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SUMMARY 

An automatic landing system was developed for the  Augmentor Wing Jet  STOL 
Research Airplane to establish the feasibility and examine the operating characteristics of a 
powered-lift STOL transport flying a steep, microwave-landing system (MLS) glide  slope to 
automatically land on a  STOL  port.  The  flight  test results in this report address the longi- 
tudinal aspects of automatic powered-lift STOL airplane operation including glide-slope 
tracking on the backside o f  the power curve, flare, and touchdown. Three dinerent  auto- 
land control laws  were  evaluated to demonstrate the  tradeoff between control complexity 
and the resulting performance. The flight test and simulation methodology used in develop- 
ing conventional jet-transport systems was applied to the  powered-lift  STOL airplane. The 
results obtained from this research  program  suggest that an automatic landing system for a 
powered-lift STOL airplane operating into an MLS-equipped STOL  port is feasible. How- 
ever, the airplane must  be provided with a means o f  rapidly regulating lift  to satisfactorily 
provide the glide-slope trackitlg and control of touchdown sink  rate needed for automatic 
landirlgs. 

1NTRODUCTlON 

In recent  years,  the  short  takeoff  and  landing  (STOL) 
airplane  has  been  under  development  for use as an  element in 
a  high-speed  transportation  system  capable  of  linking  metro- 
politan  centers,  major  hub  airports,  and  outlying  communi- 
ties.  The  aircraft  manufacturers,  the  airlines,  and  the  FAA 
have indicated  considerable  interest  in  the  application  of 
STOL technology  to  short-haul  transportation  systems. 
American  Airlines  and  McDonnell  Douglas  reports,  refer- 
ences 1 and ?, describe  the  planning  and  results  of  the  flight 
evaluation of the  Breguet 9 4 1 s  four-engine  turboprop, 
deflected-slipstream  STOL  transport  operating on a  short- 
haul  route  structure.  The  FAA  developed  a  STOL  port 
planning  guide  (ref. 3), and  STOL  airplane  certification 
requirements  (refs. 4 and 5). The  FAA  conducted  a flight 
evaluation  of a light  wing-loading STOL  airplane,  a 
de  Havilland  DHC-6  Twin Otter,  operated  into  a  simulated, 
ground-level STOL  runway  (ref. 6). The  Canadian  Depart- 
ment  of  Transportation  (DOT)  undertook  an  extensive 
evaluation  of  the use of  specially  equipped  de Havilland 
DHC-6  Twin Otter  airplanes,  operating  along  an  off-airways, 
area-navigation-route  structure  between  Ottawa  and 
Montreal, t o  establish  the  feasibility  and  the  techniques  for 
short-haul  transport  operations  (ref. 7). Commuter airlines 
in the  United  States have begun  using  area  navigation  routes 
between  the less conjested,  short  runway  segments  at  major 
airports  (ref. 8). The  transports  listed  above  are all propeller- 
driven STOL  airplanes  with  relatively  light  wing  ioading  and 
low cruise  speeds. 

Another  type  of  STOL  airplane, is the  powered-lift  STOL 
category,  which  has  been  developed in  several different  forms 
in  the  past  decade.  Powered-lift  STOL  airplanes  are  capable 

of  jet-transport  cruise  speeds  and  of  making  steep,  slow 
approaches  to  short  runways.  The YC-I 5 used the  externally 
blown  flap  concept;  exhaust  flow  from  underwing  podded 
engines passes through  the  flap  system  to  provide high  lift. 
The  YC-14  and  the  Quiet  Short-Haul  Research  Airplane 
(QSU)  (ref. 9), employ  the  upper-surface  blowing  concept; 
exhaust  from  engines  mounted  above  the wing  passes  over 
large  flaps t o  provide  high-lift  coefficients.  The  Augmentor 
Wing concept uses engine fan  air that is ducted  through  a 
bisurface  flap  system to  obtain high  lift  and  drag  coefficients. 
Powered-lift  aircraft  may have an  extra  control  which  either 
directly  regulates  the  vector  direction  of  the  exhaust  thrust 
or influences  the  downwash  angle  of  the  wing  airflow.  This 
extra  control  can be  useful for  establishing  flightpath  trim 
conditions  and  can,  in  some  cases,  be used effectively  for 
speed  control. 

Powered-lift  aircraft have  several unusual  operating  char- 
acteristics.  Typically,  powered-lift  STOL  aircraft  approach 
at  speeds  that  cause  them to operate  on  the  backside  of  the 
power  curve  with  the  thrust  vector  nearly  perpendicular  to 
the  flightpath.  Because  of  the  high  wing  loading  and  low 
airspeeds,  the  aircraft  glidepath  tracking  response  to  changes 
in  pitch  attitude  can  be sluggish. These  characteristics 
generally  make  thrust  the  most  effective  path  controller  and 
the  elevator  the  most  effective  speed  controller.  Powered-lift 
STOL  aircraft  generally fly steep  approach  angles  from 6" to 
7.5' for  terrain  avoidance or noise abatement.  Although 
these  approach  paths  are  twice as steep  as  are  flown  by 
conventional  takeoff  and  landing  (CTOL)  transports,  the 
approach  speed  of  the  STOL  airplane is roughly  half  of  the 
CTOL  transport  approach  speed.  The  net  result is that  the 
vertical  speeds  experienced  by  STOL  and  CTOL  aircraft  are 
approximately  equal.  Wind-disturbance  effects  may  be 
different  for  STOL  airplanes  than  for  CTOL  airplanes.  A 



30-knot  gust,  which is only  23% of the  130-knot  approach 
speed  of  a  CTOL  airplane, is 43%  of  the  approach speed of 
the  70-knot  STOL  airplane.  On  the  other  hand.  the  rate  of 
onset of the  gust  may  be  lower for the  70-knot  STOL air- 
plane  than  for  the  130-knot  CTOL  airplane. 

An essential  feature of  any  commercial  air-transportation 
system.  from  the passenger's point  of view, is the  capability 
o f  that  system to meet  schedules regardless o f  weather  condi- 
tions.  The  economic  benefit of maintaining  schedules i n  all- 
weather  conditions  has led to the  developnient o f  automatic 
landing system  (ALS)  for  current  CTOL  jet  transports.  The 
STOL  transports  presently in use are  not  equipped  with 
autolnatic  approach  aids for Category I 1  operations not- with 
ALS  and,  consequently,  are  not  yet  capable o f  operation 
i n t o  very low visibility conditions.  A  successful  STOL  trans- 
port will eventually have to  operate i n  all-weather  conditions 
for  economic  reasons  and  this  requirement will d t in~a te ly  
lead to the  development  of  ALS  for  the  STOL  transport. 

The  Ames  Research  Center  has  undertaken a program for 
the  developlnent  and  testing of an ALS  for a powered-lift 
STOL  airplane.  the  Auglnentor Wing Jet  STOL  Airplane 
(AWJSRA).  The  specific  objectives of the  autoland  studies 
conducted on the AWJSRA  were ( I  ) to  develop  ALS naviga- 
tioll,  guidance,  and  control  laws for- powered-lift  STOL  air- 
planes  making steep  microwave  landing  system  (MLS) 
approaches  and (2) to  provide a data base for use in establish- 
ing  ALS  design  and  certification  criteria for powered-lift 
STOL  airplanes.  The  program  began  with  the  installation  of  a 
digital  research  system in the AWJSRA (ref. I O ) .  The 
research  system  included  a  complete  set o f  sensors  alld 
navigation  systems  as well as  an electronic  attitude-director 
indicator  (EADI)  and  a  multifunction  map  display (MFD). 
thereby  providing a reliable and  flexible  research tool to 
investigate  a  variety of operating  system  concepts.  The 
AWJSRA  was  equipped  with parallel a n d  series  servos to pro- 
vide three-axes  attitude  control  and  with  servos  to dl-ive all 
o f  the  other  control devices on the  airplane.  A  comprehen- 
sive terminal  area  operating  systenls  program was conducted 
with  the use of  the  digital  research  system.  The  program 
included  developnlent  and  evaluation of a flight  dil-ectol- 
(ref. 1 I ) ,  design and  evaluation of  an advanced  full-flight 
envelope  autopilot  (ref. 12), a  time-constrained  area naviga- 
tion  system  study  (ref. 13), a n~inirnun~-fuel  autopiJot  systen, 
developed  using  optimization  concepts  (ref.  14).  and  the 
ALS  study  which is the  subject  of  this  report.  The flight  tests 
o f  the  ALS  depended  on two simulation  studies  (refs. 15 
and 16). 

The  control laws that  were used for  the  AWJSRA  ALS 
were  derived  from  the  technology used in CTOL  transport 
autoland  systems  (refs.  17-19)  and  a  growing  understanding 
of  the  characteristics of powered-lift  aircraft  (refs. 20 
and 21). 

This  report  describes  the  navigation,  guidance,  and  control 
laws for three ALS concepts  for  the  AWJSRA;  a  two-control 
system  that used only  throttle  and  elevator,  a  three-control 

system  that had a direc!-lift-controI  (DLC) device to supple- 
ment  the  throttle.  and a four-contro1  system tl la t  employed 
the  throttle  and DLC device as  well as vectored noc./lcs for 
speed  control.  The  report  bcgins  with a review o f  current 
autoland  practice as applied t o  CTOL  transports.  Thc  air- 
plane.  the  flight-test  facility.  the  navigation  system.  the 
glide-slope  track.  the flare  laws. and the wind disturbances 
encountered i n  flight a r t  described. I n  terms o f  selected 
time  histories  and  statistical  sunmaries.  the  report  shows 
that flight-test 1-esults alone  did n o t  expose  the  differcnccs 
i n  the  control  laws tested: t o  establish  the  Inerits of tlle three 
control  system. a large number o f  high-speed  simulation 
appl-ouches  and  landings were used to supplcl~lenl t h c '  
flight-test  results. 

CURRENT  AUTOLAND  PRACTICE 

Cut-rent  autoland  practice  provides a n  i n d i u t i o l l  o f  the 
I<ind of d a t a  needed t o  q u a n t i f y  p e r f o r n ~ a t ~ ~ ~  o l  a STOL 
airplane  autoland  system.  Autoland  practice 113s beell 
dirccted  toward  the  conventional  jet  tlansport  operating 
with  the  instrunlent  landing  system  (ILS). Al though the 
tilne-reference-scanning-bealn (TKSB) MLS  is emerging. 
all present  autoland  performalice  requirements  are  writtcn 
with  specific  reference to the ILS even to the  estent  that 
glide-slope  and  localizer  deviations  a[-e  specified i r l  

nlicroanlperes. 
A review of the  FAA  advisory  circulars  pertaining  to  ALS, 

AC 20-57A  (ref. 29) .  and to mininla  for  Category l l l a  upel-a- 
tions, AC 120-28B  (ref.  73)  indicates  the  following perfu1.- 
nlance  requirements for CTOL auto1;lnd  systen1s. 

Glide-Slope Tracking Performance 

Advisory  Circular AC 120-28B (1-ef. 2.3) s e t s  forth  the 
following  glide-slope tracking-l,erfortllatlce requirements lor 
the  Category  llla  operations. 

1 .  The  airplane is to be  stabilized on  the glide-slope  prior 
t o  descending  through 113  111 (700  ft)  above field  level. 

2. From 213-111 (700-ft)  altitude to flare-engage height. 
the  airplane  should  track  within  +35  FA.  appruximatel), 
20.16' (2 u). or 23.7  m ( 1 2  ft), whichever is larger.  without 
sustairled  oscillations. For a 3' glide-slope. tlle 3.7 111 ( 1 2  f t )  
l i n l i t  applies  from all altitude of 67 111 (920  ft) to the tlare- 
engage  height.  The +35 pA limit translates to 28.3 111 (97  f t )  
a t  an altitude of 152 111 (500 ft)  and +1 1.6 111 (38 I't)  at an 
altitude of 213  m  (700 ft). 

Autoland  Touchdown Limits 

AC 20-57A (ref. 2 1 )  requires  that  the  autoland  perfor- 
mance  be  denlonstrated  through flight evaluation  supple- 
mented  with  approach-simulation  computer  analysis.  The 
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wind  model t o  be  used for  the  computer analysis  includes 
25-knot  headwinds,  10-knot  tailwinds,  15-knot  crosswinds, 
moderate  turbulence,  and  a  wind  shear  of 8 knots/30  m 
(100 ft)  from  61  m (200 ft) to  touchdown.  Appendix I of 
AC 20-57A  (ref. 22) contains  the  wind  model  required  by 
the  FAA  for  approach  simulations. 

Touchdown  limits  are  specified in terms  of  the 2-0 bound- 
ary  and  an  improbable-event  boundary. AC 20-57A  (ref.  22) 
does  not assign a  probability  number to the  term  “improba- 
ble event”  but as a  matter  of  practice,  the  FAA  has  accepted 
a  probability  of 1 1 T 6  for  a  recent  autoland  certification.  The 
British Civil Aeronautics  Authority  has  required  for  the 
improbable  event  boundary.  Reference 22 states  that  the 
specific  requirements  are:  (1)  The  longitudinal  dispersion 
about  the  nominal  point  of  the  main-landing-gear  touchdown 
should  not  exceed 457 n1 (1500  ft)  total,  but  need  not be 
symmetrical  about  the  nominal  point. (2) A  main  landing 
gear  touchdown  must  be  between  a  point  at  least 61 m 
(200  ft)  beyond  the  runway  threshold  and  that  point  down 
the  runway  where  the  pilot is in  a  position to  see at  least four 
bars  (on 30 m (100 ft)  centers)  of  the 914 m (3000 ft) 
touchdown  zone  lights. For a  recent  wide-body  transport, 
the  second  requirement  stipulated  that  the  improbable-event 
touchdown  limits  were 61 m (200  f t)   and  792 n1 (2600  ft).  

No further  requirements  on  performance  of  the  airplane 
or  its  subsystems  are  stated  except  for  maintenance  and 
training  requirements.  In  particular,  there is no  requirement 
on  control  activity  or  on  ride  quality. 

Clearly,  the  touchdown-zone  requirements  established  for 
CTOL  transport  autoland  systems will  be  excessive  for  the 
STOL  transport because of  the  low-approach  speeds.  How- 
ever,  other  CTOL  transport  guidelines,  with  only  minor  mod- 
ifications,  may  be  applicable in STOL  transports.  These 
include  guidelines  on  the glide-slope  tracking  performance, 
the  simulation  wind  models,  and  the  touchdown  limit  proba- 
bility levels. The  glide-slope  tracking  performance  may  be 
applicable  because, as noted in the  introduction,  the  rate  of 
descent  of  a  low-speed  STOL  airplane  on  a  steep glide slope 
will  be nearly  the  same as the  rate  of  descent  of  the  higher 
speed  CTOL  airplane  on  a 3” glide slope.  The  simulation 
wind  models  are  not  aircraft  dependent.  Although  the  touch- 
down  distance  performance  numbers  depend  on  the  type  of 
airplane,  the  2-0  and  improbable-event  probability levels for 
which  the  performance  must  be  demonstrated  do  not. 

EXPERIMENTAL  EQUIPMENT  AND  SYSTEMS 

The  airplane  used  for  ALS  flight  tests  was  the  AWJSRA 
(fig. 1).  This  airplane  had  the  capability of making  steep 
approaches (7.5”) at  airspeeds  of  about 70 knots  into  short 
runways.  This  airplane  was  developed  as  a  cooperative  effort 
between  the  NASA  Ames  Research  Center  and  the  Canadian 
Department of Industry,  Trade,  and  Commerce.  The  airplane 

Figure 1 .- Augmentor Wing Jet  STOL  Research  Airplane. 

was  modified  from  a  DHC-5  Buffalo  built  by  de Havilland of  
Canada  by  replacing  the  original  turboprop  engines  with  two 
Rolls  Royce  Spey  801-SF  split-flow  turbofan  engines  and 
making  extensive  wing  modifications  that  included  installa- 
tion  of  an  augmentor  flap  and  leading-edge  slats.  Other 
modifications  consisted  of  reduction  of  the  wingspan  from 
29.3  m  (96  ft) to 23.9 n1 (78.5  f t)   to increase  wing  loading, 
replacement  of  the  original  spring-tab  elevator  with  a  faster- 
responding,  hydraulic-powered  elevator,  and  installation  of 
the  spanwise  augmentor  ducts,  nozzles,  and  bisurface  flap 
system  on  the  aft  portion  of  the wing  (figs. 2  and 3). The  aft 
portion  of  the  lower  flap  surface,  labeled  chokes  in  figure 3,  
was hinged so flow  through  the  flaps  could  be  partially 

Figure 2.- Augmentor  wing  flap  and  nozzle  arrangement. 
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Figure 3.- Augmentor  wing  cross  section  and  nozzle  arrangement. 

blocked.  Blocking  the  flow  decreased  lift.  Chokes  were 
installed  on  the  inboard  and  outboard  flap  segments.  The 
outboard  chokes  were used  differentially to  supplement  the 
ailerons  and  spoilers  for  roll  control.  The  inboard  chokes 
were  employed  for  direct  lift  control.  The  longitudinal  flight 
controls will  be described  in  more  detail  later  in  conjunction 
with  the  control laws.  Reference 24 provides  a  more  com- 
plete  description  of  the  modifications to  the  airplane. 

The  thrust  output  from  the engine  was  split  into  two 
parts - the  hot  thrust  that was  exhausted  through  the 
conical  nozzles,  and  the  cold  thrust  that  was  generated  by 
the  low-pressure  turbofan  air,  ducted  into  the  spanwise 
plenum  and  nozzle  systems,  and  then  ejected  through  the 
bisurface  flaps to increase  the  aerodynamic  lift  and  drag 
forces  induced  by  airspeed.  Roll  upset  following  an  engine 
failure  was  avoided  by  cross-ducting 65% of  the fan  air  from 
each  engine to  the  opposite wing  augmentor  duct.  The 
remaining 35% of the  flow was routed to the  augmentor  duct 
directly  behind  the  engine. 

Flight-Test  Facility 

The  ALS  flight-tests  were  conducted  at  the  NASA  Flight 
Systems  Research  Facility  located at  the  NAVY Auxilliary 

Landing  Field  (NALF),  Crows  Landing,  California.  A  simu- 
lated  ground-level  STOL  port  was  located  on  the  northern 
half of  runway 35/17 as shown  in  figure 4. This  STOL  port 
was equipped  with  a  narrow-beam MLS which  had  azimuth, 
elevation,  and DME transmitters  located  as  shown  in  figure 5. 
The  dimensions  of  the  STOL  port  and  the  location  of  the 
MLS  transmitters  were based on the  recommendations on 
STOL  port design contained in FAA Advisory  Circular 
150/5300-8 (ref. 3). The  TACAN  transmitter  located  near 
the  intersection  of  the  Crows  Landing  runways  provided  a 
navigation  source  when  the  aircraft was not  in MLS coverage. 

Trucking facilities- The  flight-test  facility  provided  for 
aircraft  tracking,  acquisition  of  on-board  data  through  tele- 
metry, processing  and  display of  these  data to  the  experimen- 
ters in  real time,  recording  of  these  data  for  nonreal-time 
processing,  and  acquisition  of  weather  information.  Aircraft- 
position  tracking was provided  by  two  modified  Nike- 
Hercules A i r  Defence  System  Radar  units.  Reference 25 
contains  a  description  of  navigation  aid  and  radar-tracking 
accuracy  at  the  Crows  Landing research  facility. When radar 
was compared  with  a  laser  tracker,  the  rms  range  error  was 
determined t o  be 1.9 m (6 ft)  when  the  airplane  was  on  the 
final  approach  track  within 4 n.  mi.  of  the  radar  antenna. 
Automatic  azimuth  and elevation  tracking  was  employed 

4 



MLS AZIMUTH ma TRANSMITTER 
' ANDDME 

RUNWAY 

Figure 4.- STOL  port  location  and  MLS  installation  at  the  Navy  auxiliary  landing  field,  Crows  Landing,  California. 

until the  airplane was near  the  ground  where  multipath 
effects  deteriorated  elevation  tracking. To overcome  this 
multipath  problem,  the  radar  operator  used a rate-control 
knob  and  a video  picture  from  a  camera  mounted  on  the 
radar  pedestal to  manually  track  the  airplane in elevation. 
The  switchover  to  manual  tracking  accounts  for  some  of  the ' 

transients seen  in wind-data  sources  discussed  in  appendix D. 

Navigation System 

All automat'k  landing  systems  in  commercial  use  today 
are  based  on t A e  instrument  landing  system (ILS). This sys- 

tem,  described in the Airman's  Information  Manual  (ref. 26), 
provides  guidance to  the  runway  centerline  along  a preset 
glide slope,  typically 2.5" to  3" 

Navigation  facilities- A basic narrow  MLS  located  at  the 
Crows  Landing  Facility  was used for the flight  tests.  The 
specification for this  system is contained in reference 27. The 
MLS, considered  an  eventual  replacement  for I L S ,  provides 
the  capability t o  establish  optional  paths in space  leading to  a 
final  precision  approach.  The  MLS  azimuth,  elevation,  and 
DME signals are  computer-processed t o  locate  the  airplane 
in  any desired  coordinate  system.  The  reference  approach 
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Figure 5.- STOL port  layout  at  the Navy  auxiliary  landing  field,  Crows  Landing,  California. 

path  glide  slope, based on  operating  requirements  such as 
obstruction  clearance,  noise  abatement, or airplane  charac- 
teristics, is selected  by  the  pilot. 

For  the AWJSRA autoland flight  tests,  the  azimuth 
reference  was  an  extension of  the  runway  centerline  and  the 
elevation  reference  was  a  7.5"  glide-slope  angle.  Approaches 
were initiated  by  first  capturing  the  extended  runway  center- 
line at  a mean-sea-level altitude  between 366 m  and 457 111 

(1200  ft  to  1500  ft)  and  then  capturing  the glide slope. 
An onboard  digital  research  system,  which  incorporated 

algorithms  for  a  general-purpose  navigation  system,  provided 
the  aircraft  position  relative  to  the  STOL  port  touchdown 
zone.  The  origin  of  the  navigation  coordinate  system  (fig. 5) 
was on  the  runway  centerline  abeam  the glide-slope  trans- 
mitter.  The 7.5" glidepath-intercept  point (GPIP) is 18 m 
(60 ft)  beyond  the  origin.  The x axis  was  in  the  airplane 
direction  of travel for  takeoff  and  landing,  the y axis  was to  
the  right,  and  the z axis  was down.  Complementary  filters 
blended  raw-position  information to  produce  a  smooth  esti- 
mate  of  aircraft  position.  The x and y complementary  filters 
were  scaled to  provide  a  resolution  of 1.2 m (4 ft)  that  per- 
mitted  the  same  filters  to  be used over  a  square  region  with 
80 n.  mi. sides,  encompassing  NALF  Crows  Landing  and 
Moffett  Field,  the  home base of the AWJSRA.  A  complete 
description  of  the  general-purpose  navigation  system  appears 
in  reference 28. 

The  1.2 nl (4 ft)  resolution  was  not  sufficiently  accurate 
for the final  precision  autoland  approach.  Therefore,  special 
purpose  complementary  filters  were  developed  as  part  of  the 
autoland  program  to  provide  precision glide slope,  centerline, 
sink  rate,  and  airspeed  references.  These  special-purpose 
filters  are  described  later. 

GLIDESLOPE TRACK AND FLARE-CONTROL LAWS 

A number  of  unique,  longitudinal  control  laws  were 
needed to  accomplish  automatic  landings  with  the  AWJSRA. 
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These  included  the  primary  laws  that  provided c o ~ n n ~ a n d s  
to  the  throttle,  choke,  nozzle  and  elevato~. servos,  and  the 
complementary  filters  that  smoothed  the  position.  velocity. 
and  acceleration  signals.  Other  control  laws  such as those 
for  the  centerline  track,  runway  alig~~ment,  and glide slope 
were  needed  before  the  glide-slope  track  and  flare  laws  could 
be  properly  evaluated.  The  laws for centerline  track  and  run- 
way  alignment  are  defined in reference 16. 

The  methodology used to  design CTOL  transport  auto- 
land  systems  was  adopted  for  developing  the  AWJSRA auto-  
land  system.  Preliminary  control  laws  were devised and 
tested  on  a  high-speed  simulation to  establish  an  estimate  of 
glide-slope track, flare.  and  touchdown  performance.  This 
high-speed  simulation  was  capable  of  producing 
600 approaches  per  hour.  The  preliminary  control  laws 
(ref. 16) were  coded  into  the  AWJSRA  airborne  computer 
and  validated  for  flight  with  a  real-time  simulation  that 
incorporated  the  actual  airborne  computer, signal condi- 
tioners,  and  cockpit  displays  tied to a detailed  simulation of 
the  AWJSRA,  navaids,  sensors,  and  actuators.  Flight-test 
results  were  used to  refine  the  control laws.  Final  high-speed 
simulation  data  using  the  FAA  simulation  wind  model 
(ref. 22) were  generated  to (1) extrapolate  flight  results to 
low-probability levels and (2) examine  the sensitivity  of the 
control laws to  navigation  errors  and  wind  disturbances.  The 
final  high-speed  simulation  study is reported in reference 16. 

Controls 

The  controls  of  interest for glide-slope  track  and  flare 
were the  elevator,  which  regulated  pitch  attitude:  and  the 
throttle,  nozzle,  and  chokes,  which regulated the  longitudinal 
and  vertical  accelerations.  The  latter  three  controls were 
redundant.  The  specific use of  the  redundant  controls is 
described in this  report in the  section un Control Law 
Configurations. 

The  primary  powered-lift  control was the  power  lever, 
generally  referred to as the  throttle, which  regulated  engine 



thrust  through  the fuel  control.  The  fuel  control  influenced 
the hot and  cold  thrust  magnitude  by  regulating  ipm.  The 
rate  of  change  of  lift  caused  by  the  throttle  can  be  attributed 
primarily to  the  time  constant  built into the  engine  fuel 
control  rather  than  to  a  transport lag in  the  augmentor 
duct  pressure.  The  fuel  control was  adjusted so the  rpm 
time  constant  for  a  throttle  increase was about 0.8 sec  and 
for  a  throttle  decrease  was  about 1.3 sec  (ref. 29). The 
power  decrease  time  constant was chosen t o  prevent  engine 
compressor  stall  because  of  back  pressure in the  augmentor 
plenum  following amdden  throttle  decrease. 

The  secondary  powered-lift  control  device  was  the 
inboard  choke  (fig. 3 ) ,  which  was  electromechanically  driven 
at  rates  up  to 50% of  total  closure  per  second.  The  chokes 
could  block  flow  through  the  bisurface  flaps  and  thereby 
decrease  the  augmented  lift.  The  lift  change  caused  by  the 
choke  deflection  was  effectively  instantaneous  for  the  con- 
trol  frequencies  encountered in an  automatic  landing  system. 
When  used for  direct  lift  control,  the  chokes  were  first 
moved  to  a  nominal  position  of 30% of  total  closure  and 
then  were  regulated 230% about  the  nominal  position  to  pro- 
duce  a  maximum  incremental  airplane  normal  acceleration  of 
20.1 g. The  augmentor lift that was  lost  when the  chokes 
were  moved  from  fully  open to  the 30% nominal  position 
was  replaced  by  either  increased rpm or, if rpm-increase 
authority  had  to  be  preserved, by  increased  airspeed. 

The  hot-thrust  exhaust  nozzles  could be  rotated  from  the 
nearly  directly  aft  position  of 5" below  the  airplane  waterline 
to  a  fully  down  position  of  104". For a  nominal  zero-wind 
STOL  approach,  the  nominal  nozzle  rotation  was  about 80" 
below  the  waterline.  Figure 3 indicates  that  rotation  of  the 
nozzle  about  a  nominal  value of 80" would  cause  significant 
change  in the  forward  and  aft  component of hot  thrust  with 
little  change in the  vertical  component.  This  feature  suggests 
that  nozzles  could  be used effectively as a  longitudinal-force 
device  for  speed  control. 

Consideration  must  be  given,  in  any  control-system 
design, to  control  limits. Excessive authority can  jeopardize 
the  safety  of  the  aircraft  should  a  hardover  actuator  failure 
occur.  Inadequate  authority  can  lead  to loss of  control  in  the 
presence of severe  disturbances.  The  nominal  corltrol  settings 
are  also of  importance  in  a  control  system  design.  The  oper- 
ating  limits  and  nominal  control  settings  for  the AWJSRA 
autoland  system  are  outlined in appendix A. 

Operation on the Backside o f  the Power Curve 

During  the glide-slope track  along a 7.5" MLS glide  slope, 
the AWJSRA operated  on  the backside of  the  power  required 
curve  (long  term reversal of  flightpath  response t o  pitch 
inputs, e.g., nose  up,  results in a  long  term  decrease  in  flight- 
path angle) at  an  approach  airspeed  near 70 knots  with  a 
thrust  vector  nearly  perpendicular to  the  path;  therefore,  it  
exhibited unusual operating  characteristics  when  compared 

with  CTOL  transports.  The  path  control was effectively 
accomplished  with  the  throttle,  and  speed  control  was 
accomplished  with  the  elevator.  This is opposite  to  the 
primary  control usage for  a  CTOL  transport.  In  addition, 
because of  the  inclined  thrust  vector angle on the AWJSRA, 
significant  adverse  coupling  existed  between  path  and  speed 
such  that  a  throttle  increase  resulted  in  a  speed  decrease. This 
coupling  problem  was  resolved  by  developing  tight  tracking 
laws for  path  and  speed.  Further  discussion  of  these  charac- 
teristics  can  be  found in references 20 and 21. 

Control-Law Configurations 

Three  autoland  control-law  configurations  were  flight 
tested  on  the AWJSRA. The first of  these  configurations 
(fig. 6(a)) was  designated  the  two-control  system:  the  throt- 
tle  provided  path  control  and  the  elevator  provided  speed 
control.  The  second  configuration (fig.  6(b))  was designated 
the  three-control  system:  throttle  provided  long-term  path 
control,  the DLC chokes  provided  short-term  path  control, 
and  the  elevator  provided  the  speed  control.  The  third 
configuration (fig. 6(c)) was designated  the  four-control 
system:  throttle  and  the DLC chokes  provided  the  path 
control as in the  three-control  system,  nozzle  vectoring 
provided  short-term  speed  control,  and  elevator  provided 
long-term  speed  control. In each  control  system,  the  nozzle 
was  normally  positioned to maintain  rpm  in  a  favorable 
operating range. 

A number  of  control-law  features  were  developed  for  the 
four-control  system.  These  include  the  glide-slope  track 
complementary  filter,  the  flare-law,  sink-rate  filter,  the 
throttle-choke  complement,  and  the  nozzle  for  speed  com- 
mand  structure.  Some  of  these  features  were  retained  for  the 
two-control  and  three-control  systems  primarily to  minimize 
software  development. Because all of  the  features  were 
needed  for  the  four-control  system,  its  control  laws  are 
described  first.  Figure  6(c)  provides  an  overview of  the  four- 
control  system  and  cross  references  other  more  detailed  sub- 
system  figures. 

Predict Terms 

The  entire  control-law  structure  incorporated  in  the 
AWJSRA software  consisted  of  the  sum  of  the  predict  and 
feedback  terms.  The  predict  terms  command  the  controls  to 
positions  for  equilibrium  flight  conditions.  The  predict  terms 
come  from  a  map  of  trim  conditions, called  a  trim  table, 
which  was  derived  from  the AWJSRA simulation  computer 
program  described in references 30 and 3 1. Inputs  to  the 
trim  table  included  calibrated  and  true  airspeed,  ground- 
speed,  flap  setting,  and  the  reference  flightpath  angle.  The 
outputs  consisted  of  the  corresponding  trim  settings  for  the 
throttle,  elevator,  DLC  chokes,  and  nozzles. 
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Figure 6.- Glide-slope  track  and  flare-control laws. 

8 



RADIO  ALTIMETER 

COMPLEMENTARY 
FILTER  [FIG. 9) 

GLIDE-SLOPE  TRACK AUTOTHROTTLE- 

AIRSPEED 
GROUNDSPEED 
FLAP  SETTING  TABLE 

THROTTLE  PREDICT 

PITCH  PREDICT 

1 
I 

REFERENCE I FLIGHTPATH 
NOZZLE  PREDICT 

AIRSPEED  ERROR 
PITCH, SPEED, AND 
FLARECONTROL 
LAWS (FIG.  17) 

LOOP (FIG. 11) 

NOZZLE  SERVO 
INNER LOOP 

(c) Four-control  system. 

Figure 6.- Concluded. 

The  trim  table  was  prepared  by  assigning values of  weight, 
flap  setting,  temperature,  altitude,  airspeed,  and  flightpath 
angle and  then using a convergence  algorithm to establish  the 
equilibrium flight condition  by  iterating  on  throttle  position, 
pitch  attitude,  and nozzle  position.  The  trim  table,  which 
was coded  into  the flight  digital computer, is depicted in 
figure 7. 

The  predict  terms  were  most  effective  when  a  steady-state 
change in flightpath angle or airspeed  was  required  such  as 
during  a  configuration  change  associated  with  a  transition 
from level  flight to glide-slope  tracking.  Once  the  airplane 
was  established on the  glideslope,  the  trim  table  output 
values were  nearly  constant unless a  wind  shear  occurred. 
The lag with  a  3-sec  time  constant,  shown in  figure 7, was 
adopted  to  attenuate  high-frequency noise  from  the  pitot- 
static  airspeed  sensor.  Further  disturbances  in  the  pitch-  and 
throttle-predict  output values of the  trim  tables  were 
avoided  late  in  the  approach  by  freezing  these  predict  terms 
as the  airplane  descended  through 94 m (307 ft). 

The  nozzle  trim signal  was active  throughout  the glide- 
slope  track  and on into  the  flare. As demonstrated  in  appen- 
dix A, the  nozzle  was  programmed  as a function of aerody- 
namic  flightpath  angle  and  temperature t o  maintain  the 
engine  rpm  in  an  operating  range  which  provided  capability 
for upward-  and  downward-path  corrections.  The  aerody- 

namic  flightpath  angle  needed to  maintain  the  inertial  glide 
slope  varied as a  function of wind.  The  schedule  of n o d e  
angle  as a  function  of  aerodynamic  flightpath  angle,  shown in 
appendix A, automatically  adjusted  the  nozzle  angle to corn- 
pensate  for  wind.  The  pilots used the  keyboard  to bias the 
nozzle angle to  compensate for high temperature. 

In theory,  the  entire  task of controlling  the  airplane  could 
be  accomplished  with  the  predict  terms.  However, as a  result 
of  an  imperfect  airplane  mathematical  model,  disturbances, 
imperfect  sensors,  and  imperfect  actuators,  the  feedback 
terms  were  essential  for  successful  control. 

Complementary  Filters 

Three  complementary  filters  provided  estimates  of  glide- 
slope  deviation,  sink  rate,  and  airspeed.  The  first,  the  glide- 
slope  complementary  filter, is shown in figure 8. This  filter 
provided  the  smooth signal  needed to  drive the highly 
responsive  DLC chokes  and also  provided  good  estimates  of 
glide-slope  deviation  and  glide-slope  deviation  rate.  The  prin- 
cipal  input  to  the  third-order glide-slope complementary 
filter  was  the  glide-slope  deviation  signal  which  was  the  prod- 
uct  of  the glide-slope  deviation  angle  and  the  slant range to  a 
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touchdown  point  on  the  runway  centerline  abeam  the  glide- 
slope  antenna.  The glide-slope  deviation  angle  was  the  differ- 
ence  between  the  glide-slope  reference  angle, 7.5' for  the 
AWJSRA autoland  flight  tests,  and  the  MLS  elevation  angle. 
The  slant  range  was  computed  from  the X ,  Y ,  and Z filter 
elements  of  aircraft  position.  The X ,  Y ,  and Z filters  are 
described  in  more  detail  in  reference 28. The  other  input  to 
the  complementary  filter  was  the  vertical  acceleration  which 
was established  by  resolving  on-board  accelerometer  signals 
into  the X- .  Y-,  and  Z-runway  coordinate  system.  The  fre- 
quency  parameter,  ud,  shown in  figure 8, was  set t o  
0.1 rad/sec.  The  position  and  rate  integrators in the glide- 
slope  complementary  filter  were  initialized  when  MLS  was 
selected. To provide  a smooth  transition  to  the MLS  glide 
slope,  the  initial  condition  of  the  position  integrator  was  the 
difference  between  the  MLS-derived  altitude  and  the  baro- 
metric  altitude. MLS-derived  altitude  was  computed as the 
distance  from  the  glide-slope  transmitter to  the  airplane 
multiplied  by  the  tangent  of  the glide-slope  reference  angle. 
The  initial  condition  of  the  rate  integrator  was  the  product 
of  the  true airspeed and  the  tangent  of  the glide-slope  refer- 
ence  angle. 

The  second  complementary  filter,  the  radio  altimeter 
sink  rate  conlplementary  filter (fig. 9), had  the  same  struc- 
ture as the  glide-slope  filter  except  for  the  frequency  and  the 
reference  input  signal.  The  frequency, W R A ,  for the  sink-rate 
filter  was 0.6 rad/sec.  The  reference  input signal was the 
radio  altitude  which was only valid at  altitudes  within 
152 m (500 ft)  of  the  terrain. In operational  use,  a  technique 
for converging  the  sink-rate  filter  using  MLS-derived  altitude 
is needed  to  make  the  filter  immune to irregularities i n  the 
radio  altitude signal  resulting  from  airplane passage over 
nonsmooth terrain  prior to  the  STOL  port. An extreme 
example  of  such  surface  irregularities is the  step in the  radio 
altitude signal that  would  occur as the  airplane  crosses  over 

the edge of  an  elevated  STOL  port. A technique  for  transi- 
tioning  from  MU-derived  altitude  to valid radio  altitude  is 
reported in reference 32.  This  technique  was  not  developed 
when  the AWJSRA autoland  flight  tests  took  place  and  was 
not  needed  because  the  airplane  was  flown  over  a  smooth- 
level surface,  the  first  half of the NALF Crows  Landing 
runway 35 (fig. 4), for  sufficient  time  to  permit  convergence 
of  the  sink-rate  filter  prior  to  the  beginning of the flare 
maneuver. 

The  third  filter is a  secdnd-order  complementary  filter 
(fig. 10) used  for  smoothing  calibrated  airspeed.  The  inputs 
t o  this  filter  were  calibrated  airspeed  and  the  longitudinal 
acceleration. 

Pitch Inner Loop 

The  pitch  inner  loop  stabilized  the  aircraft  attitude.  Fig- 
ure 11 shows  the  pitch-attitude  inner  loop  which  drove  the 
elevator  parallel  servo.  This  servo  was  connected  through  a 
clutch  to  a  drum  attached  to  the  cable  between  the  control 
column  and  the  power-control  unit  linkage  of  the  hydrauli- 
cally powered  elevator.  The  inner loop input signal consisted 
of  a  pitch-attitude  command.  The  feedback signals  were a 
pitch attitude and  a pitch  rate. As shown in  figure 1 1 ,  the 
pitch-attitude  command  and  feedback signals were  summed 
and passed through  the kg gain and  subsequently  summed 
with  the  pitch-rate  feedback  which passed through  the  gain, 
k y .  The  sum  of all of  these signals  was  then  gain-scheduled 
with  dynamic  pressure, q ,  to reduce  the  elevator  drive signal 
as dynamic  pressure  increased.  Three  limiters  were  then 
applied;  a  limit of ?30° resulted  from  the  digital to  analog 
converter, a servo authority limit o f  + I  1" was applied  about 
the  estimated  trim  position of the  elevator  and  finally,  a  rate 
limit of ?24'/sec  was  applied. 

VERTICAL FILTERED 

Figure 9.- Radio  altitude  sink  rate  complementary  filter. 

11 



LONGITUDINAL 
ACCELERATION 

FILTERED - - 1 1 CALIBRATED - 
S S 

v )AIRSPEED 

(FIG. 16 & FIG. - 
rad/sec WV 

CALIBRATED 
AIRSPEED 

= 0.25 

PITCH 
ATTITUDE 

Figure 10.- Airspeed  complementary  filter. 

DYNAMIC 
PRESSURE 
GAIN 
SCHEDULE 

PITCH 1 
ATTITUDE 

PITCH 
RATE 

20) 

Figure 11 .- Pitch  inner  loop  block  diagram. 

LIMITERS 

0 DIGITAL  TO  ANALOG 

RATE 

ELEVATOR 
PARALLEL 
SERVO 
COMMAND 

The  elevator  trim  actuator was  driven at  a  rate  of 
0.33"lsec in a  direction to  offload  the  parallel  servo  when- 
ever the drive  voltage to  the parallel  servo,  through  a  2-sec 
lag,  exceeded 10 V. Once  active,  the  trim  actuator  continued 
to  be driven  until  the drive  voltage to   the parallel  servo, again 
through  a 2-sec time  constant,  dropped  below 6 V, at  which 
point  the  trim  actuator  offload drive  signal  was set  to  zero. 

Nozzle Inner Loop 

The  AWJSRA  conical  exhaust  nozzles  were  rotated  by  an 
air motor  capable  of  rates as  high  as  full  travel,  approxi- 
mately 100" of  rotation,  in less than 1 sec.  The  command  to 
the  nozzle air-drive motor was  provided  through  a  cable  sys- 
tem  from  the pilot's  nozzle  handles  located  in  the  overhead 
quadrant  adjacent  to  the  throttle  handles.  Automatic  control 

of the  nozzles was provided by a rate  servo  coupled to the 
nozzle  handle  cables. 

Figure  12 is a  block  diagram  of  the  nozzle  servomotor 
inner  loop.  A  complementary  filter  smoothed  the  nozzle- 
angle  feedback signal from  the  nozzle  position  transducers 
with  integrated  nozzle  handle  rate.  The  nozzle-angle  trans- 
ducer signals came  from  string-driven  potentiometers 
mounted on one  of  the  nozzles  of  each  engine.  The  nozzle- 
handle  rate  term  into  the  complementary  filter  came  from 
the  nozzle  servomotor  tachometer. Because of  the  20-sec 
time  constant  in  the  nozzle  complementary  filter,  the nozzle 
position  estimate  was  heavily  dependent on the nozzle 
handle  rate.  Since  the  position  transducers  were  often  biased, 
the  actual  nozzle  angle  was  not well determined  by  this  com- 
plementary  filter.  The  nozzle  error  signal,  the  difference 
between  the  nozzle  command  and  the nozzle-angle  feedback 
estimate,  was  rate  limited.  During  the  glide-slope  track  and 
flare,  the  rate  limit  was  set t o  lO"/sec. 
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Figure 12 .- Nozzle  servo  inner  loop. 

Autothrottle-Choke  Inner Loop 

The  autothrottle  servo  installed in the  AWJSRA  was  a 
rate-command  servo of the  type used in CTOL  transports. 
The role of  the  autothrottle  on  a CTOL transport is to  con- 
trol  speed,  a  task  which  does  not  require  a  high  bandwidth 
since  the  speed-time  constant  of  the  airplane is on  the  order 
of 20 sec.  On  the  AWJSRA,  the  autothrottle  task  was  much 
more  demanding  since  the  autothrottle  was used for  preci- 
sion  path  control  during  the  glide-slope  track  and  for  precise 
sink-rate  control  during  the  flare.  The  autothrottle-choke 
mechanization  described  here  was  developed to provide  the 
path-tracking  capability  necessary  for  the  four-control 
system. 

Figure  13 is a  block  diagram  of  the  autothrottle-choke 
inner  loop used for  the  AWJSRA  autoland  system. In fig- 
ure  13,  the  throttle-choke  command, 6 ~ , ,  which  comes 
from  the  path  track or flare  sink-rate  control  laws,  are  com- 
bined  with  average  rpm  feedback, N H ,  and average throttle 
handle  position  feedback, 6 ~ ~ ~ ~ ,  to  produce  a  throttle- 
rate-command signal into  the  throttle  servo, &T,. The  feed 
forward  gain is kT, the  throttle  handle  feedback gain  is k2, 
and  the  rpm  feedback gain  is k 3 .  The kNCH gain  is the  ratio 
of  the  change in rpm  to  change in throttle  handle  position. 
The  rationale for the values  assigned to the gains  is  provided 
in  appendix B. Because of  the  approximately 1-sec  engine- 
time  constant, T~ in figure 13,  and  the  rate-limited  auto- 
throttle  servo,  the  autothrottle  closed  loop  alone  could  not 
provide  an  inner-loop  bandwidth  above  about 2.5 rad/sec. 
The  implementation  shown  in  figure  13  provided  a  means 
for  increasing  the  effective  autothrottle-choke  inner-loop 
bandwidth  when  controlling  the  flightpath. 

RIGHT 
NOZZLE - - 
LEFT 
NOZZLE 

The  throttle servo  rate  command  was  normally  limited to 
?6.28'/sec except  when  rpm  approached  the  maximum  limit 
defined in appendix A. To avoid an  overshoot  of  the  maxi- 
mum rprn limit,  the  throttle  servo-rate  command  was 
reduced  to  a value  proportional  to  the  increment  between 
the  limit  rpm  and  actual  rpm  when  the  increment  was less 
than 2%. When the  maximum  rpm  limit was reached,  the 
servo-rate  command  was  set  to  zero.  The  full  +6.28'/sec 
throttle-rate-command  authority  was available for  throttle 
retard  until  the  minimum rpnl  limit  was  reached.  The  mini- 
mum rpnl  limit  was  3%  below the  nominal rprn shown in 
appendix  A.  Since  the  full-rate-command  authority  was 
maintained to  the  minimum  rpm  limit,  the  actual  rpm  could 
coast  below  the  limit  value.  Upon passing the  rpm  limit,  the 
retard  rate  command  was  replaced  by  an  advance-command 
proportional  to  the  incremental  difference  between  the  limit 
rpm  and  the  actual  rprn  which  advanced  the  throttle  until  the 
minimum  rprn  was  reached.  Then  the  servo-rate  command 
was  set to zero.  Normal  servo-rate  commands  were  resumed 
only  when  the  command signal exceeded  an  advance 
command signal threshold  value  of  0.52'/sec. 

The  theoretical  operation  of  the  autothrottle-choke  imple- 
mentation,  shown  in figure 13, is presented  in  a  simplified 
step  response  form in  figure 14. In  this  block  diagram,  the 
autothrottle  closed  loop is characterized  in  transfer  function 
form as described in equation (B3) of  appendix B. The  choke 
command  was  the  difference  between  the  autothrottle  com- 
mand  and  the  engine rprn  response  (scaled  in  terms of  the 
throttle  handle  position).  When a step  was  inserted  into  the 
autothrottle servo loop,  the  rpm  responded  slowly  through  a 
second-order lag. The  choke  command  in  this  example was 
initially  a  step. As the  rpm began to  build  up,  the  command 
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to the  choke  began to  decrease. By the  time  the  rpm reached 
steady  state,  the  choke  command  had  returned  to  zero. 
Because  of  the  high-frequency  response  of  the  chokes,  the 
autothrottle-choke  implementation  provided  path-tracking 
bandwidth  greater  than  could  be  achieved  from  the  auto- 
throttle servo  alone.  The  choke  effectively  complements  the 
autothrottle  to increase  bandwidth. 

The  choke  gain, kCH (fig. 13), was chosen so the  steady- 
state  normal  acceleration  response to  either  an  autothrottle 
or choke-position  command  would  be  the  same  regardless of 
whether  the  response  came  through  the  choke  servo or 
through  the  autojhrottle  servo.  In  normal  circumstances,  the 
rpm-to-choke  command  term  provided  the  choke  washout. 
However,  if  the  throttle  stayed  on  either  the  maximum or 
minimum  rpm  limits  described in appendix A, the  rpm  cross- 
feed  term  would no  longer balance  the  autothrottle  com- 
mand  to cancel the  choke  command.  The  10-sec  washout 
shown  in  the  choke  drive  path in figure 13 eliminated  any 
long  term  choke  offsets.  The  chokes  were  limited  in  software 
to  operate  between 0 and 60% of  closure.  The  choke  drive 
signal was rate-limited in software  to +48% of closure  per 
second  to  prevent  choke-monitor  disconnects  because  of 
large  drive  signals. 

r _""""""" REFERENCE 

For the  autothrottle  configuration  adopted  for  the  four- 
control  system,  the  autothrottle  closed-loop  natural  fre- 
quency  defined  in  appendix B, w,, was 2 radlsec  and  the 
damping  ratio, {, was 0.9. A faster  autothrottle  response was 
desirable but  was  experimentally  determined  to  be  impracti- 
cal  because of the  maximum  achievable  rate  of  the  auto- 
throttle  servo.  The  software  rate  command  limit  in  figure 13 
was set  to avoid  nuisance  disconnects.  The  maximum  rate  of 
the  autothrottle  servo  motor was somewhat higher than  the 
6.28 rad/sec  in  figure 13. However,  if an attempt  were  made 
to  drive  the  servo  at  a  higher  rate,  the  servo  could  not  keep 
up  with  the  command  and  a  feedback  monitor  would  detect 
the  discrepancy  between  command  and  response  and  would 
disconnect  the  servo. 

Glide-Slope Track 

In  figure 6 ,  errors  from  the  glide-slope  complementary 
filter  were  nulled  with  commands  to  the  autothrottle-choke 
inner  loop.  The  glide-slope  track  control  law  portion  of fig- 
ure 15 became  active  at  the  end of the  glide-slope  capture 
and  continued in effect  to a radio  altitude  of 30 m (100 ft). 
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flare  began at  20 m (65 ft)  when  the  pitch  predict  and  inte- 
gral of  airspeed  error  terms  on figure 17 were  frozen  and  a 
pitch  command, e$-D, t o  a 9” nose-up  attitude was  inserted 
into  the  radio-altitude-gain  scheduler.  The lag through  the 
pitch  inner  loop  attenuated  the  command so the  airplane 
typically  touched  down  with  a  desired 6” nose-up  pitch 
attitude.  This  predictive  pitch-up  maneuver  caused  the 
airspeed to  bleed off,  partially  arrested  the  sink  rate,  and 
ensured  that  the  touchdown  would  be  on  the  main  wheels. 
The  linear  variation  of  the  pitch-up  maneuver  with  altitude 
was  established on  the basis of  observed  pilot  technique 
during  a  simulation  evaluation  of  the  AWJSRA  (ref. 33). 

In  figure I S ,  the filtered  glide-slope  deviation signal  was 
phased out by  the  time  the  airplane  had  descended  to 15 m 
(50 ft)  radio  altitude.  Thus,  at 15 nl (50 ft)  only  the  filtered 
glide-slope  deviation-rate  term  remained.  Reduction of  alti- 
tude  rate  to  the  target  touchdown  sink  rate began at 15 m 
(SO ft).  Between 15 m (50 ft)  and  touchdown,  the glide-slope 
deviation  rate was phased  out  as  the  error  from  the  target 
touchdown  sink  rate was phased  in.  The  effect o f  the  simul- 
taneous phasing  was to create  the  decreasing  altitude  rate 
reference  shown in  figure 18.  The  integral  term,  shown in 
the  upper right portion  of  figure 15. was  activated a t  flare- 
initiate to shorten  the  time  needed  to  converge  the  airplane 
altitude  rate  onto  the  altitude-altitude rate  reference  line. 

The  filtered  and  calibrated  airspeed  command  to  the 
nozzle  (fig.  16)  continued  to drive the  nozzles  throughout 
the flare  maneuver. I f  the airspeed  error  were  the  only 
command  to  the  nozzles,  the  nozzles  would  move  aft to 
maintain  a  constant  airspeed in opposition  to  the  speed 
bleedoff  resulting  from  the  flare  pitch-up  maneuver.  The 
longitudinal  deceleration  command  term in figure 16 held 
the nozzles  essentially  constant  throughout  the  flare in the 
absence  of  a  wind  disturbance.  This  allowed  essentially  the 
full-nozzle  authority  to be available to counter a major  speed 
change  because  of a wind  disturbance  during  the  flare.  The 
deceleration  command  of  -1.66  knot/sec  was  initiated  at 9-111 
(30 ft)  radio  altitude as shown in figure 16.  This  con;mand 
was  integrated.  limited  to a 10-knot  speed-decrease  command 
and  sumtned  with  the  speed-error  command.  The  nozzle 
travel was  limited  between 90” and 45” when  the  airplane 
was  below  6 m (20  ft). 

Three-Control  and  Two-Control  Systems 

After  the  software for all the  three  control  systems  was 
developed,  only gain changes  were  needed to evaluate  the 
different sys t em.  Table 1 lists  the gains for all of  the  config- 
urations  that  were  flight  tested  and  for a three-control  sys- 
tem.  referred to as the “Design Configuration,’’  that was only 
simulated.  After  the  three-control  system  (designated  “Flight 

Configuration’’  in  table 1) was  flight-tested,  errors  were  dis- 
covered  in  the  scaling of the  autothrottle  feedback gain k2 
and  in  the  rpm  to  choke gain kNcH (fig. 13). The design 
configuration  incorporated  corrected  values  of k 2  and 
kNcH. More  details  on  the  differences  in  the  three  control 
systems  follow. 

The  principal  difference  between  the  four-control  and  the 
three-control  systems  was  the  method used for  speed  control 
during  the glide-slope track  phase  of  flight. For the four- 
control  system  the  nozzles  were driven by  the  error signal 
which  was the  difference  between  filtered  calibrated  airspeed 
and  the  reference  airspeed;  the  integral  of  airspeed  error 
provided  the  pitch  command.  For  the  three-control  system, 
the  proportional  speed  error  based on filtered  and  calibrated 
airspeed,  and  the  integral  of  speed  error  were  combined t o  
form  a  pitch  attitude  command signal  as shown  in  figure  20. 
This  figure  shows  that  the  filtered  and  calibrated  airspeed 
from  the  airspeed  complementary  filter  in figure 10 passed 
through  the  pitch  proportional  gain, k v e ,  and  was  summed 
with  the  pitch-predict  term  from  the  trim  table  of  figure 7. 
The sum was  rate  limited  and  added to  the  integral of speed- 
error  term  to  form  the  pitch  attitude  command. 

The  pitch-flare  logic  shown in figure 20  for  the  two-  and 
three-control  systems is the  same  as  the  logic in  figure 17 for 
the  four-control  system.  The  nozzle  was  driven  for  the 
three-  and  two-control  systems  to  provide  only  a  trim  func- 
tion as described in the  section  on  the  predict  terms.  The 
autothrottle-choke  inner loop developed  for  the  four-control 
system was  also  used  for the flight  configuration  and  the 
design configuration  three-control  systems. As shown in 
table 1 ,  the  only  differences  between  the  four-control  system 
and  the design configuration  three-control  system  were in 
the  damping  ratio 1 and in the  autothrottle  command gain 
k & T  . These  differences  were  minor.  There  were  greater  dif- 
ferences  between  the  four-control  system  and  the  flight 
configuration  three-control  system. 

C 

The values of k - ~  and kNcH used for  the  flight  configura- 
tion  three-control-systenl  resulted in a nearly  constant  rpm 
throughout  the  approach;  thus  the  burden-of-path  tracking 
depended  alrnost  entirely  on  the  chokes  which,  conse- 
quently,  became  very  active.  The  frequency  of  the  flight 
configuration  three-control-systerll  autothrottle  inner  loop 
was 3.5 rad/sec  and  the  damping  ratio  was  1.58.  Further- 
more,  the  steady-state gain o f  the  autothrottle  loop,  as 
determined  from  equation  (B2)  of  appendix B, was not 0.72 
as planned  and  achieved  for  the  four-control  system;  rather, 
it  was 0.23.  This  low  steady-state gain accounts  for  the  inac- 
tive rpm  time  histories  for  the  flight-tested  three-control 
system  discussed  later in this  report. 

Figure 13 describes  the  two-control  autothrottle  inner 
loop  when  the  choke  gain, k c H ,  and  the  choke bias  were  set 
to  zero.  For  the  two-control  system,  the  autothrottle 
inner-loop  frequency wI1 was 2.5 rad/sec,  the  damping  ratio 
1 was 1 .O, and  the  autothrottle gain khT was  0.6. 

c 
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FLIGHT-TEST RESULTS minor  refinements  to  the glide-slope  track  and  flare  systems 
would have been  desirable  but  would  not have substantially 
improved  the  final  system  performance. 

Three  different control law  systems  were  flight  tested:  the 
four-control,  three-control, and the  two-control  systems. The results  are  presented in three  forms: ( 1 )  time his- 
Each o f  these  systems  was  developed to  the  point  of  provid- tories, (2) exceedence  plots,  and ( 3 )  summaries  (appen- 
ing good glide-slope  tracking  and  flare  performance.  Further dix E). Time  histories  of  selected  approaches  are used to  
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Figure 20.- Pitch  speed  and  flare  control  law  for  the  two-  and  three-control  systems. 

identify  distinguishing  characteristics  of  each  of  the  control- 
law  configurations.  Exceedence  plots  relate  the  small  sets 
of  flight-test  data to the  much larger  sets  of  data  available 
from  the  high-speed  simulation.  Summaries  of  the  flight-test 
parameter  mean  values  and  standard  deviations,  taken 
throughout  the glide-slope  tracking  phase of  the  approach, 
are  provided  in  appendix E. 

A  number  of  disturbances  affected  the  behavior  of  the 
airplane  during  the  approach.  These  included  winds  and MLS 
noise  in  the  azimuth,  elevation,  and DME signals. The  simu- 
lator  studies  reported in reference 16 provided the insight 
that  atmospheric  disturbances  dominated  system  perfor- 
mance.  The  next  section  relates  the  winds  recorded  during 
flight  testing to   the wind  models  used  for  simulation  studies. 

Wind Conditions 

Wind data  were  recorded  during  flight  tests  from  two 
sources:  from  an  anemometer  located on a  mast  near  the 
STOL  port  touchdown  zone  and  from  a  postflight  computa- 
tion  that  established  the  wind  vector as the  difference 
between  the  airspeed  derived  from  the  Pitot-static  system of 
the  airplane  and  groundspeed  derived  from  tracking  radar. 
The  procedures  used  to  gather  these  data  and  an  estimate  of 
the  accuracy  of  these  data  are  presented in appendix D. 

Wind was  the single major  disturbance  acting on the  air- 
plane  during  the  autoland  approaches. A knowledge of  the 
winds is therefore  necessary to  understand  the  behavior  of 
the  control laws. 

Reference 34 presents  wind-probability  data on a  number 
of  airports  around  the  world.  Figure 2 I shows  a  comparison 
of  the  wind-magnitude  data  obtained  from a 5.5  m (18 ft) 
mast  near  the  touchdown  zone  at  NALF  Crows  Landing 
with  data  from  reference 34. The  curve  labeled 24  U.S. air- 
ports  was  developed  from  data  accumulated  from  anemom- 
eters  mounted  at  a  height  of 6 m (20 ft).  The  curve  labeled 
ARB  (for  British A i r  Registration  Board)  represents  data 
from  airports  around  the  world.  The  higher  wind  speeds 
associated  with  the  ARB  curve  are  assumed  to  be  the  result 
of  anemometers being mounted  at  the  greater  height  of 
10 nl (33 ft).  These  two  curves  are  approximately  the  same 
as the  downwind  probability  curve  specified  by  the  FAA  for 
automatic-landing-system  simulation  studies  as  shown  in 
AC 20-57A  (ref.  22).  The  low  ceiling  and  visibility  curve 
from  reference 34 shows  that  the  wind  magnitude  tends to 
be  lower  during  periods  of  fog  with  visibility  of 0.5 11. mi. or 
less and no precipitation.  Wind-magnitude  .data  accumulated 
during  the  AWJSRA  autoland  flight-test  approaches  were 
plotted  for  comparison  with  the  published  wind-speed 
descriptions  from  reference  34.  Although  the  three-control- 
system  wind  data  appears  to  correlate  with  the  low ceiling 
and  visibility  curve  of  figure  21.  this is just  coincidence 
because  the  three-control  data  are  attributable to  thermal 
turbulence  associated  with  light  winds  and  high  tempera- 
tures.  At  probability levels above 20%, the  wind  magnitude 
encountered  by  the  two-  and  four-control  systems  were Iess 
than the low  ceiling  and  visibility  curve.  At  probabilities 
below 2076, wind  magnitudes  were  as  great or greater  than 
the 24 U.S. airports or the ARB data.  These  high  wind 
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conditions  were  particularly  useful  in  demonstrating  the 
capabilities  of  the AWJSRA autoland  system  for  coping 
with  representative  severe  conditions. 

Glide-Slope  Track  Performance 

The  time  histories  shown  in  this  section  demonstrate  how 
the  control laws  performed  in  flight  in  various  wind  condi- 
tions.  The  time  histories  began  just  before  &de-slope  capture 
and  ended  after  the  touchdown.  Although  the  primary 
emphasis  in  this  section is on  the  portion  of  the  approach 
which  began  when  the  airplane  was  stabilized  on  the  glide 
slope  and  ended  with flare entry,  a brief  description of the 
glide-slope  capture  procedure  will  explain  the  events  during 
the  first  portion  of  the  time  histories. 

The glide-slope  capture law was  based  on  the  idea  that  the 
capture  could be accomplished  along  a  constant,  normal- 
acceleration,  circular  path  by  freezing  power  setting  and 
changing  the  airplane  configuration. In the  case of the 
AWJSRA, which  had  a  fixed  landing  gear,  the  configuration 
change  consisted of lowering  the  flaps,  rotating  the  nozzles, 
and  ramping  the  chokes  to  the  nominal 30% closure  position. 
A 20-sec  circular,  arc-capture  maneuver was selected  as  a 
compromise  between  the  requirement t o  establish  glide-slope 
tracking  as  soon as possible and  the desire t o  avoid 'a large, 
normal-acceleration  and  associated  big  control  motions. 
Establishing  glide-slope  tracking  quickly is especially  impor- 
tant in a  tailwind.  Excessive  control  motion  can  result  in 
instability  due to  control  saturation.  The  equations  describ- 
ing  the glide-slope  capture  are  derived  in  appendix C. 

A number  of  events  occurred  during  the glide-slope  cap- 
ture.  The  path  reference  became -7.5" and  the  airspeed 
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reference  became  the  landing  approach  airspeed (LAS). The 
nozzles  were  rotated  to  the  nominal  approach  reference  set- 
ting  and  the  chokes  were  ramped to  their 30% nominally 
deployed  position.  The  throttle  gain  was  reduced  to  maintain 
a  constant  rpm  during  capture.  Following  the  configuration 
change,  both  the  choke  and  throttle gains  were  gradually 
increased to  the final  glide-slope track values. 

The glide-slope  capture  law  used  for  the AWJSRA auto- 
land  flight  tests  was  effective in the  sense  that  the  airplane 
was  almost  always  established on the -7.5" glide slope  with 
sufficient  time  remaining to  ensure  stabilized  tracking  from 
152  m (500 ft)  to  the flare  initiation  altitude.  However, 
frequently  there  was  an  objectionable  overshoot  in  the  cap- 
ture  maneuver.  Further  development  would have been 
required to  perfect  this  law.  Other  flightpath  angle  transi- 
tions  were  developed  and  tested  during  the AWJSRA 
research  program in connection  with  area  navigation-system 
developments.  The  most  effective  of  these  procedures is 
reported  in  reference  12. 

Calm Wind. - Figures  22(a)  and  (b)  show  the  performance 
of  the  four-control  system  operating in  calm  wind  condi- 
tions.  Following  a  capture  involving  a single  glide-slope error 
overshoot,  the  airplane  was well stabilized on the glide slope 

below 244 m (800 ft)  barometric  altitude. During the  cap- 
ture  the  nozzles  and  chokes  were  deployed to their  nominal 
operating  positions,  the  throttle  and  choke gains  were 
initially  reduced to  avoid  large control  transients  and  were 
subsequently  ramped  to  the  final  glide-slope  track values. In 
figure  22(a)  the  deployment  of  the  choke  and  nozzle 
occurred  between  2  and  12  sec  into  the  record.  Throttle  and 
choke gains  were  increased  during  the  period  between 30 and 
4 5  sec,  and  the  full  glide-slope gain configuration was estab- 
lished after 50 sec. 

The  path  and  the  speed  tracking  were  satisfactory  when 
the  airplane  was  below  244 m (800 ft)  barometric  altitude. 
Specifically, in  figure 22(a)  the glide-slope  error  did  not 
exceed 1.5 m ( 5  ft)  relative to  the 7.5"  reference glide slope 
and in  figure 22(b)  the speed  was  within 4 knots  of  the 
70-knot  landing  approach  airspeed (LAS) reference. 

The design features  of  the  four-control  system  that  are 
evident in figures  22(a)  and  (b)  are  sunlnlarized  next. 

Figure  22(a)  shows  that  the  autothrottle-choke  comple- 
ment was  an  effective  path  controller.  However,  the  rpm  and 
chokes  were  surprisingly  active  considering  the  calm  surface 
wind  conditions  and  the  standard  day  temperature.  Although 
the glide-slope  errors  were  small,  the  glide-slope  tracking  was 
not  absolutely  smooth. 
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Figure 22(a).- Glide-slope track  and flare  performance  of  the  four-control  system;  calm  wind,  standard  day  temperature. 
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Figure  22(b)  indicates  that  although  the  speed  stayed 
within 4 h o t s  of  the  landing  airspeed  (LAS)  reference  of 
70 knots,  the  nozzle-control  activity  was high. This  activity 
was  apparently  due t o  hysteresis  in  the  nozzle-drive  system. 
Big speed  errors  were  handled  adequately  but  small  errors 
were  uncorrected  because  the  error signal  was not large 
enough to break  through  the  nozzle  hysteresis. 

Figure  22(b)  also  shows  that  just  after  the  glide-slope  cap- 
ture,  when the airplane  was  above 244 m (800 ft)  barometric 
altitude,  the  nozzles  and  pitch  attitude  were  operating in 
opposition  while  ~orrecting  airspeed  errors.  The  sequence 
began 30 sec  into  the  record. Airspeed at  this  point  was 
2 knots  above  the  70-knot  LAS  reference  speed  and  was 
increasing to  5 knots  above  LAS.  The  nozzle angle  was 
increasing  and  the  integral  of  speed  error  was  pitching  the 
nose up t o  slow  the  airplane.  At 37 sec  into  the  record,  the 
airspeed  was  dropping  through  LAS  on  its  way  to 4 knots 
below  the  70-knot  reference  speed.  At  this  point,  the  nozzle 
angle  decreased to  provide  a  force in  a direction  to  increase 
the  airspeed.  Note  the  change in the  longitudinal  accelera- 
tion.  At 40 sec  into  the  record,  the  airplane  was  pitched 2" 
nose-up  above  the  final  trim value to  slow  the  airplane  while 
the  nozzle  angle  was  decreased to increase  the  airspeed.  This 
was  a  case  where  the  nozzle  moved  excessively to  compen- 

sate  for  the  slowly  changing  pitch-attitude  integral  term.  This 
integral  term for speed  on  pitch was  essential to  keep  the 
nozzles  centered  in  their  operating  range.  However,  the  inte- 
gral  gain  was  small t o  reduce  a  long-term  oscillatory  ten- 
dency.  At 50 sec  into  the  approach,  the  pitch  attitude  had 
settled  to  minus 2" where  it  remained  until  flare  initiation. 

The  throttle  and  choke  inner  loop  effectively  nulled  path 
errors  and  the  nozzle  and  elevator  effectively  maintained 
speed. The elevator  trace  in  figure  22(b) is an  indication  of 
the  column  activity  that  the  pilots  observed  and  corresponds 
to   about  0.5 cm  (0.2  in.) of  column travel. 

The angle of  attack  in figure  22(b)  exceeded  12.5" 
momentarily  just  after  the  glide-slope  capture  as  the  system 
corrected  for  the  glide-slope  capture  overshoot  but  was 
steady  near 7.5" after  the  airplane  was  stabilized  on  the 
glide slope.  The  pilots  objected  to  the  high angle of  attack 
and  the associated low  airspeed  that  occurred  early  in  the 
approach  but  considered  the  final  track  angle of attack  and 
airspeed to  be  acceptable. 

The  normal  acceleration  trace  appears  in  figure  22(b). 
Normal  acceleration  provides  one  measure  of  ride  quality. 
According to reference  35,  rms  normal  acceleration levels 
under 0.09 g  are  considered  acceptable to  passengers  pro- 
vided  lateral  rms  acceleration  does  not  exceed 0.06 g. By this 
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Figure 22(b).- Glide-slope track  and  flare  performance  of  the  four-control  system;  calm  wind,  standard  day  temperature. 
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criterion,  the glide-slope  tracking  performance  of  the 
AWJSRA autoland  system  was'  acceptable  for  this  particular 
approach. 

One  of  the  pilots  commented  that  the  choke  activity asso- 
ciated  with  the  four-control  and  three-control  systems  was 
high. In some  cases  the  chokes  were  driven all the  way  open. 
When  the  choke  motion  was  small  enough t o  keep  each 
choke  operating  near  the  30%  nominal  position,  the  pilots 
were  not  aware  of  the  choke  activity. When the  pilots  were 
asked  specifically  about  the  acceptability of the high- 
frequency  choke  activity  they  commented  that  the  chokes 
were less objectionable  than  the  nozzles.  The  pilots  were 
aware  of  the  nozzle  activity  because  they  could feel  longi- 
tudinal  acceleration  when  the  nozzles  moved  and  because  the 
motion  of  the  nozzles was reflected  back  into  the  nozzle 
handle  in  the  cockpit.  Figure  22(b)  shows  that  the  longitudi- 
nal acceleration  was  from -0.1 g to 0 g  during  the  latter  half 
of  the  approach. 

Figures  23(a)  and  (b)  show  the  performance of the flight 
configuration  three-control  system  operating  in  light  but  not 
calm  wind  conditions.  The  light  wind  activity  evident in  fig- 
ure  23(a)  was  caused  by  thermal  disturbances  over  the run- 

way  associated  with  the  high  temperature  which  was 17" C 
above  standard  day  temperature. 

The  primary  performance  difference  between  the  four- 
control  system (figs. 22(a) and (b)) and  the  flight  configura- 
tion  three-control  system (figs. 23(a)  and (b)) was  the  higher 
choke  activity of the  three-control  system. As discussed 
earlier,  this  difference  was  due to  the  reduced-throttle  feed- 
back  and  rpm  to  choke crossfeed gains used for  the flight 
configuration  three-control  system  that  caused  the  increased 
choke  and  decreased  rpm activities. 

The basic  design  difference  between  the  four-  and  three- 
control  systems  was  the  method  of  controlling  airspeed.  The 
three-control  system  depended  entirely on pitch  corrections 
for  speed  control,  whereas  the  four-control  system  used 
nozzles  for  short-term  speed  corrections.  Figure  23(b)  shows 
that  speed  stayed  within  k2  knots  of  the  75-knot  airspeed 
reference.  The  nozzle  angle  was  constant  after  the  glide-slope 
capture  maneuver  was  completed.  Consequently.  the 
longitudinal-acceleration  time  history  shown  for  the  flight 
three-control  system in  figure  23(b) is smoother  than  the 
comparable  time  history  for  the  four-control  system  shown 
in  figure  22(b). 
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Figure 23(a).- Glideslope  track  and flare  performance  of  the  flight  three-control  system;  calm  wind,  standard  day  at +17"C. 
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The high  temperature  day  caused  the  rpm to  be  higher 
than was  generally  considered  desirable.  The  rpm  in fig- 
ure  23(a)  operated  between 95% and  96%,  which  was 1% to  
2% above  the  nominally  desired  value of 94%  for  the 
approach  weight  of  19,504  kg  (43,000  lb).  The  angle  of 
attack was  also  high;  just  prior t o  flare entry,  the angle  of 
attack  was  10".  The  pilots  preferred  an  angle  of  attack 
closer t o  7". This  could  have  been  accomplished,  using  the 
tradeoff  factors  developed  in  appendix A, by  raising  the 
airspeed  2  knots to  lower  the  rpm  1%  and  lower  the angle  of 
attack 1".  Although.  adjustment to  the airspeed  and  rpm 
would  have  produced  more  nominal  trim  conditions,  these 
adjustments  would  not  have  affected  the  speed  error or path- 
tracking  performance.  The  main  adverse  effect  of  the  higher 
airspeed  associated  with  the  higher  temperatures was the 
increased  landing  distance. 

Figures  24(a)  and  (b)  and  25(a)  and  (b)  demonstrate 
( 1 )  the  performance  of  the  two-control  system  in  calm 
surface  wind  conditions,  and  (2)  the  effect  of  the  path- 
tracking  gain, ksT (fig. 15),  on  the  rpm  and normal-acceler- 

ation  responses  of  the  two-control  system. In figs.  24(a) 
and  (b), ksTc = 0.75 and in figures  25(a)  and  (b), 

C 
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k6Tc = 0.6.  The  postflight  wind-magnitude  records in fig- 
ures  24(a)  and  25(a)  indicate  a  headwind  near  15  knots  just 
before  glide-slope  capture  which  decreased  to  calm  by  the 
time  the  airplane  had  descended  below  152  m (500 ft). 

The  autothrottle  inner-loop  frequency  was  set  to 
2.5  rad/sec  and  the  damping  ratio  was  1 .O for the  two succes- 
sive approaches  (figs.  24  and  25).  The  only  control-system 
difference  between  the  two  approaches was the value of 
ksT . There was a  pronounced  oscillatory  tendency in the 
engine  rpm  in  figure  24(a)  which was not  evident  in f i g  
ure  25(a).  This  oscillatory  tendency is also  seen  in the  normal 
acceleration  record  in  figure  24(b).  The  overall  glide-slope 
tracking  performance was the  same  for  both  gains.  There was 
also no  difference  in  the  airspeed-tracking  performance or 
elevator  activity  when kh was  varied. To avoid the oscilla- 

tory  rpm  and  normal  acceleration  tendency, ks  was  set to  

0.6  for  the  subsequent  two-control-system  approaches. 
The  path  tracking  performance  for  the  two-control  sys- 

tem  (fig.  25(a))  can be compared  with  the  performance of 
the flight  configuration  three-control  system  (fig.  23(a))  and 
the  four-control  system  (fig.  22(a)). All three  systems  pro- 
vide  performance  that  would  meet  the  FAA  requirements 
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Figure 23(b).- Glide-slope track  and  flare  performance  of  the flight three-control  system,  calm  wind,  standard  day  at  +17"C. 
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Figure 24(b).- Glide-slope track  and flare  performance  of  the  two-control  system; calm wind,  standard  day -3"c, 
k6TC = 0.75. 
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Figure 25(a).-  Glide-slope  track  and  flare  performance of the  two-control  system;  calm  mast  wind,  standard  day -3°C 
k6T =0.6. 
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Figure 25(b).- Glide-slope  track  and  flare  performance of the  two-control  system;  calm  mast  wind,  standard  day -3”C, 
k&T, = 0.6. 
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contained in reference 23 for  ILS glide-slope  tracking of  the 
CTOL  transport.  The  significant  differences in the  perfor- 
mance  of  the  three  systems  in light  winds  were  in  the  control 
activity. 

Head Winds- The  performance  of all three  control sys- 
tems  in  headwind  conditions is documented  in figures  26-28; 
figure 26  for  the  four-control  system, figure 27  for  the 
three-control  system,  and  figure 28 for  the  two-control 
system. 

Figure  26(a)  shows  the  glide-slope  tracking  performance 
for  the  four-control  system  operating in winds from 46 to  
50 knots  at glide-slope  capture  and  decreasing to  30 to  
35 knots  at  touchdown.  Considerable  choke  and  rpm  activity 
appears  and  although  the  rpm  was on the  minimum  limit  of 
90% for 5 sec  as the  airplane  descended  through 183 m 
(650  ft),  the glide-slope  error  did  not  exceed 3 n1 (9 ft).  This 
error  was  reduced  to  zero  within 5 sec. 

A wind  gust  occurred  at 106 sec into  the  record  that 
affected  the  airspeed-tracking  perfornlance.  The  wind  speed 

in  figure  26(a)  dropped  from 43 knots  to 31 knots in 7  sec. 
This  gradient  can  be  characterized  as  either  1.7  knot/sec  or 
18 knot/30 111 (18 knot/100  ft). Figure 26(b) shows  that 
during  this  period,  the  airspeed  dropped  from 3 knots  above 
the  71-knot landing-airspeed  reference to  7 knots  below  the 
airspeed  reference.  The  nozzles  moved  aft t o  increase  air- 
speed  and  after  a  5-sec  lag.  the  airspeed-error-integral  term 
pushed  the  airplane  nose  down.  Although  airspeed varied 
during  the  approach,  the  airplane was speed-stabilized  at  flare 
entry.  The  changing  wind  speed  caused  the  angle  of  attack to 
vary 22' but  did  not  affect  the  normal  acceleration 
significantly. 

Although  there  was  considerable  control  activity.  with 
control  excursions  occasionally  reaching  limits.  the overall 
glide-slope  and  speed-tracking  performance  remained 
satisfactory. 

Figure 27(a) shows  the  perforlnance  of  the flight coniigu- 
ration  three-control  system  operating  on a hot  day i n  a 
10-knot  headwind.  The  turbulence,  reported as light, was the 
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Figure  26(a).-  Glide-slope track  and flare  performance of the  four-control  system;  mast  wind was 310' magnetic  at 
26  knots  gusting 30 knots  (headwind  and  left  45"  crosswind),  standard  day -5°C. 
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result of  thermal  activity.  Only  the  mast  winds  were available 
during  this  approach.  The  glide-slope  tracking  performance 
and  the  rpm  activity  were  satisfactory  but  the  choke  activity 
was not.  There  were  extended  periods  of  time  when  the 
chokes  were  on  the  fully  closed  limit  and  other  periods  when 
the  chokes  were  fully  open in spite  of  only  light  turbulence. 
This  tendency  of  the  chokes  to  saturate  resulted  from  the 
incorrect  throttle gains for  the flight  configuration  three- 
control  system.  The  airspeed  tracking  performance in  fig- 
ure  27(b)  was  good.  The  pitch  activity, the angle-of-attack 
activity,  and  the  normal-acceleration  performance  were all 
satisfactory. 

Figure  28(a)  shows  the  performance of  the  two-control 
system in a  20-  to  25-knot  headwind  and  in  turbulence 
reported as  light to  moderate.  The glide-slope  tracking  per- 
formance was  again satisfactory.  The  nominal  rpm  was 
maintained  in  a  good  operating  range  but  oscillatory  perfor- 
mance  did  occur several times  during  the  approach.  Since  no 
limiting  occurred  during  the  approach,  the  short  durations  of 
oscillatory  performance  were  acceptable.  Airspeed-tracking 
performance  was  good  and  was  maintained  without excessive 
pitch  activity.  Both  the  angle  of  attack  and  the  normal 
acceleration  were  satisfactory. 

Tailwind- Tailwind  situations were not  encountered  with 
either  the  flight  configuration  three-control  system or the 
two-control  system.  Figures  29(a)  and  (b)  show  the  perfor- 
mance of  the  four-control  system  operating  in  a significant 
tailwind  with  light  turbulence  and  in  near-standard  day 
temperatures.  The  only  unique  feature  of  this  approach  was 
its  short  duration.  The  performance  and  control  activity  were 
typical  of all of  the  other  four-control-system  approaches 
flown  in  light-wind  conditions. 

If the guidelines  established  by  the  FAA to  certify  a 
CTOL  transport  autoland  system  which  used  ILS  were 
directly  applied t o  a  STOL  airplane  flying an MLS approach, 
the  time  histories in this  section  and  the flight  performance 
summaries  shown  in  appendix E suggest that  all  three  sys- 
tems  would  be  regarded  as  satisfactory  even  in  strong  winds. 

Many  more  approaches  would  be  required to  fully  estab- 
lish  glide-slope track  performance  but  such  testing  would  be 
prohibitively  expensive. An estimate  of  the  low  probability 
event  performance  can be obtained  from  high-speed  simula- 
tion.  The  results  of  just  such  a  study  are  contained in the 
next  section. 
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Figure 26(b).-  Glide-slope track  and  flare  performance  of  the  four-control  system;  mast  wind  was 3 10" magnetic  at 
26 knots  gusting 30 knots  (headwind  and  left 45O crosswind),  standard  day -5°C. 
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Figure 27(a).- Glide-slope  track  and  flare  performance of the flight  configuration  three-control  system;  mast  wind was 
300" magnetic  at  12  knots  (headwind  with  left 50" crosswind),  standard  day +13"C. 
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Figure 27(b).- Glide-slope  track  and  flare  performance of the flight  configuration  three-control  system;  mast  wind  was 
300" magnetic  at 12 knots  (headwind  with  left 50" crosswind),  standard  day +13"C. 
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Figure 28(a).- Glide-slope  track  and  flare  performance  of  the  two-control  system;  mast  wind  was 300" magnetic  at 
18 knots  (headwind  and  left 50" crosswind),  standard  day -2°C. 
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Figure 28(b).- Glide-slope  track  and  flare  performance  of  the  two-control  system;  mast  wind was 300" magnetic  at 
18 knots  (headwind and left 50" crosswind),  standard  day -2°C. 

35 



(m) 

ALTITUDE 
BAROMETRIC 3oo 

6oo 0 t 
(fit) 

2000 I I 1  

loo0 0 I 
FLIGHTPATH 
ANGLE, 
deg 

GLIDE-SLOPE 
ERROR (m) o 1 

-5 

RIGHT  AND 
LEFT RPM, 
% 

CHOKE 
CLOSURE, 
% 

(fi;:rwq-=J -25 ABOVE 
BELOW 

100 I I I  

NOZZLE 
POSITION, 
deg 0 

WIND 
MAGNITUDE, 
knots 

0 20 40 60 80 100 
TIME, sec TOUCHDOWN 

Figure  29(a).-  Glide-slope  track  and  flare  performance of the  four-control  system;  mast  wind  was 130" magnetic  at 12 knots 
(tailwind  and  right 45" crosswind),  standard  day -3°C. 
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Figure 29(b).- Glide-slope track  and flare  performance  of  the  four-control  system;  mast  wind was 130' magnetic  at 12 knots 
(tailwind  and  right  45"  crosswind),  standard  day -3OC. 
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Statistical  Flare-Entry  Conditions 

The  time  histories  presented  in 
cate  how  the  AWJSRA  autoland 

the  previous  section  indi- 
system  performed as the 

airplane  descended  on  the glide slope  to  20  m (65 ft).  This 
section  summarizes  the  glide-slope  tracking  performance  just 
before  flare  entry as determined  from  flight  tests  and  high- 
speed  simulation. For purposes  of  establishing  conditions  at 
flare  entry,  data  are  compiled  for  a  radio  altitude  of 30 m 

The  statistical  data  presented  in  this  and  later  sections  of 
this  report  are in the  form  of  exceedence  probability- 
distribution  plots.  The  data  are  plotted on graph  paper on 
which  a  normal  probability  distribution  appears as a  straight 
line. On this  type  of  graph  paper  a  very  good  control  system 
is represented  by  a  nearly  vertical  line.  A  poor  control  system 
is represented  by  a  line  leaning  away  from  vertical. If the 
control  system is nonlinear  due  to  control  limiting  the  proba- 
bility  curve will consist  of  two  segments - a  straight  line  in 
the  most  probable region near  the  center  of  the  graph  and  a 
segment  that  bends  away  from  the  straight  line.  Both  the 
straight  line  characteristic  and  the  bending  characteristic in 
the  low  probability  tails  of  the  plot  appear in the figures 
that  follow. 

Figure 30 shows  the  glide-slope  tracking  performance  of 
the  four-control  system as the  airplane  descended  through 
30 m (100 ft).  The  data  points  in  figure 30 represent 
41  approaches  flown  with  the  four-control  system,  and  the 
solid  line  represents  more  than 2000 data  points  compiled 
from  the  high-speed  simulation  described in reference  16. 
The  flight-data  points  may  represent  only  one  approach or 
may  represent  nlultiple  approaches  which  produced  the  same 
glide-slope  error.  Therefore,  the 41 approaches  are  repre- 
sented  by less than 41 points.  The  ordinate  in  figure 30 
shows  the  probability  that  the  glide-slope  error (Ahl  00) 
will exceed  the value of  the glide-slope  error  shown  on  the 
abscissa (Ahl oo'). The glide-slope  error is positive  when 
the  airplane is above  the glide slope.  The  simulator  data in 
figure 30 show  that  97.7%  of  the  time  (-2a),  the  airplane 
will be  above  a  point  which is 2.8  m  (9.5  ft)  below  the  7.5" 
glide slope.  Approximately  2.3%  of  the  time  (+2a),  the 
airplane will be  above  a  point  which is 3.8 m  (12.5  ft)  above 
the glide slope.  The 2 0  distribution is the  difference  between 
the  +2a  and  -2a values which  in  this case  is 6.7 m  (22.0  ft). 
Figure 30 also  shows  that  the  mean  of  the  simulator  data  was 
0.6 m  (2  ft)  above  the  7.5" glide slope. 

The flight  test  data  provided  a  good  estimate  of  the  mean 
value and  the l a  (standard  deviation)  performance  of  the 
glide-slope  track  system,  a  poorer  estimate  of  the 20 perfor- 
mance,  and  no  estimate  at all of  the  low-probability  perfor- 
mance.  The  low-probability  performance was estimated  using 
the high-speed  simulation to  generate  the large data  base. 
Figure 30 shows  considerably  smaller  spread  in  the  20 
flight-test  data  than in the  simulation  data.  There  are  two 
reasons  for  this.  First,  the  wind  disturbances  encountered in 

(100 ft). 
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flight  were  generally  smaller  than  the  limiting  wind  distur- ' r i  
bances  derived  from  the  FAA  wind  model  specified in \ 
AC 20-57A  (ref.  22), which  were  used  in the  simulation. 1 
Second,  the  flight-test  data  sample is very  small compared  to 
the  data base generated in the  simulator. 

As noted  in  the  section  on  current  autoland  practice. 
AC  320-28B  (ref.  23)  requires  that  for an ILS Category  llIa 
automatic  approach,  the  airplane  nlust  be  within 235 pA 
(20) or 23.7 IN (1 2  ft)  of  the glide slope  as  it  descends  from 
213  m (700 ft)  to  the  flare  height.  At 30-m (100-ft)  height 
above  the  touchdown  zone,  the  23.7-m (1  2-ft)  requirement is 
applicable.  Figure 30 shows  this  requirement in the  form  of 
the  crosshatched  20  boundaries.  The  four-control  system 
essentially  meets  the  FAA  requirement  for  the flight and 
simulation  cases. 

Figure 31  shows  data  from  29  approaches  with  the flight 
configuration  three-control  system as well as data  from  the 
simulator  for  both  configurations  of  the  three-control  sys- 
tem. Again, the  probability  spread  for  the  flight  data is less 
than  for  the  simulator  data  and  this  difference reflects  the 
light  winds  encountered in  flight  and  the  moderate  winds 
modeled in the  simulator.  The  simulator  shows  that  perfor- 
mance  for  the flight configuration  three-control  system is 
deteriorated  for  the  low  probabilities  beyond  2a.  This 
deterioration is caused  by  the  saturation of the  chokes  which 
occurred  when  the  flight  configuration  three-control  system 
encountered large disturbances.  For  the design configuration 
three-control  system,  choke  saturation  was  significantly 
reduced  and  provided  better  performance in the presence of 
the large disturbances. 

Figure 32  shows  the glide-s!ope tracking  performance  of 
the  two-control  system.  The  flight-test  data  for  26  approaches 
show  better  agreement  with  the  simulator  data  than  was seen 
for  the  four-  and  three-control  systems. An explanation for 
this  agreement is that  more  random  winds  were  encountered 
for  the  two-control  system  than for the  other  systems. In the 
summary  of  the  glide-slope  error  data  presented in figure E2 
of  appendix E, it is noted  that  the last  six  approaches  were 
flown in wind-shear  situations  resulting in late  stabilization 
on the glide slope.  The  glide-slope  error  data  for  the  last  six 
two-control  approaches  are  noted in figure 32.  The lowest 
glide-slope  error  data  points  correspond to  late  stabilization 
on  the glide slope. 

The  30-m  (100-ft) glide-slope  track  data  from fig- 
ures 30-32  are  summarized in table  2.  The  flight-test  data 
showed less tracking  error  for all of  the  control  systems  than 
was determined  from  the  high-speed  simulation  data. Because 
the  winds  during  the flight testing  were less severe  than  those 
of  the  high-speed  simulation  model,  only  the  simulation  data 
are  useful for determining  the  ultimate  performance  of  the 
control  systems. 

All of  the  control  systems  were  capable  of  meeting  the 
glide-slope  track  requirements  like  those  that  are  imposed  by 
the  FAA  on  CTOL  transport  autoland  systems  for  Cate- 
gory  IIIa  operations  with  ILS. 
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TABLE 2.- SUMMARY O F  GLIDE-SLOPE ERROR  PERFORMANCE  AT 30 m (100 ft) 

Glide-slope 
error 

Number of 
data  points 

2a  above 
glide slope 
Mean 
2a below 
glide  slope 
2a dispersion 

T Four  controls Three  controls 
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1.37 (4.5) 

.24 (.8) 
- 1.28  (-4.2) 

2.65 (8.7) 

--"- 
Simulation,  Flight, 

>2000 

3.81  (12.5)  1.68 (5.5) 

.46 (1.5) .15 ( S )  

-2.89 (-9.5) 1.46  (-4.8) 

I 

6.70  (22.0) I 3.14  (10.3) 

The  airspeed  error  performance  of all three  control  sys- 
tems  was  recorded  during  the  autoland flight tests. A sum-  
mary  of  the  airspeed  error  data is contained in  figure E5 of 
appendix E but  comparable  high-speed  simulation  data  are 
not available.  Figure  E5  shows  that all three  systems held the 
speed  error  to less than k5 knots,  thus speed  performance 
was  generally  satisfactory. In the  absence  of  simulation  data, 
it  is not possible to  determine  whether  the  apparent  superior 
speed-tracking  performance of  the  four-  and  three-control 
system  designs is attributable  to  differences  in  the corrtrol 
system  designs or to  different  wind  conditions. 

Flare  Performance 

This  section  presents  the  time  histories  of  the  flare  and 
altitude-altitude  rate  profiles  that  correspond  to  the  time 
histories  of  the  glide-slope  track  and  flare  discussed in the 
previous  section.  The  data  are  presented  for  calm  wind 
conditions,  headwinds,  and  tailwinds. 

Calm Winds- Figure 33 shows  the  expanded  time  history 
of  the flare  for  the  four-control  system  approach  shown in 
figure 22.  The first  event in the flare  maneuver  was  the  pitch 
command as a  function  of  altitude  which  began  at 20 m 
(65 ft). Figure 33 shows  that  the  elevator  responded  rapidly, 
within 0.1 sec of flare  initiation  and  that  the  subsequent 
pitch  response  followed  1  sec  later.  The  pitch  maneuver 
initiated  the  reduction  of  the  altitude  rate,  rotated  the  air- 
plane  nose  up so the  touchdown  would be on the  main 
landing  gear  first  and  caused  the  airplane t o  decelerate t o  
reduce  the  aerodynamic  lift  and  the  landing-rollout  braking 
requirements.  Figure 33 shows  that  as  the  airspeed  decreased, 
additional  elevator  was  required  to  maintain  the  high  pitch 
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attitude  of  the  nose.  The  airspeed  dropped 1 1  knots  during 
the flare  maneuver.  The  deceleration-speed schedu!e  (fig. 16) 
provided  a  touchdown-target  speed  of  61.5  knots.  The  nozzle 
angle  increased  5" to  help bleed off  the  airspeed. Beginning 
at  15 m (50 ft)  radio altitude,  the  throttle  and  chokes were 
commanded  to  reduce  the  altitude  rate  according  to  the 
altitude-altitude  rate  profile  described in figure 18. The goal 
of  this  schedule  was  to  reduce  the  altitude  rate  from  the 
value  needed to  maintain  the 7.5" MLS glide  slope to  a 
touchdown-target value of  -0.95  nl/sec  (-3.12  ft/sec). Fig- 
ure 33 shows  that  the  chokes  began  to  move  to  reduce 
the  altitude  rate  within 0.1 sec  of  the  airplane passing 
through  15 n1 (50 ft).  The rpnl  responded  after  approxi- 
mately 1 sec.  A  change in the  altitude  rate  was  evident 
0.5 sec  after  the  airplane  descended  through  15  m  (50  ft). 
The  altitude  rate  rapidly  changed  from  -4.27  m/sec 
(-14 ftfsec) to -1.5  mfsec (-5 ftfsec)  during  the  next 4 sec 
and  stabilized  thereafter  at  -1.37  m/sec  (-4.5  ft/secj  until 
the  touchdown. 

Another view of  the  behavior  of  the  airplane  during  the 
flare  maneuver is provided  by  figure 34 which  shows  the 
altitude-altitude  rate  profile  corresponding  to  the  time  his- 
tories in figure 33. Figure 34 shows  that  the  airplane 
descended 3 m (10 ft)  below  the  planned  altitude-altitude 
rate  profile  before  responding  to  the  control  inputs.  The 
initial  altitude  rate  adjustment  caused  the  airplane  to go 
above  the  reference  profile.  The  airplane  returned to the 
reference  profile  at  a  radio  altitude  of 1.5 m (5  ft).  During 
the final  1.5 n1 (5 ft)  before  touchdown,  the  airplane 
dropped  below  the  reference  profile  and  held  a  nearly  con- 
stant sink  rate  of 1.3 m/sec (4.3 ft/sec) to  touchdown. 
Figure 33 shows  that  the  chokes were  moving to provide 
additional  lift  to  return  the  airplane  to  the  reference  profile 
but  the  airplane  had  not  yet  responded  by  the  time  touch- 
down  occurred. 
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Figure 35  presents  the  expanded flare  time  history  for  the 
flight  configuration  three-control  system  that  corresponds to  
the  &de-slope  track  and  flare  time  history  shown  in  fig- 
ures 23(a) and (b).  Recall that  the  flight  configuration  three- 
control  system was similar  to  the  four-control  system for the 
flare  except  that  the  nozzles  were  not  used  for  speed  control 
and  the  throttle  feedback  and  rpm  to  choke gains  were 
reduced.  Figure 35  indicates  that  the  pitch  maneuver  for  the 
flight  configuration  three-control  system  was  similar to  the 
pitch  maneuver  for  the  four-control  system.  The  speed 
reduction  during  this  flare  maneuver  was  7  knots.  Nozzles 
remained f u e d   a t  an  indicated 60" throughout  the  maneuver. 
Figure 35  shows  that  regulation  of  the  altitude  rate  was 
accomplished  entirely  with  the  chokes.  The  rpm  remained 
constant  because  of  the  low  throttle gain used  for  this 
configuration. 

Figure 36 indicates  that  the  pitch-flare  maneuver,  which 
began  at  the  flare-initiate  altitude  of  20  m (65 ft), was 
effective in establishing the  airplane  on  the  altitude- 
altitude  rate  profile  and  that  the  airplane  closely  tracked  the 
profile to  touchdown. 

Figure 37  presents  the  expanded  flare  time  history  for  the 
two-control  system  that  corresponds  to  the  glide-slope  track 
and  flare  time  history  shown  in  figures  25(a)  and  (b).  Fig- 
ure 37  indicates  that  the  speed  bleedoff,  in  this case  6  knots, 
and  the  altitude  rate  arrestment  were  accomplished  through 
the  pitch  maneuver  since  the  rpm  remained  essentially 
constant. 

Figure 38  shows  that  the  altitude  rate  dropped  below  and 
then  asymptotically  closed  on  the  altitude-altitude  rate  pro- 
file to  produce  a  landing  near  the  target-touchdown  sink  rate 
of  -0.95  m/sec  (-3.12  ft/sec). 

This review of  the  selected  time  histories  and  altitude- 
altitude  rate  profiles,  shown  for  the  three  systems  operating 
in  calm  winds,  suggests  that  the  choke  control  may  not  have 
been  needed  for  accomplishing  the  flare  maneuver.  Indeed, 
the  time  history  for  the  four-control  system  (fig. 33) even 
seems to  suggest that  the  attempt  to aggressively control  the 
altitude  rate  may  have  adversely  excited  the  rpm.  It is neces- 
sary  to  evaluate  the  performance  in  stronger  wind- 
disturbance  conditions  to  determine  the  benefits  of  the  four- 
control  system  versus  the  other  control  systems. 

Headwind- Figure 39 shows  a  flare  time  history  for  the 
four-control  system  in a strong,  gusty-wind  condition.  This 
figure  corresponds  to  the  glide-slope  track  and  flare  time 
histories  shown in figures  26(a) and  (b).  Only  the  portion  of 
the  flare  maneuver  below 15 m (48 ft) is presented  in  fig- 
ure 39 because  the  flare  duration in the  strong  winds 
exceeded 10 sec.  The  flare  maneuver began with  the  pitch 
input  at  20 m (65 ft).  The full  maneuver is shown  in fig- 
ure 26  and is partially  complete  by  the  time  the  record  in 
figure 39 begins.  Subsequently,  the  elevator  deflection 
increased  to  hold  the  nose  up as the  flare  progressed.  The 
airspeed  remained  relatively  constant.  The  time  history 

leading into the  flare  (fig.  26)  indicates  that as the  airplane '? 
descended  through  20  m  (65  ft),  the  airspeed  was 3 knots 
below  the  71-knot  LAS  reference.  Recall  that  the  nozzles 
were  driven by  two  commands:  a  deceleration  command  and 
a  speed  error  command. In the  absence of wind,  the  nozzle 
command  was  essentially  nulled.  The  situation  was  different 
in  figure 39. During  the  flare,  the  speed  error  was  greater 
than  the  deceleration  command  and  that  caused  the nozzles 
to rotate  aft to an  angle  less  than 45". At 6 m (20 ft),  the 
45"  nozzle  limit  included  in  figure 16 caused  the average 
nozzle  angle to  increase  to  45". As soon  as  the  45"  limit  was 
imposed,  the  speed  decreased 4 knots  as  indicated  in fig- 
ure 39. 

Figure 40 presents  the  altitude-altitude  rate  profile  corre- 
sponding  to  the flare  time  history  shown  in  figure  39.  The 
most  obvious  feature  of  figure 40 is the  random-appearing 
altitude  rate  as  the  airplane  descended. In one  sense,  there 
was less demand placed on  the  control  system  to  accomplish 
the flare  maneuver  because  the  strong  headwind  caused  the 
altitude  rate  to  be  only  about 3 m/sec (10 ftlsec) as the 
airplane  descended on the 7.5" MLS glide  slope.  The  incre- 
mental  change  in  altitude  rate  required  to  acquire  the  target- 
touchdown  sink  rate  was less than  it  would  have  been if the 
wind  were  calm. On the  other  hand.  the  strong  wind  and 
turbulence  placed  heavy  demands on the  control  system 
to  restore  the  airplane  to  the glide-slope  reference  before  the 
flare  maneuver  began  and to  the  altitude-altitude  rate profile 
after  the flare  maneuver  began.  The  airplane  tended to  ride 
through  the  gusts  with  the  control  system  unable  to  hold  the 
altitude  rate  errors  to less than 50.6 m/sec  (+2  ft/sec).  Fig- 
ure 40 indicates  that  the  altitude  rate  gradually  tapered  from 
1.7  m/sec (5.5 ft/sec)  to  zero as the  airplane  descended 
through  the  last 0.6 m  (2  ft)  of  radio  altitude.  This  behavior 
in the  altitude  rate  was  the  result  of  the  wing-down  landing 
associated  with  the  forward-slip  maneuver used to  counter 
the  45"  left  crosswing.  The  left  landing-gear  wheel  touched 
down first  as  shown  in  figure 40.  Then  the  airplane  rolled  to 
the  right  for 0.5 sec  until  the  right  main-landing-gear  wheel 
touched  down  very  softly.  The  radio  altimeter  recorded  the 
altitude  change  of  the  aircraft  centerline  throughout  the 
landing  as  the  right  wheel  settled to  the  runway. 

Figure  41  presents  the  expanded  flare  time  hlstory  for  the 
flight  configuration  three-control  system  .corresponding  to 
the glide-slope  track  and  flare-time  history in figures  27(a) 
and  (b).  Figure  41  shows  that  the  airspeed  at  flare  entry was 
near 69  knots, close to  the landing-airspeed  reference. 
Following  the usual pitch-up  flare  maneuver,  the  airspeed 
dropped  to  62  knots  at  touchdown.  Nozzle  position 
remained  constant  throughout  the  flare.  The  rpm in fig- 
ure 41  remained  essentially  constant  because of the  low- 
throttle  feedback  and  rpm-to-choke  gains used for  the 
flight  configuration  three-control  system.  The  burden  of 
closed-loop  control  of  the  altitude  rate  change  required  for 
the  flare  was on  the  chokes  alone.  The  altitude  rate  trace in 
figure 41  shows  that  a  two-segment  flare  maneuver  occurred. 
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In a  two-segment  flare  maneuver, the  altitude  rate 
initially  decreased,  then  temporarily  held  at  an  intermediate 
value, and finally  decreased to  end  up  near  the  touchdown- 
target  sink  rate.  The  two-segment  characteristic is also  seen 
in the  altitude-altitude  rate  profile in figure 42, which  indi- 
cates  that  the  two-segment  maneuver  was  the  result  of an 
initial  overshoot  of  the  desired  profile  followed  by  an 
opposite-direction  correction  back to the  profile.  The  pilots 
often  commented on and  objected  to  the  two-segment  flare 
maneuver.  They  preferred an asymptotic  approach  to  the 
final touchdown  sink-rate  target  value. 

There  were  no  strong  wind  conditions  encountered  during 
the  three-control-system  flight  tests. 

Figure 43 shows  how  the  two-control  system  performed  a 
flare  in  a  strong-wind  situation,  specifically,  in  an  18-knot 
crosswind.  The  corresponding  glide-slope  track  and  flare  time 

(m) 
20 

RADIO 
ALTITUDE 10 [ 

0 

CALIBRATED 
AIRSPEED, 
knots 

PITCH 
ATTITUDE, 
deg 

ELEVATOR 
ANGLE, 
deg 

NOZZLE 
POSITION, 
deg 

(rn/s) 
ALTITUDE 
RATE -2.: E 

-5 

RPM, 
% 

NORMAL 
ACCELERATION, 
9 

history is shown  in  figures  28(a)  and  (b).  The  airspeed,  which 
was 68 knots  at flare entry,  dropped  to 63 knots  at  touch- 
down in an  oscillatory  fashion.  The  oscillatory  tendency is 
also  seen  in the  altitude  rate  and  rpm  records  in  figure 43. 
The  pathitracking  gain, kg in figure 15, although  appar- 
ently  adequate  for  glide-slope  tracking,  was  perhaps  too  high 
for use during  the  flare  where  a  significant  change  in  the 
flightpath  angle  was  demanded.  The  oscillatory  tendency  in 
figure 43, while  objectionable,  did  not  produce  an  unsatisfac- 
tory  landing.  Any  decrease in the  path-track gain would 
result  in  degraded  performance. On the  other  hand,  any 
increase in the  path  track gain could  have  resulted in 
decreased  stability in the  flare. 

The  altitude-altitude  rate  profile  (fig. 44) corresponds to  
the  time  histories  shown  in  figure 43. The  oscillatory  ten- 
dency is evident in figure 44 but  there is no doubt  that  the 
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general  altitude  rate  trend  was  progressing  toward  a  satisfac- 
tory  touchdown  with  altitude-rate  errors generally  within 
0.3 m/sec (1 ft/sec)  of  the  profile.  The  gradual  decrease  in 
the  sink  rate  at  touchdown is caused  by  the  strong  left 
crosswind. 

Tailwirld- A tailwind  situation  represents  the  most 
extreme  steady  condition  that will be  encountered  by  the 
autoland  system.  The  control  system  must  deal  with  a large 
incremental  change in altitude  rate t o  accomplish  the  flare. 

Figure  45  shows  the  expanded  time  history  of  the flare 
maneuver  for  the  four-control  system  operating in a  tailwind 
situation as  severe  as  is  required t o  be  demonstrated in a 
CTOL  transport  certification  simulation  study  (ref. 2 2 ) .  
Figure 45  corresponds to the  time  history  shown  in fig- 
ures  29(a)  and (b). The flare  maneuver  for  the  tailwind 
situation  was  very  similar to  the  calm-wind  situation  except 
that  the  changes in pitch  attitude  and  altitude  rates  were 
greater  for  the  tailwind.  The  change  in  altitude  rate  required 
to  go  from  &de-slope  track to  the  target-touchdown  sink 
rate  required  a  significant  control  input  from  the  chokes  and 
the  rpm.  The  chokes  reached  the  fully  closed  limit  and 
moved at  rates  near  the  software  rate  limit  to  establish  the 
airplane on the  reference  altitude-altitude  rate  profile. 

Figure  46  shows  that  the  airplane  dropped  below  the 
desired  altitude-altitude  rate  profile  initially  but  was  on  the 
profile  as  the  airplane  descended  through 4.6 m (I5  f t) .  

As noted  in  the  section  on  glide-slope  track  performance, 
no  significant  tailwind  situations  were  encountered  with 
either  the flight  configuration  three-control  system or the 
two-control  system. 

so 

Statistical  Flare  Summaries 

The  statistical  touchdown  performance  achieved  for all 
three  control  systems  evaluated  both in  flight and  with  the 
high-speed  simulation  of  the AWJSRA autoland  system is 
summarized  and  compared in this section.  The first three 
figures in this  section  present  the  touchdown  sink-rate  per- 
formance  of  the  four-,  three-,  and  two-control  systems, 
respectively. 

Figure 47 shows  the  results  of 31 flight-test  approaches 
with  the  four-control  system,  indicated  by  circles,  and  the 
simulation  data,  indicated  by solid lines. In general,  between 
2,000 and 10,000 simulation  runs were required to construct 
the  simulation  line  but  this  number  of  runs  was still not 
adequate  to  confidently  predict  the  actual  probability 
performance. A straight  line  was  used to  extrapolate  the 
available  simulation  data to  the  hard-landing  probability 
level.  The  controls  are  assumed to be operating  without 
encountering  limits.  This  procedure  was  not  adequate  for 
extrapolation in the  other  direction  to  the 1-10-6 soft- 
landing  probability level  since the  touchdown  sink-rate  line 
in  figure 47 is  necessarily  a  negative number.  The  extrapo- 
lated  upward  bend  of  the  probability  curve  at  the  soft 
landing  end  of  the  curve  was  not  observed in the AWJSRA 
autoland  simulation  data.  However,  the  authors  of  refer- 
ence 16, who  conducted  simulation  studies  for  the AWJSRA 
and  the L-1011, indicate  that  such  an  upward  bend  has  been 
observed in the L-IO11 autoland  simulation  studies  where 
more  than  a  million  data  points  were  generated. 

The  slope  of  the  flight-test  data is steeper  than  the  slope 
of  the  simulation  data.  This  difference  in  the  slopes  reflects 
the  light  winds  encountered  in  flight  compared  to  the 
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Figure  47.- Touchdown  sink-rate  performance  of  the  four-control  system. 

moderate  winds  adopted  for  the  simulation.  Since  the  within  the  3.8  m/sec (1 2.5  ft/sec)  landing-gear  strength  limit 
throttle  and  chokes  were  actively  controlling  the  sink-rate  of  the AWJSRA. 
variable,  as  opposed  to  the  range,  there  was  good  agreement 
between  the  flight  and  simulation  touchdown  data.  Figure  48  summarizes  the  flight-test  data  for 

The  highest  touchdown  sink  rate  observed during the 29  approaches  with  the  flight  configuration  three-control 
flight  testing  of  the  four-control  system was 1.6 m/sec system,  simulation  data  for  the  flight  configuration  three- 
(5.2  ft/sec).  The  probability  hard  landing  predicted  by control  system,  and  simulation  data  for  the design 
the  simulation  data was 2.3  m/sec (7.6 ft/sec)  which was  well configuration  three-control  system.  The  simulation  data, for 
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Figure 48.- Touchdown  sink-rate  performance  of  the  three-control  system. 

the flight  configuration  three-control  system  show  the testing,  the  choke-limiting was not  observed  in  the  flight 
adverse  effect  of  choke-limiting  on  touchdown  sink-rate  per- data. 
formance.  The  performance is satisfactory  for  the  majority The  design  configuration  three-control  simulation  data  in 
of  the  approaches  but  hard  landings  occurred  at  low- figure 48 indicate  performance  essentially  identical  to  the 
probability  levels  because  the  chokes  were  on  limits  and  the performance  of  the  four-control  system  in  figure 47. This 
rpm was  providing no  effective  control.  Since  only  light t o  was expected  since  the  only  difference  between  the  four-  and 
moderate  wind  conditions  were  encountered  during  the  flight three-control  systems was the  method  of  controlling 

airspeed. 
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Figure 49 summarizes  the  flight  and  simulation  perfor- 
mance  of  the  two-control  system. Again, the  spread in the 
simulation  data  exceeds  that  of  the  flight  data  because  of  the 
light  winds  encountered  in  flight.  The  extrapolation  of  the 
simulation  data  to  the  probability level projects  that  the 
highest  sink  rate  landing  would  be  3.5  m/sec (1  1.6  ft/sec) 
which is within  the  AWJSRA  gear-strength  limit  of 3.8 m/sec 
(12.5  ft/sec). 

Table 3 is a  summary  of  the  touchdown  sink-rate  perfor- 
mance of the  control  systems  either  flight-tested or simu- 
lated. All  of  the  systems  would be  considered  satisfactory 

from  the  point of view that,   at   the 
hard  landing,  the  sink  rate  should  not  exceed  the 3.8 m/sec 
(12.4  ft/sec)  gear  limit  of  the  AWJSRA.  On  the  other  hand, 
the  softer  hard-landing  result  of 2.3 m/sec  (7.6  ft/sec) 
for  the  four-control  system  and  the  2.9 nl/sec  (7.5  ftlsec)  for 
the design  configuration  three-control  system  could  have 
design implications  for  the  landing gear. 

The 20 data  shown  in  table 3 were read from  the  simula- 
tion  data  in  figures 47-49. These  data  provide  a  measure  of 
the  spread  in  performance  that  would  be  expected in the 
lnajority  (98%)  of  the  landings.  There is little  indication  of 
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TABLE 3.- SUMMARY OF TOUCHDOWN  SINK RATE  PERFORMANCE 

Touchdown 
sink rate 

Number of 
data points 

2 0  soft 
Mean 
2 0  hard 

20 dispersion 
hard 

Four controls 

Simulation configuration 
Flight, 

mlsec  (ftlsec) 

31 

0.79 (2.6) 
1.13 (3.7) 
1.52 ( 5 )  

.73  (2.4) 

Simulation, 
mlsec  (ftlsec) 

>2000 

0.70 (2.3) 
1.16 (3.8) 
1.65 (5.4) 
2.32 (7.6) 

.95 (3.1) 

Flight, 
’ mlsec  (ftlsec) 

29 

0.76 (2.5) 
.97 (3.2) 

1.31 (4.3) 

.55 (1.8) 

Flight, 
mlsec  (ftlsec) 

.~ ~ ~” 

>2000 
_ _ -  

0.64 (2.1) 
1.07 (3.5) 
1.46 (4.8) 
3.53 ( 1  1.6) 

.82 (2.7) 

the relative  advantages or  disadvantages  of  the  various  con- 
trol  systems  flight-tested  when  only  the 2 a  numbers  are 
examined.  It is only  at  the  probability level that  the 
merits  of  the  four-control  and  design  configuration  three- 
control  systems  emerge. 

Touchdown-distance  performance  of  each  of  the  three 
AWJSRA autoland  control  systems  evaluated in flight is 
shown in  figures 50 through 52. Figure 50 presents  the  per- 
formance  of  the  four-control  system.  The  circles  indicate  the 
flight-test  data  from  31  approaches  and  the  diagonal  line 
summarizes  the  high-speed  simulation  data.  The abscissa 
represents  the  touchdown  distance  measured  with  respect  to 
the 7.5” MLS  glidepath-intercept  point (GPIP) shown in fig- 
ure 5. The  ordinate  shows  the  probability  that  the  touch- 
down  distance will exceed  the  abscissa  value.  The  shaded 
vertical  band  in figure 50 locates  the  61-m  (200-ft)  STOL 
port  touchdown  zone  marked as shown in  figure 5. The solid 
portion  of  the  simulation  data  line  summarizes  approxi- 
mately  10,000  simulation  approaches.  The  dashed  portion  of 
the  simulation  data  line  represents  extrapolation  of  data 
beyond  the  10,000  simulation  approaches. 

Figure 50 shows  agreement  between  the  flight  and  simula- 
tion  data  provided  the  differences  in  the  wind  conditions  are 
taken  into  account. Recall that  figure  21  indicated  the  winds 
during  flight  were  generally less  severe than  the  wind  model 
specified  in AC 20-57A, reference  22.  Two  trend lines  have 
been  fitted  through  the  data  shown  in  figure 50. The  line 
labeled  “light  winds”  shows  the  trend of  the  data falling 
between  a  probability  of  0.1  and 0.9 which  represents  the 
approaches  flown in either  calm- or light-wind  conditions. 
This  line is steeper  than  the  simulation-derived  line  obtained 
with  the FAA autoland  wind  model.  The  line  labeled “all 
winds”  includes  those  approaches  flown  in  winds  that,  as 
shown  in  figure  21,  were  greater  than  the  winds  specified  by 
the FAA, which  were  used  for  the  simulation.  This  line is 
parallel to  the  simulation  data  line.  This  match  between  the 
simulation  and  flight  data  established  the  validity  of  the 
simulation  data. The small  difference  in  the  mean  touchdown 
distance  between  flight  and  simulation  can  be  attributed to  

I Flight, 
Design, mlsec (ftlsec) 

m/sec (ftlsec) 

1 
>20m I 26 

1 
0.67  (2.2) 
1.13  (3.7) 

0.67  (2.2) 

2.29 (7.5) 
1.52 (5) 1.58  (5.2) 
1.01 (3.3) 

.91 (3) .85  (2.8) 

Simulation, 
mlsec  (ftlsec) 

>20m 

0.49 (1.6) 
1.13 (3.7) 
1.89 (6.2) 
3.54 (11.6) 
1.40 (4.6) 

the  lack  of  explicit  control  of range  in  the AWJSRA autoland 
system  and  modeling  discrepancies  of  the  simulation  model. 
Figure 50 shows  that  the  touchdown dispersion  for  a 
probability  was 297 In (970 ft)  and  compares  with 792 m 
(2600 ft)  which was required  for  a  wide-body  transport 
(ref. 18). 

The  circles in  figure 51 represent  the  performance  of  the 
flight configuration  three-control  system  during  the  flight 
tests.  Simulation  data  for  both  the flight configuration  and 
design configuration  three-control  system  are  shown  by  the 
lines.  The  choke  limiting,  which  occurred  with  the  flight 
configuration  three-control  system,  had  almost no  effect  on 
the  touchdown-distance  performance. 

The  landing-distance  performance  of  the  two-control 
system  that  was  flight-tested  and  simulated is presented  in 
figure 52. The  two-control  system  lacked  the  bandwidth 
needed to minimize  the  touchdown-distance  dispersion. 

Table 4 summarizes  the  touchdown-distance  performance 
from all of  the  systems  that  were  flight-tested or simulated. 
Almost  identical  touchdown  distance  dispersions  were 
obtained  from  the  four-control  system  and  from  each  of  the 
three-control-system  configurations.  The  touchdown  distance 
dispersions  of  the  two-control  system  were  significantly 
worse  than  those  of  either  the  three- or four-control  systems. 

No touchdown-dispersion  requirement  for  the  STOL  air- 
plane  presently  exists.  However,  reference 36 proposes  that 
the  STOL  runway  length  could be  defined  as  the  sum  of  a 
touchdown  dispersion,  a  transition  segment  (the  distance 
from  touchdown  to  the  point  where  braking begins), and  a 
stopping  segment. If STOL  port  runway  lengths  were as short 
as  those  specified  in  the FAA planning  document  for  STOL 
ports  (ref. 3) ,  and  the  method  proposed in reference 36 were 
adopted, a strong  premium  would  be  placed  on  minimizing 
the  touchdown  dispersion.  Under  those  circumstances,  the 
performance  exhibited in table 4 for  the  four- or three- 
control  systems  would  be  preferred  over  the  performance  of 
the  two-control  system. 
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TABLE 4.- SUMMARY OF TOUCHDOWN-DISTANCE  PERFORMANCE 

Touchdown - 
distance 

from GPIP 

Number  of 
data  points 

short 
20 short 
Mean 
20 long 

20 dispersion 
long 

dispersion 

Four controls 

31 

3 (10) 
79 (260) 

131 (430) 

128 (420) 

Simulation, 
m  (ft) 

>2000 

-58  (-190) 
34 (110) 
94 (310) 

155 (510) 
238 (780) 
121 (400) 
296 (970) 

T Three  controls 

Simulation  configuration, 
Flight, 
m (ft)  Flight, 

m (ft> 

29 >2000 

-67  (-220) 
43 (140) 

128 (420) 
88 (290) 98 (320) 
30 (100) 

158 (520) 
238 (780) 

85 (280) 128  (420) 
305 (1000) 

Design, 
m (ft) 

>2000 

-49  (-160) 
30 (100) 
88 (290) 

158 (520) 
238 (780) 
128 (420) 
287 (940) 

T I- 
Two controls 

26 

-24  (-80) 
52 (170) 

128 (420) 

152 (500) 

Simulation, 

>2000 

-1 13 (-370) 
12 (40) 
91 (300) 

213 (700) 
408 (1340) 
201 (660) 
521 (1710) 

On the  other  hand, if there  were  no  premium on minimiz- 
ing  the  runway  length  requirement,  the  performance  of  the 
two-control  system  would  be  considered  satisfactory. 

One  of  the  requirements  for  the  AWJSRA  autoland  flare 
system  was  that  the  airplane  land  on  the  main  landing  gear 
with  the nose  wheel well  clear of  the  runway. Figures 53 
through 55 summarize  the  pitch  attitude  at  touchdown  for 
the  control  systems  either  flight  tested or simulated. All of 
the  control  systems  produced  satisfactory  pitch  attitude 
performance  at  touchdown.  At  the  probability level 
corresponding  to  the  minimum  touchdown  pitch  attitude, 
the  pitch  attitude  always  exceeded 2.5". 

While no  simulation  data  are  available  for  landing- 
touchdown-speed  performance,  the  flight-data  time  histories 
indicate  that  the  airplane  typically  touched  down  within 
5 knots  of  the  target-touchdown  speed. 

CONCLUDING REMARKS 

An autoland  research  program  has  been  conducted  with  a 
powered-lift STOL airplane,  the  Augmentor Wing Jet STOL 
Research  Airplane  (AWJSRA),  flying into  an  MLS-equipped 
STOL  port.  This  program  has  established  navigation, 
guidance,  and  control  laws  suitable  for  flying  steep 
approaches  on  the  backside  of  the  power-required  curve t o  
fully  automatic  touchdowns. This program  has  also  provided 
information  that will aid  in  establishing  design  specifications 
and  certification  criteria. 

Three  control  systems  were  developed  and  tested  in  flight 
and in  high-speed  simulation. All of  these  systems  were 
based on the  concept  that  a  powered-lift  STOL  airplane  oper- 
ates  at  low  airspeeds  that  place  the  airplane on the  backside 

of  the  power-required  curve.  The  two-control  system used 
the  throttle  to  control  engine  rpm  for regulating  glide-slope 
path  tracking  and  used  the  elevator  to  pitch  the  airplane for 
regulating  airspeed.  The  three-control  system used throttle 
complemented  with  direct-lift  control  chokes  to  regulate 
glide-slope path  and used  elevator t o  control  airspeed.  The 
four-control  system  also  used  throttle  complemented  with 
direct-lift  control  chokes  for  glide-slope  tracking  but  air- 
speed  was  regulated  with  elevator  for  long-term  speed  correc- 
tions  and  nozzle  vectoring  for  short-term  speed  regulation. 

All three  autoland  control  systems  evaluated on the 
AWJSRA  produced  satisfactory  glide-slope  tracking  perfor- 
mance  but  only  the  three-  and  four-control  systems  had  the 
potential  for  producing  touchdown  performance  that  would 
permit  operations  into  a  STOL  port  as  defined  in  reference 3. 
Specifically,  the  simulation  data  summary  in  table 2 indicates 
that all three  control  systems  provided  path-tracking  capabil- 
ities  that  would  satisfy  the  FAA  glide-slope  tracking  require- 
ment  stated in  AC 120-28B (ref. 23), for  Category  llla  opera- 
tions.  The  simulator  data  contained  in  tables 3 and 4 show 
the  superior  touchdown  sink  rate  and  range  performance of 
the  three-  and  four-control  systems  as  compared  with  those 
of  the  two-control  system.  Data  from  tables 2, 3, and 4 indi- 
cate no significant  difference  between  the  glide-slope  track 
and  touchdown  performance  of  the  three-  and  four-control 
systems.  This  was  because  both  systems  used  the  autothrottle 
complemented  with  direct-lift-control  chokes  for  path  and 
sink-rate  control.  In  spite  of  the  use  of  nozzles  for  airspeed 
control,  the  speed-hold  performance  of  the  four-control sys- 
tem  was no better  than  that of the  three-control  system. 
However,  the  flight-test  program  did  provide  evidence (see 
fig. 26) that  a  direct-drag  device,  such  as  the  nozzles,  may  be 
beneficial  in  a  horizontal  wind-shear  situation. 
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Figure 53.- Pitch  attitude  at  touchdown of the four-control system. 
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For all three  control  systems  evaluated  on  the AWJSRA, 
the  autothrottle was  the  primary  means for, regulating 
glide-slope path  tracking  and  for  controlling  sink  rate  during 
the  flare.  The  autothrottle  installed  in  the AWJSRA, when 
used alone  as  in  the  case of the  two-control  system,  was  only 
marginally  capable of  providing  the  path  regulation  and  sink- 
rate  control  because  of  its  slow  response. Also, the  fuel  con- 
trol  used on the AWJSRA engines  was  intentionally  designed 
to have  a  long  time  constant  for  power  reductions to  protect 
against a compressor  stall  resulting  from  an  inadvertent  large 
throttle  decrease.  The  path  control  achievable  with  the 
autothrottle-engine  response  alone  was  adequate  to fly the 
glide-slope  in  the  presence of  moderate  turbulence  but was 
marginal for  the  flare-maneuver  requirement  of  precise- 
touchdown  sink-rate  control.  Improved  touchdown  sink-rate 
control was  achieved  for  the  three-  and  four-control  systems 
on the AWJSRA by  employing  the  DLC  chokes  to  effectively 
increase the  path-tracking  responsiveness.  The 20.1 -g author- 
ity  of  the  DLC  chokes  was  adequate  for  this  application. 

The use of raw MLS glide-slope  deviation in the  control 
law  driving  the  autothrottle was considered i n  the  planning 
stages of  the  research  program.  Raw MLS glideslope  devia- 
tion  might have  been  usable if the  autothrottle  alone  had 
provided  adequate  path  tracking  and  flare  sink-rate  control. 
However,  with  the  introduction of the  DLC  chokes  for 
achieving  fast  path  response,  smooth  glide-slope  deviation 
and  deviation  rate  were  required.  These  smooth signals were 
provided  with  a  complementary  filter  which  blended  glide- 
slope  deviation  with  vertical  acceleration  and  another  com- 
plementary  filter  which  blended  radio  altitude  and  vertical 
acceleration.  Satisfactory  filter  frequencies  were 0.1 rad/sec 

for  the  glide-slope  filter  and 0.6 rad/sec for the radio- 
altitude  filter. 

Atmospheric  conditions  exceeding  20-knot  headwinds, 
1  5-knot  crosswinds,  and  10-knot  tailwinds  were  encountered 
during  the  course  of  the  flight  testing of the AWJSRA auto- 
land  system.  The  few  strong-wind  events  experienced  during 
the flight  testing  were  not  sufficient in number  to  accurately 
define  the  performance  differences  between  the  three  control 
systems.  However,  the  winds  encountered  during  flight  test- 
ing  did  provide  an  indication  that  the  autoland  system  for  a 
powered-lift  STOL  airplane  can  probably  cope  with  winds  as 
strong as those used for  autoland design studies  for  CTOL 
transports. 

In summary, based on performance  measures  similar t o  
those  presently used for  autoland  certification  of  CTOL 
transports  but  adjusted  for  low  approach  airspeeds,  an  auto- 
matic  landing  system  for  a  powered-lift  STOL  airplane  oper- 
ating  into  an  MLS-equipped STOL port  appears  feasible. 
Improved  path  tracking  and  precise  sink-rate  control  can  be 
incorporated  into  future  powered-lift  STOL  airplanes in at 
least two  ways - by  providing  precise  thrust  control  through 
a combination  of  engine  controls  (fuel  controls,  variable 
stators  in  the  compressor,  etc.)  and  a  fast-acting  autothrottle 
actuator  or  by  incorporating  a  fast-acting DLC device  in  the 
wing. The  choice of fast-acting  engine  controls  may  be  unsat- 
isfactory  because of  the  complexity  of reliably  increasing  the 
response of the  engine or because  protection  against  abrupt 
throttle  reductions  must be maintained.  The  DLC  provides  a 
reasonable control  for  introducing  limited  authority  but  fast- 
acting  path  regulation.  The  disadvantage of the DLC is that 
approach  speeds  must  usually be increased to maintain  safe- 
approach  margins. 

Ames  Research  Center 
National  Aeronautics  and  Space  Administration 

Moffett  Field,  California,  March  25, 1983 
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APPENDIX A 

OPERATING LIMITS AND NOMINAL SPEED, RPM, AND NOZZLE SETTINGS 

The  operating  limits  that  apply t o  conventional  jet  trans- 
ports  also  apply  to  the AWJSRA. These  include  maximum 
thrust  limits,  flap  placard  speed  limits,  minimum-approach 
airspeed  limits,  and  maximum-operating  airspeed  limits.  The 
powered-lift  airplane  has  additional  minimum  thrust  and 
maximum  angle-of-attack  limits  imposed  by  the  need  to 
maintain  powered  lift. 

A comprehensive  study of how  to  provide  adequate  safe- 
approach  margins  (speed,  angle  of  attack,  and  thrust  limits) 
for  powered-lift  aircraft is described  in  references 5 and  37. 
However,  when  the  approach  margin  criterion  was  selected 
for  the AWJSRA autoland  program,  the results  described  in 
reference 37 were  not  yet available. The  criterion used for 
the AWJSRA autoland  program  was  based  on  a  maneuver 
margin for  determining  the  minimum  speed,  minimum  rpm, 
and  the  nozzle  setting used during  autoland flight tests. 
Maneuver  margin is a  measure  of  the  vertical  acceleration 
that  can  be  achieved  by  rotating  the  airplane in pitch  to  the 
stall angle of  attack  under  the  condition  that  engine  rpm is 
held  constant.  The  defining  equation  for  the  maneuver 
margin is: 

W 

where An is the  maneuver  margin in g, Lma, is the  maxi- 
mum  lift available for  a  constant  thrust  setting, L is the  aero- 
dynamic lift for equilibrium  flight,  and W is the  aircraft 
weight.  Values  of  both  LInax  and L came  from  the  aircraft 
simulation  model (in refs. 30 and  31).  Unpublished  correc- 
tions  to  reference  30, which  are  based on flight-test expe- 
rience,  were  incorporated in the  simulation. 

The  conventional  power-off  1.3 Vstall criterion used for 
CTOL  airplanes  provides  an  excessive  margin  for  a  powered- 
lift  STOL  airplane  for  two  reasons.  First,  the  power-off  stall 
speed  for  a  powered-lift  STOL  airplane  can  result in an 
approach  speed  higher  than is  possible  using  powered  lift. 
Second,  a  CTOL  airplane  makes  short-term  glidepath  correc- 
tions  primarily  with  elevator  while  a  powered-lift  STOL  air- 
plane  primarily uses thrust  for  glidepath  corrections.  The 
high  effectiveness of  thrust  for  path  corrections  means  that 
less  reliance  must  be  placed on elevator  to  provide  protection 
from  atmospheric  disturbances or for  performing  the  flare 
maneuver.  The  CTOL  transport  criterion  of 1.3 Vstdl  can  be 
interpreted as a  maneuver  margin of 0.69 g. Because  thrust 
corrections  are  effective  for  a  powered-lift STOL airplane,  a 
maneuver  margin of 0.4 g has  been  judged to be adequate  for 
the AWJSRA autoland  work. 

The  following  guidelines  were  adopted  for  the AWJSRA 
autoland  work  to  meet  the  criterion  for  the  maneuver 
margin. 

I .  A non~inal  engine-thrust  target value  was  established 
for  the  approach  which was  a  function  of  aircraft  weight. 
This  nominal  engine  thrust  had  to  be  low  enough  to  provide 
at  least  a 2% engine  rpm  increase  for  upward-path  correction 
before  an  rpm  limit  was  encountered. By choosing  the 
approach  airspeed  and  nozzle  setting  correctly.  this  target 
thrust  could be achieved. 

2. A reference  approach  airspeed.  called  the  landing 
approach  airspeed, LAS, was  selected  as  a  function  of  aircraft 
weight. LAS was  chosen to  provide  a  maneuver  margin 
2 0.4 g for  the  nominal  engine  thrust  and  for  a  nozzle angle 
operating  range  between 60" and  100". 

3. A nominal  nozzle  setting  of 80" was  adopted  for  the 
autoland  approaches.  This  setting  provided  two  advantages. 
First,  the  nozzle  angle  provided  an  x-force  (longitudinal) 
capability  which  was  nearly  independent  of  the -.-force 
(vertical)  and  was.  therefore, a useful  speed-control  device. 
Second.  with  a  nominal value of 80". more  than C O "  of 
nozzle angle  was  available for  trim-path  correction  capability. 
This  trim-path  correction  capability  provided an effective 
means  of  maintaining  a  constant  nominal  rpm  setting  for  the 
approach.  This was  necessary  because  head or tailwinds 
caused  the  airplane  to fly different  aerodynamic  flightpath 
angles for  a  fixed  approach,  glide-slope  angle.  The  values used 
as a  result of  these  three guidlines  follow. 

Engine Thrust 

The  nominal  engine  thrust  target  value  was  equivalent t o  
the  following  nominal  rpm  for  a  standard  day. 

where N H ~ , ~ ~ ~ (  W )  is the  reference  high-pressure  stage  rpm i n  
percent, Wn,in is the  aircraft  operating  weight  with  nlinimun1 
fuel which is 17.236 kg (38,000 Ib), and WIlla, is the  aircraft 
operating  weight  with  maximum  fuel  which is 21.772 kg 
(48,000 Ib). For  nonstandard  day  temperatures  the  nominal 
rpnl  varied  by about 1% per 4.5" C ( I O "  F) to  maintain  the 
target  thrust  value.  Altitude  variations  were  not  considered 
since all flights  were  conducted  near sea  level. The  resulting 
nominal  rpnl  was  compared  with  the  maximum  limit  rpm 
values  shown  in  figure A l .  When the  requirement  of  a 2% 
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Figure A1 .- RPM limits  for  nozzle  deflections >30° as  a 
result of thrust;  thrust  limit  2766 kg (6100 lb). 

rpm  authority 
operating  rpm 
increasing the 
angle setting. 

between  the  maximum  allowable  rpm  and  the 
was not  met,  the  target  thrust was  lowered  by 
approach  airspeed  and  decreasing  the  nozzle 

Approach Airspeed 

The  nominal  approach  airspeed  was given by: 

where LAS(W) is the  landing  approach  airspeed  reference  as  a 
function cjf weight  and  the  other  symbols  are  defined in con- 

junction  with  equation (A2). The  airspeed  was  increased  by 
2 knots for each  percent of rprn reduction  necessary to  main- 
tain  the 2% rpm  control  authority. 

Nozzle  Angle 

The  nominal  nozzle  angle  used  as  a  function  of  different 
aerodynamic  flightpath  angles is shown  in  figure A2 for 
bank angles  ranging  from 0" to  30". The  nozzle  angles  shown 
in  this  figure  were  reduced  by 5% for each  percent of desired 
engine  rpm  reduction. By using the values of  thrust, 
approach  airspeed,  and  nozzle  angle  described  above,  the 
maneuver  margin  criterion o f  0.4 g was  maintained. 
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Figure A2.- Nozzle  angle as  a function  of  aerodynamic 
flightpath  angle. 
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APPENDIX B 

CLOSED-LOOP ENGINE-TRANSFER  FUNCTION 

This  appendix  describes  a  simple  transfer  function  model 
for the  autothrottle in'ner loop  and  indicates  how  the gains 
k T ,   k 2 ,  and k3 in figure 13 were  specified  in  terms of fre- 
quency  and  damping. When the  engine  was  operating in the 
linear region needed  for  flying  the glide slope,  the  relation- 
ship  between  the  engine  command ( 6 ~ ,  and 6~~ in fig. 13) 
and  the high-pressure rprn could  be  characterized  as  a single 
lag. 

'c 

The  steady-state gain from  the  throttle  handle  position  to 
rpm was 0.72, NH was  the  high-pressure  stage  rprn, S T .  was 
the  ith  engine  command;  and re was the engine  time  constant 
primarily  associated  with  the  fuel-control  unit.  The  AWJSRA 
fuel  control  had  a  different  time  constant  for  a  power 
increase  than  for  a  power  decrease. For purposes  of  closed- 
loop analysis,  the  engine  time  constant is assumed  to  be 
1 sec.  The values of  the  engine  time  constant  were  deter- 
mined  from flight records  by  a  method  described in 
reference 29. 

A linear  transfer  function  from  throttle  command ( 6 ~ ~  in 
fig. 13) to rpm,  which  applied  when  rpnl was not  l in~ited,  
was  derived  from  figure 13. 

'C 

The  symbols  that  appear in equation (B?,)  were defined in 
connection  with  the  autothrottle-choke  complement  block 
diagram in figure 13. This  transfer  function  can  be  written in 
a  more  general  form. 

where w , ~  is the  closed-loop  natural  frequency. s is the 
Laplace operator,  and { is the  damping  ratio.  Any  choice of 
W, and { could be established by appropriate  selection of the 
parameters kT,  k 2 ,  and k 3 .  By choosing k z  f k3 = 1 ,  the 
closed-loop  and  open-loop  steady-state gain remained 0.71. 
The  coefficients in equations (B2) and (B3) were  then  related 
as follows  for rc = I .  
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APPENDIX C 

DERIVATION OF THE GLIDESLOPE CAPTURE CONTROL LAW 

The glide-slope  capture  law for the AWJSRA autoland 
system  made  use of a  circular  arc to  provide  a  constant, 
normal-acceleration  capture  maneuver.  The  geometry for 
deriving the  control  law is shown  in  figure  C1.  The  symbols 
used  in  figure C1 are  defined  below. 

e error  between  the  glide  slope  and  the  circular  cap- 
ture  arc 

R slant  range to  touchdown 

Rc slant  range to  touchdown  at  the  beginning of glide- 
slope  capture 

RT slant  range to  touchdown  at  the beginning of glide- 
slope  track  (end of glide-slope capture) 

P glide-slope  deviation  angle, + when  the  airplane is 
below  the glide slope 

Y flightpath  angle 

YC flightpath  angle  at  the  beginning of the  capture 
maneuver 

YGS glide-slope  reference, -7.5" 

yREF target  flightpath angle 

Ah path  error from the  circular  capture  arc 

P radius of curvature of the  circular  capture  arc 

The  error  between  a  point  on  the  circular  capture  arc  and  the 
glide slope is approximately: 

e = p2 + ( R  - RT)2]  ' I 2  - p [ (C1) 

With the aid of a  binomial  series  expansion of the  square root 
term,  equation (C1) reduces  to: 

The  path  error, Ah, is the  difference  between  the  glide-slope 
displacement, Rfl, and  the  error  between  the  circular  arc  and 
the glide slope. 

Figure  C1.-  Geometry of the  &de-slope  capture-control  law. 
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The  time  to  capture Tc is the  distance  traveled  during  the 
capture divided  by the  groundspeed.  The  landing  approach 
airspeed  was  used  for  groundspeed  in  this  equation. 

Equation  (C4)  can  be  rearranged t o  provide an  expression 
for  the  radius  of  curvature. 

Substituting  the  radius  of  curvature  from  equation  (C5)  into 
equation (C3) provides  the  following  result  for  glide-slope 
capture  path  error. 

Equation (C6) shows  that  the  path  error  of  the  glide-slope- 
capture  control  law is established  by  subtracting  the  term 
(y, - y ~ s ) ( R  - R T ) ~ / ~ T ~ V ~  from  the  estimated  glide-slope 
error signal obtained  from  the  glide-slope  complementary 
filter  in  figure 8. The first  differentiation  of  equation  (C6) 
provides  the  path-deviation  rate, Ah', from  the  circular 
capture  arc. 

Equation (C7) shows  that  the  path-rate  error  of  the  glide- 
slope  capture-control  law is established  by  substituting  the 
term (yc - ycs)(R - RT)/T, from  the  estimated  glide-slope 
rate  error signal shown in  figure 8. As will  be show9 later, an 
expression  for RT is  never  specifically  determined.  Instead, 
the  term (R - RT) is replaced  by  an  estimated  speed  multi- 

pliel 
T, t o  assure that  the glide-slope  capture  would  be  accom- 
plished  in  sufficient  time to ensure  that  the  airplane  would 
be  established  on  the glide slope  before  descending  through 
152 nl (500 ft)  above  the  touchdown  zone.  Times < 30 sec 
produced  very  abrupt  glide-slope  capture  maneuvers. 

The  flightpath angle  reference, yRFp shifts  from  an 
initial  value y, at  the  beginning  of glide-slope capture  to  the 
glide-slope  reference yes. at  the  end of the  capture. An 
expression  for  computing yRFF uses R - RT as an  approxi- 
mation  to  the  arc  length  of  the  circular  capture  path so that: 

Substituting p from  equation  (C5)  into  equation (C8) results 
in the  following  expression  for 

The  reference  flightpath angle yREF is an  input to the  trim 
table in  figure 7. 

The  capture  of  the glide slope began when a point  on  the 
circular  capture  arc  matched  the  path  deviation, RP. This 
point was  reached  when the right  side of  equation  (C6) 
became  negative  as  the  airplane  approached  the  glide  slope. 
In equation  form,  capture began  when: 

The  left  side  of  equation (CIO) was  derived  from  the right 
side  of  equation (C6) by  noting  that  the  arc  length  from  the 
beginning to  end of the  capture, Rc - RT. was 2 T V c g' 
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APPENDIX D 

MEASURED WIND DATA 

Wind data  recorded  during  flight  were  derived  from  three 
sources: (1) airport  control-tower  reports, (2) a  mast  wind 
measurement  near  the  STOLport  touchdown  zone,  and 
(3) a  postflight  estimate  of  wind  derived  from  air  data  and 
tracking  radar. 

The  tower  reported  winds in the  form of wind  direction 
(relative to magnetic  north)  and  magnitude (in knots). 
Winds  were reported t o  the pilot  as  the  airplane  turned 
onto  the final  approach  when  the  airplane  was  approximately 
2 min  away  from  touchdown. Wind magnitude  was  reported 
to  the  nearest  knot  except  for  speeds  under 3 knots 
which  were  reported as  "calm." In strong,  gusty-wind  condi- 
tions,  both  the  mean value of  the  wind  and  the  peak value of 
the  gust  were  reported.  Direction  was  reported  to  the  nearest 
10". The  control-tower  reporting  procedure is standard 
practice  at all airports.  These  tower  reports  were  only 
approximate  estimates of actual  conditions  at  touchdown 
and were  used to  provide  preliminary  labels  for  the 
approaches  but  were  not  otherwise  considered  in  analyzing 
performance  results. 

The  wind-data  mast  near  the  STOL  port  runway (fig. 5) 
was  located 80 nl (262 ft)  short  of  the  beginning  of  the 
marked  touchdown  zone, 73 m (240 ft)  to  the  west  of  the 
runway  centerline  and 5.5 m (18 ft)  above  the  touchdown 
zone  altitude.  Data  from  the  mast  were  transmitted  to  the 
telemetry van and  were  added to  a  time-referenced,  merge- 
data  magnetic  tape  along  with  aircraft  sensor  and  radar- 
tracking  data.  The  mast  instruments  provided  accurate  wind 
speed  and  direction  at  one  point in space  near  the  end  of  the 

airplane  approach  path.  The  wind  labels  on  the  time  histories 
in  this  report  refer t o  mast  wind  data. 

The  postflight  estimate  of  wind  was  established,  as  shown 
in  figure Dl, by  forming  the  difference  between airspeed 
from  the  aircraft  data  sensors  and  groundspeed derived  from 
radar  tracking.  The  radar  data  were  available  in  the STOL 
port  runway  coordinate  system  described in  figure 5. These 
data,  sampled  4/sec,  were  smoothed using  a  second-order 
polynomial  tit  through 13 data  points  to  make  the  estimate; 
six data  points  before  the  current  data  point,  and  six  data 
points  after  the  current  data  point.  True  airspeed, angle of  
attack,  and  sideslip  data  from  the  air  data  sensors  were  also 
smoothed using the  polynomial-fit  technique.  The  airspeed 
was  resolved through  the angle of  attack  and  sideslip  angle 
to  form  speed  components in the  airplane  body  axes.  The 
airspeed  components  were  then resolved through  the  bank, 
pitch,  and  yaw angles into  the  runway  axes.  The  difference 
between  the  radar-derived  groundspeed  and  airspeed  was  the 
wind  estimate  with  components in the  runway-coordinate 
system. To make  the  wind  estimate  compatible  with  stan- 
dard  wind-reporting  practice,  the  wind  components of the 
runway  axes  were  also resolved into wind  magnitude  and 
direction. 

The  quality  of  the  data  from  the  postflight  estimation 
method  of  determining  wind  magnitude  and  direction  was 
limited  by  the  quality of the  airspeed  signal,  the  accuracy of 
resolution  of  the  angle  of  attack  and  the  sideslip  angle,  the 
resolution of the Euler  angles relating  the  airplane  body  axes 
to  the  runway  axes,  and  the  quality  of  the  radar-tracking 
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Figure Dl .- Wind-determination  procedure. 
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data.  The  radar-tracking  data  were  reliable  as  long as the 
radar  antenna  automatically  tracked  a  transponder  antenna 
located  on  the right side  of  the  airplane  fuselage  below  the 
copilot's  window.  Because o f  rnultipath  effects,  the  radar 
elevation  antenna  did  not  track  accurately  when  the  airplane 
W;LS near  touchdown. To overcome  this  problem.  the  radar 
operator  monitored  the  antenna-tracking  accuracy using a 
video  camera  which  was  mounted on and  boresighted  with 
the  radar  antenna. When the  automatic  elevation  antenna 
track  broke  lock  on  the  transponder  antenna,  the  operator 
adjusted  the  antenna  elevation  slew  rate in  an attempt to 
keep  the  aircraft  centered.  This  manual  intervention  intro- 
duced  a  potential  source of error in the  wind  estimate. A 
sharp change in the  postflight  wind  record,  when  the  airplane 
was less than 60 n1 (200 ft)  above  the  touchdown  zone, 
could  be a wind gust or i t  could  be  a  slew  rate  adjustment  of 
an  elevation  antenna. 

The  two biggest sources  of  error ill the  postflight  wind 
estimation  procedure  appeared  to be  airspeed  sensor  noise 
and  compass  heading  errors.  The  effects  of  angle  of  attack 
and  sideslip  angle  errors  could no t  be  isolated fi-or11 the air- 
speed  sensor  noise or for  that  matter.  from  radar-derived 
groundspeed  errors. In the  examples to follow.  the  airspeed 
error is assumed to have a Inagnitude  of 2 knots  and is 
depicted by a  circle  with a radius of  2 knots.  The radat-- 
derived  groundspeed  error is assumed to be 1 knot.  The 
conlpass  error is considered to be  a  bias  ranging  from 3" to 
5" .  The  pilots  attempted  to align the  compass  just  after  the 
airplane  began to  track  the  runway  centerline  and  this 
alignment  accounts  for  much  of  the  variation in heading 
from  run  to  run. 

Figures D? and D3 show  time  histories o f  the wirld mag- 
nitude  and  direction  recorded  from  the  wind nlast located 
near  the  STOLport  runway  and  determined pustilight by 
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Figure D2.- Light wind. 
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forming  the  difference  between  the  aircraft  airspeed  and 
radar  groundspeed  vectors.  The  altitude  trace  was  included in 
the figures to  relate  the  wind  determination to  the  location 
of  the  airplane.  The  two  data  sources  were  most  directly 
comparable  at  the  time  when  the  airplane passed the  mast; 
3 sec  before  touchdown  in  a  calm-wind  situation  and nf3t 
more  than 5 sec  before  touchdown  in  a  strong-wind 
situation. 

Figure  D2(a)  shows  the  wind  record for a  light  wind  situa- 
tion.  The  lower  line is the  output  of  the  mast averaging  filter. 
The  upper  line is the  postflight  wind  estimate  derived  from 
aircraft  sensor  and  radar  data.  The  two  wind-data  sources 
show  a  discrepancy  of 2 to  5 knots  in  magnitude  and 20" to  
50" in  direction  as  the  airplane passed the  mast.  The  wind- 
vector  diagram in figure  D2(b)  indicates  that  the  disagree- 
ment  between  the  records is probably  caused  by  the  compass 
and  the  airspeed  errors  influencing  the  postflight  calculation 

of winds. The  compass  error  was  estimated  from  runway 
rollout  data to  be 3". The  wind  vector,  which is the  differ- 
ence  between  the  airspeed  and  groundspeed  vectors,  could 
originate  anywhere  in  the  2-knot-airspeed  error  circle  and 
terminate  any  place  in  the  1-knot-groundspeed  error  circle. 
The  postflight  wind  magnitude  of 5 knots  and  the  wind 
direction  near 60" are  probably  mostly  the  result  of  the 3" 
compass  error.  The  variations in wind  direction  and  magni- 
tude  may  represent  higher-frequency  turbulence or wind- 
measurement  errors.  Only  more  precise  airspeed  and  heading 
measurements  could  separate  high-frequency  turbulence 
from  measurement  errors. 

Figure  D3(a)  shows  a  time  history of a  strong  and  gusty 
wind  from  the  northwest.  Both  the  mast  and  the  postflight 
data  source  show  that  the  wind  direction was  310' 210". The 
mast-derived  wind  magnitude  was 20 knots k10 knots.  The 
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Figure D3.- Strong  and  gusting wind from  the  northwest. 
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postflight  wind  record  shows  a  wind  magnitude  near 
45 knots  when  the  airplane  was  at  an  altitude o f  300 111 

(1000 ft)  decreasing t o  7-5 knots  at  touchdown.  The  wind- 
vector  diagram  in  figure  D3(b)  represents  the  situation 
50 sec  after  the  record  began.  Runway-rollout  data  indicate 
that  the  compass  error  was 5" during  this  approach.  At 
50 sec, the  groundspeed  was 35  knots  and  the  airspeed  was 
70 knots.  The  calculated  wind  speed  was 42 knots  from 3 10" 
magnetic.  The  ?-knot  airspeed-error  circle.  the  I-knot  radar- 
derived.  groundspeed  error  circle.  and  the 5" compass  error 
are  indicated. An examination of the  resulting  wind  triangle 

shows  that  the  wind-speed  rnagnitude  was  probably  accurate 
within 3 knots  and  was  nearly  independent o f  the  compass 
error.  The 5" compass  error  translated  into a possible  error 
in wind  direction  of 15". The 3-  to  5-knot variation in the 
postflight  windmagnitude  record  may be either  high- 
frequency  turbulence or nlensurenlent  error  but  the 10- to 
15-knot  wind-speed  variations  probably  represent  actual 
wind  gusts. 

Figure D4 is a  summary o f  the  mast-measured  wind  condi- 
tions  that  were  encountered  during  the  AWJSRA  autoland 
flight-test  program.  The  wind  direction in  this  figure was 

FOUR CONTROL, 31 APPROACHES THREE  CONTROL, 29 APPROACHES 
(BELOW STANDARD  DAY) (ABOVE  STANDARD  DAY) 

RUNWAY  HEADING t f MAGNETIC  MAGNETIC 
NORTH RUNWAY  HEADING ~ f NORTH 

TWO CONTROL, 26 APPROACHES 
(NEAR STANDARD  DAY)  SUMMARY OF ALL 86 APPROACHES 

Figure D4.- Summary of mast-measured  wind  magnitude  and  direction  at  NALF  Crows  Landing  during  AWJSRA  autoIand 
flight-test approaches. 
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segregated into 30" increments.  The  wind  magnitude  was 
segregated into  5-knot  speed  intervals  except  for  the  3-knot 
contour  which  outlines  the  calm  condition.  The  numbers in 
the  shaded  areas  represent  the  number  of  encounters  with  a 
specific  wind  magnitude  and  direction.  In  the  majority  of 
the  approaches,  the  wind  was  calm  as  the  airplane  touched 
down.  The  four-control  system  encountered  surface  head- 
wind components  of 20 knots,  crosswind  components of 
25 knots,  and  tailwind  components  of 12 knots. In 
AC  20-57A (ref. 22), the F A A  requires  a  manufacturer t o  
conduct  simulation  evaluations  of  an  autoland  system  for 
CTOL  transports in 25-knot  headwinds,  15-knot  crosswinds, 
and  10-knot  tailwinds.  The AWJSRA four-control  autoland 
system  operated  successfully in wind  conditions  equivalent 
to   the FAA requirement.  The  winds  encountered  with  the 
three-  and  two-control  systems  were  not as  severe  as  those 
encountered  with  the  four-control  system  but  there  were 
wind  conditions  adequate to  demonstrate  that  the  systems 
would  probably  perform  adequately  in  windy  conditions. 

Some  proposals  on  the  operation  of  STOL  airplanes  into 
elevated STOL  ports have  suggested  that  it is not necessary 
to  expect  system  operation in a tailwind  because  a  tailwind 
places  a  severe  penalty on the  required  landing  and  stopping 

distance.  The  experience  gained  in  this  program  suggests that 
this  may  be an unreasonable  assumption.  particularly  for a 
STOL  port  which  has  a  precision  approach  available  for  only 
one  runway  direction,  as was the case at  the  Crows  Landing 
STOL  port.  Tailwind  conditions  exceeding 10 knots were 
encountered  during  one  of  the AWJSRA flights.  During  this 
particular  flight,  there was a  high  ceiling  and  light rain 
shower  conditions.  Typically,  circuits  from  takeoff  to  land- 
ing  were  completed  in 6 min  with  the  last 2 min  devoted to  
the precision  approach  and  landing.  The  winds  were  calm 
when  the  airplane  took  off. By the  time  the  airplane WJS in 
position  for  the  first  glide-slope  capture.  the  wind  had  picked 
up  to  130" at  12 knots.  The  wind  was 150" at 12 knots  dur- 
ing  the  second  approach  and  from 130" at 7 knots on the 
third  approach. A l l  subsequent  approaches  were  flown in 
calm  conditions.  This  example  shows  that  tailwinds  can 
develop  during  the  time  needed to  fly  an  approach. To avoid 
unacceptable  operational  procedures,  an  autoland  system  for 
a  powered-lift  STOL  airplane  must  be  capable of dealing  with 
some level of  tailwind  and  the  existing  IO-knot  requirement 
for  certification  of  CTOL  transport  autoland  systems is 
reasonable. 
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APPENDIX E 

STATISTICAL SUMMARIES OF GLIDE-SLOPE TRACK FLIGHT  DATA 

This  appendix  presents  the  flight-test  glide-slope  track  per- 
formance  for  every  approach  of  each of the  control  system 
variants  tested  that  ended in  an automatic  landing.  The  mean 
and  standard  deviation  of  wind  disturbances.  error  param- 
eters,  control  activity.  and  acceleration  components  were 
computed as the  airplane  descended  from 152 111 (500 ft) to  
the  flare-initiation  height. 30 111 (65 ft).  These  data  provide 
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specific  information on how  the  three AWJSRA autoland 
systems  perfornled ill a variety of wind  conditions. 

Winds 

Figure E l  is a summary o f  the  wind  mapnitttdes  measured 
f o r  each  approach.  The  mean  and  standard  deviations o f  the 
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Figure El .- Postflight-derived  wind  magnitude  during  descent from 152 n1 (500 ft) to 20 m (65 ft). 
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wind  magnitude  were  calculated  as  the  airplane  descended 
from  152  m (500 f t )   to  20 m (65 ft).  This  figure is 'useful for 
relating  performance  and  control  activity to  the  disturbance 
level for  any  specific  approach. 

Glide-Slope Error 

Figure  E2  shows  the  glide-slope  error  data  for  each  of  the 
control  systems  evaluated.  Figure E2 suggests that  the  four- 
control  system  was  markedly  superior to  either  the flight 
configuration  three-control  system or the  two-control  sys- 
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tem.  Data  on  these  three  systems  obtained  from  the  high- 
speed  simulation  reported  in  reference  16  and  summarized in 
table  2 in this  report,  show  the  glide-slope  track  perfor- 
mance  of all three  systems to  be  equivalent.  Therefore,  the 
difference  in  performance  seen in figure  E2 is apparently 
caused  by  the  difference  in  the  wind  disturbances  encoun- 
tered  in  flight  rather  than  by  differences in control-  system 
design. 

The  data  from  [he flight  configuration  three-control 
system  were  accumulated  during  the  late  summer  when 
temperatures  were  generally well above  standard  day  and 

MEAN-I> 
T 

STANDARD 
DEVIATION 

I ABOVE GLIDE 
SLOPE 

BELOW GLIDE 
SLOPE 

f I I 

FOUR-CONTROL SYSTEM 

FLIGHT  CONFIGURATION  THREE-CONTROL SYSTEM 

15 

T 5 

10 

GLIDE-SLOPE 
ERROR (m) 

-2 

-3 -I i -10 -= 

, I  
T 
I 

t ABOVE GLIDE 
SLOPE 

BELOW GLIDE 
SLOPE 

t ABOVE GLIDE 
SLOPE 

BELOW GLIDE 
SLOPE 

t ABOVE GLIDE 
SLOPE 

1 
APPROACH NUMBER 

10 20 30 

TWO-CONTROL  SYSTEM 

Figure  E2.-  Glide-slope  track  performance  from  152  m (500 ft) to 20 m (65 ft). 



thermal  turbulence  was  present  along  with  light  winds.  The 
data  from  the  four-control  and  two-control  systems  were 
accumulated  in  winter  conditions  with  near-standard  day 
temperatures  and  either  strong or very  calm  winds.  The 
randomness  that  appears  in  the  data  of  the  two-control 
system is clearly the result  of  wind  disturbances.  In  particu- 
lar,  the  randomness  seen  in  the  glide-slope  error  data  for  the 
last  six  approaches was the  result  of  the  airplane  being 
stabilized  late  in  the  approach  as  it  descended  into  a  tempera- 
ture  inversion. Wind magnitudes  at  altitudes  above 152 m 
(500  ft)  were  between  15  and 20 knots  but  dropped  to  calm 
just  before  the  flare  maneuver  was  initiated. An example  of 
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the  winds  recorded  on  that  flight  was  presented  in fig- 
ure  25(a)  in  this  report. 

The glide-slope  performance  of all three  systems can be 
regarded  as  satisfactory  from  the  point  of view of  meeting  a 
requirement  like  the FAA glide-slope  track  requirement, 
235 PA or k3.7 m (12 ft),  for  a CTOL transport  operating  on 
an ILS. 

RPM and Choke Activity 

Figure E3  summarizes  the  rpm  activity as the airplane 
tracked  the  glide-slope.  The  mean  value of the  rpm varied 
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Figure E3.- RPM activity  during  glide-slope  track  from  152  m  (500  ft) t o  20 m (65 ft). 
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because of  aircraft weight and  the  particular  trim  value  of  the 
nozzle.  The  significant  part  of  this figure  is the  variation  in 
the  standard  deviation  from  approach t o  approach.  The 
larger  values of  standard  deviation  generally  correlate to the 
stronger  wind  conditions  shown  in  figure E l .  The  standard 
deviation  was  considerably  smaller  for  the  flight  cohfigura- 
tion  three-contlol  system than for either  the  four- or the 
two-control  system.  This  reduced  standard  deviation  indi- 
cates  that  the  rpm was  essentially  inactive for the flight 
configuration  three-control-system  approaches. 

Figure E4 shows  the  choke  activity  for  the  four-control 
and  flight  configuration  three-control  systems.  The  two- 
control  system  did  not use the  chokes.  Figures E3 and E4 
show  that  both  rpm  and  chokes  were  actively  operating  to 
reduce  path  errors  for  the  four-control  system.  These figures 
also show  that  for  the  flight  configuration  three-control 
system  the  major  burden-of-path  control  was  assumed  by  the 
chokes  rather  than  rpm.  The  four-control  system  exhibits 
much  more reserve capability in the  chokes  to  counter large 
disturbances  than  does  the  flight  configuration  three-control 
system.  Note  that  the  glide-slope  errors  of  the  four-control 
system in  figure E2 for  approaches 3 ,  12,  13, and 14, where 
winds  were  strong,  were  essentially  the  same as when  the 
winds  were  light.  The  standard  deviations  of  the  choke  activ- 
ity  for  the flight configuration  three-control  system  were 
considerably  higher  than  for  the  four-control  system.  This is 
attributable  to  the generally  higher  thermal-turbulence level 
encountered  by  the  three-control  system  and  to  the  total 
reliance on  chokes  for  path  control. 

Airspeed 

Figure E5 shows  the  airspeed  error  during  the  approaches. 
The  four-control  system  produced  good  tracking  perfor- 
mance  in  terms  of  the  mean  and  the  standard  deviations. A 
comparison  of  wind  data  in  figure E l  with airspeed error 
data  in  figure E5 clearly  shows  the  correlation  between 
strong  winds  and  the larger  associated  speed error  standard 
deviation. 

Airspeed  performance  was  somewhat  degraded  with  the 
two-control  system as compared  with  either  the  four-control 
or flight  configuration  three-control  systems.  The  difference 
was  more  likely  caused  by  the  wind  disturbances  than  by 
design differences  in  the  control  system. 

Nozzle,  Pitch  Attitude,  and  Elevator 

Because the  mean value of  the  nozzle  data was  unreliable 
due  to  calibration  problems  in  the  data  system,  the  nozzle 
data  are  not  shown.  Standard  deviations  for  the  four-control 
system ranged from 3" for light  winds to 20" for  strong 
winds  and  were 0" for  the  three-  and  two-control  systems. 
The  nonzero  standard  deviation  for  the  four-control  system 
was  caused  by the use  of  nozzles for speed control. 

Figure E6 shows  the  pitch  activity  during  the  approaches 
and figure E7 shows  the  associated  elevator  activity.  The 
standard  deviation  of  the  pitch  attitude  did  not  exceed 1"  for 
either  the  four-control  system or the flight  configuration 
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three-control  system.  Higher  pitch  activity  was  evident  for 
the  two-control  system  but  the  standard  deviation  did  not 
exceed  2".  The  elevator  activity  shown  in  figure E7 was 
approximately  the  same  for all of the  control  systems. 

Longitudinal and  Normal  Acceleration 

The  longitudinal-acceleration  data  recorded  during  glide- 
slope  tracking  are  shown in figure E8. Three  factors  affecting 
the  longitudinal  acceleration  are  apparent  in  this  figure.  First, 

ELEVATOR 

deg 
POSITION, a 

-5 

the  longitudinal-acceleration  indications  vary as the  sine  of 
the  attitude  angle. A comparison  of  longitudinal  acceleration 
data in figure E8 with  pitch  attitude  data in figure E6, indi- 
cates  that  the  mean value of longitudinal  acceleration was 
primarily  related to  the  mean value of  the  pitch  attitude 
data.  The  second  factor  influencing  the  longitudinal  accelera- 
tion  was  the  turbulence,  which is assumed to  be  related t o  
the  wind  magnitude  shown  in  figure El.  The  most  prominent 
examples  of  the  influence  of  winds on longitudinal  accelera- 
tion  are  provided  by  approaches 3 ,  12, 13, and 14 flown  with 
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Figure E7.- Elevator  activity  during  glide-slope  track  from 152 m (500 ft)  to 20 m (65 ft). 
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Figure  E8.-  Longitudinal  acceleration  during  glide-slope  track  from  152  m  (500  ft) to   20 m (65 ft). 

the  four-control  system.  Figure E l  shows  that on those 
approaches,  the  recorded  wind  magnitude was more  than 
18  knots. Figure E8  shows  that  on  those  same  approaches, 
the  standard  deviation  of  the  longitudinal  acceleration was 
on  the  order of 0.4 g. The  third  factor  influencing  the  longi- 
tudinal  acceleration  was  the  design  of  the  control  system. 
Specifically,. the  four-control  system  used  nozzles  for  speed 
control. As indicated in the  wind  model  summary  (fig.  21) 
in  this  report, 30% of  the  four-control-system  approaches 
were  flown  in  winds  recorded  by  the  wind  mast  as  greater 

than 3 knots. On the  other  hand, 60% of the  flight 
configuration  three-control-system  approaches  were  flown  in 
winds  greater  than 3 knots. On the basis of wind  magnitude 
alone,  the  standard  deviation  of  the  longitudinal  acceleration 
associated  with  the  flight  configuration  three-control  system 
should  have  been  greater  than  the  standard  deviation 
experienced  with  the  four-control  system.  Figure  E8  shows 
that  the  actual  trend  was  just  the  opposite.  This  difference 
is probably  attributable to the  increased  nozzle  activity  pro- 
duced  by  the  four-control  system. This evaluation  is  in 
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agreement  with  the  pilot  comments  that  the  nozzle  activity 
could definitely be  sensed  when  the  four-control  system  was 
in  operation. 

Figure  E9  shows  the  mean  and  standard  deviations o f  the 
normal-acceleration signal recorded  during  glide-slope  track 
from  152 n1 (500 f t )   to  20 m (65  ft).  Since  the  airplane  was 
stabilized  on  the glide slope  prior t o  flare  initiation,  the 
mean  value of  the  normal  acceleration  should have  been  zero. 
Figure  E9  shows  that  an  accelerometer  bias  was  present  for 
all of  the  approaches.  This bias  was  approximately  the  same 

for  the four- and  two-control  systems.  These  data  were f 
recorded  over  the  calendar  period  from  November  1979 
through  February  1980.  The flight  configuration  three- 
control-system  data  were  recorded  earlier  during  July  and 
August o f  1979.  One  of  the flight  configuration  three- 
control-system  approaches,  approach 20, was  initiated  from a 
low  altitude  near 244 m (800 ft)  above  the  touchdown 
zone.  The  airplane was not  completely stabilized on the glide 
slope  until  just  before  flare  entry  and  this  lack of stabiliza- 
tion  shows  up in the  normal  acceleration  summary as a  shift 
in  the  mean. 
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Figure E9.- Normal  acceleration  during  glide-slope  track  from  152  m (500 f t )   to   20 m  (65  ft). 
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Both  the  four-control  and  flight  configuration  three- 
control  systems  provided  excellent  glide-slope  track  stabiliza- 
tion as evidenced  by  the  essentially  constant  values  of  the 
normal  acceleration bias. The  two-control  system  provided 
less precise  glide-slope  tracking  as  evidenced  by  some  varia- 
tion  in  the  mean value. The  standard  deviation of the  normal 
acceleration  was  affected  by  the  winds  and  the  precision  of 
the  control  system.  The  four  approaches  flown  with  the  four- 
control  system in strong  winds,  approaches 3 ,  12, 13,  and 14, 
are  associated  with  the large  values of  standard  deviation 
between 0.04 and 0.05 g. The  remainder  of  the  fow-control 
system  approaches  exhibited  values  near 0.02 g. Standard 
deviation values between 0.03 and 0.04 g  reflect  the  light to 
moderate  turbulence  present  for  the  flight  configuration 
three-control-system  approaches.  The  standard  deviation 

values of  normal  acceleration for the  two-control  system 
between 0.02 and 0.04 g reflect the  looser  glide-slope  track 
performance  because  these  approaches  were  flown in the 
same  generally  light  wind  conditions  encountered  by  the 
four-control  system. 

Research into  the  effects  of  acceleration  on  ride  comfort 
of passengers  was  reported  in  reference 3 5 .  This  reference 
provides  a  boundary  of  acceptable  passenger  ride  in  terms  of 
a  combination  of  normal  and  lateral  acceleration.  Figure E9 
shows  that  the  standard  deviations  of  the  normal  acceleration 
were <0.05 g. The  standard  deviations  of  the  lateral  accelera- 
tion  were  generally <0.03 g. These  acceleration levels  fall 
well within  the  region  associated  with  acceptable  passenger 
ride  as  defined  in  reference 3 5 .  
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