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INTEGRATED DlGlTAL/ELECTRlC AIRCRAFT CONCEPTS STUDY 

N. J. Cronin,  A. P. Hays, F. B. Green, 
N. A. Radovcich, C. W .  H e l s l e y ,  W .  L. Rutchik  

The I n t e g r a t e d  D i g i t a l / E l e c  t r  i c  A i r c r a f t  (IDEA) is a n  a i r c r a f t  concept  
which employs t h e  fo l lowing  sys tems:  Advanced E l e c t r i c a l  Power Gene ra t ion  and  
Engine S t a r t i n g ,  Power Distr i b u t  i on  and Management, E l ec t romechan ica l  Ac tua- 
t i o n  Systems, E l e c t r i c a l  Deic ing ,  E l e c t r i c a l l y - D r i v e n  Environmental  C o n t r o l  
System, Advanced Data D i s t r i b u t i o n ,  and  D i g i t a l  F l i g h t  Con t ro l  System. A f t e r  
d e t a i l e d  t r a d e  a n a l y s i s  o f  c a n d i d a t e  sys tems,  p r e f e r r e d  sys t ems  were a p p l i e d  
t o  t h e  b a s e l i n e  c o n f i g u r a t i o n ,  which c o n t a i n s  advanced technology i n  a l l  a r e a s  
except  f o r  secondary  power and f l i g h t  c o n t r o l  sys tems.  The b a s e l i n e  is a 
s t r e t c h e d - f u s e l a g e  Lockheed L-1011 d e r i v a t i v e  c a r r y i n g  350 p a s s e n g e r s  ove r  a  
d e s i g n  range  of 4600 n . ~ i .  w i th  performance b e n e f i t s  e v a l u a t e d  a t  t h e  ave rage  
s t a g e  l e n g t h  of  2500 n.mi. It was assumed t h a t  t h e  advanced t e c h n o l o g i e s  
would r e a c h  " technology r e a d i n e s s "  (be  a t  a s u f f i c i e n t l y  advanced s t a g e  o f  
development f o r  commitment t o  an a i r c r a f t  de s ign )  i n  1990 f o r  a n  a i r c r a f t  
e n t e r i n g  s e r v i c e  i n  1994. An a d d i t i o n a l  c o n f i g u r a t i o n ,  t h e  A l t e r n a t e  IDEA, 
was a l s o  cons ide red .  For t h i s  concept  t h e  d e s i g n  ground r u l e s  were r e l a x e d  i n  
o rde r  t o  q u a n t i f y  h d d i t i o n a l  s y n e r g i s t i c  b e n e f i t s .  

The major  o b j e c t i v e s  of  t h e  s t u d y  were t o  d e f i n e  an  IDEA c o n f i g u r a t i o n ,  
d e f i n e  t e c h n i c a l  r i s k s  a s s o c i a t e d  wi th  t h e  IDEA sys tems c o n c e p t s ,  and t o  
i d e n t i f y  t h e  r e s e a r c h  and development r e q u i r e d  a c t i v i t i e s  t o  reduce  t h e s e  
r i s k s .  

Fol lowing a  t rade-of f  of c a n d i d a t e  subsys tems,  t h e  s e l e c t e d  subsys tems 
inc lude :  power g e n e r a t  ion  - two sauarium c o b a l t  s t a r t e r / g e n e r a t o r s  p e r  
eng ine ,  p roducing  v a r i a b l e  v o l t a g e l v a r i a b l e  f requency  w i t h  s e l e c t i v e  conver-  
s i o n  ( t o  270 Vdc o r  t o  c o n s t a n t  v o l t a g e  c o n s t a n t  f r equency) ;  power d i s t r  ibu- 
t i o n  - hybr id  r i n g / d i s t r i b u t e d  bus; a c t u a t o r s  - r o t a r y  power h inge  o p e r a t i n g  
through an  a n t i j a m  mechanism; envi ronmenta l  c o n t r o l  sys tem - e l e c t r i c a l l y  
d r i v e n  vapor c y c l e  system and a i r  compressor;  f l i g h t  c o n t r o l s  sys tems - 
c e n t r a l i z e d l m e s h  a r c h i t e c t u r e ,  ( sys tem r e l i a b i l i t y  pe rmi t s  -10 pe rcen t  s t a t i c  
s t a b i l i t y  margin) .  

B e n e f i t s  were de termined  u s i n g  an  a i r c r a f t  performance and s i z i n g  computer 
program. When t h e  IDEA concep t s  were i n c o r p o r a t e d  i n t o  t h e  des ign  and t h e  
a ' - c r a f t  r e s i z e d  f o r  t h e  d e s i g n  m i s s i o n ,  b lock  f u e l  was p r e d i c t e d  t o  d e c r e a s e  
bj 11.3 p e r c e n t ,  w i t h  7.9 pe rcen t  dec rease  i n  d i r e c t  o p e r a t i n g  c o s t .  The 
A l t e r n a t e  lDEA shown a f u r t h e r  3.4 p e r c e n t  r e d u c t i o n  i n  b lock  f u e l  and 3.1 
pe rcen t  r e d u c t i o n  i n  d i r e c t  o p e r a t i n g  c o s t ,  p r i m a r i l y  as  a  r e s u l t  of r e d u c t i o n  
i n  maximum limit maneuver l o a d  f a c t o r  from 2 .5  t o  2.0. 

P l ans  show t h a t  t e c h n i c a l  r i s k s  e x i s t  i n  power g e n e r a t  ion  and motor 
technology ( p r i m a r i l y  a s soc . i a t ed  w i t h  h ighe r  o p e r a t i n g  t empera tu re s ) ;  power 
d i s t r i b u t i o n  ( f a u l t  s e n s i n g ,  c l e a r i n g  and s u r v i v a b i l i t y ) ;  e l e c t r o m e c h a n i c a l  



ac tua tors  (cool lag and ant  ijam des a n ) ;  power con t ro l l e r s  (adequate capacity 
and cooling) f l i g h t  cont ro l  system (demonstration of r e l i a b i l i t y  of f l i gh t -  
c r i t i c a l   yete em). In these technical  a reas  government research would be 
beneficial  in reducing these r i s l e .  

INTRODUCTION 

Desi,gt,m3 of commercial a i r c r a f t  s t r i v e  t o  provide t ranspor ta t ion  a t  the 
l o w e t  pjr s i b l e  cos t  coneitstent with such cons t ra in ts  a s  s a fe ty ,  r e l i a b i l i t y ,  
and omIc ,:t. Ai rcraf t  operating cost  is usually measured a s  the sun of d i r ec t  
opetirtic cos t  (DOC), urual ly  defined by the A i r  Traneportation Aasociation of 
America ' , A l l )  method, and ind i r ec t  operating cos t ,  which involves such f ac to r s  
as passerger se rv ice  and ground handling costs .  DOC is therefore  of more 
interest-  to the  designer,  and i t  cons i s t s  of the sum of four major terms with 
apptoxirPete contr ibut ion a s  follows: 

1. P ight Crew 15% 
2. P , e l  and O i l  45% 
3. 1:. prec ia t ion  2 0% 
4. Pl!,intenance 20% 

I n  addi t  ion, insurance is about 1 percent of DOC. The cos t  of borrowing money 
i e  not included. 

WC can therefore be reduced by reducing a i r c r a f t  fue l  burned, purchase 
pr ice ,  and maintenance costs .  Both f u e l  burned a ~ d  a i r c r a f t  empty weight 
(which is cloeely r e l a t ed  t o  purchase pr ice)  can be reduced through reduction 
of thrce a i r c r a f t  and engine parameters - 1 )  a i r c r a f t  drag, 2)  a i r c r a f t  
ve 'ght , and 3) engine spec i f  i c  fue l  consmpt ion (SFC) . 

NA: 4 has had a leading ro l e  in the sponsorship of research and technology 
d e v e l o ~  pent to reduce operating cos ts .  One avenue of sponsorship has con- 
cerned :he appl ica t ion  of advanced e l e c t r i c  and e lec t ronic  technologies t o  
comprercial a i r c r a f t  , The Lockheed-California Company has par t ic ipa ted  in two 
previoua s tudiee;  the f i r s t  was a study funded by the Johnson Space Center 
e n t i t l e d  "k!yl icat  ion of Advanced Elec t r  ic/Elec t ronic  Technologies t o  Conven- 
t iona l  k i t c r a f t "  and completed in 1981 ( r e f .  1).  The object ive of the study 
was t o  evaluate the bene f i t s  of advanced e l ec t r i c / e l ec t ron ic  systems, a s  used 
in the Space Chuttle, t o  commercial a i r c r a f t .  Buildlng on t h i s  study, a 
second stud-. was performea under funding from Langley Research Center. The 
t itlde of t,h:ls study Is "Electronic/Electr i c  Technology Kenef i ts  Study" ( r e f .  
2'.  This stuay q u a l i t ~ f . i v e l y  evaluated 135 separate  subsystems concepts, f rom 

of adaptive cont ro ls ,  to  hardware such a s  .cepts such .as the sppl ic a t  ion 
powered wheels on i .ilding gear. 
,-ere quantitat1v.i .y evaluated: 

Near- erm f l i g h t  cont ro ls  

f - ,x- tem f l i g h t  cont ro ls  

O f  these,  e ight  systems-oriented concepts 

(RSS, not f l i g h t  c r i t i c a l )  

RSS, f l i g h t  c r i t i c a l )  



0 Near-term secondary power (No engine bleed)  

Far-term secondary power (No bleed,  no hydrau l i c s )  

Advacced av ion ic  components (Advanced e l e c t r o n i c s  and packaging) 

Advanced cockp i t  (Con t ro l s  and multipurpose d i s p l a y s )  

A i r  t r a f f i c  c o n t r o l  (Onboard and ATC system techniques)  

Advanceu systems a i r c r a f t  ( A l l  of the  above technologies)  

The l n t e g r a t e d  D i g i t a l / E l e c t r i c  A i r c r a f t  (1DEA) concept fo l lows t h e s e  
p r i o r  s t u d i e s  t o  incorpora te  two separa te  but r e l a t e d  a r e a s  of technology. 
The f i r s t  a r e a  of technology i s  the  " a l l - e l e c t r i c  a i r c r a f t "  concept ,  in  which 
a i r c r a f t  hydraul ic  and pneumatic subsystems a r e  r ep laced  wi th  e l e c t r i c  actu- 
a t o r s ,  e l e c t r i c a l l y  d r iven  engine s t a r t e r s  and environmental c o n t r o l  system 
(ECS) There is a  s i g n i f i c a n t  n e t  weight r educ t ion  from the  e l iminh t ion  of 
hydraul ic  and pneumatic hardware and duc t s ,  and a  r educ t ion  i n  engine  SFC 
r e s u l t i n g  from the  s u b s t i t u t i o n  of compressor bleed wi th  e l e c t r i c a l l y  d r iven  
compressors. The second i s  tile a p p l i c a t i o n  of d i g i t a l  c o n t r o l  t o  a i r c r a f t  
f l i g h t  c o n t r o l ,  and o t h e r  sys,-ems. This  r e s u l t s  i n  more s o p h i s t i c a t e d  c o n t r o l  
systems, which a t  the  same time have l e v e l s  of r e l i a b i l i t y  comparable t o  t h a t  
of the a i r c r a f t  s t r u c t u r e  i t s e l f .  These c o n t r o l  systems permit a c t i v e  con- 
t r o l s ,  such a s  r e laxed  l o n g i t u d i n a l  s t a t i c  s t a b i l i t y  and f l u t t e r  mode sup- 
p ress ion ,  which r e s u l t  in  both weight savings  and drag reduct  ion. 

The IDEA concept promises reduc t ions  i n  a i r c r a f t  drag,  empty weight,  and 
engine SFC, r e s u l t i n g  i n  s i g n i f i c a n t  r educ t ions  i n  DOC. 

Object ives  

There a r e  t h r e e  major o b j e c t i v e s .  The f i r s t  is  t h e  q u a n t i f i c a t i o n  of 
b e n e f i t s  of the  IDEA concepts t o  a  t r a n s p o r t  a i r c r a f t  e n t e r i n g  s e r v i c e  i n  t h e  
e a r l y  1990's time per iod,  ( t h e  r e p r e s e n t a t i v e  s j r c r a f  t s e l e c t e d  by Lockheed is 
a 350-passenger d e r i v a t i v e  of t.he L-1011 with a  range of 4600 n.mi.) and t o  
determine whether ind iv idua l  or  c o l l e c t i v e  por t ions  of t h e  IDEA concepts  show 
promise f o r  new or  unique t r a n s p o r t  conf igura t ion  des igns  not considered 
f e a s i b l e  u n t i l  now. The second o b j e c t i v e  is t o  d e f i n e  a s s o c i a t e d  r i s k s  asso- 
c i a t e d  with the  a p p l i c a t i o n  of t h i s  technology. The t h i r d  is  t o  i d e n t i f y  t h e  
research and development t o  reduce these  r i s k s  f o r  p o t e n t i a l  a p p l i c a t i o n  t o  
t r anspor t  a i r c r a f t  . 

guan t i f  i c a t i o n  of b e n e f i t s .  - I n  order  to  quan t i fy  t h e  b e n e f i t s  of l D E A  
concepts the following subsystems a r e  app l i ed  t o  an aavacced technology 
commercial a i r c r a f t  : 

d i g i t a l  f l i g h t  c o n t r o l s  (primary and secondary) 

d i g i t a l  d a t a  d i s t r i b u t i o n  



elect romechanical  a c t o a t  ion systems 

advanced power genera t ion  systems 

e l e c t r i c  power d i s t r i b u t i o n  

e l e c t r i c  power management 

e l e c t r i c  engine s t a r t i n g  

e l e c t r i c  wing cnd engine i c e  p r o t e c t i o n  

e l e c t r i c  environmental c o n t r o l  system 

New t r a n s p o r t  c o n f i g u r a t i o n  design.  - I n  q u a n t i f y i n g  t h e  b e n e f i t s  of t h e  
IDEA concepts ,  the  a i r c r a f t  design wad held  c o n s t a n t ,  wi th  t h e  except ion of 
r e s i z i n g  the  wing and engine f o r  wing loading and th rus t lwe igh t  r a t i o  t o  meet 
performance c o n s t r a i n t s ,  and r e s i z i n g  the  h o r i z o n t a l  t a i l  f o r  r e l a x e d  longi-  
t u d i n a l  s t a b i l i t y .  An a d d i t i o n a l  o b j e c t i v e  t h e r e f o r e  is t o  determine whether 
f u r t h e r  b e n e f i t s  accrue  i f  the  IDEA concepts permit neu or  unique t r a n s p o r t  
c o n f i g u r a t i o n  des igns .  The o b j e c t i v e  is embodied in t h e  "Al te rna te  lDEA Based 
Conf igurat ion,"  which has an undefined s e r v i c e  e n t r y  d a t e ,  and f o r  kh ich  
fundamental changes i n  a i r c r a f t  des ign a r e  permiss ib le .  

Technology development plans.  - Technologies and methodologies a r e  iden- 
t i f  led  which must be developed and v a i i d a t e d  by 1990 t o  achieve t h e  IDEA based 
conf igura t ion  design.  

In a d d i t  ion,  a  subse t  of : t a s e  technologies  and methodologies a r e  ident  i- 
f i e d  which a r e  c o n s i s t e n t  f o r  government support  c o n s i s t e r t  wl th  t h e  guide- 
l i n e s  of longterm, h igh r i s k ,  and bigh payoff. Resources and schedule  
requirements f o r  t h i s  subse t  a r e  ident  i f  Led. 

Approach 

Nethod of e v a l u a t i n g  befief i t s .  - The b e n e f i t s  a r e  eva lua ted  by f i r s t  
de f in ing  a n a l y t i c a l l y  a base l ine  a i r c r a f t  which incorpora tes  advanced tech- 
no lag ies  ( c o n p o s i t e s ,  energy e f f i c i e n t  engine ,  s u p e r c r i t i c a l  wing, and a c t i v e  
a i l e r o n s )  in a l l  a r e a s  except f o r  the  subsystems t o  be eva lua ted .  These sub- 
systems a r e  removed from the  a i r c r a f t  and a r e  replaced w i t h  those  incorpo- 
r a t i n g  the  IDEA concepts.  The subsystems t o  be incorporated r e s u l t  from 
t r a d e - a f f s  of candida:e subsystems based on weight, c o s t ,  r e l i a b i l i t y ,  main- 
t a i n a b i l i t y ,  compat ib i l i ty  with o t h e r  subsystems, a ~ d  o t h e r  f a c t o r s  t h a t  may 
a f f e c t  s e l e c t  ion of cand ida tes .  

A d e t a i l e d  eva lua t ion  is made of the  p r e f e r r e d  subsystems i n  o rde r  t o  make 
a  q u a n t i t a t i v e  eva lua t ion  of t h e  b e n e f i t s  of t h e  IDEA concepts I n  terms o f  
a i r c r a f t  block f u e l  and DOC. This  eva lua t ion  is c a r r i e d  out  us ing t h e  
Lockheed Advanced Systems Synthes is  and Evaluat ion Technique (ASSET) computer 
program which permits changes i n  a i r c r a f t  component weights o r  performance t o  



be incorporated;  t h e  a i r c r a f t  is a n a l y t i c a l l y  flown through i t s  r e q u i r e d  
mission and changes in a i r c r a f t  weight,  f u e l ,  and c o s t  r e a d i l y  determined. 

The A l t e r n a t e  IDEA Based Conf igura t ion  is eva lua ted  in a s i m i l a r  manner, 
but wi th  t h e  con£ i g u r a t i o n  des ign c o n s t r a i n t s  removed. Because t h e  s e r v i c e  
e n t r y  d a t e  is undefined,  o t h e r  lDEA concepts  may be added t h a t  do not  meet the  
requirements f o r  an e n t r y  i n t o  s e r v i c e  in t h e  e a r l y  1990s. 

Technology development p lans  and r i s k s .  - Technology development p lans  a r e  - 
e s t a b l i s h e d  which w i l l  reduce technology r i s k s  t o  an accep tab le  l e v e l .  These 
plans were developed i n  cooperat  ion wi th  manufacturers of subsystem e q u i p e n t  
t o  r e f l e c t  the  b e s t  e s t ima te  of r e sources  requ i red  t o  b r ing  the  technologies  
t o  a s t a t e  of technology read iness .  

For technologies  t o  be incorporated i n t o  the  l D E A  based conf igura t ion ,  t h e  
technology development schedule i s  assumed whlch 16 i l l u s t r a t e d  ic f i g u r e  1. 
Technology v a l i d a t i o n  w i l l  be achieved by the  end of 1990, l ead ing  t o  FAA 
C e r t i f i c a t i o n  and e n t r y  i n t o  s e r v i c e  in  1994. 

For the  A 1  t e r n a t e  lDEA Configurat ion i t  is a s s m e d  t h a t  the  c e r t i f i c a t i o n  
da te  i s  undefined.  

I 

TECHNOLOGY DEVELOPMENT 

I FLIGHT TEST 
I 
I 
.1) 

AIRFRAME 
TECHNOLOGY 
VALIDATION 

1984 

Flgure  1. - Development schedule.  

START PROJECT ENGINE FIRST FAA 
PRELIMINARY GO.AHEAD DELIV. FLIGHT CERTIFICATION 
DESIGN 

I 

'85 '86 '87 '88 '89 ' 9 0  '91 '92 '93 '94 '95 



AAE S 

a c  

ACARS 

AC B 

ACES 

ACM 

AC 5 

Act 

A/ D 

AEECS 

ADEMS 

Adv 

AEDS 

AFCM 

AFMS 

AFWAL 

AGB 

AGD 

AH 

AIDS 

AIPS 

AIRhAB 

ALMS 

APGS 

A/ P 

ABBREVIATlONS AND ACRONYMS 

advanced a i r c r a f t  e l e c t r i c  system 

a l t e r n a t i n g  c u r r e n t  

ARLNC communications, address ing ,  and r e p o r t i n g  system 

a l t e r n a t i n g  c u r r e n t  bus 

automat ic  c o n t r o l l e d  e l e c t r i c  system 

a i r  c y c l e  machinery 

a c t i v e  c o n t r o l  system 

a c t u a t o r  

analogue t o  d i g i t a l  

a l l  e l e c t r i c  environmental c o n t r o l  system 

advanced d i sp lay  and e l e c t r i c a l  management system 

advanced 

advanced e l e c t r i c  d i s t r i b u t i o n  system 

advanced £1 igh t  c o n t r o l  manager 

automat ic  £1 igh t  management system 

A i r  Force Wright Aeronaut ica l  Labora to r i es  

accessory  gear  box 

a x i a l  gea r  d i f f e r e n t i a l  

ampere-hour 

a i r c r a f t  i n t e g r a t e d  data  system 

advanced information process ing system 

Avionics l n t e g r a t  ion Research Laboratory 

automat ic  load management system, e l e c t r i c a l  

advanced power genera t ion  system 

a u t o p i l o t  



APU 

APUC 

ARINC 

ASSET 

A/ T 

ATA 

ATM 

BCA S 

BIT 

BITE 

BPCU 

BPV 

BT 

BTC 

C 

CARSRA 

CDU 

cfm 

c .g. 

C ITS 

C OMP 

COND 

a u x i l  i a r p  power u n i t  

APU c o n t a c t o r  

Aeronaut ica l  Radio Incorporated 

advanced systems s y n t h e s i s  and eva lua t ion  technique 

a u t o t h r o t t l e  

A i r  Transpor t  Associa t ion 

a i r  t u r b i n e  motor 

bus c o n t r o l l e r  

beacon c o l l i s i o n  avoidance system 

b u l l  t- i n  t e s t  

b u i l t -  i n  t e s t  equipment 

bus power 

bus c o n t r o l  power u n i t  

bypass valve  

bus t i e  

bus t i e  con tac to r  

contac t o r  

computer-a ided redundant system r e 1  i a b i l  i t y  ana lys  l a  

c i r c u i t  breaker  

cab in  compressor 

c o n t r o l  and d i sp lay  u n i t  

cubic  f e e t  per minute 

c e n t e r  of g r a v i t y  

c e n t r  i l  i n t e g r a t e d  t e s t  systems 

compressor 

condenser 



CRAD 

CRT 

c s d  

CSDL 

CT 

CTD 

CVCF 

DADS 

DAIS 

DEMUX 

DFC S 

DHS 

DITS 

DLC 

DME 

DoD 

DOC 

DPCT 
I 

EAROM 

c o n t r a c t o r  r e s e a r c h  and development 

cathode ray  tube,  c e n t r a l  gun type 

constant  speed d r i v e  

Char les  S ta rk  Draper Laboratory 

c u r r e n t  t ransformer  

c o n t r o l  technology demonstrator 

c h l o r o t r  i f  luouroethylene 

check va lve  

constant  vo l t age  cons tan t  frequency 

d i g i t a l  t o  analogue 

d i g i t a l  a i r  da ta  systems 

d i g i t a l  a v i o n i c s  information system 

demul t i p l  exe r 

d i r e c t  c u r r e n t  

d i g f t a l  f l i g h t  c o n t r o l  system 

da ta  hand1 ing system 

d i g i t a l  information t r a n s f e r  system 

d i r e c t  l i f t  c o n t r o l  

d i s t a n c e  measuring equipnent 

Department of Defense 

Direct  Opera t ing Cost 

d i f f e r e n t  l a1  p r o t e c t i o n  c u r r e n t  transformer 

d i g i t a l  power/load management 

e l e c t r i c a l l y  a 1  t e r a b l e  read only memory 

environmental c o n t r o l  system 

engine d r iven  



E H 

E I D S  

EM 

EMA 

EMAS 

E M L  

EMP 

EMS 

EMU X 

E PC 

E / PROM 

EPS 

EPU 

E S S  

E~ 

FAA 

FAA AC 

FAC S 

FADEC 

FC 

FCC 

FCC 

FCC S 

e l e c  tro-hydraul i c  

e lec t ro- impulse  de ic ing  system 

e l e c t r i c  motor or  e lec t romechanical  

e lec t romechanical  a c t u a t o r  

e lec t romechanical  a c t u a t o r  system 

elect romagnet ic  i n t e f e r e n c e  

empennage 

e l e c t r i c  management system 

e l e c t r i c a l  mul t ip lex ing  

e x t e r n a l  power c o n t a c t o r  

erasable/programmable read only memory 

emergency power supply 

emergency power u n i t  

e s s e n t i a l  

energy ef f i c  i e n t  enkine 

Federal  Aviation Administrat  ion 

Federal  Avia t ion Adminis t ra t ion Advisory Ci rcu la r  

f l i g h t  augmentat ion computer system 

f u l l  a u t h o r i t y  d i g i t a l  engine c o n t r o l  

Federa l  Air Regulation 

f l y  by wire 

f  1 ight  computer 

f  reon compressor 

f l a t  conductor c a b l e  

f 1 ight  c o n t r o l  computer 

f l i g h t  c o n t r o l  computer system 



FC S 

PDZR 

FDM 

FET 

F I P  

FMC S 

FMS 

f p m  

FS 

FS 

FSSB 

FTC 

FTMP 

FTP 

FW 

FWC 

GATT 

G I  A 

GE N 

GC 

ccu 

GPFC 

GT 0 

LIF 

HMA 

HOL 

f l i g h t  c o n t r o l  system 

f a u l t  d e t e c t  ion ,  i s o l a t i o n ,  and recovery 

frequency d i v i s i o n  mul t ip lex ing  

f i e l d  e f f e c t  t r a n s i s t o r  

f a u l t  i n d i c a t o r  panel 

f  1 ight management computer system 

f  1 igh t  management systerri 

f e e t  per m!?ute 

f l i g h t  s t a t i ~ -  

f 1 igh t  s t a t  ion  loads  

f l i g h t  e t a t i o n  s e c t i o n  breaker  

f  a u l  t - t o l e r a n t  computer 

f a u l t  t o l e r a n t  mul t iprocessor  

f a u l t  t o l e r a n t  processar  

f u l l  wave 

f 1 ight  warning computer 

g a t e  a s s i s t e d  turn-off t h y r i s t o r  

go-around 

genera t o r  

genera tor  con tac to r  

genera to r  c o n t r o l  u n i t  

genera l  purpose f l i g h t  computer 

g a t e  t u r n  o f f  

high frequency 

hydromechanical a c t u a t o r  

higher order language 



HP 

HP 

WX 

HTR 

HX 

IAP 

IDEA 

LDC 

IDCS 

IECIS 

IGV 

l LRU 

ILS 

INS 

I N V  

IOC 

I10 

IOC 

IRAD 

IRS 

ISEM 

ITS 

k t p ~  

kvar 

kV 

L/D 

high pressure 

horsepower 

horsepower ex t rac t ion  

heater ( e l e c t r i c )  

heat exchanger 

integrated actuator  package 

integrated d i g i t a l / e l e c t r  i c  a i r c r a f t  

integrated dr ive generator 

integrated dr  ive generator sys t  em 

integrated engine gene ra to r l s t a r t e r  

i n l e  t  guide vane 8 

independent l i n e  replaceable uni t  

inetrument landing system 

i n e r t i a l  navigation s y s t e ~  

inver te r ,  e l e c t r i c a l  

i nd i r ec t  operat ing cost  

inpu t lou t  put 

i n i t i a l  operat ional  capabil i t y  or  ind i rec t  operating cost 

independent research and development 

I n e r t i a l  reference system 

improved standard e l e c t r i c  module 

information t ransfer  system 

thousand lnstruc t.ione per seconcl 

kilovar 

kilowatt  

l i f t  to drag r a t i o ,  aerodynamic 



LCC 

LE 

5 
. . 
2 

LED 
5 

LeRC 

LFC 

LMLA 

LRU 

LVT 

LWL 

LWSB 

MAR 

MAC 

Mach 

MALMS 

MDM 

pound 

l i f e  cyc le  c o s t s  

leading edge, aerodynamic 

l i g h t  emit t ing diode 

Langle y Research Center (NASA) 

Lewis Reseatrh C5nter (NASA) 

laminar flow c o n t r o l  

l o c a l  managment c e n t e r s  

load management l o q i c  assembly 

l i n e  replaceable  u n i t  

l i n e  r<placeable  u n i t ,  a v i o n i c s  

l a r g e  s c a l e  i n t e g r a t i o n ,  e l e c t r o n i c s  

l i n e a r  v a r i a b l e  displacement t ransformer  

l i n e a r  vol tage  t ransducer  

l e f t  wing 

l e f t  wing e s s e n t i a l  ;o:?s 

l e f t  wing loads  

l e f t  wing ~ e c t i o n  breaker  

mid avionics  bay 

mean aerod ynamlc chord 

speed of sound 

manned/automatf c load management system 

megabits per  second 

master  con t ro l  u n i t  

mul t ip lex  demultiplex (avf , l7 ics  u n i t )  

mul t ip lexer  da ta  t enn ina l  



M~ FCS 

MELC 

MINCOMS 

MLG 

MPa 

MT BE 

MTTR 

MUX 

NADC 

NASA 

NAVA IR 

NON ESS 

n.mi. 

NRC 

OAT 

OEk 

OE/UF 

ov /u v 

Omega 

PAC S 

P BW 

PC 

PC 

PCP 

PDR 

PDU 

multi-microprocessor f l i g h t  c o n t r o l  cystem 

main e l e c t r i c  load c e n t e r  

m u l t i p l e  i n t e r i c r  communications system 

ma in  landing gea r  

mega p a s c a l s ,  hydrau l i c  p ressure  

mean t hue bet  ween fa i l u r e  s 

mean time to repa i r  

mu1 t i p l e x  

Naval Air Development Command 

National  Aeronautics and Space Administrat ion 

Naval Air  Systems 

non e s s e n t  l a 1  

n a u t i c a l  mi les  

non-recurr ing c o s t  

o u t s i d e  a i r  temperature 

op. .rat  ing empty weight 

overf requency/underf rcquency 

overvol tagelundervol t age  

a  hyperbolic navigat ion system 

p i t c h  a c t i v e  c o n t r o l  system 

power by wire 

power c o n t a c t o r  

power c o n t r o l l e r  

p i l o t  c o n t r o l  panel 

phase delay r e c t i f i e r  

power d r i v e  u n i t  



PM 

PM S 

POR 

Ppm 

PR I 

psf  

P P S  

PRV 

p s i  

PSP 

PTO 

PTU 

PU 

PWM 

PWAM 

PWT 

QAD 

RA 

RAM 

RAT 

RC 

RCCB 

RC F  

R6D 

R I T  

RF 

permanent magnet 

performance managcment system 

point  of r e g u l a t i o n  

pounds per minute 

pr imar y 

pounds per square  foo t  

pounds per second 

p r e s s u r e  r e g u l a t i n g  valve  

pounds per square  inch 

power sys  tern processor  

power take-of f 

power t r a n s f e r  u n i t  

per u n i t  

pu l se  width modulation 

pulse  width amplitude modulation 

programmable wir ing t e r a i n a l  

quick a t t a c h / d e t a c h  (dev jce )  

r a d l o  a l t i m i t e r  

random access  nemory 

ram a i r  tu rb ine  

recur r ing  c o s t  

remote c o n t r o l l e d  c i r c u i t  breaker 

r e c i r c u l a t i o n  f a n  

resea rch  and development 

remote input terminal  

r a d i o  frequency 



RFl 

KLC 

RL C; 

nu1 

ROT 

K PC 

RS S 

RT 

K6 T 

RTCA 

RT[J 

RVDT 

KK 

RKEL 

KWL 

SAE 

SA S 

SCb1P 

SC K 

S EC 

SEN 

SFC 

S I F T  

sac0 

SOC 

SOSTEL 

r a d i o  f requency  !nterf  e r ence  

r e a q t e  l oad  c e n t e r  

r i n g  l a s e r  g y r o  

r e t u r n  on inves tment  

remote o u t y u ~  t e r m i n a l  

remote power c o n t r o l l e r  

r e l a x e d  s t a t i c  s t a b i l i t y  o r  roo t  sum s q u a r e  

remote t e rmina l  

r e s e a r c h  and technology 

r a a i o  t e c h n i c a l  commission f o r  aeronaut  i c s  

remote t e rmina l  u n i t  

r o t a r y  var  l a b l e  disp lacement  t ransformer  

r igh t  wing 

r i g h t  wing e s s e n t i a l  l oads  

r i g h t  wing l o a d s  

S o c i e t y  of Automotive Eng inee r s  

s t a b i l i t y  augmenta t ion  sys tem 

se l f - check ing  m u l t i p r o c e s s o r  p a i r s  

s i l i c o n  c o n t r o l l e d  r e c t i f  i e r  

seconaary  

s t a n d a r d  e l e c t r o n i c  module 

spec  i f  i c  f u e l  consumyt ion  

so f tware  implemented f a u l t  t o l e r a n c e  

samar l u m  ccba l  t 

sp ray  o i l  coo led  

s o l i d  s t a t e  e l e c t r l c  l o g i c  



SPS 

SPST 

ss 

SSPC 

T BO 

TDM 

t / c  

T L 

T/ R 

TRU 

TS B 

TSM 

UART 

VHF 

VHS ZC 

VLS 1 

VMOS 

VOR 

VOR 

VSCF 

VSD 

VVVF 

WRF- 

4-D Nav 

Z I F  

s e c o  ldary power system 

6 i n g l e  po l e  s i n g l e  throw 

s i g n a l  s o u r c e  

s o l  i d  s t a t e  power c o n t r o l l e r s  

t ime b e f o r e  ove rhau l  

t ime d i v i s i o n  mu1 t Fplexing  

t h i c k n e s s / c h o r d  r a t i o  

t a i l  i o a d s  

t r s n s n i t t e r  and r e c e i v e r  

t r ans fo rmer  r e c t i f i e r  u n i t  

t a i l  s e c t i o n  b r e a k e r  

two speed  motor  

u n i v e r s a l  asynchronons r e c e i v e r l t r a n s m i t t e r  

very  h igh  f requency  ( r a d i o  s e t )  

very  h i g h  speed  i n t e g r a t e d  c i r c u i t s  

very  l a r g e  s c a l e  i n t e g r a t  ion 

v e r t i c a l  m e t a l 1  i c  ox ide  semiconauctor  

VHF omni r ange ,  nav iga  t i o n  

v i s u a l  omni r ange  

v a r i a b l e  speed  c o n s t a n t  f requency  

v e r t i c a l  s i t u a t i o n  d i s p l a y  

v a r i a b l e  v o l t a g e  v a r  i a b l e  f requency  

wing r e f e r e n c e  p l ane  

f o u r  dimens i o n a l  nav iga  t ion  (3-D p l u s  t h e )  

z e r o  i n s e r t i o n  f o r c e  



1. GROUND RULES 

1.1 A i r c r a f t  Desjgn 

Eazh a i r c r a f t  is  des igned  s o  t h a t  i t  would be expec ted  t o  meet t h e  
r equ i r emen t s  of  FAR P a r t  25  and P a r t  36. 

1.2 Design Requirements  

Each c o n f i g u r a t i o n  is s i z e d  based on a c h i e v i n g  t h e  d e s i g n  r ange  w i t h  100 
pe rcen t  l o a d  Cdc t o r .  Minimum DOC c o n f i g u r a t i o n s  a r e  de r  i vea  a t  ttie a v e r a g e  
s t a g e  l e n g t h  w i t h  65 p e r c e n t  l o a d  f a c t o r .  

1.2.1 Pecformsnce.  - 
Cru i se  Mach No. 

S t i l l  a i r  d e s i g n  r a c g e  on s t a n d a r d  day 

Average s t a g e  l e n g t h  

1.2.2 Payload .  - 

350 pas senge r s  Cd 165  l b l p a s s e n g e r  

T o t a l  payload 

Space- l imi t  c a r g o  
( n o t  inc luded  in performance 
c a l c u l a t  i ons )  

1 .3  Pr . t form.nce C o n s t r a i n t s  

The fo l lowing  performance c o n s t r a i n t s  a r e  used:  

Takeoff f i e l d  l e n g t h  = 10,500 f t  (! S.L., 84'F 

Engine ou t  second segment g r a d i e n t  = 2.7% 

I n i t i a l  c r u i s e  a l t i t u d e  

Landing f i e l d  l e n g t h  

= 31,G00 f t  w i t h  c l i m b  
c a p a b i l i t y  o t  3 f t l s e c  
a n d  1 .3g  b u f f e t  

= 7,000 f t  @ S.L . ,  8 4 O F  
(L.W. = 302,000 l b )  

Approhch Speed = 145 k t  



Required r a t e  of climb a t  s t a r t  of 
c r u i s e ,  max. c l imb power 

Ra t io  of a v a i l a b l e  wing f u e l  volume 
t o  r e q u i r e d  f u e l  volume 

1.4 Cost Assumptions 

Direct  o p e r a t i n g  c o s t s  (DOC) a r e  c a l c u l a t e d  using t h e  Air Transpor ta t ion  
Associa t ion "Standard Method of Est imat ing Comparative D i r e c t  Operat ing Costs  
of Turbine Powered Transport  Airplanes" wi th  c o s t  c o e f f i c i e n t s  updated t o  
1983. A l l  c o s t s  a r e  based on cons tan t  1983 d o l l a r s  and a d e p r e c i a t i o n  per iod 
of 1 6  years .  Other assumptions a s s o c i a t e d  wi th  t h e  c a l c u l a t i o n  of DOC and 
r e t u r n  on investment (ROI) a r e  shown i n  t a b l e  1. 

1.5 Study L imi ta t ion  

Some of the  most s i g n i f i c a n t  l i m i t a t i o n s  of t h i s  study a r e  common t o  any 
study which a t t empts  t o  f o r e c a s t  t rends .  For t h e  most p a r t  t h e  l e v e l s  of 

TABLE 1. FlNANC LAL ASSUMPTIONS 

Parameter 

- - - - - - - - 

Fuel Cost 

Deprecia t ion Per iod 

Salvage Value 

Maintenance Burden 

Maintenance Labor Rate 

(To ta l )  /(Revenue) Flying Hours 

Percent  F i r s t  C lass  

Load Factor  

Manufacturers Prof i t  Level 

Number of A i r c r a f t  - Development 

- Product ion 

A i r l i n e  F l e e t  Size  

Value 

$l.5O/Gal 

16 y e a r s  

10% 

3.4 

$16.50/hour 

1 .OO4 

10% 

65% 

15% 

5 

2 95 

2 3 



technology assumed f o r  advanced conf igura t  ions  a r e  based on e x t r a p o l a t  ion of 
t r ends  or' technology advancements up t o  the present  time, modified where nec- 
e s s a r y  by judgments of s p e c i a l i s t s  i n  each t echno log ica l  a r e a .  These predic-  
t i o n s  cannot account f o r  fundamental brzakthroughs which may ( remotely)  occur 
between aow and technology read iness  in  1990; however, i t  is r a t h e r  u n l i k e l y  
t h a t  any major breakthrough could reach technology read iness  by 1990. On the  
p e s s i m i s t i c  s i d e ,  these  p r e d i c t  ions cannot completely account f o r  roadb2i:cks 
i n  technolcgy development. It is the  purpose of r i s k  assessment t o  make 
judgments about the  p r o b a b i l i t y  and s e v e r i t y  of roadblocks which may occur .  

In  a s s e s s i n g  the  b e n e f i t s  of these  advances i n  technology by applying them 
t o  t h e  r e f e r e n c e  a i r c r a f t ,  t h e r e  a r e  s e v e r a l  c a s e s  where compromises i n  a i r -  
c r a f t  des ign must be made t o  implement these  advances, and these  compromises 
may involve many fundamental a s p e c t s  of the  design.  Time and c o s t  l i m i t a t  ions  
preclude d e t a i l e d  t r ade-of f s  t o  f i n d  the best  compromise, s o  t h a t  the  ne t  
r e s u l t  i s  a conf igura t ion  which is not completely optimizea.  The l e v e l  of 
op t imiza t ion  reached is probably wi th in  about one o r  two percent  of a 
p e r f e c t l y  optimized des ign,  but we a r e  looking f o r  d i f f e r e n c e s  from t h e  r e f -  
erence  a i r c r a f t  of the  o rde r  of 5-10 percent  by applying advanced technology 
elements, s o  t h a t  t h e  one percent l o s t  through f a i l i n g  t o  op t  iruize t h e  des ign 
may be s i g n i f i c a n t  . 

In  a d d i t  ion ,  a i r c r a f t  des ign is a convergent i t e r a t i v e  process .  Prelim- 
inary  e s t h t e s  o f ,  f o r  example, c .g.  range a s  a percentage of MAC, have 
proven t o  be s l i g h t l y  i n  e r r o r  when the  a i r c r a f t  is r e s i z e a .  These e r r o r s  do 
not s i g n i f i c a n t l y  a f f e c t  the  q u a n t i f i c a t i o n  of b e n e f i t s .  

2.1 O r  i g i n  of Conf igura  t  ion Des ign 

The base1 ine  conf igura t ion  is a three-engined, wide-body commercial a i r -  
c r a f t  using the  same engine l ayou t  a s  the  Lockheed L-1011 Ts iS ta r .  It  a l s o  
uses t h e  same cockpi t  layout  and fuse lage  diameter.  Fuselage l e n g t h  is  
increased by 280 in  a s  compared wi th  the  L-1011. In a d d i t  ion,  the  basej ine  
includes  a h igh aspec t  r a t i o  wing with s u p e r c r i t i c a l  a i r f o i l  s e c t i o n ,  E 
propulsion system, and graphite/epoxy composite m a t e r i a l s .  

A i r c r a f t  f 1 ight  c o n t r o l  and secondary power systems represen t  c u r r e n t  
technology, i . e . ,  t he  l e v e l  of technology a s  on the  b e i n g  757  and 767 .  

2.2 Power Genera t  ion System 

In l i n e  with the philosophy of u t i l i z i n g  convent ional  systems i n  the  
base l ine  a i r p l a n e ,  e l e c t r i c  power in  t h i s  a i r p l a n e  is  de r ivea  from a 
constant -vol tage  constant-frequency ( C V / C F )  system using advanced configura- 
t i o n  hydromechanical constant  speed d r ives .  These d r ives  known a s  t h e  
In tegra ted  Drive Generator System (IDGS) provide cons tan t  speed opera t  ion f o r  
the i n t e g r a t e d  genera to r s  and they o f f e r  a t t r a c t i v e  improvements over t h e  



e a r l y  a x i a l  gear  d i f f e r e n t  i a l  (AGD) and t h e  more recell t  i n t e g r a t e d  d r i v e  
genera tor  (IDG) conf igura t ions .  The lDGS i s  more modular in des ign concept ,  
and u t i l i z e s  a side-by-side con£ i g u r a t  ion ( i n  which t h e  genera to r  i s  on a 
p a r a l l e l  a x i s  with the  hydromechanical l o g  e lements) ,  and i t  has  a n  improved 
hydraul ic  system. Phys ica l ly ,  un l ike  t h e  in - l ine  des ign of t h e  I D G ,  t h e  lDGS 
is s h o r t e r  in l e n g t h  and is a more compact, wider c o n f i g u r a t i o n  t h a t  has a 
lower overhung moment on t h e  engine pad. The modular i ty  of t h e  des ign a l s o  
al lows f o r  more ready a c c e s s  t o  the  power elements and,  a s  a consequence, a 
reduct  ion in  mean-t h e - t o - r e p a i r  (MTTR) . These phys ica l  des ign a t t r i b u t e s  
along wi th  the  u t  11 i z a t  ion of an advanced s ta te-of- the-ar t  microprocesser  
power management system make the  IDGS an i d e a l  cand ida te  f o r  t h e  base1 i n e  
a ir plane. 

The elements of one IDGS power channel a r e  shown i n  f i g u r e  2 t o  c o n s i s t  of 
a genera to r  c o n t r o l  u n i t  (GCU) , bus power c o n t r o l  u n i t  (BPCU) d i f f e r e n t i a l  
c u r r e n t  t r ans fo rmers  (CTs) and a quick a t t a c h / d e t a c h  (QAD) (IDGS mount) 
adapter .  The GCll is a primary component in t h a t  i t  c o n t r o l s  and moni tors  t h e  
o p e r a t i o n a l  s t a t u s  of the  dr ive-generator  combination, t h e  q u c l i t y  of t h e  
e l e c t r i c  power and any exceedances from normal system 1 h i t s  (power charac te r -  
i s t i c s ,  o i l  temperatures ,  e t c  .). As important p r o t e c t i o n  f e a t u r e s ,  t h e  G C U  
provides overvoltage/undervoltage, overf requencyl under frequency , d i f f e r e n t  i n 1  
f a u l t ,  open phase, and over load p r o t e c t i o n  and i t  a l s o  d e t e c t s  t h e  presence of 
component f a u l t s ,  wi th in  t h e  IDGS, such a s  shor ted  diodes1PMG f a i l u r e s ,  e t c .  
These l a t t e r  p r o t e c t i v e  monitoring f u n c t i o n s  a r e  provided by b u i l t - i n  -*st 

ADAPTER KIT 

Figure 2. - lDGS power channel/APU genera to r  (Courtesy Sundstrand Aviat ion) .  



equipment (BITE) wh?ch is i n t e g r a l  w i t h  t h e  GCU. Other  r e f inemen t s  of t h e  
I3GS, a s  w i th  t h e  e a r l i e r  IDG sys tem,  i n v o l v e  t h e  u se  of l i n e - c u r r e n t  t r a n s -  
to rmers  (and : ~ t h e r  e l e c t r i c  l o g i c )  t o  p rov ide  k i l o w a t t  (kW) and k i l o v a r  ( k v a r )  
load  ~ha r ! : i g ,  when t h e  g e n e r a t o r  o u t p u t s  a r e  e l e c t r i c a l l y  p a r a l l e l e d .  The GCU 
works c l o s e l y  w i th  t h e  BPCU and,  th rough an in t racommunica t ion  between t h e s e  
a s s e m b l i e s ,  t h e  complete  power sys tem is c o n t r o l l e d  v i a  t h e  g e n e r a t o r  bus 
c o n t a c t o r s  (GBCs) and t h e  bus t l  e  c o n t a c t o r s  ( BTCs) . 

Figu re  3 i s  a  schemat ic  of t h e  e l e c t r i c  pouer sys tem i n  t h e  b a s e l i n e  a i r -  
p l ane :  i t  i s  des igned  a s  a  th ree-channel  p a r a l l e l e d  sys tem t h a t  can be oper -  
a t e d  a s  a  p a r a l l e l e d  o r  n o n p a r a l l e l e d  e l e c t r i c  system. Each IGDS is  r a t e d  a s  
90/120 kVA u n i t  and t h e  t h r e e  g e n e r a t o r s  a r e  i n t e g r a t e d  k i t h  an onboard APU 
d r i v e n  g e n e r a t o r  (of  t h e  same r a t i n g ) ,  and a  ram a i r  t u r b i n e  (RAT) d r i v e n  
5 kVA g e n e r a t o r  ( t h e  RAT a l s o  d r i v e s  an  emergency h y d r a u l i c  pump u n i t ) .  The 
d e s i g n  l a y o u t  of t h e  power sys tem is  d i f f e r e n t  from t h e  L-1011-500 c o n f i g u r a -  
t i o n  i n  t h a t  t h e  use  of t h e  "go-around" emergency e l e c t r i c  power sys tem has  
been e l i m i n a t e d .  I n  l i e u  of t h e  l a t t e r ,  e l e c t r i c  d i g i t a l  l o g i c  i s  used  t o  
d rop  n o n e s s e n t i a l  e l e c t r i c  l o a d s  o f f  each  of t h e  t h r e e  primary a c  b u s e s ,  
l e a v i n g  ( i n  t h i s  emergency) o n l y  f l i g h t  c r i t i c a l  and o t h e r  impor t an t  l oad3  
( i . e . ,  communications, e t c . )  connec ted  t o  t h e  buses.  T h i s  emergency power 
c o n f i g u r a t i o n  is  cons ide red  an  ilnprovement ove r  t h e  "go-around" sys tem i n  t h a t  
!t avo ids  t h e  hazard of b r i n g i n g  power c a b l e s  from each  of t h e  t h r e e  gene ra -  
t o r s  i n t o  cne  a r e a :  i t  a l s o  acknowledges t h e  remote p o s s i b i l i t y  tha: bus 
f a u l t s  can occur  and i t  avo ids  t h e  p rospec t  of a  s e q u e n t i a l  ( c a s c a d e )  f a i l u r e  
of  g e n e r a t o r s  s i n c e  e s s e n t i a l / e m e r g e n c y  l o a d s  a r e  sourced  by m u l t i p l e  buses  
r a t h e r  t han  one. 

A s  p r e v i o u s l y  s t a t e d ,  t h e  mic rop roces se r s  i n  each  power channel  o p e r a t e  
c o n t i n u o u s l y  t o  c o n t r o l  and moni tor  t h e  s t a t u s  of each  power c h a n n e l ,  bu t  
t o t a l  power system management can be e f f e c t e d  v i a  t h e  BPCUs. The BPCU i s  t h e  
mas ter  l o g i c  c o n t r o l  ( o r  c o - o r d i n a t i o n  c e n t e r )  f o r  t h e  APGS (advanced power 
g e n e r a t i o n  system) and a s  such  i t  "manages" t h e  power sys tem,  hand le s  t h e  
:ommunication wi th  t h e  G C U s ,  o u t p u t s  BITE d i s p l a y s ,  and i n t e r r o g a t e s  t h e  
n o n v o l a t i l e  memories. T y p i c a l l y ,  t h e  c o r e  of each  GCU ir,  a  mic rop roces so r ,  
such  a s  t h e  I n t e l  8085, which o p e r a t e s  w i th  a  5 MHz c lock :  p e r i p h e r a l  p o r t s  
provide  t h e  i n t e r f a c e s  between themic rop roces so r s  and t h e  l o g i c  c i r c u i t  i n  t h e  
GCUs.  The system a l s o  i n c l u d e s  e rasable /programmable  read  o n l y  memory 
!E/PROM), which p rov ides  t h e  s t e p - b y s t e p  i n s t r u c t i o n s  t o  ;he mic rop roces so r ;  
a  n o n v o l a t i l e  memory (NVM), t o  s t o r e  d a t a  i n  memory, w i thou t  l o s s  d u r i n g  
power-OFF c o n d i t i o n s  and,  an  e l e c t r i c a l l y - e r a s a b l e  read  on ly  memory (EAROM) t o  
t r a n s m i t  d a t a  t o  t h e  BPCU f o r  d i s p l a y ;  a l s o  a  random a c c e s s  memory (RAM), t c  
handle  p o r t  a d d r e s s e s ,  t imer  v a l u e s ,  and s e n s o r  r eadou t s .  Other  i n t e r f a c e s  
wi th  t h e  ~ n i c r o p r o c e s s e r  c o n t r o l  sys tem i n c l u d e s  A / D  and D / A  con1-e r t e r s  t h a t  
communicates w i th  t h e  mic rop roces so r  v i a  p e r i p h e r a l  p o r t s ,  a s  shown i n  f i g -  
u re  4. A u n i v e r s a l  asynchronous r e c e i v e r / t r a n s m i t t e r  (UART) comple tes  t h e  
sys tem and t h i s  c o n v e r t s  8 - b i t  s e r i a l  d a t a  from t h e  BPCU i n t o  p a r a l l e l  format  
f o r  t h e  microprocessor .  Converce ly ,  communication from t h e  P  t o  t h e  BPCU 
invo lves  p a r a l l e l - t o - s e r i a l  convers ion .  

2 .2 .1  - Emergency/lPU a g o w e r  system. - Figu re  5 i s  a  s i m p l i f i e d  schemat ic  of  -- ------- 
t h e  low v o l t a g e  28 Vdc sys tem which is  powered from t h e  primary a c  power 
system. Three 28 V 200 A t r a n s f o r m e r  r e c t i f i e r  u n i t s  (TRUs) comprise t h e  
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Figure 4 .  - Microprocessor Control System (Courtesy Sundstrand Aviat ion) .  

power supply f o r  the  a i r c r a f t ' s  2 8  Vdc loads:  these a r e  advanced s t a t e - o f -  
the-art  r e c t i f i e r  u n i t s  which a r e  se l f -cooled.  A t y p i c a l  conf igura t ion  of a n  
emergency dc power system is a s  shown in f i g u r e  5A, in  which the  2 8  Vdc emer- 
gency loads  a r e  shown connected t o  the emergency bus. The problem with t h i s  
conf igurat ion is tha t  a f a u l t ,  on the  emergency bus i t s e l f ,  could r e s u l t  i n  
the l o s s  of a l l  e s s e n t i a l  and emergency dc loads .  Figure 5b is  t h e r e f o r e  a 
p re fe r red  approach, s ince  i t  al lows the e s s e n t i a l  and emergency dc loads  t o  be 
powered by mul t ip le  buses. A s  shown in the l a t t e r  approach, ttw emergency 
ba t t e ry  is separa te ly  diode f e d  i n t c  the  main and e s s e n t i a l  dc buses,  with 
essential /emergency loads  being  connected t o  the two main dc buses. I t  would 
))e poss ib le  a l s o  to use th ree  dc buses ( a s  w i t t ~  the ac system) and to  use a  
t r i -d iode feed from the b a t t e r y .  

The base l ine  a i r p l a n e  does not f Zose the same c r i t i c a l  concern on  the ac 
power system a s  the  l D E A  s ince  the  i l i g h l  su r face  c o n t r o l s  a r e  ac tua ted  
hydrau l ica l ly .  As a  consequence, the  RAT d r i v e s  an emergency pump un i t  r t i ich,  
in the  event of an a l l  engine-out cond i t ion ,  pcvers s e l e c t e d  hydraul ic  jacks 
in each of the a i r c r a f t  th ree  primary c o n t r o l  a x i s .  This modus operandi is 
poss ible  s i n c e ,  a s  descr ibed in Sect ion 2 . 5 ,  the inboard/outbodrd a i l e r o n s ,  
the  rudder and hor izon ta l  s t a b i l i z e r  a l l  have redur,dant a c t u a t o r s  t h a t  a r e  
mechanically summed onto  each c , ~ n t r o l  su r face .  l s o l a t  ion of some o t  t h e  
a c t u a t o r s  is necessary t o  reduct the quiescent  flow demctna and t o  avoid 
overloading of the pump u n i t .  





Because t he  base1 i n e  a i r p l a n e  uses  a  hydro-mechanical f  1 igtrt conc ro l  
sys tem,  t h e  em3rgency e l e c t r i c  power system 1 s  r e q u i r e d  on ly  t o  s u p p o r t  
impor tan t  i n s t r u m e n t a t i o n ,  e n g i n c / f u e l  c o n t r o l s  and o t h e r  m i s c e l l a n e o u s  
e l e c t r i c  and a v i o n i c  f u n c t i o n s .  F u e l / o i l  shut-of  f v a l v e & ,  t r a n s f e r  v a l v e s ,  
i n l e t  doo r s ,  emergency 1 i g h t  i ng  and c e r t a i n  d i sp l ays / r ead -ou t  s .:t il ize 28 Vdc 
power, whi le  synch ros ,  motor d r i v e n  f a n s ,  e t c . ,  u t i l i z e  a c  F )wer from t ' ,e  R A 1  
g e n e r a t o r .  Examination of f i g u r e  3 shows tha .  t h e  28 V e s s e n t i a l  dc ',IS can  
be f e d  from t h e  RAT g e n e r a t o r  v i a  t h e  No. 3 TRU. Under t h i s  mode of o p e r a t i o n  
t h e  bus t i e  c o n t a c t d r  (LTC) w i l l  be open and n o n e s s e n t i a l  l o a d s  on t h e  msln ac 
bus w i l l  be i s o l a t e d .  

The Base l ine  e l e c t r i c a l  power requirement  is showti i n  F i g u r e  6 .  

2.3 Hydraul l c  System 

S u ~ p l y  p r e s s u r e s  of 3000, 5000 all4 8000 p s i  were c o n s i d e r e d  :or t h e  
b a s e l i n e  a i r p l a n e .  For h igh  m i l i t a r y  a i r c r a f t  , 5UUU and i(OUb p s i  
sys tems have been espoused  a s  o f t f ~ r  ing p r o s p e c t i v e l y  lower we igh t ,  d l  t t L ~ u k h  
t h i s  b e n e f i t  is o f f  s e t  by h ighe r  a c q u i s i t  ion  c o s t s  and h ighe r  mi;  i n t e n a n ~ c ?  
Support  c o s t s ,  a s  r e f l e c t e d  by a  p r o s p e c t i v e l y  lower IITBF, lower r e l i a b i :  i t y  
and increases leakage  problems. 

Rockwell-Columbus has  been eva lua  t  ing  an EOOO ;)s i 1 ightwe i g h t  hydraul  i c  
system f o r  NADC and t h e  SAE A-6 Subcommittee is c c n s t a n t l y  r ev i ewi r  t h e  
p rog re s s  on the  8000 p s l  system. Grumrnan A l r c r a ~ r  tias a l s o  conducted a  l i f e  
c y c l c  c o s t  s t u d y  on t h e  F-lh showing a  p - t e n t i a l  $297K/a i r c r a f t  s av ing  over  
t he  l i f e  of t h e  a i r c r a f t .  I n  a d u i t  ion  A3F.X and Vlckers  have been d e v e l o ~ i n g ,  
t e s t i n g  and e v a l u a t i n g  pumps i o r  t h e  8000 p , l  sys tem,  u s ing  non-flammable 
f l u i d s  such a s  t he  A-02. Some e a r l y  problems were ider l t i f  i e d  w i th  t he  p m p s ,  
but  t h e  h y d r a u l f c  sys tem s ~ p p i  i e r s  a r e  not i d e n t i f y  ink any u ! s u r w u n t a b l e  
problems. 

A s  r e g a r d s  tt ,e 1ns : a l l a r ion  a s p e c t s ,  cou~ponents  such a s  s e a l s  i n  a c t u a t o r s  
( and ,  p a r t  i c d a r l y ,  k'gh t empcra tu re /h igh  p r e s s u r e  dynamic s e a l s )  a r e  a sub- 
ject  :or c o n s i d r r a t l o n  a n d  some concern :  f u r t h e r ,  t h c  cuncQrn  fo: t he  r e l l -  
a b i l i t y  of product ion i n - l i n e  j o i n t s  and l eakage  l e a d s  t o  t h e  adop t ion  of t h e  
most ~ ~ r u p u l o u s  q u a l i t y  c o n t r o l  methods f o r  t n e  welded and non-welded i n - l i n e  
j o i n t s .  The h igher  s p e c i f i c  weight of t h e  f i r e - r e s i s t a n t  f l u i d s ,  buch a s  t h e  
A-02 ( c h l o l o t r i f  l u o r o e t h y l e i ~ e  ( C T F E ) ) ,  is  an incen t  i vc  LO e x p l o r t  t h e  h ighe r  
p r e s s u r e  system:;, bu t  t h e  e f f i c a c y  of t h i s  h igh  p r e s s u r e  system f o r  t h e  
comrne~cia l  a i r p l a n e  is d e b a t a b l e  ( p a r t i c u l a r l y  witti  t he  emphasis  on IiOCs) . 
The normal hydraul  i c  spec  i f  i c a t  i ons  have a l s u  r.xlaxea ( f o r  t h e  bW0 p s i  
h y d r a u l i c  system;,  t ! ~ e  normal b u s t  p r e s s u r e  l i m l t s  of 3 t o  5 t i m e s  workl:,g 
p r e s s u r e s .  F'.uid v e l o c i t i e s  (depending on t h e  l i n e  s i z e )  w i l i  a l s o  be higher; 
t y p i c a l l y  thest> w i l l  i n c r e a s e  from the  15  t o  3U f p s  t o  a s  h<gh a s  60 t o  NO 
f p s .  In a d d i t  ion t h e r e  a r e  some p r a c t i c a l  performance c o n s i d e r a t  ions  such  a s  
reduced bulk modulus and reduced s t i f f n e s s  o i  a c t u a t o r s  i n  r e a c t i n g  h igh  h inge  
moment l oads .  F i n a l l y  t h e r e  i s  t h e  ? u : s t i o n  as  t o  t h e  r e a l  weight s a v i n g s  i n  
any a i r c r o f t  where t he  rat!o of sma l l  h y d r a u l i c  a c t u a t o r s  t o  l a r g e  h y d r a u l i c  
a c t u a t o r s  is  l a r g e .  I t  can be p r o j e c t e d  t h a t  t n e  b e s t  weight b e n e f i t s  would 
s p r i n g  ( a s  wi th  t h e  h lgh  v o l t a g e  e l e c t r l c  system) from t h e  t r b n s m i s s i c n  cf 
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h i g h  power ove r  long  d i s t a n c e s .  However, a s i d e  from l a n d i n g  g e a r  and o t h e r  
l a r g e  l o a d s ,  e t c . ,  most a c t u a t o r s  i n  t h e  h y d r a u l i c  sys tem t end  t o  be  sma l l  ( i n  
t h e i r  horsepower demand) and  s3 l i n e  weight  would n o t  be  reduced  much w i t h  a 
h ighe r  p r e s s u r e  system. Another f a c t o r  i s  t h a t  t h e r e  is an u n f a v o r a b l e  
i n c r e a s e  i n  t h e  r a t i o  of t h e  t ube  wa l l  t h i c k n e s s  t o  t h e  t ube  d i ame te r  i n  t h e  
low l i n e  s i z e s .  A s i m i l a r  r a t i o n a l e  a p p l i e s  t o  t h e  a c t u a t o r  hous ings .  

Pased on t h e  fo rego ing  d i s c u s s i o n ,  a  conven t iona l  3000 p s i  h y d r a u l i c  
sys tem was s e l e c t e d  f o r  t h e  Base l ine  a i r p l a n e .  Th i s  sys tem compr ises  a  t o t a l  
o f  f o u r  ED pumps: two on  t h e  No. 2 AGE and  one on  e a c h  of t h e  Nos. 1 and  3 
( eng ine )  AGES. Suppor t i ng  t h e  f o u r  ED pumps ( t o  g i v e  a d d i t i o n a l  f low 
c a p a c i t y  a t  t akeo f f  and t o  f u r n i s h  a  h igh  deg ree  o f  r e d u n d a n c y / r e l i a b i l i t y  a r e  
two ATM ( a i r  t u r b i n e  motor) d r iven  p u p s  and two e l e c t r i c  ( a c )  motor  d r i v e n  
pumps. To meet t he  a l l -engine-out  c o n d i t i o n  and t o  p rov ide  emergency power 
f o r  t h e  FCS, a  ram a i r  t u r b i n e  (RAT) dr iven  pump is used t o  power s e l e c t e d  
c r i t i c a l  FCS a c t u a t o r s .  

F i g u r e  7 is a s i m p l i f i e d  schemat ic  of t h e  h y d r a u l i c  system: i t  is con- 
f i g u r e d  as a  quad redundant  sys tem bu t  t h i s  l e v e l  of reaundancy is n o t  
provided  t o  a l l  t h e  a i r c r a f t  l o a d s .  For example, t h e  reaunaancy l e v e l  of t h e  
h y d r a u l i c  sys tem behind t h e  FCS a c t u a t o r s  is a s  below. 

Con t ro l  S u r f a c e  I Redundancy Level  I 
Hor izonta! S t a b i l  i z e r  

Inboard  A i l e r o n s  

Outboard A i l e r o n s  

Rudder 

S p o i l e r s  

A s  shown i n  t h e  h y d r a u l i c  schemat ic ,  f i g u r e  6 ,  t h e  f o u r  sys tems A, B, C,  D 
a r e  i n d i v i d u a l l y  s u p p l i e d  by t h e  f o u r  E D  pump u n i t s ;  however, two power t r a n s -  
f e r  u n i t s  (PTUs) i n t e r c o n n e c t  systems A & B and  C & D,  wi thout  any i n t e r c h a n g e  
of f l u i d .  The PTUs a r e  back-to-back pumping e l emen t s  t h a t  a r e  r e v e r s i b l e  t o  
t h e  e x t e n t  t h a t  one element  can  a c t  as a  motor ,  w h i l e  t h e  o t h e r  a c t s  as a  
pump. I f ,  f o r  example, t h e r e  is  a  l o s s  of p r e s s u r e  i n  sys tem A (due t o  a KO. 
1 e n g i n e  f a i l u r e ) ,  pump E on No. 2 eng ine  w i l l  o p e r a t e  t h e  l e f t  s i d e  e lement  
of  t h e  PTU a s  a motor ,  and t h e  RH s i d e  w i l l  o p e r a t e  a s  a pump t o  r e - e s t a b l i s h  
p r e s s u r e  i n  t h e  A system. In  a d d i t i o n  t o  t h e  PTUs, a n  ATM pump u n i t  and  an  a c  
motor pump u n i t  i -  as back-ups t o  each  of sys tems B & C. F i n a l l y ,  t h e  RAT 
pump u n i t  t i e s  i n t o  system D L O  meet t h e  extreme emergency of t h e  a l l - eng ine -  
o u t  c o n d i t  ion.  

Prom t h e  fo rego ing  d e s c r i p t i o n ,  i t  can seem t h a t  t h e  h y d r a u l i c  system i n  
t h e  base1  i n e  a i r p l a n e  is c o n f i g u r e d  a s  a  h ighly- re1  i ab l e /h igh ly - r edundan t  
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f l u i d  power sys tem,  which f u r n i s h e s  no t  o n l y  quad redundant  power c h a n n e l s  t o  
t h e  FCS, but  a l s o  has t h e  back-up suppor t  of e i g h t  pumping e l emen t s  and  two 
PTUs. Th i s  is t h e  c r i t e r i o n  and s t a n d a r d  of r e l i a b i l i t y  t h a t  must b e  matched 
by t h e  e l ec t romechan ica l  sys tem,  EMAS, f o r  t h e  FCS i n  t h e  IDEA. 

From a  power s t a n d p o i n t ,  t h e  f o u r  ED pumps and t h e  two AT5 pumps a r e  
Vickers  PV3-240-2 v a r i a b l e  d isp lacement  u n i t s  having a  2.4 i n  / r e v  d i s p l a c e -  
ment each .  These pumps d e l i v e r  approximate ly  38.8 gpm Cd 3880 rp l ,  s o  e a c h  
pump c a n  be  r a t e d  approximate ly  a t  60  hp. The two ac3motor pump u n i t s  are 
Vickers  MTEV3-022-14 having  a  d isp lacement  of 0.22 i n  / r e v ,  having  a  10.5 gpm 
f low c a p a b i l i t y :  t h e  l i q u i d  coo led  motor ,  i n  t h i s  u n i t ,  is  r a t e d  a t  approx- 
imate ly  15.5 hp. T o t a l  h y d r a u l i c  f low demands i n  t h e  b a s e i i n e  a i r p l a n e  va ry  
s i g n i f i c a n t l y ,  w i t h  t h e  system i n s t a l l e d  c a p a c i t y  be ing  s i z e d  by t h e  take-of f  
c o n d i t i o n .  F igu re  8 is a b a r  c h a r t  showing f l o d  c o n d i t i o n  f o r  each  of t h e  
sys tems.  Two p r i o r i t y  v a l v e s  a r e  connected  i n t o  t h e  system downstream of t h e  
power take-of f  s f o r  t h e  FCS, t h e s e  pr  l o r  i t y  v a l v e s  i s o l a t e  a l l  non-essent  i a l  
hydraul  i c  s e r v i c e s  i n  emergency c o n d i t i o n s .  

2.4 ECS 

The envi ronmenta l  c o n t r o l  system i n  t h e  b a s e l i n e  a i r p l a n e  f o l l o w s  t h e  
d e s i g n  c o n f i g u r a t i o n  of t h e  system i n  t h e  Lockheed L-1011-500 a i r c r a f t .  basi-  
c a l l y ,  t h e  system i s  powered by eng ine  b l e e d  a i r  t h a t  is t apped  from t h e  

F i g u r e  8. - Hydrau l i c s  peak hmsepower /sys tem v s .  m i s s i o n  segment. 



i n t e r m e d i a t e  and h igh  s t a g e  b l e e d  of t h e  engine  compressors .  For r e a s o n s  o f  
f u e l  economy, a  50 p e r c e r ~ t  r e c i r c u l a t i o n  sys:em is proposed i n  which 50 per-  
cen t  f r e s h  a i r  is d e r i v e d  by t h e  compressors  and  50 p e r c e n t  i s  fan-  
r e c i r c u l a t e d ,  th rough f i l t e r s ,  from t h e  cab in .  The system is des igned  t o  
prov ide  t h e  fo l lowing  : 

a .  Cabin pressurization up t o  40,000 f t .  

b. Heat ing  

c .  Cooling 

d Hwnidif i c a t  ion 

The p r e s s u r i z a t i o n  requi rement  is met by t app ing  t h e  a p p r o p r i a t e  p r e s s u r e  
s t a g e s  o f  each  engine  compressor ,  wi th  t h e  e q u i v a l e n t  of a  f i f t h  s t a g e  be ing  
used du r ing  engirie c r u i s e  power s e t t i n g s .  For low e n g i n e  power s e t t i n g s  
and/or  tAe need t o  supp ly  adequa te  p r e s s u r e  t o  o p e r a t e  t h e  c o o l i n g  turbo-  
machinery du r ing ,  s a y ,  i d l e  descen t  let-down t h e  h igh  s t a g e  b l e e d  would be 
used.  Flow v a l v e s  r e g u l a t e  t h e  a i r  mass f low from each  eng ine  i n  accordance  
wi th  t h e  c a b i n  p r e s s u r e  v s .  a l t i t u d e  s chedu le  shown i n  f i g u r e  9 .  

Heat ing  i n  t h e  base1  ine  is d e r i v e d  f  roln t h e  h igh  t empera tu re  b l e e d  a i r  
from the  eng ines .  T y p i c a i l y ,  t h i s  h igh  t empera tu re  b l e e d  a i r  is used f o r  t h e  

PRESSURE ALTITUDE - 14h0 FT 

Figu re  9. - Cabin p r e s s u r e  s chedu le .  



a i r  c o n d i t i o n i n g  and t h e  i c e  p r o t e c t i o n  sys tem f o r  t h e  wings and engine :  i t  
i s  a l s o  used f o r  power.lg t h e  ATM d r i v e n  h y d r a u l i c  pumps d e s c r i b e d  above. A s  
a  consequence,  t h e  b leed  c a p a c i t y  f o r  h igh  t empera tu re  and h i g h  p r e s s u r e  a i r  
i s  d i c t a t e d  more uy t h e s e  a u x i l i a r y  f u n c t i o n s ,  r a t h e r  t h a n  by t h e  ECS, which 
r e p r e s e n t s  t h e  main b leed  power demand on t h e  e n g i n e s  dinring c r u i s e  f l i g h t .  
T h e r e f o r e ,  c o n s i d e r a b l e  c o o l i n g  of  t h i s  a i r  i s  r e q u i r e d ,  p r i o r  t o  i t s  d e l i v e r y  
t o  t h e  cab in  and t h i s  i s  accomplished by: ( I )  a p r e c o o l e r  i n s t a l l a t i o n  i n  
each  power p l a n t ;  ( 2 )  ram a i r  cooled  pr imary  and secondary  h e a t  exchangers ;  
and ( 3 )  a i r  c y c l e  machinery (ACM). Normally, adequa te  c o o l i n g  of t h e  b leed  
a i r  i n  h igh  a l t i t u d e  c c u i s e  f l i g h t  can be e f f e c t e d  wi th  t h e  ram a i r  h e a t  
exc-hangers, p e r m i t t i n g  t h e  ACM t o  be bypassed ( s o  a s  t o  ex tend  i t s  o p e r a t i o n a l  
l i f e ) .  

Cool ing ,  a s  s t a t e d  above, is  accomplished wi th  t h r e e  t ypes  of equipment: 
a  p r e c o o l e r  i n s t a l l a t i o n  i n  e a c h  power p l a n t ,  p r imary/secondary  (ram a i r )  h e a t  
exchangers  and expans ion  c o o l i n g  machinery. The primary c o o l i n g  demand 
appea r s  on t h e  ground wi th  a  f u l l y  loaded  a i r p l a n e  and h i g h  o u t s i d e  a i r  tem- 
p e r a t u r e s :  t h e  burden is a l s o  exace rba t ed  by c o n d i t i o n s  of h igh  humidity.  On 
such  d a y s ,  ground c o o l i n g  i s  accomplished w i t h  o u t s i d e  c o n d i t i o n e d  a i r ,  o r  by 
h igh-pressure  a i r  d e r i v e d  from t h e  APU o r  any e n g i n e s  ( t h a t  a r e  running)  on 
t h e  ground. With eng ines  runn ing ,  a i r  is  f i r s t  coo led  t o  about  500°F by t h e  
p r e c o o l e r ,  which uses  bypass f a n  a i r  a s  t h e  h e a t  s i n k ;  a f t e r  t h i s ,  t h e  a i r  is 
passed through a primary h e a t  exchanger ,  Hx, and then  t o  t h e  ACM ( s e e  
f i g u r e  10 ) .  A f t e r  compression,  t h e  h igh  p r e s s u r e l h i g h  t empera tu re  a i r  is 
a g a i n  c o o l e d ,  t h i s  t ime by a secondary  Hx, which p u l l s  down t h e  t empera tu re  of 
t h e  a i r  be fo re  i t  i s  d e l i v e r e d  t o  t h e  expans ion  c o o l i n g  t u r b i n e .  Without 
e x t e r n a l  a i r ,  o r  e n g i n e s  running  on t h e  ground,  t h e  APU w i l l  power t h e  ECS v i a  
an APU d r i v e n  load-compressor .  With a  fu l l y - loaded  c a b i n  (350 pas senge r s )  on 
a  103°F day ,  t h e  c o o l i n g  s y s t e a  can b r i n g  c a b i n  t empera tu re  down from 115°F t o  
75°F i n  about  30 minutes .  Converse ly ,  under  c o l d  day o p e r a t i o n ,  w i th  an 
o u t s i d e  a i r  t empera tu re  of -50°F, and a minimal me tabo l i c  l o a d ,  t h e  ECS can  
ma in t a in  t h e  cab in  t empera tu re  above 70°F. 

The b a s e l i n e  ECS b leed  schedu le  is shown i n  f i g u r e  11. 

2.5 F l i g h t  C o n t r o l s  

The b a s e l i n e  f l i g h t  c o n t r o l  system c o n s i s t s  of t h e  primary and secondary  
f l i g h t  c o n t r o l s ,  i n c l u d i n g  s t a b i l i t y  augmenta t ion ,  a u t o p i l o t ,  and s p o i l e r s .  
The b a s e l i n e  system i s  s i m i l a r  t o  t h e  e x i s t i n g  L-1011 system but  i n c l u d e s  
a c t i v e  a i l e r o n s  f o r  g u s t  a l l e v i a t i o n ,  maneuver load  c o n t r o l ,  and e l a s t i c  mode 
suppres s ion .  The b a s e l i n e  sys tem u s e s  mechanical  c a b l e  c o n t r o l  of s e r v o  
v a l v e s  which c o n t r o l  f u l l  power h y d r a u l i c  a c t u a t o r s  moving t h e  aerodynamic 
s u r f  a c e s .  

Au:opilot and s t a b i l i t y  augmenta t ion  i n p u t s  a r e  a p p l i e d  i n  p a r a l l e l  w i t h  
t h e  column i n p u t s  i n  t h e  p i t c h  a x i s  and d u a l  mode s e r v o  v a l v e s  I n  t h e  r o l l  and 
yaw a x i s .  

F igu re  12 I s  a s i m p l i f i e d  block diagram showing t h e  e l e c t r o n i c  f l i g h t  
c o n t r o l  system. The au toma t i c  f l i g h t  c o n t r o l  computer i s  d i g i t a l  and 
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1 

Panel Stick Auto- Control Whrelt 

r 
Position 
Trans'dr 
(4) Roll 

- 
(4) Yaw i 

Angle 1 - -  
Pitch Yaw Auto 

of S AS SAS Throttle Roll 
Pitch Trim 

S ~ N O  SINO 
Attack Setvo Servo %NO (2) Trim 

(1) (2) (2) (2) (2 1 (2) Feel - 
Figure  12. - Basel ine  d i g i t a l  f l i g h t  c o n t r o l .  

quadruply redundant f o r  the  Autoland func t ion .  The primary f l i g h t  c o n t r o l  
computer is mainly analog and con ta ins  s t a b i l i t y  augmentat ion  c i r c u i t s ,  s t a l l  
warning, a l t i t u d e  a l e r t ,  system monitor,  d i r e c t  1 i f  t c o n t r o l ,  automat ic  ground 
speed brake,  and f a u l t  i s o l a t i o n  monitor. The trim computer provides  dual  
segregated subsystems f o r  manual and automatic p i t c h  trim, Mach t r i m ,  and Mach 
f e e l .  The in te rconnec t ions  t o  sensors ,  se rvos ,  and ins t ruments  a r e  analog; 
the  in terconnect  ion wi th  t h e  nav iga t ion  computer is d i g i t a l .  The s i g n i f i c a n t  
f e a t u r e s  of the  f l i g h t  c o n t r o l  e l e c t r o n i c  system a r e :  

Roll and p i t c h  a t t i t u d e  hold wi th  c o n t r o l  wheel s t e e r i n g  

Heading s e l e c t  and hold 

Al t i tude  s e l e c t  and hold  

V e r t i c a l  speed s e l e c t  and hold 

Ind ica ted  a i r s p e e d  and Mach hold  

Auto c o n t r o l  from VOR and a r e a  nav iga t ion  

Speed c o n t r o l  and a u t o  t h r o t t l e  

Active syumetric a i l e r o n  c o n t r o l  f o r  maneuver load a l l e v i a t i o n  and gus t  
a l l e v i a t i o n  



r Cat I11 1LS and  a u t o t h r o t t l e  

Takeoff and  go-around gu idance  

r Yaw and nose wheel s t e e r i n g  f o r  r o l l o u t  

r L i f t  compensat ion  d u r i n g  t u r n s  

r F a i l u r e  p r o t e c t i o n  and warning 

Auto f a u l t  i s o l a t i o n  

2.5.1 P i t c h  c o n t r o l .  - The h o r i z o n t a l  s t a b i l i z e r  r o t a t e s  f o r  p i t c h  c o n t r o l  
and t r i m  inpu t  ( f i g u r e  13). The e l e v a t o r  p o r t i o n  is g e a r e d  t o  t h e  s t a b i l i z e r  
th rough a  n o n l i n e a r  mechanica l  d r i v e  t r a i n  f o r  added c o n t r o l  e f f e c t i v e n e s s .  
Four p a r a l l e l  h y d r a u l i c  a c t u a t o r s  o p e r a t e  in unison  t o  d r i v e  t h e  s t a b i l i z e r .  
The a c t u a t o r s  a r e  c o n t r o l l e d  oy f o u r  s e r v o  v a l v e s  each  s u p p l i e d  by one  of f o u r  
h y d r a u l i c  sys tems.  The v a l v e s  a r e  combined i n  a s s e m b l i e s  of two. Each 
assembly h a s  one mechanical  input  l i , t k a g e  and two feedback  l i n k a g e s ,  one  f o r  
each  va lve .  The inpu t  is mechan ica l ly  connected  t o  t h e  feedback  l i n k a g e s  t o  
c l o s e  t h e  s e r v o  loop .  The primary c o n t r o l  pa th  is e n t i r e l y  mechanica l  up t o  
t h e  s e r v o  v a l v e s  ; however, t h i s  c o n t r o l  i s  mod i f i ed  wi th  powered, 1 i m i t e d  
a u t h o r i t y ,  i n p u t s  from t h e  a u t o p i l o t ,  t r i m  system, and  f e e l  system. The 
mechanical  c a b l e / p u s h  rod  sys tems a r e  d u a l ,  one f o r  t h e  p i l o t  and  one f o r  t h e  
f i r s t  o f f i c e r  ( c o p i l o t ) .  They a r e  coupled  s o  t h a t  bo th  work i n  un i son  under 
normal c o n d i t i o n s .  The forward  c o u p l e r  can  be d i sconnec t ed  manually by t h e  
p i l o t  o r  f i r p t  o f f i c e r .  The a f t  coup le r  locat .ed a s  a  p a r t  of t h e  s t a b i l i z e r  
s e r v o  sys tem,  is e l e c t r i c a l l y  d i s connec t ed  on ly  when bo th  s e r v o s  on one  s i d e  
a r e  d e - e n e r g i ~ e d .  Decoupling,  e i t h e r  a f t  o r  forward ,  is  r e q u i r e d  only  i n  c a s e  
of a  system jam. 

A s  t h e  s t a b i l i z e r  l e a d i n g  edge moves from one degree  up t o  1 4  deg rees  
down, t h e  gea red  e l e v a t o r  moves i n  t h e  same d i r e c t i o n  a s  t h e  s t a b i l i z e r  f ram 
z e r o  ( f a i r e d )  t o  2 8  deg rees  t r a i l i n g  edge up. 

r P i t c h  Fee l  and  T r m  System: The t r i m  motor ,  o p e r a t e d  by a  mar,ual 
s w i t c h  on t h e  c o n t r o l  column, is p r i m a r i l y  a  combined s e r i e a / p a r a l l e l  
trim t o  dec rease  column e x c u r s i o n  r e q u i r e d  f o r  trimming. The p i l o t ' s  
f e e l  f o r c e  is t h e  product  of c o n t r o l  column d isp lacement  frc~m trim and 
t h e  f e e l  s p r i n g  c o n s t e n t .  The t r i m  motor i s  a l s o  contro1lf .d  au to -  
m a t i c a l l y  by t h e  a u t o p i l o t  when engaged, and by t h e  Mach number t o  
compensate f o r  movement of aerodynamic c e n t e r  of p r e s s u r e .  

The p i l o t  may o v e r r i d e  t h e  o u t p u t  of  t h e  t r im  motor w i t h  a  manual t r i m  
wheel th rough c a b l e ,  g e a r s ,  and a  b a l l  c l u t c h .  The f e d  f o r c e  i s  a  
maximum of 85 pounds a t  t h e  column and can be o v e r r i d c n  by t h e  p i l o t .  
No m a t t e r  where t h e  t r i m  is s e t ,  t h e  p i l o t  c a n  o b t a i n  f u l l  e x c u r s i o n s  
of t h e  s t a b i l i z e r  w i th  r e a s o n a b l e  column f o r c e s .  

P i t c h  Moni tor ing  System: A mon i to r ing  sys tem d e t e c t s  jams and open 
l i n k s  i n  t he  mechanical  system. The s e n s i n g  system c o n s i s t s  of bungees 
( s p r i n g s )  i n  t h e  c a b l e  sys tems and a f t  c o u p l e r  t h a t  a r e  i n s t rumen ted  t o  
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d e t e c t  motlon when t h e  f o r c e  exceeds bungee p r e l o a u  f o r c e ,  and  c a b l e  
i n t e g 2 i t y  s e n s o r s  ins t rumented  t o  d e t e c t  l o s s  of c o n t i n u i t y .  A l o g i c  
netwvrk u s e s  t h e  s i g n a l s  t o  de te rmine  t h e  l o c a t i o n  of t h e  jam oi- open 
and t h e  appropr  i a t c  a c t  ion r e q u i r e d .  Warning 1 i g h t s  d i r e c t  t h e  p i l o t  
t o  remove h y d r a u l i c  power from the  a p p r o p r i a t e  s e r v o s  and  manually 
d i s connec t  t h e  forward  c o u p l e r .  The a f t  c o u p l e r  open a u t o m a t i c a l l y  
when power is removed from t h e  s e r v o  v a l v e s .  Con t ro l  is ma in t a ined  by 
t h e  redundant  c a b l e  system and t h e  r e m a i n ~ n g  s e t  of s e r v g s ,  however, 
t h e  f e e l  f o r c e  is reduced t o  one-half of normal when t h e  c o u p l e r  is 
open. 

0 S t a l l  Warning System: An a r t i f  i c i a l  s t a l l  warning is provided  by means 
of two s h a k e r s  which v i b r a t e  t h e  p i l o t s '  c o n t r o l  columns whenever t h e  
a i r c r a f t  speed is l e s s  t hen  1.07 t imes  t h e  s t a l l  speed.  The s t a l l  
speed  is computed us ing  a  combina t ion  of a i r  d a t a ,  a n g l e  of a t t a c k ,  
s l a t ,  and f l a p  p o s i t ' 9 n s .  The system is i n o p e r a t i v e  when t h e  l a n d i n g  
gea r  s t r u t s  a r e  compressed ( a i r c r a f t  is  on t h e  ground) .  The sys t em 
commands t h e  s p o i l e r s  t o  r e t r a c t  when a  s t a l l  warning is i n d i c a t e d .  
Sensor and power f a u l t s  a r e  annunc ia t ed  i n  t h e  c o c k p i t ,  and channe l  
s e l e c t  ion c a p a b i l  i t y  is provided .  

2.5.2 R o l l  - c o n t r o l  system. - P i l o t  c o n t r o l  i n p u t s  a r e  communicated mechani- 
tally f rom t h e  c o n t r o l  wheels  t o  t h e  s e r v o  v a l v e s  a t  t h e  a i l e r o n s  ( f i g u r e  1 4 ) .  
Sepa ra t e  p a t h s  a r e  provided  from each  c o n t r o l  wheel t o  t h e  inboard  a i l e r o n  on  
t h e  co r r e spond ing  s i d e  ( l e f t  o r  r i g h t ) .  I n  normal o p e r a t i o n  t h e  c o n t r o l  
wheels  a r e  coupled  and t h e  l e f t  and r i g \ t  a i l e r o n s  o p e r a t e  in  unison  asymmet- 
r i c a l l y .  I f  a jam o c c u r s ,  t he  wheels  can  b e  manually decoupled.  

A 1 1  f ou r  a i l e r o n  s u r f a c e s  d e f l e c t  2 20 deg rees .  A i l e r o n  r o l l  c o n t r o l  is 
sb,:?lemented by s p o i l e r s  du r ing  low speed  ( f l a p s  ex tended)  f l i g h t .  S p o i l e r  
d e f l e c t  ion is  a  n o n l i n e a r  f u n c t i o n  of a i l e r o n  def l e c t i o n  wi th  40 deg rees  of up 
s p o i l e r  co r r e spond ing  t o  20 deg re s s  of up a j l e r o n  on t h e  same wing. S h i -  
l a r l y ,  2.5, 12 .5 ,  and 1 7  deg rees  of a i l e r o n  cor respond t o  0 ,  10, 20 d e g r e e s  of 
s p o i l e r ,  r e s p e c t i v e l y  . 

0 Ai le ron  Servos :  Three hyciraullc a c t u a t o r s  and t h r e e  s e r v o  v a l v e s  s e r v e  
each inboard  a i l e r o n ;  and two a c t u a t o r s  and two s e r v o  v a l v e s  s e r v e  e a c h  
ou tboa rd  a i l e r o n .  Each a c t u a t o r  f o r  a  p a r t i c u l a r  a i l e r o n  is s u p p l i e d  
by a  s e p a r a t e  h y d r a u l i c  system. The s e r v o  v a l v e s  f o r  a  p s r t i c u l a r  
a i l e r o n  a r e  assembled w i t h  a common input  t o rque  s h a f t .  Two feedback. 
rods  a r e  provided  a t  each  s e r v o  va lve .  Two inpu t  rods  a r e  provided  a t  
t he  inboard s e r v o  v a l v e s ,  one a t  t he  outboard .  The d u a l  Input and 
feedback rods  o p e r a t e  on o p p o s i t e  ends of t h e  common inpu t  t o r q w  s h a f t  
f o r  t he  s e r v o  v a l v e  assembly.  In  a d d i t i o n  t o  mechanica l  commands, two 
of t h e  t h r e e  l e f t  inboard  s e r v o  v a l v e s  a c c e p t  e l e c t r i c a l  commands from 
the  a u t o p i l o t .  When on a u t o p i l o t ,  t h e  p o s i t i o n  of t h e  l e f t  ~ n b o a r d  
a i l e r o n  is f e d  mechan ica l ly  t o  t h e  o t h e r  a i l e r o n s  through t h e  primary 
mechanical  system. 

Rol l  Fee l  and Trlm: A r t i f i c i a l  f e e l  and c e n t e r i n g  f o r  t h e  r o l l  r -oc t ro l  
system is provided  by a  s i n g l e  comprescion s p r i n g  c a r t r i d g e  i n  t h e  l e f t  
c o n t r o l  pa th .  The ground po in t  of t h e  f e e l  s p r i n g  is s h i f t e d  by t h e  





r o l l  t r im  a c t u a t o r ,  t he reby  p rov id ing  p a r a l l e l  r o l l  t r im .  O v e r t r a v e l  
is provided  s o  t h a t  f u l l  r o l l  c o n t r o l  is a v a i l a b l e  i r r e s p e c t i v e  of t h e  
t r im  a c t u a t o r  p o s i t i o n .  The t r i m  system can  provide  up t o  + 7 dey,rees 
of a i l e r o n  t r a v e l .  S p o i l e r  o p e r a t i o n  is a £  f e c t e a  by a i l e r o n  trim in 
the  same manner a s  by o t h e r  a i l e r o n  i n p u t s .  

Monitoring System: Two to rque  l i m i t e r s  and a  c r o s s - t i e  bungee ?re 
inc luded  t o  perr,rit c0r.t inued r o l l  o p e r a t  ion i n  t h e  event  of operrfi o r  
jams i n  t h e  me.:hanical c o n t r o l  pa ths .  TI12 c r o s s - t  i e  bungee a c e s  no t  
t r ~ v e  a  d e f l e c t i o n  s w i t c h  but  i t  does permit  r e l a t i v e  mot ion  between t h e  
two a i l e r o n s .  The to rque  l i m i t e r s  each  permit  r e l a t i v e  mot lon  between 
c o n t r o l  wheels  and c a b l e  system and c o n t a i n  s e n s o r s  t o  d e t e c t  d e f l e c -  
t i o n  f o r  use  i n  t h e  moni tor  d i s p l a y  system. l f  a  jam o c c u r s  downstream 
of t h e  l i m i t e r  i n  e i t h e r  c o n t r o l  p a t h ,  con t lnued  c o n t r o l  is p o s s i b i e  by 
overcoming t h e  breakout  f o r c e  of t t i r  af f e c  t e d  l i m i t e r  and c o n t r o l l i n g  
through t h e  o t h e r  c o n t r o l  parch.  Operat  ion of t h e  t o rque  l i m i t e r s  is  
d i s p l a y e d  t o  t h e  p i l o t  f o r  manual shutdown of t h e  a f f e c t e d  a i l e r o n  and 
s p o i l e r  a c t u a t o r s .  

The modula t ing  s i g n a l  f o r  d l r e c t  l i f t  comes from the  au+;;rim t r a n s d u c e r  
in  t h e  a u t o p i l o t  p i t c h  s e rvo .  I t  does not  depend upon s e l e c t i o n  o r  engagement 
of t h e  a u t o p i l o t  and is e s s e n t i a l l y  a  s t a b i l i z e r - o u t - o f - t r i m  s i g n a l .  A l t i t u d ?  
changes a r e  ti us produced l a r g e l y  froin o p e r a t i o n  of t h e  DLC s p o i l e r s  r a t h e r  
than  t h e  s t a b i l i z e r ,  w i t h  much reduced p i t c h  a t t i t u d e  e x c u r s i o n s .  

S p c J e r  au torca t ic  o p e r a t i o n  f o r  l a n d i n g ,  r e j e c t e d  t a k e o f f ,  go-alound, and  
i n c i p i e n t  s t a l l  is de terminea  by l o g i c  i n  t h e  f l i g h t  c o n t r o l  e l e c t r o n i c  sys- 
tem. l n p u t s  a r e  from f l a p  hand le ,  t h r o t t l e  l e v e r s ,  t h r u s t  reversjer  l e v e r e ,  
s t a b i l i z e r  c o n t r o l  sys tem,  l a ~ d i n g  gea r  c o n t r o l  handle  and l a n d i r ~ g  gea r  s t r u t  
rompression.  During a  noimal l a n d i n g ,  when l and ing  gear  i s  down, f l a p s  a r e  
ex tended ,  and l and ing  gear  s w i t c h e s  i n d l c a t e  a i r c r a f  t touch-down, t h e  computer 
a s k s  f o r  12 deg rees  s p o i l e r  d e i l e c t i o n  a f t e r  a  ha l f - s econd  d e l a y ,  t hen  when 
s t r u t s  a r e  f u l l y  compreuned, s p o i l e r s  ex t end  t o  60  deg rees .  L i m i t i n g  ruader  
d e f l e c t  ions  i s  accompl i ~ h e d  by dual  p o s i t  i v e  mechanical  s t o p s  o p e r a t e d  by 
s o l e n o i d  ope ra t ed  hydrau l i c  a c t u a t o r s .  There a r e  f o u r  rudaer  a c t u a t o r s  
a r ranged  in  two dual  tandem s e t s .  Three s e rvo  v a l v e s  a r e  provided  assembled 
s i d e  by s i d e  w i th  s e p a r a t e  input  push rods  t o  each  s i d e  of t h e  common input  
s h a f t .  Each s e r v o  va lve  has  input  from a  s e p a r a t e  h y d r a u l i c  sys tem (A ,  E, and  
C). One v a l v e  s e r v e s  two a c t u a t o r s .  Two of t h e  v a l v e s  have e l e c t r i c a l  i u y u t s  
In add.:? ion t o  t h e  mechanical  i npu t .  The e l e c t r i c a l  i npu t  is used f o r  yaw 
s t ab11  i t y  augmentat ion .  

The rudder  is c o n t r o l l e d  a u t c m a t i c a l l y  f o r  du tch  r o l l  damping a n a  t u r n  
c o o r d i n a t i o n  du r ing  a l l  phases of  t l  i bh t  and f o r  runway a 1  ignmcnt and r o l l  o u t  
dur ing  au to l and .  In  t he  b a s i c  s t a t i l i t y  augmentat ion system (SAS), t h e  con- 
t r o l  i s  independent  of a u t o p i l o t  s t a t u s  and a l l vws  p i l o t  i n p u t s  t o  be added 
v i a  t h e  rudder  p e d a l s .  SAS and  t u r n  c o o r d i n a t i o n  a r e  ac t i levrd  by p i o c e s s i n g  
inpu t s  from t h e  t h r e e  r a t e  gy ros  and tou r  a i l e r o n  p o s i t  ion t r a n s d u c e r s .  For 
approach ar.d l a n d ,  t h e  a i l e r o n  s i g n a l s  a r e  swi tched  o u t .  The runway a l ignment  
s i g n a l  is a  f u n c t i o n  of ins t rument  l and ing  system (ILS) e r r o r ,  heading  e r r o r ,  
a l t i t u d e ,  and yaw r a t e .  The a l ignment  sctieme is a  l i m i t e d  forward s l i p  
maneuver in which u p  t o  c i g h t  deg rees  of  i n i t i a l  c r a b  a n g l e  i s  removed by 



lower ing  a  wing and s l i p p i n g  t h e  a i r c r a f t .  A f t e r  touchdown, t h e  a u t o l a n d  
computat ion u s e s  ILS e r r o r  and yaw r a t e  t o  d i r e c t  ttic a i r c r a f t  down t h e  runway 
wi th  rudder  c o n t r o l  and l i m i t e d  nose wheel s t e e r i n g .  

2.5.3  A u t o p i l o t .  - There  a r e  f o u r  channe l s  i n  each  a x i s  f o r  approach  and  
l a n d i n g ,  and t h e r e  a r e  o n l y  two which a r e  a c t i v e  f o r  c r u i s e .  The sys tem has  
two dual  computers ,  a u t o p i l o t  A a n d  B which can  be engaged independent ly  o r  
s imu l t aneous ly ,  e i t h e r  i n  t h e  a u t o p i l o t  mode ( i n  app roach / l and  o n l y )  o r  f l i g h t  
d i r e c t o r  mode. Thus, e i t h e r  o r  bo th  f l i g h t  d i r e c t o r s  may be  used  t o  p rov ide  
f l i g h t  d i r e c t o r  s t e e r i n g  in fo rma t ion  t o  t h e  p i l o t ,  w i th  o r  w i thou t  a u t o p i l o t  
engagement. With a u t o p i l o t  engagement t h e  f l i g h t  d i r e c t o r  may be  used  t o  
monitor  a u t o p i l o t  o p e r a t i o n .  Each p i t c h  sys t em (A and B) h a s  a  s e r v o  w i t h  
mechanical  input  i n t o  t h e  mechanical  c o n t r o l .  The r o l l  o u t p u t  (A a n d  b) is  
e l e c t r i c ~ l ,  d i r e c t  t o  t h e  a i l e r o n  a c t u a t o r  s e r v o  v a l v e s  of  t h e  l e f t  i nboa rd  
a i l e r o n .  I n  e i t h e r  c a s e ,  t h e  a u t o p i l o t  o u t p u t s  o p e r a t e  i n  p a r a l l e l  w i t h  t h e  
c o n t r o l  wheel i npu t s .  The p i l o t  c a n  mechanica l ly  overpower t h e  a u t o p i l o t  
s e r v o s  through  he c o n t r o l  wheel. 

The b a s i c  a u t o p i l o t  mode is parameter  ho ld  w i t h  thi! p i l c t  a b l e  t o  i npu t  
change through c o n t r o l  wheel s t e e r i n g .  The autopilot command mode p rov ides  
au toma t i c  c o n t r o l  in response  t o  a  computed guidance  s i g n a l .  

An au toma t i c  trim sys tem a c t s  t o  c e n t e r  t h e  a u t o p i l o L  s e r v o s  co p reven t  
t r a n s i e n t s  when t h e  a u t o p i l o t  is  e i t h e r  manually o r  automat i c i . l i )  d i sengaged .  
There a r e  two au toma t i c  p i t c h  t r i m  sys tems and a t  l e a s t  one  must be o p e r a t i v e  
t o  engage e i t h e r  a u t o p i l o t .  The a l t i t u d e  s i g n a l  f o r  a l t i t u d e  ho ld  and a l t i -  
t ude  s e l e c t  is a  ra te -and-d isp lacement - l imi ted  ba rome t r i c  a l t i t u d e  e r r o r  
s i g n a l  wbich is g a i n  scheduled  a s  a f u n c t i o n  of t r u e  a i r s p ~ e d .  An i n t e g r a t i o n  
pa th  is provided t o  compensate f o r  l s n g  term e r r o r  s i g n a l s .  The c o n t r o l  s i g -  
n a l  is mixed v i t h  p i t c h  a t t i t u d e  and a t t i t u d e  r a t e  s i g n a l s  f o r  c o n t r o l  l o o p  
damping. A s  t h e  a l t i t u d e  approaches  t h e  s e l e c t e d  a l t i t u d e ,  t h e  a l t i t u d e  r a t e  
and a l t i t u d e  e r r o r  a r e  used t o  compute t h e  po in t  a t  which t h e  maneuver t o  
c a p t u r e  t h e  d e s i r e d  a1ti:ude i s  i n i t i a t e d .  A t  i n i t i a t i o n ,  a n  e x p o n e n t i a l  
f l a r e  maneuver t o  c s p t u r e  t h e  d e s i r e d  a l t i t u d e  is commanaed. When t h e  man- 
euver  is completed,  t h e  a l t i t u d e  h o l d  mode i s  a u t o m a t i c a l l y  e s t a b l i s h e d  a n d  
annunc i a  t e  d . 

R o l l  a t t i t u d e l h e a d i n g  ho id  is t h e  b a s i c  r o l l  a x i s  a u t o p i l o t  mode. Upon 
engagement, t h e  a u t o p i l o t  w i l l  ma in t a in  heading i f  t h e  bank a n g l e  i s  l e s s  t h a n  
f i v e  deg rees  and w i l l  ma in t a in  bank a n g l e  i f  over  f i v e  deg rees .  Con t ro l  wheel 
s t e e r i n g  can  be used t o  e s t a b l i s h  a new r o l l  a t t i t u d e  o r  heading  r e f e r e n c e .  

I n  .ne n a v i g a t i o n  mode, t h e  a u t o p i l o t  w i l l  d i r e c t  t h e  a i r c r a f t  t o  c a p t u r e  
and fo l low a  VOR beam o r  an Area Nav c o u r s e ,  i f  t h e s e  sys t ems  a r e  o p e r a t i n g .  

The approach/ land  mode w i l l  c a p t u r e  t h e  l o c a l i z e r  beam, f o l l o w  t h e  l o c a l -  
i z e r  beam, c a F t u r e  t h e  g l i d e s l o p e ,  fo l l ow t h e  g l i d e s l o p e ,  a l i g n  w i t h  runway a t  
150 f t  a l t i t u d e ,  perform f l a r e  a t  50 f t  e l t i t u d e ,  and m a i n t a i n  heading aown 
t h e  runway on r o l l o u t .  

The g l i d e s l o p e  c a p t u r e  maneuver is i n h i b i t e d  u n t i l  l o c a l i z e r  t r a c k  is 
e s t a b l i s h e d  and g l  i dee lope  d e v i a t i o n  is l e s s  t h a n  30 microamperes. The f l a r e  



g a i n  is scneduled  a s  a  f u n c t i o n  of r a d i o  a l t i t u d e ,  r a d i o  a l t i t u d e  r a t e  and 
normal a c c e l e r a t i o n  t o  e s s e n t i a l l y  z e r o  r a t e  a t  z e r o  a l t i t u d e .  

The t u r b u l e n c e  mode is normally engaged when t h e  a i r c r a f t  is  f l y i n g  i n  
t u rbu lence .  The a u t o p i l o t  r e v e r t s  t o  t h e  parameter  ho ld  conf i g u r a t  ion  w i t h  
reduced g a i n s  t o  p rov ide  s o f t e r  c o n t r o l .  

2.5.4 S t a b i l i t y  and c o n t r o l .  - The h o r i z o n t a l  t a i l  is s i z e d  by t h e  r e q u i r e -  
ment f o r  a  t o t a l  c .g.  t r a v e l  of 4.8 f t  w i th  6 pe rcen t  mean aerodynamic c h o r d  
(MAC) s t a t i c  margin a t  t h e  a f t  c.g. l imi t .  T h i s  r e s u l t s  i n  a  h o r i z o n t a l  r a i l  
volume c o e f f i c i e n t  of 1.08 and  c.g. l i m i t s  of 17  p e r c e n t  t o  41 p e r c e n t  MAC 
( f i g u r e  15).  

2.6 Aerodynamics 

A i r f o i l  c h a r a c t e r i s t i c s  a r e  based  on t r e n d s  i n  improvements i n  a i r f o i l  
d e s i g n  ( s u c h  as d rag  d ive rgence  Mach number). These c h a r a c t e r i s t i c s  a r e  
i n c o r p o r a t e d  i n t o  a  pa rame t r i c  aerodynamic performance program which p r e d i c t s  
d r ag  p o l a r s  f o r  wings of d i f f e r e n t  sheep ,  a s p e c t  r a t i o ,  t h i c k n e s d c h o r d  r a t i o ,  
e t c .  A d c s c r i p r i o n  of t h i s  method may be found i n  r e f e r e n c e  3 .  

2.7  P r o p u l s i o n  

3 
The General  E l e c t r i c  Energy E f f i c i e n t  Engine (E ) was used f o r  t h e  b s se -  

1 ine  a i r c r a f t  a n a  l D E A  performance e v a l u a t i o n .  The eng ine  perf  9rmancr was 
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es t ima ted  by GE f o r  a f u l l y  developed pjopuls ion system based on t h e  r e s u l t s  
of t h e  r e c e n t l y  completed NASA funded E program. The engine technology 
requ i red  t o  provide the  es t ima ted  performance would be a v a i l a b l e  in  t h e  mid 
1990s 

The engine  gearbox f o r  the  a i r c r a f t  a c c e s s o r i e s  is c o r e  mounted and d r iven  
o f f  the  high p ressure  compressor s h a f t .  For t h e  b a s e l i n e  a i r c r a f t ,  t h e  a i r -  
c r a f t  a c c e s s o r i e s  include genera to r s ,  hydrau l i c  pumps, engine  s t a r t e r ,  p l u s  
t h e  engine  r e q u i r e d  a c c e s s o r i e s  ( f u e l  and o i l  pumps). High p r e s s u r e  
compressor b leed a i r  is used f o r  the  environmental c o n t r o l  system on t h e  
b a s e l i n e  a i r c r a f t .  Power requirements a r e  def ined i n  Sec t ions  2.2 through 
2.4. 

3 
The General E l e c t r i c  E e n g i n e l n a c e l l e  c o n f i g u r a t i o n  is i l l u s t r a t e d  i n  

f i g u r e  16. This  conf igura t ion  uses  a mixed flow exhaust system. The pro- 
puls ion system c h a r a c t e r i s t i c s  a r e  g iven i n  t a b l e  2. The engine bypass r a t i o  
and o v e r a l l  p ressure  r a t  lo  a r e  higher than c u r r e n t  o p e r a t i o n a l  engines ,  
however the  t u r b i n e  i n l e t  temperature has not  been s i g n i f i c a n t l y  changed. 
S p e c i f i c  f u e l  consumption has  been improved approximately 15 percent  r e l a t i v e  
t o  c u r r e n t  h igh bypass engines.  

2.8 S t r u c t u r e s  and Mate r i a l s  

For each c o n f i g u r a t i o n  aggress ive  use is made of graphi te lepoxy composite 
m a t e r i a l s .  Advanced aluminum a l l o y s  a r e  used where they a r e  more e f f e c t i v e  
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than composites. The d i s t r i b u t i o n  of m a t e r i a l  and percentage weight r educ t ion  
( a s  comparad wi th  a  conventional  aluminum s t r u c t u r e )  a r e  shown i n  t a b l e  3. 
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2.9.1 Sweep, a s p e c t  r a t i o ,  and th ickness lchord r a t i o .  - Wing sweep, a s p e c t  
r a t i o  and th ickness lchord  r a t i o  a r e  based on t h e  advanced con£ i g u r a t i o n  
descr ibed in  r e fe rence  4. A t  t h e  time the  study descr ibed i n  r e fe rence  4 was 
performed f u e l  p r i c e s  he re  r i s i n g  i n  cons tan t  d o l l a r s ,  and it appeared t h a t  
minimization of block f u e l  was of paramount concern i n  a i r c r a f t  des ign.  The 
wing was t h e r e f o r e  designed t o  minimize block f u e l  ( f i g u r e  17) .  Trends i n  
f u e l  p r i c e s  ( i n  cons tan t  d o l l a r s )  a r e  now s t a b l e  o r  dec l in ing ,  t h a t  wing 
design t o  minimize DOC is  more appropr ia te .  Because of t h e  des ign c o n s t r a i n t  
i n  f i t t i n g  the  landing g e a l ,  a s p e c t  r a t i o  was l i m i t e d  t o  a  maximum value  of 
12. The r e s u l t i n g  wing des ign is c lose  t o  t h a t  f o r  minimum DOC us ing t h e  
p r i c e  ground r u l e s  of t h i s  s tudy.  This  wing design is t h e r e f o r e  considered 
s u i t a b l e  f o r  t h e  Baseline.  

2-9 .2  Thrustlweight r a t i o  and wing loading.  - A c a r p e t  p l o t  of t h r u s t l w e i g h t  
r a t i o  (TIW) and wing loading (W/S) is shown in  f i g u r e  18. The c o n s t r a i n t  t h a t  
t h e  a i r c r a f t  should have 180 f t lmin r a t e  of climb a t  the  top  of cl imb, us ing  
maximum climb power, r e q u i r e s  t h a t  TIN have a  value  of about 0.25. The f u e l  
volume c o n s t r a i n t  (which r e q u i r e s  the  wing f u e l  volume t o  be 19 percent  
g r e a t e r  than the  miss ion requirements)  c o n s t r a i n s  wing loading t o  be l e s s  than 
131 l b l f t .  These two c o n s t r a i n t s  s i z e  t h e  b a s e l i n e  a i r c r a f t .  

2.10 Conf igura t ion  Descr iy t  ior, 

The following s e c t  ions summarize some of t h e  l e a d i n g  c h a r a c t e r i s t i c s  of 
the  base1 ine conf igura t ion .  A d e t a i l e d  d e s c r i p t i o n  may be found in  Appendix 
A. 
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TABLE 3. - MATERIAL DISTRlBUTION AND WEIGHT REDUCTION 
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Figure  18. - D i r e c t  opera t ing  cos t  a t  2500 n.mi. 

Geometric d e s c r i p t i o n .  - Table 4 suinmarizes l ead ing  geometric da ta .  A 
three-view of the  b a s e l i n e  corif igura t  ion is  shown in f i g u r e  19. 

2.10.2 Weights. - d a s e l i n e  a i r c r a f t  weights a r e  summarized i n  t a b l e  5. 

3.  ADVANCED POWSR GENERATION SYSTEMS 

This  s e c t  ion d i scusses  the  comparison of v a r i a b l e  speed cons tan t  frequency 
(VSCF) , constant  speed d r i v e s  (CSDs) , v a r i a b l e  vol  t a g d v a r  i a b l e  frequency 
(VVIVF) and high f  requedcy power-generat ion systems. The guide1 ines  t h a t  
d i c t a t e  t h i s  comparison a r e ,  t o  a  major e x t e n t ,  r e l a t e d  t o  t h e i r  s u i t a b i l i t y  
t o  the IDEA and A l t e r n a t e  IDEA a i r p l a n e s .  

3.1 H i s t o r i c a l  Background 

The aerospace e l e c t r i c a l  indust ry  has  pursued the  development of power 
genera t ion  systems which would bes t  meet t h e  needs of the  u t i l i z a t i o n  equip- 
ment. Pre-World War 11, the  e l e c t r i c / a v i o n i c  power demands were met by 12 V ,  
and l a t e r  by 24  Vdc systems,  s i n c e  the  ac  power requirements a t  the  time were 
only 500 t o  1500 W. This power was used mainly f o r  l i g h t i n g ,  commvnication- 
r ad ios ,  and minimal armament. Towerds t h e  end of World War II, however, t h e  



TABLE 4. - BASELlNE CONFlGURATlON GEObffiTRY 
p- --- 

Trape zo Ida1 Area 3590 f t 2  
Span 207.5 f t  
Taper Etatio 0.246 
Sweep a t  114 chord 25' 
MAC 19.4 f t  

Vert i c a l  T a i l  Trapezoidal  Area 567 f t 2  
T a i l  Vol Coef f  0.059 

b 

I Fuselage 

I 

Hor izonta l  T a i l  Trapezo i d a l  Area 955 f t 2  
T a i l  Vol. Coeff 1.08 

Length 
Diameter 

TABLE 5. .- BASELINE AIRCRAFT WEIGHTS 

Gross height  
Fuel  Avai lable  
Zero Fuel We igh t  
Payload 
OEW 
Empty Weight 
S t r u c t u r e  
Propuls ion 
Sys t -.as 

Weight, l b  

470224 
142 908 
327316 

7 3 500 
35381 6 
233940 
53785 
2 6004 
6452 7 

Weight F rac t ion ,  X 

e l e c t r i c  power demands had grown t o  the  point  t h a t  four  28 V 300 amp ( 9  kW) 
genera to r s  were requ i red  t o  suppor t  the  e l e c t r i c a l  needs of t h e  l a r g e r  bomber 
a i r c r a f t  and the  emerging l a r g e  commercial t r a n s p o r t s .  The a v i o n i c s  a c  load 
requirements in these  a i r c r a f t  were then met by i n v e r t e r s  ( c o n s i s t i n g  of dc 
motor-drivenlac genera to r  s e t s )  t h a t  ranged i n  s i z e  from 100 VA up t o  2500 VA 
each. The s p e c i f i c  weight of the  e a r l i e r  dc g e n e r a t o r s  (and dc s t a r t e r -  
genera to r s )  averaged 43 IbIkW, mainly because of t h e  wider speed range of t h e  
p i s ton  engines and t h e  lower base-speeds of the  genera to r s .  

In  the  e a r l y  and l a t e  1940s, t h e  U.S.  and B r i t i s h  Advisory S t a f f s ,  recog- 
n i z i n g  the  t r e n d  towards t h e  much l a r g e r  capac i ty  power genera t ion systems,  
advocated the  use of primary a c  genera to r  systems wi th  s t a t i c  r e c t i f i e r  u n i t s  
t o  f u r n i s h  28 Vdc power f o r  t h e  l a r g e  amount of 28 Vdc u t i l i z a t i o n  equipment. 
Nonetheless, the  28 Vdc power requirement was 'secondary'  i n  r e l a t i o n  t o  the  
projected capac i ty  of t h e  new ac (primary) power systems. l n  a d d i t i o n  t o  t h e  
s e l e c t i o n  of a s u i t a b l e  higher t ransmiss ion v o l t a g e  f o r  the  ac  g e n e r a t o r s ,  
the re  were c o n t r o v e r s i a l  d i scuss ions  a s  t o  t h e  choice  of an  optimwn frequency 
f o r  these  new power systems. The i n d u s t r i a l  f r equenc ies  of 50 and 60 Hz were 
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recognized a s  being too low f o r  the aerospace indus t ry ,  so  f requenc ies  of 250, 
400, 600, 800 Hz (and higher)  were evaluated.  F i n a l l y ,  the  200 V/400 Hz power 
was s e l e c t e d  a s  a  s t andard ,  s i n c e  i t  permitted ac motors t o  run up t o  speeds 
of 24,000 r p  and i t  o f f e r e d  a t t r a c t i v e  reduct ions  in the  e l e c  tromagnet we iglit 

w f o r  motors, t r ans formers ,  f i l t e r s ,  e t c .  

Figure 20 is a  genera l i zed  p lo t  of the  motor s / e l e c  tromagnet weight saving 
versus frequency. This shows t h a t  s u b s t a n t i a l  reduct ions  were made r e l a t i v e  
t o  50/60 Hz equipment, but above 400 Hz, increas ing i ron  l o s s e s ,  problems of 
sk in  e f f e c t ,  h y s t e r e s i s ,  eddy-current l o s s e s ,  e t c . ,  r e s u l t e d  i n  decreas ing 
weight ga ins .  With the  development of low l o s s  i rons  (Ne tg lass ,  e t c . )  and t h e  
t r end  t o  high speed r o t a t i n g  machinery, i t  is reasonable t o  consider  600, 800 
Hz primary and even higher frequency ac  systems. 

The developments in a i r c r a t t  engine technology have had a s i g n i f i c a n t  
impact on i i r c r a f t  power systems. The new t u r b o j e t  and turbofan engines have 
narrower speed ranges,  t y p i c a l l y  2 : l  compared t o  3 : l  o r  4 : l  f o r  the  e a r l i e r  
p i s ton  engines.  This impacted favorably on the  weight of the  new synchronous 
genera to rs  s i n c e  the s p e c i f i c  weights of ac  genera to rs  dropped t o  a s  low a s  
1.2 Ib/kVA and, today,  t o  l e s s  thann 1 . 0  lb/kVA, ( f o r  modern high-speed ac  
genera to rs ) .  

-, FREQUENCY 

Figure 20. - Motors/transtormer welt;hts vs .  frequency. 



3.1.1 Engine speed Impact.  - The power g e n e r a t o r  system performance and 
weight  a r e  t h e r e f o r e  c l o s c l y  r e l a t e d  t o  t h e  engine  i n  te rms  of i t s  speed  r ange  
and t h e  speeds  of  t h e  a c c e s s o r y  pads.  For t h e  conven t iona l  400 Hz synchronous 
g e n e r a t o r s ,  M i l i t a r y  S t anda rd  (AND 20006) pads having nominal speeds  of 6000 
and 8000 rpm were provided .  For  t h e  synchrotlous g e n e r a t o r s ,  s u c h  a s  t h e  VSCF 
g e n e r a t o r s ,  however, t h e  speed  r equ i r emen t s  were d i f f e r e n t  s i n c e  a cyclocon- 
v e r t e r  VSCF sys tem r e q u i r e s  a  4 : l  ( i npu t - f r equency  t o  ou tpu t - f r equency)  r a t i o  
and t h e r e f o r e  very  h igh  g e n e r a t o r  speeds .  The dc ].ink t y p e  VSCF systelus h a s  
no s p e c i a l  f requency  c o n s t r a i n t ,  b u t  s t i l l  r e q u i r e s  h igh  g e n e r a t o r  speeds  
s i n c e  i t  is  i n  t h e  i n t e r e s t s  o f  bo th  sys tems t o  u t i l i z e  h igh  speeds .  I h u s ,  
t h e  VSCF g e n e r a t o r  i n  bo th  sys tems each  b e n e f i t  from high  speeds  i n  t h e  r ange  
of 10 ,000  t o  20,000 rpm. 

Where d i r e c t  d r i v e n  g e n e r a t o r s  a r e  used and t h e r e  is no major  i n - l i n e  
power conve r s ion ,  t h e  g e n e r a t o r s  a r e  runn ing  a t  approximate ly  c o n s t a n t  speed  
over  t h e  major  p a r t  of t h e  o p e r a t i n g  f l i g h t  range  o i  t h e  a i r c r a f  1. e n k i n e s .  
The re fo re ,  w i th  t h e  r i g h t  s e l e c t i o n  of t h e  number of g e n e r a t o r  p o l e s  and t h e  
r i g h t  speed ,  hyb r id  type sys tems of t h e  v a r i a b l e  v o l t a g e l v a r i a b l e  f requency  
type  can  be des igned  t o  o p e r a t e  a t  nominal f r e q i w n c i e s  of  400,  600, 800 h ~ ,  a t  
say  t h e  92% c r u i s e  speed  of  t h e  e n g i n e s .  

3.2 Power System A l t e r n a t i v e s  

The eng ine  speed range ,  and the  a c r u a l  engine  s p e e a s  from &round- id le  t o  
take-off t h r u s t  r a t i n g ,  a r e  t h e r e f o r e  c r i t i c a l  t o  t h e  performance u f  t h e  poker 
g e n e r a t o r  system. T y p i c a l l y ,  however, i n  most c u r r e n t  a c  e l e c t r i c a l  sys tems 
t h e  ac  g e n e r a t o r  is d r i v e n  by c o n s t a n t  speed  d r i v e s  (CSDs), s o  t h e  g e n e r a t o r  
d e s i g n s  a r e  op t imized  v i a  t h e  techtlology r e s i d e n t  i n  CSbs. because of t h e  
g e n e r a t o r ' s  c o n s t a n t  speed  o p e r a t i o n ,  t h e  g e n e r a t o r s  a r e  a b l e  t o  f u r n i s h  t h e  
same poker a t  ground I d l e  speed  a s  they  a r e  a t  t akeoff  eng ine  speed .  The same 
is t r u e  of t h e  e a r l y  dc sys tems b u t ,  i n  t h i s  c a s e ,  l t  was neces sa ry  o n l y  t o  
keep t h e  v o l t a g e  c o n s t a n t ,  whereas i n  t h e  ac  sys tems i t  was more compl i ca t ed  
because t h e  v o l t a g e  and t h e  f requency  had t o  be he ld  c o n s t a n t .  I t  c a q  
t h e r e f o r e  be s een  t h a t  t h e  CSDs provided  a i r c r a f t  g e l w r a t o r  w i t h  t h e  l uxu ry  of 
c o n s t a n t  speed  o p e r a t i o n ,  bu t  a  legacy  of t h i s  was t h a t  t h e  c o s t  and com- 
p l e x i t y  of t h e  power g e n e r a t  i ng  channe l s  i n c r e a s e d .  More mipor t an t ly  , t h e  
system r e 1  i a b i l i t y  sys tem ove rhau l  t ime reduced t o  t h e  d i s advan tage  of t h e  
1 i f e  c y c l e  c o s t s .  P a r t l y  a s  a  r e s u l t  of t h i s ,  e l e c t r  i c / e l e c t r o n i c  approaches  
of  t h e  VSCF type sys tems were sponsored  and developea  under h i l i t a r y  and  
i n d u s t r y  fund ing .  Also in  t he  r e c e n t  NASAILockherd s t u d i e s  ( r e f .  2 )  a 
v a r i a b l e  vo l  t a g e l v a r  i a b l e  f  requericy sys tem (VVIVF) which had a  "powcr-propor- 
t i ona l - to - speed"  c h a r a c t e r i s t i c  was proposed,  because few a i r c r a f t  r e q u i r e  t h e  
same amount of power a t  eng ine  ground i d l e ,  a s  they do a t  t a k e o t t  ( o r  c r u i s e ) .  
One concern  f o r  t h e  VV/VF sys tems was how l a r g e  motors  and t r a n s f o r m e r s  would 
o p e r a t e  from such  a  power supp ly .  To a d d r e s s  t h i s ,  f i g u r e  2; shows t h e  per-  
formance of t h e  ac  i n d u c t i o n  motors  o p e r a t i n g  a t  d i f f e r e n t  f r e q u e n c i e s ,  when 
( 1 )  t h e  v o l t a g e  is he ld  c o n s t a n t  and (2 )  when i t  is  a l lowed t o  change w i t 1 1  
speed ( f r e q u e n c y ) .  Note t h a t  where t h e  v ~ l t a b e  i s  he ld  c o n s t a n t ,  t h e  motor 
deve lops  e x c e s s i v e  t o rque  a t  t h e  lower f requency  and ,  nc.rmally, i t  canpo t  bc  
absorbed  by most l o a d s  ( s u c h  a s  compressors ) .  In  c o n t r ~ s t  when t h e  V/F r a t i o  
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Figure 21. - Induction motors: :orque/specd c h a r a c t e r i s t i c s .  



i e  he ld  cone tan t ,  the  motor s t a t o r - f l u x ,  (and the  motor torque) remain con- 
s t a n t  over the  speed range s o  t h i s  i e  very s a t i s f a c t o r y  f o r  most l o a d s  i n  t h e  
a i r c r a f t  . 

The development by t h e  '1.S. A i r  Force and Navy of systems us in8 e lec t ron-  
i c a l l y  de r ived  methodo of p,dviding constant  frequency from v a r i a b l e  frequency 
power eources  has been looked upon a s  a l t e r n a t i v e  methoas of providing high- 
r e l i a b i l i t y i h i g h - q u a l i t y  e l e c t r i c  power, s i n c e  i t  was thought t h a t  wi th  no 
moving par:s, t h e  l i f e  c y c l e  c o s t s  and r e l i a b i l i t y  a s p e c t s  could  be Improved. 
Also i t  was c l a h e d  t h a t  a d i r e c t  engine d r iven  genera to r  would provide 
improved o v e r a l l  t ransmiss ion e f f i c i e n c y  i n  the power p lan t  and t h e r e f o r e  
reduce t h e  heat  r e j e c t i o n  l o s s e s  in the  engine n a c e l l e  a r e a .  

More r e c e n t l y ,  NASA-Lewis has been examining the b e n e f i t s  and p o t e n t i a l  of 
a 20 k i l o h e r t z  power t r ansmiss ion ,  which could  t ake  advantage of b i d i r e c t i o n a l  
resonant  frequency swi tching mode i n v e r t e r s / c o n v e r t e r s  t h a t  would permit con- 
v e r s i o n  of t h i s  high frequency power t o  o t h e r  forms of power, t y p i c a l l y  
r equ i red  In a modern a i r c r a f t .  Also, because of the  high frequency,  NASA- 
Lewis should look t o  the  use  of Metglass and advanced m a t e r i a l s / w i r e  develop- 
ments t c  take  advantage of t h i s  type of high frequency t r ansmiss ion  system. 

There a r e  many p o s s i b l e  a i r c r a f t  power genera t ing  systems,  and each has 
varying degrees of m e r i t ;  some a l s o  a r e  l i m i t e d  because of t h e i r  development 
and l a c k  of implementation s t a t u s .  The fol lowing d e l i n e a t e s  the  systems t o  be 
analyzed.  

1. Constant Speed Constant  Frequency, CSCF (such a s  the  present  CSD 
systems).  

2. Var iab le  Speed Consfarit Frequency, VSCF (such a s  the  dc l i n k  and 
cyclo-converter  sys tems) .  

3 .  270 Vdc Systems, a s  proposed by NADC. 

4. Var iable  Frequency Constant Voltage, VFCV, a s  used on some h e l i c o p t e r  
and e a r l y  f i g h t e r  a i r c r a f t .  

5 Spec ia l  (nonstandard) Systems, such a s  t h e  

a Variable  Volt age/Var iable  Frequency ( a s  proposed in  e a r l i e r  
NASA/Lockheed s t u d i e s )  

0 High Frequency (20 kHz) Transmission Systems ( a s  proposed by 
NASA-Lewis Research Center)  

6. Dedicated Auxi l i a ry  Power Uni ts .  

The f i r s t  t h r e e  cand ida tes  a r e  considered v i a b l e  t o  t h e  deg-ee  t h a t  t h e  R6D is 
s i g n i f i c a n t  and implementation has, o r  is,  being e f f e c t e d .  Candidate No. 4 
has the  m e r i t s  of s i m p l i c i t y  and r e l i a b i l i t y ,  but the  a p p l i c a t i o n  has been 
l i m i t e d  t o  smal l  (11 t o  30 kVA) capac i ty  systems,  (e .g . ,  t h e  F-104) o r  t o  the  
l a r g e  capac i ty  systems on turboprop a i r c r a f t ,  such a s  on the  P-3 a i r c r a f t .  In  
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Electra/P-3 a i r c r a f t ,  t h e  engines  (Al l i son  T5b) o p e r a t e  a t  cons tan t  speed 
t o  t h i s  e x t e n t ,  t h i s  d i r e c t  dr iven genera to r  system is ano the r  type  of 

CSCF syetem. Candidate No. 3 is expected by t h e  U.S. Navy t o  b r i n g  about an 
improvement i n  the  power genera t  ion systems by the  sfmple ~ r t i f  i c e  of r e c t l -  

9 f y i n 8  the  f u l l  output  of each 200/115 V three-phase genera to r  wi th  r, t x e e -  
phase br idge r e c t i f i e r :  problems i n  t h i e  system, however, r e ~ i d e  i n  the  
switchgear problems of 270 Vdc and the  l a c k  of development ( a v a i l a b i l i t y )  of 
270 Vdc equipment. Candidate 5 each have c h a r a c t e r i s t i c  m e r i t s  and a r e  in 
need of f u r t h e r  eva iua t ion :  the VViVF u t i l i z e s  p resen t ly  developed components 
and can u t i l i z e  d i f f e r e n t  types of s t a t i c  power conversion.  The 20 kHz eystem 
is a new e n t r y  i n t o  t h e  APGS technology f i e l d  and is p r e s e n t l y  i n  need o f  
d e t a i l e d  eva lua t ion ,  wi th  r e s p e c t  t o  hardware, power t r ansmiss ion  l i n e s ,  e t c .  
Candidate 6 is o f t e n  proposed a s  a means of d ivorcing the  secondary power 
system demands e n t i r e l y  from the propulsion system, but  t h e r e  a r e  i n s t a l l a t i o n  
and o t h e r  d isadvantages .  

3.2.1 Constant  speed d r ives .  - It  is c l e a r  t h a t  the  CSDe, 111 t h e i r  var ioua 
development phases,  have met the  needs of t h e  e l e c t r i c  power systems i n  most 
m i l i t a r y  and commercial a i r c r a f t  over the  l a s t  t h i r t y  o r  more yea r s .  These 
CSDs were developed t o  d r i v e  g e n e r a t o r s ,  designed t o  s p r c i f i c a t i o n  such a s  
MlL-G-b099/MIL-G-21480, and t o  f u r n i s h  power t o  ut il i z a t  ion  equipment i n  
accordance with MIL-STD-704B and l a t e r  MIL-STD-704 epeci f  i c a t i o n s .  Almost 
exc lus ive ly ,  these  d r i v e s  were of hydraulic-mechanical des ign,  us ing back-to- 
back p i s ton  type hydrau l i c  pumplmotor elements (Sundst rand) ,  a l though GE 
developed a ball-pump CSD, which had l i m i t e d  in - f i e ld  s e r v i c e  a p p l i c a t i o n .  
Another concept,  was the  fully-mechanical type of d r i v e  t h a t  was developed by 
the  Lycoming Company. An updated ve r s ion  of t h i s  d r i v e  by Lucas Aerospace 
Company is  now used i n  the  U.S. Marine Har r i e r  a i r c r a f t ,  t h e  AV-8A; i t  is  a n  
11/20 kVA c a p a c i t y  system. 

In  the hydromechanical types of d r i v e ,  the  o p e r a t i o n a l  p r i n c i p l e s  of t h e  
p i s ton  and b a l l  pump des igns  a r e  the  same: the  e a r l i e r  (Sundstrand) v e r s i o n s  
c o n s i s t e d  of a variable-displacement hydraul ic  pump. por ted  d i r e c t l y  t o  a 
s i m i l a r l y  s i z e d  hydrau l i c  motor. The hydrau l i c  motor was geared d i r e c t l y  t o  
the  genera to r  output  and, consequently,  had t o  be s i z e d  t o  the  torque c a p a c i t y  
of the  genera to r .  -0 t h i s  e x t e n t ,  t h e s e  e a r l i e r  d r i v e s  were 100 percent  
hydraul ic  t o  mechanical power conversion s y s t e m  compared t o  the  l a t e r  
Sundstrand d r i v e s ,  in which the  hydrau l i c  elements were s i z e d  t o  make up t h e  
d i f f e r e n c e  between the synchronous power output and the v a r i a b l e  power 
(mechanical) input.  These CSDs became known as the  AGE ( a x i a l  g e a r  d i f f e r -  
e n t i a l )  and,  l a t e r ,  tile 1DG ( I n t e g r a t e d  d r i v e  genera to r ) .  I n  t h e s e  l a t e r  
d r i v e s ,  the  hydrau l i c  motor, opera ted i n t o  a p lane ta ry  ( d i f f e r e n t i a l )  g e a r  
system, i n  which the  hydraul ic  motor output  s h a f t  r o t a t e d  o t  a speed,  and in a 
ci irect  ion, t o  mainta in  a constant  output  speed f o r  t h e  genera to r .  Speed con- 
t r o l  of the  motor was exerc ibed,  i n  the Sundstrand d r i v e ,  by a swashplate and, 
in the  case  of the  GE ball-pump d r i v e ,  by an e c c e n t r i c  cam. 

Some of the  e a r l y  development problems o t  the  hydromechanical d r i v e s  
r es ided  in the  high Hertzian s t r e s s  l e v e l s ,  l u b r i c i t y  problems, c l o s e  mechan- 
i c a l  to le rances ,  ha rden ing / f in l sh ing  processes ,  hydraul ic-seal  problems and 
thermal management. Overa l l ,  the problem of providing high torque/constant  
speed output over a v a r i a b l e  input speed range is not  s imple ,  and the  euc- 
c e e s f u l  development of the  a i r c r a f t  type CSDs has been a pervaoive problem. 



For many yea r s  CSDs were a p r a c t i c a l  s o l u t  ion t o  t  )~t r l .} , . in t  , p t  r;d I arij;c 
problem and in t h e  ensu ing  developrnc.nt t h o i r  S I  z(. and s p e c  11 i t .  wc i!;l~t 11avc 
p r o g r e s s i v e l y  dec reased ,  making I t  d i f  t l c u i t  l o r  tlw a l l  e l  c , c . t  r l c  VSOF s ~ s t  em:: 
t o  complete pu re ly  on the  b a s i s  of w i g h t .  

The IDG s ide-by-s ide  conf t g u r a t  iou ( 1  igilr'c ~ 2 )  !I.{& b e t a  t h e  r:io:;i rc.ccnt 
development i n  CSD t echnology and  i t  has  bctrl s t . l c c t ~ a  lor r l ~ t  ILJL 1 5 ; / 7 6 7  
a i r c r a f t .  It is  a  r e v i s e d  conf i g u r d t i o n  of 1LG L I , ~ ~ ~  r c i . i  111s ~ u o s t  o t  the 
f e a t u r t o  of t h e  i n - l i n e  IDC, such  as  a  spray  o l l - r r , , , :  cAcr (sK) Ltlncs:atoz dnd 
s i n i l a r  hyd rau i  lc l o g  e lements ,  w i th  Fmprovernentx 111 pdckaplng aild \~ydrduL  l c  
c o o l i n g l l u b ~  i c a t j o n .  O v e r a l l ,  t h e  new d r i v e  01 k e r b  ~ I I  i fnproveu,  mure cornpac t  , 
mechanical c o n f i g u r a t i o n  which is p r o j e c t e d  t o  o t i c ~  r t d u c e d  l i t e  c y c l e  c o s t s  
and lower maintenance suppor t  c o s t s .  For t he  f u t u r t ,  Slllldbtl.dlld w i l l  e v a l u a t e  
h igher  power l e v e l  d r i v e s  and h ighe r  speed  d r  l v e s .  

Thermal management and o v e r a l l  e t l i c i r n c y  o t  CSLs ,atid VSi.11 s j p ~ c ~ u s )  b r c  
impor tan t ,  s o  hea t  exchangers  must be s i z e d  t o  I ia t~dle  tire r:~axjnili; Ilea! d i s -  
s i p a  t i o n ,  under  t h e  most a a v e r s e  secondary cclol ing loel)  co~ l r l l t  i ons .  

CSD g e n e r a t o r s  a r e  des igned  t o  p rov ide  NlL-STD-/O.(t c l e c  t r  i c a l  power 
qua1 i t y  and performance.  One perforuiancr: requiremerit  r e l a t e s  t o  vol  tat;  . ~ d  
f requency  r ecove ry ,  khen h igh  l o a d s  a r e  dunlped on and o t f  t h e  g e n e r a t o r .  '.he 
CSD t y p i c a l l y  u s e s  an i sochronous  speed c o n t r u l  ( w i t  11 rio apeed-droop r i t h  
l o a d ) ,  but  i t  r e l i e s  upon a  c l o s e d  l c o p  hydrau l i c  s e r v o  and e l r c t r o  ula}>net l c  
governor head trimming. When a sudden load  is dyp1ic.d r o  t h e  g e n e r d t o r  tt6,rc 
is a  momentary droop i n  speed  unt  il t h e  scrvo- loop  c o r r e c t s  f o r  t h e  dc v i a t  i ~ n  
by an  ad juerment t o  t h e  hydraul  i c / spoo l -va lve .  Tfir~s tlie p c ~ f  o ruance  c1idrdc. . 
t e r i s t  i c  of t h e  d r i v e  depends upon t h e  l oop  gdl l l ,  loop dylldmics, arid t h e  
1nt;t l a  c o n s t a n t s  uf t h e  d r i v e .  

The p a r a l l e l  ing requirement  f o r  CbL i n c r c ' i e ~ , s  sc~ptr I ~ L  l c a t  i u ~ i  ui i ~ I L  c~J , , - -  
t r o l  f u n c t i o n s ,  s i n c e  r e a l  l o a d  ana  r e a c t i v e  l b d d  s l ~ d r i n g  uua? bc e l 1 t c t e c  
through c u r r e n t  t r a n s f o r m e r s ,  o p e r a t l n t :  i n t o  s t d t  A C  cor l t ru l  c ~ r c ~ l l t b .  ' l y p - -  
i c a l l y ,  t h e  minor a d j u s t a e n t s  a r e  neces sa ry  t o  c o r r e c t  t l ~ e  Illlnor of t s p e e d  

iDGS CUTAWAY 1UG C U T A W A Y  



c o n d i t i o n s  (wnich a f f e c t  r e a l  l o a d  shiir ing)  , and g e n e r a t o r  f i e l d  e x c i t a t i o n  
(which a f f e c t s  t h e  r c a c t i v e  l o a d  s h a r i n g ) .  These ad jus tmen t s  have i n  many 
d r i v e s  been made through a  magnetic  trimming-head, which p r o v i d e s  a  v e r n i e r  
ad jus tment  t o  t h e  h y d r a u l i c  s p o o l  va lve .  Some i n s t a b i l i t y  problems are pos- 
s i b l e  and can  occur  i n  p a r a l l e l e d  CSD i r - t a l l a t i o n s  due t o  d i f f e r e n c e s  i n  t h e  
c l o s e d  loop  response .  Th i s  t y p e  of  i n s t a b i l i t y  is u s u a l l y  more m a n i f e s t  
du r ing  g e n e r a t o r  s y n c h r o n i z a t i o n  and p a r a l l e l i n g .  Such p e r t u r b a t i o n s ,  when 
they o c c u r ,  r e s u l t  i n  "load-swapping", and t h e  i n s t a b i l i t y  remains  u n t i l  t h e  
system a c h i e v e s  s t a b l e  r e a l  l o a d  s h a r i n g  c o n d i t i o n s .  I n  t h e  e v e n t  o f  ?n 
overs  peeding  ( ~ v e r f r e ~ u e n c y )  i n  one CSD channe l ,  t h e  o t h e r  power c h a n n e l s  
r e c e i v e  "reverse-real-power" and t h e  ove r speed ing  generator "hogs" t h e  l o a d  on 
t h e  p a r a l l e l e d  bus. During t h i s  anomalous o p e r a t i n g  c o n d i t i o n ,  t h e  "normal- 
speed" g e n e r a t o r s  run  a s  synchronous mo to r s  above t h e  speeds  of t h e i r  respec-  
t i v e  d r i v e s  ( v i a  t h e i r  over running-c lu tches) .  The modus o p e r a n d i  of t h e  CSD 
p ro t ec t io r i  system i n  t h i s  f a i l u r e  mode is t o  r e t u r n  t h e  sys tem t o  nonparal-  
l e l e d  o p e r a t i o n  and t o  put  t h e  ove r speed ing  d r i v e  underspeed c o n d i t i o n ;  a t  
t h i s  p o i n t  t h e  bus c o n t a c t o r ,  i n  t h e  dev ian t  power channe l ,  i s  opened by t h e  
under-f requency p r o t e c t  ion.  

A parameter  t h a t  d i s t i n g u i s h e s  t h e  CSD from t h e  VSCF t y p e  sys tems is t h e  
method of " r a t i n g " .  Normally, a d r i v e  has  a  r a t i n g  t h a t  is based  upon a 
"cubic-mean load ing" ,  which means t h a t  t h e  s e r v i c e  l i f e  (TbO w a r r a n t i e s  e t c . ) ,  
a r e  dependent upon a def i n i t L o n  of t h e  l oad / speed  schedu le  t h a t  w i l l  p r e v a i l  
i n  t y p i c a l  s e r v i c e .  Thus t h e  wear on t h e  d r i v e  and i t s  l i fe/TBO s t a t i s t i c s ,  
a r e  dependent upon t h i s  mechanical  l o a d i n g  c y c l e .  

Assessment of t h e  r e l i a b i l i t y  of CSD sys t ems  is b e s t  made w i t h  r e s p e c t  t o  
s p e c i f i c  a p p l i c a t i o n s ,  s i n c e  t h e r e  i s  a  wide s c a t t e r  of r e l i a b i l i t y  d a t a ,  
r e l a t i v e  t o  d i f f e r e n t  d i r p l a n e s .  E a s i c a l l y ,  CSD/lDG/IDGS sys t ems  a r e  sched- 
u l ed  f o r  "on-condit ion" main tenance ,  except  f o r  s e r v i c ~ n g  t y p e  i n s p e c t i o n s :  
o i l  must be checked say every  200 h o u r s ,  which s h o u l a  t a k e  a  few m i n u t e s ,  
a f t e r  a c c e s s  is provided.  P r e s s u r i z e d  o i l - r e f  i l ls  a r e  n e c e s s a r y  every  s ay  
700 hour s  and t h i s  proced-*e may t a k e  approximate ly  6 t o  8 rc inutes .  C the r  
t y p i c a l  i n s p e c t i o n s  i n c l u d ~  checking  t h e  d r i v e s  f o r  l eakage  and  f o r  c logged  
o i l  f i l ~ e r s ,  which shou ld  t a k e  2 t~ 3 minutes .  

3.2.2 VSCF technology.  - The acronym VSCF is t h e  g e n e r i c  r e f e r e n c e  g i v e n  t o  
power g e n e r a t i o n  sys tems i n  which t h e  c o n s t a n t  f requency  power is d e r i v e d  from 
s t a t i c  power c o n v e r t e r s  t b ? t  a r e  f u r n i s h e d  w i t h  v a r i a b l e  speed /va r  i a b l e  
frequency power d i r e c t  d r i v e n  c e n e r a t o r s .  I t  t h e r e f o r e  r e l a t e s  t o  any sys tem 
i n  which t h e  v a r i a b l e  frequent!! ou tpu t  of t h e  g e n e r a t o r  is c o n v e r t e d  t o  
c o n s t a n t  f requency  o r  c o n s t a n t  v o l t a g e  dc power. T y p i c a l l y ,  t h e  o u t p u t  of  t h e  
g m e r a t o r s  can  be r e c t i f i e d  w i t h i n  t h e  g e n e r a t o r  housing o r ,  i t  may be 
r e c t i f  l ed  remote ly  i n  a  s t a t i c  power c o n v e r t e r  package.  Within t h i s  c o n t e x t ,  
t he  fo l l owing  a r e  e v a l u a t e d  a s  VSCF c a n d i d a t e s :  

0 Cycloconver te r  VSCF: ac  t o  a c  power conve r s ion  
0 DC Link VSCF: dc  t o  ac  power conve r s ion  
0 270 Vdc (VSCF): ac t o  dc power conve r s ion  

F igu re  2 3  shows a n  a r t i s t ' s  s c h m a t i c  i l l u s t r a t i o n  of t h e  VSCF 
cycioconver  t e r  and dc  1 ink  techno] o g l e s .  
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The c y c l o c o n v e r t e r  VSCF has  t h e  advantage  of be ing  t h e  b e n e f i c i a r y  o f  t h e  most 
R6D development and it has  been adopted  f o r  t h e  A 4 D ,  A-10 and F-18 a i r c r a f t .  
The U.S, A i r  Force and U.S. Navy have a l s o  funded programs d i r e c t e d  t o  t h e  . . development of VSCF systems i n  c a p a c i t i e s  of  40, 90 and 150 kVA. These VSCF 

1 g e n e r a t o r s  may be wovnd r o t o r  o r  permanent magnet t y p e ,  b u t  r e c e n t l y  
samarium-cobal t  type  r o t o r s  have been used wi th  t h e  c o n v e r t e r s  t h a t  have been 
des igned  wi th  a  reverse- f requency  programming-control ,  t h a t  pe rmi t s  t h e  gen-  
e r a t o r  t o  f u n c t i o n  ( i n  :he r e v e r s e  mode) as a  synchronous starter motor. The 
f i r s t  p roduct ion  type  a i r c r a f t  i n s t a l l a t i o n  of  t h i s  t ype ,  i n  which e l e c t r i c  
g e n e r a t o r  is  t o  be used a s  an e n g i n e  s t a r t e r ,  is  t h e  40  kVA i n s t a l l a t i o n  f o r  

I. ' t h e  U.S. Air  Force A-!0 a i r c r a f t .  
k 

F i l t e r i n g  is  c r i t i c a l  t o  t h e  VSCF power sys tems and improved c a p a c i t o r s  
have been h i g h l i g h t e d  a s  key development i tems .  Highly  r e l i a b l e  f i l t e r  
c a p a c i t o r s  w t th  low s p e c i f i c  volume a r e  a l s o  a  c o n t i n u i n g  a c t i v i t y  i n  t h e  
development c y c l e  of t h e  VSCF power systems.  The p a r t s  count  i s  a l s o  key t o  
t h e  r e l i a b i l i t y  and p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  e l e c t r o n i c  a s s e m b l i e s ,  as 
a r e  t h e  e l e c t r i c a l  r a t i n g s  of e a c h  of  t h e  components. While 
e l e c t r i c / e l e c t r o n i c  d e v i c e s  e x h i b i t  no p h y s i c a l  wear c h a r a c t e r i s t i c s ,  t h e y  a r e  
e l e c t r o - t h e r m a l l y  s e n s i t i v e  and v o l t a g e  s u r g e s / s p i k e s  pose a  t h r e a t  t o  t h e  
jurwtLons of t h e  s ~ l i d  s t a t e  power dev lces .  I nadequa te ly  r a t e d  d e v i c e s  can  
t h e r e f o r e  Cnhib i t  r e l i a b i l i t y  a l o n g  w i t h  any inadequa te  implementat ion of  t h e  
coo l ing  p rov i s ions .  

A c h a r a c t e r i s t i c  requirement  of t h e  c y ~ l o c o n v e r t e r  system i s  t h a t  t h e  
i n p u t  f requency  t o  t h e  c o n v e r t e r  (even  a t  t h e  minimum speed  of  t h e  g e n e r a t o r )  
be not  l e s s  than t h r e e  t o  f o u r  t imes  t h e  o u t p u t  f requency .  T h i s  means t h a t  
f o r  a 400 Hz o u t p u t ,  t h e  f requency  a t  base speed must n o t  be l e s s  t h a n  1200 t o  
1600 Hz. A l e g x y  of  t h i s  I s  t h a t  t h e  g e n e r a t o r  must be d r i v e n  a t  h igh  speed 
and be des igned  wi th  a  l a r g e  number of po l e s .  T y p i c a l  pad speed  r equ i r emen t s  
f o r  VSCF g e ~ i e r a t o r s  a r e  t h e r e f o r e  9500 t o  2 1,000 rpm. Another  c h a r a c t e r i s t i c  
endemfc t o  t h e  cyc locoove r t e r  is  t h e  r a t i o  of  t h e  generator-kVA t o  t h e  
bus-kVA. T y p i c a l l y  t h e  g e n e r a t o r  kVA i s  about  1.40 t o  1.5 t imes  t h e  bus  kVA. 
Also ,  l i k e  a l l  c o n s t a n t  power VSCF type  power sys t ems ,  t h e  g e n e r a t o r  must 
f u r n i s h  f u l l  kVA o u t p u t  down t o  one h a l f  maximum speed of t h e  engine .  Because 
of t h i s ,  t h e  g e n e r a t o r ,  e l e c t r o m a g n e t i c a l l y ,  is capab le  of tw ice  t h e  o u t p u t  a t  
t h e  t akeo f f  c r u i s e  speeds  of t h e  e n g i n e s  and consequen t ly  i t  is h e a v i e r  t han  
t h e  CSD d r i v e n  g e n e r a t o r s .  

Cpcloconver te r  VSCF sys tems a r e  a v a i l a b l e  i n  " i n t e g r a l "  o r  " s p l i t "  s y s -  
tems. I n  t h e  former c a s e ,  t h e  e l e c t r o n i c s  a r e  accommodated w i t h i n  t h e  gen-  
e r a t o r  housing t o  t ake  adv:,ntage of  t h e  o i l  c o o l i n g  sys tem provided  f o r  t h e  
g e n e r a t o r .  F igu re  24 shows t h e  r o t o r  removed from i t s  s t a t o r .  It i s  normal ly  
p r e s s - f i t t e d  ( f o r  good thermal-coriduct ion)  i n t o  t h e  t u n n e l  of  t h e  housing.  
O i l  th rough t h e  housing a l l o w s  an  outward h e a t - t r a n s f e r  from t h e  g e n e r a t o r  
s t a t o r s  windings and an inward h e a t - t r a n s f e r  from t h e  e l e c t r o n i c s .  I n  " s p l i t "  
type  sys tems t h e  e l e c t r o n i c s  a r e  s e p a r a t e d  from t h e  g e n e r a t o r  and a r e  accommo- 
d a t e d  i n  a  package which nay be l o c a t e d  i n  t h e  wing r o o t  a r e a ,  o r  somewhere i n  
t h e  f u s e l a g e .  Opt iona l  c o o l i n g  is  a v a i l a b l e  f o r  t h e  e l e c t r o n i c  c o n v e r t e r  
package and ,  a l t hough  l i q u i d  loop  c o o l i n g  can be used ,  f low-through a i r  
c o o l i n g  i s  more t y p i c a l .  A i r  c o o l i n g  i t s e l f  may be provided by d i s c h a r g e  a i r  
from t h e  cab in  o r  by o u t s i d e  f an -p rope l l ed  a i r  on t h e  ground, Air c o o l i n g  
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tends not to be as effective as liquid cold plates, but the air cooling can 
\ provide higher reliability. Also there are more sophisticated cooling methods 

that could be considered in advanced aircraft designs. Cooling technology 
could include evaporatively-cooled cold walls, as proposed by Lockheed, by 
immersing the electronic components in a thermally conductive fluid, such a? 
fluorocarbon (Fluorinert) liquid bath. This fluid is cooled by a novel Freon 
evaporative cooling device and expansion bladder configuruation. (See 
flgure 25.) 

CIRCUIT BOARD / 
"0" RING SEAL 

DRY DISCONNECT 
(FREON) 

Fi,ure 25. - Single board cold bath module. 



Art important engine consideration with the VSCF type power system is the 
requirement for high speed pads that must be provided on the accessory 
gearbo~. To provide a less complex, lighter system, the oil cooling of the 
VSCF system in the power plant should be integrated with the engine oil 
cooling system. The engine manufacturer assumes responsibility for any 
integrated oil cooling system and priority would be given to the engine oil 
system in the event of any oil leakage problems in the generator. If the 
engine supplier cannot be persuaded to accept the VSCF generator cooling 
responsibility, then the provisioning of an autonomous pumping system would 
impose undue hydromechanical complexity on the VSCF power plant installation. 
Up to this time, the engine manufacturers have resisted the concept of inte- 
grated cooling, but with the use of SmCo generators, there is no rotor heating 
and, therefore, no need for through-the-rotor cooling that requires dynamic 
seals. With this new technology change the engine manufacturer may now become 
more receptive to the idea of engine-integrated oil cooling systems. 

The attributes of the VSCF systems are that they can provide high quality 
power for loads such as ASW electronics, ECM, and the typical avionic equip- 
ments involving air datalflight management and other sensitive avionic loads. 
The latter systems are becoming increasingly important in advanced commercial 
transports. There are presently no issued MIL-SPEC documents for VSCF (and 
the 270 Vdc systems), although under the technical direction and coordination 
by Naval Air System Command a new specification, M1~-E-23001/3D(AS), is being 
developed to cover the VSCF cycloconverter system. 

In VSCF power systems, frequency regulation can be controlled to fractions 
of a percent and there are, theoretically, no transient frequency deviations 
with respect to load and speed changes. Phase voltages &re individually 
regulated which significantly reduces phase voltage unbalance with any unequal 
loading of the generator phases. It is however in the areas of reliabil- 
itylmaintainability and 1Lfe-cycle costs that the VSCF suppliers claim to have 
their main advantage. It is argued that aircraft generators are already 
highly developed and, because the static power-converters have no moving 
parts, the reliability and maintenance support of the VSCF systems is 
projected to be better then hydromechanical electric systems. However, this 
may be simplistic to the extent that as stated, the highest reliability can be 
achieved only if the generator system supplier exercises diligent care in the 
thermal management of the electronics and conservative electrical ratings are 
used for the semiconductors, et.c. Based on such criteria being met, it is 
possible that the VSCF system life cycle costs could be lower than CSDs. 

As a continuing development activity the VSCF suppliers must work towards 
a reduction in the part? count and to developing improved transis tors/SCRs , 
diodes, and capacitors. Some earlier VSCF converters had component counts in 
excess of 2000 and this worked against the objective of high reliability. 
With fewer parts and improved solid state tecl~nology, better performance, 
weights and reliability can be projected for the VSCF power systems. 

3.2.3 VSCF dc link. - Much of the technicai overview given on the cyclo- ---.-- 
converter VSCF applies to the evaluation of dc iink VSCF system. Basically, 
the dc link VSCF is a dc-to-ac. constant --f requencylconstant power system that 
"inverts" the dc power that is obtained by rectification ~f the generator's 



v a r i a b l e  vo l t age /va r iab le  frequency output.  Again an i n t e g r a l  des ign may be 
used,  wherein power is  r e c t i f i e d  and contained w i t h i n  t h e  genera to r  envelope, 
o r  i t  may be a s p l i t  system. In  the  l a t t e r  case ,  t h e  a c  is r e c t i f i e d  i n  t h e  
front-end and invers ion  is accomplished i n  a remotely l o c a t e d  power 
e l e c t r o n i c s  assembly. With t h e  remote s t a t i c  assembly, coo l ing  may be 
s e p a r a t e l y  provided by a dynamic coo l ing  loop of the  l i q u i d  type o r  forced a i r  
cool ing may be adopted (depending on the  i n s t a l l a t i o n  p re fe rences  of  t h e  
a i r c r a f t  company o r  the  des ign d i c t a t e s  of the  equipment s u p p l i e r ) .  

Power q u a l i t y  of t h e  dc l i n k  VSCF system is  comparable wi th  the  cyclo- 
conver ter  system, but the  i n v e r t e r  r e q u i r e s  input  and ou tpu t  f i l t e r s  un l ike  
the  cycloconver ter ,  which uses  an output  f i l t e r  only. However, t h e  d c  inver -  
t e r  is l e s s  complex i n  t h a t  i t  uses  fewer s o l i d  s t a t e  components, e.g., on ly  
s i x  f u l l  wave power t r a n s i s t o r s  ve r sus  t h i r t y - s i x  SCR ( s i x  phase FW br idge) .  
Also the  power l o s s e s  i n  the  b i p o l a r  dev ices  a r e  l e s s  than t h e  SCR. F i n a l l y ,  
the  dc  l i n k  does not s u f f e r  the  generator-to-bus kVA r a t i n g  pena l ty  of t h e  
cycloconver ter ,  hut  i t  does r e q u i r e  a n e u t r a l  forming t ransformer  on t h e  
output.  One o t h e r  advantage of t h e  d c  l i n k  i n v e r t e r  is t h a t  t h e  r e -  
c i r c u l a t i o n  of r e a c t i v e  k i l o v a r s  i s  const ra ined t o  the  ou tpu t  of t h e  i n v e r t e r .  
Again, phases a r e  i n d i v i d u a l l y  regu la ted  i n  t h i s  type  of VCSF system and 
frequency regu la t ion  is  d i c t a t e d  by the  frequency r e f e r e n c e  s tandard.  The 
unique d i f f e r e n c e  of the  dc l i n k  VCSF is  t h a t  t h e r e  is  no f o u r - t o d n e  r e l a -  
t i o n s h i p  betweeen the  conver ter  output  frequency and t h e  g e n e r a t o r  frequency. 
Therefore ,  high frequency (vi;:: 1.6 t o  2 kHz) power t r ansmiss ion  ( t h a t  r ~ e c e s -  
s i t a t e s  shie lded c a b l e s )  is  not a p r e r e q u i s i t e  of t h i s  system. A s  a  conse- 
quence, conventional  f requencies  such a s  400 Hz, o r  t h e  l e s s  convent ional  
f requencies  of 600, 800 Hz and higher  could be s e l e c t e d  a s  t h e  nominal powor 
t ransmiss ion frequency ( a t  the  normal engine speed cond i t ions ) .  These 
f requencies  could be achieved by pole/speed combinations a s  follows: 

400 Hz: 4 poles/12,000 rpm o r  2 poles/24,000 rpm 

600 Hz: 6 poles/12,000 rpm o r  4 poles/18,000 rpm, 2 poles/36,000 rpm 

800 Hz: 6 poles/16,000 rpm, 4 poles/24,000 rpm, 2 poles/48,000 rpm 

1200 Hz: 6 poles/24,000 rpm, 4 poles/36,000 rpm, 2 poles/72,000 rpm. 

In summary, the  claimed advantages of the  dc  l i n k  VSCF a r e  t h e  l o c a l i z a t i o n  of 
the  r e c i r c u l a t i n g  k i l o v a r s  (wi th  nonunity power-factor l o a d s ) ;  t h e  lower 
s t r e s s  on the  power components; t h e  few p a r t s  count and t h e  f a c t  t h a t  t h e  
genera to r  kVA r s t i n g  i s  only about 1.16 t imes t o  bus kVA r a t i n g .  P r e s e n t l y  
t h e r e  a r e  about th ree  a i r c r a f t  a p p l i c a t i o n s  of the  dc  l i n k  system ( t h e  F-16, 
AV-8B, F-5G o r  F-20). I t  i s  of note t h a t  u n t i l  r e c e n t l y  t h e  c a p a c i t y  of the  
dc l i n k  VSCF systems was l imi ted  by t h e  t r a n s i s t o r s  t o  about 40 kV.4. 

3.2.4 270 Vdc ( V g ) .  - While not  normally considered a VSCF system, t h e  
270 Bdc power system does f a l l  i n t o  t h e  ca tegory of VSCF systems,  s i n c e  i t  
u t i l i z e s  variable-frequency power dnd i t  does o b t a i n  the  power from d i r e c t  
d r iven  genera to r s  of the  wound-rotor o r  SmCo type. The Navy's (NADC) sponsor-  
s h i p  of a 270 Vdc development was prompted by t h e i r  concern f o r  the  h igh 
maintenance support  c o s t s  of o t h e r  systems and the  complexity of genera to r  



p a r a l l e l i n g .  NADCts s e l e c t i o n  o f  270 Vdc, v i s -a -v is  a  c y c l o c o n v e r t e r  on dc  
l i n k  VSCF system, was a l s o  based on t h e  premise t h a t  t h e  270 Vdc power could  
be e a s i l y  o b t a i n e d  wi thout  t h e  u se  o f  complex e l e c t r o n i c  c o n v e r t e r s  s imp ly  by 
r e c t i f i c a t i o n  of any three-phase  200 Vac power supply .  I n  t h i s  l a t t e r  r ega rd  
t h e  a b i l i t y  t o  o b t a i n  270 Vdc on c a r r i e r  a i r c r a f t  by t h e  r e c t i f i c a t i o n  of 
3-phase 200 V 60 Hz power was an i n f l u e n c i n g  c o n s i d e r a t i o n .  

With three-phase 200/115V 400 Hz power, 270 Vdc can  be o b t a i n e d  by t h e  u s e  
of  a  f u l l  wave b r idge  r e c t i f i e r ,  t h e  r e l a t i o n s h i p  of t h e  dc  o u t p u t  v o l t a g e  t o  
t h e  a c  i n p u t  v o l t a g e  be ing  r e l a t e d  a s  fo l l ows :  

m TI 
E , ~  = JZ- E~ n s i n  - 

m 

where : 

E = l i n e - t o - l i n e  ac  v o l t a g ?  
L 

m = number of phases (P i s  expressed  i n  r a d i a n s )  
m 

Thus, a r e c t i f i c a t i o n  of t h r e e  phase power (by  a  fu l l -wave  b r idge -  
r e c t i f i e r ,  having s i x  e f f e c t i v e  phases)  r e s u l t s  i n  a fundamental  r i p p l e  of  
2400 Hz and t h e  dc ou tpu t  v o l t a g e  is d e r i v e d  a s  fo l l ows :  

6 
'DC 

= JT200 5 s i n  2 = 270.095 v o l t s  6 

The convers ion  t o  276 Vdc i s  t h e r e f o r e  s imply  accomplished wi th  a  c o n s t a n t  
v o l t a g e  t h ree -phase  200 V i n p u t  power supp ly ,  bu t  t h e  b a s i c  s i m p l i c i t y  of  t h e  
t o t a l  system i s  compromised by t h e  f a c t  t h a t  f a i r l y  l a r g e  amounts of ?00/115 V 
400 Hz a r e  r e q u i r e d ,  and t h e s e  power s u p p l i e s  must be provided by s o p h i s t i -  
c a t e d  e l e c t r o n i c  i n v e r t e r s .  A l so ,  s i n c e  t h e  g e n e r a t o r  o p e r a t e s  ove r  a  t y p i c a l  
2:l speed r ange ,  t h e  v o l t a g e  of t h e  g e n e r a t o r  i s  n o t  c o n s t a n t ,  s o  phase-angle 
c o n t r o l  of t h e  f u l l  wave SCR b r i d g e  must be employed t o  h a r n e s s  t h e  a c  
g e n e r a t o r  v o l t a g e  a t  t akeo f f  and c r u i s e  speeds  of t h e  e n g i n e s ,  Thus, i n  t h e  
event  of a  r e g u l a t o r  f a i i u r e  ( o r  on s h o r t - c i r c u i t  on t h e  g e n e r a t o r  o u t p u t ) ,  
t h e  270 Vdc ou tpu t  w i l l  s u r g e  towards 540 Vdc and h i g h e r ,  t h e r e b y  impres s ing  a  
h igh  recovery  v o l t a g e  a c r o s s  any f a u l t  i n t e r r u p t i o n  device .  A s  i n  a l l  
c o n s t a n t  power VSCF sys tems,  t h e  d i r e c t  d r i v e n  g e n e r a t o r s  engender  a 100 pe r -  
cent weight  p e n a l t y  i n  te rms  of t h e i r  e lec t rorc?gnet  ( r e l a t i v e  t o  t h e  gen- 
2ra t o r s  d r i v e n  by CSDs 1. 

The main shortcomings of t h e  270 Vdc power system a r e  t h a t  t h e  dc  power 
cannot  be used t o  power d i r e c t l y  t h e  very  many a c  and dc  motors  found i n  a  
l a r g e  m i l i t a r y  o r  c ~ m m e r c i a l  t r a n s p o r t - t y p e  a i r c r a f t .  I n  such  a i r c r a f t  t h e r e  
may t y p i c a l l y  be more t han  100 t o  150 motors  some of  which, as i n  t h e  
IDEA/Alternate IDE4 a i r c r a f t ,  mighr be ove r  100 hp. Brush le s s  d c  motors  
r e q u i r e  s t a t i c  power i n v e r t e r s  t o  f u r n i s h  them wt th  s y n t h e s i z e d  a c  power, s o  
t h e  s i z e ,  r a t i n g ,  weight and c o s t  of t h e s e  i n v e r t e r s  w i l l  be r e l a t e d  t o  t h e  



horsepower r e q u i r e n e n t .  As an  example, a  25 hp Freon compressor  motor would 
r e q u ~ r e  approximate ly  a 25  kVA c a p a c i t y  i n v e r t e r  and a c a b i n  compressor  d r i v e  
motor ,  s a y  125 kVA i n v e r t e r ,  

The development cf h igh  r u p t u r i n g  c a p a c i t y  s o l i d  s t a t e  o r  hyb r id  power- 
c o n t r o l l e r s  a r e  t h e  o t h e r  a s p e c t s  o f  t h e  270 Vdc sys tem concep t .  Na tu ra l  
a r c - e x t i n c t i o n  is  no t  p r e s e n t  w i th  dc s w i t c h i n g  ( a s  i t  is i n  a c  s w i t c h k e a r ) ,  
s o  t h i s  p r e s e n t s  a  problem a t  h igh  a l t i t u d e s .  Also ,  a s  s t a t e d ,  g e n e r a t o r s ,  
de s igned  f o r  a 2 : l  speed  range  w i l l  have p r o s p e c t i v e l y  h igh  recovery  v o l t a g e s  
on r e l e a s e  of f a u l t s  when they a r e  o p e r a t i n g  a t  f u l l  speed .  Swi tchgear  d e s i g n  
and c i r c u i t  r u p t u r i n g  c a p a c l t y  on s h o r t  c i r c u i t s  a r e  t h e r e f o r e  key t o  t h e  
comple te  m a t u r a t i o n  of  t h e  270 Vdc system. F u r t h e r ,  t h e  f u l l  and e f f i c i e n t  
a p p l z c a t i o n  of 270 Vdc cannot  t ake  p l a c e  u n t i l  t h e r e  is a  conve r s ion  of t h e  
many p r e s e n t  l o a d s  over  t o  270 Vdc. The development of 270 Vdc swi t chgea r  and  
270 Vdc ut il l z a t  ion equipment must t h e r e f o r e  be a g g r e s s i v e l y  pursued  t o  e n s u r e  
t h e  o r d e r l y  d e ~ ~ e l o p m e n t  of t h i s  t ype  of power g e n e r a t  ion sys tem.  

An a 1  t e r n a  t  i v e  which is cons ide red  a t t r a c t i v e  f o r  t h e  a p p l i c a t i o n  of t h e  
270 Vdc technology i n  l a r g e  c a p a c i t y  power sys tems p r o j e c t e d  f o r  t h e  IDEA/ 
A l t e r n a t e  I U E A  type  a i r p l a n e s  i s  a  hyb r id  three-phase ac l270  Voc sys tem.  In 
t h i s  t ype  of APGS, ac  power i s  d e r i v e d  on a  d e d i c a t e d  b a s i s  f o r  l o a d s  where 
c o n s t a n t  power over  t he  speed range is r e q u i r e d .  Such c r i t i c a l  l o a d s  would be 
t h e  primary f l i g h t  c o n t r o l  s u r f a c e s  i n  t h e  IDEA. 

From a  performance s t a n d p o i n ~  assessment  t h e  270 Vac g t c r r a t o r  system is 
an  e s s e n t i a l l y  simple and r e l i a b l e  g e n e r a t o r  concep t .  The power q u a l i t y  i s  
good, and t h e  h igh  f r e q u e n ~ y  r i p p l e  components can  be r e l a t i v e l y  e a s i l y  
f i l t e r e d ,  t o  provide  a  c o n s t a n t  o u t p u t  l e v e l  of v o l t a g e .  On t h e  o t h e r  hand, 
t h e  qudl i t y  of t h e  power d e l i v e r e d  t o  many of t h e  equipmrnts  no t  powered 
d i r e c t l y  by the  2 ? U  Vdc w i l l  be d i c t a t e d  and de termined  by t h e  s o p h i s t i c a t i o n  
of t h e  i r i v e r t e r s  t h a t  p r o v i d ~ s  t h i s  power. S i m i l a r l y ,  dc t t  dc c o n v e r t e r s  
p rov id ing  270 vdc t o  28  Vdc (and  o t h e r  dc v o l t a g e s )  k i l l  have power q u a l i t y  
i nhe ren t  i n  t he  p a r t  ~ c u l a r  c o n v e r t e r s .  There is no problem of phase v o l t a g e  
unbalance ,  e t c . ,  but  a t  t y p i c a l  f l i g h t  o p e r a t  jona l  s p e e d s ,  t h e  o u t p u t  v o l t a g e  
o f  t t ~ e  gent t ra tor  must be tidrnessed by t h e  use  of phase a n g l e  c o n t r o l  of a f u l l  
wave r e c t i f i e r  b r i d g e .  l n h d r e n t l y  t h e  270 Vdc g e n e r a t o r  is c a p a b l e  of provid-  
jng 540 Vdc a t  nurmal f l i gh t .  eng ine  s p e e d s ,  s o  under t h e s e  c o n d i t i o n s  t h e  SCK 
phase a n g l e s  a r e  de layed  t o  l i m i t  t h e  v a l u e  t o  270 Vdc. On t h e  ground ( a t  50 
pe rceh l  speed)  however t he  g e n e r a t o r  c a p a c i t y  a n a  t h e  SCR phase a n g l e s  a r e  
advanced t o  a poin t  where a l l  of t h e  a r e a  i n  each  ha l f  c y c l e  of t h e  g e n e r a t e d  
s i n u s o  i d a l  wave is ut il i z e a .  

3 .2 .5  VSCF technology:  summary. - The foregoit;, e v a l u a t i o n  of VSCF tech-  
n o l o g i e s  shows t h a t  t h e r e  a r e  no major c l e a r  c u t  advantages  between t h e  cyc lo -  
c o n v e r t e r  VSCF, t h e  dc l i n ~  VSCF, and t h e  273 Vdc sys tems.  The c y c l o c o n v e r t e r  
VSCF has an impressive development genealogy and i t  has  been developed i n  
c n p a c l t i c . ~  up t o  150 kVA and h ighe r .  I t s  performance has  a l s o  been imyres- 
s i v e l y  demonst ra ted  by t h e  s t a r t i n g  of eng ines  up t o  t h e  40,060 pound t h r u s t  
c a t e g o r y .  In  a d d i t i o n ,  YSZF cyc loconve r s iun  has  a l s o  been the  b e n e f i c i a r y  of 
e x t e n s i v e  l a b o r a t o r y  expe r i ence  and a l a r g e  amouct of f l i g h t  e x p e r i e n c e  v i a  
USAF/I-bN devel o p e n ' .  programs. A s a l i e n t  d i f f e r e n c e  between t h e  VSCF d c  1 ink 
is t h a t  i t  does not r e q u i r e  e s p e c i a l l y  h igh  f r e q u e n c i e s  and ,  t h e r e f o r e ,  does 



not  r e q u i r e  very  h igh  g e n e r a t o r  speeds  and  t h e  u s e  of s h i e l d e d - c a b l e s  t o  
m i t i g a t e  t h e  EM1 problems. It has  however been l i m i t e d ,  p r e s e n t l y ,  t o  t h e  
lower c a p a c i t y  sys tems,  a s  i n  t h e  F-5G and  AV-88 a p p l i c a t i o n s .  The dc 1 ink  
l i k e  any VSCF system s t i l l  needs h igh  g e n e r a t o r  speeds  ( t o  be weight  com- 
p e t i t i v e  w i th  CSD sys tems)  and ,  l i k e  t h e  c y c l o c o n v e r t e r  sys tem,  i t  r e q u i r e s  a n  
autonomous o i l  c o o l i n g  sys tem (one  t h a t  is independent  of t h e  eng ine  o i l  cool -  
ing  sys tem) .  The problem of f u r n i s h i n g  o i l  remains one  of t h e  primary con- 
c e r n s  f o r  t h e  VSCFl270 Vdc power sys tems:  t h e  a l t e r n a t i v e  is  t o  u se  b l a s t  a i r  
coo led  g e n e r a t o r s .  I f  s tep-up  gearboxes  a r e  neces sa ry  i t  is p o s s i b l e  t h a t  wet 
sumps wi th  sp l a sh - lub r  i c a t e d  g e a r s  cou ld  be used and t h e  gea rboxes  c o u l d  t a k e  
advan tage  of c o n d u c t e d / r a d i a t e d  c o o l i n g .  A 90 kW gea rbox  w i t h  2 p e r c e n t  
e f f i c i e n c y  l o s s  would d i s s i p a t e  some 1.84 kW (approx ima te ly  104 Btulmin.) . 
Thi s  would not  pose a  thermal  management problem. however, t h e  need t o r  a  
s tep-up gearbox w i l l  be a  p e n a l t y  on ly  i f  a  h igh  speed  pad is  not  provided  on  
t h e  eng ine  and gea red  o i l  pumps a r e  no t  r e q u i r e d .  I n  t h e  1DEAIAlternate l D E A  
i t  is p r o j e c t e d  t h a t  t h e  eng ines  w i l l  be des igned  t o  f u r n i s h  t h e  neces sa ry  
h igh  g e n e r a t o r  speeds  and i n t e g r a t e d  o i l  coo l ing .  

One of t h e  p r o s p e c t i v e  advantages  of dc l i n k  VSCF o r  a h y b r i d  ac /270  Vdc 
system is t h e  a b i l i t y  t o  use p a r t i a l  power conve r s ion  s i n c e ,  i n  most a i r c r a f t  
a p p l i c a t i o n s ,  t h e r e  a r e  no l a r g e  demands f o r  p r e c i s e l y  c o n t r o l l e d  power on t h e  
ground.  Under most o p e r a t i o n a l  c o n d i t i o n s  t h e  t u rbo fan1  t u r b o j e t  e n g i n e s  
o p e r a t e  i n  f l i g h t  a t  a  r e l a t i v e l y  c o n s t a n t  speed  (of say  92 p e r c e n t ) ,  s o  t h e  
nominal (400,  600, 800 Hz) pcwer supply  c o u l d  be used d i r e c t l y  f o r  t h e  many 
u t i l i t y  l o a d s ,  such  a s  t h e  g a l l e y s ,  h e a t i n g ,  l i g h t i n g ,  de - i c ing ,  and many a c  
motor l o a d s .  

A t y p i c a l  weight d i s advan tage  of t h e  VSCF system v i s - a -v i s  t h e  CSD sys t ems  
is t h a t  t h e  g e n e r a t o r  p rov ides  100 pe rcen t  power over  t h e  2: 1  speed  range .  
The CSD does  t h i s  a l s o ,  b u t  t h e  VSCF system is b e t t e r  a b l e  t o  a a a p t  t o  a  
power-proport ional- to-speed concept  t o  g i v e  i t  a  weight  advantage .  A s  i t  i s ,  
a  VSCF g e n e r a t o r  des igned  f o r  150 kVA a t  50 p e r c e n t  eng ine  speed  becomes 
e l e c t r o m a g n e t i c a l l y  e q u i v a l e n t  t o  a  300 kVA ma2hine a t  maximum speed .  Also ,  
l i k e  t h e  270 Vdc system, i t  has  t h e  p o t e n t i a l  f o r  g e n e r a t i n g  h igh  v o l t a g e s  a t  
maximum speed  when i t  is des igned  t o  meet t h e  ove r load  r equ i r emen t s  f o r  
MIL-G-21480 and p r e v a i l i n g  g e n e r a t o r  spec  i f  i c a t  i o n s  such  a s  MIL-E-23001/3D- 
(AS) 

The 270 Vdc system p r e s e n t l y  l a c k s  i n - f i e l d  s e r v i c e  e x p e r i e n c e  and s u f f e r s  
from t h e  u n a v a i l a b i l i t y  o i  a  s u b s t a n t i a l  i nven to ry  of 270 Vdc equipment .  Also 
i t  cannot  power motors  d i r e c t l y .  Thc o t h e r  primary shor tcoming is t h e  problem 
of  swi t chgea r  and c i r c d i t  b reakers /RPCs/~SPCs i n  hand1 ing  p r o s p e c t i v e l y  h igh  
f a u l t  c u r r e n t s  a t  h igh  a l t i t u d e s .  The 270 Vdc system cou ld ,  however, become a 
v i a b l e  a l t e r n a t i v e  when t h e  s w i t c h i n g  technology improves and more 270 Vdc 
equipment becomcs a v a i l a b l e  i n  t h e  marke tp l ace ,  I n  t h e  i n t e r i m  a conven t iona l  
(VSCF) 2UOVILOO Hz and say  a  400V/800 hz t ype  power sys tem c o u l d  s t i l l  p rov ide  
270 Vdc f o r  any s p e c i a l  270 Vdc equipments  s imply by l o c a l  r e c t i f i c a t i o n  of 
t h e  a c  %:I t hose  c i r c u i t s .  Thus, a  nominal 270 Vdc power sys tem c o u l d  become a 
hyb r id  system wi th  t h e  c a p a b i l i t y  of p rov id ing  both  200 Vac and 270 Vdc power. 

Tables  6 and 7 a r e  one s u p p l i e r ' s  comparison and breakdown of t h e  p h y s i c a l  
we igh t ,  s i z e ,  c h a r a c t e r i s t i c s ,  e t c . ,  of a  VSCFs c y c l o c o n v e r t e r  and tic l i n k  



TABLE 6. ELECTRlC POWER SYSTEM WlTh VSCF CYCLOCONVERTER MAlN CHANNELS 

-- Item 

Cycloconver t e r  
Generator 

Cycloconverter 

Main Channel 
Gcu 

APU Generator 

BPIAPU Cont. 
Unit 

Control  CT 
Package 

UPCT Package 

E s t .  S ize  
( inches) 

- 

Est. HTBF 
(hours)  

9,200 

4,000 

21,600 

16,900 

1 5,200 

500,000 

1,000,000 

-- 

-- 
Tota l  
Est. 
w t .  ( l b )  

195 

240 

3 0 

4 5 

12 

10 

15 

16 -- 

Total  Component Weight 563 

Remarks 

- - 

bsumed 
rame f o r  dc 
.ink System 

Lssumed 
lame f o r  dc 
.ink System 

ksumed 
same f o r  dc 
.ink System 

~ssumed 
;ame f o r  dc 
.ink System 

L s s ~ e d  
; m e  f o r  6c 
.ink System 

Lssumed 
i m e  f o r  dc 
,ink System 

Estimated System e f f i c i e n c y  Over Speed range @ 90 kVA (excluding Gen.-Conv. 
Feeder 8) : 73-772 

Est imated Gen-Conv. Feeder Weight: 1.85 l b l f  t 
Estimated Gen-Conv. Feeder Size:  6 Phase, -2 #6/Phase, 2 - #6 f o r  n e u t r a l ,  
m d  s h i e l d  

Estimated Gene-Conv. Feeder Losses @ 90 kVA: 43 w a t t l f t .  

Est lmated Coolant Flows, Na i n  Engine :enerator and Converter : 
Generator: 2-4 gym, 1 5 0 ' ~  O i l  
Converter: 20 lbslmin.  30°C A i r  



TABLE 7. ELECTRlC POWER SYSTEM WITH VSCF DC-LINK M A l N  CHANNELS 

To ta l  
Let .  
w t .  ( l b )  

171 

2 55 

30 

4 5 

12 

'. 0 

15 

16 - 

Est. 
W t  . ( l b )  

57.0 

85.0 

1o.c 

45.0 

12.0 

2.5 

1.5 

4.0 

-- 

Es t .  S ize  
( inches)  

$st. MTBF 
(hours)  

9,000 

18,000 

21,600 

16,900 

15,200 

5OO,OOO 

1,000,000 

-- 

l tem Remarks 

- - DC Link 
Generator 

Converter Three 
p a r a l l e l  
t r a n s i s t o r s  

Assumed GCU 
samt f o r  dc 
Cycloconl~er t e r  
System 

Assumed 
same f o r  dc 
Cycloconverter 
System 

Assumed Unit 
same f o r  dc 
Cycloconverter 
System 

Absumed 
same f o r  dc 
Cycloconver t e r  
System 

Assumed 
same f o r  dc 
Cpcloconverter 
System 

Assumed 
same f o r  dc 
Cycl oconver te r  
S y s ~ e m  

Ma i n  Channel 

APU Genera t o r  

BPIAPU Cont . 

Control CT 
Package 

DPCT Package 

Tota l  Component Weight 554 

Est imated System e f f i c i e n c y  Over Speed range @ 90 kVA (exc luding  Gen.-Conv. Feed-rs):  
8-82 X 

Estimated Gen-Conv. Feeder Weight: 0.9 l b l f  t 
Estimated Gen-Conv. Feeder S ize ;  DC, 2 #6(+), 2 - J6(-) and s h i e l d  

Estimated Gen.-Conv. Feeder Losses @ 90 kVA: 7 w a ~ t / f t  . - 
Estimated Coolant Flows, Main Engine Generator and Converter:  

Generator: 2-4 gpm, 150°C O i l  
Converter:  20 lb lmin  30°C Air 



power eyetem, based on a 90 kVA power channel. The t a b l e s  show t y p i c a l  MTBF 
da ta  and t h e  lower p o r t i o n  of each t a b l e  g i v c s  supelemental informat ion,  such 
a s  power feeder  weights ,  power feeder  l o s r e s  and coo lan t  r e q u i r e ~ e n t e .  Note: 
These data  r e f l e c t  a t y p i c a l  power g e n e r a t h n  channel and have no s p e c i f i c  
r e fe rence  t o  t h e  IDEAIAlternate IDEA. The information i o ,  t h e r e f o r e ,  s u i t a b l e  
only f o r  a t y p i c a l  comparison of the  cycloconver ter  and dc l i n k  VSCF system. 
Table 8 f u r t h e r  amplif l e e  t h e  c m p a r a t  ive  c h a r a c t e r i e t i c s  of t h e  two system 
except t h a t  the  da ta  shown ti1 t h i s  t a b l e  r e l a t e  t o  a 30/40 kVA power channel.  

The t h r u s t  of t h e  foregoing t a b l e s  is t o  h i g h l i g h t  t h e  advantages of t h e  
dc l i n k  over the  cyc loconver te r ,  p r imar i ly  i n  the  a r e a  of t h e  MTBFe ( r e l i -  
a b i l i t y ) .  It a l s o  f a v o r s  t h e  dc l i n k  i n  t h e  a r e a  of fewer power devices ,  
higher ef f  i c  iency , higher  temperature to le rance ,  e t c .  I n  t h i s  r egard ,  t h e  
e u p p l i e r ' s  b i a s  e n t e r o  i n t o  t h e  eva lua t ion  so  t h e  v e r i f i a b l e  f a c t 8  must, i n  
the  f i n a l  a n a l y s i s ,  d e r i v e  from the  r e a l  world o p e r a t i o n a l  exper ience .  Th i s  
a p p l i e s  t o  a l l  t h e  phys ica l ,  performance, thermal ,  r e 1  l a b i l i t y ,  c o s t  f a c t o r s  
and o the r  data .  For t h i s  reason,  i t  is d i f f i c u l t  t o  q u a n t i f y  a l l  the  f a c t o r s ,  
pursuant t o  t h e  eva lua t ion  and a n a l y s i s  of a l l  t h e  cand ida te  e l e c t r i c  power 
syetems f o r  the  IDEA and A l t e r n a t e  IDEA- Therefore ,  a t  the  end of t h i s  
s e c t  Ion, t h e  t r a d e  a n a l y s i s  Is made q u a l i t a t i v e l y  r a t h e r  than  quont i t a t  ive ly  . 
3.2.6 Variable  v o l t a g e / v a r i a b l e  frequency. - This system is d i f f e r e n t  from 
t h e  previous VSCF power genera t ion  systems i n  that i t  is a hybr id  oystem, i n  
which power der ived from t h e  engine dr lven genera to r s  i e  used d i r e c t l y  t o  
power many l o a d s ,  whi le  a smell  percentage of each genera to r  output  i r r  con- 
ve r t ed  t o  high q u a l i t y  power f o r  av ion ics  and o t h e r  s o p h i s t i c a t e d  e q u i p e n t ,  
such a s  FCS computero, e t c .  

By d e f i n i t i o n ,  a VVI'JF system is a system in which the  englne  d r iven  
genera tor  is e i t h e r  permanent magnet (SmCo type)  machine, o r  a wound r o t o r  
machine ( i n  which t h e  f i e l d  c u r r e n t  is c o c t r o l l e d ,  s o  t h a t  t h e  v o l t a g e  
genera ted is p ropor t iona l  t o  frequency/syeed) . I n  such systems t h e  V/F r a t  l o  
is maintained a t  a  cons tan t  value  over the speed range of t h e  engines  s o  t h e r e  
is no concern f o r  magnetic s a t u r a t i o n .  Also t h e  s t a t o r s  of a c  motors o p e r a t e  
with e s s e n t i a l l y  cons tan t  f l u x .  This  means t h a t  i n  the  c a s e  of motors,  t h e  
torque is a l s o  e s s e n t i a l l y  cons tan t  over the  epeed range. S i m i l a r l y  
t ransformers  opera te  a t  cons tan t  f l u x  over the  vo l t age  and frequency range s o  
the  primary/secondary vo l t age  va lues  a r e  r e l a t e d  t y p i c a l l y  t o  t h e  t u r n s - r a t i o -  
The equat ions  that r e l a t e  the  e l e c t r i c a l  des ign of motors and t ransformers  
(electromagnet i c  equipment) a r e  shown below 



TABLE 8. - COMPARISONS BETWEEN 30/40 KVA CYCLOCONVERTER 
AND DC L l N K  SYSTEMS 

Cycloconverter dc Link 

OIT Cont inuoue 80°C 
Device Temp. Liplitation 150 O C  

System weight, l b  7 7 7 9 

Ef f i c  iency , X 
Lo Speed 
Mid Speed 
High Speed 

Switching Method 

Switching Devices 

l n t  egral  control  Microprcceesor control led,  
with bank selection Precalculated, s tored  

progrurn w i t c h i n g  pat kern 

12 Trans is tors  
12 Dia4eo 

Generator S i x  Phase Tlrrte Phase-Rec! i f  led 

MTBF a s  a  
Function of Load 
and OlT (Power Devices only) 

where : 

kl dispersion coef f ic ien t  

k, - chording fac tor  
L 

N = number of turns 

F = frequency in Hz 

@ ** f l ux  



where : 

G = s t a t o r  f l u x  

I2 = r o t o r  c u r r e n t  

K2 = r o t o r  r e s i s t a n c e  

X2 = r o t o r  r eac tance  

s = s l i p  

k = t r a n s f o m e r  r a t i o  ( s t a t o r l r o t o r )  

these  formulae a r c  e lec t romagnet ic  r e l a t i o n s h i p s :  ( i )  shows t h e  b a s i c  
r e l a t i o n s h i p  t h a t  f l u x  @ i s  propor t ional  t o  the  Ell? r a t i o .  ( 2 )  shows t h a t  if 
the  s t a t o r  f l u x  ( @ =  E1/F) is  constant  then t h e  r o t o r  c u r r e n t  l2 is propor- 
t i o n d  t o  skE and inverse ly  propor t ional  t o  t h e  r o t o r  impedance, where skE 
vol tage  induced in r o t o r  and R + s j X  i s  the  r o t o r  impedance ( a +  t h e  s l i p  
frequency of i n t e r e s t ) .  Where the  s l i p  is verv low i .e . ,  when r o t o r  is near 
synchronous speed,  the  s j X  func t ion  is small  and the  r o t o r  power f a c t o r  is 
high. A s  shown in f i g u r e  21, t h e  load torque and the  pull-out  torque 
c h a r a c t e r i s t i c  of induct ion motors ( o p e r a t i n g  wi th  a  cons tan t  FIE ra t j .0)  
remains r e l a t i v e l y  consta-: over the  speed range.  

It is  appr ,p r i abe  t . ~  consider  higher vo l t ages  and higher  f r equenc ies  f o r  
a i r c r a f t  such ss the  IDEA and Al te rna te  IDEA. The frequency d l c t a t e s  t h e  
speed a t  r;h.ich genera to r s  m-.ast be d r iven  and the  speeds a t  which motors w i l i  
run when supp l i ed  wi th  d j f f  e ren t  f requencies .  Pe r iphera l  speed c o n s t r a i n t s  
l i m i t  the upper range of frequency while the  cons ide ra t  ion of t h e  high- 
a l t i t u d e  environment p laces  an upper lh i t  on vo l t age .  Regarding t h e  i a t t e r ,  
i t  seems prudent t o  consider  vo l t ages  not  h igher  than say 400 V o r  600 V ,  i f  
problems of corona and vo l t age  f l a s h  a r e  t o  be avoided. Even then,  c a r e f u l  
i n s t a l l a t  im prac t i ce ,  w i l l  be e s s e n t i a l  t o  avoid problems a t  a l t i t u d e s  over 
30,000 f e e t .  

C l e a r l y ,  i f  the  E/F r a t i o  of 200 V1400 Hz is r e t a i n e d ,  then  t h i s  es tab-  
l i s h e s  the  value  ~f  t h e  vo l t ages  a t  the  higher frequency,  t .g . ,  400 Vl800 Hz ,  
600 V/1200 Hz, 800 V/1600 Hz. There is no mandate t o  mainta in  t h i s  200 Vl400 
Hz r a t i o ,  but i t  is l o g i c a l  t o  consider  double-voltage and t r i p l e - v o l t a g e  
s tandard systems. l u r t h e r ,  i t  is poss ib le ,  i n  some c a s e s  t o  use three-phase,  
200 V/400 Hz a ~ ~ t o r s / t r a n s f o r m e r e  on three-phase 400 V1800 Hz power i f  due 
considera t ior, is given t o  mechanical and e l e c t r i c a l  c o n s t r a i n t s .  For example, 



a  convent ional  three-phase, s ix-pole  motor, running a t  7500 r p  on 400 Hz 
power, would run a t  about 14,700 rpm on 800 Hz power. This  much higher  speed 
would impact on the  bear lqg c a p a c i t y / l i f e  and i t  might be in excess  of t h e  
1 h i t  ing pe r iphera l  speed of t h e  motor. Windage and f  r LC t ion l o s s e s  would 
a l s o  increase .  

Fur ther  design c o n s i d e r a t i o n s  a r e  the  i ron  and copper l o s s e s  inc iden t  on 
higher  f requencies .  I ron  l o s s e s  a r e  r epresen ted  by h y s t e r e s i s  and eddy 
c u r r e n t  l o s s e s ,  while copper l o s s e s  a r e  r e l a t e d  t o  c u r r e n t  dens i ty .  

where: 

W h  = h y s t e r e s i s  l o s s  in  wa t t s  

We = eddy cur ren t  l o s s  i n  w a t t s  

F = frequency i n  dz 

B = maximrnn magnet i c  induct ion 

1 = h y s t e r e t i c  co tes tan t  

T9ese formu2ae show t h a t  the  eddy c u r r e n t  l o s s e s  a r e  p ropor t iona l  t o  F 
2 

snd 6 , s o  they inc rease  a t  a f a  r a t e  than the  h y s t e r e s i s  l o s s e s  wi th  
(which vary according t o  F and B . These l o s s e s ,  wi th  minor d i f f e r e n c e s ,  
r e l a t e  t o  s t a t o r  iron i n  motors and laminat  ions i n  t ransformers ,  f i l t e r s ,  e t c .  

The frequency s e l e c t i o n  t h e r e f o r e  tends  t o  be a  more s e n s i t i v e  parameter 
than vo l t age ;  a l s o ,  a s  o u t l i n e d  i n  the  Power D i s t r i b u t i o n  Sec t ion ,  i t  a f f e c t s  
the  c u r r e n t  dens i ty  d i s t r i b u t i o n  i n  e l e c t r i c  power feeders .  Th i s  phenomenon 
was defined a s  "skin-effect"  wherein the  c u r r e n t  tends  t o  crowd In to  t h e  o u t e r  
s u r f a c e s  of the  conductor,  r e s u l t i n g  i n  an i n e f f i c i e n t  use of the  conductor 
c r o s s  s e c t  11 * .  Skin e f f e c t  occurs because the  inner  c o r e  of t h e  c a b l e  has a  
higher impedance and so i t  opera tes  a t  a much lower c u r r e n t  dens i ty .  E e c a u s ~  
i t  is  a  frequency r e l a t e d  phenomenon, s k i n - e f f e c t  i s  exacerbated by t h e  h igher  
f r equenc ies  and the c u r r e n t  t r a n s f e r s  more and more t o  the  o u t e r  s u r f a c e  of 
the  conductor a s  t. he frequency inc reases .  

The e f f e c t i v e  ac r e s i s t a n c e  of the  c a b l e  t h e r e f o r e  i n c r e a s e s  along wi th  
t h e  cab le  r eac tance  (XL = 2 rr fL). Another s i d e  e f f e c t  is t h a t  t h e  c a b l e  power 
f a c t o r  worsens a t  high f requenc ies  and i t  is more manifes t  wi th  the  l a r g e r  
s i z e  (power-feeder type)  c a b l e s .  



From the  above i t  can be seen t h a t  the  s e l e c t i o n  of frequency and vo l t age  
f o r  the  VV/VF system must be  cons t ra ined  by the  p r a c t i c a l  d i c t a t e s  of t h e  
u t i l i z a t i o n  equipment. C l e a r l y ,  a  frequency such a s  5 kHz would be too  high 
f o r  many ac  motors, because too many poles  would be requ i red  t o  b r i n g  t h e  
motor speeds down t o  usab le  l e v e l s .  The formula r e l a t i n g  the  v a r i a b l e s  is 

where 

F = i n  Her tz ,  Hz 

H = revo lu t ions lmin  (rpm) 

P = p a i r s  of poles  

Many f u e l  pumps, hydraul ic  pumps and o the r  loads  opera te  a t  speeds of  4000 t o  
5700 rpp so  high r a t i o  gear  r educ t ions  would be necessary  t o  b r i n g  t h e  motor 
speed down t o  these  low values .  For example, a six-pole l o t o r  o p e r a t i n g  on 
f i v e  kHz supply would run a t  5000 x 60/3 = 100,000 rpm, and would r e q u i r e  a 
gear  r educ t ion  of approximately 20:l; a l s o ,  t h e  s t r e s s  eng inee r  would have t o  
be c r i t i c a l l y  concerned wi th  the  balance  and whi r l ing  speeds  of t h e  r o t o r .  

For the  VV/VF system, t h e  p r a c t i c a l  d i c t a t e s  of the  u t i l i z a t i o n  equipment 
t h e r e f o r e  would tend t o  d r ive  the  frequency reduct ion towards t h e  double or 
t r i p l e  s t andard  frequency l e v e l s  only ( u n l e s s  one ae re  t o  accept  a consider-  
a b l e  amount of power cond i t ion ing ,  a s  would be t h e  case  wi th  a very h igh  
frequency system).  Evident ly ,  the  VSCF cycloconver ter  system r e q u i r e s  a high 
geucra t ion  frequency because the  na tu re  of the  power conversion process  
d i c t a t e s  a genera to r  frequency t h a t  is some four  t imes h igher  than t h e  output  
frequency. Thus, f o r  a frequency of say 800 Kz ( a t  one hal f  engine speed) ,  
the  genera to r  frequency ( a t  f u l l  speea) would be 2 x 800 x 4 = 3.6 kHz. 

The s e l e c t i o n  of frequency in the  VV/VF system is inf luenced by t h e  d e s i r e  
t o  use as high a frequency a s  p o s s i b l e  t o  d r i v e  turbomachinery a t  high speeds 
without t h e  need f o r  gearboxes; and,  on t h e  o t h e r  hand, not  end up wi th  a 
frequency too  high,  t h a t  high gear  r educ t ions  a r e  necessary f o r  many motor 
loads .  

Based on these  somewhat a n t i t h e t i c a l  c o n s i d e r a t i o n s ,  t h e  fo l lowing 
voltage/frequency r a t i o s  appear reasonable .  

l DEA Three-Phase 400 V 800 Hz (0.5 E/F r a t i o )  

Al te rna te  Three-phase 400 V 800 Hz o r  three-phase 600 V 1200 Hz 
IDEA 



These E/F va lues  seem p r a c t i c a l  when the physical  1 h i t a t  ions  on motor Speed 
a r e  recognized along wi th  the  problems of corona and low i o n i z a t i o n  p o t e n t i a l s  
a t  high a l t i t u d e s .  

Since the  VV/VF system proposed is a p a r t i a l  power conversion system, i t  
may have two o r  more high qua1 i t y  power s u p p l i e s  der ived from the  primary 
power supply. Since  these  dedicated power s u p p l i e s  w i l l  be t y p i c a l l y  low 
capac i ty  and comprise only a small  percentage of the  t o t a l  i n s t a l l e d  power 
capac i ty ,  t h e  power q u a l i t y  o t  these  s u p p l i e s  can be c o n t r o l l e d  t o  very c l o s e  
l i m i t s .  A l l  t he  o t h e r  VVIVF power from the  genera to r s  is a v a i l a b l e  f o r  t h e  
ECS, h e a ~  ing,  1 ight  ing,  g a l l e y ,  dr- i c  ing and miscellaneous a c t u a t i o n  loads .  

Typical  power s p e c i f  i c a t  jons such a s  MIL-STD-704 b govern the  power-quality 
requirements f o r  tile 400 Hz, 270 Vd:: and 28 Vdc u t i l i z a t i o n  equipment; 
MlL-E-230G113DAS (NASC, c u s t o a i a c )  governs VSCF cycloconversion (does not 
address  VSCF dc l i n k ) .  NASC is developing NIL-E-85583 (AS), a gener ic  
e l e c t r i c  system spec  (wi th  s l a s h  drawings f o r  Navy a i r c r a f t ) .  The USAF, 
ASDIENESS (WPAFB) is developing "MIL-PRIME E l e c t r i c  Power Subsystem, 
A i r c r a f t . "  S p e c i f i c a t i d n s  MIL-G-6099 and MIL-E-21480 r e l a t e  t o  a i r  cooled 
genera to r  des igns  while MIL-G-25704 governs cons tan t  frequency (CSD) a c  power 
systems. The SAE committee A-2Y con t inues  to  work on MIL-E-855&3(AS) and w i l l  
a l s o  develop a 270 Vdr s p e c i f i c a t i o n .  

The performance of the  dedicated power s u p p l i e s  i n  the  VVlVF system w i l l  
t h e r e f o r e  conform t o  the  p e r t  i x r . :  and prevailing speci f  i c a t  ic,ns. An objec- 
t i v e  of the  VV/VF system, o u t 1  lned in  the previous KASA-LahCILockheed Study 
(NAS1-16199, May 82),  was t o  use a PM gene ta to r  design where t h e  VIF r a t i o  was 
preserved over the  load and speed without the  neec f o r  a vol tage-regula tor .  
To achieve t h i s  a d i f f e r e n t  genera to r  design having the fo l lowing des ign 
c h a r a c t e r i s t i c s  would be necessary:  

Re la t ive ly  l a r g e  a i r  gap 

Low synchronous-reac t ance ,  Xd 

Low negat  ive-sequence reac tance ,  X2 

e Low zero-sequence reac tance ,  Xo 
2 Low I R l o s s e s  i n  s t a t o r  

Lou core  and pole-face l o s s e s .  

A genera to r  of t h i s  type would not be weight optimized,  but many of the  
e l e c t r i c a l  parameters would be improved. The increased a i r  gap would i t s e l f  
y i e l d  favorable  e l e c t r i c a l  c h a r a c t e r i s t i c s .  For example, v o l t a g e  unbalance is 
a f u n c t i o n  of the  negat ive  and zero sequence reac tance  ( X  and X ) and r e s i s t -  

2 0 ances (R and R ). both X;! and X decrease with inc rease  of a i r  gap l e n g t h ,  
so  the  &ase vof tages  w i l l  be l e s 8  s e n s i t i v e  t o  load unbalance. The XD, the  
d i r e c t  a x i s  synchronous reac tance ,  is  i t s e l f  a  s t rong  f u n c t i o n  of a i r  gap, and 
i t  decreases  with inc rease  i n  a i r  gay l eng th ;  s o  a s  the  a i r  gap l e n g t h  
inc reases ,  th3  t r ans ien t -vo l t age  excurs ions  w i l l  a l s o  decrease.  Opr-r;ltl.,g a i  



2  2 lower c u r r e n t  d e n s i t i e s  (0.9 t o  1.25 kA/cm ) (6 t o  8 kA/in ) in t h e  s t a t o r  
would r e s u l t  i n  improved i n s u l a t i o n  l i f e  and increased e f f i c i e n c y  . F i n a l l y .  
pole-face l o s s e s  which a r e  exacerbated by small  a i r  gaps l e s s  than  <0.025 i n .  
would a l s o  decrease  wi th  a  l a r g e  gap of 0.06 in.  

2 I n  a  wound-rotor genera to r  the  I R l o s s e s  i n  the  f i e l d  (and e x c i t e r )  
inc rease .  With a  PM r o t o r  t h e r e  a r e  no ( r o t o r )  f i e l d  l o s s e s  but t h e  r o t o r  
magnet weight would be increased wi th  the  l a r g e r  a i r  gap. 

The main legacy t h e r e f o r e  of the  proposed genera to r  in the  VV/VF system is 
t h a t  it would be heavier  than a  convent ional  high synchronous impedance 
machine, but  the  e l e c t r i c a l  performance w i l l  be inheren t ly  b e t t e r  . Whether 
the  machine would opera te  without a  vo l t age  r e g u l a t o r  from 0  t o  t u l l  load t o  
overload is a  mat te r  f o r  f u r t h e r  s tudy and eva lua t ion .  However, t h e r e  a r e  
methods by which tho vo l t age  r e g u l a t i o n  could be cons t ra ined  t o  low l inits and 
one of these  would be t o  e s t a b l i s h  the  a i r  gap f l u x  f o r  the  per u n i t  v o l t a g e  
a t  a  quiescent  load  l e v e l ,  t y p i c a l  f o r  the  IDEA and A l t e r n a t e  lUEA a i r p l a n e s .  
For tuna te ly ,  i n  these  a i r c r a f t  the  a l l  e l e c t r i c  ECS, f o r  example, r e f l e c t s  a  
cons tan t  ( l a r g e )  load  t o  the  g e u e r a t o r s  s o  l o a a  changes w i l l  be r e l a t i v e l y  
low, compared t o  a  convent ional  a i r p l a n e .  Also, t h e r e  L s  t h e  p o s s i b i l i t y ,  a s  
proposed by Lucas Aerospace, t h a t  a  novel method could be used f o r  c o n t r o l l i n g  
t h e  v o l t a g e  of t h e  PM machine without chopping-up t h e  out  n t  wave form wi th  
phase-controlled SCKs. These and o t h e r  methods could  t h e r e f o r e  t 2 explored i n  
f u r t h e r  eva lua t ions  of PM and would r o t o r  genera to r s  opera t ing  w , ~ h  a c o n s t a n t  
E/F r a t i o  c h a r a c t e r i s t i c .  

3.2.7 =kHz power system. - The system which is  discussed i n  t h i s  s e c t i o n  
was conceived a t  t h e  NASA-Lewis Research Cenier and t h e  eva lua t ion  is  based on 
a  d e s c r i p t i o n  of the  system provided by t!ie s t a f f  of NASA-Lewis. Figure  26 is 
a  schematic p r e s e n t a t i o n  of a  20 kHz system a p p l i c a b l e  t o  a  twin-engined 
a i r c r a f t  showing two 40 kVA g e n e r a t o r s  d r iven  by each engine  and four  3-25 LVA 
b i d i r e c t i o n a l  conver te r s .  A s  ahown, the  four  conver te r s  a r e  p a r a l l e l e d  v i a  
i s o l a t i o n  devices  ( c o n t a c t o r s  o r  SSPCs) onto two high 20 kHz d i s t r i b u t i o n  
buses t h a t  a r e  routed around th2  a i r c r a f t .  The p o s s i b i l i t y  of us ing  60 Hz 
e x t e r n a l  power was descr ibed f o r  engine s t a r t i n g ,  us ing  what was, i n  e f f e c t ,  
"hal f -conver ters  ." Each half  conver te r s  i s  b i d i r e c t i o n a l  iil power flow, wi th  
an  a b i l i t y  t o  " c r o s s - s t a r t "  (where one engine had f a i l e d  i n  f l i g h t )  by us ing 
one of t h e  112 c o n v e r t e r s  on t h e  o t h e r  engine i n  a  "power-sourcing" mode whi lc  
the  o t h e r  112 conver te r  opera ted i n  a  "power-receiving" mode. 

The APU is  e l imina ted  on t h e  b a s i s  t h a t  e l e c t r i c a l  (60 Hz) power could be 
used f o r  engine s t a r t i n g  r a t h e r  than power from an oqboard APU. Also, two 
" b i d i r e c  t ional-conver t e r  s - w i t  h-charge-control" a r e  used a s  t h e  emergency 
back-up power suppl i ~ s  t h a t  could  be ind iv idua l ly  power-sourced by b a t t e r i e s  
i n  t h e  event cf an al l-engine-out f a i l u r e .  Under t h i s  mode, t h e  b a t t e r i e s  
would f u r n i s h  power t o  the  colrvertera which, i n  an invers ion  mode, would power 
e i t h e r  o r  both,  reduridant (HF) a c  buses v i a  a p p r o p r i a t e  dual  power swi tches .  
A t h i r d  swi tch  i n  the  output  of each emergency i n v e r t e r l c o n v e r t e r  is  used f o r  
f u r n i s h i n g  power t o  a  non in te r rup t  ac  power bus. Other information i n  f i g -  
u r e  27 shows that  power cond i t ion ing ,  f o r  20 kHz-to 400 Hz and 200 kHz-to-10% 
vo l t age  ac  o r  dc a r e  accomplished v i a  two c o n v e r t e r s  ( s y n t h e s i z e r s )  red  from 
the  dua l ly  redundant HF a c  buses. Cabin p r e s s u r i z a t i o n  f o r  the  a i r p i m e  is 
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Figure  27. - Resonant conver te r  equ iva len t  c i r c u i t .  

fu rn i shed  by engine  d r iven  compressor, r a t h e r  than e l e c t r i c  d r iven  
compressors. The two ECS power-conditioned buses shown i n  f i g u r e  3: a r e  used 
f o r  Freou compressors, cool ing fans ,  e t c .  

The bas ic  t h c o r e t  i c a l  pr inc  i p a l  af resonant  power swi tching mode 
conver te r s  with s i m p l i f i e d  schematics o: the  type is shown i n  f i g u r e s  27 
through 30. These diagrams r e s p e c t  !bely show 

Fig. 27 A square  wave h4gh f re lueacy  vo l t age  having a fundamental 
resonant  frequ.ency ( t ) .p icol ly  20 kHz) t h a t  is supp l i ed  a c r o s s  a 
a e r i e s  LC network. The load In t h i s  c a s e  being i n  p a r a l l e l  w i t h  
C,  a l though  t h e  load  coc ld  'Je in s e r i e s  with LC. 

Fig. 2 8  The demodulation of a low frequency syn thes ized  wave f r a n  t h e  
h i g h  frequency input wave. 

Fig. 29 Transformer coupl ing of two resonant  c o n v e r t e r s  t o  i l l u s t r a t e  
b i d i r e c t i o n a l  power flow mode of opera t ion .  

Fig. 30 Time-phased con t ro l  of s i x  swi tch b r  iage t o  syn thes ize  t h r e e  
phase ou tpu t  a t  lo-  frequency . 

The above a r e  b a s i c a l l y  i l l u s t r a t i v e  of the  2 0  kHz power t ransmiss ion 
systems and f u r t h e r  d i scuss ion  is given below. 

There a r e  many power conversion/inverbiion methods t h a t  involve  dc t o  dc 
(conver te r s ) ,  dc t o  ac  ( i n v e r t e r s ) ,  and ac t o  dc (conver te r s ) .  Well known 
types  a l ready  d i scussed  in t h i s  r e p o r t  a r e  t h e  VSCF power systems t h a t  a r e  
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HIGH TO LOW FREQUENCY CONVERSION 

Figure 28. - High-to-low frequency conversion. 
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Figure 2 9 .  - Bidirect ional  high f requelicy power inter  f a ~ e  
( trans£  ormer coupled) 
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SYNTHESES OF THREE PHASE LOW FREOUENCY OUTPUT 

Figure 30. - Syntheses of three-phase low frequency output. 
described as cycloconverter or dc link type systems. The 270 Vdc system is 
also a VSCF type system inasmuch as the generator is direct engine driven and 
develops variablc voltage/ variable frequency power. In terms of 
inverter/converter technology the following summarizes some of the basic modes 
employed in high frequency switching converters/inverters. 

Cycloconverters (ac to ac); synthesizing a lower frequency waveform 
from a waveform some three to four times higher. 

3C link (dc to ac) inverters; accepting dc input (such as 270 Vdc), or 
rectified ac, which is commutated at some high switching frequency for 
conversion to ac. 

Switched mode power supplies, dc to dc, dc to ac, ac to dc, etc., where 
the objective is to achieve the transfer-function of an idealized 
transformer, i.e., the voltage/current waveforms on either side are 
faithfully reproduced in a lossless manner. 

Figure 31 is illustrative of a switched mode ac to dc converter. 
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Figure 31. - Switched mode ac to dc converter. 

Within the generic definition of switched mode inverters there are 
different types 

Fly back converters 

Direct forward converters 

e Others 

The inverterslconverters have in common an objective to use high fre- 
quency switching frca 2 to 20 kHz and higher. This requires low loss 
transformer/filter cores, such as Metglass, Permendur, and 
vanadium/Perrnendur. 

PWM (pulsewidth modulated) power supplies where a high frequency 
unmoduiated waveform is gulse-width modulated. 

4 special form of PWM is the programmable type for motor speed control, 
where "ratio-changing" is necessary using asynchronous or synchronous 
modulation techniques to vary the inputloutput frequency ratios. 

Cuk converters. - This is a special form of dc t o  dc converter and has 
the attributes that the input and output currents are nonpulsating. It 
is a step-up/stepdown type that is equivalent to a br~cklboost 
converter, see figures 32 and 33. 

Special integrated (coupled) d k  inverters not only are non-pulsating, 
but also have zero ripple on oric side or the other. 



Figure 32a. - 6rIk cower ter : noupulsat ing currents. 

Fibure 32b. - d k  co . x t e r :  magnetic coupled des ign.  



Re2.0nant Mode  converter!^: these  a r e  the conver tc r s  o t  sper, i l  i c  
~ r l t c r e s t  ( t o  the 20 Hz power system) attd they art: "lour-quadriant" type 
thcit have the  a b i l i t y  t o  be b i d i r e c t i m a l  and take ac or  dc a t  r i t h e r  
end. 

The ~ a i n  advantage of the resunant power mode conver ter  over ottter Lypes 
i s  the four-quadrant un ive r sa l  type opera t  ion ana i t s  a d a p ~ a b  11 i t y  t o  l a r g e  
power c a p a c i t i e s .  The a b i l  l t y  t o  ut il ize tire resonant power conver ter  
technology 111 the l a r g e  mult iki lowat t  s i z e s  is a t t r i b u t a b l e  t o  t h e  l e u  
switching ana p a r a s i t i c  r e s i s t a n c e  l o s s e s .  This  a g a u  i s  a  r e s u l t  of the  high 
speed swi tching c h a r a c t e r i s t i c  t h a t  o p e r a t e s  a t  the f utidi:n~ental reson.i~rt 
f requency,  and the f a c t  titat such switclting is d c c o r n p l ~ s k a  a t  zero cross-- 
over.  Ttic high frequency s ine  wabc: c h a r a c t e r i s t i c  the zero c r o s s  over 
f e a t u r e  t h e r e f o r e  l e a a  to a  conver te r  deslbn t h a t  pro.]ects low sr i tc t t i r ig  
l o s s e s  and high ef f ic iency . 

The choice  of the  s o l i d  s t i i t e  switctting aevice  is ~ t s e l t  key t o  the con- 
v e r t e r  des ign,  so the  development of: b i p o l ~ r  devices ,  SCKs gat-e t urli offs, 
(GTOs) , g a t e  n s s i s t e a  tu rn  o t  t t h y r i s t o r s  ( G ~ l l s )  ancl o the r  advariced s o l i d  
s t a t :  swi tches  pace the technology. The objectives a r e  high v01tat;t:lcurrent 
capac i ty  and fas t -swi tc l t ing , f a s t  tu rn -o t t )  tintes. ' Ihyr i s to r  devices  suclt 
SCRs have r e l a t i v e l y  slow tt:rn off time (-!is a v i s  10 1.0 50 kHz commutation 
r a t e s ) ,  s i n c e  i t  i s  necessary t o  remove the holding c u r r e n t  and to  reverse  
b i a s  the j m c t  ion. Gn the  at-her hand, t h y r i s t o r s  developed f o r  line 
commutated i n v e r t e r s  (such us AEC-Teletunkcns TX 1U50) can be r a t e a  t o r  3000 
t o  400U A ,  rms, and f o r  vo l t ages  up t o  4000 V .  bipolar  devises  s u c l ~  a s  
t r a n s i s t o r s  o f t e r  much simpler turrl-oft c o n t r o l  but a r e  more l i m i t e d  i n  powcr 
c a p a c i t y ,  having peak c u r r e n t  c a p a c i t t e s  or 200 t o  500 A. For l a r g e  
c a p a c i t i e s ,  t h e r e f o r e ,  p a r a l l e l e d  t r a n s i s t o r s  a r e  r e q u i r t d .  GL t e  assis:ed 
t-urn-otf t h y r i s t o r s  based on recen t  technology bnprovements have much s r ior ter  
! I ; :  ~ o f t  t  h e r  arid f a s t e r  recovery t  irucs. l h e s e  advanced tt:yr i o t o r  t y p e s  seem 
t o  be a l o g i c a l  candidate  f o r  rhe 2 0  kHz resonant mode conver te rb .  Gatt  
turn-ot f  devices and s p e c i a l  b l p a l a r s  a r e  ottier c d ~ ~ d i d z i t e s  fc,r t u t u r e  
cons idera  t  ion. 

Overa l l ,  a s  regards  pertormance, the rcsonatit power mode c.unvrrter  dpkea:-s 
to  o f f e r  advant.4ges par t icu1; t r ly  i n  the  larl;,: power l e v e l s  over tile p u l s e  
widtlr ~nodui ,it ion (Phh)  , pulse width amp1 itudt. moculd t  lon (PWtU,l), 6~1 ,  +- !~ t . t  , 

bucidboost dnd o t h e r  i n v e r t e r  conver ter  con1 igurn t ions.  l t tese I. .!  " < r -  
s ioa / l l !ve r s iu~ i  systerus opcrr~~tc.  with rc-1. i i ive 'y h i ~ 1 1  ef t  i c i t n c v ,  b~ ' 

higher sr*itcliing l u s s e s .  Also,  hi^& f requcwy ,nd choppers d r c  Iiii:: ' . ti? 
switchin& w i s e  artd the neea f o r  t t f e c  t ive i : 1 1 ) ~ , / 1 ~ u t p ~ t  f l1tec.s. I.. :& . - - ,  -. <. 

t  i o n  of w i c k  range harmonics and concern f o r  W l  suyprc-;s i,,)$i i r t  t ~ I C I ' C ~ ,  

f a c t o r s  i n  the t r a a e  a n a l y s i s  of c o n v ~ r t e r /  ~ ~ i v r r t e r  t e i  t ~ ~ t u l  oh:.#. 

Practic-a1 models of the  resonaut mode gower conver te r s  have h t ~ 1 1  [ , : I ,  ana 
work conti l lues i n  evaluai inr ,  them. The  issw f o r  the l b t b / k l t e r u d t r  1 U C A  i.; 

how the  resonant power mode conver ter  t i t s  i n t o  the envirollntent of a n  < ~ i - ~ . r s f  t  
e l t c t r l c  power ai;t: ibut  ion system and wl~it. a r e  t t ~ e  i n s t a l l b t  ion conside;-;- 
Lions. In t h i s  r egard ,  the f i r s t  a spec t  is the power d i s t r i b u t i o n  k l r i n g  
i t s e l f .  here the re  i s  the problem a l reaay  . ~ l l u d e d  to  of "bk in -e l fec t "  and 
cable  impedance e f f e c t .  hot11 of these  f a c t o ~ s  work L o  exacer\.itc> the  problcr~ts 



Figure 33a. - C& ccnver te r :  unmouulated c a r r i e r  waveform. 

'r' igur e  
t 

33b. - Cuk conver te r .  pulseb l d t  I aodulated laveform. 

a f  long d i s t r i o u t e d  f e f - d t r s  rarryirrg .ic: c u r r e n t s .  They a r e  present. with t.he 
400 Hz and 800 Hz systems and, the  l a r g e r  c a b l e s  r e f l e c t  low power f a c t o r s  and 
higher vol tage drop, due Lo the frequency-dependent (2 r fL)  e f f e c t .  Also, t h e  
curv.-,, (Figure  57) show tha t  a t  3.5 kHz the  hpedance o t  a n  0 gage c a b l e  is 
0.4 t  h e s  l a r g e r  than is impeaance a t  400 Hz.  

The r e s u l t  of s k i n  c r - e c t  and higher lnpedance vo l take  drops n c c e s s l t a t e  a  
new approach t o  hf c a b l e s  in  d i r c r a f t .  Small s t raaded conductors i n s u l a t e d  
and f a b r i c a t e d  with a spec ia '  lay need to  be developed. Small diameter wi re  
could a l s v  be l a i d  3rrdund a  f l e x i b l e  p l a s t i c  core  o r  tube,  us ing a  b i f i l a r  
wixling technique t o  i n h i b i t  s e l f  i~ iduc tancr  e f f e c t s .  P r a c t i c a l  methods o f  
s p ~ i c i n g  and tcrminat ing the syoc i a l  cable8 must be developed. 

A s  regards  the  rtcon.a:.t ;iuwer b ~ l t c ! ~ ? - n g  i ~ i v e r t e r s ,  t h e r e  appear  t o  be 
polentit11 advantages t h a t  would mer l t  t h e i r  ciinsiderilt loll and use in the  
I Q E A l A l  t e r n a t e  IDEA d i r c r a f  t .  Howevcr, i t  appebrs t h a t  these  adventages nay 
be bes t  exp lo i t ed  by d i s t r i b u t i n g  the power a t  hig.1 vo l tage  dc !: r e l s ,  o r  a t  
lower f requenc ies ,  such as  400, 800, o r  1200 Hz ac.  The disadvantage of t h e  
dc t ransmiss ion system !s not unl ike  tha t  of the  2C kHz system. For example, 
dc i b  t h e  most e f f i c i e n t  supply source of long d i s tance  power t ransmiss ion.  
However, in a i r c r a f t  high l loltogr dc power can be lmed d i r e c t l y  f o r  only very 
few loads  and extensive  power condi t ioning must be eaployed f o r  t h e  wany 
motors t h a t  opera te  b a s i c s l l y  simple modes. The 20 kHz is in  much t h e  same 
category a s  270 Vd:; i t  is not a s  s d i t a b l e  f o r  hea t ing  ( g a l J o y ) ,  de ic ing  
loads ,  e t c .  The resoAant mode uatching i n v e r t e r s  could ,  however, be in te r -  
faced with advantage t o  the  convent lonal  a11d semic3nvent !oiial ac systems by 
usin8 t r o n t  end r e c t i f i c a t i o n  and then cur~ver!ing t o  20 kHz, o r  of::er s u i t a b l e  



ref ionant-frequency l e v e l .  These i n v e r t c r s / c a n v e r t e r s  c o d d  t h e r e f o r e  be 
u t i l i z e d  in t h e  LDEA/Alternate IDEA on a  d e d i c a t e d  b a s i s .  

AP p r e v i o u s l y  h i g h l i g h t e d ,  t h e r e  hae been ample i n c o r e t i c a l  a s s e s m e n t  of 
t h e  c icacy of  r e s o n a n t  mode power conve r s ion  but i t  l a c k s  t h e  m<xe e x t e n a i v e  
p r a c r i c a l  background e x p e r i e n c e  r e s i d e n t  i n  cyc loconve r s ion ,  dc  l i n k ,  and  t h e  
ve r  i ous  o t h e r  h igh  f requency  s w i t c h i n g  mode r ype inve r  t e r s / c o n v e r  t e r s .  There 
is a l s o  a  p l e t h o r a  of s o l i d  s t a t e  i n v e r t e r s / c o n v e r c ~ . r s /  being used i n  i n d u s t r y  
f o r  a c  and dc motor d r i v e s  from t h e  s o p h i s t i c a t e d  low power l e v e l s  up t o  v e r y  
h i g h  power l e v r l s .  For  example, d r i v e s  a r e  a v a i l a b l e  f o r  eynchronous mo to r s  
from 500 hp up t o  30,000 hy. Adjus t ab l e  f r -quencp  a c  d r i v e s  f o r  i n d u c t i o n  
motors  and synchronous motors  a r e  h igh ly  developed i n  i n d u s t r y  a t  t h i s  t ime.  

From a  t r : ~  h n i c a l  s t a n d p o i n t ,  f u r t h e r  l a b o r a t o r y  work and t e s t i n g  is neces-  
s a r y  t o  v a l  *da te  t h e  r e s o n a n t  power mode c m v e r t u r  f o r  a p p l i c a t i o n  t o  dedi-  
c a t e d  s i n g l e  f m c t i o n s  ?r a s  a  pr imary power s o u r c e  f o r  m u l t i p l e  f u n c t i o n 1  
l o a d s .  Li t h e  l a t t e r  c a s e ,  t h e  v,. ' a b l e  nclturt: of t h e  l o a d s ,  i n  a t y p i c a l  
a i r c r a f t ,  c o u l d  p r e s e n t  some nuances of o p e r a t  ion t h a t  have no t  been p r e s e n t l y  
edd re s sed .  For example, mar ; prev ious  s o l i d  s t a t e  power i n v e r t e r s  had very  
low blource impedance w i t h  t . i e s u i t  t h a t ,  in t h e  p re sence  of he.:.-? o b e r l o e d s  
and s h o r t - c i r c u i t s ,  t h e  " through-faul  t." c u r r e n t  was s o  h igh  .as t o  cause  
" s e l f - d e s t r u c t " .  In  t h e  cnsc of t h e  d e d i c a t e d  resonant. power node con.rer tert ,  
t hey  can  be "tuned" t o  t h e  l o a a ,  b u t  when they a re  used .is a  primary s o u r c e  
t h e  r e sonan t  f requency  might  become "detuned" by t h e  n o n l l r  . a r  l o a d s  t h a t  draw 
harmonic c u r r e n t s .  Also ,  t h e  s t a r t i n k  c u r r e n t s  of lcrrge i n d u c t i o n  motors  '.> a  
s i g n i f  i c a n t  c o n s i d e r a t  ion: t hc  low s t a n d s t  i l l - r r a c  t ance  o i  t h e s e  tilotors 
r e s u l t  i n  s h o r t - c i r c u i t  type c u r r e n t s  a t  power t a c t o r s  t h a t  a r e  ve ry  low 
du r ing  s t a r t i n g  . When runn ing ,  t h e  ma:ors presen: a  h i g h  impedance and h i g h e r  
power f a c t o r  l oad .  

The s e r i e s  ( c u r r e n t )  and p a r a l l e l  ( v d t a g e )  t ype  resonani.  power c o n v r r t e r s  
cou ld  have d i f f e r e n t  o p e r a t i o n a l  c h a r a c t e r  1st i c s  when used in t h e  primary 
power s o u r c e  r o l e .  These should  be f u l l y  e v a l u a t e d  iu  t h e  ensu lng  develop- 
ment. The c u v - e n t  t y p e  c o n v e r t e r  where t h e  l oad  is  i n  s e r i e s  w i th  r h e  
r e a c t a n c e  and c a p a c i t a n c e  o p e r a t e s  i n  a  mode where Lhe ~ o u r c e - v o l  t a g e  is 
deveioped a lmost  comple te ly  a c r o s s  t h e  l o a d ,  and i s ,  t h e r e f o r e ,  a f u n c t j o n  of 
i t .  Ln t h e  r e sonan t  mode, t h e  r e a c t i v e  end : : apac i t a t i ve  v o l t a ~ e s  a r e  a n t i -  
phasa l  and ,  t h e r e f o r e ,  c a n c e l  each  o t h e r  60 t h e  s o u r c e  v o l t a g e  is absorbed  by 
t n e  l oao .  Should,  however, a s h o r t - c i r c ~ i t  occu r ,  t hen  t h e r e  is no l o a d  
r e s i s t a n c e ,  und a s  in t y p i c a l  "acceptor - rdsor ,an tN c i r c u i t ,  t h e  c u r r e n t  c a n  
r each  ve ry  h igh  v a l u e s  and  h ig t  v o l t a g e s  w i l l  be developed a c r o s s  t h e  r e a c t o r s  
and c a p a c i t a n c e s .  Similar:y, whi le  e i t h e r  t ype  c a n  be des igned  t o  r e s o n a t e  a t  
t h e  fundamental  f requency ,  t h e  p re sence  of harmonic c u r r e n t  d i s t o r t i o n  c o u l d  
p r e s e n t  a  p rob len  t o  t h e  tuned  r e s o c a n t  mode. 

The emergence of t h e  20 kHz r e sonan t  power c o n v e r t e r  ~ e c t i n o l o g y  becomes 
ano the r  i n t e r e s t i n g  c a n d i d a t e  in t h e  p r o l i f e r a t  i r &  f  i e l a  of h igh  f requency  
swi t ch ing  mode I n v e r t e r s  and c o n v e r t e r s .  Thc 20 kHz r e sonan t  power conversior .  
technology has  p o t e n t i s l l y  a t t r a c t i v e  f e a t u r e s  t h a t  need t o  be e v a l w t e d  
f u r t h e r .  Of  p a r t i c u l a r  import is i t s  e f f i c a c y  as  a primary power s o u r c e  
because t h e  a i r c r a f t  a p p l i c a t i o n  imposer! a  wlde r ange  o f  l o a d s  and  l o a d s  t h a t  
a r e  non-l!!ear In terms of t h e i r  hiirmonic c u r r e n t  draw. 
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k .  . Resonent power mode converters could st ill f ind  appl i c a t  ion 
power suppl ies  for  equigment and motors in  the Alternate  IDEA. 
s t a t i c  power inversion/conversion is an e so te r i c  one and it is one tha t  
requires  highly c i r cmspec t  evaluation. Dee ign considerat ions a r e  somet h e 8  
a n t i t h e t i c a l :  the  requirement fo r  high ef f ic iency  connotes low res i s tance ,  
but low res i s tance  connotes low damping, so the  loop-dynamics and band- 
w id th l s t ab i l i t y  a r e  a f fec ted .  These a r e  the design nuances t h a t  must be 
addressed in any closed-loop dynamic system, but they a r e  key a l s o  t o  t h e  

t achievement of s t a b i l i t y  a n i  high performance in the s t a t i c  power 
inverters/converter technology. 

3.2.8 Propulsion system interface.  - The spec i f i c  difference between the 
engines in  IDEA a i r c r a f t  (compared to  the Baseline) is tha t  the  engine bleed 
a G  requirement is deleted and no pneumatic a i r  is ava i lab le  f o r  engine 
s t a r t i ng ,  a i r  t u r b h e  motors, thrust-reversing, and hot a i r  i ce  pro tec t ion  
system8 . This nc-lleed engine therefore gelns  by a reduction in  the SFC and 
thrust  1 n a l t i e s  m .  incident on the basel ine airplane.  There a r e  a l s o  w i g h t  
gains that derive from the elimination of bleed port hardware, bleed a i r  
ducting x e c o o l e r  i n s t a l l a t i on ,  pnernnat i c  s t a r t e r  i n s t a l l a t i o n ,  miscellaneous 
other hardwareg(such a s  s p l i t t e r  assemblies) and reduct ion in the engine 
weight. The E technology usrd is based on a bleed configured design, so  it 
is not cycle-optimized fo r  shaf t  power extract ion.  In the  absence of a 
s p c i f i c  cycle-optimized design, the physical dJfferences i n  the IDEA engines 
a r e  computed parametrically from the basel ine E design. The weight changes, 
when quant if ied,  were cycled through the ASSET program. 

The mission p ro f i l e  is  based on a constant mach number and is cont ro l led  
by the automatic f l i g h t  management system (AFMS) f o r  maximum f u e l  economy 
(e.g., nax s t i l l -a i r - rangel lb .  of fue l ) .  In  t h i s  mode, the power s e t t i n g s  on 
the engine sxe decreased on route a s  a function of a l t i tude- increases  and the 
reducing fue l  load. In addi t  ion t o  the minimum f u e l  burn, the AFMS can be 
programmed fo!: maximum range, shor tes t  mission time, and other modes. The 
mission e l e c t r i c a l  load p ro f i l e  used for  performance ca lcu la t ions  is shown ill 

f igure 34. 

The accessory gearbox (AGB) in  the IDEA ( a s  i n  the Baseline) is driven by 
the power take-off (PTO) shaf t  taken from a bevel gear dr ive on the HP spool. 
With the removal of the hydraulic pumps, the pneumatic s t a r t e r ,  the  
CSDIgenerator assemby, the gearbox design, its weight and complexity a r e  
reduced. Consequently, i t  i s  re fer red  t o  an "austere" gearbox. Functionally,  
as ide from t i e  reduct ion in  complexity, the horsepower t o  dr ive t h i s  gearbox 
is proportionally much l e s s  because of the simpler gear t r a i n  and the lower 
f r i c t  ionllubr i ca t  ion o i l lhydrua l ic  pump losses .  Also, the HP spool is 
rel ieved of high breakaway torque of the CSD system and the o i l  v i scos i ty  
changes a t  low temperature during engine s t a r t i n g  a t  -5g°F. S t a r t i ng  of t he  
engines In the IDEA is therefore Improved during cold day operat ions s ince  
there is reduced viscous drag. 

Another difference In the AGB w i l l  be a change to  the torque/speed 
cha rac t e r i s t i c s  of the  dr ive pads. In the Baseline, hydraulic pump speeds a r e  
approximately 1800 t o  3800 rpm and the IDG AND 20006 pad fo r  the 901120 kVA 
IDGS about 4500 t o  9200 rpm. In the IDEA, the pads fo r  the two 150/175 kVA 
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Figure  34.  - Mission e l e c t r i c a l  load p r o f i l e .  

genera to r s  have an approximate speed range of 8600 t o  17400 r p .  A number of 
d r i v e  conf l g u r a t  ions a r e  poss ib le  in t h e  IDEA t h a t  include f a n  c a s e  o r  c o r e  
case  mounted accessor ies .  In  f i g u r e  35 a "saddle  mount" c o n f i g u r a t i o n  is 
shown in which the  two g e n e r a t o r s  a r e  mounted on d i a m e t r i c a l l y  o p p o s i t e  s i d e s  
of  the  gearbox. Th i s  arrangement is f u r t h e r  exemplif l e d  by t h e  f a c t  t h a t  the  
common d r i v e  s h a f t  in t h e  AGB is terminated a t  each end wi th  "master" s p l i n e  
t h a t  mates wi th  a s i m i l a r  male s p l i n e  on the  genera to r  d r i v e  s h a f t .  T h i s  
ensures  t h a t  t h e  genera to r  r o t o r s  a r e  au tomat ica l ly  "synchrophased", when 
i n s t a l l e d .  It a l s o  permits  p a r a l l e l  o p e r a t i o n  of t h e  g e n e r a t o r s  i n  t h e  
eng ine -s ta r t  o r  o t h e r  modes. A s i m i l a r  concept ,  but using side-by-side 
genera to r s ,  is shown in f i g u r e  36. 

Figure  37 is another  i n s t a l l a t i o n  p o s s i b i l i t y  t h a t  o f f e r s  novel f e a t u r e s .  
Here an in-1 ine tandem genera to r  is shown in which t h e  mounting f l a n g e  is 
picked up near  its c e n t e r  of g r a v i t y .  The two e l e c t r i c a l  terminal  blocks a r e  
l o c a t e d  a t  one end of t h e  machine a l lowing t h e  tandem machine t o  be i n s e r t e d  
through the  c e n t r a l  mounting f l a n g e  t o  connect i n t o  the  d r i v e  geabox t h a t  
could be i n t e g r a l  or  separa te .  The in - l ine  conf igura t ion  e l i m i n a t e s  t h e  need 
f o r  mechanical synchrophasing s i n c e  t h e  machine des igner  can a c c u r a t e l y  
c o n t r o l  the  angular r e l a t i o n s h i p  of t h e  magnet poles .  

The pylon mount I l l u s t r a t e d  i n  f i g u r e  37 u s e s  a novel  tower-shaft 
disconnect  which is incorporated in t h e  compact p lane ta ry  g e a r  conf igura  t i o n  
loca ted  on the  top  of t h e  engine.  The r e a c t i o c  torque of t h e  r i n g  gear  is 
e f f e c t e d  v i a  a p in  that i n s e r t s  through a hole  in t h e  o u t e r  per iphery  of t h e  
r i n g  gear.  This  pin can be removed from mechanical engagement by a n  e i e c t r o -  
magnetic so leno id  t h a t  would be energized wi th  t h e  onse t  of any e l e c t r i c a l  
s h o r t s  in t h e  s t a t o r  ~f the  SmCo genera to r s .  R e t r a c t i o n  of t h e  s o l e n o i d  pin  



Figure 35. - AGB: generator  saddle mount. 

Figure 36. - AGB: side-by-side conf igurat  ion. 

would in t h i s  event allow the  planetary gears  t o  spin f r ee .  The solenoid pin 
approach is typ i ca l  only s ince  other  electromechanical ac tua t ion  is possible.  

Other ref i~iements  (shown in the inse t  diagram) show the  use of an 
r lectro-opt ic  alignment method t o  permit r e in se r t i on  of the  p in  on the  ground. 
A pb:aer d r ive  method (power d r i l l )  allows f o r  ro t a t i on  of t he  r i o g  gear 
assembly u n t i l  the  pin is l i ned  up with the  hole. A photo- t ransis tor  senses  
t h i s  condi t ion v i a  the incident l i g h t  from a l i g h t  emit t ing diode (LED) 
focused on the  r e f l e c t o r  located on the  ou ts ide  of t he  r i n g  gear.  An advan- 
tage of the  pylon i n s t a l l a t i o n  is t h a t  it permits a very c lean  engine 
i n s t a l l a t  ion, but a c c e s s i b i l i t y  ( f o r  maintenance, e t c  .) is reduced. The 
in l i ne  (tandem generator) configurat ion is otherwise appl icab le  t o  a 
conventional AGB mount conf igura t  ion. 

The engine suppl ier  w i l l  be requested t o  in tegra te  the AGB o i l  l ub r i ca t i on  
and o i l  cooling provisions i n to  the  engine system. As described in the  t r ade  
ana lys i s  of a l t e r n a t i v e  e l e c t r i c  power generator systems, it  is a l s o  s t rongly 
recommended t h a t  in the IDEA the  cooling of t he  SmCo generatore  be in tegra ted  
i n to  the engine o i l  cooling system so a s  t o  avoid addi t iona l  camplexdity of 
mechanically driven pressure and scavenge pumps, and f i l t e r s .  A s p i r g l  
housing may be used to  enclose the back i ron  of the generators  and f u e l ,  o i l  
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o r  o t h e r  coolant  could  be pumped through t h i s  h ighly  r e l i a b l e  heat  exchanger 
c i r c u i t .  There would be no con tac t  of the  f l u i d  medium wi th  any of t h e  in te r -  
n a l  e l e c t r i c a l  p a r t s  of t h e  machine. Because of t h i s  h ighly  r e l i a b l e  c o o l i n g  
method f o r  the  tandem genera to r s ,  i t  is not  expected t h a t  the  engine  s u p p l i e r  
vould be concerned wi th  t h e  approach of i n t e g r a t i n g  t h e  coo l ing  i n  wi th  t h e  
engines  o i l  cool ing system. 

3.2.9 Engine s t a r t i n g .  - T h i s  func t ion  in the  lDEA is fu rn i shed  by o p e r z t i n g  
t h e  SmCo g e n e r a t o r s  a s  synchronous motors dur ing t h e  s t a r t  mode. I n  t h e  VSCF 
type systems t h e  s t a t i c  power c o n v e r t e r l i n v e r t e r  ( i n  the  output  l i n e s  of each 
genera to r )  is used in a " reverse  power mode" and t h e  vol tage/ f requency a p p l i e d  
t o  the  s t a t o r  of each s t a r t e r - g e n e r a t o r  (S-G) is programmed t o  c o n t r o l  the  
a c c e l e r a t i o n  r a t e  and s t a r t - t ime  of t h e  engine. A p r e r e q u i s i t e  of t h i s  
o p e r a t i o n  is t h a t  the  commutation of the  SCRs o r  t h e  power t r a n s i s t o r s  i n  the  
power e l e c t r o n i c  assembly be  c o n t r o l l e d  by a r o t o r  p o s i t i o n  sensor  incorpor-  
a t e d  i n  each S-G. I n  the  d i r e c t  d r i v e  genera to r  system (DDGS), o r  v a r i a b l e  
v o l t a g e / v a r l a b l e  frequency (VVIVF) system, a s e p a r a t e l d e d i c a t e d  i n v e r t e r  
assembly is used t o  genera te  a quasi-square wave output  f o r  t h e  S-Gs. Two 
s t a r t i n g  i n v e r t e r s  ( t o  provide redundancy) were designed by Sundstrand 
Aviat ion f o r  the  :unc t ion  and each weighs approximately 55 pounds. 

A t y p i c a l  engine s t a r t  c h a r a c t e r i s t i c  f o r  a n  ~ ~ - t ~ ~ e  engine i s  shown i n  
f i g u r e  38 f o r  P&W STF-631-type engine.  The HP spool  on t h i s  engine  has  a 
polar  moment of some 9.6 s l u g  f t  and i ts  -40°F peak drag torque a t  l i g h t -  
o f f  speed of 2600 rpro is approximately 130 f t - l b :  minimum se l f - suppor t  speed/ 
ground i d l e  speed of t h e  engine is approximately 8600 r p .  Since t h e  engine  
i n  the  IDEA i s  t h e  same as i n  t h e  Baseline,  t h e  s t a r t i n g  c h a r a c t e r i s t i c  is t h e  
same except f o r  t h e  d i f f e r e n c e s  of h igher  breakaway torques ,  r e f l e c t e d  by t h e  
a c c e s s o r i e s  in  the  Baseline during co ld  s t a r t  cond i t ions .  However, i t  can be 
seen t h a t  baaed on peak torque a t  l igh t -o f f  of 180 f t - l b ,  t h e  horsepower 
de l ive red  t o  the  engine  HP r o t o r  is approximately 90 HP. 

As s t a t e d ,  i n  t h e  horsepower r a t i n g  of each SmCo genera to r  f o r  s t a r t i n g  
t h e  engines  i n  the  lDEA i s  not  as high a s  on the RB-211 and CF6 engines ,  but 
torque is s t i l l  a key s i z i n g  f a c t o r  in t h e  genera to r .  Based on a HP spoo l  
speed of say 12,000 r p ,  a n  approximate 1.33: 1 s t e p  down r a t i o ,  from t h e  
genera to r  t o  engine (1 6,OOO/l2,OOO) is necessary.  This gear  r educ t  ion  
provides torque a m p l i f i c a t i o n  but the  g e n e r a t o r ' s  f u l l  load  torque r a t i n g  
would be def ined as  f ol lows : 

= 90 f t - l b  
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Figure  38. - NASA E technology es t ima ted  s t a r t i n g  torcue.  

Where T = torque in f t - l b  

r l  = t r ansmiss ion  e f f i c i e n c y  

N = genera to r  rpm 

K = gear  r educ t ion  r a t i o  

This  shows t h a t  t o  s t a r t  the  E' one of t h e  tw g e n e r a t o r s  i n  each power 
p l a n t ,  would n e c e s s i t a t e  going i n t o  t h e  machine's over load r a t i n g  . The 
a l t e r n a t i v e  is t o  p a r a l l e l  the  two genera to r s ,  s i n c e  mechanical-indexing of 
t h e  r o t o r s  permits  t h i s .  C lea r ly ,  t h e  c a p a b i l i t y  for  us ing only  one of t h e  



1 .  

\ two g e n e r a t o r s  f o r  s t a r t i n g  would be an advantage and any inc rease  i n  t h e  
e l e c t r o t h e r m a l  c a p a c i t y  of t h e  S-G t o  do t h i s  would be worthwhile. The start 
mode of t h e  e l e c t r i c  machine none the less  r e p r e s e n t s  a  more arduous c o n d i t i o n  
than t h e  genera to r  mode. It is p o s s i b l e  a l s o  t o  use an a d d i t i o n a l  gea r  
r educ t ion  in the  s t  t mode and bypass i t  in t h e  run  mode, but  t h i s  adds  t h e  
a d d i t i o n a l  mechanical complexity of g e a r s  and overrunning c l u t c h e s .  It is 
a l s o  poss ib le  t o  consider  some o t h e r  completely d i f f e r e n t  p r o p r i e t a r y  
approaches t o  engine  s t a r t i n g  In the  IDEA. . 

3.3 APGS Trade Analys is  

The t r a d e  a n a l y s i s  and s e l e c t i o n  of t h e  a l t e r n a t i v e  power g e n e r a t i o n  
systems was d i f f i c u l t  because some of the  systems,  whi le  s a t i s f a c t o r y  f o r  
p a r t i c u l a r  a p p l i c a t i o n s  ware not  so s u i t a b l e  when a p p l i e d  t o  t h e  h igher  
c a p a c i t y  system as exempl i f ied  by t h e  IDEA and A l t e r n a t e  IDEA. Also, it was 
c l e a r  t h a t  while system weights a r e  usua l ly  important  t o  the  t r a d e  a n a l y s i s ,  
in the  I ~ E A I A l t e r n a t e  IDEA,  t h e  DFCS c o n t r o l  system (and t h e  e lec t romechanical  
a c t u a t o r  system f o r  the  primary secondary f l i g h t  c o n t r o l s )  were r , r i t i c a l l y  
dependent upon t h e  r e 1  i a b i l i t y  of t h e  APGS. 

Safe ty  is key i n  defingng the r e l i a b g l i t y  s t a t i s t i c  of no t  more than one 
c a t a s t r o p h i c  f a i l u r e  in 10 hours o r  1 0  f a i l u r e a / h .  I n  the  convent ional  
a i r c r a f t  such r e l i a b i l i t y / f a i l u r e  s t a t i s t i c s  app ly  mainly t o  t h e  s t r u c t u r a l  
i n t e g r i t y  of the  a i r c r a f t  but they a l s o  apply  t o  the  f l i g h t  c o n t r o l  system, 
r e g a r d l e s s  of its des ign conf igura t ion  and its source  of power. The advanced 
technology p recep t s  of IDEAIAlternate IDEA, however, add a  new dimension t o  
t h e  c r i t i c a l  a n a l y s i s  of the  s a f e t y  a s p e c t s ,  because not on ly  is t h e r e  a  
completely new method of a c t u a t i n g  t h e  c o n t r o l  s u r f a c e s ,  but  t h e  a c t u a t i o n  
system is highly  dependent upon an u l t r a - s o p h i s t i c a t e d  DFCS, which in t u r n  is  
c r i t i c a l l y  dependent upon the  r e l i a b i l i t y  of  t h e  APGS. 

Soph i s t i ca ted  sof tware ,  and its v e t  i f  i c a t i o n  and v a l i d a t i o n  f u r t h e r  add t o  
t h e  o v e r a l l  concern f o r  s a f e t y  r e q u i r i n g  t h a t  the  same c r i t i c a l  a t t e n t i o n  be 
given t o  the  so f tware  des ignlengineer ing a s  t o  t h e  des ign of t h e  DFCS i t s e l f .  
Notwithstanding, t h e  IDEAIAlternate IDEA is conf iden t ly  committed not  only  t o  
its opera t ion  i n  regimes of r e l axed  s t a t i c  s t a b i l i t y ,  RSS, but  also nega t ive  
s t a t i c  s t a b i l i t y  i n  which p i t c h  a c t i v e  c o n t r o l  system (PACS) has  t o  provide  
r e l i a b i l i t y  s t a t i s t i c s  commensurate wi th  t h e  a i r p l a n e ' s  s a f e t y  o b j e c t i v e s .  

R e l i a b i l i t y l s a f e t y  thus  s t and  a s  the  key concerns and t ranscend the  o t h e r  
parameters of  t h i s  t r ade  a n a l y s i s .  S ince  r e l i a b i l i t y  i s  r e l a t e d  s t r o n g l y  t o  
t h e  s i m p l i c i t y  of design,  i t  can be seen t h a t  complexity and s o p h i s t i c a t i o n  
tend t o  abrogate  t h e  r e 1  i a b i l i t y  c r i t e r i o n .  Therefore,  s i m p l i c i t y  In  t h e  
power genera t ion  concept becomes a n  important  y a r d s t i c k  of eva lua t ion .  
However, t h e r e  is a  cavea t  inasmuch a s  it is not a  stand-alone s ta tement ,  
i .e . ,  t h e  s i m p l i c i t y  is  not exc lus ive  t o  the  des ign and hardware implementa- 
t i o n  of the  power genera t ing  channel i t s e l f .  For t h e  APGS t o  score  h lgh 
marks, it must be simple in  i t s e l f  and i t  must not  r e s u l t  i n  compl icat ions ,  
increased weight o r  h igh maintenance suppor t  In t h e  a i r c r a f  t 's  systems and 



u t i l i z a t i o n  e q u i p e n t .  An example of t h i s  would be a requirement f o r  
excess ive  power cond i t ion ing  In t h e  u t  il i z a t  ion  system. 

Maintenance a c t  ions/maintenance suppor t  were noted above and t h i s  becomes 
t h e  next  important  parameter of assessment ,  To a major e x t e n t ,  excess ive  
maintenance suppor t  c o s t s  hark  back t o  r e l i a b i l i t y  (MTBFs, TBOs) and t h e  
complexity of the  systems i n s t a l l a t i o n .  C l e a r l y ,  compl icated/sophis t  i c a t e d  
systems r e q u i r e  high s t andards  of t e c h n i c a l  suppor t  on t h e  ground, and t h e  
more involved the  aystems t h e  more d e t a i l e d  the  maintenancc/checkout pro- 
cedures  and t h e  more p r o t r a c t e d  t h e  c o r r e c t i v e  a c t i o n s .  The downtime as a 
r e s u l t  of t h e s e  a c t i o n s  decreases  t h e  a v a i l a b i l i t y  of m i l i t a r y  a i r c r a f t  and 
reduces  t h e  o p e r a t i o n a l  e f f e c t i v e n e s s  of t h e  a i r l i n e s .  

A c o r o l l a r y  t o  the  above r e l a t e s  t o  the  mean-time-to-repair (MTTR). Here 
t h e  f i g u r e  of m e r i t  r e l a t e s  again  t o  complexity,  s i n c e  t h e  h lgher  t h e  p a r t s  
count in a system o r  equipment, t h e  lower is t h e  s t a t i s t i c a l  r e l i a b i l i t y .  
However, some equivocat  ion is r e q u i r e d  because t h e  s u p p l i e r  of advanced 
s o p h i s t i c a t e d  equipment has moved more towards modular i ty  i n  des ign  and is 
us ing ded ica ted  microprocessers  t o  monitor the  s t a t u s l f  a l l u r e  modes of t h e  
systems/equipment. Such dedicated microprocessors  i s o l a t e  f s i l u r e s  down t o  
t h e  LRU l e v e l  and permit ready removal of t h e  LRU f o r  f u r t h e r  d i a g n o s t i c  
e v a l u a t i o n  in the  maintenance shop. Excessive use of BITE and modular i ty  i n  
des ign should  n o t ,  however, preempt o r  usurp  t h e  o b j e c t i v e  of ach iev ing  t h e  
requ i red  performance wi th  t h e  s imples t  and most r e l i a b l e  system/equiprnent. 

The s u i t a b i l i t y  of adapt ing t h e  APGS t o  high power l e v e l s  is another  
important  weighting parameter. Some s o p h i s t i c a t e d ,  and otherwise  h ighly  
s u i t a b l e  e l e c t r i c  power systems,  may not be s u i t e d  t o  the  IDEAlAlternate IDEA 
a p p l i c a t i o n  s i n c e  the  t o t a l  i n s t a l l e d  capac i ty  requirement cou ld  be much too  
high f o r  100 percent power condi t ioning.  I n  t h e  advanced m i l i t a r y  t r a n s p o r t s  
major power demands may d e r i v e  from the  a p p l i c a t i o n  of s o p h i s t i c a t e d  m i l i t a r y  
weapon systems.  

"High power," in t u r n ,  emphasizes high o v e r a l l  t r ansmiss ion  e f f i c i e n c y  and 
t h e  need f o r  reducing t h e  hea t  d i r s i p a t i o n  c h a r a c t e r i s t i c .  It i s  c l e a r ,  if 
the  APGS demands major thermal ranagement des ign c o n s i d e r a t  ion ,  i t  w i l l  impact 
unfavorably on weight,  s i z e ,  r e l i a b i l i t y  and coa t .  Ef f i c i ency  and t h e m 2 1  
management t h e r e f o r e  become 'hpor tant  a d d i t i o n a l  eva lua t ion  f a c t o r s .  

Weight i s  a cons ide ra t ion  i n  any aerospace system and the  indus t ry  is 
cond i t ioned  t o  address ing t h i s  a s p e c t  i n  the  des ign and development of l i g h t -  
weight systems and equipment. A p o s s i b l e  d i f f e r e n c e  in the  IDEA/ A l t e r n a t e  
IDEA is  t h a t  whi le  weight is important ,  t h e  r e l i a b i l i t y  c r i t e r i o n  is y o r e  
important ,  and random f a i l u r e s  should not  be a legacy of weight r educ t ion  
e f f o r t s .  

I n  t h e  t r a d e  a n a l y s i s  i t s e l f ,  a  reasonable  amount of e f f o r t  was d i r e c t e d  
t o  a " c r i t i q u e "  of t h e  CSD, VSCF, and 270 Vdc systems because they a r e  tech- 
n o l o g i c a l l y  mature and compet i t ive  systems wi thin  t h e i r  own r i g h t .  I n  the  
c a s e  of t h e  VV/VF and t h e  20 kHz systems,  t h e  t rea tment  was somewhat d i f f e r e n t  
s i n c e  these  systems a r e  immature and without t h e  b e n e f i t  of s i g n i f i c a n t  
background. Consequently, these  systems were not  c r i t i q u e d ,  per s e ,  but  



instead they were technologically evaluated more in  a t u t o r i a l  manner. This 
J was done because there i e  a lack  of understanding a s  to pract i c a l  implemen- 

t a t i o n  aspects  of these systems and there is a concern in the industry a s  t o  
t h e i r  t o t a l  e f f icacy  when appl ied t o  fu tu re  t ranspor t  a i r c r a f t .  As regards 
the d i f fe rences  betwc.en the VVIVF and the 20 kHz power eyotems, the  l a t t e r  is 
more i n  need of invert  iga t  ive ana lys is  and design a c t i v i t y  by the aerospace 
e l e c t r i c a l  industry s ince  it is not possible  a t  t h i s  time t o  quant ify the  per- 

f e. formance, s i z e ,  weight, cos t ,  r e l i a b i l i t y  and other  d e t a i l s ,  i n  a r e a l  world 
implementation of the system. The same is not t rue  of VVIVF s i n c e  i t  takes 
advantage of many of the technologies t ha t  now res ide  in the  aerospace 
industry,  e .g . , samar luau cobal t  generatorslmotore, induction motorslgenera- 

. . t o r s ,  s o l i d  s t a t e  power switching and s o l i d  s t a t e  power conversion/inversion 
technology. A t  the ou t se t ,  the  VVIVF should enjoy the a t t r i b u t e s  of 

t s impl ic i ty ,  r e l i a b i l i t y  and high power transmission e f f ic iency .  

3.4 Selected Power Generation System 

The decision and se l ec t ion  of the e l e c t r i c  power system was d i f f i c u l t  
because of the mature s t a t u s  of many of the competing systems f o r  the IDEA 
appl icat ion.  While a matrix comparison with numeric r a t i ngs  assigned f o r  t he  
respect ive evaluation parameters could have been used, i t  would define the 
se lec t ion  in an unequivocal manner and it would mask the  bene f i t s  other  sys- 
tems might have were some of the ground ru l e s  d i f f e r en t .  For example, t he  
se lec t ion  process could have been influenced in a d i f f e ren t  manner i f  t he  
capacity of the individual generating channel were say 90 kVA o r  l e s s .  Also, 
the number of motor loads in an a i rp lane  have a major bearing on the  design 
configurat ion and ef f icacy  of a par t icu lar  system. Clearly,  i f  power is 
generated a t  a voltage and/or frequency l e v e l  that neces s i t a t e s  excessive 
power cond!tioning, then the t o t a l  system s u f f e r s  i n  terms of weight, com- 
plexi ty,  r e 1  i a b i l  i t y ,  maintenance support and cost .  In another a i rp lane ,  such 
a s  a mi l i t a ry  type, i t  is possible also tha t  the weapons system and avionics  
could be key and have a major influence on the design of t he  APGS. For 
example, i n  mi l i t a ry  a i r c r a f t  there is a l s o  a d i f f e r en t  interplay between the 
requirement f o r  cool ing and pressur i z a t  ion. In a la rge  commercial a i r  plane 
the pressurizat ion requirement a t  a l t i t u d e  is the dominant load, compared t o  
the cooling requirement, whereas in a l a rge  mi l i ta ry  ASW type a i r c r a f t ,  t he  
preseurizat ion requirement could be low and the cooling demand high. 

Acknowledging the above design f ac to r s  and the type of loads in the IDEA 
configurat ion,  a var iab le  speed var iab le  frequency VSVF (VVIVF) type system 
was selected f o r  t h i s  a i rp lane ,  having two 3-phase 400V 800 Hz 1501200 kVA 
generators in each of the three power plants .  

Figure 39 is a bar chart  peak load ana lys is  covering t h e  d i f f e r e n t  
segments of the mission p ro f i l e ,  showing tha t  the maximum continuous load 
demands occur during the 35,000 ftl0.8M c r u i s e  condition. This is t h e  
condition where f u l l  cabin pressur i za t ion  is e f f ec t ive  and where other  l a rge  
loads such a s  the  ga l ley ,  f l l g h t  cont ro ls ,  l i gh t ing ,  avionics and other  loads 
such a s  fue l  boos t l t ransfer  pumps, a r e  in operation. Based on these loads,  
the maximum continuous r a t ing  of the tandem generators i n  each power plant is 
approximately 160 kVA o r  80 kVAIgenerator. Ae indicated,  the  cabin 
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Figure  39. - IDEA a i r p l a n e  peak e l e c t r i c  l o a d s  vs  miss ion segment. 

p r e s s u r i z a t i o n  requirement is t h e  major load  in t h e  a i r p l a n e  and un l ike  t h e  
g a l l e y ,  i t  r e f l e c t s  a continuous power demand to  the e l e c t r i c  power system. 

Using a nonrej,jcnerat ive  ECS approximately 140 hp would be r e q u i r e d  t o  
supply 1 . 4  l b / o l x  of bleed a i r  per engine. For performance c a l c u l a t i o n s  i n  
t h i s  s tudy it was assumed that a r egenera t ive  ECS ).I? used In which ECS a i r ,  
Ins tead df being dumped overboard,  is passed through a hea t  exchanger and then 
through a power t u r b i n e  a t t a c h e d  t o  the  ECS compressor, thus  dec reas ing  t h e  
ECS e l e c t r i c a l  power requirement.  I n  t h i s  manner c r u i s e  ECS power is reduced 
t o  94 hplengine.  As shown i n  Chapter 11,  non-ECS loads  f o r  t h e  Baseline and 
IDEA a r e  very s i m i l a r ,  s i n c e  those  func t ions  t h a t  were performed h y d r a u l i c a l l y  
on the  Beseline a r e  performed e l e c t r i c a l l y  on the  IDEA. 

The conc lus ions  and summary of the  above overview a r e :  - 
( 1 )  The cho ice  of t h e  APGS in the  l D E A  is d i c t a t e d ,  more than any th ing  

e l s e ,  by the  magnitude of the  l o a d s  and the  type of loads  i n  a l a r g e  
commerc la1 i n t  e r n a t  ional  range t r a n s p o r t  . 

(2: The horsepower demands of the  " ~ t i l i t y l ~ c s "  loads ,  a r e  approximately 
the  dame, in t h e  b a s e l i n e  and t h e  IDEA. 



. . . , 

8 ,  . .  , . 
4 ' , <  . , (3)  The major d i f f e r e n c e  is in t h e  comparison of engine  b leed  vs .  s h a f t  
t i  power e x t r a c t  ion  a s  qua1 i f  l e d  by t h e  above d i rcuse ion .  

+ 
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F i n a l l y ,  i t  i a  r e l e v a n t ,  as desc r ibed  l a t e r ,  that t h e  motor d r iven  c a b i n  
compressors and the  ECS i n  genera l  a r e  powered d i r e c t l y  from t h e  engine  d r iven  
genera to r s ,  without in te rven ing  e l e c t r o n i c s .  ' 2  
3.4.1 E l e c t r i c  power system design. - The primary power supply f o r  the  IDEA 
comprises six-engine d r iven  SmCo genera to r  s (two per power p l a n t )  opera t l a g  in 
a nonpara l l e l ed  conf igura t ion ,  and each having a nameplate r a t i n g  of 150/175 

', kVA. Because of t h e  high power l e v e l  and t o  save c a b l e  weight and e l e c t r o -  
+, magnetic w i g h t ,  a double s t andard  v o l t a g e  and frequency system has been 

se lec ted .  This means that t h e  6-pole g e n e r a t o r s  develop 3-phare 400 V 800 Hz 
power a t  a nominal speed of 16,000 rpm which corresponds  approximately t o  92 
percent high-pressure spool  speed. Each genera to r ,  be ing a permanent magnet 
(Sm Co5) type machine, develops v o l t a g e  that is approximately p ropor t iona l  t o  
e n g k e  speed, s o  t h e  fo l lowing e l e c t r  i c  power c h a r a c t e r  1st i c r  p r e v a i l  over 
t y p i c a l  engine speed cond i t  lone : 

Condit ion Engine Speed - Vol t r  Freq (Hz) 

Max Cruise  Climb 96 X 41 8 83 6 

A l t i t u d e  Cruise  

High A l t i t u d e  Descent 85% 3 70 740 

Approach 80% 348 696 

Ground 64% 2 78 556 

Ae ev iden t ,  t h e  E/F r a t i o  remains approximately cons tan t  over t h e  t o t a l  
speed range and i t  is a c h a r a c t e r i s t i c  that is i d e a l  f o r  a c  induc t ion  motors. 
The primary ac  vo l t age  is a l s o  s u i t a b l e  f o r  most h e a t i n g l l i g h t i n g  l o a d r ,  
t r ans fo rmers  and o t h e r  e lec t romagnet ic  equipment. During the  c r u i s e  regime 
and p rac t  i a l l y  a l l  o t h e r  p a r t s  of t h e  miss ion,  t h e  dngine rpeed v a r i a t i o n s  a r e  
emall ,  r o  an approximate c o n s t a n t  v o l  t age /cons tan t  frequency cturrac t e r  1st i c  
p r e v a i l s  over most f l i g h t  cond i t  ions.  

While the primary power system opera tes  au a v a r i a b l e  voltage!variable 
frequency (VVIVF) system, i t  is p ro jec ted  in the  time frame of t h e  lDEA that 
t h e r e  w i l l  be a s i g n i f i c a n t  inventory of equipment s t A l  r e q u i r i n g  the  con- 
v e n t i o n a l  3-phase 200 V 400 Hz type power system. Because of t h i s ,  f o u r  25  kW 
constant  vo l  t age lcons tan t  frequency (CV/CP) e l e c t r o n i c  assembl i e s  f u r n i s h  t h e  
demands f o r  high qual  i t y  CV/CF power in t h e  IDEA. Other s p e c i a l  power sup- 
p l i e s ,  such a s  270 Vdc a r e  der ived from 3-phase phase delayed r e c t i f i e r  (PDIlr) 
assembl ies  tha r  front-end the  power e l e c t r o n i c s  of t h e  FCS se rvo  a c t u a t o r s .  
Pour dedicated PDRe could  have been used t o  f u r n i r h  270 Vdc, bu t  t h e  d is-  
t r i b u t e d  approach was s e l e c t e d .  F ina l ly .  28 Vdc power can  be supp l i ed  e i t h e r  



by unregula ted  TRUs ( t ransformer  r e c t i f i e r  u n i t s ) ,  or  by swi tch ing  r e g u l a t o r  
power s u p p l i e s  powered from the dedicated CVICF power system. The l a t t e r  
could a l s o  be used f o r  o t h e r  s p e c i a l  low vo l t ages  5, 12 ,  ' V power s u p p l i e s .  
The dedicated power s u p p l i e s  a r e  d iscussed f u r t h e r  I n  t h i s  ject ion.  

3 .4 .2  Generator power system c o n t r o l .  - Each power channel incorpora tes  a  
soph i s t  i c a t e d  superv i so ry  c o n t r o l  t h a t  f u r n i s h e s  t h e  necessary  l o g i c  f o r  t h e  
c o n t r o l  and p r o t e c t i o n  elements f o r  the  complete power system. A s  wi t6  the  
base1 ine s y r t  cms, a  microprocessor-based superv i so ry  panel is used f o r  each 
power channel and i t  o p e r a t e s  autonomously , out  a i d e  the  d i g i t a l  lcadlpower 
management system. This  l a t t e r  system (deecr  ibed i n  Sect  ion 5) is respons ib le  
f o r  " t o t a l  system" management and i t  w i l l  not  i n t e r f e r e  with the  r o l e  of the  
microprocessor based superv i so ry  panels  in t h e i r  r e a l - t  h e  monitor ing of t h e  
ind iv idua l  power channels.  Any anomal i e s  in  the system vol  tage/ f  requency , 
presence of power feeder  f a u l t s  (open c i r c u i t ,  open phase, s h o r t  c i r c u i t ,  
d i f f e r e n t i a l  f a u l t )  a r e  pol iced by the  ind iv idua l  supervisory  pa; e l s  and 
appropr ia te  a c t  ion is i n i t i a t e d  t o  avoid problem cond i t ions .  Abnormal system 
behavior,  l o s s  of eng ine lgenera to r ,  e t c . ,  a r e  a l s o  monitored by t h e  super- 
v i so ry  panel and Information l a  f lagged t o  t h e  c e n t r a l  d i g i t a l  power/load 
management system, which w i l l  t ake  a p p r o p r i a t e  a c t i o n  t o  r e i n s t a t e  any power 
l o r e  t o  p a r t i c u l a r  e l e c t r i c a l  s e c t  ion. The c e n t r a l  d i g i t a l  processor system 
a l s o  incorpora tes  the  l o g i r  t o  e f f e c t  an  o r d e r l y  and sequent la1 disconnect ion 
of loads ,  t o  avoid any overloading of remaining g e n e r a t o r s  o r  ind iv idua l  power 
feeder  eec t ions .  

To a  major e x t e n t ,  the  microprocessor based superv i so ry  panel  in each 
power channel is s h p l i f  led t o  t h e  ex ten t  t h a t  i t  is not necessary ,  a s  i n  a  
p a r a l l e l e d  e l e c t r i c  system, t o  monitor and c o n t r o l  the r e a l  and r e a c t i v e  power 
balance between the  p a r a l l e l e d ,  e l e c t r i c  genera to r s .  The system is a l s o  f r e e  
of synchrophasing procedures,  necessary  t o  e f f e c t  p a r a l l e l i n g ,  and the  sophis- 
t i c a t  ion of providing a  r e a l - t  h e  unambiguous i s o l a t  Ion of abe r ran t  power 
channels.  S i m i l a r l y ,  the  genera to r s  a r e  d i r e c t  engine d r iven ,  s o  t h e r e  can be 
no over f  requenc y/under f  requency , overvol tage/undervol cage cond i t  ions ,  u n l e s s  
the  engine i t s e l f  overspeeds o r  underspeeds, C lea r ly ,  any speeu anomaliee i n  
t h e  engine w i l l  be monitored c l o s e l y  by FADEC ( F u l l  Authori ty D i g i t a l  Engine 
Control )  and appropr ia te  a c t i o n  w i l l  be i n i t i a t e d  t o  c o r r e c t  the  anomaly by 
the  engine monitor system or  shut down the  engine .  

3 . 4 . 3  E l e c t r i c  g e n e r a t o r  design.  - A d e s i r e d  c h a r a c t e r i s t i c  f o r  the  genera to r  
in the IDEA is f o r  i t  t o  have a  low vo l t age  r e g u l a t i o n .  The e x t e n t  t o  which 
t h i s  is r e a l i z a b l e  w i l l  be s u b j e c t  t o  a  d e t a i l e d  genera to r  des ign,  bu t  a major 
a i n p l i f  i c a t i o n  could  accrue  t o  the  power system i f  t h e  g e n e r a t o r s  posrsessed 
inheren t ly  s t i f f  vo l t age  c h a r a c t e r i s t i c s .  To accomplish t h i s ,  t h e  genera to r  
would have t o  be designed with a l a r g e r  than normal a i r  gap and wi th  magnets 
t h a t  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  s t r o n g  demagnet i z i n g  f i e l d s  B-H va lues )  . 
The development of t h e  r a r e  e a r t h  permanent magnets wi th  i n c r e a s i n g l y  high 
energy products and a  f l a t t e r  B-H c h a r a c t e r i s t i c  wi th  no sha rp  knee w i l l  
c o n t r i b u t e  favorably  t o  t h e  des ign of such an inheren t ly  s t i f f  e l e c t r i c  
machine. Samarium c o b a l t  magne s o r  neodynium-iron-boron (N-omax) w i l l  o f f e r  8 energy products of over  35 x 10 gauss-oersted.  Other new magnet m a t e r i a l s  
w i l l  evolve with even higher energy products and more s t a b l e  8-H c h a r a c t e r i s -  
t i c s .  It is f u r t h e c  poss ib le ,  wi th  d i f f e r e n t  iron-to-copper r a t i o s ,  t o  



c o n t r o l  t h e  r e a c t a n c e  v a l u e s  o f  t h e  machine s o  t h a t  t h e  g e n e r a t o r  i s  less 
s e n s i t i v e  t o  load changes and load unbalance .  The d i r e c t  a x i s  r e a c t a n c e  
v a l u e ,  X,, i s  i t s e l f  s t r o n g l y  i n f l u e n c e d  b y  a i r  gap  l e n g t h  nnd d e c r e a s e s  w i th  
i n c r e a s e  i n  t h e  a i r  gap l e n g t h .  

F i g u r e  40  ts  i l l u s t r a t i v e  of  how t h e  g e n e r a t o r ' s  r e a c t a n c e s  v a r y  a s  a  
f u n c t i o n  o f  t h e  a i r  gap  l e n q t h .  Tn many c u r r e n t  a i r c r a f t  g e n e r a t o r s ,  t h e  
d i r e c t  axis synchronouo r eac t ance  is t y p i c a l l y  about  2.5 t o  3 . 0  p e r  u n i r .  An 
Xd o f  about  1.5 PU however would hc a  " s t i f f e r "  machine from t h e  a t a n d p o i n t  o f  
v o l t a x e  r e g u l a t i o n  and consequen t ly  l e s s  s e n s i t i v e  t o  load changer .  The Xd is  
of  i n t e r e s t  s i n c e  t h i s  a l s o  d e c r e a s e s  w i th  i n c r e a s e  of a i r  gap ,  s o  a g a i n  i t  i s  
a  f a v o r a b l e  t r e n d ,  i n  t h a t  t h e  t r a n s i e n t  o v e r v o l t a q e  and u n d e r v o l t a q e  on 
r e l e a s e  and a p p l i c a t i o n  of load  a r e  reduced.  S ' . l a r l y ,  t h e  X n e g a t i v e  
sequence r eac t ance  reduces  f a v o r a b l y  w i th  a i r  gap l e n g t h  and t f is  reduces  t h e  
v o l t a g e  unbalance  v i t h  uneven l o a d i n g  o f  t h e  t h r e i  phases .  T h i s  l a t t e r  e f f e c t  
is  shown i n  f i g u r e  40b, where i t  can he seen  t h a t  a  machi le  w i th  an Xd o f  1.5, 
and an X of 0.12, would have a  v o l t a g e  unbalance  ( w i t h  YTL<-6099 s p e c i f i e d  2 
unbalanced load ing )  of ahout  2.7 p e r c e n t ,  compared t o  about  7.2 p e r c e n t  w i th  a  
conven t iona l  machine. F i n a l l y ,  i t  can  be  s e e n  t h a t  t h e  g e n e r a t o r  e f f i c i e n c y  
c h a r a c t e r i s t i c  could be maximum a t  t h e  l a r g e r  a i r  gap va luea .  

E l e c t r i c  machine d e s i g n  is t h e r e f o r e  key  t o  t h e  perfonnance o f  t h e  l a r g e  
c a p a c i t y  g e n e r a t o r s  i n  t h e  TlXA and A l t e r n a t e  lDEA and t h e  machi* .- d e s i g n e r  
has  t h e  a b i l i t y  t o  e v a l u a t e  many computer  d e s i g n s  a s  he  changes Lute d i f f e r e n t  
e l e c t  r i c s l  and mechanical  parameters .  P r e s e n t 1  y, most a i r c r a f t  g e n e r a t o r s  a r e  
des ianed  f o r  minimum weight  and per fonnance  compliance wi th  p r e v a i l i n g  ae ro -  
space  e l e c t r i c  g e n e r a t o r  s p e c i f i c a t i o n s  such a s  MTL-C-6099 and MTC4-21480. 
H i s t o r i c a l l y ,  t h e  machines have s m a l l  a i r  gaps  and h igh  synchronous r e a c t a n c e  
v a l u e s .  As R consequence,  t h e y  have i n h e r e n t l y  poor r e g u l a t i o n  and lower 
s h o r t  c t r c u i  t c u r r e n t s .  The computer  d e s i g n  t h a t  c a l l s  f o r  l a r g e  a i r  gap  and 
low v o l t a g e  r e q u l a t i o n  w i l ? ,  on t h e  o t h e r  hand, b e  less s e n s i t i v e  t o  losd  
change> and w i l l  c o r r e s p o n d i n g l y  e x h t h f t  h igh  s h o r t  c f . r c u i t  c u r r e n t  cbdrac-  
t e r i s t i c s .  

Wire gage is a n o t h e r  i n f l u e q t i a l  f a c t o r  i n  t h e  g e n e r a t o r  d  s i g n  s i n c e  h igh  9 
e l e c t r i c  l o a d i n g s  (h igh  amps/ in- )  w i l l  no t  o n l y  i n c r e a s e  t h e  T R l o s s e s  and 
d e c r e a ~ e  t h e  ef  f  i c i e n c  y hut  w i l l  a190 i n c r e a s e  t h e  TQ d r o p  component. Very 
h igh  c u r r e n t  l o a d i n g s  w t  11 a l s o  i n c r e a s e  t h e  conduc to r  and i n s u l a t i o n  tempel '  
a t u r e  and t h i s  t o o  w i l l  i n c r e a s e  t h e  wire r e s i s t a n c e  and s o  i n c r e a s e  t h e  TR 
d r o ~ .  The des ign  objectives a r e  t o  keep t h e  T R  an4 T Y  v o l t a g e  d rops  i . ,  t h e  
g e n e r a t o r  ?ow and t o  minimize t h e  e f f e c t  of anna tu re  r e a c t i o n  o r  t h e  demag- 
n e t i z i n g  c r o s s  ampere t u r n s .  

Tn t h e  e v a l u a t i o n  o f  a l t e r n a t i v e s  t o  low r e g u l a t i o n  machines,  i t  is  a l s o  
p o s s i h l e  t o  c o n s i d e r  t h e  use  of  e lec t ro-dynamic  c o n t r o l  methods t h a t  w i l l  n o t  
o n l y  provide  r e g u l a t i o n  of t h e  g e n e r a t o r  v o l t a g e ,  h u t  a l s o  mute t h e  permanent 
magnet e x c i t a t t a n  t o  avoid t h e  n e c e s s i t y  of mechanica l  i s o l a t i o n  o f  t h e  
machine when s t a t o r  s h o r t e  nccur .  F i n a l l y ,  t h e r e  is t h e  s imp le  a r t i f i c e  of  
e s t a b l i s h i n g  t h e  p e r  u n i t  r e g u l a t i o n  p o i n t  o f  t h e  machine, a t  a  t y p i c a l  
q u i e s c e n t  load l e v e l  a s  may he t y p i c a l  of  t h e  c r u i s e  a l t i t r t d e  c p e r a t i n g  
c o n d i t i o n  of t h e  g e n e r a t o r .  Tn t h e  TlWA t h e  ECS l oad  r e f l e c t s  e r e l ~ t j v e l y  
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high s teady s t a t e  demand and so  i t  would be poss ib le  t o  e s t a b l i s h  the  per  u n i t  
a i r  gap f l u x  in the machine a t  t h i s  l o a d  l e v e l  thereby l i m i t i n g  the  r e g u l a t i o n  
range. 

h 

3.5 IDEA E l e c t r i c  Power System Configurat ion 

The e l e c t r i c  system in t h e  IDEA comprises t h e  following: 

0 Primary a c  power system 

Spec ia l  ded ica ted  power suppl  i e s  

a F l i g h t  c r u c i a l  power system 

0 Power d i s t r i b u t i o n  system 

APUIezternal power, 

?!gure 41 is  a s impl i f  l e d  e l e c t r i c a l  schematic of the  primary a c  power 
system t h a t  c o n s i s t s  of s i x  three-phase 400V 800 Hz 150/175 kVA d i r e c t  d r iven  
s a m a r i m  c o b a l t ,  g e n e t a t o r s ,  o p e r a t i n g  in a nonpara l l e l ed  conf igura t ion .  As 
previously  descr ibed,  each of the  six channels incorpora tes  a microprocessor 
based supervisory  panel t h a t  monitors performance s t a t u s  of the  genera to r  
channels  and i n t e r f a c e s  t h e i r  c o n t r o l  wi th  t h e  d i g i t a l  power/load management 
(DP/LM) system (which exerc  i s e s  t o t a l  system management). Enginelgenera tor  
f a i l u r e s ,  f a u l t  d i a g n o s t i c s ,  BITE monitoring a r e  a l l  included In the  super-  
v i so ry  pane l s  with appropr ia te  s t a t u s  informat ion being f lagged over the  
d i g i t i a l  d a t a  d a t a  bus system t o  the  f l i g h t  s t a t i o n .  The superv i so ry  pane l s  
opera te  autonomously t o  de-energize and t r i p  f a u l t y  power channels ,  but  t h e  
DP/DL system accep t s  f  1 ight  s t a t  ion commands while its processer  system 
e f f e c t s  c o n t r o l  over the  m u l t i p l e  power feeder  s e c t i o n  breaks  t o  ensure  power 
c o n t i n u i t y  when engines  and/or genera to r s  f a i l .  

Conventional p r o t e c t i o n  is a f fo rded  each power channel and the  fo l lowing 
a r e  incorporated:  

a Over/undervol tage  

Negative sequence c u r r e n t  

Phase sequence. 

A s  p r e v u u s l y  s t a t e d ,  i t  is poss ib le  t h a t  the  OV/UV and OF/UF p r o t e c t i o n  
could be e l imina ted  by taking advantage of t h e  overspeedlunderspeed c o n t r o l  
p r o t e c t i o n  on the  ecgina,  The t y p i c a l  d i f f e r e n t i a l  p r o t e c t i o n  is not ueed i n  
the  IDEA s i n c e ,  i n  a d i s t r i b u t e d  bus system, i t  is d i f f i c u l t  t o  provide feeder  
p r o t e c t i o n  zones. Therefore the  negat ive  sequence c u r r e n t  is used and t h i s  
w i l l  p r o t e c t  a g a i n s t  any l ine - to - l ine  and open phase f a u l t s  in t h e  d i s t r i b u t e d  
busee. A f u r t h e r  recommended f e a t u r e  is t h a t  an  i n s u l a t e d  genera to r  n e u t r a l  
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feeder o r  high impedance grounded neut ra l  system be ueed t o  avoid t he  high 
des t ruc t ive  f a u l t  cu r r en t s  t h a t  a r e  incident on line-to-ground f a u l t s .  

3.5.1 IDEA: d i g i t a l  powerlload management. - A pr h a r y  func t ion  of t he  DPILM 
system w i l l  be t he  management of the feeder sec t ion  t i eo lbreaks  and the  
opera t ion l in te r face  of the a i r c r a f t ' r  p r i r a ry  ac system with the  emergency 
power system, t he  APU system and the  external power system. An erasable1 
programmable read only memory (EPROM) is incorporated within the  DP/LM system 
and provider f o r  f u l l  automatic cont ro l  of t he  complete e l e c t r i c  system: it 
a l s o  accepts  manual input coaulnds from the f l i g h t  s t a t i on .  Appropriate 
s igna l  sources/ t ranrducerr  a r e  incorporated t o  monitor the  s t a t u s  of a l l  
contac tors  ( s ec t i on  t i es lbreaks)  and the  operat ional  s t a t u s  of external/APU 
power, e tc .  Responding t o  t he  autoratic/manual inputs and t h e  l og i c  i n  
memory the  DP/U system sequences the  proper c losure  and opening of a l l  
contactors/bus sec t ion  t i e s  i n  response t o  operat ing conditions.  Such cont ro l  
must have the highest r e l i a b i l i t y  and i n t e g r i t y  s ince  the  DP/LM system is 
responsible f o r  ensuriag power cont inu i ty  and ensuring there  is  no Inadvertent 
p a r a l l e l  in8 of the var  ioue e l e c t r i c a l  power sources. 

A subset  of the  power management funct ion incorporated in the  D P / U  
system is the equally-important load management system. This  a l s o  is an 
in tegra l  important element of the  DP/LM system s ince ,  while t he  power manage- 
ment system operates  t o  t r ans fe r  generators  t o  d i f f e r e n t  feeder s ec t i ons  
the software program w i l l  a c t  t o  e f f e c t  a disconnection of loads in accordance 
t o  t h e i r  assigned p r i o r i t y  l eve l s .  The software program ac tua l ly  e s t ab l i shes  
the h i e r a r ch i a l  l eve l  for  a l l  t h e  loads In t he  IDEA/Alternate IDEA and t h i s  
w i l l  determine t h e i r  p r io r i za t i on  s t a tu s .  

3.5.2 IDEA: dedicated power supplies.  - These r e l a t e  t o  those power suppl ies  
tha t  f urnish spec la1  power c h a r a t e r i s t  i c s  t o  s e l ec t ed  systems and e q u i p e n t s  
The 3-phase 200V 400 Hz CVCF system is one of these systems and it comprises 
four 25 kW s t a t i c  power e l ec t ron i c  assemblies. These suppl ies  provide t h e  
quad redundant power sources f o r  the DFCS and a l s o  furn ish  power t o  the 
non-FCS avionics  system and other  loads that requi re  CVCF power such a s  
synchros, gyros,  f ans ,  T/R u n i t s .  

Figure 42 is a schematic showing tha t  the quad redudant 3-phase 200 V 400 
Hz power suppl ies  a r e  powered f rm the  quad redundant ac  power feeders  that 
a r e  routed in the fuselage of the  IDEA and Alternate  IDEA. As shown, the  
f ron t  end of the  s t a t i c  power suppl ies  cons is t  of a 3-phase SCR r e c t i f  i e r  
bridge t o  permit a 270 Vdc constant Input vol tage t o  the i nve r t e r  sec t ion  of 
each of the 25 kW power supplies.  A t ap  is a l s o  made on the  output s i de  of 
the SCA bridge the purpose of which is described l a t e r .  However, i n  normal 
operation, the SCR bridge a c t s  a s  a phase delayed r e c t i f i e r  (PDR) assembly i n  
which the phase angle of the SCRe a r e  advanced and retarded in response t o  the 
b d t a g e  l eve l  of the primary ac generator system. Thus, during c r u i s e  f l l g h t  
with the three-phase ac l i n e  vol tage a t  400 V t he  SCRs a r e  phase delayed, 
while a t  i d l e  descent l e t  down and on the  ground the  SCRs w i l l  be phase 
advanced. In t h i s  manner, 270 Vdc power is maintained constant over the 
approximate 2:l vol tage range of the primary ac power syetem. 
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Figure  42. - TOEA f l i g h t  c r i t i c a l  e l e c t r i c  power. 

3.5.3 P l i g h t  c r u c i a l  power system. - The emergency p o T r  system i s  key t o  t h e  
f l  tght c r i t i c a l  loads  and t c  t h e  achievement o f  t h e  10'- r e l i a b i l i t y  
ob l ec t ive .  

It is import .nt t o  the  r e l i a u i l i t y  modeling and t h e  o v e r a l l  complete 
design of t h e  I L 4 A  e l e c t r i c  power system t h a t  t h e  c r i t i c a l  a t t e n t i o n  he pa id  
t o  the avoidance of complexity i n  each power genera t ing channel,  t o  achieve 
the  h ighes t  r e l i a b i l i t y  and i n t e g r i t y .  Simi l a r l y ,  s p e c i f i c  a t t e n t i o n  must be 
given t o  the  redundancy and r e l i a b i l i t y  of the  power feeder  d i s t r i b u t i o n  
system i t s e l f .  h e  IDEA has  s i x  genera to r  sources ,  t h e  g e n e r a t o r s  a r e  non- 
p a r a l l e l e d ,  and the  feeder  d i s t r i b u t i o n  I s  designed t o  provide quad redundancy 
i n  the  wings and fuselage .  These feeders  a t e  p h y s i c a l l y / s p a t i a l l y  i s o l a t e d  
and they a r e  i w u ? a t e d  from ground p o t e n t i a l .  The primary power source  
r e l i a b i l i t y  i n  t h t  t ~ ~ ~ / A l t e r n a t e  InEA i s  t h e r e f o r e  v e r y  high and i t  i s  backed 
up by an u l t r a  h igh r e l i a b i l i t y  emergency power system t h a t  is dedicated t o  
support  t h e  "3LQ and o t h e r  f l i g h t  c r i t i c a l  loads .  

Pi.unre 43 is  a  schematic of the  f l i g h t  c r u c i a l  power system showinq t h e  
m u l t i p l e  power sources  a v a i l a b l e  t o  t h e  quad redundant i n v e r t e r s  t h a t  f u r n i s h  
power t o  the DFCS computew . As shown, the  four  CVCF power s u p p l i e s  a r e  
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suppl ied by t h e  quad redundant primary a c  feeders .  After  r e c t i f i c a t i o n  t o  270 
Vdc by t h e  3-phase SCR r e c t i f i e r  br idge t h a t  f r o n t  ends each i n v e r t e r  a t a p  is 
provided t o  permit t h e  i n v e r t e r s  t o  be fed  from t h e  emergency power system 
sources  (EPS1 and EPS2) and the  APU system. The diodes ,  D l ,  s e rve  as 
i s o l a t i o n  diodes and prevent back-feeds from the  i n v e r t e r s  i n t o  t h e  emergency 
power 1 ines  . They a l s o  prevent unplanned p a r a l l e l i n g  of equipmente . Diodes 
D2 se rve  a s i m i l a r  purpose and prevent EPSl and EPS2 from back-feeding i n t o  
t h e  270 Vdc 1 ines  from t h e  APU's r e c t i f i e r  assembly. The emergency power 
1 ines  a r e  a d d i t i o n a l l y  p ro tec ted  wi th  c u r r e n t  l i m i t e r s ,  f u s e s  o r  c i r c u i t  
breakers ,  t o  prevent t h e  emergency power sources  from being pu l led  down by 
l i n e  f a u l t s  o r  s h o r t  c i r c u i t  f a u l t s  i n  any of t h e  ind iv idua l  i n v e r t e r s .  To 
increase  f u r t h e r  t h e  redundancy of inpu t s  t o  t h e  DFCS computer, t h e  o u t p u t s  of 
the  dedicated i n v e r t e r s  a r e  c r o s s  s t rapped in p a i r s  a s  shown in f i g u r e  43. 
Current l i m i t e r s  p ro tec t  t h e  c ross - s t raps  s ince  i t  is poss ib le  :or f a u l t s  t o  
occur in  the f r o n t  end of t h e  DFCS computers themselves. 

A s  conf igured,  t h e  quad redundancy of t h e  DFCS computers can only be 
compromised by f a i l u r e s  wi th in  the  computers s i n c e ,  even in t h e  event of a n  
a l l -engine ou t  cond i t ion ,  t h e  four  i n v e r t e r s  supplying t h e  DFCS computers can  
still  be suppl ied by t h e  two emergency power supply (EPS) u n i t s  and/or  t h e  
APU. In  t h i s  type of extended emergency t h e  EPSl and EPS2 w i l l  f u r n i s h  
non-interrupt power t o  the  four  i n v e r t e r s  t o  mainta in  f l i g h t  c r i t i c a l  power. 
On d e t e c t i o n  of t h e  emergency, t h e  DP/LM system w i l l  i n i t i a t e  automatic 
s t a r t - u p  of the  APU and the  emergency power sources  w i l l ,  i n  t h e  in ter im,  
power t h e  DFCS system and o ther  f l i g h t  c r i t i c a l  loads ,  unt  ll t h e  APU generator  
and r e c t i f i e r  come on 1 h e .  L t  is poss ib le  t h a t  t h e r e  w i l l  be more mer i t  i n  
running t h e  APU a t  1 igh t  loads ,  continuously . 

Other abnormal and emergency opera t ing  cond i t ions  a r e  l e s s  c r i t i c a l ,  s i n c e  
power outages  of t h e  four  i n v e r t e r  power sources  cannot be conceived, without 
t h e  most unusual combinat ion of m u l t i p l e  equipment and power feeder  f a i l u r e s .  
For t h i s  reason and the  high r e 1  iab  il itylredundancy l e v e l s ,  t h e  o b j e c t i v e  of 
the  10 r e l i e b i l i t y  o b j e c t i v e  f o r  the  DFCS and f l i g h t  c r i t i c a l  loads  can be 
achieved. 

3.6 I d e n t i f i c a t i o n  of C r i t i c a l  Technologies 

It is c l e a r  from t h e  t r a d e  a n a l y s i s  s t u d i e s  and t h e  d e s c r i p t i o n  of t h e  
systems i n  the  IDEA and the  Al te rna te  IDEA t h a t  t h e r e  is s i g n i f i c a n t  ongoing 
work i n  most of t h e  technology a r e a s  t h a t  would r e l i e v e  NASA of t h e  need f o r  
f u r t h e r  f i s c a l  support .  Many of these  technologies ,  such a s  t h e  VSCF power 
systems, a r e  a l ready  highly  mature and they have been t h e  benef ic ia ry  o f  
s i g n i f i c a n t  m i l i t a r y  and company funding. The 270 Vdc system is presen t ly  
without any a i r c r a f t  implementation, and it i s  l e s s  mature than the  VSCF 
cycloconverter  and dc l i n k  systems. S imi la r ly ,  t h e  20 kHz system is immature, 
and s i g n i f  icant  work is requ i red  t o  br ing the  primary power system concept up 
t o  the technology s t a t u s  of t h e  two VSCF systems. There a r e  technology 
s u b s e t s  t h a t  must be given s i m i l a r  R6D support .  The design of t h e  20 kHz 
power t ransmiss ion c a b l e s ,  f o r  example, is one such subset .  As s t a t e d  i n  t h e  
summary/recommendations i n  t h e  Power D i s t r i b u t i o n  System Trade Analysis,  a 
compendium of c a b l e  da ta  f o r  20 kHz t ransmiss ion f requenc ies  i s  required,  



along wi th  t h e  development of low l o s s  c a b l e  conf igura t ions .  S t u d i e s  of EMI, 
RFI, a r e  a l s o  requ i red ,  a s  well  a s  f u r t h e r  work on t h e  complete I n t e g r a t i o n  
a s p e c t s  of a 20 kHz power system in an IDEA and A l t e r n a t e  IDEA based 
conf igura  t ions . 

In  a s s e s s i n g  these  technologies  t h a t  r e q u i r e  f u t u r e  NASA suppor t  and fund- 
ing, Lockheed has  i d e n t i f i e d  those  systems and technologies  t h a t  a r e  p r e s e n t l y  
without s u b s t a n t i v e  background, and/or  those  systems and technologies  t h a t ,  
without NASA suppor t ,  would not be brought t o  f r u i t i o n  i n  a reasonable  time 
frame. 

3.6.1 Advanced Power Generation Systems (APGS): - - The t r a d e  a n a l y s i s  on APGS 
has  a l ready  i d e n t i f i e d  the  20 kHz power system a s  a candidate  f o r  con t inu ing  
NASA suppor t ,  and t h i s  is a l ready  being &nplemented. 

The var iable-vol  t age lva r  i a b l e  frequency system was a l s o  iden t  i f  l e d  in the  
summary on t h e  APGS a s  a system t h a t  was without major background and one that 
requ i red  s i g n i f i c a n t  t e s t i n g  i n  the  l a b o r a t o r i e s  and in a i r c r a f t .  The VVIVF 
system w i l l  not  r ece ive  in-house funding from t h e  major e l e c t r i c a l  s u p p l i e r s  
because most of these  companies a l ready  have s i g n i f i c a n t  investment i n  a l t e r -  
n a t i v e  APGS approaches that they be l i eve  t o  be compet i t ive  with t h e  VV/VF. 
The VV/VF power system is the  s e l e c t e d  system f o r  a i r c r a f t  such a s  t h e  IDEA 
and A l t e r n a t e  IDEA t h a t  have l a r g e  capac i ty  e l e c t r i c  systems,  but  f o r  lap?.?- 
mentation i t  would be necessary f o r  NASA and/or  the m i l i t a r y  t o  g e n e r a t e  
design/hardware programs t o  b r ing  the  technology i n t o  matura t ion by t h e  1990 
time frame. There a r e  a l s o  s u b s e t s  of t h i s  APGS technology t h a t  a r e  d i scussed  
s e p a r a t e l y  below, such a s  the  ECS, t h a t  w i l l  r e q u i r e  f u r t h e r  and independent 
d e v e l o p e n t  t o  v a l i d a t e  t h e i r  o p e r a t i c n  and i n t e r f a c e  wi th  t h e  VV/VF type 
power systems.  

3.6.2 Emergency Power System Technology. - A more d i r e c t  s u b s e t  of t h e  APGS 
technology is t h e  emergency power system t h a t  w i l l  be r e q u i r e d  in t h e  
IDEAIAlternate IDEA t o  suppor t  the  f l i g h t  c r i t i c a l  (FCS type) loads .  Here, 
t h e  emergency power sources  must be examined beyond the  l e v e l  t h a t  was pos- 
s i b l e  in the  IDEA program t o  eva lua te  t h e i r  e f f i c a c y  not only  from t h e  r e l i -  
a b i l i t y  s t a n d p o i n t ,  but  a l s o  from t h e i r  a v a i l a b i l i t y  and technology s t a t u s .  
I t  is evident  t h a t  t h e r e  a r e  a number of b a t t e r y  c o n f i g u r a t i o n s ,  both primary 
and secondary, t h a t  would make highly  r e 1  i a b l e  s t a t i c  power sources  t o  provide 
non-interrupt power u n t i l  an APU comes on l i n e ,  but  many of t h e s e  have o t h e r  
shortcomings: charge  d i f f i c u l t i e s ,  maintenance problems, l o g i s t i c  suppor t ,  
cos t .  Also, many b a t t e r i e s  have a poor watt-hours/pound c h a r a c t e r i s t i c  and 
have low upper-temperature to le rance .  Some a l s o ,  on charge ,  e x h i b i t  thermal 
runaway problems. Fuel c e l l s  and more e x o t i c  b a t t e r i e s  could  be used,  but  
t ~ t c s e  must a l s o  be examined f o r  m a i n t e n a n c e / r e l i a b i l i t y  l o g i s t i c  suppor t  
a skec t s .  On t h e  b a s i s  t h a t  t h e  emergency w i l l  be a r a r e  occurrence ,  i t  is  
poss ib le  t o  consider  primary c e l l s  with a long s h e l f  l i f e ,  e t c .  

An a l t e r n a t i v e  t o  the  s t a t i c  b a t t e r y  power sources  a r e  emergency power 
v q i t s ,  EPUs, of t h e  monopropellant o r  b i -propel lant  types.  The YC14, F15, F4, 
Concorde, and o t h e r  a i r c r a f t  use l i q u i d  p rope l l an t  EPUs (hydrazine  blend) and 
these  have the  advantage t h a t  these  can be long term emergency power sources ,  



provided adequate f u e l  capac i ty  is i n s t a l l e d .  Again, it. is ano the r  l o g i s t i c  
suppor t  item ( r e q u i r i n g  a  d i f f e r e n t  type  f u e l )  and i t  is a somewhat 
s o p h i s t i c a t e d ,  c o s t l y  i n s t a l l a t  ion.  

Ram a i r  t u r b i n e s  have the advantage of s i m p l i c i t y ,  They can a l s o  genera te  
power down t o  reasonably low a i r  speeds and a r e  used i n  a  number of a i r c r a f t ,  
inc luding the  Lockheed L-1011. These u n i t s  can be of the  drop-out type  o r  can 
be i n  a  ducted conf igura t ion .  The RATS have few problems o t h e r  than t h a t  t h e  
power-output on low approach speeds can be low, depending on the  p r o p e l l e r  
diameter. For the  IDEA, where the  f l i g h t  c r i t i c a l  FCS l o a d s  r e q u i r e  non- 
i n t e r r u p t  power, the  RAT would be non-compliant because i t  cou ld  take  5 t o  7 
seconds t o  come on l i n e .  Therefore ,  h backup power source  would s t i l l  be 
requ i red .  

Two a l t e r n a t i v e  v e r s i o n s  of the  RAT would be t o  consider  power e x t r a c t i o n  
from t h e  bypass f an  spool  t h a t  is normally powered by t h e  eng ine ' s  low pres- 
s u r e  t u r b i n e  o r  a  vortex-powered genera to r  conf igura t ion .  I n  the  case  of the  
bypass f an ,  i t  would be necessary t o  eva lua te  the  fan  windmill ing speed a t  
d i f f e r e n t  a l t i t u d e s  and d i f  f e r r n t  a i r  speeds.  Provided the  emergency gen- 
e r a t o r  is  permanently t i e d  i n t o  ( say)  t h e  270 Vdc emergency power supply ,  t h i s  
EPS could  then provide continuous on-l ine power and t h e r e f o r e  meet the  
non ln te r rup t  power c r i t e r i o n .  These t u r b i n e s  could  d r i v e  g e n e r a t o r s  t h a t  
normally suppor t  the primary power system and they could  a l s o  s e r v e  a s  backup 
t o  t h e  main engine d r iven  genera to r s ,  should these  f a l l .  Again, t h e  v o r t e x  
t u r b i n e  dr iven genera to r s  could provide non in te r rup t  power, a s  wi th  t h e  bypass 
f an  dr iven genera to r  EPS. 

Reviewing the  above EPS sources ,  t h e  monopropellant powered systems a r e  
now In production and r e q u i r e  no NASA suppor t .  Conventional b a t t e r i e s  such as 
l e a d  a c i d ,  nickel-cadmium, s i l v e r - z i n c  a r e  now i n  the  market-place. The l e a d  
a c i d  type i s  more f r e e  of the  problems of cha rg ing lh igh  c o s t ,  e t c . ,  but  they 
have low s p e c i f i c  output of 8-12 Whllb. NASA i s  t h e r e f o r e  urged t o  pursue t h e  
development of more e x o t i c  b a t t e r i e s  wi th  chemical couples  t h a t  could provide 
much higher  energy o u t p u t / l b .  Such a program would b e n e f i t  the  space programs 
a s  well  a s  t h e  convent ional  a i r c r a f t  programs. Continuously f e d  f  u e l - c e l l s ,  
such a s  t h e  s o l i d  poiymer e l e c t r o l y t e  membranes, and advanced v e r s i o n s  of the  
1 ithium-chlor i d e  b a t t e r i e s  using hydrogen peroxide cs an oxidant  could  be 
s t u d i e d  f u r t h e r .  B a t t e r i e s  such a s  l i t h i u m  sulphur can be p ro jec ted  wi th  
maximum t h e o r e t i c a l  energy d e n s i t i e s  of 1,300 Whllb. Automobile e l e c t r i c -  
t r a c t i o n  systems and a i r - v e h i c l e s  would a l l  b e n e f i t  from a  breakthrough i n  
b a t t e r y  technology. B a t t e r i e s  such a s  t h e  l i th ium-chlor ide  type w i t h  
consumable e l e c t r o d e s  could  become a  p r a c t i c a l  and v i a b l e  emergency power 
source f o r  the  a i r c t a f  t a p p l i c a t i o n .  

Another EPS, not  g iven much a t t e n t i o n ,  but  which could  be another  candi- 
d a t e  f o r  NASA cons ide ra t ion ,  is a  s t o r e d  mechanical energy power system. A 
high-energy f ly -whee l  of low volume and high mass could  be e l e c t r i c a l l y  
powered up t o  speed by an a c  motor lgenera tor  and,  once up t o  speed wi th  t h e  
r e q u i s i t e  s t o r e d  energy t h e  f l y  wheel could be kept a t  speed wi th  "topping- 
power" on ly  from t h e  motor. In  t h e  event  of an a l l  engine o u t ,  and complete 
l o s s  of primary power, t h e  motor would r e v e r t  t o  a  "generator-mode" and supply 



emergency power f o r  some t ime, dependent on the  kW demand and t h e  energy 
c a p a c i t y  of t h e  flywheel. A s t o r e d  energy system of t h i s  type  could  be  b e t t e r  
than 15 Whllb and have b e t t e r  performance than a lead-acid  b a t t e r y ;  however, 
i f  it had t o  be cont inuously  running f o r  t h e  miss ion ( t o  provide non- interrupt  
power) t h i s  could  be i ts  main disadvantage.  

3.6.2.1 Engine s t a r t i n g :  Thi; is r e l a t e d  t o  t h e  APGS only  because t h e  
genera to r s  In the  IDEAIAlternate IDEA a r e  used in the  dual  r o l e  of a s t a r t e r .  
The problems t h a t  can be c i t e d  a g a i n s t  t h i s  present  proposed method of e l ec -  
t r i c  engiae  s t a r t i n g ,  d e r i v e  from two a s p e c t s .  

(1) The capac i ty  of t h e  power e l e c t r o n i c s  f o r  s t a r t i n g  40,000 pounds SLS 
r a t e d  engines can be in excess  of 200 kW. 

(2 )  This  power cannot be s u p p l i e d  a t  t h e  g a t e s  of  most a i r  t e rmina l s  
around the  world. The power is a l s o  high i n  r e l a t i o n  t o  the  onboard 
APUs . 

Because of these  problems and t h e  f a c t  t h a t  the  power e l e c t r o n i c  assem- 
b l i e s  have very l i m i t e d  e lec t ro the rmal  c a p a c i t y ,  i t  i s  recommended t h a t  NASA 
exp lo re  a 1  t e r n a t  i v e  methods of e l e c t r i c  engine s t a r t i n g  t h a t  would permit  the  
power e l e c t r o n i c s  t o  be  e l imina ted  from t h e  s t a r t  cyc le ,  c r t h e i r  power 
capac i ty  s i g n i f i c a n t l y  reduced. A c o r c l l a r y  t o  t h i s  is  t h a t  t h e  J t e r n a t i v e  
engine s t a r t  technology reduce t h e  e l e c t r i c  power demand r e f l e c t m  t o  t h e  APU 
and e x t e r n a l  power system. Without such technology,  i t  would be necessary  t o  
r e l y  upon APU s t a r t s  on ly ,  s i n c e  i t  would not be poss ib le  t o  upgrade t h e  
capac i ty  of t h e  e l e c t r i c  power s u p p l i e s  a t  the  main a i r p o r t  t e rmina l s ,  i n  the  
s t i p u l a t e d  1990 time frames. 

3.6.3 Ground Power Support of IDEA. - Because of t h e  l a r g e  engine  s t a r t i n g  
and ECs power demands, the  technology suppor t  f o r  an IDEA in t h e  1990 t ime 
frame could  be a s  c r i t i c a l  f o r  its impact on t h e  ground power systems ( a t  
world a i r  t e rmina l s )  as t h e  systems a r e  upon t h e  des ign of t h e  a i r p l a n e  
i t s e l f .  A t ten t ion  must t h e r e f o r e  be given t o  t h i s  c r i t i c a l  i s sue  and the  
a p p r o p r i a t e  agency ( e  .g., t h e  Aviat ion Indust ry  Working Group comprising 
r e p r e s e n t a t i v e s  from AIA,  ATA, ICAO, and IATA) should  ensure  t h a t  equa l ly  
aggress ive  development programs a r e  put in place  t o  upgrade t h e  c a p a c i t y  of 
ground e l e c t r i c a l  power s u p p l i e s  a t  the  a i r  t e rmina l s  throughout t h e  world. 

The a i r 1  ines  p resen t ly  have tremendous investments i n  cond i t  ioned a i r  and 
p ressur ized  a i r  ground systems a t  a l l  main a i r  t e rmina l s ,  t o  suppor t  the  
pneumatic s t a r t i n g  and a i r  c y c l e  a i r  cond i t ion ing  systems now in t h e  c u r r e n t  
commercial a i r c r a f t .  It is axiomat ic  t h a t  without t h e  concoa i t an t  development 
of l a r g e r  ground e l e c t r i c  power systems,  t h e  s u c c e s s f u l  i n t e g r a t i o n  of t h e  
f u t u r e  IDEA type v e h i c l e s  i n t o  v i a b l e  a i r l i n e  o p e r a t i o n s  could  be f r u s t r a t e d  
by t h e  l a c k  of s u i t e b l e  e x t e r n a l  power s u p p l i e s .  

Ai rpor t s  w i l l  be faced wi th  the  problem a s  t o  whether t o  s e l e c t  one o r  
more of t h e  following: 



(1) Cen t ra l i zed  t h r e e  phase 200 V 400 Hz i n s t a l l a t i o n  i n  each a i r l i n e  
terminal .  Th i s  i n  t u r n  w i l l  break down i n t o  two o t h e r  choices :  
whether t h e  400 Hz power be t r a n s m i t t e d  a t  200 V,  or a t  h igh t ens ion  
vo l t age .  For v o l t a g e  drop reaaons ,  the  l a t t e r  is p r e f e r a b l e ,  s o  s t e p  
up t ransformers  would be requ i red  a t  t h e  c e n t r a l  power s t a t i o n  and 
s t e p  down t ransformers  a t  the  s a t e l l i t e s .  

(2 )  D i s t r i b u t e d  three-phase 60 Hz power, where power cond i t ion ing  
(convers ion t o  three-phase 200 V 400 Hz) is accomplished a t  the  
s a t e l l i t e :  t h i s  can be descr ibed a s  a d i s t r  ibtited process ing ( o r  
power cond i t ion ing)  approach. Again, i n  t h i s  cho ice ,  a  s u b s t a t i o n  a t  
each a i r l i n e  (o r  each a i r p o r t )  might d i s t r i b u r e  three-phase 400 V 60 
Hz power, o r  high t ens ion  three-phase 60 Hz power ( a t  say 6,000 V) 
might be t r a n s m i t t e d  from the  s u b s t a t i o n  t o  t h e  s a t e l l i t e .  

( 3 )  A t h i r d  i s sue  is whether motor genera to r  s e t s  o r  s t a t i c  power 
cond i t  ioning is  accomplished a t  the  s a t e l l  i t e s  . 

( 4 )  Dedicated diese l -dr iven o r  o the r  se l f -conta ined ground power u n i t s  
l o c a t e d  (one o r  two) per s a t e l l i t e  t o  s e r v e  a number of g a t e s  ( a t  t h e  
s a t e l l i t e ) .  

There is c l e a r l y  more f l e x i b i l i t y  wi th  s e p a r a t e  dedicated GPUs (ground 
power u n i t s )  and i t  is  l i k e l y  t h a t  t h e  c o s t s ,  compared t o  major f  lxed p l a n t  
f a c i l i t i e s ,  could  be much l e s s .  I n  a d d i t i o n ,  t h e  R O I  and the amor t i za t ion  
schedules  of the  por tab le  GPUs could  be much s h o r t e r  ( than  c e n t r a l i z e d  f i x e d  
i n s t a l l a t i o n s ) .  

3.7 P l a n s  and Resources f o r  Power Generation Technology Readiness 

Est imates  of the  schedule and c o s t s  a r e  shown in f i g u r e  44 fc development 
of engine-driven genera to r s .  Reaching technology r e a d i n e s s  w i l l  Involve the  
p a r t i c i p a t i o n  of hardware s u p p l i e r s  working wi th  those  respons ib le  f o r  
i n t e g r a t i n g  systems i n t o  the  a i r c r a f t  ( u s u a l l y  t h e  a i r f r a m e  manufacturer) .  

For advanced engine s t a r t  methodology the  schedule is shown i n  f i g u r e  45.  
This  is requ i red  f o r  development of new s t a r t i n g  methods which w i l l  reduce 
ground power requirements.  Technical  resources  w i l l  inc lude APU s u p p l i e r s  and 
aerospace  e l e c t r i c a l  s u p p l i e r s .  Coordination wi th  engine  manufacturers  %I1 1 
be necessary f o r  the  supply of engine d a t a ,  toge the r  wi th  t h e  r o l e  of t h e  
a i r f rame  manufacturer a s  systems i n t e g r a t o r .  

Emergency power (f  igure  46) ,  r e q u i r e s  t h e  resources  of e l e c t r i c a l  
s u p p l i e r s ,  t h e  chemical indus t ry  and b a t t e r y  s u p p l i e r s ,  and a i r f rame  companies 
f o r  systems i n t e g r a t i o n .  

The implementation of ground power support  equipment ( f i g u r e  47) w i l l  
r e q u i r e  ongoing c o l l a b o r a t i o n  between a i r f rame  manufacturers,  a i r p o r  k 
o p e r a t o r s ,  and regu la to ry  agenc ies .  
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4. POWER DISTRIBUTION SYSTEM 

The power d1stribu.t Ian eystem in a modern a*rcraf t i u  m e  of  he key 
syetevls inasmuch a s  i t  determinee the layout and routing of the generator 
power supply feeders ,  the  d i s t r i bu t ion  feeders ,  and the  d:stribution of t he  
u ~ i l i z a t i o n  wiring. Typically,  the a i r c r a f t  e l e c t r i c a l  designer s t a r t s  with a 
groes assessment of the e l e c t r i c a l  load ln the  a i r c r a f t  then he aes igns  
various load d i s t r i bu t ion  zones whose locat ions a r e  determined by any pro- 
jected major confluences of wiring, e.g., the wing roots ,  the f l i g h t  s t a t i o n ,  
the empennage, power p lan ts ,  o r  wheel-wells. Power and load management a reas  
a r e  located s ince theee w i l l  determine the neceesity for  and number of main 
e l e c t r i c  load centers  (WLCe). These load centers  w i l l  typ ica l ly  accmmodate 
a11 the power contactors ,  voltage-regulatore,  supervisory panels, engine 
control /mon~ t or ing equipment, insulated/  i so la ted  bus-boxes (containing bus-tie 
contactore,  bus contactors ,  bus transf e r  in te r - t  l e e ) ,  and la rge  numbers of 
rack-mounted load relays and power c i r c u i t  breakers. F ina l ly ,  the cont ro l  
center  for  the t o t a l  e l e c t r i c  eystem is selected.  This usually i r  the  f l i g h t  
s t a t i o n  in the l a rge  a!tplane and the cockpit i n  the mi l i t a ry  a i r c r a f t .  

k' important deeign aspect of the power d i s t r i bu t ion  eyetem ~ r s  the  tech- 
nology and methodology of the protect  ion syetem fo r  the power genera,- -3n 
system, the power supply feeders ,  the  d i s t r i bu t ion  f eedere , and the u t  i l i t a -  
t ion wiring. In moat modern a i r c r a f t  load protect  ion is furnished by electro-  
thermal c i r c u i t  breakers of the t r ip-free type, which a r e  circui t -breakers  
tha t  cannot be overridden when they a r e  in a tripped o ta te .  In some a i r c r a f t ,  
"current l imi t e r s "  were used which were high rupturing capacity fuser  of the  
"slow-blow" type tha t  protected the d i s t r i bu t ion  feeders and allowed protec- 
t ion  coordination with load c i r c u i t  breakers located downstream a t  varioua 
r a o t e  lcad centers  (RLCe) . The primary shortcoming of t h i s  type of protec- 
t  ion mer ;indology was tha t  the remotely located c i r c u i t  breakern, which prcvidad 
the necessary protect  ion of the load wiring against  smoke/ f  i r e  hazards 
required manual r e se t ,  so physical access t o  the c i r c u i t  breakers was nec- 
essary. This access was of ten  d i f f i c u l t  and, in  some cases ,  impossible. h a 
r e s u l t ,  such remotely located c i r c u i t  breakers could only be used i n  the  low 
pr lor  i t y  load c i r c u i t s .  Implicity , a l l  other c i r c u i t  breakers f o r  the control  
and power wiring of a l l  loads , other then the low p r io r i t y  c i r c u i t s  had t o  be 
in the f l i g h t  s t a t i on .  As a consequence the f l i ~ h t  8 t a t ion  in a i r c r a f t  such 
a s  the L-1011, C-141, C-5, DC-10, and 747,  became c lu t t e r ed  with more than 
1000 control  and power c i r c u i t  breakers. 

Power eupply wiring, the la rge  gage feeders between the power plant 
located generators and the MELCS, requi res  spec ia l  considerat ion and protec- 
t ion treatment . This usually involves the  employment of d i f f e r e n t i a l  zone- 
type protect ion so current  transformers a r e  located a t  the "sending end" of 
the power feeders near the generator terminals and an equivalent s e t  a r e  
located a t  the "receiving end" of the power cablee where they en te r  the MELCs. 
Since these CTs monitor the current  a t  both ends, i t  is possible  t o  compare 
the cur ren ts  a t  the "sending" and "receiving" ends of the cables  and i n i t l a t e  
a generator-trip when any difference current  is detected. For a i r c r r f t  s a f e t y  
reasons, the de-energizir;l of the zone-protec ted feeder5 is accompl ished in 
the shor tes t  possible t  iPle and typica l ly  in  l e s s  than 25 mi l l i secs .  The 
motivation for  the t r i p  times derives  from the concern t h a t  cable  shor t s  can 



c r e a t e  sparking cond i t ions  In the  pcwer p lan t  p l a n t s  and/or  wings, where the 
p o s s i b i l i t y  of flammable vapors e x i s t s .  In a d d i t  ion t o  t h e  zone-protect ion 
CTs, o the r  LTs a r e  used f o r  f l i g h t  s t a t i o n 1  cockpi t  ins t rumenta t ion1 i n d i c a t o r s  
and f o r  t h e  genera to r  p ro tec t  ionlsupervisory  panel ,  e  t c  . 

4.1 Power D I s t r i b u t  ion Systems A l t e r n a t i v e s  

The power d i s t r i b u t i o n  systems a l t e r n a t i v e s  considered f o r  t h e  IDEA 
con£ igura t  ion  a r e :  

Radial D i s t r i b u t i o n  

D i s t r i b u t e d  Bus 

- Common Duplicated Ring Bus 

- Separate  Duplicated Ring Bus 

- Duplicated Selected Radial 

- Hybrid RingIDistr  ibuted Bus 

4.1.1 Radial Dis t r ibu t ion .  - One of the  requirements i n  t h i s  s tudy is t o  
eva lua te  a l t e r n a t i v e  power d i s t r i b u t i o n  systems f o r  t h e  a p p l i c a t i o n  i n  t h e  
IDEA and A l t e r n a t e  IDEA. The Baseline i t s e l f  is considered t o  be a conven- 
t i o n a l  r a d i a l  d i s t r i b u t i o n  of t h e  type descr ibed above. These types  of  
systems can be schematically i l l u s t r a r e d  by f i g u r e s  48 and 49,  which simply 
def ine  the  rou t ing  of the  power supply and d i s t r i b u t i o n  feeders  from t h e  
genera to r s  t o  the RLCs i n  a two-engined a i r p l a n e .  In f i g u r e  48, a main 
e l e c t r i c  load c e n t e r  (MELC) is assumed t o  be l o c a t e d  in t h e  f l i g h t  s t a t i o n /  
cockpi t  a r e a  and the power feeders  from the Nos. 1 and 2 engine d r iven  
genera to r s  a r e  taken d i r e c t l y  t o  the  f l i g h t  s t a t  lor. (FS) . D i f f e r e n t i a l -  
 protect<..^ is used f o r  these  power feeders .  

A t  the  f l i g h t  s t a t i o n ,  two i s o l a t e d  buses a r e  e s t a b l i s h e d .  In an 
emergency, they can be connected by t h e  bus t i e  con tac to r ,  BT1: f l i g h t  
s t a t i o n  loads,  FSL, a r e  connected t o  the  buses. From the  MELC d i s t r i b u t i o n  
feeders  a r e  rou ted  t o  RLCs a t  the:  

e Left  wing root  a rea  

Right wing root  a r e a  

Empennage 

Pro tec t ion  of the d i s t r i b u t i o n  feeders  is by high rup tu r ing  capac i ty  f u s e s  
but e l ec t ro the rmal  u n i t s  could a l s o  be used. Single-wire d i s t r i b u t i o n  is  
used, bt L in  the  case  of a three-phase a c  system t h e r e  might be one o r  more 
wires per phaue. A t  each of t h e  RLCs, a l a r g e  number of load  wires w i l l  
supply the  l e f t  wing loads (LWL); t h e  r i g h t  wing l o a d s  (RWL); t h e  FS l o a d s  
(FSL); and the  t a i l  loads  (TL). P ro tec t ion  f o r  t h i s  load wi r ing  w i l l  u s u a l l y  
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Figure 48. - Power d i s t r i b u t i o n  Figure  49. - Power d i s t r i b u t i o n  
systems: r a d i a l  ( f l i g h t  systems: r a d i a l  (main 
s t a t i o n  load  c e n t e r ) .  l o a d  c e n t e r ) .  

be e lec t ro the rmal  o r  e lec t romagnet ic  c i r c u i t  b reakers  s i n c e  a c c e s s  t o  such 
c i r c u i t  breakers  is not necessary in f l Q h t .  While not shown In t h e  schematic,  
s i g n i f i c a n t  amounts of e l e c t r i c / e l e c t r o n i c  equipment, and r e l a y s / c o n t a c t o r s ,  
w l l l  a l s o  be l o c a t e d  In t h e  MELC. Where t h e  power supply is  a l t e r n a t i n g  
c u r r e n t ,  s t e p  down t rans fonnere  power the  low v o l t a g e  l o a d s ,  such a s  l i g h t i n g  
a s  wel l  a s  t h e  t r ans fo rmer - rec t i f i e r  u n i t s  t h a t  f u r n i s h  28 Vdc power. 

Figure 49 is a simple v a r i a n t  of f i g u r e  48 and i t  is s t i l l  a two-engine 
r a d i a l  d i s t r i b u t  Ion system with  t h e  fo l lowing b a s i c  d i f f e r e n c e s  : 

a The MELC i s  c e n t r a l l y  l o c a t e d  near the  wing roo t .  

0 Pro tec ted  feeder  system is used In t h e  RLCs. 

Shown as a dc r a t h e r  than an ac  system, three-phase wi res  a r e  used t o  
supply power t o  each RLC and each of these  wires  is p ro tec ted  a t  the  sending 
end by c u r r e n t  l i m i t e r s  o r  c i r c u i t  breakers .  Em before ,  l o a d  wires  d i s t r i b u t e  
from t h e  MELC and t h e  RLC t o  t h e  wing and f u s e l a g e  loads .  These l o a d  wi res  
a r e  p ro tec ted  by the  t y p i c a l  t r i p  f r e e  c i r c u i t  breakers .  



4.1.2 Ring and D i s t r i b u t e d  Bus Systems. - By def i n i t i a n ,  a  d i s t r ibu ted-bus  
system i s  d i f f e r e n t i a t e d  from a  radial-system because subbuses and/or indi-  
v idua l  loads  may be tapped i n t o  t h e  d i s t r i b u t e d  bus a s  i t  t r a v e r s e s  t h e  a i r -  
c r a f t .  As ind ica ted  in the  overview t o  t h i s  d i scuss ion  on power 
d i s t r  ibu t  i o n / p r o t e c t  ion  methodology, r a d i a l  power systems have the  problem 
t h a t  a  very l a r g e  number of l o a d s  a r e  powered over many wires  emanating 
r a d i a l l y  f r a n  the  MELC and/or t h e  RLCs. The p r o l i f e r a t i o n  of wi r ing  and t h e  
unusually l a r g e  number of c i r c u i t  b reakers  a r e ,  t h e r e f o r e ,  c i t e d  a s  t h e  
disadvantages of t h e  r a d i a l  type  d i s t r i b u t i o n  system. 

Two a s p e c t s  a t t r a c t  c o n s i d e r a t i o n  of t h e  d i s t r i b u t e d  bus concept:  

(1 ) The l a r g e  inc rease  In t h e  number of loads  i n  t h e  wings and 
wheel-wells i n  the  IDEA and A l t e r n a t e  IDEA a i r p l a n e s .  

( 2 )  Sol i d  s t a t e  power c o n t r o l l e r s  (SSPCs) and remote power c o n t r o l l e r s  
and (RPCs) make p o s s i b l e  l o c a t i n g  the  c o n t r o l l e r s  i n  c l o s e  proximity 
t o  t h e  loads.  This e l i m i n a t e s  t h e  need f o r  l o c a t i n g  a l l  t h e  
contactors / re lays /SSPCs i n  a  c e n t r a l i z e d  fuse lage  l o c a t i o n .  It a l s o  
e l i m i n a t e s  the  weight penal ty  of us ing a  l a r g e  number of 
load-dedicated  wire^ t h a t  a r e  much longer  in l e n g t h  than wires  tapped 
from t h e  d i s t r i b u t e d  bus t o  t h e  loads .  

l m p l i c i t  i n  the  above is the  f a c t  t h a t  each 
s o l i d - s t a t e  o r  hybr id ,  combir;es the  i e a t u r e s  of 
t a c t o r  r e l ay .  More important ly ,  it is i m p l i c i t  
devices  a r e  of t h e  automatic t r i p  type  t h a t  can 
s t a t  ion  o r  automat ica l ly  by t h e  load management 
monitoring by the  crew).  

SSPC, RPC be they f u l l y  
a  c i r c u i t  breaker  and con- 
t h a t  such c o n t r o l l p r o t e c t i o n  
be r e s e t  from the  f l i g h t  
system (wi th  a p p r o p r i a t e  

Ring and combination r i n g / d i s t r i b u t e d  bus systems c o n s t i t u t e  a  b a s i c  
depar ture  from t h e  r a d i a l  and t h e  r a d i a l l ' d i s t r i b u t e d  bus system In t h a t  power 
from the  genera to r s  t i e s  d i r e c t l y  i n t o  the  r i n g  d i s t r i b u t i o n  system so the  
feeders  a r e  not  taken i n t o  one 0:- more MELCs i n  the  fuse lage .  This means t h a t  
the  zone of d i f f e r e n t i a l - p r o t e c t i o n  is shor tened f o r  the  generatorlpower 
supply feeder  system, but  such p r o t e c t i o n  w i l l  be r e t a i n e d  f o r  these  a l t e r n a -  
t i v e  approaches t o  power d i s t r i b u t i o n .  however, i n  the  IDEA and a l l - e l e c t r i c  
a i r c r a f t  i n  g e n e r a l ,  a  d i f f e r e n t  focus  may be  given t o  the  p r o t e c t i o n  
methcdology f o r  the  g e n e r a t o r s  and power feeders  i n  these  a i r c r a f t .  For 
example, t h e  most prevalent  f a u l t s  i n  convent ional  a i r c r a f t  power systems a r e  
line-to-ground f a u l t s ,  which g ive  r i s e  t o  very high and sometimes d e s t r u c t i v e  
f a u l t  c u r r e n t s .  These f a u l t  c u r r e n t s  may be t y p i c a l l y  l i m i t e d  by t h e  
impedance of the  f a u l t ,  t he  impedance of the  l i n e  and the  source  Impedance of 
t h e  genera to r .  A f u l l  a n a l y s i s  of symmetrical and asymmetrical f a u l t  c u r r e n t s  
i n  an e l e c t r i c  system is b e y o ~ ~ d  the  scope of t h i s  s tudy a s  i t  involves  a  
d e f i n i t i o n  of t h e  p o s i t i v e ,  nega t ive  and zero  sequence va lues  of t h e  c a b l e s  
and genera to r s .  Also, t h e  amplitude of these  f a u l t  c u r r e n t s  a r e  a f f e c t e d  by 
the  per phase c a b l e  groupings,  t h e i r  number/conf i g u r a t i o n  and t h e i r  stanckof f 
c l ea rance  from a i r c r a f t  s t r u c t u r e .  Of i n t e r e s t  he re  is t h e  f a c t  t h a t  these  
standoff d i s t a n c e  parameters a r e  more p e r t i n e n t  t o  a i r c r a f t  us ing convent ional  
aluminum, o r  advanced m e t a l l i c  s t r u c t u r e s ,  such a s  the  l i t h a n  al- loys,  r a t h e r  
than composite s t r u c t u r e s .  C l e a r l y ,  t h e  l a t t e r  w i l l  involvr? a d i f f e r e n t  
computer modeling of the  g e n e r a t o r s  wi th  t h e i r  feeder  d i s t r  ibu:ion systems. 



I n  a d d i t i o n  t o  the  line-to-ground f a u l t s ,  t h e r e  is t h e  problem of 
i n c i p i e n t  l ine - to - l ine  f a u l t  and, whi le  these  have a lower s t a t i s t i c a l  pros- 
pect  than lhe- to-ground f a u l t s ,  they must nonetheless  be considered.  Also,  
un l ike  t h e  line-to-ground f a u l t s ,  t h e  l i n e - t o - l i n e  f a u l t s  a r e  more l i k e l y  t o  
occur a t  equipment t e rmina t ions  r a t h e r  than in a run of cab le .  Therefure ,  
very c a r e f u l  a t t e n t i o n  must be paid  t o  t h e  method of c a b l e  t e rmina t ions  and 
t h e i r  i n t e r f a c e  wi th  c o n t a c t o r s ,  r e l a y s ,  SSPCSIRPCS and o t h e r  e q u i p e n t /  
component assembl ies .  Unfor tunate ly ,  i n  many a i r c r a f t  e l e c t r i c a l  i n s t a l l a -  
t i o n s  phase-barr iers  between c a b l e  lugs / t e rmina t ions  have been inadequate o r  
of poor des ign and insuf f i c i en t - to rqu ing  of t h e  s t u d s  o r  screws has  r e s u l t e d  
in v i b r a t i o n  causing the  t e rmina t ions  t o  loosen.  The r e s u l t  of t h i s  is t h a t  
the  t e rmina t ion  con tac t - res i s t ance  has  increased t o  a po in t  t h a t  t h e  ensuing 
heat  genera t ion  caused carbon-tracking a c r o s s  t h e  p l a s t i c s  and,  l a t e r  a 
problem of l h e - t o - l i n e  s h o r t s  l e d  ts severe  a r c i n g  and f i r e  hazard. The 
prospects  of l ine - to - l ine  f a u l t  must, t h e r e f o r e ,  be addressed a t  t h e  equipment 
terminat ions  wi th  due r e c o g n i t i o n  of t h e  problems involved. Also they must be  
g iven s p e c i a l  a t t e n t i o n  In the  IDEA, s i n c e  t h i s  a i r c r a f t  w i l l  c l e a r l y  h e  more 
dependent upon t h e  r e l i a b i l i t y  and i n t e g r i t y  of t h e  g e n e r a t o r l f e e d e r  w i r e  
d i s t r i b u t i o n  system. 

The p a r a l l e l e d  system exacerba tes  t h e  rup tu r ing  c u r r e n t  problems f o r  the  
switch-gear and o t h e r  p r o t e c t i v e  devices  a s  do l a r g e ,  st i f f  a i r c r a f t  power 
systems; a s  a consequence, t h e  f a u l t  c u r r e n t s  might be in the  range of 5000 t o  
15,000 amperes. For t h e  nonpara l l e l ed  system, t h e  1 he-to-ground f a u l t  
c u r r e n t s  might be approximately a maxlmum of 700 t o  1250 amps. For t h e  IDEA, 
t h e  u t i l i z a t i o n  of h igher  v o l t a g e s ,  such a s  a three-phase 400 V system, would 
reduce these  c u r r e n t s  by approximately 50 percent .  

In  a i r c r a f t  power systems f a u l t  c u r r e n t s  a r e  a l s c  a d i r e c t  f u n c t i o n  of t h e  
c e i l i n g  vo l t age  on the  genera to r  and i ts  e l e c t r i c a l  s t i f f n e s s  r e l a t i v e  t o  
s h o r t  c i r c u i t  c o a d i t i o n s .  Therefore ,  wi th  permanent magnet g e n e r a t o r s  t h e  
t r a n s i e n t  maximum f a u l t  c u r r e n t  amplitude w i l l  ( i n  t h e  VSCF type power system) 
be c o n t r o l l e d  by t h e  c u r r e n t  l i m i t i n g  c o n t r o l  technology in t h e  c o n v e r t e r s 1  
i n v e r t e r s .  I n  the  270 Vdc systems t h e  phase delay r e c t i f i e r s  w i l l  c o n t r o l  
t h e  f a u l t  c u r r e n t s  t y p i c a l l y  t h e  phase ang le  on t h e  SCRs w i l l  f u l l y  advance o n  
s h o r t - c i r c u i t  and c r e a t e  a shor t - t ime overvol tage/overcurrent  cond i t ion .  I n  
t h e  v a r i a b l e  v o l t a g e l v a r i a b l e  frequency system t h e  vo l t age  w i l l  not  inc rease ,  
and w i l l  a c t u a l l y  decrease  a s  a func t ion  of the  c r o s s  (demagnetizing) 
ampere-turns and t h e  machinelcable r eac tances .  For wound r o t o r  machines t h e  
peak f a u l t - c u r r e n t s  w i l l  be a f u n c t i o n  of t h e  maximum e x c i t a t i o n  t h a t  can be 
impressed upon t h e  genera to r  r o t a t i n g  f i e l d  system. 

It is c l e a r  t h a t  severa l  f a c t o r s  a f f e c t  the  amplitude of t h e  f a u l t  
c u r r e n t s  in a i r c r a f t  power systems and these ,  in t u r n ,  a f f e c t  t h e  ~ i z i n ~  of 
the  power s u p p l y l d i s t r i b u t  ion  feeders .  The o b j e c t i v e s  a r e  t o  reduce t h e  
prospect ive  f a u l t  c u r r e n t s  and t o  amel io ra te  the  switchgear problems. Beyond 
t h i s ,  i t  is poss ib le  t o  cons ide r  ungrounding genera tor  n e u t r a l s  and a l lowing 
them t o  f l o a t .  A l t e r n a t i v e l y ,  t h e  n e u t r a l s  could  be grounded through h igh  
impedance r e l a y s  t h a t  could  s e r v e  t h e  dual  purpose of l i m i t i n g  the  l ine- to-  
ground f a u l t s  t o  a mat te r  of mi l l iamps and providing a ground f a u l t  warning 
s i g n a l  t o  the  power management system a t  the  same time. 



4.1.2.1 Common dup l i ca ted  r i n g  bus: This  sys  -em is shown schemat ica l ly  i n  
f  igurc: 50. I t  c o n s i s t s  of two complete common d i s t r i b u t e d  r i n g  buses ,  which 
a r e  t i e d  o r  i s o l a t e d  a t  t h e i r  e x t r e m i t i e s  by s e c t i o n  c o n t a c t o r s .  A l l  
c o n t a c t o r s  a r e  normally c losed  except f l i g h t  s t a t i o n  and t a i l  c o n t a c t o r s  and 
a r e  under c o n t r o l  of the  microprocessor which is  a p a r t  of the  power 
management system. For example, on t h e  ground both  of t h e  dup l i ca ted  r i n g  
buses can be formed i n t o  two complete r i n g s  i n  which e i t h e r  o r  both  r i n g  buses 
can be powered up from t h e  APU o r  t h e  e x t e r n a l  power supply.  Again, t h e  
nomenclature is a s  before .  

FSL : 
LWL: 
RWL : 
EL : 
LS 61 /LS B2 : 
RSBllRSB2: 
TSBl!TSB2: 
FSSF! jFSSB2: 

F l i g h t  S t a t  ion Loads 
Lef t  Wing Loads 
Right Wing Loads 
Empennage Loads 
T ~ f t  Sec t ion  Breaks 1 and 2 
Right Sec t ion  Breaks 1 and 2 
T a i l  Sec t ion  Breaks 1 and 2 
F l i g h t  S t a t i o n  Sec t ion  Breaks 1 and 2 

During normal f l i g h t  opera t ion  t h e  wing s e c t i o n  breaks  a r e  c l o s e d  and t h e  
f l i g h t  s t . ~ t i o n / t a i l  s e c t i o n  breaks a r e  open. Therefore ,  a s  shown, t h e  L ~ O .  1 
generator  s u p p l i e s  t h e  l e f t  wing and l e f t  f u s e l a g e  buses while t h e  No. 2 gen- 
e r a t o r  s u p p l i e s  r i g h t  wing and r i g h t  f u s e l a g e  buses.  

In t h e  event  of a No. 1 engine o r  No. 1 genera to r  f a i l u r e  t h e  s e c t i o n  
breaks remain a s  be fo re ,  except t h a t  the f l i g h t  s t a t i o n  s e c t i o n  breaks  (FSSB1 
and FSSB2) and t h e  t a i l  s e c t i o n  breaks  (TSB1 and TSB2) c lose .  A t  t h i s  t ime 
both  d i s t r i b u t e d  r i n g  buses a r e  complete r i n g s  arid a r e  supp l i ed  by i h e  No. 2 
genera tor .  C l e a r l y ,  t h i s  l a t t e r  s i t u a t i o n  is the  same in t h e  event  of a 
f a i l u r e  of  the  No. 2 engine  o r  genera to r  except t h a t  both  r i n g  buses a r e  then 
supp l i ed  by the  No. 1 genera to r .  A l l  l o a d s  may be convenient ly  tapped i n t o  
the  d i s t r i b u t e d  r i n g  buses a s  they t r a v e r s e  the per iphery  of the  a i r c r a f t .  
Unlike t h e  r a d i a l  system, t h e  load power wi res  a r e  s h o r t  and d i r e c t ;  however, 
i t  is important t h a t  the  i n t e g r i t y  and r e l i a b i l i t y  of the  d i s t r i b u t e d  r i n g  
buses be of the  h ighes t  o rde r .  Therefore ,  s i n c e  any s h o r t  c i r c u i t s  i n  t h e  
load wires  pose a t h r e a t  t o  the  buses,  i t  is e s s e n t i a l  t h a t  p r o t e c t i o n  f o r  
each load wire be e f f e c t e d  a s  c l o s e  t o  t h e  bus a s  poss ib le .  Also, as 
h igh l igh ted  e a r l i e r ,  i t  is necessary  t h a t  the  number of breaks  and 
terminat ions  be a minimum. 

4.1.2.2 Separa te  dup l i ca ted  r i n g  bus: This  d i s t r i b u t e d  r i n g  bus system is 
of the  same genealogy a s  t h e  common dup l i ca ted  r i n g  bus system, except i t  
f a l l s  more p r e c i s e l y  i n t o  the  def i n i t  Ion of a r i n g  bus system. Th i s  is shown 
more c l e a r l y  by f i g u r e  51 where i t  can be seen t h a t  two c l o s e d  r i n g s  a r e  
provided on each wing and two c losed  d i s t r i b u t e d  r i n g s  a r e  used in the  
f u s e l a g e ,  The system is a l s o  s impler  and uses fewer s e c t i o n  break c o n t a c t o r s .  



LSB 
1 

RSB 
1 

a I I r l  

LWL LWL: 1. WING LOADS 

TSB 1 RWL: A. WlNG LOADS 

COMMON 
D U P L I C P ~ ~  MAIN TSB2 - 

Figure 50.  - Power distribution systems : dual ring mains (common). 
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Opera t iona l ly ,  t h e  s e p a r a t e  dup l i ca ted  r i n g  system is no t  much d i f f e r e n t  
from t h e  canmon dup l i ca ted  r i n g  bus system. The No. 1 genera to r  s u p p l i e s  t h e  
l e f t  o u t e r  wing brls, t h e  f u s e l a g e  o u t e r  bus, and r i g h t  wing o u t e r  bus v i a  BT1. 
Conversely, t h e  No. 2 genera to r  s u p p l i e e  t h e  r i g h t  w:ng inner  r i n g  bus, t h e  
l e f t  wing inner  r i n g  bus v i a  BT2, and the  f u s e l a g e  inner  r i n g  bus. 

I n  t h e  event  of  a f a i l u r e  of genera to r  1 o r  2 bus t i e s  BT1 and BT2 c l o s e  
t o  permit t h e  remaining genera to r  t o  supply bo th  fuse lage  buses and both wing 
buses. 

4.1.2.3 Dupl ica ted s e l e c t e d  r a d i a l :  This  is a s t r a i g h t f o r w a r d  r a d i a l  power 
d i s t r i b u t i o n  system t h a t  o f f e r s  t h e  advantage of a d i s t r i b u t e d  bus system and 
provides dual-redundant power f e e d e r s  i n  the  wings and fuse lage .  The sche- 
matic conf igura t ion  is shown in f i g u r e  52, where t h e  dual  redundant f e e d e r s  
a r e  provided a t  the  source-end in a s p l i t  MELC having two i n s u l a t e d / i e o l a t e d  
source  buses. Each of t h e  source  buses is s e l e c t i v e l y  swi tchable  t o  t h e  o t h e r  
bus, under the  power management processor  c o n t r o l ,  and a l l  f e e d e r s  emanating 
f r a n  t h e  buses a r e  p ro tec ted  with f u s e s  o r  c i r c u i t  breakers .  The a s p e c t  of 
s e l e c  t a b i l  l t y  is c a r r i e d  through i n t o  tire wings and f u s e l a g e  where l o c a l  buses 
( o r  i n d i v i d u a l  loads )  can be connected t o  e i t h e r  of t h e  r a d i a l  d i s t r i b u t e d  
buses. 

In  t h i s  type  of system, c e r t a i n  low p r i o r i t y  l o a d s  a r e  permanently 
connected t o  one o r  o t h e r  d i s t r i b u t e d  r a d i a l  bus and provide s w i t c h a b i l i t y  
only f o r  the  high p r i o r i t y  loads ,  e i t h e r  ind iv idua l ly  o r  by a sub ( e s s e n t i a l )  
bus. The on ly  time t h e  high p r i o r i t y  loads  would have a d d i t i o n a l  power source  
access  is where t h e r e  is a f a i l u r e  of one o r  the  o t h e r  d i s t r i b u t e d  bus t o  
ground. As can be noted from f i g u r e  52, i f  t h e r e  is  only  a f a i l u r e  of a n  
engine o r  a g e n e r a t o r ,  t h e  source  bus i n  the  MELC is t r a n s f e r r e d  v i a  a 
double-throw power con tac to r  t o  t h e  o t h e r  source  bus. Notwithstanding t h i s  
advantage t h a t  acc rues  a l s o  t o  the  low p r i o r i t y  l o a d s ,  a  load h i e r a r c h i a l  
s t r u c t u r e  is s e t  up f o r  a l l  t h e  l o a d s  in t h e  a i r c r a f t .  A l l  l o a d s  a r e  a s s i g n e d  
d i f f e r e n t  l e v e l s  of p r i o r i t i z a t i o n  and w i l l  be disconnected from the  e l e c t r i c  
power system i n  c a s e  of an emergency, in accord wi th  t h e i r  p r i o r i t y  s t a t u s .  

The dup l i ca ted  s e l e c t e d  r a d i a l  is a s impler  system from the  s t andpo in t  of 
rou t ing  t h e  redundant power f e e d e r s  in t h e  a i r c r a f t ,  but  it engenders more 
complexity than the  "connectable" r i n g  systems s i n c e  t h e r e  is a p r o l i f e r a t i o n  
of  load and/or bus swi tching i n  t h e  wings and fuse lage .  

4.1-2.4 Hybrid r i n g l d i s t r i b u t e d  bus: This  system is shown schemat ica l ly  i n  
f i g u r e  53. A s  in a l l  hybr id  systems,  t h c  i n t e n t  is t o  combine t h e  f e a t u r e s  
and advantages of the  two types  of power d i s t r i b u t i o n  concepts.  

As shown, dup l i ca ted  r i n g  buses a r e  provided i n  each wing and f o u r  i so-  
l a t e d ,  redundant,  d i s t r i b u t e d  buses a r e  provided in  thl? fuse lage .  Another 
notable  d i f f e r e n c e  is  t h a t  a three-engine a i r p l a n e  conf igura t ion  and t h e  
i n t e r f a c e  wi th  the  APU and e x t e r n a l  power I s  shown. 

The design l ayou t  of the  hybr id  r i n g / d i z t r i b u t e d  bus system fol lows t h e  
p r a c t i c e  of the  previously  descr ibed two-eng ine systems. However, a s  t h e r e  
a r e  two genera to r s  per power p l a n t ,  i t  is poss ib le  f o r  t h e  each r i n g  i n  each 
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Figure 52. - Power distribution oysterm: duplicated selected radial .  
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Figure 53. - Power distribution system: ring main (three engine airplane).  



wing t o  have the luxury of being pow2red by i ts  OJ: genera to r  o r  e i t h e r  
generntor  can power both  buses In che event of far:  Ire of t h e  o t h e r ,  e.g., 
con tac to r  C1-2 can t i e  the dupl?cctted r i n g s  i n  the  l e f t  wing. Another f e a t u r e  
is  t lmt  t h e  o u t e r  r i n g s  of each wing a r e  a180 powe.ing t h e  o u t e r  p a i r  of 
d i s t r i b u t e d  f e e d e r s  (1 and 2 j  i n  the fuse lage ,  whi . e  the o t h e r  two f u s e l a g e  
d i s t . r ibu ted  f e e d e r s  3  and 4  a r e  powered from g e n e r a t o r s  3 and 4 v i a  c o n t a c t o r s  
C3 and C4, r e s p e c t i v e l y .  Fur the r ,  i t  C i  I be seen t h a t  the  o u t e r  r i n g  (powered 
by say No. 1  genera to r )  is a backup ( v i a  BT2) f o r  the  No. 2 f u s e l a g e  
d i s t r i b u t e d  bus i n  the  event  t h a t  the  No. 3 genera to r  f a i l s .  Note t h a t  No. 3 
generato?: normally powers t h e  No. 2  d i s t r i b u t e d  bus v i a  con tac to r  C3. This 
modus ogerandi  is symmetrical on the r i g h t  s i d e  with the  l e f t  s i d e  inasmuch a s  
t h e  c o n i i g u r a t i o n  of t h e  r i g h t  wing dup l i ca ted  r i n g s  and t h e  empennage-located 
No. 4 E,eneratcr mi r ro r  the  l e f t  s ide .  

F i j u r e  53 system again  enjoys a b a s i c  s i m p l i c i t y  i n  t h a t  it is  r e l a t i v e l y  
uncomplicated system, d e s p i t e  t h e  f a c t  t h a t  i t  is a  3 engine16 genera to r  
conf igura t ion .  Also the  system provides s e p a r a t e ,  i s o l a t e d ,  quad redundant 
f e e d e r s  in t h e  f  uselage.  This quad redundancy is considered e s s e n t  l a 1  in t h e  
IDEA because quad redundant e l e c t r i c  a c t u a t o r s  and quad redundant FCS d i g i t a l  
computers a r e  r equ i red  f o r  the  f l y i n g  t a i l  ( t h e  hor izon ta l  s t a b i l i z e r ) .  

I n t e r f a c e  of t h e  APUIexternal power systems is a l s o  simple i n  t h a t  t h e  
fuse lage  feeder  conf igura t ion  is s e l e c t a b l e  t o  the  APU o r  e x t e r n a l  powcr and 
i t  feeds  i n t o  the  c e n t e r  top  point  of bus t i e s ,  BT5 and BT6. With t h i s  s imple  
arrangement i t  is poss ib le  f o r  one s i n g l e  power source t o  power every bus 
( r i n g  and d i s t r i b u t e d )  i n  the  a i r p l a n e .  I m p l i c i t l y ,  t h i s  same o p e r a t i o n  is 
poss ib le  i n  f l i g h t ,  when t h e  APU or  any one of the  s i x  g e n e r a t o r s  can a l s o  
power a l l  or  any combination buses. The c o n t r o l  of the  s e c t i o n  breaks  and 
c o n t a c t o r s  w i l l ,  of course ,  come under t h e  purview of the  power management 
system. 

4.1.3 Weight assessment.  - This  weight assessment is made on the  3-engine/ 
6-generator type  systems t h a t  w i l l  be used In t h e  IDEA and A l t e r n a t e  IDEA 
a i r p l a n e s .  A comparison of the  weight of the  systems i n  these  two a l l  
e l e c t r i c  a i r c r a f t  with the  Baseline system is ,  a s  s t a t e d ,  not  meaningful s i n c e  
the  power d i s t r  ibut  ion c a p a c i t i e s  a r e  completely d i f f e r e n t  . However, t h e  
weights of t h e  proposed power d i s t r i b u t i o n  a r e  d iscussed below, based on t h e  
p red ic ted  c a p a c i t i e s  of the  genera t ion  systems i n  each a i r c r a f t .  

Basel ine  3 x 90/120 kVA 
IDEA 6 x  150/200 kVA 
A l t e r n a t e  IDEA 6 x  2201275 kVA 

The hybrid system of the  f i g u r e  53 c o n f i g u r a t i o n  is used f o r  the  weight 
assessment,  wi th  d i s t r i b u t e d  r i n g  buses i n  each wing and quad redundant 
d i s t r i b u t e d  feeders  in  the  fuselage .  Figure 54 is  i l l u s t r a t i v e  of the  l e n g t h s  
of the  power f e e d e r s  i n  each wing and t h e  f u s e l a g e .  

Weights of the  d i s t r i b u t i o n  feeders  a r e  premised on mainta ining the  same 
s i z e  conductor throughout t h e  a i r p l a n e ,  even though i t  would be poss ib le  a t  
c e r t a i n  rou t ing  p o i n t s  t o  downsize the  c r o s s  s e c t i o n  of the  power f e e d e r s .  
This ,  however, would r e q u i r e  more breaks  and t e rmina t ions  a t  those  p o i n t s  



Flgure  54. - Feeder l eng th /  impedance diagram. 

where the wire gage changes were made. The weight advantage of doing t h i s  i s  
considered marginal  and l e s s  a t t r a c t i v e  r e l a t i v e  t o  t h e  o b j e c t  i v ~  of ach iev ing  
high reliability in the  t r ansmiss ion  system. The o t h e r  s i z i n g  c r i t e r i o n  is 
t h a t  every feeder  be s i z e d  f o r  t h e  base-ra t ing of t h e  genera to r  and not t h e  
h igher  s l a sh - ra t ing .  The r a t i o n a l e  f o r  t h i s  is t h a t  only one genera to r  can 
supply a feeder  s e c t i o n  a t  a  t h e ,  and in t h e  event of over loads ,  advantage 
can be taken of the  inherent  over load capac i ty  of t \ e  cab les '  h igh temperature 
insulation system. Thus, i t  is p ro jec ted ,  wi th  t h e  Infrequent  prospect  of 
t h i s  occurrence,  t h a t  the  impact on the  i n s u l a t i o n  l i f e  of the  c a b l e  
l n s u l a t  ion system w i l l  be i n s i g n i f i c a n t  . 

With t h e  above premises t h e  c a b l e  r a t i n g  of the  three-phase 400 V 150 kVA 
system in the  IDEA a i r p l a n e  w i l l  be: 

Cable Data: S e l e c t  0 gage 
Weight 378 lb/1000 f t  
Resis .  0.114 ohms / l o 0 0  f t  
Wire Dia 0.525 i n  



Cable Lengths: See Figure  47 

 wing^ : 
Cable Length/Wing: = [ 3 0 + 2 ( , W ) + l 2 + 1 5 ] ~ 2 d l 4  
Cable12 Wings : = 2r314~3*=1884 f t 

Fueelage : 
Cable/Fuselage S ide  = 20+(2x130)=280 f t  
Cable/Fuselage 
(2  s i d e s )  = 2x260~3*=1560 - f  t 

Empennage : 
APU Feeders = [ 7 0 + 2 ( 1 2 ) ] d * = E  f t  

A i r c r a f t  Power/Dlstr i b u t  ion Feeders 

To ta l  Length: LC = 1884 '+I560 '+282 '13726 f  t 

To ta l  Cable Weight : 

* Three-phase cab les .  

4.1.4 Feeder vo l t age  drop. - I t  is a p p r o p r i a t e  t o  comment on whether the  wire  
gages used in the  foregoing c a l c u l a t i o n s  a r e  v o l t s  drop l i m i t e d  o r  c u r r e n t  
l imi ted .  It is always p o s s i b l e  t o  f i n d  a  wire gage t h a t  is  adequate f o r  the  
c u r r e n t ,  but t h e  wire  gage i n  long- l ine  t ransmiss ion systems may have t o  
increase  over the  gage necessary  t o  c a r r y  the  c u r r e n t  because of v o l t a g e  drop 
cons ide ra t  ions. Also t h e  dc r e s i s t a n c e  of the  wire has been used -a the r  than 
its a c  impedance, which is a f f e c t e d  by the  c a b l e  r e s i s t a n c e  and reactrcze a t  
the  t ransmiss ion frequency of i n t e r e s t .  The c a b l e  t h e r e f o r e  !xis a power 
f a c t o r  and it tends  t o  be lower a s  the  frequency i n c r e a s e s .  

Using the  dc r e s i s t a n c e  va lues  in t h e  previous  c a l c u l a t i o n s ,  the  fo l lowing 
vo l t age  drops would be a p p r o p r i a t e  the  100 f e e t  o t  w i r ?  c a r r y i n g  the wi res  
r a t e d  c u r r e n t .  

Rtd Wire h i r e  Wire 
kVA Amps Cage Resisli,Q!30 f t  Voltage Drop1100 f_t_ - - 

IDEA : 150 208 0  0.114 2.37 

M t e r n a t e  IDEA: 220 305 2x1 - 0.146 
2  

Considering only  t h e  I R  drop value ,  I t  is c l e a r  t h a t  none of t h e  above 
cab les  is v o l t a g e  drop l i m i t e d  s i n c e  they a r e  wel l  wi th in  the  permit ted  5 
percent v o l t  drop l i m i t  of t y p i c a l  three-phase ac  systems. For example, t h e  



c o n v e n t i o n a l  th ree-phase  200 V 400 Hz g e n e r a t o r  t r a n s m i t s  209 V a t  t h e  
t e r m i n a l s  a l l owing  an approximate  4  p e r c e n t  l i n e  v o l t a g e  drop .  Also f o r  a  
nominal 400 V system t h e  g e n e r a t o r  would have a  t e r m i n a l  v o l t a g e  of  416 V 
approximate ly .  A s i g n i f i c a n t  advantage  o f  t h e  h i q h e r  v o l t a g e  system i s  t h a t  
i t  a l l o w s  t h e  c a b l e  impedance t o  i n c r e a s e  a s  a  s q u a r e  of  t h e  v o l t a g e  t a t 1 0  f o r  
t h e  same pe rcen t  v o l t a g e  drop.  F i g u r e  55 is i l l u s t r a t i v e  o f  t h e  impact  of  
v o l t a g e  d r o p  on c a b l e  s i z i n q .  T t  shows t h e  s e n s i t i v i t y  o f  t h e  l ower  Rage 
w i r e s  t o  c a b l e  r a t i n g  v s  d i s t a n c e  f o r  a  p e r m i s s i b l e  4 V drop .  Vote t h a t  t h e  
c u r r e n t  r a t e d  v a l u e  o f  9 A f o r  a 2? gage c a b l e  can  o n l y  b e  c a r r i e d  f o r  a  
d i s t a n c e  of 27 f e e t .  T h e r e f o r e ,  i f  ;I rut1 of  100 f e e t  were i nvo lved ,  i t  would 
be n e c e s s a r y  f o r  a  h i g h e r  gage c a h l e  t o  be  s e l e c t e d .  Cable s i z e  is  de termined  
b y  s e l e c t i n g  t h e  f i r s t  c a h l e  gage l i n e  below t h e  i n t e r s e c t i o n  o f  t h e  pro jec-  
t i o n s  of t h e  d e s i r e d  c u r r e n t  c a o a c i t y  and d i s t a n c e  v a l u e s .  Reference  t o  
F i g u r e  55 shows t h a t ,  f o r  t h e  p r e s e n t  example, a  16 Rage c a b l e  would be 
r equ i r ed .  Th i s  emphaat zeg t h e  p e n a l t y  i n  u s i n g  r a d i a l  t y p e  power sys tems.  

Tf c a b l e  impedance r a t h e r  than j u s t  TQ d r o p  is  t aken  i n t o  accoun t ,  t h e  
a p p r o p r i a t e  vec t o r i  a1  impedance v o l  t age d  rop  must he cons ide red  i n  accordance  
wi th  f i g u r e  56. Thta v e c t o r  diagram, i s  based on t h e  fo l lowfng formula:  

3. 
Vol tage  Drop, RI?=TR c o s  0 + T X  s i n  0 + (TX c o s  8 - TR s i n  6 ) /2V 

F i g u r e  5ha i l l u s t r a t e s  t h e  t m i c a l  c a h l ~  d rop  a s  de r ived  from t h o  above 
formula. Simply, t h e  aendlnp, end ( l i n e )  v o l t a g e  i's OA ana  t h e  r e c e i v i n g  end 
v o l t a g e  is  OR. The v o l t a g e  d rop  t h a t  t s  c a l c u l a t e d  is  OR - 09 = 9R 1 RD: R n  
now c o n s i s t s  of  i n - p h a s e  components RC and Cr) (where RC = SF c o s 8  a  d CD AF 7 
s i n 0  : t h e  small component DE i s  g iven  by t h e  (TX c o s  8 - T Q  s i n e  ) / Z V  p a r t  
of t h e  e x p r e s s i o n .  The v a l u e s  of  f i g u r e s  56b and 56c a r e  t h a t  t h e y  i l l u s t r a t e  
t h e  impact of  t h e  load power f a c t o r  upon t h e  c a h l e  v o l t a g e  drop .  F i g u r e  5hb 
shows t h a t  it' t h e  l i n e  c u r r e n t  T l a g s  by a  l a r g e  a n g l e  ( low power f a c t o r ) ,  
t h e  1 X  component is  s i q n i f  i r a n t  kn reducing  t h e  r e c e i v i n g  end v o l t a g e  V?; 
however i n  f i g u r e  56c, where t h e  phase d i a p l a c m e n t  is  s m a l l e r ,  t h e  T X  
comnonent has  margina l  e f f e c t ,  hu t  t h e  TR component is  ( r e l a t i v e l y )  more 
~f f e c t i v e  i n  r e d r l c i n ~  V 2 .  The re fo re ,  based on th-e g e n e r a l i z a t i o n  i n h e r e n t  i n  
f i g u r e s  Shn and 56h,  i t  can he s a i d  t h a t  c o n s i d e r i n g  t h e  l a r g e  gage c a b l e s  i n  
t h e  TDEA a n d  A l t e r n a t e  T D E A ,  t h e  c a h l e s  a r e  u n l i k e l y  t o  he  vo l t s -d rop  l i m i t e d .  

T t  is recoqni  zed t h a t  i t  i s  t h e  c a h l e  i nduc tance ,  a s  a  f r m c t i o n  of  
f requency ,  t h a t  is p e r t i n e n t .  Tn t h i f i  r e g a r d ,  t h e  fo l lowfng  formula  r e l a t e s  
t h e  c a b l e  Inductance  ve r sus  o t h e r  v a r i a b l e s .  

Tnrluctance, 1, = 0.1401 log ( i n  m i l l i h e n r i e s / 1 0 0 0  f  t )  

where 

3'301 i s  ;1 f a c r o r  f o r  3 1 9  s t r a n d  conduc to r  

n I s  spac ing  hetween c o n d u c t o r s  ( i n  i n c h e s )  

CY is c i r c u l n r  m i l  a r e a  o f  conduc to r  
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Figure 5 5 .  - Cable eize/voltage drop ve distance. 



Figure 56. - Vector voltage drops for ac tranwnivsion cables. 



Since the c a b l e  reactance ,  ]L = 2 n fL, t h e  express ion  becomes: 

o r ,  f o r  400 Hz 

In  most t a b l e s  showing c a b l e  data  i t  is poss ib le  t o  s e l e c t  c a b l e  Elzes  
based on t h e i r  c u r r e n t  ca r ry ing  and t o  determine whether such c a b l e s  a r e  
assessed a s  having a " f r e e  a i r "  o r  "bundle" r a t i n g .  The t a b l e s  a l s o  show t h e  
physical  data  on c a b l e s  such a s  t h e i r  s p e c i f i c  weight ( lb /1000 f  t ) ,  
conductor-diameter and finished-wire diameter. More t y p i c a l l y ,  however, t h e  
cable  r es i s t ance /1000  f e e t  a s  shown is the  c a b l e ' s  dc r e s i s t a n c e ,  and t h i s  is 
inadequate in ac  systems where i t  is necessary t o  know t h e  impedance va lue  
( t h e  R + j X  va lue)  f o r  a given frequency,  wi re  grouping con£ i g u r a t i o n  and t h e  
standoff d i s t ance  from s t r u c t u r e .  Table 9 is t y p i c a l  of a t a b u l a t i o n  of such  
data  f o r  400 Hz system, while f i g u r e  57 shows the  c a b l e  Impedance v s  t r ans -  
mission f requencies  up t o  4 kHz. Figure  58 f u r t h e r  shows t h e  c a b l e  power 
f a c t ~ r  changes a s  a &unct ion of d i f f e r e n t  gage c a b l e s  a t  400 Hz and 4 kHz. 

It is through the  use of such data t h a t  more d e t a i l e d  ana lyses  can  be made 
of any new c a b l e  transmiss:on system in an advanced a i r c r a f t .  

A c o r o l l a r y  t o  t h e  cons ide ra t ion  of t h e  R + j X  e f f e c t  i n  ac t ransmiss ion 
cab les  is th?  Impact of frequency upon "skin-effect ."  Skin e f f e c t  is a 
phenomenon in ac systems,  where t h e  c u r r e n t  tends  t o  conf ine  i t s e l f  t o  t h e  
ou te r  periphery of the  conductor. It is a n  e f f e c t  which inc reases  a s  t h e  
frequency increases .  The formula t h a t  r e l a t e s  t h e  s i g n i f  i can t  v a r i a b l e  is 
given below. 

Skin Ef fec t  X = 2 a dF 
where a = conductor r a d i u s  (cm) 

f  = frequency (Hz) 
P = permeabi l i ty  
P = r e s i s t i v i t y  ( ab  ohm-cm) 
X = f a c t o r  def ined i n  f i g u r e  59 

The physical  and p r a c t i c a l  a s p e c t  of s k i n  e f f e c t  is t h a t  i t  inc reases  t h e  
"R" value of the  R + j X  impedance because the e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  
is p a r a s i t i c a l l y  decreased. Therefore,  i t  can be seen t h a t  high f requenc ies  
w i l l  exacerbate the  sk in -e f fec t  and increase  the  l o s s e s  i n  the  t r ansmiss ion  
cab le ,  un less  s p e c i a l  precaut ions  a r e  taken.  However, more p r a c t i c a l l y ,  and 
f o r  the more t y p i c a l  a i r c r a f t  f requencies ,  it is poss ib le  t o  decrease  the  s k i n  
e f f e c t  by using smal ler  gage wires ,  s ince  t h e  l a r g e  gage conductors tend t o  
e x h i b i t  h igher  r eac tance  in the  inner co re  and so the c u r r e n t  tends  t o  crowd 



TABLE 9. - POSIT 1 VE SEQUENCE 1MPEDANCE FOR EQUILATERAL CONFIGURATION 

Wire Size 

(MIL-W-5086) 

AN-0 

AN-2 

AN-4 

AN-6 

AN-1 0 

AN-1 4 

AN-1 P 

AL-0 

AL-2 
4 

Impedance in  Ohms per 1000 f t . 
Min . Elevat ion* 

0.106+j0.182 

0.165+j0.192 

O.262+ j0.201 

0.413+j0.218 

1 .Ol8+jO.227 

2.507+jO.260 

5.531+j0.286 

0.165+j0.192 

0.255+j0.198 

- - -  

Six  Inch Elevation* 

*Elevation of three c o n d u c t ~ r s  above a i r c r a f t  sk in  

its m t e r  elements of the conductor. The cable  ac res i s tance  is r e l a t ed  by 
the formula 

Where 

R~~ 
is  the ac res i s tance  of the cable 

%c i s  the cab le ' s  dc res i s taace ,  (obtained from Tables) 

k is the skin e f f e c t  r a t i o  a s  r e l a t ed  to  X by curves such a s  
f igure 59 

Another aspect of the ac cable evaluation is the cable power-factor 
e f f ec t .  Here again the la rger  cables  a r e  adversely a f fec ted  a s  a funct ion of 
frequency inasmuch a s  the cable power f ac to r  is lower fo r  the l a rge r  s i ze  
conductcrs. This e f f e c t  is shown in f igure 58, where fo r  example a t  400 Hz, a 
110 gage wire has a power fac tor  compared t o  an $0 gage cable  with a power 
fac tor  of about 0.42. 
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Figure 59 .  - Skin e f f e c t  rat io ,  K-factor vs X-factor. 
(Courtesy AiResearch) 



4.2 D i s t r i b u t i o n  System Analysis:  P r e f e r r e d  System 

From the  foregoing d i scuss ion  and eva lua t ion  of a i r c r a f t  type  p w e r / f  eeder  
d i s t r i b u t i o n  systems,  t h e  fo l lowing summary can be made: 

(1)  The r i n g  type d i s t r i b u t e d  bus system (F igure  53) appears  t o  have 
s i g n i f i c a n t  mer i t  f o r  the  IDEAIAlternate IDEA type a i r p l a n e s .  

(2)  There a r e  many p o s s i b l e  v a r i a n t s  of t h e  r i n g  type (and d i s t r i b u t e d  
r a d i a l )  type systems. The p r o l i f e r a t i o n  of loads  i n  the  wings of the  
IDEA render  t h e  convent ional  r a d i a l  systems wi th  ded ica ted  MELCs l e s s  
f avorab le .  

4.3 P lans  And Resources For Technology Readiness 

NASA is  advised LO pursue t h e  development of d i s t r i b u t e d  bus systems and 
t o  address  p a r t i c u l a r l y  t h e  development of modular assembl ies  t h a t  could  
combine load wire p r o t e c t i o n  elements;  t h e s e  a r e  p r o t e c t i o n  modules t h a t  would 
preserve  the  r e l i a b i l i t y  and i n t e g r i t y  of t h e  d i s t r i b u t e d  bus system. 

NASA should encourage t h e  development of novel bus i n t e r f a c e  devices  t h a t  
could  t a p  the  d i s t r i b u t e d  c a b l e s  without breaking and terminat  ing the  cab les .  

NASA i s  advised t h a t  a more d e t a i l e d  a n a l y s i s  is requ i red  t o  address  t h e  
problems h igh l igh ted  in t h i s  s e c t i o n ,  namely, c a b l e  impedance, s k i n  e f f e c t ,  
cab le  power f a c t o r ,  c a b l e  groupings.  

A new s tudy is requ i red  t o  develop a compendium of c a b l e  d a t a ,  pursuant t o  
the i n t e r e s t  i n  h igher  t ransmiss ion f requenc ies  and higher  system power 
c a p a c i t i e s .  Mul t ip le  t a b l e s  should  be genera ted t o  g i v e  the R + j X  values  f o r  
d i f f e r e n t  gage c a b l e s  a t  d i f f e r e n t  f r equenc ies ;  a l s o  curves  and diagrams 
should be developed t o  de f ine  the  c a b l e  PF, K and X r a t i o s ,  and o t h e r  da ta .  

NASA should,  i f  high frequency power t ransmiss ion a t  20 kHz is pro jec ted ,  
s o l i c i t  cab le  manufacturers '  p a r t i c i p a t i o n  i n  the  d e v e l o p e n t  of spec l a 1  high 
frequency/low-loss t ransmiss ion c a b l e s  (coax,  f l a t  c a b l e ,  c o n c e n t r i c  l a y e r ) .  

NASA is  advised t h a t  the  complexity of the  power supply system is 
adverse ly  a f f e c t e d  by t h e  number of types  of systems t h a t  have t o  be  
d i s t r i b u t e d ,  e.g. ,  three-phase 200 Vl400 Hz, 400 V/800 Hz ( o r  o t h e r  ac  type) ,  
270 Vdc power, 28 Vdc, high frequency ac  power and s p e c i a l  vo l t ages  f o r  
d i g i t a l  e l e c t r o n i c s  power v i z  5 V ,  i 1 2  V ,  5 5  V ,  e t c .  

I d e a l l y ,  one type of power from which a l l  equipment might d e r i v e  t h e i r  
unique power requirements is  highly  a t t r a c t i v e  when quad redundancy has a l s o  
t o  be provided in the  c a b l e  d i s t r i b u t i o n  system. 



5 .  DIGITAL POWER CONTROL AND DATA DISTRIBUTION 

5.1 D i g i t a l  Power Control  Background 

With the  advent of d i g i t a l  l o g i c ,  i n t e g r a t e d  analog c i r c u i t 6  and s o l i d  
s t a t e  power swi tching,  new concepts were developed t o  handle g r e a t e r  demands 
f o r  more power and more p r e c i s e  c o n t r o l  of t h a t  power. The convent ional  power 
d i s t r i b u t  ion /con t ro l  system is  severe ly  l i m i t e d  by hard wir ing and e l e c t r o -  
mechanical swi tching techniques .  Control  l o g i c ,  l o a d  swi tching,  and c i r c u i t  
p r o t e c t  ion a r e  performed v i a  manually a c t u a t e d  swi tches  wi th  c o n t r o l  r e l a y s  
and a u x i l  i a ry  c o n t a c t s  , power re lays /  contac t o r s ,  and manually r e s e t  c i r c u i t  
breakers .  With t h e  except ions  of denign improvements and a  few s p e c i a l  
func t ion  packages, n e i t h e r  the  bas ic  concepts nor the  a p p l i c a t i o n  of t h e s e  
devices  have changed in s e v e r a l  a i r c r a f t  genera t  ions.  

One of the  e a r l i e s t  of t h e  new concep:s f o r  a i r c r a f t  e l e c t r i c  systems was 
des ignated "Sol i d  S t a t e  E l e c t r i c  Logic" (SOSTEL). The b a s i c  philosophy of 
SOSTEL was t o  m i n h i z e  the  number of power dev ices  and the  l e n g t h  of t h e  powcr 
path  r e s u l t i n g  in t h e  maximm system e f f i c i e n c y  . 

To minimize the  power devices  only  one power c o n t r o l l e r  is used between 
the  bus and t h e  load.  The power c o n t r o l l e r  p ~ o v i d e s  t h e  c i r c u i t  p r o t e c t i o n  as 
wel l  a s  the  load-control  switching.  Low l e v e l  s i g n a l s  from the  c o n t r o l  l o g i c  
a r e  used t o  c o n t r o l  the  power c o n t r o l i e r s .  The c o n t r o l  l o g i c  f u n c t i o n s  a r e  
performed by mic roe lec t ron ic  l o g i c  networks, providing s i g n i f i c a n t  
impr~vements i n  r e l i a b i l i t y ,  s i z e  and weight . 

Prototype s o l  i d  s t a t e  power c o n t r o l l e r s  were developed and have evolved 
through the  coordinat  ion of t h e  SAE Task Group f o r  Power Cont ro l l e r  s t andards .  
The requirement f o r  the  prototypes  ind ica ted  t h a t  some of the  dev ices  exceeded 
the  technology of the  t ime and t h e  c o s t s  of advancing the  technology cou ld  not  
be j u s t i f i e d  by t h e  l i m i t e d  a i r c r a f t  a p p l i c a t i o n s .  However, by t h e  l a t e  
1970's  technoiogy exceeded t h e  needs and, a s  w i l l  be shown l a t e r ,  s o l i d  s t a t e  
power c o n t r o l  is now c o s t  compet i t ive  with the  s impler  thermal and 
e lec t romagnet ic  components of t h e  convezt ional  approach. In  a d d i t i o n ,  a l l  t h e  
advantages of the  new concepts  f o r  pcxer d i s t r i b u t i o n ,  power/load management 
and c o n t r o l  process tng and communt~at ions  can be achieved.  

Control  l o g i c  ae thods  and system concepts have a l s o  cont inued t o  evolve.  
There has been very  l i t t l e  r e s t r a i n t  s i n c e  t h e  d i g i t a l  technology seems t o  
c o n t i n u a l l y  exceed the  needs and has al lowed a  much f a s t e r  evo lu t ion .  Closely  
following t h e  mic roe lec t ron ic  l o g i c  Implementat ions ,  a  means t o  reduce t h e  
many and lengthy c o n t r o l  wires  was Implemented. Th i s  new system provided 
mul t ip lexing between groups of sources ,  t h e  l o g i c  network, and groups of power 
c o n t r o l l e r s .  The next phase expanded the  s e q u e n t i a l  l o g i c  of t h e  m u l t i p l e x  
system t o  incorpora te  t h e  c o n t r o l  l o g i c  f u n c t i o n s ,  providing f o r  computer 
processing and programabi l i ty  of these  func t ions .  That implementat ion  was 
des ignated the  "SOSTEL I1 Data Handling System". 

These e a r l y  developments cont inue t o  form the  b a s i s  of the  new e l e c t r i c  
system concepts.  The cont inuing evo lu t ion  is  d i r e c t e d  a t  c o s t  r e d u c t i o n ,  
g r e a t e r  v e r s a t i l i t y , a n d  r e l i a b i l i t y  Improvement. Bui l t - in- tes t  f u n c t i o n s  have 



been expanded to  cover t h s  system from end t o  end including the  s i g n a l  sources  
and t h e  power c o n t r o l l e r s .  Fau l t  d e t e c t i o n ,  f a u l t  t o l e r a n c e ,  and s e l f  diag- 
n o s t i c  implementatfans have v e r i f i e d  t h a t  d i g i t a l  power c o n t r o l  can provide 
higher  r e l i a b i l  i r y ,  b e t t e r  maintainability, and lower l i f e  c y c l e  c o s t  than t h e  
convent i o n a i  approach. 

5.1.1 Power c o n t r o l  technology. - The i n i t i a l  concepts  of s o l i d  s t a t e  power 
c o n t r o l  (SSPC) d e s i r e d  a  uniform c u r r e n t  l i m i t i n g  a c t i o n  by the  power con- 
t r o l l e r .  The q u a l i t y  of the  d i s t r i b u t e d  e l e c t r i c  power is g r e a t l y  improved by 
c u r r e n t  l i m i t i n g  each load.  With inrush and f a u l t  c u r r e n t s  l i m i t e d ,  t h e  sys-  
tem vo l t age  t r a n s i e n t s  a r e  g r e a t l y  reduced. Current  l i m i t i n g  was f e a s i b l e  f o r  
2 8  Vdc c o n t r o l l e r s  but  s l i g h t l y  imprac t i ca l  when vo l t age  t r a n s i e n t s  and worst 
case  cond i t ions  were imposed. For 115 Vac, uniform cur ren t  l i m i t i n g  was 
ba re ly  f e a s i b l e  and t o t a l l y  imprac t i ca l ,  cons ide r ing  the  h igh energy 
(500 jou les )  t h a t  would have t o  be absorbed in  worst case .  The next stagc. of 
t h e  SSPC evo lu t ion  t r aded  o f f  some of the  uniformity  of c u r r e n t  limit by 
s h i f t i n g  a  major por t  ion of the  energy absorp t ion  t o  a  pass ive  component such 
as a  wire wound r e s i s t o r .  This approach improved t h e  c o s t  e f f e c t i v e n e s s  of 
the  28 Vdc SSPC, but  a t  115 Vac the  a a d i t i o n a l  swi tching devices  and the  
h igher  energy absorp t ion  made such an SSPC bare ly  p r a c t i c a l .  The evo lu t ion  of 
t h e  SSPC cont inued wi th  advances i n  s o l i d  s t a t e  power devices  such a s  t h e  bulk 
e f f e c t  c u r r e n t  l i m i t e r  and t h e  power f i e l d  e f f e c t  t r a n s i s t o r .  

The bulk e f f e c t  c u r r e n t  l i m i t e r  is based on wel l  known semiconductor 
physics ,  in t h a t  t h e  charge  c a r r i e r s  i n  a semiconductor exper ience  a  l i m i t i n g  
v e l o c i t y  when sub jec ted  t o  high f i e l d s .  The s a t u r a t i o n  of e l e c t r o n  v e l o c i t y  
is  an idea l  proper ty  f o r  a c u r r e n t  l i m i t e r .  The f a c t o r  necessary t o  produce a  
p r a c t i c a l  c u r r e n t  l i m i t e r  is a  m a t e r i a l  wi th  a  s u f f i c i e n t l y  h igh band gap 
which a l s o  has a low s a t u r a t i r , ~  f i e l d ,  low n e t  doping l e v e l ,  h igh breakdown 
f i e l d ,  and can be economfr,ctlly produced. Useable mater i d s  include GaAsP, 
AlGaAs, GaSbAs, and ZnO, a l l  of which have high enough band gaps and e x h i b i t  
c a r r i e r  v e l o c i t y  s a t u r a t i o n  a t  f i e l d s  i n  the  order  of 2 k V / ~ m . ~  By n e t  doping 
of these  m a t e r i a l s  in t h e  range of 10 charge  c a r r i e r s  per cm , the  power 
dens i ty  becomes low enough t o  a l low use of high f i e l d  c u r r e n t  l i m i t i n g  e f f e c t s  
without excess ive  heat ing.  Because t h e  l i m i t i n g  e f f e c t  is a  bulk  e f f e c t ,  t h e  
c u r r e n t  l i m i t e r  does not  have hot spot  problems such a s  occur i n  junc t ion  
c u r r e n t  1 imi te r s .  

S ince  t h i s  c u r r e n t  l i m i t  property is  found i n  high band gap m a t e r i a l s  i t  
is poss ib le  t o  opera te  t h e  c u r r e n t  l i m i t e r  a t  high temperatures  a l lowing l a r g e  
power d i s s i p a t i o n  per u n i t  s i z e  of device.  The s i z e  of the  device  is 
r e s t r i c t e d  on ly  by mater i a l  process ing and packaging problems. Mate r i a l  
process ing has advanced t o  the  point  where the  v e l o c i t y  s a t u r a t i o n  mechanism 
can be p r a c t i c a l l y  implemented t o  produce an economical c u r r e n t  l i m i t e r .  The 
use of t h i s  bulk e f f e c t  c u r r e n t  l i m i t  would g r e a t l y  s i m p l i f y  t h e  power and the  
c o n t r o l  c i r c u i t r y .  The ac module could use s t andard  SCR technalogy wi th  i t s  
wel l  known c h a r a c t e r i s t i c s  and r e l i a b i l i t y .  The BIT c i r c u i t r y  would a l s o  be 
s i m p l i f i e d  a s  t h e  amount c i r c u i t r y  t o  check would be reduced. These s impl i f  i- 
c a t i o n s  f u r t h e r  improve the  r e l i a b i l i t y  and c o s t  e f f e c t i v e n e s s  of the  s o l i d  
s t a t e  power c o n ~ r o l l e r  . 
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The Power FET has had a r a p i d  expansion in technology and a p p l  i c a t  ion  
s i n c e  1979. Rat ings  of present  devices  exceed 1000 v o l t s  and can e f f i c i e n t l y  
swi tch  over t o  300 wa t t s  per device.  The Power FET o f f e r s  some unique advan- .. t a g e s  over power t r a n s i s t o r s .  These advantages a r e :  

High Input Impedance: These dev ices  can be d r iven  e a s i l y  by s t andard  
CMOS g a t e s .  Th i s  proper ty  w i l l  g r e a t l y  reduce the  c o n t r o l  c i r c u i t  
power d i s s i p a t i o n  r a i s i n g  t h e  o v e r a l l  e f  f  ic iency . 
No Secondary Breakdown: The b a s i c  mechanism of FET swi tch ing  does no t  
involve the  t r a n s i s t o r  c h a r a c t e r  1st i c  of secondary breakdown. Th i s  
c h a r a c t e r i s t i c  a l lows t h e  f u l l  u t i l i z a t i o n  of t h e  dev ices  d i s s i p a t  ion  
and v o l t a g e  r a t  ings  . 

0 Can be P a r a l l e l e d  wi th  Ease: Because these  devices  e x h i b i t  a p o s i t i v e  
temperature c o e f f i c i e n t ,  they can be p a r a l l e l e d  wi thout  c u r r e n t  
hog8 h g  

Can be  S e r i e s e d  wi th  Ease: The high o f f  impedance a l lows a s e r i e s  
connect  ion t o  be convenient ly  implemented f o r  h lgher  v o l t a g e  
a p p l i c a t i o n .  

0 Bulk Mode Control  of c u r r e n t :  Th i s  b a s i c  proper ty  permits  t h e  v o l t a g e  
drop of t h e s e  devices  t o  be reduced t o  very  low l e v e l s  by p a r a l l e l i n g  
many devices .  Other types  of power swi tches  e x h i b i t  j u n c t i o n  v o l t a g e  
drops that s e t  t h e  low l i m i t  of power l o s s .  

0 Low Power Density:  The f a c t  t h a t  these  devices  can be p a r a l l e l e d  
a l lows the  power t h a t  is  d i s s i p a t e d  t o  be sp read  over a l a r g e r  a r e a  
which w i l l  Increase  the  su rge  c a p a b i l i t y  of t h e  system. 

High Speed Turn-Off: The FET is  r major i ty  c a r r i e r  conductor t h e r e f o r e  
no recombination delay is incurred.  Th i s  e l i m i n a t e s  c u r r e n t  overshoot 
and reduces power d i s s i p a t i o n  on t r i p  o u t .  

These advantages have s i g n i f i c a n t l y  improved the  c o s t  e f f e c t i v e n e s s  of 
SSPC's, p a r t i c d a r l y  f o r  h igh vo l t age  requirements.  Also t h e  high speed of 
t h e  power FET a l lows  a p p l i c a t i o n  of i n s t a n t  t r i p  which e f f e c t i v e l y  l i m i t s  
f a u l t  c u r r e n t  without h igh energy absorp t  ion. Normal in rush  c u r r e n t  would 
pass  through but should  not  c r e a t e  s i g n i f i c a n t  v o l t a g e  t r a n s i e n t s .  With t h e  
i n s t a n t  t r i p  approach,  t h e  only s i g n i f i c a n t  energy a b s o r p t i o n  r e q u i r e d  of t h e  
SSPC is f o r  t h e  Induct ive  energy s t o r e d  in the  load.  

The l e v e l  of i n s t a n t  t r i p  is s u b j e c t  t o  t rade-offs .  A l e v e l  s e t  a t  15 
t imes  r a t e d  c u r r e n t  would be requ i red  f o r  un ive r sa l  a p p l i c a t i o n .  For t h e  
Incandescent type  l o a d s  t h a t  r e q u i r e  t h a t  l e v e l  t h e r e  is  l i t t l e  problem. 
However, i f  a p r imar i ly  induc t ive  over load were al lowed t o  charge  up t o  t h a t  
l e v e l ,  which is more than twice t h e  normal induc t ive  inrush,  t h e  energy t h a t  
must be absorbed by t h e  swi tching device then would be g r e a t e r  than 4 X  t h e  
normal maximum. Thus s p r e f e r r e d  trade-off  would be t o  s e t  t h e  ins tan taneous  



t r i p  a t  7.5X. The incandescent type  load  would then r e q u i r e  a 2 X  r a t e d  c i r -  
c u i t ,  which may a l ready  be requ i red  due t o  s i z e  o r  v o l t a g e  drop consider-  
a t i o n s .  Another cons ide ra t ion  i s  t h a t  with ze ro  vo l t age  t u r n  on,  the  in rush  
of incandescent loads  may be l i m i t e d  t o  l e s s  than 7.5X. 

The d i g i t a l  i n t e r f a c e  t o  the  power c o n t r o l l e r  has a l s o  evolved th.rr,ugh t h e  
y e a r s  r e s u l t i n g  in s e v e r a l  opt  ions.  The c o n t r o l l e r  was o r  i g i n a l l y  conceived 
a s  a s t and  a lone ,  r e l a y  type component which was wired i n t o  a power system. 
New a p p l i c a t i o n s  w i l l  s t i l l  r e q u i r e  some d i r e c t l y  c o n t r o l l e d  s o l i d  s t a t e  o r  
hybr id  power c o n t r o l l e r s .  However, f o r  reduced c o s t  and c a b l e  complexity 
SSPC's w i l l  be a p p l i e d  a s  an  element of a system - a c a r d  module in the  load  
management c e n t e r  (LMC). 

A s  a  s t and  a lone  o r  a system element, the  SSPC has  "smarts" of i t s  own, 
performing s e v e r a l  func t ions .  Its r e l a y  f u n c t i o n  r e q u i r e s  t h a t  i t  provide an 
a u x i l i a r y  o r  i n t e r l o c k  s i g n a l  which is an ON-OFF l o g i c / s t a t u s  s i g n a l .  I t s  
c i r c u i t  breaker f u n c t i o n  r e q u i r e s  t h a t  it provides a t r i p - f r e e  func t ion  wi th  
memory t o  p r o t e c t  i t s e l f  a s  well  a s  the  load c i r c u i t .  A t r i p  s t a t u s  s i g n a l  is 
a l s o  required.  Also, s i n c e  i ts  "mechanisms" a r e  s o l i d  s t a t e ,  t h e r e  i s  a need 
f o r  b u i l t - i n - t e s t  (BIT). The i n t e r f a c e  t o  the  SSPC thus  r e q u i r e s  command 
s i g n a l s  of ON, OFF, Reset and Tes t ,  and s t a t u s  s i g n a l s  ON, OFF, T r i p  and 
Fau l t .  For i n t e r f a c e ,  e i g h t  s i g n a l s  could  be provided, four  command and four  
s t a t u s .  Simple b inary  conversion reduces  t h a t  t o  two each. A f u n c t i o n a l  
combination of OFF and Reset along wi th  pulse  timing provides a l l  command 
requirements wi th  one s i g n a l .  A continuous "low'' e q u a l s  OFF & Rese t ,  
continuous "high equa l s  ON & T e s t ,  a  s h o r t  "high" equa l s  OFF & T e s t ,  and a 
s h o r t  low is  ignored. Thus t h r e e  d l g i t a l  s i g n a l s  can provide t h e  r e q u i r e d  
i n t e r f a c e .  A f u r t h e r  ref inement ,  proposed by NADC, i s  known a s  the  bIT 
i n t e r f a c e .  The BIT i n t e r f a c e  combines analog impedance along wi th  t h e  analog 
timing and combines the  s t a t u s  s i g n a l i n g  on the  same l i n e  a s  t h e  command 
s i g n a l  ing . 

The i n t e r f a c i n g  of the  SSPC a s  a system element of the  Load Management 
Center (LMC) allows f u r t h e r  op t ions .  A s  suggested in a recen t  E l e c t r i c a l  
Mul t ip lex  (EMUX) system s tudy,  some of the  SSPC i n t e l l i g e n c e  could  be 
t r a n s f e r r e d  t o  a common processor in t h e  LMC. However, a  more d e t a i l e d  
a n a l y s i s  of t h a t  concept i n d k a t e s  a dec i s i v e  disadvantage i n  c i r c u i t  
i s o l a t i o n s ,  complexity and over load response time. C i r c u i t  i s o l a t i o n  is 
requ i red  f o r  v o i t a g e  l e v e l  s h i f t i n g ,  avoiding ground loops and e l e c t r i c a l  
noise  decoupl ing. Current  sens ing over t h e  wide range r e q u i r e d  (150: 1) 
requ i res  t i g h t  coupl ing t o  the  load c i r c u i t  which is con t ra ry  t o  the  
e l e c t r i c a l  no i se  decoupling requ i red .  Also, the  wide ranging,  low l e v e l  
c u r r e n t  s i g n a l  is more d i f f i c u l t  t o  handle than d i s c r e t e  l o g i c  s i g n a l s  and 
c i r c u i t  complexity would be increased i n  t h e  sampled da ta  system. The 
bu i l t - in - t e s t  and the  over load c a l c u l a t i o n s  a r e  r e l a t i v e l y  s imple  and a r e  
in t imate ly  a s s o c i a t e d  wi th  the  i s o l a t e d  power element. Separa t ing t h e s e  
func t ions  would r e q u i r e  more i s o l a t i o n  and s e l e c t i o n  c i r c u i t r y  than the  
c i r c u i t s  saved through shared c a l c u l a t i o n s .  Also redundancy would be requ i red  
in  the shared c i r c u i t r y .  Overload response time would be jeopardized 
p a r t i c u l a r l y  a t  high over loads ,  so t o  minimize t h e  power d i s s i p a t i o n  and t h e  
c o s t  of the  power element the  i n s t a n t  t r i p  response must occur i n  
microseconls. An accura te  scan of 64 t o  128 c u r r e n t  sensors  would r e q u i r e  a t  
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l e a s t  0.5 seconds, a f f e c t i n g  t h e  accuracy of over load t r i p  a t  t h e  300% l e v e l .  
Therefore i t  is recommended t h a t  the  SSPC f u n c t i o n s  be i n t e g r a l  and s e l f  

.. . contained.  
s r 

F a i l u r e  e f f e c t s  must a l s o  be considered i n  t h e  i n t e r f a c e  t o  t h e  SSPC's a s  
wel l  a s  i n  t h e  LMC system. A i r c r a f t  power d i s t r i b u t i o n  systems a r e  un ique ly  
d i f  f e r e n t  from induet r i a l  o r  commercial paver d i s t r i b u t i o n  systems. Rather  
than j u s t  branch c i r c u i t  p r o t e c t i o n ,  overload p r o t e c t i o n  i s  provided f o r  
ind iv idua l  load c i r c u i t s .  This r e s u l t s  i n  t h e  need f o r  hundreds of c i r c u i t  
breakers .  %is ind iv idua l  p r o t e c t i o n  provides  an e f f e c t i v e  f a u l t  i s o l a t i o n  
so t h a t  a  s i n g l e  load c i r c u i t  f a i l u r e  w i l l  not e f f e c t  o t h e r  c i r c u i t s .  The 
SSPC provides t h e  ind iv idua l  p r o t e c t i o n  of t h e  load c i r c u i t s ,  Lut a  f a u l t  i n  

T t any shared SSPC c o n t r o l  c i r c u i t  wbuld d i s a b l e  a l l  of the  shar ing group. The 
i n t e r f a c e  t o  the  SSPC then must minimize f a u l t  propagation.  Therefore any 
shared c i r c u i t r y  must be redundant o r  f a u l t  t o l e r a n t .  Th i s  f a u l t  i s o l a t i o n  
requirement extends t o  the  LMC processor  a s  wel l .  Since t h e  p rocessor  s h a r e s  

a c o n t r o l  of a  hundred SSPCs it -.ust be made redundant o r  f a u l t  t o l e r a n t .  

5.1.2 Power c o n t r o l l e r  developments. - Over t h e  p a s t  1 5  years  hundreds o f  
remote power c o n t r o l l e r s  of va r ious  types and r a t i n g s  have been developed and 
prototyped.  This technology i s  now considered off-the-shelf  by those  
cognizant of advanced a i r c r a f t  e l e c t r i c  system technologies .  Addi t ional  
e f f o r t s  a r e  being made t o  r e f i n e  and improve performance and l i f e  c y c l e  c o s t  
of these  components. The d e v e l o p e n t  of technology f o r  s o l i d  s t a t e  power 
c o n t r o l  has  been s t r o n g l y  supported by NASA L e w i s  Research Center ( r e f e r e n c e  
5) .  They have heen sponsoring the  developaent of power semiconductor dev ices ,  
achieving high c u r r e n t  and high vo l t age  c a p a b i l i t i e s .  NASA LeRC has  a l s o  been 
developing remcce power  controller^ f o r  space a p p l i c a t i o n s ,  beginning wi th  t h e  
28 Vdc u n i t s  i n  the  Space S h u t t l e ,  and r e c e n t l y  achieved 1000 Vdc with 25 kW 
c a p a b i l i t y .  

The most recent s o l i d  s t a t e  power c o n t r o l l e r  (SSPC) developments have been 
d i r e c t e d  a t  t h e  load management c e n t e r  (LMC) concepts ,  wherein t h e  power con- 
t r o l l e r  is a  card module incorporated wi thin  t h e  LMC u n i t .  One approach, con- 
f igured  f o r  ARINC 600 box s p e c i f i c a t i o n e ,  i e  proposed and s p e c i f i e d  i n  t h e  
AAES Control Technology Demonstrator (CTD) des ign f o r  t h e  Air Force Wright 
Aeronautical  Labs (AFWAL) ( r e f e r e n c e  6) .  The s p e c i f i e d  conf igura t ion  is  shown 
i n  f i g u r e  60. Another approach employs t h e  improved s tandard e l e c t r o n i c  module 
(ISEM) and is  being employed i n  t h e  advanced a i r c r a f t  e l e c t r i c  system "hot 
bench" a t  the Naval A i r  Development Center (NADC) ( f i g u r e  61) .  

The SSPC is most c o s t  e f f e c t i v e  a t  t h e  lower c u r r e n t  r a t i n g s .  As shown i n  
the  "Load n i s t  r ibu t ion  Comparison" ( t a b l e  10 j ,  the  major i ty  of the  loads  
(76 percent t o  92 percent)  a r e  wi th in  t h e  p resen t  c o s t  e f f e c t i v e  range of 
s o l i d  s t a t e .  The higher  cu r ren t  loads  a r e  handled by the  hybrid power con- 
t r o l l e r s  c o n s i s t i n g  of s o l i d  s t a t e  c o n t r o l  and p r o t e c t i o n  c i r c u i t r y  o p e r a t i n g  
a  r e l a y  f o r  the  high cur ren t  switching.  The hybrid power c o n t r o l l e r  i s  
u s u a l l y  a  l a r g e r  otand-alone component which rep laces  t h e  power r e l a y s  and 
e l iminate8 the need f o r  an a c c e s s i b l e  power c i r c u i t  breaker .  The hybrid power 
c o n t r o l l e r  has not received t h e  same s t a n d a r d i z a t i o n  e f f o r t  a s  t h e  SSPC; 
however, va r ious  implementations of the  hybrid approach have been appl ied  t o  a  
l imi ted  ex ten t  i n  t h e  m a j o r i t y  of c u r r e n t  a i r c r a f t  ( r e f e r e n c e s  7 and 8 ) .  



(DIMENSIONS IN INCHES) 

COMPONENT 
AREA 

15V REGULATED 
SOURCiS TYPICAL UNIT 1 15?' AC BUS 

15V DC 1 PWR. IN 

l 5 V  DC 2 
OUTPUT 

CONTROL STATUS 
. . - . . - - - . 

SIG. GND. 1 1 I 
ISOLATION 
INTERFACE 

Figure 60. - Power controller, 115V 400 Hz load switching 
SPST configuration. 

LOAD 



(DIMENSIONS IN INCHES) 

e 5.740 k.005 

5.440 k.005 . I50 k.010 

- - - - - - - - - - - - -  
1 (A)  

.290 i .005 

NAC 1 10.01 02.681.3 CONNECTOR - FRAME ASSY, NAC 110.0102-710.5 

FRAME, NAC i 10 6102,709.1 J 

.032 MAX 

.050 NOM FRAME 

CONNECTOR NO. - NACOlO2.691.3 

PINOUT: FUNCTION PIN N0.N 
CONTROL 2 
CONTROL GNO 4 
POWER IN 37, 38, 87, 88 
POWER OUT 34, 83, 84 

NOTES: (A) NAMEPLATE LOCATION 
(0) COMPONENT TYPES AN0 LOCATIONS ARE FOR ILLUSTRATION ONLY 

Figure 61. - Power control ler ,  270 Vdc, load witching  SPST, 
normally open, 1,  2 ,  and 5 amperes. 



TABLE 1 0 - LOAD DISTRIBUTION COMPARISON 

A i r c r a f t  Type 
Generator Capacity 

C-X C TD 
60 kVA 120 kVA 

Total  Loads 

0. SA 
1.6A 
2 OA 
3.0A 
5.0A 
7.5A 

10.OA 
15.OA 
Other 

Dc D i s t r i b u t i o n  - C m u l a t  ive  

0.5A 
1.6A 
2.0A 
3. OA 
5 .  OA 
7.5A 

10.OA 
15.0A 
Other 

To a a t c  t h e  most ex tens ive  a p p l i c a t i o n  of remote power c o n t r o l  i r  i n  t h e  
B-1. A complete and s e p a r a t e  EMUX system is incorporared i n t o  t h i s  advanced 

5.1.3 Power c o n r r o l l e r  a p p l i c a t i o n s .  - The a p p l i c a t i o n  of remote poker con- 
t r o l  i n  production a i r c r a f ~  has been s u r p r i e i n g l y  l i m i t e d .  An e a r l y  standard- 
ized product was the  remote c o n t r o l l e d  c i r c u i t  breaker (RCCB). Th i s  hybrid 
component was developed t o  meet the  needs of the  wide body a i r c r a f t  . The RCCB 
provided n substant . ia1  weight r educ t ion  by e l  iminat ing many power c a b l e s  
between t h e  main e l e c t r i c a l  load c e n t e r  end t h e  manual c i r c u i t  b reakers  i n  t h e  
f l i g h t  s t a t i o n .  The RCCB and o t h e r  customized hybrid power c o n t r o l l e r a  have 
been included i n  most rubsequeut a i r c r a f t  designs.  Even smal ler  a i r c r a f t  Such 
so t h e  Me-146, t h e  SF-340, the  F-16, and the AH-IS h e l i c o p t e r  have advants- 
geously employed them. The RCCB was a l s o  a p p l i e d  i n  t h e  Space S h u t t l e  t e s t  
c r a f t  and custom hermet ica l ly  s e a l e d  hybr id  power c o n t r o l l e r s  were developed. 
The S h u t t l e  d e s b n  incorpora tes  an  EMUX rystem u t i l i z i n g  hundreds of SSPCa, 
thue providing the  technology and e f f e c t i v e n e s s  of remote power c o n t r o l  



a i r c r a f t  design.  This EMUX system employs more than 1000 remote power con- 
t r o l l e r s  r e s u l t i n g  In the  e l i m i n a t i o n  of 57 mi les  of c o n t r o l  and power wi r ing  
and a weight r educ t ion  of 1200 pounds. However, t h e  remote power c o n t r o l l e r s  
i n  the i n i t i a l  a i r c r a f t '  a r e  a hybrid type and cannot be r e s e t  remotely. A 
s e t  of SSPC'e were j u s t i f  l ed  and designed t o  be a p p l i e d  in t h e  f o u r t h  t e s t  
a i r c r a f t  but were not  because of the  cut-off . The r e I r a s t a t e d  B-1B cont inued 
wi th  the  i n i t i a l  des igns  but  could be converted t o  s o l i d  s t a t e  In t h e  near  
f  u tu rc .  

5.2 D i g i t a l  Data Multiplexing 

Beceuee of t h e  growth of thousands of f e e t  of d i f f e r e n t  wire segments i n  
advanced m i l i t a r y  and commercial a i r c r a f t ,  i ndus t ry  has  looked t o  the  appl ice-  
t i o n  of d i g i t a l  mul t ip lex ing  (MIX) concepts a s  the  technology f o r  reducing t h e  
wire quant i ty lweight  and br inging v i a b i l i t y  t o  t h e  a l r c r a f  t ' s  e l e c t r i c / a v i o n i c  
syetem. 

Basical ly  t h e  philosophy of mul t ip lex ing  is p red ica ted  on the  use of a feu 
data- t ransmiss ion c a b l e s  over which many hundred of thousands of signals may 
be t r ansmi t t ed  from the  f l i g h t  s ta t ionlcomputer  c o n t r o l  c e n t e r  t o  the  remote 
l o a d s  (av ion ic  equipment o r  load c o n t r o l l e r s ) .  The technr:logy of a11 t i p l e x i n g  
is by no means new and i t  is used widely i n  many i n r i ~ s t r i a l  compl.,er systems 
and In a i r c r a f t  . 

Up t o  t h i s  t h e ,  i n  the  commerciaP a i r c r a f t  e l e c t r i c  systems,  mul t ip lex ing  
has been cons t ra ined  t o  the  passenger s e r v i c e  c a l l  systems and the  passenger 
dudlo-, n ter ta inment  systems. The l a t t e r  system is s o p h i s t i c a t e d  i n  that l t  
involves  the  t ransmiss ion of h igh-qual i ty  audio  s Q n a l s ,  cover h g  a frequency 
range of 15 t o  4 0  kHz. There a r e  f i f t e e n  s e p a r a t e  channels ,  each us ing 12 b i t  
r e s o l u t i o n  of audio  data  t o  minimize t h e  quant i z a t  ?on noise  an8 inc rease  t h e  
dynamic range. Each channel f s  updated a t  a  r a t e  of 25,000 s e c  and the  s e r i a l  
c lock r a t e  is 4.5 MHz. 

In  f l i g h t  s e r v i c e  these  MUX systems have not 5een without t h e i r  problems, 
but  the  developuent s t a t u s  of mul t ip lexing can be s a i d  t o  be a t  a  hi&: r l e v e l  
of development than those  e a r l y  Passenger Enter ta inment /Service  (PE/S) sys- 
tems. Unlike any audio-entertainment systems,  an e l e c t r i c a l  m u l t i p i e x  (EMUX) 
system w i l l  be jiwolved p r imar i ly  with the  transmissioil  of d i s c r e t e  c o n t r o l  
s i g n a l  d a t a ,  r a t h e r  than the  t ransmiss ion of mul t i -b i t  r e so lved  analog da ta .  
However, f o r  e l e c t r i c a l  q u a l i t y  and usage monitoring and u t  11 i t y  s e r v i c e  f o r  
o t h e r  systems the  EHUX system w o ~ l d  be involved with some analog d i g i t a l  
conversion.  

The remote l m d s  i n  an EMUX-configured a i r p l a n e  w i l l  s t i l l  use s e p a r a t e ,  
dedicated power wir ing s o  any wi re lquan t i ty /ue igh t  r educ t ion  w i l l  t h e r e f o r e  
come mainly from the  e l i m i n a t i o n  of the  l i g h t e r  gage c o n t r o l  wir ing and a 
shor tening of the  power wir ing in t h e  a i r c r a f t .  However, i t  is imp1 i c i t  i n  
t h i s ,  t h a t  i f  major b e n e f i t s  a r e  t o  be derived irom an EMUX system, i t  must be 
n c h i e v ~ i  by a complete r e v i s i o n  of t h e  conventiona? power bus a r c h i t e c t u ~ e  now 
prevalent  i n  c u r r e n t  a i r c r a f t .  S h p l i f  i c a t l o n  of the  power bus a r c h i t e c t u t c  
is in f a c t  one of the  primary o b j e c t  ivee  of advanced power management and i t  





modern a i r c r a f t  communicat ions  system and it ut  il ized a combinat ion FDMITDM 
s i g n a l  t ransmiss ion system. This s tudy ,  conducted by RCA f o r  t h e  Lockheed 
P-3, showed that some 34 coax ia l  chb les  could  rep lace  approximately 4000 wi res  
in t h e  convent ional ly  wired a i r p l a n e .  Weight savings  up t o  1200 l b  were 
p red ic ted  f o r  the  MINCOMS. 

There Is  ample exper ience  ln m i l i t a r y  mu1 t i p l e x i n g  systems,  as exempl i f  l e d  
by those used in t h e  B-1, F-15, F-16, F-18, and Lockheed's S-3, P-3, C-141, 
and C-5 a i r c r a f t .  For the  c e n t r a l  i n t e g r a t e d  t e s t  systems (CITS), a i r c r a f t  
i n t e g r a t e d  data  systems (AIDS), and o t h e r  data  systems,  mul t ip lex ing  has  been 
a valuable  adjunct  t o  the  a i r c r a f t ' s  e l e c t r i c  systems s i n c e  it e l imina ted  many 
thousands of f e e t  of wire which would have been requ i red  f o r  t h e  s t a t u s  and 
ins t rumenta t  ion a o n i t o r  lng. The s e l e c t  ion  of ex tens ive  mul t i p l e x i n g  i n  the  
B-1 bomber and t h e  more recen t  s e l e c t i o n  and expansion of AMUX in a l l  new 
f i g h t e r  a i r c r a f t ,  s t a n d  a s  endorsements of the  a v i a t i o n  i n d u s t r y ' s  commitment 
t o  the u t i l i z a t i o n  of t h i s  new technology i n  modern weapon systems.  

5.2.1 Mul t ip lexing technology. - Mult ip lexing is data  t r ansmiss ion  in which 
s i g n a l s  a r e  t r ansmi t t ed  simultaneously over frequency-assigned channels  
frequency d i v i s i o n  mul t ip lexing (FDM); o r  s e q u e n t i a l l y  a s  t h e - d i v i s i o n  
mul t ip lexing (TD3l); o r  a combination of both,  a s  an FDM/TDM eystem. The 
s i g n a l s  themselves may be t r ansmi t t ed  a s  analog data  o r  d i g i t a l  d a t a ,  
depending upon the  type of r o d u l a t i o n  technique. Analob da ta  t r a n s m i s ~ i o n  has  
the  m e r i t s  of s i m p l i c i t y  i n  t h a t  no A-D (analog- to-digi ta l )  , and no D-A 
(digital-to-analog) conver te r s  a r e  required.  However, f o r  no i se  immunity, and 
o the r  reasons ,  indus t ry  has  s t andard ized  on pulse-code-m~dulated (PCM) systems 
in which d i g i t a l  d a t a  (words) a r e  t r ansmi t t ed .  The &t:a words could  be 
t r ansmi t t ed  on p a r a l l e l e d  l i n e s  ( p a r a l l e l  PCM) o r  s e q u e n t i a l l y  on fewer l i n e s  
( s e r  l a 1  PCM) . 

The development of a s t andard  f o r  s e r i a l  PCM t ransmiss ion  began i n  e a r l y  
1968 with t h e  formation of a n  SAE subcommittee on ":4ultiplexing f o r  A i r c r a f t "  
(SAE-A2K). The committee developed the  f i r s t  d r a f t  of a d i g i t a l  t ime-division 
mul t ip lex  d a t a  bus s tandard and expanded t h a t  i n t o  a f u l l  system s p e c i f i c a t i o n  
"Control Group, E l e c t r l c  Power" MIL-P-81883. The developing document 
represented t h e  b e s t  t h a t  indus t ry  and m i l i t a r y  eng ineers  could  d e f i n e  and 
provided a sounding board f o r  evolving ideas .  It a l s o  provided t h e  b a s i s  f o r  
USAF MIL-STD-1553, f i r s t  i s sued  i n  1973 and now a un i fo ru  world s t andard  f o r  
"Ai rc ra f t  I n t e r n a l  Time Div i s ion  Command/Response Mu1 t i p l e x  De t a  Bus". Since  
the  incep t ion  of the  SAE-AZK, the  indus t ry  has been des igning and producing 
hardware f o r  va r ious  MUX systems. Some of these  systems were developed during 
the  s t a n d a r d i z a t i o n  e r a  ( i .e . ,  B-1 and F-15) and a r e  s i ro i lar  but  incompatible 
wi th  MIL-STD-1553 which was f i r s t  a p p l i e d  on the F-16. Since  then s e v e r a l  
modest r e v i s  ions have occurred through coordinat  ion of induscry and m l l  i t a r y  
in the  SAE-A2K and v i a  symposia, c o n t r a c t e d  s t u d i e s  and development p rogram.  
Recently the  subcommittee was upgraded and renamed committee on "Aerospace 
&.-~ionics Equipment and In tegra t ion"  (SAE-AE9). A s  t h e  name impl ies  i ts scope 
has expanded, cont inuing developer ;  t of f u t u r e  MUX s t andards ,  while adding a 
microcomputer and sof tware  subcommittee. An EMUX subcommittee was a l s o  
e s t a b l i s h e d  t o  promote, s p e c i f y  and s t audard izc  a r c h i t e c t u r e  and components 
f o r  a i r c r a f t  e l e c t r i c  systems. 



The key c h a r a c t e r i s t i c s  of t h e  MIL-STD-1553 da ta  bus a r e  based on t h e  
requirements f o r  a pa r ty  l i n e  bus wi th  up t o  32 tap6 t o  opera te  asynchronously 
i n  a cunmand-response (master-slave) duplex mode. The s i g n a l s  a r e  t r a n s f e r r e d  
over the  data  bus in s e r i a l  d i g i t a l  pulse  code modulation form, t h e  
t ransmiss ion b i t  r a t e  on t h e  bus is  ? .O megabits per second, acd t h e  da ta  code 
is Manchester 11 biphase  l e v e l .  Each da ta  word c o n s i s t s  of a unique sync 
waveform ( 3  b i t  t imes) ,  s i x t e e n  b i t s  of d a t a ,  and a p a r i t y  check b i t ,  a s  shown 
i n  f i g u r e  63. An in te rnessage  gap and response t h e  a r e  a l s o  s p e c i f i e d .  The 
s p e c i f i c a t i o n  a l s o  covers  c a b l e  and c a b l e  impedance, a t t e n u a t i o n ,  terminat  ion ,  
c a b l e  t aps  and s t u b s ,  and terminal  input and output c h a r a c t e r i s t i c s  (waveform, 
no i se ,  symmetry, common mode, and impedance) . 

The r a p i d  growth of l a r g e  s c a l e  i n t e g r a t i o n  ( i S 1 ) l v e r y  l a r g e  s c a l e  
i n t e g r a t i o n  (VLSI) and the  a v a i l a b i l i t y  of i n t e g r a t e d  c i r c u i t  (IC) MUX c h i p s  
has l e d  t o  the  development of a mul t ip lex  c a p a b i l i t y  t h a t  can meet the  most 
s o p h i s t i c a t e d  requirements of t h e  commercial and m i l i t a r y  a i r p l a n e .  Thus, 
many a l t e r n a t i v e  MUX des igns  have been and a r e  con t inu ing  t o  be developed. 

For commercial a i r c r a f t ,  t h e  l ead ing  s t andard  is ABINC spec i f  i c e t f o n  429 
app l i ed  t o  informat ion t r a n s f e r  batween a v i o n i c s  equipments. The 
s p e c i f i c a t i o n  is f o r  point-to-point ,  u n i d i r e c t i o n a l ,  moderate b i t  r a t e  d a t a  
t r a n s f e r .  While t h i s  is s u i t a b l e  f o r  t r a n s f e r r i n g  a l a r g e  q u a n t i t y  of data  t o  
one o r  s e v e r a l  equipments, i t  is  not usable  f o r  the  widely s c a t t e r e d ,  d i s c r e t e  
input-output l i n k a g e s  r e q u i r e d  in tire e l e c t r i c  system. For i n d u s t r i a l  
c o n t r o l s  t h e r e  a r e  a s  many MUX des igns  a s  t h e r e  a r e  product vendors,  a r d  
b a s i c a l l y  these  des igns  a r e  permutations 2nd combinations of each o t h e r  
providing a v a r i e t y  of parameter t rade-offs ,  wi th  l i t t l e  i f  any o v e r a l l  
advantage. 

Fiecause of t h e  c h a r a c t e r i e t  i c s  of the MUX s i g n a l  t ransmiss ion format a l l  
s i g n a l s  must be condi t ioned and d i g i t i z e d  before  i n p u t t i n g  onto  t h e  d a t a  bus. 
Amplitude s c a l i n g  of analog data  i n t o  the des i red  number of b i t s  is  necessary .  
Typical ly  i n  most MUX systems,  cond i t ion ing ,  b u f f e r i n g  and fo rmat t ing  is 
accomplished i n s i d e  the  equipment, o r  in remote terminal  u n i t s  ( R T ) .  
F igure  64 shows a very simple block scheinatic of a I?UX element i n  which an RT 
performs t h e  r o l e  of i n t e r f a c i n g  the  ina iv idua l  equipments with the  data  bus. 
That approach l ends  i t s e l f  t o  r e t r o a c t i v e  MUX i n s t a l l a t  ions.  It p r o l i f e r a t e s  
t h e  use of i n t e r f a c e  connectors  however aad t h e r e  is a l a r g e  amount of i n t r a -  
wir ing between the  equipments and the  ind iv idua l  RTs. The a l t e r n a t i v e  and 
b e t t e r  approach is where the  in t rawi r ing  and a d d i t i o n a l  connectors  a r e  
e l iminated by having bus i n t e r f a c e  e l e c t r o n i c s  b u i l t  i n t o  each equipment. 

Another example of system a r c h i t e c t u r e s  is t h a t  shown i n  f i g u r e  65. These 
schematics were prepared by Vought-LTV a s  a p a r t  of the  r o r k  on t h e  A-7 
s imulator  program and i l l u s t r a t e  the  p r o l i f e r a t i o n  of wir ing and connectors  
when the  mul t ip lexer  da ta  ieixninal (MDT) is  a stand-alone type  ( f i g u r e  65a) a s  
opposed t o  the  c o n f i g u r a t i o n  in Figure 65b where the MDT i s  i n t e g r a t e d  i n t o  

load management c e n t e r  (LMC). The l a t t e r  permits  i n t r a w i r i n g  and 
i n t e r f a c i n g  wi th  the  power c o n t r o l l e r s  t o  be accomplished i n s i d e  the LMC. 
This approach o f f e r s  potent  f a l l y  h igher  r e l i a b i l i t y  and e l i m i n a t e s  many 
connectors.  
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GC - GENERATOR CONTACTOR 
PC - POWER CONTACTOR 

I A 
A -  DATA BUS - 

fa1 TERMINAL OUTSIDE CENTER 

LOAD 
MGMT 

CENTER 

* DATA BUS - 
fb) TERMINAL INSIDE CENTER 
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5.2.2 Mul t ip lexing Appl ica t ions .  - Recause of t h e  success  i n  t h e  developaents 
of  mul t ip lex  components and systems, t h e r e  i s  an inc reas tng  commitment by t h e  
aerospace i n d u s t r y  t o  mul t ip lexing.  The s e l e c t i o n  of mul t ip lex ing  f o r  modern 
weapon systems such a s  the  B-1 and F-16 a i r p l a n e s  endorses t h e  m i l i t a r y ' s  
confidence i n  t h e  u t i l i z a t i o n  of mul t ip lexing f o r  major r o l e s  i n  t h e s e  
a i r c r a f t  ( reference  9 ) .  

The A i r  Force ' s  promotion and t e c h n i c a l  d i r e c t i o n  of ex tens ive  mul t ip lex  
u t i l i z a t i o n  f o r  the  EMUX, AMUX and ClTs system i n  t h e  R-1  a i r p l a n e  was i t s e l f  
based on the c r i t i c a l  space and weiqht problems i n  t h i s  a i r c r a f t  an4 the  need 
t o  incorpora te  more s o p h f s t i c a t e d  management of t h e  a t r c r a f t ' s  avionic/weapon 
system and the e l e c t r i c  system. Tn F-26 a i r p l a n e s  n e a r l y  a l l  the  major weapon 
systems a r e  i n t e r f a c e d  v i a  a  MIL-3Tn-1553 d a t a  bus t o  t h e  f i r e  c o n t r o l  com- 
p u t e r  and a  back-up computer i n  the  i n t e r n a l  navigat ion u n i t  ( f i g u r e  66) .  The 
AWJX system f o r  the  F-16 was s e l e c t e d  not s o  much f o r  any wire  weight sav ing ,  
hut  r a t h e r  f o r  the  v e r s a t i l i t y  and f l e x i b i l i t y ,  o f fe red  by mul t ip lex ing  . 

In  a  nonalrhorne a p p l i c a t i o n ,  t h e  U.S. Amy Tank Automotive Research and 
Development Chnmand i n s t a l l e d  a  MUX system i n  the  M60A2 tank  on the  b a s i s  of 
an a n a l y s i s  t h a t  ind ica ted  improvements i n  t h e  inventory  l o g i s t i c s  and l i f e  
c y c l e  c o s t s  of the tank. The U.S. A n y  has a d d i t i o n a l l y  se lec ted  mul t ip lexing 
f o r  LAMPS and f o r  the  Advanced Attack Hel icopter .  There is  t h e r e f o r e  no l a c k  
of development and imnlementation experience i n  mul t ip lexing i n  m i l i t a r y  
systems today. 

5.3 D i g i t a l  E l e c t r i c  Manaqement Evolution 

The aerospace e l e c t r i c a l  i n d u s t r y  has  proposed methods of automatic load 
management t h a t  would provide s i g n i f i c a n t l y  b e t t e r  management and improve d a t a  
d i s p l a y  and monitoring methodoloqy f o r  advanced a i r c r a f t  ( r e f .  10) .  The AAFS 

Figure 60.  - F-16 av ion ics  system a r c h i t e c t u r e .  



designat  ion is the  most c u r r e n t  and more encompassing than EMUX used i n  
preceding s e c t i o n s ,  a l though t h e  acronyms a r e  o f t e n  used in terchangeably .  

The initial a c t i v i t y ,  a l r eady  mentioned, was t h e  NADC~AFWAL sponsorsh ip  of 
SOSTEL and Data Handing System developments f o r  t h e  A-7 a i r p l a n e .  The purpose 
and p recep t s  of  t h e  A-7 s imula t ion  program were t o  make a d i r e c t  comparison 
between a s o l  i d  s t a t e /mul  t i p l e x e d  e l e c t r i c a l  system and a convent ionvl  
hardwired A-7 e l e c t r i c  system. I n  the  course  of t h i s  program the  synergism of 
s o l i d  s t a t e  power c o n t r o l l e r s ,  s o l  i d  s t a t e  s i g n a l  sources ,  programmable 
processor c o n t r o l ,  and a da ta  handling system (mul t ip lex ing) ,  was r e a l i z e d .  

The da ta  handling system f o r  t h e  A-7 s imula to r  comprised t h e  fo l lowing:  

0 A Master Control  Unit (MCU) 

e S i x  Remote Output Terminals (ROTS) 

S i x  Remote Input  Terminals (RITs) 

0 Faul t - Ind ica to r  Panel  (FIP) 

0 P i l o t  Control  Ptrnel (PCP) 

Each of the  R I T s  and ROTS had a 64 channel c a p a b i l i t y .  The RITs were 
designed f o r  i n t e r f a c i n g  wi th  s o l i d  s t a t e  s i g n a l  sources  (SS) and t h e  ROTS 
were designed f o r  i n t e r f a c e  wi th  s o l i d  s t a t e  pover c o n t r o l l e r s  (SSPCs). 

I n  t h e  evo lu t ion  of t h a t  system the  f u n c t i o n  of t h e  RIT and ROT were 
combined i n t o  a un ive r sa l  remote t e r m i n ~ l .  Bui l t - in- tes t  (BITj was 
incorporated and extended i n t o  the  SS and SSPC. The MUX was a l s o  changed t o  
coxif o m  t o  MIL-STD-1553B. 

Another more advanced a p p l i c a t i o n  of a mu1 t i p l e x e d  e l e c t r i c  system is the  
EMUX system in the  B-1 bomber. Here t h e  o b j e c t i v e s  were t o  remove some 57 
mi les  of wire from the  a i r p l a n e  and t o  provide an advanced management c o n t r o l  
system t h a t  would reduce t h e  crew workload in t h e  m i l i t a r y  e n v i r o m e n t .  The 
o t h e r  o b j e c t i v e s  were to  reduce l i f e  c y c l e  c o s t s  and b r ing  v i a b i l i t y  t o  the  
a i r c r a f t  wir ing i n s t a l l a t  ion. 

The B-1 EMUX system ( f i g u r e  67 )  is designed t o  handle some 9000 s i g n a l  
inpu t s /ou tpu t s ,  which a r e  handled by 22 t o  26 mul t ip lex  u n i t s  (MX) and expand- 
a b l e  t o  42 M X s  (21 per s i d e ) .  Two dual-redundant data  bus systems a r e  rou ted  
s e p a r a t e l y  in  t h e  fuse lage  and t h e s e  i n t e r f a c e  wi th  the  MX u n i t s  v i a  coup le r s  
which p r o t e c t  the  d a t a  buses a g a i n s t  c a t a s t r o p h i c  f a u l t s  i n  t h e  RTs. The 
hea r t  of t h e  EMUX systems is t h e  c e n t r a l i z e d  Boolean c o n t r o l  processors  which 
so lve  the  equa t iona l  c i r c u i t  l o g i c  and superv i se  the c o n t r o l  of the  e l e c t r i c a l  
system. 

The B-1 EMUX system has a 210K b i t  programmable memory (PROM) which 
permits a wir ing reprogrammability a s  r e q u i r e d  by c i r c u i t  modi f i ca t ions  and/or 
equipment updates.  I n  f a c t ,  t h e  technology of mul t ip lex ing /p rocessor  des ign 
is b e s t  exemplif l ed  by the  f a c t  t h a t  each B-1 c o n t r o l  processor  can s o l v e  
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Figure 67. - B-1 EMUX system. 

5800 express ions  with 28,000 l i t e r a l s  i n  l e s s  than 30 m s .  Fur the r ,  t o  meet 
the  A i r  Force ' s  s t r i n g e n t  requirements,  a l l  the  EMUX hardwire f o r  the  8-1 
a i r c r a f t  i s  designed to  meet f u l l  e lec t romagnet ic  in te r fe rence /nuc lea r  
hardening p r o t e c t  ion. 

5.3.1 Advanced A i r c r a f t  E l e c t r i c a l  System Technology. - The convent ional  
a i r c r a f t  e l e c t r i c  system c o n s i s t s  of a  mul t i tude  of ind iv idua l  c i r c u i t s ,  
t y p i c a l l y  including a  c o n t r o l  c i r c u i t ,  and a  load  c i r c u i t .  The c o n t r o l  
c i r c u i t  c o n s i s t s  of a c i r c u i t  b reaker ,  c o n t r o l  swi tches ,  r e l a y  con tac t  l o g i c ,  
and a  power r e l a y .  The load c i r c u i t ,  u sua l ly  f e d  through s e v e r a l  s t  ges  of 
bus and feeder  b reakers ,  c o n s i s t s  of a  load c i r c u i t  breaker ,  power swi tches  
and r e l a y  con tac t s .  This convent ional  scheme r e q u i r e s  thousands of components 
and miles  of wire ,  however i t  does provide the c o n t r o l  r equ i red .  Also the  
ind iv idua l  c i r c u i t s  and c i r c u i t  b reakers ,  i f  proper ly  coord ina ted ,  maximize 
f a u l t  i s o l a t i o n .  The g o a l s  of AAES a r e :  t o  minimize wir ing,  both  c o n t r o l  and 
power; t o  reduce components, combining c o n t r o l  and p r o t e c t i o n ;  t o  improve t h e  
q u a l i t y  and a v a i l a b i l i t y  of e l e c , t r i c  power; and t o  maximize the  v i a b i l i t y  of 
the  system, accommodating the  r i s i n g  r a t e  of modi f i ca t ions  and a d d i t  ions .  
These same o b j e c t i v e s  tend t o  reduce f a u l t  i s o l a t i o n  t h e r e f o r e  a  major 
requirement in AAES is the  incorporat ion of redundancy, f a u l t  t o l e r a n c e ,  and 
b u i l t - i n - t e s t  t o  r e s t o r e  the l e v e l  of f a u l t  i s o l a t i o n .  The d e v e l o p e n t s  and 
a p p l i c a t i o n s  descr  ibed in  the  fo l lowing s e c t  ion have proven t h a t  t h i s  
r e l i a b i l i t y  requirement can be met and improved. 

The h e a r t  of the  AAES technology is  t h e  reuo te  power c o n t r o l l e r .  As 
descr ibed in the previous s e c t  ion  ( D i g i t a l  Power Control )  the  c a p a b i l i t y  f o r  
remote c o n t r o l  provides a  major weight saving while improving t h e  l o g i s t i c s  o f  



power d i s t r i b u t i o n .  This  advantage has been e x p l o i t e d ,  t o  a  very l i m i t e d  
e x t e n t ,  in a l l  c u r r e n t  a i r c r a f t ,  but  the  f u l l  r e a l i z a t i o n  of its p o t e n t i a l  
r e q u i r e s  a  r e v i s i o n  of the  t o t a l  system, t h e  AAES approach. 

The load  management c e n t e r  (LMC) is an e s s e n t i a l  block of t h e  AAES which 
inc ludes  t h e  remote power c o n t r o l l e r a .  A s  a  "black box", an  LMC is  merely 
in terposed between t h e  power sources  and a  mul t i tude  of loads  wi th  a  con- 
n e c t i o n  f o r  c o n t r o l  information.  The technology of remote power c o n t r o l  has  
kept pace wi th  t h i s  system concept through t h e  development of t h e  moduie 
conf igura t ioos  shown iq  the  previous s e c t i o n .  The LMC concept is a l s o  a 
l o g i c a l  expansion of t h e  remote terminal  r e q u i r e d  t o  mul t ip lex  t h e  c o n t r o l  
Information,  thus  jo in ing  the  mul t ip lex  technology wi th  t h e  remote power 
c o n t r o l  technology in the  same "black box". 

The power system processor (PSP) is the  b r a h  of t h e  AAES, g e n e r a t i n g  the  
c o n t r o l  informat ion through the  s o l u t i o n  of system c o n t r o l  equa t ions .  The 
technology of the  PSP has  a l s o  kept pace wi th  t h e  d i g i t a l  e l e c t r o n i c  evo lu t ion  
s t a r t i n g  wi th  d i s c r e t e  comb i n a t  ional  l o g i c ,  then spec l a 1  purpose s e q u e n t i a l  
l o g i c ,  and genera l  purpose minicomputers (AN/AYK-14 and MIL-STD-1750). These 
advances In c o n t r o l  process ing provided a d d i ~ i o n a l  advantages t o  remote power 
c o n t r o l  and AAES. The s e q u e n t i a l  l o g i c  was compatible wi th  mul t ip lex ing  which 
rep laced  mi les  of wire  r equ i red  t o  d i s t r i b u t e  c o n t r o l  Information throughout 
the  a i r c r a f t .  The s e q u e n t i a l  process ing a l s o  provided f o r  sof tware  
programmability which g r e a t l y  increased t h e  v  iab il i t y  of t h e  system. The 
minicomputer improved the  programmabil i t y  , and increased f u n c t i o n a l  
c a p a b i l i t y ,  thus  Improving t h e  c o s t  e f f e c t i v e n e s s .  

This  increased f u n c t i o n a b i l i t y  is app l i ed  to' power/load management wherein 
l o a d  p r i o r i t i e s  a r e  dynamically a l l o c a t e d  on an ind iv idua l  b a s i s  t h u s  
providing maximum u t  11 i z a t  ion of the pencra ted power, i .e . ,  reducing the  need 
f o r  excess genera t ing capac i ty  . Wlr h t ne ind iv idua l  l o a d  management 
c a p a b i l i t i e s  of AAES t h e  hardware par t  i t  ioning of the e l e c t r i c a l  d i s t r i b u t i o n  
system (emergency bus ,  e s s e n t i a l  bus,  e t c . )  i s  not required.  This  a l lows  
c o n s i d e r a t i o n  of a l t e r n a t i v e  power d i s t r  lhu t ion  a r c h i t e c t u r e s ,  concen t ra t ing  
on uniformity  and i n t e g r i t y ,  such a s  Lhe redundant r i n g  main a r c h i t e c t u r e .  

This automat ic  power/load management a l s o  reduces crew work load.  Th i s  is 
f u r t h e r  reduced by t h e  d iagnos t i c  c a p a b i l i t i e s  of t h e  computer managed AAES 
providing: t r a n s i e n t  f i l t e r i n g  ( a u t o  r e s e t ,  e t c  .) , p r i o r i t i z e d  warnings 
(d i sp lay  by excep t ion) ,  and f a u l t  r ecord ing  ( n o n v o l a t i l e  memory). Crew work 
load is a l s o  reduced through i n t e g r a t i o n  of e l e c t r i c  system warning and s t a t u s  
d i sp lay  wi th  the  f l i g h t  system d i s p l a y s .  

The c e n t r a l i z e d  process ing of c o n t r o l  information is c o n s i s t e n t  wi th  t h e s e  
expanding f u n c t i o n a l i t y  requirements ,  providing maxim- i n t e g r a t i o n  and 
coord ina t ion  throughout t h e  a i r c r a f t ,  The command/respnse p ro toco l  of t h e  
1553 d a t a  bus is  equa l ly  compatible. However, the  process ing requirements  a r e  
growing more r a p i d l y  than c e n t r a l  computer technology. For a  l a r g e  a i r c r a f t  
euch a s  the  B-1 , the  proceesing requirements had t o  be s p l i t  between two s e t s  
of s p e c i a l  purpose processors .  Development of new sof tware  methods can 
improve processing ef  f  1- iency and system response times. One method, employed 
in  the NADC development, appl  i e s  a  dynamic schedul ing a l g o r  ithm t h a t  responds 



only t o  s t a t e  changes,  thus  so lv ing  only t h e  c o n t r o l  equa t ions  t h a t  a r e  
a f f e c t e d  by the  s t a t e  change, ins tead  of so lv ing  a l l  equa t ions  a l l  the  t ime.  
Another method, employed in the  AFWAL d e v e l o p e n t ,  p a r t i t i o n s  t h e  system 
a c c o r d i q  t o  ind iv idua l  response requirements and schedules  t h e  process ing 
accordir,gly. 

The g r e a t l y  expanded a p p l i c a t i o n  of e l e c t r i c  equipment i n  r 'uture a i r c r a f  
a s  proposed in t h i s  s tudy could  r e s u l t  in a  l a r g e  increase  in t h e  q u a n t i t y  of 
da ta  t h a t  must be d i s t r i b u t e d .  Th i s  can be handled wi th  m u l t i p l e  da ta  buses 
o r  an inc rease  in t h e  speed of t h e  data  bus ,  e i t h e r  of which add c o s t  and 
complexity. A b e t t e r  approach, a s  proposed in the  AFWAL s t u d y ,  is t o  add 
i n t e l l i g e n c e  t o  t h e  l o a d  managemett c e n t e r s  (LMCs). This  a l lows  d i s t r i b u t e d  
p a r a l l e l  process1r.g a s  we l l  a s  da ta  reduct ion.  A microprocessor In the  LMC 
performs the  followlng functions: 

Condenoing s t a t u s  responses  from the  remote power c o n t r o l l e r s ;  s i n c e  
the  s t a t u s  is the  same a s  commanded except when a  f a u l t  occurs  i n  
e i t h e r  the  c o n t r o l l e r  o r  the  load.  

0 F i l t e r i n g  d a t a ;  s i n c e  many of the  f a u l t s  and s t a t u s  e r r o r s  a r e  of a  
t r a n s i e n t  n a t u r e ,  they can be reso lved  l o c a l l y  and need not e n t e r  the  
system data  stream. 

0 Recording b u i l t - i n - t e s t  da ta ;  only t r a n s m i t t i n g  a s  r e q u i r e d  f o r  c e n t r a l  
i n t e g r a t e d  t e s t  and a s  needed f o r  maintenance. 

Process ing load management p r i o r i t i e s  f o r  the  ind iv idua l  loads  
according t o  the  p r i o r i t y  l e v e l  e s t a b l i s h e d  by t h e  c e n t r a l  processor .  

Processing c o n t r o l  equat ions  t o  the  e x t e n t  of the  information l o c a l l y  
a v a i l a b l e  so  a s  t o  off - load the  power system processor .  

The LMC concept a l s o  promotes subsystem development wherein the  subsystem 
u n i t  can t a p  i n t o  t h e  r i n g  main power d i s t r i b u t i o n  bus ,  t a p  i n t o  t h e  data  bus,  
and opera te  autonomou~ly except f o r  minimal coordinat ing communication. 

The technologies requ i red  have been v e r i f i e d  i n  c u r r e n t  d e v e l o p e n t s  and 
a p p l i c a t i o n s  and provide a  broad base of components and techniques  from which 
t o  assemble a  h ighly  e f f e c t i v e  AAES f o r  f u t u r e  a i r c r a f t .  

5.3.2 AAES Hardware Development. - Lockbeed has developed an a l t e r n a t i v e  
method f o r  providing automat ic  load  management and o t h e r  advanced c o n t r o l  
concepts while avoiding the  complexi t ies  of a MUX system. l t s  methodology is  
such t h a t  i t  can be des ignated a  hardwired-AAES and may be more s u i t a b l e  f o r  
smal ler  o r  commercial a i r c r a f t .  Such a system uses miniature-gage "dedicated"  
con t ro l  wir ing,  in  which each remote power c o n t r o l l e r  (SSPC or KCCB) i s  simply 
direc.t wired f o r  ind iv idua l  c o n t r o l .  Thus the  system has a  c e r t a i n  b a s i c  
6 impl ic i ty  i n  t h a t  i t  is wired in a  nanner s i m i l a r  t o  t h e  convent ional  
e l e c t r i c a l  i n s t a l l a t i o n .  As t h e r e  a r e  no i n t e r f a c i n g  e l e c t r o n i c s  and complex 
mul t ip lex  system tetween the  s i g n a l  sources  and t h e  c o n t r o l l e r s .  The b a s i c  
r e l i a b i l i t y  should  be equ iva len t  t o  a convent ional  c i r c u i t  the  dedicated 
wiring r e t a i n s  the  f a u l t  I n s u l a t i o n  of t h e  convent ional  system and i t s  





b Power c o n t r o l l e r  c a b i n e t  assembly t o  b r ing  advanced thermsl ~ n d  
management techniques t o  s o l  id  e t a  t e  devices .  

Most of the  above i t e m s l a e s ~ m b l i e s  were reduced t o  pre-production format 
and the in tegra ted  system t e s t i n g  was performed v a l  i d a t  lug the  o v e r a l l  system 
e f f i c a c y  of t h i s  Lockhaed-AAES concept. The SSPCB were a  s i g n i f i c a n r  item o f  
development, but  l ack  of funding prevented f u l l  s c a l e  qua1 i f  i c a t  i o l r t y p e  
t e s t i n g  t o  be accomplished. The f u n c t i o n a l  o p e r e t i o n  of the  SSPCs under 
normal and abnormal loading cond i t ions  was e s t a b l i s h e d  and v e r l f  l e d  during 
i n t e g r a t e d  system t e s t s .  These t e s t s  were performed us ing a  miscel lany of 
r e a l  and simulated loads.  The r e a l  loads  cone i s t ed  of r o t a r y / l i n z a r  
a c t u a t o r s ,  loads ,  hea t ing  dc motor ac fan  motor and l a r g e  power con tac to re .  

The s i m p l i c i t y  of the  c o n t r o l  c i r c u i t  is i l l u s t r a t e d  in  f i g u r e  69. In  
t h i s  schematic a  t y p i c a l  c o n t r o l  c i r c u i t  breaker is rep laced  by a  dual-lamped 
a l t e r n a t e - a c t i o n  push-switch. The lamp-switch permits  t r i p p i n g  of t h e  remote 
c o n t r o l l e r s  in  a  fashion 3 imi la r  t o  p u l l i n g  a  c o n t r o l  c i r c u i t  breaker .  The 
dual-lamp swi tch a l s o  doubles a s  a  c u r r e n t  l i m i t i n g  device whi le  providing a t  
the same t h e  en a b i l i t y  t o  monitor the  a t a t u s  of t h e  remote power c o n t r o l l e r  
and f l a g  its cond i t ion  t o  the  f l i g h t  s t a t i o n .  The f i n a l  func t ion  of the  
lamp-switch is t o  provide a  r e s e t  c a p a b i l i t y  f o r  the  SSPC o r  RPC when i t  t r i p s  
and l a t c h e s  out .  Also, because of the  low l e v e l  c u r r e n t s  r equ i red ,  t h e  
c o n t r o l  c i r c u i t  can u t i l i z e  min ia tu re  gauge wire. This  could  be 26 gauge 
conventional  wire ,  but t h e r e  a r e  many s i g n i f i c a n t  advantages t o  using very 
small  gauge f l a t  c a b l e s  t h a t  o f f e r  mass terminat ion techniques.  

Since c p ~ r r e n t  lslmiting is ef fecLive  in the c o n t r o l  wir ing,  load  management 
can be e f f e c t e d  simply by grounding the  c o n t r o l  l i n e  of any RPC, so t h a t  i t  i s  
deprived of a  d r iv ing  vol tage .  If many l0adb need t o  be disconnected t h i s  is 
accomplished simply by c o l l e c t i n g  the  a p p r o p r i a t e  loadcon t ro l  wires  v i a  
i s o l a t i o n  diodes t o  a  bus which is grounded through power t r a n s i s t o r s .  I n  t h e  
f u n c t i o n a l  mock-up a  quad power-transistor ar ray  was used t o  c o n t r o l  f o u r  
groups of loads ,  p r i o r i t i z e d  a t  d i f f e r e n t  l e v e l s .  Each of the  four  power 
t r a n s i s t o r s  was c o n t r o l l e d  by a  g a t i n g  vo l t age  developed by t h e  load  
management l o g i c  assembly (LMLA). The lJLA i t s e l f  a s  designed and f a b r i c a t e d  
by Lockheed, is shown in f i g u r e  70. This p a r t i c u l a r  assembly which uses  
modular c a r d s  s u ; ~ r v i s e s  and c o n t r v l s  the  opera t ion  of some 206 loads .  The 
LMLA can however he extended t o  any number, simply by the  a d d i t i o n  of e x t r a  
c a r d s  . 

Selec t ion  of the p r i o r i t y  l e v e l  of ind iv idua l  loads  can be e f f e c t e d  by a  
j o j a i n g  of the  E4LA with the  programmable wir ing module (PWM) a s  shown In  
f i g u r e  71. This  module is an insertable/removaible wire yrogram t h a t  can 
handle a confluence of 360 wires.  Again, t h e  capac i ty  is  expandable by t h e  
a d d i t i o n  of more Zero I n s e r t  ion Force (ZIF) connectors .  With the  use of ZIF 
connectors ,  the  wire wrapped program board can be i n s e r t e d  and removed with 
minimal force .  

I t  is i m p l i c i t  in  the  herdwire c o n t r o l  technology t h a t  i t  can be e a s i l y  
i n t e r f a c e d  with remote ac  o r  dc power c o n t r o l l e r s .  The a c  c o n t r o l l e r s ,  (which 
a r e  moaif led  e lec t romagnet ic  con tac to r s )  , a r e  designed wi th  a  s i m i l a r  input 
Impedance a s  the  SSPCs s o  the  a c  and dc KPCs can be c o n t r o l l e d  by the  same 
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the  IDEA,  a r e  beyond the  scope of t h i s  s e c t i o n  of t h e  study wi th  t h e  p o s s i b l e  
except ion of the  genera to r  c o n t r o l s .  However, i n  a l l  of t h e  prey ious  AAES 
s t u d i e s  it was found t h a t  the  genera to r  c o n t r o l  f u n c t i o n s  and requirements  
were not  compatible wi th  EMUX systems. Th i s  has  been g e n e r a l l y  r eso lved  by 
t r e a t i n g  t h e  genera to r  and its NU a s  an autonomous subsystem with  a  remote 
terminal  i n t e r f a c e  t o  the  EMUX. The da ta  handled by t h i s  GCU-RT would include 
genera tor  s t a t u s  informat ion r e q u i r e d  f o r  power and load  managereent and t h e  
c o n t r o l  and s t a t u s  Information f o r  t h e  i n t e g r a t e d  c o n t r o l / d i s p l a y  u n i t s .  With 
t h a t  approach then t h e  AAES acronym i s  too  broad t o  be used In t h e  fo l lowing 
system desc r ip t ion .  The EMUX acronym is a l s o  unaat i s f a c t o r y  because mu1 t- 
ip lex ing  is only one ccmponent of the  system. A more d e s c r i p t i v e  acronym is 
D i g i t a l  Power/Load Management System (DP/LMS). 

D i g i t a l  power c o n t r o l  provides t h e  b a s i c  advantage t o  advanced systems 
The technology f o r  the  remote power c o n t r o l l e r  is r e a d i l y  a v a i l a b l e  and would 
be "off-the-shelf" i f  the q u a n t i t y  of a p p l i c a t i o ~ s  j u e t i f  i ed  it. In  s p i t e  o f  
the l a c k  of a p p l i c a t i o n ,  the  development programs have kept t h e  technology 
up-to-date; i m p r ~ v i n g  c h a r a c t e r i s t i c s ,  canf i g u r a t i o n ,  and c o s t  ef f e c t l v e n e s s .  
The s e l e c t i o n  of s o l i d  s t a t e  (SSPC) o r  hybr id  (RPC) depends on t h e i r  c o s t  
e f f e c t i v e n e s s  so  t h a t  the q u a n t i t y  of ehch is p r imar i ly  based on economics a t  
the  time of commitment. 

D i g i t a l  data  mul t ip lexing (MUX) o f f e r s  f u r t h e r  advantages,  bu t  t h e  change 
from d i s c r e t e  wir ing t o  the  complexi t ies  of a  MUX system r e q u i r e s  a  major 
commitment and the  a t t endan t  opera t ions  confidence.  The hardwired Manual/ 
Autaaat i c  Load Management System (MALMS) o f f e r s  a  method f o r  a t t a i n i n g  d i g i t a l  
power c o n t r o l  and load management without t h e  complexi t ies  and expense of a  
MUX system. The s h p l i c i t y  of the  MAWS approach could be an advantage f o r  
small  comnercial a i r c r a f t ,  p a r t i c u l a r l y  when MUX i s  no t  employed i n  any o t h e r  
systems. However, f o r  a  l a r g e  a i r c r a f t  such a s  i n v e s t i g a t e d  in t h i s  s t u d y ,  
MUX is  a l ready  j u s t i f i e d  in the  a v i o n i c s  system and in  t h e  f l i g h t  c o n t r o l  
system. Therefore a  MIX system is  recommended, p a r t i c u l a r l y  a  MUX d a t a  bus 
per MIL-STD-1553 i n  accordance with the  previous t e c h n i c a l  a n a l y s i s .  

The l o a d  management c e n t e r  (LMC) concepts provide an i n t e g r a t i o n  of t h e  
SSPCs wi th  t h e  MUX. The "smart" LMC is a  n a t u r a l  outgrowth of t h i s  in te -  
g r a t i o n .  P a r t i c u l a r l y  s i n c e  a  microprocessor is g e n e r a l l y  used t o  implement 
the  MUX i n t e r f a c e  protocol  and data  management f o r  the  subsystem i n t e r f a c e .  
Therefore a  "smart" LMC having a  16 b i t  microprocessor wi th  adequate vmory  
and so f tware  t o  do the  l o c a l  process ing previously  i temized is recoma .,d f o r  
t h i s  IDEA Load Management System. 

The power system processor (PSP) is t h e  c e n t r a l  component of any EMS, 
requ i red  t o  e x p l o i t  the  advantages of d i g i t a l  power c o n t r o l .  The only  t r ade-  
o f f  involved is in  the s e l e c t i o n  of the  a c t u a l  hardware and so f tware  a t  the  
time of implementation. F -ev ious  s t u d i e s  and implementations of EMUX systems 
have not shown a  requirement f o r  any s p e c i a l  c h a r a c t e r i s t i c s  f o r  power system 
processing.  

The s e l e c t i o n  of the  a r c h i t e c t u r e  of a n  DPILMS f o r  the  IDEA is  s t r a i g h t -  
forward. The s i z e  of the  a i r c r a f t  and the  q u a n t i t y  of sensors  and l o a d s  
juet  if i e s  a  s p l i t  system approach. That Is two p a r t i a l l y  independent EMUX 



sys tems w i t h  a c r o s s  t i e  t o  c o o r d i n a t e  t h e  loadipower  management f u n c t i o n s  and  
t o  t r a n s f e r  d a t a  between t h e  sys tems.  Each PSP is  t h e  a c t i v e  primary 
p roces so r  and bus  c o n t r o l l e r  f o r  i ts  segment and a c t s  as a c o n d i t i o n  moni tor  
f o r  t h e  o t h e r  segment. Each PSP a l s o  has  s tandby c i i pac i ty  a a e q u a t e  t o  c o n t r o l  
t h e  e n t i r e  sys tem i n  a f a i l - s a f e  mode. 

5.4.1 IDEA DP/LMS des ign .  - The remote power c o u t r o l l e r  s e l e c t i o n s  f o r  t h e  
E l e c t r i c  Management System of t h i s  IDEA s tudy  a r e  l i s t e d  i n  t a b l e  11. 
MIL-P-81653 i s  t h e  b a s i c  spec  i f  i c a t  i o n  f o r  t h e s e  power c o n t r o l l e r s .  The 
m a j o r i t y  of t h e  c o n t r o l l e r b  a r e  s o l i d  s t a t e  and t h e  p r e f e r r e d  c o n f i g u r a t i o n  
f o r  commercial a i r c r a f t  a p p l i c a t i o n  is shown in f i g u r e  60. T h i s  m u l t i - u n i t  
c a r d  is compa' i b l e  w i th  ARIKC 600 box s p e c i f i c a t i o n s .  F i g u r e  74 shows t h e  
c i r c u i t  d e n s i t y  t h a t  can  be ach i eved ,  w i t h  up t o  8 SSPCs pe r  c a r d .  With t h i s  
arrangement  a l l  r e q u i r e d  SSPCs, i n c l u d i n g  s p a r e s ,  c o u l d  be c o n t a i n e d  on 200 
c a r d s  w i th  a n  ave rage  of 16 m u l t i u n i t  SSPC c a r d s  per  LMC. The e l e c t r o -  
mechanica l  h y b r i d  Power C o n t r o l l e r s  and t h e  bus  c o n t a c t o r s  would be e x t e r n a l  
t o  t h e  LMC, excep t  f o r  t h e  power s o u r c e  s e l e c t o r  r e l a y s  r e q u i r e d  f o r  t h e  
i n t e r n a l  SSPC power buses .  

The l o a d  management c e n t e r  (LMC) would a l s o  c o n t a i n  t h e  redundant  RT ta 
i n t e r f a c e  w i th  t h e  m u l t i p l e x  d a t a  bus. The I n t e l l i g e n t  LMC c o n c e p t ,  a s  
p rev ious ly  d e s c r i b e d ,  s h o u l d  be i n c o r p o r a t e d  through reduridant imbedded 
mic rop roces so r s .  The mic rop roces so r s  shou ld  be pe r  MIL-STD-1750 i f  t h e y  
become commonly a v ~ i l a b l e  a s  planned.  F u l l  advantage  of  t h e  l o c a l  d i s t r i b u t e d  
p roces s ing  shou ld  be t aken ,  i n c l u d i n g  normal and f a u l t  d a t a  f i l t e r i n g ,  BIT 
w i t h  n o n v o l a t i l e  memory, and  p a r t  i a l  c o n t r o l  e q u a t i o n  s o l u t i o n .  It is 
e s t i m a t e d  t h a t  12  LMCs would be r e q u i r e d  t o  handle  t h e  1000 t y p i c a l  l o a d s  and  
t h e  added powzr c o n t r d l  f o r  t h e  EMAs and FCS t h a t  were i n c o r p o r a t e d  i n  t h i s  
IDEA. I n  a d d i t i o n  t o  power c o n t r o l ,  power conve r s ion  equipment shou ld  be  
i nc luded  in the  LMCs o r  i n  c l o s e  proximi ty .  By having  l o c a l  power conve r s ion ,  
t h e  need f o r  s e p a r a t e  a c ,  dc ,  and o t h e r  t y p e s  of power b u s s i n g  is  e l i ru ina t ed .  
T h i s  is p a r t i c u l a r l y  e f f e c t i v e  s i n c e  p r i o r i t i z e d  power b u s s i n g  r equ i r emen t s  
a r e  provided by t h e  power management f u n c t i o n .  Also,  s i n c e  t h e  c o n t r o l s  and  
l o g i c  a r e  e l e c t r i c a l l y  i s o l a t e d  from t h e  power system, t h e r e  is  no l o n g e r  any 
need f o r  a  c e n t r a l i z e d  p o i n t  of r e g u l a t i o n  (POR). Each UlC and t h e  equipment 
i t  s e r v e s  c a n  be autonomous w i t h  i ts  own POR. F i n a l l y ,  w i t h  i o c a l  power 
convers ion  and t h e  power management f u n c t i o n ,  o n l y  a  s i n g l e  power sou rce  i s  
r e q u i r e d  - t h e  redundant  r i n g  main bus. 

Sepa ra t e  remote t e r m i n a l s  (RT) a r e  a l s o  r e q u i r e d  t o  p i c k  up some of t h e  
s c a t t e r e d  senso r  s i g n a l s .  For  s e n s o r s  t h a t  a r e  in t h e  same a r e a  as t h e  l o a d s  
t h a t  t hey  e f f e c t  i t  is  b e s t  t o  connect  t h e s e  s e n s o r s  t o  thCLMC, a l l o w i n g  
l o c a l  p roces s ing  of t hose  c o n t r o l  equa t ions .  It  i s  e s t i m a t e d  t h a t  s i x  RTs 
w i l l  be  r e q u i r e d  f o r  t h e  EMS. A d d i t i o n a l  RTs w i l l  a l s o  be i x l u d e d  i n  t h e  EMS 
t o  e x p l o i t  t h e  m u l t i p l e x i n g  c a p a b i l i t i e s  and equipments  a s  a  u t i l i t y  s e r v i c e  
f o r  o t h e r  subsystems.  M u l t i p l e x  d a t a  buses  pe r  MIL-STD-1553 a r e  s e l e c t e d  f o r  
t h e  r ea sons  g i v e n  i n  t h e  p reced ing  s e c t  i ons .  

Two power sys tem p r o c e s s o r s  (PSP) a r e  r e q u i r e d  f o r  t h e  DP/LMS. There a r e  
no e x t r a o r d i n a r y  r equ i r emen t s  f o r  t h e s e  p r o c e s s o r s  excep t  t h a t  t hey  incorpo- 
r a t e  two d a t a  bus  c o n t r o l  u n i t s  (BCU) p rov id ing  f o r  pr imary c o n t r o l  o f  one  
redundant  d a t a  bus ,  and backup c o n t r o l  of a n o t h e r .  A 16 b i t  micro-processor  



TABLE 11. - POWER CONTROLLER SELECTION 

( BASED ON STANDARD AIRCRAFT LOADS) 

Type Min. Wire R a t i n g  Quant i ty  

AC-SSPC 

AC-HY B R I D  #12 2 OA 4 

DC-SSPC 

DC-HYBRID # 8 3 5A 14 

per MIL-STD-1750 would provide adequate process ing c a p a b i l i t y  and should  be  
employed if they become widely a v a i l a b l e  a s  expected.  The so f tware  f o r  the  
PSP may a l s o  become s tandard ized  a s  f a r  a s  t h e  r e a l  time process ing execu t ive ,  
such a s  the  DAIS Executive.  The a c t u a l  c o n t r o l  a lgor i thms  w i l l  have t o  be 
customized t o  t h e  .-equitements of t h e  IDEA. However, t h e  c o n t r o l  so f tware  
should incorporate  the  new techniques  descr ibed in t h e  AAES Technology 
s e c t  ion. 

The a r c h i t e c t u r e  of t h i s  DP/LMS ( f i g u r e  75) provides  two s e p a r a t e ,  
redundant da ta  buses. One reason f o r  employing two buses is  t o  accommodate 
the  l a r g e  capac i ty  of the  IDEA DPILMS, including wir ing i n t o  the  wings and 
i n t o  t h e  empennage. An o b j e c t i v e  is t o  l i m i t  t h e  l e n g t h  of each t o  l e s s  than  
300 f e e t .  This  a l s o  s p l i t s  the  data  bus and processir,g loads  whi le  ga in ing  
e x t r a  redundancy i n  bus c o n t r o l  and in process ing ( f a i l - s a f e  mode). The U l C s  
and the  RTs a r e  d i s t r i b u t e d  throughout the  a i r c r a f t  s o  t h a t  the  sensor  and 
load wir ing is minimized. An average l e n g t h  of 20 f e e t  f o r  each wire  segment 
is es t imated f o r  t h i s  system. Each da ta  bus has  c a p a c i t y  f o r  31 RTs a l though 
only 9 each a r e  r equ i red  f o r  t h e  e l e c t r i c  system. Addi t iona l  RT t a p s  a r e  
shown in f i g u r e  75 t o  i n d i c a t e  RTs provided f o r  t h e  u t i l i t y  s e r v i c e .  

Addi t ional  c o n s i d e r a t  ions In s e l e c t i n g  t h e  DPILMS a r c h i t e c t u r e  and t h e  
DP/LMS i t s e l f  inc lude the added power and d i g i t a l  data  d i s t r i b u t i o n  requ i red  
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11 5V AC 1 PHASE CIRCUIT ARRANGEMENT 
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NC 
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CNTL 1 
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CNTL 3 
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CNTL 6 
CNTL 7 
CNTL 8 

SIG. GNO. 
NC 
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OUT 5 
OUT 6 
OUT 7 
OUT 8 
PWR IN 

2 AM? 
PER UNlT 

- 
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OUT 1 
OUT 2 
OUT 3 

NC 
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Nr: 
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NC 
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NC 
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-- - 
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PER UNlT 
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OUT 1 

NC 
OUT 2 

NC 
NEUTRAL 

NC 
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CNTL 1 
CNTL 2 

NC 
NC 

15V OC 
15V OC 

NC 
NC 

CNTL 3 
CNTL 4 

SIG. GNO. 
NC 

NEUTRAL 
NC 

OUT 3 
NC 
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FUNCTION 

517. 5A. 
PER UNIT 

PWR IN 
OUT 1A' 
OUT 1A 
OUT 18  
OUT 18  

NEUTRAL 
NC 

SIG. GNO. 
CNTL 1 

NC 
NC 
NC 

15V OC 
15V OC 

N C 
NC 
NC 

CNTL 2 
SIG. GNO. 

NC 
NEUTRAL 
OUT 2A 
OUT 2A 
OUT 28 
OUT 28 
PWR IN 

NOTE: EVEN NCS. 18 - 36  ARE ALL SIG. GNO. 
'NOTE: A - 5A.. B - 7.5A 

Figure 74. - SSPC circuit arrangement. 



LMC = LOAD MANAGEMENT 
CENTER 

PSP = POWER SYSTEM 
PROCESSOR 

BCU .= DATA BUS 
CONTROLLER 

= Y E M F E  TERMINAL 

1. WING 1.  ENGINE I 
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L M C  
12 
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f o r  t h e  e l e c t r i c  f  1 ight  c o n t r o l  system and t h e  environmental c o n t r o l  system. 
A method f o r  providing highly  r e l i a b l e ,  redundant e l e c t r i c a l  power f o r  t h e  
e lec t romechanical  a c t u a t o r  systems (EMAS) is shown In f i g u r e  76. Each of t h e  
LMCs can s e l e c t  power from e i t h e r  s i d e  of t h e  wing loop bua t i e  b reakers  
(BTB). Thus four  i s o l a t a b l e  power paths  a r e  a v a i l a b l e  t o  each EMA through t h e  
two LMCs. An a d d i t i o n a l  btandby power source  could  s l s o  be provided f o r  
f l i g h t  c r i t i c a l  EMAS. This standby power source  would not r e q u i r e  any load  
management c o n t r o l  so t h a t  the  power connect ion would be made through a  bus 
t a p  f u s e  module. 

The DP/LMs can a l s o  se rve  a s  a standby o r  a u x i l i a r y  d i g i t a l  data  path  f o r  
W S  c o n t r o l  a s  shown In f i g u r e  77.  Here the  pr h a r y  EMAS c o n t r o l  is provided 
by an independent f l i g h t  c o n t r o l  mul t ip lex  bus and RT, which may be a d d i t  ion- 
a l l y  redundant. This would provide a  t r i p l e  redundant da ta  path  f o r  a  f l i g h t  
c r i t i c a l  a c t u a t o r .  

5.4.2 DP/LMS weight a n a l y s i s .  - Weight r e d u c t i o n t  using the  DPILMS occur i n  
s e v e r a l  weight groups such a s  e l e c t r i c a l  system and f l i g h t  c o n t r o l s .  These 
b e n e f i t s  a r e  t h e r e f o r e  d iscussed i n  Sec t ion  12.2.3. 

5.4.3 DPILMS r e l i a b i l i t y  a n a l y s i s .  - R e l i a b i l i t y  is  a  c r i t i c a l  t r a d e  param- 
e t e r  but  r e l i a b i l i t y  models need t o  be based on t h e  d e t a i l s  of a  s p e c i f i c  
system. For systems making ex tens ive  use of m ~ c r o e l e c t r o n i c s  MIL-HDBK-217C, 
RADC-TR-70-232, and RADC-TR-67-018 would be employed. High r e 1  i ab  il i t y  i n  a n  
F&UX system is a t t a i n e d  through redudancy i n  the  PSP, MUX, and RTILMC a s  
previously  c iscussed.  D e t a i l s  of t h e  B-1 EMUX a r e  a v a i l a b l e  and the  H a r r i s  
Corporation a n a l y s i s  p r e d i c t s  a n  exceedingly good system r e l i a b i l i t y  of 
0.999992 f o r  the  t y p i c a l  B-1 mission.  The mean time between c o r r e c t i v e  
a c t i o n s  was assessed  a t  42 t o  50 hours  f o r  the  36 boxes of the  8-1 EMUX 
system. 

Although ttic d e t a i i s  of t h i s  proposed D i g i t a l  PowerILoad Management System 
a r e  not complete, a  good re1 i a b i l i t y  e s t i m a t e  can be obtai: ,ed by employing t h e  
analyzed va lues  cf  the  B-1 and the completed developmental systems. A r e l i -  
a b i l i t y  e s t i m a t e  of a  conventional  e l e c t r i c  system c o n s i s t i n g  of i n d i v i d u a l  
control/power c i r c u i t s  may be obta ined by assuming a  l i n e a r  r e l a t i o n s h i p  
between the  ind iv idua l  c i r c u i t  f a i l u r e  r a t e s  and t h e  number of c i r c u i t s  i n  t h e  
system. This  same approach can be app l i ed  t o  the DPILMS i f  the  f a i l u r e  r a t e s  
of common o r  shared hardware, such a s  t h e  PSP, MUX, and RTILMC, a r e  accounted 
f o r  in the  power genera t ion  and power bussing a n a l y s i s .  The l i n e a r  e s t ima te  
a l s o  assumes t h a t  an "average" control/power c i r c u i t  can be def ined t o  de te r -  
mine a  r e p r e s e n t a t i v e  f a i l u r e  r a t e  per c i r c u i t .  Evaluat ion of previous 
d e t a i l e d  power system s t u d i e s  provides t h a t  an  average convent ional  c i r c u i t  
c o n s i s t s  of a  c o n t r o l  c i r c u i t  b reaker ,  two c o n t r o l  swi tches  o r  r e l a y  c o n t a c t s ,  
a  power c i r c u i t  b reaker ,  and a  power r e l a y .  The f a i l u r e  r a t e  of these  com- 
ponents p lus  the a t t endan t  wir ing and connect ions  sum t o  a  c i r c u i t  f a i l u r e  
r a t e  of 23.3 per m i l l i o n  hours.  With d i g i t a l  power c o n t r o l  only  one dev ice ,  
the RPC, is in te rposed  between the  power and the  load.  Also, t h e  s i g n a l  
sources  a r e  pass ive ,  r ece iv ing  power from t h e  RT i n t e r r o g a t i o n  pu l ses ,  and t h e  
c o n t r o l  l o g i c  is incorporated in the  common hardware. The r e s u l t i n g  f a i l u r e  
r a t e  of t h e  d i g i t a l  power c o n t r o l  c i r c u i t  is only 5.2 per m i l l i o n  hours.  With 
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more than 1000 c i r c u i t s  r equ i red ,  t h i s  Improvement i n  c i r c u i t  f c i l u r e  r a t e  
more than o f f s e t s  t h e  added common hardware in t h e  DPILMS. 

The r e l i a b i l i t y  e s t i m a t e s  f o r  the  common hardware, t o  be added t o  the  
power genera t  ion and bussing a n a l y s i s ,  a r e  a l s o  r e q u i r e d  t o  e s t i m a t e  t h e  l i f e  
c y c l e  c o s t  of the  DPILMS. The power system processors  a s  descr ibed a r e  e s t i -  
mated to  have an ind iv idua l  MTBF of approximately 5000 hours ,  but  with f a u l t  
t o l e r a n t  des ign the  e f f e c t i v e  f a i l u r e  r a t e  is reduced t o  50 per m i l l i o n  hours.  
With two processors  c r o s s  coupled,  f o r  f a i l - s a f e  mode t h 8  f r o b a b i l i t y  of 
f a i l u r e  dur ing a t e n  hour f l i g h t  reduces t h e  (10 x 50110 ) o r  0.00000025. 
The remote t e rmina l s ,  inc lud inp  those incorporated i n  the  load  management 
c e n t e r s ,  a r e  e s t ima ted  t o  have an ind iv idua l  MTBF of approximately 10,Oi)OO 
hours.  But with dual  redundancy, the  e f f e c t i v e  f a i l u r e  r a t e  is reduced t o  5 
per m i l l i o n  hours. 

Overa l l ,  t h e  increased r e l i a b i l i t y  of the  DPILMS approach can bz 
a t t r i b u t e d  t o  the  reduc t ion  of component u n i t s  by the  sha r ing  of h ighly  
r e l i a b l e  mic roe lec t ron ic  c i r c u i t r y  and the low f a i l u r e  r a t e  of s o l i d  s t a t e  
power c o n t r o l l e r s .  

5.4.4 DPILMS c o s t  a n a l y s i s .  - The DPILMS f e a t u r e s  an incen t ive  f o r  its 
a p p l i c a t i o n  and many of its advantages a l s o  provide a d i r e c t  c o s t  savings .  I n  
f i r s t  order  is the  weight sav ings ,  shown i n  the  previous s e c t i o n ,  which reduce 
t h e  d i r e c t  opera t ing  c o s t  (DOC). The DPILMS approach reduces  not  only weight 
of wir ing but a l s o  q u a n t i t y ,  thus  reducing harness  c o s t s .  Another advantage 
of t h e  DPILMS approach is c l e a r l y  r e l a t e d  t o  the  increased r e l i a b i l i t y ,  shown 
i n  the  previous s e c t i o n .  Th i s  is r e f l e c t e d  i n  lower maintenance and 
replacenent  c o s t s  a s  well  a s  a decrease  i n  cance l l ed  f l i g h t s .  

High l abor  c o s t s  a l s o  favor  the  adopt ion of DPILMS f o r  commercial 
a i r c r a f t ,  not only  due t o  t h e  improved r e l i a b i l i t y  but  a l s o  t h e  reductiorr I n  
time f o r  maintenance. This  r e s u l t s  from the ex tens ive  b u i l t - i n - t e s t  ( B I T )  
provided by DE'ILMS. The BIT along with t h e  modulari ty of t h e  des ign concepts  
s i g n i f i c a n t l y  reduces the  man hours per maintenance a c t i o n  a s  compared t o  a 
conventional  system. 

Closer examination of the  composite c o s t s  r e s u l t s  In the  fo l lowing 
observa t ions ; 

( a )  The g r e a t e s t  c o s t  of the  EMS i s  the  r e l a t i v e l y  wel l  def ined 
acqu i s  i t  ion expense. 

( b )  The s u b s t a n t i a l  p ro jec ted  savings  from reduc t ion  of maintenance and 
cance l l ed  f 1 i g h t s  a l s o  i n d i c a t e s  a higt-er a v a i l a b i l i t y  and f u r t h e r  
value o r  lower LCC f o r  the  EMS. 

5.5 Plans and Resources 

The t o t a l  concept of d i g i t a l  data magenement, d i g i t a l  power c o n t r o l ,  and 
d i g i t a l  load  management, i n t e r f a c e d  wi th  s o l i d  s t a t e l h y b r  i d  power c o n t r o l l e r s ,  
is In a very advanced s t a g e  of development. Many s u p p l i e r s  a r e  involved wi th  



t h e  des ign,  development and manufacture of t h e  component elements,  whl le  
o t h e r s  a r e  involved wi th  t h e  s y s t e m  technology and t h e  i n t e g r a t i o n  of 
s p e c i f i c  p a r t s  of t h e  t o t a l  system6 technology. Another type  of systemo 
management and i n t e g r a t i o n  is t h a t  under taken by Vought-LTV, who working under 

I 
NADC/AFWAL c o n t r a c t s ,  was respons ib le  f o r  i n t e g r a t i n g ,  in a  t o t a l  sense ,  a  
complete d i g i t a l  e l e c t r i c  system in mock-ups of an  A7 a i r p l a n e .  A s i m i l a r  hot  
bench mock-up of a  d i g i t a l  powerlload management system f o r  an advanced 
technology a i r c r a f t  is imminently due f o r  demonstrat ion a t  NADC Warminster t o  
add t o  the  previous system i n t e g r a t i o n  exper ience  on t h e  A7 mock-ups. 

R e l a t i v e  t o  the  foregoing,  NASA resources  a r e  not  r e q u i r e d  on a  major 
s c a l e  t o  ensure t h e  matura t ion  of the  technology, but  t h e r e  a r e  i n c i p i e n t  sys-  
tems i n t e g r a t i o n  problems t h a t  warrant  NASA's con t inu ing  i n t e r e s t .  Th i s  is 
p a r t i c u l a r l y  the  case  in the  a r e a  of s c l i d  s t a t e  and hybr id  power c o n t r o l l e r s .  
There is a l s o  the  q u e s t i o n  as t o  whether the  c o s t ,  complexity,  and soph i s t i ca -  
t i o n  of the  technology In t h e  advanced m i l i t a r y  weapon systems is warranted 
f o r  t h e  commerciel t r a n s p o r t  and,  p a r t i c u l a r l y ,  f o r  the  smal l  cammuter type  
t r a n s p o r t .  Caomercial a i r l i n e s  would welcome t h e  b e n e f i t s  of d i g i t a l  c o n t r o l  
and advanced power management techniques ,  but  they cannot a f f o r d  t h e  system 
deaign philosophy , espoused f o r  t h e  m i l i t a r y  a i r p l a n e .  Therefore,  NASA should  
consider  the  sponsorship  of s impler  a l t e r n a t i v e  systems t h a t  would not  involve  
a  MIL-STD-1553B d a t a  bus and t h e  unequivocal commitment of t h e  technology t o  
a l l  s o l i d  s t a t e  c o n t r o l  ( v i a  c o n t a c t l e s s  ewirches,  s o l i d  s t a t e ,  and hybrid 
power c o n t r o l l e r s ) .  Since t h e  e x i s t i n g  technology h a s  a l r eady  been substan-  
t i a l l y  supported by m i l i t a r y  funding,  i t  appears  e o s e n t i a l  t h a t  NASA shou ld  
consider  the  eupport  of an a l t e r n a t i v e  system t h a t  would be more ded ica ted  t o  
the  s p e c i f i c  needs and requirements of c o m e r c i a l  a i r c r a f t  . 

6 .  ACTUATION SYSTEMS FOR THE IDEA AlRPLANE 

6.1 F l i g h t  Control  Actuat ion Options 

The f l i g h t  c o n t r o l  a c t u a t i o n  f u n c t i o n s  were eva lua ted  f i r s t  s i n c e  it was 
f e l t  t h a t  these  f u n c t i o n s  represen ted  the most r igorous  a p p l i c a t i o n s  which 
o c c ~ r r e d  on t h e  a i r p l a n e  and,  thus ,  would a c t  a s  a  "bellwether" and guide f o r  
a l l  the  o t h e r  a i r c r a f t  a c t u a t i o n  func t ions .  Each p o t e n t i a l  a c t u a t i o n  approach 
was eva lua ted  a g a i n s t  the  s t a t i c  aad dynamic performance requirements  l i s t e d  
i n  t a b l e  12. Forty-four types  of systems f a l l i n g  i n  e leven c a t e g o r i e s  were 
considered and a r e  desc r ibed  in t a b l e  13. It can be seen from t h i s  t a b l e  t h a t  
the  d i v e r s e  elements making up the  var ious  systems were highly  e c l e c t i c  and 
ranged f  r an  torque summed e l e c t r i c  motors through i n f i n i t e l y  v a r i a b l e  t r q c t  ion 
t r ansmiss ions  t o  i n t e g r a t e d  a c t u a t o r  packages. However, each of the  e leven 
c a t e g o r i e s  was c h a r a c t e r i z e d  by c e r t a i n  s p e c i f i c  f u n c t i o n a l  elements ar ranged 
i n  a  s p e c i f i c  sequence a s  follows: 

Category C h a r a c t e r i s t i c  

1. Power I n v e r t e r  - Bidirect ional .  E l e c t r i c  Motor - Power Hinge 

2. Power l n v e r t e r  - B i d i r e c t i o n a l  E l e c t r i c  Motor - Screwjack 
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Power I n v e r t e r  - Torque Summing Bid i rec t iona l  E l e c t r i c  Motor - Power 
Hinge 

Power I n v e r t e r  - Torquz Summing B i d i r e c t i o n a l  E l e c t r i c  Motor - 
Screwjack 

Power I n v e r t e r  - B i d i r e c i i o n a l  E l e c t r i c  Motor - Eccrn tua ta r  

Power I n v e r t e r  - Torque Summing B i d i r e c t i o n a l  E l e c t r i c  Plotor - 
Eccentuator  

I n f i n i t e l y  Var iab le  Trac t ion  Transmission - U n i d i r e c t i o n a l  E l e c t r i c  
Motor - Power Hinge 

I n f i n i t e l y  Var iab le  T r a c t i o n  Transmission - U n i d i r e c t i o n a l  E l e c t r  i c  
Motor - Screwjack 

Power lnver  t e r  - Dynavec t o r  

Power I n v e r t e r  - B i d i r e c t i o n a l  E l e c t r i c  Motor - A n t i  Jamming Gearbox 
nrrsxgem,er?t 

I n t e g r a t e d  Actuator  Packages 

A d i scuss ion  of each of t h e  more important elements making up t h e  v a r i o u s  
systems fol lows.  

6.1.1 Power i n v e r t e r .  - The power i n v e r t e r  used f o r  most of t h e s e  app l i -  
c a t i o n s  c o n s i s t s  of a c o n t r o l l e r  and a  power handling device.  The f u n c t i o n  o f  
the  c o n t r o l l e r  is t o  accept  input s i g n a l s  from tt.e f l i g h t  c o n t r o l  system 
( i . e . ,  fram the  p i l o t  and/or t h e  c e n t r a l  a i r  da ta  system) and d e l i v e r  a  
c o n t r o l  s i g n a l  t o  the  power handling device ( u s u a l l y  a n  i n v e r t e r )  which la t ter  
sQ-.?i has been modif l e d  by feedback data from t h e  i n v e r t e r  i t s e l f  and from 
t h e  a c t u a t o r  ou tpu t .  I n  e f f e c t  the  c o n t r o l l e r  I n t e r f a c e s  wi th  t h e  command 
input ,  the  primary e l e c t r i c a l  power source ,  the  a c t u a t o r  motor, and an o u t p u t  
func t ion  feedback device.  It provides  low-level s i g n a l  system communication 
and high power s w i t c h i r ~  and e l e c t r i c a l  c o n t r o l .  Thus, a  t y p i c a l  c o n t r o l l e r  
would includc a  junc t ion  f o r  summing input coolmand and feedback s i g n a l s ,  and 
?night a l s o  include such a d d i t i o n a l  f e a t u r e s  a s  motor c u r r e n t  l i m i t i n g  and 
pa l se  width modulation (PWM) t o  c o n t r o l  motor speed and torque a s  a f u n c t i o n  
of the  sensed e r r o r  amplitude.  The c o n t r o l l e r  would employ a l l - d i g i t a l  
techniques and would be based on the  use of microprocessors.  The power 
handling device  ' % ~ v e r t e r )  woula d e l i v e r  c o n t r o l l e d  power t o  t h e  a c t u a t o r s .  
It g e n e r a t e s  a  synthes ized r o t a t i n g  f i e l d  a s  a f u n c t i o n  of input /output  
command e r r o r s  and con ta ins  commutation and c u r r e n t  c o n t r o l  swi tch ing  l o g i c ,  
power swi tch  d r i v e r  e l e c t r o n i c s ,  power swi tches ,  and c u r r e n t  l i m i t i n g .  The 
power swi tching devices  may be e i t h e r  SCRs o r  power t r a n s i s t o r s .  

For the  purposes of the  e lec t romechanical  a c t u a t i o n  system (EMAS) 
eva lun t  ion i t  is assumed t h a t  a  27C Vdc pu l se  width modulated i n v e r t e r  based 
upon l i q u i d  cooled f i e l d  e f f e c t s  t r a n s i s t o r s  (FETs) is r e p r e s e n t a t i v e  of t h e  



type of power i n v e r t e r  which would be used f o r  a11 a p p l i c a t i o n s  c a l l i n g  f o r  
t h i s  type  of device .  

6.1.2 B i d i r e c t i o n a l  e l e c t r i c  motors. - Numerous d i f f e r e n t  types  of e l e c t r i c  
motors w i l l  be used on the  IDEA a i r c r a f t .  However, where b i d i r e c t i o n a l  motors 
a r e  concerned, t h e  f i e l d  of s e l e c t i o n  narrows considerably  and,  p a r t i c u l a r l y  
where the  a p p l i c a t i o n  involves  meeting f l i g h t  c o n t r o l  duty c y c l e  types  of 
requirements ( i . e . ,  servomotor requirements) ,  the  f i e l d  narrows t o  e s s e n t i a l l y  
one type of n3 to r .  This  is t h e  r a r e  ear th-cobal t  permanent magnet type  motor 
based on the  " i n s i d e  out"  type of design.  Numerous s t u d i e s  ( r e f e r e n c e s  11, 
12 ,  and 13) have c o n s i s t e n t l y  ind ica ted  t h a t  t h i s  is the  type of des ign t o  be 
p r e f e r r e d  based on the  f o l l o v i n g  genera l  s e t  of advantages.  

1. Up to  f i v e  t imes the  a c c e l e r a t i o n  c a p a b i l i t y  of t h e  b e s t  wound r o t o r  
des igns  a t  equal  powi inputs .  

2. A t  l e a s t  twice the  power r a t e  of an  equal  frame s i z e  wound r o t o r  
design.  

3. R e l a t i v e l y  low commutation noise.  

4. Because of i ts  " i n s i d e  ou t"  design wi th  a l l  s i g n i f i c a n t  heat  r e j e c t  ion 
occurr ing in the  s t a t o r ,  t h e  problems a s s o c i a t e d  wi th  heat  r e j e c t i o n  
in the  r a r e  ear th-cobal t  permanent magnet motor a r c  g r e a t l y  reduced 
r e l a t i v e  t o  o t h e r  types of motor des igns .  

59 Superior s t a l l - t o r q u e  holding cepsb i?:ty. 

The frequency response requirements of t h e  va r ious  f l i g h t  c o n t r o l  actua- 
t i o n  func t ions  used on l a r g e  commercial a i r c r a f t  w i l l  range from 3 t o  12 Hz 
 it h subsequent des igns  crowding the  upper end of t h i s  s c a l e .  S ince  power 
r a t e ,  as discuased in i tem 2, is t h e  major determinant of a motor 's  a b i l i t y  t o  
meet frequency response requirements,  t h e  f a c t  t h a t  r a r e  ea r th -coba l t  per- 
manent magnet motors have a 2 t o  1 advantage i s  of extreme importance. 

6.1.3 Hingel ine  a c t u a t o r s .  - The h inge l lne  a c t u a t o r  is one of two b a s i c  power 
devices  t h a t  has  been ubed t o  implement EMAS development ( t h e  screwjack is t h e  
second). A s  such,  a cons ide rab le  fund of development data  has been genera ted 
t o  de f ine  its c a p a b i l i t i e s  when opera ted a s  a p a r t  of an  PLAS system. Fig- 
u r e  78  is n d e t a i l e d  d r a ~ i n g  of the  h inge l ine  a c t u a t o r  showing i t  a s  a device  
comprised of a sun  gear power inpu t ,  m u l t i p l e  p lane ta ry  ~ p i n d l e  g e a r s ,  and 
four  annular r i n g  gea r s .  It is d i f f e r e n t  from the  conveneional p lane ta ry  gear  
arrangement i n  the  fo l lowing r e s p e c t s :  

The p lane ta ry  s p i n d l e  g e a r s  a r e  f r e e  and independent - no c a r r i e r  i~ 
used. 

Many s p i n d l e  g e a r s  a r e  used t o  d i s t r i b u t e  the load i n t o  the  r i n g  gea r .  

a Two r e a c t i o n  r i n g  g e a r s  a r e  posi t ioned on e i t h e r  s i d e  of t.bc output  
r i n g  gear  and thus t h e  t a n g e n t i a l  too th  loads  i n  the  c e n t e r  mesh a r e  
r e a c t e d ,  in a balafiritb f a sh ion ,  by the  o u t e r  meshes. 
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0 Two r a d i a l  r e a c t i o n  p l a i n  r i n g s  a r e  provided an each s i d e  of t h e  
c e n t r a l  mesh t o  r a d i a l l y  pre load the  sp ind le  gear- r ing gear meshes and 
t o  r e a c t  t h e  r a d i a l  component of t h e  gear  mesh loads ,  a s  f e d  through 
the  sp ind le  g e a r s ,  i n  a balanced manner. No p lane t  suppor t  bea r ings  
a r e  used. 

The "two-tooth-dif ference"  between the  "drive" and "driven" members, 
provide6 a  very high harmonic d r ive  type gear  r educ t ion .  

0 It has a  very high e f f e c t i v e  t o r s i o n a l  s t i f f n e s s .  

6 .1 .4  Screwjack. - The screwjack is the  second of the  two b a s i c  power t rans-  
mission types  considered f o r  the  W S  system. The primary advantage of t h e  
screwjack is  t h a t  i t  can a c t  a s  a  d i r e c t  replacement f o r  a  hydrau l i c  a c t u a t o r .  
It is usual ly  ab le  t o  be i n s t a l l e d  in the  same l o c a t i o n  and use t h e  same end 
a t t a c h  po in t s  a s  a  hydraul ic  a c t u a t o r .  There a r e  t h r e e  b a s i c  types  of b a l l  
screw devices ,  the  screw th read  type ,  t h e  r e c i r c u l a t i n g  b a l l  type ,  and t h e  
Transrol  r o l l e r  type. The screw th read  t j p e  was e l imina ted  from cons ide ra t ion  
f o r  the  purposes of t h i s  s tudy because i ts  e f f i c i e n c y  is poor and i t  is only  
s a t i s f a c t o r y  f o r  extremely low power fu1:ctions i n  a i r p l a n e  a p p l i c a t i o n s .  The 
r o l l e r  type has except ional  l o a d  c a r r y i n g  capac i ty  a t  t h e  expense of some 
envelope p e n a l t i e s .  The b a l l  screw type is the  most f l e x i b l e  and v e r s a t i l e  
and has by f a r  t h e  most development background behind i t  s o  i t  was used a s  t h e  
b a s i c  power i n t e r f a c e  where a  l i n e a r  a c t u a t o r  was ind ica ted .  Although b a l l  
screws can be designed with va r ious  degrees of end freedom, most a i r p l a n e  
a p p l i c a t i o n s  demand s p h e r i c a l  bear ings  a t  both  ends of t h e  a c t u a t o r .  To meet 
t h i s  cond i t ion  the  s o  c a l l e d  "swallowed screw" des ign mubt be used exclu- 
s i v e l y .  Therefore ,  "swallowed screw" designs s i m i l a r  t o  t h a t  shown in 
f i g u r e  79  were used f o r  a l l  b a l l  screw a p p l i c a t i o n s  in t h i s  s tudy .  

6.1.5 Torque sm-in% b i d i r e c t i o n a l  e l e c t r i c  motor. - Torque summing can be  
accomplished In any one of a t  l c a s t  t h r e e  ways: 

1  By using m u l t i p l e  motors geared t o  a  common s h a f t .  

2 .  By using m u l t i p l e  motors mounted l i n e a r l y  a long the  h i n g e l i n e  so  a s  t o  
have a  common s h a f t  . 

3. By using mu1 t i p l e  torque summing in which m u l t i p l e  windings i n  the  
s t a t o r ,  powered by d i f f e r e n t  systems,  d r i v e  a  coamon mul t ipo le  
permanent magnet r o t o r .  

Of the  th ree  approaches,  approach # 1  is t h e  most v e r s a t i l e  and it  f i t s  
m t o  va r ious  envelopes,  but  is t h e  heav ies t  and t h e  l e a s t  e f f i c i e n t .  Approach 
%2 is  in termedia te ,  having a l o n g l i n f l e x i b l e  envelope and a  weight between 
approaches #1 and 43. Its power t ransmiss ion e f f i c i e n c y  is  b e t t e r  than  
appreoach #1 and i r  is on a  par wi th  approach 43. Approach #3 is a l s o  inf lex-  
i b l e  i n  envelope and tends t o  be l a r g e  i n  dihmeter a l though l e s s  than  
approaches 41 and /I3 i n  t o t a l  volume. Approa2h 13 i s  t h e  l i g h t e s t  of t h e  
t h r e e  approaches by 10 t o  20 percent .  Because of i ts  "Intermedia te"  s t a t u s  
approach 112 wca e l imina ted  from s e r i o u s  cons ide ra t ion  In subsequent t r a d e  
s tudy a c t  iv  it i e s  . 





6.1.6 Eccentuator .  - The eccen tua to r  is a r e l a t i v e l y  new and i n t e r e s t i n g  
approach t o  t h e  a c t u a t i o n  of c o n t r o l  su r faces .  This a c t u a t i o n  method is a 
developnent of Vought A i r c r a f t  and c o n s i s t s  b a s i c a l l y  ox a simple bent beam. 
The beam has  k inemat ic  mechanizations such t h a t  t h e  ou tpu t  end ( a t t a c h e d  t o  
the  c o n t r o l  s u r f a c e )  moves through an angular d e f l e c t i o n  In a plane ,  whi le  the  
input hal f  is given a compound n u t a t i n g  type  of r o t a t i o n  t o  ensure  t h e  p lanar  
output  motion. Figure  80 i s  a schematic i l l u s t r a t i o n  of the  bent  beam showing 
its p o s s i b l e  motions wi th  and without n u t a t  ion. T t  can be seen in f i g u r e  80 
t h a t ,  i f  a beam wi th  a bend a n g l t  of t h e t a  is given a r o t a t i o n  of 180 degrees 
a t  i ts  input  end about i ts  own a x i s  it w i l l  genera te  a n  ou tpu t  d e f l e c t i o n  of 
2 t h e t a  . However, t h e  output  end does not  move i n  a plane  which would make i t  
imprac t i ca l  f o r  moving a c o n t r o l  su r face .  I f  a c a r r i e r  is provided,  a s  s h o w  
in  the  c e n t e r  of f i g u r e  81, and the  input. end of the  beam is dr iven  by t h i s  
c a r r i e r ,  t h e  ou tpu t  end s t i l l  moves i n  a c i r c l e .  However, i f  t h e  beam is 
geared t o  the  c a r r i e r  ia such a manner t h a t  the  beam r o t a t e s  180 degrees  
clockwise as t h e  c a r r i e r  r o t a t e s  180 degrees ,  counterc lockwise ,  t h e  output  
motion then becomes planar  and the  d e f l e c t i o n  jumps t o  4 t h e t a .  Th i s  is the  
p r i n c i p l e  of t h e  eccen tua to r .  

Figure  81 shows t h e  eccen tua to r  a s  i t  would be i n s t a l l e d  t o  o p e r a t e  a con- 
t r o l  s u r f a c e .  It shows t h e  c o n t r o l  s u r f a c e ' s  h inge l i n e  pass ing through t h e  
s p h e r i c a l  bear ing a t  t h e  c e n t e r  of the  bent beam. It shows t h e  extremes of 
c o n t r o l  s u r f a c e  d e f l e c t i o n  and i t  a l s o  shows t h e  beam a t  mid t r a v e l  ( i . e m ,  
n e u t r a l  f o r  most c o n t r o l  su r faces ) .  F igure  82 shows tl-2 mechanical advantage 
c h a r a c t e r i s t i c s  of t h e  device.  It shows a mechanical advantage of 9.51 a t  
n e u t r a l  and i n f i n i t y  a t  90 degrees each s i d e  of n e u t r a l .  It shbuld  be noted 
that t h e  p l o t  shown In f i g u r e  82  i s  Based on a hem bend ang le  ( t h e t a )  of  
6 degrees.  S t u d i e s  have shown t h a t  the  maximum p r a c t i c a l  bend ang le  is 
7.5 degrees and t h a t  6 degrees  i s  more nea r ly  an  optimum. Without going i n t o  
a d e t a i l e d  a n a l y s i s ,  t h e  reasou t h a t  s i x  degrees is  about optimum can be 
understood i n t u i t i v e l y  . Ar n e u i + c l  ( t r a i l ) ,  t h e  a i r  l o a d s  a r e  e s s e n t i a l l y  
ze ro  and t h e  mechanical a d v a ~ t a g z  is 9.51, i .e . ,  h igher  than i t  needs t o  be. 
A t  f u l l  d e f l e c t i o n  the  a i r   load^ a r e  maximum and t h e  mechanical advantage is 
i n f i n i t e ;  a l s o  higher than i t  needs t o  be. It is apparent  t h a t  a t  some point  
i n  between the  a i r  loads  and hinge nonents match. For t h e  6 degree beam bend 
ang le  t h i s  point  is about 60 degrees each s i d e  of neut -a1 o r  a t  a mechanical 
advantage of  19.02. A s  t h e  bend angle  is  inc reased  t h e  n e u t r a l  mechanical 
advantage dec reases  q u i t e  r a p i d l y  ( a  7.5 beam besd ang le  drops t h e  mechanical 
advantage a t  n e u t r a l  t o  7.6) and a l l  mechanical advantage va lues  each s i d e  o f  
n e u t r a l  decrease p ropor t iona te ly .  I n  the  case  of a 7.5 degree beam bend ang le  
t h e  matching point  would move i n  t o  45 degrees  each s i d e  of n e u t r a l  and t h e  
mechanical advantage would drop t o  approximately 10. Thus, a 1.5 degree 
inc rease  i n  bend ang le  above optimum would c u t  t h e  e f f e c t i v e  mechanical 
advantage n e a r l y  i n  h a l f .  

An npt lmal ly  designed eccen tua to r  ( i . e . ,  w i th  a 6 degree beam bend angle)  
'has s e v e r a l  major advantages over o t h e r  a c t u a t i o n  approaches as fol lows:  

8 It is p o t e n t i a l l y  81 t imes  s t i f C e r  than a correspondins  hydrau l i c  
a c t u a t o r .  
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Figure  80. - Operating p r i n c i p l e  of eccentuator .  

It w i i l  adayi i o  th in  W ~ ~ I B S  a: least ss u e i l  as a hinge1 ine  a c t u a t o r  
and much b e t t e r  than a  hydrau l i c  a c t u a t o r .  

It is p o t e n t i a l l y  t h e  s imples t  and moat r e l i a b l e  a c t u a t i o n  approach. 

Its ou tpu t  mechanical advantage c h a r a c t e r i e t i c s  tend t o  match t y p i c a l  
c o n t r o l  s u r f a c e  a i r l o a d  curves  b e t t e r  than hydrau l i c  a c t u a t o r  
k inemat ics  and much b e t t e r  than h i n g e l i n e  a c t u a t o r s .  

It has  inheren t ly  low i n e r t i a  and p o t e n t i a l l y  very h i g h  frequency 
response c a p a b l l  l t  i e s  around n e u t r a l .  

The eccen tua to r  however has aome d e f i n i t e  d isadvantages  r e l a t i v e  t o  o the r  
a c t u a t i o n  techniques.  These a r e  l i s t e d  a s  fo l lows:  

I ts  output  d e f l e c t i o n ,  when d i r e c t  connected t o  t h e  s u r f a c e ,  i s  low f o r  
meeting t h e  d e f l e c t i o n  requirements L I ~  most c o n t r o l  s u r f a c e s  (i.e., 24 
degrees f o r  the  optimum 6 degree bent  beam versus  60 degrees f o r  a  
t y p i c a l  c o n t r o l  s u r f a c e ) .  

r I t  w j l l  not  blowhack from the  extreme d e f l e c t e d  p o s i t i o ~ ~  in t h e  event  
of a  power aystem f a i l u r e  because of ~ t s  i n f i n i t e  mechanical advantage 
a t  t h a t  p o s i t i o n ;  f o r  the  same reasan ,  i t  cannot be back d r i v e n  by 
another system. 
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Figure  82. - Inherent  mechanical advantage of eccentuator .  

When it opera tes  in the  high mechanical &vantage a r e a  i ts  a b i l i t y  t o  
meet su r f  ace  r a t e  requirements w i l l  be s e r  iously  degraded. 

It has l i t t l e  d e v e l o p e n t  o r  o p e r a t i o n a l  background behind i t .  

6.1 - 7  ln f  i n i t e l y  v a r i a b l e  t r a c t i o n  t ransmiss ion.  - An in£ i n i t e l y  v a r i a b l e  
t r a c t i o n  t ransmiss ion is  a mechanical device which t ransmi t s  power by means of 
f l u i d  shear in the  mechanical i n t e r f a c e s  between two highly loaded r o l l i n g  
contact  su r faces .  Figure 83 shows a s impl i f  led  schematic of t h e  " d i f f e r e n t i a l  
to ro ida l "  ve rs ion  of t h i s  type of t ransmiss ion.  This  u n i t  w i l l  acczpt  uni- 
d i r e c t  ional  input r o t a t i o n  and, us ing a small s t e e r i n g  f o r c e  on t h e  s t e e r a b l e  
r o l l e r s ,  i t  can change the output  from approximately hal f  input speed,  i n  one 
d i r e c t  ion,  through zero t o  half  input speed,  in t h e  o t h e r  d i r e c t i o n .  When 
interposed between between a motor and a h inge l ine  a c t u a t o r  ( o r  a screwjack),  
the  i n £  i n i t e l y  v b r i a b l e  d i f f e r e n t i a l  t o r o i d a l  t ransmiss ion (IVDTT) becomes e 
mechunical servo.  It has eeen l i m i t e d  s e r v i c e  a s  a generator  cons tan t  speed 
d r ive  and has demonstrated t h e  a b i l i t y  t o  meet f l i g h t  c o n t r o l  frequency 
responoe requirements. 

E l e c t r i c a l l y ,  t h e  XMTT has  the  main advantage t h a t  t h e  moto,: can run  a t  a 
cons:ant (and very high) speed thereby a v o i d i q  t h e  need f o r  t h e  motor ro to r -  
i n e r t i a  t o  be cons tan t ly  a c c e l e r a t e d  and dece le ra ted  from a zero  rpm con- 
d i t  ion. This devj.ce alr,o bypasses another  nagging problem cons tan t ly  en- 
countered by EMAS of "holding loads",  s i n c e  when the  motor is r o t a t i n g  a t  
e s s e n t i a l l y  s constant  speed (when t h e  output  i s  "holding" a t  zero rpm), i t  
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Figure  83. - Trac t ion  d r i v e  mechanical servo.  

s e e s  the  holding load a8 a  dynamic load ,  instead of a r i ~ . i i  load. There a r e  
not t h e r e f o r e  the  h igh c u r r e n t  flow and hea t ing  problem3 a e e w  l a t e d  wi th  
" s t a l l "  opera t ione.  ?he iVDTT l a  a l e o  an inhere r~ t l j l  h igh gain s t i f f  t rans-  
mission.  When coupled t o  t h e  r e l a t i v e l y  h igh gear rcduct  ion c h a r a c t e r i s t i c  of 
hinge1 ine  ac t u t o r s  o r  screw:acks, i t  e s s e n t  i s i l y  becomes independent of 
output  load  i n e r t  ial  ef f ecre . 

In c o n t r a s t  t o  its many advantages,  the  IVDTT is  a  complicated device  and 
i t  uses n w e r o u e  high p rec i s ion  p a r t s ;  more p e r t i n e n t l y ,  i r  r e q u i r e s  e x t e n s i v e  
development be fo re  it can be considered a s  a  v i a b l e  FCS EMAS. 

6.1.8 Dyaavecto?. - The dynavector is i n  the genealogy of the  harmonic d r ive :  
to  understand i l ~ e  f i r e t ,  one must understand the  second. The hdrmoilic d r i v e ,  
shorn schemat ica l ly  i n  f i g u r e  84,  c o n s i s t s  of t h r e e  primary elements.  

A c i r c u l a r  s p l i n e  ( th ickwal l  r i n g  gear) 

0 A wave genera to r  ( an  ova l  r o t a t i n g  element) 

A f l e x e p l i n e  (a f r e x i b l e  e p l i n e  d e f l e c t e d  i n t o  engagement wi th  t h e  
t e e t h  on the c i r c t l a r  s p l i n e  by t h e  wave genera to r ) .  

The uniqueness of the  harmonic d r i v e  d e r i v e s  from t h e  f a c t  t h a t  t h e  
f l e x s p l i n e  has one o r  two l e e s  t e e t h  thau the  r ing  gear ( t h e  c i r c u l a r  s p l i n e ) ,  
with which I& engages. Ae a  coasequeiice the  ;umnonic d r i v e  can e f f e c t  very 
l a r g e  speed reduct ions  in  one s t aqz .  Thus, wi th  202 t e e t h  i n  the  c i r c u l a r  
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s p l i n e  and 200 on t h e  f l e x e p l i n e  t h e  r a t  l o  is 200/(202-200) = 100: 1. I n  
e f f e c t ,  the  harmonic d r i v e  is a s p e c i a l  form of e p i c y c l i c  gear  t r a i n  in which 
very l a r g e  g?ar r e d w t  lone a r e  poss ib le  in a s i n g l e  s t a g e .  

The d y n a v e c t ~ r  is a Bendix develqment  whose des ign is .ased on the  har- 
monic d r i v e  p r i n c i p l e .  It ueee the  e p i c y c l i c  gear  concept t o  e f f e c t  d i r e c t  
h ingel ize- t )pe  s c t u a t i o n  of a c o n t r o l  su r face  or o the r  loads .  Unlike the  
eccen tua to r ,  i t  18 not  l i m i t e d  i n  r o t a t i o n  and i t  can be adapted t o  d i g i t a l  
(s tepper- type)  c a n t r o l  in t h a t  the movement of the  output  s h a f t  can be 
e f f e c t e d  i n  d i e c r e t e  incremente. The dynavector d e r i v e s  i t s  name from t h e  
f a c t  t h a t  a d i a c 3 e t r i c a l  f o r c e  ( a  f o r c e  v e c t o r )  u rges  t h e  f l e x a p l i n e  i n t o  
engagement wi th  t h e  c i r c u l a r  s p l i n e ,  causing t h e  l a t t e r  t o  r o t a t e  m o a t h l y ,  o r  
i n  m a l l  incremental  s t e p s ,  through 360 degrees or  more of r o t a t i o n .  The 
dynavector hae been adas ted t o  pneumatic, hydrau l i c  and e l e c t r i c a l  pover 
sources  with a g r e a t e r  por t ion  of the  Cc .,lo& 'nt work being expended on the  
f i rs t  two (hydraul  i c  and pncumat i c )  . 

Figure  85 i s  a schematic i l l u s t r a t i o n  of the dyaavrctor  showing i t  t o  be 
comprised of t h r e e  b a s i c  power tranomission elemenr s : 

ENC PLATE 

Fidure  85. - Dynav?ctut a c t u a t o r .  
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a Output g e a r  

' r  an a c t u a t i o n  device  t h e  dynavector tende t o  be compact i n  l eng th ,  bu t  
r e l a t l r e l y  l a r g e  i n  d iameter  ( i .e . ,  paccake des ign) .  Figure  86 is a view of 
t h e  t h r e e  t r an rmi r s ion  e l m e n t s  i n  the  aesemtled s t a t e .  Thir  p a r t i c u l a r  
dynavector is hydraulicaRly opera ted throug!i t h e  medium of t h e  p r e r s u r e  and 
exhaust  p o r t s  loca ted  i n  j u x t a p o e i t i o n  t o  "dieplacerlent chamber@". I n  opera- 
:ion, a f o r c e  v e c t w  is c r e a t e d  by p r e s s u r i z i n g  t h e  d i sp lacepcn t  chambers on 
one s i d e ,  whi le  ven t ing  t h e  displacement chambers on t h e  o t h e r  r ida .  Rota t ion 
is iupar ted  by r e q u e n t l a l l y  p r e s s u r i z i n g  tr.a vm'ied (exhaus t )  chamber ad jacen t  
t o  a  p rev iour ly  p rc3rc r i zed  chamber, while r imul taneously  ven t ing  t h e  d i a -  
m e t r i c a l l y  opyoei te  p res ru r i zed  chamber. This  commutating a c t i o n  causes  t h e  
f o r c e  v e c t c r  t o  r o t a t e  through an a r c  ( angu la r  width)  e q u i v a l e n t  t o  one d i s -  
placement chamber. As t h e  f o r c e  vec to r  r o t a t e s ,  t h e  r i n g  g e a r  r o t a t e s  a t  t h e  
rams speed,  d r i v i n g  t h e  output  g e a r  and s h a f t  i n  t h e  oppos i t e  d i r e c t i o n  a t  a  
reduced speed and increased mecha..-cal ddvantage equ iv8 len t  t o  t h e  d i f f e r e n c e  
i n  t h e  p i t c h  of t h e  meshing t e e t h .  For a  t y p i c a l  30/32 t e e t h  meshing d i f f e r -  
ence between t h e  r i n g  and o. - , ru t  g e a r s ,  t h e  reduc t ion  vould be 15:l.  A t  anv 
one time, hal f  of the  displacement chambers a r e  p ressur ized ,  whi'e t h e  o t h e r  
hal f  a r e  vented. This resu1t.r I n  an , rb i t ing- type  motion of t h e  r i n g  g e a r ,  
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Figure  86. - Bynavactor: h y d r a u l i c a l l y  ac tua ted .  (Cour tery  Bendix) 
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causing a too th  engagement between the  i n t e r n a l  t e e t h  on the  r i n g  gear wi th  
t h e  e x t e r n a l  t e e t h  on t h e  ou tpu t  gear  which is d i s p l a c e d  90 degrees  from t h e  
f o r c e  vector .  

Although a hydrau l i c  dynavector is not of d i r e c t  i n t e r e s t  t o  an EMAS based 
system, an  e l e c t r i c a l  ve r s ion  of a dynavector has  a l s o  been adapted t o  produce 
t h e  r o t a t i n g  f o r c e  vector .  In  t h i s  case ,  t h e  f o r c e  v e c t o r  is generated by 
c o i l s ,  which a r e  disposed c i r c m f e r e n t i a l l y  around t h e  o u t s i d e  of an armature,  
t h a t  is i n t e g r a l  wi th  .he r i n g  gea r .  Motion in t h i s  type  of dynavector is 
c r e a t e d  by commutating t h e  c o i l s  in t h e  c o r r e c t  sequence i n  e x a c t l y  t h e  same 
manner a s  t h e  pressur  izedlvented chambers were cornmutated in the  hydraul ic  
vers ion.  This causes  a r o t a t i o n  of t h e  f o r c e  vec to r  a t  a  r a t e  determined by 
the  commutation r a t e  of the  c o i l s .  I n  t h i s  e l e c t r i c a l  v e r s i o n  t h e  r o t a t i n g  
f i e l d  can be d i g i t a l l y  c o n t r o l l e d  by s e q u e n t i a l  e n e r g i z a t i o n  of  t h e  c o i l s ,  o r  
s t e p l e s s  smooth r o t a t i o n  can be developed by use of a polyphase-winding t h a t  
prsduces a o i   soid id ally changing r o t a t i n g  f i e l d .  Figure  87  is a schematic of 
e e l e c t r  AC A: ,y powered dynavector. 

l'he dynavector is a r e l a t i v e l y  simple device  using,  a s  i t  does,  r e l a t i v e l y  
few p a r t s  t o  ge t  f r a  a raw power Input t o  a c o n t r o l l e d  power output .  ? t  
appears  t o  have the  fo l l - -wing advantages:  

0 High r e l i a b i l i t y  
0 High torque-to-inert  ia r a t i o  

High s t i f f n e s s  
High dynamic performance. 

The high r e l i a b i l i t y  d e r i v e s  from the  f a c t  that t h e r e  a r e  no high too th  
loadings  and t h e  rubbing v e l o c i t i e s  a r e  a p p r o x h a t e l y  one t e n t h  of con- 
ven t iona l  gears .  The high dynamic performance d e r i v e s  from t h e  f a c t  that, 
unl ike  an e l e c t r i c  motor wi th  high r o t o r  i n e r t i a  due t o  high speeds ,  t h e  
dynavector has no mass r o t a t i n g  a t  high speed. 

The disadvantages of t h e  dynavector in i ts  c u r r e n t  s t a t e  of d e v e l o p e n t  
a r e  t h a t  i ts  s p e c i f i c  weight (kW/lb) is r e l a t i v e l y  low and i ts  pancake 
conf igura t fon i n h i b i t s  i ts  i n s t a l l a t i o n  i n  many a p p l i c a t i o n s  such a s  t h i n  
wings. Also, t h e  power and torque l e v e l s  t h a t  a r e  r e q u i r e d  by primary f l i g h t  
con t ro l  s u r f a c e s  i n  l a r g e r  s i z e d  t r a n s p o r t  a i r c r a f t  a r e  h igh and somewhat 
beyond the c a p a b i l i t y  of present  dynavector designs.  Responding t o  t h i s ,  
L n d l x  i n i t  fa ted  a new design program incorpora t ing  new design approaches t o  
overcome ,hese shortcomings. Unfor tunate ly ,  a s  a r e s u l t  of cutbacks  t h i s  
program, a s  well  a s  a l l  o t h e r  work on dynavector, was terminated.  l o r  t h e s e  
reasons ,  even though dynavector z.nd s i m i l a r  high torque low speed e l e c t r i c a l  
devices  ( to rquers )  may have e x c e l l e n t  long term promise, they were not  
considered v i a b l e  f o r  the  IDEA s o  they were dropped from f u r t h e r  c o n s i d e r a t i o n  
f o r  t h i s  study.  

6.1.9 I n t e g r a t e d  a c t u a t o r  packages. - I n t e g r a t e d  a c t u a t o r  packages (IAPs), 
a r e  se l f -conta ined power modules incorpora t ing  hydrau l i c  o r  pnewna t i c  
i n t e r f a c e s ,  but  s t i l l  opera t ing  e l e c t r i c a l l y .  UPS can be considered 
f o r  f l i g h t  c o n t r o l  and s u r f a c e  a c t u a t i o n  but they were e l imina ted  from 
s e l e c t  ion f o r  the following reasons:  
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They were l e a s  e f f i c i e n t  s i n c e  an  a d d i t i o n a l  d i f f e r e n t  type power 
i n t e r f a c e  was always involved. 

They were heavier  because of t h e  a d d i t i o n a l  power i n t e r f a c e  canponents. 

They had t h e  e x t e r n a l  appearance of a n  e lec t romechanical  a c t u a t o r ,  but  
i n t e r n a l l y  they employed hydrau l i c s  t o  pneumatics. Thus, i n  
u i n t e a a n c e  suppor t  hydrau l i c  and/or pne-anat i c  t e c h n i c i a n s  would st ill 
be required.  

In  view of the above, t h e  IAP was not  considered a s  a s t r o n g  cand ida te  f o r  
t h e  FCS EMAS o r  o t h e r  a p p l i c a t i o n s .  

6.1 . I 0  U t i l i t y  f u n c t i o n  a c t u a t i o n .  - The u t i l i t y  f u n c t i o n s  cons ide red  during 
the  s tudy were a s  follows: 

k i n  Landing Gear R e t r a c t  Actuator 
Main Landing Gear Door Actuator 
Main Landing Cear Door Lock Actuator 
Main Landing Gear Down Lock Actuator 
kin Landing Gear Truck Leveler Actuator 
Main Landing Gear Brakes 
M a i n  Landing Gear R e t r a c t  Actuator 
Nose Landing Gear Uplock Actuator 
Nose Landing Gear S t e e r i n g  Actuator 
T r a i l i n g  Edge Flap Actuat ion 
Leading Edge F lap  Actuat ion 
Thrust  Reverser Actuat ion 
T a i l  Skid  Extension 

With t h e  except ion of nose wheel s t e e r i n g  (which can be a simple open loop  
s e r v o  c o n t r o l ) ,  almost  a l l  non FCS a c t u a t i o n  f u n c t i o n s  could  employ a highly  
re l i ab le / rugged  s q u i r r e l  cage induc t ion  motor as the  power source .  For land- 
ing gea r  a c t u a t i o n  va r ious  f o m e  of geared r o t a r y  a c t u a t o r s  were cons ide red  
wi th  the  r o t a r y  a c t u a t o r  powering a t runnion and/or drag-l ink knuckle. I n  
each ins tance ,  however, t h e  geared r o t a r y  a c t u a t o r  proved heav ie r  and more 
demanding of space  s o  the  s imple  expedient  use of a screwjack i n t e r f a c e  
appeared more f e a s i b l e  . 

The f l a p s  and t h r u s t  r e v e r s e r  presented a somewhat d i f f e r e n t  circumstance 
s i n c e  t h e  o p e r a t i n g  mechanism f o r  each of these  f u n c t i o n s  is a l ready  powered 
by a hydraul ic  o r  pneumatic motor. Therefore  the  more s imple  and d i r e c t  
approach was t o  use a n  e l e c t r i c  motor t o  d r i v e  a mechanism t h a t  was a l ready  
wel l  proven and developed. 



6.2 IDEA: PiAS Appl icat  ions 

6.2.1 F l i g h t  c o n t r o l  a c t u a t i o n .  - R e f e r r i n g  t o  t a b l e  11, four  c a t e g o r i e s  were 
e l imina ted  dur ing the  pre l iminary  eva lua t ion  phase e a r l y  in t h e  t r a d e  s tudy .  
These were c a t e g o r i e s  7, 8,  9, and 11. 

The fol lowing were t h e r e f o r e  t h e  v i a b l e  cand ida tes  f o r  t h e  IDEA. 

6.2.2 Eccentuator.  - While the  eccen tua to r  provides many advantages ,  its main 
disadvantage was i t s  1 imited ou tpu t  d e f l e c t i o n .  To eva lua te  t h e  def i c i ency  
s e v e r a l  geometric c o n f i g u r a t i o n s  were considered including one t o  i n s t a l l  two 
eccen tua to r s  i n  s e r i e s .  This provided a d d i t i o n a l  d e f l e c t  ion ang les  up t o  p l u s  
o r  minus 48 degrees;  a l s o  its double h inge l ine  gave an i n t e r e s t i n g  camber t o  
t h e  wing c r o s s  s e c t i o n  when f u l l y  d e f l e c t e d .  Driving t h e  second e c c e n t u a t o r  
and achieving the  r e q u i r e d  n u t a t i n g  a c t i o n  was however a problem t h a t  cou ld  
not be overcome. A second approach was t h e r e f o r e  pursued and t h i s  appeared 
very p r a c t i c a l .  I n  t h i s  c a s e ,  t h e  s u r f a c e  h inge l ine  was moved a f t  of t h e  
eccen tua to r ' s  b a l l  p ivo t  as shown in f i g u r e  88.  This was adapted t o  t h e  IDEA 
a i r p l a n e ' s  outboard  a i l e r o n  chordal  c r o s s  s e c t i o n  a t  approximately midspan of 
t h e  a i l e r o n  where i t  can  be seen t h a t  t h e  eccen tua to r  f i t s  n i c e l y  wi th in  t h e  
wing and c o n t r o l  s u r f a c e  mold l i n e s .  This  c o n f i g u r a t i o n  p laces  t h e  c o n t r o l  
s u r f a c e  h i n g e l i n e  ( a i l e r o n  p ivo t  po in t  in f i g u r e  8 8 )  4 inches a f t  of 
e c c e n t u a t o r ' s  b a l l  p ivot  and g i v e  +20° d e f l e c t i o n .  

Moving the  c o n t r o l  s u r f a c e ' s  h i n g e l i n e  a f t  of the  e c c e n t u a t o r ' s  b a l l  p ivo t  
does reduce t h e  o v e r a l l  mechanical advantage of the  system in a manner 
somewhat analogous t o  e f f e c t  of inc reas ing  the  eccen tua to r  beam's bend ang le ,  
but the  end e f f e c t  is d i f f e r e n t .  Inc reas ing  t h e  beam's bend ang le  t o  achieve 
a higher output d e f l e c t  ion  d i s t o r t s  the  mechanical advantage curve  s o  the  
matchine point  between load  and mechanical advantage moves t o  a much lower 
value. however, whi le  moving the  h i n g e l i n e  a f t  r e s u l t s  i n  a h igher  l o a d  on 
the  e c c e n t u a t o r ' s  o u t p u t ,  t h e  matching po in t  remains the  same I n  terms of  
mechanical advantage. 

Figure  89 a l s o  shows t h e  gea r ing  necessary t o  achieve the  n u t a t l n g  a c t i o n  
requ i red  t o  implement t h e  eccentuator  p r i n c i p l e  ( s e e  f i g u r e s  89 and 9 0 ) .  
Although no t  shown in f i g u r e  88 ,  t h e  e l e c t r i c  motor working through a 
p lane ta ry  gear  t r a i n  meshes wi th  t h e  b u l l  gear  shown ln tibe f i g u r e .  This gea r  
performs t h e  f u n c t i o n  of t h e  c a r r i e r  shown Lt f i g u r e s  89 and 90. As i t  
r o t a t e s  i n  one d i r e c t i o n  i t  causes  t h e  p in ion  g e a r ,  which is  c o n s t r a i n e d  by 
the r e a c t i o n  r i n g  g e a r ,  t o  r o t a t e  in the  oppos i t e  d i r e c t i o n .  The p in ion  gea r  
is keyed t o  t h e  eccen tua to r  beam and thus ,  the  beam is fo rced  t o  r o t a t e  I n  . h e  
counter  r o t a t i n g  manner necessary  t o  achieve the  double d e f l e c t i o n  planar  
motion of t h e  output .  The torque a t  t h e  b u l l  gea r  Input can  be  very low s i n c e  
t h e r e  is a gear  reduction/mechanical  advantage of approximately 230:l.  

Figure 99 is a p lan view schematic of t h e  outboard a i l e r o n  i n e t a l l a t i o n .  
It shows t h e  eccen tua to r  b u l l  gear being dr iven by two independent 
motor/gearbox u n i t s .  Each of these  motor/gearbox u n i t s  has i t e  own c o n t r o l l e r  
and i s  powered by a d i f f e r e n t  e l e c t r i c a l  system. Each motor/gearbox u n i t  is 
capable  of meeting s t a l l  load a t  t h e  des ign point  and a t  an i n c i p i e n t  motor 
s t a l l  speed of 17,000 rpn. During normal o p e r a t i o n  the  motors s h a r e  l o a d  and, 
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Figu re  88. - Eccen tua to r  i n s t a l l a t i o n  i n  ou tboa rd  a i l e r o n .  

t h u s  a r e  ve ry  l i g h t l y  l oaded  f o r  most of t h e i r  o p e r a t i o n a l  l i f e .  F i g u r e  89 
a l s o  shows some of t h e  major performance pa rame te r s  of  t h e  e c c e n t u a t o r  sys t em 
and shows a p r o j e c t e d  weight  of t h e  system a s  113 l b  per  s u r f a c e  (226 l b  p e r  
a i r p l a n e ) .  Th i s  i s  a n  e x c e l l e n t  sys tem we igh t ,  b u t  i t  is  h e a v i e r  t h a n  a  
h i n g e l i n e  " s t a t e  of t h e  a r t "  a c t u a t i o n  system. 

6.2.3 Anti jam ar rangements .  - O r i g i n a l l y  i t  was thought  j am- to l e r an t  EMAs 
would prove p r o h i b i t i v e  in te rms  of weight:  however, as t h e  s t u d y  p rog re s sed ,  
i t  appeared  t h i s  was n o t  t h e  c a s e .  Some f e a t u r e s  of  one  jam t o l e r a n t  f l i g h t  
c o n t r o l  a c t u a t o r  a r e  shown i n  t a b l e  1 4 .  

A r a t h e r  d e t a i l e d  a n a l y s i s  of t h e  a p p l i c a t i o n  of jam t o l e r a n t  a c t u a t o r s  t o  
t h e  ou tboa rd  a i l e r o n s  was a p p l i c a b l e  t o  most o t h e r  f l i g h t  c o n t r o l  a p p l i c a -  
t i o n s .  A t  l e a s t  t h r e e  p r a c t i c a l  approaches  emerged. F i g u r e  90 shows t h e  
f u n c t i o n i n g  of  one  of t h e  more f avo red  approaches  whose f e a t u r e s  a r e  l i s t e d  i n  
t a b l e  14. A cam and push rod  move t h e  s u r f a c e  in much t h e  same manner a s  a  
conven t iona l  h y d r a u l i c  a c t u a t o r  excep t  t h a t  t h e  cam c a n  be  o p e r a t e d  by a 
c e n t r a l  gea r  t r a i n  w i t h  t h e  o u t e r  g e a r  t r a i n  locked ,  o r  by t h e  o u t e r  g e a r  
t r a i n  w i th  t h e  c e n t r a l  gea r  t r a i n  locked .  The "primary" motor normally d r i v e s  
t h e  c e n t r a l  g e a r  t r a i n  but  shou ld  i t  jam e l e c t r i c a l  l o g i c  would l o c k  t h e  b rake  
on t h e  primary motor and t h e  back-up motor would d r i v e  t h e  s u r f a c e .  

I n  t h i s  c o n f i g u r a t i o n  t h e r e  a r e  on ly  t h r e e  p o i n t s  where a jam can  occu r  
t h a t  w i l l  l o c k  t h e  whole a c t u a t o r :  t h e  cam and rod  end b e a r i n g s  a t  e a c h  end 
of t h e  pushrod and the  b e a r i n g s  which i s o l a t e  t h e  cam and g e a r  trains from t h e  
f i x e d  housing.  The p r o b a b i l i t y  of  f a i l u r e  in t h e  cam and pushrod end b e a r i n g s  
was c o n s i d e r e d  about  equa l  t o  t h a t  of t h e  rod  and head end b e a r i n g s  of a 
conven t iona l  hydromechanical  a c t u a t o r .  S i m i l a r l y  t h e  p r o b a b i l i t y  of a jam i n  



ECCENTUATOR OUTPUT 
/ (EFFECTIVE GEAR RATIO AT 

ECCENTUATOR 
ASSY-WT. 32 Ib 

-- 
ECCENTUATOR 
BALL PIVOT 
BEARING 

DESIGN POINT - 200:11 

SURFACE 
HINGELINE 

\\ I ,BULL GEAR 
REACTION GEM -A\,b/ 

PLANETARY REOUCl 
81 OlRECTlONAL 1270 Vdc) 
PERMANENT MAGNET 

GEARBOX (21 RATIO 
WT. 6 Ib 

MOTOR (2) - WT. 23 Ib 

CONTROLLER (2) 
28 AMP-WT. 11.5 Ib 

'TORQUE AT BULL GEAR - 87,600 in4b1200 RAT101.85 EFF. - 5 15.29 indb 

"TOROUE AT MOTOR PA0 - 51 5.29 in.lb117.14 RAT101.94 EFF. - 31.98 in4b . 
MOTOR POWER - 31.98 171000 'pm - 6.44 KW OUTPUT 

84483.9 

'ION 
l7.2:l 

INPUT CURRENT - 6.44 kW1.85 EFF.1.27 - 28.06 amp 

TOTAL WEIGHT - 32 + 2(6 + 23 + 11.51 - 113 Ib 

"INCIPIENT STALL4EAM ROTATE0 t 6 0 °  FROM NEUTRAL 
"INCIPIENT STALL MOTOR SPEED 

Figure 89. - Eccentuator schematic and character 1st  Ice (out.board a i leron) .  
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BEAM 

SECONOARY MOTOR 
WITH BRAKE 

SECONOARY ORWE GEARBOX 

LINK OF CONTROL SURFACE 

PRIMARY MOTOR WlTH BRAKE 

Figure 90. - FCS EMAS candidate  wi th  an t i j am f e a t u r e s .  

t h e  f i x e d  housing support  bear ings  was considered t o  approximate the  
p r o b a b i l i t y  of a jam in t h e  p i s t o n  of rod a r e a s  of a convent ional  hydro- 
mechanical a c t u a t o r .  

Figure  91 shows an  i n s t a l l a t i o n  envelope of a n  ant i jam arrangement 
designed spec i f  i c a l l y  f o r  t h e  outboard a i l e r o n  of t h e  IDEA a i r p l a n e  by MPC 
Products Corp. This  envelope is based on a d e t a i l e d  des ign and a n a l y s i s  which 
gave i t  a high c r e d i b i l i t y  and provided a b a s i s  f o r  s i z i n g  and eva lua t ing  i t s  
a p p l i c a t i o n  t o  the  s p o i l e r s ,  t h e  rudder,  and the  Inboard a i l e r o n s  a s  shown i n  
t a b l e  15. It can be seen in f i g u r e  91 t h a t  t h e  u n i t  f i t s  e a s i l y  in the  space 
a v a i l a b l e  behind t h e  r e a r  spar  and t h a t  i t  o p e r a t e s  t h e  a i l e r o n  using t h e  
e x i s t i n g  s u r f a c e  h inge l ines  and a i l e r o n  arms. A d e t a i l e d  a n a l y s i s  of t h e  f o u r  
bar l inkage  formed by t h e  e c c e n t r i c ,  t h e  pushrod, and t h e  a i l e r o n  l e v e r  arm is 
shown in t a b l e  15. It shows t h e  ins tantaneous  torques ,  l e v e r  arms, and l i n k  
l o a d s  a t  va r ious  s u r f a c e  p o s i t i o n s  and shows t h a t  the  mechanical advantage of 
t h e  l inkage system matches t h e  aerodynamic load c h a r a c t e r i s t i c s  of t h e  
surface .  

The an t i j am mechanization shown in f i g u r e  91 has  a number of d i s t i n c t  
advantages r e l a t i v e  t o  conventional hydromechanical o r  h inge l ine  a c t u a t o r s .  
The f i r s t  is t h a t  i t  uses  a r e l a t i v e l y  l a r g e  diameter e c c e n t r i c  bear ing on 
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TABLE 15. FOUP BAR LINKAGE FOR OUTBOARD AILERON ACTUATION. 

Load On 
Link B 

( l b )  

9 
Acf t .  

Surf  a c e  
Angle 
( deg 

Surf  a c e  
E f f ec , t i ve  
Leve r  A r m  

( i n . )  

MAX. ACTUATOR TORQUE @ ABOUT 0 = -18' = 20,800 l b - i n .  (APPROX.) 

MAX. LINK U ) A D  @ ABOUT 8 = -20' = 24,200 l b  (APPROX. ) 

W2 = 5.833 rpm ( 35 deg / s ec ) ,  NOMINAL NO LOAD SPEED OF A C F T .  SURFACE 

( F l f E l )  AVE = 3.00, AVERAGE RATIO FROM 0 = -20' TO +20° 

W1 AVE = ( F l / E l )  W2 * 17.5 rpm (105 DEC/SEC), AVERAGE NO LOAD SPEED OF ACTUATOR 

C2 
(deg )  

A2 
( d e g )  

T2 
Torque 

On 
Sur f ace  
( l b - i n . )  

T 1 
Torque 

From 
Actua tor  
( lb - in . )  

Act .  
Effective 
Lever A r m  

E 1 
( i n - >  



SURFACE 0 
CONTROLLER I 

m 

CONTROLLER a 
270 VDC Fl 

- MOTOR 

. 
MOTOR - 

Figure  92. - Schematic arrangement f o r  inboard and outboard 
a i l e r o n s ,  and rudder a c t u a t o r  systems.  

I I 

. 
ACTUATOR 

i A 

each end of the  gearbox to  t r a n s l a t e  output  r o t a t i o n  i n t o  dual  redundant 
c o n t r o l  s u r f a c e  inputs .  The e l e c t r i c  motor, which mounts t o  t h e  e c c e n t r i c ,  
d r i v e s  t h e  gearbox wi th  an input s h a f t  t h a t  is encompassed t; t h e  e c c e n t r i c  
bearing.  This d i c t a t e s  a l a r g e  s i z e d  bear ing and t h e  use of such a l a r g e  
bear ing enhances gearbox i n t e g r i t y  by minimizing bear ing s t r e s s e s  and ensur In& 
high s t i f f n e s s .  Second, most a l l  primary c o n t r o l  s u r f a c e s  can be d r iven  by 
a d j u s t i n g  the e c c e n t r i c  throw and r o t a t i o n  t o  accommodate the  requirements of 
a p a r t i c u l a r  c o n t r o l  s u r f a c e .  

An inherent  f e a t u r e  of t h i s  c o n f i g u r a t i o n  is t h a t  the  over-center  togg le  
a c t i o n  of t h e  EMA is i d e a l l y  s u i t e d  t o  holding cont inous  s t eady  s t a t e  loads  a s  
i n  the  case  of the  s p o i l e r s  where t h e r e  is a "sucking" hinge moment t r y i n g  t o  
deploy them during f l i g h t .  Also, i t  amel io ra tes  a problem endemic t o  
hinge1 h e  ac t u a t o r s  which r e a c t  c o n t i n u a l  type low amp1 i t u d e l  high frequency 
v i b r a  t ions.  The Electro-Mechanical Power Hinge Ac: ua t o t  (EPHA) avoids  t h i s  
problem by t h e  presence of a t  l e a s t  a 3: 1 r a t i o  between the  e c c e n t r i c  and the  
s u r f a c e  r o t a t i o n .  This minimizes l o c a l  f r e t t i n g  wear and backlarh .  With t h e  
except ion of the  h o r i z o n t a l  s t a b i l i z e r ,  us ing l l n e a r  a c t u a t c r s ,  a l l  FCS 
a c t u a t o r s  a r e  cand ida tes  f o r  anti- jam f e a t u r e s  of the  type  descr ibed.  

In  a d d i t i o n  t o  the  support  provided by MPC Products Corp., Sundstrand 
Aviation Divis ion of Sundstrand Corp. a l s o  euppl l e d  a s s i s t a n c e .  Sundstrand' a 
approach was b u i l t  around p lane ta ry  h inge l ine  a c t u a t o r s  s i m i l a r  t o  those which 



have been e x t e n s i v e l y  developed by AiResearch. In  Sundst rand ' r  approach, 
however, d u d  load  pa ths  ( i n v e r t e r ,  c a b l e ,  motor and l n p ~  h a f t )  from a 
s i n g l e  power source  were providr-d i n t o  each end of each h i n g e l i n e  actua. ion 
u n i t  ( see  f i g u r e  92). No more than one h inge l ine  power u n i t  was powered by a 
g iven  power source.  Each load path  was capable  of meeting 100 pe rcen t  l o a d  
requirement continuouely a t  romewhat reduced l i f e .  Under normal load  con- 
d i t i o n s  wi th  l e s s  than 50 percent  l o a d  on each load  path ,  and most g e n e r a l l y  
l e s s  than 12  pe rcen t ,  t h e  p o t e n t i a l  l i f e  and r e l i a b i l i t y  of  each load  path war 
extremely h igh .  Using the  Sundstrand approach a s  a b a s i s  and modifying i t  
through the  a d d i t i o n  of a package of torque r e n r o r s ,  dog c l u t c h e s ,  and brakes ,  
Lockheed succeeded ia c r e a t i n g  a system which, i n  moet instances equaled o r  
exceeded t h e  r e l i a b i l i t y  ( inc lud ing  an t i j am to le rance)  of t h e  an t i j am systems 
discussed in the  previous paragraphs.  Thio rev i sed  syatem approach was 
app l i ed  t o  most of t h e  major f l i g h t  c o n t r o l  f u n c t i o n s  and found t o  be t h e  most 
r e l i a b l e  and t o  have the  l i g h t e s t  o v e r a l l  f l i g h t  c o n t r o l  system weight by 
131.3 pounds ( s e e  t a b l e s  14 and 16).  

The c l o s e s t  compet i tor  in t e r n s  of reliability, weight and c o s t  t o  the  
modified Sundstrand load sha r ing  approach, was t h e  an t i j am approach suggested 
by MPC. Ae pointed out in :he e a r l i e r  d i scuss ion  the  an t i j am approach is not  
completely jam f r e e ,  nor disconnect  f r e e  f o r  t h a t  m a t t e r ,  but  has  about t h e  
same jam/ disconnec t potent  i a l  a s  a convent ional  hydromechan i c a l  1 inea r  
a c t u a t o r .  Since the  h inge l ine  a c t u a t o r  load sha r ing  approach has  b e t t e r  load  
path  redundancy down t o  the  a c t u a t o r  i t s e l f  than does t h e  a n t  ijam approach and 
s i n c e ,  i n  dual  and t r i p l e  redundant a p p l i c a t i o n s ,  t h e  h i n g e l i n e  a c t u a t o r  
opera tes  a t  l e s s  than 50 percent  duty cycled load compared t o  the  an t i j am 
a c t u a t o r ' s  100 percent ,  it was f e l t  that the  o v e r a l l  r e l i a b i l i t y  and 
a n t  i jam/disconnect  c a p a b i l i t i e s  of the  load shar  In8 approach was a t  l e a s t  
equal  to  and probably b e t t e r  than t h e  a n t  ijam arrangement. For t h i s  reason 
and i ts  weight advantage,  t h e  load  sha r ing  h inge l ine  approach was s e l e c t e d  In 
t h e  IDEA a lr plane . 

6.3 I d e n t i f i c a t i o n  of C r i t i c a l  Technologies 

I n  common with the  concern f o r  t h e  r e l i a b i l i t y  of t h e  e l e c t r i c  power 
d i s t  r ibut  ion sys  tems and the back-up emergency power system f o r  f 1 igh t  
c r i t i c a l  FCS loads ,  t h e r e  must be equal  concern f o r  t h e  r e l i a b i l i t y  a f  t h e  
electro-mechanical  a c t u a t o r s  that w i l l  r ep lace  the  hydromechanical a c t u a t o r s .  
Evaluation and developnent of a l t e r n a t i v e  EMAS approaches is  recanmended t o  
NASA f o r  f u r t h e r  t e c h n i c a l  d i r e c t i o n  and support .  

S p e c i f i c a l l y ,  the  prospect  of a c t u a t o r  jams has  been c i t e d  a s  more l i k e l y  
i n  the  e l e c t r i c  a c t u a t o r  because of the  use of p lane ta ry  gea r  r educ t ions  and 
t h e  concern f o r  problems of a broken too th  or  a mechanical s e i z u r e  that cou ld  
s t a l l  a c o n t r o l  s u r f a c e  and any a c t u a t o r s  connected t o  i t .  The p resen t  
competi t ion f o r  t h e  e l e c t r i c  a c t u a t o r  is t h e  hydrau l i c  jack which 119 a aimple 
power module and one t h a t  has i n t r i n s i c a l l y  h igh r e l i a b i l i t y .  As a conse- 
quence, deeigners  have se ldan  considered the  p rospec t s  of  a hydrau l i c  ram 
s e i z u r e ,  but t h e r e  a r e  p rov i s ions  t o  bypass t h e  ram in the  event  of a jammed 
servo-control  valve.  One of the  few except ions  t o  t h i s  po l i cy  might be des ign 
approach t o  the quad-redundant hydraul ic  jacks  on the  h o r i z o n t a l  s t a b i l i z e r  of 
Lockheed's L- lo l l  a i r p l a n e .  Here each of the  jacks  has  a t h r u s t  c a p a b i l i t y  t o  
opera te  the  s t a b i l i z e r ,  and the s t a l l  t h r u s t - c a p a b i l i t y  i r  such that i f  one 
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jack does jam, t h e  o t h e r  t h r e e  can phys ica l ly  break t h , ~  jack away frcm i ts  
attachment point  t o  s t r u c t u r e .  

f 
From the above i t  is c l e a r  t h a t  mechanical jams i n  e l e c t r i c  a c t u a t o r s  can 

take two forms: address  t h e  case  where m u l t i p i e  a c t u a t o r s  are mechanically- 
summed onto a c o n t r o l  s u r f a c e ,  and where a s i n g l e  a c t u a t o r  powers t h e  c o n t r o l  
surface .  In t h e  l a t t e r  conf igura t ion  a s e p a r a t e  "back-up" motor can be used 
t o  c o n t r o l  the  s u r f a c e  and some novel method must be incorporated t o  bypass 
t h e  jam. Such an approach was designed by MPC in t h e  course  of t h i s  s tudy ,  
and it was descr ibed in the  EMAS sectior.  of t h i s  r e p o r t .  The m u l t i p l e  
a c t u a t o r  conf l g u r a t  ion d i c t a t e s  a d i f f e r e n t  and more c r i t i c a l  s o l u t i o n ,  s i n c e  
in t h i s  c a s e ,  one a c t u a t o r  f a i l u r e  can abrogate  the  concept of redundant 
a c t u a t i o n  of the  s i n g l e  c o n t r o l  su r face .  The s o l u t i o n  is f u r t h e r  complicated 
by the  f a c t  t h a t  once an a c t u a t o r  jams, i t  e f f e c t i v e l y  s t a l l s  t h e  o t h e r  
a c t u a t o r s  connected t o  the  su r face :  t h e r e  must t h e r e f o r e  be a nonambiguous 
method of d i sc r imina t ing ,  i n  r e a l  time, which a c t u a t o r  is jammed and how t o  
bypass i t .  One favorab le  a spec t  of t h e  m u l t i p l e  a c t u a t o r  approach, however, 
is t h a t  one o r  more of the  o the r  a c t u a t o r s  can con t inus  t o  o p e r a t e  the  c o n t r o l  
su r face  once the  fau l ty -ac tua to r  has been bypassed. This a t  l e a s t  avo ids  t h e  
need f o r  a separa te  backup motor o r  a c t u a t o r .  Mechanical-summing is prefer-  
ab le ,  i n  many cases ,  t o  redundant c o n t r o l  su r faces .  For example, i t  a s p l i t  
rudder is used on the  premise that one s e c t i o n  can be s t a l l e d  in a deployed 
pos i t  ion and the  o the r  s e c t i o n  can o f f s e t  its yaw-moment, then t h e  s u r f a i e  . a r e a  of the  rudder must be increased t o  provide the  same degree of yaw 
con t ro l .  On t h e  o t h e r  hand, the  redundant a c t u a t o r  concept does not have t h i s  
disadvantage. 

To summarize , NASA's f u r t h e r  support  of FCS-EMAS d e v e l o p e n t  is recam- 
mended and innovative approaches should be encouraged that would permit s i n g l e  
and mul t ip le  a c t w t o r s  opera t ing  c r i t i c a l  f l i g h t  c o n t r o l  s u r f a c e s  t o  by 
bypassed in t h e  event of mechanical jams. A c o r o l l a r y  of t h i s  i s  t h a t  some 
unanbiguous and r e l i a b l e  method should be developed t o  d i s c e r n  and bypass t h e  
f a u l t y  a c t u a t o r  where two o r  more a r e  on a c o n t r o l  s u r f a c e .  

7. I C l N G  PROTECTlON SYSTEMS 

Ice p ro tec t ion  in the  IDEA involves t h e  engine and wing i c e  p r o t e c t i o n  
systems. Where hot  p ressur ized  a i r  was used in the  b a s e l i n e  a i r p l a n e ,  
e l e c t r i c  ice  p ro tec t ion  systems a r e  used in t h e  IDEA. Typical ly  t h e r e  a r e  two 
candidate  forms of i c e  p ro tec t ion :  

0 Elect rothermal  
0 Electroimpulse 

The former is the  more conventional  type of i c e  protecLion In which 
e l e c t r i c  heat  is a p p l i e d  t o  t h e  l i p s  of engine cowls and t o  t h e  l ead ing  edge 
of the  wings and/or the  empennage. I n  some l a r g e  a i r c r a f t  t h e r e  is a h igher  
degree of to le rance  t o  i c e  a c c r e t i o n  on the  wings and so  t h e s e  a i r c r a f t  a r e  
not so c r i t i c a l  of i c e  p r o t e c t i o n  a s  a r e  the  smal ler  a i r c r a f t .  In  the  L-1011 
and the  Baseline hot  engine bleed a i r  is ducted i n t o  the  wings and a p p l i e d  
through an e x t e n s i b l e / r e t r a c t a b l e  tube t o  the  wing l ead ing  edge s l o t s .  Hot 



engine  a i r  is a l s o  l e d  forward to  the  engine  cowl l i p s ,  and a d i s t r i b u t o r  r i n g  
around t h e  forward per iphery  of t h e  engine cowl is used t o  i n j e c t  t h e  hot  a i r  
onto  the  forward l ead ing  edge of t h e  cowl. Figure  93a and f i g u r e  93b a r e  
t y p i c a l  of t h i s  type  of i c e  p ro tec t ion .  

For t h e  lDEh a n  e lec t ro impulse  de ic ing  system was s e l e c t e d  both f o r  t h e  
l ead ing  edge s l a t s  and t h e  engine cowl l i p s .  This e l ec t ro impulse  d e i c i n g  
system (EIDS) has its o r i g i n  i n  Sov ie t  p a t e n t s ,  and some seven western 
c o u n t r i e s ,  inc luding t h e  U.S., have i n v e s t i g a t e d  l i c e n s i n g  agreenents.  The 
Russian EIDS has  been t e s t e d  in an I l y u s h i n  18 turboprop commercial a i r p l a n e  
and i n  t h e  I l y u s h i n  76 tu rbofan  cargo t r a n s p o r t .  The Lockheed-California 
2ompany s o l i c i t e d  s p e c i f i c  t echn ica l  da ta  from the  USSR on the  ELDS i n  1972 t o  
1 e m i t  a more in-depth eva lua t ion  of the  technology bu t  it was not  a v a i l a b l e ,  
a l though the  Sovie t  eng inee rs  d i d  express  a wi l l ingness  t o  i n s t a l l  EI equip- 
ment in any s t r u c t u r a l  t e s t  specimen t h a t  might be s u p p l i e d  by Lockheed. 
Contacts  were a l s o  made wi th  Lucas Aerospace Company i n  the  UK who had worked 
more c l o s e l y  wi th  t h e  Russian eng ineers ,  s i n c e  t h i s  company was s e r i o u s l y  
cons ide r ing  l i c e n s i n g  prospects  i n  t h a t  same near time frame. Eased on the  
d a t a  ava i l a b l e  on t h e  l l y u s h i n  a i r c r a f t  exper ience and supplenentary  inf  orma- 
~ i o n  from Lucas Aerospace, t h e  Lockheed-California Company i n i t i a t e d  i t s  own 
in-house eva lua t ion  program. Several  U.S. patent;  have been i s sued  or  a r e  now 
pending, including some t h a t  a a d r e s s  the  a p p l i c a t i o n  of t h e  ElDS t o  composite 
type  s t r u c t u r e s .  Since eddy c u r r e n t  conduction is not poss ib le  wi th  composite 
wings, ' d r i v e r '  (conduct ive  p l a t e )  can be a t t a c h e d  t o  the  undersurface  of t h e  
l ead ing  edge of the  s k i n  t o  permit eddy c u r r e n t  induct ion.  The a l t e r n a t i v e  i s  
a patented system wherein two e lec t romagnet ic  c o i l s  a r e  mounted in  c l o s e  jux- 
t a p o e i t t o n ,  wi th  one c o i l  a t t a c h e d  t o  the  i n s i d e  of t h e  nonconductive s k i n  and 
the o t h e r  t o  the a i r  s t r u c t u r e .  These two c o i l s  a r e  wound in phase oppos i t ion  
s o  when sub jec ted  t o  t h e  h igh discharge  c u r r e n t s  from t h e  c a p a c i t o r s ,  t h e  
a n t i p o l a r  magnetic f i e l d s  c r e a t e  a sha rp  r e p u l s i v e  f 3 r c e  between the  c o i l s .  
Some minimal t e s t i n g  was accomplished a t  Lockheed on t h i s  modif i ed  ElDS and 
the  r e s u l t s  were encouraging. Using a b a l l i s t i c  pendulum a s  a f o r c e  monitor 
the  e f f i c a c y  of t h e  dual-coi l  approach was v e r i f  i r d  and it was found t h a t  t h e  
e lec t romechanical  f o r c e s  produced were super io r  t o  the  eddy c u r r e n t  type EIDS. 
This s u p e r i o r i t y  r e s i d e s  l a r g e l y  i n  t h e  e f f i c i e n c y  d i f f e r e n c e s  of t h e  two 
systems: t h e  dual-coi l  method is e lec t romagne t i ca l ly  s u p e r i o r  t o  t h e  b a s i c  
EIDS approach s i n c e  t h e  l a t t e r  r e l i e s  on t h e  magnetic f i e l d s  t h a t  a r e  s e t  up 
by the  eddy c u r r e n t s .  Since t h i s  is a scondary induct ion e f f e c t  t h a t  depends 
upon the  s p e c i f i c  r e s i s t i v i t y  of the  meta l ,  t h e  dual  c o i l s  make a more d i r e c t  
a p p l i c a t i o n  of the  e lec t romagnet ic  f o r c e  phenomencr. T e s t s  wi th  t h e  b a l l i s t i c  
pendulum shows a 150 percent o r  more improvement i n  t h e  dual-coi l  approach 
over t h e  b a s i c  syst?m. A f u r t h e r  advantage is t h a t  the  t o t a l  system weight is  
l e s s ,  because of the  h igher  e f f i c i e n c y ,  when t h e  novel approach is compared 
wi th  an EIDS, us ing a d r i v e r  p l a t e .  

In a f u r t h e r  e f f o r t  t o  explore  more e f f e c t i v e  implementations of t h e  EIDS 
technology, Lockheed pursued t h e  concept of p u t t i n g  t o r s i o n  i n t o  t h e  wing 
l ead ing  edge s i n c e  t h i s  seemed t o  have the  p o t e n t i a l  f o r  inc reas ing  the  shea r  
s t r e s s e s  i n  adhesive  bond between the  i c e  and the  sk in .  Again, t h i s  was found 
t o  be b e n e f i c i a l  in the  l i m i t e d  t e s t i n g  accomplished. 
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The principle of the EIDS is based upon the installation of multiple 
electromagnetic coils located spanwise along the wing leading edge (see 
figure 94). These coils are rigidly located in proximity to the skin and 
usually positioned aft of the leading edge on the upper and lower surfaces of 
the ving leading edge. 

In operation, a transient pulse of current is applied to the coils, 
sequentially under the control of a cyclic timer. During each cycle all of 
the spanwise coils in each wing are energized, individually or in pairs. The 
electromechanics of the deicing principle depend upon an elastic deformation 
principle depend upon an elastic deformation being created in the skin in 
proximity to the particular coils being energized. More specifically, the 
very high current pulsed into each coil, sets up strong electromagnetic fields 
that intersect the skin and induce eddy currents in the skin as a function of 
the rate of change of flux. The magnetic fields created by these eddy cur- 
rents then react strongly with the magnetic field of the coils, with the 
result that a very sharp repulsive force is developed between the coil and the 
skin. The electromagnetic force has the effect of imparting a hammerless-type 
blow to the aluminum skin, in the localized area of the coils. As a conse- 
quence, the ice appears to "explode" off the surface rather than being shed 
into the free-stream airflow. 

The advantages of the EIDS are many, but the main one is that is an 
exremely economic way of deicing in terms of the electric power required for a 
given protected aroa. Typically this has been stated as about one hundredth 
of a conventional electrothermal deicing system. More spcifically the 
2ussians1 estimate a power of approximately 26 w/meter2 and this has to some 
extent been confirmed by Lockheed. 

Another attractive aspect of the EIDS is that it is independent of outside 
air temperature and so the amount of electrical energy required does not have 
to be increased with very low outside air temperatures. With the electro- 
thermal deicing system the energy imparted to the protected area must be 
increased as a function of the outside air temperature. This requires 75 to 
100 kW for protecting the empennage of a fairly large aircraft, compared to 
about 1 kW for the EIDS. 

7.1 Theoretical Analysis 

In the Lockheed EIDS exploratory IRN) programs theoretical analyses were 
made of the deicing principle since it is not fully understood. The elastic 
deformation of the skin at the outset induces bending stresses in the ice and 
causes it to break up into small segments that are precipitated from the skin 
i , l  a "shower type" pattern. In the process, skin shear stresses are created 
and a cohesive failure develops in the ice close to the skin or an adhesive 
failure occurs at the ice/skin interface. In the course of analyzing the 
process, however, it is clear that the conditions are highly dynamic and 
complex inasmuch as "ringing" condition is created, resulting in a transverse 
wave propagation. This is shown simply in figure 95. Evidently these char- 
acteristics match a particular set of conditions, such as the amount of energy 
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dumped into t h e  c o i l ,  t h e  d+/dt of t h e  magnetic f l u x ,  t h e  phys ica l  cha rac te r -  
1st i c e  of t h e  s k i n  ( e l e c t r i c a l  conduc t iv i ty ,  th ickness ,  rib-spacing, c o i l  
spacing) and t h e  amplitude d e f l e c t  i o n / a c c e l e r a t  ion  r a t e  of t h e  s k i n  (due t o  
e lec t romagnet ic  f o r c e s )  . Figure  96 shows t h e  t h e o r e t i c a l  s i n u s o i d a l  banding 
mode. 

7.2 EIDS Tes t ing  

The type of i c e  formed can a l s o  a f f e c t  t h e  e f f e c t i v e n e s s  of t h e  EIDS, 
e i n c e  t h e  i c e  a c c r e t i o n  v a r i e s  wi th  t h e  o u t s i d e  a i r  temperatures.  A t  teu- 
p e r a t u r e s  j u s t  below f r e e z i n g  the  i c e  a c c r e t i o n  can be  dense and s t r o n g  a s  
manifes t  by t h e  l a c k  of e n t r a i n e d  a i r  in the  f r e e z i n g  process.  I n  c o n t r a s t ,  
a t  low temperatures ,  because of e n t r a i n e d  a i r ,  rime i c e  is  depos i t ed  which 
t ends  t o  be i r r e g u l a r  and t h i s  is not a s  s t r o n g  nor dense a s  c l e a r  i ce .  There 
a r e ,  t h e r e f o r e ,  many in terdependent  and independent parameters a f f e c t i n g  an i n  
depth  understanding of t h e  EIDS process  so ,  pursuant t o  t h i s ,  tests were 
conducted on f l a t  panels  a s  well  as s imulated l ead ing  edge s e e t o r s .  The 
purpose of some of these  t e s t s  was t o  determine whether pure axial  strain was 
e f f e c t i v e  as deformat ion/bending wherein shea r  stresses a r e  developed in t h e  
i c e / s k i n  i n t e r f a c e .  The former was found t o  be i n e f f e c t i v e  as t h e  a x i a l  
s t r a i n  had no observable  b e n e f i t  in terms of reducing t h e  adhesive  bond 
between the  i c e  and sk in .  

From the  e l e c t r i c a l  s t andpo in t  t e s t s  were conducted us ing a v a r i a b l e  
vo l t age  power supply t h a t  was a b l e  t o  vary t h e  a p p l i e d  v o l t a g e  t o  t h e  c o i l s  up 
t o  a 4000 V l e v e l .  S i m i l a r l y ,  t h e  condensers t h a t  were charged up by t h e  
power supply a r i e d  i n  c a p a c i t y  from 180 pF up 600 pF and more. I n  each test, 
t h e  product of the  v o l t a g e  and the  c a p a c i t o r  value  a f f e c t e d  t h e  energy 

1 2  l e v e l  in a c c r r d  wi th  t h e  formula ( E Y V  ). The c o i l s  eva lua ted  were t y p i c a l l y  
f l a t  s p i r a l l y r o u n d  c o i l s  ( s e e  f i g u r e  97) which possessed r e s i s t a n c e  and 
inductance. Being a i r  c o i l s ,  t h e r e  were no magnetic s a t u r a t i o n  e f f e c t s ,  b u t  
the  pulse  r i se- t ime and the  t r a n s i e n t  r ing ing  frequency were r e l a t e d  t o  the  R, 
L and C values.  I n  the  f o r c e  eva lua t ion  t e s t s  made on f l a t  pane l s ,  and t h e  
s imulated l ead ing  edge sample, t h e  test cond i r ions  were va r  l e d  as follows: 

3000 V 50 pF 225 j o u l e s  
2090 V 180 pF 400 jou les  
2020 V 391 pF 800 j o u l e s  

830 V 595 pF 205 jou les  

Figure  98 is a simple schematic of t h e  l a b o r a t o r y  s e t  up f o r  t h e  f o r c e  
measurement t e s t s .  Pulse  c u r r e n t s  i n t o  the  c o i l  were c o n t r o l l e d  by a s i l i c o n  
c o n t r o l l e d  r e c t i f i e r  and t h e  load  c e l l  d e f l e c t i o n s  were monitored by t h e  
osc i l loscope  . 

Based on the foregoing and the  t e s t s  conducted on the  30 inch  leading-edge 
specimen ( f i g u r e  99) i n  t h e  Lockheed i c i n g  tunne l ,  it was poss ib le  t o  perform 
a pre l iminary  type des ign of a n  ElDS f o r  the  IDEA. The l e a d i n g  edge s l a t  
conf igura t ion  and twenty-five c o i l s  (approximately 3 inches  i n  d iameter)  were 
assumed t o  be l o c a t e d  in each wing along wi th  a c e n t r a l l y - l o c a t e d  power supply 
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d e t a i l e d  inves t  i g a t i o n  i n t o  I C i  a p p l i c a t i o n  t o  any p a r t i c u l a r  a i r c ra f t . .  Rib 
spacing,  s k i n  th ickness  a r d  o t h e r  phyeical  des ign parameters muet a l l  be duly 
acknowledged t o  take advantage of the  EIDe. Fat igue s t r e s s  is a  ccas idera-  
t ion .  Because of th? a l lowable  low r a t i o  of f a t i g u e - e t r e s s  t o  the  modulur of  
e l a s t i c i t y ,  aluminum a l l o y e  may not be a s  e u i t a b l e  a s  o t h e r  h ighcr  s t r e n , t h  
m a t e r i a l s ,  such a s  : i t?nium-alloys.  However, t n t  s p e c i f  ic r e s i d t i v i t y  af t h e  
a l l o y  would be high a:rd thereby tends  t o  i n h i b i t  the  induc t ion  of edd- 
c u r r e n t s .  Con8eque;rtly , a  d r i v e r  p l a t e  o r  t h e  Lockheed apprcach ma j be 
necessary t o  overcome t h i s  problem. Theee c o n s i d e r a t i o n s  and t h c  o v e r a l l  
eeo te r in  aspec te  of the  EIDs meri t  NASA's s t r o n g  suppor t .  

8. ENVIRONMENTAL CONTROL SYSTEK 

The ECS power dema1.i~ in the  IDEA a r e  the  same ao in t h e  b a s e l i n e ,  but  In 
t h i s  case  e l e c t r i c  power is used t o  d r i v e  the turbornrrchinery, i n  l i e u  of 
engine bleed a i r  . 

In l i n e  with the  b a s e l i n e  des ign c r i t e r i a ,  the  Al l -Elect r  i c  Environaenta l  
Control System (AEECS) in the  IDEA s u p p l i e e  0.7 lb/min/passenger of f r e s h  a i r  
and 0.7 lb/min/passenger of r e c i r c u l a t e d  a i r .  The p ressur  i z a t i o n  schedule  f o r  
the  a i r p l a c e  c a l l s  f o r  t h e  maintenance of a  6000 fon t  p ressure  cab in  rip t o  
a l t i t u d e s  of 35,000 f e e t  and not more than an 8000 f o o t  cab in  a t  a l t i t u d e s  up 
t o  42,000 f e e t .  The cabin  atmosphere d i f f e r e n t i a l  pressure  i s  l i m i t e d  t o  a  
maximw of 8.44 p s i  ( a s  shown in f i g u r e  9 ) .  Other design cond i t lone  r e q u i r e  
an a b i l i t y  t o  maintain a  comfortable cabin  temperature of 75°F wi th  o u t s i d e  
ambients down to  -5g°F up t o  + 1 0 4 ' ~ :  humidity cond i t ions  f o r  ground coo l ing  
a r e  equivalent  t o  130 g r a i n s / l b .  The hea t ing  and coo l ing  Btulh requirements  
under d i f f e r e n t  cond i t ions  a r e  shown i n  t a b l e  17. 

Mul t ip le  choices  f o r  cool ing a r e  poss ib le  and they break down i n t o  a  
choice  of motor driven a i r  c y c l e ,  motor dr iven vapor c y c l e ,  o r  hybr id  systems. 
Motor dr iven compressors (MDCs) t y p i c a l l y  provide t h e  cab in  p r e s s u r i z a t i o n  
needs i n  any AEECS design.  The coo l ing  requirement (on a  hot  day) is t h e  
major power demand on the  ground whl le ,  in the high a l t i t u d e  c r u i s e  case ,  t h e  
power f o r  pressur  i z a t i o n  is the major power demand ( s e e  f i g u r e  102). Cooling 
during the high a l t i t u d e  hot day condf t  ion with a f u l l y  loaded c a b i n  can be 
met with ram a i r  heat  exchangers and without dynamic cool ing.  However, on hot 
day take-of f / c l  imb condi t ions  up t o  a l t i t u d e s  of a p p r o x h t e l y  10,000 f e e t ,  
some degree of dynamic cool ing can s t i l l  be requ i red  and t h e r e  is t h e  
beginning of a  p r e s s u r i z a t i o n  demand. Like the  b a s e l i n e  a i r p l a n e ,  a  t h r e e  
pack conf igura t ion  is proposed. 

8.1 Cabin P r e s s u r i z a t  ion 

Where tapping the engine compressors a t  the in termedia te  and high s t a g e s  
provided the  energy f o r  p r e s s u r i z a t i o n  in the  Baseline, a  ded ica ted  compressor 
system is necessary i n  the IDEA and A l t e r n a t e  IDEA. E l e c t r i c  motor d r i v e s  a r e  
used f o r  each of the t h r e e  cabin  compressors. Two typee of motors a r e  ava i l -  
ab le :  a  permanent magnet (SmCo type) ,  o r  an ac induct ion motor. The tormer, 
while descr ibed a s  a  b rush less  dc type motor, is a c t u a l l y  an a c  (synchronous 
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Figure  102. - IDEA ECS: cool  ing/pressur  i z ~  t ion comparison 

type) motor t h a t  r e q u i r e s  an e l e c t r o n i c  power assembly t o  s y n t h e s k e  the  
requ i red  polyphase ac power. This a c  power is c r e a t e d  by a  s e q u e n t i a l  
switching of power t r a n s i s t o r s ,  t h a t  a r e  c o n t r o l l e d  by an e l e c t i c a l  sensor  
t h a t  monitors t h e  (motor) r o t x  pos i t ion .  I n  t h e  case  where t h e  ac  induc t ion  
motor is use4 a s  s compressor d r i v e ,  t h e  e l e c t r o n i c  power assembly is  no t  
e s s e n t i a l ,  but  It can s t i l l  be used and t h e  c o n t r o l  technology would be  much 
simpler.  However, in the Lockheed s e l e c t e d  approach t o  the  IDEA AEECS, t h e  
induct ion motor d r iven  ( f r e s h  a i r )  compressors a r e  d i r e c t l y  powered from t h e  
ac  system, s o  the weight, s i z e ,  c o s t  and thermal management problems of t h e  
e l e c t r o n i c  power s u p p l i e s  a r e  avoided. 

For the IDEA, a pole changing 2  speed motor and 3.2:l  p r e s s u r e  r a t i o  
c e n t r i f u g a l  compressor with i n l e t  guide  vanes (LGVs) provides p ressur ized  a i r  
f o r  the cabin  a t  c r u i s e  a l t i t u d e s .  By varying the I G V  a n g l e s  end motor 
speeds,  i t  is poss ib le  t o  maintain e cons tan t  a i r  mass flow over t h e  o p e r a t i n g  
a l t i t u d e  range of the  LDEA. 

For maximum e f f i c i e n c y  i n  c r u i s e ,  t k  c ~ m p r e s s o r s  opera te  wi th  t h e  l G V s  
f u l l y  open. The induct ion motors run \ i  approximately 46,500 rpm (48,000 rpm 

~ Inus 3% s l .  )) with  the  three-phase 400 V "00 Hz power a t  the  c r u i s e  engine  
speed. The compressor, which uses a  t i tanium r o t o r  and s t e e l  s c r o l l  housing,  
has  a  weighl of approximately 75 pounds. The motor weighs approximately 
100 pounds. 



6.2 Cooling System 

The AEECS concep t s  considered f o r  cool ing the  cab in  included motor d r iven  
a i r  c y c l e ,  vapor c y c l e ,  a i r  cycle /vapor  c y c l e ,  hybr id  coo l ing  systems,  p l u s  
v a r i a t i o n s  of these  systems. While a  l a r g e  number of con£ i g u r a t  ions  a r e  pos- 
s i b l e ,  many have a l ready  been eva lua ted  .and those  wi th  major b e n e f i t s  have 
been i d e n t i f i e d .  A i r  c y c l e  concepts  c o n s i s t i n g  of motor d r iven  compressors 
supplying compressed a i r  t o  convent ional  boot s t r a p  u n i t s  a r e  shown t o  have 
good performance when f u l l  advantage is taken oP high p ressure  water separa- 
t ion, e t c .  A i r  cycle /vapor  cyc le  hybr id  concepts which use t h i s  more ef f  i- 
c i e n t  coo l ing  t o  meet peak hot day demands, but  r e t a i n  t h e  o v e r a l l  r e l i a b i l t y  
of the simple a i r  c y c l e  system were a l s o  evaluated.  In these  systems t h e  a i r  
c y c l e  system remains the  primary mode of coo l ing ,  but  vapor c y c l e  is  used t o  
supplement the  a i r  c y c l e  on hot humid days. Pure vapor c y c l e  cool ing i s ,  of 
course ,  the  most energy e f f i c i e n t  coo l ing  method and the evaporator  a c t s  a l s o  
a s  a  dehumidifier .  R e l i a b i l i t y  , c o s t ,  and maintenance a r e  some of t h e  
c r i t i c i s m s  of t h e  more e f f i c i e n t  vapor c y c l e  coo l iug  system. 

Large motors (243 hp) a r e  r equ i red  f o r  an a i r  cyc le  system. Figure 103 
shows an a l t e r n a t i v e  system proposed f o r  the  AEECs i n  the  1DEA. I t  is a  100 
percent vapor cyc le  system In which Freon comrressors provide coo l ing  f o r  a l l  
hot  day ground cond i t ions  and ram a i r  heat  exchangers f o r  normal f l i g h t  con- 
d i t  ions.  A s  shown i n  the  t a b l e  17,  t h e  maximum cool ing I dad is r e f l e c t e d  by a  
f u l l y  loaded cab in  of 350 passengers ,  dur ing hot humid day c o n d i t i o n s  wi th  a  
humidity equ iva len t  t o  130 g r i a n s  of mois tu re / lb  of a i r ,  Under such condi- 
t i o n s ,  t h r e e  24.6 ton cool ing packs a r e  r equ i red ,  of which 16.8 tons  is  sen- 
s i b l e  hea t  and 7.8 tons  is l a t e n t  heat .  Each pack is designed t o  supply about 
200 ppm of 40°F a i r  wi th  a  mois ture  con ten t  of 36 g r l l b .  This  provides a  
r e l a t i v e  humidity of 38 percent in t h e  cab in  and i t  r e s u l t s  i n  100 lb of 
r e t u r n  a i r  supply t o  the upstream s i d e  of the  evapora to r s  c a r r y i n g  some 
46 g r l l b  on t h e  hot humid day. The es t ima ted  power f o r  each f r e o n  compressor 
is  c a l c u l a t e d  a t  approximately 58 hp plus  11 hp  f o r  the  c a b i n  compressor. To 
t h i s  must be added 20 hp f o r  t h e  condenser f an ,  10  hp f o r  t h e  Hx fan  and 5  hp 
f o r  the  r e c i r c u l a t i o n  fan .  The Freon coo l ing  pack power w i l l  be about 104 hp 
which i s  near the  p r e s s u r i z a t i o n  hplpack. However, s i n c e  t h e s e  loads  a r e  
d ivergent  ( p r e s s u r i z a t i o n  is not r equ i red  on the  ground, and Freon coo l ing  is 
not r equ i red  a t  c r u i s e  f l i g h t ) ,  a  p r o p r i e t a r y  approach of us ing a  s i n g l e  two 
speed common motor d r i v e  f o r  the  Freon compressor and the  cab in  compressor is 
i d e n t i f i e d .  Both t h e  Freon and cab in  compressors modulate the  l G V s  t o  c o n t r o l  
the coo l ing  and p r e s s u r i z a t i o n  cond i t ions .  Note t h a t  the  t o t a l  load r e f l e c t e d  
:o the  APU or  e x t e r n a l  power f o r  hot  humid day cool ing of t h e  IDEA would be 
about 95 kW/pack o r  285 kW t o t a l .  

Whereas t h e  cab in  p r e s s u r i z a t i o n  uses t h e  two speed c a p a b i l i t y  of the  
induct ion d r i v e  motor, t h e  Freon compressor only  uses  t h e  50 percent speed 
cond i t ion .  The point  des ign f o r  the  vapor c y c l e  system is t h e r e f o r e  based on 
a nominal motor speed of 24,000 rpm. Motor speed changes a r e  accomplished by 
changing the  pole c o n f i g u r a t i o n s  on the  motor a s  the  power supply charac te r -  
1st i c s  chat,ge ( s e e  below). 
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Ground E x t e r n a l  Power 

APU Power 

Engine Ground I d l e  

Low A l t i t u d e  Opera t ion  

C r u i s e  A l t i t u d e  Opera t ion  

1 Freon compressor o f f  

Power Motor Motor 
C h a r a c t e r i s t i c  - - --------- Po le s  -- --.- Speed (rpm) 

3-Ph 200 V 400 Hz 2  24,000 fnom.) 

3-Ph 400 V 800 Hz 4 24,000 (nom.) 

3-Ph 200 V 490 Hz 2 24,000 (nom. ) 

3-Ph 400 V 800 Hz 4  24,000 (nom.) 

3-Ph 400 V 800 Hz 2  48,000 (nom.) 1 

T h i s  t a b u l a t i o n  shows t h a t  t h e  Freon compressor  speed is  compa t ib l e  w i t h  t!te 
d i f f e r e n t  power s o u r c e s  and t h e  speed i s  main ta ined  a t  t h e  nominal 24,000 rpm 
wi th  e x t e r n a l  power, APU power and eng ine  d r i v e n  g e n e r a t o r  power. When t h e  
a i r p l a n e  r eaches  a l t i t u d e s  above which dynamic c o o l i n g  i s  no t  r e q u i r e d  t h e  
Freon compressor d r i - ~ e  i s  i s o l a t e d  by opening  an < l ec t romechan ica l  c l u t c h .  As 
t h e  a i r p l a n e  c l imbs  t o  o p e r a t i n g  a l t i t u d e ,  a  p o i n t  is reached  where z speed  
change t o  48,OCO rpm is i n i t i a t e d  by t h e  m i c r o p r o c e s s ~ r  c o n t r o l .  A t  t h i s  
t i m e ,  t h e  IGVs Dn t h e  c a b i n  compressor  c l o s e  and t h e n  g r a d c a l l y  modulate  t o  
t h e  f u l l - o p e n  c o n d i t i o n ,  as t h e  a i r p l a n e  c l imbs  t o  o p e r a t i n g  c r u i s e  a l t i t u d e  
of 35,000 f e e t .  

A s  shown i n  f i g u r e  103, t h e  motor d r i v e s  t h e  c a b i n  compressor  and t h e  
Freon compressor .  An e l e c t r o m a g n e t i c  coup l ing  is  used t o  i s o l a t e  t kn  l a t t e r ,  
when no t  r equ i r ed .  The d i sp l acemen t  of t h e  c a b i n  compressor  i s  abou t  
1.5 l b / s e c  ( c o r r e c t e d )  a t  a l t i t u d e s  up t o  35,000 f e e t  and s l i g h t l y  lower mass 
f low a t  a l t i t u d e s  up t o  42,OOC f e e t .  L ike  t h e  B a s e l i n e ,  t h e  I D E A  MESS i s  
des igned  t o  meet f u l l  a i r  c o n d i t i o n i n g  c a p a b i l i t v  w i th  two packs o p e r a t i n g  and 
an a b i l i t y  t o  u a i n t a i n  a  6 ,000  f o o t  ( p r e s s u r e j  c a b i n  a t  a l t i t u d e s  up t o  
25,000 f e e t ,  w i th  o n l y  one pack o p e r a t i n g .  A s  e x p l a i n e d ,  t h e  vapor c y c l c  
(Freon compressor)  was s e l e c t e d  a s  t h e  primary ground/low a l t i t u d e  c o o l i n g  
mode b u t ,  a t  h ighe r  a l t i t u d e s ,  i t  can  be swi tched  o f f  t o  p r e s e r v e  I t s  l i f e  and 
reduce t h e  maintenance c o s t s .  Ic t h e  ground c o o l i n g  mode, t h e  TSM o p e r a t e s  a t  
50 pe rcen t  speed and t h e  I G V s  a r e  modulated t o  t h e  c l o s e d  p o s i t i o n ,  s o  t h a t  
t h e  a i r  compressor deve lops  o n l y  enough head t o  overcome sys tem p r e s s u r e  
l o s s e s .  

The h e a t  exchanger ,  Hx, i s  r!sed p r i m a r i l y  t o  remove t h e  h e a t  of 
compression,  wh i l e  t h e  e v a p o r a t i o n  p rov ides  a d d i t ~ o n a l  c o o l i n g  of t h e  c a b i n  
i n f l o w  a i r .  On t % e  ground modula t ion  of t h e  a i r  through t h e  h e a t  e x i h a n g e r s  
and c o ~ d e n s e r s  p rov ides  v a r i a b l e  condenser  c o o l i n g  wh i l e  a n  expans ion  v a l v e  
(EV) modula tes  t h e  Freon £104 i n t o  t h e  evapora to r .  Cabin p r e s s u r e  is 
modulated by t h e  p r e s s u r e  r e g u l a t i n g  v a l v e ,  and t empera tu re  c o n t r o l / m a s s  f low 
c o n t r o l  i s  v i a  a  pP based ECS c o n t r o l  t h a t  f u r n i s h e s  t h e  n e c e s s a r y  l o g i c  
commands t o  t h e  TSM, I G V s ,  e t c .  Cabin r e c i r c u l a t i o n  of 50 p e r c e n t  is  
accomplished w i t h  t h r e e  r e c i r c u l a t i o n  f a n s ,  (KCFs) t h a t  r e t u r n  c a b i n  a i r  
th rough t h e  f i l t e r s  t o  t h e  f r o n t  ends  of t h e  e v a p o r a t o r s .  



6.3 Advanced All-Elec t r  i c  Envirom 2nta l  Control  System 

E a r l i e r  in t h i s  t e x t ,  i t  was s t a t e d  t h a t  an  easy rule-of-thumb r e l a t i o n -  
s h i p  f o r  a s h a f t  powered ECS vs  a b leed powered ECS was approximately 
100 hplpps. By regenera t ion ,  however, i t  is p o s s i b l e  t o  cons ide r  a lower 
r e l a t i o n s h i p  by r e c i r c u l a t i n g  c a b i n  out  flow a i r  through a cooling/power 
t u r b i n e  mounted on the  same motor s h a f t  a s  the  cab in  compressor. I n  t h i s  
manner t h e  motor can be off-loaded by the  amount of regenerated power. 

Th i s  reduces t h e  ECS power requirement by about one-thirc+, r e s u l t i n g  i n  a 
c r u i s e  ECS load  on t h e  engines  of 282 hp, o r  94 hp/engine. This  value  is used 
in the  buildup of t o t a l  secondary power l o a d s  i n  a s s e s s i n g  t h e  impact on 
a i r c r a f t .  performance (Chapter 1 2 ) .  The system involves  technology which i s  
p r o p r i e t a r y  t o  Lockheed. 

8 . 4  I d e n t i f i c a t i o n  of C r i t i c a l  Technologies 

8.4.1 . A l ;  - e l e c t r i c  --- ECS. - T h e o r e t i c a l l y  t h e  technology f o r  the  emergence of 
an  AEECS i r  m place  today, but i t  is p resen t ly  without any s u b s t a n t i v e  
support  in terms of hardware implementation and i n t e g r a t e d  systems t e s t  Lng. 
Furthermore, t h e r e  is  the  p o t e n t i a l  f o r  the  development of energy e f f i c i e n t  
AEECS approaches t h a t  would draw upon novel and innovat ive  approaches. High 
a l t i t u d e  p r e s s u r i z a t i o n  of l a r g e  a i r c r a f t  and t h e i r  coo l ing  requirements  on 
the  ground c o n s t i t u t e  the  main cha l l enges  f o r  the  success fu l  development of an  
energy e f f i c i e n t  AEECS. The aerospace ECS indus t ry  has ou t s t and ing  c a p a b i l i t y  
and e x p e r t i s e  but they cannot independently fund t h i s  new technology when 
t h e r e  ?s  no new a i r c r a f t  on the  horizon t h a t  might t ake  advantage of t h i s  
technology. 

The approaches f o r  cool ing in the  AEECS cou ld  involve  motor d r iven  a i r  
c y c l e / b o o t s t r a p ,  vapor c y c l e ,  combination a i r  cyc le lvapor  c y c l e  (hybr id)  and 
o the r  combinations. S i m i l a r l y  t h e  systems cou ld  be conf igured a s  p r imar i ly  
a i r  c y c l e  ( coo l ing)  f o r  most normal days and supplementary vapor c y c l e  f o r  hot  
humid days. Fuel conse rva t ion  w i l l  be the primary goal  but t h e  c o n s i d e r a t i o n  
of the  power demand on t h e  e x t s r n a l  power s u p p l i e s  is of concern a s  it was f o r  
engine s t a r t i n g .  A s  h i g h l i g h t e d  in t h i s  r e p o r t ,  t h e  power c a p a c i t y  f o r  
cool ing a f u l l y  loaded 350 passenger a i r p l a n e  on a hot  humid day could  be o f  
the  order  of 282 hp. This aga in  Implies t h e  continuous running of a high 
capac i ty  APU t o  power the  ECS on the  ground wi th  t h e  a t t e n d a n t  high f u e l  
consumption and maintenance c o s t s .  

8.4 .2  ECS: plans  and resources  f o r  technology read iness  - Est imates  of  t h e  
schedule  and c o s t s  a r e  shown i n  f i g u r e  104.  Typical ly  t h e  resources  r e q u i r e d  
include aerospace  ECS and e l e c t r i c a l  machinery s u p p l i e r s ,  toge the r  wi th  t h e  
a i r f rame  manufacturer who is respons ib le  f o r  i n t e g r a t i n g  the  system i n t o  the  
a i r c r a f t  . 
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Figure  104. - A l l  e l e c t r i c  environmental c o n t r o l  system. 

9. FLIGHT CONTKCL SY5TEM 

The b a s e l i n e  f l i g h t  c o n t r o l  system, descr ibed in Chapter 2 ,  r e p r e s e n t s  a  
l a t e  1970's f l i g h t  c o n t r o l  system (FCS) design.  I t s  f e a t u r e s  include a  
three-axis ,  primary mechanical c o n t r o l  system; hydromechanical a c t u a t i o n  
systems; a  d i g i t a l  automat ic  FCS with a  CAT 111 automat ic  l and ing  mode; and 
analog augmentation and a c t i v e  c o n t r o l  systems. The d i g i t a l  f l i g h t  c o n t r o l  
system (DFCS) , which includes  the  a u t o p i l o t ,  f  1 l z h t  management system, arid 
a s s o c i a t e d  a v i o n i c s  can be c h a r a c t e r i z e d  a s  a  loose ly  couplerl group of 
f edera ted  m u l t i p l e  processors .  D i g i - a 1  s e r i a l  broadcast  buses (ARINC 429) a r e  
used ex tens ive ly  f o r  in te rp rocessor  comm~inications a s  wel l  a s  input  and output  
t o  and from d i g i t a l  av ion ics .  

The i n t e g r a t i o n  of system f i lnct ions  such t h a t  common s e n s o r s ,  110 buses ,  
and processors  a r e  shared is held t o  a  minimum. Dedicated sensors  and se rvos  
a r e  used f o r  the  f l i g h t - p h a s e - c r i t i c a l  func t ions .  A h igh degree of s e p a r a t i o n  
is maintained between t h e  ind iv idua l  subsystems,  wi th  the  subsystems 
p a r t  i t  ioned according t o  redundancy requirements a s  fo l lows : 

0 primary f l i g h t  c o n t r o l  system ( f l i g h t - c r i t i c a l ,  mechanical system) 

0 b a s i c  a u t o p i l o t  f u n c t i o n s  and automatic landing ( f  1 ight-phase-cr i t  i c a l ,  
dual-dual/ f a i l - o p e r a t  iona l  d i g i t a l  system) 

0 augmentat ion f u n c t i o n s  ( f a i l - o p e r a t  i o n a l  and f a i l - p a s s i v e  analog 
systems) 



f l i g h t  management and outer-loop a u t o p i l o t  f u n c t i o n s  
(nonf 1 Q h t - c r i t  i c a l  , d u a l / f a i l  pass ive ,  d i g i t a l  system) 

While t h e  b a s e l i n e  a r c h i t e c t u r e  o f f e r s  v a s t  improvements over previous  
a r c h i t e c t u r e s ,  t h e  indus t ry  has  only begun t o  t a p  t h e  p o t e n t i a l  of d l g i t a l  
f l i g h t  c o n t r o l  systems. This p o t e n t i a l  can only be tapped by u t i l i z i n g  
c r i t i c a l - p a t h  enabl ing technologies  and methodologies which w i l l  be d iscussed 
i n  l a t e r  s e c t i o n s .  I n t e g r a t e d  f l i g h t  c o n t r o l  systems technology combined wi th  
DFCS assurance  methodologies w i l l  enable  c e r t i f i c a b l e ,  f a u l t - t o l e r a n t ,  
i n t e g r a t e d  f l i g h t  c o n t r o l  system designs  while VLS1/VHSIC w i l l  enable  t h e  
des ign implementations t o  meet the  c o s t ,  weight,  resource ,  and f l i g h t  s a f e t y  
requirements.  Thie b a s e l i n e  f l i g h t  c o n t r o l  system is used t o  d e f i n e  f u n c t i o n a l  
requirements,  equipment and equipnent i n t e r f a c e s ,  f l i g h t  c o n t r o l  s u r f a c e  
c o n f i g u r a t i o n s ,  and e lec t romechanical  a c t u a t i o n  requirements f o r  t h e  IDEA 
a i r c r a f t .  

The IDEA f l i g h t  c o n t r o l s  s tudy p laces  primary emphasis on a l l  f l i g h t -  
c r i t i c a l ,  f l i g h t  phase-cr i t  i c a l ,  and f l i g h t  e s s e n t  i a l  system f  nnct  ions. The 
f  1 ight  management system and o t h e r  a s s o c i a t e d  a v i o n i c s  a r e  provided wi th  a  
s e p a r a t e  d a t a  bus which r e f l e c t  s a  g e n e r a l  technology improvement over t h e  
Baseline.  In te rconnec t ions  between t h i s  system and the  f l i g h t  c o n t r o l  system 
is provided a s  needed. This s e p a r a t e s  t h e  f l l g h t  c o n t r o l s ,  propuls ion con- 
t r o l s ,  and power manegement systems from the  n o n f l i g h t - c r i t i c a l  communication, 
nav iga t ion ,  f l i g h t  management, performance management, cockp i t  management, 
d i sp lays  and subsystem c o n t r o l  systems. Addi t ional  a r c h i t e c t u r e  
conf i g u r a t  ions a s  wel l  as t radeof  f  s and a n a l y s i s  a r e  considered f o r  t h e s e  
nonf l  i g h t - c r i t  i c a l  systems. 

The e l e c  tromechanical a c t u a t i o n  system (EMAS) c o n f i g u r a t i o n  genera t  ion,  
t r ade -of f s ,  and a n a l y s i s  a r e  documented i n  Chapter 6. Only t h e  a c t u a t i o n  
i n t e r f a c e  a r e  considered a s  a  p a r t  of t h e  f l i g h t  c o n t r o l s  s tudy.  

The major f l i g h t  c o n t r o l  system o b j e c t i v e  f o r  t h e  IDEA s tudy is t o  s e l e c t  
a  c e r t i f  i c a b l e ,  f u l l - t h e ,  f l i g h t - c r i t i c a l ,  d i g i t a l  f l i g h t  c o n t r o l  system 
which uses  only  e l e c t r i c a l  forms of power. This DFCS c o n f i g u r a t i o n  is a n  
i n t e g r a l  part of a  v i a b l e  IDEA conf igura t ion .  This  s e l e c t e d  c o n f i g u r a t i o n  
must demonstrate a  super  l o r  i t  y  over o t h e r  potent  i a l  conf igura  t ions w i t h  
respec t  t o  s e l e c t e d  c r i t e r i a  assuming p o t e n t i a l  enab l ing  technology wi th in  the  
1990 t h e  frame. Figure  105 diagrams t h e  o v e r a l l  s t r a t e g y  f o r  t h e  IDEA FCS 
s tudy .  

It is assumed t h a t  four  independent e l e c t r i c a l  power sources  wi th  no 
c o r r e l a t e d  f a u l t s  w i l l  be provided. Each of these  independent sources  have a  
maximum f a i l u r e  r a t e  of 1 f a i l u r e  in 100,000 hours.  
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9.1 IDEA F l i g h t  Con t ro l  System Requirements  

9.1.1 Design r equ i r emen t s .  - A c e r  t i f  i c a b l e ,  f 1 i g h t - c r i t  i c a l  DFCS t h a t  u s e s  
on ly  e l e c t r i c a l  forms o f  power must be an i n t e g r a l  p a r t  o f  a  v i a b l e  IDEA 
c o n f i g u r a t i o n .  T h i s  requi rement  d i c t a t e s  t h a t  a  f l y - b y r i r e  o r  f  ly-by-1 l g h t  
pr imary f l i g h t  c o n t r o l  sys tem wi th  a n  e l e c t r o m e c h a n i c a l  a c t u a t i o n  sys tem 
i n t e r f a c e  w i l l  be a  desi[;n s p e c i f i c  requi rement .  In a d d i t i o n ,  t h i s  a l l -  
e l e c t r i c ,  f l y -by -wi re / l i gh t  technology must b e  ready  by 1990. 

) TECHNOLOGIES 
SYSTEM 

9.1.2 F l i g h t  s a f e t y  requirf!ments. - F l i g h t  s a f e t y  is  t h e  o v e r r i d i n g  conce rn  
f o r  f l i g h t  c o n t r o l  sys tem d e f i n i t i o n  and  v a l i d a t i o n .  I n  o r d e r  t o  have a 

CONCEPTS 
* 

c e r t i f i c a b l e  FCS t h e  system c o n f i g u r a t i o n  must comply w i t h  a l l  a p p l i c a b l e  FAA 
r e g u l a t i o n s .  I n  p a r t i c u l a r ,  FAA Advisory C i r c u l a r  (AC) 25.1309-1 d e f i n e s  
maximum f a i l u r e  p r o b a b i l i t i e s  f o r  f l  i g h t - c r i t i c a l  and f l i g h t - e s s e n t  la1 sys- 
tems as fo l iows :  

GENERATE 
A BROAD RANGE 
CF CANDIDATE ARCHlTECTlJRES 

0 CRITICAL - F u n c t i o n s  whose f a l l u r e s  would c o n t r i b u t e  t o  o r  cause  a 
f a i l u r e  c o n d i t i o n  which would prevent  t h e  c o n t  h u e d  s a f e  
f l i g h t  and l a n d i n g  of t h e  a i r p l a n e  must-gave a  f a i l u r e  
p r o b a b i l i t y  of l e s s  t h a n  o r  e q u a l  t o  1 0  ( ex t r eme ly  
improbable)  . 

ESSENTIAL - F u n c t i o n s  whose f a i l u r e  would c o n t r i b u t e  t o  o r  cause  a  
f a i l u r e  c o n d i t i o n  wrlich would s i g n i f i c a n t l y  Impact t h e  
s a f e t y  of t h e  a i r p l a n e  o r  t h e  a b i l i t y  o f  t h e  f l i g h t  crew t o  



cope wi th  adverse  opera t ing  cond i t ions  g y s t  have a  f a i l u r e  
p r o b a b i l i t y  of l e s s  than o r  equal  t o  10 (improbable).  

The primary f l y - b y w i r e  FCS and f u l l - t h e  p i t c h  augmentation a r e  
c l a s s i f i e d  a s  f l i g h t - c r i t i c a l  systems. Since t h e  DFCS is dependent on t h e  
e l e c t r i c  power system, t h i s  system is a l s o  c l a s s i f i e d  a s  f l i g h t - c r i t i c a l .  To 
achieve t h e  above r e l i a b i l i t i e s  f o r  f l i g h t  c r i t i c a l  systems a  minimum design 
guide1 ine  is t h a t  these  systems have douLle f a i l - o p e r a t  iona l  l e v e l s  of redun- 
dancy. The minimum f a i l u r e  p r o b a b i l i t y  must be achieved i o r  a  r e f e r e n c e  
f l i g h t  of 10 hours .  

9.1.3 Funct ional  requirements.  - A l l  f l i g h t  c o n t r o l  system f u n c t i o n s  imple- 
mented on t h e  b a s e l i n e  a i rc ra f ' t  and desc r ibed  i n  Sec t ion  2.5 w i l l  be a  s u b s e t  
of the  IDEA FCS f u n c t i o n s .  In  a d d i t i o n  t o  the b a s e l i n e  f u n c t i o n s  t h e  fo l -  
lowing f unc t ions w i l l  be added: 

0 p i t c h  augmentation f o r  a  r e l axed  s t a t i c  6 t a l i l j . t ~  a i r c r a f t  

0 r o l l  augmentation 

0 f l u t t e r  supress ion and load l i m i t i n g  systems ( A l t e r n a t e  1DEA) 

A f u l l  couplement of quad sensor  s e t s  a l low measurement of the  a i r c r a f t ' s  
s t a t e  v a r i a b l e s  i n  both the  l i n e a r  and r o t a t i o n a l  a x i s .  Table 18 l is ts  a  
r e p r e s e n t a t i v e  s e t  of f u n c t i o n s  and t h e i r  s a f e t y  c l a s s i f i c a t i o n .  

9.1.4 Memory and throughput requiremente.  - Computer and Information t r a n s f e r  
system resource  requirements a r e  determined by the  memory requirements ,  
computational  throughput requirements,  and e e n s o r l e f f e c t o r  110 da ta  r equ i re -  
ments f o r  a l l  func t ions  requ i red  and they a r e  a l s o  dependent on the  ind iv idua l  
a r c h i t e c t u r e  and topology of  each candidate .  Tables 19  and 20 l i e t  t h e  
softwarelhardware f u n c t i o n a l  requirements and the  sensor1 e f f e c t o r  data  r a t e  
requirements r e s p e c t i v e l y .  Once t h e  cand ida te  a r c h j t e c t u r e s  have been 
conf igured the  resource  requirements f o r  each cand ida te  can be computed. 

9.2 IDEA Fl igh t  Control  System Funct ional  Desc r ip t ion  

The func t iona l  d e s c r i p t i o n  of the  IDEA FCS i s  almost i d e n t i c a l  t o  the 
base1 inc  a i r c r a f t  except f o r  t h e  fo l lowing important a r e a s .  

0 f  ly-by-wirell ight  pr lmary £1 lgh t  c o n t r o l s  and propuls ion c o n t r o l s  

0 p i t c h  augmentation f o r  a  r e l axed  s t a t i c  s t a b i l i t y  a i r c r a f t  

s e r i e s  a u t o p i l o t  and t r im 

a d d i t  ional  nonessen t i a l  augmentat ion and a c t i v e  c o n t r o l s  



TABLE 18. - FCS FUNCTION CRlTlCALlTY 

Axis 

P i t c h  - 
System 

Thrust  

Plun&e 

Y a w  - 

Roll  - 

Function 

Manual Control  

P i t c h  SAS 

Autoland 

P i t c h  Trim 

S t a l l  Warning 

Autopi lo t  

Gust A l l e v i a t i o n  

T h r o t t l e  S e t t i n g  
A u t o t h r o t t l e  

Direct  L i f t  

Load A l l e v i a t i o n  

E l a s t i c  Mode 
Suppres ion 

Manual Control  

Autoland 

Y a w  SAS 

Rudder Trim 

Manual Control  

Autoland 

Rol l  SAS 

Aileron Trin 

Safe ty  6 
Class i f  i c a t  ion 

C r i t i c a l  

C r  i t  i c e 1  

C r i t i c a l  

Essent i a l  

Essent ia l  

Nonessent i a l  

Nonessent ia l  

C r i t i c a l  
Nonessential  

C r i t i c a l  

Nonessential  

Nouessent l a 1  

C r i t i c a l  

C r i t i c a l  

E s s e n t i a l  

Nonessent i a l  

C r i t i c a l  

C r i t i c a l  

Nonessent la1 

Nonessent i a l  

F1 ight  
Segment (8 )  

A l l  

A l l  

Landing 

A 1  1 

A 1  1 

A 1  1 

A l l  

A l l  

Landing 

A 1  1 

A 1  1 

A l l  

Land lng 

A1 1 

A1 1 

A l l  

Landing 

A 1  1 

A 1  1 

Comment ( 8) 

Manuql Control  8 
S t a b i l i t y  Augmentation 

Eelow Cat. I l l  Minimums 

Fly-by-W i r e  

Below Cat.  III Minimums; 
S p o l l e r s  #1-4 

Automatically 
Deact ivated v i a  P i t c h  
SAS Degredat ion;  
Outboard Ai lerons  

below Cat. Ill Minimums 

S p o i l e r s  V2-6 F u l l  Flaps  
Non-Essent l a 1  

k l o v  Cat.  III Minimums 



TABLE 19. - SOFTWARE/HARDWARE REQUIREMENTS 

I Autopi lo t  I 70 1 

Requirement* 
\ 

Func t ion 

Pr h a r y  F l i g h t  
Controls  (FBW) 

Thrust Management 

Throughput 

( k i p s )  

3 50 

E l  ight  Control, 
Display and Control  
(Optional)  

To ta l  E l  ight  Management 
Rad l o  Nav iga t ion 
Nav i g a t  ion 
Gu idanc e  
T r a f f i c  Control  
Performance Management 
Ope r a t  ions  Planning 
F l igh t  Management, 
Display and Control  

Main Memory 
(16 Bit)  

30K 

1 5K 

1 OK 

4 OK 

21% 
1 OK 
3 OK 
4 OK 
15K 
1 OK 
1  OK 

1  OOK 

*Based on ALPS Requirements Study (Reference 15)  

Mass Memory 
(16 Bi t )  

5 t o  100 

10 t o  25 

10 

10 

1  t o  1 0  
1 

1  t o  20 
10 

ON DEMAND 
ON DEMAND 

5 

Figure  106 shows a  f u n c t i o n a l  d e s c r i p t  i cn  of a l l  the  manual, augmentation,  
and a c t i v e  c o n t r o l s  used v i t h  t h e  IDEA a i r c r a f t .  

The f i rs t  major d i f f e r e n c e  i n  the  two a i r c r a f t  is t h e  implementation of 
the  primary f l i g h t  c o n t r o l s  func t ion .  They have conver ted  from a  mechanical 
l inkage  t o  an e l e c t r i c a l  o r  o p t i c a l  c o n t r o l .  A s i d e  arm c o n t r o l l e r  conver t s  
p i l o t  inpu t s  t o  e lec t romagnet ic  Impulses which a r e  t r a n s m i t t e d  by wire  o r  
f i b e r  o p t i c  c a b l e  t o  the  f l i g h t  computer us ing analog o r  d i g i t a l  coding. The 
computer combines t h i s  command with o the r  input  and t r a n s m i t s  t h e  s u r f a c e  
p o s i t i o n  command by e lec t romagnet ic  media t o  the EMAS using analog o r  d i g i t a l  
coding. Fly-by-wire/l ight  propuls ion and engine c o n t r o l  is another  important  
i s sue  t h a t  must be considered.  Redundancy of the  engine  c o n t r o l l e r s  i s  t h e  
r e e p o n s i b i l i t y  of t h e  engine manufacturer and is not  a  primary concern of 
f l i g h t  c o n t r o l s  a s  long a s  the  engine  r e l i a b i l i t y  is not a f f e c t e d  by t h e  
i n t e g r a t e d ,  fly-by-wire11 igh t  , proyule i o n / f l  igh t  c o n t r o l  system. lnner  l o o p  
engine  c o n t r o l  is a func t ion  dedicated t o  the  engine  c o n t r o l l c r .  The 
a u t o t h r o t t l e  func t ion  w i l l  be implemented a s  in t h e  b a s e l i n e  a i r c r a f t  wi th  a  
s e p a r a t e  servo on the  t h r o t t l e  quadrant .  There w i l l  be quad t h r u s t  command 
and s t a t u s  s i g n a l s  a v a i l a b l e  t o  the  engine c o n t r o l l e r e  fram t h e  f l i g h t  c o n t r o l  
system. 



TABLE 20. - SENSOR/EFFECTOR DATA RATE REQUIREMENTS 

Requirement 

Sensor/Ef f e c t o r  

P i t c h  S i d e  A r m  P o s i t i o n  Sensor  
R o l l  S ide  A r m  P o s i t  ion  Sensor  
Pedal  P o s i t  i o n  Sensor  
Ro l l ,  P i t c h ,  Yaw Trim Swi tches  
A/P and  Speed Brake Swi tches  
Engine #1 ,  2 and  3 T h r o t t l e  Quadrauts  
Engine #1, 2 and  3 F u e l  Cutof f  Swi t ches  
E l e c t r o n i c s  F l  i g h t  instruments 
Angle of A t t ack  Sensor  
Landing Gear Levers  
Landing Gear A c t u a t o r s  
Side-Sl i p  Sensors  
F l a p / S l a t s  Lever 
Radio A l t i m e t e r  
Ins t rument  Landing System 
VOR 
D i g i t a l  A i r  Data System 
F l i g h t  Management System 
Outboard A i l e r o n  EMAS 
l nboa rd  A i l e r o n  EMAS 
S p o i l e r  EMAS 
Oleo S t r u t  Compression Switch 
Wheel Spin  Up Tach 
Wing Tip Accelerometers  
F laps  and S l a t s  PDUs 
Rate Gyros ( r o l l ,  p i t c h ,  yaw) 
Accelerometers  ( l o n g .  l a t .  v e r t  .) 
I n e r t i a  Reference  System 
Hor i zon ta l  S t a b i l  i z e r  EMAS 
Rudder EMAS 

Data Rate  
(words/ s e c )  
1 6  B i t  Word 

The second impor tan t  i s s u e  is t h e  r e l a x e d  s t a t i c  s t a b i l i t y  (RSS) 
augmentat ion.  Ope ra t ing  t h e  a i r c r a f t  w i th  a n e g a t i v e  l o n g i t u d i n a l  s t a t i c  
margin r educes  t r i m  drag  and pe rmi t s  a s m a l l e r  h o r i z o n t a l  t a i l  t o  be used ,  
r e s u l t i n g  in  a d d i t  i o n a l  s a v i n g s  in  weight  and  drag .  Angle-of-at t a c k  s e n s o r s  
have been added to"augrcent t h e  p!*ch a x i s  s t a b i l i t y  by commanding a p o s i t i v e  
d e f l e c t i o n  of t h e  s ~ a b i l i z e r  f o r  i n c r e a s i n g  ( p o s i t i v e ,  p i t c h  up) a n g l e  of  
a t t a c k .  T h i s  f u n c t i o n  was des igned  a s  a f l i g h t - c r i t i c a l  f u n c t i o n  s i n c e  an 
extreme n e g a t i v e  s t a t i c  margin c o u l d  a f f e c t  t h e  a b i l i t y  of  t h e  p i l o t  t o  
c o n t r o l  and l and  t h e  a i r c r a f t  i f  t h i s  f u n c t i o n  were l o s t .  

Another impor tan t  i s s u e  is t h a t  r e g a r d i n g  p a r a l l e l  t r i m ,  p a r a l l e l  au to -  
p i l o t s ,  and  v a r i a b l e  f e e l  sys tems f o r  r o l l ,  p i t c h ,  and  yaw c o n t r o l  sys tems.  
The b a s e l i n e  a i r c r a f t  had t h e s e  sys tems i n t e g r a t e d  jn to  t h e  mechanica l  f l i g h t  
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c o n t r o l  system. The IDEA FCS w i l l  use a  s i d e  arm c o n t r o l l e r  and rudder peda l s  
f o r  primary c o n t r o l  of the  h o r i z o n t a l  s t a b i l i z e r ,  a i l e r o n s ,  rudder ,  and 
s p o i l e r s ,  Con t ro l l e r  p o s i t  ion w i l l  command the  reclpect ive surf  ace  p o s i t  ion. 
A l l  primary, augmentation,  a u t o p i l o t ,  and t r h  commands w i l l  be blended wi th in  
the  computer sof tware  and t r anemi t t ed  t o  t h e  EMAS a s  one s i g n a l .  This would 
produce only s e r i e s  trim and a u t o p i l o t  inpu t s  without any way f o r  the  p i l o i  t o  
over r ide  mechanically the  system a s  in  t h e  b a s e l i n e  a i r c r a f t .  Wh:le a  
p a r a l l e l  t r b  input is not r equ i red ,  t h e r e  may be a  requirement i o r  a  v a r i a b l e  
f e e l  system and p a r a l l e l  a u t o p i l o t  input t o  the  s i d e  arm c o n t r o l l e r .  FAR 
25.1329 provides  f l i g h t  s a f e t y  guide1 inec f o r  automatic p i l o t s .  P i l o t  
eva lua t ion  v i t h  a  s i d e  s t i c k  c o n t r o l l e d ,  fly-by-wire system on the  Airbus 
I n d u s t r i e  A-320 should  c la r i f ; ,  f l i e h t  s a f e t y  and p i l o t  p re fe ience  in t h i s  
a rea .  Unt l l  the  i seue  is reso lved ,  the  p a r a l l e l  trim inpu t ,  v a r i a b l e  f e e l  
inpu t ,  and p a r a l l e l  a u t o p i l o t  input w i l l  remain i n  the  system a s  an o p t i o n a l  
implemr~ltat ion.  This w i l l  not  a f f e c t  the  FCS system t r a d e s .  

9.3 IDEA-based Subsystems Al te rna t  fves  

Cer ta in  technologies  c u r r e n t l y  under development o f f e r  performance aud 
c o s t  b e ~ e f i t s  which a r e  f a r  s u p e r i o r  to present  technologies .  They a l s o  h ~ p l y  
g r e a t e r  r i s k s  in achieving these  d e s i r e d  g o a l s  by the  year  1990. These 
payoffs  a r e  g r e e t  enough t o  j u s t i f y  incorporat  in3  these  technologies  a s  a 
i n t e g r a l  p a r t  of a l l  t h e  cand ida te  a r c h i t e c t u r e s .  Since they a l low t h e  des ign 
of  components which would otherwise be imprac t i ca l  wi th  p resen t  tcchnology. 
Because of t h e  r i s k s ,  they become t h e  c r i t i c a l - p a t h  in t h e  DFCS development. 
The i d e n t i f i c a t i o n  of c r i t i c a l  t e c h t o l o g i e s  w i l l  be covered in Sec t ion  7.6. 
Table 21 g i v e s  a  summary of  the  iechnologies  w:.ich a r e  an i n t e g r a l  1;art of the 
IDEA candidate  a r c h i t e c t u r e s .  

9.3.1 F l i g h t  c o n t r o l  system equipment and i n t e r f a c e s .  - Au Implied requ i re -  
ment of a l l  DFCS cand ida te  a r . h i t e c t u r e s  is t h a t  they have equipment f o r  a~ ,d  
i n t e r f a c e s  t o  a l l  sensors ,  e f f e c t o r s ,  and av ion ics  which :.re r e q u i r  d by t h e  
IDEA a i r c r a f t .  The equipment and i n t e r f a c e s  f o r  a l l  the DFCS a r c h i t e c t u r e s  
w i l l  remain the  same except f o r  t h e  computers and bus hardware which u l l l  vary  
from candidate  t o  cand ids te .  Table 22  l i s t s  a  comprehensive s e t  of commercial 
t r anspor t  FCS equipment used f o r  IDEA. Whenever p o s s i b l e ,  t h e  equipment w i l l  
be compatible wi th  equiproent used on the  b b s e l i n e  a i r c r a f t  which is an L-1011 
d e r i v a t i v e .  This w i l l  provide an a c c u r a t e  d a t a  base f o r  component c o s t ,  
weight,  and r e l i a b i l i t y  and w i l l  not a f f e c t  candidate  a r c h i t e c t u r e  tzade-of f s  
s'nce the  s e l e c t i o n  w i l l  be made on a  r e l a t i v e  b a s i s .  

The sensor ana e f f e c t o r  i n t e r f a c e s  can be e i t h e r  analog o r  d i g i t a l  
depending on the  e q u i p e n t  and t h e  a r c h i t e c t u r e .  The i n t e r f a c e  r e f e r s  t o  t h e  
l i n k  betweeu senso1, 'e f fec tor  and the 1/0 bus terminal  devices ,  which a r e  
descr ibed i n  Sec t ion  y.3.3.2 and f i g u r e s  113, 114 and 119. Figures  107 ( a )  
and ( b )  show a  t y p i c a l  analog i n t e r f a c e .  Figure 107 ( c )  and (d)  show t y p i c a l  
d i s c r e t e  i n t e r f a c e s .  Figure 107 ( e )  shows the  i n t e r f a c e  f o r  a stand-alone KTU 
o r  Mesh network. node where the  i n t e r f a c e  i s  a s e r i a l  d i g i t a l  b r o a d c a s ~  bus and 
( f )  shows an embedded RTU or  node where a  p a r a l l e l  d i g i t a l  i n t e r f a c e  is used. 



TABLE 21. - INTEGRAL ENABLING TECHNOLOGIES 

Technology 

High Temperature 
E l e c t r o n i c s  

Smart Servo 
E l e c t r o n i c s  

Side  A r m  C o a t r o l l e r s  

Programming Languages 
(Ada) 

Diss imi la r  Redundancy 
(Processors)  

E l e c t r o n i c  F l i g h t  
Instrumentat  ion 

Faul t-Tolerant  
Processor s 

Faul t-Tolerant  
Power Die t r  lS.;lr ion 
and Control  

Safe ty  Assurance 

I n t e g r a l  Maintenance 

Risk 

Low t o  Medium 

High 

Low t o  Medim 

Low 

Low 

Low 

Low 

Low 

Medim 

High 

Medium 

S i g n i f i c a n c e  

Low c o s t ,  low weight,  h i g h  speed 
components 

Necessary f o r  product ion of smart 
a c t u a t o r s ,  remote t e rmina l s ,  e t c .  

Extend f a u l t  d o t e c t i m  and 
i s o l a t  Ion capab 11 i t y  

P i l o t  workload reduc t ion  inc rease  
cockp i t  instrument v i s i b i l i t y  

Embedded sof tware  des ign and 
implementat ion  

Assurance a g a i n s t  gener ic  so f tware  
e r r o r s  

Enhanced ADI and HS1 d i s p l a y s  
Reduction in pFlot  workload 

DFCS Processors  subsystem 
r e l i a b i l i t y  

A p r e r e q u i s i t e  f o r  a l l - e l e c t r  i c  
f ly -by-wi re l l  i g h t  technology 

FAA C e r t i f  i c a b i l i t y  

Adequate pref 1 igh t  t e s t  cover.1ge 
e s s e n t  l a 1  t o  r e l i a b i l i t y  a n a l y s i s  
assumptions 

9.3.2 Candidate a r c h i t e c t u r e  genera t ion  s t r a t e & .  - Figure  108 diagrams t h e  
s t r a t e g y  t o  c r e a t e  an exhauaive s e t  of cand ida te  a r c h i t e c t u r e s  which cover t h e  
e n t i r e  s p e c t r m  of  p o s s i b i l i t i e s .  The enab l ing  technologies  and t h e  a rch i -  
t e c t u r a l  c l a s s e s  and op t ions  a r e  combined i t e r a t i v e l y  t o  c r e a t e  6s many 
r e a l i z a b l e  candidti tes a s  poss ible .  Since t h e  design/  implementation o p t  ions 
a r e  so ex tens lve  t h e i r  a p p l i c a t i o n  w i l l  be addressed in  the  con tex t  of a s e t  
of comprehensive f a u l  t - t o l e r a n t  s t r a t e g i e s  us ing a system l e v e l  approach. A 
s e t  of f a u l t - t o l e r a n t ,  systems l e v e l  s t r a t e g i e s ,  subsystems l e v e l  s t r a t e g i e s ,  
and I10  bus t y p e s  a r e  used. 



TABLE ?2. - IDEA nFCC EOUIPMEVT 

F l i g h t  
C r i t i c a l i t y  Sedundanc y L o c a t i o n  -- T n t e r f  a c e  

( S n e c i f i e d  by P a r t i c u l a r  A r c h i t e c t u r e )  

( S p e c i f i e d  b y  P a r t i c u l a r  A r c h i t e c t u r e )  

Computers 

Rus 
Yardware 

S i d e  Am 
C o n t r o l l e r  
Quad P o s i t i o n  
S e n s o r s  P e r  Uni t  

2 C  P  Analog 

P e d a l  Assemblv 
quad P o s i t i o n  
S e n s o r s  F e r  Uni t  

? C P  Analog 

~ L a p s / ~ l a t s  
C o n t r o l l e r  

4na log /Di  s c  rete E9S 

CR 

NCR 

NCP 

NCR 

NCQ 

W R  

NCR 

T h r o t t l e  
Assemhl v 

i t a l  /Analog 

Trim Swi t c  h e s  n i s c r e t e  

D i s c r e t e  Speedbrake  
S w i t c h  

A/P n i s c o n n e c  t 
S w i t c h  

D i s c  rete 

C / 4  Yode Swi tch  D i s c r e t e  

W s c r e t e  A/T n i s c o n n e c t  
Swi t c h  

T n d i v i d r ~ a l  
T h r o t t l e  A/T n i s c r e t e  
n i s c o n n e c t  S w i t c h e s  

S n g i n e  F u e l  
S h u t o f f  S w i t c h e s  

n i  s c r e t e  

n i  s c  rete Land i n ?  C e a r  1 CP 
C o n t r o l l e r  Uni t  

CP = c o c k p i t  F'3$ a e s s e n t i a l  
CS = c  r i  t i c a l  VCS = n o n - c r i t f c a l  



TABLE 22. - IDEA nFCS Er)UTPP.NT - Cont inued  

- 
F l i g h t  

T y p e  Redundanc y L o c a t i o n  T n t e r f a c e  C r i t i c a l i t y  

R o l l  /P i tch /Yaw 
F e e l  System 

R o l l / p i  tch/Yaw 
P a r a l l e l  Trim System 

R o l l / P i t c h / ~ a w  
P a r a l l e l  Rid 

I n e r t i a l  Q e f e r e n c e  
ITni t 

I n s  t rument Landing 
System (ILS) 

VOR 

Dv? 

Radio A 1  t i m e t e r  (RA) 

n i g i t a l  A i r  Data 
Computer 

Compass 

E l e c t r o n i c  F l i g h t  
I n s t  ruments  (EFT) 

FICS Cn1J 

FCCS cnu 
( C l a r e s h l e l d  
C o n t r o l l e r )  

F.KS cnrr 

Main tenance /Tes t  
Pane l  

TYS /OW,C4 

Dig1 t a l  Frequency 
S e l e c t o r  

fbt i o n a l  

O p t i o n a l  

MAR D i a i t a l  

FAR n i g i t a l  

FAR D i g i t a l  

FAR n i q i t a l  

FAR n i g i t a l  

F 4R D i g i t a l  

n i g i t a l  

n i g i  t a l  

FAR D i g i t a l  

CP n i q i  t a l  

VCR 

WR 

NC R 

FPC 

FPC 

FPC 

FAR = fo rward  a v i o n i c s  bay  
MAS = mid a v i o n i c s  h a y  

FPC = f l i g h t - p h a s e  c r i t i c a l  



TARLF, ??. - T n R A  DPCS EOUTPYENT - Cont inued  

r ype - Redundancy 

IRS CDU '? 

Ch ronome t er  1 

ACARS n a t a  L ink  1 

F S W l  /Data  Link l 

FWC O f s p l a y  2 

Th rus t  Rat i n g  P a n e l  1 

H o r i z o n t a l  Stabilizer 4 
P o s i t i o n  QVDT 

L e f t  TnhoarO 
Ai l e ron  SVnT 

S igh?  Tnhoard 
A i l e ron  RVnT 

L e f t  Outboard 
A i l e ron  9VOT 

Righ t  S t h o a r d  
A i l e ron  QVOT 

Rudder RWT 

L e f t  Wtng 
S n o i l e r s  - 
RVDT 

Righ t  Wing 
S p o f l e r s  A 1  - fie 
RVnT 

P i t c h  Rate  Cyros  

R o l l  Ra te  Cyros 

Y a w  Rate  Cvros 

L o c a t i o n  

CP 

c P 

CP 

C P 

CP 

C P 

E W  

Fl i q h t  
T n t e r f a c e  C r i t i c a l i t y  

n t g i t a l  

n i g i t a l  

D i g i t a l  

D l q i t a l  

N q i t a l  

n i g f t a l  

Analog CR 

W Analog CR 

RrJ Analog CR 

Analog 

Analog 

i - - 
FW = empennage TAW = L e f t  Wing 
RW = r i q h t  wtnq RVr)T = r o t a r y  v a r f a h l e  d i s p l a c e m e n t  

t r a n s f o r m e r  

MAR 

MAR 

YA9 

Analog 

Analog 

4naloe; 



TARLF. 22. - TDEA DFCS EQIITPYEW - Continued 

- 

Qedundanc y 

L o n g i t u d i n a l  
Acce le rometers  

L a t e r a l  
Acce le rometers  

No m a 1  Acce le rometers  

L e f t  Wing Tip  
Acce le rometers  

R igh t  Wing T i p  
AcceIerometers  

k 1 a 1  A n ~ l e  of 
At tack  Sensors  

h a 1  S i d e - S l i p  
Sensors  

C o n t r o l  S t i c k  S t e e r i n g  
Force Sensors  

Con t ro l  \ h e e l  S t e e r i n g  
Force  Senso r s  

Av ion i c s  C h t  r o l s  
Power S u p p l i e s  

Q l e o  Ct r u t  
Compression Swi tch  

Wheel Spin-Up 
Tack D i s c r e t e  

Rudder R a t i o  
Actua t ion  System 

H o r i z o n t a l  S t a h i l l z e r  
RMAS 

Rudder MAS 

L e f t  Inboard  
A i l e ron  MAS 

L o c a t i o n  

WAR 

MAR 

MAR 

LW 

QW 

C? 

CP 

Opt iona l  

Op t iona l  

LW, RW 

LY,  QW 

EM P 

F.YP 

FYP 

L W  

F l i g h t  
T n t e r f a c e  S r i t i c a l l t y  

Analog 

Analog 

Analog 

Analog CR 

CR 

D i s c r e t e  

n i s c r e t e  

Analo?, /Oigi tal  CR 

~ n a l o q / D i g i t a l  CQ 

Analog CR 

Analog C R 



TARLF 22. - fnRA nFCS SOUTPMFNT - Continueci 

Type 

Right  Tnboard 
Ai l e ron  SMAS 

L e f t  Outboard 
Ai l e ron  EMAS 

Right  Outboard 
Ai l e ron  EMAS 

L e f t  Wing S p o i l e r  
#l  - #d EMAS 

Righ t  Wing S p o i l e r  
#? - #6 EMAS 

F l a p s  PDU Motors 

S l a t s  PDU Motors 

Engine C o n t r o l l e r  
I n t e r f a c e  Eng. # l  

Eng i n e  C o n t r o l l e r  
I n t e r f a c e  Eng. A? 

Er,qine C o n t r o l l e r  
I n t e r f a c e  eng. 83 

MDSE Tanding Cear  
ENAS 

',eft Main 
Gear EMAS 

Right  Main 
Pear EMAS 

Nose Wheel 
S t e e r i n g  

Redundancy 

7 

2 

2 

6 (1 / S p o i l e r )  

h (1 / / S ~ o i l e r  

2 

9 

4 

4 

4 

Loca t  i o n  -- 
R W 

LW 

RW 

L1J 

1 QW 

MAR 

MAR 

LW 

FMP 

RYP 

Y 

T A W  

R'J 

N 

F l i q h t  
I n t e r f a c e  C r i t i c a l i t y  - 

Analog CR 

Analog CR 

Analog CR 

Analog FPC 

Analog FPC 

Analog 

Analog 

Analog 

ESS 

ESS 

CR 

Analog CP 

Analog CR 

Analog 

Analog 

Analog 

Analog 



DEDICATED ANALOG SIGNAL TO EMAS 

/ 
DRIVER AMPI.IFIER 

\ \ RECEIVER AMPLIFIER 

TWISTED SHIELDED PAlR OSP) 
(a ) WIRE 

RECEIVING CIRCUIT USES OHMIC LOAD TO ALLOW t250 M A  OF 
CURRENT TO FLOW. CURRENT SENSING C A N  THEN BE USED 
AT THE TRANbMITTINrJ END TO DETECT FAILURES. THIS FAULT 
DETECTION METHOD IS COMPATIBLE WITH PRESENT EH VALVE 
TECHNOLOGY 

DEDICATED ANALOG SIGNALS FROM SENSORS 

28 VAC 

iV4lSTED PAlR OR TWlN CABLE WlRE 
(OPTIONAL) 

SENSOR 

I L-m 
SENSOR SIGNAL 
TO 4 /D  CONVERTER 

IHIELDED PAIR 
IN COMPUTER 

0,) = TWISTED PAIR (TP) 
1-1 

TWlN CABLE \ 

\ 
DEMODULATOR OR 
RECEIVER AMPLIFIER 

Figure 107a and b. - ~ensor / e f f ec tor  interfaces ,  



DEDICATED DISCRETES (DIGI'iAL LOG lC DISCRETES) 

?+ 28 VDC 

I DEVICE I ( RELAY DRIVER 
DISCRETES ----- r t " _ ~  I I - 

SINGLE CABLE 
- 

WITH N O  RETURN 
- 

DIGITAL DATA SIGNALS 

l NDEPENDENT 
RTU 
NODE 

,T~FI SENSOR 

SERIAL 
BROADCAST 
BUSES 

'W --------,, I 

Figure 107c, d and e. - Sensor/effector interfaces. 

_-_-- -  - ---------- - \ 
I 
I 
I 
I 

(f) 
I 

PROSESSOR TRANSFER 
BUS 

1 

PARALLEL 
DIGITAL 

I 
I 
I 
I 
I 
J 

I DATA 
I 

I 
I 

V) " EMBEDDED 
0- RTU 
'I- I NODE 

EMAS I 
OR I 

SENSOR j 
I 



FAULT-TOLERANT STRATEGIES 1 I ENABLING TECHNOLOGIES 1 
SYSTEM LEVEL STRATEGIES VLSI/VHSIC 
SUB-SYSTEM LEVEL STRATEGIES 1 110 BUS ARCHITECTURE 1-1 

HIGH TEMPERATURE ELECTRONICS 
SMART SERVO ELECTRONICS 
SIDE ARM CONTROLLERS 

O N  VARIOUS COMBINA- CONTROL SYSTEM 
TlONS OF FAULT-TOLERANT REQUIREMENTS 
STRATEGIES AND i 

TECHNOLOGIES 
* A 

I 

GENERATE CANDIDATE 
ARCHITECTURES TO MEET 
REQUIREMENTS BMED 

PERFORM FEASIBILITY 
ANALYSIS FOR ARlLlTY 
T o  MEET REQUIREMENTS r 

i 

IDEA FLIGHT I 

SELECTED ARCHITECTlIRFS 
FOR EVALUATION 

Figure 108. - Candidate a r c h i t e c t u r e  genera t ion  s t r a t e g y .  

Systems Level S t r a t e g i e s  

- d i s j o i n t  a r c h i t e c t u r e  
The system has m u l t i p l e  processors  where each is  dedicated 
t o  a p a r t i c u l a r  func t ion  and c o n t r o l  i s  through independent 
opera t ing  systems. The processors  a r e  completely 
decoupled . 

- federa ted  a r c h i t e c t u r e  
The system has mul t ip le  processors  where each resource  i s  
dedicated t u  a p r t i c u l a r  f u n c t i o n  and c o n t r o l  is t.lrough 
independent opera t ing  systems. The processors  a r e  l o o s e l y  
coupled.  

- c e n t r a l i z e d  a r c h i t e c t u r e  
The func t ions  a r e  dedicated t o  a t i g h t l y  coupled processor  
group ( s i n g l e  r esource )  and c o n t r o l  i s  through a c e n t r a l  
opera t ing  system. 

- d i s t r i b u t e d  a r c h i t e c t u r e  
The system has m u l t i p l e  processors  where each reso3rce  is 
f r e e l y  ass ignab le  t o  f u n c t i o n s ,  and c o n t r o l  is through 
m u l t i p l e ,  cooperat ing,  autonomous o p e r a t i n g  systems. 



Subsystem Level  S t r a t e g i e s  
- p a r a l l e l  redundancy ( t r i p l e x ,  quad rup lex )  - m u l t i p r o c e s s o r  ( F M P ,  SIFT) 
- dual-monitored pa i r s  (Honeywell ' s  SCMP; 

1 / 0  Bus S t r a t e g i e s  
- d e d i c a t e d  ana log  wi re  l i n k  
- d i r e c t  ( d e d i c a t e d  s e r i a l  l i n k ,  ARINC 429 DlTS) 
- MUX ( l i n e a r  m u l t i p l e x e d  d a t a  bus such  a s  MIL-STD-1553) 
- swi t ched  network m u l t i p l e x e d  bus ( s w i t c h e d  network bus 

a r c h i t e c t u r e  such  a s  t h e  CSDL DamagelFaul t -To le ran t  1 / 0  
Ne two rk)  

- po in t - t o -po in t  networks ( p a c k e t  swi tched)  s t a r ,  r i n g ,  
i r r e g u l a r ,  f u l l y  connected  

These c a n d i d a t e s  must s a t i s f y  IDEA r equ i r emen t s  and be compa t ib l e  w i th  t h e  
IDEA i n t e r f a c e .  Commonality among t e c h n o l o g i e s  and s e n s o r / e f f e c t o r  implemen- 
t a t i o n  w i l l  be ma in t a ined  f o r  a l l  t h e  c a n d i d a t e s  except  where t h e  p a r t i c u l a r  
a r c h i t e c t u r e  is dependent on a  par : fcu lar  technology.  Senso r s ,  e f f e c t o r s ,  
a v i o n i c s  a r e  common w i t h  t h e  Ease l ine  and t h e  d a t a  communications media w i  
be e l e c t r i c a l  ( s i n g l e  w i r e ,  t w i s t e d  p a i r ,  t w i s t e d  s h i e l d e d  p a i r ) .  This  w i  
p r even t  system implementat ions which cou ld  be a p p l i e d  e q u a l l y  t o  a l l  t h e  
a r c h i t e c t u r e s ,  from e n t e r i n g  i n t o  t h e  t r a d e - o f f s .  

The implementat ion r e l a t e d  technoloy  t r a d e - o f f s  which can  be e v a l u a t e d  
a p p l i e d  t o  t h e  p r e f e r r e d  I D E A  c a n d i d a t e  once t h e  f i n a l  s e l e c t i o n  has  been 
made a r e  a s  fellows: 

and  
1 
1 

and 

f i b e r  , ~ p t i c s  v s .  wi re  

skewed s e n s o r s  o r  nnal y t  : c s l  rerlrindancy 

advanced s e n s o r s  

s o £  tware  f a u l  t - t o l e r a n c e s  v s .  d i s s i r n f l a r  redundant  p r o c e s s o r s  f o r  
a s s u r a n c e  a g a i n s t  gener  i c  s o £  tware f a i l u r e s  

The s e t  of c a n d i d a t e  a r c h i t e c t u r e s  g e n e r a t e d  f o r  p r e l i m i n a r y  e v a i u a t i o n  
a r e  shown in t a b l e  23. A s u b s e t  o f  t h e s e  a r c h i t e c t u r e s  were s e l e c t e d  f o r  
f i n a l  e v a l u a t i o n  based on uniqueness ,  m a t u r i t y ,  and l e v e l  of coverage  f o r  a  
p a r t i c u l a r  grouping .  The c a n d i d a t e s  i n  t a b l e  23  which have an  a s t e r i s k  i n  t h e  
upper r i g h t  hand c o r n e r  of t h e  f i r s t  column a r e  t h e  s e l e c t e d  c a n d i d a t e  
a r c h i t e c t u r e s .  The a r c h i t e c t u r e s  not  s e l e c t e d  were r e j e c t e d  because  t h e  
f e a t u r e s  which made them unique from the  o t h e r s  i n  i t s  group d i d  not  g i v e  them 
s i g n i f  i c a n t  enough advantages  over  t h e  o t h e r s .  

9.3.3 S e l e c t e d  c a n d i d a t e  a r c h i t e c t u r e  d e s c r i p t i o n s .  - A r c h i t e c t u r e s  28,  2 E ,  
3B, and 4A were s e l e c t e d  f o r  f i n a l  e v a u l a t i o n  a s  a  r e p r e s e n t a t i v e  s e t  of 
p o t e n t i a l  p r e f e r r e d  IDEA a r c h i t e c t u r e s .  Candida te  a r c h i t e c t u r e  1 is no t  be ing  
c o n s i d e r e d  a 8  a  v i a b l e  c a n d i d a t e  f o r  I D E A  because i t  does n o t  r e p r e s e n t  a  
s i g n i f  i c a n t  technology advancemnt  i nvo lv ing  h igh  r i s k s  and h igh  payoffs .  I t  



TABLE 23. - IDEA CANDIDATE ARCHITECTURES 

Candidate 
A r c h i t e c t u r e  

DFCS Systems Computer Subsystems 1/0 Bus 
A r c h i t e c t u r e  A r c h i t e c t u r e  A r c h i t e c t u r e  Comment 8 

ARINC 700 S e r i e s  
Fly-By-Wire 

* Federated Quad, Dual-Dual ARlNC 429 D i t s  
1  Dual, Simplex Dedicated Analog 

Reference 
System 

Cent ra l i zed /  
Dedicated 

Cen t ra l i zed  Quad 
2A 

Dedicated 
Analog 

Cen t ra l i zed /  
Di rec t  

* C e n t r a l i z e d  Quad 
2B 

Dedicated 
Ser  la1 

128 Remote 
Terminal s 

Cent ra l i zed /  
Mux I 

C e n t r a l i z e d  Quad 
2C 

Quad Linear 
Mu1 t i p l e x e d  Bus 

32 Remote 
Terminale 

C e n t r a l i z e d  Quad 
2D 

Quad Linear 
Mu1 t i p l e x e d  Bus 

128 Remote 
Terminals 

128 Rmnote 
Terminals 

Cen t ra l i zed /  
Mux 111 

C e n t r a l i z e d  Quad 
2E 

Dual Quad Linear  
Mu1 t i p l e x e d  Bus 

C e n t r a l i z e d  Quad 
3A 

Mesh 
Network 

32 Nodes 
8  BC 

Cent ra l i zed /  
Mesh 1 

C e n t r a l i z e d l  
Mesh I1 

* C e n t r a l i z e d  Quad 
38 

Mesh 
Network 

32 Nodes 
16 BC 

C e n t r a l ~ z e d /  
Meeh Ring 

C e n t r a l i z e d  Quad 
3C 

Mesh 
Network 

32 Nodes 
16 BC 

P a r t i a l l y  
D i s t r  ibuted/Mux 

* D i s t r i b u t e d  5 Quad Computers Quad Linear 
4A Mu1 t i p l e x e d  Bus 

C e n t r a l i z e d  
Bus Control  

Fu l ly  
D i s t r  ibuted/Mux 

Cent ra l i zed  T r i p l e x  and Dual Dual Linear 
4  B SCMPs Mu1 t ip lexed  h e  

Honey wel l  

D i s t r i b u t e d  
AIPS Bestd 

4C D i a t r i b u t e d  Simplex, Dual, Quad Mesh 
l u l t i p r o c e s s o r s  Network 

Char les  S ta rk  
Draper Labs 

*Selected f o r  F i n a l  Evauation (1 ,  2B, 2E, 38, 4A) 

is being eva lua ted  t o  provide a  s u i t a b l e  r e f e r e n c e  f o r  comparison wi th  t h e  
advanced a r c h i t e c t u r e s .  

9.3.3.1 Candidate a r c h i t e c t u r e  1 ,  U I N C  700 f i y - b y r i r e  r e f e r e n c e  system: 
The ARINC Chazac t e r  1st ice  700-799 d e f i n e  a  1980-1985 DFCS design spec i f  i ca  t ion 
f o r  a  commercial t ranepo-t  e l m i l a r  t o  the  b a s e l i n e  a i r c r a f t .  These charac- 
t e r i s t i c s  s p e c i f y  types  of f u n c t i o n a l  modes, type and number of computer l i n e  



rep laceab le  u n i t s  (LKU) and t h e i r  d e s i r e d  f u n c t i o n ,  t h e  e x t e r n a l  dimeneions 
and the  i n t e r f a c e  of t h e  computer subsystems and av ion ics .  The genera l  DFCS 
and f l i ~ h t  management system ( M S )  a r c h i t e c t u r e  is s p e c i f i e d .  

ARlNC 429 DlTS buses a r e  used ex tens ive ly  f o r  ccmmunications between r a d i o  
nav iga t ion  a v i o n i c s ,  i n e r t  l a 1  nav iga t ion  system u n i t s ,  d i s p l a y s ,  c o n t r o l  and 
d i sp lay  u n i t s ,  and computer subsystems. Analog wire  s i g n a l s  and dedicated 
d i s c r e t e s  a r e  minimized except where requ i red  f o r  f 1 ight  e a f e t y  purposee. 

The DFCS and FMS can be c h a r a c t e r i z e d  a s  a f edera ted ,  m u l t i p l e  proceesor 
Bystem made up by the  fo l lowing loose ly  coupled subsystems : 

F l i g h t  Control  Computer System (FCCS) - This  system con ta ins  the  bas ic  
a u t o p i l o t  and CAT 111 automat ic  landing f u n c t i o n s ;  i t  can  be dual-dual 
o r  t r i p l e x  ( fa i l -op) .  

0 F l i g h t  Augmentation C~mputer  System - This  system con ta ins  the  f l i g h t  
augmentat ion f u n c t i o n s  and t r im f u n c t i o n s ;  i ts  design spec i f  i ca ton  is  
undefined and is l e f t  up t o  the  a i r c r a f t  des igner .  I n t e r f a c e s  with 
o t h e r  systems a r e  def ined.  

0 Fl igh t  Management Computer System (PMCS) - This  system con ta ins  the  
t y p i c a l  f l i g h t  management func t ions  p lus  nonessen t i a l  a u t o p i l o t  
func t ions ;  i t  can be a dual  o r  simplex u n i t .  

0 Radio Navigation Systems - XLS, VOR, DME 

0 I n e r t i a l  Reference System 

The t r a n s i t i o n  from present  technology t o  fly-by wire  technology can be 
accospl iehed wi th  minimum r i s k  by convertin(3 an ARLNC 700 s e r i e s  DFCS t o  f l y -  
b, w i r e  technology us ing proven analog s i g n a l s  t o  the  sensors  and ef f e c  t o r s  
and removing t h e  mechanical f l i g h t  c o n t r o l  system. The colrnnn and wheel a r e  
replaced wi th  dual  s i d e  arm c o n t r o l l e r s ,  each wi th  quad p o s i t i o u  sensors  
f o r  primary p i t c h  and r o l l  c o n t r o l .  A s i m i l a r  arrangement is implemented f o r  
the  dual  rudder pedals  f o r  yaw c o n t r o l .  The i n t e r f a c e  t o  the  electromechan- 
i c a l  a c t u a t o r s  i e  by analog s i g n a l s  and twis ted ,  sh ie lded  p a i r  wire.  The 
f  1 ight  augmentat ion computer system (FACS) is conf igured t o  provide f.111-t ime, 
f  ly-by-wire, f  1 ight-cr  i t  i c a l ,  primary f l i g h t  c o n t r o l s  and auguenta t  ion 
func t ions .  A d e s c r i p t i o n  of the  computer a r c h i t e c t u r e ,  110 bus a r c h i t e c t u r e ,  
and system in te rconnec t ions  t o  sensors  and e f f e c t o r s  is shown i n  f i g u r e s  109 
and 110. 

Due t o  the f u l l - t  h e ,  f  l i g h t - c r i t i c a l  requirement f o r  primary f l i g h t  
c o n t r o l s  the  f l i g h t  augmentation computer system (FACS) i e  a double f a i l -  
opera t iona l  quadruplex u n i t .  Signal  s e l e c t i o n s  a r e  accompliehed by vo t ing  
s i g n a l s  i n  each computers. Faul t  d e t e c t  ion ,  i s o l a t i o n ,  and reconf i g u r a t i o n  
(FDIR) of sensors  a r e  impiemented in sof tware .  F a u l t  d e t e c t i o n  of processors  
is i n  software wi th  the  i s o l a t  ion and recocf i g u r a t  icn Implemented in hardware. 
The servo amplif i e r s  a r e  connected in such a way t h a t  they a r e  Independent of 
the  Individual  processors  and a r e  d r iven  by a voted output  f  ran  the  i o u r  
processors .  The processors  a r e  p ro tec ted  by wrap-arounds, s e l f - t e s t ,  and 
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Figure 110. - D e t a i l s  of c d n d l d a t e  arch i t ec ture  1. 



watch--dog t i m e r s .  Quad ana log  backup computers  a r e  used t o  p r o t e c t  a g a i n s t  a 
g e n e r i c  so f tware  f a i l u r e  as well  a s  a combina t Ian  of t h r e e  p roces so r  f a i l u r e s .  
I n t e r p r o c e s s o r  communication is by 500K b i t s  pe r  second b roadcas t  buses .  T h i s  
a l l ow3  l o o s e  frame s y t ~ c h r o n i z a t  iori between p roces so r s .  S i g n a l  1 i n e s  from t h e  
s e n s o r s  t o  t h e  p r o c e s s o r s  a r e  n o t  c r o s s  s t r a p p e d ,  bu t  t h e  s e n s o r  c r o s s  channel  
is independent  from t h e  p roces so r .  The commsnds and d i s c r e t e 6  t o  t h e  EMAS a r e  
c r o s s  s t r a p p e d .  

9 . 3 . 3 . 2  Cand ida t e  a r c h i t e c t u r e  28, c e n t r a l i z e d / d i r e c t :  T h i s  a r c h i t e c t u r e  hzs  
ti c e n t r a l i z e d  f a u l t  t o l e r a n t  computer sys tem which u s e s  d i r e c t  d e d i c a t e d ,  
s e r i a l ,  b roadcas t  buses  f o r  a l l  s e n s o r / e f f e c t o r  c o m u n i c a t i o n s  1nformati;n 
t r a n s f e r  sys tem (ITS). The buses  a r e  b i d i r e c t i o n a l ,  f u l l  duplex  b r o a d c a s t  
buses  which can  be e i t h e r  a  w i r e  o r  f i b e r  op t  if implementat ion.  A bus  l i n k  
s i m i l a r  ro t h i s  would be  c o n s t r u c t e d  from two ARINC 429 DlTS b u s e s ,  one 
t r a n s m i t t i n g  from the  s o u r c e  dev ice  and one t r a n s m i t t i n g  from t h e  Jest i n a t  ion  
dev ice .  

The f a u l t  t o l e r a n t  computer system has  r e s p o n s i b  r l  i t y  f o r  t h e  fo l lowing  
f u n c t i o n s  : 

a h a  redundancy management 

- Bus c o n t r o l  
- DFCS redundancy management 

* Augmentat ion f u n c t i o n s  

a Trim f u n c t i o n s  

r Autop i lo t  f u n c t i o n 3  

a Primary and  secondary manuill c o n t r o l s  ( f ly-by-wire) 

P r o p u l s i a . ~  c o n t r o l s  ( f  ly-by-wire) 

P ropu l s ion ,  f l i g h t  c o n t r o l s ,  and  bus c o n t r o l  have been i n t e g r a t e d  i n t o  one  
f a u l t  t o l e r a n t  computer (FTC) of unspec i f  l e d  des ign .  The YTC would most 
l i k e l y  be a  p roces so r  d e s i g n  sim!.lar t o  t h e  C h a r l e s  S t a r k  Draper  Labs (CSDL) 
Fau l t  T o l e r a n t  P roces so r  (FTP)  ~ h i c h  has  double f a i l - o p e r a t i o n a l  c a p a b i l i t y  
( r e f e r e n c e s  19 and 2 1 ) .  F i g u r e s  111 and  112 show diagrams of t h i s  sys tems 
a r c h i t e c t u r e  and bus topology which uses  a  c e n t r a l i z e d  FTC coup led  t o  128 
r e b  -e  t e rmina l  u n i t  and t r a n s m i t t e r / r e c e i v e r  u n i t  p a i r s .  A diagram of  he 
RTU and T/R u n i t s  a r e  showr~ in  f i g u r e  11 3. Due t o  t h e  f  u l l - t  h e ,  f l i g h t -  
c r i t i c a l  requirement  f o r  primary f l i g h t  c o n t r o l s  t h e  FTC is  a  double  
f a  11-operat  i o n a l  , quadrup lex  u n i t .  S igna l  s e l e c t  ion is  accompli.shed by v o t i n g  
s i g n a l s  i n  each  conpu te r s .  F a u l t  d e t e c t i o n ,  i s o l a t i o n ,  and  r e c o n f i ~ u r a t i o n  
(FDLR) of s e n $ - r s  a r e  Implemented in s o f t w a r e .  F a u l t  d e t e c t i o n o ~  p r o c e s s o r s  
16 i n  s o f t w a r e  w i th  t h e  i s o l a t i o n  and r e c o n f i g u r a t i o n  implemented k: hardware. 
The processor  is p r o t e c t e d  by wrap-arounds, s e l f - t e s t ,  and watch dog t i m e r s .  
A s i n g i e  d i g i t a l  d i s s i m i l a r  backup computer is used t o  p r o t e c t  a g a i n s t  a  
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TRANSMtTTER/f?ECElVER UNITS AND REMOTE TERMINAL UNITS 
FOR DEDICATED SERIAL BUSES 

- FULL DUPLEX, 81-DIRECTIONAL (TWIN CABLES) 
- BROADCAST 

I 

ENCODV'DECODE 

I PARALLEL 31GITAL 
DATA BUS - * - -  _ TWISTED SHIELDED PAIR 

FIBER OPTICS CABLE 

ANALOG SERIAL 
DATA DIGITAL 
A c Q u l s l ~ l o N  1/0 

USED \ 
RTU'S 

/ 
,' 

0 

Figure 11 3. - Transmi t t e r / r ece ive r  u n i t s  and remote terminal  u n i t s .  

gener ic  so f tware  f a i l u r e s  a s  well a s  a combination of t h r e e  processor  
f a i l u r e s .  I n t e r  processor communication is by 500K b i t s  per second broadcast  
buses.  This  al lows loose  frame synchronizat ion between processors .  

A s i g n a l  t r a n s m i t t e r / r e c e  ive r  u n i t  sends and r e c e i v e s  s e r i a l  mu1 t i p l e x e d  
data  to  one remote terminal  which mu1 t i p l e x e d  demul t i p l e x e s  between one o r  
more sensors  o r  e f f e c t o r s .  The b a s i c  l e v e l  of redundancy is t o  have four  T/RS 
connecting d i r e c t l y  wi th  four  RTUs which then each s e r v i c e  one f l i g h t - c r i t  i c a l  
s e n s o r / e f f e c t o r  group. The i n t e r f a c e  from t h e  RTUs t o  t h e  EMAS is c r o s s  
s t rapped s e r i a l ,  f u l l  duplex broadcast  buses. For the  sensors  t h e  i n t e r f a c e  
is predominately noncross s t r apped  analog wires .  

The purpose of the  RTUs is t o  e l imina te  t h e  long c r o s s  s t r apped  wire runs  
t h a t  would be requ i red  i f  d i r e c t  s e r i a l  connect ions  t o  each EMAS had been used 
without device mul t ip lexing.  Because of t h e  l a r g e  numbers of remote t e rmina l s  
used, i t  is l i k e l y  t h a t  c o s t  and weight r e s t r i c t i o n s  would prevent t h e  remote 
terminal  u n i t s  from being independent l i n e  rep laceab le  u n i t s  except  where the  
l o c a t i o n  and i n t e r f a c e  r e q u i r e  i t .  More than  90 RT u n i t s  a r e  embedded v i t h i n  
e x i s t i n g  LRUs (computers, W S  c o n t r o l l e r s ,  a v i o n i c s ,  e t c . )  and s h a r e  a common 
powe- Jupply with the  LRU in which embedded. 



The T/R u n i t s  a r e  independent  from t h e  PTCs and a c t  upon a v o t e d  s e t  o f  
c o n t r o l  s i g n a l s  and d a t a  from t h e  f o u r  FTCs. Thus t h e r e  c a n  b e  no c o r r e l a t e d  
f a u l t s  between FTCs and T/R u n i t s .  

There a r e  128 remote t e r m i n a l s  l o c a t e d  throughout  t h e  a i r c r a f t .  They a r e  
a s s i g n e d  t o  t h e  foll .owing a r e a s :  

1. F l i g h t  S t a t i a n :  28 

2. Forward Avionics  Bay: 32 
FTC and &Is C o n t r o l l e '  (EC) 0,  1 ,  2, 3  

3. Mid Avionics  lk]: 1 6  

4. Right  Wing: 20 

5. Le f t  Wing: 20 

6.  Empennage: 12 

9.3.3.3 Candida te  a r c h i t e c t u r e  2E central ized/MUX 111: T h i s  a r c h i t e c t u r e  has  
a c e n t r a l i z e d  f a u l t  t o l e r a n t  computer system which u s e s  a  quad ,  l i n e a r ,  mu l t i -  
p lexed  ddta  buses  f o r  a l l  s e n s o r / e f f e c t o r  communications. The buses  a r e  simi- 
l a r  i n  s t r u c t u r e  and o p e r a t  ion t o  a NIL-STD-1553 bus.  A command response  
p r o t o c o l  and c e n t r a l i z e d  bus c o n t r o l  a r e  used  w i t h  redundant  bus c o n t r o l l e r s  
( B C )  and remote t e r m i n a l  u n i t s  (RTU). A diagram of t h e  RTU and BC w i t s  a r e  
shown in  f i g u r e  114. C e r t a i n  l i m i t a t i o n s  have been r e l a x e d  w i t h  r e s p e c t  t o  
bus  l e n g t h ,  s t u b  l e n g t h ,  and bandr id t ,h  t o  a l l ow  f o r  i n c r e a s e d  c a p a b i l i t i e s  due 
t o  fa r - te rm technology.  

Two independent  s e t s  of quad buses  a r e  used f o r  110 t o  s e n s o r s  and 
e f f e c t o r s .  One quad s e t  r u n s  l o n g i t u d i n a l l y  from t h e  f l i g h t  s t a t i o n  t o  t h e  
empennage wh i l e  t h e  o t h e r  runs  l a t e r a l l y  from wing t i p  t o  wing t i p .  Four BCs 
a r e  used t o  connect  each  bus  t o  t h e  c e n t r a l  FTC. The purpose  of t h e  two quad 
bus s e t s  is t o  reduce  the  r e q u i r e d  bus s t u b  l e n g t h  and  t o t a l  bus l e n g t h  which 
would be  r e q u i r e d  i f  on ly  one s e t  had been used. F igu re s  115 a n d  116 show 
diagrams of t h e  sys tems a r c h i t e c t u r e  and bus topology.  

The f a u l t  t o l e r a n t  computer sys tem and f a u l t  t o l e r a n t  computer (FTC) a r e  
t h e  same a s  t hose  used wi th  c a n d i d a t e  a r c h i t e c t u r e  28  ( S e c t i o n  9.3.3.2) .  The 
BCs a l s o  have t h e  same degree  of i s o l a t o n i  from t h e  FTCs a s  do t h e  T/Rs i n  
c a n d i d a t e  28. 

A s i n g l e  bus c o n t r o l l e r  ha s  c e n t r a l i z e d  c o n t r o l  over  one m u l t i p l e x e d  da t a  
bus. The command/response p r o t o c o l  is used t o  accomplish d e v i c e  m u l t i p l e x i n g  
on each  i n d i v i d u a l  bus. The l o n g i t u d i n a l  buses  have 22 RTUs pe r  bus and t h e  
l a t e r a l  bus has  8 RTUs per  b ~ s .  The b a s i c  l e v e l  of redundancy is  t o  have f o u r  
RTUs on s e p a r a t e  MUX buses  which then  s e r v i c e  one  f l i g h t - c r i t i c a l  s enso r /  
e f f e c t o r  group.  The i n t e r f a c e  from t h e  RTUs t o  t h e  EMAS i s  c r o s s  s t r a p p e d  
s e r  i a l ,  f u l l  duplex  b roadcas t  buses .  For t h e  s e n s o r s  t h e  i n t e r f a c e  is pre- 
dominately noncross  s t r a p p e d  ana log  s i g n a l s  and t w i s t e d ,  s h i e l d e d  p a i r  wi re .  
Because of t h e  l a r g e  numbers of remote t e r m i n a l s  used ,  i t  is  l i k e l y  t h a t  c o s t  



BUS CONTROLLER AND REMOTE TERMINAL UNITS 
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Figure 114. - h e  controller/remote terminal u n i t ,  

( FAULT-TOLERANT 
COMPbTFR 

(QUAD) 

QUAD FUSELAGE BUSES 

v EMPENNAGE 
1 BUS I 

+ 

CONTROLLERS 

COCKPIT CONTROLS STABILIZER EMAS 
RUDDER EMAS SENSORS ILS-2 FMC-2 

AILERON EMAS 
SPOILER EMAS 

AILERON EMAS 
SPOILER EUAS 
ENGINE 

I I CUAD WlNG BUSES 0 

(=1=--3 
LINEAR MULTIPLEX DATA BUS 
COMMAND/RESPONSE PROTOCOL 

128 RTUS 
8 BUS 

CONTROLLER 
UNITS 

RTU - REMOTE TERMINAL UNIT (QUAD SETS) 

Figure 115.  - Candidate architecture 2E, centralized/MUX 111. 
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3 QUAD RTU SETS 
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FOR AILERONS, SPOILERS 
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Figure  116. - D e t a i l s  of candidate  a r c h i t e c t u r e  2E. 

and weight r e s t r i c t i o n s  w i l l  prevent t h e  remote terminal  u n i t s  trom being 
independent l i n e  r e p l a c e a b l e  u n i t s  except where the  l o c a t i o n  and i n t e r f a c e  
r e q u i r e  i t .  More than  90 RT u n i t s  a r e  embedded wi th in  e x i s t i n g  LRUs 
(computers, EMAS c o n t r o l l e r s ,  a v i o n i c s ,  e t c . )  and sha re  a  common power supply. 

There a r e  128 remote t e rmina l s  l o c a t e d  throughout the  a i r c r a f t .  They are 
ass igned t o  the  fo l lowing a r e a s .  

1. F l i g h t  S t a t i o n :  28 

2. Forward Avionics Bay: 32 
FTC and Bus Conto l l e r  (BC)  0, 1, 2 ,  3, 4 ,  5, 6 ,  7 

3. Mid Avionics Bay: 16 

4.  Right Wing: 20  

5 .  Left  Wing: 20 

6. Empennage: 12  



9.3.3.4 Candida te  a r c h i t e c t u r e  3 B  cen t r a l i zed /Mesh  11: Th i s  a r c h i t e c t u r e  
u s e s  a  c e n t r a l i z e d  f a u l t  t o l e r a n t  computer system combined wi th  a damage/ 
f a u l t - t o l e r a n t  1 / 0  mesh network us ing  a  swi t ched  network bus  concept  which 
a l l o w s  p a t h  s w i t c h i n g  a s  w e l l  a s  d e v i c e  swi t ch ing ;  t h i s  d e s i g n  was developed 
by t h e  Draper Labs (Ref. 16 ,  1 7 ) .  Figu res  117 a n d  118 show t h e  sys tem 
a r c h i t e c t u r e  and t h e  bus topology.  F i g u r e  119 shows a  subsys tems l e v e l  
diagram of a mesh network node. 

The network is c o n t r o l l e d  c e n t r a l l y  by t h e  FTC th rough  t h e  s i x t e e n  bus 
c o n t r o l l e r s  which grow and reconf  i g u r e  t h e  network and c o n t r o l  in format  i o n  
t r a n s f e r s .  

The nodes have t h r e e  l i n k  c o n n e c t i o n s  and t h e  l i n k s  c o n n e c t i n g  t h e  nodes 
a r e  b i d i r e c t i o n a l ,  f u l l  duplex  s e r i a l  buses.  These a c t i v e  nodes c o n t a i n  t h e  
t r a n s m i t t e r  and r e c e i v e r  u n i t s  f o r  t h e  t h r e e  l i n k s ,  a node c o n t r o l l e r ,  and  a 
remote t e r m i n a l  which  interface^ wi th  t h e  s e n s o r s  and  e f f e c t o r s .  The node 
c o n t r o l l e r  can  c o n f i g u r e  t h e  s i g n a l  p a t h s  between t h e  l i n k s  w i t h i n  each  node 
under c o n t r o l  of t h e  BC and  FTC. Communication p a t h s  c a n  b e  grown between 
nodes from each  bus c o n t r o l l e r  bu t  none of t h e  p a t h s  a r e  a l lowed t o  connec t .  
I n a c t i v e  l i n k s  remain t o  s e p a r a t e  t h e  a c t i v e  pa ths .  Once a f a i l u r e  o c c u r s ,  
t h e  bus can  be reconf i g u r e d  by d e a c t i v a t i n g  a c t i v e  l i n k s  and  a c t i v a t i n g  
i n a c t  i v c  l i n k s .  

The f a u l t  t o l e r a n t  computer sys tem and FTC a r e  t he  same a s  t h o s e  f o r  
a r c h i t e c t u r e s  2B and  2E ( S e c t i o n  9.3.3.2). The same type  of i s o l a t i o n  i s  
provided  between t h e  FTCs and BCs.  

Tbe bud c o n s i s t s  of two independent  s t r a t a  of s i x t e e n  i n t e r c o n n e c t e d  nodes 
c o n t r o l l e d  by 16 BCs and connected  t o  one FTC. The FTC i n i t i a l l y  commands t h e  
BCs t o  s w i t c h  a  pa th  from node t o  node u s i n g  z command/response p r o t o c o l .  
Once t h e  pa th  is swi t ched  i t  a c t s  a s  a  l i n e a r  m u l t i p l e x e d  d a t a  bus f o r  t h e  
node RTUs on t h a t  pa th .  F i g u r e  118 shows a  bus c o n f i g u r a t i o n  w i t h  z e r o  
f a i l u r e s  i n i t i a l l y .  It  a p p e a r s  a s  e i g h t  1 i n e a r  m u l t i p l e x e d  buses  connec t ed  by 
i n a c t i v e  l i n k s .  I n  t h e  even t  02 a f a i l u r e  t h e  bus c c n t r o l l e r ,  which is  
c o n t i n l r a l l y  prompting each  node on i ts  pa th  f o r  v a l i d i t y ,  w i l l  r econf  i g u r e  t h e  
network t o  a l l e v i a t e  t h e  f a u l t .  E i t h e r  one of t h e  two independent  s t r a tu rns  
can  c o n t r o l  t h e  a i r c r a f t .  Th i s  w i l l  a l l o w  a s s u r a n c e  a g a i n s t  t h e  t o t a l  
c o l l a p s e  of one s t r a t u m .  T h i s  even t  has  t o  be c o n s i d e r e d  h i g h l y  improbable 
b u t  not  an  imposs ib l e  event  s i n c e  many of t h e  nodes a r c  i n t e r c o n n e c t e d  and  a n  
unforeseen  even t  c o u l d  cause  a  f a u l t  t o  propagate  through t h e  e n t i r e  s t r a t u m .  
The node redundancy des ign  s t r a t e g y  is  t o  provide  a minimum of f o u r  nodes f o r  
each  f l i g h t - c r i t i c a l  s e n s o r / e f f e c t o r  s e t .  I n  t h e  c a s e  of t h e  p i t c h  c o n t r o l  
s e n s o r / e f f e c t o r s ,  t h e r e  a r e  e i g h t  nodes. The same type  of i n t e r f a c e  used  f o r  
c a n d i d a t e  a r c h i t e c t u r e s  28 and 2 E  from t h e  RTUs t o  t h e  s e n s o r  and e f f e c t o r s  is  
used. 

There a r e  two t y p e s  of nodes used i n  t h i s  a r c h i t e c t u r e :  independent  LRU 
nodes and embedded nodes. Independent  LRU nodes a r e  s tand-a lone  LRUs which 
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Figu re  117. - D e t a i l s  of c a n d i d a t e  a r c h i t e c t u r e  3B. 

c o n t a i n  a  s e l f - c o n t a i n e d  power supp ly ,  p r o c e s s o r ,  and memory. The p roces so r  
is used f o r  node l i n k  c o n t r o l ,  I 1 0  c o n t r o l ,  and s e l f - t e s t ,  e t c .  

The embedded node is embedded w i t h i n  ano the r  LRL'. It u t i l i z e s  t h e  e x i s t -  
i n g  LRU p r o c e s s o r ,  memory, and power supp ly .  I n  g e n e r a l ,  embedded nodes w i l l  
be  c o n t a i n e d  w i t h i n  EMAS. The f l i g h t  s t a t i o n ,  mid,  and  forward  a v i o n i c s  bay 
nodes a r e  LRU nodes. The wings and  empennage a r e  embedded nodes.  

The 32 nodes a r e  l o c a t e d  throughout  t h e  a i r c r a f t .  They a r e  e s s i g n e d  t o  
t h e  fo l lowing  a r e a s .  

1. F l i g h t  S t a t i o n :  Nodes = 0 ,  1 ,  2, 3, 16,  17, 18 ,  19  

2. Forward Avionics  Bay: Nodes = 4,  15 ,  20,  32 
FTC and  BUS C o n ~ r o l l e r  ( B C )  
0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 5  

3.  Mid Avionics  Bay: N o d e s o  7 ,  12,  23, 28 

4 .  Right  Wing: Nodes = 5, 6,  21,  22 

5. L e f t  Wing: Nodes = 13 ,  14,  29, 30 

6. Empennage: Nodes = 8, 9,  10 ,  11 ,  24 ,  25 26, 27 

9.3.3.5 Cand ida t e  a r c h i t e c t u r e  4A, p a r t i a l l y  distributed1MUX: Candida te  
a r c h i t e c t u r e  4A is  a p a r t i a l l y  d i s t r i b u t e d  sys tem which u s e s  a  corubination of 
g e n e r a l  purpose f l i g h t  computer6 and "dumb" RTUs d i s t r  i b u t e d  throughout  t h e  
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a i r c r a f  t . These d i spe r sed  processors  and HTUs communicate through a quad, 
' 'rlear , mu1 t i p l e x  bus which uses  a command/response p ro toco l  s i m i l a r  t o  a 
MIL-STD-1553B bus. Figure 120 and 121 shows the  system a r c h i t e c t u r e  and t h e  
bus topology f o r  t h i s  candidate .  

The " d i s t r i b u t e d "  des ignat ion r e l a t e s  t o  the  d i spe r sed  process ing elements 
and t o  t h e  d i s t r i b u t e d ,  r eass ignab le  f unc t ional  processing.  The f a c t  t h a t  t h e  
sys  tem is only p a r t i a l l y  d i s t r  ibuted is because & c e n t r a l  i zed  bus c o n t r o l l e r  
is used ins tead  of a f u l l y  d i s t r i b u t e d  g loba l  bus c o n t r o l .  C e n t r a l i z i n g  t h e  
bus c o n t r o l  reduces the  r i s k s  a s s o c i a t e d  wi th  the  r e c o n f i g u r a t i o n  s t r a t e g i e s  
proposed f o r  f u l l y - d i s t r  ibuted systems. The disadvantages  of a c e n t r a l i z e d  
bus c o n t r o l l e r ,  which r e l a t e  t o  r e l i a b i l i t y ,  can be reduced by us ing  an 
u l t r a r e l i a b l e  computer such a s  the  Fault-Tolerance M u l t i p r o c e ~ s o r  (FTMP) o r  
Software Implemented Fau l t  Tolerance (SIFT). This  o p t i o n  would r e s u l t  i n  
wasted processing power and excess ive  hardware c o s t 8  u n l e s s  nonredundant pro- 
c e s s i n g ,  such a s  f l i g h t  management, could  be performed by t h i s  computer. 

A second r e l i a b l e  bus c o n t r o l l e r  op t ion  would be t o  use a primary bus 
c o n t r o l l e r  wi th  two standby backup u n i t s .  The standby u n i t s  w i l l  be g e n e r a l  
purpose f l i g h t  computers (GPFC o r  FC) which normally perform f l Q h t  c o n t r o l  
f u n c t i o n s .  Bus c o n t r o l  is passed t o  the standby bus c o n t r o l l e r  spa res  through 
a dedicated in te rp rocessor  bus which connects  t h e  t h r e e  processor u n i t s .  It 
w i l l  have s e r i a l  broadcast  buses and d i s c r e t e 6  which w i l l  be used t o  t r a n s f e r  
bus c o n t r o l  and redundancy management data  in t h e  event of a f a i l u r e  of t h e  
primary bus c o n t r o l l e r .  

Much of the  hardware component design has been borrowed from previous 
a r c h i t e c t u r e s .  The c e n t r a l  primary bus c o n t r o l l e r  is  a f a u l t  t o l e r a n t  
computer (FTC) hav11.g quad, p a r a l l e l  processors  and a d i s s i m i l a r  hardwarel 
so£ t ware backup processor.  Four iridependent bus c o n t r o l l e r s  a r e  used f o r  
c o n t r o l :  one bus c o n t r o l l e r  to  each bus. They a r e  i s o l a t e d  from processor 
c o n t r o l  i n  such a way t h a t  a s i n g l e  point  of f a i l u r e  cannot occur on a l l  f o u r  
buses due t o  a s i n g l e  processor o r  bus c o n t r o l l e r  f a i l u r e .  

The o the r  four  GPFC a r e  quad, p a r a l l e l  processor u n i t s  without a backup 
computer. They connect t o  the  quad buses through four  embedded R T U s .  The 
RTUs i n  GPFC 1 and 2 a r e  combinat ion BC/RTU u n i t s  depending or. which mode they 
a r e  In. The redundancy marmgement and FDlR s t r a t e g y  f o r  the  GPFCs is the  same 
a s  used in  28, 2E, and 38. 

The remaining "dumb" RTUs, number 1-70, a r e  used f o r  s e n s o r / e f f c c t o r  d a t a  
a c q u i s i t i o n  and communicst ions f o r  a l l  devices  l o c a t e d  i n  remote a r e a s  of t h e  
a i r c r a f t .  These a r e  nonpressur ized compartuents which a r e  exposed t o  extremes 
of heat  and co ld  a s  well  a s  v i b r a t i o n  and shock. Becausa of t h e  expected 
higher f a i l u r e  r a t e s ,  t h e  RTU redundancy i n  these  a r e a s  w i l l  be h igher .  
S e r i a l  commmunication buses f r a n  the  RTUs t o  t h e  EMAS w i l l  be  c ross - s t r apped  
t o  each a c t u a t o r .  

The FTC assumes bus c o n t r o l  I n i t  l a l l y  when the  system is powered up. It 
cont h u e s  t o  func t ion  a s  primary bus c o n t r o l l e r  u n t i l  two processors  have 
f a i l e d  wi thin  the  FTC. A t  t h i s  point  an o r d e r l y ,  scheduled shutdown and 
t r a n s f e r  of the  bus conLrol ler  f r a n  the  FTC t o  e i t h e r  GPFC 1 o r  2 is  begun. 
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Once completed the FTC con t inues  t o  a c t  a s  a backup processor f o r  f l i g h t -  
c r i t i c a l  f u n c t i o n s  i f  needed. Af te r  two f a i l u r e s  have occured in the  f i r s t  
backup GPFC bus c o n t r o l  is t r a n s f e r e d  again  t o  the  o t h e r  backup bus con- 
t r o l l e r .  The same s t r a t e g y  a p p l i e s  t o  l o s s  of bus c o n t r o l l e r s  a l s o .  Thid 
meand t h a t  the  system can wi ths tand s i x  processor fai lurebi  and lo r  s l y  t.,s 
c o n t r o l l e r s  with no more than two of each occurr ing in any one FTC o r  GPFC. 

The bus c o n t r o l l e r  computer is i n  charge of g loba l  redundancy and systems 
management. It a l s o  keeps supervisory  c o n t r o l  over l o c a l  and r e g i o n a l  man- 
agement which w i l l  be ass igned :o the GPFCs. A common g l o b a l  da ta  base is 
kept in the  bus c o n t r o l l e r  and is cont inuously  updated. This f a c i l i t a t e s  t h e  
t r a n s f r r  of system s t a t u s  data  during system reconf igura t ion .  

I d l e  backup p rocessors  ( s p a r e s )  a r e  not used in t h i s  a r c h i t e c t u r e .  Each 
processor has a primary func t ion ,  but they a l s o  have a backup f u n c t i o n  primary 
f u n c t i o n a l  processor .  In t h i s  case  t h e r e  a r e  spa re  f u n c t i o n a l  process ing 
u n i t s  which can be a c t i v a t e d  by t h e  c e n t r a l  c o n t r o l l e r  In the  event  of a GPFC 
f a i l u r e .  

DFCS func t ions  : 

bus c o n t r o l  and g loba l  redundancy Eanagement 

pr lmary and secondary manual f l i g h t  c o n t r o l  and augmentat ion 

propulsion 

automatic f l i g h t  c o n t r o l s  ( a u t o p i l o t  and a u t o t h r o t t l e )  

r eg iona l  and l o c a l  redundancy management 

6 sensor data  a c q u i s i t i o n  and e f f e c t o r  contrc: 

The following functions a r e  dedicated f u l l - t h e  t o  t h e  fo l lowing processor  
systems : 

1. GPFC 1 - s e n s o r / e f f e c t o r  communication in f l i g h t  s t a t i o n ,  nose,  and 
forward a v i o n i c s  bay. 

2. G P X 2 -  s e n s o r / e f f e c t o r c o m m u n i c a t i o n i n f l l g h t  s t a t i o n , n o s e , a n d  
forward a v i o n i c s  bay. 

3 .  GPFC 3 - s e n s g r l e f f e c t o r  communications in  mid-avionics bay 

4 .  RTUs 1-70 - s e n s o r l e f f e c t o r  communications l e f t  and r i g h t  wing, 
empennage, mid a v i o n i c s  bay, forward a v i o n i c s  Say. 

The following a r e  r e a l l o c a t a b l e  f u n c t i o n a l  assignments:  

1. bus c o n t r o l  and g loba l  redundancy managenent 

primary processor  - FTC 
secondary processor - CPFC 1 then GPFC 2 



2. p r i m a r y  and s e c o n d a r y  mancal  f l i g h t  c o n t r o l  and a u g m e n t a t i o n  

a .  s t a b i l i z e r  and r u d d e r  

p r i m a r y  p r o c e s s o r  - GPFC 4 
s e c o n d a r y  p r o c e s s o r  - CPFC 1 t h e n  CPFC 2 t h e n  CPFC 3 

b. s p o i l e r s  and a i l e r o n s  

p r i m a r y  p r o c e s s o r  - GPFC 3 
s e c o n d a r y  p r o c e s s o r  - GPFC 2 t h e n  GPFC 1 t h e n  GPFC 4 

3. p r o p u l s i o n  

a .  e n g i n e  1 and 3 

b. e n g i n e  2 

p r i m a r y  p r o c e s s o r  - CPFC 4 
s e c o n d a r y  p r o c e s s o r  - CPFC 1 t h e n  GPFC 2 t h e n  GPFC 3 

4. a u t o m a t i c  f l i g h t  c o n t r o l s  ( a u t n p i l o t  and a u t h o t h r o t t l e )  

p r i m a r y  p r o c e s s o r  - SPFC 1 
s e c o n d a r y  p r o c e s s o r  - CPFC 2 

5 -  r e g i o n a l  and l o c a i  r edundancy  management 

These  f u n c t i o n s  a r e  c o n c e r n e d  m a i n l y  w i t h  managing t h e  redundancy  o f  t h e  
s e n s o r s  and e f f e c t o r s  i n  a  p a r t i c u l a r  r e g i o n  of t h e  a i r c r a f t  o r  a b o u t  a 
particular a x i s  o f  c o n t r o l .  Tbey w i l l  be a s s i g n e d  t o  t h e  p r o c z s s o r  which 
is  a c t i v e l y  c o n t r o l l i n g  t h a t  r e p i o n  o r  a x i s .  

A s i n g l e  BC h a s  c e n t r a i i z e d  c o n t r o l  o v e r  one  m u l t i p l e x e d  d a t a  bus .  The 
commsnd/response p r o t o c o l  is used  t o  a c c o m p l i s h  d e v i c e  m u l t i p l e x i n g  on e a c h  
i n d i v i d u a l  bus. The b a s i c  l e v e l  of redundancy is  t o  have  f o u r  XTUs on s e p a -  
r a t e  YUX b u s e s  which t h e n  s e r v i c e  one  f l i g h t - c r i t i c a l  s e n s o r / e f f e c t o r  g roup .  
The i n t e r f a c e  from t h e  RTUR t o  t h e  EMAS i s  c r o s s  s t r a p p e d  s e r i a l ,  f u l l  d u p l e x  
b r o a d c a s t  b u s e s .  For t h e  s e n s o r s  t h e  i n t e r f a c e  is  predomir~an t l .y  n o n c r o s s -  
s t r a p p e d  a n a l o g  w i r e s .  Because of  t h e  l a r g e  numbers ~f  r emote  t e r m i n a l s  u s e d ,  
i t  i s  L i k e l y  t h a t  c o s t  and w e i g h t  r e s t r i c t i o n s  w i l l  p r e v e n t  t h e  remote  t e r -  
m i n a l  u n i t s  from b e i n g  i n d e p e n d e n t  l i n e  r e p l a c e a b l e  u n i t s  e x c e p t  where t h e  
l o c a t i o n  and i ~ i t e r f a c e  r e q u i r e  i t .  More t h a n  70 RT u n i t s  w i l l  be  embedded 
h i t h i n  e x f s t i n g  LRUa ( c o m p u t e r s ,  EMAS c o n t r o l l e r s ,  a v i o n i c s ,  e t c . )  and  w i l l  
s h a r e  a  common power s u p p l y  w i t h  t h e  LRU i n  which embedded. 



There are 72 remote terminals located throughout the aircraft. They are 
assigned to the following areas. 

1. Flight Station/Forward Avionics Bay: 12 
3 PTC and 12 BC 

2. Mid Avionics Bay: 4 

3. Aft Avionics Bay: 4 

4. Right Wing: 20 

5. Left Wing: 20 

6. Empennage: 12 

9.3.4 Flight management and avionics data buses. - Candidate Architecture 1 ----- 
included the-flight management system (FMS) and avionics as a part of the 
arcliLtectura1 description. The type of buses used were ARINC 429 DITS buses 
and the entire bus interface for the FMS and avionics was accocnted for with 
respect to cost ard weight, These same systems were included with candidates 
2B, 2E, 3B, and 4A by integrating the F C  and avionics on a separate, dual 
MIL-STD-1553 multiplexed bus which is shown in figure 122. Separate inter- 
faces from the FMS and avi~nics (RA, ILS, IRS, DADS) are provided when needed 
to the flight control system I,'O bus. An alternate approach would be to 
provide redundant gateways between the two buses. 

9.4 Subsystem Trades 

9.4.1 Evaluation criterion. - The trades study final evaluation computes ------- 
quantitative cost, weight, and flight safety reliability data for the five 
candidate architectures. Relative scores are assigned in these areas on the 
basis of the quantitativ.~ data. In addition, other qualitative assessments 
were made with respect to additional evaluation criteria. The complete list 
of evaluation criteria is as follows: 

9.4.1.1 Safety related criteria: 

Flight Safety Reliability. - In addition to being a requirement, f1igl:t 
safety is also a cr rerion. Since all candidates must meet the minimum -4 requirements of 10 failure probability for a ten hour reference 
flight, only the relative benefit3 of additional reliability margins 
are assessed. 

Certificability. - To design a certif icable a4rcraft based on the IDEA 
requirements is one of the major objectivss. A qualitative assessment 
of the effort to certificate the aircraft is based on all applicable 
FAA Advisory Circulars and Regulations. 
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I n v u l n e r a b i l i t y  t o  Envircnmental  Hazards. - A q u a l i t a t t v e  assessment  of 
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asses.;ed. 
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0 Weight Rela ted  Cost Penalty.  - The weight of each of t h e  f i v e  FCS i s  
used t o  a s s e s s  the  weight r e l a t e d  penal ty .  

9.4.1.3 A r c h i t e c t u r a l  a s p e c t s  

Technical  Risk.  - Technical  ma tur i ty  of enab l ing  technologies  and 
methodologies used by each of the  a r c h i t e c t u r e s  is expected by the  year  
1990. The p o s s i b i l i t y  of f a i l u r e  of any of the  cand ida te  a r c h i t e c t u r e s  
from reaching matur i ty  by the  year  1990 due t o  complexity o r  immaturity 
of its enabl ing technologies  a r e  qual  i t a t i v e l y  assessed .  

Extended Developnent Capab i l i ty .  - The f l e x i b i l i t y  and f u t u r e  growth 
c a p a b i l i t y  of the  candidate  a r c h i t e c t   re a r e  qual  i t a t i v e l y  assessed .  

Resource Requirements. - The a b i l i t y  of t h e  processor ,  memory, and bus 
technology t o  meet the  throughput,  memory, and bus capac i ty  require-  
ments of each cand ida te  a r e  assessed.  

Fiber  Optic Capab i l i ty .  - The e f f e c t s  of l i g h t n i n g  and EM1 on the  IDEA 
a i r c r a f t  have not been eva lua tea  while a t  t h e  same time t h e  dec i s ion  t o  
go completely t o  a  f i b e r  o p t i c ,  f ly-by- l ight  technology can not be made 
because of t h e  r e l a t i v e  immaturity of f i b e r  o p t i c s  when compared t o  
wire.  A wire  medium was chosen with an  op t ion  t o  use f i b e r  o p t i c s  on 
the  p r e f e r r e d  s y s ~ e m  i f  necessary.  The i n a b i l i t y  of an a r c h i t e c t u r e  t o  
accept  f i b e r  o p t i c  implementation e a s i l y  w i l l  imply a d d i t i o n a l  c o s t  and 
r i s k .  A q u a l i t a t i v e  assessment of the  a b i l i t y  of each cand ida te  t o  
accept  a  f i b e r  o p t i c  implementation was assessed .  

9.4.2 Trade-offs a n a l y s i s  r e s u l t s .  - The previous s e c t i o n  def ined the  eval-  
ua t ion  c r i t e r i a  and t h e i r  e f f e c t  on t h e  o v e r a l l  c o s t  func t ion  which w i l l  
determine the  p r e f e r r e d  IDEA DFCS a r c h i t e c t u r e .  This  s e c t i o n  w i l l  eva lua te  
the  performance of each candidate  wi th  respec t  t o  each of t h e  c r i t e r i a ,  and 
w i l l  eva lua te  the  weight of each c r i t e r i o n  and how i t  r e l a t e s  t o  the  t o t a l  
cos t  f unc t ion. 

9.4.2.1 F l i g h t  s a f e t y  r e l i a b i l i t y :  F l i g h t  s a f e t y  r e l i a b i l i t y  is  the  prob- 
a b i l i t y  t h a t  a  f l i g h t  c o n t r o l  system w i l l  perform a l l  of i t s  c r i t i c a l  func- 
t i o n s  f o r  the  dura t ion  of the  mission.  For t h i s  s tudy a  10  hour f l i g h t  time 
was used,  with c r i t i c a l  func t ions  including manual, fly-by-wire f l i g h t  con- 
t r o l s ,  and s t a b i l i t y  augmentation i n  a l l  t h r e e  a x i s .  Autopi lo t  modes, wi th  
t h e  except ion of automatic landing under Category 3 c o n d i t i o n s ,  a r e  not 
c r i t i c a l .  The c r i t i c a l i t y  of the  augmentation modes a r e  dependent on the  
a i r c r a f t  s t a b i l i t y  margins, s o  t h i s  assumption could  be re laxed  f o r  some 
a i r p l a n e s .  This  assumption does not  a f f e c t  the  r e l a t i v e  rankings  of t h e  
a r c h i t e c t u r e s .  

F a i l u r e  r a t e s ,  l i s t e d  in t a b l e  24 f o r  the va r ious  components, were devel- 
oped from v a r i e t y  of sources .  F a i l u r e  r a t e s  f o r  e l e c t r o n i c  devices  were taken 
from MIL-HDBK-217D p r e d i c t  ions  made on s i m i l a r  u n i t s ,  based on a  temperature- 
c o n t r o l l e d ,  p ressur ized  environment. High temperature c i r c u i t s  have been 
assumed t o  be a v a i l a b l e  f o r  use i n  such a r e a s  a s  n a c e l l e s .  Gyros a r e  expected 
t o  incorpora te  r i n g  l a s e r  technology with an o rde r  of magnitude improvement i n  
r e1  i a b i l i t y .  



TARLE 24. - InEA COMPONENT FAILURE RATES 

Component 

EMAS S i g n a l  S e l e c t o r  

Low Vol tage  dc Power Supply 

Redundant Low Vo l t age  dc Power Supply  

Ac Power Supply 

Redundant ac  Powe r Supp ly  

EMAS Motor C o n t r o l l e r  

EMAS Mechanical P a r t s  

Computer Channel 

P o s i t i o n  Senso r  

Rate  Gyro 

Acce le rometers  

I n e r t i a l  Reference  Unit  

EYAS Motor 

R e c e i v e r / T r a n s m i t t e r  Un i t s  
f o r  T/9 Rus 

F a i l u r e  Ra t e  
( F a i l u r e s  p e r  hou r )  

0.75 x 

20 lom6 

0.016 x 11.)'' 

85 x 

0.075 x 

45 x 

2.3  x 10-' 

35 x l f 6  

0.7 x 

29 x 

74 x l f 6  

l o 0  ~ n - ~  

4R x 

The e l e c t r i c a l  power s u p v l i e s  which conve r t  a i r c r a f t  vower i n t o  low 
v o l t a ~ e  d c  power r e q u i r e d  by  t h e  d i g i t a l  c i r c u i t r y  a r e  viewed a s  c r i t i c a l  
e l emen t s  i n  t h e  system. T r a d i t i o n a l l y ,  t h e s e  power s u p p l i e s  have  been s i g -  
n i f i c a n t  c o n t r i b u t o r s  t o  t h e  f a i l u r e  r a t e  o f  t h e  a i r p l a n e  sys tems  u s i n g  
e l e c t r o n i c  equipment .  The r e l i a b i l i t v  of t h e s e  power s u p p l i e s  is  l i m i t e d  b y  
t h e  r e l i a b i l i t y  of  d i s c r e t e  d e v i c e s  such  a s  c a p a c i t o r s  and d i o d e s .  -7 t h e  
c a s e  of  DFCS, i t  is  o f t e n  conven ien t  t o  meet t h e  l o r v o l t a g e  powel .-ds of  
s e v e r a l  components from each  such  supp ly .  T h i s  p r a c t i c e  c a n  r e s u l t  
a p p r e c i a b l e  system r e l i a b i l i t y  d e g r a d a t i o n  i f  done i n d i s c r i m i n a n t l y .  
h a l - r e d u n d a n t  f a i l  o p e r a t i o n a l  low-voltage power s u p p l i e s  a r e  assumed i n  t h i s  
a n a l y s i s .  

F a i l u r e  r a t e s  f o r  t h e  EYAS a r e  based on a n a l y s i s  of a  u n i t  f o r  which 
d e t a i l e d  d e s i g n  i s  comple te  (Sunds t rand  l i n e a r ,  r o t a r y  C-141 a i l e r o n  EMAS). 
F a i l u r e  r a t e s  f o r  t h e  nodes of  t h e  mesh network c o n f i g u r a t i o n  and t h e  
r e c e i v e r / t r a n s m i t t e r  u n i t s  o f  t h e  bus -o r i en t ed  a r c h i t e c t u r e s  a r e  p r e d i c t e d  on 
t h e  a v a i l a b i l i t y  of s p e c i a l  purpose  c h i p  s e t s ,  such a s  t h o s e  becoming a v a i l -  
a b l e  f o r  MTL-STn-1557R bus  v r o t o c o l .  



Combining the  component l e v e l  f a i l u r e  r a t e s  us ing  t h e  Computer-Aided 
Redundant System R e l i a b i l i t y  Analys is  (CARSRA) f o r  t h e  a r c h i t e c t u r e s  o t h e r  
than t h e  mesh-based cand ida tes  produced the  r e s u l t s  of t a b l e  25. Manual 
a n a l y s i s  was used f o r  the  mesh a r c h i t e c t u r e s ,  This a n a l : s i s ,  presented i n  
Appendix C is  based on a f a u l t  t r e e  approach. An ad hoc l o r t r a n  program was 
used t o  perform t h e  computations. 

General conclusions a r e  a s  follows: 

1. Candidate A r c h i t e c t u r e  1 (analog s i g n a l  wi res )  had t h e  h i g h e s t  
r e l i a b i l i t y  a t  two hours but shows t h e  g r e a t e s t  degradat ion i n  
r e l i a b i l i t y  !.j t en  hours ( t h r e e  o r d e r s  of magnitude). 

2. Candidate Arch i t ec tu re  3 B  (mesh network) has t h e  h ighes t  r e l i a b i l i t y  
a t  t en  hours and shows t h e  l e a s t  amount of degradat ion ( l e s s  than one 
order  of magnitude). 

3. Candidate Arch i t ec tu re  2B ( d i r e c t  s e r i a l  l i n k s )  d i d  not  meet t h e  
requirements.  

4. Except f o r  2B, double f a i l - o p e r a t i o n a l  (quadruplex) redundancy appears  
t o  be a maximum redundancy required t o  achieve the  necessary  f l i g h t  
s a f e t y  r e g a r d l e s s  of the  type of a r c h i t e c t u r e .  

TABLE 25. - IDEA CANDIDATE FCS FLIGHT SAFETY RELIABILITY 

Unreliability Flight Control System Failure Probability vs. Time 



Based on the above arguments, candidate architecture 3B has the highest 
reliability rating followed by 4A, 2E, and 1. 

9.4.2.2 Certificability: It is apparent that architectures using near-term 
or present-day technology (technology that has been previously validated) have 
a higher degree of certificability than far-term technologies. Analog signal 
transmission for sensors and effectors has been used successfully for flight 
critical applications on fighter aircraft. Direct-coupled, serial broadcast 
buses such as the ARINC 429 DITS have been used for years for avionics 
applications. The design and operation of these serial broadcast buses are 
simple and robust compared to multiplexed buses where the interaction of 
multiple shared processors, sensors, and effectors complicates system 
validation. 

The mesh network, while having centralized network management and control, 
requires complex sofcware to grow, manage, and reconfigure the network. 

Distributed architectures require complex global operating systems to 
manage redundancy and resource reconfiguration strategies. Communication are 
along a serial bus with no discrete control lines which could assure that a 
fault is shut down. Systems have to be designed to fail passively to assure 
that the bus can be controlled. 

Based on these arguments, Candidate Architecture 1 has the highest rating 
for certificability followed by 2B, 2E, 3B, and 4A. 

9.4.2.3 Invulnerability: Architectures which have a high degree of isolation 
between components will have a lower degree of susceptibflfty to lightning and 
EM1 effect, especially when an electrical transmission media is used. A fiber 
optic implementation should eliminate potential problems due to the above 
environmental hazards; however, a fiber optic implementation could create 
further unforeseen problems. An architecture which can use a more mature 
electrical medium while at the same time minimizing environmental hazards is 
more desirable. Both Candidate Architectures 1 and 2B have individual, 
point-to point signal paths which should minimize damage in the event of a 
lightning strike. Thts assumes that the central computer has been properly 
isolated. The architecture which uses linear multiplexed buses has the high- 
est susceptibility due to the length of the buses and the multiplicity of 
connected equipment on each bus. The mesh network has by far the lowest sus- 
ceptibility due to the interconnected nodes which are electrically isolated at 
each node; damage would not propagate to the vital centralized computer sys- 
tem. Based on the above argument candidate architecture 3B has the highest 
invulnerability rating followed by 1, 2B, 4A, 2E. 

9.4.2.4 Aquisition cost and weight related cost: Aquisition cost were 
computed for the computer hardware, software, bus hardware, and wire. Sen- 
sors, effectors, and avionics were common to all candidates and were not 
included in the selection process although they were included in the cost 
input for total life cycle cost to ASSET for the preEerred architecture. DFCS 
computer cost were computed based on VLSIIVHSIC technology being developed by 
the Honeywell Corporation which is participating in the government's VLSI/ 



. 't 

. i VHSIC development program. Reference 18 documents Honeywell's c o s t  e s t i m a t e  
f o r  VLSI/VHSIC DFCS i n t e g r a t e d  c i r c u i t  components used on a far-term advanced 

i 
1' , 

t a c t i c a l  f i g h t e r .  The fol lowing methodology was used t o  compute c o s t  and 
weights f o r  the  lDEA cand jda te  a r c h i t e c t u r e s :  

. i  

> 1. DFCS subsystems were conf igured based on a h igh l e v e l  des ign scheme. 

2. Chip s e t s  were proposed t o  implement the  subsystem based on VLSI/VHSIC 
technology us ing the  same approximate l e v e l  of c i r c u i t  d e n s i t y  per 
c h i p .  

3. To ta l  ch ip  counts  t o  implement each subsystem, and subsystem cos t  and 
weight were computed based on t h e  c h i p ' s  f u l l - s c a l e  eng inee r ing  
development c o s t  (nonrecur r ing  c o s t  (NRC)) and product ion c o s t  
( r e c u r r i n g  c o s t ,  (RC)) . 

4. To ta l  system cos t  and weight were computed from the  subsystem data  and 
t h e  number of r e q u i r e d  subsystems. 

t 

5. Wire l eng th  was computed and i ts  c o s t  and weight was added t o  the  DFCS 
c o s t  and weight . 

6. The sof tware  c o s t  was computed us ing a $ / ( l i n e  of code) c o s t  f a c t o r .  
The code l eng th  was based on the  hardware and so f tware  requirements .  

The t o t a l  cos t  f o r  each DFCS a r c h i t e c t u r e  16 shown i n  t a b l e  26. Eased on 
t h i s  q u a n t i t a t i v e  assessment t h e  cand ida te  wi th  t h e  lowest  c o s t  i s  3 B  followed 
by 2E, 4A, 1, 2B. 

DFCS weighL has t h e  l e a s t  impact on t o t a l  system c o s t .  The weight a s sess -  
ment is shown in t a b l e  22. The weight saving i n  going from 2E ( lowest  weight)  
t o  1 (h ighes t  weight) is 840 pounds. Based on t h i s  q u a n t i t a t i v e  assessment 
the  candidate  with t h e  lowest  welght r e l a t e d  c o s t  is 2E followed by 4A, 3B, 
2R, 2nd 1. 

L 

9.4.2.5 Technical  r i s k :  I n  genera l ,  t h e  r i s k s  inc rease  a s  t h e  system designs  
i n c o r p o ~ a t e  far-term t rchno log ies  and un tes ted  des igns  and concepts .  The same 
argument used f o r  the  l e v e l  of c e r t i f j c a b i l i t y  ho lds  f o r  l e v e l  of r i s k .  The 
Candidate Arch i t ec tu re  with the  lowest  l e v e l  of r i s k  would be 1 followed by 
2B, 2E, 3B, and 4A. 

9.4.2.6 Extended development c a p a b i l i t y :  A r c h i t e c t u r e s  such a s  1 has  a low 
f l e x i b i l i t y  and f u t u r e  growth c a p a b i l i t y  because t h e  ded ica ted  l i n k  can only 
s e r v i c e  one sensor  o r  eLfector .  The a d d i t i o n  of new devices  w i l l  r e q u i r e  
a d d i t  ionol wires t o  be run from the  device t o  t h e  main computer. The dedi- 
c a t e d ,  s e r i a l  ARINC 429 DITS buses a l s o  r e q u i r e  a d d i t i o n a l  buses t o  be added 



Compute rc 
(SY 

S o f t w a r e  Hardware Trr " m i z e d  cost' (;;; 

C a n d i d a t e  
T o t a l s  (SM) 

300 A i r c r a f t  

NRC = Won-recurring c o s t  
RC = R e c u r r i n g  C o s t s  

Ru s 
Hardware 

( I b )  

I t e m i z e d  Wciqht 
C a n d i d a t e  

Weiqht ( I h )  A r c h i t e c t u r e  

f o r  e a c h  a d d i t i o n a l  a v i o n i c s  d e v i c e ,  Hardware c h a n q e s  w i l l  h e  r e q u i r ~ d  w i t h i n  
h o t h  t h e  main computer and t h e  added d e v i c e s .  A r c h i t e c t u r e  7R 1s more f l e x -  
i b l e  t h a n  1 h a c a r ~ s e  i t s  remote t e r m i n a l s  and s e r i a l  h r ~ s e s  a l l o w  a d d i t i o n a l  
d e v i c e s  t o  he added a s  long  a s  a d d i t i o n a l  RTTJs a r e  n o t  r e q r ~ i r e d .  The l i n e a r  
W1Y b u s  a r c h i t e c t u r e s  (2E and 4 4 )  h a v e  t h e  g r e a t e s t  c a p a h I l i t v  b e c a u s e  t h e  
l i n e a r  ~ U R  a l l o w s  a d d i t i o n ~ l  d e v i c e s  t o  h e  added a n w h e r e  on t h e  h u s  w i t h o u t  
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. , major hardware changes to the centralized computer. Next to the MUX bus the 
Mesh network bus has the beet flexibility and future growth capability. Addi- 
tional nodes can be added locally and linked into adjacent nodes. The archi- 
tecture with the highest flexibility and extended development capability is 2E 
and 4A followed by 3B, 2B, and 1. 

9.4.2.7 Fiber optics compatibility: Architectures which are compatible with 
fiber optics media have a higher risk associated with using fiber optics 
instead of wire 5ecause of the immaturity of fiber optics buses for flight 
controls applications. Some parts of the flight control system are more 
exposed to the EMI/Lightning environment and might require fiber optics data 
buses, while other parts could use wire. 

Candidate architecture 1 has the lowest compatibility with fiber optic 
because the fiber optic transmitting devices operate best in a pulse mode 
rather than a digital signal. A pulse width modulated analog optical system 
could be designed but it would have little advantages over a digital coded 
system. The dedicated links do allow the bus to be partitioned into fiber 
optic and electrical portions. An alternate architecture to 1 would be an 
architecture which uses dedicated crossed strapped, serial data fiber optic 
cable to the EMAS, and dedicated serial data fiber optic cable for the sensors 
which would make as much use of passive fiber optic sensor technology, 
(reference 19). It would offer little advantage over a fiber optic 2B 

. . architecture. 

The MUX buses have the next lowest compatibility with fiber optics. Due 
to fan out power loss and attenuation loss at the couplers, a halfduplex 
fiber optics bus compatible with MIL-STD-1553 (supports up to 32 remote 
terminals) cannot be built with present passive fiber optic technology. 
Future developments in transmitters, receivers and couplers might make this 
type of bus available; however, the risk factor is high and the :-ost could be 
prohibitive. 

The architectures with the highest compatibility with fiber optic are 28 
and 38. Both of these architectures use data buses which are composed of 
multiple, point-to-point, dedicated, serial, digital data links. These links 
have a single transmitter, a single receiver, and a single cable for trans- 
mission and reception in one direction. Fiber optics technology used to 
implement thia type of serial data link is almost mature. Present proposed 
standards and specifications are under development by the SAE AE-9C Fiber 
Optics Subcommittee and there will be applications on the AV-8 aircraft. 

The architecture with the highest fiber optic cornpatability are 2B and 38 
followed by 2E, 4A, and 1. 

9.4.2.8 Resource requirements: Table 28 lists the resource requi-ements for 
processor speeds, 1/0 bus speeds, and interprocessor bus speeds. They were 
estimated from tables 22 and 23 based on the individual candidate architecture 
computer architecture and bus topology. The prnressor speeds are well within 
1 million operations per second and the total memory requirement is less than 
64K for the flight controls and propulsion functions. These levels are 
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achievable with VLSI/VHSIC technology. Since resource requirements are not an 

1 

issue tt will not be included in the evaluation. 

9.5 Choice of Preferred System for IDEA Configuration i 
9.5.1 Preferred candidate architecture selection. - The results of the ------ 
trade-off analysis allows the candidates to be scored relative to their per- 
formance for each of the evaluation criteria. Each of the criteria is 
assigned a weighting factor which is relative to the criteria's importance in 
the total 
following 

TG - 
WF - 
GRD - 
i - 

cost function. The total grade for each candidate is equal to the 
expression. 

total grade 
weighting factor 
raw grade 
index for each of the candidates 

1 - Candidate Architecture 1 
2 - Candidate Architecture 2B 
3 - Candidate Architecture 2E 
4 - Candidate Architecture 3B 
5 - Candidate Architecture 4A 

index for the eight criteria 

1 - Relinbil.lty WF = 10 
2 - Certificability WF = 8 
3 - Invulnerability WF = 13 
4 - Acquisition Cost WF = 6 
5 - Weight Related Cost WF = 7 
6 - Technical risk WF = 8 
7 - Extended Development Capability WF = 3 
8 - Fiber Optics Capability WF = 3 

Each weighting tactor is ranked from 0 to LO where 0 corresponds to the 
least important and 10 corresponds to the most important criteria. The 
following scale is used to assign raw grades to each of the candidates for 
each of the criteria. 

Reliability 
Certificability 
Invulnerability 
Acquisition Cost 
Weight Related Cost 
Technical Risk 
Extended development 
Capability 
Fiber Optics Compatibility 

0 - low . 10 -high 
0 - low . 10 - high 
0 - low . 10 - high 
0 - high . 10 - low 
O-high . 10-low 
0 - high . 10 - low 
0 - low . 10 -high 
0 - low . 10 -high 



.<, ' 
, . 
I For  t h i s  e v a l u a t i o n  t h e  h i g h e s t  raw g r a d e  and t o t a l  g r ade  is t h e  most 

d e s i r a b l e  g r a d e  and i n d i c a t e s  t h e  optimum c a n d i d a t e  ou t  of t hose  e v a l u a t e d .  

Tab le  29 l i s t s  t h e  raw g r a d e s  and weighted g r a d e s  f o r  each  c a n d i d a t e  
a r c h i t e c t u r e  and e v a l u a t i o n  c r i t e r i a .  The t o t a l  g r ade  normal ized  by t h e  sum 
of t h e  we igh t ing  f a c t o r s  is shown a t  t h e  bottom of t h e  ma t r ix .  The a r c h i -  
t e c t u r e  w i th  t h e  h i g h e s t  g r a d e ,  t h e  p r e f e r r e d  a r c h i t e c t u r e ,  i s  Candida te  
A r c h i t e c t u r e  38, t h e  CentralizedIMESH I1 a r c h i t e c t u r e .  

9 .5 .2  - P r e f e r r e d  IDEA d i g i t a l  fli_ght c o n t r o l  sys tem d e s c r i p t i o n .  - The -- -- -------- -------- 
Centralized/MESH I1 a r c h ~  t e c t u r e  has  been s e l e c t e d  a s  t h e  p r e f e r r e d  IDEA 
f l i g h t  c o n t r o l  sys tem a r c h i t e c t u r e  based on t h e  e v a l u a t i o n  methodology used i n  
S e c t i o n  9.5. 'This a r c h i t e c t u r e  hns been d e s c r i b e d  i n  S e c t i o n  9.2.5 and Fig-  
u r e s  111, 118 and 119. Although s u f f i c i e n t  e x p l a n a t i o n  and j u s t i f i c a t i o n  was 
g iven  f o r  t h i s  a r c h i t e c t u r e  i n  t h a t  s u b c h a p t e r ,  t h e  o u t s t a n d i n g  f e a t u r e s  of  
t h e  MESH w i l l  be summarized: 

c e n t r a l i z e d  DFCS a r c h i t e c t u r e  

t h e  c e n t r a l i z e d  computer i s  l o c a t e d  i n  a p r e s s u r i z e d ,  coo led  
compartment 

p ropu l s ion  and f l i g h t  c o n t r o l s  f u n c t i o n s  a r e  i n t e g r a t e d  i n t o  t h e  same 
computer 

c e n t r a l i z e d ,  quadruplex  f a u l t  t o l e r a n t  computer 

frame s y n c h r o n i z a t i o n  i s  used  fo r  t h e  quadruplex  p r J c e s s o r s  

s e r i a l  i n t e r p r o c e s s o r  buses  

d i s s i m i l a r  d i g i t a l  backup p roces so r  p r o t e c t s  a g a i n s t  g e n e r i c  s o f t w a r e  
e r r o r s  

110 d a t a  bus i s  a reconf igurab ' , e  d a m a g e i f a u l t - t o l e r a ~ l t  HESH necwork 

swi tched  network technology developed by C h a r l e s  S t a r k  Draper Labs 

network accompl ishes  pa th  swi t ch ing  and d e v i c e  and d a t a  m u l t i p l e x i n g  
u s i n g  a command response  p r o t o c o l  

c e n t r a l i z e d  bus c o n t r o l  i s  r e s i d e n t  w i t h i n  t h e  f a u l t  t o l e r a n t  p r o r e s s o r  

r emote ly  l o c a t e d  nodes can be c l o s e l y  a t t a c h e d  o r  embedded h igh  
t empera tu re  e l e c t r o n i c s  

t h e  network i s  composed of two independent  network s t r a t a  of 16 nodes 
e a c h  

t h e  swi t chab le  nodes a r e  connected by f u l l - d u p l e x ,  b i d i r e c t i o n a l  s e r i a l  
d a t a  l i n k s  
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0 the point-to-point data litiks are electricaily isolated at the nodes 
and easily support fiber optics 

This is a robust design because the network is divided into two indepen- 
dent strata of 16 nodes each and only one stratum is needed for operational 
fl~ght. An unforseen hardware failure within the bus hardware could caly 
propagate through one straturn meaning that a single point of failure within 
the MESH network cannot cccur. The two management strategies could be 
designed d!fferently to avoid generic bus management errors. In addition fgur 
direct links frnm the bus controllers/FTC exist for each group of eight nodes. 

9.5.2 .1  Electric vs. Eiber optic media: The use of fiber optic cable rather 
than vire can result in a 22 percent savings in cable weight for the YCS. 
This equates to a red~ction of 80 pounds when connector weight is neglected. 
The block fuel reduction is small compared to rhe reductions achieved in other 
systems. 

Fiber optics can be implementzd if it is shown that the FCS has a high 
susceptibiLity to transients resu1t:lig from E R I  or lightning strikes. 

9 .5 .2 .2  Sent ~rs: A skewed sensor arrangement is used such :hat only 9  sen- 
sors instead of 11. are required for double fail-operative capability for each 
sensor group (rate gyros, accel.erometers) for al: three axis. ?do sensors are 
located along each axis and three skewed sensors are along vectors on thz 
X-Y,X-2, Y-Z planes at $ 5  degrees from thp respective axis. Softwa, e FDI 
algorithm detect and isolate sensor failures on all three axis. ThJe reaults 
in a reduction of three rate gyros and three acrelercmeters. 

Strapdown ring laser gyro ( R L G )  inertial reference system (LRS) units are 
used t n  place of conventional mechanical. gyro units. The cost and weight 
advantages are small but the reliability Cs about three times that 2F the 
mechanical gyro unit in tcrms of MTBF hours. The bide bandwidth of the RIG 
IRS allows the sensor outputs to be used as backup sensors for cne flight 
augmentat Lon. 

9.5.2.3 Mesh network technology readiness: Since the Mesh network 1/0 bus is 
the one characteristic that Peparates the preferred architecture from the 
other architectures, It is necessary to make a general statement regarding the 
ability of the mesh network technology to meet its techriology readiness 
doadline. The Mesh network technoiogy has not reached technical maturity; 
however, neither has linear, multiplexed, data bus technology when used for 
rlight-critical applications. The mesh network is not the only one limited by 
implementation technology such 3s electrical or fiber optic media, electronic 
circuitry, or packaging. These limitations are also shared with other 
architectures euch as mulLLplexed data bus architectures and dietrtbuted 
architeirures. Sufficient time is needed to develop the complez bus 
management software, develop specific designs, and develop assurance methods 
for system validation and certification. On the other hand, the development 
of Mesh network technology i~ accelerating due to ongoing work which invo?\es 
prototype systems for testing. 



\ 

Reference 17 documents a network simulation which verifies network 
management software for a network similar to the preferred architecture 
network. An actual quadruplex fault tolerant computer was used to run the 
software and manage the network. The results demonstrated that a 4,000 byte 
program could successfu~ly grow, manage, and reconfigure a 16 node network 
through one bus controller. 

Reference 20 documents an iron bird simulation of a mesh network inter- 
faced with an A-7 simulator. The flight computers and mesh network bus were 
impleneuted in hardware and fault testing was performed with favorable 
results. 

The advanced information processing system (AIPS), under development by 
Draper labs, proposes to use a five port node Mesh network for all 110 and 
interprocessor buses. The AIPS system was designed to meet the information 
processing requirements for a fly-by-wire commercial transport aircraft, 
tactical military air-raft, and manned and unmamed space platforms. The 
system is in the preliminary design stage and will be built and tested on 
AIRLAB at NASA LARC. Phase 11 cf the AIPS program which calls for building 
and testing a prototype system is scheduled for completion by March, 1986. 
Reference 21 documents the AIPS system specification which includes the Mesh 
network node design. 

9.5.3 Flight contrc system i n s  for ASSET. -- -- ---- -- 
9.5.3.1 Aquisition ~ ~ s t  and weight data: Aquisition cost and weight for the 
preferred architecture wire, computers, and bus hardware have been computed 
and listed in tables 2C and 27. This was added t~ the cost and weight of the 
remaining IDEA DFCS equipment listed in table 22 and loaded into the ASSET 
flight control data input. 

9.5.3.2 Maintainability: Maintainability costs enter into total life cycle 
coat data which are evaluated bv ASSET. Life cycle cost were not used for the 
candidate architecture *?lection but maintainability data generated for 
the preferred architec'ure for input to ASSET. 

Th? maintainnbility aspects of the key components comprising the selected 
architecture is shown in *able 30. The man-hour values are predicted on the 
components being lochted in readily accessable avionics bays where feasible. 
This eliminates the need for using workstands and removing access panels. 
Certain components, e.g., engine controllers, require the use of workstands 
and gaining access through cowl doors. These factors have been considered 
where appropriate. 

9.6 Identificationn of Critical Technologies 

The following critical technologies for the LJEk air raft must be 
available by 1990. 

a Analytic -1 Redundancy - Analytical redundancy is the ca' xlation 02 
desired sensor s?gnals using different sensor inputs and known mathe- 
matical relationshiys. Currently these calculated signals are used for 



TABLE 30. - PREFERRED IDEA FCS MAINTAINABILITY 

Component 

T h r o t t l e  Quadrant 

Column LVDTS 

Wheel RVDTS 

Pedal LVDTS 

AOA Sensors 

Side  S l i p  Sensors 

Disc re te  SW. Assy. 

EFI 

FAS CDU 

FCS CDU 

Maint/Teet Panel 

Thrust  Rating Panel 

Var iable  Feel  Units  

P a r a l l e l  Trim Servo 

P i t c h  AP System 

Rol l  AP System 

YAW AP System 

Rate Gyros 

.4cceLerometers 

S p o i l e r  EMAS 

Aileron EMAS 

Wing Tip Accel. 

Hot. Stab. EMAS 

Rudder EMAS 

Engine 1 & 3 Cont l rs .  

Engine 2 Cont' *. . 
I RV 

MESH Nodes --- - ---.- ---. 

MH/ FC* MH/ FH* ==I== Matl $/PC* 

91 2.6 

336.0 

448.0 

336.0 

16,256.0 

16,256.0 

396.0 

75,000.0 

16,320.0 

16,320.0 

6,800.0 

3,400.0 

1,435.0 

4,305.0 

22,828.8 

22,828. 8 

22,828.8 

10,022.4 

87,112.8 

1,449.4 

2,340.0 

29,037.6 

936.0 

702.0 

2,800.0 

l,4OO.O 

33,000.0 

8 704 0 ,,A,,', 

Matl $/FH* 

3,042-0 

336 0 

448.0 

336.0 

81,280.0 

81,280.0 

7,920.0 

75,000.0 

27,200.0 

27,200.0 

6,800-0 

6,800.0 

28,700.0 

86,100.0 

38,048.0 

38,048.0 

38,048.0 

11,136.0 

96,792.0 

144,936.0 

234,OOO.O 

32,264.0 

93,600.0 

70,200.0 

56,000.0 

28,000.0 

33,000.0 

8,740.0 .- - - - -  
TOTALS - - A  28 689 - A  0 107 780 0 404 470.0 1,357,400.0 

*xlo6 MH/FC = Man Hours lFl ight  Cycle MH/FH a Man Hours /F l ig l~ t  Hour 

Maintenance c o s t s ,  MC, per f l i g h t  is: 
MC = MH/FC + t x MH/FH + Matl $/FC + t x Mat1 $/FH 



comparison monitoring purposes to aid in isolating a final failure of a 
dual sensor. It has been demonstrated, however, that the recons- 
truction of certain sensor signals can be of sufficient fidelity to be 
used for control law computations. T J  this case some degree of sta- 
bility margin enhancement may become necessary. Analytical redundancy 
may be applied to ths sensor set of the IDEA aircraft to reduce the 
sensor complement for certain sensors or may also be used to increase 
the redundancy of other more critical sensors. Analytical redundancy 
techniques are just beginniug to be applied to production systems in 
the area of engine controls. There is still some disagreement as to 
the bandwidth of the estimated sensor signals and the problems this may 
cause with the failure monitoring thresholds and active control 
functions. 

VHSIC/VLSI - Microcircui,, for microprocessor chips (MIL-STD-1750A) and 
serial data bus chips (MIL-STD-1553B) will. be available in two or three 
chip sets by the late 1980 s. One prediction is that ultrareliable 
embedded processing components will be available in the late 1980's to 
support digital calculations for flight controls. This increase in 
reliability will be derived from increased integration with reduction 
of chip counts and co.inections between chips, a d  also by fault toler- 
ance and self-testing mechanisms embedded on the ck;?s. Chip costs 
will be reduced slightly. However, systems containing thele new 
devices will not necessarily be low in cost 'lie to incr#?.?sas in system 
redundancy as a result of fly-byrire design. There is also a trend 
toward increased functional integration which tends to increase costs. 

0 High Temperature Electronics - Research and development in high tem- 
perature electronics and in high temperature packaging techniques has 
psignificantly since work was started in the 1960's by NASA for 
applicaticn to spacecraft. Research into semiconductor components 
involving high temperatures is on-going at several companies and 
government organizations. These activities can be grouped into the 
following cztegories: 

1. Developments for relatively short -term reliability as for 
geothermal and oil drilling applications. 

2. High-temperature testing to accelerate failures which would occur 
at normal temperatures, as is done by Bell Laboratories and others. 

3 .  Those which are being conducted under government sponsorship, such 
as the NAVAIR/NRL/GE program for application to engtne controls and 
work being performed at NASA Lewis. 

0 Research in packaging technology has been performed by HR Textron using 
existing components. Hybrid techniques have been employed wherein 
semiconduct~r chips were attached to the package substrate with eutect- 
ics, reducing the thermal path impedance between the microcircuit pack- 
age and the semiconductor junction from approximately 90°C/watt to 
10°C/watt. This work has been done by the General Electric Company at 
their Evendal-e Engine Division in applications related to the FADEC 



engine control program. High temperature electronics will be appli- 
cable to the IDEA flight control system in the areas of bus interface 
electronics, engine control, and smart servoactuators. These appli- 
cations call for electronics to operate in uncontrolled environffients 
within the aircraft which experience temperature extremes during normal 
operatiofi. 

Fiberoptics - Fiberoptic data communications offer three basic 
advantages over conventional cables: 

1. Greater bandwidth over longer distances. 

2. Improved physical characteristics (e.g., lighter weight). 

3. Increased channel integrity (e.g., EM1 immunity). 

The unique physical characteristics of fiberoptic cables offer sig- 
nificant benefits. They are small in size and very light in weight. In 
addition since fiberoptic cables contain no conductive materials, they 
are not potential current paths, do not require any grounding, and can- 
not cause short circuits. The last feature is of importance if the 
cables must be routed through potentially explosive areas (e.g., fuel 
tanks). Finally, fiberoptic cables are not affected by electromagnetic 
interference (EMI) produced by power distribution, relay switching, or 
lightning. From the above it can be seen that fiber optic cornmunica- 
tion has considerable appeal for applicatiorl to the IDEA aircraft. The 
EM1 characteristics, light weight, and high bandwidth will be of con- 
siderable value to the advanced flight control system architecture of 
the IDEA aircraft. 

Programming Languages (Ada) - Ada provides a significant advance in 
program language design and capabilities. Ada is the result of the 
Department of Defense's (DoD) effort to create a single, common higher 
order language for implementing mllitary embedded computer systems. 
The features of Ada were specified to meet the requirements for pro- 
gramming language with considerable expressive power covering a wide 
variety of applications from large ground-based systems to airborne 
flight-critical systems. The applicability of Ada to the IDEA aircraft 
flight control system will derive from the effort expended by the DoD 
to provide program development support environments. efficient run-time 
libraries, and the reuseable software that is generated for flight 
controls application. By applying r~useable software the certification 
tasks associated with the software may be reduced. 

High Speed Data Buses - Depending on the amount of information to be 
transferred or the rate at which it must be updated, there will he a 
need for a high speed data bus operating at speed of 10 MHz ar higher. 
The SAE AE-9B subcommittee on high speed data buses (HSDB) has begun 
efforts to replace the current MIL-STD-1553B (1 MHz) data bus with a 
higher speed bus that would be adequate for future integrated systen 
requirements. This new higher speed information transfer system (ITS) 



will employ an operational protocol that will provide the various sys- 
tems on the bus and their sensors with independence and fault isola- 
tion, as well as distributed control of the common data bus. This last 
characteristic, distributed control, is a major departure from the 
current MIL-STD-1553B dita bus, which uses a command response protocol. 
Due to the increased integration within the flight control system a 
high speed data bus will have broad application to the IDEA aircraft. 
A bus of the type currently under consideration would be applicable to 
both the MESH network and the more conventional parallel redundant bus 
implementation. In addition a high speed bus would be applicable to 
the power control system as well. 

Software Fault Tolerance - Fault-tolerant software design techniques 
have been developed to be used in the design and development of soft- 
ware and hardware, which itself will be tolerant of software faults. A 
software fault is defined as a design defect in the introduced during 
the software developnent cycle. The appearance of a software fault 
places the system in an erroneous state which may cause the system to 
fail. Software faults may be due to incorrect specification, incorrect 
algorithm, incorrect logic, coding mistakes, etc. Approaches to soft- 
ware fault tolerance include nversion programming, recovery blocks, 
and hybrid techniques. Software fault tolerance will have a signifi- 
cant impact on the IDEA flight control system due to its heavy reliance 
on software-based digital systems. As software fault tolerance tech- 
niques mature they will help bound the verification and validation 
tasks necessary for certification. 

Fault-Tolerant Processors - Considerable work has been done improving 
the reliability of digital flight control computers. Three advanced 
fault-tolerant computer systems are currently under development for 
possible application to digital flight control systems. These are: 

1. Software implementation fault tolerance (SIFT) 

2. Fault-tolerant multiprocessor (FTMP) 

3. Multimicroprocessor flight control system (MFCS) 

The first two fault-tolerant computer concepts achieve fault tolerance 
through reassignment of tasks aaong available processors. Task 
reallocation is necessary because the two systems are based on the use 
of multiple processors operating in parallel to obtain the required 
throughput. If a processor performing a critical task fails, another 
must be reconfigured to take its place. The primary differences 
between SIFT and FTMP is the method of detecting failures. SIFT relies 
on software implemented fault detection, whereas FTMP utilizes hardware 
bit-synchronization. Each of these approaches has unique problems 
associated with it. Since SIFT utilizes scftware for fault detection 
the software must be error free which comolicares the validation tasks. 
FTMP, due to the reliance placed on bit-synchronization, must ensure 
that all processors are in lock-step, which requires a fault-tolerant 



master clock. Solutions to these problems have been proposed by the 
associated contractor. 

2 The Multimicroprocessor Flight Control System (M FCS) is an ultra- 
reliable flight control system develo ed by the Honeywell Systems & 9 Research Center. The design of the M FCS is based on two conceptual 
building blocks, the self-checking pair and the information transfer 
system. The self-checking pair concept uses processors and bus pairs 
as the basic unit of redundancy. Each processor and bus in the system 
is paired. The halves of a pair perform identical functions on 
identical inputs. Non-identical outputs disconnect the pair from the 
rest of the system. The information transfer system is tolerant of its 
o m  internal faults and is protected against external hazards. The 
information transfer system also allows the consistent exchange of 
data. 

Bus Network - Mesh bus networks are major variants of standard multi- 
plex systems. The topology of mesh networks is one in which 
subscribers contain, or adjoin, repeater and switching circuitry 
referred to as nodes. Each port interfaces one end of a link. All 
links are full-duplex so that commands can be sent to reconfigure the 
petwork despite the presence of anomalous transmissions from a 
subscriber to a node. 

From this basic ability to reconfigure the bus routing highsurvival 
chacteristics of the network are derived. Note that once a bus has 
been created, it operates exactly as a true bus using standard bus 
protocols. Thus, there ar no operational overheads assocLated with 
the operation of the virtual bus beyond those imposed by a standard bus 
and an initial setup or confiuration procedure. 

A mesh data distribution network will provide for highly reliable data 
transfer for the IDEA flight control system. In addition to providing 
high reliability, the mesh network, if provided with adequlte spare 
nodes and links, may provide the capability of dispatching the aircraft 
with a known failure witnin the data distribution system. This would 
lower aaintenance costs by allowing an increase in the time between 
maintenance and also reduce operational costs by being able to dispatch 
with an existing failure. 

Surface Segmentation - Surface segmentation is a form of redundancy 
where a particular surface (i.e., elevator) is segmented (split) to 
increase the probability of operation after a failure. Generally aur- 
face segmentation is used to increase the survivability of tactical 
aircraft against weapon hits. If one of the segments of a surface 
receives a weapon hit or if the actuator should jam or fail then the 
other segmeat will sttll provide a limited amount of control power. 
The aircraft will still be controllable but wit.h a certain amount of 
degradation. Another advantage of surface segmentation is that it 
simplifies the actuator interface to the surface since the system has 
more tolerance to an actuator jam. Surface segmentation nay be appli- 
cable to the IDEA aircraft for preventing actuator jam £row disabling a 



particular control axis. This is an area that will be driven by cost 
trades between actuator complexity for a single surface and the reduced 
complexity for a segmented surface. 

Dissimilar Redundancy - Digsimilar redundancy is applied to avoid a 
generic fault from disabling a system by simultaneously failing all 
channels at once. Dissimilar redundancy may be applied to both hard- 
ware and software systems. A current example of dissimilar redundancy 
is the Space Shuttle which uses an independent fifth backup computer 
programmed in a different language from the four primary computers. 
Dissimilar redundant systems halve been developed and may be used for 
implementing essential subsystems for IDEA. 

Assurance Technology -Assurance technology consists of all facets of 
showing (assuring) that the flight control system is safe and meets the 
requirements of FAA Advisory Circulars 1309-1 and 20-i15. Currently 
aircraft software based systems are developed and validated under the 
guidelines of RTCA DO-178 which outlines a developmat process for the 
operational software. This document currently only addresses fllght- 
phase critical systems (i.e., Autoland) and will have to be expanded to 
cover full-phase critical systems such as relaxed static stability 
augmentation systems. Work in the areas of design methodologies, 
verification testing, formal proofs of correctness, and bounding the 
validation tasks must be addressed for the introduction of the IDEA 
aircraft. 

Integrated Maintenance Concepts - Integrated maintenance conccgts will 
utilize the increased computaticnsl p3wr af dfgital flight controi 
systems to enhance in-flight monitoring of the total flight control 
system. Positive identification of failures or transients in flight 
will reduce maintenance time in tdking corrective action to repair the 
flight control system. rheoc systems will be able to exploit advanced 
technology to isolate failures to the card level and possibly to the 
chip level within the ICKA t'lfgi~t- ccntrol system. Included within 
these systems or witlli!i the grc~nir support equipment will be expert 
systems to aid maintenance perssn- el in diagnosing problems and taking 
corrective action. 

9.7 FCS Plans and Resources for Technology Readiness 

To ensure the timely availability of the benefits realizable through IDEA 
configurations, it is essential that certain FCS technology needs to be 
addressed responsively in the near term. This entails the definition, justi- 
fication, and execution of an FCS technology readiness plan that ultimately 
permits the safe and dependable imlementation of full-time flight-critical 
DFCSs. In turn, this necessitates careful prioritization of need, as well as 
the recognition of existing technology initiatives, to direct the proper 
allocation of research resources. 



The previous section described the preferred IDEA FCS architecture and 
disclosed its composition, while section 9.2 identified certain tradeoffs that 
refine its attributes. Crucial among the latter are implementation risk and 
ease of validation which expand into an array of technology needs. Since the 
background for these needs is discussed in the next section, the tntent here 
is to define a strategy for fulfilling them. 

9.7.1 FCS enablin~ technolo&v needs for IDEA. - Basically, sufficient ----- --- .---- 
practitioner-oriented technolt!:: must be secure to design, implement, install, 
and validate IDEA FCSs on a consistent, dependable, and credible basis, for 
fulltime flight-critical DFCSs. This needs to done in a systematic, highly 
coordinated manner. As a unifying point of departure then, the first need is 
assurancedriven system deve1opment~v)ethodology that fosters, enables, and 
resolves system failure rates of 10 or less. It should also facilitate 
system integration on a technically mature level. 

The major and as yet unresolved concerns over achieving such a methodology 
are the quantification of software system reliability, the overall adequacy of 
fault tolerance, and system robustness in the installation environment. These 
concerns in turn expand out into the more specific issues given in figure 123. 
For the present, however, the higher-level concerns merit further assessment 
in the context of a total system development methodology. 

System reliability - Dev nstrating compliance with FAA Advisory Circular 
(AC) 25.1309-1 for critical system function would be currently a virtually 
iatractablc sndertsktng for a DFCS because of inability to characterize the 
impact of software discrepancies. Existing software reliabiiity mo6eis havs 
not proven very accurate or consistent, nor have they been able to capture the 
effects of combined hardwarefsoftware interactions. Since even the promise of 
acceptability for critical applications does not appear to exist, entirely new 
approaches and methods would seem proper. In any case, software system reli- 
ability constitutes an urgent lUEA need. 
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Figure 123. - Enabling techology needs. 
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Fault tolerance - Not only must fault tolerance be devised and validated 
primarily at a system level, but it must be carefully tailored to particular 
applications. System resources must be allocated in a manner that affords an 
overall balanced fault protection. The dominant concern in redundant DFCSs at 
present, however, is strictly software based; this is the possibility of a 
generic software error that coincidentally appears in all channels. Since all 
channels would manifest the same anoma, w a  behavior the system could not 
detect or compensate for the error. 

Some form of dissimilar software is required to achieve tolerance of 
software faults. This could take the form of dissimilar software in different 
computational channels or a type of software fault tolerance such as n-version 
programming. IF either case, the software to achieve this has yet to be 
developed. This results largely from the need 80 maintain close coordination 
among wide-bandwidth, redundant channels. The enabling technology is 
particularly weak in the case of fault-tolerant software which is very 
application dependent. 

As evident in the IDEA reliability analyses, major leverage for system 
improvements lies in better electrical power distribution and control systems, 
as well as in upgraded electronic power supplies. The former issue is most 
acute in the case of an all-electric aircraft, and the latter in the case of a 
safety-critical systen. Both concerns need to receive some of the emphasis 
currently accorded to electrical power generation. 

Environmental robustness - Digital flight systems have been rather sus- 
ceptible to aspects of the environment within an aircraft including 
temperature extremes, humidity, and vibration, electrical power transients and 
electromagnetic interference (EMI); and poor heat sinking at device mounting 
points and exposure to insdvertant damage by humans. 

The environmental implications for the electronics are particularly 
formidable. Basically, there is a need for certain quasi-standard components 
that can be servicable over a range of installation conditions. For example, 
the same type of mesh network node should be dispersed over the aircraft, 
c~i~ceivably with temperature extremes being encountered simultaneously in the 
nacelles and in the wings. The high temperature concerns may be further be 
accentuated by components being mounted on composite materials which are 
generally theraal insulators. 

Thermal cycling, moreover, is of concern with regard to fiber optic con- 
ductors, which tend to exhibit increased attenuation over curved spans due to 
differing increments of cxpansion/contraction. Susceptibility to electrical 
power transients is another concern, and it applies t~ both electro-ptic 
converters in fiberoptics systems and electrical bus media. This is on1.y one 
aspect of the concerns regarding the integrity of data buses which must 
incorporate means to withstand or recover from transient disturbanceo. 

Validation conclusiveness: The conclusiveness of system validation 
depends on all three of the foregoing technology needs coupled with other 
assurance technologies. The latter are of course the subject of concern here. 
For clarification, system validation here is used in essentially the same 



meaning as FAA certification, and hence validation activities are considered 
to begin long before the onset of actual validation testing. Technology needs 
as derived from IDEA FCS requirements, moreover, indicate that validation 
activities must begin at the initiation of the system development cycle, 1.e.. 
when FCS requirements are being defined. 

The pivotal assurance technologies that focus on system structure, as 
opposed to system function, include rapid protoyping, design verification, and 
software complexity metrics. 

Briefly, rapid prototyping is needed to confirm user requirements and to 
alleviate technical risk at the outset of the development cycle. This becomes 
increasingly important as DFCSs become more sophisticated and safety-critical. 
Rigorous design verification is essential to ensure the existence of and 
compliance with an explicit and precise design solution. Only then can system 
implementation begin, and only then is there an adequate basis for subsequent 
system validation. Aside from design utilitiy, software complexity metrics 
offer a possible basis for quantifying validation test requirements and 
coverage actually achieved. 

9.7.2 FCStec_hnoiogyreadinesslan. ------ - Many diverse technology initiatives 
promise to contribute to the reali'z'a'tion of IDEA-oriented FCSs. In some 
cases, the motivation is somewhat different from the present application, but 
the intended results may translate well into the IDEA context. To avoid 
redundant R6T efforts it is essential to acknowledge such programs. It should 
be noted, however, that while all of the IDEA-essential enabling technologies 
are currently bedng investigated in some sense, there still remains the need 
to formulate certain new projects to ensurs fultiiiment of ih DFCS technology 
needs for the realization of IDEA configurations in. L'ne early 1990s. 

A summary of prioritized technology neede is presented in figure 123, 
along with suggestions regarding R6T emphasis. To indicate intetrelationships 
and interdependencies among technology elements, figure 124 depicts a 
technology roadmap to provide the desired technology readiness for 
IDEA-oriented DFCS. Refinement and implementation of this plan of course 
involves considerable definition beyond that offered here, but that presented 
is deemed to be a sound nucleus for fcllow-on R&T activities. 

9.7.3 -- Tech~ologies a 2 ~ r ~ ~ ' i a t e  ----- for&overnmentxort. ------a - Figure 125 ehows a 
list of technolog<e'i which are appropriate for government support along with 
schedules and resources. The technologies are indeed high risk due to their 
Lack of maturity compared to other technologies. Unlike other technologies, 
(energy efficient engine, advanced electrical power systems, electromechanical 
actuation, etc.,) the development of these DFCS enabling technologies has not 
been driven by economic incentives which have promoted development of other 
technologies by private industry. However, these critical path technologies 
will enable high payoffs. Without them the IDEA aircraft would be 
unachievable. 
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Robust e l e c t r o n i c s  and f a u l t - t o l e r a n t  power supply technology development 
should  be mature p r i o r  to  1988 s o  t h a t  pre l iminary  des ign can proceed on 
schedule.  Faul t - t o l e r a n t  e l e c t r o n i c  power s u p p l i e s  incorpora te  f a u l  t - t o l e r a n t  
concepts wi th  robust  e l e c t r o n i c s  and i ts  development w i l l  l a g  robust  
e l e c t r o n i c s  by two years .  

Fau l t - to le ran t  e l e c t r i c a l  power d i s t r i b u t i o n  and c o n t r o l  w i l l  a l s o  l a g  the  
d e v e l o p e n t  of robust  e l e c t r o n i c s  by two years.  This program would c o n s i s t  of 
des igning power d i s t r i b u t i o n  and c o n t r o l  devices  s u i t a b l e  f o r  f 1 i g h t - c r i t i c a l  
e l e c t r i c a l  power systems,  des ign of f a u l t - t o l e r a n t  d i s t r i b u t i o n  arir. ' r o l  
a lgor i thms ,  and l abora to ry  t e s t i n g  t o  va:idate a  prototype system , r!fy 
a l l  concepts and devices .  

Software r e l i a b i l i t y  w i l l  mainly involve v a l i d a t  ion of DYCS an: ' e r r  7 . .  
power system sof tware  t o  a s s u r e  r e l i a b l e  software. Its development uf ; '  
proceed from 1985 through t o  c e r t i f  l e a t i o n  s i r ~ c e  i t  is not dvsign o r i  I , . 
Software fau l t - to le rance  w i l l  proceed from 1985 up t o  p ro jec t  go-aheal. a ., 
a t  which time a d e c i s i o c  must be made regarding the des i red  so f tware  r k  - r -  
t o l e r a n t  technique and the  processor requirements f o r  t h a t  technique.  

MUX bus i n t e g r i t y  mostly involves  l abora to ry  t e s t i n g  of a r e p r e s e n t a t i v e  
IDEA DFCS bus t o  determine i t s  i n t e g r i t y  In a  high EM1 environment o r  in t h e  
presence of a  l i g h t n i n g  s t r i k e .  It w i l l  a l s o  be necessary t o  eva lua te  the  
decreesed pro:ectfon due to  use of composite s t ructur .?s .  The e v a l u a t i o n  
should be completed by t h e  beginning of the  p r e l  iminary des ign phase so t h a t  



dec i s ions  regard ing  system p r o t e c t i o n ,  communications media, e t c ,  can  be nade. 
This developnent w i l l  l a g  r o t u a t  e l e c t r o n i c e  becaucce t h e  d e s i r e d  l e v e l  of MUX 
bus i n t e g r i t y  w i l l  be dependent t o  some e x t e n t  on the  coPlponenco. 

10. AEROELASTIC DESIGN CONSIDERATIONS FOR ALTERNATE i EA AIRPLAhE 

I n  the  A l t e r n a t e  IDEA, t h e  a i r c r a f t  des ign c o n s t r a i n t s  a r e  r e laxed  without 
v i o l a t i n g  t h e  i n t e n t  of FAR P a r t  25 o r  P a r t  36 t o  determine whether 
oynergis t  i c  r e l a t  ionships  e x i s t  between a i r c r c f  t des ign and IDEA concepts .  
The a i r c r a f t  must s a t i s f y  the  payload, range and o t h e r  perfcrmance 
requirements of Ccction 1.4.2. In  t h i s  chap te r  some fundamental changes i n  
a i r c r a f t  des ign c r i t e r i a  a r e  discussed.  These changes w i l l  t e  possil:e w i t h  
the  Implementation of the  IDEA concepts .  Some a d d i t i o n a l  advancos i n  the  
e l e c t r i c  seccndary power systems (cons i s t en t  wi th  c post-1994 c e r t i f i c a t i o n  
date)  a r e  d iscussed in Chapter 11. The tarulta.  ' b e n e f i t s  a r e  desc r ibed  i n  
Chapter 13. 

The wing design of an advanced t r a n s p o r t  w i l l  t n c o r p o r l t e  t echno log ies  
t h a t  w i l l  be p r imar i ly  d i r e c t e d  t o  inc reas ing  f  r p . 1  economy. The goa l  is  t o  
optimize the  des ign f o r  minimum drag wi th in  the  c o n s t r a i n t s  of s a f e t y  
c r i t e r i a .  

The ind iv idua l  technologies  t o  c o n t r o l  maneuver loads ,  f l u t t e r ,  r i d e  
q u a l i t y ,  reduced s t a t i c  s t a b i l i t y ,  e l a s t i c  response,  gus t  l o a d s  a l l e v i a t i o n ,  
and handl ing q u a l i t y  have been demonstrated by a c t i v e  and pass ive  means. 
There a r e  no demonstrat ions of a l l  of these  f u n c t i o n s  I n t e g r a t e d  ir, one des ign 
process.  A paper by Ju rey  arlu i2ariovcich ( r e f .  22) demnstre ted  the 
I n t e g r a t i o n  of t h e  a c t i v e  c o n t r o l  f u n c t i o n s  f o r  f l u t t e r ,  handlirig q u a l i t i e s ,  
gus t  load  c o n t r o l ,  and r i d e  q u a l i t y  on a  supersonic  c r u i s e  v e h i c l e  
conf igura t ion  u ~ i n g  j u s t  t w ;  c o n t r o l  system s u r f a c e s .  

There have been ex tens ive  f  1 ight  exper iences  with a c t i v e  c o n t r o l  systems 
i n  camnercial  t r a n s p o r t s .  The L-1011-500 ACS a i r p l a n e  is c u r r e n t l y  f l y i n g  an 
a c t i v e  c o n t r o l  system f o r  maneuver load c o n t r o l ,  e l a s t i c  load  suppress ion and 
gus t  a l l e v f a t  ion. F l u t t e r  margin enhancement was demonstrated on an L-1011 
t e s t  a i r p l a n e  us ing ei:her the  o t -board  a i l e r o n s  o r  h o r i z o n t a l  s t a b i l i z e r  f o r  
inc reas ing  s t a b i l i t y  of an in-f 1 lgh t  low damped mode. The f e a s i b i l i t y  of 
reduced s t a t i c  s t a b i l i t y  sse a l s o  demonstrated by f l i g h t  t e s t i n g .  

The r a p i d  development of d i g i t a l  implementatior, of a u t o p i l o t  f u w t i o n s  
provides  t h e  b a s i s  f o r  the  conceptual  i n t e g r a t i o n  of these  a e r o e l ~ r - i c  des ign 
f u n c t i o n s  i n t o  a s i n g l e  a d v a n ~ e d  £1 igh t  management system. 

me des ign of s t r u c t u r e s  f o r  a e r o e l a s t  i c  cf f e c t s ,  w i t h i n  the  p r e l  b i n a r y  
des ign schedule  c o n s t a i n t s ,  has  been making s teady progress  wi th  t h e  ro rk  of 
Dr. Sob i e s k i  of NASA-LaRC i n  the  mu1 t i l e v e l  op t imiza t ion  approach. One 
example of t h e  many design t o o l s  under d e v e l o p e n t  in the  indus t ry  is 
Prel iminary  A e r o e l a s . 1 ~  3es ign  of Structr.rres (PADS) ( r e f .  23 a..d 25) .  

Active c o n t r o l  and f l i g h t  c o n t r o l  s y s t e a s  couplca wi th  t h e  deveiopment. of 
advanced f l i g h t  c o n t r o l  computer technology, r a : ~ i d  a e r o e l a s t i c  desibri of 
s t r u c t u r e s ,  and advanced f l i g h t  s imula t ion  techniques provide bases  f o r  t h e  
A1 t e r n a t e  IDEA a i r p l a n e  proposal .  



10.1 Problem D e f i n i t i o n  

How can a e r o e l a s t  ic  des ign e x p l o i t  advanced f l i g h t  management system 
t e c h  s i  3gy? 

T r a d i t i o n a l  feedback -.ontrol systems a r e  l i m i t e d  ill t h e i r  a b i l i t y  t o  
reduce structural weight. For example, f i g u r e  126 shows t h a t  80 percent  of 
the  wing cover weight r educ t ion  occurs  wi thin  50 F ~ r c e n t  of t h e  optimum 
c i l e r o n  ga in  f o r  maneuver load  c o n t r o l  ( r e f .  24, f i g u r e  42).  

The A l t e r n a t e  IDEA a i r p l a n e  concept a s  propoced here  must be a b l e  t o  
e x p l o i t  not  only t h e  c lppl ica t ion of the  new technology in f l l g h t  c r i t i c a l  
c o n t r o l  s y s t e w  but the  synergisms of combining a c t i v e  c o n t r o l  technology,  
advanced d j g i t a l  f l i g h t  c o n t r o l  concepts ,  the  a l l  e l e c t r i c  a i r p l a n e  tech-  
nology, and the  i n t e g r a t i o n  of these  technologies  i n t o  t h e  a e r o e l a s t  i c  &ad 
performance design.  Figure 127 shows the  technologies  which a r e  r equ i red  t o  
ach ieve  t h e  g o a l s  w i t h i n  the  syec ' - i e d  design requirement c o n s t r a i n t s .  Th i s  
f i g u r e  emyha8izes t h e  need t o  consider  the  design process  a s  an i n t e g r a t e d  
des ign a c t i v i t y  r a t h e r  t h a t  :he design of s e p a r a t e  loose ly  coupled systems. 
The t o o l s  used In p r e l  h ina . ,  design a r e  l i s t e d  a s  ASSET, CADAM, and PADS. 

The one f a c t o r  t h a t  has g r e a t  p o t e n t i a l  i n  reducing s t r u c t u r a l  r e i g h t  f o r  
a l l  con£ i g u r a t i o n s ,  e s p e c i a l l y  a l a r g e  impact on t h e  more r e f i n e d  des igns  O L  

t h e  f u t u r e ,  is the  p o s b i b i l  i t y  of changing cutreaL s t r u c t u r a l  des ign c r i t e r i a .  

AILERON WOREES PER (1 

Figure 126. - Wing cover weights f o r  d i f f e r e n t  MLC a i 2 e r o n  ga ins .  
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The role of the advanced flight critical control concepts together with 
the traditional feedback control systems and advanced sensor technology is to 
provide the tool to maintain the safety of existing airplanes when existing 
criteria such as design maneuver load factor are altered. 

10.2 Alternate IDEA Airplane Concepts 

The approach to an Alternate IDEA airplane wing design will be an integra- 
tion of active coqtrols, advanced flight control concepts, wing material 
placement optimization, wing configuratian definition, and airplane perfor- 
mance. The Alternate IDEA airplane will have a high degree of computer tech- 
nology mechanized into the primary flight control systems. The same computers 
will also serve both the aeroelastic requirements as well as the propulsion 
functions in one integrated architecture. 

The incorporation of the computer technology into the primary flight con- 
trol systems to reduce significantly structural weight will require high 
functional reliability associatei with advanced arrchitectures. 

10.2.1 The central theme. -With the proposed level of computer technology to 
be integrated in the flight control system the pilot interaction wfth the 
airplane control may be open to review. It is possible to think of the com- 
puter providing the pilot an airplane platform which is stabilized relative to 
gust and wind shear disturbances. If the scenarios of gust and wind shear 
disturbances that generate high g maneuvers and/or hazardous upsets for 
current airplane designs could be identified, they could be used to define a 
computerized control system that would l o m r  the maneuver l ~ a d  factor 
reeponse. This lower level of maneuver g's may form the basis for lowering 
deeign loads. This proposal, as summarized in figure 128, is a preliminary 
look at changing the design criteria to save atructural weight. 
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Figure  128. - Proposal .  

However, t h e r e  a r e  o t h e r  c o n s i d e r a t i o n s  t h a t  e n t e r  i n t o  t h e  des ign of t h e  
wing bes ides  maneuver and gus t  loads ;  namely landing and t a x i i n g  loads ,  ground 
hand1 ing,  d e f l e c t  ion c o n s t r a i n t s ,  e t c .  An a i r p l a n e  des ign would be r e q u i r e d  
t o  focus the  i n t e g r a t i o n  of va r ious  technologies  r equ i red  t o  e v a l u a t e  t h e  
potent  l a 1  payoffs  in t h e s e  va r ious  a r e a s .  

10.2.2 Advanced f l i g h t  c o n t r o l  concepts.  - The advanced f l i g h t  c o n t r o l  con- 
c e p t s  w i l l  have a d d i t i o n a l  f e a t u r e s  over and above the  f u n c t i o n s  a t t r i b u t a b l e  
t o  f l i g h t  c r i t i c a l  systems. I f  t h e  computer i n t e g r a t i o n  i n t o  t h e  b a s i c  a i r -  
plane o p e r a t i o n  were t o  be promoted t o  a l e v e l  where the  p i l o t  made commands 
t o  a computer which i n  t u r n  conf igures  t h e  c o n t r o l  s u r f  a c e s  d e f l e c t  i o n s ,  
engine  power s e t t i n g s ,  e t c .  t o  s a t i s f y  t h e  f l i g h t  path requirements ,  then  
the re  would be a means t o  develop a d d i t i o n a l  concepts  t h a t  could  be  c r i t i c a l  
t o  the  r e a l i z a t i o n  of s u b s t a n t i a l  s t r u c t u r a l  weight savings .  

10.2.2.1 Advanced f l i g h t  c o n t r o l  manager: The Advanced F l i g h t  Control  Manager 
(AFCM) has t h r e e  concepts  t o  be o f f e r e d  f o r  cons ide ra t ion ,  namely t h e  e x p e r t  
system, t h e  l o a d s  and f l i g h t  envelope l i m i t e r ,  and t h e  a i r p l a n e  sys tems 
resource  i n t e g r a t o r .  

The exper t  system is r e s i d e n t  onboard the  a i r p l a n e  and would be a v a i l a b l e  
t o  t h e  AFCM i n  its stand-alone mode and t o  the  f l i g h t  crew through some high 
l e v e l  language f o r  quer i e s  . The exper t  system would c o n t a i n  predef ined 
a c t i o n s  based on the  s t a t e  of t h e  a i r p l a n e  and its subsystems. It w i l l  func- 
t i o n  much l i k e  the  f l i g h t  manual which d e f i n e s  p i l o t ' s  response  t o  c e r t a i n  
observable  ctles. The exper t  system could o p e r a t e  o n l i n e  dur ing  t h e  f l i g h t  and 
inform the f l i g h t  crew of the  systems s t a t u s  and the  recommended course  of 



, , a c t i o n .  The advantage of a n  exper t  system over the  f l i g h t  manual is t h e  
a c c e s s  t o  o r d e r s  of magnitude more d a t a  on the  s t a t e  of t h e  a i r p l a n e  and t h e  
s h o r t e r  time response t o  d e f i n e  t h e  recommended course  of a c t i o n .  

., The loads  and f l i g h t  envelope l i m i t i n g  func t ion  t o  be explored wi th in  t h e  
AFUI a r c h i t e c t u r e  is the  f e a s i b i l i t y  of maneuver and gus t  load  l i m i t i n g  t o  
l e v e l s  r e l a t e d  t o  a i r p l a n e  c t r e n g t h ,  and envelope 1 b i t i n g  r e l a t e d  t o  p o s i t i v e  
f l u t t e r  margin requirements.  One of the  key elements of t h i s  f u n c t i o n  is AFCM 
knowing what f l i g h t  cond i t ion  t h e  a i r p l a n e  is in a t  a l l  times. For example, 
weight,  c e n t e r  of g r a v i t y ,  a i r s p e e d ,  and a l t i t u d e  a t  any given t ime dur ing the  
f l i g h t  de f ine  t h e  maneuver and gus t  l o a d s  c a p a b i l i t y  of t h e  a i r p l a n e .  The 
AFCM could  take  advantage of a v a i l a b l e  a i r p l a n e  s t r e n g t h  and f l u t t e r  margins 
i n  responding t o  an  emergency. 

The t h i r d  AFCM concept is t h e  i n t e g r a t i o n  of t h e  a i r p l a n e  f l i g h t  and load 
c o n t r o l  r e sources  t o  respond t o  a  f l i g h t  path  d i s tu rbance  when given t h a t  
a u t h o r i t y  by t h e  f l i g h t  crew. Some examples may include:  

a t h e  automatic rudder ,  a i l e r o n ,  engine power s e t t i n g s ,  and angle-of- 
a t  t ack  compensation f o r  engine  ou t  c o n d i t i o n  on take-of f . 

o t h e  automatic adjustment of a i r s p e e d  f o r  severe  gust  p e n e t r a t i o n  
requirements,  and the  adjustment of gust  loads  c o n t r o l  ga ins .  

a t h e  automat ic  c o n f i g u r a t i o n  of t h e  a i r p l a n e  t o  minimize t h e  upset  
c o n d i t i o n  due t o  severe  wind shear  and the  i n i t i a t i o n  of a recovery 
procedure. 

a the  f l y i n g  of p r e c i s e  t r a j e c t o r i e s  during emergencies such a s  
decompress ion. 

a providing op t ions  t o  the  p i l o t  whi le  on emergency is i n  p rogress  and 
t h e  AFCM is i n i t f a t i n g  t h e  f i r s t  op t ion .  

a providing reduced work load  in f l y i n g  the  a i r p l a n e  and g i v i n g  t h e  crew 
more time t o  opt imize  t h e  o p e r a t i o n  of t h e  a i r p l a n e .  

a i n t e g r a t i n g  c o l l i s i o n  avoidance information from onboard and ground 
stat ion inputs .  

10.2.2.2 Advanced d i sp lays  and f l i g h t  crew i n t e r a c t i o n s :  The i s s u e  of f l i & h t  
crew i n t e r a c t i o n  with the  Advanced F l lgh t  Control  concepts w i l l  not  be 
explored he re  a t  any depth. The man-machine i n t e r f a c e  is not t r i v i a l  when 
concepts of a n  e x i s t i n g  o p e r a t i o n  w i l l  probably have t o  be i n t e g r a t e d  i n t o  t h e  
new system. Progress  i n  t h i s  a r e a  is a c c e l e r a t i n g ,  e s p e c i a l l y  i n  advanced 
d i sp lays .  The Space S h u t t l e  Program should provide t imely exper ience  
concerning the  q u e s t i o n  of the  man-machine i n t e r f a c e  f o r  an a i r c r a f t .  Also,  
advanced f i g h t e r  conf igura t ions  w i l l  address  t h i s  problem in t h e  near f u t u r e .  

10.2.2-3 Advanced sensor  technology: In  o rde r  t o  e x p l o i t  the  f u l l  p o t e n t i a l  
of a c t i v e  c o n t r o l  concepts ,  i t  w i l l  be necessary t o  de f ine  sensor  performance 
requirements which may not be s a t i s f i e d  wi th  c u r r e n t  sensor  technology. For 
example, most c u r r e n t  a c t i v e  c o n t r o l  load  a l l e v l a t  ion  concepts use t h e  a i r -  
plane c.g. a c c e l e r a t i o n  a s  one of the  sensed q u a n t i t i e s .  The l o a d  a l l e v i a t i o n  
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b e n e f i t s  a r e  usua l ly  l o c a l ,  such a s  r e d i s t r i b u t i o n  of wing loads  t o  reduce 
wing bending moments. With a good l e a d  type sensor  t h e  a l l e v i a t i o n  of air- 
plane  response (e.g., a i r p l a n e  a c c e l e r a t i o n )  can be  r e a l i z e d  by reducing t h e  
loads  on most o r  a l l  components on t h e  a i r p l a n e .  

With lead-type sensors ,  in-house s t u d i e s  i n d i c a t e d  t h a t  gus t  loads  could  
be reduced both  ia t h e  wing and in  the  h o r i z o n t a l  t a i l .  Without lead-type 
sensors ,  only  t h e  wing l o a d s  could  be reduced but wi th  s i g n i f i c a n t l y  l a r g e r  
feedback c o n t r o l  ga ins .  Explora t ion of t h e  A l t e r n a t e  IDEA a i r p l a n e  conceFts 
should  include the  es tab l i shment  of  advanced sensor  requirements ,  as we l l  a s  
o t h e r  suppor t ing technology requirements.  

10.2.3 AFC and lDEA concepts .  - The Advanced F l i g h t  Control  Concept is 
i l l u s t r a t e d  In f i g u r e  129. The f i g u r e  shows t h a t  t h e  e l e c t r i c  technology may 
be  requ i red  t o  achieve the  r e q u i r e d  r e l i a b i l i t y  an6 performance. The key t o  
t h i s  approach is t h e  AFCM which is s e p a r a t e  from t h e  t r a d i t i o n a l  f u n c t i o n s  
ass igned t o  loads  c o n t r o l ,  RSS, and f l u t t e r  c o n t r o l  and t a k e s  i n t o  account the  
c a p a b i l i t y  of the  a i r p l a n e  a s  p a r t  of the  process  of doing what is commanded 
by t h e  p i l o t .  The Advanced F l i g h t  Control  Manager i n t e g r a t e s  sensor  d a t a ,  
p i l o t  Inputs ,  a i r p l a n e  l o a d s  and f l u t t e r  c a p a b i l i t i e s ,  t r a d i t i o n a l  f l i g h t  
management system d i r e c t i v e s  and produces propuls ion and c o n t r o l  s u r f a c e  
d e f l e c t i o n s  t h a t  ' b e s t '  s a t i s f y  b u i l t  i n  d i r e c t i v e s .  The Advanced F l i g h t  
Control  Manager w i l l  reduce the  p r o b a b i l i t y  of exper iencing high l o a d s  due t o  
gus t  or  wind shear  by conf igur  ing t h e  a i r p l a n e  t o  minimize p o t e n t i a l l y  l a r g e  
a i r c r a f t  responses.  A p o s s i b l e  f l i g h t  c o n t r o l  system c o n f i g u r a t i o n  is shown 
i n  f i g u r e  130. 

10.2.4 Advanced a i r c r a f t  c o n f i g u r a t i o n  designs.  - Under P r e l  b i n a r y  
A e r o e l a s t i c  Design of S t r u c t u r e s  (PADS), a  number of a e r o e l a s i c  des igns  a r e  
being genera ted f o r  h igh a s p e c t  r a t i o  wings wi th  d i f f e r e n t  sweeps. Tne wing 
technology des ign base is the  L-1011-500 ACS a i r p l a n e  which was used t o  check 
o u t  t h e  c u r r e n t  des ign modules wi th in  PADS. This program could  se rve  a s  bases  
f o r  eva lua t ing  the  t r ade-of f s  between high aspec t  r a t i o  wings which produce 
l a r g e r  wing weights and decreased drag wi th  t / c  and sweep v a r i a t i o n s .  

10.3 Current  FAA Pol icy  

Current  FAA pol icy w i l l  not  a l low the  f u l l  e x p l o i t a t i o n  of t h e  a c t i v e  
c o n t r o l  technology t o  c o n t r o l  loads  and f l u t t e r .  Along wi th  t h e  des ign 
process t h e r e  must be a  p a r a l l e l  s tudy t o  de f ine  t h e  l i m i t s  of des ign c r i t e r i a  
which would be acceptab!.e t o  the  FAA. The c u r r e n t  c r i t e r i a  provide d i f f e r e n t  
l e v e l s  of s a f e t y  on d i f f e r e n t  s t r u c t u r a l  components depending on t h e  type  of 
loading,  e.g.,  maneuver o r  gust  loads .  

The key i s sue  on c r i t e r i a  chenges is t h e  concept of e q u i v a l e n t  so re ty .  It 
must be proven t h a t  a i r p l a n e s  designed t o  new c r i t e r i a  w i l l  have s a f e t y  
equ iva len t  t o  e x i s t i n g  a i r p l a n e s .  Ijy i n v e s t i g a t i n g  the  d i f f e r e n t  types  of 
loading and de f in ing  t h e  c r i t e r i a  such t h a t  each type provides  a  s t a t i s t i c a l l y  
equ iva len t  l e v e l  of s a f e t y ,  excess  s t r u c t u r a l  weight can be remcved without 
a f f e c t i n g  t h e  l e v e l  of s a f e t y  provided by t h e  c u r r e n t  c r i t e r i a .  Maneuver 
des ign c r i t e r i a ,  based on s t a t i s t i c a l  data  and miss ion a n a l y s i s ,  s i m i l a r  t o  
gus t  des ign c r i t e r i a  c u r r e n t l y  in use,  is a  means of a r r i v i n g  a t  c o n s i s t e n t  
c r i t e r  l a  f o r  d i f f e r e n t  types  of loading.  
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Figu re  129. - Advanced f l i g h t  c o n t r o l  concept. 

I P I L ~ T  I CONTROL ADVANCED 
INPUTS FLIGHT 

MODE SELECTION 

I CONTROL I 

? 
EMS 
MLS 
FCS 
RSS 

MANAGER 
(AFCMI 

AUTOPILOT 
ADVANCED 

CONTROL SURFACE 
ENGINE INPUTS 

SENSOR DATA 

 IN^ 4.6,  LOADS. 

ALTITUDE, ETC.) 

PROPULSION 

Y 
AIRPLANE ( DESIGN ) 

CAPABILITIES 

Figure 130. - F l i g h t  control system configuration. 



10.4 Q u a n t i t a t i v e  Resu l t s  and t h e  Payoff 

A t  t h i s  s t a g e ,  i t  is  almost impossible t o  e s t a b l i s h  what w i l l  be t h e  
q u a n t i t a t i v e  r e s u l t s  i f  a c t i v e  c o n t r o l ,  a e r o e l a s t i c  t a i l o r i n g ,  advanced com- 
p u t e r  technology, s u p e r c r i t i c a l  a i r f o i l s ,  and new des ign  c r i t e r i a  were i n t e -  
g ra ted  i n t o  a  des ign of  a  new wing. F l u t t e r  prevent ion and h igh  g u s t  l o a d s ,  
i f  a  problem, may not  be the  o n l y  major problems of  a  h igh aspec t  r a t i o  wing 
design.  The proposed means t o  e x p l o i t  t h e  p o t e n t i a l  of a  des ign  which incor-  
pora tes  t h i s  advanced technology is t o  focus on a  p a r t i c u l a r  famfly  of des igns  
where t rade-offs  a r e  made and c r i t i c a l  des ign elements i d e n t i f i e d .  

One p o s s i b i l i t y  is the  re lax ing  of t h e  2.5 g requirement f o r  maneuver 
loads .  I n  o r d e r  t o  achieve t h i s  r e l a x a t t o n  a  number of i s s u e s  must be  
inves t iga ted  t o  determine the  f e a s i b i l i t y  and l e v e l  of reduct ion.  Rowever, a s  
a  f l r s t  c u t  a t  t h e  p o t e n t i a l  payoffs ,  an a r b i t r a r y  reduct ion of  t h e  2.5 g 
maneuver l i m i t  load requirement t o  2.0 g was made and a  number of s e n s i t i v i t y  
wing des ign c a l c u l a t i o n s  were processed through t h e  PADS program ( r e f .  24). 

The re fe rence  a i r c r a f t  ( f o r  t h i s  e x e r c i s e ,  a l though not f o r  t h e  IDEA 
conf igura t ion)  has  an aspec t  r a t i o  of 7.63 and a  sweep of 35 degrees .  The 
des ign technology base incorpora tes  the  L-1011-500 ACS requirements.  PADS 
a e r o e l a s t i c  model f o r  t h e  t r a n s p o r t  conf igura t ion  inc ludes  t h e  s i z i n g  of  t h e  
cover panels  f o r  buckling and s t r e s s .  The s i z i n g  program uses  t h e  same 
c r i t e r i a  a s  was used i n  t h e  L-1011 c e r t i f i c a t i o n  c a l c u l a t i o n s .  The s t r u c t u r a l  
model is a  f u l l  3-n f i n i t e  element model and s i z i n g s  included panel covers  f o r  
upper and lower s u r f a c e s  a long f o u r  chordwise hays,  a s  shown i n  f i g u r e s  171 
and 132. The high aspect  r a t i o  wing des ign did not include dynamic gus t  
loads.  The s t u d y  included maneuver load c o n t r o l  and aspec t  r a t i o  s e n s i t i v i t y  
computations. 

Figure  133 summarizes the  r e s u l t s  f o r  an aspect  r a t i o  12 wing wi th  35' 
sweep. The wing weight reduct ion was 11.7 percent  when t h e  maneuver l i m i t  was 
reduced from 2.5 g t o  2  g. The reduct ion i n  weiqht due t o  maneuver load 
c o n t r o l  was 5.1 percent .  

The reduction i n  wing weight when the  TnEA conf igura t ion  (25O sweep) is  
redesigned f o r  a 2 g maneuver l i m i t  is v e r y  s i m i l a r .  The r e s u l t i n g  reduc t ion  
i n  block f u e l  and DOC i s  described i n  Chapter 13. 

The r e l a t i o n s h i p  between PADS and AWET is  shown i n  f i g u r e  134. 

10.5 Proposed Study Plan 

The o b j e c t i v e  of  t h e  proposed s t u d y  plan is t o  mature concepts  which have 
been proposed f o r  t h e  Al te rna te  InEA a i r p l a n e  i n t o  a  technology da tabase  which 
could o f f e r  des ign o p t i o n s  f o r  t h e  developnent of an IDEA con€ igured t r a n s p o r t  
a i r c r a f t .  The oroposed s t u d y  has  four  segments. The strawman plan d e f i n i n g  
t h e  o v e r a l l  time schedule and t h e  i n t e r a c t i o n  of t h e  f o u r  segments i s  shown i n  
f i g u r e  135. 



Figure 132. - Wing upper "face W e l *  
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Figure 135. - Advanced f l l g h t  control  concepts deve lopent  plan 
fo r  a1 te rna te  IDEA a i rp lane .  

10.5.1 Probab i l i s t i c  design c r i t e r i o n  de f in i t i on .  - The c e n t r a l  issue t o  t he  
f e a s i b i l i t y  of the f u l l  implementation of reduced design load f ac to r s  is the 
es tab l i sh ing  of p robab i l i s t i c  design maneuver c r i t e r  l a  consis tent  with 
c r i t e r i a  a s s o c k t e d  with gust ,  t a x i ,  landing, e t c .  This is a major 
undertaking . 
10.5.2 Aeroelast i c  design s tudies .  - The aeroe las t  i c  design e tudies  w i l l  
incorporate r e s u l t s  and generate design data in support of the p robab i l i s t i c  
design f e a s i b i l i t y  study. The primary concern of the ae roe l a s t i c  study i r  t o  
ident i fy the areas  which show the most promising s t r u c t u r a l  weight reduction 
and performance increases.  The design s tudies  w i l l  define typ ica l  
zequirements for  the de f in i t i on  of the  AFCM function and w i l l  focus on the  
par t icu lar  areas  which w i l l  require  simulation s tudies .  The ae roe l a s t i c  
s tud ie s  could proceed on a "what i f "  basis  for  a quick de f in i t i on  of the  
poten t ia l  payoffs. The ae roe l a s t i c  study w i l l  a l so  ident i fy  the requirements 
associated with the advanced lead-type sensor development. 

The study w i l l  e s t ab l i sh  the payoffs i n  wing weight due t o  reduced load 
f ac to r s ,  advanced a i r f o i l  technology, advanced planform geometries, and ac t ive  
control  technology. The objec t ive  function may be m i n i m u m  block fue l .  

The proposed study w i l l  evaluate f l u t t e r  requiremente. The design loads 
w i l l  Include gust e f f e c t s  i f  they a r e  found to be c r i t i c a l .  Payoffs f o r  
advanced ac t ive  control  technology w i l l  be ident i f ied  r e l a t i v e  t o  a known 
basel iue a i r c r a f t  and cont ro ls  technology. Final ly  a s s e ~ m e n t  of the 
potent ial  payoffs w i l l  be summarized. Payoffs fo r  reduced f u e l  burn w i l l  a l s o  
be shown. 



10.5.3 Definition of the AFCM. - The initial definition of the AFCM system 
will be dependent on the results of the Probabilistic Design study and the 
aeroelastic design study. The refined definition of the AFCM will involve the 
recycling of the AFCM results into the firet two studies. The time deomain 
simulation studies will constrain the feasible design space of possible 
functions which may be implemented in the AFCM. The definition of the expert 
system will require extensive man-machine interface studies with primary data 
probably available through the Shuttle and advanced fighter programs. 

10.5.4 Time domain --- study. - The function of the time domain study is to 
identify continually the time domain constraints on the definition of the AFCM 
and to verify the airplane performance in gust and wind shear using the 
advanced flight control concepts. A typical study may take the 2.5 g airplane 
and fly it with a standard flight control system with the pilot in the loop. 
A series of gust and/or shear inputs will cause high load factors and/or upset 
maneuvers. These same conditions will then be imposed on the airplane with 
the full authority flight control system to verify satisfactory performance of 
the system. 

11. ALTERNATE IDEA ELECTRIC SYSTEM 

11.1 Alternate IDEA Secondary Power 

The Alternate IDEA, from a secondary power system standpoint, is impacted 
in this airplane primarily by the changeover from the engine driven fuel and 
lube pumps (in the IDEA) to electrically driven pumps. This change requires 
an upsizing in the individual generator capacities from 1501200 kVA to 220/275 
kVA and a downsjzing of the gearbox. The propulsion secondary power system in 
the Alternate lDEA therefore comprises the following: 

3 
An "E +" technology engine 
An "austere +" 4GB 
Two 220/275 kVA 

The "austere +" gearbox is a further simplification cf the auxiliary gearbox 
(AGB) design as a result of the elimination of the fuelllube pumps and reduced 
accessory drive provisions. The size and torque-capaclty of the power 
t a k e ~ f f  shaft from the HP spool shaft, however, is not changed, since the 
power for the pumps (originally supplied mechanically) is now furnished by the 
generators in the Alternate IDEA. 

As stated previously, it is possible to consider an integrated engine 
generator (IEG) design for the Alternate IDEA, in which the SmCo rotors of the 
two generators in each power plant are mounted directly over the high pressure 
spool shaft. This technology ha8 been very well investigated and evaluated 
under AFWAL contracts by the General Electric Company and the fearibility has 
been established. Work has also been accomplished by Rolls Royce on the IEG. 
A typical configuration is shown in figure 136. Rolls Royce has a favorable 
perception of the IEG technology, but there is growing opinion that while the 
generator(s) within the engine would completely eliminate an AGB system and 
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Figure 136. - Engine i n t e g r a t e d  s t a r t e r  genera to r  ( cour tesy  R o l l s  Royce). 

i t s  l u b r i c a t i o n  problems, t h e  I E G  concept l a c k s  p r a c t i c a l  v i a b i l i t y .  Aside 
from t h e  need t o  des ign t h e  engine wi th  a  good d e a l  of modular i ty  t o  permit 
f a s t l e a s y  removal of the  bypass f a n ,  t h e r e  is t h e  e l e c t r i c a l  c o n s i d e r a t i o n  
t h a t  the  genera to r  r o t o r  speed would be r e s t r i c t e d  t o  t h a t  of t h e  h igh 
p ressure  spool.  Typical ly ,  t h e  genera to r  rpm could be much higher  than t h e  HP 
epool speed and t h i s  would a l s o  be an advantage,  dur ing  engine s t a r t i n g ,  s i n c e  
t h e  p o l a r  moment of i n e r t i a ,  r e f e r r e d  t o  t h e  S-C ( s t a r t e r - g e n c r a t o t )  would be 
much reduced. Because of t h e s e  cons ide ra t ions ,  t h e  Lockheed opinion a l s o  
tends  towards t h e  use of an "aus te re  + AGB", but  i t  is hard t o  over look t h e  
p o t e n t i a l  r e l i a b i l i t y  t h a t  would come from a  g e a r l e s s d r i v e  c o n f i g u r a t i o n  f o r  
t h e  IEGIS. Figure  137 shows a  PTO s h a f t  d r i v e  conf igura t ion  on t h e  GE CFM 56 
engine design.  

It w i l l  be p o s s i b l e  i n  t h e  A l t e r n a t e  IDEA t o  use t h e  concept of tandem 
genera to r s  as  descr ibed i n  t h e  IDEA s i n c e ,  while t h e s e  genera to r  des igns  have 
a l l  t h e  appearances of a  s i n g l e  machine from t h e  mechanical packaging 
s t andpo in t  they a r e  i n  r e a l i t y  two s e p a r a t e  e l e c t r i c  machines t h a t  t a k e  
advantage of a  s i n g l e  coo l ing  loop. Also, by v i r t u e  of t h e  i n t e g r a t e d  des ign 
concept i t  is poss ib le  i n  e i t h e r  t h e  side-by-side o r  in - l ine  c o n f i g u r a t i o n  t o  
synchro-phase the  two machines and t o  p a r a l l e l  them e l e c t r i c a l l y ,  without the  
problem of dynamic phase misalignments. This p a r a l l e l i n g  could be o f t  
advantage dur ing s t a r t i n g  s i n c e  they could provide a  s t i f f e r  power source  a s  
might be required f o r  t h e  t a t t i n g  o f  l a r g e  motors. 
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11.2 Other Electrical Systems for the Alternate IDEA 

In Chapter 10 it was stated that the proliferation of electronic and 
electric technologies was already making pousible the application of advanced 
flight control that would permit more sophisticated interactions between the 
airframe, the propulsion and the flight control syrtems. This salutary 
relationship permits control of aerodynamically unstable aircraft and, in the 
case of commercial aircraft, the use of an automatic FMS and FADEC (full 
authority digital engine control) systems that will provide the most 
fuel-efficient operation of the airplane, a8 it fits into the advanced ATC 
systems. 

The developments in VLSI and VHSIC, and the ever increasing ?mprovements 
in packaging are the most significant enabling technologics in the foreseeable 
development of Alternate IDEA type aircraft. When the Alternate IDEA enters 
into airline service there will be a major inventory of advanced data sources, 
using laser, infrared, optical, and other technology. These technology 



developmente will permit the development of "lead-eensors" that could input 
data into the flight computers to control the airplane in any environment. 
Clearly, safety will in a 'key criterion in the Alternate IDEA, so lesd-eensors 
could be used to detect wind shear, clear air turbulence (CAT) and gusts to 
permit control of the airplane as a stable platform in rough air conditions, 
etc. A by-product of technologies would be a significnnt improvement in 
ridequality and improved all-weather landing capability. Other rafety 
aspects relate to the adoption of sophisticated collision avoidance eystems to 
provide a protective sphere around the airplane. This monitoring system would 
detect any penetration of the safety sphere by other aircraft and 
automatically initiate evasi~e action with respect to the computed speed, 
direction, attttude and altitude of the "other" aircraft. An early version of 
this type of system, known as Cockpit Display Traffic Information (CDTI), was 
flown successfully in a L-1011, but many improvementi, in CRT resolution and 
interpretation of its presented data are required. 

There are many enabling electric/electronics technologies that will 
provide significant improveaents in the safety and operational performance of 
future advanced aircraft in the time frame of the Alternate IDEA. Many of 
these associated with the sophisticated DFCS will permit wing structural load 
relief and consequent wight improvements. The development of high capacity 
electric generatorelmot~ore will also lead to improved capabilitico and more 
innovative, diverse applications of electric machinery. Superconductivity and 
cryogenjc cooling are without application in current aircraft, except in a few 
isolated cases. Thjs technology and the use of exotic power source vill 
bring about major changes in the engineering development scenario or advanced 
aircraft. 

Batteries, foe1 cells, thermal batteries, new primarylsecondary batteries 
and exotic batteries using consumable electrodes or liquid electrodes will 
make quantum jumps in energy level capabilities and specific outputa over the 
next twenty years. Where epecific outputs are now in the range of 8 to 
20 Whllb, the projected maximum theoretical poseibilitics of known exotic 
battery configurations (such as lithium sulphur, and lithium chloride can 
reach as hfgh as 1200 Whllb. The successful development of such h'gh epecific 
output batteries will comp1.ement the continuing technology developants in 
magnetic material rare earth permanent magnets and new conductor/ineulation 
systems. 

Another fertile area for improvement will be in APU technology. Here it 
ia clear that the ure of powder-metallurgy and ceramics wtll permit higher 
turbine inlet temperature and higher epecific output for lesr fuel. The all 
electric technology concept applied to the APU will bring about hardware 
simylification and performance improvementr. 



12. IMPACT OF IDEA TECHNOLdCIES 

The impact of IDEA technologies on Direct Operating Cost (DOC) accrue from 
\ .  four major effects. 

1 i 
, . 
, 8i 1. Improvement ir. engine performance resulting from bleed elimination. 

2. Reduction in systems and other weight from incorporation of a digital 
flight control system and all-electric secondary power system. 

3. Drag and weight reduction using a pitch active control system (PACS). 
The incorporation of a digital flight control system permits the use 
of PACS. 

4. Iaprovement in maintainability and reliability. 

The first three effects have an impact on block fuel savings with a 
corresponding reduction in aircraft empty weight ds the aircraft is resized to 
achieve the design mission. The savings in block fuel and empty weight in 
turn produce a reduction in DOC. The fourth effect produces a direct saving 
in DOC. 

The impact of IDEA technologies on block fuel is therefore the dominant 
effect in reduction of DOC and will be discussed in more detail. 

When the IDEA technologies discussed in this report are incorporated into 
the aircraft, the ASSET performance and sizing program predicts 11.3 percent 
reduction in bl~ck fuel from the baseline configuration. The contributions to 
this reductfon may be estimated using sensitivity factors established from 
previous studies. Sensitivity analysis provides a useful, although approxi- 
mate, method of allocating block fuel benefits to the IDEA technologies. The 
sensitivity analysis is summarized in figure 138 in which the changes to the 
aircraft systems impact SFC, thrust, LID, and OEW when the aircraft is sized 
for the design range of 4600 n.mi. and flown at the average stage length of 
2500 n.mi. The block fuel impact is the product of the percentage change in 
these terms and the block fuel sensitivity factor. The net effect on block 
fuel for the aircraft is calculated by converting the percentage changes in 
block fuel into percentages of the baseline (e.g., a two percent reduction in 
block fuel converts to a 5lock fuel that is 98 percent of the baseline). The 
total impact is found by taking the producr of these percentages. This method 
is shown in figure 138 to agree closely with the ASSET prediction and will be 
used to show the impact of the components of the IDEA technologies. 

12.1 Improvement in Engine Performance 

As described in Chapter 8, in the IDEA configuration engine bleed is 
eliminated and the ECS is s3pplied with fresh air by an electrically driven 
compressor. The basic electric utility loads (e.g., galley a ~ d  lighting) 
remain unchanged, as shown in figure 139. Actuator loads are slightly reduced 
because recirculation losses inherent in a hydraulic actuation system are 
eliminated. 
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The major differe secol dary power extractia In betwee le Baseline 
and IDEA is bleed elimination and the additional electrical power 
requirements. 

Figure 140 shows the impact of bleed and horsepower extraction on the E' 
engine at a typical operating condition of 85 percent maximum cruise power of 
35,000 it and M 0.8. The ECS compressors require about 66 hp for each 1 
lb/sec of air so that the substitution of electrical power for bleed produces 
a net reduction in SFC penalty. Similarly (figure 141) there is also a 
reduction in net thrust loss i.e., a smaller engine may be used to generate 
the sane thrust, although the effect on block fuel is small. 

12.2 Systems Weight Reduction 

Systems weight changes to the baseline aircraft before resizing to achieve 
the design mission are shown in figure 142. The weight changes are discussed 
in more detail in the following sections. 

12.2.1 Flight controls. -- - The implementation of a digital fly-by-ire flight 
control system (DFCS) is described in Chapter 9. The incorporation of the 
DFCS produces weight savings in the autopilot, in mechanisms (through the 
elimination of cables, pulleys, rods, bellcranks, and their associated 
supports), and in multiplexing of electrical controls. The combined impact is 
a reduction of 819 pounds in flight controls weight, (figure 143). 

In addition, there are weight savings from the substitution of hydraulic 
actuators with Electro-Mechanical Actuators (EMA). The major weight reduction 
is in the elimination of plumbing and fluid. The weight of power cables is in 
the accounting of weights under "electrical controls" but cable runs are short 
because power is carried only from the electric power bus to the EM.. The 
weights of the buses themselves appear under the electrical system group 
weights. EMAS produce a net weight saving of 585 pounds. 

12.2.2 Hydraulic weight savings. - The plumbing and fluid weights t w n  in 
4--- 

figure 143 apply only to hydraulic lines which are dedicated to a single 
flight control actuator. Lines which serve more than one actuator appear in 
the hydraulics weight group, and the remaining weight savings from the 
elimination of the nydraulic system are shown in figure 144. The major 
contribution to weight reduction is in plumbing and fluid weights. 

12.2.3 Electricalsystem - weight savinz. - Weight differences are shown in 
figure 145. 

The largest contribution to weight reduction results from multiplexing. 
The wiring weight subject to multiplexing is 1704 pounds; this value includes 
wire weights which appear in other weight groups such as flight controls. 
Multiplexing reduces these wire weights by 1114 pounds, although there is an 
offsetting increase of 266 pounds required for electrical power wiring, giving 
a net weight reduction in wiring of 848 pounds. Of this value 682 pounds is 
attributed to the electrical system weight group. The balance of 166 pounds 
appears in other weight groups. 
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Instruments and their associated avionics were considered outside the 
terms of reference of the study, and their wire weights were therefore not 
included as subject to multiplexing weight reduction. Had these been included 
in the study, it is estimated an additional 500 pounds could have been saved. 

12.2.4 ECS weight savings. - Weight savings are shown in figure 146. The 
weight savings occur in the elimination of bleed air ducting from the engines 
to the ECS packs and elimination of the bleed air precoolers and controls. 

12.2.5 Other weight savings. - In addition to the weight savings described 
above, there are 3180 weight savings in the engine and landing gear (fig- 
ure 147). Elimination of the pneumatic engine starter saves 132 lbfengine. 
Elimination of the starter and CSD drive pads from the accessory gearbox 
permits a more austere gearbox to be used; however, there are now two 
electrical generators/engine, so only one pad is eliminated. Additional 
weight savings can be achieved with the substitution of the thrust reverser 
air motors with electrically driven actuators. 

12.2.6 Net weight reduction. - Net weight savings in systems, propulsion, and 
landing gear amount to 8492 pounds, equivalent to 3.4 percent reduction in 
OEW. Of this weight reduction 819 pounds is attributed to flight control sys- 
tems weights savings resulting from incorporation of the digital FCS. The 
balance of the weight reduction results from the all-electric secondary power 
concepts. The impact of these weight savings on block fuel is about 
3.9 percent. 

12.3 Relaxed Static Stability 

12.3.1 Description. - The digital fly-by-wire flight control system incor- 
porates a pitch active control system which permits the aircraft to be 
balanced with a negative static margin. This results in the benefits to 
aircraft performance resulting from the following effects: 

1. A reduction in tail area reduces skin friction drag. 

2. Reduced tail area saves structural and actuator weights. 

3. Reduced tail download reduces wing lift requirement and hence induced 
drag. 

With the same cog. range as the baseline configuration, the horizontal 
tail volume coefficient can be reduced to V = 0.62. This requires a design 
with sufficient redundancy in the augmentat!!on system to ensure that the 
system will not fail. An inadequacy with this approach is that the criteria 
to define the control limits of this aircraft are currently insufficient. A 
suitable definition of these control limits for a particular airplane requires 
a thorough definition of the aerodynamic characteristics (including any 
high-angle-ofattack nonlinearities) and control system networks to be used as 
a mathematical model for a detailed dynamic analysis. This model must then be 
exercised in varioue levels of turbulence, discrete gusts, and critical flight 
maneuvers to determine combined augmentation and control requirements which 
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dictate the horizontal tail size and/or maximum aft cog. location for that 
particular design. The depth of this analysis is beyond the scope of the 
current study. However, it is sufficient to point out that the tail sizes 
obtained in this study meet the nosedown control requirements at aft cog. for 
the required nose-down control angular acceleration at stall recovery. 

For this study the horizontal tail was sized in accordance with the 
following requirements: 

Total c.g, range of 57.6 inches 

Takeoff control-to-stall at forward cog. with maximum takeoff flaps at 
1-g stall speed 

Nose-down angular acceleration of -0.09 radlsec for stall recovery 

The horizontal tail was assumed to be an allqoving surface with 30 per- 
cent chord geared elevator yielding a usable C of -0.9 at a -14 degree 
stabilizer deflection. It is possible that a &%her reduction in tail size 
can also be achieved by assuming a higher tail lift curve slope. This would 
entail an expanded study including different tail planforms. Such an analysis 
is beyond the scope of this study. 

Downwash data at the tail in reference 25 were modified slightly for tail 
arm length differences. 

Figure 148 is a tail sizing notch chart which compares the tail size 
requirements for the baseline and IDEA configuration. In both configurations 
the forward limit of cog. travel is constrained by control to stall at landing 
configuration. For the baseline configuration the aft limit of cog. travel is 
limited by the requirement for a six percent static margin from the neutral 
point locus. 

For the IDEA configuration the PACS allows the aft cog. limit to have a 
negative static margin. A system has been developed at Lockheed for a -10 
percent static margin and has been demonstrated in piloted simulation at NASA 
Langley (ref. 26). This value was therefore selected for the IDEA 
configuration, although a more negative margin may be feasible. 

Note that the notch chart is premised on the cog. range as a fraction of 
MAC before resizing. The cog. range for the resized wing, as a fraction of 
MAC, would increase by 2.7 percent because of a corresponding decrease in MAC. 
This would require a slightly larger tail volume coefficient. Within the time 
constraints of this study this iteration could not be performed but the 
resultant error is small. 

An additional constraint to the aft cog. is the ability to maintain tail 
uplift. Reoptimization of the horizontal tail geometry would move this 
constraint line to the right permitting a slightly smaller tail volume. 
However, an additional constraint on tail volume, not defined in this study, 
is that a significant portion of the trapezoidal tail area is contained within 
the aircraft fuselage. This limits the effectiveness of the horizontal tail. 
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An additional performance improvement is obtained using c.g. management. 
A saddle tank is located above the S-duct of the center engine with a capacity 
of 10,500 pounds of fuel. In addition, the vertical stabilizer is designed as 
a wet tank with capacity for an additional 10,500 pounds (figure 149). During 
climb and cruise, fuel may be transferred into the trim tanks to move the 
aircraft c.g. to its aft limit. Figure 150 shows that for a limited area of 
the c.g. envelope, the trim tank capacity is insufficient to move the c.g. to 
44 percent MAC. These combinations of weight and c.g. would occur very 
infrequently, so that a c.g. for performance calculations of 44 percent can be 
assumed. 

A similar system to the above is planned for the Airbus Industrie A310-300 
in which 11,000 pounds of fuel may be transferred to tanks in the horizontal 
tail to move the cog. to the aft limit (ref. 27). 

12.3.2 Impact on aircraft wei*. - The trim tank and its associated pumps, ----------- --- ---- 
controls, and fuel piping is estimated to weigh 1168 pounds. This represents 
about one-half percent of OEW. This is more than offset by a reduction in 
horizontal tail weight of 1630 pounds before resizing the aircraft, resulting 
from a reduction in tail area. 

12.3.3 Im act on aircraft drag. - Horizon a1 tail wetted area is reduced from 2 2 ,,,,--,,,,,,--- 5 720 ft in the baseline aircraft to 374 ft on the IDEA configuration. This 
produces a reduction in skin friction drag which Is 2.1 percent of total 
aircraft drag. 



VERTICAL FIN TANKS (1  - 4)  

FORWARD SPAR 
DORSAL TANK (5) 

AIRCRAFT 
WEIGHT. 
LO 

TRIM TANK CAPACII Y = 2 1 , 0 0 0  LB 

Figure 149. - Trim tank locations. 

CG FOR PERFORMANCE 
CALCULATIONS 

J 

Xca C.G. POSITION. - 
5 

TAKE-OFF 
GROSS WEIGHT - 

CG LIMIT FOR 
HOLDING PERFORMANCE 
C G. AT 44% 

ZERO FUEL WEIGHT 

Figure 150. - C.g. transfer capability. 

- 

* 

AFT SPAR 

1 1 
f b  



4 '  

Aft  movement of the  c.g. produces a r educ t ion  i n  t a i l  download, and hence 
i ' a decrease  i n  witig l i f t  and induced drag. Relaxat ion of the  s t a t i c  s t a b i l i t y  

margin r e s u l t s  i n  a 3 percent  MAC s h i f t  aftward i n  the  c.g. range. This  
produces 0.4 percent inc rease  i n  LID a t  a CL of 0.5 ( f i g u r e  151). The g r e a t e r  
b e n e f i t  occurs  a s  a r e s u l t  of c.g. management, i n  t h a t  the  c.g. f o r  p e r f o r -  
mance c a l c u l a t i o n s  is  s h i f t e d  from 32 percent  t o  44 percent  MAC, producing an 
a d d i t i o n a l  1.5 percent improvement i n  LID. 

12.4 Reduction i n  Maintenance Costs 
f 

I n  the  NASAILockheed s tudy  of r e f .  2 ,  r educ t ions  i n  maintenance c o s t s  were 
es t imated f o r  the  IDEA concepts.  These a r e  shown i n  t a b l e  31 t o  reduce 
, v e r a l l  maintenance by 7.0 percent  a t  the  average s t a g e  length .  Maintenance 
r e p r e s e n t s  19 percent of DOC s o  t h a t  these  maintenance c o s t  savings  represen t  
1.3 percent  reduct ion i n  DOC. 

12.5 Reduction i n  Di rec t  Operating Cost 

Differences  i n  weights between t h e  base l ine  and IDEA c o n f i g u r a t i o n s  a r e  
shown i n  f i g u r e  152. Maximum take9ff  g r o s s  weight is  reduced 7.5 percent  f o r  
the  IDEA conf igura t ion  and OEW is reduced 8 percent .  

The f i r s t  c o s t s  of the  d i g i t a l  f l i g h t  c o n t r o l  and a l l - e l e c t r i c  systems a r e  
not  s i g n i f i c a n t l y  d i l f d r e n t  from the  c u r r e n t  technology systems which they 
rep lace ,  s o  t h a t  the  c o s t l l b  OEW i s  approximately the  same f o r  both b a s e l i n e  
and IDEA a i r c r a f t .  

Dif ferences  i n  DOC between the  b a s e l i n e  and IDEA concepts a r e  shown i n  
f i g u r e  153. Fuel and o i l  r e p r e s e n t s  45 percent of DOC s o  t h a t  the  11.3 per-  
cent  reduct ion i n  block p red ic ted  by the  ASSET program c o n t r i b u t e s  5.1 percent  
reduct ion i n  DOC. The d e p r e c i a t i o n  term i n  DOC is  p ropor t iona l  t o  purchase 
p r i ce .  A s  mentioned above, t h e  costlpound OEW i s  approximately the  same f o r  
both c o n f i g u r a t i o n s ,  and sitrce d e p r e c i a t i o n  r e p r e s e n t s  21 percent  of DOC, t h e  
8 percent reduct ion i n  OEW produces 1.7 percent  reduct ion i n  DOC. The 
remaining c o n t r i b u t i o n  t o  the  reduct ion i n  DOC i s  1.3 percent  reduct ion i n  
maintenance cos t s .  The ne t  e f f e c t  is t o  reduce the  DOC of the  IDEA 
conf igura t ion  by 7.9 percent  a s  compared wi th  the  base l ine .  

12.6 Di f fe rences  i n  A i r c r a f t  Geometry 

The major e x t e r n a l  d i f f e r e n c e s  i n  a i r c r a f t  geometry a r e  i l l u s t r a t e d  i n  
f i g u r e  154 and descr ibed a s  follows: 

12.6.1 R -5 duc t ion  - -- --- i n  - -- w i n g a r e a .  - The wing loading is held constant  a t  
131 l b l f t  . This value  approximates the  nominal c o n s t r a i n t  f o r  mainta ining a 
c o n s b s n t  value of f u e l  volume a v a i l a b l e  t o  volume required of 1.1 ( I n  
p r a c t i c e ,  t h i s  value  va r i ed  s l i g h t l y  from 1.09 f o r  the  b a s e l i n e  conf igura t ion  
t o  1.08 f o r  the  IDEA conf igura t ion .  Wing a r e a  is t h e r e f o r e  reduced propor- 
t i o n a l l y  t o  TOGW). 
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TABLE 31. - REDiJCTION I N  MAINTENANCE .\S PERCENTAGE OF BASELINE 

Material Reduction 
i n 

Total 
Maintenance Cycle F- 

-- 
Per 
Hour 

-----, 

-1.2% 

-8.6% 
- - 

-10.0% 

Per 
Cycle 

Per 
Hour 

---- 

-0.4% 

-3.6% 
- 

-4.0% 
- 

All-Electric  
Secondary 
Power -3.6% 

Digital 
Flight 
Controls 

Totals I -10.3% 
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Figure 154. - Planform comparison. 

12.6.2 Relocation of the wing. - Ae described in Section 12.3, the cog. range 
of the aircraft in moved aft by 3 percent on the MAC, or 0.56 foot. Wing, 
fuel, ,agine, and landing gear weights represent 46 percent of TOGW so that 
the fuselage must move aft by 1.1 feet relative to the wing in order to move 
the cog. range by 0.56 foot. 

Rearward shift of the c.g. range requires that the location of the main 
landing gear be moved aft along its buttline chord. For an aft c.g. on the 
MAC of 44 percent, the landing gear post must be installed at '15 percent of 
the WLG buttline chord. This value is very close to the value of 74 percent 
established in ref. 4 as the limit for a landing gear design of the L-1011 
type using a vertical landing gear poet; no penalty in landing gear weight was 
taken. 

12.6.3 Horizontal tail size redwt'on. - The reduction in horizontal tail 
volume coefficient from 1.08 to 0.62 results in a corresponding reduction in 
tail f.rapezoida1 area. 



13. IMPACT OF ALTERNATE IDEA TECHNOLOGIES 

The Alternate IDEA technologies evaluated in this chapter are primarily 
those associated with the adoption of an advanced flight control manager, 
which would permit a reduction in the design load factor, as discussed in 
Chapter 10. In addition, some additional system weight reductions were made. 
These systems are: 

Landing Gear 
0 ECS 

EMAS 
Power Generation 

13.1 Reduction in Design Load Factor 

Figure 155 shows the effect of a reduction in wing load factor on block 
fuel when the IDEA configuration is designed for a range of 4600 n.mi. and 
flown at the average stage length 2500 n.mi. At an aspect ratio of 12, a 
block fuel reduction of 3 percent is obtained for a 2 g wing design and 6.1 
percent for a 1.5 g wing design. 

For a given design load factor, increasing aspect ratio to reduce block 
fuel results in a heavier wing and more expensive aircraft. The aspect ratio 
for minimum DOC therefore is lower than for minimum block fuel. These are 
plotted in figure 156 for a fuel price of $1.50/gal. The aspect ratio of the 
baseline configuration was optimized at a fuel price of $2.12/gal, which was 
the price assumed at the start of the study. At the request of NASA the price 
was reduced to $1.5O/gal in order to be consistent with the Boeing Company, 
the other contractor in this study. At a fuel price of $2.12/gal the uncon- 
strained optimum aspect ratio is 13, but the design constraint of installing 
the landing gear constrains aspect ratio to 12. For evaluation of IDEA 
concepts, nonoptimum aspect ratio does not affect results. It is only when 
considering aspect ratio changes that the choice of baseline aspect ratio 
becomes significant . 

The curves of figures 155 and 156 do not include the penalties associated 
with installing landing gear in high aspect ratio wings. As aspect ratio 
increases the MAC moves aft relative to the buttline chord of the MLG. Above 
an aspect ratio of about 12, weight penalties become significant that are 
associated with installing the landing gear in the wing while providing a 
sufficient tip-p margin at the aft c.g. limit. 

For the 2 g wing design wing weight is reduced by 13 percent and for the 
1.5 g design a 28 percent reduction in wing weight could be achieved. 

13.2 Reduction in Landing Sink Rate 

Consistent with the methods of aircraft control described in Chapter 10, 
it is anticipated that the advanced flight control systems features on the 
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Alternate IDEA configurations will permit a reduced landing sink rate. Al- 
though no supporting analysis has been performed, the assumption has been made 
that the design sink rate may be reduced from 10 Zt/sec to 5 ft/sec. It is 
estimated that landing gear weight could be reduced by 5.1 percent, or 999 
pounds before the aircraft is resized for the mission. Some additional weight 
reduction would be achieved from wing structural components that are sized by 
landing loads. 

13.3 Additional Reductions in Subsystems Weights 

Further improvements to the subsystems in the IDEA configuration that 
would be available for the Alternate IDEA configuration are described more 
fully in Chapter 11. These weight reductions, along with the reductions in 
wing and landing gear weight, are listed in table 32. 

13.4 Reduction in DOC 

The combined effects of the Alternate IDEA concepts produce a total 
reduction in block fuel of 3.4 percent when the aircraft is resized. This 
reduction is achieved only as a result of airframe and systems weight 
reductions; there are no differences in L/D or SFC between the IDEA or 
Alternate IDEA concepts. 

14. CONCLUSIONS AND RECOMMENDATIONS 

14.1 IDEA Benefits 

t4.1.1 Block fuel - reduction. - The impact of IDEA concepts on block fuel is 
summarized in figure 157. When the SFC, weight, and drag reductions asso- 
ciated with the implementation of IDEA concepts are applied to the 350 
passenger Baseline Aircraft, the ASSET performance prediction probram shows an 
11.3 percent reduction in block fuel when the aircraft is sized for the design 
range of 4600 n.mi. and flown at the average stage length of 2500 n.mi. 
One-half of this benefit is attributed to all-electric secondary power through 
bleed elimination and systems weight reduction. The other half of the block 
fuel reduction results from the implementation of the advanced digital 
fly-bywire flight control system which results in additional weight savings 
and permits a flight-critical pitch active control system. 

14.1.2 DOC reduction. - IDEA concepts produce an eight percent reduction in - ----- 
DOC, figure 158. This reduction is achieved as a result of the reduc:ion in 
block fie1 and the associated downsizing of the aircraft, together with a 
small contribution to reduction in DOC from improvements in maintenance costs. 



TABLE 32. -ALTERNATE IDEA !EIGHT SAVINGS 

---- -- 
2g Design Load Factor 

5 FPS Landing Gear 

ECS Weight Reduction 

Advanced EMAS 

Advanced Power Generation 

Total Weight Saving 

Block Fuel Reduction 

DOC Reduction 

*Before Resizing for Mission 

Weight * 
Saving (lb) 

14.2 Alternate IDEA Benefits 

14.2.1 Block fuel reduction. - The alternate IDEA concepts permit changes in 
aircraft design philosophy, of which the most significant is the possibility 
of reducing the maximum limit maneuver load factor from 2.5 to 2.0. 
Additional design changes to the Alternate IDEA include reduction of landing 
sink rate, use of air cycle ECS, and improvements in EMAS and power generation 
systems. These produce 3.4 percent reduction in block fuel referenced to the 
IDEA configuration, of which 3.0 percent is attributed to the 2.0 g design 
load factor. 

14.2.2 DOC reduction.- The reduction in DOC from the Alternate IDEA concepts 
is 3.1 percent. This results from the effect of downsizing the aircraft and 
block fuel reductions. 
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14.3 Summary of Critical Technologies 

Technologies that are critical to the achievement of technology readiness 
of the IDEA concepts are highlighted in figure 159. 

14.3.1 - Power generation/motor techno*. - For the most part this technology 
is close to technology readiness, but some areas could benefit from government 
research, in particular: 

Improved Magnetic Material. - Samarium-cobalt permanent magnet - 
materials offer significant benefits in electric machine weight and 
power density. However, cobalt based permanent magnet materials are 
extremely expensive and the supply of cobalt from foreign sources is 
subject to interruption in case of hostilities. Neodynium-iron offers 
the potential for much lower cost high energy product permanent magnet 
material (30 million gauss-oesteds), but is presently unsuitable for 
aerospace machines because of its operating temperature limitation. 
Although research into commercial applications of this material is 
being performed in Japan and the U.S., no concentrated effort is 
underway in this country to upgrade the temperature characteristics of 
iron based permanent magnet materials. The aerospace market alone may 
be too small to attract technology investment by industry. 

Higher Temperature Insulation. - As the power density of motors and ---- 
generators increases, problems relative to higher operating temperature 
and heat dissipation become more acute. At present 20,000 hour life 
electrical insulation suitable for motor/generator applications are 
satisfactory up to 220°C (428°F) but materials rated up to 300°C 
(572°F) will be required. 

Higher Temperature Electronics. - A similar problem exists with elec- 
tronics required for motor controllers, Currently rated for junction 
temperatures around llO°C (230°F), design ratings up to 150°C (302°F) 
will offer the option of higher temperature operating environments, 
and/or increased reliability. 

Innovative Cooling Mechanisms. - New methods may have to be found for 
cooling high power density generators/motors, such as phase change 
convective cooling e.g., heat pipes. 

14.3.2 Engine starting. - The same problems of heat sensitivity exist with 
the power electronics. 

14.3.3 Electric ECS. - The technology for an electrically driven air-cycle 
and vapor-cycle ECS is near readiness. Industry should develop these systems. 

14.3.4 Power distribution. - The reliability of the power distribution syst.m 
is critical to the safety of flight and demonstration of this reliability will 
require government participation. 
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Figure 159. - Summary o f  recommendatlone. 



Electric Load Manasement. - Although this technology should be 
developed by industry, government guidance may be desirable. 

Discriminatory Fault Sene%. - Present fault sensing techniques pro- 
vide discrimination for line-to-line, line-to-neutral, and differential 
current, but basically rely on overcurrent or phase sequence current 
reactions. As a result, branch circuit faults needlessly cause the 
disconnection of large portions of the electric system. A technology 
is needed which will enable the aircraft system to be protected by 
disconnecting only the faulted branch circuit or individual load. 

High-speed Fault ClearingISystem Reconfiguration. - At present, sensing - 
and clearing a fault requires 20-30 ms or greater, although it is 
theoreticaliy possible to clear faults in one-hali of a cycle ( 1.25 ms 
at 400 Hz). 

Fault Survivability. - At present a single fault in a paralleled gen- 
erator system can cause the momentary complete loss of electric power 
in the aircraft and, in a number of documented cases, caused the per- 
manent loss of electric power and subsequent loss of the aircraft. 

It is theoretically pc8ssible through a combination of system control 
and protection techniques to obtain the benefit of paralleled generator 
systems without the risk of single or multiple fault threat to flight 
safety. 

14.3.5 High frequency power systems. - The 20 kHz system developed by 
NASA-Lewis is novel but untested. The major concern with this system is in 
power transmission, specifically. 

- Power losses - Connectors - Radio frequency interference 

14.3.6 Variable voltage/variable frequent. - The variable voltage/variable 
frequency power system as proposed for the IDEA configuration does not 
represent a high technical risk. Nevertheless, it is unlikely that a 
commitment could be made from component manufacturers without a clear signal 
from the government that the VVJVF system is the preferred choice. 

14.3.7 Power-by wire. 

Electric System Control and Protection 

Thermal Management. - Heat dissipation in a composite structure raises 
special problems. The solution la outside the control of the actuator 
manufacturer and may be considered outside the area of responsibility 
of the composite material supplier. Possible eolutions are the 
development of thermally conductive composites, forced air cooling, 
liquid loop cooling, or some other conductive means such as heat pipes 
on which the actuator is mounted. 



. . 14.3.8 Advanced Digital Plight Control Syetem. - The meeh network selected 
for the FCS lacke sufficient maturity to develop the complex bue management 
software, develop specific deeigne, and develop design assurance methods for 
syetem validation and certification. On the other hand, the development of 
mesh network technology is accelerating becauee of ongoing work which involve8 
prototype eyetems for testing. 
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In t roduc t ion  

The purpose of t h i s  a n a l y s i s  is t o  a s c e r t a i n  i f  t h e  s e l e c t e d  In te -  

gra ted D i g i t a l  E l e c t r i c  A i r c r a f t  (IDEA) power genera t ion  system and d i s -  

t r i b u t i o n  system i s  c e r t i f i a b l e  under t h e  FP. I guide l ines .  The c e r t i f  i- 

a b i l i t y  c r i t e r i o n  is t h a t  the  p r o b a b i l i t y  of l o s i n g  f l i g h t  c r i t i c a l  power 

s h a l l  be l e s s  than lo-' on -4. per  f l i g h t  hour b a s i s .  

The se lec ted  power ge , .era t ion system is a  p a r t i a l  converted v a r i a b l e  

vo l tage  and v a r i a b l e  frequency system (VWF) and t h e  s e l e c t e d  power d i s -  

t r i b u t i o n  is a  r i n g  main arrangement, see  Figure  1. This combined a r -  

rangement enab l ss  i h e  power f o r  the  f l i g h t  c m t r o l  a c t u a t o r s  t o  be tapped 

o f f  d i r e c t l y  from the  r inglbus ,  see Figure  1 .  The power f o r  f l i g h t  con- 

t r o l  computers a r e  tapped o f f  the  constant  vo l t age  constant  frequency 

( C ~ ~ C F )  buses which a r e  r e c t i f i e d  and inver ted  from t h e  VVVF buses,  s e e  

Figure 2. Thus power o f f  t h e  l e f t  and r i g h t  r i n g ,  WVF buses and t h e  CVCF 

buses a r e  considered f l i g h t  c r i t i c a l  e l e c t r i c  power. 

Thus, t h i s  a n a l y s i s  w i l l  a s sess :  

(1 )  The p r o b a b i l i t y  of los ing  power t o  each of t h e  VWF buses. 

( 2 )  The p r o b a b i l i t y  of l o s i n g  power t o  l e f t  ou te r  r i n g ,  l e f t  i n n e r  
r ing ,  r i g h t  o u t e r  r i n g  and r i g h t  inner  r ing.  

(3 )  The p r o b a b i l i t y  of l o s i n g  power t o  f l i g h t  c o n t r o l  computer (FCS) 
1 ,  2 ,  3 and 4. 

( 4 )  The p r o b a b i l i t y  of l o s i n g  a l l  e l e c t r i c  power. 

Resul t  - 
The i n t e n t  o f  t h e  FAA g u i d e l i n e s  has  been s a t i s f i e d .  A l l  t h e  events  

which have been assessed f a l l  i n t o  the  extremely improbable category.  The 

p r o b a b i l i t y  of t h e  occurrence of t h e  even t s  on a per  f l i g h t  hour b a s i s  a r e  

a s  follows. 
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The p r o b a b i l i t y  o f  l o s i n g  power t o  a WVF Bus 

VVVF BUS 1 = 3.50 1 0 - l ~  

VVVF Bus 2 = 2.04 x 10 -1 5 

VWF BUS 3 = 2.04 

VVVF Bus 4 = 3.50 x 10-I 

The p r o b a b i l i t y  of l o s i n g  power t o  

L e f t  Outer  Ring = 1 .36 x 10 -1 5 

L e f t  I n n e r  Ring = 2.60 x 

Righ t  Outer  Ring = 1.36 x 10- 15 

Right  I n n e r  Ring = 2.60 x 10 -1 5 

The p r o b a b i l i t y  of l o s i n g  power t o  f l i g h t  c o n t r o l  computer 

Computer 1 = 1.36 x lo-' 

Computer 2 = I 6 x I 0-' 

C a l p u t e r  3 = I .  x to-' 

Computer 4 = 1.35 x lo-' 

-1 5 The p r o b a b i l i t y  o f  l o s i n g  a l l  e l e c t r i c  power is 1.05 x 10 

Di scuss ion  and Ana lys i s  

The f i n a l  c o n f i g u r a t i o n  f o r  t h e  power g e n e r a t i o n  sys tem and d i s t r i -  

b u t i o n  system is shown i n  Figu-e 1 and F i g u r e  2. 

The system is  syrnrnet2ical; t h e  r e s u l t  o f  t h e  a n a l y s i s  done on t!;e 

Lef t  s i d e  is a l s o  a p p l i c a b l e  t o  t h e  r i g h t  s i d e .  Thus, on ly  t h e  l e f t  hand 

r i n g s  and VV/VF Bus 1 and Bus 2 w i l l  be ana lyzed .  



The assumptions required f o r  t h i s  a n a l y s i s  a re :  

1 ) A l l  f a i l u r e s  a r e  primary f a i l u r e s  

2) The d i g i t a l  power/load management system is p e r f e c t  

3)  No genera to r  is switcned on t o  a  bus o r  r i n g  p a r a l l e l  with an- 
o t h e r  genera to r  

4 )  Any s i n g l e  generato:. is s u f f i c i e n t  t o  meet t h e  a i r c r a f t  load 
demand 

5 )  The systems a r e  o p e r a t i v e  be fo re  take-off .  

6 )  A l l  f a i l u r e s  a r e  exponen t i a l ly  d i s t r i b u t e d .  

7)  Contacts EP1 and EP2 a r e  f o r  e x t e r n a l  power connection only.  

The technique used f o r  t h i s  assessment is f a u l t  t r e 2  anh lya i s .  The 

system conf igura t ion  is t r a m l a t e d  i n t o  a  l o g i c  t r e e .  Each undes i rab le  

event ,  such a s  no power tc, WVVF Bus, no power t o  FCS 1 o r  no power t o  

power r i n g ,  is t r e a t r l  a s  t b c  top  event  f o r  t h e  l o g i c  t r e e .  

There a r e  t h r e e  o u t p r ~ t s  aa:sciated with each l o g i c  t r e e  a n a l y s i s ,  !I) 

t h e  l o g i c  s t r u c t u r e ,  ( 2 )  t h s  T a i l z r e  p r o b a b i l i t y  t ime h i s t o ~ y ,  and (3 )  t h e  

c u t  s e t s .  

The l o g i c  s t r u c t u r e  documents t h e  c o n f i g n r a t i o n  of  t h e  system under 

evaluat ion.  

The f a i l u r e  p r o b a b i l i t y  t ime h i s t o r y  provides  a q u a n t i t a t i v e  measure 

which could be viewed aa f i g u r e  of mer i t  o r  a s  a  r e l a t i v e  comparison 

between a l t e r n a t e  conf igura t ions .  

The c u t  s e t s  a r e  f a i l u r e  pa ths  of  t h e  sys tem's  l o g i c  s t r u c t u r e .  A 

c u t  s e t  is a  c o l l e c t i o n  of b a s i c  events  (component f a i l u r e s )  whose pres-  

ence w i l l  cause. t h e  t o p  event  t o  occur. The c u t  s e t s  s e r v e  a s  a  q u a l i t a -  

t i v e  measure. One could i n t e r p r e t  t h a t  c u t  s e t s  with one element a r e  



" s i n g l e  po in t  f a i l u r e s "  of the  system, c u t  s e t  wi th  two elements a r e  

"double point  f a i l u r e s " ,  e t c .  Only the  f i r s t  twenty-five top ranked c u t  

s e t s  a r e  shown f o r  each l o g i c  t r e e  i n  t h i s  a n a l y s i s .  

VVVF Bus 1  

The assoc ia ted  ou tpu t s  a r e  Table 1 ,  Figure  3 and Table 2. The prob- 

a b i l i t y  of los ing  power t o  VWF Bus 1 i s  3.5 x 1 0  on a  pe r  f l i g h t  hour 

bas i s .  This r e s u l t  is a l s o  a p p l i c a b l e  t o  WVF Bus 4. 

VVVF Bus 2 

The assoc ia ted  outputs  a r e  Table 3, Figure  4 and Table 4. The prob- 

a b i l i t y  of los ing  power t o  VWF Bus 2  is 2.04 x on a  per f l i g h t  

hour bas i s .  This r e s u l t  i s  a l s o  a p p l i c a b l e  t o  WVF Bus 3. 

Lef t  Outer Ring 

The assoc ia ted  ou tpu t s  a r e  Table 5,  Figure  5 and Table 6. The prob- 

a b i l i t y  of los ing  power t o  the l e f t  o u t e r  r i n g  is 1.36 r 10-15, on a  per  

f l i g h t  hour b a s i s .  This r e s u l t  is a l s o  a p p l i c a b l e  t o  r i g h t  o u t e r  r ing.  

L e f t  I n n e r  Bin& 

The assoc ia ted  outputs  a r e  Table 7 ,  Figure 6  and Table 9. The prob- 

a b i l i t y  of los ing  power to  the inner  r i n g  is 2.60 x 1 0 " ~  on a  per f l i g h t  

hour bas i s .  This r e s u l t  i s  a l s o  a p p l i c a b l e  t o  r i g h t  i n n e r  r ing .  

No Power t o  FCS 1 

The assoc ia ted  outputs  a r e  Table 9, Figure  7 and Table 10. The prob- 

a b i l i t y  of los ing  power to  FCS 1 is 1.36 r lo-', on a  per  f l i g h t  hour 

b a s i s .  This r e s u l t  is a l s o  a p p l i c a b l e  to  FCS 4. 

No Power t o  FCS 2 

The assoc ia ted  ou tpu t s  a r e  Table 11,  Figure  8 and Table 12. The 

p r o b a b i l i t y  of los ing  power to  FCS 2 i z  1.36 r lo-' on a  per  f l i g h t  hour 

b a s i s .  This r e s u l t  is a l s o  a p p l i c a b l e  t o  FCS 3. 



No s i n g l e  po in t  f a i l u r e  which could cauee the  occurrence of t h e  t o p  

event was found i n  the  previous a n a l y s i s .  

The c u t  s e t ,  a l l  engines  out  and t h e  APU is not func t ion ing ,  w i l l  

cauee the  event ,  l o s s  of a l l  e l e c t r i c  power t o  occur. The p r ~ b a b i l i i ~  of 

occurrence of  t h i s  event is 1.05 x on a  pe r  f l i g h t  hour b a s i s .  

The emergency power system (EPS) a s  the  power source  f o r  t h e  a l l  en- 

g i n e s  and APU out  cond i t ion  was no t  included i n  t h e  assessment.  The FAA 

g u i d e l i n e  is met without EPS. It would be a  p lus  i f  the  EPS is included 

a s  a  power source.  

F a i l u r e  r a t e s  used i n  t h i s  assessment a r e  e i t h e r  po in t  e s t ima te8  

der ived from the  LlOl1 experience o r  quoted by the  manufacturer.  The 

r e f e r e n c e  f o r  these  f a i l u r e  r a t e s  a r e  shown i n  Table 13. 



Table 1. Logic Structure, W V F  Bus 1 

GATE 
T 1 
1 
A 1 
A 2 
A3 
A4 
A5 
A 6 
A8 
A l l  
I11 1 
ti12 
I113 
ti14 
A12 
A13 
A14 
A16 
A17 
t t l  
A 9 
A7 
t12 
A10 
113 
t I Q  
ti5 
114 
tI7 
110 
119 
tt13 
I111 
I112 
N13 
t114 
A21 
I115 
tt16 

TYPE 
OR 
At0 
OR 
OR 
OR 
AltD 
OR 
OR 
OR 
AND 
OR 
AttD 
OR 
OR 
OR 
OR 
AttD 
OR 
OR 
At0 
OR 
OR 
At0  
OR 
At1D 
OR 
OR 
All0 
OR 
OR 
AttD 
OR 
OR 
At10 
OR 
OR 
OR 
OR 
OR 

t GATES U COI1P. It1PUTS 
1 1 I N V l  1 
3 0 A 1  A2 
0 3 GC3A GEN3 
1 1 018 A4 
0 3 GC7 AFU 
3 0 A5 A6 
1 1 GC12 t i1 
0 3 GC1 GENl 
1 1 011 A l l  
3 0 t111 A12 
1 1 817 ti12 
2 0 1 ti14 
0 3 GC4A EtIG3 
0 3 GC8 AFUC 
1 1 GT56 A14 
0 3 GC5 EtlG3 
2 0 A16 A17 
1 1 BT3 A21 
0 3 GC6 EtS3 
2 0 A9 A7 
0 3 GC2 EtlGl 
1 1 012 I12 
2 0 A10 113 
0 3 C3A GEM 
2 0 I t  115 
1 1 013 116 
0 3 GC4 €1162 
2 0 I17 118 
0 3 GC6 Et:G3 
1 1 6154 119 
2 0 I110 I111 
0 3 GC5 EtlG3 
1 1 817 N12 
2 0 ti13 It14 
0 3 tC4A €1153 
0 3 GC8 APUC 
2 0 I115 t116 
0 3 GC4 GEtJ4 
0 4 814 GC3 

A PUC 
A8 

GEN4 
APU 

GENS 

GENS 



L O G I C  TREE G R R P H I C S  SYSTEM 
LBCKHEEO C R L l F O R N l R  COMPFINY 

I D E A - V V V F ,  BUS 1 

TIME I N  HOURS 

T I M E  I N  HOURS 
0 . 0  
9 .9999993 jE -0U 
1,99999986E-03 
4.99999896E-03 
9 .9999979 lE -03  
1.99999996E-02 
4.99999970E-02 
9.999996U2E-02 
1.99999988E-01 
5.OOOOCOOOE-01 
1.OOOOOOOOE 00  

FFIIL PROB. 
0.0 
0.0 
0.0 
0.0 
9.0 
0.0 
2.7755575GE-17 
3.19189120E-16 
2.73392q20E-15 
Y.3659520UE-14 
3.50372509E-13 

Figure 3. Failure Probabi l i ty  - Time History WVF Bus 1 

SUCCESS PROB. 
1 .00000000E 00 
l.O!JCJOOOOOE 00 
1.000CCOOOE 00 
1.00000000E 00  
1.00000000E 00 
l.O!JOOOOOOE 00  
9.999999UOE-01 
9.999939UOE-01 
9.999999UOE-01 
9.999999UOE-01 
9.99999940E-01 



Table 2. Cut Set, WVF Bus 1 

. 
IOEA-VWF BlJS 1 4/23/84 APRIL  24, 1 9 8 4  

MINIMAL CUT SET DATA I t 4  DESCENDING ORDER OF PROBABILITTY 

CUT SET NO. 

4 

6 

1 
I 

2 

8 

1 0  

3 

5 

7 

11 

9 

7 3  

55 

6 4 

6 0  

76 

6 5 

5 8  

5 6  

54 

5 0  

75 

74 

7 2  

7 1 

ENGZ 

GENS 

ENG2 

GENS 

GCSA 

EN62 

GC3A 

ENG2 

SLI l3  

ENG2 

GC 3A 

GENS 

ENGZ 

ENGZ 

GEtl3 

GENS 

EIlG2 

EllG2 

GEtl3 

ENG2 

GENS 

GENS 

EtIG2 

EllG2 

GCt13 

018 

B T 8  

018 

BTO 

B T 8  

A W  

BTB 

B T 8  

6 T 0  

A PUC 

0 1 8  

A W  

APU 

A W C  

APVC 

APU 

APU 

A W  

A PU 

APU 

A W  

APU 

A W t  

A PUC 

APUC 

COnPONEEnS COt4TAIIIED I N  SET 

A W  

APU 

A PUC 

A W C  

A W  

ENGl  

A PUC 

GC 7 

f t T  

Ct(G1 

GC 7 

L t I G l  

GEN2 

GEN2 

Et tGl  

EHGI 

lict 

GEt42 

EI tGl  

GC12 

G C l 2  

G C l 2  

GEtt2 

G C l t  

ENGl  

ENGS 

E N 3  

GEt14 

GEI l l  

GEN1 

GEtt4 

. '  . . G .  

E t f G X  

GE 

E t h ~  

G E M  

GC1 

G t t t l  

EttG3 

EN63 

EN63 

EIlGS 

ENG3 

S i  Z 

EtG3 

F 

ENG3 

F NG3 

ENGS 

EWG3 

0 1 2  



Table '3. Logic Structure, V'VF Bus 2 

~uu*uIuaIuuuuuaIaaaa*aIuaau**u*a*uu**aff*a~**~a*******mm*m**u****m*a* 
u*udrrr CUTSETS OBTAIIIED BY HOCUS - IDEA-VVVF, BUS L M.***N* 
u~uC**Iuu**.uC*~*u*~~Yv)I.uIau~uu*ua*uau*uaa*uuau*uaa******a~a***a*** 

97 ELEttEtrrS USED TO DESCRIBE TI i IS TREE - 18 GATES AP? DEFINED 

GATE 
2 
6 1 
82 
84  
85 
e6 
I13 
I14 
I15 
Itb 
I47 
I18 
I19 
I110 
I11 1 
1112 
I11 3 
N14 

R 7  
86  
816 
A6 
A1 1 
I111 
I112 
I11 3 
I114 
A12 
A13 
A14 
A16 
i 1 7  .- 2 1 
I115 
I116 
812 
821  
822 

TYPE 
At19 
OR 
OR 
AIiD 
a 2 
OR 
Atlo 
OR 
OR 
AIIO 
OR 
OR 
LIR) 
OR 
OR 
AtIO 
OR 
na 
AIID 
OR 
OR 
OR 
.. i 10 
JR 
AIM 
OR 
OR 
CR 
02 
AID 
OR 
OR 
r p 

C I? 
CR 
AIR) 
OR 
CR 

(I GATES (I COttP. 
3 0 
0 '  
1 1 
2 0 
0 3 
1 
Z 0 
1 1 
0 3 
2 0 
0 3 
1 1 
2 0 
0 3 
1 1 
2 0 
0 3 
n 3 
3 0 
0 3 
1 1 
1 1 
3 0 
1 1 
2 0 
0 3 
0 3 
1 1 
0 3 
2 0 
1 1 
P 3 
2 0 
0 3 
0 4 
2 0 
0 9 
0 3 

B8 816 
GC1 EIlGl 
818 812 
811  A11 
I111 A12 
877  N12 
I t1  3 I414 
GC4A EtlGS 
CC8 APUC 
6156 A14 
GC5 EIIG3 
A16 A17 
BT3 A21 
GC6 LtlG3 
I115 I116 
GC4 GEN4 
074 GC3 
8 2 1  822 
GC7 APUC 
GC3A EIlG2 

GENS 

GENb 

LNG2 
LNG2 GENS 



, 7 - r j /  L i O G i C  T H E t  GaRPHICS S Y S T E M  
LOCK!iEED CBLIF13RNIFI  C O M P R N Y  

I D E Q - V V d F ,  BUS $2 

T I M E  I N  H O U R S  

Figure 4 .  Fa i lure  Probab i l i t y  - Time History W V F  Bus 2 



Table 4.  '?ut Set WVF Bus 2 

IDEA-VVVF, BUS 2 A P R I L  2 4 .  1 9 8 4  

NO. 

1 

2 

4 

5 

6 

7 

8 

9 

1 s  

11 

1 2  

1 3  

1 4  

1 5  

1 6  

1 7  

18 

1 9  

2 0 

2 1  

2 2 

2 3  

2 4  

2 5 

CUT SET NO. 

1 4  

1 

1 7  

1 3  

15 

' 3 

6 4 

1.l 

8 

1 2  

10 

5 

4 

2 

9 7 

9 4  

9 5  

7 6  

7 5  

7 2  

6 7  

11 

9 

3 

6 

H I N I H A L  CUT SET DATA I N  DESCENDING ORDER OF PROBABIL ITTY  

HAX FAILURE PROB. 

E m 2  

ENG2 

LNG2 

ENG2 

ENGZ 

Et1G2 

GEE13 

ENG2 

ENG2 

EIlG2 

El1G2 

EN62 

ENGZ 

GEN3 

GEM3 

ENG2 

ENG2 

GC3A 

GEtl3 

ENG2 

GEt13 

ENG2 

ENG2 

GC 3A 

GEN3 

t N G 1  

B T 2  

E N G l  

B T 2  

B T 2  

6Et12 

ENGl  

B T 2  

8 1 3  

8 7 2  

B T 2  

BT2  

B T 3  

BT2  

ENGl  

GEN2 

GC2 

E N G l  

ENGl  

GEt.12 

9 1 2  

BT2  

8 7 3  

B T 2  

B T 2  

COHPONENTS COt4TAINED I N  SET 

APU 

APUC 

A PU 

APUC 

GEN l  

Et!G3 

GC8 

GC 1 

B T 7  

ENG3 

GEN6 

GC 1 

B T  3 

ENG3 

GEN l  

G E N l  

ENG3 

EN63 

GC 1 

ENG3 

GC6 

GC 1 

B T 3  

B T 3  

APU 

A K  

APUC 

APUC 

APU 

APU 

APU 

APU 

APU 



Table 5 .  Logic Structure, Left Outer Ring 

nnmnmnwnnnmnnnmnnnmnnmnnnanaaaau~anu~~naanm~maauauauamannaamaauana~a 
*r**r** CUTSETS ODTAINEO BY flOCUS - IDEA-LEFT OUTER RING **U***u 
numwmnnnnnnmmmmvnnmnnnmmnmnnnmnnnaaaanannnaaana~anaanaaaaanaaauanaaa 

9 7  ELEtlEttTS M E 0  TO DESCRIBE T H I S  TREE - 3 8  GATES ARE DEFINED 

GATE TYPE 
LOR 
A 1 
A 2 
A4 
A5 
A6 
A8 
A 1  1 
t t 1 1  
1112 
111 3 
1414 
A12 
A13  
A14 
A16 
A17  
111 
A 9 
A 7 
112 
A10 
113 
114 
115 
t 16 
N 7 
148 
113 
1110 
N 1 1  
1112 
t i 1 3  
1414 
A 2 1  
M I 5  
I t 16  
N 3 1  

I: GATES 8 COW. INPUTS 
A 1  
G C l  
018 
A6 
GC12 
GC3A 
B T 1  
N 1 1  
BT7 
N13  
GC4A 
GCB 
6156  
GC5 
A16 
8 1 3  
GC6 
A9 
GC2 
8 7 2  
A10 
C3A 
N 4  
BT3 
6C4 
N 7  
Gcb 
GT56 
N10 
GC5 
8 7 7  
1113 
GCQA 
GC8 
N 1 5  
GCG 
BT4 
6C 7 

A2 AS A8  
GENl  ENGl  
A4 
N 3 1  
H 1  
GEtI3 ENGP 
A l l  
A12 A13  
N12  
N 1 4  
ENG3 GEN4 
APW: APU 
A14  
Et4G3 GENS 
A 1 7  
A 2 1  
ENG3 6ENb 
A 7 
ENGl  GEN2 
112 
N 3  
GENS ENG2 
!I5 
N6 
Et(G2 6EN4 
t18 
ENG3 GENb 
N 9  
N 1 1  
EN63 GENS 
14.: 2 
H 1 4  
ENG3 GEN4 
A P U  A W  
N l 6  
6EN4 EN62 
GC3 E M 2  6Et43 
A W  A W C  



LOGIC TREE GRRPHICS SYSTEM 
LOCKHEED CPLIFBRNIR CCJMPRNY 

IDER-LEFT OUTER R I N G  

TIME I N  HOURS 

T I M E  I N  HUYPS 
G. 0 
9.99999931E-06I 
1.99999986E-03 
U.99999896E-03 
9.99999791E-03 
1.99999996E-02 
Y.99999970E-02 
9.999996U2E-02 
1.99999988E-01 
5.00000000E-01 
1.00000000E 00 

FRIL PROB. 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
6.93889390E-17 
1.36002321E-15 

SUCCESS PRBB. 
1. 000OOOOOE 00 
1.00000000E 00 
1.00000000E 00 
1.00000000E 00 
1.00000000E 00 
1.00000000E 00 
1.00000000E 00 
1.00CIOOOOOE 00 
1.00000000E 00 
9.99999940E-01 
9.999999UOE-01 

Figure 5. Failure Probability - Time History Left Outer Ring 



Table 6 .  Cut S e t  Left Outer Ring 

IDEA-LEFT OUTER RING APRIL 25, 1984 
HINIUAL CUT SET DATA I N  OESCENCING ORDER OF PRMABILITTY 

NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

12 

13  

14  

1 5  

16 

1 7  

1 8  

1 9  

2 0 

2 1 

2 2 

2 3 

24 

25 

CUT SET NO. 

6 

5 

69 

45 

76 

73 

72 

7 1  

67 

64 

58 

57 

53 

1 

4 

2 

77 

74 

63 

62 

56 

52 

70 

60 

54 

HAX FAILURE ROB. 

.10540982E-14 

.32946003E-15 

.99899481E-19 

.9989948lE-19 

.31223751E-19 

.3122375lE-19 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.17445102E-20 

.15205108E-20 

.15205108E-20 

.12982947E-20 

.63857435E-21 

.63857435E-21 

.63857435E-21 

-6385743%-21 

.63857435E-21 

.63857435E-21 

.54524935E-21 

.41784586E-22 

,41784586E-22 

ENGl 

ENGl 

GENl 

ENGl 

ENGl 

GENl 

GENl 

GENl 

ENGl 

ENGl 

GCl 

ENGl 

GENl 

ENGl 

ENGl 

SEN1 

ENGl 

GENl 

ENGl 

ENGl 

GC1 

GENl 

GENl 

GCl 

GCl 

COHPONENTS CONTAINED I N  SET 

ENG2 EKG3 A W  

ENG2 ENG3 APUC 

ENG2 GEN2 A W  EN63 

GEN3 ENG3 A W  GEN4 

GEN3 EN63 APUC GEN4 

ENG2 GEN2 APUC EtG3 

ENG2 GClZ APU ENG3 

EtW! GC2 A W  ERG3 

GENS GC12 A W  ENS3 

GENS ENG3 APU BT2 

ENG2 GEN2 APU EE!G3 

GEN3 Eh53 A W  GC4 

GENS GCl2 APU ENG3 

BT8 GC12 BT1 

BTB BT1 BT2 

BT8 GCl2 BT1 

GENS GC12 APUC EN63 

EtlG2 GC12 APUC EtG3 

GEN3 ENG3 'WC BT2 

GEN3 ENG3 hFUC GC4 

ENGZ GEN2 APUC ENGS 

ENGZ GC2 APUC ENG3 

GEM3 GC12 A W C  Eh'G3 

EtG2 GC2 A W  EN63 

ENGZ GC12 APU ENS3 



Table 7. Logic Structure, Left I m e r  Ring 

N N N N N N N N N N N N N W N N N N ~ N N N ~ N N N N ~ N N N N N ~ N N N ~ # N N N f f N N N N N N N N N N ~ N N N N N N N N W ~ * N N *  

****w*N CUTSETS OBTAINED BY  M C U S  - IDEA-LEFT I I H E R  R I N G  NNNNNNW 
N N N N * N N N N N N U W N N N W ~ ~ N N N N N N I N N U N ~ N N N N ~ N N N N U ~ * N N N W N N N N f f N N ~ N ~ ' * N ~ N N N N N N N *  

9 7  ELEflENTS USED TO DESCRIBE T H I S  TREE - 3 8  6ATES ARE DEFINED 

GATE TYPE 
L I R  A t 0  
A 1  OR 
A 7  OR 
N 2  AND 
A 1 0  OR 
N 3  A t 0  
144 OR 
N 5  OR 
116 A t 0  
117 OR 
N B  OR 
N 9  A t 0  
1110 OR 
N 1 1  OR 
1112 A t 0  
N 1 3  OR 
N 1 4  OR 
L 1  OR 
1 2  A I D  
L 3  OR 
L 4  OR 
A 8  OR 
A l l  A t 0  
N 1 1  OR 
N 1 2  A t 0  
N 1 3  OR 
1114 OR 
A 1 2  OR 
A 1 3  OR 
A 1 4  A t 0  
1 OR 
A 1 7  Of? 
A 2 1  OW 
1 OR 
1116 OR 
L S  At4;l 
L 6  OQ 
L 7  OR 

t GATES 8 COtlP. INPUTS 
A 1  
GC2 
B T 2  
A 1 0  
C3A 
N4 
0 1 3  
GC4 
N 7  
6 C 6  
GT56 
t110 
GCS 
B T 7  
1413 
GC4A 
GC8 
GT12 
L 3  
B T 8  
GC 1 
011 
N 1 1  
B T 7  
N 1 3  
GC4A 
GC 8 
6 7 5 6  
6CS  
A16  
8 1 3  
GC6 
N 1 S  
GC4 
014 
L 6  
GC3A 
GC7 

A 7  11 
GEN2 Et1G1 
N 2  
N 3  
GEN3 ENG2 
N S  
N 6  
ENGZ 6E t t 4  
N 8  
ENG3 GEN6 
N 9  
N 1 1  
ENG3 GENS 
N 1 2  
N 1 4  
E1G3 6EN4 
APUC APU 
L 2  
L 4  A 8  
L S  
E N G l  G E N l  
A l l  
A 1 2  A 1 3  
N 1 2  
N 1 4  
Et1G3 GEt14 
APUC APU 
A 1 4  
ENG3 GENS 
A 1 7  
A 2 1  
EttG3 G E M  
1116 
GEN4 ENG2 
GC3 ENG2 GENS 
L 7  
GEN3 ENGZ 
APUC A W  



F 

L O G I C  TREE G R R P H I C S  SYSTEM 
L O C K H E E D  CRL I F O R N I A  COMPRNl 

I D E R - L E F T  INNER R I N G  

T I M E  I N  HOURS 

T I N E  I N  HOURS 
0 . 0  
9.99993931E-OU 
1.99999Y8GE -03 
q .  9999989GE--O1 
9 , 9 9 9 9 7 5 1 E  -03 
1.99999996E -02  
U .  9999997OE--O2 
9.999996U2E-02 
1 .99999988E-01  
5 .  CCOUOOCOE--91 
1.00000000E 00 

Figure 6 .  F a i l u r e  P r o b a b i l i ? ~  - Time History Left I n n e r  Ring 

SUCCESS PROB. 
1.00000000E UO 
1.0000300UE 00 
1.00P00GCICE 00 
1.00000000E 00 
1. 000000COE 00 
1.00000000E 00 
1. OCICiO0COOE 00 
1 . 0 0 0 0 0 0 0 ~ E  00 
1 .  CdOOOOOOE 30 
9.9999994UE-01 
9.93S!?334OE-Ol 



Table 8 .  Cut Set Left Inner Ring 

IDEA-LEFT lWER RING APRIL 25, 1984 
MINIML CUT SET DATA I N  DESCENDING ORDER OF PROBAEILITTY 

NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 3  

1 4  

1 5  

i 6  

1 7  

1 8  

1 9  

20 

2 1  

22 

2 3 

2 4  

25  

CUT SET KO. 

8 

1 

2 

9 

3 

55 

4 

6 

69 

6 8  

62  

40 

34  

7 

5 

70 

6 5  

50 

4 1  

16  

6 4  

5 9  

25 

32 

7 1  

MAX FAILURE PROB. 

.10540982E-14 

.66983005E-15 

.57193719E-15 

.32946003E-15 

-11697006E-16 

-99899481E-19 

-87072185E-19 

.74346942E-19 

.31223751E-19 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.15205108E-20 

,15205508E-20 

.63057435E-21 

.63857435E-21 

.63857435E-21 

.63857435E-21 

.61784586E-22 

.41784586E-22 

.41784586E-22 

.41784586E-22 

.35677945E-22 

,13059839E-22 

ENGl 

ENS1 

GENZ 

ENGl 

GC2 

GEN2 

ENGl 

GEN2 

GEN2 

ENGl 

GEN2 

Gcz 

GEN2 

GC2 

ENGl 

GENZ 

GENZ 

ENGl 

Gc2 

ENGl 

GC2 

Gc2 

ENS1 

ENGl 

Gcz 

EN63 

BT2 

872 

ENG3 

BTZ 

ERG3 

GT12 

6712 

EN63 

BT2 

GT12 

ENG3 

ENG3 

GT1Z 

BT2 

EN63 

GT12 

BT2 

ENS3 

BT2 

GT1 2 

ENG3 

BT3 

BTZ 

ENG3 

COMPONENTS CONTAINED I N  SET 

ERG2 

GT12 

GT12 

ENG2 

ST12 

ENC;2 

EIiG2 

ENG2 

ENG2 

GEN3 

ENGZ 

ENGZ 

ENGZ 

ENGZ 

RT1 

ENGZ 

EN62 

GEN3 

ENGZ 

ST1 

ENG2 

ENGZ 

ENG2 

BT1 

EKGZ 

APU 

APUC 

APU 

BT3 

BT3 

APUC 

EKG3 

EKS3 

APU 

APU 

BT3 

BT8 

APUC 

ENG3 

EN63 

APUC 

APU 

ERG3 

APU 

APU 

APU 

APUC 

GENl 

GENl 

APU 

APU 

GENl 

GC1 

GCl 

APUC 

A PUC 

GENl 

EtdG2 

APU 

GC1 

BT1 

GEN3 

GCl 



Table 9. Logic Structure, No Power to FCS 1 

GATE TYPE 
TOP OR 
2 At10 
1 At10 
A OR 
A2 OR 
A4 AID 
A5 OR 
A6 OR 
A8 OR 
A l l  A110 
NIL OR 
ti12 Atlo 
I113 OR 
N14 OR 
A12 OR 
A13 OR 
A14 AtiD 
A16 OR 
A17 OR 
N1 AID 
A9 OR 
A7 OR 
N2 AND 
A10 OR 
N3 AIR) 
N4 OR 
N5 OR 
'46 At10 
N7 OR 
NP OR 
3 AIR) 
NlO OR 
N11 OR 
1112 Atlo 
N13 OR 
N14 OR 
A21 OR 
1 5  OR 
N16 OR 
A OR 

t GATES 8 COHP. 
2 0 
0 2 
3 0 
0 3 
1 1  
3 0 
1 1  
0 3 
1 1  
3 0 
1 1  
2 0 
0 3 
0 3 
1 1 
0 3 
2 0 
1 1  
0 3 
2 0 
0 3 
1 1  
2 0 
0 3 
2 0 
1 1 
0 3 
2 0 
0 3 
I 1  
2 0 

INPUTS 
2 1 
ItiV2 INV1 
A3 A2 
GC7 APU 
018 A4 
A5 A6 
GC12 N1 
6C1 6EN1 
BT1 A l l  
N11 A12 
077 N12 
El13 N14 
GC4A Et1G3 
GC8 APUC 
GT56 A14 
GC5 ENG3 
A16 A17 
673 A21 
GC6 EtiG3 
A3 A7 
CC2 E l G I  
BTZ N2 
A10 h3 
C3A GEN3 
tl4 115 
BT3 116 
GC4 ENG2 
N7 NO 
GC6 EtlG3 
GT56 N9 
ti10 N11 
GC5 ElIG3 
BT7 N12 
N13 ti14 
GC4A Eli63 
GC8 APUC 
1.115 N16 
GC4 GEE14 
014 6C3 
GC3A GEN3 

A l 
APUC 

ENGl 

GEt14 
APU 

GEli4 
APU 



i-1 L O G I C  TREE S R R P H I C S  S Y S T E M  
LOCKHEED C F l L I F C R N I R  COMPRNY 

NO POWER T O  FCSl  

T I M E  I N  HOURS 
00 0 
9.99999931E-0U 
l .9999998GE -03  
U.99999896E-03 
9 .99999791E-03 
1.99999996E-02 
U. 99999970E-02 
9.99399642E-02 
1.99999988E-01 
5.00000000E-0 1 
1.00000000E 00  

TIME I N  HOURS 

Figure 7 .  Failure Probability - Time History No Power to FCS 1 

SUCCESS PF!CB. 
1.00000000E 00 
9.99999940E-01 
9.99999940E-01 
9.99999940E-01 
9.999999UOE-01 
9.99999940E- ;I1 
9.99999940E-C1 
9.995999UOE-01 
9.999999UOE-01 
9.99999940E-01 
9.99999940E-01 



Table 10. Cut Set, No Power t o  FCS 1 

NO POUER 1; FCSl 4/23/84 

CUT SET t40. 

1 

3 

7 

2 

5 

8 

12 

6 

4 

9 

11 

10  

6 1  

45 

74 

47 

72 

6 0 

18 

5 7 

4 9 

24 

63 

76 

6 7 

HAY 62, 1984 
HItWlAL CUT SET DATA I N  OESCENOING ORDER OF PROBABILITTY 

MAX FAILURE PROB. 

.13600814E-08 

.14160428E-12 

.l2090941E-12 

.44258644E-13 

.3779U429E-13 

.24127858E-14 

.10540982E-14 

.77287310E-15 

.66983005E-15 

.57193719E-15 

.32946003E-15 

.11697006E-16 

,996994816-19 

.99899481E-19 

.31223751E-19 

.31223751E-19 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.20431006E-20 

.17445102E-20 

.63857435E-21 

.63657435E-21 

INVZ 

AW 

AW 

APUC 

APUC 

A W  

APU 

APUC 

GC7 

6C7 

APUC 

GC7 

APU 

APU 

AWC 

A PUC 

APU 

A PU 

AP'J 

APIJ 

APU 

APU 

AI'U 

AP,X 

APUC 

I t N l  

BTB 

BT8 

B T I  
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BT 8 

EN62 

BT8 

BT8 

BT6 

ENG2 

BT8 

EtIG2 

GEM3 

SEN3 

ENG2 

EN62 

EN62 

GENS 

EttGZ 

GENS 

GEN3 

GEN3 

GEN3 

GEN3 

COMPOtdENTS CONTAINED I N  SET 

EttG2 

GEN3 

LNG2 

GEN3 

GC3A 

ENGl 

GC3A 

EtG2 

GENS 

ENGl 

GC3A 

CEN2 

ENGl 

EtIGl 

GEN2 

GC2 

6Ett2 

ENGl 

GC12 

GC12 

ENGl 

GClZ 

ENGl 

ENGl 

ENG3 

ENG3 

GENl 

GEM4 

GEM 

GENl 

6EN1 

6C1 

EN63 

GENl 

LNG1 

E m 3  

GENl 

EN63 

ENt3 

ENGS 

E M 3  

ENG3 

ENG3 

ENG3 

ENGS 

812 

ENGS 

EN63 ' 

GC4 

ENG3 

GC4 

812 



Table 1 1 .  Logic Structure, No Power t o  FCS 2 

6A7E TYPE 
2 OR 
22 Atlo 
02 OR 
84 AIlD 
0s  OR 
86 OR 
87 AND 
88 OR 
016 OR 
AB OR 
A l l  N O  
tI11 OR 
N12 At0 
1113 OR 
1414 OR 
A12 OR 
A13 OR 
A14 AtID 
A16 OR 
A17 OR 
A21 OR 
t u 5  OR 
N16 OR 
812 All0 
B Z 1  OR 
D22 OR 
143 AtlD 
4 OR 
115 OR 
tl6 All0 
7 OR 
148 CI! 
9 At0 
N10 00 
N11 OR 
1412 A!V  
N13 OR 
1414 OR 
0 1  OR 
23 At(b 

I GATES O COUP. INPUTS 
22 
82 
012 
05 
Gc2 
GC1 
08 
Gcl 
BT8 
B T l  
N11 
817 
N13 
GC4h 
GC8 
6756 
6C5 
A16 
I T 3  
GC6 
N l 5  
CC4 
014 
8 t 1  
GC i 
GC3A 
NB 
013 
GC4 
N7 
GC6 
GT56 
NlO 
lX5 
BT7 
rclS 
6C4A 
GC8 
Gc3A 
I t W 1  

2 3 
t13 0 1  
BB 
86 
ENGl 6EN2 
87 
816 A8 
EllGl GENl 
812 
A l l  
A12 A13 
1112 
H14 
EN63 GEN4 
APUC APU 
A14 
ENG3 GENS 
A17 
A21 
EN63 GEM 
N16 
GEM4 ENG2 
GC3 ENG2 GENT 
B22 
APUC AW 
EN62 GENS 
h" 
I46 
ENGZ GEM4 
H8 
LNG3 GENb 
N9 
N11 
EtG3 GENS 
N l 2  
N14 
EttG3 6EH4 
A m  A P U  
GENS €162 
INV2 
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LOGIC TREE GRHPHICS SYSTEM 
LOCKHEED C R L I F O R N I R  COHPPNT 

N O  POWER T O  FCS2 

T I M E  I N  HOURS 
0.0 
9,9999993 1E-04 
1.9999S986E-03 
U.99999896E-O3 
9.93939791 E - 0 3  
l.999?9996E-O2 
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SUCCESS $ROB. 
l.OClOOG3UOE 00 
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9.939999qOE-0 1 
9.9!39999!10E-01 
9.994399cOE-01 
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9.399999UOE-01 
9.939999'4GE-01 
9.39999940E-01 
9.99999943E--O 1 

Figure 8. Failure Probability - Time Iiiatory No Power to FCS 2 



Table 12. Cut Set, No Tower to FCS 2 

NO POWER TO FCS2 4/25/04 APRIL 25, 1984 
HINIHAL CUT SET DATA I N  DESCEIQ)ING ORDER OF PROBABILITTY 

WT SET HO. 

1 

18 

t 

17 

14 

15 

87  

67  

7 

16 

13 

11 

3 

6 

4 

100 

85 

04 

80 

79 

68  

7 1  

12 

8 

9 

HAX FAILURE ROB. 

.13600814E- . . 

.10540982E-14 

.66983005E-15 

-32946003E-15 

.18407336E-16 

-57532455E-17 

.99899481E-19 

.99899481E-19 

.87072185E-19 

-81072185E-19 

.87072185E-19 

.67072185E-19 

74346942E-19 

-74346942L-19 

.63481459E-19 

.31223751E-19 

.312t3751E-19 

.20431006E-20 

.20431006E-20 

.20431006t-20 

.20431006E-20 

.17445102E-20 

.15201108E-20 

.lSZOSl06L-20 

.12982947L-20 

I N V l  

EN61 

BT? 

LNG1 

8T2 

BT2 

Ern1 

6EN2 

bT3 

BT2 

012 

072 

D l 3  

BT2 

0T2 

ENGl 

GEN2 

LMGl 

6C2 

LNG1 

GEM2 

BT2 

0T2 

BT3 

BT2 

INV2 

ENG2 

ENG2 

ENG2 

LNG2 

,NG2 

GENS 

ENC 

LNG2 

Em2 

LNG2 

LNG2 

E M 2  

E m 2  

CE 43 

GENS 

ENt2 

GEM 3 

ENG2 

CC3A 

ENGZ 

GENS 

E N 2  

LNG2 

CLN3 

COHPONENlS CONTAINED I N  SET 

ENG3 

BT3 

E M 3  

Ern3 

ENG3 

6EN4 

ENG3 

ENGl 

ENG3 

ENG3 

6156 

GKN2 

6756 

GEN4 

BEN4 

EN65 

CC4 

E t a  

G E M  

E m 3  

GEM 

GT Sb 

GC2 

CC4 

APU 

APUC 

APU 

A n :  

ENG3 

GENl 

6C1 

Gc8 

BT7 

ENG3 

6 C l  

GEM 

BT3 

E W 3  

GEN1 

E M 3  

GEM1 

LNG3 

Gcl 

ENG3 

Gcb 

Gc1 

bT 3 

APU 

APU 

APUt 

A m  

AW 

APU 

AW 

APU 

APU 



Table 13. Component Failure Rate 

CWWNENT 
APU 
APUC 
B T 1  
872 
B T 3  
874 
B T 7  
BTB 
C3A 
E l G 1  
EtlG2 
Et:G3 
GC1 
GC12 
GC 2 
GC 3 
GC3A 
GC4 
6 C 4 A  
GC5 
GC6 
GC 7 
G C 8  
G t N l  
GCNZ 
GENS 
GEtJ4 
GEt15 
GEt16 
G T 5 6  
I t I V l  
lNV2  

Reference 

Quoted 
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INT  PGRATED DIGITAL ELECTRIC AIRCRAFT (1 DCA) - NASA 

FLIGHT CONTROL SYSTEM R E l l 4 % i L 1 f Y  AdALYSIS 
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