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FOREWORD 

The prospect of undertaking a reusable launch vehicle devel~p~rrent  led the NASA 
Office of Manned Space Flight (OMSF) to  request the a f i c e  of Advanced Research and 

 technol lo^ (OART) to organize and direct a program to  develop the technoloa t h t  
would aid in selectirag the best system alternatives and that would support the ultimate 
deve%opment of an earth-to -orbit shuttle. Such a Space Transporktion System Tech- 
nology Program has been initiated, OART, OMSF, and NASA F l k h t  and Research 
Centers with the considerable inputs of Department of Defense personnel have genera- 
ted the program through the efforts of several Technology Working Groups and a Tech- 
nolow Steering Group. Funding and management of the recommended efforts is being 
acesmplished through the normal OART and OMSF line management channels. The 
work is being done in government laboratories and under contract with industry and 
universities. Foreign nations have been invited to  participate in this work a s  well. 

. 

S u b s t a t i d  funding, from both OART and OMSF, was applied during the second h d  of 
fiscal year 1970. 

'She Space Transportation System Technology Symposium held a t  the NASA Lewis 
Research Center, Cleveland, Ohio, July 15-17, 1970, was the first public report on 
that program. The Symposium goals were t o  consider the technology problems, their 
s ta t t~s ,  and the prospective program outlook for  the benefit of the industry, govern- 
ment, university, and foreQn participanLs considered to  be contributors to  the pro- 
gram, Hn, addition, it offered an opportunity to  identify the responsible individuals d- 
ready ewaged in the program. The Symposium sessions were intended to  confront 
each presenter with his technical peers  a s  listeners, and this, P believe, was substan- 
tially accomplished. 

Because of the high interest in the material presented, and also because the people 

who could edit the output a r e  already deeply involved in other imporhnt  tasks, we have 
elected to publish the material essentially a s  it was presented, utilizing mainly the il- 
lustrations used by the presenters  along with brief words of explanation. Those who 

heard the presentations, and those who a r e  technically astute in specialty areas,  can 
probably put this story together again. We hope that more will be gained by compil- 
ing the Information in this form now than by spendiw the time and effort to publish 
a more (Iaished compendium later .  

A. (9. Tischf e r  
Chairman, 

PRECEDING p&,:?i ki;.,ra;:: 6uQT FiLMED, Space Transportation System 

Technology Steering Graup 
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INTRODUCTIOEJ AND OVERVIEW 

Theodore S. Michaels 

National Aeronautics and Space Administration 

Washington, D.C. 

The purpose of t h i s  session i s  t o  present a forum f o r  the  

dissemination and discussion of the  l a t e s t  thoughts and developments 

i n  the  e lect ronics  area which could be applied t o  t h e  Space Shutt le.  

Before %a begin I would l i k e  t o  take a few minutes t o  give you a 

br ie f  overview of t h e  scope of t h e  e lect ronic  R&D e f f o r t s  applicable t o  

the  Space Shutt le.  In order t o  help iden t i fy  t h e  Shutt le R&D within NASA 

t h e  Office of Advanced Research and Technology adopted an overlaying 

organization which is  responsible f o r  the  corre la t ion of t h i s  e f fo r t .  It 

might be helpful  t o  review t h i s  operating mode. Figure I shows the  overal l  

NASA organization. The o f f i ces  which a r e  primarily concerned with the  

Space Shutt le research and development a re  the  Office of Advanced Research 

and Technology (OART) and t h e  Office of Manned Space Flight (OMSF). Figure 2 

shows a simplified pic ture  of t h e  in- l ine  organization of OART and OMSF. 

For the  sake of c l a r i t y  only three  of the  t en  OART Divisions a re  shown. Each 

OART Division i s  responsible f o r  d i sc ip l ine  oriented research and development 

which i s  applicable t o  many mission goals. In order t o  iden t i fy  the  Space 

Shutt le technology a technical  s teer ing group was formed which consists  of 

seven technology working groups as i l l u s t r a t e d .  It is  the  responsibi l i ty  of 

these working groups t o  assure tbt a balanced program i n  i ts  area is  main- 

tained by ident i fying necessary R&D as  well  a s  avoiding duplication of e f fo r t .  

Their r espons ib i l i t i e s  a l so  include m n i t o r i n g  the  program of approved e f fo r t s .  

The composition of the  working groups encompass OART and OMSF Centers, as well  

a s  Headquarters and t h e  A i r  Force. R&D e f f o r t s  which a re  under e o ~ i z a x l e e  



of the  integrated electronics working g o u p  ape pr iLy i n  the  mectronies  

an6 Control iivbsion, Power and Elect r ic  Progulbsion Mvlslon, and the 

Advanced Manned Missions Pro@;rant. 

In addit ion t o  these e f f o r t s  there  a re  the  Phase B Shuttle contracts 

which have been funded by the  Space Shutt le l?ro@;ram Office i n  OMSF, The 

NASA-Industry re la t ionship  f o r  t h e  management of t h i s  e f f o r t  i s  shown 

i n  Ngure 3. 

The estimated F'Y 71 funding f o r  integrated electronics under present 

cognizance of the  integrated technology working group is 8.6 million dol lars .  

Flmdin@; which w i l l  be applied t o  t h i s  area  by t h e  Phase B contractors w i l l  

a l s o  be reviewed by t h i s  working group. 

The requirements imposed on the  Space ShuLtle present a new and 

challenging task t o  the  electronics system development engineer, Swc8f9- 

cations such a s  landing a t  exis t ing a i rpor t s  under Category I1 conditions, 

complete reusabi l i ty ,  max turnaround time of 2 weeks and sa fe ty  equivalent 

t o  t h a t  of a commercial a i r l i n e  have never been imposed on a space vehicle. 

Additionally a fb r the r  requirement f o r  a checkout and control  system which 

provides autonomous operation by t h e  crew without m j o r  support from t h e  

ground is a l so  a new space vehicle refinement. The experiences on our past 

space f l i g h t s  point t o  the  d e s i r a b i l i t y  of eliminating as much of t h e  

mechanical monitoring instnunentation as  possible, and essen t ia l ly  subst i tu t ing 

cathode ray  tube displays driven by computers t o  help simplify the p i l o t ' s  

monitoring tasks .  These and other needs we a re  here Lo address our a t t a t i o n  

t,o, and so since we have an in te res t ing  and fill pro~3rm ahead of us let us 

begin with the  f i r s t  paper, 
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INTEGRATED AVIONICS ARCHITECTURE 

D. M. Petrie 

The Boeing Company 
Seattle,  Washington 

dn integrated av3onics ay i s  dee r ibed  that is c r l a t i c  of that will b f m d  in at- 
a l r c r s f t  and manned space cles. Dsaign rules develaped, be g with can~spLua1 &udl.se 
on the SST in 1966, t ha t  have matured to  produce 8 design t h a t  i s  considemet t o  be a saddle point In over- 
a U  cost snd wight ,  >that  i s  a l so  consistent ufth safety requirements i n  man-ratsdvehicles. The d e s i p  

-a sppmech points out the need t o  avoid generalitzes in use of design rules;  rather, t h a t  the d e t a i l s  of the 
q'aesticn a t  hand should ba used t o  reach configuration decisions. The system design repremnts  a m i x  of 
eentral ice6/decentra~zed concepts and covers the high-leverage redundancy que stion. Subsystem elements 
"sha t ere described inclucZe central  t"da& managementn computer, data bus, CRT displays, manual interface, 
navigation sensors, f l i g h t  control, rocket engkm control, and telecommunications. Traditional approaches %o 

'93 
P s~ ' s te2  nrganization and subsystem design practice must be al tered i n  order f o r  t h i s  new approach to be 
rn sdcce ssful. Development program requirements include a breadboard demonstrator connected t o  p r i p h o s s l  
f7 
rn electroaeehanical equipment; and a t e s t  bed a1 
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C E N T R A L I Z A T I O N  O F  F U N C T I O N S  

@ TIME-SHARED COMPUTING 

@ MULTIPLEX WIRING 

@ COMMON INERTIAL SENSORS 

@ CRT DISPLAYS 

@ COMMON RF L INKS 

.1 SEC 

- 
MULTI PLEXER 

@ POWER CONDITIONING 
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W H Y  I N T E G R A T E D  A V I O N I C S ?  

RECURRING LABOR 
(OPERATION 5 )  

RECURRING HARDWARE 
(TANKS 8, ENGINES) 

NON-RECURRING 
(ENGINEERING & 
DNELOPMENT) 

SATURN (1 968) 

RECOVERABLE \ \ 
VEHICLE 

MORE COMPLEX AIRFRAME 

SHUTTLE (1 978) 





I N T E G R A T E D  A V I O N I C S  D E S I G N  R U L E S  

@ ROUTINE FUNCTIONS SHOULD BE AUTOMATED; JUDGMENT FUNCTIONS 
SHOULD BE EFFECTED BY THE FLIGHT CREW. 

@ MANUAL INTERVENTION SHOULD BE USED A S  BACKUP TO AUTOMATIC 
MODES WHERE SUCH MANUAL, OFF-LINE REDUNDANCY I S NOT TIME 
C R l T l C A L  WITH REGARD TO HUMAN RESPONSIVENESS. 

@ OFF-LINE BACKUP FUNCTIONS SHOULD CONS I DER D I FFERING PR INC I PLES 
OF OPERATION, WHERE POSS I BLE. 

@ ON-LINE (PARALLEL OPERATION REDUNDANCY OF EQU I PMENT SHOULD BE 
LIMITED TO THOSE FUNCTIOi\JS '\PJMICH ARE TIME-CRITICAL AND SHOULD 
USE IDENTICAL PRINC I PLES OF OPERATION. 

@ COMPUTING FUNCTIONS THAT ARE NOT UNIQUE TO A GIVEN SUBSYSTEM, 
AND I OR ARE TAILORED TO EACH MI SSION, SHOULD BE CENTRALIZED I N  
A REPROGRAMMABLE COMPUTING COMPLEX. COMPUTING FUNCTIONS 
THAT DO NOT VARY MI SSION-TO-MISSION, ARE UNIQUE TO A GlVEN 
SUBSYSTW,  AND I OR ARE SAFETY-CRITICAL SHOULD EMPLOY DEDICATED 
COMPUTING. 

@ I N  THOSE CASES WHERE THE TECHN I CAL TRADES OF COST, WE I GHT AND 
RELIABIL ITY ARE NOT DECISIVE, THE DEDICATED EQUIPMENT APPROACH 
SHOULD BE FAVORED A S  A MEANS TO M I N I M I Z E  DEVELOPMENT AND 
FUNCTIONAL INTERDEPENDENCE. 
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I N T E G R A T E D  A V  I O N  l C S  S Y S T E M  

DISPLAV/ 
PILOT CONTROL 

PROCESSOR 
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DAT,A M A N A G E M E N T  

COMMUNICATIONS 
NAVIGATION 

NON SAFETY-CRITICAL DATA BUS 

@ TVVO I DU\ITICAL BECUTIVE PROCESSORS, OPERATING ASVNCHRONOUSLY I N  A 
DED ICATED MANNER. CONFIGURATION B S S l NGLE FAILURE, FAULT-TOLERANB, 

@ DATA COLLECTION AND D I STRI BUTION SVSTUV\S UMPLBVS A DUAL REDUNDMT 
DATA BUS FOR NONCRITICAL DATA AND A REDUNDANT WARDW I RED S Y S T M  
FOR CRITICAL FUNCTIONS 

@ STANDARD INTERFACE UNITS PROVIDE LOCAL SPECIALIZED PROCESS ING AND 
A MEANS OF COUPLlNG M E  SUBSYSTWS TO THE DATA BUS 

MASS STORAGE I S  A MIXTURE OF FAST RANDOM ACCESS AND LOW COST TRANS- 
PORTABLE STORAGL PRIME U\ITRY MECHANISM I S  V I A  A RF DATA LINK F R M  
GROUND BASED COMPUTING COMPLEX. 
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D  I S P L A Y  A N D  C O N T R O L S  

TV Video 

I 
Radar SWITCH ~ I L  
Video LOGIC 

MISSION 
EVENT 
DISPLAY HORIZONTAL 

SITUATION 
DISPLAY 

DISPLAY 
GENERATION 
& REFRESH 

FLIGHT CRITICAL 
INTERFACE 
LOGIC 

DISPLAYICONTROL 
PROCESSOR 

Flight Critical D l a  & Control 



The @dance md navigation h c t i o n s  a r e  distributed df f fe ren t ly  f r o m  thaL found i n  previlous d r e r &  
m d  space vehicles: angular and l i n e a r  accelera t ion da ta  i n  vehic le  coor t e s  m e  sensed by a s t r e , ~ ~ =  
iner t ia l .  sensor blockpwith navigation and guidance computations being e f f e c t d  by t h e  executios proeeswre 
of the  data naanagement sub-system. I n  t h e  primary navigation mode, raw data  from t h e  sensor block i s  
fed directly i n t o  t h e  input/output sect ion of executive processor "A"", I n  t h e  back-up mode, a c o n v e n t i o d  
giwbdd-led platform feeds l a t i t u d e  and longitude, i n  addi t ion Lo angula da ta  i n  i n e r t i a l  coordinates, i n b  
executive processor "BB" . The navigation software f o r  processor "B" i s  obdous ly  d i f f e r e n t  than t h a t  o f  
processor "A'" this, along with t h e  contra st ing i n e r t i a l  sensing %ecMque ,  i l l u s t r a t e s  one appl icat ion sf 
the P'dBffering principles1' design r u l e  previously mentioned. A d a t i o n a l  back-up f o r  f e r r y  operations Ps pmsrSbded 
by VOR/DME, 

LQ SimU1all;ion s tudies  of reentry  frbm ear th  o r b i t ,  and f l i g h t  test experiments of t h e  let-down phase, kave 
O slio-m -the f e a s i b i l i t y  of a saf e-return mode,using d i m e  da ta  combination with manual @dance, 

T h i s  point ,  careful ly  qual i f ied ,  permits guidance/navigation, da ta  management, and portions of o ther  s u b  
systems t o  be configured t o  a lower l e v e l  of redundancy than t h a t  required f o r  absolute s a f e t y - c s i t i c d  
fmc"cions, l i k e  f l i g h t  control. A safe-return mode i s  thus avai lable  i n  t h e  event both threads of t h e  $at& 
rwagernent sub-system and the  primary navigation sensors should fail. =-line redundancy i s  a l so  pe&ssllale, 
t lxs de-sensitizing these portions of t h e  avionlcs system t o  lridden branches of t h e  voter  and switchfng f a d t  
tree, 

EbLh air data  sub-systems a r e  avai lable  Lo t h e  executive pmcesssrs:  one through data  bus 'Aw, the other  
tbsoex* data. bus "B"'. One unit i s  always hardwrLred t o  a dedicated d i ~ a p l w  f o r  manual guidance modes. 

The type selee%ion sf rendezvous, do&ing,and autoland sensors i s  not  c r i t i c a l  Lo t h e  bas ic  q s t m  meMbeLhwe, 
However9 a-ztomation of t h e  re la ted  guidance functions should be a design goal because theae m e t i o n s  w e  emcrpr- 
susceptible i n  t h e  mqllR7 mode and a r e  amenable t o  automation. 
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I m @ ULTRA-RELI ABLE, LOW COST PRIMARY 
13 INERTIAL NAVIGATION, BACKED UP BY 

i: CONVUUTIONAL INS, CADS, NAVAl  DS 

@ DUAL-THREAD AUTOMATIC GUIDANCE BY 
EXECUTIVE PROCESSORS, BACKED UP BY 

Y 
Z 

MANUAL MODE 
- 

0 z @ UNMANNED MODE CAN TOLERATE ONE 
CRITICAL FAILURE PER SUBSVSTWl TO 
R W A I N  OPERATIONAL. MANNED MODE 
CAN TOLERATE TWO FAILURES FOR SAFE- 
RETURN MODE 



The flight control systa is dedicated primarily because it is absolute naht-safety critical, rsq-ing 
special protection against maintenance errors and physical or electrical damage. It is on-line redudant 
because a statically unstable vehicle, flying through a fluid medium, will experience structural brecskup 
(within 2 - 5 seconds) in the event of loss of active control. The equipment is located in an aft 
avionics bay because of the large number of safety critical wires that radiate from the controller to 
the effectors (thrust vector and aero surface actuators, and reaction control jets), most of which are 
located near the aft end of the vehicle. Six dedicated command lines are required to transfer signals 
(roll, pitch, yaw and translation) from the sidearm controllers in the cab to the flight control elec- 
tronics. Guidance commands from the data management system are injected into the flight control systsnr 
at the sidearn controller, the latter serving as either a manual bias of the normal automatic commande 
or as an override of the automatic mode of operation. 

The basic control law within the atmosphere is pitch or yaw rate, at speeds below 250 knots, shifting 
to a pitch linear acceleration and roll-to-steer mode at speeds above 250 knots. Blending of control 
wathority between thrust vector, aerodynamic, and reaction control is done automatically by the self- 
adaptive gain adjustment feature. Automatic gain compensation is effected by constantly measuring 

b-2 
vehicle response to a sub-liminal test signal. The self-adaptive gain control technique was chosen 

N over direct air data measurement or navigation-derived data so as to preserve the integrity of the 
flight control function by minimizing susceptability to failure of subsystems that have been configwed 
with lesser redundancy. 

s provide data neceslsary to effect the proper value of stiffness and damping to the aerro- 
dynarrdc wsathercock of the drframe. The linear accelerometers are required for proportional and l M %  
control while in the acceleration mode of aerodynamic and reaction control. Airframe temperature at 
key points is measured to prevent inadvertent structural overheat when under manual flightpath control. 
Stalling is prevented by inferred measurement of angle-of-attack, then comparing this computed result 
with conditiod data on stall onset that has been derived from wind-tunnel tests. 

The computing requirements for the flight and engine controllers are mutually similar and somewhat 
unique,relative to the conputers used in the data management computer complex; both employ digital 
.fi-eq-cency-selective filters with time-varying coefficients, and require high sampling rates to effect 
sLabls, active control, The multiple axes and multiple engine control requirements also make tbe-shared 
centralized computing a significant weight economy. A single processor configuration, specially derrigned 
for this class of function, is postulated as a means to reduce development and maintenance costs. 

i 



F L l  G H T  C O N T R O L L E R  

TEMPERATURE 

@ PERMITS PILOT OVERRl DE FOR SAFE RETURN 

@ PROVIDES AUTOMATIC G-LIMIT STRUCTURAL PROTECTION 

@ PROVl DES AUTOMATIC STALL PRWEIUTIOM & DEEP-STALL LOCK-OUT 

@ PROVl DES INNER-LOOP PROTECTIVE CONTROL AGAl NST STRUCTURAL OVERHEAT 

@ LOCATED I N  A n  AVIONICS BAY WITH DEDICATED, CENTRALIZED, ENGINE CONTROL 
COMPUTERS OF l DENTICAL HARDWARE DESIGN 



Tae eomu11ications subsyst~ln i s  designed for  s tansous handling of d i g i t a l  co P KY data, 
and voice on any single R,F, car r ie r  in contac t h  the ground, the space base, c at ion 
sa t e l l i t e ,  The automatic landing aid employs swept beam dcrowave radar: The current i n s t m e n t  

b-3 l a d i n g  system (ILS) , requiring 3 O  glide slopes, i s  not pract ioal  f o r  orb i te r  configurations tha t  use 
A Lulwbo-jets t ha t  am instal led only f o r  ferry missions, 

Speeidized encodlsg and decodbg i s  done bg a special processor wi the standard interface u n i t  
( SIU) , 



T E L E C O M M U N  I C A T I O N S  

INTERCOMM 

COMM DECOD 

--- 
DATA BUS 



The avionics equipmsnt i s  concentrated in Wo m j o r  locations in *e vehicle; Uls rocket en- con-P 
and f l i gh t  control computers in the empennege and the vast  lnajority of Lhs e q u l m n t  f o m r d  in Lhe &vl&os 
equii~neett bay and the cab. The location of each i t e m  of equipmsnt which i s  not i n  tb squ%pnL ibay ?Loo 
d ic l ahd  by the function which it psrfoms and i t s  Fnterfaces with other equipent ,  the data z3.t 

mrbsyshm (INS), o r  the crew. 

The DPlS will be centralized with two ssparak computers and the p r i n c i p l  d a b  bus te 
f ~ m r d  equipment bay. Thls Mill locate the guidance and nav ip t ion  cornputfng function close t o  i t s  vincit@ 
Zata interface, the Ine r t i a l  Measwement U n i t  ( o r  s t r a p d o n  ssnsor block), rcinimizlng the data t r m f l e r  
problezu. The highest data ra te  and density f o r  the checkout and monitoring functions w i l l  involve tb 
rensbder  of the contiguous avionics located forwari and the displays and controls in the cab. There i s  
a l s o  an interface w-ith the f l i g h t  control and engine control computers but a t  a much lower daLe rate. In 
addition to  the above equipent ,  the forward equipment bay contains the cmun ica t ion  e q d p n t ,  fue l  eeUs8 
bat ter is  and power conversion and switching equipment. 

The dedicated f l i g h t  control and engine control computers a re  located a f t  in order t o  be close t o  t h e i r  
sensors and actuators. Thls r e su l t s  in two subsystems which have a high data r a t e  between the i r  h d i c a h d  
computers and the i r  sensors snd actuators, and a much l o w r  data rate t o  the DMS computers 113 the forulrrd 
equip~ent  bay. 

The &La bus and i t a  associated Standard Interface U n i t s  (=US) are  diatributed throughout the vsMcls, 
thus tying a l l  the uni t s  of the inhgra t sd  avionics towther .  The =Us  a m  the EBMS interface dth a U  
other equipxent. They provide a l l  conversion and conditioning of eignals. 

hntennas and power loss-related elements of the conrmunlcation aubegrgtsm have t h e i r  location d i c b b d  by 
required antenna coverage. 



DMS Computers 
Inertial Navigation System 
Connnunications Equipment 
Fuel Cells 
Batteries 

Computer 



The ix*&g~a%d avionics required f o r  shu t t l e  employs a degree 04 Auzctfonal c e n t m l l m t i o n  that hAs not, 
heretoi"ore, h e n  atbnrpted on a large  program. Gaining the  confidence of technology in'terssts a t  l a r e ,  
trho normally have a parochial  approach Lo equipnent functions, may well  be the  most formidable hurdle. 
An in tegrated avionics breadboard demonstrator, connected t o  per ipheral  electromechanical e q ~ p e n t ,  l e  
one m y  t o  gain this sapport and mutual coopra t ion .  An avionics te s t  bed a i rplane would a l s o  be p r m s l l v e .  
Another managerial t o o l  i s  the  so-called systems engineering directorate," whose task i s  t o  adjudicate 
eonf i y r a t i o n  options. 

Xn conc l~s ion ,  in tegrated avionics shows promise of achieving a breakthrough in lowering operational 
cos t s  and launch weight requirements for shut t le .  Organizing the  equipment beginning with the system 
requirements, r a the r  than with ' c l ass ica l  subsystems developed f o r  non-integrated avionic e, i s  the  narne 
of the game. Technological breakthroughs, a s  such, a re  no t  required: A b e t t e r  organization of @ b a t i n g  
components w i l l  do the  job. 

S A L I E N T  F E A T U R E S  O F  I N T E G R A T E D  D E S  l G N  

W lTH COMMERC l AL A I  RLINE OPERATIONS OF 1980 

@ EMPLOYS M I X  OF CENTRALIZATION, DECENTRALIZATION, 
AND REDUNDANCY CONCEPTS TO M I N I M I Z E  WEIGHT, 
COST, AND PROGRAM RISK 

@ AVOIDS ERROR-SUSCEPTl BLE CRON FUNCTIONS 

@ UTILIZES M A N  

AFOLLO GN & C, 
A !  RCRAFT, TITAN I I I 

A I  RCRAFT, MANNED 
SPACE PROGRAM 

A I  RCRAFT, MANNED 
SPACE PROGRAM 

@AVOIDS MARGINAL TECHNOLOGY e.g. MULTI PROCESS INC AND LACK OF SATI SFACTQRY 
FAIL-OP MULTI PLEXED DATA BUS INDUSTRIAL EXPERIENCE 

@EMPLOYS DIFFERING PRINCIPLES OF OPERATION FOR MANUAL AI RCRAFT NAVIGATION 
BACK-UP MODES 



Michael A. Cowan and David J. Freeman 

MnDonnell Douglas Corporation 
S t .  Louis, Missouri 

INTRODUCTION 

I n  many a r e a s  t he  t r u e  scope of t he  Space S h u t t l e  has  n o t  been roughed 

out .  Like an iceberg ,  what we s e e  now i s  a  smal l  p a r t  of t he  t o t a l .  

This is c e r t a i n l y  t r u e  i n  t he  i n t eg ra t ed  av ionics  a rea .  I would l i k e  t o  - 
focus a t t e n t i o n  on one a spec t  of t h e  s h u t t l e  i n t e g r a t e d  av ion i c s  system, 

- -. - - - 
its con t ro l s  - and d i sp l ays ,  ----- - and o u t l i n e  what I b e l i e v e  t o  be a  s i g n i f i c a n t  

- ... __--- I--. 

technology requirement  i n  t h i s  area.  S ~ ~ ~ ~ l ~ ~ . ~ . ~ 2 ~ ~ . ~ t t t ~ o o d i ~ u s ~  

s imula t ion  of a  p a r t  of t he  crew/control  and d i sp l ay  i n t e r s a c e  .which A .  - -- 

have ca l l ed  t h e  subsystem management i n t e r f a c e .  -- w 3 

Admittedly, involvement wi th  the  man machine r e l a t i o n s h i p  touches 

the  human f a c t o r s  technology. D r .  Jones of MDAC-East addresses  t he  human 

f a c t o r s  a spec t s  more d i r e c t l y  i n  a  r e l a t e d  paper being presented a t  t h i s  

symposium. E l ec t ron i c  des igners  and human f a c t o r s  s p e c i a l i s t s  w i l l  be 

working toge ther  t o  i n v e s t i g a t e  subsystem management and con t ro l  func t ions  

on the Space S h u t t l e .  



The crew/shut t le  c o n t r o l  and d isp lay  i n t e r f a c e  (Figure 1 )  inc ludes  

the  f l i g h t  c o n t r o l  subsystems, and t he  con t ro l s  and d i sp l ays  t o  manage 

and ope ra t e  s h u t t l e  subsystems. The l a r g e s t  subsys t em,  i n  terms of 

p o t e n t i a l  crew'workload a r e  t he  f l i g h t  con t ro l ,  propulsion,  and av ionics  

subsystems. 

Workload imposed by the  propulsion subsystem w i l l  be h igher  than i n  

p a s t  spacec ra f t  due t o  t he  incorpora t ion  of main boost  r ocke t  engines,  

r e a c t i o n  con t ro l  j e t s ,  and a i r  b r ea th ing  engines,  a l l  w i th in  t he  same 

vehic le .  Avionics management workload w i l l  i n c r ea se  n o t  only because of 

an i nc r ea se  i n  scope of av ion i c s  requirements,  bu t  a l s o  because of a high 

l e v e l  of equipment redundancy which w i l l  mult iply t he  number of e l e c t r o n i c  

u n i t s  c a r r i e d  onboard. 





The term f l i g h t  cont ro l  subsystem is  reasonably e x p l i c t ,  and well. 

understood t o  include those d i sp l ays ,  con t ro l s ,  a c tua to r s  and a u t o p i l o t  

elements used t o  d i r e c t  the f l i g h t  of the veh ic l e  along a des i red  path.  

(Figure 2A) Vehicle aerodynamics d i r e c t l y  inf luence  the  design and usage 

of t he  f l i g h t  con t ro l s  and a r e  shown here a s  a  p a r t  of the  t o t a l  f l i g h t  

c o n t r o l  subsystem. 

There is a no t ab l e  lack  of an equal ly  common term which encompasses 

crew i n t e r a c t i o n  wi th  the  remainder of t he  s h u t t l e  subsystem, (Figure 2B). 

We propose the  u s e  of t he  expression "subsystem management" t o  descr ibe  

these  o the r  subsystem con t ro l  and d isp lay  func t ions .  



CREW SUBSYSTEM 
FLIGHT CONTROL MANAGEMENP1 

CREW SUBSYSTEM ihb 
SUBSYSTEM MANAGEMENT 



One way t o  p ro j ec t  t he  scope of t he  s h u t t l e  d i sp lay  and con t ro l s  is 

t o  ex t r apo la t e  from pas t  manned space programs. The &rcury con t ro l  

panel (Figure 3) was a simple grouping of a few b a s i c  instruments ,  F l igh t  

d i sp l ays  a r e  i n  the upper center  panel.  Subsystem management con t ro l s  

and ind i ca to r s  a r e  a t  r i g h t ,  and sequencing and conf igura t ion  con t ro l s  

a r e  a t  l e f t .  Mercury, wh i l e  simple i n  concept and design, was highly 

automated, and made a long s e r i e s  of unmanned f l i g h t s .  

Gemini con t ro l s  and d isp lays  became more ex tens ive  a s  m r e  subsystems 

were placed onboard. F l igh t  con t ro l  d i sp l ays  were placed i n  f r o n t  of each 

crew member and subsystem management con t ro l s  occupied c e n t r a l  and s i d e  

panels .  A t  t h i s  po in t  i n  spacecraf t  evolut ion,  subsystem management con t ro l s  

began t o  occupy the  major port ion of panel  a rea ,  y e t  the  absolute  number 

was s t i l l  smal l  enough t o  pose no major problem t o  a  we l l  t ra ined  crew. 

The ambitious and d i f f i c u l t  ob j ec t ives  of t he  Apollo program created 

a  demand f o r  more subsystems, both t o  increase  r e l i a b i l i t y ,  and t o  s a t i s f y  

new requirements. I n  Apollo, the l a r g e  majori ty of the panel  a r ea  is given 

over t o  subsys tern management funct ions.  





Subsystem management i n  Apollo involves a  l o t  of d e t a i l e d  subsystem 

con t ro l ,  The crew w e t  make conf igura t ion  dec is ions  w i th in  a mode a s  w e l l  

as select :  the  ope ra t iona l  mode i t s e l f ,  For example, e i t h e r  one of 2 

s e t s  of redundant body mounted a t t i t u d e  gyros may be s e l ec t ed ,  o r  a l t e r n a t i v e l y ,  

platform derived a t t i t u d e ,  before  the  crew makes t he  f i n a l  "management 

decision" of p lac ing  the  spacec ra f t  i n  an a t t i t u d e  hold mode. While t h i s  

design is  f l e x i b l e  t o  mission changes, t h e  burden on the  crew of s a f e l y  

making a mult i tude of similar second l e v e l  conf igura t ion  changes is  l a rge ,  

as  can be  est imated from t h e  s i z e  of t h e  c h e c k l i s t s  ca r r i ed  onboard, and 

the amount of consul ta t ion  t h a t  takes p lace  wi th  subsystem s p e c i a l i s t s  

i n  Mission Control.  For t h e  s h u t t l e  program, the d e s i r e  f o r  autonomous 

mission opera t ions  w i l l  p lace  t h e  complete burden of submode configura- 

t i on  on the  crew. It is an t i c ipa t ed  t h a t  computer a ided  conf igura t ion  

c o n t r o l  w i l l  be used t o  r e s t o r e  a  more r e a l i s t i c  l e v e l  of mode con t ro l  

a c t i v i t i e s  t o  t he  crew s o  t h a t  they a r e  f r e e  t o  a c t  a s  t r u e  system m a g e r s .  

The s h u t t l e  w i l l  have an a i r c r a f t  mode of opera t ion  and thus sha re  many 

func t iona l  requirements wi th  l a r g e  t r anspo r t  a i r c r a f t  such a s  t h e  DC-10. 

Adding onboard checkout t o  t he  spacec ra f t ,  a i r c r a f t ,  and mission c o n t r o l  

func t iona l  requirements (Figure 4) we can begin t o  app rec i a t e  the t r u e  s i z e  

of t he  s h u t t l e  d i sp l ay  and con t ro l  iceberg .  





Consider merely the  avfonics  eubaystem (Figure 5 ) ,  This subsystem 

conta ins  350 l i n e  r ep l aceab l e  u n i t s ,  joined by a quadruply redundant 

d a t a  bus. These u n i t s  w i l l  c a r ry  on BOO0 conversat ions a t  a combined 

6 r a t e  of 10 b i t s l s e c .  The t o t a l  av ionics  weight w i l l  be 2600 lb s .  and 

the equipment i s  expected t o  consume 5000 wa t t s  of power. 

I n t e r f a c i n g  t h i s  subsystem wi th  t he  crew, and making i t  easy 

and s a f e  t o  manage is indeed a formidable design objec t ive .  



SPACE SHUTTLE POSS 

LCR ORBITER AVIONICS SYSTEM (Configuration 2)  Mod70 



To da t e ,  the program g: ide l ines  ( F i g u r e  6)  have been t o  reduce the  

number of d i s p l a y s  and con t ro l s  through in t eg ra t ion  of common funct ions .  

The aim of i n t e g r a t i o n  i s  t o  reduce crew workload by us ing  computer 

aided con t ro l s  t o  ca r ry  out  d e t a i l e d ,  low l e v e l  con t ro l  t a sks ,  while  d i s -  

p lay ing  s u f f i c i e n t  d a t a  t o  t h e  crew t o  ensure  absolu te ,  s a f e  c o n t r o l  over 

the  t o t a l  s h u t t l e  system. 

One promising candidate f o r  an i n t eg ra t ed  d isp lay  is the  CRT. This 

device can d isp lay  alphanumeric da ta ,  p i c t o r i a l  f l i g h t  d i sp l ays ,  and graphic  

information wi th  equal  f a c i l i t y ,  and is t r u l y  a  multipurpose d isp lay .  

D i g i t a l  computers w i l l  be used t o  d r i v e  CRT d i sp l ays  and, can a l s o  be 

e m e c t e d  t o  preprocess much raw d a t a  before  presenta t ion  t o  t he  crew, 

Switching func t ions  c m  be in t eg ra t ed  by using them t o  c o n t r o l  

the  l o g i c a l  s t a t e  of a computer program which i t s e l f  w i l l  ca r ry  out t he  

d e t a i l e d  connection of c i r c u i t  networks. 

PROGRAM APPROACH 
T O  SUBSYSTEM MANAGEMENT 

INTEGRATION OF CONTROLS AND DISPLAYS 
e MULTIPURPOSE DISPLAYS 
e PREPROCESSED DISPLAY DATA 
e REPROGRAMMABLE SWITCHES 
e COMPUTER AIDED CONTROL 



Two quest ions immediately become apparent, (Figure 7)  how far  

should integrat ion  be carr ied ,  and how much should the design b e  

automated? 

KEY ISSUES 

. DEGREE OF INTEGRATION 

. DEGREE OF AUTOMATION 



The aplswers t o  both ques t ions  w i l l  in f luence  t he  program cos t  (Figure 8), 

and w i l l .  de te rn ine  how m c h  f l e x i b i l i t y  of choice t he  crew w i l l  be a b l e  t o  

r e t a i n  i n  t h e i r  r o l e  a s  system managers. Since the  crew is of prime 

importance i n  manned space f l i g h t ,  we consider  f l e x i b i l i t y  of t he  man/ 

machine i n t e r f a c e  t o  be t he  d r i v i n g  v a r i a b l e ,  and c o s t  t o  be the  dependent 

v a r i a b l e  i n  con t ro l  and d i sp l ay  t r a d e  s t ud i e s .  The c h a r t  i l l u s t r a t e s  t h a t  

extreme f l e x i b i l i t y  (no i n t e g r a t i o n )  increases  c o s t s  because of weight 

robbed from payload c a p a b i l i t y ,  and extreme i n t e g r a t i o n  i ncu r s  c o s t s  

In design and development e f f o r t  . 

COST VS. DEGREE OF INTEGRAa'ION 

REGION I i REGION 11 i REGION III 
I I 

HIGH COST DUE i DECREASING WEIGHT HIGH COST DUE 
TO I OFFSETS INCREASING 1 TO COMPLEXITY 

IMCWEASING lNTEGRATIQN OF 
CONTROL AND DISPLAY FUNCTIONS 



After i n i t i a l  trade study groundwork and workload analyses, a baseline 

configuration (Figure 9)  can be proposed that embodies a t r i a l  answer t o  

the question o f  "how integrated?" and "how automated?" 

A CANDIDATE WELL INTEGRATED 
CONTROL AND DWPLAY BASELINE 

e FOUR MULTIPURPOSE CRT CONTROLSIBISPLAY S 

e FLIGHT CONTROL . SUBSYSTEM STATUS 
e COMPUTER INPUTIOUTPUT 

o SOME DEDICATED CONTROLS/DISPLAYS 

e ELECTRICAL SUBSYSTEM FAILURE INDICATION . ECLS AND PROPULSION MONITOR 

e MANUAL MODE SELECTION AND OVERRIDE 

. AUTO-SELECT WITHIN MODE 



This  ba se l i ne  ( cu r r en t l y  based on pre-Phase B t r ade  o f f s )  i s  then 

developed i n t o  a  panel  design (Figure 10). Now we can study t h e  ques t ion  

"does th in  i n t e g r a t e d  design provide the des i r ed  f l e x i b i l i t y  a t  a 

reasonable c o s t  ?'I 

Dynamic s imula t ion  technology should play a'. important  r o l e  i n  these  

s t u d i e s  . F l i g h t  c o n t r o l  s imula t ion  techniques and equipment a r e  i n  cormon 

use i n  a l l  major aerospace companies. Consequently, a  s h u t t l e  f l i g h t  con t ro l  

s imula t ion  can be qu ick ly  assembled a t  a reasonable incremental  c o s t  

5 (on the  order  of 10 d o l l a r s ) .  A complete system s imula t ion  is considerably 

6 more expensive, (on t h e  order  of 10 d o l l a r s ) ,  b u t  more important ly,  is 

d i f f i c u l t  t o  achieve i n  t ~ l e  e a r l y  phases of a  program because of the  sma l l  

amount of design d e t a i l  t h a t  i s  a v a i l a b l e  i n  these  phases. Thus by a  v i c i o u s  

c i r c l e  of events ,  t he  t o o l  t h a t  should be used t o  he lp  design t he  d e t a i l s  

of subsystem management d i sp l ays  and con t ro l s  i s  not  a v a i l a b l e  

because of t he  l a ck  of design d e t a i l s .  

Therefore,  a  need e x i s t s  f o r  a  t oo l ,  o r  technology, t o  f i l l  t h i s  

"s imulat ion gap. " This t oo l ,  f o r  s tudying subsystem management panels  

should be f l e x i b l e ,  inexpensive and a v a i l a b l e  f o r  use e a r l y  i n  t he  design 

cycle .  One MDC at tempt a t  subsystem management s imula t ion  was t o  b u i l d  a  

self-contained func t i ona l  s imulator  of t h e  de s i r ed  panel ,  i n  t h i s  case ,  

a t o t a l  i n t e g r a t i o n  of a l l  f i g h t e r  av ionics  i n t o  one 18  in .  by 18  in .  c o n t r o l  

and d i sp l ay  panel .  For l e s s e r  degrees of i n t e g r a t i o n ,  involving s e v e r a l  

panels  t h i s  approach becomes l e s s  p r ac t i cab l e .  





Building on t h i s  experi;;nce, we have Looked a t  t he  p o s s i b i l i t y  of using 

smal l  inexpensive dedicated computers (Figure 1%) opera t ing  i n  c o n j m c t i o n  

wi th  s tandard  t e k e m t r y  equipmnt  t o  make csarpietely f u n c t i o ~ ~ a l  subsystem 

msnagement panels .  Representat ive l i g h t s ,  swf tches , numerics, e t c ,  a r e  

made a v a i l a b l e  t o  the  des igner  a s  b a s i c  bu i l d ing  blocks wi th  which t o  make 

a s o f t ,  b u t  f unc t i ona l ,  mockup of h i s  pane l  design. These bu i ld ing  blocks 

a r e  made up t o  plug i n t o  t he  ml t ip lexer /demul t ip lexer  equipment and thereby 

communicate w i th  a dedicated minicomputer. Random access  s l i d e  p ro j ec to r s  

can a c t  t he  p a r t  of d i sp l ays  o r  a l t e r n a t i v e l y ,  l o w  c o s t  remote computer 

t e rmina l  CRT d i sp l ays  can be used t o  d i sp lay  alphanumesic/graphic data .  

Such d i sp l ay  equipment can handle problems where page update times of one 

second o r  g r e a t e r  a r e  allowable. (The f a s t e r  f l i g h t  c o n t r o l  d i sp l ays  re- 

q u i r e  updat ing every 1/60 t o  1/40 second and r i g h t l y  belong i n  t he  province 

of s p e c i a l  purpose f l i g h t  s imula t ion  equipment, ) 

SIMULATION OF SUBSYSTEM 
CONTROLS AND DISPLAYS 

SIMULATED SUBSY STEM MANAGEMENT PANEL 1 
SWITCHICONTROL LIGHTS/NUMERI CS 

INPUTS 

COMMUNICATION 
WITH HYBRID 

MINICOMPUTER FLIGHT CONTROL 

I SIMULATOR 



Our e f f o r t  t o  implement the complete s imulat ion of the  manlmachine 

i n t e r f a c e  f o r  the  Space S h u t t l e  (Figure 12) began e a r l y  t h i s  year with 

p a r a l l e l  e f f o r t s  i n  both f l i g h t  cont ro l  systems and subsystems management 

s imulat ions.  We have completed f e a s i b i l i t y  demonstration of the  subsystems 

management func t iona l  s imula t ion  us ing  a  time shared computer f a c i l i t y  

operat ing a t  slower than r e a l  t i m e  r a t e s .  I n  a  r e l a t e d  e f f o r t ,  the  f l i g h t  

con t ro l  s imula t ion  has progressed normally using an e x i s t i n g  hybrid computer 

f a c i l i t y ,  and CRT type f l i g h t  d i r e c t o r  d i sp lays .  By January 1971, we expect 

t o  have the  subsystem management s imula tor  converted t o  r e a l  time capab i l i t y  

using a sma l l  dedicated computer. 

IMPLEMENTATION PLAN 

SLOW TlME PROTOTYPE 

REAL TIME SIMULATOR 

SUBSYSTEM MANAGEMENT 
CONTROL PANEL STUDIES 

FLIGHT CONTROL SIMULATION 

TOTAL MAN/MACHtNE 

HIGH FIDELITY SHUTTLE 



A f t e r  s i x  months of s e p a r a t e  use i n  suppor t  05 t h e  Space S h u t t l e  

Phase B s t u d i e s ,  w e  p l a n  t o  combine i k e  two s i m u l a t i o n s .  This  w i l l  

p rov ide  a s i m u l a t i o n  c a p a b i l i t y  f o r  s t u d y i n g  t h e  t c t q l  man/machine i n t e r f a c e .  

TOTAL SHUTTLE SIMULATION 



(Figure 14) Our technology ob j ec t i ve  may h e  summarized by saying 

t h a t  we must provide the  means t o  an end; t he  means is a f l e x i b l e ,  

economical, subsystems management s imula t ion  c a p a b i l i t y ,  and t he  end is 

e a r l y  human f a c t o r s  and equipment v a l i d a t i o n  of the  b e s t  degree of in tegra-  

t i o n  t o  be used i n  t he  s h u t t l e  subsystems management d i sp l ays  and con t ro l s .  

TECHNOLOGY OBJECTIVES  

. SUBSYSTEM MANAGEMENT CONTROL AND DISPLAY 
SIMULATION 

e FLEXIBLE 
e ECONOMICAL . DESIGN TOOL 

e EARLYHUMAN FACTORSVALIDATION OFTHEDEGREE OF 
INTEGRATION TO BE USED IN THE SHUTTLE SUBSYSTEM 
MANAGEMENT CONTROLS AND DISPLAYS 

e FUNCTIONAL SIMULATION OF THE COMPLETE MAN/ 
MACHINE INTERFACE FOR THE SPACE SHUTTLE 
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mFTWARF: INTEGRATION &OR INTEGRATED ELECTRONICS 

R. F .  Mlawa 

General Dynamic s/Convair 
San Diego, California 

Today' s genesis of integrated avionics has greater flexibility to changes and, there- 
fore, resists  technical obsolescence. Key hardware items that integrate the avionics 
system and allow these qualities and ecommics are: 

(1) Computers 

(2) Multipurpose Displays and Controls 

(3) Data Bus 

These hardware subsystems have the common characteristics of being time shared and 
software controlled. 

The development, integration and test of a flexible system of software to support not 
only the operational vehicles, but the necessary hardware development program provides 
a major challenge. 

An approach is discussed which will minimize problems associated with current tech- 
niques. The software goals are  therefore to minimize cost and schedule impacts through 
the understanding, awareness, and responsive action to long-lead time software require- 
ments. 

SOFTWARE GOALS 

MINIMIZE 

@ COST 

@ SCHEDULE 
IMPACT 

DEVELOPMENT 

PHASE D 



B ~ r i r g  phases B md C Beaale Aflonie/Vehicle he i s lone  a s e t i n g  soaware are 

the deeses of: 

(I) CernLralizakion 

(2) Ahnomy 

(3) Crew PasLfcip&ion versus A m m a ~ o n  

(4) %ckundaney 

'5) Commonali.Cy 

which are tageted %& Bow cost integrate'd avionics. 

INTEGRATED 
REDUNDANCY- AVIONICS 

(LOW COST) 



Software i s  evident in the degree of centralization question whether we talk of 

a centralized time shared system on one hand, a dedicated subsystem concept on 

the other, or somewhere between these extremes. 

DEGREE OF CENTRALIZATION 

CENTRALIZED TIME SHARED 

d 

COCKPIT 

DISPLAY 

CONTROL 0 
& SOFTWARE 

DEDICATED 



"She degree of aubmation to be heermined &ring Phase B can impose a siimfi- 

csnt software impact during the mbsecyuent Space Sbuele dsvelopment, htegration, 

test and operation& project phases. 

DEGREE OF AUTOMATION VS. CREW PARTICIPATION 



The extant of avionic hardware aund sofLware eommonJi@ will show some 

optimum point relative to Space muttlels: 

(1) Booster 

(2) Orbiter 

(3) Ground Turnaround 

(4) Launch 

(5) Contingency Mission Support Facilities 

(6) Crew Training 

EXTENT OF COMMONALITY 
OF HARDWARE d SOFTWARE 

$ 
COST 



Since we've briefly covered Space Shuttle's Phase B and C objectives, let 's  

concentrate on Phase D, 

Anticipated Phase D go-ahead is third quarter of calendar 1 972. At that point 

in time we could foresee the beginning of Engineering release which will continue 

up to the start  of calendar 1974. The first two avionics ship se ts  for booster and 

orbiter a re  required by the f irst  quarter of 1975 to support the f irst  horizontal 

flights in the third quarter of that s , m e  year 1975. Although, subsequent shipts 

se ts  of avionics a re  required in pairs  at 6-month intervals, let 's focus our 

attention on the f i rs t  avionic ship se ts  required in the f i rs t  quarter of 1975, 





One of the identified critical paths to produci~ag the f irst  avionics ship sets  by 

first quarter 19135 shows the il~ter-relationship of: 

(I) Development of the on-board computer(s) 

(2) Code generator to interconnect the computer operation codes with that 

of a higher order programming language 

(3) Integration, testing and validation of the f i rs t  avionics ships set 

This is a parametric schedule presentation. The following minimums were 

derived from recent launch vehicle, manned spacecraft and military programs 

with similar requirements, although some requirements were greater than those 

for Space Shuttle. 

(1) Computer Development - 18 m.onths 

Design freeze on operational code and timing - 1 2  months 

(2) Code Generator -- 1 2  months 

13) Avionics Integration - 15 to 30 months 

(The longer duration exemplifies avionics dependent manned vehicles. ) 

The longest duration path starts  at the top left of computer development block to 

the right until the dashed diagonal of the computer op-code and timing design freeze. 

The downward vertical arrow takes u s  to the initiation of development of the code 

generator (12 months), then up to the initiation of eke long path (30 mon&s) of 

avionics integration. The shortest duration commences computer development first 

quarter 792, eode generator f irst  quarter '73, and avionics integration first  quarter 

'14 for 15 m s n a s .  



AVIONICS INTEGRATION CRITICAL PATH 

PROGRAM 

CONTRACTUAL 
MILESTONES 

AVIONICS 

SOFT\'I'ARE 
FACILITIES 

I I 
0 CONTRACTOR MILESTONES 
@ CONTRACTUAL MILESTONES 

V SERVICE TEST MODEL AVIONIC SETS 
V FLIGHT QUALIFIED AVIONICS SETS FOR FLIGHT TEST 
0 PRODUCTION AVIONIC SET (25 FLIGHTS Y E d K l  

4 ADDITIONAL PRODUCTION AVIONIC SETS I75 FLIGHTS YEAR, 



Visualization of the avionics integration consists of establishing the intesdepen- 

dency between hardware systems and operational sy sterns to determine what items 

a re  order dependent. It i s  easily seen that (1) computer hardware, (2) data bus, 

and (3) display and control are  common dependencies for all operational systems 

and therefore a re  critically needed to initiate the avionics integration. 

SYSTEM /SUBSYSTEM DEPENDANCY MATRIX 
HARDWARE 
SYSTEMS 

CORlPUT E R 

D A T A  BIJS 

DISPLAY & CONTROL 

RENDFZVOUS & DOCKING 
.\UTO L A N D I N G  
FLIGHT CONTROL 

PROPULSION 
PO\':ER SYSTEMS 
THERhlAL PROTECTION 
L A N D I N G  GE4R 
P A Y L O A D  T9ANSFER 

COMii l IJNlCATlON 
GUIDANCE & N A V I G A T I O N  
LIUVIRONMENTAL LIFE SUPPORl 
3EACTION CONTHOL 
IQFLIGHT T R A I h ' I W  

ONBOi\l:l> CHf  CI<OUT 

FAA IDR 
COPAMON 
DEPENDENCIES 

LEGEND 
X PRIMARY 
0 SECONDARY 



Keeping the critical order in mind, intervals of time a r e  shown a s  the sub-avionics 

integration periods to substantiate the integrity of operation of the various classes 

of software for hardware checkout, and operational software with the hardware. 

AVIONICS INTEGRATION SCHEDULE 
C A L F  r d D 4 Q  I 

, . 1 1 ' : " .  . . , , , I , .  v v 
c T : u  I FL IGHT AVIONICS 
I L ~ I L L S T Q ~ Y E ?  1 I T R ~ I N E F :  FIRST FL IGHT 

INTERFACE 
FUNCTIONAL 
PFRFORRIAYCK 

SYSTEM TFST 
S O F T ~ ~ ~ A R E  I DESIGN 

I SPECIFICATIOIYS SYSTEM 

I L-y INSTALL 
SIIPPORT 
SOFTI!+iRE 1 I ASSErvlBLER 

i I & EMULATOR 



The Code Generator, previously shown as the middlema in the avionic's 

critical path, i s  shown at the lowor right in the Vehicle Computer Lanwa&;e P&h 

of the Computer Language Development process, 

The left hand portion depicts the higher level language design and development 

through the intermediate language. At this junction the language can be operative 

on an existing support computer via the support computer language path. The 

lower vehicle computer language path requires the vehicle computer design freeze, 

development of vehicle computer code generator and the development of the vehicle 

computer simulator on an existing computer. 

If the execution timing on the support computer is nearly the same a s  the vehicle 

computers, much of the software validation and representative timing can be accom- 

plished on the support computer prior to vehicle computer,design freeze. The 

vehicle computer simulator will enable the final software validation prior to 

integration with the flight hardware in the avionics integration cycle. 





The h t e m e d i a t e  ca~npi ler  Javapqe  developed in the previous slide could well 

s e rve  a s  the base for m m y  peculiar application dependent computer Imwages 

such as  for checkout and display formatting. 

These limited application dependent languages could well serve as  a limited 

lmguage bridge to other national 1 ages using bilateral assembly translators 

to and from English. This could help solicit and promote foreign padicipstion. 

Application languages could well serve to bridge the communications gap 

within the aerospace and electronics industry and eliminate the multi-language 

problems now existing in the United States working on different facets of the same 

project. \ 

POSSIBLE LANG-UAGE HIERARCHY 

DEPENDANT 
SOFTWARE 
LANGUAGES 
IN DIFFERENT 
NATIONAL 

[NTEKMEDIATE 
TVlPl t ER 



SUMMARY 

@ SOFTWARE IS A PRIME AVIONICS INTEGRATOR. 

@ SOFTWARE COMMONALITY IS NECESSARY FOR LOW COST & SCHEDULE IMPACT. 

@ SCHEDULE IMPACTS SEEM LIKELY DUE TO COMPUTER DEVELOPMENT 
AND SOFTWARE LANGUAGES IF  WE WAIT UNTIL PHASE D. 

@ INTERNATIONAL PARTICIPATION VIA SOFTWARE APPLICATIONS LANGUAGES 
WOULD SOLICIT INVOLVEMENT OF OTHER NATIONS. 

@ AVlONlCS INTEGRATION TAKES CALENDAR TIME 



CONCLUSIONS 

@ TAME BOLD GUESS FOR GROWTH ETC. AND START 
THE VEHICLE COMPUTER DEVELOPMENT NOW. 

@ START INTERMEDIATE COMPILER DEVELOPMENT NOW, 
OR ADOPT AN EXISTING HI-LOW LANGUAGE. 

@ START DEVELOPMENT OF APPLICATIONS LANGUAGES 
AS SOON AS INTERMEDIATE COMPILER IS FIRM. 



INTEGRATED CONTROL AND AIRFRAME DEVELOmNT CONSIDERATIONS 

Donald L. Martin 

The Boeing Company 
Sea t t l e ,  Washington 

INTRODUCTION 

Integration of t h e  guidance and control  systems with the  airframe requires 

close associat ion of a l l  technologies during design and development of the  

airframe. To most e f fec t ive ly  manage the development of these systems it 

i s  necessary t o  maintain a f l ex ib le  organization which allows a continual 

refinement of t h e  system requirements as  the  airframe configuration is 

evolving. Mission performance, system costs  and safe ty  a re  some of the 

parameters used t o  develop t h e  overa l l  requirements. Analytical models, 

simulation and laboratory hardware a re  the too l s  used t o  obtain the  neces- 

sary t r ade  data  and t o  r e f i n e  the  deta i led  system requirements as  shown i n  

Figure 1. 

Examples taken from t h e  SST prototype development program w i l l  be used t o  

i l l u s t r a t e  those cross technology consideretions. 
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PRELIMINARY DESIGN APPROACH 

The e a r l y  Uoeing SST configurat ion development began with t h e  ground r u l e  

t h a t  t h e  handling q u a l i t i e s  of  t h e  bas i c  a i r f r m e  should be equal  o r  b e t t e r  

than t h a t  of  t he  e x i s t i n g  subsonic j e t s .  This allowed a conventional  design 

approach ( s e e  f i gu re  2 )  i n  which a conf igura t ion  was t o  be e s t ab l i shed  from 

propulsion,aerodynamic,and s t r u c t u r a l  design t r a d e s ,  The av ionics  design 

was no t  considered i n  t h e  conf igura t ion  opt imizat ion loop,  With t h i s  ap- 

proach it was founci t h a t  t h e  opt imizat ion process d id  not converge t o  a 

conf igura t ion  which met t h e  payload range requirements required f o r  

economic success. 

When i t  was r ea l i zed  t h a t  t h e  necessary improvement i n  performance could 

be obtained through added dependence on t h e  av ionics ,  t h e  con t ro l  o r i en t ed  

design approactr was evolved. This brought t h e  av ionics  design i n t o  t h e  

conf igura t ion  design loop and included av ionics  technology i n  t h e  

i n t e r d i s c i p l i n a r y  t r ades .  

This was a  departure from pas t  experience and a number of r u l e s  ex i s t ed  

which no longer  applied.  A new s e t  of  r u l e s  had t o  be wr i t t en  and made 

a v a i l a b l e  t o  a l l  groups involved i n  t h e  design.  Spec i f i c  c r i t e r i a  which 

e s t a b l i s h  t hese  r u l e s  play an important p a r t  i n  allowing, t h e  av ionics  t o  

be used t o  enhance vehic le  perfornlance a d  opera t iona l  c h a r a c t e r i s t i c s ,  
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MPLICATZON OF CONTROL TECHNOLOGY TO 

A s i g n i f i c a n t  performance benef i t  was obtained on the  SST by balancing the  

airframe s o  t h a t  t h e  t r i m  drag at  supersonic c ru i se  was minimized. Figure 3 

i nd ica t e s  t h a t  t he  maneuver poin t ,  with augmentation o f f ,  moves a f t  a s  t h e  

a i rp lane  goes from subsonic t o  supersonic speeds. When t h e  airframe is  bal- 

anced f o r  optimum c ru i se  performance the  maneuver point  i s  ahead o f  t h e  

center  of gravi ty  pos i t i on  f o r  some f l i g h t  condit ions i f  t h e  a i rp l ane  is 

loaded t o  i t s  a f t  l i m i t .  This r e s u l t s  i n  unstable c h a r a c t e r i s t i c s  f o r  sub- 

sonic f l i g h t  unless a p i t c h  a x i s  augmentation system is provided, With the  

augmentation on, t he  a i rp l ane  is dynamically s t a b l e  a t  dl f l i g h t  condit ions 

and a l l  allowable c.g. condit ions.  Notice t h a t ,  with t h e  a i rp l ane  loaded a t  

t he  forward l i m i t  t he  a i rp l ane  is dynamically s t a b l e  at  a l l  f l i g h t  condit ions 

without augment a t  ion. 





INCREASED SS --- 

The r e s u l t  of t h i s  dependence on av ionics  f o r  p i t c h  a x i s  s t a b i l i t y  i s  shown 

i n  f i g u r e  4. The conf igura t ion  r e s u l t i n g  from t h e  conventional design 

approach i s  shown by t h e  dashed l i n e s  and i s  superimposed on t h e  configur- 

a t i o n  r e s u l t i n g  from t h e  control-oriented design s h o w  by t h e  heavy l i n e .  

Both drawings a r e  pos i t ioned  s o  t h a t  t h e  a f t  c en t e r  of g r a v i t y  l oca t ions  

a r e  i d e n t i c a l .  

This change i n  conf igura t ion  r e s u l t e d  i n  t h e  a b i l i t y  t o  ca r ry  an a d d i t i o n a l  

4800 pounds of  payload; an increased range of 190 n a u t i c a l  miles;  a  

reduct ion  i n  takeoff  no ise  of  two PNdb. 

A similar use of av ionics  t o  enhance performance has been made i n  t h e  

l a t e r a l  d i r e c t i o n a l  ax i s .  I n  t h i s  case t h e  s t a b i l i t y  augmentation system 

is employed t o  he lp  con t ro l  t h e  e f f e c t s  of an engine f a i l u r e  a t  supersonic 

c r u i s e  speeds. Without augmentation, t h e  v e r t i c a l  t a i l  s i z e  would need t o  

be almost doubled. This would reduce t h e  payload by approximately 7000 

pounds without 'any allowances being made f o r  t h e  add i t i ona l  forward bal- 

last t h a t  would be requi red ,  o r  f o r  t h e  e f f e c t  of  t h e  add i t i ona l  drag. 

I t e r a t i o n  of  t h i s  conf igura t ion  cycle becomes divergent  and a major- 

conf igura t ion  change would be required.  





SAFETY 

These perfomance advantages have not  been requi red  i n  previous programs. 

However, experience from l e s s  c r i t i c a l  app l i ca t i ons  has provided confidence 

t h a t  t h e  s tate-of- the art is  now ready f o r  a more demanding appl ica t ion .  

The dual yaw damper om t h e  727 a i rp l ane  is  necessary t o  provide p o s i t i v e  

d i r e c t i o n a l  s t a b i l i t y  over a small por t ion  of  t h e  f l i g h t  envelope, A%er 

a s i n g l e  channel f a i l u r e  t h e  a i rp l ane  i s  flown a t  a Mach number and 

a l t i t u d e  ou t s ide  of t h e  c r i t i c a l  region.  

Where an a l t e r n a t e  ope ra t iona l  procedure d id  no t  e x i s t ,  as with t h e  p i t c h  

a x i s  f o r  t h e  SST, a r a t i o n a l e  was requi red  t o  e s t a b l i s h  t h e  l e v e l  o f  redun- 

dancy requi red  f o r  t h e  f l i g h t  c r i t i c a l  avionics .  This  was achieved by means 

of  s a f e t y  r e l i a b i l i t y  a l l oca t ions  as shown i n  f i g u r e  5. A i r l i ne  f l e e t  ex- 

perience shows t h a t  t h e r e  a r e  two ca t a s t roph ic  events  ( a i rp l ane  acc iden t s )  

p e r  mi l l ion  f l i g h t  hours. O f  t he se  one i n  twenty i s  due t o  a i rp l ane  f a i l -  

u r e s  while  t h e  o the r  nineteen a r e  due t o  o t h e r  f a c t o r s ,  For t h e  SST t h e  

design goa l  was s e t  a t  providing an order  of  magnitude improvement i n  t h e  

ca t a s t roph ic  event  due t o  a i rp l ane  f a i l u r e s ,  i . e . ,  one ca t a s t roph ic  f a i l u r e  

pe r  hundred mi l l ion  f l i g h t  hours. This a l l o c a t i o n  was then shared between 

t h e  major systems which could con t r ibu t e  t o  f a i l u r e s ,  with t h e  f l i g h t  

con t ro l  subsystem rece iv ing  a 15 percent  share.  

Using f a i l u r e  r a t e  es t imates  f o r  s epa ra t e  channels of  t h e  p i t c h  a x i s  

augmentation, four  c h m e l s , w e r e  requi red  and t h e  p robab i l i t y  of l o s s  of  

t h r e e  o r  more channels was extremely remote. This is  a l s o  t r u e  of t h e  

hydraul ic  and e l e c t r i c a l  systems. 
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This eystem i s  used in  conjunction w i t h . a  more sophis t ica ted  con t ro l  an& 

augmentation nyetem, t he  E l e c t r i c a l  Command and S t a b i l i t y  System (ECSS), 

khich r a i s e s  t he  l e v e l  of handling q u a l i t i e s  t o  t h e  normal, good, category. 

When opera t ing  toge the r ,  t h e  Hard SAS and t h e  ECSS provide t h e  handling 

q u a l i t i e s  which a r e  considered necessary and des i r ab l e  based on conventional 

subsonic t r anspo r t  s tandards ,  That i s ,  such requirements a s  s t i c k  fo rce  

per  normal load  f a c t o r ,  response and damping c h a r a c t e r i s t i c s  a r e  provided 

by these  systems. 

Both t h e  ECSS and t h e  Hard SAS a r e  f a i l  opera t iona l  following t h e  f i r s t  and 

second f a i l u r e s ,  and f a i l  pass ive  a f t e r  t h e  t h i r d  f a i l u r e .  A t h r e e  channel,  

d i g i t a l ,  Automatic F l igh t  Control System (AFCS) which i s  f a i l  opera t iona l  

a f t e r  t h e  f i r s t  f a i l u r e  and f a i l  pass ive  a f t e r  t h e  second f a i l u r e  provides 

con t ro l  wheel s t e e r i n g ,  automatic landing and navigat ion con t ro l  modes. 

Limiting and vot ing  of t h e  commands from t h e  ECSS and t h e  AFCS a r e  used t o  

i s o l a t e  f a i l u r e s  of t he se  l e s s  c r i t i c a l  func t ions  from t h e  Hard SAS. 

REDUNDANT CONTROL PATHS 



ANALYSIS 

Because of t h e  l a rge  a u t h o r i t y  of t h e  e l ec t ron ic  c o n t r o l  i npu t s ,  a number 

of  t h e  p a s t  p r a c t i c e s  and r egu la t i ons  f o r  s t r u c t u r a l  design were not  appl ic -  

ab l e  t o  t h e  SST. Close coordinat ion between t h e  augmentation system 

des igners  and t h e  s t r u c t u r a l  engineers  is required t o  make sure  t h a t  t h e  

s t r u c t u r e  is sa fe  f o r  t h e  maneuvering demands expected, Dynamic loads  must 

be computed by use of s imulat ions which include t h e  t o t a l  f l i g h t  con t ro l  

system. This presents  a problem during t h e  i n i t i a l  design cyc le  s ince  it 

fo rces  t h e  s t a b i l i t y  augmentation and f l i g h t  con t ro l  system des igners  t o  

e s t a b l i s h  prel iminary conf igura t ions  which can be evaluated during t h e  dynam- 

i c  loads  ana lys is .  This fo rces  an i t e r a t i o n  procedure because t h e  s t a b i l i t y  

augmentation system design i s  based upon t h e  aerodynamic c h a r a c t e r i s t i c s ,  

which a r e  a funct ion of  t h e  s t i f f n e s s  of t h e  s t r u c t u r e  and which a r e  i n  t u r n  

dependent upon t h e  loads  -- t h e  f i r s t  t h ing  we s t a r t e d  out  t o  check. 

One advantage of t h i s  inf luence of t h e  av ionics  design on t h e  loads is t h a t  

t h e r e  i s  a g r e a t e r  f l e x i b i l i t y  t o  t a i l o r  t h e  av ionics  system t o  minimize 

loads than when t h e  con t ro l  inputs  were provided d i r e c t l y  by t h e  p i l o t ,  The 

hor izonta l  t a i l  loads w i l l  be used a s  an example, see  f i g u r e  7. The sur face  

ac tua to r  i s  s ized  such t h a t  it can d e f l e c t  t h e  s l a b  t a i l  t o  t h e  requi red  

de f l ec t i on  and a t  t h e  requi red  r a t e  t o  meet handling q u a l i t i e s  requirements. 

The case where two hydraul ic  systems have f a i l e d  and t h e  a i rp l ane  is  at t h e  

most demanding f l i g h t  condi t ion  represents  t h e  design case. For t h e  major 

p a r t  o f  t he  time, when a l l  four  hydraul ic  systems a r e  opera t ing  and t h e  air- 

plane i s  i n  a l e s s  demanding f l i g h t  condi t ion ,  t he  con t ro l  a u t h o r i t y  i s  

s eve ra l  t imes t h a t  requi red  f o r  adequate a i rp l ane  cont ro l .  This excessive 

con t ro l  au tho r i t y ,  which could be inadver ten t ly  commanded by t h e  p i l o t ,  could 

c r ea t e  excess loads on t h e  s t ruc tu re .  These unconstrained loads  can be 

l imi t ed  by placing pos i t i on  and r a t e  l i m i t s  i n  t h e  p i l o t ' s  cont ro l  path 

through the  e l ec t ron ic s .  The r e s u l t  on t h e  loads of applying these  cons t r a in t s  

can be seen by re ference  t o  f i g u r e  7 ,  
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PILOTED SIMULATION - 

The SST prograni has made ex tens ive  use of s imula tors  t o  determine s u i t a b l e  

c r i t e r i a  where these  were not  e x i s t i n g  and where pas t  experience could not 

be used a s  a  s a t i s f a c t o r y  guide. I t  has been e s s e n t i a l  t o  have a  soph i s t i -  

ca ted  s imulat ion opera t ing  early enough i n  t h e  design cyc le  t o  provide an 

exce l l en t  means f o r  synthes iz ing  and eva lua t ing  systems found i n  t h e  con t ro l s  

and av ionics  a reas .  A s  a r e s u l t  of t he se  s imulator  programs a new s e t  of  

design requirements has evolved f o r  t h e  SST. These requirements apply t o  

s t a t i c  and dynamic s t a b i l i t y ,  response t o  con t ro l  i n p u t s ,  maneuver l i m i t s ,  

e f f e c t s  o f  turbulence,  emergency condit ions and procedures, and recovery 

from upsets .  

Because t h e  s i z e  of  t h e  ho r i zon ta l  t a i l  and t h e  ac tua t ion  r a t e  requirements 

a r e  determined by t h e  f i n a l  approach and f l a r e  before  landing ,  a  considerable 

time was spent s imula t ing  p i l o t e d  landings t o  determine these  requirements. 

The l a r g e  i n e r t i a  o f  t h e  SST, t h e  r e l a t i v e l y  sho r t  t a i l  arm and t h e  l a r g e  

au tho r i t y  augmentation system presented a  range of new condit ions which 

needed t o  be analyzed. Resul ts  of  t h i s  s tudy a r e  shown i n  f i g u r e  8. The 

f l i g h t  s imula tor  used i n  t h i s  study has a soph i s t i ca t ed  v i s u a l  d i sp l ay  t o  

provide a  r e a l i s t i c  view out of  t h e  window. A servoed TV camera is  driven 

over a t e r r a i n  model and t h e  image i s  pro jec ted  on a th i r t y - foo t  

diameter hemispherical screen i n  f ron t  of t h e  p i l o t .  



APPROACH AND LANDING CONTROL POWER REQUIREMENT 



HARDWARE DEVELOPMENT 

Our experience has been t h a t  it i s  d i f f i c u l t  t o  ga in  acceptance of  a  new 

concept un less  it i s  presented a t  a  timely poin t  i n  t h e  program, u sua l ly  

during t h e  prel iminary design phase. These proposals  must be accompanied 

'by some l a b ,  and preferab ly  f l i g h t  t e s t  experience,  which gives proof t h a t  

t h e  concept is f ea s ib l e .  

Figure 9 shows a t e s t  r i g  which was e s t ab l i shed  t o  prove t h e  Hard SAS 

concept,  e a r l y  i n  t h e  program. Two channels of  t h e  Hard SAS e l e c t r o n i c s  

were b u i l t  a s  f l igh twor thy ,  highly r e l i a b l e  s e t s  of equipment. The system 

was s e t  up t o  d r ive  a  dua l  se rvo  and a modeled sur face  ac tua tor .  The use  

of  armored cables  and t h e  physical  and e l e c t r i c a l  i s o l a t i o n  of t h e  channels 

was demonstrated. An a i rp l ane  s imulat ion and a c o n t r o l  cab were used t o  

c lo se  t h e  con t ro l  loop. This is r ep re sen ta t i ve  of  t h e  i n i t i a l  s t ages  o f  a 

hardware development program which f i n a l l y  uses a f u l l  s c a l e  mockup of 

t h e  c o n t r o l  system including t h e  e l ec t ron ic s .  





CONCLUSIONS 

During the  development Of an advanced vehicle it is neceesary t o  develop 

a new s e t  of design rules .  These c r i t e r i a  have t o  be prepared ear ly  i n  

the  design cycle and d i s t r ibu ted  t o  a l l  design disc ipl ines  concerned as 

a means of obtaining an integrated design. 

It must then be remembered t h a t  the  function of these c r i t e r i a  is t o  provide 

information. A s  the  vehicle configuration becomes be t t e r  defined and as 

new knowledge is gained the  c r i t e r i a  have t o  be changed accordingly. 

To a s s i s t  i n  es tabl ishing a c r i t e r i a  s e t  a s  a working t o o l  an a t t en t ive  

'mgnagement organization i s  required. SST management has a Technical Council 

consist ing of the  Chief of Technical S t a f f ,  Chief ProJect Engineer, and t h e  

Program Manager established f o r  t h i s  purpose. They meet with t h e  various 

design groups on a regular bas is  t o  consider problems which need management 

a t tent ion.  

The Space Shut t le  Vehicle hss a greater  range of f l i g h t  phases than t h e  

SST, t h e  performance objectives are  even more d i f f i c u l t ,  and t h e  pmblems 

a re  fu r the r  complicated by t h e  th ree  vehicle configurations -- cinqosite,  

booster and o rb i t e r .  It is apparent t h a t  it w i l l  be necessary t o  specify 

avionics applications t o  enhance the  performance of t h e  vehicle systems 

and t o  make up f o r  def ic iencies  and control  problems as they occur. 

The extent  of t h i s  application of avionics w i l l  have an even greater  

influence on t h e  configuration than it did f o r  t h e  SST. The avionics w i l l  

become t h e  means f o r  coordinating t h e  operation of a l l  systems a t  t h e i r  

peak efficiency,  and w i l l  p e d t  any degree of bwto~~~&ic  operation. 
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MULTIPLE)( DATA BUS TECHNIQUES - 
Walter 0 .  Frost 

NASA-Marshall Space Flight Center 
Huntsville, Alabama 

The a p p l i c a t i o n  of d a t a  bus teckniques In the Space S h u t t l e  provides p o t e n t i a l  
improvements i n  s i z e  and weight ,  f l e x i b i l i t y ,  and r e l i a b i l i t y .  The general  
requirements f o r  a  Space Shu t t l e  Data Bus a r e  descr ibed ,  and c r i t i c a l  techno- 
logy cons idera t ions  a r e  d i scussed .  Some design a l t e r n a t i v e s  f o r  t ransmission 
media, s i g n a l  des ign ,  synchronizat ion and c o n t r o l ,  input /ou tput  i n t e r f a c e s ,  
and ope ra t i ona l  r e l i a b i l i t y  a r e  descr ibed.  

In t roduc t ion  

Astounding reduc t ions  i n  the s i z e ,  weight,  and volume of a  complex Avionics 
system such a s  t h a t  required f o r  the space s h u t t l e  w i l l  r e s u l t  from MSI/LSI 
Technology. However, p a s t  experience i nd i ca t e s  t h a t  a  s i g n i f i c a n t  f r a c t i o n  
of the weight of such a  system i s  a t t r i bu t ab l e  t o  the  w i r e s ,  connectors ,  and 
assoc ia ted  mounting hardware requi red  t o  interconnect  the var ious  phys ica l ly  
separated elements of the system. To prevent such in te rconnec t ions  from 
becoming a  d i sp ropo r t i ona t e ly  la rge  f r a c t i o n  of the  system s i z e  and weight,  
the  mer i t s  of us ing  mult iplexing techniques f o r  the t r a n s f e r  of da t a  and 
command s i g n a l s  be tween the system elements is under cons idera t ion .  

'-7 

The use of mul t ip lex  techniques f o r  acqui r ing  s igna l s  necessary t o  monitor 
system ope ra t i on  has  been used by telemetry engineers  f o r  many years .  
However, po in t - to -poin t  wi r ing  has genera l ly  been used f o r  t he  c r i t i c a l  commands 
and ope ra t i ona l  s i g n a l s  flowing w i th in  an Avionics system. The ex ten t ion  of 
mul t ip lex ing  techniques t o  form a n  i n t e r n a l  comrnu~~icat ion system f o r  t r a n s f e r  
of commands and ope ra t i ona l  s i g n a l s ,  a s  wel l  a s  monitoring s i g n a l s ,  has  by 
popular usage gained t he  des igna t ion  d a t a  bus 

The fol lowing d e f i n i t i o n  descr ibes  a  d a t a  bus : A multiplexed 
s i g n a l  c o l l e c t i o n  and d i s t r i b u t i o n  arrangemen t i p l e  input  and/or 
output  t e rmina ls  interconnected by a  shared t ransmission medium. The key 
words assoc ia ted  w i th  such a  subsystem a r e  d a t a  flow, 
inpiits and ou tpu t s ,  and shared t ransmission media. A d a t a  bus s ~ b s y s t e m  has  
t h r ee  e s s e n t i a l  elements.  The bus c o n t r o l l e r  superv ises  t he  flow of s i g n a l s  
so  t h a t  t he  mul t ip le  u se r s  do not  i n t e r f e r e  wi th  one another .  The t r ans -  
mission media provides a  shared path (or  paths)  f o r  multiplexed superv isory  
and d a t a  s i gna l s ,  and terminals  process and rou te  the  s i g n a l s  t o  and 
frcm user  subsystems and produce s i g n a l s  appropr ia te  f o r  the t ransmission 
media. 

I n  add i t i on  t o  poss ib le  savings i n  s i z e  and weight r e s u l t i n g  from the 
e l im ina t i on  of wi res ,  connectors ,  and assoc ia ted  hardware, two o the r  
p o t e n t i a l  advantages accrue from use of multiplexed d a t a  bus techniques. 
F i r s t ,  i t  should s impl i fy  the  initial i n s t a l l a t i o n  of equipment because 06 
reduc t ion  i n  cab l ing  requirements and reduce tke c o s t  of l a t e r  modif icat ions 



because system changes c a n  be made e n t i r e l y  w i t h i n  l i n e  r e p l a c e a b l e  u n i t s  
w i t h o u t  impacting v e h i c l e  c a b l i n g .  Second, g a i n s  i n  r e l i a b i l i t y  may 
become p o s s i b l e ,  because w i t h  a  marked decrease  i n  i n t e r c o n n e c t i o n s  i t  
becomes p r a c t i c a l  t o  use redundancy i n  t h e  d a t a  bus subsystem. Thus e l i m i n a t -  
i n g  the  s i n g l e  p o i n t  f a i l u r e s  i n h e r e n t  i n  conven t iona l  p o i n t - t o - p o i n t  w i r i n g .  

General  

To p r o p e r l y  c o n s i d e r  a  d a t a  bus subsystem d e s i g n  f o r  a  s p e c i f i c  a p p l i c a t i o n ,  
t h e  d e s i g n  e n g i n e e r  needs a  d e f i n i t i o n  o f  d a t a  flow requ i rements .  It i s  
conven ien t  t o  e x p r e s s  t h i s  i n f o r m a t i o n  i n  terms o f  a  d a t a  flow model. This  
model p rov ides  a  d e t a i l e d  d e s c r i p t i o n  of  each message pa th  between p h y s i c a l l y  
s e p a r a t e d  e lements  of the  a v i o n i c s  system. It i n c l u d e s  i n f o r m a t i o n  such a s :  
p o i n t  of o r i g i n ,  d e s t i n a t i o n ( s ) ,  s i g n a l  f u n c t i o n ,  type of s i g n a l  ( ana log ,  
d i s c r e t e ,  d i g i t a l  word, e t c  .) r e s o l u t i o n ,  accuracy ,  occurrence s t a t i s t i c s ,  and 
any s p e c i a l  c h a r a c t e r i s t i c s  o r  r equ i rements  p e r t i n e n t  t o  d a t a  bus d e s i g n  and 
o p e r a t i o n .  

The d a t a  and command s i g n a l s  handled by the  m u l t i p l e x  d a t a  bus inc lude  
d i s c r e t e  and p r o p o r t i o n a l  c o m a n d s  from the c o m p u t a t i ~ n a l  subsys  tem t o  v a r i o u s  
subsystems a s  w e l l  a s  s e n s o r  and subsystem i n p u t s  t o  the  computers.  I t  i s  
impor tan t  t o  n o t i c e  t h a t  many s i g n a l  p a t h s  may n o t  invo lve  t h e  computers.  
Monitor s i g n a l s  from v a r i o u s  s e n s o r s  and subsystems t o  t e l e m e t r y  and onboard 
r e c o r d e r s ,  s i g n a l s  f o r  u p d a t i n g  of  s t a t u s  i n d i c a t i o n s ,  and s i g n a l  f low between 
e lements  of  d i s t r i b u t e d  subsystems a r e  examples of  message p a t h s  which may 
be independent  of t h e  computers.  

The d e s i g n  e n g i n e e r  a l s o  needs a d e s c r i p t i o n  of those  p h y s i c a l  and 
environmental  c h a r a c t e r i s t i c s  of t h e  a p p l i c a t i o n  which a r e  p e r t i n e n t  t o  
d e s i g n  of  the  d a t a  bus subsystem. These inc lude  l o c a t i o n  of  user-sub-  
sys tems ,  c a b l e  l e n g t h s  between l o c a t i o n s ,  expected temperature  v a r i a t i o n s  
and v i b r a t i o n  l e v e l s  a t  s p e c i f i c  l o c a t i o n s ,  and Dl1 c h a r a c t e r i s t i c s .  'Ln 
a d d i t i o n  he needs d e s c r i p t i o n s  of  i n p u t / o u t p u t  c h a r a c t e r i s t i c s  of the  v a r i o u s  
u s e r  subsystems p e r t i n e n t  t o  s i g n a l  t r a n s f e r  o p e r a t i o n s  t o  and from t h e  
d a t a  t e r m i n a l s .  

Given t h e  g e n e r a l  r equ i rements  d e s c r i b e d  above, p l u s  s p e c i f i c  system 
requ i rements  such a s  weight  l i m i t a t i o n s ,  power c o n s t r a i n t s ,  and r e l i a b i l i t y  
o r  f a i l u r e  c r i t e r i a ,  t h e  d e s i g n  e n g i n e e r  i s  prepared t o  c o n s i d e r  t h e  merits 
of numerous d e s i g n  a l t e r n a t i v e s  f o r  a  mul t ip lexed  d a t a  bus subsystem. It 
i s  conven ien t  t o  d i s c u s s  the  technology f o r  such a  d e s i g n  under t h e  fo l lowing  
c a t e g o r i e s  : (1) t r a n s m i s s i o n  media (2 )  S i g n a l  d e s i g n  and d e t e c t  i o n  
(3)  s y n c h r o n i z a t i o n ,  t iming ,  and c o n t r o l  (4) user-subsystem i n t e r f a c e s ,  and 
(5)  o p e r a t i o n a l  r e l i a b i l i t y .  

Transmiss ion Media 

Numerous forms of t r a n s m i s s i o n  media have been suggested f o r  u s e  i n  d a t a  
bus subsystems.  Among t h e s e  a r e  twis ted-sh ie lded  p a i r s ,  c o a x i a l  c a b l e ,  
t w i n a x i a l  c a b l e ,  and t r i a x i a l  c a b l e .  For t r a n s f e r  of d i g i t a l  s i g n a l s  a t  
r a t e s  l e s s  than about two megab i t s ,  twis ted  s h i e l d e d  p a i r s  and t w i n a x i a l  
c a b l e  have rece ived  most prominent mention. These two a r e  balanced 



arrangements which p o t e n t i a l l y  can provide g r e a t e r  r e s i s t a n c e  t o  sources of low 
frequency i n t e r f e r e n c e ,  

The media p rope r t i e s  and parameters s i g n i f i c a n t  t o  a da t a  bus design,  i n  
add i t i on  t o  i n t e r f e r ence  s u s c e p t i b i l i t y ,  include propagat ion de lay  and 
s igna l  t r a n s f e r  c h a r a c t e r i s t i c s  such as  amplitudz, time, frequency and 
phase c h a r a c t e r i s t i c s .  These p rope r t i e s  t y p i c s l l y  vary  a s  a  func t ion  of 
loadi. .g,  l i n e  te rmina t ions ,  s i g n a l  form, and length of path a s  we l l  as  media 
form. Hence i t  i s  necessary t o  acqui re  t e s t  r e s u l t s  under a  v a r i e t y  of 
condi t ions  t o  proper ly  a s se s s  the  p o t e n t i a l  of s p e c i f i c  forms of media. 

S igna l  Design and Detect ion 

A second important  technology category which r equ i r e s  c a r e f u l  cons idera t ion  
i n  the mul t ip lex  d a t a  bus design i s  the s e l e c t i o n ,  genera t ion ,  and de t ec t i on  
of t ransmiss ion  s i g n a l s .  Three types of information must be t ransmit ted:  
datalcommand information between var ious  user  subsystems, bus supervisory 
information,  and the  timing and synchronizat ion information requi red  f o r  
proper bus ope ra t i on .  Some of t he  cons idera t ions  covered by t h i s  category 
a r e  : 

(a)  Type of mult iplexing 
(b) Form of modulation 
(c )  S p e c t r a l  c h a r a c t e r i s t i c s  and bandwidth requirements of candidate  

s i g n a l s .  
(d)  S igna l  generat ion,  demodulation, and d e t e c t i o n  methods 
(e )  Coding techniques 
( f )  Message format arrangements 

Both time d i v i s i o n  and frequency d i v i s i o n  mult iplexing have mer i t s  f o r  
s p e c i f i c  d a t a  bus app l i ca t i ons .  However, i n  app l i ca t i ons  such a s  the  space 
s h u t t l e  a  d i g i t a l  time d i v i s i o n  arrangement i s  mentioned most o f t en .  C a r r i e r  
modulation techniques which have been proposed f o r  bus app l i ca t i ons  include 
phase s h i f t  keying (PSK) , amplitude s h i f t  keying (ASK) ,  and frequency s h i f t  
keying (FSK) . Baseband modulation forms prominently mentioned include NRZ-L, 
polar  RZ, b ipo l a r  NRZ, and Bi-0. 

Synchronizat ion,  Timing, and Cont ro l  

A t h i r d  technology category c r i t i c a l  t o  the multiplexed d a t a  bus design 
i s  the synchronizat ion and c o n t r o l  of bus opera t ion .  Considerat ions which 
f a l l  i n t o  t h i s  ca tegory  include:  

(a)  Bus access  c o n t r o l  - methods f o r  superv is ion  of mul t ip lex  
ope ra t i on  so  t h a t  the  t ransmission media can be shared without 
i n t e r f e r ence  between user  subsystems 

(b)  Message rou t ing  s o n t r o l  - Methods f o r  d i r e c t i n g  the  rou t ing  
of messages from the  po in t  of o r i g i n  t o  t h e i r  proper de s t i na t i ons .  

(c )  Timing and synchronizat ion - Methods f o r  t he  timing and 
synchronizat ion of t ransmission and message t r a n s f e r  operat ions 
such a s  modulation/demodulation, b i t  i d e n t i f i c a t  i on lde t ec t i on ,  
word o r  group i d e n t i f i c a t i o n ,  and busluser  subsystem t r a n s f e r s .  

(d) Programing  - Methods and problems r e l a t i n g  t o  the programing 
of d a t a  a c q u i s i t i o n  and d i s t r i b u t i o n  opera t ions  including both s o f t -  
ware and hardware techniques.  



Studies  of synchronizat ion,  t i ~ i n g ,  and con t ro l  methods and problems should 
emphasize t h e  c a p a b i l i t y  of the  da t a  bus subsystem t o  f l e x i b l y  adapt t o  changing 
requirements of the user  subsystems. Careful  cons idera t ion  a l s o  should be 
given t o  the i n t e r a c t i o n  with and impact on des ign  and programming of user  
subsystems. 

Because of the v a r i e t y  of subsystems which must i n t e r f a c e  wi th  the d a t a  bus 
subsystem, ex tens ive  s tudy  of bus/user subsystem i n t e r f a c e  and i n t e g r a t i o n  
problems i s  appropr ia te .  A myriad of e l e c t r o n i c  opera t ions  a r e  required a t  
each i n t e r f a c e  loca t ion .  These may include modulation, demodulation, b i t  and 
word synchronizat ion,  d e t e c t i o n ,  e r r o r  checking, mul t ip lex ing ,  demult iplexing,  
d a t a  sampling and conversion,  and buf fe r ing .  Various subsystems may requi re  
d i f f e r e n t  methods f o r  information t r a n s f e r  such a s  synchronous o r  non- 
synchronous and p a r a l l e l  o r  s e r i a l .  Together wi th  these  d ive r se  requirements 
one must consider  the mer i t s  of s t anda rd i za t i on  of i n t e r f a c e  terminals  o r  
elements thereof .  S tandard iza t ion  may reduce design c o s t s  and l o g i s t i c  
requirements ,  but  in t roduce  l i m i t a t i o n s  and c o n s t r a i n t s  i n t o  t he  design.  
Phys ica l  cons idera t ions  such a s  t he  packaging of i n t e r f a c e  elements and the  
e l e c t r i c a l  in te rconnec t ions  wi th  user  subsystems must a l s o  be considered a t  
t h i s  po in t .  

A f i n a l  technology category of c r i t i c a l  importance t o  the  multiplexed d a t a  
bus des ign  i s  ope ra t i ona l  r e l i a b i l i t y .  Typical ly  the  designer  i s  given 
s p e c i f i c  f a i l u r e  and r e l i a b i l i t y  c r i t e r i a ,  along wi th  t e s t  and maintenance 
requirements .  A v a r i e t y  of a l t e r n a t i v e s  a re  ava i l ab l e  t o  enhance these 
aspec ts  of the design.  These include p a r a l l e  l redundant arrangements such 
a s  c i r c u i t  redundancy, t r i p l e  modular redundancy wi th  vo t ing ,  and switchable 
redundant blocks. The des igner  may a l s o  include self-checking f ea tu r e s  such 
a s  e r ro r -de t ec t i on  (or  co r r ec t i on )  coding, r e t u r n  v e r i f i c a t i o n  of messages, 
per iod ic  t e s t  message t r a n s f e r s ,  and time-dependent coding checks. He must 
g ive  appropr ia te  cons idera t ion  t o  p o t e n t i a l  sources of i n t e r f e r ence  such a s  
EMI,  common-mode s i g n a l s ,  and power supply pe r tu rba t i ons .  

Tes t  and checkout i s  a n  ope ra t i ona l  problem inheren t  i n  av ionics  system. 
Hence, s u i t a b l e  methods and techniques must be derived f o r  monitoring t he  
ope ra t i ona l  read iness  of the  d a t a  bus subsystem inc luding  t he  s t a t u s  of 
redundant subsystem elements.  A c l o s e l y  r e l a t e d  cons idera t ion  i s  problems 
and a l t e r n a t i v e s  r e l a t i n g  t o  the  ma in t a inab i l i t y  of t he  d a t a  bus subsystem. 

Conclusions 

Although multiplexed d a t a  bus techniques have been used f o r  severa l  years  
i n  the instrumentat ion and te lemet ry  a r ea ,  these app l i ca t i ons  have not  
approached the  degree of complexity involved i n  proposed programs such a s  
t he  space s h u t t l e .  I n  these  app l i ca t i ons ,  the  d a t a  bus subsystem must i n t e r f a c e  
wi th  and func t ion  i n t ima te ly  wi th  a l l  elements of the av ionics  system. A 
commitment t o  a p re fe r red  design conf igura t ion  must be made only a f t e r  
in tens ive  s t u d i e s  and ana lyses .  



DATA BUS DESIGN TECHNIQUES 

Donald J. Spencer 
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One Space Park, Redondo Beach, Cal i f o r n i a  

I n t r o d u c t i  on 

The need has been we1 1 recognized f o r  a mu1 t i p l e x e d  data system t o  meet 

the i n t e r n a l  communication requirements of a Space Shu t t l e  Vehicle. Not on ly  

s i g n i f i c a n t  weight savings are achievable bu t  concommi t a n t  r e l i a b i l i t y  and 

maintainabi li t y  improvements are e a s i l y  demonstrable. These lead t o  

operat ing cost  savings over the usual po in t - t o -po in t  w i r i n g  systems employed 

i n  av ion ic  systems. Because o f  the  common c a r r i e r  nature o f  such a mu1 ti- 

plexed i n t e r i o r  communications system, i t  i s  c a l l e d  a data bus. Recent pro- 

gress i n  m i c r o c i r c u i t r y  has brought the  data bus t o  the threshold o f  wide- 

spread use by so l v ing  the weight and cost  pena l t ies  inherent  i n  the complex 

modems and i n t e r f a c e  c i r c u i t r y .  

I n  t h i s  paper, we discuss some o f  the basic considerat ions leading t o  a 

data bus design. As there i s  such a v a r i e t y  o f  techniques ava i l ab le  f o r  a 

Space Shu t t l e  data bus, p a r t i c u l a r  care must be taken i n  t he  design process. 

Basic steps t o  be taken begin w i t h  an analys is  o f  the requirements, desfgn o f  

the  data bus comunica t ion  system and f i n a l l y  generat ion o f  the  func t iona l  use 

o f  the data bus. Our emphasis s h a l l  be on the steps requ i red  t o  reach a 

s a t i s f a c t o r y  data bus system design thus answering the questions, "How t o  ge t  

those b i t s  between the users?" It should be mentioned here t h a t  only d i g i t a l  

data bus techniques w i l l  be considered. This r e s t r i c t i o n  i t s e l f  i s  a step i n  

the  design process and i s  made here because: 

1 ) There are many communi ca t i on  advantages t o  d i g i t a l  techniques 

2 )  Uniform d i g i t a l  in te r faces  are becoming p w v a l e n t  i n  avionics 

sys terns 

3)  Most Shu t t l e  concepts employ d i g i  t a l  computers p u t t i n g  d i g i t a l  

data i n t o  the ma jo r i t y .  



The p r imary  f u n c t i o n a l  p a r t s  o f  a  da ta  bus a re  shown i n  t h e  F igure .  A 
bus c o n t r o l l e r  may no t ,  i n  some designs, e x i s t  as an e n t i t y ,  i t s  f u n c t i o n  

be ing  d ispersed  among t h e  var ious te rm ina ls .  No i n d i c a t i o n  i s  g i ven  o f  t h e  

comp lex i t y  o f  an a c t u a l  da ta  bus l a y o u t  t h a t  cou ld  i n v o l v e  h i g h l y  a s y m t r i c  

geometr ies. We s h a l l  be concerned below i n  t h e  cho ice  o f  t he  modem and 

t ransmiss ion  medium r a t h e r  than w i t h  t he  c o n t r o l l e r  o r  t e m i n a l s .  

The r e s u l t s  and examples descr ibed i n  t h i s  paper a r e  der i ved  i n  l a r g e  

p a r t  f rom t h e  f i r s t  phase o f  an on go ing TRW Data Bus Study.* 
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I 
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F U N C T I O N A L  D A T A  B U S  

- 
Data Bus Technology Stud ies ; Phase 1. A n a l y t i c a l  Aspects. 
TRW Report  No. 7331 -3 -39 ,  June 1970. 



Transmission Media 

A fundamental choice i n  the data bus design i s  the Interconnect ing 

nwadiuin whose func t ion  i s  t o  provIde a communlcatlng path between the large 
va r ie t y  o f  user subsystems. It I s  essent ta l  t h a t  the  data bus be f l e x i b l e  t o  

meet changing requirements such as data d i s t r i b u t i o n  const ra in ts  as the 

Shut t le  program matures. The transmission media must 

o Provide adequate bandwidth margin 

o Be amenable t o  conf igura t ion  changes 

o A1 low simple coup1 i n g  t o  modems 

o Provide noise inanunity 

o ' Meet manned spacecraf t  environmental and 
r e l i a b i  1 i t y  cons t ra in ts .  

L i g h t  beams, rad io  waves, and o ther  techniques can be used fo r  data bus 

channels b u t  we s h a l l  consider on ly  w i re  (cable) l i n e s  i n  the  data r a t e  range 

o f  50 Kbps t o  5 Mbps as t h i s  i s  the  media of most imnediate i n t e r e s t  t o  

Shut t le .  As f a r  as geometry i s  concerned, on ly  a general cons t ra in t  o f  

350- f t  l i n e  length and a maximum o f  50 terminals w i  11 be imposed. 

Line Transfer  Characteri  s t i c s  

From the  transmission standpoint,  w i  r e  1 ines are four- termi  na l  networks 

and as such have frequency dependent t r a n s f e r  cha rac te r i s t i cs  . Unl ike more 

conventional networks, however, the constants o f  a w i  r e  1 i ne are uni formly 

d i s t r i b u t e d  along i t s  length  ins tead o f  being lumped i n t o  d i sc re te  u n i t s  o f  

inductance, capacitance, and resistance.  These effects are t y p i c a l l y  

measured as at tenuat ion,  a, and phase 8 which describe the  propagation 

func t i on  and by the  c h a r a c t e r i s t i c  impedance Zo = Ro + j Xo, For a n a l y t i c  

purposes, experience has shown t h a t  these parameters may be modeled i n  three 

frequency zones, 1 ow, in termediate and high. Thei r dependence on frequency 

f o r  the two h igher  zones i s  shown i n  Table 1 .  



Table 1 . 
Frequency Dependence On L i ne  Parameters 

Labora to ry  t e s t s  o f  cables revea l  c h a r a c t e r i s t i c s  as shown i n  t h e  F igure,  

which app ly  t o  a  p a r t i c u l a r  t w i s t e d  sh i e l ded  p a i r .  For  t he  cable shown, t h e  

f requency b reakpo in t  was chosen a t  500 KHz. Thus f o r  a  1 0 0 - f t  l e n g t h  l i n e  

A t y p i c a l  da ta  bus wi 11 be composed o f  severa l  branches. The loads, 

t h e i r  spacing, t h e  branch p o i n t s  and t he  t e rm ina t i ons  on t he  branch ends a l l  

l ead  t o  r e f l e c t i o n s  i n  t he  s i g n a l  wavetra in ,  thereby i nc reas i ng  t h e  b i t  

probabi  1 i ty o f  e r r o r .  A s i n g l e  branch o f  t h e  1 i ne appears as a mu1 ti p l y  

loaded t ransmiss ion  l i n e .  For l a r g e  number o f  loads, such l i n e s  a re  d i f f i c u l t  

t o  analyze. However, t h e  r e f l e c t i o n  c o e f f i c i e n t ,  p , may be used i n  

de te rmin ing  t he  percentage o f  i n c i d e n t  vo l t age  a t  a  l o a d  which i s  r e f l e c t e d  

r a t h e r  than t r ansm i t t ed .  The vo l tage  a t  any l oad  i s  t h e  sum o f  a l l  t h e  

i n c i d e n t  and r e f l e c t e d  vo l tages assoc ia ted  w i t h  t h a t  l o a d  a f t e r  0 

r e f l e c t i o n s  . 
Equat ions were developed t o  s tudy  t he  v a r i a t i o n s  o f  r e f l e c t i o n  

c o e f f i c i e n t  w i t h  frequency, loads and t e rm ina t i ng  impedances. The numerical  





examples were based on the t ransmiss ion  l i n e  model above w i t h  a t o t a l  of  35 

loads on a 360 f t  l i n e  a t  f i x e d  spacing. Graphs, t y p i f i e d  by t h e  F i gu re  were 

p l o t t e d  t o  s tudy t h e  e f f e c t s  o f  v a r i a t i o n s .  General conc lus ions when t h e  l i n e  

i s  te rm ina ted  i n  i t s  c h a r a c t e r i s t i c  impedance are: 

o As t h e  l oad  impedance increases,  t h e  r e f l e c t i o n  

c o e f f i c i e n t s  decrease 

o The r e f l e c t i o n  c o e f f i c i e n t s  decrease w i t h  frequency 

o The g r e a t e s t  r e f l e c t i o n s  appear a t  t h e  source end o f  

t h e  l i n e  and decrease as t h e  l o a d  number increases. 

A t  a frequency o f  approx imate ly  5 MHz, t h i s  e f f e c t  

i s  reversed. 

I n  u s i n g  t h e  t r ansm iss i on  medium, cons i de ra t i on  must be g iven  t o  s implex 

o r  duplex ope ra t i on  requirements. Duplex may be shown t o  l e a d  t o  l owe r  cab le  

and modem weights  f o r  t h e  da ta  r a t e s  and c o n f i g u r a t i o n s  g iven.  However, 

duplex ope ra t i on  i m p l i e s  comp lex i t y  i n  t h e  branch p o i n t s  as t hey  must a l l o w  

two-way s i g n a l  1 i n g .  Three approaches have been considered: 

o Four -por t  r e s i s t a n c e  coup1 i ng  

o Three and f o u r  p o r t  h y b r i d  coup le rs  

o Mu1 t i p l e  r epea te r  modems. 

The s imp les t  approach, r e s i s t i v e  coup l ing ,  i s  found  t o  meet t h e  requ i rement  of 

assu r i ng  p roper  matching w i t h  t o l e r a b l e  r e f l e c t i o n s  through t h e  j u n c t i o n .  

Wi th  t e r m i n a t i n g  impedance equal t o  Zo and l o a d  impedance equal t o  10 K, t h e  

r e f l e c t i o n  c o e f f i c i e n t  above 0.3 MHz i s  n e g l i g i b l e  and t he  l i n e  appears 

unloaded. With t e r m i n a t i n g  impedance equal t o  Ro and l oad  impedance equal  t o  

10 K, t h e  r e f l e c t i o n  c o e f f i c i e n t  above 0.4 MHz i s  low and t h e  l i n e  appears 

unloaded w i t h  c h a r a c t e r i s t i c  impedance Zo. 

Noise Envi ronment 

The e f f e c t s  o f  no ise  on t he  data bus may vary  g r e a t l y  w i t h  l o c a t i o n  i n  

t he  v e h i c l e .  I t  i s  thus impo r t an t  t o  have an accurate model o f  t he  no i se  

environment i n  t he  v e h i c l e  r e f l e c t i n g  t h e  e f f e c t s  o f :  

o Cross - ta lk  f rom nearby cables 

o Coupled no i se  f rom no i sy  subsystems such as motors and r e l a y s  
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o Atmospheric s t a t i c  [ l i gh tn ing )  

o Radio transmi t i e r s  

o Possible e l e c t r o s t a t i c  discharges 

The primary e f f e c t  o f  such sources w i l l  be through i nduc t i ve  o r  capaci- 

t i v e  coupl ing on the  transmission medium due t o  i t s  length. However, nolse 

w i l l  a lso e x i s t  a t  the modems and terminals i n  the form o f  thermal noise, 

power supply t rans ien ts  and ground loops. 

Choice o f  a transmission medi um depends heav i ly  on i t s  noise immunity. 

Opt ica l  systems, such as o p t i c a l  f i be rs ,  have near ly  i dea l  noise i n s e n s i t i v i t y .  

Comon mode r e j e c t i o n  o f  100 dB i s  e a s i l y  obta inable and ground loops may be 

e l im inated s ince there i s  no sh ie ld .  I n  some very noisy loca t ions ,  sub-busing 

by o p t i c a l  systems may be desi rable.  For cable transmission media, however, 

care must be taken t o  minimize noise s e n s i t i v i t y .  

Sh ie ld ing  effects of d i f f e ren t  cables are compared i n  t he  ~ i g u r e * .  It 

has been found t h a t  load va r i a t i ons  have l i t t l e  e f f e c t  on the noise immunity. 

As can be seen, the sh ie lded tw i s ted  p a i r  i s  b e t t e r  than coax ia l  cable a t  a l l  

frequencies w i t h  the  greates t  improvement a t  the lower frequencies. The low 

frequency r e j e c t i o n  i n  the  tw i s ted  p a i r  i s  due t o  t w i s t i n g  wh i l e  the h igh 

frequency r e j e c t i o n  i s  p r i m a r i l y  due t o  the sh ie ld ing .  

A l l  o f  the cables shown had the cable shie lds grounded a t  both ends. I f  

s i n g l e  end grounding i s  used w i t h  tw i s ted  shie lded p a i r  there i s  a degradation 

i n  noise a t tenuat ion  o f  as much as 30 dB. 

Where data bus cables run adjacent t o  each o ther  over extended distances, 

speci a1 considerat ion must be taken. Again care fu l  grounding i s  required,  and 

pickup i s  low between coax and TSP. However, two o r  more TSP's running to -  

gether requ i re  d i f f e r e n t  p i t c h  t o  avoid induct ive  coupl ing. 

Transmission Line Choices 

The technique o f  coupl i n g  t o  the  l i n e  i s  o f  great  e f f e c t  i n  the  ove ra l l  

t ransmission medium cha rac te r i s t i cs .  Pr imar i  1y considered are balanced, 

* 
R. Loveland and J. Goodwin, "Addressable Time D iv i s i on  Mu1 t i p l e x e r  System 

(Cable and Connector Study) ," Mar t in  Mar ie t ta  Corp., Denver D iv is ion ,  March 
1968. 
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t rans fo rmer  coupled and non-bal anced o r  s ingle-ended. There i s  a  comp lex i t y  

weight  and volume pena l t y  i n  t rans fo rmer  coup l i ng  b u t  i t s  supe r i o r  no i se  

r e j e c t i o n  make i t  more des i r ab l e  than d i r e c t  coup1 i n g  f o r  n o i s y  environments. 

Tak ing i n t o  account t he  expected i n t e r f e r e n c e  environment and cab le  

c h a r a c t e r i s t i c s ,  recommended cables a re  shown i n  t h e  Table below. TSP seems 

c l e a r l y  i n d i c a t e d  f o r  low l e v e l  data and s i g n a l l i n g  r e q u i r i n g  h i g h  accuracy 

due t o  i t s  s u p e r i o r  no i se  r e j e c t i o n .  Sh ie lded  t w i s t e d  p a i r  should be d r i v e n  

from balanced c i r c u i t r y  t o  achieve optimum advantage. A t  ve ry  h i g h  da ta  

r a t e s  ( i n  excess o f  10 wa t t s )  t he  a t t enua t i on  i n  sh i e l ded  p a i r s  i s  

insurmountable and coax must be used. 

Very High Data 
Rate 

i 

High SNR 

Balanced L i  ne Balanced L ine-  
Wi th  Double S h i e l d  

Moderate Data 
Rate 

I LOW SNR 

Table 2. 

Shie lded 
Twis ted  P a i r  

Single-Ended 

Recommended Data Bus f o r  
D i f f e r e n t  Operat ing Condi t ions 

Coaxi a1 Cable 

Single-Ended 

Sh ie lded  
TwTYGX 'K i  r 

Modulat ion and Detec t ion  

Coaxi a1 Cable 

L ine  Induced D i s t o r t i o n  

Associ a ted  w i  t h  any communi c a t i  on channel i s  a  channel impulse response 

h ( t ) .  The e f f e c t  o f  non i d e a l  l i n e  c h a r a c t e r i s t i c s  l e a d  t o  d i s t o r t i o n  o f  each 

t r a n s m i t t e d  s i g n a l  as i n d i c a t e d  i n  the  F igure.  There i s  an energy l o s s  du r i ng  

t he  pe r i od ,  i n d i c a t e d  by cross-hatch ing,  and in te rsymbo l  i n t e r f e r e n c e  due t o  

rece ived  energy i n  o t h e r  b i t  pe r iods .  These, combined w i t h  a d d i t i v e  no ise  



LINE INDUCED DISTORTION 

UNDISTORTED PULSE 

DISTORTED PULSE 

DISTORTED AND UNDISTORTED RECEIVED PULSES 

CRITERIA FOR MODULATION/DETECTION SCHEMES 

e NOISE IMMUNITY 

e INTERSYMBOL INTERFERENCE 

e BANDWIDTH EFFICIENCY 

e BIT SYNCHRONIZATION 

e COST COMPLEXITY 



tend  t o  inc rease  t he  b i t  p r o b a b i l i t y  o f  e r r o r .  A modulat ion and d e t e c t i o n  

scheme must be chosen which minimizes the  e f f e c t s  o f  such d i s t o r t i o n  and 

meets t he  c r i t e r i a  s ta ted .  In tersymbol  i n t e r f e r e n c e  i s  caused by over- 

l app ing  o f  t he  pos-i t i v e  and nega t i ve  overshoots o f  t h e  pas t  pu lses i n t o  t h e  

c u r r e n t  t ime  s l o t .  It i s  most s i g n i f i c a n t  a t  t he  sampl ing and t r a n s i t i o n  

i n s t a n t s .  Equal i z a t i  on may be used t o  decrease t h e  in te rsymbo l  i n t e r f e r e n c e  

i n  t h e  form o f  t r ansve rsa l  f i l t e r s  o r  pre-emphasis techniques. These com- 

pensa t ing  f i l t e r  techniques have n o t  been found necessary i n  t he  S h u t t l e  da ta  

bus due t o  modest da ta  r a t es  and l i n e  leng th .  

Modulat ion techniques may be g e n e r a l l y  d i v i d e d  i n t o  c a r r i e r  and non- 

c a r r i e r  where t h e  former r e f e r s  t o  m i x i ng  a  c a r r i e r  f requency w i t h  t h e  data. 

Typi c a l  n o n - c a r r i e r  (baseband) modul a t i  on schemes, t h e i  r advantages and d i  s- 

advantages are shown i n  t he  f i r s t  F igure .  S i m i l a r  l i s t s  may be s t u d i e d  f o r  

c a r r i e r  systems. C a r r i e r  systems a re  found t o  be most a p p l i c a b l e  t o  h i ghe r  

da ta  r a t e s  where t h e i r  h i ghe r  comp lex i t y  i s  o f f s e t  by inc reased  communica- 

t i o n  e f f i c i e n c y  due t o  lower  percentage bandwidths. Any h y b r i d  t ime  d i v i s i o n /  

f requency d i v i s i o n  mu1 t i p l e x i n g  scheme a l s o  r equ i r es  c a r r i e r  type s i g n a l l i n g .  

I n  t he  s u m a r y  below a recommended c a r r i e r  system f o r  h i ghe r  da ta  r a t e s  i s  

descr ibed.  

The b i t  e r r o r  performance o f t h e  severa l  baseband modulat ion schemes 

may be a n a l y t i c a l l y  p r e d i c t e d  as shown i n  t h e  second F igure.  However, 

i n c l u d i n g  t h e  e f f e c t s  o f  t h e  channel d i s t o r t i o n  becomes a  complex task  and 

can be done p rope r l y  on l y  w i t h  leng thy  computer c a l c u l a t i o n s  o r  s imu la t i on .  

One i n t e r e s t i n g  comparison i s  o f f e r e d  i n  t he  t h i r d  Figure. The Manchester 

( b i  phase) modulat ion r e s u l t s  an t i poda l  s i g n a l  l i n g  w h i l e  b i p o l a r  r equ i r es  

o n l y  h a l f  as much bandwidth. For a  f i x e d  e r r o r  r a t e  i n  t h e  presence o f  

no ise,  a  lower  da ta  r a t e l l o w  pass bandwidth r a t i o  favors  b i p o l a r  s i g n a l l i n g .  

However f o r  t he  chosen t y p i c a l  t w i s t e d  sh i e l ded  p a i r ,  Manchester i s  bes t  f o r  

reasonable ope ra t i ng  values. 

There are t h ree  general  ways t o  p rov ide  b i t  synchron iza t ion  f o r  

de tec t i on :  

1  ) Prov ide a  separate c lock  l i n e  

2 )  Reconst ruct  t he  c l ock  f rom t he  da ta  

3 )  Frequency mu1 t i p l e x  t he  c l ock  w i t h  t h e  data. 



Comparisons o f  Baseband Signal  1 ing  Techniques 

W u l a t i o n  
Scheme 

NRZ 

RZ 

Polar RZ 

Manchester 

L O \ ~  ~ P C -  
qurncy At4 

Bipolar 

Pair selc;- 
ted tel-ctary 

- -- -. . - 
Cuobi nary 

s ignal l ing 

- 

~ i p p l  i ca t ton  Advantages Dtsadvantagcs 

1. Sync obtainable f r o r  data but 
r e l a t t v e l y  complex 

IJC coupled 
:;y s tem 

I I C  coupled I 1. Easy t o  generate . ys tem 

1. Best performance i n  
gaussian noise 

2. Bandwidth equal t o  data r a t e  
- - - 

1. I n f e r i o r  i n  performance t o  NRZ 
2. Same sync d i f f ' icu l t ies as N U  

I tC  coupled 
!.yS tM 

1. Sync eas i l y  dertved fro.! the 1. I n e f f i c i e n t  i n  i t s  ube of  bandw 
data stream as compared to  RZ 

2 Requires tha t  a posi l i v e  and 
negative p o l a r i t y  pt:lsc 1.r 
generated 

I.C coupled 1. Performance i n  gaussian noise 
!ystem 

/.C coupled 
,.ys tcm 

IC couplrd 
! ys te;t1 

2. Sync e a r i l y  derived f ror  the 
data stream --------- 

1. Sync read i l y  deri*,wa f r tm  the 
data 

1. Bandwidth equal t o  data ra te  

I 3. Sync easi ly  derived fro1 the 
data 

- - - -- - - 
I C  cct~pled 
! ys teifi 

4 .  Inherent e r r o r  performance 
monitoring 

- .- -- - - - . - 
1. Bandr:idth eqcal to  tlie t ata 

r a t e  

2. No dc brander 

1. Requires appr~x in~a te ly  twicc t h  
bandwidth o f  NRZ 

1. Achieves 2 to .1  banditidt'~ 
compression, > . e . ,  bandw,dth 
equals h a l f  the datd r ? t c  

2. Sync obtainable from the data 

3. lnsensi t i v e  t c  sync f i l t e r  

1. Framiny required -- adds to c i r  
co:nplcxity -- hut lends i t se l ;  
d i g i t a l  tmplrmentation 

A: o r  dc 
c ~ u p l c d  
s;s te-s 

1. 6 dB worse than NHZ i n  
per formance 

1. Achieves bandwidth con~pr :ssicn 

2. Requires signal shaping 

- 
1. tlarder t o  implement than simyic 

binary s i ~ t i a l l i h g  



PERFORMANCE O F  VARIOUS SIGNALLING SCHEMES 
ASSUMING A DISTORTIONLESS CHANNEL 



Eb/No REQUIRED TO OBTAIN PROBABILITY O F  ERROR = 1 x 
AS A FUNCTION O F  CHANNEL 3-DB POINT, RECTANGULAR PULSES 



Each of  these techniques have been used of ten i n  te lemetry and data 

systems and are we l l  understood. Numerous img lemn ta t i on  have been worked ou t  

f o r  each modulation scheme. Jus t  as w i t h  modulation, d i f f e ren t  synchroni- 

za t i on  schemes have penal t i e s  i n  b i t  e r r o r  performance due t o  synchronizat ion. 

noise. A number of sync schemes were analyzed i n  d e t a i l .  The conclusion was 

t h a t  near opt imal performance i n  the  sense o f  ob ta in ing  the  e r r o r  r a t e  

p red ic ted  w i t h  i dea l  synchronizat ion can be obtained w i t h  the use o f  an ex- 

t e rna l  l i n e  o r  c e r t a i n  analog s e l f  synchronizers. Performance t o  w i t h i n  1 dB 

o f  theory i s  poss ib le  w i t h  a simple d i g i t a l  b i t  synchronizer. 

For de tec t ion  of the modulated s igna l ,  optimum (energy de tec t ion) ,  sub- 

optimum (low-pass fi 1 t e r i n g  and sampl i i ig) ,  and simple l e v e l  de tec t ion  can be 

employed. The Figure shows the  penal ty  i n  sub-optimum detec t ion  f o r  

Manchester coded data. Trade-offs are requ i red  t o  determine the  optimum 

combination o f  modulation, synchronizat ion and de tec t ion  f o r  a g iven operat ing 

environment i n c l u d i n g  the  effects o f  the transmission 1 ine.  Re la t i ve  costs 

of implementation f o r  combinations o f  synchronizat ion and de tec t i on  schemes 

i n  the  data bus modem are g iven i n  Table 3. LSI analog and d i g i t a l  u n i t s  

are used where app l icab le .  

: 
Manches t e r  code 

S ing le  l i n e ,  optimum 2.5 4 2.0 10 
Two l ine,non-optimum 0.6 2 0.3 6 
Two line,optimum 1.5 2 0.6 7 
S ing le  line,non-optimum 0.7 1 0.5 6 

NRZ code 

S ing le  l ine,optimum 2.0 3 1.4 10 
S ing le  line,non-optimum 0.8 1 0.4 6 
Sync tone ,non-optimum 1.6 0 0.8 8 

B ipo la r  code 

Non-opti mum 1.1 1 0.4 7 

Assuming a subassembly product ion run o f  4000 

Table 3. 

Detect ion Schemes and B i t  Synchronizat ion Comparisons 
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The previous sect ions have described the app l icab le  considerat ions f o r  

communi ca t ion  performance i n  the presence of noise, intersymbol in te r fe rence 

and transmission 1 i n e  induced d i s t o r t i o n .  We now produce modulation, 

de tec t ion  and synchronizat ion schemes fo r  several sets o f  operat ing condi t ions.  

I m p l i c i t  i n  the  f i nd ings  w i l l  be the transmission l i n e  model f o r  tw i s ted  

sh ie lded pai r. One type o f  ca l cu la t i on  leading t o  the recommended approaches 

i s  the  communications power budget. A s i m p l i f i e d  ca l cu la t i on  f o r  a 1 Mbps, 

low s igna l - to -no ise  r a t i o  case i s  now shown. Le t  t he  transmission l i n e  be 

the previous tw i s ted  sh ie lded p a i r  model, length  350 ft and 35 equa l ly  spaced 

10 K loads. Assume a des i red  b i t  e r r o r  p r o b a b i l i t y  o f  a t  the l a s t  load 

and the  use o f  matched f i l t e r  (optimum) detec t ion  w i t h  a separate synchroni- 

za t i on  l i n e .  Then the  fo l l ow ing  values are found: 

Transmission L ine  Degradation 1.4 dB 

Noise and D i s t o r t i o n  Requirements 12.7 dB 

Noi sy Synchroni z a t i  on Degradati on . 5  dB 

Requi red  Eb/No 

The sample systems are now summarized. 

Low SNR (< 20 dB), Data Rate < 5 Mbps 

e AC coupled, balanced con f i gu ra t i on  t o  minimze noise 

o Manchester (biphase) modulation, energy detec t ion  

o Separate c lock l i n e .  Cheaper than phase lock  loop 
requ i red  t o  ob ta in  sync from noisy data. 

High SNR ( >  40 dB), Data Rate < 5 Mbps, AC coupled 

o Manchester s i g n a l l i n g ,  sampling (simple) de tec t ion  

o Clock ex t rac ted from data. Less expensive than 
two-1 i n e  system i n  h igh SNR case. 

o Manches t e r  more easi l y  synchronized, less 
expensive than b i p o l a r  modulation 



Low SNR, High Data Rate, Ca r r i e r  System 

o Coherent b inary  PSK. Be t te r  noise to lerance 
than FSK o r  ASK. 

o P i l o t  tone outs ide s i g n a l l i n g  band f o r  sync 
phase l ock ing  assumed fo r  non-time vary ing 
channel 

o PSK super io r  t o  d i f f e r e n t i a l  PSK f o r  l i n e a r  
d i f f e r e n t i a l  delay d i s t o r t i o n  across s i g n a l l i n g  
band. 
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Present  analytical tools, such a s  Failure Mode and Effect Analysis 

(FMEA), used in the design process  a r e  of limited usefulness for 

integrated checkout systems in a redundant environment. 

Space Shuttle demands careful consideration of the new factors  

introduced by onboard checkout and redundant hardwarelsoftware 

systems which a r e  configured to be fail operational, fail operational, 

fail safe. 

A rational approach i s  discussed with focus on the problems of 

utilizing the classical  methods. Some of the inadequacies a r e  ex- 

plained and several  possible approaches outlined. 

@ PHASES OF CHECKOUT 

@ SHUTTLE AVIONICS CHARACTERISTICS 

@ POSSIBLE PROBLEM AREAS 

@ POTENTIAL SOLUTIONS 



PHASES QF SHUTTLE C m C K O U T  

Shuttle checkout is divided into three major phases. 

Pre-flight checkout, used to determine if the systems will pe r -  

fo rm properly, will be accomplished utilizing on-board equipment 

and if necessary, some ground support equipment. 

In flight checkout, performance monitoring, and fault isola- 

tion i s  performed with only on-board equipment. The crew i s  

limited in size,  and a re  not maintenance experts. The checkout 

function i s  crit ical to flight safety a s  i t  i s  used not only to inform 

the crew of vehicle status, but also to provide the information neces- 

s a ry  to manage subsystem redundancy. 

The post flight checkout phase i s  concerned principally with 

maintenance assistance. 

@ PREFLIGHT CHECKOUT 

CONVENTIONAL USING ONBOARD EQUIPMENT AND NECESSARY 
GROUND SUPPORT EQUIPMENT 

@ INFLIGHT PERFORMANCE MONITORING AND FAULT ISOLATION 

ONBOARD EQUIPMENT ONLY 

L!M!TED CREW 

SAFETY CRITICAL 

MANAGES REDUNDANCY 

@ POSTFLIGHT CHECKOUT AND MAlNTENAlVCE ASSIST 



SHUTTLE AVIONICS 

The avionics systems on shuttle will be fail-operational fail- 

operation fail-safe, with this failure tolerance achieved by the use 

of multiple redundancy. 

The shuttle launch rate  of 25 to 75 launches per  year and a 

program life in excess  of 10 years  means that between 250 and 750 

launches will occur. If we assume a typical mission to require 5 

days in orbit ,  we will have a t  the end of 10 years  accumulated 

somewhere between 45,000 and 130,000 hours in orbit. 

The equipment used for  shuttle will have to be reliable, but 

over the life of this program, multiple fai lures ,  though r a re ,  will 

probably occur. 

The onboard systems should have the capability of coping with 

multiple failures. 

@ SUBYSTEMS DESIGNED FAIL-OPERATIONAL FAIL-OPERATIONAL FAIL-SAFE 

@ 250 TO 750 FLIGHTS OVER 10-YEAR PERIOD 

@ ABOUT 100,000 HOURS OF ORBITAL FLIGHT 

@ EQUIPMENT WlLL BE RELIABLE 

@ MULTIPLE FAILURES RARE 

@ MULTIPLE FAILURES WlLL OCCUR 

@ ONBOARD SYSTEM MUST CONSIDER MULTIPLE FAILURE 



SELECTION O F  EXAMPLES 

One of the b e s t  ways to determine what type of problems might 

occur  in the checkout of space shutt les redundant sys tems ,  i s  to 

examine other vehicles with s imi la r  applications. 

The inflight performance monitoring function i s  an  extrapola-  

tion of p resen t  day a i r l ine  operating pract ice ,  and si tuations where  

a i r l ines  have had difficulty should be considered. 

Tht. a i r l ines  uti l ize multiple redundancy for  two reasons ;  

to provide safety, and to inc rease  the probability of on-time d i s -  

patch. This quite frequently l eads  to t r ip le  and quadruple redun- 

dancy in c r i t i ca l  a r e a s ,  such a s  engines, hydraulic s y s t e m s  and 

e l e c t r i c a l  power. 

The e lec t r i ca l  power sys tems ,  have evolved over  many y e a r s  

of experience,  and a l a rge  effort  has  been expended in thei r  de-  

sign,  to insure  that  total power fa i lu res  will not occur.  



SELECTION OF EXAMPLES 

@ AIRLINE PRACTICE 

@ MULTIPLE REDUNDANCY 

@ YEARS OF EXPERIENCE 

@ MAN-MACHINE INTERFACE 

@ INFLIGHT PROBLEMS 



A I R - L I N E  E L E C T R I C A L  P O W E R  S Y S T E M S  

The typical e lectr ical  system on a commercial  a i r l iner  der ives  

i t s  pr ime power f r o m  engine-driven A. C. generators  mounted one 

on each engine. 

Alternating cu r r en t  power i s  supplied to using equipments by 

means  of multiple distribution buses ,  with ci rcui t  b reakers  pro-  

tecting the buses  and generating equipment. 

Di rec t  cur ren t  supply is provided by t ransformer-rect i f iers  

and bat ter ies  with distribution again accomplished by means of 

multiple distribution buses.  

The inflight checkout, monitoring and switching of these sys-  

t ems  i s  semi-au tomat ic  with supervision provided by the flight 

crew. 

Two recent  a i r l ine incidents involving complete l o s s  of elec- 

t r i ca l  power will be examined for information of possible use to 

shuttle. 



AIRLINER A-C SYSTEM 
GENERATOR 

- 



727 ACCIDENT 

A 727 a i rc ra f t  was dispatched with the number 3 A. C. generator 

known to be inoperative. This was possible because the minimum 

equipment l i s t  for this a i rcraf t  only requires  two operative gener- 

ators.  

During climbout, a f i re  warning signal was observed on number 

one engine and this led to the shutdown of the number one engine and 

its operable e lectr ical  generator. 

A short  time after this engine shutdown the remaining generator 

( # 2 )  was lost. The exact reason for this l o s s  was not determined, 

although i t  was probably caused by the total A. C. load being imposed 

on the single generator. 

This vehicle car r ied  a standby electr ical  power supply that could 

supply the essent ia l  bus with power for cr i t ical  flight instruments and 

radios. This standby system either was not activated or  malfunctioned. 

The a i rc ra f t  was flying under poor visibility conditions, and when 

the electr ical  power failure resulted in the loss  of attitude reference 

instruments,  the crew was unable to control it,  and the a i rc ra f t  

crashed. 



727 ACCIDENT 

@ DISPATCHED WITH NO. 3 A-C GENERATOR INOPERATIVE 

@ NO. 1 ENGINE SHUTDOWN AFTER FIRE WARNING 

@ NO. 2 A-C GENERATOR LOST 

@ STANDBY POWER NOT UTILIZED 

@ NO. 2 A-C GENERATOR PARTIALLY RESTORED FOR 9-15 SEC. 

@ AIRCRAFT CRASHED INTO OCEAN 



CV 880 

An 880 recent ly  los t  a l l  e l e c t r i c a l  power af ter  experiencing multiple 

fa i lu res .  The sequence went a s  follows: 

One of the a i r  conditioning s y s t e m  f reon  c o m p r e s s o r  m o t o r s  m a l -  

functioned, throwing an oscil lat ing load on the power sys tem.  

The f r e o n  motor  protection s y s t e m  did not detect  the motor  m a l -  

function (overcur ren t ,  over tempera tu re ,  o v e r p r e s s u r e ,  l o s s  of phase) ,  

s ince  some pro tec to rs  had failed. Other  generator  s y s t e m  protect ive  

functions, although operat ive ,  did not  in te rp re t  th is  type of cycling 

load a s  a fa i lure ,  and thus did not i sola te  the paral le led sys tem.  

The con t rac to rs  associa ted with the four  paral le led g e n e r a t o r s  

did not t r ip .  

The oscil lat ing load caused the hydromechanical  constant speed 

d r i v e s  to overspeed.  Th is  resu l t ed  in an automatic protect ive  device  

in e a c h  of the four  constant speed d r i v e s  to  cycle to  underspeed and 

lock into th is  mode. When in underspeed,  the j e t  engine m u s t  c e a s e  

rota t ion before  the constant speed d r i v e  can  be rese t .  Th i s  of course  

i s  impossible  with the a i r c r a f t  in flight, with the fans  windmilling. 

Thus a l l  a l ternat ing c u r r e n t  generat ing capabil i ty was  lost. 

The emergency  ba t t e ry  fai led th i r ty  seconds af ter  l o s s  of the AC 

sys tem,  due to four defective cel ls ,  leaving the a i r c r a f t  with rio e l e e -  

t r i c a l  power. 

Unlike the 727  accident however,  the 880 was  flying in good vis i -  

biltty conditions and was able to land safely.  



880 INCIDENT 

@ FREON MOTOR I N  AIR-CONDITIONING SYSTEM FAILED 

@ FAILURE PUT OSCILLATING LOAD ON SYSTEM 

@ MOTOR PROTECTOR D I D  NOT OPERATE 

@ BUS PROTECTIVE PANEL D ID  NOT TRIP BUS TIE CONTACTOR 

@ GENERATORS ALL EXPERIENCED OVERSPEED 

@ GENERATORS ALL LOCKED INTO UNDERSPEED 

@ BATTERY FAILED AFTER 30 SECONDS 

@ AIRCRAFT LANDED SAFELY 



P R O B L E M  AREAS 

Looking at the 727  and 880 electr ical  problems, we find that 

multiple fai lures  do occur,  although of course they a r e  r a r e .  

The fai lures  that do occur a r e  not necessar i ly  related, and 

can occur in two different subsystems, and s t i l l  cause an unex- 

pected complete sys tem failure. 

The shuttle subsystems should be examined to a s s e s s  the 

probability of such multiple failures,  and if necessary  action 

should be taken to insure vehicle safety. 



PROBLEM AREAS 

@ MULTIPLE FAILURES 

@ UNRELATED FAILURES 

@ TOTAL SYSTEM FAILURE 

@ SYSTEM FAILURE NOT PREDICTED 



A U T O M A T I C  M A L F U N C T I O N  ANALYSIS  

The application of modern computer simulation and analysis tech- 

niques to .shuttle design and checkout could a s s i s t  in resolving some of 

the problem areas .  

Typical of techniques available to aid in solution of checkout prob- 

lems  is  a group of programs known a s  Automatic Malfunction Analysis 

(AMA). AMAwasdevelopedfor  MSFConNAS8-20016, NAS8-21338 

and previous contracts. AMA i s  designed to simulate and analyze 

large discrete  networks, and to provide for any fai lure  a rapid identi- 

fication of the malfunctioning component. This analysis, due to i ts  

inverse organization i s  much more  efficient than one employing mal-  

function insertion. F o r  example, an analysis was performed of the 

Saturn S1C engine cutoff network which consists of approximately 3700 

elements with over 200 monitoring points o r  indicator a and which assumes  

216 different s ta tes  a s  i t  i s  cycled through normal operation. AMA took 

about 12 hours running time on a 7094 to produce the output search  key 

and malfunction se t  tapes. Similar analysis utilizing fault insertion 

techniques would have taken over seven years  to complete. This output 

data will then permit  identification of any malfunctioning component 

within approximately 50 m s  seconds. While a t  present  structured to 

analyze only single point failures,  inspection of the malfunction se t  out- 

puts and program organization indicates that an extension of AMA capa- 

bilities to analyze multiple fa i lures  i s  possible. 



AOI"PMATBC MALFUNCTION ANALYSIS 

AMA COMPUTER TIME REQUIREMENTS 

3,700 ELEMENTS 

200 INDICATORS 

216 STATES 

12 HR. ON 
7094 TO 

p PRODUCE OUTPUT 
SEARCH KEY AND 
MALFUNCTION SETS 



RECOMMENDATIONS 

The problems identified in this paper can best  be solved in the deeign 

phase of the shuttle program. Due to the large total number of hours in 

orbit ,  shuttle will probably experience multiple fa i lures ,  and systems 

should be designed to keep multiple component fa i lures  f rom producing 

unexpected total system failures.  An example of this type of design i s  

the hydraulic actuator planned for the SST. This internally redundant 

actuator,  while complex, i s  simple enough that multiple failure analysis 

can be performed at  the actuator level, without having to consider the 

remainder of the flight control and hydraulic subsystems. 

Mere inclusion of multiple redundancy will not achieve shuttle goals 

and the design process  should include a documented analysis that will 

verify that the systenl is  truly fail  operational fail  operational fail  safe. 

The Fai lure  Mode and Effect Analysis (FMEA) process  should be 

extended to analyze failure effects under multiple failure conditions, and 

to a lso recognize that the effect of a particular failure is also a function 

of the sys tem state. 

The on-board checkout function, utilized to manage subsystem re -  

dundancy, should be designed to recognize multiple failures,  and properly 

a s s i s t  in any necessary reconfiguration. 



RECOMMENDATIONS 

@ DESIGN FOR MULTIPLE FAILURE SURVIVABILITY 

@ VERIFY FAIL-OPERATIONAL FAIL-OPERATIONAL FAIL-SAFE BY ANALYSIS 
IN DESIGN PROCESS 

@ PERFORM FMEA THAT CONSIDER NOT ONLY MULTIPLE FAILURES, BUT STATE 
OF SYSTEM AT TIME OF FAILURE 

@ ONBOARD CHECKOUT MUST BE ABLE TO COPE WITH MULTIPLE FAILURES 
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INTRODUCTION 

The return of a manned space shuttle to a predetermined runway will require a 
terminal-area guidance technique for an instrument approach and landing. The tech- 
nique is dictated by the requirement that the terminal maneuvers be made with power 
off. This requirement exists when engine start  after entry cannot be accomplished 
and because it would be beneficial from the standpoint of weight saving to eliminate 
the approach propulsion and fuel requirements. The need for a power-off precision 
instrument approach had not existed in the past, and, therefore, no guidance system 
has been developed. 

The operational feasibility of conducting poweraff approaches after entry into the 
earth's atmosphere has been demonstrated by the X-15 program, and the feasibility of 
power-off approaches with low lift-to-drag ratio (L/D) configurations has been further 
demonstrated by the M-2, HL -10, and X-24A lifting bodies. However, these power- 
off approaches have all been demonstrated under visual flight rules. Some of the 
proposed shuttle vehicle configurations a re  low L/D vehicles that will approach and 
land much like the X -15 airplane o r  lifting body vehicles. 

The f i rs t  part of this paper will discuss a terminal-area guidance technique 
recently developed by the Air Force Flight Test Center around the F-111A inertial 
navigation system. The results of flying under instrument flight rules using this 
guidance scheme will be reported as  will the results of ground controlled approaches 
(GCA) using an NB -52B airplane in an unpowered, low L/D configuration. The latter 
portion of this paper will discuss a circular approach guidance scheme under develop- 
ment at the NASA Flight Research Center. 



The F-111A airplane with its variable wing sweep and relatively large variation in 
gross weight made it possible to investigate the flight characteristics for a range of 
lov~ lift -drag ratios and planform loadings (fig. 1). The 72. 5" wing sweep configuration 
with gear retracted (clean) was representative of a reentry vehicle with a high fineness 
ratio. The maximum L/D was relatively high (6. O), and the speeds associated with 
the L/D were also high (288 knots at 45 lb/ft2 planforrn loading and 349 knots at 
66 lb/ft2, the highest planform loading tested in this configuration). 

The 72.5' wing sweep and gear-extended configuration provided a maximum L/D 
of 3 .7 ,  which was representative of the lifting bodies now under flight test  (HL-10 and 
X-24A). The F-111A gear  limit speed of 295 knots prevented operation on the steep 
front side of the L/D curve where the lifting bodies operate during their landing ap- 
proach. As can be seen in the figure, this restricted L/D variation and consequently 
vehicle ranging. 

From the standpoint of maximum L/D, the 50" wing sweep, gear-down configuration 
was representative of many configurations proposed for  the space shuttle except that 
the peak L/D occurred at  a somewhat higher speed (lower lift coefficient) than for  the 
space shuttle configurations. At 45 lb/ft" planform loading, the F-111A maximum L/D 
speed was 226 knots and the space shuttle speeds a r e  approximately 175 knots. 

The F-111A 26" wing sweep, gear  -down configuration has an L/D range which 
covers the maximum performance which might be anticipated for reentry configurations. 

Labeled on each curve is a "nominal approach L/6Yt which was used in defining 
ILS approach patterns. The nominal L/D was selected to  provide a moderately high 
L/D for the particular configuration a s  well a s  to provide for  variations in L/D and 
speed while staying within the constraints imposed by the gear  limit speed. Operation 
on the front side of the L/D curves was found to  be important in the control of ILS 
approaches. The cues to the pilot in correcting to glide slope were  in the proper 
direction; that i s ,  if the aircraft  was below the glide slope, he pulled the nose up which 
increased the angle of attack (and lift coefficient) and provided a higher L/D and a 
shallower flight-path angle. When the shallower flight path intersected the desired 
glide slope, the pilot pushed the nose down to maintain the glide slope, and the speed 
began increasing to the desired value. 

SUBSONIC F-IIIA LOW LID PERFORMANCE 

r RANGE OF OaERATlON 

GEAR 



The onboard F-111A inertial navigation system provided the capability to generate 
any desired glide slope to  any preselected s i te  below 10,000 feet altitude. The pilot 
was presented with distance, bearing, glide slope, a d  course deviation information 
to the preselected site.  Additionally, a sensitive radar  altimeter provided the pilot 
with accurate height information for  f lare  initiation. Using this onboard equipment, a 
navigational and terminal-area energy-management scheme was developed to investi- 
gate approaches of the ILS type for  unpowered, low L/D configurations. A model of 
this  scheme is shown in figure 2. 

The approach technique can b e  broken down into the following four phases, with a 
transition maneuver between each phase: 

Energy dissipation - deceleration and descent a t  a constant radius around point A 
down to  the initial approach altitude (similar to traversing the surface of a cylinder) 

Initial approach - constant airspeed, straight descent toward point B for the turn 
to  final approach (s imilar  t o  t raversing the surface of a cone) 

Final approach - constant airspeed descent on the runway heading toward point C 
down to f la re  altitude 

k c e l e r a t i o n  and landing - deceleration on a very shallow glide slope to touchdown 

The only assumption made in the implementation of this scheme was that a reentry 
guidance scheme would be capable of guiding the pilot to intersect the energy dissipa- 
tion cylinder at speeds greater  than Mach 0.85 and l e s s  than about Mach 2 . 0 .  

A number of these approach maneuvers were performed starting a t  Mach 2 .0  and 
50,000 feet altitude. A supersonic configuration of 72.5" wing sweep, gear  retracted 
(clean) was used down to  Mach 0.85 where the airplane was reconfigured to 50" wing 
sweep, gea r  down, the configuration most representative of space shuttle configura- 
tions. 

MODEL OF ILS APPROACH TECHNIQUE 

ENERGY DISSIPATION 

6 APPROACH 

DESCENT CONE 

e\ 

BIECELERATIO A '\ 

LANDING -8 



A t  the start  of the approach nllineuver, the center coordinates ( A ,  fig. 3) of the 
cnergy dissipation circlc were selcctcd so  that thc inertial distance rneasrrring equip- 
ment (IIME) presented tho distance or  radius to the center. A s  the aircraft slowed 
and descentled, the bank angle was reduced and mohlatod to mninti~in the, 16.5- 
nautical-mile turn radius. When a predetermined lurn-in altitude of 34,000 feet m d  
an indicated airspeed of 285 knots were reached, the gear was lowered and the wings 
were swept to establish the 50" wing sweep, subsonic L/D configuration. An initial 
approach radial was determined at that time, and the coordinates and glide slope for 
the radial aim point (B) were inserted into the inertial system. 

IbS APPROACH TECHNIQUE 
PLAN VIEW 

V DISSIPATION 
CIRCLE 



During thcx initial approach phase (fig. 4) ,  the pilot mocblated airspeed and bank 
angle to center the glide slope and course deviation displays while monitoring the DME, 
which presented the distance to the glide slope aim point (B). 

Very little attention to speed and altitude was required. The altitude was deter- 
mined by the glide slope, and when on glide slope the airspeed tended to stabilize at  
the proper speed. When the precomputed turn distance appeared in the DME display, 
the pilot started a 30" bank to final approach while maintaining airspeed. During the 
turn, the final approach aim-point (C) coordinates were selected. The airplane was 
rolled out of the turn on the final runway heading, and the pilot's attention was r e -  
turned to the glide slope and course deviation displays. These displays were centered 
during the final approach while the pilot monitored the radar altimeter. A s  the radar 
altitude reached the proper flare height above the runway, the pilot reverted to visual 
flight by removing the hood and initiated the flare. Because of ground clearance and 
t ire speed limits of the F-111A airplane, the wings were moved to 26" sweep between 
start  of flare and touchdown. 

INITIAL AND FINAL APPROACH PHASES 

KFLIOHT PATH 

GROUND TRACK 
START TURN, 30' BANK 

\ ON DISTANCE TO B 



In addition to the terminal -a;-ea energy -manqement maneuver, two other methods 
of intersecting the energy dissipation circle were demonstrated (fig. 5). These tivo 
methods were based on headings directly toward the center of the circle at the time 
power was cut (Mach 2.0 and 50,000 feet altitude). In one instance, the power was 
cut 30 nautical miles from the center and the pilot turned the airplane to intersect the 
energy dissipation circle tangentially (approach 2). In the other instance (approach 3), 
the power was cut directly over the center of the circle and the pilot banked the a i r -  
plane to intersect the energy dissipation circle from the inside. The energy dissipation 
circle constitutes, in essence, a landing approach window of 33 nautical miles in 
diameter, because the approach can be made from any direction to intercept the dis- 
sipation circle. A Mach range from 0.85 to 2 .0  for interception of the landing ap- 
proach window between 34,000 and 50,000 feet altitude was demonstrated during the 
program. Approaches 2 and 3 were representative of the kind of positioning that would 
be available from a very simple reentry guidance system such as the guidance scheme 
used in the Precision Recovery Including Maneuvering Entry (PRIME-SV-5D configsl- 
ration) program. It should be pointed out that these two approaches were performed 
under the hood. All three of these ground tracks are  actual test results. 

THREE TYPES OF HIGH-ENERGY APPROACHES 



Four pilots flew more than 50 approaches (mostly hooded) using the range of lift- 
drag ratios and the configurations shown in figure 1. Of these, nine were started at 
about Mach 2.0 and 50,000 feet altitude and five of the nine were performed hooded 
down to flare initiation. 

Of the pilots who participated in the F-111A low L/D evaluation, two were ex- 
perienced lifting body pilots and the other two were Air Force test pilots assigned to 
the F-111A Test Force. All pilots performed hooded approaches of the E S  type in 
the four configurations. The approach conditions flown are  summarized in figure 6. 
The lowest start-flare/hood-removal altitude (200 feet) was with the 26", gear-down 
configuration which provided the highest L/D at the s tar t  of flare (6.6), the lowest 
approach glide slope and airspeed, and the largest L/D variation for flare (6.6 to 8.0). 
The highest start-flare/hood-removal altitude (800 feet) was associated with the 72.5", 
gear-down configuration which exhibited the highest approach glide slope (lowest ap- 
proach L/D) and essentially no L/D variation avail&ility during flare. Hood removal 
altitudes were selected from tests  which showed that the pilot could descend hooded to 
flare altitude, remove the hood, and perform a comfortable flare. 

The major conclusion from the low L/D, simulated IFR test  w w  that it was pos- 
sible to consistently make hooded approaches from Mach 2.0 and 50,000 feet altitude 
down to flare initiation. Further, these maneuvers were performed by four different 
pilots, two of whom attempted and performed the maneuver from Mach 2.0 only once. 
The pilots considered the flying task for this type of ILS approach to be less demanding 
than that associated with normal, low speed, powered ILS approaches because: 

(1) The higher approach speed associated with low L/D approaches provided sig- 
nificantly better handling qualities than provided by low-speed powered approaches. 

(2) Approaching at the higher speeds provided sufficiently large stall margins 
that the pilot was not concerned with speed changes associated with flight.-path control. 

(3) Operation on the speed stable (front) side of the L/D curve allowed the pilot 
to make corrections to glide slope with pitch changes only rather than a combination 
of power and pitch change which is required for the conventional, low-speed ILS 
approach. 

REPRESENTATIVE F-IIIA UNBOWEWED, 
LID APPROACH CONDITIONS 
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Hooded ground coi-itrolled approaches (GCA) were conducted with the NB-52B a i r -  
plane in a configuration of idle power, landing gear extended, and airbrakes hilly 
deployed. This provided approach lift-drag ratios from 3 .2  to 4 .4 .  Straight-in 
approaches were flown from about 16,000 feet above ground level (AGL) through flare 
to touchdown (fig. 7). The approach airspeeds for these maneuvers varied from 230 
to 250 knots indicated, and the flare initiation altitudes were from 500 to 800 feet AGL.  

The Flight Research Center precision radar was  used by a flight-test engineer 
to provide glide slope corrections to the pilot. Course steering information was pro- 
vided to the hooded pilot by the non-hooded safety pilot through visual contact with the 
runway. 

Three pilots participated in this portion of the evaluation, with the resulting con- 
clusion that the piloting task associated with this maneuver was no more demanding 
than for normal powered GCA approaches. The piloting task was less  demanding be- 
cause the airplane was being flown in the speed stable region, which required no 
throttling, and the handling qualities were better at the higher approach speeds. How- 
ever,  because of the lack of vertical speed indications (the rate-of-climb meter was 
pegged throughout the approach), it was necessary to use pitch attitude alone to make 
corrections to the glide slope. This was a somewhat more difficult task than using 
pitch attitude and vertical speed for corrections to glide slope in a normal GCA.  As 
a result, the overall task was about as demanding as a normal, powered G C A  approach. 
The addition of trend indicators such a s  vertical speed would undoubtedly improve the 
pilots rating of the unpowered GCA approach. 

It should be noted here that ILS approaches as accomplished with the F-111A 
evaluation were eas ier  than the G C A  approaches, because trend information was avail- 
able to the F-111A pilot through monitoring the glide slope and centerline displays, but 
only position information with some delayed trend information was available using 
ground control procedures. 

NB-52Et GCA APPROACHES 
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The results of the flight tests  with the F-%IIA and NB-52E airplanes have demon- 
strated that IFR power-off approaches from high altitudes a re  feasible. The avionic 
systems used in these flight studies were not designed for these operations, and 
therefore a relatively high workload was required of the co-pilot o r  ground controller. 
To improve the system, a terminal-area guidance scheme is  being investigated to 
provide the avionics for a power-off, fully IFR, circular approach capability. The 
guidance scheme i s  tailored to the aerodynamic characteristics of a lifting body vehicle, 
because the lifting body is  representative of one of the possible manned space shuttle 
configurations . 

Figure 8 is a general representation of the circular approach scheme. A some- 
what conic surface, based on the aerodynamic characteristics of a vehicle, is generated 
for various bank angles and a given approach speed and stored in a computer. The 
location of the aircraft in space is compared with the location of the conic surface, and 
the e r ro r  signal i s  fed to a flight-director type of display system for the pilot. When 
the vehicle is on the conic surface, the result i s  a steady-state flight condition (con- 
stant bank and constant airspeed) in a curved path that will arr ive at the apex in the 
direction of the runway. The apex is  considered to be at an outer marker or  a point 
that coincides with the ILS localizer and glide slope beams. The conic surface re- 
sembles a tilted cone but is  a distorted figure to allow for turn radius and true airspeed 
variations that occur &ring descending flight on a standard day. 

GUIDANCE SCHEME 



The conic surface of figure 8 was generated by assembling a number of simulated 
flight profiles of a lifting bndy at constant bank and constcxnt speed. Figure 9 shows 
only four such profiles for a left turn system. Each path represents a flight from 
50,000 feet altitude to ground elevation. By positioning these paths to a common end 
point and direction, a se t  of nominal solutions was formed. The set  contains an 
infinite number of solutions for bank angles from 0" to 40". The 220" heading at the 
end point is arbitrary and was chosen because it is  the heading of a runway at Edwards 
Air Force Base. For a right turn system, a mirror  image set  of nominal solutions 
must be generated. 

SET OF LEFT TURN SOLUTIONS 
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0 GROUND ELEVATION 
AND HEADING 220' 



Figure 10 shows the terminal-area circular approach guidance laws that are  
being investigated; HGc is heading command and GSc is glide slope command. In 
the heading command equation, the actual aircraft heading HGa/, i s  compared with 
a desired heading HGd to form an e r r o r  signal. The desired heading HGd is  a 
function generated from the headings of the nominal solutions and is  stored in a com- 
puter. The energy term contains elevation e r r o r  AEL, which i s  potential energy, 
and airspeed e r r o r  AA/S, which is kinetic energy. When the energy level is above 
a desired level, the e r r o r  signal causes a heading command away from the apex of the 
conical surface, thus increasing the flight-path length to dissipate the excess energy. 
When the command is satisfied, the vehicle will eventually reach a nominal solution. 
The variable coefficients C, and Cy a r e  sized to give a desirable convergence to 
the nominal solutions. The glide slope command GSc is  mechanized in much the same 
way as  the heading command. By displaying heading command and glide slope command 
on the crosspointers of a flight director display, the pilot has his choice of techniques 
for satisfying the commands. To limit airspeed variations during flight, the preferred 
technique would be to satisfy the heading command first and then the glide slope com- 
mand. 

GUIDANCE LAWS 
HG, = HGd - HGa/, + C,(AEL + 0.001 AA/S) 

WHERE 

ELd - EL,/, 
AEL = 

ELd 

AA/S = A/Sd - A/S,lc 

HGd, ELd =STORED CURVES 

A/Sd = CONSTANT (260 KNOTS) 

GSd = CONSTANT IN TERMS OF 

MODIFIED ALTITUDE H = f(HTRUE) 

A/S,/, = INDICATED AIRSPEED 

HGa/, = HEADING 

HGc, GSc = HEADING AND GLIDE 

SLOPE COMMANDS 

Cx, C y  = VARIABLE SCALING COEFFICIENTS 



A digital program was written to simulate the circular approach guidance system 
:i;-~d the flight of a lifting body, The heading and glide slope commands were fed back 
(through a function that simulates a pilot) to control the vehicle in pitch and roll. 
Figure 11 shows computed data of the performance of the system. Paths 1, 2, and 3 
are  nominal solutions starting at 50,000 feet altitude. Paths 4, 5, and 6 a r e  high 
energy conditions, starting at 60,000 feet altitude. Because of the higher energy in 
paths 4,  5, and 6, the vehicle turns away from the conical apex to solve the energy 
problem, which results in a different solution than for paths 1, 2, and 3. The dashed 
portions of the paths show the convergence to a nominal solution and the path length 
required to solve the energy problem. The solid portions a re  when the energy problem 
is  solved. Paths 7 ,  8,  and 9 a r e  low energy conditions which result in shorter paths. 

The guidance scheme is  designed to provide a minimum of pilot workload, and the 
commands a r e  compatible with normal visual piloting techniques where the pilot mentally 
assesses his present situation and applies the best solution from that position. Because 
the scheme requires the pilot to maintain his position anywhere on the surface, his 
workload should be  less than to maintain his position on a line such as with the ILS sys- 
tem, 
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Figure 12 shows another way of looking at the performance of the circular ap- 
proach guidance system by starting at the same altitude but at different locations with 
respect to the runway. Although the guidance scheme provides navigation information, 
it does not determine the operating boundaries of the system. The convergence on a 
solution is  limited by the operating capabilities of the vehicle. For example, at low 
energy conditions, the vehicle i s  flown at an angle of attack related to maximum L/D 
which limits the range of the vehicle when converging to a solution. When a solution 
is reached simultaneously with reaching the conical apex, the convergence limit is 
reached. Thus, the operating boundaries for this vehicle a r e  dictated by the practical 
L/D operating range of the vehicle. 
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The circular approach guidance system described is still being studiod and re- 
quires further simulation with a cockpit and a pilot in the loop. Although this work 
uses low L/D aerodynamics, it can be applied to high L/D by changing the guidance 
coefficients. The system may be easier  to fly than the conventional ILS because the 
pilot is required to stay anywhere on the surface as opposed to staying on a line such as  
the ILS system requires. 

The simplicity of the system makes it attractive for a practical application. 

The system can be mechanized from VOR, DME, and altitude information for on- 
board data processing, although the scheme under study uses azimuth and elevation 
angles from radar inputs. 

The guidance scheme is one of many potential solutions for providing a terrninal- 
area ,  IFR, circular approach guidance system for an unpowered space shuttle vehicle. 
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SUMMARY 

Unpowcred te~.minal-area instrument approaches have been the object of recent 
flight and ground studies at the Air Force Flight Test Center and the NASA Flight 
Research Center. The results of these studies showed that: 

(1) Power -off IFR approaches were feasible. 

(2 )  The approaches were conducted on the speed stable side of the L/D curve. 

(3) The pilots considered the flying task to be less  demanding than that associated 
with normal, low speed, powered ILS approaches. 

(4) The higher approach speeds provided significantly better handling qualities 
than conventional powered approaches. 

(5) A guidance scheme that may provide a power-off, fully IFR, circular ap- 
proach capability was described. 
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INTRODUCTION 

Following reentry  from o r b i t ,  t he  Space Shut t le  Vehicle must be able t o  
perform automatic landings under Category I1 conditions. I n  addit ion,  a 
p i lo ted  landing capabi l i ty  i s  required. Since the  SSV w i l l  f l y  and respond 
much l i k e  a l a rge  j e t  t ranspor t  a i r c r a f t  during the approach and landing, a 
s ign i f i can t  t r a n s f e r  of j e t  t ranspor t  autoland technology is  expected. How- 
ever, the  Space Shut t le  i s  i n  many ways d i f f e r e n t  from large  j e t  t ranspor ts .  
For example, the  Shut t le  w i l l  probably have a lower L/D max, may be unpowered 
i n  the  approach, and may f l y  subsonically a t  high angles of a t t ack  (up t o  60 
degrees) f o r  a port ion of the  approach t r a jec to ry .  Based on these differences 
and on r e s u l t s  of the  recent NASA ILRV studies,  it appears t h a t  research i s  
necessary t o  develop a technology base f o r  the  design of the terminal guidance 
and control  system f o r  the l i f t ing-en t ry ,  hor izonta l  landing Space Shut t le  
Vehicle. This research should es tab l i sh  the  guidance laws and the  guidance 
and control  equipment and instrumentation, both airborne and ground-based, 
necessary t o  accomplish automatic guidance and control  from a "high gate" a t  
100,000 f e e t  t o  the ground. The minimum equipment, instrumentation, displays,  
e t c . ,  which a r e  necessary f o r  the  p i l o t  t o  monitor t h e  performance of the  auto- 
matic system o r  to a s s i s t  the  p i l o t  t o  any degree he des i res  t o  manually guide 
and control  the  vehicle t o  the  landing s i t e  should a l s o  be defined. To meet 
the  needs of the  Space Shut t le  project ,  a supporting research program has been 
defined, and i s  being implemented by the  Ames Research Center. A b r i e f  
description of the program objectives,  plans, and s t a t u s  follows. 

As s ta ted  previously, the bas ic  objective of t h i s  program i s  t o  provide 
technology f o r  the  design of a terminal  area navigation, guidance and control  
system su i t ab le  fo r  automatic o r  p i lo ted  landings under Category I1 conditions. 
In our s tudies ,  we w i l l  emphasize an examination of the  problems associated 
with the  high cross-range o rb i t e r .  However, the low cross-range vehicle w i l l  
a l s o  be examined. 



An i l l u s t r a t i o n  of the  problem i s  presented i n  f igure  I. The hues' 
s tudies w i l l  be concerned with t h a t  phase of f l i g h t  which begins a t  the  end 
of reentry (approximately 100,000 f e e t  and Mach equal 2.5)  and extends on 
through the  f i n a l  approach t o  f l a r e  and touchdown. 

The problem i n i t i a l  conditions a r e  s e t  by the  "end-of-reentry footprint" 
which i s  defined by the  accuracy of the  reentry navigation guidance and con- 
t r o l  system. Given a s e t  of i n i t i a l  conditions, the  vehicle energy must be 
managed, and the vehicle precise ly  controlled so t h a t  it i s  guided t o  an 
approach t a r g e t  area  from which the  f i n a l  approach i s  i n i t i a t e d .  

The f l i g h t  control  system w i l l  include a sophisticated i n e r t i a l  navigator 
and d i g i t a l  computer. The combination of information from the ground-based 
navigation a i d s  and the  onboard i n e r t i a l  navigation system, using the onboard 
computer, holds promise of achieving precise  navigation and guidance during 
automatic landings under #Cat I1 conditions. I n  addit ion,  such a system holds 
the p o t e n t i a l  of (1 )  minimizing the  ground-based equipment and, hence, allow- 
ing f o r  a wider se lec t ion of landing s i t e ;  and (2 )  improving system r e l i a -  
b i l i t y .  

Having achieved the  approach t a r g e t  area, the  f i n a l  approach begins. In 
t h i s  f l i g h t  phase, the vehicle f l i e s  along a s teep glideslope approaching 18 
degrees, with ve loc i t i e s  approaching 300 knots. 

The landing f l a r e  and runway alignment maneuver represents one of the  
most c r i t i c a l  phases i n  the  landing of the  Space Shut t le  Vehicle (o rb i t e r ) .  
The demands on the  automatic f l a r e  and runway alignment control  system a r e  
pa r t i cu la r ly  severe, i f  the  shu t t l e  i s  an unpowered configuration. The prob- 
lem i s  fu r the r  complicated by gust  disturbances, wind shear, instrumentation 
e r ro r s  and noise, a s  well  a s  dispersions i n  the  i n i t i a l  conditions from which 
the f l a r e  i s  i n i t i a t e d .  

An addi t ional  point ,  which should be mentioned, i s  t h a t  even thowh the  
Space Shut t le  i s  envisioned t o  have a highly automated f l i g h t  control  system, 
a manual control  capabi l i ty  i s  required; therefore,  it i s  necessary f o r  t h i s  
vehicle t o  have sa t i s fac to ry  pi lo ted  handling qua l i t i e s .  m e  achievement of 
sa t i s fac to ry  f ly ing q u a l i t i e s  a f f e c t s  vehicle shape, the  f l i g h t  control  
system, vehicle weight, and f l i g h t  safe ty .  Thus, the  Space Shut t le  handling 
q u a l i t i e s  w i l l  have a major influence on the Space Shut t le  Vehicle program. 

The Amesf supporting research and technology e f f o r t  w i l l  be focused on 
providing p r a c t i c a l  solutions t o  these problems and solutions which f i t  within 
the guidelines of the Space Shut t le  Vehicle program. 
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. - This task  i s  primarily concerned 
with the naviaatlon nrublenl. t h a t  i s ,  t he  ~ r e c i s e  determiilation of the 
vehicle s t a t eu(pos i t ion ,  veiocity,  aid a t t i t u d e ) .  There w i l l  be a high- 
qual i ty  i n e r t i a %  navigation sys&m onboard the  Space Shut t le  Vehicle,-a5 well  
a s  an airborne d i g i t a l  computer. On the ground w i l l  be various radio naviga- 
t ion  a ids ,  The objective of t h i s  study i s  t o  d e t e d n e  how we can b e s t  uee 
navigation measurements from the  onboard i n e r t i a l  navigation system combined 
with s ignals  received from the  ground-navigation a ids  t o  solve the  navigation 
problem. I n  o ther  words, we w i l l  be concerned with the analys is  and simula- 
t ion  of a precis ion landing system, using a s t a t e  estimator based on a f i l t e r  
which processes information obtained from the  INS and various ground a ids .  A 
contract  e f f o r t  f o r  t h i s  port ion of the  program has not been formulated. A t  
the  present ,  the  in-house program consis ts  of an experimental f l i g h t - t e s t  pro- 
gram involving the  Amest Convair 340. A d i g i t a l  computer and ce r t a in  naviga- 
t ion  receivers  a r e  i n  operation onboard the  vehicle, and an ine r t i a l .  navigation 
system i s  present ly  being ins ta l l ed .  This system w i l l  be used t o  inves t igate  
the so-called t r i - l a t e r a t i o n  techniques, and should be f ly ing  i n  approximately 
a year from the  present  time. 

AUTOMATIC FLARE AND RUNWAY ALIGNMENT SYSTEM STUDIES. - The bas ic  
ob,jective of t h i s  program i s  t o  define automatic f l a r e  and runway alignment 
systems f o r  a candidate Shut t le  ( o r b i t e r )  configuration . Systems performance 
f o r  various values of gust  disturbance, wind shear, instrumentation errors ,  
and noise assuming various i n i t i a l  conditions w i l l  be evaluated. A contract  
was recent ly  i n i t i a t e d  with Bel l  Aero space Systems t o  begin the  analysis  f o r  
the high cross-range o r b i t e r  configuration. A p a r a l l e l  program i s  being 
i n i t i a t e d  a t  Ames Research Center t o  inves t igate  this same problem f o r  the  low 
cross-range o r b i t e r  configuration. 

HANDLING QUALITIES CRITERIA DEFINITION. - The objective of t h i s  phase of 
the  program i s  t o  analyze and derive generalized handling q u a l i t i e s  c r i t e r i a  
f o r  the Space Shu t t l e  Vehicle ( o r b i t e r ) .  The f i r s t  s t ep  i n  t h i s  program w i l l  
be t o  derive preliminary handling q u a l i t i e s  c r i t e r i a  using closed-loop systems 
analys is  techniques and a mathematical model f o r  the  p i l o t .  The r e s u l t s  from 
the  ana ly t i ca l  phase of the  investigation w i l l  then be refined and validated 
using fixed-cockpit f l i g h t  simulation i n  operation a t  Ames. A contract  was 
recently i n i t i a t e d  w i t h  Systems Technology, Inc. ,  Hawthorne, California t o  
begin the  inves t igat ion of t h i s  problem. An in-house study i s  present ly  under- 
way a t  Ames, using a fixed-cockpit simulator t o  inves t igate  the  handling 
q u a l i t i e s  problems associated with the  t r a n s i t i o n  from high t o  low angles of 
a t tack during the  landing and approach phase of the  straight-wing o rb i t e r .  As 
pa r t  of t h i s  in-house handling qua l i t i e s  program, a study i s  being i n i t i a t e d  
t o  inves t igate  landing and approach performance using various sidearm con- 
t r o l l e r s .  
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SUMMARY 

Guidance and cont ro l  techniques used t o  accomplish t e r -  
minal energy management and automatic hor izonta l  landings 
of unpowered vehic les  a r e  described. The concepts discussed 
were previously used i n  t h e  X-20 Dynasoar remote recovery 
system. This system was t o  acqui re  t h e  Dynasoar g l ide r  a t  an 
a l t i t u d e  of about 120,000 f e e t  and provide t h e  guidance and 
energy management f o r  an automatic landing of an unmanned, 
s ing le  o r b i t ,  t e s t  f l i g h t .  The f i n a l  approach and landing 
concepts a r e  a l s o  s imi l a r  t o  t he  manual techniques used i n  
landing l i f t i n g  body vehic les  i n  VFR conditions.  

The r o l l  of the  terminal  guiaance system i s  t o  converge e r r o r s  
associated with r een t ry  guidance and navigation so t h a t  the 
vehic le  i s  brought t o  a prec ise  pos i t ion  and ve loc i ty  s t a t e  a t  
f l a r eou t .  I n  the Dynasoar, the  convergence capab i l i t y  involved 
a wlndow of about *40 nau t i ca l  miles cross-range and about &X) 
n a u t i c a l  miles  downrange. I n  candidate s h u t t l e c r a f t  con- 
f i gu ra t ions ,  s imi la r  capab i l i t y  i s  being achieved i n  simu- 
l a t i o n s .  The technique of s e l ec t ing  an equilibrium g l ide  
path t h a t  permits prec ise  f l i g h t  path cont ro l  desp i t e  t he  
l ack  of t h r u s t  capab i l i t y  i s  described. Typical landing t r a -  
j ec to r i e s  obtained i n  s h u t t l e  vehic le  simulations a r e  demon- 
s t r a t e d .  F ina l ly ,  t h e  method of achieving t h e  automatically 
control led f l a r eou t  t h a t  s a t i s f i e s  terminal v e r t i c a l  ve loc i ty ,  
forward ve loc i ty ,  and touchdown pos i t ion  requirements con- 
s i s t e n t  with those of conventional j e t  t r anspor t s  i s  described. 
The f l a r eou t  technique involves two phases. F i r s t ,  the  ve- 
h i c l e  i s  f l a r e d  t o  a shallow g l ide  path t h a t  allows the  





Two generic classes of vehicles are being studied; the 

MSC straight wing configuration (optimized for low speed 
aerodynamic flight) and a'high hypersonic L/D, high cross 
range "delta wing" configuration, 

SALIENT VEHICLE CHARACTERISTICS 
(APPROACH AND LANDING) 

LENGTH (FEET) 

MAX SUBSONIC L ID  6.83 (NO FLAPS) 4.75 (NO FLAPS) 

a FOR MAX L I D  8.5 DEGREES 20 DEGREES 



PREVIOUS M E C W l Z A  

The geographic and func t iona l  c h a r a c t e r i s t i c s  of a previous 
system t h a t  performed a s imi la r  guidance funct ion a r e  shown. 

This system, t h e  Remote Control Recovery System (WCRS), was de- 
veloped t o  guide an unmanned X-20 (Dynasoar) t o  an automatic 
hor izonta l  landing following a "once around" suborb i ta l  f l i g h t .  

It  employed a s teep angle,  equilibrium g l i d e  path followed by 

a shallow decelerat ing g l i d e  path which was followed by a f i n a l  
f l a r e o u t  t o  touchdown. It i s  e s s e n t i a l l y  an automatic mechani- 
za t ion  of the  manual techniques used i n  landing unpowered, low 

L/D vehicles .  I n  t h e  X-20 system, ground based computations 
p lus  a microwave data  l i n k  were used t o  generate and t ransmit  
s t ee r ing  information. I n  t he  shut t lecraf  t under study a l l  

computations a r e  airborne and t h e  re ference  f l i g h t  paths  a r e  
synthesized from combinations of NAVAID, i n e r t i a l  and a l t i m e t e r  

information. 

RCRS CONTROL CENTERS GEOGRAPHIC LOCATIONS 
,I 



The recovery window of the X-20 ( ~ y n a s o a r )  RCRS i s  shown, 
If t h e  vehicle  reached a  ve loc i ty  of about 4000 f t / s e c  and 
f e l l  within t h i s  window, the  RCRS terminal  energy management 
capabi l i ty  would converge the  s t a t e  vector  t o  within a  few 
f e e t  of the  desired l a t e r a l  and longi tudina l  alignment a t  t he  
point  of f l a r e o u t  with veloci ty  e r ro r s  bounded t o  about a2 

knots. Similar  r e s u l t s  a r e  being obtained with t h e  high cross-  
range s h u t t l e  vehic le  although the  spec i f i ca t ion  of a  recovery 
window i s  complicated by the  need t o  consider 360 degree ap- 
proaches t o  t he  terminal  area.  

X-20 DYNASOAR TERMINAL 
GUIDANCE RECOVERY WINDOW 

FROM M = 4.0 TERMINAL CONTROL INITIATION 



GUIDANCE CONCEPT 

The equilibrium g l i d e  approach plus  t he  two phase f l a seou t  

concept i s  shown. A t  an a l t i t u d e  between 600 and 1000 f e e t ,  

t h e  vehicle  i s  f l a r e d  from the  s teep  equilibrium g l i d e  path t o  

t h e  shallow dece lera t ing  g l ide  path. When i t  i s  constrained 

t o  the  s teep pa th ,  i t s  ca l ib ra t ed  airspeed converges t o  a  near- 

l y  constant value. Flying t h i s  path simultaneously s a t i s f i e s  

terminal  pos i t i on  and ve loc i ty  cons t ra in ts .  The i n i t i a t i n g  

a l t i t u d e  f o r  t h e  f i r s t  f l a r e  may be made ad jus tab le  t o  cope 

with of f-nominal pos i t ion  and ve loc i ty  e r rors .  

Flareout  t o  t h e  shallow g l ide  path and holding t h a t  pa th  

cause a  ranid decelerat ivi l  t o  r11ore corlventioilal laridiilg speeds. 

As the  f i n a l  f l a r e o u t  a l t i t u d e  i s  reached, t h e  veh ic l e ' s  r a t e  
of descent and ve loc i ty  a r e  compatible with those of a  con- 
vent ional  j e t  t r anspor t  p r i o r  t o  landing. 

NOMlNAL FLAREOUT 

NOMINAL 
FLAREOUT 

. CORRECTION FOA 
L W E R  VELOCITY 
OFF NOMINAL CASE 



The p i t c h  guidance and con t ro l  block diagram i n  general 
form i s  shown. A displacement p lus  i n t e g r a l  e leva tor  con t ro l  

law provides p i t c h  a t t i t u d e  s t a b i l i z a t i o n  i n  response t o  body 
a x i s  p i t c h  r a t e  and l o c a l  v e r t i c a l  or iented p i t c h  a t t i t u d e  
e r ror .  The p i t c h  s t a b i l i z a t i o n  system rece ives  both the  

s t ee r ing  commands based on t h e  guidance computations and t h e  
maneuver commands inser ted  by the  p i l o t  f o r  semi-automatic 

con t ro l  modes. Guidance inpu t s  Bre p i t c h  commands with appro- 
p r i a t e  a t t i t u d e ,  a t t i t u d e  r a t e ,  and cont ro l  surface feedforward 

compensations t o  minimize e r r o r s  i n  t he  closed loop process. 
Manual i npu t s  command a t t i t u d e  r a t e  ( t h a t  i s ,  r a t e  of change 
of t h e  a t t i t u d e  reference proport ional  t o  applied force)  with 
appropr ia te  adjustment of t h e  command s e n s i t i v i t y  a s  a func t ion  
of ve loc i ty .  

PITCH GUIDANCE AND CONTROL - AUTOMATIC 
AND AUTOIMANUAL BLOCK DIAGRAM 
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GUIDANCE AND CQNTROL SYS 

The l a t e r a l - d i r e c t i o n a l  guidance and cont ro l  block diagram 

i s  shown i n  general  form, Rol l  a t t i t u d e  s t a b i l i z a t i o n  i s  pro- 
vided a s  a  func t ion  of body a x i s  r o l l  r a t e  and l o c a l  v e r t i c a l  

or iented r o l l  a t t i t u d e  e r ror .  The r o l l  s t a b i l i z a t i o n  system 

rece ives  both the  s teer ing  commands based on the  guidance com- 
puta t ions  and t h e  maneuver commands inser ted  by the  p i l o t .  A s  

i n  t he  case of t h e  p i t ch  system, appropriate  feedforward com- 

mands a r e  generated t o  minimize e r ro r s  i n  t h e  closed loop pro- 

cess.  Manual commands r e s u l t  i n  r o l l  r a t e s  proport ional  t o  

applied force.  The rudder con t ro l  provides f o r  dutch r o l l  

damping ( i n  combination with t h e  r o l l  s t a b i l i z a t i o n  system), 

t u rn  coordinat ions,  and a r t i f i c i a l  d i r e c t i o n a l  s tab i lF ty .  Body 

a x i s  l a t e r a l  acce lera t ion ,  roll-yaw crossfeed, and computed 

tu rn  r a t e  command cont r ibu te  t o  t h e  turn  coordination 

capabi l i ty  . 



LATERAL-DIRECTBONAB GUIDANCE AND CONTROL 
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Typical t r a j e c t o r i e s  covering t h e  approach t o  t he  t e s -  

minal equilibrium g l i d e  path f o r  the  high crossrange o r b i t e r  

a r e  shown. The nominal t r a j e c t o r y  @ s t a r t s  with a 45 degree 

i n t e r c e p t  angle t o  t he  f i n a l  approach l a t e r a l  path, It  i s  

about 10 NM crossrange from t h a t  path and about 40 n a u t i c a l  

miles  downrange from i t s  desired pos i t ion  a t  t h e  40,000 f t  

a l t i t u d e .  It  i s  a t  an a l t i t u d e  of about 100,000 f e e t  w i t 1 1  a 

ve loc i ty  of 3,000 feet/second. The t r a j e c t o r i e s  terminate 

a t  an a l t i t u d e  of 40,000 f e e t  where they end with a 20 degree 

descent angle,  i d e a l l y  al igned with t h e  f i n a l  approach g l i d e  

path. Range deple t ion  t r a j e c t o r i e s  and range extension t r a -  

j e c t o r i e s  covering a downrange spread of about 11 n a u t i c a l  

miles  a r e  shown. Range adjustment i s  obtained with a guidance 

law t h a t  a d j u s t s  angle-of-attack a s  a funct ion of range e r ro r .  

Maximum Q (dynamic pressure)  and ar (angle-of-attack) cons t r a in t s  

a r e  included i n  t h e  closed loap guidance law. 





The equilibrium gl ide  paths fo r  the MSC 245 o r b i t e r  a r e  
shorn f o r  zero f l a p  and f u l l  f l a p  cases,  For each airspeed 
one f l i g h t  path angle e x i s t s  t h a t  permits a irspeed t o  be main- 

tained. Stated i n  reverse ,  two q u a s i - e q u i l i b r i m  airspeeds 
can r e s u l t  from constraining the f l i g h t  path angle t o  a f ixed  
value. If y i s  i n i t i a l l y  below the curve, t he  vehic le  
acce l e ra t e s ,  moving a t  constant y t o  the r i g h t  u n t i l  i t  i n t e r -  
cep ts  the curve a t  the equilibrium speed. I f  y i s  I n i t i a l l y  

above the curve, i t  dece lera tes  u n t i l  i t  e i t h e r  i n t e r c e p t s  
t he  curve o r  i s  no longer capable of aerodynamic f l i g h t .  The 

peak of the curve corresponas to  the airspeed f o r  m a x i m  L/D. 
Stable  f l i g h t  path cont ro l  f o r  unpowered vehic les  i s  possible  

only f o r  v e l o c i t i e s  t o  the  r i g h t  of the peak E/D point.  

The equilibrium g l ide  equation s t a t ed  i n  terms of dynamic 
pressure,  Q and f l i g h t  path angle y i s  

where a i s  the constant of the  drag polar 
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Tsajec tor ies  f o r  the ful l .  f l a p  MSC 245 o r b i t e r  c o n f i ~ r e -  
t i o n  acquiring a -20 Aegree terminal approach g l i a e  path a r e  
shown. I n i t i a l  condi t ions a r e  a  20 degree a ive  angle and 
v e l o c i t i e s  of about 500 feet/second bu t  displacements from t h e  
nominal path cover a  t o t a l  spread of about 7.5 nau t i ca l  miles, 
The guiBlance law imposes ma angle of a t t ack ,  maAfiim 
speed, an. maaei l i g h t  path angle cons t r a in t s  
through closed loop p i t c h  cornmanas based on the  ae t ec t ion  of 
the  approach t o  t he  cons t r a in t  boundaries. Acceleration con- 
s t r a i n t s  were not  imposed; hence, obviously high acce lera t ions  
( i n  excess of 3g) occurred during the  i n i t i a l  mneuver,  Case 
@ shows the imposi t ion of an angle of a t t a c k  cons t r a in t  

t h a t  e f f e c t i v e l y  l imi ted  the  in t e rcep t  angle t o  t he  a corrss -  
ponding t o  maxi 

MSG 2&3 ORBITER 



VLLLOC-LTY IiISTOIlIES O R  GLIDE PA'JIi A C Q U J ~ J ~ I ~ & ; u  

The ve loc i ty  versus a l t i t u a e  h i s t o r i e s  f o r  the aequis i -  
t i o n  t r a j e c t o r i e s  shown previously a r e  a l so  shown here,  The 
nominal ve loc i ty  i s  decreasing s ince  ca l ib ra t ed  airspee6 
(or  Q) tends t o  remain cons tan t ,  After achieving the desirecl 
g l ide  path,  a l l  t r a j e c t o r i e s  converge toward the  nominal 
case. 

MSC 245 ORBITER -20 DEGREE GLIDE PATH ACQUISITIONS (FULL FLAPS) 



The la rge  dynamic pressuse t r a n s i e n t s  associatea with the 
acqu i s i t i on  t r a j e c t o r i e s  describe8 previously are shorn here,  
The spreaa of the dynamic pressure v a r i a t i o n  during these 
t r a n s i e n t s  i s  more than 140 percent l a r g e r  than the nominal 
dynamic pressure; nevertheless ,  convergence t o  the nominal, 
near ly  constant value of Q i s  rap id  following acquis i t ion  of 
the nominal Bescent path. 



A t i gh t  (or high gain) closed loop f l i g h t  path control 
system requires a rapid f l i g h t  path angle r a t e  capability. 
Sluggish normal acceleration capabil i ty necessi tates lower 
control loop bandwidths and hence lower gain systems, Large 

shu t t l ec ra f t  tend t o  have sluggish acceleration capabil i ty 
primarily because of the i r  size. This problem i s  also found 

i n  large transport a i r c r a f t .  The g-response a t  the cg fo r  

step elevator deflect ions i n  the MSC s t ra ight  wing configura- 
t ion  and the de l t a  wing high crossrange configuration i s  
shown here. Both responses are  for  approach and landing con- 

d i t ions  with zero f laps.  A significant  part  of the lag  i n  

the response r e su l t s  from the i n i t i a l  acceleration reversal  
caused by the l i f t  of the control surface. I n  the de l t a  

wing vehicle,  nearly one second elapses before a posit ive 
acceleration occurs. These responses are  fo r  the f r e e  vehicle 

and hence the phugoid mode i s  apparent a f t e r  several seconds. 



Flareout t r a jec to r ies  for  the MSG 245 orbi ter  with f u l l  
f l ap s  are shown f o r  nominal and 415 percent i n i t i a l  velocity 
e r ro rs  ( i n  5 percent increments). These velocity e r ro rs  could 
be viewed as the r e su l t  of a low a l t i t ude  acquisi t ion of the  
equilibrium glide path. They are a lso  analogous t o  large 
headwilnds and tailwinds i n  the i r  e f fec t s  on the trajectory.  
The shallow glide path (2-1/2 degrees) i s  maintained, i n  general, 
fo r  l e s s  than a 100 foot  a l t i tude  duration. The t o t a l  touch- 
down dispersion spread was about 1200 fee t .  The spread of  
ve r t i c a l  ve loc i t i e s ,  h, a t  touchaown was about *3 feet/second 

e 

which i s  considered excessive. A simple h and h f lareout  
control law was used for  the f i n a l  f l a re .  A terminal controller  
t ha t  continuously computes accelerations required to  s a t i s f y  
the touchdown h constraints  should cut t h i s  excessive touchdown 
velocity even fo r  the large range of off nominal e r ro rs  shorn. 
A modified guidance Law that  varied the f i r s t  f l a r e  i n i t i a t i n g  
a l t i t ude  as  a function of i n i t i a l  velocity er ror  resulted i n  a 

B 

50 percent reduction i n  the touchdown h dispersion. This law, 
however, increased runway touchdown dispersion. 



FLAREWT TRAlECTORlES FOR i16 PEBGSNT OFF NBIUllNAL V E L W I W  
INITIAL CWDITIOXS 

M&I: 2 6  ORBITER 
FULL FLAPS 

SIMPLE FLAREWT LAW 



Equilfbriurn g l i a e  angles wfth f u l l  f l a g s  a r e  s teeper  than 
those with zero f l aps .  The shallower g l ide  angles with zero 
f l a p s  r equ i r e  higher veloci ty .  To d i s s i p a t e  the  higher velo- 
c i t y ,  the  shallow g l ide  angle can be acquired a t  higher 
a l t i t u d e s  and a longer dece lera t ing  g l ide  can be maintained 
on t h i s  shallow path. To permit landing a t  lower v e l o c i t i e s ,  
t he  f l a p s  a r e  deployed while on the shallow g l ide  path. The 
r e s u l t a n t  t r a j e c t o r i e s  f o r  t h i s  procedure with nominal and 
k1O percent ve loc i ty  e r r o r s  a r e  shown here. 



FLAREWT TRAIECTORIES, M S  2246 ORBITER 
ZERO FLAP APPROACH WlTW 112 FLAP DEPLOYMENT DURING EXTENDED 
WALLOW GLIDE SLOPE WASE t10 PERCENT INITIAL VELOGlTV ERRORS 



CONCLUSIONS 

o The f e a s i b i l i t y  of performing automatic approaches and suc- 

ce s s fu l  landings of la rge ,  unpowered s h u t t l e c r a f t  can be 
demonstrated i n  simulations,  

e Despite t h e  f a c t  t h a t  the  veh ic l e s  a r e  unpowered, t he  f i n a l  

phase of t h e  approach and t h e  f i n a l  f l a r eou t  can be made %o 
emulate a conventionally powered j e t  t ranspor t  i n  i t s  f i n a l  

50 f e e t  of descent t o  t h e  runway. 

The high cross-range, d e l t a  wing ( o r  l i f t i n g  body) vehic le  
can r ead i ly  be brought t o  a p rec i se  pos i t ion  and ve loc i ty  
alignment f o r  f l a r e o u t  i f  i t  en te r s  a window a t  100,000 
f e e t  t h a t  i s  approximately 30 nau t i ca l  miles cross-range anb 

domrange. The terminal  energy management window f o r  t h e  

MSC straight-wing configurat ion i s  depsndwt on aerodynamic 
con t ro l  capab i l i t y  p r i o r  t o  and during t r a n s i t i o n .  %is 
capabi l i ty  has  not  y e t  be- de te rmind .  



STBBUZATION AND CONTROL OF TIE SPACE SW'PTILE m I T E R  

DURING ENTRP/PITcHDOWN 

north American Rockwell 
Downey, California 

Results of recent Shuttle entry fllghfi control studies ase discussed 
with respect t o  both high and low L/D orbiter vehieles. A p i tohdm 
control eystem for the low L/D orbiter i s  sgnthesiraed, and typical time 
histories s h m .  Effeota of variation6 and nncertainties in  aero c 
pararesters on the entry control problem are diroussed. 



Bllring r een tv ,  a aiadtfea orbiter vehhele w i l l  seq*@ a %rmrs&tim 
from reaction jet- control t o  a s rodynde  control m f a o e s ,  The -a% m t w  
of the blendBng operation t o  chklnge from one a e  t o  "ee &her dspende on 
the vehicle csd i f l sa t ion  a d  & h o e  l am,  

- 

For atmsgheric control, a t t i tude control a d  q w  can be ~ r b o m d  
by ei ther  aer a o n t ~ o l  aurfacss or by reaction jets. POP som 
veficle con%% s, ae rodynds  control not be wsaible  b e c a r e  the 
high angle of attsok resu l t s  in the coPrLrol aurfaces be- b l d e t e d  by 
the bachash s f  the veMcle h s e l w .  In addition, heat- problem me% 
be a consideration. On the other hmd, if reaction je t  control is used,, 
the vehicle m a t  be t r h 6 d  a s r o m d c a y  in pitah t o  the required mls 
of attack t o  amid  ~xcesaive &el  consmtion.  Thue, the pitch asdr 
requires on%y a  we^ loop, a@ &es the y8w aude i f  the vehicle dllss is  
stable in yaw (Cn 0 ) .  Ths roPl arxis q u i r e s  a t t i t ~ d e  oontrol Lo POUW 
the N d s n o e  eoandds, which be w l e a r n t e d  u l th  phass-phe  logio. 
The yaw a s  of m unstable rebiole d e o  mqujiFee at t i tude eontrol. I f  
aerod$namia control smfcrioes rn used, a t t i tude eontm 
is  feasible, and the vehicle is  owab 
gu%dslace ays tm d o h  mdulates Both 

as  a d  reduced heat loa-. 

If the  vehiole hae two stable w e e  of attaaiek (a  M& angle POP ~llltv 
a d  a low mgle fo r  subsode c d s e  c3nd ~ d l n g ) ,  the contml mde be 
rmitched Prom reaction Je t s  t o  aeromamic eurfaces a t  the % b e  of the 
pitohdom -saver t o  c d l a e  orientation, Oa the other hand, if" the 
t ransi t ion from m t q  t o  subsonic cmfse i s  gradual, it be desirable t o  

PFm reaction Jet  oolsLml t o  aeso 
c control lwps ,  eonventiond &ear f e  onth g h  sahe 

a p p a r s  adeqlute. 



Control syertsm for  tm vehicle conPigurations s h m  5x1 Sl ide  2 wsse 
etuded,  The Paw csosssmge orbi ter  i s  ts wfrrged veM-iPa Mth tm stable 
-glee of attack; one for  entry snd the other for  lm-sped  asrodyneunic 
flighL. A pitchdown maneuver i s  seqaired t o  sMFL from one stable p o h t  
t o  the other. The high crossrmgc, orb5ter is a U f t b g  bow a t h  only 
one stable angle of attack. 

In each case a $-degree-of-freedom cllgital s h l a t i o n  was p e r f o m d  
t o  verify control system perfo 

TPS & STRUCTURE REQUIREMENTS 

LOW CROSS RANGE CONFIGURATION 

0 FACTORS OF SAFETY 

CREW COMP 2.0 
STRUCTURE 1.5 
PROP TANKS 1.5 

HI ANGLE OF ATTACK ENTRY (a - 60°) 

HEAT LOAD 15% OF H I  CROSS 
RANGE VALUE 

* M A X  HEATING ON BOTTOM ONLY 

HIGH CROSS RANGE CONFIGURATION 

@ FACTORS OF SAFETY 

CREW COMP 2.0 
STRUCTURE 1.5 
PROP TANKS 1.5 

@ VARIABLE ANGLE OF AlTACK 
(a = 55O TO lo0) 

@ M A X  SURFACE HEATING OVER TOTAL 

@ THERMAL PROTECT ION SYSTEM 
CRIT ICAL  TO FEASIBILITY 

@ C A N  BE USED FOR H I  & LOW 
ANGLE ENTRY 



RegwePLese s f  -&ethe~ reaction je t s  o r  aero-dunpc ewfacee m uegtd 
t o  aohieve a t t i tude  control, @om form of turn coor&ation during r o l l  
mstneuvere i e  required t o  IlrlnUre sideelip. b n  coordjination i a  mquired 

cau.urse the & h e @  vatem e de r o l l  m e u v e r s  abmt the 
o r  ( s t a b i u t y  X-LXis), WN B r o l l  actuators proVIde 
the b d g P  a e s ,  A t  high anglee of attck, t h i s  tends t o  

ge angle of s idesup.  The ApoU o l  system trcmelates 
a direct ly  inLo r o l l  b d g  gxjis c , buL it achieves turn 
by feeding r o U  ra te  in to  the y er thraugh a g& M c h  

dependa on angle of attack. An alternative mthod ueed in t N s  studg is  t o  
replace the yaw d r turn coordination loop d t h  a cross-couplllng t rme-  
formaLion on the at t i tude error  signslle, as  shown i n  S l ide  3. Selected 
s h l a t i o n  runs are presented In a l a t e r  section. 

LOW CROSSRANGE ENTRY CONTROL SYSTEM BLOCK D IAGRAM 

-, 
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Tbe e h  devees 0% freedom pitchdam coll%rsl system i s  shown h 
SUde 5 ,  G a b  scha&tualslg ms ueed Lo con;gsens&te for  %=&as vePatiows 
h &repeed m d  at t i tude a L n g  evld aBer  the  meuvcsri., 

P ITCHDOWN CONTROL SY STUVi 

5.0 
DYNAMIC PRESSURE 
7j USED I N  1 DOF 
PROGRAM (24.0) 



Stabi l i ty  and control charaat e r i s t i c s  of the shut t le  orbi ter  m r e  
assessed by ~ r f o  g a 6-depee of - f~e~dom & g i % d  ek Ia i$ ion ,  Included 
m r e  a study of the effects  of yaw and r o l l  stabiPity characteristics and 
a study of response fo r  the  p i t c h d m  transi t ion from entry t o  cruise 
att i tude. A l l  entry sintulations stasLed a t  4W,000 feet  a l t i tude  and 
25,992.5 feet/sec velocity. The vehicle was t r h e d  aerodyniunicslly t o  
60 degrees engle of attack, and reaction je t  control was used i n  all three 
axets. A t  400 feet  per second, the elevator was deflected t o  p i t c h d m  the 
vehicle t o  a new stable angle of attack of 15 degrees. 

The control system studied ac s r o l l  angle c from the 
guidance input, which, f o r  these s ations, was pr d a s  a function 
of t h .  The r o l l  c an entry t rajectory t o  provide 

crossrange. The guidance scheme called for  a conetant (50 degree) 
bank angle u n t i l  the f l i gh t  path angle reached zero. Altitude was held 
constant by banking u n t i l  an equilibrium glide condition were reached a t  
a &&degree bank angle. Bank angle was then held constant u n t i l  aerodynamic 
velocity dropped t o  3000 fps, then reduced immediately t o  sero (wings level) 
u n t i l  pitchdown a t  400 Pps. 

Slide 6 showe a n t rajectory f l m  from easth-orbital conditions 
down t o  400 feet  per seaond t o  check out the siaDlhtion and generate initial 
conditions fo r  the p i t c h d m  manaver, 

ORB ITER ENTRY SIMULATION INCLUDING FINAL ROLL MANEUVER 
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To stud$ " c h s  effects of a r s e t i o n d  e t ab i l i t y  vwlat ion an o ~ b l t e ~  
entry a et&?dmd 95% h d  $jrsPi%e m e  htsoduoed Ln the  %aterd pPPmel 
m s  mr6 mde for  t h e  vehicle stable, nhsu%rally stable, a d  metablo 8-w 
yaw, Results were c q w e d  for  staisiUty, aontrol effectiveness, a d  for 
ACPS h e %  conswtdon, 

Slide 7 is  for  a vehicle tha t  i s  s ta t ica l ly  stable in yaw (goei~ive 
); Slide 8 fo r  neuLral s t a b i u t y ;  ssnd Slids 9 fo r  a s %  

%& case, the t rajectory began a t  400,000 feet  eni ms t s  
about 938,006 fee t ,  b e d i a l  velocity s tar ted a t  25,992.5 a s ,  m d  the  
run continued u n t i l  the t o t a l  vehicle velocity wiLh respect t o  the 
atmosphere waa 3000 fgs. Vehicle ~esponse m a  stable  and o g g u  w e d  %n 
a l l  eases, h a c a t *  tha t  the oontml system %unctioned well for e i ther  
s t  able o r  unstable directional, de~ iva t iv s s  . 
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ORBITER ENTRY SIMULATION T IME HISTORY, NEUTRALLY STABLE C ''B 
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Results of' the stu* ape Slide 10. The only eerdatas 
problem ma s h q *  iacreessd fue tdon fo r  the mcstab1s Cnln oa8ee 
Ron  Jet  o n - t h  ddlcreased by a f aboaat 15, md yaw Je t  
a factor of a h t  10. Th 8 never fired. Asro 
forces elbow the Y - a e  r call caees, indicating 
ccrordinatim, 

The js% ow-%* recrults i n  Slide 10 do not include the roll maneuver 
t o  wings-level att i tude. Neither do they involve ra te  La in the phase 
plane loglo. 

It was noted tha t  a vehicle with stable or  neutr 
derivatives i s  readBly controlled. Hmver,  fue l  con 
sharply f o r  unstable C, and the r e  t be large enough 
t o  overcorn. any of the &stable urn c momenta generated. Since theee 

nta increase fo r  larger  vehicle oscillations,  vehicle at t i tude must be 
ly controlled for  unstable C, if vehicle s t ab i l i t y  is  t o  be 
ainad. If n h i e l e  a t t i tude  dceeds  a c r i t i c d  vdue,  m c o v e ~  M t h  
ion j e t  control is Bmpossible, In  the case consid red, the jete wbre 3 sired t o  provid l a .  acceleration of 0.5 deg/sec i n  all u e a ,  

negleating aero a moments. Thia value provided good perfo 
but any redtuction in ACPS thrust  would tend t o  increme the r i sk  of losing 
aontrol of a vehicle n i th  unstable dfrectional characteristics. 

ORBITER ENTRY STAB I LITY S IMULAT ION RESULTS 



Ln the  previsus s M l a t i o n ,  a stable C1 dsriv.~ativs m s  used, The 
value of C was eaaumid f f l s d  a t  4,002, $Bd C ma varied born -0.01 
t o  Mew. '6 was desired t o  t e s t  the effects onn#ehiole perfo 
f i e 1  c o n s w t i o n  of variations i n  C l @  . R u t s  were mde nr8tka vaues  o f  
0.0 and +8,%)8%, Rem%%s w e  s h m  in SUde 19 together a t h  those f r m  
prwious rune. 

It is signified tha t  when positive (unstable) values of Cia -re 
used, the reaction je t s  were unable t o  stop the f i n a l  r o l l  maneuver a t  
wings-level a t t i tude  prior t o  the p i t c h d m  msneuver. This problem could 
be resolved. Either the aerodynamic control systems could be used f o r  t h i s  
maneuver, or the,reaction je t  control logic could be modified t o  reduoe 
s idesl ip  by shutting off je t s  in whichever axle i e  ro  faeter  then 
required fo r  precise turn coordinatjion, 

EIl=A.de ll indicates t ha t  an unstable value (4-0.002) of C l b  increams 
consumption of ACPS propellant about 60 percent, although not nearly a s  
much ae an unstable value of Crib . It was assurnsd tha t  three jets, each 
producing 800 pounds of thrust  were used i n  each axis (one j e t  fa i led  in 
each a d s ) .  The resulting acceleratione were 4.6, 0.5, and 0.5 degrees/ 
second2 in the ro l l ,  pitch, and yaw axes, respectively. In view of the 
increased r o l l  acceleration, resu l t s  were not s t r i c t l y  comparable Kith 
ea r l i e r  runs. 

EmECTS W C1 VARIATIONS O).J ORBIER EMRY 
B 

'REACTION JETS D I D  NOT STOP FINAL ROLL MANEWER TO WINGS LEVEL AT A 
VELW I'FY OB 3.000 FPS 



A 6-DOF sWlat i ton of 42% p i t o h d m  M ~ U V C ~ P  wab aonlZuatad to ver%Q 
t h e  c a p ~ b i l i t y  of  the orbiLee t o  perfom the t ~ m ~ r s l t i o n  dGo h o ~ i r m % d  
Plight, ma m e a v e r  ms fpnptiated a% a al t i tude of 54 ,W f e d  at  a 
velocity of 408 rps. Dg-ndc response was s m d h  md wll , There 
m e  l i t t l e  or  no merehoot even t h a g h  5% me 
one stable equiubrium p o M  t o  another with 

Inspedion of the pitch- m m n t  M e t o e  s h m  fP4 Slide L2 1PIdll.eetes 
tha t  t h e  pitch ACPS system could be used t o  a u p n t  elevator authofity, 
thereby all a r e h k t f s n  in sf oe of the  elev8'tor swf'ace. of 
162,000 foo de is  avai pitch je t s  of' the 50, d- 
p ~ l o k d - c l a s s  orbiter.  Thg developd by the e le  19 
about 750,000 foo t -pads ,  rap g t o  sera as  the vehicle pitched 
down. A s  now sired, t h  can provide about 20 p r c e n t  o 

supply an ewivde l l l  i n t e e a t e  
e eeconde. Addilti011BJ. investig 

CPS plu8 aerodynamic control ahauld bs conducted t o  
orb i te r  vehicle might .  
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HIGH CROSSRAMEE ORBIm CON%ROE SYSTEM DESIGN 

The r o l l  and yaw control sylstems are ident ical  For the High and Ecrn 
crossrange orbiters. Aerodgnamic control i s  used i n  the pitch axis of t h e  
High cmssrange orbiter,  a s  shown in Slide 13. An integrator was used in 
the forward path of the  control loop t o  compensate for unexpected trim 
variations, and ra te  gain was scheduled as a. function of dynPmic pressure 
t o  maintain damping r a t i o  constant a t  a value of 1.0. 

H l GH CROS SRANGE ENTRY CONTROL SYSTEM BLOCK Dl AGRAM 

(uT (ANGLE OF ATTACK)' ' I (OMMANO LIM 

Ka = 1.0 
Kq = 125.0, 

ij = DYNAMIC PRESSURE 



m s  begm at 400,W fee t  d td tude  end 25,569,5: i s e t /  . Angle of attack nas held constaat a t  25 deweee t 
angle m s  held a t  20 degrees u h i l  f l i  h angle reached 

4 . 3  degrees, a t  which t k  guidtvlce wcrs d t s h s d  t o  r i u  glfds  mds, 
J3y the time the initial r o l l  msneuver m le.t,ed, ght-path mgle 
was -0.1 degree, i n  apeemnt  w i t  t r a ~ s c t o ~ .  Equffibr9.um 
gUde ww f l m  u n t i l  bank ane~le degrees, a f t e r  wMoh benk 
angle arks held conatant u n t f l  the end of the nun. 

The High crossrange orbi ter  s ion result8 are ~ h m  In SUdes U, 
and 15. The reeulte mra quite  esrtfsfaclo~g. 



I-IIGH CROSSRANGE ORBITER ENTRY: VEHICLE ATTITUDE T l M E  HISTORIES 
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For the PQSB O S I O I I P O ~ ~ ~  orbiter, SUI A C B  capable sf prod&g 0.5 
degree/aec2 gave adeguate control authority fop reentrg. Vehicle mt ion  
m a  stable  and ml$ w e d .  Unstable directionel dedvative (c, <o) 
xsn not significant t o  vehicle oon t ro l l J iU t7 ,  but .an cauas &h ACPS 
propeUlant con Ion. Unstable dihedral effect  ( c ~  ) 0) cauld resul t  
i n  loss  of conlml. B 

Control of the high cmssrangs orbi ter  was s a t i a f a c t o q  with m m  
c control in pitch snd reaction j e t s  i n  r o l l  snd yaw. For aeromanric 

control loops, conventional linssr feedback with ge%n ache&- appbars 
adeguate for s n t v  and p i t c h d m  maneuvers. 



GUST ALLHTIATION AND MODAL SUPPRESSION CON'I'BOL TEHNO%GII 

Mario H. Rheinfurth 

NASA-Marshall Space F l i g h t  Center 
Huntsvi l le ,  Alabama 

In t roduc t ion  

A necessary cond i t i on  f o r  s a t i s f a c t o r y  f l i g h t  performance of an aerospace 
veh i c l e  is  t o  keep i t s  responses due t o  atmospheric d i s turbances  w i th in  t he  
des ign  l i m i t s  of t he  con t ro l  d e f l e c t i o n s  and t he  s t r u c t u r a l  loads of the  
veh i c l e .  This  t a s k  i s  soIved i n  two ways: One i s  the  proper design of t he  
veh i c l e  conf igura t ion  such t h a t  aerodynamic l i f t  and moment c o e f f i c i e n t s  a r e  
minimized. The o the r  i s  t he  judicious s e l e c t i o n  of a  c o n t r o l l e r  which provides 
gus t  a l l e v i a t i o n  dur ing  those per iods  of f l i g h t  when aerodynamic d i s turbances  
become severe .  The fol lowing d i s cus s ion  desc r ibe s  a  method of designing a 
c o n t r o l l e r  which w i l l  a c t i v e l y  con t ro l  both r i g i d  body modes and f l exu re  modes. 
This  ob j ec t i ve  is  met by formulat ing the  problem a s  a  s t o c h a s t i c  minimization 
problem. The atmospheric d i s turbances  and t h e  veh i c l e  responses a r e  descr ibed 
a s  random processes  and t he  p r o b a b i l i t y  of mission f a i l u r e  is defined.  I n  order  
t o  render  the  problem mathematically t r a c t a b l e ,  t he  s t o c h a s t i c  problem was r e -  
formulated i n  a  manner t h a t  permits  a p p l i c a t i o n  of quadra t ic  optimum cont ro l  
t heo r i e s .  Despi te  t h e i r  l i m i t a t i o n s ,  these  t heo r i e s  have proven themselves t he  
bes t  t heo r i e s  of coping wi th  t he  d imens iona l i ty  of t he  problem. 



I n  an optimal cont rb l  problem, the ob j ec t i ve  i s  t o  f ind  a Bet o f  cont ro l  
funct ions t~ ( t )  which can t r a n s f e r  the veh i c l e  (p l an t )  from i t s  i n i t i a l  s t a t e  
(xo,  to )  t o  aome f i n a l  s t a t e  (xT, T) such t h a t  a given performance c r i t e r i o n  is 
optimized. The most general  performance c r i t e r i o n  is  t h a t  of Bolza a s  given i n  
equat ion ( I ) ,  where F1 and F2 a r e  nonl inear  funct ions and where t he  p l an t  is 
descr ibed by a  s e t  of nonl inear  d i f f e r e n t i a l  equat ions of t he  form 2 = f  (x ,u,g) ,  

Since the  s o l u t i o n  of t h i s  optimal cont ro l  problem presen ts  formid- 
ab l e  mathematical d i f f i c u l t i e s  f o r  most p r a c t i c a l  c a se s ,  an  attempt is o f t e n  made 
t o  c a s t  t he  problem a t  hand i n t o  a  l i n e a r i z e d  form where t he  equat ions de sc r ib -  
ing  the  p l a n t  appear i n  t he  form & = A ( t )  2 -i- B ( t )  2 and the performance 
c r i t e r i o n  a s  given by equat ion (2) .  Although the  l i n e a r  optimal cont ro l  problem 
y i e l d s  a  d i r e c t  s o l u t i o n  i n  form of a  l i n e a r  s t a t e  feedback, the  theory s t i l l  has 
c e r t a i n  d e f i c i e n c i e s .  One of the  major weaknesses of t he  theory is the  a r b i t r a r i -  
ness  i n  spec i fy ing  t he  weighting matr ices  Qo, Q1, and Q2 of the performance 
c r i t e r i o n .  Another formulat ion of a n  optimal con t ro l  problem i s  given by t he  
"minimax" performance c r i t e r i o n  (equat ion 3).  The problem considered he re  is t h a t  
of minimizing t he  maximum value of some veh i c l e  response of i n t e r e s t  no matter  
when t h i s  maximum occurs dur ing  f l i g h t  time. Although q u i t e  some research  e f f o r t  
has been expended i n  r ecen t  years  toward p r a c t i c a l  so lu t i ons  of t h i s  problem, 
many obs t ac l e s  remain t o  be overcome, before t h i s  theory can be r e a d i l y  appl ied  
t o  t he  c o n t r o l l e r  des ign  of aerospace veh i c l e s .  The remaining po r t i on  of t h i s  
paper is  concerned wi th  t he  a t a t i s t i c a l  optimal cont ro l  problem. The motivat ion 
f o r  the  s t o c h a s t i c  formulat ion a rose  from the  f a c t  t h a t  the wind is not  a  
d e t e r m i n i s t i c  quan t i t y  but represen ts  a  s t o c h a s t i c  process .  Under t he  reasonable 
assumption t h a t  t he  wind is a Gaussian Markov process  and a  l i n e a r  de sc r ip t i on  
of t he  veh i c l e  dynamics about a nominal t r a j e c t o r y ,  a  s t o c h a s t i c  optimal cont ro l  
theory can be r e a d i l y  formulated. The theory cen t e r s  around the  d e f i n i t i o n  of 
t he  p r o b a b i l i t y  of mission f a i l u r e  a s  given by equa t ion  (4 )  where ai  ( i  = l $  . . . m) 

r ep re sen t  t he  events  t h a t  t he  m responses ri (T) f a l l  w i th in  s p e c i f i e d  
l i m i t s  a t  time T, and bi (j) ( i  = m + 1, . . . n) represen ts  the  event  t h a t  
the  responses ri  ( t )  exceed t h e i r  r e spec t i ve  l i m i t s  j times dur ing  f l i g h t  
time. Minimization of the  p robab i l i t y  of mission f a i l u r e  is obviously a  l o g i c a l  
bas is  f o r  the  s t o c h a s t i c  optimal cont ro l  theory.  



PERFORMANCE CRITERIA 

@DETERMlNISTlC NON-LINEAR OPTIMAL CONTROL 

@ DETERMINISTIC LINEAR OPTIMAL CONTROL 

@ MINIMAX CONTROL 

(3) J ( x o ,  t o ;  u )  = MAX C ( x ,  1 )  
1 , s  t ' T  

@ STOCHASTIC OPTIMAL CONTROL 

f4l J ( x o ,  to ;  u) = 1 - P [a,  ...... b,(0) ]  



Unfor tuna te ly ,  no a n a l y t i c a l  express ion  f o r  t he  p robab i l i t y  of miosion f a i l u r e  
is known. This  holds , t r u e  even f o r  Gaussian processes .  It i s ,  however, 
pos s ib l e  t o  e s t a b l i s h  a usefu l  upper bound f o r  the  p robab i l i t y  of mission 
f a i l u r e  J. This upper bound J* is  t h e  sum of t he  p r o b a b i l i t i e s  t h a t  t he  
responses ri ( t )  exceed t h e i r  p r e sc r ibed  l i m i t s  a t  burnout time T (events  - 
a i  occur ,  i. e.  , a i  does not  occur)  p lu s  t he  sum of t he  average number f o r  
which the  responses r ( t )  ( i  = m + 1 . . . n) exceed t h e i r  p rescr ibed  l i m i t s  
dur ing  f l i g h t ,  The express ion  f o r  J* can be reformulated i n  form of  a de t e r -  
m i n i s t i c  performance c r i t e r i o n  of the  Bolza type involving the  mean response 
matr ix R ( t )  and t he  covariance mat r ix  S ( t ) .  It can be shown t h a t  f o r  general  
random processes  J*z J. I f  t he  optimum c o n t r o l l e r  y i e l d s  a value f o r  J* 
which is  s u f f i c i e n t l y  small, t he  va lue  f o r  the  t r u e  p r o b a b i l i t y  of mission 
f a i l u r e  J i s  even smal le r  and t h e  c o n t r o l l e r  which minimizes J* w i l l  be 
acceptab le .  It was mentioned above t h a t  d i r e c t  minimization of t he  genera l  
performance c r i t e r i o n  presen ts  some computational d i f f i c u l t i e s .  These d i f  f  i- 
c u l t i e s  can be circumvented by a n  i t e r a t i v e  procedure which is based on t he  
p r i n c i p l e  of quad ra t i c  equivalence. This  p r i n c i p l e  s t a t e s  t h a t  t he  l i n e a r  
c o n t r o l l e r  which minimizes J* a l s o  minimizes a quad ra t i c  func t iona l  J** whose 
weight ing mat r ices  Q ( t )  and V ( t )  a r e  t he  p a r t i a l  d e r i v a t i v e s  of J* with 
r e spec t  t o  t he  mean response and covarl.ance matrix. The i t e r a t i o n  procedure 
s t a r t s  by choosing i n i t i a l  weighting ~ i i a t r i c e s  Q ( t )  and V ( t )  and applying 
t he  wel l  known s o l u t i o n  of t he  quad ra t i c  problem. The response mat r ices  a r e  
then ca l cu l a t ed  t o  ob t a in  t he  p a r t i a l  d e r i v a t i v e s  of t he  upper bound J*. The 
process  is repeated u n t i l  t he  i n i t i a l l y  chosen c o e f f i c i e n t s  and t he  der ived  
p a r t i a l  d e r i v a t i v e s  a r e  equal .  



STOCHAS PlC BBTlM/PATlO# 
@ PROBABILITY OF FAILURE 

J ( x o ,  t o ;  u )  = I - P [ a  ,...... b, (0 ) ]  

o SUM OF EXPECTATIONS OF EXCEEDING CONSTRAINTS 

o WEIGHTED QUADRATIC FORM T 

@ SOLUTION : 1.  F IND WEIGHTS Q(t )  AND V ( t )  SUCH THAT THE FIRST 
VARIATION OF J*' IS THE SAME AS J'. 

2. M I N I M I Z E  J** .  -. 



The s t o c h a s t i c  optimal. con t ro l  theory r equ i r e s  t h a t  t h e  wind be represented a s  
a  Gaussian Markov process .  This  means t h a t  t he  s t o c h a s t i c  wind process  can be 
generated by a  l i n e a r  d i f f e r e n t i a l  system (wind f i l t e r )  which i s  exc i ted  by 
white  no ise .  By proper choice of t he  wind f i l t e r  parameters ,  i t s  output  can 
be made t o  approximate t he  var iance  and covariance of t h e  wind. For f l i g h t s  a t  
cons tan t  a l t i t u d e ,  t h e  atmospheric dis turbance can be assumed s t a t i o n a r y  and 
i s o t r o p i c .  A widely used wind f i l t e r  f o r  both t he  l a t e r a l  and v e r t i c a l  com- 
ponents of t he  wind is  t h a t  of H. Press  a s  given i n  equa t ion  (1) where L is 
the  s c a l e  length  of t h e  wind V t he  ho r i zon t a l  v e l o c i t y  of t he  veh i c l e  and d 
i t s  s tandard devia t ion .  This  wind f i l t e r  seems t o  be acceptab le  f o r  a l t i t u d e s  

T 

below 50,000 f e e t .  The s c a l e  length  L v a r i e s  from 500-1000 meters depending 
on a1 t i t u d e  and t h e  s tandard dev i a t i on  from 1-2 m/sec depending on weather 
condi t ions .  

For v e r t i c a l  f l i g h t s  through t h e  atmosphere, t he  wind can no longer be considered 
a  s t a t i o n a r y  random process  and t he  cons t ruc t ion  of a n  appropr ia te  wind f i l t e r  
becomes more d i f f i c u l t .  The reason f o r  t h i s  is twofold. One is the  proper 
s t a t i s t i c a l  ana ly s i s  of e x i s t i n g  wind measurements, t he  o t h e r  the  development of 
a  general  theory of wind f i l t e r  syn thes i s .  Wind v e l o c i t y  p r o f i l e s  a r e  usua l ly  
measured by two methods; t he  rawinsonde and t he  FPS-16 radar/Jimsphere. The 
rawinsonde system provides measurements of ho r i zon t a l  wind v e l o c i t i e s  a t  a l t i t u d e  
i n t e r v a l s  of approximately 600 meters.  Because of t h e  inheren t  smoothing, t he  
rawinsonde cannot measure t he  smal l - sca le  f e a t u r e s  of t he  wind p r o f i l e  which 
can con t r i bu t e  s i g n i f i c a n t l y  t o  t he  aerodynamic loads of a n  aerospace vehic le .  
The newer FPS-16 radar/Jimsphere method provides considerable  more accura te  wind 
measurements a t  i n t e r v a l s  of 25-50 meters a l t i t u d e  wi th  a n  RMS e r r o r  of approxi- 
mately 0 . 5  meters per  second. A t  t he  presen t  t ime, t h e r e  e x i s t  approximately 
2000 wind measurements f o r  t he  Eas te rn  Tes t  Range, F lo r ida .  Some 500 mealsurements 

a r e  a v a i l a b l e  f o r  t he  P a c i f i c  Mis s i l e  Range, Ca l i fo rn i a .  

There a r e  s eve ra l  approaches p r e sen t ly  considered f o r  t h e  wind f i l t e r  syn thes i s .  
The most promising of these methods seem t o  be the syn thes i s  using a n a l y t i c a l  
curve f i t s  f o r  t he  covariance8 o r  mul t ip le  r eg re s s ion  a n a l y s i s  t o  determine t he  
c o e f f i c i e n t s  of t he  mat r ices  A (h) and B (h) of t h e  a l t i t ude -va ry ing  equa t ion  
f o r  t he  wind f i l t e r  (equat ion (2)). I n  order  t o  use t he  wind f i l t e r  f o r  t h e  
s t o c h a s t i c  optimal cont ro l  problem, i t  )as t o  be transformed t o  t he  f l i g h t - t i m e  
domain a s  given i n  equa t ion  (3) where h is  t he  v e r t i c a l  v e l o c i t y  of the vehic le .  
X t  is  important t o  no t i ce  t h a t  t h i s  t ransformation makes t h e  wind f i l t e r  t r a j e c t o r y  
dependent, such t h a t  an  optimum c o n t r o l l e r  would have t o  be designed f o r  each 
ind iv idua l  t r a j e c t o r y .  Fo r tuna t e ly ,  t he  c o n t r o l l e r  parameters a r e  not  very 
s e n s i t i v e  t o  these t r a j e c t o r y  v a r i a t i o n s  and one c o n t r o l l e r  is acceptable  f o r  q u i t e  
a  number of f l i g h t  p r o f i l e s .  



@ HORIZONTAL FLIGHT (Stat ionary random process) 

@ VERTICAL FLIGHT (Monstat ionary random process)  

a )  ALTITUDE VARYING EQUATION 

b)  T IME VARYING EQUATION 



The r e p r e s e n t a t i o n  of t h e  wind d i s t u r b a n c e  a s  a  Gauss ian Markov p r o c e s s  a l l o w s  
a  combinat ion o f  t h e  wind f i l t e r  and t h e  l i n e a r i z e d  v e h i c l e  d i f f e r e n t i a l  
e q u a t i o n s  i n  form of a n  " a d j o i n t  system" a s  shown i n  t h e  a d j a c e n t  f i g u r e .  I n  
t h i s  model,  t h e  wind i s  assumed t o  c o n s i s t  of two p a r t s :  t h e  mean wind ,  which 
is g iven  a s  a d e t e r m i n i s t i c  q u a n t i t y  and t h e  d e v i a t i o n s  from t h i s  mean, which 
is a  random p r o c e s s .  The sum of  both p a r t s  a c t  a s  t h e  i n p u t  f u n c t i o n  of t h e  
v e h i c l e  dynamics.  Sensors  and t h e  l i n e a r  op t ima l  c o n t r o l l e r  a r e  shown i n  t h e i r  
r e s p e c t i v e  feedback  p a t h s .  The p a r t i c u l a r  form chosen f o r  t h e  c o n t r o l l e r  
a c c o u n t s  f o r  t h e  f a c t ,  t h a t  i n  most p r a c t i c a l  a p p l i c a t i o n s  some of t h e  v e h i c l e  
and wind f i l t e r  s t a t e s  have t o  be e s t i m a t e d ,  because  no measurements are  a v a i l -  
a b l e  f o r  them. 



@ ASSUMPT/ONS 
G A U S S I A N  W l N D  
VARIATIONAL EQUATIONS FOR THE V E H I C L E  
L I N E A R  CONTROL 

@ MODEL 
MEAN 
WlND 

7 

WHITE NOISE RESPONSES 

L,-,------,,-,-J 
ADJOINT SYSTEM 



Based upon the  e tochae t i c  opt iwal  cont ro l  theory,  which was developed by Honey- 
w e l l ,  Inc .  f o r  NASA-MSFC i n  1965 and 1967, H o n e p e l l  designed and f l i g h t  t e s t ed  
the  B-52 (Load A l l ev i a t i on  and Mode S t a b i l i z a t i o n )  system. The program was 
conducted t o  demonstrate t he  c a p a b i l i t i e s  of an  advanced f l i g h t  con t ro l  system 
t o  a c t i v e l y  cont ro l  both r i g i d  body and f l exu re  modes on a  l a rge  f l e x i b l e  a i r -  
c r a f t .  The system used mu l t i p l e  inputs:  e l eva to r  p lus  symmetric a i l e r o n s  and 
s p o i l e r s  f o r  t he  longi tud ina l  motion, rudder: p lus  d i f f e r e n t i a l  a i l e r o n s  and 
s p o i l e r s  f o r  t he  l a t e r a l  motion. The atmospheric turbulence model used f o r  t he  
LAMS B-52 s t r u c t u r a l  performance s t u d i e s  was t he  Press  power spectrum a s  discussed 
i n  f i g u r e  3. I n  t he  o r i g i n a l  a n a l y s i s ,  i t  was assumed t h a t  a l l  s t a t e s  of t he  
system were measureable. A s  expected,  t h i s  l e d  t o  a n  excessive number of feed- 
backs (81 f o r  t he  symmetric a x i s  and 90 f o r  t h e  antisymmetric a x i s )  f o r  p r a c t i c a l  
purposes. However, t h i s  optimal c o n t r o l l e r  was used a s  a  base l ine  f o r  determining 
t he  r e l a t i v e  mer i t s  of s imp l i f i ed  and more p r a c t i c a l  c o n t r o l l e r s .  Also,  t he  
magnitude of t he  optimal feedback gains genera l ly  i nd i ca t e  the  r e l a t i v e  importance 
of t he  p a r t i c u l a r  feedback loop i n  terms of s t r u c t u r a l  performance bene f i t s .  After  
s i m p l i f i c a t i o n ,  t he  f i n a l  ope ra t i ona l  f l i g h t  cont ro l  system contained fou r  r a t e  
gyro feedback s i g n a l s  f o r  t h e  l ong i tud ina l  motion and s i x  r a t e  gyro feedback s i g n a l s  
f o r  t he  l a t e r a l  motion. F l i g h t  con t ro l  ga in s  were e s t ab l i shed  f o r  t h r e e  d i f f e r e n t  
f l i g h t  condi t ions .  The m a t h e w t i c a l  model f o r  longi tud ina l  and l a t e r a l  motion i s  
shown i n  f i g u r e  5 ,  The performance c r i t e r i o n  f o r  t he  s t o c h a s t i c  op t imiza t ion  was a  
combination of r i d e  q u a l i t i e s  and s t r u c t u r a l  i n t e g r i t y .  Meansquare l i n e a r  acce le ra -  
t i o n s  experienced by t he  p i l o t  were used a s  r i d e  q u a l i t y  measures. S t r u c t u r a l  
i n t e g r i t y  was measured by t he  p r o b a b i l i t y  of exceeding s t a t i c  u l t ima te  s t r eng th  
and f a t i g u e  l i f e  time f o r  s eve ra l  c r i t i c a l  a i r f rame members. This  measure of s t ruc -  
t u r a l  i n t e g r i t y  i s  a  func t i on  of s t r e s s e s  and s t r e s s  r a t e s .  

A t h e o r e t i c a l  eva lua t ion  of t he  s t r u c t u r a l  performance of t he  B-52 showed, t h a t  t he  
LAMS F l i g h t  Control  System reduced f a t i g u e  damage r a t e s  a t  the  key wing s t r e s s  
po in t s  by more than 30% wi th  r e spec t  t o  t he  Basel ine SAS ( S t a b i l i t y  Augnentation 
System). Of importance is t h e  f a c t  t h a t  t he  s t r u c t u r a l  loads were reduced through- 
ou t  t he  a i r f rame and not  j u s t  a t  t he  s e l e c t e d  s t a t i o n s .  The r i d e  q u a l i t i e s  a t  t he  
p i l o t  s ta t ionwere improved  s l i g h t l y ,  wi th  t he  remainder of t he  fuse lage  showing 
varying amounts of improvement over i t s  length.  



4 .  MATHEMATICAL MODEL 

a. LONGITUDINAL MOTION 
TWO RIGID BODY MODES i FIRSTl SECONDl AND 
SIXTH STRUCTURAL MODE; FIRST ORDER 
ACTUATORS. 

b. LATERAL MOTION 
THREE R1610 BODY MODES; FIRST, EIGHTH AND 
NINTH STRUCTURAL YODEi FIRST OROER 
ACTUATORS. 

2 .  RESPONSE CONSTRAINTS 

a. STRESSES 
b. STRESS RATES 
c. LONGITUDINAL AND LATERAL ACCELERATIONS 

EXPERIENCED BY PILOT 



T i t  r ~ n o ~ ! l @ ? "  cstucly, t l ~ n  n t~c l l a s f - t  crpttnkrqk c o n t r o l  t h e o r y  waa rzpplfed t o  t he  
d i . 3  4 zii O K  h C C P Z L L - ~ P S I  7 y f i i . w n .  for the  S Z ~ ~ L L P ~ ~  V/Voyager launch vehicle, Although 
t h o  R y T r t ~ r r ?  TWCIR L I C ~ ~ ~ ? P  f l i gh t :  t e s t ed  i t -  vaej demonstra ted t h a t  a p r a c t i c a l  c o n t x t ~ l  
n y n t e m  can be d a s i g n r d  w i n g  the p h y e i c a l  i n e i g h t  p rov ided  by t h e  o p t b m l  con- 
trrl)i.Ie~f which waB obeeafned from t h e  t h e o r y  assuming complete measurement capa- 
b b l l t y .  The araalynts wafl plpe~trtcted t o  v e h i c l e  raaotion i n  t h e  yaw p lane .  As re- 
n,l~Ar-ed hy *.he R L O C ~ R R ~  $ c ob>Cbmq1 t h e o ~ y ,  t h e  e q u a t j o n s  o f  mot i n n  were l ineasf ized 

:?ltc3ui: R El- r c i m d  on1 (9lo w d  jnd) t-%a)ecE CITY, They iacL?aded t he  two r i g i d  body modes, 
three  itend l n ~  rn0rSe.i ~ n r l  th ree  sloeka rnod?w, Ac tua to r  dynamics was d e s c r i b e d  by a 
f f r c T t  o l d e r  ~~loclnl . nuct t o  the l a c k  of w g e n e r a l  theory  f o r  w i n d  f i l t e p .  s y n t h e s i s ,  
fbe  F o r m  o f  t h e  -t~f.nd f t l t e r  wan wnlscted to conform w i t h  ca nonstationcar- ex- 
pos~f"nti:ql cnrsinr n ~ ~ t u r * a ~ r ~ J ~ f i o p a  fvkkeS%~n, The s v a t l a h l e  raind measurer* a t s  were 
b , $ ~ r d  rnn the  r m d  n-rbvd mnt:Pod and ddd , t h e r e f o r e ,  no t  i n c l u d e  t h e  smel l -sea1 e  
rors t  pne u P  rtrn e9irvI f t ~ l  il 3~1%ch ~ f f e c t r  the  e1s~ati.c body dynamics. Because o f  
6-ili s , tf: asan Eel t L h r t  conqt ruc t Jc>n  nE a h i g h e r  o rde r  n o n ~ t a t i o n a r y  wind f  i l t e s  
i 7 n R  trorthvlr.i The stacban*-+c pc>rf;orm?nce ~ r l t e r l ~ n  WAS based o n  t h e  
y ~ o l ~ f a h i l  i by O F  i11J canlo81 Ta14 1 lar~ t p  terms of t h e  ~-r?iapanas c u n ~ t r a i n t s z  s h a s ~ n  i n  f t g u r e  
6 ,  An !n tha cape of k h -  8-52 JJ'bM8 syste tnp the opt5.mal ~ o n t r o 1 J  er d e r i v e d  from 
i - 1 1 ~  Chpsry vno  u n d t j ~ l  y cuntpltcated said r ~ q r n i r e d  t he  p h y s i c a l  measurements of t h e  
rid ill% iarn t . 2 ~ .  Efo*~e?rar, f 1 1 0  optirtlab coris P-oIJ ea provitled ttae n m r i l l  e s t  t h e o r e t i c a l .  
r l r r n a i h l e  yrubr"6p3416y o;T. rnifiairanr F f i i l l r r e  (J:* 8 x nnr% wkns, t h e r e f o r e ,  used 
n e  -r ofan t ln t  d %or c ~ r n p a x j ~ ~ u a a  of ~ t m g l i f l e a l  c o n t r o l l e r  p e r f o a m n c e .  T t  a l s o  served 
nn R s t a r t i n g  p o i r r k  f a ?  ttls s y n t h e ~ i e  o f  n prnctl .cal  e o n t r o l l e r .  An i w a r t a n t  
ro i su l t  dex t v ~ d  from t h e  theory  vao tkaef: t h e  s i r n p l i f i a d  c o n t r o l l e r  o b t a i n e d  by 
dclci. ing e p e c t f i c  f ~ a d b n c k ~  doea n o t  n e c e n s e r l l y  s p p r e s e n t  t h e  optina%l ssntP@%$@p. 
nrl--lsh u n e p  the ret i~sl lnjnlj  feedbacks ,  O s b ~ r  conc lva ions  reaclaed on t h e  b a s i s  of t h e  
tlaenry welo that  i t  i p  importcant to e s t i m t a  the  wind skates and r e t a i n  t h e  h i g h e s t -  
flrcquensy f l a - c v r ~ .  mode feedback but tilab feedback o f  the  fue l  s l o s h  s t a t e s  was no t  
neccrPnary. AFter severaX e ~ p e r i m e x ~ t s  were performed t o  de te rmtne  t h e  d e g r a t t t i o n  
d * s  pcrformsracc. caused by d e l e t i n g  the feenlbncks o f  c e r t a i n  s t a t e s  frois t h e  op t ima l  
r - o n t ~ o l l e r  , R f $ m X  s i ~ t p l i f i e d  c o n t r o l l e r  wan axriered a t  which con ta ined  a f i f t h -  
o y d a r  entln,stt.op. nnd t h e  o u t p u t s  s f  f t v a  acce le romete r s  and t h e i r  i n t e g r a l s .  T h i s  
P i m p l l f i a d  ront t rn l  J P T  gPve a f a i r l y  good performance w i t h  a v a l u e  f o r  J* = 1 . 7 3  x 10-'. 

Ihre t n  t h e  Cnherc*?t cxgennen E ~ Z ~ F ~ ( P C ~ B ~ P ~  w i t l n  the  d i g i t a l  s i r n u l a t i o n s ,  t h e  c o n t r o l l e r  
n d m ~ l i  fi c a f - i  on s b u 4 t ~ a  were no t  cnxrSed ou t  ve ry  e x t e n a i v ~ l y .  It i s ,  t h e r e f o r e ,  
b e l i e v e 4  t h ~ t  t h e  p e r f o r m n ~ e  t h i s  nkmp2 i f i e d  s o n t r o l l e r  cou ld  be s t i l l  inapraved 
rind thnt tibe c.ont~n3 1 e s  could be f u r t h e r  s in tp l i f  i e d  by add i t iona l .  s imulat ion s t u d i e s .  



APPL /CATION - SATURN P/ VOYA GER 

1 .  MATHEMATICAL MODEL 
a. TWO RIGID BODY MODES; THREE BENDING MODES; 

THREE SLOSH MODES; FIRST ORDER ACTUATOR. 

2 .  RESPONSE CONSTRAINTS 
a. MAGNITUDE OF T E R M I N A L  D R I F T .  

b. MAGNITUDE OF TERMINAL D R I F T  RATE. 

C. MAGNITUDE OF TERMINAL ANGLE OF ATTACK. 

d. MAGNITUDE OF GIMBAL ANGLE. 

e. MAGNITUDE OF BENDING MOMENT AT THREE 
CRITICAL STATIONS. 

3 .  PROBABILITY O f  MlSS/ON FAILURE 
a. IDEAL CONTROLLER p = 8 x lo- '  

b. S IMPLIFIED CONTROLLER p = 1.73 X l o - '  



The r e su l t s  obtained from the  applicratiorr o f  the ~ t o c l t a e t i s :  spt;bxnieeb$on 
theory t o  t he  c o n t r o l l e r  design of a l a rge  f l e x i b l e  a i r c r a f t  and launch 
veh i c l e  a r e  very favorable .  They i nd i ca t e  t h a t  with some f u r t h e r  firslprsvemexat~ 
of t he  t heo ry ,  t he  same design technology can be succes s fu l l y  used t o  design 
c o n t r o l l e r s  which a c t i v e l y  cont ro l  r i g i d  body and f l exu re  modes of the  Space 
Shu t t l e  Vehicle .  It i s  expected t h a t  a  proper choice of t he  s t o c h a s t i c  per -  
formance c r i t e r i o n  w i l l  r e s u l t  not  on ly  i n  a  considerable  reduc t ion  of loads 
and f a t i g u e  damage but a l s o  increase  t he  f l u t t e r  speed and f l y ing  q u a l i t i e s  for  
the boost and f ly-back por t ions  of t he  mission. Since bending dymmics e f f e c t s  
dominate t h e  loads a t  c e r t a i n  c r i t i c a l  s t a t i o n s  of t he  v e h i c l e ,  i t  is importarat 
t o  cons t ruc t  a  more accura te  nons ta t ionary  wind model which includes t he  high 
frequency turbulence content  of t he  wind f i e l d .  This  c a l l s  f o r  a  nwre sophis-  
t i c a t e d  s t a t i s t i c a l  a n a l y s i s  of t he  wind d a t a  and a  corresponding increase  i n  
the order  of t he  d i f f e r e n t i a l  equat ions de f in ing  t he  wind model. Several 
research  programs wi th in  NASA and indus t ry  a r e  p r e sen t ly  under way t o  s ~ l v e  
t h i s  problem. Improvements of the  quad ra t i c  con t ro l  t heo r i e s  cen te r  around 
th r ee  major problem a r e a s .  One is t h a t  of computer cos t .  Since the  optimal 
cont ro l  theory a r r i v e s  a t  an  over ly  complex cont ro l  system, s imp l i f i c a t i ons  
have t o  be introduced i n  order  t o  make t he  c o n t r o l l e r  p r a c t i c a l .  However, 
p resen t  computer i t e r a t i o n  methods f o r  t he  b e s t  gains  f o r  t he  candidate  simg?.CFied 
c o n t r o l l e r s  a r e  s t i l l  too expmsive  a s  a  des ign  t oo l .  Several  p a r t i a l l y  r leve l  oped 
improvements of some i t e r a t i o n  methods a r e  except iona l ly  promising showing eub- 
s t a n t i a l  c o s t  reduc t ions ,  The o the r  two problem areas--parameter s e n s i t i v i t y  and 
sensor  choice- - requi re  t he  development of new mathematical methods. The ob j ec t i ve  
of t he  parameter s e n s i t i v i t y  s tudy is t o  inc lude  parameter v a r i a t i o n  cowstrwdnta 
i n  t he  pre l iminary  design s tud i e s .  Sensor choice and l oca t i on  is  presen t ly  done 
by bru te - force  methods. Developing a  mathematical theory f o r  best  sensor  choice 
and l o c a t i o n  is  a  d i f f i c u l t  but dec i s ive  s t e p  towards p r a c t i c a l  app l i ca t i on  of 
quad ra t i c  opt imal  con t ro l  t heo r i e s .  



FUTURE RISERRGA" PROGRAM 

4 .  DEFINE PERFORMANCE CRITER/A FOR SPACE SHU I T 6  E 

2.  IMPROVE W/ND MODELS 

3.  DEPELOP /PERATION YETHOD FOR S/MPL/F/ED CONTROLLER 

5 .  DEVELOP THEORY FOR SENSOR CHOICE A M  LOCAT/ON 
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ACTIVE FLEXURE CONTROL TODAY 

G. B. S k e l t o n  

Honeywell I n c  . 
Minneapol is ,  Minnesota 

SYNOPSIS OF TOPIC 

Background 

Space S h u t t l e  v e h i c l e s  may have a e r o e l a s t i c i t y  problems caused by 
t h e i r  l a r g e  s i z e s ,  having t o  wi ths tand  r e e n t r y  h e a t i n g ,  wings, and s i d e -  
by-s ide  boos t  geometry. Obta in ing  needed maneuver c a p a b i l i t y ,  r i d e ,  
low p e a k - s t r e s s e s  and f a t i g u e  may r e q u i r e  s t i f f e n i n g  o r  a c t i v e  bending 
mode c o n t r o l .  

Q u e s t  i o n  

Is a c t i v e  bending mode c o n t r o l  a  v i a b l e  a l t e r n a t i v e  t o  adding 
s t i f f e n i n g  weight?  

Answer 

A c t i v e  bending mode c o n t r o l  i s  on t h e  edge of o u t  t e c h n i c a l  capa- 
b i l i t y ;  i t  should be a  v i a b l e  a l t e r n a t i v e .  

The on ly  a i r c r a f t  systems flown t h a t  t r i e d  more than  r i g i d  
body c o n t r o l  p h a s e - s t a b i l i z e d  a t  t h e  f i r s t  bending mode, t h e  
B52-LAMS and XB-70-GASDSAS systems,  were both flown i n  
t echno logy-or ien ted  s t u d i e s .  There a r e  no f l e e t - w i d e  p r a c t i c a l  
systems. 

@ A c t i v e  mode c o n t r o l  pushes p h y s i c a l  l i m i t s .  These i n c l u d e  
c o n t r o l  s u r f a c e  a e r o e l a s t i c i t y  and i n e r t i a s ,  mechanical 
a c t u a t i o n  l a g s ,  l o c a l  deformat ions  and temperature  l i m i t s  
a t  sensor  l o c a t i o n s ,  and a v a i l a b l e  force-producer  l o c a t i o n s .  

@ C o n t r o l l e r  des ign  i s  a n a l y t i c a l l y  d i f f i c u l t .  Mult i loop c o n t r o l  
of  many coupled degrees-of-f reedom t a x e s  e x i s t i n g  des ign  
t h e o r i e s  and computer programs. 

Continuous r e s e a r c h  and development s i n c e  B52-LAMS and XB-70-GASDSAS 
i s  reduc ing  t h e s e  d i f f i c u l t i e s  and l i m i t s .  NASA i s  now cons ide r ing  a  
technology program t o  t e s t  a  LAMS system on a n  SR-71, and North American 
Rockwell h a s  announced p lans  t o  employ a c t i v e  f l e x u r e  c o n t r o l  on t h e  B 1 .  1 

Act ive  f l e x u r e  c o n t r o l  i s  an a r r i v i n g  technology.  



D l  SCUSS I O N  

The topic of this discussion is the state of the art of active 
flexure control. 

The message of the talk is that active control of flexure degrees 
of freedom is on the edge of our technical capability, and active flex- 
ure control should be a viable alternative to adding stiffening weight 
for the solution of Space Shuttle aeroelasticity problems. 



To begin,  w i l l  Space S h u t t l e  have a e r o e l a s t i c i t y  problems? Is 
a c t i v e  f l e x u r e  c o n t r o l  a  concern? 

I t ' s  too  e a r l y  t o  say. F i r s t - c u t  f l e x u r e  d a t a  a r e  j u s t  now being 
c a l c u l a t e d .  C e r t a i n l y  t h e r e  w i l l  be some a e r o e l a s t i c i t y  problems-- 
t h e r e  always a r e .  I s u s p e c t  t h a t  some of them w i l l  be severe .  

The s l i d e  shows one of t h e  p o t e n t i a l  sources  of f l e x u r e ,  t h e  r o l l  
coup l ing  of r i g i d  o r b i t e r  and boos te r  through e l a s t i c  connec t ing  
mechanisms i n  boost .  Other p o t e n t i a l  sources  i n c l u d e  

@ Having t o  a l low t h e  d e l t a  winged o r b i t e r  t o  bend t o  wi ths tand  
r e e n t r y  h e a t i n g  

@ The v e h i c l e s '  l a r g e  s i z e s  and t h i n  wings 

@ The o p p o r t u n i t i e s  f o r  aerodynamic coup l ing  i n  boos t ,  and 

@ The uneven o r b i t e r  mass d i s t r i b u t i o n  dur ing  r e e n t r y ,  where 
t h e r e  a r e  engines  i n  back, payload i n  f r o n t ,  and l i t t l e  
between 

Quoting some p r e l i m i n a r y  d e s i g n  numbers, t h e  f i r s t  ( l o w e s t )  
symmetric mode f requency of 

t h e  NAR piggyback Launch c o n f i g u r a t i o n  i s  1.6 Hz 
t h e  NAR d e l t a  winged o r b i t e r  i s  2.36 HZ 

t h e  MSFC b e l l y - t o - b e l l y  launch c o n f i g u r a t i o n  i s  2.68 Hz 

I n  comparison, t h e  lowest  X-20 Dynasoar mode was 1.8 Hz and t h e  lowest  
B5P mode was 1.07 Hz. Accept ing t h e  p re l iminary  des ign  numbers, Space 
S h u t t l e  i s  l i k e l y  t o  have bending problems i n  my opinion.  

The remainder of t h i s  t a l k  w i l l  be devoted t o  ske tch ing  a  p i c t u r e  
of c u r r e n t  a c t i v e  f l e x u r e  c o n t r o l  c a p a b i l i t y .  Bandwidth and bandwidth 
l i m i t s  w i l l  be d i scussed  f i r s t ,  t o  d e f i n e  no t ions .  The t h r e e  f l e x u r e  
c o n t r o l  methods which have been f l i g h t  t e s t e d  w i l l  then be desc r ibed .  
The t a l k  w i l l  be concluded w i t h  a  d i s c u s s i o n  of where we s t a n d  today. 



Bandwidth - 

T h i s  s l i d e  sl-iows t h e  b e n e f i t s  of i n c r e a s i n g  c o n t r o l  sys t em bandwidth 
and what t ias t o  be  done t o  b u y  t h a t  bandwidth.  On t h e  r i g h r ,  t h e  b e n e f j t i ;  
a r e  f i r s t  h a n d l i n g  q u a l i t i e s  ( l a r g e l y  r a t e  r e s p o n s e s ) ,  t h e n  r r d e  q u a l i t - 3 ~ s  
(lnoru a c c e l e r a t i o n s ) ,  t h e n  maneuver l o a d  and peak s t r e s s  reduction, 

Tnr.rcclsLt~g b a n d w i d t h  a lways  Lnlpsovea Lhe lower f r equency  r c s p o n e s s  b u t  
one ~t ius t  g e t  L o  f a i r l y  h i g h  bendwtdtho t o  do much f o r  t h e  I ~ i g h e r  f r e q u e n c y  
ones .  

I n c r e a s i n g  bandwidth ( o r  d e c r e a s i n g  f l e x u r e  f r e q u e n c i e s )  r e q u i r e s  
s u c c e s s i v e l y  go ing  from g a i n  s t a b i l i z i n g  t h e  lowes t  mode t o  phase  
s t a b i l i z i n g  i t  t o  a c t i v e l y  c o n t r o l l i n g  t h e  lowes t  few modes. The p r i c e  
of t h i s  i n c r e a s e  i s  c o n t r o l  sys t em complexi ty- -more  n o t c h  f i l t e r s ,  more 
s e n s o r s ,  more c o n t r o l  f o r c e s .  

A c t i v e  f l e x u r e  c o n t r o l  i s  t h u s  n o t  a  b l a c k - w h i t e  t h i n g  where f l e x -  
u r e  i s  c o n t r o l l e d  o r  i t  i s n ' t .  Where f l e x u r e  f r e q u e n c i e s  a r e  low, 
i n c r e a s i n g  bandwidth r e q u i r e s  more and more f l e x u r e  cont ro l . .  I t ' s  a 
m a t t e r  o f  d e g r e e .  

INCREASING BANDW BDTH BUVS 

R I G I D  BODY + 
G A I N  STABLE 

R I G I D  BODY -t 

PHASE S P A B E  

INCREASING 
BANDW l DTH 

HANDLING QUALlTlES 
MaNeVVEW C A Q A B I I . I W  
RIDE QUALITIES 
PEAK S T K S S  AND 
MANEUVE W LOAD WE BUGTI ON R 

LOWER FEXURE MODES 

A T  TWE PRICE OF CONTROLER C O M P E X  ITY  



Bandwidth L imi t s  

Nature  won ' t  l e t  us r a i s e  c o n t r o l  loop bandwidths a s  h i g h  a s  one 
would l i k e .  The s l i d e  l i s t s  t h e  t h r e e  major r e a s o n s  why--phase l a g s ,  
parameter v a r i a t i o n s ,  and parameter  u n c e r t a i n t i e s .  

Phase l a g s  can  be  overcome t o  some e x t e n t  by employing more power- 
f u l  a c t u a t o r s .  Most c o n t r o l l e r s  a r e  des igned  t o  l i v e  w i t h  parameter  
v a r i a t i o n s  f o r  r e a s o n s  of c o n t r o l l e r  s i m p l i c i t y ,  implying keeping band- 
wid ths  down because  of changing phase r e l a t i o n s .  Even where g a i n  
changing w i t h  f l i g h t  c o n d i t i o n  i s  employed, however, t h e  c o n t r o l l e r  
must be des igned  t o  w i t h s t a n d  t h e  phase  d i f f e r e n c e s  between t h e  mathe- 
m a t i c a l  and r e a l  v e h i c l e s .  

The f l e x u r e  c o n t r o l  problem i n  one s e n s e  i s  t o  push f u r t h e r  i n t o  
t h e s e  phase  v a r i a t i o n  l i m i t s .  

WHAT LIMITS BANDWIDTH 

@ PHASE LAGS - ACTUATOR NONLINEARITIES, TAIL-WAG-DOG 

SURFACE AE RODY N A M  l C S 

@ FLEXURE FREQUENCY, MODE SHAPE CHANGES W I T H  

Q, M M A S S  D l  STRIBUTION, TEMPERATURE 

@ UNCERTAINTIES I N  FLEXURE FREQUENCIES, MODE 

SHAPES 



Three  t e c h n i q u e s  f o r  i n c r e a s i n g  bandwidth through f l e x u r e  c o n t r o l  
have been f lown,  The f i r s t  of t h e s e ,  no tch  f i l t e r i n g ,  c o n s i s t s  of  
chang ing  t h e  g a i n  and phase  nea r  t h e  f l e x u r e  r e s o n a n t  f r equency  by 
c a s c a d i n g  a  r a t i o  of s econd-o rde r  polynomials  o r  a  f i l t e r  of  e q u i v a l e n t  
e f f e c t  w i t h  t h e  r e sonance .  Note t h a t  t h e  r e s o n a n t  f r equency  and t h e  
n a t u r a l  f r e q u e n c i e s  of t h e  second o r d e r s  a r e  ( n e a r l y )  t h e  same, 

NOTCH RE SBNANCE 



Gain and Phase Addition 

This  s l i d e  shows the  r e s u l t i n g  cascaded gain and phase responses. 
By having t he  numerator of the  f i l t e r  l e s s  damped than t he  denominator, 
t he  o v e r a l l  e f f e c t s  a r e  t o  

e Lower t he  resonant  peak 

r Add some phase l a g  below the  peak 

@ Add phase lead  beyond the  peak, and 

I f  near n ine ty  degrees phase l a g  can be obtained a t  t he  peak, 
t o  damp the  f l e x u r e  mode i n  t he  closed loop system by r a t e  
feedback 

I f  t he  resonant  frequency is  f a r  beyond t h e  180 degree (bandwidth) 
frequency, lowering the  resonant  peak i s  the  main e f f e c t  desired;  t h i s  
i s  c a l l e d  g a i n  s t a b i l i z a t i o n .  Where the  phase near resonance i s  a 
concern, notch f i l t e r i n g  i s  normally c a l l e d  phase s t a b i l i z a t i o n ;  the 
terminology i s  perhaps a matter  of t a s t e  i n  t h i s  case  a s  ga in  must a l s o  
be taken i n t o  account. 

RESONANCE 

NOTCH 

PRODUCT 

LOG I 



Examples o f  Notch  Fi& ' -- ------ - 

Notch f i l t e r i n g  i s  d e f i n i t e l y  w e l l  w i t h i n  c o n t r o l  c a p a b i l i t y ,  It 
i s  ( t o  my k n o w l e d g e )  t h e  o n l y  method t h a t  h a s  b e e n  u s e d  i n  l a r g e  m i s s i b e . s ,  
where  t h e  c o n t r o l  s y s t e m s  a r e  s i n g l e  l o o p  a n d  t h e  l o w e s t  mode i s  a s i m p l e  
f u s e l a g e  mode." Notch  f i l t e r s  a r e  i n  f a c t  u s e d  alrnos t e v e r y w h e r e  w h e r e  
s i n g l e  l o o p  c o n t r o l  i s  employed a n d  w h e r e  c o n t r o l l e d  p l a n t  p h a s e s  a n d  
f r e q u e n c i e s  d o n ' t  v a r y  t o o  much. 

B u t  n o t c h  f i l t e r i n g  a l o n e  w o n ' t  s o l v e  a l l  f l e x u r e  c o n t r o l  p r o b l e m s ,  
I t s  A c h i l l e s '  h e e l  i s  v a r i a t i o n s  i n  mode s h a p e s  a n d  f r e q u e n c i e s - - i t  i s  
a  t u n e d  f i l t e r  method a n d  when s e v e r e l y  d e t u n e d  i t  c a n  p r o d u c e  i n s t a b i l i t y  
i t s e l f .  

VEW IGLES MODES STASlblZATlON -=- 

ATLAS 

THQR %st PHASE 
HIGHER 681 M 

SATURN $B 

TITAN I I I  

I st PHASE 

2nd GAIN  PHASE 

HIGHER G A l  N 

1st  PHASE 

SATURN V 2nd GAIN AND PHASE 

HIGHER G A I N  



The ILAF concept  i s  a  s e n s o r  l o c a t i o n  concept  des igned  t o  d e f e a t  
changes of mode f requency and shape w i t h  changing f l i g h t  c o n d i t i o n .  
ILAF s t a n d s  f o r  I d e n t i c a l l y  Located Accelerometer and Force  Producer.  
The two ILAF n o t i o n s  a r e  

By p u t t i n g  t h e  s e n s o r  nea r  t h e  f o r c e  producer ,  t h e  phase r e l a -  
t i o n  between t h e  s e n s o r  and f o r c e  producer  w i l l  be  n e a r l y  
independent  of mode shape,  t h e  e f f e c t  of f o r c e  on each mode 
and t h e  a c c e l e r a t i o n  response  due t o  each mode be ing  i n  n e a r l y  
c o n s t a n t  r a t i o .  

Using a n  acce le romete r  and i n t e g r a t i n g  (90 d e g r e e s  phase  l a g  
a t  t h e  r e s o n a n t  f r equency)  r a t e  damps t h a t  f l e x u r e  mode. (A 
r a t e  measurement w i t h  l e a d  t o  compensate f o r  a c t u a t o r  and a e r o -  
dynamic l a g s  would i n  p r i n c i p l e  s e r v e  t h e  second purpose  a s  
w e l l ,  b u t  i t  would f a i l  t h e  f i r s t  o b j e c t i v e  a s  r a t e  depends 
upon mode s l o p e  and f o r c e  e f f e c t  on mode ampl i tude . )  

AERODYNAMICS ACCELEROMETER 

d 

90' PHASE LAG AT w 



menta t ion  

T h i s  s l i d e  shows t h e  1Ul.F sys tem f l i g h t  t e s t e d  on t h e  XB-70 arrd 
r e p o r t e d  i n  l966. I  There a r e  f o u r  p o i n t s  t o  be made r e g a r d i n g  t h i s  systcvn.  

1. E L M  c a n ' t .  be used  on a  l a r g e  m i s s i l e  where t h e  c o n t r o l  force  
i s  g imba l l ed  t h r u s t  a s  t h e  a c o u s t i c  n o i s e  t h e r e  w i l l  s a t u r a t e  
any s e n s o r .  But %LAIF i s  v e r y  w e l l  s u i t e d  f o r  aerodynamic 
c o n t r o l  s u r f a c e s  on winged v e h i c l e s ,  

2. Winged v e h i c l e s  i n  g e n e r a l  have more complex mode shapes  t h a a  
m i s s i l e s  and t h e s e  mode shapes  and f r e q u e n c i e s  v a r y  more with 
f l i g h t  c o n d i t i o n .  I n  consequence,  parameter  v a r i a t i o n s  and 
u n c e r t a i n t i e s  a r e  a v e r y  l a r g e  concern  i n  a i r c r a f t .  

3. T h i s  p a r t F c u l a r  IW system was des igned t o  be swi tched on 
ove r  an  e x i s t i n g  r i g i d  body c o n t r o l  sys tem,  hence  i t s  appear-  
ance .  Whether one r e g a r d s  f l e x u r e  c o n t r o l  a s  p a r t  of a  SAS 
o r  i n  a d d i t i o n  t o  a r i g i d  body SAS i s  a  m a t t e r  of  semant ic  
p r e f e r e n c e ;  t h e  f l e x u r e  c o n t r o l  problem i s  t h e  same i n  e i t h e r  
c a s e .  

4. Gains were changed manually w i t h  f l i g h t  c o n d i t i o n  i n  t h i s  sys tem 
( i t  was a n  exper imen ta l  sys t em) ;  t h e  sys tem was no t  a  f u l l y  
a u t o m a t i c ,  s chedu led  g a i n ,  a l l  f l i g h t - c o n d i t i o n  f l e x u r e  c o n t r o l  
s y s  tern. 

XB-70 LONGITUDINAL SYSTEQi 

- - - - - -  
IMP electronics 7 
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There  a r e  v e r y  l i t t l e  X B - 7 0  f l i g h t  t e s t  performance d a t a  i n  t u r -  
bulence i n  t h e  l ' t e r a t u r e .  The d a t a  shown h e r e  were c a l c u l a t e d  i n  t h e  
c o u r s e  of des ign)  The b a s i c  a i r c r a f t  d a t a  shown a r e  f o r  t h e  X B - 7 0  eon- 
t r o l l e d  by a r i g i d  body SAS. 

These d a t a  show t h e  ILAF system t o  be  b e n e f i c i a l .  

AT PILOTSTATION CALCULATED u ~ ~ / u ~ ~  

MACH WEIGHT ALTITUDE BASIC AIC l LAF 

0.4 L l GHT 0 0.0467 0.0405 

0.4 LIGHT 15,000' 0.0197 0.0124 

0.4 HEAVY 7,000' 0.0389 0.0347 

0.9 L l GHT 25,000' 0.0453 0.0405 

0.9 HEAVY 25,000' 0.0501 0.0291 

3.0 MEDIUM 70,000' 0.0125 0.0091 



The final flexure control technique that will be described i s  t h e  
quadratic technique employed on the AFFIIL sponsored LAMS program, 

The basis of this technique is to design a practical flexure con- 
trol system by simplifying a least-mean-square-response optimal system. 
The Kal-man optimum system is to generate actuator commands tjy mu2tFply- 
ing least-mean-square-error state estimates by control gains. In 
practice the estimation filters are far too complex to be implemented 
and the optimum system must be grossly simplified, 

The inherent advantage of the quadratic design methods is that 
they are inherently capable of designing multiloop control systems 
(systems with multiple control inputs, multiple sensed responses, and 
multiple controlled responses). Frequency response methods are Far 
less able to cope with this dimensionality. 

The advantage of multiloop control is that one can always do a 
better job forcing and sensing multiple degrees-of-freedom with more 
control inputs and sensors. For example, it is easier to control a 
symmetric wing mode with ailerons, leading-edge surfaces, and elevator 
than wit11 elevator alone; an elevator can only force the wings by bend- 
ing the fuselage. A second example, it is easier to obtain rigid body 
pitch performance and first fuselage mode damping with elevator and 
canard than with elevator alone; with both controls the two degrees 
of freedom can almost be decoupled from each other. The B52 LAMS pitch 
control system employed elevator and symmetric ailerons and spoilers 
and four rate gyros, and it was designed to simultaneously control 
eight different vehicle responses. 

1 LKALMAN STATE EST! MAE ACTUATOR 
COMMANDS 



The B52 LAMS p i t c h  c o n t r o l  sys tem flown i s  shown i n  t h i s  s l i d e .  5 

Note t h e  no tch  f i l t e r s  used t o  evade s u r f a c e  f l u t t e r  and a c t u a t i o n  
problems. The system, l e f t  t o  r i g h t ,  c o n s i s t s  of s e n s o r s ,  approximat ion 
t o  a  s t a t e  e s t i m a t o r ,  c o n t r o l  g a i n s ,  notch and d r i f t  " f i x "  f i l t e r s ,  
and a c t u a t i o n .  

T h i s  sys tem was des igned  t o  f l y  any of t h r e e  s p e c i f i c  f l i g h t  condi-  
t i o n s  ( i t  t o o  was an  exper imen ta l  sys tem).  Gains were changed manually 
w i t h  f l i g h t  c o n d i t i o n .  

8-52 LAMS LONGITUDINAL BLOCK DIAGRAM 

------------------ 

STATE ESTIMATOR 



T h i s  s l i d e  shows s t r u c i u c s l  f a t l g u r  darnage r a t e s  due bo t u r b i ~ l e n c a  
c a l c u l n t e t l  from f l i g h t  t e e %  datt i  f o r  the B'i:J aab var kolara vehicle loecr t fons ,  
The i~c.kghl of each b a r  i s  pt-opor&iunal  t o  t h e  damage done. Titese r e ~ u l t s  
and o t h e r s  show t h e  sys tem t o  be b e n e f i c i a l .  

T h i s  s l i d e  ' c e l l s  a n  incomplete  s t o r y  of s t r u c t u r a l  f a t i g u e  l i f e -  
t ime. The s l i d e  r e l a t e s  on ly  t o  f a t i g u e  i n  t u r b u l e n c e ,  perhaps  twenty 
p e r c e n t  of t o t a l  a i r c r a f t  f a t i g u e ,  Also,  t h e  f a t i g u e  cheory used co 
g e n e r a t e  t h e s e  r e s u l t s  i s  based upon a  c h a i n  of weakly suppor t ed  hypo- 
t h e s i s  ( ~ a l m ~ r e n - M i n e r  l i n e a r  cumulat  i v e  damage, Gauss ian  s  t r e s s e s ,  
R i c e  l e v e l  c r o s s i n g  method of c o u n t i n g  c y c l e s ) ,  The r e s u l t s  a r e  thought  
meaningful  f o r  comparing sys tems bu t  not  as be ing  good measures of  
f a t i g u e  l i f e t i m e .  

f ATIGUE DAMAGE RATES 

FREE A I RC RAFT 

R I G I D  BODY %AS 



Status 

The status of flexure control practice is summarized on this slide. 

Single loop designs (notch filtering and simple ILAF applications) 
are well within current design capability. Many such systems have been 
flown. 

Multiloop designs have been flown, but only with manually set 
gains at selected flight conditions. No fixed gain or adaptive multi- 
loop system that controlled flexure over an entire flight envelope has 
been flown. This is the next major milestone for flexure control. 

Achieving this milestone will be difficult. I would like to close 
this talk with comments on why it will be difficult. 

SINGLE LOOP - FLIGHT PROVEN, PRACTICAL 

MULTI-LOOP - HAVE YET TO FLY A SYSTEM (FIXED) 

G A I N  OR ADAPTIVE) OVER AN ENTIRE 

FLl GHT ENVELOPE 



~ d ~ J ~ x u r e  Mode; 

F i r s t ,  t h e  p h y s i c s  of f l e x u r e  c o n t r o l  a r e  n o t  simple.  

Th i s  s l  i d e  shows B52 Longi tud ina l  r esonan t  f r e q u e n c i e s  and clamping 
wi th  and wi thou t  f l e x u r e  c o n t r o l .  Note t h a t  t h e  f i r s t  and s i x t h  modes 
were t h e  only ones c o n t r o l l e d ,  t h a t  t h e  f r e q u e n c i e s  of both were i n c r e a s e d ,  
and t h a t  t h e  damping of one was decreased whi le  t h e  o t h e r  was i n c r e a s e d ,  

On a  YP-12 a n a l y s i s  we a r e  doing a t  Honeywell, we a r e  aehievirlg 
b e s t  r e s u l t s  by lowering t h e  f i r s t  f l e x u r e  mode, t h e  o p p o s i t e  of t h e  
B52 r e s u l t .  

NAF./LAD damped t h e  lowest  t h r e e  modes on t h e  XB-70 ILAF s tudy .  

With t h i s  h i s t o r y  of c o n f l i c t i n g  examples, no one can p r e d i c t  
a  p r i o r i  which S h u t t l e  modes should be s t i f f e n e d ,  which should be damped, 
which should be slowed down. 

Second, c u r r e n t  c o n t r o l  theory  and computer computation methods 
a r e  n o t  f u l l y  up t o  t h e  job. For example, 

e We do n o t  know how t o  i n c l u d e  parameter v a r i a t i o n s  i m p l i c i t 1  y 
w i t h i n  a  mul t i loop  d e s i g n  method ( t h e  e q u i v a l e n t  of g a i n  an<* 
phase margin f o r  s i n g l e  loop systems) .  

@ We do n o t  have any fundamental mathematical approach t o  speci.- 
f y i n g  t h e  form of a  p r a c t i c a l  mul t i loop  c o n t r o l l e r  (how many 
f i l t e r s ,  how many s e n s o r s ,  what s e n s o r s  and where should they  
be, e t c . ) .  We must r e l y  on t r i a l  and e r r o r  and exper ience.  

r We do n o t  have f a s t  enough computation methods. The methods 
a v a i l a b l e  today a r e  more than  100 t imes f a s t e r  than those  used 
i n  t h e  B52 des ign ,  b u t  we s t i l l  c a n '  t a f f o r d  computer 
s e a r c h e s  f o r  b e s t  g a i n s  f o r  a  h igh  o r d e r ,  m u l t i p l e  f l i g h t  
c o n d i t i o n  design.  

r We do not  have a  good theory  f o r  des ign ing  f a i l - s a f e  rnulti loop 
systems. 

The r e s e a r c h  and development f r a t e r n i t y  i s  working on a l l  of t h e s e  
problems, and t h e  f r a t e r n i t y  h a s  a  good r e c o r d  of c o n s i s t e n t  p rogress .  
I am p e r s o n a l l y  c o n f i d e n t  t h a t  we w i l l  be a b l e  t o  meet t h e  demands of 
S h u t t l e .  

For these  r e a s o n s  I s e e  a c t i v e  f l e x u r e  c o n t r o l  a s  being a t  the  
edge of our  t e c h n i c a l  c a p a b i l i t y .  I t  should o f f e r  a  S h u t t l e  a  v i a b l e  
a l t e r n a t i v e  t o .  adding s t i f f e n i n g  weight .  
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FLY-BY-WIRE 

E. Bumby 

Grumman 
Bethpage, New York 

Introduction 

Recent mechanizations of flight control systems for high-performance aircraft 

a r e  trending toward electrical rather than mechanical systems. These electrical 

flight controls have been given the generic name "Fly-by-Wire. " Present studies and 

projected implementations integrate this function within the automatic flight control 

system with a view toward greater survivability, reduced weight, and improved per- 

formance of military aircraft. The size, flight regime, and projected structural de- 

dign of the Earth Orbiting Shuttle create a situation where the fly-by-wire implemen- 

tation of the aerodynamic flight control system is  a definite possibility. This paper 

is an introduction to the fly-by-wire concept and points out some techniques for 

solving the major problems associated with the development of such a system. 



The Fly-by-Wlre (FB'lgS) flight control system has been prevaously cdefinad 8.1 

"an electrical primary flight control system employkg motion feedbacks 80 t k ~ t  v ~ h i -  

cle motion is  the controlled parameter. " That is, control stick and rudder pedal PO- 

sitions correspond to vehicle rates and accelerations. These positions are se~ae<:cl 

by transducers to generate commands to the control system, These s-omrnancl~ :in c :  

summed with the motion sensor (rate gyro and accelerometerj signals to prodi~cch :?I! 

er ro r  signal which drives the control surface actuators. Thus, this closed-loop oys- 

tern positions the control surfaces to meet the particular flight requjrearront.;: thrtrragh- 

out a mission. 

The FBW system is more than a meanls of maneuvering the sircrgfb. in arecr- 

dance with the pilot's commands. The system also provides tlae necessary etrthill+x~ 

augmentation system (SAS) functions since the feedbacks a r e  iuzherent within tlrr I*'HVV 

sys tern. Disturbances create vehicle motion which causes the sensors to I ~ ~ J I W ~ P P ~  t 

e r ro r  signals to the control surfaces. Thus, the effects of the disturbances are 

damped and the undesirable aircraft sates a r e  returned to zero, The fuU aaarfae~ 

authority of the SAS function, a benefit of the inhererat reliability built into the FEW 

system, provides a degree of stability augmentation heretofore btslavai2able in any a i r -  

craft. However, there a r e  several technical problems which reqr~ire sxke~slve bs- 

vestigation prior to the hstallation of an FBW flight control system the Earth Os- 

biting Shuttle. 



The FBW system must be highly reliable; it must be a t  least a s  reliable as  the 

mechanical system it replaces. It has been debated in many forums a s  to whether 

the electronics or  hydraulics a r e  the weak link in the system, and there is insuffi- 

cient time here to renew the discussion. Instead, the data available have been used 

in preliminary computations, resulting in the conclusion that a quadruple-redundant 

configuration is required. However, it is insufficient to just provide an implementa- 

tion employing four independent channels. To take full advantage of the quadruple- 

redundant configuration, additional networks a r e  required in each channel thereby 

ensuring that the system can sustain two identical failures and remain fully opera- 

tional. 

Voter-monitor networks in each channel select the valid signal, detect failures, 

and isolate failed signals. The networks must also signal their own failure and pre- 

vent the propagation of failures between channels. In implementing a quadruple- 

redundant system we can use either sensor voting (Fig. 2), electronics voting (Fig. 3), 

or  a combination of both. In each case the voter output is a valid signal until two or  

three failures occur. In the former case the voter output remains valid until a second 

failure occurs, and then the voter removes that channel a s  an active component. In 

the latter case it requires three failures for a voter to reduce the number of operating 

channels. The voter is the only functionally non-essential component in the electron- 

ics channel, but is the heart of the quadruple-redundant system. 



This type of voter operates on three s i p a l s ,  of 7xllit:h t h e  nr)ld-val~re one L P  

selected as the valid signal. The high-gabn operational amplifiers wil l  be driven to 

one of three states a s  a function of the e r r o r  voltage present at  the input of the aanpli-- 

fier. Ideally, ald three input signals a r e  identical, but, due to vaqing component 

tolerances of the devices producing the input signals, one signal will be the ~lowssl, 

one the highest, and one the mid-value. Therefore, the amplifier with the biglxeat in- 

put signal will. be driven into positive saturation by a positive e r r o r  signs1, sad, in a 

like maraner, the amplifier with the lowest input signal w i l l  be driven into negative 

saturation. Thus, the amplifier with the mid-value input s ima l  is kn the active region 

transmitting this signal. to the next fmctional block of the system, 

This type of voter then becomes a two-input comparator upoil the fatlal-ss 06 

either one inpub or  a branch in the voter itself. In this case a single bnput failure 

appears at  the input of three voters (Fig. 2) without affecting system pesforanw~ce.,, 

The failure of a second input s ima l  wlll cause two of the four voters to slautdaw the 

associated charmel. electronics, lee,ving two active c h m e l s .  A Wird failure I.:aen 

results in the fail-eafe condition for that =is. 



For quadruple-signal voting, the second-from-lowest value of the four signals 

is selected a s  the valid signal. This value was selected as  the basis for this configu- 

ration to ensure that, if two hardover failures in the same direction occur consecu- 

tively, the second of them cannot be selected a s  the valid signal. The logic i s  that we 

can afford a null o r  zero command as  the valid signal in some instances, but in no 
- 

case can we afford to select a failed hardover a s  a valid command. In the case of this 

network, a bias is needed to ensure that when all  inputs a r e  functioning properly, the 

valid signal is indeed the second-from-lowest. This network of amplifiers functions 

similarly as  in the case of the triple voter. The bias must be a negative voltage so  

that two amplifiers will be driven into positive saturation, one amplifier driven into 

negative saturation, and the fourth left in the active region. 

This network becomes a mid-value selector upon a single failure; at  this time 

the bias must be removed to ensure that the mid-value of the remaining three signals 

is selected a s  the valid signal. The voter continues to function in an identical man- 

ner upon second and third failures, as  does the triple-signal voter for the f irst  and 

second failures, respectively. 



Voter- EvIoi&o~&~irearneg 

ff one examirres the functions of these two tygies of voters from n single -point 

failure viewpoint, the eonelusjon is reached that fu r t l - t s~  investigatjon is I erquired. 

The following sequire~llents have been set  as s goal. for the vote?-monitor n e t w ~ ~ ~ ~ s  

to be employed in any FBW control system: 

ta Select second-fsom-lowest absolute value 

a, Select mid-value after f irst  failure 

e Select b w e r  value after second failure 

@ Shutdom axis after third failure 

e Fail- safe monidosing; must signal o m  faiIures 

r Maintab both gain and linearity with failures 

ta Failed network must latch until manually reset  

e Tra.nsient-free upon signal failure 

At present these i s  no scheme which meets all of these requirements, bait it in 

hoped that a solution will be found in the near future. It may appear that these net-- 

works have been unduly stressed, but, in truth, they are the heart of the qwdxupli.,- 

redundant system. One need only refer to Fig. I to see  that the voter-monitor net- 

work design hoMs the key to a successful FBW system, 



Another area of key importance is the electronics/control surface interface. 

That is, obtaining a single mechanical position from four electronic signals. Nbny 
quadruple-redundant, electrohydraulic servo actuators have been designed recently. 

Some have four active channels, some have three active channels with a model 

(Fig. 7). Implementation in each case varies from active-standby configurations to 

position- or  force-summing (Fig. 8) of the active channels. Each configuration has 

unique features which must be evaluated with respect to the particular airframe de- 

sign, mission, and performance requirements. In the case of force-summation, 

degraded performance results from a failure. Degraded performance also results 

after a failure in position-summing, which can employ switching functions to return 

the servo to its original authority. 

The use of the active-standby configuration, where one channel is  selected a s  

the primary channel and the others a s  backups, is  questionable. The addition of 

special monitoring functions to ensure that no failure is present in the switching func- 

tion when a primary-channel failure occurs adds to the servo complexity and reduces 

the overall reliability. This monitoring function is required to ensure that when a 

switchover is required, control will not be lost due to a faulty switching function. 



A new codiguration, ia  the form of an electromechal~ical servo aetuato~., 'i~an 

recently been proposed to perform this function. This banit offers sicveral diqtinot 

advantages over the e$eetrohydrauIic 111161. F i r ~ t ,  the need for a q~arlrirple I~yrirntalic 

power source is eliminated; second, velocbty=sumaazl9%g Is usad ~vhielr maintains kigth 

position and force, unlike the position- and force-summing methods in which nsitlasr i~ 

maintained in the event of a failure, The ram velocity i s  a fwknction of the n ~ m b a r  of 

channels operathg and, by the addition of some minor swritchiw frmetions to the 

failure detection circuits, it is  possible to maintain the maximum available ram rntc 

in the presence of failures. This is the most promis* design to come alo~lg rae:en%ly 

and appears to have direct appljcation to the shuttle. 



Another important function which requires a critical review when applying an 

FBW flight control system to the shuttle is  the electrical power distribution system. 

Extreme care must be exercised to prevent generator, power bus, o r  any other 

equipment failure from transmitting the failure to other power busses o r  generators. 

The power busses feeding the FBW system must be so  arranged that power is avail- 

able to al l  four channels of each control axis a t  all times, regardless of the number 

of operating generators. 

Conclusion 

This presentation was intended to indicate some of the major design problems 

involved in configuring a fly-by-wire flight control system for the shuttle. The tech- 

niques to solve these problems a r e  available and need only be applied to the develop- 

ment of hardware. Subsequent to voter-monitor and interface hardware development, 

reliability can be verified from a single-point-failure analysis. Finally, a complete 

system should be evaluated on a moving-base simulator to verify the operational 

characteristics. 





SCANNING LASER RADAR FOR RENDEZVOUS AND DOCKUSG 

Terry  Flom 

IIT Aero space/Optical Division 
San Fernando, California 

ABSTRACT 

This paper discusses the development of laser radar  systems that can be used 

to aid vehicles to perform automatic rendezvous and docking maneuvers. A 

description is presented here of a laser radar system under development that 

has the capability of scanning its narrow laser transmitter beam simultaneously 

with an equally narrow receiver field-of-view without the use of mechanical 

gimbals. System performance characteristics (i, e .  , maximum range, range 

ac,curacy, angle coverage, etc.) and the general characteristics of size,  weight 

and power a r e  described for this developmental system, In addition, comments 

a re  made on the basic advantages of laser radar over microwave radar for 

spaceborne applications. 

A radar range analysis, for laser  systems in general, indicates the basic 

capabilities of laser radar systems for both the cooperative and non-cooperative 

(skin) target applications. This paper includes pertinent graphs such as target 

range versus required laser power for some particular rendezvous and docking 

problems. 



Laser systems that car1 be used to aid vehicles to p r f o r m  automatic or  na~d1m1 

rendezvous and dockhg mmuevexa have and a r e  k i n g  dsvel-d. The pa&icdar 

hardware system that i s  d e s c r i b d  bn. this paper liseP,aJ h e n  given the mrne Scald% 

Laser Radar @&R) in order to best describe its general faaaactioaa (sa-claas), &nd alwo 

indicate the specific t p e  of radm used. Radar i s  an e%ectronic device for the 
I 

detection and loc?re&isn sf objecb and almsst any eglectrsm8@etbc tsankrsmiasr-rsceivc?~: 

can be w e d  as  the e l e c k o ~ c  device. In the sadm s y s b m  d e s ~ r l b d  heres the B~M~J:Q-  

magnetic transmbms emits e n e r a  in the q t i c a l  s p e c t r m  wiw a laser, An op&i.~aB 

lens system collects the laser radiation and a photo-sensor oo~nvertx the optic& 

energy to electric& eenergy for siaroal proceeshg, The svord scatming i s  used to 1 ~ -  

dicate that the mrrew radar beam, assuciakd with bser s y s k m s ,  Is pshted 

scanned internally within the radar system in order to cover a wide field-of-vfevf. 

The scaming k c h i q u e  used by the SLR d m s  not need a%resh~'nca% gimbals, and it 1 ~ ~ s  

the capability of o c m i n g  the msrw lases transmitbr beam simu%kweously with aais% 

equally narrow receives field-of-view. 

A short section on the general e p b m  d e v e l ~ m e n t  follows this %ast&eretion, Next 18 

a major section t h t  deacsihes 1x1 dehi l  the SLR under present development- AALo in 

mother short secEoa? a few gestinelal c o r n e n &  me made which show the advmbged 

of optical (Iwaser) rahr over taaiorswav.lra s a k  for spacabme w%iedlcana, Tho hat 

section is a lases ra&r r q e  ~ m l y s i s ,  and it aw1dcaUy S ~ W B  the reqB$red % ~ Q F  

power v e r s w  L r g t  r w e  for bLPn tfre c$e~per8.t?rve (cor~~ef auk@ refleotox*) md rim-- 

cooperative (skin1 G m t  amo$wdtfo~,is rimes . 



ITT's recent and present involvement in the development of laser radar  systems for 

spaceborne rendezvous and docking applications a r e  summarized below. 

@ "LASER GUIDANCE SYSTEM FOR RENDEZVOUS & D O C a G "  
Contract NAS8-11673, 1964-67 

A laboratory prototype radar system (Generation #1) for rendezvous and dock- 

ing, was designed, built, and tested. The system used gallium arsenide (GaAs) 

injection laser ar rays  and GaAs spontaneous diodes as transmitting sources and 

a scanning optical detector (image dissector) a s  the receiver sensor. The pro- 

totype system developed during this program was the culmination of more than 

five years of work performed both in-house a t  NASA/MSFC and by industry under 

contract to NASA. The program progressed from a feasibility study, through 

a breadboard development and evaluation, to the development, test and evaluation 

of the prototype system. Short-range testing on a six-degree freedom docking 

simulator was performed at  Martin-Marietta in Denver, ~ o l o r a d o . ~  Two 

hundred consecutive dockings were performed successfully. Long-range tests 

were performed a t  California White Mountain Research Station (10,000 feet 

elevation). The laser system acquired and tracked a supercharged helicopter 

out to an effective freespace maximum range of 152 km (95 miles). 

Figure 1 is  a picture a t  the generation #1 system, and a chart of the test results. 

@ "OPTICAL GUIDANCE SYSTEM FOR RENDEZVOUS & DOCKING" 
Contract NAS8-20717, 1967-69 

The design and analysis of an Optical Guidance System that could be used on an 

Apollo Applications Program flight experiment was accomplished under this 

effort. General equipment specifications such a s  size, weight, power and ther- 

mal constraints were generated. Analysis of expected system performance (i. e .  , 
maximum range, range accuracy, tracking rate e r ro r s ,  etc.) was also ac- 

complished. It should be noted that this interim designed system did not have 

the newly developed laser beam s teerers ,  and therefore, does not accurately 

reflect the nverall system performance of the lighhveight Scanning Laser Ra&r 

system that is being developed for space flight using a 197% tschology base. 



P i g l ~ r ~  1- Picture of Gerirratiun No. I System "d Chari 
of 7'est W e ~ u l t c d  (1964 $a$. 



B) "ADVANCED LASEE TRACMDNG TECHNIQUE" 
Contract NAS8-20833, 1967-71 

ITT is currently developing a lab prototype radar system (Generation #2) herein ref- 

erred to a s  the lightweight Scanning Laser Radar (SLR) system. A piezoelectric 

beam steerer,  a single mode GaAs laser transmitter, and a scanning optical de- 

tec tor (image dissector) will enable the BLR to acquire and track targets anywhere 

within a 30 degree x 30 degree field-of-view without the use of mechanical gimbals. 

Folding optics and maximum practical use of integrated circuits will allow the Genera- 

tion #2 system to be packaged in a possible space flight configuration to demonstrate 

the size, weight, power and accuracy advantages of optical radar techniques. The 

estimated characteristics of the lightweight SLR described later in this paper are  

derived from the lab prototype being built under this contract, This system will be 

completed and be ready to s tar t  the rendezvous and docking simulator tests in early 

1971. 

e "AUTOMATIC RENDEZVOUS & DOCKTNG STUDY" 
Contract NASB-23973 (Phase I) 1969-70 

P 

Computer programs to simulate the chaser and target vehicle motions during certain 

phases of automatic rendezvous and docking of two space vehicles while in earth orbit 

were developed. The emphasis of the computer simulation was to study the performance 

of the Scanning Laser Radar system used in a closed loop vehicle control system. 

Vehicle fuel requirements for some selected automatic station-keeping and docking 

closure maneuvers was one of the primary data outputs of the study.5 The Phase I 

study used the control parameters of the LM (chaser) and the AAP workshop (target). 

"EXPANDED EVALUATION AND DESIGN OF THE SCANNING LASER RADAR" 
Contract NAS8-23973 (Phase I1 & III) 1970-71 

Phase 11: Evaluate the SLR performance similiar to the phase I effort except use 

the preliminary characteristics of the space shuttle orbiter (chaser) and the space 

station (target). 

Phase 111: Design the SLR to meet the requirement$ of the space shuttle. For trade- 

off analysis and flexibility, more than one system configuration will be designed until 

the shuttle requirements for rendezvous and docking have been finalized. Automatic 

test and checkout capability is to be d e s i ~ e d  into the system. 



SYSTEM DESGRJP'TION - SCANNmG LASER RADAR- --- "- --.---- ---- ----------- 

The Ilghbeight Bcauiiiag Laser Radar (SLR) system will  accurately de-7C-srmi1re th3 

relative position and orienktion b e b e e n  two vehicles in space flight, The present 

hardware under development i s  aimed at  meetiw rendezvous m ~ d  dockllg reqi91i:e.- 

ments when the is considered cooperative (i. e ,  , havirrg a ~ninixmrlim of tzt JeatrG. 

a small optical reflector mou~akd an the b-rget in order to eslJrsancs the r a d ~ r  ~*aIlor?-- 

tion). The non-coopera-tive passive case (i. e . ,  bouncing a radar beam off the ,.akin 

of the target vehicle) requires significmtly more laser transmitker power which re 

sults in increashg the radar system size, weight, and power because a d l f f e r e ~ ~ t  

laser transmitter aiad associated components must be incorporated, In the i i tgl~~i:?a'gilt  

Scanning Laser Radar system for cooperative tasgeb the laser prwer is a small 

percentage (6.10%) of the total power required for the entire radar sywbm. For- the 

non-cooperative passive target case the power required for the laser tran-namitt#jr a m  

become the dominant power consumer dependirag on the target range and the co~~nt rn i i l i ' ,~  

of the initial target acquisition. A section later in this gaper on J B R ~ S "  S " R ~ R F  rnz3gR 

analysis will quantita-tively show the simarificmt differences behvesn the 8v0 a;laee, 

This section will only pertain to the SLR for the cooperative target. 

Figure 2 shows the Scanning Laser Radar (SLR) ira a Vehicle Guidance and Control 

block diagram, The radar data. from the SLR can be used in a c%osed 1009 celatrl*l 

system to aid the vehicle to perform sautomdic rendezvous and docking ~ ~ N ~ ~ I ~ Y O F B  or 

the radar data could be displayed on an imlrumenhtion pme% $0 aid the ~88tro~aaut~~ An 

performing Wne rendezvous and decking maneuvers mmaally, 

Two basic system codiguralfons of the SLR a re  pspesenkd bsse,  Both systarn~ are 

identical. in that they will provide the Vehicle Gui&nce a& Control system with flat. 

eleven (11) basic! dab inputs shown picbriauy in Figure 3.  BLmplELed nyatem 



Figure 2.  Vehicle Guidance & Control System Block Diagram 
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Figure 3. Basic Data Outputs of the Scanning Laser Radar 



bloclc diagrams of the *o c ~ ~ J ~ ~ L ~ T B P ~ Q ~  (A1 and R2) rare rrl1-1~i-1 Iri h.'fg?irsw d nnr3 i$* 

Codiguration A 1 has a radar t r ansm/ fbr  -receiver can one v~hle ie? and tho aoz:iend 

vehicle has a target reflector-receiver. At this point we wi l l  arbitrarily define tar 

line-of-sight angles from the radar trmsmitter-reeeiver to the target as the B angles 

and vice versa for the a angles. Each 8 and cr angle is  broken up into pitch ~71d ynbv 

components. Confimration A2 has a radar transmitter-receiver on one vsfiicla but 

the second vehicle has only a target reflector (no receiver, meaaipag no ele~?Lrok~ics !), 

In configuration A l  the target has an electronic receiver that mea-suses the i n c o ~ n i ~ ~ g  

angle of the laser radar beam, thus the I '  a! " pitch and yaw angles with respect to the 

docking axis are  measured by a direct measurement ttechique. This target rrvx?ivc,r 

hardware is also identical to the receiver in the radar trmsmidter receiver, h cow- 

munications or telemetry link: between the two vehicles is then needed to trarrsn~it the 

data to one vehicle s n  that one vehicle Guidance and Control system can csnlpute 8-nd 

direct the necessary flight maneuvers. 

P i ~ r e  4, SLR Block D i a ~ a m  1 Genfiguratioxl A l  



, (no ACTIVE S E N ~ O R ~  

Figure 5, SLR Block Diagram - Configuration A2 

As seen in Figure 4 the major subsystems that make up of the heart of the radar 

transmitter-receiver a r e  the (1) laser transmitter, (2) beamsteerer, (3) receiver 

optics, and (4) the scanning optical detector. Figure 6 is a picture of the main 

components for each subsystem. Except for the scan electronics the major subsys- 

tems in the scanning laser radar a r e  almost identical for Configuration A1 and A2. 

The above components will be integrated and assembled together to form the generation 

#2 system. Figure 7 is an art ist  conception of the radar transmitter-receiver pack- 

age and the associated electronics package. The size, weight and power estimates 

a r e  also shown. These subsystems will be integrated and in-house tested in the 

latter part  of 1970. Rigorous testing is presently being accomplished on each 

subsystem. The major subsystems on the target reflector-receiver a r e  (1) Optical 

corner cube reflector, (2) receiver optics, (3) scanning optical detector, and (4) 

the associated electronics. 



.. . 
Pigum 6 .  Picture al &e Major Subsyetem Cumpoaenb 6x1 the Radar 

Tcpamithr-Receiver 
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The estimated system performance characteristics for SLR c o n f i ~ r a t i o n  A1 are  

shown in Table 1 below. 

TABLE 1. ESTIMATED SYSTEM PERFORMANCE CHARACTERISTICS 
SCANNING LASER RADAR - CONFIGURATION A1 
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The basic radar functions of target acquisition and tracking a r e  accomplished by 

scanning the Scanning Laser Radar transmitter-receiver without the use of mechani- 

cal gimbals. In SLR system the transmitter beam is very narrow (0. lo) and the as- 

sociated scanning optical detector simultaneously looks a t  only a similar very narrow 
0 

field-of-view (0.1 ) a t  any one instant of time. The transmitter-receiver a r e  aligned 
0 

s o  that the above two 0 . 1  angles a r e  superimposed thus providing maximum radar 

transmitter-receiver efficiency with regard to the beam geometry. If the transmitter 

beam was larger than the receiver instantaneous FOV all the radar energy outside 

the receiver instantaneous FOV would be lost. If the transmitter beam was smaller 

than the receiver instantaneous FOV, the sky background noise and receiver dark 

current noise would be larger, thus reducing the signal-to-noise ratio of the radar 

system. Also, the angle readouts for the radar a re  derived from the direction of the 

received signal, and if the receiver instantaneous field-of-view was larger than 

needed, the angle accuracy of the radar system could be degraded. 



The radar sc3m patterns for the -r:qrriei&iun mode and track mcaclo are ashowl h Fig- 

ure 8. The Cull sqbaare a-aster acquisition ecall pgatte~m cover8 90 degree by 30 elagreca 

in digital steps of 0.  k degree bay 0 ,  H degree (the i ~ s b n k ~ x e o u a  fiebd-of-view), bt1.t. can: 

be logically progralnmed to s e m  smaller areas.  Reduced ra8ter 8em could b wed  

for example if the vehicle navigation d a b  tndieabs that the target is within a smal ler  

than a 30 degree by 30 degree field. Also, if the SLIP loses track for any seess0~8~ tlse 

re-acquisition sea is aheady irahrraally digibliiy programmed ;$s scan a smller 

angular field ( 1 . 0  dewee by 1 . 0  degree) aroued elas last  sensed locatioa before rs- 

turning to the full angular field. The target presence s i m a l  is astivakd only whew 

returns pulses having an ampiitlade above a preset threshold level appar  wifiigh R Q B B -  

signated timing @te or  sm* interval. When th i s  coxlrditia~n wcurs, the BLR angle 

scanner automatieal_ay switches over to the track mode. h tile track mode the in- 

stantaneous field-sf-view (0 .1  degree lay 0 . 1  degree) is deflechd in a oross-scan 

pattern, as s h o w  in Figure A around the brget location. The oesss-ecm p a a m a  

is exaggerated in the f l ~ r e  far k e t b r  vislblltty, This pathm is drlven I s  my poht  

in Lhe full 30 degree by 30 degree field-sf-view in order to w h k l n  track while 

vehicles a r e  in motisnr, 

Figure 8, Radar Scan Patterse 



'I'here a re  key co~npunenlti associated with each major subsystem In tho lrzser radar 

transmitter-receiver. The key component in the laser transmitter is the newly de- 

veloped "single mode GaAs laser." It is small , lightweight and will operate at  room 

temperature without cooling. The Gallium Arsenide (GaAs) laser is a specially 

fabricated semiconductor p-n diode. All p-n diodes, when forward biased electrically, 

emit radiation when the holes and electrons combine. In a laser diode a stimulated 

emission process occurs that amplifies the radiation on the p-n junction axis that is  

perpendicular to the parallel sides of the diode. The normal semiconductor laser 
0 

diode emits its light into about a 15 beam, unlike most all other lasers (i.e.,  ruby, 

HeNe, YAG etc.) that emit with beamwidths much less than a degree. A lase; diode 

by itself emits its radiation in many electromagnetic modes that causes the beam in 

the fa?-field to be very non-uniform and difficult to define. The new "single mode" 
6 GaAs laser places a laser diode in an optical resonator and this is  schematically de- 

picted in Figure 9. The only active component in the optical resonator is the laser 

diode itself; Figure 10 shows its relative $ize with respect to a dime. The optical 

resonator allows only one transverse electromagnetic mode (TEMm) to oscillate with 

high gain in the resonator, and the resulting "single mode" laser radiation has a.  

gaussian shaped far-field radiation pattern. Figure 11 depicts the difference between 

the far-field radiation pattern for multi-mode and single mode cases. In the multi- 

mode case the target can appear in the peaks and valleys of the radiation pattern and 

thus cause the return signal to vary tremendously, even to the point of preventing 

acquisition o r  of losing track of the target. Obviously then, for radar systems it is  

very beneficial to have the radiation in the far-field in the TEMm single mode. 
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Fiwre 9. Single M d e  ms Lases 

FIpse 10, Picture of khe Laser Diode 



MULT I - MODE SINBLE MODE (YEWco ) 

Figure 11. Far-Field Radiation Patterns 

The other advantage of having the GaAs laser emit in TEM,, single mode (often 

referred to a s  the.diffraction limited mode) i s  that with very small collimating 
0 

optics (<I inch) the output beam can be reduced to 0 .1  degree o r  less very easily. 

The wavelength (A) of the GaAs laser radiation is  approximately O.9P meters 
0 

(9,000 angstroms). The eye's visible spectrum is 4,000 to 7,000 A, therefore 

to eliminate any potential hazards of narrow beam laser energy to the retina of 

the human eye a thin-film interference optical coating can be put on any window, 

view port, etc. ,  that could possibly get in the line-of-sight of the laser radar 

beam. The optical coating would block out the laser  wavelengths but would allow 

the light radiation in the eye's visible spectrum to pass. It should be noted that 

the low powered GaAs laser used in SLR would have no harmful radiation effects 

on any other part of the human body a t  any range (the eye has an excellent lens 

system that focuses the incoming collimated laser energy down to a very small 

area  on the retina of the eye, thus tremendously increasing the energy per unit 

area). It should be noted that the low powered W s  would only be potentially 
0 

harmful to the eye a t  the shorter ranges (<I mile for the 0 . 1  beam). 



There are two key components in the beam steering subsystem s h o w  schematicnlly in 
7 

F i w r e  12. One i s  %9ae piezmlectstc beam deflector, " It is ~taed to deflect the beam 
0 

from the laser t r m a m i t k s  s s  that the narrow laser beam (0 ,  % j can be pcsinbd or 
Q 

s c m e d  anwhere  in the 3oQ by 30 field without the use of mechanical gimbals, A 

piezoelectric c r y s k l  is  msmted along v~ith a small lighbq~eigkat mi r ro r  ae sholVn 6 % ~  

Figure 13. When a v o l k p  is  applied across the piezwlectrlc crystal It hen& 

proportional to the applied volbge md deflects the a a e h e d  mirror. The bndiag 

action is essentially fsictionlesrs f A precision strain @ge iis also atached to n~onitor 

the actual deflection thus taking care of any off axis hyakresls .  A piezoelactrle beam 

deflector is  used to deflect the lases beam 20.5 degrees in approximakly 300 incrs-  

m e n a l  s k p s  in both the pikb  muad yaw mes.  A special passive optical sysbm $no 
8 0 

electronics) is used to amplify the 5 . 5  deflection out Lo 215 , md this is the B ~ Q O K Z B ~  

0 
key component in the besm s b e r e r .  The 0.1 lases beam can thus be pslnkd or 

0 0 
scanned anywhere in the 30 by 30 degree field el5 y ~ w  by 21% pitch) by ~pWying a 

lolow voltage to the piezoelectric deflecbr. 

F i ~ r e  312. Beam S k e s e r  Skhematis: 



% 0.6. MIRROR DEFLECT ION 

'AIC 

Figure 13. Piezoelectric Beam Deflector Schematic 

The key components in the receiver optics are  the narrow band optical filter and the 

multi-element lens assembly. Figure 14 schematically shows the receiver optics 

and the scanning optical detector. The narrow band optical filter allows only the 

radiation centered around the laser wavelength to get through to the scanning optical 

detector. Figure 15 depicts this narrow band filtering graphically. 

SCAN APERTURE 

PATH OF ELECTAlON8 SCAUISl)bO 
OPTlGAL WTeTOA 
( IMME D l S a T W  ) 

PHOTOCITmWE 

RECEIVER OPTICS 

RETURN LUER 8lONAL 
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Figure 14. Receiver Optics and Scanning Optical Detector 



Figure 15. Narrow Bmd Optical Filter 

The multi-element lens assembly collects the energy from the return laser radar 

signal and focuses it to a snlall spot a t  the focal plane* The small spot will be 

i~niquely located a t  only one place in the focal plane and &is location will be directly 

proportional to the radar transmitker-receives, pitch and yaw mgle (@), Fielase 16 

pictorially sholvs this effect by showing two different rehim beams. A single ken8 

representation is used to simplify the drawing. A multi-element lens assembly 1,.3 

needed to obtain good resolution off-=is, especially for a high speed Ien8 system. 

RETURN LASER %, 

Piguse 16, Receiver Leas Sehearaatic - Angle Correlation 



The key component in the seaming optieal deteetor is the image dissector pholssensor. 

The image dissector works like a television picture tube in reverse. A T V  p i c b e  tube 

has a centrally located aperture that emits electrons and these electrons are  direcbd 

toward and into one small spot on the TV screen by a electromagnetic field. The 

small spot on the TV screen is accurately positioned by conkolling the electromagnetic 

field with a known current. When the electrons hit the small spot on the TV screen, 

the screen emits photons of light which form one small part of the image the viewer 

will see. The image dissector operates in the reverse process, the photons of laser 

light strike one small spot on the screen (photocathode of image dissector), and then 

electrons from the small spot a re  emitted toward the central aperture. By varying 

the electromagnetic field the image dissector can effectively scan the surface of the 

photocathode to determine where the laser spot is located, Figure 17  shows electzo- 

optical sketches of the TV - Image Dissector analogy. 

Figure 17; Television - h a g e  Dissector Analogy 



The receiver optics focbsed the return laser signal. to a posltirzn on the image dfp;secko~ 

photocathode that was proportional to the pitch m d  yaw angle be), thesefore by P ~ X P C B ~ T Z I ~  

the current needed to control the electrornaqetic field the pitch and yaw &~nag"a ((c) @w 

be determined. The diameter of the pkotocathde used in the 6LR i s  I,  1 inches, Tile 

image dissector can resolve 1,000 spots per line o r  more if needed, and tMs Is bow 

the fine angle resolution is  obtained. After the electrons get b t s  the entrance 8pertttl% 

they go into an  eleckonmultiplier section. The eleekonmulUp%ier can have axaha 

6 essentially noise-free grain of up to l. x 10 . 
There a r e  anmy key components in the SLR trammitker-receivas electolaics stxkeyste~n. 

In terms of stde-of-the-a& the most important s r e  the eomponenb used in the ?~e\vly 

developed pulse r m d n g  section, The pulse ranging system determines range by 

measuring the G d s  laser pulse gropsgation time from the trmaaasmitter to the target 

and back to the receiver in incremelab of 0.67 nanoseconc9s (1500 MHz).  The raxage 

pulse propogation time is resolved by wing a mltilpae tap s&rtgline delay $ine and 

Motorola MEG6, ID d t r a  high speed logic m d u l e s .  The m ( C L  ID Ssgie: is used to 

obtain r a g e  resolution from 1500 MHz d o m  to 23 MHz, F i e r e  318 i s  a picture of tfie 

stripline side of the fine rmge pr lnhd circuit boa&. The Is@@ modules w e  morsaakd 

through the ground plane on the oppwik  side d the board. 

Texas Instrument 54H logic mdasles a r e  used in the fraseqt~ency r a w e  b e h e e n  23 MHz 

and I. 5 IvEIz. Below 1 .5  NdXdz and in all 0% the psscess iw and readout @ise%&tsy the 

54L ser ies  low power logic rnsdules a re  wed .  Approdmately 80% of aRR the e%eotsonie 

components used in both the range and e l e c t r o ~ c s  are already listed on the hTASkS\ 

Apollo Applicatiom preferred pasts list. 

At a maximum range of 150 h a s a x e  resslutlan af Q,67 m seylabires 2 1  binmy  hit^ 

for each r a w e  measmement. B l ~ c s  a s m g e  memusement it? made each mfhlBseconcB, 

large data capaciQ storage registers we required to process all sf 611s Inform~tian.  

F i m r e  19 S ~ O V V R  a p r h ~ k d  circuit board wMch canh im 2 sue11 large data capc~acity 

storage registers,  one of 24 b i m y  bits and one of 16 hi 





In configuration A2 the target doe.: not have any eieetroa~ics but only paqsisse wpticd- 

mflectors. The incoming beam amle ( a )  of the laser radar beam musr; tkena be cial.r:r- 

mined with an i n d i ~ c t  m a t h d  by the veKcle with the radar trzansmikter-mceiverE" J'TT 

is  currently pedordrag e r r o r  m d y s e s  on sever& tech&ques to aceompli~h tMs task, 

One candidate technique is  to place Gous (4) opaeal ~e f l ec to r s  on the target with Bcprzowra 

spacing. %separate r a w e  and awle  re$iqs to each t a q e t  reflector are mmade and the 

incoming beam a-le (a)  is e&leullated by a triwralrttiom method wing the on-hard  vsldcle 

computer. The 8LR obviowly mmt s c m  f a h r  to sequentidly acquire and track four 

targets. At short s a w e s  the trmzmsmitter h a m  is spreEad cbue la rger  a~ran the receiver 

instantaneous field-of-view, and o d y  the receiver Xam to scm hat ~ x a r e  fmter  rate, St i s  

much easier  to iacm-e the seas rrb of khe radar remiver  from a ~omgonent pebnl-of- 

view. The four (4) t a q e t  r e a e ~ t s r  QcMque  for obt&&ag the " a " wele is a a o u r ~ t o  only 

for sbort target ranges (Less than 1,000 feet) because of the practical Limitation on tho 

spacing between each target reflector, The target k f l ec to r s  w d d  have to be ~ufficE~~lkly 
0 

separated s o  that each could be a w d a r l y  resolved by the radar, A 0 . 1  r ~ d a r  re~:~iver  

imtantaneous POV would see  a projected a m a  w i a  a diameter of 1, '66 feet at a target 

range of 1,000 feet, Since the hawledge of the incoming beam angle (a )  is critic:$. only 

for docking closure msmueverag. this 4 t a q e t  refleetor b e l ~ g u s  may be adequahe Doalc- 

ing closure is generally comideaned the f ind  1,000 feet Ilne-of--slgE%t trcljsatsry prior to 

docking contact. At targ;et raMes from 1,000 feat out to the m&mum sa~iargs (*%5 ~ f i l e n )  

if the " a" angle w y  needed a separate technique codd  be dn~plemented (1, e, , using 

the relative attitude informatioh suppeeday k n w k  for eac& v%1'~aile), The 4 t a r g ~ t  
7 

reflector technique wodd still allov: the s d a r  bmmitker- receiver  to get the ranqe gR) 

and angle ( 8 ) measuremenb out to the m&t%aurw radas r w e ,  Analysis has B B ~ P O W I I  Ellat 

the 4 target refleefos k c h i q u e  will sbt&n the aq le  (a) ta &a sce%r.saey of one degree f ~ w n  

1,000 feet to 15 ket,' Fmm I5 feet to O feet sun autoedlisaati~n h k h f ~ a s  em be in-apls- 

rnented to increa~d* the angle accuracy with only d&ifibr~tio& 6;gj the radar t rm~--  

mitter-receives, All. other system pc~rfsrmance charractesia$bcs for oo&Eguratloja A2 

are similar to A1 except the " o r t 1  a w l e  resolution. 



MICIRQVVAm VS OPTICAL TRADE-OFF COMmN'PS 

There are three major reasons why it is advantageow to use optical radar insbad sf 

micrawave radar for spaceborne applicatione such as rendezvom md docking. Figure 

20 and the following paragraphs will explain these three reasorus. 

The first and most important reason i s  related to the dfrective antema gain of any 

electromagnetic radiator or receiver. The purpose of the radar antenna i s  to act as a 

transducer between free-space propagation and guided-wave ftransmission-I-) propa- 

gation. A measure of the ability of an antenna to concentrate energy in a particular 

direction is called the directive gain, 'and c m  be examined by looking at the effective 

beamwidth of the concentrated energy. The smallest beamadth that any syslem can 

o h i n  is determined by the fundamental equation for the diffraotion-limfled bamwidth 

of any electromagnetic transmitter o r  receiver, and can be approximated by the following 
0 

equation: 

where A is the waveleneh of the radiation, d is diameter of the antenna, atid 8 is the 

smallest full angle beamwidth that can be obtained. 

The wavelength (A) of rnicmvave s y s t e m  is  typically 1 x 1 d 2  meters compwd to 

approximately 1 x m ters f o r  optical systems, thus for the same beamwidth, con- 

siderably smaller antenna size is needed for the optical (lger) system. 

e BklfCPME RA/WNR M t X  
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Figwre 20. Optical vs Microwave 



The main reasons that narrower heamwidths are  desired a r e  {a) the resulting E%Jghor 

power density at the target; (b) the potential increase in angle tracang Rccuraoy. 

The minimum antenna s ize needed %or a 0. % d e g e e  barnwidth would mioallly kw t11.9 

following for microwave and optical eysbms: 

d w 2 A -  2 
In- - 

f3 
= 38 feet 

1.75 m a d  

d -2h - 2  
0 - - 

0 = 0.0038 feet 
1.75 mrad 

The smaller ankaaeaa size is a si@ificant factor for spaceborne sy ikrns where size, 

weight, m d  power a r e  very i m p ~ r t m t  considerations, Noh t h t  the l m e r  s y s b m  can 

obtain 0.1 degree betamwidths with still  a iegli@ble m t e m a  size where a mlosr~wtr~a~~ 

antenna would have to be approximately 38 feet in d iamekr  to obtain the same 0 ,1  ckpes 

beamwidth. 

The second major reason that makes i t  advantageous to w e  optical i tubad of m i ~ r $ d v ~ w e  

radar concerns sidelobes in the mtenna radiation patbrn .  For mabs?rowave radm s y s b m s  

the 'sidelobee can ty2sieally be resknwd to 20-30 db b l o w  the maddobe In optical .lipterns 

the receiver sidelobe pattern can be greatly seduced to levels of mioa l ly  60-70 db !3&0"ia, 

the mainlobe. 

The third major reason makiltlg it advantageous to use optical radw imtead of micro- 

wave radar  involves the ability to scan the trmsmitter  md receives over a field-sf*-view 

much larger  than i ts  o m  beamwidth in  w mlatively simple fmMon. The n108t commckn 

way to scan the microwave radar: beam is do place the radw antema on Wo-=is 

mechanical gimbals. Except for phased arrays ,  which a r e  very large md power- 

consuming, the microwave scanning radar systems have to  depend on the r n e c h i o ~ ~ l  

gimbals for scan coverage. Optical radar pmsently has the c~8ptabiliQ to s c m  the trans== 

mitter and the receives over a 38 d e ~ e e  x 38 d e p e e  field-of-view without the  use of 

mechanical g31nbals. The trammilted laser beam can be defleckd and scmned by aigr~aing 

piezoelectric beam defleebrs (or acoustical-optical b a r n  deflectors) md arnpl ie i~q  

optics. The optical. receiver can scan i ts  instantaneous field-of-view (wMeh is matclasd 

to tsammitted laser heamwidth) by using an i m G e  d i s secbr .  



LASER ItABAR RANGE ANALYSE 

Since one of the primary functions of a radar system is to acquire or  find a given target 

(or targets) this section will present an analysis to determine the basic capabilities of 

using laser type radar systems to search and acquire spaceborne targets. One of the 

most important tradeoffs to be made when considering the practicality of using any 

radar system is  the "required transmitter power vs. target range" for the particular 

application. A typical earth orbit rendezvous acquisition problem will be presented 

here and then the required transmitter power vs. target range tradeoff will be examined 

for both the non-cooperative (skin) target and the cooperative (optical corner cube 

reflector) target cases. 

A typical earth orbit rendezvous "acquisition" problem might have the following require- 

ments imposed upon the radar system used in the vehicle guidance and constrol system: 

a .  No continuous ground tracking data available. 

b. Navagation data available on the vehicle with the radar transmitter-receiver 

will allow this vehicle to know the relative angular direction of the target 

vehicle to within a 15" x 15" field-of-view or  smaller. 

c .  The maximum time to acquire the target shall be 120 seconds. The prob- 

ability of target detection should be large (>0.99) for high confidence of 

acquisition. The probability of false alarm (noise) should be sufficiently 

small so  that the maximum acquisition scan time i s  not significantly 

increased due to stopping the scan numerous times to evaluate the false 

signals . 

d. For the non-cooperative case, the projected area of the target shall be 10 

square meters. The target surface can be assumed to be lambertian, 



thus psox~iding a diffuse reflection. For the ecseperallve case the target can 

have one o r  more optical comer  cube reflectors, but net electronics, Any 

one comer  cube shall be ?ao larger than 10 cm (4") in diameter, 

e .  The relative range shall be measured to an accuracy of kl. 0% at the nominal 

acquisition range or  less. The range-rate accuracy shall be &%. 0% of the 

average r a w e  over a one second time period. 

f .  Immediately after tracking has begun, the angle tracking rate capabiljv 

shall be compatible with the rendevous catch-up flight mmwvess  m d  the 

angle tracking accuracy shall be 1 . 0  mrad o r  less.  

g. The mwimum ribdm aperture sliameter shall be as small as practically 

possible (-3") k c a u s e  it will probably have Lo be morankd beNnd ss wtndsw 

inside the vehicle. 

h. The target backgobarad c m  ul ccosidered to be a dark sky (i. e ,  , not a sunlit 

cloud background) far  the acquisition mode. However, the sunss illumination 

off the target shall be considered. 

Problem: Determine the required radar t r m s m i t b r  power needed to a c q ~ r e  the target 

for target ranges from 10 to 120 miles using the above constraints or s e q ~ r e m e n t s ,  

The analysis for the solution of the acqdsition problem just described shall use %he 

following assumptions or guidelines: 

a. No mechanical gimbals wi l l  be used to point or  scan the transmitter- 

receiver. 



b, The transmitkr beamwidth and the receiver insmtaneous field-of-view 

shall be the ideally matched (same size) throughout the entire acquisition 

scan field. 

c. In order to take advantage of the image dissector and ita salient character- 

istics (high resolution, rapid scan rate, gimballess, high noiseless gain, 

scanning optical detector) only laser transmitters that emit radiation with 

wavelengths in the image dissector spectrum (0.4 to 1.1 C( meters or visible 

to near IR) shall be considered. Since the C02 laser emits at 10 C( meters 

this is one of the reasons it is  not considered in this analysis. The C02 

laser radar system also uses different range equations when using coherent 

detection techniques. The CO laser system vs. the visible-near IR system 
2 

can only fairly be compared when all aspects of the radar system are taken 

into account (i. e. , size, weight, power, radar acquisition and tracking 

performances, gimbal requirements, cooling requirements, detector 

detectivity, system complexity, stability, and reliability, etc. ) . 
d. A pulsed laser transmitter shall be used and a corresponding "photon 

bucket", or incoherent detection technique shall be used to in the optical 

receiver. 

Figure 21 shows the 15" x 15" search field-of-view (FOV) that is to be scanned in the 

maximum acquisition time of 120 seconds. A 0.5 mrad transmitter and receiver 

instantaneous FOV were chosen as the smallest scan element, thus for a square 

raster type scan there are 524 scan elements per line and 274,476 scan elements 



Figure 21. Typical Radar Acquisition e o b l e m  
(120 Second Acquisition Time for 15" x 15" Beaseh FQV) 

for the entire 15" x 15" FOV, To complek the entire scan in 120 seconds the dvqell 

time per element would be 0.437 msec and for a pulsed sysbm the eorrespoPLc$iq 

pulse repetition heguency (PRF) md s c m  rate would be 2,300 pulses p r  second 

Equations for the average input power (Pavg in ) into the l w e r  transmitbr as a 

function of the target r a w e  (R) for both the caoperative (optical corner cube reflector) 

and non-cooperative (sMra) target cmes e m  be derived in w straiglal; fommd mmt~er. 

Theequationfor each case are shown in F%gures 22 and 23 and the pwssamebre m e  

listed in Table 2.  The equations have been broken down into five (5) major parts so 

that one gets a beBer understmding of the rather long equation. Nob &ha-t the only 

difference between the eooper&ive md non-cooperative ease is Cie first pwt of the 

equation that is related to the Radar Geometry. Both are a function of tsrget range 
4 

to the fourth power (W. ), however these le a slmificmt difference between the 
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Figure 22. Equation for Average Input Power into Laser 
(Cooperative Target Case) 

Figure 23. Equation for Average Input Power into Laser 
(Non-cooperative Target Case) 



It - Sl.AN'I' IWNGE T O  'I'AIIGEI' IhlE I'EIIS) 

n ; :I. 14 STk;IIADlANS (FACI'OII IN1'IIODUCED UY DII,'FUSE IIE'I'GHN 
FHOAI I.AhlUEIITA!.W SULIFACI.: 01' 'CAIIGET) 

A,,, = PROJECTED AllEA 01: TARGET [h12] 

A r  = AREA O F  IWDAH IIECEIVEII COI.1.ECTOII A1)EHTUlIE [M'] 

At = 1.ASEII I'ULSEWIDTH lSECONDSI 

qr2 = TOTAL ACQUISITION SEAllCll  FIELU-01:-VIEW [ILA/\D~ OR STEH.] 

tm = hfAXlhlL'hl ACQUISITION SEARCH Tlh lE  

TT = IIEFLECTIVITY O F  TAllGET {FRACTION] 

To = TIIANShll'rTANCE O F  LASER EhlTR-RCVH OI'TICS IFRACTIONI 

1 = ELECTRICAL-TO-OPTICAL EFFICIENCY O F  LASER [FRACTION 1 

k = SENSITIVITY O F  LASER R E C E N E I I  DETECTOR IAMI'S/WATTI 

rle = AVERAGE (MEAN) AllNlnlURl NUAIBER O F  SIGNAL ELECTIIONS 

h = WAVE1.ENGTH OF THANShilTTED LASER RADIATION IMETERS] 

dc = DIAhlETER O F  THE OPTICAL CORNER CUBE REFLECTOR ON THE 
TARGET ~METERSI 

Kcc = 1.22 (FACTOR INTRODUCED BY EXAMINING THE CENTRAL MAXlhlUhl 
T O  THE FIRST NULL O F  THE DlFFIlACTlON PATTERN FROM THE 
OPTICAL CORNER CUBE REFLECTOR). 

magnitude of these two when the res t  of the parameters ape evaluakd. For a 

cooperative target with a corner c u b  reflecbrr having a diameter (d ) of 10 em 
2 

c 
(4"), a non-cooperative target with a projected area (A ) of %Om , and a l a e s  T 
wavelength ( A )  of I p m e k r  the ratio behveen the Radm a s m e t r y  fos the bvvo 

7 
cases is I.. 7 x 10 for any given target rmge ,  TMB means that for all other fom 

parts of the equation being equal for a given s y s h m ,  thm the won-coawrative lmes 
7 

transmitter would require 1. '9 x LO more a v e r q e  input power t h n  the cmperative 

target for any given r a w .  This can be dramatically Beeen in the semi-1% g ~ h s  

that a r e  presented later. 

The fifth part of the equation, the AVEWGE W A N )  MIMMUM SIGb4WL 

ACCEPWBLE is dekrmlnecl after evaluating the ppsobabtliw of sfpal deteotim, 

The laser radar noise equ;nllorn i s  shown in Table 3 along with a listing 



Table 3. Laser Radar Noise Equation and Psrameters 

iN = RMS NOISE CURRENT AT RECEIVER PHOTOCATHODE [AMPS] 

k = 1.25 (NOISE FACTOR DUE TO AMPLIFLER GAIN IN PHOTOMULTIPLIER) 

-19 e = 1.6 X 10 COULOMBS (CHARGE PER ELECTRON) 

Is = AVERAGE (MEAN) SIGNAL CURRENT AT P. C. [AMPS] 

AVERAGE (MEAN) CURRENT AT PHOTOCATHODE DUE TO THE ' = BACKGROUND RADIATION [AMPS] 

bc = AVERAGE (MEAN) PHOTOCATHODE DARK CURRENT [AMPS] 

AF = ELECTRICAL BANDWLDTH OF RECENER ELECTRONICS (HZ) 

i = THERMAL NOISE CURRENT AT "ANODE" [AMPS] 
(JOHNSON NOISE I )  

G = GAIN OF PHOTOMULTIPLIER 

of each parameter. An average (mean) minimum number of "20" signal electrons (ne) 

per a 10 nanosecond laser pulse width ( ~ t )  was chosen for this analysis as a reasonable 

return signal level at the detector photocathode. The noise level came out to be "0.028" 

electrons per 10 ns pulse width and was due primarily to the thermal noise for the 

relatively high bandwidth needed in the receiver. 

The rationale behind choosing an average (mean) Minimum of signal electrons per laser 

pulse width can be shown graphically. Graphs of the poisson distribution of the expected 

average signal (20) and expected noise (0.028) are shown in Figure 24. Figure 25 

shows a similar graph except the expected average signal was chmsen to be 10 imbard 

of 20. In both figures there are corresponding tables that show the psobabiliw of 

"signal" detection (Pd), probability of false alwms, and the search time loet cXue to 

the false alarms for different receiver threshold levels, 



Figwe 24. Prohbility of Sigma Deteotion and False Alarm 
p-cbd B l g d  "2Q" E l e c ~ r m / l Q  mf 

Figure 25. Babnbillty of Signal Delection and False A l i a ~ ~ l u  
(Expected Signal "10" E l e c t ~ m / 1 0  m) 



A very high probability of signal detection (Pd > ,999) and a negligible search time loot 

due to false alarms is easily obtained for the "20" expected signal level case. For the 

"10" expected signal level case a high probability of ~fgnal  deLection (Pd > -99) and a 

negligible search time lost due to false alarms cannot be obtained for a given threshold. 

An expected signal level slightly lower than "20" could probably be used successfully, 

but no attempt was made here to optimize the selection of the expected signal level. 

For evaluating the cooperative and non-cooperative cases graphs of laser average 

input power versus target range are plotted assuming that the third and fourth part 

of the power equations are idealized (i. e. , no losses, 100% power efficiency and 

sensitivity). Graphs are also made for the situation where a state-of-the-art laser 

transmitter and receiver detector are  used in the radar system. An Ytterium- 

Aluminum-Garnet (YAG) laser was chwen for the laser transmitter in the non- 

cooperative case and a Gallium Arsenide (GaAs) laser was chosen in the cooperative 

case. The receiver detector in both systems is an image dissector with the new 

Spaced Reflective Photo - Cathode (SRPC) S-1 photoemissive surface. Tables 4 and 

5 list all the system parameters for the Cooperative (idealized and stab-of-b-art)  

and Non-cooperative (idealized and state-of-the-art) cases, Figure 26 graphically 

shows laser average input power v e r ~ w  target range for all four situations. The 

curves dramatically show the significance of using optical corner cube reflectors on 

the target whenever possible. 



TABLE 4 

k,BT OF PEWTPNENT CPFBMGTEWTIm FOR 
A TYPICAX, LABEW RAMR AeQUIBlTPON PROBLEM 

(aosPE%ra%nm TARGET CASE) 

TARGET 

Max, Aoquisition Time tm 1 120 SBc. 1 120 %c. I 
Range I See FYg, 26 See Fig. 26 I I 

RADAR TRANSmTTER 

WavelengUl A 

Optical TrmHllttance T~~ 

Pulse Width At . 1,: I $  

Beamwidth Ot 

"t 

*Total Search FOV ( 6 ~ ) ~  

Total Scan Elements N 
Pudee Rep, F q .  ( ) 

Electm-Qptlcl Laser Eff. ((7 %x100) 

A V ~ .  ~nput Power &led. 

RADAR RE CEIW R 

Optical Collector Aperture, dr  

Effective D8bctor M a  

D8bctor &at. Apar. ma 
Instantamom FOV Or 

" r 
o ~ o t a l  g a r o h  FOV (eT)2 

Total B &an Elements N 

Elect. Bandwidth AF 
m a e l  Baradwidth A A 
Optlcl  Trarmsmltter P~~ 

Avg. Minimum Signal v,/& t 
Avg. Input Power 

9 prn 

.7 

10 ns 
. 5  mrd, 

.25 x ster. 

15" x 15" 

(524j2 = 274,476 

2,300 ppS 

r. 0% 

Elm Fig. 26 

2 
3", (Ar = 45 cm ) 

2.0" 

. OW" 

. 5  msd 

.25 x 10"' star. 

1 5 ~  x 16' 

(524b2-274, 476 

.0064 a/w (SRPC 9-1) 

50 MhLz 



TABLE 5 

L E T  OF PERTINENT CHARACTERISTICS FOR 
A TYPICAL LASER RADAR ACQUBITION PROBLEM 

(Na-COOPERATIVE TARGET CASE) - 

TARGET 

Projected Area AT (skin) 

Reflectivity (diffuse rwturn) T~ 

Max. Acquisition time t, 

Range R 

RADAR TRANSMITTER 

Wavelength A 

Optical Transmittance T~~ 

Pulse width At 
Beamwidth Ot 

Qt 
*Total Search FOV (BT)2 

Total # &an Elements N 
Pulse Rep. Fmq. 

Electro-Optical Laeer Eff. (7 LxlOO) 
Avg. input Power (Elect.) 

RADAR RECEIVER 

Optical Collector Aperture d r  

Effective Detector Ma. 

Detector Inst. Aper. M a  
Instantaneous FOV 0, 

*Total Search FOV (BT) 

Total U Scan Elements N 

Photo-Sensitivity kA 

Elect. Bandwidth AF 
Optical Bandwidth A A  

Optical Transmittance 

Avg. Minimum Signal qe/At 

Avg. Input %wer 

*Electro-Optical Scan, no mech. gimbals ! 

I I 



Figure 28. Lmor Avg. Input Power vs Twget Ran@ 
(Non-cmpesa~ve &s Cwger&ive? Twgeb Case, 

15" x 15' Search FOV & 120 Sec. Aoqtbfsl%iorz Time 



2 The btal search FOV ( 6  ) to be scanned in 120 seconds effects the laser power 
T 

required by the square of the FOV. Reduced FOVts are examined here for the non- 

ccoperative case wing the state-of-the-art parameters. Figure 27 graphically shows 

the laser average "input and output" power versus target range for the 15" x 15" Search 

FOV. Curves with three different electrical-to-optical efficiencies (T x100) for the 
L 

YAG laser transmitter are shown. Figure 28 graphically shows the average laser 

"output" versus target range for seven ('7) different search FOVts varying from 15" x 

15" down to 0.232" x 0.232". The individual scan element size was kept the same (0.5 

mrad x 0.5 mrad). The number of pulses per second (pps) and the scan rate was 

reduced so the entire 120 seconds could be used and thus reduce the required laser 

power. The tremendous reduction in the required power for smaller search FOV1s 

sharply point out an advantage of good navigation data prior to starting the rendezvous 

acquisition. 

The required laser power for the non-cooperative target case may be more power 

than the vehicle can practically allot for the radar system. 

There are alternate methods for the rendezvous acquisition with slight modifications 

to the above laser radar systems. One attractive method is to use the sun's illumin- 

ation off the target vehicle to acquire the target. Only the angular direction can be 

directly obtained with this method, however if the initial angular direction i s  deter- 

mined the total search FOV for the active iaser radar system could be reduced down 

to one degree or less very easily. 

The laser radar system would use the receiver's scanning optical detector (imwe 

dissector plus optics) to search for the sun's illumination off the hrget .  The =row 

band optical filter that selected only the laser light could be m e n  out if necessary for 



Fmm 27. Lmer Avg, %PagPut & Pmer vs Target 113 
(Non-aowsratdive Tmget Cwe 120 Beead Aeqdsltim T i m  A B ~  

15" x 3.5' %lemoB FOV) 



the initial angle acquisition. For the receiver-only type of target acquisition, the 

image dissector can increme its scan rate to at least 30 KHz and could scan the entire 

15" x 15" FOV in about ten (10) seconds. After angle acquisition with the receiver the 

radar's laser transmitter could be turned on and pointed to where the receiver looaled 

the target. A laser transmitter-receiver acquisition could then be accomplished in 

110 seconds very easily over smaller search FOV's with a significmt reduction in 

laser power. Table 6 lists the system parameters for the sun illumination case, and 

Figure 29 is a graph showing the irradiance received versus target range. The primary 

source of noise in this situation would be any bright star that appeared in the 15" x 15" 

FOV. From Figure 29 it can be seen that the irradiance received from the a m  - 
illuminated target is equal to the irradiance of a "0" magnitude star when the target 

range is 90 miles. There a re  only two (2) stars in the entire sky that are brighter 

than "0" visual magnitude and only nine (9) between "0" and "+lU. 

The sun illumination method would put an obvious constraint on the rendernous , ' 

acquisition; the initial angle acquisition would have to occur when the Larget was' : 

illuminated by the sun, and thus initial acquisition could not occur on the- dark side of 

the earth. 
' , . _  



TABLE 6 ,  LBT OF PERTINENT CmMCTERBTSCS FOR 
TARGET ACQUSITTON USWG THE SUN'S ILLUMmATEIQN 

TARGET 

FrojeeLed Area A 10 m 
2 

Geometric dilution 'rG 

Max, Acquisltim time t 
1111 

0, 1 

220 sec 

RADAR RECEWER 

Optical Colllector Aperture dr 

Effective Btectsr Dia. 

Bstector Kwsrt. Awr. Bia. 

Phob-%nrattivity kA (avg.) 

Ebct. id& AP 

Optical Tsmsmitbr T 

&radiance at Receiver (W2 
A v s r a ~  !input Pmer 

5 
Y 
B - 
aP 
8 
f a 
6 ,6fe 
L 
U 
BL 

1 
2 

1 6 ' ~  
R - P A I e I T  WWEIUlbPBI 

Fipre  29. Ksradimee Received from Sun Illurnha 
T a r g t  vs  Target Rmge 
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A OILASm SICSTEN SUPTA43frE FOR SPACE APPLICATIONS -. 
P. Schuddeboom, M. Teare, and D. Bennett 

RCA Research Laboratoriee 
Montreal, Canada 

While a number of experimental l a s e r  co~iununications l i n k s  have been 
es tabl ished on the ground ' " , space communications using a l a s e r  i s  s t i l l  
very much i n  i ts  infancy, The f i r s t  space l e s e r  communications system w i l l  
be the Laser Communications Experiment to  be flown on the ATS-F s a t e l l i t e .  
This expe'riment i s  expected to  provide two-way video transmission between the 
ground and the s~mchronous s a t e l l i t e  using a Rf CO2 l a s e r  transceiver. 
Although careful  trade-off s tud ies  w i l l  have t o  be conducted, a l a s e r  communi- 
ca t ions  l i n k  may well be the b e s t  means of communicating between the Shut t le  
Orbiter  and a Synchronous Data Relay S a t e l l i t e ,  due t o  the lerge  antenna 
required f o r  RF communications. This may be very d i f f i c u l t  t o  incorporate 
i n t o  the Orbi ter  design. 

I n  considering l a s e r s  f o r  space appl ica t ions  i t  is  necessary t o  evaluate the 
ground based systems t o  ensure that t h e i r  components are su i t ab le  f o r  sptzce 
use. A t  the present  time our work i n  t h i s  a rea  is  divided i n t o  three 
sect ions  . 
I) The development of a small long l i f e  sealed-off ceramic COz l a s e r  tube. 
2) The development of a simple l a s e r  frequency s t a b i l i z i n g  control  system 

which w i l l  operate over large  excursions i n  cavi ty  length  i n  order t o  
compensate f o r  the e f f e c t s  of the change i n  r e f rac t ive  index with 
temperature of a G+s modulator i n t e r n a l  t o  the l a s e r  cavity. 

3) The development of a highly e f f i c i e n t  l a s e r  pomr  supply which does no t  
require a b a l l a s t  r e s i s t o r ,  

LA= TUBE: 

Conventional C02 l a s e r s  have been g lass  with water cooling. For a space 
system we must use a sealed off  l a s e r  tube which i s  rugged, can be passively 
cooled, and has both a long shelf l i f e t ime  a s  well  a s  well  a s  a long operative 
l ifet ime. Figure I shows a ceramic l a s e r  tube made of high pur i ty  alumina 
which meets these requirements. 'rVith GaAs Brewster windows t h i s  15 cm tube 
is capable of I watt of s ingle  mode CVI power output. Over 2000 hrs  l i f e t ime  
has beer1 achieved with the f i r s t  two of these tubes. Longer l i f e t imes  a r e  
ant ic ipated with subsequent tubes. 

FREQUENCY CONTROL SYSTEM 

The frequency s t a b i l i t y  of the laver  i s  d i r e c t l y  r e l a t e d  t o  the s t a b i l i t y  
of the l a s e r  cav i ty  by: 

Af = $a& - 
f L 

w h r e ,  f o r  a C02 l a s e s  f =: 3 x 1 0 ' ~ ~ ~ .  

If we have a 50 cm cavi ty  length we must be able t o  control  t h i s  len&h 
to  within 5A t o  obtain a l a s e r  ~"requency s t a b i l i t y  of 1 p a r t  i n  l o9 .  



One f a i r l y  s t a ~ ~ d a r d  va;f$r sf ob caf ning LhSa type o f  a i u b  Lji  P Z y  J + t t t j  18 

) 'oentes d i the r t '  method, This mefilnca ciaakes use c u f  the f k c j i *  i E i 4  r' 1 : b?p;.m 

power output versus frequency ~hmao te r i s%ic  h s a  a ~ n r u ~ t " l  12p j ibs i  6 1 
parabol ic  shape with a unique ~ ~ i a t i ~ m ,  P t  has bbakri r-p3h,bali"l tb4!ikxrd t i  ' " I ! ~ ~ P  " 

t h a t  t he  peak of the poner p r o f i l e  of any pmti"%q~lnJ RI I in*;. 3 6 E a - i  * r  i o t a  
frequency reference.  This altl$o%s us t o  "r;trsns two lesscs, I t id<+j~~r ie l - ; i  ; Lye: $0 
t he  same frequency, 

By applying a small  sine wave per 
make use of the  povrer p r o f i l e  t o  f o m  
AC componwt of the s i g n a l  de tec ted  otl 
phase sens i t i ve  de tec tor .  The d.isca 
r e d l y  the  average value of the  f u  
on the power meter versus f r e q w m  
of the  power p ro f i l e .  The n u l l  i s  
6f the  power p m f i l e  and is  in&pen 

and the  m f e r e n s e  s i g n a l  due . This m a n s  t h a t  the  s t a b i l  
and is i d e p e n d s n t  of any e x t  

s e n s i t i v e  de t ec to r  can t h e m f w e  be 
back t o  t h e  l a s e r  c a v i t y  tranaduoer 
power p r o f i l s  Long t e r n  faPequency a 
lQ5 have been achieved b y  t h i s  method, 

Figure 2 &ows the b a s i c  a t a b i l i z a t l o n  auheme, The pgidpeg %i$br8.~C+c%rapr 
r a t a t i o n a l  ' l i n e  i s  se l ec t ed  by  mans of nix ~ x K ~ , ~ ) * ~ x P L  i ? ~  r f r n b ;  i Q il I sarsL-9 ii& 

The d i t h e r  frequehcy has  been sehca(;ed [ t i?  11 j 3 igfd"l,r I?: 
t o  ?l lI,lWz change i n  3.aser fmquency, Due to Ult; r*:aktc~rra~vii, . ;  rq:~.r I;e*re-l- ~ ~ * r j ~ f  

of the Lhemis tor  bolom t e r  p m e r  meter, a much I1-igl1e.l" d l  L/)er f t ri61f'*~brr y . + ~ e t l ~ i i  
r equ i r e  a l a r g e r  m p l i t u d e  d i t h s  i n  order  t o  obtaial rs reewonriti l t ,  3"ris- %u 
noise r a t i o  a t  the output  of the  p o m r  meter, Pigwe 3 n1rsw.a rs tvka*rori*l Idwe>- 
s i p a t m e  over three  h a l f  vsavdengths, For th%8 Pasex* the 1'18 f irr-3 m - p r S , d  he 
s u i t a b l e  f o r  t2-e opera t ion  of a. o o m m i c a t i s n s  system, Qsince t$#bs 1611~ri4 14at#k- 

b l i s h e d  the cen t s r  of the  l i n e  a s  the  carrier frsqwnay, by ~rti,i"rt,::;ng tho 
d i t b r  amplitude the  a v d l s b l e  b a n d d d t h  f o r  cmiun  tastlom18 Is ~1w:seaset3 5 r%c- 
we must remisr  wi th in  the  confines of the  P98 line,  %%e oarr&ro1 r4yirr"lbra 
bmdtvidth i s  themfore  l imi t ed  t o  somswht less .&;kin 5Wpi as tva brew t o  $a 
rite11 dovin i n  ga in  a t  5aIz  t o  &voila keapondfszg Jks Uaa d i t h e r  a?gw-i fril! 
niodulation can be achieved by meas of' an in-onsi ly C&I% t ; p io~ lu l i i+ r s s  kl '  we traa 
the  modulator outs ide  the  c a v i t y  we o m  ob;l;&i1 eqdvalc3nt 11ioAu1~x 1 8s 9e.~fiit/*~n82;94 - 
ce a t  the  e x p n s e  of a s i g n w i c a n t  i n c m a s e  fn? paver esnswyt~~ona i v g  ths riaoc*ulg* 

t o r  c%river, 

Ths contaps1 systern block diagram i s  shsvtn 3.n. f i g u r e  4, 
index we have a t te~ngted  t o  maamise "she open loop  gaik- wh%%e 
dawn I n  @n at  the d i t h e r  frequency, This has led "i; tkae 
l a g  cornpernation network t o  obta in  s p t a m  s%abilfky, 
i s  a type I system, thus the  system is no t  limited by 
&am the Bode aagann ,  f i p e  5)  we can see t h a t  t l m  
adequate gain and phase mwgins, 

By i n s e r t i n g  an offse"cin the  phase sens ik lve  
p o ~ i t i o n  o f  the  n u l l  of the discriminator,  'ik clan 



any point  on the power prof i le  and take maximum advantage of the  bandwidth 
avai lable  f o r  communications. This w i l l  a l so  allovr us t o  perform the  i n i t i a l  
tuning of a l o c a l  o s c i l l a t o r  l a s e r  using the peak of the power p ro f i l e  a s  a 
frequency reference. 

GLEC!t'RO-IIIECIIN Y1CA.L LASER CAVITY TRANSDUCER 

';/hen evaluating the ground based l a s e r  s t ab i l i za t ion  system i t  soon 
became evident t h a t  a major obstacle would be the l a s e r  cavi ty  transducer. 
Tradi t ional ly  the Laser cavi ty  transducers have been piezo-electr ic devices, 
These devices can be broken up i n t o  three c lasses ;  tubular,  s t a c h d  and 
bi~norph benders. i rh i le  d i f f e r e n t  trade-offs can be made among these devices 
they a re  a l l  bas ica l ly  governed by the following r e s t r i c t i o n s .  

(a)  The PZt  has a l imi ted  t r ans la t ion  of l e s s  than 15p f o r  )nost devices of 
sui table  s ize .  

(b) The PZt requires a high voltage dr iver  of up to  2000 vol t s  f o r  5 p  
t r ans la t ion  with a 2 inch long tubular device. High voltage amplif iers f o r  
space appl ica t ions  a re  d i f f i c u l t  and complex designs. 

(c) The PZt i s  e a s i l y  depoled by exceeding i t s  voltage s t r e s s  limits. 
This depoling causes the device t o  l o s e  i t s  sens i t iv i ty .  For space applica- 
t ions  these voltage l i m i t s  w i l l  have t o  be reduced i n  order t o  provide adequate 
r e l i a b i l i t y .  This w i l l  then compound the d i f f i c u l t i e s  of (a) and (b) 

(d) The piezo-electr ic material  i s  very b r i t t l e  and the  transducer will 
therefore be d i f f i c u l t  to mount i n  order t o  survive launch vibra t ions  while 
s t i l l  being f r e e  t o  move properly during i t s  normal operations* 

To circunvent these problems an electro-mechanical. transducer vras inves t i -  
gated; severa l  have been fabr ica ted and t e s ted  with sa t i s fac to ry  resu l t s .  This 
transducer operates on the pr incipal  of a plunges magnet whose armature is 
res t ra ined  by a t h i n  diaphragm. Figure 6 shows the cross section of the 
electro-mechanical transducer. The armature has been made a s  l i g h t  as possible 
i n  order t o  r a i se  the mechanical resonant frequency to vrell over 300 Hz. 'Mo 
diaphragms support the armature t o  ensure l i n e a r  operation without skewing. 
The main advantages of' the electro-mechanical transducer are  l i s t e d  below. 

(a) The transducer operates on a current  drive. This means t h a t  the 
device can operate from a low voltage dr iver ,  such a s  a normal I C  operational  
amplifier. 

(b) Displacements of over 100p can be e a s i l y  achieved a t  very low current  
levels.  

(c) The device is very rugged and i s  easy t o  mount. Figure 7 shows the  
t j p i c a l  performance of the electro-mechanical transducer. The operation of 
the l a s e r  s t a b i l i z i n g  system with the electro-mechanical transducer has been 
very sa t is fac tory .  

L r n  p0:m SUPPLY 

For ground systems the l a s e r  power supply usu,iLly consis ts  of a h i &  



voltage power ~ ~ ~ p l y  w i t h  n b d l a a t  r e s i s t o r  i n  a e r i e s  v d t h  t h o  laser tube t o  
over~ome the mgati t re  d;ymmic hpodanoe of the tube,  This ~systeui requi ree  
a l m g e  hi&' voltagg transformer and i s  very inefficient due t o  the pwer 
wasted i n  the b a l l a s t  rersis tor ,  

The l a s e k  power supply t h a t  we are p e e e n t l y  deveaboplng i s  &om %n 
f i 8, Since rre n;rs looking f o r  a highly  r e p l a t e a  cuarrent t h r ~ u &  %he 
l a s e r  we have placed a ourrent  source i n  s e r i e s  with the l a s e r  tube, Yfe now 
make use of the h%& pos i t i ve  d y l d c  hpedance of  the o w r e n t  s o w c s  b 
overcow the naegatilve hpedance  of the l a s e r  tube. This g ives  us s teb lk  
o p r a ~ o n  wiLhsut u\tasfing goner i n  a b a l l a s t  %esis%or. 

I n  order  t o  overcome the m e d  f a r  a high  vol tage  t r a n s f o m e r  and Its 
e l h i n a t e  e l l  the gmblems of voltage s t r e s s e s  r e l a t e d  t o  it, we have m d e  
'use of a c o n v e r b s  with a r e l a t i v e l y  lovr output voltage followed by a voltage 
m u l t i p l i e r ,  A t  no load  the  v o l t a e  mul t ip l i e r  provides the  e x t r a  h%& 
voltage requi red  t o  s tmt the l a s e r  &ischarge, Once the  l a s e r  s h r t s  t h e  
voltage dseps as the  c w r e n t  is  stjgulated by  the cur-cent somce,  The 
p e r f o m a c e  c h a r a c t e r i s t i c s  a r e  shown i n  Table I .  

POY13ER SUPPLY mRFBRiWiCE FPGmES 

Input  Tloltage 
Outpyt Qperat ing Voabtw Range 
GUtput PQS%S 
S t a r t i n g  Voltage Supplied 
t o  Laser Tube 

Eff ic iency  - present  
- expectea 

C m m n t  S t a b i l i t y  - expected 

+28v 24% 
2580 - 4500 v o l t s  
20 - watts  

up t o  1 Q  Kv 
-7% 
8q; 
b e t t e r  than .I$ r i p p l e  

The r e l a t i v e l y  sintple systems discussed above have p r f o m e d  very we17 
i n  i n i t i a l  t e s t i ng ,  The l a s e r  s t a b i l i z i n g  system has been .able t o  maintain 
frequency s t a b i l i t y  d m i n g  a complete day w5thout l o s i n g  lock, l'he cont ro l  
system, which has been constmcted: wi th  six opera t ional  ampl i f ie rs  and two 
PET'S, consumes l e s s  than 500 mvl,, which includes the electm-mechanical 
t ransducer,  

\'kith the  a i d  of a very  s t ab le ,  y e t  f l e x i b l e ,  l a s e r  heterodyle t e s t  
f a c i l i t y  t h a t  we have j u s t  completed, which i s  shown i n  f i g u r e  9, we p lan  t o  
conduct ex tens ive  maswrmen t s  on both the long Lem and shor t  t e r n  s t a b i l i t y  
of the lases eoni ru l  system, 2111s f a c i l i t y  w i l l  &so e n ~ b l c  1.1s t o  p&om 
de ta i l ed  measwemefits on the e f f e c t  oE the l a s e r  power supply on the s t a b i l i t y  
of $he l a s e r  cont ro l  system, 

This work was supported i n  p a r t  by the Canadian Direchorete of Inc.kustr-4t17 
Besearch and NASA GGSPG, 
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Figure I ....... ...... .. .Cerenic C 4  Lases 'tube 

P i  2,. . , , . . . . . . . B B P ~ c k  Diagram o f  Basic Laser Stabili%ixag Schemq 



.............. Figure 3. .  Laser Signature Over Three Xnlf i'iavelengths 

CAVITY LENGTH ACTUAL 
DEMMDED BY CAVITY 
CENTERFREQUENCY LENGTH 

T X AFC SYSTEL1 BLOCK DlAGRClIUl 

K c  "Cavity Gain = 60 KIHzIp T, a Phase Advance Time Constant Is 255 RR 
KD =Discriminator Gain = 0.89 mWIRBHz z2 =Lag Time Constant ~ 3 . 1 8  sec 

Kp = Power Meter Gain = 0.00811 V I M  a =Lag T i m  Constant =10.6 see 

+p -Power M te r  Time Constant = 1.2 MS K,,=&iver Gain = 0.91 mA/V 

Kc = Phase Detector Gain - 50 V/V KT =Transducer Gain = 10 pImA 

K =System Additional Gain = 2.3 VIV rT =Ransducer Time Constanl = 1 mS 

OLTF = 
s(srp + l H s r z  + 1Hsr3 '3 +)(StT C 1) 

............. Figure 4.. .Control System Block D i a g a m  



Figure  5,.,..,..,......,Bode Diagram Showing Cont ro l  System S t a b i l i t y  
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AN ALL-SOLID -STATE, S -BAND PARAW UTILIZING 

MICROWAVE INTEGRAmD C IWCU ITS 

P. H. Dalle Mura 

NASA-Goddard Space Fl ight  Center 
Greenbelt, Maryland 

SUMMARY 

An all solid state paramp developed for use aboard a Data Relay 
Satellite in synchronous orbit is described. The paramp is a wide 
instantaneous bandwidth, low noise unit which utilizes a Gunn Device 
Oscillator as a pump source and a hybrid microwave integrated circuit 
in the circulator-paramp section. Some of the difficulties encountered 
in the application of microstrip circuitry to the paramp components are 
described. Selection of the type of solid state pump oscillator based 
on paramp noise performance is discussed. Test results which were 
measured on the paramp are presented. 

INTRODUCTION 

Until recently, the application of low noise parametric amplifiers 
to spacecraft systems was unrealistic for two reasons. First, the size 
and weight of conventional paramps were prohibitively large to be con- 
sidered for inclusion in a spacecraft where weight and size are always 
at a premium. Second, klystron tubes required for pump sources are 
limited lifetime devices unsuited for satellite applications. 

Two areas of development during the past few years have removed the 
barriers impeding the application of paramps to spacecraft systems. These 
are the developments in microwave integrated circuits, and the develop- 
ment of various solid state oscillators suitable for paramp pbmp sources. 
The microwave integrated circuits have allowed a tremendous reduction 
in the size and weight of paramps by the use of high dielectric substrate 
microstrip circuits using hybrid techniques. The solid state pump sources 
have also contributed to the size and weight reduction by allowing smaller 
oscillator structures and smaller, low voltage power supplies. They 
also eliminate the second barrier by providing a long life, highly 
reliable pump oscillator to replace the klystron tube. 

Utilizing these developments in microwave integrated circuits and 
solid state oscillators, a prototype paramp was developed* to fulfill 
the requirements of the Data Relay Satellite for a low noise preamplifier 
operating in a synchronously orbiting spacecraft. 

*This work was performed under contract NAS5-10659 by Airborne Instruments 
Laboratory, Melville, L. I., N. Y. 



A decision was made e a r l y  i n  t h e  program t o  employ t h i n  f i lm  micro- 
s t r i p  u t i l i z i n g  a twenty m i l  th ick  glazed alumina subs t r a t e ,  The choice 
of a fe r r imagnet ic  s u b s t r a t e  was ru led  out  because of the l o s s  fac tor ,  
although t h i s  choice would have a c e o m d a t e d  the  c i r c u l a t o r  developnuent 
more e a s i l y .  P i m r e  I is a photograph of  t h e  completed paranry, dep ic t i ng  
t h e  circulator-pararep por t ion  i n  micros t r ip  and t h e  s o l i d  s t a t e  p u q  
source i n  Ku-Band wavewide, 

The c i r c u l a t o r  cons i s t s  of a one inch diameter f e r r i t e  "'puck" cemen- 
ted i n t o  a one inch diameter ho le  i n  t h e  alumina s u b s t r a t e  wi th  t h e  'vye" 
junc t ion  and matching transformers deposi ted on top  of the  fe r r i te -a lumina  
combination, The f e r r i t e  is  lapped f l a t  wi th  t h e  su r f ace  of t h e  alumina 
before t h e  t op  conductor p a t t e r n  is deposi ted.  A one and one-quarter 
inch diameter p e m n e n t  nrecgnet having a f i e l d  s t r eng th  of 400 Gauss is 
cemented t o  t h e  ground plane s$de of t he  c i r c u l a t o r  as; shorn i n  F i w r e  2. 
Also shown a r e  p a r a w  b i a s  c i r c u i t  components including a miniature b i a s  
con t ro l  potentiometer.  

The mic ros t r i p  c i r c u i t  is f ab r i ca t&  a s  follows: A copper-over- 
chromium f i l m  is f i r s t  deposi ted over t h e  e n t i r e  top  and b o t t m  su r f ace  
of t h e  s u b s t r a t e ,  Then t h e  top  conductor p a t t e r n  is out l ined  wi th  etch 
r e s i s t  by means of a s u i t a b l e  mask. The excess copper is; then etched 
away leaving  t h e  des i red  conductor conf igura t ion ,  C r i t i c a l  e l e c t r i c a l  
connection po in t s  such a s  t h e  c i rcu la tor - t ransformer  junction, c i r c u l e t o r -  
pararnp junct ion,  and t h e  OSM coax-to-microstr ip junctions a r e  reLnfosced 
by small  s ec t ions  of gold r ibbon pa ra l l e l -gap  welded across t h e  junct ion,  

The varac tor  employ& is a Sylvania Type 5147E u t i l i z i n g  a p i n  cap 
package. B i m r e  3 dep ic t s  t h e  method of m u n t i n g  t h e  varac tor  through 
t h e  mic ros t r i p  s u b s t r a t e  and shows how contac t ing  t o  t h e  varac tor  is e f -  
fected.  Low temperature, pure indium so lde r  is used t o  secure  t h e  varactor  
t o  t h e  s u b s t r a t e  ground plane before t h e  s u b s t r a t e  is posi t ioned i n t o  
t he  alblminuw frame. The faranre i s  mchined  out t o  al low e n t r a m e  of the  
varac tor  cap and pin.  The contact  t o  t h e  top  of  t h e  varac tor  is by m a n s  
of a gold r ibbon which is indLum soldered t o  t h e  varac tor  and gap welded 
to  the  mic ros t r i p  conductor,  

Ear ly  i n  t h e  developmnt program, an a t t e w t  was m d e  t o  realize t h e  
s o l i d  s t a t e  p u ~  o s c i l l a t o r  c o q l e t e l y  i n  d c r o s t r i p  c i r c u i t r y ,  Both 
Avalanche and Gunn Effect O s c i l l a t o r s  were explored, This e f f o r t  was 
abandoned i n  favor of an approach i n  which t h e  a c t i v e  o s c i l l a t o r  device 
is embedded i n  a waveguide cavi ty,  l i g h t l y  coupled t o  the  mic r se t r i p  
p a r a m  c i r c u i t ,  and which is i n t e g r a l  with t he  o v e r a l l  anrrglifier enclosure. 
Tke advantages a f  t h i s  approachj na c o q a r e d  t o  t he  micros t r ip  o s c i l l a t o r  
are:  (1) s i g n i f i c a n t l y  h i&er  o s c i l l a t o r  resonator  s e l e c t i v i t y  resultdlng 
i n  b e t t e r  pusaq, s p e c t r a l  purfty, (2) b e t t e r  o s c i l l a t o r  device heat s inking  



and (3) lower pump c i r c u i t  l o s se s ,  The pump o s c i l l a t o r  waveguide cav i ty  
was designed t o  accomodate e i t h e r  an Avalanche Diode or  a Gunn Effec t  
Device s o  t h a t  a d i r e c t  comparison could be made of t h e i r  r e spec t ive  
inf luence  on t h e  paramp noise  performance. Each type of o s c i l l a t o r  was 
capable of producing 100 nr*, of cw power a t  14 GHz. This amount of power 
i s  more than adequate t o  f u l l y  pump t h e  varac tor  under broadband condi- 
t i ons .  The loaded Q of t h e  cav i ty  i s  t h e  same (QL = 400) f o r  both 
devices.  

Noise f i g u r e  measurements showed t h a t  t he  Avalanche O s c i l l a t o r  pump 
caused the  paramp noise  f i g u r e  t o  i nc rease  by about 3 db over t h a t  obtained 
wi th  t h e  Gunn O s c i l l a t o r  pump. Also, improving t h e  QL of t h e  Avalanche 
O s c i l l a t o r  c a v i t y  s t i l l  d i d  not b r ing  i t s  performance up t o  t h a t  of t h e  
Gunn Osc i l l a to r ,  a l though it d id  improve the  no i se  f i g u r e  of t h e  paramp 
somewhat. Although these  experiments d id  not d ivulge  t h e  mechanism of 
no i se  degradat ion due t o  t he  Avalanche Osc i l l a to r ,  t h e  Gunn O s c i l l a t o r  
was s e l ec t ed  a s  t h e  pump source i n  order  t o  expedi te  t h e  paramp develop- 
ment. It appears  t h a t  f u r t h e r  i nves t iga t ion  is required i n t o  t h e  exact 
na ture  of t h e  Avalanche O s c i l l a t o r  no ise  con t r ibu t ion  before  making a 
f i n a l  de te rmina t ion  a s  t o  i t s  a p p l i c a b i l i t y  a s  a paramp pump source. 

TEST RESULTS 

Complete t e s t  r e s u l t s  f o r  t he  paramp a r e  presented i n  Table 1, while  
Figure 4 shows a swept frequency response of t h e  paramp bandpass. The 
1 db bandwidth of t h e  ampl i f i e r  comes c l o s e  t o  covering t h e  e n t i r e  2.2 
t o  2.3 GHz Telemetry Band which was t he  program ob jec t ive ,  The noise  t e m -  
pera ture  was measured by means of an accura te  hot  and cold input  termin- 
a t i o n  se tup  and compares favorably wi th  t h e  bes t  s tandard wideband 
paramps ope ra t ing  i n  t h i s  frequency band, t h e  l a t t e r  showing a noise  tem- 
pe ra tu re  of about 100oK., aga ins t  139%. f o r  t h e  i n t eg ra t ed  paramp. The 
gain s t a b i l i t y  was measured only over s tandard labora tory  temperatures, 
s i n c e  a complete environmental opera t ing  s p e c i f i c a t i o n  was not deemed 
necessary f o r  a f i r s t  developmental model. 

Table 1 

In tegra ted  Paramp Test Resul ts  

Bandpass (3 db) 

Center Frequency 
Noise Temperature 

(N.F. = 1.7 db) 

4 cubic inches 



TSase input  VSWR i s  seen co be excess ive ly  high and uwas a major cause 
of concern, I;nves%igations i n t o  the problem have shorn t h a t  t he  layout  
of t h e  mic ros t r i p  c i r c u i t  i t s e l f  is t h e  ch ief  offender ,  Referr ing back 
t o  Figure 1, i t  can be seen t h a t  t he  paramp broadbanding s tubs  a r e  located 
t a n g e n t i a l l y  t o  t h e  c i r c u l a t o r  d i s c ,  ~ g n e t i c  coupling between t h e  
f e r r i t e  d i s c  and t h e  s tubs  causes a  d i s t o r t i o n  i n  t h e  c i r c u l a t o r  s m e t s y  
and thereby adverse ly  a f f e c t s  t h e  r eve r se  i s o l a t i o n  of t h e  c i rwla toar ,  
This i n  t u r n  r e s u l t s  i n  a  high input  VSWR when t h e  ampl i f ie r  i s  opera t ing  
a t  15 dB ga in ,  The obvious so lu t ion  t o  t h e  problem is t o  r e loca t e  t h e  
broadbanding s tubs  s o  t h a t  t h e i r  e f f e c t  on the  c i r c u l a t o r  is neg l ig ib l e ,  
I n  order  t o  v e r i f y  t h i s ,  t he  broadbanding s tubs  were re loca ted  s o  t h a t  
they angled away from t h e  c i r c u l a t o r  junc t ion  r a t h e r  than  being t angen t i a l  
t o  i t .  This d id  indeed improve t h e  c i r c u l a t o r  i s o l a t i o n  t o  the  ex ten t  
t h a t  t h e  input  VSWR was reduced t o  under 1.6 t o  1. Angling of t h e  s tubs ,  
however, does not  represent  the  optimum s o l u t i o n  t o  t he  problem, h i c h  
is a re layout  of t h e  micros t r ip  c i r c u i t  wi th  a t  l e a s t  a  qua r t e r  wavelength 
spacing between t h e  c i r c u l a t o r  and t h e  s tubs .  

CONCLUS IONS 

It is f e l t  t h a t  t h i s  in tegra ted  paramp development represents  a 
s i g n i f i c a n t  f i r s t  s t e p  i n  providing low no i se  paramps f o r  use i n  a  
v a r i e t y  of space appl ica t ions .  No fundamental l i m i t a t i o n  appears t o  , 
e x i s t  which would prevent t he  use  i n  space of a component employed 
successfu l  l y f o r  many years  i n  s e n s i t i v e  ground rece iv ing  systemrr , For 
t h i s  s i g n a l  frequency range, mic ros t r i p  c i r c u i t r y  seems wel l  su8ted for 
use  i n  t h e  s i g n a l  and i d l e r  c i r c u i t s ;  however, t h e  use  of waveguide com- 
ponents i n  t h e  pump c i r c u i t  seems a b e t t e r  choice f o r  t h e  reasons pointed 
out  e a r l i e r .  
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Abstract 

The terminal flight characteristics of the returning space shuttle are 
described and the requirements for an instrument landing system (ILS) derived. 
The presently available systems are  reviewed and their deficiencies to serve 
the shuttle are pointed out. The effort of the special committee SC-117 of the 
Radio Technical Commission for Aeronautics (RTCA) is reported. This effort 
consists of defining future requirements for aircraft IILS's, screening proposed 
techniques for their potential in meeting these requirements and establishing a 
common waveform. The requirements for space shuttle and aircraft landing 
operations are  compared. An ZLS concept potentially capable of meeting shuttle 
and aircraft requirements is described. 



Terminal Flight Characteslstic~ and Requirements for a Shuttle I&% (Figure 1) 

The terminal flight characteristics of the space shuttle have not been 
definitized yet. Since the shuttle may have to land safely in various configurations 
as dictated by emergency conditions, various terminal flight paths will have to be 
accommodated. From preliminary studies two configurations have &en selected 
which place extreme demands on an instrument landing system: 

1. Space Shuttle unpowerd with wings. 
2. Space Sgauttle power& without wings. 

These two csMiprations opwate on glide angles of 20 degrees and 3 depees,  
respectively* Both Mght paths Elare out i n b  a final glide angle of 0. '75 degrees 
to touchdown. m e  borizmtd s p e d  will be 300 ft/s with a corresponding si& 
rate of 4 ft/s. Except far the steep glide angle the approach of the shuttle is  
like that of a jet plane. The required range of the lading widance system shorsaM 
be 20 nmi where the altfludea a re  40,000 feet and 6,000 feet, respectively, Iior 
the two configlratims. 

Angular wldance and distance data must be available from a 20 nmi saage 
all the way to roll out. The sampling rate of these data shodd be at least 5Wz 
at long ranges and at least 15Hz before the shuttle enters the flare-out maneuver 
until it reaches the end of the roll out. Various glide angles up to 20 depees  
must be providd. Hence manual as  well a s  automatic l a d w  capabiliQ must be 
pravided. 

Fly-out pidance for a d s s e d  approach and r e p a b d  landing supporl must 
be provided. 

The allowable error  at touchdown sMl be 215 feet IsLesal, 2800 feet 
longitudinal oaa a runway of 150 ft. x 10,000 ft. 



The present  FAA ILS and i t s  Suitability to Serve the Space Shuttle and to meet future 
Requirements of Aircraft Operations (Figure 2) 

The present ILS is shown schematically. It consists of a localizer, glide 
slope facility and distance measurement equipment. The localizer defines the 
vertical plane over the center of the runway by radiating two overlapping beams 
from the end of the runway. The carr ier  of both beams is the same =I10 MHz 
but the two beams a r e  modulated by different audio frequencies, 90 Hz and 
150 Hz, respectively. Balance of the modulation intensity identifies the localizer 
plane. 

The glide slope equipment operates on the same principle as  the localizer. 
The radiating array is  vertical and positioned off the forward end of the runway. 
Again two overlapping beams a r e  formed. Radiation of the carr ier  of ~ 3 3 0  MHz 
i s  restricted to the forward sector. The two beams a r e  also modulated by 90 Hz 
and 150 Hz, respectively. The glide slope angle i s  -- 3 degrees. The intersection 
of the glide slope cone with the localizer plane defines the single available approach 
path. However, guidance to touchdown is  not provided s o  that landing requires pilot 
control and visibility of the runway on the final approach. 

The distance measurement equipment @ME) requires the initial pulse 
transmission from the spacecraft to which the ground transponder responds. 
Thus range measurement requires a wide band signal. 

The present ILS can serve  the space shuttle only when approaching a s  
configuration 2, with manual landing control with visibility assured before the 
flare-out maneuver starts .  Even in this case the present ILS must perform 
nearly ideally. 

The major deficiencies of the present ILS to serve the space shuttle and 
aircraft operations are: 

1. Limitation to one approach path of low glide angle. The space 
shuttle requires guidance along a variety of glide angles up to 
20 degrees. Many types of aircraft will require steeper glide 
paths and curved approaches in the horizontal plane. 

2. The glide path does not terminate on the ground. Flare-out to 
touchdown and roll  out maneuvers m11st be made manually and 
visibility of the runway is required. 

3. The wide VHF beams of the localizer lead to R F  scattering from 
buildings and terrain features resulting in e r r o r s  of the flight 
path. 

4. No guidance in elevation is provided by the present system for 
the fly-out in the case  of a d s s e d i  approach. 



In January 1969 SC 11'1 published the "Tentative Operational. Requirements 
for a New Guidance System for Approach and Landingff and invited submission of 
proposals to meet these requirements. In response to this invitation Iwenty-three 
specific proposals were received. From the SC 117 m e d e r s h i p  the Techniques 
Assessment Team (TAT) of experts was chosen which divided the proposals into 
three categories. The first  category comprised seven microwave Scanning Beam 
Systems, the second category included Multilateration Systems, while the remainder 
of proposals based on various techniques was placed into the third category of 
~ s c e l l a n e o u s  Systems. 

Although no single proposal met all requirements,TAT decided in October 
1969 that the scanning beam techniques held the greatest promise and that the 
signal structure should be based on the capabilities of these techniques. There- 
fore the proposers of the seven scanning beam techniques were invited to participate 
in the Signal Format Development Team and to establish final specifications for the 
signal structure. 

So far the effort of SC 117 has been highly successful considering the 
complexity of the task. The working group of Signal Format Development Team 
will present their recommendations to SC 117 in August 1970. If these recom- 
mendations a r e  supported by the full committee, then it i s  up to the Federal 
Aviation Administration (FAA), the military, foreign governments and other 
interests i f  they a r e  willing to accept the recommendations of SC 117. 

In the case of acceptance by these interests, verification hardware should 
be built and tested a t  selected locations. Thus a number of years will pass before 
the new system will begin to replace the existing installations. This may occur by 
1980. 



The Effort of Special Committee SC-11'7 of RTCA to Promote the Evolution of an 
Advanced ILS (Figure 3) 

In 1967 the airlines agreed that i t  was about time to start  work on the 
evolution of an advanced ILS to overcome the deficiencies of the present system. 
These deficiencies were not and still  a r e  not severe enough a s  to require a 
pursuit of this effort with great urgency. On the contrary, the system is still 
doing such a good service that more installations a r e  recommended which will 
be quite useful for years to come. However, in anticipation of increased traffic 
density and a greater variety of aircraft with different flight characteristics and 
in order to overcome certain restrictions due to inclement weather, an advanced 
ILS was eventually needed, and an early coordinated effort was necessary to 
avoid wasteful proliferation of new techniques. 

The task was not merely a technical one, economic and political considera- 
tion played a major part.  The military had already adopted advanced systems, 
meeting very specific requirements and the future system should serve the military 
a s  well. 

Furthermore, international acceptance was required to make the effort a 
success. Last but not least the cost should'be low, especially for smaller air- 
craft,  although they may not get the full service of'the system. 

TO maximize the chance of success for the evolution of a new ILS,it was 
mandatory that a committee was organized in which all interests were represented. 
Thus, the Executive Committee of the Radio Technical Commission of Aeronautics 
(RTCA) established in 1967 the Special Committee 117 under the able leadership of 
S. Poritzky of the Air Transport Association (ATA). 

The task of SC 117 was two-fold. F i r s t  they had to establish specifications 
o r  requirements for the future ILS, second a standard signal structure had to be 
agrccd upon so  that any airborne equipment could communicate with any ground 
installation. Specifications of techniques and hardware were to be limitcd to the 
absolute minimum to allow full participation and competition between manufac- 
turers.  However, techniques and hardware considerations were initially 
important so that the final specifications and signal structure would be realistic 
and economical. Thus an Operational Working Group developed a Statement of 
Operational Requirements during 1968. 



Principles of Angle and Distance masurement  Techiques (Figure 9 )  

TO generate the two angular inputs for the guidance function on-board of 
an aircraft or the space shuttle a receiver records the time t when the scanner 

8 
illumination takes place. If the angular positions of the scanners with respect 
to time a re  known, azimuth and elevation angles can be derived. To avoid the 
requirement of a clock which is accurate in absolute time, a timing signal is 
transmitted from the ground. Two principles a r e  illustrated, the time reference 
and the code reference technique. 

To provide the time reference signal an omnidirectional transmitter 
generates a pulse at the periodicity of the scanner transmission. For example 
in the case of an azimuth scanner the omnidirectional pulse may be transmitted 
whenever the fan beam is parallel to the center line of the runway which happens 
at time t In the case of code reference, the timing information is modulated 

0' 
on the scanner signal. 

To obtain distance information, an on-board transmitter generates a 
wideband signal, e. g. a short pulse. The pulse is received by a ground trans- 
ponder which generates a pulse to be received by the on-board receives. From 
the time delay the distance is derived. 



Integrated Becision Angle and Distance Measurement Technique (Figure 8) 

The precision of time measurement when the peak illlumination of the scan 
beam function occurs is inadequate. A epllt beam technique offers much greater 
precision. To generate this beam ~ y ~ t s m ,  si phaeed array with two R F  inputs 
may be used. Perfect slymmetry of the split beam system is assured if  the same 
frequency is applied to these inputs. To enable the receiver of the scanner 
signal to keep the two beam signals apart, pulse transmission and time multi- 
plexing is suggested. 

The receiver demultiplexes the received pulse series and derives the 
beam envelope-time function of the two beams in two low-pass filters. A sub- 
tractor generates the difference function of the two beam envelopes. This 
function shows a zero crossing which triggers a pulse. The timing of this pulse 
indicates the time t when the fan beam plane scans the on-board receiver, .e except for a fixed tlme delay due to the low-pass filters. 

The precision of the zero crossing time is also assured by the fact that 
no electronic components a re  used in the separate paths between the demultiplexer 
and the subtractor. 

To automatically generate distance measurement signals at the rate of 
the angular signals, the on-board pulse transmission is triggered by the pulse 
at time t which propagates to the ground and releases a pulse in the ground 
tmanspon8er. This pulse is received by the on-board receiver at time t 

D ' 



The ILS V-Beam Concept by IBM ((Fipses 9, 10) 

An ILS concept which shows promise of meeting all requirements for the 
service of the space shuttle as  well a s  the great variety of aircraft is based on ' 
the V-Beam s c a n ~ n g  technique. The scanner which rotates continuously in 
azimuth generates a left beam system B and a right beam system B . Each 

1 r beam system consists of split beam pair, a leading and a tracking beam, 13 
11 with B1 and B with B respectively, These beam systems define precise t' beam pfanes <find I w\lch a r e  inclined 45 degrees to form a "V". As the 

r 
scanner rotates, two scanner pulses f and f a r e  triggered in the airborne 

1 r 
receiver during each revolution. The receiver also receives a pulse 0 from the 
omnidirectional transmitter 0 every time when the scanning beam plane inter- 
section is parallel to the runway center. From the timing of the three pulses 
the azimuth angle a and the elevation angle E can be derived. While aircraft A 
is still waiting outside of the main approach path of the runway, shuttle S is 
descending over the runway center line. Thus the fan beam pulses a r e  
symmetrically disposed to either side of the omnidirectional pulse. The dis- 
tance measurement may be triggered by the leading fan beam signal and is not 
shown. The scanner may be located beyond the runway on the center line o r  off 
the side of the runway. Its location determines the variation of a and E with 
distance B for a given approach pattern, The space shuttle computer will derive 
these angles. 

The range and angular accuracy requirements necessitate the use of two 
frequencies: Gband offers adequate penetration of dense rain over a distance of 
a t  least 20 nmi, K -band enables the construction of narrow-beam antennas of 
reasonable dimensions. Furthermore, the sampling rate of guidance information 
should be a t  least 15 Hz during the final phase of the landing while a sampling 
ra te  of 5 Hz is adequate for the long range guidance. 

These requircrnents are 'met by a spinning antenna system consisting of 
a pair of coarse-beam arrays on one face of a cube and 4 pairs of fino-beam 
arrays  covering 4 faces of a cube. Each array has two R F  inputs to generah 
a split-beam fan pattern a s  previously described. While the coarse-beam 
arrays  a r e  energized over the full azimuth of 300 degrees, the fine-beam 
arrays  a r e  energized only over the quadrant pointing in the direction of the 
approaching space shuttle. The signal structure due to the two systems is the 
same, except that the repetition ra te  of the fine-beam system is 4 times that of 
the coarse-beam system and the precision of the former fe 2.5 times greatsr. 
Thus the computation of the ~ i d a n c e  data does not rqufr;-e my change in the 
computer. 

By mitching the receiver from the coarsebeam to ehe fine-hem seames,  
the d i e t a c e  measuremesaeet also repeat at the higher rats. 





G.S.A. 



Tu& EFFOKTS OF SJ-LC IAL C O ~ ~ ~ ~ T E E  5 C  / /7 
OF RTCA To PRonosr T ~ / E  EVUL LJ r 7 0 ~  5;. 

Ai'J ADVANCED 1L .S  

(/)Ihl AAJTICIPATION D i  7 - k l b . M ~ ~ ~  OF Ah/ P O ~ A V C E D  I L S ,  

7 . ~ 1 ~  SC //7 WAS I ; C S T A ~ S : I S ~ / E D  6 Y  T+IE ~ X F C U ~ I V E  C ~ N M I T -  

T E E  OF THE p4910 TECHUICAL C 0 h ~  l S S / D / J  L7F /?EX 3 -  

N A U T l C S  I h /  1067. 

(5) EVALUATIOAJ OF ~ R U V U ~ A L ~  8 Y  T H E  TECHAIIQUES A ~ S E T S -  

H E N T  TEAM D U R I U G  A P R I L  7 k l P O U G Y  SEW-CMBEF /96'-). 

(6) RELOMM ENDATIONS M A D E  V Y  T H E  7 - € t t / U l Q U F S  ASSESJ- 

t.tprvr TEAM R M D  E S ~ - ~ P L I S Y M P ~ / T  OF WE. SIGNAL 

FORMAT DEVELOP MEN^ TEAM OCTOBER / 969 .  



* L o u  E L E V ~ ~ T ~ O A J  A ~ J G L E S  PEQUIRE 4-ib ELEVATED R E F E -  
R E N C E  Fo/tdr, 



O A ~ ~ G L E  / L ] E ~ S U R E M E N T S  FROM AT L E A S T  2 GPOUND B P S P D  
REFTI(E?A/CE POIEJTS REQ O / F E D  (E.C.  ONE E L E V A ~ ~ O N  A NCLf @, 
AND rhb AL/MUT~-1 A U G L E S & ~  AUD 6$. 









THE I L S  V-BEAM COAJCEPT BY I B / V  



Rnvro F R E Q U E N C Y  
PULSE REPETITION RATE 
P O L A K I ~ A T I O N  
B E A M  I ~ I D ~ M ,  S L A N T E D  
B E R M  kd1/1~7"~l ,  k /ORIISNTA 6 
P U L S E S  P E R  BEAM I ~ / I D T C I  
~ U R A Y  LENGTH 
31c;Uhj~b D W E L L  I ~ M E  

C O A R ~ E  B E A M  
5 GHz 
12,800/2 Hz 
I / E  ?? T I C A L  
3.54 
5 O  

18 
46 i n .  
2.78 ris  

f i h l ~  BEAM 
1 5 G H z  - 

32,000/2 Hz 
VERTICAL  
1.419 
2 O 

/8 
39 in. 
I . ! /  rns 



COMPUTER GENERATED IMAGERY AS APPLIED TQ SPACE SHUTTLE 

DESIGN EVALUATION AND SYSTEM SIMULATION 

Gk. MarvPn Bunker 

General E l e c t r i c  Co. 
Daytona Beach, F l o r i d a  

INTRODUCT IOM 

The term, Computer Generated Imagery, covers a broad f i e l d .  It 

can inc lude p l o t t e r  drawn l o g i c  diagrams, CRT alphanumeric displays, 

"wire f i g u r e "  drawings, and simulated radar displays, among others. It 

a lso  should inc lude simulated out-the-window v isua l  scenes showing 

s o l i d  ob jec ts  i n  t r u e  perspect ive and i n  color .  This l a s t  category o f  

image generation - Visual Scene Simul a t i o n  - i s  the  subject  o f  t h i s  

paper. 

Visual scene s imula t ion  i s ,  of course, a lso  accmpl ished by o ther  

techniques, such as movable TV cameras working i n  conjunct ion w i t h  

three-dimensional models, and p r o j e c t i o n  o f  moving p i c tu res  o f  actual  

scenes. Because these techniques have l imi ta t i ons  i n  f l e x i b i l i t y  , 
dynamic real ism, ex tent  o f  gaming area, depth o f  f i e l d ,  d i f f i c u l t y  o f  

env i romen t  preparat ion and modi f ica t ion ,  p rov is ion  f o r  specia l  e f fec ts  

such as weather var ia t ion ,  and r e l i a b i l i t y ,  e f f o r t  has been d i rec ted  

toward improved techniques. It has long been evident  t h a t  an a l l -  

e lec t ron i c  system, i n  which the  env i roment  d e f i n i t i o n  i s  stored as 

numbers i n  a computer memory and the scene i s  formed v i a  mathematical 

operatiohs on these numbers, could e i t h e r  e l im inate  o r  g r e a t l y  r e l a x  

these 1 imi  t a t i o n s  . E f f o r t  appl i e d  t o  improve e f f i c iency  o f  the  computa- 

t i o n a l  algori thms required t o  generate a scene has been p a r a l l e l e d  by 

advancements i n  c i r c u i t  element speed and funct iona l  complexity per chip. 

These improvements have simp1 i f i e d  the equ iwen t  t o  imp lment  such c m -  

puter  generated image systgms t o  the  p o i n t  where they are  now feas ib le  

f o r  a v a r i e t y  o f  app l ica t ions .  
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Figure 1 shows i n  s imp l i f i ed  form the pr inc ip les o f  scene 

formation. The objects cmpr is ing  a scene are formed o f  faces w i t h  

speci f ied color.  The faces, i n  turn, are formed by s t ra jgh t  l i n e  

segments re fe r red  t o  as edges. The cmputat ional  task consists o f  

determining the images o f  those port ions o f  edges f a l l i n g  w i th in  

the current view window, resolv ing p r i o r i t y  con f l i c t s  where one 

object  i s  wholly o r  p a r t i a l l y  obscured by another, and arranging 

t h i s  informat ion i n  scan-element order t o  form the image. 

VIEW PLANE CONCEPT 



Flgure 2 shows the way i n  whfch the objects f s m i n g  the 

envi ronment are modeled by spec i fy i  ng the three-dimensional cosrdi n- 

ates o f  the vert ices o f  the edges. The hangar shown i s  formed by 26 

edges. The number o f  edges required t o  adequately portray the 

v isual  cues i n  a given appl icat ion i s  a s ign i f i can t  fac to r  i n  

determining the t o t a l  equipment needed. 



Figure 3 shows three scenes from a system del ivered t o  NASA 

about three years ago. The i l l u s t r a t i o n  shows the type o f  scenes 

tha t  can be achieved w i t h i n  the 240-edge capab i l i t y  o f  t ha t  systm. . 

To change from the a i r po r t  runway t o  the docking simulation and then 

t o  the ca r r i e r  scene involves only changing contents o f  a core memory. 

Further, the edge l imi ta t ion  applies t o  the por t ion o f  enviroment bn 

e f f e c t  a t  any one time, no t  t o  the t o t a l  involved i n  the exercise. 

This capab i l i t y  could be read i l y  applied t o  a Space Shutt le s t u l a t i o n .  

Separate envi roments appl i cab le  t o  various phases o f  the missjon 

could be transferred from a mass s tore t o  the core a t  appropriate 

times without in te r rup t ing  the exercise i t s e l f .  

Since t ha t  system was delivered, designs have been blocked ou t  

f o r  systems w i th  6 t o  12 times the edge capab i l i t y  and w i t h  juxta- 

posed mu1 t i p l e  displays for  wider f ie lds  o f  view. Moreover, the t o t a l  

racks o f  equipment w i l l  be less than the e a r l i e r  system. 





Figures 4 and 5, taken frm a s t a t i c  scene generator, show the 

type of scenes achfevable w i t h  increased edge count. 

The lack o f  1 im i t a t i on  on the dynamic capab i l i t i es  o f  t h i s  tech- 

nique may be i n d i c a t d  by considering t ha t  the system i s  generating an 

en t i r e l y  new p ic tu re  each 1/30 smond from the envirzoment de f t n i t i on  

and view window d e f i n i t i o n  applicable a t  tha t  time. There are no 

1 im i ta t ions on the magnitude by which e i the r  o r  both o f  these my 

change during each such in te rva l .  Further, when mu l t i p l e  view windows 

are defined, they may be assoc ia td  w i t h  d i f f e ren t  viewpoints. This 

makes possible such exercises as "dogfight" simulations a Space 

Shut t le  launch and separation exercise w i th  v a l i d  v isua l  scenes for 

both the launcher and the shutt le, o r  s im i la r  simulation o f  rendezvous 

and docking w i th  the Space Station. 





The ell-eleclronlc nature o f  the precess lends itself readily 

to adding such features as simulation of an Electronic Attitude 

Director Indicator, as shown in Figure 6. 

These features and capabi 1 i ties suggest several ways in which 

Cmputer Generated Imagery might be applied effectively to the Space 

Shuttle program. 



Sys tm dynamics a t  the p i l o t - con t ro l s  In ter face are a funct ion o f  

veh ic le  dynamics and cont ro l  system characteri  s t i cs .  Determining 

actual  p i l o t  performance under various condit ions w i t h  d i f f e r e n t  system 

dynamics simulated should provide s i g n i f i c a n t  inputs t o  the decision- 

making process, The v a l i d i t y  o f  these resu l t s  i s  a funct ion o f  the 

real ism o f  the s imulat ion and o f  i t s  f l e x i b i l i t y  i n  simulating a va r ie ty  

o f  condit ions both normal and abnormal. Computer Generated Imagery 

could provide the required character is t ics .  

V i s i b i l i t y  from the Space Shut t le  w i l l  be a funct ion o f  window 

area and landing a t t i t ude ,  among other factors.  St ruc tura l  i n t e g r i t y  

i s ,  i n  turn, a funct ion o f  window area and configuration. Window area 

required f o r  given p i l o t  ef fect iveness can be reduced by equipment such 

as the E lect ron ic  A t t i t ude  Di rec tor  Ind icator  mentioned e a r l i e r .  Here, 

again, as w i t h  vehic le dynamics, a high degree o f  real ism and f l e x i -  

b i  1 i ty i s  required t o  assure high-confidence-level resu l t s  from evalu- 

a t ing various combinations o f  those factors.  

S imi lar ly ,  design evaluat ion t o  determine the e f fec t  o f  c r i t i c a l  

fac tors  on performance dur ing launch, separation, docking, o r b i t a l  

t ransfer,  reentry, and landing can be e f f e c t i v e l y  accompl ished. Later, 

a f t e r  vehic le design i s  complete, a comparable evaluation may be made 

i n  simulations o f  proposed new missions. Certain ly,  app l ica t ion o f  

the system t o  t r a i n i n g  i s  v i r t u a l l y  unl imited. 



To repeat, equipment per fsming the described functions has been 

del ivered t o  NASA and i s  i n  use. Subsequent design e f f o r t  has been 

directed toward improving ef f ic iency and removing l im i ta t ions  associated 

w i t h  t h a t  system. This recent e f f o r t  i s  reaching maturity. A labora- 

t o r y  version o f  equipment incorporating current CGI concepts i s  being 

fabricated. This includes the design and procurement o f  several special 

MOSFET LSI chips which are essential Pn achieving the most e f fec t t ve  

r a t i o  o f  s y s t m  capab i l i t y  t o  equipme& complexity. The laboratory 

version i s  a prototype a f  the advanced image system which, i n  a pro- 

duction model, can perform the Space Shutt le program functions discussed 

here. 



I. Rakofsky 

Grumman 
Bethpage, New York 

Introduction 

Grumman has engaged in  extensive analytic and design studies of contactless 

solid-state electric power management systems for advanced aerospace vehicles. A 

contactless electric power management system will: 

e Replace all conventional electromechanical switching devices (switches, 
relays, circuit breakers) with functionally equivalent static devices and/or 
circuitry 

e Use law-level, digital, solid-state concepts t o  implement control logic 

e Incorporate multiplex data transmission for  transmission of signals 

e Include fault detection/isolation test  capability 

Use digital data processing techniques for power control, power management, 
system test ,  and data transmission integration 

The anticipated benefits of the system are: 

e Wire Weight Reduction - resulting from shorter  wire runs, smaller  wire 
sizes, and multiplexing 

e Flexibility - facilitates reconfiguration without extensive rewiring 

e Space Conservation - a consequence of reduction in wire bulk, elimination 
of electromechanical components, use of microelectronics 

ej Enhanced Performance - improved circuit protection leading to increased 
safety; optimum power utilization 

a Reliability - electromechanical devices, with moving contacts, a r e  inherently 
less reliable and have shorter lifetimes than static devices; redundancy , 

e Maintainability - is enhanced by self-test capabilities and greater reliability 

e Producibility - installation is simplified through reduction of wiring bulk and 
improved routing, which require less  h a d w a r e  and structural modification 

e @st-Effediveness - lower total l i fd ime costs 



Conventional Electroinechmical Power Distribution (YG Control 

Conventional power distribution, control, and circuit protection a r e  accom- 
plished by devices with moving, separable mechanical contaxts. Contact actuation 
may be initiated manually, mechanically, electrically, thermally, pneumatically, 
etc. Control logic is  accomplished, at  the power level, by physically wiring be- 
tween the contacts to form the appropriate logic equation. 

Electromechanical switching devices have a relatively short operational life 
expectancy (when compared to static devices), which is a function of mechanical wear, 
contact erosion, and degrading effects of the operational environment. Thermal 
circuit breakers, which a r e  the most commonly used protective devices, a r e  gener- 
ally unpredictable and unreliable. 

The nature of contact operation, abrupt turn-odturn-off and contact bounce, 
produces large transient voltages and problems of electromagnetic intederence. 

Fig. 1 is  a schematic of a typical power distribution/control system for an 
SSV "Orbiter, " utilizing "state-of-the-art" in power source, control, and utilization 
equipment technology. 

Basic power is 28 Vdc supplied by fuel cells during orbital flight, cryogenic- 
fueled turbine-driven brushless dc generators during aerodynamic flight, o r  external 
power during ground operations. Batteries provide for transient power demands and 
start-up power. Required ac  power i s  supplied thru inverters from the dc busses. 

Essentially, the power systems a r e  redundant since each power Bource is capa- 
ble of supplying the entire electrical demand for its intended mission usage, Under 
normal conditions, the active power sources a r e  isolated from one another and each 
supplies approxiimately half the demand. Upon loss of one power source, a l l  loads 
a r e  transferred to the remaining active power source. Experience has shown that 
normal development and growth will eventually result in a power demand excwding 
the capabilities of a single power source. Therefore, monitor busses a r e  shown. 
Low priority load$ a r e  connected to these busses, which a r e  deactivated when only 
a single power source is available. Basic bus control is by means of solid-state 
electromagnetic contactors and relays. 





Fig. 2 sehernatieally typifies the distribution and control of power to the utilb- 

zatioil equipment, As shown, all switching and control fu1c:tions a r e  accomplished 

with eontact-type devices. Control and distribution of power to the utilization equip- 

ment is by means of (and through the contacts of) manual switches, mechanically 

activated switches, relays, etc. The necessity for specific functional location, crew 

access and supervision, maintenance, and the requirement that wire must be sized to 

the load requirements and circuit protector capabilities results in wiring systems 

that a r e  heavy and bulky. 



ELECTRIC POWER DISTRIBUTION & CONTROL - ELEGTROMECHANICAL 

MAIN 
POWER 

TO AC LOADS 

TO DC LOADS 



A solid-state power management system replaces aXt moving conkcts wi% static, 

solid-state devices. All control logic and circuit protection functions will use solid-state 

concepts, thus eliminating electromecha~ical  relays and circuit breakers. S h c e  &gi$a.l 

solid-state concepts a r e  used for logic and condrol, data multiplexing techfques  a r e  used 

for the trarasmission of stimulus and control signals to m i ~ m i z e  signal m d  control wiring, 

Digital data processi~lg techniques a r e  used to pel-form logic, control,- multi- 

plex, and test  fmctions, Power management is provided by a programmed load 

priority assignment. 

Fig. 3 is a schematic of a solid-state f~mctbonal equivalent of the electrome- 

chanical system shown in Fig. 91, New device terminology is introducd: bus con- 

troller, load controller, s k n a l  source, data processor, data t e r m h $  load c a t e r ,  

signal center, etc. Each will be more fully discussed, 

Note that the bus switcPling circuitry differs from the electromes?bniea% system. 

This is a consequence of the characteristics of solid-state switches: &ere is no 

equivalent of the normally closed contact of a side-stabb relay, and so%fd-8ttate de- 

vices conduct in one direction only. The control logic eqiuations for the bus control- 

lers  a r e  stored h the central d a b  processor a r~d  a r e  implemented on the basis of 

input signals from the controls and display panel and the power source control units 

(via remote data terminals, data bus, and master data terminal). 



SSV ELECTRIC POWER SYSTEM - S O L I D  STATE SWITCHING 
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Fig. 4 is a schematic of a SO&~-%&ate fwctional equivalent of the electrome- 

chanical system s h o w  in Fig. 2. Power to the utilization loads is controlled by load 

controllers acting on comm&s received (via the data bus and remote data terminal) 

from the central daW processor, which stores the load control logic equationrs and 

implements them on the basic of input s i p a l  from signal sources and/or controls 

and display panel. The load controllers are  also circuit protectors and will t r m m i t  

a signal to the panel when a fault occurs. 

Note that the monitor busses a re  eliminated because the program management 

logic stored in the central data processor will act to inhibit individual load controllers 

when available power is less than demand. 

Wiring from source to load is by the shortest practical route, thus minimizing 

wire length and, consequently, weight. In addition, solid-state circuit protection is 

more precise, permitting reduction in wire size and weight. 



ELECTRIC POWER DISTRIBUTION & CONTROL -SOLID STATE 
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APU 1, APU 2 Auxiliary Power Units. Cryogenic-fueled turbine 

APU 1/CA, Awriliary Power Unit Control Assemblies. Monitor and control 

APU 2/CA operation of APU 

Gen 1, Gen 2 

GCU 1, GCU 2 

Batt 1, Batt 2 

XP 

XPM 

Brushless dc generators driven by APUs 

Generator Control Units. Monitor and control generator out- 

put. +28 Vdc to 51/57 when operational parameters and power 

quality of associated generator a re  correct. 

Fuel Cells 

Fuel Cell Control Assemblies. Monitor and control fuel cell 

operation and output. +28 vdc to 52/86 when operational para- 

meters and power quality of associated fuel cell a r e  correct, 

Batteries, nickel- cadmium 

Battery Charger Control Assembly. Monitors battery para- 

meters and controls charge/discharge. +28 Vdc to 83/85. 

External Power 

External Power Monitor. +28 Vdc to 54 when external power 

quality is  correct 

Inv 1, Inv 2 DC-to-ACInveders. +28 Vdc to 58/59 when power quality of 

associated iaverter is correct. 

K1 thru K7 DC bus eontactors 

K8, K9 AC bus contactors 

K 10 Monitor bus relay 



Simal Center With Signal Sources 

Signal sources a re  contactless counterparts of electromechanical switches which 

produce a digital output (logic "1" or "0") as a result of an input stimulus. A signal 

source consists of a transducer (which converts the input stimulw to an appropriate 

electrical signal) and a signal conditioner (which converts the electrical signal to a 

digital format). The transducer and signal conditioner may form a singular entity ~r 
may be housed separately. 

Input stimuli may result from: manual actuation (toggle, pushbutton, etc), the 

relative proximity of moving elements, an electrical quantity, temperature, pressure, 

etc. In all cases, inputs which affect power switching functions a re  conditioned to the 

go/no-go digital format. The specific form or  configuration that a signal source will 

take is dependent on: the action or  quantity to be sensed, the ambient environment, 

reliability, maintainability, total cost, etc. 

Signal sources a r e  wired directly to signal centers which are  strategically 10- 

cated to service many signal sources in groups of 32, 64, 96, etc. The signal oenter 

will contain signal conditioners, as  required, and means for interfacing with the data 

transmissian system. 

Remote data terminals located at signal centers arrange the inputs from signal 

sources into correct format for transmission to the central data processor. 



Load Corltro!lar (Solid-St~te) --. - -.-----.-----, 

Load controllers are  single-pole siwle- row solid-eta@ switchee which com- 

bine the functions of electmmechanical relays and circuit breakers. They act on low- 

level command signals from the central data processor to energize or de-energize 

their associated electrical loads. Overload current protection is achieved by 8olid- 

state kchniques. 

The essentials of a load controller are: 

@ A solid-state load switch 

@ A current sensor 

@ Control circuitry 

Preliminary analysis of a typical spacecraft electrical system shows that 85% 

of all loads are  less than 10 amp (ac or dc) and 65% are less than 5 amp. Because 

the size and weight of a solid-state load controller are  largely a function of the load 

current rating, reduction in size and weight per load function can be achieved by an 

integrated packaging approach. This will permit maximum use of MSI, LSI, s h a r u  

of common functions, and redundant techniques for increased reliability. 



Load Center With Power Conditionirng) 

Load controllers are  located a t  load centers, strategicauy placed to service 

groups of loads with a minimum of power wiring. A load center conhim: load coa- 

trollers with current ratings appropriate to the associated loads, local power con- 

ditioning, and means for interfacing with the data transmission system. 

The remote data terminal receives, decodes, and routes command (on/off) sig- 

nals for the load controllers. It also formats and transmits "overload/trip" signals 

to the system control center. (Note that the load switch status - conducting or  non- 

conducting - can also be sensed and transmitted, if desired,) 

Power conditioners convert standard source power to the specialized require- 

ments of loads, remote data terminal, and load controllers. 



Central Da(a Processor -- 
The processor is the hea& of' the csnkctPess power m~lagemewt system, It 

contains: the load control logic equations, the power m w e m e n t  monitorhg fuwc- 

tions and load prioritgr program, the BITE program and data storage, the data t 

mission system master control, and the necessary interface control circuitv. 

The load control logic is a non-destructive read-only memory containing the 

individual load control logic equations. It may be electrically alterable from ex- 

ternal GSE. Input signals from the signal sources a re  processed by the load control 

logic to generate command signals for transmission to the load controllers. The 

extent and level to which built-in-test are  implemented is largely a function of system 

reliability, maintenance concepts, and total cost. It is technically feasible to test all 

electrical functions of the power management system, continuously or  on command, 

but it may be uneconomical to do so. Regardless of the ultimate form, it is antici- 

pated the BITE will be used for preflight go/no-go check of the electrical system, 

The master data terminal controls the operation of the data transmission sys- 

tem and is the primary interface between the system logic and the signal sources and 

load controllers, It interrogates and receives data from remote input data terminah 

at signal centers, load centers, and the control display panel, These data a r e  

appropriately processed by the system logic which generates output command signals 

for coding and transmission to the load centers and contro%/display panel, under con- 

trol of the master data terminal. 



Control/Display Panel 

The panel is somewhat analogous to the electromechanical circuit breaker pan- 

el, As presently conceived, it consists of a visual readout and a keyboard to mini- 

mize space requirements, improve cognizance, and simplify manual control. The 

readout may be video or  alphanumeric which will continuously monitor system statue 

(on, off, fault detection) and provide test parameter display for any selected test 

area. The keyboard provides the mdmach ine  interface which allows initiation of 

system operation (on/off or  reset) and the capability of testing a selected test area. 

A remote data terminal, for interface with the data transmission system, is an 

integral part of the control/display panel. 

Load controller status (on/off or tripped) signals a r e  received for display, while 

manually initiated control signals (on/off) or reset are transmitted to the central 

data processor. 

MULTIPLEX DATA CINE($) TO MASTEP WTA 
EPMINAL 





POWER PROCESSING AND DISTRIBUTION FOR TWE SPACE 3 

Francisc C. Schwarz 

NASA-Lewis Research Center 
Cleveland, Ohio 

INTRODUCTION 

The space shuttle craft relies on the electric power processing and dis- 
tribution system to transform the power from one form - as produced by the 
generator - to other forms - as required by the individual load systems - and 
transfer this power from the generator to the corresponding load centers. Un- 
interrupted and unfailing availability of electric power to, essentially, all 
systems of the craft such as life support services, guidance, control, cornnu- 
nications, and telemetry - to name a few - is mandatory for the safety of 
personnel on board and success of the mission. This source of electric energy, 
the power processing equipment and its distribution network, and the internal 
power supplies of the significant loads' form the system of electric power 
supply. A disturbance in this eupply process originating anyhere within that 
system has the same effect on a specific or on all load ayetems. It appears, 
therefore, fair to say that all elements of the power supply ayetems - as pre- 
viously defined - are of critical importance for this progrm. 
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SYSTEFf ASPECTS AWD ITS mGW0EOGY 

The power processing and distribution systems performs a nuder of tasks 
which are discussed with reference to Figure 1, in deriving elec$s%c power 
from the generator which is to be utilized in the individual loads. 

1. The character of the voltage waveform at the generator terminals - 
dc or ac at various frequencies - the magnitude of its voltage, and 
its static stability rarely match the requirements of any of the 
loads, not to speak of their composite needs. This waveform is then 
electronically processed fo fit the requirements of the actual load 
mechanism. 

2. The power is transferred through the distribution network consisting 
of transmission lines of any length, connectors, power transfer 
switches, breakers and similar gear. 

3 .  The power processing and distribution system'holds the responsi- 
bility for the static and dynamic stability of the electric power 
system as a whole, including generator and load, st any time. 

One of the significant implementary aspeces of this responsibility 
is that of detection of impending or occurring faults anywhere in 
the system and remedial energy management. 

The physical configuration of the system with a given source of electric 
energy and established characterization of loads is dominated by the choice 
of the type of distributed power, namely ac or dc'power. This choice ha8 
profound effects of the quality of supplied power and on the reliability and 
maintainability of the system. Once chosen it may become almost impossible 
to alter for decades to come because it affects the technology of every sub- 
system and even that of component parts in these subsystems. Moreover, .it 
affects the vested interests of industry and the skills of their concerned 
personnel. 

Many of the load mechanisms utilize dc power, although certain pieces of 
equipment may be envisioned with an ac "front end" that would accept 400 Hz 
ac power and transform this to dc power. This technical custom is rooted in 
a traditional application of ac distribution systems on air and spacecraft of 
long standing. 
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The physical effort required to invert the dc voltage waveform emenating 
from a bank of fuel cells to e e  is illustrated in Figure 2.  To the left one 
recognizes in succession the results of processes of square wave inversion, 
rectification, end filtering, This type of ae power distribution requires e 
minimum of modification of the character of the waveform end is therefore 
economical in that sense. It imposes, however, severe constrainta on the 
bandwidth of impedances in wiring and in associated system elements. The 
analogous sequence of waveforms resulting in a sinusoidal ac distribution 
system is depicted to the right of Figure 2. This type of inversion is sub- 
stantially more complex than the secondary generation of square waves. It 
usually involves application of complicated pulse modulation or stair case 
waveform generation techniques. This leads to cumbersome electronic control 
systems and to undue stresses on the power semiconducter switching components. 
The net effect is a decreased reliability of power electronics apparatus. 
Finally, the precariously "cleaned" sinusoid - with a specified minimal maxi- 
mum distortion - is being rectified and, finally, filtered. Needless to say, 
that a very substantial effort is generated for the sole purpose of putting a 
sinusoidal voltage waveform through a distribution network which, in fact, 
works best under these conditions, provided one has to use an ac distribution 
system. 

AC VObTAGE WAVE 

SQUARE WAVE - 

AC 

RECT WlED 



A striking aspect of comparing ae with dc power distribution systems ie 
illustrated in Figure 3. An inverteP with e set of primgry switches ie powred 
from a generator. A transmission line transfers the power to a transformer- 
rectifier-filter system. Let us assume that one were to stretch the dc feeder 
cable which powers the inverter and w e  this inverter to the right while 
reducing the length of the transmission line. In the limit, one would even- 
tually eliminate the ac transmission line with its transformr windings, and 
the two transformers blend into one. The former ac tranmission system has 
thus been transformer into a dc transmission system with use of exactly the 
same type of building blocks. However, the need for generation 0% a sinus- 
oidal voltage waveform that could negotiate the channel of transmission has 
been eliminated, and with it the need for a waveshaping process which involves 
substantial complexity in power electronics technology. It is added that a dc 
distribution systeln of that kind utilizes a dc to ac to dc transformation 
process, which provides inherently, ohmic isolation. 
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Certain s f  these facts are sumarieed in  Tabla I .  

CERTAN A m C T S  OF ELECTRK POWER DISTRIBUTW SYSTEM 

PROVIDES OHMIC ISOLATION 

LOAD MECHANISMS (MAJORITY) 

CONCENTRATION OF CONVERSDN 

VOLTAGE STABILIZATKIN 



Further information on certain chareeterietfcs s f  ae and dc distributi~n 
systems are s u m r i e e d  in Table 11. 

OF AC A M  DC DBIF;tWTm SVSIEMS 
ADVAFJTAGES & DISADVANTAGES 

MORE COMPLB ELECTRONICS 

(400 Hz) BAND PASS FILTERS LOW PASS FILTERS 
CONEMRATKIN OF POWR FIO CONCENTRATON OF WWER 

COWERSON PROCESS CONVERSDN PROCESS 
COMPLM VOLTAGE WAVESHAPING ELIMIWTDN OF VOLTAGE VVAVESHAPING 

PROCESSES FOR ALL LOADS (INVERSON & CONVERSDN) PRNESSES 



,me  a v a i l a b i l i t y  of teehnslogy i s  b r i e f l y  s u m r i e e d  i n  Table 111. 'It 
ie f i r s t  recal led  tha t  the exiet ing and f l i g h t  proven technology hae not  been 
established fo r  conetruction of reusable equipment. I n  tha t  sene@ everyone 
of the syeteez eeqonen t s  w i l l  have t o  be reexamined end requalf f ied  d o m  to  
procedures on how t o  harness cables. The capacity of the power syetern m y  
increase t o  a l eve l  of 3 t o  5 times t h a t  of Apollo when epaceborne and t o  a 
yet  s ign i f i can t ly  higher l eve l  during reentry  and when airborne. These power 
l eve l s  would require  the  development of equipment with larger  power capac i t i e s ,  
i f  one were t o  des i re  t o  duplicate Apollo's technology which datee beck a 
decade. 

MULTlKlLOWAn CONVERTERS 

1 MOTORS I A U ( Q a H d F  I l K W S C C m  I 
SWrrCH GEAR ALL (400 Hz) F 

CONNECTORS & JOINTS NEED IMPROVUMENT I NEED U1APROVmENT lKwF I 
ENERGY MANAGUMEW 

IMPENDING FAILURE 
ANNOUNCUMMT 

FAULT ANNOUNCWEM 
ACTDN CAPABlLlTY 

YES 
NO 

NO 

YES 

?OR SINGLE SHORT MISSIONS. 
Y L l G m  HARDWARE, 

T O L I D - S T A T E  C W K A T O R  



CONCLUSIONS 

Considerations of advancement of techno$ogy, but even more so, feasibil- 
ity of the mission within the constraints of reliability, physical weight and 
size of the complete power system, its reusability, maintainability and cer- 
tainly its cost may turn out to be the dominant consideration which may deter- 
mine the decisions of its designers. Another area that could gain significance 
is that of compatibility with the space station technology. The motivating 
force would be the cost of development of building blocks, their qualification, 
the simplification of logistics and the reduced training requirements of per- 
sonnel. But, first of all, a power system that satisfies the requirements of 
the craft and the associated constraints will have to be devised. The needed 
technology needs realistic examination at this time to avoid costly and time 
consuming delays during the hardware phase. 





NASA-Manned Spacecraft Center 
Houston, Texas 

The advanced fue l  c e l l  pmpm a t  the Manned Spacecraft Center i n  

Howton, Texas i s  designed t o  support the p r i  e l ec t r i ca l  power 

requirements of the space shut t le  vehicle i n  the mid-1970's. The 

objective i s  t o  advance the technology of hydrogen-oxygen fue l  c e l l s  

through a rigorous and comprehensive program commencing a t  the lowest 

component and material  l eve l  and progressing through the fabrication 

and t e s t  of an engineering model fue l  c e l l  and related components 

and assemblies. 

Two contracts were negotiated by the MSG; one with P ra t t  and Whitney 

Aircraft, South Windsor Engineering Fac i l i t y  ( ) of East Hartford, 

Connecticut, and one with the General Electr ic  Company of Boston, 

Massachusetts. Task I u t i l i zee  existing concepts with which the 

contractor has s ignif icant  experience t o  build an engineering model 

(EN-1) f u e l  c e l l  as  a baseline design. This design w i l l  be used t o  

ident i fy open engineering problems related t o  the baseline and t o  

perform the  e f f o r t  required f o r  resolution of these problems using 

low-risk approaches. Para l le l  with t h i s  e f fo r t  i s  a Task I1 which 

is  focused on the ident i f ica t ion  of concepts which would represent a 

s ignif icant  extension of present capabili ty i n  terms of l i f e ,  power, 

specific weight and volume, ve r sa t i l i t y  of operation, f i e ld  maintenance 

capabili ty and thermal control, but wNch avoids high technical r i s k  

approaches. Those concepts which of fer  s ignif icant  improvements w i l l  

be exploited i n  EN-1 where possible, o r  demonstrated a t  the component 

o r  subsystem leve l  where such time phasing precludes t h e i r  incorporation 

i n  the engineering model. Task I11 i s  a continuous e f for t  between 

the fue l  c e l l  contractors, the shut t le  Phase B contractore, and NASA 

shut t le  organizations. This e f for t  w i l l  be used t o  establ ish a two- 

way information exchange f o r  the purpose of ear ly ident i f icat ion and 

assessment of fue l  cell/vehicle interface, integrat ion and safety 

reqdrements, Concurpent with the above tasks w i l l  be the nomal 

complementary engineeiing tasks such as  ReUabili ty,  Quality assurance, 

Safety and Cost Effectkveness, The overall  program r e q d r e s  complete 



formal doclasnsntation of design and t e s t  rsstalte f o r  use l n  future 

t i c  decf sfons, 

PRATT AND WHlTNEY TEGmOLOCY 

The P ra t t  and Whitney Program approach is  based on combining tech- 

nological advancements with the present PC~B-4 technology. The PC8B 

fue l  c e l l  i s  a low temperature, hydrogen-oxygen fue l  c e l l  which 

ut i l ized potassium hydroxide electrolyte.  The electrolyte  i s  main- 

tained i n  a saturated asbestos matrix supported between two calalyzed 

electrodes. The electrolyte  matrix and electrodes a re  formed in to  a 

unitized s t ructure with a p l a s t i c  supporting frame. The ce l l s  have 

an act ive area of .5 square f ee t  each and operate a t  a current density 

of approximately 150 amperes per square foot. The c e l l s  are  integral ly  

cooled by circulat ing water glycol through the c e l l  stack and ra liquid- 

to-liquid heat exchanger which interfaces with the spacecraft radiator,  

The nominal operating temperature of the fue l  c e l l  i s  200'~ t o  240'~. 

Proper electrolyte  concentration i s  maintained by removal of the 

excess moisture from the recirculating hydrogen s t r e b .  Excess moisture 

is condensed and then separated by a centrifugal separator. 

Fuel c e l l s  of t h i s  type have been manufactured i n  2.5 KW and 4.5 KW 

s izes  weighing from 100 t o  125 pounds. MSG presently has a 4.5 KW 

system scheduled t o  go on t e s t  August 3, 1970, i n  the Themochdce l  

Test Area of the Propulsion and Parer Division. 

The EN-1 fue l  c e l l  w i l l  contain a l l  the basic features of the afore- 

mentioned PC8B plus the'following: 

: Evaporative cooling plates  a re  located i n  the 

c e l l  stack t o  f a c i l i t a t e  i n t e g r d  cooling by evaporation (boiling) 

t o  space, Water i s  swplied t o  the evaporator p la tes  from exte 

storage tanks. 



: Operation on low p w i t y ,  

Pow pressure gases K P l l  be considered f o r  the shut t le  fue l  c e l l  as  

a possible means of reductisn i n  the meas of weight d system 

compledty. Operation from low pressure, low puri ty  sources does 

r e su l t  i n  some perfopance penalties t o  the f w l  eel1 d f w t k e r  

system trade-offs a r e  r eqd red  i n  Ws area. 

: In  order t o  improve 

l i f e  and re l iab i l i ty ,  an e f fo r t  w i l l  be made t o  eliminate the present 

coolant pump and hydrogen recirculation pump. Prototype models of 

an oxygen-driven coolant pump and hydrogen j e t  pmp are presently i n  

t e s t .  The preliminary resu l t s  appear promising. The oxygen driven 

coolant pump of fers  a d i s t i nc t  advantage i n  t h a t  the coolant flow 

r a t e  is d i r ec t ly  proportional t o  the O2 consumption (and power output), 

thereby eliminating the need f o r  optimizing a t  a fixed flow r a t e  a s  

i s  presently done with the  electrically-driven pumps. 

Redundant Heat and Water Removal: A s  previously stated, waste heat 

i s  removed by e i ther  the closed loop, r e c i r c d a t i n g  coolant, radiator  

system o r  by the in t e rce l l  evaporators. This provides redundant heat 

removal capabili ty i n  the fue l  ce l l .  Redundant waste water removal 

i s  achieved through u t i l i za t ion  of the normal method of condensation 

and removal previously discussed o r  through controlled venting of the 

hydrogen stream. In the venting mode the c e l l  concentration is 

maintained by sensing the moisture content of the venting hydrogen. 

T h i s  is accomplished through wet bulb/dry bulb temperatme measurements 

i n  the vent stream. Control log ic  from these measurements determines 

and controls the venting requirements, 

The General Electr ic  program p ropses  t o  advance the technology of 

the C e d n i  and Biosatel l i te  p r o g r w  through use of the new stabi l iaed 



"R" membrane, a l i gh t  back-to-back c e l l  asrangemerat, imlpssved water 

removal Lechdques aPld other  minor cbanges and improvements i n  the 

a n c i L E q  components. 

The General Electr ic  fue l  c e l l  i s  a low temperature, hydrogen-oqgen 

fue l  c e l l  which uses a solid polymer electrolyte .  The electrolyte  

i s  a perfluorinated sulfonic acid sol id  polymer developed by Dupont. 

The e lec t ro ly te  membrane, ident i f ied a s  the "R" membrane, appears t o  

be very s tab le  and does not exhibit  the excessive degradation r a t e s  

experienced with e a r l i e r  ( ~ e m i n i )  membranes. 

Laboratory tes t ing  of the s tabi l ized "R" membrane has resulted i n  

potent ial  l i f e  predictions of 5000 t o  10,000 hours with negligible 

degradation. This membrane technology coupled with the back-to-back 

(common H2 cavity) c e l l  configuration r e su l t s  i n  a very lightweight 

f u e l  c e l l  stack, Continued e f fo r t s  i n  water removal indicate tha t  

water wicking from one side of the c e l l s  i s  adequate and resu l t s  i n  

improved c e l l  stacking and purging capabili ty,  

A major problem i n  the Gemini fue l  ce l l ,  namely electrode bonding 

f a i lu re s  which permitted cross leakage of the reactants,  appears t o  

have been solved with the development by the Air Force of a new 

high-temperature, s table  adhesive, AF-45. 

These c e l l  improvements, i n  conjunction with incorporation of an 

in tegra l  cooling loop interfacing with the S/C radiator,  voltage 

regulation and the design and development of a monitoring and control 

un i t  t o  f a c i l i t a t e  ease of operation and checkout, have the potent ial  

of producing a fue l  c e l l  which meets the shut t le  reqdremente pre.piouaQ 

specified, 
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s ONE SIDE WATER REMOVAL 

LWROVED BONDING TECHNIQUES 

@ VOLTAGE REGULATOR 

@ INTEGRAL COOLING SYSTEM 

o MONI.TOR1 NG AND CCNTROL l!Nl T 



(M
Y

) W
O

Z
 W

O
N

 





S P A C E  SHUTTLE AIJXI L I A R Y  POWER U N I T  (APU) 

Donald G .  Reremand and Harry M .  Cameron 

NASA-Lewis Research Center 
Cleveland, Ohio 

INTRODUCTION 

The Lewis Research Center  i s  p r e s e n t l y  engaged i n  a  program t o  
develop t h e  technology t h a t  w i l l  be requ i red  t o  f u r n i s h  a  hydrogen- 
oxygen f u e l e d  A u x i l i a r y  Power U n i t  (APU) f o r  t h e  Space S h u t t l e .  The 
requirements f o r  such an APU vary somewhat from one v e h i c l e  concept 
t o  ano ther  and between t h e  Booster  and O r b i t e r  v e h i c l e s .  However, 
a l l  of  t h e  Space S h u t t l e  s t u d i e s  have i n d i c a t e d  a  requirement f o r  
APUs on both  v e h i c l e s .  A review of the  p r o j e c t  requirements  from 
t h e  v a r i o u s  s t u d i e s  has  l e d  t o  t h e  s e l e c t i o n  of a  r e p r e s e n t a t i v e  
s e t  of APU requirements f o r  i n i t i a l  use i n  t h e  APU program. 

The APU requirements a r e  summarized b r i e f l y  i n  f i g u r e  1. 
These requirements have been e s t a b l i s h e d  t o  be compatible wi th  
b a s i c  Space S h u t t l e  requirements (100 miss ions ) ,  and t o  r e f l e c t  
a  common APU f o r  both  O r b i t e r  and Booster v e h i c l e s .  

H2-02 APU REQUIREMENTS 

POWER 

PEAK, HP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  200 

N O R M 1  HP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

HYDRAULIC . . . . . . . . . . . . . . . . . . . . . . .  4000 PSI, 70 GPM 

ELECTR lC . . . . . . . . . . . . . . . .  15 kW, 400 Hz, 1201208 V, 3 PHASE 

. . . . . . . . . . . . . . . . . . . . .  ACTIVE MISSION TIME, HR UP TO 3 

NO. OF MISSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,100 



Requirement f o r  H Z - O 2  APU 

A u x i l i a r y  Power U n i t s  a r e  r e q u i r e d  on t h e  S h u t t l e  v e h i c l e s  t o  
p r o v i d e  b o t h  h y d r a u l i c  and e l e c t r i c a l  power. Some o f  t h e  t y p i c a l  
h y d r a u l i c  power r equ i r emen t s  a r e  shown on t h e  s k e t c h  i n  . f i gu re  2 ,  
Many o f  t h e s e  a r e  t y p i c a l  o f  s t a n d a r d  a i r c r a f t  h y d r a u l i c  sys tems.  
O t h e r  f u n c t i o n s  suck  a s  e n g i n e  deployment  and p o s s i b l y  r o c k e t  
e n g i n e  g i m b a l l i n g  a r e  p e c u l i a r  t o  t h e  Space S h u t t l e  v e h i c l e s .  

HYDRAULIC POWER FUNCTaNS 

.c- --- -u- LANDING GEAR ACTUATON 



I n  a d d i t i o n  t o  t h e  h y d r a u l i c  f u n c t i o n s ,  numerous requirements 
f o r  e l e c t r i c a l  power e x i s t ,  though t h e  t o t a l  e l e c t r i c a l  power 
requirement i s  smal l  compared t o  t h e  h y d r a u l i c  power requirements,  
Those f u n c t i o n s  r e q u i r i n g  e l e c t r i c a l  power inc lude  a v i o n i c s ,  
l i g h t i n g ,  valve  a c t u a t i o n ,  windshie ld  d e i c i n g  and f u e l  boost  pumps, 
While some of t h e s e  f u n c t i o n s  could be s u p p l i e d  by a u x i l i a r y  d r i v e s  
o f f  t h e  a i r  b r e a t h i n g  engines ,  many of  t h e  c r i t i c a l  h igh power 
requirements  d u r i n g  t h e  miss ion occur  p r i o r  t o  deployment of those  
engines .  Thus t h e  choice  f o r  sources  t o  f u r n i s h  t h e s e  a u x i l i a r y  
power requirements  a r e  e s s e n t i a l l y  l i m i t e d  t o  APUs o r  APUs i n  com- 
b i n a t i o n  w i t h  engine-dr iven a u x i l i a r y  systems. 

The s e l e c t i o n  of  hydrogen-oxygen a s  f u e l  f o r  t h e  APU i s  based 
on two key c o n s i d e r a t i o n s .  F i r s t ,  hydrogen-oxygen o f f e r s  much 
lower f u e l  consumptions than t y p i c a l  monopropellant  o r  hypergo l i c  
APU f u e l s  and t h u s  a  s u b s t a n t i a l  p o t e n t i a l  s a v i n g s  i n  weight ,  a  
c r i t i c a l  c o n s i d e r a t i o n  f o r  a l l  S h u t t l e  equipment. Second, i t  
r e s u l t s  i n  commonality o f  f u e l  w i t h  a l l  o t h e r  eng ines  on board,  
r e s u l t i n g  i n  minimizat ion o f  ground l o g i s t i c s  and o f f e r i n g  t h e  
p o t e n t i a l  f o r  i n t e g r a t i o n  o f  t h e  APU f u e l  system w i t h  o t h e r  f u e l  
systems on board ,  such a s  those  f o r  t h e  O r b i t a l  maneuvering system 
and t h e  a t t i t u d e  c o n t r o l  system. While s e l e c t i o n  of a  hydrogen- 
oxygen f u e l  system f o r  t h e  APU i s  b e i n g  reviewed i n  t h e  Phase B 
s t u d i e s ,  t h e  cho ice  p r e s e n t l y  appears  t o  be c o r r e c t  and is  no t  
expected t o  change u n l e s s  t h e  APU requirements  themselves  should 
change s i g n i f i c a n t l y .  

D e t a i l  Requirements 

A s  s t a t e d  i n i t i a l l y ,  t h e  requirements  f o r  t h e  APU vary from 
one v e h i c l e  concept  t o  ano the r  and between O r b i t e r  and Booster .  
S ince  Booster  power l e v e l s  and o p e r a t i n g  t imes g e n e r a l l y  a r e  
g r e a t e r  than  f o r  t h e  O r b i t e r  they w i l l  probably c o n t r o l  t h e  APU 
design.  



A t y p i c a l  miss ion power p r o f i l e  f o r  t h e  Booster  APU i s  shown 
i n  f i g u r e  3. While t h e s e  power l e v e l s  a r e  somewhat h i g h e r  than  
shown i n  t h e  p rev ious  summary both  a r e  i n  t h e  range of t y p i c a l  
power l e v e l s .  The s t e a d y  load  component r e s u l t s  from t h e  hydrau- 
l i c  l o a d s  requ i red  t o  mainta in  a c t u a t o r  p o s i t i o n s  and e l e c t r i c a l  
l o a d s  a s  r equ i red  f o r  s e r v i c e  power. The s p i k e  l o a d s  occur  a s  
fo l lows :  (a)  d u r i n g  a s c e n t  f o r  g imba l l ing  r o c k e t  engines  f o r  
t h r u s t  v e c t o r  c o n t r o l ;  (b) d u r i n g  r e e n t r y  f o r  s e t t i n g  and main- 
t a i n i n g  t h e  e l e v a t o r s  f o r  t h e  d e s i r e d  high ang le  o f  a t t a c k  and 
deployment and s t a r t u p  of j e t  eng ines ;  (c)  d u r i n g  f l y b a c k  f o r  
normal ae rosur face  f l i g h t  c o n t r o l ;  (d) d u r i n g  l a n d i n g  f o r  f l i g h t  
c o n t r o l ,  l a n d i n g  g e a r  deployment, and s t e e r i n g .  

A s  can be  seen  from t h e  power p r o f i l e  t h e  APU w i l l  have t o  
be capab le  o f  peak o r  nea r  peak power o p e r a t i o n  from s e a  l e v e l  t o  
o r b i t a l  a l t i t u d e s .  I t  must, o f  course ,  accep t  whatever c o n d i t i o n s  
of shock, v i b r a t i o n ,  and a c c e l e r a t i o n  t h e  v e h i c l e  may s u b j e c t  it 
t o  o v e r  t h e  f u l l  f l i g h t .  A c c e l e r a t i o n  l e v e l s  w i l l  t e n t a t i v e l y  be 
l i m i t e d  t o  3 g s  f o r  passenger  comfort  b u t  could  be  somewhat h i g h e r  
f o r  Booster  r e e n t r y  s i n c e  no passenger  would be on board.  The 
thermal  environment o f  t h e  APU w i l l  probably vary  s u b s t a n t i a l l y  
d u r i n g  t h e  f l i g h t  and could  range from -60' F t o  s e v e r a l  hundred 
O F depending on i t s  l o c a t i o n  i n  t h e  v e h i c l e .  

The t y p i c a l  Booster  power p r o f i l e  o f  f i g u r e  3 r e p r e s e n t s  t h e  
power p e r  APU i n  an  i n s t a l l a t i o n  of f o u r  redundant systems. The 
O r b i t e r  power requirements  a r e  expected t o  be somewhat s m a l l e r  
and could  probably be s a t i s f i e d  w i t h  an i n s t a l l a t i o n  o f  t h r e e  
redundant systems.  I n  g e n e r a l ,  t h e  redundancy requirement f o r  
the  systems s u p p l i e d  by t h e  APUs on both  v e h i c l e s  i s  one u n i t  
o u t - f a i l  o p e r a t i o n a l  ( con t inue  miss ion) ,  two u n i t s  o u t - f a i l  s a f e  
( a b o r t  miss ion) .  While we have made no a t t empt  t o  a s s i g n  r e l i -  
a b i l i t y  numbers t o  t h e  APU, it obviously  must be an ext remely 
r e l i a b l e  u n i t .  

Other key d e s i g n  o b j e c t i v e s  a r e  those  o f  s e r v i c e  l i f e  and 
weight.  The v e h i c l e  l i f e  requirement is f o r  100 miss ions  and 
t h e  miss ion APU o p e r a t i o n a l  t ime can be up t o  t h r e e  hours .  The 
d e s i g n  l i f e  o b j e c t i v e  has  t h u s  been s e t  a t  1000 hours ,  more than  
t h r e e  t imes  t h e  maximum l i f e  p r e s e n t l y  requ i red .  System weight 
and f u e l  consumption a r e  obviously  important  and must be k e p t  t o  
a  minimuni. With a  payload f o r  t h e  S h u t t l e  i n  t h e  o r d e r  of  20- 
40,000 pounds i t  i s  obvious t h a t  an e x t r a  1000 pounds chargeab le  
t o  t h e  APUs ( a s  could  r e s u l t  from excess  f u e l  consumption) would 
be a  s i g n i f i c a n t  pena l ty .  
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Among the more c r i t i c a l  requirements f o r  the APU design are  
the combination of (a) la rge  power range; (b) peak power operation 
from sea l e v e l  t o  o r b i t a l  a l t i t u d e s ;  and (c) the l imited (about 
10 percent) operation a t  peak power. 

Typical H - 0  APU 

Figure 4 shows a  t y p i c a l  schematic representat ion of a  hydrogen- 
oxygen turbine APU. The major components a r e  the turbine,  t he  com- 
bustor ,  t he  f u e l  and oxid izer  valves,  the  hea t  exchanger fo r  pre- 
heat ing the  cryogenic gases with turbine exhaust products and the 
con t ro l  system. The high speed turbine output d r ives  through a  
gearbox t o  an a l t e r n a t o r  and one o r  more hydraul ic  pumps, a s  wel l  
a s  p a r a s i t i c  se rv ice  loads. 

TYPICAL APU SCHEMATIC 
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Combustor: The combustor burns  gaseous hydrogen and oxygen 
a t  o f f - s t o i c h i o m e t r i c  r a t i o s ,  s i n c e  s to ich iomet ry  ( 8 / l  oxygen/ 
hydrogen) would r e s u l t  i n  t empera tu res  near  6000° F. For long  
l i f e  r e l i a b l e  t u r b i n e s  t empera tu res  should  be l i m i t e d  t o  1800° F. 
Th i s  r e q u i r e s  an O/F r a t i o  i n  t h e  neighborhood o f  1/l wi th  t h e  
excess  hydrogen s e r v i n g  a s  t h e  d i l u e n t  t o  soak up h e a t  and reduce 
temperature .  The product  of  combustion of an O/F r a t i o  of  1/1 
a r e  55 p e r c e n t  hydrogen and 45 p e r c e n t  steam. The source  o f  
i g n i t i o n  might be a s p a r k  plug,  glow plug,  o r  a c a t a l y s t  such a s  
p la t inum depos i t ed  on an aluminum oxide  s u b s t r a t e .  The l a t t e r  
r e q u i r e s  no e x t e r n a l  energy source  b u t  i s  s u b j e c t  t o  poisoning.  
Therefore ,  spa rk  o r  glow p lugs  a r e  favored.  

I n  t h e  s e l e c t i o n  o f  t h e  combustor and t u r b i n e  d e s i g n s  t h e  
cho ice  o f  p r e s s u r e  o r  p u l s e  modulation t o  c o n t r o l  power cou ld  
s i g n i f i c a n t l y  impact t h e  combustor des ign.  

Turbine:  The b a s i c  t u r b i n e  w i l l  l i k e l y  be  an a x i a l  f low 
impulse machine w i t h  t h e  number of  s t a g e s  depending on t h e  de-  
c reased  p r e s s u r e  r a t i o  and t h e  complexity one i s  w i l l i n g  t o  accept .  
A f u l l  admission continuous f low t u r b i n e  wi th  a 300 p s i  gas  i n l e t  
p r e s s u r e  would have a mean d iamete r  of  2.5 inches ,  a b lade  h e i g h t  
o f  0.1 i n c h ,  and a r o t a t i v e  speed o f  170,000 rpm f o r  t h e  requ i red  
power output .  Such a machine would be d i f f i c u l t  t o  b u i l d  and 
power e x t r a c t i o n  would be i n e f f i c i e n t .  A l t e r n a t i v e s  a r e  p a r t i a l  
admission t u r b i n e s  i n  which t h e  gas  is  admit ted  through a l i m i t e d  
number o f  nozz les  i n t o  a l i m i t e d  b lade  s e c t i o n .  Such a t u r b i n e  
would be about  s i x  inches  i n  d iameter ,  have a b lade  h e i g h t  of  
0.250 inch ,  and a r o t a t i v e  speed of  6Y,000 rpm. I t  would have 
two s t a g e s ,  and t h e  angle ( s e c t o r )  o f  admission would be about 
60 degrees .  I n s t e a d  o f  a x i a l  s t a g i n g  t h e  same t u r b i n e  wheel 
could  be r e e n t e r e d  by t h e  f i r s t  s t a g e  e x i t  f low through appro- 
p r i a t e  duc t ing .  Such t u r b i n e s  have been b u i l t  and give  a reason-  
a b l e  e f f i c i e n c y  a f t e r  d u c t i n g  and i n t e r s t a g e  leakage l o s s e s  a r e  
accepted.  

Another a l t e r n a t i v e  i s  t h e  p u l s e  t u r b i n e  which o p e r a t e s  wi th  
f u l l  admission,  b u t  not  cont inuous  flow. I n s t e a d ,  t h e  p r o p e l l a n t  
f low i s  c y c l i c a l l y  i n t e r r u p t e d  w i t h  on-off pu l se  d u r a t i o n s  regu- 
l a t e d  i n  accordance wi th  power requirements.  This  a l lows t h e  
t u r b i n e  t o  be optimized a t  one des ign  flow r a t e  and t h u s  f a v o r s  
minimal f u e l  consumption. One such machine was b u i l t  by TRW 
under c o n t r a c t  t o  NASA t o  o p e r a t e  wi th -hydraz ine  and n i t r o g e n  
t e t r o x i d e .  This  machine was t e s t e d  and demonstrated t h e  b a s i c  
f e a s i b i l i t y  of t h e  pu l se  t u r b i n e .  

Control  System: The APU c o n t r o l  system must mainta in  t h e  
des ign  o f  G/F r a t i o ,  and f u e l  and o x i d i z e r  mass flow a t  v a l u e s  
r e q u i r e d  t o  match demand power r e g a r d l e s s  of d e n s i t y  changes which 
occur  a s  a r e s u l t  of  va ry ing  i n l e t  temperatures  and p r e s s u r e s .  The 
APU c o n t r o l  system must a l s o  respond t o  l a r g e ,  r ap id  power changes 
and could be t i e d  i n  wi th  t h e  f l i g h t  c o n t r o l  system i n  o r d e r  t o  
a n t i c i p a t e  t u r b i n e  load changes w i t h  minimum delay.  



Vehicle In t e r f ace  

Several maior i n t e r f aces  e x i s t  between the APU and the  
vehicle .  The f i r s t ,  and perhaps most obvious, a r e  the load i n t e r -  
faces .  A t y p i c a l  redundant hydraul ic  system supplied b y  fou r  
APUs i s  shown i n  f i gu re  5. A s  shown, each con t ro l  surface o r  
o the r  hydraul ica l ly  actuated device i s  driven by three or  four  
independent ac tua to r s  from separa te  APUs a s  required t o  s a t i s f y  
the f a i l  ope ra t iona l - f a i l  s a f e  c r i t e r i a .  Obviously, many combi- 
nat ions and va r i a t i ons  of t h i s  bas i c  approach a r e  possible  i n -  
c luding the use of accumulators t o  smooth out load pulses and 
possibly power t r a n s f e r  u n i t s  ( revers ib le  hydraulic pump-motors) 
t o  allow power transmission from one system t o  another without 
mixing f l u i d s  i n  the independent systems. The e l e c t r i c a l  load 
i n t e r f a c e  could impose severe problems depending on the f r e -  
quency con t ro l  and the degree of p a r a l l e l i n g  operation t h a t  
might be required, p a r t i c u l a r l y  s ince  the  major loads and load 
f luc tua t ions  w i l l  come from the  hydraul ic  loads. 

Another major i n t e r f a c e  is with the  propel lant  feed system. 
There a r e  two extremes of  feed systems and many intermediate  
arrangements t h a t  could be used. F i r s t  a l l  hydrogen and oxygen 
could be taken from other  on board systems already gas i f i ed  and 
requi r ing  only minor, i f  any, temperature conditioning before use 
i n  t he  APU. A t  t h e  o ther  extreme, both the hydrogen and oxygen 
could be self-contained i n  APU tankage alone. 

TYPICAL REDUNDANT HYDRAULIC SYSTEM 

ENGINE DEPL 



Figure  6 shows two p o s s i b l e  propel  l a n t  supply  systems,  
Sketch (a) shows a  supply  which is  common with  a  low p r e s s u r e  
ACS supply  l o c a t e d  w i t h i n  t h e  main engine  tank.  S ince  t h e  main 
engine  p r o p e l l a n t s  a r e  expended i n  t h e  f i r s t  few minutes of f l i g h t  
t h e  ACS p r o p e l l a n t s  can be expanded and g a s i f i e d ,  e l i m i n a t i n g  t h e  
need f o r  s e p a r a t e  APU s t o r a g e  t a n k  and g a s i f i e r s ,  The s i m p l i c i t y  
of  t h e  system i s  achieved a t  t h e  c o s t  of  l i m i t i n g  t h e  a v a i l a b l e  
expansion r a t i o  through t h e  t u r b i n e  t h u s  i n c r e a s i n g  s p e c i f i c  f u e l  
consumption. 

Sketch (b) shows low p r e s s u r e  l i q u i d  s t o r a g e  e i t h e r  s e p a r a t e  
f o r  t h e  APU o r  common w i t h  o t h e r  systems w i t h  a h y d r a u l i c  motor- 
d r i v e n  pump t o  pump l i q u i d  H2 t o  h i g h  p r e s s u r e  (300-500 p s i ) .  
Pumping power would be about  LO horsepower, w e l l  worth t h e  ga in  
i n  f u e l  economy. The low f l o w r a t e s ,  .05  - . 2  pounds p e r  second, 
would however pu t  u s  i n t o  a  pump range f o r  which t h e r e  i s  l i t t l e  
H2 exper ience ,  The low volume o f  oxygen would make h i g h  p r e s s u r e  
l i q u i d  s t o r a g e  p r a c t i c a l ,  and a g a i n  cou ld  be e i t h e r  s e p a r a t e  o r  
common wi th  o t h e r  systems.  

O f  c o n s i d e r a b l e  importance is t h e  thermal  i n t e g r a t i o n  w i t h  
t h e  v e h i c l e .  Use o f  c ryogen ic  f u e l s ,  d i s c h a r g e  o f  h igh tempera- 
t u r e  exhaus t  gases  and p o t e n t i a l  h e a t  l o a d s  t o  o r  from t h e  APU 
make t h i s  an impor tan t  cons ide ra t ion .  

A l l  t h e  above des ign  problems must, o f  course ,  be reso1,ved 
wi th  d e s i g n s  r e s u l t i n g  i n  an optimum i n t e g r a t e d  APU system. Not 
on ly  must t h e  r e s u l t a n t  o v e r a l l  APU be a  w e l l  i n t e g r a t e d  u n i t  
b u t  i t  must a l s o  i n t e g r a t e  r e a d i l y  and w i t h o u t  undue problems i n t o  
t h e  v e h i c l e .  

PROPELLANT SUPPLY SYSTEMS 
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Planned Program 

I n  order  t o  provide the  required hydrogen-oxygen APU 
technology, the  Lewis Research Center has i n i t i a t e d  a  combined 
in-house and con t r ac tua l  e f f o r t .  The in-house e f f o r t s  a r e  
presen t ly  d i r ec t ed  a t  e s t ab l i sh ing  and maintaining cu r r en t  t he  
APU requirements based on t h e  Space Shu t t l e  s t ud i e s ,  and per-  
forming preliminary component and system analyses and evaluat ion.  

A t  present ,  cont rac tor  proposals a r e  due about Ju ly  20 
f o r  a  two-phase s tudy of a hydrogen-oxygen APU. Phase I of 
t h i s  e f f o r t  w i l l  be a  four-month screening ana lys i s .  I n  t h i s  
phase parametric ana lys i s  of the major system components would 
be performed and components and system design concepts screened. 
A t  t h e  conclusion of  t h i s  phase NASA w i l l  s e l e c t  t he  system 
concept which w i l l  be pursued i n  more d e t a i l  i n  Phase 11. 

The Phase I1 e f f o r t  would include d e t a i l  system and com- 
ponent analyses  and engineer ing and the  generat ion of d e t a i l  
system and component layout  drawings. Phase I1 is planned as 
a six-month e f f o r t .  Dependent on the  r e s u l t s  of Phase I, i t  
might be des i r ab l e  t o  perform some experimental eva lua t ions  o r  
v e r i f i c a t i o n s  of component concepts i n  p a r a l l e l  with,  o r  a s  a 
p a r t  o f ,  t he  Phase I1 e f f o r t .  

I t  is an t i c ipa t ed  t h a t  the  r e s u l t s  of t he  e a r l y  Phase B 
t rade-of f  s t u d i e s  can be fed d i r e c t l y  i n t o  t h e  s t a r t  of t h e  APU 
Phase I e f f o r t .  From t h a t  po in t  on, f requent  crossfeed of  i n -  
formation and coordinat ion between t h e  APU study and the  Phase B 
S h u t t l e  s t ud i e s  i s  planned. 

I t  i s  expected t h a t  t h e  APU study e f f o r t  w i l l  i n d i c a t e  
the  component and system technology a reas  which w i l l  r equ i r e  
major emphasis i n  a cont inuing APU program. 

(See f i gu re  7) 
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