Tthen Jooting of Detrsing

g 30?.0 edm'(’ 5 O REY

N71 24271 |
(PAG{)/g ) éHg; {
52 03,03 DY |

NASA CR OR T
RTMX OR AD NUMBER) . i
{CATEGORY) : . , .
-_— y ih""" - .. - - P A . b + e v TN
e e e - ;é “i;‘ﬁ':'h“"“"&tuﬁﬁ;ﬁh‘;.i"t'g*‘!‘:&:g Yy
~ - P PRl REaRen e
I TRl LS T A R

FINAL REPORT

March 1971

'Ro‘;ar;duéaé b;r

MAa ; o 7
 NATIONAL TECHNICAL -
DENVER DIVISION ' INFQ!{M%];!OVN ;ESF‘{V‘CE .
L fpringhield, Na. A



http:Tep,.,ehe.lt

MCR-71=77 .

TETHER DOCKING oF BRBITING SPACECRAFT

Final Report

March 1971

Fredrick J. Greeb

Prepared Under Contract No. NAS8-25353
For

National Aeronautlics and Space Administration
Marshall Space Flight Center
- Alabama

Approval

f 7’/&%/
W. L. DeRocher, Jr.”/
Program Manager

Martin Marietta Corporatiom
. Denver Divisicn
.Denver, Colorado 80201



FOREWORD

The research described in this report (Tether Docking
of Orbiting Spacecraft, National Aeronautics and Space
Administration Contract NAS8-25353) was performed by
Martin Marietta Corporation, Denver Division, for the
NASA Marshall Space Flight Center, Huntsville, Alabama,
Dr. Eugene Worley was the NASA Contracting Officer's
Representative. -

Mr. W. L. DeRocher, Jr. was Martin Marietta's Program
Manager and Mr. F. J., Greeb was the Technical Director
for the program. Mr., B. J. Harbick developed the digital
computer program logic and programmed the equations of
motion.



ABSTRACT

This report describes a study of Tether Docking of
Orbiting Spacecraft. The study was divided into two
basic parts. In the first, a digital computer pro-
gram was developed to simulate the problem of two
orbital spacecraft attached by a tether. A detailed
description of this program, along with the program
operating imstructions, is contained under separate
cover in the Computer Program User's Manual,

In the second part of the study, the feasibility of
using a single tether to provide all of the control
ferces and moments required to dock two vehicles was
investigated. A tether control law to accomplish this
task was developed using the linearized equatioms of
orbital motion, and was verified using the developed

computer program which solves the exact equations of
motion.
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SECTION I

INTRODUCTION

This document is one product of a NASA Contract (NAS8-25353) with the
Denver Division of the Martin Marietta Corporation. Two objectives were
to be met under this contract, The first was to develop a digital computer
program Simulating the dynamics of two interrelate& orbital rigid space
vehicles attached to each other by a tether line, and the second was to
perform a feasibility study on the problem of tether docking, using the
developed computer program for verification of the docking techniques.

The purposé of this report is to provide a summary of the digital
computer program which was developed to meet the first contract‘objective,
and to present a detailed description of the system dynamics and the -
results of the feasibility study. A detailed description of the computer
program, along with the program operating instructions, is contained in
the Computer Program User's Manual (Ref. 2).

The primary effort for the feasibility study was the development of
a contrel law which woul@ allow retrieval and docking of a Chase Vehicle
such as a supply package or experiment module to a Target Vehicle which
woﬁld typicdlly be a Skylab or Space Station. This problem, as depicted
in Figure I-l, involved three separate control functions, The first was
control of a boom on the Target Vehicle which allowed variation in the
direction of the applied tether forces; the second was control of a boom
on the chase vehicle, which allowed control of the roll motion; and the

third was control of the tether force, which supplied all of the forces

I-1
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and moments required for docking the two vehicles. With these three con-

trolled variables, six degree of freedom control is accomplished using a
single tether. ) ’ e

This type of control technique has a wide variety of applicafions.
The primary application comsidered in th; development of the control law
was the retrieval and docking of cargo and experiment modules. By using
the tether to provide the control forces and moments, it 1s not necessary
to incorporate propulsion or attitude control systems into these modules
for the purpose of docking. Thus, the modules can be designed to accomplish
their primary functions, with docking achieved using the tether.

_ Other possible applications lie in the area of orbital assembly and
satellite capture and retrieval., Also, by combining the retrieval and
docking technique with stationkeeping techniques, a wide variety of tasks
in the area of experiment or facility operation can be accomplished using
the tether as the prime mode of control. These applications include deploy~
ment and orbit establishment, and stationkeeping and maneuvering. Temporary
_cargo storage and emergency isolation of modules are other potential appli-
cations for tether'controla

The body of this report is divided into four major sections. Section LI
discusses the equations of motion and the digital computer program which
solves these equations; Section IIL describes the control law which was
developed to accomplish retrieval and docking; ' Section IV presents the
results which were obtained using this control law; and Section V presents

the conclusions and the requirements for future studies.
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SECTION II

SYSTEM DYNAMICS

This section of the report deals with the equations of motion which
define the problem of two rigid orbital spacecraft attached by a tether and
with the digital computer program‘which was developed to solve these equatiomns,
The equations may be divided into four basic areas: 1) orbital motion,

2) rotational motion, 3) perturbations, and 4) tether forces and moments,

The equations of orbital motion define the position and velocity of
each vehicle relative to an unperturbed reference orbit, In this manner,
the relative position and velocity between the two vehicles is determined
without forming the differences of large numbers, which would be the case
if the orbit of each vehicle was determined independently.

The target vehilcle is assumed to be stabilized and controlled, and the
chase vehicle is unstabilized and controlled. The rotatiomal motion of the
chase vehicle is determined using the quaternion technique, This allows
rotations of greater than 90 degrees to be accomplished without encountering
the singularity problem present in the Fuler angle rate transformation.

The two perturbation gources which are considered are gravity gradient
and aerodynamics. The gravity gradient effects plage moments on both
vehicles, and the aerodynamics cause moments on the target vehicle only.

In addition, the aerodynamic effects caunse the orbital motion of both
vehicles to deviate from the reference orbit.

The tether forces and moments affect the orbital motion of both vehicles,

and also affect the rotational motion of the chase vehicle,
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The digital computer program which was developed to solve these
equations of motion is designed .to allow the incorporation of wvariour
tether control laws. Thus, the program can be tailored to any particular
tether control problem desired.

Each of the four areas concerning the equations of motion, and the
digital computer program, are discussed in the following section of this

chapter,

1. Orbital Motion
The motion of the target vehicle and chase vehicle is defined
relative to an.unperturbed reference point. The reference point is
normally initially located at the center-of-mass of the target wvehicle
and describes the nominal trajectory (reference orbit) of the target
vehicle unaffected by the disturbancetforces°

Réferring to Figure JII~l, let ﬁ‘, i&, and Rc denote the position
vectors from the center of the inverse-square force field to the reference
point, the target vehicle, and the chase vehicle, respectively. Letting
E% denote the radius vector to the vehicle in question (e.g., ﬁ& or E&),

the motion of the reference point, and of each vehicle, is then ‘governed

by the vector equations:

2.._
dR _
= = 3R 21
dt RI . '
2— —
d RV D
-4 v
- =H + X (2.2)
o B VR
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where i denotes the gravitational comstant of the earth, BV denotes the
sum of the external forces acting on the vehicle, and MV denotes the
mass of the vehicle.

Defining the position vector from either vehicle to the reference

point as ry ~ RV - RI’ the differential equation for ry is cbtained as:
a’x, R R B,
v Y A & T )3
5 3 3 (2.3)
dt RV RI MV

Four coordinate systems, as defined in Table II-1, are used in the
development of the equations of motion. The scalar form of equation
(2.3) is formed by expanding the equation into component form in the

rotating local vertical coordinate system,

Table II-1 Coordinate Systems Definition

Coordinate
System Definition
Inertial Coordinates Earth centered, non-rotating system.
(Xo, YO, ZO) Xo, YO in orbit plane,
Local Vertical Rotating system with origin at unperturbed
Coordinates reference point. X, opposite to orbital
(XI’ Yl’ Zl) velocity of referencCe point. Y., outward
along radius vector from the cefiter of the
earth. Z., normal to the orbit plane to
form a right hand orthogonal system.
Target Vehicle Body Body fixed rotating system with origin at
Coordinates the c.m. of the target vehicle.
Chase-Vehicle Body Body fixed rotating system with origin
Coordinates at the c.m. of the chase vehicle
(X3’ Y L] ZB)
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Let {; E, k denote unit” vectors along the Xl’ Yl’ Zl axes,

regpectively. Then:

— f—

"Rp = R (2.4)

x?v = xvi' + YVE + zviE (2.5)
so that

;v = ;g,I + Ry fOYY) 3§ o+ zviE . (2.6)

In addition, the following relationship is used for the time

derivative of the vector which occurs in Equation (2.3)

+
€l
»
2y
~
Mo
~J
~r

+ w % (w.x%x ;§)

H s

5 = rV 4+ 2w x v

&
where the dots indicate differentiation with respect to time, as viewed

in the rotating 31i_¥1’ Z1

rotating system can be expressed as:

system. Also, the angular velocity of the

0 = ek (2.8)

It follows from Equations (Z.5) - (2.8) that the acceleration can

be written as:

.. . 0 . _
5 (XV-ZwYV—.wa-wYV)i +

’(YV+2wxv-w2Yv+va)JT + Zk (2.9
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In addition, the external forces can be represented as:

Dy = Dyl + b3 + Dk (2.10)

By use of Equations (2.9) and (2.10) the scalar form of Equation

(2.3) is obtained as:

. i ) -u D
X, = 20Y, - wZXv - ey, = 3XV + M_%X_ (2.11)
R,
.. ) X - u (Y. + R.) D
Y, - 20X, - szV+ wX, = —-—%——I— + -‘% + }TVV—‘-{- (2.12)
Ry Ry
.. -nz D
7 = 3V + JZ ‘ (2.13)

v Rv Mﬁ

Equations (2.11) - (2.13) are the exact equations of motion in
relative coordinates for an inverse square force field and the sum of

all perturbing forces. They are applicable for the chase and target

vehicles, and provide for elliptical as well as circular réference orbits,
These equations are coupled with the equations which define the reference
- trajectory. This motion 1s given by Equation (2.1) which yields the
familiar equations of planar motion in a central force field, expressed

in polar form as:

. 12 "
R. -~ =% = == (2.14)
1 R3 RZ
T T
2
R = h (2.15)

I1-6



The reference orbit is defined by the perigee altitude, AP’ and the
apogee altitude, Aa' From these two parameters, the length of the major
axis, denoted as 2a, and the orbit eccentricity, denoted as e, are found

from the relations

It

2a Ry b A+ A (2.16)

m
Il

1 - Rg + 4)/a (2.17)

where RE denotes the radius of the earth.

The average orbital rate, n, and the orbit period, T, are then given

by:
n #1/23-3/2 (2.18)
2w
T = S (2.19)

The orbital parameters at a specific instant of time are determined

by first solving for the mean anomaly, denoted M, using the relation:
M = nt (2.20)

Next, the eccentric anomaly, denoted E, is determined using the

relation:

E-eS8nE = M (2.21)

Equation (2.21) is solved using a series of successive approximations.
For small values of eccentricity, (e £ 0.1), the convergence of the
golution is quite rapid, requiring only four or five iterations.

Once the eccentric anomoly is found, the orbital radius 1s deter-

mined as:

iT-7



RI = a (L ~e Cos E) (2.22)

The orbital angle (true anomaly), GI,and the orbital velocity, V,

are given as:

(2.23)

-

2 2 1
Vo= ok (R a) (2.24)

The angle of the orbital velocity relative to a perpendicuiar to

O
HH
Il
[y
-3
I
=]
i
=
|
/—\
i
1 I+
vie
S
)
~
N
r
n
=
o [
| S—

the radius vector, denoted as 3, is glven as:

1/2 i
e -1 a2g1 - ezg
B = Cos RI(Za ~ RI) (2.25)

The velocity along the radius vector, RI, and the velocity perpen-

dicular to the radius vector, RI(J, are glven as:

vV $inB ' (2.26)

o s
il

= V Cos fB - (2.27)

from which the orbital angular rate,w, is determined as:
w = V Cos B/RI (2.28)

The orbital angular acceleration is found by differentiating

Equation (2.15). Since h is a constant, this differentiation yields:
. ~2R1w i
W = (2.29)

Rt

11-8



Equations (2.16) - (2.29) specify all of the parameters required for
the solution of the equation; of relative motion. Calculation of the
orbital parameters in this manner avoids the problem of propagation of
errors which could occur with a numerical integration of Equation (2.14).
This solution also allows easy incorporation of 1;gic to simplify the
solution for circular orbits, in which case many of the terms are con-
stant or zero.

After the position and velocity of each vehicle relative to the

reference point has been calculated, the separation distances and velocities

]

between the two vehicles can be found using the relation ;é = ;E - ;&,

which yields the following scalar equations:

g = X %
Y; = YC - YT (2.30)
g T Ig T Iy

and
{zs = *}C - Y, ' - ' (2.31)
és = éc ) iT

Thus, by numerical integration of Equations (2.11) - (2.13) for
each vehicle, coupled with the solution of the reference orbit, the

motion of both wvehicles relative toc the reference orbit and the motion

of the chase vehicle relative to the target vehicle is determined.
I1-9



2. Rotational Motion
The attitude of each vehicle is defined by Euler angles relating
each vehicle's body axes to the local vertical reference axes. A standard

Yaw-Pitch-Roll sequence is used. The orbital angle, 6_, defines the

I’
rotation of the local vertical axes with respect to the earth centered
inertial axes. The attitude of the chase vehicle relative to the target
vehicle is also determined.

The target vehicle is assumed to be perfectly stabilized and con-
trolled, and thus does not deviate from its initial attitude. The compﬁter
program allowslthe option of placing the target vehicle in either an earth
oriented or imertially oriented attitude. The magnitude and integral of
the disturbance torques acting on the target vehicle are calculated,
allowing sizing of the control system requirements.

The chase vehicle is assumed to be unstabilized and uncontrolled and
thus its attitude is a function of the disturbance-torques. The equations
of rotational motion for the chase vehicle are obtained by equating the

sum of all external torques applied to the vehicle to the time rate of

change of the angular momentum:

dH _ -
—£  _
T Zi: T, (2.32)

where HC is the angular momentum of the chase vehicle, and E;C is the
iEh-external torque on the chase wvehicie.

Since the torques are measured in the rotating chase vehicle body

axis system, Equation (2.32) may be rewritten as:

II-10



T =1 @ i .33
Zi Tq I, w, * w, XH, (2.33)

where ;e is the chase wvehicle body angular rates, IC

inertia dyadic, and the multiplication symbol, X, denotes the cross-product

is the chase wvehicle

of the two vectors. Equation (2.33) is rewritten as:

-~

© = I [21: T, = 0 X HC] (2.34)
and numerically integrated to obtain the chase vehicle body angular rates.
Rather than using the conventional Euler angle rate transformation,
the quaternion technique is used to determine' the attitude of the chase
vehicle (Ref. 4 ). Quaternions were selected because of their greater
inherent accuracy and to circumvent the.singularity problem that is present‘
with the Euler angle rate transformation.

The quaternions are found by numerical integration of the following

equations:
ey = -1/2 (ele + ey Wy + eswz)
& = M2 (egpuy + eu, - e3uy)
. (2.35)
e, = 1/2 (eomY - e w, + ewa)
ey = .1/2 (QOwZA + ey - esz)

where e, are the terms of the quaternions and @ W are the components

v’ “z
of the chase vehicle angular velocity. The initial values of the quater~

nions are calculated from the Indtial attitude of the chase vehicle, which

is input as conyentional Euler angles, by first setting up the chase vehicle

IT-11



body axes to inertial axes transformation matrix, and then using the

relations to determine the initial magnitude of the quaternions:

2
4 eo = 1 d11 + d22 <+ d33
G e 2 = 1+ d - d ~- d
1 11 22 33
. {(2.36)
2
4 e2 = 1 - d11 3 d22 - d33
4 e L. 1 d - d..+ d
3 7 11 22 33

where the dij terms are the components of the transformation matrix.

- The initial sign of the quaternions is found by assuming that e. is

0
always positive and using the relatioms: .
hegey = ‘37 n
4 ey e3 = d21 - ‘d12 ’ (2.37)
begep = dyy - dyy

The special case of ey = 0, which corresponds to a rotation of 180°
about the quaternion axis of rotation results in an ambiguity in the
determination of the initial signs, and thus should be avoided as an
init;al condition.

The terms of the quaternion are used to generate the transformation

matrix relating the chase vehicle body axes to the inertial axes, The

quaternions are structured such that normalization after each step of

II-1i2



the numerical integration assures orthogonality of the transformation

matrix.

The terms of the transformation matrix are given by:

dyp = eo2 *+ e12 - ey - e32
dig = 2(eg8) = egeg)
d13 = 2(e1e3 + eoez)
d21 = 2(e1e2 + eoeB)
.d22 = eo2 - e12‘+ e22 - e32 (2.38)
dyg = 2(ep85 - gpey)
dgp = 2(eye3 - egey)
dyy = Foyey + eger)
d = e 2 - e 2 - e 2 + e
33 0 1 2 3

The transformation matrix relating the chase vehicle body axes to

the local wvertical axes, denoted as D31’ is determined using the relatiom:

D =

31 Do1 P30 (2.39)

where D30 denotes the chase vehicle to inertial transformation defined

by Equation (2.38) and D.. denotés the transformation from the inertial

01

axes to the local vertical axes.

11-13



The transformation D is calculated as:

01
Cos 8 Sin @ 0
= ad . 2.40
D01 Sin QI Cos QI 0 ( )
| 0 0 1 |

Other transformation matrices which are used in the solution of the
equations of motion include the target vehicle to local vertical trans-

formation, denoted D,,, which 18 calculated from the target vehicle Euler

21
angles, and is constant for an earth oriented target wehicle. The trans-
formation from the chase vehicle body axes to the target wehicle body

axes, denoted D,,, is calculated as:

32

D = (2.41)

32 Dyy Dgy

where D is the inverse of the D transformation matrix, Since the

12 21
transformation mstrices are orthogonal, the inverse is the transpose of
the matrix.

, Once the terms of the transformation matrix are determined, the Euler
angles can be found by equating the terms of the matrix to trigonometric

functions which form the matrix. For a Yaw-Pitch-~Roll Euler-angle

sequence, this yields:

II-14



d = Cos ¢ Cos B

11
d12 = CoB y Sin 0 Sin # - Sin ¢ Cos ¢
613 = Cos ¥ Sin ¢ Cos § + Sin ¥ Sin ¢
dy; = Sin ¥ Cos 8 ‘ o
d,, = Siny Sin 6 8in § + Cos ¢ Cos ¢ | (2.42)
d23 = Siny Sin 6 Cos ¥ - Cos Y Sin @
d31 = =-8in 0
d32 = (Cos O Sin @
d33 = (Cos & Cos @

where @, 8, ¥ denote the Roll, Pitch, and Yaw angles, respectively.

The pitch angle is found as:

6 = sin (-4 (2.43)

31)

Assuming that the pitch angle is in quadrant 1 or 4, the Yaw and

Roll angles can be determined as:

d
= Tan (52“1‘) (2.44)
-\
d ,
g = Tan'l(a?-z-) . (2.45)
33
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Since these two functions are sine over cosine functions, the quadrant
of the angles can be determined. If the assumption that the pitch angle
is in quadrant 1 or 4 is incorrect, the Yaw and Roll angles will show a
180 degree discontinuity from their previous values. By utilizing this
check, the values of all three angles, including the qhadrant, are deter-
mined,

3. Perturbations

The two perturbation sources which are considered are aero-
dynamics and g;avity gradient, Aerodynamics are assumed to affect the
orbital motion of both vehicle;, and to generate moments acting on the
tatget vehicle. Gravity gradient moments are assumed to act on both
vehicles,

a, Aerodynamics - The atmospheric density is calculated using
a simplified version of Jacchia's Model Atmosphere (Ref.1). The simpli=-
fications consist of neglecting the geomagnetic activity cérrection, and
of performing all calculations at zero latitude. The'result is a density
function which decreases approximately exponentially as a function of
altitude, and includes the diurnal bulge as a function of longitude. The
longitude of each spacecraft is assumed to‘be the same as the longitude
of the reference orbit. This is a reasonable assumption, since a separ-
ation distance of 100 kilometers results in an error of less than one
degree at a 100 km altitude. The orbit is assumed to be located at zero
longitude at time zero, which corresponds to midnight, Greenwich Mean

Time,
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The aerodynamic disturbances on the target vehicle are generated using
the s8ix dimensionless aerodynamic coefficients CA, CY, CN, CL, CM, and
CN1l. . The coefficients are converted to body forces and momeﬁts, in the
aerodynamic axis system, using the following equations:

2 T(Dr)z
[y

2
W(Dr)
A

F, = ~1/2 CApvV

‘2
F, = 1/2 CYpvV

2
(D)

F, = 1/2 CNsz_ %

[

3 (2.46
2 Tr(Dr) )
= 1/2 CLpV —%— + D,F, =D, F

3
2 W(Dr)
A + Dy Fy - Dy F,

(D )3

2 r
1/2 CN1pV 7 + DX FY DY FX

My
MY =  1/2 CMpV
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where p is the atmospheric demsity, V is the orbital velocity, Dr is the

reference diameter of the vehicle, and DX’ Dz are the separation

v
distances ‘from the aero axes origin to the c.z. of ghe vehicle., The
resulting forces are transformed into the local vertical axis system for
use in the equations of orbital motion, and the moments are transformed
into the target vehicle body axis systems,

The aerodynamic coefficients are programmed as double fourier series

functions of the ' angle of attack and roll angle. Data concerning the

fourier series functions were supplied by NASA. The angle of attack
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and roll angle are calculated from the components of the velocity vector
of the target vehicle in the target vehicle aerodynamic axis system.
For the chase vehicle,‘the aerodynamic drag force is calculated

uging the equation:

B, = 1/2 0D Apv (2.47)

where CD is the drag coefficient and A is the frontal area of the vehicle,
The chase vehicle is represented as a eylinder, and thus the frontal area
can be calculated directly as a function of the vehicle attitude, Aero-
dynamic 1lift, éide force, and moments are not calculated for the chase
vehicle,

b. Cravity Gradient - Gravity gradient moments result from
the center-of~gravity of an orbiting vehicle being iocatgd at a different
point in the vehicle than the center of mass, The orbit of the c.m, is
also affected by gradient moments, but this effect is wery small and
therefore only the rotational gravity gfadient effects are considered,

The gravity gradient moments are calculated using the standard first

order approximation, which yields:

— - '.3—'& — = . -— -
B, = ® X I-B (2.48)

where ﬁ% denotes the moments, R is the vector from the center of the
earth to the wvehicle c,m., and I is the inertia dyadic of the vehicle.
This equation is programmed using standard vector-matrix manipulation

routines, and is used to calculate the gravity gradient moments for both
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the target and chase vehicles., The vector E; which is known in the local
vertical axis system, is8 transformed into the appropriate vehicle body
axes for use in the gravity gradient calculations. The resulting moments
are thus given in the vehicle body axes, which is the desiged‘form. -
4, Tether Forces and Moments

The tether is assumed to be a masslesg, perfectly flexible,
spring-dashpot combination., With these assumptions, the tether force
always acts along a ;traight line between the attach points on the two
vehicles. The attach'point on either of the vehicles may be input to
the digiﬁal computer program as a constant or calc@lated by the tether
control law module as a function of the problem dynamics. Applied forces
are assumed to be transmitted imstantaneously through the tether, 1In
this case, the spring effect is used only to determine thg stretched
length of the.tether, and the dashpot effect is no; used, The main effect
of the spring-dashpot combination is in those cases where the tether
length, rather than the tether force, is the controlled-parameter. The
tether force is then a function of the tether length and retrieval rate,

and of the separation distance and velocity between the two vehicles.

Target Vehicle

Chase
Vehicle

Figure. II-2 Tether Attachment Geometry
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Referring to Figure II-2, the vector from the tether attach point

on the target vehicle to the attach point on the chase vehicle, Ké, is

found as:

s T TiArtifs ik (2.49)
Since Z& and Kﬁ are specified in the target and chase vehicle body
coordinate systems respectively, it 1s necessary to transform these vectors

to the local vertical axis system before the addition is performed.

Ay

Dyy oBy (2.50)

e T D3y oy ' (2.51)

The tether force acting on the target vehicle is then given as:

FT = FT A-— - - (2.52)

" where FT is the magnitude of the applied force and AS is the magnitude
of Ké' This forece vector is expressed in the reference point local

vertical axis system, which is the required form for the equations of

orbital motiom.
The tether force acting on the chase vehicle is the same magnitude

but opposite direction of the force acting on the target vehicle., This

force is therefore given by:

= _ (2.53)
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In order to determine the moments acting on each vehicle, in body
coordinates, it 1s necessary to transform the force vector into the
appropriate body coordinate system and form the cross product of the
moment arm from the vehicle c.g. to the tether attach point and the force,

For the target vehicle the result is:

ZﬁT = KT X (Dlz.F-T) (2.54)

and for the chase vehicle
BHC = AC X (D13EC) (2.55)

The tether control is calculated in a separate module of the digital
computer program, allowing incorporation of any t&pe of control law with-
out modification to any other portion of the program, The control law
module calculates the tether attach point on each of the vehicles, such
as would be obtained using pivoted booms, and the magnitude oé the tether
force. The components of the force and the moments acting on the two
vehicles are then calculated in a separate module of the program, using
Equations (2.49) - (2,55).

Typical control laws which can be applied are:

a. Applying constant tension
b, Reel-in at a constant rate
c. Applying foree (or controlling tether leangth) as a

function of the state of the system
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In general, the first two techniques will not result in feasible
retriéval techniques for a wide range of initial conditions. The first
method results in a constant acceleration of the chase vehicle relative
to the target vehicle, while the second method can result In extremely
high tether forces in order to maintain the constant reel-in rate. Also,
neither of these two methods provides compensation for the build-up of
relative angulér momentum between the two vehicles.

The most practical techniques appear to be control of the tether
force, or length, as a function of the state of the systeﬁ, such as time,
orientation of the spacecraft relative to the orbital frame, tether length,
relative velocities, etc., A detailed description of the tether control
law generated during the‘feasibility study is given in Section III of -
this report,

5. Digital Computer Program

The‘equafions of motion defined in the previous sections of this
chapter are solved using the digital computer program which was developed
to meet the first contract objective. A brief description of this program
is contained in Appendix A, and a detailed description, along with the
program operating instructions, is contained in the Computer Program lUser's
Manual (Ref. 2). *

The impoftant features of the program include the modular format,
which allows various tether control laws to be incorporated into the
program without affecting the logic or computational sequence of the

remainder of the program. The program also contains the cption of omitting
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the aerodynamic and gravity gradien; perturbations. Inclusion of the
aerodynamic perturbations increases the running time of the program by a
factor of two, and thus this perturbation source should be included only
for long term effects or for the final verification of a particular tether
control law.

The compatibility of the program with the MSFC Univac 1108 &igital
computer was demonstrated by running five test cases at the MSFC computer
facility. For all five cases, the results were in agreement with those
obtained on the MMC CDC 64/6500 digital computer, with only minor differences

attributable to the differences in the two machines.

II-23



SECTION TIII

FEASIBILITY STUDY

The objective of the feasibility study was to develop a control law
applicable for the retrieval and docking of a supply package or experiment
module to a Skylab or a Space Station. This control law was developed
using: the linear equations of orbital motion and was verified using the
general computer program which solves the exact equations of motion. A
listing of the control law module for the general computer program is con-
tained in Appendix R.

1. Linear Equations of QOrbital Motion

The iinear equations which were used for the development of the
control law are the familiar rendezvous equations with a constant aero-~
dynamic drag acceleration included. These equations were éeveloped in
previous soft tether stationkeeping studies (Refs. 3, 5 ).

These equations are limited to clrcular reference orbits, but this
does not seriously restrict the missions under consideration, since most
long term space missions which would require retrieval and docking capa-
bilities would be designed for circular orbits. The linear equations also
agsume a constant aerodynamic drag on each vehicle., 8ince the retrieval
time is shorg and the aerodynamic forces are several orders of magnitude
smaller than the tether forces, the aerodynamic effects are not significant
and were omitted from most of the data runs. Therefore, the assumption of
constant drag does not restrict the valldity of the results. Verification

of the control law with the general computer program confirms this conclusion.
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The linearized equations of relative motion, with the constant aero-

dynamic drag and the tether forces included, are:

. . FX

X - 2wY = 4 + T ' (3.1)
. . F

Y 4+ 20X - 3e Y = (3.2)
. F

7 o+ wlz = £ (3.3)

where d 1s the differential aerodynamic drag acceleration, FX’ F, Fz are

the components of the tether force, and M is defined as

Moo= oM, Mc/(MC + MT) ) (3.4)

If the target vehicle mass is much larger than the chase vehicle mass,
equation (3.4) can be replaced by using the chase vehicle mass.

Equations (3.1) - (3.4), and_the equations of rotational motion defined
‘previously, were used to develop the control logic.

2. Assumptions and Guidelines

One of the primary assumptions for the feasibility study was

that the control law should be applicable for retrieval and docking of a
supply package or experiment module. Therefore, 1t was necessary to specify
initial conditions which would be applicable to thils type of problem, Also,
since actual docking mechanisms and post contact reactions were not investi-
‘gated, 1t was necessary to spelcfy final condition limits which were
acceptable for docking. Table TII-1 lists the initial and final condition

limits which were specified for the feasibility study.
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Table IIT-1 Retrieval and Docking Limits

Initial End
Parameter Condition Condition

Limit Limit
Range . 30 to 50 Meters Docked
Radial Veloecity Zero 0.305 m/sec
Tangential Velocity Zero 0.152 m/sec
Relative Attitude Non~Zero 10 degrees
Rotational Rates 1 deg/sec 10 deg/sec

Although ﬁo specific 1imits were placed on the initial relative
attitude errors, they were held under 90 degrees, since anything greater
leads to a condition where the tether can wrap around the chase vehicle.
With this condition, the logic in the computer program assumes the tether

passes through the chase vehicle and generates incorrect force and moment

A

components,

The docked condition was achieved when the tether attach points on
the two vehicles coincided. The control law drives the separation distance
to zero. '

3. Problem Definition

In the development of the tether control law, it was necessary

to introduce an additional coordinate system, and to define several parameters
concerning the chase vehicle position.and attitude. The logic used In the
development of these additional parameters is discussed In part four of

this section of the report,
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As 1llustrated in Figure III-1, the problem was divided into two
separate control regions. In Control Region 1 the main objecfive is to
build up the radial velocity, with only gross attitude control maintained.
In Control Regiom 2,‘wh;ch begins at a range of 5 meters from the docking
interface, the emphasis is on ;ttitude control, with the objective being
to drive the attitude errors to within the acceptable limits for docking.

The additional coordinate system, denoted as the A-E axis system, 1s
alsc depicted in Figure III~1. This system is an Azimuth Elevation system,
with the origin located at the base of the target vehicle boom. The X axis
is aligned along the range vector to the c.g. of chase vehlcle, the Z axis
is the elevation axis, and the Y axis is placed to form a right hand system.
Thus, the range between the two vehicles is given as the X component of the
. R vector in the A-E axis system, and the range raté is given as i.

The chase vehicle attitude errors are defined relative to the A-E' axis
system. Thus, the objective of the control law is to align the chase vehicle
body axes parallel with the A-E axes when docking is achieved. Two angles
are used to define the attitude errors, rather than using the three conven-
tional Euler angles. The first angle, referred to as the attitude angle
and denoted 91, is the half-c;ne angle between the chase vehicle X axis and
the A-E X axis. This angle, which 1s a combination of pitch and yaw, is
used since the target vehicle boom cannot be positioned to allow indepen-
dent control of the pitch and yaw angles,

The attitude angle is determined by first transforming a unit vector

along the chase vehicle X axis into the A-E axis system. Denoting the

components of this transformed unit vector as XI’ Yl’ Zl’ the mangitude of
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91 is given as:

- -1 2 2
91 =  8in ( Yl + Zl) (3.5)

and Z, define the location of éhe chage vehicle X-axis

The two components Yl 1

on the come, and are used in the control logic for positioning the target
vehicle boom,

The second angle which is used in the econtrol logic, denoted as ng
defines the rotation of the chase vehicle about the A-E X-axis with a zero |
attitude angle, This angle, referred to as the Toll angle is determined
by transforming a unit vector along the chase wvehicle Y axig into the A-E

axis system.. Since the objective of the control law is to align the two

coordinate systems, the roll error is defined as:

g = sin”1 Z, ‘ ' (3.6)

where 22 is the Z component of the transformed unit vector. Thus, with a

zero attitude angle, and a zero roll angle, the two coordinate systems will
be parallel.
4,  Control Law Development
The initial effort in the development of the control logic was
directed towards planar motion of the chase vehicle, coupled with one degree
of rotational motion. This simplified case was chosen since it would allow
investigation of control of the radial and tangential velocity in the orbit

plane, and would also provide a preliminary investigation of the attitude

control problem,
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Since positive control can only be applied to the separation distance
between the tether attach points on the two vehicles (i.e. only radial
pulls can be applied with a flexible tether), the docking interfaces are
located at the tether attach points on the two vehicles. This assures
that separation distance between the two vehicles can be driven to zero.

Using only the tether force, it was not possible to maintain the
tangential velocity within acceptable limits. With the chase vehicle
initially behind the target vehicle, the tether force adds energy-to the
chase vehicle orbit, causing it to rise. Conversely, with the chase vehicle
initially ahead‘of the target vehicle, the tether force removes energy from
the chase vehicle orbit, causing it to drop. This rising (or dropping)
effect results in a high tangential velocity when the separation distance
is reduced to zero.

A target vehicle boom allows compensation to be included for csnfrol
of the tangential velocity. With the chase vehicle behind the target
vehicle, the boom can be positioned down so that the-tangential component
;f the applied tether force pulls the chase vehicle down, which tends to
offset the rising effect of the increased energy orbit. Conversely, with
the chase vehicle ahead of the target vehicle, the boom can be positioned
up to pull the chase vehicle up, thus offsetting the dropping effect of
the decreased energy orbit. In this manner, the radial velocity can be
increased while maintaining the tangential velocity at a level acceptable
for docking. Thus, a target vehicle boom with an elevation axis provides

a simple means of contrelling the chase vehicle tangential velocity.
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Control of the chase vehicle attitude poses a more difficult problem.
The first step which is necessary is to attach the tether to a fixed boom
on the target vehicle, so that the applied tether force generates moments
of sufficient magnitude to allow attitude control to be accomplished. With
the docking interfaces located at the tether attach points, this means that
docking will be achieved when the tip of the chase vehicle boom reaches the
tip of the target vehicle boom. Therefore, the attitude is controlled
relative to the vector from the base of the target vehicle boom to the
c.g. of the chase vehicle. With zero attitude error, the chase vehicle
X axis will then‘be aligned along this vector, and docking can be accomplished
by positioning the target vehicle boom to lie along the gsame vector whén the
separation distance is reduced to zero.

if a constant force is applied to reduce the separation distance to
zero, the attitude error will oscillate, and a small attitude error at dock-
ing can be assured only if the initial attitude error is small. ‘For this
reasor, a pull and coast mode of control was adopted. This technique requires
the force to be applied as a discrete function of time, and allows large
initial attitude errors to be reduced to small values when‘docking is
achieved.

Forces applied to control the attitude error also increase the radial
velocity. If the force required. for attitude control is minimized by
positioning the target vehicle boom such that the applied tether force
generates the maximum moments (e.g. if the chase vehicle is rotated down,
the boom is positioned up), the control of the tangential velocity is

affected,
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In order to overcome these problems, the docking mapeuver was divided
into the two control regions previously described. TIn Control Region 1,
which is that region beyond 5 meters from the docking interface, the target
vehicle boom is positioned to control the tangential yelocity of the chase
vehicle. Force is initially applied to increase the closing velocity to
0.1 meters per second. This velocity level assures that time required to
complete the docking maneuver will not be excessive, and allows additional
force to be applied for attitude contrel without increasing the radial
velocity to unacceptable values.

In Control Region 1, force 18 applied for attitude control only if
the attitude error exceeds 45 degrees. This limit was chosen for two
reasonsg, With this 1imit, the force for attitude control is appliied for a
short time duration, since relatively large moments will be placed on the
chase vehicle (i.e. the angle between the chase vehicle boom and the tether
will be large), and thus the radial velocity increase will be small. This
1imit also results in an attitude error which can ge-reduced to near zero
in Control Region 2. 7In other words, if a lower limit is used, excessive
force is applied for attitude control which increases the radial velocity
‘to an unacceptable value, and if a higher limit is used, the final attitudef
error camnot be corrected in Control Region 2.

1f the attitude error exceeds the 45 degree limit, force is applied
until the error is decreasing at 3 deg/sec. The chase vehicle then coasts
at this rate until the attitude error reaches 45 degrees in the opposite

direction. Thus, if no additional force is applied, 30 seconds elapse

between the applications of force for attitude control in Control Region 1.
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This spacing of the tether force maintains the radial and tangential
velocities at levels such that the force applied for the final attitude
correction results in final values suiltable for docking.

. In Control Region 2, the emphasis 1s on attitude control of the chase
vehicle, with the objective of driving the attitude error tc zero when dock-
ing is achleved. Therefore, the boom is positioned up or down as required,
to result in the generation of the maximum moments from the applied tether
force. Since the range between the two vehicles is less than 5 meters in
Control Region 2, the target vehicle boom can be positioned to place the
tether at a large angle relatiye to the chase vehicle boom even with small
attitude errors, which results in the generation of moments sufficiently
large to accomplish fine attitude control. In this region, an attitude
error of six degrees will cause force to be applied for zattitude control.

In both control regions, the force required to stop the rotational .
motion is calcu1§ted if the attitude errors are within acceptable limits.
A minimum limit of zero and a maximum limit of the maximum allowable tether
force is applied to this calculation. The objective of this calculation is
to reduce the force required for attitude conmtrol. TIf the rotational rate
can be reduced to a small value, the attitude exror limits will not be
exceeded as soon, which reduces the force required for attitude control.
This aids in maintaining the radial velocity at a level acceptable for
docking.

With only one attitude error to control, this calculation results in
a force less than the maximum level in a majority of cases, an& reduces the

rotational rate to a small value. The maximum force is selected to provide
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an acceptable combination of translational and rotational accelerations, and
thus is a function of the chase vehicle mass, inertis, and tether attach
point.

This combination of target vehicle boom position control and tether
force control resulted in a succeésful‘three—degree-of-freedom technique
~as illustrated by a number of test cases. The tether force control logic
results in a pull and coast mode Qf:control, wherein tether forﬁe is applied
only if the radial velocity or attitude error exceeds the specified bounds.

Expansion of the c;ntrol law to the five-degree-of-freedom case involved
inclusion of the ocut-of-plane (Z) translational motion and expanded the
attitude contrél problem to include both pltch and yaw. fhe attitude angle
controlled ia the half cone angle defined previously.

Control of the out-ocf~plane translational motion posed no significant-
problems, since this motion is essentially uncoupled from the orbital effects
for the time duration requiéed to complete the docking maneuver. The tether
force pulls the chase vehicle directly towards the target vehicle boom in
the Z direction.

The target vehicle boom position control was expanded to include
azimuth angle control to allow control of the chase vehicle attitude.” In
Control Region 1, the boom elevation is maintained at + 45 degrees for
con;rol of the tangential velocity, and the azimuth angle is positioned at
+ 45 degrees as required for attitude control. In Control Region 2, both
the boom azimuth and elevation angles are independently positioned at
+ 45 degrees, such that the maximum moments are generated on the chase

vehicle from the applied tether force. The + 45 degree positions were
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chosen in order to prevent large elevation angles which reduce the azimuth
angle effects. For example, with a 90 degree elevation angle, the azimuth
angle has no effect on the boom tip position.

With the inclusion of the chase vehicle roll motion, several changes
are necessary in the control law. A three positio; pivot is necessary on-
the chase vehicle boom to allow generation of roll moments on the chase
vehicle, With three positions, the boom can be oriented so that the tether
force generates either positive, negative, or zero roll moments on the
chase vehicle. Without the ability to move the tether attach point off tﬁe
chase vehicle X axis it is impossible to generate chase vehicle roll moments
with the flexible tether, |

With all three rotational modes, and the resulting coupling between.
axes, 1t was found necessary to reduce the attitude rate limit in Control
Region 1 to one deg/sec for control of the attitude error and 1/2 deg/sec
for roll control. These rate limits preventéd the force applied for attitude
control for increasing the radial velocity to an unacceptable level., Tt
was also necessary to observe rate limits of 3 deg/sec éuring the application
of force for the initial buildup of the radial velocity and for comtrol of
the roll motion. Without these limits, the rates would increase to high
levels and the force required to correct- the rotational motion would result
in an excessive radial velocity.

These rate limits reduce éhe force applied for attitude control, re-
sulting in a slower closing velocity and a correspoﬁding increase in the
time required to complete the docking maneuver, This increased time results

in a higher tangential velocity caused by the orbital effects which are
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time dependent. For this reason, the radial velocity is increased from

0.1 m/sec to 0.15 m/sec at a range of 10 méters from the docking interface.
This range is ir Control Region 1, and thus the target vehicle boom elevation
angle is positioned to reduce the tangential velocity.’

The target vehicle boom positioning logic is essentially the same as
that used in the five-degree-of:freedom case. This logic, coupled with
the chase vehicle boom positioning logic, and the tether force logic, allows
six-degree-of-freedom control of the chase vehicle,

The control logic applies the tether force as a discrete function of
time, which results in a pull and coast mode of control. Since there are
only four indeﬁendent control variables, (the two components of the target
vehicle boom position, the chase vehicle boom position; and the tether
force), exact control cannot be applied to all of the 12 dependent variables,
Thus, the three translational positions are controlled by driving the separa-
tion distance to zero, and bounds are placed on the linear velocities, the
aftitude errors, and the-rotational rates.

5. 8ix-Degree-of-Freedom Control Logic

Four separate sets of control logic are used to accomplish the
-six-degree—of—freedom docking maneuver. The logic controls the target
vehicle boom azimuth angle, the target wvehicle boom elevation angle, the
chase vehicle boom position, and the magnitude of the applied tether force.

a, Target Vehicle Boom Control Logic - ¥igure III-2 illustrates
the logic used in both control regions to control the target wvehicle boom
azimuth angle. This angle is calculated relative to the A~E axis system.

Thus, at zero azimuth angle, the boom will be contained in the A-E X-Y plane.
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TO * 45° TO GENERATE
MAXTMUM MOMENT

DRIVING Z1 TOWARDS ZERO

Figure TIT-2 Target Vehicle Boom Azimuth
Angle Control Logic

The two parameters, Yl and Zl’ which were used previously to define
the attitude angle, specify the rotation of the chase vehicle X axis relative

to the A~E X axis. Thus, the Yl component is related to rotation of the

chase vehicle about the A-E Z axis (elevation), and the Z, component is

1
related to rotation about the A-E Y axis (azimuth).

The first check tests Zl for a zero condition. If Z1 is zero, the
chase vehicle X axis is containred in the A~E X-Y plane, Therefore, the

boom azimuth 18 set to zero to position the boom in the X-Y plane, which
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keeps Z1 at zero when tether forces are applied.

If Zi is non~zero and is increasing in magnitude, the boom azimuth is
positioned fight or left 45 degrees to generate the maximum moment from the
tether force driving Z1 towards zero. For example,.if the chase wvehicle is
rotated to the right, the target vehicle boom is positioned to the left.
This generates the-ﬁaximum separation distance between the tips of the
booms on the two vehicles in the Z direction, and thus applied tether forces

will generate the maximum effect on the Z, component of the attitude error.

1

If Zl is non-zero and decreasing in magnitude, Yl is checked. If Yl
is dpcreasing in magnitude, the azimuth angle is set to zero to genmerate
the maximum effect on the Y1 component of the attitude angle. If both Z1

and Yl are decreasing, the azimuth angle is set to 4 45 degrees to generate

the maximum effect on Zl' This, coupled with the elevation angle control,-
will cause the applied tether forces to continue to drive the attitude angle
towards zero.

For the target vehicle boom elevation angle, different control logic
is applied in CGontrol Reglon 1 than in Control Region 2. In Control Region 1
the prime objective is to build up the radial velocity while maintaining the
tangential velocity at an acceptable level. The target vehicle boom elevatio
angle is therefore positioned up or down 45 degrees dependent on whether the
chase vehicle is ahead of the target vehicle or behind it, This offsets the
buildup of tangential velocity caused by the orbital effects and the tan-
gential velocity at docking is maintained within the specified Iimit.

In Control Region 2, the target vehicle boom elevation angle control

logic is similar to that used for the azimuth angle. As illustrated in
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Figure III~3, the two parameters Yl and Zl’ which define the chase wvehicle

attitude angle, are used In this logic,

SET ELEVATION ANGLE
TO ZERO

Yes Yes

Start

A
No Yes l ﬂ

DECREASING = INCREASING

v

SET ELEVATION ANGLE
TO + 45° TO GENERATE
MAXIMUM MOMENT
DRIVING Y, TOWARDS ZERO

A

Figure ITI-3  Target Vehicle Boom Elevation Angle
Control Logic - Control Region 2°

The first check tests Yl for a zero cggdition. If Yl is éero, the
chase vehicle X axis is cortained in the A-E X-Z% plane. Therefore, the
target vehicle boom elevation angle is set to zero, which places the boom
in the A-E X-Z plane and the applied tether forces will not affe;t the Y1

component of the cone angle.
1f Y1 is non-zero and is increasing, the target vehicle boom elevation’

angle is positioned at + 45 degrees so that the tether force generates the
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maximum moment driving Y1 towards zero, For example, if the chase vahicle

is rotated up, which will genmerate a positive Y, compomnent, the target

1
vehicle boom elevation is positioned down 45 degrees. This results in the
maximum separation distance between the tips of the two booms, and thus
the tether force generates the maximum moment driving Yl towards zero.

I1f Yl is non-zero and decreasing, and Z. is increasing, the boom

1

elevation angle is set to zero for generation of the maximum effect on Z1

from the applied force. If both Y1 and Z1 are decreasing, the elevation
angle is positioned at + 45 degrees to kégp both variables decreasing when
tether force is applied.

The combination of the target vehicle boom azimuth and elevation
control laws allows positioning of the applied tether force to control the
radial velocity, the tangential veloecity, and the chzse vehicle attitude -
angle relative to the A-E X axis., The azimuth and elevation angles are
both set to zero in Control Region 2 only if the Yl and Z1 components of
the attitude angle are.both-zero, which corresponds to zero attitude error.

b. Chase Vehicle Boom Control Logic - The chase vehicle boom is
mounted on a three position pivot, and can be set at + 30 degrees relative
to the center position to allow generation of moments to control the roll
motion of the chase vehicle,

The boom is normally set at either the 4+ 30 degree position dependent
on the sign of the roll error. The selection of the + 30 or - 30 degree
position is determined by checking the sign of the moment which is generated.

For example, if the roll error is positive, the chase vehicle boom is

positioned to gemerate a negative moment from the applied tether force,
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thus driving the roll error éoﬁards Zero.

Table ITI-2 lists the limits used to set the chase vehicle boom at
the zero position. If any one of the cogditions listed in the table is
met, the boom is set at the zero position, which will nominally align the
boom along the chase vehicle ¥ axis, Thus, the application of tether force
will not generate and the roll motion will not be affected., As shown in
the table, tigher limits are used in Control Region 2 than in Control

Region 1, since the emphasis is on attitude control in the second region.

Table I1II-2 Limits for Chase Vehicle Boom Zero Position

Control Control
Condition Region 1 "Region 2
Roll Error Greater Than 20° 6°
and
Decreasing at Greater Than 1 deg/sec 2 deg/sec
- 0 o
Roll Error Less Than 20 2
Roll Error Less Than . - 6°
and
Roll Rate Less Than -- 1 deg/sec

These limits are not the limits which are used to determine 1f force
should be applied to control the roll motion. These limits are used to
position the chase vehicle boom so that If force 1ls applied for any reason
the roll motion will be controiled. Thus, the chase vehicle roll motion
can be affected 1f force is applied to control the radial wvelocity or the
attitude error, as well as if the force is applied directly for roll

control.
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c. Tether Force Control Logic - The tether provides all of the
forces and moments used to complete the docking maneuver, Separate logic
ig used for control of the tether force in each of the two control regions.

Figure III-4 illustrates the control logic used to determine if tether
force should be applied in Control Region 1. Three options are available
in the logic. The path through the logic can lead to the return, with the
tether force set to zero; the tether force can be set to the maximum allow-
able value (TF = FMX); or the tether force can be set to a calculated value
less than the meximum value. 1In general, if all of the parameters are
within accepta@le 1imits, the logic path will lead to the returm, with the
tether force at zero. If any one of the variables is outside of the pre-
scribed limits, the tether force will be set to a non-zero value,.

Since the prime emphasis in Control Region 1 is control of the radial
velocity, only gross attitude control is maintained. Thus, tether force
is applied to control the attitude error (91) or the roll error (01) only
if these errors are greater than 45 degrees. Two rate limits are used in
the logic. The first limits the attitude rate (él) to a maximum value of
three degrees per second. The second limits the chase vehicle body rates
(a;j) to a maximum of three degrees per second. Two rate limit checks are
required since it is possible to have a chase vehicle body rate greater
than the limit even though ‘the attitude rate (cone angle rate) is within
the limit.

If the attitude error ig increasing at greater than three degrees per
second, the tether force required to stop the attitude rate is calculated,

with a2 minimum limit of zero, since the tether canmot push, and a maximum
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limit of the maximum allowable tether force. The result of this caleculation
is normally the maximum 1imit, due to the three deg/sec rate limit which
must be exceeded before this calculation is performed,
The primary function of the logic in Control Region 1 is control of
the radial velocity (ﬁ). The radial velocity is initially increased to
0.1 meters per secon&, bringing the two vehicles together. At a range of
10 meters from the docking interface, the radial velocity is increased to
0.15 meters per second. Thus, unless the rotational rate limits are con-
tinually exceeded, the chase vehicle will be approaching the target vehicle
at a rate of at least 0.15 meters per second when entering Control Region 2.
Figure III-5 illustrates the logic used to determine if tether force
should be applied in Control Region 2, The same three options exist as
in Comtrol Region 1; return with the tether force at zero; set the tether
force to the maximum allowdble value; or set the force to a calculated
value less than the maximum. The general flow of the logic results in
zero force if all of the variables are within acceptable limits, and sets
the force to a finite value if any one variable is outside the prescribed
limits.

Since the emphasis is on attitude control in Control Regiom 2, the

.
-

attitude rate (91) ig the first parameter which is checked. The preferred
condition is that the attitude error is decreasing at a rate greater than
the prescribed minimum value (Gm). The rate 1limit is either 1.25 deg/sec

or 3.25 deg/sec dependent on the value of the attitude error. If the

attitude error is greater than 22,5 degrees, the upper limit is used.
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If the attitude rate is acceptable, the roll error is checked. If
force is to be applied for control of the roll motion, the roll rate and
the attitude rate are checked to assure that unacceptable limits are not
reached.

~ If the roll error is less than six degrees and the attitude error is
greater than one degree, the force required to arrest the attitude rate
is calculated, with the limits of 0 £ TF £ FMX maintained. Iﬁ Control
Region 2, this calculation can result in tether forces less than the
maximum, which will reduce the attitude rate to a small value,

The remainder of the logic sets the tether force to the maximum value
if the attitude rate 1s greater than zero and the attitude error is greater
than six degrees, or if the range rate drops below the minimum value,

Thus, with the logic controlling the target vehicle boom, the chase
vehicle boom, and the tether force, six-degree~of-freedom control of the
chase vehicle is maintained during the docking maneuver. The magnitudes
of the control parameters used and the results which were obtained with

this control law are discussed in the next section of this report.
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SECTION 1V

FEASIBILITY STUDY RESULTS

In order to test the validity of the control logic, 39 data cases were
run using the linear equations of motion and 8 data cases were run using
the general equations of motion. All of the data cases were run in a low
earth (352 kilometer) circular orbit, since the orbital effects on the
tangential velocity are more significant at low altitude, The initial
separation distance between the two vehicles was normally set near 30 meters,
g8ince this was the maximum range specified, and thus represents a worst case
condition fé{ control of the tangential velocity. The initial chase vehicle
attitude and rotational rates were chésen_at random, with maximum attitude
errors of 70 degrees and maximum body rates of 1.25 deg/sec. The final
conditions for all of these cases weré within the limits specified for a
successful dgcking.

1. Control Parameter Magnitudes.

For the majority of the test cases, the chase vehicle was assumed
to be cylindrical, with equal moments of inertia about the pitch and yaw
axes. For use in the general equations of motion the Skylab masg and
inertila data was used for the targéf vehicle. The mass and inertia
characteristics of these two vehicles is given in Table IV-1.

A boom length of one meter is used on the chase vehicle. The boom
pivot 1is located one meter from the center of gravity, along the chase
vehicle X a2xis. Thusg, a maximum moment arm of 2.0 ﬁeters is used for
control of the attitude error and a maximum moment arm of 0.5 meters is

used for control of the roll error.
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Table IV-1 Vehicle Mass and Inertia Data

Parameter Chase Target
Vehicle ~ Vehicle

Mass (kilograms) 351 ‘ 41592
Roll Tnertia (kg-mz) 58 341900
Pitch Tnertia (kg-m>) 161 4597600
Yaw Inertia (kg-mz) 161 4746700

The target vehicle boom length is three meters. This length assures
that the tangential velocity control can be maintained in Control Region 1.
For example, with the chase vehicle behind the target vehicle and the boom
elevation positioned down, the tangential component of the applied force
will always pull the chase vehicle down. A longer boom length provides
more control of the tangential veloeity, with three meters being the minimum
length for control of the chase vehicle previously defined.

The maximum tether force is set at 3.5 newtons, which results in a
linear acceleration of 0.01 m/secz. The resulting maximum rotational
accelerations, which occur when the tether is at right angles to the chase
vehicle boom, are 2.5 deg/sec2 for pitch and yaw, and 1.75 deg/secz-for
roll. A higher force level results in excessive radial velocity from the
attitude control funetions or excessive rotational rates from the radial
velocity control, and a lower force reduces the rotational accelerations

such that the attitude errors cannot be corrected,
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2, Ideal Case

The first case investigated, referred to as the ideal case,
involved use of the linear equations of orbital motion, and the cylindrical
chase vehicle, with the boom pivot located on the X axis. The boom base on
the target vehicle is located at the vehicle center of gravity. While this
is physically impossible, it does not place any restrictions on the results,
since the boom can be moved out to the target vehicle surface, and can still
be positioned to apply the force in the desired direction relative to the
base of the boom,

a. Chase Vehicle Behind Target Vehicle - Figure IV-1 illustrates
a typical retrieval trajectory for the ideal case with the chase vehicle
behind the target vehicle. The parameter plotted is the chase vehicle
c.g. position relative to the c.g. of the target vehicle, and thus décking
occurs at a range of 5 meters,

The plot of the in-plane motion illustrates the increase in the tan~
gential velocity caused by the orbital effects. The initial tether force
applied to start the chase vehicle moving towards the target vehicle pulls
the chase vehicle down in the Y direction. The chase vehicle then coasts
to a range of 15 meters, with twe short duration tether pulls used for
attitude corrections. During this coasting phase, the chase vehicle begins
to rise. At a range of 15 meters, force is applied to increase the radial
velocity to 0.15 m/sec which decreases the rising effect. Upon entering
Control Region 2 at a separation distance of 10 meters, the force applied
for the fimal attitude corrections pulls the chase veliicle down towards

the target vehicle, and results in a final tangential velocity of 0.11 m/sec.
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The plot of the out-of-plane (Z) motion illustrates the fact that this
motion is not coupled with the orbi;al effects., This component of the range
vector tends to come straight in towards the origin, with only minor devia-~
tions in Control Region 2, caused by the target vehicle boom positioning
required for attitude control.

Figure IV-2 is‘a plot of the rotational motion as a function of time
for this retrieval trajectory. The initial attitude error of‘26 degrees
ig decreased to near zero at 10 seconds as force is applied to increase
the radial velocity. The initial tether pulls cause the rotational rate
limits to be exceeded, so that two pulls are required to achieve the desired
radial velocity of 0.1 m/sec. The second pull reduces the attitude rate to
approximately one deg/sec. The attitude error increases at this rate until
the 45 degree limit is exceeded. This occurs after 49 seconds have elapsed
from the start of the retrieval maneuver. At this time force is applied
which causes the attitude error to decrease—at one deg/sec, The chase
vehicle then coasts until the attitude error again reaches 45 degrees at
140 seconds, when force 18 again applied. At 150 seconds, force is applied
to increase the radial veiﬁﬁity, which increases the rotational rates above
the three deg/sec 1imit. At 174 seconds the desired radial velocity of
0.15 m/sec is achieved, which causes the attitude error to decrease,.

Control Region 2 is entered at 186 seconds, at which time the attitude
error is rapidly driven towards zero, with a final value of 6.8 degrees when
docking is achieved. The total time required to complete the docking

maneuver is 212 seconds.
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No contrel is applied to the roll motion until Control Region 2 is
entered, since the roll error remains smail. In Control Region.Z, the
roll error ies reduced to a final value of -3.1 degrees when docking is
achieved,

Figure IV-3 illustrates the tether force and the target vehicle boom
positioning required to complete the docking maneuver. As shown in the
figure, the force is applied as a discrete function of time. The two pulses
in the first 20 seconds increase the ‘radial velocity to O.l-m/sec;' The pulses
at 50 seconds and 140 seconds are applied Tor attitude control. The two
pulses at 150 seconds and 172 seconds, as well as the 5 impulsive forces
applied from 168 to 186 seconds increase the radial velocity to 0.15 m/sec.
The time duration of the impulse forces is 0.1 seconds each, which is the
integration interval used in the computer program. In Control Region 2,

a series.of force pulses are applied to reduce the final attitude errors,

The target vehicle boom azimuth angle location is dictated by the
attitude error, This-.angle is moved to ome ;f its three positions (450,
00, -450) by use of the control logic described ﬁreviously. The boom
elevation angle is maintained at -45 degrées in Control Region 1 for
control of the tangentia1‘¥elocity.‘: In Control Region 2, the elevation
angle is controlled by the logic, and is positioned as required to control
the attitude errors.

The chase vehicle boom position is not plotted since it only deviates
from the zero position twice during the entire maneuver. The non-zero

positions both occur in Control Region 2. The first causes the roll error
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"‘to decrease towards zero with the application of force and the second causes
the tether force to re&uce the roll rate to less than one deg/sec.

A total of 18 cases were run for the ideal case with the chase vehicle
initially behind the target wvehicle. The initial conditions for these
cages are listed in Table IV-2, and tﬁe final conditions are listed in
Table IV~3, The initial conditions for the rotational motion are given
as the body rates and Euler angles and as the controlled attitude errors
and rates. The force sum listed in the final conditicns table is the
integral of the applied tether force, and thus is a measure of the energy
required for completion of the docking maneuver.

The final conditions for all of these cases meet the limits specified
for successful docking. Run number 18 is for a smaller chase vehicle than
was used in the rest of the runs. The chase vehicle mass for this run is
200 kilograms, with pitch and yaw inertias of 117 kg-m2 and roll inertia
of 100 kg-mz. The maximum force leyel for tﬁis case was set at 2.0 newtons,
to yield the linear acceleration of 0.01 m/secz. The resulting rotational
accelerations were 2.0 deg/sec2 in the pitch and yaw axes, and 0.6 deg/aec2
in the roll axis,

b. Chase Vehicle Ahead of Target Vehicle - Figure IV~4 illustrates
the separation distance between the c.g.'s of the two vehicles for a typical
retrieval trajectory for the ideal case with the chase vehicle ahead of the
target vehicle. These plots also illustrate the coupling of the orbital
effects for the in-plane motion, and the absence of this coupling for the.

out-of-plane motion.
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Table IV-2 Inicial Conditions =~ Chase Vehicle Behind Target Vehicle
Run Position Euler Angles Body Rates Attitude Roll
(meters) (degrees) (deg/Bec)
frumber X v z vaw | Pitch | Roll | w_ o w, %E:Z’; ( de:?;;:q)___ %g:;; ( de27;:c)
1 29.9 1.9 0.8 54.4 54.4 3.2 0.03 0.80 | ~0.47 69.9 -0.15 -6.1 -0.87
2 28.1 -7.5 7.1 ] =25.2 | -39,5 20.6 0.71 0.48 0.82 27.3 ~0.49 12.4 -0.06
3 29.9 ~2.6 2.4 ~3.4 ~6.3 33.8 0.77 0.05 0.08 2.3 0.07 33.5 0.76
4 29.9 1 -2.4 0.2 | =54.4 | -12,6, | -41.3 | -0.60 0.77 0.22 51.0 0.20 -39.7 -0.52
5 26.8 0.3 1.2 13,8 39.5 0.6 0.23 -0,08 -1.24 43.6 ~0.47 1.0 -0.79
6 28.4 11.2 7.1 28.7 12.6 8.0 0.43 | -0.53 | -0.71 27.1 -0.59. 14.3 0.26
7 29.9 9.4 0.6 4.6 | -33.2 56.7 0.20 0.33 | -0.59 36.8 0.05 43,5 ~0,20
8 29.9 Lod =0.5 | ~40.1 30.4 | ~11.5 | -0.79 0.06 | -0.53 50,1 0.45 -9.3 -1.09
9 29.6 6.6 ~0.5 1.7 | -23,5 41.3 1.14 | -0.35 | -0.61 26.7 0.16 36.8 1.44
10 29.6 4.3 -1.1 17.8 -6.9 | -20.1 0.60 0.52 0.85 13.0 ~0.09 ~20.5 0.52
11 29.8 -3.0 ~-0,5 | =55.0 0.6 | -36.7 | -0.13 0.36 0.47 49,2 -0.17 ~35.8 ~0.13
12 29.3 4,1 ~4.8 | -41.8 | -28.7 | -23.5 0.03 0.54 0.39 61.2 =0.45 -12.9 ~0,04
13 29.3 6.0 -0.8 | -48.7 42,4 | ~17.8 | ~0.22 | -0.36 0.50 67.4 -0.61 ~12.0 0.31
14 28.7 | -4.9 -7.0 -9.7 9.7 12.6 0.05 0.36 0.04 3.9 -0.34 14.9 0.07
15 28.3 5.1 8.4 | ~10.3 0.0 5.7 0.00 0,00 0.00 26.0 0.00 2.6 0.00
16 20,7 21.2 4,6 30.4 -6,9 2.3 0.00 0.00 0.00 15.3 .00 8.5 0.00
17 21.2 | -18.3 10.9 | -27.2 | -32.7 16.6 0.00 0.00 0.00 16.6 0.00 4.4 0.00
18 30.0 1.4 -0.8 1.7 ~19.,5 7.5 -0.34 -0.,80 0.02 22.1 0.74 6.9 ~0.43




Table IV-3

Final Conditions - Chase Vehicle

Behind Target Vehicle

Attitude Roll Force
Run Radial |[Tangential : Sum Time
Number Velocity|Veloclty jError Rate Error Rate Newton-
(m/sec)| (m/sec) (deg) '(deg/sec) (deg) (deg/sec) ( sec ) (seconds)
1 -0.25 0.12 0.7 0.07 -6.8 0.00 114.1 233.6
2 -0.25 0.09 0.9 ~0.07 -5.2 0.48 109.9 195.0
3 -0.25 0.10 10.0 -2.36 3.0 0.64 103.6 181.9
4 -0.28 0.09 2.8 -2.23 -6.4 -0.05 119.0 176.3
5 ~0.23 0.11 3.4 0.36 4,0 0.22 102.8 223.8
6 -0.27 0.12 5.2 -2.55 -4,2 -0.90 117.6 i81.3
7 ~0.27 0.13 1.6 0.43 4.2 -2.50 120.1 196.5
8 -0,28 0.12 1.2 0.26 6.6 0.10 123.9 195.0
9 -0.27 0.12 2.5 1.36 6.9 -0.02 114.8 177.8
10 -0.23 0.11 2.8 -3.08 5.8 0.05 106.1 192.8
11 -0.25 0.12 2.2 -1.51 5.1 0.99 112.0 203.1
12 -0.26 0.14 0.9 0.37 ~7.4 0,63 123.6 223.6
13 ~0.27 0.14 3.5 -1.37 6.4 ¢.00 127.38 228.5
14 -0,24 0.09 3.9 .26 4,2 0.42 105.2 208.1
15 ~0.24 0.11 6.8 ~2.40 -3.1 -0.82 109.2 212.1
16 ~0.25 0.14 5.9 ~1.1 8.1 -0.09 122.0 213.4
17 -0,26 0.09 6.1 1.22 3.7 -0.31 108.2 194.3
18 -0.25 0.14 6.3 -0.28 8.8 0.64 67.8* 201.5

Iv-11

*
The maximum force level was 2.0 newtons for this case




ST R ]
E ot o
N B
i -
. 1 i
o, L
=1 .
Qo :
iuo Y +
i i
-0 T I B NEREE |
: R S
g .
= B
L L
LI LI
seReEpsa T . mW
e SRR i prl . ]
nﬁLva .. O i . ﬂ“
= saet Lol = 1.0
e =k o 0: =
. m ol ] : b
. . &g, 1]
@ .%».I m”
m” : 145
L Jm
LN Y4
Y 4 i
D AT : i
.- - ]

-

w2

o 3

A

I~

‘ L .
M.lt, .
tunﬂUo.u 1
. &ls |

«1:
L L

Iv-12

Retrieval Trajectory-Run Number 25

Figure IV-4



The rotational motion for thds case is plotted in Figure IV-5. The
attitude error oscillates as force is initially applied to increase the
radial velocity, reaches the 45 degree limit three times in Control
Region 1, and is driven towards zero in Control Region 2 with a final
value of 5!7 degrees. Control is applied to the roll error during the
initial.application of force; at 130 seconds; and in Control Region 2,
where the final roll error is reduced teo 6.7 degrees,

The tether force required for this maneuver is plotted in Figure IV~6.
As in the case previously plotted, the force is applied at discrete
intervals of time, with the chase wvehicle coasting during the no-force
periods. During the final 18 seconds, a constant force is applied,
causing the attitude error to escillate. .

Figure IV-7 illustrates the angles for the booms on the two vehicles.
The chase vehicle boom is initially positioned to decrease the roll error,
and is returned to the zero position wh;n the roll rate reaches ;0.5 deg/sec
At 101 seconds, the boom is moved to the -30 degree position, and remains
there until force is applied at 153 seconds, driving the roll error towards
zero, In Control Region 2: the chase vehicle boom is positioned to drive
the roll error to zero.

The target vehicle boom azimtth and elevation angles are controlled
by the appropriate logic, and are similar to the case previously plotted.
The elevation angle is maintained at + 45 degrees in Control Region 1 for
control of the tangential velocity.

Figure IV-8 illustrates the attitude errors for another case with the

chase vehlcle ahead of the target wehicle. TFor this case, roll control is
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applied in Control Region 1 during the initial application of force; at
117 seconds; and at 142 seconds.

This case presents a more difficult control problem in Control
Region 2. Upon entering Control Region 2 at 177 seconds, the attitude
exrror is at 43 degrees and is increasing at approximately one deg/sec.

The roll error at this time is 11 degrees, which is also not an acceptable
limit in Control Region 2. Thus, force is applied driving both of the
angles towards zero. The roll error shows considerable overshoot, reaching
a value of -18 degrees before the rate is reéersed, reducing the final roll
error to 1.0 degree. The force applied to reverse the roll rate causes the
attltude error to oscillate, with a final value of 9.6 degrees and a rate
of -1.6 deg/sec.

A total of 8 runs were made for the ideal case with the chase vehicle
ahead of the target vehicle. Table IV-4 lists the initial conditions for
these runs, and Table IV-~5 lists the final conditions at docking. Initi%l
Euler angles greater than 90 degrees are used for these cases, since the
chase vehicle is located in the negative X direction. Thus, the chase
wvehicle is rotated to point at the target vehicle,

All of the final conditions are within the specified limits. For run
number 20, the radial velocity is exactlé 0.305 m/sec, which is the maximum
allowable value. The time history of this run leads to no definite con-
clusions as to why the closing velocity is this high. TFor the remainder

of the cases, the final radial velocity is 0.28 m/sec or less,
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Initial Conditions = Chase Vehicle Ahead of Target Vehicle

Table IV-4 .
Position Euler Angles Body Rates Attitude Roll
Run (meters) (degrees) (deg/sec) :
Number Error Rate{ Error Rate -
X Y A Yaw Pitch Roll w, wy ®, (deg)|Cdeg/sec) (deg) {(deg/sec)
19 -30.0 0.3 1.2 | 13.8 | 219.5 0.6 | 0,23 | -0.08 | ~1.24 | 33.0| 1.03 | 1.1 0.17
20 -19.3 18.7 -13.2 128.3 ﬁ3.2 ~170.7 | 0.00 .00 0,00 14.8 0.00 | 35.4 0.00
21 -29.1 ~1.3 6.8 1.2 179.3 24,6 | 0,00 0.00 0.00 13.9 0.00 | 24.1 0.00
22 -23.7 -18.2 0.3 22.4 -151.3 -14.9 | 0.00 0.00 0.00 31.7 0.00 }-12.8 0.00
23 -29.9 1.9 0.8 54.4 | -151.8 -13.2 | 0.03 0.80 | -0.47 61.4 0.79 |-10.5 -0.31
24 -29.9 2.4 ~1.2 |-167.9 8.0 | -183.4 | ~0.17 0.16 | =0.41 9.4 0.26 | -3.8 ~0.11
25 -28.3 4.3 3.1 | ~12.0 179.5 20,6 | 0.45 | 0,52 0.59 7.7 0.79 | 19.2 0.44
26 -30.0 -3.2 6.5 22.6 170.7 16.8 {-0.21 0.69 0.22 27.2| -0.73 | 20.5 -0,28




Table IV-5

Ahead of Target Vehicle

Final Conditions ~ Chase Vehicle

Attitude Roll Force
Run Radial Tangential Sum Time
Number Velocity Velocity i Error Rate Error Rate Newton-

(m/sec) (m/sec) | (deg) | (deg/sec) | (deg) | (deg/sec) sec (seconds
19 ~0.25 0.08 5.2 -4.10 6.9 0.05 105.4 217.8
20 ~0.305 0.08 2.7 2,23 ~2.6 0,92 124.,6 171.4
21 ~0.24 10,13 | 1.4 -1.34 6.8 -0.21 124.6 190.6
22 -0.25 0.15 1.5 -1.30 -6.6 0.04 127.4 202.8
23 ~0.24 0.11 3.9 2,40 -3.8 -0.02 108.2 221.8
24 ~0.27 0.14 6.8 ~0.46 6.2 0.99 123.1 204.9
25 -0.28 0.09 | 5.7 -3.53 6.7 -0.11 121.8 195.8
26 -0.24 0.13 8.6 -1.64 1.0 1.23 114.8 203.2
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3. VNon-Cylindrical Chase Vehicle
Four runs vere made using a non-symmetrical chase vehicle
configuration to determine the effects of unequal pitch and yaw acceler-~

ations., Table IV-6 Iists the rotational accelerations which were used

for these rums.

Table IV-6 Rotational Accelerations for
Non~Symmetrical Chase Vehicle

Run Yaw . Pitch Roll
Number Acceleration Acceleration. Acceleration
(deg/secz) (deg/secz) (deg/secz)
27 2.4 . 2.6 ' 1.75
28 2.8 2.2 1.75
29 2.4 2.6 1.75
30 11.1 10,9 1.75

For run number 29, inertia cross products were included, to increase

the coupling between the rotational axes. The interia matrix for this run

As: _ -
58.0 ~1.36 3.74
i = ~1.36 157.0 2.68
3.74 2.68 165.0

For run number 30, a completely different chase vehicle configuration

was used. This vehicle has a mass of 99 kg, vaw inertia of 7.74 kg~m2,
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pitch inertia of 7.88 kg-mz, and roll inertia of 8,23 kg—mz. The maximum
tether force was reduced to 1.0 newtons, te result in a linear acceleration
of 0,01 m/secz. In addition, the chase wehicle booin length was reduced to
0.5 meter, with the pivot point remaining 1.0 meter from the c.g. of the
vehicle. This reduced the roll acceleration to the same level used in the
rest of the runs. The pitch and yaw accelerations remained high, but a
successful docking was achieved with these high acceleration levels.

Table IV-7 lists the initial conditions used, in terms of the con-
trolled parameters, and Table IV-8 lists the final conditions at docking.

Table IV~7 Initial Conditions -~ Non~Cylindrical
Chase Vehicle

Position Attitude Roll
Run (meters) Error Rate Error Rate
Number X ¥ Z (deg) |(deg/sec) (deg) | (deg/sec)
27 30.0 0.0 0.0 31.7 0.00 5.3 0.00
28 30.0 0.0 0.0 31.7 0.00 5.3 0.00
29 30.0 0.0 0.0 31.7 0.00 5.3 0.00
30 29.7 ~2.7 | 4.8 27.1 0.35 6.3 0.13
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Table IV-8 Final Conditions - Non-Cylindrical
Chase Vehicle

Attitude Roll Force Time
Run Radial Tangential Sum
Number Velocity Veloeity |Error Rate Error { - Rate Newton-
(n/sec) (m/sec) |(deg) |{(deg/sec) (deg) | (deg/sec) sec (seconds)

27 ~0.25 0.08 4.5 -2.18 =4.3 -0.94 102.6 197.2
28 -0.24 0.13 3.8 1.45 =3.7 -0.54 112.2 213.6
29 -0.25 0.12 1.4 -0,17 7.1 -0.90 114.3 214.3
30 -0,16. 0.14 2.3 ~2.77 ~3.9 -0.17 22.9 232.0

All of the final conditions are within the limits specified for succéss—
ful docking. The low closing velocity for run number 30 is caused by the
high pitch and yaw accelerations. . With these high accelerations, only a
small amount of force 18 required for attitude gorrections, and thus the
radial velocity increase is small during these corrections.

4. Offset Chase Vehicle Boom

For all of the previous data cases, the chase vehicle boom pivot
is located on the X axis, which produces zero roll moments with the boom
at the zero position. Since it would often be physgically impossible to
place the boom on the X axis due to vehicle constraints, five runs were
performed using the cylindrical chase vehicle with the boom pivot offset

from this axis. Table IV~9 1ists the pivot point offset for these rums.
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Table IV-9 Chase Vehicle Boom Pivot Location

Run Pivot Location
Number {meters)

X Y Z
31 1.0 0.025 -0.025
32 1.0 -0.050 -0.050
33 1.0 =0.076 0.076
34 1.0 0.100 0.100
35 1.0 0.130 0.0

The initial conditions for the first four of these runs were idemntical,
with an initial séparati;n distance of 30 meters along the X axis, and
zero attitude errors and rates. For run number 35, an initial roell error-
of 5.4 degrees was included, to assure that out-of-plane motion would be
included in the ret;ieval trajectory.

The final conditions for these runs are listed in Table IV~10. All
of the final limit requirements are met, indicating that it 1s not necessary

to position the chase vehicle boom pivot exactly on the X axis.
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Table IV~10 Final Conditions - Qffset
Chase Vehicle Boom

. Attitude Roll Force Time *

Run Radial Tangential Sum .
Number Velocity Velocity | Error Rate Error Rate Newton-
(m/sec) (n/sec) | (deg) |(deg/sec) (deg) | (deg/sec) sec Ji(seconds)

31 ~0,20 0.12 3.0 0.10 ° 4.1 0.56 98.7 211.4
32 -0.23 0.12 3.0 -2,63 5.8 0.25 108.0 212.0
33 -0.22 0.14 0.1 1.62 -7.0 0.36 107.6 216.9
34 -0.26 0.11 1.4 1.89 -3.5 0.04 113.4 193.8
35 ~0.29 0.07 2.2 3.75 6.3 0.01 118.31 185.9

5. Offset Target Vehicle Boom
Since it is physically impossible to place the target vehicle
boom gimbal at the é.g. of the vehicle, four runs were made with'the gimbal
offset a known distance. Table IV-11l lists the offset distances which were
used. The two cases with the boom offset 12 meters from the c.g. were
selected to be representative of attachment to the end of a large vehicle
such as the Skylab.

Table IV-11 Target Vehicle Boom Offsets

Run Gimbal T.ocation
Number (meters)
X Y Z
36 2.0 1.0 12.0
37 3.0 -2.0 -2.0
38 : -3.0 0.0 -12,0
39 2.5 -0.3 3.5




Figure IV-9 illustrates a typical retrieval trajectory with the target
vehicle boom offset from the c.g. of the vehicle. The in-plane motion
rises above the boom base, and the out~-of-plane movement is directly
towards the base. With the boom offset, the position and radial velo;ity
is controlled relative to the base of the boom.

Figure IV-10 iillustrates the rotational motion for this run. The
attitude error is typical of all the runs made, with initial oscillations
as the radial velocity is increased_agg,_in this case, three attitude
corractions appiied in Control Region 1. In Control Region 2, the attitud
error is reduced to a final value of 0.8 degrees.

The chase vehicle boom is positioned for roll control when force is
applied at 10 seconds and at 140 seconds in Control Region 1. In Control
Region 2 the roll error is driven towards zero, with a final value of
6.2 degrees when docking 1s achieved.

Table IV-12 lists the initial conditions for the four runs’with the
target vehicle boom offéet. The position data is relative to the base of
the boom, and the rotational errors are relative to the vector from the
boom base to the c.g. of the chase vehicle.

The final conditions for these runs are listed in Table IV-13. All

of the final conditions are within the limits specified for successful

docking.
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Table IV-12 Initial Conditions - Target Vehicle
Boom Offset
Position Attitude "Roll
Run (meters) Error Rate Erroxr Rate
Number X Y Z (deg) |(deg/sec) (deg) |[(deg/sec)
36 29.3 3.3 2.3 20.7 -0,15 " 7.6 0.11
37 29.6 ~1.3 3.8 29.9 -0.54 15.4 0.01
38 -30.1 1.5 | ~-0.3 9.7 -0.03 -0.1 0.69
39 30,0 0.3 [ -3.5 6.3 0.00 0.0 0.00
Table IV-13 Final Conditlons ~ Target Vehicle Boom Offset
Attitude Roll Force
Run Radial Tangential ; Sum Time
Numb Velocity Velocity |Error Rate Error Rate ewton-
vmber (m/sec) (m/sec) |(deg) | (deg/sec) (deg) | (deg/sec) sec Jl(seconds)|
36 -0.27 0.13 3.2 0.18 5.8 0.01 124.3 184,0
37 ~(.25 0.10 0.8 ~1.53 -6.2 ~0.08 111.2 210.3
38 -0.29 0.10 4,5 ~2.06 7.1 0.04 122.4 168.7
39 ~0.,22 0.09 0.2 -2.20 1.8 0.03 91.7 203.0
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6. Genefal Equations of Motion
As a final check on the validity of the control logic, 8 rums
were made using the developed digital computer program which solves the
exact equations of motion., Several of these runs included target vehicle
boom base offsets and perturbations due to gravity gradient or aerodynamic

effects., Table IV-14 lists the features which were included for each run.

Table IV-14 Test Case Features - General Equations

Run Target Vehicle Gravity Aerodynamics
Number Boom Offset Gradient
40 No No No
41 . No Yes Yes
42 No Yes No
43 " Mo . No No
44 Yes - No No
45 Yes No No
46 Yes Yes Yes
47 No No No

No significant differences are present for the cases which included
the perturbations. Since the retrieval time is short, and the tether forces
and moments are several orders of magnitude greater than the aerodynamic
or gravity gradient effects, the perturbations do not affect the solution.
Figure IV-11 illustrates a typical retrieval trajectory obtained using
the general computer program with the aerodynamic and gravity gradient effects
included. The plot of the in-plane motion illustrates the coupling of the
orbital effects in the same mznner as was obtalned with the linear equations,

and the out-of-plane motion illustrates the absence of this coupling.
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Figure IV-12 illustrates the rotational motion for this run. Again,
the results are similar to those obtained with the linear program. The
attitude error shows oscillation as the initial radial velocity is increased,
and, for this case, requires four additiomal corrections in Control Regiom 1.
In Control Region 2, the attitude error is driven towards zero, with a final
value of 0.5 degree at docking. The initial roll error of approximately
-46 degrees is driven towards zero during the initial application of force,
and is corrected again at 60 and 130 seconds. 1In Control Region 2, the
roll error is driven through zero with approximately 9 degrees overshoot,
and is reduced to a final value of 6.5 degrees.

Table IV-15 lists the initial conditions for the runs made with the
general computer program. The position data is listed relative to the .
base of the target vehicle boom, and thus compensates for the boom offsets
where applicable. For run number 43, the target vehicle was placed in an
inertial orbit, to illustrate the compatibiiity of the control law with

non-earth oriented vehicles,

With the chase wvehicle almost directly above the target vehicle, as
in run number 47, the target vehicle was rotated up to point at the chase
vehicle. The initial conditions listed in the table for this run are in
the local vertical coordinate system. The corresponding initial conditions
in the target vehicle body axes are X = 29,5, ¥ = 0.2, and Z = 0.5.

Table IV-16 lists the final conditions for the runs made with the
general computer program. All of the final conditions are within the
limits specified for successful docking. The time histories for all of

the runs are similar to those obtained with the linear equations. This
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was an expected result, since for the separation distances involved, the

differences in the two sets of equations are negligible.

Table IV-15 1Initial Conditioms ~ General
Equations of Motion
Position “Attitude Roll
Run (meters) Error Rate Error Rate
Number X Y Z (deg) |(deg/sec) (deg) ({deg/sec)

40 28.1 | 7.6 7.1 27.3 ~0.49 12.4 -0.06

41 29.9 2.5 -0.3 51.0 0.20 -39.7 -0.52

42 28.5 9.5 | -0.6 36.8 0.05 43,5 -0.20

43 28.4 ~7.4 -6.4 21.3 0.00 -14.7 0.00

&4 29.7 | ~2.3 | ~1.6 34.0 -0.53 11.4 0.21

45 ~30.1 1.5 -0.3 9.7 -0.03 0.1 0.69

46 29.3 3.4 .3 20.7 ~0.15 7.6 0.11

47 1.4 | 29.8 .5 13.1 ~0.21 7.2 0.10

Table IV-16’ Final Conditions - General
Equations of Motion
Attitude Rell Force Time
-Run Radial Tangential Sum
Number Velocity Veloeity | Error Rate Exror Rate (Newtoni) .
(m/sec) (m/sec) | (deg) | (deg/sec) (deg) {(deg/sec) sec Ji(seconds)

40 =0,24 0.09 1.2 ~1.12 -6.1, 0.10 103.6 192.5
41 ~0.24 0.13 0.5 -0.31 6.5 0.70 110.6 207.5
42 -0.23 0.14 0.5 -0.57 -3.9 -0.95 109.2 197.5
43 -0.27 0.13 7.2 1.64 -3.1 0.52 119.9 207.5
44 -0.23 0.11 | 1.1 2.91 -1.3 0.34 101.2 190.0
45 ~0.25 0.11 0.2 -1.32 7.0 0.09 106.4 176.0
46 -0.26 0.12 3.8 0.78 6.9 0.88 116.9 184.0
47 -0.24 0.11 3.2 ~1.85 -6.7 -0.10 110.2 211.0
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7.  Summary
Table IV-17 presents a summary of all the data cases using the
351 kg chase vehicle. Run numbers 18 and 30 are not included in this table
gince they are for a smaller chése vehicle, and are not representative of
the remainder of the cases. The average values listed are for the magni-
tudes of the parameter under consideration, and thus a positive value is

not offset by a negative value.

Table IV-17 Final Conditions Summary

Parameter - Minimum Averége ) Max imum
Radial Velocity (m/sec) 0.20 0.25 0.305
Tangential Velocity (m/sec) 0.07 0.11 0.15
Attitude Error (deg) 0.10 2.5 16.0
Attitude Rate (deg/sec) 0.07 1.6 4.1
Roll Error (deg) 1.00 4.4 7.1
Roll Rate (deg/sec) 0.00 0.4 2.5
Force Sum (Newton-sec) 91.7 112.9 127.8
Time (seconds) 171.4 200.0 233.6

For the radial vélocity, the tangential velocity; and the attitude
error, the maximum values obtained are at the maximum allowable limits
specified for completion of a successful docking maneuver. The tangential
velocity can be reduced by using a longer boom on the target vehicle to
allow more control ‘of the direction of the applied force, but the effect
of this change on the remainder of the controlled parameters cannot be

predicted.
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- The maximum attitude rate and roll rate are significantly less than
the specified maximum, These maximum rates are directly related to the
rate limits which are used in the logic which comtrols the application of

tether force.

Examination of the initial/final conditions does not immediately
" indicate any means by which the final conditions can be predicted. Thus,
the final conditions bepome krown only after the problem is solved using

the digital computer program.
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SECTION V

CONCLUS IONS /RECOMMENDATIONS

The results of the feasibility study indicate that a single tether can
be used to provide all of the control functions necessary for the retrieval
and docking of a chase vehicle to a target vehicle. Using this technique,
cargo packages and experiment modules can be docked to a parent vehicle
without the need for incorporation of either attitude or translational
control systems into these modules. This technique also has potential
applications in the areas of orbital assembly and satellite captureAand
retrieval for maintenance.

By expanding the tether control to include stationkeeping techniques,
a wide variety of applications can be considered. These applications
include the deployment, positioning, maneuvering, and retrieval of experiment
modules, and the control of facility operations in the vicinity of a Space
Station. The tether can also be used to provide temporary cargo storage
and module isolation Iin the—event of an emergency. These applications
involve the deployment of a module from the target wvehicle, and using the
tether to maintain 1t in a separate orbit.near the target vehicle.

Several areas require further investigation before control using a
tether can be adopted as an operational technique. These aréas of investi-
gation can be categorized into analytical studies and hardware definitions.

In the analytical studlies area, the first step which should be taken
is to use the digital computer program to perform a sensitivity analysis on

the control law which was developed under this contract. The sensitivity
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analysis would determine the effects of changing the various limits used

in the control logic, and would also lead to positive conclusions: regarding
the range of initial conditions for which docking can bé accom%lishEd using
the developed control technique. The boom travel and veloclty requirements
should also be determined and incorporated into the control logic. All of
these factors are almed at developing a better understanding of the problem,
whereby inspection of the initial conditions will be all that is required
to determine if docking can be accomplished.

After the present control technique has been thoroughly examined, the
next step should be the derivation of other control laws. This control law
development sh;uld investigate different control techniques for retrieval
and docking in order to determine the optimum method of control, and should
also incorporate the other aspects of tether cortrol, including deployment
and orbit establishment and stationkeeping and maneuvering. The area of
multiple tethers should also be investigated. This iIncludes the control
of two or more separate packages as well as the concept of using multiple
tethers for more positive control of a single package.

The other areas which should ge investigated include the effects of
the tether characteristics (mass, drag, wave effects, etc.) on the control
problem and the safety considerations which must be observed to provide
for contingency operations. The inclusion of a manual control system, either
as the prime or backup mode of control, and the post contact problems,
should also be investigated.

In the area of hardware definition, the two areas of prime importance

are the tether and tether control mechanisms. Studies in these areas should
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determine the optimum tether material and its charvacteristics, and techniques
of coﬁtrolling the tether length, (reel in/out mechanisms), the force
application, and control of the slack in the tether without applying forée
to the chase vehicle.

Anéther area which requires study is the definition of initilal tether
attachment devices. These are required for control of packages which were
not originally deployed from the target wehicle.

Other hardware aspects include the boom and gimbal systems, the sensor
requirements, the displays and controls, and the actual docking mechanisms.
Sufficient work has been done in these areas on other programs that the
immediate effort on their development should be minimal.

While the above list of development items seems long, it must be
remembered that this contract effort is one of the first attempts to study
the tether docking ﬁroblem in detail. This is the first analysis that shows
the positive feasibility of space vehicle retrieval and docking using a

single tether for six-degree-of-freedom control.

V-3



SECTION VI

REFERENCES

Models of Earth's Atmosphere (120 to 100 km) NASA SP-8021.
May, 1969,

Greeb, F. J., Harbick, B. J., Tether Docking of Qrbiting Spacecraft;
Computer Program User's Manual., Martin Marietta Corporation.
MCR-70-401, Qctober, 1970.

Perrine, B, 8., Jr., A Method of Scft Tether .Stationkeeping.
NASA TMX-53643, July, 1967.

Robinson, A. C., On the Use of Quaternions in Simulation of
Rigid-Body Motion. WADC Technical Report 58-17. Wright-Patterson
Air Force Base, Qhio, December, 1958,

Sasaki, F, T., Greeb, ¥, J., Soft Tether Stationkeeping. Vol. 1,
Analytical Study. Martin Marietta Corporation. Research Report
R-68~6, April, 1968. ;

VI-1



AFPPENDIX A
COMPUTER PROGRAM DESCRIPTION

The computer progfam is written for the Control Data Corporation 6400
or 6500 series computer and is designed to be compatible with the Univac
1108 computer. It is written using the Fortran IV languaée. Data input to
the program utilizes the Namelist feature of Fortran., The program is modu~
larized, that is, Broken down into a main calling program and several sub~-
routines, The main program reads input data, controls the order in which
the subroutines are called, and assembles the resulting data for oﬁtput.
Subroutines are used throughout the program to calculate each of the variocus,
elements which make up the overall tether decking problem.

The modular form of the program permits a clearer understanding of the
functions of each portion of the program, and allows modifications to be
made to one portion of the program without affecting the computaticnal
schemes or logic of the rest o{ the program. It also allows for the easy
incorporation of additional modules, as required, to describe additional
features of the dynamical system, such as other external disturbances,
additiongl tethers, or vehicle control system dynamics:

The program utilizes a linear first order numerical integration
technique for the solution of the differential equations of motlion. Since
all of the equations to be integrated are second derilvatives, each equation
must be integraéed twice. Two versions of the integration technique are
used. To integrate the second derivative, the new value is weighted more

than the o0ld value, -using the equation:

n
[ e ear (s -5) A
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To integrate the first'derivative, a trapezoldal method is used where the

new and old derivatives are weighted equally:

t.
n

>0 _ AT - - i

tf X dr = S~ (xn + Xn_l) (A, 2)
n-1

The value of AT 13 a prograﬁ input and should be selected on the
bagis of the type of tether control law being used. During the program
checkout, 2 AT of two (2) seconds was normally used for those cases where
the orbital effects were the predominant factors, such as in stationkeeping
trajectories, and a AT of one-tenth (0.1) seconds was used for those cases
where the tether forces were predominant,

1. Main Program

The main program has three basic functions. These functions are:
1) read the input data and set up the problem initial conditions; 2) call
the necessary subroutines to generate the solution teo the problem; and 3)
output the results of the calculations. Figure A-1 is a flow chart of
the main program illustrating tﬁe sequence of calculations performed in
_the solution of the equations of motiom.

Several optlons are avallable in the wain program. These options,
which are controlled by the input data, consist of:

1) Cilrcular or Elliptic Reference Orbit

2) Inertial or Geocentric Target Vehicle Stabilization
3) Frequency of updating reference orbit

4) Perturbations to be used

5) Frequency of Printout
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-In general, the selection of these options is based on the require-
ments of the problem under consideration. The most significant option is
the selection of the perturbations to be used in the soclution of the
equations., TInclusion of the aerodynamic perturbations increases the running
time of the program by approximately a factor of two. Therefore, f;;
development of retrieval techniques which involve either high reference
orbits or the application of a continuous tether force over a short period
of time, aerodynamics should not be included. Inclusion of aerodynamics
for final verification only will allow the initial development of retrieval
techniques to be accomplished at a significant reduction in expended computer
time,

2. Subroutines
In addition to the 12 sitbroutines shown in Figure Ayf, 6
additional routlnes are used to priht a visual title page and perform

matrix~vector manipulations. Each of the 18 subroutines are described in

the following summaries, with flow charts included for those routines which

are not direct straight through calculatipns. ‘fﬁese subroutines separate _-
the major functions into separate modules of the computer program. )

a, AFAM - Subroutine AFAM is called by subroutine FOMO (if
aerodynamics are to be used in the calculations) to calculate the aerodynamic
forces and moments on the‘vehicles. Subroutine AFAM is vehicle dependent,
requiring a particular set of initial data for the vehicles that are used
in the tether docking problem. The data presently ﬂeing used 1s for an
Orbital Workshop target wvehicle and a cylindrical chase vehicle., This

data is used to calculate the aerodynamic coefficients of the wvehicle,

which in turn are used to generate the forces and moments acting on the



vehicles. Subroutine AFAM uses function ATMOS to calculate the atmospheric
density. ) '

b. ATMOS - ATMOS is a function subroutine which calculates the
atmospheric density as a function of the altitude and longitude of the
reference point.

c.  CATVP - Subroutine CATVP calculates the position and veloecity
of the target and chase vehicles relative to the reference orbit. Since the
equations of orbital motion are identical for either vehicle, this routine
is called twice’by the main program, with the carried parameter IVEH
indicating which vehicle is being processed,

d. CRO - This subroutine calculates and prints the unperturbed
reference orbit as a function of time. The input variable IfTP determines
whether the reference orbit is circular or elliptic. Figure A-2 iz a ;
flow chart of subroutine CRO.

As 1llustrated in the flow chart, this subroutine contains an alternate
entry point, labeled CROW. The first call to the éubroutine enters at the
starting point, with the variable ICAL set to zero. Subsequent calls to
the subroutine utilize the entry CROW. In thié manner, the constant para-
meters of the orbit are calculated only once.

Calculation of the eccentric anomoly for elliptic orbits requires
determination of the solution to the equation:

E=M+ e Sin E (A.3)
where E is the eccentric anomoly, M is the mean:anomoly, and e {s the
orbit eccentricity. The solution to this equation is obtained using a

series of successive approximations, using the numerical algorithm:
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E, = M+eSinE (a.4)

The starting value of E is set to the mean anomoly for the first entry to
the subroutine and to the previous value of E for subsequent matrices. The
convergence of the solution is dependent on the orbit eccentricity, requiring
only 4 or 5 iterations for low ecceﬁfricity orbits (é‘S 0.1). As the
eccentricity is increased, the speed of convergence decreases.

e. CVRM ~- This subroutine calculates the rotational
motion of the chase vehicle utilizing the quaternion technique, and sets up
the chase vehicle body axzes to inertial axes transformation matrix., The
quaternions are normalized after each step of the numerical integration to
assure the orthogonality of the transformation matrix.

f. EANG - Subroutine EANG calculates the vehicle Euler angles
from the appropriate transformation matrix, This subroutire is called to
calculate the chase vehilele attitude relative to éhe local vertical, and
also is calleé to calculate the chase vehicle attitude relative to the
target vehicle,

g. FOMO - Subroutine FOMQ calls the appropriate subroutines to
calculate the forces and moments acting oﬁ-each wehicle due to the éisturu
bances and the tether. As illustrated in Figure A-3, the option of by-
passing the gravity gradient or aerodynamic disturbances is avallable.

This option is controlled by the input variable IDD.

h. FOMS - This subroutine is called to perform the required
numerical integrations and to store the past values of ?he derivatives.

The two numerical integration techniques previously described are contained

in this routine.

A-7
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i. GGM - Subroutine GGM calculates the gravity gradlient moments
acting on each vehicle as a function of the vehicles attitude, inertia, and
radial distance from the center of the earth.

j.» RPV - This subroutine calculates the separation distance and
velocity between the chase and target vehicles in the local vertical coordin-
ate system and also transforms these quantities into the target vehicle body
axes, For an inertially stabilized target vehicle, this transformation
results in the generation of the total velocity vector between the two
vehicles, whereas, for an earth oriented target vehicle, the relative
velocity does not include the effects of the rotating coordinate system.

_In both cases, the veloclty calculated is the velocity which would be ob-
served (or measured) from the target wvehicle.

k. TCL - Subroutine TCL is the tether control law module. This
subroutine caiculates the tether attach point on the target vepicle (TTETH) ,
the tetﬂer attacﬂ point on the chase vehicle (CTETH), and the magnitude of
the tether force (TFM) as specified by the control law under investigationm.
This subroutine will normally be user supplied, since it is dependent on
- the type of control law being used. With the fether control law contained
in a separate module, the control logic can be modified for investigation
of various control techniqﬁes without affecting the computationdl sequence
as the loglc of the main program. All pertinent input/odtput variables to
the routine are carried through the common blocks. - )

1, TFAM ~ Subroutine TFAM is used to determine tether forces

and moments on both wvehicles. Subroutine TFAM cal}s subroutine TCL to

generate the magnitude of the tether force and the tether attach point

A9



on the two vehicles. Using the vector between tether attach points on both
vehicles and the force exerted on the tether, subroutine TFAM calculates
the forces and moments acting on both vehicles by the tether and transforms
them to the appropriate coordinate systems for use in the equations of
motion.

m. Miscellaneous - The remainder of the modules are used to
print a visual title page (Subroutine PIC) and to perform matrix-vector
manipulations, Subroutine CRPR forms the cross product of two vectors;
.CTM generates a transformation matrix using the vehicle Euler angles:

MATTM forms the product of a matrix and a vector; MATM multiplies two
square matriceé; and TMAT transposes a square matrix., These routines are
used throughout the program in the generation of the solution to the

equations of motion.

A~10
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APPENDIX B
TETHER CONTROL LAW MODULE

SUBROUTINE TCL

EEFEEE SRR EREF AR AR R RN IR KRR AR R KRR R R AR R R AT AR ke bk Ak B Ak bk B b k%
TETHER CONTROL LAW ROUTINE

TCL CALCULATES THE TETHER FORCE MAGNITUDE AND TETHER ATTACH

POINTS ON THE TARGET AND CHASE VEHICLES

Il I T S s T T s T s T e s S T R e e R L T R L
COMMON/RERN/ AA « AP .y DELTAT » GC » ICAL + IFPR « IOTP o+ PI

i RE + TIO » TOA

COMMON/BERNY/ ECC s+ OAR + ORACC +» ORBAN + ORBV + RADI + RADIO o

1 RADV » TP + VFL ° ’

COMMDN/BERNZ2/ CAP(3) vy CINTA{3+3) » CINTIC(3+3) » CHMAS
1 ¢ CTETHI(3) ¢ CVEL(3) v DMOMI(3) + DOVM{Z+3) v D21(3+3)
2 ¢ DIICL3e3) ¢ D32€(35+3) + E + HE3) + HPR(3)
3 ¢ INGEOD s NE r P{2+3} v PDOTL2+3) y PDDOT (3}
8 s RTVAL3) v+ QTRP{4) v+ QTRNIG) ¢+ RA(3} + RP(3)
5 « RV(3) v+ TAP(3) » TARMA ¢ TCAP(3) v TRA(3}
6 ¢ TTETH(3) v VTVAL3}
COMMON/BERN3/ ASHM v D12(3+3) v D1I3(3+3} + IDD
1 r RVCT(2) ¢ STL r STRCH + TELA v TFH
2 o~ TINTA{(3+3) ¢« TMOMI3) r HAXI3ZY

COMMON/BERNY/ ALT v DD1(3+3) » ' D30(3:3)
AR EFEEE RN R LR R RN R R L PR R Rk Ak kAR R R AR RN R RE R IR A R & hk

6-DOF TETHER CONTROL LAW DEVELOPED UNDER CONTRACT NAS8-25353

THIS CONTROL LAW ASSUMES A GENERAL BOOM ATTACH POINT ON THE
TARGET VEHICLE AND A CHASE VEHICLE BOOM OFFSET OF ONE METER
ALONG THE CHASE VEHICLE NEGATIVE X-AXIS. THE TARGET VEHICLE
BOOM LENGTH AND ATTACH POINT ARE SET IN DATA STATEMERNTS.

THE CHASE VEHICLE BOOM LENGTH IS INPUT AS CTETH(1)s AND INCLUDES
THE ONE METER OFFSET. THIS LENGTH IS INPUT AS A NEGATIVE

NUMBER IN ORDER TQ0 POYNT THE CHASE VEHICLE BOOM AT THE

TARGET VEHICLE AT ZERC ATTITUDE ERRORS. THUSs AN INPUT OF
CTETH{1) = -2.0 RESULTS IN A BOOM LENGTH OF ONE METER ATTACHED
ONE METER FROM THE CHASE VEHICLE CENTER OF GRAVITY.

RAEEE A AR E IR AL AP FA R AR R RN R R R R R R AR KRR A RN FEFEXE R RS R L 2k
DIMENSION DEA(3+3) vCATV(3) sCATAE(3 )y DAE(3+3)2WRFI(3)
1CATDE(3) 2+ AOS{3)+PTVALT) ’
DIMENSION RLVI3)SRAEC3I}I2CTI3)20VI32eDVI(3)#DV2(3)+D23(3+3)

SET TARGET VEHICLE BOOM LENGTH (ARM) AND MAXIMUM FORCE (FMX)
DATA ARMsFMXsRDMIN'RMIN/3.9¢3.5+-0.10,10.07/

SET TARGET VEHICLE BOOM BASE LOCATVYION

DATA AO0S/0.C»0.0+0.0/

IRLER = -5

RDMIN = -0.1

IF(E WNE. 0.0) GO 7O 2

DO 1-J=1,3



oM

2

10

CT(J) = CTETH(D)

DO 3 J=1.3

CTETH(JY = CT{J).

CALCULATE VECTOR FROM TARGET VEHICLE BOOM BASE
TO CHASE VEHICLE C.G.

DO 4 J=1+3

PTVA(J]) = RTVAULJ)} - AQS({JY

CALCULATE CHASE VEHICLE AZIMUTH

AC = ATANIPTVA(3)/PTVALL)})

IF{PTVA(1) LLT. 0.0) AC = AC + SIGN(PI:PTVA(3))
CALCULATE CHASE VEHICLE ELEVATION

EC = ATAN(PTVA(23/SQRT{PTVA(L}**2 + PTVAL3)*s2)}
CALCULAYE TRANSFORMATION FROM CHASE VEHICLE BODY AXES ~
T0 AZIMUTH-ELEVATION AXES

C1=CGSLAC)

C2=COS(EDC)

S1=SINCAC)

S2=SINIECY

DAE(1+1)=C1%C2

DAE(T2)—-C1x52

DAE{1+33=-51

DAE(2+1)=S2

BAE(2.2)=C2

DAE(2.3)=0.0

DAEL3+1)=51%C2

DAE{3+2)=-S1%S2

DAE{3+3)=C1

DO 10 J=1+3

DO 10 K=1+3 .

DEACJeKI=DAE(K +J)

CALCULATE AZIMUTH RATE

ACD = (PTVACII*VIVA(3Z)I-PTVA{ZIAVTVA(1) )/(PTVA(1)#+2+PTVA(3)*%2)
FAC = SORTIPTVA{1)}=*%2 + PTVA(3)%%2]) ) )
CALCULATE RANGE FROM TARGET VEHICLE BOOM BASE

TO CHASE VFHICLE C.G.

RM = SORT(PTVA(1)}+%2 + PTVA{2)*%2 + PTVA(3)%22)

CALCULATE ELEVATION RATE )

ECD = (FACSVTVA(2) - PTVA(2)*{(PTVA(L)}*VTVALL1) + PTVA(3)I*VIVA{3))/

"1 FAC)/PM#%2

2n

390

CALCULATYE RANGE RATE . .
RDOT = (PTYVALI)I*=VTVA(1) + PTVA{(2)4VTVA(2) + PTVA{3)+VTVA(3)}/RM
CALCULATE ATTITUNE ERROR

DO 20 J=1.3

CATAE(JY=O.0 B

HRF{ S DI20Je2)*CVEL(3)— D320de3)¥2xCVELI(2)
CATVIJI= D32(J4»1)

DO 20 ¥K=1+3
CATAECUIZCATAECJI+DEA (S ¢KIFCATVIK)

DO 30 J=-1:3

CATDECII=0.0

DO 3D K=1+3
CATOEC(JIZCATDELJI+DERA (UK ISUWRF LK)

ERF= CATAE(2)*22 + CATAE(3)**2

53-2



40

50
60

61

315

316

ER=ASINI(SGRT{ERF)) i .

CALCULATE TARGET VEHICLE BOOM POSITION
SG2=CATAE(2)1+CATDE(2)

SG3T=CATAE{3)*CATDE(3)

ARMAZSIGN(PI/4.0+CATAE(3))

ARMECZSIGNIPI/4.0sCATAE(2))

IF (SG2+SG3 .GE. 0.0) GO TO &0

IF (SG2 .GE. 0.0) ARMA=D.O

IF(SG3 .GE. 0.0) ARME=D.O

IF (ABS(CATAE(Z2)) JLT. 0001} ARME=0.D

IF (ABS(CATAE(3)) .LT. 0.001) ARMA=O0.D

CALCULATE ATTITUBE RATE

IF (ERF .LT. 1.0f-18) GO TO S0

ERD = (CATAE(2)*CATDE(2)}+CATAE(3)*CATDE(3) )/SORT{{1.C-ERF}*ERF)
60 TO 6O

ERD=0.0

TEM=0.0"

CALCULATE ROLL ERROR

DO 61 J=1.3

RLVIJ) = D32(Je2)

CALL MATIM(RAE»DEAWRLV)

RAER = ASIN(RAE(3))

IF(RAE(2) .LT. D.0) RAER = SIGN{PIRAFR) - RAER

CALL EANG(RAyTRAD32)

CALCULATE ROLL RATE

TANA = TAN(RA(2)) .
WRL = CVEL(1) + TANA+SINERAC(I)}I*CVEL{2) + TANA*COS(RA{1)}*=CVEL(3)
RTMINZPI/157.5 + SOGRT{ACD*%2 + ECD#%2) :
IF(ER .GT. PI/B.0) RTMIN=PI/90. + RTMIN

CALL TMAT(D23:D32+3}

IF(RM .LF. RMIN) GO TO 200

CONTROL REGION 1

IF(RM LT.(RMIN + 5.0)) RDMIN = ~0.15

SET TARGET VEHICLE BOOM ELEVATION

ARME = -PI/L.0

IFLABS(AC) .GY. PYI/2.0) ARME = —ARME

CALCULATE CHASE VEHICLE BOOM POSITION .
IF(WNRL*RAER LT« O.0 ANDLEABSIWRL) .GT. PI/180.0 .AND.
1 ABS(RAER) .GT. PI/9.00))}G0 TO §7

IF(ABS{RAER} .LT. PI/9.00) GO T0 67

CTETH(1) =-1.0 + 0.86603*(CTt1) + 1.0}

CTETH(2) = —D.S*(CT(1) + 1.0}

CALL MATIM(DVeD32+CTETH)

DVI(1) = GOS(ARMA)*COS({ARME) *ARM

pvi(2) SIN(ARME)} *ARM

DV1(3) SIN{ARMA)*COS{ARME ) *ARM

CALL MATIM(TTETH+DAE+DV])

DO 315 J-1+3

TTETH(Y) = TTETH(J) + AOS(I)

DV2{J) = DVIJ) +« RTVALY) — TTETH(JI)

DV2M = SERT(DOV2(1}*%2 + DV2{2)¥*%2 + DV2(3)*x2)

DO 316 J=1+3

DVI(J) =-DV2(J)/DV2M
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57

70

75

100

110

120

150

415

316

CALL MATIM(DV:D23+DV1)

THMG = CTETH{21*0V{3) — CTETH{(3}*DV{2} !
IF(TMG#RAER .GT. C.0) CTETH{2) = ~-CTETH(2)
IF(WRL*RAERLLT.O.0.,AND,., ARS{RAER) . LT. PI/25.0) CTETH(2)==CTETH(2)
CTETH(2)Y = CTETH(2) + CT(2)

TEST ATTITUDE ERROR

IF (ER .67, PI/4.0) GO TO 10D

TEST ATTITUDE RATE

IF (ABS{ERD) .GT. PI/G&0.) GO TO 110

TEST FOR MAXIMUM ANGULAR VELOCITIES

DO 75 J=1+¢3

IF(ABS(CVEL(J)) .GT. PI/60.0) GO YO 31D

CONTINUE

TEST RANGE RATE

IF (RDOT .GT. ROMINY GO TO 120

TEST ROLL ERROR ]
IFUABRSIPAERY .GT. PI/4.0 .AND. (WRL*RAER .GT. 0.0 .OR. ABS(WRL)
1 LT. PI/360.031G0 YO 120

G0 TO 310

SET TETHER FORCE .

IF (ERD +LT. 0.0 .AND. ABSI{ERD) ,GT. PI/180.) GO TO 70
TFMZFMX

GO TO 310

IFtERD .LT. B.0)Y GO TO 310

GO TO 150 -

TFMZFMX

GO TO 310

CALCULATE FCRCE REQUIRED TO STOP ROTATIONAL MOTION
CALL MATIM{DV+D32+CTETH)

DV1(1) = COSCARMA)*COS{ARME) #ARM

DV1(2) = SINCARME}*ARM

DV1€¢3) = STNCARMA}*COS({ARME) *ARM

CALL MATIM{(TTETH+DAE»DV])

DO 415 J=1+3 )

TYETH(JY = TTETHIJ) + AOS(N)

DV2(J) = DVIJ) + RTVAC(J) - TTETHLY)

DV2M = SQRTI(DVZ2(1)*%2 + DYZ{2)1*%2 + DVY2(3)»+2)

DO 416 J=1+3

DVI(J) =-DV2(J)/DV2M

CALL MATIMIDV.D23,DV1)

TMGY CTETHU3)+DVI1) — CTETHI1)+DVI3)
TMGZ = CTETHU1)#DVI2) — CTETH(2)*DV(1)
TMG1 = TMGY*CINTA(2+2)#CVEL{2Z2)/DELTAY
TMGZ = TMGZACINTA(3I3)*CVEL(3)}Y/DELTAT
TFM1 = TMG1/TMGY

TFM2 = TMG2/TMG2Z

TFM = TFM1

IF{TFMZ .GT« TFM1) TFM = TFM2

IFITFM GT. FMX} TFM = FMX

IFITFM LLT. 0.0) TFM = 0.0

IF(TFM 46Y. D40 -AND. ER «GTe. PI/30Q0.0) TFM = FMX
G0 YO 310

CONTROL REGION 2



200 CONTINUE
C CALCULATE CHASE VEHICLE BOOM POSITIGN -
IFIWRL*RALR .t T. 0.0 JANDL(ABS(WRL) .GT. PI/S0.0 .AND. ABS(RAER)
1 «6T. PI/30.0})G0 TO 220
IF(ABS(RAER) .LT. PI/S0.0) 60 TO 220
IFIABS(UWRL) .LT. PI/180.0 LAND. ABS{RAER)} .LT. PI/30.0) G0 YO 220

CTETH(1) = -1.0 + (.886603*({CT(1) + 1.0)
CTETH(2) = —~0.5%«(CT(1) + 1.0)
IRLER = 5

CALL MATIM{DV+D32.CTETH}
DV1{1) = COSUARMAY*COS(ARME)+#ARM
DVI(2) = SINCARME)*=ARM
DV1(3) = SIN{ARMA}*COS(ARMEY}*ARM
CALL MATIMITTETH+«DAESDV1)
BO 515 J=1+3
JTETHEJ)Y = TTETH(J]) + AQS(J)
515 DV2tJ)y = DY) + RTVA(S) — TTETHCW)
DV2M = SARTIDV2(1}*+2 + DV2(2)*+2 + DV2(3)*%x2)
BO 5156 J=1.3
516 pVi(J) =-DVZ2(J)I/DV2M
CALL MATIMADVD23+DV1)
TMG = CTETH(2)*DV(3) — CTETH{3)1*DV(2)}
IF(TMG*RAER .GT. 0.0) CTETH(Z2) = -CTETH(2)
IFIWRL*RAER.LT.0.0.AND. ABS{RAER) .LT. PI/25.0) CTETH(2)=—-CTETH(2)
CTETH(Z2) = CTETH(2) + CT(2)

C TEST ATTITUDE RATE
220 IF(ERD .LT. D.0) GO YO0 250
c TEST ATYITUDE ERROR
IF (ER .GT. PI/30.0) 60 TO 260
C TEST RANGE RATE '
IF (RDOT .GY. RDMIN) GO TO 260
C TEST ROLL ERROR ‘
IF(IRLER .GT. O} GO TO 230 —
C TEST FOR MINIMUM ATTITUDE ERROR
IF (ER .LY. PI/180.0) GO 7O 310
GO TO 150
c SET TETHER FORCE

230 IF(WRL*RAER .ET. D.0 .AND. ABS(WRL) .GT. PI/90.0} 60 TO 310
IF(ERD .LT. -PI/45.0) GO TO 310
IF(IRLER .6T. 0 ) GO TO 260
60. TO 310

250 IF(ABS(ERD} .GT. RTMIN) GO TO 230

260 TFM = FMX

[ CALCULATE TARGET VEHICLE FTETHER ATTACH POINT

310 AX=COSCARMA) *COS{ARME ) *ARM
AYZSIN{ARME)} *ARM
AZ=SIN(ARMA) COS{ARME ) #ARM
TTETHC(ID)=DAE(L1s1)%AX + DAE(1s2)%AY + DAE(1s3)%AZ +A0S(1)
TTETH(2)=DAE(2+1)%AX + DAE(202)%AY + DAE(2+3)%AZ +A0S{2)
TTETH(Z)Y=NAE(3+1)14AX + DAE(3+2)%AY + NAC{3+3)+AZ +A0S(3)
RE TURN
END
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