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4D AREA NAVIGATION SYSTEM DESCRIPTION 

AND FLIGHT TEST RESULTS 

Homer Q. Lee, Frank Neuman, and Gordon H. Hardy 
Ames Research Center 

SUMMARY 

A 4D area naviga t ion  system was designed t o  guide a i rcraf t  a long a pre-  

Key components 
s p e c i f i e d  f l i g h t  pa th  ( r e fe rence  pa th)  such t h a t  t h e  a i rc raf t  would a r r i v e  a t  
t h e  approach ga te  a t  a t i m e  s p e c i f i e d  by t h e  ATC c o n t r o l l e r .  
t o  achieve t h i s  requirement were: (1) s t o r e d  r e fe rence  t r a j e c t o r i e s ;  (2)  a 
cont inuously recomputed cap tu re  t r a j e c t o r y  t o  a s e l e c t e d  waypoint on t h e  
r e fe rence  t r a j e c t o r y  so as t o  achieve t h e  des i r ed  time o f  a r r i v a l ;  ( 3 )  e lec -  
t r o n i c  s i t u a t i o n  d i sp lays ;  and (4) a con t ro l  system t o  fol low t h e  o v e r a l l  
t r a j e c t o r y  i n  space and t ime. 

The system was implemented i n  a d i g i t a l  i n t e g r a t e d  av ion ic s  system 
(STOLAND) i n s t a l l e d  on a CV-340 a i r p l a n e .  Although t h e  4D system was designed 
p r imar i ly  f o r  automatic ope ra t ion ,  it was f l i g h t  t e s t e d  i n  a f l i g h t  d i r e c t o r  
mode ( the  p i l o t  fol lows t h e  f l i g h t  d i r e c t o r  commands), because t h e  CV-340 
a u t o p i l o t  se rvos  were no t  t i e d  t o  t h e  av ionics  system. The f l i g h t  t e s t  showed 
t h a t ,  even i n  t h e  f l i g h t  d i r e c t o r  mode, t h e  p i l o t  d i d  achieve t h e  o b j e c t i v e s  
o f  pa th  t r ack ing  and t i m e  o f  a r r i v a l  con t ro l  with only moderate workload. The 
system a l s o  permi t ted  c o n t r o l l e d  de lay  of  t h e  time o f  a r r i v a l  by pa th  s t r e t c h -  
ing ,  which t akes  advantage of  t h e  cont inuously changing capture  t r a j e c t o r y  t o  
p r e d i c t  t h e  t i m e  o f  a r r i v a l .  While t i m e  o f  a r r i v a l  was con t ro l l ed  t o  wi th in  
less than 5 s e c ,  more work i s  needed t o  minimize t h r o t t l e  a c t i v i t y  i n  t h e  
presence of varying winds and naviga t ion  e r r o r s .  

Simulat ions i n  t h e  automatic and manual modes were used t o  complement t h e  
f 1 i g h t  da t a .  

INTRODUCTION 

Guidance and naviga t ion  systems f o r  shor t -haul  a i rcraf t  of  t h e  f u t u r e  
w i l l  need t o  meet s t r i n g e n t  requirements t o  f u l l y  u t i l i z e  t h e  c a p a b i l i t y  of  
STOL a i r c ra f t  t o  f l y  t i g h t  t u r n s ,  a t  low speeds,  and a t  s t e e p e r  descent  angles  
than  CTOL a i r c r a f t .  Ana ly t i ca l  and s imulat ion s t u d i e s  ( r e f s .  1 t o  4) have 
r e s u l t e d  i n  a 4D guidance concept t h a t  can provide t h e  p r e c i s i o n  of  f l i g h t  
pa th  and time con t ro l  which may be requi red  f o r  STOL a i rc raf t .  
t i g a t i o n s  were based on requirements ou t l ined  i n  r e fe rences  5 and 6 .  

These inves-  
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The system was f l i g h t  t e s t e d  t o  provide  information on t h e  system-to- 
p i l o t  i n t e r f a c e ,  p i l o t  acceptance,  and effects o f  t h e  imperfect  knowledge o f  
t h e  naviga t ion  and wind da ta  on guidance and c o n t r o l  performance. F l i g h t  t e s t  
r e s u l t s  w i l l  p rovide  a b a s i s  f o r  f u r t h e r  system des ign  improvements. A versa-  
t i l e  d i g i t a l  av ion ic s  r e sea rch  system c a l l e d  STOLAND (ref. 7) was a v a i l a b l e  i n  
a CV-340 a i rcraf t  t o  implement t h e  e s s e n t i a l  p o r t i o n s  o f  t h e  4D guidance sys- 
t e m .  Although t h e  CV-340 i s  a CTOL a i rcraf t ,  t y p i c a l  STOL approaches were 
flown. The STOLAND system was designed f o r  t e s t  purposes.  F i r s t ,  t h e  system 
i s  equipped with a p r e c i s e  te rmina l  area nav iga t ion  system (ref. 8 ) .  Second, 
it inc ludes  ano the r  t ype  of  4D guidance system ( r e f .  9), which provided many 
p i lo t - to-sys tem i n t e r f a c e s  i n  t h e  form o f  computer programs and hardware t h a t  
are r equ i r ed  f o r  t h e  system under s tudy.  

The system tests r epor t ed  i n  r e fe rence  9 concerned t h e  p rec i s ion  o f  t r ack -  
i n g  a f i x e d  r e fe rence  f l i g h t  pa th  under a c t u a l  environmental  condi t ions ;  due 
t o  system l i m i t a t i o n s ,  t h e  time of a r r i v a l  a t  t h e  approach g a t e  was no t  known 
before  t h e  a c q u i s i t i o n  of  t h e  f irst  s e l e c t e d  waypoint. 
t h e  cu r ren t  s tudy  was t o  determine t h e  p i lo t - sys tems i n t e r a c t i o n  under simu- 
l a t e d  changes i n  a i r  t r a f f i c  c o n t r o l  condi t ions .  This  r e p o r t  p re sen t s  t h e  
f l i g h t  experience of  a 4D system t h a t  computes t i m e  o f  a r r i v a l  a t  t h e  approach 
ga te  cont inuously from any a i rcraf t  p o s i t i o n  v i a  a combination o f  a cap tu re  
t r a j e c t o r y ,  which o r i g i n a t e s  a t  t h e  a i r c ra f t ,  and a f i x e d  r e fe rence  f l i g h t  
pa th .  

The primary goal  of 

Simulat ion experiment r e s u l t s ,  complementing those  from t h e  f l i g h t  t e s t ,  
are a l s o  repor ted .  The s imula t ion  experiments permit  f u l l y  automatic  opera- 
t i o n  o f  the-system wi th  a l l  d i sp l ays  and inpu t  devices  
l a t o r  cab. F l i g h t  experiments were conducted i n  t h e  f 
s i n c e  t h e  a u t o p i l o t  se rvos  were n o t  t i e d  t o  t h e  system 
aircraf t .  

TECHNICAL SUMMARY OF THE AMES 4D RNAV 

ope ra t ing  i n  t h e  simu- 
i g h t  d i r e c t o r  mode only,  
i n  t h e  CV-340 tes t  

SYSTEM 

The 4D RNAV system was designed t o  provide p r e c i s e  spacing of  STOL a i r -  
c ra f t  a r r i v a l s  and accu ra t e  execut ion o f  a i r  t r a f f i c  c o n t r o l l e r  (ATC) i n s t r u c -  
t i o n s .  
reducing t h e  amount of  a i r space  used by t h e  a i r c r a f t .  

I t  w i l l  minimize de lays  and i n t e r f e r e n c e  wi th  CTOL t r a f f i c  by 

The tests assume t h a t  when t h e  aircraft  e n t e r s  t h e  a i r s p a c e  c o n t r o l l e d  
by t h e  te rmina l  area ATC, it w i l l  be  ass igned  a s p e c i f i c  STOL approach r o u t e  
( re ference  f l i g h t  pa th)  and a requi red  time of a r r i v a l  (TOA) a t  waypoint 6 
(sketch ( a ) ) .  To p r e d i c t  t h e  TOA, a i rc raf t  p o s i t i o n  and v e l o c i t y  must be known 
accura t e ly ,  and a complete f l i g h t  p a t h  from i t s  p r e s e n t  p o s i t i o n  t o  waypoint 
6 must be def ined.  I n  genera l ,  t h e  a i rcraf t  w i l l  not be on t h e  s p e c i f i e d  STOL 
approach rou te  i n i t i a l l y ,  and t h e  complete f l i g h t  pa th  w i l l  not  be known. One 
s o l u t i o n  is t o  genera te  i n  t h e  a i r p l a n e  a f l i g h t  pa th  c a l l e d  a capture  f l i g h t  
path,  which connects t h e  p re sen t  a i rcraf t  p o s i t i o n  with a s e l e c t e d  waypoint on 
t h e  ass igned  STOL approach rou te .  
STOL approach rou te  form a complete f l i g h t  pa th ,  which i s  neeeded f o r  
t ime-cont ro l led  guidance. 
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The capture  f l i g h t  p a t h  toge the r  with t h e  
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Sketch (a) 

The naviga t ion  po r t ion  o f  t h e  system ( r e f .  8) provides  an estimate o f  t h e  
The e x t e r n a l  naviga t ion  s i g n a l s  a r e  TACAN f o r  a i r c r a f t  p o s i t i o n  and v e l o c i t y .  

l a r g e  a r e a  coverage, and t h e  scanning beam MLS (MODILS) f o r  high p r e c i s i o n  
during f i n a l  approach and landing.  In a d d i t i o n ,  a i r c r a f t  a t t i t u d e ,  l i n e a r  
a c c e l e r a t i o n s ,  barometr ic  a l t i t u d e ,  and a i r speed  are used with complementary 
f i l t e r s  t o  ob ta in  t h e  a i r c r a f t  p o s i t i o n  and v e l o c i t y .  
mated from t h e  d i f f e r e n c e  between i n e r t i a l  and a i r  da t a .  

A wind vec to r  i s  e s t i -  

The guidance system i s  based on genera t ing  t h e  capture  f l i g h t  pa th  and on 
c o n t r o l l i n g  both time and p o s i t i o n  a long  t h e  capture  f l i g h t  pa th  and t h e  f i x e d  
STOL approach r o u t e ,  both o f  which a r e  def ined  by waypoints. Waypoint coordi-  
n a t e s  are s t o r e d  i n  t h e  onboard computer a long with such information as t h e  
r ad ius  of  t u r n ,  and t h e  maximum, minimum, and nominal a i r speeds  a t  waypoints.  

The genera t ion  and d e f i n i t i o n  o f  t h e  capture  f l i g h t  pa th  w i l l  now be d i s -  
cussed. 
waypoint 2 (o r  any waypoint s e l e c t e d  by t h e  p i l o t )  on t h e  STOL approach r o u t e .  
The capture  pa th  c o n s i s t s  o f  a t u r n ,  a s t r a i g h t  segment, and another  t u r n .  I t  
i s  def ined  by waypoints A t o  C y  where A i s  s p e c i f i e d  by t h e  i n i t i a l  p o s i t i o n ,  
a l t i t u d e ,  heading, and speed of t h e  a i r c ra f t .  While t h e  a i rc raf t  maneuvers i n  
t h e  te rmina l  area, a new capture  f l i g h t  p a t h  and t h e  t i m e  o f  a r r i v a l  at  way- 
po in t  6 ,  which is  t h e  f i n a l  waypoint f o r  t h e  4 D  RNAV, a r e  cont inuously recom- 
puted and d isp layed  t o  t h e  p i l o t .  

The cap tu re  f l i g h t  pa th  connects t h e  present  a i r c r a f t  p o s i t i o n  with 
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The system has two modes, t h e  p r e d i c t i v e  mode and t h e  t r a c k  mode. In t h e  
p r e d i c t i v e  mode, t h e  p i l o t  s e l e c t s  t h e  waypoint of t h e  r e fe rence  f l i g h t  pa th  
t o  be captured.  He inpu t s  a wind estimate f o r  t h e  pa th ,  which i s  used f o r  t h e  
speed p r o f i l e  c a l c u l a t i o n s .  (Since wind tends t o  decrease  with lower a l t i t u d e  
t h i s  procedure is  be l ieved  p r e f e r a b l e  t o  using t h e  naviga t ion  system's  present  
estimate of t h e  wind.) 
6 ,  t h e  p i l o t  maneuvers t h e  a i r c r a f t  u n t i l  t h e  p r e d i c t e d  and requi red  TOA on 
the  d i sp lay  agree.  
and begin t r ack ing .  

To achieve t h e  ATC s p e c i f i e d  a r r i v a l  t ime a t  waypoint 

He then commands t h e  system t o  f i x  t h e  capture  f l i g h t  pa th  

I n  t h e  t r a c k  mode, t he  p i l o t  f l i e s  t he  r e fe rence  f l i g h t  pa th  using the  
f l i g h t  d i r e c t o r  f o r  guidance. ( In  t h e  s imulat ion,  automatic  t r ack ing  was 
poss ib l e ;  i n  t h e  f l i g h t  tes t ,  only f l i g h t  d i r e c t o r  guidance was ava i l ab le . )  
S l i g h t l y  be fo re  waypoint 3 on the  approach pa th ,  a p r e d i c t i v e  bank angle  com- 
mand i s  given, and j u s t  be fo re  waypoint 4, a cons tan t  v e r t i c a l  a c c e l e r a t i o n  
maneuver is  performed t o  acqui re  the  5' f l i g h t - p a t h  angle  used i n  t h i s  inves-  
t i g a t i o n .  The s h o r t  s t r a i g h t - i n - s e c t i o n  (waypoints 5 and 6 )  i s  the  las t  seg- 
ment using t h e  4D guidance laws. The remaining f l i g h t  pa th  t o  f l a r e  i s  flown 
with lateral and v e r t i c a l  guidance laws, similar t o  those used f o r  4D RNAV 
except t h a t  they have h ighe r  system ga ins  t o  a s s u r e  p r e c i s e  pa th  t racking .  

The p r i n c i p a l  c o n s t i t u e n t s  of  t he  onboard computer program a r e  the  f l i g h t  
pa th  syn thes i ze r  and t h e  con t ro l  l a w .  
e i t h e r  onboard o r  on the  ground, command t a b l e s  f o r  approach pa ths  from a mini- 
mum s e t  of information,  s o  t h a t  aircraft c o n s t r a i n t s  are not  v io l a t ed .  A com- 
mand t a b l e  c o n s i s t s  of a s e r i e s  of a u t o p i l o t  or f l i g h t  d i r e c t o r  commands and 
t h e i r  corresponding time dura t ion .  
(a) is  shown i n  ske tch  (b) .  The a i r c r a f t  descends a t  t h e  appropr ia te  f l i g h t  

The f l i g h t  pa th  syn thes i ze r  genera tes  

The command t a b l e  f o r  t h e  example i n  ske tch  

WP A C 2 3 4 5 6 

Time 

Sketch (b) 
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pa th  angle  t o  i n t e r c e p t  waypoint 2 ,  f l i e s  l e v e l  u n t i l  waypoint 4 ,  and then 
begins  a 5' t u rn ing  descent .  
execute  t h e  t u r n s  from A-By C-2, and 3-5 .  Note t h a t  t h e  t a b l e  i s  computed 
under t h e  assumption o f  i n f i n i t e  f l i g h t - p a t h  angle  and bank angle  rates.  
con t ro l  system compensates f o r  t h e s e  s impl i fy ing  assumptions.  

S imi l a r ly ,  t h e  nominal r o l l  angles  are shown t o  

The 

An a c c e l e r a t i o n  schedule  a l s o  i s  ca l cu la t ed  which, t oge the r  wi th  t h e  wind 
information and a i rcraf t  speed c o n s t r a i n t s  (discussed l a t e r ) ,  permi ts  TOA 
c a l c u l a t i o n s .  In t h i s  system, it is  requi red  t h a t  dece le ra t ion  t akes  p l ace  
between ad jacent  waypoints. The i n i t i a l  placement of  t h e  d e c e l e r a t i n g  seg- 
ments i s  such t h a t  it i s  p o s s i b l e  t o  change t h e  t i m e  o f  a r r i v a l  by t h e  same 
amount i n  both d i r e c t i o n s .  
p o i n t s  B and 2 (dot ted  l i n e )  o r  t o  te rmina te  t h e  d e c e l e r a t i o n  a t  C and 3 
(dashed l i n e )  t h e  maximum change i n  poss ib l e  TOAs i s  c a l c u l a t e d  and d isp layed  
t o  t h e  p i l o t .  

By changing t h e  dece le ra t ion  t o  begin a t  way- 

From t h e  command sequence t a b l e  generated by t h e  guidance c a l c u l a t i o n s  
and t h e  re ference  f l i g h t  pa th  coord ina tes ,  t h e  c o n t r o l  law cont inuously 
genera tes  r e fe rence  s t a t e s  of  t h e  a i r c r a f t ' s  p o s i t i o n  and speed. The horizon- 
t a l  r e fe rence  p o s i t i o n ,  a l s o  c a l l e d  phantom p o s i t i o n ,  and t h e  a c t u a l  a i rc raf t  
p o s i t i o n  a r e  d isp layed  t o  t h e  p i l o t .  The con t ro l  l a w  compared t h e  re ference  
and t h e  a c t u a l  a i r c r a f t  s t a t e s  and genera tes  commands f o r  p i t c h ,  r o l l  and 
speed. In  add i t ion ,  t h e  c o n t r o l  l a w  generates  commands f o r  p i t c h  and r o l l  
maneuvers somewhat ahead o f  t h e  r e fe rence  va lues  t o  compensate f o r  t h e  s impl i -  
fy ing  assumptions of i n f i n i t e  ra tes  made i n  t h e  guidance computations. These 
commands a r e  appl ied  t o  t h e  long i tud ina l  and l a t e ra l  c o n t r o l  system and auto-  
t h r o t t l e  i n  t h e  automatic  con t ro l  mode, and t o  t h e  e l e c t r o n i c  a l t i t u d e  d i sp lay  
i n d i c a t o r  (EADI)  f l i g h t  d i r e c t o r  ba r s  and speed e r r o r  i n d i c a t o r  i n  t h e  manual 
con t ro l  mode. When needed, based on speed, f l a p  deployment messages and guid- 
ance e r r o r  messages a r e  generated t o  he lp  t h e  p i l o t  i n  h i s  t a s k .  For s a f e t y ,  
t h e  speed command i s  l i m i t e d  from above by t h e  f l a p  p l aca rd  s t r u c t u r a l  l i m i t  
and from below by a margin above t h e  s t a l l  speed, which i s  computed from t h e  
a i r c r a f t  bank angle  and conf igu ra t ion .  These a i r c r a f t  speed c o n s t r a i n t s  a r e  
a l s o  used f o r  time of  a r r i v a l  c a l c u l a t i o n s .  

The synthes ized  r e fe rence  f l i g h t  pa th  t h a t  was flown i n  t h e  f l i g h t  t e s t  
i s  shown i n  f i g u r e  1. I t  cons i s t ed  of s i x  waypoints, each i s  s p e c i f i e d  by 
t h e  X ,  Y,  Z c o y d i n a t e s  i n  km and t h e  des i r ed  ind ica t ed  a i r speed  i n  knots .  

r 
W P T  3 ( I A S  

120 I A S  

W P T  2 - - 
140 I A S  

W P T  I 

160 I A S  

- 
W P T 0  750 

5w i 250 W P T  4, lWPT W P i  2 

. -. .-. 
W>HMAA 

Figure 1.- Synthesized Reference Tra j ec to ry .  
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The t e c h n i c a l  d e t a i l s  o f  t h e  system t h a t  are n o t  r epor t ed  i n  r e fe rences  1 
t o  4 are descr ibed  i n  appendix A. 

PILOT'S OPERATING PROCEDURE 

Displays and Input  Devices 

The major i npu t  devices  t o  t h e  system are t h e  mode select  panel  (MSP) and 
t h e  keyboard ( f i g s .  2 and 3 ) .  The MSP enables  t h e  p i l o t  t o  engage convent ional  

SAS AUTO e A U T O  
OFF 

MODE SELECT PANEL 

Figure 3 . -  Keyboard. 

a u t o p i l o t  modes (e .g . ,  t o  s e l e c t  and hold 
heading, speed and a l t i t u d e s )  and t o  
switch from a p r e d i c t i v e  4D RNAV mode t o  
t h e  cap tu re  and t r a c k  modes. 
board al lows t h e  p i l o t  t o  engage t h e  4D 
i n  a p r e d i c t i v e  mode t o  inpu t  wind e s t i -  
mates, t o  advance o r  de lay  TOA, and t o  
s p e c i f y  t h e  waypoint t o  be captured.  

The key- 

The major ou tput  devices  a r e  mul t i -  
func t ion  d i s p l a y  (MFD, f i g .  4), t h e  
e l e c t r o n i c  a t t i t u d e  d i r e c t o r  i n d i c a t o r  
(EADI, f i g .  5 ) ,  and t h e  s t a t u s  panel  
( f i g .  6 ) .  The MFD d i sp l ays  t h e  r e fe rence  
f l i g h t  pa th ,  t h e  cap tu re  t r a j e c t o r y ,  t h e  
p o s i t i o n  and heading of  both t h e  phantom 
( reference  p o s i t i o n )  and t h e  a c t u a l  a i r -  
c ra f t ,  t h e  c u r r e n t  clock-time (on t h e  
upper r i g h t  co rne r ) ,  t h e  barometr ic  a l t i -  
tude i n  feet  (on t h e  upper l e f t  corner )  

Figure 2 . -  Mode Se lec t  Panel (MSP). 
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CAPTURE 
TRAJECTORY 
(PR ED l CTl VE 

MODE) 

TRACK 
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MODI LS 
DATA 
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(b) Track mode. ( c )  Control  pane l .  

Figure 4.- MFD d i sp lay .  
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BLINKS FOR 
DECISION HEIGHT ROLL ROLL PROGRAMMABLE 

ANNUNCIATION SCALE (IO" INCR.) INDICATOR READOUT 

@ 

AIR SPEED, knots 

PITCH SCALE 

SPEED ERR 

ROLL COMMAND 

TEST PATTE 

PERSPECTIVE FAILURE VELOCITY VECTOR 
RUNWAY WARNING OR FLIGHT PATH 

INDICATORS ANGLE 

,RADIO ALTITUDE, ft 

,PITCH COMMAND BAR 

STATUS INDICATORS 

ARM EDIENGAG ED 

(AM BE RIG RE EN) 

'AIRPLANE 

PATH DEVIATION ' WINDOW 

Figure 5.- E l e c t r o n i c  a t t i t u d e  d i r e c t o r  i n d i c a t o r .  

Figure 6.- S t a t u s  pane l .  

and o the r  alphanumeric messages. The phantom ( f i g .  4 (b) )  i s  t h e  r e fe rence  o r  
des i r ed  p o s i t i o n ,  where t h e  a i rc raf t  should be if t h e  con t ro l  system e r r o r s  
are nul led .  The EADI d i s p l a y s  t h e  f l i g h t  d i r e c t o r  b a r s :  t h e  speed e r r o r  ba r ,  
t h e  p i t c h  command b a r  and t h e  r o l l  command bar .  These ba r s  a r e  used by t h e  
p i l o t  t o  f l y  t h e  f l i g h t  d i r e c t o r  mode. 
f a i l u r e  condi t ions  and v a l i d i t y  o f  keyboard i n p u t s .  
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RNAV Modes 

The 4D RNAV system ope ra t e s  i n  two d i s t i n c t  modes, t h e  p r e d i c t i v e  mode 
and t h e  t r a c k  mode. In t h e  p r e d i c t i v e  mode, t h e  p i l o t  i s  free t o  f l y  t h e  
a i r p l a n e  as he wishes us ing  t h e  convent ional  a u t o p i l o t  o r  f l i g h t  d i r e c t o r  
modes i f  des i r ed .  The system merely c a l c u l a t e s  a cap tu re  f l i g h t  pa th  from t h e  
p re sen t  a i r p l a n e  p o s i t i o n  t o  a s e l e c t e d  waypoint on t h e  approach f l i g h t  pa th ,  
and it p r e d i c t s  t h e  a r r iva l  time a t  t h e  f i n a l  waypoint i f  t h e  p i l o t  were t o  
engage t h e  system a t  t h i s  i n s t a n t .  Once t h e  p i l o t  engages t h e  system t o  
achieve a des i r ed  a r r i v a l  time, t h e  system disengages t h e  convent ional  modes 
and switches t o  t h e  4 D  t r a c k  mode. In t h a t  mode, t h e  system t r a c k s  t h e  las t  
computed cap tu re  f l i g h t  p a t h  onto t h e  s t o r e d  STOL approach rou te  and then 
tracks it i n  such a manner t h a t  it w i l l  a r r i v e  a t  t h e  f i n a l  waypoint a t  t h e  
p red ic t ed  t i m e ,  whi le  observing var ious  ope ra t iona l  l i m i t s .  

Operating procedure in the  predict ive  mode- The ope ra t ing  procedure i n  
t h i s  mode i s  summarized below. To synthes ize  an o v e r a l l  f l i g h t  p r o f i l e ,  t h e  
p i l o t  must: 

1. Enable Ames 4D by en te r ing  FOD=1 on t h e  keyboard. 

2 .  Se l ec t  a s t o r e d  STOL approach rou te  such as FP2 on t h e  MFD con t ro l  
panel .  

3 .  Se lec t  navaid by p res s ing  TACAN, f o r  example, on MSP. 

4. Spec i fy  waypoint t o  be captured ( t a r g e t  waypoint) by a keyboard 
en t ry ,  f o r  example, WPT = 5. 

5. Input wind e s t ima te  by keyboard en t ry .  

To ge t  t h e  system ready f o r  t rack,  t h e  p i l o t  must maneuver t h e  a i r c r a f t  
so  TOA i s  as des i r ed .  

The system responds t o  (1) through (4)  by syn thes i z ing  a capture  f l i g h t  
pa th  from t h e  c u r r e n t  a i rc raf t  p o s i t i o n  t o  t h e  t a r g e t  waypoint. I t  respords  
t o  (5) by syn thes i z ing  a new ground speed p r o f i l e  inc luding  one f o r  t h e  cap- 
t u r e  f l i g h t  pa th ,  and genera t ing  a new t a b l e  of commands. 

The opera t ing  procedure i n  t h e  p r e d i c t i v e  mode w i l l  be i l l u s t r a t e d  by an 
example. In order  t o  syn thes i ze  an o v e r a l l  f l i g h t  p r o f i l e ,  4D must be engaged, 
by e n t e r i n g  FOD=1 on t h e  keyboard. (When FOD=O, a d i f f e r e n t  4D system is 
a v a i l a b l e  t o  t h e  p i l o t ,  which has  been descr ibed i n  r e f .  9 . )  A t  t h i s  s t a g e ,  
t h e  p i l o t  has t h e  opt ion  o f  s e l e c t i n g  one of  t h e  fou r  a v a i l a b l e  r e fe rence  
f l i g h t  pa ths  by depress ing  one o f  t h e  fou r  but tons ,  FP1, FP2,  FP3, and FP4 i n  
t h e  MFD con t ro l  pane l .  This  w i l l  cause t h e  s e l e c t e d  r e fe rence  f l i g h t  pa th  t o  
be displayed on t h e  MFD. The cu r ren t  a i r c ra f t  p o s i t i o n  i s  t r a n s m i t t e d  t o  t h e  
4D RNAV system a f t e r  some navaid has been s e l e c t e d ,  f o r  example, by depress ing  
TACAN but ton  i n  t h e  MSP. A f t e r  navaid s e l e c t i o n ,  a b r i g h t  s teady  i s o s c e l e s  
t r i a n g l e ,  i n d i c a t i n g  t h e  p o s i t i o n  and heading of  t h e  a i r c ra f t  w i l l  appear on 
t h e  MFD t o  s i g n i f y  t h a t  t h e  p o s i t i o n  e s t ima te  c a l c u l a t i o n  has reached i t s  
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s t eady  s ta te .  
s t i l l  i n  t h e  converging process . )  
STOL approach r o u t e  i s  s p e c i f i e d  by i n p u t t i n g  WPT=n on t h e  keyboard, where 
i s  t h e  d e s i r e d  waypoint (e .g . ,  WPT 5) .  The waypoint number must be one o f  t h e  
waypoints d i sp layed  on t h e  r e fe rence  f l i g h t  pa th .  

(A f l a s h i n g  t r i a n g l e  i n d i c a t e s  t h e  naviga t ion  computations are 
The d e s i r e d  waypoint t o  be captured  on t h e  

n 

If no t ,  an ILLEGAL ENTRY w i l l  be d isp layed  on t h e  s t a t u s  pane l .  If a 
capture  t r a j e c t o r y  e x i s t s ,  it w i l l  be  d isp layed  on t h e  MFD as a do t t ed  l i n e ,  
and t h e  s tandard  f o u r - l i n e  message, having t h e  fo l lowing  format d isp layed:  

TWP 5 1:51 
ALT 3500 
TOA 1:45:30 
TDA-19: 19 

I n  t h e  f irst  l i n e ,  t h e  message means t h a t  t h e  next  waypoint (capture  waypoint) 
i s  waypoint 5 and t h e  f l y i n g  t i m e  t o  waypoint 5 is  1 min and 51 sec. The sec- 
ond l i n e  d i s p l a y s  t h e  a l t i t u d e  f o r  waypoint 5 (3500 fee t  o r  1068 m) .  The t h i r d  
l i n e  d i sp lays  t h e  p r e d i c t e d  t i m e  of arrival a t  t h e  f i n a l  waypoint, 1 o 'c lock,  
45 min and 30 sec. And t h e  f o u r t h  l i n e  states t h e  time a v a i l a b l e  f o r  advanc- 
i n g  TOA ( f o r  an ea r l i e r  a r r i v a l )  i s  -19 s e c  and f o r  de lay ing  TOA i s  a l s o  
19 sec .  The adjustment o f  TOA i s  computed on t h e  b a s i s  of  providing t h e  p i l o t  
with equal  f l e x i b i l i t y  i n  advancing o r  de lay ing  TOA a f t e r  t h e  system i s  placed 
i n  t r a c k .  If a cap tu re  t r a j e c t o r y  cannot be synthes ized ,  then  a two-l ine 
message i s  d isp layed:  
t h e  fol lowing formats:  

a f l a s h i n g  f i rs t  l i n e  and a s t eady  second l i n e  having 

NOCAP HOR 5 o r  NOCAP ALT 5 o r  NOCAP VEL 5 

CALT 3500 

where 5 i s  t h e  t a r g e t  waypoint number and 3500 f t  (1068 m) i s  t h e  a l t i t u d e  o f  
t he  waypoint. NOCAPHORSmeansno hor i zon ta l  cap tu re  t r a j e c t o r y  e x i s t s  and none 
i s  drawn on t h e  MFD. NOCAP ALT 5 means t h e  d i f f e rence  between t h e  cu r ren t  and 
t a r g e t  a l t i t u d e s  d iv ided  by t h e  ho r i zon ta l  pa th  length  (synthesized f o r  t h e  
ho r i zon ta l  cap tu re  t r a j e c t o r y )  i s  beyond t h e  range of  t h e  al lowable f l i g h t  pa th  
angle .  F ina l ly ,  NOCAP VEL 5 means i t  i s  no t  p o s s i b l e  t o  d e c e l e r a t e  (or  acce l -  
e r a t e )  from t h e  cu r ren t  a i r speed  t o  t h a t  s p e c i f i e d  f o r  waypoint 5 and the re -  
f o r e  no speed p r o f i l e .  

The wind input  i s  en tered  a t  t h e  keyboard by i n p u t t i n g  t h e  mnemonic EWD 
123O.20, where 123 i s  t h e  wind d i r e c t i o n  ( i n  deg) with r e spec t  t o  magnetic 
North and 20 i s  t h e  wind speed ( i n  knots ) .  
reasonable  wind e s t ima te  i n  f l i g h t ,  t h e  numerical  va lues  of  wind angle  and 
wind magnitude, as es t imated  by t h e  naviga t ion  f i l t e r ,  can be obtained by 
en te r ing  a t  t h e  keyboard t h e  mnemonic SWD. The range of wind d i r e c t i o n  i s  
r e s t r i c t e d  t o  (0,  359) and f o r  t h e  wind magnitude t o  (0,999). Should a va lue  
ou t s ide  e i t h e r  o f  t h e s e  ranges be en tered ,  an ILLEGAL ENTRY message w i l l  be 
displayed on t h e  s t a t u s  pane l .  Otherwise, t h e  keyboard input  w i l l  be pro- 
cessed,  and t h e  new va lues  o f  TOA and TDC w i l l  be computed and d isp layed  on 
t h e  MFD. 

To a i d  t h e  p i l o t  i n  s e l e c t i n g  a 
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The next  s t e p  i s  t o  f l y  t h e  aircraft  u n t i l  t h e  displayed TOA is  as 
des i red .  In doing so,  t h e  p i l o t  should f l y  t h e  a i rcraf t  i n  such a way t h a t  
t h e  capture  t r a j e c t o r y  always e x i s t s .  
an a l t i t u d e  and speed f a i r l y  c l o s e  t o  those  s p e c i f i e d  a t  t h e  waypoint t o  be 
captured,  and by maintaining a reasonable  d i s t ance  and heading with r e s p e c t  t o  
those  o f  t h e  waypoint t o  be captured.  
t h e  a i r c r a f t  is f l y i n g  along t h e  cap tu re  t r a j e c t o r y ,  s i n c e  t h e  cap tu re  t r a j e c -  
t o r y  g e t s  s h o r t e r  as time passes  (sketch c ( a ) ) .  I t  w i l l  i nc rease  about t h e  
same r a t e  as real  time when t h e  aircraft  i s  f l y i n g  perpendicular  t o  t h e  refer- 
ence f l i g h t  pa th ,  s i n c e  t h e  length  o f  t h e  capture  f l i g h t  pa th  changes l i t t l e  
as time passes  ( ske tch  c (b ) ) .  TOA inc reases  a t  about twice t h e  rate as real 
time i f  f l y i n g  i n  t h e  oppos i te  d i r e c t i o n  t o  t h e  r e fe rence  f l i g h t  pa th ,  s i n c e  
t h e  cap tu re  f l i g h t  pa th  g e t s  longer  as time passes  (sketch c ( c ) ) .  The TOA 
a l s o  can be ad jus t ed  f o r  an ear l ie r  a r r i v a l  by cap tu r ing  a h igher  numbered 
waypoint (sketch C (d) ) .  

This  can always be done by maintaining 

I t  w i l l  remain p r a c t i c a l l y  cons tan t  i f  

/‘- 
I 

a) TOA,,,, M TOAold  6’ 

Old \ 
path 

\ I 

Sketch (c) 
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Operating procedure i n  track mode- When t h e  d e s i r e d  TOA i s  reached, t h e  
system should be p laced  i n  t r a c k  immediately. 
REF F.P. bu t ton  on t h e  MSP f o r  manual t r a c k i n g  and t h e  FULL AUTO but ton  f o r  
automatic t racking .  In manual t r ack ing ,  t h e  F/D but ton  must a l s o  be on so  t h a t  
t h e  speed, p i t c h ,  and r o l l  command b a r s  w i l l  be  d isp layed  on t h e  EADI.  

This  i s  done by depress ing  t h e  

After t h e  system i s  i n  track, t h e  appropr i a t e  REF F.P. o r  FULL AUTO l i g h t  
w i l l  t u r n  green. 
one of  t h e s e  but tons  i s  pushed - t h a t  i s ,  no cap tu re  t r a j e c t o r y  e x i s t s  - t h e n  
t h e  REFP (or  FULL AUTO) l i g h t  w i l l  t u r n  amber and t h e  system w i l l  cont inue t o  
syn thes i ze  a cap tu re  t r a j e c t o r y .  
t h e  REF FP (or  FULL AUTO) l i g h t  w i l l  t u r n  green and t h e  system w i l l  p l ace  
i t s e l f  i n  track au tomat ica l ly .  

If f o r  some reason t h e  system i s  n o t  ready f o r  t r a c k  af ter  

A t  t h e  moment t h e  system i s  ready f o r  t r a c k ,  

In t h e  t r a c k  mode, TOA i s  frozen and t h e  cap tu re  t r a j e c t o r y  i s  displayed 
as a s o l i d  l i n e .  Furthermore, a dim i s o s c e l e s  t r i a n g l e ,  i n d i c a t i n g  t h e  pos i -  
t i o n  and heading o f  t h e  phantom a i rc raf t  (as  con t r a s t ed  t o  t h e  b r i g h t  i s o s c e l e s  
t r i a n g l e  f o r  t h e  a i r c r a f t )  w i l l  appear on t h e  MFD. 

Once t h e  system i s  i n  t r a c k ,  i t  w i l l  remain i n  t r a c k  u n t i l  it i s  i n t e r -  
rup ted  by e i t h e r  p i l o t  i npu t s  o r  u n t i l  i t  au tomat i ca l ly  switches t o  a conven- 
t i o n a l  g l i d e  s lope  and l o c a l i z e r  t r ack  mode a t  t h e  f i n a l  waypoint. The p i l o t  
can t ake  t h e  system out  of t rack and thus  disengaging REF FP o r  FULL AUTO by 
p res s ing  t h e  appropr i a t e  bu t ton  on t h e  MSP o r  by i n p u t t i n g  a d i f f e r e n t  wind on 
t h e  keyboard. 
d e s i r e d  TOA, which may d i f f e r  from t h e  TOA on d i s p l a y  by a f e w  seconds. The 
adjustment i s  made by exe rc i s ing  t h e  TDC inpu t .  

In  t r a c k ,  t h e  time of a r r i v a l  may now be ad jus t ed  t o  achieve t h e  

The time de lay  input  i s  en tered  a t  t h e  keyboard by p res s ing  TDC mm.ss o r  
TDC - m m . s s ,  where mm and ss  a r e  s h i f t s  i n  TOA i n  minutes and seconds, 
r e spec t ive ly ,  with a negat ive  s i g n  f o r  advancing TOA (o r  e a r l i e r  a r r i v a l ) .  
The va lue  of  TDC input  must be wi th in  t h e  range of TDA as displayed i n  t h e  
fou r th  l i n e  on t h e  MFD. If so ,  t h e  input  i s  processed and i s  r e f l e c t e d  on t h e  
va lue  o f  both TOA and TDC l i n e s .  Otherwise an ILLEGAL ENTRY message w i l l  be 
d isp layed  on t h e  s t a t u s  panel  and t h e  input  is ignored.  

A time de lay  o u t s i d e  t h e  range can be achieved by a pa th - s t r e t ch ing  
maneuver. E s s e n t i a l l y ,  t h e  p i l o t  f irst  switches t h e  system back t o  p r e d i c t i v e  
mode by depressing t h e  REF FP o r  FULL AUTO but ton  and f l i e s  away from t h e  
r e fe rence  t r a j e c t o r y  u n t i l  t h e  d e s i r e d  TOA i s  d isp layed .  A t  t h a t  time, he 
reengages t h e  system. While t h e  system i s  i n  t h e  p r e d i c t i v e  mode, a time 
change could a l s o  be achieved by cap tu r ing  a d i f f e r e n t  waypoint. 

If  i t  should be d e s i r a b l e  t o  e n t e r  a wind estimate from t h e  keyboard 
while t h e  system i s  i n  t r a c k ,  t h e  system w i l l  p rocess  t h e  wind e n t r y  and auto-  
ma t i ca l ly  switch back t o  t h e  p r e d i c t i v e  mode. Next, it w i l l  proceed t o  syn- 
t h e s i z e  a capture  t r a j e c t o r y  t o  t h e  next  waypoint and i f  one e x i s t s ,  i t  w i l l  
d i s p l a y  it as a do t t ed  l i n e  on t h e  MFD system. If t h e  p i l o t  p re s ses  REF FP 
(or  FULL AUTO) but ton  aga in ,  t h i s  pa th  w i l l  be followed. 
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After t h e  system i s  aga in  i n  t r a c k ,  t h e  p i l o t  should observe t h e  change 
i n  TOA and may make f i n e  adjustments t o  keep t h e  o l d  TOA by e x e r c i s i n g  t h e  TDC 
command, i f  des i r ed .  

DispZays for p iZo t  convenience in the track mode- The excess ive  e r r o r  
message and t h e  flap-deployment message w i l l  be on d i s p l a y  under c e r t a i n  pre-  
s c r ibed  condi t ions .  
be d isp layed  on t h e  MFD should t h e  a l t i t u d e ,  c ros s - t r ack ,  o r  a long- t rack  
e r r o r s  exceed some va lue  s t o r e d  i n  t h e  d i g i t a l  computer. If more than one 
excess ive  e r r o r  occur  s imultaneously,  then t h e  message w i l l  d i s p l a y  t h e  e r r o r  
h ighes t  i n  t h e  d i s p l a y  h ie rarchy ,  which i s  o f  t h e  fol lowing descending o rde r :  
a l t i t u d e  e r r o r ,  c ros s - t r ack  e r r o r ,  and along-track e r r o r .  The c ross - t r ack  and 
a long- t rack  e r r o r  can be observed from t h e  dev ia t ion  o f  t h e  a i rc raf t  p o s i t i o n  
from t h a t  of  t h e  phantom. The c ross - t r ack  and a l t i t u d e  e r r o r s  a l s o  are d i s -  
played on t h e  EADI .  
from t h e  cen te r  r e f l e c t s  t h e  c ros s - t r ack  e r r o r  and a v e r t i c a l  displacement 
r e f l e c t s  a l t i t u d e  e r r o r .  

A f l a s h i n g  message ERROR ALT o r  ERROR Y o r  ERROR X w i l l  

A la teral  displacement of  t h e  r ec t angu la r  box on t h e  EADI 

The second message i s  t h e  flap-deployment message, which reminds t h e  
p i l o t  when t o  deploy t h e  f l a p  manually t o  provide adequate s t a l l  margins. In 
t h e  CV-340, t h e  flap-deployment messages a r e  based on t h e  IAS and bank angle  
of  t h e  a i r c r a f t .  The message FLP 17, FLP 28 ,  o r  FLP 40 w i l l  be d isp layed  a t  
t h e  proper  a i r speeds .  However, no f l a p  message i s  d isp layed  while  f l y i n g  t h e  
capture  f l i g h t  pa th ,  and t h e  40' f l a p  message i s  d isp layed  only  a t  t h e  f i n a l  
g l i d e  s lope .  

PiZot procedure for  Zmge guidance error- The p i l o t  i s  caut ioned t h a t  t h e  
con t ro l  system i s  designed on a l i n e a r  pe r tu rba t ion  con t ro l  l a w .  If t h e  a i r -  
c r a f t  dev ia t e s  t oo  f a r  from t h e  phantom, then  t h e  command may be meaningless.  
In t h i s  ca se ,  t h e  p i l o t  may reduce t h e  e r r o r  by observing r a w  e r r o r s  o r  simply 
by r e i n i t i a l i z i n g  t h e  phantom (by p res s ing  REF FP twice,  t h e  f i r s t  time f o r  
disengaging t h e  system so t h a t  a new capture  t r a j e c t o r y  i s  synthes ized ,  and 
t h e  second time f o r  p l ac ing  t h e  system i n  t r a c k ) .  The r e i n i t i a l i z a t i o n  pro- 
cess  au tomat ica l ly  reduces a l l  e r r o r s  t o  zero.  Af te r  t h e  system i s  again i n  
t rack  it may be necessary  t o  exe rc i se  t h e  TDC command t o  maintain t h e  same 
TOA. Should a f l a s h i n g  NOCAP N be d isp layed ,  where N i s  t h e  number of  t h e  
s e l e c t e d  waypoint a f t e r  t h e  system i s  out  of  t r a c k ,  then  t h e  p i l o t  must 
maneuver t h e  a i r p l a n e  u n t i l  a new capture  f l i g h t  pa th  i s  synthes ized  before  he 
can p res s  t h e  REF FP but ton  t o  r e i n i t i a t e  t r a c k .  

FLIGHT AND SIMULATION EXPERIMENT RESULTS 

F l i g h t  T e s t  Procedure and F a c i l i t i e s  

The STOL tes t  f a c i l i t y  ( f i g .  7) i nc ludes  an experimental  scanning beam 
microwave landing system MODILS (modular Instrument Landing System, r e f .  8)  
and a l o c a l  TACAN s t a t i o n  f o r  which t h e  te rmina l  a r e a  nav iga t ion  system was 
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Figure 7 . -  NASA STOL t e s t  f a c i l i t y  a t  Crows Landing Naval A i r  S t a t i o n ,  C a l i f .  

s p e c i f i c a l l y  designed ( r e f .  8 ) .  The STOL approach r o u t e  desc i rbed  e a r l i e r  i s  
o r i en ted  with r e spec t  t o  t h e  naviga t ion  coord ina te  system, t h e  o r i g i n  of which 
i s  a t  t h e  c e n t e r  o f  t h e  runway and the  i n t e r s e c t i o n  o f  t h e  perpendicular  from 
t h e  p o s i t i o n  o f  t h e  MODILS g l i d e  s lope  antenna t o  t h e  runway c e n t e r l i n e .  

For t h e  t e s t ,  t h e  p i l o t  was a ided  by t h e  f l i g h t  t e s t  conductor,  who had 
two func t ions :  F i r s t ,  he s imulated ground- to-a i rc raf t  ATC commands ( e .g . ,  
" a r r ive  a t  t h e  approach g a t e  a t  TOA 13:42:12," which i s  a s p e c i f i c  t ime) .  
Second, he a l s o  p a r t i c i p a t e d  a c t i v e l y  i n  t h e  t es t ,  because some system elements 
as i n s t a l l e d  i n  t h e  CV-340, were i n a c c e s s i b l e  t o  t h e  p i l o t .  
command, he en te red  keyboard messages t h e  p i l o t  c a l l e d  ou t  and read  messages 
from t h e  s t a t u s  panel  t o  t h e  p i l o t .  

14 
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Two hours of f l i g h t  t i m e  were devoted t o  t h e  Ames 4D phase of  t h e  system 
f l i g h t  tests. 
was s u f f i c i e n t  t o  eva lua te  t h e  performance o f  t h e  Ames 4 D  system. 

This  f l i g h t  time toge the r  with ex tens ive  s imula tor  experiments,  

Quan t i t a t ive  Resul t s  

F l i g h t  t e s t  overview- The t h r e e  t r a j e c t o r i e s  flown i n  t h e  f l i g h t  t es t  are 
shown i n  f i g u r e s  8 ( a ) ,  (b) ,  and (c) . For c l a r i t y ,  they  w i l l  be  r e f e r r e d  t o  as 
passes  1, 2 ,  and 3,  r e s p e c t i v e l y .  The s o l i d  l i n e  shows t h e  re ference  f l i g h t  
path,  which inc ludes  t h e  cap tu re  f l i g h t  pa th  i n  t h e  t r a c k  mode and t h e  STOL 
approach rou te ,  and t h e  dashed l i n e  i n d i c a t e s  t h e  f l i g h t  pa th  as es t imated  by 
t h e  naviga t ion  system. 
path.  In  t h e  f irst  
two passes ,  t h e  f irst  t a r g e t  waypoint t o  be captured was waypoint 1, and i n  
the  t h i r d  pass  it was waypoint 2 .  
t r a c k  once. On r e t u r n i n g  t o  t h e  p r e d i c t i v e  mode from t h e  t r a c k  mode, t h e  
waypoint t o  be captured  i s  t h e  next  waypoint i n  t h e  re ference  t r a j e c t o r y  while 
t h e  system was i n  t rack,  un le s s  otherwise s e l e c t e d  by t h e  p i l o t .  In t h e  f irst  
pass ,  t h e  waypoint f o r  r e i n i t i a l i z a t i o n  was waypoint 3 .  
t he  waypoint during t h e  pa th  s t r e t c h i n g  maneuver was waypoint 2 ,  and i n  t h e  
t h i r d  pass ,  t h e  waypoint a f t e r  i n t e r r u p t i n g  t h e  t r a c k  by a wind e n t r y  was 
waypoint 3 .  

The do t t ed  l i n e  shows t h e  f i x e d  s t o r e d  r e fe rence  f l i g h t  
(The a l t i t u d e  p r o f i l e s  are d iscussed  i n  a l a t e r  s e c t i o n . )  

For  each pass ,  t h e  system was taken out  of  

In t h e  second pass ,  
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The d a t a  recorded f o r  events  o f  t h e  t h r e e  passes  i s  expressed as a func- 
t i o n  o f  Greenwich t i m e .  
i n  d i f f e r e n t  passes ,  a second t i m e  frame t ( i n  sec)  was a l s o  used. For pur- 
poses  of  a comparison i n  t h e  l a t t e r ,  t was chosen so  t h a t  it i s  equal  t o  
650 sec a t  t f i n a l  f o r  a l l  t h r e e  passes .  This dual  system of  express ing  
t i m e  i n  e i t h e r  Greenwich t i m e  o r  t 
r e p o r t .  

For t h e  convenience o f  comparing corresponding d a t a  

i s  used throughout t h e  remainder o f  t h i s  

The f irst  po r t ion  o f  t h e  t r a j e c t o r y  i n  pass  1 ( f i g .  8 ( a ) )  was flown i n  
t h e  p r e d i c t i v e  mode t o  determine t h e  r a t e  of  TOA changes versus  real  t i m e .  
From p o i n t  A t o  p o i n t  B y  no cap tu re  t r a j e c t o r y  was p o s s i b l e  because o f  t h e  
c loseness  of  t h e  a i r c ra f t  p o s i t i o n  t o  waypoint 1. From p o i n t  B t o  C y  TOA 
changed twice as fast  as real t i m e  s i n c e  t h e  a i rc raf t  was f l y i n g  away from t h e  
t a r g e t  waypoint. From p o i n t  C t o  D ,  TOA changed approximately 1 /5  as fast as 
real  time s i n c e  t h e  a i rc raf t  was f l y i n g  almost a long t h e  synthes ized  capture  
t r a j e c t o r y ,  even though t h e  system was s t i l l  i n  t h e  p r e d i c t i v e  mode. From 
po in t  D t o  E ,  TOA remained t h e  same s i n c e  t h e  a i r c r a f t  was f l y i n g  e x a c t l y  
a long t h e  synthes ized  cap tu re  t r a j e c t o r y .  A t  F ,  t h e  system was p laced  i n t o  
t h e  t r a c k  mode. 

In t h e  v i c i n i t y  of  waypoint 2 ,  t o  exe rc i se  t h e  r e i n i t i a l i z a t i o n  provis ion ,  
t h e  along-track and c ross - t r ack  e r r o r s  were d e l i b e r a t e l y  allowed t o  b u i l d  up, 
t o  an X (a long-track)  e r r o r  o f  1583 m and a Y (c ross - t rack)  e r r o r  of 536 m y  as 
def ined  i n  appendix A ( f i g .  21). The r e i n i t i a l i z a t i o n  process ,  which included 
p l ac ing  t h e  system out  of  t r ack ,  synthes iz ing  a capture  t r a j e c t o r y  t o  way- 
p o i n t  3, and a new speed p r o f i l e ,  r e tu rn ing  t h e  system t o  t h e  t r a c k  mode; com- 
pu t ing  a new TOA took only  one second. For ty  seconds l a t e r ,  t h e  p i l o t  ad jus t ed  
t h e  t i m e  o f  a r r i v a l  t o  t h e  o r i g i n a l  d e s i r e d  TOA by exe rc i s ing  t h e  TDC command. 

In t h e  second pass  ( f i g .  8 ( b ) ) ,  t h e  a i r c r a f t  was requi red  t o  de lay  i t s  
a r r i v a l  time by 3 min while  i t  was i n  t h e  t rack  mode. This  de lay  t i m e  was 
beyond t h e  range o f  s h i f t i n g  TOA by speed con t ro l  a lone  and t h e r e f o r e  pa th  
s t r e t c h i n g  was necessary .  A t  19:52:40 ( t  = 2 1 1  s e c ) ,  halfway between way- 
p o i n t s  1 and 2 ,  t h e  p i l o t  s t a r t e d  t o  f l y  t h e  a i rc raf t  away from t h e  re ference  
t r a j e c t o r y  and i n i t i a t e d  pa th  s t r e t c h i n g .  F i f t y  seconds la te r  ( t  = 261 s e c ) ,  
t h e  system was switched t o  t h e  p r e d i c t i v e  mode t o  observe t h e  varying TOA, as 
d isp layed  on t h e  MFD. Twenty seconds l a t e r  ( t  = 281 s e c ) ,  t h e  new des i r ed  TOA 
was on d i s p l a y  and t h e  p i l o t  switched t h e  system back t o  t h e  t r a c k  mode, 
r e s u l t i n g  i n  a new TOA o f  wi th in  one second of  t h e  d e s i r e d  TOA. Ten seconds 
l a t e r ,  t h e  p i l o t  ad jus t ed  t h e  time o f  a r r i v a l  t o  t h e  exac t  TOA by exe rc i s ing  
t h e  TDC command. 

In t h e  t h i r d  pass  ( f i g .  8 ( c ) ) ,  t h e  system was p laced  out  of t r ack  by a 
wind e n t r y  a t  20:04:44 ( a t  t = 455 s e c ) .  In t e r rup ted  by t h e  wind e n t r y ,  t h e  
system switched immediately t o  t h e  p r e d i c t i v e  mode and began t o  syn thes i ze  a 
cap tu re  t r a j e c t o r y  t o  t h e  next  waypoint ( i n  t h i s  case ,  waypoint 3 ) .  The sys-  
t e m  was then  manually r e tu rned  t o  t h e  t r a c k  mode. The whole process  took 9 sec .  
Ten seconds l a t e r  (or  a t  t = 474 s e c ) ,  t h e  time o f  a r r i v a l  was ad jus ted  t o  t h e  
exac t  va lue  of  t h e  p rev ious ly  s p e c i f i e d  TOA by e x e r c i s i n g  t h e  TDC command. 
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In t h e  remainder of  t h i s  s e c t i o n ,  w e  focus our  a t t e n t i o n  on t h e  d e t a i l s  
o f  t h e  naviga t ion ,  guidance, and c o n t r o l  da ta .  The speed p r o f i l e s  are con- 
s i d e r e d  f irst ;  t h e  synthes ized  ground speed p r o f i l e  and t h e  r e fe rence  a i r speed  
p r o f i l e ,  as generated i n  t h e  con t ro l  loop. We a l s o  g ive  t h e  wind p r o f i l e  as 
es t imated  by t h e  naviga t ion  f i l t e r ,  and a t ime-h i s to ry  p l o t  o f  t h e  speed e r r o r ,  
p i t c h  e r r o r ,  and r o l l  e r r o r  as d isp layed  on t h e  EADI. In add i t ion ,  w e  d i scuss  
t h e  t r a c k i n g  accuracy, by g iv ing  a time h i s t o r y  o f  t h e  a long- t rack ,  and cross -  
t r a c k ,  a l t i t u d e ,  and heading e r r o r s .  

Speed, wind, and a l t i t u d e  p r o f i l e s -  The r e fe rence  a i r speed  Va(WPT) , a l t i -  
tude  Z(WPT), and t h e  r e fe rence  heading with r e spec t  t o  t h e  runway c e n t e r l i n e  
H(WPT), are s p e c i f i e d  a t  waypoints. The i r  numerical  va lues  are t abu la t ed  i n  
t a b l e  1. The speeds are f i x e d  f o r  a l l  pas ses .  The ground speeds VQ(WPT) a t  
t h e s e  p o i n t s  are computed as t h e  vec to r  sum of  t h e  s p e c i f i e d  a i r  speeds and 

. The wind vec to r  i s  a keyboard e n t r y .  F o r  speed pro- t h e  wind vec to r s  
f i l e  c a l c u l a t i o n s ,  t e wind vec to r ,  a f t e r  e n t r y  from t h e  keyboard, was assumed 
t o  be cons tan t  u n t i l  i t  was rep laced  by another  cons tan t  wind vec to r  from a 
keyboard en t ry .  The numerical va lues  o f  t h e  r e fe rence  ground speeds a t  way- 
p o i n t s  and of  t h e  wind vec to r  keyboard e n t r i e s  f o r  a l l  t h r e e  passes  are a l s o  
given i n  t a b l e  1. A s  w i l l  be remembered, once dur ing  each pass  t h e  system was 
disengaged and p laced  back i n t o  t h e  t r a c k  mode. The heading 'Track'  means t h e  
ground speed r e fe rence  a t  t h e  i n s t a n t  when t h e  system i s  switched from t h e  
p r e d i c t i v e  mode back t o  t h e  t r a c k  mode. 
responding waypoints f o r  d i f f e r e n t  passes  a r e  d i f f e r e n t ,  r e f l e c t i n g  t h e  
d i f f e r e n t  numerical  va lues  of  t h e  keyboard wind e n t r i e s .  

""a 

The r e fe rence  ground speeds f o r  cor -  

The s p e c i f i e d  ground speeds shown, toge the r  with t h e  t i m e  sequence o f  
a c c e l e r a t i o n  commands, ATi ,  c i ( a s  shown i n  t a b l e  6 ,  were used t o  genera te  
t h e  ground speed p r o f i l e s  Vg(t) i n  t h e  t r a c k  mode v i a  equat ions  (A18) o f  t h e  
con t ro l  law. The r e fe rence  ground speed p r o f i l e s  f o r  a l l  t h r e e  passes  are 
shown i n  f i g u r e  9. The curves are l abe led  with waypoint symbols, numbers f o r  
t h e  f i x e d  pa th  and l e t t e r s  f o r  t h e  capture  f l i g h t  pa th ,  t o  agree  with t h e  sym- 
bo l s  on f i g u r e  8.  When t h e  a i r c r a f t  was commanded t o  t u r n ,  t h e r e  u s u a l l y  was 
a s i g n i f i c a n t  ground speed change. The l i n e a r  r e fe rence  ground speed change 
i n  a t u r n  i s  designed t o  r e s u l t  i n  i d e n t i c a l  a i r  speeds a t  t h e  beginning and 
end o f  t h e  t u r n ,  provided t h a t  t h e  p i l o t - e n t e r e d  wind e s t ima te  was c o r r e c t .  
Note, f o r  i n s t ance ,  t h e  fol lowing t u r n s  f o r  pas s  1, shown i n  f i g u r e  8 ( a ) .  
There i s  t h e  i n i t i a l  t u r n  F t o  G o f  t h e  cap tu re  f l i g h t  pa th ,  and a l s o  t h e  two 
f i n a l  h a l f  t u r n s  3 t o  4 and 4 t o  5. 
on t h e  t u r n  3 t o  5 (WPT 4)  would minimize speed con t ro l  a c t i v i t y ,  s i n c e  t h e  
ground speed s o l u t i o n  determines a i r speeds  a t  t h e  waypoints. 
no t  e x i s t e d ,  a l i n e a r  ground speed change from t h e  magni tude .a t  WPT 3 t o  t h e  
magnitude a t  WPT 5 would have occurred.  

Theore t i ca l ly ,  hav ing-add i t iona l  waypoints 

If WPT 4 had 

The ground speed p r o f i l e s  generated i n  t h e  above manner a r e  used f o r  TOA 
c a l c u l a t i o n s .  To meet t h e  a r r i v a l  t ime,  t h e  con t ro l  system then uses  t h e  
p re sen t  wind e s t ima te  of t h e  naviga t ion  system, r a t h e r  than t h e  p i l o t ' s  wind 
e n t r y  a t  t h e  keyboard, t o  convert  t h e  re ference  ground speed t o  a new re fe rence  
a i r speed  V r ( t )  (eq.(A21)). This  speed i s  then  combined wi th  several e r r o r  
feedback terms t o  r e s u l t  i n  a speed command V,(t) (eq. (A27)). 
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TABLE 1.- REFERENCE DATA 

(a) Reference q u a n t i t i e s  spec i f i ed  a t  waypoints 

WPT 3 

120 

762 

180 

64.9 
IAS (knots) 
TAS i n  (m/sec) 
Ref. ALT (m) 
Heading with respect  t o  

runway cen te r l ine  (deg) 

WPT 4 WPT 5 

120 120 

762 573 

90 0 

64.9 64.9 86.5 
762 

180 180 

1 
2 
3 

~~ ~- 

80.6 97.6 81.8 81.1 70.3 75.5 59.3 49.7 
60.6 91 84.2 73.3 69.5 68.8 60.7 51.2 

76.3 80.2 79.9 63.3 63.3 66.4 57.4 

(b) Reference ground speeds a t  waypoints i n  m / s  

Pass 

WPT 6 

Time of A t  Wind angle Wind magnitude 
en t ry  a1 t i t u d e  

(Greenwich) 1 (m) (deg) (m/sec> 

105 
55.6 

347.5 

0 

1 
2 
3 

~~~ 

Pass I Track*--[ WPT 1 I ~ Track* 1 W P T - r  Track* I WPT 3 I -WPT 4 I WPT 5 I WPT 6 

19: 35: 41  1023 119 1 2 . 2  
19:49: 50 718.7 142 5.7 
20:04:44 717.5 310 2.4 
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Figure 9.- Reference ground speed p r o f i l e s  March 5, 1974, f l i g h t .  

Besides ground speed changes i n  t u r n s ,  t o  p re se rve  cons tan t  a i r s p e e d  a t  
t h e  ends of  t h e  t u r n s ,  t h e r e  are a l s o  d e c e l e r a t i o n s  ( f i g .  9) r equ i r ed  i n  t h e  
s t r a i g h t  f l i g h t  pa th  segment t o  change speed from one waypoint t o  t h e  nex t .  
I t  i s  not  uncommon, t h e r e f o r e ,  f o r  t h e  r e s u l t i n g  r e fe rence  ground speed pro- 
f i l e  t o  conta in  a dece le ra t ion  segment ( f o r  s t r a i g h t  f l i g h t ) ,  followed imme- 
d i a t e l y  by an a c c e l e r a t i o n  segment ( f o r  t h e  tu rn )  as shown a t  p o i n t  H o f  t h e  
speed p r o f i l e  f o r  t h e  f irst  pass .  

The h i l l s  and v a l l e y s  i n  t h e  ground speed p r o f i l e  were expected t o  f l a t t e n  
out  i n  t h e  new re fe rence  a i r speed  p r o f i l e  Vr(t)  i f  t h e  p i l o t - e n t e r e d  wind 
estimates agreed with t h e  measured wind. Therefore ,  such changes should not  
cause concern s i n c e  t h e  new re fe rence  a i r speed ,  and n o t  t h e  r e fe rence  ground 
speed, was used t o  command t h e  a i rcraf t .  Even i f  t h e  p i l o t - e n t e r e d  wind was 
p r e c i s e l y  equal t o  t h e  measured wind and a l s o  t o  t h e  a c t u a l  wind, t h e  l i n e a r  
ground speed change i n  t h e  t u r n s ,  designed t o  achieve proper  a i r speeds  a t  t h e  
ends o f  t h e  t u r n s  w i l l  cause small v a r i a t i o n s  i n  t h e  r e fe rence  a i r speed  during 
t h e  t u r n s ,  because t h e  t h e o r e t i c a l  ground speed v a r i a t i o n  f o r  cons tan t  a i r -  
speed i s  not  l i n e a r .  
speed during t h e  t u r n  was based on t h e  assumption t h a t  
en t ry ,  would be i n  reasonable  agreement with 
measured. 
wnf(t)  was assumed t o  be f a i r l y  cons t an t ,  wi th  only  small v a r i a t i o n  about some 
cons tan t  va lue ,  which i s  approximately equal t o  t h a t  o f  t h e  keyboard en t ry .  The 
r e fe rence  a i r speed  p r o f i l e s  f o r  t h e  t h r e e  passes  are shown i n  f i g u r e  10; t h e  
v a l l e y s  and h i l l s  i n  t h e  t h r e e  curves d id  n o t  f l a t t e n  ou t  as expected. 

The expected small v a r i a t i o n  i n  t h e  new re fe rence  a i r -  

Wnf(t), t h e  a c t u a l  wind vec to r  
Wkb, t h e  keyboard wind 

In o t h e r  words, t h e  magnitude and d i r e c t i o n  o f  t h e  wind vec to r  
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The r e s u l t  w i l l  be explained by examining t h e  wind p r o f i l e s  f o r  t h e  t h r e e  
passes .  The wind magnitude and wind d i r e c t i o n ,  as es t imated  from t h e  naviga- 
t i o n  f i l t e r ,  and t h e  a l t i t u d e  p r o f i l e  f o r  t h e  t h r e e  passes  are shown i n  
f i g u r e s  l l ( a ) ,  (b ) ,  and 1 2 .  The absc i s sa  i s  t h e  time t ,  which was s o  chosen 
t h a t  corresponding p o i n t s  i n  t h i s  a x i s  correspond approximately,  depending on 
t h e  t r ack ing  accuracy, t o  t h e  same s p a t i a l  coord ina tes  of t h e  a i r c r a f t  pos i -  
t i o n ,  e s p e c i a l l y  during t h e  last  two minutes (120 sec)  before  t f i n a l .  
Corresponding p o i n t s  i n  t h e  t a x i s  f o r  t h e  f i r s t  and second passes  are about 
14  min a p a r t  i n  Greenwich t ime and f o r  t h e  second and t h i r d  passes ,  e x a c t l y  
8 min a p a r t .  Obviously, t h e  wind e s t ima te  has  l a r g e  low frequency v a r i a t i o n s  
i n  both magnitude and d i r e c t i o n .  Before d i scuss ing  t h e  problems t h e s e  v a r i a -  
t i o n s  cause i n  t h e  speed con t ro l  system, w e  f irst  desc r ibe  t h e  measurement of  
t h e  wind. 

The ground speed components xnf, ynf, o f  t h e  a i r c r a f t  were computed from 
t h e  complementary f i l t e r s ,  having as inpu t s  t h e  es t imated  a i r c r a f t  p o s i t i o n  
computed from e i t h e r  TACAN o r  MODILS measurements and t h e  processed output  
from v e r t i c a l  and d i r e c t i o n a l  gyros and from body-mounted accelerometers .  The 
est imated wind was computed as t h e  vec to r  d i f f e r e n c e  between t h e  es t imated  
ground v e l o c i t y  and t h e  measured t r u e  a i r speed ,  having as i t s  com- 
ponents.  
pass  f i l t e r .  
r e fe rence  8 we know t h a t  t h e  accuracy of ground speed es t imated  f o r  MODILS has 
an r m s  va lue  o f  1 .5  m/sec and f o r  TACAN, 3 m/sec with low-frequency components 
p re sen t  t h a t  w i l l  pass  t h e  wind f i l t e r .  

XA and YA 
This  wind estimate i s  then f i l t e r e d  i n  a 100-sec t ime-constant  low- 

From t h e  d e t a i l e d  d e s c r i p t i o n  o f  t h e  naviga t ion  system given i n  
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A s  i nd ica t ed  i n  f i g u r e  1 2 ,  t h e  a l t i t u d e s  flown f o r  t h e  f i r s t  410 sec  were 

Therefore,  t h e  wind e s t ima tes  before  410 s e c  
q u i t e  d i f f e r e n t  f o r  each pass .  I t  i s  known t h a t  wind magnitude and d i r e c t i o n  
are s t r o n g l y  a l t i t u d e  dependent. 
should not  be compared with each o t h e r .  
t o  MODILS t h e  wind e s t ima tes  remain wi th in  3.6 m/sec of  each o the r  and t h e  
wind d i r e c t i o n s  f o r  t h e  t h r e e  passes  remain reasonably cons tan t  and fol low t h e  
same t r end .  A t  t h e  t ime t h e  system switches t o  MODILS t h e  a l t i t u d e  i s  reduced 
a l s o  and t h e  wind reduces.  Decreasing wind with a l t i t u d e  i s  t h e  usual  t r end .  
This e f f e c t  can be seen f o r  t h e  descending po r t ion  of t h e  f i r s t  pass  beginning 
a t  290 sec ,  where t h e  wind dropped almost t o  zero,  while  t h e  d i r e c t i o n  
changed very l i t t l e ,  and then began t o  inc rease  i n  t h e  oppos i te  d i r e c t i o n .  
This i s  an almost cons tan t  g rad ien t  shear ,  which inc ludes  a zero wind l aye r .  
I t  should be noted,  however, t h a t  while t h e  a i r c r a f t  i s  changing a l t i t u d e s ,  
t h e  wind measurements conta in  l a r g e  e r r o r s ,  s i n c e  t h e  a l t i t u d e  t r a n s i t i o n  from 
1100 t o  750 m took p l ace  i n  70 s e c ,  while t h e  low-pass wind f i l t e r  had a t i m e  
cons tan t  o f  100 sec. 

Between 410 sec and t h e  t i m e  t o  switch 

The s t a t i s t i c s  of  t h e  wind f o r  t h e  t h r e e  passes  and f i v e  s imulated passes  
are shown i n  t a b l e  2 .  For t h e  po r t ions  o f  f l i g h t  a t  cons tan t  a l t i t u d e ,  t h e  
wind magnitude f o r  t h e  t h r e e  passes  had s tandard  dev ia t ions  of  3 . 6 ,  1.8,  and 
1 .8  m/sec, r e spec t ive ly .  
t i o n  e r r o r s  introduced i n  t h e  wind es t imate .  
t h e s e  changes can be due t o  t r u e  atmospheric f l u c t u a t i o n s .  
t h e  wind from keyboard e n t r i e s  are shown i n  t h e  same t a b l e .  The keyboard 
inpu t s  were based on some ins tan taneous  va lue  o f  t h e  wind estimate from t h e  
naviga t ion  f i l t e r .  

These f i g u r e s  compare with t h e  ground speed estima- 

The magnitudes of 
Therefore,  only a po r t ion  of  

They d i f f e r  from t h e  average o f  t h e  wind measured by a 
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TABLE 2 . -  WIND MAGNITUDE 

F l igh t  

Actual 

Simu- 
l a t e d  

~~ 

Pass Track mode 

-. 

Manual 

Manual 

Manual 

_.__ 

Manua 1 

Auto 

Manual 

Auto 

Auto 

Wind from keyboard e n t r y  'kb 

- _ _  

'kb 9 

m/sec 

12.2 

5.4 

2 . 4  

~~ 

0 

12.8 

12.3 

12.3 

2.6 

M a x i m u r r  

1 2 . 3  

7.2 

7.2 

. 

1.8 

13.3 

13.7 

13.2 

3.1 
.- . . - __ - 

1 Wind es t imated  from naviga t ion  f i l t e r  'n f 

__ 

Average 

5.4 

4.2 

4.5 

-. ~ ... 

0.9 

12.4 

12.7 

12.5 

2 . 4  

.. 

S t a n d a r d  
dev ia t ion  

3.6 

1.8 

1.8 

- 

0.4 

. 3  

.5 

.7  

. 5  
__ _ _  - _  

_. . .- .- . . 

- 
'kb - wnf, 

m/sec 

6.8 
.. 

1 . 2  

- 2 . 1  

. - - . . . , - . 

- 0 . 9  

. 4  

- .4 

- . 2  

. 2  _ _  , 

f o r  t h e  cons tan t  a l t i t u d e  por- 

I t i o n  of  t h e  f l i g h t  pa ths .  'n f Average 'n f 

l a r g e  amount i n  t h e  f irst  pass ,  and by a s u b s t a n t i a l  amount i n  t h e  second and 
t h i r d  passes .  
keyboard wind e n t r y  a t  a much h igher  a l t i t u d e ,  where t h e  est imated wind magni- 
tude  was much l a r g e r .  

The l a r g e  d i f f e r e n c e  i n  t h e  first pass  i s  a t t r i b u t a b l e  t o  t h e  

Table 2 a l s o  g ives  t h e  s ta t i s t ics  of  t h e  wind f o r  f i v e  s imulated f l i g h t s ,  
where t h e  s imula ted  wind remains cons tan t  a t  t h e  t a b u l a t e d - v a l u e s ,  bu t  t h e  
es t imated  wind con ta ins  e r r o r s  due t o  naviga t ion  e r r o r s .  The s imulated f l i g h t  
was conducted t o  supplement t h e  a c t u a l  f l i g h t  r e s u l t s  s o  t h a t  t h e  t r a c k i n g  
accuracy o f  t h e  s imulated and a c t u a l  f l i g h t s  can be compared. One comparison 
i s  t h e  system performance i n  t h e  automatic t r a c k i n g  versus  manual t r ack ing .  
The second comparison i s  t o  determine t h e  e f f e c t s  on t h e  guidance of  l a r g e  wind 
es t imat ion  e r r o r s  i n  a c t u a l  f l i g h t  versus  small e r r o r s  i n  t h e  s imulated f l i g h t s .  

Two o f  t h e  s imula ted  f l i g h t s  were made i n  t h e  manual t r ack ing  mode and 
t h r e e  i n  t h e  automatic  t r ack ing  mode. In t h e  manual t r a c k i n g  mode, one pass  
was conducted with zero wind inpu t  and t h e  o t h e r  with a 12.3 m/sec wind input  
from t h e  keyboard. In  t h e  automatic  t r ack ing  mode, two passes  were flown with 
l a r g e  keyboard wind inpu t  ( i . e . ,  12.8 m/sec and 12 .3  m/sec, r e s p e c t i v e l y ) ,  and 
t h e  t h i r d  pas s  wi th  a wind e n t r y  of  2.6 m/sec. 
e n t r y  equals  t o  t h e  wind t h a t  was s imulated.  
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The reference a i r speed  Vr( t ) ,  a l r eady  shown i n  f i g u r e  10, t h e  commanded 

Va(t) are shown i n  f i g u r e s  13 (a ) ,  (b) ,  and (c) f o r  passes  1, 
a i r speed  
a c t u a l  a i r speed  

V c ( t ) ,  which inc ludes  t h e  feedback term i n  equat ion (A27), and t h e  

120 

95 

" 
\ 
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0 % 80- 
L - 
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2 + 
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Airspeed 
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(a) Pass 1. 
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; 
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I - I ,  

C I  D - 
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Time, sec 

(b) Pass 2 .  

Figure 13.-  Actual ,  commanded, r e fe rence  a i r speed  p r o f i l e  
for March 5 ,  1974, f l i g h t .  
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Figure 13.- Concluded. 

2,  and 3 ,  r e spec t ive ly .  The change i n  wind speed estimate wi th  time and t h e  
method o f  us ing  t h i s  estimate given i n  equat ion (A20) f o r  a i r speed  command 
c a l c u l a t i o n s  caused l a r g e  command f l u c t u a t i o n s .  In fac t ,  it was o f t e n  l i m i t e d  
by t h e  var ious  c o n s t r a i n t s  d i scussed  i n  t h e  appendix. The a c t u a l  a i r speed  d i d  
no t  follow t h e  commanded a i r speed  too  c l o s e l y .  

F l i g h t  director command bar his tories-  The d i f f e r e n c e  between t h e  a c t u a l  

A t ime-h is tory  p l o t  o f  t h e  speed e r r o r  ba r  de f l ec -  

The speed e r r o r  curves i n d i -  

and t h e  commanded a i r speed  were used t o  d r i v e  t h e  speed command bar  o f  t h e  
EADI f o r  manual t r ack ing .  
t i o n  f o r  t h e  t h r e e  passes  is shown i n  f i g u r e s  1 4 ( a ) ,  (b) , and (c) , r e s p e c t i v e l y ,  
t oge the r  with f l i g h t  pa th  angle  and r o l l  e r r o r .  
cate l a r g e  f l u c t u a t i o n s  i n  t h e  speed e r r o r  throughout t h e  f l i g h t ,  e s p e c i a l l y  
i n  t h e  f irst  two passes .  

The p i t c h  and r o l l  command e r r o r s ,  a f te r  pass ing  through t h e i r  r e s p e c t i v e  
p o s i t i o n  and r a t e  l imiters,  genera te  d e f l e c t i o n s  o f  t h e  p i t c h  f l i g h t  d i r e c t o r  
ba r  of 0.254 cm/deg and t h e  r o l l  f l i g h t  d i r e c t o r  b a r  of  0 .1  cm/deg. From t h e  
r e l a t i v e  dev ia t ions  o f  t h e  curves i n  f i g u r e  14, i t  appears  t h a t ,  i n  manual 
f l i g h t ,  t h e  p i l o t  ass igned  a h i e ra rchy  o f  importance t o  t h e s e  t h r e e  con t ro l  
v a r i a b l e s ,  which ( i n  descending order )  are p i t c h  angle ,  bank angle ,  and speed. 
As shown l a t e r ,  t h e  h i e ra rchy  i s  r e f l e c t e d  a l s o  on t h e  magnitude o f  t h e  e r r o r s  
i n  a l t i t u d e ,  i n  heading and i n  a long-track and c ross - t r ack  e r r o r .  
error was t h e  smallest and t h e  a long- t rack  and c ross - t r ack  e r r o r s  were t h e  
l a r g e s t .  

The a l t i t u d e  
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Figure 14.- Speed, FPA, roo1 error for March 5, 1974, flight. 
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Figure 14.-  Concluded. 

Guidance errors- The a long- t rack  and c ross - t r ack  guidance e r r o r s  f o r  t h e  
f l i g h t  a r e  shown i n  f i g u r e s  15(a)  and ( b ) ,  r e spec t ive ly .  Event markers have 
been drawn t o  permit  c o r r e l a t i o n  with changes i n  t h e  f l i g h t  pa th  as shown on 
f i g u r e  8.  Navigation e r r o r s  o r  t o t a l  e r r o r s  are no t  d i scussed ,  because pre-  
c i s i o n  r a d a r  t r a c k i n g  was not  a v a i l a b l e  f o r  t h e  f l i g h t .  

The s t a t i s t i c s  o f  t h e  guidance a l t i t u d e  e r r o r s  a r e  shown i n  t a b l e  3. The 
a long- t rack  e r r o r  has an average o f  -127.7, -134.7, and -139 m f o r  t h e  t h r e e  
passes ,  meaning t h a t  t h e  a i r c ra f t  was behind t h e  phantom by more than 120 m 
most of  t h e  t ime.  This  l a g  occurred mostly dur ing  t u r n s  ( f i g .  l S ( a ) ) ,  when 
t h e  p i l o t  workload i s  e s p e c i a l l y  high,  and when t h e  p i l o t  i s  asked i n  add i t ion  
t o  a c c e l e r a t e  t h e  a i r c r a f t .  The c ros s - t r ack  e r r o r  has  an average o f  127.7, 
149.6, and 174.0 m f o r  t h e  t h r e e  passes  r e s p e c t i v e l y ,  meaning t h e  a i rc raf t  was 
t o  t h e  r i g h t  o f  t h e  phantom most o f  t h e  time ( f i g .  15 (b ) ) .  This  s t andof f  
e r r o r  i n  y was due t o  an e r r o r  i n  measuring t h e  a i r c ra f t  heading +A and i s  
a func t ion  o f  t h e  c o n t r o l  l a w  (A28). I t  was discovered i n  t h e  p o s t f l i g h t  
a n a l y s i s  i n  a comparison o f - t b e  heading as determined from t h e  naviga t ion  
f i l t e r  v e l o c i t i e s  ( a rc t an  (y/x)) co r rec t ed  f o r  t h e  d r i f t  angle  with t h e  heading 
gyro output .  This  a n a l y s i s  i s  v a l i d ,  s i n c e  during s t r a i g h t  f l i g h t ,  t h e  head- 
ings  c a l c u l a t e d  from t h e  naviga t ion  f i l t e r  v e l o c i t y  estimates a r e  not  s e n s i t i v e  
t o  heading gyro e r r o r .  The average e r r o r  i n  measuring t h i s  angle  was about 
5.5'. S u b s t i t u t i n g  t h i s  number i n t o  equat ions (A26) and (A28) r e s u l t s  i n  an 
average o f f s e t  e r r o r  o f  approximately 152.4 m i n  y .  Therefore ,  t h e  o f f s e t  
e r r o r  i s  c o n s i s t e n t  wi th  t h e  e r r o r  i n  t h e  heading measurement. 
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Figure 15.- Guidance e r r o r s  March 5,  1974 f l i g h t .  
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TABLE 3.- GUIDANCE ERRORS 

e r r o r ,  

Standard 
dev ia t ion  

1 Manual -127.7 130.1 127.7 161.2 

Track 
Pass mode 

d 4 J  

CI .rl 
U d  

2 %  2 Manual -134.7 145.0 149.6 96.6 

121.3 174.0 110.3 

1 Manual -21.0 32.9 -1.8 25.6 

2 Auto -10.0 19.8 0.61 18.2 

4 CM 3 Manual -139.0 

2 6 3 Manual -25.9 26.2 -7.6 24.3 
3: 
.?i 4 Auto -7 .3  32.0 2.9 14.0 

5 Auto 3.0 46.9 4.5 1 2 . 2  
m 

__ 

A l t i t u d e  e r r o r ,  
m 

Standard 
Average 

-1.6 6.4 

-2.0 3.9 

-0.70 4.5 

- .85 3.6 

.52 2.7 

-. 15 3 .3  

-.06 2.4 

-.61 2.4 

The s imulated f l i g h t  inc ludes  both manual and automatic  t r ack ing  modes, 

A s  shown i n  
as well as d i f f e r e n t  wind cond i t ions  ( t h e  wind magnitude f o r  t h e  s imula t ion  
ranged from 0 m/sec t o  12.8 m/sec i n  t h e  f i v e  passes ,  t a b l e  2) .  
t a b l e  3, t h e  average a long- t rack  e r r o r  f o r  t h e  automatic  t r ack ing  mode is  about 
h a l f  t h a t  o f  t h e  manual t r ack ing .  The wind magnitude has  no apparent  e f f e c t  on 
t h e  t r ack ing  accuracy. I t  should be remembered t h a t  t h e  automatic  t r ack ing  
mode i s  not  f u l l y  automatic  s i n c e  t h e  f l a p  must be deployed manually. There- 
fo re ,  t h e  a long- t rack  accuracy i s  q u i t e  s e n s i t i v e  t o  t h e  p ro f i c i ency  of  f l a p  
deployment. For t h i s  reason,  t h e  time c o n t r o l  i n  t h e  automatic  mode was not  
b e t t e r  than t h e  manual mode. 

The average c ros s - t r ack  e r r o r  i n  t h e  s imulated f l i g h t  is  p r a c t i c a l l y  zero 
and t h e  s tandard  dev ia t ion  i s  1/4 o f  t h a t  f o r  t h e  a c t u a l  f l i g h t .  The t r ack ing  
accuracy f o r  t h e  a l t i t u d e  channel i s  about t h e  same f o r  both t h e  a c t u a l  and 
t h e  s imulated f l i g h t .  

Errors a t  the approach gate- A t  t h e  approach ga te ,  t h e  a long- t rack ,  
c ros s - t r ack ,  a l t i t u d e ,  heading, and TOA e r i o r s  f o r  t h e  t h r e e  passes  a r e  
shown i n  t a b l e  4. The maximum TOA e r r o r  i s  l e s s  than  3-1/2 sec ,  which i s  
3484 m from t h e  runway and 305 m above i t .  

Table 4 a l s o  shows e r r o r s  a t  t h e  approach g a t e  f o r  t h e  s imulated f l i g h t s .  
The along-track e r r o r s  a t  t h e  ga t e  are a small f r a c t i o n  o f  those  f o r  t he  
a c t u a l  f l i g h t ,  with t h e  except ion of  pass  5, i n  which t h e  f l a p  was deployed 
too  l a t e  and t h e  a i r c r a f t  was no t  given t h e  r equ i r ed  t ime t o  dece le ra t e ,  thus  
causing a l a r g e  along-track e r r o r  a t  t h e  ga t e .  The c ross - t r ack  e r r o r  f o r  t h e  
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TABLE 4.- ERRORS AT THE APPROACH GATE 

: l i g h t  

Actual 

-~ -__ 

Simu- 
l a t e d  

Pass 

1 

2 

3 

1 

2 

3 

4 

5 

Track 
mode 

Manua 1 

Manua 1 

Manua 1 

Manua 1 

Auto 

Manual 

Auto 

Auto 

A 1 ong - t r a c k  
e r r o r ,  m 

172.2 

174.0 

-97.8 

-7.3 

28.9 

17.0 

19.2 

76.2 

Cross- t rack 
e r r o r ,  m 

20.4 

68.3 

140.8 

- 2 . 1  

9.1 

13.7 

19.5 

12.5 

A 1  t i tude  
e r r o r ,  

m 

12.5 

11.0 

7.0 

0.6 

14.6 

5.8 

13.7 

17.7 

Heading 
e r r o r ,  

deg 

-1 

-6 

-6 

0 

-8 

-3  

-3  

-1 

TOA 
e r r o r  
sec 

3.1 

3.2 

-1.6 

.. . - 

-0.2 

.5  

. 3  

. 4  

1 . 4  
. -  . 

simulated f l i g h t  i s  aga in  a small f r a c t i o n  of  t h a t  f o r  t h e  a c t u a l  f l i g h t .  The 
a l t i t u d e  e r r o r  a t  t h e  g a t e  i s  about t h e  same f o r  both t h e  a c t u a l  and s imulated 
f l i g h t s .  The TOA, s t r o n g l y  dependent on t h e  along-track e r r o r  a t  t h e  ga t e ,  i s  
much b e t t e r  i n  t h e  s imulated f l i g h t  as compared with t h e  a c t u a l  f l i g h t .  
f o r  pass  5 ,  t h e  maximum TOA e r r o r  i s  a t  most 0.5 sec .  

Except 

The main d i f f e rences  between t h e  a c t u a l  and s imulated f l i g h t s  a r e  t h e  
degree of unce r t a in ty  o f  t h e  wind and t h e  naviga t ion  e r r o r s .  
f l i g h t  r e s u l t s  provide us with t h e  l i m i t  t o  which t h e  t r ack ing  e r r o r s  can be 
reduced . 

The s imulated 

PILOT ACCEPTANCE 

Although t h e  f l i g h t  t e s t  environment was no t  f u l l y  r e p r e s e n t a t i v e  of an 
ope ra t iona l  s i t u a t i o n  ( e . g . ,  s i n g l e  a i r c r a f t  ATC s imula t ion  and v i s u a l  f l i g h t  
cond i t ions ) ,  t h e  p i l o t  f e l t  t h e  system has t h e  p o t e n t i a l  f o r  being acceptab le  
i n  an ope ra t iona l  environment. Some s p e c i f i c  observa t ions  were: 

1. Arr iv ing  a t  t h e  s p e c i f i e d  t ime of  a r r i v a l  was an easy t a s k .  I t  w a s  
easy t o  a d j u s t  t h e  i n i t i a l  f l i g h t  pa th  t o  allow 4D engagement such t h a t  t h e  
s p e c i f i e d  TOA was made. TOA adjustments  subsequent t o  4D engagement were a l s o  
e as i 1 y ac  c omp 1 i s h  e d . 

2 .  The workload a s s o c i a t e d  with c o n t r o l l i n g  t h e  long i tud ina l  and l a t e ra l  
f l i g h t  d i r e c t o r  was q u i t e  low, a l lowing adequate t i m e  t o  monitor t h e  progress  
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of  t h e  f l i g h t .  
e r r o r  b a r  seemed excess ive ly  noisy .  

Some compensation was requ i r ed  f o r  speed con t ro l  as t h e  speed 

3 .  The STOLAND d i sp lays  (EADI, MFD, HSI, and s t a t u s  pane l )  permi t ted  t h e  
progress  of  t h e  f l i g h t  t o  be e a s i l y  monitored. 
p a r t i c u l a r l y  use fu l  f o r  a quick assessment o f  s i t u a t i o n  da ta .  

The map d i s p l a y  on t h e  MFD i s  

4. Since t h e  system has seve ra l  s i m p l i f i c a t i o n s  i n  i t ,  t h e  p i l o t  must 
keep t h e  a i r c r a f t  f a i r l y  c lose  t o  t h e  r e fe rence  o r  phantom a i r c ra f t  p o s i t i o n  
o r  t h e  f l i g h t  d i r e c t o r  commands can become meaningless.  This  was i n i t i a l l y  a 
problem, bu t  a f te r  a s h o r t  l ea rn ing  pe r iod  t h e  p i l o t  l earned  how much e r r o r  
could be developed without causing problems. 
t e s t  program, but  o p e r a t i o n a l l y  i n  an abuse s i t u a t i o n  (e .g . ,  an i n f l i g h t  emer- 
gency r e q u i r i n g  t h e  p i l o t s  a t t e n t i o n )  it could l ead  t o  a s i t u a t i o n  where 4D 
guidance i s  no longer  poss ib l e .  

This was no problem i n  t h e  f l i g h t  

CONCLUSIONS 

The 4D RNAV system concept descr ibed  i n  t h i s  r e p o r t  has demonstrated t h e  
c a p a b i l i t y  o f  providing t h e  p i l o t  a capture  f l i g h t  p a t h  t o  a r e fe rence  f l i g h t  
pa th  which was computed from waypoints ass igned  by ATC. 
t h e  p i l o t  immediately whether a cap tu re  f l i g h t  pa th  i s  wi th in  t h e  c a p a b i l i t y  
o f  t h e  a i r c r a f t .  
con t r ibu t ions  t o  4D RNAV, makes it p o s s i b l e  f o r  t h e  p i l o t  t o  respond quick ly  
and e f f i c i e n t l y  t o  ATC i n s t r u c t i o n s .  

The system informs 

The capture  f l i g h t  pa th  concept,  which i s  one of  t h e  unique 

In te rmina l  area RNAV problems, where 4D i s  s t a r t e d  wi th in  50 n.mi. o f  t h e  
landing f i e l d ,  t h e  t i m e  spent  on t h e  cap tu re  f l i g h t  pa th  i s  an apprec iab le  
po r t ion  of  t h e  t o t a l  f l i g h t  pa th  t o  landing.  In t h i s  case, t h e  capture  f l i g h t  
pa th  and a lgor i thm t o  compute it a r e  e s s e n t i a l  t o  any 4D RNAV system f o r  
p r e d i c t i n g  and achiev ing  a s p e c i f i e d  time a t  t h e  f i n a l  waypoint. 
inc luding  poin t - to-poin t  f l i g h t  pa ths ,  t h e  capture  f l i g h t  pa th  concept permits  
a l t e r a t i o n  o f  r o u t e s  and pa th  s t r e t c h i n g  o r  sho r t en ing  t o  accomplish changes 
i n  ATC o b j e c t i v e s .  To make t h i s  f e a t u r e  app l i cab le  f o r  4D a p p l i c a t i o n ,  how- 
ever ,  coupl ing t o  a s p e c i f i c  cap tu re  f l i g h t  pa th ,  while  being a b l e  t o  examine 
a l t e r n a t e  rou te s  v i a  t e n t a t i v e  p r e d i c t i v e  cap tu re  f l i g h t  pa ths ,  would be 
d e s i r a b l e .  

In  a l l  cases ,  

The conclusions must be q u a l i f i e d  by t h e  fol lowing l i m i t a t i o n s  of  t h e  
t e s t s :  

1. The tests were conducted by a test p i l o t ,  who was familiar with t h e  
system. 

2. Data input  t o  t h e  keyboard was performed by a he lpe r ,  t o  whom t h e  
p i l o t  c a l l e d  out  t h e  r equ i r ed  inpu t s .  

3 .  ATC commands were s imulated by t h e  t es t  conductor.  
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4 .  Other a i r  t r a f f i c  was minimal dur ing  t h e  f l i g h t  t e s t .  

5.  No system f a i l u r e s  were considered.  

6 .  The test  was c a r r i e d  out  i n  VFR condi t ions .  

7. Winds va r i ed ,  b u t  were no t  excessive.  

The s imula tor  tests,  which included t h e  STOLAND av ion ic s  hardware, have 
shown t h a t  t h e  p i l o t  d i sp l ays  and c o n t r o l s  were adequate t o  permit t h e  p i l o t  
t o  monitor t h e  system's  performance i n  t h e  automatic  mode, o r  t o  guide t h e  
a i r p l a n e  v i a  f l i g h t  d i r e c t o r  commands al though f a i l u r e  modes have no t  been 
s tud ied .  
s p e c i f i e d  t ime-o f -a r r iva l  was adequate according t o  t h e  s tandards  s e t  i n  
r e fe rences  5 and 6 .  Automatic computation, recomputation, and d i s p l a y  of a 
t ime-cont ro l led  capture  t r a j e c t o r y  from t h e  p re sen t  l o c a t i o n  of  t h e  a i r c r a f t  
t o  a s e l e c t e d  waypoint on t h e  r e fe rence  t r a j e c t o r y ,  while  t h e  system i s  i n  t h e  
p r e d i c t i v e  mode, w a s  shown t o  be use fu l  i n  determining and con t ro l ing  TOA. 
The capture  t r a j e c t o r y  concept a l s o  proved use fu l  f o r  pa th - s t r e t ch ing  purposes 
t o  de lay  t h e  TOA t o  a s p e c i f i e d  time. Considering t h e  t a s k ,  which could no t  
have been performed with any p r e c i s i o n  without a 4D system, t h e  workload was 
moderate f o r  both automatic  and manual systems. However, i n  t h e  f l i g h t  
d i r e c t o r  mode, it was e s s e n t i a l  t o  con t ro l  speed f a i r l y  t i g h t l y  i n  o rde r  f o r  
t h e  pa th  con t ro l  system t o  work proper ly ,  which a t  least  f o r  t h e  p re sen t  sys-  
tem increased  t h e  workload s i g n i f i c a n t l y .  

The accuracy o f  c o n t r o l l i n g  a i r c r a f t  p o s i t i o n  and speed t o  achieve a 

The f l i g h t  tes t  confirmed t h e  f ind ings  o f  t h e  s imula tor  tes ts ,  bu t  it a l s o  
revea led  d e f i c i e n c i e s ,  which must be avoided f o r  ope ra t iona l  systems. Since 
t h e  system was o r i g i n a l l y  designed f o r  automatic  con t ro l  only,  a long- t rack  and 
c ross - t r ack  c o n t r o l s  were coupled v i a  a l i n e a r  s e t  o f  con t ro l  laws. This  
meant t h a t  speed and r o l l  con t ro l  were equa l ly  c r i t i c a l  f o r  p r e c i s e  pa th  t r ack -  
ing  and both had t o  be performed with p rec i s ion  f o r  t h e  f l i g h t  d i r e c t o r  com- 
mands t o  remain meaningful. This increased  t h e  workload compared t o  another  
technique t h a t  has been f l i g h t  t e s t e d  a t  Ames Research Center ( r e f .  9 ) ,  i n  
which c ross - t r ack  and along-track c o n t r o l s  a r e  independent o f  each o t h e r .  
Also, t h e  l i n e a r  ho r i zon ta l  f l i g h t  pa th  t r ack ing  con t ro l  l a w  was s e n s i t i v e  t o  
heading gyro e r r o r s  as w e l l  as wind es t imat ion  e r r o r s .  
avoided by feeding back only  t h e  c ros s - t r ack  v e l o c i t y  and p o s i t i o n  as obtained 
from t h e  naviga t ion  f i l t e r  ou tpu t s .  A s  noted,  i n  s t r a i g h t  f l i g h t ,  t h e  naviga- 
t i o n  f i l t e r s  a r e  i n s e n s i t i v e  t o  small gyro b i a s  e r r o r s .  Also t h e  con t ro l  l a w  
o f  re ference  9 i s  wind p roof ,  s i n c e  it involves  i n e r t i a l  q u a n t i t i e s  only.  
F ina l ly ,  t he  r e fe rence  a i r speed  was too  s e n s i t i v e  t o  t h e  wind es t imat ion  
e r r o r s .  Winds do vary s i g n i f i c a n t l y  with t i m e  and a l t i t u d e  i n  magnitude and 
d i r e c t i o n .  Wind e s t ima tes  a r e  t h e  r e s u l t  of heav i ly  f i l t e r e d  e s t ima tes  based 
on t h e  d i f f e r e n c e  of  two no i sy  almost equal  q u a n t i t i e s ,  ground speed and a i r -  
speed. The wind speed e s t ima te ,  t h e r e f o r e ,  should no t  appear d i r e c t l y  i n  a 
speed command. In t h e  manual mode, however, t h e  p i l o t  d id  no t  c l o s e  t h e  
a long- t rack  loop t i g h t l y  and t h e r e f o r e  avoided t h r o t t l e  a c t i v i t y  a t  a small 
c o s t  i n  t i m e  c o n t r o l .  This  technique should a l s o  be used i n  t h e  automatic 
system, although design d e t a i l s  are no t  c l e a r  a t  t h i s  t i m e .  I t  is concluded 
t h a t  automatic  speed c o n t r o l  f o r  4 D  RNAV without excess ive  t h r o t t l e  a c t i v i t y  
and unnecessary speed changes should r ece ive  emphasis i n  f u t u r e  research .  

This  problem can be 
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The acceptability of 4D RNAV to the pilot depends on the ease with which 
the pilot can communicate with the ATC and direct the system to respond, and 
the manner in which the ATC and aircraft situations are displayed to him. 
Pilot evaluation of the system has shown that through the use of digital logic 
and advanced electronic displays, the algorithms and display formats that have 
been derived and are presented herein make 4D RNAV predictive guidance a con- 
cept that appears to have the potential for an operational system. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, May 7, 1975 
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I 

APPENDIX A 

4D RNAV EQUATIONS AND LOGIC IMPLEMENTED IN THE EXPERIMENTAL FLIGHT SYSTEM 

The basic 4D system is described in references 1-4. In the flight system, 
simplifications had to be made, and realistic restrictions had to be added. 
This appendix addresses portions of the 4D RNAV system that differ from those 
described in the above references. The executive algorithm, an implementation 
of the logic for executing various algorithms designed for this system, which 
has never been reported, is also described. The purpose of the system descrip- 
tion is to provide a background of how the 4D RNAV equations and logic were 
implemented in the airborne digital computer. 

Reference Flight Path 

The reference flight path is specified by a number of waypoints, each 
specified by the type of waypoint, its position coordinates, the desired turn- 
ing radius, and the desired airspeed. 'There are two types of waypoints, a 
type 0 for unspecified final heading and a type 1 for specified heading. In 
figures 16(a) and (b), the solid dots and the arrow are the specified elements 
of the waypoint. 

Trajectory synthesis is accom- 
plished in four steps. First, the hori- 
zontal flight path is synthesized 
between consecutive waypoints, start- 
ing from the last to the first, the last 
being the approach gate. This order is 
necessary since the aircraft heading is 
assumed to line up with the runway at 
the gate. The synthesized horizontal 
flight path for type 1 waypoints takes 
the form of a straight flight-turn and 
for type 0, straight flight-turn-straight 
flight (see figs. 16(a) and (b)). The 
dotted lines and circles indicate some 
of the geometrical construction and 
auxiliary points that must be computed 
(ref. 4 ) .  The overall horizontal flight 
path is formed by a concatenation of 
horizontal flight path segments synthe- 
sized for consecutive waypoints. 

(a) Type 0 waypoint. 

Second, a vertical profile is syn- 
thesized by calculating the flight path 
angle from the difference in altitude 
divided by the total horizontal path 
length between waypoints: Figure 16.- Waypoint definition. 
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-(zwpk - '"k-~)] 
yk = t an-1  Dk + DELDk 

where yk i s  t h e  f l i g h t  pa th  angle;  ZWPk t h e  z coord ina te  o f  t h e  waypoint; 

Dk and DELDk t h e  h o r i z o n t a l  d i s t a n c e  substended by t h e  s t r a i g h t  f l i g h t  and 

t u r n ,  r e spec t ive ly ;  and k t h e  s u b s c r i p t  f o r  waypoint k .  

Third,  w e  syn thes i ze  t h e  ground speed p r o f i l e  by concatenat ion of  p r o f i l e  
A p r o f i l e  segment i s  t h e  ground speed p r o f i l e  f o r  a s t r a i g h t - f l i g h t  segments. 

t u r n  ho r i zon ta l  f l i g h t  pa th  of  f i g u r e  16(b) ( see  a l s o  f i g .  17) .  This  i s  
independent o f  t h e  types  of way-points t h a t  o r i g i n a l l y  s p e c i f i e d  t h e  f l i g h t  pa th  
pa th .  
s t r a i g h t - f l i g h t  po r t ion  c o n s i s t s  of t h r e e  speed segments; a cons tan t  speed 
segment a t  VQk-1 ,  a dece le ra t ion  segment from VQk-1 t o  V P k ,  and another  con- 
s t a n t  speed segment a t  V P k .  The ground speed p r o f i l e  f o r  t h e  t u r n ,  shown 
shaded i n  f i g u r e  17, c o n s i s t s  of  a l i n e a r  speed change from VPk t o  VQk.  The 

If t h e  f l i g h t  pa th  is of  s u f f i c i e n t  length ,  t h e  speed p r o f i l e  f o r  t h e  

VQk- I  

L 
I +I I + 2  i + 3  

(a) Nominal p r o f i l e .  
\ vok- l  

* A T 2  i A T 4  k- 
1 + 1  ;+: 

e *TQ 

(b) Minimum TOA p r o f i l e .  

~. A T 4  ...... 
A T P  t-- 

I + I  i t3 

(c) Maximum TOA p r o f i l e .  

Figure 17.- Segment of  speed p r o f i l e .  
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ground speeds change so  t h a t  t h e  a i r  speeds a t  t h e  beginning and t h e  end of  
t h e  t u r n  w i l l  be  t h e  same, provided t h a t  t h e  p i l o t - e n t e r e d  wind speed estimate 
i s  equal  t o  t h e  a c t u a l  wind. 

The three-segment speed p r o f i l e  between waypoints provides  t h e  c a p a b i l i t y  
of  a d j u s t i n g  t h e  speed f o r  advancing/delaying TOA. The two extreme cases are 
depic ted  i n  f i g u r e s  17(b) and ( c ) ,  t h e  speed p r o f i l e s  f o r  minimum and maximum 
t i m e  o f  a r r i v a l  r e spec t ive ly .  The minimum TOA p r o f i l e  corresponds t o  f l y i n g  
a t  t h e  h igher  speed as long as p o s s i b l e  (o r ,  equ iva len t ly ,  d e c e l e r a t i n g  as 
l a t e  as p o s s i b l e ) ,  and t h e  maximum TOA p r o f i l e ,  f l y i n g  a t  t h e  lower speed as 
long as p o s s i b l e  (or d e c e l e r a t i n g  as e a r l y  as p o s s i b l e ) .  
t h e  shaded area under t h e  curves r ep resen t s  t h e  d i s t a n c e  
unshaded area under t h e  curve r ep resen t s  t h e  d i s t a n c e  Dk ( f i g .  16 (b ) ) .  Rela- 
t i o n s  f o r  computing t h e  appropr i a t e  ground speeds and t h e  t i m e  du ra t ion  f o r  
t h e  speed p r o f i l e  are given i n  equat ions (A2) through (A8). Ground speed i s  
computed from a i r speed  VAk and wind estimates, (EWMAG, EWANGL) as fo l lows:  

In  t h e s e  f i g u r e s ,  
DELDk, and t h e  

VP k = VA k + EWMAG* cos(Hk - EWANGL) (A2 1 

d i s t a n c e  t o  d e c e l e r a t e  from vQk-l to vpk;  

t i m e  du ra t ion  f o r  high speed segment 

(D,- - VDIST) 
A t i  = (1  - P >  

K vQk- 1 = ( l  - P)ATQ 

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

- VD I ST - 
Ati+l  2(VQkel - VPk) 

time dura t ion  f o r  low speed segment 
(Dk - VDIST) 

P (ATp) 
v p K  

A t i + 2  = P  

and t i m e  t o  t u r n  

where VP, VQ are t h e  ground speed a t  t h e  beginning and end of  a t u r n ,  
r e spec t ive ly ;  VA t h e  s p e c i f i c  a i r speed ;  EWMAG, EWANGL t h e  es t imated  wind 
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magnitude and d i r e c t i o n ;  H t h e  r e fe rence  aircraft  heading generated i n  s t e p  1; 
VDIST t h e  h o r i z o n t a l  d i s t a n c e  t r ave r sed  whi le  t h e  a i rc raf t  d e c e l e r a t e s  from 
VQk-l t o  VPk; and A t h e  nominal a c c e l e r a t i o n .  The index p i s  used f o r  
a d j u s t i n g  t h e  TOA i n  f l i g h t .  For p = 1, t h e  du ra t ion  f o r  t h e  f irst  segment 
i s  zero,  corresponding t o  maximum t i m e  delay.  S i m i l a r l y  f o r  p = 0, t h e  dura- 
t i o n  f o r  t h e  t h i r d  segment i s  zero,  corresponding t o  a r r i v i n g  a t  t h e  g a t e  as 
e a r l y  as poss ib l e .  F i n a l l y ,  f i v e  a r r a y s  f o r  time c o n t r o l  and a command t a b l e  
are generated.  They are TMAXk, TMINk, ENRTIMk, t h e  maximum, minimum, nominal 
time requi red  t o  f l y  t h e  a i rc raf t  from waypoint k t o  t h e  approach ga te ;  and 
TSHIFAk, TSHIFDk, t h e  time a v a i l a b l e  f o r  advancing and de lay ing  TOA a t  way- 
po in t  k. 
and TIMNk t o  a l low t h e  p i l o t  equal  f l e x i b i l i t y  i n  a d j u s t i n g  TOA. These f i v e  
a r r a y s  are  computed by equat ion (A9) through (A13). 

The nominal t ime ENRTIMk i s  se t  equal  t o  h a l f  way between TMAXk 

NWP 

j =k 
W X k  = C (AT2 + ATp + AT41 

NWP 

j =k 
TMINk = (ATQ + AT2 + AT4) 

NWP 

j =k 
= c (Dj - VDIST) VP 

TSHIFDk = TMAXk - ENRTIMk 

1 NWP 

j =k 
= (I - p )  c (Dj - 

The command t a b l e ,  c o n s i s t i n g  of our  a r r a y s  - t h a t  i s ,  t h e  time dura t ion  f o r  
execut ing t h e  commands 
r ad ius  R ,  and t h e  i n e r t i a l  f l i g h t  pa th  angle  y - i s  generated by t h e  follow- 
ing  r e l a t i o n s ,  

A t ,  t h e  ground a c c e l e r a t i o n  command c y  t h e  tu rn ing  
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Synthesized Reference F l i g h t  Path 

The r e fe rence  f l i g h t  pa th  t h a t  was a c t u a l l y  flown i n  t h i s  f l i g h t  t e s t  
w i l l  be der ived  as an example. 
c o n s i s t i n g  of t h e  type  of  waypoint, t h e  s p e c i f i e d  coord ina tes  f o r  t h e  waypoints 
(XWP, YWP, ZWP), t h e  tu rn ing  r ad ius  and t h e  ind ica t ed  a i r speed ,  are given i n  
t a b l e  5. The outputs  from t h e  syn thes i s  program, c o n s i s t i n g  of  a t a b l e  of 
commands and t h e  time g a t e  (maximum minus minimum p o s s i b l e  f l i g h t  times) f o r  
a r r i v a l  a t  t h e  f i n a l  waypoint, are shown i n  t a b l e  6 .  Each l i n e  r e p r e s e n t s  
a pa th  change i n  t u r n ,  a c c e l e r a t i o n ,  o r  f l i g h t  pa th  angle .  The synthes ized  
h o r i z o n t a l  f l i g h t  pa th  and t h e  v e r t i c a l  p r o f i l e  are shown i n  f i g u r e  I. A t  
t h e  p i l o t ' s  op t ion ,  t h e  cap tu re  f l i g h t  pa th  may be connected t o  any of  t h e  
spec i f i ed  waypoints, except  t h e  f i n a l  waypoint. 

The i n p u t s  t o  t h e  p r e f l i g h t  syn thes i s  program, 

The r e fe rence  f l i g h t  pa th  was designed t o  have two r e l a t i v e l y  long seg- 
ments, which inc lude  d e c e l e r a t i o n  maneuvers. This  permi ts  a maximum a d j u s t -  
ment of a r r i v a l  t i m e  by s h i f t i n g  t h e  p o i n t s  of dece le ra t ion .  I n  t h i s  exper i -  
mental system, dece le ra t ion  was r e s t r i c t e d  t o  occur  between ad jacent  waypoints 
i n  o rde r  t o  achieve computational e f f i c i e n c y  and s i m p l i c i t y .  The t h i r d  
dece le ra t ion  t o  t h e  landing a i r speed  o f  105 knots  i s  done i n  t h e  f i n a l  
s t r a i g h t - i n  g l ide-s lope  segment as landing f l a p s  are deployed. The con t ro l  
system w i l l  command 105 knots  of I A S  a t  t h e  f i n a l  waypoint even i f  a t ime 
e r r o r  e x i s t s .  The 5' g l i d e  s lope  i s  s t a r t e d  hal€way around t h e  t u r n  on t h e  
f i n a l  l eg  o f  t h e  approach pa th .  
pa th  i s  s imilar  t o  t h a t  flown e a r l i e r  wi th  another  4D system ( r e f .  9 ) ,  t hus  
pe rmi t t i ng  comparison of f l i g h t  t e s t  r e s u l t s .  

In  terms o f  t u r n  r a d i u s  and g l i d e  s lope ,  t h i s  

Capture f Z i g h t  path- The capture  f l i g h t  pa th  provides  a f l y a b l e  pa th  
from t h e  present  a i r c r a f t  p o s i t i o n  and heading t o  those  of  a p i l o t - s e l e c t e d  
waypoint. I t  i s  a minimum-length f l i g h t  pa th ,  which i s  t h e r e f o r e  unique, and 
al lows t h e  p i l o t  t h e  l a r g e s t  range i n  choice of t ime of a r r i v a l .  The genera l  
problem of  minimum length  f l i g h t  pa ths  has been t r e a t e d  i n  r e fe rence  1 0 ,  bu t  
has been s impl i f i ed  f o r  a i rbo rne  implementation ( r e f .  4 ) .  

The ho r i zon ta l  cap tu re  f l i g h t  pa th ,  c o n s i s t i n g  o f  a t u r n - s t r a i g h t  f l i g h t  
t u r n ,  i s  synthes ized  by t h e  fol lowing i t e r a t i v e  process :  

1. Compute a t u r n - s t r a i g h t  f l i g h t  pa th  from t h e  cu r ren t  a i r c r a f t  pos i -  
t i o n  P, and heading Ha t o  t h e  s e l e c t e d  waypoint WPTk ( f i g .  1 8 ( a ) ) ,  t hus  
genera t ing  po in t  Q. 

2.  Compute a s t r a i g h t  f l i g h t - t u r n  pa th  from Q t o  t h e  spec i f i ed  waypoint 
WPTk and heading Hk+l, t hus  genera t ing  t h e  p o i n t  P ( f i g .  18 (b ) ) ;  no te  t h a t  
l i n e  P - Q i s  not  tangent  t o  t h e  c i r c l e  PA - Q. 

3 .  Compute a t u r n - s t r a i g h t  f l i g h t  pa th  from P a ,  Ha t o  P ( f i g .  1 8 ( c ) ) ;  
no te  t h a t  now P - Q i s  not  tangent  t o  t h e  c i rc le  P - WPTk. 

4. Ascer ta in  i f  t h e  - H H l ,  t h e  nega t ive  of  t h e  heading generated i n  
s t e p  2 ( f i g .  18(b))  and HWP, t h e  heading generated i n  s t e p  3 ( f i g .  18 (c ) )  are  
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WPT Waypoint KIAS , 
knots 

WPT coordinates, Turning 
m radius, m 

zw8 
1 
2 
3 
4 
5 
6 

-719 
-719 
-719 
-719 
-531 
-305 

XWP YWP 

1 9780 -2743 
1 1849 -2743 
1 -6078 -2743 
1 -7440 -1371 
1 -6078 0 
1 -3484 0 

0 
0 
0 
1371 
1371 
0 

160 
140 
120 
120 
120 
105 

"Positive for right turn, negative for left turn, zero for straight flight. 
bAbove runway, runway at altitude of 42.7 m. 

TABLE 6.- OUTPUT FROM PREFLIGHT SYNTHESIS 

Table of commands 

Waypoint Time duration 
ATi, sec 

75 
17.7 

88 
17.7 

33.1 

33.1 

25.7 
15.2 

Turning" 
radius Ri, m 

0 
0 

0 
0 

-1371 

-1371 

0 
0 

Acceleration 
Ci, m/sec2 

0 
- .61  

0 
-.61 

0 

0 

0 
+.61 

Flight path 
angle y i ,  deg 

a Above runway, runway at altitude of 42.7 m. 

Min and Max time from waypoint to t final 
I I Waypoint 

sec 

305.5 
212.8 
107.1 
74.0 
40.9 

0 

Min time , 
~ 

~ 

see 

0 
0 

0 
0 

0 

-5. 

-5. 
-5. 

Max time, I Max time - min time 
~ 

335.1 
231.7 
111.3 

78.2 
45.1 

0 

sec 

29.6 
18.9 
4.2 
4.2 
4.2 
0 
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Figure  18.- Synthesizing cap tu re  
t r a j e c t o r y .  

W Y  
1 

(a)  For s t r a i g h t  f l i g h t .  

--Y 

D l S T  - -_ 

(b) Turn. 

Figure 19.- Reference p o s i t i o n  
computations. 

a r e  wi th in  lo of  each o t h e r ,  which means t h a t  P - Q i s  approximately tangent  
t o  both t u r n s ;  i f  so ,  t h e  capture  f l i g h t  pa th  has been synthes ized ,  and i f  
no t ,  i t e r a t e  s t e p s  2 through 4.  

The synthes ized  h o r i z o n t a l  f l i g h t  pa th  i s  d isp layed  on t h e  MFD ( f i g .  4 (a ) )  
i n  a dashed l i n e .  If a f l i g h t  pa th  does no t  e x i t ,  then  a f l a s h i n g  NOCAP HOR 
message i s  on d i sp lay .  In  synthes iz ing  t h e  v e r t i c a l  p r o f i l e ,  i f  t h e  computed 
f l i g h t - p a t h  angle  i s  o u t s i d e  t h e  range of  permiss ib ie  f l i g h t  pa th  angles ,  then  
a f l a s h i n g  NOCAP ALT message w i l l  be displayed.  
t h e  speed p r o f i l e ,  i f  t h e  s t r a i g h t  f l i g h t  d i s t a n c e  i s  no t  s u f f i c i e n t  t o  effect 
a speed change from t h e  cu r ren t  a i rc raf t  speed t o  t h a t  s p e c i f i e d  a t  t h e  way- 
p o i n t ,  then  a f l a s h i n g  NOCAP VEL message w i l l  b e  d isp layed .  

S imi l a r ly ,  i n  synthes iz ing  

The o v e r a l l  
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f l i g h t  p r o f i l e  has  now been synthes ized  and t h e  c o n t r o l  system w i l l  i s s u e  t h e  
proper  command a t  t h e  appropr i a t e  time. 

ControZ system- The c o n t r o l  system i s  descr ibed  i n  d e t a i l  i n  r e fe rence  2.  
E s s e n t i a l l y ,  t h e  c o n t r o l  system genera tes  t h e  r e fe rence  s ta te  as a func t ion  o f  
time; inco rpora t e s  t h e  latest  wind estimates from t h e  naviga t ion  f i l t e r  i n t o  
t h e  ground speed p r o f i l e  t o  genera te  t h e  a i r speed  p r o f i l e ;  genera tes  t h e  
r e fe rence  speed, bank angle ,  and f l i g h t - p a t h  angle  commands; genera tes  t h e  
feedbacks from a long- t rack ,  c ros s - t r ack ,  a l t i t u d e ,  and heading e r r o r s ;  and 
genera tes  t h e  lead  time f o r  bank angle  and f l i g h t - p a t h  angle  commands. 

The r e fe rence  p o s i t i o n  i s  computed from an i n i t i a l  po in t  (Xro, Yro) f o r  
s t r a i g h t  f l i g h t  (see f i g .  19(a))and from a c e n t e r  of t u r n  (Xc, Yc) f o r  t u r n i n g  
f l i g h t  (see f i g .  19(b) )  by equat ions  (A15) and (A16): 

[:::::I 
= rc C 

s i n  H( t )  

+ Ri [- cos 

Zr( t )  = Zro - DIST(t) t a n  yi 

s t r a i g h t  f l i g h t  

f o r  t u r n  

where DIST(t) 
s i n c e  t h e  beginning of t h e  command segment. DIST(t) i s  given by 

i s  t h e  ground d i s t a n c e  t h e  phantom a i rc raf t  has  t r ave r sed  

DIST(t) = l :Vi( t )  d t  

t 
Vi(t) = Vio + Gi d t  

0 

where V i ( t ) ,  V i o  and V i  a r e  t h e  ground speed, t h e  i n i t i a l  ground speed, and 
t h e  commanded i n e r t i a l  a c c e l e r a t i o n  f o r  t h e  phantom a i r c r a f t .  
ground headirig f o r  a t u r n  i s  computed by ( f i g .  1 9 ( b ) ) :  

The r e fe rence  

DIST ( t )  
Rk 

H(t) = Hk + 

where Hk i s  t h e  synthes ized  heading a t  waypoint k-1  and DIST t h e  horizon-  
t a l  d i s t a n c e  t r a v e r s e d  by t h e  phantom s i n c e  t h e  beginning of  t h e  t u r n .  

The r e fe rence  ground speed i s  next  converted t o  r e fe rence  TAS by t h e  
f o 1 lowing r e  l a t  ion ,  
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where (Wxe, Wye, Wze) are  wind 
coord ina tes .  

cos  H(t)  

t a n  yi 

components from t h e  naviga t ion  f i l t e r  i n  runway 

For p i l o t  convenience, i nd ica t ed  a i r speed  is  used f o r  spec i fy ing  a i r speed  
f o r  t h e  syn thes i ze r  and f o r  f l y i n g  t h e  a i rcraf t .  
be used f o r  computing t h e  TOA ard o t h e r  t i m e  con t ro l  elements.  
s izer  genera tes  a ground speed p r o f i l e  based on t h e  s p e c i f i e d  a i r speed  a t  
way-points and t h e  p i l o t - e n t e r e d  wind estimate (EWMAG, EWANGL) s h o r t l y  be fo re  
t h e  system i s  placed i n  t rack .  Consequently, TOA and t h e  t i m e  c o n t r o l  e l e -  
ments were computed based on t h e  bes t  knowledge of t h e  wind e s t ima te  be fo re  
t r ack ing .  

However, ground speed must 
The synthe- 

In  t h e  t r a c k  mode, t h e  r e fe rence  a i r speed  Vr ( t )  f o r  f l y i n g  t h e  a i rcraf t  
i s  computed by tak ing  t h e  vec to r  sum of  t h e  ground speed spec i f i ed  by t h e  
syn thes i ze r  and t h e  wind estimate from t h e  naviga t ion  f i l t e r  (Wxe(t), Wye(t), 
Wze(t)) t o  t a k e  advantage of t h e  l a t e s t  a v a i l a b l e  information.  Therefore ,  it 
i s  necessary t o  go from VAL, t h e  s p e c i f i e d  a i r speed ,  through 
ground speed, and back t o  a i r speed  V r ( t ) .  To r e i t e r a t e ,  two wind e s t ima tes  
were incorpora ted  i n  t h e  speed computation, one based on t h e  estimate before  
t r ack ing  and t h e  o the r  on t h e  most cu r ren t  wind estimate. I d e a l l y ,  t h e s e  two 
estimates should be t h e  same o r  very  c l o s e  t o  each o t h e r ,  and any d i f f e r e n c e  
between t h e  two w i l l  be  nu l l ed  ou t  by t h e  c o n t r o l  law. 

V i ( t )  t h e  

The r e fe rence  heading + r ( t )  r e f e rence  heading r a t e  $ r ( t ) ,  and refer- 
ence bank angle  $ r ( t )  a r e  computed by equat ions  ( A 2 2 ) ,  (A23), and (A24), 
r e s p e c t i v e l y  . 

V 
(A221 +,(t) = t an -  - Y 

vX 

The second term i n  equat ion (A23) i s  s e t  equal  t o  zero f o r  s t r a i g h t  
f l i g h t .  The a i rcraf t  coord ina tes  are next  expressed i n  a moving t a r g e t  refer-  
ence wi th  t h e  p o s i t i o n  coord ina tes  of  t h e  r e fe rence  a i rcraf t  as t h e  o r i g i n  and 
t h e  r e fe rence  a i r c r a f t  heading as t h e  p o s i t i v e  x a x i s  ( f i g .  20). The t r a n s -  
formation of  t h e  a i rc raf t  coord ina te  and heading i s  accomplished by t h e  
fol lowing r e l a t i o n s ,  
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by Runway 

Figure 20.- Moving t a r g e t  r e fe rence .  

The s u b s c r i p t  a refers t o  a i rcraf t  q u a n t i t i e s ,  and (x, y,  z ) ,  + are e r r o r s  
i n  p o s i t i o n  coord ina tes  and i n  heading. 
pa th  angle  commands f o r  t h e  f u l l y  automatic  f l i g h t  are generated by t h e  f o l -  
lowing r e l a t i o n s ,  

The v e l o c i t y ,  bank angle ,  and f l i g h t -  
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where kvx, kvy, k+yy k+$, k+x, and k;, are feedback ga ins ,  V i / a  is  t h e  
ground speed of t h e  a i rc raf t ,  and AV a f a c t o r  f o r  convert ing TAS t o  IAS. 
The corresponding f l i g h t  d i r e c t o r  commands f o r  t h e  manual t r a c k  mode are 
expressed by t h e  r e l a t i o n s ,  

where K+ and Ky are  cons tan ts .  The command Vc l ( t )  is used t o  genera te  
t h e  d i s p l a y  f o r  t h e  speed e r r o r  i n d i c a t o r  i n  t h e  EADI ,  and $ c ' ( t )  and 
O C 1 ( t ) ,  a f t e r  pass ing  through t h e i r  r e s p e c t i v e  p o s i t i o n  and r a t e  l imiters ,  are  
used t o  genera te  t h e  d i s p l a y  f o r  t h e  r o l l  land p i t c h  f l i g h t  d i r e c t o r  ba r s  i n  
t h e  EADI. 

Lead bank angle  and lead  f l i g h t - p a t h  angle  commands are introduced t o  
reduce t h e  c ros s - t r ack  and a l t i t u d e  e r r o r s  t h a t  would r e s u l t  from t h e  assump- 
t i o n  of  i n f i n i t e  bank r a t e  and i n f i n i t e  f l i g h t - p a t h  angle  ra te  i n  t h e  synthe- 
s i z e d  t r a j e c t o r y .  The lead  t i m e  f o r  bank angle  and f l i g h t - p a t h  angle  commands 
are  given by t h e  fol lowing,  

+ i+ l  - +i 
- r =  

2'max 
$ 

where $ i+ l  - $ i  i s  t h e  d i f f e r e n c e  between two consecut ive r e fe rence  bank 
angle  commands, y i  and y i + l  t h e  r e fe rence  f l i g h t  pa th  angle  commands and 
Jmax, are t h e  maximum al lowable bank r a t e  and f l i g h t  pa th  angle  r a t e ,  
r e spec t ive ly .  

Equation (A30) was der ived  ( r e f .  4 )  by matching t h e  heading changes pro- 
duced by a s t e p  i n  bank command with t h a t  produced by a ramp i n  bank command 
( f i g .  21(a) ) .  S imi l a r ly ,  equat ion (A31) was der ived  by matching t h e  a l t i t u d e  
change produced by a ramp i n  f l i g h t  pa th  angle  command t o  t h a t  produced by a 
s t e p  i n  f l i g h t  pa th  angle  command ( f i g .  21(b)) .  

The v e l o c i t y  command, expressed i n  ind ica t ed  a i r speed ,  c o n s i s t s  of ref-  
erence v e l o c i t y ,  t h e  v e l o c i t y  feedback (Eq. A27(a)) and a f a c t o r  f o r  convert-  
ing  TAS t o  IAS. The r e fe rence  v e l o c i t y  i s  t h e  v e c t o r  sum of  t h e  ground speed 
s p e c i f i e d  by t h e  command sequence and t h e  wind e s t ima te  from naviga t ion  f i l t e r .  
The feedbacks f o r  t h e  v e l o c i t y  command inc lude  t h e  a long- t rack  and c ross - t r ack  
e r r o r s .  
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‘i I T ~ A  (a)  Lead bank angle  command f o r  
s t r a i g h t - f l i g h t  t u rn .  

Figure 

To prevent  any unreasonable 

~ 

Lead FPA command. 

21.- Lead commands. 

commands from being i ssued  t o  t h e  auto- 
t h r o t t l e -  o r  t o  the-  a i r speed  e r r o r  ba r ,  t h e  velocity-command i s  l imi t ed  i n  
t h r e e  ways. F i r s t ,  it i s  l imi t ed  by t h e  upper and lower bounds of t h e  c o n t r o l  
a u t h o r i t y .  The second l i m i t  i s  t h e  minimum speed l i m i t ,  which f o r  t h e  CV-340 
was s p e c i f i e d  as 1.3 times t h e  s t a l l  speed, which i s  t u r n  i s  a func t ion  of t h e  
f l a p  p o s i t i o n .  The t h i r d  l i m i t  i s  t h e  f l a p  p l aca rd  l i m i t .  

The two con t ro l  bounds are expressed by ub percent  and Lb pe rcen t ,  
s p e c i f i e d  by t h e  p i l o t ,  as t h e  maximum al lowable d e v i a t i o n  of  t h e  r e fe rence  
a i r speed  s p e c i f i e d  i n  t h e  t r a j e c t o r y  (Ub = 10 percent  and Lb = -10 percent  
i n  t h e  f l i g h t  t e s t ) .  The r e fe rence  speed i s  s p e c i f i e d  a t  waypoints and a t  any 
o t h e r  po in t  it i s  i n t e r p o l a t e d  from speeds s p e c i f i e d  a t  ad jacent  waypoints. 
The TOA a t  t h e  f i n a l  waypoint i s  ca l cu la t ed  f o r  moving t h e  phantom a t  a ground 
speed, which when v e c t o r i a l l y  summed with t h e  wind speed en tered  from t h e  
keyboard w i l l  r e s u l t  i n  an a i r speed  t h a t  i s  e x a c t l y  equal t o  t h e  r e fe rence  
a i r speed ,  provided t h a t  t h e  keyboard e n t r y  equals  t h e  t r u e  wind. 
t h e  r e fe rence  a i r speed ,  V r ( t ) ,  i s  not  a f f e c t e d  by wind estimates by e i t h e r  
keyboard inpu t  o r  from t h e  naviga t ion  f i l t e r .  

Therefore,  

A t  t h e  f i n a l  waypoint, i t  is  important f o r  t h e  a i rc raf t  t o  f l y  a t  landing 
Therefore,  beginning a t  t h e  next  t o  t h e  las t  waypoint, t h e  c o n t r o l  speed. 

a u t h o r i t y  l i m i t s  are l i n e a r l y  reduced from t h e  s p e c i f i e d  percentages t o  zero 
a t  t h e  l a s t  waypoint. In  t h e  automatic mode, t h e  c o n t r o l  system enables  t h e  
au to f l ap  l o g i c  i f  t h e  cu r ren t  a i r speed  ca l l s  f o r  f l a p s .  
mode, t h e  con t ro l  system i s s u e s  t h e  f l a p  deployment message on t h e  MFD as 
requi red .  Since t h e  a i r c ra f t  t o  be flown i n  t h e  f l i g h t  experiment has n e i t h e r  
provis ion  f o r  deploying t h e  f l a p  au tomat ica l ly  nor  f o r  monitoring t h e  f l a p  
p o s i t i o n ,  it is necessary  t h a t  t h e  flap-deployment message be based on cu r ren t  
a i r speed  of  t h e  a i rc raf t .  
f l y i n g  t h e  cap tu re  t r a j e c t o r y  o r  if t h e  a i r speed  exceeds 140 knots  t r u e  

In t h e  manual t r a c k i n g  

The flap-deployment schedule  i s  as fol lows:  while  
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a i rspeed  (KTAS), no f l a p ;  i f  t h e  a i r speed  is  between 130 and 140 KTAS, 17' f l a p ;  
i f  t h e  a i r speed  i s  between 120 t o  130 KTAS, 28O f l a p ;  and f i n a l l y ,  i f  t h e  a i r -  
speed is  below 120 KTAS and t h e  f i n a l  5' g l i d e  s lope  is  underway, 40' o r  f u l l  
f l a p .  The flap-deployment message is an implementation o f  t h i s  f l a p  schedule.  

The bank angle  command c o n s i s t s  o f  a r e fe rence  bank angle  and a feedback. 
During l ead  t i m e ,  t h e  r e fe rence  bank angle  i s  s e t  t o  a precomputed va lue  
(eq. (A30)). During any o t h e r  t i m e ,  it i s  se t  equal t o  t h e  va lue  computed i n  
equat ion (A24). The bank ang le  command i s  l i m i t e d  by $max, t h e  maximum 
al lowable bank angle ,  s p e c i f i e d  by t h e  p i l o t  f o r  passenger comfort and s a f e t y  
cons idera t ion .  

S imi l a r ly ,  t h e  f l i g h t - p a t h  angle  command c o n s i s t s  of a r e fe rence  f l i g h t -  
pa th  angle  and a feedback. 
precomputed va lues  during lead  t i m e  (Eq. (A31)) and t o  t h e  va lue  s p e c i f i e d  
by t h e  command sequence a t  any o t h e r  t ime. 
i s  l imi t ed  from above by y and below by ymin, t h e  l i m i t s  s p e c i f i e d  by 
the  p i l o t  f o r  both passenger comfort and s a f e t y  cons ide ra t ions .  

The r e fe rence  f l i g h t - p a t h  angle  i s  set  equal  t o  

The f l i g h t - p a t h  angle  command 

max 

The equat ions  presented  i n  t h i s  s e c t i o n  were implemented i n  t h e  trackmode 
computer program. E s s e n t i a l l y ,  t h e  program performs va r ious  computational 
t a s k s  requi red  f o r  implementation of t h e  con t ro l  system discussed  and d i s t r i -  
bu tes  t h e  a l l o t t e d  time f o r  doing so .  D i s t r i b u t i o n  of  computation t ime i s  
accomplished by d i r e c t i n g  t h e  flow of var ious  l o g i c a l  pa ths  shown i n  f i g u r e  23. 
The computational t a s k s  a r e  as fo l lows:  

1. I n i t i a l i z e  t h e  t r a c k  mode. 

2 .  Update t h e  phantom s t a t e  a t  waypoints, and genera te  t h e  r e fe rence  
s t a t e ,  a se t  of commands f o r  t r ack ing ,  and t h e  necessary messages f o r  d i sp l ays .  

3 .  Compute t h e  lead  t i m e  and lead  bank angle  and lead  f l i g h t - p a t h  angle  
commands. 

4. Disconnect 4D and s h i f t  c o n t r o l  t o  t h e  convent ional  system a t  t f i n a l .  

Executive Algorithm 

The foregoing s e c t i o n s  have descr ibed  t h e  elements of  a 4D RNAV system, 
which computes t h e  r e fe rence  and cap tu re  f l i g h t  pa ths  from assigned waypoints 
and a r r i v a l  times. However, an execut ive  algori thm i s  r equ i r ed  t o  make t h e s e  
elements func t ion  as a u n i t .  This  a lgori thm i s  a l o g i c  s t r u c t u r e  t h a t  ca l l s  
b a s i c  support  r o u t i n e s  and 4D guidance and con t ro l  r o u t i n e s  f o r  e f f e c t i n g  t h e  
o v e r a l l  func t ion ing  of  t h e  4D system. I t  evolved from ex tens ive  work, which 
included t h e o r e t i c a l  work, s imula t ion  experiments,  and p i l o t  opinion.  As a 
r e s u l t  of t h i s  s tudy ,  t h e  fol lowing set of  ground r u l e s  were incorpora ted  i n t o  
t h e  a lgor i thm t o  form t h e  b a s i c  l o g i c a l  s t r u c t u r e .  
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1. Fly  convent ional  a u t o p i l o t  modes u n t i l  t h e  system i s  i n  t rack.  

2. S e l e c t  t h e  b e s t  naviga t ion  a i d  a v a i l a b l e .  

3 .  Synthesize a cap tu re  t r a j e c t o r y  cont inuous ly  i n  t h e  p r e d i c t i v e  mode 
and permit  s p e c i f i c a t i o n  of  waypoint t o  be  captured  i n  t h e  p r e d i c t i v e  mode 
only.  

4. Display t h e  r e fe rence  t r a j e c t o r y  as a s o l i d  l i n e  and t h e  cap tu re  
t r a j e c t o r y ,  i f  it e x i s t s ,  as a do t t ed  l i n e  i n  t h e  p r e d i c t i v e  mode and s o l i d  
l i n e  i n  t h e  t r a c k  mode. If t h e r e  i s  no f e a s i b l e  cap tu re  t r a j e c t o r y ,  s ta te  t h e  
reason as a f l a s h i n g  message on t h e  MFD. 

5 .  
p r o f i l e  and recompute t h e  time c o n t r o l  elements i n  both t h e  p r e d i c t i v e  and 
t r a c k  mode. Af t e r  t h e  wind e n t r y  i s  processed while  cont inuing  i n  t h e  t rack 
mode, t h e  system au tomat i ca l ly  switches t o  t h e  p r e d i c t i v e  mode t o  remind t h e  
p i l o t  t h a t  TOA may have been a l t e r e d  and he must act  accord ingly ,  e i t h e r  t o  
e x e r c i s e  t h e  TDC command (after t h e  system has been p laced  i n  t r a c k )  t o  main- 
t a i n  t h e  o l d  TOA i f  p o s s i b l e  o r  t o  p l ace  t h e  system i n  track a t  t h e  new TOA. 

Permit wind e n t r y  f o r  t h e  purpose of  syn thes i z ing  a new ground speed 

6 .  P e r m i t  t i m e  de lay  command (TDC) e n t r y  f o r  f i n e  TOA adjustment a t  t h e  
t r a c k  mode only.  

7. Use c u r r e n t  a i rcraf t  s t a t e  (pos i t i on ,  heading, and speed) as t h e  
i n i t i a l  p o i n t  of  t h e  re ference  a i rc raf t  t o  i n i t i a l i z e  t r ack ing .  

8.  Update t h e  r e fe rence  a i rc raf t  s t a t e  a t  waypoints,  t h a t  i s ,  set  t h e  
phantom p o s i t i o n ,  heading and ground speed equal  t o  those  specified/precomputed 
f o r  t h e  waypoint. 

9. Incorpora te  lead  time i n  both t h e  bank angle  and f l i g h t  pa th  angle  
commands t o  minimize t h e  c r o s s  t r a c k  and a l t i t u d e  e r r o r .  

10. Display on t h e  MFD excess ive-er ror  messages i f  t h e  a l t i t u d e ,  c ros s -  
t rack,  o r  a long-track e r r o r s  exceed t h e i r  r e s p e c t i v e  p r e s p e c i f i e d  va lues .  

11. L i m i t  t h e  r e fe rence  a i r speed  t o  wi th in  c e r t a i n  s p e c i f i e d  upper and 
lower percentages o f  t h e  s p e c i f i e d  a i r speed  a t  waypoints,  and c e r t a i n  i n t e r -  
po la t ed  va lues  of s p e c i f i e d  a i r speed  between waypoints. 

The execut ive  a lgor i thm incorpora t e s  t h e  ground r u l e s  s t a t e d  above, d i s t r i b u t e s  
t h e  a v a i l a b l e  time f o r  execut ion of t h e  appropr i a t e  a lgori thm, processes  inpu t s  
from t h e  p i l o t  and t h e  t e s t  conductor,  d i r e c t s  t h e  flow t o  t h e  l o g i c a l  pa th  
s p e c i f i e d  by p i l o t  i npu t s ,  and genera tes  commands f o r  t h e  a u t o p i l o t  and t h e  
a u t o t h r o t t l e  i n  t h e  automatic  t r a c k i n g  mode. 

Figure 22 i s  a func t iona l  block diagram of  t h e  Ames  4D execut ive algo-  
r i thm, and i t s  i n t e r r e l a t i o n  with i n p u t s ,  d i sp l ays  and commands, and feedbacks.  
P i l o t  i npu t s  t o  t h e  4D c o n s i s t  of f o u r  keyboard mnemonics and t h r e e  switches 
on t h e  MSP. The keyboard mnemonics are FOD f o r  swi tch ing  between 4D and 

48 



ordinary  f l i g h t  d i r e c t o r  modes, WPT f o r  s e l e c t i o n  of waypoints, EWD f o r  wind 
estimate inpu t ,  and TDC f o r  changing t h e  TOA. The s e l e c t i o n  switches on t h e  
MSP are F/D f o r  enabl ing t h e  f l i g h t  d i r e c t o r ,  REF FP f o r  switching between 
p r e d i c t i v e  mode and t h e  f l i g h t  d i r e c t o r  t r ack ing ,  and FULL AUTO f o r  switching 
between p r e d i c t i v e  mode and automatic t r a c k i n g  mode ( f o r  s imula t ion  only) .  
The outputs  c o n s i s t  o f  a s e t  o f  commands Vc, $,-, and yc f o r  t h e  a u t o p i l o t  
and a u t o t h r o t t l e  i n  automatic  t r ack ing ,  and another  set of  commands V c ' ,  $ c ' ,  
and yc '  i n  f l i g h t  d i r e c t o r  t r ack ing .  The d i s p l a y s  inc lude  t h e  r e fe rence  
f l i g h t  pa th ,  t h e  capture  t r a j e c t o r y ,  p e r t i n e n t  messages f o r  t h e  MFD and t h e  
f l i g h t  d i r e c t o r  commands and pa th  p o s i t i o n  e r r o r s  i n  t h e  EADI. 
i npu t s  and t h e  d i s p l a y s  are d iscussed  i n  d e t a i l  i n  t h e  s e c t i o n  e n t i t l e d  
" P i l o t ' s  Operating Procedure." 

The p i l o t  

Track Predictive 
Ames 4 D  Conventional 

0 Mode switching 

0 Predictive mode 
Syn cap t r o j  
Syn speed profi le 
Compute TOA 

Gen ref state ond commands 
0 Trock 

s .A- 
1 Sensor -1 I Avionics supporting software \ 

Keyboard 

0 FOD 
0 WPT 
0 EWD 
0 TDC 

10 Ref FP 
navigation *V,. 0, I Y, 
receivers I 

0 Autopilot control laws 

[ EADI 

v; I @,', 7,' 

Messages 
. .__. 

Figure 22.- I n t e r f a c i n g  of Ames 4D execut ive  algori thm. 

Figure 23 is a macro f lowchart  of  t h e  execut ive  algori thm. In t h e  mode- 
s e l e c t i o n  s t age ,  t h e  proper  f l a g  i s  set  up t o  execute  t h e  des i r ed  mode, 
Ames 4D o r  convent ional  A/P o r  F/D modes. I f  t h e  system i s  i n  A m e s  4D, a 
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Figure 23.-Ames 4D execut ive  algo-  
r i thm -mic ro  flow c h a r t .  

check i s  made if it i s  i n  t h e  p r e d i c t i v e  
o r  t r a c k  mode. If i n  t r a c k ,  a f u r t h e r  
check is  made i f  f l i g h t  d i r e c t o r  o r  
automatic  mode is  se l ec t ed .  Next, t h e  
execut ive  program d e t e c t s  any new wind 
estimate inpu t  and processes  it by 
d i r e c t i n g  t h e  flow t o  t h e  ground speed 
p r o f i l e  s y n t h e s i s ,  time c o n t r o l  ele- 
ments, and command t a b l e  computation. 
Then it d e t e c t s  i f  t h e  system is  i n  
t r a c k  and, i f  n o t ,  d i r e c t s  t h e  flow t o  
t h e  cap tu re  t r a j e c t o r y  syn thes i s .  If 
t h e  system i s  i n  t r a c k ,  it d e t e c t s  any 
TOA changes (v i a  TDC input )  and d i r e c t s  
t h e  flow t o  recompute time con t ro l  ele- 
ments and cont inues  t r ack ing .  Other- 
wise, it proceeds t o  a s c e r t a i n  i f  t h e  
command sequence has  been generated and, 
i f  n o t ,  d i r e c t s  t h e  flow t o  command 
sequence genera t ion .  If t h e  sequence 
has a l r eady  been generated,  t h e  algo-  
r i thm d i r e c t s  t h e  flow t o  t h e  t r a c k  
mode. 

One of t h e  c r i t i c a l  func t ions  of  
t h e  execut ive  algori thm i s  timing. The 
Ames 4D system is  l imi t ed  t o  5 msec o f  
execut ion f o r  every sampling per iod  of  
50 msec. Many of  i t s  algori thms cannot 
be executed i n  t h e  a l l o t e d  5 msec i n  a 
s i n g l e  pass .  Therefore ,  some of t h e  
computation i s  accomplished i n  s e v e r a l  
passes  and one of t h e  func t ions  o f  t h e  
execut ive  i s  t o  d i s t r i b u t e  t h e  a v a i l a b l e  
time t o  var ious  p a r t s  of  d i f f e r e n t  a lgo-  
r i thms s o  t h a t  t h e  whole program i s  
executed most e f f i c i e n t l y .  The wind 
input  i s  processed i n  t h r e e  pas ses ,  t h e  
cap tu re  t r a j e c t o r y  i s  synthesized i n  no 
more than  s i x  passes  and t h e  TOA change 

input  i s  processed along with t r ack ing  computations. - I n  t h e  t r a c k  mode, o d b  
passes  are a l l o t t e d  t o  c o n t r o l  system computation and even passes  f o r  precom- 
p u t a t i o n  of lead  time, lead  bank angle ,  and lead  f l i g h t - p a t h  angle  commands. 
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