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ABSTRACT
 

A iwdy program was conducted to investigate advanced approaches 

-_1d statepower switching, solid state circuit protection, signal 

n::.; control logic and multiplexing for application to advanced 
eraft electrical power distribution and control systems compatible 

.,.,jIL-STD-704. Several advanced concepts are presently under 
r,d pmpnlt for aircraft electrical systems. These aircraft concepts 

Lardware were investigated to determine the modification or new 
- - 3.nment required for their use on advanced spacecraft, 

IThree electrical power distribution and control system concepts 
,' v established for advanced spacecraft and investigated in detail. 

I (- were (1) the conventional system concept using electromechanical 
-I tchcs. relays and circuit breakers; (2) the hybrid system concept 

nc electromechanical devices for power switching and circuit protec­
.:, colid state signal sensing, and a dedicated data handling system 
,rprrating programmable logic control and signal multiplexing; and 
0.1- solid state system concept using solid state devices [power con­

• 	 il] for power switching and circuit protection, solid state signal 
t, and a dedicated programmable logic and multiplexng control 

*,,nM. After an analysis and comparison of the three concepts, the 
I., -am- systemwa eetdo the basis of veihsize, eibii r 

.,rtnance, flexibility, EMI compatioility, and built- in-test. After 
.. iysis of requirements unique to spacecraft, recommendations 

-, 'nmade for the development of multi-channel power controllers and 
,lified 	 signal sources incorporating built-in-test features. Modifica­

to the dedicated data handling system were recommended to fact!­
*t" haihi-in-test of signal sources and to more efficiently handle
 

:J I
aon and monitor signals. 
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1. 0 INTRODUCTION 

This is the final Engineering Report prepared under NASA 
Contract 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 spacecraft 
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 initiated for advanced aircraft which 
offer many features for simplifying and improving the operation of the 
electrical power distribution an4 control system. A detailed account of 
these developments can be obtained from a r6view of references 9-10 
through 9-32. Here, power contactors and motor sivitches are replaced 
by solid state power switching devices to perform the bus-switching 
functions. Solid state bower 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 froi 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 (DES), utilizing programmable logic for 
manipulating and multiplexing for transmission of digital control signals. 
Generation and sensing of control signals are performed by solid state 
signal sources, supplying the signals to remote input terminals of the 
dedicated DHS. Implementation of the advanced concept results in signif­
icant reductions iii distribution systen power and control wirirg, overall 
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system weight and size. Significant improvements are gained in 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 aircraft concepts and associated hardware to 
spacecraft electrical power distribution and control systems; (2) deter­
mine changes in concepts and/or hardware to satisfy any unique require­
ments of spacecraft; (3) determine optimum system concepts; (4) deter­

mine hardware modification cost and time to perform modifications with 
proper qualification testing; and (5) document the investigation. 

More specific tasks completed as part of the study are outlined 
below: 

1. 	 Document advanced aircraft power distribution and 
control system concepts and associated components 
development. 

2. 	 Survey, study, and further define functional and interface 
requirements unique to spacecraft. 

3. 	 Revise aircraft concepts to acconnodate those require­
ments unique to spacecraft. 

4. 	 Determine aircraft components compatibility with space­
'craft requirements. 

5. 	 Define necessary component changes and modifications. 
Obtain estimated development time and costs; submit a 

projected development schedule. 

6, 	 Perform trade-6ff studies between a minimum of three 
system concepts to arrive at an optimum approach. The 

following were used as major trade-off factors: 

a. 	 Weight /size 
b. 	 Reliability 
c. 	 Cost 
d. 	 Modular construction 
e. 	 Prelaunch and inflight test/checkout 
f. 	 Flexibility in changing control logic functions 
g. 	 Performance 
h. 	 Impact upon power sources and utilization equipment 
i. 	 Development time 

j. 	 EMI compatibility. 



7. 	 Prepare a final report documenting revised systern 
concepts, component modification requirements, modifi­
cation cost and development time, trade-off studies, 
recommrended system concept, problem areas, and 
recommendations for further program action. 

The investigation was directed toward obtaining the following 
design goalsv." 

1. 	 'educe overall system-weight and size by 40% as compared 
to present spacecraft systems. 

Z. 	 Improve reliability by a factor ranging from 500 to 1000%. 

3. 	 Maintain overall system losses equivalent to or less than 
those of the present Systems. 

4. 	 *Reduce power source fault current capacity requirements 

by 50%. 

5. 	 Utiize modular construction. 

6. 	 Provide redundancy in system critical components. 

7. 	 Incorporate prelaunch and inflight test 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. 

8. 	 Eliminate major wiring changes to accommodate changes 
to control logic functions. 

9. 	 Provide remote reset capability for power switching/ 
protection components. 

10. 	 Optimize the entire system. There is to be no point at 
which failure of a single component will cause failure of 
the system. Failure of a control logic event to occur or 
premature occurrence of an event shall constitute a system 
failure, If failure can occur, the design shall be such as 
to allow the failure only in theiail-safe mode. Maximum 
enphasis should be placed throughout the mLechanization to 
elimiate single point failures, 

1l, 	 Optimize cost and function, 

4 



Z. 0 AIRCRAFT CONCEPTS 

Over the.past ten years several advanced concepts have been 

identified and defined for aircraft electrical power distribution and con­
trol systems. These concepts have included various combinations of 
electromechanical, hybrid, and solid state devices. Each of these 
concepts can be reduced to three major subsystems such as signal 
generation, control, and power switching. Table 2- i lists the more 
common alternates under each major subsystem. Referring to 
Table 2-1, a concept could be established which would consist of hybrid 

TABLE Z-I Alternate Subsystems for Advanced Aircraft 

Signal Sources Data Handing (Control)Transmission Logic 
Power Switching 

(1) Mechanical (1) Hard-wire (1) Non-program- (1) Electromechanical 
mable Memory 

(2) Solid State (2) Multiplexing (2) Solid State (2) Solid State 
- (Hard-wired) 

(3) Hybrid (3) Programmable (3) Hybrid 
Memory 

signal sources, hard-wired data transmission, hard-wired integrated 
logic and solid state power switching. Another combination might be 
solid state signal sources, multiplexed data transmission, hard-wired 
integrated logic and hybrid switching. It can be seen that various otheri 
combinations could be generated. Several advanced concepts were 
investigated, but the ones showing the greatest promise for spacecraft 
applications were a solid state concept and a hybrid concept. The solit' 
state concept uses solid state signal sources, multiplexed data trans- T 
mission, programm-nable logic and solid state power switching. The 
hybrid concept uses the same signal sources and dedicated data handling 
as above but incorporates hybrid power switching. The conventional 
concept was selected as a third alternate and is used as a base for 
discussion and comparisons. 
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onv*enional Aircraft System 

conventional aircraft power distribution and control system 
hown, ibFigure Z-1. A detailed discussion on system operation 

at not be made other than to point out a few system features. 

Bus Arrangement and Switching - The bus arrangement is 
•nplex, reqn{ring eight buses and eight poWer contactors. Load 

rities are assigned to buses such that high priority loads are placed 
emergency buses, lower priorities on main buses, and lowest priority 

• on monitor buses. As sources are lost or loading exceeds a certain 
rvd, the monitor buses are dropped. Upon loss of all main power 
-v.rccs, 	 the emergency generator is brought on the line and all buses are 
.&onpcd except the emergency buses. 

Load Circuits - On the left-hand poition of Figure 2-1, a 
tyfpical load power circuit is shown. The breaks designated as A, B, C, 
and D represent toggle, limit, pressure, or other types of switches or 
:#ty-contacts. The contacts of these devices are wired in such a way
ilat power is applied to the load only when the switch or relay contacts are 

or closed in such a pattern as to satisfy the control logic for power
-plication. These switch and relay contacts can be located at any places

Ih the aircraft. Thus, to obtain proper logic operation, the power wiring 
Srhrn the circuit breaker must be routed to and from each of these devices 
L--fore going to the load. It is im-mediately apparent that control is per­
trned at the power level. Diverse location of these switching elements, 
::..n-iplicity of different series and parallel arrangements of contacts, 

tdtiple contacts for the same switch function, and the large number of load 
'trcuits create an extremely complex wiring design, installation and check­
4-dl nroblem. 

The conventional aircraft power distribution and control system
t-.1ffes from many problems. These are briefly outlined below. 

Bus Transfer Time - Using power contactors, a problem exists 
t,4transferring a bus from one source to another. The switching trans­

ftime isapproximately 50 milliseconds which is too long a power inter­
r>.£on time for certain types of sophisticated electronic systems. Systems 
: fusceptible to memory loss and errors introduced by the loss of 

,4r are digital computers, digital logic, flight controls, radar, and 

Load/Bus Assignments - Since load monitoring is performed on 
asis, the priority of each load must be determined during design and 

!117%11 assigned to the bus with the proper priority, To change a load 
2 :,fter installation requires a wiring change on the vehicle, The

-':; aCktribution of shin.e-pbase loads betveen buses often creates 
-.b dance condition. 
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Load Monitoring. - Load monitoring or powering down is 

< 0 ~plished by dropping buses and all the loads on those buses. The 

large block of loads creates an overvoltage surge
.,!ien dropping of a 
n the system. - Again, the sudden picldng-up of a bus (powering up) 

of loads would-etics an undervoltage surge on the system. Sequencing 
r,,e~c& the magnitude of these surges, Inflexibility exists in that under 

rtain flight conditions, certain loads are not necessary and are off, 

c tzating an underloaded condition on say an emergency power source. 
on aiUexibility is needed to program load monitoring load basis rather 

bus basis and to vary load priorities according to flight conditions.A a a 

' s impractical to incorporate these features on the conventional system.
 

Wiring - Wiring on the conventional system is a major problem. 

areb4rge quantities and long lengths of power wiring required to inter­

:Qnnect the switch/relay logic. Since the logic is performed at the power 

level and long lengths are necessary, larger sizes are often required to 

As the a!mount of wiring increases, thecornpensate for voltage drop. 
rnMber and size of connectors increase. The reliability of connectors 

drcreases as the number of pins per connector increases. Furthermore, 
the size and complexity of wiring harnesses presents greater opportunities 
for viring errors and aggravates the wire routing and installation problem. 

As systems become more complex, proper checkout and maintenance of 

irlwb.g harnesses becomre prohibitive. 

Equipment Location - For circuit breakers to be accessible 
for reset in flight, they must be located in the crew station. This dic­

tos locating buses and power contactors in the crew station. The 
breakers, buses and contactors require large blocks of crew station 
i-,nel space and console volume, pointing out the need for a circuit pro­

ltion device which can be located remotely and controlled remotely. 

Circuit Breakers - Thermal circuit breaker trip character-
Iktics have a broad and variable trip band due to manufacturing toler­
rnrcs and variations with temperature. Proper coordination of large
 
bIrtakers in series is often difficult. Furthermore, circuit breakers of
 

t:t;,ll ratings through 3 amperes have a high contact voltage drop. This 
I in series with a maximum allowed drop in power wiring is prohibi­

tl,requiringathat only larger ratings of breake rs such as 5 ampere s be 
e,1,ven on circuits with milliampere Loads. in turn, the higher rating 

"'.- breaker forces the use of a larger wire size to obtain proper 

-r and wire coordination. 

Switches - Many problems exist with the use of conventional 

- t'roncchanical switches. These range from contact arcing, bouince, 
lt .-r ;nid contact erosion to mechanical vear out. Contact resis­

!citcn increases with age and operationS. Purtherrnore, a switch 
P.m to of a i-mu],ti.pole configuration to give electrical isolation 
11-	 Switch function is used in several circuits. A veight and size 

"-its froa thVie mul-poa roquirocmnn• . Mecbaucal limnit 
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switches used for such operations as landing gear and gear door 
operations have critical adjusftment requirements and are often damaged 

I yshock 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. Proximit 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 conventiorial system has perform­
ance and EmIl characteristics which are less than desirable. A few of 
these are listed belbw: 

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

2. 	 Instantaneous contact opening and closing, contact bounce 
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 electromechanical contacts, loads 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 sustain at least 
a 3 per unit fault current for 5 seconds. This imposes 
weight and size penalties on ccmponents 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 zero 
crossover elirmnates these surges. 

6. 	 Problkn areas al,-,adv considercd are those of slow bus 
tra-nsler tihes and large step increases or decreases in 
loads. 



- Sold- ­*2 Advanced Ai caft Concept 

2. 1 System Description and Operaiion! 

Figure 2-2 is a schematic block diagram of a completely solid 
rtate aircraft power distribution and control system. As noted, the 
,veem is divided into three major subsystems -- signal generation 

fourccs], data handling, and power switching, Signal generation pro­
duces the bi-level signals associated wit control of the system These 

signals corresponding to manual operations, pressures, temperature, 
position, motion, etc. correspond to the control elements A, B, C, and 
1- previously shown in Figure 2-1, The dedicated data handling (DES) 
encodes and transmits the signals over a multiplex link to a program­
mable central processor called a Master Unit (MU) which performs the 
control logic operations. Output signals from the MU logic operations 
are transmitted over the same multiplex link,' decoded and individually 
hard-wired to solid state power switching and protection devices desig­
nated as power controllers. Power controllers are of two general 
types -- bus switching controllers (BC) and load switching controllers 
(LC). As implied the BC are used 'for power source and bus switching 
operation, functioning essentially as solid state power contactors. The 
1.C are located at the load buses and serve as load switches and circuit 
rprotectors. Individual power wires to each loadare routed directly 
-rom the LC at the bus to the load, 

The most apparent feature of the solid state concept is the 
eparation of power and control. Here, control can be performed at 
a low power level: a nominal 5 VDC at 10 milliamperes. The low power 
loels permits the use of small gage wire or flat conductor cable between 

Pignal sources and the remote input terminals (_kIT) of the DES and 
L-beteen the remote output terminals (ROT) and the power controllers. 

Figure 2-3 is a schematic block diagram, showing more detail 
,f ,h power switching subsystem. In referring back to Figure 2-!itt 
vcomnes apparent that the solid state system of Figure 2-3 is much 
-npler with fewer buses and a reduced bus switching requirement, The 

; rlority of each load is programmed into the control system, thus auto­
-"atcally monitoring and turning off low priority loads on a load basis 

source availability or capacity is reduced. Through switching and 
,nt'rol of tile individual loads, the emergency generator can be con­
'ctcd as shown in Figure 2-3 and the emergency and monitor buses 
h:'AInated. Under emergency conditions, only those loads with highest 

o.
i'rHi'can be enabled. Additional flexibility can be obtained by pro-­
igoad priority according to flig't conditions. Other features 

thle ability to program load sequencing such as to avoid step in­
*6or decreases of large blocks of loads. The capability exists for 
.. "avom .i load management. 

10 
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z. 2. 2 Subsystem Details 

Z Z. 2. I Signal Sources 

Signal sources for the advanced aircraft solid state system are 
of two general types: manual devices for crew station control, and remote 
sensors for functions such as position, motion, temperature, pressure, 
etc. The signal sources are completely solid state except for the mecha.n­
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 others. The bi-level output signal 
is a 101 or "I", 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 ohms. The signal level of 5 VDC at 10 milli­
amperes is chosen for noise immunity. Further, the low power level 1 
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-OFF 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 for the ON-OFF and ON-OFF-ON toggle switches 
are very similar to those of the slash sheet MIL-S-81619/1(AS), Toggle 
Type Electronic Transducer Switch. Additional development is necessary 
for other versions of toggle and push-button 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 issembly and' 
used to sense the LOCED or UNLOCIOMD condition 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 into 
the lock mechanisms, giving a much more 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 details on the early work witH} 
signal sources of this type, refer to reference 9. 18. No additional 
development has been performed in this area. 

2.2.2..2 Power Controllers 

The solid state power controllers are of two general classes -­

bus controllers (BC) and load switching controllers (LC). The LC can be 
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Is-CIFI CATION 

SWITCH; ELECTRONIC TRANSDUCTR; 	 TOGGLE TYPE
I 

The complete reauirements for procuri the switch described herein shall consist 
of this document and the issue in effect of Specification MIL-S-81619(AS). 

O-oe In 
-Keyway 


Output

S-


- Ground 

i.003 	 Circuit Diagram 
TERNIFAL IDENTIFICATION 

Wire Lead 
S3 0Color 

±-.04 Red Fewer In 340 ±8 
White Signal No. I Out 

.245 Dia Green 
Black 

Signal No. 
Ground 

2 Out 1 ± 
170 ±4* 

\ /t-. Mi0 

.69o 15/32-32 NS-2AI 

2 Reqred
 

.485 MS2
 

Red 

.940 - White 
Max
 

Max * -. 635 ----	 36" i -. 63Mew 

1. hr'ee to wiuhin 0.062 of shoulder. 
V irc le64- shall emerge from low-,r half of switch body below positioning keyway.
 
, t:,nof switch body optional.
r 

Ideutification to be placed cn 	surface of switch body located 180 degrees from positioning
keyvay. 
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REQUIREMENTS: 

,ECHNATCAL AND DDI SI0AL CHARACTERISTICS: 

Dimensions - in inches*
 
Tolerances - ± 0.01 inches on decimals ­

± 0.5* on angles 
Terminals - - Wire Lead (MIL-W-81381/1-26) 

Actuating Force - - -- .. .....-. 0.5 lb minimum 5.0 lb minximum 

Weight - --------------- - 0.68 pound maximum 
Strength of Actuating Lever ---------- 25 Pounds 
Strength of Wire Leads -- ----------- 5 Pounds Tensile 
Operating Cycles - -O------------ 150,000 minimum 
Enclosure -- --------------- Sealed - Watertight 

Metric equivalents to the nearest 0.01 millimeter shall be based upon I inch
 
25.40 millimeters. 

ELECTRICAL CHARACTERISTICS:
 

Logical State of Output Signals With Toggle 
Lever in These Positions
 

Part No. Opposite Keyway Side Center Keyway Side
 
Signal No. Signal No. Signal No.
 

204-99-i0-2 O 1 0 O _ 2
0 

0 1 [0 0 1 
204-99-10-1 1 None None 0 None 

(a) onfunctioning ter-minals shill not be supplied.
 

Maximum Supply Voltage-- --------- 8 volts DC 
Supply Voltage -- ----------- 6 volts ±5% DC 
Output Voltage, Actuated Condition 

(Logical '1') -.-----....-------- 4.5 volts minimum
 
Output Voltage, Unactuated Condition
 

(Logical '0') ...-....- ..-.-----0.6 volts maximum (whilet
 
sinking .007 amp) J 

Output Current, Actuated Condition ------ 9 milliamperes minimum 
Output Impedance, Unactuated Condition - - - - 50 ohms, minimum 

85 ohms maximum 

Input b;er 

Actuated and Output Connected to 510 ±.... .............. 0.35 watt maximum 
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0.35 wtt rnximmn 

- ..--.------- -- 0.35 wattrt axtma 

. ............ 250 nanoseconds maximum
 
,..............................250 nanoseconds maximum
 

................................ 1.5 microseconds minimum
 
8.0 microseconds m&imm
 

r ................................................. 1.5 microseconds minimum
8.0 microseconds maximum 

Svoltage) ..................... 250 ohm maximum
 

.. -- -. ---------- C. to 8i0C. 
,I Iz,-a.;4ftAfg) ------------------------------------ to 1506C. 
- - ------- - -------------- - Sea Level to 100,000 Feet 

-- -.-.-------- - --- 10 to 2000 Hz. at 30 g92s,0.1 in MA 
S .- - --- -- --- - ---- 50 g for 11 milliseconds 10 Hz to 78 Hz 

. . ...................... 50 g
 
--------------------------------- 98% 

-- - - ---.- --- - - - 5% Salt Solution for 48 Hours
 
--- - ------------ Per MIL-STD-202
 

S•1 Car2ntibility - Per MIL-SPD-461
sz ­



further divided into AC and DC units, The BC are presently designed 
only 	for 115 V AC, 400 Hz power dystems with a BC for each phase. Both 
BC and LC can be remoteiv locatek 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 lockout 
feature to prevent connecting two unsynichronized power sources together. 
The ON control and the LOCKOUT signals are both at a nominal 5 V DC, 
10 milliampere power level. The BC has the capability of switching 
between two unsynchronized sources in as short a time as one cycle 
(Z. 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 occurs only on a dead 
bus. Heat sinking is required for dissipation of losses from the BC. 

Two ratings of BC are under development. One is a 10 ampere 
unit, the other a 75 ampere unit. These have been developed to the 
engineering model stage, but do reflec+ some deviations from the 
specification as concerning weight, size, and case temperature. Full 
compliancd 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. 

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 drop 0. 5 V maximurn DC, 1. 5 V maximum AC 

4. 	 Leakage current: deice rating x 10 - 4 amperes at maximum 
case temperature (typical) 

5. 	 Operating case temperature range of -54°C to 1200C 

6z 	 Incorporation of internal power supply. 
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SPECIFICATION
 

PO-ER CO =-OLIMR, AC ms SWITCMIC-

SPSTr, iORMML 0±-nI, 75 A1EPUMB 

4.38 3.000 MAX -312 
Ni
 

" .750
.5.00 _L 
 -

2 .0 Powrer Input - 1 

S.-- /h - 28 u - 2A tD. Power Output - 2 
.100 L2PAE Control Signal- 3 

STUM 4-0 Uc-A TjD. Lock-Out Signal- 4 
4 PLACES Signal Grd- 5 

Power Ord 6 
TMUMNTP#4 TOP, ho BOTTOMO 

m.203 + .005 n 6 HOLES 

i.. Dimensions are in inches. 
Unless otherwise specified, tolerances are 1 .02 for two place decimals 
and 1 .005 for three place decimals. 
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.. oD 	 Df_3NSIONAL CHARACTERISTICS 

and Configuration 	 See Figure
 
See Figure
 

2 
- . .....	 .. 

anodized metal, sealed watertight! .. .. .. .Blade 
See 	Figure, terminals shall be electri­............
,ertinals................ 

cally isolated from case 

. . ........... ............................. .10.0 ounces maximum 

:temal. resistance case-to-sink ...... .................. .100 C/watt maximum with mounting 
torque of 15 in-lb
 

;=:.R.CAL CHARACTERISTICS (-54°C to 1200C case temperature unless other-ise specified) 

SPST (normally open)
Terminal arrangement................. 


- 120 volts rms
Rated operating voltage .............. 105 


Rated operating frequency ............. 
 400 	H'z +5% 
75.0 amperes
Current rating....... .. ......... ... 


..... ±8.0 volts dc maximumcontrol voltage ............... 

+5.0 volts dc . . . .............
Rated control voltage 


... +3.5 volts d minimumTurn-on voltage . . . ... .......... 

.... .+2.5 volts dc maximumTurn-off voltage .............. 


. . . . ;... 1.O cycle maximmntTurn-on time•............ 

Turn-off time .... . .l. ......... .... 1.0 cycle maximum
 

Not applicable
output rise time.... 
-Not applicableoutput fall time.... 
100 	megohms minimumInsulation resistance . ........
 

Isolation ......... . ....... .......... megohms minimum
 
500 	ohms +10 percent

Control input resistance. .............. 

Voltage drop ................ ....... 1.5 volts rMs ma~XmM
 

@ 75.0 amperes
 

Leakage current ........ ......... .. . . 1.0 milliamperes maximum
 
@ rated voltage
 

Power dissipation - ON..... ............. . . .120 watts maximum
 
.. -........5 watts raximium
Power dissipation - OFF 


Current limiting. ............. 
 Not applicable
 

Trip-out tine (non-repetitive reset)....... .. Not applicable
 
Not 	 anlicab'eTrip-out time (repetitive reset). ......... 


Rupture Capacity ............ ...... . .1000-ameres maximum
 
....... . .Not applicable
Reset voltage ............ 


. . Not applicable
Apklication time to reset. ........... 

Interruption time to reset. ............. Not applicable
 

Trip indication voltage .. . ........... Not applicable
 

Reset immunity ............... ....... Not applicable
 

Waveform distortion .............. 
 .... 	 1.5 volts rms or 12.0 
volts peak-to-peak 
maximum 

. ..... .. Not applicableTrip-free ........ . . ...... 

Lo'kout control voltage . . ............
. +8.0 volts maximum
 
Hated lockout voltage. . ...... . . . . +...
5.0 volts do 

... +3.5 volts dc minimumLockout "ON" voltage. . .. . . ..... 

Lockout "OFF" voltage. ........... . . .... .5 volts do maxim
 

lockout impedance. ........... . . . . .. 500 ohms ±0%­
200% for 10 seconds.Overload................ ........ 


maximum
 
Dim 	 control voltage .. .. ........ . . . No't applicable
 

Rated dim control voltage ........... .... Not applicable
 

Dim turn-on voltage .......... ..... . . .Not applacable
 

rim turn-off voltage ............. ...... Not aplicable
 
nerating voltage transients. 	 . . .ML-STD-704 

Transient spike overvoltage . . . . .ot applicable
 
Transient standby poter ........... ..... !4IL-STD-704
 
Control annut transients .... .100 volts applied
 

between terminals 
black and red, and 
white and red 

Zero voltage turn-on and turn-off.... .. ... Applicable
 
"I. sEfe current (@ 250C case)........ .. . 225 amperes
 
,.itc (operating cycles) ...... ..... ...... 1,000,000 inimum
 

-,o'e voltage .... .......... .. .... Not applicable
 
4c-zecrio standing voltage..... . . . . .. 000 volts ns
with 

o rinrference ........ .......... . !..L-STD-461
 

I q 



tVLI CHARACTERIBTICS 

... ..rati.g te.per tu.e 
storae teperature .. .. 
... . 

0 ratiol ....... 
. . . ere.ation .. . 

U- ude . . .... 

.. 

... 

. . .. 
. . -540c to +12000 

-65°C to +150°C 
IOOG for U-3 illseconds 

30 G,78 -2000 Hz 01 in. 
100G 
Sea level to 100,000 ft. 

DA 0 to 8Hz 

0
 



The AGC load controller as shown in Figure Z-4 contains a 'ower 
I 

switch, a power supply, a driver, circuitry for zero voltage crossover 
brn-on, current sensing, and circuit protection. 

Power Switch - The power switching elements are silicon con­

trolled rectifiers (SCR's) connected in inverse parallel. SCP"s have 
sufficient voltage rating to meet MIL-STD-704 voltage characteristics and 

a surge current rating compatible with the fault current that can be obtained 
in the generating system. 

Pow er 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 circuit commands 
the driver circuit to turn ON only at zero voltage crossover. 

Circuit Protection - Circuit protection is incorporited to protect 
the controllers as well as the external circuit. SCR' s do not inherently 
limit current as do power transistors; therefore, the AC controllers contain 
time current sensing and trip-out to protect the SCR's and to switch 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% are 
removed within 1/2 cycle [I. Z5 milliseconds]. Once tripped out, the device 
can be reset by applying a reset signal. The AC trip signal provides the 
information for three phase interlocldng 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 circuit protection. 

Power Switch - The power switching element is an NPN silicon 
power transistor. This power transistor has sufficient voltage rating to 
"Withstandthe high power dissipation during current limiting. 

Regulator - The internal regulator provides a buffer effect so 
t' at the voltage to the internal circuitry is independent of the bus voltage
Vi ations, 
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Drive Circuit - The power/transistor is driven deep intof 

saturation 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 - Liniting 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 foldbhck to protect the switching transistor during circuit protec­
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 enough to prevent 
nuisance tripping 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 a 5 volt 10 Yna signal 
[reset] from an external source or by removal and reapplying of the 
control signal. 

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

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

Both AC and DC load controller development has also progressed 
to the engineering model stage. Again, these units reflect some deviatiofis 
from the specification as concerning weight, size and minor circuit 
designs. Full compliance to the specification can be obtained through 
packaging using hybrid or integrated circuits. The model development 
includes ratings from 1 to 35 amperes. Table Z-Z shows the full range of 

25
 



80' 

30 - ------­

30 - .cjx~--___I~~.~~ 

o> 

ONB 

r------
I 

-2-

L o 

I P ----------­ *--* 

- () 

M- - -

Nw 

MM L 

Io6z 

H 

'SI IORC 



Ii 

130 
*1 

..o .....- _- -- ........ ..
 

100 

80 

20 
1.0 10 20, 30 40 50 60 70 80 

FT(AflU 
VOLTAGE ACT.OSS COTYR0LIM (VOLT)

2-8 OVEROAD aURMnITa LIMT11n OHA=MWflITICS OF DO POWER CONfTROfl 3 



TABLE 2-2 Load Controller Ratings 

Rating Type 
(Ampere s) AC DC 

1/2 X 
1 x X 
2 X X 
3 X X 
5 X X 
7 1/2 X X 
10 X X 
15 X X 
25 X X 
35 X X 

There are two configurations of an indicator driver, 
one with a dim mode effecave voltage of 12 volts 
and a second with 9 volts. 

* -There 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 tvo specification sheets to follow represent typical 
requirements for DC load controllers, 2 through 10. 0 amperes, and AC 
load controllers, 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 0. 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 i-e 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 taken into consideration in selecting the units to 
mount to a particular board. Worst case heat loads are about 25 watts for 
DC and 63 watts for AC boards. 
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__

SPECIFICATION
 

POWER COlnTOLLR, C LOOAD SWITCIG,
 
SPST, NOW4AL OPEN, 2 THRU I0.0 A RES
 

The complete requirements for procuring the controllers described herein shall
 
,,consistof this document and the latest issue of Specification MIL-P-81653.
 

1.015 
14AX 

1.015 
14AX PREFERENCE PIN DIAGRAM 

TERMINAL DESIGNATIONS ARI 
FOR REFERENCE ONLY, DO N(u,!dr APPEAR ON HEADER 

Stud 8-32 UNC-2A Thd 375-18 

2 Places
 

.500 
 Power In- l
 

Power Out- 2 
.050 Control- 3 

fTp Ind - 4 
44 Reset 5 
2 3 4 Sig Grd _ 6

1.015I 
.700 9 - +- 4 

567 .062 ±.001 Die Pin 
7 Places
 

000
.200

.600
 

NOTES: 

1. M-iensione are in inches. 
2. Unless otherwise specified, tolerances are + .02 for two place decimals and 

+ ;005 for three place decimals. 
3. Temainals shall be tin plated followed by a flow process or coated witi 

composition Sn 40 to Sn 70 solder conforming to QQ-S-571 to facilitate
 
soldering.
 

laIcZI~Th: 

!!:-'2!,UCAL UD DflnsSIONAL CHARACTBRISTICS 

Dinensions and configuration .. ........... .... See Figure
 
nlclosucre ....... ..................... ... Black anodized metal, se-led­

watertight

.flrinals . . ..... .................... . See Figure. Te-tzninals shall b3
 

,tc .orelectrica- isolated frc care 
.........................
.. . . . . 2.0 ounces n:itum,elreri tace-,ase-to-siv~h .. ... . 0 C/ij n irim th Tnun~inZ 

torque of 15 in-lb 



SCHIAACTERISTICS (-54VC to l2UC ease temperature unless otherwise specified) 

r inai. arrangement .... . . .	 SPST (normally open)
 
21 to 29 volts do
operatingcer voltage ... 

. . ... .... Not aplicableteA operating frequency 


,7urront rating. ....... ....... ...... 	 See Table T
 

. ±80 volts de maimumColtrolvotage .... 
volts do
F.tei control voltage .5.0 


. . . . . ... . 3.5 volts do minimum'rann-on voltage . . 
? rn-off voltage ......... .... .. .... +2.5 volts do maximum
 

,%n-n-on time........ ... .. . . . .. ... 0 milliseconds maximum
 
!rur-off time ........ .. ...... ... 6.0 milliseconds maximum
 
output rise time......... .... .... . :0.1 milliseconds minimum
 

-0.5 milliseconds maximum
 
output fall time .................. 0.5 milliseconds minimsm
 

5.0 milliseconds maximnum
 
Insulation resistance .... ............... .100 megohms minimum
 
Isolation . . . . . . . . . . . . . . . . ... lO megohms minimum
 
Control input resistance . c e. . ........ 500 ohms t.-0 percent
 
Voltage drop ........... ......... 0.5 volts do maximum
 

@ rated current
 
Leakage current . . . . .. .. . ..... .. . . See Table I
 
power dissipation - ON (Maximum).... . . .. .. See Table
 
Pow'er dissipation - OFF(MaxiMUm)............. .See Table I
 
Current limiting....... .................. See Figure 1 of MIL-P-81653
 
Trip-out time (non-repetitive reset) ........ 	 See Figure 2 of MIL-P-81653
 

(30 seconds minimum between resets) 
Trip-out time (repetitive reset)... .......... Applicable 
Rupture capacity....... .................. 4000 amperes 
Reset voltage ........ ................... +3.5 volts do minimum
 

+5.0 volts do nominal
 
+8.0 volts do maximum
 

Application time to reset ............ 5.0 to 20 milliseconds
 
Interruption time to reset............. 5.0 to 20 milliseconds
 
Trip indication voltage .. ,...... ... ...+50 volts do ,10%
 

@ 10.0 milliamperes
 
Reset immunity ,. . ... . . Applicable
 
Waveforn distortion .. .. .Not Applicable
 
Trip-free ........ .. Applicable
 
Lockout control voltage .. , .. ... Not Applicable
 
Rated lockout voltage . Not Applicable
 
Lockout "ON" voltage. ........ .... ... Not Applicable
 
Lockout "OFF"Ivoltage . Not Applicable
 
Lockout impedance .. . ..... .... .... . Not Applicable
 
Dim control voltage . . . . .,. ,.. .... Not Applicable
 
Rated dim control voltage ........... .. Not Applicable
 
Dim tarn-on voltage . . Not Applicable
 
Dim turn-off voltage......... . .. . . Not Applicable
 
Operating voltage transients. .MIL-STD-4
 

Transient spike overvoltage........... . ±600 volts do
 
Transient - standby power ..........	 Not Applicable
00 volts applied betwee......Control input transients. ... 


3 and 6, and 5 and 6
 
Zero voltage turn-on and turn-off . . .. ... .. Not Applicable
 
Fail safe current (@ 250C case) ..... See Table I
 
Life (operating cycles) ..... ... ......... 1,000,000 minimum
 
Dim mode voltage... .... . .. .. Not Applicable
 
Dielectric with standing voltage... ..... . 1000 volts rms
 
Radio interference ..... .-.. , ... MIL-STD-A6l
 

L,;v,0 mTAL
CHAMACTERISTICS:
 

Ccs e operating temperature .... ........... 54C to +120°C
 
1-e storage temperature .............. -650C to +1500C
 
-k . . .. . . .. OG for 11 millisecond
 

Vi*bration....................
 
Vibelrat on. . . . . . . . . . . . . . . . . . 30G, 78 -2000 Hz 0.1 in DA 10 to 7$8 H

Utcsleration............ ............ . ... 1OOG
 
titde.............................Sea level to 100,000 feet
 



Part number: Consists of the basic number of this specification sheet 
and a dash number from Iablc I. 

EMNIP: [-M81653/2-0001-l 

Basic document Dash no. 

TABLE I. Dash numbers and applicable characteristics.
 

Part Number Current Power Dissipation Leakage Cuarsenaf 

M81653 /2- Rating * (Watts) I Lakauren iCurrent 

(amps) On Of (microaperes) (ans) 

156 500 30.00001 2 2.0 
500 3000002 3 2.5 .158 

0003 5 4t.5 .161' . 500 30.0 
ooo0 . .17- 1oo 60.0 

0005 10.0 6.5 .178 1000 60.0. 
* inductive, Capacitive, Resistive or Lanf2 
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ELECTRICAL CHARACTERISTICS (-54uC to 120TC case temperature unless otherwise specified) 

Terminal arrangement ............ SPST (normally open)
 
Rated operating voltage ....... .......... 1.05 to 120 volts rm'
 
Bated operating frequency ....... ......... 1O0 Hz + 5%
 
Current rating ..... .............. .... See Table I
 
Control voltage ..... . ........ ....... + B.0 volts do mazxi-m
 
Rated control voltage .... ......... . . . ... 5.0 volts de
 
Turn-on voltage ....... ................ + 3.5 volts dc minimum
 
Turn-off voltage ....... ........ .... . +...2.5 volts do maximum
 
Turn-on time ............. .... ... .. 1.0 cycle maximum
 
Turn-off time ......... ...... . . . 1.0 cycle maximum
 
Output rise time ........... ........ .... Not applicable
 
Output fall time ....... .......... .... .. Not applicable
 
Insulation resistance ..... ....... .... . megohms minimum
!..100 

Isolation .......... .................. . 10 megohms minimum
 
Control input resistance .... ............. ... 500 ohms + 10 percent
 
Voltage drop ....... ................... .. 1.5 volts rms @ rated rAXZ
tnt 
Leakage current ....... ................. l.O.milliamperes maximum
 

@ rated voltage
 
Power dissipation - ON (maximum) ......... See Table I
 
Power dissipation - OFF (maximum). ........ See Table I
 
Current limiting ... .............. .. Not applicable
 
Trip-out time (non-repetitive reset) ......... .See Figure 3 of MIL-P-81653
 

(2.0 	seconds minimum between 
resets) 

Trip-out time (repetitive reset) .. ......... ... Applicable
 
Rupture capacity . ..... ................. 400 amperes maximum
 
Reset voltage ....... . ...... ........... + 8 .0 volts dc maximum
 

-+ 5.0 volts nominal 
+ 3.5 volts do minimum 

Application time to reset ....... ........... 5.0 to 20 milliseconds 
Interruption time to reset .. ........... . 5.0 to 20 milliseconds 
Trip indication voltage ..................... + 5.0 volts dc + 10% 

@ 10.0 milliamperes 
Reset immunity ......... .................. Applicable 
Waveform distortion ......... ....... . . 1.5 volts rs or 12.0 ­

volts peak-to-peak maximum
 
Trip-free . ....... ............... Applicable
 
Lockout control voltage ............. Not applicable
 
Rated lockout voltage ....... ........ Not applicable
 
lockout "0N" voltage....... .. .. . . ot applicable
 
Lockout "OFF" voltage ......... Not applicable
 
Lockout impedance ...... ................ . Not applicable
 
Dim control voltage ........ ............... Not applicable
 
Rated dim control voltage .... ............ . Not applicable
 
Dim turn-on voltage ...... .......... ... ot applicable
 
Dim turn-off voltage ...... .............. ... Not applicable
 
Operating voltage transients ... ............. .L-STD-704
 
Transient spike overvoltage ........... Not applicable
 
Transient - standby power ..... ........... ].-IL-STD-704
 
Control input transients .... ........... . 100 volts applied between
 

terminals 3 and 6, 5 end 6 
Zero voltage turn-on and turn-off ......... .. Applicable
 
-ail safe current (@ 250C case) .... .... . . See Table I
 
Life (operating cycles) .... ............. ... 1,000,000 minimum
 
Dim mode voltage.... ................. Not applicable -


Dielectric withstanding voltage ..... ......... 1000 volts rms
 
Radio interference ..... ................ . .. 2aISTD-461
 



ETVIROlMhTAL CHARACTERISTICS 

Case operating teperatire . . . . -540C to + 120 C 
Case storage temperature . .. .. -65'C to 150C 
Shock .......... ... .10OG for U milliseconds 
Vibration .... .. *.30G, 78 -200Q Hs 0.1 in DA 10 to 78 Hz 
Acceleration ....... .. 1..10G
 
Altitude ............. . .......... .. .. Sea level to 100,000 feet 

Part number: Consists of the basic number of this secif-ication sheet and a dash number 
from Table I. 

Eamplei M8653/4-0001- 1 

Basic document Dash HIO. 

TABLE I. DLash numbers and applicable characteristics. 

Part Number 
Part Nuer 
1481653/4 

Current 
Rating* 
(amps) 

Power Dissipation 
(Watts) 

On Off 

Fail Safe 
Current 
(amps 

0001 1 1.75 .311 5.0 
0002 2 3.25 .311 15.0 
00I 
04 

3 
5 

4.75 
.0 

.311 

.311 
15.0 
15.0 

0005
ooo6 

7.5
10 

1.15 
l6.0 

.311 
.311 

30.0
30.0 

0007 1 1 2 vac2 1.15 .. 0 

* Inductive, Capacitive, Resistive or Lamp 
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Load controllers rated above 10 amperes must be mounted to
 
separate heatsinlcs, preferably vehicle structure.
 

2, Z. 2. 3 Data Handling System (DES) 

The solid state Data Handling System (DHS) accepts discrete 
inputs from signal sources. These inputs are sampled sequentially 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 solid 
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 contrbl for the DES. 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) and 
(Z) 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 viciniy 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 Addredss party line. Up to 16 lIT'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 a unique address. 
Sixteen 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 addr'ess line. The output data is received 
and presented to the ROT output for control of the power switches. A 
single address from the MU initiates the transfer of 64 input data bits 
from the PiT 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 RT1 s to 
provide information for Built-In-Test Equipment (BITE) analysis, 
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The reliability requirements are such that no single failure 
within the DHS will result in a degraded system performance. in order 
to achieve this degree of fault immunity, redundancy must be incorpor­
ated in the system design. Two Master Units, designated primary ncd 
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 sources (+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 2-11. 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) are stored in non-volatile membry 
in the Fault Indicator Pahel (FIP). The FIP also provides pre-operational 
test circuitry and a manual override. The manual override control is 
duplicated on the Pilot Control Panel (PCP) and allows manual sel~ction 
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) stored in the MU memory and verified by this unit. 

The Decoder Unit (DU) s a special ground support test set 
primarily for troubleshooting a malfunctioning systemor for initial 
evaluation of an installation. 

A surnmary 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, perfoim logic equations that interrelate these 
signals, and distribute 1024 output signals with complete routing flexi­
bility. The response time requirement for potver controls is primarily
constrained by the ability of the pilot to perceive the delay. This is 
accepted to be nominally 100 milliseconds (m sec)" therefore, the design 
requirements was established that the system worst case time -to­
respond should not exceed 50 M see. 
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TABLE 2-3 Data Handling System Characteristics 

No. Remote Input Terminals (BIT) 


No. Remote Output Terminals (ROT) 


No. Master Units (MU) 


Input Channel Capacity 


Output Channel Capacity 


Data Access Rate (frame rate) 


Mean Time to Respond (Lput to output) 


Programmable fROM) Memory 

Capacity 

Logic Equation Capability 

input/Output (R"_)Memory Size 

Scratch Pad (SPM) Memory 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 

096 words at 16 bits per word 

1000 equations 

1024 bits each 

64 bits 

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

240 K bits per second (bps)
 

375 K bits per second (bps)
 



The solid state power controllers used as the basic load 
switching elements will respond much faster than the presently used 

secure fromrelays. This means that the system moust be even more 
short term transients than a relay system. This 'flight-essential" 

system must have a data security characteristic so good that the 
possibility of erroneous 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 
interface, transmitters and receivers, control logic, etc. Therefore, 
a trade-off must be made between a few terminals with a large nunber of 
channels and a large number of terminals with a few channels for the 

particular system under investigation, For a typical fighter type aircraft, 
the optinum weight trade-off occurs at 64 channels per terminal, with the 
number of terminals being controlled by the complexity of the aircraft 
power control system. Sixteen terminals (I024 control functions) were 
selected as the maximum requirement for fighter aircraft of the 1970-80 
time period. This arrangement, in effect, reduces the average power 
control wire run from approximately Z0 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 DIS is time 
division multiplex. Each channel is sampled in sequence, until all 
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 
innumerical sequence, 1 through 64, immediately after the terminal 
address.
 

The transmission of control data over a line throughout the
 
aircraft requires a maximum noise irmmnunity. The D-S utilizes a 
twisted shielded pair of wires, low impedance line, and basebound hi­
phase modulation of the data. Bi-phase modulation utilizes one complete 
cycle for each data bit, a positive-negative cycle conveys a binary "i", 
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 optimum noise immunity to the electrical 
environment of the aircraft. 
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The DES word structure is derived from two basic system 
considerations: data security and system reliability. The data security 
requirements indicate a need for more protection from erroneous data 
reception than normal data-systerns. 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 errors is 
receiver phasing. If a unique signal can positively identify the initiation 
of a data block, then the likelihood 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 DES word structure as shown in Figure Z-12. Each word 
consists of 24 bits, and is initiated by a unique sync. The "Invalid 
Manchester", which is a bi-phase "1" stretched in time to three bit 
periods, followed by a normal bi-phase "I" provides an easily recog­
nized signal that assures receiver phase synchronization. The bit 
assignment in each word is as follows: 

Bit Function 

1- 4 Sync 
5 ID, identifies whether word is address-control 

lit' or data '10" 
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 groups and 
transmitted in four data words. The master unit addresses the remote 
terminals in input/output pairs. Each terminal is individually instructed 
whether its primary or secondary circuits are to be used. The remainder 
of the data field is composed of control and BITE instructions, and expan­
sion capability. The response from the input and output terminals includes 
their own identification and BITE function reports. Each of these formats 
is shown in the figure. 

The multiplex-transmission system must accomplish two 
primary system functions -- the collection of a large number of control 
inputs and the distribution of the results of logic equation solutions to a 
large number of outputs. It must also convey the address, BITE, and 
control information between the Master Unit (MU) and each Remote 
Terminal (RT), Within the constraints of the svsteni design (loop con­
nected line, fault tolerance, etc.) this can best be accomplished using 
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two lines. The "address" line is used by thA6 MEU to transmit to al the 
terminals. The "response" line is used by all the terminals to transmit 
to the MU. Therefore, the address line consists of one transmitter and 
numerous receivers, and the resp6nse 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 Z-13. The 
frame format provides a capacity for Z0 messages. A message contains 
all the communication between the IU and an input/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 WJ transmitting an I/O pair 
address on the address line. This is followed immediately 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 recognizes its address, it replies on the response line 
with-its status word and four words of data. The Lime constraint in this 
message structure occurs when the RIT must transmit 5 words during the 
time the M\1U is transmitting 4 output vords. 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 sooner than the MU, During the time of the ROT status word 
transmission, the IvU is transmitting the next I/O address. 

The time division multiplex 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. 

Ir effect, there are two multiplex systems operating over the 
same data line; one to acquire control input data from the remote term­
inals and insert it in the MU's Input Random Access Memory (IRAM); and 
the second one to distribute the contents of the Output Random Access 
Memory (ORAVI) to the remote terminals. The Out-put 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 or state of any output channel and 
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input channel 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 for 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 se~uentially 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, channel 1, 2, 3, etc. ; terminal 2, channel 1, 2, 3, etc.) each 
frame. 

Second, the ROM sequentially reads all logic operations stored. 
information is acquired from the IRAM, by address, at a time 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 a non-interference 
basis. The ROM instructions may acquire a number of inputs -- perhaps 
widely separated -- perform various logic operations, and insert the 
results in the ORAM. 

Third, this operation consists of sequentially sampling the 
contents of the ORAM, and distributing this multiplexed information to 
the output terminals. 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 timing. This is 
the store and compare circuit in the output terminal. This circuit stores 
the information received from the multiplexed ORAM and provides an 
output only when two sequential receptions agree. In essence, this 
circuit requires that the three operations just described be peirfotmed 
twice, with the same result, prior to changing the state of an output. 

The DES timing is such that the worst time-to-respond (output 
change with change in input) is 40 milliseconds. The minimum time-to­
respond is 10 milliseconds with a nominal time-to-respond of 25 milli­
seconds. System timing must be considered on time dependent or critical 
signals. Such signals may need to be hard-wired rather than transferred 
over the dedicated DES, The equation of control signals to power con­
troller may contain a time dependent variable. In those cases all non­
dependent variables could be processed by the DHS, The output of the 
DES could then be combined in the required fashion with the time depen­
dent variable. This last step could be in the form of hard-wired 



integrated logic. The output of the logic-would be used to drive the 

power controller, 

The mnost ihnportant design consideration for the solid state 

Data H-andling System is the integrity and reliability of the intercom­
munication link. The design of the transmission lines and interfacing 
receivers and transnitters is one which offers the following advantages: 

1. 	 Twisted pair shielded cable driven in a balanced config­

uration is used for maxinum noise inmunity. 

2. 	 Bi-phase Phase Shift Keyed (PSK)modulation, with 
coherent reception, offers an optimum bit error rate 
versus signal to noise ratio. 

3. 	 A unique word sync provides a highly reliable synchron­
ization. 

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

5. 	 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. 

6. 	 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. 

7. 	A "lossy" line configuration is used which provides 

"graceful degradation" under multiple fault conditions. 

The receiver operates over a wide dynamic range of 2. 0 
volts to 20 millivolts so that fault conditions (shorts) may 
be acceptable for operation. 

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

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

The format and coding characteristics of the transmitted address, data 
and status (response) information is sel6cted to provide a high ratio of 
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information transfer to signal bandwidth. The basic element 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] address, [2] data, and 
[3] status (response) words. 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. There are 20 
message slots per frame, with a frame 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 = i00 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 1 F/S x ="240 K bps.100 240 B/F 

The response contains six words, five of which must occur 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 Kbps minimum 
Tolerance (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 instructions 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 alterable on the ground by use of the Memory 
Loader/Verifier (ML/V) support equipment and a punched paper tape. 

The system tining supplies RT addresses, which are combined 
with instructions, for transmission to the RT's. Address information is 
also supplied to the ROM to sequence the program instructions from 
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=.emory, The instructions are decoded in the instruction decoder from 
operation (op) codes read out of the ROM. Instructions are furnished 
.or 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). 
Logi& operations are performed under control of the ROM utilizing data 
from the IRAMvI 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 the Output Random Access 
Memory (ORAM) for presentation to the ROT's, The Built-In- Teat 
Equipment (BITE) in the MIU 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 MlU'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 Mlaster Control Unit is packaged within a 6. 125 x 7. 750 x 
5. 625 inch volume as shown in Figure 2-15. The unit w-eighs about 15 lb­
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 
to 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 conductie ther­
mal paths from the aluminum memory planes to its main mounting 
surfaces on three sides. Tnis 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 unit for removal of the stack. This mount­
-ng arrangement provides a mechanically rigid and thermally optimum 

onfiguration within the constraints of maintenance ease. 
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The Remote Input Terminal (SIT) provides the interface 
betwVeen the Data Handling System and all control input signals. The 64 
cha3nnels of the RIT accept a nominalbzero and 5 V DC signal as the "0f 
zad %litbi-level control input. The RIT receives and processes all MU 
transmissions, and when an address-instruction word correlates with 
the RT code wiring in the aircraft harness, the -IT sequentially deter­
mines the state of all its input channels and transmits these to the M,4U. 

The RIT is redundant with cross-coupling utilized to provide 
a measure of multiple fault tolerance. The two power supplies are 
coupled to redundant power sources, so that either supply will be oper­
ated from either source. Both receivers are continuously operated and 
will accept power from either power supply, so that the MU will main­
tain communication and control of the RIT even under worst case condi­
ions. 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 &nyother malfunction be indicated by the internal 
BITE circuits, these are reported to the MU BITE for decision and control 
instruction. 

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

The RIT will be packaged within the 4. 30 x 5. 25 x 2. 00 inch 
volume shown in Figure 2-16. The main housing will be machined from 
solid aluminum stock to provide a lightweight structure -with a single 
rem-ovable connector end plate consistent with the requirements specinied 
in MIL-E-5400K for Class Z equipment. The internal electronic PC 
boards will cantilever mount directly to the.removable connector plate
The PC assenbly will be completely ruggedized after final asserbly into 
the housing with a one-patt, 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 straps 
directly between the housing and the components. 

The major difference in design between the remote input and 
output terminals is in the handling of data. The RIT, of course, delivers 
daita on demand to the MU, vhile the ROT accepts 64 bits of data from 
tfhic MU on the address line imn-ediately following the address. The data 
ISdelivered in four 16-bit word groups, similar to ths output of the RIT. 

Sche following are the significant features of the ROT operation: 

1. Tro successive data bits must 10e. received&der:1cl 
before a change in output state is made tu the output, 
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2. 	 The prinary/secondary svitchover must be accom­
plished when a primary failure is detected without 
creating output transients. 

3. 	 The information contained at the, output driver must be 
held. in storage during a primary power interruption of 
at least 50 m sec to prevent 6xcessive delays when power 
sources are switched. 

4. 	 The output driver must deliver 10 ma into a 500 ohm 
load in the high state over the full temperature range. 
Short circuit protection is required. 

The ROT will be packaged within the 7. 5 x 5. 0 x Z 0 inch volume 
as shown in Figure 2-17 and will weigh about 2. 2 lbs maximum. The 
general -packaging technique for the'ROT is identical to the RIT. 

The Fault Indication Panel (FIP) 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 all 
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 trip 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 override 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 development of a DYIS for advanced aircraft solid state 
electrical system has progressed to the point of engineering models and 
advanced breadboards, A performance specification has been prepared 
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and equipment is being designed and fabricated for a solid state system 
simulator. The MU, remote terminals, transmission lines and support 
equipment have advanced to the engineering model stage. These 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 designed 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-n-Test Equipment (BITE) design for 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 space6raft development'requirements. BITE for load controllers 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 DES 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 
or 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 DES 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 pf a malfunction must be guarded against 
by the use of isolated 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 vill perform with a minimum of detrimental effects; 
and [4] pro-ide 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 hardware 
malfunction, is achieved through the use of isolated 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 jdentLical transient type failures 
as described in the previous paragraph. NOTE: A single failure is 
assumed to be a transient until it becomes repetitive, nt which time it 
is then clas sed as a hardware inalfunction. 

57 



Requirement [3], multiple failures analyzed and selective 
judgment implemented by manual control, is achieved by reporting 
(displaying) to the pilot a collective status of current hardware mal­
functions and supplying switches to manually select the primary or 
secondary redundant unit. 

Requirement [41, 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 isolated 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 2-4. 

2. 2. Z.5 Support Equipment and Software Program 

To date two-pieces of support equipment have been identified 

and defined for the advanced aircraft solid state electrical system. 
Both of these are in support of the DES. One is the Memory Loader/ 
Verifier (ML/V) and the other is the decodur unit (DU). As the design 
of the system progresses, undoubtedly additional support equipment 
requirements -willbe established for signal sources and power controllers 
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 reader, [Z] display and con­
trol panel, [3] logic card tray, and [41 power supply assembly. The front 
panel layout and overall assembly of the ML/V is shown in Figure 2-19. 

21_1 3/--- I - - --------
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TABLE 2-4, PL-MUX SYSTEM BITE DESIGN---
MAJOR FFA IRES 

7_TION PURPOSE ACTION TAKEN 

i) Transient Errors 
a) Xg~am Mmory Parity Checks parity of information read A single parity error in a frame inhibits' out­

from MU memory put to the ROT's for the remainder of the framne. 
A second parity error in a frame causes switch­
over to th! redundant tJU 

b) 1ransmizsion. Parity 1) Checks validity of transmitted 
information 

2) Signify transmission system 
hardware malfunction 

i) 

2) 

Two successive parity errors from an 
RT causes the MU to switch to the 
secondary portion of the RT. 
Parity errors from all RT's during two 
successive frames causes MU seitch-over 
to standby MU 

Mo c) Ourcput Integation 
(Pump-up or digital 
filtering) 

Ignores short-time spurious dis-
turbances (noise, spikes, etc.) 

Outputs do not change until two successive 
identical commands are received 

2) ?1rdwr:re faifunctions 

a) End to End System Test Exercises all system components 
with test data to assure-proper 
operation. This occurs on a con-
tinuous basis even daring flight. 
Checks continuity and mating of 
connectors on RIT and ROT. Dis-
continuity shows up as failed 
RIT or ROT 

1) Two successive failures of a RIT causes 
switch-over to the redundant half of BIT 

2) Single error inhibits ROT output; errors 
in successive frames causes switch-over to 
the redundant half of the ROT 

3) Detection of failure of all Ri or ROT 
BITE data inputs causes switch-over to 
standby MU 

4) Detection of failure in MU input/output 
memories, RUM, scratch pad memory or 
equation computation causes svitch-over 
to standby MU 

Note: Operational status of MU's, RIT's, and 

ROT's are indicated on BITE panel. 



TABLt 2-1fPL-MUX SYSTEM BITE DESIGN (CONT'D) 

FJNCTON PURPOSE ACTION TAKEN 

b) Improper/no response Determine if the proper RT ad- Upon detection of malfunction the addressed 
check dressed did reply with a response ET is switched to its redundant half 

word and that this response word 
did occur at the proper time with 
correct response information 

c) MU timing check Detect failure of MU timing Switch-over to standby MU 

3) Pre-flight and post- Maintain status and failure Most cases indicators are latched to hold 
flirai checkout indication for monitoring an indication of a failure 
indiceStion system status and health 

4) Power Control 
0\ o s) P1, Detect failure of RT power Switch to redundant power supply 

supply 

b) XTr Detect failure of. MU power Switch to standby MU 
supply 



Preparation of the tape for programming the IMU and used on 
the ML/V can be prepared 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 commercial computer with a tape punch 
output to prepare the octal (ASC II) coded tape. A software program has 
been prepared to perform this function. The program accepts 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 to other data processing systems. 
The program has been run and debugged. A tape has been prepared for 
programming an aircraft solid state 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 valuable 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 unit is packaged in a port­
able form for convenience, and may be connected to the system at the 
Fault 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 th& system. 

The front panellayout for the DU is shown in Figure 2-20. 
Remote terminal 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 Nvord bits are 
marked on the panel for convenience in identification. Test points are 
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 pover source. A power cable for
 
connection ve'the 115 V, 4oo Hz power source is pro-vided. A cable
 
assembly is provided to connect the DU to the FIP and a second cable
 
allows connection to +he DES transm-ission lines at any selected remote
 
terminal location.
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2.3 Advanced Aircraft Concept -Hybrid 

Figure 2-21 is a schematic block diagram of the selected 
hybrid aircraft power distribution and control 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 controlled 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 
from one source to another. Since each load is controlled individually, 
programmed load nonitoring and load sequencing can be used just as 
proposed for the solid state system. -It is also apparent that the hybrid 
system 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 wiring, size 
and complexity of the harnesses. The hybrid system is still subjected to 
the problems associated with electromechanical circuit breakers and 
relays. For access during flight, the circuit breakers, buses and bus 
switching devices must 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 limited to the DES. 

The hybrid system is a compromise between the conventional 
and completely solid state approach. It does not satisfy all the objectives 
of this program, but does offer an excellent compromise. 
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tO0 ADVANCED SPACECRAFT PEQUDIVTh'ENTS 

There are several differences in requirements and operation 
between electrical power distribution and control systems for spacacraft 
and those for aircraft, There are also many common requirements, The 

proposed shuttle vehicle poses an interesting challenge, incorporating 
the requirements and operation of both a spacecraft and an aircraft into a 

single vehicle. 

Standardization of systems hardware for aircraft systems is 

considered an important item. This is due ta 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
 
problems; the need for commonality of support and maintenance facilities;
 
the long operational life of an aircraft; reduced maintenance and operations 

- training, etc. Standardization 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 many 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 aircraft 
in operation. There are many differences between different types of 

spacecraft as related to configurations of systems, purpose, and mission. 
Standardization often dictates a compromise in weight, size, reliability, 
and performance. Often the spacecraft design constraints cannot tolerate 
the compromises imposed by standardization. With these points in mind,
 
it becomes economical to consider unique designs for different types of
 
spacecraft.
 

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 offering an early 
opportunity for correction of malfunctions and failed equipment. Proposed 
missions for advanced spacecraft are measured in days, months and years; 
the opportunity for maintenance and repair is lLnited. 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 reliability confidence level for spacecraft hardware than those fo z 
aircraft, Normally higher safety factors are designed into the spacecraf 
hardware. 

The vacuum and thermal vacuum problem is alien to aircraft 
designers. For spacecraft, special considerations must be given to paclk­
aging, sealing, out-gassing and -oltage brAardown, Arc-over and voltage 
breakdown are critical at altitudes from 80, 000 to 300, 000 feet. In a 
thermal vacuum, equipment pover dissipation and losses become of prime 
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importance. Not only must waste heat be dilssipated by sophisticated 
cooling systems, but the losses impose critical 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 resoit to cold plate, liquid cooling. Application 
of the solid state electrical power distribution and control system to 
spacecraft will require modification to incorporate the cold plate cooling. 
Further, means must be investigated to reduce the power dissipation and 
losses. 

Primary electrical 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-fature spacecraft will 
continue to use 28 V DC as the primary power for space operation. This 
being the case, DC solid state device current ratings are anticipated to be 
much larger than normally used on aircraft DC systems. For longer 
range applications such as the space base, AC power at higher voltages 
and/or higher frequencies (1200 Hz) may materialize. High voltage DC 
s-ystems may find application. • In any case, the more exotic types of 
power will generate the need for redesign of solid state switching systems. 

Rather sophisticated general purpose data handling systems (DHS) 
are under investigation for advanced spacecraft. This poses the question 
of whether electrical power systems (EPS) should use the general-purpose 
DES or the dedicated DHS similar to that described for aircraft advanced 
systems. Considerations involved here include criticality of the EPS, 
signal safeguards, volume of data, essentially contnuous control logic 
equation computadons, efficiency of operations, programming, and many 
more. If the general purpose DES is selected, then the solid state switch­
ing and DES must be designed for a compatible interface. The problem of 
general versus dedicated DHS must be given serious consideration since 
that effort was not within the scope of this program, 

The volume of data, computations and transmission line lengths
of the dedicated DES for the aircraft 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 base will dictate an extension of the data handling capabilities 
and transmission line lengths of the aircraft DHS. 
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Advanced spacecraft systems are considering sophisticated 
integrated controls and displays. The solid state system and controls. 
display interface remain to be defined, 

Advanced spacecraft will be subject to space and in some cases 
nuclear radiation. 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 lackdng in complete systemn 
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 

REQUIR.EME NTS 

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 state signal source and its interconnection 
to the remote input terminal (HIT) 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 HIT 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 to the MU foi- 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 required for excitation and driving power, 
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 design, components and 
overall complexity. 

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

The above characteristics 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 interconnection to the 
modified remote input terminal (IT). The same basic function is performed 
by the switched impedance signal source as was for the previously described 
signal source but now the power supply is eliminated, signal source power 
is reduced, a wiring lead is eliminated, and full-time BITE incorporated. 
The RIT does require modification, replacing and adding additional 
circuitry. 
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The basic chamges include tle addition of circuitry equivalent 

to a switched impedance network in the signal source. The signal source 
circuitry would probably be redesigned to up-date and simplify. The PIT 
would be modified to 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 PIT. The voltage detection circuit 
is redesigned to include additional detection and control logic functions. 

_7he control logic is used to distinguish between a control signal and a 
BITE fault signal. Power to the signal source (10 ma for EMI imr=unity) 
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 one 
time is . 05 x 64 = 3. 20 watts. This is comnpared with the 210 watts for 
the present units. 

For purposes of discussion a switch (Sl) is shown symbolically 
as 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 -- R1 and It2 

where R? = - 1 + RPc. -The signal source output is therefore a developed 
voltage that is l-ti or 1KZ for "OFF" and "ON" respectively. The impe­
dance values are selected such that the output voltage is suitable for 
driving the detector circuit logic. An intriguing facet 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 signal source circuitry will result in an abnormally high or low 
output voltage as opposed to the normal !lR1 or IR2 voltage. Voltage 
detector-thresholds 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-Z. 
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 RI 11a. 
sample period, the fault signals are serially transferred to shift registes 

Input Terminal (RIT-MIT), The
in the Remote Input Terminal-Monitor 
functions of the KIT-MIT will be discussed later under the Data Handlingi 
System (DHS). 
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4. Z Power Controllers 

There are several modifications and improvements which 
could be made for application of power controllers to a spacecraft 
system. Some of these are deemed necessary; others are desirable 
from an improyed weight, size, reliability, and performance stand­
point. Foremost is packaging to satisfy specification requirements. 
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/or 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 be gained as well as potential 
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 
internal 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 contr_ oller module. Typical package configuration and 
requirements for a 16 -channel load controller are given in the preliminary 
Specification sheets at the conclusion of this section. The module as shown 
would mount into a rack assenbly, providing the cold-plate cooling. 
Shmilar specification sheets have been prepared for an 18-channel AC load 
controller, 
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Adantages of the 16-channel DC load controller module are 

listed below: 

(1) 	 Instead of a separate, small power supply for each load 
controller module as used in the single-channel unit, the 
multi-channel unit would use a higher capacity, more 
rugged power supply serving control circuitry in all 16 
channels. The higher capacity power supply can be 
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. 

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

(3) 	 The multi-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. 

(4)-	 The package walls would serve as a common surge block 
and heat sink which in effect eliminate s the equivalent 
weight of 16 surge blocks on 16 single-channel load con­
trollers, 

(5) 	 Input power, power grounds and signal grounds can be bused 
within the multi-channel load controller 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 to 6. 

(6) 	 Conservative estimates give a 1/3 reduction in weight and 
volume of a 16 -channel load controller module compared 
to 16 individual s'ingle-channel load controller modules. 
A further reduction to as much as one half is not unrealistic. 

(7) 	 Overall improved circuit performance and simplification 
can be realized in the multi-channel load controller module. 
The higher capacity power supply with im-proved performance 
can provide higher control circuit driving power resulting 
in higher gains and improved operating efficiency. 

74
 



Current limiting is a desirable feature to add to the AC load 

controller, permitting the surge current rating of the SCR to be reduced.
 
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 EVA generators 
and larger, a bus crowbar device has to be ased. 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 the crowbar. The crowbar then per­
mits the load controllers to use a smaller clip 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 flow 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 controller 

operation under normal conditions. 

The load cbntrollers presently under development have no means 

of performing Built-In-Test. This problem has been considered 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 overload 

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 controller can be divided into two 

general types -- control circuits and power circuit. The control circuits 
using highly reliable hybrid integrated circuits can be built with large 
safety factors and is not subject to the high stress levels of the power 
circuit. Due to the expected high reliability of the control circuits, em ha­
sis will be placed on checkout of the power circuit. The power chip use.? 
for the solid state power switch is subjected to high electrical and thermal 
stress levels. Further, the chip is operated close to its rating during 
these transient periods. The primary functioni of the power controller 

BITE is to check vhether 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 source 
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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 implemented in several ways, One approach is to sense 
bus power (IW :input), LC output, and LC control signal. These signals can 
be supplied to a RIT of the DHS where a BITE oaation is computed and 
the result is transmitted to a display. This approach requires a BITE 
equation for each load controller, quickly limiting the control equation
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 malfunction and a normal trip. 
Second, BITE logic can be incorporated into the load controller and 
supplied as an outpiit to a FAULT INDICATION pin on the load controller. 
In this case the TRIP INDICATION and FAULT INDICATION on each load 
controller would le hard-wired into a Monitor Input Terminal and trans­
mitted as a point-to-point indication signal to a display device. Either 
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 
signal, T IP and FAULT INDICATION wiring. 

A stimuli approach to load controller BITE could be considered 
in which the load controller power circuit would be tested without applica­
tion of bus power. By 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 SIGNAL. In the 
absence of INPUT POWER, the application of a momentary BITE STIMULI 
signal and simultaneous cycling of the CONTROL signal would exercise the 
load controller, The BITE STIMULI signal provides a low level of power 
for checking the power circuit. The BITE STIMULI signal could be a 
nominal 5 V at 10 ma with R selected to give a voltage level which would 
assure no operation of the connected load, For the above to function con­
troller power must be supplied from the CONTROL or BITE STIMULI 
signal during test. Even here the incorporation of BITE adds components 
and complexity such as the BITE input terminal and circuit, BITE sensing
and logic. Under normal operating conditions the BITE sensing and logic
is subjected to the full rated voltage and/or current level of the power 
circuit which means they would have to be disabled, providing no i-light 
test capability. 
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SMIFICATION
 
POWER COINITOLER,0 "
DO LOD SWTIH3G 

16PST, f ORBML O2ENU 1 TIIU 10 AMIERES
 

2t.500 MAX: 
: ;-- .250 TYP4OOO 

3.000 

3.50 mX2.000 

• 	 5( --. 203 +.005 DD. -	 6nom 
3.500 	 55 PIN COT TOR" 

MIX - (2412, 1416, 52420) 

MAX.651.250 

NOTES: 

1. 	 Dimensions are in inches 
2. 	 Unless otherise specified, tolerances are +.02 for two place
 

decimals and +.005 for three nlace decimals
 

REQUIREMENTS: 

MECHANICAL AND D3AESIGNAL CHAACTDISTICS 

Dimensions and configuration .......... See Figure 

Enclosure ...... ................... .... Black anodized metal, 
sealed watertight 

Terminations .................. Rack-Panel type connector 

Weight .......................... 	 .. U25 b mximun
 



FIGURE 2 - CONNECTOR IDENTIFICATION 

Pill FUNCION" "PIN FUNCTION . I FUCTO 
NO.A jNO. 110______IN FNfO 

I POWER IN 021 COFfROL CH 3 4 TRIP IND CH 7 

2 POWER fl ,22 H 4 42 cH 8 

3 POWER OUT CH 1 23 CH 5 43 " 0H19 

4 ". " CH 2 24 " CH 6 44 " CH 10 

5 CH 3 25 CH'7 45 " C1lI 

6 - ell4 j 26 CH 8 46 CH 12 

7 " CH 5 27 CH 9 47 " C 13 

8 " " CH 6 28 CH 10 48 " 0H14 

9 " " CH 7 29 CH 11 49 CH 15 

10 " " CH 8 30 CH 12 50 cH 16 

11 " " CH 9 31 'CH 13 51 BITE 

12 -I " CH 10 32 CH 14 52 SIGNAL 0ThR 

13 " 0111 33 0H 15 53 SIGNAL GRD 

4 - "CH 12 34 CH 16 54 POWER GED 

15 'CH 13 35 TRIP IND OH 1 55 POWER GRD 

16 O 36 ' CH"1114 	 2 

17 " CH 15 37 CH 3 

18 'CH 16 . 38 c' -4' 

19 CONTROL CH 1 39 CH 5 

20 " CH 2 40 OH 6 

NOTE: Pin Nos. 1 & 2 are #12, 18 is #16, all others are #20. 

ELECTRICAL CHARACTERISTICS 	 (-540C to 1200C case temperature unless otherwise noted) 
(er channel unless otherwise noted) 

Channel arrangement...... . ............... SPST (normally open)
 
Number of channels ............... 16
 
Rated operating voltage ... ............. .... 21 to 29 volts D
 
Rated operating frequency ... .............. Not applicable
 
Current rating ..... ................. ... See Table I
 
Control voltage ...... .. ................. +8. 0 volts do maximum
 
Razed control voltage ....... .............. + 5.0 volts do
 
Turn-on voltage ...... .. ................. . 3.5 volts dc minimum
 
Turn-off voltage ...... .. ................ + 2.5 volts do maximum
 
Tarn-on time ...... .................. ... 1.0 milliseconds maxium
 
Turn-off time ........ ................... 6.0 milliseconds maximum
 
Output rise time ...... ................ ... 0.1 milliseconds minimum
 

0.5 milllseconds maximum 
Output fall time ..... ..... ... . . 0,5 milliseconds minimum 

5.0 milliseconds maximum
 
1nsuLation resistance ....... ............. 100 megohms minimum
 
Isolation. . .... .... ................... 10 Megomis minmum
 
Ctntrol inrut resistance ... ............ . 500 ohr. + 1:0 rcentm
 
Voltzage drop..... .................. 0.5 volts dc .SxioaUU
 

at rat-.d current 
f!.c .t. ................ See Table... I 
Itx' r dis.ilatio.u - O7W ..... ............. 0.5 watts m2.:n' 

.cizzintiou - O:; (all channels opcrzting 3 wvatts axir~xyz 
at raLed curruit) 



ELECTRICAL CHARM2ISTICS (continued) 

Currunt limiting .... . . 
Trip-out time (ron-xepetitive!": reset) 

Trip-out time (repetitive resets) .... .. 

Rupture capacity ........ ................ 

Re:,ct voltage .... .................. . .. 

Application time to reset ... ............... 

Iterruption time to reset .. ........... .
 
Trip indication voltage ...... .............
 

Reset immunity ... .. 

Trip-free ....... 

Lockout control ...... 
Bated lock out voltage..... 
Lockout "ON" voltage ..... 
Lockout "OFF" voltage .... 
Lockout impedance ..... 
Dim control voltage .... 
Rated dim control voltage ... 

Dim turn-on voltage .... 

Dim turn-off voltage .... 


................. ..
 
.................... .
 

................. 

.............
 

.............. 

.............. 


................ 


.................. 

............ 


............... 

................ 


.... 

... 

... 

... 

... 
.... 

Operating voltage transients ..... .......... 

Transient spike overvoltage ..... ........... 

Transient - standby power ..... ............ 

Control input transients .... ............ ... 


Zero voltage turn-on and turn-off .......... . ...
 
Fail safe current (@ 250C case) ......... 

Life (operating cycles) .............. 

Dim mode voltage ..... ................ 
 ... 
Dielectric withstanding voltage . ..... . . 

. . . . . . . .. . . . . . .Radi o i nt e r f er enc e 

ENVIRONMENTAL CHARACTERISTICS 

Case operating temperature ..... ........... 

Case storage temperature ....... ............ 

Shock ....... ... ..................... 

Vibration ....... .................... 
 ... 

............. ... 

Altitude....... ..... 

Acceleration ...... ... 

..... ... 

Part number: 204-99-9-100B 

TABLE i 

See FigurL 1 of 04o 39-9E 
See Figure 2 of 201h-99-9E
 
(30 seconds min. between resets)
 
Applicable
 
)000 amperes maximum 
Not applicable 
Nat applicable 
5.0 to 20 milliseconds
 
+ 5.0 volts dc + 10% 
at 10.0 milliamperes 
ot applicable 

Applicable 
ot applicable 

Not applicable
 
Not applicable 
Not applicable 
Not applicable
 
Not applicable
 
Not applicable 
Not applicable
 
MIL-STD-oh 
+ 600 volts do 
Not applicable 
100 volts applied between
 
each control channel and
 
signal ground; and between 
each trip-ind channel and
 
signal ground. 
ot applicable
 

See Table I
 
1,000,000 minimum
 
lot applicable
 
1000 volts rms
 

h0 C to 1200C
 
-650C to + 1500C
 
100G for 11 milliseconds
 
30G, 78-2000 Ilz 0.1 in DA
 
10 to 78 Hz
 
100 G 
Sea level to 1,000,000 ft 

CHANNEL I CUJRR~STT Leakage I Failsafe 
NO. I 7TING Current Current 

pmpsa)r (amps)(microompores) 

1 thru 8 1.0 500 30 

9 thru 12 2.0 500 30 

13 P,l 3.0 500 30 

-p 

15 5.0 500 30
 

l6 i.O 11000 60
 

* Inductive, Caicitive, Resistive 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 
signals. One approach would be to hard-wire both INDICATION signals 
intd'a Monitor Input Terminal associated with the DHS, resulting in sub­
stantial wiring complexity -- two additional wires per load controller. 
A second approach would be 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 approaclt 
is given consideration below. 

To handle FAULT and TRIP data over the CONTROL signal 
lead requires modification of both the load controller (LC) and the Remote 
Output 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 source. Oper­
ation is similar to that of the switched impedance signal source except 
another voltage level has been added which could dictate increasing the 

*voltage level of the control signal to obtain sufficient bandwidth between 
levels, Figure 4-5 shows a control voltage of- 10 volts The various 
voltage levels are detected by a voltage detector and logic circuit within 
the ROT. The TRIP and FAULT signals are identified, separated and 
transferred to an accumulator. From the accumulator they are serially 
transferred to shift registers within the Remote Output Terminal --
Monitor Input Terminal. 

Finally, load controller development for advanced spacecraft 
should consider several other problems. First, the load controller 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 tighter fimits 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. Second, bus and load controllers 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 limitiig, but in AC units the fusible link used for fail-safe 
is difficult to coordinate with the overload and fault trip characteristics. 
The need is for a slow-blow link of a suitaoia size and characteristics to 
be compatible vith the AC load controller. 
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4. 3 Data Handling System (DH$)I 

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 power control. 

The balance of this discussion assumes that a dedicated DHS will be used 

for electrical power distribution control. A dedicated DES for advanced 

aircraft has already been discussed in Section 2. 0. The same basic type 

of approach is considered for a dedicated DES to be applied to an advanced 

spacecraft. Several modifications have already been mentioned under the 
and the switclied impedance/voltage levelswitched impedance signal source 

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 RT is basically the same as the RIT
 

pre sently under development except it is modified to accept the switched
 

impedance signal source and to perform the voltage detection and logic
 

necessary to separate the control signal and the BITE FAULT signal.
 

Constant current generators are 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

tion 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 KIT-


MIT function could be incorporated into the RIT, eliminating the require­
providing a gain in packaging efficiency.ment for a separate package and 

Figure 4-5 refers to a modified Remote Output Terminal (ROT)0 

The ROT is modified to handle the switched impedance TRIP and BITE 

FAULT signals from the power controllers. Modification includes substitu­

tion of constant current drive for voltage drive; addition of voltage detection 

and logic circuits; and addition of an accumulator for temporary storage of 

TRIP and BITE FAULT data. Constant current generators are added to 

drive the load controllers and to provide power for the switched impedance 

sensing function. Voltage threshold detectors are added to sense the SHORT, 

LC FAULT, TRIP, NORIMIAL and OPEN conditions of the load controller 

and its interconnecting lead. Logic circuitry is added within the ROT to OR 

the SHORT, OPEN, xd LC FAULT signals; formiing the LC BITE FAULT 
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The TRIP and LC BITE FAULT signal for each channel aresignal0 

then temporarily stored within an accumulator. Upon a signal the 

contents of the accumulator are serially transferred to shift registers 

within the ROT-MIT. Again, the ROT-MIT fiuictizons could,' 
gaining -packaging efficiency.incboipdrated within the ROT package, 

Figure 4-6 shows a suggested dedicated D-ES for an advanced 
spacecraft. System characteristics are similar 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 Output Terminal (MOT). The 
Monitor feature (point-to-point transfer of data) is incorporated to handle 
signal source BITE FAULT, power controller TRIP and BITE FAULT indi­
cation signals. Remote Input- Terminal-Monitor Input Terminals (RT-MIT) 
are provided to temporarily store and then serially transmit signal source 
BITE FAULT signals. The numnber 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 I024 inputs and 1024 outputs, the Monitor 
subsystem would be designed to handle a minimun of 3 x 1024 = 3072 indica­
tion signals. It is probable that the RIT-IvZIT and ROT-MIT would be 
identical and could then be designated as a MIT. Signals between the PIT 
and RIT-MIT and betvreen the ROT and ROT-MIT would be handled over a 
pair of wires from each RIT and each ROT. The Monitor Output Ternmial 
(MOT) is visualized as a receiver and memory with TRIP and BITE FAULT 
information stored until called up and displayed. An incoming TRIP or 
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 malfunction and the specific affected component -- signal 
source, power controller or DHS component. The MOT would be expected 
to be interfaced with the Integrated Controivs and Display System. 

The monitor or indication functions are transmitted over the 
multiplex party line 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 are nonredundant, but do incorpor­
ate built-in-test and automatic failure indication. No control logic opera­
tion is involved in this data transfer. Although the monitor subsystem will 
handle more information per terminal than the control system, several 
factors in the subsystem allow less complex havdware implementation. 
Since this is strictly an information or monitor function and no control 
signals are handled, it is not essential to provide the redundancy that the 
control system has. So long as the monitor subsystem will test itself and 
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inform the pilot that it has malfunctioned, no spacecraft system function 
is disabled. The type of signals to be handled is data rather than control, 
which allows less complicated interfaces, Since single BIT errors may 
be ignored in the data utilization, the security of signal integration 
(punp-up) used in the control system is not needed here, 

The Monitor subsystem can be incorporated into the present DES 
without significant impact, The amount of data to be handl6d by the Moni 
tar subsystemn is a function of the lowest allowable data output rate, The 
subsystem uses a sub-multiplex technique such that the effective data 
access and output rate is approximately seven samples per second in order 
to handle the projected 3072 inputs and outputs. This corresponds to 
seven up-dates per second on the status of signal sources and power con­
trollers which is considered adequate for an indication system. 

Tne length of the multiplex data transmission line must be con­
sidered. in order to use a twisted shielded conductor, the multiplex line 
shown in Figure 4-6,is lirnited to 200 feet end-to-end or a looped length 
of 100 feet Circuitous routing of the nultiplex line must be tak-en into 
consideration. Conceptual drawings for the shuttle 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 line length. These are shown 
inFigures 4-7 through 4-10 and are discussed below. 

Figure 4-7 shows additional multiplex loops connected together 
trough line extenders (LE). Assuming the. same data rates as in the 
present DES, the line length of each loop is 100 feet (looped); thus three 
loops give a line length of 300 feet (looped). The function of the line exten­
der is to accept redundant signals from the first looped transmission line, 
select the "best" one through comparison and logic, provide wave form 
correction, and transmit the signal over the second redundant loop. The 
line transit times and the IE delay times are such as to allow 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 aid control circuits. 

A second approach to obtain added transmission line length is 
shown in Figure 4-8. Here, two maximum length loops are paralleled,
each supplied separately front the centrally located MU, Each loop is 
operated at the same data rate as one loop is presently operated. This 
gives essentially t ice the line length of the present systen. The parallel 
loop approach is also good where more irputs, outputs and logic equatons 
must be handled than are presently designed into the system, The MU 
doubles up on Inenory, inputs, oututs, etc. to ha-adle the greater amount 
of informnation. 
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Figure 4-9 shows a com bination of parallel and extended loops. 
This configuration doubles the amount of data which can be handled and 

quadruples the standard line length (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 a 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 DES under development for aircraft is based on 
remote terminals of 64 channels with all components cooled by convection. 
Further, packaging is not yet optimum as far as weight, size, reliability 
and performance. Considering that the DES 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 outputs, the use of more channels per terminal can be furthqr­

justified. The eventual flight configuration of the DES hardware would 
incorporate hybrid and integrated circuits to reach the practical limits 
of weight, size and reliability. 

The spacecraft integrated display and control system would inter­
face with the dedicated DES. There appears to be no direct interface with 
the signal sources nor the power controllers 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 TRPP 
and BITE FAULT information and would inject all control functions into 
the system, Approximately 3200 INTDICATION and BITE signals are anti­
cipated for a full capacity system (1024 inputs, 1024 outputs and 1000 
logic equations). Control requirements are listed below: 

(1) Up to 32 manual switches for manual selection of redundant 
parts of remote terminals. 

(2) One manual switch for manual selection of MUT. 

(3) One 4-position rotary switch for transmission line tests 

(4) A manual sirtch to activate readout of system status. 
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=w1assocatl each por~rer loadasoavrith 

circuit= This switch would be us'ed to cycle individual 
control signals for load controller reset, The switch 
would nbrmally be one required for normal system con­
trol input and is not installed specifically for reset. 

(5) A manual control switch- ~,e 
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5.0 SPACECRAFT 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 objective comparison of these three concepts, 
each is applied to 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 
to 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 to 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 he vehicle. Electrical power, 115 V AC and 28 V DC per 
MIL-STD-704, is then distributed over feeder transmission lines to 
power centers located in the crew station, wings, and aft section of the 
vehicle. Each power center serves the electrical loads located in close 
proximity ta it. Be cause the solid state PlperI cC~+mn-ln_ usedt owe 
control and circuit protection can be controlled remotely, the distributed 
bus arrangement with its remote power centers can be utilized to advan­
tage. The major advantage of the distributed bus system is to minimize 
the length of power -wiringfrom the buses to each load, resulting in sim­
plification of overall vehicle wiring. Figure 5-2 shows the assumed 
di-nension 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 LIi FWD and RH FWD. The channels normally operate iso­
lated (non-parallel). Solid state bus controllers (BC), essentially solid 
state contactors, are used for switching between AC sources and external 
power. Solid state AC and DC power controllers (PC) are used for load 
switching and circuit protection as well as feede switching and protection 
Control signals associated with the power, controllers are handled by the 
Data Handling Subsystem (DES). The use of the remotely operated power 
controllers permits the buses to 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, conversion equipment and external power. Due to the compact 
installation and short feeder lengths, it will 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 concepts0 

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 DES components. The -intepcon­

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 later in cohcept comparisons and trade-offs. 
LC are shown as single-channel units but could be taken as the quantity 
of active channels in multi-channel units. The LC incorporate BITE as 
discussed i 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 
ROT and a monitor subsystem with Monitor nput Terminals (MIT) to 
collect LC and signal source TRIP and BITE FAULT indication signals. 
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 
DES concept. The physical dimensions of an interim shuttle are expected 
to be such that the multiplex line would exceed the 200 feet limitation 
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-loop 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 compqnents located within or in close vicinity 
to the power and control centers 1 

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 to an interim shuttle is shown in Figure 5-5. As indicated 
the AC system consists of Kvo main AC buses and two AC monitor buses 
with a bus tie between main buses and a 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 the 
DC system. The DC systen consists of two main DC buses, two monitor 
DC buses and one or more start/logic buses. The nain DC buses are 
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TABLE 5-1 Component Location 
Power Switching for Solid State Concept 

Buses Power Conditioning 
Ann AC DC BC LC AC/DC DC/AC 

krd powerP Center 2 2 26'- 312 2 2 

< Sta. Power Center 2 - 234 ­

•t 	;V-ig Power Center 1 1 - 50
 
',\' gPower Center l - 55
 

kq power Center 	 2 2 - 134 

TOTAL 	 6 8 26 780 2 2 

c Hi Z4 AC bus controllers (BC) rated at 75 amperes 
(2) 2 DC bus controllers (BC) rated at 200 amperes 

TABLE 5-2 Component Location
 
DHS for Solih State Concept
 

R T ROT MU MIT LE Interface Unit 
2,-r-ard Power Center 3 7 2 4 

r&:v Sta. Power Center 7 4 - I 

>U 'WLn Power Center 2 1 1 1 
t *. trPower Center 2 1 - 1 1 

-ft 'wer Center z 3 - 2 -

IOTAL 	 16 16 2 8 2 

No MIT areN provided in the crew station. It is assumed that INDICATION 
*td FAULT signals from this area would be wired directly into the
F-.irface Unit. 
h- Interface Unit is provided for interface with the Integrated Control 
-1Display System. 

S'-MIIT and POTvIIT functions are combined into a MIT. 
- E 'tenders (LE) a-re dual redundant units. 
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fled together through a bus tie and each monitor DC bus is ti'd 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
vfrsion 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 station. Yhe circuit breakers 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 routed to the load. The shortest direct route from crewv 
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 limitations. 

-Remotelycontrolled circuit breakers were considered for the 
conventional and hybrid concepts but packaging, cooling and "trip" 
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 53. 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 conventional 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 between the jolid 
state and conventional system concept. The hybrid system would use 
the same data handling subsystem as described under the solid stat( 
concept vith some minor exceptions which will be discussed later. 

The bus, bus switching, circuit switching, and protectionare
 
similar to that for the conventional system. In reference back to
 
Figure 5-5, the hybrid system.would not have the monitor buses or the
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TABLE 5-3 Component Location
 
Power Switching for Conventional Concept
 

Buses Power Bus Load Power Conditioning 
..... ofl AC DC C6ntactovs Breakers Breakers AC/DC Dc/Ac 

625 ­rrv'rw Stat i on 4 6 15 Z2 

!mm rad - - ­ - - 2- 2 
dpmcnt Bay
 

1 OTAL 4 6 15 22 625 2 2
 

TABLE 5-4 Component Location
 
Power Switching for Hybrid Concept
 

Buses Power Bus Load Power Conditioning
.' ;tion AC DC Contactors Breakers Ckt: Bkr AC/DC DC/AC 

L--j.W Station 4 4 11 141 780 

i<sr.epn 2nt Bay 


TOTAL 4 4 11 14 780 2 2
 



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 load would be served from the bus through a circuit 
breaker, a relay contact, and wire routed directly from the relay to the 
load. The coil df each relay in each load circuit is controlled by 
a relay driver which in turn is under the control of the DE--S. Since 
circuit breakers are used, the breakers, buses, bus switching, relays, 
and relay dtivers a3-e installed within the crew station. The power 
relays and drivers are located 'ithin or in close proximity to the cir­
cuit breaker panels. As with the conventional system, power sources 
and conversion equipment are located in the forward equipment bay 
with interconnecting power feed&rs to the buses. A listing of power 
system quantities and locations is given in Table 5-4. 

The data handling subsystem (DES) is very similar to that for 
the solid state system. 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 DES components differ 
some from that of the solid state concept.- The distribution of RIT is the 
same while all -OT are now, located in the crew station where their out­
puts are used to activate relay 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 sourc 
BITE FAULT indication signals is required. Table 5-5 is a listing of 
the components and locations for the hybrid concept DES. 
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TABLE 5-5 Component Location 
DUS for Hybrid Concept 

I-ocadon BIT ROT MU MIT LE Interface Unit 

rorward Control Center 

Cf w Sta. Control Center 

3j2 Wing Control Center 

iti Wing Control Center 

-ft Control Center 

3 

7 

2 

2 

2 

-

16 

-

-

-

z 

-

1 

1 

1 

I 

1 

1 

1 

TOTAL 16 16 2 4 2 1 



6.0 COMPARISONS AND 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 systems. Here, a 
comparison and trade satdy will be made between the concepts using 
the system configurations, quantities of components and baselines as 
laid out in Section 5. 0. Factors to be considered will include: 

(1) 	 Equipnent instal'ation and location 
(2) 	 Weight and size 
(3) 	 Reliability 
(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. i Equipment installation and Location 

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

Significant results obtained from the comparison are listed 
below: 

(1) 	 The solid state concept requires approximately 0. 54 ft2 

of crew station panel area. 

(2) 	 The conventional concept requires 7. 5 ft 2 of crew station 
panel area. 

(3) 	 The hybrid concept requires 9. 25 ft of crew station panel 
area. 

(4) 	 Total estimated volume of distribution system equiprnent 
located in the crev station:
 

.3

2,000 	in.3Solid State System 

6, 290 in 3
Conventional System 

10, 700 in
Hybrid System 



TAB LE 6-1 EQui4wx LoCAIf Aflm INSTALLATICO 

=1 
1) Power Sources 

a) APU-Driven 
Generators 

b) Fuel Cells 
c) Batteries 
d) Source Control 

Equipment 

2) Power Conversion 
Equipment 

g a) AC-DC Converters 
b) DC-AC Inverters 

3) 	 External Power 
Monitor 

4) 	Power Buses 

(A) 
SOLID STATE SYSTEM 
Power sources are 
located in the forward 
equipment bay in the nose 
section of the vehicle near 
the center of loads in that 
area. Other locations are 
impractical due to fuel 
storage tanks, engines, 

and other large equipment 
items. 

Same as 1. 

Same as 1 

Use of remotely controlled 
solid state power control-
lers permit a distributed 
bus arrangement to be em-
ployed. Buses are located 
in vicinity of heavy con-
centrations of loads, io e. 
1) Forward equipment bay 
2) Wing root equipment 

bays (Z) 
3) Aft equipment bay 
4) Crew station 

(Continued) 

(B) 
CONVENTIONAL SYSTEM 
Same as A 

Same as A, location in 
crew station is desirable 
but size makes it in­
practical. 

Same as A 

In 	order to provide access 
to 	each circuit breaker for 
reset during flight all power 
buses must be located in 
the crew station compart­
mento Buses located here 
consume valuable crew 
station console volume. 

(C) , 
HYBRID SYSTEM 
Same as A 

Same as A. 

Same as A 

Same as B 



(A) TABLE 6-1 (Continued)(B) (C) 

SOLID STATE SYSTEM CONVENTIONAL SYSTEM HYBRID SYSTEM
ITEM 

4) Power Buses The crew station buses are 

(continued) optional. Loads served by 
these could be served from
 
the buses in the forward
 
equipment bay, but this
 
results in longer runs of 
power wiring to the crew 
station and results in having 
to provide crew station com­
partment penetration for the 
power wire to each load in 
the crew station. 

5) Circuit Remotely controlled solid Conventional thermal As in the conventional system 

Protection state power controllers are circuit breakers are circuit breakers are provided 

located at each bus loca- provided at the buses in at the buses in the crew sta­

tion. (See 4 above.) the crew station to pro- tion to provide access for 

Since these are remotely vide access for reset dur- reset during flight. More cir­

located, valuable crew ing flight Substantial and cult breakers are required than 

station panel area and con- valuable panel space in the for the conventional system. A 

sole volume are free for crew compartment must be quantity of 780 breakers are esti­

other equipment. A vol- allocated for these break- mated. From Fig. 6-1 and 6-2 

in 3 panel space area and consoleume of 1000 is esti- ers. Fig, 6-1 shows typ-

mated for the power con- ical panel square footage volume aie estimated at 9. 25 ft2 

VS number of circuit and 4, 750 i. In addition powertroller assemblies to be 
located in the crew sta.- breakers. An estimate of control relays and relay drivers 

don, Control and indica- 625 breakers for the must be located close to the buses. 

tdon panel area required shuttle shows a need for The volume of relays and drivers 
900 in 3 , givingfor power controllers is 7.5 ft 2 of panel area. is estimated at 3, 

a total console volume of 8, 650 in 3 

. 27 A.gain, the circuit break-estimated at . 15 to 
Itz. ers~reqidre valuable crew 

station console volume. 
Fig. 6-2 shows a volume 

requirement of 3,750 in 3 

for 625 breakers (includes 
bus bars and harnesses).
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CA I-'wer Feeders 
a) Power Sources 

3. Generators f3] 
2, Fuel Cells [2] 
3. Batteries 

b) External Power 

Feeders (AC 

and DC) 


c) Feeders between 
buses and conver-
sion equipment 

T/-flI$ 
(A) 

SOUD STATE SYSTEM 


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

Assuming the external 
power receptacles will be 
located in close vicinity to 

the forward equipment bay 
the length of these feeders 
should be 5 ft, or loso. 
This is due to buses being 
located in close vicinity 
to sources and receptables. 

AC and DC feeder wiring 
between buses and conver., 
sion equipment is reduced 
to a minimum. Again, 
this is due to the buses 
being located in close 

vicinity to the conversion 
equipment. Lengths 
should be 5 ft. or less. 

6-1 (c:~ottnucdl 
(11) 

CONVENTIONAL SYSTEM . 

With buses located in the 


crew station and sources 
in forward equipment bay, 
lengths could be as much as 
25 ft. with circuitous rout­
ing. With redundant feeds 
and extended lengths from 
fuel cells, feeders become 
heavy. Added length and 
weight of generator feeders 
becomes significant. 

With buses in crew station 
the external power feeders 
have a greater length, up 
to 30 ft. with cirtuitous 
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. Feeder weight be­
conies significant considering 
a distance of approximately 
25 ft. from buses to equipment, 
and 25 it. back to buses. 

(C)
 
H.YBRID SYSTEM 

Same as B.
 

Same as B. 

Same as B. 



TABLE 6-] (Continued) 

ITEM 

6) Power Feeders 
d) Feeders to 

remote buses 

e) Sun-ary 

(C) 
HYBRID SYSTEM 

None 

Same as B. 

Same as B. 

(A) 
SOLID STATE SYSTEM 

Ten feeders are required 
to link remote'power cen­
ters to the forward power 
center. Wire sizes to #2 
gage are required for 
these feeders, 

Rough estimates on feeder 

(B) 
CONVENTIONAL SYSTEM 

None 


Rough estimates on feeder 
weight including distribution weight gives 175 lbs, for 
feeders gives 174 lbs. Sur-
prisingly, feedei weight 
trades off well with the con­
ventional system -- 174 
lbs VS 175 lbs. 
Here, only those feeders 
to the crew station power 
controller assembly are 
required to penetrate the 
crew station, two penetra-
lions of W6 wire VS 34 
penetrations for the ton-

ventional system (wire 
sizes ranging from #14 to 
#2). 

above feeders. 

Another significant point is 
the number of feeders which 
must penetrate the crew corn­
partment. This becomes sig­
nificant where there is a fire­
wall required between equip­
meit bay and crew compart­

ment. A firewall requires 
power feed-thrus which in 
theraselves become heavy. 
Further, at least 12 control 

wires are required between 
equipment bay and buses just 
for differential fault protection 

on the generator and 
external power feeders 0 



T 	 ....,SOLID 

7) uzs Switching 
and Source Izola-
tion Hardware 

8) 	 Power Control 
Multiplexing 
Hardware 

9) 	 Power Wiring 
to loads 

TAB IX 6-1 

(A) (13) 
STATE SYSTEM CONVENTIONAL SYSTEI 

Al bus switching and The bulk of the bus switching 

source isolation hardware and source isolation hardware 

are located within the for- must be located at the buses 

ward equipment bay with within the crew station. In 

with exception of two iso.- excess of 1000 in 3 of volume 

lating power diodes at the within the crew station are 
required for these components.crew station DC buses, 

These diodes require negli­

gible volume, 

Table 5-1, Sect. 5 shows None 
the equipment location and 

quantity of the power con-
trol multiplexing hardware-
The most significant noint 

shows incorporation of 4 ROT, 

an nterface Control Unit and 

7 RIT in the crew station 
comparxtment. The volume 
of this equipment is esti­
mated at 1000 in 3 . 

Figure 5-2 shows approxi- Maximum length of power 
amate dimensions of typical wiring to loads is function 

wiring zones for an interim of amount of switch and relay 
Load power wiresshuttle. As can be seen the logic. 


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 6ircuitous routing. -willbe substantially greater
 

Roughly 90% of loads can than A or C Particularly at
 

IIYBIRU2 SYSTMi 

Same as B except four con­
tactors are eliminated. 

Table 5-5, Sect. 5 shows the 
configuration and equipment 
location of the power control 
multiplexing hardware. Up to 
16 ROT and7 RIT are'shown 
within the crew station, Approx­

imately 1000 in 3 of volume are 

required by the equipment, same 
as in A. 

Maximum length of power 
wiring should not exceed 100 

feet with circuitous routing, 
2/3 of load power wiring would 
be 30 ft. or less in length. 



TABLE 6-1 (Continued) 

ITEM 

9) Power Wiring 
to loads 
(Continued) 

10) 	 Control Logic 
Wiring 

11) 	Signal Sources 

(A) 
SOLID STATE SYSTEM 

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

Maximum length of control 
logic wiring does not ex-
ceed 30 ft. even with cir-
cuitous routing. Again, 
roughly 90% of control 
wiring will be less than 
10 ft. in length; however 
10 small gage wires would 
be required to form the 
redundant multiplex tr-ans-
mission line, The trans-
mission line would be 
routed throughout the vehi­
cle thru all power centers 
and the crew compartment 
eventually closing on itself 

to form a loop. 

A rough estimate was made 
of toggle switches. The 
estimate was an extrapo-
lation from the Apollo CM 
and resulted in'an extrap-

olated count of over 400 
such devices. Assuming 
400 toggle-type 

(B) (C) 
CONVENTIONAL SYSTEM HYBRID SYSTEM 

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 Same as A.
 
logic is performed at the
 

power level, the amount of
 
control logic wiring is reduced
 

to a minimum; yet a substan­
tial amount is still required
 
for relay control, etc. The
 

same wire lengths and prob­
lems are encountered as in
 
the load power wiring.
 
[See 9B.]
 

Here, conventional type Same as A,
 
toggle switches are assumed.
 
Many of these are 4PDT. For
 
the comparison made in A, the
 
average switch was assumed
 

to be a ZPDT with 6 terminals.
 



TABLE 6-1 (Continued) 
(A) (B) (C) 

ITEM SOLID STATE SYSTEM CONVENTIONAL SYSTEM HYBRID SYSTEM 

1b Signal Sources signal sources, the use of advanced 
(continued) signal sources results in a panel volume 

reduction of 540 in 3 . This savings is 
equivalent to a panel of 2 f12 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 KIT. This substantially 
reduces the mass of wiring normally 
found on a panel and simplifies wire 
tracing and troubleshooting. 

12) Distribution Particularly for the interim shuttle, Modular packaging is not Same as B 
System Modular the approach lends itself to a modular practical due to the wide 
Packages (DSMP) 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, 
DES equipment, external 
power monitor, etc. The package would 
be pallet mounted and plumbed for cool­
ant. Such a package could be assembled 

on a factory floor, checked as a major 
assembly at a computerized test station 
and then installed 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) 



ITEM 

12) Distribution 
System Modular 
Packages (DSMP) 
(Continued) 

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

SOLID STATE SYSTEM CONVENTIONAL SYSTEM iiYBID SYSTEM 

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



(5) 	 Weight of power source and remote distribution feeders 
on the solid state system trade off even or better than 
power source and conversion equipment feeders of the 
conventional and hybrid system concepts. 

(6) 	The solid state system 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. 

Weight and Size 

Weight and size (volume) are estimated for the solid state, con­
+vaionaland hybrid system concepts. Summaries and comparisons of 
ei.4:ht and volume for the three concepts are Included in the following 

Table 	6-2 Concept Comparisons - Weight and Volume 

Table 	6-3 Sunmmary - System Weight and Volume 

Table 6-4 	 Summary - Weight of Power and Control 
Wiring 

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

Table 6-6 	 Summary - Weight and Volume of Control 
Hardware. 

Table 	6-2 is a comixparison of percent weight and volume reductioz 
t,tcd in comparing the (1) solid state concept to the conventional con­

tiA. (2) hybrid concept to the conventional concept, and (3) solid state 
;t p£ to the hybrid concept. The comparisons are made for two cases. 

zst case is based on weight and volume data for the solid state con­
t: 'zftng board-mounted, single-channel load controllers. The second 

ir 	 4t based on weight and volume data for the solid state concept using-_
 
SZtrgrated, 16 -channel load controller module.
 

Program%goals state as an objective a 40% reduction in system 

volume. Fron Table 6-2 it can be seen that these goals havelrpns sed vth a fair margin of safety for both cases. It is felt that 
Y t'rdparisons are realistic based on the limited data available. It 

• .ottd that the ground return wi-ring and power conversion equip­
,ht and volume are not -ncluded-,' in these calcuLations. They are 
" al! three systems. 
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In comparing the weight ald 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 
reduction of 65, 6%. The greatest gain occurs in load power and control 
wirig, 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 Surnmary 

Three different electrical 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 analgama­
tion of the solid state and the conventional. 

Comparison of equivalent failure rates of the systems shows the 
solid state system to be more than twice as reliable as the hybrid system 
and over nine times as reliable as the conventional system," indicating 
that attainnent of one order of magnitude improvement in reliability is 
feasible. This improved reliability is attainable through the use of 
design simplicity, solid state compbnent 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 absolute 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 assumi 
don was made for simplicity and brevity. A thorough and detailed analysi 
would take into account only those loads and supporting devices absoutely 
essential for safety and mission completion. For 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 used in reliability modeling are in accordance 
with MIIL-STD-765 and MIL--IDBR-217A. lModelinp is based on the 

11-7 



TABLE 6-2 Concept Comparisons 
Weight and Volume 

ITEM 
Weight 

Ratio 0h Reduction 
Volume 

Ratio %oReduction 

A Using Single-Channel LC Modules 

1) Solid State/Conventional 
2) Hybrid/Conventional 
3) Solid State/Hybrid 

. 534 

. 895 

.595 

46. 6* 
1005 
40. 5 

.567 
. 954 
.595 

43. 3* 
4.6 

40.5 

B. Using Multi-Channel LC Modules 

1) Solid State/Conventional 
2) Hybrid/Conventional 
3) Solid State/Hylbrid 

0495 

.895 

.554 

50. 5* 
10,5 
44.6 

.494 

.954 

.518 

50.6* 
4,6 

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 SYSTEI HYBRID SYSTEM
33

item Weight (Lbs) Volume (In) Wit )VueIn-) Weight (Lbs) Volume (In 

Wiring (Power & Control) 303 2,730 884 7,950 601 5,410 

Switching and Circuit 171 4,525 201 8,325 303 8,931 
Protection 

Control System 88 2, 355 -- 73 1, 935 

Signal Sensing 48 180 60 990 48 

TOTAL Q 0 610 9,790 1,145 17265 1,025 16,456 

Le ss -43 -1,260 

TOTAL 567 8,530 1,145 17,265 1,025 16,456 

Q Total weight and volume using sinj1-channel load controller modules
 

Q Total weight and volume using multi-channel load controller modules
 

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

~) Difference between weight and volume on singl&-channel and multi-channel load controller
 
assemblies,
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7131I-E 6- 5uu;ix-nry W o f Pg .1o,4 	 W'11of rtIJ Conr&L 

SOLID STATE SYSTEM CONVE'NTIONAL SYSTEM HYBIUD SYSTEM 
In stalIed! In stalle d In st~lle d 

Wire *Installation Wire Wire *istallaton Wire Wire *Installation V/ire 
ITEM w-t (Lbs) Multiplier Wt (Lbs) Wt (Lbs) Multiplier Wt (Lbs Wt (Lbs) Multiplier Wt,(Lbs) 

Distribution 118.0 1.15 136.0 	 -- -
Feeders
 

Source, Conversio 
Equip & Bus inter-
connecting Feeder 

32.7 1o 15 37.6 152.4 1. 15 175.5 152,4 1. 15 175.5 

Load Power 69.0 1. 36 94. Q 520 0 1. 36 708.0 293.9 1. 36 400.0 

Control Wiring z6.2 1.36 35.7 ---	 --- 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 = (I - 303/883)100 = (1 .344)100 = 65, 6%,r 

(2) Solid State Versus Hybrid = (I - 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 in the vehicle. It includes connectors, terminal lugs, clamps, ties,, conduit, wiring troughs, braiding, 
boots, terminal pins; terminal blocks, etc. 



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

ITEM 

Bus & Heavy Power Switching 

Load Switching and Circuit 
Protection 

SOLID STATE SYSTEM 
Weight VolUrne 

40,2 745 

131.0 3,780 

CONVENTIONAL SYSTEM 
Weight Volume 

Z6o6 521 

125,0 3,780 

HYBRID SYSTEM 
Weight Volume 

20.0 371 

156.0 4,660 

Power & Control. Relay Switching - 49°4 4, 024 127.0 3,900 

TOAH2 171.2 tszs z0"o0* 8,325,2 30 3 .0 8,931 



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

SOLID STATE SYSTEM 

lm fQtyUnit VTt (Lbs) Unit Volume (In ) Wt (Lbs) Volume (In 3 

16 
16 

1.2
1o2 

30
30 

19.219. 2 
480480 

tif 2 100 200 20.0 400 

YAJT (320 chr) 8 2,0 60 16 480 

lrtertace Unit 1 11 435 11 435 
It, Extenders 2 105 40 3 0 80 

TOTAL 88.4 Z 355 

t. HYBRID SYSTEM 

trn, Qtr Tltwt 1A4 ILL TTni+t'Ton,e (, 3) At(h) V',rp_ 

KIT 16 1. z 30 19o 2 480 
ROT 16 1. z 30 19.2 480 
• 2 10.0 200 z0o. 0 400 
.IT 4 2.0 60 8.0 240 
tnto.rface Unit 1 11 435 1140 435 

line £xtenders Z 15 40 3.0 80 

TOTAL 80.4 Z,115 

"OTE: The muldplex transmission line is included under wiring. 



electrical distribution subsystem fundtional 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 operating conditions for the near­
earth space environment. The initial failure mode and effects analysis 
considers the likelihood of failure mode occurrence and impact of sub­
system functional failures on subsystem, spacecraft, and mission. 

6.3. 3 Miission Analysis Criteria 

The electrical power distribution system will be operated in 
near-space on an earth orbiting mission. There will 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 loading will then take place, followed by decoupling from the 
space-base, maneuver into earth entry orbit, entry, conversion from 
space to'aero maneuvering, cruising as an aircraft for 300 miles and 
landing. 

The equipment operating environment will §iclude such param­
eters as vibration, shock, and temperatures up to 150'C. Radiation 
effects are not 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 continuously 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 distribution for the conventional, hybrid, 
and solid state concepts respectively. Redundancies are identified where 
applicable. 

6.3. 5 Reliability Block Diagrams 

Subsystemn reliability block diagrams are constructed considering 
functional requiremenats shown in Figures 6-3, 6-4 and 6-5. An equipnent 
block, arranged in a success path, is identified for each of the mission­
significant 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 concepts, respectively. 

6. 3.-& 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
nent failure rates and operating time. . The mathematical model for the 

electrical distribution system is: 

3 
1% =T-T 1R.system = 1 

i= 1 

where 
=R I 	 Probability of the electrical power distribution system com­

pleting the launch phase without incurring a significant 

(abort or catastrophic) failure 

Probability of the electrical power distribution system com-R2 = 
pleting the orbit phase without incurring a significant (abort 
or catastrophic) failure 

R = 	 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 

R system 1' 2 

for calculation purposes since failure rates for the launch and re-entry 
pha~es are assumed identical. Time is therefore additive for these phases 
in the following. Rl1 represents the product R R3' 

Subsystem mission reliability is determined by, combining 
equipment failure rates and operaing time in accordance with the following 
reliability relationship: 

Rsystem element
 
where
 

t = Equipment operating time 

?i= Equipment failure rate. 
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Specific reliability relationships for the conventiona, hybrid 
and solid state systems are respectively: 

=
PCONV PCONT" PCB" PD. PSW, PRR PST PCONN 
]. Ptf 2) 16 

PHYBR ,0SS -RI 1 PMU- NU P RO' i. PRD 

°RD' PR PCB PCONT" PCONN 

where 

PR16= (Pcl ' [PI "-RlP CZ) i 

a 16 = (P [2J 16 

an RO' (C1 "- I - RIJ PC2) . 
adp 6 =16 2 16 

PSolid State = ° 16 ° (2PMU" PMU ) " IO PP PPCA 

° ( Z P ° PCD PvI - (ZPPVTZ- - PPWZ 

These models reflect the success logic shown in Figures 6-6, 
6-7 and 6-8 respectively and are'applicable for the three mis'sion phases 
included in the overall mathematical model. Solution of specific models 
requires the use of the appropriate time.(one hour for R I and 59 hours 
for Rz in the simplified system model) 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 results in the 
following overall electrical distribution system mission reliability 
predictions: 

Concept Mission Reliability 

Conventional .695736 
Hybrid .938630 
Solid State .959769 

Failure rates used in mission reliability predictions are pre­
sented 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 for 
the solid state concept. 
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TABi_'6-7-


CONVENTIONAL SYSTURM 
FMUAIE PATE ESTITE
 

ezt~airon Failure Rate . Quantity Total Failure 
6 ( ) (N) si "6 ( ) 

Ct-tactor 

(3 TPST,60A) 100 3 300 
(DC,SPST,180A) 100 2 200
 

.(3TPDT,60A) 100 3 300
 

(30,TPST,25A) 100. 4' 4o
 
(DCSPST100A) 100 
 2 200
 

IDCSPST,25A) 100 
 1 100
 
(DC,3oS0A) 
 -0 4 .Lo
 

Diodes
 

(200A) 20 2 4o
 

Diodes
 
(25A) 20 
 3 6o 

SIdtch 
(2PDx) 50 
 6oo 30,000
 

(1LOA,2PDT,op/L-) .100 40 
 4,ooo

(~w1o4,pDliop/H ) 10o 40 4,o0
 

(2A2PDT2o/fr) 100 
 oo .100W
 

IC1ixit freakers 1 645 645 

"-'t Be-r~lnlas . 02 3,1125 62.5
 

i--ectors (76 P-I.) 108
 
S170
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TABLE 6"-8
 

HYBRID SYSTEM
 
FAILURE RATE ESTIMATE 

Description Failure Rate Quantity Total Failures
 x 10- 6 ( )()x lo-6 ( IT ;1) 

Relays 
(2A,lop/HR) 100 390 39000 

Relays 

(lOAlop/HR). 100 390 39,000 

Diodes 1 780 780 

Resistors (Suppression) 1 780 780 

Transistors 3 780 2,3hO 

Resistor (Driver) I 1,560 1,560 

Connectors (76 PN) 11 115 1 265 

Circuit Breakers 1.0 y80 780 

Signal Sources 4 600 2,400 

Remote Input 
Terminals 142.89 16 2286.24 

Connector (i) 5.9 16 94.4 

Connector (2) 0.3 16 4.8 

Master Unit 565.19 1 565.19 

Remote Output 255o3 16 3784.8 

Connector (1) 5.9 16 94.4 

Connector (2) 0.3 16 4.8 

Contactor 

300(30 TPST,60A) i00 3 

(DCSPST,180A) 100 2 200
 

(30,TPDT,6OA) 100 3 
 300
 

200
(30,TPST,25A) 100 2 


100
(DC,SPST,25A) i00 -1 

(DC,18OA) 10 4 40 
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TABLE 6-9 

SIGNAL SOURCE
 
FAILU PRATE ESTIMATi
 

ccrpt~on ~ bFailure Rate Quantity Total Failure 

x -6 (N) .Rate ( Nj ) 

Atuator 0.8 0.8 

1. o.8mnasducer o8 

1 2.4
Linear IC -2.4 

4.0 

tal Signal Source Flralure Rate =600 (4.0) = 2400 
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M-ALFIIJTABLE 6-aa nl AM-

Of %S d7I&M~at Uhit) 

Integrated Circuit 75 0o40- 30°00 

Traric~or 15 0.90 !3,50 

Zener Dicdes 3 -1o60 

Capacitor 

Cer mie 9 0.03 0.2" 
Tenmta (soid) -:6 i.4o 22.1.10 

ro er & Iufetor 12 L36 16.32 

Conntriona ('Intenaal) 14.00 0,034 4° 

worid Circuit B 1o00 8oo 
=NXFRr 1" 2,89 X10O 

Connector* 

Iiwat/Code 2.5.9 5.9 
O t/tAddres 1. 0-3 0°3 

The c~umectors are cemzon to both halves, 
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MASTER UNIT FAILURE RATETABI 6-11 

1t) FR X 10 6-q q xR N XIc
q~ty. f-Y x .~6 N -6F 

. ~.e-d Circuit 344 o.40 137.60 

Tistorz 12 0.90 10.80 

0-6tching 20 0.50 10.00
 

Zrner i i6o 1.60
 

-stor 50 0.33 19.00
 

Ceramic 38 0.03 1.14 
Tantalum 62 1.4A 86.80 

.T -former & Inductor 20 1.36 220 

e Wire Stack 1 P-325 23.25 
I-2. til- mire) 

-- ctor ( Ex-ternal) 4" 8.2 32.80 

t..aenctor (Internal) 4 6.0 24.00 

,z.-=tctions (Internal) 5500 0°034 187-00 

: CircuiLt 4 1.00 4.00 

565.19 x1IC06%- = N X FR 

,jnF = L769 Hrs 

-J. the uae of 2 Mil plated-ire memory stack (iini=ire), 
a of integrated circuit minory driveis,nl!t?'s use 
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T-B=i 6-f2 RflfE OUTPUT Tf! fZtnD FMURE RAfE 

(uneQ-HIf of a.RedUndent Unit) 

Dlescription qty, (--a)ns x 16-6 

Integrated Circuit flO 0.40 

Transistor 13 0°9 

Diode 

Switching 25 0o50 
Zener I 1Oo 

Resistor 50 0.38 

Capacitor 

Ceramic IL 0.03 
Tantalum 22 .o 

Transformer and Inductor 18 1.36 

C6nnections (Internal) 3000 0°034 

Hybrid Circuit 8 1.00 

SN xFR 

MTBF 

CoaIector * 

Cutmit/Code i 5o9 

InptAddress 1 0,3 


• The connectors are caenon to both halveso 

N x im x 0S 

41.0 

317 

.21p5 
i.6
 

19.0 

30-8 

25-3 

102.0 

8.o 

255.3 x10.6 

3P917 hours
 

5o9 
0.3
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TABLE 6-13 
PILOT CONTROL PANEL 
FAILURE RATE ESTIMATE
 

.:...IOv FAILURE RATE QUANTITY TOTAL FAILURE 
10 " x (7) (N) RATE x1O- 6 (W,/) 

10 2 20 

o07 1 o07 

24.oT 

TABLE -14,
 
POWER CONTROLLERS
 

FAILURE RATE ESTIMaTE
 

--t IPlON FAILURE RATE QUANTITY TOTAL FAILURE 
x io-6 (? ) RATE xl&O(N) 6 (N -) 

er Controller 4.8 357 

-C rcver Controller 3o31 4.75 1572.25 
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PART DESCRIPTION 


Capacitors
 
Molded, Mica 

Tantalum 


Diodes, Silicon
 
Reference 

Switch 


Integrated Circuits 


Thermister 


Transistor, Silicon
 
-PN iv 
PNP 1W 
141N 314 
PNP W 

Resistors
 
RLO7 

R7116o 


Solder Joints 


Transformer 


TABLE 6-15
 
POTIER SUPPLY 

FAILURE RE ESTI1M 

FAILUE RATE. 

x l0-1 ((N) 


.25 

3-6 


3.36 

1o28 


.4 


.3 


2.92 

8.56 

5.84 


17o12 


"146 

.24 


1.0 


1 


TOTAL (N ) 


QUANTITY 


15 

10 


3 

10 


6 


2 


2 

1 

1 
1 


20 

2 


1 


1 


TOTAL FAILURE 
x 1O-6 A ) 

3.75'
 
36.0
 

I0.08
 
12.8
 

2.4
 

o.6
 

5.84
 
8.56
 
5.84
 

17.12
 

29.2
 
o48
 

1.0
 

1.0
 

1
12462
 



-ailure rates for development items were estimated by corn-

With existing equipments considering factors such as similatiry 

• * complexity, state-of-the-art, criticality to mission success, 
. a,,pplication and operating environment. The methods of IVL­

. Z'6 and MIL-HDBK-517A provided a basis for estimating reliability 

7 •r: :i without available operational histories. A factor of 0. 1 was 
rates in a launch entry en--ron­r; .rd applicable for correcting, failure 

those expected in the shuttle during orbit operation.
&o, 

Failure Mode and Effects Analysis 

Tle initial failure mode and effects analysis for the solid 
ttxi ppvcr distribution system is presented in Table 6-16. System 

2 itc'nal failure modes are identified for each element of the reliability 
K diagram. The probability of failure occurrence is estimated for 

; ftailure mode. Failure mode effects are categorized for impact on 
.oymcm, spacecraft and mission objectives. Single point failures 

result in loss of mission objectives are identified. 

. &9 Reliability Design Features 

The solid state system concept incorporates input and output 
'.purcnts (i. e. , signal sources and power controllers) with failure 
!'17 of approximately 4 x 10-6 failures per hour being estimated. The 

•.-N handling portion of the system and the DC power source for the 
r m..tare redundant. Simplicity of overall design in the attainment
 

t n;%ximum functional capability is a design goal.
 

'. 1I0 Conclusions 

if the system reliability equations be solved for the three 
S using 60 hours in = e-Xt , an equiv-Wrins considered, the equation P 

00 e is obtained which can be used for comparison purposes.
 

-Conventional system A eq = 6046 x 10 failures/hour 

Hybrid systeim /-Leq = 1055 failures/hour 

10- 6 Solid state system A eq = 684 x failures/hour 

Comparison of the equivalent failure rates reveals the conven­
. ?tecn to be approximately 9 times more prone to failure than the 

Mu'atv A similar comparison between the hybrid and solidystem. 
S"tttms reveals the hybrid system to be over twice as susceptible 

's th e solid state system. 
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TABLE 6-16 	Initial Failure Mode and Effect Analysis -
Solid State System 

SjS/Suhsystern Elenien System/ Probability Failure Mode Effect
 
Reliability Subsystem of Failure
 

Nomencla- Model System/ Functional Occurrence
 
ture Code tSubsysteym_ FIailure Mode P Subsystem Space Shuttle Mission See NOTE 

Remote ROT, Transmis- Defective con- .001803 Alternate None None [I] 
Output sien of trol of power ROT 
Terminal 	 MU Control switched 

signals to into system 
power con-. 
troilers 

MUMaster Generation Defective gen- .003892 Alternate None Nonew.,mt 	 of power station of powei,1V 

control logic control logic switched 
functions functions into 

, -.. systern 
Remote RIT Transmis- Defective .'001028 Alternate None None i3 -

Input sion of transnission RIT, 
Terminal remote data of remote data switched
 

to MU to IVEU into system -__
 
DC PS Supply Dead electri- *0080 Alternate None
, None 
Power power to cal power con- power sup-
Supply 	 electrical trol sysLem ply switched 

power con- into system­
trol system 

:Signal SS Generation Incorrect 016424 Garbled Incorrect May be 
Source of discrete digital signal signals power dis- 'aborted 

sinals tribution 
AC Power PCA Control of Defective con- .004545 Defective Incorrect May be 
Controller shuttle AC trol of shuttle control of power distri- aborted 

power AC power shuttle AC bution 
- ____power 

DC Power PCD 	 Control of Defective con- .004512 Defective Incorrect May beController 	 shuttle DC trol of shuttle control of power distri- aborted power DC power shuttle DC bution 

.....	 power j 
[I] Probability of failure includes input ana output connector. 
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Solid sta e power switching devices, Power contactors, circtit broakora The uOx ptr$ v14, v 1 0 . ­
bus controllers and load switching and relays could be considered breakers rvt tolAI' jr , 
power controllers are modular in modular in nature, In other words is similar to hajt £or jt r, 
nature. In other words, the addition individual circuit breaker and relay system. Here, circuit breteAr :v.ws 
or deLetion. of bus or load switching modules are normally installed in ules are mounted in a circu brq,%kg 
poer controllers is implemented by such a fashion as to form circuit panel. Within or adjacent to the 
adding or deleting unctional modules, breaker panels and relay racks. breaker panel are the relays and re. 
The use of multi-channel power con- The addition or deletion of circuit lay drivers mounted on printed cir­
trollor modules results in some inflex- breakers and relays is accomplishedcuit boards. Again, it is necessary 
ibility compared to card-mounted, by installing or removing these to install these assemblies within the 
sinagle-channel modules; however, this modules. For access during flight crew station where apace is at a 

inflexibility is off-set by substantial ' and for environmental reasons, it premium. 
.	 gains in weight and size. The modular, is necessary to install these panels 
ro 	 nature of bus and lo-d switching power and racks in the controlled environ­

controliers offers some advantage ment of the crew station where 
over that o the conventional and space is at a premium. Thus the 
hybrid rystem components. number of spares or space provi­

sions for spares must be kept to a
First, the load switcihing power con-


minimum, limiting the potential for

troller incorporates both the functions 


switch, future growth.
of a circuit breaker and power 


thus roesul ng in a simpler, more com­
pact package than separate breaker
 
panels and relay racks. Furthermore,
 
the remote oporation of these modules
 
pa-rm.tG them to be located outside the
 
crew station, saving valuable space.
 
Mlso space provisions can be more
 
readily provided for future growth.
 



TABLE 6-17 (Concluded) 
(A) 

SOLID STATE SYSTEM 
(B) 

CONVENTIONAL SYSTEM 
(C) 

HYBRID SYSTEM 

The control system is built-up of mod- Control within the conventional Control for the hybrid system is iden­
ular components. For example, each system is performed by switch and tical to that of the solid state system. 
remote input (KIT) and each remote relay logic. Aside from modular 
output (ROT) terminal are modules, packaging of relays, the control 
Based upon Lhe present system under system components are dispersed 
development for aircraft, a control over the vehicle which rules out 
system of from one to 16 RET 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 control 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 construction with capa­
bilitie s of using memory building 
blocks to obtain a memory capacity to 
64K Bits. 

For a discussion of Distribution System 
Modular Packaging, refer to Table 
6-I, Item 12, 
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TABLE 6-18 Compazison of Control Logic Flexibility 
(A) 

SOLID STATE SYSTEM 

Control logic functions (equations) can 
be changed by reprogramming the MU. 
Another condition would be the addi-
tion of input control 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 RiTT 
viafi available channel capacity. Where 

a new load is necessary, a load con-
troller, power wiring to the load and 
control wiring from the nearest ROT 
and MIT -ust be added. Even in the 

H worst case condition, the amount of 
4 rewiring is held to a minintur. 

(B) 
CONVENTIONAL SYSTEM 

Any changes of control logic func-
ions on the conventional system 

require changes in vehicle wiring. 
Even without the addition of control 
variables (svitch 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, etc. , associated ivith 
wiring changes introduce the possi­
bilities for wire, connector or ter­
mination degradation resulting in 
premature failures. 

HYBR_ _YSTEM 

Changes in control logic"functions 
for the hybrid system are very 
similar to those for the solid state 
system. 



6.6 Performance and EMI Compatibility 

TABLE 6-19 

- -(A 
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-
radon of power and control. The 
separation permits a significant re-
duction in the wiring and harnesses 
operating 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. 

The current limiting feature on DC 
load controllers reduces the surge 
voltages as seen by the load. The 
maximum voltage as seen by the load 
cannot exceed 4Z. 0 volts. Current 
limiting prevents high lamp and capa­
citor charging currents, thus improv­
ing the EMI environment, Furthermore, 
current limiting solves the protection 
coordination problems such as found 
in coordinating large load breakers on 
the secondary of transformer/recti­
fiers with supply breakers in the 
primary. 

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

spikes generated when controlling 

Comparison of Performance and EMI Compatibility 

(B) 

CONVENTIONAL SYSTEM 

In the conventional system control 
is performed at the power level and 
often within the load power circuit0 

This results in a much larger 
quantity of wiring operating 6.t the 
power level, subject to the pertur-
bations of both source and utiliza-
tion equipment. The larger quan-
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 limiting. 

Inductive kick-back voltages to 
-700 volts have been measured in 
recent tests on circuits powering a 

solenoid valve switched through an 

S
 
HYBR SYSTEM, 

The hybrid system is a compromise 
between A and B. It has the separa­
tion between power and control, but 
requires larger quantities of power 
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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tvoviv Fall Lime ti between electro mechanical device. Theloaet. 
5 avd 5 milliseconds. literature refers to inductive kick­

back voltages as high as 1000 volts. 

Zoner diodes are provided in the input The conventional system has no 
of the DC load controller to protect provisions for preventing source 
the controller and prevent source- generated spikes from reaching 
generated spikes from reaching load utilization equipment. Further, no 
equipment. The DC unit blocks spikes 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 conmutating diode which equipment is responsible for handl­
also protects the load controller. ing both source generated spikes 

and spikes from other subsystems. 

The AC load controller provides zero Switching at points other than zero 
crossover turn-on and turn-off, further crossover produces arcing between 
reducing voltage transients. Zero contacts, surges arid steep wave 
crossover switching of certain loads fronts. Zero crossover switching 
such as highly efficient transformers surges on certain transformers 
can produce current surges about 500 occurs on a random basis. 
of the time. 

The AC load controller can trip out With a 30 per unit fault current, 
within 1/2 cycle (1.?5 milliseconds) at the conventional thermal circuit 
fault currents between 15 and 30 per breaker could take up to 60 milli­
unit. Rapid trip-out means minimum seconds to trip at 25"G. At 15 per 
disturbance to the sources and load unit the breaker could take up to 
equipment. Single phase fault tests on 180 milliseconds to trip at 250G. 
a 20 KVA generator have shown the un- It can be seen from A that the solid 
faulted phases to drop from 116 volts state system has already recovered 
to 108 volts during the fault. After from the fault before the conven­
fault removal the phases peaked at tional breaker can trip. 
133 volts RMS and frill? recovt-red 
,it~iin 25 nrMlliheconds after fault 
rtznoval, 

Same as B. 

Same as B. 

Same as B. 



TABLE 6-19 iContinued) 
(A) (B) (C) 

SOLID STATE SYSTEM CONVENTIONAL SYSTEM HYBRID SYSTEM 

Figure 6-9 shows the trip envelope of Thermal breakers for spacecraft Same as 13.
 
the AC load controller with typical systems such as the shuttle must
 
breaker envelopes superimposed. The be located in a controller environ­
breaker envelope for 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 intervals (less than .01 seconds)
 
where the load controller is designed to
 
trip in 1/2 cycle on fault currents of 15
 
to 30 per unit. Another significant point
 
is the tighter trip tolerance for the load­
controller. The closer tolerance per-


P 	 mits more precise and.repeatable pro­
tection with a simpler task of coordina­
tion between protective devices. The 
zrip tolerance on the breaker becomes 
wrider as variations in ambient temper­
at-are are taken into consideration. 
This magnifies the problems of break6r 
and wire selection and coordination. 
Breaker derating is necessary at the 
high temperature. Wire derating is 
necessary at the low temperature. 

Control signals of AC load cbntrollers 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 requires three phase breakers.
 
circuit, preventing single-phasing of This creates the need for one or
 
'loads, Thus the same LC can be used more ratings and/or configurations
 
in both single and three phase circuits, of three phase breakers,
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(A) 
SOLID STATE SXSTEM 

TABLE 6-19 (Continued) 
(B) 

CONVENTIONAL SYSTEM 
(C) 

HYBRID SYSTEM 

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

Contact bounce and chatter cause Same 
arcing in DC circu ts, resulting in 
the generation of EML.. Recent tests 
on solenoids show that arcing caused 
by opening a switch persisted for as 
long as 0. 28 milliseconds. Erratic 

as B., 

voltages occurred on the line with 
amplitudes to 250 volts, Further, 
arcing and burning along with normal 
wear cause deteriorated performance 
such as increased contact resistance 
and drop. 

The solid state system has incomplete 
isolation between the source and load. 

The conventional system has corn-
plete isolation between source and 

Same as B. 

I= 
'0 

This means some leakage current, 
approxdmately 10 - 4 times the current 

load. 

rating of the power controller. 

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

Electromechanical devices are for 
the most part bidirectional devices. 

Same as B. 

source end. In instances where uni­
directional flow is desired, two con­
trollers are required, In some cases, 
unidirectional characteristics can be 
used to advantage. 

Bus controllers are designed to switch 
between unsynchronized AC power 
sources in as short a time as 2. 5 
milliseconds. This greatly reduces 
the amount of energy which must be 
stored in batteries or capacitors to 

To switch between unsynchronized Same 
sources using mechanical contactors 
require approximately 50 milli­
seconds -- 25 milliseconds for the 
contactor of the off-going source and 
25 milliseconds for the contactor of 

as B 



.- 1 4r.r.vt~tkaend cerin corn-
j~rr un~ntduring powecr trans-~ 

fer4. Switching times in excess of 
2, 5 millisoconds 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 voltage up momentarily, 
Transfer occurs only on a "dead" 
bus. Filter capacitors in existing 
power conditioning and power supplies 
should have sufficient energy storage 
to carry through the short transfer 
ti.me, 

Further reductions in E)MI can be 
obtained by twisting each load power 
wire with its ground wire. This is 
made possible by locating load con-
trollers in the vicinity of large con-
centrations of loads. This reduces 
the length of twisted lines to a mini­
muM. 
With the flexibility of control and 
power switching on the solid state 
system, sequencing of loads is attrac-
tive. By sequencing loads large step 
changes in source loading are 

0ophbtdcawtd quprne.;c4t ot 
vthlituch aci hti ihutto, ao or 
more batteries would need to "floxv" 
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 system. Another alternative 
is to provide battery support power 
to selected loads; however, this is 
complicated by the need for high 
speed switching of selected equip­
ment between normal power and 
battery power. The best solution 
is the capability to rapidly and 
automatically switch between un­
synchronized sources as done in A. 

Twisting of load power wires and Same as B. 
ground wires is not practical in the 
conventional system. To do so would 
essentially double the power wire and 
wire weight. 

Load sequencing is not practical The hybrid system has the flexibility 
with the conventional system. of the control system of A. It also 
Buses rather than individual loads has a power switching device (relay) 
are switched in such a systern, in each load power circuit. There-
Bus switching can provide only a fore, it essentially has all the 



(A) 

SOLID STATE SYSTEM 


eliiiinated. 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 inherent luilt-in sequencing in 
loads -- appro~drnately 20 m sec delay. 
between energi zation of each load. 
Whether this delay is sufficient is a 
function of number, types and power 
requirements of the loads, 

Another improvement which can 
readily be incorporated into the s6di& 
state system is that of automatic load 
monitoring. Here, each load is 
assigneda priority during programming
of the MU. In operation low priority 
loads are automatically "dumped" as 
power source capacity is lost or 
reduced. An abbreviated version 
could be used to optimize loading on 
an emergency electrical system. . 
Again the use of a switching device in 
each load power circuit and the pro-
grannmmable flexibility of the control 
system permits the incorporation of 
load monitoring with minimum 
penalty, 

TABLE 6-19 (Concluded)
(B) (C)


CONVENTIONAL SYSTEM 
 HYBRWkD SYSTEM 

sequencing of large blocks of capabilities of A for incorporation
loads. To switch individual loads of a load sequencing program.
would require incorporation of a 
skitching 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 The hybrid system essentially hasless flexible than A in regard to all the capabilities of A in regard toload monitoring. Here, load mon- automatic load monitoring 
itoring is performed by "dumping" 
load priority buses through bus 
switching. Thisdrops large blocks 
of loads and each load must have 
its priority established during 
design. To change priority in 
operation requires a wiring change 
. moving the load 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. 
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TABLE 6-20 Comparison of Impact upon Power Sources and Utilization 

(A) (B) (C) 
SOLID STATE SYSTEM CONVENTIONAL SYSTEM HYBRID SYSTEM 

The most significant impact !hat the solid state system The conventional system Same as B.
 
Las upon power sources is the opportunity to reduce would still require the 3 per
 
fault current capacity. Ta properly trip and coordinate unit fault current to clear
 
circuit breakers and fuses, turbo-alternators have been circuit breakers and fuses,
 
required to supply 3 per unit fault current into a 3-phase
 
faulL lor 5 seconds. To meet the 3-phase requirement,
 
single phase-to-s-round faults (worst case) can reach a
 
source capacity of 12 per unit in the first few cycles of
 
an asymmetrical fault chrrent. Fault current capacities
 
of power sources can be reduced to 1. 25 to 1. 5 per unit
 
by using load controllers incorporating current.limiting,
 
rapid trip and close tolerance trip bands, Advantages to
 

H 	 be gained by reducing fault current capacity are 1) reduc­
kr 	 tions in power source weight up to 30%, *Z)reduction in 

voltage transients under normal operation and 3) reduction 
in thermal and mechanical transients in power source, 
wiring and distribution equipment. 

The 	 reduced magnitude and duration of transients cause 
less disturbance to power source regulators, contributing
 
to a more stable source control. This in turn results iniL
 
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 utilization
 
equipment, Features contributing to improved EMI
 
compatibility have been covered.
 



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 conventional, solid state and hybrid systems was performed and 

documented below. Table 6-21 provides a summary of the analysis. 

TABLE 6-21 Summary of System Losses 

Syste 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 conventional and hybrid systems are about the same as the 
source and distribution feeder losses on the solid state system. The 

losses on the solid state system are only l124 watts more than those of the 

-conventional system. The improved transient performance of the solid 
state system could easily account for a savings of 124 watts in power con­

ditioning and power supplies within utilization equipment. The numerical 

values obtained in Table 6-21 are high based upon rated currents, Most 
often actual current ismuch less than rates, which reduces losses sub­
stantially. Since the same assumption is made for all three cases, the 

Icomparison 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 

contactor coil power, and [3] I 2 R losses in power wiring. From a review 
of several specifications, switch contact losses average out 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. 

(2) 	 Assume an average of 6 contacts per circuit. 

(3) 	 Assume power dissipation of 0. 9 watts per contact. 

(4) 	 Assume coil current of 100 ma with one relay per four 
circuits or 0, 7 watts per circuit for coil power. 
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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. 

Ak. Load Circuit Losses 

(1) Contacts (6)(0.9)(625) = 3,380 watts 

(2) Relay coils (0. 7)(625) = 437 

(3) Power Wiring (rough estimate) = 1,200 

(4) Total Load Circuit Losses 5,017 

(5) Load Factor x .7 

(6) Estimated Load Circuit Losses 3,611.9 watts 

11. Power Contactor Losses 

(1) Contacts (54)(0. 9) = 48.6 

(Z) Coils (7)(0.6)(28) = 118.0 

PI L t....- t.. -. rS S. I6A A 

Total Losses 

(1) Load Circuit Losses 3,612 watts 
(2) Power Contactor Losses 167 watts 

(3) Total Losses 3,779 watts 

1'. 8. 2 Solid State System 

Power losses in the solid state system are comprised of 
ii power controller dissipation; (2) data handling system power; (3) signal 

bource excitation power; and (4) I2 R losses in power wiring. Load factor 

'd assumed to be 0. 7. The quantity of power controllers was subdivided, 

Uf174were assumed to be DC and 40% were assumed to be AC. 

£ !¢ultions
 

- Power Controller Dissipation per Table 6-2z 3, 420 watts 

Pover Wiring Losses (0, 7 of 1/3 of conventional) 280 

Data Handling ZOO 

Signal Sources 3 

Total System Power Dissipation 3903 watts 
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TABLE 6-22 POWER CON'TROLLIER WSSE
 

C--rrent Dissipation No. of Dissipation Dissipation No,° of Dissipation 
...r Type _O2f/Ut PC OFT Ff atts NUnit PC ON 

I DC .153 60 9.25 1.5 140 210.0 
2 DC 156 36 5.61 2.0 83 166.0 
3' DC .158 19 3.00 2.5 44 110.0 

Do .164 14 2.30 4.5 34 153,0 
DCo .171 2 .34 6-5 3 19.5 

1O DC 178 6 1.07 6.5 15 97o5 
15 DC o192 4 .76 12.5 7 87°5 
25 Dc .220 2 .44 22.0 4 88.o 
35 DC .248 0 -4 3-0324.0
 
5 0 n o . ... . 3 5 .0o 7 0O 
200 DC 1.42 2 2.84 1250 2 250.0 
1 AC .311 41 12,73 1.75 96 i68.o 
2 AC .311 2 7.46 3.25 55 179.0 
3 AC .31- 13 4;05 4.75 30 142.5 
5 AC .311 10 3.11 8.0 22 176.0 

AC .311 0 .. 11-75 3 35.3 
10 AC .311 4, 1.24 160- 8 128.0 
15 AC .311 3 .93 25.0 0 --­
25 AC .311 3 .93 4o.o 3 120.0 
35 AC .311 0 55o0 6 330.0 
75(0C) AC 5o0 18 90000 1W0 6 720.0 

Watts Dissipation i46.o6 3374,3
 

Power Controller "OFF" Dissipation = 146.0 watts 
Bower Controller "ON" Dissipation = 3374.0 watts 

Total Dissipation = 342i0 matts 
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pce'r losses in the hybrid system are composed of (1)circuit
 
t le-cay contact resistance; (2) relay and contactor coil power: 

,m, ,fr:ve: 	 (4) IZR losses in power wiring; (5) data handling 

%"r; and (6) signal source excitation power. The following 
t.g 	 w re made in calculiting power dissipation: 

(1) 	 Assume 780 power circuits, circuit breakers, relays 
and 	relay drivers.
 

() 	 Assume power dissipation of 0.9 watts per contact. 

(3) 	 Assume 100 ma coil power for each relay. 

(4) 	 Assume a load factor of 70%. 

(5) 	 Assume 36 contactor contacts and 0. 6 amperes per coil. 

(6) 	 Assume power wiring losses are 70% of conventional 
system (. 70 x 1200 = 840 wafts) 

"Ut'rofns 

, 	 L~oad Circuit Losses 

MII Contacts - Breakers (780)(0.9) 702 watts 
(2) 	 Contacts - Relays (780)(0. 9) = 702 
(3) 	 Coil Power - Relays (780)(0. 1)(28) = 2,184 
(4) 	 Drivers (780)(0. 5) = 36 
(5) 	 Power Wiring Losses 840
 

Total Load Circuit Losses in Watts 4,464
 
(6) With 0. 7 load factor losses = 4464 x . = 3, 120 watts 

Contactor Losses 

l) Contacts (54)(0. 9)= 48.6 
(II Coils (3)(0.6)(Z8) 50.4 

Total Contactor Losses 99.0O 

t-t1 	Losses
 

T
Load 	Circuit Losses 3. 120 vatts
Contactor Losses 	 99 
S D~;a 	 200
Handling System 


- hnal Sources
' 	 3 

Total Hybrid Losses 3, 42Z watts 
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6.9 Development Time and Cost 

6. 9 - Power Controller Development 

From prior program planning efforts and other inputs, a 
recommended master plan for pow/er 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 minimurn 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 funaing was estimated and provided only through 
the Engineering Model Phase because of the uncertainty of pricing and 
economic conditions beyond 1973, the uncertainty of power controller 
configurations and the unImown 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 Z00 amperes DC. The second alternate 
considers only single channel power controllers, both AC and DC, 

ghNaznae."MCls al~ra- considers5 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 below.
 

1. Alternate I - Full family of single channel power controllers 

Part Number Type Rating Quantity 

204-99-12-1 DC Driver 10 
204-99-12-2 DC Driver 10 
204-99-9-IB DC 1 10 
204-99-9-2B DC Z 10 
204-99-9-3B DC 3 10 
204-99-9-5B DC 5 5 
204-99-9-7B DC 7.5 5 
204-99-9-10B DC 10 5 
204-99.-9-15B DC 15 3 
204-99-9-Z5B DC 15 3 
204-99-9-35B DC 35 3 
Z04-99-9-50B DC 50 2 
204-99-9-75B DC 72 2 
204-99-9-99B DC 100 2 
204-99-9-ZOOB DC Z00 2 
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INSTALIED ANDQ_2_KDMO0 TNTERFACE 
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CDSPECIFICATION 
 -- A UNITV. DEMO0 EVALUATION 	 *UNITS 
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SPABES) START QUALIFICATION L. COMPLETE 

VII. 	FLIGHTr TESTLL 

DESIGN 	 TEST
 
COMPLETE --
COMPLETE 

_ _ 	 I__ __ 	____ ____ _ __ _ _ __ __ __ __ _ __ _I I ,I 

*1) Could be simulator hardware. r All ratings of single channel units. 
2) Includes power controller hardware only which 

would be identical or similar to engineering @ Single channel units; AC and DC through 10 ampere. 
ml.3Multi-chnnel units per specification 
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Part Number Type 	 Rating Quantity 

10.204-99-9-lA AC I 
10Z04-99-9-2A AC 	 z 

3 10204-99-9-3A AC 
204-99-9-5A AC 5 6 
204--99-9-7A AC 7.5 6 

204-99-9-IOA AC 10 6 

204-99-9-15A AC 15 3 
204-99-9-25A AC 25 3 

204-99-9-35A AC' 35 3 
Z04-99-9-75A AC 75 (Bus Controller) 2 

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

Part Number Type 	 Rating Quantity 

204-99-12--i DC Driver 10 
204-99-12-2 DC Driver 10 
2Q4-99-9-IB DC 1 i0 
204-99-9-ZB DC z 10 
204-99-9-3B DC 3C 10 
204-99-9-5B DC 5 5 
204-99-9-7B DC 7.5 5 
204-99-9-IOB 10 5 
204-99-9-IA AC 1 10 

10204-99-9-ZA AC 	 2 
204-99-9-3A AC 	 3 10 
204-99-9-5A AC 	 5 6 
204-99-9-7A AC 	 7.5- 6 
204-99-9-l10A AC 	 10 6 

3. Alternate 3 - Multi-channel power 	controllers 

(16-channels DC and 18-channels AC) 

Part Number Type 	 Rating Quanti 

204-99-9-IOOB DC Various 	 3 
204-99-9-100A AC Various 	 2 

The engineering model(s) are essentially pre-production 

units. In order to be as similar as practical to a production configura­

tion and of a size and weight to meet the specification, the unit must use 
hybrid circuits To minimize future production cost, it is desirable to 



4 et1qn and fabricate the hybrid and/or integrated circuits to satisfy pro­
41on requirements. This was considered in establishing funding 

vtqwirernents and is the major fictor in the high cost shown for the 
model(s).,n.,neering 

o i order for a cost analysis to be complete, system oper­
z ng cost and a life cycle cost should be considered; however, at this 

r,.y stage of development, insufficient data on system configurations,
.nsfil1on profiles, life, number of vehicles, etc., are available to make 
%meaningful analysis. 

4.9. Z Data Handling System (DES) Development 

The recommended master plan for development of a dedicated 
D14S 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
cable for the DHS. Again, the same inflation rates and contingencies are 
assumed for the DES 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 estimates are listed as follows: 

Item De s c ription Quantity 

I. Master Unit I 
2. Remote Input Terminal - Modified (RIT) 2 
3. Remote Output Terminal - Modified (ROT) 2 
4. Monitor Input Terminal (MIT) 1 
5. Line Extenders 2 
6. Interface Unit i 
7. Support Equipment - Loader/Verifier ! 
8. Support Equipment - Decoder I 

4. '.3 Signal Source Development 

The recommended master plan for developnment of signal

-cources for spacecraft electrical puwer distribution control systems is
 

n in Figure 6-12. Again, 
 the plan parallels that for development 
-;'ver controllers. It should be noted that shorter times are neces­

for engineering models, demonstrator hardware, and production/tlcation; but no overlap is provided bet-ween these tasks and NASA 
- . .,.ticn ;, Also statements made in regard to program acceleration, 

r
. .... Lost and time, inflalion rates and contingencies apply to signal 
-v e dcelop1nent6 
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V. 	 DEMAO FVAZUATION 

REVISED 	 QUALIFIEDSPECIFICATION 	 UNITS 

VT. PRODUCTION & QUALIF=CATIOD 
(FIRST SH=P SET PIWS START QUA='CMATION 
SPARES) 	 SAT1O 

VII. FLIGHT TEST] 

_DRSIG C O2LP2w 0 

*i) This could be simulator hardrre. 
2) 	 Includes DES hardr'e only thich -ould 

be identical or saiilar to engineering models. 
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II. 	 ENGIhfEING MODELS 

EVAUATION 
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III. I,2DEL EVALUATION 
INSTALIED ANI 
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SIV. 	 DEYNS2ATOR HARWTARE* 

F1VAWXATION1 
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V. 	 DFIO-EVAIDATIO 
QUALIFIED
 

WUITS 

\TI. 	 PRODOCTION AND QUALIFICATION TAfA­
(FIRST SHIP SET PLUS SPAPES) QUALIFICATION 
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DES IGN COMULTE -1

Ii 	 UYPTSJ? CCmPZEE 
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The engineering models include development of production 

hybrid and/or integrated circuits to obtain production equivalent ppck­

aging, weight and size The quantities and types of engineering models 

assumed for the estimates are listed as follows: 

Item Description Quan ity 

1. Toggle ON-OFF Switch 10 
Z. Toggle ON-OTF-ON Switch 10 
3. Push-Button ON-OFF Switch 10 
4. Rotary Switch - Four Position 5 
5. Rotary Switch - Three Position 5 
6. Electronic Module - Proximity 3 
7. Electronic Module - Temperature 3 
8. Electronic Module - Pressure 3 

6.9.4 Comparison 

In comparing development time and cost for the three concepts, 
it is assumed that the conventional system can be implemented without 
development time and cost. The hybrid system would require the develop­
nent times and costs for the signal sources and DHS. The solid state 
system requires the development times and cost for signal sources, DHS 
and power controllers. Based solely upon development tim-e and cost, it 
is apparent that the concepts would be rated in the order of conventional, 
hybrid and solid state, The many other factors in favor of the solid state 
systen make it unwise to make a judgment based solely on development 
and cost. 
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CONCLUSIONS 

It has been demonstrated that the solid state electrical power 

and control system concept, as 	applied to advanced space­
is:ribution 


all of the design goals enumerated in Section 1. 0. As
atisfies5
solid state system concept:

MJared 	to a conventional system, the 
4 

The program
L 	 Reduces overall system weight and size by 5016. 


design goal was established at 40%. -


Improves reliabilityby a factor of 9. Program goal was to 

improve reliability by a factor ranging from 5 to 10. 

overall system losses approximately equivalent to 
L, 	 Maintains 

the goal of the program.those of the conventional system which is 

fault current capacity requirements from.4, 	 Reduces power source 

3. 0 per unit to 1. 5 per unit, representing a 50% reduction which 

is the goal of the program. 

S. 	 Utilizes modular construction, a program goal. 

in-flight and post-flight test to theIncorporated pre-flight, 

replaceable module level, a program goal.
 

accommodate changes toC. " Eliminates major wiring changes to 


control logic functions by incorporation of programmable logic.
 

a. 	 Provides remote reset capability for load controllers, another 

program goal. 

9,. 	 Optimizes the entire systemn, cost and function. Redundant 

built-in test and automatic switch-over are providedcomponents, 
Componentswhere component failure could endanger the system. 

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

The solid state system concept cannot meet the billing given above 

whlout additional design, development, modification, and cost. For 

the major changes to the system hardwareacocraft applications, 


; rlr6nt!y under development for aircraft are summarized below:
 

Design and development of switched imr1pedance signal sources 
reduced power and wiring requirements.to satisfy built-in test, 

(KIT) to interface withM',Iodification of Remote Input Terminals 

,he switched impedance signal sources.
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3. 	 Modification of Remote Odtput Terminals (ROT) to interface 

with the power controller 1which now incorporates biilt-In test. 

4, 	 Design and development of Line Extender (LE) for increasing 
the allowable length of multiplex transmission lines. 

5. 	 Design and development of Monitor Input Terminals (MIT) for 

point-to-point data handling of signal source BITE FAULT and 

load controller TRIP and BITE FAULT indication signals. 

6. 	 De sign and development of a unit to interface the solid state 

power distribution and control system with an integrated controls 
and display system. 

7. 	 Modification of power controller to utilize the multi-channel 
packaging condept and to incorporate the built-in test feature, 

Investigate possibilities for incorporation of current limiting 
into AC units. 

8. 	 Modify and finalize packaging to incorporate hybrid and inte­
gr'ated circ{iits and to accommodate cold plate cooling. 

The design, development and modifications above are all wi+1thm_ the 

state-of-the-art and have beenproven from an analytical and conceptual 

standpoint. System implemnentation is a matter of detail design, quali­

fication, and funding. 
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in 1960, the Vought Aeronautics Division of LTV Aerospace Corpor-
Ation inaugurated an in-house R&D study program to determine the 
(easibility of using solid state switching devices in aircraft electric 
power control and distribution systems. The results of these initial 
studies indicated that the use of semiconductor devices in the areas of 
nwitching, control, and protection wrould provide an electrical system 
with improved performance and less weight and volume than could be 
obtained with a functionally equivalent electromechanical system. 

In 1962, the Naval Air Systems Command awarded a study contract 
tAoVAD to further investigate the application of semiconductor devices 
u3 aircraft electrical systems. Since 1962, the Naval Air Systems Com­
znand along with the Air Force and NASA have continued to fund programs 
relating to thesolid state concept. Figure A-1 shows the programs con­
ducted, the contracting agency, the contract number, and the time period 
the programs were conducted. A brief description of the tasks performe 
during each program and the Defense Documentation number of the final 
engineering report follows. 

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

Phase I - Aircraft System Requirements AD-417130 

Specific factors that must be considered when developing solid 
state devices for performing functions presently performed with relays,
switches, and circuit breakers were defined. Aircraft electrical power 
characteristics such as voltage transients, voltage surges, voltage 
regulation, frequency transients, etc., were investigated to deterine 
the effect of these characteristics on semiconductor components. Semi­
conductor cbaracteristics are discussed -in light of aircraft electrical 
system requirenents so that design criteria can be established. A basic 
ystern philosophy was adopted which allowed the separation of signal 

circuits from power circuits and permitted the use of a minimum number 
of switching devices in the povier circuit. A survey was made on power 
Stfmiconductors to determine availability and development trends. Pre-
Ihnihnary electrical characteristic requirements were established for 
Hflficonductor components to be used in an aircraft electrical system. 

Phase II- ConcepI Design Studies AD-417245 

Contactless switching dcsign techniques were developed and
2':.tcd for application to aircraft electliczi systenms. Circuits have 
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,igned, breadboarded and evaluated that will perform the functions 

,.-cntonal switches, relays and circuit breakers. Mechanical 
control logic>4;t, characteristics are discussed for signal sources, 

r. 3Wr controllers. 

Phase III - System lnvestiyation and Developmental Requirements 

AD-417131 

The system philosophy adopted for the SOSTEL system was 
assembled and evaluated. System'cl$:,ned. A breadboard system was 

werer,,gn, operation, packaging and installation requirements investi­

td from an aircraft system designer's viewpoint. Design criteria and 

;- ,frnance goals were established for components comprising the SOSTEL 

,men. A program plan is presented for the development of the required 

:omponents. 

2. Phase IV of the Solid State Program was conducted under Contract 
!4'Ow-.63-05l5c 	 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 
4.d evaluation of prototype signal sources, a control logic assembly and 
i -ver controllers. The prorotype hardware was connected to simulate 
a .vstemand operated to determine compatibility. Preliminary specifi­

_ions were prepared for signal sources, a control logic assembly, and 
;.Q-cr controllers. 

3. Phase V was conducted under Contract NOw 63-0515c and is 
A*fled "Investigation of Multiple Signal Generation, Transmission and 

I-'tection", The final report is assigned number AD-618527. 

The tasks performed during this phase include establishing 
r-cquircrnents for a multiplexing system to be used in conjunction with 
"le solid state system. Several system concepts were developed and 
z-4vYzed. Conclusions on the feasibility of using multiplexing for air­
craft applications were presented. 

4. Phase VI was conducted under Contract N600(19)6ziz1 and is 
-Aitcd"Flight Test Evaluation of a Prototype Contactless Switching
 

.ern . The fiAnal report is assigned number AD-628581.
 

This task included the design of a solid state system to operate 
.rutt:d number of circuits in an F-8 type airplane. Prototype signal 
-.. r'<cs, a control logic package, and power controllers were developed. 

"ttOype solid state system was evaluated in the laboratory and flight 

R'esults of the flight test are nresented. "Proposed" military
 
- trd specifications for signal sources, control logic modules, and
 

~rtxflt:ollers were prepared and included in the final engineering
 



0 . Phase ViI was conducted under Contract NOw 6&-o39< 

wdled "Development and Evaluation of Checkout Concepn ;. 
 A 

rctiefs Sviching System". 

This phase of the program was devoted to establishing Tnt- ,

to; thocking out a solid state system. 
 Factors affecting the deAi ,:: ,checkout system were discussed. A breadboard of a checkout carcrr.
 
was designed, fabricated, and evaluated.
 

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

Under this program, a solid state sensing and indicator systen­
for the XC-142A main landing gear was developed and evaluated. Soidq
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-128 is
entitled "Solid State Aircraft Electrical Power Transmission 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 'a February 1970. 

8. The program conducted under Contract N00019-68-C-0Z42 is
entitled "Advanced Aircraft Electric System Studies and Consultation
for a Proposed Technical Approach (PTA)". The final report is assignerd
number AD-85650c. This was a situdy program to define the requiremrne.-n:n
of a second generation solid state system. The second generation systcrm
incorporates multiplexing and power conditioning hardware. Studios were
conducted and requirements were established for the second generation
system. A development program plan for SOSTEL II was established ar.d 
submitted to the Naval Air Systems Command. 

9. The program conducted under Contract N62269-69-C-0379 is
entitled "Advanced Aircraft Electric System Studies and Technical Con­
sultation", An AD nunber has not been assigned at this writing. Linderthis contract, a study program was conducted to more comnpletely definethe second generation solid state system, A proposed military standard
 
pecification wvas 
prepared for the data handling system and is included 

in the final engineering report. 
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