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ABSTRACT

4 study program was conducted to investigate advanced approaches
. .. state power switching, solid state circuit protection, signal
(-, control logic and multiplexing for application to advanced
. 4. ecraft electrical power distribution and contrel systems compatible

o ,JL-::TD 704, Several advanced concepts are presently under

.o lupment for aircraft electrical systems, These aircraft concepts
RN :dware were investigated to determine the modification or new
- wolanment required for their use on advanced spacecraft.

Three electrical power distribution and control system concepts
. wer patablished for advanced spacecraft and investigated in detail.
.. re were (1} the conventional syster'n concept using electromechanical
3-tvhes, relays and circuit breakers; (2) the hy-brici system concept
Lzt electromechanical devices for power switching and circuit protec-
.1, rolid state signal sensing, and a dedicated data handling system
1 wrparating programmable logic control and signal multiplexing; and
' ¢ solid state system concept using solid state devices [powex con-
1.2 5] for power switching and circuit protection, solid state signal
1oo-ing and a dedicated programmable logic and multiplexing centrol
ront=m,. After an analysis and comparison of the three concepts, the
r. id ginte system was selected on the basis of weight, size, reliability,
srterrnance, {lexibility, EMI compatibility, and built-in-test, After
- -aalysis of requirements unique to spacecraft, recommendations
<ve made for the development of multi-chammel power controllers and
iitfied signal sources incorporating built-in-test features, Modifica~
-+ = to the dedicated data handling system were recommended to facil-
T-t+ hullt-in-test of signal sources and to more efficiently handie
- ‘1 arion and monitor signals,
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.G INTRODUCTION

This is the final Engineering Report prepared under NASA
Conttract NAS 9-10408 sponsored by the Information System Division of
NASA Houston Manned Spacecraft Center. The report documents inves-
tigative studies directed toward applying advanced approaches of solid
state power switching, solid state circuit protection, signal sensing,
control logic, and multiplexing for application to advanced spacecrait
electrical power distribution and control systems.

The portion of electrical systems which is of primary interest
and to which this study is addressed is shown enclosed by the dashed
lines of Figure 1-1. Until recently this portion of electrical systems on
both aircraft and spacecraft has been an area neglected from the stand-
point of new concepts, component development, and general advancement
of the state-of-the-art, For many years the conventional approach has
been the use of power contactors and motor switches for bus switching;
complex bus arrangements using bus monitoring instead of individual load
monitoring for powering down a system; thermal circuit breakers for
circuit protection; and relays and switches interconnected at the power
level to form the logic for control of power to the loads. In addition, the
conventional approach and associated components were adequate for the
simple systems of the past. However, for the sophisticated and highly
complex systems of today and those projected for the future, the conven-
tional approach becomes unwieldly from the standpoint of wiring, perfor-
mance, life, reliability, maintenance, and checkout.

During the past decade new concepts have emerged and new
component developments have been inifiated for advanced aircraft which
offer many features for simplifying and improving the operaticn of the
electrical power distribution and control system. A detailed account of
these develocpments can be obtained from a réview of references $-10
through 9-32. Here, power confactors and motor switches are replaced
by sclid state power switching devices to perform the bus-switching
functions. Solid state power switching and circuit protection are com-~
bined into a single power controller module, replacing the thermal
circuit breaker and power switching relay in each load circuit. Power
is routed directly from the bus to the load and is separated [rom control
with control performed at a low power level, nominally 5 volts and
10 milliamperes. Control of the power controllers is provided by a
dedicated data handling system (DHS), utilizing programmable logic for
manitpulating and multiplexing for transmission of digital control signals.
Generation and sensing of control signals are performed by solid state
signal scurces, supplying the signals to remote input terminals of the
dedicated DHS, Implementation of the advanced concept resulis in signif-
icant reducticns in distribution system power and control wiring, overall

|
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system weight and size, Significantimprovements are gained 4n perform-
ance, reliability, change flexibility, and checkout,

. Recognizing the limitations and problems associated with the
.conventional approach and the desirable features of the advanced aircraft
concepts, the purpose of the study effort was to: (1) investigate the
application of advanced aivcraft concepts and assoclated hardware to
spacecraft electrical power distribution and control systems; {2) detex-
mine changes in concepts and/or hardware to satisfy any unique require-
ments of spacecraft; (3) determine optimum system concepts; {4) deter-
mine hardware medification cost and time to perform modifications with
proper qualification testing; and (5) document the investigation,

. More specific tasks completed as part of the study axe outlined
below: -
" 1, Document advanced aircraft power distribution and
control system concepts and associated components
development, ) l

2. Survey, study, and fuvther define functional and interface
requirements unique to spacecrait,

3. Revise aircraft concepts to accomimnodate those require-
ments unique to spacecraft,

4, Determine aircraft components compatibility with space-
‘craft requirements, ’

5. Define necessary compaonent changes and modificaticns.
Obtain estimated development time and costs; submit a
projected development schedule.

}

6. Perform trade-off studies between a minimurm of three
system concepts to arrive at an optimum approach. The
following were used as major trade-ofi factors:

a. Weight/size

b, Reliability

c. Cost

d. Modular consiruction

e. Prelaunch and inflight test/checkout _

f,  Flexibility in changing control logic functions

g. Periormance

h. Impactupon power socurces and utilization eguipment
i. Development time

j. EMI compatibility,



pot
It

Prepare a final report documenting revised systsmn
concepts, component modification reguirements, modifi~
cation cost and development tizne, trade-off studies,
recommended system concept, problem areas, and
recommendations for further program action,

investigation was directed toward obtaining the following

" Reduce overah system weight and size by 40% as compared
to present spacecraft systems,

Improve reliability by a factor ranging from 500 to 1000%,

Maintain overall system losses equivalent to or less than
those of the present systems,

-Reduce power source fault current capacity requirements
by 50%.

Utiiize modular construction,
Provide redundancy in system critical components,

Incorperate prelauvnch and inflight fest to the replace-
able module level, The system shall also incorporate
an automatic, inflight, fault detection feature whereby
the fault will be identified at the replaceable module
level, )

Eliminate major wiring changes to accomnodate changes
to control logic functions.

Provide remote reset capability for power switching/
protection components.

Optimize the entire system. There is to be no point at
which failure of a single component will cause failure of
the system. Failurs of a control logic event to occur or
premature occurrence of an event shall constitute a system
failure, I failuve can cccur, the design shall be such as

to allow the failure only in the "fail-safe' mode, Maximum
emphiasis should be placed throvghout the mechanizztion to
eliminate single point {zilures. '

Optimize cost and funcvion.



2.0 AIRCRAFT CONCEPTS

Over the past ten yvears several advanced concepts have been
identified and defined for aircraft electrical power distribution and cone
trol systems. These concepts have included various combinations of
electromechanical, bhybrid, and solid state devices. KEach of these
concepts can be reduced to three major subsystems such as signal
generation, confrol, and power switching. Table Z-1 lists the moze
comuinon alternates under each major subsystem. Referring {o
Table 2-1, a concept could be established which would consist of hybrid

TABLE 2-1 Alternate Subsystems for Advanced Alrcraft

Data Handling (Conirel)
Transmission Logic

Signal Sources Power Switching

p o

{1} Mechanical | (1) I—Iarc-iuwire (I) Non-program- | (1) Electromechanical
' . mable Memory

{2} Solid State (2) Multiplexing |(2) Solid Stafe (2) Sclid State
- (Hard-wired)
{3) Hybrid (3) Programmable { (3) Hybrid
| Memozry

signal sources, hard-wired data transmission, hard~-wired integrated
logic and solid state power switching, Amnother combination might be
solid state signal sources, multiplexed data transmission, hard-wired
integrated logic and hybrid switching, It can be seen that various othery
combinations could be generated. Several advanced concepts were X
investigated, but the ones showing the greatest promise for spacecraft
applications were a solid state concept and a hybzid concept. The soliry
state concept uses solid state signal sources, multiplexed data trans-~ %
mission, programmable logic and sclid state power switchiag., The :
hybrid concept uses the same signal sources and dedicated data handling
as above but incorporates hybrid power switching., The conventional
concept was selected a5 a third aliernate and is used as 2 base for
discussion and compavisons,

o~

e,



:’_‘:gnv}entional Alrcraft System

et

A conventional aircraft power distribution and control system

va zlwown in Figure 2-1, A detailed dis.cussic-n on system operation
w:if oot be made other than to point out a few system features.

Bus Arrangement and Switching - The bus arrangement is
. -muplex, requiring eight buses and eight power contactors. Load
. sinritics are assigned to buses such that high priority loads are placed
_‘ emergency buses, lower priorities on main buses, and lowest priority
“jaadx on monitor buses, As sources are lost or loading exceeds a certain
‘ewel, the monitor buses are dropped, Upon loss of all main power
sizarees, the emergency generator is brought on the line and all buses are
Hroaped except the emergency buses, | '

Load Circuits - On the left-hand poftion of Figure 2-1, a

typical load power circuit is shown, The breaks designated as A, B, C,
and D represent toggle, limit, pressure, or other types of switches or
seiny contfacts. The contacts of these devices are wired in such a way
that power is applied to the Ioad only when the switch or relay contacts ave
vyened or closed in such a pattern as to satisfy the control logic for power
srplication. These switch and relay contacts can be located at any places

th the aircraft, Thus, to obtain proper logic operation, the power wiring

irom the circuit breaker must be routed to and from each of these devices
teiore going to the load. It is immediately apparent that control is pexr-
fsrmed 2t the power level, Diverse location of these switching elements,
1ultiplicity of different series and parallel arrangements of contacts,
snultiple contacts for the same switch function, and the large number of load
“irenits create an extremely complex wiring de sign, installation and check-
i1 problem. '

The conventional aircraft power distribution and control system
*2ffors from many problems. These are briefly outlined below,

Bus Transfer Time - Using power contactors, a prceblem exists
»“transferring a bus from one source to another, The switching trans-
or time is approximately 50 milliseconds which is too long a power intep-
.:Hon time for certain types of sophisticated electronic systems, Systems
hEEt rusceptible to memory loss and errors introduced by the loss of
¥ are digifal computers, digital logic, flight controls, radar, and
Tawigation,

5%

ar

.

T ..-Iﬂad/ Bu_s Assignments - Since load monitoring is performed on
- .1. ::;-_-15,. the priority of each load must he determined during design and
. @asigned to the bus with the proper priority. To change a load
. :"k:.:.‘\:;fter installation requires a wiring change on the vehicle, The
v Cltribution of single~phase loads between buses often creates s
© hiaidance condition,

cE

6



AC MONTTOR HUS 1

\-\;

\-@

A4
AC LOAD CKIS

TeL

—0 | O~ MATIS AC BUS NO.

1 ""‘57-5*" nm-mﬂcﬁrsmo 2 "'OT

——p

LOAD }

MATH
T/R1

[
"

TYPICAL LOAD CTIRCUIT

TC3

TIT I

AC LOAD CKTS . AC LO.AD CKIS

T

BMERG
Ac LOAD 7/R

CKTs8

-~ MONET

W
IC LOAD CKTS

{H MAIN DO BUS L

}-'"0 | 0—'| ¥MERG DC EUS I

i

A ¢

EMERG DC T.OAD CETS

FIGURE 2-1 A CONVENTIONAL AIRCRAFT POWER DISTRIBUTION
AND COXNTROI SYSTEM

AC MONITOR BUS 5

AC LOAD CXTS

LEGEND
Cs8p Constant Speed Drive
GCL Genergbor Contaectora
ART AC Bua Tie Conbachors
¢ Tie Conbsctors
DET D¢ Bus Tie Contactors
RFC Emergency Power Conk,
CB . Clreult Breaker
A,B,C,D Switch andfor Relsy

Contocts

H



Load Monitoring - Load monitoring or powering down is
.4 complished by dropping buses and all the loads on those buses. The
+ «uden dropping of a large block of loads creates an overvoltage surge
., the system. . :Again, the sudden picking-up of a bus {powering up)
s reates an aundervoltage surge on the system. Sequencing of loads wouid
seduce the magnitude of these surges. Inflexibility exisis in that unde»
. eptain flight conditions, certain loads are not necessary and are ofi,
~ecating an underloaded condition on say an emergency power source.
exibility is needed to program load monitoring on a lcad basis rather
.1n z bus basis and to vary load priorities according to flight conditions.
ig impractical to incorporate these features on the conventionzal system.

* M
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b e
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Wiring - Wiring on the conventional system is a major problem.
isarge quantities and long lengths of power wiring are required fo inter-
connect the switch/relay logic. Since the logic is performed at the power
fgvel and long lengths are necessary, larger sizes are often required to
compensate for voltage drop, As the amount of wiring increases, the
mnrnber and size of connectors increase, The reliability of connectors
deereases as the number of pins per connector increases. Furthermore,
tte size and complexity of wiring harnesses presents greater opportunities
{ur wiring errors and aggravates the wire routing and installation problem.
48 systems become more complex, proper checkout and maintenance of
wiring harnesses become prohibitive.

Equipment Location - For circuit breakers to be accessibis
fur reset in flight, they must be located in the crew station, This die-
tites locating buses and power contactors in the crew station. The
Lrazkers, buses and contactors require large blocks of crew station
anel space and console volume, pointing out the needfor a circuit pro-
twetion device which can be located remotely and controlled remotaly.

i
Circuit Breakers - Thermal circuit breaker trip character-

t2ticg have a broad and variable trip band due to manufacturing toler-
snces and variations with temperature. Proper coordination of large
Breakers in series is often difficult, Furthermore, circuit breakers of
1031l ratings through 3 amperes have a high contact voltage drop. This
“rup in series with a maximum allowed drop in power wiring is prohibi«
v, requiring that only larger ratings of breakers such as 5 amperes be

”:f:"i aven op circuits with milliampere loads, In turn, the higher rating
" breaker forces the use of 2 larger wire size to obtain proper
- wier and wire coordination. '

o3
A3

Switches - Meny problems exist with the use of conventional
-tromechanical switches, These range from contact arcing, bounce,
Srosud contact erosion fo mechanical wear ouf., Contact resis-
< ofien dnereases with age and operations, Yurthermore, a switch

o fvn Lo of a it -pole coufiguration to give electrical isolation
switch function is used in several circuits, & welght and size
-ulis from e mﬁj}.i—i_pal@; 1‘0(5_11’3.1‘5.:1‘?}.{‘,115‘ . Machodenl limit

8
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switches used for such operations as landing gear and gear door
operations have critical adjustment requivements and are often damaged
by shock loading during landing and failure of mechanical sapports.
They are subject to damage or improper operation caused by runway
gravel, debris, mud, etc. Historically, mechanical limit switches in
these applications have a high failure rate, Proximity devices solve
many problems on landing gear applications, but incorporation of them
into a conventional system requires a sensor head and an electronic
control module driving a relay.

Relays ~ Problems associated with relays are very similar
to those, of switches,

Performance and EMI - The conventional system has perform-
ance and EMI characteristics which axe less than desirable. A few of
these are listed below: - ‘

1. With the mass of power wiring and the inadvertent routing
of long sections of wires parallel to one ancther, induced
EMI becomes a problem.

2. Instantasncous contact opening and cloging, contact hounce
- and chatter with arcing are a source of noise and high
induction kick-back voltages, all of which contribute to
the poor EMI environments. EMI can be reduced by
suppression devices on relays and solenoid valves, but
these degrade the performance of the device,

3. With the use of eiectromechanical contacts, Ioads are
connected directly to the electrical power source; thus all
transients, spikes, and other perturbations of loads and
sources are passed on to each load without any buffering
effect.

4, Wiring and components are designed to susiain at least
a 3 per unit fault current for 5 seconds. This imposes
weight and size penalties on components and subjects the
system to thermal, electrical, and mechanical stresses.

5. Random switching at different points on an AC waveform
is another source of transient surges. For resistive and
some inductive and capacitive loads, switching at zexo
crossover eliminates these surges.

6, Problem areas aleswdy considenced are those of slow bus
transfer titnes and large step jncreases or decreases in
loads,



- Advanced Aircraft Concept — Solid State

o ) 1

s 2.1 System Description and Operaﬁcnj/

Figure 2-2 is a schematic block diagram of 2 completely solid
state aircraft power distribution and control system, As noted, the
seatem is divided into three major subsystems -~ signal generation
i*'; uyrces), data handling, and power switching., Signal generation pro-
ducas the bi-level signals associated with control of the system. These
signals corresponding to manual operations, pressures, temperature,
pogition, motion, etc, correspond to the control elements A, B, C, and
D previcusly shown in Figure 2-1. The dedicated data handling (DHS)
encodes and transmits the signals over a multiplex link to a program-
mable central precessor called a Master Unit (MU) which performs the
conirol logic operations. Output signals from the MU logic operations
are transmitted over the same multiplex link,” decoded and individunaily
hard-wired to solid stzte power switching and protection devices desig-
nated as power contirellers, Power controllers are of two general
iypes -~ bus switching conitvollers (BC) and load switching controliers
tL.C). As implied the BC are used for power source and bus swiichin
operation, functicning essentially as solid state power contactors. Ths
1.C are located at the load buses and serve as load switches and circuit
rrotectors, Individual power wires to each loada re routed directiy
from the LC &t the bus to the load,

in

Al

The most apparent feature of the solid state concept is the
separation of power and control., Here, contrel can be performed at
Iow power level: a nominal 5§ VDC at 10 milliamperes, The low power
izvel permits the use of small gage wire or flat conductor cable betwe,en
2ignzl sources and the remote input terminals (RIT) of the DHS and
tetween the remote output terminals (ROT) and the power controllers,

W

Figure 2-3 is a schematic block diagram, showing more detail
af the power switching subsystem, In referring back to Figure 2-1, it
frcomes apparent that the solid state system of Figure 2~3 is much
ti ipler with fewer buses and a reduced bus switching requirement. The
i Tiority of each load is programmed into the control system, thus auto-
wratically monitoring and turning off low priority loads on a load basis
tource availability or capacity is reduced, Through switching and

atrel of the individual lcads, the emergency generator can be con-
€ird as shown in Figure 2~3 and the emergency and monitor buses
dnated, Under emergancy conditions, only those loads with highest
" 1tuTity can be enabled. Additional flexibility can be obtained by pro-
a ':"”"I‘-g load pricrity according to flight conditions, Other features
-iien the ability to program load sequencing such as to avoid step in-
TreTes oy decreases of large blocke of loads. The capability existe for

* "‘a ‘gr*

A antometic load manageraent.
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2.2.2 Subsystem Details
2.2.2.1 Signal Sources

Signal sources for the advanced aircraft solid state system are
of two general types: manual devices for crew station control, and remote
sehsors for functions such as position, motion, temperature, pressure,
etc. The signal sources are completely solid state except for the mechan~
ical actuators. This contributes to their high level of reliability, These
devices can be designed to operate on the principle of optics, electro-
magnetics, nuclear, strain gage, and othexs. The bi-level output signal
is 2 "0" or "1", OFF or ON respectively. The OFF condition is a nominal
zero volts while the ON condition is a nominal 5 VDC feeding into a
nominal impedance of 500 ochms, . The signal level of 5 VDC at 10 milli-
amperes is chosen for noise immunity. Further, the low power level
permits the use of small gage wire or flat conductor cable in connecting
the signal source to its power supply and to the remote terminals of the
DHS.

Three versions of the manual control signal sources have been
"developed to the engineering model stage., These are an ON-QOFF toggle
switch, an ON-OFF-ON toggle switch, and a push-button switch. The
switches were developed to MIL-S-81619{A), General Specification for
Solid State Transducer Switches (8§ October 1969). The specification
sheets which follow fox the ON-OFF and ON-OFF-~ON toggle switches
are very similar to those of the slash sheet MIL-5-81619/1(AS}, Toggle
Type Electronic Transducer Switch, Additional development is necessary
for other versions of toggle and push-buiton switches in conjunction with
rotary switches,

Early models of electromagnetic [proximity] sensor heads -
and associated electronics were designed, built and test flown on an
XC142 aircraft. They were designed into the landing gear assembly and’
used to sense the LOCKED or UNLOCKED coadition of the down~lock and
up-lock mechanisms on both main landing gears. The unique feature of ;
these signal sources was the fact that they were small and were built info
the lock mechanisms, giving a much move direct and reliable indication |
than the electromechanical limit switch that they replaced. The devices;
provided highly satisfactory performance until the crash of the test
vehicle from other causes, For additional datails on the early work witt}
signal sources of this type, refer to vreference 9. 18. No additional
development has been performed in this area,

2.2.2,2 Power Controliers

The sclid state power controllers are of two general classes -
bus cantrollers (BC) and load switching conirollers (LC), The LC can be

[
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SWITCH, ELECTRONIC TRANSDUCER; TOGGLE TYFE

E{’ne complete reguirements for procuring the switch described herein ghall consist
of this document and the issue in effect of Specification MIL-S-B161G{AS).

<.Powar In

Keyway
\-—-| Control \ Ay Oubput

Circult Diagram

TERMINAL IDENTIFICATION
Wire Leed

Color

2.072 .

+, 004 Red Fover In ) 3h° £8°
White Signsl No. L Out

.2h5 Dia SR Grzen Signal No, 2 Qut >
2 Black Ground 17° £b°
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*+ Threed to wichin 0.062 of shoulder.

+ = ¥Wire lezdz shall emerge from Llowsr half of switch bedy below positioning keyway.

fr Tontur of switch bYody optionsl.

= Ideutificetion 1o be placed on surfsce of switeh body located 180 degrees from positionimg
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REQUIREMENTS:

MECHANTCAL AND DIMENSTONAL CHARACTERISTICS:

Dimensions - - - - = =
Tolerances - -~ = - - =

Terminals - - - = « =

Actuating Forece - - - -

Weight =~ = =« - - - -
Strength of Actuating Lever
Strength of Wire Leads - -
Operating Cycles - - -~ =
Enclosure - - ~ = = =

*Metric equivalents to the nearest 0.0L

25,40 millimeters,

ELECTRICAL CHARACTERISTICS:

in inches®
+ 0.01 inches on decimals
+ 0.5° on angles
Yire Lead (mrf-w-81381/1-26)

0.5 1b minimum 5.0 1b mexinum

0.08 pound maximum
25 Founds

5 Pounds Tensile
150,000 minimumm
Sealed - Watertight

millimeter zhall be besed upon L inch =

Logical State of Output Signzls Wiéh Toggle
Lever in These Positions
Part Ho. Opposite Keywsy Side Center Keyway Side
Signal Ro. Signel No. Signal No.
) 1 2 T T 2

L _on -
204-59-10-2 0 1 0 1 0
204-99-10- 1 None Tone ¥ None

{a) TNonfunctioning terminels shall rot be supplied.

Maximuw Supply Voltege - - = = - - - =~ - 8 volts DC

Supply Voltage - -« -

Output Voltage, Actuated Condition

{Logieal '1'} - -~ -

Output Voltage, Unactueted Condition

(Logieal '0*) - - =

Output Current, Actuated Condition -

tput Impedence; Unactustied Condition

Input Power

Actuated and Output Cornected to

5

)
1
[}

510 % 19

6 volts +5% DC
k.5 volts minimum

0.6 volts maximum,(whilei

sinking .007 amp) y)

9 milliamperes minimum

50 ohms, minimum 1

85 ohms meximum ]
+

cervensnnens..0.35 vatt meximm



0. 35 wabt maxicunm

e m om m w om. e = 0,35 yabt maximom

w PaeeT ¥

cesmrscaneasassrssnnarcasesaenasess 230 nANOZaconds maximm

o
v L £=oB

=P - +
s me EEl teswedverrresrasseseresasssreransarasesas230 NANOSRCONdS maxizum
wr vd B ERY . csavpessectsrrectitecansrcaisoastsans 1.5 microseconds minimum

8.0 nmicrossconds maximum
. i vt #8E s ganvicsecsnnrernreraesssscersssssecas L5 microseconds minimum
8.0 microseconds marimum
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m = = = = e = = =« = = = = « Bea Level to 100,000 Feet
« vt + 2 A M a s = = m o= w o= e w o= e 10 to 2000 Hz. at 3CY g%2,6.1 in DA
f 4 e m e om = = e = Te o« = = = = 50 g for 11 miiliseccnds 10 Hz o 76 Bz
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further divided into AC and DC units, The BC are presently designed
only for 115 V AC, 400 Hz power gystems with a BC for each ph‘aseﬁ Both
BC and LC can be remoteiy 1oca‘cald and remotely controlled, thus freeing
valuable crew station panel area and console volume.

The BC is essentially a solid state power contactor. It does not
perform any protective functions as found in the LC, It does have zero
voltage crossover turn-on and zero current turn-off along with a lockeut
feature to prevent connecting two unsynchronized power sources together.
The ON control and the LOCKOUT signals are both at a nominal 5 V DG,
10 milliampere power level, The BC has the capability of switching
between two unsynchronized scurces in as short a time as one cycle
(2. 25 milliseconds) with resistive loads connected to the buses. Regen-
erative loads such as motors and other inductive and capacitive loads tend
to momentarily hold the bus voltage up. Switchover oceurs only on a dead

bus., Heat sinking is required for dissipation of losses from the BC,

Two ratings of BC are under &evelopment, One is a 10 ampere
unit, the other a 75 ampere unit, These have been developed to the
engineering model stage, but do reflecht some devietions Trom the
specification as concerning weight, size, and case temperature. Full
compliance to the specification can be obtained through packaging using
hybrid or integrated circuits, The engineering models were developed
using MIL-P-81653 [reference 9. 32] as a guide, The typical requirements
for a 75 ampere BC would be similar to those shown on the specification
b elow. .

I .

Load controllers (LC) replace the electromechanical thermal
circuit breaker at the bus and the power switching function in the conven-
tional system. They can be located and controlled remotely, permitting
the use of a distributed power bus arrangement. ON-OFF and RESET
control are provided by a nominal 5 V DC, 10 ma signal. TRIP INDICA-
TION is supplied from the unit. The LC are snap-acting, trip-free
devices. -Additional operating characteristics are listed as:

1. Isolation between control and power circuits

2, Operating efficiency of 95% minimum

3, Voltage drep 0.5 V maximum DC, 1.5 V maximum AC

4. Leakage current: device rating x 10~4 amperes at maximum
case temperature (typical}

5. Operating cace temperature range of -54°C to 120°C

6. Incorporation of internal power supply.

17
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SPECIFICATIGN

POWER CORTROLLER, AC RFUS SWITCHING
SPET, NORMAL OFEN, 75 AMPRRES

3.000 MAX

k.38

STUD 1/L - 28 UNF - 24 THD.
2 PIACES

i
STUD L-Lo uNC-24 TI{Dj

4 PIACES

TERMIBAL #4 TOP, #6 BO’l‘TOM7

8o

Term #1

T =l
L e

Torm #2

N

&

¢

/

EEF- - 5

1.500

od

Dimensions are in inches.

D

¢

N

|

750

l Povrer Input —————3
Power Outpul s 2
Control Slgnglrmem—— 3
Lock-Out Signal—— L
Signal Grd——ewrsmame= g
Pover Grd ————— 2§

2.500

MAX

I“— 1.250———

2.500

.203 + .005 DTA 6 HOLES

i

TERMINAL #3 TOP, #5 BOTTOM

Unless otherwise specified, tolerances are % .02 for two place decimals
ané + ,005 for thwrse ploce decimals.
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3";ﬁ"" A%D DDENSIONAL CHARACTERISTICS

b

ns and Confignrafdon « + ¢ o v 4 « & 2+ s o o 2 « + o+ « See Figure

L LR R Bee Figure %
3;:1353"9. W s s s w4 e s s e 4 s s e et e s s e s s s s s s+ Blade anodized metal, sealed watertight
Se ¢ o o e 8 4 8 8 8 4t s e s s 4 s w e s e s e s s s+ « See Figure, verminals shall be electri-
cally isolated from case
HEIZNE o o » o o o ¢ ¢ 4 4 s s 4 ettt e e e e e 10.0 ounces maximum :
cpermal resistance case-to-sinlte o . v s o4 s e o 0o e e 0, 2200 ¢/watt maximum with mounting
torque of 15 in-Ib

i -£=rRICAL CHARACTERISTICS (-54°¢ to 120°C cese tempersture unless othervise specified)

morminal arrangemente o ote ¢ o o o o 0 0 o o 9« s SPST (normally open)
Rated operating volLage « + + + s ¢ o s 4 s o v o 105 ~ 120 volts mms
Rated operating frequUenCy « 4 s o o ¢ o e w0 o 400 Hz 5%
Curren‘i'.rc.‘blng- 2 & & & = % B ® & %8 & & ¥ & e = ©» 75-062!1?81‘85
Conbrol. VOLEZZE o o o o o o s o+ o ¢ o ¢ 0 o o ¢ ¢ +8.0 volts dc maximmi
Rat@d con‘ti‘ol VOl‘tE‘-ge » & ® 8 * ® * & + & ® * ¥ & 8 ‘{"500 volEs dc
'mrnuonvoltage Y o.o s ® & % % & & % = v s & o +3u5 volts de minimum
Turn-0ff VOLL2ZEe o o o + ¢ 6 o 2 2 o o ¢ & 4 & o » +2,.5 volts de neximum
'i‘urn-ontime- « & 8 0 ® O B 8 & & B & & ¥ B F e 0 @ loOCyclemaximmn,
Turn-off'time- « s = 4 6 e & & 3 & & 8 * 0 & 8 telnocyclema}:im\m
Ou'cput I‘ise time- e & & $ & * o @ ©° Bk 8 " v @+ 9 ﬁOt a‘__ﬁplicable
Ou@utfﬂ-ll‘timeo * ©° & o ® & @ % @ B ¥ ® £ & 8 & .Nota,pplica.ble
{nsulabion TeSiS5ance « o « o o ¢ o o o ¢ + + o » o 100 megobms minimam
Isolationu s # % 0 & W & B B8 & s ® P 4 ¥ s s B v 4 lon‘egcb’nSaulnlm\m
Control input resistances . « o o o o ¢ s « 2 o » o D0C chms +10 percent
Vo'luabed"op. a 2 © & & # 6 © ® ©°O ® % % ® £ & & & .lﬁvol‘tums*raxlm‘lm
@ 75.0 amperes
Lea-kage Current & % 8 0 © # 8 & & & ¢ & & © % ® * 0 l-o milli&r.:‘geres mayinmm
@ rated voltage
Power dissipation - ONe o o o ¢ 4 s s ¢ s o o o » = 120 watts maximum
Power dissipation ~ OFF . o ¢ ¢ o » » v & ¢ ¢ o & 55D watts wmaximum
current 1i1i1iting. * & & 8 B ® B & & @ & = =z T B 2 8 ot e.pplicable
Trip.out tine (non-repetitive rese»} e o s s+ s o o Hot applicable
Trip-out time (repetitive reset). w6 ¢ ¢ o o o Hot applicable
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Trip indication VOLLAEE o « + o ¢ o o s » & ¢ o ¢ o NOT applicable
Resel IMMUNItYe o o o o ¢ ¢ ¢ 2 s o o o s a o s s o NO¥ appTicabTE
Taveforn distortion + v o o « o a s o s ¢ o o o s o L5 volts ms or 12,0
volts peak-to-peak
y masimim
Trip"free « 4 ® e & * 4 8 ;T 4 B B ® s & & & 2 e e'I\IO‘ta.pplicable
Tockout contrel VOITAEE o » o o o o o o o + o o » o £3.0 volts maximm
Tated lockous VOILRZE « « o o o v s s o + o o o » o 2.0 volis dc
Lockout "OH™ VOltage. « « ¢ « o ¢ o o o o « o « o o +3.5 volis dec minimum
Tockout "OFF" VOLEGZE + » o « o o s o o o o o o o o 2.5 volts dc mestimER
Tockout impedance . .+ o o s ¢ & s v o 0 o e o s o o 00 OIS 0%
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Rated dim control vOltafe o o+ ¢ « » « + ¢ o« » o oqs NOt applicable
Dim bUIM~On VOLLESEE « « » « o & 4 s 8 o s o o = o s HOT applicable
Tim turn-off VOItagee » « o ¢ s s o o ¢ ¢ o « o » o NOU applicable
fparating voltage transienbs. o« « o o 6 ¢ &+ v » o I =ST3-T0k
““grsient spike oVervoltagZe + ¢ o ¢ o+ » ¢ e 0 0 Mot applicable
Transient Sva-rlﬁbbr DOURT o ¢ & & o & ¢ &« ¢ o s ¢ » © !'EL-S‘ID—?OL}
Control inpuf bransients. « ¢ o ¢ ¢« o 0 o v 2 s v o 100 volts zpplied
' betwecn terminels
black and redé, and
. white and red
~ero voliage turneon and turn-off « « ¢ o & o o o Applicable
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Siclectric with standing voltaZe. « « = « = » » « o 3000 yOLts T3

K3 ._‘1_ in )
@ "'T‘alncren':e. & & & © £ # 6 & 6 & 8 ¥ 5 t © @& !'{IL"STD'-;']'GJ.
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The 4C lcad controlier as shown in Figure Z-4 contains a power
switch, a power supply, a driver, circuitry for zero voltage crossover
surn-on, current sensing, and circuit protection,

Power Switch - The power switching elements are silicon con-
trolled rectifiers (SCR's) connected in inverse parallel. SCR!'s have
sufficient voltage rating to meet MIL-8TD-704 voltage characteristics and
a surge current rating compaiible with the fault current that can be obtained
{n the generating system.,

Power Supply - A power supply provides regulated DC excitation
for the driver, current limiting and circuit protection circuitry.

Drive Circuit -~ This circuit provides a continuous gate signal to
the SCR's thereby ensuring SCR triggering for any load power factor during
steady state operation,

Zero Crossover Sensing - The output of this cirecuit commands
the driver circuit to turn ON only at zerc voltage crossover,

Circuit Protection - Circuit protection is incorporated to protect
the controllers as well as the external circuit. SCR!'s do not inherently
limit current 2s do power transistors; therefore, the AC controllers contain
time current sensing and trip-out to protect the SCR's and to swiich incan-
descent lamp loads which have very high starting currents. The time duration
is long enough to prevent nuisance tripping as a result of line transients
(see Figure 2-5] or turning ON into rated lamp loads, This is accomplished
by sensing load current, actuating a control circuit when the set level of
load current is exceeded, and actuating a timing circuit which determines
the time before trip-out. Notice that currents in excess of 3, 000% aze
removed within 1/2 cycle [1. 25 milliseconds]. Once tripped out, the device
can be reset by applying a reset signal, The AC trip signal provides the
information for three phase interlocking which prevents two-phasing of
loads,

The DC load controller, as shown in Figure 2-6, contains a
power switch, a regulator, a driver, and circuitry for current limiting
and civcuit protection.

Power Switch - The pewer switching element is an NPN silicon
bower {ransistor, This power transistor has sufficient voltage rating to
wilhstand the high power dissipation during current limiting,

Regulator - The internal regulator provides a buifer effect so
iat the voltage to the internal civeunitry is independent of the bus voltage
variations,

2L
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Drive Circuit - The power|transistor is driven deep info*
safuration to minimize the voltage drop and power dissipation,

Current Limit and Circuit Protection - There are two reasons
for incorporating these features into the unit:

o To protect the unit itself - Limiting the power dissipation
required within the power controller

o To protect the load circuit wiring -~ Limits the amount of
energy delivered into a fault which greatly reduces amount
of damage and fire hazard,

During overload and fault conditions, load current is limited between 100%
and 150% of controller rating at rated voltage. This characteristic pro-
vides current values greater than rated for starting surges, yet allows
current foldback to protect the switching transistor during circuit profec-
tion action [current limit and trip out]. In order to get this sensing and
logic into the small volume of the controllers, the use of integrated cir-
cuits is required, The trip out time must be long encugh to prevent
nuisance {ripping when using a MIL-STD-704 power source [see Figure 2-7],
When a transient condition exists for a period longer than the trip-out time,
the power switch is turned off and a trip indication signal is provided.
Remote reset is accomplished by application of 2 5 volt 10 ma signal
[reset] from amn external source or by removal and reapplying of the
control signal. '

DC load controllers have a controlled soff turn-on and turn-off
(100-500 microseconds rise and fall time), This controlied di/dt has the
same advantages as zero crosscver on the AC controllers; namely, less
disturbance on regulator, fewer transients and less EMI, reduced capa-
citor peak inrush, and avoidance of SCR di/dt firing,

Figure 2-8 shows the permissible current foldback character-
istic of the DC load contreller under overvoltage conditions. For example,
with a fault on the output and a voltage of 80 V DC (MIL-STD-704 maxirnum
surge voltage) on the input, the current fed into the fault can vary from 30%
to 150% of rated current until trip-out,

Boith AC and DC lcad controller development has also progressed
to the engineering model stage, Again, these units reflect some deviations
from the specification as concerning weight, size and minor circuit
designs, Tull compliance to the specification can be obtained through
packaging using hybrid or integrated civcuits. The model development
includes ratings from I to 35 amperes, Table 2-2 shows the full range of

25
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TABLE 2-2 Load Controller Ratings
Rating Type
(Armperes) AC

1/2
1

vl
O

*

%
3

Ui W NV

71/2
10
15
25
35

PR KRR
SRR i R R SR

% There are two configurations of an indicator driver,
one with a dim mode effective voltage of 12 volts
and a second with 9 volts.
** Fhere are two configurations of 1 amp AC controller,
one rated for 115 V AC, the other rated for 26 V AC.

ratings. The models were developed using MIL-P-81653 [reference 9. 32]
‘as a guide. The two specification sheets to follow represent typical
requirements for DC load conirollers, 2 through 10, 0 amperes, and AC
load controliers, 1 through 10 amperes,

To date, installation of load controllers up to 10 amperes for
advanced aircraft has taken the route of mounting up to 16 load controllers
on an @, 9 aluminum heatsink {see Figure 2-9]. Printed circuitboard
wiring on the reverse side of the heatsink connects the terminals of the
units to the connector, The board assembly is then inserted into a power
controller rack assembly [see Figure 2-10] and secured, The rack
assembly consists of supporting structure,; bus bars, mating plugs and
wiring harnesses, The load controller rack assembly is cooled by con-
vection and/or forced air obtained from the compartment. Separate board
assemblies are used for AC and DC; however, AC and DC board assemblies
can be mixed within the same rack assembly, Load controller ratings and
load diversification are faken into consideration in selecting the units to
mount to & particular board., Worst case heat loads are about 25 watts for
DC and 63 waits for AC boards,



SPECIFICATION
POWER CONTHOLIZR, DC IOAD SRITCHING,
SEST, NORMAL OPEN, 2 THRU 10.0 AMPERES

Tae complebe reguirements for procuring the controllers deseribed herein shall
L consist of this document and the latest issue of Specification MIL-P-815653,

1.015
MAX
1.015
HAX PREFERENCE PIN DIAGRAM
. TERMINAL DESIGNATIONS ARI
. . . FOR REFEREKCE ONLY, BO I
" . APFEAR ON READER
iRl 187
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1. Dimensions ave in inches, i

2. Unless otherwise specified, tolerances are + .02 for two place decimals and
+ 005 for three place decimals.

3. Terminels shall be tin plated followed by & flow process or coabed with
composition Sn 4O to Sn TO solder conforming o QQ-5-571 o facilitate
scldering.

LELUTRE TS

HOTHEN

ICAL AND DINFISTONAL CHARACTRRISTICS

Dimensions and configuration ., . . . . . . . . . . BSee Figure

Bacdosure ., . .. .. ... ........... Black snodized metal, sszled-
watertight

St e e e s s e a e s e s e i s . See Fmre, Terainels shall bz
electrically isolated fron cesg

Nt L L L L. L . s i e s e e e e e .. 2.0ocunces mexioum
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te 1207C case temperature unless otherwise specified)

« SPST {normally open)
« 21 to 29 velbs dc
¥ot applicable
See Table T
+8.0 volts de maximum
+5.0 volts de
3.5 volts de minimum
+2.5 volts de maximam
1.0 milliseconds mexinnm
6.0 milliseconds maximum
20L.1 milligeconds minimm
"0.5 milliseconds maximum
s 0.5 milliseconds minimum
5.0 milliseconds meximum
. 100 megohms minimmm
o 10 megohms minimum

s o 2 =2 = & & 3 o

500 cohms %10 percent

0.5 valts dc maximio

@ rated curvent

See Table I

See Table I

See Table I

See Figure 1 of MIL-P-81653

See Figure 2 of MIL-P-81653

(30

« Applicable

. hO0O amperes

» $3.5 volbs de minimo
+5.0 volts dc nominal
8.0 volts de maximum

« 5.0 t0 20 milliseconds

s 2.0 to 20 milliseconds

2 +5t0 volbe de i‘l%

@ 10.0 millisamperes

Applicable

Mol Aprplicable

Appliceble

Ho% Applicable

Not Applicable

Yot Applicable

Not Applicseble

Yol Applicablie

Not Applicable

Not Appliceble

Not Applicable

Not Applicable

MILwSTD~T04

+600 volis de

Not Applicable

100 volts applied between

3and 6, and 5 and 6

Not Applicabls

See Table I

1,000,000 minirum

Wot Appliceble

1600 volts rms

MIL~STD-UET

6 ® 0O = 9 ©° W & * ¢ & F ¢ @4 © O

o 9 © @ 9w

5% to +120%

-65°¢ to +150°C
100G for 11 milligecond

306G, 78 -2000 Hz 0,1 in DA 10 to 78 uz

006
Sea level to 100,000 fest

seconde minimum between reseis)



Part number: Censists of the basic number of this specification sheet
and & dash munber fyom Table I,

| .
EXAMPIE: 181653 /2-0001
r‘— i
¥
Basic document Dash no.

TABLE I. Dash numbers and epplicable characteristics.

Part Number Carrent Fower Dissipation | I Failsefe
481653 J2- Reting * {Watrts) i I('ffs‘ge“mi‘:int "' Current
(emps) On Off croauperes) | {anmps)
000 2 2.0 156 500 ' 30.0
2002 3 2.5 .158 500 30.0
0003 5 .5 .16k - 500 30.0
D00k 7.5 6.5 1T 1000 60,0
0005 - 10,0 &.5 .178 1000 60,0,

% Inductive, Capacitive, Resistive or Lenp
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¢ae . o= Inte requirements for procuring the controllers described hereip shall
- v of whis gocument and the latest issue of ESpecification MIle P-01657,
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e - -t‘ira‘cion..........‘SeeFigure -
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BLECTRICAL CHARACTERISTICS (-547C to 120YC case temperature unless otherwise speecified)

germinal arrangement . . . . . . v 4 e . 4 e . . . SP3T (normally onen)

Rated operating voltage . . . . . . . . « . + . . 105 to 120 volts e

Rated operating LTeqUEnCYy .« + « + v o o o o o « hOO Hz + 5%

Corrent rating . . . . . . .+ . . 4 v 4 .. . . Bes Table I

Control volbage . . . v . % ¢ v s o v o v o« o o + B.0 volis dc maxinum

Rated control volSage . . . . . . + . . . « « + « + 5,0 volts de

Tarn-on voltage . . . . . . & v 4 v s o v v o s .+ 3.5 volts de minimum

Turn-off voltage . . . . . ¢ ¢ 4 4 ¢« v ¢ ¢ &+ « « » + 2.5 volis dc maximum

Tarn-on ©ime . . . . . . . 4 h e e e s - s o4+« 1.0 cycle meximum

Turn-off ime . . . . ¢ 4 ¢ s 4 s - 4 4 4w 4« o . 1.0 cycle maximum

Oubput rise $dme . . . . . . . + ¢+ + + - . +. . . Kot applicable

Output fall time . . . . . . . . . . &+ « . . . . . MNot applicable

Insulation resistance . . . . . . . . . . . . . . 100 megohms minimum

Isolabion . . . . v ¢« & 4 4 4 o v ¢ ¢ ¢ o o & & « 10 megohms minimam

Conkrol input resistance . . . & o ¢ =« = + « « o« . 500 obms + 10 percent

VOILHZE GTOP = + v v o« o o o v o o o o o s o s o » 1.5 volts rms @ rated ous it

Jeakage current . . . o+ 4 4 o s 4 ¢ 4 s & s+ + » 1.0.mlllismperes maximum
@ rated voltage

Power dissipation - ON (maximum} . . . . . . . . . BSee Teble I

Powver dissipation - OFF (maximum) . . . . . . . . See Table I

Current limiting . . . s e e . s« « A+ + » Nobt applicable

Trip-out time (nonvrepetltlve reset) .+ e .... See Figure 3 of MIL-P-81653 |
(2.0 seconds minimum between'
resets)

Trip-out time (repetitive reset) . . . . . . . . . Applicable

Rupture capacity . . - . + + - v =« v « « + » « . U0D amperes maximm

Reset voltage . . . 4+ .o . 0 . ¢ v v e v v v e o . T 8.0 volls de maxinum
+ 5.0 volts nominal
+ 3.5 volis de minimmm

Application time to veset . . . . . . . . . . . . 5.0 to 20 milliseconds

Inberruption time to reset . . .. . . . . . ., 5.0 to 20 milliseconds

Trip indication voltage . . + ¢ 4 v ¢ o ¢ « = & o P 5.0 volts de + 10%

B @ 10,0 milliamperes

Reset dmmunity . + & o v 4 v v v 6 v 4 0 4w e . Appl;cable

Wavefoms distorfion . . . . + 4+ ¢ ¢ ¢ ¢ » +-e » .« 1.5 volts rms or 12.0
volts peak-to-pesk maximam

Prip-fIrEE . . & 4 4 4 4 4 ¢ s o 4 4 & 2 » = « « « dpplicable

Iockout control volfage . . . &+ + &+ o+ + « » » Mot applicatle

Rated lockout voltage . . +» o v v + «7o v + » - » ot applicadle

Tockout "ON" voltage . v + + « ¢ ¢ » + » + - « » . Yob applicable

Tockout "OFF" wolfage . . . ¢« = v ¢ + o « . . . o Mot applicable

Iockoul impedance . . . . v « o 4 + + « » = - - . DNot applicable

Dim control velbage . . . . . 4 - 4 4 4« « o » . 1ot applicable

Roted dim conbrol volbage . . . . . + + « + + «» . Hot applicable

Dim turn-on volbaze . ., . . s . . .« 4 . . . . . HNot applicable

Dim turn-off voltage . . . . , -« « ¢« ¢« ¢« + « + . . Not applicable

Operating voltage transients . . . . . . . . . . . MIL-STD-7O:

Transient spike overvoltage . . . . . . . . . . . MNot applicable

Transient - standhy POHWET .+ « « v s « 4 o o + » o HIL-STD-T0U

Control inpul transients e+ e e s s e s s s .« 300 volis applied belwsen
terminals 3 and 6, 5 and 6

Zero voltaze turn-on and torn-off . . . . . . . . Agplicable

Tail safe current (€ 25 Ccase) , . . . . . + . . OSee Table I

Tife {operating cyclesS) . & v v 4 s o » + o« » » 1,000,000 minimum

Vim mode voltage e e e 4 s et e s s e s e+ s « Not applicable

Dielectric withsuonding volbage . . . . . . . . . 100C volts rms

RaGio LNTErTerenCe + + + 4 « 4 x4 e« ¢ o o o o o HIL-STD-LEL



EXVIRCHMENTAL CHARACTERISTICE

. =549 to + 120%
+ 1 H

Case operabing tempsvature o o
'65 C to 50 [

Case storage temperature .

-
L T T Y
o

T * ©o ® ¥

Shock ., . v e e v e e b e . e e s = » = 100G for 11 milliseconds

VIDration . « ¢ o v o « ¢ = o & o o e+« s« « 30G,78-2000 Hs 0.1 in DA 10 to 78 Hz
Acceleration « + ¢ o « + + o & &« D [0 0 ¢

ALBitUdE « ¢ o ¢ « ¢ ¢ ¢ o 0 o 2 2 4 v = « & « s+ BSea level to 100,000 feet

Part pumber: Consists of the basic ’mm‘oer of this spscification sheet and 2 dash muiber
from Table I.

Example: L[—M81653/1'r-09(31——l
Basic document Dash Wo.

TABIE I. Dash numbers and eppliceble characteristics.

. Current Powsr Plssipation Fail Safe
Part Numbez Retbing¥ {(Watis) Current
M81653/4 { amps ) on OfF { amps )
0001 1 1.75 . 311 5.0
0002 2 B 3.25 .31% i5.0
0003 3 . 5,75 L3113 15.0
000k -5 8.0 .31 15.0
0005 75 11.75 . 311 30.0
0006 10 15.0 2311 30.0
0007 1 {26 vac) 1.75 .186 5.0

# Inductive, Capacitive, Resistive or Lamp

3h



POWER CONTROLLER
(1 TO 10 AMP RATING)

0.9 ATUMTRUM HEAT SINK

APPROY, DIMENSIONS
50}'!'0 X 6925 :’{ 191 IIQ’:‘

FIGURe 2=9 POTER CURTROLLZR BOARD ASSFILY

.
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Load controllers rated above 10 amperes must be mounted to
separate heatsinks, preferably vehicle structure.

2.2.2.3 Data Handling System (DHS)

The solid state Data Handling System (DHS) azccepts discrete
inputs from signal sources, These inputs are sampled sequentiaily and
gathered into a central data storage., The input data samples are used
as terms in the solution of power control logic equations. The results
of the logic equations are supplied as inputs to remotely located scli
state power controllers,

As shown in the block diagram, Figure 2-11, the system
consists of Master Units (MU) and Remote Terminals (RT) intercon-
nected on redundant power and data buses., The MU provides the central
timing and control for the DHS. The MU can be reprogrammed by soft-
ware to change the control logic equation., Thus control logic can be
changed to meet mission requirements without any extensive rewiring,
The Remote' Terminals provide the interface for sampling (multiplexing)
the input (source) signals and the output drivers for the power controllers,
Two types of RT's are provided: (1) remote input terminal (RIT) an
(2) remote output terminal (ROT). The RIT has a capacity for sampling
64 input signals, the ROT supplies control signals to 64 power controllers,
The RIT are strategically located over the aircraft in close vicinity to
concentrations of signal sources; the ROT are normally located in close
vicinity to the power controllers.

The RT's are operated, under control of the MU, over a common
-transmission line called the Address party line. Up to 16 RIT!s and 16
ROT's are connected to the party line depending on the system input/ output
requirements, Addresses are generated in the MU and sent on the common
line to all RT's, The RT's are programmed to recognize 2 unique address,
Sixtéen unique addresses are assigned to the RIT's, and the same 16 are
assigned to the ROT!s assuming a full complement of terminals, The RIT
and ROT are normally addressed in pairs,

Upon receipt of a valid address over the address party line, the
addressed RIT samples the 64 input signals and responds on a separate
common transmission line called the Response Party Line. The ROT
selected by the same address word is activated to receive the following
output data from the MU on the address line. The output data is received
and presented to the ROT output for control of the powér switches, A
single address from the MU initiates the transfer of 64 input data bits
from the RIT to the MU and 64 output data bits from the MU to the ROT.
In addition, status words are transmitted to the MU from the RT's ‘o
provide information for Built-In-Test Equipment (BITE) analysis,
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The reliability requirements are such that no single fajlure
within the DHS will result in a degraded system performance. In order
to achieve this degree of fauit immunity, redundancy must be incorpox-
ated in the system design. Two Master Units, designated primary snd
secondary, are used in the flight configuration. Each RT is internally
redundant with the two parts designated primary and secondary.

Redundancy is also applied to the interconnecting power and
data transmission lines, Redundant primary power sourceg (+28 V DC)
are provided with redundant buses to each unit in the system, The redun-
dant power buses are cross-coupled at each unit so that, if one line or
power source fails, the other assumes the load automatically, The
address and response lines are supplied redundantly and are connected
in a loop configuration as shown in Figure 2-1i. The redundant lines
are coupled at each MU and 'RT so that normal operation is maintained
under multiple fault conditions. Built-In-Test Equipment (BITE) is
supplied so that failures are detected during normal operation and auto-
matic switch-over to the-standby redundant circuits is effected without
degradation of performance during the switch over. Fault locations {to
the lowest component replaceable level) ave stored in non-volatile memory
in the Fault Indicator Panel (FIP). The FIP also provides pre-operational
test circuitry and a manual override, The manual override controel is
duplicated on the Pilot Control Panel (PCP) and allows manual selection
of the least severe fault should a single unit fail in both of its redundant
circuits,

The Memory Loader/Verifier (ML/V) is the ground support
equipment required to load the MU memory. Sequential logic instructions |
for solution of the power control equations are read from paper tape
(ACSII code)} storad in the MU memory and verified by this unit.

The Decoder Unit {DU) is a special ground su}:aport test set
primarily for troubleshooting a malfunctioning systemor for initial
evaluation of an installation. ’

A summary of the major Data Handling System characteristics
is shown in Table 2-3,

The solid state Data Handling System is required to collect
1024 control input signals, pezfoim logic equations that interrelate these
signals, and distribute 1024 output signals with complete routing flexi-
bility, The response time reguirement for power centrols is primaxily
constrained by the ability of the pilot te perceive the delay. This is
#ccepted to be nominally 100 millizeconds (m ssc); therefore, the design
requirements was established that the system worst case time-fo-
respond should not exceed 50 m sec.



TABLE 2-3 Data Handling System Characteristics

*

No. Remote Input Terminals (RIT)

No. Remote Cutput Terminals (ROT)
No. Master Units (l\-fiU)

Input Channel Capacity

Output Channel Capacity

Data Access Rate ({frame rate)

Mean Time to Respond (input to output)

Programmable (ROM) Memory
Capacit

Logic Equation Capability
Input/Output (RAM} Memory Size
Scratch Pad (SPM) Memozry Size

Transmission Lines

Address Bit Rate (MU to RT)

Response Bit Rate {(RT to MU)

16 (internally redundant)
16 (internally redundant)
2 (primary.and secondary)
1024 discrete inputs
1024 control outputs
100 frames per second

25 milliseconds

4096 words at 16 bits per word

1000 equations
1024 bits each
64 bits

t
dual redundant twisted pair shielded
(1.set address, 1 set response)

240 K bits per second (Eps)

375 ¥ bhits per second (bps)




The solid state power controllers used as the basic load
switching elements will respond much {aster than the presently used
relays. This means that the system muwest be even mors sscure from
short term transients than a velay system, This 'flight-essentlal’
system must have a data security characteristic so good that the
posgibility of erreneous control output is essentially eliminated,

A prime consideration in the design of a multiplex system
is the weight saving that can be accomplished by the removal of large
numbers of long wire runs, The installation of a multiplex terminal,
of course, involves certain fixed requirements for transmission line
jinterface, transmititers and receivers, control logic, etc. Therefore,
a trade-off must be made between a few terminals with a large nuniber of
channels and a large number of termyinals with a few channels for the
particular system under investigation. For a typical fighter type aircraft,
the optimum weight trade-off occurs at 64 channels per terminal, with the
number of terminals being controlled by the complexity of the zircraft
power control system. Sixteen terminals (1024 control functions) were
selected as the maxiraum requirement for fighter aircraft of the 1970-80
time period. This arrangement, in effect, reduces the average power
control wire run from approximately 20 feet in conventional systems, to
approximately 2 feet in the solid state system, with the reduced wire
gage providing additional weight savings.

The basic multiplexing technique utilized in the DHS is time
division multiplex, Each channel is sampled in sequence, until ail
signals have been sampled; then the sampling is repeated, The complete
cycle through all channels is called a '"frame", Two fundamental
approaches for identification of information are: "Addressing" where
data is identified by a unique coding, and "Time Slot'! where the data
is identified by the position in the sequential data stream after some
unique sync signal, usually at the beginning of the frame., The DHS
utilizes both approaches -- the terminals are '‘addressed" and respond
with their own number, which is verified prior to acceptance of the in-
formation; the channels within a terminal are "time slot" and appear
in mumerical sequence, 1 through 64, immediately after the terminal
address, ’

The transmission of control data over a line throughout the
aircraft requires 2 maximumn noise immunity. The DHS utilizes a
twisted shielded pair of wires, low impedance line, and basebound bi-
phase modulation of the data. Bi-phase modulation utilizes one complete
cycle for each data bit, a positive-negative cycle conveys a binary "1,
and a negative-positive cycle a "0''. The balanced nature of this signal,
and the zero DC component, coupled with the characteristics of the
twisted shielded pair provides optizaum noise immumity to the electrical
environment of the aircraft,
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The DHS word structure is derived from two basic sysiem
considerations: data security and system reliability. The data security
requirements indicate a need for more protection from erroneous data
reception than normal data ‘systems. Since the information is carried,
essentially, in the phase of the signal, and the receiver clock is derived
from the same signal, the most prevalent source of bit exrors is
receiver phasing. If a unique signal can positively identify the initiation
of a data block, then the Iikelihood of reception error is minimized by
shortening the block, The many transmitters and receivers in the system
can be made simpler and therefore more reliable if the data block or
word structure is identical for all transmissions,

Data security and system reliability considerations have
defined the DHS word structure as shown in Figure 212, Each word
_consists of 24 bits, and is initiated by a unique synec. The "Invalid
Manchester', which is a bi~phase 1" siretched in time to three bit
periods, followed by a normal bi-phase "1 provides an easily recog-
nized siganal that assures receiver phase synchronization. The bit
assignment in each word is as follows:

Bit ' Function
iI- 4 Sync )
5 ID, identifies whether word is addressa-control
It o data nQrt
6-21 16-bit data field
22 Parity, ODD parity count for the 16 bit data field
23-24 gap.” No transmission; required where multiple

transmitters are used on a single line,

The wave form of the word structure in bi-phase form is
shown in Figure 2-12, When the 64 channels of data from a terminal
are being transmitted, it is formatted into four 16-bit word gfoups and
transmitted in four data words. The master unit addresses the remote
terminals in input/output pairs. RKach terminal is individually instructed
whether its primary or secondary circuits are to be used. The remainder
of the data field is composed of contrel and BITE insiructions, and expan-
sion capability, The response from the input and output terminals includes
their own identification and BITE function reports, Kach of these formats
ig shown in the figure.

The multiplex~transmission system mmust accomplish two
primary system functions -- the collection of a large number of control
inputs and the distribution of the results of logic equation solutions fo a
large number of outputs. It must also convey the address, BITE, and
control information between the Mastezr Unit (MU) and =sach Remote
Terminal (RT), Within the constraintis of the system desgign (loop con-
nected line, fault tolerance, etc,) this can best be accompli'shed using
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two lines, The "address' line is used by thé MU to transmit to all the
terminals. The "response! line is used by all the terminals to transmit
{0 the MU, Therefore, the address line consists of one transmitier and
numerous receivers, and the response line contains many transmitters
and one receiver. This allows optimization of performance and circuit
design for each type of line,

The frame format, message structure, and the time relation-
ship of the address and response lines are shown in Figure 2~13, The
frame format provides a capacity for 20 messages, A message contains
all the communication between the MU and an inpui/output pair of term-
inals., Only 16 of these messages may be used for control information,
since the capacity of the master unit to perform the required logic oper-
ations is limited to 1024 inputs/outputs. The four spare messages may
be used for direct terminal-to-terminal transfer of related monitor data,
Within each of the 16 control or digital messages, the structure is
identical. The message is initiated by the MU transmitting an I/O pair
address on the address line. This is followed imnmediately by four
data words, which are received by the output terminal addressed. At
the conclusion of these four data words, the output terminal transmits
identification and status on the response line, In addition, as soon as
the input terminal recogunizes its address, it replies on the response line
with-its status word and four words of data. The time constraint in this
message structure occurs when the RIT must transmit 5 words during the
time the MU is transmitting 4 output words. This 5/4 data rate ratio is
modified to allow for worst line rate of 240 K bps and response line rate
of 375 K bps allows the input terminal to complete its transmission
somewhat sconer than the MU, During the time of the ROT status word
transmission, the MU is transmitting the next I/O address.

The time division muitiplex technique allows full time utiliza-
tion of both lines (minimizing bit rate), provides a high degree of message

security and reliability, and allows the optimization of line characteristics
for the two types of transmissions.

In effect, there are two multiplex systems operating ovexr the
same data line; one to acquire control input data from the remote term-
inals and inser{ it in the MU's Input Random Access Memory (IRAM); and
the second one to distribute the contents of the Output Random Access
Memozry (ORAM) to the remote terminals., The Output Multiplex system
distributes the results of logic equation solution, and even though the in-
puts to the equations are derived from: the input multiplex system, there
is no correlation between any location ox state of any output channel and
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input chanm=l that is an inherent part of the multiplex system. The
complete control of the input~output relation is contained in the Read
Only Memory (ROM). This memory, programmed {or the logic func-
tions of the system, controls the operation of the master unit's logic
section and the routing and distribution of the signals.

The information flow through the Data Handling System: may
best be described by considering three simultaneous sequential opera-
tions which are not necessarily synchronized,

First, the input multiplex system sequentially samples all
input signals and transfers this information to the IRAM., The control
input information is updated in the IRAM in numerical sequence (term-
inal 1, chamnel 1, 2, 3, efc.; terminal 2, channell, 2, 3, etc.) each
frame. | ‘

Second, the ROM sequentially reads all logic operations stored,
Informaticon is acquired from the IRAM, by address, at a ime related to
the order of instructions stored in the ROM. A phased clock is used so
that input and output of information from the IRAM is on 2 non-interference
basis, The ROM instructions may acquire a number of inputs -~- perhaps
widely separated ~- perform various logic aperations, and insert the
results in the ORAM.

Third, this operation consists of sequentially sampling the
contents of the ORAM, znd distributing this multiplexed information to
the oufput teriminals, In this case, also. a phased clock is used so that
input and output ORAM operation is non-interferring.

A fourth factor is significant in the system timming, This is
the store and compare circuit in the output terminal. This circuit stores
the information received from the muliiplexed ORAM and provides an
output only when two sequential receptions agree. In essence, this
circuit requires that the three operations just described be pezformed
twice, with the same result, prior to changing the state of an ouiput.

The DHS timing is such that the worst time-to-respond {(output
change with change in input) is 40 milliseconds. The minimum time-to-~
respond ig 10 milliseconds with a nominal time-to-respond of 25 milli-~
seconds, OSystemn timing must be considered on time dependent or critical
signals. Such signals may need toc be hard-wired rather than transferred
over the dedicated DHS. The equation of control signals to power con-
troller may contain a time dependent varizble. In those cases all non-
dependent variables could be processad by the DHS., The output of the
DHS could then be combined in the required fzshion with the time depen-
dent variable, This last step could be in the form of hard-wired
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integrated logic. The output of the logic-would be used to drive the
powex coniroller.

4

The most important design consideration for the solid state
Data Handling System is the integrity and reliability of the intercom-
munication link, The design of the transmission lines and interfacing
receivers and transmitters is one which offers the following advantages:

1.

Twisted pair shielded cable driven in a balanced config-
uration is used for rmmaximum noise immunity,

Bi-phase Phase Shift Keyed (PSK) modulation, with
coherent reception, offers an opiimum bit error rate
versus signal to noise ratic,

A uniqué word sync provides a highly reliable synchron-
ization,

Bit synchronization is not required for reception, reducing
the requirements for stable clocks,

The operation of the transmission link can be completely
asynchronous so that repetitive transmissions need not
be maintained. This offers.a maximum system design
flexibility.

The transmission lines are connected in a loop for maximum
immunity to open circuits.” The lines are redundant and the
two lines are coupled at every RT termination,

A 'lossy' line configuration is used which provides
"graceful degradation” under multiple fanlt conditions,
The receiver operates over a wide dynamic range of 2,0
volts to 20 millivolts so that fault conditions {shorts} may
be acceptabie for operation.

Parity checks are made on each transmission to verify
the data/control validity,

End-to-end self tests are pexformed to automatically
verify the operational status of the line and the system
hardware. '

The format and coding characteristics of the transimitted address, data
and status (response) information is selécted to provide 2 high ratio of
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1
information transfer to signal bandwidth. The basic clement of data
. transfer in the system is the word which is defined as a grouping of
binary bits. There are 24 bits per word, Three basic types of words
are contained in the message., These are [1] addvess, [2] data, and
[3] status (response) woxrds. The status words are of two types depen~
ding on the type RT (ROT or RIT) responding. A message is defined as
a grouping of words and consists of a total two-way transfer of control/
data information between the MU and a selected RT., Thexe are 20
message slots per frame, with a {rame being defined as a complete
cycle of data acquisition and control signal distribution. Two trans-
mission lines are utilized for information transfer, [1] address line,
and [2] response line, Frame rate is 100 frames per second, and all
inputs and outputs are accessed once per frame,

The following shows the calculation for the address bit rates:

Frame Rate = 100 F/S

Message/Frame = 20 M/F

Words/Message = 5 W/M

Bits/Word = 24 B/W .

Bits/Frame = 24 x 5 x 20 = 2400 B/F

Bit Rate = 100 F/Sx 240 B/F = 240 K bps.

The response contains six words, five of which must osccur within the
address/data message. Also, it is desirable to speed up the response
to relieve the stability requirements on the RT clocks., The calculation
for. the response rate is as follows:

5/4 (Address Rate) = 5/4 (240 k B/S) = 300 K bps minimum

Telerance (for timing margin) = 75 K bps
Response Bit Rate = 375 K bps.

These bit rates are well within the capability of twisted pair shielded
cable and offer a wide margin for communication reliability.

A simplified block diagram of the MU, shown in Figure 2-14,
reveals the major functional elements of the design, - The heart of the
MU is the system timing and Read Only Memory (ROM) which is used to

store the insiructions for system control. The ROM is a Non Destructive
Read Out (NDRO), non-volatile plated wire memory which is "'read only!

in flight but is electrically alierable on the ground by use of the Memory
Loader/Verifier (ML/V) support equipment and a punched paper tape,

The system {iming supplies RT addresses, which are combined

with instructions, for transmission to the RT'e, Address information is
also supplied to the ROM to sequence the program instructions from
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smemory, The insiructions are decoded in the instruction decoder from
operation (op) codes read out of the ROM, Instructions are furnished

zar control to the instruction/data formatter, logic operation {equation
solution), and BITE circuits. The data from the RIT is received on the
response party line and input to the Input Random Access Memory (IRAM).
Logit operations are performed under control of the ROM utilizing data
from the IRAM and the Scratch Pad Memory (SPM) for temporary storage.
The results of the control equations are presented to the ORAM, Address
and instructions are combined with data from tlj.e Output Random Access
Memory (ORAM)]) for presentation to the ROT's, The Built-In-Test
Equipment (BITE) in the MU provides not only an analysis of the MU
faults but also receives fault data from all RT's, The MU BITE processes
this information and supplies redundancy switchover control signals to all
system units and failure location information to the Fault Indication

Panel. Manual control from the Pilot Control Panel can override this
BITE control. ) ) '

The redundant MU's are identical, with the primary or secon-
dary identification provided by the aircraft wiring. The primary unit is
always in operation if no failures or manual control signals are present.

The Master Control Unit is packaged within a 6, 125 x 7. 750 x
5,625 inch volume as shown in Figure 2-15. The unit weighs abeut 15 Ikbs
maximum, The main housing is fabricated from a combination of milled
solid aluminum and honeycomb sandwich panels to provide a lightweight
structure consistent with the requirements specified in MIL-E~5400K for
Class 2 equipment. The single removable top panel will provide access
tc the 'slide-out'! memory and logic PC assemblies mounted in metallic
printed circuit (PC) card guides and to the hard mounted memory stack
and power supply. The removable electronics will plug-in to a "mother
board" with resilient compression pads attached to the removable top
cover panel. All electrical connections between the external Deutsch
RTK connectors and the "mother board" will be made using hardwire
and PC cable techniques, '

The Memory Stack is a mechanically self-supporting assembly
housed in its own sheet metal enclosure which provides conductive ther~
mal paths from the aluminum memory planes io its main mounting’
furfaces on three sides. This assembly will plug into the '"mother board!
and secure directly to the main housing side-walls with screws which may
be removed from outside the wmit for removal of the stack. This mount-
ing arrangement provides a mechanically rigid and thermally optimum
configuration within the constraints of maintenance ease,
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The Remote Input Terminal (RIT) romdes the interface
Latween the Data Handling System and all r*omrol input signals. The 64
channels of the RIT accept a nominal-zero and 5 V DC signal asg the 0"
and 11U bi-level control input. The RIT receives and processes all MU
transmissions, and when an address-insiruction word correlates with
the RT code wiring in the aircraft harness, the RIT sequentially deter-
mines the state of all its input channels and transmiis these to the MU,

The RIT is redundant with cross-coupling utilized to provide
a2 measure of multiple fault tolerance, The two power supplies are
coupled to redundant power sources, so that either supply will be opex-
ated from either source. DBoth receivers are continuously operated and
will accept powexr from either power supply, so that the MU will main-
tain comnmnication and control of the RT even under wozrst case condi-
tions. Should a power supply fail, the RT will automatically switch to
the alternate signal processing and transmitting circuits, and inform the
MU of its action, Should any other malfunction be indicated by the internal
BITE circuits, these are reported to the MU BITE for decision and control
instruction,

L] .

The commonality of requirements for party line interface,
address correlation, and control functions have resulted in some portions
of the RIT, ROT, and MU being identical.

The RIT will be packaged within the 4, 30 x 5,25 x 2,30 inch
voelume shown in Figure 2-16. The main housing will be machined from
solid aluminum stock to provide a lightweight structure with a single
removable counector end plate consistent with the requirements spscified
in MIL-E-5400K for Class 2 equipment, The internal electronic PC
boards will cantilever mount directly fo the.removable cosmnector plats.
The PC assembly will be completely ruggedized after final assembly into
the housing with a one-pa#t, fill-in-place urethane foam to provide an
extremely rigid mechanical structure., Conductive heat transfer paths
will be provided from the high heat dissipating components such as the
power supply chopper transistors using spring contact heat siraps
directly between the housing and the components.

The major difference in design between the remote input and
eutput terrninals is in the handling of data. The RIT, of course, delivers
data on demand to the MU, while the ROT accepts 64 bits of deta from
the MU on the address line immediztely following the address., The data
‘2 delivered in four 16-bit word groups, similar to the cutput of the RIT,
The following are the siguificant features of the ROT operation:

1.  Two successive idertical daiz Lits muet ha received
before a change in cuiput state iz made tu the cutput,
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2. 'The primary/sescondary swiichover must be accom-~
plished when a primary failure is detected without .
creating output transients.

3, The information contained at the sutput driver must be
held in storage during a primary power interruption of
"at least 50 m sec to prevent éxcessive delays when powez
sources are switched,

4, The output driver must deliver 10 ma info a 500 chm
load in the high state over the full femperature range.
Short circuit protection is required,

The ROT will be packaged within the 7.5 x 5,0 x 2. 0 inch volume
as shown in Figure 2-17 and will weigh about 2.2 1bs maximum. The
general packaging technique for the ROT is identical to the RIT.

The Fault Indication Panel {¥IP) performs three basic functions.
First, it provides non-volatile storage of the location of any BITE
detected faults to be used for system maintenance; second, a system
status indication and manual override control permits the exercise of ajl
redundant units or the pilot override of BITE under multiple failure con-
ditions; and third, provides party line-and power source tests for pre-
flight monitoring of system health,

In the final configuration, it is anticipated that the pre-flight
tests will be automatically initiated from the crew station with remote
go/no-go indication, and that the non-volatile storage will be accom-
plished with techniques similar to the COS-MOS logic used for data
storage in the ROT. However, it is probable that the storage of load
controller {zip signals, and possibly signal source BITE information,
will be incorporated into the same maintenance panel, Therefore, a bread-
board FIP has been designed which will allow performance evaluation of
the DHS concept, Since the FIP is a breadboard unit at present, packaging
details will not be presented,

The Pilot Control Panel (see Figure 2-18) is used in conjunction
with the Fault Indicator Panel (FIP) to provide manual cverride to the
BITE. A limited display of system "status'' is provided by the four indi-
cator lights. Presently reporting failures in the system are summarized
in terms of pri/sec MU or RT, Two switches provide input to the MU
BITE for system control,

The developmant of a DHE for advanced alircraft solid state

electrical system has progressed to the point of engineering models and
advanced breadboards. A pexformance specification has been prepared
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and equipment i3 being designed and fabricated for a solid state system -
simulator, The MU, remote terminals, transmission lines and suppoxi
equipment have advanced to the engineering model stage. Thesg engin-
eering models are of the packaging configuration shown herein and do

not represent the most optimum for a flight-ready system. Production
equipment would be expected to use hybrid and integrated packaging
techniques to reduce the size and weight of the units., The Fault Indi-
cation Panel presently de signed for the simulator is an advanced bread-
board unit and is considered only an interim design,

2,2.2.,4 Built-In-Test Equipment (BITE)

Built-In- Test Equipment (BITE) design fer the advanced air-
craft solid state electrical system is limited primarily to the DHS., Some
ideas have been proposed for testing signal sources; however, this
requires a new type of signal source and is included under paragraph 4. 1
as spacecraft development requirements., BITE for load controllesrs have
been given considerable thought, but as of yet a completely satisfactory
solution has not been found for advanced -aircraft or spacecraft. Further
details of BITE for load controllers are also included under paragraph 4. 2.

The DHS has a complete BITE providing in many cases contin-
uous indication of the status and health of the system, The BITE is inte-
grated in such a manner as to provide automatic switch-over to redundant
cr standby components. The automatic switch-over is tempered by the .
ability to manually override and select the system components to provide
maximum operational flexibility.

The DHS BITE must satisfy four major requirements: [1] the
BITE must detect any random transient condition that would result in
invalid data and instruct the system to disregard the invalid data;
[2] detect most single hardware malfunctions and automatically switch
over to a secondary redundant unit, Where detection and switch~over
are not feasible, the possibility of a maifunction must be guarded against
by the use of isclated parallel redundant techniques; [3] in the case of
multiple failures where both the primary and secondary units have
failed, the BITE must display the failure status to the pilot. The BITE
must then provide the pilot a means of selecting the unit, which based
upon his judgment will perforin with a minimum of detrimental effects;
and [4] provide a pre-flight and post-flight analysis of the health of the
total system so that action can be taken to replace any failed units,

BITE requirement [2], immunity to errors due to hardwazne
malfunction, is achieved through the use of isclated parallel redundant
power sources, power distribution and transmission lines, and secon-
dary standby redundant sub-units and units that are automatically
switched over by detecting successive jdentical transient type failures
as described in the previous paragraph. NOTE: A single failure is
assumed Lo be a transient until it becomes repstitive, at which time it
i then clazsed as a hardware malfunction,
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Requirement [3], muitiple failures arnalyzed and selective
judgment implemented by manual control, is achieved by repoxting
(displaying) to the pilot a collective status of curreni hardware mal-
functions and supplying switches to manually select the primary or
secondary redundant unit,

. Requirement [4], pre-flight and post-flight analysis, is
achieved by retaining all hardware failures and reporting this status
on indicators, Also manual control is provided to select individually
and test each section of the isclated parallel redundant functions,
Manual control provides the capability to exercise individually the pri-
mary and secondary redundant units and report their functional status.

A summary of major BITE design features is summarized in
Table Z-4.

2.2.2.5 Support Equipment and Software Program

To date two pieces of support equipment have been identified
and defined for the advanced aircraft scolid state electrical system.
Both of these are in support of the DHS. One is the Memory Loader/
Verifier (ML/V) and the cther is the decodexr unit (DU). As the design
of the system progresses, undoubtedly additional support equipment
requirements will be established for signal sources and power controilers
as well as DHS.

The Memory Loader/Verifier (ML/V) is a portable operating/
test unit that has the capability of programming and/or verifying the
contents of the Read Only Memory (ROM) in the Master Unit (MU)., The
ML/V major assemblies are [1] photo-tape readex, [2] display and con-
trol panel, [3] logic card tray, and [4] power supply assembly. The front
panel layout and overall asserably of the ML/V is shown in Figure 2-19.
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e DO

Transient ¥Brrors

a) Progrean Memery Parity '

) Terancmicoion Parity

¢} OQunput Inbegration
(Pump-up or dlgltal
Tiltering)
Fardwnys Malfuncblons

a) Ind to Eud System Test

TABLE 2.4 PL-MUX SYSTEM BITE DESIGN---

MAJOR FRATURES

PURPOSE

Checks parity of information read
from MU memory

1) Checks wvelidity of transmitted
informstion

2) Signify transmission system
hardware malfunction

Tznores short-tilme spurious dis-

turbances (noise, spikes, ete.)}

Bxerclses all system components
with test data to assure proper
operation. This oeccurs on a con-
tinvous basis even during flight,
Checks continuibty and mating of
connectoras on RIT and ROT. Dis-~
conbinuity shows up as failed
RIT or ROT

ACTTON TAKEN

A single parity error in a frame inhibits oub-
put to the ROP's for the remsinder of the freme.
A second parity error in a frame causes switch-
over to thé redundant My

1) Two successive parlty errors from an
RT cauaes the MU o switch fo the
secondory portion of the RT.

2) Parity exrors from sll RT's during two
puceesnive frames causes MU svitch-over
4o standby MU

Qutputis do not change until two suceessive
Jdentical commands are received

1) Two successive failures of a RIT csuses
switch-over to the redundant balf of RIT

2) Single error lnhibits ROT output; errors
in successive frames cauvses swvibeh-over 4o
the redundant half of the ROT

3) Deteetion of failure of all RIT ox ROT
BITE data inpubs ceuses gwitch-over to
stoandby MU '

4) Detection of failure in MU input/output
memories, REM, scratch ped memory or
egnuation compuitation causes switch-over
to standby MU

THote: Operational stebus of MU', RIT's, and
ROT's ore indicated on BITE panel,



3}

b}

09

FUNCELON

b) Dmproper/no response
checlk

¢} MU timing check
Pre-filight snd post-
fiight checkout
indication

Power Conkrol

a) I

TABLE 2-4PL-MUX SYSTEM BITE DESIGN {CONT'D)

PURPOSE

Determine if the proper BT ad-

dressed 4id reply with a reaponse
word and that thls responge word

did cccur et the proper time viih
correct responge Information ~

Detect fallure of MU timing

Maintalin status and fallure
indication for wonitoring
gystem gtatus and health

Detect failure of RT power
supply

Deteét feilure of MU powes
supply

ACTION TAKEN

Upon detection of malfunction the addressed
RT is switched %o 1ts redundant halfl

Swltch~over to standby MU

Most cages indicators are latched to helad
an Indlication of & fallure

Switch to redundant power supply

Switch to stendby MU



Preparation of the tape for programming the MU and used on
the ML/V can be prepaved manually, but is tedious and time-consuming.
Considering several hundred Boolean equations and other instructions
which must be programmed into the MU, it is economical from the stand-
point of time and cost to use a commexcial computer with a tape punch
cutput to prepare the octal (ASC II) coded tape. A software program has
been prepared to perform this function, The program accepis unsim-
plified Boolean switching equations in any one of several formats,
simplifies and factors the equations, converts them to computer machine
language, accepts DHS address data and punches out the paper tape. The
present program is designed around specific computer facilities, but has
the potential for being revised and adapted io other data processing systems.
The program has been run and debugged. A tape has been prepared for
programming an aireraft solid siate electrical system simulator.

The Decoder Unit (DU) is a test device which will be utilized
to monitor the signals of the system transmission lines., The unit will
be especially valnabhle during the initial system tests, and also for op-
erational trouble shooting. ’

The DU provides a means for selecting and displaying. on
indicators, any word on the address and response transmission lines,
Test points are also provided so that external test equipment may be
utilized for monitoring the line signals, The unitis packaged in a port-
able form for convenience, and may be connected to the system at the
Fauit Indicator Panel (FIP) or at any remote terminal connection point.
This facility will allow monitoring at all points on the lines for fault
isolation in the system. '

The front panellayout for the DU is shown in Figure 2-20,
Remotie teriminal and word selection is facilitated with thumb wheel
switches, Indicators are included for the selected address word and
"the selected data/status word, The numbers 1-16 at the data indicators
identify data bits. The status word bits and address word bits are
marked on the panel for convenience in identification. Test poinis ave
provided at the panel for use of external test equipment.

: Three cable assemblies are furnished with the DU for inter-
connection with the DHS and the powex source. A power cable fox
connection to'the 115 V, 4oo Hz power source is provided, A cable
assembly is provided to connect the DU to the FIP and a second cable
allows commection to the DHS transmission lines at any selected remote
terminal location,

.
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2.3 Advanced Alrcraft Concept ~ Hybri_d

Figure 2-21 is a2 schematic block diagram of the selected
hybrid aircraft power distribution and contrcl system. The hybrid
concept uses the identical signal sources and data handling subsystems
as the solid state concept, the difference being in the power switching
subsystem. Bus switching is performed by electromechanical power
contactors. Power to each load is switched by a power relay in each
load circuit. Conventional thermal circuit breakers are used in each
load circuit, The load switching relays are located within or in close
proximity to the breaker panel and are conirolled by solid state relay
drivers, :

The bus switching and bus arrangement are similar to that
for the solid state system as far as the reduction in bus switching devices
and the number of buses when compared to the aircraft conventional
system., With the use of electromechanical power contactors, the hybrid
system is still subject to the 50 millisecond delay in transferring a bus
irom one source to another, Since each load is controlled individually,
programmed load monitoring and load sequencing can be used just as
proposed for the solid state system. It is also apparent that the hybrid
systerm has a distinct separation of power and control, enabling the use
of small gage, printed circuit or flat conductor cable for the low power
level control. The use of the multiplexing approach and direct routing of
power wires provides a substantial reduction in the amount of wirving, sime
and complexity of the harnesses, The hybrid system is still subjected {o
the problems associated with electromechanical circuif breakers and
relays, For access during flight, the circuit breakers, buses and bus
switching devices mmust be located in the crew station, requiring valuable
panel and console space while limiting the bus arrangement to a central-
ized concept. Similar to the described solid state system, built-in-test
is Iimited to the DEIS,

The hybrid system is 2 compromise between the conventional
and completely solid state approach. It does not satisfy all the objectives
of this program, but doss offer an excellent compromise,
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D ADVANCED SPACECRAFT REQUIREMENTS

Thers are several differences in requirements and operation
between electrical power distribution and control systems for spacecrait
and those for aircraft, There are also many common requiremernts, The.
proposed shuttle vehicle poses an interesting challenge, incorporating '
the requirements and operation of both a spacecraft and an aircrafr into a
single vehicle.

Standardization of systems hardware for aircraft systems is
considersd an important item, This is due to the large numbers of air-
craft produced during a specific production program; the similarity be~
tween most aircraft systems even though the vintage, purpose, and
mission of aircrafts may be different; the large number of aircraft in
operation at any one time; the need to minimize spares and logistic
problemas; the need for commonality of support and maintenance facilities;
the long operational life of an aircraft; reduced mainfenance and operations

_training, etc, Stendawdizmation of systems hardware for spacecraft is not
nearly so strenuous a constraint, Granted, the goals set for the shuttle
vehicle are to have a number of vehicles operating over inany years and
performing 50 to 100 missions, but even here the number of vehicles
over a specific time period is minute compared to the number of aircrait
in operation., There are many differences between different types of
spacecrait as related to configurations of systems, purpose, and mission,
Standardization often dictates a compromise in weight, size, reliability,

R ks Phia g e

and performance. Often the spacecraft design constraints cannot tolsrate
the compromises imposed by standardization. With these points in mind,
it becomes economical to consider unique designs for different types of
spacecrafl, A :

Reliability is considered important for aircraft but usually has
to be traded off against standardization, weight, and cost, The aircraft
mission time is measured in minutes and hours, thus oifering an early
opportunity for correction of malfunctions and failed equipment, Propoesed
missions for advanced spacecraft are measured in days, monithe and veaxs;
the opportunity for maintenance and repair is limited. The aircraft !
mission cost and thus the cost of an aborted mission is negligible compared
to an aborted space mission. These items point to a requirement for
greater relability confidence level for spacecrait hardware than those fot
aircraft, Normally higher safety factors are designed into the Sjpacecraff
hardware, .

The vacoum and thermal vacunin problem is alien to aizcraft
designers, For spacecraft, special considerations must be given to pack-
aging, sealing, ocut-gassing and volitage breakiown., Arc-over and voltage
breakdown are critical at altitudes from 80, 000 to 300,000 feet., Ina
thermal vacuum, equipment power dissipation and losses become of prime
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importance, Not only must waste heat be dlfSS'fpa_te"f by sor}ushcofed
cooling systems, but the losses impese crltlcai penalties on electrical
power sources and their fuel supplies, To date most cooling of aircraft
systems equipment has been accomplished by free-convection and forced
air with only occasional resort to cold plate, liquid cooling. Application
of the solid state elecirical power distribution and conirol system to
spacecraft will require modification to incorporate the cold plate cooling.
Further, means must be investigated {c raduce the power dissipation and
losses.

Primary elecirical power for larger aircraft has, in recent
years, become fairly well standardized at 120/208 V AC, 400 Hz, three
phase. The power is obtained from engine.driven alternators. Most
significant electrical loads have been standardized to use the AC power
directly. Secondary electrical power for aircraft has become deeply
entrenched at 28 V DC. Historically, past spacecraft have used 28 V DC
as the primary power voltage, being readily available from fuel cells and
batteries. It is anticipated that the larger, near-future spacecrafi will
continue to use 28 V DC as the primary power for space operation. This
being the case, DC splid siate device current ratings are anticipated to be
much Iarger than normally used on aircraft DC systems, For longer
range applications such as the space base, AC power at higher voltages
and/ox higher frequencies (1200 Hz) may materialize, High voliage DC
systems may find application. . In any case, the more exotic types of
power will generate the need for rede51gn of solid state switching systems.

Rather sophisticated general purpese dax.a handling systems {(DHES)
are under investigation for advanced spacecraft. This poses the guestion
of whether electrical power systems (EPS) should use the general-purpose
DHS or the dedicated DHS similar to that described for aizcraft advanced
systems, Considerations involved here include criticality of the EPS,
signal safeguards, volume of data, essentially continuous control logic
equation computations, eifficiency of operations, programming, and many
more. If the general purpose DHS is selected, then the solid state switche
ing and DS must be designed for a compatible interface, The problem of
general versus dedicated DHS must be given serious cons:tderatlon since
that effort was not within the scope of this program,

The volume of data, computations and transmission line lengths
of the dedicated DHS for the aireraft solid state system is based upon the
requirements for a two-engine fighter aircraft. The larger physical size
and greater anticipated volumes of data for such spacecraft as the shuttle
and space bace will dictate an exiension of the data handling capabilities
and transmission line lengths of the aircraft DHS,



Advanced spacecraft systems are considering sophisticated
integrated controls and displays. The solid state systern and controls/
display interface remain to be defined.

Advanced spacecraft will be subject to space and in some cases
nuclear radiaf:ion., The solid state devices must take radiation effects
into consideration,

The larger sized spacecraft dictates the need for use of remotely
located power buses and thus the use of a distributed bus system.

The aircraft solid state system is lacking in complete system,

coverage with built-in test, Expansion of the built-in test capability is
desirable for spacecraft application,
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4.0 SPACECRAFT APPLICATIONS AND DEVELOPMENT
REQUIREMENTS

4,1 Signal Sources

Signal sources presently under development for aircraft solid
state systems. suffer from several disadvantages. Figure 4-1 is a block
diagram of the present solid siate signal source and its interconnection
to the remote input terminal (RIT) and power supply, As shown, the
- signal source is a three-wire device requiring 0. 35 watts of excitation
and driving power. The output signal to the RIT is zero (OFF) or 5 V DC
at 10 ma (ON). The RIT input impedance is normally very high; however,
dropping resistors (typically 500 ohm) are added solely for the purpose
of developing 10 ma in the interconnecting signal lead for EMI immunity,
As shown, the 5 V DC logic level is sampled via a multiplex link for
transmission as OFF or ON data tc the MU for correlation and system
control, Several "less than optimum! characteristics and observations
can be made and stated for the present solid state signal source. These
are:

1. A power supply is réquired for excitation and driving powrer,
supplying a group of signal sources.

2. Three wire leads are required -- power, signal and ground.

3. Built-In-Test Equipment (BITE) is not included. To incor-
porate BITE requires additional deszgn, cormponents and
overall complexity.

4. Excessive power is required, much of which is dissipated
as heat. For 600 signal sources energized simultaneously,
the power reguirement is 210 watts.

The above chavacteristics led to a search for a better approach
to be used for advanced applications and resulted in the concept for a solid
state switched impedance signal source, Figure 4-2 is a block diagram of
the switched impedance signal source and its intexconnection to the
modified remote input terminal (RIT). The same basic function is performed
by the switched impedance signal source as was for the previcusiy described
signal source but now the power supply is eliminated, signal source powet
is reduced, a wiring lead is eliminated, and full~time BITE incorporated,

The RIT does require modification, veplacing and adding additional
circuitry,

63



= 58

EXCITATION e 1
FTOUER g
SUPPLY . Lo 5. 88 63

PGIER (0.35 VATLS)

s e B O o o
| | o T T |
| 5| DETECTOR & 2 VOC, 10MA o S
|| ACTUATOR syrtcHmG | | ~ b \
| CIRCUIT GROUED §soo P R VOIFACE Lo
| ood I DETECTOR CONTHOL
l (553 '° : Y [STGWAT,_
i STGHAL SOURCE 6l | | \L
2 i " MULTEPLEL
R : SHIEOH  preop THEUT TERMIBAL
- . (k)

FIGURE 4-1 PRESENT SIGHAYL SOURCE UFIZRCOIHECTION



OPEN
b, sv
oN
Ber
e
1.5v |9F N
SHORT . —
o {)  curmswr MODIFIED REMOTE INFUT TERMINAL
‘F ") @ SOURCES
SSl i
g s o
s B ¢ 0
| 1o K
DETECTOR & [~ |
| SWITCHING | CONTROL
| CTRCUTLTS By e
| JACTUATOR | . } [ MODIFIED
VOLTAGE ) ,
| Asl IR, \L peEctor  [PUET Lo
! \‘i ? B & IOGIC &
I & )
. MULTTPLEX
[ , = THFEDACE SHITCH
sram, sovrce, () TEIORK
SIGNAL CONDITIONS ¥
%,5¢ OPEN N

3.0V 4.5v o

1.5v 3.0V OFF ST A N .

1.57 SKEORT PATENT PENDING

FIGURE W~2 PROPOSED SWITCHED IMPEDENCE STIGUAL SOURCE TNTERCONNECTION




The basic changes include the addition of circuitry equivalent
to a switched impedance network in the signal socurce, The signal source
circuitry would probably be redesigned to up-date and simplify, The RIT
would be modified te incorporate 10 ma constant current generators, one
for each of the 64 channels in the RIT. The current generators replace
the dropping resistors in the present RIT. The voltage detection ciwcuit
is redesigned to include additional detection and control logic functions.
The control logic is used to distinguish between a control signal and 2

"BITE fault signal. Power to the signal source {10 ma for EMI immunity)
is supplied from the constant current generators in the RIT eliminating
the need for a separate power supply, The same 5 V DC logic level is
used so the power per signal source is 5 x,01 = . 05 watts. Furthermore,
the 64 current generators associated with a RIT are turned on only when
the RIT is being interrogated, thus total signal source power at any cne
time is .05 x 64 = 3,20 watts. This is compared with the 210 watts for
the present units. i

For purposes of discussion a switch {S1} is shown symbelically
ag part of the signal source switching circuit. Actually, neither a switch
nor an impedance network would be used; instead, the output stage of the
signal source would be a solid state circuit which changes impedance
level as a function of the input. With a constant current source applied,
the impedance looking into the signal source is at two levels -~ Ry and Ry
where Rp = Rj + Ry. -The signal source output is therefore a developed
voitage that is IRj or IR for "OFF' and "ONY respectively. The impe-
dance values are selected such thzt the output voltage is suitable fox
driving the detector circuit logic. An intriguing facetf is a very simple
full-time BITE capability which can also be included in the threshold/
logic. A failure in the constant current source, the interconnecting signal
line or the sigpal source circuitry will result in an abnormaliy high or low
output voltage as opposed to the normal IRj or IR, voltage. Voliage
detector -threcholds can thus be set to monitor on a continuous basis for
such failures for BITE, Logic levels for the OFF-ON states and faults
(denoted as shorts and opens) can be established as indicated in Figure 4-2,
At present, several circuits have been conceived for implementing vari.
ous types of manual and sensor activated signal sources, i

As the modified RIT serially samples its 64 signal sources, those
fault signals detected are stored in an accumulator. At the end of the RIF
sample period, the faunlt signals are serially transferred to shift registets
in the Remote Input Terminal-Monitor Input Terminal {RIT-MIT). The j}
functions of the RIT-MIT will be discussed later under the Data Handling]
System (DHS). ”



1.2 Power Controllers

There are several modifications and improvements which
could be made for application of power controllers to a spacecraft
avstem. Some of these are deemed necessary; others are desirable
fx.:om an improved weight, size, reliability, e}nd performance stand-
point. IForemost is packaging to satisfy specification reguirements,
Others include multi-channel load controllers, current limiting for AC
units, improved fail-safe capability for AC load controllers, cooling
{cold plate), built-in test, higher rated DC units, and more realistic
electrical power characteristics,

Development of power controllers for spacecraft applications
is primarily a problem of packaging, Practical weight, size and reli-
ability can be gained through the use of hybrid and integrated circuit
techniques. Another means of improving these parameters is through
multi-channel power controllers covered below., The use of multi-
channel power controllers, hybrid and/er integrated circuits and suitable
cooling design can provide units of high quality for spacecraft application.

The present bus controllers are designed for AC and require a
separate unit for each phase, The multi-channel bus controller would
incorporate three power channels per package, forming a three-phase
unit, Greater packaging efficiency can ke gained as well as porential
sharing of control circuitry.

The volume of solid state power switching and circuit protec-
tion is approximately 46% of the total solid state system volume, The
load controller rack assemblies accounted for the bulk of this volume,

resulting in the investigation of means to reduce the volume of load con-
troller assemblies.

A completely new concept in load controller packaging and

installation has evolved. This is the idea of a multi-channel load con-
troller module. :

The multi~-channel load controller module incorporates the
muerna]. control and power circuits of several load controllers into a
single package, resulting in substantially improved packaging efficiency
and some sharing of common circuitry and components such as power
supplies, terminals and surge blocks, Figure 4-3 shows a block diagram
of a 16~channel load contzolier module, Typical package configuration and
requirements for a 16~channel load controller are given in the preliminary
S‘P“’»‘C?fica‘.’cicm sheets at the conclusion of this section, The module as shown

vould mount into a raek assembly, providing the cold-plate cooling.

Similar specification sheets have been prepared for an 18-channel AC load
controller,
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Advantages of the 16-channsl DC Joad controller module ave

iisted below:

(1)

(3}

~—
i
T

(7)

Instead of a separate, small power supply for each load
controller module as used in the simgle-channel unit, the
multi-channel unit would use a higher capacity, more

rugged power supply serving control circuitry in 2ll 16
channeis. The higher capacity power supply can he

designed economically to provide a much higher level of !
performance. Even considering a fully redundant power
supply, the higher capacity unit would be several times
lighter and smaller than the 16 single-channel power supplies,

The multi-channel unit allows greater packaging density
and greater flexibility in packaging.

The mulii-channel unit would realize a significant savings
in packaging material due to higher density packaging and
improved packaging flexibility. For example 16 single-
channel modules have a surface area (tops, side and ends)
of 80 sq. in. while the 16-channel module would have a
surface area of less than 18 sq. in.

The package wzlls would serve 23 a common surge block
and heat sink which in gffect eliminates the equivalent
weight of 16 surge blocks on 16 single-channel load con-
trollers, )

Input power, power grounds and signal grounds can be bused
within the multi-channel load controlier module with two
terminals (two for redundancy) brought out for each of the
three functions. This results in reducing the number of
external terminals and connections from 48 tc 6.

Conservative estimates give a 1/3 reduction in weight and
volume of a 16-channel load controller module compared

to 16 individual single-channel load controller modules.

A farther reduction to as rmuch as one half is not unrealistic.

Overall improved circuit performance and simplification

can be realized in the multi-channel load controller module,
The higher capacity power supply with improved performance
can provide higher control circuit driving power resuléing

in higher gains and improved opevating efficiency.
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Current limiting is a desirable feature to add to the AC load
controller, permitiing the surge current rating of the SCR tc be “educed.
High surge current ratings in an SCR require a large, expensive chip.

The larger the chip and its associated surge block, the larger the overall
load controller must become, The first cycle of fault current on a 20 KVA
generator can peak at about 680 amperes. An SCR of reasonable price and
size would be rated for a surge current of 300 amperes. In order to use
~this chip in an AC load controller on a system with 20 KVA generators
and larger, a bus crowbar device has fo be used. The bus crowbar is a )
device using large SCR with appropriate sensing circuitry to sense a
fault current building up and to shunt this current to ground. Essentially
it clamps the bus to ground through ihe crowbar. The crowbar then pex-
its the load controllers to use a smaller chip with lower surge current
. rating, However, if the AC controller had current limiting, the lower
rated SCR could be used and any crowbar devices eliminated. Certain
* bulk semiconductor devices have exhibited a current limiting ability.
Such devices exhibit a high impedance at a high temperature; the high
temperature caused by fiow of overload or fault current. The bulk semi-
conductor would be placed in series with the power chip. Additional
investigations are needed to more fully understand the operation and
characteristics of the device, voltage drop, and effect upon load controllier
operation under normal conditions.

The load controllers-presently under development have nc means
of performing Built-In-Test, This problem has been congidered in some
depth but no simple and reliable means of providing Built-In-Test has

- emerged., There is a TRIP INDICATION signal provided which indicates
the load controller has tripped from a fault on the load line or an overlecad
condition of the load, but no information is provided as to the condition of
the load controller. The primary problem of testing the load controller
is the undesirability of operating the controller and thus activating the
load.

The circuitry within the load contreller can be divided into two
general types -- control circuits and power circuit. The control circuits
using highly reliable hybwrid integrated circuits can be built with large
safety factors and is not subject to the high siress levels of the power
circuit., Due to the expected high reliability of the control circuits, empha-~
sis will be placed on checkout of the power circuit. The power chip use;
for the solid state power switch is subjected tc high electrical and thermal
stress levels, TFurther, the chip is operated close to its rating during
these transient periods., The primary function of the power controller
BITE is to check whether the power chip is open or shorted (primary
failure mode), The fail safe device as presently visualized for the power
controller is a slow-blow fusible link incorporated in the power souwnce .
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side of the power controller, The BITE must check the open or closed
condition of this fuse. Based on the above, any BITE, as a minimum,
must check the condition of the load controller power circuit,

BITE can be irnplemented in several ways. One approach is tc sense

bus power (IL ‘input), L.C output, and LC conircl signal. Thess signals can

be supplied to a RIT of the DHS where a BITE cquation is computed and
the result is transmitted to a display, This approach requires a BITE
equation for each load controller, quickly limiting the control equaticn
capacity of the DHS. Further, the TRIP INDICATION signal must also
be supplied to the DHS and become a part of the BITE equation in order
to distinguish between a load controller malfonction and a normal trip.
Second, BITE logic can be incorporated into the load controller and ,
supplied as an outplit to a FAULT INDICATION pin on the load coniroller.
In this case the TRIP INDICATION and FAULT INDICATION on each load
controller would be hard-wired into a Monitor Input Terminal and trans-
mitted as a point-to-point indication signal to a display device, Rither
of the approaches results in substantial wiring, two leads {TRIP and
FAULT INDICATION] from each controller to a remote terminal, Nor
do these approaches provide any indication of the condition of the control
gignal, TRIP and FAULT INDICATION wiring.

A stimuli approach to lead controller BITE could be consideved
in which the load controller power circuit would be tested without applica-
tion of bus power., Ry stimulating the power circuit at a low power level
(low voltage, low current) and exercising the load controller, the condi-
tion of the power circuit could be determined by proper sensing and BITE
logic, This approach is illustrated in Figure 4-4, Here, a BITE STIMULI
signal is interlocked with INPUT POWER and CONTROL SIGNAI, In the
absence’ of INPUT POWER, the application of 2 momentary BITE STIMULI
signal and simultaneous cycling of the CONTROL signal would exercise the
load controller. The BITE STIMU LI signal provides a low level of power
for checking the power circuit, The BITE STIMULI signal couid be a
nominal 5 V at 10 ma with R selected to give a voltage level which would
assure no operation of the connected lcad, For the above io function con-
troller power must be supplied from the CONTROL or BITE STIMULI
signal during tes{, Ever here the incorporation of BITE adds components
and complexity such as the BITE inputl termninal and circuit, BITE sensing
and logic, Under normal operating conditions the BITE sensing and logic
is subjected to the full ratad voltage and/or current level of the powsr
circuit which means they would have to be disabled, providing ro inflight

test capability.
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SPRCIFICATION

POWER COFTROLIER, DC LOAY SWITCHIRG
16PST, ROBMAL OFEN, 1 TERU 10 AMFERES

e #,500 MAK———

et g 250 TYP ’
et e 4.000 ____,,.j

|
!
$ S, -

5

500 MAX
2.000. 3.3

/

s 1, S .203 +,005 DIA

1 "6 EOLES
e 3,500 55 PIN CORNECTOR
. MAY . - (2-4A2, 1A, 52—#0,

Lol N

1,250 MaX
625 i

r—

HOTES:
"7, Dimensions ave in inches

o, Unless obhervise specified, tclerances are +.02 for two place
decimals and +.005 for thrae place decimals

REQUIREMENTS:

MECHANICAL AND DIMENSICUAL CHARACTIRISTICS

Dimensions and configureiion . + « .

e e e s Sege Figure

Enclosure « » - « s o 5 s e e e v e s e e . Black anodized metal,
sealed watertight

Terrinetlons « « o « « o + = = s+ s o2 e s . oa - Rack~Panel type connecior

Velght « o o ¢« v 0 v v 4 o 4 s o8 o ¢ o v = » = 1.25 Jb oaximum



FIGURE 2 ~ CONNECTOR IDEHTIF;PATIOH

PN FURCTION- PIN FURCIZON . | PN _ FUKCTICH
HO. He. L mo.
i} DPOVER IN 21 | CONTROL CE 3 f w1 |TRIP THD CH T
2 | POYER IN 22 * o oeH b Lo " CHS8
3| POVER OUT CH 1 23| - " CHS k3 " cHg
Y n Y CH 2 2k n CH 6 kY " CH 10
5 " " OCH 3 25 " CH 7 45 " CH 11
6 " "oeH k 26 " CH 8 k6 ¥ CH 12
T " " CH S 27 o Co 9 b7 " CH 13
8 oM CH 6 28 " cH1e | 48 " gH1k -
9 " " CHT 29 " CH 11 Lo " CH 15
10 w " CEB 30 ¥ CH 12 50 T CH 16
1L " " CHO 31 " -CH 13 51 | BITE
i2 " " CH 10 32 " CH 14 52 SI?IJAI. GRD
13 " " CH 1L 33 " CH 15 53 | SIGNAL GRD
1k -4 "OCH 12 3k " CH 16 54 | FOWER GRD
15 N " ‘CH 13 35 | TRIP IND CH 1 55 | POWER GRD
16 R+ g 1 36 " CH2
17 " ¥ CH 15 37 " CH3
18 "M 6. § 38 L
19 | CONTROL CH 1 ) ! CH 5
20 ¥ CH2 40 *  CHG

BOTE: PEin Nos. 1 & 2 are #12, 18 is #16, 211 others are #20.

ELECTRICAL CHARACTERISYTICS (~5L°C 4o 120°C caese tempersture unless otherwise noted)
{per channel unless otherwise noted)

Chennel arrangement . « « « « « + » ¢ o « + « « «  SPST (normally open)
Humber of chatinels . o o = = « « = + + » « s « » 16
Reted operating voltagZe . + « ¢« « ¢ v a4 4 s s s » 21 to 29 veolts DC
Rated operatiag freguenty « o « v « = « « ¢ « « o lot applicable
Current rabing . ¢ « v « v 4 4 4 s 4 4w e e o8 o See Table T
Control veltage + v « « o « + 4 o s « o ¢+ » - - *B.0 vaolts de maximum
Ravted contrel vOLIEREE + « o« « 4 ¢ ¢ o ¢ + ¢ o« + » + 5.0 volts de
TUID~Ot YOLGAES & « « v o o « « ¢ o o 5 o 2 5 »+ & + 3.5 volts dc minimum
TUrn-0fT VOlLaZEE .+ v o v o & « o v o & ¢ o » ¢ 2.5 volts de¢ maximum
Turn-on TiMe & 4 4 v 4 4 4 s 4 e e e e s e milliseconds maximum
Torn-0fF BimE o v & v 4 v v b e ke e e e e s milliseconds maximum
Outrut rise time . & & v 4 ¢ 4 v 4k 4w e e e s milliseconds minimun
millaiseconds mexdimum
milliseconds minimum
milliiseconds mavimum
Tnsulation resistance + « « = ¢ « 5 0 0 a3 . . s merohms minimun
TeeRation v & 4 4 v 4 v 4 v 4 4 4 e v s w w s s s 10 megolats minamum
Control 3nrut resisténee o v v v o« v v s e - o4 - 500 chrs #+ 10 percent
VOLEUER YOD v ¢ v v 6 ¢ « o v o s 0 o o v » 1 o 5 volts de moxinam

gt rased current

Cutput fall time

I L L I T R

<

OO O O
v

e .
DOV OO

Ledlanr sarcent . . 0 v v v vy e v f f v v e e s Bee Table T
E”- Tdlesiyebion = COFF o 4 4 v v v b v w e o« . oa 0.5 welts manirim
svver ddosinstion - O {211 chignnels opesating 3C wobtis mawinas

at rated curreunt)
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FLECTRICAT CHARACTERISTICS {conmtinued)

Currett limiting . . . « + . . .
Trip-out time (non-zepetitive res

Trip-out time (repetitive resets) . .

Rupbure capacity . . « + « « 4 &
Resel voltage . . . . . + + + . .
Application &ime to reset . . . .
Interruntion time fo resel . . .
Trip indication voltege . . . ., .

Reset immunity . . . . .
Trip-free .« v v 4 o 4« s 0 o o
Lockout. contrel . + + « & + v .
Rated lock out voltage . . . . .
Lockout "OH" voltage . + + « . .

Lockout "OFF" voltage + + + + « « &

Lockout impedance . . . . . . . .
Dim conftrol voltage « & . + + « &
Rated dim control voltage . . . .
Dim fturn-on voltage . . . « « + .
Dim turn-off voltage . . . . . .
Operating voltage transients . .
Transient spike overvoltage . . .
Transient - standby pover . . . .
Control input transients . . . .

Zero voltege tuwrn-on and turn-off
Pail safe current (@ 25°C case) .
Life {cperating cycles) . . . .+ »
Dim mode vOlTage « + = » + = =

Dielectric withstanding voltage .
Redic interference . - « « o = -«

ENVIROWMEHTAL CHARACTERISTICS

Case operating temperature . . .

Case storage temperature . . + . .

ShOCK v« & o o s o » o o« » o = &
Vibration « « + v s o o ¢« « s & =

Acceleration . ¢« « « o 4 4 e
Altitude . o 4 4 0 s e 0 e e

Part nurber: 20h-09-9-100B

i
L nlc -

et) . . .

See Figure 1 of 294-359-9E
See Figure 2 of 20K-99~9E

* (30 seconds min. belween rescis)

Applicabdle

Lo0D amperes wmaximum
Rot anplicavle

tlot appliceble

5.0 to 20 milliseconds
+ 5.0 volts dc + 0¥
at 10.0 millismperes
ot epplicable
Appliceable

ilot applicable

Not epplicable

Hob applicable

Hot =pplicable

Not applicable

Hot applicable

Not applieable

Hot applicable
MIL-STD-T0k

+ G600 volis de

Not applicable

100 volts applied between
each control channel and
signel ground; and bewween
each trip-ind channel and
signal ground.

Hot sppliceble

See Table I

1,000,000 minimum

Tot applicable

1600 volts roms
HIL-STD-h6L

-54°C to 120°C

~65°C o + 150°C

1008 for 11 milliseconds
306G, T8-2000 Hz 0.1 in DA
10 to 76 Mz

100 G .

Sea level 1o 1,000,000 %

TABLE I
1
CHANIEL CURRENT Leakage ¥ailsafe
G, RARING Current Current
(amps)* 1{microamperes)| {amps)
1 thm 8 1.0 500 30
9 thru 12 2.0 500 30
13 & 1k 3.0 500 30
15 5.0 500 30
16 1¢.0 1000 60

®  Ipducsive, Copacitive,

Resisiive or Lamp
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Assuming a practical approach for full load controller BITE,
the problem still exists in handling the TRIP and FAULT INDICATION
gsignals, One approach would be to hard-wire both INDICATION signals
ints a Monitor Input Terminal associated with the DHS, resulfing in sub-
stantial wiring complexity «- two additicnal wires per lcad controller,
A second approach would he to transmit the two INDICATION signals
over a single wire at differing voltage levels to a Monitor Terminal. A
third approach is to handle them over the CONTROL signal lead, similar
to that used for the switched impedance signal source. The latter approack
is given consideration below.

To hezndle FAULT and TRIP data over the CONTROL signal
lead requires modification of both the load controller (LC) and the Remote
QOutput Terminal (ROT), The LC would use a two-level switched impe~
dance circuit as shown in Figure 4-5 and would be driven by a constant
current source from the ROT instead of a constant voltage scurce, Opar-
ation is similar to that of the switched impedance signal source except
another voltage level has been added which could dictate increasing the
“yoltage level of the control signal to obtain suificient bandwidth between
levels, Figure 4-5 shows a control voliage of-10 volts, The varicus
voliage levels are detected by a voltage detector and logic civeuit within
the ROT, The TRIP and FAULT signals are identified, separated and
transferred to an accumulator. From the accumulator they are serially
transferved to shift registers within the Remote Ouiput ’I‘ermmal -
Nonrtor Input Terminal.

Finally, load controller development for advanced spacecraft
should consider several other problems., First, the load coniroller size,
weight, reliability and performance is affected by the type of character-
istics of the electrical power sources, The trend in electrical power
characteristics is toward fighter 11m1€s than those specified for aircraft
through MIL-STD-704. Both bus and load controllers can be built to be
lighter weight, smaller and more reliable where power characteristics
are less severe than MIL-STD-704, Ssacond, bus and load cont=ollers of
higher ratings, particularly DC units, will probably be required. DC units
up to 200 amps DC are visualized. Third, in the absence of current limit-
ing for AC units, a better fail-safe device would be developed, The purpos
of the fail-safe device is to prevent the failure of a load or bus controller
from affecting the balance of the system. There is no problem in DC units
with current limiting, but in AC units the fusible link used for fail-safe
is difficult to cocrdinate with the overload and faulf trip characteristics.
The need is for a slow-blow link of & suitable size and characteristics to
be compatible with the AC load controlier,
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4.3 Data Handling System (DI—IIS’)

The first order of priority for development of controls for a
spacecraft electrical power' distribution system is to investigate, compare
and decide whether to use a dedicated or a general purpose DHS for per-
forming the logic and handling the signals associated with powsr control,
The balance of this discussion assumes that a dedicated DHS will be used
for electrical power disiribution control. A dedicated DHS for advanced
aircraft has already been discussed in Section 2, 0. The same basic type
of approach is considered for a dedicated DHS to be applied to an advanced
spacecraft. Several modifications have already heen mentioned under the
switched impedance signal source and the switched impedance /voltage level
detection of INDICATION signals for load controllers. The incorporation
of a point-to-point data transfer feature (monitor subsystem) has been
hinted. The need for longer multiplex transmission line and a system to
handle an expanded quantity of data has been mentioned. These factors
and others are considered in the following paragraphs.

' Referring to Figure 4-2, reference is made to a modified Remote
Input Terminal (RIT). The modified RIT is basically the same as the RIT
presently under development except it is modified to accept the switched
impedance signal source and to perform fhe voltage detection and logic
necessary to separate the control signal and the BITE FAULT signal.
Constant current generators ave substituted for the signal source loading
- resistors previously within the RIT. Several levels of threshold voltage
detectors are added to distinguish between SHORT, ON, OFF and OPEN
conditions in the signal sources and interconnecting leads. Logic is per-
formed, combining SHORT and OPEN conditions to form the BITE FAULT
signal, Further, the CONTROL signal is inhibited upon detection of a BITE °
FAULT signal, the affected channel being inhibited until the FAULT condi-~
Hon is corrected. An accumulator is added within the RIT. The BITE
FAULT signal for each channel is stored within the accumulator. Upon a
signal the BITE FAULT signals within the accumulator are serially trans-
mitted and stored in shift registers within the RIT-MIT. In fact the RIT-
MIT function could be incorporated into the RIT, eliminating the require-
ment for a separate package and providing a gain in packaging efficiency,

Figure 4-5 refers to a modified Remote Cuiput Terminal (ROT}.
The ROT is modified to handle the switched impedance TRIP and BITE
FAULT signals from the power conirollers. Modification includes substitu-
tion of constant current drive for voltage drive; addition of voltage detection
and logic circuiis; and addition of an accumulator for temporary storage of
TRIP and BITE FAULT data., Censtant current generators are added to
drive the lnzd contenllers and to provide power for the switched impedance
sensing funciion, Voltage threshold detectors are added to sense the SHORT,
1LC FAULT, TRIP, NORMAL and OFEN conditions of the load contrelier
and its interconmeciing lead. Logic circuitry is added within tte ROT to OR
the SHORT, OPEN, and LC FAULT signals; forming the LC BITE FPAULT
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signal, The TRIP and LC BITE FAULT signal for each chammel are
then temporarily stored within an accumulator. Upon a st ignal the
contents of the-accumulator are serially transferred to shift registers
within the ROT-MIT. Again, the ROT-MIT functipns gould.
inco:porateci within the ROT package, gaining packaging efflczency.

Figure 4-6 shows a suggcested dedicated DHS for an advanced
spacecraft, System characteristics are siznilar to that for advanced air-
craft. A monitor subsystem is shown in Figure 4.6 and consists of the
RIT-MITs, the ROT-MITs and the Monitor Cutput Terminal (MOT}., The
Monitor feature (peint-io-point transfer of data) is incorporated to handle
signal source BITE FAULT, power contreller TRIP and BITE FAULT indi-
cation signals. Remote Input Terminal-Monitor Input Terminals (RIT~MIT)
are provided to temporarily store and then serially transmit signal source
BITE FAULT signals. The number of channels per terminal are anticipated
to be 320, one RIT-MIT serving four RIT. Remote Output Terminal-
Monitor Input Terminal (ROT-MIT) are provided to temporarily store and
then serially transmit power controller TRIP and BITE FAULT indication
signals, With a DHS capacity of 1024 inputs and 1024 outputs, the Monitor
subsystem would be designed to handle a minimum of 3 x 1024 = 3072 indica-
tion signals. It is probable that the RIT-MIT and ROT-MIT would be
identical and could then be designated as a MIT. Signals between the RIT
and RIT-MIT and between the ROT and ROT-MIT would be handied over a
pair of wires from each RIT and each ROT, The Monitor Qutput Terminal
(MOT) is visualized as a receiver and memory with TRIP and BITE FAULT
information stored until called up and displayed. An incoming TRIP ox
BITE FAULT signal would activate an indicator light or flag, The crewman
would then activate a readout which would cycle through the memory of the
MOT, calling up all TRIP and FAULT information, The readout would
identify the melfunction and the specific affected component -- signal
source, power conireller or DHS component, The MOT would be expected
to be interfaced with the Integrated Controls and Display System.

The monitor or indication functions are transmitted over the
rnultiplex party iine from the Monitor Input Terminal (MIT) directly to the
Monitor Output Terminal (MOT), These signals are direct point-to~point
transfer and do not involve the MU for anything other than multiplex con-
trol and BITE. The monitor terminals ars nonredundant, but do incorpor-
ate built-in-test and automatic failurc indication. No control lsgic opera-
tion is involved in this data transfer. Althougl‘ the monitor subsysterm will
handle more information per terminal than the control system, several
factors in the subsystem allow less complex hatdware implementation,

- Since this is strict? 1y an information or monitor function and no control
gignals are handled, it is not essential to provide the redundancy that the
control system has. So long as the monitor subsvstern will test itself and
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inform the pilot that it has malfunciioned, no spacecraft eystem function
is disabled. The type of signals to be handled is datz rather than controi,
which allows less complicated interfaces, Since single BIT errors mey
be ignored in the data utilization, the security of signal integration
(pomp-up) used in the control systemn is not needed here.

The Monitor subsystem can be incorporated into the present DHS
without significant impact, The amount of data tc be handléd by the Moni-
tor subsysiem 18 a function of the lowest allowable data output vate, The
subsystem uses a sub-multiplex technique such that the effective data
access and output rate is approximately seven samples per second in erder
to handie the projected 3072 inputs and cutputs, This corresponds to
seven up-dates per second on the status of eignal scurces and power con-
trollers which is considered adequate for an indication system,

The length of the multiplex data transmission line must be con-
sidered. In order io use a twisted shielded conductozr, the multipiex line
shown in Figure 4-6'is limited to 200 feet end-to~end or a locped length
of 100 feet. Circuitous routing of the multiplex line must be taken into
consideration. Conceptual drawings for the shuitle and space base show
vehicle dimensions greater than 100 feet, Multiplex line length is also a
function of data rate; i.e., doubling data rate cuts line length in half
while halving data rate doubles permissible line length. There are several
concepts which can be used to obtain greater iline length, These are shown
in.Figures 4-7 through 4-10 and ave discussed balow,

Figure 4-7 shows additional multiplex loops connected together
through line extenders (LE}, Assuming the same data rates as in the
present DHS, the line length of each loop is 100 Zeet (looped); thus three
loops give a line length of 300 feet (looped).” The funciion of the line exten-
der is to accept redundant signals from the first looped transmission line,
select the '"best'” one through comparison and Isgic, provide wave form
correction, and transmit the signal over the second redundant loop., The
line transit times and the 1LE delay times are such as to 2llow up to three
loops and still have a comfortable margin of safety. The line extenders
are redundant, cross-strapped units consisting of receivers, gates,
transmitters, test and control circuits,

A second approach to obtain addsd tvanamiasion iine length is
shown in Figure 4~8. Here, two maximum length loops ave paralieled,
each supplied separately from the centrally located MU. Each loop is
operated at the same data rate as one loop is pnresentiy operated. This

ives essentially twice the line length of the present system., The paraltlel
loop approach is also good whers more irpuis, cutputs and legic equations
must be handled then are presently designed inic the system. The MU
doubles up on memery, inputs, outputs, ete, to haandle the greater amount
of information.
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Figure 4-9 shows a combination of parailel and exi:ende’i& Ioops.
This configuration doubles the amount of data which can be handled and
gquadruples the standard line Iength (400 feet looped}. The main con~ ‘
straint is that the MU must be centrally located in order to take advantage -
of the full line length.

Figure 4-10 shows & special case, The looped line handles the
major portion of the data, Radial multiplex lines are run to remotely
located terminals which handle much less information, The radial lines
become less justifiable as the number of remote terminals increases,

The present DHS under development for aircraft is based on
remote terminals of 64 channels with all components cooled by convection,
Further, packaging is not yet optimwum as far as weight, size, rehabzh’cy
and performance, Considering that the DHS equipment for spacecraft
applications will require cold-plate cooling, it appears more desirable to
incorporate more channels into each terminal and reduce the number of
individual channels. The weight and size per channel decreases as the
number of channels per terminal increases. Furthermore, initial data
on the space shuttle indicates a concentration of input signals and loads.
These areas are the crew station, the forward fuselage section, the wing
root sections, and the aft fuselage section. With the concentrations of
inputs and cutputs, the use of more channels per terminal can be furthgr
justified. The eventual flight configuration of the DHS hardware would
incorporate hybrid and infegrated circuits to .ceach the practical limits
of weight, size and reliability,

The spacecraft integrated display and control system would inter-
face with the dedicated DHS, There appears to be no direct interface with
the signal sources nor the power coniroliers other than through the DHS,
Although Figure 4-6 shows a Monitor Output Terminal for indication out-
puts and a control interface unit, these could easily be combined into a
single interface unit. The interface unit would collect and store all TRIP
and BITE FAULT information and would inject all control functions into |
the system. Approximately 3200 INDICATION and BITE signals are anti-
cipated for a full capacity system (1024 inputs, 1024 outputs and 1000
logic equations). Confrol requirements are listed below:

{1} Up %o 32 manual switches for manuval selection of redundant

parts of remote terminals, L

(2) One manual switch for manual selection of MU,
(3) One 4-pesition rotary switch for {ransmission line tests

(4} A manual switch to activate readout of system status,
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A manual control switch associated with each power load
circuit. This switch would be used to cycle individual

control signals for load controller reset, The swiich

one required for normal system con-

would normally be on
trol input and is not installed specifically for resst.



5.0 SPACECRAYT CONCEPTS

For comparison and trade study, three spacecraft electrical
power distribution and control system concepts were selected. These
are designated as the solid state, conventional, and hybrid systems. In
order to make a more ohjective comparison of these three concepts,
each is applied fo a typical interim shuttle vehicle. The interim shuttle
was selected because more information is available on this vehicle than
other advanced spacecraft. However, the system concepts are applicable
te other spacecraft, The paragraphs to follow describe the implementa-
tion of these concepts, .

5.1 Solid State Concept

The block diagram of Figure 5-1 shows the arrangement of the
solid state system, Due fo the size of the vehicle and distribution of
electrical loads, a distributed bus system was selected. As indicated
all power sources feed into a forward power center located in the nose
section of the vehicle. Electrical power, 115 V AC and 28 V DC per
MIL~-STD-704, is then distributed over feeder transmission lines to
power centers localed in the crew staition, wings, and aft section of the
vehicle. HRach power center serves the elecirical loads located in close
proximity to it. PBecause the sclid state power controllers ussd 'for power
control and circuit protection can he controlled remotely, the distributed
bus arrangement with its remote power centers can be utilized fo advan-
tage. The major advantage of the distributed bus system is to minimize
the length of power wiring from the buses to each load, resuliing in sim-
plification of overall vehicle wiring, Figure 5-2 shows the assumed
dimension of the vehicle and the -installation of the power system.

More details of the forward power center are shown in Figure
5.3, The power center is essentially divided into two electrical power
generation, conversion and distribution channels, The channels are
designated LH FWD and RH FWD, The chanmels normally operate iso-
lated (non-parallel), J Solid state bus controllers (BC), esssntially solid
state contactors, are used for switching between AC sources and external
power, Sclid state AC and DC power controllers (PC) are used for lcad
switching and circuit protection as well as feeder switching and protection
Control signals associated with the powar. controllers are handled by the
Data Haandling Subsystemn (DHS). The use of the remotely operated power
controllers permits the buses tc be located in close proximity to the
power sources and conversion equipment, resulting in a compact power
distribution center with short feeders between the buses and the power
scurces, couvevsion equipment and external power., Due to the compact
Installation and shori feedar lengths, it wiil be shown in later discussion
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that the weight of power sources and distribution feeders on the solid
state system offsets the power source and conversion equipment feeders
of the conventional and hybrid system concepts.

.f-
—,

Additional details of the aft, wing, and crew station power
centers are not shown. These centers are relatively simple, consisting
of buses, load controllers (LC}, and DHS components, The -intercon-
nection of these components is similar to those shown in Figure 5-3,
The quantities of these items assumed for each load center are shown in
Table 5-1 and will be used Iater in cohcept cornparisons and trade-offs,
1.C are shown as single-channel units but could be taken as the quanfity
of active channels in multi~channel units., The LC incorporate BITE as
discussed in Section 4. 0. ’

The dedicated DHS for the interim shuttle is similar to that
for advanced aircraft but requires some modification and development,
It would utilize switched impedance.signal sources, modified RIT and
RCT and a monitor subsystem with Monitor Input Terminals (MIT) to
collect L.C and signal source TRIP and BITE FAULT indication sigaals,
An interface unit is provided to interface with an integrated controls and
display system. The anticipated number of inputs, outputs, and control
equations for an interim shuttle is well within the capacity of the present
DS concept, The physical dimensions of an interim shuttle are expectied
to be such that the mwltiplex line would exceed the 200 feet iimitation
imposed on the present system. Estimated length of the multiplex line
for an interim shuttle is 390 feet, including necessary circuitous rout-
ing, To accommodate the added length, a two-Ioop multiplex system is
proposed. The layout of the two loops in the vehicle is illustrated in
Figure 5-4. The two loops are interconnected through Line Extenders
(LE) located at the wing power and control centers. Table 5-2 is the
assumed quantities of DHS companents located within or in close vicinity
to the power and control centers.,

5.2 Conventional Concept

The conventional concept for advanced spacecraft electrical
power distribution and control systems uses electromechanical power
contactors, relays, switches, thermal circuit breakers, and switch/
relay logic for control, The lefthand half of the conventional system
as applied {o an interim shuttle is shown in Figure 5.5. As indicated
the AC system consists of two malan AC buses and two AC monitor buses
with a bus tie between main buses and 2 bus tie between each main bus
and its associated monitor bus. The AC system is powered from APU-driven
alternators, external power, and a DC to AC inverter supplied from %Tgle
DC system, The DC system consists of two main PC buses, two monitor
IC buses and one or more startflogic buses, The main DC buses axre
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TABLE 5.1 Compom?fnt Location
Powear Switching for Solid State Concept

Buses Power Conditioning

*. «ation AG Do BC LC AC/DC DC/AC
,M;ﬂa:d Power Center 2 2 26% 312 2 2
cyew Sta., Power Center - 2 - 234 - -
' 3¢ Wing Power Center 1 1 - 50 _- -
.3 Wing Power Center 1 1 - 5 - -
12y Power Center 2 A - 134 - -
TOTAL 6 8 26 780 2 2

¢ {11 24 AC bus controllers (BC) rated at 75 amperes
13y & DC bus controliers (BC) rated at 200 amperes

TABLE 5-Z Component Location
DHS for Solid State Concept

Faration RIT ROT MU MIT LE Interface Unit

2 vrward Power Center 3 7 2 4 - -
© rewr Sta. Power Center 7 4 - - - 1
+ 2 ¥Wing Power Center 2 i - 1 1 -

¥ Wing Power Center 2 1 - 1 1 -
At f'wwer Center 2 3 - 2 - -

TOTAL 16 ib 2 8 2 1

\ 2= r L] ‘) i i *
#t &0 MIT ave provided in the crew station, It is assumed that INDICATION
e FAULT signals from this area would be wired directly into the
biterface Unit,
ihe Interface Unit is provided for interface with the Integrated Control
% Display System.
AR i ] bi i
we "fIT and ROT-MIT functions are combined into a MIT.

- v Extenders (LE) ave dual redundant units,
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tied together through a bus tie and each monitor DC bus is Hed through
a contactor to its respective main bus. Fuel cells, batteries and ex-
ternal power supply the DC system as well as a feed from the AC
system through a transformer rectifier unit, Power sources and con-
version equipment is located in the forward equipment bay with inter-
_-connecting feeder to and from the buses, bus switching and circuit
breakers located in the crew siation. The circuit breaksrs are placed
in the crew station so as to be accessible for reset in flight, All power
wiring to the loads originates from the breakers in the crew station,
routed throughout the vehicle to interconnect the switch and relay logic
and is then vouted to the load. The shortest direct route from crew
station to remote aft sections of an interim shuttle is approximately

95 feet, - Considering the circuitous routing to interconnect the logic,
most power wiring to the aft section would be much more than 95 feet,
At this distance and with any significant load, the wire size has to be
increased by several gages to satisfy voltage drop Hmitations.

Remotely controlled circuit breakers were considered for the
conventional and hybrid concepts but packaging, cooling and "{rip"
calibration problems were encountered. Hermetically sealed units were
recommended which would be prohibitively heavy and of large size.
Forced or cold-plate cooling would be required for such mission phases
as re-entry, Cold-plate cooling on thermal breakers affects the '"trip"
calibration, thus a magnetic type of breaker must be used. The mag-
netic breaker for space environment would require development. Faced
with these problems, the remotely controlled circuit breaker was not
considered further.

The quantities and location of components for the conventional
system are shown in Table 5-3, The quantity of load circuit breakers
is less than the number of load controllers used in the solid state system.
The difference occurs in the conventicnal system where a single breaker
may serve several branch circuits and several loads, The load controller
serves only one load,

5.3 Hybrid System Concept

The hybrid system concept is a compromise beiween the .:iolid
state and convertional system concept, The hybrid syster would use
the same data handling subsystem as descyribed under the solid statcf
concept with some minor exceptions which will be discussed later,

The bus, bus switching, circuit switching, and pa:otection§ are
similar to that for the conventional systerm. In reference back to |
Figure 5-5, the hyb#id system would not* have the monitor buses ox the



TABLE 5-3 Component Location
Power Switching for Conventional Concept

Buses Powszr Bus Load Power Conditioning
£, ~yrion AC DC Coniacfors Breakers Bresakers AC/DC  DC/AC
- v St;atiﬂﬂ 4 6 15 ! 22 625 - -
Fopward . - - - : - 2 - 2
3. alpment Bay

TOTAL 4 6 15 22 625 2 2
TABLE 5-4 Component Location
Power Switching for Hybrid Concept
, _ Buses Power Bus Licad Power Conditioning
sarvation AC DC Contacitors Breakers CkiBkr AC/DC  DC/AC
Urew Stadon 4 4 11 14! 780 - -
P orwar “ - -
- - - - 2 z

touipmont Bay

TOTAL

4 4 - 11 14 780 2 Z

60z



start/logic buses as shown for the conventional system. All loads
would be served from the main AC and main DC buses with load priority
and load monitoring programmed into the Master Control Unit (MU} of
“the DHS, Each lcad would be served from the bus through a circuit
breaker, a relay contact, and wire routed dirvectly from the relay to the
load. The coil of each relay in each load circuit is controiled by
a relay driver which in furn is undsr the contrel of the DHES, Since
circuit breakers are used, the breakers, buses, bus switching, relays,
and relay drivers atre installed within the crvew station. The power
relays and drivers are located within or in close proximity to the cir-
cuit bresker panels, As with the conventional system, power sources
and conversion equipment are located in the forward equipment bay
with interconnecting power feeders to the buses. A listing of power
system quantities and locations is given in Table 5-4,

The data Iiandling subsystem (DHS) is very similar to that for
the solid state systern. A two loop multiplex data line is used and has
approximately the same routing as that for the solid state system shown
in Figure 5~4. The location and quantities of DHS components differ
some from that of the solid state concept,. The distribution of RIT is the
same while all ROT are now located in the crew station where their out-
puts are used to actfivate reélay drivers in that location. The ROT is
modified as for the solid state system but retains the voltage drive.

The quantity of MIT is reduced because only the handling of signal source
BITE FAULT indication signals is required. Table 5.5 is a listing of
the components and locations for the hybrid concept DHS,
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TABLE 5.5 Component Location
DEIS for Hybrid Concept

fmcation RIT ROT MU MIT 1LE Interface Unit

#arward Control Center 3 - yA 1 - -

eew Sta, Control Center 7 16 - - - 1

L4 Wing Control Center 2 - - 1 1 -

1] Wing Control Centex 2 - - 1 1 -

Afr Control Center 2 - - 1 - -
TOTAL . 16 16 2 4 2 H



6,0 COMPARISONS ANDR TRADE STUDIES

Three advanced spacecraft electrical power distribution and
control system concepts were described in Section 5.0, These concepts
were the solid state, conventional, and hybrid sysiems., Heres, a
comparison and trade study will be made between the concepis using
the system configuralions, guantities of components and baseiines as
laid out in Section 5.0. Factors tc be considered will include:

(1) Equipment installation and location

(2)  Weight and size

(3) Reliabilify .

{4) Modular construction

{5) Control logic flexibility

(6) Performance and EMI compatibility

{7) Impact on power sources and utilization
(8) Power losses

(9} Development time and cost,

6.1 Equipment Istallation and Location

Table 6-1 gives a side'-by~ side comparison of equipment locaticn
and installation considerations for the three sysiem concepis. Particular
emphasis is applied to panel space and console volume required within the
crew station.

-Significant results obtained from the coimparison are listed
below:
(1) The sclid -state concept requires approximately 0. 54 ftz
of crew station panel area.

. . - 2 .
(2} The conventional concept reguires 7.5 ff of crew station
panel area,
1 . . 2
(3) The hybrid concept requires 9,25 ft of crew station panel
area,

(4) Total estimated volume of distribution sysiem equipment
located in the crew station:

Solid Stats System 2,000 ing
Conventional System 6,290 in
Hybrid System 10, 700 in
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TABLE 6-1

(A)
SOLID STATE SYSTEM

(B)

EQUIFMENT LCCATION AMD INSTALLATIOR

(C)

\
\
\u

CONVENTIONAL SYSTEM HYBRID SYSTEM

1} Power Sources
a} APU-Driven
Generators

b) Fuel Cells

¢) Batteries

d) Source Control
Equipment

2) Power Conversion
Equipment
a) AC-DC Converters
b)Y DC-AC Inverters

3} External Power
Monitor

4) Power Buses

Power sources are
located in the forward
equipment bay in the nose
sectHon of the vehicle near
the cenier of loads in that
area, Other locations are
impractical due to fuel
storage tanks, engines,
and other large equipment
iters,

Same as 1.

Same as 1

Same as A

Szme as A, location in
crew station is desirable
buf size makes it im-~
practical,

Same as A

Same as A

Saine a3 A.

Same as A

Use of remotely coutrolled In order to provide access Same as B
¥y P

solid state power control-
lers permit a distributed

ployed. Buses are located the crew station compart-
Buses located here

in vicinity of heavy con-

centrations of loads, i.e.

1) Forward equipment bay

2) Wing voot equipment
bays(2)

3) Aft equipment bay

4) Crew station

{Continued)

to each circuit breakey for

reset during flight all power
bus arrangement to he em- buses must be located in

ment.
consume valuable crew
stztion console volume,

0
3



LOT

ITEM

(A)
SQLID STATE SYSTEM

TABLE 6-1 (Continued)

{B)

(C)

CONVENTIONAL SYSTEM _HYBRID SYSTEM

4) Power Buses
{continued)

5) Circuit
Frotection

The crew station buses are
Loads sexved by
these could be served fz2om

optional.

the buses in the forward
equipment bay, but this

resulis in longer runs of
power wiring to the crew

station and resulis in having

to provide crew station com-

partment penetration fox the

power wire to each load in
the crew station,

Remotely controlled solid

state power controllers are

located at cach bus loca-
Hon, {See 4 above.}

Since these are remotely

located, wvaluable crew

station panel area and con-

sole volume are free fox
other equipment, A vol-
ume of 1000 in3 is esti-
mated for the power con-
troller assemblies to be
located in the crew sta-
tion, Control and indica-
tion panel area required
for power controllers is
estimated at . 15 to . 27
2,

breakers,

Conventional thermal
circuit breakers are
provided at the buses in
the crew station to pro-
vide access for reset dur-

ing flight, Substantial and

valuable panel space in the
crew compartment must be
allocated for these break~
ers, Fig, 6-1 shows typ-
ical panel square footage
VS number of circuit

An estimate of
625 breakers for the
shuttle shows 2 need for
7.5 ft2 of panel avea.
Again, the circuit break-
ers,reguire valuable crew
station console yvolume,
Fig, 6-2 shows a volume
requirement of 3,750 in
for 625 breakers (includes
bus bars and harnesses).

As in the conventional system
circuit breakers are provided

at the buses in the crew sia-

tion to provide access for

reset during flight., More cir~
cuit breakezrs are required than
for the conventional system. A
quantity of 780 breakers are esti-
mated, From Fig, 6-1 and 6-2
panel space area and console
volume are estimated at 9.25 {2
and 4, 750 in”, In addition power
control relays and relay drivews
must be located close to the buses.
The volume of relays and drivers
is estimated at 3, 900 in~, giving
a total console volume of 8, 650 in3
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TABLE -3 {Contauad)

{A)
SOIID STATE SYSTEM

(B}
CONVENTIONAL SYSTEM

{<)

BYDRRID SYSTEM

foa i
s

1t Pewer Foeders
a) Power Sources
1. Generators [3]
2, Fuel Cells [2]
3. Batteries

b} Externzl Power
YFeaders (AC
and 1C)

oLt

¢) Feeders hetween
buses and conver-
gion equipment

Since sources and busos
are located in close
vicinity to each other,
the feeders should be 5 ft,
or less in length,

Asstuming the external

power receptacies will be
located in close wvicinity to
the forward equipment bay
the length of these feeders
should be 5 ft. or lesc,

This is due to buses being
located in close vicinity

i/
to sources and receptables.

AC and DC {eedex wiring
hetween buses and conver-
sion equipment is reduced
to 2 minimum. Again,
thie is due to the buses
being located in close
vicinity to the conversion
equipment, Lengths
should be 5 ft. or less,

With buses located in the
crew staton and scources

in forward equipment bay,
lengths could be as much as
25 ft. with circuitous rout-
ing, With redundant {ecds
and extonded lengths from
feel cells, feedere become
heavy. Added lengih and
weight of generator feeders
becomes significant.

With buses in crew station
the external power feeders
have a greater length, up
to 30 {t, with circnitous
routing,

With buses located in the
crew station and conver-

sion equipment located in

the forward equipment bay,
feeders must be routed from
buses to equipment and back
to buses, TFeeder weight be-
comes significant congidexring
a disiance of approximately
25 1t, fromn buses to équipment.
and 25 #t. back to buses,

Same a6 B,

Same as B,

Same as B,
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TABLE 6-1 {Continued)
(A) (B}
SOLID STATE S5YSTHEM CONVENTIONAL SYSTEM

(C)
HYBRID SYSTEM

6) Power Feeders
d) Feeders to |
remote huses

&) Summary

Ten {eeders are reguired None
to link remote’ power cen-

ters to the forward power
center, Wire sizes to #2

gage are required for

the se feeders.

Rough estimates on feeder Rough estimates on feeder

welght including distribution weight gives 175 lbs. for

feeders gives 174 lbs, Sur- above feeders,

prisingly, feeder weight

trades off well with the con-

ventional system -- 174

ibs V5 175 lbs. )
Here, only those feeders  Anocther significant point is

to the crew station power  the number of feeders which
coniroller assembly are must penetrate the crew com-
required {o penetirate the  pariment. This becomes sig-
crew station, two penetra- nificant wheve thexe is a fire-
tions of #6 wire VS 34 wall required between equip-
penetrations for the con- meunt bay and crew compart-

ventional sysiem (wive ment A firewall requires
sizes ranging from #14 to power feed-thrus which in
#2). theraselves become heavy,

Further, at least 12 control
wires are required between
eguipment bay and buses just
for differential fault protection

on the generator and
external power feedexs,

None

Same as B,

Same as B,
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TADLE §.1 IQountinund}

{A) (13} '
SOLIRD STATE SYSTEM CONVENTIONAL SYSTEM

HY B RID BY

(Y
")I;.E\I

7} Dus Switching

and Source Iscla-

tion Hardware

8) Power Control
Multiplexing
Hardware

9) Power Wiring
{10 loads

411 bus switching and
source isolation hardware
are located within the for-
ward equipment bay with
with exception of two iso-
lating power diodes at the
crew station DC buses.
These diodes require negli-
gible volume,

musat be located at the huses
within the crew station. In
excess of 1000 in3 of volume
within the crew station are

Table 5-1, Sect, 5 shows Nome
the equipment location and
quantity of the power con-

trol multiplexing hardware.
The most significant voint
shows incorporation of 4 ROT,
an Interface Control Unit and
7 RIT in the crew station |
compartrent. The volume

of this equipment is esti-
mated at 1000 in3.

Figure 5-2 shows approxi- Maximum length of power
mate dimensions of typical wiring to leads is a function
wiring zones for an interim of amount of switch and relay
shuttle. As can be seen the logic, Load power wires
maximum length of power could conceivably be 200 ft.
wiring to loads does not in length., In any case the
exceed 30 ft. even consid- wire length and wire weight
dering circuitous routing., will be substaniially greator
Roughly 90% of loads can  than A or C, Particularly at

required {or these components,

The bulk of the bus gwitching Samo as B mxcapt four con-
and source isolation hardware tactors are elimmat&.d

Table 5-5, Sect, 5 shows the
configuration and equipment
location of the power control
multiplexing hardware. Up to

16 ROT and:7 RIT are shown
within the crew station. Approx-
imately 1000 in3 of volume are
required by the equipment, same
as in A,

Maximum. length of power
wizing should not exceed 100
feet with circuitous routing;
2/3 of load power wiring would
be 30 fi. or leso in length.
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ITEM

TABLE 6~1 {Continued)

(A)
SOLID STATE SYSTEM

(B}
CONVENTIONAL SYSTEM

(C)+

9) Power Wiring
to loads
{Continued)

10) Control Logic
Wiring

11) Signal Sources

be served with power
wires of less than 15 ft,
in length.

Maximum length of control
logic wiring does not ex-
ceed 30 {t. even with cir-
cuitous routing., Again,
roughly 90% of control
wiring will be less than

10 {t. in length; however
10 small gage wires would
be reguired to form the
redundant multiplex trans-
mission line, The irans-
mission line would be
rouied throughout the vehi-
cle thru all power centers
and the crew compartment
eventually closing on itself
to form a lcop.

A rough estimate was made
of toggle switches, The
estimate was an extrapo-
Iation from the Apollo CM
and resulted in an extrap-
olated count of over 400
such devices, Assuming
400 toggle-type

28 vDC, long wire lengths to
accommodate switch and relay
logic require wire size to be
increased to satisfy voltage
drop limitations. This further
aggravates wire weight and
routing problems,

Since much of the control
logic is performed at the
power level, the amount of
control logic wiring is reduced
to 2 minimum; yet a substan-
tial amount is still required
for relay control, etc. The
sarme wire lengths and prob-
lems are encountered as in
the load power wiring.

[See 9B. ]

Here, conventional type

toggle switches are assumed,
Many of these are 4PDT, For
the comparison made in A, the
average switch was assumed
to be a 2PDT with 6 terminals.

HYBRID SYSTEM

Same as A,

Same as A,
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ITEM

TABLE 6~1 (Continued)
(A) (B)

SOLID STATE SYSTEM CONVENTIONAL SYSTEM HYBRID SYSTEM

(Cy

11y Signal Sources
{continued)

12} Distribution
System Modular
Packages (DSMP)

signal sources, the usc of advamnced
signal sources results in a panel volume
reduction of 540 in®, This savings is
equivalent to a pancl of 2 £t? and 2 in,
deep. Amount of wiring to and from each
switch is reduced substantially - from an
average of 6 wires to 3 wires, Further,
wire routing is direct from a signal
source to a RIT, This substantiaily
reduces the mass of wiring normally
found on a panel and simplifies wire
tracing and troubleshooting.

Particularly for the intevim shuttle, Modular packaging is not
the approach lends itself to a modular practical due to the wide

packaging of distribution system equip- dispersion of distribution
ment. From Fig, 5-3, Sect, 5, it can equipment,

be seen that a modular package could

be built up of all equipment associated

with say the LH FWD channel, The

modular package would consist of buses,

BC, PC, converters, inverters, OLRC,

DHS equipment, external

power monitox, etc. The package would

be palliet mounted and plurmnbed for ccol-

ant. Buch a package could be assembled

on a {actory floor, checked as a major

assembly at a computerized test station

" and then ingtalied in the vehicle as one

package, A minimum number of elec~
trical and plumbing connections would
have to be made upon installation
within the vehicle, (Continued)

Same as B
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ITEM

TABLE 6-1 (Concluded)
(A) (B)

(©
HYBRID SYSTEM

12) Distribution
Systemn Modular
Packzages (DSMP)
{Continued)

SOLID STATE SYSTEM ‘ CONVENTIONAL SYSTEM

All power centers could be packaged in
a similar mammer, The mentioned com-
puterized test stafion with appropriate
power sources and load simulation could
accommodate all modular distribution
system packages and essentially iest the
complete vehicle distribution system
prior to installation,



E); Weight of power source anc; remofe distribution feeders
on the solid state system trade off even or better than
power scurce and conversion equipment feeders of the
conventional and hybrid system concepts.

{6} The solid state sysiem results in substantially reduced

complexity of wiring within the crew station.

{7) The solid state system is compatible with a power center
modular packaging concept.

., 3 Weight and Size

Weight and size (volume) are estimated for the solid state, con-
wvuional and hybrid system concepts. Summaries and comparisons of
«eight and volume for the three concepts are included in the following

sanhiags

Table 6~2  Concept Comparisons - Weight and Volume

%

Table 6-3 Surmﬁary - System Weight and Volume

Table 6-4  Summary - Weight of Power and Ceontrel
Wiring |

Table 6-5 Summazry ~ Weight and Volume of Power
Switching and Circuit Proteciion

Table 6-6  Summary ~ Weight and Volume of Control
Hardware,

Table 6-2 is a comparison of percent weight and volume reductior
Sisbned in comparing the (1) solid state concept to the conventional con-
#3.4, {2} hvbrid concept to the conventional concept, and {3) solid state
raent to the hybrid concept, The comparisous are made for two cases.
»7 ¢ first case is based on weight and volume data for the solid state con-
711 using board-mounted, single-channel load controliers, The second
#2722 based on weight and volume datzs for the solid state concept using.
“irgrated, 16-channel load controlier module.

)

] Program goals state as an obhjective a 40% reduction in system
-t and volume, From Table 62 it can be seen that these goals have
“irpassed with a fair margin of safety for both cases, It is felt that
Wraparisons are realistic based on the iimited data available, It
i noted fhat the ground return wiring and power conversion equip-
“L::{'.%. 2rd volume are not included in these calculations, They are
Yo all three systems,

.y
L

%



In comparing the weight and volume of the solid state and con-
ventional concepts, the most significant improvements are made in wire
weight, Table 6-4 shows the solid state concept to have a wire weight
reducHon of 65, 6%. The greatest gain occurs in load power and control
wiring, representing a weight reduction of 81, 7% for that wiring.

Tables 6-4 through 6-6 -give a breakdown of the weight and
volume for the major system component areas,

6,3 Reliability
6,3. 1 Introduction and Summary

Three different elactrical power distribution and control
systems for a space shuttle vehicle are subjected to a reliability analysis.
These systems are the conventional system, the hybrid system, and the
solid state system,

The salient composition of the conventional system is contac-
tors, relays, and switches. The composition of the solid state system
is basically solid state electronics. The hybrid system is an amaigama~

icn of the solid state and the conventional. ’

Comparison of equfvalent failure rates of the systems shows the
solid state system to be move than twice as reliable as the hybrid system
and over nine times as reliable as the conventional system, indicating
that attainment of one order of magnitude improvement in reliability is
feasible. This improved reliability is attzinable through the use of
design simplicity, solid state component reliability, and the judicious
use of redundancy.

Reliability mathematical models, predictions, and failure mode
and effects analyses are based on mission analysis criteria defined
herein, The absoiute values of reliability calculated for the three con-
cepts are extremely conservative (low) due to the assumption that all
components were essential to safety and mission completion. This assumg
tion was made for simplicity and brevity, A thorough and detailed analysis
would take into account only those loads and supporiing devices absoutely
essential for safety and mission completion. ¥or comparison purposes,
the assumptions and calculations are more than adequate to show the
magnitude of difference between the systems.

6.3.2 Reliability Analysis

The methods usaed in reliability modeling are in accordance
with MIL-STD-765 and MIL-HDBK.-217A. Modeling is basad on the
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TABLE 6-2 Concept Comparisons
Weight and Volume

Welight Volume
ITEM Ratio % Reduction Ratio % Reduction

A. Using Single~Chamnel LC Modules

1} Solid State/Conventional . 534 46, 6% . 567 43, 3%

2) Hybrid/Conventional . 895 10,5 . 954 4,6

3) Solid State/Hybrid . 595 46. 5 . 595 40,5
H, Using Multi-Channel 1.C Modules

1} Solid State/Conventional » £95 50, 5% . 454 50, 6%

2) Hybrid/ Conventional . 895 10.5 . 954 4.6

3} Solid State/Hybrid . 554 44, 6 .518 48,2

* Program goals for Percent Weight and Volume Reduction are 40%.
Goals are exceeded by using either single~ or multi-channel load
controllers,



TABLE 6-3 Summary - System Weight and Volume

SOLID STATE SYSTEM , | CONVENTIONAL SYSTE | HYBRID SYSTEM
Item Weight (Lbs) Volume (In") | Weight (ILbs) Volume (In ) jWeight (Lbs) Volume {In")
Wiring (Power & Control) 305 2,730 884 7,950 o1 5,410
Switching and Circuit 171 4,525 201 - 8,325 303 8,931
Proteciion
Control Sysiem 88 2, 355 - - 73 1,935
| Signal Sensing 48 180 60 990 48 180
TOTAL @ 610 - 9,790 L, 145 1'7,265 1,025 16, 456
Less @ ~43 ~1,260
rorar. @ @ 567 . 8,530 1,145 17, 265 1,025 | 16,456

@ Total weight and volume using singlé-channel load controller modules

&y  Total weight and volume using multi-channel load controller modules

@

Weight and size of ground return wiring and conversion equipment are not included, They
are the sarne for all three system concepts.

@ Difference between weight and volume on singlé-channel and multi-channel load controller
assemblies.
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TABLE B

SQLID 8T

Summnary -

ATE SYSTEM

Installed

Meipht of Powar and Control W

CONVENTIONAL SYSTEM
Installed

PRAnY

HYBRID SYSTEM

Installed

Wire  Installation Wire Wire Ckinstallation Wire Wire *Installation Wiro
ITEM - Wt (Lbs) Multiplier Wi (Ibs)iWt (Lbs) Multiplier Wt (ILbs)IWt (Lbs) Multiplier Wt.{Lbs)
Distribution 118, 0 1,15 136, 0 - - - - - -~
Feeders
Source, Conversior }
Equip & Bus Inter-| 32.7 1,15 37.6 152, 4- 1. 15 175. 5 152, 4 1. 15 175, 5
connecting Feeders
Load Power 69,0 i, 36 94, Q 520, 0 1, 36 708, 0 293.9 1. 36 400. 0
Wiring
Control Wiring 26,2 1. 36 35,7 ] ~wm - _—— 18.9 1, 36 25,7
Total Installed 245, 9 - 303,3 | 672.4 - 883,5 | 465,2 - 601, 2
Wire Weight . . )
Percent Weight Reduction (Installed) |
(1) Solid State Versus Conventional = (1 -~ 303/883)100 = (1 -~ , 344)100 = 65, 6%,
(2} Solid State Versus Hybrid = (1 -~ 303/601)100 = (1 -~ .505)100 = 49, 5%,

* The installation multiplier accounts for all hardware required to build up the harness assembly and install
It includes connectors, terminal lugs, clamps, tles, conduit, wiring troughs, braiding,
boots, terminal ping; terwminal blocks, ete,

it in the vehicle,



TABLE 6-5 Summary ~ Weight and Volume of Power
Switching and Circuit Protection

SOLID STATE SYSTEM

CONVENTIONAL SYSTEM

HYBRID SYSTEM

ITEM Weight Voliime Weight Volume Weight Volume
Bus & Heavy Power Switching 40, 2 745 26,6 521 20,0 371
L - .- - - * *
Load Switching and Cizcuit 131, 0 3, 780 125, 0 3,780 156.0 4,660
Protecton
Power & Control Relay Switching - - 49. 4 ’ 4,024 127.0 3,900
TOTAL 171,2 4,525 201.0 8, 325 303, 0 8,931

Tt



TABLE 6-6 Summary - Weight and Volume of Control Hardware

5YLID STATE SYSTEM

3 3
feam Oty Unit Wt (Lbs) Unit Velume {Ina} Wit {(Lbhs) Vohuxre (In')
ey 16 1.2 30 19,2 480
:.G'f 16 }.a 2 30 190 z 480
o 2 10.0 200 20,0 400
3237 {320 ch™Y) 8 2.0 60 16 480
interface Unit 1 11 435 11 435
fino BExtenders 2 1.5 40 ‘ 3.0 80
TOTAL 88, 4 2,355
¥, HYRRID SYSTEM
- - - ko h 3 3
Ttem Qty Unit Wi (Lks) Unit Velume (In ) Wi (IThs) Volume In )
Ay 16 1,2 30 19,2 480
ROT 16 1.2 30 19.2 480
MU 2 16.0 200 20,0 400
MIT 4 2,0 60 8.0 240
interface Unit 1 11 435 11.0 435
Line Extenders 2 i.5 40 3.0 80
TOTAL 80,4 2,115

]
SOTE: The multiplex transmission line is included under wiring.
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electrical distribution subsystem functional requirements necessary to
complete the space shuttle mission from liftoff through landing/recovery.
Failure rates have been estimated for the development items consider-~
ing the more severe equipment operating environments of the launch

and re-entry phases and the nominal cperating conditions for the near-
earth space environment, The initial failure mode and effects analysis
considers the likeithood of failure mode occurrence and impact of sub-
system functional failures on subsystem, spacecraif, and mission,

6.3.3 Mission Analysis Criteria

The electrical power distribution system will be operated in
near~-space on an earth orbiting mission., There wiil be a launch phase
followed by separation at about 300, 000 feet, orbit correction, docking,
personnel and cargo transfer, and standby for several days. Personnel
and cargo lcading will then take place, followed by decoupling from the
space-base, manesuver into earth sntry orbit, entry, conversion from
space tc'aero maneuvering, cruising as an aircraft for 300 miles and
landing, ' ’

) . B '
The equipment operating environment will include such param-
eters as vibration, shock, and temperatures up to 150°C, Radiation
effects are notl considered,

Failure rates for the launch and re-~entry phases are as
tabulated, Failure rates for orbit are assumed to be 0.1 of those used
for the more rigorous environment of launch and re-entry.

Equipment operating time for the combined launch and re-entry
phases is assumed to be one hour., Orbit operating time is assumed to
be 59 hours, Equipment is considered to be on-duty contimiously for the
sequential mission phases from liftoff through landing.

6.3.4 Functional Block Diagram

Figures 6-3, 6-4, and 6-5 show the respective system functional
block diagrams defining electrical distribuiion for the conventional, hybrid,
and solid state concepts respectively, Redundancies are identified where
applicable, ’ '

6.3.5 Religbility Block Diagrams
Subsystem reliability block diagrams are constructed considering
functional requirements shown in Figures 6-3, 6-4 and 65, An equipment

block, arranged in a success path, is identified for each of the rission-
significent equipment necessary to provide the functions of the subsystem,
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Reliability block diagrams are presented in Figures 6-6, 6-7, and 6-8
for the conventional, hybrid, and solid state conceptis, respectively.

6., 3.6 " Mathematical Models

The reliability block diagram provides the basis for developing
the mathematical models used for predicting system mission reliability,
These models use the exponential reliability function to combine equip-
ment failure rates and operating time,. The mathematical model for the
electrical distribution system is: '

3
T R,

system = . i

i=1
where

Rl = Probability of the electrical power distribution system com-~
pleting the launch phase without incurring a significant
(abort or catastrophic) failure

Rz = Probability of the electrical power distribution sysierm com-
plating the oxbit phase without incurring a significant (aboxt
or catastrophic} failure

R.3 = Probability of the electrical power distribution system com-

pleting the re-entry (including landing/recovery} phase without
incurring a significant (abort or catastrophic) failure

This system model has been simplified to

-t
system ERI )

for calculation purposes since failure rates for the launch and re-entry
phases are assumed identical. Time is therefore additive for these phases

in the following, RI‘ represents the product R2R3.

Subsystein mission reliability is determined by.combining
equipment failure rates and operatdng Hme in accordance with the following
reliability relationship:

i ~th
R .r.' B

. system element

where

t = Equipment operating time

fi= Equipment failure rate,

127



—0

CYRCULT , .
CORTACTORS BREAKERS- DICDES . SWITCHES
(coaz) {cB) () (=)

- SCHEW
® Rﬂéﬁ{% TERHINALS CORNECTORS
‘ (sT) (comm)

FIGURE 6-6 MISSION SUCCESS DYAGRAM - CCHVENTICIAL SYSTRM

128




E

i

|

I - S

SS - C 1 celb _larer | g¢a
| | e 5@
| oo
! RT 2 l
! 1
{
|rra (oproan) |
i 44
=" ) T"'“‘“‘"f

»
rd

i 4 ] i 91 cfa
()i 7, [ 50 2 =)

! R - i

. atm. Srh.

o,

i

H
@-—-i RO 16%———1 ®D K CB CORT CEm

FIGURE 6-7 MISSIOW SUCCHSS DIAGRAM - HYBRID SYSTIHI

129



58

=71

@—i RL 167

LE
-
i
o

e

— - 1
| - §_.
! R 1 g
5 ; re
LS c2 -t ima%%@.
] T [ :
i BT 1 [
| {
| !
Mmmmmmmm«—-m:-
T
S |
: 03— —(3
L |
s
MYy Hme b
PCP BOA PCT 3
! wr ol L R

~B  ISSION SUCCESS DIAGRAN - SOLFD STATE SYSTNM



Specific reliability 1'elat!.cmsths for the conventiona, hybr*d
and solid state systems are respectively:

Pconv > FconT® Fer* Fp.* Fsw- Fr* Fs7° Foomnm
16 2 i6
= .c P Py { P - " -
Pavsr " Fss” Trr c CFyp - Pyw ' Fror - Fro
- Pgrp - PRf Pen - Feonr* Foonv
where
16 B 2| 16
Peg = (Pgy ZPRI PRIJ P.,)
S i6 T 2] 16
and Pp o = (Pgy - 213Rl Ri_j P,) .
16 2 16
Pootid state = Fss° "rr * CPyu - FPmu ) Fro * Pocep Frca
) 2 5 - 2
° PPGD : (ZPPWI - PPWI Vo PPWZ T T PW2 )

These models reflect the success logic shown in Figures 6-6,
6-7 and -8 respectively and are applicable for the three mission phases
included in the overall mathematical model, Solution of specific models
requires the use of the appropriate time.(one hour for R,, and 59 hours
for R, in the simplified system medel} and failure rates for each system
element of the reliability block diagram to evaluate each model term, _

6.3.7 Reliability Prediction

Solution of the reliability models of paragraph 6. 3. 6 resulis in the
following overall electrical distribution system mission reliability
predictions:

Concept Mission Reliability

Conventional . 695736
Hybrid . 238630
Solid Staie . 959769

Failure rates used in mission reliability predictions are pre-
senfed in Tables 6-7 and 6-8 for the conventional and hybrid concepts
respectively, Tables 6~-9 through 6-15 include the failure rates used fox
the solid state concept.



TABLR 6-7 -

" CONVENTIONAT, SYSTEM
FATIURE RATE LSTIMATE

cezeription Foilure Rate . Quanﬁity fotal Failure
xlo“é(?() (1) x 107 ( ¥ 2 }

fentactor

{39, 1PST,504) 100 3 300

{£C,SPST,1804) 100 - 2 200

(38, 7PDT, 608) 100 3 300

(38, TPST, 254} 160. - koo

{DC,SPST, 1004 ) 100 2 200

(DC,SPST,25A) 100 1 100

{DC,1804) 100 b koo
Biodes

(2004} 20 2 ko
Biodes

{254} 20 3 6o
Switch 7

(2por} 50 600 30,000
felay '

(104,2PDT,1op/tr) 100 ko L ,000

(104,4PDT, 10p/Hr) 100 oy k000

(24,2907, 20p/Hr ) 100 100 .10,000
“ircuit Breakers 1 645 &hs
Titew Terminels . .02 3,125 52‘,5
“irnectors ('{6 Pin} "1k ‘ 170 1,870

jad
LA
n3



TABLE 6-8

HYBRID SYSTEM
FATIURE RATE ESTIMATE

Description Fallure Rate Quan%iﬁy TPotal Failures
x 1070 (AYy - (w} . x107® { WA

Relsys .

(2A,1op/HR) 100 390 39,000
Relays ) '

(10A,1op/HR). 100 390 39,000
Diodes . -1 780 . 785G
Resistors (Suppression) L 780 " 780
Transistors 3 780 2,340
Resistor (Driver) Ty 1,560 1,560
Connectors (76 PIN) 1L 115 1,265
Circuild Breakers 1.0 780 766
Signal Sources L 600 2,400
Remote Tnputb :

Terminals 1k2.8g 16 2286. 2%
Comnector (1) ' 5‘,§ 16 ol b
Connector (2} 0.3 15 4.8

Master Unit 565.19 1 565.19

Remote Oubput 255.3 16 3784.8
Connector (1) 5.9 16 olt b
Comnector (2} 0.3 16 4.8

Contachor ' '

{3¢,TPST,604) - 100 3 300

(DG,SPsm,laoA) 100 2 200

(3¢, TPDT,604) 100 3 300

(3¢, TPST,254) 100 2 200

(DC,SPST, 254 ) 160 1 100

(pC,1804) 100 b koo

L33



TABLE 6-9

" STCHAL SOQURCE
FATIURE BATE ESTLMATE

negeription Failure Rate Quantity Total Falluze

$10°% () () Reve (WA )
Actuator " 0.8 1 0.8
weangducey 0.8 1 0.8
Linear IC 2.b 1 2.1
&A= a0

Total Signal Source Feilure Rete = 600 (k.0) = 2400.0



TABIE G-10 BSUEE INPUT TURMDVAL FAILURE RATE

(One~Hel? of o Redundaat Uait)

Deseripbion gbro (B}  FRX m"’é‘
segraved Clrculd 75 8Mk0.

Transistor 15 0.90
Zemsr Dlodes 3 160
Cepaglitor

Ceremle - 9 Q.33

Tembelwm {Selid) . 16 L A0
Tropsforner & Inductor iz L.38
Conwsctions {Inmborasl) 140D G.03h
Bybrid Clreunit 8 1,00

' AeNERe
R =

Connschgr ®

Inpat/Code 1 5.9
OutputfAddress 1 0.3

The copnceebors sve common 16 both helves.

z@zz?axm”é

30.00
13650
k.80

.27
2800

16.32

8,00

the.83 £ 10°°

F,000 hours
569
8.3



. gABrE 6-11 MASTER UMIT FATLURE RATE

6

ﬁfﬁ Qby. (I ¥R X 107
‘miegrated Circult 3 0.k0
Foymcishors | 12 0.90
inde

Switching 20 0,50

Zuner 1 1.60
rasistor 2C Q.33
Tanscitor

Coramic 38 . 0,03

Tentalum 62 1,40
Transformer & Inducter 20 1.36
Tisted Wire Stack 1 23.25
12 =4} wire)

Cemector (Exbternal) b 8,2
Tennector (Internal) 3 6.0
Tesvections (Internmal) 5500 0,03k
“purid Circuit ks 1.00
A; =NIFm=
MIER =

Frone i

“1v allovs use of integeated olreuit memory Grivels.

136

137.60
310.80

10,00
1.60

19.60

1.1k
86.80

2720

23.35

32,80
2k, 00
187.00

b 00

565,19 x 107

E—9769 Hrsg

he uvse of 2 mil plated-uire memory steck {mini-wire}.

&

5



TABIE 6-12 TRBOTE OUTPUT TORONAL FATIURRE RATE

{One-Half ¢f & Redundent Uail)

Daseription

Integrated Circult
Transistor

Dicde

Switching

Zener
Resigtor
Capacitor

Ceramic
Tanbelum

Trengforeer gnd Inductor
Connections {Internal)

Hybrid Civeuit

Connsctor #

Cutput/Code
Toputiaddress

Gty {3} FRX 157
110 Q.40
13 650
25 0,50
1 1.60
50 6,38
3k 0.03
22 1h0
18 1.36
3000 0,03k
8 1.00
A=NEIMe
MIEF =
1 5.9
i 0.3

* The connectors zre ccaaon o both helves.

t%1

AP 3.0”6

IO
LL.7

1.205
1.6

19.G

Golt
30.8

23.3
102.0
8.0

&

255.3 ¥ 107

3 ? 917 hours
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_ TABLE 6-13
PILOT CONTROL PANEL
FATILURE RATE ESTINATE

v 1= ~ETECION FATLURE RATE QUANTITY TOTAL FATLURE

x 10°° () (m) : RATE x10-6 (¥7)
sriteh 10 2 20
forp 1 I, L
fannestor Neig 1 07

2h .07
TABLE 6-1k.
POWER CONTROLLERS
FATLURE RATE ESTIMATE

SEITRIPTION FATLURE RATE QUANTTTY TOTAL FATLURE

x10=6 ( A) (x) RATE 210-6{¥ 7 )
4% Fower Controller 4,89 357 174573
% Powsr Controller 3,31 75 1572,25



TABLE 6-15
POWER SUPPLY

FATLURE RATE ESTIMATE

PART DESCRIFTTON FAT E RATE. QUANTITY TOTAT, FATIURE
x 100 () §19] x 1076 € A }
Capacitors -
Holded, Hica 025 15 3.72"
Tantalum 3.6 10 36.0
Diodes, Silicon
Reference 3.36 3 10.G8
S??i'bCh 1028 10 1248
Integrated Circuits ot & 2.k
Thermister o3 2 5.6
Transistoer, Silicon .
RPN 1 2.92 2 5. 0%
PRP 1y 8.56 L 8,56
NPN W 5.8% 1 5,84
BNP ¥ 17.12 1 17.12-
Resigtors
RIOT 1.46 20 29,2
RNG0 o2k 2 0.8
Solder Jolints 1.0 1 1.0
Transformeyr 1 L 1.0
TOTAL  {AR) = 12,62



sailure rates for development items were estimated by com-
+ with existing equipments considering factors such as similatiry
complexity, state-of-the-art, criticality to mission success,
oy il ..ppncaimon and operating environment, The methods of MII-
.. ;rz;‘ and MIL-HDBK-517A provided a basis for estimating reliability
il

. Ed
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without available operational histories, A factor of 0,1 was
e ;s.pphcable {or correciing failure rates in 2 Jaunch entry environ-
¢ 15 those expected in the shuttle during orbit operation.

N Failure Mode and Effects Analysis

The initial failure mode and effects analysis for the solid
11 ate ;re‘ r distribution system is presented in Table 6-16, System
--,;1,5 fa;lure modes are identified for each element of the reliability
g,.am The probability of failure occurrence is estimated for
rz & za..lu.xe mode, Failure mode effects are categorized for impact on
«- .rysiem, spacecraft and mission objectives, Single point failures
»f rosulf in loss of mission objectives are identified,

LR Reliability Design Features

=
o

The solid state system concept incorporates input and output
-rtapunents {i. e., signal sources and power controilers) with failure
»sften of approximately 4 x 10-6 failures per hour being estimated, The
"2t3 handling portion of the system and the DC power scurce for the
fwtiem are redundant, Simplicity of overall design in the attainment
f :sximum functional capability is a design goal.

LI Conclusions

if the system reliability equations be solved for the three
te#irms considered, using 60 hours in the equation P = e N, an equiv-
* A is obtained which can be used for comparison purposes.

€ L3 e

Fa

Conventional system , A eq= 6046 = 107" failuves/houx
Hybrid syster Aeq = 1085 failures/hour
. , -6
Solid state system Aeq=684x10  failures/hour

Comparison of the equivalent failure rates reveals the conven-
# '*“f“‘e"r‘ to be approximately 9 timnes moxe prone to failure than the
‘e system. A similar comparigson between the hybrid and solid
10 #viems reveals the hybrid system to be over itwice as susceptible
: 75 the solid state sy stermn.,

140
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TABLE 4£-16 Initial Failure Mode and Effect Analysis -
Solid State System

Failare Mode Effect

Sys/Subsystem Element Systerm/ Prohahility
Reliability Subsystem of Failure
Nomencla- Model Systermn/ Funétional Ceourrence
ture Code (Subsysterm [Failure Mode {15} Subsystem |Space Shuttls |Mission See NOTE
Remote ROT [Transmis- |(Defactive con~ L 001303 Alternate None None (1]
Cutput " ision of trol of power ROT
Terminal MU Confral switched
signals to into system
POWGI" COILw
troilers
Masgter MU Generation |(Defective gen- | 003892 Altarnate None None
Unit of powex eratior of power T MU
' control logicicontrol logic switched
functions functions into '
N system
Remote T Transmis~ (Defective .'001028 Alternate None None 11
Input sion of transynission . RIT
Ternyinal remote data jof rernote data switched )
to MU to MU into system
DC PS Supply Dead electri- | 00860 Alternate None None
Power power to cal power con- pOWer supe
Supply electrical trol sysiem ply switched
powrer con- into system-
trol system
Signal S8 Generation |Incorrect . 016424 Garbled Incorrect May be
Source of discrete |digital signal ' signals power dig- aborted
sigmals tribution
AC Power PCA  Control of I[Defective con- §, 004545 Defective Incorrect May be
Controller shuttle AC  {trol of shuttls control of  jpower distri- |aborted
power AC power shuttle AC  [bution
power
DC Power FCD |Confrol of [Defective con- [ 004512 Defective correct May be
Controller shuitle DT Hrol of shutile contirol of power distzri~ [aborted @
power DC power shutile DC  (hution
nower

[1] Probability of {ailure includes input and output connecton,




=

LR A B L

TAVLE Gl T Lol et wd Sadnins Eu et iy

{Aal fa reN

SOLID STATE SYSTEM CONVENTIONAL SYSTEM MBI AN Ly
Folid staks power switching devicen, Power contactors, clroenit broakers ‘The uee af power ﬁi‘,;:%h‘l.-ﬂ,"}“_:fﬁ‘ ~hE e d
bus controllere and load switching and relaya could bo considored breakerns and rolaye fn fhis %3 B 4
power controllers are modular in modular in nature. In other words i simlar to thet for G couppsiirmat
nature. In other words, the addition  individual circuit breaker and reley systom. Here, circult brasker mard
or deletion of bus or load switching modules are normally installed in ules are mounted in o clrcult Wzankes
power controllers is implemented by  such 2 fashion ag to form circuit panel. Within or adjacent 1o tha
adding ovr deleting functional modules., breaker panels and relay racks. "breaker panel are the relays and res

The use of muiti~-channel power con~  The addition or deletion of circuit lay drivers mounted on printed cir.
frollor moduies resulis in some inflex~ breakers and relays is accomplished cuit boards, Again, it is necessary

ibility compared to card-mounted, by installing or removing these to install these assemblies within the
singicwchannel modules; however, this modules. For access during flight crew station where apace is ata
infloxibility is off-set by subsiantlal ° and for environmental reasons, it  premium,

goins in woight ond size. The modular is necessary to install these panels
noture of bus 2nd load switching power and racks in the controlled eaviron-

controliers offers some advantage ment of the arew siation where
over that of the conventional and space is at 2 premium, Thus the
hvbrid systern components, number of gpares or space provi-

sions for spares must be kept to a
miniraum, imiting the potential for
future growth,

¥Fizrst, the lcad owitching power con-
trolicr incorporotes both the functions
¢f a civeuil breakezr and power switch,
thus rasuliing in a simpler, more com-
pact packape than geparate breaker
ponels and relay racks, Furthermors,
the remoeie cporation of these modules
permmits them o be located ouiside the
crew siation, saving valuable space.
Aloo opoce provigions can be more
readily provided for fulure growtih.



£41

TABLE 6-17 (Concluded) .

(&) (B) ' (C}
SOIID STATE SYSTEM CONVENTIONAL SYSTEM HYBRID SYSTEM

The control system is built-up of mod- Controel within the conventional Control for the hybrid system is iden-
ular components, For example, each system is perfoimed by switch and tical to that of the solid state system,
remote input (R1IT) and each remote relay logic. Aside from modular

output (ROT) terminal are modules, rackaging of »elays, the conirol

Basead upon the present systerm under system components are dispersed

development for aircraft, a control over the vehicle which rules out

system of from one to 16 RIT or one further modular packaging.
to 16 ROT modules can be built up to
meet the specific control signal input
and output requirements for a specific
control system. The conirol system
can grow to 16 RIT and 16 ROT, pro-
viding growth capability to this capa-
city, Further, each RIT is inter-
changeable and each ROT is inter-
changeable providing greater system
flexibility. The Master Unit (MU) is
of modular construciion with capa-
bilities of using memory building
blocks to obtain a memory capacity to
64K Bits, '

For a discussion of Distribution System
Modular Packaging, refer te Table
6-1, Item 12,
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TABLE6-18 Comparison of Control Logic Floxibility

Al
SOLID S‘I‘E&TE SYSTEM

Control logic functions (equations) can
be changed by reprogramming the MU,
Another condilion would be the addi-
tion of input conirol variables, This
requires the addition of the required
number of signal sources and the
short length of wiring between the
signal sources and the nearest RIT
with available channel capacity. Where
a new load is necessary, a load con-
iroiler, power wiring to the load and
contrel wiring from the nearest ROT
and MIT musi be added. Even in the
worst case condition, the amount of -
rewiring is held to a minimum, ~

B C
CONVEl{’T)IONAL SYSTEM HYBRIIS gYSTEM
Any changes of control logic func- Changes in control logic;“functions
tions on the conventional system ° for the hybrid system ave very

require changes in vehicle wiring., ' similar to those for the solid state
Even without the addition of control system,

variables (switch and/or relay con-

tacts), the change can result in ex-.

tensive rewiring affecting several

harnesses, connectors, switches,

and relays. Wire tracing, handling,

troubleshooting, wire installation,

checkout, ete., associated with

wiring changes jintroduce the possi-’

- bilities for wire, connector or ter-

mination degradation resulting in
premature failures,
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6.6 Performance and EMI Compatibility
.TABLE 6-19 Comparison of Performance and EMI Compatibility

- {4
SOLID STATE SYSTEM

Significant gains in performance and
EMI compatibility are realized with
the solid state system. A major im-
provement in performance and the EMI
environment is accomplished by sepa~
ration of power and control. The
separation permits a significant re-
duction in the wiring and harnesses
cperating at power levels and volt-
ages, Reduced amount of power
wiring, simplified power harnesses
and routing reduce the amount of in~-
duced EMI in adjacent wiring,

) e

The current limiting feature on DC
ioad controllers veduces the surge
voliages as seen by the load, The
maxirrmim voltage as seen by the load
cannot exceed 42,0 volts, Current
limiting prevents high lamp and capa-
citor charging currents, thus improv-
ing the EMI environment.
currant limiting solves the proteclion
coordination problems such as found
in coordinating large load hreakers on
the secondary of transformez/recii-
fiers wilh supply brealers in the
primary.

Controlled or soft turn-on and mrn-off
are provided in the DC load controller
to reduce the amplitude of voltage
spikes gencrated when controlling

(B)
CONVENTIONAL SYSTEM

In the conventional system control
is performed at the power level and
often within the load power circuit.
This wxesults in a much larger
quantity of wiring operating at the
power level, subject to the pevrtur-
bations of both source and utiliza-
tion equipment, The larger gquan-
tities of power wiring, complex
routings, transients and spikes
present in conventional systems
induce EMI into adjacent systems
and wiring.

The conventional system has no.
provision for current Hmiting.

Furihermore,

Inductive kick-back voltages fo
~-700 volts have heen measured in
recent tests on circuits powering a
solenoid valve switched through an

HYBR]_{D SYS TEM

The hybrid system is a compromise
between A and B, Ithas the separa-
tion between power and control, but
requires larger quantities of powerx
wiring than A. The hybrid system
power wiring is subject to the per-
turbations of the source and utiliza-
tion equipment similar to B.

Same as B,

Same as B.
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fmductave loads, Fall me is botweon
.5 and 3 milliseconds.,

Zener diodes are provided in the input
of the DC load controller to protect
the controller and prevent socurce-
generated spikes from reaching load

egquipment, The DC unit blocks spikes

%
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CONYENTIONAL SYSTE L R NEL

clectro mochanical devics, Thao
literature refers to inductive Mok
back voltages as high as 1000 volis,

The conventional systern has no Same as B,
provisions for preventing source

generated spikes from reaching

utilization equipment. Further, no

provisions are provided for contain-

generated by load equipment from feed- ing spikes generated by utilization

ing back to the load bus, Blocking is

equipment, Each piece of load

provided by a commutating diode which equipment is responsible for handl-

also protects the load contireoller,

The AC load controller provides zero

_ ing both source generated spikes

and spikes from other subsystems.

‘Switching at points other than zero Same as B,

crassover turn-on and furn-off, further crossover produces arcing between

reducing voltage transients, Zero
crossover switching of certain loads
such as highly afficient transformers
can produce current surges about 50%
of the time,

The AC load controller can trip out

contacts, surges and steep wave
fronts. Zero crossover switching
surges on certain transformers
occurs on s random basis,

1

With a 30 per unit fault current, Same as B.

within 1/2 eyele (1,25 milliseconds) at the conventional thermal circuit

fault currents between 15 and 30 per,
unif. Rapid trip-out means minimum
disturbance to the sources and load

cguipment,

breaker could take up to 60 milli-
seconds to trip at 25°C, At 15 per
unit the breaker could take vp to

Single phase favlt tests on 180 milliseconds to trip at 25°C.

a 20 XKVA generalor have shown the un- It can be seen from A that the solid

faulted phates to drop {rom 1106 volts
1o 108 volts during the fault, After
fault remowal the phases peaked at
122 +olts EMS and fMlly recoverad
within 25 milliseconds aftexr fault
removal,

state systemn has already recovered
fromn the fault before the conven-~
tional breaker can irip,
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TABLE 6-19 (Continued)

(A) . (B) (C)
SOLID STATE SYSTEM CONVENTIONA L SYSTEM HYBRID SYSTEM
Figure 6-9 shows the trip envelope of Thermal breakers for spacecraft Same as B,
the AC load controller with typical * systems such as the shuttle must

breaker envelopes superimposed, The be located in a controller environ-
breaker envelope {oxr 25°C represents ment such as the crew station. Cold

manufacturing tolerances, The load plate cooling cannot be used for a
controller envelope is for a case tern- thermal breaker because the conduc-
perature spread of -54°C to 120°C. | tive cooling affects the breaker

A major difference occurs at the short calibration,
time infexvals (less than .01 seconds)
where the load controller is designed to
trip in 1/2 cycle on fault currents of 15
o 30 per unit. Ancther significant point
iz {hko tighter trip tolerance for the load
conlroller. The closer tolerance per-
mits more precise and.repeatable pro-
tection with a simpler task of coordina-
tion between protective devices, The
ip tolerance on the breaker becomes
wider as variations in ambient temper~
ature are taken into consideration,

This magnifies the problems of breaker
and wire selecton and coordination.
Brezker derating is necessary at the
high temperature, Wire derating is
necessary at the low temperature.

Control signals of 4C load controllers Reliable protection in three phase  Same as B,
(PC) can be simply interlocked to pro- circuits using thermal breakers

vide trip of all three PC in a 3 phase  regquires three phase breakérs,

circuit, preventing single~phasing of This creates the need for one ox

‘loads, Thus the same I.C can be used more vatings and/or configurations

in both single and three phase circuits, of three phase breakers.
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(4)
SQLID STATE SYSTEM

Contact bounce and chatter found in
elecirornechanical devices are not
present in the solid state power con-
trollers, The absence of these
factors contributes to a2 more desir-
able EMI environment,

The solid state system has incomplete
isolation between the source and load.
This means some leakage current,
approeximately 1074 times the current
tating of the power controller,

Solid state load controllers are uni-
dirvectional devices, even AC units
which have the power supply in the

gource end, In instances where uni-

directonal flow is desired, two con-
trollers are required, In some cascs,
unidirectional chavacteristics can be
used to advantage.

Bus controllers are designed to switch
bztween unsynchronized AC power
sources in as short a2 time as 2.5
milliseconds, This greatly reduces
the amount of energy which must be
stored in batteries or capacitors to

TABLE 6~19 (Continued)
(B) (C)
CONVENTIONAL SYSTEM HYBRID SYSTEM

Contact bounce and chatter cause Same as B,-
arcing in DC circuits, resulting in
the generation of EMI. Recent tests
on solenoids show that arcing caused
by opening a switch persisted for as -
long as 0,28 milliseconds. Trratic
voltages occurred on the line with
amplitudes to 250 volis., Further,
arcing and burning along with normal
wear cause deteriorated pevformance
such as increased contact resistance
and drop,

The conventional system has com- Same as B,
plete isolation between source and
load, ’

Electromechanical devices are for Same as B.
the most part bidirectional devices,

To switch between unsynchronized Same as B
sources using mechanical contactors

reguire approximately 50 milii-

seconds -~ 25 milliseconds for the

contactor of the off-going source and

25 milliseconds for the contactor of
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ater mpuipment during power trang-
Switching timeos in cxcess of
2.5 miillisoconds is a function of the
number and size of devices such as
motors acting as generators feeding
power back onto the bus and thus
holding bus volrage up momentarily,
Transfer occurs only ca a "dead!
bus, Filier capacitors in existing

power conditioning and power supplies

should have sufficient energy storage
to carzy through the short transfer
time,

Further reductions in EMI can be
obtained by twisting each load power
wire with its ground wire, This is
made possible by locating lead con-
trollers in fthe vicinity of large con-~
centrations of loads, This reduces
the langth of twisted lines to a mini-
Taum,

With the flexibility of control and
power switching on the solid state

system, sequencing of loads is attrac-
By sequencing loads lavge step

tive,
changes in source loading are

P S T o P
A T N '
UL AL FIORL R A N

e Anevnndng sowres, WO B
sophlsticated sguipment cxsectod tor
vehicles puck ao the shuttle, o or
moro batteries would need to "flaont”
on the bus to supply power to all
loads during bus transfers and

other momentary outages, To supply
power to all loads may penalize the
battery sysiem. Another alternative
is to provide battery support power
to selected loads; however, this is
complicated by the need for high
speed swiiching of selected equip-
ment between normal power and
battery power. The besi solution

is the capability to rapidly and
automatically switch between un-
synchronized sources as done in A,

Twisting of load power wires and
ground wires is not practical in the
conventional system.

Same as B,

To do so would

essentially double the power wire and

wire weight, .

Load sequencing is not practical
with the conventional systern,
Buses rather than individual lvads
are switched in such a sysiem,
Bus switching can provide only a

The hybrid system has the flexibility
of the control system of A. It also
has 2 power switching device {relay)
in each load power circuit, There-
fore, it esseniially has all the



6T

(a)
SOLID STATE S5YSTEM

eliminated, This reduces the magni-
tude of over and under voltage trans-
ients due to sudden load changes,
Since each load can be programmed
and controlled individually, load
sequencing is a matter of proper pro-
gramming of the Master Unit, There
is an inhereant Built-in sequencing in
loads -- approximately 20 m sec delay,
between energimation of each load.
Whether this delay is sufficient is a
function of number, types and power
reguirvements of the loads,

© Another improvement which can

readily be incorporated into the 'solid
state system is that of automatic load
monitoring, Here, each load is
assigned a priority during programming
of the MU, In operation low priority
loads are antomatically 'dumped'" as
powes source capacity is lost ox
reduced, An abbreviated version
could be uscd to optimize loading on
an emergency electrical system. ,
Again the use of a switching device in
each load power circuit and the pro-
grammable flexibility of the control
system permits the incorporation of
load monitoring with minimum

penalty,

TABLE 6~19 (Concluded)

(B) .
CONVENTIONAL SYSTEM

sequencing of large blocks of
loads, To switch individual loads
would require incorporation of a
switching device such as a relay in
each load power circuit. A switch-
ing device (power controller) is
present in each load power circuit
in A,

The conventional system is much
less flexible than A in regard te
load monitoring, Here, load mon-
itoring is performed by "dumping"
load priority buses through bus
switching,
of loads and each load must have
its priority established during
design. To change priority in
operation requires a wiring change
-= moving the locad from one bus to
another. Automatic monitoring to
the individual load level requires
the addition of considerable switch-
ing and control complexity. This
is not normally practical even on
emergency loads, thus the loading
of the emergency system is depen~
dent upon the ON-OFF condition of
its preassigned loads,

This-drops large blocks

(C)
HYBRID SYSTEM

capabilities of A {or incorp.lo;'ation
of a load sequencing program.

The hybrid system essentially has
all the capabilities of A in regard to
automatic load monitoring,
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TADLE 6-20 Comparison of Impact upon Fower Sources and Utilization

{A) ' {B) (C}
SOLID STATE S5YSTEM CONVENTIONAL SYSTEM HYBRID SYSTEM
The most significant impact that the solid state systema  The conventional system Same as B,
has upon power sources is the opportunity to reduce would still require the 3 per

fault current capacity. Te properly trip and coordinate wunit fault current to clear
circuit breakers and fuses, turbo-alternators have heen cirvcuit breakers and fuses,
reguired to supply 3 per unit fault current info a 3-phase

favll for 5 seconds. To meet the 3-phase requirement,

single phase-to~ground faults (worst case) can reach a

source capacity of 12 per unit in the Frst few cycles of

an asymmeivical fault current. Fault current capacities

i power scurces can be reduced to 1,25 to 1.5 per unit

by using load controllers incorporating current limiting,

rapid trip and clese iclerance trip bands, Advantages to

be galned by reducing fault current capacity are 1) reduc-

Hons in power souvce weight up to 30%, 2) reduction in

voltage transients under normal operation and 3) reduction

in thermal and mechanical transients in power source,

wiring and distribution equipment.

The reduced magaitude and duration of transients cause
less disturbance to power source regulators, contributing
to a more stable source control, This in turn resulis in
further reduced transient levels,

Reduced transients cause less power dissipation in power
conditioning regulator equipment for the duration of the
transient.

Improved EMI environment has an impact on uiilization
equipment. Features contributing to improved EMI
compatibilify have been coverved.



6,8 Power Losses

An objective of the program is to maintain power losses in the
proposed electrical power distribution system less or at least equivalent
to the losses in the conventional system. An analysis of the power losses
for the conveniional, solid siate and hybrid systems was performed and
documented below. Table 6-21 provides a summary of the analysis,

TABLE 6-21 Summary of System Losses

System Power Losses (Watts)
Conventional 3779

~ Solid State 3903
Hybrid 3422

Those items common to all three systems are not included. Source feeder
losses on the conventicnal and hybrid systems are about the same as the
gource and distribution feeder losses on the sclid state system, The
losses on the solid state system are only 124 watts more than those of the
‘conventional systermn, - The improved transient performance of the solid
state system could easily account for a savings of 124 watis in power con-
ditioning and power supplics within utilization equipment. The numerical
values obtained in Table 6~21 are high based upon rated currents, Most
oficn actual current is much less than rates, which reduces Josses sub-
stantially., Since the same assumption is made for all three cases, the
comparison is valid, !

6.8,1 - Conventional System

Power losses in the conventional system are composed of
[1] circuit breaker, relay and switch contact resistance; [2] relay and
conlactor coil power, and [3] I4R losses in power wiring, From a review
of several specifications, switch contact losses average cut to be approx-
imately 0,9 watts per contact, In calculating the power losses for the
conventional system, the following assumptions were made:

(1) Assume 625 power circuits, many of which are branched,
Ll
{2) Assume an average of 6 contacts per circuit,

{3} Assume power dissipation of 0. 9 watts per contact,

{4} Asswue coil current of 100 ma with one relay per four
circuits or 0.7 watis per circuit for coil powerx,

133
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(5} Assume a load factor of 70% for all load circuits.

(6) Assume 54 contactor contacts and 0,6 amperes per coil.

. slmmlagioms
M

Load Circuit Losses

{1)  Contacts (6)}(0,9)(625) =

3, 380 watis

tz}) Relay coils {0, 7){625) = 437

{33 Power Wiring (rough estimate) = 1,200

{4} Total Load Circuit Losses 5,017

(5} Load Factor x 0.7

(6} Estimated Load Circuit Losses 3,611, 9 watts

i Power Contactor Losses

{1} Contacts (54)(0,9) = 48,6

{2) Coiis (7)(0.6)(28) = __118.0

{3} Estimated Contactor Losses 166, 6

. Total Losses

3,612 watts
167 watts

3, 779 waits

(13 Load Circuit Losses
{2} Power Contactor Losses

(3) Total Losses
£,8.2 Solid State System

Power losses in the solid state system are comprised of
11} power controller dissipation; {2) data handling system power; {3) signal
Tource excitation power; and (4) I*R losses in power wiring. ILoad factor
*8 assumed to be 0, 7., The guantity of power conirollers was subdivided,
Y% were assumed to be DC and 40% were assumed to be AC,

levlations
wctlations

T
iy
P mchs

%+ Power Controller Dissipation per Table 6-22 3,420 watts

-1, Power Wiring Losses (0.7 of 1/3 of cen\;entional) 280
"« Data Handling 200
E Signal Sources ) 3

Total System Power Dissipation
15k

3.903 watts



THBIE 6-22 POWER CONTROLLER IOSSES

Digsipation No. of Dissipation Dissipation Wo. of Dissipation

Ly
v 4
S 4
]

&

nastrz  Type OFF/Unit PC OFF OFF {Watts) ON/Unit PC ON  ON {Watts)
1 e .153 60 . 9.25 1.5 140 . 210,0
Er: DC 9156 . 36 5061 200 83 16600
3 Y 158 19 3,00 2.5 . Lely 110.0
5 e <16k 14 2,30 ko5 3k 153.0
7% e 171 2 o34 6.5 3 19.5
15 DC 178 6 1.07 645 15 975
15 e 192 L 76 i2.5 7 87.5
2:3 :DC 0220 2 ’ o"g"' 22¢0 ,.', 8800
35 e +248 ¢ - 3L.0 Y 12,0
50 e onmes e S 35,0 2 70.0
200 e Lchz 2 - 2,84 125.0 2 25G,.0
1 AC +31 ha 12.73 1.75 96 168.0
2 AC 0311 24 Tolth 3.25 55 17,0
3 AC 2311 13 k.05 .75 30 k2.5
5 AC 311 10 3.11 - 8.0 22 176.0
7% AC +311 0 o 11.75 3 35.3
10 AC 311 It 1.2k 16.0 8 128.0
i5 AC 2311 3 <93 25.0 0 S
25 AC 311 3 +933 40,0 3 120.0
35 AC 2311 0 weasosa 55 .0 6 330.0
75(BC)  AC 500 18 90,00 120,0 6- 720.0
Watts Dissipation 146,06 ' 3,374.3

Pover Controller "OFFY Digsipation = 146.0 watts
Pover Controller "ON'" Dissipation = 337L.0 watts
Totsl Dissipstion = 3H20.0 watts
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ivhrid System

£
: 3

Fower losses in the hybrid system are composed of (1) circuis
& relay contact resistance; (2) relay and contactor coil powecr;
s sy tzivera: {4) I°R losses in powex wiring; (5) data handling
; weqr; and (6} signal source excitation power. The following
sons were made in calculdting power dissipation: i

5 o -
PRI N

L

{1} Assume 780 power circuits, circuit breakers, relays
and relay drivers, )

{2} Assume power dissipation of 0.9 watts per contact,

(3} A'ssume 100 ma coiil power for each relay.

{4} Assume a load factor of 70%.

(5} Assume 36 contactor contacts and 0.6 amperes per coil,

{6) Assumse power wiring losses are 70% of conventional
system (, 70 x 1200 = 840 watts)

P
A TRETIONS
b e

rmvtn

i.oad Circuit Losses

{i}  Contacts - Breakers (780)(0.9) = 702 watts

{2}  Contacts - Relays (780)(0.9) = 702

{3}  Coil Power - Relays (780)(0, 1)(28) = 2,184

{3) Drivers (780){(0.5) = 36

{3)  Power Wiring Losses 840
Total Load Circuit Losses in Watts 4,464

6 With 0,7 load factor losses = 4464 x . 7 = 3,120 watts

Contactor Losses

11} Contacts (54)(0.9) = 48,6

_‘ (0. 9)

{3} Coils (3)(0.6)(28) = 50.4
. Total Contacior Losses 99,0

+t..t1 Losses

+

*t Load Circuit Losses 3,120 watts
: ‘= Contactor Losses 79
o Data Handling System 200
-y Signal Sources =
Tolal Hybvrid Iosses 3, 442 walts
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6,9 Development Time and Cost
6.9,.1 Power Controller Development

From prior program planning efforts and other inputs, a
recommended master plan for power controller development was derived
and is shown in Figure 6-10, Where necessary the overall development
plan can be accelerated at least one year by eliminating the demonstrator
and its evaluation phases, A minimum cost and time program would be
to eliminate the engineering model phase and substitute production and
qualification of first ship set plus spares, obtaining qualified hardware
in mid 1973.

Budgetary funding was estimated and provided only through
the Engineering Model Phase because of the uncertainty of pricing and
sconomic conditions beyond 1973, the uncertainty of power controller
configurations and the unknown quantities of units, Funding for the Engin-
eering Model Phase is based upon three alternates. The first alternate
considers all ratings of single channel power controllers, both AC and
DC, through 75 amperes AC and 200 amperes DC, The second alternaie
considers only singlie channel power controllers, both AC and DC,

B o S Ny . e, +, = 3 32
through 10 amperes. 'The last aliernate considers multi-channel units,
AC and DC.

Funding has been adjusted to reflect a compounded rate of inflation of 5%
through 1972, An additional 15% has been added to take care of contin-
gencies, The quantities of engineering models considered for each -
alternate are listed helow.

1. Alternate 1 - Full family of single channel power controllers
) !

Part Number Type ! Rating CQuantity
204-99-12-1 DC ' Driver 10
204-99-12-2 inle Driver 10
204-99.9.18 Do 1 10
204-99.9.28 DC 2 10
204-99-9-3B DC 3 0,
204-99-G.58B nc 5 5
204-99-9-7R DC 7.5 5
204-99.9-.108B DC 14 5
204-99.9-15B DC 15 3
204-99<9-258 DC Iz 3
204-99-9.-358 DC 35 3
204-99-9.508 DC 50 2
204-99-9.758 DC T2 2
204-99-9.99R e igo z
204-99.9.2008 DC 200 2
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; I. STUDIES AND BREADBOARDS ENGINEZERING MODELS
f ;/—
{ e .
E LI, ENGINEERING MODELS EVATUATION
" COMPIETE
I7iT. WMODEL EVAIUATION Mi
Dﬁmmommmmmcm TNSTALIED AND
/ CHECKED OQUT
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DESICH ~—~————
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coTs?m'l'El conprETE—
#1) Could be simlator hardwere. 1) s ratings of mlngle chamnel units.
2} Includes power controller heardware only which
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models.

@ Single chennel units; AC end DC through 10 ampere.
@_. Multl~channel uniis per specification

FIGURE 6-10 #MASTER PIAN FOR DI’T‘.’T[_BATQH&EENT OF POWER COIQ‘I‘ROLI.;‘Z‘.RS




Part Numbexr . Type Rating Quantity

204-99-9-1A AC I 10.
204-99-9-2A AC 2 10
204-99-9-3A AC 3 10
204-99-9-5A AC 5 46
204-99-9-7A AC 7.5 6
204-99-9-10A AC 10 b
204-99-9-15A - AC 15 3
204-99-9-25A AC 25 3
204-99-9-35A AC’ 35 3
204-99-9-75A AC. . 75 (Bus Controller) 2

2, Alternate 2 - Lower ratings of single channel power controllers

Part Number - Type Rating Quantity
204-99-12-1 DG Driver 10
204-99-12-2 DC Driver 10
204-99-9-1B DC 1 10
204-99-9-2B DC 2 10
204-99-9-3B nc 3 10
204~99~9-5B DC 5 5
204-99-9-7B DC 7.5 5
204-99-9.10B 10 5 -
204-39-9-1A AC 1 10
204-99-9-2A AC. 2 10
204-99-9-3A AC 3 10 -
204-99-9-5A. AC 5 6
204-99-9.7TA AC T.5" 6
204-99-9-10A AC 10 6

3. Alternate 3 - Multi-channel power contrellers

(16-acha.nnels DC and 18-channels AC)

Part Number Type Rating Quantity
Z204-99-9-100B DC Various 3
204-99-9.100A AC - Various 2

The engineering vwdel(s} are essentially pre-production
units. In order tc be as similar as practical to a production configura-
tion and of a size and weight to mest the specification, the unit must use
hybrid circuite. To minimize future production cost, it is desivable te
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; and fabricate the hybrid and/or integrated eircuits to satisfy pro-

Serigy

2 r':ﬂq requirements, This was considered in establishing funding
;M. rements and is the major factor in the high cost shown for the
+ ’, =

2ngl neerlnﬁ mOdel(S)

Jni order for a cost a:na'{y“sis to bé complete, system oper-
ating cost and a life cycle cost should be considered; however, at this
scly stage of development, ‘insufficient data on system configurations,

nisgion profiles, life, number of vehicles, etc., are available to make
& meaningful analysis.

-1'2

41

H.8.2 Data Handling System (DHS) Development

The recommended master plan for development of a dedicated
DHS for spacecraft is illustrated in Figure 6-11. The plan parallels that
of power controller development. Statements made in regard to power
controller program acceleration and minimum cost and time are appli-
csble for the DHS. Again, the same inflation rates and contingencies are
assumed for the DHS funding,

The engineering models would incorporate hybrid and/or
integrated circuits to obtain production configuration, weight, and size,
This is a major factor in the high cost shown in Figure 6~11 for the
engineering models. The quantities of engineering models assumed for
the cstimates are listed as follows:

Ttem Description - Quantity
1. Master Unit 1

2. Remote Input Terminal - Modified (RIT) 2

3. Remeote Output Terminal - Medified (ROT) 2
4, Monitcr Input Terminal (MIT) 1

5. Line Extenders 2

6. Interface Unit i

7. Support Equipment - Loader/Verifier i

8. Support Equipment - Decoder 1

# .
9.3 Signal Source Development

The recommended master plan for devs lopment of signal
Gurces for spacecraft elecirical puower distribution control systems is
=1 in Figure 6-12, Again, the plan parallels that for development
TAwer controllers. It should be noted that shorter tirnes are neces-
::E’%ifi"* engineering models, demonstrator hart rdware, and production/
A tation; but no overlap is provided between these tasks and NASA
Tiations, Also statementis made in I regard to program: acceleration,

..... M +0st and time, inflation vatles and contingencies apply to signal
Voo development,
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The engineering models include development of production
hybrid and/or integrated circuits to obtain production equivalent pack-
aging, weight and size. The quaniities and types of enginesring models
zssumed for the estimates are listed as follows:

Itemn Descripiion Quantity

Toggle ON-OFF Switch
Toggle ON-OFF-ON Switch
Push-Bufton ON-QOFF Switch
Rotary Switch ~ Four Position

. Rotary Switch - Three Position
Electronic Module - Proximity
Electronic Module - Temperature
Electronic Module - Pressurs

bk pant

[EVREVLRRTVIR S JES 3K o B oo N

L] £
ot

*

-

5,9.4 Comparison

In comparing development time and cost for the three concepts,
it is assumed that the conventonal system can be implemented without
development time and cost., The hybrid system would require the develop~
ment times and costs for the signal sources and DHS, The scolid state
system requires the development times and cost for signal sources, DHS
and power controilers., Based solely upon development time and cost, it
is apparent that the concepts would be rated in the order of conventional,
hybrid and solid state, The meany other factors in favor of the solid state
system make it unwise to make a judgment based solely on development
and cost.
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“ A CONCLUSIONS

It has been demonstrated that the solid state electrical power
sggrpipution and control system concept, as applied to advanced space-
,rsit, satisfie s 211 of the design goals enumerated in Section 1. 0. As
compared to a conventional system, the solid state system concepi:

$ Reduces overall system weight and size by 50%. The program
design goal was established at 40%.

i Improves reliability by a factor of 9, Program goal was to
improve reliability by a fector ranging from 5 to 10,

5, Maintains overall system losses approximately equivalent to
those of the conventional system which is the goal of the prograim.

. Reduces power source fault current capacity requirements from
3,0 per unit to 1.5 per unit, representing a 50% reduction which
is the goal of the program.

::. Utilizes modular construction, a program goal.

i, mcorporateci.pre-ﬁig‘nt, in-flight and post-ilight test to the
replaceable module level, a program goal.

7. Eliminates major wiring changes to accommodate changes to
control logic functions by incorporation of programmable logic.

8. Provides remote reset capability for load controllers, ancther
program goal,

%, Optimizes the entire system, cost and function, Redundant

components, built-in test and automatic switch-over are provided

where component failure could endanger the system., Components

are design to fail in a "fail-safe’ mode.

The solid state system concept cannot meet the billing given above
with

rouf additional design, development, modification, and cost, For
pacecraft applications, the major changes to the system hardware
:

Design and development of switched impedance signal sources
; to salisf{y built-in test, reduced power and wiring requirements.

" o - - - . .
Modification of Remote Input Terminals (RIT) te interface with
the switched impedance signal sources,
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8.

Modification of Remote Output Terminals (ROT) to interface

. - . . ot
with the powsr controllex ]whmh now incorporates buili-in test.

f

Design and cievelopment of Line Extender (LE) for increaging
the allowable length of multiplex transmission lines,

Design and development of Monitor Input Terrminals {MIT} for
point-to-point data handling of signal source BITE FAULT and
load contrelier TRIP and BITE FAULT indication signals.

Design and development of a unit to interface the solid state
power distribution and contrel system with an integrated contrels
and display system, )

Modification of power controller to utilize the multi-channel

packaging concept and to incorporate the built-in test feature.
Investigate possibilities for incorperation of current limiting
into AC units,

Modify and finalize packaging to incorporate hybrid and inte-
grated circtiits and to accommodate cold plate cooling.

The design, development and modifications above are all within the
state-of-the-art and have been .proven from an analytical and concepiual
standpoint, System implementation is a matter of detail design, quaii-
fication, and funding, -

165



i

AENOW LEDGEMENTS

oy

Appreciation is extended to the fellowing organizations for
sia, information, and assistance during the course of

5 -’;:!*L‘-‘l‘ d

s REGEFANL

itk

1sach Corporation, Relay Division; Los Angeles, California,

$.TV Electrosystems; Garland, Texas.

LR

& 454 Manned Spacecraft Center; Information Division - Powex
Distribution Section; Houston, Texas,

- SCT Systems; Huntsviile, Alabama,

A Teledyne Relays, Tne. : Hawthorne, California,

Lt Texas Instruments Inc, ; Attlebore, Massachusetts,


http:AC1--.OW

G. 0

9.1

9. 2.

9, 4
6.5
9.6
5.7
9.8
9.9

9. 10

REFERENCES AND BIBTLIOGRAPHY

Monthly Progress Report, ""Advanced Spacecraft Electrical Power
Systems Applying Solid State Technology'', 9 February 1970,
NASA Contract NAS9-10418,

Monthly Progress Report, ""Advanced Spacecraft Electrical Power
Systems Applying Solid State Technology', 10 March 1970,
NASA Contract NASS-10418,

Monthly Progress Report., "Advanced Spacecraft Electrical Power
Systems Applying Solid State Technology', 13 April 1970,
NASA Contract NAS9-10408, ’

Monthly Progress Report, "Advanced Spacecraft Elecirical Power
Systems Applying Solid State Technology', 13 May 1970,
NASA Contract NAS9-10408. '

Monthly Progress Report, "Advanced Spacecraft Electrical Power
Systems Applying Solid State Technology'!, 11 June 1970,

NASA Contract NAS9-104Q8,

Monthly Progress Report, '""Advanced Spacecrait Electrical Power
Systems Applying Solid State Technology', 13 July 1970,

NASA Contract NASS-10406,

Monthly Progress Report, ""Advanced Spacecraft Electrical Power
Systems Applying Solid State Techmnology", 12 August 1970,
NASA Contract NAST. 30408,

Monthly Progress Report, "Advanced Spé,cecra.ft Electrical Power
Systems Applying Solid State Technology'’, 11 September 1970,
NASA Contract NAS9-10408, h

Monthly Progress Report, "Advanced Spacecraft Electrical Powser

‘Systems Applying Solid State Technology'', 13 October 1970,

NASA Contract WAS9-10408,

R, N, Stock, R. W. Powell, "Development of a Solid State Elect
trical Distribution System!', Final Report, prepared by Ame rican
Machine and Foundry Company, Alexandria, Virginia, for AF -;
Aero-Propulsion Lab under Contract No, AF33(657)-8688, Repcirt

No. ASD-TDR-63-805, October 1963 {AD422380)

167



s

ES )
nd

.13

1. D. Dickey, A. J. Marek, “Investigation of Contactless
Switching Concepts for Application to Aircraft Electrical
Systems, Volume I -~ Aircraft Systams Requirements', LTV
Vought Aeronautics Division, LTV Aerospace Corp., Dallas,
Texas. (AD417130)

L. D. Dickey, W. M, Drum, A. I, Marek, "Investigation of
Electrical Systems, Volume II - Concept Design Studies', LTV
Vought Aeronautics Division, LTV Aerospace Corp., Dallas,
Texas, (AD417245) © .

1., D. Dickey, W. M. Drum, A. J. Mazrek, "Investigation of
Contactless Switching Concepts for Application to Aircraft
Electrical Systems, Volume III - System Investigations and
Developmental Requirements', LTV Vought Aeronautics Division,
LTV Aerospace Corp, ,Dallas, Texas., (&AD417131)

W. E, Hutt, A, J. Mazrek, "Investigation of Contactless Switch-
ing Concepts for Appiication to Aircraft Electrical Systems,
Volume IV -~ Development and Evaluation of Contactless Switch~
ing Components'', LTV Vought Aeronautics Division, LTV
Aerospace Corp., Dallas, Texas. (AD543826)

W, M, Drum, J. L. Jones, "Investigation of Contactiess Switch-
ing Concepts for Application to Aircraft Electrical Systams,
Volume V - Investigation of Multiple Signal Generation, Trans-
mission and Detection', LTV Aerospace Corp,, Dallas, Texas.
(AD618527) .

A, J. Marek, "Investigation of Contactless Switching Concepts
for Application to Aircraft Electrical Systems, Volume VI -
Flight Test Evaluation of a Prototype Contactless Switching
System!, LTV Aerospace Corp.,.Dallas, Texas, {AD628581)

H. S. Bates, ''Investigation of Contactless Switching Concepts
for Application to Aircraft Electrical Systems, Volume VIII -
Development and Evaluation of Checkout Concepts for a Con-
tactless Switching System'', LTV Aerospzce Cozp., Dallas,
Texas {(AD45428)

C. M. Jones, A, J, Marek, H. S. Bates, I. D. Dickey,
"Exploratory Development Program to Prove the Feasibility
of Solid-State Switching for a Complex Electrical Control Net-
work!", LTV Vought Aeronautics Division, LTV Aerospace
Corp., Dallas, Texas (AD818554)

1658



g, 19

9- 20

9.21

9,22

9.23

9. 24

9. 25

7. L, Jones, O, H. Preston, I, D. Forbes, "Advanced Aircraft

Electric System Studies and Consultation for a Proposed Teche
nical Approach (PTA) Documentation’, Final Report 2-50100/9R~
2607, July 1969, LTV Vought Aeronautics Division, LTV Aero-
space Corp., Dallas, Texas, Navy Contract N00019-68-C-0424,
(AD856506) . . '

J. L. Jones, J. E. Russell, H, W, Heinzman, "'Advanced Air-
craft Blectric System Studies and Technical Consultation:,

Final Report 2-55900/0R-2830, September 1970, LTV Vought
Aeronautics Company, Dallas; Texas, Navy Contract N62269-69-
C-0379. .

"integrated Circuit and Aircraft Supply Compatibility -~ Why Not?!
a paper presented by Alex M, Taylor of the Boeing Company at
the [EEE Power Conditioning Specialists Conference in Greenbelt,
Maryland, 20 Apzil 1970,

""Application of Contactless Switching to Aircraft Electrical
Systems", by L, D, Dickey, pressnted at the Bureau of Naval
Weapons Symposium on Advanced Technigues for Aircraft
Electric Systems on 15 October 1962 in Washington, D. C.

"Application of Contactless Switching to Aircraft Rlectrical
Systems!, by L, D, Dickey, presented at the Bureau of Nawval

"Weapons Symposium on Advanced Techniques for Aircraft Elec-
" tric Systems on 15 October 1963, in Washington, D. C.

""Development Program for, and the Application of Coniactless
Switching to Aircraft Electrical Systems', Progress Report by
L. D. Dickey and A. J. Marek, presented at the Bureau of Naval
Weapons Symposium on Advanced Technigues for Aircraft
Electric Systems on 13 October 1964, in Washingfon, D. C.

" Application of Contactless Switching to Aircraft Electrical
Systems'', Progress Report by H, S. Bates and A. J. Marek,
presentsd at the Naval Air Systems Cormymand Symposium on
Advanced Techniques for Alrcraft Electrical Systems on 12-13
October 1965, in Wasghington, D. C. :

"Application of Contactless Switching to Aircraft Electrical
Systems'', Progress Report by H. S, Bates and A; J. Marek,
presented at the Naval Alr Systems Commeand Symposium on
Advanted Technigues for Ajircyaft Electrical Systems on 11-12
October 1965, in Washingten, D, C.

169



o
'\l!‘

Femisctless Switching - An Application of Seolid State Switching
verhnology to Aireraft Electric Systems', presented by C, K.

fenan at the IBEE, NAECON in Dayton, Chio, 16 May 1967,

siitIn- Test for Aircraft Solid State RKlectrical Systems",
.eesented by H. 5, Bates at the IEEE, NAECON in Dayton,
rinfo, 19-21 May 1969. :

1
o]

-
A9

Yoy

- cyside Lines for the Application of Semiconductor Technology
w Blectric Power Distribution Systems'", presented by C, M,
Jones at the Ohmite Think-In Seminar No. III, Los Angeles,
alifornia, 18 February 1970.

wgolid State Power Controller Circuits and Their Effect upon
Pewer Conditioning Requirements’, C. M. Jones, H. W, Heinz-
man, presented at the Power Conditioning Specialist Conierence
- IEEE Goddard Space ¥light Center, Greenbelt, Maryland,

20 April 1970;¢and the SAE - Navl Alx Transportation Meeting,
wew York, N. Y., 23 April 1970, :

%{IL.S-81619A/1(AS), '"Switches, Solid State Transducer, General
Specification fox!, § October 1969; approved by the Naval Alx
Systems Command, Department of the Navy.

MIL-P-81653(AS), “Power Controller, Solid State, General

Specification for', 17 November 1969; approved by the Naval Air
Systems Command, Department of the Navy,

170



APPENDIX I

PROGRAM HISTORY OF SOLID STATE,

ELECTRIC LOGIC SYSTEM



In 1960, the Vought Aeronautics Division of LTV Aerospace Corpor-
astion inaugurated an in~house R&D study program to determine the
feasihility of using solid state switching devices in aircraft electric
pawer centrol and distribution systems. .The results of these initial
studies indicated that the use of semiconductor devices in the areas of
switching, control, and protection would provide an electrical system
with improved performance and less weight and volume than could be
obiained with a functionally equivalent electromechanical system.

In 1962, the Naval Air Systems Command awarded a study contract
to VAD to further investigate the application of semiconductor devices
ta aircraft electrical systems. Since 1962, the Naval Air Systems Com-
mand along with the Air Force and NASA have continued fo fund programs
relating to the solid state concept. Figure A-1 shows the programs con-
ducted, the contracting agency, the contractnumber, and the time period
the programs were conducted. A brief description of the tasks parformes
during each program and the Defense Documentation number of the final
enginsering report follows,

l. The program conducted under Contract NOw-62-0944c is
entitled "Investigation of Contactless Switching Concepts for Application
to Aircraft Electrical Systems'' and consisis of three phases as des-
cribed below:

Phase I - Aircraft System Requilrements AD-417130

Specific factors that must be considered when developing solid
staie devices for performing functions presenily performed with relays,
twitches, and circuit breakers were defined, Aircraft electrical power
characieristics such as voltage transienis, voltage surges, voltage
regulation, frequency transients, etc., were investigated to determine
the effect of these characterisiics on semiconductor components, Semi-
conductor characteristics are discussed in light of aircraft electrical
system requirements so that design eriteria can be established., A basic
fystem philosophy was adopted which allowed the sevaration of signal
circuits from power cireuits and permitted the use of 2 minimum number
of switching devices in the power circuit. A survey was made on power
ff:miconductors to determine availability and development trends. Pre-
Hminary electrical characteristic requirements were established for
temiconductor componentis to be used in an aircraft electrical system.

Phase II ~ Concept Degign Studies AD-417245

o o > X = -
. “ontactless switching design technicues were developed and
L FEAMTR O] L) * - . - - -
“2d for application to airuraft electrical systems, Circuits have

gL
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. - - - ~ - &
.- psigned, bre adboarded and evaluated that will perform the functions”
. ~entional switches, relays and circuit breakers. Mechanical
aracteristics are discussed for signal sources, control logic

<
®

":M’:.;h el 3
av s prEer ?igtroders.
phase II - System Investigation and Developmerntal Reguirements
AD-417131

-

The system philosophy adopted for the SOSTEL system was
‘f‘fﬁf‘.f‘d. A breadboard system was assembled and evaluated, System
tspign, operation, packaging and installation requirements were investi-
sted from an aircraft system designer's viewpoint, Design criteria and
mr:.'wmance goals were established for components comprising the SOSTE L
eestom,. A program plan is presented for the development of the required
:omponcnts.

2. Phase IV of the Solid State Program was conducted under Contract
1 Owb3-0515¢ and is entitled "Development and Evaluation of Contactless
. witching Components'. The final report is assigned number AD-458826,

The tasks performed during this phase included the development
s»nd avaluation of prototype signal sources, a comntrol logic assembly and
< swex controllers, The prorotype hardware was connected to simulate
5 system and operated to determine compatibility. Preliminary specifi-
wations were pre'pared for signal sources, a control logic assembly, and
sower confrollers, ; ’

X

3, Phase V was conducted under Contract NOw 63-0515¢ and is
s mtitled "Investigation of Multiple Signal Generation, Transmission and
Irtzcton!, The final report is assigned number AD-618527.

The tasks performed during this phase include establishing
roquirements for a multiplexing system to be used in conjunction with
“:e 5olid state system. Several system concepts were developed and
anslyzed, Conclusions on the feasibility of using multiplezing for air-
craft applications were presented.

4.  Phase VIwas conducted under Contract N600(19)62121 and is
"Flight Test Evaluation of a Prototype Contactless Switching
“reizm'. The final report is assigned number AD-628581,

.F.hlS fask included the design of a solid state system {o operate
edted number of circuits in an F-8 type airplane., Prototype signal
~+7rex®, a control logic package, and power controllers wers developed,
“ R a.m*g,pe solid state system wace evaluated in the laboratory and flight

) I Results of the flight test are presented, "Proposed" military
- -+7d spocifications for signal sources, countrol logic modules, an

PR

iy { i
~onirollers were prepared and included in the final engineering

EY

I



%, Phase VI was conducted under Contract NOw 650397, , - o

eatiticd “Development and Evaluation of Checkout Concepts for 5 - .
ssciless Switching Systemi',

This phase of the program was devoted to establishing rrry, «
for ﬁﬁccking out a 3olid state system. Factors affecting the des: o

- F

: o0l A
checkout system were discussed., A breadboard of a chechout congrws

was designed, fabricated, and evaluated. ‘

el

6. The program conducted under Contract AF33(615)3264 is
entitled "Exploratory Development Program to Prove the Feasibility uf
Solid State Switching for a Complex Electrical Control Network',

Under this program, a solid state sensing and indicator System
for the XC~142A main landing gear was developed and evaluated, Solid’
state components were used to provide position sensing, power control
and circuit protection. Proposed military standard specifications were
prepared for position sensors and for indicator drivers. These specifi-
cations are included in the final engineering report.

7.  The program conducted under Contract AF33(615)-68-C-1123 ia
entitled "Solid State Aircraft Electrical Power Transmis sion System',
Two A-7B electrical system simulators were designed and fabricated.
One simulator was designed using conventional technology and the other
was designed using solid state technology. - The two simulators were
tested in the laboratory to establish a functional and physical comparison
of the two concepts, This program is not complete at this writing,
Scheduled completion date is 1 February 1970,

8. The program conducted under Contract N00019-68-C-0242 is
entitled "Advanced Aircraft Electric System Studies and Censultation
for a Proposed Technical Approach (PTA})", The final report is assiprad
number AD-85650c, This was a study program to define the requiremen:s
of a second generation solid state system., The second generation systam
incorporates multiplexing and power conditioning hardware, Studics wers
conducted and reguirements were established for the second generation
system, A development program plan for SOSTEL I was established and
submitted to the Naval Air Systems Command,

9. The program conducted under Contract N62269-69-G-03279 is
entitled "Advanced Aircraft Electric System Studies and Technisal Con-
sultation'. An AD number has not been assigned at this writing., Undes
this contract, a study program was conducted to more completely defing
the second generation solid state system. A proposed military standard
Ppecification was prepared for the data handling system and is included

in the final engineering report.
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