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FOREWORD

This document is one of a series of candidates for inclusion in a
future revision of MSC~04217, "Space Shuttle Guidance, Navigation and
Control Design Equaticns'’. The encloged has been prepared under
NAS9-10268, Task No. 15-A, "GN & C Flight Equation Specification.Sup-
port", and applies.to function 1 of the Station-Keeping, Docking, and
Undocking Guidance Module (OG4) as defined.in M3C-03890, Rev. B,
“Space Shuttle Orbiter Guidance, Navigation and.Control Software Func-
tional Requirements - Vertical Flight Operations', dated 15 December-

1971,

Gerald M. Levine, Director
APOLLO Space Guidance Analysis Division
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NOMENCLATURE

Notational Conventions

e Lower-case and Greek letters reserved for scalars
and vectors

e Vector quantities are underlined, e.g. x

& Vectors.are assumed to be column vectors
unless explicitly noted

Symbols
A Dummy-2 x 2 matrix used in velocity-correction
computations
a Elements of A
B Dummy 2 % 2 matrix used in velocity-correction computations
b Elements of B
C Dummy 2 x 2 matrix used in velocity-cerrection computations
¢ Elements of C
d Dummy variable used in velocity-correction com-
putations
h!c Height of desired station-keeping limit cycle
ipg, Unit vector alotig r (local-vertical coordinates)
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TMIN

IpL

Unit vector along r (workshop-fixed coordinatos)

Unit vector normal to station-keeping cone boundary
(workshop-fixed coordinates)

Workshop-fixed frame.unit vectors (local~vertical . ..
coordinates)

Midcourse=-correction fractions

Transformation matrix.from local-veriical to workshop~
fixed coordinates

Transformation matrix from local-vertical to stable-
member coordinates

Dummy test variables used in boundary avoidance
calculations

Shuttle position w.r.t. workshop (stable-member
coordinates)

Shuttle position w.r.t. workshop {local-vertical
coordinates)

__Shauttle pesition w.r.t. workshop {(workshop coordinates)

Magnitude of component of ¢ in workshop frame
X-Z piane

Lower limit on ry along workshop Y-axis for which

boundary=-avoidance velocity corrections may be required

Desired target pesition for orbiter w.r.t. workshop
at terminal time tF
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~ Switch used to select out-of-plane guidance mode

Switeh set at unity if veloceity correction is8 required
Switch to select current mode of operation of routine
Switch-set at unity when new tF is required
Current time

Terminal time for current.guidance limit cycle

Shuttle velocity w. r, t. workshop (local-vertical
coordinates)

Velocity=-correction level used for boundary aveidance

Lowest part on desired limit cycle w. r. . workshop
(along vertical axis)

Maximum desired out-of-plane distance for orbiter
Minimum desired out-of-plane distance for orbiter
Dummy variable

Workshop angular velocity (stable-member coordinates)
Dummy variable equal to wWw(EF. - t)

Duramy time interval (t’n -t )

n-1
Lower limit on commputed velocity-correction magnitude

Required velocity correction (local-vertical coordinates)

Station-keeping cone half angle
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Ovyyr, Components of 6y

bvyr,

Special Notation

() Aepriori estimated value prior to measurement
incorporation
) Ensemble averageof { )
1¢ MY Magnitude of. { )
T..
() Transpose of (. )

unit (_)} Unit vector for ( )
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i 1. INTRODUCTION

The purposc of the station-keeping guidance system ia to automatically keep
one orbiting vehicle within a prescribed zone fixed with respect to another orbiting
- vehicle. The active vehicle, i, e. the one.performing the station-keeping manouvers,
is referred to as the shuttle... The other passlve orbiting vehicle is denoted as the
- workshop. The passive vehicle is. assumed to be {n a low-eccentricity near-earth

2 orbit... ...

The primary navigation sensor considered-is a gimballed tracking radar lo-
cated on.board the shuttle. It provides data on relative range and range rate be-
% tween the two vehicles. Ale> measured are the shaft and trunnion axes gimbal an-
s gles. An inertial measurement.unit (IMU) is assumed to be provided on.board the
T orbiter,. The IMU is used at all.times to.provide an attitude reference. for the ve-
hicle. The IMU accelerometers are used periodically to monitor the velocity-cor-
rection burns applied to the shuttle during the station-keeping maode.

The guidance system presented here is capable of siation-keeping the shuttle
- in any arbitrary position with respect to the workshop. This.objective is accomp-
; lished by periodically applying velocity-correction pulses to the shuttle. These
velocity corrections are computed by the guidance routine with the objective of
e minimizing the avérage expenditure of propellant (by the shuttle} per orbit.
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2, FUNCTIONAL FLOW DIAGRAM

A functional flow diagram for the station-keeping guidance routine is shown
in Figure 1. The overall structure of the routine iz simple and straight-forward.
There ure two basic subroutines; one {8 used for computing the normal velocity
corrections (smode =1} and the small midecourse corrections (Bmode =2); the _
other is used for computing boundary-avoidance velocity correetions., The guidance-

routine.call times and mode selection are accomplished by the Station-Keeping Fx-
ecutive Routine (Réf. 7).

Both subroutines v.se relative position and velocity (shuttle w. r.t. workshop)
from the Station-Keeping Navigation Routine (Ref. 8) as a basis for computing the
required velocity corrections. Local-vertical coordinates are uséd in the normal
and midcourse-correction modes, workshop fixed coordinates are used in the
boundary-avoidance mode. [n-plane and out-of-plane velocity.-corrections are com-
puted separately in the normal and.midcourse correction modes.
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3,  INPUT AND QUTPUT VARIABLES

Input Variables

r Shuttle position w. r.t. workshop (atable-member coordinatoes)
rL Sh.ttle posit{on w.r.t. workshop (local-vertical coordinates) —...
Y pL Terminal (or target) point.position of orbiter w. r,t. work-
shop (local-vertical coordinates) 4
vi, Shuttle veloeity w. r.t. workshop (local-vertical coordinates)
ML-W Transformation matrix from loeal-vertical to workshop
coordinates (desired station-keeping zone unit vectors) 1
ML.- B _ Transformation matrix from local-vertical to stable-member
coordinates
te Desired shuttle arrival time at current terminal point
8 Switch to indicate when new t_. must be computed
nutF F
t Present time
Wy Workshop angular-velocity vector (stable-member coordinates)
8 mode Guidanee routine mode selector switch ;
3
80pG .. Out-of-plane guidance mode selector switch

Cuiput Variables 1

SvCORR Switch which .indicates whether a velocity correction is re-
quired (0 = no, 1 = yes )

- v Required station-keeping velocity correction (stable-member
coordinates)

= 3-1




4. DESCRIPTION OF EQUATIONS

4.1 General Information

The station-keeping guidance routine is capable of maintaining an active ve-
hicle (shuttle) in & small zone which may be arbitrarily loeated with respect to a
passive orbiting vehicle {workshop). The. pasaive vehicle is agsumed to be in a low-
cccentricity orbit around the earth. The station-keeping is accomplished by the
periodic application of small velocity-correction pulses. The size and location of .
the station-keeping zore are specified as program constants and input variables

{e.g. h!c’ ymin.’.....’iZ' Zmax’ “min’ -I:DL.)'

The guidance routine has three primary modes: (1) normal station-keeping,
{2) midcourse correction, and (3) boundary avoidance.. In the normal mode the
velocity corrections required to hold the shuttle in the specified zone w.r.t. the
workshop are computed. In typical situations these corrections are relatively small
(e.g. 2-5 ft/sec or.lesg). The magnitude and frequency of these corrections is
dependent on the size and location of the station-keeping zone. The midcourse-
correction mode uses essentially the same relations as the normal mode. The
basic idea here is thal by applying small velocity corr~ctions in between the normal
velocity-correction times, the total velocity-correction propellant expenditure may
be reduced....In the boundary-avoidance mode, special tesis are made to see if the
shuttle is outside of the station-keeping zone and heading away from it, Appropriate
velocity-correction pulses are applied to the orbiter to return it to the desired zone.

The times at which each mode of the station-keeping guidance routine is called
are determined by the Station-Keeping Executive Routine (Ref. T).

Three coordinate systems are used in.the station-keeping guidance routine:
(1) stable-member, (2) local-vertical, and (3) workshop-fixed coordinates, All
three systems are orthogonal right-handed systems, The relationships between
these frames are shown ir Figure 2. Tke stable-member system is fixed w.r. t,
the inertial measurement unit (IMU). The local-vertical system rotates with the
workshop, as shown in Figure 2, with its X-axis along the local vertical and its
Z-axis along the workshop-orbit angular-momentum vector. The normal-mode
and midcourse-correction computations in the guidance routine are done pri-
marily in this local-vertical frame, The workshop-fixed frame is fixed w. r.t. the
desircd station-keeping zone. The boundary-avoldance mode computations in the
guidance routine are performed in this frame.

4,2 Normal Guidance Mode

The analytical development of the basic guidance concept has been extensively
documented in Refs. | and 3 for AAP missions, and in Ref. 2 for S8V missions.

4-1



P-Frame: inertial reference
Y, L-Frame: local vertical at workshop

Station-Keeping ) Yo W-Frame: fixed to workshop
Zone
Y™ Xw
7~
@y =Workshop - X
Orbital Rate T —
Orbital Path  ~Zow~"— Workshop Xp

Figure 2. Station-keeping System Relative Geometry
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Figure 3. Geometry for Guidance Limit Cycles
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Extensive performance data i8 given in these referencea. It i8 most convenicnt to

consider the In-plane and out-of-plane guldance equations separately, This ap-
proach will be followed here.

The in-plane problem will be considered first, The basic idea is to put the
shuttle on a trajectory that will terminate at a specified position w. r.t. the work-
shop (EDL) at a fixed terminal time (tF). A typlcal limit-cycle trajectory is

shown in Figure 3 for the case where the station-keeping zone is above and in front
of the workshop.

The.terminal time (tF } is based on the desired limit-cycle trajectory
height (hlc) and desired minimum altitude of shuttle w. r.t. the workshop (y
The basic relation is (Ref. 2):

).

min

6y 1
F=t+ w2 fc W
w 9‘T"m:'m{”!hllc

t

where t is the current time, and ww is the workshop's angular velocity.

The required correction (621‘) that must be made to the current shuttle
velocity (XL) in order for the vehicle to arrive at the position (EDL) at the
terminal time te is computed in a straight-forward manner (Refs. 1and 2},
The basic relation is

| ) _
vy, = ®gy (b tpdrp- qgp it tplrpl-y, (2

where ry, and vy represent the position and velocity of the shuttle w..r.t. the
workshop, expressed in local-vertical coordinates.

The matrices @RV and QRR are submatrices of the matrix ¢ . which is
used to extrapolate thé shuttle state w.r.t. the workshop forward in time, using
local-vertical coordinates. ‘The relation is

Iy (_tn) . @RR('I") | @y (7} EI-;“EL‘LZ 3
BTN {7y | gyl | |y )
where t and t, are arbitrary times (t, >t _|). The detailed relations for

q’RR » py - Fyp and QVV are given in Refs. (1) and (2) as a function of workshop
angular velocity (mw) and the time interval from .. to t, (referredtoas T).

l)“ T,




In the detalled flow diagram for the guidance routine {I'igure 4) the required
-1 -1 .
elements of mRV and @RV. 7 'PRR are represcented by the matrices A, B, C, and
the dummy variable d.

Two out-of-plane guidance modes are provided {Ref,.2). If the desired gta-
tion-keeping zone is centered in the workshop orbital plane, then Eqgs. {2) and (3)
can . be used to compute the required velocity correction ( 6v ZL)' The basic
equation in this case is simply:

gy = "Wy T2 coto - Vi, 2 (4)

where r; o and vy, g are the out-of-plane components of shuttle position and
velocity w. r.t. the workshop. The quantity is the workshop's angular ve-
locity w.r.t. the earth. The dummy variable @ is given by:

8= wy (tF -t} {5)

where tg i the desired arrival time at the terminal or target point.

If, on the other hand, it is desired that the station-keeping zone be displaced
from the workshop orbital plane, then the required velocity correction (Ref. 2) is
given by

- 2 _ 2 . } '
8vgy, * "’wJ 2 nax 1‘L,zl“’w’“g“ (2 hind VL, 2 (6)

The parameters =z and Znin specify the desired maximum and minimum

max
displacements of the shuttle w.r.t. the workshop in the out-of-plane direction. A
velocity correction is applied only if | rrg [ is less than Z nin and the relative
velocity is such as decreases ! r2 | still further (i.e. v .9 rr. 9 i3 nega-

tive).

The boundary-avoidance guidance scheme assumes an inverted truncated
cone as the desired station-keeping zone.. The apex of the cone is at the workshop,
and the corie's axis (iYWL)' is assumed fixed w. r.t. the workshop. The lower
boundary of the zone is specified by the parameter r .. which is its minimum
distance from the workshop. The size of the station-keeplng zonc is specified by
the cone half angle 6, .

4-4
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Two boundary-avoidance tests are made. Flrst, if the shuttle is too close to
the workshop (rw'l < rmm) and its velocity is taking it towards the shuttle, then
a correction is required. The shuttle in this case is given a preselected velocity
) away from the workshop. This is accomplished by a velocity correction

(Vo
(GY—I..} of

vy, = py " Vw1 ywe (7
where 1 WL is a unit vector along the workshop-frame Y-axis (statien-keeping
zone cone axis}, and rw. 1 and Vi 1 are the components of relative position and
velocity along this axis. )

Next, a test is made to see if the shuttle is inside the desired.zone. The test

quantity {q) is computed from:

q=ipw,1" cos OZ (8)
A second test is now made to see if the shuttle's velocity is directed away from the
zone's center line, i.e. the angle between r .y and the cone's axis is increasing.
The test quantity 4 is given by:

a=lvyg, - @y igw! lrw,1 ) 2
1f both q and g are negative, then the shuttle's component of velocity (w.r.t.

the workshop) in the direction normal to the station-keeping ¢one boundary (1 NW)
is given a prespecified value of...vDN , directed in towards the cone axis. The re-

quired velocity correction to accomplish this is (Ref. 1)

8w = pn T Yw o inw! inw t10)

where the required velocity correction 4v .,y {3 in workshop-fixed coordinates a8

is the relative velocity ( !W)'
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5, DETAILED FLOW DIAGRAMS

A detalled flow diagram is shown for the Station-Keeping Quidance Routine
in Figure 4, To operate this routine, navigation information i8 required from the
Station-Keeping Navigation Routine (Ref. 8), The mode selection and routine-call
times for both the Station-Keeping Guidance and-Navigation Routines are controlled
by the Station-Keeping Executive Routine (Ref, 7).
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Figure 4d. Station-Keeping Guidance,
Detailed Flow Diagram
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6, SUPPLLEMENTARY INFORMATION

The guidance concept has boen oxtensively studied for both AAP and space-
shuttle missions (Refs, 1-6), Detailed descriptions of the guldanco system arc
given in the referanced documents along with systam-performance data. Fer the
typical station-keeping ranges studied, i,e., 1000 ft or less, the average velocity

correction requirad was about.10 ft/sec/orbit for station-keeping above, and about
0.5 ft/sec/orbit for station-keeping in front.

6-1



REFERENCES

Gustafson, D., and Kriegaman, B., "Preliminary Design
of Automatic Station-Keeping Guidance and Navigation
Systems for AAP", M.I. T...Draper Lab AAP Memo No.
69-388M-12,

Gustafson, D., and Kriegsman, B., "A Guidance and
Navigation System for Automatic Station-Keeping in a
Near-Farth Orbit", M.I.T.. Draper Lab Report E-2534,
August 1970.

"Design and Development of GN & .C Software for the AAP
Wet-Workshop Missions", M, I,’I. Draper Lab Report
E-2469, Aoril 1970.

Gustafson, D., "Automatic Station-Keeping for LM/ATM
above OWS", M,I, T, Draper Lab AAP Memo No,
69-388M-8.

Kriegsman, B., and Gustafson, D., "Station-Keeping
Guidance and Navigation~Systems for STS Mission",

M. I, T. Draper Lab, 23A S8TS Memo No. 2-89, November
7, 1869,

Kriegsman, B., and Gustafson, D,, !Station-Keeping Navi-
gation', Space Shuttle GN & C Equation Document No. 186,
M, I. T. /Draper Lab, March 1972,

"Station-Keeping Executive', M.I, T. Draper Lab GN&C
Document {In preparation).



