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ABSTRACT 

Severa l  guidance and c o n t r o l  system re sea rch  and development a c t i v i t i e s  
aimed a t  improving t h e  ope ra t iona l  c a p a b i l i t i e s  of commercial a i r c r a f t  i n  
t h e  te rmina l  area are descr ibed .  The guidance and c o n t r o l  systems have been 
designed t o  improve t h e  capac i ty  and e f f i c i e n c y  of te rmina l  area opera t ions ,  
enhance t h e  approach and landing c a p a b i l i t y  of a i r c r a f t  i n  adverse  weather 
condi t ions ,  and reduce t h e  impac t  of a i r c r a f t  n o i s e  perceived on t h e  ground. 
S p e c i f i c  performance f e a t u r e s  inc lude  t h e  a b i l i t y  t o  cap tu re  and t r a c k  s t e e p  
g l ides lopes ,  use s h o r t  f i n a l  approaches,  perform f l a r e s  wi th  reduced longi tu-  
d i n a l  touchdown d i spe r s ion  and execute  h igh  speed runway r o l l o u t  and t u r n o f f .  
Resul t s  obtained from s imula t ion  s t u d i e s  o r  f l i g h t  tests are shown f o r  each 
of t h e  algori thms.  

INTRODUCTION 

S i g n i f i c a n t  improvements i n  t h e  te rmina l  area ope ra t iona l  c a p a b i l i t y  of 
commercial aircraft  are be ing  sought t o  a l leviate  crowded cond i t ions  a t  major 
a i r p o r t s  and t o  enhance s a f e t y  and schedule  r e l i a b i l i t y .  
f igured  Vehicle  (TCV) program be ing  pursued a t  Langley Research Center has  
t h e  goa l  of provid ing  f l i g h t  management and CTOL a i r c r a f t  technology t o  
inc rease  te rmina l  area capac i ty  and e f f i c i e n c y ,  t o  improve t h e  approach and 
landing  c a p a b i l i t y  of a i r c r a f t  ope ra t ing  i n  adverse  weather cond i t ions ,  and 
t o  reduce t h e  a i r c ra f t -gene ra t ed  n o i s e  perceived on t h e  ground. This  paper 
p re sen t s  some r e s u l t s  obtained from a coordinated guidance and c o n t r o l  sys- 
t e m  development e f f o r t  d i r e c t e d  t o  support  t h e  TCV program. 

The Terminal Con- 

* The work presented  comprises t h e  r e s u l t s  of both in-house and con t r ac tua l  
r e sea rch  e f f o r t s .  I n  p a r t i c u l a r ,  t h e  DIALS design e f f o r t  w a s  performed by 
D r .  N. Halyo c u r r e n t l y  of t h e  Information and Control  Systems, Inc . ;  two 
f l a r e  l a w  a lgor i thms were developed by A. A. Lambregts of t h e  Boeing Co.; 
and t h e  i n i t i a l  r o l l o u t  and tu rnof f  guidance and c o n t r o l  l a w  w a s  developed 
by S. P ines  of t h e  Ana ly t i ca l  Mechanics Assoc ia tes ,  Inc.  
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Automatic guidance and c o n t r o l  systems are presented f o r  g l i d e s l o p e  and 
l o c a l i z e r  cap tu re  and t r a c k ,  f l a r e  and landing,  r o l l o u t ,  and runway e x i t .  For 
a l l  f l i g h t  phases considered,  t h e  a i r c r a f t  s enso r s  providing a c c e l e r a t i o n ,  at- 
t i t u d e ,  a l t i t u d e ,  and body rate d a t a  are augmented by information der ived  
from t h e  T i m e  Referenced Scanning Beam Microwave Landing System (MLS) under 
development by t h e  FAA. 
information and d i s c r e t e  azimuth and e l e v a t i o n  s i g n a l s  a v a i l a b l e  wi th in  t h e  
s p e c i f i e d  volumetr ic  coverage. I n  coopera t ive  e f f o r t s  between NASA and t h e  
FAA, many automatic  approaches and landings  have been performed by t h e  TCV 
B-737 a i r c r a f t  t o  demonstrate t h e  u t i l i t y  of t h i s  information i n  f l y i n g  curved 
approaches t o  r e l a t i v e l y  s h o r t  f i n a l s  ( r e f s .  1, 2, 3, 4 ,  and 5). To enhance 
and extend t h e  autoland c a p a b i l i t y  and performance l e v e l s  prev ious ly  demon- 
s t r a t e d ,  a d i g i t a l ,  i n t e g r a t e d  automatic  landing  system (DIALS) has  been 
developed us ing  a modern c o n t r o l  t h e o r e t i c  approach. The DIALS a lgor i thm pro- 
v ides  r a p i d  cap tu re  and p r e c i s e  t r ack ing  of g l i d e s l o p e  and loca l izer - - inc luding  
t h e  c a p a b i l i t y  of s imultaneously performing both capture  maneuvers. This fea-  
t u r e  enhances t h e  e f f i c i e n t  use of te rmina l  area airspace by pe rmi t t i ng  air- 
c r a f t  t o  be flown along s e p a r a t e  curved approach pa ths  and merged only f o r  
s h o r t  f i n a l  approaches. The c o n t r o l  l a w  a l s o  permits  t r ack ing  of p i l o t  
s e l e c t a b l e  s t e e p  g l ides lopes .  The lower t h r u s t  levels requi red  f o r  s t e e p  
g l i d e s l o p e s  reduce t h e  n o i s e  emanating from t h e  a i r c r a f t  and t h e  g r e a t e r  a t -  
tenuat ion  a f fo rded  by t h e  increased  a l t i t u d e s  f u r t h e r  reduces t h e  no i se  levels 
perceived on t h e  ground. To improve passenger  comfort and c o n t r o l  performance 
i n  adverse  weather cond i t ions ,  t h e  DIALS a lgor i thm genera tes  estimates of wind 
v e l o c i t i e s  and uses  these  estimates i n  t h e  c o n t r o l  loop. 

The MLS c o n s i s t s  of a p rec i s ion  DME provid ing  range 

Severa l  r e sea rch  e f f o r t s  were pursued t o  i n c r e a s e  runway landing  
capac i ty  by reducing t h e  t i m e  each a i r c r a f t  occupies  t h e  runway. To l i m i t  t h e  
occupancy t i m e ,  each inbound a i r c r a f t  would f l a r e  t o  a landing  a t  a prescr ibed  
d i s t a n c e  from t h e  des i r ed  e x i t .  The a i r c r a f t  would then  be au tomat ica l ly  con- 
t r o l l e d  t o  fo l low a closed-loop dece le ra t ion  program dur ing  r o l l o u t  and pe r -  
form a h igh  speed t u r n o f f .  
p r i n t  is e s s e n t i a l  s i n c e  s h o r t  l andings  r e q u i r i n g  l a r g e  occupancy t i m e s  o r  
long landings  r e s u l t i n g  i n  missed t u r n o f f s  would d i s r u p t  t h e  flow of t r a f f i c  
and decrease  t h e  landing  ra te  achieved. 
two a lgor i thms were developed and f l i g h t  t e s t e d .  
a l t i t u d e  as a func t ion  of s i n k  rate t o  achieve  an exponent ia l  path.  The t i m e  
cons t an t  i s  v a r i e d  as a func t ion  of ground speed t o  ame l io ra t e  t h e  e f f e c t  of 
v a r i a t i o n s  i n  ground speed on touchdown l o c a t i o n .  The second f l a r e  a lgor i thm 
commands t h e  a i r c r a f t  t o  fo l low an e x p l i c i t l y  def ined  path-in-space. This 
approach has  t h e  p o t e n t i a l  t o  f u r t h e r  reduce touchdown d i s p e r s i o n s  by a l s o  
minimizing t h e  e f f e c t s  of g l i d e s l o p e  t r a c k i n g  e r r o r s  on touchdown loca t ion .  

Iieduction of t h e  l o n g i t u d i n a l  touchdown foot -  

To o b t a i n  improved f l a r e  performance, 
The f i r s t  f l a r e  l a w  commands 

To extend automatic  ope ra t ions  through r o l l o u t  and t u r n o f f ,  t h e  a i r c r a f t  
is  commanded t o  fo l low a p resc r ibed  path.  The pa th  is  def ined  by a magnetic 
l e a d e r  cab le  imbedded i n  t h e  runway and t u r n o f f .  S igna l s  ob ta ined  from a 
t h r e e  c o i l  magnetic sensor  mounted on t h e  a i r c r a f t  are processed t o  y i e l d  
measurements of t h e  a i r c r a f t ' s  heading and la te ra l  dev ia t ion  from t h e  d e s i r e d  
path.  These measurements are used i n  a r o l l o u t  and turnoff  guidance and con- 
t r o l  l a w  which provides  d e c e l e r a t i o n  and s t e e r i n g  commands f o r  both w e t  and 
dry  runway condi t ions .  
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I n  the subsequent s e c t i o n s ,  d e s c r i p t i o n s  are g iven  of each of t h e  con- 
t r o l  a lgor i thms and r e s u l t s  are given f o r  s imula t ion ,  pro to type  eva lua t ion  o r  
f l i g h t  t e s t i n g .  The DIALS des ign  philosophy and performance advantages are 
discussed.  Resu l t s  of d e t a i l e d  s imula t ion  s t u d i e s  are given t o  demonstrate 
s i g n i f i c a n t l y  improved performance relative t o  e x i s t i n g  autoland system de- 
signs. 
cep t s  on touchdown d i s p e r s i o n  is i l l u s t r a t e d .  Resu l t s  of ex tens ive  f l i g h t  
tests of t h e  f l a r e  l a w s  are reviewed. Both t h e o r e t i c a l  and f i e l d  test r e s u l t s  
f o r  t h e  magnetic l e a d e r  c a b l e  and t h e  a s soc ia t ed  sensor  are presented.  
d e c e l e r a t i o n  program i s  given along wi th  r o l l o u t  and tu rnof f  guidance and con- 
t r o l  performance r e s u l t s  ob ta ined  from a s imula t ion  s tudy  us ing  a d e t a i l e d  
model of t h e  sensor  der ived  from t h e  f i e l d  tests. 

The f l a r e  a lgor i thms are descr ibed  and t h e  e f f e c t  of t h e  design con- 

The 

DIALS 

Current  ope ra t iona l  autoland systems perform w e l l  t h e  t a s k  they  were de- 
s igned t o  accomplish. However, increased  c a p a b i l i t i e s  are being demanded f o r  
autoland systems t o  s o l v e  some of t h e  problems of t h e  inc reas ing ly  crowded 
te rmina l  area a i r space .  These demands inc lude  improved performance i n  adverse 
weather condi t ions ,  t r ack ing  of s t e e p  and s e l e c t a b l e  g l ides lopes  f o r  n o i s e  re- 
duct ion,  avoidance of wake v o r t i c e s ,  and reduced f u e l  consumption. The cur- 
r e n t  systems have l i m i t a t i o n s  which make i t  impossible  f o r  them t o  m e e t  t he  
demands f o r  increased  c a p a b i l i t i e s .  The DIALS des ign  w a s  undertaken t o  provide 
a system wi th  expanded c a p a b i l i t i e s  f r e e  of t h e  c u r r e n t  l i m i t a t i o n s .  The DIALS 
is  a complete sof tware  a lgor i thm designed and developed f o r  t h e  automatic  land- 
ing  of a commercial t ype  a i r c r a f t .  
f i g u r e  1 )  are: (1) close- in  simultaneous cap tu re  of t h e  l o c a l i z e r  and g l ide-  
s lope  inc luding  s t e e p  g l ides lopes  up t o  6 degrees ,  ( 2 )  t r ack ing  of t h e  loca-  
l i z e r  and g l ides lope ,  ( 3 )  a s i d e s l i p  decrab maneuver ( t h e  same type  decrab 
maneuver performed manually by p i l o t s ) ,  ( 4 )  t h e  f l a r e  maneuver from t h e  vari- 
ous s e l e c t e d  g l ides lopes ,  (5) p r e c i s i o n  touchdown, (6) c a l i b r a t e d  a i r speed  
(CAS) hold,  (7) s t a b i l i z e r  t r i m ,  and (8) i n n e r  loop damping inc luding  the  yaw 
rate damper func t ion .  F i r s t ,  some of t h e  l i m i t a t i o n s  of t h e  c u r r e n t  systems 
w i l l  be  given and then  the  approach and methods used i n  t h e  design of t h e  
DIALS w i l l  be presented.  

The t a s k s  performed by the  DIALS (see 

The c u r r e n t  au to land  systems use  t h e  Instrument Landing System (ILS) f o r  
The ILS restricts guidance guidance along t h e  l o c a l i z e r  and g l i d e s l o p e  pa ths .  

t o  one f i x e d  g l ides lope  and a l s o  o f t e n  has  c h a r a c t e r i s t i c  beam bends on the  
l o c a l i z e r  s i g n a l .  I n  a d d i t i o n ,  t hese  systems use  t h e  classical  approach t o  
c o n t r o l  system des ign  i n  which t h e  ga ins  are determined through r o o t  l ocus  
techniques and s p e c i f i e d  g a i n  and phase margin cri teria.  
be app l i ed  only t o  s ing le- input  s ingle-output  p o r t i o n s  of t h e  system--a l i m i -  
t a t i o n  of t h e  classical approach. 
ga ins  must be ad jus t ed  by t r i a l  and e r r o r  procedures  t o  account f o r  t h e  i n t e r -  
a c t i o n  between t h e  mul t ip l e  i npu t s  and ou tpu t s  of t h e  system. One f i n a l  p o i n t  
t o  be made concerning t h e  p re sen t  systems i s  t h a t  t h e  systems are analog. 
Spec ia l  programming e f f o r t s  and ana lyses  are gene ra l ly  requi red  t o  implement 
a n  analog system on a d i g i t a l  computer. 

These techniques can 

Thus after t h e  i n i t i a l  de te rmina t ion  t h e  
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The DIALS d i f f e r s  from systems c u r r e n t l y  be ing  flown i n  several ways. 
F i r s t ,  i t  w a s  designed t o  use t h e  MLS r a t h e r  than  t h e  ILS. The MLS provides  
t h e  information necessary t o  f l y  d i f f e r e n t  g l ides lopes  as w e l l  as providing 
s i g n a l s  r e l a t i v e l y  f r e e  of,beam bends (mul t ipa th  e f f e c t s ) .  Second, t h e  sys- 
t e m  w a s  designed using modern d i g i t a l  c o n t r o l  theory techniques and methods 
as opposed t o  t h e  classical approach. 
v ides  a means f o r  de f in ing  t h e  t o t a l  system and c o n t r o l  requirements w i t h i n  a 
u n i f i e d  set  of equat ions .  
feedback ga ins  are mathematically determined s imultaneously.  
s o l u t i o n  of t h e  ga ins  is  r e f e r r e d  t o  as an i n t e g r a t e d  design--the second 
cha rac t e r  of t h e  DIALS acronym. 
u n i f i e d  set of la teral  system equat ions and then t o  a set of l o n g i t u d i n a l  equa- 
t i o n s  ( r e f s .  6 ,  7 ,  and 8) .  The i n t e g r a t e d  design r e s u l t s  i n  commands coordi-  
na ted  among t h e  l o n g i t u d i n a l  c o n t r o l s  as w e l l  as commands coordinated between 
t h e  la teral  con t ro l s .  
whi le  maintaining g l ides lope  t r ack ,  DIALS w i l l  produce coordinated t h r o t t l e  and 
e l e v a t o r  commands. The t h r o t t l e  reduct ion  w i l l  b e  accompanied by an e l eva to r  
command c a l l i n g  f o r  a p i t c h  up t o  maintain t h e  g l ides lope  t r a c k  (reduced air- 
speed r e s u l t s  i n  reduced l i f t  and subsequent movement below the  g l ides lope ) .  

The modern c o n t r o l  theory  approach pro- 

Then from t h e  t o t a l  set of equat ions  a l l  t h e  system 
The simultaneous 

For DIALS t h i s  method w a s  app l i ed  once t o  a 

For in s t ance ,  i f  a r educ t ion  i n  a i r speed  i s  d e s i r e d  

Another f e a t u r e  of t h e  DIALS is  t h a t  i t  i s  a d i g i t a l  o r  d i s c r e t e  design-- 
t h e  f i r s t  cha rac t e r  of  t h e  acronym. This  means t h a t  t h e  d i f f e r e n t i a l  equat ions  
desc r ib ing  t h e  system were d i s c r e t i z e d  i n t o  a system of d i f f e r e n c e  equat ions.  
The d i f f e r e n c e  equat ions  were then used i n  t h e  modern c o n t r o l  theory approach 
t o  determine t h e  system c o n t r o l  ga ins  and t h e  f i l t e r  ga ins  f o r  e s t ima t ing  t h e  
s ta te  v a r i a b l e s  of t h e  system from one sampling i n s t a n t  t o  t h e  nex t .  The d ig i -  
t a l  des ign  r e s u l t s  i n  a set of d i f f e r e n c e  equat ions  f o r  updat ing t h e  guidance 
and c o n t r o l  commands and a set  f o r  updating t h e  f i l t e r  equat ions.  

There w e r e  s e v e r a l  reasons f o r  choosing a d i g i t a l  des ign .  F i r s t ,  a i r c r a f t  
av ion ic s  technology i s  moving toward t h e  u s e  of d i g i t a l  f l i g h t  c o n t r o l  compu- 
ters and t h e  c o n t r o l  l a w s  would u l t ima te ly  be d i s c r e t i z e d  anyway f o r  implemen- 
t a t i o n  on t h e  f l i g h t  computer. Second, t h e  MLS system used by DIALS provides  
t h e  a i r c r a f t ' s  p o s i t i o n  a t  d i s c r e t e  i n t e r v a l s  of t i m e  r a t h e r  than cont inuously.  
Also, t h e  a i r c r a f t  sensor  measurements w i l l  on ly  be a v a i l a b l e  a t  d i s c r e t e  
sampling i n s t a n t s  on a d i g i t a l  computer. For these  reasons,  a d i g i t a l  design 
w a s  chosen f o r  t h e  DIALS. 

A f e a t u r e  of t h e  d i g i t a l  des ign  i s  t h a t  t h e  update  i n t e r v a l  o r  ra te  of 
t h e  f l i g h t  c o n t r o l  computer i s  s p e c i f i e d  i n  t h e  formulat ion of t h e  set of sys- 
t e m  d i f f e r e n c e  equat ions.  This  r e s u l t s  then i n  a set of c o n t r o l  system ga ins  
which t ake  i n t o  account t h e  update  rate of t h e  computer. Another important  
f e a t u r e  of t h e  DIALS des ign  i s  t h a t  t h e  continuous c o s t  func t ion  ( t h e  means of 
weighing t h e  c o n t r o l  l a w  performance i n  t h e  modern c o n t r o l  theory  design)  w a s  
d i s c r e t i z e d  i n  a manner such t h a t  t h e  system dynamics between sampling in-  
s t a n t s  i s  included i n  t h e  d i s c r e t e  cos t  func t ion  ( r e f .  6 ) .  The i n c l u s i o n  of 
the system dynamics between sampling i n s t a n t s  makes i t  p o s s i b l e  t o  use  l a r g e r  
sampling i n t e r v a l s  than  gene ra l ly  used. Thus t h e  real-time computational re- 
quirements on t h e  f l igh t :  c o n t r o l  computer are reduced. For t h e  DIALS t h e  up- 
d a t e  rate is 10 t i m e s  p e r  second. 
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The DIALS c o n s i s t s  of t h r e e  b a s i c  functions--navigation/filtering, guid- 
ance, and c o n t r o l  about  a d e s i r e d  pa th .  (The r e l a t i o n s h i p  of t h e s e  func t ions  
is i l l u s t r a t e d  i n  f i g u r e  2.)  The n a v i g a t i o n / f i l t e r i n g  func t ion  estimates t h e  
a i r c r a f t  p o s i t i o n  and o t h e r  parameters  us ing  a s t eady- s t a t e  Kalman f i l t e r ,  
t h a t  i s ,  a Kalman f i l t e r  whose ga ins  remain cons tan t  f o r  a given approach and 
landing.  The f i l t e r  determines t h e  a i r c r a f t  p o s i t i o n  i n  a runway coord ina te  
frame us ing  a i r c r a f t  s enso r s  and measurements of azimuth, e l eva t ion ,  and range 
from t h e  MLS. 
v e l o c i t y ,  accelerometer  b i a s e s ,  barometr ic  a l t i t u d e  and barometr ic  s i n k  rate 
b i a s e s ,  and wind v e l o c i t i e s .  The DIALS w a s  a l s o  formulated t o  t a k e  i n t o  
account t h e  e f f e c t s  of wind d i s tu rbances  on t h e  a i r c r a f t .  The wind states w e r e  
weighed i n  t h e  d i s c r e t e  c o s t  func t ion  and thus  t h e  c o n t r o l  commands are a func- 
t i o n  of t h e  wind state estimates. Wind v e l o c i t y  estimates are provided f o r  t he  
s teady  state, gus t ,  and shea r  wind components. The a i r c r a f t  sensor  measure- 
ments used by t h e  f i l t e r  are a t t i t u d e s ,  a t t i t u d e  rates, body-referenced accel- 
e r a t i o n s ,  barometr ic  a l t i t u d e  and s i n k  rate, r ada r  a l t i t u d e ,  and c a l i b r a t e d  
a i r speed .  

The f i l t e r  a l s o  provides  estimates of t h e  a i r c r a f t  a t t i t u d e ,  

The guidance func t ion  determines t h e  t r ack ing  e r r o r s  from t h e  des i r ed  
f l i g h t  pa th  ( t r a j e c t o r y )  us ing  t h e  a i r c r a f t  s ta te  and wind estimates. The 
genera t ion  of t h e  d e s i r e d  f l i g h t  path,  which w a s  formulated t o  b e  a func t ion  
of s e v e r a l  s e l e c t a b l e  parameters,  i s  a l s o  p a r t  of t h e  guidance func t ion .  
P i l o t  s e l e c t a b l e  parameters  i nc lude  t h e  d e s i r e d  g l i d e s l o p e  angle  and t h e  cali-  
b ra t ed  a i r speed .  Other parameters which can be  changed t o  t a i l o r  t h e  f l a r e  
t r a j e c t o r y  are t h e  g l i d e  pa th  i n t e r c e p t  p o i n t  (GPIP), t h e  touchdown p o i n t ,  
touchdown s i n k  rate, and t h e  a i r speed  r educ t ion  dur ing  f l a r e .  The c o n t r o l  
func t ion  determines t h e  c o n t r o l  commands necessary (1) t o  n u l l  t he  e r r o r s  o r  
dev ia t ions  from t h e  commanded t r a j e c t o r y ,  (2) t o  maintain a i r c r a f t  t r i m ,  and 
(3) t o  damp t h e  inhe ren t  n a t u r a l  frequency modes of t h e  a i r c r a f t  ( inner  loop 
damping). 
s t a b i l i z e r , a n d  t h r o t t l e  rate. The s t a b i l i z e r  rate commands are converted 
through l o g i c  equat ions  t o  t r i m  up and t r i m  down d i s c r e t e s  t o  i n t e r f a c e  wi th  
t h e  a i r c r a f t ’ s  s t a b i l i z e r  t r i m  motor. 

The commands computed are e l e v a t o r  and a i l e r o n  p o s i t i o n  and rudder ,  

The use  of rate commands provided a means f o r  formulat ing an  automatic  
t r i m  c a p a b i l i t y  i n t o  t h e  c o n t r o l  l a w .  By us ing  rate commands no penal ty  i s  in-  
cur red  on p o s i t i o n  changes, bu t  on ly  on excess ive  rates of change. Ai le ron  
and e l e v a t o r  p o s i t i o n  commands w e r e  used t o  provide quickness  of response.  
Also, t h e  use  of p o s i t i o n  commands i n  t h e  c o s t  func t ion  prevents  l a r g e  s tand-  
o f f  p o s i t i o n  commands which could r e s u l t  i n  l a r g e  undes i rab le  hinge-moments 
f o r  these c o n t r o l  su r f aces .  

The c o n t r o l  commands are func t ions  of t h e  a i r c r a f t  states, wind ve loc i -  
t ies,  nominal f l i g h t  pa th ,  and commanded p a t h  dev ia t ions  from t h e  nominal 
f l i g h t  pa th  as i l l u s t r a t e d  i n  f i g u r e  3 .  The nominal t r a j e c t o r y  o r  f l i g h t  pa th  
c o n s i s t s  of t h e  s t r a i g h t  l i n e  l o c a l i z e r  and g l i d e s l o p e  pa th  as w e l l  as t h e  
nominal a i r c r a f t  state. Deviat ions from t h e  nominal t r a j e c t o r y  are commanded 
during t h e  decrab and f l a r e  maneuvers. 
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The DIALS has  been t e s t e d  v ia  a d i g i t a l  computer s imula t ion  which used 
a six degree of freedom non-l inear  model of Zhe TCY B-737 a i r c r a f t .  
l a t i o n  included sensor  no i se s  and b i a ses ,  such as accelerometer  misalignment 
and s c a l i n g  e r r o r s ,  and v a r i o u s  wind conditions--steady state, gus t ,  and 
shear .  

The  simu- 

The servos  w e r e  modeled as f i r s t  o r d e r  l a g s .  

Simulat ion r e s u l t s  are shown i n  f i g u r e s  4 and 5. F igure  4 compares t h e  
cap tu re  and t r a c k  of t h e  l o c a l i z e r  wi th  t h e  c u r r e n t  TCV B-737 l o c a l i z e r  cap tu re  
and t r a c k  a lgor i thm.  It can be seen  t h a t  t h e  DIALS cap tu re  occurs  w i t h i n  40 
seconds as opposed t o  t h e  120 seconds o r  so €or  t h e  c u r r e n t  a lgori thm. This 
c a p a b i l i t y  t o  f l y  s h o r t  f i n a l  approach pa ths  is  important  f o r  e f f i c i e n t  a i r  
t r a f f i c  c o n t r o l  opera t ions .  Also no te  t h a t  t h e  overshoot performance i s  much 
lower f o r  DIALS. This performance, which has  been demonstrated f o r  va r ious  
s imulated wind condi t ions ,  i s  important i n  achiev ing  reduced runway spacing 
f o r  p a r a l l e l  runway opera t ions .  The s i d e s l i p  decrab maneuver is  a l s o  i l l u s -  
t r a t e d  i n  t h e  r o l l  and yaw p l o t s .  F igure  5 compares t h e  cap tu re  of a s i x  
degree g l i d e s l o p e  by DIALS wi th  t h e  capture  of a t h r e e  degree g l ides lope  by 
t h e  TCV B-737 ILS g l i d e s l o p e  c a p t u r e  a lgori thm. Note t h a t  t h e  cap tu re  and 
s e t t l i n g  t i m e  f o r  DIALS is  5 seconds whi le  a t  least 30 seconds i s  requ i r ed  
f o r  t h e  TCV B-737 algori thm. It is  a l s o  noted t h a t  t h i s  cap tu re  occurred s i m -  
u l t aneous ly  wi th  t h e  l o c a l i z e r  capture .  Simultaneous cap tu re  i s  important be- 
cause i t  c o n t r i b u t e s  t o  reducing t h e  l e n g t h  of t h e  f i n a l  approach path.  How- 
ever ,  t h e  DIALS can perform t h e  captures  independent ly .  The c a p a b i l i t y  t o  f l y  
va r ious  g l ides lope  angles ,  inc luding  s t e e p  f i n a l  approaches, provides  t h e  
means f o r  n o i s e  r educ t ion  along t h e  ground t r a c k  and avoidance of t r a i l i n g  
v o r t i c e s  . 

FLARE LAW DEVELOPMENT 

C e r t i f i c a t i o n  under FAA AC 20-578 f o r  commercial a i r c r a f t  r e q u i r e s  
automatic  landing  systems t o  meet a + 20 l o n g i t u d i n a l  touchdown d i s p e r s i o n  
of 457.2 m (1500 f t ) .  F l a r e  l a w s  wh%h provide touchdown d i s p e r s i o n s  smaller 
than t h i s  requirement are d e s i r a b l e  f o r  several reasons.  
performance can be  combined wi th  a c a p a b i l i t y  t o  perform high-speed exi ts  and 
thus  inc rease  runway landing capac i ty  by l i m i t i n g  runway occupancy t i m e .  I n  
a d d i t i o n ,  reduct ion  i n  touchdown d i spe r s ion  is  an  e f f e c t i v e  means of reducing 
the  ope ra t iona l  f i e l d  l eng th  requirement.  The TCV program has  e s t a b l i s h e d  a 
l o n g i t u d i n a l  touchdown d i s p e r s i o n  c r i t e r i o n  of 10 30.5 m (100 f t )  as being 
commensurate wi th  t h e i r  s p e c i f i c  goa ls  f o r  improved te rmina l  area performance. 
To a t t a i n  t h i s  goa l ,  f a c t o r s  c o n t r i b u t i n g  t o  touchdown d i s p e r s i o n  have been 
eva lua ted  and several f l a r e  concepts  have been i d e n t i f i e d  t o  ame l io ra t e  t h e  
e f f e c t s  of s p e c i f i c  sources  of d i spe r s ion .  

The p r e c i s e  f l a r e  

Many f l a r e  l a w s  in c u r r e n t  u s e  command s i n k  r$te as a func t ion  of a l t i -  
tude.  Algorithms of t h i s  type ,  des igna ted  h e r e  as h (h) f l a r e  l a w s ,  are de- 
signed t o  provide an  exponent ia l  f l a r e  pa th .  
t i o n  t h e  f l a r e  is  s t a r t e d  a t  t h e  a l t i t u d e  a t  which t h e  commanded f l a r e  s i n k  
rate becomes equal  t o  t h e  measured s i n k  rate. 
of t h i s  type  dur ing  autoland demonstrations performed f o r  t h e  ICAO al l -weather  
ope ra t ions  pane l  a t  t h e  FAA's Nat iona l  Aviat ion F a c i l i t i e s  Experimental Center 

To o b t a i n  t r a n s i e n t - f r e e  i n i t i a -  

The TCV B-737 used a f l a r e  l a w  
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(NAFEC) i n  May 1976 ( r e f s .  1 and 2) .  
i ngs  performed during t h i s  demonstrat ion w a s :  

The touchdown performance f o r  56 land- 

Longi tudinal  d i spe r s ion  (lo) = 94.2 meters (309 f t )  

Sink rate (mean/lo) = .713/.430 m / s e c  (2.34 / 1 . 4 1  f t / s e c )  

This  performance was  achieved wi th  average wind v e l o c i t i e s  of 8.23-10.29 
meters/sec (16-20 knots )  and r e l a t i v e l y  l a r g e  g u s t s  and t a i l  winds ( r e f .  1). 
While t h e  l o n g i t u d i n a l  d i spe r s ion  w a s  b e t t e r  t han  t h e  FAA requirement,  i t  f e l l  
sho r t  of t h e  TCV goa l .  Accordingly, a d e t a i l e d  s tudy,  t o  be descr ibed  i n  a 
c o n t r a c t o r  r epor t ,  w a s  performed by t h e  Boeing Company t o  i d e n t i f y  f a c t o r s  
which c o n t r i b u t e  t o  touchdown d i spe r s ion .  F l a r e  l a w  designs w e r e  then sought 
t o  reduce t h e i r  e f f e c t s .  One such f a c t o r  is  t h a t  approaches i n  d i f f e r e n t s t e a d y  
wind condi t ions  are performed a t  d i f f e r e n t  ground speeds; consequently,  t h e  
f l a r e  i n i t i a t i o n  a l t i t u d e  and touchdown po in t  can vary  s i g n i f i c a n t l y .  F igure  6 
shows a v a r i a t i o n  of over 152.4 meters (500 f t )  i n  touchdown l o c a t i o n  f o r  
approaches flown a t  Vre + 2.57 meters/sec (5 kno t s )  i n  s teady  wind condi t ions  
ranging from a 12.86 meE&rs/sec (25 knots)  headwind t o  a 7.72 meters/sec (15 
knot ) t a i l  wfnd. These r e s u l t s  w e r e  obtained from a s imula t ion  of t h e  TCV 
€5-737 f o r  an h (h) f l a r e  l a w  of t h e  type  used dur ing  TCV autoland demonstra- 
t i o n s .  It is  noted t h a t  t h e  f l a r e  i n i t i a t i o n  a l t i t u d e  varies by over s ix  
meters during these  conditions--a v a r i a t i o n  which inc reases  t h e  d i f f i c u l t y  ex- 
per ienced by p i l o t s  i n  monitoring f l a r e  performance. Glideslope t r ack ing  
e r r o r s  and e r r o r s  i n  t h e  estimates of a i r c r a f t  s i n k  rate can a l s o  make s i g n i f i -  
can t  con t r ibu t ions  t o  touchdown d i spe r s ion .  To reduce b n g i t u d i n a l  touchdown 
d i spe r s ions ,  two f l a r e  concepts have been developed and evaluated.  The con- 
cep t s ,  c a l l e d  t h e  v a r i a b l e  t i m e  cons tan t  f l a r e  l a w  and t h e  fixed-path f l a r e  
l a w s ,  are descr ibed  i n  t h e  fol lowing s e c t i o n s .  

Var iab le  T i m e  Constant F l a r e  Law 

Figure  6 i l l u s t r a t e s  t h e  e f f e c t  on f l a r e  performance of v a r i a t i o n s  i n  
approach speed t o  accommodate s t eady  wind condi t ions .  To reduce t h e  r e s u l t i n g  
d i s p e r s i o n ,  several approaches w e r e  i nves t iga t ed .  I n  t h e  s e l e c t e d  approach, 
t h e  t i m e  cons tan t  ( r a t i o  of t h e  c o n t r o l  ga in  on s i n k  rate t o  t h e  ga in  on a l t i -  
tude) i s  def ined  as 

To 'Go 
T =  (1) 

uG 

where T i s  the t i m e  cons t an t ,  V 

i s  t h e  actual approach ground speed. This  modi f ica t ion  provides  t r a n s i e n t  f r e e  
i n i t i a t i o n  a t  a f i x e d  al t i tude--chosen as 12 .8  m (42 f t )  during t h i s  s tudy.  
Simulat ion r e s u l t s  f o r  t h i s  a lgor i thm are shown i n  f i g u r e  7 f o r  t h e  va r ious  head 
w i n d / t a i l  wind condi t ions  used i n  t h e  s imula t ion  i l l u s t r a t e d  i n  f f g u r e  6. These 
r e s u l t s  confirm the  a b i l i t y  of t h i s  f l a r e  l a w ,  designated as t h e  h (h, V ) or  G 

i s  t h e  nominal approach ground speed and VG Go 
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v a r i a b l e  t i m e  cons tan t  f l a r e  l a w ,  t o  e l i m i n a t e  t h e  e f f e c t s  of s teady  winds on 
touchdown d ispers fon .  P r i o r  t o  f l i g h t  eva lua t ion ,  an improved inne r  loop w a s  
designed and t h e  h s i g n a l  w a s  developed as t h e  output  of a f i r s t  o rde r  comple- 
mentary f i l t e r  us ing  ver t ical  a c c e l e r a t i o n  from t h e  INS and a l t i t u d e  from t h e  
r a d a r  altimeter. S e l e c t i o n  of 12.8 m as t h e  f l a r e  i n i t i a t i o n  a l t i t u d e ,  in -  
s u r e s  t h a t  t h e  a i r c r a f t  w i l l  be over  t h e  runway a t  most a i r p o r t s  and t h e  ra- 
d a r  altimeter s i g n a l  w i l l  no t  be a f f e c t e d  by vneven approach t e r r a i n  dur ing  
t h e  f l a r e .  
made an i m p l i c i t  func t ion  of t h e  h,  8 i n n e r  loop f i l t e r .  I m p l i c i t  h der iva-  
t i o n  and i n i t i a l i z a t i o n  o f  t h e  f i l t e r  a t  t h e  t i m e  of f l a r e  avoids  ca r ry ing  
p re - f l a re  t e r r a i n  h i s t o r y ,  s to red  on t h e  complementary f i l t e r ,  i n t o  t h e  f l a r e .  

I n  product ion conf iguza t ions  t h e  h s i g n a l  d e r i v a t i o n  would be 

F l i g h t  eva lua t ion  of t h e  h (h ,  V ) f l a r e  l a w  w a s  performed us ing  t h e  TCV 
B-737 a i r c r a f t  and t h e  a s soc ia t ed  experimental  system ( r e f .  9 ) .  The f l a r e  al- 
gorithm w a s  implemented i n  the  t r i p l e  channel f a i l - o p e r a t i o n a l  f l i g h t  c o n t r o l  
computers which computed f l a r e  commands a t  20 i t e r a t i o n s / s e c o n d  and perform- 
ance d a t a  w a s  ob ta ined  dur ing  automatic  landing  demonstrat ions performed a t  
Dorval Ai rpor t  i n  Montreal, Canada during 1978. During t h e  demonstrations,  
f l a r e  d a t a  w a s  ob ta ined  f o r  58 landings  on 10 days whi le  ca r ry ing  passengers  
connected with an  ICAO All-Weather Operations Div is ion  meeting. 
equipment conf igu ra t ions  were used; however, over  t h e  l as t  40 runs  both t h e  
equipment and system conf igu ra t ion  w e r e  unchanged. A summary of the  f l a r e  
l a w  performance a t  touchdown f o r  t hese  runs is: 

G 

Severa l  

Longi tudina l  d i spe r s ion  (10) = 41.8m (137 f t )  

Sink rate (mean/lo) = .87/.19 m/sec (2.84 / .62 f t / s e c )  

A l l  touchdowns w e r e  l oca t ed  i n  a 196 m (641 f t )  range,  This  compares very  
favorably  wi th  1500 f t  (457.2 m) FAA + 20 f o o t p r i n t  requirement and i n d i c a t e s  
t h a t  t h e  f l a r e  l a w  d id  no t  experience-any extremely s h o r t  o r  long landings.  
A more d e t a i l e d  d i scuss ion  of bo th  t h e  f l a r e  des ign  concept and f l i g h t  tes t  
performance i s  contained i n  r e fe rence  10. 

Fixed-Path F l a r e  Law 

A second approach t o  reducing touchdown d i s p e r s i o n  involves  commanding 
t h e  a i r c r a f t  t o  f l y  a f i x e d  f l a r e  t r a j e c t o r y  t h a t  is  e x p l i c i t l y  def ined  as a 
func t ion  of runway d i s t ance .  F l a r e s  of t h i s  type,  des igna ted  path-in-space 
o r  h(x)  f l a r e  l a w s ,  have several advantages.  The pa th  i s  unchanged f o r  vari- 
a t i o n s  i n  approach speed. The e x p l i c i t l y  def ined  p a t h  may be a l t e r e d  inde- 
pendently of t h e  ga ins  used t o  achieve damping and turbulence  response.  Con- 
v e r s e l y  t h e  e f f e c t s  of feedback ga ins  can b e  s t u d i e d  without  changing t h e  
f l a r e  path.  
be provided by MLS, t h e  f l a r e  i s  i n i t i a t e d  at a p rese l ec t ed  va lue  of x and 
t h e  pa th  may be made a continuous ex tens ion  of t h e  g l i d e  pa th .  This approach 
would enable  t h e  f l a r e  l a w  t o  reduce t h e  e f f e c t  of g l ides lope  t r ack ing  e r5o r s  
a t  f l a r e  A n i t i a t i o n  on touchdown loca t ion .  
(x), and h(x) can be  developed t o  provide c l o s e  t r ack ing  of t h e  des i r ed  
t r a j e c t o r y .  

When an estimate of a i r c r a f t  p o s i t i o n  i s  a v a i l a b l e  such as can 

F i n a l l y ,  commands f o r  h (x ) ,  h 
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Two path-in-space t r a j e c t o r i e s  have been s tud ied .  The first,  designed 
0 f o r  use wi th  a nominal 3 g l ides lope ,  s p e c i f i e s  t h e  f i r s t  pa th  as: 

The f o u r  cons t an t s  K 
t ions  

through K w e r e  chosen t o  s a t i s f y  t h e  boundary condi- 
1 4 

* 0 - 
hl - h~~~~~ PATH a t  f l a r e  i n i t i a t i o n  ( 3 )  

hl = 1 2 . 8  m (42  f t )  ( 4 )  

; =  
e 

h~~~~~~ VALUE 

X DESIGN X 

a t  touchdown (5) 

b ac 
The corresponding h and h commands are developed by d i f f e r e n t i a t i n g  t h e  1 1 h (x) command and dropping terms involv ing  2. 
t r a n s i e n t  f r e e  f l a r e  i n i t i a t i o n  a t  f i x e d  a l t i t u d e  f o r  f ixed  g l ides lope  
approaches as w e l l  as spec i fy ing  a gradual  i nc rease  of h i  t o  a maximum 
followed by a smooth reduct ion .  
a i r c r a f t  dynamics and wind cond i t ions  used i n  genera t ing  f i g u r e s  6 and 7 .  

This formulat ion provides  
1 .. 

Figure  8 shows t h e  hl(x) t r a j e c t o r y  f o r  t h e  

The h (x) f l a r e  l a w  w a s  eva lua ted  dur ing  1978 a t  NAFEC. For t h e s e  
1 tests t h e  va lue  of x w a s  obtained from MLS measurements as descr ibed  i n  

r e fe rence  2. MLS conf igu ra t ions  botil w i th  and without  t h e  f lare  e l e v a t i o n  
antenna w e r e  used. Performance w a s  b e t t e r  wi th  t h e  f l a r e  e l e v a t i o n  antenna-- 
p r imar i ly  as a r e s u l t  of onboard process ing  r e s o l u t i o n .  
v a t i o n  antenna,  32 runs  w e r e  made wi th  touchdown performance of 

With t h e  f l a r e  ele- 

Longi tudina l  d i s p e r s i o n  ( l o )  = 28.0 m e t e r s  (92 f t )  

Sink rate (mean/lo) = .78 / .16 m / s e c  (2.56 / .51 f t / s e c )  
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A l l  f l a r e s  which can be l o g i c a l l y  group summarized even 
though dur ing  t h e  f i r s t  p a r t  of t h e  h(x) tes a1 minor configu- 
r a t i o n  changes w e r e  made. The performance dur ing  t h e  latter por t ion  of t h e  
t e s t i n g ,  i n  which t h e  conf igu ra t ion  was he ld  cons t an t ,  i n d i c a t e s  that t h e  sys- 
t e m  w a s  improved by these  changes. For example, t h e  last  18 landings  us ing  
guidance der ived  from t h e  f l a r e  e l e v a t i o n  antenna were pe 
stant conf igura t ion .  For t h e s e  landings ,  a l o n g i t u d i n a l  d i spe r s ion  of 48.3 
E t  w a s  obtained wi th  no degrada t ion  i n  t h e  mean and s tandard  d e v i a t i o n  of 
touchdown s i n k  rate, 

rmed w i t h  a con- 

This  f ixed-path f l a r e  concept w a s  a l s o  eva lua ted  i n  an  ILS mode. When 
us ing  t h e  ILS t h e  a i r c r a f t ' s  p o s i t i o n  is  n o t  known; consequently,  t h e  f l a r e  
w a s  i n i t i a t e d  a t  a r ada r  altimeter rzading  of 12.8 m. The va lue  of x re- 
qu i r ed  t o  genera te  h (x), 6 (x) and h (x) w a s  ob ta ined  by i n t e g r a t i n g  ground 
speed from the  INS. 'For t h i s  conf igu ra t ion  23 runs  were made r e s u l t i n g  i n  1 1 

F l a r e  d i s t a n c e  ( l o )  = 28.7 m (94 f t )  

Sink rate (mean/lo,) = .71/.15 m / s e c  (2.33 / .50 f t / s e c )  

The v a r i a t i o n  i n  f l a r e  d i s t a n c e  does not  r ep resen t  t h e  t o t a l  v a r i a t i o n  
i n  touchdown p o s i t i o n  s i n c e  e r r o r s  i n  g l i d e s l o p e  t r ack ing  a t  f l a r e  a f f e c t  only 
t h e  lat ter.  Other f l i g h t  tests w i t h  t h i s  a i r c r a f t  i nd ica t ed  t h a t  t h e  IO 
l o n g i t u d i n a l  d i s p e r s i o n  a t t r i b u t a b l e  t o  g l ides lope  t r ack ing  e r r o r s  i s  14.9 m 
(49 f t ) .  This va lue  w a s  combined i n  an RSS manner wi th  t h e  10 value  f o r  f l a r e  
d i s t a n c e  t o  o b t a i n  an estimate of 32.3 m (106 f t )  ( l o )  i n  touchdown p o s i t i o n .  

An a l t e r n a t i v e  h(x)  formulat ion has  been developed t o  accommodate t h e  
DIALS appsoaches which have s e l e c t a b l e ,  s teep-g l ides lope  c t p a b i l i t y .  
approach h (x) w a s  s p e c i f i e d  as a 1-Cosine func t ion .  2 mands "?,re obta ined  though express ions  formulated from o f f  l i n e  i n t e g r a t i o n  
of t h e  h2(x) func t ion .  
i n i t i a t i o n  f o r  t h e  g l ides lope  being flown and t o  achieve t h e  s p e c i f i e d  touch- 
down p o i n t  and f l i g h t  pa th  angle .  
mined on l i n e  as a func t ion  of t h e  s e l e c t e d  g l i d e  pa th  and s p e c i f i e d  touch- 
down parameters.  

I n  t h i s  
The h (x) and h2(x)  com- 

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

The f l a r e  i n i t i a t i o n  a l t i t u d e  is  de te r -  

Simulation s t u d i e s  have been performed t o  eva lua te  t h e  performance of 
t h i s  f l a r e  law.  The s t u d i e s  used a nonl inear  a i r c r a f t  model and included 
sensor  n o i s e  and atmospheric d i s turbances .  The touchdown performance ob- 
t a ined  f o r  twenty f l a r e s  from a 6 g l ides lope  w a s  

0 

Longitudinal  d i s p e r s i o n  (10) = 34 .4  m (113 f t )  

Sink R a t e  ( m e a d l a )  = .66/.26 m/sec (2.18 / .85 f t / s e c )  
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A g raph ica l  p re sen ta t ion  of t h e  performance r e s u l t s  f o r  t h e  h (x)  f i x e d  path 
and h(h ,  V ) f l a r e  l a w  i s  shywn i n  f i g u r e  9. 
performance of t h e  b a s e l i n e  h(h)  f l a r e  l a w .  

1 This f i g u r e  a l s o  con ta ins  t h e  G 

I n  summary, both t h e  v a r i a b l e  t i m e  cons tan t  and s p e c i f i e d  t r a j e c t o r y  
l a w s  can achieve  s i g n i f i c a n t  reduct ions  i n  l o n g i t u d i n a l  touchdown d i spe r s ion  
wi th  reasonable  va lues  f o r  t h e  mean and s tandard  dev ia t ion  of touchdown s i n k  
rate. 
sources  and sensors  as w e l l  as wi th  t h e  MLS guidance system. 
thus app l i cab le  t o  both c u r r e n t  and f u t u r e  commercial a i r c r a f t  opera t ions .  

The f l a r e  l a w s  performed w e l l  us ing  c u r r e n t l y  a v a i l a b l e  guidance 
The r e s u l t s  are 

MAGNETIC LEADER CABLE 

To extend t h e  automatic  ope ra t ions  descr ibed  i n  t h e  preceding s e c t i o n s  
through r o l l o u t  and t u r n o f f ,  a guidance s i g n a l  f o r  fol lowing a prescr ibed  
ground pa th  is  requi red .  One p o t e n t i a l  source  of the requ i r ed  guidance in-  
formation dur ing  r o l l o u t ,  t u r n o f f ,  and t a x i  is  t h e  Magnetic Leader Cable. 
The cable ,  o r  wire, would be i n  t h e  runway, t u r n o f f ,  and taxiway along t h e  
pa th  which t h e  a i r c r a f t  is  t o  fol low,  as i n  f i g u r e  10. An audio freauency 
cu r ren t  i n  t h e  cab le  sets up a magnetic f i e l d ,  which is  de tec t ed  i n  magnitude 
and d i r e c t i o n  by a set of t h r e e  or thogonal  c o i l s  mounted i n  t h e  a i r c r a f t .  
The vo l t age  outputs  of t h e  t h r e e  c o i l s  are then ampl i f ied ,  f i l t e r e d ,  and de- 
t e c t e d  t o  produce t h r e e  vary ing  d .c .  vo l t ages  V , V , and V which are pro- 
p o r t i o n a l  t o  t h e  x-, y-, and z- components of tge mxgnetic f i e l d .  It can be 
shown t h e o r e t i c a l l y  t h a t ,  assuming t h e  l e a d e r  cab le  is  an i n f i n i t e l y  long 
s t r a i g h t  w i r e ,  t h e  r a t i o  of t h e  vo l t ages  V / V  i s  a measure of t h e  lateral  
displacement y of t h e  c o i l s  (and a i r c r a f t ) ' f d m  t h e  cab le  as i n  f i g u r e  11, 
t h a t  i s  

g1 = k V /V 
Y Z Y  

(7) 

Simi la r ly ,  i t  can be shown t h a t  w i th in  a s m a l l  ang le  approximation t h e  r a t i o  
of vo l t ages  V /V 
cab le  , t h a t  is  , 

i s  a measure of t h e  a i r c r a f t  heading $ relative t o  t h e  
X Y  

A sensor  of t h i s  type  has  been i n v e s t i g a t e d  a n a l y t i c a l l y  and experimental ly .  

Ana ly t i ca l  S tud ie s  

Since the  c u r r e n t  i n  t h e  cab le  must have a r e t u r n  pa th ,  a p r a c t i c a l  
cab le  i n s t a l l a t i o n  would be n e i t h e r  i n f i n i t e  no r  s t r a i g h t ,  bu t  must be some 
form of  c losed  loop, such as a r ec t ang le .  The a n a l y t i c a l  i n v e s t i g a t i o n  has  
emphasized an  examination of t h e  e f f e c t s  of a r ec t angu la r  loop conf igu ra t ion  
on t h e  sensor  performance. 
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The components of t h e  magnetic f i e l d  w e r e  computed t h e o r e t i c a l l y  f o r  
va r ious  s i z e s  of t h e  loop and f o r  va r ious  displacements  and headings of an 
a i r c r a f t  relative t o  t h e  cable .  The r a t i o s  of t h e  components w e r e  computed 
according t o  equat ions  (7) .and (8), and t h e  fol lowing r e s u l t s  w e r e  obtained.  
The vo l t age  r a t i o  V /V is  no longer  a l i n e a r  func t ion  of displacement y as 
i n  equat ion (7) .  6us :  a n  exact measure of y would r e q u i r e  t h a t  t h e  s$nsor 
u t i l i z e  a non-linear c a l i b r a t i o n  curve.  Furthermore, t h e  measurement I) i s  
only  exact a t  a p o i n t  midway between the  ends of t h e  loop. However, i t  may 
be p o s s i b l e  t o  reduce these e f f e c t s  s u f f i c i e n t l y  t o  a l low use  of t h e  l i n e a r  
r e l a t i o n s h i p s  by making t h e  r ec t angu la r  loop l a r g e  enough such t h a t  t h e  re- 
t u r n  w i r e  i s  a t  l eas t  200 meters from t h e  c e n t e r l i n e  and t h e  ends of t h e  
r e c t a n g l e  are a t  least 200 meters beyond t h e  ends of t h e  runway. Furthermore, 
e r r o r s  produced by us ing  a l i n e a r  c a l i b r a t i o n  become very  small nea r  t h e  
cable .  

Experimental S tud ie s  

Tests w e r e  conducted using an experimental  sensor  based on a des ign  by 
Ohio S t a t e  Univers i ty .  
analog c i r c u i t s ,  and t h e  c o i l s  w e r e  wound on a four-inch wooden cube. For 
ease and economy of t e s t i n g ,  t h e  sensor  and support  ins t rumenta t ion  w e r e  in-  
s t a l l e d  i n  a passenger van modified f o r  t h i s  use.  
shown i n  f i g u r e  1 2 , w a s  a t t ached  t o  t h e  rear of t h e  van t o  support  t he  c o i l s  
and p reampl i f i e r .  
t i m e  code genera tor  w e r e  recorded on magnetic tape  f o r  p o s t - t e s t  d a t a  
ana lys i s .  Tests wi th  the  van were conducted a t  Wallops F l i g h t  Center. Leader 
cables  i n  the form of  r ec t angu la r  loops  305 meters (1,000 f t )  long w e r e  
temporar i ly  i n s t a l l e d  on va r ious  taxiways and runways a t  Wallops t o  examine 
t h e  e f f e c t s  of d i f f e r e n t  runway cons t ruc t ion  materials on t h e  processor  
s i g n a l s .  

The processor  w a s  designed and f a b r i c a t e d  us ing  

An aluminum s t r u c t u r e ,  

The processor  output  s i g n a l s  t oge the r  wi th  the  output  of a 

I n  genera l ,  two types  of tests w e r e  conducted: s ta t ic  during which. t h e  
van w a s  stopped a t  a s p e c i f i e d  poin t ,and  dynamic dur ing  which t h e  van w a s  
d r iven  along a d e s i r e d  pa th .  For bo th  types ,  c a b l e  c u r r e n t  f requencies  of 
150 Hz, 165 Hz, and 990 Hz were employed, and c u r r e n t s  from 0.25 Amperes t o  
2.0 Amperes were used. Co i l  he igh t s  v a r i e d  from 1 .2  meters ( 4  f t )  t o  3.7 
meters (12 f t )  wi th  most d a t a  taken a t  2.41 m e t e r s  (8 f e e t ) .  

For t h e  dynamic tests t h e  van w a s  d r iven  along t h e  d e s i r e d  path a t  
speeds of approximately 3.6, 8 .9 ,  and 22.4 m / s e c  (8, 20, and 50 mph) wi th  
most of t h e  runs  being made a t  8.9 m / s e c .  While 8 .9  mfsec w a s  somewhat ar- 
b i t r a r y ,  i t  d id  a f f o r d  a compromise among rea l i s t ic  a i r c r a f t  speed, a b i l i t y  
t o  a c c u r a t e l y  d r i v e  t h e  path,  and a d e s i r a b l e  d a t a  record  l e n g t h  i n  t e r m s  of 
t i m e .  Most of t h e  pa ths  w e r e  p a r a l l e l  t o  t h e  cab le  a t  displacements from t h e  
cab le  of as much as 21.3 m (70 f t ) .  

The test procedure f o r  each p a r a l l e l  run  normally cons i s t ed  f i r s t  of re- 
cording s ta t ic  d a t a  and s e t t i n g  t h e  ga ins  f o r  t h e  paper c h a r t  and magnetic 
t ape  r eco rde r s  wi th  t h e  v e h i c l e  a l igned  wi th  t h e  proper  p a r a l l e l  mark and a t  
t h e  center of t h e  test area. Then dynamic d a t a  w a s  recorded whi le  t h e  van 
w a s  d r iven  along t h e  s e l e c t e d  p a r a l l e l  marker a t  a cons tan t  speed. 
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T e s t  Resu l t s  

P l o t t e d  i n  f i g u r e  1 3  is  an example of s t a t i c  d a t a  taken a t  Wallops wi th  
a cab le  c u r r e n t  of 0 . 2 5  A a t  990 Hz. The s i g n a l  Vy and Vz are t h e  d. c .  
vo l t ages  i n  t h e  y- and z- channels ,  r e spec t ive ly ,  a f t e r  de t ec t ion .  Also 
shown are t h e  t h e o r e t i c a l  va lues  computed as p a r t  of t h e  a n a l y t i c a l  s t u d i e s .  
A s  can be seen,  t h e  experimental  and t h e o r e t i c a l  d a t a  ag ree  q u i t e  w e l l .  I n  
f i g u r e  1 4  i s  p l o t t e d  t h e  corresponding experimental  d a t a  f o r  t h e  processor  
9 ou tpu t ,  t h a t  i s ,  t h e  output  ob ta ined  by t ak ing  t h e  r a t i o  Vz/V , as i n  1 equat ion  (7).  
t he  output  is  a s l i g h t l y  non-l inear  func t ion  of t h e  displacement y. To ob- 
t a i n  an accu ra t e  measure of displacement ,  t h e  sensor  ( o r  t h e  guidance and 
con t ro l  computer) would s t o r e  and u t i l i z e  t h i s  c a l i b r a t i o n  curve.  

A s  p red ic t ed  by t h e  a n a l y t i c a l  s t u d i e s  of a r ec t axgu la r  loop, 

I n  f i g u r e  15 i s  shown a t i m e  h i s t o r y  p l o t  of dynamic d a t a  recorded wi th  
t h e  loop i n s t a l l e d  on t h e  southwest end of taxiway 0 4 / 2 2 ,  p a r t  of which is  
cons t ruc ted  of concre te  and p a r t  of a s p h a l t .  The van w a s  d r iven  a t  8.9 m/sec 
along a pa th  7.62 m (25 f t )  from t h e  cable .  The c u r r e n t  frequency w a s  aga in  
990 Hz. Using c a l i b r a t i o n  curves,  such as t h e  one i n  f i g u r e  1 4  f o r  ^y t h e  
d a t a  has  been converted t o  engineer ing u n i t s .  

1’ 

Several c h a r a c t e r i s t i c s  of t h i s  d a t a  are worth not ing .  F i r s t ,  t h e  yl- 
ou tput  i s  a promising measurement of t h e  displacement y ,  bu t  t h e  $-output 
does no t  accu ra t e ly  measure t h e  heading $, which w a s  c l o s e  t o  zero f o r  t h i s  
run. The b i a s  i n  t h e  heading measurement w a s  judged t o  be caused, a t  l eas t  
i n  p a r t ,  by d i s t o r t i o n  of t he  magnetic f i e l d  by t h e  van. I n  t h e  $ - output  
t h e r e  i s  an obvious r i p p l e  which has  t h e  same s p a t i a l  frequency as t h e  sec- 
t i o n s  of concre te  and which is  apparent ly  caused by t h e  m e t a l  re inforcement  
i n  t h e  concre te .  
a s p h a l t  j unc t ion ,  and t h e r e  i s  a b i a s  s h i f t  of t h r e e  t o  four  f e e t  i n  the  9 - 1 
output  between the  two s e c t i o n s .  

I n  both  ou tpu t s  t h e r e  i s  a t r a n s i e n t  near  t h e  concre te /  

A i r c r a f t  Tests 

To ob ta in  some pre l iminary  d a t a  on t h e  e f f e c t  of t h e  m e t a l  a i r c r a f t  
s t r u c t u r e  and of a i r c r a f t  e lec t r ica l  systems on sensor  performance, l imi t ed  
s t a t i c  tests w e r e  conducted using t h e  TCV B-737 a i r c r a f t .  A magnetic l eade r  
cab le  loop w a s  set up on a taxiway i n  f r o n t  of t h e  NASA hangar a t  LaRC. 
S t a t i c  d a t a  w a s  taken j u s t  as i n  t h e  van tests wi th  t h e  fol lowing except ions:  
The c o i l s  and pre-amplif ier  w e r e  removed from t h e  van support  s t r u c t u r e  and 
temporar i ly  i n s t a l l e d  i n  one of two l o c a t i o n s  i n  t h e  B-737. One of t h e  c o i l  
l o c a t i o n s  w a s  i n s i d e  the  nosecone a t  a he igh t  of about 2.4  m (8 f t ) ,  and t h e  
o t h e r  l o c a t i o n  w a s  below the  nosewheel w e l l  a t  a he igh t  of .91 m ( 3  f t ) .  The 
pre-amplif ier  w a s  connected via extended c a b l e s  t o  t h e  processor  and i n s t r u -  
mentat ion i n  the  van. The o v e r a l l  i n s t a l l a t i o n  can be seen i n  t h e  photograph 
i n  f i g u r e  1 6 ,  and t h e  nosecone i n s t a l l a t i o n  i s  shown i n  f i g u r e  1 7 .  The air- 
c r a f t  w a s  pos i t i oned  a t  t h e  test po in t  us ing  a tug and power t o  t h e  a i r c r a f t  
e lectr ical  systems w a s  suppl ied  by t h e  a i r c r a f t  APU. 
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A 

I n  f i g u r e  18 are p l o t t e d  s t a t i c  I) - output  vo l t age  as a func t ion  of 
displacement y f o r  t h e  a i r c r a f t  o r i en ted  a t  0' heading and at 5' heading 
zelative t o  t h e  cable .  Due t o  d i s t o r t i o n  of t h e  f i e l d  by t h e  a i r c r a f t ,  t h e  
JI - output  i s  a s t ronge r  func t ion  of y than of I/J a t  both 150 Hz and 990 Hz. 
These r e s u l t s  were obta ined  wi th  t h e  c o i l s  i n  t h e  nosecone loca t ion .  With 
t h e  c o i l s  l oca t ed  below t h e  nosewheel w e l l ,  t h e  y- dependence i s  even more 
dramatic  . 

The preceding d a t a  w a s  taken wi th  no a i r c r a f t  electrical system operat-  
ing.  Addi t iona l  s t a t i c  d a t a  w a s  taken and t h e  processor  ou tpu t s  w e r e  re- 
corded on magnetic t ape  as va r ious  a i r c r a f t  e l e c t r i c a l  and av ion ic s  systems 
were turned "on." Analysis  of t h i s  d a t a  i n d i c a t e s  t h a t  cons iderable  f i l t e r -  
i n g  may be requi red  t o  reduce t h e  i n t e r f e r e n c e  produced by o t h e r  av ion ic s ,  
p a r t i c u l a r l y  when ope ra t ing  a t  990 Hz. 
determine i f  t h i s  f i l t e r i n g  i s  e f f e c t i v e .  

Addi t iona l  tests are requ i r ed  t o  

I n  summary, t h e  a n a l y s i s  and test r e s u l t s  t o  d a t e  i n d i c a t e  t h a t  because 

However, measure- 
of t h e  e f f e c t s  of t h e  metal a i r c r a f t ,  an accu ra t e  measure of heading probably 
cannot be obta ined  w i t h  t h e  Magnetic Leader Cable system. 
ment of l a t e ra l  displacement from t h e  des i r ed  pa th  looks promising. 
experimental  sensor  s u i t a b l e  f o r  f l i g h t  test on t h e  B-737 i s  being designed 
and f a b r i c a t e d  us ing  a combination of analog and d i g i t a l  c i r c u i t s  f o r  i n -  
c reased  processing f l e x i b i l i t y .  
t h e  a i r c r a f t  w i l l  be conducted t o  f u r t h e r  assess performance and t o  select  
such parameter va lues  as t h e  c a b l e  frequency and bandpass f i l t e r  bandwidth. 

A new 

Addi t iona l  tests wi th  t h e  van and then with 

AUTOMATIC ROLLOUT AND TURNOFF 

The automatic  r o l l o u t  and turnoff  guidance and c o n t r o l  system performs 
It c o n t r o l s  t he  a i r c r a f t  from touchdown a long  t h e  run- 

The b a s i c  elements of t h e  system are 

the  fol lowing t a s k s :  
way c e n t e r l i n e  and des i r ed  h igh  speed turnoff  e x i t ,  and i t  d e c e l e r a t e s  t h e  
a i r c r a f t  t o  t h e  d e s i r e d  tu rnof f  speed. 
shown i n  f i g u r e  1 9  and c o n s i s t  of (1) the  f i l t e r ,  (2)  t h e  magnetic l e a d e r  
cab le  processor ,  and (3 )  t he  guidance and c o n t r o l  l a w .  

The f i l t e r  provides  estimates of 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  com- 
ponents i n  t h e  runway coord ina te  frame. The i n p u t s  t o  t h e  f i l t e r  are t h e  MLS 
measurements of azimuth and range,  l a t e ra l  and l o n g i t u d i n a l  a c c e l e r a t i o n ,  air- 
c r a f t  a t t i t u d e ,  and body rates. I n  s imula t ion  s t u d i e s  both a time-varying 
Kalman f i l t e r  and a t h i r d  o rde r  complementary f i l t e r  were used. 
f i l t e r  and complementary f i l t e r  were previous ly  designed f o r  u s e  i n  t h e  auto- 
m a t i c  approach and landing phases of f l i g h t .  

The Kalman 

The magnetic l e a d e r  c a b l e  processor  provides  ou tpu t s  of lateral  d i s -  
These outputs  can be pro- placement and relative heading from t h e  cable .  

vided through e i t h e r  a hardware o r  sof tware processor  given the  c o i l  output  
vo l t ages  as inpu t s .  
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The guidance and c o n t r o l  l a w  i s  a modified design of t h e  TCV B-737 r o l l -  
ou t  l a w  which uses t h e  ILS l o c a l i z e r  s i g n a l  f o r  runway c e n t e r l i n e  loca t ion .  
The modified l a w  c o n s i s t s  of two par ts-- the pa th  t r ack ing  l a w ,  s i m i l a r  t o  t h e  
l o c a l i z e r  l a w ,  and a new p a r t ,  , t he  brak ing  l a w .  Like t h e  l o c a l i z e r  l a w ,  t h e  
modified l a w  commands t h e  rudder and nose wheel p o s i t i o n s .  
modified l a w  commands t h e  des i r ed  dece le ra t ion  f o r  i npu t  t o  t h e  autobrake 
system and t h e  d e s i r e d  nominal reverse t h r u s t .  

I n  a d d i t i o n ,  t h e  

The i n p u t s  t o  t h e  pa th  t r ack ing  l a w  are t h e  p o s i t i o n  and v e l o c i t y  esti- 
mates from t h e  f i l t e r ,  the magnetic l e a d e r  cab le  processor  ou tpu t s ,  t he  air- 
c r a f t  heading, and t h e  s p e c i f i e d  pa th  information (magnetic l e a d e r  cable  
l o c a t i o n ) .  
e r r o r  (lateral displacement from t h e  c a b l e ) ,  c ross - t rack  rate, and heading 
e r r o r .  The es t imated  c ross - t rack  e r r o r  i s  determined by computing a l i n e a r  
combination of the cross- t rack  e r r o r  from t h e  f i l t e r  and t h e  magnetic l e a d e r  
cable  processor  ou tput .  The es t imated  heading e r r o r  is  a l i n e a r  combination 
of re la t ive  t r a c k  ang le  determined by t h e  f i l t e r  ou tpu t s  and heading e r r o r  
from t h e  magnetic l e a d e r  cab le .  Using the  guidance s i g n a l s  of c ross - t rack  
e r r o r ,  c ross - t rack  rate, and yaw e r r o r , t h e  pa th  t r ack ing  l a w  determines t h e  
commanded rudder  and nose wheel p o s i t i o n s .  

The l a w  uses  these  i n p u t s  t o  compute estimates of c ross - t rack  

The guidance l a w  a l s o  con ta ins  a l o g i c  s e c t i o n .  A t  touchdown, a de te r -  
minat ion i s  made as t o  whether o r  no t  t h e  aircraft  can d e c e l e r a t e  s a f e l y  t o  
t h e  d e s i r e d  e x i t  speed us ing  t h e  est imated d i s t a n c e  t o  go, ground speed, and 
a i r c r a f t  weight.  I f  t h e  a i r c r a f t  i s  unable t o  d e c e l e r a t e  s a f e l y ,  an  a l t e r n a t e  
turnoff  e x i t  f u r t h e r  down t h e  runway is used i n  c a l c u l a t i n g  t h e  d e c e l e r a t i o n  
p r o f i l e .  When t h e  l o g i c  determines t h a t  t h e  e x i t  speed i s  s a f e l y  achievable ,  
t he  guidance c a l c u l a t e s  t he  t o t a l  d e c e l e r a t i o n  f o r c e  necessary t o  achieve t h e  
des i r ed  e x i t  speed. I f  t h e  f o r c e  i s  g r e a t e r  t han  t h e  maximum s p e c i f i e d  re- 
verse t h r u s t ,  i t  sets t h e  commanded reverse t h r u s t  t o  t h e  s p e c i f i e d  maximum 
and computes the  nominal braking requi red .  I f  t h e  t o t a l  f o r c e  i s  less than 
t h e  s p e c i f i e d  maximum t h r u s t ,  t h e  reverse t h r u s t  i s  set  t o  s l i g h t l y  less than 
t h e  t o t a l  f o r c e  r equ i r ed  and t h e  r equ i r ed  nominal braking is  computed as pre- 
v ious ly  descr ibed .  
s t a n t  whi le  t h e  dece le ra t ion  command t o  t h e  autobrake system main ta ins  t h e  
closed loop c o n t r o l  about t h e  des i r ed  d e c e l e r a t i o n .  
t i o n s  a l s o  t ake  i n t o  account w e t  and dry  runway condi t ions .  I n  a d d i t i o n ,  t h e  
l o g i c  t r i g g e r s  computations t o  estimate t h e  DME b i a s  when c ross ing  over  a 
known p o s i t i o n  ( c a l i b r a t e d  p o s i t i o n )  on t h e  runway. The d i s c r e t e  t e l l i n g  t h e  
l o g i c  t h a t  t h e  c a l i b r a t e d  p o s i t i o n  i s  being crossed  over  perhaps could be  de- 
termined from d e t e c t i n g  t h e  magnetic f i e l d  of  a s m a l l  cu r r en t  d r iven  loop 
bur ied  i n  the  runway. I n  t h e  development of t h i s  system, t h i s  measurement w a s  
s imulated w i t h  an e r r o r  of 2 t o  3 m e t e r s .  

I n  e i t h e r  case, t h e  reverse t h r u s t  command remains con- 

The l o g i c  and ca lcu la-  

The braking c o n t r o l  l a w  w a s  designed t o  compute a brake c o p a n d  which 
would c o n t r o l  t h e  a i r c r a f t  about a d e s i r e d  f i x e d  dece le ra t ion ,  s, according 
t o  t h e  fo l lowing  equat ion:  

J. a. - % - 2 (d-dB) 
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where 2 
est imated d i s t a n c e  t o  go t o  the  tu rnof f  o r  e x i t ,  and d i s  the  d i s t a n c e  be fo re  
t h e  turnof f  a t  which i t  i s  d e s i r e d  t o  reach  t h e  e x i t  speed. 
r e s u l t s  i n  a l i n e a r  decrease  i n  speed. 
pared wi th  t h e  measured a c c e l e r a t i o n  t o  determine t h e  a c c e l e r a t i o n  e r r o r .  

is t h e  d e s i r e d  tu rnof f  speed, 2 i s  t h e  es t imated  speed, d i s  t h e  T 
B This formulat ion 

The des i r ed  a c c e l e r a t i o n  i s  then com- 

The braking c o n t r o l  l a w  i n t e g r a t e s  t h e  a c c e l e r a t i o n  e r r o r  and then  mult i -  
p l i e s  t h e  i n t e g r a t o r  ou tput  by a cons t an t  ga in  t o  compute t h e  command level of 
braking.  
nominal braking r equ i r ed  i n  one second. Af t e r  one second the  i n t e g r a t o r  is  
i n i t i a l i z e d  and engaged t o  i n t e g r a t e  t h e  a c c e l e r a t i o n  e r r o r .  
mand i s  l imi t ed  t o  a cons tan t  va lue  f o r  dry runways and t o  a v a r i a b l e  l i m i t  
f o r  w e t  runways. 
determined from hydroplane da ta .  

A t  i n i t i a t i o n  of braking,  t h e  auto-brake system is commanded t o  t h e  

The brake com- 

The v a r i a b l e  l i m i t ,  which i s  a func t ion  of ground speed, w a s  

The fol lowing summarizes t h e  sequence of events  t h a t  occur dur ing  t h e  
automatic  r o l l o u t  and tu rnof f  guidance and c o n t r o l :  

o Deploy t h e  ground and speed brakes ( s p o i l e r s )  a t  main 
gear  compression. 

o A t  two seconds: 

- Compute t h e  nominal reverse t h r u s t  and braking i f  
not  ach ievable ,  recompute t h e  same parameters f o r  
t h e  a l t e r n a t e  e x i t .  

- Then i n i t i a t e  t h e  nominal r e v e r s e  t h r u s t ,  s t e e r i n g  
and braking commands, 

o Determine DME b i a s  and update  p o s i t i o n  estimates 3 9 6  meters 
(1300 f t )  from turnoff  

o Deactivate reverse t h r u s t  2.6 mlsec (5 knots )  above de- 
s i r e d  e x i t  speed. 

o Continue braking t o  des i r ed  exi t  speed and turnoff  a t  
runway e x i t .  

The performance of t h e  r o l l o u t  and turnoff  system w a s  eva lua ted  us ing  a 
non l inea r  a i r c r a f t  s imula t ion  s i m i l a r  t o  t h a t  descr ibed  earlier i n  t h e  DIALS. 
One add i t ion  t o  t h e  s imula t ion  w a s  a model f o r  the landing gear  and t i r e  dy- 
namics and pre l iminary  e r r o r  models f o r  t h e  bur ied  magnetic l e a d e r  c a b l e  s ig -  
n a l s .  The models used f o r  t h e  cab le  w e r e  ob ta ined  from t h e  experimental  test 
r e s u l t s  descr ibed  earlier. F igure  20 shows t h e  t i m e  h i s t o r i e s  of fou r  longi-  
t u d i n a l  parameters-- thrust ,  percent  of s p e c i f i e d  maximum braking,  d e c e l e r a t i o n ,  
and the  ground and a i r speed .  The runway conf igu ra t ion  s imulated w a s  t he  
Wallop F l i g h t  Center (WFC) h igh  speed e x i t  1158 meters (3800 f t )  from 
th resho ld  - 914 meters (3000 f t )  r ad ius .  This  case w a s  f o r  a dry runway, 
5 . 1  m/sec (10 knot)  headwinds and gus t s .  Note t h a t  t h e  braking i n c r e a s e s  a t  
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first  t o  compensate f o r  t h e  reverse t h r u s t  which is lagging  the  des i r ed  com- 
mand. Also no te  t h a t  as t h e  reverse t h r u s t  is  reduced t o  i d l e ,  t h e  level  of 
braking inc reases  t o  compensate. Figure 2 1  i s  a t i m e  h i s t o r y  p l o t  of  t h e  
a i r c r a f t  yaw wi th  r e s p e c t  t o  t h e  runway c e n t e r l i n e ,  t h e  c ross - t rack  e r r o r  
from t h e  d e s i r e d  pa th ,  and t h e  s i d e  a c c e l e r a t i o n  of t h e  a i r c r a f t .  
t r a c k  e r r o r  p l o t  shows t h e  t r u e  e r r o r ,  t h e  e r r o r  measured from t h e  magnetic 
l e a d e r  cab le ,  and t h e  e r r o r  determined from f i l t e r  estimate. For t h i s  run 
t h e  c o n t r o l  system used t h e  c ross - t rack  e r r o r  from t h e  magnetic cab le  only  
and t h e  heading e r r o r  computed only  from t h e  f i l t e r  estimates. The cross-  
t r a c k  e r r o r  p l o t  i l l u s t r a t e s  t h a t  much b e t t e r  accuracy i s  obta ined  from t h e  
magnetic cab le  measurement than  t h a t  computed from t h e  estimates. Note t h a t  
t he  la teral  a c c e l e r a t i o n  i s  smooth and t h a t  i t ' s  s l i g h t l y  g r e a t e r  than .1 g 
f o r  t h i s  30.9 m/sec (60 k n o t ) ,  914 m (3000 f t )  r a d i u s  turn .  It can be seen 
t h a t  t h e  a i r c r a f t  reaches i t s  d e s i r e d  turnof f  speed j u s t  before  15 seconds 
(see f i g u r e  20, percent  braking)  and begins  i t s  t u r n  o f f  t h e  runway about  1 
second la te r  as i n d i c a t e d  by t h e  yaw p l o t .  
t i m e  h i s t o r y  p l o t s  f o r  a w e t  runway. Note t h e  lower l e v e l  of braking as com- 
pared t o  the  dry  runway case.  Also n o t e  t h e  longer  t i m e  i t  t akes  t o  turnof f  
t h e  w e t  runway i n  going t o  t h e  a l t e r n a t e  e x i t - -  approximately 25 seconds. It 
can be seen from t h e  ground speed t r a c e  t h a t  t h e  a i r c r a f t  w a s  dece le ra t ed  
smoothly t o  i t s  e x i t  speed j u s t  be fo re  i t  reached t h e  tu rn .  I n  both p l o t s  
( w e t  and dry)  i t  can be seen t h a t  t h e  a i r c r a f t  t r a c k s  t h e  d e s i r e d  pa th  very  
c l o s e  dur ing  t h e  s t r a i g h t  l i n e  p o s i t i o n s  and s t ands  o f f  t o  t h e  o u t s i d e  of 
the  tu rns ,  bu t  w i th in  t h r e e  meters of t he  des i r ed  t r ack .  

The cross-  

F igures  22 and 23 are s i m i l a r  

The s imula t ion  r e s u l t s  have shown t h a t  t he  automatic  guidance and con- 
t r o l  system provides  accep tab le  performance f o r  both w e t  and dry runway con- 
d i t i o n s .  In  add i t ion ,  t h i s  performance w a s  demonstrated i n  the  presence of 
a i r c r a f t  sensor  n o i s e s  and b i a s e s ,  MLS no i ses  and b i a s e s ,  magnetic cable  
e r r o r s  modeled from t h e  van tests descr ibed  ear l ie r  and wind d is turbances .  
Fur ther  s imula t ion  s t u d i e s  s t i l l  remain t o  check t h e  performance of t he  sys- 
t e m  us ing  a r e f i n e d  landing gear  model. These s t u d i e s  should a l s o  inc lude  
tests t o  determine t h e  e f f e c t s  on performance due t o  t h r u s t  imbalance i n  t h e  
engines .  

SUMMARY 

Several r e s u l t s  have been obta ined  from a coordinated guidance and con- 
t r o l  system development e f f o r t .  The o v e r a l l  o b j e c t i v e  of t h e  e f f o r t  i s  t o  
c o n t r i b u t e  t o  t h e  Terminal Configured Vehicle  Program goal. of i nc reas ing  
te rmina l  area capac i ty  and e f f i c i e n c y ,  improving approach and landing  per- 
formance of a i r c r a f t  i n  adverse weather condi t ions ,  and reducing the  a i r c r a f t  
n o i s e  perceived on t h e  ground. Using t h e  Microwave Landing System, amagnet ic  
l e a d e r  cab le  and a i rbo rne  sensors  as i n p u t s ,  automatic  guidance and c o n t r o l  
a lgor i thms have been developed f o r  g l ides lope  and l o c a l i z e r  a c q u i s i t i o n  and 
t r ack ing ,  f l a r e ,  r o l l o u t  and t u r n o f f .  I n  ex tens ive  s imula t ion  s t u d i e s ,  a 
D i g i t a l  In t eg ra t ed  Automatic Landing System (DIALS) has  demonstrated t h e  
c a p a b i l i t y  t o  perform rap id  a c q u i s i t i o n  of t he  g l ides lope  and l o c a l i z e r  wi th  
s m a l l  overshoots .  The DIALS can a l s o  accu ra t e ly  t r a c k  t h e  l o c a l i z e r  and 
p rese l ec t ed  g l ides lopes .  This  performance and f l e x i b i l i t y  permi ts  use  of 
s h o r t  f i n a l s  and s t e e p  noise-abatement approaches. S p e c i f i c  des ign  f e a t u r e s  
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have been incorpora ted  t o  estimate winds and reduce t h e i r  e f f e c t  on perform- 
ance, t o  reduce computational requirements ,  and t o  produce con t ro l  maneuvers 
t h a t  should r e s u l t  i n  p i l o t  acceptance of t h e  design.  

Two f l a r e  concepts have been developed and eva lua ted .  F l i g h t  tes t  re- 
s u l t s  have demonstrated s i g n i f i c a n t  r educ t ions  i n  l o n g i t u d i n a l  touchdown d i s -  
pe r s ion  wi th  reasonable  va lues  €or  s i n k  rate. The f lare a lgor i thms have been 
shown t o  perform w e l l  wi th  e i t h e r  t h e  I L S  o r  MLS landing guidance systems. 
An advanced r o l l o u t  and tu rnof f  c a p a b i l i t y  has  been developed t o  complement 
t h e  p r e c i s i o n  f l a r e  a lgor i thm development i n  reducing runway occupancy t i m e  
and thereby inc reas ing  a i r p o r t  capac i ty .  A s enso r ,  c u r r e n t l y  under develop- 
ment, has  shown a promise, i n  both  van and l i m i t e d  a i r c r a f t  tests, of measur- 
i ng  la te ra l  dev ia t ion  from t h e  d e s i r e d  ground t r a c k .  A r o l l o u t  guidance and 
c o n t r o l  system has  been developed, us ing  t h e  developmental sensor  measurements, 
t o  provide acceprable  performance f o r  r o l l o u t  and turnoff  under both w e t  and 
d ry  runway condi t ions .  Fur ther  s imula t ion  s t u d i e s  and f l i g h t  tests are cur- 
r e n t l y  planned f o r  each of t h e  r e sea rch  t o p i c s  which have been descr ibed.  
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Figure 1.- P i c t o r i a l  of the DIALS t a sks .  
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Figure  3 . -  Block diagram of feedback loop. 

Q 

CURRENT LOCALIZER CAPTURE LAW 

-e 
x LO' 

'C 
0 .51 m/s (10 knot) CROSSHINO 
0 SENSOR NOISE L BIASES 
0 .61 m/s ( 2  f t /sec) GUSTS 

YAW, OEG CI 

-8 

Figure  4.- Capture, t r a c k ,  and decrab of l o c a l i z e r  path.  
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Figure  5.- Capture,  t r a c k ,  and f l a r e  f o r  6' g l ides lope .  
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~UNwAY DISTANCE, x -meters GLIDESLOPE INTERCEPT POINT 

Figure  7.- V a r i a t i o n  of k(h,V ) f l a r e  t r a j e c t o r y  w i t h  s teady  state winds. G 
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GEAR HEIGHT, 
h - meters 

8 

4 

0 

vwx = iux 
1. rwx = tlZ.86 m/s (t25 Knots] 
2. v,, = t7.72 m/s (+15 Knots) 
3. qwx = t2.57 m/s ( +5 Knots) 

4. qWx = -2.57 m/s ( -5 Knots) 

5. vwx = -7.72 m/s (-15 Knots) 

NOTE: 0 INDICATES START OF FLARE 
VAPP = VREF t 2.57 m/S 
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DxSTANCE* - GLIDESLOPE INTERCEPT POINT 

Figure  8.- V a r i a t i o n  of h (x) f l a r e  t r a j e c t o r y  w i t h  s t e a d y  state winds. f 
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Figure 9.- F l i g h t  test + l o  l o n g i t u d i n a l  d i s p e r s i o n s  
f o r  the h(h), v a r i a b l e  t i m e  cons t an t ,  and f ixed  
pa th  f l a r e  l a w s .  



LONGITUDINAL AXIS OF AIRCRAFT 

x - axis coil 

Y - axis coil 

AGNETIC LEADER CABLE 

Figure  11.- Displacement and heading of a i r c r a f t  re la t ive t o  t h e  cable .  

F igure  12.- Van support  s t r u c t u ' e  w i t h  c o i l s  and pre-amplif ier .  
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DISTANCE FROM CABLE, y, meters 

(a> y - channel. 
Figure 13.- Comparison of theoretical 

-1 .o 
- THEORETICAL 

-1.5 
-10 -5 0 5 1 

DISTANCE FROM CABLE, y. meters 

(b) z - channel. 
and experimental signal amDlitudes. 

;,-OUTPUT, 
VOLTS d.c. 

DISPLACEMENT FROM CABLE, y, meters 

1' Figure 14.- A typical experimental calibration curve for y 
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TIME, SEC 

CONCRETE 
RUNWAY 

-12 

ASPHALT 
RUNWAY 

7- 
ROLLOUT E TURNOFF SENSOR VAN TEST RESULTS 

-10 

Figure 15.- Time history plot of dynamic data showing effects 
of taxiway construction material. 

Figure 16.- Experimental set-up for aircraft tests. 
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Figure  17.- Sensor locaz ion  f o r  a i r c r a f t  tests. 

'I- 

-3 
-6 -4 -2 0 

DISPLACEMENT FROM CABLE, y , METERS 

(a)  990 Hz. 

DISPLACEMENT FROM CABLE, y , METERS 

(b) 150 Hz. 

Figure 18.- S t a t i c  heading d a t a  taken with c o i l s  i n  nose of B-737 a i r c r a f t .  
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MLS FILTER 
(KALMAN OR 

AIRCRAFT THIRD-ORDER 

Figure 19.- Automatic rollout and turnoff system. 
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AND VEL, ACC 

TIME ISECl THRUST, 
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- m o o  
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G 
ACCELERATION, 0 

-.6 0 ORY RUNWAY 
0 
0 

EXIT SPEED - 30.86 m/S (60 knots) 
TURN WUIIUS - 914.4 m (3000 ft) 

Figure 20.- Automatic rollout and turnoff - longitudinal. Dry runway. 
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0 TURN RADIUS - 914.4 m (3000 ft) 
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Figure  21.- Automatic r o l l o u t  and turnoff  - lateral. Dry runway. 
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Figure  22.- Automatic r o l l o u t  and t u rno f f  - l ong i tud ina l .  Wet runway. 
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Figure 23.- Automatic rollout and turnoff - lateral. Wet runway. 
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