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DOCKING CAPTURE BOUNDARIES FOR
APQLLO MISSICNS D, F, AND G

By David A. Hamilton and
- John A. Schliesing

SUMMARY

A digital computer simulation of the docking dynamies of both trans-
position and lunar orbit docking has been developed by the Landing and
Docking Analysis Section. The simulation was used to investigate the
docking capture performance for Apcllo missions D, F, and G. Several
primary contact parameters were designated and varied in order to con-
sider a broad range of initial contact conditions. The parameters which
were varied in the simulation included probe-drogue contact position,
contact velocities, angular misalinements, and angular rates. These
parameters were varied within the Apollo design value limits.

Results of the simulations provided the docking capture capability
for the three missions. The capture capability for mission D was better
in most cases than for missions F and G. In all missions, optimum cap-
ture performance occurred for transposition docking with the command
and service module thrusting at probe-drogue contact and for lunar orbit
docking with the lunar meodule thrusting at probe-drogue contact.

INTRODUCTION

The success of the Apollo missions is highly dependent on achieving
a satisfactory spacecraft-to-spacecraft dock during the transposition
and lunar orbit phases of the mission. Therefore, it is essential that
docking capture capability be established prior to each mission. A dig-
ital computer simulation of the docking dynamics was developed to estab-
lish the capture capabilities.

The digital computer simulation uses a detailed mathematical model
of the Apollo probe/drogue docking mechanism to determine load-time
histories generated at the docking interface, and numericelly integrates
the six differential equations of motion of both the active and passive
vehicles. The simulation accounts for the control system operation of



each vehicle throughout the docking dynamies. In reference 1, the simu-
lation is described in more detail and a comparison of the experi-
mental and computer-simulated results is given.

The capture capability was established for missions D, F, and G
using the aforementioned computer analysis. A summation of the capture
performance for the three missions is presented in this report.

SYSTEM CHARACTERISTICS

Mass Properties

The vehicle mass characteristics used in the digital simulations of
the docking dynamics were taken from reference 2 for missions D and G
and lunar orbit docking (LOD)} of mission F. The transposition docking
(TLD) mass properties of mission F were taken from a Marshall Space Flight

Center memo.l Tables I and II show the mass properties which were used
in the digital simulations of the three missions for TLD and LOD, re-
spectively. Comparison of TLD mass properties for missions F and G shows
that they are approximately the same, while comparison of LOD for mis-
sions D, F, and G shows that the properties of mission F are bracketed
by those of missions D and G.

Probe-Drogue Characteristics

Nomina; probe-~drogue physical and geometric characteristics were

used in the docking analysis.2 The temperature condition of the probe
drogue was assumed to be -20° F. This temperature assumption was used
to establish conservative docking boundaries. The probe cylinder bend-
ing friction was highest at this low temperature; thus, the work effi-
ciency of the preobe was decreased with respect to its ambient temperature
performance.

Contact Conditions

Initial probe-drogue contact conditions, which were varied in this
study, included contact position, contact velocity, attitude misalinement,

NMemo R-P&VE-VAW-68-91 (MSFC). Subject: Saturn V/AS-505 Prelimi-
nary Predicted Operational Mass Characteristics, Depletion Cut-off.

2NAR Internal Letter to R. F. Nicholas from K. A. Bloom, Nov. 15,

1968. Subject: Docking System Characteristics.



and attitude rates. The impact point on the drogue surface was varied
to achieve radial velocity impacts which were normal to the drogue sur-—
face {case 1), at *45° to the drogue surface {case 2), and tangential

to the drogue surface (case 3). The axial and radial velocities of

the center of gravity of the active vehicle were varied to consider a
wide range of contact velocities. Attitude misalinements and rates were
varied to consider both nominal and extreme conditions. The radial miss
distance, which 1s the distance measured radially outward from the drogue
center line to the center of the ball joint supporting the probe tip, was
varied to the extreme value of 1 foot.

Control Bystems

For all the studies discussed in this paper, the command and service
module (CSM) was placed in a spacecraft control system (SCS) narrow dead
band attitude hold mode (0.2 degree dead band); the lunar module/

Saturn IVE (IM/S-IVB) was placed in an SCS attitude hold mode (1.0 degree
dead band)}; and the IM was placed in an SCS attitude hold mode (0.3 degree
dead band). The results of these studies are also representative of
docking in which the digital auto pilot (DAP) control system is used,
since the docking disturbances are large and the resulting control torque
of both the SCS and DAP systems are identical.

CAPTURE PERFORMANCE RESULTS

To define the capture performance of the Apollo docking mechanism
for a given docking configuration, it is necessary to establish the
allowable range of initial contact parameters, such as contact velocities,
attitude misalinements, attitude rates, and radial miss distance. The
primary contact parameters and their Apollo design values are given in
figure 1. The pictorial definition of the primary contact parameters
in figure 1 1s shown in planar form, but the parameters have three-
dimensional interpretations.

Transposition Docking

Simulations of transposition docking were made in two primary modes.
Mode 1 was with the CSM thrusting at probe-drogue contact and maintaining
the thrust until capture latch. Mode 2 was with neither vehicle thrust-
ing. For all three misslons, the mode 1 capture performance was signifi-
cantly better than for mode 2. The TLD performance for mission D was
better in both modes than for missions F and G. (Capture performance
for missions ¥ and G was considered the same in TLD because of their



similar mass characteristics; thus, actual digital simulations were not
made for mission F.) Tables III to VIII and figures 2 to T present cap-

ture results for missions D and G in TLD. Tables IIT to VIIT show cap-
" ture times for various lateral wvelocity, axial velocity, angular
misglinement, and angular rate combinations for mode 1. Figures 2 and
3, in which the axial and lateral velocities are varied, present the
poorest mission D capture performance times for modes 1 and.2. Similar
plots for mission G are presented in figures 4 and 5. Figures 6 and 7
show capture performance for axial velocity versus radial miss distance
for mode 2 of missions D and G.

Lunar Orbit Docking

Simulations of lunar orbit docking were made in three primary modes.
Modes 1 and 2 were with the CSM and IM, respectively, thrusting at probe-
_ drogue contact and maintaining the thrust until capture latch. Mode 3
was with neither vehicle thrusting. Mode 1 performance for mission D
was significantly better than for mission G. (Mission G LOD capture
performance can be considered conservative performance for mission F
because of mass characteristics; therefore, actual digital simulations
of mission F were not made.) Mode 2 performance for both missions D and
G, and alsc for mission F, was very.good. Mode 3 performance was very
poor for all three missions with the poorest performance being on mis-
sion G. Tables IX to XX and figures 8§ to 12 present capture times for
various lateral velocity, axial velocity, angular misalinement, and
angular rate combinations for modes 1 and 2. Figures 8, 9, and 10, in
vhich the axial and lateral velocities are varied, present the poorest
capture performance times for modes 1 and 2. Figures 11 and 12 show
capture performance of axial velocity versus radial miss distance for
mode 3.

CONCLUDING REMARKS

The docking capture performance was established for missions D, F,
and G using a digital program which simulated the docking dynamics.
Rezults indicated that optimum capture performance in all missions for
transposition docking was for the condition of the command and service
module thrusting from-initial probe-drogue contact until capture latch,
and for lunar orbit docking was for the condition of the lunar module
thrusting from initial probe-drogue contact until capture latch.
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TABLE III.- MISSION D TRANSPOSITION DOCKING

WITH CSM THRUSTING (CASE 1)

Radial ‘ Axial Capture time, sec
velocity velocity .
VR’ VA’ . 8 = 0 deg '8 = 10 deg
fps {ps 8 = 0 deg/sec 8 = 1 deg/sec
0.00 1.00 0.61 : 0.6k
.25 1.00 .6l .97
.25 s 75 1.10 l.22
.25 .50 1.47 1.51
25 .25 2.05 1.89
.50 1.00 <90 1.06
.50 .75 1.19 1.34
.50 .50 5.55 1.77
.50 .25 6.35 ' 2.k9




TABLE IV.- MISSION D TRANSPOSITION DOCKIRG

WITH CSM THRUSTING (CASE 2)

Radial Axial Capture time, sec
velocity velocity ,
VR’ VA, = 0 deg 6 = 10 deg 6 = =10 deg
fPS fps 0 deg/sec deg/sec 1 deg/sec
0.00 1.00 0.63 .88
25 1.00 .86 .98
.25 .75 1.17 .25
.25 .50 5.18 .57
.25 .25 2.40 .15
.50 1.00 7.16 .06
.50 75 6.90 .33
.50 .50 7.20 .84
.50 .25 T.ko 2.60
-.25 1.00 .60 -
-.25 -15 .81 -
-.25 .50 1.20 —_—
-.25 .25 6.72 —_—
-.50 1.00 8.87 -
-.50 W75 7.96 —
-.50 .50 ® -
-.50 .25 ice _—

Note: (:) is greater than 1l0-second capture time, <:> is capture

failure (Jjackknife condition), and icc is impossible con-
tact condition.




TABLE V.- MISSION D TRANSPOSITION DOCKING

WITH CSM THRUSTING (CASE 3)

Radial ' Axial Capture time, sec
velocity velocity
VR’ VA’ ) B = 0 deg . 8 = 10 deg
fps £ps 8 = Q0 deg/sec § = 1 deg/ sec
0.00 1.00 0.63 0.93
25 1.00 8L .94
.25 5 1.13 1.1
.25 .50 6.95 1.L5
+25 <25 7.40 2.08
.50 .100 9.k .78
50 .15 9.20 1.13
.50 .50 7.22 ®
.50 .25 7.40 &

Note: @ is capture failure (jackknife condition).




TABLE VI,- MISSION G TRANSPOSITICN DCCKING

WITH CSM THRUSTING (CASE 1)

11

Radial Axial Capture time, sec
velocity velocity
VR’ VA’ . 8 = 0 deg '6 = 10 deg .@ = 10 deg
fps fps 8 = 0 deg/sec 8 = 1 deg/sec 8 = -1 deg/sec
0.00 1.00 0.68 0.93 1.19
.25 1.00 1.00 .95 7.28
.25 TS 6.36 1.30 6.63
.25 .50 : 5.96 1.63 9.90
.25 .25 2.L6 2.01 9.53
.50 1.00 6.25 1.50 T.2G
.50 .75 6.148 © 8.13
.50 50 ® &
.50 .25 9.86 2.77 &

Note: (:) is capture failure (jackknife condition),

greater than l0-second capture time,

C) is
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TABLE VIIl.- MISSION G TRANSPOSITION DOCKING

WITH CSM THRUSTING (CASE 2)

Radial Axial Capture time, sec
velocity velocity , ‘
VR’ VA’ 8 =0 deg 5 = 10 deg 0 = =10 deg
fps fps 8 = 0 deg/sec | 6 = 1 deg/zec | @ = ~1 deg/sec
0.00 1.00 0.87 - 1.08 0.78
.25 1.00 7.0 | 1.6 -
.25 .75 6.58 1.47 _—
.25 .50 6.3 - . 1.75 _—
.25 .25 6.68 2.31 -

.50 1.00 ®@ €5 | -
@

£ 50 .75 ® —

.50 .50 6.L7 & —

.50 .25 8.29 3.00 -
-.25 1.00 .6l - ST
-.25 .75 1.02 — 95
-.25 .50 1.33 - 1.18
-.25 .25 T.42 - 6.29
-.50 1.00 9.61 ~— ol
-.50 .75 ® - .96
-.50 .50 9.62 _— C)
-.50 .25 ice —_ C)

Note: C) is greater than 10-second capture time, (:) is capture

failure (jackknife condition), and icc is impossible con-
tact condition.




TABLE VIII.- MISSION G TRANSPOSITION DOCKING

WITH CSM THRUSTING (CASE 3)

13

Radial Axial Capture time, sec
velocity veloclty
VR’ VA’ 8 = 0 deg 8 = 10 deg 0 = 10 deg
fps fps @ = 0 deg/sec | 6 = 1 deg/sec | 9 = -1 deg/sec
0.00 1.00 0.86 8.70 0.91
.25 1.00 8.17 1.06 @
.25 .75 6.60 6.51 ®
.25 .50 9.68 5.42 7.86
.25 25 6.76 2.28 T.55
.50 1.00 ® 1.02 &
.50 .75 ® € ®
.50 .50 9.00 & 9.03
.50 .25 9.13 & ®
Note: @D is greater than 1l0-second capture time, and <:> is

capture failure (jackknife condition).
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TABLE IX.- MISSION D LUNAR ORBIT DOCKING

WITH LM THRUSTING (CASE 1)

Radial Axial Capture time, sec
velocity velocity —
VR’ VA’ 8 = 0 deg & = 10 deg
fps fps 8 = 0 deg/sec 8 = 1 deg/sec
0.00 1.00 0.7 0.68
.25 1.00 .84 .78
.25 75 1.08 .gh
.25 50 1,40 1.20
.25 .25 1.88 1.56
.50 1.00 .58 _ .01
.50 S5 1.32 1.10
.50 .50 1.73 1.4
.50 .25 2.10 1.92
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TABLE X.- MISSION D LUNAR ORBIT DOCKING

WITH LM THRUSTING (CASE 2)

Radial Axial Capture time, sec
velocity velocity
VR; VA’ 8 = 0 deg 8 = 10 deg . B = —lO‘deg
fps fps 8 = 0 deg/sec | 8 =1 deg/sec | 68 = -1 deg/sec
0.00 1.00 0.72 | 0.72 0.78
.25 1.00 .8k -5 --
.25 15 1.1k L7 -
.25 .50 2.09 1.24 -
.25 .25 2.83 1.65 -
.50 1.00 1.16 .89 -
.50 75 1.47 1.18 —
.50 .50 2.8k 2.08 -
.50 25 3.82 3.39 ' —
-.25 1.00 .69 — .72
-.25 .15 - .91 - 1.65
-.25 .50 : 2.30 - 2.47
-.25 .25 2.27 - 2.66
~.50 1.00 2.35 — 1.65
~.50 .75 2.96 - by
-«50 .20 2.59 - 2.95
-.50 .25 ice —_ 3.36

Note: icc is impossible contact condition.
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TABLE XI.- MISSION D LUNAR ORBIT DOCKING

WITE IM THRUSTING -{CASE 3)

Radial Axial- Capture time, sec
velocity velocity ,
VR, VA’ . 0 = 0 deg ‘ B = 10 deg
fps fps 8 = 0 deg/sec 8 = 1 deg/sec
0.00 1.00 0.73 0.7k
.25 1.00 .82 .76
.25 .75 1.92 1.80
.25 .50 2.47 2.28
.25 .25 3.08 2.93
.50 1.00 1.73 1.89
.50 LTS 2.52 2.40
.50 .50 3.26 3.51
.50 .25 k.43 3.28
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TABLE XIT.- MISSION D LUNAR ORBIT DOCKING

WITH CSM THRUSTING (CASE 1)

Radial Axial Capture time, sec
velocity veloeity -
VR’ VA, 8 = 0 deg 8 = 10 deg
fps fps 8 = 0 deg/sec 8 = 1 deg/sec
0.00 1.00 0.84 0.7L
.25 1.00 1.1k 1.20
.25 TS l1.23 1.25
«25 ~50 1.62 1.32
«25 .25 2.28 1.79
.50 1.00 2.7 1.71
.50 .T5 1.51 1.70
.50 -+ 50 2.05 1.69
.50 .25 2.56 2.29
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TABLE XIII.- MISSION D LUKAR CORBIT DOCKING

WITH CSM THRUSTING (CASE 2)

Radial Axial Capture time, sec
veloeity velocity
VR’ VA’ 8 =0 deg 8 = 10 deg 8 = =10 deg
fos fps 8 = 0 deg/sec 6 = 1 deg/sec 6 = -1 deg/sec
0.00 1.00 0.85 2.62 0.96
.25 1.00 2.43 1.31 —
.25 .15 ' 3.30 1.17 —
.25 .50 3.kho 1.53 -
.25 .25 L.26 2.06 L -—
.50 1.00 3.52 2.70 —
.50 .75 L.kg 3.36 -
.50 .50 4.18 3.96 -_—
.50 .25 5.24 4,71 -
-.25 1.00 3.07 - .85
-.25 .75 3.5k —_— 3.60
-.25 .50 4.10 - 3.93
-.25 .25 o h.s3 - h.21
-.50 1.00 5.41 - 6.05
-.50 75 6.43 - 6.26
-.50 .50 7.02 - T.06
-.50 .25 icc - 8.31

Note: iecc is impossible contact condition.




TABLE XIV.- MISSION D LUNAR ORBIT DCCKING

WITH CSM THRUSTING (CASE 3)

Radial Axial Capture time, sec
velocity velocity
VR’ VA’ 6 = 0 deg 8 = 10 deg
fps fps 8 =0 deg/sec § = 1 deg/sec
0.00 1.00 0.82 2.23
.25 1.00 2.71 .92
.25 .75 3.53 1.18
.25 .20 3.53 3.03
.25 .25 4,90 3.88
«50 1.00 3.59 3.62
.50 715 5.62 L.05
.50 .50 T.33 6.37
.50 .25 6.23 5.63
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TABLE XV.- MISSION G LUNAR ORBIT DOCKING

WITH IM THRUSTING {CASE 1)

Radial Axial Capture time, sec
velocity velocity
Vs Vs 8 = 0 deg 6 = 10 deg 8 = 10 deg
fps Tps 8 = 0 deg/sec 8 = 1 deg/sec deg/sec
0.00 1.00 0.69 0.63 .78
« 25 1,00 .19 T2 .90
.25 .75 .96 .84 1.03
.25 .50 1.1k 1.00 1.2k
.25 25 1.40 1.21 1.40
.50 1.00 .90 .83 1.05
.50 .15 1.12 87 l.21
.50 .50 1.30 1.16 1.39
.50 .25 _ 1.48 1.41 1.50




TABLE XVI.- MISSION G LUNAR ORBIT DOCKING

. WITH LM THRUSTING (CASE 2)

21

Radial

Axial Capture time, sec
velocity velocity

VR? VA’ 6= 0 deg 6 = 10 deg 0 = <10 deg

fps fps 0 = 0 deg/sec |0 = 1 deg/sec | 0 = -1 deg/sec |

0.00 1.00 C.f0 0.69 0.75
.25 1,00 .80 .72 -
.25 15 +99 .85 —
.25 .50 1.22 1.03 -

.25 .25 2.21 1.24 -
.50 1.00 2.29 .83 —_—
+50 <75 2.60 1.01 _—
«50 250 2.93 l1.22 -
« 50 .25 2,92 2.53 -
.25, 1.00 .67 - .70
.25 .15 .82 - .89
.25 .50 1.95 - 1.7
.25 25 1.93 - 1.95
.50 1.00 1.74 - 1.96
.50 15 1.84 - 1.98
.50 .50 2.05 - 2.16
.50 .25 ice — 2,60
Note: icc is impossible‘contact condition.
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TABLE XVII.- MISSION G LUNAR ORBIT DOCKING

. WITH LM THRUSTING (CASE 3)

Radial Axial Capture time, sec
velocit i velocity

Vgs Yy,  8=0deg | & =10deg 8 =10 deg

fps fps 8 = 0 deg/sec | ® = 1 deg/sec |® = -1 deg/sec

0.00 1.00 0.71 0.72 0.72
.25 1.00 1.65 .73 1.86
.25 LTS 1.78 87 2.69
.25 .50 2,08 1.85 2.89
.25 .25 2.31 2.7T 2.88
.50 1.00 2.10 1.90 3.12
.50 75 3.13 3.10 2.51
.50 .50 2.63 3.29 2.66
.50 .25 2.95 3.33 3.7T1




TABLE XVIII.- MISSION G LUNAR ORBIT DOCKING

- WITH CSM THRUSTING (CASE 1)

23

Radial  Axial Capture time, sec
velocity ‘velocity -
VR, VA’ 6 = 0 deg 8 = 10 deg €@ = 10 deg
fps fps 8 =0 deg/sec | 6 = 1 deg/sec | 8 = -1 deg/sec
0.00 1.00 2.97 2.98 4.4
.25 1.00 3.70 3.17 3.37
.25 .75 . 3.69 3.69 3.85
.25 .50 2.0k 1.51 L.18
.25 .25 2.96 2.1k 2.61
.50. 1.00 L.78 4,31 5.01
.50 .75 5.23 h,o7 3.70
.50 .50 2.52 : 2.06 L. b9
.50 .25 ' 3.51 2.85 2,98




2k

TABLE XIX.- MISSION G LUNAR ORBIT DOCKING

WITH CSM THRUSTING (CASE 2)

Radial

Axial Capture time, sec
velocity velocity

VR, VA, . 6 = 0 deg .6 = 10 deg ) @ = =10 deg

fps fps 8 = 0 deg/sec | 8 = 1 deg/sec | 6 = -1 deg/sec

0.00 1.00 2.85 5.19 h.15
.25 . 1.00 3.58 4.23 -
.25 .15 3.75 5.51 -
.25 50 5.05 1.66 -
.25 .25 5.86 2.31 -—
.50 1.00 4,06 “L.09 -
+ 50 LT5 4.91 4,65 -
.50 .50 8.16 - 5.62 -
.50 .25 ® 6.70 -
.25 1.00 6.11 - h.53
.25 .75 6.45 -— 6.45
.25 .50 5.10 — 4. Th
.25 .25 6.04 - 6.71
.50 1.00 ®@ - @
.50. .75 @ — ®
.50 .50 6.49 -— ®
.50 .25 “ice — 8.61

Note: C) is greater than 10-second capture time, and icc is

impossible contact condition.




TABLE XX.- MISSION G LUNAR ORBIT DOCKING

| WITH CSM THRUSTING (CASE 3)

25

Radisal Axial Capture time, sec
velocity velocity
Vgs C Vs | 0=0de 8=10 deg 8=10 deg
fps fps 8 = 0 deg/sec | 8 = 1 deg/sec | 8 = -1 deg/sec
0.00 1.00 2.65 6.19 4.h3
.25 1.00 . k.30 4.80 6.82
.25 .T5 L,37 4,25 8.06
.25 .50 5.07" 3.9%4 8.03
.25 .25 8.28 6.62 6.61
.50 1.00. 6.34 4 .84 @
.50” .15 6.40 63) ®
.50 .50 8.79 ) ®
.50 .25 ® ® ®

Note: @ is. greater than l0-second capture time.
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