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A R S T R A C T  

An a n a l y t i c a l  sPmulation of docking dynamics of two 
r i g i d  bodies  t h a t  use  t h e  Apollo probe and drogue has been 
developed. The o b j e c t  of t h i s  s imula t ion ,  called SDflCK, i s  
t o  analyze a v a r i e t y  of docking problems and o b t a i n  a c c u r a t e  
t r e n d s  i n  a s h o r t  t i m e .  The basic s i m p l i c i t y  of t h e  a n a l y s i s  
( impulse moment-urn techniques!  and t h e  i n h e r e n t  assumptions 
lead  t o  some loss of accuracy. However, agreement wi th  more 
s o p h i s t i c a t e d  ana lyses  and tes ts  i s  good. Moreover, SDgCK 
r e q u i r e s  on t h e  o r d e r  of one hundredth of t h e  computer t i m e  
used by the  more complex s imula t ions .  SDflCK i s  f l e x i b l e  
enough t o  inc lude  va r ious  c o e f f i c i e n t s  of r e s t i t u t i o n  and 
f r i c t i o n  between t h e  probe and drogue, a t t i t u d e  c o n t r o l  of t h e  
chase and t a r g e t  v e h i c l e s ,  and a x i a l  t h r u s t i n g  of t h e  chase 
v e h i c l e  a f t e r  i n i t i a l  c o n t a c t .  

Axial  docking of t h e  CSM t o  t h e  AAP C l u s t e r  was 
s imula ted  on SDflCK f o r  a t o t a l  of  540 sets of  i n i t i a l  contact  
cond i t ions .  Each se t  of i n i t i a l  cond i t ions  was run wi th  t h e  
fo l lowing  o p t i o n s :  a t t i t u d e  c o n t r o l  On t h e  CSM wi thout  a x i a l  
t h r u s t ;  CSM a t t i t u d e  c o n t r o l  and a x i a l  t h r u s t ;  and CSM a x i a l  
t h r u s t  wi thout  a t t i t u d e  c o n t r o l .  Hence 1 6 2 0  cases were run ,  
r e q u i r i n g  about 19.5 minutes on t h e  UVIVAC 1 1 0 8 .  The p r i n c i p a l  
r e s u l t s  of  t h i s  s tudy  a r e  as fo l lows:  

I t  appears  t h a t  wi thout  ax i a l  t h r u s t ,  m i s s  d i s t a n c e s  of 
g r e a t e r  t-han 0.25 f t  w i l l  be d e t r i m e n t a l  t o  cap tu re .  

The use  of a x i a l  t h r u s t  on t h e  chase v e h i c l e  o f f e r s  
m s i g n i f i c a n t  improvement i n  c a p t u r e  p r o b a b i l i t y ,  e s p e c i a l l y  
m 

- 
i f  t h e  a x i a l  t h r u s t e r s  do n o t  have t o  be shared  wi th  a t t i t u d e  
c o n t r o l  demands. 
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c High probe t i p  v e l o c i t y  components normal t o  t h e  drogue 
m s u r f a c e  should be avoided. a 
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TECHNICAL MEMORANDUM 

INTRODUCTION 

T h i s  memorandum describes a two-dimensional a n a l y t i c a l  
s imula t ion  of t h e  docking dynamics of two r i g i d  bodies  t h a t  u s e  t h e  
Apollo probe and drogue docking system. Given t h e  s p a c e c r a f t  
mass p r o p e r t i e s  and a se t  of i n i t i a l  c o n t a c t  c o n d i t i o n s ,  t h e  
s imula t ion  has  t h e  c a p a b i l i t y  t o  p r e d i c t  whether  a docking 
maneuver i s  a success  ( c a p t u r e )  or a f a i l u r e  ( m i s s )  and an 
estimate of t h e  c o n t a c t  l oads  t h a t  occur  d u r i n g  t h e  a t tempt .  
I f  t h e  a t t empt  i s  s u c c e s s f u l ,  a good measure of t h e  t i m e  from 
f i r s t  c o n t a c t  t o  c a p t u r e  can be compated. I f  t h e  a t t empt  i s  
a f a i l u r e ,  t h e  ' r e s i d u a l  momentum of t h e  s p a c e c r a f t  can be 
determined i n  o r d e r  t o  g ive  a q u a n t i t a t i v e  measure of a t t i t u d e  
c o n t r o l  system requirements  necessary  f o r  r e s t a b i l i z a t i o n .  The 
s imula t ion  has  been used t o  o b t a i n  such r e s u l t s  f o r  docking 
maneuvers of Apollo App l i ca t ions  Program Spacec ra f t .  

T h e  p r e s e n t  s i m u l a t i o n ,  cal led SD@CK, i s  n o t  n e a r l y  
(1,2,3) a s  e l a b o r a t e  as some s imula t ions  now i n  e x i s t e n c e .  

However, t h e  more complicated s i m u l a t i o n s  r e q u i r e  from about  
seven seconds 
second of real  t i m e ,  which can mean computer runs  on t h e  
o r d e r  of minutes f o r  each set  of i n i t i a 1 , c o n d i t i o n s  analyzed.  
SD@CK can e v a l u a t e  2 4  c a s e s  i n  about  2 0  seconds.  The t rade-of f  
between SD@CK and i t s  more s o p h i s t i c a t e d  c o u n t e r p a r t s  i nvo lves  
l o w  speed w i t h  more accuracy v e r s u s  h igh  speed w i t h  less 
accuracy. The advantages of SD@CK are t h a t  a l a r g e  number of 
c a s e s  can be analyzed and t h a t  a c c u r a t e  t r e n d s  can be qu ick ly  
produced. Furthermore,  g r e a t e r  s e l e c t i v i t y  of ca ses  t o  be run 
on t h e  more s o p h i s t i c a t e d  s i m u l a t i o n s  can be obta ined  i f  SD@CK 
i s  used f i rs t  t o  i d e n t i f y  problem cases. 

t o  2 4  seonds ( 3 )  of machine t i m e  f o r  every  

DESCRIPTION OF THE SIMULATION 

S D @ C K , i s  based on impulse-momentum r e l a t i o n s h i p s .  * (4) 
The a n a l y s i s  t a k e s  account  of t h e  e f f e c t s  of f i v e  i n i t i a l  
c o n t a c t  c o n d i t i o n s ,  f r i c t i o n  between the probe and drogue, 

* See t h e  Appendix f o r  d e t a i l s  of t h e  a n a l y s i s .  
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energy loss  due to permanent deformation (coefficient of 
restitution), attitude control of the chase vehicle, and 
thrusting of the chase vehicle immediately after initial 
contact. All motion is considered to take place in a plane; 
the drogue is therefore envisioned as a trough with two 
distinct walls rather than q conical surface. The probe tip 
is constrained to lie on or within these walls during a 
docking attempt. The following sections describe the method 
of treating the various components of the simulation. 

A. Initial Conditions 

Due to the assumption of plane motion, only five 
quantities are needed to describe the initial contact 
conditions: these are vA, v and w ,  respectively the 
initial axial, lateral and angular velocities of the chase 
vehicle with respect'to the target vehicle, the offset angle, 
8 ,  and the offset distance, d (see Figure 1). The following 
permissible ranges of these quantities are set by Program 

L' 

Specification. ( 5 )  

v (ft/sec) 0.1 - 1.0 

0.0 - 4- 0.5 

A 

vL (ft/sec) - 
w (deg/sec) 0.0 - 2 1.0 

0.0 - + 1.0 
0.0  - 3.10.0 

- 
- 

A given set of these quantities constitutes a case. 

B. Impact 

The values of linear and angular velocities after 
impact are related to the initial conditions through the basic 
impulse-momentum relationships. The initial velocity of the 
probe tip relative to the drogue is computed in components 
normal (compression rate) and tangential (slip rate) to the 
drogue surface. The compression rate, slip rate and coefficients 
of friction and restitution* are placed into a fairly complex 
algorithm to determine the values of the normal and friction 
impulses, denoted respectively by N* and F*. In order to compute 
N* and F*, the algorithm must determine whether there is sufficient 

* Evidence of permanent deformation is apparent in 
Reference 6. 



CHASE 

VA - AXIAL VELOCITY 

VL  - LATERAL VELOCITY 

w - ANGULARRATE 

e - ANGULAROFFSET 

d - MlSSDlSTANCE 

CM 
TARGET VEHICLE 

FIGURE 1 - INITIAL CONTACT PARAMETERS 
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f r i c t i o n  t o  p reven t  s l i p p i n g  ( re la t ive  s l i d i n g  of t h e  probe on 
t h e  drogue) d u r i n g  a l l  o r  p a r t  of t h e  c o n t a c t .  Once computed, 
N* and F* are then  a p p l i e d  t o  t h e  chase and t a r g e t  v e h i c l e s  t o  
determine r e l a t ive  l i n e a r  and angu la r  rates a f t e r  impact,  

I 
( I t 6 1  Since m o s t  c a p t u r e s  occur  i n  t h e  s l i p p i n g  mode 

it i s  necessary  t o  compute a s l i p  d i s t a n c e .  However, t h e  
impulse-momentum method by i t se l f  cannot  g i v e  t h e  s l i p  d i s t a n c e  
s i n c e  it y i e l d s  no informat ion  on t h e  d u r a t i o n  of c o n t a c t ,  
A s e p a r a t e  a lgor i thm i s  t h e r e f o r e  used t o  approximate tc. 
cons ide r ing  t h e  m a s s  p r o p e r t i e s  of t h e  v e h i c l e s  and s o m e  
experimental  d a t a  on c o n t a c t  t i m e s  ( 6 ) ,  an e f f e c t i v e  s p r i n g  
c o n s t a n t  of t h e  probe-drogue c o n t a c t  s u r f a c e  w a s  de r ived .  
Equations f o r  tc are based on t h i s  effective s p r i n g  c o n s t a n t ,  
mass p r o p e r t i e s  of t h e  v e h i c l e s ,  and t h r u s t  i f  p r e s e n t .  The 
s l i p  d i s t a n c e  and disengagement p o i n t  are determined f r o m  t h e  
s l i p  ra te  d u r i n g  c o n t a c t ,  d u r a t i o n  of c o n t a c t ,  and t h e  o r i g i n a l  
c o n t a c t  p o i n t .  

tca 
By 

F i n a l l y ,  by assuming a h a l f - s i n e  wave p r o f i l e  f o r  t h e  
h i s t o r y  of c o n t a c t  l oads ,  t h e  normal and f r i c t i o n  f o r c e s  are 
computed. 

C.  Kinematics A f t e r  Impact 

Once t h e  disengagement p o i n t  has  been determined it 
i s  immediately checked t o  see i f  it r e p r e s e n t s  a cap tu re  p o i n t .  
I f  t h e  p o i n t  does r e p r e s e n t  c a p t u r e ,  t h e  program p r i n t s  "capture"  
and goes t o  t h e  nex t  case. I f  c a p t u r e  i s  n o t  achieved,  t h e  
program t racks t h e  p o s i t i o n  of t h e  probe t i p  r e l a t i v e  t o  a 
coord ina te  system f i x e d  a t  t h e  apex of t h e  drogue. Based on 
t h e  v e l o c i t y  and angu la r  rates of t h e  v e h i c l e s  a f t e r  impact and 
a p r e s e l e c t e d  t i m e  increment ,  success ive  p o s i t i o n s  of t h e  probe 
t i p  are computed. A f t e r  each t i m e  increment ,  t h e  new probe 
l o c a t i o n  i s  checked t o  see whether t h e  l o c a t i o n  r e p r e s e n t s  
cap tu re ,  a missed a t t empt  or  a new impact. I f  a cap tu re  o r  a 
m i s s  occu r s ,  t h e  a p p r o p r i a t e  message i s  p r i n t e d  and t h e  program 
goes t o  t h e  nex t  case. I f  it i s  determined t h a t  t h e r e  i s  a 
new impact ,  t h e  problem i s  r e i n i t i a l i z e d  by cons ide r ing  t h e  
r equ i r ed -pa rame te r s  j u s t  p r i o r  t o  impact as a new set  of i n i t i a l  
cond i t ions .  The aforementioned procedure i s  then  r e i n i t i a t e d .  

D. Capture Cr i t e r i a  

Capture c r i t e r i a  must s a t i s f y  both  p h y s i c a l  r e a l i t y  
( t o  the  h i g h e s t  degree  p o s s i b l e )  and reasonable  ease of  programming. 
As, prev ious ly  noted ,  m o s t  c a p t u r e s  occur  i n  t h e  s l i p p i n g  mode; 
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t h a t  i s ,  whi le  s l i d i n g  du r ing  an impact,  To  account f o r  t h i s  
p o s s i b i l i t y ,  t h e  s l i p  d i s t a n c e  du r ing  each impact i s  computed 
and it i s  determined i f  t h i s  s l i p  d i s t a n c e  i s  s u f f i c i e n t  t o  
c a r r y  t h e  probe t i p  through t h e  apex of t h e  drogue, To 
a n t i c i p a t e  a d i r e c t  impact of t h e  probe on t h e  cap tu re  p o i n t ,  
it i s  noted t h a t  t h e r e  i s  a .0025 f t  t o l e r a n c e  a t  t h e  p o s i t i o n  
where t h e  probe head c a p t u r e  latches engage t h e  drogue. This  
t o l e r a n c e  f i g u r e  i s  adopted as a c a p t u r e  c r i t e r i o n  i n  t h e  
fo l lowing  way: i f  an XY-coordinate system i s  se t  up a t  t h e  
apex of t h e  drogue wi th  t h e  p o s i t i v e  Y-axis outward a long  t h e  
drogue c e n t e r l i n e ,  t hen  c a p t u r e  i s  d e c l a r e d  when t h e  probe t i p  
e n t e r s  t h e  r eg ion  Y < .0025 f t .  

E. Missed Attempt C r i t e r i o n  

A missed  a t t empt  i s  d e c l a r e d  whenever the  probe t i p  
p o s i t i o n  i s  l o c a t e d  a t  Y > 1 3 . 1  inches  ( t h e  depth  of t h e  d rogue ) .  
This  c o n d i t i o n  i n d i c a t e s  t h e  probe has  l e f t  t h e  drogue reg ion .  
Missed a t t empt s  are a l s o  d e c l a r e d  when t h e  t i m e  i n t e r v a l  between 
success ive  impacts exceeds a p r e s c r i b e d  l i m i t ,  say  1 0  seconds.  
The r a t i o n a l e  f o r  such a c r i t e r i o n  i s  t h a t  a f t e r  several impacts ,  
t h e  needed c l o s i n g  ra te  f o r  a s u c c e s s f u l  c a p t u r e  has  been 
e l imina ted  through energy d i s s i p a t i o n  an6 momentum exchange, 
and t h e  v e h i c l e s  are s lowly d r i f t i n g  a p a r t .  Rather t han  w a i t  
f o r  t h e  probe t i p  t o  reach  Y > 1 3 . 1  i n c h e s ,  t i m e  can be saved 
by d e c l a r i n g  a m i s s  and going on t o  t h e  nex t  case. F i n a l l y ,  
when t h e  number of impacts exceeds some l i m i t i n g  va lue ,  a m i s s  
i s  dec la red .  I t  proved advantageous t o  adopt  t h i s  c r i t e r i o n  
s i n c e  t h e  v e h i c l e s ,  whi le  d r i f t i n g  a p a r t ,  o f t e n  make r epea ted  
c o n t a c t  a long  one s i d e  of t h e  drogue s u r f a c e .  

F .  SubseqEent Impacts 

The drogue boundaries  are de f ined  by t h e  equa t ions  

Y = + X t a n B  - 
Y = 13.1  

where i3 i s  t h e  ha l f - ang le  o f  t h e  drogue. While t r a c k i n g  t h e  
probe t i p  a f t e r  an impact,  i t s  p o s i t i o n  i s  f i r s t  checked t o  
a s s u r e  Y < 13.1; i f  t r u e ,  it i s  nex t  determined whether t h e  
probe t i p - i s  w i t h i n  t h e  drogue boundaries  by examining t h e  
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i n e q u a l i t y  -YcotB<X<YcotB. I f  t h e  X-posit ion of t h e  probe t i p  
s a t i s f i e s  t h e  i n e q u a l i t y ,  a new p o s i t i o n  i s  computed based on 
t h e  p r e s e n t  p o s i t i o n ,  v e l o c i t y ,  and a p r e s c r i b e d  de l ta  i n  t i m e .  
I f  it i s  determined t h a t  X = + Y cot t o  8 p l a c e s  (a h i g h l y  
u n l i k e l y  e v e n t ) ,  impact i s  d e c l a r e d  and t h e  problem i s  
r e i n i t i a l i z e d .  More l i k e l y ,  it w i l l  be determined t h a t  t h e  
probe t i p  has  ove r sho t  t h e  boundary. I n  t h i s  even t ,  t h e  program 
backs up t o  t h e  o ld  p o s i t i o n  and, based on t h e  v e l o c i t y  vector 
and d i s t a n c e  from t h e  s u r f a c e ,  computes a new impact p o i n t .  

G,  A t t i t u d e  Cont ro l  and Thrust  During Docking 

The s imula t ion  allows f o r  adding a t t i t u d e  c o n t r o l  and 
t h r u s t  t o  t h e  chase v e h i c l e  and a t t i t u d e  c o n t r o l  t o  t h e  t a r g e t  
v e h i c l e  du r ing  t h e  docking maneuver. The chase  v e h i c l e  i n  t h e  
AAP docking maneuvers i s  t h e  CSM and t h e r e f o r e  i t s  S t a b i l i z a t i o n  
and Cont ro l  System i s  employed i n  a 0 . 2  degree minumum deadband 
attitc.de hold mode wi th  a t t i t u d e  and ra te  g a i n s  of u n i t y .  
Two 1 0 0  l b  t h r u s t e r s ,  about  1 3  f t  a p a r t ,  are f i r e d  i n  oppos i t e  
d i r e c t i o n s  (2- je t  couple)  t o  p roduce - the  c o n t r o l  torque.  

Thrus t ing  du r ing  t h e  docking a t t empt  i s  implemented 
by t h e  a f t - f i r i n g  CSM r e a c t i o n  c o n t r o l  t h r u s t e r s ,  f o u r  of  which 
are located around t h e  pe r iphe ry  of t h e  v e h i c l e .  Thus, a maximum 
t h r u s t  of 400  l b s  i s  a v a i l a b l e .  However, a command s h a r i n g  
l o g i c  must e x i s t  t o  t a k e  i n t o  account  t h e  f a c t  t h a t  t w o  of t h e  
t h r u s t e r s  may be f i r i n g  i n  o p p o s i t e  d i r e c t i o n s  t o  hold a t t i t u d e ;  
t h e  t o t a l  t h r u s t  t hen  a v a i l a b l e  i s  2 0 0  l b s .  

COMPARISONS WITH OTHER SIWJLATIONS 

Direct comparisons between SDJZICK and o t h e r  s imula t ions  
(mathematical  o r  t e s t )  are n o t  s t r a i g h t f o r w a r d  wi th  regard t o  
c o n t a c t  t i m e  du r ing  a s l i d i n g  c a p t u r e  and peak probe t i p  loads .  
SDgCK computes a c o n t a c t  t i m e  based on c o n d i t i o n s  j u s t  p r i o r  
t o  t h e  impact;  i f  cap tu re  takes  p l a c e  du r ing  t h i s  c o n t a c t  t i m e  
i n t e r v a l ,  SDgCK simply declares c a p t u r e  and p r i n t s  o u t  t h e  
aforementioned va lue  of c o n t a c t  t i m e .  I n  t h e  o t h e r  s i m u l a t i o n s ,  
p o s t  l a t c h i n g  ( s u c c e s s f u l  docking) t i m e  i s  a l s o  counted as 
c o n t a c t  t i m e .  With r e s p e c t  t o  loads ( f o r c e s ) ,  SDgCK assumes a 
h a l f - s i n e  wave p r o f i l e  whi le  t h e  o t h e r  s imula t ions  compute o r  
measure t-he p r o f i l e .  I n  a d d i t i o n ,  l oads  computed by SDgCK j u s t  
p r i o r  t o  a s l i d i n g  c a p t u r e  are based on t h e  t r u n c a t e d  va lue  of  
c o n t a c t  t i m e  (see above) and are l i k e l y  t o  be overes t imated .  
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With these c o n s i d e r a t i o n s  i n  mind, Table 1 p r e s e n t s  
a comparison between SDgCK and t w o  mathematical  s imula t ions  and 
one f u l l - s c a l e  test s imula t ion .  The mathematical  s imula t ions*  
are f r o m  North American R o c k w e l l  ( N R )  and NASA Manned Spacec ra f t  
Center (MSC) w h i l e  t h e  f u l l - s c a l e  docking s imula t ion  t es t  (DST) 
w a s  done a t  McDonnell Douglas A i r c r a f t  Corp. - E a s t  (MDAC-E). 
For Table 1, case ( a ) ,  g e n e r a l  agreement seems f a i r  except  f o r  
peak load  of t h e  second impact and cap tu re .  These d i s c r e p a n c i e s ,  
however, can be expla ined .  Under t h e  i n i t i a l  cond i t ions  s p e c i f i e d  
f o r  case ( a ) ,  it i s  noted i n  t h e  DST t es t  r e p o r t  (6) t h a t  t h e  
drogue s k i n  w a s  rup tu red  by t h e  second impact. SDgCK p r e d i c t s  
a second impact probe t i p  load of 5568 l b s ,  approximately t w i c e  
t h e  magnitude determined by t h e  NR s imula t ion  and t h e  DST. 
The load measured by t h e  DST should be lower because t h e  
s t r u c t u r a l  f a i l u r e  relieves t h e  load .  Furthermore,  t h e  
c o e f f i c i e n t  of r e s t i t u t i o n  i s  r a d i c a l l y  al tered s i n c e  t h e  
r u p t u r e  causes  an e s S e n t i d l y  p l a s t i c  impact.  SDgCK cannot  
p r e d i c t  a s t r u c t u r a l  f a i l u r e  and assumes a c o n s t a n t  c o e f f i c i e n t  
of r e s t i t u t i o n .  I t  i s  n o t  understood how t h e  NR s imula t ion  
ag rees  so w e l l  w i t h  t h e  DST u n l e s s  it can account  f o r  t h e  
s t r u c t u r a l  f a i l u r e .  The damage i n c u r r e d  by t h e  drogue i n  t h e  
DST case ( a )  precluded cap tu re .  The NR s imula t ion  a l s o  p r e d i c t s  
no capture .  SDPCK p r e d i c t s  s e v e r a l  subsequent  impacts and, 
w i t h  t h e  ass is t  of 400  l b s  of a x i a l  t h r u s t ,  even tua l  cap tu re  
9.5 seconds a f t e r  impact.** Perhaps a more r e v e a l i n g  p i c t u r e  
of t h e  agreement between SDgCK and DST i s  shown i n  F igure  2 
where t h e  t r a j e c t o r y  of  t h e  probe t i p  a f t e r  i n i t i a l  c o n t a c t  
w i t h  t h e  drogue i s  p l o t t e d .  The e f fec t  of t h e  ruptured  drogue 
on t h e  DST t r a j e c t o r y  i s  apparent .  I n  Table 1, case ( b ) ,  
agreement i s  aga in  g e n e r a l l y  good al though there e x i s t  some 
problems. I n  t h e  DST, t h e  c a p t u r e  latches w e r e  found t o  be 
damaged; otherwise c a p t u r e  would have been achieved s i n c e  t h e  
probe t i p  p o s i t i o n e d  i t s e l f  i n  t h e  drogue apex and remained 
there. 

F igu re  3 i l l u s t r a t e s  t y p i c a l  c a p t u r e  boundaries  f o r  
t h e  l u n a r  t r a n s p o s i t i o n  docking case (see bottom of  Table 1 fo r  
v e h i c l e  p r o p e r t i e s ) .  The s o l i d  curve w a s  ob ta ined  by MSC and 
t h e  dashed curve by SDgCK. Agreement i s  seen  t o  be q u i t e  good. 
The curve ob ta ined  by SDgCK r e q u i r e d  2 4  cases and r an  i n  1 6  
seconds on t h e  UNIVAC 1108. 

* Resu l t s  from mathematical  s imula t ions  w e r e  ob ta ined  from 
Reference 6 .  

** The DST f i r e s  i t s  a x i a l  t h r u s t e r s  f o r  on ly  4 seconds 
a f t e r  i n i t i a l  impact. 



TABLE 1 

CASE: LUNAR TRANSPOSITION DOCKING (MISSION D) 
vA = .898 F/S, vL = .666 F/S, w = -l.Oo/S, 8 = -lO.Oo, d = 10.52 in, 

Axial Thrust (400 lbs) 

NR Mathematical MDAC Test (DST) 
Model ( SD(2ICK 1 

CASE: LUNAR TRANSPOSITION DOCKING (MISSION D) 
v = 1.0 F/S, vL = -.5 F/S, w = O.Oo/S, 8 = 0 . 0 ,  d = 9.13 in, 

No Axial Thrust A 

I (SDgCK) 1 MSC Model MDAC Test (DST) 

Contact 

NA 1.0 - 2.0 sec I 1.2 sec I Time to 
Capture 

(b) 

Vehicle Properties: M~ = 1840 slugs, M2 = 6900 slugs 
2 = 2 .34  x lo6 slugoft 1 1 =  81000 slugeft I I2 2 



FIGURE 2-PROBE TIP TRAJECTORY 

TEST (DST) 

S Q ~ ~ C K  --- 
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Based on t h e s e  r e s u l t s ,  it i s  f e l t  t h a t  t h e  o b j e c t  
of t h i s  s t u d y ,  namely t h e  r a p i d  product ion  of a c c u r a t e  t r e n d s ,  
has been achieved.  

APPLICATION OF SDgCK TO AAP 

The SDPCK docking s i m u l a t i o n  was a p p l i e d  t o  a 
comprehensive spectrum of cases ( i n i t i a l  c o n d i t i o n s )  f o r  a x i a l  
docking of t h e  CSM t o  t h e  AAP-2 Payload.* Vehic le  p r o p e r t i e s  
w e r e  ob ta ined  from Reference 7 ,  and a r e  l i s t e d  he re  f o r  
convenience. 

M1 = 1084. s l u g s  

M2 = 1 7 9 9 .  slugs 

I2 - 

2 

= 1182652. s l u g - f t 2  

Il = 55202. s l u g - f t  

The a r r a y  of c a s e s  i s  de f ined  a s  fo l lows:  

v A ( f t / s e c )  = 0 . 4 ,  0 . 6 ,  0 .8 ,  1.0; 

v L ( f t / s e c )  = 0 . 0 ,  - +0'1, 20.3; 

0 (deg) - 

w(deg/sec) = 0 . 0 ,  - +0.5; 

= 0.0, +$.O; 

d ( f t )  = 0.25, 0.50, 0.75. 

This  r e p r e s e n t s  a t o t a l  of 540 sets of i n i t i a l  cond i t ions .  
A d d i t i o n a l l y ,  each c a s e  was run wi th  t h e  fo l lowing  o p t i o n s :  

i) a t t i t u d e  c o n t r o l  w i th  no a x i a l  t h r u s t ;  

ii) a t t i t u d e  c o n t r o l  w i th  a x i a l  t h r u s t ;  

iii) a x i a l  t h r u s t  wi thout  a t t i t u d e  control .  

* The AAP-2 Payload c o n s i s t s  of t h e  O r b i t a l  Workshop, 
Mul t ip l e  Docking Adapter,  and A i r l o c k  Module. 
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Therefore ,  a t o t a l  of  1 6 2 0  s i m u l a t e d  docking a t t e m p t s  w e r e  run. 
Twelve cases proved t o  be i l l - d e f i n e d  ( n e g a t i v e  c l o s i n g  r a t e )  
so t h a t  t h e  r e s u l t s  w i l l  be based  on 1608 cases. Note t h a t  
two of t h e  aforementioned o p t i o n s ,  (ii) and (iii) i n c l u d e  
ax ia l  t h r u s t  so t h a t  overall  r e s u l t s  are b i a s e d  toward a more 
f a v o r a b l e  p r e d i c t i o n  of c a p t u r e .  The r eason  f o r  i n c l u d i n g  
o p t i o n s  (ii) and (iii) w a s  t o  assess t h e  impact of  s h a r i n g  t h e  
t o t a l  a x i a l  t h r u s t  a v a i l a b l e  w i t h  t h e  a t t i t u d e  c o n t r o l  r e q u i r e -  
ments i n  r e l a t i o n  t o  a s s i s t i n g  c a p t u r e .  Tota1,UNIVAC 1 1 0 8  
computer t i m e  f o r  t h e  1 6 2 0  cases was about  19.5 minutes .  

DISCUSSIOM OF RESULTS FOR AAP 

Tables  2 through 5 p r o v i d e  a g r o s s  s t a t i s t i c a l  
breakdown o f  t h e  r e s u l t s  and i l l u s t r a t e  immediately t h e  e f f e c t  
of i n i t i a l  parameters  and f l i g h t  modes. F i g u r e s  4 ,  5 ,  and 6 
are t h e  c a p t u r e  boundar ies  d e r i v e d  from t h e  r e s u l t s  and are 
a p i c t o r i a l  r e p r e s e n t a t i o n  of t h e  s t a t i s t i c a l  r e s u l t s .  Regions 
on t h e  ha tched  s i d e s  of the  c u r v e s  r e p r e s e n t  r eg ions  of  no 
c a p t u r e  o r ,  a t  b e s t ,  low p r o b a b i l i t y  of c a p t u r e .  Absence of 
any curves  on the  p l o t s  i n d i c a t e s  c a p t u r e  inc iuded  f o r  a l l  cases .  

Table  2 p r e s e n t s  t h e  effect  of t h r u s t i n g  and, i n  
p a r t i c u l a r ,  t h e  advantage of app ly ing  f u l l  ( 4 0 0  lb) a x i a l  
t h r u s t  w i t h  no a t t i t u d e  c o n t r o l .  For a l l  v a l u e s  of i n i t i a l  
parameters ,  t h e  a x i a l  t h r u s t  ( a / t ) - n o  a t t i t u d e  c o n t r o l  (a/c) 
o p t i o n  provided 80% s u c c e s s f u l  c a p t u r e s  i n  537 a t t empt s .  This  
compares w i t h  69% ( o u t  of  537 a t t e m p t s )  f o r  t h e  a / t  and a/c 
mode and 52% ( o u t  of 534 a t t e m p t s )  f o r  t h e  a/c and no a / t  mode. 
For t h e  t o t a l  1608 v a l i d  a t t e m p t s ,  there w e r e  1073 s u c c e s s f u l  
docks ( 6 7 %  s u c c e s s ) .  Table 3 i l l u s t r a t e s  t h e  adverse  a f f e c t  
of  n e g a t i v e  angu la r  rates ( w )  . This  is  t o  be expected s i n c e  
nega t ive  angu la r  rates cause  h i g h e r  probe t i p  v e l o c i t y  components 
normal t o  t h e  drogue wa l l , *wi th  co r re spoad ing ly  h i g h e r  l o a d s  
and g r e a t e r  rebound a f te r  impact .  P o s i t i v e  angu la r  rates provide  
f o r  more g l a n c i n g  impacts .  Table  4 confirms t h e  i n t u i t i v e  
impression t h a t  h igh  p o s i t i v e  o f f - s e t  a n g l e s ,  0 ,  w i l l  have a 
d e l e t e r i o u s  e f f e c t  on s u c c e s s f u l  docking. This  is  t o  be  expec ted  
s i n c e  high p o s i t i v e  o f f - s e t  a n g l e s  cause  a h i g h e r  p r o p o r t i o n  
of t h e  a x i a l  v e l o c i t y  t o  be  d i r e c t e d  normal t o  t h e  drogue s u r f a c e .  
It i s  appa ren t  i n  each of Tab le s  2 ,  3, and 4 t h a t  i n c r e a s i n g  
m i s s  d i s t a n c e ,  d ,  causes  a d e c r e a s i n g  pe rcen tage  of c a p t u r e s ;  
t h i s  i s  an expec ted  r e s u l t .  Tab le  5 i l l u s t r a t e s  t h e  e f f e c t  of 
i n i t i a l  a x i a l  v e l o c i t y ,  v and l a t e r a l  v e l o c i t y ,  vL, on the  A' 

*Without loss of  g e n e r a l i t y ,  a l l  i n i t i a l  impacts are assumed 
t o  occur  on t h e  s i d e  o f  t h e  drogue i n d i c a t e d  i n  F ig .  1; hence,  
nega t ive  angu la r  rates cause h i g h e r  i n i t i a l  p robe - t ip  v e l o c i t i e s  
normal t o  t h e  drogue w a l l .  
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Attitude Control 
No Axial Thrust 

I d  Range o f  
Parameters ( % I  Captures 

Attempts 

0.4<v <1.0 I 0.25 I 137/178 (77%) - L- 
I 

-0.3iV <0.3 - L- 0.5 83/178 (47%) 

1 0.75 1 58/178 (33%) 
I 

-0.5<w<0.5 - -  
I I 

I I ,  
TOTALS 1 278/534 (52%) 

I 

TABLE 2 

I w = -0.5 O/sec 
Range of 
Parameters ( % I  Captures 

Attempts 

0.4<vA~1.0 1 Ill5 1 145/180 (81%) 

84/180 (47%) 

- 
-o.3<vLLo.3 - 

-5.o<e<5.0 - -  
All Axial Thrust 0.75 I 65/180 (36%) and Attitude I 
Control Options 

TOTALS 294/540 (54%) 

Attitude Control Axial Thrust 
And Axial Thrust Only 

( % I  Captures Captures I Attempts Attempts 

163/179 (91%) 1166/179 (93%) 

1151179 (64%) 141,/179 (79%) 

88/179 (49%) 122/179 (68%) 

366/537 (69%) 429/537 (80%) 

w = 0.0 O/sec I w = 0.5 O/sec 

( % I  Captures 
Attempts 

Captures 
Attempts 

159/180 (88%) 1 164/176 (93%) 

117/180 (65%) 1 133/176 (76%) 

93/180 (52%) I 116/176 (66%) 

369/540 (68%) I 413/528 (78%) 

TABLE 3 



R a n g e  of 
Parameters 

0.4<vA21.0 - 
-0.3CV <0.3 - L- 
-0.5<w<0.5 

A l l  A x i a l  T h r u s t  
and A t t i t u d e  
C o n t r o l  O p t i o n s  

- -  

0 = 5.0" 1 0 = o . o o  I 0 = -5.0" I 

160/177 (90%) 157/179 (88%) 149/180 (83%) 

134/177 (76%) 112/179 (63%) 88/180 (49%) 

0.75 1 112/177 (63%) 1 95/179 (53%) I 63/180 (35%) 
i I 1 

1 i I I 
300/540 (56%) i 364/537 (68%,) 

406/531 (76%) I TOTALS 

TABLE 4 

N u m b e r  of C a p t u r e s  
L N u m b e r  of A t t e m p t s  

v ( f t /sec)  Number of C a p t u r e s  V 
N u m b e r  of A t t e m p t s  A 

0.4 

0.6 

0.8 

1.0 

262/393 VL>0 293/648 

v = o . o  218/324 251/405 

v < o  564/648 262/405 

298/405 

L 

L 

(b) 

TABLE 5 
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number of cap tu res .  I n t u i t i o n  would lead us t o  expec t  t h a t  
i n c r e a s i n g  a x i a l  v e l o c i t y  would be b e n e f i c i a l  (as long as loads  
are kep t  w i t h i n  s t r u c t u r a l  l i m i t s ) .  Table 5 ( a ) ,  however, 
i n d i c a t e s  t h a t  f o r  0 . 4  - < vA - < 0 . 8 ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  
improvement i n  t h e  number of c a p t u r e s  w h i l e  for  vA = 1 . 0 ,  

there e x i s t s  a moderate improvement. An examination of t h e  
cap tu re  boundaries  i n  F igu res  4 ,  5 ,  and 6 show t h a t  f o r  d = 0.25' 
t h e  r e s u l t s  co inc ide  w i t h  i n t u i t i o n .  However, f o r  d = 0 . 5 '  
and 0.75 ' ,  t h e  v a l u e s  of vA < 0 . 4 ,  and vA > 0 .8  appear more 
f avorab le .  The reason  f o r  t h i s ,  based on examination of t h e  
probe t i p  t ra jec tor ies ,  i.s t h a t  f o r  d > 0 . 2 5 ' ,  i n c r e a s i n g  
a x i a l  v e l o c i t y  leads t o  h ighe r  rebound v e l o c i t y  and hence an 
e a r l i e r  second impact a t  a g r e a t e r  d i s t a n c e  from t h e  drogue 
apex. A lower a x i a l  v e l o c i t y  causes  a de layed  second impact 
a t  a p o i n t  c l o s e r  t o  t h e  drogue apex, a m o r e  f avorab le  p o s i t i o n  
f o r  cap tu re .  However, as v i nc reased  f u r t h e r  (vA > 0.8  f t / s e c ) ,  
g r e a t e r  s l i p  d i s t a n c e s  and r e s i d u a l  a x i a l  v e l o c i t y  a s s e r t e d  
themselves and proved t o  be b e n e f i c i a l  t o  cap tu re .  Table  5 (b )  
confirms t h e  no t ion  t n a t  i n c r e a s i n g  p o s i t i v e  l a t e r a l  v e l o c i t y  
( v L ) ,  caus ing  h ighe r  v e l o c i t y  components normal t o , t h e  drogue 
s u r f a c e ,  i s  d e t r i m e n t a l  t o  cap tu re .  

CONCLUSIONS 

A 

I t  i s  f e l t  t h a t  SDgCK provides  a g e n e r a l l y  a c c u r a t e  
assessment of t h e  docking problems t h a t  can be a n t i c i p a t e d  i n  
AAP. The r e s u l t s  i n d i c a t e  t h a t  t h e  most impor tan t  factors i n  
achiev ing  c a p t u r e  (wi thout  a x i a l  t h r u s t )  are reducing t h e  m i s s  
d i s t a n c e  t o  about 0 . 2 5  f t  and a t t empt ing  t o  achieve  a g l anc ing  
ra ther  than  d i r e c t  i n i t i a l  impact. The a d d i t i o n  of a x i a l  
t h r u s t  proved a s i g n i f i c a n t  advantage and, a t  l a r g e r  m i s s  
d i s t a n c e s ,  a x i a l  t h r u s t  wi thout  a t t i t u d e  c o n t r o l  w a s  s i g n i f i c a n t l y  
b e t t e r  t han  a x i a l  t h r u s t  wi th  a t t i t u d e  c o n t r o l .  
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APPENDIX 

Equations governing the analysis of spacecraft docking 
dynamics will be presented here. We define the following 
variables and parameters. 

CM1,2 
e 

center of mass of vehicle 1,2 

coefficient of restitution 

F* friction impulse 

1I2 I 

112 
M 

moment of inertia of vehicle 1,2 

mass of vehicle 1,2 

N* normal impulse 

ve-locity components of vehicle 1 I 2 
(see Fig. A-1) 1,2 ?,2 U 

coordinate system fixed to the drogue 
apex 

coordinates of initial probe contact 
point with drogue 'dYC 

112 
coordinate systems located at CM xl, 2 IYl , 2 
(see Fig. A-1) which move with the 
CM's but do not rotate with the vehicles; 
also, distances from CM 
point (see Fig. A-2) 

to contact 112 

B 

1-I 

112 
w 

( 'max 

drogue half-angle 

coefficient of friction 

angular rates of vehicles 1,2 

maximum of a quantity 

X,Y components of. a quantity 

quantity after impact 
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The i n i t i a l  parameters ,  vA, vL, w ,  8 and d (F igure  1 
of t e x t )  are e a s i l y  r e l a t e d  t o  t h e  above de f ined  q u a n t i t i e s  
j u s t  p r i o r  t o  t h e  f i r s t  c o n t a c t  through t h e  fo l lowing  equa t ions  
(assuming t h e  t a r g e t  v e h i c l e  i s  s t a t i o n a r y ) :  

w - 
- 

u1 v Cos(@+e)  - vLs in (8+e)  A 

7 
(A- 1) 

= o  w 2  v -  - 
u 2  - 2 ,  - J 

The f irst  of eqs.  ( A - 1 )  i n d i c a t e s  t h a t ,  wi thout  l o s s  of g e n e r a l i t y ,  
a l l  i n i t i a l  impacts w i l l  occur  on s i d e  A of t h e  drogue (see Figure  
A - 1 ) .  

Impulse Momentum Re la t ionsh ips  

For  v e h i c l e  1, t h e  chase  v e h i c l e ,  it i s  noted from 
F igures  A - 1  and A-2 t h a t  t h e  change i n  system momentum due t o  
impact i s  given by 

- M ( u '  - u1) - - F* 1 1  
M1(Vi  - v i )  = N* 

and - ~ 1 )  = X l N *  + Y ~ F *  

and + (Yc - 

(A-2 1 



- "2 

FIGURE A-1 

f xlT 

FIGURE A-2 
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S i m i l a r l y ,  for v e h i c l e  2, t h e  t a rge t  v e h i c l e ,  

M2(u; - U2) = F* 

M (v' - v 2 )  = -N* 

and I2($ - w,) = -y2F* - x2N* 
2 2  (A-3) 

w i t h  x2 = ( X c  - x M 2 ) s i n ~  - (yC - yM2)cos6 

and y2 = ( X c ' -  X&OSB - (Ye - Y M 2 ) ~ i n B  

S l i p  and Compression R a t e s  

The s l i p  r a t e ,  s ,  i s  de f ined  as t h e  v e l o c i t y  of  t h e  
prabe t i p  w i t h  r e s p e c t  t o  t h e  drogue, i n  a d i r e c t i o n  t a n g e n t  
t a  t h e  drogue s u r f a c e  a t  t h e  p o i n t  of c o n t a c t  i X c ,  Y c ) .  The 
compression r a t e ,  c ,  i s  def ined  a s - t h e  v e l o c i t y  of t h e  drogue 
wi th  r e s p e c t  t o  t h e  probe i n  a d i r e c t i o n  normal t o  t h e  s u r f a c e  
a t  ( X c ,  Y c ) .  The s l i p  r a t e  be fo re  impact i s  

and du r ing  and a f te r  impact 

(A-4) 
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For the compression rate, 

c = v2 - v1 3- x2w2 - XIWl 

s '  and c '  can be expressed in terms of s ,  c, F * ,  and N* by 
combining eqs. (A-5)  and (A-4)  with eqs. (A -2 )  and (A-3); thus 

S' = s - (B+E)F* - AN* 

C' =; c - AF* - (B+D)N* 

(A-6 1 

(A- 7.) 

Maximum Values of Normal and Friction Impulses 

The values of the normal and friction impulses are 
dependent on the velocities before impact as well as the 
coefficients of friction and restitution. First, s '  and c' 
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i n  eqs. (A-6) and (A-7)  are set  t o  zero, i n d i c a t i n g  t h a t  s l i p  
o r  compression have ceased.  This  ope ra t ion  y i e l d s  equa t ions  
f o r  two l i n e s ,  

(B+E)F* + AN* = S ( l i n e  s s )  

AF* + (B+D)N* = C ( l i n e  cc) 

which i f  p l o t t e d  i n  an F* - N* phase p lane  r e p r e s e n t  t h e  zero  
s l i p  and compression ra te  l i n e s .  With t h e  i n i t i a l  s l i p  ra te  
s>O, t h e  l i n e s  might ,appear as i n  F igu re  A-3(a) ,  In t h i s  case, 
F* i n c r e a s e s  according to F* = pN* as t h e  v e h i c l e s  make contact 
and move u n t i l  c o n t a c t  deformation i s  maximum (compression rate 
i s  zero) .  When t h e  compression ra te  i s  z e m ,  t h e  value of N*, 
N:# i s  on l i n e  cc and i s  found by s imul taneaus ly  solving 

AF* + (B+D)N* = c 

and F* = pN* ; 

t h e  r e s u l t  i s  

c - 
PA' + B + 'D NE - 

As t h e  r e s t i t u t i o n  phase procedes,  F* con t inues  t o  increase 
according t o  F* = pN* s i n c e  l i n e  ss is  never  i n t e r s e c t e d .  
The maximum va lue  of N* t h e r e f o r e  occurs  a t  

N;ax = (1 + e ) N $  

I n  a d d i t i o n  

- 
F;ax - pNiax 



N* 

N* 

I 
I 
I 
I 
I 
I 
I 
I 
I 

FIGURE A-3 
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The f a c t  t h a t  t h e  l i n e  ss i s  never  i n t e r s e c t e d  means t h e r e  i s  
n o t  enough f r i c t i o n  t o  b r i n g  t h e  re la t ive  s l i p p i n g  between t h e  
v e h i c l e s  t o  a s t o p .  

F igu re  A-3(b) r e p r e s e n t s  a d i f f e r e n t  p o s s i b i l i t y .  
Zero s l i p  ra te  i s  achieved b e f o r e  zero compression rate and 
s l i p p i n g  i s  h a l t e d .  I f  t h e r e  i s  enough f r i c t i o n  t o  hold 
zero s l i p  ra te  (determined by t h e  cond i t ion  C$ = tan- lv  )r e 
i n  F igure  A-3(b))  t h e  motion procedes along s s ,  i n t e r s e c t s  cc, 
and con t inues  u n t i l  NGax i s  achieved. 
w i t h  cc i s  given by 

The i n t e r s e c t i o n  Df ss 

NZnt = [ ( B + E ) c  - A s ] / [ ( B + E )  (B+D) - A2] 

and N:aX = ( l + e ) N Z n t  

Solving t h e  a p p r o p r i a t e  geometry y i e l d s  

= ( S  - AN:ax)/(B+E) . F i a x  

A l l  o ther  p o s s i b l e  a l t e r n a t i v e s  zre s o r t e d  o u t  by t h e  program 
and analyzed.  

Approximate Value of S l i p  D i s t a n c e  

I t  is  
of s l i d i n g  t h a t  
i s ,  by f a r ,  t h e  
wave p r o f i l e  i s  

impor tan t  t o  o b t a i n  an estimate of t h e  amount 
t a k e s  p l a c e  d u r i n g  each c o n t a c t  s i n c e  s l i d i n g  
mo,st p r e v a l e n t  mode o f  cap tu re .  
assumed f o r  t h e  normal and f r i c t i o n  f o r c e s ,  t hen  

I f  a h a l f - s i n e  

- - Nmaxsin - 

- - Fmaxsin - 
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where tc is the time the vehicles are in contact.* 
are, for any time during the impact, given by 

The impulses 

N" 

F* 

- Substitutins 

(A-9 1 

( A - 9 )  into (A-61, integrating with respect to time, 
and setting-t = tc gives the maximum slip distance in the form 

Recall that Nkax and Fgax are known from the previous section. 
Substituting t = tc in eqs. 
maximum loads, Nmax and Fmax. 

(A-9)  gives ah estimate for the 

Contact Time 

The contact time is approximated by considering the 
impact of-the t w o  vehicles (assumed rigid) having a spring at 
the point of contact. The spring may be assumed . t ~  represent 

* An algorithm to compute tc is explained later. 
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t h e  s t i f f n e s s  of t h e  probe and drogue a long  t h e  normal t o  t h e  
drogue s u r f a c e  a t  t h e  c o n t a c t  p o i n t .  
be computed by de termining  the ha l f -pe r iod  of t h e  above mentioned 
model. 

The c o n t a c t  t i m e ,  tc, w i l l  

The sp ing  c o n s t a n t ,  k ,  i s  determined from experimental  (6 
and a n a l y t i c a l  va lues  of c o n t a c t  t i m e .  The equa t ions  f o r  
tc are, without  t h r u s t ,  

4 

tc = ? ? / w e  I 

where 

wi th  

2 1 R 1  w = IC(- + -) 
'e Ie e 

are t h e  d i s t a n c e s  from t h e  c o n t a c t  p a i n t  ( s p r i n g )  t o  
1,2 

and R 

CM1,2 . With t h r u s t ,  

where TN i s  t h e  component of t h r u s t  normal t o  t h e  drogue s u r f a c e  
and it is- r e c a l l e d  t h a t  c i s  t h e  compression rate. Despi te  t h e  
obvious s i m p l i f i c a t i o n s  i n h e r e n t  i n  t h e  model, good comparison 
i s  ob ta ined  w i t h  t es t  and a n a l y t i c a l  r e s u l t s ,  (1,6) 
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Kinematics A f t e r  Impact 

I n  o r d e r  t o  determine whether cap tu re  i s  achieved,  it 
i s  necessary  t o  track t h e  p o s i t i o n  of t h e  probe t i p  wi th  r e s p e c t  
t o  t he  apex of t h e  drogue. From eqs .  (A-2)  and ( A - 3 ) ,  t h e  
v e l o c i t y  components of t h e  m a s s  c e n t e r s  and angu la r  rates of 
v e h i c l e s  1 and 2 are known. The X and Y components of t h e  
v e l o c i t y  of CM1 w i t h  r e s p e c t  t o  t h e  drogue apex, denoted by 
(v1x)2 and ( v ~ ~ ) ~ ,  are found t o  be 

and 

I f  t h e  in s t an taneous  p o s i t i o n  of t h e  probe t i p  wi th  r e s p e c t  
t o  t h e  XY-coordinate system i s  r ep resen ted  by ( X  , Y  ) t hen  t h e  

v e l o c i t y  components of t h e  probe t i p  wi th  r e s p e c t  t o  t h e  droque 
apex are 

P P  

The i n i t i a l  coo rd ina te s  of t h e  probe t i p  immediately a f t e r  
disengagement are determined from t h e  c o n t a c t  p o i n t  and s l i p  
d i s t a n c e ;  t h u s  

X ( i n i t i a l )  = Xc + dssinB 
P 

Y ( i n i t i a l )  = Yc - dscosB , 
P and 

( A - 1 3 )  
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ds being the aforementioned slip distance. Based on eqs. (A-12) 
and (A-13) and a selected time increment, a new position (X ,Y ) 

of the probe tip is computed. Effects of thrusting are added 
directly to eqs. (A-11) while attitude control firings are taken 
into account by adjusting the angular rates. 

P P  

All the foregoing equations are based on a side A 
impact. For side B impacts, they are modified slightly because 
of the changes in directions of the normal and tangential 
components of forces and velocities with respect to the drogue 
wall (see Figure A - 1 ) .  
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