convent.onal two-conductor
system to the single-conductor system.

In modern airgraft the two-conductor transmission system is used
only in individual sectors of the power lines, where it is impossible
to assure reliable contact between the minus wires and the aircraft's
body. This pertains mainly to the electrical units located on the
engine. The minus wire in this case 1s brought up to the fire-proof
partition.

With a single conductor system of electric power transmission the
especially important consumers may be controlled over a two-conductor
system, which practically excludes the possibility of false operation.

In pilotless aircraft, in order to increase the vitality and re-
liability of electrical systems it is also advisable to use two-con-
ductor ~=lectric power transmission systems.

4. Alternating-Current Electric Power Transmission Systems.

On aircraft with a-c electric power systems, the electric power
transmission systems, and especially their operations, are determined
by the number of phases and are represented by the single-phase and
three-phase transmission systems.

Single-Phase Alternating-Current Transmission Systems.
A single-phase alternating-current is transmitted by two-systems:

the one—conductor and the two-conductor system, which possess the ad-
vantages and short-comings noted in paragraph 3.
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Three-Phase Alternating-Current Tranamission Systems.

The three-phase a-c electrical energy depending on the typc of ('
generator and the specific features of operation of the aircraft, may ’
be transmitted by thc following systems: the two-conductor, with
grounding of one-phase; the three-conductor, with grounding of the
power neutral; and the four-conductor systems.

The two-condcutor transmission system is possible (f the source
of electric energy is a three-phase generator without & power zero
let out. In this case the body of the aircraft is used as the third
conductor (fig. 1.6).

Fig. 1.6. The diagram of the two-conductor
system of three-phase a-c trans-
mission with grounding of one phase.

Advantages: Reduction of the weight of transmission lines to the
use of the body of the aircraft as the third conductor.

Short-comings: 1. Because of the low resistance of the aircraft's
body there is asymmetry of linecar voltages in the consumers, which in-
creases with the increase of distance of the corsumer from the energy
source.

2. With the same linear voltage in the two-wire system, the volt-
age between the body and the linear conductor is /3 times greater
than in the grounding by the zero-conductor, which increases the dangers
of shock.

3. When one of the line conductors is broken, a part of the single
phase consumecrs becomes connected in series, vhich results in abnor-
mal conditions of their work, while the three-phasc consumers receive
single phase fced.

The Three-Conductor Transaission System {s used {n svstems vere
the source of clectric cnergy is a three-phase a-c penerator with {n-
sulated neutral lines (fig. 1.7).

Three-phase consumers are supplied over a three-conductor svetenm,
the single-phase consumers use the two-conductor system.
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Advantages: 1. With symmetrically distributed single-phase loads
the asymmetry of line voltages with practically absent.

2. The probability of appearance of short-circuits through the
body of the aircraf. {s decreased.

3. The insulation of the neutral prevents leaks of current har-
monics which are multiples of three.

Fig. 1.7. Diagram of the three conductor three-phase
a-c transmission system with insulated power
neutral.

Short-comings: 1. When one of the wires i{s connected to the mass
(a hidden short-circuit):

a) the danger of contact with wires of the other phases increases;

b) the potential diagrams change in the electronic equipment,
supplied with power from the section with the closed phase, which may
cause disruption of the work of the equipment;

c) an over-voltage torms on the filters' condensers;

d) it is required to raise the rated amplitude voltage of the
equipment’'s fnsulation to 585 v.

2. A potentfal danger of short-circuiting through the body is cre-
ated.

3. Rapid wvarnings and discovery of short—circuits to the mass (s
not provided for consumers wvhich are turned on only {n flight.

4. To feed single-phase consunmers with a voltage of 115 v, it (s
required to install a large nuaber of small transformers.

5. i~ connect single-phase consumers, a two-fold switching equip=cnt
i{s requirced, because with connections through single-fold equipment,
vrong starting is possible.

6. Whon there (s an fnequality of resintances of singlce-phase con-
suncrs, connected In a star-pattern, the rise of phase voltage at {n-
dividual ones among them i{s possible.
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The Three-Conductor: Transmission System with a Grounded Power
Neutral is possible, if the electric power source is a three-phase
synchronous generator with a power zero let-out. The bady of the
aircraft is used as the zero conductor (fig. 1.8).

Three-phase consumers are supplied over the three-condcutor cir-
cuit, and for consumers which have a let-out zero, the body of the
aircraft is used as a false conductor.

Fig. 1.8. Diagram with a three-conductor system of
a three-phase alternating curre-t trans-
mission with a grounded power neutral.

Advantages: 1. With three-phase loads and symmetrical distribution
of single-phase loads over the phases the line voltage asymmetry {is
practically absent.

2. The presence of two working voltages Uf and U, = /3 Uf assures
the possibility of connecting single-phase consumers On the line and
phase voltage of the generators without transformers.

3. Reliability increases and the weight of the wires decreases some-
vhat in connection with the four conductor system.

4. The work of the automatic protective devices of the generators
is simplified.

5. The vitality of the electric system is increased, since three-
phase electric motors upon damage to one or two conductors may operate
for a short time as two-phase and as a single-phase motors.

Short-comings: 1. Poor shape of the phase voltage curve, caused
by the third harmonic in voltage. In modern generators the short-coming
is practicallv eliminated.

2. Closing of any line wire to the mass causes short—circuiting.

The three-phasc system with a grounded power neutral has a number

of advantages over the other systems of transmission and distribution
and s recommended for use in aircraft as the principal system.
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Fig. 1.9. Diagram of a four-conductor system for a three-
phase ‘a-c transmission.

The four-conductor transmission system i{s possible if the source
of electrical energy is a three-phase synchronous generator with a
let-out power zero (fig. 1.9).

Advantages: The system possesses the merits marked in paragraphs
1l and 2, 4 and 5, of the three-conductor system with the grounded
power neutral, and in paragraph 2, for the three-conductor system.

Short-comings: The system possesses the short~comings marked in
paragraphs 1, 2, arnd 3, and 5 for the three-conductor systems.

5. Electric Power Distribution Systems.

Depending on the purpose and dimensions of the aircraft four
electric power distribution systems are used: centralized, mixed,
decentralized, and separated.

The principles of the systems' work differ, consequently, the
quality of electric power supply and the methods of calculations are
different.

The above mentioned systems extend in an equal degree to the
systems of electric power supply with direct and alternating current.
The first three systems provide for a parallel connection of the
energy sources, and attained wide popularity in the init{ial electric
power supply systems.

On an aircraft we can use all the four distribution systems simul-
taneously.
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The Centralized Eiectric Power Distribution System (fig. 1.10), is
characterized by the fact that the energy from the feed sources is
delivered to a single central distributing system (CDS) and then
from the CDS-busbars it is distributed between the individual con-
sumers.

The protection of energy sources and consumers' feeders, control
and regulation of energy sources, are concentrated in the CDS, which
is located in the immediate proximity from the crew. The consumer
control equipment, as a rule, is located on the corresponding functional
boards and panels.

Advantages: 1. When individual energy sources go out of commission,
the consumers continue to receive normal feed from the power reserves
of the generators.
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Fig. 1.1C Centralized system of electric power distribution.
Key: 1. Generator; 2. storage batteries; 3. auto-

matic starting relay; 4. central distributing system;
5. consumers' feeders; 6. sources; 7. consumers.

2. The voltage at the CDS-busbar is maintained constant within the
limits of accuracy of the voltage regulator work, their working wind-
ings are connected directly to the CDS-busbars.

3. The feeders of all the consumers have a potential, equal to the
potential of the CDS-busbars, and consequently, the voltage at the
consumers' terminals is determined only by the change in the current
consumed by the given unit.

4. With the corresponding salection of the feeder wire cross-
section for various consumers, at the unit terminals, we can obtain
any required voltage, optimum for the given unit.
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5. Convenience in operation, checking, and finding faults in the
electrical system.

Short~-comings: 1. Low vitality of the electric power system, since
upon short-circuiting at the CDS-busbar all the consumers lose their
feed.

2. Unwieldy CDS, because in it, the protective equipment for all
the energy sources and consumers' feeders is concentrated as well a-~
the control and regulation equipment for the electric power sourcec

3. The great weight of the electrical system due to considerable
length of the feeders of the energy sources and consumers.

The centralized electric general distribution system became used
most extensively in light aircraft. Upon the increase of the number
of sources and consumers the centralized distribution system becomes
unwieldy and heavy. However, it can be successfully used in secondary
electric power supply systems, providing a differentiated high quality
electric power supply to the consumers.
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Fig. 1.11. Mixed electric power distribution system.

Key: 1. Distributing system; 2. central distributing
system; 3. consumers' feeders; 4. sources; 5. con-
sumers; 6. point of connection of the working~
winding of the voltage regulator; 7. automatic
starting relay; 8. storage batteries.

With a Mixed Electric Energy Distribution System all the energy
from the feed sources is delivered to a central distributing system
(CDS), then from the CDS-busbar a part of the energy is distributed
directly to the power consumers, and another part is delivered to the
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grouped distributing systems (DS) from which the other consumers re-
ceive their feed.

In fig. 1.11 we portray the simplified diagram of the mixed electric
power distribution system. In order to reduce the weight of the con-
ductors it is advisable to place the CDS at the shortest distance from
the energy sources and power consumers, and place the group distrib-
ution systems &t spots, where the consumers and the control panels in
the crew's cabins are concentrated.

The protection of the energy source feeders and certain consumers
is concentrated in the CDS, the protective devices of the feeders of
the other consumers are concentrated at the corresponding DS. The reg-
ulation and control of the energy sources is performed from the DS
which is in the crew's cabins.

Advantages: 1. The mixed system possesses merits, marked in para-
graphs 1, 2, 3, and 4, for the centralized system, paragraphs 3 and
4 pertaining only to consumers receiving power supply from the CDS-
busbars.

2. The vitality of the feed system is increased in comparison with
the centralized distribution system, because with the correct selection
of the system's configuration and its protection, short-circuits in
the feeder or on the DS busbar deprive of current only the given DS, re-
taining the integrity of the remaining part of the power system.

3. The design of the distributing devices is simplified, because
of the decentralization of the protective and switching equipment.

4. In connection with the approach of the CDS to the sources and
their power consumers, and of the DS to the consumers, the weight of
the electric lines decreases, its installation and operation is simpli-
fied.

Short-comings: 1. Insufficient vitality of the power system, since
upon a short-circuit at the CDS-busbar all the consumers lose their
feed.

2. Loss of an invariable voltage of the energy sources(on the CDS
busbar),the voltage at the DS-busbars does not remain constant but
changes in relation to the number and capacity of consumers, which
are connected simultaneously to the given DS, which uses the quality
of the electric power supply, in comparison with the consumers re-
ceiving feed from the CDS.

3. The voltage at all the DS differs. It has a large fluctuation
range in comparison with the voltage at the CDS, therefore, in working
out the basic electric power systems for the consumers, we cannot
permit connection of the busbars through the consumers' circuits.
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The mixed system of electric power distribution is used in
medium aircraft, having a small number and capacity of energy
sources, a limited number of high power consumers, a moderate
quantity of low power consumers, and a sufficiently branching
electrical line system.

In order to increase the relifability we resort to sectioning
of the DS-busbars and use multi-channel feed conductors with
selective protection.

With a decentralized electric power distribution system
(fig. 1.12), the feed sources deliver energy accordingly to the
nearest CDS. From the CDS the energy is delivered to the nearest
consumers, and DS located in the crew's cabins, which supply feed
mainly to non-power consumers and to the DS, installed in the
places of group location of consumers.

In order to increase the reliability of the electric power system
all the CDS are connected between one another as a result of which
the feed system is closed in many places.

Advantages: 1. The decentralized distribution system possesses
all the merits marked for the mixed system.

2. The presence of several CDS increases substantially the re-
liability of power supply when the feed lines are broken, or during
several types of short-circuits on the busbars.

3. The reliability of feed for the DS-busbars increases, because
it is possible to divide them into sections and to supply with power
from a different CDS.

4. It is possible to use a ring-shaped power line with selective
protection, which raises the reliability of the electric power supply.

Short-comings: 1. The decentralized distribution system possesses
the short-comings noted in paragraphs 2 and 3 for the mixed system.

The decentralized electric power supply system has beocme widely

used in all kinds and types of aircraft, especially in medium and
heavy nircraft,

The divided elctric power distribution system (autonomous) is

characterized by the fact that each source serves only its own group
of consumers,

The divided system is used in cases when the parallel work of
electric energy sources is impossible because of their unequal electrical
parameters, for example, the different tolerances with respect to volt-
age or frequency with the same rated values.

The divided electric energy distribution system includes elements
of centralized or mixed systems.
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Fig..1.12. The decentralized electric power distribution system.
Key: 1. Point of connection of the operating coil of
the voltage regulator; 2. sources; 3. consumers.

The absence of parallel work of energy sources does not permit a
rational utilization of the available power, impedes the starting of
powerful consumers, and increases the fluctuations in the voltage in
the network when they are turned on.

When the energy source goes out of commission, the entire group
of consumers lose their power supply.

The divided distribution system is used in the primary and sec-
ondary power supply systems. It is entirely unavoidable in a-c power
supply systems with unstable frequency, and possible as the operational
variation in systems with alternating current of a stabilized
frequency when the generators go out of synchronism, and also for in-
dependent work of generators during take-off and landing in order to
increase the reliability of power supply to duplicated consumers. More-
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over, the divided distribution system is used extensively in sec-
ondary power systems, the energy sources of which are electric machine
or static transformers of direct current into alternating with a
stabilized frequency or alternating current into direct current.

6. Power Supply System Lay-Out.

The lay-out (a geometry) of the power supply lines is the principal
factor in assuring reliability and uninterrupted work in the supply
of power to the consumers, determines the quality of the electric
power supply, the selectivity in operation of the protective devices,
and the vitality and weight of the system. The lay-out is the basis
for naming the power supply system.

With respect to the lay-out the power supply systems are divided
into three types: the open, closed, and combined. Each type of the
power supply system may have different ways of transmission and dis-
tribution of electric energy, different numbers of channels, and dif-
ferent protective devices for the feed lines.

Let us examine the merits and short-comings of the principal types
of lay-outs applicable to d-c power supply systems, since all the
principal premises apply entirely to the a-c power supply systems.

Open Power Supply Systems.

In the open power supply systems the electrical energy is delivered
to the distributing busbars in only one direction. They may be re-
presented by the two principal types: radial and main line.

Radial Feed Lines. In fis. 1.13 a, we show a normal radlal single-
channel feed line.

Advantages: 1. It is easy to calculate and to select the protective
equipment, which operate selectively during short-circuits and over-
loads.

2. It is simple to install and operate.

3. It has a minimum wire weight, since the DS may be placed at a
location where the consumers are concentrated.

Short-comings: 1. The voltage on the busbar of the secondary DS
changes in relation to the number and capacity of the consumers, con-

nected simultaneously to the given DS.
2. When there is a short-circuit at the CDS busbar the entire

electric power system goes out of commission.
3. When the DS supply line is broken or short—~circuited, the con-
sumers connected to this busbar are deprived of electric energy.
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Fig. 1.13. Disconnected radial supply systems.

The disconnected radial single-channel supply system has become
widely used, however, due to the low reliability and vitality is
not recommended for future aircrafts.

In fig. 1.13 b, we present the divided radial single-channel
supply system with automatic feed lines reservation.

Advantages: 1. The system possesses the merits marked for the
divided radial single-channel supply system.

2. When the principal feed line'is broken or there is a metal shosi
circuit, the reserve line is automatically switched on, providing un-
interrupted supply to the consumers.

Short-comings: 1. The system possesses the short-comings, marked
in paragraphs 1, 2, and 3 (in particular short-circuits on the bus-
bar) for the divided radial single-channel supply system.

2. With alternating short-circuits at the main line, the con-
tactor is not switched over, since the voltage in the line in this case
remains relatively high (19 - 23 v).

3. During a short-circuit in the distributing wire of the DS the
contact goes into the '"bell'-operating condition.

4. The weight of the conductor doubles in comparison with the
single-channel system.

In fig. 1.13 c, we present the disconnected radial multi-channel
supply system.
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Fig. 1.14. Divided main-line feed systems.

Advantages: 1. The network possesses merits noted for the open
radial single-channel supply system.

2. The use of independent supply systems numbering not less than
three, and having a bilaterial protection, increases substantially
the reliability of DS power supply during short-circuits or breaks
of conductors without increasing the weight of the conductors in com-
parison with the single~channel network.

The system possesses the short-coming, marked in paragraph 1 for
the open radial single-channel feed system,

Main-line Feed Systems. In the open main-line feed systems the
distribution of busbars are connected in series, and the electric
energy 1s delivered to them from one side only. The typical systems
are presented in fig. 1.14.

The systems possess the advantages noted for the corresponding
systems of the open radial supply system.

Short-comings: 1. The systems have the same short-comings as the
similar radial ones.

2. The voltage at the busbars of the secondary and supplementary
distributing systems (DS) changes in relation to the number and capa-
city of consumers, which are connected simultaneously to these dis-
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tributing devices, the fluctuations in the voltage increasing with
each busbar connected i{n series.

3. Upon a break or short-circuit of the intermediate lines, there
is in all the next distributing busbars deprivation of current.

4. With a large number of adjacent sectors it is difficult to
provide for the selectivity of operation of protective devices by
means of fuses or thermal protective automatic devices, since for
selectivity it is necessary to have a stepwise increase of the time
lag of the protective devices, from the end of the line to its
start, when the short-circuit currents flow through them. For re-
liability of operation of protective devices it is necessary, that
the rated currents of the protective equipment of the adjacent sectors
would differ by not less than one and one-half times. With a greater
number of adjacent sectors protection becomes too coarse and its re-
liable action in the main sectors is not assured. This situation is
intensified in a high power electric power system, because of the
peculiar external characteristics of the generators, where the short-
circuit current in the system decreases upon the approach of the short-
circuiting point to the beginning of the line.

Closed Power Supply Systems.

Closed power supply systems are such in which the distribution de-
. vice busbars receive feed from several independent energy sources from
different sites, at least from two sites.

By the independent energy source we understand such sources in
which the working conditions disrupted or resulted in damage to one of
them (for example short circuit at the busbars of one CDS) does not
cause the others to go out of commission.

The closed power supply systems may be divided into four principal
types: radial, main-line, grill-work, and ring-shaped.

Merits: 1. With the symmetrical distribution of loads of the bus-
bars under normal operating conditions of the network, the decentralizing
current in the middle link is absent. Symmetrical DS busbars, in this
case will be under identical voltage and the correspondir- sectors of
the system between the CDS and DS may be calculated for a fully per-
missible voltage loss.

2. The systems possess the merits, noted in the corresponding
divisions for the divided radial feed systems.

3. The systems in comparison with the divided systems have a high
reliability and vitality when there are breaks and short-circuits in
the feed lines and DS-busbars.

4. When there is a short-circuit at the CDS-busbar, only part of
the power system goes out of commission, ceasing the power supply to
the corresponding consumers.
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Fig. 1.15. Closed radial supply systems.

Radial Supply Systems (fig. 1.15) possess the merits marked in
paragraphs 1 through 4. Special interest is represented by the closed
radial two-channel supply system shown in fig. 1.15, c¥.

The network retains the normal power supply for the DS-busbars
when there is a short-circuit in any supply line, which is assured by
the selctive operation of the protective devices.

Fig. 1.16. Closed main-line supply systems.

Main-line Power Supply Systems (fig. 1.16) possess the merits

marked in
ficult to
there are
while the

paragraphs 1 through 4, however in these systems it is dif-
assure a selective operation of the protective devices when
short-circuits in the line or the distributing busbars,
series connection of the DS-busbars decreases their reli-

* Proposed by the author.
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abllity {n comparison with the radial ones. The use of multi-channel
independent supply lines numbering no less than three, with bilateral
protection, increases somewhat the reliability of DS-power supply
without increasing the conductor weight in comparison with the single-
channel system.

Ring-Type Supply Systems represent multiple closed networks with
the presence of several parallel connected electric power supply
sources (fig. 1.17).
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Fig. 1.17. Ring-shaped power supply system.

Such systems possess a high vitality and provide uninterrupted
power supply to the consumers, when individual feed-lines are broken,
in as much as the busbars of the distributing devices receive feed
from several directions.

However, with such a complex lay-out of the feed systems, it is
practically impossible to select correct protection.

Let us examine this with a concrete example (fig. 1.17). Let us
assume that there is a short-circuit in the section a) and b) only
the protective devices a) and b) should operate, and this may occur
when these apparatuses have the minimum time of operation with respect
to all the other protective devices of the network, including equip-
ment c¢) and d). But only in these cases will the devices a) and b)
operate and disconnect the damaged sector a) and b) before all the
other protective devices of the network will operate, and the entire
remaining system will continue normal work. If however, there is a
short-circuit at sector cd, then obviously, in order to disconnect
this sector under the condition that the entire remairing network
would continue normally, we should have the mini-umtime for oper-
ation of devices c)and d) and this is contrary tc the selection of
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the protective equipment proceeding from the conditions of the pre-
ceding emergency conditions at the ab sector.

Because of the above, the protection of such feed systems is in-
effective and results only in a reduction of their reliability.

Such systems are used without protective equipment, but they re-
present considerable fire-hazards during short-circuits.

Ring-Type Supply Systems. In ring-type supply systems the energy
ie delivered to the distritution bushars from a minimum of two sites
from independent energy sources, and each line of the system has
protective devices on two sides. The standard ring-type diagrams of
supply systems with selective protection*, as shown in fig. 1.18, has
all the merits of the systems for other lay-outs and have a number of
advantages over them. .

In fig. 1.18, a, we show a ring-type three-channel supply system
in which the energy is delivered over three-channels to the primary
distributing busbars, and over two channels to the secondary.

Merits: 1. When any one source of energy goes out of commisslion
or any wire is torn, all the consumers receive normal feed.

2. The DS-busbars possess a high reliability of electric power
supply through sectioning and supply from various CDS.

3. The system makes it possible to place the distributing systems
near the concentration of the consumers.

4, The initial distribution busbars have a stable voltage, de~
pendent only on the accuracy of the work of voltage regulators.

5. With a symmetrical distribution of loads on the the bushbars, the
colliding current between the CDS and in the middle link of the DS
is absent.

6. When there is a short-circuit in any wire the bilateral protective
device operates, isolating the one wire from the system.

7. When there is a short-circuit on the CDS busbar, only one-half
of the distributing busbars is deprived of current, whereas when there
is a short-circuit on the DS busbar only that busbar which has the
short-circuit is deprived of the current.

Short-comings: 1. Great difficulties in selecting the protection,
which would provide for a selective and rapid operation when there

is a short-circuit.
2. Insufficiently rapid action of the protective devices when

there is a short-circuit on the CDS busbars.
*Proposed by the author in 1950.
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In fig. 1.18, b, we show the ring-shaped five-channel feed system,
which has a main and a secondary power ring. The number of the latter
is determined by the number of concentrated groups of consumers. The
enevgy to the primary distributing busbars is delivered over five
channels and to the secondary busbars over three channels.

The principal condition for a confident selective operation of
the protective devices when there is a short-circuit in the feed lines
of the distributing busbars is the presence of not less than three
channels with a bilateral protection of each. The increase of the
number of channels improves the selectivity and raises the speed of
the protection's action.

The selectivity of operation of protective devices during a
short-circuit in the wires or distributing busbars of the secondary
energy ring is provided for by the corresponding selection of the
rated values of the protection taking into account the following re-
lationship: .

I} eI = I3=1,=1<KIs,

I, +Iy=1I,+1I,=2ID>Ig,

where 1,#I, - are the rated protection currents. Practically, Ig

is selected equal to 1.2 & 1.51.

Merits: 1. The system possesses the merits noted in paragraphs
1 through 5 for the ring-shaped three-channel feed system.

2. The selectively operated protection d sices are easily cal-
culated and chosen.

3. When there is a short-circuit in any line of the feed system
the bilateral protective device operates through the air-rise of
the current in it, in comparison with the others.

4. When there is a ghort-circuit in any busbar of the DS or CDS
the corresponding protective device operates and the busbar is i{sol-
ated from the system. When there is a short-circuit at the DS-busbars
the first to operate is the Ig protective device, and then the rest
are applicable to 1it.

5. In comparison with system a) (through the increase of number
of channels and decrease of the rated value of the protective system)
a selectivity and rapidity of action of its operation during short-
circuits increases.

The short-coming of the system is the relatively slow action during
short-circuits at the CDS busbars, however, upon the increase of the
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Fig. 1.18.

Ring-Shaped Feed Systems:
a - three-channel; b - five-channel;
¢ - six-channel.
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number of sources the speed of the action increases.

In fig. 1.18, ¢, we give the ring-staped six-channel feed system
having a main (two-channel) and secondary energy rings.

The energy is delivered to the primary distributing busbars
over six channels, and over three channels to the secondary.

The system attains all the merits marked for the ring-shaped
five-channel feed system, and moreover, has a more rapid action and
wider selectivity of operation of the protective devices for short-
circuits in the main-ring lines and at the CDS-busbars. This is at-
tained in the first case through the increase in the number of chan-
nels of the main-ring and the reduction of the rated value of the
protection, and in the second case due to a three-fold increase of
the current in the lines, which reach the damaged busbars in com-
parison with the others.

In this way the multi-channel ring-shaped feed systems with sel-
ective protection practically retain their vitality up to the last
source of energy with multiple short-circuits and breaks of the feed-
line. They (especially diagram c) possess an absolute reliability and
vitality in comparison with the other lay-outs of feed systems and
assure uninterrupted energy supplied to consumers. These systems
should be the basis in the development of all types of power supply
systems.

Combined Feed Systems.

The combined feed systems consist of all types of combinations
of various types of closed and open feed systems.

The distributing devices, including elements of the closed feed-
system, receive power supply from several independent energy sources
on several sides, and the distributing systems, including elements
of open feed systems, receive feed from a single direction. The
number of different combinations of such feed systems is very large
and it does not appear possible to examine all of them. Let us ex-
amine the first of the typical systems of the combined supply system,
as ‘presented in fig. 1.19, from which we can see the principal merits
and short-comings of such feed systems,

In these systems the busbars of the primary distributing systems
(CDS) are interconnected by two-channel feed lines with a bilateral
selective protection and for the primary (main) two-channel energy
ring, which possesses high reliability of power supply during multiple
short-circuits in the feed lines or on the busbars of the distributing
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Fig. 1.19. The Combined Feed System.

devices. and also when individual sources of energy go out of com—
mission.

The wires of the secondary distributing system DS21 are supplied
with feed according to the system of the secondary three-channel ring
and possess, as noted above, high reliability.

The busbar of the secondary distributing system DS14 is fed ac-
cording to the system of the open one-channel radial system.

The busbar of DS12 is fed ac¢cording to the system of the open
radial single-channel feed system, with a reservation of the feed line.

The busbar of the DS1l is fed according to the system of the open
radial three-channel feed system.

The busbars of the secondary distributing system DS42 and DS&44
are fed according to the system of the open main-line single-channel
feed system.
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The busbars of DS31 and DS33 are fed according to the system of
the open main-line three-channel feed system.

As we can see from the examination of the typical system of com-
bined feed system, {its individual units possess the properties of
the corresponding feed systems, which have been examined in greater
detail earlier.

The character of all manner of combinations forming various types,
is determined by the purpose of the aircraft and the role of one
distributing system to another, in providing the reliability of power
supply for the consumer and the flight-safety proceeding therefrom.

The elements of the closed ring-feeder system with selective
protection, have a dominating significrnce and determine the principal
merits of the combined feed systems.

The elements of the open feed-systems for secondary consumers
should be introduced with a limit, and only with a definite pre-
dominance with respect to weight and selectivity of operation of their
protective devices.

Chapter 2. Protection of the Electrical Systems of Aircraft.

1. The Purpose, The Principal Requirements, and Classification of
Protection of the Power Systems.

When aircrafts are in operation, damage is possible to the power
system, power sources, consumers, and equipment, causing short-circuit
and overloads of the equipments' elements.

In modern aircrafts the short-circuit currents reach several thou-
sands of amperes, and when they last for a sufficient length of time
they may cause ignition of insulation, welding of the curreat-carrying
elements with the body of the aircraft, destruction of individual
structural units and equipment. This may result in putting-out of com-
mission individual types of electrical equipment.

The overload of individual elements of electrical equipment re-~
sults in the same consequences as those caused by short-circuits.

The protection of the electrical system on an aircraft is intended
for preventing serious consequences, which may result in short-cir-
cuits and overloads, and therefore should possess reliability, select-
ivity, rapid action, simplicity, and minimum dimensions and weight.

Reliability of operation of protective devices depends on their
sensitivity, which is determined by the r-tio of the current with a
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metallic short-circuit in the protective zone, and the current for
operating the protective device. The greater the sensitivity of the
proctective device, the more reliable is its operation under em-
ergency conditions. The protection should not result in falfe dis-
connection of the protected sector, i. e., should not react to causes
vhich do not produce emergency conditions in the systers, and at the
same time should operate reliably under emergency conditions. The
faults in the protection equipment itself should not result in false
disconnection of a system operating in good order.

Selectivity of the action of the protective syster provides for
disconnection of only the damaged sector, retaining the vitality of
the rest of the power system. In order to assure selectivity of the
action, the sequence in operatfon of the protective devices, con-
nected into the system in series, should be such, that first the ap-
paratus would operate, vhich is located in the immediate proximity
of the loaction of the short-circuit, and then (in closed fields) the
next protective elements would operate which possess a time-lack ac-
cording to the ascending line from the consumer to the source.

The above mentioned sequence of operation of the protective de-
vices of the system is attained by the corresponding selection of
their second characteristics.

The time-lag of the protective system excludes the possibility
of its operation during the action of brief starting currents, which
may exceed appreciably the rated currents in the protected sector
of the system.

The rapid-action of the protective system decreases the effect of
short-circuits on the work of the consumers, retains the quality of
the electric energy, reduces the size of damage, occurring during brief
short-circuits, retains the stability of the work and the vitality of
the power supply system.

In order to decrease the effect of the damaged sectors on those
in gcod ordcer, the protective system should react instantaneously,
especially during short-circuits in the generator feeders and in the
main sectors of the feed system.

The simplicity, minimum dimensions and weight of the protective
equipment make it possible to arrange it in the most rational places,
raise its working reliability and also simplify its operation.

The problem of simultaneous satisfaction of all the above mentioned
properties is the most difficult one in planning the power system
lines.

- 119 -




Protection of feed systems, generators and their feeders from
short-circuits according to the principle of their action is divided
into three main-groups: 1. current protection reacting to the value
of the current in the circuit-protect, operates when the current in
the circuit-protect exceeds established values and operates without
delay (current cut-off) or with a time delay (maximum current pro-
tection).

2. The differential current protection, based on the principle
of comparison of currents at the beginning and end of the protected
sector of the system (longitudinal protection) or in two parallel
lines with identical parameters (lateral protection). The protection
of this group operates without time-lags practically instantaneously
as soon as the difference between the compared currents exceeds the
previously established value.

The differential-current protection of d-c feed systems, in spite
of rapid action, has not become practically useful because of a
series of short-comings: complication of design, increase of weight,
appearance of additional wires and conducts, presence of dead zones,
necessity ~nf an outside source of energy (in the longitudinal pro-
tection s,stems), and additional maximum-current protection (10]).

3. The minimum of voltage protection, operating with a time-lag
upon the degrees of the voltage in the terminals of the generators
up to a certain prescribed value.

2. Maximum-Current Protection of D-C Systems.

The maximum-current protection apparatuses include fuses and bi-
metallic automatic devices of all types. To these and the time-lag
free cut-outs of the SB and BV type, high-melting fuses of TB type
time-lag fuses of the IB type, and bi-metal automatic devices of the
AZS and AZR type are used.

The most important parameter of the maximum-current protection is
the value of the critical current to which the given type of protect-
ive device can be subjected to an infinitely long time under specific
external conditions. Thus, for example, under normal atmospheric con-
ditions and surrounding temperature of + 20°C, the fuses have the
following approximate values of critical currents:

SB ~ Icr = (1.2 - 1.4) Ipared
BV - Iy = (1.2 = 1.25) I,peq
TB - Iop = (1.4 = 1.57) Ipared
IB - Iop = (1.25 - 1.75) Irgred -
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The effectiveness of the action of the maximum—current protection
equipment is determined most precisely by their second characteristic,
vhich represent the interdependence of the operating time of the
equipment on the value of current flowing through it.

The number of the second characteristics enable us to determine
the necessary speed of action in turning-off short-circuit currents,
the required sensitivity to overload currents, and the required time
lag during starting currents and brief load-changes.

Fuses of the type BV and SB have a dependent number-second
characteristics, i. e., the time of their burning out depends on the
value of the current flowing through them. The greatest difference in
number-second characteristics of various fuses is observed in the
small current region. Thus, with the same current, the operating time
is always greater in the fuse with a greater rated current value.
This property is used for assuring selective work under small short-
circuit currents or overloads. With large currents the number-second
characteristics of fuses merge and the selectivity of their operation
is not assured.

The fuses of the BV type have little time lag, the SB type fuses
possess greater time lag. However, both types fail to provide pro-
tection to consumers with large starting currents.

Fuses are simple, have small dimensions, and possess sufficient
rapidity of action. Their principal short-coming is the absence of
actual selectivity during large currents and individual control of the
state,

In order to assure selective operation of fuses, their character-
istics should be identical, while the transient resistances between
the fuse-link and holder are minimal and stable. The fuses should have
a luminous or mechanical signal system, indicating that they are burned
out.

High-melting fuses of the TB type have a small time-lag, are used
for protection of power circuits with small starting ocurrents.

Time-lag fuses of the IB type possess considerable time-delay,
which is attained by the special design.

In fig. 2.1 we give the ampere-second characteristic of the time-
lag fuse. Sector 1 responds to the relatively small currents, char-
acterizes the inertial part of the fuse, and determines in principle
the time constant for heating the massive copper-plate. Sector 2 cor-
responds to greater currents, during which the brass fuse-links burn
out. Because of this, the inertial fuses are installed in the cir-
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cuits of consumers with large starting currents.

Among the short-comings of the fuses are: dependence of oper-
ating time on the surrounding temperature and state of the contacts, (T
their single time effection, which prevents the checking of their
characteristics in the process of operation, the variations iu
ampere-second characteristics of the result of ageing of the material,
and the difficulty of visual evaluation of the fuse operation.
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Fig. 2.1. Ampere-Second Characteristics

of a Time-Lag Fuse.
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operating time of the fuse.

Bi-metallic automatic protection devices with re¢spect to their
kinetic diagram are divided into two types: AZS and AZR. The prin-
ciple of operation of the automatic devices is based on the sag of
the bi-metallic elements during heating. The bi-metallic element con-
sists of two metal-plates welded together, which have different tem-
perature linear expansion coefficients.

The AZS type automatic protective devices do not have a free dis-
connection of the control parts and the contact system, the auto-
matic devices are turned on manually or automatically, permit force-
ful attention of the protected circuit in the switched-on state in-
dependently of the value of current passing through the automatic de-
vice. The forceful attention is sometimes used for assuring operation
of important consumers; armaments, communications, chassis, etc. The
AZS are installed in the circuits which are outside of fire-hazardous
sectors and may be used as switches.

The protective automatic devices of the AZR type with a free dis-
connection of the control units and contact systems are also auto-
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matic devices which are turned on manually or automatically and are
switched off manuallv. The distinction from the AZS automatic de-
vice after operation, the AZR automatic device cannot be turned on
manually and the circuit cannot be closed until the hi-metallic

plate coscls. The AZR in comparison with AZS has a better ampere second
characteristics and greater disconnection power. In the AZR the cir-
cuit is broken in two points which assures better arc-distinguishing
conditions.

In fig. 2.2 we show an ampere-second characteristics of the cooled
(curve 1) and preliminary heated with current (curve 2) protective
automatic device. Curves 1 and 2 have the ssme asymptotes. The oper-
ating time of the automatic protective devices just as that of the
fuses, depends on the surrounding temperature.

The principal advantages of the automatic devices in cumparison
with the fuses are:

The presence of regulating elements, making it possible to obtain
the required steepness of the ampere-second characteristics;

the possibility of rating the ampere-second characteristic before
installing the automatic device on the aircraft in the process of
operation;

simplicity of switching on and off of the circuit;

possibility of visual observation of the state of the automatic
device in the process of operation;

the considerably greater thermal inertia (excluding the IB type
fuses).

The maximum-current devices are used for protection of all the
consumers and the power supply system feeders. In this case because
of the large multiplicities of the short-circuit currents with respect
to the rated value, the protective device assures a sufficiently
rapid action and selectivity.

Fig. 2.2. Ampere-Second Characteristics of the Protective
Automatic Device:cooled (1) and preliminary heated
through (2).
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The maximum-current protective devices are selected in such a
way as to use to the maximum thermal possibilities of the ob-
jects protected, i.e., that should break the circuit only when the
temperature of the object's elements reaches a maximum permissible
value. In the ideal case, the ampere-second characteristics of the
protection device should coincide with the thermal characteristic
of the object protected. In this position of characteristics, the
protective device is selected according to the rated current of the
object protected.

However, in actual practice the characteristics coincide not in
the entire range, because of which the protection of the consumers'
circuits from a short-circuit and overloads is selected accorling
to the rated current of the consumers, taking into account the char-
acter of their work.

Iprotection = K * Ipgeeqe

where I, otection = 18 the rated protection current;

K® 1 - is the reserve coefficient;
I ated ~ 18 the rated current of the consumer.

I1f the consumer's current, under all conditions of its work, does
not exceed the rated current, the protective device is selected for
the next greatest current in comparison with the rated current. In
this case the reserve coefficient approaches a unity, and for protection
we can use visible, high-melting, and inertia protective devices, or
bi-metallic automatic devices.

If the consumers under certain operating conditions use current
which exceeds the nominal current, the protection is selected taking
these conditions into account.*

For d-c electric motors the starting currents reach the three-~ to
eight-fold value of the rated. However, taking into account the brief
character of the starting currents, the inertie-free protection should
be selected under conditions of Iprotection® 0.7 Igtarting: The in-

ertia-free fuses, naturally, do not protect electric motors from over-
loads.

The most rational protection for such consumers are inertia fuses
and bi-metallic automatic devices. In this case protection should be
selected in such a way that its amper .-second characteristics would
be lower than the ampere-second characteristics of the consumers or
would approach them.
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The maximum-current equipment protects mainly the power supply
system and only partially protects the consumers from overloads. In
as much as for the consumers, it is not the value of the current, tut
the heating of the insulation that is important; it is most advis-
able to protect them first of all by means of equipment built into
the most heated part thereof.

During brief short-circuits in individual parts of the supply
system, the protective device should disconnect the damaged sector,
retaining the vitality of the power system.

The protection of the feed system should not react to brief short-
circuits in the distribution system. This is reached by using a
selectively active protection, the rated current of which for appa-
ratuses connected in series is increased along the ascending line,
from the consumers to the energy sources. However, the use of a
selectively active protection results in certain delay in the process
of disconnection of a short-circuit in the head-sector of the feed
system,

In actual practice the protective equipment of a supply system is
selected according to the total current of simultaneously operating
consumers and consequently a current for its operation is considerably
higher than the current for the operation of the protection é6f any of
the consumers, which protects automatically the selectivity of the
system's protection.

Under large third circuit currents, the operating time of the
protective device becomes very small, and all the ampere-second char-
acteristics will converge into the axis of the abscissa. Because of
this, false operation of the protective devices is possible, the
probability of which increases through the non-stability of the char-
acteristics of the protective devices, especially of fuses. Moreover,
the protection of the feeder system does not react precisely to inter-
mittent short-circuits.

The selection of the rational system, geometry, and parameters
of the maximum-current protection of the feed system in almost all
the cases makes it possible to obtain the required selectivity, rapid
action, and minimum disconnection time of the short-circuited sector
from the part of the power supply system which operates in good order.

The maximum-current protection thanks to the simplicity, suf-

ficient rapid action, and reliability, is today the principal type of
protection for the power supply systems in aircraft.
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Fig. 2.3. Graph of the Ampere-Second Characteristics of
the Maximum-Current Protection of the Power

Supply System.
Key: 1. Operating time in seconds; 2. Load-

current in amperes.
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In fig. 2.3, we give the ampere-second characteristics of various
apparatuses of the maximum-current protection of the power supply
system, according to which we determine its rated current and the

rapidity of action in relation to the value of the current flowing
through 1it.
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Fig. 2.4. Curve of the Coordination of the Ampere-Second
Characteristics of the Wires and the Maximum-
Current Protection.

Key: 1. Current power in amperes; 2. Operation
time in seconds.

In fig. 2.4 we show the curve of coordination of the ampere-~
second characteristics of the conductors and the maximum-current
protection, which makes it possible to determine the cross-sections
of the conductors in relation to the protective equipments selected.
For this purpose we used a graph given in fig. 2.5.
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3. The Maximum-Current Protection of Alternating-Current Systems.

In the aircraft power supply system with an alternating-current
for the protection of single-phase and three-phase feed and distrib-
ution systems we may use fuses and bi-metallic automatic cut-offs, used
for the protection of the direct-current systems. However, the single
circuit protection in three-phase systems should be used only for
multi-channel sectors of the feeder-lines from the CDS, DS, and the
three-phase consumers, in which the emergency situation does not arise
upon operation of the protective device in a single phase.

For a-c single-phase protective automatic devices with a voltage
of 27, 115, and 200 v, and three~phase with 200 v, are provided; the
latter break open all three phases when one phase is overloaded.
Multiplications of three-phase automatic protective devices have been
developed which react to both the current overloads and the phase in
breaks. Such automatic devices are necessary for protecting three-
phase motors, starting of which, with a broken phase results in over-
heating. These automatic protective devices are equipped with remote
control from the a-c system or from the operative d-c system.

The use of automatic devices for protecting d-c power supply systems
is 1limited by the breaking capacity of their contacts. However, taking
into account the considerable reduction of short-circuit current-~value
and improvement of switching conditions in the a-c circuits in com-
parison with d-c circuits, we should expect an extensive application
of protective automatic devices in a-c systems. Nevertheless, it is
necessary to improve further the designs of the protective automatic
devices, in order to simplify them, increase the stability of the para-
meters, decrease the transient resistances, and increase the breaking
capacity of thewgortacts.

A8 L\ : £ 2 A
1) f-d wasad
2) 2-4 swas :
- 3) 3-i wonss | -
upy v i g e

Fig. 2.6. Diagram of Protection of the Three-Phase A-C
Power Supply System.
Key: 1, 2, 3, channel.
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The maximum-current protection system has no auxiliary working
elements (relays and conductors), auxiliary wires, etc. The maximum-
current protection is simple, of small size and convenient calibration,
possesses the necessary speed of action and high reliability.

In fig. 2.6 we give a diagram of the protection of the three-
phase a-c supply system by fuses, or bi-metallic automatic’devices
(conventional and with current cut-off). Each phase is~1aid into
three parallel lines, having a bilateral protective system. The three
lines provide selective operation of the bilateral protective system
during short-circuits between phases and of individual phases on the
body (if the neutral is grounded),after which the line with the short-
circuit is isolated from the system.

The splitting of each phase into three channels and combination
of three phages in each cable, reduces noises in radio equipment from
the a-c system and when one cable is damaged the symmetry is re-
tained in all three phases.

In the three-channel feed system with-a bilateral protection of *
each. channel we can use fuses, single-phase and three-phase automatic
devices.

4. Differential Protection of A-C Power Supply Systems.

) The longitudinal differential protection of an a-c system with

circulating currents in a single line portrayal is presented in fig.
2.7. At the beginning and at the end of the protected circuit, cur-
rent transformers TT are installed, the secondary windings of which
are accumulatively connected. The current transformers are intended
for isolating the secondary windings from the primary current system
and decreasing the current in the protective device circuits.

Fig. 2.7. Longitudinal Differential A-C Protection with a Circul-
ating Current.
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In the auxiliary wires, which connect the secondary windings of
the current transformers, currents circulate which are equal to the
secondary currents of the current transformers. Under normal working
conditions and during a short circuit outside the protected sector
(point a) the secondary currents add up. In this case in the winding
of relay P, which is connected in parallel to the secondary windings
of the transformers, the current is close to zero. During a short-~
circuit in the protective zone (point b) the phase of the current in
one of the current transformers changes by 180° (during bilateral
feed) or one of the initial currents becomes equal to zero (with a
unilateral feed). In this case in the relay winding P, a current
appears, the relay operates, and removes the conductors K; and K;
from the cages. The damaged sector of the system is switched off. A
break or short-circuit in the auxiliary wire may result in a false
operation of the protective devices. For this reason this protective
system did not become practically used in aircraft.

_.f}T,P E erE?

Fig. 2.8 Longitudinal Differential Protection of A-C Systems
with Balanced Voltages.

The longitudinal differential protection of an a-c system with
balanced voltages in a single line portrayal is presented in fig. 2.8,
A secondary transformer windings are included in counter-current and
in series with the relay winding P. Under normal operating conditions
or during a short-circuit outside the protective zone (point a) sec-
ondary voltages of the current transformer balances each other out
(E| = E;) and the current in the relay winding is close to zero. During
a short-circuit in the zone covered by the protective device (point b)
the balance of the secondary voltage is disrupted (F;# E;), and in
the relay winding the current appears. The relay operates and dis-
connects the system's protected sector. A break of the auxiliary con-
ductors does not result in a false operation of the protective device.

The common fault of the above mentioned protective devices is

the necessity of stringing auxiliary wires along the protected sector
of the line and the presence of an operating d-c system.
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Lateral differential a-c system protection in single line por-
trayal is presented in fig. 2.9. Each phase is split into two paral-
lel sectors. On both ends of the sectors protected the current trans-
formers are connected. During normal work and external short-circuits
the secondary current transformers are added up (in circulating cur-
rent systems), the current in the relay windings P is zero and the
protection device does not operate.

Fig. 2.9. Lateral Differential A-C System Protection.

When one circuit is shorted out in the zone covered by the protective
device, the equality of currents in the transformer windings is dis-
rupted and in the windings of relay P a current appears, the relay
operates and releases the cages. The conductors disconnect the damaged
sector from the system on two sides, as a result of which dead zones
are excluded.

The principal short-comings of this protection in comparison with
the lateral protection are its bulkiness and the increased non-balanced
current.

A non-balanced current in the lateral differential protection systems
may have greater values than in longitudinal protection systems, which
is explained by the presence, in addition to the non-balanced current,
caused by errors in the current transformer, of an additional non-
balanced current component, which is determined by the inequality of
the parallel lines' resistance.

The lateral differential protection system is sufficiently sen-
sitive. In distinction from the longitudinal system, it reacts not to
the full current of the short-circuit at the place of damage, but to
the current difference. The sensitivity of lateral protective devices
is reduced because of the unequal resistance of the parallel lines.
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The reliability of lateral differential protective systems 1is
higher than that of the longitudinal because of the absence .~ aux-
iliary conductors.

The selection of current for the operation of differential pro-
tection system is determined by the following:

1. A protection should operate reliablewhen there is a short-
cirouit in the protected zone. This signifies that the protection
operation current Ip, should be equal or smaller than the minimum

short-circuit current in the protected zone. Usually for a reliable
operation of the protective device it is assumed that

Ipo = (0.6 - 1.3)Is.c.mino

The minimum short-circuit current is obtained during a unilateral
feed of the protected sector of the system from a single generator.
2. The protective devices should not operate during external
short—~circuits and normal working conditions. This signifies, that
the relay operating current should be greater than the so=called
non-balanced currents IL,;, which flow through the relay under the

above mentioned contions and are caused by dissimilar characteristics
of the current transformers:

Ir.o > Inb max-

The non-balanced current proves, the greater, the greater is the
current of the external short-circuit.

The role of the transient conduct resistances in the total re-
sistance of the line is smaller than in the direct-current circuits,
which simplifies the tune~up of the protective devices and makes it 4
possible to raise its sensitivity. “

5. Differential Protection of Three-Phase Systems with some Meters.

As it has already been noted in order to protect the three-phase
system which has a regular and bilateral supply, from the viewpoint of
selectivity and rapid action, the differential protection principle
is used, based on the comparison of currents (or voltages proportional
to them) passing through the protected sector.

-~ 133 -




ey ST = B e -

The comparison of the currents in each of the phases separately,
complicates protection, because of the larger number of transformers,
therefore it is advisable to transform the three-phase current or
voltage into a single-phase with its subsequent comparison.

The three-phase current can be transformed into one-phase cur-
rent by filters of the symmetrical components or summators (the
latter are simpler and therefore are more widely used). This meter
is a current transformer, which adds up the magneto-multiforce
of one of several phases.

In order to protect the a-c three-phase system with a grounded
neutral, summators are used, in which the wires of one phase pass
through the summator's window in the opposite direction, the wires
of the second phase in the direct direction, and those of the third
phase twice into the straight direction (see fig. 2.11).

When the summators are made identical, the vector diagram of the
resulting currents of their primary windings during normal work, are
identical. Here, the electro-multiforces induce by the flow of the
corresponding currents of the primary windings are identical, while
the resulting electro-multiforce of the counter-current connection
of the secondary windings is equal to zero, and the current in the
circuit of the relay P is absent.

The vector diagram of the summator's currents during normal oper-
ation and the equality of currents in all the three phases is pres-
ented in fig. 2.10, a.

Upon the examination of the short-circuits, we disregard the load
currents and consider, that the current has a purely inductive
nature and consequently it lags behind the corresponding electro-
multiforces by 90°.

In fig. 2.10, b, we present the vector diagram of the resulting
primary current in the summator with single-phase short-circuit of
the phases A, B, C. In fig. 2.10, c, that of the two-phase short-
circuits of phases A and B, B and C, A and C, and in fig. 2.10, d,
that of the three-phase short-circuit of phases A, B, C, for the net-
work with the a-c generator with independent excitation.

The vector diagrams indicate, that depending on the type of the
short-circuit, the resulting points of the summator differ (see Table
2-1).

From the table it follows, that the lowest sensitivity is possessed
by the protective device at the summators, when there is a short-cir-
cuit of the phases B and C, therefore such a short-circuit i{s used as
the basis for calculating such a protective device.
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Fig. 2.10. Vector Diagrams of tha Summator's Currents during Dif-
ferent Types of Short-Circuits.

To protect the systems with an insulated neutral, we use analogous
summators, however, one phase is not introduced into the window, the
two others are passed through the windov in opposite directions.

Three types of protection are possible on the summators: longitud-
inal, lateral, and lateral-longitudinal.

The longitudinal differential protection of the system is based
on a comparison of the values of currents or voltages at the output
of the summators, installed at the ends of the sector protected (fig.
2.11). In the absence of damage in the zone protected, the summary
voltage in the closed circuit, consisting of summator windings con-
nected in series, connecting wires, and rectifiers supplying ths wind-
ing of the relay P, is equal to zero. During a short-circuit at the
sector protected, the voltage balance is disrupted, a current passes
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