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EQS 

wing  chord, m 

p a t h   l e n g t h   d e r i v a t i v e  

d i r e c t i o n   c o s i n e   m a t r i x  of es t imated  body a t t i t u d e   w i t h   r e s p e c t  
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e s t i m a t e d   a i r c r a f t  mass, kg 
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e s t ima ted   veh ic l e   pos i t i on   f rom  the   nav iga t ion   rou t ine ,   t h ree  
components i n   i n e r t i a l   r e f e r e n c e   f r a m e ,  m 

commanded ve loc i ty   w i th   r e spec t   t o   t he   w ind ,   t h ree   componen t s ,  
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e s t i m a t e d   i n e r t i a l   a i r c r a f t   v e l o c i t y ,   t h r e e   c o m p o n e n t s ,  m/sec 

es t ima ted   ang le   o f   a t t ack ,   deg  

e s t i m a t e d   a n g l e   o f   s i d e   s l i p ,   d e g  
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E6A, EcSE, E€iR measured   a i le ron ,   e leva tor ,   and   rudder   pos i t ions ,   deg  

commanded acce le ra t ion   f rom command generator ,   m/sec2 

commanded a c c e l e r a t i o n   i n p u t   t o   t r i m m a p ,  m/sec2 

FVCI 

FVI 

g a c c e l e r a t i o n   d u e   t o   g r a v i t y ,  m/sec2 
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FLIGHT  TESTS  OF THE TOTAL AUTOMATIC FLIGHT CONTROL SYSTEM 

(TAFCOS)  CONCEPT ON A DHC-6 TWIN OTTER  AIRCRAFT 

William R. Wehrend, Jr. and  George Meyer 

A m e s  Research  Center 

SUMMARY 

A program  has  been  conducted a t  A m e s  Research Center o v e r   t h e   p a s t  few 
y e a r s   t o   d e v e l o p  a new f l i g h t   c o n t r o l   c o n c e p t ,   o n e   t h a t   w o u l d   p r o v i d e   a n   i n t e -  
g r a t e d   c o n t r o l   f o r   v e h i c l e s   w i t h   d i f f i c u l t   n o n l i n e a r   a n d   h i g h l y   c o m p l i c a t e d  
cont ro l   p roblems.  The r e s u l t  is a c o n t r o l   c o n c e p t   c a l l e d  TAFCOS, f o r   t o t a l  
a u t o m a t i c   . f l i g h t   c o n t r o l   s y s t e m .  The   fundamen ta l   i dea   i n   t he   des ign   o f  TAFCOS 
i s  t o  make maximum use   o f  a p r i o r i  k n o w l e d g e   o f   t h e   v e h i c l e   c h a r a c t e r i s t i c s  
a n d   t o   b u i l d   t h a t   i n f o r m a t i o n   i n t o  a s t r u c t u r e   t h a t   p e r m i t s   c o n t r o l   o f   t h e  
v e h i c l e   o v e r   t h e   e n t i r e   f l i g h t   e n v e l o p e ,   w i t h o u t   t h e   n e e d   f o r   c o m p l e x  mode- 
s w i t c h i n g   l o g i c .   T h i s   r e p o r t   d e s c r i b e s   t h e   f i r s t   f l i g h t  test  of   the   concept ,  
i n  w h i c h   f l i g h t s  were conducted  using a DHC-6 Twin Otter, a n   a i r c r a f t   t h a t  i s  
equipped  with a d i g i t a l   f l i g h t   c o n t r o l   s y s t e m .  To e v a l u a t e   t h e  TAFCOS con- 
c e p t ,   t h e   a i r c r a f t  w a s  c o n t r o l l e d   w h i l e   f l y i n g  a v a r i e t y   o f   s p e e d   a n d   a l t i t u d e  
changes ,   inc luding  a 6" STOL approach ,   t hus   exe rc i s ing  a good p a r t  o f  t h e  air-  
c r a f t   f l i g h t   e n v e l o p e .   T h e   m a i n   o b j e c t i v e   o f   t h e   f l i g h t  test w a s  t o   v e r i f y  
t h a t   t h e  TAFCOS s t r u c t u r e  i s  s u i t a b l e   f o r   u s e   i n  a t y p i c a l   d i g i t a l   f l i g h t   s y s -  
t e m  and t h a t   t h e   c o m p u t a t i o n a l   s t r u c t u r e   h a s   t h e   a b i l i t y   t o   c o p e   w i t h  a real- 
world  environment.  The  implementation  of TAFCOS i n   t h e   d i g i t a l   f l i g h t   s y s t e m  
showed t h a t   t h e   i n t e g r a t e d   n a t u r e   o f   t h e  TAFCOS concept  provided a compactness 
t h a t   g a v e  a cons iderable   advantage   in   usage   o f   computer   space   and  time over  a 
c o n v e n t i o n a l   c o n t r o l l e r   d e s i g n   w i t h   e q u a l l y  good per formance .   The   f l igh t - tes t  
r e s u l t s   a l s o   d e m o n s t r a t e d   t h e   c a p a b i l i t y   o f   t h e   c o n c e p t   i n   t h e   f a c e  of  sensor 
n o i s e ,  a i r  t u r b u l e n c e ,   a n d   u n c e r t a i n t i e s   i n   t h e   k n o w l e d g e   o f   t h e   a i r c r a f t  
model. 

INTRODUCTION 

With  the  development  of  the new a i r c r a f t ,   s u c h  as STOL and VTOL v e h i c l e s  
and  those  using  f ly-by-wire  and act ive c o n t r o l   c o n c e p t s ,  a need w a s  s e e n   f o r  
t h e   d e v e l o p m e n t   o f   a n   i n t e g r a t e d   f l i g h t   c o n t r o l   s y s t e m   t h a t  would  have t h e  
c a p a b i l i t y   o f   p r o v i d i n g   t h e  level  o f   c o n t r o l   t h a t   t h o s e   a i r c r a f t   r e q u i r e d .  A 
f l i g h t   c o n t r o l   c o n c e p t   c a l l e d  TAFCOS ( t o t a l   a u t o m a t i c   f l i g h t   c o n t r o l   s y s t e m )  
w a s  developed i n   r e s p o n s e   t o   t h a t   n e e d .  A t h e o r e t i c a l   d e s c r i p t i o n   o f   t h e  con- 
c e p t  i s  g i v e n   i n   r e f e r e n c e  1. The cont ro l   p roblem  presented  by t h e  STOL and 
VTOL v e h i c l e s  i s  t h a t   t h e y   g e n e r a l l y   e x h i b i t   c o u p l e d   n o n l i n e a r   f l i g h t   c h a r a c -  
teristics; i n   a d d i t i o n ,   t h e y   u s u a l l y   h a v e  a cons ide rab le   deg ree   o f   con t ro l  
r edundancy .   Because   t he   conven t iona l   f l i gh t   con t ro l l e r   des ign   r equ i r e s   t he  
use   o f   mode- se l ec t   op t ions   and   ga in   s chedu l ing   t o   hand le   t he   con t ro l   p rob lem,  
t h e r e  is a l ike l ihood   o f   ach iev ing  good pe r fo rmance   on ly   on   t he   des ign   po in t s  



wi th   deg raded   pe r fo rmance   e l sewhere   i n   t he   f l i gh t   enve lope .  The active con- 
t r o l  a n d   f l y - b y - w i r e   v e h i c l e s   r e q u i r e   t h e   f l i g h t   c o n t r o l l e r   t o   o p e r a t e   o v e r  
t h e   e n t i r e   f l i g h t   r e g i m e  of t h e   a i r c r a f t ;  a convent iona l   des ign  may not   have 
t h e   c a p a b i l i t y   t o  eo so .  The s o u r c e   o f   t h e   d i f f i c u l t y   w i t h   t h e   c o n v e n t i o n a l  
c o n t r o l l e r s  when a p p l i e d   t o   a c t i v e   c o n t r o l   a n d   f l y - b y - w i r e   a i r c r a f t  seems t o   b e  
t w o f o l d :   t h e   c o n t r o l l e r   s t r u c t u r e   d o e s   n o t   p e r m i t   t h e   i n c l u s i o n  of s u f f i c i e n t  
d e t a i l   a b o u t   t h e   v e h i c l e   t o   b e   c o n t r o l l e d   a n d  i t s  l o g i c   s t r u c t u r e  i s  n o t  power- 
f u l  enough to   p rope r ly   u se   such   da t a .  The s t r u c t u r e   o f  TAFCOS w a s  conceived 
as a n   i n t e g r a t e d   f l i g h t   c o n t r o l l e r   t o   r e s o l v e   j u s t   s u c h   d i f f i c u l t i e s   w h e r e   t h e  
des ign  makes u s e   o f   d e t a i l e d  a p r i o r i  k n o w l e d g e   o f   t h e   v e h i c l e   c h a r a c t e r i s t i c s .  
That   information is  b u i l t   i n t o  a l o g i c   s t r u c t u r e   t h a t  w i l l  p e r m i t   c o n t r o l  of 
t h e   v e h i c l e   o v e r   t h e   e n t i r e   f l i g h t   e n v e l o p e .  The r e s u l t  is  a s y s t e m   t h a t  w i l l  
h a n d l e   n o n l i n e a r   f l i g h t   c h a r a c t e r i s t i c s   w i t h o u t   t h e   n e e d   f o r  complex mode- 
swi t ch ing   l og ic .   Th i s   r epor t   desc r ibes   t he   mechan iza t ion   o f  TAFCOS f o r  simu- 
l a t i o n  and f l i g h t   t e s t i n g  and p r e s e n t s   t h e   f l i g h t - t e s t   d a t a .  

The, f l i g h t  test  w a s  conducted  with a DHC-6 Twin Otter a i r c r a f t ,   a n  a i r -  
c r a f t   t h a t  is  equipped  with a d i g i t a l   a v i o n i c s   s y s t e m   c a l l e d  STOLAND ( s e e  
r e f s .  2, 3 ) .  The ma themat i ca l   s t ruc tu re   o f  TAFCOS i s  s u c h   t h a t  a d i g i t a l   s y s -  
t e m  i s  n e c e s s a r y   t o   c a r r y   o u t   t h e   r e q u i r e d   c o n t r o l   o p e r a t i o n s .  The STOLAND 
sys t em  p rov ides   t he   necessa ry   computa t iona l   capab i l i t y  and a complete  hardware/ 
so f tware   f l i gh t   package ,   wh ich   i nc ludes   suppor t   so f tware   rou t ines ,   such  as 
naviga t ion   computa t ions ,   d i sp lay   opera t ions ,   and   o ther   computer   housekeeping  
func t ions .  To c a r r y   o u t   t h e   f l i g h t - t e s t   p r o g r a m ,   t h e  TAFCOS c o n t r o l  l a w s  were 
f i r s t  programmed on an  I B M  360 fo r   an   eva lua t ion   o f   t he   s t ruc tu re   o f   t he   con -  
t r o l l e r   o p e r a t i o n  as s p e c i f i c a l l y  set up f o r   t h e  Twin Otter a i r c r a f t .  The 
IBM 360  used a FORTRAN I V  program  language  and  operated  with  the same model  of 
t h e   a i r c r a f t  as w a s  la ter  u s e d   i n   t h e   e v a l u a t i o n   w i t h   t h e  STOLAND system. The 
TAFCOS program w a s  t h e n   c o n v e r t e d   t o   a s s e m b l y   l a n g u a g e   f o r m   f o r   u s e   i n   t h e  
STOLAND system,  and  reevaluated  in  a f l i g h t   s i m u l a t o r .   T h i s   f l i g h t   s i m u l a t o r  
uses   the   f l igh t   hardware   components  as a p a r t   o f   t h e   s i m u l a t i o n   s e t u p  so t h a t  
t h i s   p a r t i c u l a r   t a s k  debugged  and v e r i f i e d   t h e   p r o g r a m   t h a t  w a s  la ter  t o   f l y  
i n   t h e   a i r c r a f t .  The TAFCOS program w a s  merged wi th   t he   r equ i r ed   po r t ions   o f  
t h e  STOLAND so f tware ,   and   va r ious   d i sp l ays  and p i l o t   i n t e r f a c e s  were brought  
i n t o   o p e r a t i o n .  The TAFCOS system was then  f lown on t h e  Twin Otter. 

The in fo rma t ion   p re sen ted   on   t he   f l i gh t  t es t  i s  d i v i d e d   i n t o  several 
s e c t i o n s .  The main  body  of   the  report   consis ts  of a d e s c r i p t i o n   o f   t h e   t h e o r y  
under ly ing  TAFCOS, a desc r ip t ion   o f   t he   s imu la t ion   and   f l i gh t - t e s t   equ ipmen t ,  
and a p r e s e n t a t i o n  of a summary of t h e   f l i g h t   d a t a .  More d e t a i l e d   i n f o r m a t i o n  
i s  p resen ted   i n   t he   append ixes   where  a comple t e   desc r ip t ion  of the   mathemat ica l  
s t r u c t u r e  of TAFCOS is given as s p e c i f i c a l l y   a p p l i e d   t o   t h e  Twin Otter f l i g h t  
t e s t   ( append ix  A); t h e   s o f t w a r e   s t r u c t u r e  is descr ibed  (appendix  B);   and a 
complete set of f l i g h t   d a t a  i s  presented  (appendix  C).  

TAFCOS STRUCTURE 

The bas i c   r a t iona le   beh ind   t he   s t ruc tu re   o f  TAFCOS can  be  seen by consid-  
e r i n g   f i g u r e s  1 and 2. F igure  1 g ives  a concep tua l   ou t l i ne   o f  a convent ional-  
t y p e   c o n t r o l l e r .  The v e h i c l e   c h a r a c t e r i s t i c s  are given by the   b lock  marked 
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Figure  1.- Usual  arrangement  of a conven t iona l - type   con t ro l l e r .  

ESTIMATION - 

REGULATlOni 2 LINEAR 

DELTA 
+ REFERENCE 

1 - i 

COMMAND DYNAMIC 
GENERATOR 

' * 
- TOTAL * TRIMMAP 

TOTAL MOTION 
REF  CONTROL 

3 
APPROXIMATELY AN  IDENTITY 

Figure  2.- P roposed   a r r angemen t   o f   t he   l oop   con t ro l   fo r  TAFCOS. 

"aircraft," w i t h   t h e   c o n t r o l   i n p u t  as shown and t h e   o u t p u t   t h e   a i r c r a f t   m o t i o n  
states. The b locks  "command genera tor"   and   "au to t r im"   represent  some feed-  
f o r w a r d   s t r u c t u r e   b u i l t   i n t o   t h e   c o n t r o l l e r   d e s i g n ,   a n d   t h e   b l o c k   " r e g u l a t i o n "  
r e p r e s e n t s  some feedback   l og ic .  
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I n   g e n e r a l ,   t h e   " a i r c r a f t "   b l o c k   r e p r e s e n t s  a v e h i c l e   w i t h   f l i g h t   c h a r a c -  
ter is t ics  t h a t  are nonl inear .   For  STOL t y p e   a i r c r a f t ,   t h i s   n o n l i n e a r   b e h a v i o r  
can   be   qu i t e   s t rong   and   can   be  a major  problem i n   t h e   d e s i g n  of t h e   c o n t r o l l e r  
l o g i c .  The u s e   o f   g a i n   s c h e d u l i n g ,   o r   t h e   u s e   o f . d i s t i n c t   f l i g h t  modes,  such 
as a c r u i s e   a n d  a STOL mode, are p o s s i b l e   s o l u t i o n s .  The r e s u l t  i s  a poten- 
t i a l l y  complex set  o f   c o n t r o l   l o g i c   w i t h  good p e r f o r m a n c e   c h a r a c t e r i s t i c s   o n l y  
a t  c e r c a i n   d i s c r e t e   d e s i g n   p o i n t s .  The TAFCOS s t r u c t u r e   a v o i d s   t h e s e   p r o b l e m s  
by m o d i f y i n g   t h e   s t r u c t u r e   t o   t h a t  shown i n   f i g u r e  2. The va r ious   b locks  
deno te   t he  same f u n c t i o n s  as before;   however ,   the   feedback  point   has  now been 
moved t o   b e   i n   f r o n t  of the  tr immap. The  trimmap  concept i s  t h e   h e a r t  of t h e  
TAFCOS d e s i g n   a n d   p r o v i d e s   t h e   s t r u c t u r e   t o   h a n d l e   t h e   n o n l i n e a r i t i e s .  By 
p rope r   des ign   o f   t he   t r immap ,   t he   con t ro l   l oop   can   be  made t o  behave i n  a 
l i n e a r   f a s h i o n   o v e r   t h e   e n t i r e   o p e r a t i o n a l   r a n g e  of t h e   a i r c r a f t .  The opera- 
t ion   o f   the   t r immap  can   be   v iewed as f o l l o w s .   C o n s i d e r i n g   t h e   a i r c r a f t  as a 
p o i n t  mass, the   mot ion  i s  then  governed by t h e   a p p l i e d   f o r c e ,   w h i c h   i n   t u r n  i s  
p r o p c r t i o n a l   t o   t h e  commanded a c c e l e r a t i o n .   I f  a t r a j e c t o r y  i s  d e f i n e d   f o r  
t h e   a i r c r a f t   t o   f o l l o w ,   t h e   a c c e l e r a t i o n ,   a n d   h e n c e   t h e   r e q u i r e d   f o r c e ,  are 
then known. The  t r immap  represents   an  inverse   model   of   the   a i rcraf t   and  for  
t h e  commanded f o r c e   s o l v e s   f o r   t h e   c o n t r o l   s e t t i n g s   t h a t  w i l l  g e n e r a t e   t h a t  
f o r c e .   I f   t h e   t r i m m a p   c o n t a i n s   a n   a c c u r a t e   r e p r e s e n t a t i o n   o f   t h e   v e h i c l e   c h a r -  
ac te r i s t ics ,  the   con t ro l s   gene ra t ed   f rom  the   t r immap  when a p p l i e d   t o   t h e  air- 
c r a f t  w i l l  r e s u l t   i n  a t r a j e c t o r y   t h a t   d u p l i c a t e s   t h e   o n e  commanded. From t h e  
s t andpo in t  of t h e   c o n t r o l   l o o p   o p e r a t i o n ,   t h e   a p p l i c a t i o n  of the  tr immap con- 
cep t  makes t h e  combined trimmap and a i r c r a f t   b l o c k s   a p p r o x i m a t e l y   a n   i d e n t i t y  
and r e s u l t s   i n   o p e r a t i o n a l   c h a r a c t e r i s t i c s   t h a t  are a p p r o x i m a t e l y   l i n e a r ,  

The s t r u c t u r e   o f   t h e   t r i k a p ,   i n   g r e a t l y   s i m p l i f i e d   f o r m ,  i s  shown i n  
f i g u r e  3 .  The d a t a  shown are a t y p i c a l   l i f t - d r a g   p l o t   f o r   t h e  Twin Otter air- 
c r a f t .  The complete  trimmap is made up  from da ta   f rom several such   g raphs   fo r  
t h e   v a r i o u s   p a r a m e t e r s   t h a t  model t h e   a i r c r a f t .  When t h e   d a t a  shown on   t he  
graph are u s e d   t o  model t h e   a i r c r a f t ,   a l p h a   a n d   t h r o t t l e   s e t t i n g s ,  when 
t h r o t t l e  i s  conve r t ed   t o  CT, are t h e   i n p u t s   w h i c h   s p e c i f y   t h e   o v e r a l l  CL 
and CD f o r   t h e   a i r c r a f t .  The a c t u a l   c o m p u t a t i o n   f o r   a n y   a i r c r a f t  is, of 
course ,  a good b i t  more  complex as f l a p   s e t t i n g ,   p r o p e l l e r  rpm, e t c . ,   h a v e   t o  
b e   f a c t o r e d   i n  as w e l l .  The f o r c e s  computed a r e   t h e n   u s e d   i n   t h e   e q u a t i o n s   o f  
m o t i o n   t o   d e t e r m i n e   t h e   r e s u l t i n g   f l i g h t p a t h   o f   t h e   a i r c r a f t .  To u s e   t h e s e  
same d a t a   f o r   t h e  trimmap, the   p rocedure  i s  s imply   reversed .  From t h e   d e s i r e d  
o r  commanded t r a j e c t o r y ,   s p e c i f i c a l l y   t h e   a c c e l e r a t i o n   f o r   t h a t   t r a j e c t o r y ,  
t h e   f o r c e s   r e q u i r e d  are determined. By a n   i n v e r s e   p r o c e d u r e   t o   t h a t   u s e d   i n  
the   mode l ing   ope ra t ion ,   t he   da t a  are u s e d   t o   d e t e r m i n e   t h e   a l p h a   a n d   t h r o t t l e  
s e t t i n g s   n e e d e d   t o   g e n e r a t e   t h o s e   f o r c e s .  The commanded a lpha  is then  con- 
v e r t e d   i n t o   c o n t r o l   s u r f a c e  commands t o   d r i v e   t h e   a i r c r a f t   a l o n g   t h e   d e s i r e d  
t r a j e c t o r y .   A g a i n ,   t h e   o p e r a t i o n   c a n   b e  complex  because  such  factors  as f l a p  
se t t i ng   and   eng ine  rpm, e tc . ,  mus t   be   t aken   in to   cons idera t ion .  The concept 
of t h e  trimmap c a n   b e   s e e n   t o   b e   f a i r l y   s t r a i g h t f o r w a r d ,   b u t  i t  should   a l so   be  
o b v i o u s   t h a t   i n   a c t u a l   p r a c t i c e   t h e   c o n f i g u r a t i o n a l   c o m p l e x i t y   o f   t h e   a i r c r a f t  
can make i t s  u s e   c o m p u t a t i o n a l l y   d i f f i c u l t .  Any control   redundancy  must   be 
r e s o l v e d   a n d   p r o c e d u r e s   d e v i s e d   t o   e f f i c i e n t l y   s o r t   t h r o u g h   t h e   d a t a .  The 
a d v a n t a g e   i n   u s i n g   t h e  trimmap, however, is  t h a t  as much d e t a i l  a s  wanted  can 
b e   b u i l t   i n   w i t h o u t   c o n c e p t u a l   d i f f i c u l t y ;   t h i s   a l l o w s   t h e  combined  trimmap- 
a i r c r a f t   b l o c k s   t o   b e   a n   a p p r o x i m a t e   i d e n t i t y .   I n   a d d i t i o n ,   t h e  trimmap w i l l  
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F i g u r e  3.- T y p i c a l   l i f t - d r a g   p o l a r   f o r   t h e  Twin Otter a i r c r a f t .  

p e r m i t   t h e   i n c l u s i o n   i n t o   t h e   c o n t r o l   l o g i c   s t r u c t u r e   o f ,   f o r   e x a m p l e ,   e n v e -  
lope  l imit ing  and  control   redundancy  management .  

To u t i l i z e   t h e  trimmap  concept, TAFCOS has   been   s t ruc tu red  a s  shown i n  
f i g u r e  4 .  The TAFCOS s t r u c t u r e  i s  b r o k e n   i n t o   t h e  two ma in   s ec t ions ,  as  shown 
b y   t h e   d a s h e d   l i n e s   i n   f i g u r e  4 .  These   cons i s t  of  two i n n e r ,   o r   a t t i t u d e  con- 
t r o l   a n d  power c o n t r o l ,   l o o p s ,   a n d   a n   o u t e r ,   o r   t r a j e c t o r y ,   l o o p .   E a c h   l o o p  
h a s   t h e   s t r u c t u r e   d e s c r i b e d   i n   f i g u r e  2 w i t h  a t r immap  and  feedback  s t ructure  
as shown.  The a t t i t u d e   a n d  power loops are f a s t   l o o p s   r e l a t i v e   t o   t h e  trajec- 
t o r y   l o o p ,   a n d   i n   t h e   m e c h a n i z a t i o n   f o r   f l i g h t  are opera ted  a t  f i v e  times t h e  
speed   o f   t he   ou te r   l oop .  The i n p u t s   t o   t h e   a t t i t u d e   l o o p  are commanded a t t i -  
t u d e   f r o m   t h e   t r a j e c t o r y   l o o p ,   m e a s u r e d   a i r c r a f t   a t t i t u d e   a n d   a n g u l a r  r a t e ,  and 
t h e   e q u i v a l e n t   t h r o t t l e   i n f o r m a t i o n .  No t r a j ec to ry   measu remen t s   o r  command 
i n p u t s  are p r o v i d e d   t o   t h i s   s e c t i o n   o f   t h e   c o n t r o l   l o g i c .   I n  l ike  manner,   the 
t r a j e c t o r y  loop receives o n l y   t h e  commanded t r a j ec to ry   and   measu red   a i r c ra f t  
p o s i t i o n ,   v e l o c i t y ,   a n d   a c c e l e r a t i o n .  The t r a j ec to ry   l oop   has   no   knowledge   o f  
a t t i t u d e   o r   t h r o t t l e   v a r i a b l e s .  The r e s u l t  is  a s i m p l i f i c a t i o n  of  feedback 
s t r u c t u r e   w i t h   t h e   e l i m i n a t i o n  of coupl ing   be tween  the   loops .  
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F i g u r e  4.-  TAFCOS s t r u c t u r e .  

The computat ional   sequence  for  TAFCOS starts w i t h   t h e   g e n e r a t i o n   o f   t h e  
a i r  t r a f f i c   c o n t r o l  (ATC) commands generated by t h e  box a t  f a r   l e f t   ( f i g .  4 ) .  
Based  on a s t o r e d  set of  way p o i n t s ,  a sequence   o f   s t r a igh t   l i ne   s egmen t s   o r  
c i r c u l a r  arcs  i s  g e n e r a t e d   f o r   t h e   a i r c r a f t   t o   f o l l o w .   T h e s e   s e g m e n t s  a re  n o t  
n e c e s s a r i l y  smooth  and may h a v e   c o r n e r s   o r   p o s s i b l y   e v e n   d i s j o i n t e d   s e c t i o n s .  
The command o u t p u t s  are p o s i t i o n ,   v e l o c i t y ,   a n d   a c c e l e r a t i o n  as  a func t ion   o f  
time; they  are g iven   i n   t he   g round   coord ina te   sys t em.   These   s igna l s   can   be  
t r e a t e d  by TAFCOS as e i t h e r  a three-d imens iona l   o r   four   d imens iona l  command. 
With a three-dimensional  command, t h e   a i r c r a f t   p o s i t i o n  i s  s p e c i f i e d   b y   t h e  
way p o i n t s ,   b u t   t h e   v e l o c i t y  i s  c o n t r o l l e d  by t h e   p i l o t   o r   s p e c i f i e d   i n  terms 
o f   t h e   a i r s p e e d   p r o f i l e   t o   b e   f l o w n ;   h e n c e ,   t h e   a i r c r a f t   p o s i t i o n   a l o n g   t h e  
commanded f l i g h t p a t h  i s  no t   f i xed   i n   advance .   Wi th   t he   fou r -d imens iona l  com- 
mand, t h e   a i r c r a f t   m o t i o n   a l o n g   t h e   f l i g h t p a t h  i s  f i x e d   i n  terms of a s p e c i f i e d  
ground  speed. 

The ATC command s i g n a l s  are t h e   d r i v e   s i g n a l s   f o r   t h e   o u t e r   o r   t r a j e c t o r y  
loop .   These   s igna ls  are f i r s t   p r o c e s s e d  by t h e   t r a j e c t o r y  command genera tor  
(TRACOM) which  performs several f u n c t i o n s .   T h e   o u t p u t   o f   t h e   t r a j e c t o r y  com- 
mand g e n e r a t o r  i s  t o   b e  a smooth f l y a b l e   t r a j e c t o r y ,   o n e   t h a t   d o e s   n o t  ask t h e  
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a i r c ra f t   t o   pe r fo rm  maneuver s   o f   wh ich  it i s  incapable .  TRACOM i s  r e q u i r e d   t o  
smooth  any  rough  spots i n  t h e  ATC t r a j e c t o r y ,   p r o v i d e   s m o o t h   t r a n s i t i o n s   f o r  
a n y   s t e p  commands, o r   s m o o t h l y   r e d u c e   a n y   l a r g e   e r r o r s   t h a t  may b u i l d   u p ;   i n  
a d d i t i o n ,  i t  d o e s   a n y   r e q u i r e d   l i m i t i n g   t o  commands so tha t   they   do   no t   exceed  
a i r c r a f t   c a p a b i l i t y .  The output  i s  a g a i n  a p o s i t i o n ,   v e l o c i t y ,   a n d  accelera- 
t i o n  command i n  ground  coord ina tes .  

The a c c e l e r a t i o n   o u t p u t   o f  TRACOM is  t h e   p r i n c i p a l  command s i g n a l   f o r   t h e  
a i rcraf t  t r a j e c t o r y   c o n t r o l .   T h i s   s i g n a l  i s  p r o p o r t i o n a l   t o   t h e   f o r c e   r e q u i r e d  
t o   p e r f o r m   t h e  ATC maneuver  which i n   t u r n  i s  used as a n   i n p u t   t o   t h e   t r i m m a p .  
T ra j ec to ry   f eedback   i n fo rma t ion  i s  provided a t  t h i s   p o i n t   t h r o u g h   t h e  trajec- 
t o r y   r e g u l a t o r  (TRAPCO). The t h r e e   o u t p u t   s i g n a l s   f r o m  TRACOM are  used as  a n  
i n p u t   t o   t h e   r e g u l a t o r   w h e r e   t h e y  are combined w i t h   t h e  states of t h e   a i r c r a f t  
t o  form an e r r o r   s i g n a l .  T h e   o u t p u t s   o f   t h e   p e r t u r b a t i o n   c o n t r o l l e r  are posi-  
t i o n   e r r o r ,   v e l o c i t y   e r r o r ,   a n d   t h e   i n t e g r a l   o f   a c c e l e r a t i o n   e r r o r .   T h e s e   s l g -  
n a l s  are summed w i t h   t h e   a c c e l e r a t i o n   o u t p u t   f r o m  TRACOM f o r   a n  augmented 
a c c e l e r a t i o n   s i g n a l   f o r   t h e  trimmap  computation.  The  trimmap  computations 
(FTRIMl) t h e n   g e n e r a t e   t h e   r e q u i r e d   a l p h a   a n d   t h r o t t l e   s e t t i n g s   t o   p r o d u c e   t h e  
d e s i r e d   f o r c e .  The a l p h a  command i s  conve r t ed   t o  a commanded a t t i t u d e   f o r   u s e  
by the   i nne r   l oop   computa t ions .  

The i n n e r   o r   a t t i t u d e   l o o p  is  e s s e n t i a l l y  a d u p l i c a t e   o f   t h e   t r a j e c t o r y  
loop   excep t   t ha t  moments  and a t t i t u d e  commands a re  c o n s i d e r e d   r a t h e r   t h a n   f o r c e  
a n d   t r a j e c t o r y  commands. The o u t p u t  by t h e  moment trimmap i s  t h e   c o n t r o l   s u r -  
f a c e   s e t t i n g   r e q u i r e d   t o   g e n e r a t e   t h e   n e e d e d  moments,  and t h e s e   c o n t r o l   s i g n a l s  
are t h e n   u s e d   t o   d r i v e   t h e   a i r c r a f t   c o n t r o l   s u r f a c e s .  Most of t h e   s t r u c t u r e  
of TAFCOS is  der ived   f rom  k inemat ic  and  dynamic p r i n c i p l e s   a n d  i s  t h e r e f o r e  
vehicle- independent .  The  tr immaps,  of  course,   contain  detailed  information 
a b o u t   t h e   a i r c r a f t ;   i n   a d d i t i o n ,  TRACOM has  a knowledge  of  the  general  limits 
o f   t h e   a i r c r a f t   f l i g h t   c a p a b i l i t y .  The r e s u l t  i s  t h a t   t h e   b a s i c   s t r u c t u r e   o f  
TAFCOS a p p l i e s  - w i t h   t h e   c o n s t r u c t i o n  of a s u i t a b l e  t r i m m a p  plus   any  modif i -  
c a t i o n s   r e q u i r e d   t o  accommodate t h e   d i f f e r e n t   c o n t r o l   c o n f i g u r a t i o n s   t h a t  
might  be  encountered - t o  any   veh ic l e .  I t  s h o u l d   a l s o   b e   p o i n t e d   o u t   t h a t  
TAFCOS d o e s ,   i n   g e n e r a l ,   r e q u i r e   t h e   u s e   o f  a d i g i t a l   c o m p u t e r   t o   c a r r y   o u t   t h e  
c o n t r o l   o p e r a t i o n s .   I n   a p p e n d i x  A ,  a d e t a i l e d  d e s c r i p t i o n  i s  given  of   the 
con ten t s   o f   each   o f   t he   b locks  shown i n   f i g u r e  4 .  

TAFCOS  FLIGHT IMPLEMENTATION 

The f l i g h t   e v a l u a t i o n   o f   t h e  TAFCOS concept w a s  performed  using a DHC-6 
Twin Otter a i r c r a f t .  The  main  reason  the Otter was chosen i s  t h a t  i t  i s  
equipped  with a d i g i t a l   a v i o n i c s   s y s t e m   c a l l e d  STOLAND ( r e f .  3 ) .  The a v i o n i c  
system w a s  des igned   fo r   pe r fo rming   nav iga t ion ,   gu idance ,   con t ro l ,   and   d i sp l ay  
experiments   on STOL r e s e a r c h   a i r c r a f t .  STOLAND u t i l i z e s  a Sperry-1819A d i g i t a l  
f l i gh t   compute r  as  t h e   c e n t r a l   p r o c e s s o r   i n t o   w h i c h   t h e  TAFCOS c o n t r o l   l o g i c  
w a s  programmed. Ac tua l   av ion ic s   f l i gh t   ha rdware  is a l s o   i n c o r p o r a t e d   i n t o  a 
s i m u l a t i o n   f a c i l i t y   w h i c h   u s e s  a d i g i t a l   c o m p u t e r   f o r   t h e   a i r c r a f t   m o d e l i n g   a n d  
has a f i x e d   b a s e  cab f o r   t h e   d i s p l a y  and p i lo t ing   work .   F igu re  5 i s  a com- 
pos i t e   pho tograph   o f   t he   va r ious   componen t s   t ha t  make up t h e   s i m u l a t o r / f l i g h t -  
test s e t u p .  
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TWIN OTTER DHC-6 AIRCRAFT 

EA1 8400 DIGITAL COMPUTER 

SIMULATION COCKPIT 

F i g u r e  5.- Equipment  used i n   t h e  TAFCOS s i m u l a t i o n / f l i g h t   e v a l u a t i o n .  

Both   the   cab   and   the   a i rc raf t   have   the   usua l   complement  of d i s p l a y s   f o r  
p i l o t   c o n t r o l   a n d   o b s e r v a t i o n .   I n   a d d i t i o n ,   t h e r e  i s  a n   e l e c t r o n i c   f l i g h t  
d i r e c t o r   i n d i c a t o r ,   t h e  EADI which i s  programmed th rough   t he  1 8 1 9 A ,  and a CRT 
moving map d i s p l a y ,   t h e  MFD. A s p e c i a l  mode select  pane l  w a s  inc luded   for   con-  
t r o l   o f   t h e  STOLAND system.  The  outputs shown on   t hese   i n s t rumen t s  are con- 
t r o l l e d   t h r o u g h   t h e  1 8 1 9 A  computer  and a re  programmable  by t h e   e n g i n e e r .  A 
photograph of t h e   c o c k p i t   i n s t a l l a t i o n  i s  shown i n   f i g u r e  6. 
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F i g u r e  6 . -  Cockpit   d isplay  equipment .  

The STOLAND sof tware  package  contains  a l l  of   the  items n e c e s s a r y   f o r  
f l i g h t   c o n t r o l  of t h e   a i r c r a f t ,   i n c l u d i n g  a complementary   f i l t e r - type   navi -  
g a t o r ,   d i s p l a y  commands, guidance  laws,  and a v a r i e t y  of  o t h e r   f e a t u r e s .  The 
TAFCOS program w a s  i n s e r t e d   i n   t h e  STOLAND system  by  replacing a l l  of t h e  
a u t o p i l o t   a n d  SAS f u n c t i o n s   o f   t h e  STOLAND g u i d a n c e   r o u t i n e   b u t   r e t a i n i n g   t h e  
n a v i g a t i o n   r o u t i n e ,   t h e   d i s p l a y   f u n c t i o n s ,   a n d  a l l  of   the   genera l   housekeeping  
func t ions   o f   t he  STOLAND o p e r a t i o n s .  A more d e t a i l e d   d e s c r i p t i o n   o f   t h e  way 
i n  which TAFCOS and STOLAND were combined i s  g iven   i n   append ix  B .  

FLIGHT  PROCEDURES 

F o r   t h e   f l i g h t   e v a l u a t i o n ,  a t r a j e c t o r y  was chosen   t ha t  would e x e r c i s e  a 
good p a r t   o f   t h e   f l i g h t   e n v e l o p e  of t h e   a i r c r a f t  and  hence  evaluate  TAFCOS 
over  a wide   r ange   o f   f l i gh t   cond i t ions .  The  main f e a t u r e s   o f   t h e   f l i g h t  tra- 
j e c t o r y  are shown i n   f i g u r e  7.  To f l y   t h e   p a t h  shown, i n i t i a l   c a p t u r e  w a s  t o  
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4 3  

9739 m 

WAY POINT  ALTITUDE* 
NUMBER m 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

219 
238 
363 
500 
500 
500 
500 
500 
500 
500 
500 
390 
238 
219 
219 

* ALTITUDE ABOVE SEA LEVEL 
(FIELD  LEVEL 42 m) 

AIRSPEED 
mhec 

51 
51 
51 
51 
56 
60 
60 
48 
43 
41 
37 
37 
37 
43 
51 

RADIUS= 913 m 

Figure  7.-  R e q u i r e d   t r a j e c t o r y   f o r  TAFCOS f l i g h t   e v a l u a t i o n .  

t a k e   p l a c e  somewhere i n   t h e   v i c i n i t y  of way p o i n t  8 ,  which i s  about  midway 
a l o n g   t h e  downwind l e g .  The a i r c r a f t   s p e e d  w a s  t o   b e   a b o u t  51 m/sec and t h e  
c a p t u r e   a l t i t u d e   a b o u t  500 m above sea level  ( 4 5 5  m above  the  runway).  The 
a i r c r a f t  w a s  r e q u i r e d   t o   f l y   a b o u t  2-112 c i r c u i t s   a r o u n d   t h e   p a t t e r n .   F o r   t h e  
r e p e a t e d   c i r c u i t s ,   t h e   a i r c r a f t  made a normal   descent   toward  the runway  and 
l e v e l e d   o f f  a t  about  219  m f o r  a go-around  maneuver. The commanded p a t h  
r e q u i r e s   a n   a l t i t u d e   v a r i a t i o n   f r o m  500 m t o  219 m and   r equ i r e s   a i r speed  vari- 
a t ions   f rom 60 m/sec t o  a low  of 37 m/sec. The a p p r o a c h   d e s c e n t   t o   t h e  runway 
cal ls  f o r  a 6" g l i d e   s l o p e   a n d  a 3" pa th   fo r   c l imb-ou t .  A v a r i e t y  of  f l a p  
s e t t i n g s  was c a l l e d   f o r  as w e l l  a s  c h a n g e s   i n   p r o p e l l e r  rpm, wi th   those   changes  
made i n   a c c o r d a n c e   w i t h   s t a n d a r d   f l i g h t   p r o c e d u r e s   f o r   t h e  Twin Otter a i r c r a f t .  
TACAN was used as  the  navaid  throughout   most  of t h e   f l i g h t .  The l a s t  approach 
t o   t h e  runway w a s  done  with  the  use  of  a microwave  landing  system (MODILS). 

There were two m a i n   o b j e c t i v e s   o f   t h e   f l i g h t  t es t ,  b o t h  o f  which were 
conce rned   w i th   eva lua t ing   concep t   pe r fo rmance .   The   f i r s t   ob jec t ive  w a s  t o  
d e m o n s t r a t e   t h a t   t h e  TAFCOS concept i s  p r a c t i c a l   f o r   u s e  as a f l i g h t  con- 
t r o l l e r .   T h i s  w a s  a n   o b j e c t i v e   b e c a u s e   o f   t h e   m a t h e m a t i c a l   s t r u c t u r e   o f  
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TAFCOS. A s  h a s   b e e n   p r e v i o u s l y   d e s c r i b e d ,   t h e  TAFCOS concept is  a n   i n t e g r a t e d  
c o n t r o l l e r   w i t h   s u f f i c i e n t   s t r u c t u r e   t o   b e   c a p a b l e   o f   h a n d l i n g   t h e   d i f f i c u l t  
cont ro l   p roblems  of  STOL and VTOL a i r c r a f t   w i t h o u t   t h e   m u l t i m o d e   o p e r a t i o n s   o r  
complex   ga in   schedul ing .   The   in tegra ted   s t ruc ture   o f  TAFCOS s h o u l d ,   f o r  a 
comparable level o f   c o n t r o l ,   p r o v i d e   f o r  a more e f f i c i en t   and   compac t  set of 
c o n t r o l l e r   l o g i c .  However, t h e   m a t h e m a t i c a l   s t r u c t u r e   o f  TAFCOS is  cons ider -  
a b l e   ( s e e   t h e   d e v e l o p m e n t   i n   r e f .  l), and  the   requi red   mathemat ica l   opera t ions  
cou ld   p re sen t  a p r o b l e m   w i t h   t h e   r e s t r i c t i o n s   o f   s p a c e   a n d  time imposed by a 
t y p i c a l   f l i g h t   c o m p u t e r .   I n   t h e   p r o c e s s   o f   c o n d u c t i n g  a f l i g h t  tes t ,  a n y   d i f -  
f i c u l t i e s   i n   t h e   g e n e r a t i o n  of software  would become immediately  apparent,   and 
i t  w a s  cons ide red   impor t an t   t o  show t h i s   n o t   t o   b e   t h e  case. 

The second   ob jec t ive  w a s  t o   d e m o n s t r a t e   t h a t   t h e  TAFCOS concept  could 
f u n c t i o n  w e l l  i n  a real-world  environment ,   what   might   be  cal led  the  robustness  
o f   t h e   c o n t r o l l e r .  A good dea l   o f   eva lua t ion   can   be   done   i n  a s imula t ion   env i -  
ronment   with  the  use  of   varying levels of  wind  and  turbulence;  however,   the 
ope ra t ion   o f  TAFCOS depends  on  the  use  of  a p r i o r i  knowledge  of t h e   a i r c r a f t  
model  and t h e   a c t u a l   a i r c r a f t  may, a n d   l i k e l y   d o e s ,   d i f f e r  somewhat f rom  the 
model  used i n   t h e   s i m u l a t i o n .   F l i g h t   e v a l u a t i o n   o f  TAFCOS would v e r i f y   t h a t  
t h e   s t r u c t u r e   o f  TAFCOS c a n   h a n d l e   t h e s e   d i f f e r e n c e s ,   t h a t   t h e y  w i l l  no t   cause  
a p r o b l e m   t o   t h e   c o n t r o l l e r   o p e r a t i o n ,   a n d   t h a t ,  as a r e s u l t ,   t h e   e x p e c t e d  
leve l   o f   per formance   can   be   main ta ined .  A similar problem  can  be  encountered 
w i t h   n o i s e   t h a t   e x i s t s   o n   s e n s o r  and   nav iga t ion   s igna l s .   Da ta   t o   eva lua te  
t h e s e  c r i t e r i a  would come p r i m a r i l y   f r o m   t h e   t r a c k i n g   c a p a b i l i t y   o f  TAFCOS 
dur ing   t he   f l i gh t   and   f rom some m o n i t o r i n g   o f   i n t e r n a l   v a r i a b l e s .  

COMPUTER SPACE/TIME REQUIREMENTS 

A s  j u s t  mentioned i n   t h e   p r e v i o u s   s e c t i o n ,   t h e   p r a c t i c a l i t y   o f   t h e  con- 
t r o l   l o g i c  of TAFCOS c a n ,   t o  a degree,   be  judged by the  computer  requirements 
needed t o   c a r r y   o u t   t h e   c o n t r o l   t a s k s .  A t abu la t ion   o f   t he   space - t ime   r equ i r e -  
m e n t s   u s e d   w i t h   t h e   f l i g h t - t e s t   p r o g r a m ,   t h e   t o t a l   a v a i l a b l e   i n   t h e  1819A com- 
p u t e r ,   a n d   t h e  amount  used i n   t h e   c o n v e n t i o n a l  set  o f   c o n t r o l   l o g i c   u s e d  by 
t h e   b a s i c  STOLAND system are shown i n   t a b l e  1. The  upper l i n e   o n   t h e   c h a r t  
shows t h e   t o t a l  memory a v a i l a b l e   w i t h i n   t h e  1819A.  The t o t a l   c y c l e  t i m e  of 
50 msec i s  a l s o  shown as  w e l l  a s  times requ i r ed   t o   ca r ry   ou t   t he   add   and   mu l t i -  
p l y   o p e r a t i o n s .  The  add  and  multiply times g i v e   a n   i n d i c a t i o n   o f   t h e   e f f i -  
c iency   of   the  1819A. E n t r i e s   i n   t h e  last  column are m e a s u r e s   o f   t h e   a v a i l a b l e  
computat ional   complexi ty;   they are  products   of   the   space  and time a v a i l a b l e  
(word-seconds).  Those  numbers are  presented   because   wi th  a d i g i t a l  program i t  
is  p o s s i b l e   t o   t r a d e o f f  time and  space by  programming  techniques.   Similar 
d a t a  are  shown f o r   t h e   c o n t r o l   l o g i c  as programmed f o r   t h e  STOLAND system  using 
convent iona l   au topi lo t /SAS  cont ro l  l a w s  and f o r   t h e  programming  of t h e  TAFCOS 
l o g i c .  Two sets of  numbers are shown f o r  TAFCOS. The upper set is f o r   t h e  
programming as done f o r   t h e   f l i g h t  test;  those  numbers are a n   a c t u a l   c o u n t   o f  
t h e  computer  usage.  For ease o f   o p e r a t i o n ,   t h e  TAFCOS programming w a s  done 
wi th   dec ima l   s ca l ing .  However, t h e  1819A is  a f ixed-poin t   machine   tha t   oper -  
ates more e f f i c i e n t l y   w i t h   b i n a r y   s c a l i n g .  The l a s t  set of .numbers  i s  a n  
estimate o f   t he   improvemen t   t ha t   can   be   ob ta ined   by   conve r t ing   t o   b ina ry  
s c a l i n g .  
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TABLE - 1 - .- COMPUTER- 

__ " _  

Sperry-1819A f l igh t   compute r  

STOLAND c o n t r o l   s t r a t e g y  

TAFCOS 
Decimal s c a l i n g  
B ina ry   s ca l ing   ( e s t ima ted )  

PACE-TW 
Computer 
memory 

l o c a t i o n s ,  
"" wo-cd>s ~ . 

32,768 

8 , 237 

2,523 
2,000 

!.QUIR@ENTS -~ ~ . . .  FOR ~ T 

T i m e  
requirements  , 

mec 
. ~ ~ - .  - . . . .~ 

Add:  2 
Mul t ip ly :  24 
Cycle time: 50 

12.5/50 

9.3/50 
5.0/50 
" ~ 

Complexity, 
word-sec a 

. . ". 

1640 

103 

24 
1 0  

. . . -. ~ 

a Product  of  computer memory loca t ions   used   and   computa t ion  time. 

The  numbers shown i n   t a b l e  1 i n d i c a t e   q u i t e   c l e a r l y   t h a t   t h e   i n t e g r a t e d  
s t r u c t u r e   o f  TAFCOS d o e s   p r o v i d e   f o r  a more  compact set o f   c o n t r o l  laws t h a n  
w a s  t h e  case f o r   t h e   c o n v e n t i o n a l   a p p r o a c h .  It is  recogn ized   t ha t  a comparison 
o f   t h i s   s o r t  may n o t   b e   c o m p l e t e l y   f a i r   t o   t h e   c o n v e n t i o n a l  se t  o f   l o g i c  as 
no rea l  a t tempt  may have  been made t o   g e n e r a t e  a program  that  made op t ima l   u se  
of  computer memory and time. The d i f f e r e n c e  is s u f f i c i e n t l y   l a r g e ,   h o w e v e r ,  
t h a t  it would seem clear  t h a t   t h e  TAFCOS approach  does  have  an  inherent   advan-  
t a g e   o v e r   t h e   c o n v e n t i o n a l   l o g i c .  The   main   reason   for   the   d i f fe rence   appears  
t o   b e   t h a t  TAFCOS d o e s   n o t   r e q u i r e   t h e   s e p a r a t i o n   o f   a x e s   a n d  modes t h a t  
normally a r e  u s e d   i n   c o n v e n t i o n a l   d e s i g n s   t h a t  c a l l  f o r  a d u p l i c a t i o n   o f   l o g i c  
and ,   t he re fo re ,  a l a r g e r  program. 

A q u e s t i o n   t h a t   c a n   b e   a s k e d   o n   t h e  TAFCOS programming is  how t h e  complex- 
i t y  of the  sof tware  would  change  with a d i f f e r e n t   v e h i c l e .  A s  has   been men- 
t i o n e d ,  TAFCOS w a s  conceived as  a c o n t r o l l e r   s t r u c t u r e   s u i t a b l e   f o r  complex 
STOL and VTOL v e h i c l e s   a n d   c l e a r l y   t h e  Twin Otter i s  n o t   i n   t h a t   c a t e g o r y .  
The fo l lowing  l i s t  shows t h e  breakdown  of t h e  TAFCOS programming. 

TAFCOS Computat ional   Sect ion Memory Locat ions  Used 

ATC command g e n e r a t o r  (ATCGEN) 48 0 
Tra jec to ry   l oop   ( fo rce   t r immap:  197)  902 
A t t i t u d e   l o o p   ( a t t i t u d e   t r i m m a p :  163) 506 
Servos 118 
Data i n p u t  203 
Miscellaneous  housekeeping 314 

To t a l  2 , 523 

For   the  way i n  which TAFCOS i s  constructed,   most   of   the   computat ions a re  no t  
vehicle-dependent  and a re  cons t ruc ted  on b a s i c   k i n e m a t i c   p r i n c i p l e s .  Some 
computations do depend on v e h i c l e   c h a r a c t e r i s t i c s ,   b u t   t h e y  are  most ly  l i m i t e d  
t o   t h e   s e t t i n g   o f   v a r i o u s   g a i n s   a n d  limits. Only  the  tr immap  sections,   which 
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are  inverse  models  of t h e   a i r c r a f t   c h a r a c t e r i s t i c s ,  a re  t r u l y   v e h i c l e -  
dependent .   Therefore ,  a change   t o  a more  complex v e h i c l e  would e n t a i l   o n l y  a 
change i n   t h e   s i z e  of t he   t r immap   s ec t ions .  The  trimmaps f o r   t h e  Twin Otter 
were set up u s i n g   a n   a n a l y t i c   d e s c r i p t i o n   o f   t h e   a i r c r a f t   c h a r a c t e r i s t i c s  by 
c u r v e   f i t t i n g   t o   t h e   d a t a   c h a r t s   f o r   t h e   a i r c r a f t ;   t h e y   r e q u i r e d   s t o r a g e  of 
about  38 numbers   and  s torage  of   the  computat ional   inst ruct ions.  The equat ions  
c a n   b e   s e e n   i n   t h e   a p p r o p r i a t e   s e c t i o n s   i n   a p p e n d i x  A.  Trimmaps f o r  complex 
v e h i c l e s   m i g h t   b e   c o n s i d e r a b l y   l a r g e r .  A s  an   example ,   fo r   t he  Ames Augmentor 
Wing a i r c r a f t   ( a  STOL v e h i c l e   w i t h   i n t e r n a l l y  blown f l aps ,   movab le   t h rus t  
n o z z l e s ,   e t c . ) ,   t h e   t a b u l a r   t r i m m a p  would  add  about  800 memory l o c a t i o n s   t o   t h e  
program.  Considering  the  computational power of TAFCOS and t h e   n a t u r e  of t h e  
a i r c r a f t   b e i n g   c o n t r o l l e d ,   t h e   b e n e f i t s   o f   t h e   i n t e g r a t e d   s t r u c t u r e   o f  TAFCOS 
are c l e a r .  

FLIGHT  RESULTS 

The f i r s t  set of f l igh t   da ta   p resents   an   overv iew  of   the   per formance   of  
TAFCOS d u r i n g   t h e   f l i g h t  test .  Shown i n   f i g u r e  8 i s  a t r a c k i n g   o f   t h e  a i r -  
c r a f t  by the  ground  radar   system  that  i s  u s e d   i n   c o n j u n c t i o n   w i t h   t h e   d a t a  
co l l ec t ion   sys t em a t  t h e   f l i g h t - t e s t   f a c i l i t y .  The p l o t s  on t h e   f i g u r e  show 
an X-Z p l o t  and an  X-Y p l o t  of t h e   r a d a r   d a t a .  The X-ax i s   r ep resen t s   d i s t ance  
a l o n g   t h e  runway cen te r   i i ne ,   t he   Y-ax i s   d i s t ance   pe rpend icu la r   t o   t he   runway ,  
and the  Z-axis  i s  a l t i t u d e .  No te   t he   expanded   s ca l e   on   t he   a l t i t ude   va r i ab le .  

A s  p rev ious ly   men t ioned ,   t he   pa t t e rn  w a s  f lown  in  a counterclockwise 
d i r e c t i o n   w i t h   t h e   i n i t i a l  s tart  po in t  as n o t e d .   B e c a u s e   t h e   a i r c r a f t  f l e w  
approximately 2-112 c i r c u i t s   a r o u n d   t h e   f i e l d ,   t h e   t r a c k s  are  r epea ted .  A t  
t h e   i n i t i a l   c a p t u r e   p o i n t ,   t h e   a i r c r a f t  w a s  f l y i n g  a t  an  a i rspeed  of   about  
62 mlsec  and w a s  commanded t o   c a p t u r e  a p a t h   t h a t  w a s  t h e   e x t e n s i o n  of t h e  
downwind l e g  paral le l  t o   t h e  runway.  The l a t e ra l  e r r o r  a t  t h i s   c a p t u r e  was 
q u i t e   l a r g e ,   i n i t i a l l y  of t h e   o r d e r  of  600 m y  a n d   t h e   v e r t i c a l   e r r o r  w a s  about 
25 m ( t h e s e  numbers a r e   a c t u a l l y  somewhat l a r g e r   t h a n   t h o s e  shown i n   t h e   f i g -  
u r e  because TAFCOS w a s  i n   o p e r a t i o n   p r i o r   t o   r a d a r   l o c k - o n ) .  The f l i g h t p a t h  
t e rmina ted   on   an   approach   t o   t he  runway. 

F igure  8 shows t h a t  TAFCOS d i d  a good j o b  of g u i d i n g   t h e   a i r c r a f t   a r o u n d  
t h e   r a c e t r a c k   p a t t e r n   w i t h   r e a s o n a b l y  smooth  performance. The s c a l e  of t h e  
f i g u r e   d o e s   n o t ,  of course ,  p e r m i t  much d e t a i l   t o   b e  shown, bu t  i t  i s  c l e a r  
t h a t   t h e   b a s i c   o p e r a t i o n   o f  TAFCOS as a f l i g h t p a t h   t r a c k i n g   c o n t r o l l e r  w a s  
s a t i s f a c t o r y .  The v a r i a t i o n s   i n   t h e   p a t h   g u i d a n c e   t h a t  are ev iden t   on   t he  
p l o t  are  from  one  of two main  sources.  The n o i s e  on t h e   v e r t i c a l   a x i s  is 
p r i m a r i l y   d u e   t o   t u r b u l e n c e .   T h e r e  w a s  l i t t l e  o r  no ground  wind  during  the 
f l i g h t ,   b u t   t h e   t u r b u l e n c e  w a s  r a t e d  as m o d e r a t e ;   t h e   r e s u l t  w a s  t h a t   t h e  
v e r t i c a l   t r a c k i n g  w a s  not  smooth.   The  variations on t h e  X-Y p l o t  a r e  d u e   f o r  
the  most  p a r t  t o   v a r i a t i o n s   i n   t h e  TACAN s i g n a l   w i t h  a resu l tan t   wander ing  of 
t he   nav iga t ion   i n fo rma t ion .  A s i g n i f i c a n t   d i s t o r t i o n  o f   t h e   f l i g h t p a t h   c a n   b e  
seen as t h e   a i r c r a f t   f l e w  down t h e  runway. A t  t h a t   l o c a t i o n ,   t h e   a i r c r a f t  went 
t h rough   t he   cone   o f   con fus ion   fo r   t he  TACAN s t a t i o n ,   w h i c h   r e s u l t e d   i n  a l a r g e  
t r a n s i e n t   i n   t h e   n a v i g a t i o n   d a t a   i n p u t s .  

1 3  



E 

w > 
a 200 1 

- 
GROUND LEVEL 

E 3000 I 

-1 000 I 1 1 I 
-6000 -3000 0 3000 6000 

DISTANCE ALONG RUNWAY, m 

F i g u r e  8.- Radar   t r ack   o f   t he  TAFCOS f l i g h t  t e s t .  

Of p a r t i c u l a r   i n t e r e s t   i n   f i g u r e  8 i s  the   per formance   of  TAFCOS dur ing  
t h e   i n i t i a l   c a p t u r e .  The l a t e ra l  e r r o r  w a s  l a rge   and   p re sen ted  a s i t u a t i o n   i n  
wh ich   s t ab i l i t y   p rob lems   cou ld  a.rise i f   t h e   c o n t r o l l e r  had  not   been  properly 
cons t ruc ted .  The s e c t i o n   o f   t h e   l o g i c   c a l l e d  TRACOM w a s  des igned   t o   hand le  
s u c h   l a r g e   e r r o r s  when t h e   o u t p u t  command t o   t h e   r e m a i n i n g  TAFCOS l o g i c  is  a 
f l y a b l e  command, even   w i th   such   l a rge   i npu t   e r ro r s .  It i s  clear f r o m   f i g u r e  8 
t h a t  no d i f f i c u l t i e s   o c c u r r e d   a n d   t h e   l a r g e   e r r o r  w a s  e l i m i n a t e d   i n  a w e l l -  
control led  manner .  

The next  set o f   f i g u r e s ,   i n   w h i c h   t h e  l a te ra l  and ver t ica l  d e v i a t i o n s  
f rom  the  commanded p a t h  are shown, p r e s e n t s  a more d i r ec t   a s ses smen t   o f   t he  
performance  of TAFCOS f o r   t h e   f l i g h t p a t h   t r a c k i n g   t a s k .   I n   f i g u r e  9 ,  t h e  
d e v i a t i o n   d a t a   f o r   t h e   c o m p l e t e  2-112 c i r c u i t s  are given.  The commanded 
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Figure  9.- L a t e r a l   a n d  ver t ical  d e v i a t i o n s  - TAFCOS f l i g h t   c o n t r o l l e r   o p e r a t i n g  
o v e r   t h e   f u l l  ATC t r a j e c t o r y .  

p o s i t i o n   u s e d   i n   t h e   g e n e r a t i o n   o f   t h e   d a t a  is  t h e   t r a j e c t o r y  commanded by t h e  
ATC command g e n e r a t o r ,   a n d   t h e   a i r c r a f t   p o s i t i o n  is  taken   f rom  the   ou tput   o f  
t h e   n a v i g a t i o n   r o u t i n e ,   t h e   e s t i m a t e d   a i r c r a f t   p o s i t i o n .  

The f o r m a t   f o r   t h e   p r e s e n t a t i o n  i s  similar t o   t h a t   i n  which  the  informa- 
t i o n  w a s  p r e s e n t e d   t o   t h e   p i l o t   o n   t h e  E A D I .  When t h e   a i r c r a f t  was unde r   t he  
c o n t r o l   o f   t h e  TAFCOS l o g i c ,  a r e c t a n g u l a r  box  appeared  on  the CRT t o   p r o v i d e  . 
i n f o r m a t i o n   o n   t h e   l o c a t i o n   o f   t h e  commanded f l i g h t p a t h  re la t ive  t o   t h e  a i r -  
c r a f t .  The  box c a n   b e   c o n s i d e r e d   t o   b e  a t u b e   t h r o u g h   w h i c h   t h e   a i r c r a f t  i s  t o  
f l y ;   t h e r e f o r e ,  i t  g i v e s  a q u a l i t a t i v e   v i s u a l   m e a s u r e  of a i r c ra f t   pe r fo rmance .  
The box i s  shown o n   t h e   f i g u r e s   f o r   e s s e n t i a l l y   t h e  same r e a s o n .   I n   a d d i t i o n ,  
t h e   s c a l i n g  of t h e   p l o t  i s  t h e  same as t h a t   u s e d   o n   t h e  EADI d i s p l a y .  

A look  a t  t h e   v a r i a t i o n   o f   t h e   d a t a   i n   f i g u r e  9 shows t h a t   t h e  TAFCOS 
c o n t r o l l e r   p r o v i d e d  a leve l  of t r a c k i n g   a b i l i t y   t h a t  w a s  he ld   t o   abou t  + 1 2  m 
v e r t i c a l l y  and  about +75 m h o r i z o n t a l l y .  The i n i t i a l   c a p t u r e   p a t h  i s  shown by 
t h e   l o n g   l i n e   t a i l i n g   o f f   t o   t h e   l e f t .   E s s e n t i a l l y ,  a l l  t h e  da t a  shown are  
f o r  times when t h e   a i r c r a f t  w a s  u s i n g  TACAN f o r   t h e   n a v i g a t i o n   i n f o r m a t i o n   t o  
t h e  l a t e r a l  axis.  C o n s i d e r i n g   t h e   l e v e l  of t u r b u l e n c e   t h a t  w a s  p re sen t   du r ing  
t h e   f l i g h t ,   t h e   c o n t r o l   o f   t h e   v e r t i c a l   a x i s   a p p e a r s   t o   b e   q u i t e   g o o d ,   w i t h   t h e  
limits wi th in   the   expec ted   accuracy  level  of t h e  a l t imeter .  The l a t e ra l  a x i s  
shows cons iderably  more dev ia t ion ,   and   examina t ion   o f   o the r   da t a   has  shown t h a t  
most  of t h e  sca t te r  a p p e a r s   t o  come f r o m   v a r i a t i o n s   i n   t h e   e s t i m a t e d   p o s i t i o n  
o f   t h e   a i r c r a f t  by t h e   o n - b o a r d   n a v i g a t o r ;   i n   t u r n ,   t h o s e   v a r i a t i o n s  were due 
t o  TACAN s i g n a l   v a r i a t i o n s .   C o m p a r i s o n s   b e t w e e n   t h e   p o s i t i o n   o f   t h e   a i r c r a f t  
as measured  by the   r ada r   and   t he   on -boa rd   e s t ima to r  shows v a r i a t i o n s   o f   t h e  
order   o f  +180 m, w i t h   r e l a t i v e l y   r a p i d   c h a n g e s   i n  some r e g i o n s .  TAFCOS s a w  
t h o s e   v a r i a t i o n s  as i n c o n s i s t e n c i e s   w i t h   o t h e r   m e a s u r e m e n t s ,   t h a t  is ,  v e l o c i t y  
and  accelerat ion,   and  developed  hang-off   errors   to   compensate .   Despi te   those 
p rob lems ,   t he   da t a  show t h a t  TAFCOS w a s  a b l e   t o   t r a c k   t h e   d e s i r e d   f l i g h t p a t h  
wi th   reasonable   accuracy   and   to   do  so u n d e r   t h e   r e q u i r e d   v a r i e t y   o f   f l i g h t  
c o n d i t i o n s   a n d   c h a n g e s   i n   a i r c r a f t   c o n f i g u r a t i o n .  
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Figure  10  shows a similar set of d e v i a t i o n   d a t a   b u t   o n l y   f o r   t h a t   p o r t i o n  
of t h e   f l i g h t p a t h   w h e r e   t h e   n a v i g a t i o n   r o u t i n e  had swi tched   to   the   microwave  
landing  system. The  form  and  scal ing  of   the  data  shown o n   t h i s   f i g u r e  are t h e  
same as p r e s e n t e d   i n   f i g u r e  9. TAFCOS is  unchanged,  no mode o r   ga in   changes  
were made wi th   t he   swi t ch   t o   t he   mic rowave   l and ing   sys t em,   and   t he   on ly   d i f -  
f e r e n c e  is the   improved   naviga t ion   s igna l .   There  is, of   course,  a very   d ra-  
matic improvement in   t he   pe r fo rmance   o f  TAFCOS w i t h   t h e   h i g h e r   q u a l i t y   n a v i g a -  
t i o n   i n f o r m a t i o n .  The ver t ical  d e v i a t i o n s  are now l i m i t e d   t o   a b o u t  k2.5 m and 
t h e  la teral  d e v i a t i o n s   t o   a b o u t  +lo m. It would appea r   f rom  f igu res  9 and 10  
t h a t  TAFCOS w a s  o p e r a t i n g  up t o   t h e   q u a l i t y  o'f t h e   n a v i g a t i o n   s i g n a l .  
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Figure  10.- Lateral and v e r t i c a l   d e v i a t i o n s   d u r i n g   f i n a l   a p p r o a c h  - TAFCOS 
f l igh t   con t ro l l e r   w i th   t he   mic rowave   l and ing   sys t em.  

The nex t  set o f   da t a  shows a somewhat d i f f e r e n t  view o f   t h e  TAFCOS per- 
fo rmance .   In   f i gu re  11, a compar ison   of   the   acce le ra t ion  commanded w i t h i n  
TAFCOS and   t he   veh ic l e   r e sponse   p rov ides  a measure   o f   whether   the   in te rna l  
s t r u c t u r e  i s  i n   f a c t   f u n c t i o n i n g  as in tended .  Shown i n   f i g u r e  11 are time 
h i s t o r i e s  of a c c e l e r a t i o n s ;   t h e   u p p e r   c u r v e   o f   e a c h   p a i r  is  t h e  commanded va lue  
and the  lower  the  measured  accelerat ion  f rom  accelerometers  on b o a r d   t h e   s i n g l e  
a i r c r a f t .  The d a t a  are shown f o r   t h e   t i m e   h i s t o r y   o f  a s ing le   pas s   a round   t he  
f i e l d .  

To i n t e r p r e t   t h e   d a t a  shown, i t  should  be  remembered t h a t   t h e   p r i n c i p a l  
d r i v e   s i g n a l  i s  t h e  commanded a c c e l e r a t i o n   f r o m   t h e   b l o c k   c a l l e d  TMCOM of t h e  
t r a j e c t o r y   l o o p .  TAFCOS can ,   t he re fo re ,   be   cons ide red  as a n   a c c e l e r a t i o n  con- 
t r o l l e r ,  and the   r e sponse  of t he   veh ic l e   shou ld   be  a r easonab le   mi r ro r  of t h i s  
d r i v e   s i g n a l .  The d a t a  i n  f i g u r e  11 show t h a t   t h e  commanded and  measured 
v a l u e s  are a good match.  There is ,  of   course,  a good d e a l  of n o i s e  on t h e  
measured   va lues ,   espec ia l ly   on   the  ver t ical  a x i s ;  i t  i s  p r i n c i p a l l y   d u e   t o   t h e  
tu rbu lence   encoun te red   du r ing   t he   f l i gh t .  A p a r t i a l  set  of   da ta   f rom  another  
f l i g h t ,  when t h e   t u r b u l e n c e  w a s  low,  shows much c l e a n e r   d a t a   t r a c e s .   D e s p i t e  
the  noise ,   however ,  i t  c a n   c l e a r l y   b e   s e e n   t h a t   t h e   v e h i c l e  i s  t r a c k i n g   t h e  
commanded a c c e l e r a t i o n s .  Key a c c e l e r a t i o n   e v e n t s   c a n   b e   s e e n  by n o t i n g   t h a t  
way p o i n t  9 is the   beginning   of   the   tu rn   f rom  the  downwind l e g   t o   t h e   b a s e   l e g .  
Then, a f t e r   f l y i n g   a l o n g   t h e  runway, t h e   a i r c r a f t   b e g i n s  a series o f   t u r n s ,  
back   on to   t he   base   l eg  (see f i g .  7 ) ,  t h a t  are r e f l e c t e d   i n  a r a t h e r  complex 
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Figure  11.- Commanded and  measured  accelerat ions.  

s e t  of a c c e l e r a t i o n  commands. I n  a l l  c a s e s ,  i t  can  be  seen  that   the   measured 
v a l u e s   f o l l o w   t h e  commands; t h i s  shows t h a t   t h e   k i n e m a t i c  and  dynamic s t r u c -  
t u r e s  of TAFCOS, and  the  tr immap  concept,  are func t ion ing  as  expected.  

The n e x t   f i g u r e  shows a comparison  of TAFCOS d e v i a t i o n   d a t a   w i t h  similar 
d a t a   f o r  a conven t iona l - type   con t ro l l e r .   I n   t he   beg inn ing  of t h i s   s e c t i o n ,  
t h e  programming s i z e  of TAFCOS w a s  compared w i t h   t h e  programming f o r   t h e  
STOLAND guidance. A per formance   compar ison   be tween  the   two,   to   de te rmine   i f  
t h e  same leve l   o f   per formance  i s  ma in ta ined   w i th   t he  more  compact s t r u c t u r e ,  
is i n d i c a t e d .  A s  ment ioned  previously,  TAFCOS w a s  i n s e r t e d   i n t o   t h e  STOLAND 
sof tware  by r e p l a c i n g   t h e   a u t o p i l o t  and SAS f u n c t i o n s   b u i l t   i n t o   t h e  STOLAND 
system.  The  programming f o r   t h e s e   a u t o p i l o t   a n d  SAS o p e r a t i o n s  w a s  n o t   i n  
f a c t  removed but   only  bypassed  on command. The r e s u l t  i s  t h a t  i t  w a s  p o s s i b l e  
to   s imply   swi tch   f rom  one  set  o f   c o n t r o l   l o g i c   t o   t h e   o t h e r   d u r i n g   t h e   f l i g h t .  
Af t e r   t he   comple t ion   o f   t he  2-1/2 passes a round   t he   f i e ld   unde r  TAFCOS c o n t r o l ,  
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t h e   p i l o t   f l e w   t h e   a i r c r a f t   b a c k   t o   t h e  way p o i n t  8 cap tu re   po in t   and   f l ew  
a n o t h e r   p a s s   t o   a b o u t  midway down t h e  6" f i n a l   a p p r o a c h   p a t h   u s i n g   t h e  conven- 
t i ona l   gu idance   p rov ided  by STOLAND. The STOLAND gu idance   u sed   t he   r e f e rence  
f l i g h t p a t h  mode, which i s  o p e r a t i o n a l l y   i d e n t i c a l   t o   t h a t   u s e d  by TAFCOS. The 
d a t a   p r e s e n t e d   i n   f i g u r e   1 2  are t h e  la teral  and ver t ical  d e v i a t i o n s   f o r   t h a t  
las t  approach  and  for  TAFCOS f l y i n g   t h e  same p o r t i o n   o f   t h e   t r a j e c t o r y .  TACAN 
was used as t h e   n a v i g a t i o n   s o u r c e   f o r   t h e  downwind and  base- leg  port ion of t h e  
f l i g h t ,   w i t h  a swi t ch   t o   t he   mic rowave   l and ing   sys t em  fo r   t he   f i na l   app roach  
( the   swi t ch  shows i n   t h e   d a t a  as t h e   b u l g e   t o   t h e   l e f t   o n   b o t h   p l o t s ) .  The 
f l i g h t   c o n d i t i o n s   f o r   b o t h  sets of   da ta  are n e a r l y   i d e n t i c a l .  The TAFCOS run  
w a s  c o m p l e t e d   f i r s t ;   t h e  time between  the  end  of  the TAFCOS run   and   the  start  
o f   t h e  STOLAND r u n  w a s  about  2 min. 
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Figure  12.-   Comparison  of TAFCOS and STOLAND c o n t r o l l e r   o p e r a t i o n .  

The d a t a   i n   f i g u r e   1 2  show tha t   the   per formance   of  TAFCOS.was e q u a l   t o   o r  
b e t t e r   t h a n   t h a t  of t h e  STOLAND gu idance   l og ic .  The r educ t ion   i n   compute r  
r e q u i r e m e n t s   f o r  TAFCOS a p p e a r s   t o   c a u s e  no r educ t ion   i n   pe r fo rmance  level  and 
t o   g i v e   s l i g h t l y   b e t t e r   c o n t r o l .   W i t h  more   exper ience   in   the   use   o f  TAFCOS, 
improved  modeling  could  provide a b e t t e r  a p r i o r i  estimate f o r   t h e  trimmap 
computations,   and  the  performance  of TAFCOS should show fur ther   improvement .  
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CONCLUDING REMARKS 

F l i g h t - t e s t   r e s u l t s   f o r   t h e  TAFCOS c o n t r o l l e r   h a v e   v e r i f i e d   t h a t   t h e  
theoret ical   development   behind TAFCOS i s  v a l i d  and  produces a p r a c t i c a l   c o n t r o l  
system. The i n t e g r a t e d   n a t u r e   o f   t h e   c o n t r o l   l o g i c   r e s u l t s   i n  a sys t em  tha t  
is capable   of   providing good f l i g h t   c o n t r o l   o v e r  a wide  range of t h e . a i r c r a f t  
f l i g h t   e n v e l o p e   w i t h o u t   t h e   n e e d   f o r   g a i n  programming o r   spec ia l   mode- se l ec t  
op t ions .   This   per formance  w a s  r e a l i z e d   w i t h   v e r y   e f f i c i e n t   c o m p u t e r   s p a c e  and 
time usage and showed t h a t  TAFCOS is  p r a c t i c a l   f o r   u s e   i n  a t y p i c a l   d i g i t a l  
f l i gh t   compute r .  Work i s  i n   p r o g r e s s  ar Ames Research Center t o   f l i g h t - t e s t  a 
TAFCOS-type c o n t r o l l e r   o n   t h e  Augmentor Wing a i r c r a f t .  The f l i g h t  tests on   t he  
DHC-6 Twin Otter a i r c ra f t   demons t r a t ed   t he   ove ra l l   pe r fo rmance   o f   t he  con- 
t r o l l e r   c o n c e p t   b u t   d i d   n o t   r e q u i r e   f u l l   u t i l i z a t i o n  of t h e   a b i l i t y  of TAFCOS 
t o   h a n d l e   v e h i c l e s   w i t h   h i g h l y   n o n l i n e a r   c h a r a c t e r i s t i c s .  The test w i t h   t h e  
Augmentor Wing should   p rovide   jus t   such  a da ta   base .  

In   ano the r   p rog ram  tha t  i s  j u s t   b e g i n n i n g ,   t h e  TAFCOS concept w i l l  be  
a p p l i e d   t o   t h e  TJH-1H h e l i c o p t e r .   B e c a u s e   t h e   s t r u c t u r e  of TAFCOS is  mainly 
b u i l t  on  kinematic  and  dynamic  principles,  i t  i s  r e l a t ive ly   veh ic l e - independen t ;  
consequent ly ,  i t  s h o u l d   b e   r e a d i l y   a d a p t a b l e   t o   t h i s  new problem  and  provide a 
workab le   so lu t ion   t o  a d i f f i c u l t   c o n t r o l   p r o b l e m .   I n  a r e l a t e d   t a s k ,   t h e  
i n c l u s i o n   i n  TAFCOS of a manual c o n t r o l  mode w a s  inves t iga ted .   Reference  4 
p r e s e n t s   s i m u l a t i o n   r e s u l t s  on t h i s  work  and demons t r a t e s   t ha t  TAFCOS i s  s u i t -  
a b l e   f o r   u s e   w i t h   c o n v e n t i o n a l   a u t o p i l o t  modes. Also ,   re fe rence  5 r e p o r t s  a 
s imula t ion   s tudy   u s ing  TAFCOS f o r   c a r r i e r   l a n d i n g   g u i d a n c e .  

Ames Research  Center 
Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion 

M o f f e t t   F i e l d ,   C a l i f o r n i a  94035, September 20, 1 9 7 9  
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APPENDIX A 

TAFCOS STRUCTURE 

A c o m p l e t e   t h e o r e t i c a l   d e s c r i p t i o n   o f   t h e  TAFCOS s t r u c t u r e ,   i n c l u d i n g   t h e  
m a t h e m a t i c a l   b a s i s   f o r   t h e   c o n t r o l l e r ,   a n d  a s i m u l a t i o n   a p p l i c a t i o n   o f   t h e  
c o n c e p t   t o   t h e  Ames Augmentor Wing STOL a i r c r a f t  are p r e s e n t e d   i n   r e f e r e n c e  1. 
F l i g h t - t e s t i n g   t h e  TAFCOS concept   on  the Twin Otter a i r c r a f t   r e q u i r e d  a number 
of  changes i n  i t s  s t r u c t u r e .  Some changes were requ i r ed   because   o f   t he   pa r -  
t i c u l a r   a i r c r a f t   u s e d   a n d   b e c a u s e  of t he   need   fo r   compac tness   i n   t he   f i na l   p ro -  
gram  due t o   t h e   l i m i t a t i o n  imposed  by t h e   s i z e  and   speed   o f   t he   f l i gh t  com- 
p u t e r .   T h i s   a p p e n d i x   d e s c r i b e s   t h e   m a t h e m a t i c a l   s t r u c t u r e   f o r  TAFCOS t h a t  w a s  
used i n   t h e   f l i g h t  test, wi th   pa r t i cu la r   emphas i s   on   t he   bu i ld -up  of t h e  
e q u a t i o n s   i n   t h e   f l i g h t   p r o g r a m .  A program l i s t i n g  i s  g i v e n   i n   r e f e r e n c e  6 .  

The v a r i a b l e   l a b e l i n g   u s e d   i n   t h e   s e c t i o n s   t h a t   f o l l o w  is, t o  some e x t e n t ,  
a mixture .  When equa t ions  are d i scussed ,   t he   symbol s  are of t h e   u s u a l  
subsc r ip t ed - type   no ta t ion ,   w i th   t he   coord ina te   f r ame   and   t ype   o f   va r i ab le   g iven  
b y   t h e   s u b s c r i p t s .  However, some of the   computa t ions  are g i v e n   i n  terms of 
block  diagrams,  and some i n t e r n a l   v a r i a b l e s  are n o t e d   i n  terms of the  computer  
symbol i sm  r a the r   t han   t he   subsc r ip t ed   t ype .   These   va r i ab le s  are no t   gene ra l ly  
d i scussed  and are shown on   the   d iagram  only   for  ease in   fo l lowing   t he   p rog ram 
l i s t i n g ;   t h e i r   p r e s e n c e   s h o u l d   p r e s e n t  no c o n f u s i o n   t o   t h e   r e a d e r .  

ATC and   Tra jec tory  Loop Opera t ions  

The computa t iona l   s ec t ions   t ha t   compr i se   t he   s low  loop  are t h o s e  shown i n  
f i g u r e  4 as t h e  "air t r a f f i c   c o n t r o l "  (ATC) command i n p u t s   a n d   t h e   t h r e e   s e c -  
t i o n s  shown i n   t h e  box marked " t r a j e c t o r y "   o r   " o u t e r   l o o p  . I 1  A s  has   been  dis-  
c u s s e d   i n   t h e   m a i n   t e x t ,   t h e   o u t p u t  of t h e  ATC s e c t i o n  i s  t h e   b a s i c   t r a j e c t o r y  
t h a t   t h e   a i r c r a f t  i s  r e q u i r e d   t o   f o l l o w   a n d  i s  g iven  as a time h i s t o r y  of 
p o s i t i o n ,   v e l o c i t y ,   a n d   a c c e l e r a t i o n   f o r   t h a t   p a t h .   I n   a n   i d e a l i z e d   s e n s e ,  
t h e   t r a j e c t o r y   l o o p   t h e n   t a k e s   t h e  commanded acce le ra t ion ,   wh ich   can   be  con- 
s i d e r e d  as a commanded f o r c e ,   a n d   o u t p u t s   t h e   r e q u i r e d   v e h i c l e   a t t i t u d e   a n d  
s e t t i n g  of t h e   t h r o t t l e   h a n d l e   t h a t  w i l l  g e n e r a t e   t h e   n e c e s s a r y   f o r c e .   V e h i c l e  
c o n f i g u r a t i o n  commands, such as f l a p   s e t t i n g   a n d   p r o p e l l e r  rpm, cou ld   a l so   be  
ou tpu t  cominands i f   t h e   v e h i c l e  had s e r v o   o p e r a t i o n   o f   t h e s e  items; otherwise ,  
t h e s e  become measured   quan t i t i e s   u sed   t o   spec i fy   t he   o the r   va r i ab le s .  Measured 
p o s i t i o n ,   v e l o c i t y ,   a n d   a c c e l e r a t i o n  are a l s o   u s e d  as i n p u t s  as a means  of 
p rov id ing   f eedback   con t ro l .  The f l i g h t  program  computat ions  carry  out   these 
o p e r a t i o n s   i n  a series of f i v e   s t e p s   f o r   a n   u p d a t e   o f   t h e   o u t p u t   e v e r y   f i v e  
computer  cycles.  The s e c t i o n s   t h a t   c a r r y   o u t   t h e   o p e r a t i o n s  are l a b e l e d  
ATCGEN, COMVA/TRAPCO, TRACOM, FTRIMl, and FTRIMZ. The b lock   d iagram  in  
f i g u r e   1 3  shows how the   b locks  are  connec ted   and   t he   va r i ab le s   t ha t  are 
t ransfer red   be tween them. 
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Figure  13.- Block  diagram  of ATCGEN a n d   t r a j e c t o r y   l o o p   i n t e r c o n n e c t i o n s .  

ATCGEN 

The purpose  of ATCGEN is t o   g e n e r a t e   t h e   t r a j e c t o r y  commands f o r  TAFCOS 
t o   f o l l o w .  ATCGEN i s  no t   p rope r ly  a p a r t  of t h e  TAFCOS c o n t r o l l e r .  It has  
been  assumed t h a t  a f a i r l y   s o p h i s t i c a t e d   g r o u n d l a i r  ATC cont ro l   sys tem,  
development  of  which  would  be a major   t ask  in i t s e l f ,  would be  needed  for 
ac tua l   u se   i n   commerc ia l   s e rv i ce .  However, i n   t h e   a b s e n c e  of  such a system, i t  
was n e c e s s a r y   t o   c o n s t r u c t  a r e l a t i v e l y   s i m p l e   o n e   f o r   t h e   c u r r e n t  work. 

The i n p u t / o u t p u t   f o r  ATCGEN i s  shown below.  The commands generated  by 

PATH RESET 

i COMMANDED POSITION, R,, 

COMMANDED  ACCELERATION, css 
ATCGEN  COMMANDED  VELOCITY, V,, 

INITIALIZATION 

ATCGEN are e s s e n t i a l l y   o p e n   l o o p .  The computa t ions   mus t   be   in i t ia l ized  a t  t h e  
time of  turn-on s o  t h a t   t h e  ATC computations know t h e   a i r c r a f t   p o s i t i o n   a n d  
t h e   s t a r t i n g  way p o i n t   f o r   t h e   f l i g h t p a t h   t o   b e   f l o w n .  The in fo rma t ion   fo r  
t h e   d e s i r e d   f l i g h t p a t h  is s t o r e d   i n   t h e   c o m p u t e r  as a set of way points   and 
t h e   t a s k   f o r  ATCGEN is t o   t a k e   t h o s e   p o i n t s  and c o n s t r u c t  a f l i g h t p a t h   t h a t  
c o n s i s t s   o f  a series o f   s t r a i g h t - l i n e   s e g m e n t s   o r   h e l i c a l  arcs. I n   a d d i t i o n  
t o   t h e   p o s i t i o n   i n f o r m a t i o n ,   t h e   w a y - p o i n t   d a t a   a l s o   s p e c i f y   t h e   a i r s p e e d  a t  
each   loca t ion .  

The  method  of  computation i n  ATCGEN 
l e n g t h  s between way points   and  of  how 
tha t   pa th .   Wi th  a knowledge  of  the  path 
t h e   p o s i t i o n ,   v e l o c i t y ,   a n d   a c c e l e r a t i o n  

is based on a knowledge of p a t h  
f a r   t h e   a i r c r a f t   h a s   t r a v e l e d   a l o n g  
s h a p e ,   e i t h e r   s t r a i g h t   l i n e   o r   h e l i x ,  
commands f o r   t h e   a i r c r a f t   c a n   b e  
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computed.  Defining a u n i t   v e c t o r   t a n g e n t   t o   t h e  commanded pa th ,   t he   fo l lowing  
set o f   equa t ions   can   be   u sed   t o   de f ine   t he   pa th  commands. 

A t  any   po in t  
t o   b e   o f   t h e   f o r m  
heading   and   g l ide  

The va lues   o f  $, 

on t h e  commanded p a t h ,   t h e   u n i t   t a n g e n t   v e c t o r   c a n   b e  shown 
shown below  where JlC and  yc are t h e  commanded v a l u e s  of 
s l o p e   f o r   t h a t   p a r t i c u l a r   p a t h .  

cos  l jC c o s  y 

us = s i n  $c cos  yc ( -s in   yc 3 
and y r  can  be  obtained  from  the  components  of  the commanded 

v e l o c i t y   v e c t o r  gy the   Fol lowing   equat ions :  

s t o r e d   v a l u e s  a t  

cos y 
C 

'ATC R 

s t o r e d  value 

way p o i n t  ( f o r  a 

( f o r  a 

1 i n e )  

c i r c l e )  

I f   t h e   p a t h   t o   b e   f l o w n  i s  a s t r a i g h t   l i n e ,   t h e   v a l u e s  are f i x e d  and s t o r e d   i n  
memory. A curved   pa th  w i l l  c a l l  f o r  a cont inuous  update   f rom  the  present   value 
of   the commanded v e l o c i t y .  The p a t h   d e r i v a t i v e   o f   t h e   u n i t   v e c t o r   g i v e n  by 
equat ion   (Al )  w i l l  be   needed   in  la ter  computa t ions ;   t hose   quan t i t i e s  are g iven  
below: 

d s  - =  0 ( f o r  a l i n e )  

- s i n  Qc cos  yc 
cos  Y c  

as R ( f o r  a h e l i x )  

wkere R is  t h e   r a d i u s   o f   t h e   c i r c l e   i n   t h e   g r o u n d   p r o j e c t i o n  of t h e   p a t h .  

The p o s i t i o n  command RSs can now be  computed  from the   equat ion   be low.  
The computation i s  i n  terms o f   t h e   p a t h   l e n g t h   v a r i a b l e  SATC which is  t h e  
d i s t ance   f rom  the  way p o i n t   b e h i n d   t h e   a i r c r a f t .  

( f o r  a l i n e )  

2 2  



I n  a l i k e  manner ,   the   ve loc i ty  commanded by ATC can  be computed  where t h e  
q u a n t i t y  VATC i s  t h e   v e l o c i t y   a s s o c i a t e d   w i t h   t h e   p o i n t   s p e c i f i e d  by SAT-: 

The a c c e l e r a t i o n  command as soc ia t ed   w i th   t he   above   pos i t i on   and   ve loc i ty  com- 
mands must   be  handled  in  a somewhat d i f f e r e n t  way b e c a u s e   t h e   a c c e l e r a t i o n  i s  
d u e   t o  a combina t ion   o f   t he   e f f ec t s   o f   pa th   cu rva tu re   and   t he   change   i n   ve loc -  
i t y   a l o n g   t h e   p a t h .  The c u r v a t u r e  t e r m  is  given  by: 

Note t h a t   t h e   d e r i v a t i v e  of t h e   t a n g e n t   v e c t o r  i s  p r o p o r t i o n a l   t o  1 / R  ( s e e  
eq. ( A 3 ) ) ;  t h e r e f o r e ,   t h e   q u a n t i t y  shown is  s i m p l y   t h e   c e n t r i p e t a l   f o r c e  
a c c e l e r a t i o n   f o r   t h e   c i r c u l a r   a r c   p a t h s .  The o t h e r   p a r t   o f   t h e   a c c e l e r a t i o n  
comes from commanded ve loc i ty   change  and i s  hand led   i n  a manner similar t o  a 
s e r v o   e r r o r .  A v e l o c i t y   e r r o r  i s  c a l c u l a t e d  by so lv ing   t he   d i f f e rence   be tween  
t h e   r e q u i r e d   v e l o c i t y  a t  t h e   n e x t  way po in t   and   t he   p re sen t   t rue   a i r speed   o f  
t h e   a i r c r a f t .   T h i s   d i f f e r e n c e  i s  m u l t i p l i e d  by a g a i n  term and i s  l i m i t e d   t o  
a preset  maximum a c c e l e r a t i o n   t o   c o n s t r u c t   t h e   a c c e l e r a t i o n  command: 

The t o t a l   a c c e l e r a t i o n  command i s  t h e n   t h e  sum of   equat ions (A7)  and ( A 8 ) .  

The computa t ion   t hus   f a r   has  assumed a known p a t h   l e n g t h   p o s i t i o n  and 
a s s o c i a t e d   v e l o c i t y ,  SATC and VATC, and  these  must ,   of   course,   be   computed  for  
u s e   i n   t h e   e q u a t i o n s   g i v e n .  The equat ions   used  are given  below. 

'ATC - 'ATC(') + ' A T C ~  

'ATC - 'ATC ('1 + 'ATCT 

- 

- 

where T is the   ou ter   loop   sampl ing  t i m e  of 250 msec. SATC must a l s o   b e  
a d j u s t e d   f o r   t h e   e f f e c t s  of  winds i f   t h e   a i r c r a f t  is f ly ing   unde r  a t h r e e -  
d imens iona l   p lus   a i r speed  mode. Computa t iona l ly ,   t h i s  means s i m p l y   r e s e t t i n g  
SATC as a p p r o p r i a t e   t o   c o m p e n s a t e   f o r   t h e   f a c t   t h a t  SATC is  a ground  or  
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i n e r t i a l   q u a n t i t y   a n d   t h e   v e l o c i t y  term i s  a n   a i r s p e e d   q u a n t i t y .  An incons i s -  
tency  w i l l  develop  between  the two i f   t h e r e  are winds. The computa t ion   of   the  
reset va lue  i s  done i n  a later sec t ion   and  w i l l  be   d i scussed   then .  

A l as t  item i n   t h e   t r a j e c t o r y   g e n e r a t i o n   d i s c u s s i o n  i s  the  problem  of 
segment  switching. A t  a way p o i n t ,   i n   g e n e r a l ,   t h e r e  is some command change 
f rom  the   s tored   way-poin t   in format ion .   I f   there  i s  a change   in   heading   or  
g l i d e   s l o p e ,   t h e r e  w i l l  be  a t r ans i en t   i n t roduced   because   o f   t he   " co rne r . "  To 
smooth o u t   t h o s e   t r a n s i t i o n s ,  ATCGEN swi t ches   ea r ly   f rom  one  segment t o   t h e  
next .  When t h e   a i r c r a f t   a p p r o a c h e s  a way p o i n t ,  a t  a p a t h   l e n g t h   e q u a l   t o   t h e  
d i s t a n c e   t h e   a i r c r a f t  w i l l  t ravel i n  4 sec, t h e  ATCGEN l o g i c   s w i t c h e s   t o   t h e  
new segment. An a n a l y s i s   h a s  shown t h a t  4 sec p r o v i d e s   f o r  smooth t r a n s i t i o n  
a t  a l l  a i r s p e e d s .  

One o t h e r   f u n c t i o n  of ATCGEN i s  t o  command t h e   f l a p   s e t t i n g   r e q u i r e d   f o r  
t h e   s p e e d   p r o f i l e   t o   b e   f l o w n .  The f l a p   s e t t i n g s  are  s to red  as way-point  data 
w i t h   v a l u e s  a t  10"  increments  from 0" t o  40" .  Computations are also  performed 
t o  impose   a i r speed   and   f lap-angle   l imi ta t ions  so t h a t   t h e   a i r c r a f t   r e m a i n s  
wi th in   t he   p l aca rd   r equ i r emen t s .  

TRACOM 

TRACOM p rov ides   t he   smoo th ing   r equ i r ed   t o   t ake   t he  ATCGEN commands, t h e  
a c c e l e r a t i o n ,   v e l o c i t y ,   a n d   p o s i t i o n  time h i s t o r i e s ,   a n d   t o   c o n v e r t   t h o s e   s i g -  
n a l s   i n t o  a f l y a b l e  set of t r a j e c t o r i e s   f o r   t h e   a i r c r a f t   t o   f o l l o w .  The prob- 
lem presented  by t h e  ATCGEN t r a j e c t o r i e s  is t h a t   t h e y  may h a v e   d i s c o n t i n u i t i e s ,  
such as "corners"   o r   jumps   in   one   o r  more  of t h e   v a r i a b l e s  a t  way-point 
changes,  and a t  i n i t i a l   c a p t u r e  of a r e f e r e n c e   f l i g h t p a t h   t h e   d e v i a t i o n s   f r o m  
t h e   p a t h  would q u i t e   l i k e l y   b e   v e r y   l a r g e .   I n   o r d e r   t o   a v o i d   s a t u r a t i o n   o f  ' 

s i g n a l s   w i t h i n   t h e   m a i n   s t r u c t u r e   o f  TAFCOS, w h i c h   c o u l d   p o t e n t i a l l y   r e s u l t   i n  
s t a b i l i t y   p r o b l e m s ,  TRACOM shapes   the   input  commands to  be  always  smooth  and 
f l y a b l e  so t h a t   t h e   a p p r o x i m a t e   l i n e a r i t y   o f   t h e  TAFCOS c o n t r o l l e r  is  preserved .  
A s  mentioned i n   t h e  ATCGFN s e c t i o n ,   t h e   i n p u t s   t o  TRACOM are t h e   t r a j e c t o r y  
commands RSS, VSS, ?nd Vss. The ou tpu t s  are an   equ iva len t  set of t r a j e c t o r y  
commands RSC, Vsc, Vsc,  and FVCI. The l as t  term of the   ou tpu t  commands i s  
t h e  commanded s p e c i f i c   f o r c e   t o   b e   g e n e r a t e d  by the   fo rce   gene ra t ion   p rocess  
of t h e   a i r c r a f t .  A b lock   d iagram  of   the   input /output   var iab les  i s  shown below. 

RSS 
vss 
%s 

TRACOM 

RSC 
"sc 

Fvc I 
%c 

FOR INITIALIZATION 
AND DISPLAY 
INFORMATION 
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B e f o r e   d i s c u s s i n g   t h e   s t r u c t u r e   o f  TRACOM, it i s  c o n v e n i e n t   t o   f i r s t  
c a r r y   o u t  a s u p p o r t   c a l c u l a t i o n   t h a t   g e n e r a t e s  a d i r e c t i o n   c o s i n e   m a t r i x  
r e q u i r e d  a t  a number  of l oca t ions   t h roughou t  TRACOM a n d   o t h e r   p a r t s   o f   t h e  
TAFCOS l o g i c .  In  general ,   most  of t h e  TAFCOS computations are performed  with 
t h e   v a r i a b l e s   d e f i n e d   i n   o n e  of t h ree   r e f e rence   f r ames .   T ra j ec to ry  commands 
are g i v e n   i n  terms of i n e r t i a l   o r  ground  coordinates .   Computat ions  that  
involve  aerodynamic terms are b e s t   d e f i n e d   i n  terms of a v e l o c i t y   c o o r d i n a t e  
f r a m e   t i e d   t o   t h e   a i r s p e e d   v e c t o r   o r   i n   t h e  body  frame.  The matrix used t o  
t r a n s f o r m   v a r i a b l e s   f r o m   t h e   i n e r t i a l   t o   t h e   v e l o c i t y   f r a m e   i s - g e n e r a t e d   i n  a 
s e c t i o n  of t h e   f l i g h t   p r o g r a m   c a l l e d  COMVA. Def in ing   t he  commanded a i r speed  
by a fol lowing  equat ion,   where VSc is  t h e  commanded a i r s p e e d   i n   t h e   g r o u n d  
frame  and EW,, i s  t h e  wind estimate f rom  the   naviga t ion   sys tem,  

EVRWS C EVSC = 
EVC 

and i n  terms of heading   and   g l ide   s lope   th rough  the   mat r ix  PGSC , 

The d i r ec t ion   cos ine   ma t r ix   be tween   t he   g round   f r ame  and t h e  commanded v e l o c i t y  
frame  can now be   cons t ruc t ed   w i th   t he   a s sumpt ion   t ha t   t he  X a x i s  of t h e  
ve loc i ty   f r ame  i s  a l igned   w i th   t he   ve loc i ty   vec to r   and   t he  Y a x i s  i s  
h o r i z o n t a l .  

cos  y, cos  7jV cos  y, s i n  9, - s i n  y, 

= ( - s i n  9, cos 9, 

s i n  y, cos  9, s i n  y, s i n  9, cos  y, 

With   t he   comple t ion   o f   t he   ma t r ix   de f in i t i on ,  i t  i s  now p o s s i b l e   t o  go 
into  the  main  computat ions  performed by TRACOM. Conceptual ly ,  TRACOM can  be 
considered to  b e   s t r u c t u r e d  as shown  on the   fo l lowing   d iagram:  
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I n  a sense ,  TRACOM con ta ins  a r e l a t i v e l y   c o a r s e  model of  t h e   a i r c r a f t  s o  t h a t  
i npu t  commands from ATCGEN are l i m i t e d   t o   m a n e u v e r s   t h a t  are f l y a b l e  by t h e  
a i r c r a f t .  The  main command inpu t  i s  t h e   r e q u i r e d   a c c e l e r a t i o n  f7ss , and t h e  
output  i s  t h e   a c c e l e r a t i o n  ~Tsc. TRACOM e f f e c t i v e l y  limits command i n p u t s   t o  
c h a n g e s   t h e   a i r c r a f t   c a n   f o l l o w  by g e n e r a t i n g   e r r o r   s i g n a l s   t h a t   c o u n t e r a c t  
l a rge   i npu t   changes  as w e l l  as d i r e c t   l i m i t i n g   o n   t h e  command v a r i a b l e s .  

The actual  computations  performed  by TRACOM can   bes t   be  shown by r e f e r -  
e n c e   t o   t h e  series of   block  diagrams  that   fol lows. .  The TRACOM c o n t r o l  l a w  
p o r t i o n  i s  shown i n   f i g u r e   1 4 .  A s  c a n   b e   s e e n   i n   f i g u r e   1 4 ,   t h e  ATCGEN i n p u t s  

RSC 

I LIMIT 
tRVCL 

vsc LIMIT I 

I VPTG 

LIMIT 

+DVCL 

1 

DVSS 
%s . FVC I AVSC 

- 

Figure  14 . -  TRACOM c o n t r o l  l a w .  
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come i n  a t  t h e   l e f t   s i d e  of the   d rawing .  The p o s i t i o n   a n d   v e l o c i t y  commands 
are summed w i t h   t h e  TRACOM e q u i v a l e n t ,  RSC and VsC, t o  f o r m   e r r o r   s i g n a l s .  
T h e s e   e r r o r   s i g n a l s ,   a l o n g   w i t h   t h e   a c c e l e r a t i o n   i n p u t ,  are t r a n s f o r m e d   t o   t h e  
commanded ve loc i ty   f r ame   w i th   t he   d i r ec t ion   cos ine   ma t r ix   de r ived   i n   equa -  
t i o n  (A13) and then   pas sed   t h rough   t he   va r ious  limiters and  gains as shown. 
The a c c e l e r a t i o n   s i g n a l  i s  summed w i t h   t h e   l i m i t e d   e r r o r   s i g n a l s   a n d   p a s s e d  
through a rate l imiter  to   p roduce   an  augmented a c c e l e r a t i o n  command f o r   t h e  
a i r c r a f t   c o n t r o l .  The a c c e l e r a t i o n   d u e   t o   g r a v i t y  is t h e n   s u b t r a c t e d ,   l e a v i n g  
a commanded s p e c i f i c   f o r c e ,  FVCI, t h a t  i s  t o   b e   g e n e r a t e d  by the  aerodynamic 
fo rces   f rom  the   veh ic l e  and t h e   e n g i n e   t h r u s t .   T h i s   s p e c i f i c   f o r c e  command is  
g i v e n   i n   t h e  commanded veloci ty   f rame  and  represents   an  open-loop command f o r  
t h e   a i r c r a f t   t o   f o l l o w .  A s  can  be  seen  from  the  diagram, i f   t h e  ATCGEN com- 
mand is smooth  and i f  i t  i s  f l y a b l e  by t h e   a i r c r a f t ,   n o   p o s i t i o n   o r   v e l o c i t y  
e r r o r s  w i l l  develop  and no r a t e  l i m i t i n g  w i l l  be   r equ i r ed .  The r e s u l t  is t h a t  
t he   ou tpu t  FVCI i s  s i m p l y   t h e   a c c e l e r a t i o n  commanded by ATCGEN. I f ,  however, 
an   e r ror   be tween  the  ATCGEN s i g n a l s  and t h e   c u r r e n t  TRACOM command does 
deve lop ,   t he   acce le ra t ion  command w i l l  be   modi f ied   to   compensa te   for  i t .  The 
ra te  a t  which th i s   e r ro r   can   be   r educed  w i l l  b e   r e s t r i c t e d   b e c a u s e  of t h e  
ga ins  and limiters and w i l l  n o t   r e q u i r e   a i r c r a f t   r e s p o n s e  beyond t h e   c a p a b i l -  
i t y  of   the   vehic le .   For   the   cur ren t  tests w i t h   t h e  Twin Otter,  t h e  limits 
were set  f o r  a r a t h e r   s o f t   s y s t e m   w i t h   t h e   c l o s u r e  r a t e  r e s t r i c t e d   t o   a b o u t  
1 2  m/sec. 

The TRACOM force   se rvo   computa t ion  i s  r ep resen ted  by a th ree -ax i s  dynami- 
c a l   s y s t e m   h a v i n g   t h e   s e r v o   s t r u c t u r e  shown i n   t h e   s k e t c h   b e l o w .  The o p e r a t i o n  

o f   t he   fo rce   s e rvo  is s u c h   t h a t   t h e   r a p i d l y   c h a n g i n g   i n p u t  F V C I  i s  smoothed 
t o  make i t  c o n s i s t e n t   w i t h   t h e   l i m i t a t i o n s   o f   t h e   f o r c e   g e n e r a t i o n   p r o c e s s   o f  
t h e   a i r c r a f t .  A t  t h e  t i m e  o f   i n i t i a t i o n   o f  TAFCOS, t h e  TRACOM s t a t e s  are 
l o a d e d   w i t h   t h e   e s t i m a t e d   a i r c r a f t   s t a t e s .   T h e r e a f t e r ,  TRACOM conve rges   t o  
t h e   t r a j e c t o r y   s p e c i f i e d  by ATCGEN. TRACOM ou tpu t s  a f l y a b l e   t r a j e c t o r y   g i v e n  
by RSC, Vsc,  and fJsc and   co r re spond ing   spec i f i c   fo rce  FVCI. For  smooth 
a i r c r a f t   o p e r a t i o n ,  FVCI con ta ins  a d e s i r e d   l e v e l   o f   l e a d   i n f o r m a t i o n  rela- 
t i v e   t o  FVC. 

The s p e c i f i c   f o r c e  command w i l l  now b e   u s e d   t o   g e n e r a t e   t h e   r e q u i r e d  
a t t i t u d e  command fo r   t he   i nne r - loop   ope ra t ions .   Angu la r   ve loc i ty   and   angu la r  
a c c e l e r a t i o n  w i l l  a l s o   b e   r e q u i r e d   t o   c o m p l e t e   t h e  command s t r u c t u r e .   T h e s e  
are n o t   a v a i l a b l e   f r o m   t h e  trimmap opera t ions   and  must be  obtained  f rom some 
o the r   sou rce .  A good approximat ion   of   the   needed   quant i t ies   can   be   ob ta ined  
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f rom  the   mo t ion   o f   t he ' ve loc i ty   coo rd ina te   sys t em  tha t   has   been   u sed   i n   t he  
TRACOM computat ions.   For   the  angular  rate computat ions,  

FVC (2)  
EV2 C t a n  Yv 

-FVC(3) + g cos  yv 

EVC 

The a n g u l a r   a c c e l e r a t i o n  may be  obtained  f rom  the  fol lowing:  

S u b s t i t u t i n g  as r e q u i r e d  and  regrouping  gives 

- 
- 

0 

-F+C(3) 

F+C(2) 

EVC 

EVC , 

r /-Fee ( 2  
I I -E;;-' V c o s  Y 

t a n  y - 

I '  0 
L 

TRAPCO 

The n e x t   b l o c k   i n   t h e   t r a j e c t o r y   l o o p   c o m p u t a t i o n s  is TRAPCO, t h e   t r a j e c -  
t o r y   r e g u l a t o r   o r   t r a j e c t o r y   p e r t u r b a t i o n   c o n t r o l l e r   ( s e e   f i g .   1 3 ) .  It i s  i n  
t h i s   c o m p u t a t i o n a l   b l o c k   t h a t   t r a j e c t o r y   f e e d b a c k   i n f o r m a t i o n  i s  i n p u t   t o   t h e  
TAFCOS c o n t r o l   l o g i c .  The s e c t i o n  i s  se l f -explana tory   f rom  the   b lock   d iagram 
of   the   computa t ions ,   f igure   15 ,  and is d i s c u s s e d   h e r e   o n l y   b r i e f l y .   B a s i c a l l y ,  
t h e   p o s i t i o n  and v e l o c i t y   e r r o r s  as the   d i f f e rence   be tween   t he   va lues  commanded 
by t h e   t r a j e c t o r y  command genera tor   (aga in   those   p red ic ted   f rom  the   p rev ious  
cyc le )  and t h e  same q u a n t i t i e s  as suppl ied  by t h e   n a v i g a t i o n   r o u t i n e   o r  a i r  
data  measurements,  are c o n s t r u c t e d .   T h e s e   e r r o r s  are t r a n s f o r m e d   i n t o   t h e  
v e l o c i t y   f r a m e   t h r o u g h   t h e   d i r e c t i o n   c o s i n e  matrix (eq.   (A13)) ,   l imited and 
summed as shown on  the  block  diagram. The r e s u l t  i s  t h e   s i g n a l  UDVTP shown on 
the   d iagram.   This   s igna l  i s  summed w i t h   t h e   a c c e l e r a t i o n  command from TRACOM, 
FVCI, and  then summed wi th  a s i g n a l   p r o p o r t i o n a l  t o  t h e   i n t e g r a l  of acce le ra -  
t i o n   e r r o r .  

The i n t e g r a t o r   o p e r a t e s  on t h e   t o t a l  commanded a c c e l e r a t i o n ,  FV1, and t h e  
measu red   equ iva len t   f rom  the   a i r c ra f t   s enso r s .  Long-term d i s t u r b a n c e s   o r  
trimmap e r r o r s  w i l l  produce a b u i l d - u p   i n   t h e   i n t e g r a t o r   w h i c h   t h e r e b y   u n l o a d s  
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Figure  15.- TRAPCO block  diagram. 

t h e   p e r t u r b a t i o n   c o n t r o l l e r   f e e d b a c k s .  The new v a l u e  of FVI i s  t h e   t o t a l  
commanded a c c e l e r a t i o n   t o   f l y   t h e  commanded f l i g h t p a t h ;  i t  is p r o p o r t i o n a l   t o  
t h e   t o t a l   f o r c e   r e q u i r e d   t o   b e   g e n e r a t e d  by t h e   a i r c r a f t   i n   o r d e r   t o   f o l l o w  
t h e   p a t h  command and i s  c o r r e c t e d   f o r   e x t e r n a l   d i s t u r b a n c e s   o r   o t h e r   e r r o r s  
due t o   i n t e r n a l   m o d e l i n g   e r r o r s .  The f r e q u e n c y   r e s p o n s e   f o r   t h e   a i r c r a f t  
c h a r a c t e r i s t i c s  are a l s o  set by t h e   p e r t u r b a t i o n   c o n t r o l l e r  by c h o i c e   o r   t h e  
feedback  gains .  

Because a l l  t h e   v a r i a b l e s   r e q u i r e d  are now a v a i l a b l e ,  i t  is a p p r o p r i a t e  
t o   d i s c u s s   t h e   p a t h   l e n g t h  reset f o r  ATCGEN. The n e e d   f o r   t h e  reset comes 
a b o u t   b e c a u s e   t h e   a i r c r a f t  is f l y i n g   a n   a i r s p e e d   c o n t r o l   f l i g h t   t r a j e c t o r y .  
The computa t ions   i n  ATCGEN are a l l  p e r f o r m e d   i n   t h e   g r o u n d   o r   i n e r t i a l   c o o r d i -  
na te   f rame so t h a t   e s s e n t i a l l y  a groundspeed  control  is be ing  commanded. 
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However, t h e   v e l o c i t y   e r r o r   b e h a v i o r   i n  TRAPCO i s  a func t ion   of   a i r speed .  The 
r e s u l t  i s  an   i ncons i s t ency   be tween   ve loc i ty   and   pos i t i on   fo r   t he   componen t s  
a l o n g   t h e   f l i g h t p a t h .  To t a k e  care of t h i s   e r r o r   b u i l d - u p ,   t h e   v a l u e   o f  SATC 
i n   t h e  ATCGEN rout ine   mus t   be  reset as a f u n c t i o n   o f   t h e   l o n g   t r a c k   p o s i t i o n  
e r r o r .  To pe r fo rm  the  reset ope ra t ions ,  two equa t ions  are requ i r ed ;   t hey  are 
shown below: 

- 
’ATC - ’ATC ‘reset 

- (RVCE) 

An e r r o r   b u i l d - u p   i n   t h e   p o s i t i o n   a l o n g   t h e   f l i g h t p a t h  w i l l  b e   r e f l e c t e d   i n  
t h e  TRACOM v a r i a b l e  RSC a s  w e l l  as  SA^^ because  one i s  a f u n c t i o n  of t h e  
o t h e r .  The a s s u m p t i o n   i n   t h e   e q u a t i o n s  i s  t h a t  a build-up of l o n g   t r a c k   e r r o r  
is due   to   g round  winds   and   to   the   requi red   a i r speed   cont ro l .  The p o s i t i o n  
a l o n g   t h e   f l i g h t p a t h   s h o u l d   b e  set a t  p r e s e n t   v e h i c l e   l o c a t i o n  and then  a l l  
ATC commands based   on   t ha t   pos i t i on .  The e f f e c t  of the   equat ions   g iven   above  
i s  t o   r e d u c e   t h e   e r r o r  by a small pe rcen tage   each   cyc le   t o   g radua l ly  move t h e  
commanded pos i t i on   f rom ATC in to   a l ignmen t   w i th   t he   veh ic l e   pos i t i on .   Shor t -  
term disburbances  w i l l  have a m i n i m a l   e f f e c t   b u t   t h e r e  w i l l  be  a compensation 
f o r   l o n g - t e r m   e f f e c t s ,   s u c h  as a steady  ground  wind. 

TRIMMAP 

The  trimmap is  the   computa t iona l   po r t ion  of TAFCOS; it c o n t a i n s   t h e   f o r c e  
m o d e l i n g   o f   t h e   a i r c r a f t .   I n   t h e   t r a j e c t o r y   l o o p ,   o n l y   t h o s e   p o r t i o n s   c o n -  
c e r n e d   w i t h   t h e   t r a j e c t o r y   v a r i a b l e s  are t a k e n   i n t o   c o n s i d e r a t i o n ,   a n d   t h e  
t a s k   f o r   t h e   t r i m m a p   o p e r a t i o n  is t o   t a k e   t h e  commanded s p e c i f i c   f o r c e  FVI 
and s o l v e   f o r   t h e   a i r c r a f t   a t t i t u d e  and t h r o t t l e   s e t t i n g   t h a t  w i l l  produce 
t h a t   a c c e l e r a t i o n   f o r   t h e   p a r t i c u l a r   f l i g h t   c o n d i t i o n   a n d   a i r c r a f t   c o n f i g u r a -  
t i o n   t h a t   e x i s t s  a t  t h e  time. In   t he   f l i gh t   p rog ram,   t hese   computa t ions  are 
performed i n   t h e   s e c t i o n s  marked FTRIMl (see  sketch  below).  

F v c l - P  

OIS 

PS 

TS 
FTRlMl Pvs 

FLAP 

For   t he   mode l ing   o f   t he   a i r c ra f t  as used   in   the   t r immap,  a set  of a n a l y t i -  
cal equa t ions  was devised  which were taken  from a set  of t a b u l a r   d a t a   u s e d   i n  
a p i l o t e d   s i m u l a t i o n  of t h e  Twin Otter a i r c ra f t .  The trimmap rou t ine   cou ld  
u s e   t h e   d a t a   i n   a l m o s t   a n y  manner. A t ab le   l ook-up   rou t ine   cou ld   dea l   d i r ec t ly  
w i t h   t h e   d a t a   a r r a y s ,   b u t   i n   t h e   i n t e r e s t   o f   s i m p l i c i t y ,   t h e   d a t a  were reduced 
t o   t h e   a n a l y t i c a l   f o r m a t .  In addi t ion ,   on ly   the   major   aerodynamic  terms were 
inc luded   i n   t he   mode l .   Th i s   s imp l i f i ca t ion   r educed   t he  number of  computations, 
and t h e   a t t i t u d e   r e s u l t s   c o u l d   b e   s o l v e d   d i r e c t l y   w i t h o u t   t h e   n e e d   f o r  i t e ra t ive  
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so lu t ion   rou t ines .   C lea r ly ,   t hese   s imp l i f i ca t ions   migh t   no t   be   va l id   fo r   an  
a i r c r a f t  more  complex  than  the Twin Otter, and  the  tr immap  operations  might 
t a k e  on a more  complex  form. 

The o u t p u t ,  FVI, f r o m   t h e   p e r t u r b a t i o n   c o n t r o l l e r  i s  t h e   d r i v e   s i g n a l   f o r  
t h e  trimmap r o u t i n e .  FVS is  t h e   s p e c i f i c   f o r c e   r e q u i r e d   t o   f o l l o w   t h e  com- 
manded pa th  and   compensa te s   fo r   d i s tu rbances   o r   o the r   e r ro r s .  The correspond- 
i n g   f o r c e   c o e f f i c i e n t  i s  g iven  by the   fo l lowing   equa t ion :  

where EMASS is t h e   a i r c r a f t  mass and EQS is  t h e  dynamic p r e s s u r e  times 
wing area. The c o e f f i c i e n t s   c a n   b e   r e s o l v e d   i n t o  a p a i r  of c o e f f i c i e n t s   w i t h  
one   a long   t he   ve loc i ty   vec to r   and   t he   o the r   pe rpend icu la r   t o   t ha t   vec to r .  An 
a s s o c i a t e d   " r o l l "   a n g l e ,   t h e   r o l l   a n g l e   a b o u t   t h e   v e l o c i t y   v e c t o r ,   m u s t   a l s o  
b e   s p e c i f i e d   f o r   t h e  component   perpendicular   to   the   ve loc i ty   vec tor .  The r o l l  
ang le  w i l l  be   r equ i r ed  l a t e r .  

CDC = C V C ( 1 )  

cLc = [ C V C ( 2 > 2  + C V C ( 3 ) 2 ] 1 / 2  

C V C ( 2 )  
cvc ( 3 )  +vs = tan-1 

A s  i s  f a i r l y   c l e a r   f r o m   t h e   n o m e n c l a t u r e   u s e d ,   t h e s e   c o e f f i c i e n t s   c a n   b e  con- 
s ide red  as a th rus t -d rag   coe f f i c i en t   and  as a l i f t   c o e f f i c i e n t .  In an  approxi-  
mate sense ,   t he  CDC c o e f f i c i e n t  i s  p r o p o r t i o n a l   t o   t h e   e n g i n e   t h r o t t l e  set- 
t i n g ,  and t h e  CLc c o e f f i c i e n t  i s  p r o p o r t i o n a l   t o   t h e   a n g l e  of a t t a c k   t o  
g e n e r a t e   t h e   l i f t .  The q u a n t i t y  +vs i s  a p p r o x i m a t e l y   t h e   a i r c r a f t  r o l l  
angle .  

From t h e   t a b l e s  of d a t a   f o r   t h e  Twin Otter a i r c r a f t ,   t h e   f o l l o w i n g   e q u a -  
t i ons   can   be  w r i t t e n  as  an  approximation of t h e   a i r c r a f t   c h & r a c t e r i s t i c s :  

CDC = CD(0) + 

CLC = C L ( 0 )  + 

The p a r t i a l s  
shown below: 

and   cons t an t   coe f f i c i en t s   i n   t he   above   equa t ions  are of the   form 
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ac, 
acT 

ac, 
a cL2 

3 
acT 

= 0.037 + 0.170 6F \ 

= -0.910 + 0.575 6F 

= 0.044 - 0.030 6F 

+ 

= 0.500 + (4 .75 - 3.187 6F)6F 

= 0.091 + 0.051 C 
TS 

= 0.560 C L ( 0 )  
f 

where 6F i s  t h e   f l a p   s e t t i n g .   E q u a t i o n s  (A20) can  now b e   u s e d   t o   s o l v e   t h e  
commanded t h r u s t   c o e f f i c i e n t   a n d   t h e  commanded a n g l e   o f   a t t a c k   f r o m   t h e   f o l l o w -  
i n g  set  of   equa t ions :  

cTS = I-" acL2 + + [-cD(o) + CDCI)/(2) 

The s s u b s c r i p t  i s  used  on a s ,  CTs, and @v as t h e s e   q u a n t i t i e s  are t h e  

e q u i v a l e n t  of ATC commands t o   t h e   a t t i t u d e   c o n t r o l   s y s t e m .  
S 

With a knowledge of e n g i n e   c h a r a c t e r i s t i c s ,   t h e   t h r u s t   c o e f f i c i e n t   c a n  
now be   conve r t ed   t o  a t h r o t t l e   s e t t i n g .   T h e   e n g i n e   t h r u s t   c a n   b e  modeled  by 
t h e   f o l l o w i n g   e q u a t i o n   i n   w h i c h   t h e   t h r u s t  i s  de f ined   fo r   bo th   eng ines   and  Ts 
i s  t h e   t h r o t t l e   h a n d l e   p o s i t i o n :  

where 

T(0) = 816 

vo = 473 
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" aT = 5.074 vo a t  

Ts(0) = 4.0 

a minimum p o s i t i o n   o f   t h e   t h r o t t l e   h a n d l e .   F o r   u s e  by the  tr immap,  the  equa- 
t i o n   a b o v e  is s o l v e d   f o r   t h e   t h r o t t l e   h a n d l e   p o s i t i o n  as shown below. 

Ts = ( [CTc(EQS) - 81610.1970 [(473 - VCL) + 41 Y 
where VCL is  the   measured   ca l ibra ted   a i r speed .   Again ,  EQS i s  t h e  dynamic 
p r e s s u r e  times wing area. 

The a t t i t u d e  command i s ,  of c o u r s e ,   i n c o m p l e t e   i f   o n l y   t h e   a n g l e  of a t t a c k  
command i s  de f ined .  The n e c e s s a r y   q u a n t i t i e s   t o   c o m p l e t e l y   d e f i n e   t h e  com- 
manded a t t i t u d e  are given  by  the  equation  below  where A,, is  t h e   d i r e c t i o n  
cos ine   mat r ix   be tween  the   g round  re ference   f rame  and   the  commanded body  frame. 

(A2 5 1 Acs = E2(as)E3 (Bs)E1 (+vs)E2(Yv)E3(~v)  
T 

It  i s  assumed t h a t   t h e   m a n e u v e r s   r e q u i r e d   o f   t h e   a i r c r a f t  w i l l  always  be made 
w i t h o u t   s i d e   s l i p   ( z e r o  6,). With   the   p rev ious ly   def ined   va lues  of $vs, yv, 
and QV, t h e   a t t i t u d e  command i s  comple te ly   def ined .  

Att i tude  Control   System 

The c o m p u t a t i o n s   p e r f o r m e d   i n   t h e   a t t i t u d e   l o o p  are g e n e r a l l y  similar t o  
those  made i n   t h e   t r a j e c t o r y   l o o p ,   e x c e p t ,  of c o u r s e ,   t h a t   t h e   v a r i a b l e s  are 
t h e r e   c o n c e r n e d   w i t h   r o t a t i o n   c o n t r o l .   I n   a d d i t i o n ,  some ope ra t ions  are pe r -  
formed  on t h e   t h r o t t l e  commands.  The o u t p u t   o f   t h e   t r a j e c t o r y   l o o p ,   t h e  
a t t i t u d e   v a r i a b l e s  a s ,  Bs, and +vs, the   angu la r  r a t e  and   acce le ra t ion ,  us and 
G s ,  and t h e   t h r o t t l e  command Ts, can  be  considered as commands similar t o  
those  generated by ATCGEN f o r   t h e   t r a j e c t o r y   l o o p .  The computat ional   objec-  
t i v e  of t h e   a t t i t u d e   c o n t r o l   s y s t e m  is t o   t a k e   t h e  commanded a n g u l a r   a c c e l e r a -  
t ion,   which may be   cons idered  as a commanded moment, a n d   g e n e r a t e   t h e   c o n t r o l  
s e t t i n g s   t o   p r o d u c e   t h a t  moment and  hence  the commanded r o t a t i o n .  The compu- 
t a t i o n a l   s e c t i o n s   i n   t h e   a t t i t u d e   l o o p   f o l l o w   t h e   f o r m a t  of t h e   t r a j e c t o r y  
commands w i t h   a n   a t t i t u d e  command g e n e r a t o r   i n   s e c t i o n s   l a b e l e d  ROTCOM and 
ROTINT; a p e r t u r b a t i o n   c o n t r o l l e r ,  ROTPCO and ROTCON; a trimmap, MOTRIM; and 
t h e   a d d i t i o n a l   c o n v e r s i o n   s e c t i o n   c a l l e d  SERVOS. A block  diagram of t h e  a t t i -  
tude   l oop   ope ra t ions  is  shown i n   f i g u r e  1 6 .  

ROTCOM 

The a t t i t u d e  command genera tor   per forms a f u n c t i o n  similar t o   t h a t  of t h e  
t r a j e c t o r y  command genera tor   where   the  commands f r o m   t h e   t r a j e c t o r y   l o o p  are 
smoothed as r equ i r ed   and   conve r t ed   t o  a set o f   r o t a t i o n  commands t h a t  are  
f l y a b l e  by t h e   a i r c r a f t .  The need   for   the   smooth ing  comes about   f rom  the  
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F i g u r e  16 . -  B lock   d i ag ram  o f   a t t i t ude   l oop   i n t e rconnec t ions .  

d i f f e r e n c e   i n   c y c l e  time b e t w e e n   t h e   t r a j e c t o r y   a n d   a t t i t u d e   l o o p s .  A s  mecha- 
n ized   on   the  Twin Otter a i r c r a f t ,  t h e   a t t i t u d e   l o o p   o p e r a t e s  a t  f i v e  times t h e  
rate o f   t h e   t r a j e c t o r y   l o o p .  The r e s u l t  i s  t h a t   t h e   i n p u t s   t o   t h e   a t t i t u d e  
loop are c o a r s e   s t e p s   a n d  some smoothing i s  r e q u i r e d .  The o p e r a t i o n   o f   t h e  
ROTCOM computat ions i s  shown on  the  block  diagram  below.  

ROTCOM can   be   conceptua l ized  as shown i n   f i g u r e  1 7 .  

A s  shown i n   t h e   f i g u r e ,   t h e   o p e r a t i o n s  are e s s e n t i a l l y   t h e  same as  t h o s e  
c a r r i e d   o u t   i n   t h e  TRACOM s e c t i o n   o f   t h e   t r a j e c t o r y  command g e n e r a t o r .   I n  
g e n e r a l ,   t h e   o p e r a t i o n   o f   t h e  ROTCOM computat ions  provides   for   an  augmented 
a n g u l a r   a c c e l e r a t i o n  command from  angular  ra te  a n d   a t t i t u d e   e r r o r s   ( s e e '  
f i g .  18 f o r   t h e   c o n t r o l  l a w  l o g i c ) .  The feedback terms aC, B c ,  $vc,  and wc 
are the   va lues   p red ic t ed   f rom  the   p rev ious   computa t ion   cyc le .  

The remain ing   por t ion   o f   the  command g e n e r a t o r   c o n s i s t s   o f   t h e  computa- 
t i o n s   r e q u i r e d   f o r   t h e   p r e d i c t e d   v a l u e s  of a t t i t u d e  and rate commands f o r   t h e  
nex t   cyc le .  
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F igure  1 7 . -  S t r u c t u r e  of ROTCOM. 

W C  

+ I  - + \ 
W C S  

G C S  

T = 250 rnsec 

Figure  18.- ROTCOM c o n t r o l  l a w .  

ROTPCO 

The a t t i t u d e   p e r t u r b a t i o n   c o n t r o l l e r  i s  t h e   l o c a t i o n   i n  TAFCOS where 
a t t i t u d e   f e e d b a c k  i s  introduced.   The  input /output   block  diagram i s  shown 
below.  The b a s i c   s t r u c t u r e  of t h e   p e r t u r b a t i o n   c o n t r o l l e r - i s   q u i t e  similar t o  
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t h a t   u s e d   i n   t h e   t r a j e c t o r y   l o o p   a n d   p r o v i d e s   f o r   a n  augmented angu la r   acce l -  
e r a t i o n  command s i g n a l   t h a t  is  a f u n c t i o n   o f   a t t i t u d e   e r r o r ,   a n g u l a r  rate 
e r r o r ,   a n d   t h e   i n t e g r a l   o f   a n g u l a r   a c c e l e r a t i o n   e r r o r .  The block  diagram  of 
the  computat ions i s  shown i n   f i g u r e   1 9 .  

The s t r u c t u r e   o f   t h e   a t t i t u d e   p e r t u r b a t i o n   c o n t r o l l e r   d i f f e r s   i n  two main 
r e spec t s   f rom  the   equ iva len t   t r a j ec to ry   computa t ions .  The f i r s t  is  that t h e  
p o s i t i o n   e r r o r  must   be   handled   d i f fe ren t ly   because   the  command is  i n   t h e  form 
of aC, Bc,  and $vc where  the  feedback is a d i r e c t i o n   c o s i n e   m a t r i x  of  v e h i c l e  
a t t i t u d e .   A l s o ,   t h e   f e e d b a c k  terms are  obta ined  a t  the   s low  cyc le  r a t e  and 
requi re   smooth ing   to   be   used  as  the   feedback  term. The o the r   ma jo r   d i f f e rence  
i s  i n   t h e   o p e r a t i o n  of t h e   i n t e g r a l  of a n g u l a r   a c c e l e r a t i o n .  Measured angu la r  
a c c e l e r a t i o n  i s  n o t   a v a i l a b l e   f r o m   i n s t r u m e n t a t i o n   o n   b o a r d   t h e   a i r c r a f t ,  so 
t h a t   q u a n t i t y  must  be  derived  from  angular r a t e  i n f o r m a t i o n   f o r   t h e   i n t e g r a t i o n .  

The a t t i t u d e   f e e d b a c k   c o m p u t a t i o n s   c a n   b e   s e e n   i n   t h e   u p p e r   r i g h t   c o r n e r  
of the   b lock   d i ag ram  on   f i gu re   19 .  The f eedback   quan t i ty  i s  t h e   d i r e c t i o n  
c o s i n e   m a t r i x  EAas, which is obta ined   f rom  ins t rumenta t ion   on   board   the  air- 
c r a f t .   B a s i c a l l y ,  what is wanted i s  a n  estimate o f   t h e   a n g l e  of a t t a c k ,   s i d e  
s l i p ,  and r o l l   a n g l e ,   r a t h e r   t h a n   t h e   f u l l   a t t i t u d e .  The d i r e c t i o n   c o s i n e  
ma t r ix   de f in ing   t he   ve loc i ty   coo rd ina te   sys t em w a s  d e r i v e d   i n   t h e   s e c t i o n  
marked COMVA and   can   be   used   to   ex t rac t   the   des i red   aerodynamic   var iab les .  A 
d i r ec t ion   cos ine   ma t r ix   can   be   ob ta ined  by the   fo l lowing ,   which  i s  a f u n c t i o n  
of Ea, E B ,  and E$v: 

rn  rn rn 

Then, s p e c i f i c  terms w i t h i n   t h e  matrix can   be   u sed   t o   ex t r ac t   t he   des i r ed  
v a r i a b l e s  by use   o f   t he   fo l lowing   r e l a t ions :  
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Figure  19.-  ROTPCO computat ions.  
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MOTRIM 

The a n g u l a r   a c c e l e r a t i o n  commands are c o n v e r t e d   t o   c o n t r o l   s u r f a c e s  com- 
mands t h r o u g h   a n   a t t i t u d e  trimmap c a l l e d  MOTRIM. L ike   t he   fo rce   t r immap ,  
MOTRIM c o n t a i n s   a n   a n a l y t i c a l  model o f   t h e   a i r c r a f t ;   t h e  model w a s  cons t ruc t ed  
t o   s o l v e   f o r   t h e   a i l e r o n ,   e l e v a t o r ,   a n d   r u d d e r   s u r f a c e   p o s i t i o n s ,   g i v e n  a 
commanded  moment f o r  them t o   g e n e r a t e .  The i n p u t / o u t p u t   v a r i a b l e s   f o r   t h i s  
sec t ion   of   the   p rogram  can   be   seen   f rom  the   b lock   d iagram  be low.  

The equat ions   so lved  by MOTRIM can  be  seen  f rom  the  fol lowing set  of 
equat ions .  It has  been assumed t h a t   t h e  moment e q u a t i o n s   f o r   t h e  Twin Otter 
a i r c r a f t   c a n   b e   d e s c r i b e d   i n   t h e   f o l l o w i n g   f o r m :  

where   t he   quan t i t i e s  A , A,, and A 3  conta in   dynamic   in format ion   on   the  air-  
c r a f t .   I n   e q u a t i o n  (A2d)  , a number of aerodynamic   var iab les   and   the  gyro- 
scop ic  terms o n   t h e   l e f t   s i d e  of the  equat ion  have  been  assumed  negl igible .  
S o l v i n g   t h e s e   e q u a t i o n s   f o r   t h e   c o n t r o l   s u r f a c e  commands g ives   t he   fo l lowing  
set of   equa t ions   to   be   mechanized   in  MOTRIM: 

The s e v e r a l  matrices i n   t h e   e q u a t i o n  are a func t ion   of   the   aerodynamic   p roper -  
t ies  of   the Twin Otter a i r c r a f t   a n d  are g iven   by   the  set  of  numbers  below. 

0 -0.100 

A I  = (! -1;Pl o:131) 
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-0.55 0 

A 2 = (  0 -24.0 

0 0 -0.20 

where a l  - - 0.15 -I- 0.579 E a  -I- 0.874 6F. 

0 1.267 

A31 = -0.5714 

0 -6.667 

With  the  approximations made i n   t h e  moment e q u a t i o n s   f o r   t h e  Twin Otter 
a i r c r a f t ,   t h e   s o l u t i o n   o f   t h e   c o n t r o l   s u r f a c e   s e t t i n g s   g i v e n  a moment  command 
a re  q u i t e   s t r a i g h t f o r w a r d   w i t h  no i t e r a t i o n s   o r   o t h e r   c o m p u t a t i o n a l   p r o b l e m s .  
F o r   a n o t h e r   a i r c r a f t ,   o r   f o r  more p r e c i s e   c o n t r o l  of t h e  Twin Otter, a t a b l e  
look-up  type  operat ion may be   needed ,   o r   poss ib ly  some i t e r a t ive  r o u t i n e  would 
be   requi red .  

SERVOS 

The f i n a l   s e c t i o n  of t h e   a t t i t u d e   c o n t r o l   p o r t i o n  o f   t h e   a t t i t u d e   l o o p  i s  
the   convers ion  of t h e   c o n t r o l   s u r f a c e   p o s i t i o n  commands t o   t h e   d e l t a   f o r m  
requ i r ed  by STOLAND. C lea r ly ,   such  a s e c t i o n  i s  v e h i c l e - s p e c i f i c ;  i t  might 
no t   be   r equ i r ed   fo r   ano the r   con t ro l   s e tup   o r   migh t   poss ib ly   be   i n  a v e r y   d i f -  
f e r e n t  form.  For t h e  STOLAND-Twin Otter se tup ,   the   mos t   s t ra ight forward  way 
t o   s u p p l y   t h e  commands t o   t h e   a i r c r a f t  was t o   u t i l i z e   t h e   e x i s t i n g   c o n t r o l  
channels   and  the STOLAND format .  The i n p u t / o u t p u t   r e q u i r e m e n t s   f o r   t h i s  com- 
p u t a t i o n a l   b l o c k  are shown below. 

I 

The necessa ry   computa t ions   t o   ca r ry   ou t   t he   conve r s ion   o f   t he   con t ro l  
s u r f a c e  commands are shown by t h e   b l o c k   d i a g r a m   i n   f i g u r e  20. The computat ions 
c a l l   f o r  a rate l i m i t  o n   t h e   c o n t r o l   s u r f a c e  commands, so t h a t   t h e y  do n o t  
exceed   t he   capab i l i t y  of t h e   a i r c r a f t   s e r v o s ,   a n d   t h e n   u s e  a form of e s t ima to r  
f o r   t h e   m e a s u r e d   c o n t r o l   s u r f a c e   p o s i t i o n   i n   o r d e r   t o   g e n e r a t e   t h e   d e l t a  com- 
mands. An e s t i m a t o r  w a s  u sed   r a the r   t han   s imply   t ak ing   t he   d i f f e rence   be tween  
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Figure  20. - Servo  computations.  

t h e  commanded and  measured  posi t ions  because  of  a data   sampling  problem  within 
the  computer .  The o u t p u t s   f r o m   t h e   s e r v o s   s e c t i o n  are t h e  commands t o   t h e  
v e h i c l e   s e r v o s   a n d   d i r e c t l y   d r i v e   t h e   c o n t r o l   s u r f a c e s .  

Thro t t le   Computa t ions  

The a t t i tude   loop   computa t ions   per formed  thus   fa r   have   been   concerned  
o n l y   w i t h   t h e   a e r o d y n a m i c   c o n t r o l   s u r f a c e s ,   b u t   t h r o t t l e  commands are  a l s o  
needed   for  a c o n s t r u c t i o n   o f   t h e   t o t a l   f o r c e  command. B e c a u s e   t h e   t h r o t t l e  
command is  a n   o u t p u t   o f   t h e   t r a j e c t o r y   l o o p ,   t h e   s l o w   t i m i n g  of t h i s   l o o p  w i l l  
c a u s e   t h e   t h r o t t l e   h a n d l e   p o s i t i o n  command t o   b e   c o a r s e .  Smoothing i s  r equ i r ed  
j u s t  as w a s  d o n e   w i t h   t h e   a t t i t u d e  commands; i n   a d d i t i o n ,   t h e  STOLAND system 
o p e r a t e s   w i t h  a t h r o t t l e  rate command so t h a t  a conve r s ion   t o   t ha t   fo rm was 
requ i r ed .  The t h r o t t l e  command computat ions are somewhat s impler   than   those  
r e q u i r e d   f o r   t h e   a t t i t u d e   v a r i a b l e s ,   a n d   t h e   c o m p l e t e   o p e r a t i o n  i s  handled a s  
one  computat ional   sequence.  However,  one  can view t h e   o p e r a t i o n s  a s  having 
a l l  the   opera t ions   per formed  on   the   o ther   var iab les   wi th  a t h r o t t l e  command 
gene ra to r ,   pe r tu rba t ion   con t ro l l e r ,   t r immap ,   and   s e rvos   s ec t ion .  A block 
d i ag ram  fo r   t he   s equence   o f   ope ra t ions  i s  shown i n   f i g u r e  21.  The t h r o t t l e  
handle  command f r o m   t h e   t r a j e c t o r y   l o o p  i s  shown by t h e   q u a n t i t y  Ts o n   t h e  
l e f t   s i d e  of t he   d i ag ram.   The   p rocess ing   r equ i r ed   t o   conve r t   t h i s   s igna l   t o  
Tc can   be   cons idered  as t h e  command gene ra to r   s ec t ion   where  Tc i s  t h e  
smoothed t h r o t t l e   h a n d l e  command f o r   t h e   a i r c r a f t .  The remaining  computat ions 
b r i n g   t h e   t h r o t t l e   h a n d l e   f e e d b a c k   i n f o r m a t i o n   f r o m   t h e   a i r c r a f t   a n d   g e n e r a t e  
t h e   t h r o t t l e  r a t e  command informat ion   requi red  by:  STOLAND. The f i n a l   t h r o t t l e  
rate s i g n a l  i s  then   passed   th rough a l i m i t i n g   r o u t i n e   t h a t   r e s t r i c t s   t h e   s i g -  
na l   based   on   engine   to rque   pressure  limits imposed as a s a f e t y   f e a t u r e   f o r   t h e  
eng ines .   Wi th   computa t ions   o f   t he   t h ro t t l e  ra te  command, a l l  the   necessa ry  
c o n t r o l   i n p u t s  are a v a i l a b l e   f o r   t h e   a i r c r a f t   t o   f l y   t h e   s p e c i f i e d  ATC t r a j e c -  
t o r y .  The o n l y   c o n t r o l  items not  handled  through TAFCOS are  t h e   f l a p   s e t t i n g  
and   t he   p rope l l e r  rpm. Ne i the r   o f   t hese   i t ems  i s  servo-cont ro l led   on   the  
Twin Otter a i r c r a f t ;  however, i f   t h e y  were, con t ro l   ou tpu t s   cou ld   be   r ead i ly  
provided by TAFCOS. 
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APPENDIX B 

SIMULATION/FLIGHT  EQUIPMENT AND PROGRAMMING 

STOLAND System 

The Ames STOLAND system is  a set o f   a v i o n i c s   a n d   s o f t w a r e   t h a t  w a s  con- 
s t r u c t e d  by Sperry  Fl ight   Systems.  STOLAND is  a f l e x i b l e   i n t e g r a t e d   d i g i t a l  
av ion ic s   sys t em  fo r   pe r fo rming   nav iga t ion ,   gu idance ,   con t ro l ,   and   d i sp l ay  
experiments  on a STOL r e s e a r c h   a i r c r a f t ,   i n   t h e   p r e s e n t  work a DHC-6 Twin Otter 
a i r c r a f t .  The STOLAND sys tem  inc ludes  as  a main  computat ional   device,  a 
Sper ry  1819A d i g i t a l   f l i g h t  compute r   w i th   an   aux i l i a ry  memory ( t o t a l   o f  -32 k ) .  
Through a d a t a   a d a p t o r ,   t h e  1819A communica tes   wi th   the   ou ts ide   wor ld ,  receiv- 
i n g   s e n s o r   s i g n a l s   f r o m  a wide   r ange   o f   dev ices   and   ou tpu t t ing   i n fo rma t ion   fo r  
s e r v o   d r i v e s  of t h e   a i r c r a f t   c o n t r o l   s u r f a c e s ,   p i l o t   d i s p l a y s ,   a n d  a d a t a   c o l -  
l e c t i o n   s y s t e m   f o r   t h e   r e s e a r c h e r .  A block  diagram  of   the  system is  shown i n  
f i g u r e  22. 

On t h e   o u t p u t   s i d e   o f   t h e  STOLAND s y s t e m ,   d r i v e   s i g n a l s  are p rov ided   fo r  
s e r v o   c o n t r o l   o f   t h e   a i l e r o n s ,   e l e v a t o r ,   a n d   r u d d e r   t h r o u g h  a p a r a l l e l   s e r v o  
system. Power c o n t r o l  i s  a l so   p rov ided   t h rough   an   au to th ro t t l e   sys t em.  O f  
t h e   m a j o r   c o n t r o l  items f o r   t h e   a i r c r a f t ,   o n l y   p r o p e l l e r  rpm and f l a p   s e t t i n g  
a re  manua l ly   con t ro l l ed  by t h e   p i l o t  (STOLAND h a s   f l a p   c o n t r o l   o u t p u t s   b u t   t h e  
a i r c r a f t  is  not   mechanized   to   use   them) .   S igna ls  are  a l s o   s u p p l i e d   t o  a num- 
ber   o f   d i sp lays   for   p i lo t   moni tor ing   of   sys tem  per formance  as w e l l  as manual 
c o n t r o l .   T h e   d i s p l a y s   i n c l u d e  a CRT EADI f o r   f l i g h t   d i r e c t o r  commands, a CRT 
moving-map d i s p l a y   c a l l e d   a n  MFD f o r   a n  X-Y s i t u a t i o n   d i s p l a y ,  a convent iona l  
H S I ,  a n d   o t h e r   s t a t u s   i n f o r m a t i o n  shown by a number o f   swi t ches   and   l i gh t s .  
A photograph   of   the   s imula tor   cockpi t  is shown i n   f i g u r e  23 .  Only small d i f -  
f e r e n c e s   e x i s t   b e t w e e n   t h e   s i m u l a t o r   c o c k p i t   a n d   t h e  Twin Otter i n s t r u m e n t a t i o n .  

The i n p u t s   t o   t h e  STOLAND system come from a var ie ty   o f   sources .   Naviga-  
t i o n   i n f o r m a t i o n   c a n   b e   r e c e i v e d   f r o m   e i t h e r  VOR/DME o r  TACAN s t a t i o n s   f o r  
e n r o u t e   f l i g h t   a n d   f r o m   a n  ILS/LOC o r  MODILS l and ing   sys t em  fo r   f i na l   app roach  
guidance.  Measurements a re  provided  of many a i r c r a f t  s tates,  such a s  c e n t e r  
of g r a v i t y ,   a c c e l e r a t i o n ,   a i r c r a f t   a t t i t u d e ,   v a r i o u s  a i r  da t a   va lues ,   and   con-  
t r o l   s u r f a c e   p o s i t i o n s .  The p i lo t   can   communica te   w i th   t he  STOLAND system 
w i t h   e i t h e r  a keyboard  input ,   wi th   which a l i m i t e d  number of   gain  changes,  
e tc .  can   be   en te red ,   o r   t h rough  a flight-mode select  p a n e l  (MSP). The  key- 
board  has  a o n e - l i n e   d i s p l a y   t o  show t h e   i n p u t  as t y p e d   i n ;   t h a t   d i s p l a y   c a n  
be  used by the   compute r   t o   d i sp l ay   d i agnos t i c   and   mon i to r ing   i n fo rma t ion   fo r  
t h e   p i l o t .  

A s  d e l i v e r e d  by S p e r r y ,   t h e  STOLAND sys tem  inc ludes  a complete   sof tware 
package   wh ich   pe r fo rms   t he   computa t ions   r equ i r ed   fo r   f l i gh t   con t ro l   o f   t he  
a i r c r a f t .  The c o n t r o l   f u n c t i o n s   i n c l u d e d   a r e   t h o s e  of area n a v i g a t i o n ,   v a r i o u s  
a u t o p i l o t  modes, inc luding   th ree-d imens iona l   and   four -d imens iona l   opera t ion ,  
computa t ions   fo r   an  SAS system,  and a v a r i e t y   o f   c o m p u t a t i o n s   f o r   d i s p l a y  
o p e r a t i o n   a n d   d a t a   c o l l e c t i o n .  The naviga t ion   computa t ions  a re  made u s i n g  a 
complementary f i l t e r   f o r   a i r c r a f t   p o s i t i o n  and   ve loc i ty   and  wind e s t i m a t i o n .  
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Figure  22.- Block diagram of STOLAND system. 
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F i g u r e  23.- Pho tograph   o f   s imu la to r   cockp i t .  

For   the  RNAV f u n c t i o n s ,  a set o f   s to red  way p o i n t s  is  u s e d   t o   g e n e r a t e   t h e  
t r a c k   t o   b e   f o l l o w e d .  The a u t o p i l o t  modes are, in   gene ra l ,   r ea sonab ly   conven-  
t i o n a l   w i t h   a i r s p e e d   h o l d ,   a l t i t u d e   h o l d ,   f l i g h t p a t h - a n g l e   h o l d ,   a n d   h e a d i n g  
hold,   and  with a f u l l   a u t o  mode for   the  three-dimensional   and  four-dimensional  
c o n t r o l .  A f l ow  d i ag ram  fo r   t he   compute r   execu t ive   l og ic  is  shown i n   f i g u r e  24.  
Details o f   t h e   o p e r a t i o n   o f   t h e   c o n t r o l   l o g i c  are g i v e n   i n   r e f e r e n c e  3 and are  
n o t   r e p e a t e d   h e r e .  

TAFCOS/STOLAND I n t e r f a c e  

To f l i g h t - t e s t   t h e  TAFCOS f l i g h t   c o n t r o l   s y s t e m ,  i t  w a s  d e c i d e d   t o   t a k e  
the   so f tware   package   fo r  TAFCOS a n d   i n s e r t  i t  i n t o   t h e  STOLAND software  pack- 
a g e ,   r e t a i n i n g  as  much as  p o s s i b l e   o f   t h e  STOLAND s y s t e m .   I n   p a r t i c u l a r ,  i t  
was d e c i d e d   t o   u s e   t h e   n a v i g a t i o n   r o u t i n e  as  provided by STOLAND f o r   t h e  esti- 
mates o f   a i r c r a f t   p o s i t i o n   a n d  wind v e l o c i t y  estimates and t o   u s e  as much of 
t h e   d i s p l a y   o u t p u t s  as was p o s s i b l e   i n   e x a c t l y   t h e  mode used  by STOLAND. The 
d i s p l a y s  are n o t   a n   i n t e g r a l   p a r t   o f  TAFCOS, but  i t  was found   t ha t   u s ing  them 
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i n   a n   e s s e n t i a l l y   c o n v e n t i o n a l  manner p rov ided   an   exce l l en t  means o f   g iv ing  
s t a t u s   i n f o r m a t i o n   t o   t h e   p i l o t .  The r equ i r ed   i npu t -ou tpu t   i n fo rma t ion   fo r  
TAFCOS i s  given  below. 

Program  labe l  

ZN (1) 
ZN (2 1 
ZN(3) 
ZN ( 4 )  
ZN(5) 
ZN(6) 
XDDRI 
Y DDRI 
ZDDRA 
VTAIRF 
VCAI RF 
Q 
ZC15 
ZC16 
DELFLP 
THTDOT 
PHIDOT 
PSIDOT 

S INTHT 
COSTHT 
SINPSI 
COSPSI 
SINPHI 
COSPHI 
DCMl3 
DCM32 
DCM3 3 

THROT 
ELVPOS 
WHLPOS 
RUDPOS 

Program  labe l  

DELECS 
DELACS 
DELTDC 
DELRCS 
DELRFD 
DELPFD 
EPSY 

I n p u t  

D e f i n i t i o n  

i 
i. I n e r t i a l  

i 

x 
Y I n e r t i a l  
2 
True a i r  speed 
C a l i b r a t e d   a i r s p e e d  
Dynamic p r e s s u r e  
X wind e s t i m a t i o n  
Y wind e s t i m a t i o n  
F l a p   s e t t i n g  
* q  

P 
r 

X 

Y 

Z 

A t t i t u d e  
measurements 
f o r   d i r e c t i o n  
c o s i n e  
c o n s t r u c t i o n  

T h r o t t l e   p o s i t i o n  
E l e v a t o r   p o s i t i o n  
A i l e r o n   p o s i t i o n  
Rudder p o s i t i o n  

output  

PurDose 

Source 

NAV 
r o u t i n e  

Sensors  

A i r  
d a t a  

NAV 
r o u t i n e  
Sensor  

Sensor 

Sensor  

Eleva tor  command 
Ai le ron  command 
T h r o t t l e  command 
Rudder command 
D i s p l a y   e l e v a t o r   s e r v o   e r r o r  
D i s p l a y   a i l e r o n   s e r v o   e r r o r  
Display l a te ra l  d e v i a t i o n  

EPSZ Display ver t ical  d e v i a t i o n  

46 



Output - Concluded 

Purpose Program  labe l  

VCERR 
IASDSP 
FPADSP 
ALTDSP 
PSIDSP 
WPN 
CRSDSP 
DELFCS 

Disp lay   speed   e r ror  
Display commanded a i r s p e e d  
Display commanded f l i g h t p a t h   a n g l e  
Display commanded a l t i t u d e  
Display commanded heading 
Display  next  way p o i n t  
Display commanded c o u r s e  
F l a p  command (not  mechanized) 

The i n t e g r a t i o n   o f  TAFCOS w i t h   t h e  STOLAND sof tware  w a s  accomplished as 
shown i n   f i g u r e  25. E s s e n t i a l l y ,  TAFCOS w a s  added as a n o t h e r  mode of   opera t ion  
on  top  of a l l  t h e  STOLAND modes. A push   bu t ton   swi tch  w a s  s e l e c t e d   o n   t h e  MSP 
p a n e l  as a c o n t r o l   d e v i c e   a n d ,   w i t h   t h e   s y s t e m   o p e r a t i n g   i n   a n y   o f   t h e   f u l l y  
au tomat ic  STOLAND modes ( i . e . ,   a l t i t u d e   h o l d ,   e t c . )   p u s h i n g   t h e   b u t t o n   c a u s e d  
the   computa t iona l   f l ow  to  go th rough   t he  TAFCOS r o u t i n e   r a t h e r   t h a n   t h e  
STOLAND rout ines .   The  same output   channels   used   by   the  STOLAND system were 
a l s o   r e t a i n e d ,   a l t h o u g h  some m o d i f i c a t i o n   i n  TAFCOS was r e q u i r e d   f o r   o p e r a -  
t i o n .  STOLAND is  set  up t o  receive d e l t a  commands f o r   t h e   a i l e r o n ,   e l e . v a t o r ,  
and  rudder;  TAFCOS commands a c t u a l   s u r f a c e   p o s i t i o n .   A l s o ,   t h e  STOLAND system 
o u t p u t s   t h r o t t l e  ra te  command as opposed t o   t h r o t t l e   p o s i t i o n .   S u i t a b l e   a d d i -  
t i o n s  were made t o  TAFCOS s o  t h a t   t h e   o u t p u t s  were o f   t h e  STOLAND format.  

TAFCOS Programming 

TAFCOS programming i s  g i v e n   i n   f i g u r e  26. The l a b e l s   i n   e a c h  of t h e  
b locks  are,  i n   g e n e r a l ,   t h o s e   i d e n t i f i e d   i n   t h e   t h e o r e t i c a l   d i s c u s s i o n   i n  
appendix A. 

The s t r u c t u r e  shown i n   t h e   f l o w   d i a g r a m  i s  t h e  same as t h a t   d e s c r i b e d   i n  
t h e  main t e x t  of t h e   r e p o r t .  The  computations  can  be  considered as d iv ided  
i n t o   t h r e e   m a i n   p a r t s :   t h e   c o m p u t a t i o n   o f   t h e  ATC t r a j e c t o r y  commands, t h e  
o u t e r   o r   t r a j e c t o r y   l o o p ,  and t h e   a t t i t u d e   l o o p .  ATC and t h e   t r a j e c t o r y  com- 
p u t a t i o n s  compose t h e  slow l o o p   a n d   t h e   a t t i t u d e   c o m p u t a t i o n s   t h e   f a s t   l o o p .  
The c y c l e  time o f   t he  1819A i s  50 msec and the   comple t e   a t t i t ude   computa t ion  
i s  done  each  cycle .  About 20% o f   t h e  ATC and   t r a j ec to ry   computa t ions  are done 
e a c h   c y c l e ,   w i t h  a complete   update   on  the commands each 0.25 sec. S t a r t i n g  
f r o m   t h e   t o p   o f   t h e   f l o w   d i a g r a m ,   t h e   f i r s t   t a s k  i s  t o   g e t   a n   u p d a t e   o n   t h e  
v a r i o u s  s ta te  measurements   needed  for   the TAFCOS computat ions  f rom  the  naviga-  
t i o n   r o u t i n e ,   s e n s o r s ,  e tc .  The r o u t i n e   c a l l e d  GETMES carr ies  o u t   t h i s   t a s k .  
The c o n t r o l l e r   t h e n   c o m p u t e s   e i t h e r   t h e  ATC commands o r  a p o r t i o n   o f   t h e  tra- 
j e c t o r y   l o o p   d e p e n d i n g   o n   t h e   s e t t i n g  of a f l a g   c a l l e d   " c y c l e . ' '  The  remainder 
of   the   computa t ion  is t h a t  o f   t h e   a t t i t u d e   l o o p   w i t h   t h e   a d d i t i o n   o f  a p o r t i o n  
c a l l e d  SERVOS and DISPLAY. The SERVOS r o u t i n e   t a k e s   t h e  TAFCOS output   o f  
c o n t r o l   s u r f a c e  commands, t ransforms i t  i n t o   d i f f e r e n c e  commands, and   ou tputs  
i t  t o  STOLAND. The DISPLAY s e c t i o n   o u t p u t s   v a r i a b l e s   t o   d r i v e   t h e  STOLAND 
d i s p l a y   f o r   p i l o t   m o n i t o r i n g   i n f o r m a t i o n .   I n   a d d i t i o n   t o   t h e   a b o v e ,  a f l a g  
c a l l e d  I C  i s  u s e d   t o   i n i t i a l i z e   q u a n t i t i e s   w i t h i n  TAFCOS f o r  a smooth 
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t r ans i t i on   f rom  wha teve r  mode t h e  STOLAND w a s  i n  a t  t h e  time of TAFCOS turn-on. 
The I C  s e q u e n c e   u s e s   f i v e   c y c l e s ,  as d o e s   t h e  normal computa t ion ;   t he   con t ro l  
commands are h e l d   f i x e d   d u r i n g   t h i s  time. Reference 6 c o n t a i n s  a complete 
l i s t i n g   o f   t h e  TAFCOS program,  and  the  various  block ca l l s  can   be   seen  i n  t h e  
small e x e c u t i v e   r o u t i n e  a t  the  beginning  of   the  program. 

I 

r V 1 
I 

STOLAND 
AUTOPI LOT 

L I 
STOLAND 

SAS 

DELECS 

DELTQC 

Figure  25.- TAFCOS/STOLAND i n t e r f a c e .  
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Figure 26.- Flow  diagram f o r  TAFCOS programming. 
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APPENDIX C 

FLIGHT DATA 

. This   appendix   conta ins  a f u l l  set o f   f l i g h t   d a t a   o b t a i n e d   f r o m   t h e   f l i g h t  
d e s c r i b e d   i n   t h e   m a i n  text  o f   t h e   r e p o r t .  The d a t a   p r e s e n t e d  are a series of 
t i m e  h i s t o r i e s   o f   i n t e r n a l   v a r i a b l e s   f r o m  TAFCOS w i t h   t h e   a d d i t i o n   o f  a number 
o f   q u a n t i t i e s   m e a s u r e d   d i r e c t l y   f r o m   a i r c r a f t   s e n s o r s .   T h e   v a r i a b l e s  shown are 
grouped i n   a c c o r d a n c e   w i t h   t h e   b l o c k   d i a g r a m   s t r u c t u r e   d e s c r i b e d   i n   a p p e n d i x  A 
and shown i n   f i g u r e  4 .  To pe rmi t   d i r ec t   compar i son   w i th   t he  TAFCOS program, 
e a c h   v a r i a b l e  i s  labeled  with  the  assembly  language  programming name. A s  h a s  
b e e n   p r e v i o u s l y   d e s c r i b e d ,   t h e   a i r c r a f t  w a s  r e q u i r e d   t o   f l y   a b o u t  2-112 cir-  
c u i t s   a r o u n d  a r a c e t r a c k - t y p e   p a t t e r n .   F o r   i n t e r p r e t a t i o n   o f   t h e   d a t a ,   t h e  
l o c a t i o n   o f   t h e   a i r c r a f t   o n   t h e   p a t t e r n   c a n   b e   s e e n   f r o m   e i t h e r   t h e  time scale 
on   the   bo t tom of t h e   p l o t s   o r   f r o m   t h e   v a r i a b l e  NWP on  the   top   o f   each   page .  
The  symbol NWP s t a n d s   f o r  way poin t   and  is t h e   n e x t  way po in t   ahead   o f   t he  air- 
c ra f t  where  the  numbers are t h o s e  shown on   f i gu re   7 .   The   da t a  start w i t h   t h e  
a i r c r a f t   a p p r o a c h i n g  way p o i n t  9 o n   t h e  downwind l eg   and   end   w i th  a f i n a l  
approach   to   the   runway a t  way p o i n t  15. F o r   t h o s e   s i t u a t i o n s   i n   w h i c h   t h e  
a i r c r a f t   r e p e a t s   t h e   p a t t e r n ,   a f t e r   p a s s i n g  way p o i n t  15 t h e  NWP counter  
resets t o  NWP = 1. 

Most o f   t h e   d a t a   t h a t   f o l l o w  are p r e s e n t e d   w i t h  a minimum of   d i scuss ion .  
Each v a r i a b l e  i s  def ined   and  a b r i e f   d e s c r i p t i o n   o f  how e a c h   f i t s   i n t o   t h e  
TAFCOS s t r u c t u r e  is presented .  The  most  important variables have   a l ready   been  
d i s c u s s e d   i n   t h e   m a i n  text  and many o f   t h e   o t h e r s   e x p l a i n e d   i n   t h e   a p p e n d i x   o n  
t h e   t h e o r e t i c a l   s t r u c t u r e .  The  main  purpose  of t h i s   a p p e n d i x ,   t h e r e f o r e ,  is  
to   s imp ly   p rov ide  a tho rough   documen ta t ion   o f   t he   f l i gh t .  

ATCGEN V a r i a b l e s  

The f i r s t  set o f   p l o t s ,   f i g u r e  27 ,   g ives   i n fo rma t ion   abou t   t he   gene ra t ion  
o f   t h e  command s i g n a l   f r o m   t h e  ATC t r a j e c t o r y  command g e n e r a t o r .  The p r i n c i p a l  
q u a n t i t i e s  shown are t h e   p a t h   l e n g t h   v a r i a b l e s   u s e d   t o   g e n e r a t e   t h e   p o s i t i o n ,  
v e l o c i t y ,   a n d   a c c e l e r a t i o n  command i n p u t s   t o   t h e   m a i n   s t r u c t u r e   o f  TAFCOS. 

Nwp 

DELFLP 

SATC 

n e x t  way p o i n t  

a i rcraf t  f l a p   s e t t i n g  (The f l a p   s e t t i n g   r a n g e d   f r o m   f u l l   u p   o n   t h e  
downwind l e g   t o   f u l l  down a t  about   37 .5"   on   the  6" f i n a l   a p p r o a c h .  
TAFCOS p r o v i d e s  a f l a p  command o u t p u t   b u t   t h e   a i r c r a f t   d o e s   n o t  
have   se rvo-dr iven   f laps  so  t h a t   t h e   f l a p   c h a n g e s  were manually 
c o n t r o l l e d  by t h e   p i l o t  i n  acco rdance   w i th   s t anda rd   f l i gh t  
procedures .  ) 

commanded p o s i t i o n   o f   t h e   a i r c r a f t   i n  terms of p a t h   l e n g t h   a l o n g  
the   p rescr ibed   t rack   and   measured   f rom  the  way p o i n t   b e h i n d   t h e  
a i r c r a f t  
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Figure 27.- ATCGEN variables. 

VATC commanded  velocity prescribed for the commanded aircraft  position 

DVATC commanded  acceleration as above 

EAVATC  commanded  air speed - VATC corrected  for estimated wind from the 
navigation routine 

VCAIRF calibrated  air speed from aircraft air data  sensor for comparison 
with  the commanded airspeed 
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TRACOM V a r i a b l e s  

T r a j e c t o r y  command g e n e r a t o r   v a r i a b l e s ,   f i g u r e  28. 

NWF nex t  way po in t  

p o s i t i o n   e r r o r   b e t w e e n   t h e   p o s i t i o n  cormnand from ATC, t h e   v a r i a b l e  
RVCE+l RSS, and   t he  smoothed pos i t i on   ou tpu t   f rom TRACOM, t h e   v a r i a b l e  
RVCE+2 RVCE I RSC  (RVCE is r e s o l v e d   i n t o  a ve loc i ty   ax i s   sys t em  where  RVCE i s  

a l o n g   t h e   v e l o c i t y   v e c t o r ,   t h e  +1 component t he   ho r i zon ta l   po r -  
t i o n ,   a n d   t h e  +2 t h e  ver t ical .  The +1 and +2 components show 
s p i k i n g   o n   t h e   d a t a  traces d u e   t o   t h e  segment   swi tch ing   log ic   in  
ATCGEN. TRACOM is  requi red   to   p rovide   smooth ing   for   these   jumps .  
The n o i s e   o n   t h e  component a l o n g   t h e   v e l o c i t y   v e c t o r  i s  f rom  the  
wind estimate n o i s e   d u e   t o   t u r b u l e n c e  and the   consequen t   e f f ec t  
on   t he   coord ina te   t r ans fo rma t ion   ope ra t ion . )  

t h e   v e l o c i t y   e r r o r   a s s o c i a t e d   w i t h   t h e   p o s i t i o n   e r r o r   d e s c r i b e d  
WCE+1 above 
WCE+2 WCE I 
DVSC+l are d e f i n e d   i n   t h e   g r o u n d   o r   i n e r t i a l   s y s t e m .   T h i s   s i g n a l  i s  t h e  
DVSC4-2 DVSC I m a i n   d r i v e   s i g n a l   f o r  TAFCOS and i s  t h e   a c c e l e r a t i o n   r e q u i r e d   t o  

commanded a c c e l e r a t i o n   o u t p u t  from TRACOM (The three  components 

f o l l o w   t h e  commanded pa th . )  

measured  vehicle   accelerat ion  f rom  an  on-board set of  accelerom- 
eters (The  components are re so lved   i n   t he   g round   coord ina te   sys -  
tem for   compar i son   w i th   t he  commanded acce le ra t ions   g iven   above . )  
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Figure  28.- TRACOM variables. 
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TRAPCO Var i ab le s  

T r a j e c t o r y   p e r t u r b a t i o n   c o n t r o l l e r   v a r i a b l e s ,   f i g u r e  29. 

Nwp next  way po in t  

ERVE 1 p o s i t i o n   e r r o r   f o r   f e e d b a c k   c o n t r o l  (ERVE is  t h e   d i f f e r e n c e  
EKVE+1 between  the  commanded,posit ion,  RSC from TRACOM, and t h e  es t i -  
ERVE+2 mated p o s i t i o n  is d e t e r m i n e d   i n   t h e   n a v i g a t o r ,  ERS. The compo- 

n e n t s  are i n   t h e   v e l o c i t y   c o o r d i n a t e   s y s t e m  as p rev ious ly  
desc r ibed .  The second two v a r i a b l e s  are t h e   q u a n t i t i e s   p r e s e n t e d  
t o   t h e   p i l o t   o n   t h e  EADI as la teral  a n d   v e r t i c a l   d e v i a t i o n . )  

v e l o c i t y   e r r o r   f o r   f e e d b a c k   c o n t r o l   d e f i n e d  as above 
EVVE+l 
EWE+2 

i n t e g r a l   o f   a c c e l e r a t i o n   e r r o r  (The term EFVEI i s  a feedback 
term as are  t h e  two var iab les   g iven   above   where   the   va lue  i s  t h e  
i n t e g r a l  of t h e   a c c e l e r a t i o n   e r r o r   b e t w e e n   t h e  commanded acce l -  
e r a t ion   and   t he   measu red   equ iva len t   f rom  a i r c ra f t   s enso r s .  
Long-term b i a s e s   p r i m a r i l y  come f rom  mode l ing   e r ro r s   i n   t he  t r i m -  
maps and   t he   sho r t - t e rm  b i a ses  a re  caused by wind tu rbu lence ,  
nav iga t ion   i ncons i s t enc ie s ,   con f igu ra t ion   changes ,   e t c . )  

FVI is t h e   a c c e l e r a t i o n   i n p u t   t o   t h e  trimmap; i t  is p ropor t iona l  
t o   t h e   a e r o d y n a m i c   a n d   t h r u s t   f o r c e s   r e q u i r e d   t o   d r i v e   t h e  air- 
c r a f t   a l o n g   t h e  commanded p a t h  (FVI is t h e  sum of t h e   a c c e l e r a -  
t i o n  command DVSC r e s o l v e d   i n t o   t h e   v e l o c i t y   a x i s   s y s t e m  and t h e  
th ree   f eedback  commands given  above.)  
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F i g u r e  29.- TRAPCO v a r i a b l e s .  
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FTRIM V a r i a b l e s  

Force trimmap v a r i a b l e s ,   f i g u r e  30. 

NWP 

ANGS 
ANGS+1 

THROTS 

THROTC 

THRORC 

LRPM 

next  waypoint 

ANGS and ANGS+1 are t h e   a t t i t u d e  command ou tpu t s   f rom  the  t r i m -  
map and   represent  commanded r o l l   a n g l e  and  angle  of a t t a c k ,  
r e s p e c t i v e l y   ( T h e s e   s i g n a l s  become t h e   i n p u t  commands t o   t h e  
a t t i t u d e   c o n t r o l   l o o p ,   w i t h   t h e   b e t a  command assumed ze ro ;   t hey  
are c o m p a r a b l e   t o   t h e   p o s i t i o n  commands from ATCGEN.) 

t h r o t t l e   h a n d l e   p o s i t i o n   r e q u i r e d   t o   p r o d u c e   t h e   t h r u s t  component 
o f   t he   fo rce  commanded by FVI 

commanded t h r o t t l e   h a n d l e   p o s i t i o n   a f t e r   p r o c e s s i n g   t h r o u g h  a 
t h r o t t l e  cormnand g e n e r a t o r   t o   e n s u r e   a n   e x e c u t a b l e  command by 
t h e   a i r c r a f t   e n g i n e s   ( E s s e n t i a l l y   t h e   t h r o t t l e   m o t i o n  as seen  by 
t h e   p i l o t   t h r o u g h   t h e   t h r o t t l e   h a n d l e   s e r v o   s y s t e m . . )  

a c t u a l   t h r o t t l e   o u t p u t   s i g n a l   t o  STOLAND  (THRORC i s  a d e l t a  com- 
mand and is the   d i f fe rence   be tween THROTC and  the  measured 
t h r o t t l e   h a n d l e   p o s i t i o n   f r o m   t h e   a i r c r a f t . )  

engine  rpm from  the  left-hand  engine  (The  engine rpm i s  manually 
c o n t r o l l e d  by t h e   p i l o t  and is  u s u a l l y   e i t h e r  75% f o r   c r u i s e   o r  
1 0 0 %   f o r   f i n a l   a p p r o a c h  and  climb-out.   The  engine  rpm'value is 
u s e d   i n   t h e   t h r o t t l e  trimmap c a l c u l a t i o n s   t h a t   g e n e r a t e   t h e  
t h r o t t l e  commands.) 
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Figure 3 0 . -  FTRIM variables. 
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ROTCOM V a r i a b l e s  

Ro ta t ion  command g e n e r a t o r   v a r i a b l e s ,   f i g u r e  31. 

Nwp nex t  way p o i n t  

ANGC because ROTCOM performs a f u n c t i o n  similar t o   t h a t   o f   t h e  tra- 
ANGC+l j e c t o r y  command gene ra to r ,  ANGC and ANGC+l are t h e   f l y a b l e  ver- 

s i o n  of ANGS and ANGS+l and r e p r e s e n t   t h e  commanded r o l l   a n g l e  
a n d   a n g l e   o f   a t t a c k  (ANGC and ANGC+l are n e a r l y   i d e n t i c a l   t o  
ANGS and ANGS+l, i n d i c a t i n g   t h a t   t h e   t r a j e c t o r y  command loop  i s  
a s k i n g   f o r   a t t i t u d e   r e s p o n s e   t h a t  i s  f l y a b l e . )  
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Figure  31.- ROTCOM v a r i a b l e s .  
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F i g u r e  31.- Concluded. 

t h e  OMC v a r i a b l e s  are t h e  commanded angular  r a t e  i n   t h e   a i r c r a f t  
body coord ina te   sys tem  (These   va lues  a r e  i n t e r n a l l y   g e n e r a t e d  
w i t h i n  ROTCOM and   a long   w i th   t he   angu la r   acce l e ra t ion   fo rm  the  
t o t a l   i n p u t  command t o   t h e   a t t i t u d e   l o o p . )  

computed a n g u l a r   a c c e l e r a t i o n  command 
DOMC+l 

ROTPCO V a r i a b l e s  

R o t a t i o n   p e r t u r b a t i o n   c o n t r o l l e r   v a r i a b l e s ,   f i g u r e   2 3 .  

NWP next  way p o i n t  

a t t i t u d e   f e e d b a c k   e r r o r   ( T h e   q u a n t i t i e s  QRP and QRP+1 are t h e  :g+l. ) d i f f e r e n c e   b e t w e e n   t h e   v a r i a b l e s  ANGC and ANGC+l and the   equ iva -  
lent  q u a n t i t i e s   d e r i v e d   f r o m   a i r c r a f t   a t t i t u d e   a n d  ra te  
measurements.) 
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angu la r  r a t e  feedback   e r ror  
EOMAE+l 
EOMAEf2 I 
EDOMEI i n t e g r a l   o f   a n g u l a r  rate e r r o r  (The q u a n t i t i e s  are t h e   i n t e g r a l  
EDOMEI+l of t h e  commanded angular  rate and a der ived   angular  rate.  No 
EWMEI+2 I measurement  of  angular ra te  i s  a v a i l a b l e   d i r e c t l y   f r o m   t h e  air-  

c r a f t   s e n s o r s .   N o t e   t h e   s a t u r a t i o n   o f  a l l  t h r e e   q u a n t i t i e s   a n d  
t h e   b i a s e s   o n   t h e   s e c o n d   a n d   t h i r d .  The i n t e g r a l   l i m i t s  were 
set  i n t e n t i o n a l l y  low s o  t h a t   t h e   s a t u r a t i o n   e f f e c t s   a p p e a r  
s t r o n g e r   t h a n   t h e y   r e a l l y  are. The b i a s i n g ,  however,  does  indi- 
cate m o d e l i n g   e r r o r s   i n   t h e  moment trimmaps, e s p e c i a l l y   t h e  
p i t c h  axis, wi th  a n e e d   f o r   i m p r o v e d   a i r c r a f t  parameters.) 
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Figure  32.-  ROTPCO v a r i a b l e s .  
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a n g u l a r   a c c e l e r a t i o n  command f o r  tr immap  input (DOMAI is  t h e  sum 
of t h e   a c c e l e r a t i o n  command from ROTCOM plus  t h e  sum o f  t h e  
three  feedbacks  given  above.)  
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Figure  3 2 . -  Concluded. 
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Cont ro l   Su r face   Pos i t i ons  

The t h r e e   q u a n t i t i e s   p r e s e n t e d   i n   f i g u r e  33 are the   ac tua l   measu red  con- 
t r o l   s u r f a c e   p o s i t i o n s   i n   r e s p o n s e   t o   t h e  commands f rom  the  moment trimmap. 
Examinat ion   of   o ther   da ta  shows t h a t   t h e   s e r v o   e r r o r s  are small and t h a t   t h e s e  
q u a n t i t i e s  are e s s e n t i a l l y   i d e n t i c a l   t o   t h e  commanded c o n t r o l   s u r f a c e   v a l u e s .  

AILPOS a i l e r o n   p o s i t i o n ,   p o s i t i v e   f o r   p o s i t i v e   r o l l  moment 

ELVPOS e l e v a t o r   p o s i t i o n ,   p o s i t i v e   f o r   p o s i t i v e   p i t c h i n g  moment 

RUDPOS r u d d e r   p o s i t i o n ,   p o s i t i v e   f o r   p o s i t i v e  yaw  moment 
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Figure  3 3 . -  C o n t r o l   s u r f a c e   p o s i t i o n s .  

A i r c r a f t   A t t i t u d e  and Rate V a r i a b l e s  

F igure  34 p r e s e n t s  a set of   measured   a t t i tude   and  ra te  q u a n t i t i e s   f o r   t h e  
a i r c r a f t .  They are  n o t   d i r e c t l y   a s s o c i a t e d   w i t h   t h e  TAFCOS c o n t r o l l e r   b u t  
simply show a t i m e  h i s t o r y  of a i r c r a f t   a t t i t u d e   r e s p o n s e   t o   t h e  commands. 

PHI r o l l   a n g l e  

THETA p i t c h   a n g l e  

PS I A  heading   angle  
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PHIDOT r o l l   a n g u l a r  rate - body axis 

THTDOT p i t c h   a n g u l a r  rate - body axis 

PSIWT yaw a n g u l a r  rate - body axis  

-1 0 
10 
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0 500 1000 
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Figure  3 4 . -  A i r c r a f t   a t t i t u d e  and ra te  v a r i a b l e s .  
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