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FOREWORD

This study was performed under Contract NAS8-31542 for the George C.
Marshall Space Flight Center of the National Aeronautics and Space Administra-
tion under the direction of Mr. James I, Newcomb and Mr. Paul T. Craighead,

the Contracting Officer's Representatives.

volumes:
Volume I - Executive Summary
Volume II - étudy of Results
Volume III - Procedures and Plans
Volume IV - Supporting Analyses
Yolume V - Cost Analysis
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1. " DYNAMIC ANALYSES AND TOOLS

Problems associated with spacecraft docking have received considerable
attention in the past few years. This was primarily necessitated by the docking
requirements of the Apolle, Skylab, and Apollo/Soyouz missions, In addition,
missions of the future, in particular those associated with Space Shuttle and
Space Tug operations, that require docking of space vehicles with satellites will
necessitate extensive analyses, The docking maneuver and its associated responses
will, no doubt, be of prime consideratlon in the design of these large flexible
structures. Other considerations that must be included in the design of docklng
attenuation mechanisms 1nc1ude definition of successful capture boundarles defini~
tion of spacecraft attitude control requirements, propellant utilization studies,

and man/machine interaction or the degree of automation.

- i
LI B “ri o

Tests to 81mu1ate the docklng maneuver are very expensive, and, generally
the results are'not conclu31ve because of the differences between.the test and
space environment. Accurate and economical analytical formulations of the docking
maneuver are imperative w%tb respect to many aspects of vehicle and dockipg mechanism

design,

. This chapter summarizes the dynamics.analyses tools that were developed (or
extended from existing_gaglyses) and implemented during ‘the coursé of these in-
vestigations, Two digiral codes were. employed,. The first considers the Tug/
spacecraft/attenuation mechanism as a-dynamical system'.of iaterconnected rigid
bodies. An interface for inclusion of control logic is available. -Large amplitude
propellant motions are accounted for with a pendulum analog that assumes the fluid
to move as a point mass on a spherical constraint surfacé, The sécond code is 2
modification of the Martin ‘Marietta developed IMPRES program for detailed docking
dynamics apalysis. An interface for inclusion of control logi¢ is available. Large
amplitude, propellant motions are accounted for through inclusion of an analog which
assumes that the fluid moves as a point mass on an ellipsoidal constraint surface.
This analog is an extension of the Martin Marietta .developed approach which has

been validated through comparison with experimental results.

The following references may be used to provide additional clarification of

the analytical techniques:



1) Orbital Docking Dynamics, MCR-74~23, Martin Marietta Corpgration,
Denver, Colorado, April 1974 (Contract NAS8-26159)

2) Dynamic Analysis of a Flexible Spacecraft with Rotating Components,
MCR-75~18, Martin Marietta Corporation, Denver, Colorado, August

1975 (Contract NAS8-30761)

A, IMPRES = DOCKING DYNAMICS ANALYSIS OF SPACECRAFT WITH EXPLICIT MECHANISM
DEFINITION

The analysis of spacecraft docking requires an accurate mathematical de-
scription of the mechanical systém and solution of the resulting differential
equations. Generally speaking, impact problems involve the use of kinematical con-
ditions of constraint, and except for very elementary or degenerate situations,
the conditions of constraint are nonholonomic. A nonholonomic constraint can he
mathematically expressed only in terms of differential displacements. The corre-
sponding equation of constraint cannot, therefore, be used to eliminate one co-
ordinate in terms of remaining c¢oordinates, A given mechanical system might in-
clude various combinations of holonomic constraints, or it might include constraint
conditions that are enforced at times and relaxed at others, depending on position
or other functions of configuration state, The last mentioned circumstance would
correspond, at best, to a piecewise holonomic constrazint condition. This formula-
tion of the equations of motion is general to the extent of including any type,
or ‘combination of types, of kinematical constraint conditions. To achieve this
objective, we have employed Lagrange's method of undetermined multipliers. An
extremely celebrated and useful feature inherent in the use of Lagrange's multi=-
pliers is that holonomic constraints can be dealt with in exactly the same way as
nonholonomic constraints; if a mathematical expression of constraint can be
written in terms of displacement coordinates, then it can also be written in terms
of differential displacements, simply by differentiating the former equation.
Thus, if Lagrange's multipliers are used to implement all constraint conditions,

then it is unnecessary to distinguish between types of constraints.

1. Basic Approach = For an unconservative system with general type censtraints,

Lagrange's equations of motion are



where the index (r) ranges from 1 through the number of generalized coordinates
while the index (s) ranges from 1 through the number of constraint equations.

The term on the right side of the second set of equations accounts for the‘ﬁossi-
bility of rheonomic (moving) constraints. The first set represents a set of
second-order ordinary differential equations, while the second represents a set

of algebraic equations to be satisfied simultaneously with the motion equations.

We have employed a Hamiltonian approach to problem formulation. Imn this
technique gemneralized accelerations are eliminated in favor of generalized mo-
menta to replace n second-order equations with 2n first-order equations. The

Hamiltonian function is defined -as the sum of kinetic and potential energies

H = T+V (I.A=2)

and the generalized momenta are

-

o= 9L . (I.A-3)

The kinetic energy of a discretized scleronomic mechanical system is of

positive~definite quadratic form in the generalized velocities,

T = 1/2 Z: ‘ Ej—:—Mij 4 95 » ‘ (L.A-4)

or, in matrix notation,

T = 1/2 {;1}1" [M] {c}} : S ' (1.A-5)

From the definition (I.A-3), it follows that

- [ i)

and, as [bi] is positive~definite, an inverse exists and

(i} = [0 o}



With reference to Equations (I.A=-5) and (I.A-7), we have two ways to express

kinetic energy:

(3} o}

I
it

or

=
I

v e [x]" fe}

(I.A-8)

(L.4-9)

Now, because the potential energy depends on position and not velocity, it is

permissible to write the first of Equations (I.A~1l) as

d g ) B
T [gE;CT-V)] - gc'l—(T-V)—Qr*'Zbrs' A

T
-]

but from the definition Equation (I.A-2) it follows that
T-V=2C-T=V=2T «H,

and in temms of configuration coordinates (p and q) we write

T~V = {Q}T {p}- 1/2 {p}T [M]'l {p}- V.

Now, substituting Equation (I.A-12) into Equation (I.4-10) yields

. dH A
P. ¥ Q aqr + 2 / brs Mg

5
;I=QL
r P,
E :bsr 9@ = bstét)

i-4

(I.A-10)

(I.A-11)

{I.A-12)

(1.A-13)



These are Hamilton's equations of motion with .constraints shown .in an abstract

form; however, they are general and.all-encompassing.

2.

that impact occurs only between two bodies,

Generalized Coordinates - Selection of generalized coordinates assumes

the Tug (chase vehicle) and a space-
craft (target vehicle). For each there is a set of generalized coordinates;

attenuation mechanism coordinates are considered separately. As Tug, spacecraft
and impact mechanism are independent except for the equations oﬁ constraint and
the corresponding Lagrange multipliers, it is permissible to develop equations
for each. Hence ﬁe have applied Egquations (IL.A-13) to the th;ee,mechanical sub-

systems and the total set of generalized coordinates is

Xl& Projections of the position vector from the origin of
{ql} = XéT the inertial reference frame to the spacecraft mass
XBT center, onto the orthogonal 1nert1a1 axes
Bor,
131 Euler parameters, used to describe the attitude of the
T
!qz} =g spacecraft body-fixed axis system with respect to the
2T
inertial reference axis system
8 .
3T
£ :
£ Generalized modal displacements for spacecraft elastic
2T
{q } _ deflection
3 L4
ENT
*1c Projections of the position vector from the origin of
= JX
{q&% 2C the. inertial reference frame to the Tug mass center,
X
3C onto the orthogonal ipertial .axes



Euler parameters, used to describe the attitude of the

B
{qsf = BIC Tug's body-fixed axis system with respect to the inertial
BZC reference axis system
3C
16 Generalized modal displacements for Tug elastic deflec-
2
= C tion
{46 } '
ENC
pl
o Generalized displacements of parts of the impact attenua-
{9}2 2 tion mechanism
"No
3. Motion Eqﬁations for An Elastic Vehicle - The kinetic energy of an elastic
vehicle is
T=1/2n (‘Gc . vc)'+ 1/2 5 - h+ 1/2 E : éf; (I.A-14)
' k
where

m 1is the mass,

v_ is the absolute velocity of the mass center,

@ ig the angular wvelocity of the hody~fixed axis system,

h is the moment of momentum of the body (as if it were considered rigid)

about an axis through the mass center,

K is the time rate of change of the elastic normal deflection in the

kth mode.



Equation (I.A=14) has no coupling.terms between rigid velocities and elastic

velocities as a consequence of neglecting the contribution of elastic tangential

velocities due to the angular rotation rate.

The potential energy includes only strain energy due to elastic deflec-

tion and it follows that

The Lagrangian function is

]
l_l
~
N
B

A
g\
+
NgY
+

SN

where

1 ﬁ.o
. i}
Bi= 61
B¢
By
] 0
. [i]= 0 In Iy
0 I, Iy
i 0 -Ii3 ~Iy3

{I.A-15)

(L.A-16)

(T.4-17)

(1.A-18)

I-7



and

and it follows that the Hamiltonian function is

- 2 2 2
H=1/2 (le + PX2 + PX3 ) j//#

(1.4-19)

(I.A-20)



Now with reference to Equation (I.A-].S),. the translational equations are

. = . + I.A"Zl

Py = * 2 : bxs *s ( )
3 3 = i

X. = (T.A-22)

Xj 1/m ij

. 8o
. ) - ) - d T ~. - )_'1. .Pﬁ-
= - 1 2 ) 3 ] ' G () 1
pﬁ’k gﬁj{ - 1 I.Pﬁo PB]_ pﬁz )83_! aﬁk( [ﬁm] [I] I:B :] ' PB
PB3

+ ZS: bpks- A | (I.A-23)

which, with some algebraic manipulations, become

IR S L [ O R RU R (et

(1.A-25)

PP n gy
T
S g g
i
=
.
'-.l
o]
| a—
o
| E—— |
H
=
—?
rred
1
'—I
| —
E'DD
| I |
g,
_Q'U
St
.

1-9



The equations correspdnding te vehicle elastic deflectiocns are

+

. _ .2 _
Pg =Q, -y &, F Z beo Ag (1.A-26)
i ] = d
.. =p. . (1.A-27)
€5 7 P
4, Mechanism Equations - To accommodate a general impact attenuation device-

it is necessary to assume that large deformations occur between working parts of
the mechanism. The contribution to potential energy from internal mechanism re-
storing forces is substantial, but because force-displacement characteristics are
nonlinear, in general, it is extremely difficult to derive a ‘potential energy func-
tion corresponding to mechanism displacments, Additional special treatment given
to the mechanism includes the effects of restoring forces with those due to non-
conservative (dissipative) internal forces in the mechanism generalized force

vector <Q This circumvents expressing potential energy for the mechanism,

p -
and because mass of the mechanism is negligible, a Hamiltonian function is zero.

The first of Hamilton's equations, (I.A-13) as applied to the mechanism yields.

foh = [T} - o)

because

1-10



5., System Equations - The previous developments applied to Tug, spacecraft

and mechanism yield 'the motion and constraint equations:

(il dof e D]
- o} BTt - B
(i) - {el

B e
aJp) e
i - {of - el bl = Dt

e I
oo

T
it

(I.A-3D)
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1]
T i,
o
o
s

where Equations (I.A=29, 30, 31,
(I.A=32, 33, 34, 38,.39, and 40)

mechanism and Equations (I.A-42)

As the final step in the

generalized momenta equations to
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o
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(I.A-38)

(1.4-39)

(I.A-40)

+ [bAP]T JA} | (L.A=41)

3 0 ‘ (1.A=42)

+
| —
o

-

-
—
e i

.
N
]

35, 36 and 37) refer to the spacecraft, Equations
refer to the Tug, Equations (I.A=41) are for the

are the constraint equations.

basic development we have transformed the

ordinary momenta. Ordinary translational momenta

are related to generalized translational momenta as

I-12 -
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where ‘y] is a matrix of direction cosines relating body attitude to the inertial
reference and ordinary angular momenta are related to generalized angular momenta

{v} - [-TB ]T{ 3 | . (1.A~44)

where [?Bﬁ ] relates Euler parameter derivatives to spin vector components,

Application of the above to both Tug and spacecraft yields

tht = {e} R '[‘bu [T fay +[92] {h,} | (1.4045)

-

fe, b + [”bM,J'T‘“}: +‘[€l_5] {n} - (I.A-46)

gt
.
I~
———
|

where

e
(2]
o
Semp—
1

2] b &) = 5] 1%t >

= [72] [bAl]T ; [%aa]T = [75]‘

[
o
-
(-
—_
o]

0 93T T °yT 0. ou Teye |
[92] = gl 0 0 7 . [QS] = "mzc 0 ® 0
- - ¢

“yT UxT 0 | myC “xC J

{hQ} = {Gz} + [E,\:; T{A}‘ + —921 {hz} (I.A-47)
N ) i _

. _ 1T ~ -

hot = dosh + || 131+ [ as] g} (1.4-48)
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where

16} = [Tﬁz]T thz} > {8} = [TBS]T e}

[Ba]® = [e]" [oa] - )™ - ] o]

for the angular momenta,

The elastic deformation equations are unchanged and are summarized as

g} = %Ga} - ["’g]{%} +‘|:EA3]TN - (1.A-49)

{h6} = {GG} - [”2]{%? +[EA6]T{'\} . {(I.A-50)
~ where

fhgh = {B5h o dhgl = o

{G:;} = {Q:;} 2 *GE,}

Bl - D] - ] = o]

With the new definitions of momenta, it follows that' the auxiliary non-

1l
iy
&
S

o

2

holonomic velocities are:

P i N
|
=
Nemie, iy
]
3 B |’_‘
[
o s,
=
e Wy

§ ~ 1.
lwz = 12] 1 {hZ}
-1 : (I.A=51)
[ h !
U& :%i {-i} ‘
I1-14 ¢ = |1 ] ihs}




Now the generalized velocities, expressed in terms- of nonholonomic velocities,

are

W e
[

Lo
N

| “82 3“2) (1.A-52)

Q..
L
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Ll
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1
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]
=
P e e
[m]
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S e

and the constraint equations become

] o) » (5] {4 <[]

SR 16V [
+, ‘bM_ {UA} + bAS le} + [bkﬁ]{ qe} (1.A4-53)
+1{b ‘b = {0
elid b
where I:bl3] = |:bA'3] and [bhﬁ] = [bz\6:| .
6. The State Vector - The motion and constraint equations are expressed as a

set of simultaneous first—order‘diffe'rential equations

Vi = f (Vl’ Vos sees Vn, £) (1.A-34)
where

v = 41> -++> dgs p > hl’ “e e h6: Sbs (1:A~55)
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and (ql) thru (qﬁ)/ represents generélized coordinates for the elastic target
and chase vehicles, | p) represents the generalized displacements of the impact
attenuation mechanism, (hl ) thru. (h6‘) correspond to the momenta of the two
elastic vehicles there are no momenta corresponding to the (assumed) massless
impact attenuation mechanisnl) and (acs) represents pertinent control system

parameters.

7. The Large Amplitude Fluid Motion Model* = Developments to this point have

presented the system governing equations for the impact analysis of two orbiting
vehicles without consideration of any propellant motions. In the case of the
Space Tug an extengion to consider these effects is warranted. Consider a vehicle

with an (assumed) ellipsoidal tank as shown in Figure I-1 ,

%~ fluld mass
".

vehicle

Figure 1-1 Ellipsoidal Tank Representation

Using a spherical coordinate transformation in terms of the coordinates p 4,6

yields
X = pcosd
= psing cosyg (I.4-56)
z = psin¢ sing

* This approach to fluid motion coupling was developed by Carl. S. Bodley, Martin
Marietta Corporation, November 1975.

I-16



for the cartesian coordinates subject to the boundary constraint

W e

where a, b,.c define the shape of the ellipseid. It follows that

. = ~ (1.A-58)

. [(s.o_s_é_)z + (g eost. )2 . (w)z]%

and, therefore, the coordinates ¢, 4
on the ellipsoidal surface.

are sufficient to describe the fluid motion

For the rigid Tug vehicle with two tanks define the vector of velocities

C (I.A-59)
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where Ues Vo and Wn represent the translational velocity of the Tug center of
MABS; wycr Gup and o,c represent the angular velocity of the Tug center of mass;

and Xj, ?1, Z; and %5, ¥,, %, represent the inertial velocity of the LH, and LO

2 2

fluid masses, respectively, Now it follows that

(ol = [+1] .

with {V‘ = u

and

—
-}
e
H
-
o
woH
-
i
=

In the above definitions, note that

identity matrix,

-
]

coordinate rotation to inertial frame from body reference frame,
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sk, = " 2, Y i = 1,2? ,
"Zi Xi
Yi T %

A, = LA D, (1 =1,2)
B, E,
1 i
C:. Fi_!

and xi in . xi
y]. = yEl +[Ri] y].
25 ZEi 2y

The notation [Rg] denotes the coordinate rotation transformation to the Tug body-

axis system from the ith tank local reference frame.

We now make the assumption that the tanks are positioned such that the

local x-axis is parallel to the Tug longitudinal axis and Equation (I.A-58) re-

duces to

cos¢>i 2 s:inn;f::L 2 . ) ¢
e |5 (50) e
J
. 3 - oo —1.— — 1—
with p,= P ¢i sing, cos¢ (ai bf) (1.A-62)

and, therefore
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A = ~pgind + K 93 sing cosng
) 3 2
B = pcos¢ cosf + K p” 8in"¢ cos¢ cosé
= . 3 2
C = pcosd sin@ + K p~ 8in“¢ cos¢ sind
D = 0
E = - psiné sing

F = p sing cosf
L _ 1

with K = ( 2 2) .
a b

Also, we have

A = ~p sing - ppcosd +XK [szﬁ sing cosqu
+ Psé (cos3¢ - 2 sin2¢ cos ¢)]

B = 5cos¢ cos § -pésiné cos -Pécos¢ sin ¢

(1.A-63)

+ K [3 pzﬁ sin2¢ cosd cosf + Psév (2 sing coszq!: cos @

+

- ai’n3¢ cosg ) - pig sinqu cos ¢ sina]

¢ = pcos¢ sing - p$sin¢ sin® +P@ cos¢ cosf
+K[ 3p%) sinp cosd sing
. 3
+ P3 % (2 sing¢ coszda sing - sin ¢ sind)
+ P3§ sinzq'» cos ¢ cosa]
D =0
E = -p sin¢ sing -pa?a cos¢d s8ing -p§ sin¢ cosd
F = psing cosg +pd coso cosg -p i sin¢ sing

[-20
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8. Inclugion of Fluid Motion Analog into Basic Approach - The ellipsoid tank

representation developed previously has been incorporated into the basic equations
of motion and constraint and the original IMPRES code was modified in a consistent
fashion. This involved a redefinition of the equations of motion for the Tug
vehicle only; the applicable spacecraft equations of motion and those pertinent

to the attenuation mechanism required no rodification.

For the Tug vehicle, the equations of motiom as &eveloped previously and

extended to include fluid interactioris can be written in a most concise form as

{1;} - {G} N [g]{h‘} ; [@]{AF} . (1.4-65)

If we now define

{3}= [TT]{h} @)

where [T] is as described previously, it follows that
g_fl} = [TT] {h} + [TT] {h} (1.4-67)

defines the new momenta equations for the Tug vehicle.

9, Digital Code and Sample PrograﬁkData - The original IMPRES code was

delivered to Marshall Space Flight Center under Contract NAS8-26159 and is not re-

produced here; only those portions of the code that were added or modified during
this study are included,
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A note'regarding the structure of program input data is indicated in that
input requirements'havé been slightly extended, Tﬂe original version requires
user-supplied input to define the initial conditions., With reference to MCR~74-23
(Martin Marietta Corporation, April 1974), these initial conditions are defined

by the array

XC YC C 0
£ n g
uC VC C 0

where
row 1l defines inertial coordinates of Tug mass center,
row 2 defines Tug inertial attitude
row 3 defines Tug translational velocity with respect to apacecraft

row 4 defines Tug angular velocity with respect to spacecraft

which must be augmented such that
row 5 = l.¢1 8, ¢ 8y J ~, the initial fluid or}entatlong and
row 6 = l.él 6y &2 6, J , the initial. fluid rages.

Also, the program code reads an array (FLUID) containing pertinent fluid

and tank geometric data, viz

FLUID = my o a b1 gy  YE1  %E1
my 3 by Xy Vg 2
where m, = fluid mass
b, = tank coefficients

%1» %4
Kpss Ypis 2p = position of tank center with respect to Tug mass center

and two coordinates rotation transformations (TROTI and TROT2) which orient the

local tank coordinates frames with respect to the Tug body-fixed coordinate frame.
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B. DOCKRB - DOCKING DYNAMICS ANALYSIS OF SPACECRAFT USING RIGID- BODY "ANALYSIS

The approach developed within this section differs markedly from that pre-
sented previously in that the Tug/spacecraft dynamical system is assumed to consist
of a number of intercommected rigid bodies. The assembled system, or any portion
thereof, may be spinning or nonspinning and members of the system may experilence
large relative excursions with respect to each other, The system is, by its in-
herent nature, a feedback system where inertial forces (e.g., arising from centrif-

ugal or Coriolis acceleration) and restoring and damping forces are motion de-

pendent,

The-following subsections detail the basic analytical techniques and de~-

scribe the application to the Tug/spacecraft docking simulation,

i. ~ System CharacteriZing Equations - The state equations governing the dynamic

response of the total system are summarized as
| -1 T
%Usj [m]j ( GIJ. +[b]j3/\i (1.B-1)
EED ML ' (1.3-2)
3 .
\

) % £( {B} {B} ,- {s}) | B (i.B-s)

subject to the constraint equations

Zj:[b]j%Uzj =i&$ ' ' (1.1.3-4)-

where the index j ranges over the number of bodies which compriée the system,

[

{l

T

Qae

The first three sets of equations represent n first order, nonlinear, ordinary
differential equations while the last represents m additional conditions of

kinematic constraint.

State variables of the configuration space include absolute velocities
‘U }, position coordinates (both angular and cartesian position) gy , and

additional variables {8 } that are referred to as control variables,
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Equations (I.B=1) represent dynsmic equilibrium équations for the jth
body., They state that a mass matrix l:m 3? postmultiplied by a vector of relative

accelerations ([])j, broduces a vector of inertial forces that is balanced by all

other state and time dependent forces G)j and interconnection constraint forces,

( [b]? A').The constraint forces (I: ?

1A% are necessary in order that the
kinematic constraint equations are satisfie

; "elements of the vector ( L) are
actually Lagrange multipliers, Equations (I.B-2) represent a kinematical trans-
formation, transforming nonholonomic velocities to time derivatives of position
coordinates. Equétions (1.B=3) are auxiliary differential equations used to iﬁple;

ment control dynamics and other feedback effects,

'Equations (I.B-@) are an active set of kinematic cohd;tions and Equatfons_

(i.B-Z) are a passive set. The active set is used to calculate m of the dependent

_elements of the (l}). vectors in terms of the remaining independent elements and
the prescribed velocities ( &) , some of which may be zero and some user-defined
functions of time, Thus, the constraint equations are of a general form'because

nonholonomic, rheconomic conditions may be so represented. ‘

Lagrange multipliers are included for two reasons: (1) a monitor of the
multipliers as a function of system motion gives the interconnection forces and
torqgues, and (2) it is convenlent to calculate and use the (‘h) vector in Equa-
tion (L.B-1). The Lagrange multipliers are calculated by differentiating Equation
(I.B-4) and combining the result with Equation (I.B~l) giving

1

SRR AR H NIEE Rt

{.B-5)
The differential equations of motion for the system are of the genéral form:

V.

;= F (yl, Yos w=es Yy o3 € ) » (1.B-6)

where the state vector and its time derivative are
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_ - -
{7} = |tvh {7} = |tk
{vt, o},
{U}NB {0}

P A

8, B,

“ng ne

1 o1

§) 8

s Bys

with NB the total number of bodies of the system, NS the total aumber of position

coordinates necessary to orient the system and N§  the total number of auxiliary

{control) differential equations required,

2. Dynamic Equations for a Single Body - Lagrange's equatiens for a rigid

body are

m

d of oT
- - < = Q.+ Lo A
dt (aq.) 34, Y Z R

3 3 i=1

and
n
a3 43t 2, =0

j=1

(I.B=7)
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The generalized constraint forces E aji A augment the generalized
1

forces Qj (that arise due to the action of external factors) and are necessary

in order that the additional conditions of constraint be satisfied, Equations
(I.B-7) are complete and general, and the auxiliary constraint equations are in an
all encompassing form, because holonomic conditions may be so represented. The
coefficients‘(aij)may depend explicitly on the time (t), thus the constraint con-

ditions as shown account for both rheonomic and scleronomic situations.

In the equations, n is the number of generalized coordinates involved in
the representation and m is the number of auxiliary conditions of constraint,
Note that, although -the q are generalized coordinates (as they must be for the
Lagrangian formulation) they are independent only in the isolated case when m=0,

or when there are no auxiliary constraint conditions.

The generalized coordinates chosen to represent a typical body include
three Euler angles to indicate attitude of the body fixed axis system relative to
an inertial frame and three projections (components) of the position vector from
the origin of the inertial frame to the origin of the body fixed reference system,
Note that the origin of the body fixed axis system needn't necessarily coincide

. t
with the body's mass center. For the r b body, the generalized coordinates are:

{a} -

Attitude
Euler Angles

Body's reference
point position
coordinates

N M e e &

and, there exists a transformation that relates a set of nonholonomic velocities

to the generalized velocities. This transformation is

1-26 ’UE i [ﬁ]H (1.5-8)



where

-1

and the elements of the trﬁnsformation (Y) are direction cosines relafipg atti-
tude of the body fixed axis system to the inertial frame. The tfansformation{ﬂj
is also a rotation transformation; however, it is not orthonormal because. it re-

" lates vector components based on an orthogonal basis to those of a skew (non=

orthogonal) basis; namely the axes about which Euler rotations are measured.

Kinetic energy for the typical body is

“ T-=% f(’\? . "ﬁ)ad v (1.B-10)
v ) .

where V is the velocity field and, with reference to Figure [-2 , can be ex-

presged as

<l
I
|
+
el
w
2-1!

R 0 ‘ (I.B-11)

with VR.= d

dt

Now, substituting Equation (I,B~1l} inteo Equation (I.B-10) and performing the

integration yields

1 J{, X Inertial
Reference Frame

1-27
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yE e e Y (I.B-12)
-J -J J w
Z2X =y zZz ]
where m= fod V
v

and all other quantitiesin Equation (I.B~12) are obtained by cyclic permutations
of ¥, ¥ and z. As kinetic energy is of quadratic form in {U } we have

T=% LU 4 [m] {U} - _ (1.B-13)

with [m] =173 -3 -J . -s s
KX Xy Xz z v
- . I -1 g - (I.B-14)

yy yz z b4

J ~8 S

ZZ y X

m

symmetric "

m
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» using Equations (1.B-14), (I.B~8) and (I1.B-13), the kinetic energy bec

Let us

Now define the ordinary momenta to be

and

T = %Lq.l[p { %

now refer back to Lagrange's Equations and re-

([]THM f)
+§Q + % {L«u[

fe} = [=](A] {a}
= [n] {u}

, since {U} = - [ﬁ]{q}

. it follows that 14 } [ﬁ] ju } -

fo} = 1 fo + B ( Juod o) £

and

- [ ["“]T{*‘} ’
[a] [B]'l {U} - {-at} .

)7 [l )

omes

_© (I.B-15)

express them in matri

With this we have

x format

(I.B-16)

(1.B-17)

(I1.B-18)

(I.B-19)
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-1T °
Note now that [l?] transforms the generalized forces {(}} to forces "acting

in the quasi-coordinates',

e T o

thus {Gex } contains ordinary forces and moments due to external sources and

corresponds to time derivatives of the ordinary momenta,

Because the transformation[B]depends only on the Euler angles, it follows

that only the first six elements of the column

e (o0 Lo delf L0 4

are non-zero, and one finds after considerable algebraic manipulation that this

column may be reexpressed as

[ﬁ] P% = i w, ey w -v ‘ p(mx) {(I.B-20) -
-a, o | o | ] ey
oy o v - (s
“z "y p(u)
"%z “x p(v)
L oy -o, | _p(w) i

so that equations (I.B~18) and (I.B-19) can finally be expressed as .
’ﬁt=%c *+ [3]2pt+[b:|TiAE (I.B~21)
ex F )

b 3U* = ,a{ (1.B-22)




The constraint equations are now expressed in terms of the nonholonomic
velocities {U }; the coefficients [b] are obtained directly from relativeiy
simple, vectorial expressions of kinematic constraint. ?he'same [b:] coefficients
are transposed and used to multiply {A }, producing constraint forces/torques

corresponding to the ordinary momenta,

If we now define {G } to be

o fed + B e

it follows that the dynamic equilibrium equations for the rth body are

it - [ o+ B

to be used in conjunction with system kinematic constraint equations

2[b-]r )-U’}‘r i} {“} @

This is the same form as that given by Equations fI.B-l) and (I.B-4),

3. Application to Tug Docking - The rigid body developments discussed pre-

viously were applied to the analysis of the Space Tug/spacecraft docking
maneuver. This was accomplished by considering the total system to consist

of six bodies as shown in Figure I1-3 .
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0 lhoa]
=0 d

Note: O Body
<> Hinge

Figure I-3 Tug/Spacecraft System Topology

With reference to the figure, Body 1 (Tug structure) is positioned with respect
to an inertial reference through definition of Hinge 1%, Bodieg 2 and 3 (LH,
and 102 fluid mass) are positioned with respect to Body 1 via Hinges 2 and 3
respectively while Body 4 (Tug attenuation mechanism) is positioned with respect
to Body 1 via Hinge 4. Hinge 5 defines the position of Body 5 (spacecraft atten-

vation mechanism) with respect to Body 4 and Body 6 (spacecraft structure)-is

* A hinge is defined to be a pair of structural hard points with a point
situated on each of two contiguous bodies.
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positioned with respect to Body 5 via Hinge 6.

At each hinge or connection point there are six possible degrezs of
freedom. The topology of the complete system is defined by fixing any or
all of the relative degrees of freedom (fixed constraint) or by prescribing
the relative motion corresponding to the degrees of freedom (rheonoﬁic con-

straint). Table [-1 summarizes the total system topology.

Table I-1 Summary of Topology

Body
1 Tug structure + engine
2 LHp fluid mass
3 LQO2 fluid mass
4 Tug attenuation mechanism
5 S/C attenuation mechanism
6 5/C structure
Hinge
1 Body 1 to inertia - no constraints, & DOF
2 Body 2 to Body 1 - constrain translation, 3 DOF
3 Body 3 to Body 1 - constrain translation, 3 DOF
4 Body 4 to Body 1 - user option, 0-6 DOF
5 Body 5 to Body 4 - user prescribed, 6 DOF (rheonomic)
6 Body 5 to Body 6 - user option, 0-6 DOF

&. The Large Amplitude Fluid Mction Mode)l - The large amplitude fluid motion

model assumes that the liquid is constrained to move as a point mass oa a
spherical surface as .indicated in Figure L.B-2. This assumption is not con-
sidered to be unduly restrictive in view of the known Tug tank geometry.

From MSFC 68M00039-2 we have that the volumes of the LHy and LOp tanks
are 1748 ft3 and 640 ft3, respectively so that, for a spherical approximation,
the equivalent tank radii are 7.47 ft and 5.34 ft, respectively. Now it can
be shown that an expression for the ratio of propellant volume to tank volume

is given by

« =V /¥ =1/2+38/4 + B83/4 (1.B-26)
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where V. = volume of propellant
Vt = volume of tank
g = yi/rS
yi = fluid level in tank
r, = equivalent spherical radius

and an expression for the ratio of propellant centroid location to equivalent
spherical radius is given by '
Y =F/r =301 -28%+ p%/16a (1.B-27)

Table I+2 summarizes results for three burn ratios where.r, denotes the

equivalent radius arm for the LHy and LOg fluid masses.

Table I-2 Summary of Fluid Geometry
re -(in.)

% burn % fill vi/rs J/rg LH, 102
70 30 .28 .531 47 .61 34.06
50 50 .0 .375 33.63 24.06
30 70 -.28 227 20.36 14.56

The appropriate fluid masses are noted in Table
4.4 and 71 1b/ft3 for LHy and 1Oy are assumed.

I-3 where densities of

5.

Table 1-3 Summary of Fluid Masses
% burn LHy (1bs) LOy (1lbs) burn ratio
70 2138 12802 © 5.987
50 3564 21336 5.987
30 4939 29870 5.987

indicated in Figure

1-34

Vehicle Inertial Characteristics ~ The inertial properties of
were taken from MSFC 68M00039-2.

I1-4, we have the properties listed in Table

With reference to the coordinate system

-4 .

the Tug


http:where.re

- not to scale
zg = 400 ,’//;7*h__f‘ :

Xy = 936

Xy = 1?9?
Figure [-4 . Tug Coordinate System for Definition of Inertial Properties

Table I-4. Tug Inertial Properties

Mass = 178.73 slugs

Inertia Jxx Jyy Juz
(slug-£t2) 5173.5 15939 15191
Center of Gravity X v z

(in.) 1094.3 -0.5 395.8

The inertial and geometric properties of the spacecraft® used in these analyses
are shown in Figure I-5 and Table 1-5.

* These data taken from SSPD (A-5), March 1973.
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docking collar

e 10,6 e

. A

Figure I-5, sEos Spacecraft Schematic

Table I-5. SEOS Spacecraft Properties

Mass = 81.86 slugs

Jyx = 3650 slug-£t?
Jyy = 3660 slug-£t2
J,, = 630 slug-ft‘2

6. loads Transformation to Selected Mechanism Points ~ The simulation monitors

constraint forces acting at the several hinge points (eg., some reference point
on the impact attenuation mechanism) and this information provides wvaluable in-
sight into the nature of the interface forces and torques generated as the
impacting vehicles move together. However, it is 2lso desirable to ascertain

a more complete definition of how these interface forces and torques might be
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distributed throughout the attenuation mechanism. With reference to Figure
[-6 , the forces and torques acting at some reference point on thé mechanism

can be expressed in terms of those acting at several other mechanism points
y

Fy

Ey .
: T
T, Z. 0

Ty

Figure I-6. Mechanism Loads in Terms of loads at Reference Point

by the expressions

(r. +F. y. -F =z) -  F_ = E :F
%9 Z ¥ Bty 0 % *y

(T +F 2z, -F %) CF = 2 F (1.8-28)
Yo S R S Yo Y5

’ E (T +F_  x, -F_ y.) Fooo_ i F .
0 ~zy ¥; i x. 71 zg g

so that we have 6 equations and 6N unknowns of the form

e
I

=3
Il

3
I
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—
F = P Tx T T F F F .o .
*» Yo %0 *o Yo %o i Y1 % % Y1 3y
1
1
1
z:L -yi
-z X,
i
Yi %
.
or, in condensed form
T T.T

B™ = XA ‘ (1.B-29)
which is equivalent to AX = B.
Now, given the equations AX = B with more unknowns than available equations, it
can be shown that a solution (not necessarily unique) is

X = AT(AAT)"ls (I.B-30)
and this establishes a transformation (AT(AAT)”I) that establishes the forces
and torques at selected points in terms of those at the interface reference

point.

7. Power Series Representation of Docking Trajectory - The impact maneuver

simulation is structured such that supplied values of initial and final con-

ditions describing relative positions, rates and accelerations of one vehicle
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with respect to the other are satisfied through prescription of rheonomically
applied constraint éonditions. In general, there are six relative degrees of
freedom between the spacecraft and Tug (three translation and three rotation)
and each of the six are described as a power series functlon of time as (eg.,

the longitudinal dlsplacement)

_ 2 3 & 5 '
x = ag + alt + azt + 33t + a4t + ast (L.B-31)
. 2 .3 4
X = ay + 2a%t +‘3a3t + 4a4t + 535t
% = 2a, + 6a.t + 12a,t> + 20a_t>
2 35 T M4 5t

where the coefficients are satisfied by the irnitial and final conditions.

Thus, if we prescribe for t=0 (initiation of maneuver) that

xf =D xf =B - = F
we have
-.ap = A a; =3B a, = c/2
and
3 4 5
L te te ag D-A-Bt ~Cty /2
2 3 4
3tf 4tf 5tf a, E-B- Ct
2 3
6tf 12tf 20tf ag

which can be solved for a4, 8y and ag. Knowledge of the series coefficients

now allows a step-by-step evaluation for acceleration, velocity and displacement
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for each of the six relative coordinates as indicated in Figure I[-7 .

time
Z time of maneuver

yeélocity

Figure I~7. Typical Docking Trajectory

This technique has been implemented in the digital code although any other

prescription of the docking trajectory could be accommodated with only minor

changes.

8. Digital Code and Sample Program Data - The digital code presented herein
is derived from a more general approach to solutions of systems of intercon-

nected flexible spacecraft systems that was originally developed for Marshall
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Space Flight Center under contract NAS8-30761.

The required program input formats are completely described in Volume II

of the previously cited reféerence MCR-75-18 with the excepéﬁon of-two addi-

tional input arrays. . The first array specifies the initial and- final values

of displacement,.velocity and acceleration across the docking interface hinge

in the form

' DOCDAT =

Ne

Ne

and the second specifys the coordinate locations of points on_tﬁe Tug mechanism

where forces and torques are desired, viz

I-4]



i1, PROGRAM DOCK DESCRIPTION

This program is a 3-D simulation of the terminal docking of a -tug with
2 spacecraft. Closed loop attitude and tramslation contxol utilizes
sensors measuriné relative.range, line-of-sight and target attitude to
direct the firing of multiﬁle tug attitude control rockets to maneuver
to a docking with the spacecraft, This initial version of the program
directs the tug to approach the spacecraft along the docking axis to an
impact docking at a prescribed approach velocity. A simple phase plane
autobilot controls tug attitude, and translatiom veloqity commands are

followed within prescribed dead band tolerances.
A, MATHEMATICAL, FORMULATION

The general requifements that resulted in the formulation of this program
are discussed in Volume 11, Section 1II.D.2, and are not reiterated here.
Rather, this section simply describes how these requirements were met,
The geometrical representation is of pitch plane motion of the Space Tug
relative to a target spacecraft moving in a circular orbif about the
earth. The Tug is controlled by 24 rocket engineé {not all of them used
in pitch plane motion) which can be‘pulsed for some minimum duration,

or left on as_lbﬁg,as desired, These engines are oriented as defined

in the MSFC Tug‘Baseline Deé;;iftions Document (Vol, II, Ref, 7). Pitch
attitude control is effected using the phase plane logic described in this
bageline documgnt. The -axes are defined differently, being related to
the line of gight between Tug and Spacecraft, rather than to inertial
attitude. hcntrol laws afe used which operate on sensed data (line-of-
sight, target attitude and range - reflecting the availability of these

data) to direct closure between the vehicles.

In an effort to save computer time, this program does not operate at
the shortest airborne computer (minor) cycle at all times., Rather, it
preferentially cperates at a long 'coast' cycle that will not be a part
of Tug airborne computer logic. It then performs a sequence of tests to
determine if any shorter computer interval activities were passed over

in the simulation. If this is the case, the simulation shortens its

same
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computational interval as required to achieve a true representation of
Tug motion., This logic is somewhat involved, as shown in this- section,

but it results in excellent computer time savings.

Finally, this program generates the summary of output data required
to interpret system performance. The principal mathematical formulations

required to implement these functions follows:

1. Definition of Geometry

/ - Al

Target
ngog}%oﬂ / Atttt.udo
Q-

—tg
Orbitel
Koticn "k“\\\\.nookins '(//ir X
Port Docking
38’-"1 Axis Is

X-Axis .
Figure II-1. ©Program Dock Geometry

The sign conventions and general geometry used in this simulation
is shown in Figure TI-1. This array permits representation of the physical
geometry of the tug, including an offset center of graﬁity, location of

the docking sensors and docking mechanism towards the forward end of the
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Tug, and the use of a peripheral type of docking mechanism, The origin
of the X-Y axes is at the centerline of the target spacecraft,-with the
Y-axis- along the quﬁh radius and the X-axis opposite to the direction
" of spacecraft eircular orbital motion, The docking axis, in.this

formulation, is assumed to be along the X-axis.

The arrangement of RCS engines is as described in the Baseline Tug
Description, The numbering of these nozzles is illustrated-in Figure
I1-2. This also shows the CaGo offset with respect to the engine location.
Not all of ‘these engines are involvgd in the pitch plane motion simulated

in this program.

17

16 \1’(;&95

21

35 14 23 é@vém

24 |19

ﬁOANTD--Omt Angle of Pitch & Yaw Nozzles
RCANTD--0ant Angle Of Roll Nozzles (Dosg
(Positive cutward From Axes Of Symmetry

Figure II-2, RCS Engine Geometry
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2, RGCS Engine Forces & Moments -- The forces and moments created by

each of the RCS engines is summarized in Table Ii-l. The program logic
for .turning these engines on is as follows. In the sequence, translation
commands are honored first, then attitude commands are suberiﬁposed. A
forward translation command results in engines, 1, 2, 7, 8, 13, 14, 19
and 20 being turned on, An aft translation command.results in engines
4.-5, 10, 11, 16, 17, 22 and 23 being turned on. 1In the superposition
for attitude control, a pitch-up cogmand results in engines ?,ﬂﬁ, 22 and
23 being turned on, engines 10, 11’%&9 and 20 being turned off if they
are on, A pitch down command results in the reverse operation. Thrust

forces and propellant utilization are given in terms of an input value

of thrust (THR), and a flow rate derived from specific impulse

(gh = 3%, where g = 9.8 w/sec? (32.174 ft/sec?))

3. Coast Integration -- The coast flight motion uses the Clobessy-

Willshire formulation for the relative motion between two vehicles, where
the origin of a rotating rectangular coordimate system is centered in one
of the vehicles as illustrated in Figure V-1. The acceleration of a
vehicle coasting in this coordinate frame, assﬁmiﬁg a linearization of

the acceleration forces, is given by:

(34

= Gl y,
¥. = 62y, - Gl X,
where
_ BE
Gl = 2 qiﬁ
_ 3u
62= 33
# = BEBarth's gravitational constant
R = Radius of reference circular orbit

() = Represents initial condition



&0

o §00d
%;Hgav a qyNIOTEd

¢-1T

Table I1-~1 RCS Engine Forces and Moments

Engine Horizontal Verticeal Pitch Use
Translstion Translation Torgque
Force .Forse \
1&2 2% THR*Cos (PYGANT) 0 2= THR*Coa (PYCANT) #V0G Move Fwd
3 0 THR*Co8 (RCANT) ~-THR#Coa (RCANT) #LCG Move Up
4 &5 =2#THR*Cos (PYCANT) 0 -2+ THR*C0os (PYCANT) #VCG Move Aft
6 0 - THR#Cos (RCANT) THR#*Cos (RCANT) #LCG Movae Down
T&8 2xTHR# Gos (PYCANT) 2% THR#Sin (PYCANT) ~2#THR#*Cos (PYCANT) * Pitch Down
{MTRAD.VOG-LCG#Sin (PYCANT) ) Move Fwd
10 & 11 ~2¢THR*Cos (PYCANT) —2# THR*Sin (PYCANYT) 2eTHR#Cos (PYCANT) # Pitch Up
’ {MTRAD~VCG+LCG#31in (PYCANT) ) Move Aft
13 & 14 28 THR#Cos (PYCANT) 0 2+ THR*Cos (PYCANT) #VCa- Move Fwd
15 o] THR#*Co8 (RCANT) -THR#*G o8 (RCANT) #LCG Move Up
16 & 17 ~2#THR*Cos{PYCANT) o - ~2#THR#Co8s (PYCANT) #V0a Yove ALY
18 s] . ~THR*Cos (RCGANT) THR#Cos{RCANT) #LCG Move Down
19 & 20 24 THR*Gos (PYCANT) 25 TLR*21n (PYCANT) 2* THR#*CGog (PYCANT) # Move Fwd
' (MTRADYVCG-LCG#31in(PYCANT) ) Piteh Up
22 & 23 =24 THR*Cos {PYCANT) 24 THR#S1n (PYCANT) -24THR#C o8 (PYCANT)# Move Aft
{(MTRADWVCG+LOGH#Sin (FYCANT)Y ) Pitch Down |
Sign Convention: Forward, Up Forces And
Nose Up Mcment Poasitlve



- An evaluation of the complexity of integration required to achieve ade-
quate accuracy was made for anticipated docking simulation distances and
times, It was found that the simplest approach was adequate. Therefore,

the following coast integration was employed.

B b ad
X, = X +XDIic
- 3 5 X 2
Xy X, + X, DIC + } X (DTC)
Y. = ¥ +7Y ore
1 o
™ o< 2
= 1
Yy Y +Y DIC+% Y (DTC)

where DTC = Coast integration interval,

Also, in coast flight, there are no forces changing the vehicle pitch

rate, Therefore:

Ql = 90 + @ DTG

&, Powered Flight Integration -- The powered flight integration is

identical in principal. The difference is that the contribution of the
thrust of each engine that is turxned om to horizontal and vertical com-
ponents of force and to torque is sunmed up and set equal to HTHR, VTHR
and TORQUE, respectively. Then,

N TORQUE 2
0, =0, + 0  DIP +5—— Tyy (DTPR)
3 -
o, =6, +IRUE prp

YY

B 90 + 6y

“ave =3
where
DTP = Powered flight integration interval
Iyy = Vehicle pitch moment of inertia
) HTHR cos O VIHR sin O
X = (e) ¥ - AVG + Ave
o m m
HTHR sin © VIHR cos ©

oo_ : AVG AVG
Y = (62) ¥, -~ (G X, + - + —
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The integration techmique used here is identical to that used in coast
flight., Current weight is obtained by integrating propellant flow rate,

Moment cof inertia is assumed constant.,

50 Commend Generation -- The commands used to drive the tug to final

docking are based upon measurements. of range, line of sight and target
attitude made by the sensors{See Figure II-1). Measurements are generated

by calculating the true location of the sehSOr, and adding measurement

errors;

X¥XI = X - LSENS cos (THETA)
YI = Y 4 LSENS sin (THETA)
where

X1, ?I-are true instrument location
R X, Y are true Tug CG locaticon

THETA is Tug pitch angle

LSENS is shown on Figure II-1

Then:
2, g2 E
RANGS = (XI“ + YI<) + RGER
TAS = arctan (YI/XIL) + TAER
LOSS = -(arctan (YI/XI) + THETA + LOSER)
where

RANGS is sensed range

RGER is its measurement gfror
TAS 1is sensed target attitude
TAER is its measurement error
1.0SS is sensed line of sight
LOSER is its measurement error

NOTE: Error inputs are in degrees

These measurements are then used to generate the components of sensed

tug position and velocity.
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_I1-8

XS = X - LSENS * cos (THETA)

¥S = Y + LSENS * sin (THETA)

XSD = XD -+ LSENS % sin (THETA) * THD + VHER

¥SD = YD + LSENS * cos (THETA) * THD + VVER
where - ‘

XD, YD are velocities at the Tug C.G.
THD jis true Tug pitch rate -

VHER, VVER are input components of velocity measurement error

This program dedls with the loss of measurements by updating position
information in a simulated Tug IMU to agree with sensed position infbfma—.
tion at the time the measurement is lost, and using these data to generate

dummy. sensed data, The dummy sensed position data (XIU, YIU) is generated

‘and used after either sensed range data (range less than MRRNG) or target

‘attitude data (range less than MRTA) is lost. Then, at ranges less than -

MRRNG:
2 2,%
RANGS = (X1U” + YIU®)
At ranges less than MRTA,
TAS = arctan (YIU/XIU)
At ranges less rhan MRLOS, )
1.08S = ~{arctan (YIU/XIU) + THETA)

The steering, or command, control laws implemented in this simulation

‘are very simplé, but have performed adequately:

THCOM = LOSS + THETA

XDCOM = KVAPR

YDCOM = KVAPR * KSTEER * (YS/XS)
where ‘ ’

THCOM is pitch command
XDCOM is X-velocity command (input as KVAPR)
YDCOM is lateral velocity command

KSTEER is steering gain



These calculations are made at the start of each major (powered
flight) cycle and held constant throughout that period, Attitude error
signals are generated (equivalent to) each minor cycle using the differ-
ence between the current pitch attitude and the command.

THER = THETA - THCOM )

Attitude commands are established as described in the next subsection.
Translation engine settings are updated once each major cycle by forming
translation velocity errors and comparing them with the acceptable dead
bond., If the velocity error (XSD ~ XDCOM or YSD - YDCOM) is greater or
less than the velocity dead band (VDBX/2 or VDBY¥/2), the appropriate

translation engine settings are made (Section IT.A.2Z).

6. Attitude Phage Plane Definition

"_—“_-\ (L0S)

. dt—— alMn e S——

: _
A AN @ o
N\
\\\

(1)

{0}

.

(-2)

Figure TI-3, Phase Plane Representation
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The attitude phase plane representation implemented in this program
is illustrated in Figure 11;3. Program input parameters are illustrated ~-
it is set up to‘accept these parameters in degrees'and convert them to
radians internally. Program logic turns the pitch down engines full on
in the (2) region illustrated, on for one minor cycle interval in the
(1) region. 1In the (0) region, no pitch engines are called for. The

(-2) and (-1) regions are pitch up regions.

The pitch error entryy to the phase-plane control is generated as the
current pitch .attitude minus the pitch command., Pitch command generation
was discussed in subsection IT,B.5. The line of sight rate entry is
composed of the inertial pitch rate plus a geometric line of sight rate
generated from Eié—z ,» where R and V are the relative range and velocity
measured by the rendezvous sensors. Specifically:

XS % ¥SD - ¥S * XSD

st + Y32

LSR = THD +

where
IS8R is the line of sight rate
X5, YS are sensed position
X8D, YSD are sensed velocity
THD is pitch rate

7. Compute Interval Control -- A simplified overall logic flow for

PROGRAM DOCK is shown in Figure II-4, This illustrates the main aspects

of how the computational interwval is controlled,

At the start of each interval, attitude and translation commands are
checked. TIf neither is required, and coast (power off) flight is commanded,
a long coast compute interval is initiated (DTCS is the input name for the
standard coast interval). If power-off flight is stiil commanded at the
end of the interval, integration at the coast interval is continued. if
not, a calculation routine 1is entered to establish the end of the first
major cycle where translation commands were not satisfied, or the end of
first minor cycle where attitude commands were not_satisfied (whichever

came first}, The major cycle interpretation is made simply by backing
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8, Printout. Summary ~- The standard printout block is shown in the

sample run shown,  in Table II-4.. Several auxiliary calculations are

required to show the motion of the docking mechanism with respect to

the spacecraft docking port. An approach path, and bosition and rates

of the docking mechanism top corner, bottom corner and centerline are

generated, The geometry associated with these parameters is shown in
Figure II-1,

XCL
¥CL
XBCL

YDCL .

PATH
XTC
YTC
XDTC

YDTC
XBC
YBC
XDBC
YDBC

where

The resulting equations are given by:

X - IMECH * cos (THETA)

Y + IMECH * sin (THETA) - VCG % cos (THETA)

XD + IMECH * sin (THETA) * THD

YD + LMECH * cos (THETA) * THD - VCG * sin (THETA) * THD
Aton (YDCL/XDCL ’ -

X - IMECH * cos (THETA) + DMECH * sin (THETA)

Y + IMECH * sin (THETA) - (VCG - DMECH) * cos (THETA)

XD + IMECH * sin (THETA) * THD + DMECH * cos (THETA) * THD

YD + LMECH * cos (THETA) * THD - (VCG - DMECH) * cos (THETA) * THD

X - IMECH * cos (THETA) - DMECH * sin (THETA)
Y + IMECH * sin (THETA) - (DMECH + VCG) * cos (THETA)
XD 4+ IMECH * sin (THETA) * THD - DMECH * cos (THETA) * THD

YD + IMECH * cos (THETA) * THD - (DMECH + VCG) * cos (THETA) * THD

XCL, YCL is mechanism centerline position

XDCL, YDCL is mechanism centerline velocity

PATH is centerline approach path angle

XTC, YTIC is mechanism top corner position

XDTC, YDTIC is mechanism top corner velocity

XBC, YBC is mechanism bottom corner position

‘XDBG, YDBC is mechanism bottom corner wvelocity

THETA is Tug pitch angle

THD is Tug pitéh rate

IMECH is C.G. to Mechanism distance (Figure II-1)
IMECH is mechanism diameter (Figure II-1)

VCG is vertical displacement of Tug C.G. (Figure II-1)

PRECEDING PAG

ag BLANK NOT FILMED)
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B. FROGRAM DOCK DESCRIPTION

1. * USERS INSTRUCTIONS

This program utiliZzes stamdard FORTRAN namelist input. The arrangement
of the run deck is as follows:
1) Control Cards (System Dependent)
2) Program Deck
3} 1Input Deck
 P$ INPT

NAME = X,XX,

i

:

XXX,

&) - EOF

Any number of runs can be sequenced. The input namelist.with definitions

is:

REFR Orbital Radius of Target Spacecraft (£t)

LSENS Distance Fwd of C.G, of Sensor Package. (ft)

RGER Range Measurement Error -- Adds to Measurement (ft)
TAERD * Target Attitude Measurement Error '-- Additive (deg)
LOSERD Line-of-Sight Measurement Error ~- Additive (deg)

VHER Horizontal Velocity Measurement Accuracy (LL/sec)

VVER Vertical Velocity Measurement Accuracy (ft/sec)

MRRNG Minimum Range at Which Range can be Measured (ft),

MRTA Min Range at Which Target Attitude can be Measured (ft)
MRLOS Min Range at Which Line-of-Sight can be Measured (ft)
KVAPR Desired Docking Approach Velocity (£ft/sec)

KSTEER Lateral Velocity Steering Gain (Nondimensional)

ADBD Total Attitude Dead Band (deg)

MNTDD Minimum THETA Dot at Large THETA for Control Off (deg/sec)
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" RDBD
MIBBD
PROX
DIPR
DTEN
DTAS
VDBX
VDBY
vITY

THR
AISP
PYCANTD
RCANTD
VGG
CGL
RADMT
IMECH -
DMECH
YO

YO
YDO
YDO
THO
THDO
XEND
DTCS.

2.

Total Rate Dead Band (deg/sec)

Min Impulse Band Width (deg/sec)

Proximity - Range at Which Compute Interval, Qutput Change (ft)
Powered Flight Compute Interval at Remote Range (sec)
Poweréd Flight Compute Interval at Close Range (sec)
Attitude Control Minimum Impulse Compute Interval (seé)
thai X-Velocity Dead Band (£t/sec)

Total Y-Velocity Dead Band (ft/sec)

Vehicle. Moment of Inertia (slug ft #% 2)

Initial Vehicle .Weight (1b)

ACS Rocket Thrust (1b)

ACS Rocket ISP (sec)

Pitch/Yaw ACS Rocket Cant Angle (deg)

Roll ACS Rocket Nozzle Cant Angle (deg)

Vertical C.G. Offset (£t)

iongitudinal Distence of C,G. Ahead of Nozzles (ft)
Mount Radius of ACS Engine Modules (ft)

fongitudinal Distance from C,G, To Docking Mechanism (ft)
Diameter of Docking Mechanism (£ft)

Initial X-Position (ft)

Initial Y-Position (ft)

Initial X-Velocity (ft/sec)

Initial Y-Velocity (ft/sec)

Initial Pitch Attitude (deg)

Initial Pitch Rate (deg/sec)

Final X-Position at Docking

Coast Compute Interval

PROGRAM DETAILS

The complete flow of program Dock is given in Figure II-5. A listing is

shown in Table II-2, sample input in Table II-3 and sample output in
Table 11-3.
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Table IT~2(a) PROGRAM DOCK Llsting

. .
PROGRAM DDCK (INPUT;OU_TPL_T_T,TAPES=—‘INPUT,TAPE6==_0UTPUT)

DIMENSION - K2(2)y ENG(24,43)
COMMON / SENSOR / LSENS,RGER, TAER,LDSER ,MERNG¢MRTA,MRLOS,y
2RANGS 3 TAS s LOSS yKVAPR, KSTEER ¢ K IMU, X1, YT, XTUsYIU, VHER s VVER,GL OSD
COMMON / PRNT / TU(3),X{3),Y(3)sXD(2),YD(3},TH(3),THD{3),XS(3]),
2YS{3) 4 XDCOM(3) o YOCOM(3) yNPCFLG» TATTOT4NENG( 24}y LMECH,VCG4P1+DMECH,y
IWEIGHT{2) +PROPTOT,, THCOM(3 ) NVTRA JNHTRAGNATFLG(3) 4 PROX
COMMON 7/ ATCON / ADB,RDByMNTD,MIBB
REAL -LSENS,LOSER,LOSERD,MRRNG.MRTA, HRLGS,KVAPR,KSTEER,MNTD,MNTDD,
2 MIBByMIBBD s LMECH
NAMELIST / INPT / REFR,LSENS,RGER,TAERD,LOSERD,MRRNG;MRTAMRLOS,
2 KVAPR KSTEERyADBD3MNTDD ,ROBD 4 MIBBL 3 PROX $DTPRyDTPN,DTAS . VOBX,
3 VIYYsWTOTHR 9 ATSP o PYCANTD yRCANTD s VCG»CGLy RADMTy LMECH DMECH,
4 X0, Y0 s XDOy YDO » THOy THDDy XEND, DTC Sy VHER 3 VVER , VDBY
DATA PI+RMUsG / 3.141592654,1.4076452 E16432.174/
1000 WRITE (6,1001)
1001 FORMAT (1H1)
_READ (5,INPT)
IF (EQF,5) 2000,1005
1003 FORMAT (/7 2X.%$$3888 ° PROGRAM DDCK t888 4%
7 2X.k$888%% INPUT SUMMARY $$3$8$$%
/7 2X%REFR #E15.8% LSENS *E15,8% RGER *E15,.8% TAFRD *
F15.8%* LLOSERD*E15.8% MRRNG *E15.8
/ 2Xs*MRTA *E15.8% MRLOS *E15.8% KVAPR *E15,8% KSTEER*
E15.8% ADBD *F15.8% MNTDD *E15.8
/ 2X,*RDBD *E15.8% MIBBD *E15.8% PROX *E15.8% DTPR *
8 E15.8% DTPN *E15.8% DTAS *F15.8 )
1004 FORMAT | 2X%DTCS *E15.8% VIYY *E15.8% WTD  *E15.8% THR *
E15.8% AISP *E15.8% PYCANT*EI1S.BE
Z  2X.%*RCANTD#*E15.8% VCG *F15.8% CGL  *E15,8% RADMT *
E15.8% LMECH *E15.8% DMECH *E15.8 .
- .7 2X%X0 *E15.8% YO *£15.8% XDO  *E15.8% YDO  *
E15.8% THO  *E15,8% THDD *E15.8
/  2Xo*XEND *E15.8% VHER *E15.8% VVER *E15,8% VDBX *
E15.8% VDBY *£15.8)
1005 WRITE (56,1003) REFR,LSENS,RGER, TAEFD,LOSERD,MRRNG,HRTA MRLOS,
2K VAPR yKSTEERyADBD MNTDD,RDBD,MIBBD , PROX y DTPRSDTPN,DTAS
WRITE (6.1004DDTCS,VIYY1HTUoTHR,AISP,PYCANTD,RCANTD,VCG9CGL,RADHT,
2LMECH DMECH X0, Y0, XDO,YDO  THO, THDO 4 XEND » VHER , VWWER , VOB X VDBY
KIMUu=0
TH{2)=THO*PT/180.
THD(2)=THDO*P1/180.
X{(2)=X0
Y{2)=Y0
DD 1010 I=1,24
1010 NENGI(I)=0
XD{2)y=xDO
YD(2)=YDO
WEIGHT(2)=WTD
DUM=DTPN
IF ((XO-PROX)eGT+0.) DUM=DTPR ’Eﬂaﬂv
XS (1) =XD~XDO*DUM OF pg AL p,
Y5 (1)=Y0~-YDDADUM _
TAER=TAFRD*PI/180.
LOSER=LOSERD*P1/180.

NV PEWN

=~ W N e
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Table II-2(b)

ADB=ADPD*PI/I80.
HNTD=MNTDD%PI/180.
RDB=ROBD*PI/180.
MIBB=MIBBD*P1/180.
PYCANT=PYCANTC*PI/180.
RCANT=RCANTD*PI/180,
T{1)=-DUM

Ti{2)=0,

PROPTOT=0.

TATTOT=0.

TATLST=0.

TTOUT=1.E6

TACUT=1.E¢

VDXX=VYDBX

YoYY=VDBY .
ENG{1.,11=THRACOS{PYCANT)
ENG(2:2)=0.
ENGI{1:3)=FNG(1,1)*VCG
ENG(2,1)=ENGI1,1]
ENG(2:2)=0.
ENGI2,2)=ENG{1:3)
ENG(3,1)=0.
ENG(3,2)=THR*COS(RCANT}
ENG(3,3)=~ENG{3,2)*CGL
ENG(4,13=~ENG(1,1}
ENG(4¢2)=0.
ENGI4,3)=-ENGI1,2}
ENG(5,1)1=ENGl451)
ENG(54+42)=0,
ENGIZ:3)=ENG(4+:3)
ENG(&41)=0.
ENG(6,2)=-ENG(3,2)
ENG(GQB)‘-’:"ENG(?ga)
ENGIT;1}=ENG{1:1)
"ENG{Ty2)= ~THR*SINCPYCANT)
ENG(T7.,3)= —THR*COS(PYCANT}* (RADMT —VCG~CGL*SIN{PYCANT)})
ENGIB41)=ENG( 7,1} ) )
ENGIB¢2)}=ENG(T+2)

L ENG({B 3} =ENG(7+3}
"ENG{F,1)=0.

ENG(9¢3)=0.
ENG(IOvl’*ENGT‘HI’

LENG (1052 }=ENG (74 2)
VENG(10,3)= THRECOS(PYCANT)H(RADMT—VCG+CGL*ASIN(PYCANT))
"ENG{11,1)=FNG(10,1} o i
CENG(11,2)=ENG{10,2)
ENG(1193‘]=ENG‘1093,
ENG{12,1)=0.
ENG{12,2}=D.
ENG(12,3)=0,
TENGU13,1)=FNGUI, 1)
ENG{12,2)}=0,
ENG{13,3}=ENG(1,3)
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Table II-2(c)

ENGUlI4,1)=FNG(13,1)
ENGIY14,2)=ENG(13,2)
ENG(14,3)=ENG{13,3)
ENG{15,41)=0.
ENG({15,2)=ENG{3,42)
ENG{1543}=ENG({Z,3)
ENG{1é,2=ENGI4+1)
ENG(16,4,2)=D.
ENGL16,3)=ENG(4,3)
ENG{17:1)=ENG(4,1)
ENGI1T21=0.
FNGL{ITe3)=FENG(4y 3’
ENGI1Bs1)=0.- -
ENG{18,2)=ENGl&,2)

TENGLLES2)=ENG(E,3)

ENG(1941)=ENG(7,1)

ENG(1992)=~ENG{T+2)
ENG(1943)=THRACOSI{PYCANT)*(RADCMT+VLG~CGL*SIN(PYCANT))
ENG(2041)=ENG(19,1)

ENG{20,2)=ENG(19,2)

ENG(2093)=ENG(19+3)

ENG(2141)=0.

ENG(21,2)=C.
TENG(Z21,3)=0.

ENG(22+1)=ENG(4,1)

ENG(2242)=ENG(19+2) '
FNGl22g3!=-THP*CDS(PYCANT)*(RADMT+VCG+CGL*SIN(PYCANT))
ENG(2341)=ENG(2241)

ENG{23,2)=ENG(22,2)

ENG{23,3)=ENG(22,3)

ENG(24,1)=0.

ENG(2442)=0.

ENG(24,3)=0.

CALL PRINT

DTPS=DTPR

IF {X(2).LE.PROX) DYPS=DTPN

IF (X(2).LE.PPOX) VDXX=VDBX*DTPN/DTPR

IF (X{2).LE.PROX) VDYY=VOBY*DTPN/DTPR

IF (X{2).LE.PROX) ADB=ADBD*(PI/180.)*%(DTPN/DTPR)
TCN=TL2)Y+DTCS

TPN=T(2)+DTPS

CONTINUE

CALL COMG (X(Zl,Y(ZJ,TH(?},THCDN(Z),XDCOM(Z),YDCOM(Z),XS(Z) ¥S(2)
2XD(2)5YD(2) s THD(2) 4 XSD4YSD)

CALL TRALIM (VDXX,VDYY(XSD,YSD,XDCOME2),YDCOM{2),NVTRA,NHTRA)
IF (NVTRALEQ.O.AND.NHTRA.EQ.O0)Y GO TO 270

8 IF (NVTRA}10,30,420
10 NENG(6)=1

NENG(18)=1
GO TO 30

20 NENG(3)=1

NENG(15})=1

30 IF {NHTRA) 40,60,50
40 NENG{4)=1

NENG(5)=1
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Table II-2(d)

NENG({10)=1
NENG(11)=1
NENG(16)=1
NENG(17)=1
NENG(22)=1
NENG(23)=1
GO TO &0
50 NENG{1)=1
NENG(2)=1
NENG(7)=1
NENG(B)=1
NENG(13}=1
NENG(14)=1
NENG(19)=1
NENG(20)=1
60 THERR=TH(2)-THCOM{2)
CALL ATLIM TTHERR,THD(2) oNATFLG(2))
IF (NATFLG(2).EQ.0) GO TO 8%
65 TATON=T(2)
IF (NATELG(2).GT.0) GO TD 70
NENG(T)=1
NENG(8)=1
NENG(10)=0
NENG(11)=0
NENG (19)=0
NENG{20)=0
NENG(22)=1
NENG(23)=1
60 10 80
70" NENG(7)=0
NENG(&)=0
NENG{10)=1
NENG(111=1
NENG{19)=1
NENG(20)=1
NENG(22)=0
NENG(22)=0
80 TFIIABS(NATFLG(2)}.EQ.1) GO TO %0
A5 DTP=TPN-T(2)
TATON=T(2)
K=1
. GO 70 100
90 DTP=DTAS
A
. 100 NPCFLG=1
NTENG=0
HTHRED
VTHR=0
TOP =0
DO 1I0 T=1,24 -
HTHR=HTHR SNENG{ T ) SENG(1,1)
VTHR=VTHR+NENG {1 Y*ENG (1,2)
TOPG=TORQONENG{Y VHENG(1,3)
MTENG=NTENG+NENG (1)
110 CONTINUE
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Table II-2(e)

111

VM=WE 16HT (2} /G .

THDD=TORQ/VIYY

THD (3)=THD(2 )+THDDADTP
TH{3)=TH(2)+THDL2 ) #D TP +0 . 5ETHODED TP %2
THAVG=(TH(2)+TH(3))/2

G1=2.*(RMU/REFR**3)%%.,5

G233 . RMU/REFR*%3

XDD=G1*YD (2 ) ~HTHR*COS { THAVG 1 /VM+VTHR*S IN (THAVG) /VM
YDD=G2%Y (2)~G1#XD (2 ) +HTHR %S IN( THAVG )} /VM+VTHR#COS (THAVG ) /VM
XD(3)=XD{2)+XDD*DTP

X(2)=X(2)4XD (2)*DTP+.5*XDDXDTP*%2
YD(3)=YD(2)+YDD*DTP
Y{3)=Y(2)+YD{2)ADTP+.5%YDDXDTPE%2
WEIGHT(2)=WEIGHT (2 )}-NTENG*THR*DTP/AISP
DPROP=WEIGHT{3)~WEIGHT(2)

T(2)=T(2}+DTP

KINT=1

€2500 FORMAT { /2X,* DYP=%E15.8% T(1)=*%E15.8% T(2)=*E15.é* T{3)=%

¢
c

(o

114

115

120

130
135

. 140

150

2 E15.8%  K=#13% NATFLGZ=*I3% NATFLG3=%x13
3/ 2Xe* TPNT*E15.8% DPROP=#E15.8)

WRITE (6,2500) DTPT{1)eT(2),T(3),K.NATFLG(2) NATFLG(3),TPN,DPROP
TF(K.LE.O0} GO TO 210 '
THERR=TH{3}-THCOM(2)

CALL ATLIM (THERR,THD{3),NATFLG(3})

IF (1 NATFLG(2).EQ.NATFLG(3)).0R. (NATFLG(3).EQ.0)) GO TO 249
THERR=TH({2)-THCOM(2)

KKK=0

IF ({ NATFLG(2).EQ. 2).0R.INATFLG(2).EQ.0.AND.RATFLG(3)}.GT.0))
1 GO TO 180 i

TKI=(MNTD+RDB-THD(2)-GLOSD) /THDD

IF  (ABSETHDD).LT.{1.E-13)) TKI=1.E10
THK1=THERR+THD (2 )% TK1+.5%THDD*TK 1 %%2

A=, 5*RDB/ADB*THDD

B=THDD+RDB*THD (2 ) /ADB

C=THD{2)+RDB*THERR/ADB~RDB/2.+GLOSD

IF (ABS(A).LT.(1.E-12)) GO TO 135

DUM=B#%2—4 , *A*C

IF (DUM.GE.O0.) - GO TO 115

THK2=1.4ADB/2.+ MNTD*ADB/ROB

GO TO 120

TK21={~B+{DUM)%%.5)/(2.%A)

TK22= (=B~ (DUM)*¥,5)/(2.%A)

IF(TK21.LT.0.) GO TO 140

IF{TK22.1L7.0.}) 60 TO 130

IF({TK22-TK21) .6T.0.) 1305140

TK2=TK21

60 TO 150

TK2=~C/8

Gao YO 150

TK2=TKZ2" )
THK2=THERR+THD (2 } X TK2 4. S#THDD* TK2%%2

IF (KKK.EQ.0) GO TO 190

TK3=(-MNTD-RDB-THD (2)-GLOSD ) /THDD R )
IF  (ABS(THDD).LT.(1.E-13)) TK3=1.E1l0 OFEEHVAL' PAGE 19

THK3=THERR+THD (2) ¥ TK3 4. 5% THDL # TK 2%%2 O0R qu,
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Table 1I-2(f)

155 IF({THK1.LT.{-ADR/2,.-MNTD*ADB/RDE}) GO TO 140

IF{THK2.LT. (ADB/2, +MNTD*ADB/RDB)) GO TO 170
OTP=TK3
GO TO 200

160 DTP=TK1

GO TO 200

170 DTP=TKZ
GO TO 200
180 KKK=1

TKI=(MNTD-THD{2)~GLOSD ) /THDD

IF {ABS{THDD}.LT.(1.E-13)) GO TO 182
THK 1=THERR+THD({Z ) *TK1+ . S¥THDD#* TK 1#%%2

181 A=.5%FDB*THDG/ADHE

B8=THOD+RDB*THD{2)/7ADB
C=THD{2}+RDB*THERR/ADB+RDE/2.+GLOSD
60 TO 114

IRZ2 THK1=1.E10
GO TO 181
190 TK3={-MNTO-THD(2 })-GLOSD)/THDD

IF (ABS{THDD).LT.(1.E-13}) TK3=1.E10

THK3=THERR+THD (2 ) *TK3 ¢ . S5XTHDD#TK2%¥%2
GO TD 155

200 K=0 ~ °

DYP={INT(DTP/DTAS)+1)*DTAS

IF ({(DTP+T(2))}.GT.TPN} OTP=TPN-T(?2}

2700 FORMAT (2X,*A=%E15.8% B=%F15.8% C=%E15,.8% T{1l)=%E15,.8*% T{2)=%E15,¢

c 2% T{(31=3E15,.8/2X,»TPN=E2 5, A% THCOMI=*E15.8% TKZI=%*E1S5.8% TKZ2=%*

¢ 3 E15.8% TK1=%E15.8% TK2=%E15.8/2Xy%xTK3=%E15.8% THK1=%El5.8% T¥

< 4K2=%E15.8% THK3=*E15.,8% DTP=%F15.8% DTAS=%E15.8/2X,#THD2=%E15.8% T

¢ SHDD=#E15,8% THER=%E15,8% KKK=%13% NTFLGZ=%I3% NTFLG3=%x]3%¥ NHTRA=%]
63% NVYTRA=*I3)

HRYTE 6:2700) AeBoeCoTiT)TI2)oT{(3)» TPN,THCOM(3),TK21,TK22,TK1,
2TK2 s TK3 o THKL 9 THK2 THK3 ;. DTP,DTASy THD(2) y THDD » THERR KKK g NATFLG(2) »
BNATFLGI3) JNHTRASNVTRA
Go YO 111 . ’ )

210 PROPTOT=PROPTOTH+OPROP
IF (NATFLG(2}.EQ.0) GO 7O 217
" TATOFF=T(3)
TATTOT=TATTOV+TATOFF-TATON
217 IF (T(3).LT.TPN} 218,220
218 T{2)=T{(3} )

Xt2)=X(3)

¥{2)=Y{3)

RD{231=RD{3)

YD{2}=¥D{3)

TH{2D=TH(3)

THD{2)=THD({3} o

WEIGHT{2)=WEIGHT (3}

Do 219 I=1,24

2192 NENGIIT=0 ’

GO 10 8

220 LAN=L

CALL COMG TX{2},VI3),TH{3),THCOM(3),XDCOM(3) ,YDCOMI3),XS5(2},YS(3},

2XD(3} ,YDI3) , THDI3) o XSD,¥YSD)
225 CONTINUE
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226

230

240

249
250

260

270

280
285

DO 226 1=1,2

IT=1+1

T(I)=TlII)

X{I)=X(I1)

Y{I)=Y{(I1)

XD(IY=XD{II)

YD(I)=YD(1T)

TH{I)=TH{I1).

THD (I)=THD(II)

XS(TY¥=XS(L1IT)

YSTTI)=YS{II)

XDCOM{I)}=XDCDOM(TIT)}

YDCDH![;=YDCDM(II)

THCOM(TI}=THCOM(I1) ¥ i
WEIGHT(I}=WEIGHT (11) JIHGINAR; Pag
IF(LMN.EO.0) GO TO 290 - 18 POOR QUALITY
IF (X(2).LT.XEND} GO TO 240 -

CALL PRINT

ne 230 I=1,24

"NENG(I)=0

CONTINUE

GO TO 5 , o
RATIO=(XEND~X(1)}/7(X(2)~X(1))

X(2)=XEND

T{2)= Tt1)+(T(2»-T(1)1*RAT10

WEIGHT(2 V=WEIGHT (1 )+ (WEIGHT(2)}-WEIGHT (1) )*RATIO
Y(23=Y(1)+(Y(2)=Y(1) }*RATID
XD{2)=XD(1)+{XD(2)~XD (1) }+RATID
YOU2)=YO(1)+{(YD(2)~YD(1))}*RATIO
TH{Z2)=TH(1)+(TH{2)~-TH{1) ) *RATIO
THD{2)=THD(1)+(THD(2)-THD(1))*RATIO
XSU2)1=XS{1)+{XS502)-XS11}}*RATID
YS(2)=YSCE}+(YS(2)~YS{1))*RATIO

CALL COMG (X(2)¢Y(2),TH(2), THCOM{2) +XDCOM(2), YDcoutzl.XS(Z) ¥YS$(2),
2XD(2) ,YD(2) s THD(:2) ¢ XSD»YSD)

CALL PRINT .

Go TCO 1000 S

PROPTOT=PROPTOT+DPROP

IF(NATFLG(2).NE.C) GO YO 260

GO TO 220 o

TATOFF=T{3) T

TATTOT=TATTOT+TATOFF-TATON

G0 TO 220

THERR=TH({2)~THCOM( 2}

CALL ATLIM (THERR,THD({2)}4NATFLG(2))
IF{NATFLG(2).EQ.0) GO TO 280

60 To &%

DYC=TCN-T(2)

CALL COINT (REFR,DTC,XU2),Y{2),TH(2)4X(2),Y{3},TH(3),XD(2),YD(3),
2 THDU2),XD({2}),YD(2)) ’

T(3)1=T(2)+DTC

CALL COMG (X(3)oYU(3),THI3), THCOM{3} ,XDCOM(3} ,YDCOMI3 ) ,XS(B),YS(32),
2XDE3Y,YDU2) , THDI2)Y,XxSD1,YSD1}

THERA=TH({3)-THCOM{ 3)

CALL ATLIM {THER3,THD(2) ,NATFLG(3))
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290
1100

295

300

310

340
" 350

360

370

380

I11-32

IF{K1.EQ.0} GO TO 300

LMN=0

THD{3)=THE{2}

TPN—(ENTIT{3)/DTPS1+13*GTP<

Ki=0

GO 70 225

CALL PRINY _

FORMAT { / 10X, * RUN TIME EXCEEDS 1000 SECONDS*)

If {T(21.6T.1000.) GO TO 295

IF {ABS{TPN-Ti{2)).LT.{1.E~5}) TPN=TPN+DTPS

GO T 6

WRITE (651100)

GO TO 2000

NPCFLG=~1

IF{NATFLGI3).EQC.0) GO TO 360

K2{it=1

CTR=1 ~

TDUM=TCN-CTR®*DTPS

IF{TDUM.LE.T(2)) GO TO 320

BYC=TDUM~T{2)

CALL COINT (REFRDTCoX{2) Y {(2) ¢TH{2} ;XDUMYDUM,; THDUM o XDDUM,
2 YDODUM, THD{2 3o XD(2),YD{2))

CALL COMG (XDUM, YDUM, THDUMs THC DUM 4 DUM , DUM o DUM » UM o XDDUM 5 YDDUH,
2VHD{2),DUM,DUM )

THERD=THDUM~-THCDUM

CALL ATLIM (THERD,TROD({2) ,NATDUM)

Ik {NATDUM.EQ.O) GO TO 229

CTR=CTR*+1

GO TO 310 S

DUM=THERD

G0 TO 330 .

TDUM=T({ 2} }

DUM=THERR

IF(THD{Z21.LE.8} GO TO 340 .

TOUT= . 5%ADB/THD{ 2}-ADB/RDBR— DUM/THD{2)-GLOSD*ADB/(RDB*THD(2})
GO TO 350

TOUT= =, 5%ADB/THD {2 }~ADB/RDB~ DUM/THD(2}~GLOSD*ADB/(RDB®THD(2)}
IF ((TOUToLEaDc)aOR {TOUT.CE.DTPSI) TOUT=DTPS-DTAS/2.
TOUT=TOUT+TDUM

TAOUT={INT{TOUT/DTAS)+1}%DTAS

60 TO 370

K2(13=-1

TAOUT=1.F6

KIRT=E-Y -

CALL TRALIM (VDX VDYY.XS5D1,YSDI,XDCOM({3),YDCOM{3 ) NVTRA,NHTRA}
TF (NVTRAEQ .0 AND.NHTRA EQ.0) GO TO 450 :
K2(Z¥=YT ~

CTR1=1

TOUM=TCN—-CTR1=DTPS

IF{TDUM.LF. T(2}} 6O YO 400

DTC=TDUM=T(2)

CALL COINT (REFR,DTCsX{2),Y {2, TH{2) +XDUM,;YDUM, THDUM, XDDUM,

4 YODUM, THO(Z 1, XD{2} :YD(2))

CALL COMG ( XDUM; YDUM, THDUM, THCDUM, XDCDUM s YDCDUM , XSDUM, YSDUM
2XDDUM o YDOUM » THODUM o XSDDUM Y SDDUM)


http:IFINATFLG(3).EO

Table II-2{1)}

CALL TRALIM (VDXXVOYYXSODUMYSODUM o XDCDUM YOCDUMZNVTRASNHTRA ) |
IF{NVIRA.FO.O0.AND.NHTRA.EQ.0) GO TO 400
CTR1=CTR1+1
Ga TO 380
400 TTOUT=TDUM+DTPS . )
TIF(K2(1)NE.1.AND.KZ2{2).NE. 1) GO TO 420
IF(TAQUT.LE.TTOUT) GO TO 430
420 DTC=TTOUT-T(.2) :
GO TO 440 _

430 DTC=TADUT-T(2)

440 K1=1- . ‘
¢ 2600 FORMAT {2X*TADUT=*E15.8% TTOUT=*E15.8% TDUM=%E]15,8% T(2)=*
C 2 F15.8% K2{1)=%I3% K2{2)}=%]12)

c -WRITE (642600} TAOUTTTOUT,,TDUMT{2),K2(1}),K2{2)

GO TO 285 ) '

450 K2{2)=-1
TTOUT=1.E6 -
TIF(K2{1).EQ.~1.AND.K2(2).FO.~1) GO TCO 25D
GO TD 430

2000 STOP
END -

SUBROUTINE COINT (REFR,DTC,X0,YO0
IXID,YID,THETAD,XOD.YOD; *XO9 YO THETAG, X1, Y1, THETAL,
DATA RMU /1,4076452E16/
G1=2 *{RMU/REFR%®%3, ) %% 5
G2=3.2RMU/REFR*%3,
XDD=G1*YOD
"YDD=G2%Y0~G1*X0OD
X1D0=X0D+XDD*DTC
X1=X04XODADTC+ . SEXDD*(DTC ) %2, fi [
Y1D=YOD+YDD*DTC S%mg@ﬂﬂg}%ﬁﬁﬁw'
Y1=YO+YOD2DTC +.5%xYDDX(DTC ) 2. T E%KHBQRBMHTE
THETAL=THETAOQ+THETAD*DTC

1 FORMAT (2X,*COAST INTEGRATION DTC=*£15.8}
WRITE (6,1} DTC
RETURN
£ND

a0

11-33


http:TTOUT=I.E6

Table II-2(}):

10
20

30

40

50

SUBROUTINE COMG {X,Y,THETA, THCOM,XDCOM,YDCOM,XS,YS,

2XD g YD THD 9 XSD YSD)

REAL LSENS,LOSERyMRRNGyMRTAyMRLOS,LOSS,KVAPR yKSTEER
COMMON Z/SENSOR/ LSENS,RGER,; TAER,LOSERMRRNG,MRTA,MRLOS,

2RANGS y TAS yLOSS yKVAPR GKSTEER yKIMU XTI YIo XTIU,YIUy VHER ¢ VWER,GLOSD

XI=X-LSENS*COS{THETA}

YI=Y+LSEMS*SIN(THETA)

RANGS ={XI#»%24YT*%2 )%, 5+RGER

TAS= ATAN(YI/XI)}+TAER X
LOSS=~{ATAN(YI/XTI)+THEYTA+LOSER)
XS=RANGS*COS(TAS)

YS=RANGS*SIN(TAS)
XSD=XD+LSENS*SIN(THETA)XTHD+VHER
YSD=YD+LSENS*COS ( THETAYXTHD +VVER
GLOSD=(XS*YSD-YSEXSD )}/ (XS¥%E22YSk%2 )

IF (KIMU.EQ.CG) 10;30

IF {{RANGS~MRRNG) LT.{0.).0R{TAS~MRTA).LT(0.)) 20,50
KIiMu=1

DELX=XS$—X

DELY=YS~Y

XIu=xs

YIiu=YS

GO TO 40

XIU=X+DEL X

YIU=Y+DELY

IF [RANGS .LT.HMRRNG) RANGS=( XTUkk24+YIUkk2 } %, 5

IF  {RANGS.LY.MRTA} TAS=ATAN{YIU/XIU} )
IF (RANGS.LT.MRLOS) LOSS=~(ATAN(YIU/XIU}+THETA)
THCOM=LOSS+THETA

XDC OM=K VA PR

YDCOM=KVAPRR®KSTEERX(YS/XS)

RETURN™ — ~ 77 T

END
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10

20
30

&0

SUBROUTINE ATLIM (THETAE,THD,NATFLG)

REAL MNTD,MIBB,LSR

COMMON ZATCON /ADBRDB,MNTD,MIBSH

COMMON / SENSOR / LSENS,RGER,TAER,LOSER,MRRNGMRTA,MRLOS,
2RANGS yTAS JLOSS o KVAPR L KSTEER K IMUGXT YT o XTULYIU, VHER 4 VVER,GLOSD
LSR=THDB+GLOSD '
IF {THETAE.LE.{(-ADB/2.-MNTD*ADB/RDE)}10,20

IF {LSR.LT. {MNTD-MIEB))} GO TO 90

IF (LSR.LE.MNTD) GO TC 80

IF {(LSR.LT.{MNTD+RDE}) GO TO 70

IF {LSR.LE.(MNTD+RDB-MIBB)) GO TO 60

GO TO 50 ’

IF {ABS(THETAE).LT.{ADB/2.+MNTD*ADR/RDB ) }30,40 -

IF (LSR.LE. (~RDB/ADB*THETAE-RDB/2.~MIRB)} GO .TO 90

IF (LSR.LE, (-ROB/ADB*THETAE-RDB/2.1) GO TO 80

IF ILSR.LT.{-~-RDB/ADB*THETAE+RDB/2.)} GO TO 70

IF (LSR.LE.{~RDB/ADB*THETAE+RDE/2.+MIRB)) GO TO 60

GD TO S50 ’ )

TF (LSR.GT.(—MNTD+MIBB)]} GO TO 50

- IF {LSR.GF.,-MNTD) GO TO &0

50
60
70
80

%0

10
20

IF {(LSR.GT.(-MNTD~RDB})} GO TO 7O
IF (LSR.GE.[-MNTD~-RDB~MIBB)) GO TC 80
60 TO 90 o

NATFLG ==2

RETURN

NATFLG ~'=-1

RETURN

NATFLG =0

RETURN™ "~ °

NATFLG =1

RETURN

MATFLG — =2

RETURN

END

::BSOUTIEE TRALIM fVDBX,VDBY,XSD,YSD'XDCDM,YDCOM,NVTRA,NHTRA)
=

és éABSlXSD—XDCOH).GT.VDBX/?.) KX=1
IF (ABSCYSD-YDCOM).GT<VDBY/2.) KY=1
IF (KX.EQ.0) GO TO 10

NHTRA==1

IF (XSD.GT.XDCOM) NHTRA=1

GO T0 20

NHTRA=0

IF (KY.EQ.0) GO TO 30

NVTRA=1

IF (YSD.GT.YDCOM) NVTRA=-1

G0 TO %0 ) )

NVTRA=0

RETURN
END
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SUBROUTINE PRINT

DIMENSION NE(24)

COMMON /7 PRNT / T(3)X(31,¥(31eXD(3)4YD{3)TH(3) THD(3):XS(3),
2YS(3} XDCOMI3) o YDCOM(3) yNPCFLG o TATTOTHNENG (24 ) o LMECHyVCG,PI 4 DMECH
AREIGHT(3) yPROPTO T THCOM( 3) s NVTRASNHTRA JNATFLG (3 ) 4 PROX

COMMON / SENSOR 7/ LSENS.RGER,TAER,LOSER,MRRNG;MRTAyMRLOS
ZRANGS y TAS o LOSS sK VAPR JKSTEER ;K IMU X T YT 3 X IU,YIU,VHER ,VVER,GLOSD

REAL LOSERLOSERDLMECH LSENS ;MRRNG,MRTA,MRLOS,L0SS,LOSSD,y
2 KVAPR,KSTEER

XCL=X{2)-LMECHZCOS(TH(2))

YCL=Y(2 )+ LMECH®S IN{TH{2) }~VCGECOS{TH(2))

XDCL=XD{2)+LMECH*SINITH(2))*THD(2)

YOCL=YD(2)+LMECH*COS{TH{2})*THD(2)-VCG*SIN(TH(2))=THD(2)

PATH=TATANIYDCL/XDCLI I*180./P1

KTC=X{2 }-LMECHACOS (TH(2) }+DMECH%*SIN{TH({2))

VYIC=Y{2 ) +LMECH*S IN(TH(2) }~(VCG-DMECH }*COS(TH(2})

XOTC=XD{Z}+LMECHASIN{TRI2)}AXTHD{ 2} +DMECHACOS{ TH(2) }%THD(2)

YOTC=YD(Z )+LMECH*COS(TH{Z))*THD{2)—(VCG—DMECHI*COS{ TH(2) )*THD(2)

XBC=X{2 }=LMECH*COS{TH{2) }-DMECHASIN{TH(Z2})

YRC=YT2IFLMECHAS IN{TH(2) ) ~{+DMECH+VCG)*COS{TH{2) )

XDBC=XD(2)+{ MECHRSIN{TH{ 2} 2THD(2) -DMECH®COS{ TH(2) }%=THD{2)

YPOBC=YD {2 }+LMECHHCOS {THI{ 2} ) ETHD(2)—{ +DMECH+VCG}*COS{ TH(2} )%= THD(2)

PITCH=TH(2}%*180./P1

PRATE=THD({2) %180 ./PI

PCOM2D=THCOM {2 }%180. /P

LOSSD=LOSS*IBO./PI ~~

TASD=TAS%180./P1

LOSERD=LOSER%*180./PI

TAERD=TAER*180./P1

GLOS=GLOSD*180./P1

1 FORMAT (/7 2X¢¥53%5%% COAST FLIGHY SUMMARY $3$558%)
2 FORBAT (/7 2X+%$85%$65 POWERED FLIGHT SUMMARY  $3$§33%%)
3 FORMAY { ZRy*39$83386388 ENGELISH UNITS $335$85538%)
4 FORMAT ( 2K XTIME *E15,.8% WEIGHT*E15.8% PROP %E15.8)
5 FORMAT [ 2X,%$%84%8¢ C.GC.MOTION £63488%)
6 FORMAT 2X 4 ¥XCG *E15,.8% YCG #F15.8% XDCG *E15,.,8% YDCG *
2E15.8% PITCH #F15.8% P-RATF#E15.8)
7 FORMAT { 2X 955354688 SENSED AND COMMANDED MOTION  $53835%%)
8 FORMAT { 2X %X INST #E15.8% XSENS #F15.8% XIMU *E15.8% XDCOM *
2E15.8% LOSS %E15.8% LOSERR®E15,8) ’
9 FORMAT { 2X kY INST #F15.8% YSENS HFi15.8% YIMU =%E15.8% YDCOM *
2E15.8% TAS #F15.8% TAERR *%*F15.8)
10 FORMAT (46X *GLOSD *E15.8% THCOM =E15.8% RANGS *
2E15.8% RGERR #%*E15.8} ]
11 FORMAT 2Xo%3$588 8 DOCKING MECMANISHM MOTION $28858%)
12 FORMAT { BX s L ENTERLINE)
I3 FORMAT U~ 2X.,¥XCL %E165.8% XDCL #FE15.8% PYITCH *E15.8)
14 FORMAT | 2%, 2YCL #E15,.8% YDCL #Ei5.8% P—RATE®*E15.8)
15 FORMAT 8Xo*TOP CORNER*28X*PATH %E15.8)
16 FORMAY {° 2X.#¥XTU “®F1S5.8% XDVC #F15.8} .
17 FORMAT ( 2Xy2YTC #E£15.8% YDTC *%E15.8}
18 FORMAT ¢ 8X,*BOTTOM CORNERX)
19 FORMAT T~ ZX,%XBC #E15.8% XDEC EHFIS5.8)
20 FORMAT | 2X y%YBC *E15.8% YDRC #E15.8)
21 FOGRMAT 2X o %35$383 POWER ON CONFIGURATION  $$8%8%)
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22 FORMAT 2X s *ENGINES ON%®28T4)
23 FORMAT ( 2Xy*ACS TIME THIS INTERVAL =#*E15.8,5X%TOTAL ACS TIME =%

2F15.8% NVTRA =[3% NHTRA %*I3% NATFLG(2) =%I3)

TATDEL=TATTOT-TATLST

DO 30 I=1,24

NE(I)}=0

IF (NENG{I).GT.0) NE(I)=1
30 CONTINUE

IF (NPCFLG.GT.0) 31,32
31 WRITE (642}

GO TD 23
22 WRITE (6,1)
33 WRITE (643) .

WRITE (644) T(2)WEIGHT{2),PROPTOT

WRITE (6,5) )

WRITE (656) X{(2),3Y(2),XD(2),YD(2),PITCH,PRATE

WRITE (647) ’

WRITE (648} XI+XS{2)eXIU,XDCOM(?2),4L0SSD,LOSERD

WRITE (65,9) YIsYS{2)sYIU,YCCOM(2),TASD,TAERD

WRITE (6910) GLDS,PCOM2D RANGSyRGER

IFIX{2)«LT.PROX) 40,50
40 WRITE (6411}

WRITE (6,12)

WRITE (6,13) XCLy XDCLs PITCH

WRITE (6,14) YCL, YDCL,y PRATE

WRITE (6415) PATH

WRITE {6516) XTC+XDTC

WRITE (6417) YTC,YDTC

WRITE (6,18}

WRITE (6,19) XBC+XDBC

WRITE (6420) YBC,YDBC
50 IF (NPCFLG.LT.0) RETURN

WRITE {6421)

WRITE (6522) NE(2)INE(2)4NE(3)4NE{2) sNE(S),NE(6) 4NE(T)WNE(B)yNE(9)

2eNE{L10)4NE(LLY JNECL12) 4 NE(13),NE(14) ,NE(L15),NE{16)4NE(LIT) NE(18),

ANE(19),NE(20),NE{21) ,NE(22) 4NF[23)},NE(24)

WRITE (6423) TATDEL,TATTOT,NVTRA,NHTRA,NATFLG{2)

TATLST=TATTOT

RETURN

END

KﬁﬂﬂiNﬁllI%MﬂﬂIS
OF POOR QUALITY!
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Table II-3 Sample PROGRAM DOCK

PETNPT
RFFR
LSENS
RGEP
TAFRPD -
LDSERD
MO RNG
META
MRLOS
KVAPR
¥STEE®
ANQD
MNTON
. RNA3D
S ELT,)
OPOX
nTPR
DY®PN
DTAS
HE:Ve
vOBYy
VIivy
WTO
THR
ATSP
PYCANTN
PCANTN
Vee
ol
PANMT
Lt MENH
NNECH
X0
¥n
¥nn
YNO
THO
THNN
XEND
nTcs
VHER
VVER

3

=1 38168243,
=4{%.0+
=Uo9
2009
=009
2100’
31500,
22009
=‘1oﬁ,
=2.0»
=1.854
=0935,
30029
=0.82.
=25a7
=13,
=ﬁ.5’
280200
=0.25,
=8.125y
=35nﬂﬂog
=320000 ¢
22505
=Q3Ga,
31599
=40,
=QO09
=1.3§
=?.59

=1 €.09

.23009

=299o9
21;00’
=a2.0,
2001,
=5.B,
20019
={6.0+
=&oﬁ,
3099'
Eg.’

Input



bt~1l

*$>‘Z%a>

@
C&%;22>
%
Table II-4(a) Sample PROGRAM DOCK Output ) 0‘3%6};

$$5$3S  PROGRAN DBCK  $5838%
$TLETT  INPUT SUMMARY ~ $SS83S .
REFR 1.3B16R24L0C+08 LSENS 1.40000000E+01 RGER 2 18 TRERD &, LOSERD D. MRRNG 1 .00000000E+20
MRTA  1.50000005E+01 MRLOS 2,000000065+00 KVAPR -1.000000005+38 KSTEER 2,000000005400 ANT®D 40000090 05+09 WNYAD & ,CODCODOOE-D2
°NRD 2,00000300E-01 MISAD 2,006008005~02 PROX  2,&D000000C+0L NTPR  1.00000000E+00 NTPN  5,00000800E-01 NTAR  2.60000000E-02
DTCS  &.,00DJ0003E+88 VIYY 3,5000000095+04 WID 3.20000000E+04 THR 2.,50000000E4+01 ATSP  2,20000000C+02 PYCANT 1,.C0000000NC+R1
RCANTD 1.C0G0030DE+34 VCG ~° 0. t6L 1.002006000E+00 RADMY 7,500000C7E+E0 LMECH 1,60000000€+0¢ OMEFH 3,000C0000E+0Q
X0 2,C0000000E+02 YO 1.00) 000005+01 XO0  =2,00800000E+08 YOO 1.00000080E-01 THO 5,00000000E+00 THDC 1 .00000000€=04
XEND  1.60000080E431 VHER 0, WVER @, voRX_ 2,50000000E-01 VOBY _ 1,25C00000E-01 .
1353313 COAST FLIGHT SUMMARY  $3$338%
$ESSTESEST ENGLISH UNITS  $385$Eeesesy
TIME 0. WEIGHT 3.20000000E+04 PRO® @,
$3T33E C.E.MOTION  £338S$ ° \
XCG 2,0000800DE+32 YCG 1,000 00000E+041 ¥OCG ~-2.00000000E+00 YDCE  1,00000000E-81 PITCH 5,00000000C+00 P=-RATE 1 ,.00000000E-81Y
$E3LEE  SENSED AND COMMANDED MOTION  $338$S
XINST 0. XSENS 0. XIHU 8. YOCOM 0. LO0SS 0. LOSERR §,
YINST 0. YSENS 0. YIny 0. Yocowm 0. TAS 0. TRERR 0,

GLOSD o, THCON 0, RANGS 0. RGERY B,
$E58TE  POWER ON CCNFIGURATION 5824 o . J
ENGINES ORN 0 0 O ¢ @ © ©0 o0 ©¢ @8 4 ¢ o0 0 e ¢ & & @ ¢ 9 # o0 @ i
ACS TIME THIS INTERVAL = (. TOTAL ACS TIME = 0, NYTRA NHTRA 0§ NATFLGE2} 0 j

I

TEELEE  DONERED FLIGHT SUMNMARY L3 4333 .
222 ETSST ENGLISH UNITS  2¢gesgecss N L )
TIME 1, L0GR0000E400 HEIGHT 3,19089130E406 PROP <=1 ,JB69565RE QY — " mmmmmsmsy ms s mormer T !
TEEELT C.G.MOTTON  T33%es T
{nd 1.9RG75967E402 YC6 1s00686930E401 XOC6 ~1,83261635E+00 YOCE  3.609%6817E-02 PITCH 4, B8856624E+00 P-RATE-1.33762073E~01
$45322 SENSEN ANN COMMANDED MOTION £33%3%
XINST 1.M41265955+42 XSENS 1,84126895E+462 XIMU 0. YOCOM =4, 0G00O000C+00 LOSS ~A, IAGSAS76E4+0D LOSERR §,
YINST 1,12617463E+0t VSENS 1,.12617463E+01 YIMU g, YNCO™ -1,22325924E=-01 TA® 3.50001952E400 TAEPR B, o

GLOSD 3,58963959E-02 THCOM =3,50001952E+00 RANGS . 8L470O7LE2D2 RGERR §,
£233¢3  POWER OM CCNFIGURATION  $835%
ENGINES ON 8 8 0 & 5 & ¢ @ 0 40 1 © 0 O 0 416 417 t8 @& 0 o 22 23 @ o
ACS TIME THIS INTERVAL = 2.6L000000E=-01 TOTAL ACS TIME = 2,60000000E-01 NVTRA =1 NHTRA <=1 NATFLG(2Y O
133333 ©OWERET FLIGHY SUMMARY  $gsgsg ~~—~— —~ ———— - o TToTT e T - - - B .
$LLETELTIT  ENGLTSH UNITS . $S3T333%38%
TIME 2,7C080000E+08 WETGHT 3,19978264C¢+004 PROP «2,17394304E+00

FLesge
XCG

CuG.HOTION L5313 3 3

1.,9633A979E+(2 YGCH 1.007136625+#01 XDCG ~1.64339709E+0B YOCG

$3¥33¢ SENSFN AND COMMANDED MOTION $3833%
XINST 4.A23IATTL3E+D2 XSENS 1,R2IAT7LIE4N2 XIMU 9. Xoco™
YINST 1.,123943855+401 YSENS 1.1239G438SE+01 YIWU 0. YOCO™

GLNSD 1.48161543E-92 THCOM
183338 POMER ON CCAFIGURATION 3132
ENGINF< QN ] h] g 4 5 6 0 0 g 10 1% ¢ ] 2 0

ACS TIME THIS INTERVAL = 4.08000000E-82 TOTAL ACS TIME = Z,80000000F

=2+ 9TIT7I0E«Q2 PITCH Lo 7RIS50NLTE4UD P=PATE~L ,01519028E-01

-1.00090000S+80 LOSS
~1.232L7739E=-01 TAS
=3.52612861E+ 00 RANAS

i6
=-01

17

in o
NYFRA

-1

-8,309R2888E4+00
T.52632841E+00
1.02733723E+02

0 9
NHYRA

22. 23 e

)
4N
Lo

=1 NATFLGt2Y 9 .

LOSERR 8.
TAEFR @,
PGEFR B,


mailto:4.@8856624E+00
http:2.UOO00OUE.0O
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Table II-4(b)  Sample PROGRAM DOCK Output (Cont.)

]

b3 3333 ] PouEéEn FLIGﬁi SUMNARY k34333

FILISTLTIT  ENGLTSH UNTTS  $SESSEssee

TIME 3.(0000000E400 WEIGHT 3.199573G1E+04 PROP -3,.26086957F+08

383883 POWER ON CONFIGUWATION 2898

ENGINES ON 0 0 ©0 &% 5 0 8 © 0 48 it € 0 @ ©

ACS YIME THIS INTERVAL = 0. TOTAL ACS TIME = 3,40008000E=D1
222538 COAST FLIGHT SUMNRRY  $$338¢

$2TSTETILL.  ENGLISH UNITS  SHSTSTEeeS

TIME 9,000200002+00 WEIGHT 2,19950000E+04 B~

£33333
XCG
teeees
XINST
YINST

C.G,MOYION $3g333
1.8R0G0024L5+02 YOG

SENSED AND £
La74070""

i 17 3 L]
NYTRA

$FESTT  CL.G.MNTINN  g3gess )
x0G 1,94790710E+02 YOG 1.000699924E¢04 XDC6 =1.4540760LE+00 YOCS <=9.54901452E-02 PITCH &.7G390671E+00 P=RATEE,92759836E-02
$3IEEE  SENSEN AND CCFMANNED MOTICN  $StEee

XINST 1.RGB37865E+02 XSENS 1.80837B65E+02 XIMY 0. XDCOM -4.00000000E+00 LOSS -8,27470259E4+00 LOSERR A,

YINST 1,11580829F+01 YSENS 1,.11580829E+02 YIMu™~ o0, YOCOM =1.23404276E=-01 TAS 3,530795A7E4+00° TAEFR "8,
. GLOSD -6,80606530E~03 THCOM =3.5307G95ATE+00 RANGS 1,811814777E+2 RGEWR 8,

$355¢t  POWER ON CCNFIGURATION  t38se S

ENGINES ON 0 0 0 & 5 6 § 8 8 48 1277 0 "0 "0 © 16 17 18 "0 @ 9 22 23778

ACS TIME THIS INTERVAL = 4,00000000E-02 TOTAL ACS TIME = 3.40008000E-01 NVTRA =1 HHTRA -1 WNATFLG(2} @

2235552  DOWEREN FLIGHT SUNMARY  $3EtSS .

825123284  ENGLISH UNITS  STSEresses

TIME  4,005000062+00 WEIGHT 3,19958696E+04 PRO® =4,13043478E4+00

£33852  C.G.MOTION  2383%%

Y0G 1,93435325E402 YOG 9.90753944E+00 XDC6 -1,25669440E400 YDCC -1.104C7BOBE-01 PITCH &, 63463073E400 P=RATE-6,92759836E-02
TEISTE  SENSED AND COMMANDED MOTICN  $3$E28e ; ) a

XINST 1.794B14102E+02 XSENS 1.704814107E+32 XTMU &, XNCOH 4,000 QIC00E+DD LOSS ~-R.1541023LE+0S LOSERR B,

YINST 1,1038758BE+01 YSENS 1.103B87588E+01 YIMU @, - YDCON ~1,23007477E-01 TAS 3.5194TLLLE+Q0 TAERR 8, o

' GLOSD ~4,58709062E-02 THCOM =T.51947144E+80 PANRS 1,798202LLE+0? RCERR §, — ' "~

$LISST  POMER ON CCKFIGURATION  $$$S¢

ENGINES ON 0 @8 @& & S ©¢ 6 @ 0 1p 44 9 ¢ @ 0 16 7 ®© @€ -0 ® 22 23 ¢ o
ACS TIME THIS INTERVAL = 0. YOTAL ACS TIME = 3,40000000E=01 NYTPA 0  NHTRA =1 NATFLEG2) ~ Q"

$SLE33  PNHERED FLIGHT SUMMARY  Sgssge "~~~ T T T Tt .

$8252ISEET ENGLISH UNITS  $53estEsse

TIME 5,(0100070E+50 WEIGHT 3.19956C00E+04 PROP =5,0003000GE+00

$$358T  C.G.HOTICN  $323%% .

XC6 1.92277333T+52 YCG 9,769281505+00 XDCG =1,059290G41F400 YNCG <«4,261CRB62E~-01 PITCH 4,5653547 56408 P=PATE~5H,02759836E=02
$3283T  SFENSFN ANN GOMMANDED MOTICN  $523%% .

XINST 1,7B321752E452 XSENS 4.78324752E+02 XIMU O, XDCOM =1,008000C0E+00 LOSS ~f.06439522E+00 LOSERR 3,

YINST 4,000362815¢01 YSENS 1,090356281E¢04 YINU 0, YNGOM ~1,22291621E=04 TAS 3,4990404 7€ 00 TAFD

GLOSD =2,50094960E=-02 THCOM =3,499040L7TE+00 RANGS 1,78654L797F+~"
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Table I1-4(c) Sample PROGRAM DOCK Output (Cont.)

i
£

gee308 COASY FLIGHT SUMMERY 3,

EETTESEESS  ENGLISH UNITS  SESSSESsEs

TIME 1.7G5000G0FE+02 HEIGHT Z.199GI04JE+0L Pxo

E3E$ET C.G.MOTION 338338

hirc) 1.6962079BE+01 YOG -4+ BAB3847TE-Q0L X0CG ~1.0%..

p3E5.2 33 SENSED AND COPMANGED MOTICN L1331 1. 2 T

YINST 2,96777682E4+00 XSENS 2.967776825+006 XIMU 2.9CE4BTILELDE ..

H00d Ag

v

YINST =-8.24828109E~02 YSENS ~8.24828109E-02 YIM ~-1,305€5676E-01 YOCUN oo
: - GLOSD =1,29658230E~01 THCOM "1,%u. g: =
$2£33¢  DOCKING MECHANISM HCTION  $$383$ §§
CENTERLTNE '
xeL 9.675906%26-04 XDCL -1.05875596E+00 PITCH 41.63460PA3E+00 LR
YCL  ~2.54320015%-02 YOCL  2,24810701F-02 P~RATE~6.40204634E=-03
TOF CCRNER PATH -1, 21 €40581E400 o

xTe 1.054166905+00 XNTC =1,05909104E+00
YTC 2.97334720E+0C YOTC  2.21459962E=02
ROTTOM COPNER o
XAC 8.8201446AE~01 XDPC ~1,05842089E+00
YAC  ~3,02421121E+00 YNBC  2.281€14%1E€-02 ‘

ran mam aeape s m iy et m = mme cams ey = S

$2EEEE  PNWEREN FLIGHT SUMMARY b 2113
2435333535 ENGLISH UNITS  $§$§Segssy e
TIME 1,71900000E422 WEIGHT 23.199416965¢0& PROP =-5.83043479E+00
$E5ESS  C.G.MOTION  £38ese
XCE  1.66329067E#01 YCG  =4,67607084E-01 XDCG =-1,05799G46E+00 YOCE  4,909I43L2E-02 PITOH  4.64L47BEATELDD P-RATE 2.58409977€-82
bh X330 SINSED AND COMMANDED MOTION §32g2e
XINST 2.43R57295E+00 XSENS 2,43R67295€+400 XIMU  2,63731229€+00 XDCOM ~1,000000C0E¢00 LOSS =-1,9651054 7E-01 LOSERR B,
VINST =5.165593226-02 YSENS =6.16559322E-02 YIMU ~-1,12225133E-01 YNCOM S,05651504E-02 TAS  -2.63630187E+00 TAEP® 0,

6LOSN  6.72053302E-01 THCOM 1.4L327672E+00 RANGS 2.43945223E409 RGERT 9§,

23330 NOCKIAG MECHANISM WM{TION g8s3se

CENTERLINE
XCL 4,J9496983E-01 XDCL -1.05778733E+00 PIVCH 1,ELLTAGRT7E+Q00 ™ o T -
Yo -~ 4246992481503 YOCL 5+ 63070259E-02 P-"ATE 2.50409977E-D2

TOP CORNER PATH =3,04703306E+00

XTC 5.25605C91%-04 XDYE =1,05643586E400
¥TC 2,99451 4036450 YDTC  5,7659%999E-02
AOTTOM CORNEF
X’e 3.533879695=01 XDEC ~1,05913984E300
var  ~3,003G1388E+00 YN8C 5,49545519E-02
$EE3TT  POWE® ON GCNFIGURATION  $8$88 o o ' . _
ENGIRES ON © ¢ 3 0 ¢ o 8 © 0 o0 e e 0 8 25 © "o ¢ 6 @ 9 ‘@ 6§ @
AGS TIME THIS INTERYAL = 6.0C000G0CE-02 TOTAL AGS TINE = 7.40000000E=01 NVIPR 1 NHT®A 0 WNATFLGE2) O
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Table II-4(d) Sample PROGRAM DOCK Output (Cont.) 19‘2:&
2’z
%
teETLL  POHEREN FLIGHYT SUMMARY 333344
2§CTIISTLE  ENGLTSH UNITS  SI2I593S3S . ﬁ%g{b
TIME 1,7150C0UCF+02 WEIGHT 3.10939522E+0% PROP ~=6.04782609E 408

t$EEET CLGLMOTION  $3333%
xCG 1.59239084E404 YOG =4.3893174TE-01 XOG6 ~1,057TS087E+J0 YDCE  L,94711165E=02 PITCH 41,S0656RL0E4+00 P-RATE=S,78716087E-01
385383¢ SENSED AND GOMHANDED MOTICN k13333
YINST 1,90874794E400 XSENS 1.90R747TO4E4(D XIMU  4,90831636E4+00 XNCOM -=1,.00F00000E+00 LOSS 1,42347830E400 LOSERR @,
YINSY -7.08501339E-02 YSENS -7.0R5013395-02 YTWY -8,76589456E-02 YDCOV 7.423728655-02 TAT  ~2,E300HE40C+00 TAERR O,
GLOSD ~-2,94474972F+00 THCOM 2,62004640E+08 RANGS 1,910062%2E+00 RGEPR 8§,
25838 DOCKING MECHANISM WOTION  $37%8t
CENTERLINE
%CL =9.,65606319E=02 ¥NCL =1,06223980E+00 PTTCH 1.50656010E+00
YOL  ~1.82€734B4LE=02 YOOL =1,12381037E~GL1 P-PATE-G,73716087E-01
TO® CORNER BATH  6,03971613€+07_
XTC  =1,16AG0G06E-02 XNTC -1.09253C83E+00
YiC 2.908069591F¢00 YOTC ~=1,42672066E-D1L
BOTTOM (ORNER .
¥AC  ~1.,69435722E~-JL XNBC 1,031 94BY7E+0D
YBC  =3.0i723003F+47) YnNaCc -%,20900081E=-02
$ETELC  PONER ON CONFIGURAPION  g%3%¢ ' .
ENGINES ON @ I ¢ 0 ¢ 7T 8 0 9 8 ¢ 0 0 & o ¢ ¢ © @ 9 22 23 @
ACS TIME THIS INTERVAL = 5,8C000000E-901 TOTAL ACS TIME = 1.24008003E+00 NVTPA 0  NHTRE 0 WATFLG(ZY -2 )

TCITIT POWEREN FLIGHT SUMMARY k3331 3
$8358253%49¢% ENGLISH UNITS EXEEF R 5231 .
TIME  1,71409176E402 MEIGHT 3,19939917E+04 PROP =-6,00833720E+00
t3332¢ CaGaMCTTCN LRE 38 .
xXCG - 1.63000000E431 YCG =L e 433ALTTE=01 XDCG =1.05799152E+400 YOCG L, 915797 7E-G2 PITCH  1.,531657539E+400) P=-RATE=4 ,68838948E=01
383 SENSEN AND COMMANNED MOTION $3geee
XTNST  2,02500219€+00 XSENS 2.00500219Z+080 XTMU 2.0044C757E400 XOCOM -1,000C0000E+00 LOSS &, 44452999E=-01 LOSERR 8,
YINST =6,91798522E~02 YSENS =6.,9179A5225-02 YTMU ~-9,21213759F-2 YNOON 6,90072584E-02 TAS ~Z2.,6314281 26400 TAEFR 3,

GLOSD =2,91092441E400 THCON 41,97612R830E+00 RANGS 2,01619%532E+00 RGEFPR §,
233333 TOCKING MECHANISM WOTION L+3 313

CENTERLINE o
XCL 5.71679114%=03 XOCL «1,061491635400 PTITCH 1,E53167529E400
YOL  -1,57206629E-02 YOOL -8,17374251€-02 P=RATE~L.686089L8E~01

TOP CORNER PATH 4 40322506E4¢00
XTC 8.59055750E~02 XNTC =1,08603425E400

¥YTC 2«9RIZ07LLHELD0 YDTC =4,062A010405=-04
AOTTOM CNRNER

XRC ~7.40L719928E-02 ¥DAC ~4.0269LB84E4+00

¥er =3.,0146LA76E+LT YNRC <=5,71947058E=02

ertes POWER ON CONFIGURATYION L3243

ENGINET ON 8 a 0 g 0 ] 7 8 a 0 9 ) 1) 0 0 Q ] 8 0 ] 0 22 2% g

ACS TIME THIS INTERVAL =-9,0826G45T6E~02 TOTAL ACS TIMNE = 1.14917554E400 NVTRA e NHTRA 0 NATFLG(2) -2


http:6.O083372OE.00

11T, SENSOR AND DOCKING MECHANISM REQUIREMENTS DERIVATION

The effort expended toward the derivation of sensor and)mechanism hafdware
requirements on this study is logically divided into two separate endeavors.
In Part A of this section the general approach is discussed, the specific
relationships between sensor and mechanism derived, and fipally how and in

what form the results and data were obtained that parameterized these rela-
tionships., ‘

In Part B each of the identified sensor and mechanism hardware parameters

are discussed individually. An expected attainable performance vqlue is
‘selected, a margin factor assigned and the resulting recommended specifica-
tion defined. Specifications for each configuration,- i.e., manual, non-impact,
etc;,-are derived independently. Where applicable, the data and/or curves -
generated in Part A are used in Part B to illustrate and provide justivication

for the values selected.
A, SENSOR/DOCKING MECHANISM TRADEOFF DATA

Az the study brogressed it became clear that many of the unique rendezvous
and docking system sensor and mechanism requirements in earlier programs and
studies were arrived at without any clear, or at least, documented foundation
for the values selected. Rather tham select seemingly applicable values from
this earlier work that, in fact, may be propagating errors from previocus in-
apprépriate or erroneous assumptions, a "bottoms up" derivation of require-
ments was initiated. This section deals with our selected approach to derive
the necessary requirements, in a traceable form, from the best knowledge of

expected conditions and error sources,

The key hardware of concern in this analysis is, (1) the sensors that provide .
knowledge for control during the rendezvous and docking; and, (2) the docking
mechanism, These are closely interrelated, one affecting the other, The

requirements derivation is really a balancing or budgeting exercise, as
shown in Figure III-1.

The figure shows some of the more important properties this analysis will be
deriving requirements for. The center block,strategies that reduce vari-

ables to residual contact values,is accomplished, in general, by the Tug

II1-1



Reduce
‘ Tug. Varlables
S ?:aTsal:;:i " .} To Residual
Varlables Contact Valuss
“Sgnsors_ | §Tr dFeglos ™

Measured
Vaiue Uncertainty:

Rangg ~——mm——mn f
Renge Rate ——————FPS
Une Of Sight Angles & Rates:
Pitch «———— Deg (Deg/Secl
Yau ———mw— Deg (Deg/Sec)
Targat Auds Angles & Rates:
 Pitch~—-—————Deg (Deg/Sec)
Y& —————Deg {Deg/Sec)
Relstham Roll Angles & Rates:
Roll-————— Deg

“(Residuals}

ontact Velockty— FPS
Lateral VelocHy —FPS.

Anguiar velocity—Deg/Sec
. All Axes
Lsteral Misallgnment— Ft
Angular Misalignment —Deg
Rolatlonal Misallgnment-De:

FIGURE III~1 THE DOCKING BUDGET ISSUE

and its subsystem., It will also involve the man for manual configurationé.
1t is not an insignificant factor and requirements for this phase of the

docking will be ‘discussed,

The data obtgined bf sensor that is necessary for vehicle control during éhe
re'nde:‘zvous‘ én&-.docking are shown in Figure ITI-2. A fcey constraint oﬁ the
aﬁailaﬁility and'éccuracy of the daéa is the range of operation, There are

" limits on the minimum distances from the target as well as the maximum. Thoée

" 1limiting ranges vary considerably from one type of sensor to another,

On the other end of the budgeting process, some of the docking mechanism
design parameters are portrayed in Figure 1II-3 along with the detail design

characteristics that are affected by those parameters,

The center block of Figure III-1l, the control system and strategies that bring
the two mechanisms together, have certain characteristics that influence success

in accomplishing the docking, as mentioned earlier, The more significant are:

Ii1-2



Sensors Determine:

Range Distance from Sensor to Target

LOS = Angle from Tug G to Line-of -Sight (Pitch and Yaw)
-©- = Target Attitude with Respect to LOS (Pitch and Yaw)
Roll = Relative Roil Disp!acement\Between Tug and Target’

Figure III-2 Sensors Provide Intelligence

Angutar Misalignment

// ¥ Roll Misalignment
o=

Drives Latch Design Lateral

Offset
——L Drives Gulde Design,
. Lateral & Torskonal
D Loads
Drives Sle of roach Path
Drogue Opening (Axial Vel, & lat.
vel.) ) ~J
r____ﬁ-.@/—-
IRl

Drives Lateral
Loads & Guide Axlal

Design Veloclty:
N :@E:i >

brives Impact ioads,
Energy Mtenuation &
Latching Destgn

Figure II1I-3 Mechanisms Compiete The Docking

111-3



Tug deadband limits and rates,
Spacecraft deadband limits and rates,
Tug ACS jet minimum impulse bit,
Man's visual discernment capability for:
o S/C position misalignment,
o Errors in vehicle attitude alignment,

Transmission delays in visual and command data.
All of the above factors are considered in the subsequent analyses,

The relationships between these factors were found to be defined most effici-
ently by examining, or writing an equation for each docking mechanism in

terms of the errors contributed by Tug, man and the sensors.

Nine individual cases were postulated., They are:
o Angular Misalignment (Impact Docking)
o Angular Misalignment (Non-Impact Docking)
o Lateral Displacement (Impact Docking)
o Lateral Displacement (Non-Impact Pocking)
o Lateral Velocity
o] Coﬁtact Velocity
o Roll Misalignment
o Steerable Probe Maximum Angle (Non-Impact)

0 Steerable Probe Maximum Rate (Non-Impact)

A detailed description of the geometrical relationship assumed and the result-
ing equations follow., Note that the non-impact docking requires a differen-

tial set of geometrical conditioms f£rom the impact cases,

In the discussion that follows, some of the derived equations were complex
enough to justify their mechanization in a computer program. Wherever that's
the case the program is provided., The programs allow for easy variation and

rapid plotting of a multitude of different parameters.

The purpose .of these parametric curves is to provide not only quantitative
data, but sensitivity information as well for the definition of sensor and

. . ., . . \
mechanism design specifications in Part B,

IIi-4



To avoid an unnecessarily large volume of paper in this report, the many com-
puter generated curves will not be provided. Only applicable

curves will be provided and they appear in Part B with the corresponding spe-
cification selection they support. Any other data desired could be duplicated

by implementing the computer program code supplied and selecting desired values

for the input wvariables.

L. Anpular Misalignment, Impact Docking - The geometry assumed to derive the

docking mechanism's angular misalignment, referred to as T, at the time of

contact is depicted in Figure III-4,

l*Tj%f"° / T Vg
|
. e -~
44 Y G
Stnsor| i&

Tug ]

1
| orae ‘_‘ji“ ]TLIL_"_\

un
A&L

FIGURE III-4  ANGULAR MISALIGNMENT GEOMETRY

The potential error sources are combined as follows:

Angular Misaii oment = lateral position error at loss
& & of target attitude data
RS8S

fangular uncertainties
+ .
at docking

latexal c.g. offset
-1 | (Tug c.g. distance

to interface at

loss of LOS data)

where lateral position error is = sin

and angular uncertainties are:
o Tug deadband
o Spacecraft deadband
o LOS determination error
o Target attitude uncertainty

o IMU drift after loss of at attitude data.

ITI-5



The lateral c.g. offset as defined from Figure III-4 is:

21

1 distance from Tug to target - . .
X sin (target attitude uncertaint
q [( at loss of attitude data (targ y)

. , . 2
+ [ﬁesidual lateral velocity x time from last correctlod] .

An RSS combination of errors was utilized after examination showed most errors

to be independent of each other.

If T = angular misalignment
6 = 1L0S . \
A@ = 1L0S determination uncertainty
¢ = target uncertainty
A® = target attitude determination uncertainty
Y = Tug deadband
€ = spaececraft deadband (or precession)
§ = 'IMU drift rate (deg/sec)
Ecg = distance, Tug c.g. to interface '
ﬂAL = distance at loss of spacecraft attitude data
£LL = distance at loss of LOS data
Vx = axial velocity
Vy = lateral velocity
8y = lateral position error
Then, lateral cg offset angular misalignment
y 2 LN T |
T/ |sinl (/av Sm;@Jrz (VY Vx ) L2 12 + 9 + AP + %T;
cg 1L
NOTES:

1) If IMU drift (§) is less than .l deg/hr, the last term is negligible.

2) For an esarth-pointing spacecraft, the € term becomes EVAL where € is

earth rate or precession, not spacecraft deadband,

The above equation, being relatively complex, was coded in Fortran for compu-

ter solution and plotting. The code is shown below in Figure III-5. Angular

~
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O O 0 00

misalignment plots can be seen in Figures III-12, III~14, II1-21, and
I1I-22 of Part B. )

999

998

PROGRAM ZERMAM [ INPUTyQUTPUT s TAPESHINPUT ¢ TAPEG=QUIPUTHF ILNPL)
NAMELIST - /INDATA/ OLCGOOFAL»DLLL!DPH!oDTHEoEPScPSIODELOVX'IFGO
DIMENSION NY(&I)oXlSl)iSAVEISI'JIoYNAuE¢3)oPTI}L£(63

DATA NDVYs CONy NIND /7 0,005, 57,2957795¢ Si /

CALL BPLT (24NBe2HLC)

DO 1 I=leNIND

VY(I) = FLOAY (I=])®DVY

KnNY o

XKPL B 0

CALL STamT b
HEAD (5¢5) PTITLE
FORMAT(4A1 V)

READ (S+INDATA)

IF(IFGO .fQ. 0} GO TU 999
CALL PAGEHD

wRITE(6e INDAIA)

«NT » KNT o |

a PSlen? + EPGee2 o+ DTME#E2 + OPrilee2 + (DELSDLAL/VX) @82
®: (DLAL®SIN(DPHI/CON))0e2
®» DLCG ¢ DLLL ] ‘

0 io i8] «NIND ‘ )
a SQRT(Z ¢ (VY{I)®DLAL/VX)®82)/C
s ASIN(D} .

X{1} = SQART (A + (E*CQOn)ea2)

MocS Oox>

CALL WRITE(X ol oNINDINAME (2:4AM9KNT ) ])

KPL = KPL + 1

DG 20 lx]lNIND

SAVE(IsXPL) = X{I)

YNAME (KPL) 8 NAME {2HNAMeXNT)

IFIRPL oENe 3} CALL PLOTLI(VYsSAVE o8 INDoKPLe0s000,0%
&  GRLATVELSYNAME+PTITLE19190+5))

IF(PL -EQa J) KPL = 0

€0 Y0 998
ENnD

FIGURE III-5  ANGULAR MISALIGNMENT PROGRAM

ORIGINATL; PAGE IS

OF POOR QUALITY] IiI-7



2, Angular Misalignment - Non-Impact Docking -~ The same physical condi-

tions portrayed in Figure IIL-4 are applicable; however, for a nom-impact .
docking Vx, or axial velocity, essentially comes to zero at some stationkeép-
ing distance, Also, some means of relative positioning must be present
throughout the docking, forcing the range for loss~of-target attitude infor-
mation and loss of 1L0S data to be the same. That range will be referred to,

for non-impact docking as stationkeeping range (ﬂSK). This is on the order

of one to five feet,

For non-impact docking.the vehicle is in a translation deadband of a given
width (Sy) and lateral rate (Vy). Thus, the lateral c.g. offset part of the
equation from (1) becomes:
‘ 1 Sy
ST Teg + sk

This results in an angular misalignment for non-impact docking'(fhl) equal

to:
5 5 — .
TNE = @/[sin“l(ﬂ ig )] +P2 + €2 + 492 + ag2
cg SK
where:
Tyy = angular misalignment - non-impact docking
Af = LOS uncertainty
A = target attitude uncertainty
Y = Tug deadband
€ = spacecraft deadband
ﬁcg = Tug ecg to L/F distance
-£SK = gtationkeeping standoff distance
gy = stationkeeping translation deadband width

The M) drift term is not applicable since L0S data is never lost. Figuze I1L-17

in Part B shows typical- curves for nbn-impaci angular misalignment.

3. Lateral Displacement (X), Impact Docking - The physical condition of the

vehicle is portrayed in Figure III-6.

The lateral displacement error is basically from two sources: angular errors or
uncertainties as they are reflected to the docking interface; and translation
lateral offsets between the two vehicles that are alsc reflected to the docking

interface.

ITI-8



4, — 4 )
| — S ! e
________% DY) _ - -,\ T 1“_1 '
: ~~ x S
Tug i" S‘Oﬂwﬂ—un'*.-J: —— ' ——
broe | 6289 JML:{—___J -
{ Jit
!Al. . B

FIGURE III1-6  LATERAL DISPLACEMENT GEQMETRY .

In the first category are:
a) lateral offset due to Tug deadband;
b) lateral offset due to spacecraft deadband;
c) lateral offset due to LOS uncertainty;
d) lateral offset due to target attitude uncertainty;
e) Tug angular error due to IMU drift after loss of LOS data,
In the second category are:
£) lateral offset due to target attitude determination uncertainty
at the time of target attitude data loss;
g) lateral offset due to residual lateral velocity from the time of
attitude data loss to LOS data loss,

Errors f) and g) above can be thought of as being imparted at the Tug c.g.
Until loss of LOS data the tug sensors continue to point the tug at the tar-

get so the above errors are not translated directly to the docking interface,

but rather are considerably less, being scaled down by the factor of (E——_%;?—_)
LL T

for the conditions of Figure III-§, &

The final lateral error, shown below,is felt at the vehicle c.g., but also is
reflected directly across to the docking interface. It is:
o lateral offset due to residual vehicle velocity from the time of

loss of LOS data to docking contact.

IL1I-9



The above errors are shown in equation form as follows, with the equations

terms in the same order as the errors listed above.

x = Leg sin Y2 + Ly, sine)? + (fyy sin 20)2 + (L, sin )2
— 2 - angular

+ Ecg sin(‘%i—'l") - errors

- 2 :
2\ vyl - by (L, sin @ 2 W s, llatergll
vy AL ] ) Vx |offset

+( Lip
N T\ + A

where:
"x = lateral displacement
Af = LOS uncertainty
AP = target attitude uncertainty

¢ = Tug deadband

< = sgpacecraft deadband

ﬁLL = range at which LOS data is lost.

fs1, = range at which target attitude data is lost
ﬂcg = Tug cg .to I1/F distance

fsc = spacecraft cg to I/F distance—

Vy = residual lateral vehicle (c.g.) velocity

=
I

axial velocity

" Typical plots of the above relationship over reasonable ranges of some of the

parameters is provided in Figure I1I-13, 15, 23 and 24 of Part B. -

I

The equatioﬁ above, again a complex one, was coded as shown in Figure II1-7.

4, Lateral Displacement Prior to Stem Contact for Non-Impact Docking -

The lateral displacement of an impact docking is based on a continuously clos-

ing pair of vehicles and all the displacements they éould experience during

that closing. In the non-impact docking the vehicles eventually stop at a stand-
off distance, allowing time to trim out many of the earlier offsets and angu-

lar errors, resulting in an approximate coaligmnment and stabilized in a translation

deadband control condition,

I1I-10
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PROGRAM ZERMLD (INPUT+OUTPUT+TAPESE INPUT ¢ TAPESOUTPUT oFTLHPL)
NAMELIST /[NDATA/ DLCOsOLSCoDLLLIVROPSEoEPSIDTHE s DEL sPRIs EFEO0sDLAL
DIMENSIOR VY{S1)eX(51) eSAVE(5193) s INANE (3} +sPTITLE(H)

DATA DVYs CONe NIND 7/ 0.01s  57,2957795¢ S} 7/

CALL BPLT({2nNBs2HLC)

DO 1 IslsnNIND

1 VY(1) = FLOAT(T=1)*DVY

KNT = 0
XPL = 0

999 CALL START

READ (5:9) PITILE

S FOHMAT{4ATD)

998 READ (SeINDATA)

IF(IFGO +€4Q. 0) GO TO 999
CALL PAGEHD
WRITE L6+ INDATA)

KNT = KNT « |}

B = DLLL/(DLLL + OLCG)
A ® ' (DLCGOSIN(PSI/CON))®#2 & (DLSCeSIN(PHI/CON))®e2
» ¢ (DLLL*SIN{DTHE/ZCON) ) ##2 ¢ (DLSC*SINIEPS/CON))®®2
@ ¢ (BRDLALSSINIPHI/CON) ) v#2 + (DLCGAISINIDEL®DLLLZ(VASCOR)) ) oe2

DO 10 Isl.NIND .

10 Xt1) = SQRT(A « (VY(L)®DLLL/VE)®32 o (BevysyXe (DLAL

* - DLLL) )we2)
CALL WRITE (XeloNINDINANE (ZHLDsKNT) o)

KPL = RPL o ]
00 20 IxlenNEIND

20 SAVE(IeXPL) = X(I)

INAME (KPL)Y = NAME (ZHLDIXNT)

IF(KPL «Efe 3) CALL PLOTL(YVeSAVE s NINOIKPLoDeQoBo05e
®  GHLATVEL o INAMEsPTITLE»Le10¢0951)

IF(KPL «EQe 3} XP|, B ¢

80 TOo 998
EnD

FIGURE III-7 LATERAL DISPLACEMENT PROGRAM
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In non-impact docking, then, the area of concern is just how far the extend-
able probe, or STEM, tip is moving from one TV frame to the next while the
ground controller is attempting to insert the STEM into the drogue. The ul-
timate value really sizes the drogue diameter, It is quite time-dependent,

specifically the TV frame update time.

Therefore, the only two &ynamic c&nditions that reflect into iateral displace-
ment for this case are the minimum residual lateral relative Gelécity between
the two vehicles that the man on the ground, or the autonomous translatlon
statlonkeeping subsystem, can trim down to, and the two vehlcle s deadband
rates. In the case of the latter, the vehicle will normally be constrained
within a specified deadband, limiting the maximum dlsplacement to .1 ft for the
Tug with a'.25 deg deadband, and a 23 ft moment arm from Tug c.g. to STEM

tip. The spacecraft will be less than this because of the shorter moment arm,
On an R58 basis, the above error of an inch or so is negligible compared to

the other factor -- residual lateral vehicle velocity. Thig is especially

true for a manual system where that residual is much larger. The equation is:

air = Y 02 +[Uog + b0 sin ]2 + Uy sine)?

wherer
XNI = lateral displacemeﬁt ~ non-impact docking
Y = Tug deadband
€ = spacecraff deadband
Vy = residual lateral vehicle velocity

t = time from picture to picture, i.e., STEM command
to STEM command

ﬂcg = "Tug cg to interface distance
Esc = sgpacecraft cg to interface distance

%ESK = stationkeeping distance

A plot of the above relationship is shown as a function of time in Figure
II1-18 of Part B, This equation was relatively straight forward, conse-

quently no computer aided solution was employed.

5. Lateral Velocity - The relative lateral velocity of the two mechanisms

at the docking interface is due to the vehicle rates within their deadband

III-12



and the relative lateral velocity of the two vehicles, taken at their c.g.'s.

This is depicted in Figure III-8.

FIGURE III-8 LATERAL VELOCITY GEOMETRY

Algebraically, this can be expressed as follows:

VL, = e/sz + (s sin 0?2+ (ﬂcg sin {L)z

where:

lateral docking mechanism velccity

<
L]
It

lateral vehicle c.g., velocity

fay

&

e
i

distance from Tug c.g. to L/F

LY

1]

n N
i

distance from gpacecraft c.g. to L/F

©
I

'syacecraft deadband rate

<
!

Tug deadband rate

Curves plotting the above equation for typical values for the above para-

meters is shown in Figures ITI-16 and III~-25 of Part B.

The above equation was coded in Fortran for computer sclution. The code is

provided in Figure III-9,

6. Contact Velocity (Vp) - Axial velocity is straightforward. It is

merely the closing velocity plus or minus any uncertainties in accomplishing
the closing velocity. That uncertainty is either sensor range rate deter-

mination error and/or manual trim capability.
Algebraically,

ITI1-13



PROCRAM ZERAMLY (INPUT cOUTPUTs TAPESSINPUT» TAPE6RQUTRPUTFILMPL)
NAMELIST /INDATA/ OLSCrDLCGIEPSDIPSID:IFGO

DIMENSION ¥Y(54) e X(51)eSAVE(SL1e3) o INAME(3)sPTITLE (&)

DATA DVYs CONo MIND / 0.,01e 57.,2957795. S1 7

CALL BPLT(2HNBo2NLC)

O 0 0 & O

00 )} jalepind
1 ¥Y(E) » FrLoaT(i=1)<Duy
KNT = 0
KPL = 0
999 CAaLL START
READ (%:¢%) PTITLE
S FORMAT(4A10)

€98 READ (5e¢1InDATA)
IF(IFGO -£Q-. D) &0 TO @99
BHY B KNT » }

A = (DLSCeSINIEPSD/CON))©92 + (DLCGOSIN(PSIO/CON) ) 202

DG 10 I=].NIND
10 B(I) = SGRTIVV(I)o%2 & A)

CALL WREITE (Kol s NIMOWNAME (2HLVeXNT) o)
KPL 2 gPL, + | . -
WRITE(G+ INDATA)
00 20 foioNInD
20 SAVEL(ToltPL) = X(1}
IRAME (KPL) B NAME (2HL Vo KNT)
IF(KPL oEQe 3) CaLL PLOTI(VVISAVE oMINDoNKPL00.000,0%0
@ GHLATVEL o INAME oPTITLEe o100054) .
IFIRPL oEgs 3) KPL & &

86 70 998
EMD

FIGURE III-9 LATERAL VELOCITY COMPUTER PROGRAM
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where:
Vg = contact velocity
Vx = axial velocity or range rate (R}
AVy = range rate uncertainty (AR)
7. Roll Angular Mislignment -Tp ~ Roll angular misaligoment, as de-

picted in Figure III-10, 1is primarily a function of:--(a) the abllity to
determine the misalignment, either manually or by sensor; (b) by the vehicle
deadbands, and (c) by IMU drift from the time of last roll attitude correc-

tion, which is negligible for all practical purposes. The equation is:

7
S TR =‘/ ¢R2 +9R3 + (a6g) +(8%%L—-)

where:
Tg = roll attitude misalignment
¥gp = tug roll deadband
€p = spacecraft roll deadband
Agp = voll attitude determination uncertainty
§ = IMU gyro drift
JgAL = range at which attitude data is lost

Vx = axial velocity T

Uncertainty in Roll
A\ ® = Atiitude Determination
From Targe; Cues

FIGURE 111-10 ROLL ANGULAR MISALIGNMENT
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8. Stem Maximum Articulation Angle for Non-Impact Docking - The maximum

steerable probe (STEM) articulation angle required (see Figure ITI-11) is de- -
termined by: .

a) angular misaligoment due to LOS uncertainty during stationkeeping
control;
b) angular misalignment due to target attitude determination uncertain-

ty during stationkeeping;

c) angular misalignment due to Tug deadband;

d) anguiar misalignment due to spacecraft deadband;

e) STEM angle required to aeccount for the lateral relative translation
deadband.

Y SP—
; i'-é
S
l

FIGURE III-11  STEM ARTICULATION ANGLE ()

To relate the above to STEM articulation angle, the angular uncertainties (a
through d) are first reduced to lateral offsets at the STEM tip and then are
reflected into an angle whose tangent is the RSS sum of those offsets divided

by the stationkeeping distance as shown below in & simplified form.

RS5S Sum of
a, b, c, d
Tug 8 and e

- % ! —Lss ]

I1I-16



In equation form, this reduces to:

2 p—
) [(,ecg + k) sin ABJ + (ﬁsc sin ‘A¢)2+ [('ecg + ESK) sin ilf]

+ (ﬂsc sin €)2 + SYZ

Lsx

8= tan~l

where:
B = STEM maximum articulation angle
Af = LOS uncertainty

A¢ = target attitude uncertainty
¥ = Tug deadband

€ = sgpacecraft deadband
Ecg' = distance from tug cg to L/F
ﬂsc = distance from spacecraft c.g. to L/F
fSK = stationkeeping distance
S8y = Tug translation deadband (relative to spacecraft)

A typical plot of the above relationship is provided in Figure I1I-19 of Part B.

9. STEM Maximum Rate for Non-Impact Docking - The maximum rate the STEM,

shown in Figure III-11l, must be articulated at is a function of the Tug and
spacecraft deadband rates and the translation deadband lateral vehicle rate,
These vehicle rates must be reduced to rates the STEM would require with its

much shorter moment arm. In equation form, this is:

. JE(ﬂcg + ~£SK) sin ;Z:Iz + (ﬂsc gin ?:)2 + VYZ

t

0= tan"
SK
where:
@ = STEM articulation rate (deg/sec)
. Tug deadband rate
€ - spacecraft deadband rate
ﬂcg = distance from Tug cg to I/F
ﬂsc = distance from spacecraft cg to I/F
gSK = mnon~impact stationkeeping distance

VY = translation deadband lateral rate

A plot of the above is provided in Figure ITI-20 of Part B.
III~17



B. Hardware Requirements Derivation

A unique set of requirements was derived for each of the following conditions:
Manual Impact Docking -
Manual Non-Impact Docking
Autonomous Impact Docking
Autonomous Non-Impact Docking

Hybrid Impact Docking

Eagh—of the above is treated separately in this section., For eaéh of the con-
. ditions above théhfequirements have been grouped into five categories, They
are: e
Ranging Sensor Requirements
- Video/Lighting Requirements
Docking Mechanism Requirements
Target Cue Requirements

Control System/Man Requirements

The above requirements are compiled 'in tabular form in this section. Five tables

are provided for each of the five different conditions,

1. Manual Impact Docking - The requirements for this type of docking are

provided in Tables III-1 through III-5. Curves are provided where applicable

to back up the rationale associated -with some of the requirements.

2, Manual Non-Impact Docking - The requirements for this type of docking '
are found in Tables III-6 through III-10.

3. Autonomous Impact Docking ~ The requirements for autonomous impact dock-

ing ére pregented in Tables IIL-11 through LII-15.

Ly Autonomousg Non-Impact Docking - The requirements are found in Table

I1I-16 throuéh 111~19, The table for TV requirements is not provided since

video is not a critical requirement for the autonomous case.

5.  Hybrid Impact Docking - Figures III-20 through III-24 summarize the re-

quirements for this case.
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TABLE III-1  REQUIREMENTS-RANGING SENSOR MANUAL, TMPACT DOCKING
REQUIREMENTS SOURCE
a, Attitude Determination All relative attitude corrections are provided manually from TV

Co

Capability - None

Acquisition Range= 12,5 n mi
Margin x 2
25,5 n mi

Minimum Range for Ramnge
Data - 10 £t

Range Accuracy -
S nmi to 25 n mi- <100 ft

10 ft to S nmi - + 1 ft

observation,

Trajectory error analyses resulted in successful rendezvous from
12.5 n mi with very small ACS penalty over longer range rendezvous,
such as 50 n mi, '

Range data will be necessary on the ground to perform lateral
thrusting maneuvers manually. Because of data transmission delays
and crew response time no such corrections are probable in the last
10 seconds, At a constant closing rate of 1 fps, the minimum range
is 10 feet,

Consistent with accuracy of rendezvous algorithm correction capa-
bility of <100 feet

The time of the last TV picture on which corrections will be based
is at least 20 seconds (20 £ft) from docking. A one foot error in
range would result in an error of 5% in any lateral tramslation

correction that is based on range. This is approximately equal to
the errox due to the estimated ability of the man to determine the
target attitude misaligmment (+ 1 in,) from which that correction

+is derived, Specifically, for a nominally lighted offset "T'" less

than 2 feet across, one inch results in a 4% target attitude mis~
alignment uncertainty,

NOTE: The minimum velocity impulse (ACS total minimum impulse
bit) is .012 in/sec., At 20 ft {or 20 sec) the minimum
offset that could be corrected for is 1/4 inch,




TABLE III-1

REQUIREMENTS-RANGING sENSOB (Cont'd)

0¢-111

REQUIREMENTS

SOURCE

e, Range Rate Accuracy
Far (.5 nmi to 25 n mi)
= TBD fps
Near(1l0 ft te .5 n mi)
= + .1 fps

£, Field-of-View + 15 deg

. Rendezvous algorithm requirement.

For impact docking a constant range rate of 1.0 f£ps is desired.
Little occurs to perturb this-after the last corrections at 10 £t to .
20 £t, consequently an accuracy of + .l is sufficient to ensure im-
pact well within the structural design margin of the mechanism which
is presumed to tolerate at least %+ 1.25 £ps, Figure III-12 shows a
relative insensitivity to Axial Velocity over the range of .75 to

L 1,25 £ps.

FOV must be adequate to: (1) find target in FOV at acquisition, (2)
track during worst vehicle perturbations, and (3) determine target
attitude from a pattern of given diameter up to a specified minimum
range, In this case attitude determination by ranging sensor (2
above ] is not required. Previous stored knowledge of the docking
port attitudeé and TV manual attitude coalignment maneuvers are suf-

ficient for docking,

Regarding (1), current values of 3 n mi for Tug position error and
1l n mi of spacecraft position result: in worst angular LOS error at

‘the minimunm -acquisition range (12.5 n mi) of

¥ (32 + 12)

12,5

sin~1 = +15°,

MANUAL IMPACT DOCKING
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TABLE III-1 REQUIREMENTS-RANGING SENSOR (Cont'd) MANUAL IMPACT DOCKING

REQUIREMENTS

SOURCE

g. LOS Accuracy -
Neal‘ - i 1.00
Far =~ TBD

Preliminary Allocation

Cue location erxror =
(1l in, at 1 £r)

Sensor Alignment on Tug

It

Ii

1+ 14

Sensor Accuracy (Bias,
Threshold, Quantiti-
zation, etc.)

Computation Error =
R3S

h., Loss of LOS ~1ft

5%

o

-~ e
U U
o o

¢

1.0

Docking mechanism desipgn parameters are relatively insensitive to
LOS errors less than one degree. A preliminary allocation of errors
making up the + 1° number is provided, They reflect realistic
achievable specifications,

Lateral offset at the docking mechanism is somewhat sensitive to
this. One foot provides sufficient margin and is well within cur-
rent technology capability., Impact of the loss of LOS data on
lateral displacement (the most sensitive docking mechanism para-
meter) is illustrated in Figure II11-13 for the conditions shown,




Angular Misalignment - Deg.
s

Impact Docking

° Raesiduat Lateral
Vehicle Velocity
At Loss Of Target
Attltuds Data

2- r-
§ 0.0 fps
1-
¥ LD | ] ¥ ]
. ] L0 1.5
Axizl Docking Veloclty - fps
CONDITIONS
Ap = 1° 8/C Attitude Uncertainty
Af = .5° LOS Uncertainty
- ¥ = ,25° Tug Deadband
€ = ,5° S/C Deadband
Ecg = 18" Tug cg~to~-I/F distance
ﬁSC = 17! 8/C cg-to-1/F distance
Ly, = 10 Range at which Target Attitude Data is Lost
§ = ,0003%sec IMUrDrift
fir = 1" Range where LOS Data is Lost

FIGURE I1I-12

ITI-22

ANGULAR MISALIGRMENT vs AXIAL DOCKING VELOCITY



Lateral Displacement (y) - .

| {mpaci Docking

Loss of ,
Une-Of-Slght
2.54 Data At ——mm
2-
1.5-
1-
S I
. "
! t } t —y
o‘ ) ol R 02 t3 A 04 .5
Lateral vehicle (e.g.) Veidcity Wy) ~ s
i
CONDITIONS
d¢ =,52 . Los Uncertainty
48 = 1 g9 8/¢ Attityde Uncertainty
¥ = 250 Tug Deadbang
€ = 50 8/C Deadbang
_égg = 18" Tug cg 4o I/F Distance
lsg = 71 8/C cg to 175 Distance
Ly, = 200 Range where Targer Ap¢, Data is Loge
Vg =1 fps Axial Velocity

0 = «0003%/ge.. IMU Dpjfe
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TABLE III-2, REQUIREMENTS-VIDEO/LIGH?ING MANUAL IMPACT DOCKING

REQUIREMENT SOURCE - )
a) Type - Silicon Intensified The silicon intensified vidicon is one of the most sensitive types of
Target Vidicon television camera tube, For this reason it will minimize the amount of

'illuminatibn the Tug must provide, The resolution.required by the Tug ' '
application is in theé range achievable with this camera tube, and the
wide 500:1 to 1000:1 dynamic range inherent in this technology minimizes
the mechanical adjustment required for the aperture of the camera lens,

b, Resolution - >500 Lines and 525 lines in a 20° field of view specified for the shuttie camera will
> 400 Pixels cover a one~foot wide area at 100 ft with 525/{200 tan 10°) = 15 lines,
which is adequate to display details of objects this size, as required
for Tug, As the Tug approaches the target, smaller details will be
resolved,
c, FOV =20 Since TV is not used for initial acquisition the driving requirement on
FOV is to provide sufficient viewing capability of the s/c during in-
spection and of the docking port during closing,

© Max S/C cross section = 25' at 100’ inspection point

25/2
100

e Docking port diameter-of interest = 3 ft., If last picture is 20 sec

FOV - 2 (tan’l )= 14,259 for S/C inspection

(20 f£t) from contact FOV = 2 (tanél %32 ='8,5° for docking port
viewing. '

Congeduently, 20° FOV ‘should provide sufficient margin.

d. Scan Rate = 30 Times/sec The output bandwidth of a camera is a function of the scam trate and
- number of picture elements specified for the picture, Scan conversion
¢. Bandwidth =

4.5 Megahertz electronic components are required to .reduce the bandwidth of the shut-
- . tle camera to the allowed transmission bandwidth for Tug. If an image
dissector camera tube were used, the scan rate could be lowered directly,
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REQUIREMENTS-VIDEO/LIGHTING (Continued)

TABLE III-2 MANUAL, IMPACT DOCKING
REQUIREMENT SOURCE

— rrr— # — - :mw |
d. and e. (cont'd) ‘ but the other advantages of the shuttle camera would be lost, There-

2o

i.

Jo

Camera Survivability -
Look into the Sun

Maximum Length - .3m {1 ft)

Target Illumination
Required - 5 to 10 £t Candles

Lighting - Strobe or Tungsteny
Flood

Lighting Power ~
600 watts (Max)
16,5 watts (Avg)

fore, the values shown are not necessarily requirements for Tug, how-
ever they are consistent with the other TV requirements shown in thig
table, all of which were selected with a certain camera development

program in mind.,

The candidate camera is specified to be capable of looking directly
at the sun, This implies that special protective measures, such as a
shutter, will be incorporated in the camera to protect the intensified

‘target tube. A silicon vidicon type of camera tube does not necessarily

require this special handling,
This is necessary to provide packaging within the Tug forward structure,

This is the shuttle camera anticipated capability., The lighting re-
quirements in (i) and (j) below are based on this,

The shuttle camera characteristics require that the target be illumin-
ated to a level of 5 to L0 £t candles- (5 to 10 luméns per sq., ft), The
power required to furnish this illumination can be estimated as fol-
lows:

Assume a Xenon Short-Arc. Lamp within a reflecting housing such that
75% of the light produced falls within a 20° diameter circular cone co-
incident with the field-of-view of the camera, The area on thé surface
of a sphere of 100 £t radius illumirnated by this cone of light is 970

-sq. ft. and the lamp must produce 4700/.75 = 13000 lumens in order to

average 10 lumene per sq, £t, over ‘this area, A well-designed reflec-
tor can assure that the edge of the cone will receive not less than half
as much illumination per unit' area as the central area, and the illum~
ination within the cone will everywhere be greater than 5 lumens per sgq,

ft. The Xenon Short-Arc Lamp has & luminous efficiency of approximately
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TABLE IIL-2

REQUIREMENTS-VIDEO/LIGHTING (Gontinued) AL IMPACT DOCKING

REQUIREMENT

SOURCE

I
|

i, and j. (cont'd) 22 lumens per watt; the lamp power required is about 600 watts, when it

,is illuminated,

The camera Scans at 30 frames per sec, and the lamp need be illum-
inated only a minimum of 2 scan periods for each picture to be transmit-
ted to the operator, a maximum of 1 picture each 3 seconds. The duty
cycle of the 1L lamp can therefore be 0:;022. Assuming the efficiency of
the power supply circuitry to be 0.8, the input power to the overall
lamp and its control will average 600 x 0.022/0,8 = 16,5 watts when the |
lamp is operating to illuminate the target.
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TABLE III-3 REQUIREMENTS -DOCKING MECHANISM . MANUAL IMPACT DOCKING
REQUIREMENT SOURCE
a. Angular Misalignment = 3° Figure III-14 portrays angular misalignment vs residual lateral trim
Margin + 1.5° velocity error, assuming the uncertainties shown on the plot. In (b)
' . .59 ! on Table III-5, a trim requirement of .l ft/sec is established. Based

Co

€,

Maximum Lateral Displacement
= + .21 ft
X 2
+ .42 fe(+ 5 in)

Margin

Lateral Velocity at Docking
Interface = .11 fps
Margin x_ 2

.22 fps

Contact Velocity =1 +.1 fps

Roll Misalignment = + 50

-inal spacecraft length of

This is merely the selected closing velocity plus the range rate un-

on that, 3 deg is the expected angular misallgnment for loss of space-
craft attitude data at 10 ft.

The value of .21 ft is obtained from Figure III-15, assuming a nom-:
=15 ft (c.g. at 7 £t).

The lateral velocity at the interface is the lateral vehicle residual
velocity error plus deadband rate effects, From Figure III-16 the
expected maximum is .1l fps for a lateral vehicle velocity of .1 fps
{(see (b) in Table III-5). This requirement is relatively insensitive
to spacecraft length, )

certainty of the sensor and its axial velocity control loop. Require-
ment lh specified the sensor error at + .1 fps., The control loop
error is generally an order of magnitude less. than that, so it will
be neglected.,

This is a suﬁjective requirement based entirely on man's ability to ‘
discern roll misalignment from a target vehicle cue. Five degrees
is a reasonable starting value, Man-in-the-loop simulations will

be required to verify thls selection,
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TABLE III-4 REQUIREMENTS-TARGET CUES

MANUAL IMPAGT DOCKING

REQUIREMENT

SOURCE

8,

b.

Co

A corner reflector is re-
quired on the docking axis
for the cooperative ranging
sensors (RF or laser radar),

An array of reflectors may be
required to ensure ranging
data during the rendezvous
for the eccoperative sensors.
The number and location is a
function of the preflight
knowledge of orbital trajec-
tories, It may be possible
to target the approach from
the docking port side thereby
requiring no more than (a)
above, Further analysis is
required,

An offset "TI" or similar
visual cue is required on
the spacecraft for all can-
didates.

Assumes the docking port attitude is known and the TV will provide
sufficient visual data for commit-to-dock.
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TABLE III-5 REQUIREMENTS~-CONTROL SYSTEM/MAN MANUAL IMPACT DOCKING
REQUIREMENT SOURCE
a, Tug ACS Minimum Impulse Existing Tug baseline. Results in & min, impulse tranmslation of .012

Bit = 20 ms

Lateral Translation Trim
Capability = .1 fps

in/sec/pulse with a 1000 slug tug, which is more than adequate, since.
manual velocity error discernment is at least an order of magnitude
greater, '

Ed

For this candidate this is a subjective requirement difficult to
demonstrate by analysis, It involves the ability of the man to de-
termine the lateral velocity and position errors by observing a tar-
get on a TV, then correcting the errors within the time and picture
availability constraints, The value of .l fps was selected to avoid
any unnecessarily tight requirements on mechanism design (as illus-
trated in Figures III-14, 15 and 16, provided for the three docking
mechanism requirements) that result when any lateral velocities over
o1 fps must be absorbed by the mechanism, .l £ps does not, at the
moment, appear to be an unreasonably tight requirement, It will re-
quire demonstration via a man~in-the-loop simulation,
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TABLE III-6  REQUIREMENTS - RANGING SENSOR

REQUIREMENT

SOURCE

Minimum Range for Ranging -
1 ft,

Range Accuracy For Near
Range (1 ft to .5 n mi)=-

+ 6 in. -~ long term,
+ 1 in., - short term

Same as Table III-1 with the following exceptions,

In a non-impact docking, the vehicle must be accurately maintained in
a stationkeeping condition while the STEM is deployed. The range for
this operation is 3 - 5 feet, so.one foot provides sufficient margin.

The overall accuracy of the range data must be sufficient to avoid the
impact of the two vehicles during the 3 - 5 foot stationkeeping range.
A .5 ft overall accuracy 1s suffielent for this., On a short term
basis, the minute-to-minute accuracy must be considerably better to
avoid damage to the STEM, Less than 1 or 2 in is desirable,

MANUAY, NONW-IMPACT DOCKING
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TABLE III-7 REQUIREMENTS-VIDEQ/LIGHTING

MANUAL NON-IMPACT DOCKING

REQUIREMENT

SQURCE

Same as Table III-2 *
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TABLE III-8  REQUIREMENTS-DOCKING MECHANISM MANUAL NON-IMPACT SYSTEM

REQUIREMENT

SOURCE

a. Angular Misalignment - (prior
to STEM contact)
SLR. 2,6 deg

Margin + 1,5
4,1 deg

RF 3.5 deg

Margin + 1.5
5.0 deg

b. Maximum Lateral Displacement
at IL/F (prior to STEM
contact)

= °2
Margin x 2

1.4 £t (*+ 5 in)

¢. Lateral Velocity at
Interface
N/A

d. Maximum Contact Velocity
.0082 ft/sec

Margin x 2 '

016 £ft/sec

e. Roll Misalignment = + 5 deg

The values of 2.6 deg and 3,5 deg are derived from the attached Fig-
ure III-17 where translation deadband, or lateral offset error, is
.5 £t or less (SLR), and 1.0 £t (RF)[see (c) on Table III-5], and

‘the target attitude -error, which is chiefly a crew discernment prob-

lem, is less than 2.5 deg. Again, the latter will require simula-
tion to verify, :

This requirement sizes the STEM capture cone diameter. If the STEM
were guided manually based on real time TV, this would be negligi-
ble. However, there ‘are considerable delays in TV response which
will make STEM alignment success subject to vehicle rates and resi-
dual lateral velocities from picture to picture., Based on maximum
vehicle rate of .1 deg/sec and maximum residual velocity of .002
fps, (see {e) on Table III-10), the maximum lateral displacement is
«2 £t 1f TV response is one picture every 16 seconds (see Figure
I1I-18).

For a non-impact STEM approach, this spec is replaced by 3g, the
maximum STEM rate required. With the STEM approach, lateral veloc—
1ty at docking is -essentially reduced to zero.

Contact velocity is derived from the time for reel-in, which_ should
be less than 10 minutes, For a 5 £t arm, V = 5/600 sec = .008 £t/
sec assuming velocity is held relatively constant throughout by con-
tinuing to pulse the reel-in motor to overcome friction and avoid
compressive loads on the arm,

Same as (e) on Table III-3,
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TABLE III-8 REQUIREMENTS-DOCKING MECHANISM (Continued) MANUAL NON-IMPACT DOCKING.
REQUIREMENT SOURCE
f, Angular Misalignment at At STEM contact the Tug will go to an attitude hold mode, essential-
Contact = 2,6° ly freezing the misalignments of (a)., Consequently, the angular
Margin + 1,5 misalignment at vehicle contact should be no greater than at STEM
4,1° -contact.

i.

i,

Maximum Lateral Displacement
at I/F at Vehicle Contact
= ,51in

%2

lao in

Margin

STEM Maximum Angle
SLR
+ 60
+_4°
+ 10¢

12°
80
290

Margin

|+ 1+

STEM Maximum Rate = 2,3°/sec
Marxgin x 2
4,6% sec

Maximum STEM Extension = 5 ft

'STEM Extension Rate = ,5"/sec

STEM Retract Rate = ,1"/sec

maximum

The non-impact STEM approach is specifically implemented to reduce
this error to essentially zero, or at least within the manufactur-
ing and assembly hardware misalignments between the two vehicles.
This should be less than .5 in.

Twelve degrees is selected based on the attached curve (Figure III-
19) , where the worst case translation limit cycle is 1.0 ft (RF)(see
requirement (d) on Table LII-10), and the maximum stationkeeping
distance is 5 ft,

This is based on the attached curve, Figure III~20, where the maxi~
mum vehicle lateral velocity (deadband rate) is .02 ft/sec (see
(e) on Table III-10), and the stationkeeping distance is 3 ft (see
(i) on Table III-3),

Distances beyond 5 £t are not practical for servicing considerations,
nor for STEM boom structural strength design, yet the greatest possi-
ble distances are desirable from STEM rate and angle design charac-
teristics, ground control response requirements, safety, etc.

Oberational considerations would like the probe extended in 2
minutes.

Ground and operational considerations allow 10 minutes for
retraction,
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TABLE III-9  REQUIREMENTS~SPACECRAFT CUES

MANUAL NON-IMPACT DOCKING

REQUIREMENT

SOURCE

Same as Ml (gee Attachment B)
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TABLE I1L-10

REQUIREMENTS~CONTROL SYSTEM/MAN

MANUAL NON-IMPACT DOCKING

REQUIREMENT

S0URCE

¢, Axial Translation Minimum
Trim Capability = .012 in/sec
Margin X 2

d. Lateral Translation Deadband
Capability - Manual -~
SIR - .5 ft
RF - 1.0 ft

Same as Table IIL-5 except for addition of the following:

.024 in/sgc

The non-impact docking requires very refined axial translation control.
Since the closing rates have been reduced to near zero at the time of
STEM extension, the ground controller should be able to detect very
small motions in relative errors from picture-to-picture (plus recog-~
nition of 4 change of = 1 in. from ranging sensor data), all of which '
should allow the stationkeeping rate to be maintained with a single
minimum impulse of two axial jets. That capability for a mass of

1000 slugs and a total ACS thrust of 50 lbs is:

_ B0 1bs x .02 sec

Vo = Impulse _
1000

Mass

= .001 ft/sec2

| or .012 in,/sec.

Even if TV pictures
picture could be as

NOTE: are 16 sec apart,  the motion from picture-to-

small as .2 in,!

This 1s a man-in-the-loop capability, depending considerably on the
man, the cue, the lighting, TV delays, etc; all of them subjective.
.Simulations will be required to validate the capability. The value
selected is relatively large and should encompass a reasonably
worst—-case situation. '

Note that an error in reading target attitude error of 1 deg results
in a lateral misalignment of only one inch or .08 ft at a statlonkeep-
ing distance of § ft. Even 5 deg error is less than .5 ft (.43 ft),.
The RF deadband is twice that of the SLR because of the decreased
accuracy in LOS measurement, which affects the deadband size,
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TABLE III-10 REQUIREMENTS-CONTROL SYSTEM/MAN (Cont'd)

MANUAL NON-IMPACT DOCKING

REQUIREMENT

SOURCE

Manual =
Margin x

e. Minimum lateral translation
deadband rate capability -

,012 in./sec
2

024 in./sec
(.002 ft/sec)

See c.
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TABLE IITI~-1)l REQUIREMENTS-RANGING SENSOR AUTONOMOUS IMPACT DOCKING
REQUIREMENT SOURCE
a,1) Autonomous Attitude Deter- Maximum inspection range of 200 ft is anticipated accounting for

Maximum Range =
Margin +

a,2)

Accuracy - +1

mination Capability,

200 ft

100 ft

300 ft

Attitude Determination
Minimum Range Capability

10 ft

a,3) Attitude Determination

deg

Preliminary Allocation:

Cue Alignment/Orienta-
tion (w/r to s/c’axes)

Sensor Aligoment on Tug

Sensor Accuracy (bias

tion, Beam Width, etc.)
Computation Error
RSS

+ 0,59

+ 0.5°
40.75°

Threshold, Quantitiza- |

smallest TV FOV of 10 deg and largest spacecraft diameter of 35 ft,
Attitude determination prior to 1nspect10n stationkeeping is not
required,

For impact docking the docking mechanism angular misalignment is
affected, more than any other mechanism parameter, by the range at
which attitude data is lost, Figure III-21 shows that for residual
lateral vehicle velocities of less than .0l ft/sec (see (b) in Table
III-15), the angular misalignment is not much different if the range
at which data is lost is 5 ft or 10 £t - 1.3 deg vs .4 deg; there-
fore a minimum range of 10 ft will be used, Docking mechanism ang-
ular misalignment capabilities less than 5 deg have little effect on
mechanism weight, complexity, or cost.

Figure III-22 shows the sensitivity of angular misalignment to tax-
get attitude uncertainty for different ranges at which attitude data
are lost and two different values of residual wvehicle velocity., It
shows little sensitivity to target attitude uncertainty over the
range of .1 deg to 1 deg. Beyond 1 deg and as it approaches the
angular misalignment itself (&2 deg) it becomes a dominant error
source. One degree was chosen as it avoids this dominant range yet
ninimizes unnecessarily complex sensor and target cue designs. This
number does, of course, include the target cue orientation and align
ment accuracy as well as the sensor alignment and internal accuracy,
An approximate allocation is provided, based on realistic achievable
numbers.
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TABLE 1II-11 REQUIREMENTS~RANGING SENSOR (Continued) AUTONOMOUS IMPACT DOCKING

REQUIREMENT

SOURCE

b) Maximum Ranging Range
(Acquisition) = 12,5 n mi
Margin x 2
25,0 n mi

¢) Minimum Ranging Range

= 10 ft
d) Range Accuracy -
e5nmi to 25 n mi - + 100 £t
10 ft to S nmi - + 1 ft

e) Range Accuracy -
o3nmi to 25 n mi - + TBD
10 ft tO 05 n mi - i ol fPS,

£) Field-of-View = + 15°

Trajectory error analysis has shown that with the baseline Tug in-
gertion uncertainty of + 3 n mi and spacecraft knowledge uncertainty
of +1 nmi, a terminal phase rendezvous can be accomplished from
12,5 n mi with only negligible increases in ACS propellant over long-
er ranges. Therefore, in the interest of conserving time and the
power/weight impact of longer range sensors, the minimum reasonable
range (12.5 n mi) is selected.

Range data beyond the point where target attitude is determined for
the lost time is not required for a non-impact system. See a.2)
above,

Consistent with accuracy of rendezvous algorithm correction capabil-
ity. For non-impact docking, range is not a critical parameter once
the closing velocity is established at 100 ft. It is not the pri-
mary parameters on which target attitude is computed. Ten percent
of the minimum ranging range of 10 £t seems a reasonable and achiev-
able value.

Rendezvous algorithm requirement,

‘Range rate accuracy determines the tolerance on the axial velocity

to 'be expected at 'docking., Figure ILI-13 shows the sensitivity of
angular misaligpnment to axial veloeity, It can be seen that for low
lateral velocities { €£,05 ft/sec for the autonomous case) it has
little effect anywhere between .75 and 1.25 £ps. Since little will
occur to perturb the closing velocity when the last.corrections are
made at the 10 ft minimum ramnge point, a range rate tolerance of +.1
fps provides more than sufficient margin, .

FOV must be adequate to: (1) find the target in FOV at acquisition,
(2) track during worst vehicle perturbations, and (3) determine
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TABLE III-11  REQUIREMENTS-RANGING

SENSOR (Continued) AUTONOMOUS IMPACT DOCKING

REQUIREMENT

SOURCE

£) Field-of-View (Concluded)

g) LOS Accuracy -

+ 1.0°

Preliminary Allocation

Cue Location Error
(1L in at 1 ft)

Sensor Alignment on Tug

I+
e

n

Sensor Accﬁracy (Bias,

Threshold, Quantiza-

tion, etc,)

Computation Error

U

RSS

I+
U
°

h) Loss of LOS Data

[

-

target attitude from 3 pattern of given diameter up to a specified
minimum range, Current values for 3 n mi for Tug position error and
1 n mi of spacecraft position result in worst angular LOS error at

the minimum acquisition range (12.5 n mi) of gi,-1 &:23§2+ 125 = 15°
a2 °

For a 30 deg FOV and a minimim range of attitude determination of 10
ft (a.2), the maximum target diameter is 2 x 10 ft sin 15 deg = 5.1
ft; more than adequate for a target pattern size,

Target attitude determination utilizes L0S data, therefore should be
compatible with requirement (a.3). The target attitude computation
involves more cues and more measurements, but the computation error
is small. Meanwhile, the L0OS data must be available at a closer
range - &1 f£t, making the cue's location accuracy at least as cri~
tical an item as alignment of the four cues for target attitude de-
termination was at a 10-ft range for requirement (a.3). The same
breakdown of errors as was proposed in (a.3) above, is assumed here,

Figure III-23 illustrates the sensitivity of lateral displacement
(which is affected the most by this parameter) to loss of 105 data.
One foot is necessary to minimize the effect of this error source,
yet is an achievable number,
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TABLE I1I1I-12 REQUIREMENTS-VIDEO/LIGHTING

AUTONOMOUS IMPACT DOCKING

REQUIREMENT

SOURCE

ments.

The TV is not a critical element in the autonomous candidates, 1if present at all, Its requirements
are quite flexible with many off-the-shelf designs feasibly accommodating the anticipated require-
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TABLE III-13 REQUIREMENTS~-DOCKING MECHANISM AUTONOMOUS TMPACT DOGKING
REQUIREMENTS SOURCE
a) © | Pigure III-21 earlier showed the relationship between lateral vehicle

b)

c)

d)

e)

Angular Misalignment = + 1.4
Margin x 2

Maximum Lateral Displacement
=+ .16
x 2
+ 32(+ 4.0 in)

Margin

Lateral Velocity at Docking
Interface = ,02
Margin x_ 3

.1 £ps

Contact Velocity =1 +,1 fps

Rell Misaligament = % 5°

velocity and angular misalignment, From (b) in Table III-15, the
lateral velocity it is anticipated an autonomous system can achieve
is less than .0l fps. That results in a maximum angular misalignment
of 1.4 deg for-a loss of spacecraft attitude data at 10 ft, assuming
an axial velocity of 1 fps and a target attitude uncertainty of 1
degree,

A value of + .16 feet (or *+ 2 inches) was selected based on the curve
of Figure II1- 24, a nominal spacecraft length of 15 feet (c.g. at 7
ft), and an achievable maximum lateral velocity residual of .01 fps
(see (b) imn Table ILXI-15),

The value of .02 fps is selected from Figure III-25, The lateral
velocity at the docking interface is approximately the vehicle ¢.g.
lateral velocity; which, from requirement (b) in Table III~15 is less
than .01 fps for very low velocities where the deadband rates (maxi=
mum of .1 deg/sec) become limiting conditions.

Requirement, (g) in Table III~11 specified the range rate accuracy of
the ranging sensor at + .1 fps. This essentially estab- '

lishes the contact velocity tolerance, The control system errors are
negligible in an autonomous configuration. The value of 1 £ps was '
selected from the data of Figure III-13 to mlnlmlze its effect on
angular misalignment,

This requirement is limited by the dbility of the sensor to determine
target attitude, The value of 5 deg is a somewhat arbitrary value
selected on the basis of the known capabllity of most sensors to de-
rive target attitude auteonomously and the feagible roll misalignment
'a mechanism can accommodate,
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TABLE III-14  REQUIREMENTS-SPACECRAFT CUES AUTONOMOUS IMPACT DOCKING
REQUIREMENT SOURCE
a) An array of reflectors will The attitude determination raflector array diameter is based 'on a

b)

c)

be required on the docking
axis for attitude determina-
tion., The maximum diameter
of the array 'can be 5§ feet.

The relative alignment/
orientation of the reflec—
tors in a) shall all be
within .5 deg of each
other and the spacecraft
axes,

A 47 steradian coverage

. of reflectors shall be

provided for the cooper-
ative sensors for signal
reflection during rend-
ezvous (as a maximum), .

sensor FOV of 30 deg[}equirement (h) in Table III-117], and a minimum
range of 10 .ft for attitude determination (requirement (c) in the same
Table). '

See requirement (d) in Table III-ll;

If trajectory conditions are such that a predictable predetermined
approach path can be established for a spacecraft, of group of space«
craft, the reflectors may be limited to that side only.
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TABLE IXI-15 REQUIREMENT-CONTROL SYSTEM/MAN

AUTONOMOUS IMPACT DOCKING

REQUIREMENT

SOURCE

a) Tug ACS Minimum Impulse Bit
=20 ms

b) Lateral tranmslation trim

capability

= ,012 in,/sec

Margin x 10

.12 in./sec
(.01 ft/sec)

This is current Tug baseline design. It results in a minfmum im-
pulse translation rate of .012 in./sec for a 1000 slug mass
25 1b x 2 x .02 gec
1,000
ing the insensitivity of most docking mechanism parameters to
lateral translation rates of less tham .05 ft/sec. ,05 ft/sec is .6 1n/
sec or 50 times the minimum capability of 012"/sec

+ This is more than adequate when consider-

For totally quiescent vehicle states with no major attitude correc-
tions and a reascnably -accurate noise-free close~in stationkeeping
sensor (attitude and translation) the wvehicle could theoretically
achieve a translation deadband limit cycle rate approaching the
minimum impulse bit capability of ,012 in./sec. Considering all the
above assmmptions, a margin of a factor of 10 is not too conservative
and yet quite adequate,
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TABLE III-16

REQUIREMENTS~RANGING SENSOR

AUTOROMOUS NON-IMPACT DOCKING

REQUIREMENT

SOURCE

e)

Requirements are the same as the

a;2) Attitude Determination
Minimum Range Capability =

3 £t

¢) Minimum Ranging Range = 3 £t

d) Range Accuracy - Same as Im-

pact Plus the following:
3 ft to 10 ft =+ .5 £t

(day-to-day) .
B Y O 4
{short term)

-

Range Accuracy - Same as Im-
pact Docking Plus the follow-
ing:

3 ft to 10 £t = .01 fps
(either from a sensor or
derived from range data)

impact docking, Table III-1l, except for the following:

'This is the minimum range at which thé STEM target retrieval activ-

ity will be conducted, Vehicle range and coalignment, utilizing .
target attitude in the -computations, must be maintained during this
phase, . .

See (a,2) above,

A relatively stringent range accuracy is required during STEM active
ity so that a tight Tug deadband for the s/c range control loop can
be implemented, thereby minimizing the transients and perturbations
on the STEM loop. .l ft accuracy should permit a control loop
accuracy of + .2 ft, or 2.5 inches, which should be below the thres-
hold of range control of the STEM.

For non-impact.docking the stationkeeping stability and accuracy is
of concern more than tolerance on impcat veloeity., The requirement
is obviously. a much more stringent one since range rate must be
driven to virtually zero and, at that point, still a key parameter

,in the statlonkeeplng control laws,
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REQUIREMENTS-DOCKING MECHANISM -

AUTONOMOUS NON-IMPACT DOCKING

TABLE ILI-17

REQUIREMENT

SOURCE

a)

b)

c)

Y

e)

certain cases.

The docking mechanism requirements are the same as for the impact docking, Table III-12, in
Those that are different are shown below:

Angular Misalignment
=+ 1,20
x 2

Margin
+ 2,4°

Maximum Lateral Displacement
at STEM Imsertion - + .1 ft
Margin x.2
+ .2 fr
(#2.5 in)

Lateral Velbcity at Docking
Interface -+ Negligible

Contact Velocity -
.008 ft/sec
x 2

016 ft/sec

Margin

Roll Misalignment = + 5°

"ocity.

Angular Misalignment in the non-impact case is determined more by
the magnitude of the tramnslation deadband than it is by lateral vel-
10S and attitude data are never really lost, Figure III-17.
shows the relationship between the translation deadband and angular
misalignment for several accuracies of target attitude knowledge.
Autonomous deadbands of ,005 feet are achievable but from (c) in
Table ITI-20, a value of ,1 ft is a more realistic maximum for now.
This resulis in 1,2 deg angular misalignment for target attitude
data uncertainty of ~1 degree,

This requirement sizes the STEM drogue diameter and is principally a
function of sampling, or command update, interval of the STEM con-
trol loop. In Figure IIT-18 the sensitivity to this interval is
shown for several values -> 1 sec through 15 sec -- where 15 sec re-
lates to a manual ground controlled STEM. In an autonomous mode the
automatic control loop will be cycled considerably faster than once
each second. It can be seen the lateral displacement is negligible
-~ less than .1 of a foot,

The lateral velocity is inherently very small for this type of non-
impact docking; certainly well below the threshold of impacting
mechanism structural characteristics.

Contact velocity is derived primarily‘from the maximum STEM retract
rate which is 5 ft (maximum)/10 min or ,008 ft/sec,

See requirement (e) in Table III-3,
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TABLE III-17 REQUIREMENTS-DOCKING g@emxsn (Continued) AUTONOMOUS NON-IMPACT DOCKING
REQUIREMENT - SOURCE
£) Angular Misalignment at At STEM contact the Tug will go to an attitude hold mode, essentially
Contact = 1,2° freezing the misalignments of requirement (a) on Table III-16, Con-
Margin x 2 ‘.sequently, the angular misalignment at vehicle contact should be mo
2.4° greater than at STEM contact, :

g)

h)

1)

)

k)

1)

Maximum Lateral Displacement -

at T/F upon Vehicle Contact

= «5 in
Margin x 2
1.0 in
STEM Maximum Angle = + 50
Margin x 2
x + 10°
Maximum STEM Rate = 2,.2%sec
Margin 2
4%/ gec

Maximum STEM Extension = 5 ft

STEM Extension Rate -~
o5 infsec |

STEM retraction Rate -
.1 in/sec

The non-impact STEM approach is specificdlly implemented to reduce
this error to essentially zero, or &t least within the manufacturing
and assembly hardware misalignments between the two vehicles, This
should be less than .5 in.

STEM angle is primarily a function of translation limit cycle as
shown in Figure III-19. For a deadband of .1 ft (see requirement(c)
on Table III-19) and the closest stationkeeping distance of 3 ft, a
value of + 5 degree is derived.

Maximum STEM rate is driven primarily by the translation deadband
lateral rate, shown in Figure III-20, for several stationkeeping dis-
tances. For autonomous systems these rates are very low (see (b) on
Table IIX-19) -- less than .0l ft/sec -- resulting in ~ 2.2 deg/sec
for a stationkeeping distance of 3 ft.

Distances beyond 5 It are not practical for servicing considerations,
nor for STEM boom structural strength design, yet the greatest possi-
ble digtances are desirable from STEM.rate and angle design charec-
teristics, ground control response requirements, safety, etc,

Based on opefational considerations that would like the probe exten-
ded in 2 minutes,

Based on an operational timeline allowing 10 minutes for retraction,




6S~1I11

TABLE III-18 REQUIREMENTS-SPACECRAFT CUES

AUTONOMOUS NON-IMPACT DOCKING

REQUIREMENT

SOURCE

The cue requirements of the impact

d) A spacecraft cue will be re-
quired in conjunction with
close-in sensor performance
during stationkeeping at 3 ft.
to 5 £t. This sensor will
have to aid in derivation of
target attitude data as well
as relative translational
error (L0S) in three axes,
Total cross section camnnot
be more than 1.5 £t based on
a 30 deg FOV and a station-
keeping distance of 3 ft,

systems, Table III-14, are all applicable here, together with
the following additional requirement:
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TABLE III-19 REQUIREMENTS-CONTROL SYSTEM/MAN

AUTONOMOUS NON-IMPACT DOCKING

REQUIREMENT

SOURCE

addition of the following:

¢. Axial Translation Minimum

Trim Capability = .012 in/sec
Margin X 2

024 in/sec

d. Stationkeeping Translation

Deadband + .05 ft
Margin x 2
+ .1 ft

e, Lateral Translation Deadband

Rate = ,012 in/sec
Margin x 2 ’

0024 in/Sec

The control system requirements for the impact system, Table III-15, are all applicable, plus

The non-impact docking requires very refined axial translation con~
trol. The closing rates have been reduced to near zero at
the time of STEM extension, allowing the stationkeeping rate to be
maintained with a single minimum impulse of two axial jets. That
capability for a mass of 1000 slugs and a total ACS thrust of 50
pounds is:

Vo = Impulse _ 50 1bs x .02 sec
£ 7 Mass 1000

.001 ft/sec2 or
012 in/sec,

I

If an ACS duty cycle of one firing per 5 sec is assumed (typical
for rotational attitude control narrow deadband duty cycle), the .
rate from (b), Table III-15, of .01 ft/sec results in ,0l x 5 =

.05 ft of travel between reversing pulses, which is essentially the
nominal boundaries of the translation deadband.

See (c) above,




19-I1T

REQUIREMENT SOURCE
a) Attitude Determination '
Capability
1) Attitude determination, Same as autonomous impact system, See Iable IIL-1l.
maximum range capability
200 ft
Margin + 100 £t
’ 300 £t
2) Attitude determination, Same as autonomous impact system. See Table III-11.
minimum range capability
= 10 ft
3) Attitude determination Same as autonomous impact system. See Table IIIL-11,
aceuracy = + 1 degree )
.b) Acquisition range = 12,5 n mi Same as autonomous impact'system. See Table 1III-1l.
Margin X 2
25 n mi
¢) Minimum Ranging Range = 10 ft Same as autonomous impact system. See Table IIi~11,
d) Range Accuracy Same as autonomous impact system., See Table III-11,

S nmi to 25 n ml - + 100 £t
10 ft to 5 nmi - + 1 ft

e) Range Rate Accuracy : Same as autonomous impact system. See Table III-11,

Far (,5 nmi - 25 n ni) = TBD
Near (10 ft - .5 n mi) = +.1 £ps

f) Field of View - + 15 deg Szme as autonomous impact system. See Table III-~11,
Margin
g) LOS Accuracy - Near = 1.0 deg Same as autonomous impact system. See Table LII-1l.
Far = TBD deg .
h) Loss of LOS data - 1 foot Same as autonomous impact sfétem. See Tahle III-~1].
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TABLE III-21 REQUIREMENTS-VIDEO/LIGHTING

HYBRID IMPACT DOCKING

REQUIREMENT

SOURCE

:a)

b)

&)
h)

i)

D)

Type = Silicon Intensified
Target Vidicon

Resolution = 500 Lines and
400 Pixels

FOV = 20 deg
Scan Rate = 30 Times/Sec
Bandwidth = 4,5 .Megahertz

Camers Survivability -
Look into the Sun

Maximum Length ~« .3 m (1 ft)

Target Illumination -
Required - 5 to 10 £t candles

Lighting « Strobe of Tungsten

‘Flood ‘

Lighting Power =
600 watts (Max)
16.5 watts (Avg)

Same as manual impact system (see Table 11II-2).
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TABLE I1IiI-22

REQUIREMENTS -DOCKING MECHANISM

HYBRID IMPACT DOCKING

REQUIREMENT

SOURCE

a)

b)

c)

d)

e)

Angular misalignment = 3 deg
Margin + 1.5 deg
4.5 deg

Maximum lateral displacement
=+ ,21 ft
Margin x 2
+ J42 £t (+ 5 in.)

Lateral veloclty at docking in-

terface = ,11 fps .
Margin x 2
22 fps
v

Contact velocity = 1 + .1 fps

Roll misalignment = + 5 deg

Same as manual impact syétem ( see Table 1II-3)
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TABLE III-23 REQUIREMENTS-SPACECRAFT CUES HYBRID IMPACT DOCKING

REQUIREMENT - . . SOURCE

a) An array of reflectors will be Same as autonomous impact system (see Table III-14)
required on the docking axis '
fpr attitude determination.
The maximum diameter of the
array can be 5 feet,

b) The relative alignment/orien-
tation of the reflectors in
a) shall all be within .5 deg
of each other and the space-
craft axes,

c) A 4w steradian coverage of
reflectors shall be provided
for the cooperative sensors
for signal reflection during Y
rendezvous (as a maximum),

d) An offget "T" or similar cue Same as manual impact system (see Table I1I-14)
is required on the space- i
craft for manual backup
docking activities.
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TABLE III-24  REQUIREMENTS-CONTROL /MAN

HYBRID IMPACT DOCKING

REQUIREMENT

SOURCE

a) Tug minimum impulse bit = 20 ms

b) Lateral Translation Trim Capa~ _
bility = .1 fps ’

Same for all configurations.

Same as manual impact system (gee Table III-5). Although

the autonomous control capability can perform much better than
this, the docking mechanism, which is affected significantly by
this characteristic, must be designed for the worst situation
which is the manual backup control mode.




IV. DOCKING MECHANISM EVALUATION

The primary goal of -this section is to compare candidate.docking mechanisms
for the Space Tug that are optimal combinations of hardware to support the de-
sign goals specified for the Space Tug. It is significant that we emphasize
the requirements and goals of the Tug because up until this point the require-
ments for docking systems have been very similar. The Tug represents a depar-
ture. For previous programs the primary goal was the structural joining of
two spacecraft for the. specific purpose of providing a pressurized passageway
between them. 7The requirements are different than those for previous systems,
therefore, we anticipate that the eventual design solution wﬁll be different.

A, DOCKING SYSTEM(hEQUIREMENTS AND GUIDELINES

Listed below is a summary of the system level requirements identified for
the docking system to be applied to the Tug., It was essential to carefully
review the requirements established for previous programs to determine their
applicability to the Tug. In the past, the goal of the docking system was to
structurally attach .the two vehicles, providing a pressurized passageway be-
tween them. The final phases of the rendezvous was provided by the man-in-
the-loop, the astronaut, 'flying'" the two vehicles together. Now the goals
have changed as well as the conditions, thus the system requirements and design
guidelines should reflect these changes. ’

The structural requirements in some ways are more complex than before.
Now we must .accommodate up to. three spacecraft for delivery, and return another.
In addition, the one to be returned may be of a'different diameter than the one
delivered. The interface is further complicated by the requirement to accept
spinping payloads.

In other areas, the requirements are found to be analogous. With respect
to the budgeting of impact to the design of the Tug or to the payload, the
situation is similar to.that of the CSM and the LM. Just as it was important
to minimize the impact of the docking system on the IM to minimize weight to
be taken to the surface of the moon and back, so it is important to minimize

the impact of our system on the payloads. The principal mechanism design require-
ments are; . .

Cantilever payload off front of Tug with l6ad carrying capability defined
by Tug and orbiter operations;

+ Eliminate fip%l migalignment between vehicles to align the -docking
interface;

+ Provide capability to deliver up to three payloads and return one;

¢ Retrieval interface must be able to accommodate delivery of one diameter
pavload and return another;
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* Deploy payloads with desired low tip-off rate (.0083°/sec minimum, but
generally 1%/sec);

« Deploy or retrieve spinning satellites with rates up to 100 RPM;
» Capable of redocking immediately after deploy (infant mortality);
» Have minimum design impact on payload;

+ Minimize weight carried by Tug to maximize payload capability.

The major issues that affect docking mechanism selection are illustrated
in Figure IV-1. Compatibility with multiple payload mounting techriques, and
the ability to cope (in flight) with different payload diameters are constrain-
ing requirements. The issue of whether to support retrieved spacecraft in the
Shuttle bay with the docking mechanism or with separate .support structure has
a significant design impact. Whether to burden the docking mechanism or the
sensors with the final spacecraft mounting alignment task is equally signifi-
cant. The servicing compatibility issue is also significant. These considerations
coupled with the question of the degree to which past~developments can be used
to reduce acquisition cost, form the basis for the design and selection of candi-
date docking mechanisms,

Uo Down
o MuRiple o Different
Payloads Diameter
Delivered . Retrieved
\o|.”  secvicing / Retrieval Compatibifity?
—H _ Ll a
: a m
eload Carrylng Stub{e A Single, More Complex y
Structure With Mechanism | Structure
aLight wmgm,smcla$ oCapatle of Docking & Compatible Kit
Purpose Pocking Carrylng Flight Loads
Mechanism ‘ Branched Design
How Much Past Gemint / Agena:
Devalepment Can Bo Apolio Probo & Drogus:
Relelned? Internetional Docking Adapter

Figure IV-1. Key Docking Mechanism Selection Issues
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B. HESTORLCAL DOCKING MECHANISM DEVELOFMENT

The following is an coverview of the evolution of mechanisms used to
structurally join two vehicles in orbit. Lt presents the concepts developed
for the Gemini, Apollo and ASTP programs as 'well as some of the concepts
that were proposed but later eliminated. In addition, it presents a brief

analysis of some of the advantages and disadvantages of basic classes of
systems.

The U.S. space program's experience with the joining of two vehicles in
orbit began with the Gemini Program. "The Gemini system employed a large trun-
cated cone, or frustum, mounted to the target vehicle. This cone, essentially
what was to become the docking drogue of the Apollo Program, was sized to
accept the forward end of the Gemini vehicle., The cone had a larger included
angle than the docking portion of the Gemini wvehicle to allow lateral dis-~
placements, and a slot that accepted a guide bar on the Gemini to provide the
desired rotational alignment. Energy dissipation of both rotational and
translational energy was provided by three groups of dampers located around
the base of the cone on the target vehicle.

The operation of the system involved the rendezvous of the Gemini with
the target wvehicle, then the maneuvering required to insert the forward end
of the Gemini into the cone. Spring loaded latches on the Gemini then en-
gaged receptacles in the cone effecting capture. The spacecraft was then
retracted until it contacted s'tructural pads on the target vehiele, thus any
subsequent loads were not reacted through the damper assemblies.

In July 1962, NASA announced that they would accomplish lunar landing
by the use of the lunar orbit rendezvous technique, thus they had a require-
ment for an Apollo docking mechanism. The CSM contractor initiated a study
that was to result in the selection of the probe and drogue concept in
December 1963. To arrive at this decision required an analysis of the systems
identified at that time in light of the requirements of the Apollo Program.

The systems were identified as either impact or non-impact in nature.
The impact systems required that the active vehicle initiate a closure rate
within a specific bandwidth such that this energy could be employed to effect
a capture. The non-impact systems, on the other hand, resquired the active
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vehicle to station keep near the target vehicle such that a tether could be
extended to capture the target wvehicle, allowing it to be retracted back to
the active vehicle, The following description and analysis of the seven con-
cepts evaluated for the Apollo Program is from ""The Apollo Experience Report,
The Docking System" by Robert D. Langley of MSC. ’

The impacé systems evaluated were the probe and drogue, the ring and
cone, and the (at that time) yet to be proven Gemini system.

Prohe and drogue - The probe
and drogue docking system consists
of a probe mounted on the CM and a
drogue installed in the LM (Fig. IV-2).
The probe consists of a probe head,
a single center piston for impact
energy attenuation, three pitch
arms with bungees for lateral loads
and vehicle alinement, and an elec-
trical reel mechanism to effect re=-
traction after initial capture. The
drogue is a funnel-shaped structure
that guides the probe head to the
initial capture position, where
drogue-mounted latches engage the
probe head. TFor crew transfer
after hard docking, both the probe
and the drogue have to be removed
to provide a clear passageway.

Ring and cone - The ring and
cone docking system was developed by
MSC and consists of a ring mounted
on the CM and a cone mounted on the
LM (Fig. IV-3). The tubular ring is
supported by six identical impact
attenuators that attach to the CM
egress tunnel. After initial cap-
ture latching, the two vehicles are
pulled together to the hard-dock
position by three electrical reel-
in mechanisms. The cone consists
of four structural elements and cap-
ture latches to engage the ring.

The cone serves as the guide for the
ring from contact to capture latch
engagement and is removable, after
hard docking, to provide for crew
transfer.

iv-4

LM hatch
Linear-shaped
chiarge separation Iy
Pilch bungee S K3 \
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Probe retraclor

Attenuator
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Figure IV-2 - Probe and Drogue
Docking System

~ Altenyator

Figure IV-3 - Cone and Ring
Docking System



Gemini docking system - The Gemini

docking system conmsists of a struc-
tural ring on the CM and a cone on the

M (Fig. IV-4), This system is a reversal
of the ring and cone system in that the

cone is reversed (similar to drogue)
and is supported by the impact attenu-
ators. This system, although used
successfully in the Gemini Program,
was never seriously considered for the
Apollo Program because of the severe
weight penalty that would be imposed
on the LM,

Nonimpact Docking Systems

The nonimpact docking systems
include those systems that achieve
initial capture of the passive vehi-
cle by extending a member from the
active, stationkeeping wehicle. The
four nonimpact systems evaluated were
the inflatable probe, the stem, the
. stem and cable, and the inflatable
tunnel,.

Inflatable probe - The inflat-
able probe system uses an extendible
inflatable tube and support struc-
ture mounted on the CM and a conical
drogue mounted on the LM (Fig. IV-5).
The 4~inch diameter tube is housed
on a reel mechanism located at the
base of the support structure. The
tube ig extended to 20 feet and made
rigid by gas inflation. The capture
latch mechanism is mounted on the
forward end of the tube for engage-
ment of the latches in the LM drogue,.
After capture, the tube is reeled
in to achieve hard docking.

Segaration ring

Seal

manual latches

Figure 1V~4 =~ Gemini Docking System

r LM drogue -

inflatable prebe
Folding sugport structure

LM structure ~

@ Soft prabe extends @ CMRCS aiming of probe : Ny
@ Vanable-speed reel € Nontermodule compression

Figure IV-5 = Inflatable Probe
Docking System
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extension of the sheet from the spool
of the reel mechanism. Orce the tube
is extended, the crew manually guides
the stem probe head into the drogue to

a4 and it
Stem - The stem docking system S
(Fig. IV-6(a)) consists of a CM-mounted
stem device and a combined drogue and hatch SN ; 7
installed in the IM. The stem device \
is constructed of sheet metal that is N
heat treated in the rolled position ;
so 'that a metal tube is formed upon- }
—/
Probe

effect ca?ture latch engagement. Re- |_Stem mechantsm element
traction is provided by the reel
mechanism, @ Ball-ended stem extends @ Variable-speed reel
® Probe manually aimed ® Nontermodule compression

Stem and cable - The stem and Fig IV-6{a) STEM
cable system (Fig. IV~6(b)) is almost Shock [
identical to the stem system, except that o '!mmwm
the stem cannot be manually directed, and Wiregue  Sprag fen I
the probe head is permanently attached (== ]
to a cable rather than to the stem. e e mecmanisn "’ cent
After capture latch engagement, the etemen rechanisn
stem retracts and leaves the vehicles :irmﬂm?mm 7 T

N mrelra.

attached by a single cable tether. A © Canle e remanns e
variable~speed cable-reel device then  fonane.sheen cane ret
effects a closure rate to the hard- Fig IV-6(b) STEM & Cable

dock position.

Inflatable tunnel - The inflat-
able tunnel (Fig, IV-6(c)) is a
flexible device that is stowed in the CM

tunnel and releases and extends by gas
pressure. After capture latch en-

gagement with the 1M drogue, the tun-
nel is retracted to achieve a hard- M

Drogue and haleh /—Tunnel

allenuator ® Inlermoduld £Omnrett-an ENRANCES

dock configuration . dynamic charactens! ¢s
@ Vveh«le RCS-arienter 'L ~nel

@ Cren transfer thrpusn *anael

Fig IV-6(c) Inflatable Tunnel

The selection process employed both analytical and test techniques to
provide information for the trade analysis. Both were done in two dimen-
sions and the fidelity of the simulations were rather crude. However, this
did provide data that allowed the concepts to be evaluated with respect to
each other. The inflatable probe was found to be marginaily feasible, and
it was felt that the Gemini system resulted in a prohibitive weight increase
in the LM. None of the remaining concepts could be demonstrated to be clearly
superior, thus judgment was one of the prime factors in selecting the probe
and drogue,
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An evaluation of any of these systems' application to docking in future
space missions dictates an inspection of the requirements that were used to
guide these systeims evolution. Then, and only then, we can reallstlcally
assess the potential for their application.

For the Gemini, the requirements were to demonstrate the feasibility of
aligning (both laterally and in rotation) and joining structurally two vehi-
cles in orbit, To -accomplish this goal, the designers recognized that one of
the primary functions of the mechanism was to be that of compensating -for
less than idealkinitial conditions between the two vehicles, These conditions
can be discrepant in either displacements (lateral and angular) between the
two halves of the mechanism at contact or varlations in the relative wvelocity
between the two bodies, ;

The solution to the problem of displacements, or misalignments, of the
halves of the docking mechanism is one that has been applied exclusively
throughout the American Space Program. That is, one half of the mechanism
is inserted -into a cone, or drogue, which applies the necessary corrective
forces. to guide the inserted half, generally a probe, to the apex of the cone
thus aligning.the mechanism., For the Gemini program the cone was mounted on
the target vehicle and the forward end of the Gemini capsule acted as a probe.
In addition a slot in the cone was provided such that a guide bar on the cap-
sule provided accurate rotational alignment of the vehicles.

Variations in the closing velocity were accommodated by a. spring. and damp-
ing arrangement attached to the drogue on the target vehicle. Again this is
the_ approach that has continued to be employed, with the exception that in the
case of Apollo the drogue was totally passive and the probe provided. the energy
attenuation. -

Finally, an’ investigation of the action of the latching mechanism reveals
that the Gemini employed a two step system in which the first step was that
of capturing the target wvehicle, and the second was that of pulling them .to-
gether so that additional latches éould be used to provide the desired rigid
interface.

An inspection of the Apollo system shows that the basic theory or con-
cept of the Gemini system was employed, but modified to better suit the new
design goals.. As in the Gemini system, a drogue is used to convert the trans:
lational kinetic energy of the active wvehicle into the desired forces to align
the two vehicles. For Apollo hawever, due to weight restrictions on the
Lunar Module (the target vehicle) a smaller drogue was employed, thus a sep-
arate probe was required. In addition, again due to weight constraints, the
energy attenuation was moved from the drogue to the probe.

If docking concepts are categorized as central and peripheral then it can

be observed that all the proposed concepts for Apollo were of the central type.
This is because there was no requirement for the docking interface to transmit
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large structural loads, one of the prime assets of a peripheral docking sys-
tem., If the concept is reviewed closely enough, however, there are charac-
teristics of the Apollo system that lend themselves to application as a
basically peripheral system. The probe and drogue are obviously centered,

but their duties are only in the initial alignment and.capture phases of the
docking operation. Figure IV-7 illustrates the separate phases of activity
associated typically with the docking operation. The first phase is one that
has not been used in the past, but certainly is a possibility for future dock-
ing operations, If the docking mechanism is within the field of view of a
camera then the docking mechanism itself could provide visual cues as to the
final alignment, in addition to the docking aids used in the past. Phases 2
through 7 are those that have been accomplished by the probe and drogue
throughout the Gemini and Apollo programs. As can be seen there are two basic
activities described: first aligning and capturing the payload, typically
with a set of light latches; then drawing the two together so that a firm
structural connection cap be made by a second set of stronger latches, 1In

the case of the Apollo program, the diameter of the ring of structural latches
was dictated by the requirement to provide a crew passageway. Thus, the
Apollo system was really a combination of central and peripheral systems, but
the diameter of the peripheral portion was-small encugh to characterize it

as a purely central sgystem,

The concepts proposed for Apollo were charactevized as impact or non-
impact. The final selection was impact, but the rationale behind this must
be viewed im light of the requirements that were defined. The obviously ad-
vantage of the impact type system is that the kinetic energy of the active
vehicle can be transformed into forces to provide the alignment of the two
halves of the docking interface, The alternative is to provide a control
system that can provide the desired level of alignment itself. Providing the
alignment through impact is not without drawback. Complications arise in that
the remaining kinetic energy must be removed through an energy absorption sys-
tem, typically springs and dampers, algo, the area of contact and post-contact
dynamics is less than desirable., For central systems, the problem of jack-
knifing-is something to be contended with, and the docking mechanism must be
made stronger (heavier) to absorb the loads. For Apollo, the docking was to
be between two stabilized vehicles, thus if the first impact did not effect
capture (eg Apollo 14) the second attempt was not complicated by tumbling of
one of the vehicles. Since docking in the Shuttle era will require docking
to passive payloads, this may become a very significant factor in favor of
non-impact systems,

Since the Apollo program there have been two major programs that have
required on-orbit docking. Skylab continued to use the Apollo probe and
drogue, while the Apollo-Salyut/Soyuz program has opted for the .development
of the International Docking Mechanism (IDM). Figure IV-8 illustrates the major
components of this system. Again this is an impact type system. Depending
upon the size of the mechanism selected (based upon the loads to be handled)
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it can be considered for either enteral or peripheral applications. The unique
feature of this mechanism is that it is androgynous. That is, any two halves
can be mated. It is a two step operation of impacting the mechanism with
sufficient velocity to allow the guides to align the mechanism, and to deflect
the guide ring enough to compensate for angular misalignments so that the cap-
ture latches may effect capture. Then retraction cables pull the interface

seal surfaces together such that the structured ring latches can make a rigid
structural connection between the two vehicles.

PASSIVE SPACECRAFT ACTIVE SPACECRAFT
BODY-MOUNTED ) ATTENUATORS
LATCHES

RETRACTION CABLES
GUIDES

INTERFACE-
SEAL
SURFACE

STRUCTURAL
RING
LATCHES

BASE AND
TUNNEL
ASSEMBLY

GUIDE RING GUIDE RING
CAPTURE EX
RETRACTED LATCHES TENDED

Figure 1V-8 - ASTP Docking Mechanism '
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C. CANDIDATE DOCKING SYSTEM MECHANLZATIONS

¥
During the course of the study, three types of docking mechanism have
proven to be most amenable to Space Tug docking requirements. These are the
MDAC square frame system, the MMSE adaptation of the Apolle probefdrogue, and
a'new hybrid soft dock system that applies the STEM as a contact and closure’
mechanism. These systems are described in the following subsections.

1. MDAC Square Frame Mechauism -« The square frame was the docking mechanism
concept recommended by MDAC in their IUS/Tug Payload Requirements Compatibility
Study (¥AS8-31013). This approach has many virtues, and has been recognized as
a suitable candidate in this study. Figure IV~% illustrates the major elements
of the square frame payload support and docking concepl. It meets the myriad
docking and payload support requirements with a structurally efficient new
design featuring a variety of moderately complex machanisms.

The basic structural component is the A-frame, A family of A-frames
are capable of stacking spacecraft as illustrated. Each A~frame member is
universally jeinted to permit the overall structure to be opened up to support
spacecraft of various sizes, and to permit installation of a shock abaarbing
device in each strut to absorb impact docking loada. 4An inflight adjustahle
square frame joints the tips of a set of four A-~frames based on the Tug struc-
ture. This adjustment capability makes it possible for this design to deliver
one spacecraft diameter and retrieve another. Figure IV-10 shows the paylcad
attachment mechanism. This device secures delivered spacecraft prior to
deployment, secures retrieved spacecraft, and provides a friction level
suitable for despin of spinning spacecraft provided with a despin ring mount.
A set of drive motors/idler wheels (not shown) provides a apin-up capability
for deployed spacecraft reguiring this service.

The sexrvicing potential of this configuration is somewhat limited, or at
least inferrupted, by the peripherial design of the payload support stracture.,
Separate mechanisms would be required to -service components on the base of
the spacecraft, inside the square frame, or on the outside of the spacecraft.
Conceptual designes for achieving both types of servicing exist.

This concept is basically a new development. MDAC has done a considerable
amount of design work, but the hardware is not yet £flight qualified. Design
virtues such as flexibility and lightweight make this concept a leading con~
tender for Space Tug docking.

2. MMBE Apoilo Probe/Drogue Application - The MMC Multi-Use Missionm Suppert
Equipment (MMSE) study evolved an interesting application of the flight preven
Apolle probe/drogue to Space Tug docking requirements. This approach makes
maximum use of the £light proven probe/drogue design, and limits new develop-
ment te a set of static structure capable of meeting multiple payload support
requirements, Figure IV-11 shows how the same spacacraft shown in Figure 1V-92
would be supporied using the MMSE concept.

This approach meets the same array of requirements as the sguare frame
concept using the flight-proven Apollo Probe/Drogue in combiration with an
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array of static structure. TIn addition, this approach was conceived to meet
IUS and Shuttle automated payload requirements. As a consequence, the design
has been standardized for a broader application spectrum than is required
specifically for Tug applications. It supplies eight hard mounting points

for spacecraft of various diameters using a family of spider beams. Struc-
turglly, this approach appears heavier than the square frame approach, but

it is simpler, uses more existing hardware, and should be less costly to
develop. Provision of spin-up capability in the Apolio probe design will be

a significant development problem~-the spin-up requirement should be carefully
asgsessed before this capability is implemented.

A more detailed illustration of the MMSE concept support structure is
shown in Figure IV-12. A spider beam capable of providing §-hard point mounts
for a spacecraft, and adapting to the basic Tug structure is illustrated. The
standardized set of payload interface adapters is also shown. This set of
adapters meets the four standard sete of mounting points in the spider beam.
These adapters would be unnecessary if the spacecraft hardpoints were stan-
dardized to meet the available selection of spider beam mounting points.

SEPLRATION PLANE
— 440

- MOUNTMG ERACKET |
. [ vnce ron sie .

g~

WHNTING  BRACKET ™
™

= PAYLOAD

I

Figure IV-12 - MMSE Structural Detail
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The virtue of the MMSE approach is limiting the development of new equip-
ment to static structure, rather than complex mechanisms. The disadvantage is
an anticipated higher weight.

3. Hybrid Soft Dock CGoncept - The hybrid soft docking concept, illustrated
in Figure IV-13, incorporates several desirable features. It achieves soft
docking through the use of a steerable, extendable STEM-mounted probe. This
probe could be controlled in a.closed loop fashion by a special sensing de-
vice, or could be manually inserted using video concepts. The STEM is then
used to draw the spacecraft back for a soft attachment to an open A-frame
structure that is in £light adjustable, possibly using an adjustable squaze
frame. Since the A-frame structure need not have the variable geometry asso-
ciated with hard-dock dynamics, it is singly hinged instead of being U-jointed.
This approach should be slightly lighter than the MDAG approach, and overall,
somewhat simpler and less costly to develop.

Figure 1V-13  Hybrid Soft Dock System
™
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The hybrid soft dock concept has a good potential for minimizing space-
craft design impacts through éliminating contact shock loads, and lightening
the specialized docking structure requires on the spacecraft, The steerable
boom portion of this design, however, is a new development, The potential
advantages do not come free. Since the concept is new, thorough evaluation
of concepts and a preliminary design activity was conducted. The results of
this activity are reported in the following paragraphs.

a. Candidate Extendable Boom Concepts - A variety of extendable boom
concepts is illustrated in Figure IV-14. Extendable tubular booms are elements
made of thin metal strips which are wound £lat om a spool when stowed and form
a circular tube with overlapped or interlocked edges when extended. Two of the
most prominent manufacturers of this type extendable boom are Astro Research
Corporation of Santa Barbara, California, and Fairchild Industries of German-
town, Maryland. These units have been widely used in space for such applica-
tions as antennae and deployment of experiment packages, sensors and cameras.

Extendable contoured booms are also made of metal strips which are spool-
stowed, generally have larger package envelopes and offer greater structural
strength. They have lenticular (quasi~biconvex) or twin lobe shapes with
welded, interlocked or overlapped edges. The Viking Surface Sampler boom,
made by Gelesco, is a welded lenticular shaped Loom. Astre Research Corpora-
tion and Boeing Company have also made this type boom while the interlocked
edge type is made by Sanders Associates, Inc. of Nashua, New Hampshire, and
the twin lobe type by Fairchild. These booms have been used where heavier
tip loads are anticipated. The twin-lobe boom, for example, was used on Skylab
to transfer film cassettes between the ATM and the airlock,

Telegcoping eylindrical booms have not been used extensively in space but
were considered for this application due tec their simplicity. Commercial units
are built by Sanders and Tri-Ex Tower Gorporation of Visalia, California. They
consist of a series of close-fitting concentric metal cylinders which telescope
for stowage and are extended by screw jack or cable with sufficient overlap re-
maining between sections to maintain structural strength. Package size for the
tubes and deployment mechanisms is a major problem for the soft docking extenda-
ble boom application.

Expandable linkage booms consist of lazy tong linkages connected to frames
at the linkage pivot points. Extension and retraction are accomplished by
moving the first frame relative to the base while working against a tensioned
centrally-located cable. A version of this boom, developed by the Martin
Marietta Corporation, was successfully flown on Skylab to deploy the optical
head of the T-027 experiment. '

Prestressed element booms consist of cylindrical segments with centrally
located axial holes through which a tensioned cable is run., Cable tension is
maintained by springs which permit the segments to be stowed on a spool. As
the segments are extended, they form a rigid tubular structure by being com-
pressed by the tensioned cable. A working model of this boom has been built
at Martin Marietta Corporation, The General Electric Company and the Iliinois

Iy-17



Description Hlustration Advantages Disadvantages

Extendible | (—I7=—==——"" | Fully Developed And Tested ® Weak In Torsion And Buckling
Tubular O 0 o Flight Experience o Tip Deflection Limited
Booms Overlap puai Tubes |e Light Weight e Single Deployment Speed

e Stowed length Acceptable & Axial Load Capability Not Predictable

Locked Edge  Welded Edge
Extendible D o Good Binding & Torsional Strength |e Buckles In Transition Region

Contoured s Reliable For Light Column Loads o Heavier Than Tubular Booms
Booms <> <> OO |e Positive Control Of Deployment o Deployment Cycles Limited
Welded locked Twin |e Flight Experience @ Stowed Length Exceeds 1 ft,

Edge Edge Lobe

Telescoping 1:1::, e Simple Parts, Structural Shapes o Susceptible To Buckling

Cylinder o Reliable Deployment ¢ Binding Possible When Loaded

Booms e Large Column Load Capability e Considerable Overlap Required

© ¢ Conventional Proven Design o Stowage Length Unacceptable

Expandable W « High Expansion Rates o Large Number Of Parts

Linkage » Can Carry Service Lines e Compressible Axial Load Limited

Booms o Good Stiffness and Bending Strength} e Stowage Length Exceeds I Fi.
LY % o Light Weight ® Requires Extension For Probe

Prestressed e Strong in Bending, Shear, Torsion |e More Development Work Needed

tlement o Very Simple, Refiable Design e No Flight Experience

Booms o Light Weight e Relatively Large No. Of Parts
B O o Not Degraded By Use o (uldes Req'd For Torsional Strength

Figure IV-14. Extendable Boom Concepts

Institute of Technology have also prepared working models using this concept.
Its simplicity and superior load capability make it attractive for soft docking
application. Additional development work appears to be warranted.

b. Capture Latch Concepts - The three types of capture latch mechanisms
shown in Figure IV-15 have distinct operational characteristics which influence
their use., The pivoting probe latch allows angular motion between the Tug and
spacecraft to take place without restraint since the probe is permitted to pivot
vithin the latch fingers., This feature eliminates end moments on the extendable
boom but may increase axial loading if axial play «cannot be removed. This cap-
ture latch concept is much simpler than the clamping type, however, and could
more easily incorporate a free rotating probe for capture of spin-stabilized
spacecraft.

The clamped probe type capture latch offers maximum control of the space-
craft and eliminates end play between probe and latch., While a somewhat more
complex mechanism than the pivoting type latch, opexational features are superior.
When a sensor has determined that the probe on the end of the steered boom has
been captured by the drogue, a spring-~actuated clamp is released which engages
the conical end of the probe and forces it against the inner surface of the
drogue, continuing the prgbe and hinging the longitudinal axis of the boom
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perpendicular to the X-Y plane of the spacecraft. Engagement speed of the
¢lamp is controlled by an integral damping device. Release of the clamp is
accomplished by activating a solenoid which retracts and latches the clamp.
The probe may be a passive, rotating or fixed cone or may have -an active
latching capability. The concept for a latch type probe shown in Figure IV-13
employs spring-loaded pivoted fingers which will swing inward under light
load t6 permit the probe to enter a hole in the drogue and expand when the
probe is inside the hole to effect capture. This type latching probe places
control of latching and release on the Tug side of the interface which mini-
mizes spacecraft impact.

While three separate concepts have been shown, features of each may be
combined. We have recommended a clamping type latch with the latch in the
probe as the most versatile system.

Description illustration Advantages Disadvantages
Pivating o Simple Design o Release Difficult
Frobe o Adzptable For Spin Stabllized SIC | Impact Dus To Prove
« No End Moment On Boorn Movement ‘
o Centersd By Lateh Fingers
Clamped » Controls Attituds Of SIC e Larger Boom Bare Torques
1ok o Eliniinates Longltudinal impact  |e Stffer Boom Required
~ o Sensor Activated Snubbed o Release Difficuk
| . Probe Clamp
Latch @ Releasable From Tug o Larger Dlamatar Drogue
:,':m _ » Sell Contering Required .
o Simplifies SIC Design » Adds Tip Moment To Boom
» Extends Stowage Envelope

¢
Figure 1V-15. Capture Latch Concepts

¢. Steering Mechanism Concepts - Steering mechanism concepts considered
.for extendable boom pointing were of two general types (Figure IV-16)--those
having bearing-supported pivot points with integral motor/tachometer assem-
blies in the plvots, and those having flexure pivot points with separate motor
drives. .
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The AMT star tracker gimbal system is the integral type. This developed
hardware has very high performance characteristics such as pointing accuracy
of 1 arc sec., weight capability of 500 kg, and a gimbal range of +90 degrees
in one direction and +50 degrees in the other direction. This capability is
greater than that required for extendable boom pointing for a nonimpact docking
system. Even if simplified to the greatest extent possible, this system would
be more costly than a flexure gimbal system due to the use of many more special
parts, and more complex electronie controls. Also, this system would require
redesign to meet envelope requirements and to interface properly with the ex-
tendable boom housing and Space Tug structure. .

A system using flexural pivots to provide gimbal capability which uses a
minimum number of simple parts has been designed by the Martin Marietta Corpora-
tion. Type 800 flexural pivots developed by Bendix provides the required de-
flection angle and radial load capability along with selectable torsional spring
rates. Gear motor/encoder units in the size and capability required for boom
pointing have been developed and qualified for other space programs and should,
therefore, be available at reasonable cost. The use of tandem~mounted sets of
pivots at each pivot location allowing the boom to be steerable while permitting
controlled boom movement due to side loads on the boom tip is a unique feature
of the flexuwal pivot type of boom steering system,

Description ilustration Advantages Disadvantages

Gimbal o Flight Experience : e More Complex And Costiy

;t:;:'aﬁsm « Torguers In Plwis o Larger Enveiope And Weight
o tntegral Posltion Encoders o Reg'd Size Not Awallable

e— -~

Flexure . |#®Simple Conventional Design ® More Development Required
Seerlng o Limits Maximum Boom Moment  |e Unmited Articulation Angle

o Minimum Welght, Size, Compleyity |e More Power Req'd For Drive

F

Figure IV-16. 8Steering Mechanism Concepts
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d. Selected System Design = Figure IV~l7 depicts a design evolved from the
preceding concept trades--for the boom selection, the articulation mechanism, and
the latch on the spacecraft. The selected system (Figure IV-18) employs a SPAR~
type of extendable tutbular boom, a flexure type of articulation, and a clamped

probe latch on the spacecraft. The requirements and ground rules utilized in
arriving at this design are as follows:

+ retracted length of boom assembly = .3 meter (1 £t) maximum;
- extendable boom steerable 4 .35 rod (20°), two directions;

« time to retract boom = 10 minutes .25 minute;

+ time to extend hoom = 2 minutes +.25 minute;

+ compatibility with servicing concept desirable;

*+ low impact capture latch for boom probe;

« centering and gripping mechanism for probe;

+ free rotating probe for spin-stabilized spacecraft;

s provide undock and capture release capability;

+ maximum boom loads after capture--bending moment, 552 neuton (124 1bs),
shear, 9.3 neuton (2.1 1bs), axial load, 53 neuton (12 1bs);

* Tug atiitude control system active during retraction§

- Final misaligoment removed by guide arms;

»+ mechanically operated latches make docking connection to spacecraft;
+ closing velocity = .38 m/s (1.25 £fps) maximum,

The resulting nonimpact docking system design (Figure IV-18) consists of
a steerable extendable tubular boom with tip probe gimbal ring mounted on the
Space Tug and a drogue and clamping latch on the spacecraft.

The extendable boom housing, which must rotate 4,35 radians in' two direc-
tions, is attached to the square gimbal ring through two sets of tandem-mounted
flexural pivots. In one sef, one pivot ig motor driven through a gear set to
provide the +.35 radian rotation while the other flexural pivot permits con-
trolled rotation due to side loads on the boom tip. The other set may be
similar, to provide redundant drive capability, or both pivots in the set may
be free to flex. To provide rotation on the perpendicular directiocns, two
flexural pivot sets are located between square gimbal xing and support brackets
which attach to the Space Tug structure. Thus, the extendable boom may be
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steered as required while being protected from excessive side loading by
flexural pivots having torque values compatible with the boom tube ultimate
bending moment of 24 newton-meters (210 in 1b). Since the flexural pivots
seek a null position, they will tend to center the boom.

The probe on the tip of the extendable boom contains spring loaded pivoted
arms which retract under light load as the probe passes through a hole in the
drogue and expands inside to effect capture. The drogue is mounted on flexible
supports to minimize impact loads at capture. Once captured, the probe is
clamped against the inside of the drogue by a damped, spring-loaded clamp
which centers the probe in the drogue and holds the spacecraft face perpen-
dicular to the boom centerline. Clamping action is initiated by sensors which
are actlivated when the probe is fully within the drogue. Emergency release is
accomplished by retracting the clamp and probe arms by selenoid actuation.

Once captured, the spacecraft is slowly drawn to low impact docking with
the Tug with the docking frame guide arms proyviding final alignment. The boom
is extended approximately 1.5 meters (5 ft) im two minutes by its tension mechan-
ism while lower speed retraction, taking approximately 10 minutes, is provided
to minimize axial loads on the boom and minimize impact loads at mating. A free-
rotating probe may be provided for capture of spin-stabilized spacecraft with
despin capability provided at the docking interface.

D. SUMMARY COMPARISONS AND RECOMMENDATIONS

Table IV-1 presents the major comparison evelved during the docking
mechanisn support analyses. These comparisons are given for the three sub-
'systems that were selected as candidates to be used in system synthesis and
ranking. No attempt is made to.select between these subsystems at the sub-
system level. Rather, these criteria evaluations were made an input to the
system selection process described in Vol. II, Section III.

The evaluations of system complexity, spacecraft impacts, multiple
delivery/retrieval compatibility and spinning spacecraft compatibility are
self explanatory and .are supported in earlier portions of this section. The
weight estimates given reflect an evaluation of the weights required to sup-
port the worst spacecraft combination identified in MDAC's Payload Utilization
of Tug-Follow on (NAS8-29743), rather than a methodical evaluation of all
reagsonable combinations. These spacecraft are the CN-51 and EO0-59 illustrated
in Figure IV~Y9 and IV-11, Under these ground rules, the 'Standard' weight
given for the MMSE approach may be too severely penalized. This weight is
the direct output of the MMSE study, which reflects a broad standardization
process. The weight of the MMSE approach tailored for the PUT combination is
the lighter 323 kg (710 1b) shown in the table. The cost data shown is sup-
ported in Volume V of this series.

When these candidates were combined into the system selection process--
the square frame candidate was included in all the top ranking systems. The
nonimpact system was a close contender in the manual system designs (it was
felt to be a risky approach for an autonomous system). The MMSE approach 4id
not rank as well, because of the apparent weight penalty.
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Criterion —p~

Mechanism

f

Square

. Fraie

Probe
Drogue

Soft
Dock

System
Complexity

Requires relatively
complex structural
support mechanisms
integral with
docking mechanism

Uses developed
docking mechanism,
requires new
design only for
static structure

Simple structural
support mechanism,
but complex soft-
dock mechanism

Table IV-1. Docking Mechanism Concept Comparison

Spacecraft
Impact

Peripheral docking
mechanism has
potential for.
docking/structural
support compati-
bility :

Central probe &
peripheral struc-
tural support for
delivery/retrieval
mugt be separate

Eliminates docking
shock loads with~
out interferring
with deliver/
retrieval struc-
tural support

Servicing
Compatibility

Somevwhat
limits space-
craft accessi-
ble region

Provides
good access
to spacecraft

for servicing

Can use ser-
vicing mecha=
nism as soft-
dock steerable
probe

Multiple
Compatibility

Achieved with
adjustable
mechanisms

Achieved
with standard
array of
interface
equipment

Achieved with
simpler ad- "’
justable mech-
anlsms

Spinning
Compatibility

Can be de-
signed into .
concept

Requires
some devel-
opment of
Apollo
Probe/Drogue

Can be
designed into
concept

Weight

253 kg
(556 1b)

441 kg
(970 1b)
(Standard)
323 kg
(710 1b)
{Tailored)

241 kg
(531 1b)

DDT&E
Cost

$3.6 M

S1.5 M

$7.2 M



v. OPERATIONS ANALYSES

Identification and classification of mission operational characteris-

tics and constraints which are applicable to rendezvous and docking was performed

Operational characteristics/constraints are derived from Shuttle, Tug
and Spacecraft operations documentation and orbital variations,

A typical de-
liver/retrieve mission profile is illustrated in Figure V-1 with a summary of
the operational considerations and constraints,
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Operations sequences were delineated to establish the functions which
must be performed in order to accomplish mission objectives.

The primary opera-

tions differences in autonomous, manual and hybrid systems is in the allocatidm
of these functions for performance onboard (automated) or manuvally (ground



based control). The "best mix" hybrid system optimizes interaction between

onboard and ground to make use of the best features of each.

Those operational steps associated with manual system are shown in
Figure V-2 for impact and non-impact docking systems. This scenarioc illustrates
that the rendezvous and inspection phases are identical for both impact and non-
impact systems., Another noteworthy feature of the operations sequences is that
some functions (e.g., Steps 1 and 4) are best performed autonomously, even in
a manual system. Operational complexity is seen to increase for non-impact dock-
ing and potentially requires two console operators, One to maintain "station-
keeping'" attitude, while another console operator extends the STEM to capture
the spacecraft. The combination of the operations sequences and the interrela-
tionship of the Tug control system with the man-in-~the-loop constitutes a

definition of the manual system operations concepts used for this study.

A corresponding operations scenario and pictorial definition of the auto-
nomous system is illustrated in Figure V-3. For the autonomous candidate the
role of the mission control center was purposely reduced to ménitoring only,

This was done to define a total autonomy capability in case future requirements
should dictate the need for such a system, Both impact and non-impact sequences
are shown as is the pictorial definition of the limited degree of interaction

for the autonomous system.

The hybrid system mission sequences are presented in Figure V-4 for an
impact docking system only. This illustrates the optimum interaction between
onboard and ground systems, which makes use of the inherent advantages of each

system,

Specifically, the functions allocated to onboard systems are the rapid
reaction functions, such asvélosing the control loop around the sensed data.
The functions allocated to the ground include difficult to automate functions
such as decision making which require excessive preprogramming of potential

problem sets and recognition cues for each potential failure.
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A, MISSION OPERATIONS FUNCTIONAL INTERFACES

Miesion model veriaticns and econcwic factors dictate multiple space-
craft delivery ané¢ single retrieval on a single STS flight. Also, for schedule
reagons, it is necessary to deliver cue size spacecraft and retrieve another.
These requirements increage the operations complexity and mizsion planning re-
guired, Complex trajectories are involved and operational interfaces must be
eatablished between the Tug control center and control centers for .all space-
craft involved. The resultant communications retwork provides for spacecraft
statusing before deployment, infant mortality retrieval, if required, and veri-

fication that the spacecraft is safe and ready for retrieval or servicing.

Operations interfaces for a manual rendezwous/docking system are illus-
trated in Figure V-5, since this system has the most mission operations in-

volvement,

Spacecratt Deploys
- Appendages & Activates Systems

Tug Slatien Keep &
Monltor via TV Camera

Spacecraft
ug — G round Contral
cantrol Stztion Canfer
entge .

__Cammunleations

Figure V-5, Manuyal Docking System Mamimizes Mission Operations Interfaces
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For a manual rendezvous and docking system the TV image downlink data
transmission for reéal-time support presents a& data loading problem. Since the
space tug has limited' capability for data downlink, the image data is competing
with other systems data on the downlink. Also, the network must handle orbiter,

tug and other payloads data,

Several alternatives exist to solve this problem, Some onboard software
data compression schemes are possible, MNarrowing the scan field to eliminate
useless background data, image data compression or processing of the image data
and transmitting digitized range, range rate, line~of-sight and target attitude

angle data and their rates for reconstruction on the ground, are options,
B. CONTROL HANDOVER CONSIDERATIONS

The NASA Space Tracking Data Network (STDN) or DoD Space Ground Link
Sygtem (SGLS) station coverage is very good at high altitudeél However, the
lower altitude coverage is minimal with the reduced number of stations planned.
It is anticipated that the Tracking Data Relay Satellite System (TDRSS) will be
operational and eliminate coverage voids in the time frame considered. Time
deiay variations in data transmission and loss of data whép switching over from
a ground station to the TDRSS must be accounted for and planned around. Con-
trol handovers during critical operations should be minimized and analyses were

performed to determine methods of minimizing these handovers.

The reference spacecraft selected involve three distinet orbits which
cover the range of orbital altitudes'from 1667 km (900 n mi) to geostationary
altitude and inclinations from 0° through 103°.  The analyseé included the per-
cent of coverage (communication opportunity) by STDN/SGLS vs TDRSS and the RF
transmisgsion time delays for the reference spacecraft orbits. The results are

gumnarized in Figure V-6. -

The conclusions reached were that handovers may be minimized by using
TDRSS for low earth orbits and using STDN/SGLS stations for medium and high

earth orbits.

Another operational consideration included the lighting variations re-

sulting from orbital parameters. This analyses was necessary from two aspects,
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Figure V-6, Mission Control Handover Considerations

Since TV cameras and Scanning Laser Radar (SLR) sensors are being considered for
the system, the pointing constraints musi be considered., Tt is well known that
some TV cameras cannot be pointed directly at the sun. The SLR operates on a
reflected laser beam from the spacecraft being approached and the effects of
pointing this sensor at the sun are unknown. Distinguishment of the target space-
craft from celestial bodies may be impacted in certain lighting situations. Each
individual spacecraft will present a different operational planning problem

based on time of launch and orbital variations. The simulation/demonstration
tests for those candidate systems having TV sensors require high fidelity

celestial scene simulation to determine the criticality of these effects.

An operational analysis was conducted to determine the variations in
orbital day/night cyéles for the reference spacecraft selected. The parametric
data developed is presented as a family of curves which show percent of orbit
in shadé as a function of Beta angle and circular altitude. These results are

shown in Figure V-7.

Since Beta ig the angle between the sun line and the orbital plane, it
varies seasonally with orbital precision and is & function of orbital inclinatiom.

The time in shadow is maximum for a given orbit when the Beta angle is zero.
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The maximum time in shadow for the selected reference spacecraft is

tabulated in Table V-1 in the form of percent of orbital period and time (minutes)

The results of this operations analysis indicates that, although unde-
sirable, the rendezvous and' docking could be planned around these periods of

darkness. However, the effect of shadowing the docking port by the spacecraft

dictates a light should be provided on the tug to illuminate the docking port

and any alignment aids provided by the spacecraft. An an operational constraint,

the TV camera must not be polnted within +TBD degrees of the sun line during the
mission.
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Table V-1§ Reference Spacecraft are Shadowed less than 28% of orbital period

Spacecraft

OrBit
Altitude

Maximum Time in Shadow

EQ 56 - Environmental Monitoring
Satellite

AP 05 - Environmental Perturba-
tion Satellite

CN 52/E0 09 - Domsat/Syncronous
Earth Observation Satellite

900 n mi

6,900 n mi

Geostationary
19,323 n mi

28% or 33.5 minutes

11% or 48.3 minutes

5% or 16.1 minutes
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VI. SUPPLEMENTAL SENSOR ANAT.YSIS

A, RADAR SYSTEMS ANALYSIS

In compiling the data base of sensor hardware candidates, one area to
which little emphasis was placed in recent Tug rendezvous and docking studies
was the conventional RF radar as a ranging sensor. Consequently, not because of
any bias toward this sensor but rather to treat all potential camdidates %airly
and with equal detail, a significant effort was made to configure feasible RF
radar sensor candidates during this study. Requirements an& performance definition
had already been done for the other prime ranging systems -~ the laser radars - all
of which was available and much of it applicable to 'this study. Specifically the
most pertinent documentation is Reference 3 and 4 in Volume II. The remainder of
this section w@il be to develop sgimilar requirements and characteristics for RF

radars performing a rendezvous and docking function at’ geosynchronous altitudes.

The first part of the effort was to canvas all available RF radar designs
to determine applicability to a rendezvous and docking role;, It was found that
the RF radars and their functions were best examined in two roles; first, the
rendezvous phase 6r from acquisition at ~ 12,5 om to down to a range of ~ 100
feet; and secondly, the phase from w100 ft, on to the mirimum range at docking
of & 3' to 10'. Duripng the first phase, range, range rate and line~of-sight
information was desired, For the second phase, data for target attitude

‘
derivation was also required, at least for some configurations,

An obvious and the only real candidate defined for accomplishing the
first phase was a derivative of the Apollo LM rendezvous radar, which, even with
modifications for a passive target and different range requirementé, provided
a benefit from previous develobment programs and related flight ewperience. 1In addi-
tion, the Shuttle Orbiter is proceeding toward procurement of a system with simi=-
lar requirements to that for Tug. Its developments will undoubtedly benefit the
Tug program.

The selection of candidates for the second phase, or close~in docking,
was not a8 easy. No real development of a system fitting the Tug requirement has
been done to date. Several designs have been proposed, These considered as po-

tential candidates for this study were:
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o FM (Coherent Wave radar (Ref. X)
o Microwave Interferometer pulse radar

o X~-Band Coherent pulsed doppler radar

All of the above are new designs, From these candidates the X-band co=-
herent pulsed doppler design was selected as most straight forward for the Tug
rendezvous and docking application. It represented the least complexity, yet

met the established requirements.,

Four different types of rendezvous and docking systems were considered,
each possessing a different configuration and/or set of requirements for the rang-
ing sensor. Some of the candidates required a ranging sensor that performed only
rendezvous, the docking being controlled by TV, Others required ranging sensor
data on down to 3 to 5 feet. Also, candidates were conf;gured that depended on
a cooperative ranging sensor (passive retroflectors on the target) and others
specified non-cooperative (skin track) ranging sensors. The nomn-cooperative VS
cooperative trade was pertinent only to the rendezvous, not the docking, phase
requirements, A non-cqoperative ranging system for close-in data gathering,

specifically attitude determination, is not feasible.

In the following four sections, then a detailed derivation and discussion
of requirements for the following RF radar candidate system is provided:

Rendezvous radar (pagsive non~cooperative target)

Rendezvous radar (passive cooperative target)

Dual mode radar (passive non-cooperative target)

Dual mode radar (passive cooperative target)

The dual mode radar, as it will be referred to hereafter, is a combina-
tion of two systems into a single unit, the conventional rendezvous radar dis-
cussed first, and the close-in X-band coherent pulsed doppler radar selected
earlier, The non-cooperative V§ cooperative for the dual mode refers only to

the rendezvous part of the radar,

There is no requirement for a close-in radar by itself for the system

candidates configured in Volume II.
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1. Noncooperative Pulsed Doppler Rendezvous Radar - 'The basic Apollo/LM

rendezvous radar was developed for NASA by RCA/Burlington and operated in the
cooperative active mode with a transponder located on the target vehicle, This
technology can be utilized in the design of a rendezvous radar for the Space Tug
by employving a pulsed doppler\radar with frequenecy diversity inm thé noncoopera-
tive mode, The radar operates at X-Band and provides precision angle tracking

via an amplitude comparison monopulse system. Angle rate is obtained from a

rate gyro mounted on the antenna. Range rate information is obtained directly

by measuring the two way doppler frequency. Anr ICW radar design is employed with
pulse modulation where the duty cycle is 40%. The advantages of such a design are
that much of the circuitry used in the Apollo/LM radar can -be employed and this
reduces the cost of the rendezvous sensor. Further, accurate range rate informa-
tion is obtained more efficiently than with either an SLR or a simple microwave
pulsed radar. Due to the relatively small target uncertainty and search volume
(100 x 100) the radar can be operated unambiguously in a low PRF mode., Hence a
constant PRF i8 employed during angle search with a correspondingly small eclipsing
loss in the search mode,which can be ignored. The employment of frequency di-
versity increases the target radar cross-section in the noncooperative mode and
reduces the radar power requirements, At X-Band, five r.f. frequencies 50 MHz
apart can be emploved without causing any problems-due to excessive r,f., band-
width, and this will increase the radar tross-section of the target vehicle to 10

2
meter .

The following parameters during target acquisition apply:

Search time: '"tsg" -6 seconds
Angular Search Area: A, = 10° x 10° = 100
Initial Acquisition Range: R, = 50 n miles

m
False Alarm Time: T%a = 1 hr,

Required probability of detection: Py = 0.99
Spacecraft radar cross~section: 10m

Range rate = 200 ft/sec

The PRF is 1.6 KHz yielding an unambipuous maximum range of 50 n miles,
The antenna diameter is 3 ft., which at X~band yields a half-power beam width of
2.3°%

Vi-3



The dwell time of the radar beam on the target is then

2 . 2 :
Q 2.3)4(6 3
tam bt = gt (07) = 317 mesec
o .

The number of pulses integrated during the dwell time is:

N = (PRF) t4 = (1.6)(103)(317)(10-3) = 507
The probability of false alarm is then given by:

Pgg = “E;Eﬂg— = 507 = 1.4 x 10-4
& (3600)(103)

This assumes an acquisition bandwidth of B = 1,0 KHz for this ICW system.

For a radar system design with a probability of detection of Pg = 0.99,
the signal to noise reqﬁirement for a Swerling Case 1 target with Rayleigh sta-

tistice is given by:

S = |pg(1) +1i - 10 Toggg v+ OF
N Vo

where:
Do(l) = 14,5 4b

Li = integration loss

1l

8 db
L= fluctuation loss = 14 db

Assuming a frequency diversity system with 5 equally spaced frequencies, we then
get he = 14/5 = 2,8 db. Since N, = 5, the transmitter will transmit 101 pulses

at each frequency for a period of 63 m-sec.

The signal to noise requirements are, then, given by:

8§ = (4.,5+8-27+ 2,8 = 1,7 db

N ;
The transmitter power requirements, i.e. the average transmitter power, is, then,
given by: ' ’

3 4
Py = (8/My(4T )~ Ry, F (KTB) L dp
y4 Z
‘ G A o q dr

where dp, dt = receiver duty cycle & duty cycle

L = system losses
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The power balance igs, then, given by:

Parameter +db -db
Gy ' 33.0 ‘
(S/X) 1.7
Rmax4 (R=50 .m,) 219.0
KTB (B = 5.6 KHz) 174, - .
2
L 6.0
G 2 74,0
A2 (2 =0.1ft) 20,0
ap (10 m? = 108 £t%) 20.0
dgfiy 1.6

| Totals - 285.6 269,7

The average transmitter power requirements are then 15.9 dbw or 39 watts,

which appears reasonable and allows a high~reliability transmitter design.

Range data in this ICW system are obtained by comparing the phase of
the dimodulated tones from the received signals with the transmitted phase, From
an information point of view, phase detection processing and early/late gate
tracking should provide the same accuracy in the measurement of range. A quanti-
tative assessment of the "random" range error of this ICW radar system can be ob-

tained by utilizing the following expressions:

Cp o —L g TR L
¥z (s/v) R (D5
where S/N = [.F. signal to noise ratio ;
B = [.F. bandwidth
71 = duty cycle
b = servo bandwidth

In order to reduce prime power requirements and to maintain a reasonable
dynamic range in the radar receiver, the transmitter power levels can be reduced
for the terminal rendezvous phase, A 20 db reduction in power is assumed for
this phase, and the receiver bandwidth is increased to 100 KHz. The resulting
radar signal to noise ratio, ¥ 4, and O R/p at close range are listed in Table
VI-1 below (n = 0.4, B = 100 KHz, and b = 5 Hz).
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Table VI-1 Close-in Signal~to-Noise Ratio

Range (R) (s/N) O ¢4 - radians | . CrR/R

1000 ft 64.8 db 4.1 x 1077 2.6 x 10°°
500 ft 76.8 db 1.0 x 107% 1.7 x 10°10
300 ft 85.8 db 3.8 x 107 2.1 x 1071t
200 ft 92.8 db 1.6 x 1077 4.2 x 10”12
100 £t 104.8 db 4.1 x 107 2.6 x 10743

The results shown in Table VI-1 indicate that the "random" range error
at close ranges is negligible. Hence, the range measurement accuracy will be
determined solely by the bias error, The bias error has been plotted as .a func-
tion of range in Figure VI-l. This error is determined by the highest tone
frequency so that to achieve lower bias errors in the range measurement at close
ranges would require a higher tone frequency. This change can be easily accom-
plished by adding an additional modulation tone at 820 kHz which will reduce the
bias error to 10 ft. at a range of 100 ft. WithouF this modification, the range
measurement accuracy at close ranges will be as shown in Figure VI-l. The range
rate measurement accuracy 1ls determined by the two way doppler measurement accu-
racy and will be 0.1 ft/sec at the close ranges considered here (R £ 1000 ft).
The angular accuracy is determined by the amplitude monopulée system and is again
made up of Y"random" and "bias™ component errors, Due to the high signal to noise
ratios at close ranges the random error will again be negligible and the angular
accuracy of the system will be determined by the bias error, This error is 8
mrad. per axis. A summary of the system characteristics for the modified Apollo/
IM rendezvous radar is given in Table VI-2, A block diagram of the system is shown
in Figure VI-2. The four modifications indicated in this bleck diagram are for the
conversion of the current cooperative active Apollo/IM system to a high PRF non-
cooperative rendezvous radar for the Shuttle orbiter. This modified system
required a multiple PRF, pulsed doppler radar implementation because of the larger
angular search volume, which will not be required in the Space Tug rendezvous
radar. RCA/Burlington has built such a modified rendezvous radar for NASA/JSC

under contract NAS9-13-576 ("Tracking Techniques for Space Shuttle Rendezvous').
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Table

Vi-2, Radar Characteristics Summary - Modified Apollo/LM Radar

Type: Non-Coherent Pulsed Doppler
Frequency: X-Band (A = 3.2 cms)
Modulation: ICW
PRF;: 1.6 KHz
Duty Cycle: &0/60
Transmitter Average Power: 39 watts
Maximum Range: 50 n miles
Minimum Range: 100 ft.
Frequency Diversity: 5 frequencies 50 MHz apart
Target Radar Cross Section: 10 me.ter2 (diversity)
Radar System Losses: 6 db
Radar Antenna: 3 ft, dia, dish (Cassegrain)
Antenna Beam Width: 2.3°
Angular Coverage: 10° x 10°
Acquisition Time: & seconds
Range Accuracy: See Figure VI-1
Range Rate Accuracy: 0.1 ft/séc
Angular Accuracy: &8 mrad (per axis)
Weight: Antenna 51 1bs
Transmitter - 12 1bs Total weight - 85 lbs
Electronics = 22 lbs .
Input Power: 200 w(max)
MIBF: 2000 hrs
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This system employed 5 r,f. frequencies at X-Band and 5 PRF's and demonstrated
excellent performance down to a minimum range of 100 ft, Thus, there is every
reason to believe that a modified‘Apollo/LM radar can be built for the Space Tug
that will operate satisfactorily down to 100 ft.

Another interesting tradeoff that was investigated involved a change in
the diameter of the radar antenna., The 3 ft, diameter Cassegrain dish antenna
employed in the Apollo/IM radar may conceivably cause some mechanical installation
problems in the Space Tug docking.adaptor. Thus, the effects of.a smaller an=~
tenna diameter on the radar system performance were investigated and traded off
against other radar parameters., Tn particular, a reduction of the antenna diame-
ter to 2 It, appeared to be interesting and a preliminary design was performed.

The details-of this tradeoff analysis are given below:

Antenna Diameter - 2 ft, Half Power Beam width = 3.450

. 2 .
o L3280 6 163y _ 714 m sec ‘

ta' = 100
‘N.= (1-6)(103)(714)(10F3) = 1142
P a7 42 5.6 x 107

fa  75860) (5.69 Ci0%)
The increased antenna beam width and associated lower antenna gain can

be traded off against a lower detection probability. For a radar system design-

with a probability of -detection of 0.9 instead 0£f:0,99 we get DO(l) = 12.5 db,

.The new signal to noise requirements at 50 n miles are, then, given by:
S/N = (12.5 + 9.1 = 30.6 + 1,6) = =7.4 db

The antenna gain for a 3 ft. diameter dish was 37 db at X-band. For a

2 ft. diameter disﬁ,.the antenna gain is:

2 _2
G = gi%%ﬁrll- ~ 33.8 db and G- = 67.5 db

The new transmitter average power requirements can now be obtained by

again employing the radar range equation, as follows:

. _ 33,0+ 219.0 + 6.0 + 6.0 + 20.0 + 1.6 _  285.6 _
PAV = . T745 ¥ 176.0 + 67.5 ¥ 20 = 26g.9 = 6.7 dbw

£
<
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The average transmitter power requirements have now been increased to
16,7 dbw or 47 watts which is only slightly larger than the previous transmitter
design, Hence, a similar transmitter can be employed and nc substantial change
in the transmitter weight is expected. However, there will be a reduction in the
antenna weight due to the smaller dish so that an overall weight of 75 1lbs. for
‘the pulsed doppler rendezvous radar is now a realistic estimate. The system power

requirements have been slightly increased to 200 watts,

A major change in the specifications of the acquisition parameters necessi-~
tated a revision of the acquisition strategy. The new specifications as determined
at a meeting at NASA/Huntsville om 11/5/1975 are given below:

Search Time: "ts" = 1 minute

Target 3 & uncertainty angle (per axis): iﬁOo

Angular Search Area: A, = 60° x 60° = 3600

Initial Acquisition Range: Ry = 25 n miles

False Alarm Time: Tg, = 1 hr.

Required Probability of Detection: Pg = 0.90

Spacecraft Radar Cross Section; 10 m2 (diversity)

Range Rate 200 ft/sec

In'contrast to the situation where the angular search area is relatively
small, the requirement of a larger search area of 60° x 60° results in a sub-
stantiallf iarger eclipsiné loss that has -to be accounte& for in the power balance.
To minimize this loss, a multiple PRF approach during search will be employed.

Thig concept is similar to the modified Apolle/LM radar for the Shuttle Orbiter
applicatibn. For the 2 ft. diameter antenna, the dwell time of the radar beam
on the target is, then:

.(3.45)2 (60)
3600

tg = (10%) ~ 200 m-sec

The doppler uncertainty is 4 kHz for a relative velocity of 200 ft/sec.
The radar aecquiesition bandwidth will be maintained at 1 KHz, so that the dwell
time of the signal in this bandwidth, when the radar is simultaneously searching

in doppler, is 50 m-see. During this interval five different PRF's are employed

at the following frequencies:
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PRFI = B5 KHz

PRF, = 85.75 KHz
PRFq = 86.5 Kz
PRF4 = §7 KHz
PRF5 = §9.4 KHz -~

Hence, each PRF is turned on for a period of 10 m-sec, Similarly, to take ad-
vantage of the frequency diversity system, five different carrier frequencies
are again employed during this 50 m sec time interval., Hence, each r.f. carrier
frequency is turned on for a period of 10 m-sec. The bandwidth-integration time

product is, then:

t -
n= B Z>£ - aod oy = so
The probability of false arm, is, then:
Pry = 0 = 139x107
(3600) (107)

This is slightly better than the Pfa for the single PR¥ system and assumes an
acquisition bandwidth of 1 KHz for this ICW system implementation.

Vs
The signal to noise requirements for this system and a detection prob=-
ability of Py = 0.90 is, then, given by:

2 = (12.5 + 4.5 17+ 1.6) = +1.6 db
The new powér balance for Py = 0.9, G2 = 67.5 db (2 ft. diameter antenna), and
R1n= 25 n miles is shown below:
Parameter + db - db
(4 ff4)3 , 33.0 <
Rmax (Bm = 25 ym) 207.0
(s/M) 1.6
KTB (B = 1 KHz) 174.0
F 6.0
L 11.0
c? 67.5
A2 ( = 0.1 £t) 20.0
O 1 (10 m? = 108 £t%y 20.0
dR/df 1.6
Totals . 280.2 261.5
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Here, the system lossesa "L", are the total system losses including the eclipsing
loss. The average transmitter power requirements are 18.7 dbw or 74 watts,
which again appears reasonable and allows a high reliability transmitter design.
A summary of the system characteristics for this system is given in Table VI-3.
The system modifications in Figure VI~2 for the modified Apollo/IM radar, now,
would apply to the Space Tug Radar as well,
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Table VI-3 Radar Characteristics Summary - Modified Apollo/LM Radar

Type: Non-Coherent, Pulsed Doppler
Frequency: ZX-Band ( = 3.2 cms)
Modulation: ICW
PRF: 85 KHz, 85.75 KHz, 86.5 KHz, 87 KHz, 89.4 KHz
Duty Cycle: 40/60
Transmitter Average Power: 74 watts
Maximum Range: 25 n. miles
Minimum Range: 100 ft,
Frequency ﬁiversity: 5 r.f. carrier frequencies 56 MHz apart
Taréet Radar Cross-~section: 10 meter2 {diversity)
Radar System Losses: li db (inc. eclipsing loss)
Radar Antenna: 2 ft, diam. dish (Cassegrain) '
Antenna Beam width: 3.5°
Angular Coverage: 60° x 60°
Range Accuracy: See Figure VI~l
Range Rate Accuracy: 0.1 ft/sec
Angular Accuracy: 8 mrad (per axis)
Weight: Antenna - 41 lbs
Transmitter - 12 1bs Total - 75 1bs.
Electronics - 22 lbs.
Input Power: 275 watts (max.) —
MTBF: 2000 hrs. '
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2. Rendezvous Radar for Passive Cooperative Rendezvous « A detailed descrip-

tion of the pulsed doppler rendezvous radar was given in Part L. It describes
a8 radar which utilizes a 'mon-cooperative" rendezvous radar £for acqui-
sition and tracking from a maximum range of 25 n miles down to a minimum range
of 100 ft, This system employes frequency diversity and, therefore, requires
no target aids or corner reflectors. A similar.system can be employed in the
cooperative passive mode with some savings in power and weight if a corper re-

flector is used on the target vehicle,

Employment of a single trihedral corner reflector at the docking port of
the spacecraft will reduce power requirements and acquisition time in the case
where the attitude of the spacecraft with respect to the Tug is known apriori
to within 1900 of the radar boresight axis. If the attitude of the spacecraft
is not known apriori then an array of corner reflectors would have to be employed
to obtain 360° solid angle coverage., An alternative target aid configuration is
a Luneberg lens which is insensitive to target aspect angle and will provide an
almost constant radar cross-section as a function of the spacecraft attitude.

This type of target aid can also be mechanized in terms of two hemispherical

lenses each of which would cover a 180° solid angle. Unfortunately these devices
are somewhat ﬂulky and do not lend themselves to a simple mechanical installation
on the spacecraft. However, they should be considered in spacecraft applications
where volume restrictions are not of paramount importance. The radar cross-section
of a ILuneberg lens "Ecco" Reflector is given by:

o - 4”_'321:4 where; r
A rl

Measured values of these lenses are close to the predicted radar cross-section

“

[}

radius of spherical lens used

It

wavelength

(see Figure VI-3). Ecco reflectors are available in almost any specified size in
the range of 3" to 48" nominal diameter. At X-Band the Eﬁerson & Comming Inc.

Type 140 lens gives a return over a full 140° solid angle with the 3 db points
at_iGSo. A 12 in, diameter lens will have a maximum radar cross-section of 65
meter2 and will guarantee a 30 meter2 cross-section over a 130° solid angle, This
design appears attractive for certain installations and would allow a 4.8 db re-
duction in radar transmitter power with some reduction in sensor weight. The‘weight

of this target aid is 11 1bs. Omni~aziputh Tuneberg 1lens Ecco reflectors are also
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available with a uniform value of radar cross-section for all values of azimuth
angles and for elevation angles within the range of approximately 1150. In this
case, clusters of reflectors would not be required for complete azimuth coverage,
but the penalty for this feature is a greatly reduced effective target radar
crogs=section. Thug, a 12 inch diameter omni-azimuth lens ﬁill have a radar cross-
section of 13 meter2 at X-band and will weigh approximately 13 1bs. Omni-Direc-
tional Luneberg lens reflectors wﬂich provide full 360° solid angle coverage are
also available but are not recommended because of their still lower radar cross-

section.

Another target aid configuration is a two-dlmensional Van=Atta array which
is a phaged array antemnna designed to irradiate the radar slgnal in the direction
of ‘the incident wave, This device can be implemented as a flat microstrip array
and will provide effective coversgge over a i§0° angle. Thus, again, multiple
devices would be required to cover the full range of aspect angles if the space-
craft attitude 18 not known., This device could be incorporated inte solar arrays
and panels with a minimum amount of interference thus providing angular coverage
over a region which is normally inaccessible for other target aids. Still, the
most popular radar target aid for the réndezvous mission is the cornmer reflector.
£ the orientation of the spacecraft is not known apriori a minimum of 6 corner
reflectors would be required, and the size and installation considerations for

these target aids becomes important,

If a trihedral, triangular course reflector is employed, the radar cross-

section of such a target aid is gilven by:

= 41T a where: a
3%

A

To provide an apparent target radar cross=section of 15 meter2 then would

]

saide of course reflector

it

wavelength

require a corner reflector having a 0.8 ft length on each side at X«Band. This
size appears reasonable for a cooperative passive rendezvous system., In the ab-
sence of a target aid (non-cooperative mode) a target radar cross-section of 10
meterz can be achieved regardless of the spacecraft orientation if a frequency
diversgity radar is employed instead of a monofrequency radar.- This radar imple- ¥

mentation would employ five X-Band frequencies 50 MHz apart for a total.bandwidth
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of 250 MHz. The apparent target radar cross-section for this mode is 10 meterz.
This is brought about by the complex scattering pattern of the target vehicle
vwhich contains many peaks and nulls which are frequency dependent. Hence, a
frequency diversity radar will effectively see the average target radar cross-
section which is substantially greater than the mono-frequency radar cross-
section, Thus, by employing a frequency diversity system in the cooperative
passive mode the radar should never see a target cross-section of less than 10
meter2 even 1f it is not pointed to within ¢A0° of the axis of the corner re-

flector target aid,

A comparison between a non-cooperative and cooperﬁtive passive rendezvous
radar was made in the report "Radar Acquisition and Tracking Systems". For a
target aid consisting of a 0.8 ft trihedral corner reflector with a 15 meter’ radar
cross-section, the radar characteristics as well as the estimated size and weight
are given below: ‘

Type: HNon-Ceherent, pulsed doppler system

Frequency: ZX=-Band (3.2 cms)

Peak Power: 10 Kw

Pulse Width: .1M sec 0.2 u sec

PRF: 1.6 KHz 8.0 Kbz

Duty Cycle: 1,67

Avgrage Power: 16 watts

Rad;r System Losses: 6 db

Diversity Bandwidth: 250 MHz (3.75%)

Radar Antenna: 3 ft, diam, dish (Cassegrain)

Antenna Beamwidth: 2.3° )

Angle Tracking: Amplitude Comparison Monopulse

Receiver Bandwidth: 1.4 Miz 7.0 MHz

Angle Tracking Accuracy (16-):

Bias - 8 mrad.
Random ~ 2 mrad,
Range Accuracy (1€ ): 24 frt,
Acquisition Time: 6 sec.

Maximum Range: 25 n miles
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Minimum Range: 100 ft,

Estimated MTBF: 2000 hrs,

Weight: 70 l1bs

System Power: 120 watts

Search Volume: 60° x 60°°

Target Aid:
Trihedral, triaangular Gorner Reflector - 0.8 ft on side
Target Radar Cross=Section = 15 meter2 .
Alternate Approach: Passive, Microstrip Van-Atta Array (located

' on solar panels) or 12" ILuneberg FKcco Reflector
(Type 140)
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3. Dual Mode Radar (Passive Non-cooperative) - The dual mode radar is com-

prised of the rendezvous radar, described earlier in part 1, and a new design
close~in radar for ~ 300 ft on in to at least 3 ft from the target. This section
will describe only the close-in design, however, a summary of both well be pro-
vided at the end of this section, A discussion of the targets aids for this close-

in design is also presented in this section.

In the docking mode (R < 328 ft) the radar utilizes a wide pulse width
to allow time sharing of the received’pulse from the target vehicle tracking aids.
These tracking aids consist of 4 passive antennas and delay lines equally dis~
placed about the docking port. the geometrical layout is illqstrated in Figure
Vi-4 which also gives rough dimensions of the antennas. The 4 antennas are identi-
cal, circularly-polarized microstiip antennas with a relatively broad beam width,
i.e. a half-power beam width of about 40-60°. Each antenna is terminated by a
delay line and reflecting short circuit., Hence, the target aids are completely
passive and require no power from the spacecraft, Each delay line has a different
amount of delay so that the reflections from each target aid can be readily separ-
ated by the radar. The minimum amount of aelay required in each delay line is
set by the transmitted pulse width and the target depth in order to aveid arrival
of the return pulse while the long transmitted pulse is still on, and to allow
receiver gating of all reflections from the spacecraft to avoid problems due to
glint and scintiliation. This should allow the radar to operate all the way to
docking except for field of view limitations. After establishing the minimum de-
lay required for each delay line, the pulse returns are "tdgged" by adding addi-
tional delay to each target aid which allows separation of the returns on a time
shared pulse basgis. Raﬁge is measured by utilizing the target aid return provid-
ing the smallest delay, i.e, by measuring the roundtrip pulse propagation time to
the leading edge of the return pulse utilizing a wide bandwidth receiver (100 MHz
bandwidth) to provide the necessary range measurement precision. A digital range
measurement implementation can be employed to determine target ramge in incre-
ments of 1 nano-second which provides a range accuracy of 6 in,, This is similar
to the SLR range measurement technique, Range rate can be obtained by differenti~-
ating the range data or by performing doppler measurements. If the relative

velocity of the target spacecraft with respect to the Tug is too low it may be
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desirable to employ the former approach. An alternative method of providing the
multiple target measurements is to employ multiple receiver channels, range gated
at different times to cover the appropriate interpulse interval., Each channel
would, then, contain a filter bank covering all velocities of interest during the
docking phase. Angle measurements are performed with the amplitude comparison
monopulse system of the rendeévéus radar, although for the docking mode measure-
ments a phase comparison monopulse implementation would be preferred. All of the
radar measurements may be obtained in either digital or analog form. This pro-
vides digital’'information to the guidance computer and analog data for astro-

naut monitoring.

The measurements obtained by the radar during the docking phase will,
therefore, yield the following parameters: ‘

(1) Range to the 4 target aids equally displaced around the docking ports

(2) Angle and angle rates to the 4 target tracking aids

{(3) Roll angle between the 2 vehicles .(derived)
By measuring the range and angles to the 4 target aids the relative target atti~
tude and the relative roll angle between the 2 vehicles can be calculated without

the use of active equipment on the spacecraft.

The location of the target aids on the spacecraft is determined by the
resolution capability of the docking radar. The target aids may be assumed to
be point source targets, so.that the angular resolution of the radar can be ob-

tained from the following e:::pressicm:

_ B
T " K 4[S/N PRF/b -

In order to allow the radar to operate at short ranges it is desirable to

utilize a radar antenna with a wide enough beamwidth to properly iliuminate all
four target aids. This can be accomplished in a dual-mode radar by removing the
subreflector from a Cassegrain antenna system so that the radiation pattemn of
the radar is simply the illumination pattern of the hyperboloid subreflector.

In a monopulse tracking radar a four~horn feed is norﬁally employed to provide

this illumination. The illumination beamwidth is typically 30° or greater,



An alternative approach would be to employ a separate antenna cluster at the back
side of the subreflector and switch in this monopulse array at the start of the

docking phase of the rendezvous mission. We may, then, utilize the following
parameters:

9 = 300 PRF = 1 kHz
e = 30 deg., = 24,7 mrad.
1.5 S/N SIN

Hence, to achieve an angular accuracy of 3 mrad or better requires a system signal
to noise ratio of at least 20 db. This will directly affect the maximum range of
the docking sensor for a given separation of the target aids on the spacecraft.
Assuming a maximum range of 500 ft, and a target aid separétion of 3 £t, it should,

then, be possible to employ a docking sensor with an angular accuracy of 3 mrad,

The radar equation can now be employed to obtain the radar transmitter
power requirements for the docking mode. A monopulse feed consisting of a 4 horn
cluster with a total aperture of 2,75" x 2.75" will be assumed for the radar an-
tenna. This array has the following characteristics at X-band:

E - Plane Beamwidth: 30°
Plane Beamwidth: 29.5°

Plane Sidelobe Level: -22,2 db
Plane Sidelobe Level: =23.6 db

Plane Error Slope Pexr Sum Beamwidth: 1.42

= | oo omom
1

Plane Error Slope Per Sum Béamwidth: 1.50
Gain Factor: 0.59

Antenna Gain:
G = 0.59 (%@A—) = 15.5 db

A circularly polarized, microstrip antemna having an aperture of 2" x 2"

will be assumed for the target aid antenna, This antenna has the following
characteristics:

Beamwidth: 43.5°
Gain: 14,2 db
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System losses are assumed to be 10 db which includes the losses due to
the delay line terminating the target aid antenna. A wideband receiver must be
employed in the docking mode in order to achieve the requiréd range measurement
accuracy. Hence, a receiver bandwidth of 100 MHz is selected- for preliminary cal-
culationg which should yield an accuracy of about 6 in. in the range meésurements
to the four target aids, The system power requirements for the docking mode

are, then, calculated from the radar range equation:

(29.94) (5)3) [j) R* kB F

Py 5 "
FA
GT Gp At
where: S = signal ‘to noise ratio
N .
R = range
B = receiver bandwidth

By = feceiver‘noise figure
Gy = radar antenna gain

Gg = target aid antenna gain
L. = system losses

A = radar wavelength

The power balance is given below:

Parameter +db ~db

(29.94) (10°) © 44,0

S/N 20.0

®% (Rmax = 500 ft) 108.0

KTB (B = 100 MHz) , 124.0
Fn 6.0
GTz . 3L.0
Gg 28.4
A4 (A=0,105 ft) 39.2
L (inc. delay line) 10.0

Totals 227.2 183.4 "

VIi-24



The peak power requirement for docking mode operation is, then, 43.8 dbw
or 24 Kw. The transmitter peak power requirement for the rendezvous mode has
previously been calculated at 44 Kw so that, despite the larger receiver bandwidth,
sufficient power should be available from the transmitter of the dual-mode radar.

The average transmitter power for docking mode operation is given by:
By = (26)(10°)(10%) (9)(10°%) = 216 watts

This is about a factor of 3 greater than the average transmitter power in the
rendezvous mode at maximum range (R = 25 n.m.). However, it is still feasible to
use the same radar transmitter if other parameters in the radar range equation
are appropriately modified. A reduction in the radar pulse repetition frequency
is probably the simplest way of achieving this goal since the relative velocity
between the 2 vehicles during the doecking phase is very low. Thus, it is rela-
tively easy to reduce the PRF to about 320 cycles which would yield the same
average power as in the rendezvous mode. A reduction in the servo loop noise

bandwidth to 3 Hz will then maintain an angular resolution of about 3 mrad.

_ The minimum range limitation of the sensor is again dictated by antenna
field of view limitations since the delay line in the target aid will theoreti-
cally allow the radar to operate to contact. For a nominal radar antenna beam-
width of 30° and a target aid spacing of 3 f£t., the "pseudo" minimum range of
the radar is 5.6 ft. This assaumes illumination of the target aid antennas at
the half«power point and obviously shorter ranges are possgsible with reduced range
measurement accuracies, Although this would appear adequatg, operation at shorter
ranges could also be achieved by broadening the radar antenna beamwidth so that

minimum ranges of 2 ft, could be readily implemented,

The range measurement accuracy is mainly determined by system bamdwidth
congjderations and a digital pulse ranging system is normally employed in the
automatic mode to measure the pulse prbpagation time delay to the target aid and
back. This is determined by a leading edge measurement on the return pulse so
that the r.m.8. time error in the pulse delay measurement is a function of the

leading edge perturbation by noise. This is given by the following expression:

T = E_T=§7%f==__

VE=-25.



Hence, utilizing a docking radar system with a receiver bandwidth of 100 MHz
and a system signa%’to noise ratio of 20 db (R = 500 ft), we get:

T = L B = 1 n-.sec

(100) (10°) 4/ 100
This corresponds to a range measurement accuracy of 6 inches at maximum range,
which appears more than adequate. As the two vehicles come closer together the
system signal to noise ratio will increase, thus improving the range measurement
accuracy and providing greater accuracies in the relative target attitude and roll
angle determination, This reéults becéuse the 8/N ratio increases as the fourth
power of the decrease in range and the angle tracking noise error decreases as the
square root of the increase in the S/N ratio (see previous discussion). The above
parameters selected for docking mode operation thus appear reasonable for prelimi-
nary design purposes and indicate that a dual-mode radar is indeed feasible for
rendezvous and docking and will do a satisfactory job in isolating the docking
port from the remainder of the spacecraft structure. This can be accomplished
without the use of a scanning system so that range and angle data to the 4 target

alids is always available,

A summary table of 2 dual-mode radar which can provide the docking measure-
ments as well as the search acquisition, and track functions required for rendez=-
vous is given below:

Type: Non-Coherent, Pulsed Doppler

Frequency: X-Band (A 3.2 cms)

Modulation: ICW )

PRF: 85 KHz, 85.75 KHz, 86.5 KHz, 87 KHz, 89.4 Kz

Duty Cycle: 40/60 ’

Transmitter Average Power: 74 watts

Maximum Range: 25 n miles

Minimum Range: 100 ft,

Frequency Diversity: 35 r.f, carrier frequencies 50 MHz apart

Target Radar Cross-section: 10 meter? (diversity)

Radar System Losges: 11 db (inc, eclipsing loss)
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Radar Antenna: 2 ft, diam. dish (Cassegrain)

Antenna Beanwidth: 3.5°

Angular Coverage: 60° x 60°

Range Accuracy: See Figure 1

Range Rate Accuracy: 0.1 ft/sec

Angular Accuracy: 8 mrad (per axis)

Weight: Angenna - 41 1bs
Transmitter - 12 1lbs Total - 75 lbs.
EléctroniCS - 22 1bs

Input Power: 275 watts (max)

MTBF: 2000 hrs.

Docking Mode

Peak Power: 24 Kw (reduces as R4)

Pulse Width: 9 u sec (time shared received pulse)

PRF: 320 Hz )

Average Power: 67 watts

Antenna: Same (subreflector removed) or four~horn cluster on back side of
subreflecgor

Antenna Size: 2.75 in. x 2.75 in,

Half-Power Beamwidth: 30°

Receiver Bandwidth: 100 Miz

Maximum Range: 500 ft.

Minimum Range: 2 ft,

Range Measurement Accuracy: 6 in. (R = 500 ft)

Angle Measurement Accuracy: 3 mrad

Total Sensor Weight: 80 lbs
Input Power: 275 watts max.

MTBF: 3000 hrs.

Target Aids
Rendezvous Mode: None {(Frequency Diversity)

Docking Mode: & passive antennas & delay lines in "Diamond" configuration
around docking port

Antenna; Tlat, microstrip antenna® (2" x 2" aperture)
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Antenna Beamwiath: 43,5°
Antenna Polarization: Circular
Antenpna Gain: 14,2 db

Power Requirements: None
Target Aid Weight: 2 1bs
Target Aid Spacing: 3 ft.

The operational docking mission utilizing this sensor is quite similar to
migssions utilizing tﬁe SLR sensor in the cooperative passive mode. The docking
phase will include inspection, alignment, closure, and docking and will start
from a stationkeeping phase at a range not exceeding 500 ft. The radar sensor
is mounted on the Space Tug and the target aids are mounted on the spacecraft sur-
rounding the docking port. A minimum target aid spacing of 3 ft. is desired. The
hardware mounting locations and the Space Tug docking trajectory are such as to
keep the target aid array within the radar's fiéld of view throughout the final
docking phase. During the inspection and aligmment phase the Space Tug orienta-
tion will be adjusted via the Space Tug guidance system until the target aid array
falls within the BOP.FOV of the radar and the target alds are required. The guid-
ance system will accept the range,_range rate, and angle data and the relative
target attitude and roll angle data will be computed. The system will act on this
data to decrease the range and eliminate vehicular orientation errors according
to the desired docking trajectory, As the range between the 2 vehicles decreases
the range and angle measurement accuracies of the radar will improve until the
minimum range of 2-5 ft. is reached where the deocking parameter errors are negli-
gible. During the docking phase, then, the radar will continuously track the
target aids until the LOS, pitch, and yaw errors have been nulled out and the

radar is tracking on "boresight', utilizing the sharp pattern null of the monopulse
tracking patterns,

The advantages of a dual-mode radar are summarized below:

(1) High measurement accuracies at close ranges (Docking accuracies
comparable to those of the SLR sensor system)

(2) Low minimum range limitation

(3) No glint or scintillation errors at short ranges
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(4
(3
(6)
N

(8)

Easy location and isolation of docking port

Automatic handover from rendezvous sensor

Automatic docking mission oﬁbration by closing the loop directly
through the guidance system

State-of-the~art sensor design and previous experience from Apollo/
LM rendezvous system development

Implemgﬁtation with highly reliable components that are already
gpace gualified.
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1/ Dual Mode Radar (Passive Cooperative) - The dual mode cooperative radar

is merely a combination of the rendezvous system described in Part 2 and the
close-in radar discussed in Part 3. Consequently no further detailed discussion
is required, however a summary of the characteristics taken from those earlier

sections, is provided here for completeness.

Rendezvous Mode

Type: Non=-Coherent, pulsed doppler system
Frequency: X-Band (3.2 cms)
Peak Power: 10 Rw
Pulse Width: 1 u sece® 0.2 u sec
PRF: 1.6 KHz o0 8.0 Khz
Duty Cycle: 1.6%
Average Power: 16 watts
Radar System Losses: 6 db
Diversity Bandwidth: 250 MHz (3.75%)
Radar Antenna: 3 Et. diam. dish (Cassegrain)
Antenna Beamwidth: 2.3°
Angle Tracking: Amplitude Compariscn Nonopulse
Receiver Bandwidth: 1.4 MHzeo 7.0 MHz
Angle Tracking Accuracy (1T ):
Bias -~ 8§ mrad.
Random = 2 mrad.
‘ Range Accuracy (1o ): 24 ft.
Acquisition Time: 6 sec.
Maximum Range: 25 n miles
Minimum Range: 100 ft,
Estimated MTBF: 2000 hrs.
Search Volume: 60° x 60°
Rendezvous Target Aid:
Trihedral, triangular Corner Reflector - 0.8 ft, on side
Target Radar Cross-Section - 15 meter2
Alterngte Approach: Passive, Microstrip Van-Atta Array (located on solar

panels) or 12" Luneberg Ecco Reflector (Type 140)
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Docking Mode

Peak Power: 24 Kw (reduces as RA)
Pulse Width: 9 p-sec (time shared received pulse)
PRF: 320 Hz
Average Power: 67 watts
Antenna: Same (subreflector removed) or Four-Horn cluster on back side
of subreflector
Antenna Size: 2,75 in. x 2.75 in.
Half-Power Beamwidth: 30°
Receiver Bandwidth: 100 MH=z
Maximum Range: 500 ft,
Minimum Range: 2 ft.
Range Measurement Accuracy: 6 in. (R = 500 ft,)
Angle Measurement Accuracy: 3 mrad,.
Target Aids: 4 passive antennas & delay lines in a "djamond" configura-
tion around docking port, See Part 3.
Total Sensor Weight: 75 1bs.
Input Power: 275 watts max.
MTBF: 3000 hrs.
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B. VIDEQ SENSOR ANALYSIS

The TV camera is an integral and, in fact, the key element in a manual
rendezvous and docking system. In space related activities, to date, it has
generally performed only the function of gathering an image and transmitting it
to a viewer, either onboard or on the ground, leaving him to perfbrm the neces-
sary actions. In the manual configuration thls is still basically the role of
the camera, It was found, and is proposed, that some of the relatively busy and
eritical tasks of the ground controller can be relieved by providing an autonomcus
capability to do some- processing of the TV imaging data onboard and use the out-
put to perform some vehicle control functions; e.g., maintaining the Tug line-of-

gight on the center of the target.

When considering the TV in an autonomous role, this and considerably wmore
image processing capsbilities must be added. These were assumed to be
feasible when configuring those autonomous candidates employing a TV. Thisg
approach provides considerable potential toward improving system performance via
software processing additions. It certainly warrants further-studies and imple-

mentation concept development.

Image data ﬁrocessing is of apecial interest to the Tug program. The
baseline Tug downlink data rate of 50 Kbs places a finite constraint om the rate
of which pictures can be sent to the ground,—General Dynamiecs' Space Tug
Avionics Definition Study assumed a new picture on the ground only once each
16 seconds. This makes reliable ground control of the Tug 2 marginal situation
at best. Some onboard image data processing and control command computation is
one possgible approach to relieving this concern, Another possible alternative,
and one that should be pursued in parallel with the image.data processing studies,
is to {ncorporate data compression of the imaging data onboard, followed by re-
construction on the ground. Studies by MMC, and others, has showm considerable

reduction of data can be accomplished for very minimal loss of picture quality.

The thrust of this section, then, will be threefold; first, detailed
discussions of hardware requirements for the TV camera and its lighting aids will
be presented in Part 1. Following that, inPart 2, are results and related dis-

cussion of some TV image data processing feasibility work done at Martin Marietta.
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Recommended additional effort is also provided, Finally, some concepts for

image data compression and related discussion is provided in Part 3,

1, TV Camera Requirements - The space tug will use a television camera as

an aid in inspection of and docking with a satellite, The satellite will be
passive in these procedures, but it may have such features as retroreflectors,

visual orientation cues, and other pagssive (non-powered) facilities.

The docking may be a man~in-the-loop, autonomous, or manually supervised semi-
autonomous procedure. The camera will be required to fuﬂction at a naximum
distance of 100 feet from the satellite, At this distance it must allow study
of one-foot-diameter surface features in detail in order to permit determin-
ation of satellite relative orientation and to allow visual inspection of the

satellite before docking is attempted.

Because the satellite may be in the shadow of the earth during this procedure,
lighting must be provided by the tug to allow camera operation in the absence

of solar illumination.

The data link to the operator will permit approximately one picture of 525
lines by 430'pixeis every 10 to 20 'seconds, but data compression techniques

may be employed to increase this rate substantially.,

*

Several camera types, existing or yet to be developed, may be suitable to meet
the technical requirements for space tug, but the ultimate selection criterion
is cost, technical performance being adequate. Other factors such as band-
width, power required, weight, and size become important largely as they im-

pact the cost of the total system,

One way to reduce cost is to use, to the extent possible, technology that has
already been developed or is being developed for other programs, The space
shuttle camera, shortly to be developed, will be operating in a similar en-
vironment with similar requirements and is a4 case in point. If it should prove
to meet tug requirements, using it with minor modifications would save the cost
of developing 4 new camera for the tug. The intended characteristics of the
shuttle camera are summarized in Table VI-4, It is possible the shuttle may be
able to use a sgilicon vidicon tube. It is anticipated tug requirements will

require an intensified target tube,
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TABLE VI~4 SHUTTLE CAMERA CHARACTERISTICS

TYPE ¢ o o o 06 o o o o o o o o 1" Silicon Intensified Target (SIT) Vidicon
) Tube

FOVe o o 0 0 o 0 a a o o o o o 20°

RESOLUTION o o o o o » » o o o 523 Lines by 430 Pixels
CAMERA SURVIVABILITY . . . & o Look Directly at Sun

OUTPUT BANDWIDTH , o o o « » o 4.5 Megahertz

DYNAMIC RANGE., . « ¢ v o« o o o Approximately 10,000:1

TARGET ILLUMINATION REQUIRED . 5 to 10 foot Candles

MAXIMUM LENGTH . o o + o o = o 12"

POWER., . o« s a o o o » o a o » 15 Watts at 28 VDG

WEIGHT . o ¢ ¢ o 0o o o o o o 15 Pounds

IMAGE SCAN RATE. . o «.. » o o 30 Times/Second

LIGHTING v &« o o o o« o « o s « Strobe or Tungsten Flood Lamps
DEVELOPMENT STATUS . . - . » « RFP in Spring 1976; ATP 11/76

The tug camera will be used for autonomous, man-in-the-loop or manually
supervised semi-autonomous docking, for satellite imnspection, and for close-
in range determination., Lighting during these opefations may vary from full
sum to earth shadow. The camera should have the ability to look directly

into the sun without damage, and the tug should have the ability to provide
{llumination of the satellite. The data link to earth permits direct trans-
mission of one picture every 10 to 20 seconds, but this ¥ate can be increased
by the use of data compression, as discussed elsevwhere in this report, to the
order of one frame every several seconds, Some on-board data processing algor-

ithms have already been developed by Martin Marietta,

Compatabllity of Shuttle Camera Specifications with tug requirements is sum-

marized below:

a, Type - The silicon intensified vidicon is one of the most sensitive
types of television camera tube. For this reason it will minimize the amount
of illumination the tug must provide., The resolution required by the tug
application is in the range achievable with this camera tube, and the wide
500:1 to 1000:1 dynamic range inherent in this technology minimizes the mech-

anical adjustment required for the aperture of the camera lens,
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b. Resolution and Field of View - The 525 lines in a 20° field of view
specified for the shuttle camera will cover a one-foot wide area at 100 feet
with 525/(200 tan 10°) = 15 lines, which is adequate to display details of
objects this size, as required for tug. As the tug approaches the target,
smaller details will be resolved., Further, the rendezvous system is able-to
point the tug accurately enough to acquire the satellite within the 20° field

of view,

Co Camera Survivability - The candidate camera is specified to be capable
of looking directly ét the sun, This implies that special protective mea-
sures, such as a shutter, will be incorporated in the camefa to protect the
intensified target tube. A silicon vidicon type of camera tube does not nec-

essarily require this special handling,

d. Qutput Bandwidth and Scan Rate - The output bandwidth of 2 camera is a

function of the- scan rate and number of picture elements specified for the
picture, Scan conversion electronic components are required to reduce the
bandwidth of the shuttle camera to the allowed transmission bandwidth for tug,
If an image dissector camera tube were used, the scan rate could be lowered

directly, but the other advantages of the shuttle camera would be lost.

e. Target Illumination and Lighting

The shuttle camera characteristic requires that the target be illuminated to
a level of 5 to 10 foot Candles (5 to 10 lumens per square foot). The power

required to furnish this illumination can be estimated as follows.

Asgume a Xenon Short-Arc Lamnp within a reflecting housing such that 75 per-
cent of the light produced falls within a 20-degree-diameter circular cone
coincident with the field of view of the camera. The area on the surface of
a sphere of 100 ft radius illuminated by this cone of light is 970 square ft,
and the lamp must produce 4700/.75 = 13000 lumens in order tﬁ average 10
lumens per square foot over this area, A well-designed reflector can assure
that the edge of the cone will receive not less than half as much illumina-
tion per unlt area as the central area, and the illumination within the cone

will everywhere be greater than 5 lumens per square foot. The Xenon Short-Arc
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http:4700/.75

Lamp has a luminous efficiency of approximately 22 lumens per watt; the lamp

power required is about 600 watts, when it is illuminated.

The camera scans at 30 frames per second, and the lamp need be illuminated
only a minimum of two scan periods for each picture to be transmitted to the
operator, a maximum of one plcture each 3 seconds., The duty cycle of the lamp
can therefore be 0.022, Assuming the efficiency of the power supply circuitry
to be 0.8, the input power to the overall lamp and Lts control will average
600 x 0.022/0.8 = 16,5 watts when the lamp is operating to illuminate the
target,

Another function of the target illuminator is to illuminate the retréoreflec-
tors or the visual cues furnished to indicate relative orientation of the
target with respect to the tug during docking operations. These retroreflec~
tors will always appear much brighter to the camera than -their surrounding
background on the target, and should present no unusual problem to the moni-
toring operator or to the circuitry designed for their detection and data
processing, The retroreflectors themselves must be designed to produce return
beams large enough to accommodate the geometry of the positions of the illum-
inators with respect to the camera, Several kinds of retroteflectors are
available for this purpose, including optical corner cubes, optical "cat's

eyes", beaded screens, and the like,

In summary, then, the SIT vidicon camera, yet to be developed for the Space
Shuttle, with the characteristics outlined in Table VI-1, will be suitable for
use on Tug, and would probably be a cost-effective implementation. Scan con-
version equipment will be required to adapt its essentially conventional TV
scan rate to the much lower data rate allowed by the groundqcommunication link
for Tug. When the final camera selection is made for Tug, other camera imple-
mentations should be subjected to analysis of their possible contéibutions to

the overall system cost effectiveness.
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2, IV Image Data Processing - A study by Martin Marietta for NASA Langley
Research Center (Contract NAS1-13558) was conducted that focused on the use of
the TV for generating data other than just images for visual viewing. The
title of the final report is "Video Guidance, Landing, and Iwaging Systems for
Space Mission"™ by Roger T. Schappell, Robert L. Knickerbocker, John C. Tietz,
Christopher Grant, Robert B. Rice, and Richard D. Moog. The study was con-
cerned with exploring the adaptive potential of video guidance technology for
earth orbital and interplanetary missions. The premise is that since a mmber
of imaging systems are available and will undoubtedly be flown on future space-
craft for scientific imaging, inspection or remote control functioms, it is
logical to explore further utility and capability of these sensors in terms of
autonomous real time target acquisition, pointing, and tracking, thereby aug-
menting the primery guidance, navigation, and attitude control hardware, and

enhancing the scientific data gathering ability of the vehicle,

More specifically, the study was concerned with the application of video
acquisition, pointing, tracking, and navigation technology to three primary
missions--a planetary lander, an earth resources satellite, and spacecraft
rendezvous and docking: The emphasis is on making maximum use of available
information to enhance the onboard decision-making capabilities of a given

spacecraft,

The synopsis of the study results to be discussed‘in this section re-
lates to the latter application; spacecraft rendezvous and -docking. It has
been established that most future spacecraft such as Space Tug, Earth Orbital
Teleoperator Spacecraft and Free Flying'Satellite Experiments will carry a TV
camera for manned observation and possibly remote control. Since a camera is
available and the potential migsion requirements are such that real time auto-
nomous operation would extend the operational capability of the chosen vehicle,
consideration must be given to making maximum use of available data such as the
video cutput. A discussion of the feasibility of this technique and experi-

mental results follows,

The primary objective of the study was to develop algorithms for the

missions discussed above and to evaluate them in the laboratory using a physical
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simulator and scaled surface models. The first phase of the study resulted in
a successful feasibility demonstration of the planetary landing site section
system.* Subsequent to this, other algorithms were developed and tested for

the earth resources and rendezvous and docking missions, respectively.
The approach taken was as follows:
1) Estazblish the reference mission requirements and constraints.

2) Perform the necessary analytical and digital simulation studies
in order to assist in arriving at representative guidance and

navigation requirements.

3) Develop video data processing algorithms as 4 fuaction of

target characteristics and observables,

4) Breadboard video data procesgsing logic and integrate it with the

TV camera, display, and physical simulator.

5) Develop software for automating experiments and for providing

a permanent record of results,
6) Design and build scaled surface models,

7) Integrate and checkout 6D simulator, breadboarded algorithms,
scan electronics, TV camera, surface model, and PDP-9 scientific

computer,
8) Run experiments and document results.

The significance of this study, as verified by the analytical and ex-
perimental results, is that the output of a scanning sensor system such as a
TV camera can -be operated on by conventional filtering techniques and simple
processing algorithms to arrive at an adaptive and autonomous sensor system
capable of making intelligent decisions with regard to the observed area or

constituent of interest,

* Schappell, R. T., Knickerbocker, R. L., Tietz, J. C., Grant, C., and
Flemming, J. €., Final Report, Video Guidance, Landing, and Imaging Sys-
tem (VGLIS) for Space Missions, NASA CR-132574, February 1975,
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In other words, one does not require.large computational complexity and
hardware to provide a degree of intelligence for the applications of interest in
this study. On the other hand, further experimental work is required to provide
a more comprehensive definition and selection of the observables, and to opti-
mize the algerithms and dats formatting electronics for a particular mission,

This future activity is discussed in the summary and recommendations section.

- Theory of Operation ~ The following discussion outlines an approach to
automatically provide steering and stationkeeping on an unmanned wvehicle for
rendezvous and inspection of other spacecraft. The system comprises a TV
camera, specialized scan control, analog pre-processor or dedicated mecro-
processor and onboard digital computer as shown in Figure VI-5, The system
components function in much the same way as the planetary lander video guidance
system in that the digital computer provides a supervisory function while data
rate computation is performed in the microprocessor hereafter referred to as the
videc processor {(VP). ZLarge data block storage in the spacecraft digital com-
puter and a high-speed A/D converter interface are, therefore, not required.
The system is essentially self-contained, thus minimizing processing by the

onboard computer,

The several different tasks will be based on a common sequence of pro-
cessing., The camera is commanded -to scan a certain area of given coordinates
and size of scan in the field of view., The VP operates on the camera data and
issues discrete values to the spacecraft digital computer at the end of a frame.
The digital computer then decides what the next camera operation and VP function
will be. A wide variety of tasks may be accomplished in this manner depending
on the digital cdmputer’software. With this scheme, all mundane calculations
are performed in the VP leaving the digital computer free for other work and
allowing lower data rates on A/D converters. Also, detailed logic and complex

calculations are resident in the digital computer which is best suited to this

purpose.

As an example of this type of processing, consider the problem of
horizon detection. Assume the object is a bright disk on black background. The

digital computer would set the camera frame size to be approximately twice the
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Figure VI-5 Onboard Rendezvous and Docking System Configuration

expected area of the object. A frame would be scanned in which the VP would
take the following functioms: Integral video (threshold), first X moment,

first Y moment, At the end of scan, this information is passed to the digital
computer which calculates area, diameter and center in X and Y coordinates.

The next step would be to scan four smaller frames which would be positioned

to cross the limb in each of four directions for more accurate measurement, The
digital computer would command each of these in sequence and retain the results
for a precise determination of object relative position. During scans the

digital computer is free for other tesks while the VP is collecting data.

The basic functions required in the VP, of course, depend on the par-
ticular task, but it would appear the following are adequate for most and are
surprisingly easy to accomplish in the analog hardware as well, The following

functions are to be calculated over one frame of scan.
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Ave - Integral of the video signal

SX -~ First moment of the video signal in the X direction

SY ~ First moment of the video signal in the Y direction

IXX - Second moment of the video signal in the X direction
IYY -~ Second moment of the video signal in the Y direction
IXY - Cross moment

Figure Vi-6 shows a block diagram of the VP. As shown, some threshold-
ing and filtering of the video is required. The system shown is a small analog

version of the processor. It is commanded directly by the digitsal computer,
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Figure VI-6 Video Processor Block Diagram
It is also possible to mechanize these functions in a microprocessor.

1} Far Steering

2} Near Steering
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3) Featuré Detection and Inspection (Track Intermittently)
a) Spacecraft sizing
b) Axis orientation determination
c} Spin rate determination
d) Home on predetermined features
e) Determine whether dock is feasible

f) Docking maneuver

Figure Vi-7 shows & simplified scene and the associated video function
required for far steering. The guidance equations determine when the object is
within range and field of view. Then a frame is scanned énd the VP takes A,
SK’ and.SY. The digital computer then calculates X and Y in camera coordinates
and translates these to steering signals. At the appropriate distance, de-
termined from A (proportional to size) or a ranging device, the system changes

to near steering logic, as shown in Figure VI- 8,

VP Functions/Frame of S¢an
Ao fVideoo dt
. ‘. . .g--‘-: . '. Sx ™ ffVldeo XS dt
e \ Sy = jvvmeo Y dt
Scene Then the Object Center is Defined by
X Syh
Y . SYIA .

® |t May be Required for Low-Pass Filter to Remove Starfleld and Medifwthe Gray Scale
for Contrast Enhancement ;

Figure VI-7 Far-Steering Video Functions
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Given Approximate Data from Previous Scans,
Accurate Relative Position Is Obtained by
Scanning an Area Covering Object Boundaries
in Two or More Places. By Knowing the Com-
manded Scan Coordinates and the Relative
Placement of the Camera, Frame 1 Yields Data
on the X Position of the Spacecraft Edge, While
Frame 2 Shows What the Y Coordinate Is.

n‘;{ ‘f

NS
FNNAR
3 "'Q\}

Figure VI-8 Near-Steering and Stationkeeping

Figure VI-8 shows one possible method of near steering and stationkeep-
ing to be performed while doing other tasks, This approach may be used while

taking pictures, looking for predetermined features, or performing surveillance

maneuvers.

Following are a few of the functions which may be performed with the

appropriate software additions and the same bagic hardware,

Geometric‘area

Average brightness

Major and minor axes of an equivalent ellipse
Angular orientation of major axis

Search for predetermined feature

Track feature (i.e., automatic docking)

Determine spin axis and spin rate (software may be quite complex)

Physical Simulator and Video System Electronics - Figure VI-9, the ren-
dezvous and docking experimental system, involves a camera and electronics

mounted on a 3-degree-of-freedom translation servo. A PDP-9 computer commands

VI-43



the scan position of the camera and samples the video signal at that point in

the field of view.

z
POP-9 COMPUTER PoSTTION
A/D ’ Y x  SERVO
- VIDEO

SIGNAL .
D/A

IC
L0 -qn-”'e-q - -
—iu-f”i»- A

X, Y SCAN
SCAN POSITION
ELECTRONICS

Figure VI-9 Laboratory Setup

The following algorithms were tested in the laboratory with representa-
tive scenes: Calculations for area, object center, angular orientation, and
ranging. A means of recording the scene scanned by the camera was developed.

The actual scene is shown in Figure VI-10. Figure VI-11 is essentially a bright-
ness map with the video signal quantitized on a scale of 0-9. Each number
represents a sample point brightness, 1In this case, the frame is compoéed of
5000 points, 100 in .the X direction and 50 in the Y. The printout is dimen-
sionally distorted due to the fixed printer spacing.

In order to calculate ares and centers more accurately, thresholding
was used on the video signal., This sharpens edges and excludes background
clutger. It is assumed the object of interest is brighter than the background.
The logic used is; if the video signal is larger than the threshold, a "one"
is assigned to the pixel; if it is less, a "zero" is assigned. Figure VI-12
is a thresholded version of Figure Vi-1l, In the following, only threshold

signals are used.
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Figure VI-10 Test Scene
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Figure VI-11 Digitized Brightness Map; 0 = Dark, 9 = Light
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Several targets of known areas were placed in front of the camera.
Repeated measurements of the 1 sq. in., objects were used for calibration.
Table VI-5 shows the system calculations of the object areas. It is felt that
the larger errors on the small object are due to the coarseness of sample
points. Repeatability was checked with several other objects of varying size.

Experimental results are shown in Table VI~6 for a simulated satellite.

Table VI-5 Area Calculations

Shape Actual Area System Calculation
Square .25 in.2 .313 in.2
Square 1 .996 in. 2
Rectangle 2 1.918 in.2
Rectangle 2 1.882 in.?
Satellite -- 2.837 in.?

Table VI-6  Area Measurement Repeatability

Measurements std.
Shape (1.000 = Frame Size) Mean Dev.
Dot .0072, .0070, .0042, .0055 . 0015 \
.0034, ,0054, .0056
Ats .088, .0918, ,0928, .0910 .0018
.091, .0912
Oval 12084, .2088, . 2070, .2092 -.0023
.2124

It is seen that there is a sizihble dispersion on the smaller object

measurements in relation to its area calculation.

Geometrical center calculation tests were performed‘to simulate condi-
tions of small far-off objects and also near objects with discernable shapes.
Figure Vi-13 illustrates a small bright dot which was moved around the field
of view. The equipment-calculated center has been scaled and drawn onto the
figure {marked X and Y) to show how well the hardware worked. The area of the
dot is approaching the coarseness of the sample points; hence, the area calcula-

tions are poor. Nonetheless, the center was calculated correctly. Figure VI-14
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shows some bias in the Y direction, Figures VI-15 and.VI-16 show the images for
a representative spacecraft in different orientations. The algorithm appears to

have found the same point on the object in each test,

The orientation algorithﬁ’was used to calculate the angle from local
horizontal to the major axis of an oblong object. ¥Figure VI-17 shows two
images produced by these tests., The calculated angles and centers have been drawn
on the printouts for reference. The angles range from -90° to 90° since the

algorithm does not distinguish one end of the object from the other,

Figure VI-18 and VI-~1l9 illustrate the use of two cameras separated by a
distance 2d, plus center-finding calculations to find range data. To simulate
this, the laboratory camera was translated in the X direction for the second picture.

Using the formula derived previously:

24f 2X%X 1. X 5.9
X -Xp T 1.2.24 - 60546

Range = = 19,4 feet

Although it is not clear what this range means for a 3-dimensional object,
which may have projections toward and away from the viewer, this problem can be
circumvented by viewing only a portion of the object of interest and ranging

that small area alone. This would involve feature detection prior to ranging.-

Basic Algorithms - The integral of the video signal over a frame pro-
vides the averaae brightness of the scene, This signal is useful for automatically
setting camera iris. If the video signal is thresholded such that if it is be-
low a certain level, a zero is produced; and if it is above that level a one is
produced. The, the integral of this sigpal over a frame is the sum of the geo-
metric areas of the bright objects in the field of view. The .objective is to set
the threshold at a value which passes the object of interest and eliminates the
background noise., Fortunately, if the object is large enough in the field of
view, background noise (stars) will not contribute significantly to the area

calculation.
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In equation form:

AVE = v de

- F

AVET - f VT dat
F

where T denotes a thresholded signal, and V is the video signal,

By calculating the first moment of brightness in both the X and Y

directions, the center of brightness may be calculated as follows:

e——

sz = fV.X-dt
F

oy /v .+ Y dt
F

then the centers are,

7 - 8%
X AVE
P . SY
YB ~  AVE

where X is the X deflection on the image plane

Y is the Y deflection on the image plane
iﬁ is the X coordinate of center of brightness, and
Y

B is the Y coordinate of center of brightness.

To caleulate the geometric centroid, a thresholded video signal is used
!F VTX dt
fvT de
c AVTY dt
_[VT dt

The orientation of an eliptical object may be calculated by using second

¥

moments and the cross-product moment; in -all cases using a thresholded video

signal.
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These values are then changed to object-centered coordinates,

—2
1 = -

' I, - AVE, X;
I'. = I.. - AVE. YZ
YY ¥Y T T

] = r v
Txy © Ixy AVEy Xp Yo

The angle to the major axis of the object is then:
f
o = -1/2 tan-l i'_ziﬁ._
XX - 'I'YY
Results and Conclusions - As shown in the laboratory results, the basic
routines are written and checked out which will accomplish the basic processing
for a multitude of tasks., For steering, the centroid routines would be used.
Automatic threshold setting will have to be worked out, as will the guidance
equations, to translate the camera image plane coordinates to spacecraft or ren-
dezvous coordinates. Automatic ranging with dusl cameras or split optics looks
feasible with the algorithms as developed. Thig is attractive since the same
system that provides cross-range steering will also yvield range and range rate

information.

Close~in steering and stationkeeping with this system also appears

feasible, but here special problems must be overcome. Since the object is 3~
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dimensional, some distinction must now be made as to what point on the object
should be tracked "and what parts avoided (i.e.,, solar panels and booms). Com-
puter logic will be required for this in addition to some type of feature
detection. The same basic algorithms will probably be used, but will be im-

bedded in a larger logical procedure for each task.

Recommendations - Short-term future work should be in the area of di-
mensionally calibrating the system, including target and camera. This will
involve a mathematical model of the system such that when a position is commanded
by the computer, the scan spot on the target is known. Also, an error model will
be required. For this, many frames of the same scéne are needed to produce a
spread of data and, thus, the error dispersion for the several measurements. The
area calculation errors, for example, will be a function of object size in the
field of view, sample point resolution, and the focal length. Centroid measure-
ment will also be troubled by lens aberration and angular distance from the
optical centeriine. These items fall under the category of refinement of the

laboratory setup.

Longer term future work should center on the problems of hew the system
is to be implemented onboard the spacecraft, Here, trades need to be made be-
tween using a special- analog preprocessor vs a microprocessor dedicated to this
task. In each case, the unit should be self-contained and not require a great
deal of external proceésing by the onboard boﬁbuter. Another major area of in-
vestigation will be some type of supervisory software to provide autonomous
completion of the required task, This will involve a rudimentary artificial
intelligence scheme with enough capacity that it will not be easily fooled by
the range of scenes it will encounter. The tradeoff here will be between soft-

ware complexity vs probability of success,
The following tasks are recommended:

1) Performing a stationkeeping and docking phase requirements
analysis for space vehicles such as Shuttle Orbiter, Space Tug,
Interim Upper Stage, Earth Orbital Teleoperator Spacecraft,

Free Flying Satellite Experiments, and the Astronaut Maneuvering
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2)

3)

4)

5)

Unit. This will provide the necessary parametric data for
establishing a rgalistic set of design requirements. Con-
sideration soould also be given to a multiple spacecraft docking
system. Maximum use ghould be made of past and current study

results relating to the various spacecraft.

Conducting design investigations and feasibility studies on video
processing algorithms, hardware alternatives, target definition,
anﬁ target spacecraft motion effects. This task involves the
utilization of work accomplished at MSFC and MMC on the develop-
ment of stationkeeping and docking slgorithms and an evaluation
of preliminary experimental resulis thus far achieved. Camera
tradeoffe should also be performed as a function of mission re-

quirements.

Demonstrating the feasibility of the video system in a computer/
hardware six-degree-of-freedom simulator, This will enable the
evaluation of various rendezvous and docking algeorithms in a

dynamic environment with realistic scaled target vehicles.

Performing a preliminary design for an engineering prototype sys-
tem for the next phase of development. This will include the

definition of weight, power, and cost estimates for the eventual

fabrication of a protoflight system.

Design, develop, and evaluate a prototype video stationkeeping and

docking sensor system.

3. TV Image Data Compression Techniques - The use of TV image data downlink

became commonplace during Apollo Lunar missions, Skylab and Apollo Soyuz Test

Project.

However, the data management required a wide band data link capability

to be added to the Space Tracking Data Network (STDN). The current study is

based on using the baseline Space Tug data and communications system which is a

16k bps PCM telemetry system. General Dynamics Avionics study recommendation

avoided the addition of a wide band downlink capability to the Tug by reducing

the image data downlink rate. This provided the mission control console opera-

tor with an image update at 16-second intervals for "supervisory" control.
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However, a more frequent display update would be very desirable, if not manda-
tory, when the cperator is required to respond to an off nominal 'sitiation and

éssume full control of the active wvehicle.

Several alternative methods are considered feasible to provide adequate
update rates for manual control. Typically, for previous programs, mission con-
trol center display updates have occurred at approximately 2-second intervals
and were limited by RF propagation and network processing delays. Uplink capa-
bilities have been such that with sub-bit encoding the uplink command genera-
tion and transmission capability was one 35-bit command work, approximately
each 300 milliseconds, Therefore, the time delays in the STDN remote site and
Mission Control Center, processing are not the congtraining factors on the

operation.

Martin Marietta has performed image data compression and enhancement
analyses during the Skylab program. These techniques were applied to Earth Re-
sources Experiment Program (EREP) image data with very good results. An
illustration of the Martin Marietta facility used for image data processing
studies is presented in Figure VI-20. .

An image monitor software package has been developed with 71 operational
commands used to do image operations such as; correlation studies, feature ex-
fraction, image screening, two-dimensional Fourier transforms, convolution
studies, and digital filtering studies. The large amount of programming work
necessary to establish a workable-image processing capability'has been accom-

plished, including:
1) Monitor subprocedure and conditional sequence control commands.
2) 1Image subblocking and scan conversion routines.
3) Random access core to disc data management commands.
4) Scanning, digitalization and display of images.

5) Dynamic core area allocation and buffer sizing ‘to allow effective

use of the core size.

6) An extensive library of histogram, graphing, statistical and data

study routines.
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Image Data Laboratory Setup

Figure VI-20




A compatible tape writing and reading routine for IBM and CDC

formats.

8) Parameter table assignment system to allow dynamic exchange of

constants and operation data during processing.

9) Several point intensity commands such as scaling, biasing,

thresholding, logarithmic contrast expansion and compression,

and non-linear operationms.

10) A fast two-dimensional Fourier transform using fixed point arith-

metic and batch scaling, including centering, bit reversal, and

radial filtering routines. This is important because of the rela-

tion of correlation operators to transforms.

11) Convolution, correlation, and digital filtering routines which

relate to many effective and efficient processing techniques such

as feature extraction, noise elimination, template screening,

enhancement, and image separation.

12) The Walsh-Hadamard transform routine for research in new algorithmic

techniques.

Considerable emphasis for the Image Facility has been on small computer

and dedicated processors that could perform onboard imagery processing.

Thirteen papers have been authored by Martin Marietta personnel on the

subject of data compression (Bibliography 1 through 13). The scope of Martin

Marietta's previous imagery data handling and compression studies was broader

in nature, but the techniques and approach are applicable to the problem at hand.

A functional block diagram flow of the process is illustrated in Figure VI-1

in which the onboard TV camera performs the "Image Sensing" function. The

sensed image is dititized and source encoded onboard. Some advantages and dis-

advantages of data compression schemes investigated for the source encoding

function are shown on the diagram., The flow illustrates that channel encoding

is performed followed by transmission to the STDN ground station as via TDRSS to

the Mission Control Center. The remaining functions are performed on the ground
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and reconstruct the image. A data compression and error control program was per-
formed at Martin Marietta under NASA Contract NAS9-9852, The purpose of the
study was to evaluate digital data processing and error correcting code techniques

and how they could be applied to Apollo VSB communication systems,

Several methods for reconstruction of the data was considered in this
study and some examples are shown in Figures VI-22 through VI-25, with the

original curve and the reconstruction of the same using the method indicated.
O Predicted Values
1.0 - ¥ Transmitted Samples :

o Data Samples

-m=ww Tolerance Limits

=we— Strafight Line Reconstruction

- e -
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Figure VI-22, Zero Order Predictor, Floating Aperture °
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Figure VI-25. First Order Interpolator

The method which gave the best results, as applied to image data, was the zero

order interpolation (ZOI). Data compression ratios are based on the number of

data samples taken compared to the pumber of transmitted samples required to con-

vey the basic intelligence contained in the curve, The study was conducted in

two phases as outlined below: -

PHASE 1:

VI-64

Zero-order interpolator (Z0I) selected for image compression

Convolutional coding used with viterbi decoding for error

correction
Hardware design included a viterbi decoder to run at 7.5 MBPS

Image compression demonstrated with single frames of digitized,

compressed and reconstructed pictures

Viterbi decoding demonstrated by simulation on general-purpose

computer



PHASE 2:

o Effects demonstrated for combination of compression and channel

errors using viterbi decoding (errors tend to come in bursts out

of viterbi decoder; a single error can significantly impact com-

pressed data)

o Complete simulation showed results for a picture that is:

DIGITIZED p~ COMPRESSED ENCODED p—

{z01) (CONVOLUTIONAL)

TRANSMITTED OVER _|

NOISY CHANNEL

o ZOP compressor also evaluated

DECODED p—j RECONSTRIICTED

(VITERBI)

(SEE FOLLOW-
ING PHOTOS)

o Results verified the validity of combining error control with data

compression as a means of reducing RF power without sacrificing

picture quality

o During viterbi decoding studies, an iterative process (Blizard) for

increasing performance was discovered and developed into an inde-

pendent decoding algorithm that_appeérs to have good potential for

communications

The application of this technology for image data compression for a

manual rendezvous and docking system should be studied furthér, since data

loading on the network is expected to become more critical, - The major elements

of a typical end~to-end data management system application of this technique is

:illustrated in Figure VI=26.
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