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A STUDY O F  GEMINI-AGENA DOCKING 

USING A FIXED-BASE SIMULATOR ESIPIXIYING A 

CLOSED-CIRCUIT TELEVISION SYSTEM 

By Donald R. Riley, Byron M. Jaquet, Richard E. Bardusch, 
and Perry L. Deal 

Langley Research Center 

SUMMARY 

A f u l l - s i z e  Gemini-Agena docking study w a s  made using a v i sua l  docking 
simulator t o  determine some of t he  e f f ec t s  on docking of spacecraft  a t t i t u d e  
control  mode, control  power, t a rge t  l ighting, and t a rge t  o sc i l l a to ry  motion. 
F l igh ts  were i n i t i a t e d  a t  a range of about 300 feet  (91.44 m )  and were made 
using only visual observation of t he  t a rge t  f o r  guidance information. 
r e s u l t s  ind ica te  t h a t  t h e  spacecraft  rate-command a t t i t u d e  control  mode 
(primary) w a s  w e l l  su i ted  t o  t he  docking task. 
dockings could be obtained with t h e  d i r ec t  a t t i t ude  control  mode (backup), but 
the task  was d i f f i c u l t  and required considerable prac t ice  t o  become prof ic ien t .  
Design t h r u s t  l eve l s  f o r  t rans la t ion  and a t t i t ude  control  j e t s  permitted satis- 
factory docking operations; however, i n  a l imited study using one research p i l o t  
one-half design th rus t e r  outputs were preferred f o r  close-in maneuvering. Per- 
formance degradations f o r  darkside dockings were obtained when only the  docking 
r ing  w a s  illuminated. With t h e  addition of v i sua l  a ids  t o  provide boresight 
information, r e s u l t s  comparable t o  daytime f l i g h t s  were obtained. The e f f ec t s  
of t a rge t  s inusoidal  yawing osc i l l a t ions  on docking f o r  motion amplitudes of 
&lo and 52.5' and osc i l l a t ion  periods from 60 t o  10 seconds were negl igible .  

of period f o r  periods less than 60 seconds were evident. 

The 

Consistent within-tolerance 

For t a rge t  amplitudes of *?', degradations i n  docking performance 

INTRODUCTION 

One of the primary missions of t he  Gemini program i s  t o  demonstrate t he  
a b i l i t y  of human p i l o t s  t o  perform the  docking of two vehicles i n  space. 
plishment o f  t h i s  t a sk  w i l l  help insure success of t he  lunar-orbit-rendezvous 
technique f o r  exploration of the  moon and other manned space missions as well. 

Accom- 

P r io r  t o  ac tua l  space-fl ight docking, ground-based simulators w i l l  be used 
t o  explore t h e  wide range of operat ional  s i tuat ions tha t  t h e  ast ronauts  could 
encounter. A number of i n i t i a l  simulator studies (refs. 1 t o  4, f o r  example) 
i l l u s t r a t e d  the f e a s i b i l i t y  of  pi lot-control led docking. I n  addi t ion t o  gen- 
eral  s tudies ,  a number of spec i f ic  simulations employing Gemini-Agena design 



character is t ics  have been undertaken. 
base simulators have been employed a t  the  Langley Research Center. 
6, and 7provide some of t h e  r e s u l t s  of these studies.  

Simulations involving fixed- and moving- 
References 5 ,  

The purpose of t he  present paper i s  t o  present t he  r e s u l t s  of t he  fixed- 
base simulation s tudies  of pi lot-control led Gemini-Agena docking made a t  t h e  
NASA Langley Research Center. Those portions of the investigation not previ- 
ously reported are emphasized. The e f f ec t s  of a t t i t u d e  control mode, e i t h e r  
r a t e  command (primary) o r  d i r ec t  acceleration command (backup), on docking as 
w e l l  as the e f f ec t s  of control power, t a rge t  l ight ing,  and single-degree-of- 
freedom target  osc i l la t ions  were investigated. 
employed closed-circuit  TV t o  provide a f u l l - s i z e  out-of-the-window view of 
t he  Agena t a rge t  vehicle. 
observation of t he  t a rge t  through the  spacecraft window f o r  guidance informa- 
t ion .  Performance data, terminal conditions, and p i l o t  ra t ings f o r  docking 
f l i g h t s  i n i t i a t e d  a t  a range of about 300 f e e t  (91.44 m )  f o r  t he  paraglider 
configuration of t h e  Gemini spacecraft a r e  presented. 

The fixed-base simulator 

All docking f l i g h t s  were made using only p i l o t  

Both t h e  U.S. Customary Units and t h e  Internat ional  System of Units (S I )  
are employed herein. 
ence 8. 

Factors r e l a t i n g  these two systems are given i n  refer-  

The system of axes employed f o r  t he  present study i s  shown i n  f igure 1 and 
the  symbols used a r e  defined as follows: 

t o t a l  forces i n  the  direct ion of the X, Y ,  and Z refer-  
ence axes, respectively,  l b  ( N )  

FX, b 9 FY, b 7 FZ, b t o t a l  forces along Gemini body axes produced by trans- 
l a t i o n  and at t i tude-control  reaction j e t s ,  l b  (N) 

'X, b' 'Y ,b  'Z, b moments of i n e r t i a  about Gemini body axes, slug-ft2 
(kg-m2) 

products of i n e r t i a  about Gemini body axes, slug-ft2 'XZ, b' 4 2 ,  b' ' X Y ,  b 
(kern2 ) 

spec i f i c  impulse, sec 

moments produced about Gemini body axes by t rans la t ion  
and at t i tude-control  reaction jets,  f t - l b  (J) 

MX, b , % , b 7 % , b 

r a t i o  o f  t r a n s l a t i o n a l  j e t  t h r u s t  t o  vehicle mass, 
f t /sec2 (m/s2) 

m Gemini mass, slugs (kg) 

2 



, 

P 

t 

xb,ybj% 

*t 

*t , max 

0 

E 

angular r a t e s  about Gemini body axes, rad/sec o r  
deg/sec 

period of t a rge t  osc i l la t ion ,  sec 

t i m e  f o r  a given control input,  sec 

t i m e ,  sec 

right-handed system of reference axes with or ig in  
located a t  center  of g rav i ty  of Agena vehicle  (see 
f i g .  1) and w i t h  X- and Z-axes i n  o r b i t a l  plane 

right-handed system o f  body axes with or ig in  located a t  
Gemini center  of gravity 

right-handed system of body axes with or ig in  located a t  
Agena center of gravity 

distances along X-, Y-, and Z-axes, respectively,  f t  (m) 

M e r  angles i n  specif ied order r e l a t ing  pos i t ion  of 
Gemini body axes and reference axes, deg o r  rad (see 
f i g .  1) 

instantaneous target angle of yaw r e l a t i v e  t o  X, Y,  and 
Z reference axes, deg o r  rad 

maximum amplitude of t a r g e t  yawing osc i l l a to ry  motion, 
deg o r  rad 

rate of ro ta t ion  of reference axis system about ea r th  
a t  an a l t i t u d e  of 150 naut ica l  miles (277.8 km), 
0.0012 rad/sec 

r a t e  command system e r ro r  s igna l  defined as difference 
between commanded and ac tua l  spacecraft  angular rate 
(see sketch 2 ) ,  deg/sec o r  rad/sec 

Notes: (1) One dot over a symbol denotes the f irst  der ivat ive with respect t o  
t i m e  . 

(2) Two dots  over a symbol denote the second der ivat ive with respect 
t o  t i m e .  

( 3 )  Displacements and ve loc i t ies  with subscr ipt  "nose" ind ica te  r e l a t i v e  
conditions a t  contact between spacecraft  nose and center of 
docking r ing  i n  t a rge t  reference frame of axes. 
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DESCRIPTION OF GEMINI AND AGENA VEZIICLElj 

Gemini Spacecraft 

The Gemini vehicle i s  a second-generation manned spacecraft  designed f o r  a 
two-man crew. A n  artist 's  sketch of t he  vehicle nearing completion of t he  
docking maneuver i s  shown i n  f igure  2. The spacecraft  consis ts  of two uni t s ,  a 
reentry vehicle and a maneuvering module, t h a t  a r e  joined together a t  about t h e  
heat-shield location. The propulsion system used t o  control  o r b i t a l  f l i g h t ,  
rendezvous, and docking i s  contained within t h e  maneuvering module. 
f i g .  3 . )  There are eight a t t i t u d e  control  jets and eight  t r ans l a t ion  jets, a l l  
of which use hy-pergolic fuel. 
f o r  p i tch  and four primarily f o r  yaw. 
p i t ch  o r  t h e  yaw jets a t  t h e  option of t h e  p i l o t  by means of a se lec tor  switch 
on t h e  control panel. 
movement of the spacecraft ,  whereas s ing le  j e t s  provide v e r t i c a l  and la teral  
maneuvering. A l l  16 jets a re  located rearward of  t h e  spacecraf t ' s  center  of 
gravi ty .  Because of t h i s  rearward location, strong coupling occurs between 
v e r t i c a l  and l a t e r a l  control  inputs  and the  p i t c h  and yaw spacecraft  motions. 
Similarly, p i t c h  and yaw control  inputs introduce v e r t i c a l  and l a t e r a l  t rans-  
l a t ions .  Additional coupling, such as roll coupling with l a t e r a l  t r ans l a t ion  
inputs  due t o  t he  presence of j e t  misalinements or center-of-gravity t r ave l ,  
can a l so  be present but i s  of smaller magnitude. 

(See 

O f  t h e  e ight  a t t i tude jets, four  a re  pr imari ly  
Roll  can be obtained using e i t h e r  t h e  

For t rans la t ion ,  p a i r s  of jets provide fore  and a f t  

For docking, two attitude control  modes are avai lable  i n  t h e  spacecraft .  
The primary mode i s  rate cornand i n  which a def lect ion of t h e  hand cont ro l le r  
commands an angular rate proportional t o  cont ro l le r  deflection. The presence 
of rate feedback i n  the  system compensates f o r  t he  coupling of t h e  t r ans l a t ion  
control  inputs i n t o  the  angular motions. 
acceleration command system i n  which def lect ion of t h e  hand cont ro l le r  actuates  
a microswitch that commands f u l l  thrust from the  a t t i t u d e  control  jets. With 
t h i s  mode the p i l o t  must provide manually the  corrections necessary t o  account 
f o r  t h e  control coupling e f fec ts .  
control  i s  used f o r  t rans la t ion .  

The backup mode i s  a d i r ec t  on-off 

With both a t t i t u d e  modes, on-off accelerat ion 

Agena Vehicle 

The Agena t a rge t  vehicle ( f i g .  2 )  has a 5-foot-diameter (1.52 m) docking 
r ing  tha t  i s  shock mounted t o  absorb the impact forces  a t  vehicle  contact. The 
inner surface of t he  docking r ing  i s  conical  i n  shape and serves t o  channel t h e  
Gemini nose t o  the  la tching posi t ion.  
t he  indexing bar on the  Gemini provide the  necessary roll alinement f o r  t h e  
la tching mechanism. 

The V-shaped s l o t  i n  t h e  docking r ing  and 
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SIMCTLATI ON 

Simulator 

A n  isometric sketch of the  v isua l  docking simulator used herein i s  pre- 
sented as  f igure 4. This simulator i s  of the fixed-base type and consis ts  of 
general-purpose analog-computer equipment combined with a U.S. A i r  Force a e r i a l  
gunnery t r a ine r ,  type F-131, t ha t  had been modified f o r  the  docking study. A 
fu l l - sca le  wooden mockup of the  Gemini vehicle i s  mounted within a 20-foot- 
diameter (6.10 m)  spherical  projection screen. 
t r a i n e r  included a closed-circuit  television system. 
Agena ta rge t  vehicle was mounted i n  a gimbal mechanism i n  f ront  of t he  t e l e -  
vision camera ( f ig .  5 ) .  
i n  three degrees of freedom. 
ject ion system mounted ve r t i ca l ly  above the  p i l o t  ( f ig .  6 ) .  The image of the  
ta rge t  i s  projected on a f l a t  front-surfaced mirror t ha t  i s  servo driven about 
two axes and located at the center of the sphere a short  distance above the  
p i l o t ' s  head. 
p r i a t e  azimuth and elevation angles f o r  the  p i l o t ' s  l i n e  of s ight .  
degree-of-freedom motion is  simulated by means of the model and mirror movements. 
P i l o t  control s ignals  a r e  sent t o  the analog computer, which solves the  equa- 
t ions  of r e l a t ive  motion between the spacecraft and ta rge t .  
puts a r e  converted i n  the gunnery t r a i n e r  t o  l ine-of-sight range, ta rge t  angular 
aspect about t he  l i n e  of s ight ,  and s p a t i a l  location. These s ignals  a r e  used t o  
drive the  appropriate servomechanisms t o  provide the proper image and posi t ion 
f o r  display t o  the  p i lo t .  The operating volume of the simulator permitted 
t r ans l a t iona l  maneuvers up t o  8 maximum displacement of 300 f e e t  (91.44 m) 
longitudinally and kl30 f e e t  (45.72 m) l a t e ra l ly  and ver t ica l ly .  

The display system i n  the gunnery 
A small-scale model of the  

The model t ranslates  along the  camera axis and ro ta tes  
The camera video s ignal  i s  transmitted t o  the  pro- 

The mirror posit ions the  target  image on the  screen a t  the  appro- 
A f u l l  six- 

The computer out- 

The Agena model w a s  mounted a t  i t s  midpoint i n  a three-axis gimbal box. 
For this study, t he  center of gravity of the Agena w a s  assumed t o  coincide with 
t h i s  mounting point.  The model markings used i n  the simulation a re  shown i n  
f igure 7 and were employed t o  provide some contrast i n  the v isua l  display 
between the docking r ing and recessed booster casing t o  a i d  i n  vehicle a l ine-  
ment. These markings a r e  not employed on the ac tua l  Agena vehicle. 

The p i l o t  and observer (when present) were seated ve r t i ca l ly  i n  the simu- 
l a t o r  f o r  comfort i n  a 1 g f i e ld .  
nauts a re  incl ined from the  longitudinal plane of symmetry o f  the  spacecraft. 
Because the TV v i sua l  display i s  correct ly  projected only f o r  the p i l o t ,  the  
simulator was arranged t o  be flown only from the  left-hand sea t ,  which i s  the 
command as t ronaut ' s  posi t ion i n  the actual  Gemini spacecraft. With the  p i l o t ' s  
spine v e r t i c a l ,  the  eyes were located a t  the proper posi t ion with respect t o  
the  window. The hand control lers  employedwere oriented with respect t o  the  
p i l o t  ' s sea t .  

In  the actual Gemini spacecraft, both astro-  

It should be noted t h a t  the longitudinal distance between the  eyes and the 
indexing bar  (considered t o  be on the Gemini nose f o r  the  simulation) w a s  
9.73 feet (2.97 m). 
spacecraft .  
i c a l  project ion screen i n  order t o  avoid complicated paral lax problems. 

T h i s  distance i s  greater than that f o r  t he  ac tua l  Gemini 
The index bar  was placed against the  10-foot-radius (3.05 m) spher- 
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A random s t a r  background w a s  provided as p a r t  of t he  v i sua l  display a t  
various times during t h e  investigation. The star projector  w a s  mounted i n  a 
gimbal arrangement t h a t  provided three  angular degrees of freedom about i t s  
center and was located above t h e  p i l o t ' s  head next t o  the  front-surfaced mirror 
( f ig .  6 ) .  

Gemini Control Character is t ics  

Translational and ro t a t iona l  motions of the  manned spacecraft  were assumed 
t o  be produced by t h e  react ion jets shown i n  f igure  3. 
of 100 pounds (444.82 N) f o r  each t r ans l a t ion  j e t  and 23 pounds (111.21 N)  f o r  
each a t t i t ude  je t  were employed. 
Spacecraft control  w a s  commanded by the  p i l o t  using the  three-axis f inger - t ip  
control lers  shown i n  f igure  8. 
left-hand cont ro l le r ,  whereas vehicle a t t i t u d e  was control led using the  r igh t -  
hand controller.  These cont ro l le rs  are not prototype Gemini hand control lers .  
Prototype hand control lers  were i n s t a l l e d  i n  the  simulator f o r  a l a t e r  research 
program. (See re f .  9.) The instruments shown on the  panel i n  f igu re  8 dis- 
played spacecraft a t t i t udes ,  angular ra tes ,  range, and range-rate information. 
The instruments were used f o r  simulator checkout and i n i t i a l  p i l o t  famil iar iza-  
t i on  and then were covered f o r  t he  t e s t  program. 

The design thrust l eve l s  

Time lags f o r  these je ts  were not considered. 

Translat ional  control  was obtained using the  

The t rans la t ion  cont ro l le r  w a s  an on-off spring centered device by which 
maximum thrust  w a s  commanded from t h e  appropriate react ion j e t s  when t h e  corre- 
sponding cont ro l le r  def lect ion exceeded about 318 inch (0.93 cm) . Construction 
of t he  device permitted commands t o  be applied along each of t h e  three  vehicle 
axes individually or simultaneously simply by def lect ion of t he  cont ro l le r  i n  
the  direct ion of t h e  desired motion of t h e  spacecraft .  
t h a t  t he  reaction j e t s  were f i r i n g  was supplied t o  t h e  p i l o t  by means of th ree  
d i m  red indicator l i g h t s  (one l i g h t  f o r  each ax i s )  arranged horizontal ly  and 
located on t he  lower l e f t  s ide  of t h e  instrument panel. 

A v i sua l  indicat ion 

The a t t i t u d e  cont ro l le r ,  a l so  a spring centered device, had a maximum con- 
t r o l l e r  deflection about each axis of approximately 30'. 
bined inputs could be employed. 
t i o n  system was provided. 
whether the a t t i t u d e  cont ro l le r  w a s  commanding i n  the  rate-command (primary) o r  
d i r ec t  (backup) control  mode. 
of +8O per second i n  r o l l  and +4O per  second i n  p i t ch  and yaw could be obtained 
by deflecting t h e  hand cont ro l le r  t o  t h e  m a x i m u m  pos i t ion  about t h e  appropriate 
ax is .  
about a l l  th ree  axes. 
two sketches : 

Single axis or com- 
No v i sua l  indicat ion similar t o  t h e  t rans la -  

A se l ec to r  switch on t h e  instrument panel d ic ta ted  

I n  t h e  rate-command mode, maximum vehicle  rates 

The rate-comand system operated outs ide a dead band of 0.1' per  second 
The rate-command system i s  described i n  the  following 

6 



Commanded 
angular ra te  

! Commanded angular r a t e  

Max (+) 

Atti tude 
cont ro l le r  
Att i tude 

cont ro l le r  
deflection 

10 percent 
dead band 

Sketch 1 

System 
dead band 

Actual vehicle angular rate I 
Sketch 2 

The rate-command mode used i n  the  simulation d i f fe red  from t h a t  provided i n  the  
a c t u a l  spacecraft as shown i n  the following table:  

Simulation Spacecraft 

Maximum roll r a t e ,  deg/sec . . . . . . . . . . . . . .  +8 *15 
Maximum p i t c h  r a t e ,  deg/sec . . . . . . . . . . . . .  +4 510 
Maximum yaw rate,  deg/sec . . . . . . . . . . . . . .  +4 f10 
System dead band, deg/sec . . . . . . . . . . . . . .  50.1 a . 2  

The d i r e c t  a t t i t u d e  control mode w a s  an on-off acceleration command system 
providing maximum th rus t  from the reaction j e t s  when the  control ler  deflection 
exceeded the  10-percent dead band. 

EQUATIONS OF MOTION 

Six-degree-of-freedom equations of relative motion between t h e  Agena target 
vehicle and the Gemini spacecraft were used in the simulation. These equations 
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were solved on an electronic  analog computer operating i n  r e a l  time. The p i l o t  
closed the loop and had d i r ec t  input i n t o  a l l  s ix  equations. 
a r e  presented i n  appendix A.  

The equations used 

PILOT'S TASK 

The p i l o t  f l e w  from the  left-hand sea t ,  and h i s  t a s k  was t o  take control  
of t he  Gemini from the  i n i t i a l  conditions and t o  maneuver the  vehicle u n t i l  it 
began t o  enter  the  Agena docking r ing  within specif ied design tolerances.  
out-of -the-window observation of t he  t a rge t  w a s  used f o r  guidance information. 
The p i l o t  was permitted t o  use whatever technique he preferred t o  accomplish 
the  t a s k  with no r e s t r a i n t s  on f u e l  and f l i g h t  t i m e .  

Only 

I n  order t o  achieve successful docking, the  p i l o t  was required t o  posi t ion 
the  center of the  Gemini nose within fl foot (0.30 m )  of the  center of the  
docking r ing  and have the r e l a t i v e  a t t i t u d e  angles (roll, pi tch ,  and yaw) within 
*loo when the  Gemini nose en ters  t he  docking r ing.  
designed t o  withstand a maximum longi tudinal  contact veloci ty  of 1.5 f t / s e c  
(0.46 m/s) and a r a d i a l  veloci ty  of 0.5 f t / s e c  (0.15 m / s ) .  

The Agena docking r ing  was 

I n  t h i s  simulation the  f l i g h t s  were terminated when the  value of longi- 
tud ina l  displacement f o r  properly a l ined  vehicles placed the  index bar  of t he  
spacecraft i n  t h e  f ront  plane of the  docking r ing.  The run was considered out- 
of-tolerance i f  any one of the  docking-ring design l imi ta t ions  w a s  exceeded. 
Exceeding some of the tolerances does not necessar i ly  mean an ac tua l  space m i s -  
s ion would be unsuccessful. 
tude angles or i f  the  transverse displacement of the  Gemini nose were out of 
tolerance, the  two vehicles would merely bump together i f  the  r e l a t i v e  veloc- 
i t i e s  were low. The p i l o t  could back away and t r y  again, or i f  these tolerances 
were only s l i g h t l y  exceeded, some s l i g h t  addi t ional  maneuvering could be used t o  
br ing  the conditions within tolerance.  If t he  contact ve loc i t i e s  a re  higher 
than the  design values, however, s t r u c t u r a l  damage could occur t o  t h e  space- 
c r a f t ,  t a rge t ,  or both. 
erances t o  be m e t  and does not permit addi t iona l  maneuvering after f l i g h t  ter-  
mination, should provide more pessimist ic  results i n  meeting the  docking require- 
ments than those required of an ac tua l  space mission. 

For example, i f  one or more of the  r e l a t i v e  a t t i -  

The present simulation, which requires  a l l  design t o l -  

INITIAL CONDITIONS 

The i n i t i a l  conditions used f o r  most of t he  data presented herein were 

x, f t  (m) . . . . . . . . . . . . . . . . . . . . . . . . . .  -250 (-76.20) 
y, f t  (m) . . . . . . . . . . . . . . . . . . . . . . . . . .  +lo0 (k30.48) 
Z, ft  (a) . . . . . . . . . . . . . . . . . . . . . . . . . .  75 (22.86) 
$ , d e g  . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . O  
8 , d e g  . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . O  
@ , d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . O  
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A l l  ve loc i t ies ,  both l i n e a r  and angular, were s e t  equal t o  zero. 
configuration of the  Gemini spacecraft with a one-half f u e l  load w a s  simulated. 
For the remaining docking f l i g h t s ,  longitudinal displacement x w a s  s e t  a t  
-250 f e e t  (-76.20 m ) ,  but various transverse displacements, a t t i t u d e  angles, 
and ve loc i t ies  were employed. 

The paraglider 

FUlSULTS AND DISCUSSION 

P i lo t ing  Techniques 

Given complete freedom i n  the method of e f f ec t ing  a closure from the  
i n i t i a l  conditions, the  p i l o t s  (two NASA research p i l o t s  and two engineers) 
u t i l i z e d  two basic  approach techniques t o  a l ine i n i t i a l ly  the Gemini with the  
Agena while some distance from the t a rge t .  One method ( f i g .  g ( a ) )  involved 
using the  t r ans l a t ion  j e t s  t o  n u l l  the ve r t i ca l  and l a t e r a l  displacements while 
closing longi tudinal ly  on the  t a rge t .  A t  the same time, zero r e l a t ive  angular 
alinement w a s  maintained. Appropriate i n i t i a l  ve loc i t i e s  were selected by t h e  
p i l o t  so t h a t  the  azimuth and elevat ion angles of the p i l o t ' s  l i n e  of s igh t  t o  
the  t a rge t  would be reduced a s  range decreased. 
tud ina l  ax i s  approached coincidence wi th  the extended longitudinal ax i s  of the  
t a r g e t ,  the  opposite v e r t i c a l  and l a t e r a l  th rus te rs  were f i r e d  t o  stop the  
transverse motion. If i n i t i a l  conditions imposed angular misalinements of t he  
vehicles,  the  p i l o t  f i r s t  oriented h i s  spacecraft t o  provide zero r e l a t i v e  
angular alinement. This simply required a l t e r ing  the  t a r g e t ' s  s p a t i a l  locat ion 
measured i n  t h e  Gemini body axis  system by spacecraft a t t i t u d e  changes u n t i l  the  
t a rge t  aspect and t a rge t  location i n d i c a t e d t h a t  t he  spacecraft  and t a r g e t  body 
axes were p a r a l l e l .  This procedure a l ined  the spacecraft  t r ans l a t iona l  t h rus t e r s  
with the  t a r g e t  axes. 

When the  spacecraf t ' s  longi- 

The second method ( f i g .  g ( b ) )  consisted of i n i t i a l l y  ro t a t ing  the  space- 
c r a f t  and then, by using only the  longitudinal th rus te rs ,  es tabl ishing an i n t e r -  
cept course with the  extended longitudinal a x i s  of the  t a rge t .  This method 
supplied the three  veloci ty  components r e l a t ive  t o  the t a rge t  a s  i n  the  previous 
method but required per iodic  adjustment of the p i t ch  and yaw angles of the  
spacecraft  during the  coast phase t o  compensate f o r  l ine-of-sight changes and 
t o  keep the  t a r g e t  i n  view. By t he  time the in te rcept  point was reached, t he  
p i t ch  and yaw angles were near the n u l l  posit ion and the  v e r t i c a l  and l a t e r a l  
t r ans l a t ion  j e t s  were then used t o  stop the  transverse motion. 
rect ions,  i f  needed, were made a t  t h i s  point i n  t h e  approach. 

Ro l l  angle cor- 

Ei ther  approach could be used by the  p i lo t s  t o  es tab l i sh  sa t i s fac tory  
i n i t i a l  r e l a t i v e  alinement a t  distances generally from 50 f e e t  (15.24 m )  t o  
100 f e e t  (30.48 m )  from the  t a r g e t .  
decisive performance advantage. I n  both methods, i n i t i a l  longi tudinal  veloci ty  
2 This magnitude was reduced 
as the  in t e rcep t  point  was approached o r  shortly the rea f t e r  t o  a value consider- 
ably below t h e  docking-ring design tolerance. 
encountered, t h e  o r b i t a l  terms i n  the equations of motion influence t h e  in-plane 
vehicle  v e l o c i t i e s  and approach t ra jec tory .  

I n  addition, nei ther  approach provided a 

of the  order of 2 f t / s e c  (0.61 m / s )  w a s  employed. 

For t h e  r e su l t i ng  coast  times 

These e f f e c t s  however were not 
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par t icu lar ly  noticed by t h e  p i l o t  who w a s  concerned mainly with achieving 
i n i t i a l  alinement . 

From t h e  posi t ion of i n i t i a l  alinement t o  the  f l i g h t  termination point ,  
t he  t a s k  w a s  one of continually t ry ing  t o  improve the  r e l a t i v e  alinement. 
Ideal ly ,  the t r ans l a t iona l  and angular misalinements would be reduced as range 
decreased. For perfect  vehicle alinement, r e l a t i v e  t a rge t  locat ion varied with 
range because of t he  paral lax angle involved. (See f i g .  10.) A closure veloc- 
i t y ,  generally about 1/2 f t / s ec  (0.15 m/s), was employed during t h i s  f i n a l  por- 
t i o n  of the approach. 
unless it was necessary t o  stop or  back away because the  p i l o t  became aware of 
t h e  existence of an out-of-tolerance condition. 
closing velocity during the  f i n a l  approach, t he  p i lo t ing  t a sk  i s  e f fec t ive ly  
reduced t o  control l ing only 5 degrees of freedom. 
ment of the technique employed and the  d i f f i c u l t i e s  involved during the  f i n a l  
50 f e e t  (13.24 m) of separation i s  presented i n  reference 7. 

This remained uncorrected up t o  t h e  termination point 

Thus, by not correct ing 

A more comprehensive t r e a t -  

Att i tude Control Modes 

Rate command.- Using the  rate-comand a t t i t u d e  control  mode, t h e  p i l o t  
could successfully and consis tent ly  perform the  docking with a f u l l y  i l luminated 
t a rge t .  
were required t o  reach a high l e v e l  of proficiency. 
combined control  inputs (pa r t i cu la r ly  i n  t r ans l a t ion )  could be used e f fec t ive ly .  
The t i gh t  dead band (O.lo/sec) used i n  the  rate-command a t t i t u d e  control  system 
simplified the  p i l o t ' s  task.  One of i t s  major contributions was t h e  elimination 
of vehicle a t t i t u d e  motions due t o  control  coupling e f f e c t s  when applying v e r t i -  
c a l  and l a t e r a l  t rans la t ion  inputs .  I n  essence, t he  t i g h t  dead band reduced 
the  docking problem t o  one of 3 degrees of t r ans l a t ion  freedom with an occa- 
s iona l  correction f o r  a t t i t u d e  alinement. With t h e  a t t i t u d e  cont ro l le r  unde- 
f lee ted ,  a l l  r e l a t ive  movement between vehicles could be in te rpre ted  by the  
p i l o t  t o  be primarily t rans la t ions .  

The t a s k  was not d i f f i c u l t  t o  perform, but a number of prac t ice  runs 
A f t e r  some experience, 

It should be noted t h a t  a few data runs (not  presented herein)  were made 
with other dead-band se t t i ngs .  A t  0.20/sec, the  difference i n  system perform- 
ance was j u s t  noticeable t o  the  p i l o t .  A t  0.5O/sec, however, some degradation 
of system performance w a s  noted i n  t h a t  t h e  p i l o t  des i r ing  lower angular drift 
rates was required t o  use control  inputs  of t h e  accelerat ion comand type t o  
maintain spacecraft  a t t i t udes .  The f a c t  t h a t  m a x i m  ava i lab le  rates i n  the  
simulation were lower than those of t h e  ac tua l  spacecraft  w a s  of no significance 
i n  docking, since the p i l o t ' s  control  inputs rarely, i f  ever, approached the  
maximum value avai lable .  
ences between t h i s  study and present ly  accepted Gemini values should have no 
ef fec t  on the  docking t a sk  and data presented herein.  

For these reasons, dead-band and maximum r a t e  differ- 

Direct mode.- Using the  d i r e c t  (acce lera t ion  comand) a t t i t u d e  control  
mode, successful docking could be accomplished consis tent ly  with a f u l l y  i l l u -  
minated ta rge t .  The t a s k  was d i f f i c u l t  f o r  t he  p i l o t  t o  learn  and numerous 
f l i g h t s  were required t o  become p ro f i c i en t .  
t i o n  command system ( t h a t  of applying a control  input t o  start  and t o  s top a 

The complexities of an accelera- 
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motion with no damping present)  were compounded by the  degree of control  
coupling and control  power present.  

With t h e  magnitude of control  coupling present i n  Gemini, it was necessary 
To i l l u s t r a t e ,  t o  compensate f o r  the coupling when applying a control  input.  

when applying a v e r t i c a l  or lateral  t ranslat ion input,  it w a s  necessary t o  
manipulate not only the  t rans la t ion  control ler  but a l s o  the  a t t i t u d e  cont ro l le r  
i n  an amount j u s t  necessary t o  compensate for spacecraft  pi tching or yawing. 
For the  reverse s i t ua t ion  when p i t ch  or yaw control  inputs a re  applied, compen- 
sa t ing  transverse t rans la t ions  were not normally used except f o r  large a t t i t u d e  
corrections.  The magnitude of the  control  coupling precluded, i n  most cases, 
multiple ax i s  control  inputs.  
coupling d i f f i c u l t i e s .  I n  addition, s m a l l  inputs were benef ic ia l  i n  handling 
the  control  power which w a s  large enough t o  be troublesome i n  making corrections 
when close t o  the  t a rge t .  

The use of small inputs eased the  control  

Several v i sua l  d i f f i c u l t i e s  became manifest i n  d i r ec t  mode docking. 
r a t ing  overa l l  t a rge t  motion i n t o  s i x  component p a r t s  w a s  d i f f i c u l t  during the  
f i n a l  approach when the  r e l a t ive  transverse ve loc i t i e s  and angular r a t e s  were 
low. 
alinement problem. Reference 6 ind ica tes  t ha t  p i l o t s  (without control  t a sks )  
could v isua l ly  a l ine  the  vehicles near contact only within 20 t o  3' i n  a t t i t u d e  
and 2 t o  4 inches (5.08 t o  10.16 cm) i n  nose posi t ion.  
placement (pa r t i cu la r ly  i n  t rans la t ion)  had t o  develop before the  need of a 
pa r t i cu la r  control  input could be ascertained with any degree of correctness.  

Sepa- 

I n  addition, the  presence of a parallax angle complicated the  vehicle 

A s  a r e su l t ,  some d is -  

Even with the  aforementioned d i f f i c u l t i e s ,  p i l o t s  could perform success- 
f u l  and prof ic ien t  docking using the  direct  control  mode. 
and E here in) ,  using t h i s  simulator and the moving-base simulator of refer- 
ence 6, became so s k i l l f u l  t h a t  it was impossible f o r  an observer t o  detect  
from the  v i sua l  display whether the  a t t i t ude  mode w a s  rate command or d i rec t .  

Several p i l o t s  ( A  

Comparison of Att i tude Modes 

P i l o t  ra t ings . -  P i l o t  evaluations of the Gemini control  charac te r i s t ics  
were obtained during the  invest igat ion i n  the form of p i l o t  opinion ra t ings .  
The Cooper r a t i n g  schedule t h a t  was used i s  presented i n  table 1. 
p i l o t s  A and B provided ra t ings  f o r  the a t t i t ude  control  charac te r i s t ics  of the 
spacecraft  using both modes of control,  and these results a re  presented i n  
t a b l e  2. 
po in ts  between the  rate-command and d i rec t  modes of a t t i t u d e  control  f o r  the  
paragl ider  configuration. 
i s f ac to ry  region whereas the d i r ec t  mode ratings f e l l  j u s t  within the  unsat is-  
factory region. 

Research 

An examination of t h e  data shows a separation of several  r a t ing  

The rate-command system was ra ted  w e l l  i n  t he  sa t -  

Although t h i s  paper i s  concerned only with the  paraglider configuration, 
one addi t iona l  spacecraft  configuration (parachute) and two addi t ional  en t r i e s  
providing r a t ings  (research p i l o t  E and Astronauts) were a l so  included for com- 
parison purposes. 
sequent t o  the present tes t  program. 

These addi t ional  data were obtained from a study made sub- 
It is i n t e r e s t i n g  t o  note the  improved 
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TABLE 1.- PILOT OPINION RATING SCHEINLE 

1 
2 
3 

Adjective 
rating 

Excellent, includes optimum 
Good, pleasant to fly 
Satisfactory, but with some mildly 

jati sfactory 

4 

5 
6 

7 

8 
9 

10 

lnsatisfactory 

Acceptable, but with unpleasant Yes 

Unacceptable for normal operation Doubtful 
Acceptable for emergency condition only1 Doubtful 

Unacceptable even for emergency No 

Unacceptable - dangerous No 
Unacceptable - uncontrollable No 

Motions possibly violent enough to No 

characteri sti c s 

c ondi t i on1 

prevent pilot escape 

Jnacceptable 

Pilot 

A 

B 

E 

Astronauts average (ref. 9) 

:atastrophic 

Pilot rating 

Attitude control mode Paraglider Parachute 
configuration configuration 

Rate command 2 2 

4 % Direct 

Rate command 2 2 

Direct ,,3 4 

2T 

4 

1 Rate command --- 

3 Direct --- 
Rate command --- 

Direct --- 

~~ 

lumerical 
rating 

~ 

Description I Mission 
accompli shed 

Yes I E: I 
I I 1 unpleasant characteristics 

lFailure of a stability augmenter. 

TABLE 2.- PILOT RATINGS FOR SPACECRAFT CONTROL CHARACTERISTICS 
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r a t i n g  given by both p i l o t s  A and B f o r  the parachute configuration using the  
d i r ec t  mode of control.  The main f ac to r  f o r  the improvement i s  t h e  amount of 
control  coupling. For the  paraglider configuration, t he  control  coupling was 
about 35 percent grea te r  than t h a t  fo r  the  parachute configuration. 

It i s  evident from the  iden t i ca l  ra t ings  f o r  both spacecraft  configurations 
t h a t  control  coupling does not a f f e c t  t he  spacecraft handling q u a l i t i e s  when t h e  
rate-command mode i s  employed. For the  direct  mode but with no coupling present 
( j e t s  f i r i n g  through the spacecraft  center of g rav i ty) ,  p i l o t  ra t ings  l e s s  
favorable than those f o r  the  rate-command mode would be expected. 
depending on i t s  magnitude, provides an additional degradation f o r  t h e  d i r ec t  
mode of control.  An extrapolation of t he  direct  a t t i t u d e  mode ra t ings  ( t a b l e  2)  
t o  the  uncoupled case would indicate  t h a t  approximately one-half t he  difference 
i n  ra t ings  between t h e  two modes f o r  t he  paraglider configuration i s  due t o  con- 
t r o l  coupling and the  other half  i s  due t o  a r a t e  versus accelerat ion control  
but with no coupling. 

Coupling, 

Fuel and time.- Total-fuel and flight-time r e s u l t s  f o r  a number of docking 
f l i g h t s  using both a t t i t u d e  modes of control  a re  presented i n  f igure  l l ( a ) ,  f o r  
four subjects.  These docking flights were performed using one spec i f ic  s e t  of 
i n i t i a l  conditions i n  order t o  obtain comparable data.  
sented i n  the  form of t o t a l  fuel used as a function of f l i g h t  time because of 
t he  in te r re la t ionship  of these two performance parameters. Fuel values about 
25 pounds (11.34 kg) and above were found t o  involve stopping the  closure r a t e  
and backing o f f  t o  rea l ine  the  vehicles,  because out-of-tolerance conditions 
exis ted on t h e  first approach. It should be noted t h a t  no r e s t r a i n t s  on f u e l  
and f l i g h t  t i m e  were specif ied f o r  t he  docking f l i g h t s  herein.  The data  were 
obtained a t  various times throughout t h e  test  program and consequently some 
e f f ec t  of p i l o t  proficiency i s  involved. The comparisons shown f o r  a r b i t r a r y  
85-percent and 60-percent data boundaries attempt t o  segregate the  data t o  
account f o r  t h e  preceding three  fac tors .  A p i lo t  a t  peak proficiency using a 
s t ra ight - in  approach a t  e s sen t i a l ly  a constant closure r a t e  required fuel- 
consumption and f l ight- t ime values within the 60-percent boundary shown. The 
83-percent boundary includes f l i g h t s  i n  which t h e  closure r a t e  was a l t e r e d  but 
with necessary corrections performed i n  a reasonably e f f i c i e n t  manner. Com- 
parison of t he  boundaries t o  assess  the  e f fec ts  of a t t i t u d e  control  mode ind i -  
ca tes  a ce r t a in  area of overlap. I n  general, it appears t h a t  an increase i n  
f l i g h t  t i m e  of 1 t o  2 minutes can be expected f o r  t a s k  accomplishment when 
using t h e  d i r e c t  control  mode. The r e s u l t s  a l so  ind ica te  t h a t  a highly t r a ined  
p i l o t  using t h e  d i r ec t  mode would probably use s l i g h t l y  less fue l  than when 
using t h e  rate-command a t t i t u d e  control  mode. 

The r e s u l t s  a r e  pre- 

The to t a l - fue l  r e s u l t s  of f igure l l ( a )  have been broken i n t o  the  fuel used 
f o r  spacecraft  t r ans l a t ion  ( f i g .  l l ( b ) )  and the f u e l  used f o r  a t t i t u d e  control  
( f i g .  l l ( c ) ) .  A s  would be expected, t he  r e su l t s  show t h a t  more f u e l  i s  used f o r  
spacecraft  t r ans l a t ion  than f o r  a t t i t u d e  control. Also,  the  comparison of t he  
60-percent boundaries shows t h a t  the  f u e l  saving using t h e  d i r e c t  mode i s  
divided between the  t r ans l a t ion  and a t t i t u d e  systems. 

End conditions.-  Values of t h e  r e l a t ive  displacements and ve loc i t i e s ,  both 
linear and angular, recorded a t  t h e  termination poin ts  of the various flights 
are presented i n  figure 12. The larger number of rate-command data poin ts  



presented here as compared with the  fuel data of figure 11 i s  due t o  t h e  
inclusion of docking f l i g h t s  made from different  i n i t i a l  conditions. 
nose displacements ( f i g .  1 2 ( a ) )  a r e  very similar f o r  e i t h e r  mode of control;  
both sets  of data show a tendency f o r  t he  Gemini nose t o  be displaced v e r t i c a l l y  
upward probably because of t he  f a c t  t h a t  t he  p i l o t s  underestimated t h e  ava i l -  
able clearance between the  Gemini nose and the  docking r ing  surface. 
majority of t he  data are located within k1/2 foot ( a . 1 5  m )  which i s  one-half 
of t he  allowable tolerance. Associated v e r t i c a l  and l a t e r a l  nose ve loc i t ies  
are shown i n  f igure 12(b) and most of the data indicate  values of 0.2 f t / s e c  
(0.06 m / s )  o r  l e s s .  
was l e s s  than 1/2 f t / s ec  (kO.15 m / s )  f o r  75 percent of t he  f l i g h t s  and i n  no 

case was the  1- - f t / s e c  (0.46 m / s )  tolerance exceeded. The angular misalinement 

data of f igure 12(c) indicate  t h a t  r o l l  angles were predominately less than *5'. 
It should be noted t h a t  an obvious negative-yaw-angle b i a s  e x i s t s  i n  t h e  rate- 
command data which r e s u l t s  from paral lax due t o  t h e  p i l o t  not being located on 
the  spacecraft center l i n e .  
t o  a l ine  and maintain the index bar near the center of t h e  V-slot i n  t h e  docking 
r i n g  during t h e  f i n a l  few feet of t r a v e l .  
i n  t he  d i r e c t  mode data; however, i n  t h i s  case control i s  more d i f f i c u l t  and 
accurate alinement i s  harder t o  obtain. Comparison of t he  angular r a t e  data 
( f i g .  12(d)) f o r  the two modes shows more s c a t t e r  i n  the  direct-mode data than 
i n  the  rate-command-mode data. 
of t h e  automatic control features  of t h e  rate-command mode. 

Recorded 

The. 

Longitudinal velocity along the  t a r g e t  X-axis ( f i g .  12 (b ) )  

1 
2 

The negative bias r e s u l t s  from t h e  p i l o t ' s  attempt 

This negative bias i s  not as evident 

This difference would be expected as a result 

An evaluation of the end conditions ( f i g .  12) r e l a t i v e  t o  
docking tolerances t o  determine successful t a s k  achievement i s  
following t a b l e  : 

t he  required 
indicated i n  the  

Percent s u c c e s s h l  
completions Att i tude mode 

I Rate command I 90 I 97 I 
Direct 80 95 I 

P i l o t  proficiency e f f e c t s  are evident i n  the  four-subject average f o r  both con- 
t r o l  modes, but par t icu lar ly  f o r  t he  direct-mode dockings. 
high leve l  of successful completions requires a precision of control  during the  
f i n a l  few f e e t  of closure (not necessary over e n t i r e  f l i g h t )  t h a t  requires con- 
siderable pract ice  t o  a t t a i n  when using the  d i r e c t  control  mode. 
t he  additiona1,experience i n  both modes of control,  p i l o t  A ' s  percentage of 
successful completions i s  considered representat ive of a highly prof ic ient  
p i l o t  performing the  docking task .  
f l i g h t  tolerances t h a t  f o r  t he  four subjects,  only 3 of t h e  154 rate-command 
f l i g h t s  and 3 of the  73 direct-mode f l i g h t s  involved out-of-tolerance nose 
veloci t ies  t h a t  conceivably might cause some damage t o  t h e  docking ring. 

Achievement of a 

Because of 

It i s  worth noting as regards a c t u a l  space- 
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Effect  of Control Power 

A br ie f  examination of control power using the  d i r ec t  control mode was 
made i n  which the  thrus te rs  fo r  both t h e  transverse t r ans l a t ion  and a t t i t u d e  
control  systems were decreased i n  s ize .  Only the spacecraf t ' s  longi tudinal  
th rus te rs  remained unaltered. Jet  s i zes  the  same as the  design value and 1/2 
and 1/4 of the  design value were considered. 
used f o r  these f l i g h t s  and the  i n i t i a l l y  t rans la t ing  technique of f igure  9 ( a )  
w a s  employed. The r e su l t s  i n  the  form of p i lo t  opinion ra t ings ,  fuel r a t i o s ,  
and f l i g h t  t i m e  r a t i o s  a r e  presented i n  figure 13. 
tolerance a t  t he  termination point (100 percent successful)  and were made using 
a fully l igh ted  t a rge t  vehicle. 
zontal  bars)  were employed on the  t a r g e t  and a r e  described i n  d e t a i l  i n  t he  
section on t a rge t  l igh t ing .  Two f l i g h t s  f o r  each control  configuration were 
performed sequentially by the  primary research p i l o t  ( p i l o t  A ) .  
configurations were presented t o  t h e  p i l o t  i n  t h e  alphabet ical  l i s t i n g  shown 
i n  the  f igure.  Also presented i n  figure 13 are a few b r i e f  p i l o t  comments on 
the  d i f fe ren t  configurations. 

One set of i n i t i a l  conditions was 

A l l  f l i g h t s  were within 

Visual a ids  (rear-mounted v e r t i c a l  and hori-  

The d i f f e ren t  

The design r a t i o  of t rans la t ion  power t o  a t t i t u d e  control power w a s  con- 
sidered by the  p i l o t  t o  be good. 
f o r  which the  j e t  s izes  f o r  both transverse t rans la t ion  and a t t i t u d e  control  
were reduced t o  1 /2  of t he  design value f o r  applying corrections a t  ranges close 
t o  the  t a rge t .  A t  l a rger  ranges, however, he preferred the  design values. The 
order of preference ( D ,  E ,  B, A, C ) ,  a s  would be expected, coincides with t h e  
Cooper ra t ings  given. The off-design points B and E were ra ted  somewhat b e t t e r  
than t h e  Gemini design primarily because of the  reduced control  coupling, even 
though the  p i l o t  f e l t  t h a t  the  vehicle w a s  not  responsive enough i n  transverse 
t r ans l a t ion .  
completeness; however, t he  r a t i o s  a re  not considered s igni f icant .  

P i l o t  A par t icu lar ly  l iked  the  configuration 

The f u e l  and f l i g h t  time ra t ios  a r e  a l so  shown i n  f igure  13 f o r  

Effect  of I n i t i a l  Conditions 

A number of f l i g h t s  were made (data  not included herein)  using primarily 
the  rate-command a t t i t u d e  control  mode i n  which the  i n i t i a l  Gemini ve loc i t i e s  
and displacements, both l i nea r  and angular, were varied t o  determine i f  t he  
p i l o t  could accomplish i n j . t i a l  vehicle alinement s a t i s f ac to r i ly .  Linear veloc- 
i t y  components resu l t ing  i n  range r a t e s  up t o  10 f t / s e c  (3.05 m / s )  angular mis- 
alinements up t o  300, and transverse displacements t h a t  positioned the  t a r g e t  
a t  various locat ions within t h e  p i l o t ' s  f i e l d  of view were employed. 
t he  expected influence on f u e l  consumption and f l i g h t  time, t he  e f f ec t  of these 
i n i t i a l  conditions on es tab l i sh ing  i n i t i a l  vehicle alinement w a s  inconsequen- 
t i a l .  I n i t i a l l y  the  p i l o t s  evaluated the  s i tua t ion  presented, applied controls 
t o  eliminate t h e  undesirable features ,  and proceeded t o  es tab l i sh  a desired 
approach depending on i n i t i a l  l i nea r  displacements. From t h i s  point on the  
p i l o t i n g  technique was e s sen t i a l ly  the  same regardless of the  i n i t i a l  conditions 
and i s  the  reason why most of the  data presented herein were obtained from one 
given set of i n i t i a l  conditions. 

Other than 



Effect of Target Lighting 

Mission analyses have shown t h a t  f o r  cer ta in  Gemini and Agena launch and 
rendezvous f i r i n g  schedules, darkside docking i s  a de f in i t e  poss ib i l i t y .  For 
such an event, i n i t i a l  considerations f o r  l igh t ing  the  t a rge t  specif ied i l l u m i -  
nation of only the  inner surface of t he  Agena docking r ing.  I n  order t o  examine 
the  proposed l igh t ing  scheme and t o  explore b r i e f l y  the  darkside problem area i n  
general, a ser ies  of docking f l i g h t s  were made using the  rate-command a t t i t u d e  
control  mode. 
Data for  a fu l ly  i l luminated t a rge t  a r e  presented f o r  comparison. The r e s u l t s  
show a degradation i n  performance i n  that both f u e l  consumption and f l i g h t  t i m e  
increased fo r  darkside operations. 
of successful completions decreased a s  compared with those f o r  a fully i l l u m i -  
nated ta rge t .  
ual alinement cues providing boresight.  
r e s u l t s  showing t h a t  t h e  use of v i sua l  a ids  on the  Agena t a rge t  vehicle can 
supply the necessary v isua l  cues t o  r a i s e  the  dockLng performance a t  night t o  
about the l e v e l  of daytime docking. 
arrangements) t h a t  were employed a r e  shown i n  f igure 13 and were the  most suc- 
cess fu l  of several  t h a t  were t r i e d .  The addi t ion of t he  fourth l i g h t  on t h e  
one visual-aid configuration provided b e t t e r  information on roll alinement and, 
i n  addition, a be t t e r  reference f o r  proper location f o r  t he  index light near 
contact.  
sioned as spring-loaded f l ip-out  posts.  
a ids ,  the index bar on the  Gemini nose was a l s o  illuminated. 
t h a t  the  proximity of the f lash ing  acquis i t ion l i g h t  near the  l ine-of-sight 
l i g h t  was annoying and f o r  fu l l - s ca l e  in t ens i ty  might cause v isua l  d i f f i c u l t y .  
However, re locat ing the  three  acquis i t ion l i g h t s  o r  switching them off  during 
f i n a l  approach would eliminate t h i s  undesirable feature .  More information on 
Gemini-Agena darkside docking, which i s  i n  agreement with the  results presented 
herein is  avai lable  i n  references 6 and 7. 

The e s sen t i a l  r e su l t s  of these tests are shown i n  f igure  14. 

More importantly, however, the  percentage 

The h s i c  problem encountered here w a s  simply a loss i n  t he  v i s -  
Also presented i n  the  f igure  are 

The v isua l  a ids  ( th ree  and four l i g h t  

The arrangements considered the  mechanization problem and were envi- 
For a l l  dark-side dockings using v i sua l  

It should be noted 

I n  addition t o  darkside dockings and those with a f u l l y  i l luminated t a r -  
get ,  a number of flights were made f o r  a p a r t i a l l y  sun-lit configuration. The 
l igh t ing  configuration used and the  primary r e s u l t s  of i n t e r e s t  a r e  shown i n  
figure 16. With the  sun's rays i l luminat ing only the  upper half  of the  Agena, 
some loss  of v i sua l  information occurs i n  the  upper a rea  of t he  docking r ing.  
The pi loted f l i g h t s ,  however, ind ica te  t h a t  no degradation was obtained i n  the  
accomplishment of successful docking. This was due t o  t h e  f a c t  t h a t  p i l o t s  C 
and D u t i l i zed  the  i l luminated upper surface of t he  Agena f o r  alinement and 
p i l o t s  A and B used, i n  addi t ion,  t he  s o l i d  white bar aids depicted i n  t h e  f ig -  
ure .  P a r t i a l  i l lumination would appear t o  cause d i f f i c u l t y  similar t o  darkside 
docking only f o r  t a rge t  i l luminations i n  which the  V-slot and upper s ide  of t he  
t a rge t  were e i the r  e n t i r e l y  o r  p a r t i a l l y  u n l i t .  
would be helpful .  

For such cases, v i sua l  a ids  

Effect  of Target Yaw Osci l la t ion  

For the  preceding portions of t h i s  invest igat ion,  t he  Agena t a r g e t  was 
assumed t o  be r ig id ly  s t ab i l i zed  such that, t h e  Zt-axis always pointed toward 
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the  center of the ear th  and the  Xt-axis remained i n  the o r b i t a l  plane. Prac t i -  
c a l  considerations, however, indicate  tha t  automatic s tab i l iza t ion  systems w i l l  
always permit some t a rge t  motion. In  order t o  examine b r i e f ly  ta rge t  motion 
e f fec ts ,  a se r ies  of docking f l i g h t s  were undertaken i n  which the t a rge t  was 
osc i l la ted  i n  a single degree of freedom about i t s  center of gravity which was 
assumed t o  be on the ta rge t  X-axis a t  the target  midlength point. Target yaw 
angle was chosen a s  the variable and was driven sinusoidally f o r  convenience. 
Docking f l i g h t s  were made f o r  osc i l la t ion  amplitudes of +lo, k f 2 . 5 O ,  and k 5 O  and 
osc i l la t ion  periods of 10, 20, 40, and 60 seconds t o  determine those combina- 
t ions  a t  which d i f f i cu l ty  would be encountered i n  successful task  accomplish- 
ment. 
employed. The r e su l t s  of these tests a re  presented i n  f igure 17 t o  22. 

A f u l l y  illuminated ta rge t  vehicle with no v isua l  a i d  present was 

Figure 17 shows the successfulness of task accomplishment a s  a function of 
ta rge t  o sc i l l a t ion  amplitude and period. The data shown are  the combined 
r e su l t s  fo r  four subjects ( p i l o t s  A and B, engineers C and D )  using both the 
rate-command and d i rec t  a t t i t u d e  control modes. 
was made. For 25 percent of these,  d i r ec t  mode control was used and most of 
these d i rec t  f l i g h t s  were made by the primary research p i l o t ,  p i l o t  A .  
account fo r  subject differences,  the  resul ts  a r e  presented i n  nondimensional 
r a t i o  form. The data of f igure l 7 ( a )  showing the  e f fec t  of osc i l la t ion  ampli- 
tude indicate  t h a t  a t  amplitudes of $-2.5O or l e s s ,  no d i f f i cu l ty  i n  docking 
was encountered. Diff icul ty ,  however, occurred a t  an osc i l la t ion  amplitude of 
*5O ( f i g .  l7 (a) )  and was a function of osci l la t ion period ( f i g .  l 7 ( b ) )  where 
the number of successful docking f l i g h t s  decreased with decreasing period. The 
t rend of the data with period was typ ica l  for each of the four subjects.  

A t o t a l  of 97 data f l i g h t s  

To 

P i l o t  ra t ings ( f i g .  18) a t  the various osc i l l a t ion  periods f o r  a constant 

A s  would be expected, the  
With the  rate-command 

amplitude motion of +50 were supplied by pi lo t  A f o r  docking f l i g h t s  using both 
the rate-command and d i r ec t  a t t i t u d e  control modes. 
ra t ings become l e s s  desirable a s  period i s  decreased. 
a t t i t u d e  control  mode, p i l o t  A was more successful i n  completing the dockings 
within the required tolerances f o r  t h e  two shorter osc i l la t ion  periods t e s t ed  
than were the other three subjects,  and consequently h i s  ra t ings a t  these 
periods would be more favorable than would those of the  other subjects. Sev- 
e r a l  of the docking f l i g h t s  a t  the  shorter periods were made f o r  which ta rge t  
o sc i l l a t ion  proved t o  be no problem whatsoever. 
motion supplied the corrections necessary fo r  successful docking. A l l  four 
subjects experienced t h i s  occurrence a t  least  once. 
a f l i g h t  was rescheduled. 

For these f l i g h t s  t a rge t  

For ra t ing  purposes, such 

O f  the  various terminal conditions available from the docking f l i g h t s  with 
an osc i l l a t ing  t a rge t ,  the  posit ion of the  ta rge t  i n  i t s  cycle a t  the f l i g h t  
termination point i s  of par t icu lar  in te res t  i n  view of the sinusoidal t a rge t  
motion employed. 
The d is t r ibu t ion  curve for  a l l  of the data f l i g h t s  performed i s  given i n  f i g -  
ure  l 9 ( a ) .  
obtained from consideration of only the target sinusoidal motion. The calcu- 
l a t e d  curve i s  based on the r e l a t ive  time the ta rge t  spends a t  d i f fe ren t  posi- 
t i o n s  throughout a quarter cycle of the osci l la t ion and, consequently, i s  the  
distribution curve t h a t  would be expected if angular posi t ion of t h e  t a rge t  i n  

Figure 19 presents t h e  target  yaw-angle r e su l t s  obtained. 

This curve i s  compared i n  figure l 9 ( b )  with a calculated curve 



i t s  cycle w a s  of no significance t o  the  p i l o t  during t h e  docking task.  
t r ibu t ion  curve f o r  +lo and +2.5O amplitude data ( i f  suf f ic ien t  f l i g h t s  were 
avai lable)  should closely duplicate the  calculated curve since the presence of 
an osc i l la t ion  i s  inconsequential t o  t a s k  accomplishment, because t h e  movement 
of t h e  target  nose i s  s m a l l  and well  within the  docking tolerance f o r  l a t e r a l  
displacement. The apparent outward s h i f t  of t he  measured data i n  the  maximum- 
amplitude region i s  undoubtedly due t o  the  f a c t  t h a t  most of t he  data  were 
obtained a t  k5' amplitude. For Jrt,max of + 5 O ,  t he  l a t e r a l  movement of the  
t a rge t  nose fo r  t he  center-of-gravity posi t ion assumed herein i s  very nearly 
the  docking tolerance,  and changes i n  t a rge t  aspect due t o  the  osc i l l a to ry  
motion are readi ly  discernible .  
data tha t  a s  o sc i l l a t ion  period decreases, t a rge t  yaw angle a t  f l i g h t  termina- 
t i o n  tends t o  approach maximum amplitude. Although the  data of f igure  l g ( c )  
wGuld appear t o  indicate  the  judicious choice by the  p i l o t  of maximum t a r g e t  
yaw angle for nose inser t ion  a t  t he  shorter  periods,  such was not t h e  case. I n  
f a c t ,  it was almost impossible t o  t e l l  with any degree of cer ta in ty  what point 
of t he  target  cycle was being observed. The d i f f i c u l t y  resu l ted  simply because 
the  re la t ive  motion of the t a r g e t  consisted not only of t he  t a r g e t ' s  yawing 
motion but t he  Gemini's t rans la t ions  and ro ta t ions  as well. I n  ac tua l i t y ,  most 
of these f l i g h t s  required the  p i l o t  t o  stop t h e  closure r a t e  j u s t  a few f e e t  
from contact and t o  apply alinement corrections.  
within tolerance, t he  closure was completed. 
were small f o r  a short  period of t i m e  near maximum amplitude, t he  p i l o t  was 
afforded an opportunity t o  accomplish the  corrections required without rea l iz ing  
the  posit ion of the  t a rge t  i n  i t s  cycle. 

The d is -  

Figure l 9 ( c )  i l l u s t r a t e s  f o r  t he  k5O amplitude 

Once the  alinement appeared 
Since changes i n  t a r g e t  yaw angle 

Some typ ica l  f u e l  and f l i g h t  t i m e  r e s u l t s  from the  osc i l l a t ion  t e s t s  a r e  
p re sen ted in  f igure  20 showing the  e f f ec t  of o sc i l l a t ion  period and amplitude. 
The data presented a t  a given amplitude were obtained as a s ingle  group of 
tests,  and consecutive f l i g h t s  were made a t  decreasing values of o sc i l l a t ion  
period. The r e su l t s ,  i n  general, ind ica te  an increase i n  f u e l  and f l i g h t  time 
with decreasing period f o r  the  *5O amplitude data .  The lower values shown fo r  
t he  10-second-period data f o r  p i l o t  D a r e  typ ica l  of t he  fo r tu i t i ous  circum- 
stances described previously. 
consistent manner of decreasing period f o r  consecutive f l i g h t s ;  consequently, 
some sca t te r  of the  data w a s  obtained. 
presented i n  f igure 21 i n  r a t i o  form t o  account f o r  t h e  individual  character-  
i s t i c s  of t he  subjects i n  performing the  docking task .  
t o  those i n  f igure  20 i n  t h a t  average fuel and f l i g h t  t i m e  increased with 
decreasing period. It should be noted t h a t  t h e  increases shown f o r  t o t a l  f u e l  
i n  figures 20 and 21  r e s u l t  from an increase i n  both t h e  t r ans l a t ion  and a t t i -  
tude fuel. 
and d i rec t  data obtained from docking f l i g h t s  made by p i l o t  A.  
of t a rge t  osc i l la tory  motion a t  k5O amplitude increased the  t a s k  d i f f i c u l t y  t o  
the  extent t h a t  p i l o t  A required more fuel and f l i g h t  t i m e  f o r  t a s k  accomplish- 
ment with the  d i r ec t  mode than with t h e  rate-command mode. 

Most of t he  tes ts ,  however, were not made i n  the  

All t h e  +5O-amplitude tes t  data a re  

The results are s imilar  

I n  addition, f igure  22 presents  a comparison of t h e  rate-command 
The addi t ion 
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Effect of S ta r  Background 

The docking f l i g h t s  performed herein were made both with and without t he  
use of a s t a r  background. The presence o f t h e  s t a r  f i e l d  was found t o  be of 
l i t t l e  value even for  the  t e s t s  involving the osc i l l a t ing  t a rge t .  
only time the s t a r  f i e l d  was u t i l i z e d  w a s  when maneuvers were performed which 
resul ted i n  the  t a rge t  vehicle disappearing from the  f i e l d  of view of the  
p i l o t ' s  window, such as during the  i n i t i a l  th rus t ing  period when the  spacecraft 
was aimed so as t o  intercept  the t a r g e t ' s  longitudinal axis  ( f i g .  9 ( b ) ) .  
the  s t a r  f i e l d  present, the p i l o t  could aim f o r  an intercept  point somewhat 
further removed from the  ta rge t  than he could without t he  s t a r  f i e l d .  During 
the f i n a l  approach, the p i l o t  was concentrating so exclusively on the t a rge t  
t h a t  he ignored the  s t a r  f i e l d  completely. 

I n  f a c t ,  the  

With 

CONCLUSIONS 

A fu l l - s i ze  Gemini-Agena docking study was made using a visual  docking 
simulator t o  determine the  e f f ec t s  of spacecraft a t t i tude-control  mode, control 
power, t a rge t  l ight ing,  and one-degree-of-freedom ta rge t  osc i l la tory  motion. 
F l igh ts  were i n i t i a t e d  a t  a range of about 300 f e e t  (91.44 m )  and were performed 
using both the  rate-command and d i r ec t  a t t i t ude  control modes. Only v isua l  cues 
obtained from observation of the ta rge t  through the  spacecraft window were used 
f o r  guidance information. Vehicle mass and moments of i n e r t i a  simulated the  
paraglider configuration of the  Gemini spacecraft with one-half f u e l  load. The 
r e su l t s  of the  study apply t o  a s tab i l ized  and fully illuminated ta rge t  vehicle 
unless specified otherwise and a r e  a s  follows: 

1. The rate-command a t t i t u d e  control system was found t o  be well su i ted  
f o r  the  docking task.  Consistent and successful docking could a l so  be obtained 
with the d i r ec t  control mode (acceleration command), but the  task  was d i f f i c u l t  
t o  learn and required considerable practice t o  become proficient .  

2. Primary p i l o t  ra t ings  (Cooper scale) on the  Gemini a t t i t ude  handling 
charac te r i s t ics  were 2 when using the rate-command a t t i t u d e  control mode and 4 
when using the  d i rec t  mode. 

3 .  Comparison of the  f u e l  and flight-time r e su l t s  fo r  the  two a t t i t u d e  
control  modes indicated t h a t  when using t h e  d i r ec t  mode, f l i g h t  times 1 t o  
2 minutes longer were needed than with the  rate-command mode; however, s l i g h t l y  
l e s s  f u e l  would be required by a proficient p i l o t  using the d i rec t  mode. 

4. End conditions for docking f l i g h t s  using both modes of a t t i t ude  control 
show 

a .  Longitudinal ve loc i t ies  were 1/2 f t / s e c  (0.13 m / s )  or l e s s  f o r  
75 percent of the f l i g h t s .  
exceeded . Design tolerance of 1.5 f t / s ec  (0.46 m / s )  was never 



b. Most ve r t i ca l  and l a t e r a l  r e l a t ive  nose ve loc i t ies  were within 
fo.2 f t /sec (m.06 m / s )  . 

c.  Majority of data f o r  v e r t i c a l  and l a t e r a l  nose displacements were 
within *1/2 foot (kO.15 m / s ) .  

d. Roll angles were predominately l e s s  than * 5 O .  

e .  Pi tch and yaw angles were scat tered randomly with most of t he  data 
within the design tolerance of *lo0. 

5 .  Results obtained by one research p i l o t  on the e f fec t  of control power 
(obtained by decreasing thrus te r  s ize  only) fo r  d i rec t  mode control indicate  
t h a t  the design r a t i o  of a t t i t u d e  t o  t rans la t ion  control power was good. J e t  
s izes  one-half those of the present design were preferred fo r  maneuvering the  
Gemini when close t o  the ta rge t ;  however, the design th rus t  l eve ls  were desired 
fo r  operations some distance away. 

6. For darkside docking using the rate-command control mode, performance 
degradations occurred when only the docking r ing  was illuminated because of a 
lack of boresight information. 
information, darkside docking r e su l t s  comparable t o  daytime r e su l t s  were 
obtained. 
V-slot and upper portions of the ta rge t  were illuminated could be accomplished 
with d a y t i m e  success. 

With the  addition of v i sua l  a ids  t o  supply t h i s  

Docking flights with a p a r t i a l l y  illuminated Agena i n  which the  

7. Using both a t t i t u d e  control modes, r e su l t s  of single-degree-of-freedom 
osc i l la t ion  i n  yaw t e s t s  with a f u l l y  illuminated t a rge t  indicated a negligible 
influence of ta rge t  motion on docking success f o r  motion amplitudes of *lo and 
k 2 . 5 O  and osc i l la t ion  periods from 60 t o  10 seconds. For q0 amplitude motion, 
however, successful completions decreased with attendant increases i n  f u e l  con- 
sumption and f l i g h t  time a s  a function of decreasing osc i l l a t ion  period f o r  
periods less  than 60 seconds. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., July 21, 1965. 
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APPENDIX A 

EQUATIONS USED I N  SIMULATION 

A schematic diagram of the equations as programed i s  presented i n  f ig -  
ure 23.  
held constant during the  investigation, since to t a l - fue l  consumption provided 
only negligibly small changes i n  these parameters f o r  most of the  docking 

Vehicle mass, moments of i ne r t i a ,  and center-of-gravity location were 

f l i gh t s .  

FORCE EQUATIONS 

The force equations a re  writ ten with respect t o  a ro ta t ing  set of r e fe r -  
ence axes located i n  the orbi t ing Agena. 
oriented such that the  Z-axis i s  always directed along the  loca l  v e r t i c a l  and 
pointing toward the  center of the earth.  The X - a x i s  i s  constrained t o  l i e  i n  
the o r b i t a l  plane. 
coincident a t  a l l  times when the ta rge t  i s  not o sc i l l a t ing  and maintained so by 
the  Agena's s t ab i l i za t ion  system. 
gravity f i e ld ,  the equations a r e  as follows: 

(See f i g .  1.) The ro ta t ing  axes a r e  

The Agena body axes and the  reference axes a re  assumed 

Using a f i r s t -order  approximation t o  the 

FZ .. - = z - 2oai: - 3&z m 

Terms including u? 
scal ing on the  computer and thus were neglected. 
used previously i n  a number of rendezvous studies. 
and 11. ) 

w e r e  found t o  be too small t o  be s igni f icant  f o r  problem 
Similar equations have been 

(For example, see r e f s .  10 

MOMENT EQUATIONS 

The moment equations were wri t ten w i t h  respect t o  a body system of axes 
with the  or ig in  located a t  the  center of gravity of the Gemini spacecraft. 
center  of gravi ty  was chosen t o  correspond t o  a one-half-fuel-load condition 
f o r  t he  paragl ider  configuration. The moment equations used a re  

The 
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APPENDIX A 

FORCE TRANSFOFMATION 

I n  order t o  solve the three t rans la t iona l  equations of motion, the forces 
Fx, Fy, and FZ act ing on the  Gemini spacecraft i n  the  direct ion of the  
ro ta t ing  axes are  required. 
along t h e  Gemini spacecraft body 

These were obtained using the  forces generated 

conventional Fhler-angle matrix. 

where, f o r  order of rotat ion J r ,  

axes by the various thrus te rs  together with a 
The following matrix was employed: 

"1 "2 a3 

c2 

8,  and # 

a 1  = COS 8 COS Jr 

a2 = cos q s i n  e s i n  @ - s i n  9 cos gi 

a3 = cos ~r s i n  e cos jd + s i n  ~r s i n  jd 

b l  = s i n  $ cos 8 

b2 = s i n  9 s i n  8 s i n  jd + cos )(r cos jd 

b3 = s i n  Jr s i n  8 cos # - cos $ s i n  fi?~ 

c 1  = -s in  8 

c2 = cos 8 s i n  jd 

c3 = COS e COS gi 
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APPENDIX A 

F U U R  RclTE EQUATIONS 

The r a t e  of change of the E u l e r  angles measured between the  ro ta t ing  ref- 
erence axes and the  Gemini body axes i s  given by the following equations: 

COS e COS e 

Et = q cos @ - r sin fl - o cos $ 

u) s i n  d( $ = p + q t an  e s in  @ + r tan e cos fi - 
COS e 

where 
i n  a 130-nautical-mile (277.8-km) c i rcu lar  orb i t .  

o = 0.0012 radian per second and i s  the  angular velocity of the Agena 

FUEL CONSUMPTION 

The amounts of f u e l  used f o r  control along and about each ax i s  of the  
Gemini spacecraft were measured independently. 
tude, and t o t a l  f u e l  were obtained by summing the  appropriate components. 
general expression a s  applied t o  each component i s  

Values f o r  t rans la t ion ,  a t t i -  
The 

where 
a docking f l i g h t  and Atn 

q = N i s  the t o t a l  number of inputs of a par t icu lar  control made during 
i s  the time of each given control input. 

TARGET OSCILLATION 

The computer portion of the gunnery t ra iner  a s  constructed included the  

This additional capabi l i ty  permitted the  t a rge t  
capabi l i ty  of performing an ax is  transformation associated with a conventional 
set of t a r g e t  Euler angles. 
body axes not only t o  be misalined but also manipulated with respect t o  the 
reference axes. For the docking f l i g h t s  performed herein, the ta rge t  f i l e r  
angles (yaw, pi tch,  and r o l l )  were set andmaintained a t  zero except f o r  the 
o s c i l l a t i o n  tests a t  which time the ta rge t  yaw angle was driven according t o  
t h e  following equation: 

lft = Jrt,max sin p 2n 
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Target angle for oscillation tests 

‘yb 

Figure 1.- System of axes used. 

25 



I n  
h 
M M 

\o 
k 
Ir 

L 

a > 
3 a c m 
E 
m c 
Y U 0 n 
a, 

.- 

5 
m c 
L 
3 n 
VI a 
U 
c 
a, > 
m c 
a, m 

U 

c m 

c 

.- 

- .- 

a 

.- 

.- 
5 
0 
0 
r 
0 
c m 
L 

VI 3 

- 
.- - 
- - .- 
VI 

c VI 

c L 
.- 
Q 

N' 

m L 
3 

Y 
m .- 



. 

- 
2 
t 
c 
0 
c, 
c 
0 .- 
c 

c 
t 
.- 

27 



c 

28 

c 
0 

L c al 

E 
2 .- 



d 
.i( 



. 

Figure 6.- External view of Gemini mock-up w i th  television projection system. L-62-167.1 



(a) Gemini displaced to right of target. 

(b) Gemini and Agena center l ines alined a short  distance from contact. 

(c) Gemini located above target. L- 65-167 

Figure 7.- Photographs of target image displayed on spherical screen showing target markings employed in simulation. (Large squares 
in center photo represent *l-foot (0.30-m) docking tolerance. Vertical and horizontal bars are visual aids used.) 



. 

F 

I 

L-62- 171 
Figure 8.- Photograph of Gemini mock-up with the window panel removed showing t h e  ins t rument  panel and finger-tip controllers employed. 
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Figure 9.- I l lus t ra t ion of two techniques employedfor establishing a closure course on target. 
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Partial illuminated target configuration 
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Figure 16 .- Pi lot 's  abil ity to perform successful docki 
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(a) Amplitude effect (four pilots, both control modes, a l l  periods). (b) Effect of period (four pilots, both control modes, *5OampIitude data 
only). 

Figure 17.- Effect of amplitude and period of target yawing oscil lation on percent successful completions ratio. 
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Figure 21.- Effect of oscillation period on three subjects' average total fuel and flight time ratios for *5O amplitude data. (Results were normalized 
with respect to nonoscillating target. Both attitude control modes were included.) 
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Figure 22.- Effect of attitude control mode on total fuel and f l ight  time results obtained by pilot A for oscillation i n  yaw tests at an amplitude of *5O. 
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