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PREFACE 

The work in this interim report was performed by the AiResearch Manufac­
turing Company, Torrance, Calif., a division of The Garrett Corporation, under 
NASA Contract NAS12-659 for the Electronics Research Center, National Aeronautics 
and Space Administration, Cambridge, Mass. Dr. F. C. Schwarz and F. L. Raposa 
are the technical monitors for NASA-ERC. The work in this study program is 
divided into three phases: 

(I) Review of present aircraft electrical systems and equipment, their 
performance characteristics, parametric data, capabi lities, and limi­
tations. 

(2) Investigption of possible improvements of aircraft electrical power 
systems using state-of-the-art technology. 

(3) Formulation of a phi losophy for devising an optimum aircraft electri­
cal power system based on technology extrapolated to the 19801s. 

Documentation of the study program wil I also be divided into the three 
parts indicated above. This interim report presents the results of the first 
phase of the study and is a point of departure into the latter two phases. 

This report was written by Dr. C. H. Lee (principal investigator) and J. J. 
Brandner. Other AiResearch personnel contributing to the program were K. M. 
Chirgwin: C. Y. Ghin, J. H. Fu, Mac Hamilton, J. L. Lau, Jon Mandell. W. I. 
McAul iffe, and R. E. Vesque. The AiResearch document number for this report 
is 69-5193. 
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INTRODUCTION AND SUMMARY 

This is the interim technical report on a study entitled "Investig~tion 
and Development of New Concepts for Improvement of Aircraft Electrical Power 
Systems" funded by NASA Electronics Research Center, Cambridge, Massachusetts, 
Contract No. NASI2-659. Work under this contract was initiated on 14 May 1968. 
The original plan called for a two and one-half man-year level of effort for 
one year. After six months of study, work performed indicated that there was 
considerable incentive to deepen and broaden the scope of the investigation. 
With the approval of NASA Electronics Research Center, the study was extended 
one more year to July 1970 with an additional two and one quarter man-year level 
of effort. This interim technical report covers only information pertaining to 
the electrical power systems and components on existing commercial aircraft. 

Objective and Method of Approach 

The study objective is to formulate a phi losophy for devising optimum 
electrical power systems for advanced aircraft. The phi losophy recommended 
wi 11 consider improvements in reliability, safety, weight, size, and other 
factors that would result in increased revenue for transport aircraft; it wi 11 
apply and extend advances in space power technology and related fields to air­
craft electrical powei systems. The study will review the entire aircraft 
electrical power system, including generation, conversion, distribution, and 
uti lization equipment, in accordance with the above objectives, independent of 
traditional 400-Hz ai rcraft power technology. 

\ 

Obtaining aircraft economy and reliability are complicated and involved 
tasks. The following factors have been considered in the search for improvements 
in the aircraft electrical systems: 

• Simpl icity--A simpler system wi 11 be more reI iable and more economical. 

• Automation--Additional automation will facilitate system manageability 
and increase aircraft safety. 

. 
• Weight--·.A reduction in the'weight of the electrical system will in-

crease revenue. For example, consider a typical large subsonic air­
craft with payload capacity of 43,000 Ib and electrical system weight 
of 11,000 lb. A 30-percent reduction in electrical system weight will 
increase the payload capacity appreciably by 8 percent. 

• Protection--Better system protection will increase system safety. 

• Information display--Better information display will also increase 
system safety. 

• Fault prediction. dete~tion, and isolation--These will reduce main­
te~ance cost and increase reliability. 
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Performance--Improved performance will result in higher efficiency 
and increased system capability. 

Components-'-Use of better components will result in higher system 
reliability and less maintenance. 

\ 

, " 

The present aircraft electrical system (115/200-V, 3-phase, 400-Hz constant 
frequency ac) was developed about 25 years ago. This system concept was based 
on the needs at that time with relatively small aircraft. Many of the future 
aircraft will be much larger in size and wi 11 demand much more electrical power> 
part of which must be at very precise quality. Flying with -higher speed at 
higher altitude,the environmental conditions for the future advanced aircraft 
wi 11 also be different from those of aircraft 25 years ago. Recent technical 
advances may also outdate some of the equipment and concepts presently used in 
aircraft. This study is therefore advisable to determine whether the long 
established electrical system configuration is still suitable for use in the 
future advanced aircraft. 

The study is oriented primarily toward the relative merits of various power 
system concepts. To accomplish this, it is necessary to establish the approxi­
mate performance capabilities of the individual components so that they can be 
used collectively to indicate system performance. Consequently, the performance 
data in this report are representative rather than detailed component performance 
predictions. 

The study information has been divided into three categories: 

(I) Equipment in use whose performance primarily reflects technology 
existing at the time of its design (present large subsonic transports 
were designed in the late 1950's; the small subsonic transports in the 
early 1960's) 

(2) Equipment that can be designed with current technology and has not 
yet been used in aircraft 

(3) Equipment that can be predicted with technology anticipated for 1980 
to 1985. 

Meaningful presentation of the information from this study requires the 
appl ication of anticipated component performance data to the various system 
configurations, to arrive at relative system performance. A baseline system 
configuration typical of existing large subsonic aircraft will be used as a 
reference point with which to compare the candidate systems. 

The anticipated output of this study program will be the documentation of 
a phflosophy for devising optimum aircraft electrical systems and the selection 
and description of candidate configurations for future aircraft electrical power 
'systems. The performance (weight, reliability, size, maintainability, safety, 
etc.) of the/candidate systems wi 11 be compared. In addition, significant 
technological problems appl icable to selection of the most promising candidate' 
system will be discussed. 
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Scope of Investigation 

The scope of investigation is defined by the following study tasks: 

, 
\ 

(I) Conduct an industry and literature survey on present day practice and 
state of the art in aircraft electric power generation, transformation, 
distribution, and utilization inclu~ing present and projected electric 
loads on aircraft. 

(2) Optimize the methods to supply electric power to the various loads to 
suit their inherent functional mechanism. 

(3) Compile the necessary parametric information for the power system 
components on physica1 size, weight, and performance for the given 
power levels vs power system configuration, voltage, and frequency. 
This information will be based on the present state of the art of 
system component technology. 

(4) Investigate application of new materials such as exotic magnetic 
materials, new insulation materials, unconventional conductor materials, 
etc for critical electrical system components. 

(5) Investigate new system component concepts for appl ication to aircraft 
in the sense of the objectives of this program. 

(6) Review and analyze the preferable power system heat transfer technique. 

(7) Specify the techniques and displays required such as failure predic­
tion, detection and compensation, efficient energy management, and data 
monitoring for the acquisition and characterization of the electric 
power system. 

(8) Investigate power system component reliabil ity and its tradeoff against 
component cost and weight. 

(9) Investigate component maintainability and its tradeoff against com­
ponent cost and weight. 

/' 

f • 

(10) Survey and determine the static and dynamic power requirements for t, 

present hydraulic and pneumatic powered loads and establish the trade-
off criteria in the selection and application of electrfc or combined 
electric-hydraulic and electric-pneumatic power subsystems for that 
purpos e. 

(I I) Determine the relative weight of factors that determine the "effective­
ness" of the eiectric power system in the sense of program objectives. 

(12) Formulate a philosophy of aircraft electric power system design con­
sistent with the objectives stated above. 
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(13) Devise and analyze power system candidates with inclusion of system 
design and optimization. Provide complete power system diagrams and 
descriptions. 

(14) Identify the significant research and technology problems associated 
with achieving the most promising candidate electric power systems. 

Progress in The First Year 

During the first year, existing I iterature was surveyed to establ ish the 
state of the art and trends in system design. A bibliography on eircraft 
electrical power systems and components was compiled. Trips were made to major 
aircraft manufacturers, users, hardware suppl iers, and government agencies to 
obtain data and operating experience on the electric power systems of existing 
and planned aircraft. These data were needed to establ ish configuration and 
design requirements, and to evaluate typical current electrical power systemso 

More than 60 people in respOnsible Positions in various organizations were 
visited all having considerable experience and background in the engineering 
discipl ine of aircraft electrical systems. Generally persons contacted recog­
nized the need and the timing of the study and appreciated the farsightedness 
of NASA in initiating such a program. Hope was expressed that the result of 
this program should be fruitful and beneficial to the aircraft electrical 
indust~y. 

The following activities were performed during the first year. 

(I) The work on elect~ical load analysis began with a classification of the 
electrical loads, and a weight analysis of the constant and wild fre­
quency ac motors, and brushless dc motors. The parametric data of air­
craft utilization components are divided into three groups: (a) Compon­
ents in'existing aircraft, (b) Current technology components to be 
applied to aircraft, and (c) Components with futut~ technology. The 
utilization weights were compared as a function of system frequency 
(including dc). 

(2) -In the area of power distribution, design considerations on safety, 
corona, voltage, and frequency levels were investigated. Character­
istics and performance data on cables, relays, circuit breakers, Coh­
tactors, and transformer-rectifier units were collected. Data for 
voltage and frequency effect on wiring weight were prepared. 

(3) Power convers'ion techniques were considered and compared. Parametric 
weight data were obtained for the various possible techniques. Selec­
tion of an optimum conversion system cannot be made without system 
optimization since the type of conversfon equipment 15 dependent upon 
the load location and type, and the generating equipment output. 
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(4) Possible metQods of generating electric power were examined. The 
establ ished existin~ generation system is the constant speed, 
constant frequency (CSCF) system. Current technology systems under 
development are variable speed~constant frequency (VSCF), rotating 
inverter (which uses two rotating machines to provide the required 
power), and high-voltage dc systems. Analysis indicates that the 
more advanced generating concepts can offer performance advantages 
in comparison to the present CSCF systems ~'Jhile still remaining 
weight competitive. The cycloconverter VSCF system, tentatively 
selected for use on the SST, appears to be particularly attrac­
tive; another possibility is the Learverter system, although infor­
mation on it is limited. Parametric information on emergency power 
sources was also collected. 

\ 

(5) The design criteria and performance capabil ities of both the hydr~ul ic 
and pneumatic systems have been surveyed because many aircraft -loads' 
are presently serviced by hydraul ic or p~~umatic power~ The survey 
indicated that the major hydraul ic loads are fl ight controls, landing 
gear, brakes,and thrust reversers. It also indicated that for reason­
able distances between the power source and the load, a hydraul ic 
system can provide the load pow~r for a lower weight than can the 
electric system. 

(6) System control and protection methods in existing aircraft were re­
viewed and various protection schemes for single and parallel system 
operations were analyzed. 

(7) Present techniques of cool ing aircraft electrical components and 
heat transfer systems were studied. Possible imprOvements in heat 
transfer methods util izing state-of-the-art technology were also 
considered. 

(8) The objectives and criteria of aircraft electrical system reliabil ity 
were outlined. The level of reliabil ity currently achieved by various 
aircraft components an~ subsystem was also tabulated • 

As mentioned previously, only that information pertaining to equipment in 
existing aircraft is presented in this interim technical report. 

Work for The Second Year 

Work for the second year will include the performance of study tasks (2), 
(7), (8), (9), (I I), (12), (13), (14), listed above, and the continuation of 
tasks (I), (3), (4), (5), and (10). 
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Report Summary 

",' "' 

This report is divided into eight sections; a brief summary of each sec­
tion is given below. 

S~stem description and performanc~--This section expal ins the configura­
tions and performance requirements of aircraft electrical power systems. A 
representative system is then discussed in detail with respect to its control 
and protection functions. 

, 
\ 

0' 

Uti I ization egui pment--Informat ion on electricaJ loads and parametric data 
on uti lization components on existing aircraft are presented. The different 
methods of performing load functions (mechanical, hydraul ic, pneumatic, and 
electrical) are compared. 

Distribution subsystem--A typical aircraft distribution system in wide-­
spread use is discussed in detail in this section. Basic considerations in 
designing distribution systems as well as component characteristics are also 
presented. 

Generation subsystem-~In this section, generation schemes, hydraul ic 
constant speed drive, and ac generators are described. Appl ication data on 
emergency power sources are presented. 

Reliabil'ity--The reliability objective and power system channel capacity 
are discussed. Typical reI iability data of some aircraft components are also 
tabulated. 

Heat transfer technig~--A short summary of the present techniques of 
cool ing aircraft electrical components and aircraft heat transfer systems is 
presented in this section. 

Carabi lity constraints of existing~aircraft electrical P?wer systems--This 
section briefly outlines the limitations of the electrical pO"Jer system in 
existing aircraft. 

Survey of present technology improvement activities--A brief summary of 
present activites to improve the aircraft electrical power systems is presented 
here. 

Six appendixes are included in this report. 

Po~er characteristics and system component reguirements--This is an abstract 
of a design specification for atypi~aj. aircraft electrical power system. 

Typical SST airplane ele~trical load data--Typical SST electrical\data are 
presented,for the purpose of comparison with subsonic aircraft electrical system 
da ta, . co,'" '~,f) 
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Aircraft hydraulic systems and eguipment--This is a summary of the hydrau­
I ic systems and equipment on existing aircraft or aircraft presently under con­
struction. 

Heat transfer methods on existing aircraft--A description, including 
sketches and ,photographs, of the heat transfer methods being used for aircraft 
electrical equipment is presented in this appendix. 

References--This is a list of references given in this report. 

Bibl iography--A selected bibliography pertaining to the tethnology of 
aircraft electrical systems is I isted here. 
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SYSTEM DESCRIPTION AND PERFORMANCE 

Introduction 

An aircraft electrical power system can generally be divided into three 
segments: generation,distribution and utilization. A schematic diagram of 
such a system is shown in fig. i. 

The input power requirements and component locations of the uti1 lzation 
equipment determine the distribution and generation subsystems needed. The ' 
interface of the util ization with the distribution equipment can be expressed 
in the following variables: 

Load locations 

Individual load power requirement 

Load profile 

Individual load power qual ity 

In turn, the interface of the distribution equip~ent with the generation 
equipment is as follows: 

Total load demand 

Power type (dc or ac at what frequency) 

Vo 1 tage 

Power quality 

Electrical power systems for aircraft appl ication have become more 
specialized sndunique as each- new airframe imposes its own combination of 
requirem~nts. A survey of 400-Hz ac systems in use today would disclose very 
few units which have rating, speed, type of cool ing, and configuration all in 
common. Much of this diversification is due to the numerous types of aircraft 
and flight objectives. Some differences arise because special emphasis has 
been placed on certain design parameters such as reliability or cost. 

The design goal for commercial aircraft, in general, is an opti,mum combina­
tion of dispatch reliabil ity, system weight, and util ization time. The require­
ment of~lncentive for maximum return on invested dollar has led to the use of . 
economic penalty values in design. Even for identical ai rcraft, these values 
will vary cons~~erably, according to the method the manufacturer used to obtain 
data. For lar~e subsonic tfansports, approximately I lb of· de~d weight is 
eqUivalent to ~bout $160, and a fl ight delay of I hr repres}~nts a l()ss of 
revenue as high as $5000. For supersonic transports, these'figuresare about 
twice as hlgb .. 'I~i Wi th th is, econom ie cons i derat i on, the elect rica 1 ut il i zat i on 

. equipmen~/woul"d "b,r,c:pmposed ideally of simple, reliable, .and durable designs 
6fre latfvel yl i ght 'we tght . . , ----." ---lL.-----... '.-'''.'' :.,;;.- - >~:' • l}~ 
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Interfaces 

System 
Schemat i c 

• Components • 
• 

--

Generation 

CSD 
Generator 
Regu1ator 

• ~t 

Total power demand 
Power type 
Vo I tage 
Power qua I i ty 

~ 

':' ~-:;';' 

Power required 
Load 1 oca t i on 
Load prof i Ie 
Power quality 

Distribution 

• Wiring 

• Relays 

• C i rcu it breakers 

• Contactors 

• Connectors 

• TR units 

• Inverters 

Fi 9ur~ 1. Aircraft E lectr i ca 1 Power Sys tE!lll Schenat i c 

,r: .;:: ' . 

~ Utilization 

• Motors 

• Heaters 

• Li ghts 

• Avion ics 

• Instruments 
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To approach the program objective for the develop~ent of new concept in 

the aircraft electrical field, a thorough knowledge of existing systems, their 
requirements and their present status of technology is mandatory. In conjunc­
tion with the acquisition of this knowledge, an extensive literature survey and 
consultation of cognizant people in the aircraft industry have been undertaken 
as part of the program activity. 

An outl ine illustrating the design requirements of a typi~al aircraft elec­
trical power system is given in Appendix A. 

Typical Aircraft Electrical Power Systems 

Existing electric power systems on large transport aircraft can typically 
supply up to about 240 kVA of power. The total loads on the system at any time 
rarely exceed about 60 percent of the system capacity; the remaining power is 
provided for redundancy, degraded operating modes, and to satisfy inrush currents 
for motors. Approximately 95 perc~nt of the demanded power is used in the ac 
form (with about 5 percent of the ac power input to avionics being converted to 
dc power inside the avionic packages). The remaining 5 pe~cent is suppl ied as 
dc power in some avionic equipment, controls, ,relays, solenoids, lamps, and 
heaters. The total weight of a typical electric power system on a large, exist­
ing transport aircraft is about i 1,000 lb (5,000 kg). This weight can be 
divided into the major categories of (I) generating equipment for power supply, 
(2) distribution equipment to control and carry the power to the loads, and 
(3) utilization equipment for power consumption. The total weight includes the 
weight of the driven load (fan, blower, pump, etc.) as well as the weight of 
the supporting structure when it is changed with changes in its driving motor. 
An analysis has indicated that the total weight of 11,000 lb (5,000 kg) is 
apportioned within the power system as follows: 

( I ) 

(2. ) 

(3 ) 

Generating equipment--6 percent of the total, or about 700 lb (318 kg) 

Distribution eguipment--30 percent of the total, or about 3~~OO~lb 
( 1,500 kg) . 

Utilization eguipment--64 percent of the total, or about 7,000 lb 
(3, 180 kg) 

The system has four different modes of operation which are defined as follows: 

(I) Normal fl ight operation--Generators driven by aircraf~ engines supply 
all loads in the airrcraft. 

(2) Ground power operation--Power for 1 ighting, air conditioning, other 
passenger comfort loads, and equipment warmup supplied to the aircraft 
from a ground power cart or onboard auxil iary power unit. 

(3) Degraded fl ight operation--In a four or three channel system, it ~s 
designed to be dispatchable with a single generator or power channel 
inoperative; with two of the four channels inoperative, almost all of 
the loads can still be supplied but passenger discomfort may result; 
with three of the four, or t~o of the three channels inoperativej the 
ai rcraft would have to descend to the lower altitude, but would sti 11 
have all of the vftalaircraft ]oad~ supplied. 
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(4) Emergency flight operati£!:!.--With all channels inoperative, or only a 
single channel operative, vital aircraft fl ight controls and naviga­
tion equipment would be suppl ied from an emergency inverter and a 
battery with about 50 A-hr capacity. 

Power is generated by the aircraft engines on 2 to 4 identical channels 
(depending on the number of aircraft engines), each about 20 to 60 kVA. Hydrau­
I ic constant speed drive units are used to accommodate the approximately 2 to I 
output speed ratio of the engine. The generators are brushless, rotating 
rectifier machines that weight (generator only, CSD not included) about 
1.0 Ib/kVA (.45 kg/kVA) output in the 60 kVA rating on new second generation 
jets and about 2.5 lb/kVA (1.2 kg/kVA) output in the 60 kVA rating on older, 
establ ished aircraft. Typically, the older design generators use air cooling 
with auxi liary power for excitation and operate at 6000 rpm while the new 
designs use oi I cooling with a permanent magnet generator (PMG) on the same 
shaft for excitation and operate at 8000 rpm. 

The output from the generators is 120/208-V, 3-phase grounded neutral, 
400-Hz power and conforms to MIL-STD-704. Generally, the qual ity of all of the 
power is determined by the most exacting of the individual load requirements. 
This power is typically transmitted over a-distance of as much as 150 ft (46 m) 
to the main power distribution center located near the flight engineer's station. 
The distribution center ties together all the generators as well as an attachment 
for ground power input when the aircraft engines are not operating. Bus tie 
breakers and generatQr circuit breakers allow the generators to be operated to­
gether in parallel (as is normally the case) or as independent power sources. 
The parallel ing can be done automatically by sensing the voltage and phase rela­
tionship between each channel and the parallel ing bus and closing the bus tie 
breaker when both voltages and frequencies are within prescribed tolerances. 
Controls and instrumentation- are provided on the fl ight engineer's panel to man­
ually override and contral the paralleling or isolated operation of the generators. 

,Appropriate sensing circuits are incorporated in the iystem to ensure equal real 
and reactive load division between generators. 

Protection incorporated in the electric power system includes differential 
protection for the generators and feeders, overvoltage, undervoltage, over­
freq~~ncy, underftequency, underspeed on the generators, overexcitation and under­
excitation for the paralleling operation, and current l~balance on the parallel ing 
bus. The ground power connection incorporates phase seqlJenc ing to prevent ground 
power from being incorrectly connected. 

From the, generator load bus, several I ines carry the power throughout the air­
craft to local ized distribution buses which transmit the power to the individual 
loads. Each of these I ines is connected to both the parallel ing bus and to one 
of the generator feeder I ines. Th~ connection is betw~en the generator circuit 
breaker and the bus tie circuit breaker. Consequently, the loads can be serviced 
from either the parallel ing bus or the generator (if it is being operated in iso­
lation from the paralleling bus). 

\...,' 
A nominal 28 Vdc power system is provided to supply those loads requiring 

dc power'. The dc power is supplied to the dc loads during normal operation by 
a number of transformer rectifier (TR) units. There are usually as many TR ~nits 
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as generating channels. The rating of these units is typically 50A. However, 
ratings up to 2QOA are not uncommon. Each TR unit is connected to a generator 
load bus and powers an associated 28 Vdc load bus. Normally, the units operate 
in parallel; however, a blocking diode prevents the essential TR from feeding 
other than the essential dc bus. In addition to the TR units, a 24-V battery 
provides a standby source. This source supplies backup electrical system control 
power and can supply power to minimum navigation, instrument, and communication 
systems should al 1 other sources fail. 

In addition to a constant frequency system, some aircraft installations 
include a variable frequency system. Because a great portion of the electrical 
loads are of puf~ resistive nature (de-icing, galley, and incandescent light­
ing), the variable frequency characteristic of the power source wi 11 have no 
adverse effect upon the operation of such loads. The variable frequency gen­
erating system is simplified because it does not employ a constant speed drive 
unit. Reliability and efficiency is, therefore, substantlally better; there is 
one power link less involved in producing the output. This advantage is offset, 
however, since two different types of distribution systems with associated con­
trol and protection are necessary. Variable frequency distribution is also less 
economical than constant frequency distribution. 

System Description and Performance 

Generating system.--A typical present-day electrical generating system, 
which is of the constant-speed, constant frequency (CSCF) type, that may consist 
of either three or four generating channels operating in parallel is discussed 
herein. Fig 2 illustrates a block diagram of the basic ac system •. Each gan­
erator is driven by a hydraul ic constant speed drive (CSD), which, in turn, re­
ceives its power from the accessory drive pad of one of the main jet engines. 
Driving torque to the generator is suppl ied at a constant speed of 6000 (a-pole 
generator), 8000 (6-pole generator), or 12,000 rpm (4-pole generator), providing 
a constant frequency output of 400 Hz. Each generating channel is provided with 
voltage regulation, control, and protection equipment. The principles of opera­
tion of these equipment will be discussed later in this section under the head­
ings of system control and system protection. 

CSD input speed variation is typically 2 to I. The three-phase (four-wire 
grounded neutral) power output from the generator is carried over a typical 60-
to 120-ft (18 to 37 m) transmission 1 ine to the main power shield, located near 
the flight engineer's station in the control cabin. The power shield is the 
collection point for the feeders of all generating channels. It contains the 
individual generator circuit breakers (~CB), the bus tie breakers (BTB), the gen­
erator load buses, and the synchronizing bus. The power from the generator load 
buses is distributed via thermal breakers to the various local distribution 

'buses, and from there to the various loads throughout the a~rplane. Each gen-
~rator can operate isolated, supplying its own load bus; or the generators can 
be paralleled in any des.! red combination by closing the proper bus tie breakers. 
Any load bus can obtain power from other generator on the system by opening of 
the proper GCB and closing of the proper BTB. Al'so loc(~ted in the power shield 
and connected to the ,synchron i zi ng bus is the externa 1 power contactor (EPC). 
DUrl;,ng ground servicing operation, power can be supplied\to the synchronizing 
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bus and, hence, to the load buses from an auxi liary ground power unit. Some 
electrical systems incorporate an airplane-installed auxi liary power unit (APU) 
which might also be electrically connected to the synchronizing bus (not shown 
in fig. 2). 

The main ac power shield serves as the point of regulation for each·. 
generating system where nominal system voltage of 115/200 V is maintained. 
Design criteria for the performance, control, and protection of the system 
include the following: 

(I) Continuous supply to load buses (during normal and most abnormal oper­
ation of the system, power shall be maintained to the load buses) • 

(2) No single fault shall cause loss of power to an lInfaulted load bus. 

(3) Maintain system capacity (during normal operation, load sharing 
circuits shall provide maximum system capacity and shall remove only 
that faulted generating channel which might end~nger the overall 
system or load equipment). 

(4) Maximum protection with minimum components. 

In order to provide the necessary degree of system control and to achieve system 
rel iabil ity, each power source, mechanical and electrical, requires c,ontroll ing, 
regulating, and protective equipment. 

Fig. 3 shows a block diagram of a single generating system wit:~o-p.-.trol and 
protection tie points. The CT package and potential transformer provide real and 
reactive load sharing signals to modify the output speed of the CSD and the gen­
erator excitation through the load controller and voltage regulator respectively. 
The differential CT's detect the internal faults of the generator. The control 
and protect i on block inc 1 ude many funct ions. The purposes of th is g roup of 
equipment are load control, autoparalleling and fault isolation. In case of a 
fault on the synchronizing bus (except balanced 3 phase fault which is unlikely) 
the negative sequence relay will provide a trip signal to all bus tie breakers, 
thus permitting e~ch generator to continue supplying its load bus independently. 
The external power contactor EPC is controlled by a phase sequence relay, the 
negative sequence relay, the external power switch, and a ground power switch on 
the flight engineer's panel. The EPC is interlocked with all GCB's such that 
closing the external power contractor will trip all GCB's. 

Constant speed drive.--The alternator drive is a governed hydraulic trans­
mission which transforms the varying input speed from the aircraft engine to 

: constant speed for driving the alternator. Hydromechanical constant speed drives 
are composed of basic hy~r~~lic components which can be arranged in v.riou5 

. combinat ions to meet spec i f i c performance requ'j rements. The components ,are 
generally a variable hydraul ic displacement pump and a fixed hydraul ic displace­
ment motor. The pumping unit volumetric displacement is varied in relation to 
input speed to provide an oil flow to the fixed displacement motor unit which 
will assure a constant output speed. An output speed signal, converted to a 
hydralJI ic signal by th~.govern()r, actuates a servo piston which is connected to 
a pump wobbler plate, thereby varying the displacement6f th-e pump. 
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The drive provides a constant output frequency of 400 ±I HZ,for steady­
state conditions of load and input speed variations (typically 4000 to 8000 rpm). 
With rapid acceleration or deceleration of input speed or normal changes in load 
on the ai rcraft electrical system, transient output frequency is held to 400 
±4 Hz. Under steady-state conditions of load and speed when two or more alter­
nators driven by constant speed drives are operated in parallel, the drive out­
put frequency is held to 400 ±I Hz, and real load division is held within 2 kW 
(typical for alternators rated 40 kVA each). With rapid acceleration and decel"' 
eration of input speed, or sudden changes in load on the aircraft electrical 
system, real load division is held within 12 kW total. 

Alternator.--The alternator with the typical ratings of 30 kVA, 40 kVA, and 
for more recent application, 60 kVA, is generally of the brushless rotating rec­
tifier type with salient pole construction, and is either air or oi I cooled. On 
the newer systems the ac main generator incorporates a small pilot permanent 
magnet generator (PMG) for system self sufficiency. The PMG output (typically 
500 VA) serves for exciter excitation and for system control. Alternator speeds 
are 6000 rpm, 8000 rpm, and, for recent applications, 12,000 rpm. 

System Control 

When operated singly, the two main controlling functions for each system 
are frequency regulation (by trimming the output speed of the constant speed 
drive) and voltage regulation (by varying generator excitation). These two con­
trol functions change to real load divis.ion control and reactive load division 
control respectively when the systems operate in parallel. 

Frequency control.--A block diagram of the control system is shown in fig. 4. 

Regardless of the particular trim control method that is used, the basic 
bui lding blocks of the electrical trim will always include the following elements: 

(I) Frequency reference 

(2) Converter or comparator to obtain a voltage or current analog of 
frequency error 

( 3) Amp 1 i fie r 

(4) Transducer to modify the speed governor setting 

The frequency reference is the standard to which the generator frequency is 
continuously compared. A voltage or current analog of the frequency error is 
obtained from the comparator. This frequency error signal is then amplified and 
applied to the magnetic trim governor of the trasmission. Current in the trim 
coil functions, as vernier control of the governor. In order to distribute the , 
real load equally between generators, the direction and magnitude of the deviation 
of each generator load from the average load is sensed by the load division loop. 
Th.is loop is composed of a series string of parallel combinations of curreht ' 
transformer secondaries and burden resistors (see fig. 5). Each current trans-
former (CT)is.,onthe same phase of each generator.' 1\ 
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An example wi 11 best illustrate the operation of the load division loop. 

-

Suppose that a voltage EI is produced in CTI as a result of the inducecl current, 
and that E2 is induced in CT2, E3 in CT3, and E4 in CT4. Consider EI, E2, E~, 
and E4 instantaneous voltages, the induced voltage at one particular instant of 
time. It is apparent that EI will appear across RI. EI is shown as a voltage 
drop across RI with an arbitrarily assigned polarity. Fig. 5(b) shows the 
burden resistors with the current transformers removed. The transformers are 
removed so that the voltage EI distribution among the resistors can be seen more 
clearly. Since El is dropped across RI, it can be seen that EI wi II also be 
dropped across the series combination of R2, R3, and R4. Since all of these 
resistors have the same value, one-thi rd of EI wi 11 be dropped across each of 
them. 

Note that the polarity of the voltage dropped by each resistor is opposite 
to the polarity of E2 across R2, E3 across R3, and E4 across R4. In asimi lar 
manner, E2 wi 11 be dropped across R2, while one-thi rd of E2 wi 11 appear across 
each of the other resistors, but of the opposite polarity with respect to E2. 
Likewise, E3 and E4 will be distributed among the resistors. As a result of 
voltages EI, E2, E3, and E4 being induced in the load division loop, each resistor 
drops four separate voltages. On RI the four voltages are EI, one-third E2, one­
thi rd E3, and one-third E4 with EI opposing the other three voltages. The net 
voltage dropped across RI will be the algebraic sum of these four voltages. The 
net voltage dropped across R2 wi 11 be E2, one-thi rd EI, one-third E3, and one-
thi rd E4, and so on for R3 and R4. The net voltage across ~ach burden resistor 
is the input to the load control circuit from the load division loop. Consider 
fi rst the case where the load is balanced. The output of all four generators 
wi 11 be the same and EI; E2, E3, and E4 wi 11 be equal. The net voltage dropped 
across each resistor wi 11 be zero, and there wi 11 be no output from the load 
co n t ro lIe r s • 

Now consider the case where the load is unbalanced. An unbalanced load 
condition exists when bJO or more generators are carrying more or less than 
thei r share of the total load. The share that each generator should normally 
carry is equal to the total load divided by the number of generators. In the 
load division loop, this share is represented by the sum of EI, E2, E3, and E4 
divided by four. In the unbalanced load condition the net voltage drop across 
RI is sti 11 the algebraic sum of Et, one-third E2, one-third E3 and one-thi rd E4. 

Since the voltages induced in the CTls are not necessarily equal, the result­
ing net voltage drop across RI may have a certain magnitude and polarity. The 
magnitude indicates how much the output of generator no. I has deviated from its 
required share of the load, and the polarity indicates whether the generator is 
carrying more or less than fts share of the load. 

!. .- ~ 

. . I 

E2 E E 
Voltage drop R, ·E 

.. 3 4 
across = - -I 3 3 3 

(I I 12 13 14 ) 
= - - - - - - R 

3 3 3 
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Simi lar expressions can be obtained for voltage drops across R2, R3 and R4• 

-. 

\ 

Since the current sensed by the current transformers in the same generator phases 
represents total or apparent current, reference to the in-phase component with 
the voltage has to be made within the load controller to obtain the correct real 
load division. Reference of the in-phase component of the current may be obtained 
by a phase sensitive demodulator as shown in fig. 6. The dc output of the modu­
lator is proportional to the magnitude of the product VI cos 9, where 9 is the 
phase angle between line current and phase voltage. In fig. 6a, the primary of 
the potential transformer T is connected across one phase of the generator. 

I 
The two secondaries are connected to two diode bridges in opposite polarities as 
shown by the polarity dots in the figure. The current derived from the current 
transformer wi 11 flow in either one of the two secondaries depending on the 
instantaneous relative polarities of the line current and" phase vo1tage.- Fig. 6b 
shows a case that line current II lags behind the phase voltage V

I
_n by a phase 

angle 9. The instantaneous value of io (fig. 6a) wi 11 be negative from 0 to tl 

and from t2 to t3; while it wi 11 be positive from tl to t2 and from t3 to t 4 • 
• The output of the demodulator, i.e., average value of ~ , is then 
o 

TT-8 

• ~J I sin xdx £ I cos 9 ~o, ave = = om TT om 

(1
0m peak value of 

. 
) -9 = ~ 

0 

In other words, the output of the demodulator is proportional to the real compo­
nent of the line current. Since pha~e voltage is a constant, the output of the 
demodulator can also be considered as proportional to VI cos 9. 

It is lmportant that the primary of the modulation transformer is connected 
to the same phase from which the current is sampled to obtain real load division. 
If a generating channel does not operate in parallel with the other channels, its 
corresponding BTB or GCB is open. This closes a normally open contact on the 
b reake r, the reby sho rt i ng the output of the cur rent trans fo rme r in the non­
contributing system. 

Voltage regulation.--Except for weight and size, the functional require­
ments of the voltage regulator have not changed over the years. Theserequire~ 
ments are listed below. 
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(I) Compensation for the high no-load to full-load regulation that is 
characteristic of unregulated ac generators with fixed excitation. 

(2) Compensation for generator voltage change with change in machine 
speed. 

(3) Compensation for the tendency of generator voltage to drift as the 
field winding of the machine heats up (resistance change). 

(4) Rapid return of generator voltage to normal after transient changes 
in load occur, i.e. sudden application and removal of one to two 
per unit load, clearing of faults, etc. 

(5) In parallel systems, control of the division of reactive loads supplied 
by each generator. 

Although the functions remained the same, the means for accomplishing them 
changed as the technology progressed, resulting in some significant improve­
ments. At one time, 'the standard regulator designed for use with rotating 
exciter machines was the carbon-pile regulator. Gradually, this type was 
replaced by the magnetic-amplifier regulator. In later applications, a voltage 
regulator comprised a transistor amplifier controlling a magnetic amplifier 
output stage was adopted. Present-day regulators, however, are completely 
transistorized, including the output stage. 

Magnetic amplifier and transistorized regulators each have their own 
advantages and disadvantages. Magamp regulators are advantageous because they 
can withstand high temperature environments and are unsusceptible to electrical 
noises. Transistorized regulators are fast response, small size, and light 
"'Ie i ght. 

Transistor regulators usually are switching type regulators and employ the 
pulse width modulation scheme. Fig. 7 shows the block diagram of a typical 
regulator. The three"'phase, line-to-line voltage is sensed at the point of regu­
lation and is stepped down by a three-phase transformer in the regulator. After 
half-wave rectification, the ripple voltage is subjected toa wave shaping net­
work to ;)roduce a saw tooth waveform. This waveform is compared to a fixed, dc 
reference voltage. The rising or falling ramp of the saw tooth causes a varying 
pulse which is amplified and switches the output stage to coritrol the current to 
the generator field. Power for exciter excitation and all control functions is 
obtained from the pi lot PMG. 

Equal reactive load division for each generator is provided by the reactive 
load equali.zing loop. The principle is the same as that for real load sharing, 
except that the sine of the phase displacement angle between voltage and current 
(instead of the cosine) is used as factor to obtain the power product. This is 
done by connecting the primary of the modulation transformer (see fi g.6) 
between lines T2 and 13, those lines wh~re the current sample is not taken as 
input to the modulator. 
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Figure 7. Basic Principle Operation of Transistorized Voltage Regulator 
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The resulting modulator output dc signal is added or subtracted to the 
reference in the pu1se width modulator, depending whether the respective gen­
erator contributes less or more than its share of reactive load to the system. 

Control panel.--The control panel provides system control and protection 

\ 

from abnormal operating conditions for each generating cha,nnel, the total generat­
ing plant, and the equipment load. These control, protective, and warning func­
tions are listed below. 

(I) Control functions 

( 2) 

Generator field control 

Generator circuit breaker control 

Bus breaker control 

Autoparallel 

Time delay functions 

Protective functions (definitions of these functions are on pp. 26 and 28) 

Overvoltage 

Undervoltage 

Overspeed, over frequency 

Underspeed, under frequency 

Overexcitation l 
excessive reacti~e load division unbalance 

Underexcitation 

Difference current protection 

Differential protection 

Open-phase protection 

Synchronizing bus protection 

External power out-of-tolerance protection 

CSD protection 

(3) Wa rn i'ng and emergency funct i OilS 

Generatorovertemp~rature 

Emergency fire switch 
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This is believed to be a representative list of control and .protective 
functions which could be provided by a supervisory panel for a conventional 
electrical system in contemporary aircraft. Existing control panels, however, 
do mot p rovi de a 11 the protect i ve funct ions 1 i sted above. Each i ndi vi dua 1 
application wi 11 call for an optimum number of protective functions influenced 
by the prevai ling protection philosophy of the system designer. Some functions, 
such as inadequate external power quality and sync bus pr~tection, which are 
usually not included in the generator control unit, are furnished by a separate 
bus protection panel. 

A typical control and protection logic diagram is shown in fig. 8. (Warn­
ing functions are not shown in this diagram.) 

Control warning and emergency functions.--Control warning and emergency 
functions are discussed in the following paragraphs. 

Generator control relay: The main function of the generator control relay 
is to open and close the exciter field current. It is generally a latch type 
relay with both a trip and a close coil, and with auxi liary contacts connected 
to the generator cir~uit breaker trip ~oil circuit. This causes the circuit 
breaker to open whenever the exciter field is opened. Relay position is usually 
indicated by alight to the fl ight engineer. Operation of the generator field 
relay may be semiautomatic (fl ight engineer may have a switch for manual control) 
or fully automatic (fl ight engineer has no control). In very recent control 
panels, this mechanical relay has been replaced by sol id-state switches~ 

Generator circuit breaker (GCS) and bus tie breaker (STS) control: These 
contactors are generally of the mechanically latching type. They require two 
separate input signals, one for closing and one for opening the breaker. These 
signals are furnished by small slave relays (mechanical or magnetic latch type) 
which control the main power contactors. ~'hen<r.::ver a trip signal is present from 
a protective command, an inhibit signal pre'V,ents the respective circuit breaker 
from closing, thus providing anticycling as 101'19 ,as the abnormal condition per­
sists. In very recent control panels, all ~echanlcal relays have been replaced 
by solid-:-state switches; the main powercon:t~t\";·t~tsare the only mechanical 
switch~s -'in the system. The status of the l~Cij ,f.ilndBTS is indicatet: to the fl ight 
engineer by indicating ligh~s. 

\ 

Autoparallel: The' automatic parallel i,~()J cir,cuit operates to lockout the GCS 
closing circuit whenever the voltage frequenr.;,~,t and phase angle are out of tole;r­
ance between the incoming generator and the$~H'ichronizing bus. Usually the crr­
cu i t does not perform any correct i ve act ion to bdng the two systems into synr:;hro­
nism. It merely prevents the incoming generator from being paralleled until all 
the conditions for parallel ing are met. The circuit does not operate if th~ 
frequency difference exceedS 4 Hz or the phase' ang.le difference is greClt~r than 
30 deg. If the frequency and phase angle reqUirements are satisfied, t'he circuit 
will operate witha voltage difference of 10V or less line to neutral (L-N) be­
tween the two vo I tages.' 

Some systems are provided with synchroni:;d',I'l,gl;ghts to permit and aid the 
operator in tying the system manually via the, 81'rf'lf the autoparall!?,l circuit 
mal funct ions or du ring spec i f i cemergency p roc~'(juf'¢S,. 
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Time delay functions: To discriminate the action of certain fault command 
signals, two different time delay circuits are simulataneously energized as shown 
in fig. B. One time delay circuit actuates the BTB after 2 to 4 sec, thereby 
isolating that channel from the rest of the system. The other time delay circuit 
trips the GCR after 5 to 7 sec, which disconnects the generator from its load 
bus if the fault still persists. In this case, reclosure ~f the BTB is desired. 
On older systems, this is done manually; on more recent systems, it is done auto­
matically. 

Generator overtemperature: Some systems incorporate various warning func­
tions; typical of these is generator overheat, which is indicated to the fl ight 
engineer by a warning 1 ight. The overheat warning could be caused by an over­
loaded generator, inadequate generator cooling, or generator mechanical failure. 
Whatever the cause may be, the overheat warning is announcing incipient generator 
failure, and that the generator should be deenergized and removed from its load 
bus. The practical value of this warning indication has been questioned by some 
airplane users in the past. If some warning requires a definite response by 
operating personnel, the corrective action could be done automatically as well. 

Emergency fire: In a case of extr,eme emergency, where it would be desir­
able to completely deenergize the entire bus system, the flight engineer pushes 
the fire switch. This sends a signal to the 5- to 7-sec time delay and results 
in tripping of the GCR and GCB. Pushing the fire switch affects all generating 
channels simultaneously. 

System Protection 

Protective circuits defined.--The definition of the protective circuits 
are as follows: 

( 4) 

( 5) 

Over- and undervoltage protection--Prevents damage to load equipment 
in the event of excitation faults during single generator operation. 

Over- and underspeed (frequency) protection--Prevents improper opera­
tion of load equipment; it is usually included in the constant speed 
drive; it selects and isolates a faulted drive or an abnormal speed 
condition during engine idle or shutdown. 

Over- and underexcitation protection--Pr~vents damage to generating 
equipment in the event of excitation faults during parallel generator 
operation; selective isolation of the faulted system prevents power 
loss to the aircraft loads. 

Difference current protection--As for over- and underexcitation when 
channels operate in parallel, this protection selects and removes that 
generating channel which contributes significantly more or less than 
its share of total current to the loads. 

Differential fault protection--Guards against fault in the generating 
and transmission system only. In general, differential fault protection 
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covers all equipment located within the differential fault zone. Any 
applicable difference between current flowing out compared to the cur­
rent flowing into the zone is detected and corrective action is initi­
ated (line to line or line to ground faults). 

. , 

(6) Open phase protection--Prevents damage to load ~nd source equipment; 
if an open phase occurs anywhere in the system, and if there is danger 
of reducing system capacity, its respective system wil I be deenergized 
by operation of a zero sequence relay. 

(7) ~nchronizing bus protection--~ distribution system protection may be 
obtained by a negative sequens~ relay on the synchronizing bus, thus 
providing unbalance voltage protection for ,that bus and tripping all 
BTB simultaneously in case a line to ground or I ine to I ine fault on 
the bus occurs. 

(8) External power protection~-To prevent imprope!r operation and damage to 
load equJpment, several protective functions already provided for the 
aircraft system may also be included for protection of the external 
power channels. This usually is protection against out of tolerance 
voltage and frequency. In case of excess deviation) the external 
power contactor (EPC) ~s tripped off. Phase seq~ence protection will 
prevent closure of the EPC should the ground power phase sequence be 
opposite to that in the aircraft. 

(9) CSD arotelct i on-- The re are usua I I y th ree protect i ve dev ices i ncorpo-
. rate in the constant speed drive. A shear section is provided on 

the input drive shaft for the protection of the main engine accessory 
gearbox. A solenoid operated emergency drive disconnect permits 
manual disconnect of the drive shaft in fl ight in case of generator 
or drive failure or overheat .. The disconnect is controlled by a 
switch on the flight engineer ' s panel and cannot be reset in fl ight. 
Also, an overrunning clutch on the dr'ive input prevents power flow 
in the reverse direction from the generator back into the drive in 
Cgse of severe load unba I ance or dr,i ve fa i lure in para 11 e 1 operat ion. 

-, 
1 

\ 

Normal system operation.--Normal system operation includes starting and 
shutdown. Normal system operation is depicted in the logic diagram of fig. 8 
presented previously. When the aircraft engines are started and the generators 
are up to speed, sufficient output power for control and generator excitation is 
available from the PMG. The CSD, which uses ~he PMG output as referenced fre­
quency, regulates the system to nominal output speed. If the previous shutdown 
of the system was normal and did not occur because of a fault, the generator 
control relay is in the close position and excitation current is automatically 
applied to ~he generator field. The voltage regulator will control the generator 
output voltage to 115 ±I V at the point of regulat'ion. Before the generator 
circuit breaker (Gee) can be closed, four conditions must be met for single 
generator operation. 

( I ) 

g( 

("'\ 
\, i 

The generator must be up to speed, and no underspeed signal (US) 
present 

28 

1 

" 

~ 
f,.j 
• 



b 

... v .'~~._, __ - ":'.: " -, -. ""'~'~"'~'~~.,.~<,~:~;~~ ... '-'." .. 
..•. 

~ : . . :~ .. 

. , 

. '",:" 

", . 

,- ," 
... 

" 

" -:" 

'. '" 

":.':'. ",' 

m ·-·-..... _··1 

~.: ~~~ ~~". -.. 
-- ' ~ .. 

'." : .. 
.;.{, .'.; .. ", .. . . " ' " "\., .... 

:. ,~ 
. .. . :.~ 

". 

.' '. . 
. '.' ,: 

"" 

','-' . , ,.: 
~.. . .... 

..' .:'." 

.' 

(2) The generator control relay must be closed 

(3) Proper generator output voltage must be indicated (VI) 

(4) Sync bus voltage must be zero 

_ ... 

If all the aforementioned conditions are met, closin~ of the GeB switch on 
the fl ight engineer' 5 panel wi 1 I close the breaker, thu~ .connecting the generator 
to its load bus. Normally all BTB are closed, and each oncoming channel aft~r 
the first is 'paralleled via the GCB. 

If the fl ight engineer wishes to isolate the load bus or synchronizing bus, 
the GCB switch and BTB switch can be moved to the trip position manually. If 
the aforementioned breakers are tripped, the associated generator may be deener­
gized by moving the GCR relay to the trip position. If the GCR and Gee are both 
closed, tripping the GCR will both deenergize the generator and automatically 
trip the GeB through the GCR contacts. 

Normally, when no fault occurs, system shutdown is completely automatic. 
The generator circuit breakers are tripped by the underspeed circuit when the 
drive underspeed falls below 360 Hz. Thus, on shutdown the BT3 and GCR both 
remain closed. Since the bus tie breakers are closed) all load buses can be 
energized by external power when it is connected to the switch. Also, since 
the generator control relay remains closed, the generators begin to build up 
automatically on startup as soon as control power is available from the PMG. 
Consequently, the only-action required by the flight engineer on startup is to 
close the GCB switches. 

System protection for fault condition.--System protection for fault condi­
tion is discussed for single generator and parallel systems. 

Single generator system faults: Overvoltage protection is usually con­
sidered to be the most important single protective device in an aircraft. An 
overvoltage condition cannot only cause damage to load equipment(in particu- :' 
lar, semiconductors) and d~crease life expectancy; but it can also have adverse 
effect on the generating system (heating) and may lead to severe reduction in 
total system capacity. Overvoltage protection is designed to have an inverse 
time-voltage characteristic because much of the damage caused by overvoltage is 
due to overheating. To'obtain overvoltage protection and at the same time pre­
vent nuisance operations on load switching transients, the circuit must operate 
very rapidly on extreme overvoltage and relatively slow on slight overvoltage. 
On completion of the time delay, the generator control relay trips, deenergizing 
the generator and, consequently, tripping the GCB. Fig. 9 shows the operating, 
limits of MIL-E-7894 for the overvoltage circuit. The overvoltage circuit senses 
the average of the three-phase generator output voltages and~ converts it to a 
proportional dc signal. This signal charges an appropriate RC timing network, 
which in turn initiates the trip signal to the GeR. Due to the similarity of 
the overvoltage and overexcitation functi~ns, these circuits are usually com-
b i ned. 
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Undervoltage protection is needed to prevent damage to load equipment. 

Sufficient low voltage could result in high current and excessive I2R losses in 
motor loads, causing overheating and eventual burn out. A;9ondition of under­
voltage exists whenever the system voltage falls below 100 V L-N. Load switch­
ing can result in momentary low voltage; however, time delays prevent nuisance 
operation by overriding these transients. The undervoltage is usually combined 
with the underexcitation circuit; its output starts different time delay cir­
cuits. In single generator operation, if an undervoltage condition exists for 
5 to 7 sec the GCR will be tripped, deenergizing that generator and associated 
GCB. Overfrequency or underfrequency protection is provided in case of exces­
sive drive speed deviation. It is generally initiated when the system frequency 
increases or decreases 10 percent from its nominal value. This will cause trip­
ping of the GCR and GCB. The circuit operation may be based on the frequency 
to dc conversion, comparing the analog of the PMG frequency to a fixed reference, 
or it may utilize the digital princilPle comparing the period of the frequency to 
be sensed to a fixed time interval. 

Differential protection is provided for protection of the power source and 
the primary transmission system only. This protection is required to respond 
instantly whenever the difference current within the differential protection 
zone exceeds approximately 30 percent of the systems per unit line current. 
Faults causing this difference current may be due to internal grounds in the 
generator or phase-to-phase or phase-to-ground faults within the protective zone. 
The differential protective loop extends from three current transformers con­
nected on the neutral side of the generator to three current transformers con­
nected on the synchronizing bus just beyond the bus tie breaker. A fault signal 
on the differential protection circuit will trip the GCR, deenergize the genera­
tor, and isolate the generator from its load bus by tripping the GCB. Some 
newer systems employ two or more differential protection loops, one for each 
generating channel and others to include the synchronizing bus with all its 
feeder lines from auxiliary and external power. 

Open phase protection guards against excessive phase unbalance. It can be 
shown by symmetrical components that whenever an'open phase occurs in a grounded 
neutral system of paralleled generators, zero sequence current will appear in 
the neutral connections. Thus, a properly designed sensing network in the neu­
tral connection of the system will sense and detect the zero sequence component, 
and, if excessive, will.initiate a time delay network. In single generator 
operation the system will be deenergized and removed from its load bus after the 
condition has persisted for 5 to 7 sec. Open phase sensing is usually in60rpor­
ated into the differential protection circuit as a matter of convenience. 

Parallel system faults: Parallel operation of a number of small generating 
units is a factor which contributes to the reliabil ity of the service furnished 
by a power system. Maximum reI labil ity is not attained when each unit suppl ies 
an isolated section of the total load as is necessary on a variable frequency 
generating system. Isolated operation results in a portion of the load being 
lost, at least momentarily,~after failure of a generating unit and before the 
load may be divided among other machines. 
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In a parallel system, a generator can become overexcited or underexcited. 
But as it is in parallel with several other generators, the resultant voltage 
is the average of all the generator voltages and may not reach a value which 
would cause the overvoltage protection to operate. However, when a generator 
operating in parallel becomes overexcited, it tends to supply considerably more 
than its share of reactive power to the system. This condition causes the gen­
erator to become overloaded, and since this could cause the system capacity to 
be reduced, the faulty generator should be removed from the system. Overexcita­
tion is any condition that produces excitation over and above normal exciter 
field current requirements Any overvoltage condition will also cause an over­
excitation when the generators are operating in parallel. An open current trans­
former in the equal izer circuit and a shorted equal izer loop could cause the 
machine with the higher voltage to become overexcited. Overexcitation is over­
voltage biased with a current signal and is sensed in exactly the same manner 
as the overvoltage circuit. Current is sensed by means of the equalizer loop. 
This provides selectivity and enables the system to select and shutdown the 
system causing the overexcitation. 

Underexcitation is any condition which produces excitation below normal 
exciter field current requirements. When an underexcitation fault occurs on a 
generator operating in parallel with other generators, this generator becomes a 
load for the rest of the system and heavy reactive circulating currents flow be­
tween generators with resultant overheating. The undervoltage on the system due 
to the underexcitation fault on one generator is not as severe as it would be 
if only the one generator were operating by itself. When an underexcitation 
condition of a certain generator is det~cted (by means of the equal izer loop, 
same as the condition of overexcitation) two time delays are initiated. One 
will trip the BTB after about 2 to 4 sec. If the voltage of that isolated 
generator indeed shows an undervoltage, the second time delay will deenergize 
the GCR after another I to 3 sec. 

Difference current protection is another precaution to ensure that equal 
load contribution by each generating channel is within tolerance. This protec­
tion senses the total current difference between paralleled generators and, 
after an inverse time deJay, opens the BTB of a channel whose total current 
differs from the average by a predetermined amount. 

Because the tie bus is not included in any of the protective schemes for 
each generating channel; there is usually a separate bus protection panel prO­
vided which protects not only the synchronizing bus but also the external power 
feeder lines and contactors. 

On older systems, thermal protection for the synchronizing bus was provided, 
Some systems employ negative sequence voltage protection. This responds to line 
to ground faults and I ine to line faults, but will not respond to a three-phase 
symmetrical fault. 

Recent protective schemes incorporate the synchronizing bus into a separate 
differential protection zone which includes auxiliary feeder lines and breakers. 
A differential fault within this zone will simultaneously trip all BTB and con­
tactors connected to the zone. 
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Information Display 

.~ 

\ 

Higher performance aircraft ang more complex avionics have given the pilot 
and flight enginee~ more work to do and less time to do 'it. More subsystem 
components and flight aids have caused cockpit readout congestion. As a result, 
the display of electrical power system information in cu~rent aircraft is rather 
simple. In a large commercial transport, the following information is usually 
displayed: 

(I) Ac power 

Phase voltage - A voltmeter with phase selection switch 

Frequency 

Power and reactive power - One single phase wattmeter per 
channel. By pushbutton action, this wattmeter can be 
changed to read reactive volt-amperes. 

(2) Dc power 

Voltage 

Cur ren t 

(3) Operationa~ status 

Generator ci rcui t breaker, "on" or "off" 

Bus tie ci rcui t breaker, "on" or "off" 

APU generator, "on" or "off" 

External power contactor, "on" or "off" 

In general, information will not be displayed unless the flight crew can 
use it to perform some corrective action during flight. ' 

The ac system control panel in the C5-A airplane is shown in fig. 10. The 
C5-A represents the latest aircraft de~lgn. 

The introductiori of system and component failure prediction, detection, and 
compensation on future advanced ai rcraft wi 11 require a very different .display 
system. 
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UTILIZATION EQUIPMENT 

Introduction 

Since ut iIi zat ion equ i pment repr.esents a maj or port i on of the aircraft 
electrical power system it warrants maximum design considerat~on. The achieve­
ment of a good electrical system design begins with a thorough knowledge of the 
aircraft load requirements, methods of supplying electrical power, and the 
characteristics of the components that perform the load functions. A collec­
tion of this information is presented in this section in addition to a general 
review of the util ization equipment currently installed in commercial aircraft. 

-

An exampl~ of electrical utilization weights for a large subsonic t~ansport 
are I isted below. The weight of the electrical equipment includes the support­
ing structure and the pertinent auxil iaries. For a motor load, the weight in­
cludes the motor and the load it drives, if the weight of the load changes with 
motor design such as a change in motor speed. 

Eguipment 

Flight control .......................... 
Starting system .............................. 

Fuel system ..................... ~ ....... 
Li ght i ng ................................ 
De-icing and miscellaneous he~t i ng ...... 
Air conditioning •••••••••••••• ! ,e •••••••• 

Avionics ...............•......•.... , ...... 

Instrumentation · ..... - .................. . 
Fire protection · ........................ 
Pneumat i c power system .................. 
Hydra.u I i c system ..................••.•... 

-
Ga II ey and lavatories •••••••••••••••• 0 •• 

Water and waste · ......... " ............... 

Weight 
i 

380 lb (172 kg) 

122 lb (56 kg ) 

232 Ib (105 kg 

619 lb (280 kg) 

275 Ib (125 kg) 

235 Ib (107 kg) 

1837 lb (833, kg) 

1268 'I b (576 kg) 

102 Ib ( 46 kg) 

50 I b ( 23 kg) 

133 Ib ( 60 kg) 

1750 Ib (793 kg) 

64 Ib ( 29 kg) 

) 

Total 7,067 Ib (3,205 kg) 
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Load Distribution and Power Qua1ity Requirements 

l:tE.Lca1 aircraft loads.-- Electrical loads in a commercial aircraft can be 
divided Into major groups of (I) electronics and controls, (2) heating, 
(3) lightIng, and (4) motors. The distribution of electrical loads varies with 
diffe'rent airplanes. For example, a large amount of electrical power is re­
quired for de-icing. For an airplane that uses engine-bleed air for de-icing, 
the percent heating load will be relatively low. A comparison of the load divi­
sion of a few aircraft is given in table I. Detai led load information on a 
sample SST is given in Appendix B. 

TABLE 1 

\CO!~PARIS(,)N OF ELECTRICAL LOAD DIVISION FOR SIX DIFFERENT AIRCRAFT 
APPROXIMATE LOAD DISTRIBUTION PERCENTAGE 

'A ~,.,""AtlUI".~"","(lI.-i_~_ 

LO,cld 
9 rouP 

,~,-",,---*--~, 

E teet rani cs 
and cO.n t fO 1 

Boe i ng 
737 

. , 

13 

.. i·~IO_'l_" 

Heat i n'9\ .4,,2 
-_1111!_~_.1-. ,_ ... ~~{~ .. .6I'~." 

Li ght i n9 I 10 
~"'~"""'."" I 

3!5 I 
\ 
I 

Motor 
~~\DII.!'I'_:CO._ 

Douglas 
DC8 

8 

25 

12 

55 

SUD-BAC Sample Lockheed Boeing Approx. 
Concorde SST L-IOII 747 average 

14 II 13 II 12 

47 II 41 59 37 

7 10 10 5 9 

32 68 36 25 42 .. 

The electrical loads of an aircraft can be further classified as essential 
or nonessential. An example of the division between essential and nonessential 
loads of an aircraft is shown in table 2. For this particular air~raft 
the essential and nonessential loads are about equal. A more detailed break­
down of these loads is given in table 3. 

Load profi le.--An example of the load profile for a large subsonic air­
craft is given in table 4 and is plotted in fig. I I. 

Power quality requirements.-- Most electrical loads in an airplane, do not 
requ i re good qua 1 i ty input powe r. Heati ng loads are i nsens i ti ve to input wave­
form and voltage transients and are independent of input frequency. The heat 
output is proportional to the square of the input voltage; however, the voltage 
need not be closely regulated. 

Many authors have stated that harmonics in the applied voltage (time 
harmonics) have little effect on electric motor performance. Electric motors 
normal ly are not designed with high magnetic saturation. A slight increase in 
applied voltage does not result in excessive magnetizing current. When the 
applied voltage decreases, the motor usually draws more current. However, since 
it "takes time for the motor' heat to accumulate, electrical motors can usually 
tolerate rela·tively large steady-state and transient voltage and frequency 
excursi ons. 
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Type of load 

Motor 

Heating 

Lighting 

Electronic 

Relays, instrument 
and miscellaneous 

TR units 

Total* 

., • .. w ~ ~,~ • ' .. t. .~ ~'. 

• • • ~. 11:. '".. J"",.' • 

,'" ,. 

- .. ~ - ." . ~ 

'"" \ -.:" 
" . 

.~ • : ... ~ • ".' >. 

. . :.: . ~ . 

........ 

. ;.:" ... '" 

... ~ 

·TABLE 2 

SAMPLE AIRCRAFT CONNECTED LOADS 

---
Essential Nonessential 

Percent Percent 
of total of total 
connected connected 

'kVA load kVA load 

58.2 28.5 54.9 26.8 

6.9 3.4 43.7 21.4 

7.9 3.9 15.9 7.8 

6.8 3.3 0 0 

2.6 I .3 I .4 0.7 

5.8 2.8 O. 1 O. 1 . 
88.2 43.2 116.0 56.8 

, .... 

Total (essential 
and nonessential) 

Percent 
of total 

connected 
kVA* load 

113. I 55. I 

50.6 24.7 

23.8 12.7 

6.8 3.3 

4.0 I .4 

5.9 2.8 

204.2 100.0 

*Algebraic addition assumed equal power factor on individual loads 

Lighting loads can tolerate variable frequency, poor wave form, and large 
transients. The fluorescent lights can operate on variable frequency as long as 
the voltage does not vary. The light output of incandescent and fluorescent 
lights is affe~ted by the applied voltage. However, this affect is not critical. 

The avionics equipment utilizes mainly dc power~ If ac power is the 
input to the equipment, it is converted to dc power internally. Only a small 
fraction of ac power is used directly to supply synchros and resolvers. To 
supply most avionics loads, 400-Hz ac power is used because it can be transformed 
easily and provides isolation. Unless some new devices are developed for ac 
ope~~tion, dc power will continue to be the only type needed in future avionics 
equipment. The present trend indicates that synchros and resolvers wil I be re­
placed by dc digital or analog devices. Synchros are dfsadvantagebus for posi~ 
tion sensing because they (I) need angular position form of information,' (2) do 
not lend themselves to electronics types of equi~ment, (3) required precise power 
with regard to frequency and waveform, (4) have brushes, (5) are heavy, and (6) • 
require more wiring. 

Regulated power is not requi red for some avionics equipme~lt. Equi pment 
that does need regulation is designed for ±I percent voltage varia~ion and is 
free from transient excursions. This refined power is obtained by an additional 
regulator built inside the avionics package. On some occasions, capacitors 
arealsD. provided to fill-in energy durinq voltaqe dips. Digital computers 
cannot tolerate pm'ler interruptions. A short-duration power discontinui,ty for I 

the automatic landing system ~ihile the aircraft is approaching the runway could 
be disastrous.' 

37 

• 

--~.- 1 
\ 

, '" 



. ~.- ...... -. . . . 
> ;.' .<.: ", 

,.' ~~~ ~ ~--•• :~:::.- '~~'.' .~~ ;-.::" ~ : • 11'- .'" •• ~ ,,:'~' • ~:~-~ ----;-,-•• ~ --: 

• ~ - ,f;:'" ~. : ,:. 
.. :. • • 'I.~ • ~ '.,...... :.;'" .: .. 

~. :' f ,.:" • • . 

. >: ..• .;,'J .: ...... ,; • _ • ." 

'i&'" ,-~ 

1 . ' >. " ,-
. . " .~~ '. .. ..'~ ~. : .. ' .. . .:. . .. ',. 

.~ . 1 

". ;,' \ 

,- , 

.~ 
J 
~ 

. . ' 
. ~ ..... :. ... :' ~ . 

.-:": 

. '. 

TABLE 3 

ELECTRICAL UTILIZATION EQUIPMENT OF A LARGE SUBSONIC AIRCRAFT 

Essential Connected load Number or 
System of units Phase nonessential W VA 

Electronics load 

Air conditioning 7 1 E 69 89 

Communication 1 1 NE' 48 53 

1 I E 36 40 

4 3 E 2,000 2,222 

Fire protection 6 I E 20 26 

FI ight control 3 1 E .211 234 

Fue I 2 1 E 154 182 

Ice and rain 3 1 E 12 15 
protection 

Nav i gat ion 41 1 E 3,002 3,759 

Pneumatic 4 I E 64 80 

Engine i nd i cat ion 4 1 .E 56 76 

Heating load 

Air conditioning 8 I E 260 260 

Ga Iley 6 I NE 3,360 3,360 

5 I E 625 660 

1 :3 E 125 132 

6 I NE 21,000 21,000 
(200 V) 

4 3 NE 8,200 8,632 
,(200 V) 

Ice and rain 27 1 IE 4,574 4,574 
protection , 

6 ! I E 4,020 4,674 
.'; (200 V) 

Instrument I I E 270 270 

FI ight control I I E 155 155 

Fuel 2 I E 1,600 1,600 

Water/waste 6 I NE 5,280 5,280 _ .. .'---..J 
, 
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System 

Transformer load (in-
cludes 1 ighting) 

Lighting, 
exterior 

Lighting, fl i ght 
compartment 

Lighting, passenger 
accommodat ion 

Light, service 

Navigation 

M i sce 11 aneous 

T-R 

Ac motor load 

Air conditioning 

Galley 

Fl i ght control 

Fuel 

.' 

Hydrau 1 i c 
(emergency use) 

Lighting cOl)trol 

Pneumatic 

Water/waste 

Relay indicator 
and miscellaneous 

-
Relay 

Indicator 

Miscellaneous 

--

it 
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TABLE 3.-- Concluded 

Essential Connected load Number or \ 
of units Phase nonessential W VA 

10 I E 5,941 5,941 

12 1 E 1,278 1,471 

24 1 NE 13,277 13,277 

3 1 NE 2,051 2,051 

4 1 E 190 208 

6 I E 6 6 

4 3 E 4,295 5,754 

4 I NE 120 122 

14 I E 1,128 1,475 

I 1 NE 17 21. 

I 3 E 1,280 1,600 

4 3 NE 41,270 49,208 

4 3 NE I, 110 1,480 

I I NE 575 676 

3 3 E 8,230 10,038 

I 1 E 311 518 

12 3 E 10,200 17,004 

I 3 NE 200 286 

6 :5 E 22,950 27,000 

2 I E 368 368 

4 I E 184 232 

7 :3 NE 2,694 3,244 

. 

41 1 E 734 826 

13 I NE 192 217 

31 1 E 120 193 

38 1 E 1,408 1,615 

14 1 'NE 1,160 1,200 

, 
r 
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System 

L i ghti ng 

Nav i gat i on and 
. fl ight control 

Transformer 
rectifier 

Ice and rain 
protection 

Fuel 

Instrument 

Gall eys 

Lavatory 

Air conditioning 

,Hydraul i c 
(for erne rgency) 

Total* 

Connected 
load 

I' 
23.8 

." 17.7 

5.8 

10.0 

19.8 

. 1.9 

36.2 

8.5 

53.5 

27.0 

204.2 

TABLE 4 

ELECTRICAL LOAD PROFILE IN KVA 

Takeoff 
Loading Start Taxi and climb 

15.6 13. I 14.8 16.0 19.5 18.4 

2.2 2. I 2.4 8. I 9.7 5.7 

3.2 3.2 4.0 2.6 2.9 2.8 

2.6 1.5 2.5 3.9 3.5 5.6 

.3 .3 11.7 15.9 15.9 7.7 

1.5 .8 .5 .5 .5 .5 

4.6 4.6 3. I 4.6 4 .• 6 11.4 

2.3 1.8 3.2 3.2 3.2 3.2 

52.2 50.9 52.0 52.2 52.2 35. I 

84.5 78.3 94.2 107.0 112.0 90.4 

*Algebraic addition assuming equal power factor on individual loads 

. ,' 
Rn 7 e· ---....iI:..:.._ ".< 

Descent 
Cru i se and landing 

15.8 15.5 20.0 18.4 

4.3 4.3 12.8 13.0 

2.0 2.0 3.3 3.0 ' 

4.4 2.7 5.5 5.6 

10.7 10.3 6.0 6.0 

.5 .5 .5 .5 

19.6 19.6 4.0 4.0 

3.8 3.8 3.2 3.2 

20.0 20.0 52.3 30.9 

81. I 78.7 107.6 84.6 
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Figure 1/. La rge Subsonic Aircraft Electrical Power Demand 
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One avionics manufacturer revealed that additional regulation inside the 
electronics package is necessary mainly because of the poor ground power charac­
teristics. Some avionics devices could be unjustifiably penalized because of 
the poor ground checkout equipment. A detailed investigation and study would 
more clearly define the problem areas and provide possible solutions. 

The dominant characteristic of electrical loads on.a l~rge subsonic air­
craft can be summarized by the following diagram: 

Motors - 5:1/0 

\. 4' ,.\ 

Ac loads (can be dc if dc motor~) 
brush or brushless} are used) 

Relays, instruments, 
miscellaneous - 2~ 

Electronics 

Lighting - 13% 

Heating - 25% 

• I'n. -J • 
Frequency indifference Dc 
loads (ac or dc) loads 

In other words, about 7 percent of the loads is consumed in the form of dc 
power, w,hi Ie the other 93 percent can be consumed as either ac or dc. 

Comparison of Electric, Hydraulic, Pneumatic, and Mechanical Drive Systems 

Many aircraft loads are presently supplied by either hydraul ic of pneuma- , 
tic power sources. These loads may be supplied either directly (electric 
actuators) o~ indirectly (electric driven hydraulic pump) by the electric power 
system. Consequently, a number of possible tradeoffs for the provision of 
electric, hydraulic, pneumatic, or mechanical power to the aircraft loads can 
be identified. Generally hydraulic drive is better for loads that require a 
large amount of power for a short duration, while electric drive is better for 
long duration loads, The vari6us types of drive systems are discussed in the 
following paragraphs. 

Mechanical systems.-- Power distribution to the output members of an 
actuation system is pro'vided through a rotating shaft by high-speed·, low­
torque mechanical drives. At the controlled surface, the power is converted 
to a, high-torque, but relatiyely low-speed output. The power conver~~ion 
is accomplished through a coupler linking the power source to the mechanical 
system, a mechanical servo, transm'ission components} and an actuator. Component 
such as gearboxes, bearings, shafts, and couplings needed for power transmissior 
and pushrods, bell cranks, and other relatively heavy linkages required for the 
flight control mechani~m result in a bulky assembly. For example, the F-III 
pitch/roll syst,m hast 114 bearing points that are required to supp~rt the 
I inkages. The 8-10 fl\light control system is even more complex tnan.the F ... III, 
and the hel icopter systems are also very complex .. 
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The use of mechanical actuation and flight control systems is becoming 

\ 

more limited as current and future aircraft increase in size, power requirements, 
and speed. As power transmission lines increase in length and power requirements 
become higher, the use of mechanical drives becomes less attractive. The 
mechanical servo component has a poor response time and relatively low accuracy. 
Although the claim for high reliability is often made for mechanical actuation 
systems and controls, it has not been demonstrated, especially under the duty 
cycle and environmental conditions of primary flight control system requirements. 

Isolated examples of recent development programs indicate an interest in 
developing improved mechanical systems and components. Lycoming has provided i 
a 600°F (320°C) co~stant speed drive for the North American ~ockwell, USAF HOTELEC" 
program. Subsequently, this mechanical principle was applied to an integrated 
hydraul ic and electric power and starting 'system for the Republ ic "Swal low" 
drone and the Do~glas A4D aircraft. 

The United Shoe Machinery Corporation has developed a harmonic gear drive 
mechanical actuator which has been licensed to Bendix Eclipse-Pioneer Division 
for application to aircraft actuation systems, specifically the Bell X-22A air­
craf~. Curtiss-Wright, Propeller Dlvisi,on, (ref •. I) has developed an epicyclicj 
gear train mechanical actuator which has been used for the XB-70 wing fold 
actuator. 

It is doubtful that mechanical systems wi II ever be developed to the degree 
requi red for effect i.ve compet it i on wi th othe r forms of powe r t ransmi ss i on and 
controls. Mechanical systems have advantages and disadvantages, however, which 
must be considered if an optimum system is to be developed for future aircraft. 
Advantages include h~gh stiffness, no fluids (except lubrication), no sealing 
problems, low weight (power' transmission), and direct coupling. Disadvantages 
include complex installation (especially controls), heavy weight (controls), 
poor response,. poor accuracy, inherent wear, heat generation, low reliability 
(servo), increased volume requirement, and subject to thermal: expansion and 
flexing. 

Utilization of mechanical systems on future aircraft will probably be 
limited to short distance power transmission from the prime mover. Mechanical 
flight controls, actuation systems, and long distance power transmission does 
not appear attractive. 

Hydraulic and pneumatic systems.-- Systems that use hydraulic or pneumatic 
drives as a primary source of power inc~ude flight controls, landing gear, 
thrust reversers, and engine starting. The primary flight control surfaces 
(ailerons, spoilers, rudder, and elevators) are ordinarily activated by 
hydraulic cylinders. Secondaryflight'control surfaces (leading edge slat 
and trailing edge flaps) are usually actuated by hydraulic motors with screwjack 
meohanisms. Pneumatic power is also used for flight control purpo~es. Hydraulic 
po~er is used for retracting and extending the landing gear, steerl.ng the nose 
larlding gear, and operating the brakes. Mechanical or electrical. actuator 
backup provisions are ordinarily incorporated into the system for em~rQency 
lowering of the landing gear. Redundancy is prov.ided in the hydraulic system 
and brakes to ensure availability of braking at a high probability. Pneumatic 
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power is not used for landing gear operations. The actuators useld to pOSition 
thrust reversal devices are operated either hydraul ically or ·pneumatically. 
Small engines (helicopter power plants or gas turbine APU's) are often provided 
with hydrauli~ starters. Large jet engines usually are equipped with turbine 
starters ~,hich use pneumatic power provided by the APU for engine starting. 
To facilitate comparison, the hydraulic systems in existing airplanes as well 
as some parametric information of current hydraulic equipment are gtven In 
Append i x F. I 

Interest in pneumatics has arisen primarily in an effort to 41lleviate the 
problems puesently associated with hydraul'ics, namely high temperature. Al­
though the basic components of a pneumatic system are similar to those of • 
hydri3ulic system, the characteristics are significantly differen't for three 
pr imary rensons (ref. '21._ 

I 

(I) The flo\t\, through an orifice in a pneumatic valve becomes: sonic with 
]arge pressure differentials. 

(2) The compressibility and lower viscosity of the gas result In higher 
discharge coefficients and leakages. 

(3) The compressibility of the gas requires servovalve design techniques 
that give good bandwidth and stiffness. 

One pneumatic component that is substantially different from the hydraulic 
counterpart is the 'power source. Pneumatic power is realistically obtained by 
a numbe r of pract i ca 1 means, some of wh i ch are listed be.l ow . 

(I) Compressed gas storage 

(2) Power plant bleed air 

(3) Gas generator 

Sol i d propellant 
Liquid bi propel lant 
Liquid monopropellant 

(4)\ Air compressors 

(5) Ducted ram air 

(6) Cryogenic storage bottles 

(7) Chemical decomposition 

Selection of the gas power source requires knowledge of the app1i~atlon 
from both a quantity and time standpoint. In addition, the system pressure 
level is an important consideration. Air compressors (possibly ram-air fed) 
wi 11 probably prove to be the most practical primary power source on supe~s.oni~ I 

aircraft. Although bleed air is readily available from the power plantccnpr_.-, 
sors, its use has been es t I mated to cos t three t (mes t~, ~~n9~' pen.lty . ."" ~ . . -, 
required pounds of extra fuel when compared to costs occurred from USing the 
sha'ft power drive of a compressor. 
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The same component is used in a system for power control as is used in a 
hydraul ic system. Pneumatic servovalves are avai lable in several componen~ 
types including f19pper, poppet, jet pipe, sliding plate, and spool. The 
poppet and sl iding plate designs are the most desirable since both the flapper 
and jet pipe have high quiescent flow and are suitable to only relatively low­
power levels, while the spool design tolerances are sensitive to contaminants. 

Another technique worthy of additional study is the fluidic amplifier. 
Adaptation of this concept to provide the servo function would greatly reduce 
the complexity of the servo and el iminate many of the moving parts. Many 
companies have actively studied fluidics for some time and the applications 
appear to be widespread. 

The pneumati c power output devi ce is usually a rotary on~, but can be a 
I inear actuator simi lar to the hydraulic actuator. A rotary device is used to 
enable incorporation of a gearset which adds stiffness to the actuator. The 
rotary devices consist of rotary piston motors, cam-piston motors, gear motors, 
rack and pinion motors, nutating-disc motors, and rotary vane motors. Consider­
ing the requi rements of future aircraft, the nutating-disc motor and the cam­
piston motor designs offer the greatest potential for continued development. 

Pneumatic systems have received development interest primari Iy because 
they are more readi ly adaptable to high temperature operation and to a wide 
range of environments. Without extensive system design complexity, however, 
pneumatic systems lack stiffness and response due to compressibility of the gas. 
If, by design complexity, system stiffness is achieved, then system stability 
becomes a problem due to stiction. Applications of pneumatic systems, there­
fore, have been limited to functions of a secondary power nature. 

Again, as in mechanical systems, pneumatics have received i?olatep develop­
ment interest. The most noteworthy example is the al I-pneumatic flight control 
and actuation system development by Bendix (ref. 3) and teneral Dynamics. The 
hardware design problems encountered"in this program make it uncertain whether 
an al I-pneumatic flight control system could be developed to meet the require­
ments of the supersonic transport. Pneumatic actuation systems wi 11 undoubtedly 
find application where dynamic performance is less critical or extreme environ­
ments are obtained. This type of application is exemplified by the actuators 
used to reverse the thrust of the propulsion engines. 

Electrical systems.--Electric systems are described in detail in other 
sections of this r~port. Conventionally, the primary source of electrical 
power is usually obtained from generators CSD~driven from the accessory pad of 
the ai rcraft main power plant or from an accessory power plant or gearbox. 
This transmission system is a combination of hydraulic and electric power. 

Electrical actuators are suitable for applications ~here moderate loads 
and'moderate response are required with low stiffness and low torque-to-inertia 
ratios. These disadvantages an~ the weight penalty, however, may be offset by 
requirements for reduced envelope, reduced maintenance, and lower cost factors. 
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System comparison.--In a study by McJones and Gangnath ( ref. 4) , comp~ri­
sons we re made of vario us s ys t ems weig hts and effi c iencies as functions of the 
powe r delivered. The power co nvers ion unit weights are presented in fig. 12 ; 
the e ffic iencies are presented i n fig . 13. These data were determined o n the 
basis of a group of represe ntative engine specifications inc lud in g a des ign at 
Mach 3 operation. From the power conversion sta ndpo int the hydrau lic system 
has both a higher efficiency and a lower specific wei gh t th an ei ther the elec­
tri ca l or the pneumati c system. 
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Hydraul ic system power transmiss ion is re asona b ly compe ti ti ·'e as shown in 
fig. 14, but the efficiency of power transmission drops off r a n i u ly with 
increasing di stance, fig. 15. 

A qua~itat i ve sUlMlary of the comparison o f the four sy tem~, i.e., me cha n­
ical, hydraulic, pneumatic, and electrical, i s presented in t. b l e 5 . 
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TABLE 5 
.. 

SUMMARY OF SYSTEMS CAPABILITY 

Factors Mechanical Hydrau 1 i c Pneumatic Electrical 

Load 
'."; 

'\ 
Magnitude M9derate- Full Light to Light to 

unassisted range moderate moderate 

·1 
Rate High High Moderate Moderate 

Response High High Fair Fair 

Accu racy Fair ' Good Fair Fair 

St i'ffness High High Poor Poor 

Stabil ity Good Good Fair Fair 

Inertia Insensitive Insensitive Sensitive 'Sensitive 

Installation envelope 

Vol ume Large Moderate Moderate 
i 

Minimum 

Accessab i 1 i ty Poor to Fair Fair Good 
fair 

Environment 

Temperature Thermal Sensitive Insensitive Sensitive 
expansion 
sensitive 

Low ambient pressure Insensitive Insensitive Insensitive Sensitive 

ReI iabi I ity Good Good Fair Fair 

Growth potential Poor Good Good , Good' 

Development risk High Moderate High Moderate 
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Component Parametric Data 

Induction motors.--A large number of ac induction motors are used in 
existing aircraft because they are simple, rugged, lightweight, and require 
almost no maintenance. These motors drive fuel boost pumps, hydraulic pumps, 
blowers, freon and ai r compressors, and actuators. Current aircraft ac motors 
are run on a 400-Hz, I 15/200-Vac source. In fraction and subfractlon horse­
power ranges, the motors are usually a single phase design. In integral horse­
power ranges, they are usually 3-phase machines. 

Induction motors are very reliable; thei r mean time between fai lures 
(MTBF's) are 5000 hr or more. Efficiencies and power factors vary with the type 
of design and the kind of appiication. Generally, the efficiencies range from 
about 50 percent for the 1/20 hp size to about 85 percent for the 15 hp size. 
The power factors are usually in the same order of magnitude as the efficiencies. 

The weight parametric curves of induction motors are obtained from the 
motor weight information in trade catalogs of General Electric, West(nghouse, 
Western Gear, etc., in addition to the AiResearch motor data. The average 
weight per horsepower versus horsepower for 400 Hz ai rcraft induction motors 
with various speeds is shown in fig. 16. The average weight per horsepower 
versus speed with horsepower as parameter was also obtained and plotted in 
fig. 17. Since the slopes of curves in fig. 17 are relatively constant, they 
are combined as one curve for ap~roximation purposes as shown in fig. 18. The 
approximate efficiency and power factor of these motors are shown in fig. 19. 
Figs. 18 and 19 are for 3 phase induction motors compatible with present air­
craft motor requirements. They represent current production motors with 5i licon­
steel laminations and class H insulation. The data represents typical or aver­
age cases; the weight of a motor with given horsepower and speed can vary 
considerably depending on its efficiency, power factor, overload capabi lity, 
starting performance, ambient conditions, method of cooling, and other factors. 

Dc motors.--Many brush type dc motors are in use in existing aircraft. 
Primati ly, they are installed in small aircraft and in systems that relay on 
battery power such as gas turbine starters. Dc motors have better starting 
characteristics than ac motors, although they are heavier and require maintenance 
on brushes. 

The average pound per horsepower is plotted in fig. 20 from a large number 
of aircraft 28-Vdc motors described in trade catalogs . 

Gearbox weight estimate.--Although the weight of the electric motor can be 
reduced by increasing the speed, the high o~erating speed may not be suitable to 
drive the load di rectly; a gearbox may be required. In optimizing the operating 
speed for a certain drive, the total weight of the package (including motor, 
gea rbox, load, and s uppo rt i ng s t ructu re) shou 1 d be cons i de red. I f low output 
speeds are required, weight savings may be accomplished by using reduction ge~rs 
with high-speed motors rather than using low speed motors di rectly. The life 
of a reduction gear is almost an order of magnitude longer than that of an 
electric motor. The reduction in reliabi lity by adding c gearhead to the motor 
i s re 1 at i ve I y sma 11 • 
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A method of estimating the gearbox weight developed by D. W. Dudl~y for 
single stage gearing used in current production is given below (ref. 6). 

According to Dudley, gear weight is a function of the Q-factor defined as: 

'" . ,'t) 

where 

hp = horsepower t ra nsm i tted 

R = pinion rpm 

N = gear rat i 0 

S i nee the pinion rpm is N 

R = gearbox output rpm o 

times the output rpm, 

Gearset weight is also a function of the K-factor which is an index for 
measuring the intensity of tooth loads. A curve relating the Q-factor and the 
gearset weight for a K-factor of 500 is extrapolated from ref. 6 and is shown 
in fig. 21. This r.urve can be represented by 

W = 192 Q.S07 
gear 

_ (llE) .S07t (N + 1)3J .S07 
- 192 R 2 

o ' N 

Transformers.--The weight of an ~ircraft transformer of a given kVA rating 
will vary considerably as a result of design requirements such as temperature 
rise, efficiency, regulation, method of cooling, etc. The approximate relative 
specific weights vs kVA rating are shown in fig. 22. A typical 5-kVA aircraft 
transformer weighs approximately 3 lb/kVA (1.3 kg/kVA) and an efficiency of 
approximately 97 percent. Transformers have high reliabi lity and long life in 
comparison with other aircraft electrical components. 

The relationships of weight vs kVA, efficiency and input voltage wave form 
for trarisformers are shown in the following paragraphs. 

Specific weight vs kVA: A common empirical formula used by transformer 
designer is that 

Transformer weight ~ (kVA rating)3/4 
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Dividing the formula by kVA, 

Specific weight (lb/kVA or kg/kVA) = (kVA)-1/4 

This shows that the specific weight of the transformer decreases as the kVA 
rating increases. The above relation is shown in fig. 22. 

Weight vs efficiency: An empi rical formula used by transformer designers 
relating weight and efficiency for a given kVA rating is: 

Weight I ex -,-.;..~-=-

( 1_11)2/3 
( 2) 

where 11 is the efficiency •. This relationship can be verified by transformer 
design formulas. In ref. 7, eq. (5.9), p. 110, 

( f ) O. 76 ( 0 ) O. 63 f . Power ex requency temperature rise or a given ( 3) 
trans fo rme r 

At constant frequency: 

P ( 0 ) 0.63 ower ex temperature rise ( 4) 

Combining relations (I) and (4): 

. 4/3 63 
Power ex (wei ght) (temperature ri se)· (.5 ) 

, 

However, temperature rise can be expressed as: 

losses 
temperature ri se 0: dO ° to sL!rfac' es Isslpa Ing ( 6) 

and losses = (power) (1-11) ( 7) 

where 11 = efficiency 

The dissipating surface is approximately related to the size of the trans­
former as 

2/3 
Surface ex (volume) 

( ° h ) 2/3 ex welg t 

Substituting relations (7) and (8) into (6): 

(power) (1-]) Temperature rise-a: / 
(weight)2 3 
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substituting relations (9) into (5): 

Power ~ (weight)4/3 (power)·~3 (1_])·63 

(weight)2/3 x .63 

If power rating is a constant: 

(weight)( 1.33-.42) (l_n)·63 = 

In other words: 

( . h ).91 _........;..1_ ..... we I g t 0: 

( I -11)" 63 

or ""'" 
I I Weight 0: --~-----

( 1-11)" 69 ( 1_11)2/3 

constant 

The above relationship between weight and efficiency is given in fig. 23. 

Weight vs waveform: For a given value of kVA at a fundamental frequency, 
the weight of a transformer will be approximately 10 percent lower with the 
stepped voltage waveform than with the sinusoidal waveform. 

Compare the voltage forms appl ied to transformers shown in fig" 24. Let 
the amp I i tude of the s i nuso i da I wave be I. O. For the same rtft'::; va 1 u~) the amp Ii. 
tude of the 120-deg stepped wave will be J3/2. The peak magnetic fluxes in the 
transformer cores are proportional to the Volt-sec or areas under the voltage' 
waves. Thus: 

Volt-sec of sinusoidal wave 0: 2 

Volt-sec of 120-deg stepped wave 0: TI/J3 

The ratio of the magnetic fluxes is therefore 

Ratio of peak fluxes (Sinusoida t\_1Jl _ 
in transformer cores Stepped 1- TI - 1.1 I 

In other words, the area of the transformer core for a 120-deg stepped 
wave can be I I percent smaller than that for a corresponding sinusoidal wave. 
If the core cross-sectional area is smaller, the length of mean turn of the 
copper winding is also smaller. Design experience has indicated that the trans­
former for a 120-deg stepped voltage is about 10 percent lighter than that for 
a sinusoidal voltage of the same rms value. 

60 

j, 

\ 

. . 



"
-.-' 

r---

.": 
' 

j 

, ~ I 
it··! 

:.'d ~ ~j 
'y

 
f 

fi. 
I' 

"i'.. 

',,' . ,>r;:j 
. .' .:.j:-i1 

~ 
.~ 

.~~i 
.• ,-t" 

H
 

,: 

r'· . " :!~~'~:~1 

,':~! 
,:;:,·t"'l "j 

o N
 

b
 

.-; .... 

" .. : ... 
".' .. 

" 
. 

.. -: 
"' 

. 

~ .~ .' 

.:~'" . 

.... 

------
~
 

I ! I I 
-+

----
I I i I I I I I I i I I I I ! ! I ; I 

I 
I 

I 
I 

I 
I i i j I I i I --

. 

.. 
,
-
.
-
,
,
-
"
,
 

.,' •. '." 
,0-

... .,: 

',
"
 

. -." 

~
 '" 

..... -_.-
.. -
-
-
'-

- \ , 

I I I I I I 

-J-
ex

) 
-0

 
-.:t 

N
 

0 
e
x

) 

. 
. 

. 
. 

61 

\ \ . 

, N
 

o o '" · L
f) 

ex
) 

ex
) 

· r-· -0
 · 

>­u c Q
) 

. U
 

4
-

4
-

U
J 

,-

c o 
~
 

co Q
) 

a:: >­u c Q
) 

U
 

4
-

4
-

U
J 

......... 
~
 

.J: 
tT

l 

Q
) 

3 ,I-Q
) 

E
 

I-

~
 III 

C
 

co 
I-
~
 . rt') 

N
 Q
) 

I­=s 
tT

l 

LL. 

1 
\ 



. -, 

"'". 

.- ", 

, 

b 

~, . 

. ,..' .... ' .. 
,~ . 

"I' . 

;,~.;, .... ,~~~. .:' . \ 
- . . . 

. . 
,~v..l. _.,_ •• __ "' __ "-"< ..... ~~" __ .. '-'-- ,""",,-__ , __ ._'_c~~:.;~--·.~~~~_ ~~~~~_~.,._ ... __ ....:_~_.::;. ___ ~~ ____ ~_---,-.. ~,~ __ "-,<_-,-,~,,,"-=, '-~"'"' _.<~_._." .. _____ ~_ -.. ~ ___ ~_. __ 

13 
:..: ....... 

2 

~7~ 
a. Sinusoidal voltage wave b. Stepped voltage wave 5-50776 

Figure 24. waveforms of Voltage Applied to a Transformer 

Avionics loads.--A list of the avionics equipment in a large subsonic 
ai rplane is given in table 6. The avionics equipment primari Iy uses de power. 
Ac power input is, however, required in much of the equipment since: (I) it 
enables ci rcuit isolation, (2) its voltage can readi ly be stepped down to several 
levels if necessary to any desired level, and (3) it is a better regulated source 
than dc in an ai rcraft. 

Currently, the components in avionic-systems are rated in a large variety 
of voltage levels. For example, in a particular aircr'aft, 38 different dc volt­
age supplies and one ac voltage supply are required for the avionic components 
as shown in table 7. This points,out the need for standardization of avionics 
vo I tage rat i ngs. 

Lighting loa~.--Aircraft lighting includes exterior lighting (navigation 
lights, anticollision lights, landing lights, taxi lights, formation lights, 
approach lights, wing lights, etc.) and interior lighting (instrument lighting~ 
control panel lighting, warning and indicator lighting, floodlighting, general 
lighting and cabin lightlng). Power supplied for lighting in aircraft is gen­
erally a basic I IS-V, 400-Hz ac, with transformation to 28 or 5 V for incan­
descent lighting, or to several hundred volts for some of the fluorescent light­
ing. As mentioned before, lighting consumes approximately 10 percent of the 
electrical power in a typical large commercial. aircraft. 

For general purpose interior lighting, the fluorescent lamp is inherently 
more advantageous than the incandescent lamp. It is much more resistant to 
vibrations and has longer life ~nd higher efficiency than the incandescent lamps. 
Also, the heat produced by the fluorescent lamp is small which is an advantage 
from the view point of the ai r conditioning system. Fluorescent lamps, however, 
are not suitable for small area or spot lighting or for high intensity lighting. 
The RFI effect generated by the fluorescent lamps is also a consi-deration. 

Incandescent lamps,for aircraft use are rated in low voltage to give the 
lamps a reasonable life with heavier lighting elements. Step down transformers 
are therefore requi red for incandescent lamps in the conventional 115/200 Vac' 
system. 
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TABLE 6 

AVIONIC LOADS IN A LARGE SUBSONIC AIRPLANE 

Name Input power Power, VA 

Automatic direction finder Ac and de ' 47 

Trans ponde r Dc 73 

VOR/LOC/ES Ac and dc 66 

Distance measuring equipment Dc 90 

VHF communication Ac and dc 240 

Radio altimeter Dc 91 

Marker beacon pc 22 

Audio and publ ic address system Dc 282 

Voice recorder Ac and dc 41 

HF communication Ac and dc 1580 

Selective calling system Ac and dc 57 

Air data computer Ac and dc 130 

Intercom Dc 18 

Weather radar system Ac and dc 580 

Navigation radar Ac and dc 310 

Mi sc. communication equipment Ac and dc 

Racks, supports and cool ing 

"' . 

Weight, 
lb 

103 

56 

195 

99 

121 

93 

18 

89 

25 

319 

" 58 

63 

166 

255 

90 

900 

Experimental study by Cooke Engineering, Chicago, (ref. 8) that to reduce 
the electric field spectrum radiated by fluorescent lamps, the operating fre­
quency should be between 400 and 1000 Hz. Also all sensitive electric cables 
should be run at right angles to the fluorescent lamp layout. A square waveform 
of input voltage wi 11 improve the efficiency of fluorescent lamps appreciably 
above that with sinusoidal waveform. 

A capacitor ballast weighs less and has less loss than an inductor ballast. 
High frequency fluorescent lights (400-Hz and above) can use capacitor ballasts. 
At low frequencies, the capacitor is not usable due to the distortion of the 
1 amp current. 

Fluorescent lights can also be operated on dc. In that case, resistance 
type ballasts are used:"'O control the current. The di rection of the current 
flow through the lamps should be periodically reversed to prevent the reduction 
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TABLE 7 

AVIONIC EQUIPMENT VOLTAGE LEVELS 
IN A LARGE TRANSPORT 

Regulated 

Voltage Vo i tage Power 
" 

... 90 V W - -
-2.5 2.5 150 
3.6 I 200 
5 57 6.3 
6 33 

-6 I 

. .. , .,¥.-' 

Regulated 

Power 

I 

I 

3 

Vac 16 -512 

-8 7 Nonregulated 

Vo 1 tage Power .. -
8.2 I 

9 24 
..L VA -10 " 12 10 5 10 

-12 7 6 2 
15 17 12 I 
16 6 23 2 
18 35 26 145 
20 67 27.5 285 

-20 I 35 1470 
21 148 '115 147 
23 30 230 15 
24 15 250 10 
30 6 350 10 

-30 3 460 32 
32 3 2000 1122 

-40 I 
, 3251 

50 I 

-50 I, 

-82 2 
, 
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of 1 ight output at the positive end caused by the gradual drift of the mercury 
to the negative end. The useful lamp life on dc burning is reduced to approxi­
mately 80 percent of that on ac burning. 

Incandescent lamps wi 11 operate on constant voltage supply with any wave­
form. Fig. 25, taken from ref. 9, shows the variation of watts, lumens and life 
of incandescent lamps with variation in operating voltage. 

Heating loads.--Some aircraft use electrical heating for anti-icing and 
de-icing. In that case, anti-icing is the most significant heating load in the 
ai rcraft. Anti-icing is to maintain the surfaces at a temperature sufficient 
to prevent the formation of ice. In the de-icing process, ice is allowed to 
bui ld up to a safe thickness. By applying heat cycles, the ice layer breaks 
away from the surface and is carried away by ai r stream. In large modern ai r­
craft, anti-icing is usually performed by hot bleed ai r from the main ,engines. 
Electrical anti-icing is limited to small areas because of the enormous power 
it demands. Also, ai rcraft wings are flexible structures, the electrical resis­
tance strips for anti-icing may break when the wings are under motion. On the 
other hand, bleed ai r heating requires ducting which would increase the weight 
of the wing structure. Fuel-ai r burner is also used for anti-icing purposes. 

Windshield de-icing and de-misting are generally done electrically., The 

power requi red for de-icing ranges from 500 to 800 W/sq ft (5400 to 8660 W/m2) 

whi Ie that for demisting ranges from 150 to 300 W/sq ft (1620 to 3240 W/m2). ~ 
The windshield area is usually divided into a number of sectors to obtain even 
heating over the enti re area. Ac is usually used for heating because it does 
not affect the magnetic compass installed in the windscreen area. If dc is 
used, the wi ring arrangement must be capable of avoiding its magnetic 
interference. 

Some control surface actuators are equipped with electric heaters. Opera­
tion experience revealed that some actuators failed to operate or slow in action 
under very low environmental temperature, causing gell ing'of the lubricants and 
reduction of bearing clearances on differential contraction. Pitot tube for 
n~asuring airspeed also needs electric heater to prevent ice formation at the 
head. 

Air conditioning system also needs electric heaters. Because of the dif­
ficulties of air distribution, it is sometimes necessary to augment the air­
craft's heating system by introducing elements into air ducts to provide boost 
heat to raise the temperature level at a particular position in the aircr.aft. 

The electric power demand for galley and passenger comfort systems has in­
creased steadily in commercial aircrafts. Heating loads in galley include 
ovens, hot cupboards, water heaters, boil ing plates, and grill boilers. 

Heating loads, in general, do not require closely regulated power. In the 
Canadair CL-44 airplane, the heating loads are suppl led by wild frequency ac 
with input frequency proportional to the speed of the main engine. 

65 

• I 

Ii 

1 

\ 



b 

"', -J 

.. " "'1 

.. ~.j 

<J ,.' - ~ ~" .'; 

"'C 
C 
IU 

.. ;." 

.' 
:": .. 

' .. " . " , .... ~ . 
.. :,.":, ;'" :",.~. : ... 

., .. 

,...:.. ...... 

200r---~----~--~----~--~----~----3000 

2000 180~--~r---~---1----~---+~---+--~ 

160~---+~--+----+----+-~-+----+-~~IOOO 

140~---+--~4----1----~----~~-+--~ 

120~----r----4~--~~~~~--+-----i-----L 

100~--~----~~~~---4----~----~--~ 

80~---+--~~~~----~----~--~----~ 

60~~-4--~-+----4-~---~---4----~--~ 

40~~~----~----~--~----4-----~--~ 

70 80 90 100 110 120 130 140 

800 
600 

400 
Q) 

4-

Q) 

200 g' 
~ 
c 
Q) 
u 
'-100 Q) a.. 

80 
60 

40 

20 

10 

Percentage vo t ts 
5-50794 

Figure 25. Variation in Watts, Lumens and Life of Lamps 
with Variation in Voltage (ref. 9) 
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DISTRIBUTION SUBSYSTEM 

Introduction 

Many electrical power systems are being used on aircraft today. Among 
these are (I) 28-Vdc system, (2) 1 12-Vdc system (four 28-V battery units in 
series), (3) hybrid system with 28-Vdc and 1 IS/200-V wi Id frequency 3-phase 
ac, (4) IIS/200-V, 3-phase, 400-Hz constant frequency ac system, and (S) 230/ 
400-V, 400-Hz constant frequency system (in XB-70). The discussion of a dis­
tribution system in this report is I imited to the constant frequency ac system 
widely used today on large commercial aircraft. 

The constant frequency distribution system on aircraft is in many ways 
similar to utility power distribution in industry. The vast experience in 
power distribution gained there may be of value to the aircraft electrical 
engineer. However, the difference 'in environmental conditions and power 
source characteristics requires great care be exercised in applying the prac­
tical aspects of power distribution techniques to ai rcraft conditions .. 

The function of the aircraft electrical power distribution system is to 
carry electrical energy from its point of origin to various loads such as fuel 
booster pumps, avionics, fl ight control systems, heating equipment, etc. 
Typically, numerous wire branche~ spread fro~ the distribution system to these 
loads; the distribution system starts from generator lo~d buses and also 
disperses from there. The link from the generator load bus to the generator 
could properly be called the transmission subsystem or the generator feed. 
Since much similarity exists in transmission and distribution system design, 
the entire branch from the generator terminal to the load terminals will be 
discussed here under the distribution subsystem. A discussion on components 

\ 

such a,s wi res, contactors, relays, swi tches, ci rcuit breakers, fuses, connectors, 
termir.lsl strips, transformers, power conversion equipment, control.and protect­
ion devices, and indicators, wi I I also be included. 

The distribution system comprises approximately 2S to 30 percent of the 
totJI electrical system weight. 

System Configurations 

The choice of the system type wil I generally depend on the following factors: 

( I) N umb.e r of sou rce buses 

(2) Reliabi lity of source buses 

(3) Dupl ication of emergency load functions 
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(4) Weight, space, and complexity penalties involved in making more 
than one source bus available for the essential load buses 

(5) Degree and type of selectivity available in the generator and 
bus protection system 

\ 

For the present discussion, a four-channel generating configuration has 
been chosen. 

Typical distribution system in existing ai rcraft.-- For a typical four­
engine CSCF commercial aircraft, four generators of the same capacity are 
usually installed, one for each engine. The generators are driven from the 
main engines via constant speed drives. The capacity of the generator selected 
is such that the total load demand of the aircraft can be met with only two or 
three generators operating in parallel although sl ight load monitoring is 
usually required. 

One or more auxi 1 iary power unit (APU) generators may be installed to 
supply the ground electrical loads when the main engines are down and to sup­
ply bleed air for air conditioning while the engines are idling during taxi ing 
and waiting for takeoff. The capacity of the APU generators is about the same 
as that of the main generators; however, they may be rated at a higher ,output 
because of the extra cool ing provided. 

The primary electrical power is 3-phase, 400-Hz ac power regulated at 
115/200 V. During the flight, this power is supplied by the main engine driven 
generators; on the ground, it is supplied by either a ground power supply or 
the aircraftAPU (if equipped). 

In addition to the primary ac power, the aircraft is also provided with 
28-Vac and 28-Vdc power to supply various lights, instruments, and other loads. 
The single-phase, 28-Vac power is derived from single-phase autotransformers 
energized by the main ac system through various feeds. The 28-Vdc power 'is 
supplied by transformer-rectifier (TR) units which receive input power from the 
main ac system. To ensure a reI iable dc soarce, more tha~ one TR unit is used. 
Normally, the TR units are operated in parallel. 

In addition to the TR units, a battery is provided as a standby source. 
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t 
In some cases, this source permits starting the electrical system without an 
external source, suppl ies backup electrical system control power, and can 
supply power to minimum navigation, instrument, and communication systems and 
other I 15-Vac equipment needed for safe flight and landing. Where the battery 
power is the only electrical source, the I 15-Vac power is supplied by the 
battery powered inverter. 

\ . 

The typical distribution system for the four-channel electrical power. 
system is either an all-paral leI or a split-parallel system in which each 
generator is connected to its own three-phase load busbar by a generator cir­
cuit breaker. All four generators may be operated in parallel or spl it into two 
pa ra 11 e I subsys tems, one on each side of .the a i rc raft. Th i s can be accomp 1 i shed ' 
by means of bus tie breakers and spl it system bre.akers. 
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The split-parallel system has the advantage of being completely independent 
of the two subsystems so that any fault or mismanagement in one subsystem cannot 
affect the other. This ensures a high reliability for the total generating 
system. The all-parallel system, however, when designed to meet the one channel 
out case, gives a better uti lization factor. A typical system diagram is shown 
in fig. 26. 

Busbar arrangemen~ •. -- A three-phase main busbar is connected to each 
generator through a generator circuit breaker. The busbars are interconnected 
by bus tie breakers and spl it system breakers for parallel operation. Ground 
power, which can be derived from either the auxi liary power unit or an external 
supply can be fed to a main ac busbar via a ground power breaker or to the 
synchronizing bus. 

One or more three-phase essential busbars are util ized, normally' supplied 
from the main ac busbars. When the power cannot be obtained from the main bus 
due to a fault at the main bus, the essentjal busbars could be supplied from an 
emergency ac generator driven by the aircraft hydraulic system. The changeover 
is usually automatic, but it may also be initiated manually, if requi'red. 

The essential ac loads supplied by the emergency generator may be divided 
into two categories: 

(I) Aircraft Loads--These ioads are essential for handling the aircraft. 
This power supply will be maintained under all flight conditions 
until touchdown. When all ac power supplies are out, these loads are 
supplied by the battery-powered inverter. 

(2) Engine LQads--These are the loads required to maintain the engines. 
This supply wi II be discontinued in the event of all engine failure. 

-. 
\ 

One or more dc aircraft loads are supplied from the main dc busbar, depending 
on the design requirements. During nQrmal operation, this dc power is obtained 
from the TR units that are energized from the main buses. Normally, the TR 
units are operated in parallel. 

In addition to the main dc busbar, the dc essential busbar is also used 
to supply the essential dc loads. This busbar can receive power from either 
the main dc busbar, the ac essential busbar through an essential TR unit, or 
from the standby battery. 

Various lights and instruments require Single-phase, 400-Hz, 28 Vac power. 
A 28-Vac busbar is supplied through an autotransformer from either the main ac 
busbar or the ac essential busbar. 

Depending upon the system configuration, other busbars may be used in the 
distribution system . 
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Figure 26. Typical System Diagram 
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(I) Standby I IS-Vac Bus--This bus suppl ies I IS-Vac to essential equipment 
needed for safe flight and landing. During normal operation, it is 
suppl ied by the essential ac bus. In the event of loss of essential 
ac power, the standby I IS-Vac bus is suppl ied by the standby battery 
through a dc-to-ac inverter. 

(2) Ground Power Bus--The I IS-Vac and 28-Vdc (not shown in fig. 26) 
ground service buses provide power to the loads needed during ground 
operation. The power of the ac ground service bus may be obtained 
from the external power receptacle or from the APU generator through 
transfer relays. 

(3) Fl i~ht Instrument and Radio Buses--These buses provide power to flight 
instrument and radio equipment are supplied from the primary ac bus­
bars (main ac busbar and essential ac busbar). (This is not shown in 
fig. (26). 

( 4) Standby Dc Bus and Batte ry B_us- - These buses p rov i de the standby dc 
power. They are energized by the essential dc bus during normal 
operation, but can be transferred to the battery source automatically 
in the event of loss of essential dc power. 

Load transfer.-- Two typical bus arrangements are shown in fig. 27.' During 
normal operation, Scheme A would operate with all the circuit breakers closed. 
When one gene rat i ng channe 1 fa i 1 s, that channe lis d i sconnec ted f rom the sys tem 
and the rest continue to supply the required power. However, Scheme B, a split­
parallel system, would operate with the tie breaker open under normal conditions. 
Thus, the two subsystems are independent. The tie breaker would be closed only 
during ground operation or a complete fai lure in one subsystem. 

Scheme B has the advantage over Scheme A in that any fault or mismanagement 
in one subsystem cannot affect the other, thus reducing the possibi I ity of losing 
the whole generating power due to a single fault. When one generating channel 
fai Is in Scheme B, the load is transferred to the healthy channel. When a whole 
subsystem fails, the tie breaker is closed, and the load in thefai led subsystem 
is suppl ied by the operating subsystem . 

. When designed to meet the one-channel out case, however, the advantage which 
Scheme A has over Scheme B is that the uti lization factor is higher. In this 
four-channel system, Scheme A gives a generator util ization factor of .75, where­
as Scheme B gives only .5. 

There are alternatives for both Schemes A and B. In Scheme A, two parallel­
ing circuit breakers can be left open under normal operating conditions; thus, 
there are three independent subsystems. 

Scheme B, on the other hand, can operate in such a way that when channel 
fai Is, the generator ci rcui t breaker of channel I and the parallel ing ci rouit 
breaker of channel 2 open and the tie breaker closes. Thus, generator 
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2 wi 1 1 supply its own load, and the load on channel I wi 11 be supplied by 
generators 3 and 4. 

Surface deicing in the aircraft requires a great amount of power. Since 
this power is needed only occasional1y, the load is usually spl it into two 
parts and supplied by the two subsystems, respectively, in a split-parallel 
configuration. This 1 imits the amount of power to be transferred, and uses 
the installed generating capacity more efficiently. 

When one generating channel fails, the load transfer can be accomplished 
by an arrangement shown in.fig. 28. Asuming generator 4 fails, contactor 
B can be switched from right to left, transferring the deicing load from 
generator 4 to generator 2. The general loads on busbar 4 will be supplied 
by generator 3. 

There are many different types of load transfer arrangements, the choice 
of which depends on such factors as the reliability requirement, the generator 
uti lization factor, and the characteristics of the loads. 

Distribution Components and Parametric Data' 

Aircraft cables.-- The wiri'ng installed on large transport aircraft makes 
up for about 70 percent of the electrical system weight (generation and distri~ 
bution only, not including load equipment). It is the heaviest single item 
in the entire electrical system and therefore attracts special attention in 
the continuous effort of weight reduction. In view of this, the importance of 
selecting the optimum wires (type and gage) for the various application is 
evident. Aside from the basic requirement of carrying current without excessive 
voltage drop and heating, number of other factors must be considered. Starting 
once more with weight, these factors are discussed in the following paragraphs. 

Weight: A considerable portion (40 to 70 percent) of the total installed 
wire weight is contributed by cables of size 20 or smaller. The ratio of the 
insulation weight to the conductor weight increases as the cable size decreases. 
The weight of copper is about equal to the weight of insulation for size 18 
wire. For wires smaller than size 18 the weight reduction in insulation is, 
therefore, more meani~gful than the weight reduction in the conductor. 

Flexibility: It is desirable that the cables remain flexible over the 
full range (-50° to +IOOOC) of ambient temperature. In areas adjacent to the 
engine, the maximum temperature may reach 300 uC. The cable insulation should 
not become tbo soft or too brittle within the temperature range to which it 
is exposed. 

In present aircraft there are usually many wires in a harness, and many 
wires are required to terminate at miniature or subminiature high-density 
terminal blocks. These wires plus the limited access'to installation areas, 
tend to require more flexible cable. 
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Abrasion: During installation and maintenance, abrasion is almost unavoid­
able due to either instailation design weaknesses or insufficient care by 
maintenance personnel. In flight, abrasion may occur because of vibration. 

To minimize this abrasion hazard, every conceivable precaution should be 
considered. The cable should be sufficiently resistant to abrasion in the 
first place to prevent the wear and tear from causing a short circuit to ground. 
For comparing cables of different construction, an accurate method of determining 
the abrasion resistance of the cable is highly desirable. UnFortunately, this 
has been difficult as the repeatabi lity of the standard abrasion test is very 
poor, unless the wide tolerances inherent in the test procedure are acceptable. 

Aircraft and cable manufacturers have been seeking various forms of abrasion 
tests for evaluation purposes, including: 

(I) Scrape--Simulates the action of a metal edge moving relative to the 
cable insulation 

(2) Cut through--Simulates the action of pressure from a metal edge on 
the cable without relative motion 

(3) Notch--Determines the tear strength of the cable and provides a 
,~ measure of toughness 
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Successful means of determining cable abrasion resistance will be very 
valuable in improving cable characteristics. 

Contamination: In many locations within the aircraft, wiring may come in 
contact with and be contaminated by various fluids such as fuels, lubrication 
oils, coolants, anti-icing sprays, and hydraul ic fluids. In some cases, the 
contamination may be accompanied by elevated temperatures, enhancing the 
destructive effect. To avoid this, it is desirable that all general purpose 
aircraft cables should have appropriate contamination resistance against all 
those fluids known to be used in aircraft. 

Since synthetic lubricants and kerosene fuels are widely used in 
contemporary aircraft, insulating materials such as nylon that cannot be 
contaminated by these fluids should be used in outer sheaths. 

Fire resistance: Deficiency in aircraft wiring is known to be one of 
the major sources of fire hazards. Various causes which would induce fire in 
wiring are: 

(I) Circuit overload due to faulty electrical equipment 

(2) Inadvertent shorted wires 

(3) Wet wire fire 
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A number of fire incidents on aircraft have been identified as "wet wire 
fires." Peculiar of those incidents was the inabil ity to attribute the cause 
of wire fires to particular circumstances such as circuit overloads due to 
faulty electrical equipment or inadvertent shorted wires. In some cases, circuit! 
protection devices proved ineffective or did not respond until after smoke or 
fire had started. 

This initiated closer investigation. Major airframe manufacturers 
conducted laboratory tests, simulating conditions which were believed to occur r 

in the aircraft. Two conditions found to cause the hazard were damaged insulatiorl 
and th~ presence of moisture. A third condition was the necessity for energizing/ 
the wire bundle. Since moisture is essential to the process, this hazard was 
identified as "wet wire fire." 

So far, wet wire fires have occurred on general purpose aircraft WI ring 
only. Since about 80 percent of all wiring in present aircraft is made up 
of such wire, an improved general purpose wire is needed to eliminate or 
minimize the potential danger of wet wire fires. 
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In the engine areas, some circuits are required to operate during and l 
after a fire. Therefore, fire resistant cables must be used that can operate ~ 
satis!actorily a!t~r bein~ subj~cted to a temperature of I 1000C for 5 min without~ 
creating any additional fire hazard. In other areas, cables must at lea~t be ~ 
fire resistant and not support combustion after the source of ignition has ! 
been removed. 

Mechanical strength: ·All aircraft wirings are subject to being pulled 
through ducts, conduits, on terminal lugs or by accident during installation' 
and maintenance. They are also subject to forces due to vibration. Without 
sacrificing other cable characteristics, the tensile strength of the cable 
must be as high as practical, particularly for the smaller cables. Although 
copper is a good conductor, Jt has poor tensile strength and the ordinary type 

'of insulation offers little assistance. For this reason a 22-gage copper 
cable was the smallest size used in aircraft. The newcadmium-chrome-copper 
alloy, however, has increased the tensile strength so much that wires as small 
as 26 gage are presently installed in aircraft. 

Additional mechanical strengths such as resistances to deformation and 
bending are also desirable. These resistances are primarily a function of 
the type of insulating material. For example, the cushioning effect of glass 
braid insulation can enhance deformation resistance of cables. 
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Current overload performance: All cables in aircraft require protection I" 

against overload. The protective device used, whether fuse or cir~uit breaker, I 
must be compatible with the thermal characteristic of the cable to prevent " 
serious cable degradation which would reduce its life below that of the aircraftl 
Some,equipment have very high inrush-current characteristics. To prevent these I 
transient currents from tripping the protective device, a larger cable must be I'~ 
used with a current carrying capacity exceeding the continuous load current. I 
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Because the protection device has a manufacturing tolerance on its trip charac­
teristic (for a typical circuit breaker the minimum and maximum trip values are 
110 and 138 percent of the nominal value respectively) and is available only in 
a certain range, it is very difficult in practice to use the cable at its stated 
rating. If, however, the cable were allowed to carry a current in excess of 
the specification rating for a I imited time, the restricti~n on its rating 
could be largely overcome. 

Publ ications of complete short-term ratings for standard aircraft cables 
cannot be found. Test procedures are being evaluated, however, to provide the 
required information for matching circuit breaker characteristics more accu­
rately, to the' cable, and accompl ish maximum savings in cable size and weight. 

Conductor materials: Copper and aluminum have both been used as conductive 
materials in aircraft cables. The high conductivity of copper together with 
its abil ity to be soldered or crimped easily has made copper the preferred con­
ductor in the past despite its disadvantage of high density. Aluminum has a 
volumetric resistivity of 1.6 times that of copper, however, the ratio of densi­
ties of aluminum to copper is only 0.3. Therefore, the weight of an aluminum 
wire is one half that of a copper wire of the same resistance. Because of its 
low mechanical strength, however, its use is limited to wires of size 8 or 
larger. The aluminum cable also has a termination problem. Better termination 
techniques must be developed before extensive appl ication of aluminum wires on 
aircraft can be real ized. 

Since many circuits in aircraft carry only a small amount of current, con­
ductivity is not a I imiting factor. A suitable conductor should have, however, 
an acceptable combination of both electrical and mechanical properiies. Copper­
dominated conductors which have been used for aircraft cables for many years' 
include tinned copper, nickel-clad copper, and silvered copper. Noncopper con­
ductors which have been used include aluminum conductors of larger sizes, stain­
less steel conductors, and conductors made of other alloys. Recent trends indi­
cate that copper-base and aluminum-base alloys that give a satisfactory bal-
ance of mechanical and electrical properties include chromium-copper and the 
ternary alloy cadmium-chromium-copper. The chromium bearing al Joys have very 
attractive mechanical properties. 

The feasibility of using aluminum alloys such as aluminum-magnesium-silicon 
as conductor appears attractive and is being investigated. As with the aluminum 
conductor, aluminum alloys may not be satisfactory for use in small wire sizes 
and their appl icabil ity may depend largely on the development of successful ter­
mination techniques. 

Cable insulation: Most insulating materials used on aircraft cables are 
synthesized from basic materials by a chemical process involving polymerization. 
This process is usually accompl ished by applying heat, pressure, or a certain 
catalyst to the chemical ~eaction under strictly controlled conditions. Synthetic 
cable insulations used include polyvinyl chloride (PVC), polytetrafluoroethylene 
(PTFE)~ teflon, nylon, kynar, and cross-l inked polyalkylene. 
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The only nonsynthetic insulating materials used are glass, asbestos, and 
rubber. Before they can be used as insulation, however, some modification pro­
cess is normally required to change their natural state. 

Cable insulation usually consists of several layers. The first layer, from 
the conductor outward, may be a conductor wrapping made of inorganic material. 
The next layer is the main insulation, and is usually made of PVC or teflon. 
Then glass braid may be used for the next layer, if desired, and an outermost 
covering is made of either nylon or some other composite material. 

Table 8 shows the properties of the most commonly used insulation materials. 

Current carrying capacity: The current carrying capacity of the cable at 
given ambient conditions is determined by the maximum allowable tempe~ature of 
the cable, which is in turn, dependent on the type of cable insulation and its 
heat dissipation capabil ity. For continuous loads, the cable temperature must 
remain within certain limits to avoid excessive aging, discoloration, and insu­
lation deterioration. Therefore, for each type of cable, a maximum allowable 
current at a given ambient temperature is specified for each cable size. Table 
10 shows the current carrying capacity together with other data for aircraft 
wires and cables for the present 115/200 V, 400-Hz system in accordance with 
MIL-W-5086 and MIL-W-5088. It shows two current values for each size of cable, 
one for single conductors in free air and the other for bundled wires (15 or 
more wires per bundle). 

The current ratings for the bundled case are lower because the heat dissi­
pation capabil ity of the cable is reduced. For smaller bundles, the allowable 
percentage of total current may be increased as the bundle approaches the single 
wire condition. 

The current ratings shown in table 9' apply to general purpose wires for 
maximum wire temperature of 105°C with a maximum ambient temperature of 60°C. 
They also apply to wires that comply with MIL-W-7139, Class 1 with a maximum 
conductor temperature of 200°C and a maximum ambi~nt of 155°C and to wires that 
comply with MIL-W-7139, Class 2, with a maximum conductor temperature of 260°C 
and a maximum ambient temperature of 215°C. 

Fig. 29 shows the permissible current density and the weight per kVA per 
unit length as a function of the conductor cross-sectional area for various 
size wires. As a conductor increases in size, the ratio of the surface area to 
the enclosed volume decreases. Since the abil ity to dissipate heat is a func­
tion of the surface area, the permissible current density in the smaller size 
wire is greater than that in the larger size. Since the weight per kVA per unit 
length of the conductor is inversely proportional to the permissible current 
density, it will increase as the cross-sectional area of the conductor increases. 
In other words, the smaller size wires can transmit more power for a given 
weight of wire than the larger sizes. 
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TABLE 8 

PROPERTIES OF AIRCRAFT CABLE INSULATIONS 

Prope rt i es 
Ce 11 u 1 a r 

PolytetrafJuoroethylene Polyethylene polyethylene 

Specific gravity 

Volume resistivity, 
ohm-cm (50 percent 
relative humidity 
and 23°C) 

Dielectric strength, 
short-t i me 1/8 in. 
(3.17 mm) thickness 

Dielectric strength 
step-by-step 1/8 in, 
thickness (3.17mm) 

Dielectric constant, 
6 10 cyc I es 

.Dissipation (power) 
6 factor, 10 cyc I es 

Effect of strong acids 

Effect of strong 
a I ka lies 

2. I to 2.3 

480 V/mi I 
( I 8, 900 V /mm ) 

430 V/mi I 
(16,900 V/mm) 

2.0 

.002 to .005 

None 

None 
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0.92 

460 V/mi I 
(18, 100 V /mm) 

420 V/mi I 
(16,500 V/mm) 

2.26 

<.0005 

Attacked 
by oxidiz­
i ng agents 

Resistant 

0.50 

220 V/mi I 
(8,650 V/mm) 

1.5 

.0004 
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TABLE 9 

PROPERTIES OF AIRCRAFT CABLE (COPPER) 
(MIL-W-5086) 

(ENGLISH UNIT) 

Max. Amp. 60°C ambient 

Max. di i~i . 
Single Ci r .MIL cable, 

Bundled in free air area in. 

5 -- 755 .075 ±.005 

7.5 " 1,200 .085 ±.005 

10 16 1,909 .095 ±.005 

13 22 2,409 .015 ±.005 

17 32 3,830 .125 ±.007 

23 41 6,088 .143 ± .007 

33 55 9,880 .189 ±.007 

46 73 16,864 .240 ±.007 

60 101 26,813 .293 ±.007 

80 135 42,613 .355 ±.010 

100 181 66,832 .425 ±.010 

125 211 82,108 .470 ±.010 

150 245 105,022 .525 ±.015 

175 283 133,665 .590 ±.015 

200 328 167,332 .650 ±.015 

225 380 211,954 .720 ±. 0 15 I 

80 

\ 

., 

j . 

We i ght 
finished 

Max. di a . cable, 
conductor, Ib/IOOO 

in. ft 

, 

.033 4.7 

.041 6.8 

.052 9.5 

.061 II .9 

.076 18.3 

.096 26.0 

.128 44.0 

.176 70.0 

.218 110.0 

.272 165.0 

.345 250.0 

.384 305.0 

.432 400.0 

.490 500.0 

.548 620.0 

.615 785.0 
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When the ambient temperature is above the maximum specified/ the current 
carrying capacity is reduced. This is because (I) the high ambient reduces the 
permissible temperature rise and (2) it increases the wire resistance and, 
therefore, the losses. Altitude also affects the current carrying capacity • 
For example, the resistance of a copper conductor at 3S0oC is 2.2S times that 
at 2SoC. Based on the resistance drop, at 3S0oC. it would take 2.2S times 
as much copper to carry the same current as at 2SoC. At ~Jgh altitu~~, the 
heat dissipation capability is reduced due to the reduced air density; hence, 
the current carrying capacity is degraded. The Naval Research Laboratory 
has conducted experiments and has established that for wire sizes 20 through 
0; the ~elative values necessary to produce the same conductor temperaturei 
rise are as shown in the table 10. 

TABLE 10 

ALTITUDE DERATING OF CURRENT-CARRYING CAPACITY 

A It i tude Relative current. percent 

0 100 

20,000 ft (6,100 m)' 93 ±2 

60,000 ft (18,300m) 82 ±2 

Voltage drop: Voltage drop is another factor that governs the selection 
of the cable size for a given application. According to MIL-W-S088, the 
continuous value of the maximum allowabie voltage drop of the I IS-V system is 
4V. That means the total impedance of the cable and the ground r~turn, 
in the circuit should not drop the voltage more than 4 V between the point 
of voltage regulation and the load. This requirement limits the length of 
any wire size. Fig.50 shows the maximum lengths of cable which can be 
used for each size for two conditions, the single conductor and the bundled. 
In present commercial aircraft, wire lengths of over 100 ft (30.~ m) are common 
and voltage drop considerations are usually the governing factor in selecting' 
a sma I I e rca b Ie. 

In a I IS/200 V, 400 Hz system, the rated generator terminal voltage is 
120 V. The allowable drop from the generator terminal to the point of regula­
tion (main distribution bus) is therefore 5 V. The power transmission limits 
of aircraft cables in a I IS/200 V, 400 Hz system are shown in fig. 31 when a 
S V allowable drop is assumed. The wire configuration is also shown in that 
figure. There are two curves for each size of cable. One curve, labeled "in 
air," refers to a wire configuration with sufficient clearance between wires' 
that it can be considered equivalent to a single wire in air. The other curve 
is for bundled wires. The curved portion of each plot represents the effect of 
the voltage drop limitation on the power carrying capacity; the straight portion 
represents the temperature 1 imitation. It can be seen that a larger wire can 
carry power at its rated capacity a longer distance than a smaller wire. 
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Comparison of distribution wire weight: To compare the main feeder weight 
of some typical systemg, the weight per 100 ft (or per meter)of feeder cables for 
I IS-V, 400-Hz, 3-phase ac systems of various generating capacities are calcu­
lated and plotted in fig. 32. The upper curve is fo-r a 3-~}ire system while 
the lower one is for a 6-wire system (two wires for each phase). All conductors 
are considered in free air, and the current carrying capacity specified in 
MIL-W-5088C (ASG) is used. A maximum allowable voltage drop of 5 V is selected. 
It is seen that the 6-wire system results in savings at large kVA ratings since, 
as mentioned previously, the small wires for a given weight have greater power 
carrying capability than the larger sizes. This is because with a larger sur­
face-area to cross-sect!on-area ratio, the smaller wire operates at a lower 
temperature for the same current density. (At low kVA with small wires, vol­
tage drop rather than current carrying capacity, is the limitation.) 
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Figure 32. Copper Wire Weight vs System Capacity 

Fig. 33 shows cable weight for system using aluminum wires. Although: 
the weight reduction is attractive, factors such as termination and mechanical 
strength must also be conuldered. 

The dc system may require a return wire, as in the case of supersonic air­
craft with titanium structure. With corresponding system voltages (Vdc=:2V ph ,ac) 

more power can be transmitted by a dc system than with a 400-Hz, 3-phase ac 
iystem since the ac system has power factor and reactance drop disadvantages. 
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Figure 33. Aluminum Wire Weight vs System Capac\ty 

Fig.34 ind'ica'tes that the cable weight of a 112-Vdc system using a return 
wire is about two times that of the ac system for system capacity in the range 
of 20 to 60 kVA. If frame is used as return, the cable weight of a dc system 
may come down 'to as low as 60 percent that 'of the ac system. This is because 
the allowable wire vGltage drop in a frame return system is almost double that 
of a 2-wire system since the voltage drop in the frame is relatively small. 

Installation requirements: Installations may vary with the size and the 
type of the aircraft involved as the amount of space available and the electri­
cal power system configurations are governing factors. Installations may also 
vary between different manufacturers. Basic installation guidel ines are given 
below. 

(1) The risk of mechanical damage to the cable should be reduced to a 
minimum by proper and careful routing. The cable should be kept away 
from all moving parts such as control, cables, control surfaces" and 
linkages, etc. Areas which can be easily contaminated should be 
avoided whenever possible. 

86 

. 



b 

. "I 
'~ , 

i 

.',1 . , 
;. 

.;:; .. ,. L .; 

" . 
" .: •. r l. 

... ; .. ~"', t 
~ - ~ 

. ; 
! 

•• _-,-.~,_,~;_--;----C~7.­.. -

2.4 

2.0 

E "'- '.6 en 
.::L 

... 
+.J 
-c 
.~,. 2 
Q) 

3: 
Q) 

~ .8 
co 
u 

o 

',. ' 

o 
o 

"'­.a 

.0 
co 
u 

. - '. .. ~ , 

".' ":' ~.~ ." 

160 

120 

80 

40 

o 
o 

. .... . 
." 

, . 

)0 

. ', . 
; 

-.' .~ . .. ", .. 
...... -.. ·t 

, . ". ~., . \ 
: .; 

" , . 
~ " __ ....l;:-~--'-_..-::"-_"-:..;lr;_._-_. _.-_. _'_ - ~~_._.~,"""",-"."'~...z7_ .......... ...o=""--'-"'-:;:,,::-:,,":-~:-=::;;~:':':":;:;";:~:~.:....1'~~ .-~~~ 

JI). 

112-V, 2-Wire Dc System V 
/ 

~ V , 

... 

,/ V 
I" 

20 30 40 ::>0 60 

System capacity, kW 
S-50777 

Figure 34. Wire Weight In Dc System vs System Capacity 

(2) Cables should be properly supported to prevent chafing and rubbing, 
beating under vibration, axial movement, mechanical strain, and any 
possible physical interference with other equipment. 

(3) When leaving or entering pressurized areas, cables should be effec­
tively sealed against air leakage. Itis preferable not to cut cables 
when passing them through pressure walls. 

(4) Some cables require more mechanical protection than others. This 
additional protection has been provided by using ducting, conduit, or 
sleeving; this, however, adds considerably to the weight and cost of 
electrical installation. 

Contactors.-- Contactors are electromechanically or mechanically operated 
devices for making and breaking circuits. Although contactors are sometimes 
called circuit breakers, circuit breakers are never called contactors. Circuit 
breakers differ from contactors in that they interrupt a current not only under 
normal operating conditions but also under abnormal conditions such as a system 
fault. A circuit breaker may also have a built-in automatic tripping device 
which a contactor does not have • 
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In the typical distribution arrangement, two contactors are used per gen­
erating channel: a generator contactor and a bus tie contactor (GCB and BTB 
are abbreviations for generator circuit brealser and bus tie breaker respec­
tively). If an APU IS installed, an external power contactor (EPC) and an 
auxil iary power unit breaker (APB) are also used, making a total of 10 to 12 
identical three-phase contactors in the system. 

If installed channel capacity is 30, 40, or 60 kVA, the steady-state cur­
rent for the contacts will be 83, I I I, or 167 A respectively. The contacts are 
required to break a fault current of 5000 A. There are also several sets of 
auxil iary contacts, both normally open (N.D.) and normally closed, (N.C.) that 
are available for circuit interlock functions, current transformer loop sharing, 
and breaker state indication. For this appl ication, the contactors are of the 
mechanically or magnetically latched type in which both closing and tripping are 
effected by momentary current pulses in separate operating coils. A source in­
dependent of the main generating system such as the permanent magnet generator 
suppl ies the 28-Vdc control power for the coi 1. Specification MIL-C-8379A re­
quires that a 3-pole, 208 V, 120-A, 400-Hz circuit breaker have operating times 
no longer than 10 msec for closing and 10 msec for interrupting. The breaker 
wi 11 occupy a volume not more than approximately 4 x 4 x 8 in. and weigh less 
than 5.5 lb (2.5 kg). 

Relays.-- Relays are used for various power and control functions through­
out the aircraft. They come i n r~tings such as those used· for dry c i rcu i t app I i­
cations and have power handl ing capabil ities of over 100 A. Relays may be in­
stalled anywhere in the aircraft and may therefore be subjected to a wide varying 
range of environmental conditions. Environmental requirements include resistance 
to ambient temperature variations, pressure variations, shock, vibr~tion, and cor-
rosion. Typical environmental conditions for present commercial jet aircraft are: 

(I) Temperature range from -65° to 125°C 

(2) Pressure down to 1.3 in. Hg (corresponding to 70,000 ft altitude) 

(3) Shock pulses of 15 to 50 g acceleration with minimum frequency of 
2000 Hz near the engine 

(4) 10 g acceleration with frequencies up to 2000 Hz remote from the 
engines 

Relay selection: Aircraft relays should generally provide the following 
cha racte r i s tics: 

(I) Minimum weight consistent with reI iable operation 

(2) Sufficient closing and opening forces to ensure proper operation dur­
ing acceleration or vibration 

(3) Satisfactory operation in every respect between 75 and 125 percent of 
nominal system voltage 
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(4) No effect upon relay rating with respect to change of position 

(5) Nonwelding alloy contacts or hammer action to prevent the contacts 
from welding for heavy-current relays 

(6) Satisfactory I ife for the contacts at the operating environment 

(7) Low contact resistance in low-current contacts 

(8) Resistance to shock, explosive vapor, corrosion, radiation, etc. 

\ 

Relay classification: The various relay designs, constructions, and appli­
cations are so numerous that many classifications are needed to categorize them. 
One method of classification is according to the basic form or construction, as 
fo 11 ows: 

( I ) Hinged armature type 

(2 ) Solenoid-operated type 

(3 ) Rotary action 

(4) Polarized 

Each group can also be divided into subgroups according to their current 
rating, supply voltage, order of making and breaking, whether normally open or 
closed, sealed or unsealed, etc. 

The hinged armature relay is one in which the armature is located on its 
pivots adjacent to the magnetic system. The relay contacts are either mounted 
on the armature or are actuated by the movement-of the armature or an extension 
of it. A leaf or a spring is usually employed to hold the contacts in the "off" 
position when they are not energized. 

The solenoid operated relay has the armature in the form of a core within 
a wound coil or solenoid. When the relay is energized, the core is driven to 
the center of the coil where the attraction is zero. 

Solenoid actuation of relay contacts is used where relatively large move­
ment of the contacts and considerable contact pressure are required. Similar 
to the hinged armature type, solenoid operated relays are sen~itive to accelera­
tion forces. Although the armature can be of a balanced type to reduce the 
acceleration effect, the additional weight and size necessary for proper balanc­
ing is rarely justified. 

The construction of the rotary-action relay is similar to that of a motor. 
The armature is supported on a rotating shaft and is enclosed within a magnetic 
system. The armature may be the wound coil type while the field is a permanent 
magnet or vice versa; or both armature and field may be wound. When the relay 
is energized, the shaft is driven by a circumferential pull against the torsion 
of the return spring. The contacts are usually operated by a cam or lever on 
the shaft. 
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This rotary-action relay has inherent stabi I ity against acceleration forces. 
It is manufactured in a wide variety of sizes and shapes and has been used in 
mobile ground equipment, aircraft, and missiles . 

Polarized relays are those in which the direction of the armature movement 
is dependent on the direction of the current flow in the field coil. The relay 
may be designed such that the contacts are closed only when the current flows 
in one direction: movement in the other direction is I imited by a mechanical 
stop. The relay could also be designed such that different sets of contacts are 
closed according to the direction of the current flow. 

Although polarized relays are suitable only for dc operation, they are very 
useful in paralleled dc generator systems. It is necessary, however, to accu­
rately center the armature of the polarized relays since it is the most impor­
tant factor affecting relay performance. 

Contact materials: The voltage across the contacts, the operating frequency, 
and the type of load and environmental conditions vary within broad ranges for 
various appl ications. So the relay can operate successfully to satisfy a certain 
requirement, the choice of proper contact material becomes very important, par­
ticularly for relays designed to switch low current and low voltage circuits 
(I mA and 100 mV or less) which are also referred to as dry circuits. For these 
circuits the most commonly used materials are gold or gold al loy, although vari­
ous metals or alloys of the platinum group are also employed. Low level relays 
are genera!ly considered to be much longer life devices than their more heavily 
loaded counterparts. A I ife of a few mill ion to over a bill ion operations is 
typical, depending on the load and relay design. 

In addition to the materials I isted in table I I, other materials are being 
evaluated for relay contact appl ications. These include palladium, palladium 
silver, iridium-platinum and sintered silver graphite. 

Contact pressures: For certain materials, the contact resistance depends 
primarily on the contact pressure; and the relation is consistent over many 
cycles. Fig.35 shows a typical curve relating c6ntact resistance and Gontact 
pressure for switch contacts with copper plane surfaces. It is seen that the 
contact resistance is inversely proportional to the contact pressure and when 
the pressure drops below a certain value, the contact resistance increases 
rapidly. Therefore, in order that the contacts give a fixed contact resistance, 
a certain minimum pressure is required. This requirement is one of the most 
important design ccinsiderations~ since it directly affects relay performance. 

High speed relays: No specific operating time has been established to' 
qual ify a relay as high speed. However, dc operated relays achieve speeds rang­
ing to less than 1 msec. High speed is obtained through use of low moving mass, 
short travel, low eddy current, and often ~y use of polarized magnetic structures. 

,Operating time is also a function of the energized circuit. Overdriv~' (abnor­
mally high coil voltage or current) accelerates relay operation, as wil I a low 
impedance ~nergizing source. High energy pulses of short duration are used for 
high-speed polarized latching relays. It should be pointed out that coil 
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TABLE II 

MATERIALS AND APPLICATIONS, ADVANTAGES AND DISADVANTAGES 

MateriaJ AppJ i cati on Advantages Disadvantages 
I---------.'-------+----------------~------------------------~------------------~ 

S i J ve r 

Rhodium 
plated si lver 

Platinum 

Gold 

Tungsten 

Si ntered 
nickel-si Jver 

Gene ra J app J i -
cation 

Simi lar to that 
of s i I ve r ( i f 
arci ng does not 
break down the 
plated fi 1m) 

Low current 
(less than 
.5 A) low 
voltage; super 
sensitive 
re lays 

Dry ci rcui ts 

Low current or 
nonsensitive 
low voltage 
circuits 

* 

Heavy inductive 
current ci r­
cuits 

Relatively inexpensive; 
high thermal and eJec­
trical conductivity; 
requires low contact 
pressu re 

Same as silver; prevents 
formation of suJphide 
fi 1m 

Requi res very Jow con­
tact pressure; very good 
resistance to corrosion 

Requires Jow contact 
pressure; very good 
resistance to corrosion 

High melting point; 
relatively low cost; 
not effected by arcing, 
inductive currents, or 
corrosion 

Requires moderate con­
tact pressure; good 
electrical conductivity; 
less sensitive to 
su'l phu r 
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Produces s i I ve r 
sulphide coating 
(the resistance 
becomes i mpor­
tant at low 
voltages) 

Expens i ve 

Ve ry expens i ve 

Expens i ve 

Requi res hi gh 
contact pressure 

Contact resis­
tance may 
increase wi th 
use 

1 
\ 



.. ' 
.l 

', .. j 
.... :.j 

". 'j 
"j 

~.< :'~:~~l 
"1 

.. j 

. ". i 

;; . '.' . "'1 
l ,": •. \ 

b 

. ". :! 
" I 

· .1 
..j 

' .. , 
,'j 

" ," • I • 
· ~.: t 

· ,'j 
'''''j' , ,", 

· ':1 
'J 
':j 

, 
i ., 

. i 

" ~,: '1 

, 
) i 
i 

800 

\() 
I 
0 600 
x 
Ul 
E 

..c 
0 , . .. 
(lI 
U 
c: 400 co 
+-J 
Ul 

Ul 
(lI 
a:: 

200 

0 
0 

0 

, 
\ 

. ~ . ' '. . .:' ."~. 
'J.\ .. 

. . '., 

: ..... " 

i\ 

10 

.. ': . 
',' 

"" .. 

" 

, . 

" 

~ ..... 

20 30 40 50 

. Contact pressure, lb/sq in. S-49398 

4 8 12 16 20 . 24 28 32 
Contact pressure, thousands Kg per sq m 

Figure 35. Contact Resistance vs Contact Pressure for' 
Switch Contacts with Copper Plane Surfaces 

92 

t 

J 

36 

S-50889 

1 

\ 



b 

••• 1 

~, f~ 
" 

~~~·1 

'" J , i 

',. ·;·.:'~,"1 
.iy:il 
' ...... ~ ... ~ '~'~!~~;J 

<;i'/~"j 
, .: ",,}~,j 

····:{~A 
. . (: ,:-~i'!··l 

. -,~,~ 

, :t'l 
;~l 

·J/l 
;i~l 
~ i 
I'," • ! 

T,l 
~. r 

. LJ 

-.,' .. -
. " 

.' , .. "~.'~ : ..... ',: :. . . .:- . 
, . 

overdriving or abnormal acceleration of the relay operation may result in in­
crease contact bounce. If operated on fast duty cycles, high levels or energi­
zation can tend to reduce dropout speeds. 

High-speed ac relays are also available. Regardless of the point on the 
sine wave at which the coil is energized, operation within less than half-cycle 
time duration is possible . 

Typical specification for a general-purpose aircraft relay (10 A, 4PDT): 
Typical specifications are 1 isted below~ 

Min. operating cycles ................•.... 100,000 
(except lamp and dc motor 
load--50,000) 

Max. operating time (dc) ................... 010 sec 

Max. operating time (ac) ...•...•....•••... 

Max. release time (dc) ...............•.... 

Max. release time (ac) ................•... 

Max. duration of contact bounce .......... . 

. 015 

. 010 

. 015 

. 003 

. 005 

sec 

sec 

sec 

sec N.O . 
sec N.C . 

Rated duty........... ... . . . . . . . . . . . . . . . . . .. cont i nuous 

Operating temperature ..................... -700 to +125 0C 

Dielectric strength: 

at sea level--coil ..................... 1250 V rms 

contacts. .. . . . . . . . . . . . . .. 1250 V rms 

at altitude--coil and contacts ......... 350 V rms 

Vibration resistance ... ~ ................... 08,D.A.--5-10 Hz 
.06 D.A.--10-80 Hz 
±20 G.--80-2000 Hz 

Max. we i 9 h t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 20 I b 

Internal volume ............................. ~ I-in. 3 cube (I 6.4 cm ) 
Unless otherwise specified, 

tolerances: Decimals .................. ±.010 

Appl icable specifications ................. MIL-R-6106-D 
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Contact rating (table 12): Contact rating is the maximum current for a 
given type of load, i.e., the voltage, current, frequency and nature of imped­
ance which the relay contacts will make, carry and brake for its rated I ife or 
for the number of open and closed operations. Contacts must be derated for in­
ductive loads. (See fig. 36.) For example, a 10-A contact handling load of 
60 percent pfmust be dera~ed by .86 or to 8.6 A for maximum effective life. 

Type 
of 

Load 

Resistive 

Inductive 

Motor 

Lamp 

Minimum 

Co i I 

Voltage dc Current 

Voltage ac Cur.rent 

T.ABLE 12 

CONTACT RATING 

Contact rated load (Ampere per Pole) 

115 V 
28 Vdc 400 cycles ac 

10 10 

10 10 

5 5 
" 

3 3 

Minimum current Minimum current 
per specification per speci f i cat ion 

Nominal Maximum Pic.kup 

28 29 18 
---- .20 --_ .... 

-
115 120 90 
---- .04 ----

" 

1 15/2~00 V 
{, ,:~O cyc:les ac 

.. -.. 

10 

10 

5 

3 

Minimum current 
per specification 

, 
Dropout 

7, +0, -5.5 
----

30, +0, -25 
----

CircuiJ breakers.-- Two basic types of circuit breakers -are used in air­
craft: thermal breakers and magnetic breakers. Thermal tripping is "affected by 
a bi-metal I ic strip heated either directly by the current it carries or indi­
rectly by a heating element in series with the load. The thermal circuit 
breaker is affected by the ambient temperature, although this is not so much of 
a disadvantage as it first appears because some kind of temperature compensation 
can be provided if necessary. One of the advantages of this type of circuit 
breaker is that it has an inherent time delay. Magnetic tripping is actuated 
by a solenoid which is. sensitive to excessive current or voltage. This type of 
circuit breaker is unaffected by the ambient temperature; it has almost instan­
taneous operation; hence, any required time delay has to be achieved by using 
a mechanical device such as a dash-pot,air-brake, etc. 
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In selecting a circuit breaker for a load circuit, several factors must be 
considered before a proper rating can be determined to match the capacity of 
the wire. These factors are: 

(I) The steady-state conditions of the load versus the steady-state 
capacity of the wire 

(2) Startup and transient overloads together with their durations 

(3 ) The ambient operating temperature and the means of heat dissipation 

(4 ) 

(5 ) 

(6 ) 

(7 ) 

(8 ) 

The environmental conditions under which the circuit breaker must 
operate 

The possible voltage and frequency variation of the circuit 

The allowable voltage drop 

The requ ired trip-time delay 

Coordination with other breakers connected in series on the same 1 i ne 

For most appl ications, in order to avoid nuisance tripping, the circuit 
breakers are required to pass the startup and transient overloads (which are 

\ 

of the short-duration type) as well as a continuous overload slightly higher 
than normal. Consequently their actual trip characteristics are higher than 
their rated current capacity. The thermal circuit breakers are designed with 
both a maximum and a minimum ultimate trip. The maximum ultimate trip is the 
percent overload under which the breaker must trip within one hour, while the 
minimum ultimate trip is the percent overload under which the same breaker must 
remain closed for at least one hour before tripping. Although 138- and 115-
percent overloads are the typical maximum and minimum ultimate trip respectively, 
~aximum limits as high as 180 percent and minimum limits··as low as 100 percent 
may be required for specialized applications. 

To ensure that the circuit breaker can provide optimum protection under 
faulty conditions while preventing n~isance tripping under transient conditions 
the circuit breaker must be matched to both the short duration overload charac­
teristics and the wire capacity. Fig. 37 shows qual itatively the character­
istics of multi-conductor wire based on wires in bundles. Since each wire has 
a maximum al 10wable operating temperature, the current car~ying capacity of the 
wire is a function of time. 

Thermal breakers.--Fuses and thermal breakers respond according to the 
function 12 t where I 'is current, t is time, and the resistance is assumed con­
stant. Magnetic breakers operate as a function of current (1) only, the co]l 
turns being constant. Both thermal and magnetic breakers require an appreciable 
~:ime to operate. Magnetic types are by far the faster; when there is a dead 
short circuit the mechanical mechanism of a fast magnetic. breaker will respond 
in as low as 3 or 4 msec. Because the primary concern in the protection of air­
craft distribution systems is protecting the wire from excess.ive overheating 
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and the eventual burning which follows a thermal-time characteristic curve, a 
protective device with a simi lar trip-time characteristic is desired. For this 
reason the thermal breaker is widely used in aircraft whi Ie the magnetic-breaker 
has only rare application where special protection of some load equipment is 
desired. 

(I) Temperature effects--Since tripping of the thermal circuit breaker is 
initiated by the temperature rise in the heating element, any environmental con­
dition which affects the temperature rise would affect the performance of the 
circuit breaker, including externally induced heat, internal heat dissipation, 
etc. 

When the circuit breaker is subjected to extremes of temperature environ­
ment, serious derating of the circuit occurs. In general, degradation by tem­
pera tu re can occu r f rom the fo 11 ow i ng th ree bas it sou rces • 

., 
,...: 
c 
il) 
l­
I-

1000 --A-W-G-1-4~--~--------~--------~-------'------------~ 
16 Recommended: 
18 Aircraft electric wire 
20 Current-time temperature 

Characteristic, for wire 
22 Conforming to MIL-W-S086 

100 .-__________ ~~~ __ ~~~~~~~~~Based on wires in bundles 

:J 10 u 

1 
0.01 o. 1 1.0 10 

Time, sec 

Figure 37. Current Amperes vs Time 

100 1000 

(a) Temperature variation--If the circuit breaker is installed in such an 
ehvironment where the temperature varies in a broad range, the trip 
capacity of the breaker lJ.dl·1 be seriously affected .. A circuit breaker 
rated at 1 IS/138 percent at a nominal temperature of 2SoC would have 
a significantly higher trip capacity at low temperature range and a 
very low trip capacity (in some cases, even below the normal rating) 
at high temperature. The amount of change in trip capacity is directly 
related to the temperature deviation. When the trip capacity is 
raised due to low ambient temperature, the circuit breaker would not 
provide proper protection to both the equipment and the wire. On the 
other hand, when the trip capacity is lowered due to high ambient tem­
perature, premature tripping would occur. 
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(b) Preloading--When the circuit breaker carries a load at or near full 
load for a relatively long period, it is derated due to the. sustained 
heating. If the breaker is subjected to a short duration transient 
load, premature tripping may occur. Fig. 38 illustrates the eff~ct 
of preloading on trip times of a bi-metallic thermal breaker'. The 
dotted line shows the load vs trip time with no preload, while the 

3000 

2000 

1000 
800 

600 

400 

sol id curve is for 100-percent preload. Since the effect is consider­
ably linear, tripping characteristic curves with partfal preload can 
be determined by interpolation between the curves. 

It should be mentioned that magneti~ circuit breakers are also sub­
jected to degradation due to pre loading, although they are not actu­
ated by temperature change. The effect, however, is nonl inear and 
more change in trip time is observed as full preload is approached. 

I 
1 

" 
Percent pre load 
---- ~ 0 percent 

Bimetal breaker ~ 100 percent 
L\,. • 

" 
, 

J , 

~" I 
,~~ I 

~ I 
I 

200 ~', -..l 

~ 
I 

100 
.001 .01 • 1 

Time, sec 

Figure 38. Percent of Rate Current vs Time 

t.:--_.... I 
1 

10 100' 

S-50803 

(c) Heat dissipation--The heat dissipation capabi lity of the breaker is 
closely related to the size and material of the case, wire terminals, 
mounting, and the surroundlng atmosphere. These factors which affect 
the temperature rise are taken into consideration by the designer. 

When a great number of breakers are mounted close together on a single 
panel, adequate heat transfer may be hampered and overheating results. 
As a consequence the circuit breakers have to be derated. Proper ven­
tilation, therefore, should be provided to improve heat dissipation 
especially when the air surrounding the breaker is rather confined. 
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Altitude has a direct effect on the heat dissipation capabil ity of the 
circuit breaker, simply because at high altitude, the air density de­
creases and therefore the abi lity of transferring heat by convection 
is reduced. A circuit breaker having a maximum ultimate trip of 138 
percent at sea level would be derated to approximately 130 percent at 
50,000 ft (15,200 m) and 120 percent at 100,000 ft (30,500 m). 

It should be noted that in some appl ications, the wiring of a certain 
load may pass through a heat source such as the engine zone, the air­
craft heating system, etc. while the circuit breaker is not exposed 
to it. Under this condition, the wire is subjected to a preload, and 
a sl ight overload might cause the wire to fai I before the breaker 
is actuated. The maximum ultimate trip of the breaker, therefore~ 
must be lowered in order to protect the wire properly; it may be 
necessary to re-route the wire if ~he breaker trip I imit cannot be 
reduced due to the pecul iar load characteristics. 

(2) Interrupting capacity--Interrupting.capacity of t~e ?reaker i~ the 
maximum current which the breaker is able to Interrupt. ThiS Interrupting capac­
ity is a function of many factors, among which the mos~ significant ones ar~ the 
size and geometry of the br~aker, the I ine voltage, and the current rating. In 
general high interrupting capacity is desirable; this requirement, however, is 
incompatible with the requirements of small size, I ight weight, etc. Low-rating 
breakers have smaller interrupting capacity than high-rating break~rs because 
of the smaller physical size. 

It had been a strict rule, in the design of aircraft electrical circuit 
protection, that a circuit breaker should not be used in a circuit 'in which the 
short circuit current exceeds the interrupting capacity of the breaker. This 
is to prevent the breaker from being destroyed by the short circuit current and 
thereby leaving the circuit either unprotected or disconnected~ 'Recently, how­
ever, a modification of this design philosophy has come under consideration. 

Many nonessential loads are not critical to flight safety of the aircraft. 
If a circuit breaker having a lower interrupting capacity than the short circuit 
current is util ized in a nonessential circuit; and if the breaker can guarantee 
an open circuit after the destruction of the breaker, the mbst serious situation 
that can be encountered is the loss of the circuit after a destructive fault. 
Experience, however, has revealed that this type of fault during a flight is 
extremely rare. Therefore, if this can be tolerated by some of th~ nonessential 
circuits, many advantages can be realized. The most obvious ones would be 
the savings in volume and weight since smaller breakers are selected. 

Today, ~ircuit breakers which g~arantee an open circuit following the 
destruction of the breaker are available. This type of breaker is referred to 
as "fa i I safe." 

\ , 

(3) Voltage drop: Some uti lization equipment are very sensitive to the ter­
minal voltage. In calculating the total voltage drop of the circuit, therefore, 
the circuit breaker in series with the load must be taken into consideration if 
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the expected performance of the load equipment is to be real ized. Bimetallic 
thermal breakers have low voltage drops (.S V) and usually do not create any 
problems. However, the voltage drop should not be ignored in making a selection. 

Thermal breakers with rating below S A are usually of the indirectly­
heated type; i.e., the trip device is heated by a wire-wound element. This 
type design is not desirable since it introduces an excessive voltage drop in 
the c i rcu i t. 

(4) Types of thermal breaker--There art~ two basic types of thermal breakers: 

Switch-type breaker--These breakers are available in a variety of 
sizes and a-ctTons'. Some of them are miniaturized and a single unit 
can frequently replace the toggle switch and the fuse. 

Manual reset breaker--This breaker is most widely used in aircraft. 
The breaker has one button on its face. Manual reset is done by 
pushing the button which will come out when it is tripped on overload. 
Most models can be tripped manually by pulling out the button. 

The current rating of these breakers for aircraft use ranges from less than 
I A up to SO A for the ac system. A typical miniaturized breaker in this range 
weighs about 1.5 oz. 

For general safety all breakers used on aircraft must be of the trip-free 
type. That means that the breaker is designed s~ that it will not maintain the 
circuit closed when carrying overload current regardless of the restraint placed 
on the actuator. 

There are multi-pole circuit breakers constructed by combining several 
single-pole circuit breakers. It is designed so that whenever one pole is trip~ 
ped the remaining pole will trip simultaneously. A three-pole breaker can be 
us~d for three-phase pr:o,tection while a two-pole breaker 'c;:an be used for a two­
wire circuit or can be used as an interlock between two circuits serving the 
same equipment. 

(S) Tripping time--Curves showing trip. tJme-versus-load are usually pro­
vided for each circuit breaker to serve as a guide for application purposes. 
Figure 39 shows a typical trip time characteristic at 2SoC. A band rather than 
curve displays the manufacturer's or specification tolerances for a certain 
breaker rating. There are three regions in the diagram. In region I, below 
the shaded area, the circuit breaker should not be tripped; in region 2, the 
shaded area, tripping may occur; in region 3, above the shaded area, the cir­
cuit breaker should definitely be tri'pped. 

The temperature effect on trip time characteristics is shown in fig. 140. 
It is understood that temperature above 2SoC tends to move the curve downwards 
while ambient temperature below 2SoC tends to move the curve upwards. If the 
ambient temperature varies between -S4° to +71 0C the shaded area of fig. 39 
will be enlarged as shown in fig. 40. Temperature effects can be eliminated 
or reduced by employing a temperature compensating unit to control the thermal 
element. 
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(6) Circuit breaker coordination--A basic problem which must be considered 
in circuit breaker application is coordination. When circuit breakers are series 
connected with higher rating breakers or fuses in a d~stribution system, it is 
desirable that only the breaker with the lower rating trip under any overload 
or fault condition. Otherwise whole sections in a distribution system would be 
de-energized instead of just the circuit branch where the fault or overload 
occurred. 

(7) Performance data--Typical performance data of a late model miniature 
circuit breaker that comes in ratings of 1 to 4 A, meets the temperature, shock, 
and vibration requirements of MIL-C-S809D as follows: 

Performance data: Typical performance data of a late model miniature cir­
cuit breaker that comes in ratings of 1 to 4·A, meets the temperature, shock, 
and vibration requirements of MIL-C-S809D as follows: 

Minimum I imit of ultimate trip 

Maximum I imit of ultimate trip 

Overload cal ibration 

Ambient effect on calibration 

Overload cycling 

Rupture capacity 

No trip within an hour at IIS% load, 2SoC 

Trip within an hour at 145%, 25°C 

200% at 2 to 20 sec 
SOO% at 0.1 to 2.0 sec 
1000% at 0.02 to 0.05 sec 

At -S4oC, 13S% load, no trip in one hour; 
180% load will trip within one hour. 
At +7I oC, 90% load, no trip in one hour; 
130% load will trip within one hour. 

100 operations at 200% rated current. 
and rated voltage 

I A, 6000 A at 30 Vqc 
3S00 A at 120 V, 400 Hz ac 

2 and 3 A, 6000 A at 30 Vdc 
ISOO A at 120 V, 40D-Hz ac 

4 A, 3000 A at 30 Vdc 
ISOO A at 120 V, 400-Hz ac 

Where 2-, 3-, and 4-A units are rated below MIL-C-S809D requirements, units 
are designated as fail safe at rupture levels to 6000 A at 30 Vdc and 3500 A 
at 120 V, 400 Hz ac. 

Dielectric strength 

Insulation resistance 

Voltage drop 

Vibration 

1500 V min. 

Not less than 100 M.n. at 500 Vdc 

1 A, I. I V; 2 A, 0.7 V; 3 A, O. S V; 
4 A, 0.4 V 
Sinusoidal vibratio~: 5 to 1000 to 5· Hz 
at 109 

This breaker weighs less than 30 grams and is approximately 1.5-in. (3.8 cm) 
long. 
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Magnetic breakers:--The magnetically actuated breaker contains a solenoid 
that generates a magnetic flux proportional to the load current. There are no 
thermal elements and practically no heat is generated within the breaker. As a 
result, the breaker is free of adverse ambient-temperature effects. Its nominal 
current rating and cal ibrated trip-points are fixed and remain constant regard­
less of ambient temperature fluctuations. Derating is never necessary. The 
breaker will carry 100 percent of rated load and wi I I trip as specified at any 
temperature within its tested operating range. Since some time delay is desired 
for most appl ications, magnetic breakers incorporate a mechanical time delay 
such as an iron slug moving in oil. Although the trip-time characteristic of 
the breaker itself is unaffected by ambient temperature, the delay device is 
temperature dependent because the oi 1 viscosity changes with temperature. 

Higher ambient temperatures shorten the time-delay period. This is desir­
able because equipment overload tolerance is reduced under higher temperature 
conditions. Conversely, lower ambients lengthen the time-delay perio~, provid­
ing extra time in which to start cold equipment with safety. The effect of 
temperature on a magnetic breaker is illustrated in fig. 41 (from ref. 10). The 
current of trip remains unchanged. The trip time of a certain type of magnetic 
breaker is 60 msec at 25°C, 90 msec at -40°C, and 35 msec at 100°C when there 
is 400 percent of rated current. The 200-percent trip is 1.5 sec at 25°C, 
swinging from 12 sec at -40°C to I sec at 100°C. The faster time to trip, with 
a constant trip current, appears to be advantageous. A magentic breaker can be 
reset immediately after tripping, although the delay mechanism does not immedi­
ately reset. If the fault is still present this will reduce the time to trip. 
This is usually not true, however, with respect to thermal breakers since the 
heating element must cool down before it will reset. 

The magnetic breaker shown in fig. 42 (from ref. 10) is essentially a toggle 
switch comprising a handle connected to a contact bar by a collapsible link. 
The contact bar opens and closes an electrical .circuit as the handle is moved 
to the ON or OFF position. When the link collapses, the contacts of the unit 
open, breaking the electrical ci rcuit. 

The magnetic ci rcuit within the unit consists of the frame I, armature 2, 
delay core 3, and pole piece 12. The electrical ci rcuit consists of terminal 4, 
coi I 5, contact bar 6, contact 7, contact 8, and terminal 9. 

As long as the current flowing through the ~nit remains below 100 percent 
of the rated current of the unit, the mechanism wi II not trip and the contacts 
wi II remain closed as shown in fig. 42. 

If the current is increased to between 100 and 125 percent of the rated 
current of the unit, the magnetic flux generated in coi 1 5 is sufficient to move 
the delay core 3 again~t spring I I to a position where it comes to rest against 
pole piece 12 as shown in fig. 42b. The movement of this core against the pole 
piece changes the forces of the magnetic ci rcuit, described above, enough to' 
cause the armature 2 to move from its normal position shown in fig. 42a to the 
position shown in fig. 42b. As the armature moves it trips near pin 13 which 
in turn triggers the collalsible link of the mechanism thus opening the contacts. 
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Figure 42. Operating Mechanism of an Airpax Magnetic Circuit Breaker 
(ref. 10) 

The delay tube is fil led wi t h a si I icon fluid which controls the speed at 
which the delay core move s . Differen t delay curves can be obtained by using 
fluids of dif ferent vi scos i ties. When surges of 600 perce nt and more occur in 
the electrical ci r cuit , howe ver, the ma gnitude of the fl ux produced i n the mag­
netic circuit i s su ffici ent to trip the uni t without the del ay core changing 
position. The re fore , the delay t ime at cu r rents over 600 percent is very short. 

The speed of a magne t ic b reaker can and doe s g ive ri se to nuisance tripping 
on high-speed transien ts (essentially i n an rms re s pons e ). If a transient of 
sufficient energy con t en t arrives , the breaker responds in t he "instant trip" 
mode a s i t does f or the s hort cir cu i t case. Irres pective of core position, 
this mode is suffic ient to pull i n t he arma ture . To par t l y compensate for this 
undesirable e ffec t in the ma gne t ic breake r, brea ke rs were made available with 
inertial integrat ion of short ti me pulses. The in t egrato r ( inertia wheel in 
the arma ture trip mechanism ) affects only the armature; it does not control the 
longer t ime del ays to any appre~iable extent. In effect, the integrator makes 
the breaker res ponding to the RMS value of current averaged from a time period 
containing man y cyc les . 

Magnetic breakers are avai lable i n ratings from 50 rnA to 20 A. For vol­
tages up to 250 Vac, 400 HZ,and 50 Vdc. However , they are slightly ~eavier and 
also somewhat higher in pri ce than t hermal breakers. 

Transformer-rectifier units and inverters.-- Typical weight vs rating for 
present aircraft transformer-rectifier (TR) units is shown in fig. 43. 5il icon 
diodes are used exclusively in rectifier units. 
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When rectifier units are operated in parallel, a derating factor must be 
used to allow for unequal load sharing. A practical formula for the derating 
factor is 

K == 

where N = 

LD = 

(I - LD) N + LD 
N 

number of units operating in parallel 

allowance in difference of load division (a normal value 
for this quantity is .2) 

Static inverters installed in existing commercial aircraft are small tran­
sistor units (500 VA or less), converti·ng 28 Vdc to lIS-V, 400 Hz, single-phase 
ac. A typical SOO-VA unit weighs slightly less than 20 lb (9 kg) and has an 
efficiency of about 7? percent. Invert~rs larger than 500 VA in e~isting air'7 
c~~ii are usu~lly rotary type. ' 
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Typical weight of present inverters is shown in fig. 44. 
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Connectors.--Service experience has shown connectors to be one of the 
more vulnerable components causing malfunction of the electrical system. In­
cidents of open circuits, intermittent contacts, and high circuit resistance 
due to corrosion are reported repeatedly. The need for rel iability improvements 
in circuit interconnections is more eminent than for any other component in the 
system. The ideal case, as far as reliabi I ity is concerned, is to have con­
tinuous conductors throughout the entire circuit without using connectors at 
all. However this usually is not the case. Interconnections often are added 
to facilitate assembly, maintenance, future modification, inspection, and 
troubleshooting. 

At circuit design l,evels the principal considerations of interconnection 
are related to the selection, rating, and derating of individual conductors. 
As the design of electrical/electronic equipment nears the stage of packaging 
and installation all the individual conductors begin to be placed in orderly 
channels, multi-conductor cables, or other mechanical combining modes. More 
of tan the stage at which this channel ing is considered is far too late to 
avoid expenditures of time and money. Mechanical restrictions have already 
been built into the packaging which minimize the number and size of cables 
and bundles that may be incorporated. Worse yet, the packaged equipment is 
often perfect in all respects except that no room has been left for adequate 
wiring. 

The fi rst phase in the design of any cabling or multi conductor inter­
connection mode is at the block diagram level, where planning of ultimate 
requirements start. 'As the equipment progresses through design and other 
refining steps to mock-up and manufacture, the interconnection system is 
developed along with it. . 

!r.tarconnection requirements.--The following list contains a summary of 
various items a ci rcuit designer considers when specifying interconnections. 
The list gives an idea of present practice--items do not appear in order of 
importance, nor do all of them apply at every stage of the design. 

(1) Classes 

Power 
1-

Signal 

RF 

Shielding 

Thermocouple 

Estimated resistance 

voltage dror for long lines 

EnvironmenU free (classify each requirement) 
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(2 ) 

(3 ) 

(4 ) 

(5 ) 

(6) 

(7) 

(8 ) 

(9) 

( 10) 

( 11 ) 
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Nonenvironment 

High voltage 

Hermetic 

Groups 

In conduit 

Cabled 

Harnesses 

Sing 1 e wire 

Growth factor 

Util ization factor 

Number of connector 

Types of contacts 

Open entry 

Closed entry 

' . . . . ',~. , 
-"- . 

free 

contacts 

. .... 

'.'. ,'.: 
.~ . 

Contact material needed for conductivity rating and 
environmental considerations 

Contact size (a 11 wi re gages) 

Connector sizes 

Microminiature 

Subminiature 

Miniature 

Standard 

Heavy duty 

Current rat i ng 

Voltage rating 

She 11 s 
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(12) Method of installation 

Pendant, both halves 

Pendant, one half 

Rack and panel rectangular 

Rack and panel cyl indrical 

Chassis mount board 

Chassis mount tape 

Standard pendant, rectangular 

Standard pendant, cyl indrical 

(13) Couplings 

Quick disconnect, no lock 

Quick disconnect~ lock 

Push-pull 

Pull-pull 

Bayonet 

Thread assist 

Guide pin and lead screw 

( 14) She II fin i shes 

(15) Insert materials 

(16) As per environment 

(17) Polarization 

". 

Contact rating.--The electrical rating of contacts is a very important con­
sideration in the selection of a connector during the circuit design stage. Con­
tacts are designed to carry about the same amount of current as the correspondin~ 
wire size. And the wire entry portion is normally large enough to accept this 
wire size. The most frequently used contacts are the cylindiical pin- and 
socket-type made of copper alloy. The superior conductivity of copper permits 
smaller diameter pins and sockets than other metals. Table 13 (from ref. 1 I) 
lists various metals used for making contacts. Many of them are impractical for 
all but a few specialized uses because of their high relative,resistanc~. 
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Cylindrical contacts, the most common, generally will not accept a wire 
larger than the gage size of the contact. However special types of contacts 
are available into which larger wires can be attached. These special connectors 
are useful where the resistance of smaller wire would be too great for the' 
proper performance of the circuit, or where the smaller wire would not be physi­
cally able to take the abuse expected. Individual contacts and wires are capa­
ble of carrying considerable amounts of current when operating in free alr. 
However this is an ideal situation. Most circuit designs require wires to be 
placed in close proximity to each other or often they are grouped together in 
a harness. When assembled tightly together they interfere with each other's 
ability to reject generated heat. Under these conditions their current carry­
ing capacity is derated. Derating tables are available for comparing wires in 
budnles and single wires. 

Connector criterra checkl ist.--After a list of tonnector requirements was 
formulated by component manufacturers and users throughout the aircraft industry, 
the list of criteria presented below was established. This l~st is presently 
used by designers to obtain design goals and performance conditions for develop­
ing miniature-environmental connectors. 

Criteria No. 

Quick disconnect? 

2 Positive lock without safety wiring? 

3 Connector sea1 before lock? 

4 Visually inspectable for correct assembly and installation? 

5 Moisture seal? 

6 Vibration dampener? 

7 Corrosion resistant? 

8 Operation to 250°F? 
\ 

9 Unaffected by altitude pressure variations? 

10 Wi re comb? 

1 I Wire support? 

12 Continuous dielectric separation--no voids? 

13 Closed entry contacts to accommodate AN wires 22 through 18? 

14 No wet process involved? 

15 Good serviceability? 
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TABLE 13, 

CONNECTOR MATERIALS (ref. II) 

Temperature Coefficient 
coeff. of of thermal 

resistivity conductivity 
Relative (part per Specific -4 (x 10 per 

Materi a Is resistance deg. C) gravity deg. C) 
, 

Aluminum 1.64 .0039 2.7 2.03 

Brass 3.9 .002 8.47 1.2 

Cadmium 4.4 .0038 8.64 .92 

Cons tantan 28.45 .0002 8.9 .218 

Copper, annealed 1.00 .00393 8.89 -3.88 

~ Copper, hard drawn 1.03 .00382 8.94 ----

Copper, beryllium 2.8-3.4 ---- 8.24 ----
-

Germ, s i 1 ver 16.9 .00027 8.7 .32 
: 

Gold 1.416 ---- 19.32 .296 

Iron (pure) 
" . 

5.6 .0052-.0062 7.86 .67 

Magnesium 2.61' .004 I. 74 1.58 

Monel 27.8 .002 8.8 .25 

Nickel 5.05 .0047 8.9 -.6 
f 

Nicke 1 silver 16.0 .00026 ~.' 72 -.33 

(Table continues to next page) 
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Coefficient 
of therma 1 
expansion Me 1t i ng 
(x 10-(> )er point, 

deg. C °c 

28.7 660 

20.2 920 

31.6 321 

14.8 1210 

16. I 1083 

---- 1083 

---- ----

18.4 1110 

14.3 1063 
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16.3 1300-1350 
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TABLE 13. -- Concluded 

CONNECTOR MATERIALS (ref. 1 I) 

Temperature Coefficient 
coeff. of of thermal 

resistivity conductivity 
Relative {part per Specific , (x '0-4 )er 

Mater i a 1s resi stance deg. C) gravity deg. C ' 

Phosphor bronze 5.45 .003 8.9 .82 

Platinum 6.16 .003 21.4 .695 
, 

Rhodium 2.6 ---- ---- ----

S i 1 ver .95 . 0038 10.5 -4. 19 
-

Stee l, SAE 1045 7.6-12.7 ---- 7.8 -.59 

01 Steel, stain1ess 52.8 ---- 7.9 .163 

Tin 6.7 .0042 7.3 -.64 

Zinc 3.4 .0037 7. 14 -I. 12 
---------- ------ -- -- ----- -- -- L.... 
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Coeffi ci ent 
of thermal 
expansion 
(x '0-6 )er 

deg. C 

16.8 
., 

9.0 

----

18.8 

15.0 

19. I 

26.9 

26.3 

:::~~~~~~.-;:~;~~-~: ,- ~~-' ~~( ~,f' 

Melting 
pOint, 

DC 

1050 

1774 

----

960.5 

1480 

1410 

231.9 
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Elimination of soldered connections? 

All of the components necessary for complete assembly 
delivered in a clear, sealed, dated package? 

Nonconducting exterior surface? 

Operating force always in direction of plug travel? 

Coupl ing and/or contact seal before electrical contact? 

Multiple insert "clocking"? 

Basic Consideration For Distribution Subsytems 

\ 

Multiphase electrical power systems for large contemporary aircraft require 
considerable analytical study to determine the characteristics of the power 
supply, the distribution circuits, and the protective devices under a variety 
of operating conditions. A three-phase system can be analyzed by applying 
ordinary single-phase methods when the system is perfectly balanced. In prac­
tice, however, a system is never truly balanced. 

Serious unbalance of the system can be caused by many possible disturbances. 
in which case ordinary analytical methods prove inadequate. The method of sym­
metrical components, however, has proved very useful and its application is 
widely employed. This method utilizes the principle that an unbalanced s~t of 
vectors, representing currents, voltage or impedances, may be replaced by three 
simultaneously balanced sets of vectors. In a three-phase, four-wire system 
these new sets of vecbors are known as the positive, negative, and zero sequence 
components. Each set has its own characteristic voltages, currents, and imped­
ances. Together they enable the solution of an otherwise cumbersome problem. 

To facilitate calculations on three-phase, 400-Hz aircraft systems, data 
for positive, negative and zero sequence impedances on distribution wiring are 
available. Representative data of a typical installation configuration are 
presented in table 14. 

Effect of Wire Installation on Impedances.-- The impedance will vary with 
the configuration, spacing, elevation, number of wires per phase and type of 
neutral return as described below. 

(1). Configuration--Affects circuit symmetry which may cause deviation 
between phase impedances. Utilizing the skin as a neutral return 
precludes the possibil ity of a symmetrical installation. A laced 
group (equilateral configuration) approaches this condition most 
closely. 
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TABLE 14 

ONE LACED GROUP, I-IN. (2.54 CM) ELEVATION 

Positive and 
negative sequence Zero sequence Single-phase 

Size impedance impedance impedance 
R + jx R + jx R + jx 

,",,'.~' 

AL-O .1600 · 194 1 .3766 1 .0377 .2322 .4753 
AL-2 .2510 .2004 .4722 1 . 1360 .3247 .5123 
AN-O . 1017 • 1840 .3181 1.0367 .1738 .46112 
AN-2 .1600 · 1938 .3791 1 . 1069 .2324 .4982 
AN-4 .2579 .2010 .471 I I .2090 .3296 .5370 
AN-6 .4092 .2196 .6427 I .2633 .4870 .5675" 
AN-8 .6150 .2210 .8940 1 .3570 .7147 .5997 
A/i-l0 1 .0144 .2273 1 .2370 1 .4625 1 .0886 .6390 
AN-12 1.5200 .2400 1.7100 1 .5520 1.5833 .6173 , 
AN-14 2.5016 .2613 2.7360 1.6500 2.5797 .7242 
AN-16 4.3600 .2830 4.6100 1. 7450 4.4433 .7703 
AN-18 5.5373 .2857 5.7677 1.8096 5.6141 .7937 
AN-20 6.8000 .3096 7. 1800 1.8920 6.9267 .8371 

Values in ohms per 1000 ft (ohms per 30.5 meter) ~t 20°C 

1- in. 

in. (2.54 cm) 
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(2) Spacing .--Affects directly circuit reactance to positive (or Ree-tive) 
sequence currents. Tight groupings provide the lowest reactances to 
positive and negative phase impedances; they reduce losses and Inter­
ference effects by min imizing eventual coupl ing of the power circuit 
with the stru:ture or with other circuits. 

(3) Elevation--Affects circuit reactance to zero seq uen ce curre~ts. The 
zero sequence phase impedance increases with highe r elevation. In 
addition to reducing zero sequence phase impedance, low elevations 
reduce inductive coupl ing with adjacent circuits. To a lesser extent 
low elevations increase losses indu ced in the structure by positive 
and negative currents in the circuit. 

(4) Number of wire s per phase--Multiple circuit configurations offer 
possibil ities of improv ing the effici ency of util ization of the con­
ductpr material. However, this is offset by difficulties ep.QOuntered 
in proper ly protecting such circuits. 

(5) Neu tra l wire return- Installa t ion of a neutral wire return in the 
same bundle with the I i ne conductors, reduces the zero sequence 
reactance considerably. Simultaneously it greatly increases zero 
sequence resistance over that value which would be obtal'ned with skin 
return. If the s kin is bas ically an aluminum structure a n.utr.l 
return wire of a size greater than AN-6 in a tight wire bunGle will 
reduce the zero sequence impedance. Smaller wire sizes, however, will 
increase it. 

Characteristic Impedance.-- It is desirable to know the circuit parameters 
that determine the characte risti c or surge im pedance of the distribution system 
and interconnecting wiring. Electrical noise and interference signals generated 
at one point in the system may be transmitted v ia the distribution system to 
many other uti I ization and communicati on equipmen t thereby causing disturbance. 
Data which are necessary in determining the magnitude and propagation of these 
signa ls were assembled in tabu1ated form. (See table 14. ) 

Definition: The constant Z which is equal to the ampl itude or rms value 
o 

of the incident voltage wave divided by the incident current wave, is called 
the surge impedance ; its reciprocal is cal led the surge admittance. It is a 
function of the frequency and the constants r, L, g and C of the circuit. 

where 

• 

Z 
o 

Z 

= 
Z 
Y 

= r + jwL, complex series impedance of the conductor 

Y = g + jwC, complex shunt admittance of the conductor 
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and r = resistance 

L = inductance 

g = conductance of the shunt leakage path 

C = capactiance to ground 

These values are in ohms; henries, mhos and farads per unit length of the con­
ductor. The surge impedance is therefore independent of the wire length, 

Parameters determining surge impedance: For all practical considerations, 
it can be assumed that the leakage conductance is equal to zero and the freq­
uency of the transient is high enough (50 kHz or higher) so that the formula for 
the surge impedance simpl ifies to: 

z _-!f 
o -VC 

Table 15 shows the aircraft wiring parameters Land C installed at various 
distances from the ground plane (airplane skin). If a wire is routed in a 
bundle, the factors Land C vary considerably depending on the number of adjac­
ent wires in the bundle and the presence of current and its direction in the 
neighboring wires. 

To find accurate values of surge impedance of particular distribution 
branches by theoretical analysis is a complex and compl icsted operation. It may 
inval idate the results if too many assumptions have to be made. For rough 
approximations of the surge impedance of wires routed in bundles, the single 
wire values from the table may be used. In this case the single wire data may 
jeviate by ±20 percent. 

Factors affecting ~urge impedance: Surge impedance is affected by the 
factors listed below. 

( 1 ) 

(5 ) 

Frequency or rate of rise of the trans i ent vo I tage (i naIl pract i ca 1 
cases this can be assumed to be higher than 50,000 Hz) 

Size of conductors (heavier sizes have lower su~ge impedance) 

Spacing of the conductor to the airplane skin structure (closer 
spacing decreases the surge impedance) 

Presence of other conductors in close proximity (this decreases 
surge impedance) 

Number of neighboring conductors (more wire in the bundles decreases 
surge impedance) 

Size of neighboring conductors (heavier size wires in the bundle 
decrease surge impedance) 
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TABLE 15 

SURGE IMPEDANCE PARAMETERS 
(Engl ish unit only) 

L C 
(AWG) Spaci ng} in. I-LI-L H/in. I-LI-L F/in. 

. 
22 1.0 24370 .294 

1.5 26430 .271 
2.0 27890 .257 
2.5 29000 .246 
3.0 29950 .239 

20 1.0 23260 .308 
1.5 25230 .283 
2.0 26970 .267 
2.5 27920 .256 
3.0 28850 .248 

18 1.0 22000 .324 
1.5 24120 .297 
2.0 25580 .280 
2.5 26716 .268 
3.0 27640 .259 

16 1.0 21250 .337 
1.5 23310 .307 
2.0 24770 .289 
2.5 25900 .276 
3.0 26830 .267 

14 1.0 20J30 .356 
1.5 22190 .322 
2.0 23650 .303 
2.5 24790 .289 
3.0 25710 .278 

12 1.0 18950 .378 
1.5 21000 .341 
2.0 22470 .319 
2.5 23600 .303 
3.0 24530 .292 

10 1.0 17480 .409 
1.5 19540 .366 
2.0 21000 .341 
2.5 22140 . .323 
3.0 23060 .310 
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z 
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Surge 
impedance, 

ohm 

287 
312 
329 
342 
353 

274 I 299 
316 
329 
340 

260 
284 
302 
315 
326 

250 
275 
292 
305 
316 

2·37 
262 
279 
292 
303 

223 
248 
265 
278 
289 

206 
230 
248 
261 
272 
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TABLE 15. -- Conc 1 uded 

SURGE IMPEDANCE PARAMETERS 
(English unit only) 

L 

" 

C 
Spac i ng, in. j..Lj..L H/in. j..Lj..L F/in. 

1.0 15870 .451 
1.5 17930 .399 
2.0 19390 .369 
2.5 20520 .349 
3.0 21450 .334 

1.0 14780 .484 
1.5 16840 .425 
2.0 18300 .391 
2.5 19430 .368 
3.0 20360 .352 

1.0 13660 .524 
1..5 15720 .456 
2.0 17180 .471 
2.5 18310 .391 
3.0 19240 .372 

1.0 12450 .575 
1.5 14570 .494 
2.0 15970 .448 
2.5 17100 .419 
3.0 18030 .397 

z 
0 

Surge 
impedance, 

ohms 

187 
211 
229 
242 
252 

174 
·198 
216 
229 
240 

161 
185 
202 
216 
227 

147 
171 
188 
202 
212 

Presence of current in adjacent conductors (this wi 11 generally 
lower the surge impedance) 

Direction of current in neighboring conductors (this can alter the 
surge impedance both ways, same directicm of current flow in adjacent 
wire decreases, opposite direction increases the surge impedance) 
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Corona.--Because of the increasing altitude and environmental requirements 
of modern aircraft, the influence of corona on electrical power generation and 
distribution systems necessitates additional consideration in system design. 
Electrical equipment instal led in unconditioned and unpressurized areas will be 
subjected to the 1 ikelihood of corona discharge between parts and different 
elect~ical potentials. Because corona is most undesirable on aircraft, suitable 
design action has to be taken for its prevention. A description of corona is 
given below. 

Definition: Corona is an audible, luminous electrical discharge due to 
ionization of the insulating gas surrounding an electrical conductor. Electri­
cal equipment should be designed or protected so that corona discharge does not 
occu r. 

Undesirable Effects: Among the undesirable effects of corona are: 

(1) Radio frequency interference--Corona discharge current has component 
frequencies over a wide band to 800 MHz and causes a serious radio 
interference problem. Besides, this interference is fed to all 
util ization equipment through the power feeders. 

(2) Insulation breakdown-~Corona dlscharge is the result of gaseous 
insulation being overstressed. A further increase in electrical 
stress will result in insulation breakdown and arc-over which is a 
fire hazard. Ozone, a chemically active gas, is usually released 
in this discharge; many insulating materials and metals deteriorate 
very rapidly in this atmosphere. 

(3) Power loss--A sustained corona discharge consumes electrical energy. 
and dissipates it as heat to the environments. This power loss is 
undesirable. 

Factors affecting corona: Some of the many factors affecting corona are 
closely interwoven, forming complex dependencies which are not completely under­
stood. The following is a qualitative discussion of some of the factors. 

"-4' 

(I) Pressure--Corona breakdown voltage decreases with decreasing pressure 
to a certain level in the extremely low pressure region and then 
increases as the pressure further decreases. Thus, the corona onset 
voltage is decreased to a substantially low value for altitudes above 
50,000 (15,200 miles). Paschen's Law states that the breakd~wn 
voltage varies as the product of the pressure and the electrode 
spacing. This is illustrated in figs. 45 and 46. However, depar­
tures from this law can be large for nonuniform fluids and for very 
large or small gaps. 
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Figure 45. Corona Onset Voltage as a Function of Pressure or 
Altitude for Various Spacings 
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Pressure times gap, mm Hg-cm 

Figure 46. Corona Onset Voltage in Air as a Function 
of Pressure-Spacing 
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(2) Insulation materials--Corona breakdown voltage for solid insulations 
is much higher than that of gases since gases are easy to ionize. 
Thus, corona in solid dielectrics occurs only in the air surrounding 
the solid or in voids within the sol ide Various insulation materials 
have different breakdown voltages. Fig. 47 illustrates the change 
in minimum onset voltage for several wire insulation materials and 
wire sizes. 

(3) Temperature--The effect of temperature is similar to that of pressure 
because the gas pressure varies proportionally with temperature. The 
actual effect can be calculated by using the gas Jaw. However, at 
high temperature, electrodes of certain materials begin to vaporize 
and the corona onset voltage decreases drastically. 

(4) Frequency--The corona onset voltage of a gap is approximately the 
same for common ac power frequencies (50 and 60 Hz) as it is for the 
dc voltage. As the frequency is increased, the corona voltage 
decreases. This effect becomes noticeable with 400-Hz power for 
gaps greater than 1 em. It is more difficult to insulate and elimi­
nate corona for ac voltages than for dc voltages. However, once 
leakage current is started, corona breakdown action on the insulation 
is faster in dc than in ac v01tages. Under some conditions, dc corona 
may exist, apparently without generation of rf noise. 

Secondary factors: Other factors affecting the corona onset voltage are 
the configuration of the electrode, voltage gradient, radiation, etc. 

Corona-safe voltage levels: Generally speaking, a voltage of 300 V is 
considered safe from corona in unpressurized areas of the aircraft in high alti­
tudes up to 100,000 ft (30,480 meters). In pressurized areas, the minimum 
corona onset voltage for a bare conductor is about 700 V. 

Insulation: Dc voltage is more difficult to insulate than ac voltage. In 
dc systems, once a leakage current exists, corrosive action builds up faster 
since it is not hampered by the continuous change in the polarity. Dc voltages 
are more likely to cause wire fire than the equivalent ac potentials; dc voltages 
do not, however, produce the heavy arcing at the fault that ac voltages do. 

Solid-state components: The forward drop of solid-state power components 
is approximately constant regardless of the current. The weight of the component 
increases with the current r~ting. Therefore, for better efficiency and lower 
weight, the system voltage should be as high as practical. The peak inverse 
voltage ratings (PIV) of present day diodes, thyristors, and transistors are 
higher than the voltage levels considered as safe for aircraft operation~ 
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23°C (72°F) --1II_-asbestos, _ 
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~------------------------------------'~'~~chloride __ 
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: Figure 47. Minimum Corona Onset Voltage (COV) of Several 
Wire Insulation Types and Wire Sizes 
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GENERATION SUBSYSTEM 

Introduction 

Numerous aircraft generating systems are in use today, many of them are 
quite old and still utilize one or more 2S-Vdc generators, which are connected 
to a common busbar. These old generators were shunt-wound, compensated commuta­
tor-brush generators. Later, 3-phase 115/200 V wi ld frequency generators in 
combination with dc systems found expanded usage. The generating system used 
most frequently in modern aircraft and discussed in this section is the constant 
speed, constant frequency (CSCF), 400-Hz 115/200-V 3-phase ac system. 

A logical method of obtaining energy for the ai rcraft electrical system is 
to extract mechanical shaft power from the propulsion engines. Since the elec­
trical demand is insignificantly small (in the order of I percent of engine 
capacity) in comparison to the propulsion power, the prime mover represents a 
stiff source to the electrical generating subsystem. 

Aside from reliabi lity, the most important factor in the generating sub­
system is weight per kilowatt of generated power. Designers are constantly 
striving either to reduce weight or increase output while keeping weight 
stable. They are also trying to package thei r end product in the smallest 
possible space. The weight of the generating equipment with accessories for a 
large contemporary four engine subsonic transport airplane is approximately 
700 lb (320 kg). This is 175 lb (SO kg) of electrical installation per gener­
ating channel and includes the constant speed drive (CSD), generator, heat 
exchanger, and the necessary plumbing and ai r ducting. The speed of the gener­
ator is typically'6000 rpm and the method of cooling is airblast. Large trans­
port airplanes presently under construction, however, will install electrical 
generating plants which are nearly 50 percent lighter. This substantial weight 
reduction was made possible by a new design concept, the integral drive gener­
ator (IDG) which combines the CSD and generator into one housing. The'higher 
operating speed (12,000 rpm) and the unique method of oi 1 splash cooling contrib 
uted significantly to the weight reduction. 

The CSCF system remains the standard approach for obtaining constant fre­
quency by turning a synchronous alternator at constant speed. In the last 
15 years, there have been significant improvements in the development of con­
stant speed drives with respect to weight and performance. A block diagram 
showing the conventional aircraft generation subsystem is shown in fig. 48. 

As shown in fig. 4S, the output speed of the CSD is controlled by both the 
frequency signal and the real load sharing signal; the generator field excita­
tion is controlled by both the voltage signal and the reactive load sharing 
signal. The PMG suppl ies all the control power and the frequency signal. The 
voltage response of this brushless generator is slow because the exciter field 
and main generator field cause two time delays. The exciter is necessary in 
this case to accomplish a brushless construction. 
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Constant Speed Drive 

The geared differential drive, which has replaced the hydraulic differen­
tial drive, has increased reliabi lity and reduced weight by one half. Since 
hydraulic power is only a portion of the total power being transmitted, it was 
possible to reduce the size of hydraulic components whereas in earlier designs, 
using a hydraulic summer, hydraulic components had to be sized to carry the full 
rated torque. The reduction in hydraulic component size resulted in a smaller 
power train and higher efficiency because the reduced pumping and thrashing 
losses put less demand on the aircraft cooling system and reduced the power 
extracted from the engine for a given load. The constant output speed developed 
by-these drive units has been increased from approximately 6000 to 8000 rpm to 
accommodate lighter alternator designs and has been increased to 12,000 rpm for 
the lOG which is basically a geared differential drive. 

Basic Operation.--Fig. 49 (from ref. 12) shows the schematic diagram of the 
geared differential power and control circuit. Operation of the unit can best 
be described by considering the CSD input speed at the midrange point (straight 
through) where no hydraulic speed makeup is required. Here the accessory gear­
box shaft output is transmitted through the input shaft to the differential 
gear unit. The input ring gear of the differential log is stationary and power 
is transmitted across the planet gears to the output shaft. Note that the power 
transfer is strictly mechanical. The hydraulic log consists of two hydraulic 
pump/motor units, one of variable, the other one of fixed displacement. 

The variable displacement unit runs at a fixed ratio with respect to the 
transmission input speed. The displacement of the variable unit varies contin­
uously from zero to full rated speed in both directions; the fixed displacement 
unit runs at any speed from zero to full rated speed in either direction. The 
fixed displacement unit causes the output speed to be constant by adding to or 
subtracting from the input speed through the geared differential. 

With the input speed higher than the straight-through speed, the wobbler 
angle of the variable displacemen~ unit wi 11 be negative and it will motor. 
The fixed displacement unit will turn in a clockwise direction and pump so as to 
subtract from the input speed. Simi larly, at below straight-through speeds the 
wobbler angle is positive, the variable unit wi 11 pump and the fixed unit wi 11 
motor in a counterclockwise direction, thus adding speed to the carrier shaft 
speed. In this manner a constant output speed is maintained. The proportion 
of power transmitted through the hydraulic log increases as the input speed 
deviation increases from the straight-through speed. 

Gene rator 

Various t',,;')i:,;s of generators have been considered in the conventional, CSCF 
electric power system. The salient pole rotating rectifier generator is used 
most often because of its inherent advantages in weight, size, performance, and 
efficiency. Other types of generators offer the advantage of eliminating rotat­
ing rectifi~rs as well as rotating windings. Some typical solid rotor generators 
are the Bekey-Robinson-Lundell, the doubled-ended inductor, the Rice, and the 
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Inductor-Lundell-inductor. These types, however, are longer, heavier, and less 
efficient; they exhibit poorer performance because their leakage flux and leak­
age reactance are higher than that of the conventional machine. Solid rotor 
generators are also slower in voltage recovery after a sudden load change. They 
are, however, best suited for high-speed applications or for extreme environ­
mental conditions. 

The representative weight of air cooled, 400 Hz, 8000 rpm aircraft 
generator is shown in fig. 50. The generator weight is also a function of 
speed and number of poles. The approximate weight variation of a 60 KVA 
generator versus speed or number of poles is shown in fig. 51. 

Unless ex.treme temperature or high speed conditions make the application 
of solid rotor generators mandatory, the best suited generator for a CSCF system 
is the conventional machine with respect to weight, size, and performance. 
Because this generator approaches its design limit at 22,000 ft/min (112 m/sec) 
top speed, its rating and size are confined unless an additional weight penalty 
for structure enforcement or odd shape generator construction is accepted. 
Fig. 52 indicates a broad limit for generator operating speed vs rating. 

A typical modern day installation for a four-engine airplane requi res that 
four identical gearboxes be instal led in the wing, one for each engine. A drive 
shaft and a power disconnect coupling wi I I connect the gearbox to the engine 
power takeoff pad. The gearbox provides mounting pads for installation of an 
air turbine for ~ngine start, a generator (or generator-CSD combination) for the 
electrical system, one or two hydraulic pumps for the hydraulic system, and an 
air compressor for the pneumatic system. The gearbox usually incorporates a 
cooling system that includes a gear-driven air blower and ;':!n oi I-to-air heat 
exchanger for cooling the gearbox and the accessories. The engine speed range 
for all operating conditions usually varies over a 2-to-1 ratio, hence the 
mechanical power off the engine accessory gear gearbox changes accordingly. 

Characteristics of Alrcraft Generators 

Generators and thei r voltage regulators are usually furnished as a matched 
pair, and the system engineer is primarily concerned with performance character­
istics of this combination as opposed to the performance of the individual units. 
Features of the ac generator, that are of interest, however, are the steady state 
and transient ratings and the type of operation reSUlting from abnormal system 
conditions such as short circuits, faults, overvoltages, etc. 

Voltage and current transients.--Transient behavior of a generator is 
shown in fig. 53. Transient voltage due to a sudden load appl ication and 
load removal are shown in figs. 53a and 53b, respectively. In the curves, AB 
is approximately equal to the product of transient reactance of the generator 
and the reactive current of the suddenly changing load. Fig. 53c shows the 
short ci rcuit cur-r.ent trr~nsi~nt with constant and regulated excitation. 

. , . 

Mach i ne ratiL.!l.92.. -·~,the capab iIi ty of a mach i ne 0 r g roup of mach i nes to 
carry load in a :system deJ);ends upon two types of limits, stability and thermal. 
"the stability li1mits dm~e qivided into two categories: steady-state and 
t+ans i ent. The it rans i ent.· stab iIi ty can be further subd i vi ded into two cases: 
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(I) finite machine or machines connected to an infinite bu7; and (2) two or 
more finite machines connected together. The latter case IS also referred to 
as hunting stability. Steady-state stability conc.erns the power limit under 
slow or gradual load changes. The transient stabi lity is the power limit under 
transient or sudden load changes. 

A "rule of thumb" for determining steady-state power limit is that it is 
equal, roughly, to the three-phase short-circuit current in per unit at cei ling 
exci tati on. 

The transient stabi lity limit is small than the steady-state power limit . 
In an ai rcraft electrical power system, two or more small generators are con­
nected in parallel. Since these generators are not far apart in distance, and 
there is appreciable resistance in the generator armature and generator feed, 
hunting stabi lity is not a problem in the ai rcraft power system. 

Mil itary specification MIL-G-6099A has establ ished minimum thermal limit 
standards for aircraft alternating-current generators. It provides three classes 
of thermal ratings for generators and regulators. Class A rating has an inlet 
air temperature of 40°C. Class B rating has an inlet air temperature of 80°C; 
and class C has an inlet air temperature of 120°C. Limitations are specified 
on the mass flow of air, and the pressure drop across the machine at al I 
ratings. 

For the convent.ional wound rotor generator, in low altitudes (below 
20,000 ft) the stator winding temperature usually determines the thermal limit. 
For high altitude operation (above 20,000 ft) the rotor is usually reaching the 
thermal I imit first. Therefore, to improve altitude performance, better cool­
ing should be provided for the rotor. On the other hand, if sea-level perfor­
mance improvement is desired, the generator should be designed with more stator 
copper and better cool ing paths around the stator. 

Fault power requirements.--The power consumed by an ac machine and the 
system under a fault depends on the type of fault and the machine constants. 

If a 3~phase fault 'with zero resistance is placed on the generator termi­

nals, the act~al power requi red is equal to the sum of the armature I2R losses 
(where I = armature current and R = armature circuit resistance), the field 

2 
If Rf (where If = field current and Rf = field ci rcuit resistance) and the 

friction and windage losses. When fault resistance and line losses are added, 
the power requi red becomes appreciable. 

If an unbalanced fault is placed on the machine, two additional power 
requirements are present: (I) Additional field windings, such as ammortisseur 

bars, result in I2R losses that increase the machine losses, and (2) the power 
requi red by loads on the machine, before the fault occurred is effected. With 
a static-type load, this power requirement will increase even further since the 
voltage is increased on the unfaulted phases. On typical systems which have 
been analyzed, single-phase or line-to-line faults can result in reqUirements 
of 2 to 2.5 per un,it power. 
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Overvoltages.--Transient overvoltage is usually, resulted from a sudden 
rejection of a heavy load or clearing of a short circuit. A transient over­
voltage of 1.7 per unit following a sudden removal of a short circuit was 
observed for a 40-kVA constant-speed machine. 

Steady overvoltage can be caused by one of the fol lowing conditions: 

(I) A single-phase fault causing a steady-state overvoltage on the 
unfaulted phases 

(2) Malfunction of the excitation system causing the exciter to go to 
ce iIi ng 

(3) An open phase on an isolated generator 

The steady-state voltages on the unfaulted phases during a single-phase 
fault wil I be somewhat lower than transient overvoltages and for the above 
mentioned 40-kVA constant-speed machine are approximately 1.5 per unit. Since 
the machines are built to have low unbalanced voltages for unbalanced loads, 
this condition has been minimized. 

Overvoltages on isolated generators due to excitation system malfunctions 
are limited only by saturation and available field current. In a parallel sys­
tem, however, bus overvoltage will generally be lower due to the action of the 
normal generators on the system. 

\ 

. " 

Overvoltages on isolated generators due to an open phase result from the 
method of sensing in the regulator which will attempt to hold the average voltag~ 
of the two remaining phases equal to the normal ~-phase average. 

Emergency Elestrical Power Suppl ies in Existing Aircraft 

The source of emergency electrical power in existing aircraft is either a 
battery or an auxil iary electric generator driven by various type prime movers. 
A brief review of these sources is given in this section. 

Aircraft batteries.--Ai rcraft batteries are used to provide standby 
sources of power and, in smal I airplanes, also to start the engine. In case of 
generator failure, the batteries will supply power to radio communication equip­
ment, instruments, essential I ighting, and controls for sufficient time to allow 
the aircraft to land. The batteries are kept fully charged by the main genera­
tors during fl ight. Batteries selected for aircraft application should be 
I ightweiaht, low cost, rugged, nonspill, tolerant of wide changes in tempera­
ture and~pressure, and capable of long charge retention and rapid recharge from 
the normal ai rcraft charging system. 

If engine starting is a requirement for the battery, the battery should be 
designed with very thin plates, so that very high, instantaneous performance 
can be obtained at low weight. 
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Three types of batteries are used in ai rcraft today. 

(I) Lead acid battery 

(2) Nickel cadmium battery 

(3) Si Iver-oxide zinc battery 

Performance data of these batteries are given in table 16. 

Lead acid batteries: The lead-acid system has the advantages of high 
voltages, good cycle life, and low cost. 'Its disadvantages are weight, bulk 
(low energy density), poor capacity retention, and low temperature service. 

\ 

\ 

The aircraft lead acid batteries are simi lar to those batteries for automotive 
starting. Its electrodes are cast lead-antimony grids fi lIed with a paste of 
lead oxide, water, and sulfuric acid. The paste of the negative plates con­
tains about one percent of expander, which is composed of b~rium sulfate and an 
organic material, such as lignin. 

The barium sulfate provides a surface for the deposition of lead sulfate, 

" 

and the lignin prevents it from crystallizing on the sponge lead surface, thereby 
improving the high discharge and low temperature characteristics of the batteries. 
After the plates have been formed, dried, and assembled, they are immersed in a 
weak solution of sulfuric acid and charged. The lead oxide of the negative 
plate is reduced to sponge lead, and the lead dioxide is formed at the positive 
plates. 

Recent progress in lead acid batteries is achieved by using thinner plates, 
thereby increasing surface area for the same weight. The increase in surface 
area enables a reduction in working surface current density, resulting in lower 
internal resistance. This, in turn, reduces the internal I2R loss and the 
internal voltage drop. 

Other recent improvements of lead dC:,J b, ;teries include the use of a 
lightweight polystyrene container and thr= arrangement of passing the intercell 
connectors th rough the ce 11 wa 11 s. Both of these he I p to reduce the we i ght of 
batte ri es. 

Nickel-cadmium batteries: The nickel-cadmium (Ni-Cd) battery is mechani­
cally rugged and capable of withstanding electrochemical abuse such as over­
discharging, overcharging, and standing idle in the discharged state. Although 
Ni-Cd batteries operate at slightly lower voltages, they exhibit very little 
self-discharge and can be used over a temperature range of -55 0 to 800C~ These 
batteries evolve practical 1y no gas on discharge or idle stand so that for some 
purposes they can be hermetically sealed. In addition, Ni-Cd batteries are 
characterized by good cycle life and can be kept fully charged by a very small 
current (floating charge), resulting in little water consumption. By changing 
the construction of the plates, it is possible to build batteries for low or 
high rate applications. The positive and negative plates are of the same 
mechanical design and external appearance. 
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TABLE 16 

PERFORMANCE DATA OF BATTERIES IN EXISTING AIRCRAFT 

Characteristic 

Energy density 

Theoretical 

Reported per unit weight 

Reported per unit volume 

Ce I I vol tage 

Theoreti ca I 

Open circuit voltage* 

C/8 to CIs rates** 

C/2 rate 

C/O.2 rate 

Cyc Ie 1 i fe 

50 percent depth of discharge 

Lead acid 
(Open rectangular) 

55 W-hr/lb 
(121 W-hr/kg) 

10 to 20 W-hr/lb 
(22 to 44 W-hr/kg) 

1.0 to 2.0 W-hr/cu 
in. (16 to 33 W-hr/ 
cm3 ) 

2.05 

2.0 to 2.05 

1 .95 to 2.05 

Ce 11 type 

Nickle-cadmium 
(4 AH sealed cyl indrical) 

95 W-hr/lb (209 W-hr/kg) 

12 to 14 W-hr/lb (26 to 
31 W-hr/kg) 

1 . 15 to 1.30 W- h r / cu in. 
(18.8 to 21.3 W-hr/ cm3) 

1.299 

1 .30 to 1.35 

1.25 

1. 20 

0.95 

2000 to 3000 

..... 

Silver-oxide zinc 
(open rectangular) 

196 W-hr/lb 
(432 W-hr/kg) 

40 to 74 W-hr/lb 
(88 to 165 W~hr/kg, 

2.0 to 4.8 W-hr/cu 
in.(33 to 79 W-hr/ 
cm3 

1 .672*** 
1.560**** 

1.86 

1.58 

1.54 

1.37 

100 to 300 

Notes: *The differences in the open circuit voltage and theoretical voltages may be due to the 
time thece 11 stands between charge and discharge. 

1H·C represents the capacity of the cell. C/N rate of discharge indicates a rate at which 
the nominal capacity of the battery is removed during a N-hour period. 

iHH·Value associated with the higher (+2) oxidation state of silver. 
*iHH·Value associated with the lower (+1) oxidation state of silver. 
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In one type of construction (pocket type), the active materials are 
tightly packed in perforated flat tubes or pockets and mounted horizontally 
in nickel-plated steel frames. The plate separators are rods of insulating 
material that rest in vertical grooves pressed into the faces of the plates. 

\ 

The active material in the positive plate is initially nickelic hydroxide with 
about 25-wt percent of a specially treated graphite, the latter acting as a 
current conductor. The negative material, cadmium, in some instances contains 
about 25-wt percent iron oxide, which acts as a disperser to prevent the packing 
together of metallic cadmium particles formed on reduction of cadmium oxide 
(CdO) during charge. The graphite and iron take no part in the cell reaction, 
and the electrochemical reactions that occur in the cell during charge and dis­
charge are very complex and not fully understood. 

The second type of construction (sintered-plate) uses porous plates made 
from nickel powder which is molded. into shap~ and sintereg (at 900°C) in a 
reducing atmosphere onto nickel or nickel-plated supports such as screens, 
perforated metals, or expanded metals. This produces porous plates with pore 
volumes or porosities in the region of 70 to 90 percent. These plates are 
then impregnated with active material by soaking them in a solution of nickel 
salts to form the positive plates or a solution of cadmium salts to form the 
negative plates. . 

The pocket-plate design is more rugged, but the sintered-plate design, 
because of the thinner plate construction and larger surface area, has better 
high-rate discharge and low-temperature performance characteristics. At low 
drain rates, the pocket- and sintered-plate batteries have simi lar character­
istics. The Ni-Cd battery is particularly suitable for services where the 
charge and discharge rates fluctuate considerably. Ai rcraft Ni-Cd batteries 
are mainly sintered-plate design. The limitations of Ni-Cd batteries are low 
energy output per unit weight and volume, moderately high cost, the need for 
an overcharge to obtain full capacity output, and the time requi red (12 to 
16 hr) to recharge the sealed cells. Rapid charging was possible only through 
the use of complex chargers or supplementary devices such as auxi liary elec­
trodes that added to weight, volume, and cost. However, recent developments, 
such as the fast-charge cell and new charging innovations, have made it possible 
to charge Ni-Cd batteries rapidly and safely without the need for external con­
trol devices, reducing the charge time for some applications to approximately 
I /2-hour . 

5i lver-oxide/zinc batteries: The si lver-oxide/zinc (AgO-Zn) battery is 
representative of a new class of secondary batteries that was not commercially 
avai lable unti I after World War II. Although the potentialities of this 
electrochemical system were known for many years, it was not until the early 
thi rties that the AgO-Zn battery became practical. Up unti I that time, 'the 
major difficulty with this system was the intermixing of the active materials 
during charge and discharge. This problem was later resolved to a considerable 
extent by interposing a semi-permeable cellulosic membrane separ~tor between 
the plates. 

138 

1 



, > j 

".;' 

b 

~.-" .. ,,. 
.. 2 

", ... 

,0 •• ' 

i." 
:, __ ~ __ ~_;::_=-... --. ""-'1.,.-C'C'-_' __ ph : 

In these cells in the charged state, the cathode consists of si lver oxide 
electrolytically formed on silver or a si Iver-plated copper screen. The anode 
consists of sponge zinc on a suitable collector, usually si lver or si lver-plated 
copper foi I. The electrolyte is an aqueous solution of potassium hydroxide 
(KOH) in concentrations over the range of 30 to 45 wt percent. The separator 
materials used most frequently are cellophanes or various modified cellophanes. 
Most of the electrolyte in this type of cell is absorbed by the porous electrodes 
and separator materials. In the fuJ Iy charged state, the electrolyte level 
reaches to approximately one-thi rd the height of the plates and reaches all the 
active surface of the electrodes by capi Ilary action. 

On discharge, the si lver oxide is eventually reduced to metall ic si Iver and 
the zinc is oxidized to form the hydroxide. The charge and discharge character­
istics are complicated at times by the presence of two distinct voltage plateaus, 
corresponding to the monovalent and divalent states of si Iver. This phenomenon 
is not noticeable at high rates due to polarization. An initial high voltage 
level is observed at low drain rates and can be eliminated by preloading the cell 
unti 1 the voltage fal Is to the lower value. 

For the combination of high energy density and high power density, the 
AgO-Zn battery is undoubtedly the leader among present-day practical rechargeable 
systems. These batteries deliver high currents and give three to five times 
higher W-hr capacities per unit weight and volume than lead-acid or Ni-Cd 
batteries. Other advantages of the AgO-Zn battery are good charge retention, 
high charging efficiency, good voltage regulation, and good high-temperature 
ope ra t i ng range. 

Although the AgO-Zn system may exhibit al I the desirable features listed 
above, it also has the property of being one of the most thermodynamically 
unstable. Finely divided zinc is highly susceptible to oxidation in the 
presence of moisture. Fortunately, in the absence of moisture, the rates of 
the degradation (and passivation) reactions involved are very slow. For this 
reason, AgO-Zn batteries are usually shipped in dry form and sealed to keep 
out moisture. Another undesirable characteristic of this system is the high 
solubi lity of the electrode reaction products in the electrolyte. This zinc 
discharge product in particular is highly ~oluble and does not redeposit in 
its original form or position on the electrode during charge, resulting in 
rapid deterioration of performance. Another serious weakness of the zinc elec­
trode is its tendency to form dendri tes or "trees," whi ch, if they remai n 
attached to the anode, cause shorting of the cell. Other limitations are ~hort 
storage and cycle lives, sensitivity to overcharge, poor low-temperature per­
formance, and high initial cost. 

The AgO-Zn batteries have not found wide aircraft application because of 
thei r short cycle life and the requirement of special charging facilities 
because they are not suitable for constant-potential charging. High discharge 
currents can generate high internal temperatures which may damage the separators 
and possibly even destroy the cells. 
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Auxi 1 iary Power Units.--Auxiliary power units generate emergency power' 
independently of the aircraft main engines. These units can supply power to 
the airplane whi Ie on the ground, when all engines are out during flight or 
for engine starting. The prime movers for large units are usually gas turbines, 
and for smaller units are gasoline engines or ram air turbines. The ram air 
turbine is classified as one kind of auxiliary power unit in this study. 
Electrical loads while the airplane is on the ground include galley services, 
cooling fans, recirculating fans, lighting, fuel pumps, instrumentation and 
ignition. 

Gas turbine-generator APU: Usually the APU gas turbine uses the same fuel 
as the main engines. Unlike the main engines, these APU turbines run at con­
stant speed. If the APU serves as a standby source of power in the event of 
fai lure of the main engines in flight, the turbine must be capable of being 
re-l it and operation at all altitudes. The gas turbine APU can provide a con­
tinuous supply of bleed air in combination with shaft power. Gas turbine APU 
can be placed advantageously anywhere in the airplane. The prime considerations 
are fire safety and noise. 

-, 
\ 

The weight of a gas turbine varies appreciably with design requirements. 
For reference purpose, the weight of a gas turbine and gearbox vs shaft horse­
power (sea level and static) is given in fig. 54. The specific fuel con~ 
sumption of a gas turbine also depends on operational conditions. At sea level 
and static condition, the fuel rate is about .5 lb/hp-hr (.23 kg/hp-hr) for gas 
turbines in the 200- to 600-hp range. Fuel rate increases rapidly as the turbine 
rating decreases to below 100 hp. Fuel rate also increases with altitude, but 
decreases as the airplane speed increases. 

The gas turbine APU has much larger energy density than storage batteries. 
For example, consider a 70-hp, 60-kVA (.8 pf) gas turbine APU. 

Weight of 70-hp turbine and gearbox (fig. 59) = 75 lb (34 kg) 

Weight of 60-kVA generator = 60 lb (27 kg) 

Assume the total ins ta I led weight = 155 I b (70 kg) 

(The weight of the starting air bottle, battery charger, and control panels 
are all ignored in this comparison.) The fuel rate of the turbine is about 
.7 lb/hp-hr (.32 kg/hp-hr). For a 1/2-hr operation, the fuel weight is 35 lb 
(16 kg). 

APU and fuel weight 190 lb (86.4 kg) 

Emergency capability 48 kW for 1/2 hr 

The same weight of Ni-Cd battery has energy storage of approximately: 

190 lb x 13 W-hr/lb = 2.47 kW-hr 
1000 
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Thus the gas turbine APU in this given condition is a much better source of 
emergency power. However, if the emergency power requ\!~~ent is 10w and the 
time duration for emergency power is short, the battery wi1l become competitive 
with the gas turbine APU as an emergency power source. 

Ram air turbine: The ram air turbine is another independent source of 
power for electrical, hydraul ic, and shaft power for aircraft. These units 
generally mount in the fuselage of an aircraft and are flipped into the 'air­
stream when emergency power is required. If desired, these units can be re­
tracted after use. Present ram air turbines can be used "for flight enve10pes 
ranging from as low as 80 knots to Mach 1.4 at sea 1evel and up to Mach 2.4 at 
60,000 ft (18,300 m) a1titude. The speed of the turbine is control1ed by a 
governor, presently at ±2 percent. 
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The ram air turbine may have various numbers of blades. In general, eight 
to ten blade units are best for hydraulic power systems where high starting 
torque and quick acceleration under load are required. These turbines develop 
high power at low rotational speeds. Two and four blade units are particularly 
suited to electrical power systems where a close speed contro~ is required and 
high speed (12,000 rpm) generators can be used. These units are outstanding 
where light weight, low drag, and low costs are important requirements. Five­
bladed units can fulfill the same requirements as two- and ten-bladed units. 
They have good starting torques and are designed for rotational speeds up to 
9000 rpm. 

The weight of ram air turbine varies with design condition. If the turbine 
supplies only electric power, the specific weight of turbine and generator com­
bination .is approximately 2 Ib/kVA (.9 kg/kVA) for a 50-kVA unit to approx~mately 
6 lb/kVA (2.7 kg/kVA) for a 5-kVA unit, at about 150 knots (77 m/sec) indicated 
airspeed and 12,000 rpm. The approximate diameter across the tips of the turbine 
blade is given in fig. 55. 

Consider another example of providing 10 kVA (.8 pf) of emergency power for 
10-min duration. A comparison of the weights of gas turbine APU, battery, and 
ram air turbine is given below. 

(I) Gas turbine APU: 12.5-hp turbine,IO-kVA (8-kW) generator 

Turbine and gearbox 60 lb 
Generator 20 lb 

Approximate combined installed weight 95 lb 
Fuel for 10-min operat ion 5 lb 

Total 100 Ib 

(2) Nickel-cadmium battery 

I Energy required ~ 8000 x - = 1334 W-hr 
6 

Wt of battery' - 1334 =, 103 lb (47 kg) - 13 

(3) Ram air' turbine 

(27 kg) 
(9 kg) 

(43 kg) 
(2.3 kg) 

(45 kg) 

Estimated weight of turbine generator = 45 lb (20.5 kg) 
(10 kVA, 12,000 rpm, 150 kias (77 m/sec) 

It can be seen that at low power level, the ram air turbine APU has higher 
energy density than the nickel-cadmium battery and the gas turbine APU. 
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RELIABILITY 

Introduction 

. .. " 
\ 

As applied to ai rcraft electrical power systems, the term "reliabi lity" is 
employed to indicate the probabi lity of not experiencing a component, channel, 
subsystem, or system failure, while the term "safety" is employed to indicate 
the implications of failure. While it is recognized that individual components 
must be made inherently as reliable as feasible to minimize requi red maintenance 
actions, it is mandatory that any~system, to be suitable, be designed to toler­
ate both component fai lure and channel fai lu,re, slnce they are certain to occur, 
even if infrequently. Thus, a primary system objective is established, which 
shall be identified as a "failsafe criterion." (Failsafe means in this report 
either (I) the system has a backup which continues to function if the electric 
supply fai Is, or (2) the failure does not produce secondary damage.) 

A torol1ary of th~ primary fai lsafe objective, and one with strong economic 
implications, is termE':d "dispatchability." This term is defined in current air­
line practice as follows: no single component fai lure (or channel fai lure) can 
be permitted to preclude a legal revenue dispatch of a commercial transport air­
craft. This second objective should not apply automatically to small commercial 
or mi litary aircraft, but its applicabi lity should be determined by the FAA for 
the categories of smaller subsonic commercial aircraft. 

These two objectives imply some degree of redundancy. Since increases in 
redundancy are accompanied by increases in initial cost, corrective maintenance 
frequency (the incidence .of component, not system, fai lure determines the inci­
dence of maintenance frequency), installed weight, complexity of control, etc., 
it is clear that any future system need not, and should not, possess redundancy 
appreciably in excess ofithat needed to attain full conformance to the two 
objectives of failsafe and dispatchabi lity. In-flight reliabi lity, defined as 
the ability to continue to the scheduled destination after an in-flight failure 
is also important, but usually is achieved if the failsafe and dispatchability 
objectives are realized. 

Power System Channel Capacity 

Avai lability of channels or complete systems for dispatch upon their 
intended mission is a probability combining reliability with accessibility and 
line, but not shop or depot, maintainabi lity. In spite of some weapon systems 
engineers' having evolved some very sophisticated approaches to certain facets 
of thei r specialized problems, availabi lity or reliability with maintenance, 
simply is "up time" divided by real ort:alendar time. Up time is usually approx­
imated by mean-time-between-failures (MTBF), and calendar time is the sum of up 
time plus scheduled and unscheduled down time. Usually, down time equals the 
mean time to repair (MTTR) a system or to restore the system to its norma], 
fully operational status. Thus, from the point of view of a using airline (or 
armed service), availability is the salient characteris;tic which combines many 
of the previously listed characteristics. 
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It is important to note that avai labi 1 ity is dependent upon the ratio of 
MTBF/MTTR where the denominator is not the mean-time-to-repair individual com­
ponents (1 ine replaceable units) but is the mean time to restore the system to 
its ful ly operational state. Thus, MTTR as employed in this context must 
reflect access time. It should also be noted that avai lability as defined 
above is equal to the maximum utilization factor (U ), and that scheduled, 

max 
as distinct from unscheduled, maintenance can reduce this factor. However, 
there exists a strong trend against scheduled maintenance and towards "on 
condition" maintenance. Also, electrical generating systems, like other 
systems, tend to receive thei r scheduled maintenance only when the aircraft as 
a whole is scheduled for such maintenance. 

The importance of availabi lity cannot be exaggerat~d: This is true for the 
dual reason that not only is it costly to maintain equipment, but the delay or 
cancellation of fl ights means that the ai rcra-('t users requi re more ai rcraft to 
maintain thei r intended level of operational capacity. If a four-engined ai r­
craft has four channels of power generation and distribution each with an avail­
abi lity of AI and an unavai 1abi lity of UI (the probability complement), then the 

avai labi lity of two (or more) channels out of four would be the summation of the 

terms of second power and higher in the expansion A2/4 = 
3 2 2 I 3 4 

+ 4AI UI + 6AI UI + 4AI UI + UI = I. The symbol A2/4 

avai 1abi lity when two out of four channels must be fully 
fault). For the case A3/4 (for dispatch) only the thir~ 

4 4 
(AI + UI ) = AI 

indicates acceptable 

operational (without 
and higher powers of AI 

\ 

,t" ; 

are summed. If in a four-engined aircraft each channel were to have only 25 per­
cent of design capacity, the summation of terms in the expansion might quite 

possibly be limited to the one (AI4) tei-m, indicating that all four must be 

operational for dispatch. If, at the other extreme, each channel possesses a 

a design capacity of 100 percent, all but the last (U
I
4

) term might be summed to 

indicate the potential for continuing an a1 ready airborne flight to the scheduled 
destination with three failed channels. If, as is almost certainly the only 
prudent approach, the on-board battery emergency supply is considered to be no 
more than an ultimate back-up supp1Y,then (N-I) channels should be requi red for 
safe FAA approved dispatch. 

At present, there is no set standard for generating capacity. From the 
above reasoning, it is clear that best practice lies between the two extremes 
cited and, in fact, lies between channel design capacities of 33 and 50 percent 
for four-engined ai rcraft. The logic employed for such problems can be some­
what different in emphasis between subsonic and supersonic aircraft. The logic 
employed in studies the past six years for cabin pressurization, refrigeration, 
and ventilation (usuallY referred to as the environmental control sUbsystem) 
for both the British-French SUD Aviation CONCORDE and the U.S. Boeing SST has 
been that takeoff shall be at 100 percent design capacity with one channel 
inoperative. The final design decision seems to rest upon the answer to this 
question: After a dispatch with one channel inoperative, and following an 
in-flight loss of a second channel, what is the minimum capacity required for 
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a safe continuation of the flight without serious change in flight plan or 
serious discomfort to the passengers or, more importantly, to the flight crew. 
The answer has usually laid between 67 and 100 percent of design capacity. 

It is evident that certain design problems discussed herein are oriented 
to four-engined aircraft, dtfferent solutions are required for three- and two­
engined aircraft. It is noteworthy that certain aerodynamic problems also 
relate to the number of engines, and it has been recognized for sometime that 
twin-engined commercial aircraft pose unique problems of design simply because 
an engine loss (on takeoff or climbout) constitutes a 50-percent loss of power. 

Reliabi lity of Electrical System and Components 
in Existing Aircraft 

Many airlines have kept good maintenance and service records on aircraft 
components. Typical statistical data on component failure and repai r are shown 
in table 17. This table, taken from Eastern Airlines Fleet Reliabi lity Report, 
January 1969, shows the premature removal and failure rates for the top 40 com­
ponents, ranked by fai lure rate, during the month of January 1969. Many of the 
electronic and control components have only several hundred hours of MTBF; there­
fore, they are the most unreliable. Electrical power components such as CSD, 
generator control panel, and ac generator are among the top 40 troublesome non­
electronic components. The typical MTBF's of CSD transmission, generator control 
panel, and ac generator are 2700, 2900, and 4300 hr, respectively. A combination 
of these three components resulted in an MTBF of only about 1000 hr. Reliabi lity 
improvement is needed in the present ai rcraft generation subsystem. Since the 
MTBF's of these three generation components are in the same orders of magnitude, 
reliability improvement of the generation subsystem can be obtained most effec­
tively by improving the reliabilities of all three components. 

A simi lar tabulation of unscheduled removal and failure rates of electric 
power generation components is shown in table 18. This table shows that the 
removal rate and fai lure rate of a certain component vary widely from month to 
month. To obtain typical failure data, average value from a large number of 
components or from many months' period should be used. 

Delays and cancellations due to mechanical irregularities for various ai r­
plane fleets are shown in tables 19 through 23. These tables show that power­
plant, landing gear, aircraft structure, and navigation system cause most of the 
delays and cancellations. Electric and hydraulic power syst~ms have about the 
same reliabi lity and are less troublesome thah the power plant, landing gears, 
etc. 
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TABLE 17 

TOP 40 COMPONENTS, RANKED 8Y FAILURE RATE, DURING JANUARY 1969* 

Component 
Type aircraft and 

no. of units in service 

Electronic Components: 

Panel, auto-pi lot OC9(84) 
control 

Vertical gyro 8720(30),LI88(74) 

Receiver, VHF Al I OC8(99),8720(45),LI88(74) 
comm. 

Transceiver, VHF 8727(225),OC9(252),OC8-61(48) 
comm. 

Computer, AlP air OC9(84),DC8-61(16)A/C #781 
data 

Receiver, VHF OC8-21/51(34),8720(30),LI88(74) 
nav. 

Indicator, turn OC9(168) 
and slip 

Recorder Al I except CV440(242) 

Transceiver, OME OC9(168),8727(150,8720(30)~ 
All OC8(66),Ll88(37) 

Gyro, directional 'DC9(168),8727(150),8720(30), 
All OC8(66) 

Indicator, course 8727(150),OC9(168),OC8-61(32) 
deviation 

Transmi tter, 
radar-

Rep rod uce r, tape 

Indicator, 
horizon 

8127(75),OC9)84),OC8-61(16) 

All A/C except CV440(242) 

OC9(168),8727(150),DC8-61 & 
# 7'81 (34) 

No.of No.of 
sched. premo 
remov~ 'remov. 

o 74 

o 51 

o 94 

o 252 

o 83 

o 79 

o 54 

o 76 

o 186 

o 144 

o 103 
,\ 

o 122 

o 60 

87 

*Eastern Airl ine Fleet ReI iabil ity Report, January 1969 
iHE-PRIR P rematu re r'Bmova I rate 

***FR - Fa i lure r a tie I 47 

PRR** FR~Io** 

1000 1000 
Unit Unit 
hours hours 

4.39 3.26 

3.09 2. 12 

2.98 2.03 

2.04 2.00 

3.92 1.89 

3.38 1.80 

1.60 1.30 

I • 4/~ j .2 I 

1.761.14 

1.50 1.00 

1.26 .96 

2.99' .88 

1.23 .88 

1.06 .73 

1 
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TABLE 17.--Contlnued 

Type aircraft and 
Component no. of units in service 

Compu te r, pitch OC9(84) 

Receiver, AOF B727( 150),DC9( 1"68),OC8-61 (32) 

Transponder, ATC OC9(168),B727(150),AII OC8(66), 
B720(30),LI88(74) 

Gyro, ve r t i ca I OC9(252),B727(105),OC8-21/51(35) 
OC8-61 (48) 

Transceiver OC9(84),B727(75),OC8-61(16), 
A/ C # 779 & 78 I 

Receiver OC9(252),B727(225),OC8-61 & 
#781(51) 

Components Other Than Electronic: 

Contro 1, heat and lI88 (34) 
Cab . Pre 55. 

. , 
Synch ron i ze r, LI88(34) 
cab.. press • 

Con t ro II e r, cab i n lI88 (~4) 
temp. 

: Indicator, fuel lI88 ( 136) 
. qty. center M. 

Clock B727 ( 150) 
'. 

Pump, hydrau lie B727 ( 150) 

Indicator, EPR OC8-21 (56) 

Clock OC9(176),DC8-61(48),B727QC(75) 

Indicator, T/M lI88 ( 136) 
. 

*PRR - Pre~ature removal· rate 
ifoifoPR - Fa i lure rate 
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, 

No.of No.of 
sched. premo 
remoy. ·remov. 

0 66 

0 61 

0 119 

2 64 

0 44 

0 115 

0 24 

0 "t 28 

0 43 
I 

0 34 

0 55 

7 I 37 

0 
. 

29 

0 52 

0 27 

4 

PRR* 
1000 
Un i t 
hours 

3.91 

• 75 

I. 13 

.91 

1.06 

.93 

5.86 

6.84 

10.50 

2.08 

1.39 

.93 

2.27 

.61 

1.65 

, 
\ 

FR"·i~ 

1000 
Unit 
hours 

.59 

.50 

.38 

.38 

.36 

.29 

3.42 

2.44 

~.20 

1.04 

.8.8 

.81 

• 78 

.53 

.49 

I 
i 
I 
I 
r 
i 
I· 

i: 
I 
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TA8LE 17.--Concluded 

Type aircraft and 
Component no. of units in service 

~HH:'Con t ro I pane I , AC OC9(252) 
Gen. 

~HH~T ran 5 m iss ion , CSO 8727(225) 

~HHton t ro I pane I, AC OC9(252) 
Gen. 

Ind i cato r, fuel OC8-2//61(/20) 
Flow 

~HH~Gene rato r 8727(300),8720(60) 

-:HH~ene rato r Control B72 7 (300) 
pane I 

Amp Ii f i er;; 
vibration 

DC8(33),B727(75),B720(15) 

Indicator, EPR OC9(/76) 

Ind i cato r, aux. OC9(/76) 
fuel qty. 

Powe r su.pp I y, OC9 ( /64) 
fuel flow 

Indicator, turbo o C 8 - 2 / /6 / (60 ) 
compo rpm 

it-pRR 
il-"it-FR 

~H!-~!-

Premature removal rate 
- Fa i lure ra te 

Electrical power component 

• 
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No.of No.of 
sched. pr~m. 

remov. ·remov. 

0 40 

0 28 

0 32 

0 35 

33 58 

0 3/ 

0 51 

0 33 

0 31 

0 31 

0 31 

PRR* 
/000 
Un i t 
hours 

• 79 

.47 

.63 

1.20 

.60 

.39 

1.60 

1.96 

.92 

.92 

2. 12 

\ 

\ 

.' ; 

FRii-it-
/000 
Un i t 
hours 

.47 

.37 

.32 

.31 

.27 

.27 

.25 

.24. 

• / 8: 

• 18 

• 14 

I 
[1 

I :~ 
J 

I 
i' 
i 

L 

if , 
t 
i , 
I 
I 
~ 
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TABLE 18 

UNSCHEDULED REMOVALS* 

Part number Aircraft October 1968 Novembe rl968 Decembe r 1968 January 1969 

description type UR URR FR UR URR FR UR URR FR UR URR 

ELECTRIC POWER (ATA 24) 

21-GE-0002 -, 
.Ac generator DC8-51 & 2 • 15 .08 5 .37 .'07 3 . 18 .06 0 0 

#781 
21-GE-0003 

Ac generator DC8-51/-55 3 1.98 - 4 2.22 .56 I .38 - I; 1.58 
21-GE-0013 

Ac generator, CV-440 I .24 .24 I .27 - 0 0 
21-GE-0016 

Ac generator· OC-9 22 .53 .36 I I I .25 • hf> A- I? .08 10 .20 'J • I ... 

21-GE-0017 I .62 Ac generator L-188 I I .61 .28 I I • 3~f 18 1.03 .57 6 .37 
21-GE-0018 

Ac generator ' , 8-720/B-727 21 .24 . 10 26 .29 r:11 . 47 .50 .32 58 .60 
21-GE-0020 

Ac generator DC8-21 I .08 - 5 .38 .08 1 ~07 - 4 .33 
21-TR-OI01 
\ CSO transmission. DC8-21/ 8 .30 • 15 12 .43 · 18 17 .55 .23 17 .59 
" B.:.720 
21-TR-0103 

CSD transmission DC8-51/55 I .66 - 3 1.66 .55 2 I. 15 - 4 2.36 
(-51,2 AC) 

21-TR-0105 
CSD transmission B-727 27 .49 .46 31 .56 .45 39 .67 .60 28 .47 

*Eastern Airline Fleet Rel iability Report, January 1969 

LEGEND: UR = Unscheduled removals URR = Unscheduled removal rate FR = Failure rate 
PIS = Performance standard (3 month average) 00 = AbOVE! P/S,one month 
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FR 

0 

• 79 

.20 

• 18 

.27 

.33 

.24 

.59 

.37 

FR 
PIS 

.25 
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TABLE 19 

MECHANICAL IRREGULARITIES - DELAYS AND CANCELLATIONS (B-720) JANUARY 1969i~ 

Number of ev~nts 
ATA code 

Delays Min Can- Other Total ce 11 ed 

32 Landing Gear 22 1520 2 4 28 

71-80 Power Plant 8 364 - 10 18 
. 

71-80 Aircraft 5 190 1 20 26 

29 Hydraul i c Power 4 476 3 - 7 

34 Navigation 5 120 I 9 14 

21 Air Conditioning 3 119 - 27 30 

26 Fi re Protection I 67 I - 2 

27 Fl i ght Controls 2 249 - - 2 

33 Li gh ts I 34 - 5 6 

24, Electrical Power I 5 - 22 23 

28 Fuel - - I 12 13 
-

30 Ice & Rain I 67 - 2 3 
Protection 

38 Water & Waste I 49 - - I 

22 Au to Pilot I 99 - I I 12 

23 Commun icat ions I 80 - 5 6 

57 Wings I 39 - - I 

52 Doors - - - I I 

05 Miscellaneous I 62 - - I 

TOTALS 59 ~677 9 127 195 
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Percent departur~s 
delayed or cancelled 

Report 3-Mo Perf 
Month aV9 std 

I. 12 .64 · 70 

.42 .42 

.38 .38 

.33 .31 .30 

.28 .24 .20 

. 14 • 18 · 12 

.09 • 13 • 10 

.09 • I I .20 

.05 • 10 · 10 . 

.05 · 10 • I I 

.05 .06 • 15 

.05 .05 .03 

. 05 .03 . .02 

.05 .03 .07 

.05 .03 .07 

.05 .03 .N.A. 

- .03 . 15 

N.A. N. A. N. A. 
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TABLE 20 

. ~ .. 

MECHANICAL IRREGULARITIES - DELAYS AND CANCELLATIONS (DC8-21-51)' JANUARY I 969ir 

Number of events Percent departures 
ATA code delayed or cancelled 

Delays Min Can- Other Tot al Report 3-Mo Perf 
ce 11ed mon'th av~ std 

32 Landing Gear 10 1116 - - 10 .61 • 70 • 70 

71-80 Power PI an t I I 1155 I 13 25 • 70 .65 

71-80 Ai rcraft 3 75 - 25 28 .55 .55 -
27 Fl ight Controls 5 700 2 8 15 .43 .47 .35 

34 Navigation 6 295 - II 17 .36 .41 .35 

52 Doors - - 2 5 7 • 12 .21 • 15 

28 Fuel 2 77 - 28 30 • 12 • 19 • 16 

24 Electrical Power - - 1 8 9 .06 • 17 • 18 

29 Hydraul ic Power 2 89 - I 3 • 12 · 13 .30 

33 Li gh ts 2 70 - - 2 • 12 • 13 • 10 

35 Oxygen 1 12 - 1 2 .06 • 1 I .08 

38 Water & Waste 1 22 - - 1 .06 .06 .05 

56 Windows 1 275 - - 1 .06 • 06 N. A • 

36 Pneumatic I 14 - 2 3 .06 .06 • 12 

54 Nacelles/Pylons 2 305 - I 3 • 12 .04 N.A. 

26 Fi re Protect ion 2 233 - - 2 • 12 .04 • 10 

21 Air Conditioning - - - 24 24 - .02 • 12 

22 Auto Pilot - - - 10 10 = - .07 
j 

05 Miscellaneous 4 122 - 7 I 1 N.A. N.A. N.A. 

TOTALS 53 ~560 6 144 203 
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TABLE 21 

MECHANICAL IRREGULARITIES - DELAYS AND CANCELLATIONS (DC8-~I) JANUARY 1969i~ 

Numbe r of events Percent departures 
ATA code delayed or cancelled 

Delays Min Can- Other Total Report 3-Mo Perf 
celled month avg std 

71-80 Power Plant 3 '181 - 10 13 .27 .65 

71-80 Aircraft 5 289 - 12 17 .55 .55 

32 Lan-ding Gear 4 150 I - 5 .34 .39 .70 
; 

34 Navigation 4 231 - 17 21 .27 .34 .~S 
-

29 Hydrau 1 i c Power 5 445 - 2 7 .34 .22 .30 

52 Doors 5 250 - 10 15 .34 .20 • 15 

24 Electrical Power 3 120 - 6 9 .20 · 17 • 18 

27 F 1 i gh t Controls 2 207 - 2 4 · 13 • 15 .35 

28 Fuel 2 46 - 32 34 · 13 • 1'0 • 16 

21 Air Conditioning 2 99 - 33 35 • 13 • 10 • 12 

25 Equ i pment & - - - I I - • 10 .05 
Fu rn i sh i ngs 

33 Li ght s - - - 6 6 - · 10 • 10 

26 Fire Protection I 90 I - 2 · 13 .07 • 10 

30 Ice & Rain I 182 - 3 4 .07 .05 .08 
Protection 

36 Pneumatic - - - 7 7 - .05 • 12 

23 Commun i ca t ions 5 5 
, 

.02 · 12 - - - -
38 Water & Waste - - - I I - .02 .05 

22 Auto Pilot - - - 7 7 - - .07 

31 Instruments - - - 2 2 - - .04 

05 M i sce 11 aneous I 64 - 2 3 N.A. N. A. N.A. 

TOTALS 38 2654 2 158 198 
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TABLE 22 

MECHANICAL IRREGULARITIES - DELAYS AND CANCELLATIONS (L-188) JANUARY 1969i~ 

Number of Events 
ATA code 

Can-Delays Min Other Total ce II ed 

71-80 Power Plant 14 1118. I 27 42 

71-80 Ai rcraft 6 109 I 7 14 

32 Landing Gear 15 709 2 - 17 
-

34 Navigation 8 249 
-- 34 42 

24 Electrical Power 4 179 - 8 12 

21 Air Conditioning 7 285 I ,31 39 

33 Li ghts 8 145 - 4 12 

29 Hyd rau Ii c Power 4 194 - 5 9 

56 Windows I 157 2 - 3 

23 Communications 3 20 - 4 7 

30 Ice & Rain 2 218 - 6 8 
Protection 

28 Fuel 2 119 - 19 21 

25 Equ i pmen t & I 12 - 3 4 

27 Fl i ght Contro l's I 77 - - " I 

52 Doors I 42 - 13 14 

36 Pneumatic 2 102 - I 3 

38 Wate r & Was te - - I - I 

22 Au to Pilot - - - 9 9 

05 M i sce 11 aneous 2 14 - 2 4 

TOTALS 81 3749 8 173 262 
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. 

Percent departures 
de 1 ayed or cancelled 

Report 3-Mo Perf 
month avg std 

.35 .58 

.48 .48 

.35 .28 .25 

· 17 • 16 .20 

.08 • 12 • 13 

· 17 .09 • 18 

• 17 .08 .07 

.08 .07 .08 

.06 . 05 N.A • 

.06 .05 · 10 
, 

.04 .05 .05 

.04 .03 .07 

.02 .03 .02 

.02 .03 • 10 

.02 .03 • 125 

.04 .02 .025 

.02 .01 .025 

- - .015 

N.A. N.A. N.A. 

1 
\ 

, , 



'j 
., 

f I 

II • 
b 

, " ~T.-""-'~ - '1'. -

" . ~ ,'" '; 

.' . .';. .. 

. ~ .., 
:". ~ 

" . 
.. ", 4 ~ .".,~."~--," • ...o......-.~'='~-~~~'~~> ~~,~ .... ~;:;;..;:.~_...:-........."~ __ ~~_,-

TABLE 23 

MECHANICAL IRREGULARITIES - DELAYS AND CANCELLATIONS (CV-440) JANUARY 1969;~ 

Number of eve~ts Percent departur.es 
ATA code delayed or cancelled 

Delays Min Ci.'ln'-
Other Total Report 3-Mo Perf 

celled month avg std 
, 

71-82 Power Plant 14 1364 10 I 25 1.30 1.25 

71-82 Aircraft 2 239 I 6 9 I. 10 I. 10 
-

32 Landing Gear 8 382 - - 8 .35 .26 .30 

26 Fire Protection 7 237 - - 7 .31 .23 · 15 

24 Electrical Power 4 57 2 - 6 .26 • I I · 175 

33 Lights 4 91 - 2 6 • 18 • I I · 10 

34 Navigation 2 73 - I 3 .09 · I I · 12 

21 Air Conditioning I 86 - 1 2 .04 .09 · 10 

23 Communications 2 19 - - 2 .09 .08 • 10 , 

29 Hydraul ic Power I 86 I - 2 .09 .05 .05 

56 Windows - - I I 2 .04 .05 N.A. 

52 Doors f 139 - I 2 .04 .04 • 125 

30 Ice & Rain - - - I I - .03 .03 
Protection 

27 Fl i ght Contro Is f 60 .." - I .04 • 0 I .03 

35 Oxygen I 40 - - I . 04, .01 .01 

05 M i see 11 aneous f 13 - I 2 N. A. N. A. . N. A. 

TOTALS 49 2886 15 15 79 

*Eastern Airl ine Fleet ReI iabifity Report, January 1969 
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HEAT TRANSFER TECHNIQUES 

Introduction 

The problem of cooling electric and electronic equipment in aircraft, in 
general, has become increasingly difficult due to: 

(I) Requirements for operation at increasingly high altitudes and flight 
speeds 

(2) The size reduction of equipment to fit allowable space envelopes 

(3) An increase in the power ratings of components 

(4) The desire to increase the present service I ife components by operat­
ing at lower temperatures 

\ 

,,' ,,' 
" 

To meet the specified performance and reI iabi I ity criteria of an electric 
or electronic component, cooling is normally necessary to maintain the component 
temperature at or below the manufacturer's maximum rated temperature for at 
least 90 percent of the life of the unit. 

Reliability requirements are usually expressed as a mean-time-between fail­
ure (MTBF), the reciprocaJ of which is defined as the failure rate. From 
failure-rate curves, such as shown in figs. 56 and 57, the allowable component 
ambient temperature can be determined for a required MTBF for a specific com­
ponent. 

The recommended component ambient temperatures as specified in MIL-E-5400 
are reproduced in table 24. For continuous operations, temperatures of 5S o, 
71°,95°, and 125°C are not to be exceeded for Classes I, 2, 3, and 4 environ­

'ments, respectively, under the worst heat dissipation conditions. 

Component Cool ing Methods 

The cooling methods now being used in aircraft electrical equipment are 
grouped subjectively into seven categories I isted below. These methods are 
generally special cases or combinations of the basic heat transfer mechanisms, 
i.e., conduction, convection, and radiation. 

#. 

(I) Self-cool ing 

(2) Conduction or heat-shunt cooling 

(3) Forced gas cooling 

(4) Forced liquid cooling 

(5) Thermal attenuation or thermal damping 
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TABLE 24 

RECOMMENDED COMPONENT AMBIENT TEMPERATURES (MIL-E-5400) 

Ambient temperature 1 imit, °c 
Preferable Maximum Maximum 
continuous continuous intermittent Heat flux, 
operation operation operation W/sq In. Appl ications 

25 55 71 . I to .5 Integrated circuits, capac i tors, 
(.016

2
to .078 

W/cm ) 
resistors, and power transistors 

40 71 95 0.3 Integrated circuits, transistors, 
(.047 W/cm2 ) resistors, and high-temperature 

capac i tors 

70 95 125 ---- Motors, generators, transformer, 
inductors, diodes 

90 125 150 ---- High-temperature components 
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(6) Thermoelectric coolers and heat pumps 

(7) High-temperature heat exchangers 

,j. 

These methods of cool ing electrical system componerts and cooling systems 
now in use on aircraft are briefly discussed in Appendix D. The relationships 
between the basic cooling methDd~ and the heat dissipation capabilities as nor­
mal ly encountered in electronic equipment are shown in fig. 58. The method of 
boi ling heat transfer is also included to obtain more combinations of internal 
and external cool ing modes for comparison. 

Table 25 shows the approximate cool ing capabi I ities of several methods 
that have been used successfuly for electrical rotating machines. The numbers 
indicated are somewhat higher than the corresponding ones in electronic cool ing 
of fig. 58. This is because in rotating machines higher temperature differences 
are normally feasible for cool ing purposes. 

The factors that may influence the cool ing capability of a particular 
application are so many that the heat dissipation capabi lities shown in fig. 
58 and table 25 may only be regarded as a guide. 

TABLE 25 

APPROXIMATE COOLING CAPABILITIES OF DIFFERENT 
METHODS FOR ELECTRIC ROTATING MACHINES 

Coo ling method Approximate coo ling capab iIi ty 

Se I f- coo ling without heat sinks 3 w/cu in. 3 (. 18 wi cm ) 

S elf - coo lin g with heat sinks 5 w/cu in. ( .31 W/cm3 )-

Forced gas convection 5 to 9 w/cu in. ,(.3. to '.55 W/cu cm3) 

Forced I i qu i d convection 10 to 20 w/cu in. ( .61 to 1.22 wI cm3 ) 

Expendables 50 or more w/cu in. ' (3. I wi cm 3 or more) 
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Cooling Systems 

Cooling systems that have been used for different aircraft applications 
are briefly described below. 

(I) Simple ram air cool ing system 

(2) Expanded ram air cool ing systems 

(3) Simple bleed air cooling system 

(4) Bleed air regenerative cool ing systems 

(5) Bootstrap air cycle cool ing systems 

(6) Fuel cool ing systems 

(7) Expendable cooling systems 

(8) Vapor-cycle cool ing systems 

(9) Cooling systems that are coupled with environmental control systems 

This I ist consists of two ram air systems, three bleed air systems, and 
four others. Descriptions of these systems are given in Appendix D of this 
report. Variations and modifications of these basic systems are possible but 
are not described. The system control that is an integral part of the basic 
system is not discussed in detai 1. 

It is highly improbable that one single cool ing system will be optimum for 
all flight conditions. A combination of several systems and cooling techniques, 
e.g., bootstrap air cycle system for environmental control, liquid loop to fuel 
for electrical cooling plus cryogenic expendables for a few components and 
thermoel~ctric spot-cool ing for some microcircuits, may turn out to be the 
I ightes.t weight system for a particular aircraft for a specific mission. 

A computer program (H-0610) may prove to be very useful in the optimization 
procedure. A sample summary output for a 160-kW thermal load and 5.5 engine 
compression ratio from this program is shown in fig. 59. It. is a map showing 
the minimum weight system for each combination of Mach number and altitude. For 
example, fig. 59 shows that at Mach number (abscissa) of 1.5 and altitude (ordi­
nate) of 60,000 ft (18,200 m), the minimum weight system (indicated by a circle) 
wou I d be expendab Ie evaporants (expendab Ie sys tern abbrev i ated as VAP) .. The 
approximate mission profile for an F-I 1 1 aircraft is plotted overlapping the 
computer outputs (the dotted curve in the figure), showing the best solution to 
every fl ight condition for the complete mission. As it is indicated in the 
output, the minimum weight cooling system during takeoff would be a simple bleed 
air system (SIM). For climb, cruise, and descent, either an expendable system 
(VAP) alone or an integration of simple ram air system with a liquid transport 
loop (LIQ), expendable system (VAP), and bleed air regenerative system (REG) 
could be used. 
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Figure .59. Output Data Plot of Minimum Weight Systems 
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CAPABILITY CONSTRAINTS OF EXISTING SYSTEM 

Contemporary aircraft electrical systems generally conform to the specified 
requirements. These requirements were established more than a decade ago. Since 
then technology has advanced and the requirements of 'larger and faster airplanes 
have brought about the need for changing existing specifications. It may be' 
more appropriate to speak of outdated specifications than of capability con~ 
straints. To change these specifications it first appears necessary to progress 
with technological advances and to continuously evaluate the feasibi lity of new 
concepts. 

The more important performance data of a typical system in service today 
are summarized below. 

Summary of Performance Data 

Rated output 

Power factor 

Over load . . . 

· . . . . . 
. . . . . . . 

Short circuit current 

· 

· 
· 

. . . 

· · · 

· · · 
· · · 

CSD input speed 

Generator speed 

Nomi na 1 vo I tage 

Nominal frequency 

. . . . . . . . . . . . . 

Steady-state voltage regulation limit, 

. . . . . . . 40 kVA 

. 75 lag to .95' lead 

. 15070 5 mi n, 200% 5 sec 

· . . . . . 

333A zero PF 5 sec 

. 4000 to 7800 rpm 

6000 rpm, nominal 

115/208 3-phase grounded neutral 

. . . . . . . . • • • . • 400 Hz 

single phase · . . . . . . . . . · • • . . . • • • . • • I I 0 . 5 to I I 7 . 5 V 

Transient voltage limits, 

single phase · . . " . . . . . . . . . . . . . . . . . 20 msec: 
100 msec: 
500 msec: 

55-170 V 
65-160 V· 
95-135 V 

Phase displacement 

Phase unbalance 

Waveform . . . . . 
Harmonic content. 

· .' . 

Circulating reactive current between systems 
(s teady state) 

Circulating real current between systems •.. 
(s,teady state) 

, 61~ 

i 

· - . , 
3V max between phases 

· . . . Crest factor 1.41 ±.I 

· 5% total, 3~ each individual 

· . . . . . . . . . . 1.9 kVJ\R 

. . . . . . . . . . . . 4 kW 
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These data pertain to a generating system using a hydraulic constant speed 
drive with conventional control and protection. The system normally consists 
of two to four generators operating in parallel. 

Ai rcraft ai r cooled ac generators and regenerators are specified in 
MIL-G-6099 (latest revision A). This specification was originated in 1950, 
revised in 1957 and again amended in 1958. Recently it has been the practice 
to uti lize oi I cooled generators with integral permanent magnet generators for 
system self-sufficiency. These generators exhibit overload characteristics which 
are presently not covered by government specifications. A typical performance 
characteristic of one of the newer generators is 1.5 per unit continuous output 
and 2 per unit for 15 sec at 0.75 pf with 150°C oi I inlet temperature. 

Power qual ity specification MIL-STD-704 was originated in 1955 and has been 
amended several times since, most recently in February 1968. In MIL-STD-704, 
uti] ization equipment are grouped into categories A, 8 and C. The I ine voltage 
drop from the point of regulation to the util ization equipment is I imited to 
2 Vac or .5 Vdc for category A; 4 Vac or 1 Vdc for category 8; and 8 Vac or 2 Vdc 
for category C equipment which is required to operate intermittently only. The 
steady-state voltage I imits from which the three categories of equipment are 
required to operate under different modes of electric system operation are listed 
in table I for ac and table II for dc in MIL-STD-704. 

A few of the aircraft electrical equipment design constraints are discussed 
below. 

Generation equipment.--At present, the MIL-G-6099 specification calls for a 
3 per unit short ci rcuit current for the ac generator to ensure fast tripping of 
the circuit breaker. This requirement imposes weight penalty to the generator 
due to the low synchronous impedance and high excitation ceiling. Use of sol id­
state circuit breakers can remove this design I imitation. 

In a 400-Hz system, the maximum generator speed is limited to either 12,000 
or 24,000 rpm. (A 24,000 rpm generator weighs about the same or slightly heavier 
than a 12~000-rpm machine because the 2-pole configuration is not as favorable 
as the 4-pole configuration.) If a dc or higher frequency system is used, 
however, the operating speed of the generator can be increased and some weight 
saving can be accomplished. 

In the present brushless ac generator, the output of the voltage regulator 
goes to the exciter field and then corrects the generator voltage. The rate of 
I-esponse is relatively slow. Slow response causes large voltage transient which 
in turn penal izes some of the uti I ization equipment. Some new excitation schemes 
can increase the response rate to some extent. The VSCF system will reduce this 
transient response time drastically. 

Distribution eguipment.--One of the drawbacks of ac transmission and 
distribution is the reactance line drop with the associated induced eddy current 
losses. For large aircraft, a high dc voltage distribution system could reduce 
the weight of power wiring by a substantial amount. 
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Low frequency ac (i.e., 10 to 500 Hz) is the most dangerous electric current 
for human beings. Dc or high-frequency ac (ki lo-Hertz) power will reduce the 
hazard of electric shock to operation personnel. 

Modern aircraft require an alarmingly large amount of signal wiring. 
High strength small gage wires or signal mUltiplexing becomes a necessity to 
keep the wiring weight to a reasonable level. 

Connectors at present give the most trouble to the ai rcraft electrical 
power system~ Their improvement deserves imminent attention. 

Conventional electromagnetic circuit breakers and power control devices 
are slow in operation. Solid-state devices are much faster but have other 
drawbacks. For instance, sol i d-state ci rcui t breakers have hi gh forward drop, 
and have no complete isolation between the power and signal ci rcuits. Also, 
solid-state control devices are sensitive to electric noises and power tran­
sients. A tradeoff between the pros and cons should be examined before a 
selection is made. 

When the titanium frame is used for aircraft, the present practice of 
using aircraft skin as electrical return will no longer be practical. The 
penetration oj electrical wi ring through the aircraft frame partitions weakens 
the airframe structure, which in turn increases the weight of the aircraft 
structure. A review of the wire routing may be beneficial to aircraft weight 
sav i ng. 

Utilization eguipment.--It is understood that the power supply cannot 
satisfy the many different requirements of various uti lization equipment, and 
that it is not practical to provide the most precise and closest tolerance 
pov.'~r to the enti re system when only a small fraction of the load demands this 
high level quality power. These equipment then would have to be supplied via 
a power conditioning device and/or be furnished wi~h ultimate reliable power 
for that case where power interruptions cannot be tolerated. 

The influence by uti lization on the characteristics of the power, which is 
linked to all equipment should be defined and be restricted to limit interaction 
to a minimum. For this the characteristic of the distribution system becomes 
important and parameters such as the surge impedance of various branches of the 
distribution system should be specified. 

;1 

Some avionics suppliers expressed the opinion that if there is a higher 
quality power than presently available in aircraft, some saving In weight of 
avionics equipment can be achieved. 

400 Hz operation limited the maximum motor rpm speed to 24,000 rpm. Pres~nt 
aircraft electric motors can be reduced in size and weight if higher operation 
speed (even with reduction gear to yield the same output speed) and advanced 
materials are used. 

Brushless dc motors and power converters demand heavy EMI suppression 
equipment. Better means of EMI suppression would therefore be helpful. 
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System protection.--Existing systems provide a minimum number of essential 
protective functions to guard the generating system and its connected loads 
from harmful abnormal system conditions. Some harmful conditions occur more 
frequently than others. For instance, experience has shown that an open phase 
condition is more likely to occur than a short ci rcuit on the synchronizing 
bus. Yet many systems do provide synchronizing bus protection and neglect to 
protect for the condition of an open phase. Indications and displays of equip­
ment malfunctions are only of value to the flight crew, when corrective or 
further preventive action may be taken. The operation of the system should be 
made simpler by automated programming. Future advancements in protective and 
control schemes wi 11 include: 

(I) More than one differential protection zone to include synchronizing 
bus and ground feed-ties. 

(2) Better selectivity of system faults during parallel operation. 

(3) Fully automated parallel connection via generator circuit breaker 
or bus tie breaker selection of faulted system and reclosure of BTB. 

(4) Automated load shedding and current limiting. 
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SURVEY OF TECHNOLOGY IMPROVEMENT ACTIVITIES 

Recently, many activities to improve aircraft electrical power systems have 
been initiated in various sectors of industry. Based on the literature and in­
dustry survey, a summary of these activities is presented below. 

Power Generation 

During the past few years, the conventional generating system has been 
improved whi Ie a new genergting system was being developed. The results of 
t~is simultaneous activity are the integrated drive generator (IDG) and the 
variabl'e speed constant frequency (VSCF) system. 

Integrated drive generator.--Recent advancements in the development of a 
conventional generatir1g system are demonstrated by the new IDG now undergoing 
fl ight test. This new drive is presently selected for Lockheed L-IOI 1 aircraft. 
The package combines a hydraulic transmission and a generator bui It into an 
integral housing; the generator is oi 1 ~plash cooled and turns at 12,000 rpm. 
A marked improvement is exhibited by the lOG package over older CSD systems 
which has made it increasingly more dificult for the all-electric VSCF system 
to gain recognition. A 60-kVA IDG presently weights 115 Ib but is expected to 
weigh only 95 Ib in the near future. The quoted reliabi lity of this new drive 
is 12,OOO-hr MTBF. 

VSCF system.--Since the advent of high-power silicon controlled rectifiers, 
constant frequency can be obtained through a static frequency changer convected 
to the variable frequency generator, and the SCD is eliminated. An advantage of 
the VSCF system is its potential high reI iabi lity because very few moving parts 
are involved. It is estimated that the eventual MTBF of the VSCF system wi 11 
be several times longer and that the maintenance cost will be much lower than 
that of a corresponding CSCF system (refs. 13 and 14). 

\ 

There are two main schemes for the VSCF power generation--dc link and 
cycloconverter. At the present time they are both heavier than the CSD method 
if the same conventional generators are used. If the generator speed could be 
increased, the weight of the VSCF system would be less than that of the CSD 
system; however, the speed of the generator has to be high (24,000 rpm or higher) 
before the weight of this system becomes l~')wer. At such ,a high speed, stress 
problems are encountere~. One attractive design solution is to use a solid 
rotor generator. But some stress problems are still unsolved. 

The cycloconverter method is more attractive tha~ the de link method be­
cause of lower system weight and smaller volume. But the cycloconverter has 
an additional frequency interferpnce problem and a more strin'gent requirement 
on the generator subtransient reactance. ' If the stress and the interference 
problems are solved, future aircraft will use cycloconverter VSCF'systems. 
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If the operating frequency of the equipment remains at 400 Hz, the input 
frequency to the cycloconverter wi I I be at least 1200 Hz (input to output fre­
quency ratio should be at least 3 to I). This high frequency power would have 
the fol lowing benefits: 

(I) Reduce transformer size and weight 

(2) Reduce fi Iter weight and size for dc supply due to high ripple 
frequency 

(3) Improve frequency regulation, frequency modulation, and transient 
performances 

The fol lowing performance improvements demonstrated by the new VSCF cyclo­
converter system might be stipulated as required improvements for all future 
systems: 

(I) Switching transients confined to extremely close limits 

(2) Orastically reduced transient response time 

(3) Better phase balance by individual voltage regulation of phases 
Omproves system characteristic during unbalanced loading and faults) 

(4) Extremely precise frequency regulation 

(5) Elimination of frequency transients 

(6) Almost complete elimination of circulating currents between paralleled 
syste~sbecause closer tolerance power is obtainable; redundant dera­
ting ~hannel capacity for para,l leI operation. 

The VSCF cycloconverter system may be programmed to supply various fre­
quency levels including dc. In case of an engine fai lure the system may be 
uti 1 ized to supply emergency dc power when driven by a windmi I I ing engine. The 
chief disadvantage of any VSCF scheme is that it is considerably heavier than 
the lOG unit. Its reI iabi 1 ity is not yet proven, however, the VSCF has great 
potential including that of superior maintainabi I ity. 

A VSCF cycloconverter system has been selected for the Boeing SST'airplane. 
This sytem is tentatively comprised of four channels, each. rated 60 kVA. The 
first appl ication of a VSCF system, however, wi I I go into production on the 
Lockheed S-3A airplane for the Navy. This system employs two 7S-kVA VSCF cyclo­
converter systems. 

Emergency power supply.--The dc power needed for flight appl ications is 
generally obtained by rectification of the avai lable ac power. In an emergency 
case (ac power supply fal lure)" de power is obtained from the standby batteries. 
Much resea rch and deve lopment effor tis present I y expended on ba t te r i es • S i I ver­
zinc and zinc-air batteries havehigh power deilsities and are hopeful possibili­
ties for future aircraft use (r,efs. 15 and 16). 
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In emergencies, ac power is obtained from the batteries through static 
inverters (ref. 17.). If dc power can be generated in large quantity and with 
lower system we"ight, the ideal situation is to use dc as the main power supply' 
and obtain whatever ac power is needed through the 1 ightweight inverters. 

Many unconventional techniques have been developed to generate dc power in 
the space programs. Some of these static or direct methods of electrical power 
generation offer good prospects for the aircraft appl ication. Aluminum eel Is 
have a potential for an energy density of 200 W-hr/lb at,the 100-hr discharge 
rate. Other prospects are thin-film cells, MHO, therrntonic-converters and fuel 
cel Is. Fuel cel Is are especially promising if they can use the same fuel as the 
aircraft engines (refs. 18, 19, and 20). 

\ 

-, ; 

As digital computation finds increased use in aircraft, the demand for an 
uninterruptable power supply becomes more pressing. Electronic gear such as the 
autopilot, inertial navigation, air data computer and automatic landing is ex­
tremely sensitive to voltage transients. Voltage overshoots can be effectively 
el iminated by surge suppressors, zener diodes, etc., whereas voltage dips present 
a more serious probelem. Energy stored by capacitors may fill in gaps of up to 
I-msec duration. It is not economical, however, to supply ~tored energy for 
longer times (up to 10 msec). The seriousness of the effect on short duration 
power discontinuity is particularly evident during operation of the aircraft 
automatic landing system where the vehicle goes through a critical flight phase. 
Fortunately the amount of power required for uninterruptable service is rela­
tively small, in the order of I percent of the total installed generating 
capacity or less. The concept of uninterruptable power has been already realized 
for ground computer operation. The approach there is to convert 3-phase uti lity 
power to dc. A battery is connected across the dc link which is always charged, 
and the dc link feeds an inverter which changes the power back to 3-phase ac. 
In case of fai lure of the ac input, the battery takes over at any part in the 
cycle, thereby replacing the fai led source instantaneously. 

One of several possible approaches for utI imate reliable ac power is sche­
matically shown in fig. 60. An inverter is floating in parallel with the 
regular normal supply to the equipment. Upon loss of the regular supply source, 
the inverter takes over instantly. Power is prevented from flowing in the 
direction towards the normal supply source by semiconductor switches or magnetic 
decoupl ing. The primary supply to the inve~ter(s) may bel constituted by all 
generators via individual TR units and by the airplane battery. Blocking diodes 
prevent power interchanges between sources. 

Power Conversion and Conditioning 

Sol id-state and integrated circuit devices are being used in power conver­
sion equipment for 1 ightweight and high reliability. Higher rated and better 
performance items are under development. A manufacturer recently claimed to 
have successfully developed a high power (/0 to kVA) cycloconverter with fixed­
frequency sine-wave output having low harmonic contents so that large and heavy 
filters are not needed (ref. ll). 
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Sol id-state EMI suppression technique is possible to reduce the weight of 
EMI equipment by an order of magnitude. Its development is a worthwhi Ie effort. 

Magnetic materials with high saturation flux density such as vanadium 
permendur have been developed in the space program. The appl ication of these 
materials in the design of inductors and transformers will result in lighter 
weight and smaller size units. Various developments such as insulators with 
higher dielectric strength (H-fi 1m) and capacitors tantalum appl icable in high 
temperature environments contribute significantly to advance the state-of-the­
art of the power conditioning system (refs. 22 and 23) . 

Power Distribution 

One important source of wire weight reduction in aircraft is signal multi­
plexing. Weight reduction is also possible by the adoption of smaller wire 
gages (down to No. 26) due to the new available higher strength copper alloy 
ma te ri a 15 • 

For the future generation of large transports including SST, the weight of 
the distribution system wi I 1 be larger than in existing aircraft. A higher vol­
tage transmission system may become necessary. Studies should also be conducted 
to obtain the optimum operating frequency. Ref. 18 gives an estimated optimum 
frequency of between 800 and 2400 Hz and an optimum voltage of 230 v to 575 v 
per phase for the SST (refs. 24 and 25). 

Selection of the type and size of transmission wire is important for the 
fol lowing reasons (refs. 26 and 27): 

(I) The transmission I ine impedance affects the performance of the elec­
tric power system, especially in transient conditions. 

(2) Size of wire has considerable effect on the impedance due to the high 
frequency used in the 1 ine. 

(3) Various conducting materials have different conductivity, specific 
weight and derating due to the severe environmental conditions. 

(4) Losses are proportional to the impedance of the wir~. 

Other factors to be considered are the configuration of the transmission 
lines (whether four-wires with neutral return, 3-phase delta or three-wire with 
ground plane return or other configurations) and the protection of the system. 
The optimum configuration wil I give an efficient system and the protection pro­
visions will ensure rei iable performance. Since the distribution system extends 
throughout the entire aircraft an efficient system protection is essential. 

The distribution system for the standby power supply should also be studied 
so that an optimum configuration is obtained. Loads utilizing a standby power 
supply should be examined to determine if that provision is truly necessary 
(ref. 28). 
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The problems with conventional switching devices and connectors at high 
altiludes are discussed in refs. 29 and 30. 

Sol id-state power switching and control have been tinder development In the 
last few years in LTV, Vought division. This is expected to improve the power 
system control and protection. 

To minimize human error, fully automatic operation of the electrical system 
would be desirable, particularly during degraded and emergency operation of the 
aircraft. For example, if a three engine airplane is dispatching with one gen­
erating channel inoperative, the remaining operating generators must be capable 
of supplying all electrical loads continuously without using their reserve 
capacity (150-percent rated power for 2 min; 200-percent rated power for 5 sec). 
If both generators operate in paral leI and for some reason a second channel be­
comes inoperative all connected load is suddenly dumped on the remaining genera­
tor. This generator is basically capable of supplying all loads for a minimum 
of 5 sec but usually wi 1 1 be deenergized by its undervoltage circuit within a 
short time. This could result in loss of the entire generating system. In 
critical times of serious equipment failure the fl ight crew wi 11 probably be 
occupied with a number of tasks and decisions so they may not react fast enough 
to deenergize all nonessential loads and relax the overloaded generator. Then 
the automatic load monitoring device could take on the guardian function and 
command corr~ctive action. In its simplest form it could be considered as a 
current sensing circuit in conjunction with appropriate time delays to initiate 
sequencial load shedding. 

Power Uti I ization 

Much of the power uti lization equipment is motors used for driving fuel 
pumps or other control devices. Since the motor load is an appreciable per­
centage of the total electrical consumption of the aircraft, the total weight 
of the motors is quite significant. To obtain the optimum system, a tradeoff 
study of the weight versus the operating frequency and voltage should be con­
ducted, taking the load into consideration (refs. 31 and 32). 

The effects of the severe environmental conditions on the motors or rotat­
ing machines in general are discussed in the I iterature. Most of the problems 
are related to the conductors, insulators, bearings, and magnetic materials 
(ref. 33). 

Some of the loads require a stable power supply, hence a regulating system 
is necessary. Lightweight and reliable components for switching, sensing, and 
reguiating have been developed using solid-state and magentic devices (ref. 34, 
35, and 36). 

There are numerous new sophisticated items of avionic equipment that have 
been developed in the last few years. The airlines are ~eluctant, however, to 
adopt these advanced airborne instruments for the following reasons: 
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(I) Increased maintenance cost--Although the new instruments are more 
reI iable (reducing the frequency of maintenance), this does not off­
set the increase in cost because greater ski I I and more time are 
required to service these more complex items. 

(2) High cost--Since avionic equipment configurations vary considerably 
between manufacturers, once a certain model is installed in the air­
craft, the manufacturer holds a price monopoly of this equlpment be-
cause it cannot be replaced by other models. . 

The trend is toward interchangeable avionic equipment. The airl ines have 
pushed this concept for years to stimulate competition and reduce the price. 
Leading this drive is Aeronautical Radio Inc. (ARIONIC) and its associate, 
Airlines Electronic Engineering Committee (AEEC). 

Supersonic Transport Aircraft 

The anticipated environment and performance of the SST are well established 
(ref. 37). The major differences between the SST and existing commercial air­
craft are the SST!s high cruising altitude (70,000 ft vs 35,000 ft) and speed 
(Mach 2.2 vs Mach .6) in comparison to conventional aircraft. Thus inside the 
unregulated SST environment, the pressure wil I be lower (.7 psi vs 3.6 psi) and 
the temperature (-54° to 260°C vs -54~ to 50°C) wi 11 be higher. Since much of 
the electrical equipment is instal led in the unregulated environment, the in­
crease in temperature can cause significant problems (refs. 38 and 39). 

The safety of an qircraft is of utmost importance. One of the hazards is 
fire. Fire problems become particularly aggravated at high cruising speeds 
(Mach 7 or higher) when the environmental temperature is high enough to promote 
a fire. Hence in the SST electrical system design, considerations are given to 
(ref. 40): 

( I ) Prevent ion of fire 

(2) Prevent i,on :>f spread of fire 

(3) Fire detection 

(4) Fi re extinguishment 

Hydraul ic System 
I 

Most of the hydraulic devices are used for loads having sudden peak deminds 
that occur mainly in the takeoff and landing phases of the aircraft fl ight. In 
some locations both hydraulic (for short high-power bursts) and electric (for 
lower loadings occurring throughout the flight) motors are provided. A weight 
and performance tradeoff study should be conducted to determine if it is pos­
sible to eliminate one of the motors so that the load is always serviced by the 
same type of power. In add it ion, the study shou I d cons i der 1 oca 1 i zed hydrau 1 i c 
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supply centers driven by an electric motor as a possible replacement for the 
present hydraul ic pumps whic~ ~re usually mounted near the aircraft engines. 
Such su~ply.centers would eliminate much of the weight penalty attributable to 
hydraulic line runs throughout the aircraft. 

. Investigations are underway for using high pressure hydraul ic system in 
a~rcraft. It has been found that the main weight saving to be obtained with 
hJg~er.pressure hydraul ic systems results from a reduced volume of hydraul ie 
fluid In th~ system ~Lebold and Garday "Pressure Considerations in Designing 
the Hydraulic System SAE A-6 Committee Symposium, 1967). 

One of the significant development efforts in hydraulic flight control 
system is the "fly-by-wi re" system. Fly-by-wi re concepts are currently being 
considered by McDonnell-Douglas, Sperry, and Ai r Force Flight Dynamics Labora­
tory. Space vehicles have uti lized the FBW concept as have the XV-4 and X-IS. 
The Concorde wi 11 uti lize the concept. 

Recent Views on Reliabi lity 

To study the reliabi lity of ai rcraft electrical power systems, certain 
criteria for reliabi lity should be establ ished. Also, certain concepts under­
stood in general by electrical engineers in the aerospace field should be 
defined more precisely to indicate their importance to reliabi lity, safety, 
maintenance, and the cost of ownership. 

It would be dangerous, for example, to adopt a technically correct but mis­
leading procedure of reliabi 1 ity engineering, even though it is almost univer­
sally employed for the evaluation and comparison of redundant systems. By 
definition, redundant systems are not incapacitated by one or more failures. 
Often, how~ver,reliabi lity people compute an equivalent single-thread system 
MTBF from estimated component fai lure rates. This latter value is then used for 
comparative evaluation of competing system configurations~ 

The trouble results from calculations based on relevant probabi lities for 
one flight, as illustrated by earlier SST MTBF estimates. The wingsweep angle­
changing mechanism for the earlier configuration of the Boeing SST was estimated 
at 14,OOO,OOO-hr MTBF based on a 2S00-hr MTBF value for each redundant channel. 
This value no longer seems high when the life of the airplane is used for com­
putation instead of a single flight. 

Simpler, more valid computation techniques are avai lable. One of the best 
methods is to compare competing redundant system concepts and designs with a 
standard set of criteria such as those presented below. 

(I) Total instal led weight and associated aircraft penalty, a direct 
function of degree and sophistication of system redundancy and 
designed overcapacity. 

(2) Initial cost of installed system, a direct function of degree of 
system redundancy. 

175 
-" .. i 

1 
\ 



"'\ 

b 

1 
, i 

,t '"'~. 'j 

, " 
';.'" 

.:, j 
;' 1 

1, 

',1 
',.1 
.", 1 

I 

," .-". .. . 
. . ~ . 

" . 
, ," 

. ;.,.; ...... \ 
4 ••• • 

, ' . ; 

(3) Mean aircraft flight time between component unscheduled removals 
(MTBUR) and resultant maintenance actions, usually a direct function 
of the degree of system redundancy. 

( 4) 

( 5) 

( 6) 

(7) 

( 8) 

( 9) 

Dispatch reliabi lity, a direct function of the degree of redundancy, 
is a probabi 11ty value commonly expressed by its complementary proba­
bi lity of delay in number of delays or cancellations per year or per 
arbitrary number of scheduled dispatches or departures. A recent 
study conducted by Garrett/AiResearch for Airbus disclosed that can­
cellation of one DC-IO or L-IOI I fl ight involved a loss of revenue 
to an airl ine of $56,000. 

Inflight reliability or the probabi lity of not aborting to a field 
other than the scheduled destination; this parameter is closely assO­
ciated with dispatch reliabi lity as it implies system tolerance of two 
or more component fai lures, one before flight and one (or more) during 
flight. 

Safety of flight, which defines the requirements for the emergency 
system (dc battery, deployable ram ai r turbine, onboard auxiliary 
power unit, etc.). 

Accessibil ity or required access time to prepare to replace failed 
components, always additive (in time) to line maintainabil ity. 

Line maintainabi lity or the time required to replace a fai led compo­
nent with a spare, and thus restore a system to its original fully 
operational state; time for access is never included here. 

Shop and depot maintainability or the required time, technical ,manuals, 
trained personnel, test equipment, and spare parts required to repair 
fai led or worn components, whether they be LRU (line replaceable 
uni ts) or an enti re subsystem; thi s parametel', expressed in uni ts of 
maintenance man-hours per flight hour, is commonly translated into 
direct labor cost (dollars per flight hour). This criterion is suffi­
ciently important to be specified for new aircraft systems. Airlines 
are now requi ring their ai rframe suppliers to guarantee maximum values 
of shop and depot maintenance, and suppliers, in turn, are placing 
similar requi rements on thei r component and subsystem suppliers. 

(10) Failure prediction, detection, and compensation (failure diagnosis, 
isolation, and load reconnect ion), a necessary function involving al I 
the previously enumerated functions. 

Each of the above parameters is important. Some, such as accessibi lity, present 
acute problems; all present engineering problems of the most practical type with 
profound economic impact. 

There is no accepted standard on electric power channel capacity at the 
present time. Recent thinking on mfnimum allowable channel capacity is outlined 
in Table 26. 
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TABLE 26 

RECOMMENDED AND MINIMUM ALLOWABLE CHANNEL 
AND SYSTEM DESIGN CAPACITIES 

Number Number Design 
of of channel 

engines channels capacity 

4 4 .25 

.333 

.50 

• 

Dispatch with 
one channel 
i nope rat i ve 

No 

Yes 

Yes 

I 
! 

Abort with 
one channe I 
i nope rat i ve 

No 

No 

No 

Comments 

No sufficient margin 
for commercial aircraft 

Minimum contingency factor 

Adequate margi n for most 
em~ rgenci es 
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Concurrent with this study the feasible reliability goals for each item of 
hardware associated with candidate channel, subsystem, or system design should 
be established. This wi 11 allow quantitative values to be clarified for those 
dependent parameters listed such as dispatch and inflight reliabi lity, line and 
shop maintainability, and MT~URs. 

\ 

The mathematical relationships required for this work are too well known to 
repeat. The method of establishing values for the reliabi lity performance of 
new concepts and conceptual hardware should be discussed, however, since little 
emphasis is placed on the necessary mathematical connection between MTBF, MTBUR, 
time between scheduled overhaul (TBO), and design life in the avai lable litera­
ture . 

MTBF is a quotient of cumulative flight or equipment operating time divided 
by cumulative confirmed fai lures. MTBUR is simply the quotient of cumulative 
flight or equipment operating time divided by cumulative removals. This fre­
quently significant difference between MTBF and MTBUR reflects deficiencies in' 
effectiveness of fai lure detection, isolation, and identification • 

Time between scheduled overhaul (TBO) is an arbitrary but essential defi­
nition of scheduled remanufacture to nearly a "zero time condition." 

Design life is a term rarely defined and frequently confused with service 
life. The latter term impl'iedly includes scheduled and unscheduled overhaul 
(remanufacture) whereas design life is usually employed synonomously with time 
before overhaul. 

tion 
Using the above terms in conjunction with the concept that "for any popula­
of hardware, some fail prematurely or before the design 1 ife (TBO)", the 

( 1 - e- ~~~ F) . probability of failure occurring is For very rugged components 

(a heavy-duty gearbox, for example) the MTBF will tend to exceed the TBO several 
times. For highly stressed or very complicated hardware (some constant speed 
drives, for example) the TBO tends to exceed the MTBF; the implications are 
obvious. 

The following inferences result when the ten criteria listed above are 
applied to the electrical systems: 

(I) The overall penalty resulting from total installed weight and associated 
aircraft penalties is an inverse function of aircraft optimum cruise 
lift over drag ratio. This ratio, which approximates 16 for current 
high performance subsonic transports, will be reduced to approximately 
8 for SST; thus, installed weight is of sharply increased significance 
for SST. 
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(2) The total initial cost of newly conceived power generation and distri­
bution systems is appreciably higher than the cost of existing state­
of-the-art components. To compensate for this initial cost, a 
reduction in cost of ownership will be necessary, highly desirable, 
or both. Such reduction is most likely to result from increased 
reI iabi] ity, plus reduced incidence of failure and reduced line and 
shop maintenance costs. Compensation for initial cost in this manner 
appears feasible for VSCF and dc power. 

(3) The VSCF approach is po~ential ly more reI iable than the SCD approach. 
The VSCF approach has a weight disadvantage that is not pronounced 
and can be improved. 

(4) The dispatch reI iabil ity of different systems can be made to correspond 
to any desired value, however, difference levels of system redundancy 
(weight and costs) may be required. 

(5) Comment (I) also applies to in-flight system reI iability. 

(6) Safety of flight may depend upon a good dc emergency source. The 
improved dc power generation technique employed in past and present 
manned spacecraft appears to be the best emergency source in addition 
to possessing the greatest growth potential for primary power 
generation. 

(7) Accessibil ity is such a difficult problem that any improvement in the 
SST in this area is advantageous. Avoidance of a CSD falls within this 
concept, not only for accessibi 1 ity but also for most of the ten pre­
viously 1 isted criteria. 

(8 and 9) No comment is required en these two criteria, except that both 
would benefit from improved rel iabi 1 ity. 

(10) Since fault (failure) detection, isolation, and the identification 
concept are part of the loop, complexity can pose a serious reliability 
problem. In aircraft air conditioning systems, no attempt is made to 
fault isolate certain components because the failure frequency of the 
fault detection and isolation equipment would be appreciably greater 
than that of the monitored component (e.g., a heat exchanger). 
Sophisticated mathematical analysis and optimization may lend itself 
to solving the problem associated with this task and may conceivably 
become an important element in the final choice of a prime candidate 
mode of generation and distribution. Current work on fault detection 
and isolation on major subsystems of the McDonnell Douglas DC-IO 
large commercial jet transport clearly indicates a void in the 
scientific approach to optimization of fault detection and isolation. 
The methodology and techniques now employed can only be described as 
primitive and routine. Some of the built-in test equipment (BITE) 
has more than doubled the failure rate of certain electronic compo­
nents, and extensive redesign has been required to reduce the 
complexity. 
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Recommended Research and Development Efforts 

As a result of the present study activities, the areas which appear likely 
to receive further research and development attention are listed below: 

(I) Automatic load management 

(2) Connectors 

(3) Uninterruptible power system for airborne digital controls 

(4) Signal multiplexing techniques 

(5) Solid-state EM! suppression 

(6) Brushless dc motor 

(7) Dc circuit breakers and contactors 

(a) Adaptation of de transformer in aircraft 
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APPENDIX A 

POWER CHARACTERISTIC AND SYSTEM COMPONENT 
REQU IREMENTS 

- .. · ... 4 

To illustrate the design requirements for a typ~cal aircraft electrical 
power system, the following information is abstracted from ,9 design specifica­
tion for the Lockheed C-141 aircraft. 

General System Requirements 
, 

The primary ac pow~r system is a 3-phase, 4=wire "Y" system with a nominal 
voltage of I 15/200 V and a nominal frequency of 400 Hz. The neutral point of 
the power source is connected to ground, and the ground is considered the fourth 
conductor. The primary ac power source is four constant frequency generating 
systems or channels, each one associated with each of the four aircraft engines. 
These four channels may have anyone of three operation modes: (I) normally 
operated in paral leI; (2) not in'parallel but nominally synchronized; or 
(3) not in parallel and not synchronized. The I ine drop to equipment suppl ied 
from this system is less than 4 V for continuous duty equipment and 8 V for 
intermittent duty equipment. 

The dc power system is a 2-wire, grounded system with a nominal voltage of 
28 V. The negative of the power source is connected to ground, and the ground 
is considered the second wire. Unregulated transformer-rectifiers (TR's) sup­
plied from the primary ac power system provide the dc power source. The voltage 
variation during operation of the dc util ization equipment includes ac/l ine 
voltage drop, TR voltage regulation, and dc I ine voltage drop. Util ization 
equipment is maintained at specified performance levels; the power system 
characteristics are I isted below Linder Detailed System Requirements. 

When it is necessary to use power with characteristics or tolerances other 
than those provided, conversion to those characteristics f .tolerances is accom­
plished by the utilization equipment. 

Detailed System Requirements 

Ac power system characteristics.-- The steady-state phase voltage for 
single and three phase limits are given in table A-I. These limits are applic­
able during 380- to 420-Hz operation. 

The displacement between adjacent phases is within the 120 ±1.5-deg limit. 
Maximum spread in phase voltages is less than 3 v for'all aircraft operations. 
The voltage waveform is within the following limits: 

(I) Crest factor--I,.41. ±O.I 

(2) Total harmonlc content--4 perc~rit of the fundamental (rms)~ when 
measu~ed with a distortion meter as distorti6n of the fundamental 
frequency. 
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TABLE A-I 

STEADY-STATE AC VOLTAGE LIMITS 

Single-phase limits Average of three-phase limits 

Continuous 
duty equipment 

Intermittent 
duty equipment 

I IS-V equ i pment I IS/200-V equipment 

107.S to 119.S 108. S to I 17. S 

103.S to 119.S 104.S to 117.S 

(3) Individual harmonic content--3 percent of the fundamental (rms), 
when measured with a harmonic analyzer. 

The voltage modulation does not exceed a 3.S-V amplitude when measured as 
the peak-td-valley difference between the minimum voltage and the maximum 
voltage reached on the modulation envelope over at least a I-sec period. The 
voltage modulation is illustrated in fig. A-I. The frequency components of the 
voltage modulation envelope waveform are within the limits specified in fig. A-I. 

Voltage transients are within the limits of fig. A-2 for all operations of 
the aircraft electric syste~. The most severe phase transient is used in deter­
mining conformance to fig. A-2. The voltage transients for all normal electric­
system operations are within limits 2 and 3 of fig. A-2. The ac voltage tran­
sients which result from abnormal electric-system operation are less than limits 
I and 4 of fig. A-2. 

The ac power systems frequency is maintained at 400 ±4 Hz for steady-state 
operation. Variation within steady-state frequency I imits owing to drift is not 
more than ±2 Hz for any period of steady-state electric-system operation. Fre­
quency variation owing to drift does not occur at a rate greater than 15 Hz/min. 

Variations of frequency owing to frequency modulation during any I-min 
period are within a band of ±2 Hz about a mean frequency. The mean frequency 
may drift within the limits defined in the above paragraph. Rates, of frequency 
change owing to frequency modulation do not exceed 13Hz/sec. 

Frequency transients are cbnfined within the limits of fig. A-3 for al I 
aircraft operations. Rates of frequency change during a transient will not 
exceed 500 ~z/sec for any period longer than IS msec. Frequency transients 
resulting from normal system operations are within limits 2 and 3 of fig. A-3. 
Those resulting from abnormal electric-system operations are within limits I 
and 4 of fig. A-3. 

The electric distribution and utilizationi;systems will have a phase sequence 
A, B, C corresponding 'to TI, T2, T3 of the power source. 
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Figure A-2. Transient ac Voltage Limits 
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Dc power system characteristics.-- Steady-state voltage shall be within 
the limits specified in table A-2. 

TABLE A-2 

STEADY-STATE DC LIMITS 

Continuous duty equipment 24 to 28.5 v 

Intermittent duty equipment 23 to 28.5 v 

The ac peak of ripple voltage to average dc voltage is less than 1.5 V when 
measured with a peak reading vacuum tube voltmeter in series with a 4.0-~F 
capacitor. The higher of the two values measured when the voltmeter is succes­
sively connected for each of two polarities is considered the ripple voltage. 
The frequency components of the ripple are within the limits given in fig. A-4 
when measured as conducted interference. 

Voltage transients are within the limits of fig. A-5 for all operations of 
the aircraft electric system. The dc voltage transients for all normal electric­
system operations are limits 2 and 3 of fig. A-5; dc voltage transients for 
abnormal electric-system operation are less than limits I and 4 of fig. A-5. 

Utilization of Aircraft Electric Power 

Conversion.-- Equipment which requires conversion of input power to power 
with other characteristics accepts the power as defined for modification and 
use. Modification and use is integral with the utilization systems or utiliza­
tion equipment. Utilization equipment of a size to require ac input power above 
500 VA may include integral static converters to obtain up to 5 A of 28-Vdc power 
in lieu of requiring the 28-Vdc power as specified. 

Normal electric-syst~,m operation.-- During normal operation of the electric 
system, utilization equip~ent: 

(t) Provides 100-percent performance, except when the detail specification 
fora given utilization equipment defines specific regions of the 
electric system characteristics with corresponding degrees of perform­
ance degradation. 

(2) Remains safe. 
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(3) When degraded performance has been permitted for given regions of 
given characteristics, after operation in such regions with return to 
other regions of normal electric-system operation, the uti lization 
equipment: 

(a) Automatically recovers to IOO-percent performance. 

(b) Remains unaffected in reliability. 

Abnormal electric-system operation.-- During abnormal operation of the 
electric-system, util ization equipment:· 

(I) Has no performance requirements, unless the detail specification for 
a given uti lization equipment requires specific degrees of performance 
to be maintained within specific regions of the electric-system charac­
teristics. 

(2) Remains safe. 

(3) May have momentary loss of function; however, this momentary loss 
does not affect later equipment performance. 

(4) After abnormal operation of the electric-system and with return of 
the electric-system to normal operation, util ization equipment: 

(a) Recovers automatically to specified performance, unless the 
detail specification for a given utilization equipment permits 
manual reset of equipment after the abnormal electric-system 
operation. 

(b) Has negligible effect on reI iabil ity owing to the abnormal 
electric-system operation. 

Voltage tran~ients.-- For testing performance of util ization equipment 
during conditions of input voltage transients, voltage transients are considered 
as any voltage as its corresponding time on the I imits of fig. A-2 and A-~. 

Warmup.--. Time required for equipment to warmup prior to obtaining specified 
performance is minimized. Time to return to specified performance, after a power 
interruption, does not exceed the actual thermal or mechanic~l requirements, or 
both. Warmup time is less than 5 min. 

Influence on electric system.-- There is no influence by utilization equip­
ment on the power characteristics at the terminal inputs which would cause these 
characteristics to go beyond the I imits specified. 

The modulation induced by varying loads within utilization equipment does 
not,cause voltage modulation or ripple to go beyond the limits at the terminals 
of the utilization equipment given above. This self-modulation is caused by 
variations in the current (required by the equipment) that cause a varying volt­
age drop in the wiring of, the'j:ipwer circuit to the equipment. 
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Ac power.·~- For loads less than 500 VA, three-phase power is used when 
practicable; for ac input demands exceeding 500 VA, three-phase power is required.: 
The averages of three-phase steady-state voltage limits in table A-I are applic­
able only when a phase of the three phases is not uti lized as a single-phase 
load. For ac input demands not exceeding 500 VA, the equipment may require 
single-phase power. Equipment which is inherently single phase in power con­
sumption presents, if practicable, a three-phase demand by being internally 
segregated into three single-phase loads. Single-phase power is used only on 
a line-to-neutral basis. 

/ 

Equipment requiring three-phase power requires equal phase volt-amperes 
and power factor insofar as practicable. The phase volt-ampere difference 
between the highest and lowest phase values, assumlng balanced voltages, is 
less than the .limits specified in fig. A-6. 

Equipment utilizing ac power is designed to present as near a unity power 
factor as practicab1e for all modes of equipment operation. The fully loaded 
equipment presents a power factor on the worst phase not less than the limits 
specified in fig. A-7. Jo._~. 

One phase of three-phase power can fail without resulting in an unsafe 
condition. During fai lure of the one phase, no equipment performance is re­
quired unless specified in the equipment detail specification. 

Power fai lure.-- For equipmeni requiring both ac and dc power, one power 
source may fail without resulting in an unsafe condition. During this loss of 
power no equipment performance is required. Where performance is not required 
but povJer is required to maintain equipment standby n~adiness, the standby power 
requirement is minimized. 

Power tolerance.-- Input power requirements dOl not vary by more than +10 
percent and -10 percent of an establ ished limit between production units of a 
given util ization ~quipment. 

Definitions 

A listing of pertinent definitions is presented below. 

(I) Average value--The arithmetical sum of the phase va.lues divided by 
the number of phases. 

(2) Ground--The referenced ground for the ne.gat i ve of the dc ~nd the 
neutral of the ac in the power generation and po~er utilization 
systems. 

(3) Transient--The changing condition of a characteristic which goes 
beyond the s teady-s tate lim its and returns ,to the s t;eady-s ta te 1 i mi ts 
within a specified time period. 

I'"~ 

T ota 1 ha rmon i c ,~con ten t--Jhe tota 1 rms vo 1 tage of a (~omp 1 ex ',wave 
rema i nJ n9 when the fundamenta 1 compon~nt. is renlPvced. ' 
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Figure A-6. Unbalance Limits for 3-phase Util ization Equipment 
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(5) Freguency modulation--The cyclic or random dynamic variation, or both, 
of instantaneous frequency about a mean frequency during steady-state 
electric-system operation. The frequency modulation is normally 
within narrow frequency limits and occurs as a result of speed varia­
tions in a generator rotor owing to the dynamic operation of the rotor 
coupling and drive speed regulation. 

(6) Freguency modulation rate--The rate of change of frequency owing to 
frequency modulation when plotted against time. 

(7) Freguency drift--The extremely slow and random variation in frequency 
within the steady-state limits occurring as a result of environmental 
effects and wear on the electric power-drive system. 

(8) Freguency drift rate--The rate of change of frequency owing to frequency 
drift when plotted against time . 

(9) Ac voltage values--Root mean square (rms) values for any phase of 
util ization equipment, a phase being considered a line to neutral. 

(10) Voltage modulation--Voltage modulation is the cycl ic variation or 
random dynamic variations, or both, about an average of the ac peak 
voltage during steady-state electric-system operation such as caused 
by voltage regulation and speed variations. The modulation envelope 
is formed by a continuous curve connecting each sine wave peak to 
the successive sine wave peak . 

(I I) Voltage modulation freguency characteristics--The component frequencies 
which make up the modulation envelope waveform . 

(12) Ripple--The ac variation of voltage about a fixed dc voltage during 
steady-state dc electric-system operation. 

(13) Unsafe condition--Any condition within the aircraft that jeopardizes 
the safety of the aircraft and/or the personnel aboard. 

(14) Aircraft operational period--The time interval between the start of 
preparation for flight and the post flight engine shutdown with con­
sequent deactivation of the aircraft electric system. 

(15) Utilization eguipment--Either an individual unit, set, or a complete 
system to which the electrical power is applied or disconnected, or 
both, as a whole. 

(16) Intermittent duty utilization eguipment-~That equipment operated for 
30 sec or less in any IS-min period. When the detail equipment speci­
fication does not designate otherwise, the equipment will be considered 
continuous duty. 

(17) Line drop--The voltage d·ifference between the point of voltage regula­
tion a~d the power input terminals of the equipment. 
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(18) Normal electric-system operation~-All function~l electric-system 
operations required for aircraft operation, ail"craft mission and 
electric-system control led continuity. These operations occur any 
number of times at any given instant during flight prepar&tion, 
takeoff, airborne conditions, landing, and anchoring. Examples of 
such operations are switching of utilization equipment loads, engine 
speed changes, bus switching and synchronization, and paralleling of 
electric power sources. 

(19) Abnormal electric-system operation--The unexpected but momentary loss 
of control of the electric system. The initiating action of the 
abnormal operation is uncontrolled and the exact moment of its occur­
rence is not anticipated. However, recovery from this operation is 
a controlled action. This operation occurs perhaps once during a 
fl ight or it may never occur during the life of an aircraft. An 
example of an abnormal operation is the faulting of electric power 
to the structure of an aircraft and its subsequent clearing by fault 
protective devices. 

(20) Emergency electric-system operation--That condition of the electric 
system during fl ight when the primary electric system becomes. unable 
to supply sufficient or proper electric power, thus requiring the use 
of a limited independent alternate source of power. 

-. 
One generator and constant speed drive is mounted on each main engine. 

Each of these four generators suppl ies its load bus through a generator circuit 
breaker (contactor). Each load bus is connected to a bus tie breaker (contactor) 
and to a synchronizing bus. A fifth generator, mounted on the auxiliary power 
unit (APU), is not paralleled with the others. The APU generator supplies power 
to the tie bus through a generator contactor only when no other power supply is 
connected to the tie bus . 

Constant Speed Drive Requirements 

Characteristics.-- The power output rating of the drive is 64 hp. The drive 
has a capabil ity, however, of carrying 80 hp continuously, 96 hp for 5 min, and i 
128 hp for 5 sec over an input speed range of 4100 to 8500 rpm. (Cruise speed 
is referred to here as 7300 rpm.) An output speed of 6,000 rpm corresponds to 
a 400-Hz generator output. '( 

! 
The drive and load controller wil I be in accordance with the control drawing l 

specified. Maximum is 12 x 12 x 12 in.; the controller is 3.5 x 4.5 x 6~5 in. 

Component Design Requirements 

The fo II owi ng is a summal-y of des i gn requ i rements for the components of a 
typical aircraft electrical generating system, rated 40 kVA per channel. The 
system is comprised of: 

(I) Constant Speed Drive Unit (CSD) 
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(2) Generator 

(3) Generator Control Panel 

(4) Bus Protection Panel 

..... 

App1 icab1e Government specifications are: 

MIL-E-5272(ASG) (I) General Specification for Environmental Testing, 
Aeronautical and Associated Equipment 

MIL-G-6099A (I) General Specification Generator and Regulators, 
Air Cooled A-C, Aircraft 

MIL-STD-704 Characteristics and Uti1 ization of Aircraft Electric 
Power MIL-T-7210 (USAF) (I) Current Transformer 

MIL-C-26500 (USAF) (3) Connectors eneral Purpose, Miniature, 
Environment Resisting 200°C Ambient Temperature 

MIL-L-78080 Lubricating oil, Gas Turbine Aircraft 

MIL-C-8188C Corrosion Preventive Oil Gas Turbine Aircraft 

MIL-I-6i810 Interference Control Requirements, Aircraft Equipment 

The total generating plant is comprised of four generating channels, driven 
by the main aircraft engines and one Benerating unit driven by an APU. 

The maximum weight of the drive with integral oil tank is 76 lb. The 
maximum weight for the load controller for each drive is 5 lb. 

Design and construction.-- The CSD is suitable for transmitting pcwer from 
an aircraft turbofan engine pad operating at a variable speed to an aircooled 
generator at constant speed. The unit includes: 

(I) An input Quick Attach-Detach (QAD) mounting 

(2) A solenoid operated input disconnect device 

(3) Malfunction detection provisions 

(4) An integral speed governing system 

(5) Integral overspeed protection 

(6) Underspeed indication 

(7) A means of permitting the generator to overrun the drive 

(8) An integral oil tank 
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(9) A wiring harness with a single external connector 

When the load is constant: over the rated input speed range, the average 
generator output frequency remains within the 1 imits of fig. A-I with changes in 
input speed no greater than I rev/sec/sec. The instantaneous output frequency 
during any 15sec period does not deviate more than I Hz from the average output 
frequency during that period. Frequency modulation does not exceed. I perecent, 
or be at a frequency below 25 Hz. 

Within the rated input speed range the sudden appl ication or removal of any 
load up to 200 percent will not produce frequency variations outside the limits 
of fig. A-S. The frequency will return to and remain within the steady-state 
1 imits within 1.0 sec after appl ication or removal of rated load. 

Within ,the rated input speed range, with constant loads up to 100 percent 
rated, input speed accelerations up to 15 rev/sec/sec will not cause the output 
frequency to deviate from rated frequency by more than 2.5 percent. Combined 
load and speed changes will not cause greater frequency deviations than the sum 
of the deviations for the changes separately. 

The maximum steady-state difference between the real load on any generator 
and the average generator real load wi 11 not exceed 6-1/4 percent of I 'generator 
rating for any load from zero to rated system load. 

The maximum transient difference between the real load on any generator and 
the average generator real load with sudden appl ication or removal of any load 
up to rated shall not remain above 20 percent of one generator rating for a 
period not to exceed 50 mill iseconds, and shall not exceed 50 percent of I 
generator rating ,during this period. 

General Component Requirement 

A typical aircraft electrical generating system, rated 40 kVA, comprises a 
constant speed drive (CSD), a generator, a generator control panel, and a bus 
protection panel. Appl icable design requirements for these components are pro­
vided in the government specifications 1 isted below 

MIL-E-5272C (ASG) (I) General specification for environmental testing, 
aeronautical and associated equipment. 

MIL-G-6099Z (I) General specification generator and regulators, air 
cooled ac, aircraft. 

MIL-STD-704 Characteristics and util ization of aircraft electric power. 

MIL-T-7210 (USAF) (I) Current transformer. 

MIL-C-26500 (USAF) (3) Connectors general purpose, miniature, environment 
resisting 200°C ambient temperature. 
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Figure A-8. Speed Load Characteristics 
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MIL-L-7808D Lubricating oil, gas turbine aircraft 

MIL-C-8188C Corrosion preventive oil gas turbine aircraft. 

MIL-I-618ID Interference control requirements, aircraft equipment • 

The total generating plane comprises focr generating channels driven by the 
main aircraft engines and one generating unit driven by an APU. No damage or 
degradation of performance will result from improper operation of the auto­
parallel ing circuits if they permit random paralleling to occur. 

A load controller suppl ies a trimming signal to each drive governor to 
maintain load division within specified 1 imitsa Provision is made for a 
frequency reference to be added later that will hold frequency to I imits as 
close as ±I/IO of 1 percent. 

The following devices are provided: 

(I) Shear section--A shear section is included in the input shaft of the 
drive with a shear torque of 6,000 ±450 in. lb. After a shaft shear, 
no harmful shipping of the sheared ends or damage to the engine out­
put spl ine occurs. 

(2) Overspeed--An overspeed device is built into the drive which operates 
at a setting corresponding to 465 ±15 Hz. This device independent of 
the main governor, positively shifts the drive to minimum speed ratio 
without external electric power to the drivee 

(3) 

The overspeed device automatically resets for normal operation when 
the drive is stopped. 

Underspeed--An underspeed device incorporated in the drive operates a 
single-pole, double throw, hermetically sealed switch with contacts 
capable of hand1 ing a control relay coil load with a nominal 30-V 
rectified power supply. The switch closes its normally open contacts 
when the drive output speed increases to correspond to 380 ± 8 Hz. 
These contacts reopen when the drive output speeq drops to 360 ±8 Hz. 
Current is from .05 to 1 amp. 

(4) Overrunning--An unloadin'g device is proved to permit the generator to 
rotate more rapidly than the drive. When the generator is overrunning, 
the drive input reverse torque will not exceed 10 percent of the torque 
at rated load at minimum rated input speed. 

(5) Filter--A 10-m oil fi1ter\~nd bypass valve are incorporated in this 
unit for protection against' contaminated oil. 
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(6) Malfunction detection--Typically, three malfunction detecting devices 
are included: 

(a) Temperature detecting devices to indicate rise in temperature of 
oil passing through the drive, and by switching, temperature of 
oil leaving the drive, or a device to power an indicating 1 ight 
when sump oil reaches excessive temperature. 

(b) A switch to 1 ight a 28-V incandescent lamp when charge oil 
pressure drops below safe 1 imits if charge oil pressure is 
essential to prevent damage to the drive. 

(c) A magnetic/electric sump plug installed to permit a ground check 
for magnetic particles. The plug is designed so that the parti­
cles can be inspected without draining the sump. 

(7) Disconnect--The input disconnect device is actuated by an electric 
solenoid. Maximum solenoid power is 5 A/.2 sec at 18 to 30 V dc. 
The disconnect can be operated at any engine operating speed and 
generator load; completes the disconnection within 3 sec after 
actuation. Continued operation of the engine after disconnect is 
not affected. Re-engagement of the disconnect is accompl ished 
manually on the ground without any disassembly or dismounting of the 
drive. Disconnection does not occur without solenoid actuation; 
after disconnection has been effected, inadvertent re-engagement 
does not occur inadvertently. 

Heat produced by the drive is transferred into the circulating fluid which 
is cooled in a separate oil cooler. Oil and airflow to the oil cooler does not 
exceed I I gpm. The minimum efficiency of the drive at rated load is not less 
than 80 percent over the rated speed range. Maximum pad temperature is 3500F. 

Generator Requirements 

Designo-- The generator do~s not uti} ize commutators, sl ip rings, or brushes. 
Field flusing is not required for generator build-up. The regulator is a static 
type of design capable of supplying the necessary excitation to the generator 
during all the specified operating conditions. No magnesium ,parts are used in 
the generator. 

Generator rating.-- The generator is rated 40 kVA with a power factor from 
1.0 to .75 lagging. Power to operate the control panel and all contactors 
within the PMG generating channel are suppl ied by the PMG. 

The generator and voltage regulator are capable of del ivering the following 
loads at the conditions specified in MIL-G-6099, para. 4.5.4. 

(I) ISO-percent rated current at minimum rated lagging power factor for 
5 min. 
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(2) 200-percent rated current at minimum rated lagging power factor for 
5 sec. 

; 

(3) 125-percent rated current at minimum rated lagging power factor con­
tinuously from nOc at sea level to -10°C at 50,000 ft. 

The rated generator voltage is 120/208 V. The rated system voltage is 
nominally 115/100 V. Any variation from the nominal setting of 115/200 V will 
not exceed ±2.5 percent during steady state conditions at any load up to 50 kVA. 
These 1 imits apply in lieu of the steady-state 1 imits shown on fig. 8 of 
MIL - G- 6099 . 

The generator is three phase, the frequency range is from 380 to 420 Hz, 
and the maximum speed for regulation is 6300 rpm. Efficiency at rated load is 
not less than 85 percent. The temperature-altitude range shall be Class C for 
the generator, and Class B for the regulator. 

Any internal mechanical failure of the generator will provide a grounded 
circuit to light a warning 1 ight. The generator will not become a fire hazard 
and the voltage regulator will not be damaged. 

The voltage regulator util izes average sensing with highest phase 1 imiting 
to a maximum of 125-V rms 1 ine-to-neutral. Voltage regulator sensing is at the 
load end of the generator feeders. The transient response of the generator and 
voltage regulator combination to a load disturbance is in accordance with the 
curves in fig. A-9. The output voltage remains within these 1 imits rather than 
those of fig. 8 of MIL-G-6099. 

Speed range.-- The speed range is from 5700 to 6300 rpm. Overspeed is 
9500 rpm as required in the test requirement section of MIL-G-6099 • 

Generator weight, including the blast cap, does not exceed 90 Ib; 
Regulator weight will not exceed 5 lb. 

The generator and voltage regulator are in accordance with control drawing 
specified. The generator is 11.5 (dia) x 15 in., and the regulator is 6 x 6 x 5 
in. max i mum. 

The overhung moment does not exceed 550 lb-in. 

Generator Control Panel Requirements 

Design and construction.-- The generator control panel weighs less than 
12 lb. Dimensions are in accordance 'with ARINC size 1/2-ATR long. 
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Performance.-- The panel shall be capable of operating satisfactorily under 
a temperature range in accordance with MIL-G-6099 fig. 2, Class B. It performs 
the fol lowing protective functions, without nuisance tripping: 

(I) pvervoltage--The generator is deenergized and disconnected from the 
load bus before any phase voltage exceeds an inverse time curve of 
5 V above 129 V up to an upper 1 imit·of 190 V. 

(2) Overexcitation--The generator is selectively disconnected from its 
load bus and deenergized when it be~omes over-excited in parallel 
operation. The load bus continues to be suppl ied from the tie bus 
without interruption. Protection is coordinated with the reactive 
load division circuit. 

(3) Undervoltage--The generator is prevented from being connected to its 
load bus until all its phase voltages rise above 103 ±.3 V, and is 
disconnected from its load bus and deenergized when any phase voltage 
drops to and remains below 103 ±.3 V for the coordinated time delay 
period of approximately 6 sec~ There is a minimum differential of 
1 V between the pickup and dropout values. 

(4) Underexcitation--During parallel operation the generator is selectively 
disconnected from its load bus and deenergized when it becomes under­
excited for the coordinated time delay period of approximately 6 sec. 
The load bus continue~ to be suppl ied from the tie bus without inter­
ruption. When the u~dervoltage condition is not accompl ished by 
absorbed reactive current, the tie bus contactor for the generator is 
opened after a coordinated time delay period of approximately 3 sec. 
Protection is coorJinat@d with the reactive load division circuit. 

(5) Underfreguency--The genf'rator is prevent,t;!d from being COilnected to 
its load bus until the drive underspeed switch closes; it is dis­
connected from its load bus when the drive underspeed switch opens 
for a period of 2 ± 1 sec. The protection is actuated from a 
normal ly open switch in the constant speed drive. 

(6) Differential fault--A 1 ine-to-ground, I ine-to-l ine, or 3-phase fault 
on the generator feeders from the neutral side of the generator wind­
ings to the tie bus side of the bus tie contactors.opens the holding 
circuit to the generator cont~ctor coil and to the field relay coil 
within .03 sec after a fault current of .35 per unit or more starts 
to flow. If the fault current persists) the circuit to the holding 
coil of the associated bus tie contactor is opened after .4 ± .15 
sec. 

(7) Unbalanced current--A load d)vision loop or other fault causing the 
phase current on one generator to differ by more than 25 A from the 
average of the generator currents of the same phase causes the 
associated bus tie contactor to open after a coordinated time delay 
of a nomi~al 8 sec. 
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(8) Anti-cycl ing--Neither the generator contactor nor the bus tie contac­
tor shall close and reopen more than once on a fault condition while 
the control 1 ing switches are mclintained in the position to cause such 
closing • 

(9) Diode failure--The generator is deenergized and disconnected from the 
bus in the event of diode failure in the generator field circuit • 

Control functions.-- The generator control panel provides the following 
control functions: 

( I ) 

(2) 

(3) 

(4 ) 

Excit~r field control--Means are provided to deenergize the exciter 
field through operation of th~ generator control switch or any of the 
protective functions except underfrequency which cause the generator 
contactor to open. A latched relay is not used. 

Auto paral leI ing--Means are provided to close the contactor for a 
generator to be paralleled with others when it is within 90 electrical 
degrees of being in phas~ with the generator or generators connected 
to the tie bus. The control furnishes a closing signal to both the 
generator contactor and the bus tie contactor so that parallel ing 
may take place across either. The parallel ing transient does not 
exceed that of the switching i50 percent rated load. 

Sequential operation--System circuits cause each generator to take 
over its own load bus from external power when the generator is 
brought up to operating speed. A sequential selective circuit causes 
one generator only to be connected to the tie bus when external power 
is disconnected. The other operslting generators are automatically 
pa ra 11 e 1 to it. 

Power 5upply--PMG power is conver'ted to simultaneously supply the 
internal needs of the control panel, to energize the generator con­
tactor, and to energize the essential bus contactor. The coil char­
acteristics of the generator contactor and the essential bus contac­
are: 

voltage range - 16 to 29 V, 28 V nominal; pickup voltage - 18 V 
maximum. The coil has a maximum inrush of 5 A and a hold current 
of .75 A. 

(5) Extra circuits--Three sets of contacts are provided for the generator 
contactor and three are provided for the bus tie contactor to operate 
contactor/interlock circuits. These contacts are closed when the 
associated contactor is open. In addition, one set of contacts are 
provided to energize a warning 1 ight ~lrcuit when the generator is 
deene rg i zf=d" 

A-23 

It 

\ 



'. 

" " 

:" ,: 
I 

" 

".' .-. ' 

. ,,-

b 

,'-, 

" 

',j 

.1 
,', ':j 

' .. 
' .. ,.1 

< 
• j 

",I 

'. .~. 

. ~ .. , 
" 

. :.: ",::"', . :::1 
. " 

. .:~ 
.', •• t4 

.. , 
, ;. J .. ·:<;:1 

-:' J 

;"; 

' .. 

, :~ ---.-., 
. ~ .. '''' ". . " 

Bus Protection Panel Requirements 

Design and construction.-- The bus protection panel weighs less than 6.5 
Ib and is in accordance with ARINC size 3/8-ATR short. 

The panel is capable of operating satisfactorily under a temperature range 
in accordance with MIL-G-6099, fig. 2, Class B. The following functions with 
respect to external and auxil iary power control, are grouped, if necessary, 
in the bus protection panel. A three-position selector switch selects either 
external or auxil iary power. 

(I) Connection--Circuits prevent either external or auxil iary power from 
being connected to the tie bus when the tie bus is powered from another 
source. 

(2) Di5connection--A circuit is provided 50 that when the tie bus is powered 
from external or auxil iary power the bus tie contactor of a generator 
coming up to speed will be opened before the generator contactor closes. 

(3) Power supply--A transformer rectifier util izes power from the external 
ac power supply to supply 28 V dc power to close and hold the external 
ac power contactorso 

(4) Phase sequence protection--The external power contactor is prevented 
from closing when the phase sequence is incorrect. 

(5) 

j 

Undervoltage--A means is provided to open the external power contactor 
and prevent cycl ing when any phase voltage drops to and remains below 
90 V for 6 sec, regardless of whether the undervoltage is due to a 
fault on the tie bus, or low voltage from the external power supply. 
The external power contactor does not close if the supply voltage is 
below 100 V • 

" 
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APPENDIX B 

SAMPLE SST ELECTRICAL LOAD DATA 

The fol lowing load data, load profile, and distribution schematic (for a 
sample supersonic transport) are included here for the purpose of comparison 
with the electrical system data of subsonic aircraft presented earlier in this 
report. The navigation and communication power supply data, furnished by the 
Collins Radio Company, are a'prel iminary configuration designed solely to 
obtain an estimate of the power loading on a sample supersonic transport 
aircraft. 
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Conn Item load 

Li ght i ng 25.2 

Electronics 7.3 

Trans/ rect un it 6.4 

MUX, E1, throttle, mise 9.5 

Lava tor i es 5.2 

Elec. equip, 

Racks and ADS cool 14.3 

Brake cool /6.0 

Win d s hie 1 d hea t 7.7 

Fue 1 pumps 135.6 

Ga 11 eys 20.4 

Demand on power system ----
:(kVA) 

Sum of connected loads ~ 243 kVA 

<~~=~~ 0-. 
4' 

:-Y' 

~"":":~_":: __ ...,;::_'tf..:.! '"' _F. _~ , " H~ 

Engine 
sta rt 

13.3 

3.5 

1.3 

7.7 

.2 

/4.3 

16.0 

----
20.0 

20.0 

92.3 

TABLE B- 1 

SAMPLE SST AC LOAD ANALYSIS 
LOADS IN KVA 

Takeoff Super-
Taxi and sonic 

cl imb cruise 

14.2 /5.0 13.0 

3.6 4.0 4.0 

2.0 2. / 2.6 

6.5 7. / 7. 1 

.2 .2 2.2 

/4.3 /4.3 .. ---
---- ---- ----
5.8 5.8 ----

50.4 5/ .2 68.0 

20.0 20.0 20.0 

112.4 1/6.2 112.0 

"',I 

,'!. 

.:.. "".i".-:._.:..'.::.- ' .... • .~: '!(- ... .4 

Holding 
Sub- pa ttern Ro 11-sonic and 1and- Taxi 
cruise ing out 

, 

14.0 15.9 15.9 14.0 
" 3.0 2.9 2.9 3.5 

2.4 2.1 2. 1 2. 1 I 

6.7 6.5 6.5 6.5 

2.2 .4 .4 .4 

_ ... _- /4.3 /4.3 14.3 

---- ---- ---- ----
---- 5.8 5.8 5.8 

5/ .2 40.0 40.0 40.0 

20.0 5.0 5.0 5.0 

98. / 91.7 91.7 98.2 
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TABLE B-2 

SAMPLE SST DC LOAD ANALYSIS 

tD 
I 

VI 

Item 

Lighting 

Electronics 

Mi sc 

Flight control 

Fuel i nd i ca t i on 

Totals 

Conn 
Sta rt load 

7.8 7.8 

90.6 31.4 

3.6 3.6 

10.0 10.0 

58.2 1 .5 

170.2 54.3 

LOAD IN AMPERES 
--

TakeGff 
Taxi and 

climb 

7.8 7.8 

34.3 38.6 

3.8 3.6 

10.0 10.0 

1 .5 1 .5 
J 

57.2 6! .5 

.. _--. -I rTnrTr.rmrn:, n .- ":flit :ri'fiFif-# -'ftiiililJliWiiirili' -...... ~.- ~~:";';'~,;."" 

&e 

.j 

Super- Sub-
Ho 1 d and Ro 11-sonic sonic Taxi 

cruise cruise land out 

7.8 7.8 7.8 7.8 7.8 

49.3 49.3 38.5 38.5 38.5 
~ ' •. _J •• 

3.6 3.6 3.6 3.6 3.6 .. ' ".' , !J 

10.0 10.0 10.0 10.0 10.0 

i .5 1.5 I .5 I ~ 5 1.5 

72.2 72.2 6/.4 61.4 61.4 
I 
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Figure 8-1. Sample SST AC Load Profi le 
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Interruptable 
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Windshield heat 
. 

Brake cooling blowers 

Equipment cooling blower$ 
Convn/navand fl ight contro'l 
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l 
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Brake coo ling 
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Fuel pumps 
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flight control 
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Figure 8-3. Sample SST Ground Power Loads 

ez 0 

1 

5-50193 

~ 
f 

~ 

I~ , 
I -
I . 

! 
! 
~ '. 

~ . 
~ 

.' ... \ 
.', ',' 

" 

. f . 
~. 

.., , :,-
.... . ... 

'. :.:" .. : . ,.j 
'.. .. ,-' I ;~.:: .:.~: ".";:' 

:.:'" ;'t ...•.. j 
':: ... ·\F;····· .. ~ 

.. , .. (; '. :. "~l 
--' '. '. 'j . . . ''':'' 

'.~ . 

.' 

" 

.... 

';. : :;~ ~; 
: .' 
. - ." .. : . ~ 

" .... ': .. 

, 

~ 

- ~ 

• -1 

:I 



f • 

b 

; ! 

,'j 

", -"I 

·'1 . i 

.. .. , 

..... qp -. ., 
I 

. . 
",' ...... 

. ", 

TABLE B-3 

SAMPLE SST STANDBY POWER LOADS 

Load BatterY,amps 

Emergency lighting 4.0 

Electronics 6.0 

Fl ight instrumentation 4.5 

Flight control 7.7 

Flight safety 2.0 

DC/AC inverters 92.0 

30-min load 116.2 

TABLE B-4 I, 

SAMPLE SST STANDBY POWER SYSTEM INVERTER LOADS 

Load Output, volt-amps 

Electronics \ 310 
f :' 

Flight instrumentation 285 
. i 

Fl i ght cont ro 1 1,205 

Total output 1,800 va 
at .96 PF ! . 

Inverter input at 26 vdc 75-percent efficiency - 92 amps 
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TABLE B-5 

SAMPLE SST VSCF CHANNEL RATING 

Channel Rating 

10,000 to 15,000 rpm 

Continuous 80 kVA 

10 min 75 kVA 

5 min 90 kVA 

1 per unit-base rating -- 60 kVA 
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15,000 to 20,000 rpm I 
75 kVA 

Ii 

75 kVA 

90 kVA t 
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SINGLE AND 3 PIlAS; BUS 
115 Vile 400 II POWER 

REQ'D 
NOMINAL 

MIiCRAFT 

3~IIVAl 
-- )NTf.RfpCE 

P! ."--.... ---.. ~ 0 . 

LINE VOL \oIt 
\olIVA IN' La 

Pg 147 
. , 
· , 
,~'" " 

I P4 ) 

-;FAN~ I 3062V.A. 
RgT ... 

I 
P3 2800* 575 37 

I P5 I 
462y~ I TIR AND I 

I REGULATORS 

~ I I XF 
26 VAC BUS; 0 

I 

P6 281 253 14.5 

P7 80 
!;YNCIlROi 

I 0 PIO 224 

PII 

,< . 
PI~ TIR 322101 

27.5 VDe BUS REGULATORS -P9 
546101 

PI2 .l.ll. .ill lL . 
3760+ 955 61.5 

'-----' L_ • INTERMI TTENT 

+ALGE8RAIC ADDITION ASSUMED EQUAL 
POWER FACTOR ON I NO I VI DUAL LOADS 

........ 111 

---"-" - r - ..... _ .. ___ w~_ ..... ,_. ___ • ___ --_ .. _--
Unl t :02 --:~r::- P5 ;;-r-;;f-r;; -~" PI2 Vol Wile, ell In. We I ght, Ib 

. "" ~ .. 

I. 

.. i 

" , .. 
• I 

., 

· ~., 

: ;:3 
·1 

.,. 
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ADF 
51Y-7 

XPONDER 
621A-6 

VORILDCIES 
51 RV-2B 

ot1E 
860E-3 

VHF COMM 
618M-2B 

RAD AL T 
660 F-I 

MKR BEA 
51Z-4 

PASS AD AMP 
346-1 B 

VOICE REC 

va 

642C-1 22 

HF 95 
718T 3¢ 

SEL CAL 
456C-1 

AIR OATA 
COMP 

SAT COMM 
PRE AMP 
522C-1 

SAT COMM 
PA 
548y-1 

HAG COM 
Mel02 

INTERCOMM 
346B-3 

TOTAL 

15 

30 

147 

-. 

22 

10 

26 

1151 

15 

25 

1507 

44 

2800 

va 
...... " - . _., .. 

28 45 

I 

" 79 

27 64 

19 

1230 233 

15 

28 

1675 

49 

3062 462 

w va Iff ~ W -_ .. - ---. - ~ . -' - _. - . - .. _. 
I , 

5 '3,) 
, 

33 I 
I 
I 

10 
I I 
I I 

I 
10 I 4/, 44 

1,4 
J 

193 193' 

38 

6 ·6 

j ,:r25 192 33 

I 1 

15 I I 

I 
) , 

166 I 
I I j, 

! ' . ! ~\ • I 
! 

65 

10 10 

14 " 3 

281 80 546 224 322 

... --.. -- -. 
w P3 P6 PI2 P3 

21 25 

4 21 

28 25 

.3 47 0.5 

11:·4 60 

4 43 0.5 

2 2 

25 10 

8 

00 134 II 

3 

15 2 

6 3 

334 17.5 

12 3.5 

2 2 

228 575 253 127 37 

I 
1.--

" Fig~re 8-4. Sample SST Navigation and Communication 
Gear Power Supply Data 
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APPENDIX C , 

AIRCRAFT HYDRAULIC SYSTEMS AND EQUIPMENT 

Hydraulic Systems in Existing Airplanes 
and/or Airplanes Under Construction 

-

\ 

!Lackground.--In older aircrafts, cables and other mechanical linkages are 
used to connect the flight con~rols with the aerodynamic control s~rfaces. 
Because of the high forces required to actuate the control surfaces, it has been 
necessary to incorporate hydraulic boost provisions in flight control systems 
for large high-performance aircraft. In addition, hydraulic power is used for 
other high-power intermittent services such as actuating thrust reversers, re­
tracting landing gear, and steering the nosewheel during taxi. Because of the 
criticality of many of these functions, considerable redundancy is provided in 
the form of parallel hydraulic circuits, duplicate components, and other backup 
provIsions. In some cases, direct mechanical operation serves as a backup or 
emergency mode. In others, the pilot is unable to provide the necessary control 
forces and backup operation must be provided in other ways. 

As the power requirements increase, it has been necessary to provide greater 
redundancy in the hydraulic system itself. For example, many aircraft use two 
hydraul ic systems with an emergency flight control capabil ity provided by direct 
mechanical actuation through the control cables. Large transport aircraft, such 
as the DC-10, L-IOI 17 B-74~ or C-5, use three or four independent hydraul ic cir­
cuits, each provided with more than one power source . 

Design of these aircraft hydraulic sy~tems is based upon reliability con­
siderations for operation under various possible fai lure modes in the hydraulic 
system, in the actuation components, and in the system power sources. In most 
systems, engine-driven pumps serve as the primary source of power. Other power 
sources (used to supply backup or emergency hydraulic power) are (I) air turbine 
motois using bleed air from the propulsion engines, (2) gas turbine auxiliary 
power units, (3) electric motors, and (4) ram air turbines. These are used in 
different combinations, depending upon the application to specific design re­
quirements, which vary considerably with the type of aircraft and its intended 
usage. 

As indicated previously and shown in table c~r~ one of the conspicuous 
developments with increasing aircraft size and performance has been the increase 
in hydraulic system power capability. The high hydraulic power capability shown 
for the more advanced systems reflects both the increased hydraulic power demand 
and the increased redundancy required to provide the desired reliability with a 
more complex system • 

Hydrau] ic power schedule.-- Peak hydraulic power requirements are ordinarily 
attained during aircraft climb and approach for landing. As shown !n the typical 
hydraulic load profile of fig. C-I, a sizable portion of the peak requirements 
are associated with operation of the landing gear and high-lift aerodynamic sur­
faces (slats and flaps). In addition, because of the requirements for flight 
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TABLE C-I 

TYPICAL AIRCRAFT HYDRAULIC POWER CAPABILITY 

Ai rp 1 ane Hydrau I i c hp 

DC-3 6 
DC-4 

. 34 
DC-6 36 
DC-7 37 
B-737 73 
DC-8 84 
CV-990 168 
DC-IO 315 
L-IOII 385 
B-747 500 
C-5 850 

--------------, • I 

k)?::j SYSTEIII lUUCE 

• I 

~-----------------~ 

r--' 
I 

SYSTEIII 'lOW AVAilABLE I 
'ROlli 2 ENGINE DRIVE" J 
~IIIpS 

r------~ 

STEE RING 

SYSTEM ' lOW 
AV AILABL E WITH ONE 
!HGINE OUT 

I , 
I 

• • . I 

• • • ---' 

4--- l .E. DEV . ----+---+-
• • 1.---

TUlllNG EOG! HAPS ---4_ 

SPEED 
BRAKES 

t---2I'l--S ... pO- I-lE-
R
.L

S
----J"·:ITTI::::::;:;::::::;::.:::;::;:;;:::::;.;:.:;.;:;:::::;:;.:-::;-:::; 

1/2 SPOILERS I 2 SPOILERS 

2;'') , l iGHT CONTROLS 112 HIGHT CONTROLS 112 HIGHT CONTR OLS 2/3 , C 
O~~~~~~~~~--~~~~~~~~~~~~~~~~~--~ 

TAU Off ClIlliB CIUIS! DUCI"T AI',.IOACH LANDI"," 

EVENT 

Figure C-I. 737 Hydraulic System F10w Capabilities and Demands (Ref. 41) 
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control system reliability, considerable redundancy is provided. This results 
in a substantial margin in available power over that requi red to meet the ba~ic 
hydraulic power demand. Also, it wi 11 be noted that the hydraulic power requi re­
ment for the cruise condition will be substantially lower than the peak. Con­
sequently, excess hydraulic power is avai lable for auxi liary services during 
cruise. 

~ydraulic system installati2n.--One of the most significant aspects 0~ 
hydraulic system design is the means of transmitting the power from where it 
is generated (usually the engine driven pumps) to where it is used (primari ly 
wings, empennage, and landing g~ar). As shown in table C-2, present transport 
ai rcraft uti I ize large amounts of tubing and fittings. These fittings have been 
troublesome in service and there is a definite trend in system design to reduce 
the number of threaded connections through use of permanent joints (welded, 
brazed, and permanently swaged fittings) . 

TABLE C-2 

REPRESENTATIVE HYDRAULIC LINES AND FITTINGS 

Total length of Total number 
Airplane hyd ra u 1 i c lines of fittings 
',-

B-707 2600 ft (790 m) 2500 

B-727 3280 ft (1000 m) 2600 

B-737 1542 ft (470 m) 970 

B-747 3388 ft (1030 m) 1270 

Several aircraft hydraulic systems, representative of contemporary design, 
are described below to illustrate the state of the art. 

Hydraulic system in the Boeing 737 airplane.--Three hydraulic circuits 
are used in the B-737 airplane (fig. C-2), one serves as the primary system 
using engine driven pumps, and the other two serve as a backup system using 
electric motor driven pumps. The primary system has two 21-gpm (5.55,m3/hr) 
variable-delivery pumps with one on each engine. In this way, full capability 
is provided with one engine out. The backup hydraulic system uses ac electric 
motor driven 6-gpm pumps (1.6 m3/hr) to provide emergency hydraulic power for 
operation of the flight controls in case both engines are lost. The standby 
hydraulic system operates the essential flight controls for emergency operation. 
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Figure C-2. 737 Hydraulic System Diagram (Ref. 42) 
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STEERING 

Hydraulic systems in the Boeing 747 airplane.-- Four hydraulic systems are 
used in the B-747 airplane, with the functional assignments shown in table C-3 .. 
Systems 2 and 3 are mainly reserved for flight controls; systems I and 4 are 
considered the auxil iary power systems. Each system shown in fig. C-3 h~s an 
engine driven pump rated at 38-gpm (10 m3/hr) and an auxiliary pump (which is 
driven pneumatically with bleed air by an air turbine power unit) rated at 
32 gpm (8.4 m3/hr). The auxiliary pump is automatically put into operation if 
the engine fails or the engine driven pump does not supp1y the hydraulic demand . 

Hydraulic system in the MsDonnell Douglas DC-IO airplane.-- The DC-IO air­
plane uses three hydraulic systems, I ach with two engine-driven hydraulic pumps 
of 35-gpm (9.3 m3/hr) capacity. Fig. F-4 shows the system functional block dia­
gram. Two ac electric motor driven pumps (6-gpm, i.6 m3/~r), variable del ivery) 
supply emergency and ground checkout hydraulic power. T~e gas turbine AP~ ~rives 
a 35-gpm (9.3 m3/hr) pump as a standby source of hydrauliC power. In addition, 
two power transfer motor-pump units permit transfer of power without interchange 
of hydraulic fluid from one system to another. Consequently, all three hydraulic 
systems rem3in operative ~n event of an engine failure. A ram air turbine sup­
pl ies ac electrical power for emergency power if all engines are lost . 
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System I 

Left outboard aileron 

Left inboard aileron 

Left outboart elevator 

Right inboard elevator 

Upper rudder 

Nose gear actuator 

Nose gear steering 

Inboard TE flaps 

Aft main gear actuator 
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TABLE C-3 

HYDRAULIC SYSTEMS FUNCTIONAL ASSIGNMENTS 

System 2 System 3 

Left outboard aileron Right outboard aileron 

Right inboard aileron Left inboard aileron 

Left outboard elevator Rignt outboard elevator 

Ri ght inboard elevator Left inboard elevator 

Lower rudder Upper rudder 

Stabilizer pitch trim Stabilizer pitch trim 

Normal brakes (secondary) I Reserve brakes 

Spoi lers 2, 3, 10, II S po i I e r 5 I, 4, 9, I 2 

'it . 9 T 

7 d 'hr 

", 

, " 

:¥ -,;;:: . 
; .•... -. . 

System 4 

Right outboard aileron 

Right inboard aileron 

Right outboard elevator 

Left inboard elevator 

Lower rudder 

Outboard TE flaps 

Forward main gear 
actuato'r 

Normal brakes (primary) 

Spoilers 5, 6, 7, 8 
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Fi gu re C-3. 747 Hydraulic S'ystem Schemat:i c (Ref. 43) 
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b. Block Diagram 

Figure C-4. 0'-10 Hydraul ic System ( Ref. 44) 
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HydrauLic system in the Lockheed L-IOI I airplane.-- The L-IOI I airplane has four hydraulic systems, each with an engine driven pump of 38-gpm (10 m3/hr) capacity. As shown in fig. C-S, two of the systems (B and C) have air turbine motor and ac electr Ic motor driven pumps. In addition, motor-pump power trans­fer units permit trans;er of power between systems A and B and between systems C and D. A ram air turbine driven pump supplies emergency hydraulic power if al I three propulsion engines are lost. 

Hydraulic system in the Lockheed C-SA airplane.-- The C-SA airplane uses four hydraulic systems, each with two, engine-driven 60-gpm (IS.8 m3/hr) hydrau­lic pumps. Three motor-pump power transfer units, rated at 3S-gpm (9.3 m3/hr), permit transfer of power between the different circuits as shown in fig. C-6. In addition, a gas turbine APU driven pump rated ~t 60-gpm (IS.8 m~/hr) provfdes hydrauJ ic power for ground maintenance and system checkout. A ram air turbine driven pump (3S-gpm (9.3 m3/hr) fixed disrjJacement) provides emergency hydrau] ic power for landing the aircraft with the four engines inoperative. An add~tional electric motor driven pump provides for small loads and pressurizing,the system before starting the engines. The hydraulic system and flight control actuators are designed to permit aircraft operation with any two of the four hydraulic systems inoperative. 

Hydraulic systems in experimental and aqvanced aircraf!.-- An indication of the state of the art is exemplified by the designs selected for the XB-70 and F-' I I. These systems indicate present optimization and system balance and reveal the development trends for future aircraft. Probably the most signifi­cant feature of the XB-70 system is that the high temperature exposure areas are fuel cooled in fuel-hydraulic fluid heat exchangers located in the system reservoirs. A list of unique features and overall system comments for the XB-70 and F-I I I, respectively, was prepared by Ramby and Patch, ref. 2, and is presented below. 

XB-70 

Vehicle capabi lities are the most advanced to date. These capabilities were demonstrated by actual flight test, with cruise speeds of 2000 mph (3220 km/hr) at an altitude of 13 miles (2/ km). Maximum vehicle surface temperat~res reach 67SoF (3S70C). 

(2) The design objectives were concluded to be minimum weight, maximum reliability, and environmental compatibility. 

(3) Flight control system design details: 

(a) Hydraulic systems: initially Oronite 8200 fluid, later to be replaced by fluid 70. (Choice based upon five properties -viscosity, bulk modulus, thermal stability, lubricity, and 
we i ght.) 
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Figure C-6. C-5A Hydraulic System (Ref. 46) 

(b) Fluid operating characteristics: 400 psi (2.75 x 106 N/m2) _ 
-54 0 to +230oC, peak temperature,capability of 3300C 

(c) Total system hydraulic horsepower potential: 2000 hp 

(d) Total primary flight control system hydraulic horsepower 
potential: 1000 hp 

(e) The stall forces of some of the actuators exceed 316,000 lb 
(I .4 I x I 06 N) 

-

(f) Actuators used: (I) 85 total I inear actuators, with 39 being 
used in the primary flight control system, and (2) 44 fixed 
angle axial-piston, constant-torque and variable-torque hydrau­
lie motors 

(g) All hydraulic valves operated electrically are ac, 400-Hz, 
I 15-V, nonrectified, solenoid type valves, with flow capacities 
ranging from .25 to 70-gpm (.066 to 18.5 m3/hr) 

(h) Significant breakthrough in valve area with development of pure 
ac solenoid for operation in small space, light weight, and high 
ambient (330°C) application 

(i) Hydraulic fluid temperature is controlled by fluid-to-fuel heat 
exchangers located in the system reservoirs, heat exchanger flows 
are 650-lb/min (295 kg/min) fuel and 145-gpm (38.5 m~/hr) primary 
flight control system fluid with a heat transfer of 19,500 Btu/min 
(34.3 kW) 
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The development of a new pump/motor unit which is capable of 
being used as the engine starting motor and as the hydraulic 
power source 

The master-slave pump concept was used to decrease the self­
generated heat within the system 

The greatest single development achievement was the successful 
design and testing of metallic seals 

(I) The most significant flight control specification is exterme reli­
ability with fail operational capability. 

(2) System specifications also require a high degree of resolution with 
low deadband characteristics. 

(3) Flight control system design details: 

(a) Hydraulic system MIL-H-5606 fluid 

(b) First application of a hydraul ie logic J failure correctingJ redundant J series actuators 

(c) Servovalves receive digital electrical signals directly from the 
PFCS computer 

(d) Completely fly-by-wire wing spoiler controls 

(e) Temperature specification: -54° to 1350C 

Parametric Information of Current Aircraft Hydraulic Equipment 

The components of a hydraulic system usually include a pumpJ fluid trans­
mission lines J servovalves J actuators, and reservoirs and/or accumulators . 
System accessories include check valves J sumpsJ flow limiters J relief valves J service connections, filters J etc. For a fl ight control systemJ two additional 
components are included: control signal summers and power control devices. 
Hydraulic servovalves are usually the control devices. 

Hydraulic P4mpS.-- The source of hydraulic power is usually obtained from 
a fluid pump. Fluid pump designs include internal gear J external gear, balanced 
vane, unbalanced vane, and both fixed and variable displacement pumps of the 
inl ine- J bent-axis- J or radial piston types. Characteristics of major pump types 
are presented in table C-4 and fig. C-7. 
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TAB LE C-4 

CHARACTERISTICS OF MAJOR PUMP TYPES 

Unbaianced External Swash-plate 
Characteri stics vane gear piston 

Maximum pressures,* psi 250 to 1000 250 to 2500 1000 to 5000 

Flow gpm .5 to 100 .2 to 150 .5 to 450 

Operating speed, i~ r pm 1200 to 2000 1800 to 7000 Medium high 

~Fo r continuous system operation. Higher speeds apply to smaller units. 
Maximum speed qene ral lv decreases with increased displacement. 

100r---------~--------~------~--------~--------~------~ 

. 

...)~(( .. 
(( . 

1>' •• . "v~ •• 
(' .. 

• 

piston pump 

•• •• •• • 

\. .T 
"e,<' ••• Rated pressures 
•• ••• ______ Piston pump 3000 ps i ( 20. 7 x4-----t 

10 6 N/m 2
) 

Vane and gear pump - 2000 psi (13.7 x 
10 6 N/m 2) . 

Cent rifugal pump 

40 60 

- 1000 psi (6 .9 x 
10 6 N/m 2 ) . 

80 100 
Rated pressure, % 

Figure C-7. Efficiency Characteristics for 
Typical Pumps (Ref. 47) 
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Accordi ng to t he s ur vey conduc ted by Ramb y and Patch (ref . 2), the most com­
mon aircra f t main hydrau l ic power source ~ n use t oda y i s a pressure compensated, 
variable displacement, axia l pi ston pump which delivers constant pressure and 
variabl e flow hydraulic powe r . The rea s ons g i ven for the wi de usage result from: 

(I) Use of mul ti-pump con · ig u~ations for weig ht and space conservation, 
an d increased reli abi I i ty . 

(2) Reduced s ensi tiv i ty 0 s ystem press ure a nd flow characte ristics with 
respect to var iat ions in engine speed. 

(3) Use of constant s peed drive to mainta in constant frequency in e l ec­
tric~l generators . 

(4) Desig n compatibil ity tha t res u lts in design simplificat ion when 
severa l function s are being powered by the same hydraulic system. 

These pumps have low ine r t ia , t hus affording a rapid start/stop capabili ty 
and high hor s e power per uni t volume and weight. 

The pump is a vai lable in both the inline and 
both the fixed and variable d is pl acement designs. 
tional speed ran ge as a fun c tion of th e hydraul ic 
as c - lculated from Vi c kers ca ta log dat a. For the 
presents the we i ght bas ed on the rated s peed . 

24 e Ban u pper=m~x mum 
lower=rated 

bent- axi s confi gura t ions for 
Fig. C-8 presents the rota­

horsepower for both designs, 
same ser ies of pumps, fig. C-9 

22 

20 

oBased on 3000-psi ( 20 .7 x 106N/ sq m) output 
.....-;i~f-- eApplicabl e to fixed and va r iable displacement 
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Figure C-9. Typical Pump Weights 

Although hydraulic pumps and motors have become appreciably lighter as a 
result of improved materials and design improvements, specific SST requirements 

-

\ 

of higher efficiency in conjunction with higher operating temperatures may offset 
the potential saving. In William's investigation 0f SST hydraulic requirements 
(ref. 48), comparison of existing and estimated motors and pumps was compiled as 
shown in fig. C-IO. The development effort suggested is a renewed effort to lower 
the specific weight while maintaining the higher operational temperature. 
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Because current jet transports and future supersonic transports have higher 
power requirements, larger pumps than currently manufactured will be required. 
Fig. C-II presents nominal pump performance in the higher flow ranges considering 
I ife and power loss as well as weight. Initial tradeoffs can be made from fig. 
C-I I to determine pump speed and capacity desired vs life, power loss, and weight 
penalties expected for given flow and system pressure requirements. 

One approach (ref. 4) suggested that active cooling of the fluid be pro­
vided to minimize the temperature problems associated with the hydraulic system. 
The largest available heat sink onboard the SST is the fuel supply. A possible 
way of uti I izing this heat sink for hydraul ic fluid cool ing is the "dual return" 
system shown in fig. C-/2. Cool ing systems definitely merit further study and 
development as one technique to minimize the severity of the SST created environ­
ment. 

Servovalves.-- Hydraul ic power to the output device is controlled by a 
servovalve upstream of the device. Servovalves can be classified as three-way 
or four-way, open-center or closed-center, single-stage or multi-stage, and flow­
control or pressure-control devices. Internally, they may use rotary valves or 
spool valves and be pressure compensated or balanced. Any source of power can 
be adopted to actuate the servo, although electrical or mechanical inputs are 
the most common. 

The servovalve provides precise position control characteristics with high­
response rates and high-power amplification capability. They are generally con­
sidered reliable devices which can be decreased in volume in spite of the internal 
complexity. 

Many types of servovalves, manufactured by different valve manufacturers, 
are avai lable for aircraft use. Typical servovalve capacity as a function of 
supply pressure is presented in fig. C-/3 for a series of servovalves. Weight 
and volume variations for this series of servovalves is presented in fig. C-/4 . 

Hydraulic actuators.-- The hydraulic power output device usually consists 
of a motor or an actuator. For flight control systems and actuation system5, 
the hydraulic actuator approach is widely used since the power is direct~y con­
verted into usable motion. Linear motion is used most widely, but other hybrids 
exist, such as the digital and the Caravel Ie "servodyne." In addition, reI iabi 1-
ity is improved by a redundancy of design where multipistons are located on a ' 
single shaft. Each piston has a separate servovalve which operates independently. 
Failure of one valve reduces the overall performance capability response and rate 
but enables the system to continue functioning. 

The si7-ing of actuators varies considerably, primarily in accordance with 
avai lable space, system pressure, and loading. For example, fig. C-/5, presents 
the stroke-to-area ratio of over 300 different flight control actuators used by 
1/ airframe contractors and over 50 electrohydraulic servo actuators used for 
various aerospace applications (ref. 5). The variation indicates that no spe­
cific constraint is necessary to achieve the desired performance. The variation 
in actuator design as a function of supply pressure for a given load is presented 
schematically in fig. C-/6. 
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The actuator must be sized to provide the load force at the required rate. 
Fig. C-I7 presents typical operating relationships. Resultant designs yield 
weight) size, and space tradeoffs as illustrated in figs. C-18, C-19, and C-20. 
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APPENDIX 0 

HEAT TRANSFER METHODS ON EXIST~NG AIRCRAFT 

Component Cool ing Methods 

Essentially, the cooling methods now being used in aircraft electrical 
equipment can be grouped into seven categories. Each method is briefly des­
cribed below. 

Self-cool ing--By this method, the equipment is cooled by natural convec­
tion between the equipment surface and the surrounding fluid. It is always 
aided to some degree by radiation. Extended surfaces are very often used, and 
production-type finned heat sinks are available where more convective area is 
needed. 

i, Power transistors are often cooled by this method. Fig. 0-1 shows some 
arrangements and a serrated surface by which the convective area is further 
increased. 
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This method is good when the required heat dissipation rate .is in the order 
of .5 W/cu in. (.03IW/cm3). Conventional motors, generators, and transformers 
quite often use this method of cool ing. Concorde's static inverter also uses 
this coolin~ method. 

Fig.D-2 shows a self-cooled electric motor. Cast fins are an integral 
part of the housing. Black paint can be used to promote radiation heat dissi­
pat ion. 

Conduction or heat-shunt cooling--This is a method in which heat is dissi­
pated by connecting the heat source to the heat sink with a good conductor-I ike 
metal. Hot spots are avoided by covering the whole component exterior with a 
metal sheath. 

In application of this method, good contacts between parts are not always 
available. Contact resistances, i.e., conduction through a mechanical joint, 
can significantly reduce the thermal conductance. In these cases thermal-joint 
compounds I ike silicone grease are used to improve the heat transfer. 

In cases where high dielectric strength is a requirement, materials I ike 
beryll ium oxide with safe operation up to ISOO-V or more and with thermal con­
ductivity in the same order as that of copper (200 Btu/hr-ft-OF or 1.24 x 106 
Joules/m-sec-OK) are available. 

Fig. D-3 shows several ways that this method has been used in an electronic 
coo 1 i ng. 
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Figure 0-2. Flap Actuator Motor 
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Forced gas cooling--In cases where self-cool ing or conduction cooling is 
not sufficient, the motion of the gas coolant can be mechanically agitated. 
This widely-used method has an advantage of simpl icity because all it requires 
is a fan or a blower with or without ducting. Conventional motors and genera­
tors that have built-in fans are cooled by this method. Concorde's transformer­
rectifier unit has an integrated fan and is thermally switched. 

To dissipate large amounts of heat, cold plates as shown in fig. 0-4 are 
often provided. The gas from the fan is forced to flow over the equipment and 
the extended surfaces to dissipate the heat generated. 

Another good example of cool ing by forced air convection is illustrated in 
fig. 0-5, where the rotation of the rotor is utilized to pump or shear theair 
for cool ing purposes. 

--. 

High-specific-heat gases, e.g., hydrogen, are preferred to those with lower 
specific heats because the former require less coolant flow rate and provide a 
larger convective heat transfer coefficient. Inert gases are preferred to reac­
tive ones for safety and reliability. 

Forced liquid cool ing--Forced liquid cooling differs from forced gas cool­
ing merely by the replacement of the coolant by a I iquid. Liquid cool ing nor­
mally requires a closed-loop arrangement and thus loses the simplicity of the 
air system. In most cases, I iquid cool ing systems require an accumulator to 
take up I iquid expansion in the system, and a heat exchanger to reject the heat 
from the I iquid coolant to the ultimate heat sink such as air or engine fuel . 

However, liquid pumps are normally smaller than the fans for air because of 
incompressibil ity. Liquids are more readily adaptable when internal coolant 
passages prove beneficial because the passages can be made very small. In addi­
tion, heat transfer rates can be orders of magnitude higher than those in gas 
systems. When large heat loads are to be dissipated or when high power density 
(equipment compactness) is a requirement, liquid convective cooling should give 
a good I ightweight system . 

Figs. 0-6 and 0-7 illustrate some techniques of using this method. Concorde's 
generators are also oil-cooled. 

Thermal attenuation (or thermal damping)--This is a technique that is 
often used to minimize the effects of the varying or oscillating temperatures 
of the environment, or to shield off the radiation and/or aerodynamic heating. 
A damper in its simplest form can be just a metal housing. But the optimum 
weight and the time lag are two items to be considered in design. Melting mate­
rials that absorb and reject the latent heat of fusion at a constant temperature 
give optimum thermal damping for some applications. Another application is to 
reduce errors in gas temperature measuring. 

A damper that provides the constant temperature environment required for 
temperature-sensitive equipment I ike gyroscope in inertial guidance systems is 
shown in fig. 0-8. 
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Thermoelectric coolers and heat pumps--This method or its equivalent is 
necessary whenever the temperature of the surrounding is higher than that of the 
allowable component temperature, and no nearby heat sink at lower temperature is 
readily available. Under such circumstances useful energy is a required input. 
The appl ication of thermoelectric devices is particularly suited to low heat 
loads I ike spot cool ing of individual electronic components or infrared detec­
tors. Fig. 0-9 shows two un its des i gned fo r 100-W range. 

High-temperature heat exchangers--In high-speed fl ight or cruise~dash~ 
cruise fl ight, ram air is often too hot to provide adequate cool ing. Two 
approaches can be taken to solve this problem. One is the design and manufac­
ture of high temperature heat exchangers (for air cycle refrigeration systems). 
Heat exchangers with metal temperature higher than !OOOoC have been developed . 
Another approach is to incorporate nozzles in the heat exchanger to spray water 
or othe r I i qu i ds to coo I the ram . .9 i r down before it is used fo r other pu rposes . 

Coo ling Sys tems 

A brief description of nine different aircraft cooling systems is given 
below. These systems are selected for general considerations and may be imprac­
tical in some applications .. 

Simple ram air system~-In this system, the gas or liquid in the transport 
loop transfers the heat from the thermal load to the ram air via the heat 
exchanger and the heated ram air is discharged overboard. A schematic diagram 
is shown in fig. D-fO. 

This system is simple. It does not require bleed air from the engine and 
thus does not affect the engine performance. 

When the aircraft speed becomes supersonic, a changeover to fuel as ulti­
mate heat sink can be made or, alternatively, I iquids I ike water can be injected 
into the ram air stream to reduce its temperature before it reaches the heat 
exchanger. The system may requi~e supplementary cool ing systems at low aircraft 
speeds and ground static conditions when sufficient ram air is not available. 

Expanded ram air system--Fig~ D-I 1 is a schematic diagram of this sys­
tem, which expands the ram air through a turbine and thus reduces the ram air 
temperature for cool ing purposes. The ram air heat exchanger that is required 
in the simple ram system is replaced by the cool ing turbine and thus is suited 
for supersonic fl ight conditions. 

The same advantages and disadvantages that are associated with the simple 
ram air system are appl icable to this system, namely, it is simple, but at low 
fl ight speeds or ground static conditions supplementary cool ing is a require­
ment. Another dis~dvantage is that the turbine, compressor, and ducting may be­
come prohibitively large because of the low air densities involved. 
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Figure 0-9. Thermoelectric Coolers for IOO-watt Cool ing Loads 
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Simple bleed air system--Fig. 0-12 shows a schematic of a simple bleed air 
system. The bleed air from the engine is first cooled by ram air in a heat 
exchanger before entry into the water boiler. In the boi ler, the air is cooled 
by the latent heat of vaporization of water, thereby further reducing the air 
temperature. The air then passes through the cooling turbine and water separa­
tor and finally reaches the equipment chamber. The turbine drives the compres­
sor which draws ram air through the heat exchanger. 

This system is easy to install from the standpoint of controls and ducting. 
It is simple mechanically and operates with the lowest turbine inlet pressures. 
A further advantage is that it uses high discharge temperatures and will there­
fore tend to be free from icing difficulties. This system can provide the cool­
ing on ground. 

If the aircraft Mach number is less than 2.0, a simple system is capable 
of doing the job, and there is no need for the water boiler. If the Mach number 
is greater than 2.0, a boiler becomes desirable, and if the Mach number is equal 
to 3.0 or more, the use of fuel as a heat sink is desirable. 

If the cool ing load variation is in the order of 5: I, the high point being 
at low altitude and high speed, then a simple system can be used since the bleed 
pressures for cool ing are normally control led to that ratio to avoid high­
temperature bleed air, and the cool ing can be dealt with by various types of 
flow control devices. If the cooling requirements are higher at altitude than 
at sea level, then pressure regulation may be the best approach for control or 
a variable area turbine may be adaptable. 

.Bleed air regenerative systems--Two types of bleed air regenerative sys­
tems are shown in fig. 0-13. In this system the bleed air from the engine is 
first cooled by a regenerator, the cold side of which is the same bleed air, 
but after it has expanded through the turbine and picks up the electric or elec­
tronic heat loads. The cooled bleed air can be used to cool the equipment 
directly as in part (a). A closed gas or I iquid coolant loop can be incorpo­
rated as in part (b). With the scheme shown in (a), a water separator may be­
come necessary if moisture presents a problem in the appl ication. 

This system el iminates the ram air cool ing completely, and therefore is 
not restricted to subsonic flights. It has performance similar to that of the 
simple bleed air system and also provides cooling on ground. 

Bootstrap air cycle system--If the cool ing load is relatively constant 
(±20 percent) over the flight envelope of the aircraft, and if the air being 
used for cool ing is at a constant supply temperature, then the mass flow re­
quired wil I be essentially constant with altitude. This would suggest the use 
of a bootstrap type of system with a constant gage inlet pressure regulator, a 
schematic diagram of which is shown in fig. 0-14. This type of system, when 
sized properly, will provide a flow variation of approximately 20 percent under 
f I i g h t co n d i t ion s . 
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This system is more efficient than the simple bleed air system for a given 
amount of high pressure bleed air but is more compl icated mechanically. 

Fans or jet pumps may be put in the ram air stream for low speed conditions 
or cooling on ground. 

In cases where low moisture content in the cool ing air is a requirement, 
one high-efficiency water separator or two in series can be put in. In addition 
a reheater which increases the air temperature beyond moisture saturation but 
not over the required component ambient temperature of the electronic equipment 0 

can be incorporated. 

Fuel cool ing systems--Fuel cooling systems uti I ize transport liquids to 
transfer the heat from the equipment to the fuel via a heat exchanger are shown 
in fig. 0-15. 

-. 

Since the same amount of fuel must be carried by the aircraft even with the 
electrical and electronic equipment generating zero heat, fuel is used as a heat 
sink whenever it is feasible or safe to do so. A I iquid-to-I iquid heat exchanger 
is in general smaller than the air cycle heat exchanger, and the system has all 
the advantages of forced liquid convection and even boil ing/condensing processes. 
The fuel cool ing system may very likely be a I ightweight system. 

Fuel temperature usually rises during letdown at the end of each mission. 
Special thermal conditioning to the ful I storage environment or special cool1ng 
consideration to specific items of equipment may be required during this period. 

Compact heat exchangers and electronic cool ing packages are shown in fig. 
~16. These packages include the heat exchangers, fans or pumps, and necessary 
ducting. 

Expendable systems--The expendable systems make use of the large heat 
transfer rate of boi ling process and the large heat of vaporization of liquids 
to cool the equipment down to a desired constant temperature by presetting the 
expendable pressure . 

Two such systems are shown schematically in fig. 0-17. Pressure regula­
tion of the expendables is normally a requirement. Pressurization of the trans' 
port loop (right fig. of fig. 0-17) may be necessary when leakage is a possi­
bil ity or the fan gets too big. The biggest drawback of this system is that. 
the required amount of expendable may be prohibitively high for long supersonic 
fl ights. The expendable systems are most suited, therefore, when used in con­
junction with other systems. It is particularly attractive when cryogenic tem­
peratures are required, but the refrigeration plant is too much weight penalty 
to be practical. 

Fig. 0-18 shows two expendable system arrangements that can be applied to 
electronic cool ing. Reservoirs can be used to extend the service time period 
as shown in part (a). 
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Figure 0-16. Cool ing Packages Consisting of Fans, Heat Exchangers 
for Gas loops and Pumps and Plumbing for Liquid Loops 
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Vapor cycle system--In essence, the vapor cycle system uses the principle 
of refrigeration to provide the required cool ing. One possible configuration 
is depicted in fig. 0-19 where a closed loop for the refrigerant (vapor loop). 
another closed loop for the transport fluid (1 iquid or air loop), and an open 
loop for the ultimate heat sink are shown. In this particular arrangement the 
ultimate heat sink is shown as a combination of ram air and expendables. 

This system is especially good when bleed air or low-temperature ram air 
is not accessible for cooling purposes, but shaft or electrical power is avail­
able. Small cool ing loads (in the order of I ton) could be handled by shaft­
drive air-cycle units and larger loads by hydraulically driven units. 

One variation of this method is shown in fig 0-20. It represents basi­
cally the el imination of the transport loop. The refrigerant makes dire~t con­
tact with the equipment to be c001ed for maximum cool ing efficiency. In this 
arrangement the blower replaces the compressor, the spray nozzle replaces the 
expansion valve, and the electronic compartment replaces the evaporator in a 
typical vapor cycle system . 

Sti 11 another variation of this system is one described in ref. 49 and 
shown schemattcally in fig. 0-21. The whole vapor cycle is carried out within 
the box itself without any ducting. The refrigerant (FC-75, in this example) 
is evaporated by the heat generating component at the bottom of the box, the 
vapor rising to the cooled cover by diffusion process (mass transfer due to den­
sity difference). The vapor condenses at the cover and transforms into liquid 
droplet form and is returned to the bottom by gravity forces. 

In this particular appl ication, SF
6 

(sulphur hexafluoride) was used for its 

high dielectric strength at low temperature (down to -55°C) and vane axial fans 
were used to promote heat transfer at the cover. 

Electric cool ing system coupled with environmental control system--The 
biggest advantage of coupling electrical and electronic cool ing with the cabin 
environmental control system (ECS) is that the main ducting of the air distri­
buting system is already in existence and all that is necessary in order to 
incorporate electrical cooling is to resize the ECS to include the additional 
cooling loads and to provide the extra ducting needed to branch off the cool 
air to the particular locations. 

As shown in fig. 0-22 the cooling air can be taken either before or after 
it enters the cabin. The weight penalty in such a modification can be very 
smal I as compared to the whole environmental control system. 

0-23 

, 

, 
I 

" 



.j 

. ". 

·i 
.j 

.... 
l .. , 

j , 

'. :.1 '. . . . . . ~ 

iz 

,-,.-.. -;.,.-.-. .41111!!' 

H2O/CH
4

O 

Ram expandable 

re sso r air fluid 
-!--.; 

I 
A~ """'" n " 

.... 

I 
I 

,/ 
, 

Condenser I I I 
Vapor 
loop ---"" 

" ISubcooler- I 
I I 

Loverboard 
,superheater I 

r----,---_ 

-- - - - -1 ......... .-----1 ...... Expansion 
valve 

.. 
Evapo­
rator 

.... -----

l 
.... 

Blower 

... 

Liquid or) .. 
air loop 

The rma 1 load 

" 

Figure 0-19. Vapor Cycle System 

0-24 

• 

5-50845 

- " I 

,-



.' 

bn 

. , 

' .. ; 
" , .; 

j 
. I 

I 

.1 

.... .~ 
. .' j 

,,_.il 
....•... 'I 

. '1 
.. j 

.... j 
'. 'oj 

. ·1 
"'" ,{ 

- .. ' 

," -. -.' ·· .. 7~ .. ---,-, .. ~ .. "!"':" .'. 

Condenser 
coi Is 

, -
.. ;; .... 

~ ~.. '.: . 

Reservoir 

-. -, -.-~~ -. 

Blower 

Sump 

Pump Pump 

Spray nozzle 

Chassis 

Figure 0-20. Electronic Boxes Cooled by Evap­
oration and Condensation A Direct 
Evaporative Spray System 

'" z::;p 

Control 
valve 

5-50839 

0-25 

; 

1 

; 



b 

. , 
.j 
··i 
I 

••. '.:: .1 : .... j 
~i 

.j 

:'.1 ; ... ; -:. ' .. : .. ~ 

.... ; ... 
. .[ 

. ":1 

.. ' 
, 

',1 
I 

'-."-;-.-" 

Coolant passage 

Heat generating 
component 

....... . '.:., 

,ay 

Vane axial fan 
promoting vapor motion 

condensate 

FC-75 vapor 

Figure D-21. Evaporation-Condensation Cooling System for 
High Voltage Power Supply 

D-26 

5-50825 

i, 
:il 

1 



" 

, . ,:,' 

~", '.:" 

":.- .... '.'<; 

RAM A I R, 
I 

! 

," " " F • • 4 , 4 ;;:: . , 51, 
,~ '~ . 
". ~ . 

{. '" ,:, " " 

I I WATER TANK 

".,:' ':'~7? 
. <.-:' .:,. .:t. ~ 

• 
THERMAL 

LOAD 

• 

~ 

OVERBOARD 

.:::!' +. 

t 
THERMAL 

LOAD 

~ 

" 

" 

, '.~ 

'\j 

" ... ~ 

1 
'" ~~ 

" " :j 

BLEED PRIMARY HEAT STEAM RAM AIR 

J AIR EXCHANGER 

0 ~ I 
N 
~ OVERBOARD 

7 ~ 

H2O 
SEPARATOR 

SECONDARY WATER 
HEAT BOILER , 
EXCHANGER 

I 

~ 
OVERBOARD 

Figure D-22. The Coupling of Electrical Cooling 
Sy:'>tel11 with the Environillental Con­
trol SySte l11 (Bootstrap Air Cycle 
System in ,this Case) 

• 
" ... 

.,. 

5-50854 

... 



-.' 
l ','/ .; 

,-' 

, 
". 1 

" 

, 
I 
I 

" "~ 

/ 
• '., • .1 

,.; 
j 

", 
"i 
'i 

'-. -." ' .. 

• 0 0 ,' •• 

<',: , '0' 

APPENDIX E 

REFERENCES 

I. Curtiss-Wright Power Hinge Designers Handbook Bulletin PD-439A, Curtiss­Wright Corporation, Caldwell, New Jersey, February 1965. 

2. Ramby, K. W., and Patch, D. E., Application of Optimization Technigues to 

3 . 

4 . 

Fl ight Control Actuation System Design, Technical Report AFFDL-TR-67-103, Ai r Force Flight Dynamics Laboratory, Wright-Patterson Ai r Force Base, Ohio, September 1967. 

Read, R. G., The Dynavector Actuator, A New Concept in Fluid Power Servo Motors, Presented at National Conference on Fluid Power, October 1968, Bendix Research Laboratories, Bendix Corporation, Southfield, Michigan, Septembe r 1968. 

McJones, R. W., and Gangnath, R. B., Does A Healthy SST have a Hot Nose and Cold Pumps?, Aerospace Division, Vickers Incorporated Division, Sperry Rand Corporation, Torrance, California, November 1963. 

5. Thayer, W. J., Supply Pressure Consi derations for Servoactuators, Paper at SAE, A-6 Committee Symposium, Phoenix, Arizona, October 18, 1967. 

6. Dudley, D. W., Practical Gear Design, McGraw-Hi 1 1 Book Co., 1954. 

7. 

8. 

9. 

10. 

Grossner, N. R., Transformers for Electronic Ci rcuits, McGraw-Hi 1 1 Book Co., 1967. 

Louis Allis Co., Milwaukee, Wisc., "Light Weight Electrical System Study for Hydrofoi 1 Craft," Study Report for Bureau of Ships, Nobs 88475. 

Zeffert, H. Principles and Practice of Ai rcraft Electrical Engineering, George Newnes Ltd, London, 1960. 

Cook, H. A., "The Choice of Protection," Airpax Technical Journal, Airpax Electronics Inc., Fort Lauderdale, Florida, March 1968. 

I I. Lawrence, Roland, Interconnection and Connector Technigues, the Deutsch Company, published by Britts and Connors. 

12. Sundstrand Corporation, "Geared Di fferenti al Constant Speed Dri ves," Rockford, Illinois. 

'i 13. Pierro, John J., "Aircraft Electric Power System--Future Trend." National Aerospace Electronics Conference, 1967, p. 317. 

14. Swanberg, R. H., and Hyvarinen, W. E., "Design Approaches fDr the SST Electric Power System," IEEE Transaction on Aerospace, April 1964, p. 948. 

E-I 



. '1 

:.;: ..... "1 .. ' .. i 
':1 

.1 

... ' 

I .. ' 

.. 
.. .>:',:1 

• 1 

i 
' .•.• 1 ... ' 

.. E¥ 

~: ... 

15. Wolf, H. E., "Nickel·-Cadmium Batteries - Commercial Aircraft Application 
and Maintenance Problems," IEEE Transaction on Aerospace and Electronic 
Systems Supplement, July 1966, p. 67. 

16. Mi I ler, G. H., "Sealed Nickel-Cadmium Batteries for Aircraft Electrical 
Systems," IEEE Transaction on Aerospace and Electronic Systems Supple­
ment, Jul y 1966, p. 72. 

17. Seyer, Chris F., "Basic Standby Power Systems," WESCON 1967 paper, 
Section 15, No.4. 

18. Vachon, R. 1., "Space El ectri cal Power - Quo Vadi s?" Astronauti cs and 
Aeronautics, November 1967, p. 58. 

19. Barna, George, "Power Systems," Space/Aeronautics, July 1967, p. 101. 

20. White, D., Woodson, H., and Jackson, W., Study of Electrical Energy 
Conversion Systems for Future Ai rcraft, MIT Report, February 1959 
January 1960, AD-243592. 

21. Klass, Philip J., "New Static Conversion Technique Tested," Aviation 
Week and Space Technology, June 10, 1968. 

22. Walker, L. H., "Application Factors Affecting the Weight of Aerospace 
Static Inverters," IEEE Transaction on Aerospace Supplement, June 1965, 
p. 187. 

23. Pierro, John J., "High-Temperature Electrical Equipment," Machine Design, 
Jan u a r y 3 I, I 963, p . I 22. 

24. Swanbe rg, R. H. and Hyva r i nen, W. E., "Des i gn App roaches fo r the SST 
Electric Power System," IEEE Transaction on Aerospace, Apri I 1964, 
p. 948. 

25. Howard, Edson J., "Variable-Speed Constant-Frequency Electric Power 
Distribution Systems for Ai rcraft," IEEE Transaction on Aerospace and 
Electronic Systems Supplement, July 1966, p. 290. 

26. Hyvari nen, Wayne E., "Ai rcraft El ectri c Power System P~rformance as 
Affected by Transmission Line Impedance," IEEE Transaction on Aerospace 
and Electronic Systems Supplement, July 1966, p. 298 . 

27. Jones, P. W. C., "Cables for Aircraft," lEE Proceedings, September 1967, 
p. 1287 . 

28. Jackson, Stuart P. and Swing, Dennis M., "Redundancy and Switching in 
Standby Powe r Sys tems," WESCON 1967 pape r, Sec. 15, No.5. 

29. Coats, A. L., "Performance of Electrical Connectors at High Altitudes," 
A lEE T ran sac t ion, 1 960, Vo 1. 79, Par t 2 , P • 337. 

E-2 

• 

- , 
I 

I 

! • 



. -.. 
". '.' 

t" .. " 

~ . 
l ,~ • 

, , 
, :r 

, ':1 
,:.:1 

I .: ;) 
3 

.. -

. :~ .. : .. " . 

30. Sims, R. F. and McKenzie, R. L. A., "Aircraft AC Electrical Systems Using 
Changeover Contactors and Rapid Fault Clearance," lEE Proceedings, 
August 1967, p. 1099. 

31. Turkington, R. E., "Effect of Operating Frequency on the Weight and Other 
Characteristics of Missile Alternators and Transformers:' AlEE, 
November 1958, p.289. 

32. Grinnell, S. K., Warm, R., and Turkington, R., "Determination of an Optin1Llm 
Primary Power Frequency and Voltage for Missiles:' MIT Dynamic Analysis 
and Control Laboratory, November 1957, AD-149548. 

33. Irani, D. and Smith C. S. IIRotating Machines for Extreme Environments,.' 
IEEE Aerospace Conference proceedings 1965, presented in Houston, Texas. 

34. O'Neill, B. J. and Weissman, Leon, "Magnetic Switching Systems,lI Electro-
Technology, October 1962, p. 128. 

35. Riley, P. R. H., "Static Control of Electrical Generation Systems," Flight, 
Feb r u a r y I 6, I 967, p . 2 50 . 

36. Lang, Alfred, "State of the Art of Transductor Application in Germany," 
IEEE International Conference on Non-linear Magnetics, July 1964. 

37. McKee, James, "Flight Control System for the Boeing 2707 SST," Aerospace 
System Conference, SAE, June 1967, p. I. 

38. Dunbar, W. G., "Electri cal Di scharges at Al ti tudes between 70,000 and 
250,000 Feet,lI IEEE Transaction on Aerospace Supplement, June 1965, 
p. 242 . 

39. Bunker, Earle R., IIVoltage Breakdown at Low Air Pressures,1I IEEE Inter-
national Convention Record, March 1967, Part 7, p. 146. 

40. Madgwick, T., "Look at Aircraft Fire Precautions and Protection," Aircraft 
Engineering, February 1967, p. 29. 

41. Raymond, E. T., IIHydraulic Transmission Line Weight as a Function of 
System Operating Pressure," SAE A-6 Committee Symposium, Phoenix, 
Arizona, October 18, 1967. 

42. King, C. W., and Zel i kovsky, A., "Boeing 737 Hydraul i c Power and Control 
System Design Philosophy," Vickers 1966 Aerospace Fluid Power Conference. 

43. Pfafman, E., "The Hydraul i c System and Its Associ ated Subsystems 
Model 747,11 Vickers 1967 Aerospace Fluid Power Conference. 

44. Rothi, R. D., liThe DC-IO and Its Hydraulic System," Vickers 1968 Aerospace 
Fluid Power Conference. 

E-3 

t 

., 
I 

I 



',' 

i .: 

I 
. '" . . ! 

.;'.~ . 

""I 

::. J 

: ..... " 

.-' ". 

'!'W"'. • • 

l~5. Nemechek, A. A., and Lebold, J. W." "The Hydraulic Power Distribution 

-

; 

System - Lockheed L-IOI 1:11 Vicker5 1968 Aerospace Fluid Power Conference. 

46. Rumrill, E., "C-5A Hydrau'lic System D'esign," Vickers 1966 Aerospace Fluid 
Power Conference. 

47. Moncher, F. L., "Pump Selection as a Function of System Pressure," Paper 
at SAE, A-6 Committee Symposiul'1, Phoenix, Arizona, October 18, 1967. 

48. Wi I Iiams, R., "A New Look at Supersonic Ai rcraft Hydraulic Requirements,lI 
SAE Paper 691C, Washington, D.C., April 1963. 

49. Drexei, W. H., "Fluoro-chemical Cooling for High Heat Dissipation,1I 
Elect ron i c Des i gn, May 24, 1961. 

E-4 

j 

1 



/1 
,.( 

'i 
. f:. ... I 

'. 
~. 

..... , 
'" ~, ".J ...... (. 

I ' 

b 

,,' 

'. 
. ", 

~'1 

;,1 

..... J 
, ,'! 

:':' '0':-... ~ 

-, ~".,' 

-.-. ,-.--,.-,--.--- ---,' -

APPENDIX F 

BIBLIOGRAPHY 

I. Electri cal Power System 

a. Power Generation 

Barna, George, "Power Systems," Space/Aeronautics, July 1967, p. 101. 

Bugenstein, W.A.) "Transient Behavior of AC Alternators with Rectified 
Output," Proceedings, 1969 National Aerospace Electronics Conference, 
p. 233. 

Chirgwin, K.M., IIA Variable-Speed Constant-Frequency Generative System 
for a SST,II IEEE Transaction on Aerospace Supplement, June 1965, p. 387. 

Cronin, Michael J. and P. Frankel, liThe Development of a Secondary Power 
System for a Commercial SST)" IEEE Transaction on Aerospace Supplement, 
June 1965, p. 393. 

Erdely, E., LE. Kolatorowicz and W.R. Mills, liThe Limitations of Induction 
Generators in Constant Frequency Aircraft System" AlEE Transaction, Part 
II, Vol. 77, November 1958, p. 348. 

Gledhi I I, J.R., IIRecent Developments in Electric Power Generating Equip­
ment for Modern Aircraft," English Electric Journal, Vol. 22, No. I, 
January-February 1967, p. 29. 

Gayek, H.W. and L.R. Peaslee, "Behaviour of Aircraft Generating Systems 
with Pulsating Loads, II IEEE Transaction on Aerospace Supplement, June 
1965, p. 603 . 

Gayek, H.W., "Behaviour of Brushless Aircraft Generating Systems," IEEE 
Transaction on Aerospace, August 1963, p. 594. 

Gayek, H.W., "Transfer Characterisitics of Brushless Aircraft Generator 
Systems, II IEEE Transaction on Aerospace, Apri I 1964, p. 913. 

Gayek, Henry W., "Trends in Aircraft DC Electrical Systems,1I SAE Business 
Air c r aft Con fer e n c e , W i chi t a , Ka n sa s , Apr i I I 967, Pap e r 670250 • 

Howard, Edson J., IIVariable-Speed Constant-Frequency Electric Power 
Oi stribution System for Ai rcraft," IEEE Transaction on Aerospace and 
Electronic Systems Supplement, July 1966, p. 290. 

Hucker, David J., "A Method of Weight Analysis for Constant Frequency 
Aircraft Electrical Generating System Equipments," IEEE Transaction on 
Aerospace and Electronic Systems Supplement, July 1966, p. 140. 

Hucker, D.J., "Comparison of Aircraft Electrical Systems to Supply 20 kva 
Variable Frequency and 5 kva Constant Frequency, II IEEE Transaction on 
Aerospace, Apri I 1964, p. 971. 

Jackson, Stuart P. and Dennis M. Swing, "Redundancy and Switching in 
Standby Power Systems, II WESCON 1967 paper, Sec. IS} No.5. 

F-I 

- ., 
I 

. ' 

j' 



b 

" . , 

I 
.'.1 

. j , , 
,i ., 

..... .. • 

I. Electrical Power System (Continued) 

a . Power Generation (Continued) 

Kantner, E. and H.J. Lennon, "General Purpose Maintenance - Free Aircraft 
Battery-Ch,"'lrger System," National Aerospace Electronics Conference, 1967, 
p. 347. 

Kantner, E. and H. Lennon, "Advanced Secondary Power Sources for Ai rcraft 
Application," Proceedings, 1969 National Aerospace Electronics Conference, 
p. 383. 

KeHto, H. S.: "Installation of the APU in the 747 Airplane;" SAE Paper 
680709, presented in Los Angeles, October 1968. 

Mi ller, G.H., "Sealed Nickel-Cadmium Batteries for Aircraft Electrical 
Systems,lf IEEE Transaction on Aerospace and Electronic Systems Supplement, 
July 1966, p. 72. 

Nicholls) B.H.) "Auxiliary Power System Study for 1975 Fighter Aircraft," 
Technical Report prepared by AiResearch Manufacturing Company for AF Aero 
Propulsion Laboratory, Report No. AFAPL-TR-67-135, January 1968. 

Nicholls) B.H. and A.D. Meshew, "Feasibility Study of Auxiliary Power 
Systems for Army Turbine Powered Aircraft,1I Engineering Report SY-6045-R, 
AiResearch Manufacturing Company, Phoenix) June 27, 1968. 

Pierro, John J.) "Aircraft Electrical Power System - Future Trends," 
National .L\erospace Electronics Conference, 1967} p. 317. 

Seyer, Chris F.) "Basic Standby Power Systems) 'I WESCON 1967 paper, 
Section IS, No.4 

Shi I J i ng, W. J. and Taul bee, J. K., "Factors Affecti ng Generator ~Jei ght and 
System Performance," Proceedings, /969 National Aerospace Electronics 
Conference, p. 2/7. 

Sieger, H.N., K. E Preusse and R.C. Shair, "Recent Battery Developments 
for Aerospace Systems," IEEE Transaction on Aerospace and Electronic 
Systems Supplement, July 1966, p. 61. 

Simms, T.E., "Aircraft Electrical Generating Systems - A Review of Recent 
Developments and Design Trends," Aircraft Engineer, December 1961, p. 344 . 

Spaven, W.J. and R.D. Jesse, "Constant Frequency AC Power Using Variable 
Speed Generation," AlEE Transaction, Part II, Vol. 78, January 1960, p. 411, 

-

Stineman, Russell W., "Performance Analysis of AC/DC Electric Power Systems,1I r-
National Aerospace Electronics Conference, 1967, p. 309. 

SItJanberg, R.H. and W.E. Hyvarinen, "Design Approaches for the SST Electric 
Power System," IEEE Transaction on Aerospace, Apri I 1964, p. 948. 

Vachon, R.I., "Space Electrical Power - Quo Vadis?" Astronautics and 
Aeronautics, November 1967, p. 58. 

Vlosov, G.D., "Proektirovanie Sistem Elektrosnabzheniia Letatel Nykh 
Apparatov," (Design of Aircraft Power Supply System) Plac-Moscow 
Publ izdatel-l!-Stvo Mashinostronenie, 1967 (Book). 

F-2 

b 

1 



. ' ... ~-!~ .•. " 

. J 
4 

., 
I 

.. ~ 
A' 

. :~ 

·1 
:1 
;1 

'" .. j 
'j 
.! 

'", 'oj 
•. ,: .... ' '.j 

,. , .~ 
. I 

.•• :j 

...... 
; .' 

,", ; ... :' .' 

I. Electrical Power System (Continued) 

a. Power Generation (Continued) 

Westinghouse Electric Corp. Lima, Ohio, 
Electrical Euuipment Used in Boeing 707 
System." 

.. 

"Training Manual, Westinghouse 
Ai rcraft, Ac Electrical Generating 

Wolf, H.E., "Nickel-Cadmium Batteries - Commercial Aircraft Application 
and Maintenance Problems," IEEE Transaction on Aerospace and Electronic 
Systems Supplement, July 1966, p. 67 

Wood, Palmer R. and Wi 11 iam W. Spragins, 'IIntegrated Secondary Power 
System,:1 AiResearch Manufacturing Company, Phoenix) Arizona, Report 
PT-7087-R, August 20, 1965 . 

"Power Generation Systems Suitable for the EMS Concept in the 1965 - 1975 
Period)" AF Cambridge Research Laboratory, Westinghouse Electric Company, 
Churchi 11, Penn.} Contract AFI9(604)-8039. 

"Reduced Size, Greater Power for New Battery,lI Aerospace Technology, 
August 14, 1967: p. 43. 

b. Power Conversion and Conditioning 

Campbell, S.G. and T.H. Ussher, "Application and Design Aspects of a 
2.5 kva Sol id-State Frequency Converter for an Ai rborne Installation," 
WESCON 1967 paper) Sec. 15, No.3. 

Howell, H.R., F. G~ura5h and J.L. KlingenbergerJ "Parallel Operation of 
Aerospace Static Inverters,lI IEEE Transaction on Aerospace Supplement, 
June 1965, p. 179. 

Kiass, Phi 1 ip J., lINew Static Conversion Technique Tested," Aviation 
Week and Space Technology, June 10, 1968. 

Raposa, F. L.: "Non-Dissipative Dc to Dc Regulator Converters;!! Supp. to 
IEEE Trans. on Aerospace and Electronic Systems, AES-3, No.6, November 1967. 

Raposa, F. L., !!Modular Power Converter Systems,!! Proc. 17th Annual Power 
Sources Conference, pp. 163-166, May 21-23, 1963. 

Schwarz, Fo C. !!Switch Modulation Techniques in Ac to Dc Power Supplies," 
Proceedings, 16th Annual Power Sources Conference, 1962 pp. 148-150. 

Schwarz, F. C. "Switch Modulation Techniques in Ac to Dc Power Supplies, 
Pa rt I I,," Proceed i ngs, 17th Annua I Power Sou rces Conference, 1963 pp 167-170 . 

Walker, L.H., IIApplication Factors Affecting the Weight of Aerospace 
Static Inverters," IEEE Transaction on Aerospace Supplement, June /965, 
p. 187. 

White, David, H. Woodson and W. Jackson, IIStudy of Electrical Energy 
Conversion Systems for Future Aircraft,lI MIT Report, February 1959 -
January 1960; AD-243592. 

Yagerhafer, F.C., "New Power Conditioning Technique for Future Scientific 
Spacecraft," NASA Report, October 27, /965. 

F-3 

) 

" I 



" . '.~ 

", ~ . 

.. ' .... 

b 

,1 

. . ' 
" 

, 1 . 

, 
" 

",j 

'Ii: ,j 
:.1 

c. Power Distribution 

Bacon., K.F., "Protecting Aircraft Distribution Systems," Industrial 
Electronics, July 1964, p. 334. 

Bates, H.S. and W.T. Turnage, "Built-in-Test" for aircraft sol id state 
electric systems, Proceedings, 1969 National Aerospace Electronics 
Conference, p. 369. 

Dalziel, C.F.; J.B. Lagen; and J.L. Thurston: "Electric Shock;" 
Transactions, .tHEE, 1941 . 

Dalziel, C.F.; and F.P. Massogl ia: "Let-Go Currents and Voltages;" 
Transactions, AlEE, May 1956. 

Dalziel, C.F.; and W.R. Lee: "Reevaluation of Lethal Electric Currents," 
IEEE Transactions IGA, 1968, p. 467. 

Electrical Systems Study Using Static Components; Westinghouse Electric 
Corporation, Marine Div., Sunnyvalve, Cal ifornia, Report WG 82481, Nobs 
94542, Project Serial No. SFOI3-12-01, Task 4409. 

Emery_. F.P. and Darius Irani, "Power Transmission at High Frequency," 
IEEE Transfer on Aerospace Supplement, June 1965, p. 402. 

Howard, Edson J., "Variable-Speed Constant-Frequency Electric Power 
Distribution Systems for Aircraft," IEEE Transaction on Aerospace and 
Electronic Systems Supplement, July 1966, p. 290 . 

Hyvar-inen, Wayne E., "Aircraft Electric Power System Performance as 
Affected by Transmission Line Impedance," IEEE Transaction on Aerospace 
and Electronic Systems Supplement, July 1966, p. 298. 

Jones, Clyde M. and Lee D. Dickey, "Contactless Switching, An Appl ication 
of Sol id State Switching Technology to Aircraft Electric Systems," National 
Aerospace Electronics Conference Proceedings, 1967, p. 331. 

Jones, P.W.C., "Cables for Aircraft," lEE Proceedings, Sept. 1967, p. 1287. 

Marek, A.J., "Investigation of Contactless Switching Concepts for Applica­
tion to Aircraft Electrical Systems/I August IS, 1964- December 1966, 
development report, LTV Aeronautics Division, Dal las, Texas. AD 417130 
(Phase I reoort), AD 417245 (Phase II), AD 417131 (Phase III), AD 645428 
( P ha s e \l I I ) " 

OINeill, B.J. and Leon Weissman, "Magnetic Switching Systems," Electro­
Technology, October 1962, p. 128. 

Payne, C.E.G.} "Olympus 593 Control System,'l Aircraft Engineering, 
Apri I 1967, p. 10. 

Pellman, R. R., "Power Distribution Characteristics for Overload Protection" 
Proceedings, 1969 National Aerospace Electronics Conference, p. 227. 

S i m s , R. F. and R. L. A. M c Ken z ie, l/ Air c r aft ACE 1 e c t ric a 1 S Y stem sUs i n g 
Changeover Contactors and Rapid Fault Clearance, lEE Proceedings, 
Augus t 1967, p. 1099. 

Stock, R.N. and R. W. Powell, "Development of a Solid State Electrical 
Distribution System," Alexandria Division, American Machine and Foundry 
Co. AD 422380. 

F-4 

• 

., 
I 

I 



. . : 

.. 1: 

.... - . 
,' .. , 

... ;,., 
, . 

.. ' 
... ':. .';( 

. ,': 

.,.'.,: 

: .'. 

',;". 

'. 

b 

'tr ~.. .. us £?E CWWP 

I. Electri cal Power System (Continued) 

c. Power Distribution (Continued) 

Swanberg, R.H. and W.E. Hyvarinen, IIDesign Approaches for the SST Electric 
Power System," IEEE Transaction on Aerospace, Apri I 1964, p. 948. 

Taylor, F.G. and J.D.S. Hinchliffe, "Cables for Aircraft - Design ahG 
Development,!! IEEE Proceedings) September 1967, p. 1298. 

"Aircraft Electric System Design Guide,!! AlEE Publ ication No. 750, 
Sec. 516. I. 

!!Superconducting Electrical Machinery as a Means of Power Transmission 
in Aircraft,!! January 1966, Dynatech Corp., Cambridge, Mass., AD 629635. 

d. Power Uti lization 

"Association Attempts to Guide Users of Permanent Magnets;tf Product Eng., 
October 21, 1968, p. 89. 

Bourne, H.C. Jr. and T. Kusuda, tfA Three-Phase Magnetic Amplifier, I - An 
Analysis and II - Experimental Results,tf IEEE Transaction on Magnetics, 
March 1967, p. 9, p. 17. 

Dudley, D. W.: Practical Gear Design; McGraw-Hi 11, 1954 . 

Gayek, H.W. and L. R. Peaslee, t1Behaviour of Aircraft Generating Systems 
with Pulsating Loads,t1 IEEE Transaction on Aerospace Supplement, June 
1965, p. 603 . 

Grinnell, S.K., R. Warm and R. Turkington, t1Determination of an Optimum 
Primary Power Frequency and Voltage for Missi les,!! MIT Dynamic Analysis 
and Control Laboratory, November 1957, AD-149548. 

Howbrook, E., !!A New Synchro,!! Control and Automation Conference, IEEE, 
1967, p. 7. 

Huppert" D.L. and D.H. Deppe, tfMagnetic Ampl ifier Used as High Accuracy 
DC Sensor for Aerospace Appl ication,!! Instrument Society of America 
Transaction, January - March 1965, p. 54. 

Jones, H.J. and'C. Sturzenbecker, !!High Performance Servo Magnetic 
Amplifier for Severe Environmental Application,!! AlEE Transaction, 
Part I, 1962, p. 462. 

Lang, Alfred, tiState of the Art of Transductor Appl ication in Germany," 
IEEE International Conference on Non-l inear Magnetics, July 1964. 

North, N. B., tfUncertainties in Electrical Load Analysis,tt Proceedings, 1969 
National Aerospace and Electronics Conference, p. 237. 

OINeill, B.J. and Leon Weissman, flMagnetic Switching Systems/1 Electro-
Technology, October 1962,. p. 128. . 

Pavlovic, D. M.; and Clark, J. J.: Magnetic Behavior of High-Saturation 
Core Materials at High Temperatures and Freguencies up to 3200 cps; NASA 
Report CR-54091, September 1964. 

F-5 

1 

' .. 



.,' 
'" : 

bs 

'·1 

.. j 

,I 

';f 
I , 

¥ .... 

" ... ~ 

" 

I. Electrical Power System (Continued) 
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Electrical Power System (Continued) 
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