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1. INTRODUCTION

This report presents the equations and logic to be programmed for an
all digital simulation of the AAP orbital workshop (OWS) pointing control
system (PCS) and *thrust attitude control system (TACS). Development of this
simulation is a subtask of Task KM-205. Analytical studies to investigate
the performance of the OAS attitude control systems will be carried out as
part of Task KM-205 using this simulation.

At the time that these simulation requirements were assembled, some
areas of the OWS control system software were not completely defined. To
work around this problem, it was established that the program would be
developed in a modular form such that the final software could be incorpor-
ated without disturbing the overall program structure. In many of these
undefined areas, subroutines have been developed which anticipate the soft-
ware to be incorporated in the onboard computer (on the basis of the physi-
cal principles involved and any available documentation). Changes to the
simulation will be made as the software to be programmed in the onboard com-
puter becomes finalized.

A block diagrum -f the OWS attitude control systems (ACS) is shown in
Figure 1-1. The portions of the OWS ACS which are modelled in this simu-
lation include the CMG subsystem, the thrust attitude control system (TACS)
jets, the pointing control system (PCS) and TACS software in the ATM digital
computer, the star tracker, the vehicle rate gyros, and the acquisition sun
sensors. The experiment pointing control (EPC) subsystem and the launcn
vehicle digital computer (LVDC) are not modelled.

The operational modes of the OWS ACS which have been modelled include
all the possible modes of operation described in Reference 2, the Interface
Program Requirements Document (IPRD).

A general purpose input/output processor will be used for this program.
A1l parameters named in Section 4 will be available for printout or plot-
ting. The frequency of printout and plotting will be specified seperately
and will be some multiple of the fast loop frequency. More details on the
input/output processor will be given in the user's manual.

1-1
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2. COORDINATE SYSTEMS AND SPECIAL DEFINITIONS

This section provides the definitions of the coordinate systems used in
the simulation and discusses the required matrix transformations between
them. Figures 2-1 through 2-8 illustrate the relationships between perti-
nent pairs of coordinate frames.

2.1 s-SYSTEM

The s-system (XS, Ys, Zs) is earth centered with Xs perpendicular to
the ecliptic plane and positive in the direction of the celestial north
pole, and ZS pointing at the sun.

2.2 p-SYSTEM

The p-system (Xp, Yp, Zp) is an earth-centered system with Xp along
the earth spin axis and positive towards the earth north pole. Zp is the
projection of ZS onto the equatorial plane.

2.3 e-SYSTEM

The e-system (Xe. Yoo Ze) is earth centered and earth fixed, i.e., it
rotates with the earth. Xe lies along the earth spin axis and is positive
toward the earth north pole. Ze lies in the equatorial plane and is posi-
tive through O-degree longitude.

2.4 0-SYSTEM

The o-system (Xo, Yo’ Zo) is earth centered with Xo perpendicular to
the orbit plane, positive in the direction of the orbit momentum vector.
Zo lies along the intersection of the orbit plane and the equatorial plane,
positive in the direction of the ascending node.

2.5 y-SYSTEM

The y-system (Xy, YY, ZY) is earth-centered inertial system with
XY = Xs and ZY parallel to a line from the sun to the vernal equinox.



2.6 v-SYSTEM

The v-system (Xv, Yv’ Zv) is centered at the vehicle center of mass
with Zv along the vehicle radius vector, positive toward the center of the
earth and Xv parallel to Xo and positive in same direction as + XO.

2.7 u-SYSTEM

The u-system (Xu, Yu’ Zu) is centered at the vehicle center of mass
with Zu pointing at the sun and Xu in the orbit plane, positive in the
direction of the vehicle velovity vector at orbit noon. This system is the
nominal solar inertial reference system.

2.8 b-SYSTEM

The b-system (Xb, Yb
multiple docking adapter (MDA) with Xp along the vehicle longitudiral axis,
positive through the CSM. The Zb axis 1ies along the centerline of the
Apollo telescope mourt (ATM) and is positive away from the ATM. The
b-system is initially aligned to the v-system via three successive rotations:
by’ by’ and “by about Xv' Yv’ and Zv, respectively. Nominally, while in
the solar inertial attitude, by is the cen*ral angle in the orbit plane
between the orbital assembly (0A) and orbit noon, “hy T 5 and “by is the
angle hLetween Xb and the orbit plane. A positive : occurs when Zu and X0
lie on the same side of the orbit plane (i.e., when the sun and orbit momen-

, Zb) is centered at the center of the vehicle

tum vector lie on opposite sides of the orbit plane).
2.9 b-SYSTEM

This system (Xs, Ys, ZH) represents the body coordinate system used by
the onboard computer calculations in determining the vehicle inertial orien-
tation from star tracker measurements prior to a local vertical maneuver.
The b-system which is ideally aligned with the b-system, is used to simulate
star tracker misalignments. It is assumed that the nominal star tracker
zero reference is along +Yb, so that misalignments are incarporated by
orienting the b system away from the b-system by the two successive .7 .a-

tions: Lig about Xb and *’s about 26.

2-2



2.10 i-SYSTEM

The i-system (Xi’ Yi’ Zi) is earth centered with Xi = X0 and + Zi
pointing towards the sun (Zi is the projection of ZS on the orbit plane).

2.11 SPECIAL DEFINITIONS

In the detailed requirements which follow, the symbol [A]ef is used to
indicate the transformation from the e-system to the f-system, where e and
f represent any of the above coordinate systems. For example,

- - - -
XS Xp
Y| = [A]pS Yp
ZS Zp

- > o

The notations [ex], [ey], and [ez] are employed to represent the trans-
formations

-

—1 e 0 ) Pcos ] 0 -sin 8

0 cos 9 sinel,|] O 1 0 .
0 -sin ¢ cos 8} |sin © 0 cos 6

L JL i
cos 8 sin 6 0

and |-sin o cos o 0 |, respectively.
0 0 1
L i

The notation Aef(i, j) refers to the element in the ith row and jth

column of [A]ef'

2-3
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Figure 2-4.
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3. DISCUSSION OF EQUATIONS AND LOGIC TO BE PROGRAMMED

Appendixes A through H describe the detailed requirements for the orbi-
tal workshop simulation. An explanation of the functions performed in each
of these appendixes is given in this section. All parameters identified in
this section and Appendixes A through I are defined in Section 4.

3.1 APPENDIX A - PROGRAM TIMING FLOW DIAGRAM

In this appendix, the computations to determine the slow loop integra-
tion step size are detailed and the overall program timing is iilustrated.

The fast loop, which contains the control systems, sensors, and some
dynamics and other associated computations, is performed every At seconds
(real time). The slow loop integration step size, which is computed on the
basis of disturbance torque magnitude as reflected in body rates, is vari-
able and ranges from at to TBD seconds. Phasing checks sre also made in
the fast loop to determire if any mode or parameter change is required.

3.2 APPENDIX B - SLOW LOCP ENVIRONMENT

Included within this appendix are the equations used to generate aero-
dynamic torques, gravity gradient torques, the latitude and longitude coor-
dinates of vehicle position, vehicle orbit position, and matrix
transformations associated with vehicle attitude. Some of the initializa-
tion is also specified in this appendix. The inertia matrix is inverted,
the magnitude of the velocity vector is determined, and orbital rate is also
computed. The initial body-to-local-vertical transformation and the initial
values for other orbital parameters, such as the time of the last ascending
node crossing, are also computed. In addition, the star tracker misalign-
ment transformation is generated and the quaternions are initialized.

The slow loop is also entered periodicaliy (some multiple of fast loop
period} to update orbit position, g angle, slowly varying torques such as
gravity gradients and aerodynamic torques, vehicle latitude and longitude
coordinates, and the transformation between various coordinate systems.

3-1



ARerodynamic torques are determined on the basis of the computed vehicle
angle of attack and tables of aerodynamic coefficients stored as functions
of angle of attack. The diurnal bulge (i.e. variations in atmospheric den-
sity due to solar radiation) is taken into account.

Gravity gradient torques are computed in body coordinates on the basis
of the vehicle inertias and elements of the body-to-local-vertical rotation
matrix cosines.

Latitude and longitude are computed on the assumption of a circular
orbit and a spherical earth. Orbital precession and earth rotation are
taken into account. Orbit position is computed with the assumption of a
circular orbit also.

3.3 APPENDIX C - FAST LOOP ENVIRONMENT

In Appendix C, the fast loop eauations are specified. The first com-
putation made determines external disturbance torques sucn as crew motion
dockina and ventina. Then this toraue is summed with the other externai
torques acting on the vehicle including control torque. Following this,
orbit position is updated. The Euler equations, which specify the vehicle
motion, and the quaterions, which specify vehicle attitude, are then inte-
grated simultaneously to obtain vehicle angular rate and vehicle attitude
relative to the inertial reference frame. The angles which the sun vector
makes with the body X- and Y-axes are computed for sun sensor inputs if
these angles are required (i.e., solar inertial daylight mode).

3.4 APPENDIX D - SENSORS

'n this appendix, the sensor subroutines ave called as required. The
Rate Gyro Subroutine 23 is entered each nass through the fazt loop. The
vehicle rates are processed through the rate gyro mode! to determine meas-

ured rates.

The Sun Sensor Subroutine 24 is entered only in the solar inertial day-
light mode. The sun vector angles are processed through the sun sensor
model to determine measured sun angles.



g

3.5 APPENDIX E - CONTROL SYSTEMS

In this appendix, the mode logic which is present in the ATM DC is
modelled. The flags which specify the mode of control are tested each pass
through the fast loop and appropriate control subroutines are called on the
basis of these flags. The first test macde is for an inertial hold and man-
euver mode. If this is the mode of control, it is further determined
whether the maneuver to be defined is an auto maneuver or a momentum man-
agement nmaneuver and the appropriate subroutine is called. This is only
done once per maneuver and the new maneuver flag, ITNM, is then set equal to
zero.

The pointing control system control (PCS) mode status is then checked.
If the PCS is in standby, further PCS mode checks and all PCS control func-
tions are bypassed. If the PCS is in the cage mode, the Gimbal Caging
Subroutine 5 is called and the commanded control moment gyroscope (CMG) gim-
val drive rates are computed for use in the CMG dynamics. If the PCS is in
the solar inertial mode, the Orbit Darkness Subroutine 6 is entered to
determine if the vehicle is in daylight. Following this the Pseudo-Axis
Maneuver subroutine is entered to determine if a Y-axis momentum sampling is
required. A mode switch will occur if darkness has just been entered on
this fast loop pass. A momentum management maneuver will be called for
unless inhibited. The Solar Inertial Daylight Rate and Attitude Error sub-
routine is then entered to determine vehicle error signals prior to entering
the PCS Control Law subroutine.

If the PCS is in the local-vertical mode, the Local Vertical Rate and
Attitude Error subroutine is called and vehicle error signals are generated
prior to entering the PCS Control Law subroutine. If the PCS is in the
inertial hold and maneuver mode, the vehicle errors are generated in the
Auto Maneuver Rate and Attitude Error Subroutine 14 prior to entering the
PCS Control Law subroutine.

CMG gimbal drive commands are generated in the PCS Control Law sub-
routine and then processed through the CMG Dynamics subroutine to obtain the
control torque. The CMG gimbal positions are then determined by integrating

P |



the gimbal rates in the CMG Gimbal Integration subroutine. The total
momentum stored in the CMG system is then determined in subroutine 10. If
the momentum exceeds some allowable 1imit, then the appropriate flags for a
TACS momentum dump are set.

After 211 the PCS mode checks, the TACS control mode status is checked.
If the TACS is in standby, all further TACS mode checks and control func-
tions are bypassed. If the TACS is in the inertial hold and maneuver mode,
subroutine 14 is called to generate attitude and rate error signals. If the
TACS is in the local vertical mode, subroutine 8 is called to generate atti-
tude and rate error sianals. The TACS phase plane and jet select logic sub-
routine is implemented with these errors to determine if jet firings are
reauired. The TACS control torque is then computed in subroutine 20, and
the TACS fuel consumed is computed in subroutine 22. If the TACS is in the
momentum dump mode, subroutine 21 is called to calculate the jet impulse
required.

3.6 APPENDIX F - INITIALIZATION

In this appendix, certain computations are performed which are required
only once for the control section. The portion of the orbit which is in
darkness is determined. If the vehicle is always in daylight, a flag is
set. The portion of the orbit to be used for gravity gradient dumping is
also set. An angular increment used to determine whether a momentum sam-
pling is reauired for use in the Pseudo-Axis Subroutine 12 is also computed.
The TACS impulse which has been consumed is initialized. Several other ¢
dependent parameters which are used in the Mome: ‘um Management and Pseudo-
Axis subroutines are computed in this section.

3.7 APPENDIX A - CONTROL SYSTEM SUBRNUTINES

In this appendix, all the subroutines associated with the TACS and PCS
are detailed. These subroutines contain all the ATM DC, TACS, and PCS con-
trol equations, and the TACS jet and CMG dynamics models and will be called
as required each pass through the fast loop. The subroutines to be imple-
mented each pass are specified in the control mode checks (Appendix E) or
are called by other subroutines in this section. Most of these equations
are in control system areas which are not well defined at this time.
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Therefore, the description of these equations will be supplied at a later
date. For the most part References 1, 2, 3 and 4 were used to define the
PCS and TACS. Where other information was required References 5 and 6 were
consulted.

3.8 APPENDIX H - SENSOR SUBROUTINES

Thi. appendix describes the models used to simulate the transfer func-
tions and input - output characteristics of the sensors (acquisition sun
sensors and rate gyros). The sensor responses are represented by difference
equations reduced from the Z-transforms of the transfer functions (with some
simplifications made). The rate gyro saturation is represented by an output
rate 1imit. The sun sensor nonlinearities have been determined by fairing
in straight lines over the input-output characteristic curves.

3.9 APPENDIX I - OUTPUT PARAMETER COMPUTATIONS

This appendix contains the necessary computations to generate output
parameters which differ from variables being generated in the fast and slow
loops of the program. The only parameters of this nature identified to date
are pointing errors. The angles which will be used to determine pointing
error are adequately defined in Appendix I.

3-5



4. PARAMETER DEFINITION LIST

A11 the symbols used in the equations presented in trie appendires and
the text are listed and defined in this section. The programme« equations
assume all parameters are in English units, that is, in feet, pounds, and
seconds. If other units are required, the conversion fac’ ir between the
specified units and the foot-pound-second units is a required input for the
input processor. Angular inputs are all expected to be in degrees. The
input processor then converts these parameters to radians. More details on
the input format will be given in the user's manual.

Parameter Definition
[A] a 3 x 3 control input matrix
a quaternion defining orientation of body axes

relative to the p-system

*
[A]bh transformation relating the b-system to the
u-system, used in the auto maneuver routine

*x
[A]Hu transformation defined by three successive
rotations, ¢f, 6f, and yf, which specifies the
desired final orientation of the b-system rela-
tive to the u-system resulting from an auto
maneuver to an arbitrary inertial attitude

[A]Huf transformation used in auto maneuver calcula-
tions which relates the b-system at maneuver
termination (desired) to the u-system

[A]Hui transformation used in auto maneuver calcula-
tions which relates the b-system at the begin-
ning of the maneuver to the u-system

[A] transformation used in auto maneuver calcula-
tions which relates initial orientation to final
orientation

[A]ef direction cosine matrix whicn rotates the
e-system into the f-system (e or f = s,p,e,v,b,
i,b%u)

A coefficients (momentum management) (i = 2,3)
..th

a;; ii”" element of [A]bY

4-1



Parameter

*ASLOP

*
ASS

*ASUNI

*ATH

(8]
b

i1
N
*B

*801

*BPPI

*BPRI

*g
rg

*
BSS

*BTH

1° 72

[c]

3

Definition

coefficients (momentum management) (i = 2,3;
i=2,3)

aerodynamic reference area
rate gyro characteristic constant

parameter used in defining nonlinearity of sun
sensors

sun sensor characteristic constant

parameters used in defining nonlinearity of sun
sensors (I =1,2,3)

constant used for curve fit of thrust versus
total accumulated impulse

a 3 x 3 control input matrix

quaternion defining orientation of body axes
relative to the p-system

ii element of the matrix [B]

coefficients (momentum management) (i = 2,3;
i=1,2,3)

a positive constant used in PCS control law
implementation

a positive constant used in PCS control law
implementation

abscissa in Ith phase plane break point
I1=1,2, ..., 10)

ordinate in Ith phase plane break point
I1=1,2, ..., 10)

rate gyro charicteristic constant
sun sensor characteristic constant

constant used for curve fit of thrust versus
total accumulated impulse

elements of the third column of the direction
cosine matrix [A]Vb

a 3 x 3 matrix related to [A] and [B]

quaternion defining orientation of body axes
relative to the p-system
4-2
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sy

Parameter

i

*k
C-l N Cm, Cn

’ ’ 7
C]’ “mn* Cn

Cm1° Cm2

*C

pi
*C
*C

SS

*CTH

tion

Definition
ii element of [C]

aerodynamic moment coefficients about aero
reference point

aerodynamic moment coefficients about vehicle
cm

moment management maneuver rate direction
cosines

positive constant used in PCS control Taw
implementation

unit vector in body coordinates defining axis
of rotation during auto maneuver

X, Y, and Z components of 6
(i =1,2,3) P
rate gyro characteristic constant

sun sensor characteristic constant

constant used for curve fit of thrust versus
total accumulated impulse

computed TACS jet on time to dump CMG
momentum about i-axis (i = X,Y,Z)

aerodynamic normal force coefficients

value of determinant (momentum management)

quaternion defining orientation of body axes
relative to the p-system

aerodynamic reference length
rate gyro characteristic constant

constant used for curve fit of TISP versus
total accumulated impulse

rss of the four quaternions a,b,c, and d

constant used for curve fit of TISP versus
total accumulated impulse

equal to E], E2 and E3, respectively
4-3



Parameter

E], E2, E3

*ETH

G
GN

1° 920 93

*h

*11

{Hi}

Definition

» 6, ), and

), (o y

phase plane points (6ex, 8

) £X
(8 _, eez), respectively

ey
4

th

element from i~ row and jth column of [A]

unit vector in direction of applied force
from jet j

a flag to indicate the second momentum manage-
ment maneuver has yet to be initiated

constant used for curve fit of TISP versus
total accumulated impulse

—3&2
the sum of the g, (i =1, 2, 3) coefficients
coefficients used in total CMG stored momentum

computation to indicate if a CMG is operational
(gi = 1) or inoperative (gi = 0) —

CMG momentum vector, with components H_, H ,
and HZ X"y

orbit altitude measured from the earth's sur-
face (n mi)

allowable Timit on stored momentum in CMG
system

projection of {H} on 1th outer gimbal plane,
with components Hi]’ H12’ and H1.3

approximation to the vector {Hi}, with compo-
nents Hi]’ HiZ’ and H1.3

unit vector along the ith outer gimbal momentum
component

computed momentum available for momentum
management maneuvers

-

4-4
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**H

Parameter

Hmp

*Ho

H H H

xb* “yb® "zb

H H H

xd® "yd’ “zd

H H

xdb?® “ydb® “zdb

H

meax’ Hymax’ zmax

yn

yn+1

Hyr

IAMM

**TAUTOM

Definition

computed momentum available for CMG auto
maneuvers

momentum capacity of each CMG, 2000 ft-1b/sec

a positive constant used in PCS control law
implementation

total momentum stored in CMG system

magnitude of total CMG stored momentum which is
allowed to be used for momentum management
maneuvers

magnitude of total CMG stored momentum which is
allowed to be used for auto maneuvers

magnitude of total momentum stored in the CMG
system

magnitude of the maximum expected gravity grad-
ient momentum accumulation used to determine
allowable auto maneuver rate

magnitude of the maximum expected gravity grad-
ient momentum accumulation used to determine
allowable auto maneuver rate

bias components of stored momentum in body
coodinates

components of momentum to be dumped by TACS
desired components of momentum bias

the maximum accumulated gravity gradient momen-
tum expected during an orbit used to determine
momentum available for CMG vehicle maneuvers

momentum stored in the body Y-axis at the sun-
set terminator

momentum stored in the body Y-axis at the sun-
rise terminator

angular momentum removed from the Y-axis CMG
(pseudo-axis maneuver)

set equal 1 if momentum management maneuver to
be performed

set equal 1 if auto maneuver to be performed
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Parameter

**TARBI

IDARK
IDAYL
**DELTA

IDELV

*§
e

** GG
IICR

(1]

[KMM

[MPC

IMPCO

*i
0

**]PCAGE

**[PIHM

**IPSI
**]PSTB
**]PZLV

**]TIHM

1T™MOD

Definition
set equal 1 if auto maneuver is to an arbitrary
inertial attitude
set equal 1 if vehicle in darkness
set equal 1 if vehicle always in daylight

flag set to indicate a delta maneuver from ZLV
is to be defined

flag set to indicate a delta maneuver from ZLV
is in progress

inclination of equatorial plane relative to
ecliptic plane

flag set 1 to inhibit GG momentum dumping

flag set 1 if either an auto maneuver residual
angular increment or incremental change in
attitude is to be added to the present attitude
error .

vehicle inertia tensor relative to the b-system
(i, = X, ¥, 7)

flag set to indicate momentum management maneu-
vers have been defined

instantaneous total accumulated impulse
initial value of IMPC

inclination of orbit plane relative to equator-
ial plane

set equal 1 if PCS in gyro cage mode

set equal 1 if PCS in inertial hold and
maneuver mode

set equal 1 if PCS in solar inertial hold mode
set equal 1 if PCS in standby mode
set equal 1 if PCS in LV hold mode

set equal 1 if TACS in inertial hold and maneu-
ver mode

set equal 1 if TACS is dumping CMG momentum
4-6



Parameter

**ITNM

**[STAR

ITSON
**[TSTB
**ITZLV

IXON

IYON

IZON

**IZLV
JFLAG(I)

*Kp1

*K
g

*K

*Kl

*Km

KJET

Nefinition
set equal 1 if new auto maneuver is to be
defined

set equal 1 if star tracker computation is to
be performed

set equal 1 if TACS momentum dumping in progress
set equal 1 if TACS in standby mode
set equal 1 if TACS in LV hold mode

estimated values of principal moments of inertia
stored in control digital computer

set equal 1 if TACS X-axis jets dumping
momentum

set equal 1 if TACS Y-axis jets dumping
momentum

set equal 1 if TACS Z-axis jets dumping
momentum

set equal 1 if auto maneuver is to ZLV
jet-on flag for jet I (I =1, 2, ...6)

a positive constant used in PCS control law
implementation

a gain constant used in computing gimbal rate
drive during caging

a positive variable used in PCS control law
implementation

a positive constant used in PCS control law
implementation

a positive constant used in PCS control law
implementation

a positive constant used in PCS control law
implementation

parameter to indicate if a jet is firing
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Parameter

*
Krgi

*Krt

*
Kss]

*
K532

rate gyro output bias and scale factor constants
corresponding to each body axis (i = 1, 2,

a positive constant used in PCS control law
implementation

sun sensor output scale factor about Y-axis
sun sensor output bias about Y-axis
sun sensor output scale factor about X-axis
sun sensor output bias about X-axis

constants used in computation of air density

th

a number related to the i~ main diagonal com-

ponent of [Kﬁ]

main diagonal elements of [KB]
main diagonal elements of [K.]
main diagonal elements of [K?]

a 3 x 3 weighting matrix used in PCS control
law implementation

a 3 x 3 matrix related to [K ] used in PCS con-
trol law implementation

a 3 x 3 weighting matrix used in PCS control
Taw implementation

a 3 x 3 matrix related to [K ] used in PCS con-
trol law implemention

a 3 x 3 weighting matrix used in PCS control
law impliementation

a 3 x 3 weighting matrix usec in PCS control
law implementation
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Parameter Definition

{Mc} total torque command vector
{Mcd} desired torque command vector
{Mcf} filtered torque command vector
M ith component of the vector {M .}
cfi cf
{Mcfi} projection of {Mcf} on 1th outer gimbal plane
th 2 -
Mcfij J= component of the vector {M_c.} (j =1, 2, 3)
*Mcflim filtered torque command limit, a positive
constant
NJET total jet-on time during TACS computation
cycle, at
ﬁ5 pos1t1on vector of Jet J» with components P
Puss Payr (3= 1:2,...,6) xj?
yj’
PFLAG(I) minimum impulse flag (I =1, 2, ..., €)
*PQRL IM limit on rate gyro output for each gyro
Pt rate error coordinate corresponding to the
position error on those positions of the phase
plane switching lines having non-zero slope
qp dynamic pressure
R vehicle angular rate vector, with components
P, Q, and R
R time rate of change of R
*p radius of the earth
EE commanded body rate vector, with components
P,Q., and R
¢’ “c c
[RG] matrix defining the measiured vehicle rates for
use in determining the required CMG torque
*Fs position vector of jet j, relative

to vehicle c. m.
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Parameter

*Ro

rg

(s]

*SF1

*SF2

*SMALL

*S rg

—|

ct

TF

—|

*tgo

Definition

initial value of R

measured body rate vector, with components
Prg’ Qrg’ and Rrg

matrix in the auto maneuver routine used in
determining Cp for the case of Yo 2 170 degrees

safety factor to reserve a fraction of the CMG
momentum for transients during auto maneuvers

safety factor to reserve a fraction of the CMG
momentum for transients during moment manage-
ment maneuvers

a flag used in the computation of the slow loop
computation cycle to indicate if a reduction
in *t has “een calculated

rate gyro response about X-axis

time from run initiation

aerodynamic torque vector with components T__,
T ,and T ax
ay’ az

TACS thrust

command TACS torque by jet j, with components

Txcj) Tch; and TZCj (J = ]’ 2, cers 6)

control torque, generated from PCS, with com-

ponents TCpX' Tcpy’ and Tcpz

control torque, generated from TACS, with com-

ponents Tctx’ Tcty’ and Tctz

time at which auto maneuver is to be termin-
ated

gravity gradient torque vector with components

T .T. 7 and
gx* Tgy» 34 Tg;

s 13tantan=ous Greenwich time (referenced to
noon)

My

Greenwich time at run initiation
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Parameter

TI

io

if
*TISP
j+1)9
t(3+1)0

*t.

TPC
*T

**T

Txon’ Tyon’ Tzon
*U rg
Uys U,y U

Definition
time at which next momentum management maneuver

is to be initiated

time to initiate a momentum management maneuver
(i =2, 3

time to terminate a momentum management maneuver
(i =1, 2, 3)

TACS specific impulse

equals t. (time to initiate a momentum manage-
ment manéﬂver)

adjusted time to initiate a momentum management
maneuver (j =1, 2)

minimum impulse time
time of the last crossing of the ascending node

TACS propellant consumed

rate gyro response about Y-axis

impulsive torque vector input in tabular form
which represents crew motion, docking, venting,
etc., with components Trx’ Try, and Trz

abscissas in tabular input of Tru versus time
where u = x, y, z, i =1, 2, 3

time at which the slow loop was last entered

nominal torque components expected from TACS
thrusters

simulation time at which x, y, and z jets are
shut off after TACS momentum dump

rate gyro response about Y-axis

elements of a vector in auto maneuver routine
which lies along the unit vector Cp

magnitude of vehicle orbital velocity

(@« [h+r])

4-11



Parameter

**XBAR, YBAR, ZBAR

*%

Vxb® Vyb’ Vb

*XYZ

“1d°* “2d* *3d

A

Definition
components of vehicle velocity vector in body
coordinates
components of vehicle center of mass in vehicle
coordinates which are used in aerodynamic calcu-

lations

coordinates of vehicle c.m. in body coordinates

scale factor used in the adjustment of the slow
loop computation cycle

total angle of attack

outer gimbal angle vector, with components s
% and %3

time rate of change of {a}

commanded outer gimbal rate vector with compo-

nents 80 Soeo and &3c ~

desired outer gimbal rate command vector

outer gimbal rate vector for gimbal avoidance

computations, with components d]ga’ &Zga’ and
*3ga

1th outer gimbal rate error signal (i = 1, 2,3)
a quantity related to o, (i=1,2,3)

outer gimbal rate Timit
outer cimbal limit
desired CMG outer gimbal caging angles

angle formed by the vehicle radius vector from

the center of the earth at orbit noon and the

vector from the center of the earth to the sun;

2 > 0 when the sun and the orbit momentum vec-

tor 1ie on opposite sides of the orbit plane {ﬂ)

gimbal angle vector with components Bys 62,
and 83
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Parameter
{8}
{Bc}
{Bcd}

(8,

**B14> Bagd Bag
]

[v]

Definition

time rate of change of {g}

commanded inner gimbal rate vector, with com-
ponents B1c® Boce and Bac

desired inner gimbal rate command vector

inner gimbal rate vector for gimbal avoidance
computations, with components B]ga’ BZga’ and

B3ga

inner gimbal rate limit
inner gimbal limit

desired CMG inner gimbal caging angles

rotation about the ecliptic north pole which
transforms the s-system into the y-system

a matrix defining the transformation from body
to principal coordinates

total angle of rotation used in auto maneuver
routine

element from row 1 and column j of the trans-
formation matrix from body to principal axes

Ii - Ij (i, J =%, Y, 2)

magnitude of momentum stored in the CMG system
in the same direction as the momentum change
desired for a momentum management maneuver
magnitude of momentum stored in the CMG system
in the same direction as the momentum change
desired for an auto maneuver

fast Toop computation cycle

root sum square of aX, AY, and AZ
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Parameter

48

ATC

*%
Ax, Ay, AZ

AX

* A
.'_.YS

*Sallow

“max

o

Nefinition

fraction of the total orbit angle traversed in
one fast loop cycle

time duration of auto maneuver

desired incremental change in present attitude
vector (=4), with rotation order equal X,Y,Z

difference between longitude of ground track
and longitude of ascending node

overlap condition indicator (j = 1, 2)

the first of two successive rotations (ass
about x and ay_ about z) of the b-system into
the b-system

angle about vehicle Z-axis through which vehi-
cle must be rotated to compensate for Y-axis
momentum accumulation expected to be due to
principal X-axis being out of tne orbit plane

the second of two successive rotations (&:
about x and ay_ about z) of the b-system ifito
the b-system

time increment used to test the nearness of &t

to Stmax‘ If &t is within éa]]ow seconds of

5tmax then, even though the angle criterion for
expanding &t may have been satisfied, St is not
increased

maximum allowable vehicle attitude change about
any axis between any two successive slow loop
computations. lsed as a criterion for computing
st

half angle cone subtended from orbit altitude,
h

stow Toop computation cycle

maximum allowable value of &t for a given run

angle used in transforming from i-system to
0-Sys tem : )
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Parameter

bvo

**e

|-

(]

Definition
computed momentum management maneuver angles
(i =y, zand j =1, 2)

momentum management maneuver rates
(i=x,y,253=1,2,3)

the displacement of dump midnight due to X
being out of the orbit plane

orbit position angle measured from orbit noon

rotation about body Y-axis to represent a mis-
alignment of the sun sensor with sun vecter

angle relating the b-system to the v-system
initial value of Ohy

the second of three Euler rotations defining
the final desired vehicle crientation resulting
from an auto maneuver to an arbitrary inertial
attitude

orbit angle at which local vertical Z-mode is
initiated

injtial value of o

updated value of & used in fast loop calcula-
tions

orbit position angle when darkness is entered
(measured from orbit noon)

sun sensor output about Y-axis

thfee successive rotations which define the
orientation of the p-system relative to the
s-system

attitude error vector to be used by control
systems (from sun sensors outputs and integra-
ted rate gyro outputs)

attitude rate error vector to be used by con-
trol systems (from body mounted gyro outputs)

transformation from the b-system to the current
reference system
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Parameter Nefinition

Y longitude of ground track
) inertial longitude of sun line (Figure 2-8)
A longitude of ascending node
*An rate of change of A
N e
"o 1n1t1a1.va1ue of Ay
u latitude of ground track
*ug earth gravitational constant
Vg ' rotation about Zp required to put the principal
X-axis in the orbit plane
Caip air density
*pmin the minimum allowable momentum management dump
half angle
*cn air density at orbit midnight
Pp an angle used to calculate the orbit position

from midnight where gg momentum dumping will
be initiated or terminated

$ bank angle, used in calculating aerodynamic
torques
*;bs rotation about body X-axis to represent a mis-

alignment of the sun sensor with sun vector

angle relating the b-system to the v-system

by
*;bvo initial value of "oy
**og the first of three Euler rotations defining the
final desired vehicle orientation resulting
from an auto maneuver to an arbitrary inertial
attitude
s sun sensor output about the Y-axis
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S L TH R

o e

Definition

Parameter
Yy angle relating the b-system to the v-system
*wbvo initial value of Yhy
**wf the last of three Euler rotations defining the
final desired vehicle orientation resulting
from an auto maneuver to an arbitrary inertial
attitude
Q magnitude of orbit rate vector, &
55 orbit rate vector in body coordinates, with
components Qxb’ be, and sz
*y magnitude of w
w earth spin rate vector
wy auto maneuver rate limit
wy computed rate vector magnitude for CMG auto
P maneuvers
*w]t auto maneuver rate magnitude for TACS
maneuvers

*
Input constant which is required only at program initialization

*
* Input constant which is required at program phasing points as well as
program initialization
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PROGRAM TIMING FLOW DIAGRAM



PRECEDING PAGE BLANK NOT FILMED.

‘ START ’

CASE °
INTIALTZATION [

Slow Loop
Environment
(see Appendix B)

Tslou

Fast Loop
Environment
(see Appendix B)

SENSORS
(see Appendix D and H)

Control Systems
(see Appendix E and G)

Output Parameter
Computations
(see Appendix 1)

NO
5 YES
Phase YE 6t > 8t | 6t > ot
Inftialization
NO
tet+at
st
6t = vy SMALL =
N
7
NO
YES
SMALL = |
Expected vaiues: XYI & 2
St m &t XYD  f—umd . N
Cariow * <99 Sty (V- qyp)
6tm" é12.8
i Round &t up to
SMALL = 0

nearest multiple
of at

pr—
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APPENDIX B

SLOW LOOP ENVIRONMENT



muﬂ"l

PRECEDING PAGE BLANK NOT FILMED.

‘ ENTER ’

Input:  6gs Ayn 1.. ‘go' t=0, 8, »

g’ A‘S' l‘v

Mf‘- "\0' &ﬂ' abvo’ vaov ‘b"o' Wy Foo hy 7y UH]

Enter
each N
stowsloop [ ™
cycle
YES

. -
1. Compute [1;,]
2. Vo /i fTheT)

3. a=v/(h+r)

(lyy = [y )21 Loy, ), oy 1]

Solve &, I

1f A . [

61'
!11'

"
TS

0%

Ol'
9"

A, =
[

]

1t 2% <A< Fid

I
73 Y
oy = - tan"[tun(-ez) sec ie]

hd
2°3
12
RN
1£3 ot 2n
- g " x
827
oy e ]

-
1
-1

tan* I[tan 6, 30¢ 1.]

te

"%< Ay <n

f

512 -
p‘qi []
h.l =

Xi'

!i’ -
" -

le

-tan"(tcn(-az) sec ‘e]

tan" [ tan 8, sec i.]

|
|
|
|
|
|
|
|
|
|
|
|




?

[ o = (o J [0 ] o]
[ e e
oo

[ s+ ) s [‘]'.. L.,

on [:... ot

sine 0 ocoss
DRCANICAN
Y
(4, = Le-r),)

B, « 4, 1A,

Note: ﬂ‘;b 13 solved only once

Solve ¢
s e [A]“ (:2)/eos & } where [AL.(U) = aloment from 1"
cos ¢ * [&]“ (3,3)/cos 3 row ond J"' column of[l]“

- 1
T
Oscs e
Solve t,
1fe>eo

t* (t-o° - 2)/a

ifc« o
ty ® l(e-0 )
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|‘vw«m’|

[A),, = Lm),] Lialt - t )]

Latitude and Longitude (u, A)

Solve aero and G G torques
a’ tq

SLOW ~

EXIT
Slow Loop

B-5

Initialize Quaternions

R SR TR

*ay

b-%fT#a”-azz

=1 +
c'z““n"‘zz

T3

- 33

1 ————
dez/Tay -3y

where

i T Ay (10 1)

and

[21,, = (A1, (AL, [4),, (A, (A3,

- 33




(W = [0 t),]

l" = Ano + Ant. li = A‘ + Ait

I
S S

[, = [-n),)

[A]m = [A]h lf“],,s
Solve 8, 6,, 8; and [A]ps

as in t = 0 calculations
(Alye = [0-2),J0(-1,),]

(A1}

(Al = (Al (A,

bs (A,

8 = stn”! (A (3,1)]

0 -1 0
[A]iu ={-cos 8 0 -sing
sing 0 -cos 8

Mote: [(-i,),] is solved only once

Solve ¢ as in t = 0 calculations.

2n
If t‘tn 25

tn b tn + 2n/0

otherwise, tn remains unchanged.

Solve Orbit Angle
q = n(t-tn) +c




Aerodynamic and Gravity Gradient Torques

Input:

Kis Koo Kgs Kos Alags Dpgps pps X

Cn(a,¢), Cy(a3¢): Cz(a3¢)’ Ca(aﬂb)

Transform Velocity to Body Coordinates

_ . T
be v
Vyb = [A]vb 0
Vv 0

! zb_ -

Compute Total Angle of Attack

6 = tan'] VXE
zb
0 <¢ <2n

Compute Density

o)
Oair = K] 1+ Kze

cm’

Y

for 2n - Ke <H<2mor0c<o < Ke

B-7
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Compute Dynamic Pressure

_ 2
% = 172 045V

Compute Aero Moment Coefficients About Vehicle Center of Mass

JA X
C'=C +C " _¢c &m
m m @ Vref ZDmf
r'=r:-ci(ﬂ -c;C"‘
n Y Pref ref
Zem Yem
Cl=C, +C = +¢ M
" Y Drer 2 Der

Compute Aerodynamic Torques

Cl

Tax = qp Aref Dref 2

ax

T
ay

]
qo Aref Dref Cm

Taz qp Aref Dref Cn
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Compute Gravity Gradient Torques

G=- 30

T . = G[b2 b3 (1

gx yy
Tgy = G[b.l b3 (IZz
ng = G[bl b2 (Ixx
where
bi = Avb(i,3)

i a2 2

- 1,5 = by by I, - (b b3) Iyz * by by Ixy
=1..)-b, by I = (b2 -b%) I _+byb,I

XX 2 "3 “xy 3 17 “xz 172 “yz
=T Y-byby I = (b2-b2)1_ +b,b,I

yy 172 'yz 1 27 “xy 2 "3 "Xz
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Latitude - Longitude

Compute Latitude, u

If o (t - tn) <

T ..
p=sin  [o(t - tn)] sin i,

where
0<uc<mn/2

If o (t - tn) >

- o
p=sin’ [r-20(t- tn)] sin i,
where

- %-s w0

Compute Longitude, X

If o (t - tn) =0

A =0

IfO<Q(t-tn)g%

>
>
i
(]
o
w
O
o
(72}
o]
—
[ d
]
+
b |
—~—

|= ‘] ]
A cos osy COS [ -a(t - tn)]
0 < ax < %
Ay = o= A



2

If o (t - tn) = q

AN =7

3r
Ifn<Q(t-tn)s§—

M = cos”! Eg%;-cos [a(t - tn) -]
0< M < %
AN = g+ AN
IF 35 <o (t-t)<2n
ax = cos™ == cos [2rn - (t-1t)]
cosy n
0 < ax' < %
Ax = 27 - Ax'
If o (t - tn) = 2n
ax =0
A=At
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APPENDIX C
FAST LOOP ENVIRONMENT

C-1



At

PRECEDING PAGE BLANK NOT FILMED.

‘ ENTER ’

Compute external

torque T,

Total Torgue
T-Ta+Tg+Tr+1’ct+Tcp

9 = -
p =8t (t-Tope

8ody Angular Accelerations
and Rates

R = 4, 51"{7- Rx ([15] T

R
where P
R= Q
t=0?
a + b - c - d 2{bc - ad) 2(ac + bd)
(Rl = 2(bc + ad) L 2(cd - ab)
2(bd - ac) 2(ab + cd) az - b2 - c2 + &

E
E
3
;




Integrate Quaternions
B b -c -d
6 11 2 -d [ P
el®?ld a -b Q
d - b a
e t
a E]
b b
¢ - ¢ dt
) . d
Normalize
le] = (az + bz + cz + 42)1/2
a = alef
b= b/le]
c=c/le|
d = d/|e]

}

(A, = (A1, (8],

Sun Vector

el
Os sin [Abs(3. 1)]

= in-]
tpg = SiN [Abs(B, 2)]

_@

c-4
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Impulsive Torques due to Crew Motion, Docking, Yenting

is input in tabular form versus time, t.

shall be calculated from this table as having a constant
value between any two successive tabulated time increments,

r3

ri tr2 tr4 trﬁ

Example
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APPENDIX D
SENSORS
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Cams®

PRECEDING PAGE BLANK NOT FILMED.

ENTER

Rate Gyro Subroutine
#23

YES

YES

NO

Sun Sensor Subroutine
#24

il

CONTINUE




APPENDIX E
CONTROL SYSTEMS




|'mmﬂ’l

Begin PCS
Subsystem

PRECEDING PAGE BLANK NOT FILMED.

[AUTOM = 1
?

YES

NO

IAMM = 1
?

YES

Auto Maneuver
Subroutine #1

Auto Maneuver
Rate Subroutine #2

\

Momentum
Management
Maneuver
Subroutine #3

Momentum Management

Go to TACS
Subsys tem

Gimbal Caging
Subroutine #5

|

Maneuver Rate
Subroutine #4

@ Go to CMG dynamics



Local Vertical
Rate and Attitude
Error Calculation
Subroutine #8

Go to PCS
Control Law
Implementation NO

Auto Maneuver
Rate and

Attitude Error
Subroutine #14

|
©

Orbit Darkness
Subroutine #6

Pseudo Axis Maneuver
Subroutine #7

|

YES

IPSI = 0
IPIHM = 1
I'TNM
TAMM
IKMM

nnn
P —

—

Solar Inertial Daylight
Rate and Attitude Error
Calculation Subroutine #9

Go to PCS Contro}l
Law Implementation

‘-mmml



PCS Control Law
Implementation
Subroutine #15

From Cagirg
————-

CMG Dynamics Specifies T,
Subroutine #16 pe

CMG Gimbal Integration
Subroutine #17

Total Stored CMG
Momentum Subroutine #10

b

Momentum Constraint
Subroutine #18




Begin TACS
Subsys tem

YES Auto Maneuver
| ‘Rate and Attitude
Error Subroutine #14

|

YES Local Vertical
Rate and Attitude
Error Calculation
Subroutine #8




'wmcs"

mﬁﬂ’

NO

YES

TACS Momentum
Dump Subroutine #21

(en

TACS Phase Plane
and Jet Select Logic
Subroutine #19

Compute TACS Torque
Subroutine #20

l Specifies th

| Subroutine #22

TACS Fuel Consumption

Exit Contro)
System Section

E-7
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£RECEDING PAGE BLANK NOT flimev.

U Infitalizagt

6" nn-'[” )]

(always in daylight)

vES 1DAYL = )
°r * “min
IDAYL = 0
Orbit position
. ' e ¢ when darkness
LR L T entered
YES
°r " min
NO
Use a1) darkness
period for st rc 8y
dumping
20 =0.6 (7 - at) |
I
HC = 1MCH
-1 112 tan 8 \ -1 Lu
» = v L)
® tan " T

2 ——
\,‘fl . vf: . v%, tlﬂz l)

- un"('“ $10 - $10 )~ ypo 810 R COS vy ¥ 14 COS r)

Ty SO vy S vy SRy

CONTINUE

Note: See also Slow Loop Computations and Fast Loop Computations.
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Subroutine 1
PRECEDING PAGE BLANK NOT FILMED.

Page 1
Auto Maneuver Subroutine #1.
.2, 2,2
8, xt iyt
[ A YES
ol x TOELTA = 1
¢ I (Delta maneuver from ?
p2 At y )
cp3 Az
*
1DELY = ] ves ( Star tracker
SI+ZLV maneyver computations
ISTAR = 1 ) dmnﬂne
? -
Ml
* l
Initia) [A],., (ZL;I‘S!) =
obtained from ES Final (AL, ,,n
present LV to computed from
inertial XFRM ber B ¥y
YES
(Arbitrarg
Inertial
A YES *
Final [A]b.u Final [A]b.u
set equal to calculated on
. {Arbitrary Inertial] T
LYW (" Yo SI} rasis of oy .63
C
=
*
-
Initial [A]b.u
obtained from
present hody
to inertial
transformation
*
Final {A)r
set ualbu
to [A gu

*
See page G-6



Subroutine 1
Page 2

Star Tracker Computations

Compute present orientation relative to solar inertial attitude,

*
[A ]bhi’ from off-nominal star tracker measurements.

[Al, = [AL;, [(-¢),] [AlLg [A,

[A]bhi - [A]bu [A]éb'

Set

[A]Eu = [A]Hui

Final [A]bh (=[A]Bhf) Calculated on Basis of 6, , By A

(Pl = L), [loq,), 0 [(-8,). [(=5,),7 [(-2,),]

Final [A]bh (= [A]bhf) Computed from bgs Bes Vg

]

X

[A]hhf = [(wf)z] [(ef)y] [(¢f)
Set

%

’ = 1.
[Alhy = Dlgur

Initial [A]bﬁ Obtained from Present LV

[Alg,s = D), D Dle iy

Compute EB

0
= 080,71 L6010, 3]0
0
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(see pages G-6 and G-7)

Compute Ye
and CpI
co?
o3
D ——

Auto Maneuver
Rate Subroutine
#2
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Compute Ye and
—_¢ P

GO

“]c * [A];’M [A]b'uf

Yo " cos™! {Vzuc(m) +A(2,2) +A3,3) - 1]}

Uy = Ac(3,2) - A (2,3)
U = A(1.3) - A (3.1)

Uy = A (2.1) - A, (1,2)

Y < .25 deg
(.00438 rad)

e < 170 deg
(2.97 rad)

1ICR = 1

—-{ EXIT ’




—®

(5] = 172 {[A] + [A].}

o (g

C .= SSZ,ZE - _€OS y /2
p2 - cos v)

Cp]

. (2 2 2 ,-1/2
cp (cpl * cp2 +C 3) sz
Cp3

Cp = C, STGN (v,)
Cpz = Cpp SIGN [s{1,2)]

cp] = Cp3 SIGN [5(1,3)]

Subroutine 1
Page 5

- \
Cp = €, SIG (u3)

C.y® cp, SIGN [S(1,3)]

pl

Co = Cop SION [5(2,3)]

Cp = Cp SIGN (UZ)

Cy= Cp‘ SIGN [5(1,2)]

El

-

Ca Cp3 SIGN [$(2,3)]

JICR = 1

< EXIT ’
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"

Compute

YES

TICR
TF =

IT™ =
TAUTOM

- "
"o o+

Exit Auto
Maneuver
Routine




Auto Maneuver Rate Subroutine #2

S B I

YES

meax = 216 o (Iz - ly) sin 2g

Hymax + 750 (Yl - Ix) cos &

Hzmax = 752 (Il - ly) sin ¢

tp Xmax + Hymax * Hzmax

Htap = {1 - SF1) Hemax

L. Cb1lex + cpZIyMy + C 3IZHZ

P I 275 o 9 -
i 2 2 2 2,2
\/Cpl!x + sz Xy + CDSIZ

N A IR
Ho Heap = Mep * p o

. Fmp
oo 2 2. 2 2
ch Lt eyt taly
W] = .]D
EXIT

subroutine

Subroutine 2
Page 1
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Page 1

Momentum Management Subroutine #3

ENTER

YES

NO

Total stored CMG
Momentum Subroutine #10

Compute Bias
Momentum Subroutine #11

Computation of
¢ angles (see
page 17-2)

NO
t>TI
?
NO YES
NO 0
T . E
Rc y2
€
YES L2
TF th
5 Tl = tJO
. F.=0
7 - 4t ml
RC = [ v3
" 23,
TF = t]f
{AMM = 0
IT\M = 0

Momentum Management
Rate Subroutine ¢4

EXIT subroutine

Computatiun of Maneuver
Times and Rates
(see pages G-11 - G-12)

,.m.u.\
"’




Computation of ¢ Angles

R (By) Hyp + Bp Hyp + Bag Hop)
g2 - A (—82] Hep Boo Hyb + Byg sz)
+ Ba, H

! '
21 = Ay (B3y Hyp + By Hyp + By Hyp)

B!, = —sin B8 _ B! = _._COSB
21 1 -ccs 20, ’ 31 i ;'33§'§;}
a’ al
] , %3
%2: =D ’ B3z = D
al al
; = —2-3— [ - 22
B3 ° - D : B =
- ' ’2
D= a5, a3 + ay3
a§2 = - %'(] + cos 28) (20, + sin 2p) + (20, - sin 20,.)

ayg = %-sin 283 (2°r + sin ZDF)

ayy = % (1 - cos 28) (20, + sin 20,) - (2. - sin 2 )
A, = 2 —_— A. = 2

2" 3a-al, ’ 37 3al
aly, = -1 : al, =1 -1

Subroutine 3
Page 2



Subroutine 3

Page 3
Maneuver Times
Maneuver 1
o 8 Orbital half angle used for momentum removal (rad)
. % Orbital angular velocity (rad/sec)
- 1./2 2
et PP N e
oy = Vehicle angular rate limit (rad/sec)
Maneuver 2

. Mtm 1 Y 2
Lo = = - Zu]\/(€y1 Eyz) t ey ep)

I D I Y Y
t2f ) - * 2m] (CY] hy2> + (EZ] - LZZ)

Maneuver 3
e o tn e 1 (70,02
30 : “ y2 r'22
- - +
. _ tm ‘r
t3f - -

If ;rj is negative, the next maneuver initialization time must be
delayed. The following equations apply.

.',",.=»;-;-€.+rt.-l'——\/(x - . )+(i]-62)2
S IR SR VA A N & yl = y2 z z

(3-6)

where



Subroutine 3
Page 4

This equation is valid for both the Y- and Z- axes. Thus, only one #p is

required per maneuver, not one for each axis.

If

Ap .
Pj

’

Y

is negative, delay the next initial maneuver time so that

- i
jtl)o = t(j+1)o T 2q %y



Subroutine
Page 5

Maneuver 1

*
IS =

yl

z1

Maneuver ¢

y2

Maneuver Rates

“aneuver 3

£ 3

323

€
E2 + E2
yl 21
21 .
2 . 2 |
yl = 21
-_(E'YZ _ il]) w]
e . - 2 & 2
\Jq;yl y2) Pl ’22)
(c30 = e p) .
.. 24 (. . - 2 1
Wyt = 5202 * Loy - <2
2 4.2 7
+ ¢
Veye 7 22
22
72 2



Momentum Management Rate Subroutine #4

‘ ENTER }

me = 0.216 o (Iz - Xy) sin 28
HW‘“ =0.75 @ (!z - Ix) cos 8
Hmax = 0-75 @ (Ix - 1y) sin 8
= 2 2 2
Htm meax + Hymax + me

GN =9y *65% 9

YES

GN > 2.5 H

620

Subroutine 4
Page 1



Subroutine 4
Page 2

Hygm = (1= SF2) Mo

2 2,
ch]ly * Cn2'z
- ;"2 4“72 2,
Hom = \/Htam Htm +oan - A
N
“ ————
2 .2 2 .2
\/lely * Co2ly

21T subroutine

R-16

—
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Gimbal Caging Subroutine #5

‘ ENTER ’

61 = Kg (ﬂld - a])

Kg (RZd - 02)
Kg <°3d - 03)

)
iy
By = Kg (814 - 8
8, = Ky (854 - 85)
By = Kg (B34 - 83)

EXIT subroutine

-17

]
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Orbit Darkness Subroutine #6

ENTER

- - jeos] [c05vpcos;]J <5,

EXIT subroutine




Subroutine 7
Page 1

Pseudo Axis Maneuver Subroutine #7

ENTER

sample H_ at sunset terminator
YES (samp y ) Total Stored (MG
Momentum Subroutine #10

(sample H, at sunrise
terminat‘r and
YES calculate ay)

Total Stored CMG
Momentum Subroutine #10

)= M

Hy(ni1 Y

Calculate Pseudo
Axis Subroutine #12

6:2 eel

H!" y

EXIT Pseudo Axis
Maneuver Subroutine




Subroutine 8
Page 1

Local Vertical Rate and Attitude Error Calculation Subroutine #8

ENTER

NO

(Uelta maneuver from ILV in progress)

YES

(terminate maneuver)

h’c =0
Compute orbital
rate in Body
Coordinates
Subroutine #13
IDELY = 0

8cx " Prg " Pc < Byg
Sy " Qg O~ Oyg
8z ® Ryg - R - 9y

(eu)' * (eu)i-l * éu at
(O:y)l * (ety)1—| * écy ot
(ecl)i - (ecl)i-l * écl ot
where

1 - indicates new value
i-1 - indicates previous value

FXIT subroutine

e

-
-
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Solar Inertial Daylight Rate and Attitude Error Calculation Subroutine #9

‘ ENTER ’

ecy i ess
where
i - indicates current value

I:,Y. rg

EXIT subroutine

>

ot b |



Subroutine 10

Page 1

Total Stored CMG Momentum Subroutine #10

H = H0 iq] cos " cos fy = q2 sin fiy = q3 S1n uq cos r3i

==
I

= H0 l-q] sin g €OS [y + 9, COS 1, COS [y = G5 SIN u3}

HZ = H0 l-q1 sin - 02 sin o cos “2 + 03 cos g cos v3l

g: 1= 1;2,3 Constants set equal 1 or 0 depending upon the
operation of the ith cMg

50 I i=1,2,3 Instantaneous value of the outer and inner
CMG aimbal anqgles

Ho Stored momentum in each CMA

H Components of total stored momentum in the
y (MG system in bhody coordinates
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Compute Bias Momentum Subroutine #11

Called by: Momentum Management Subroutine and TACS Momentum Dump Subroutine

- 3 _ . ; T ed

be = rng + Hx ok Q(Iz Iy) sin 28 (sin 26p sin 260)
“Hydb
_ 3

Hyb = reg + Hy 7 Q(IZ - Ix) cos B (cos Zep - Ccos 260)
'Hydb
- 3 - ; -

Hp = Rrg ,* Hz + 3 Q(Ix Iy) sin 8 (cos Zep cos 260)
Hydb

be

H b Components of bias momentum expected to be stored

Hy. in the CMG system in body coordinates

zb

Hx Components of total instantaneous momentum stored

H in CMG system in body coordinates (computed every

Hy cycle in compute total stored momentum subroutine)

Hydb

Hydb Desired components of momentum bias

Hadb
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Calculate Pseudo Axis Subroutine ¢12

ENTER

ay =

v [2 (n’" . NI'M) + u’r]

v - } (2,»r - sin an)lllwn cos el'lv - lll

EXIT subroutine




where

[ZLV to body] =

Orbit

Rate in Body Coordinates Subroutine #13

‘ ENTER ’

[0
X

M b

b 0
“yb = |ILV to body f

(A!)‘ = (Al)'-‘ + P at

() = (8,)y_y *Q at

(al)i . (A‘)i-l + R, Atl

Subroutine 13

Pa

ge 1

EXIT subroutine

i 4 Uil

it ARt o L L

b ol el (o

b oot 0 R e
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Auto Maneuver Rate and Attftude Error (alculation Subroutine #14

EXIT subroutine

G-26
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PCS Control Law Implementation Subroutine #15

‘ ENTER ,

Computation of desired
torque (Hcd)

Computation of filtered
command torque (Hcf)

Computation of weighting factor
matrices [Kn]. [I(e

Computation of control input
matrices [A], [B]

Com.utation of outer gimbal
rate limits (LI

Gimbal avoidance logic

computation hga" (ega)

Contrcl law computation

Gimbal stop logic

Gimbal rate limit logic

‘ Go to CMG dynamics )

G-27

Subroutine 15
Page 1
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Detailed Equations for CMG Control Law Implemertaticn

0 'Rrg Oré

[R] =| R, 0 Prg
- p

rg rg ? ]

The Total Stored CMG Momentum Subroutine #10 is called which specifies
{H}.

Computation of Desired Torquc {Mcd}

[v] {[Ke] . {35} + [KQ] {e } + %; [rRG] - {H}}

‘Mcd} s
where
Ky 0 0]
[Ke] =l 0 Ko 0
| 0 0 Kag
Kyq 0 0
[K__] =l 0 Ko 0
L0 0 Ks,

Computation of Filtered Command Torque {Mcfl

At this time, skip this computation and Tet

'Mcf} = +Mcd}
A subprogram will be provided later to compute (Mcf} from {Mcd}

For i = 1,3, if

G-28
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Page 3

|Mcfi| > Mef1im
then

Mcf

M.t =]M"i * Meflim
€T3 cfil

The total torque command is given by (Mc} = {Mcf}

Computation of Weighting Factor Matrices [Ka], [KB]

The weighting matrices [Ka] and [KB] are given by

Kla ]
cos B 0 0
1
K
_ 20,
lv [K&] o cos B, 0
K
3a
0 0
I cos 83_
r -
Ky 0 0
[KE] -10 KZE 0
L0 0 K3Bd

The positive constants Kia and Ki12 are used to define the relative weighting
of the inner and outer gimbal rate components normal to the CMG momenta. In
case of a CMG failure or temporary loss of control due to gimbal limiting,
the corresponding constants Kia or Ki@ could be set to zero by the control
computer.

th

Presently Kia = Kiﬁ =1 if the i~ CMG is operational; otherwise, the

constants are set to zero.
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Computation of Control Input Matrices [A] and [B]

For the orthogonal configuration, the matrices [A] and [B] are given by

&in aq €OS B, 0 €os ay COS B;
[A] =-|cos oy €os 8, sin ay COS B, 0
0 cos a, cOS 8, sin ag COs g4
N -
cos ay sin 81 cos &, -sin aq sin s;
[B] =-|-sin 4y sin 81 cos a, sin By cos B4
[ cos &, -sin ey sin By CoS oqy sin B3J
(Al = [v] [A]
(8] = [v] [B]

Computation of Outer Gimbal Rate Limits

Qe
. _ _lim o
*ilim ~ Cos B fori=1,3
where

. . 1- .
d15m 1S @ given number

Gimbal Avoidance Logic Computations

th

Let {Hi} be the projection of {H} on i outer gimbal plane and let

{Mcfil be the projection of {Mcf} on ith outer gimbal plane.

Then

(Hy} =4Hio

i3

r XTo

Ee)

cti

=

cfi2
cfi3I

G-30
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Page 5

where (for the orthogonal configuration)

H12 N y
H13 - Hx

H22 N Hz

Hpg = Hy

H32 = Hx

H33 = Hz

and

of? (Mcfi = ith component of {Mcf})

Mcf12
"ef13
Mef22
Mefo3
Mef32

Megaz = Mers
He WO LERC)

0
-sin o,
cosS ai

T
—
I

where Km is a positive constant and

_1 .
Kh = if Ht < Hr
r
otherwise,
1
K = o
h Ht

G-31
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Page 6
-~ _ -~ T -~
K K
_ort h(' ) T0% e )
where Krt is a given number,
sign diga = sian (-ﬁiz cos oy -913 sin ai)
If
i2 ° sin ay > 0
then
sign diga = sign (-H 2)
Yiga - Yige T 519" Yyga
If
. /
l3igal > K1 14514nl
then
G K| | « sign
“jga = M11%1im IN %ga
where
K{ is a positive constant < 1.
) d1ga
’aga} = 129&
*3qa

G-32
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© 4 - g1 :
(g} = - [B]7" [A] lag,)

The following caution is exercised in the computation of [B]']:

B3] 2 By

|det [B]] = By

If
|det [B]| < By
then
; _ Kb] sin o,
iga cos Bi

and {Bga} is computed by the above equation, where Bo’ Bo]’ Kb] are positive

constants.
If
18igal > Ky Byip
then
iiga =K é]im-sign éiga

where
Ki is a positive constant < 1.

G-39
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Control Law Computation

(K1 = (k27 - [k ]
24 _ 7]
(K] = [k,17 + [K,]

[c] = [A] (k2D (D" + (81 [k%] [B]

Note that [C] is a 3x3 symmetric matrix.
If

rank [C] < 3
then

and

det [C]] = G

where
C0 and CO] are positive constants.

(g = - K% 1A" [e™! )

‘cd
Gogh = - 181" [eT am)
(Gc} = {agg} + Lig,)
(3.} = (B 4} + (5ga!

Gimbal Stop Logic

The discrete inputs from the CMG hardware and gimbal rate commands

implement the gimbal stop logic which sets

As o O
-I‘f | > and ~

ia

G-34
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Page 9

and

By ™ 0 . .

if IBiI > By, and B sign g, > 0

Kig = 0
where

O " 175 deg
and

P, ™ 75 deg

Gimbal Rate Limit Logic

The gimbal rate commands are then limited by the conditions

Yo T %i19m S9N 9y
f |a A
if d;l 2 djq4p
and
Bie = B1im S1ON By
if |8 8.
if | 1l = "1im

G-35
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CMG Dynamics Subroutine #16

The reaction torque exerted on the spacecraft by the CMG system due to
the commanded gimbal rates is given by

0 -R Q
[R]=1]R 0 -P
-Q P OJ

G-36



Note:

CMG Gimbal Integratfon Subroutine #17

‘ ENTER '

uﬂi-(ﬂ)hlo;k
(ag) = (o) # g
fa) * (o) + 3y
ug‘-uﬁh“gc
(82)1 = (142)1_l + By
(33)1 = (a,)m + By

At

at

at

at

at

at

EXIT subroutine

The subscripts 1 and 1-1 refer to the current
value from the previous cycle,

value and
respectively.

G-37
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Page 1
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Momentum Constraint Subroutine #18

< ENTER )
o2
e \/": "

~

GN =9y *+9;+093

> W (1 - SF1)
9
)

NO
YES

W
t

Compute Rias
Momentum
Subroutine #1)

"ld xh

H
yd vb

EXIT subroutine

G-38
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TACS Phase Plane and Jet Select Logic Subroutine #19

TACS Phase Plane Section

REGICN 1

REGION 2

NN

Coordinates of Breakpoints

coordinates are (%~x’

coordinates are (e_y,

coordinates are (5Az’ 6

Point
Poir.t
Point
Point
Point
Point
Point
Point
Point

?ax)

?ay)
)

> 4

G-29

BPR1)
BPR2)
BPR3)
BPR4)
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‘ ENTER '

Perform following
for j=1t3

> BPR1 ?

Is &, Set E(j) =1

3

D

Set E(j) = 2

=D

Set E(j) =1

——(( reurn )

| Set E(j) = 4

—~( neum )

| Set E(j) =3

RS

Set E(j) = §

‘ Return ,

G-40
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e € BPP1 ? 617

Set E(j) = 4 —OCRetum '

| Set E(j)

"
w

_.C Return )

Isé
€

Set E(j) = 5 ——( Return )

3

Set E(j) = 2

‘ Return ’

G-41
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—(

Pt = ms + BPRY
9

——‘ Return )

D)

D)

YES
Set E(j) =1
Pt = Pt +
(BPR7 - BPR 3)
YES
Set E(j) = 4
Pt = Pt +
(BPR6 - BPR7)
YES
Set E(j) = 3
Pt = Pt +
(RPR2 - BPRE)
YES

Set E(j) = 5

D

Set E(j) = 2

Return

‘

G-42
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+210A
+XOA
—_— +YOA
3>O<2 1

Figure G-1. TACS Jet Configuration
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Jet Select Logic

Jet ON

Minimum Impulse

Region Flags JFLAG(I) Flags PFLAG(I)
E, = E(1) = E(2) 1 23456 1 2 345 6
1 1 ’
2 X
3 X X
4 X X
5 y .
2 1 ’
2 X
3 ; )
4 X
5 X X
s 1 X X
2 , )
3
4 X X X X
5 X X X X
4 1 Y g
. X
3 X X X
4 X X
5 g .
5 1 X X
2 X X
3 X X X X
45 X x X x
= EL3) 1 2 34 5 6 12 3456
1 X
2 X
3
4 X X
5 X X

G-44
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Jet Select Logic

G-45
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Set
JFLAG 3; =]
JFLAG(4) =1

|

Set

JFLAG

At

YES

Set
PFLAG(3) =

me

X

4
PFLAG(4) = —

-

Set t
!
PFLAG(6) = ot

|
PFLAG(1) = it

Set
JFLAG(1) =1
JFLAG(4) =1

Set

JFLAG(3) =1
JFLAG(6) = 1

-

YES

Set t
PFLAG(1) = o3

4
PFLAG(4) = -

YES

Set t
PFLAG(3) = o

4
PFLAG(6) = T

-

G-46
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Set

NO
-

YES

Set Set t
JFLAG(2) =1 .=l
PFLAG(S) =

YES
-5 EXIT
PFLAG(2) = 3

G-47
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- “HI'»

YES
YES
NO
Set
JFLAG(3) =1
YES

Set

JFLAG(4) =1

Set

PFLAG(3) = 1‘-

G-48

YES

Set
PFLAG(4) =

b

at

NO
EXIT



Subroutine 19
Page 11

‘626)
.

VES Set d
JFLAG(1) = 1 EXIT

Set Set ¢
JFLAG(S) = 1 PFLAG(1) = o

YES Set . —
PFLAG(E) = o )

EXIT
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Subroutine 20
Page 1

Compute TACS Torque Subroutine #20

‘ ENTER ’

KIET = 3~ JFLAG(H)
J

YES

ct=0

6
Teo = TATY - J)-'—f("‘ « Fy) + JFLAG(J) - PRLAG(J)

JFLAG(J) = 0
J1:2;....6

(o )
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~ibroutine 21

-age 1

TACS Momentum Dump Subroutine #21

=C
T;; txon

Txi = ctyon

e {

‘zn

x

x

tzon

|
Txon ulh ctxon’

Ixon = 1

ITSON = 1

Y NO
Ixon = 1, 5

NO

JFLAG(3)
PFLAG(3)
JFLAG(6)
PFLAG(6)

e N e D

JFLAG(1) =1
PFLAG(1) = 1.
JFLAG(4) = 1
PFLAG(4) = 1.

Compute TACS Toraue
Subroutine #20

w2 20 @
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Subroutine 21

Page 2

YES
tyon >0

UFLAG(2) =1
IPFLAG(2) =1

Compute TACS
Torque Subroutine
#20

Consumption Subruutine #22

NO
t> Tyon
?
YES
JFLAG(5) =1
PFLAG(5) =1
Iyon = 0
Izon = 1
Tzon = t + Ictzonl
NO
UFLAG(3) =1
PFLAG(3) =1
UFLAG(4) =1
ITSON = 0 1zon = 0 PFLAG/4) =1
ITMOD = 0
UFLAG(1) =1
PFLAG(1) =1
JFLAG(6) =1
PFLAG(6) =1
Compute TACS
Torque Subroutine #20
G19
TACS Fuel

EXIT Subroutine

|




Subroutine 22
Page 1

TACS Fuel Consumption Subroutine #22

ENTER

NJET = at Z JFLAG(i) * PFLAG({)
1

YES

NO

r
TATH = ATH (1MPC)Z + BTH (IMPC) + CTH

TISP = DTH (1MPC)2 + ETH (IMPC) + FTH

+ TPC

1pc = TATH * NOET

IMPC = IMPC + TATH * NJET

EXIT subroutine
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Subroutine 23
Page 1

Simulation of Rate Gyro Subroutine #23

INPUT

P +
Krgz

+
0 Krgd

R + Kr

Q' =

R' = K

9

P = A

rg +B S

S +
rg rgi_'| rg rgi_z ¥ Crg Prg-‘l-] Drgprg«i_z

=A T + T + +
Qrg rg re;_, Brg r9;.» Crg Qrgi_] Drg Qrgi_z

=A_U +B U + +D R
Rrg rg re; rg rg; o, crgRrgi_] rq r9;_,

Note:

Output Prg' Qrg! qu

The notations i, i-1, and i-2 refer to the current
value, the value calculated on the previous com-
pute cycle, and the value calculated 2 compute
cycles earlier.

H-3




Subroutine 24
Page 1

Simulation of Sun Sensor Subroutine #24

INPUT
6bs1 - Kss.I é’bs,i * Kss2
ope. = Koo dpe. + K
bsi sS4 bs1 sS4
|
Slope = ASLOP
B Or ¢

h\‘\\\asuus

ASUN1

ASUN2

8’ or ¢,
bsi bsi

8 ] +B_#8 F G
sS4 $S S8y ss gs; $S 9S4 4
¢ =A__ ¢ +B._¢. +C__ o
554 $s 7SS; $s 8 $S US54
Output essi. 0551
Note: The subscripts i and i-1 refer to the

current value and the value calculated
on the 'revious compute cycle,
respectively.
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PRECEDING PAGE BLANK NOT FILMED.

Solve [A] Based on Current Mode Status

Mode

Delta Maneuver from
ZLV (IDELTA = 1)

ZLV (ISTAR = 1)

Arbitrary Inertial
Hold (IARBI = 1)

Solar Inertial
(IPSI = 1)

Value of [A]

[(62),30(a¥), J0(aX),10/2), AT,

[(1/2) 10,

* %
[A]Bu

[AL,, [(-) J0A ¢ [Ay

Solve Vehicle Attitude Deviations from Current Reference

See Figure I-1 for a geometrical interpretation of the pointing errors.

fij = Element from i

_ af 2
6, = sin (f

0 < 9x < 7/2

/e <8 <7

= sin ' (f

12

th

+

row and

f13

2 \1/2
+ f23)

2 )1/2

jth column of [1]

for f]] >

for f]] <0

for f

"W

22

for f22 <0

[-3



6, = sin (fz

0 s BZ < /2

/2 < GZ < T

-f
1T
Yy, = tan (f] )

+ f2

1

-f
a = tan'] (——g;)
y 22

B =]
u.z tan (

Each of ny, Ay [

f

X

32)
fi3

X

)1/2

and Y,

for f

for f
fz‘x
Ty
L:-z
is in the

f
= tan”! _ZJ)
22
-f
= tan-](_3])
\ 33

range [-=, r].



Figure I-1. Definition of Pointing Errors
Between Body and Current
Reference Coordinate System
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