NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



m.rr pr—y

(NASA-CR=160440)

DETAILED DESC™. *TION OF THE
HP-2825A HFRMP TRAJECTORY PROCESSOR (#TRAJ)

20 NOVEMBER 1979

DETAILED DESCRIPTION OF

THE HP-9825A HFRMP TRAJECTORY PROCESSOR
(TR¥ Defense and Space Systems Group)

(TRAJ)

278 p HC A13/MF AO1

CSCL 09B

28415-H011-R0-00

NASA CR-
4/22(9§[4<_“

-

bt SEd -

N80-15836

IInclas

G3/61 U46583

PREPARED FOR
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

LYNDON B. JOHNSON SPACE CENTER

CONTRACT NAS9-14723

[ BT

SYSTEMS ENGINEERING AND ANALYSIS DEPARTMENT

TRW

DEFENSE AND SPACE SYSTEMS GROUP
HOUSTON, TEXAS

e o i e A R o .

_id

A 04 L R

4



i

28415-H011-R0-00

DETAILED DESCRIPTION OF THE
HP-9825A HFRMP TRAJECTORY PROCESSOR (#TRAJ)

20 NOVEMBER 1979

PREPARED FOR
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
LYNDON B. JOHNSON SPACE CENTER

CONTRACT NAS9-14723

SYSTEMS ENGINEERING AM7% ANALYSIS DEPARTMENT

TRW

DEFENSE AND SPACE SYSTEMS GROUP
HOUSTON, TEXAS

SN e ki Dt Sk e A A i o




DETAILED DESCRIPTION OF THE
HP-9825A HFRMP TRAJECTGRY PROCESSOR (#TRAJ)

20 NOVEMBER 1979

Prepared for
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
LYNDON B. JOHNSON SPACE CENTER

Contract NAS9-14723

Prepared /w fma‘ﬂ

S. M. Kindall
Navigation Analysis Section

S.W. Wilso

S. W. Wilson, Manager
Shuttle/IUS Proximity
Operations Software Project

Approved by —7(i%? (S:EL\.L/X

T. P. Kinney /
Navigation Analysis Section

D. K. Phillips, Manager
Systems Engineering and
Analysis Department

Systems Engineering and Analysis Department

TRW

DEFENSE AND SPACE SYSTEMS GROUP

Houston, Texas




- N g e TR

ABSTRACT

This document contains a detailed description of the computer code for the

trajectory processor (#TRAJ) of the HP-9825A High Fidelity Relative Motion

Program (HFRMP). The #TRAJ processor is a 12-degrees-of-freedom trajectory

integrator (6 degrees of freedom for each of two vehicles) which can be used
to generate digital and graphical data describing the relative motion of the

Space Shuttle Orbiter and a free-flying cylindrical payload. The description
of the processor includes a listing of the code, coding standards and conven-

tions, detailed flow charts, and discussions of the computational Togic.
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Abbreviations

buttock line (Y coordinate in structural coordinate system)
center of gravity

curvilinear payload-centered local vertical coordinates
digital autopilot

earth-centered inertial (coordinate system)
High-Fidelity Relative Motion Computer Program
Hewlett-Packard Language (for the HP-9825A computer)
"invariant" mean of launch date orbit elements

mean of launch date ECI coordinate system

mean of 1950.0 ECI coordinate system

osculating mean of 1950.0 orbit elements

payload body-fixed coordinate system

propellant consumption

payload

payload-centered local-vertical coordinate system
reaction control system

rotational impulse (integral of torque with respect to time)
rectangular Shuttle body-fixed coordinates

rectangular Shuttle-centered local vertical coordinates
Shuttle body-fixed coordinate system

Shuttle-centered local vertical coordinate system

solid rocket motor

Space Shuttle (Orbiter)

station (X coordinate in structural coordinate system)

water 1ine (Z coordinate in structural coordinate system)
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Symbols

linear acceleration of Shuttle CG

>

o)

linear acceleration of payload CG

[I],[I]B Shuttle inertia tensor, referenced to SBY axes

[1]',[1], Shuttle inertia tensor, referenced to principal axes of inertia
P

[i],[i]b payload inertia tensor, referenced to PBY axes

[i]',[i]p payload inertia tensor, referenced to principal axes of inertia

i,3,§ unit vector aligned with X,Y,Z coordinate axes (i.e., vector base)

(W4 torque vectors

ﬁgk position vector drawn from point J to point K, resolved onto axes
of system F; i.e., ﬁgK = % Pgﬁ + 3 ng + E ng

ﬁgK derivative of 5%K with respect to time in coordinate system F; i.e.,
DPR/dt = N = § BIX + 5 PN + k BON

HFG orientation versor (unit quaternion) defining orientation of coor-
dinate system G with respect to system F

gFG conjugate of aFG; E}G = GEF

R geocentric position vector of Shuttle CG

R IR|

R dR/dt

R d%R/dt?

r geocentric position vector of payload CG

r |v|

| ' dr/dt

" d2r/dt?

t time

U,u unit vectors

vV geocentric inertial velocity of Shuttle CG
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geocentric inertial velocity of payload CG

array of (3) Euler angles

Keplerian angular velocity magnitude of Shuttle CG, |R x V')/R2
dQK/dt

Keplerian angular velocity magnitude of payload CG, |r x V]/rz

dwK/dt

angular velocity vector of system G with respect tc system F,
resolved onto axes of system G

Dage/dt
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Subscripts
Shuttle body-fixed (SBY) coordinate system

payload body-fixed (PBY) coordinate system
Shuttle-centered local vertical (SLV) coordinate system
payload-centered local vertical (PLV) coordinate system
Shuttle-centered UVW coordinate system

payload-centered UVW coordinate system

mean of launch date (MLD) ECI coordinate system

mean of 1950.0 (M50) ECI coordinate system

principal axes of inertia of Shuttle

principal axes of inertia of payload

Shuttle sensor coordinate system

Xv




Superscripts

face of payload cylinder

S origin of Shuttle sensor coordinates
T transpose of matrix

t payload targetpoint

o aerodynamic effect

Y gravitational effect

T thrust effect

Product Symbols

0 quaternion product

X vector cross product

vector dot (scalar) product

| XVi

A actual CG of Shuttle

a actual CG of payload

B Shuttle body-fixed (SBY) coordinate system

b payload body-fixed (PBY) coordinate system

G Shuttle-centered local vertical (SLV) coordinate system

g payload-centered local vertical (PLV) coordinate system

I (any) inertial coordinate system

N nominal CG of Shuttle (STA 1076.7, BL 0, WL 375)

n "nominal CG" of payload (STA 0, BL 0, WL 0); = center of front
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modules:

HP-9885M
HP-9872A
HP-9866B

HP-9871A

HP-98210A
HP-98211A
HP-98217A
HP-98216A

HP-98215A

FOREWORD

This document contains a detailed description of the trajectory processor
(#TRAJ) of the High Fidelity Relative Motion Program (HFRMP) Version 03T(1229/
10NOV79). The HFRMP is coded in Hewlett-Packard Language (HPL) for the
HP-9825A Desktop Calculator with memory option 002 (23,228 bytes of read/

write memory) and the following peripheral devices and read-only memory (ROM)

Required Peripheral Devices

Flexible Disk Drive
Plotter

Thermal Line Printer
or

Character Impact Printer

Required ROM Modules

String-Advanced Programming

Matrix Programming

9885M Flexible Disk Drive

9872A Plotter-General I1/0-Extended I/0
or

9872A Plotter-General I/0

Applicable HPL programming information is contained, along with operating in-

structions for the calculator and its peripheral devices, in the following

HP-9825A manuals published by the Hewlett-Packard Calculator Products Divi-

sion:

XVii




HP Part No.

09825-90000
09825-90020
09825-90021
09825-90022
09825-90024
09825-90026
09871-90000
09885-90000

A basic understanding of the contents of the cited manuals is required for a

OETE T RO TR TN R TR T T T

Title of Manual

Operating and Programming
String Variable Programming
Advanced Programming

Matrix Programming

General I/0 Programming

9872A Plotter Programming

9871A Printer...0Operating Manual

Disk Programming

full comprehension of this program document.

xviii
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1. INTRODUCTION

The HP-9825A High Fidelity Relative Motion Program (HFRMP) is a disk-
resident flight design software system specifically intended for the analysis
of Space Transportation System (STS) proximity operations. The mainline logic
flow™ is illustrated in Figure 1. The code is divided into several primary
modules that are designated "processors" and identified as such (according to
HFRMP convention) using the pound-sign (#) symbol as the first character in
their identification strings (i.e., names). Some processors, being too large
to fit in the available read/write memory area, are broken down into subsidiary
links which are identified by the use of the percent (%) symbol as the first
character in their identification strings. Subsidiary links overlay each other
in a shared memory area, as illustrated in Figure 2.

Processors (such as #TRAJ) are called into read/write memory from the
program disk by use of the HPL get command, which erases all variables (numer-
ical data) that may have been stored in memory. Information transfer between
processors is accomplished by means of disk-resident data files that are
stored and retrieved, as necessary, by appropriate commands coded into the
processors. This includes user-supplied input data, which can be manipulated
(ecdited/saved/recalled) by the user with the aid of interactive input proces-
sors (#DBED and #FPED in Figure 1).

From the preceding remarks it can be seen that every HFRMP processor rep-

resents, in a limited sense, a stand-alone program. Therefore it is possible,

1'1'.e., that which is invoked by a regular production run of the program. Not

shown are a number of special processors that are used for program mainte-
nance.
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TESTS:
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Figure 1. HFRMP Mainline Logic Flow
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for instance, to interrupt the normal HFRMP execution sequence :7ter input
processing has been completed and then later to resume execution by commanding
get "#TRAJ" from the calculator keyboard and pressing the QRUDbutton. By the
same token, it is not necessary to execute the HFRMP particle impact damage
integrator (#PIDI) immediately after executing #TRAJ. The vehicle ephemeris
data that #PIDI requires is stored on the program disk by #TRAJ, where it is
preserved indefinitely until written over by a subsequent execution of #TRAJ.
Therefore, a user can execute the trajectory processor, shut off the calculator
and remove his program disk, and then initiate a particle impact damage analy-
sis of the subject trajectory at any later date si:ply by inserting his disk,
commanding get "#PIDI" from the keyboard, and pressing the CRUN) button.

The remainder of this document will be concerned only with the #TRAJ pro-
cessor, which contains the HFRMP dynamic models, the trajectory/attitude inte-
gration logic, and the basic output computations. Detailed program documen-
tatior for the HFRMP input processors and the #PIDI output processor are to be
published under separate cover. (Reference 1 contains operating instructions
for the HFRMP, with emphasis on input operations. Reference 2 contains a def-

inition of the »-.ic equations used in the #PIDI processor.)
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1.1 GENERAL DESCRIPTION OF #TRAJ

The #TRAJ processor is a 12-degrees-of-freedom trajectory integrator (6

degrees of freedom for each of two vehicles) which generates digital and graph-

ical data to describe the relative motion of the Space Shuttle Orbiter and a
free-flying payload. These data are obtained by differencing the geocentric
states of the individual vehicles, computed to a numerical precision of 12
decimal digits, with respect to an oblate earth whose gravitational model
includes the second harmonic coefficient (Jz). The state of the two-vehicle
system - computed as a function of time by means of a fourth-order Runge-
Kutta numerical integration scheme which uses unit quaternions (versors) to
define both the rotational and the translational states of each vehicle. The
derivation of the versor-based translational state vector is contained in
Reference 3, which is reproduced for the most part (with some changes in
coordinate system definition) in Appendix A and Sections 1.2 and 1.3 of this
report.

The payload is modeled geometrically as a cylinder whose length and diam-
eter are specified by program input. The Orbiter and the payload are treated
as rigid bodies whose individual mass properties (uoss weight, moments and
products of inertia, and center of gravity location) are specified by program

input and are assumed to remain constant’ during the HFRMP run. Gravity

gradient torque is included in the rotational equu 7ons of motion for both

vehicles. At the user's option, aerodynamic torque and drag can also be

fAn exception is made when integrating the trajectory of an upper stage during

a major translational maneuver such as a solid rocket motor burn. In such

a case, the payload gross weight is decremented during the burn to reflect
the consumption of propellant.
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included for either or both vehicles. Aerodynamic forces normal to the rela-
tive wind vector are ignored.

The atmosphere is assumed (o rotate with the earth, and is modeled as a
function of geodetic altitude by a curve fit of the 1962 Standard density pro-
file (Reference 4). The curve fit is valid down to a minimum altitude of
approximately 400,000 feet. The density profile can be modified by a program
input factor (Kp) to account for the major effects of solar activity. Aerody-
namic drag and moment coefficients for the Orbiter are computed as curve-fit
functions of its attitude with reszect to the relative wind vector (References
5-7).

Aerodynamically, the payload is modeled as a flat plate whose size and
shape are determined by projecting its cylindrical outline onto a plane normal
to the relative wind vector. The payload drig coefficient is assumed to be
2.0, based on its projected frontal area. Aerodynamic effects on the Orbiter
and the payload can be modified (or cancelled entirely) by means of input fac-
tors (Ka and ka) which are applied uniformly to all aerodynamic forces and
torques that are computed for the specified vehicle. The possible effects of
aerodynamic shadowing (of one vehicle by the other) are not accounted for in
the internal calculations of #TRAJ.

Several options are provided for defining the initial state of the two-
vehicle system. The translational state of the Orbiter can be described
either in terms of osculating orbit elements referenced to the Mean of 1950.0
(M50) geocentric equatorial frame, or in terms of invariant orbit elements
(Referance 8) measured in the Mean of Launch Date (MLD) equatorial frame. The
initial attitude of the Orbiter is defined by pitch, yaw, and roll angles

(taken in that order) referenced to the rotating Shuttle-centered local-

it
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vertical (SLV) coordinate system. The Orbiter's angular velocity, measured
in terms of rate components about its body axes, can be defined with respect
to either the M50 (inertial) frame or the SLV (rotating) frame.

The initial translational state of the payload is defined by rectangular
position and velocity ccmponents which are measured rel- ive to the Orbiter's
center of gravi.y (CG). At the user's option, these components can be mea-
sured in the SLV coordinate system, or in the Shiittle body (SBY) coordinates
system. The payload's initial pitch, yaw, and roll angles can be referenced
either to the payload-centered local-vertical (PLV) system, or to the SBY
system. The payload's angular rate components about its body axes can be
defined relative to the M50, the PLV, or the SBY frame.

The initial state of the system can be advanced through up to 40 flight
profilc segments, each of arbitrary length, which are defined by the user in
a prior execution of the #FPED processor.+ At. the beginning of any segment
the user may command the application of an impulsive (i.e., instantaneous)
increment to the angular rate of either or both vehic]es.* In this regard,
the user may specify a particular rate increment (INCR), a desired rate with
respect to inertial space (IR), or a desired rate with respect to the local-
vertical frame of the vehicle in question (LVR). In all cases, the components

of the desired rate or rate increment are measured about the body axes of the

fan input data, including the flight profile definition, are saved in disk
files whence they can be recalled (and edited, if necessary) for use in
subsequent runs.

*Commanded angular velocity impulses, and the Tinear velocity impulses which
they may induce as a result of RCS translational cross coupling, are the only
types of state variable discontinuity that are permitted by #TRAJ. These are
allowed only at the beginning of a flight profile segment.
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vehicle in question.

After applying the specified angular velocity increment (if any) at the
beginning of the flight segment, #TRAJ then (for each vehicle independently
of the other)

1. ailows the attitude to drift (D) under the influence of inertia and

natural torques, or

2. performs inertial rate hold (IRH) control (i.e., maintains a constant

angular velocity relative to inertial space), or

3. performs Tocal-vertical rate hold (LVRH) control (i.e., maintains a

e tatm

canstant angular velocity relative to the rotating local-vertical

frame of the vehicle being controlled)
for the duration of the segment, depending on the user's specifications for
that segment. v

When the IRH or the LVRH attitude-maintenance option is specified for the
Orbiter, a simplified RCS/DAP model (Reference 9) is used to compute average
values for the propellant consumption rates and translational cross-coupling
accelerations that result from the intermittent thruster firings which are
required to apply the necessary control torques. The model takes into account
the mass properties of the Qrbiter, the electrical width (an integer muitiple
of the DAP cycle time) and the effective width (the duration of steady-state
acceleration) of the RCS thruster pulses, and the width of the attitude dead-
band about each of the Orbhiter's body axes. Deadbands can be changed from |
segment to segment in the flight profile, as can the selection of primary or
vernier thrusters and the mode of cross-coupiing compensation. Translational
cross-coupling accelerations are integrated along with those produced by
gravity, aerodynamics, and commended translational thrust. They are reflected
in the output data by the flight path deviations they produce. Propellant
8




consumption rates are also integrated (but not subtracted from the Orbiter
gross weight), and the accumulated expenditures are tabulated, along with other
data, at user-specified time intervals. Propellant consumption is broken down
according to source (forward, aft left, or aft right tank) and function (trans-
lational or rotational control).

When the IRH or the LVRH attitude-maintenance option is specified for the
payload, the magnitudes of the necessary control torques are integrated and the
accumulated rotational impulse (measured in pound-foot-seconds) in the positive
and negative direction about each body axis is printed along with the other
digital output data. Since no specific method of implementation is modeled..
it is not possible to compute propellant consumption rates or cross-coupling
effects that may result from payload attitude control.

Translational thrust acceleration of either or both vehicles can be
commanded at the beginning of any flight profile segment. Payload transla-
tional thrust is always applied in the direction of the payload's +X body axis
and is assumed to be directed through the CG. Once initiated, payload thrust
acceleration continues until all of the rocket motor propellant is consumed,
as determined by a table of flow rates versus burn time.

Translational acceleration of the Orbiter is initiated by commanding
ignition of either or both of the OMS engines (L, R, or L+R) and/or by firing
primary RCS thrusters to produce thrust nominally in the positive or negative
directions of the Orbiter body axes (+X, =X, +Y, =Y, +Z, or -Z). Once initi-
ated, Orbiter translational acceleration is applied continuously at the
nominal steady-state level, throughout the duration of the flight profile

segment.
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1.2 STATE VECTOR DEFINITIONS

There are many numerical methods which can be used to integrate the dif-
ferential equations that govern the motion of a rigid body such as the Orbiter
or a free-flying payload. A common requirement of such methods is the defi-
rnition of a state vector along with a set of equations which, given the val-
ues of the state variables at any particular time, permit the calculation of
the first derivative of every state variable with respect to time.

A fourth-order Runge-Kutta numerical integration technique is used in the
#TRAJ processor. However, the state vector definitions and the derivative
calculations (which comprise the bulk of the computations involved in state
vector propagation) are not influenced directly by the integration Togic
except in the sense that the integrator determines how frequently the deriv-
atives have to be evaluated. In #TRAJ, the integration logic and the deriva-
tive calculations are isolated from each other in separate subroutines, thus
making it easy to change the numerical integration technique if that should
become desirable.

The purpose of this section of the report is to describe the state vari-
able that have been adopted for use in #TRAJ. The associated derivative
calculations, described in terms of external forces and torques that act on
the body under consideration, will be covered in Section 1.3. The detailed
calculation of these forces and torques will be described in Section 2.3, and

the Runge-Kutta integration logic will be described in Section 7.2.

TA set of variables that define the position and linear velocity of the body's

CG (in the case of translational motion) with respect to a chosen system of
reference, and/or the body's attitude and angular velocity (in the case of
rotational motion about the CG).

10
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The #TRAJ processor makes use of versors {unit quaternions) as internal
state variables to describe the translational as well as the rotational
motions of the Orbiter and the payload. (The HFRMP user never sees the state
vectors in quaternion form; input and output data are defined in terms of
Euler angles.) The computational advantages of using versors to describe
rotational motion are well known. Certain advantages also accrue from their
use to describe the translational motion of a satellite, as explained in
Reference 3. Versors are also used exfensive]y in #TRAJ for coordinate trans-

formations in general, and a working knowledge of their characteristics and

rules of manipulation is necessary for a good understanding of the remainder ;
of this report. A careful study of Appendix A is recommended at this point \
for the reader who is not accustomed to the use of quaternions. Even for \
those who are familiar with quaternion applications, it probably will be help- 1
ful to review the conventions and the system of notation defined in Appendix

A. A1l readers should examine the coordinate system definitions in Appendix B.

1.2.1 Rotational State Vector

The rotational state of the Shuttle at any given time t is defined by the
variables [a}B,BéB], where 3}8 is a versor that defines the orientation of the
Shuttle body-fixed (SBY) coordinate system B with respect to the geocentric
mean-of-launch-date (MLD) equatorial inertial coordinate system I. The vector
symbol EéB represents the angular velocity of the Orbiter. The double super-
script IB identifies the angular velocity as that of system B with respect to
system I, and the subscript B indicates that the vector is resolved into
components along the axes of the B system. The rotational state of the payload
is similarly defined by the variables [E}b,aib], whose definitions are the

same in all respects except that the lower-case symbol b is used to identify

1
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the body-fixed coordinate system of the payload.

1.2.2 Translatijonal State Vector

The translational state of the Orbiter is defined by the variables
[EEG’R’é’QK]' The symbol ﬁie represents a versor that defines the orientation
of the Shuttle local-vertical (SLV) coordinate system G with respect to the
inertial system I. The symbol R represcnts the distance from the center of
the earth to the Shuttle CG, and R stands for its derivative dR/dt. The
symbol 2 represents the scalar magnitude of the instantaneous geocentric
angular velocity of the Shuttle CG. The subscript K in this case does not
designate a coordinate system; it merely identifies the angular velocity in
question as that which is associated with Kepler's law of equal areas.

The transiational state of the payload is similarly composed of the vari-
ables [aig,r,ﬁ,mK], which are defined in the same manner as those described in
the preceding paragraph except for the use of lower-case symbols to repre-
sent the scalar quantities and the coordinate-system designator (g) of the

payload local-vertical (PLV) coordinate system.

b 12
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1.3 BASIC EQUATIONS OF MOTION

The purpose of this section is to define the equations for calculating
the derivatives of the #TRAJ internal state variables, assuming the forces and
torques acting on the bodies are known. Equations for calculating the forces
and torques will be given in Section 2.3.

The only equations that will be defined explicitly in this section are
those that apply to the motion of the Shuttle. The payload equations are
identical in all important respects, and can be obtained simply by substituting
the lower-case symbols b, g, r, r, and wy for their upper-case counterparts

B, G, R, R, and 2 -

1.3.1 Rotational Motion

What is required here are the first derivatives of E}B and EéB with re-

spect to time. The derivative of the orientation versor is equal to one-half

1B

of its quaternion product with EB , i.e.,

= = —IB

g = (qIB o g )/2' (1)
The derivative of BéB is given by the equation

L& L e L 5 M (2)

where the vector Eé represents the external torque acting on the Shuttle.

The symbol [I]B represents the Shuttle's inertia tensor (a 3x3 matrix whose
elements consist of the moments and negative products of inertia, referenced

to the B system), and [I]é] represents its inverse. For the purpose of comput-
ing the product of a matrix and a vector, the vector is treated as a column

matrix, e.qg.,

i
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1.3.2 Translational Motion

We seek now to define the first derivatives of the translational state
variables 3&6, R, and £y with respect to time. (The derivative of the state
variable R is no problem, because it is equal to ﬁ). By definition, the

Shuttle's local-vertical coordinate system G rotates in such a manner that

and

at every instant of time, where R and V represent the geocentric position and
inertial velocity vectors of the Shuttle CG.
An expression for the inertial velocity can be obtained by differentiat-

ing Equation (3) with respect to time. This yields

V.= -kR-axKk

G 0g x k R, (5)
where the vector
A T g @

(whose components have yet to be evaluated) represents the total angular

velocity of coordinate system G with respect to the inertial system 1. We

14
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now differentiate Equation (5) with respect to time and obtain the expression

ﬁé =-KkR-2 ;éG x k R

- jéG x kR - BéG ><CKéG x K R) (7)

for the linear acceleration of the Shuttle CG, where the vector

=[G _ ¢ IG , ; «IG [ -IG

wg = 1 wgy tJugy tkugy (8)

represents the angular acceleration of coordinate system G.
We now proceed to evaluate the components of EéG and EéG. First, we
substitute the expression for BéG from Equation (6) into (5), and expand the

vector cross product. This results in the equation

VG=-€Rwég+3Rwé?-lzR. (9)

Using the expression for ﬁé and Vé from Equations (3) and (9), we form the

cross product

(RV)g = 1 R wé$ + 5 R® wég.

(10)
Equating the vector components of Equations (4) and (10), we obtain

6
61

i
o

(11)

and

wég = - (12)

which lead to

16 _
“G1

|
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(13)
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and

B (14)

Substituting (11), (12), (13), and (14) into Equations (6), (8), and (9), we

obtain
gl = = 3wt K uges (15)
al= - a kg, (16)
and
Vo= 1Ru - kR, (17)

Using the expressions for EéG anc¢ iéG from Equations (15) and (16), the

cross products ppearing in Equation (7) can now be expanded to obtain

x : , . : I Y "

AG=1(2R9K+R9K)+JRRKwG(3;+k(RsE'2<-R). (18)
From Newton's second law, we have

FG =M AG, (19)

where M represents the mass of the Shuttle and the vector

FG = i FG] + 3 FGZ + k FG3 (20)

represents the external force acting on it. Combining Equations (18), (19),

and (20), and equating vector components, we obtain the equations

..- 2
R=Ra - FG3/M (21)

16
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by = (Fgy/M - 2 R 2, )/R (22)
and

uga = Faol (M R ay). (23)

Equations (21) and (22) define the derivatives of the translational state

variables R and Q- The derivative of the remaining state variable E}G is

given by

16 = (dgg © 5g)/25 (24)
where the angular velocity vector

gt = = 3 oy * k Fg/(M R ) (25)

is obtained by substituting Equation (23) into (15).

Equations (21), (22), (24), and (25) are valid for all states of motion
except those where |RxV| = 0, in which case the geocentric flight path would
be vertical, and the orientation of the X and Y axes in the local-vertical

coordinate system would be indeterminate.

17
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1.4 CONVENTIONS AND CODING STANDARDS

HP-9825 programs are coded in the Hewlett-Packard Language (HPL), which
is functionally simiiar to BASIC but unique in terms of its syntax. To
facilitate correlation with the #TRAJ code (Appendix C), some of the syntacti-
cal features of HPL have been carried over into the flow charts (Sections 2-7).

For instance, consider a computation which involves forming the product

of two simple variables A and B, where the vresulting value is to be assigned

to a third variable C. In FORTRAN code this operation would be represented by

writing C = A * B, and in most flow charts by writing C = AB. In HPL code,
and in the flow charts that follow, the same operation would be described by
writing AB » C. (Perhaps the most succinct verbalization of the HPL value-
assignment symbol is obtained by substituting the phrase “goes to" for the
right-running arrow "-»".)

Another feature of HPL code and the flow charts, which may be confusing
to FORTRAN programmers, is the use of square brackets to enclose the index or
indices of a dimensioned variable. The Jth element of the HPL dimensioned
variable A[*] is designated by writing A[J], whereas in FORTRAN it would be
written A(J). In HPL code, the square brackets are always used to enclose

indexing or dimensioning information about an array (dimensioned) variable,

and for no other purpose. This is necessary in HPL to distinguish, for
instance, the simple (scalar) variable P from the array variable P[*] whose

dimensions might have been declared by a statement dim P[5,10], which is
analagous to the FORTRAN statement DIMENSION P(5,10). In a FORTRAN program

where such a dimension statement exists, a reference to the variable P is an

implicit reference to P(1,1), i.e., the first element in the P array. However,

this is not the case in HPL, where the simple variable P has no connection

18
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For instance,
the sequence of HPL statements 2 » P; 3 ~ P[1,11; P P[1,1] » X would cause the

number 6 to be assigned to the variable X.

whatever with the array variable P[*] or any of its elements.

1.4.1 General Arrangement of Program Files

The first line of code (1ine 0) in every HFRMP program file (processor or
processor 1ink) contains, in the form of a label, the name under which the file

is stored on the program disk, followed by the date and time of its most recent
revision. The executable part of this line contains the statement gto "RUN",

where “"RUN" is the label of the line where the main logic flow begins. The

next two lines (1 and 2) contain statements that facilitate an automatic list-

ing of the complete program, and which are never executed in a normal produc-
tion run.

A11 subprograms are located between 1line 2 and the "RUN" label, and they

are arranged in the following general order:
1. Function subprograms
2. Utility subroutines

3. Special subroutines.

The rationale for this order is to make the program 1istings as insensitive as
possible to corrections or revisions of the logic. Function subprograms and
utility subroutines are revised much less frequently than the main (driver)

Togic in a given link. Therefore the code in the top part of each link tends

to remain comparatively stable.

To the greatest extent that is practicable, the code in each subroutine
and in the driver logic of each individual link is arranged so that execution

control flows from top to bottom, i.e., from smaller line numbers to greater
ones.

19
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1.4.2 Branching Conventions

For ease of program maintenance, branching to absolute 1ine numbers is
avoided. Relative addressing (e.y., gto + 4) is used whenever practicable;
otherwise, the general rule is to branch to a symbolic label {e.g., gto "RUN").
The jmp statement is used only in the rare instances where it is necessary to
compute a relative address (line number) at execution time.

To avoid confusion regarding the fiow of execution control (and also
generally to permit the transfer of date through an argument list), the

HPL cff statement is used for branching to a subroutine in lieu of the gsb
statement.

1.4.3 Program Labels

No lower-case alphabetic symbols are used in program labels (character
strings used to identify branching targets, including the names of subpro-
grams). The purpose of this convention is to provide a contrast between such
labels and the commands and standard functions of HPL, all of which are spelled

with Tower-case alphabetic symbols.

1.4.4 Input/Qutput Mnemonics

Although numerical option codes are sometimes used intern2lly by #TRAJ,
it has been adopted as a policy that HFRMP users should not have to memorize
(or look up) obscure numerical codes in order specify logical options in the
input data files. Rather, such options are specified by the user in the form
of mnemonic character strings which, if necessary, are converted to numerical
codes internally.

Mnemonic character strings are also used to identify the HFRMP digital

output data. With regard to all input/output mnemonics, a determined effort
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has been put forth to make them as meaningful and as consistent as possihle.

1.4.5 Data-Register Protocol

Because of the limitations of the HPL syntax, it has been found necessary

to adopt a comparatively rigid protocol to govern the use of named variables
and of the numbered r-registers.

mation for the r-registers.

1.4,5.1 Simple Variables

The simple (scalar) variable names, which are limited in HPL to single
upper-case alphabetic characters (A thru Z), are used primarily as loop
counters and for the temporary storage of intermediate computational results,
Eight of the 26 simple variables are designated as volatile registers, which

means that they are least rigidly controlled, and that their contents are most

susceptible tec frequent change. These are the registers identified by the

characters H,I1,J,K and W,X,Y,Z.
1.4.5.2 r-Registers

Because of the limited number of usable names for variables, and also
becauce array names cannot be passed through the argument lists of HPL sub-
programs, most of the data that would normally be assigned unique names or
stored in individual arrays (e.g., as in a FORTRAN program) are stored instead
in the numbered r-registers. The correlation between the r-numbers and the
logical symbols, shown in Appendix D, is extremely critical to the understand-
ing of the #TRAJ code.

When there is a need for a utility subprogram to perform a standard compu-

tation involving one or more logical arrays (such as vectors and quaternions),
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the address of each logical array (i.e., the r-number of its first element) is
passed through the argument list (in lieu of an array name, which is not per-

mitted in HPL). For instance, suppose the components of a vector ﬁb reside

in the registers r1 through r3, the components of another vector Vé reside in

r4 through r6, and it is desired to compute the vector ﬁh = ﬁb X V& and store

it in r7 through r9. Symbolically, in the flow charts, this would be written

——r —

R; x Vg > Hgy or possibly as cff 'CRSP' (R

a

G’VE’FG)' In the HPL code, it would

appear as cff 'CRSP' (1,4,7), where 'CRSP' is the name of the vector cross-

product routine, and the numbers 1,4,7 are the addresses of the vectors in-
volved in the operation.

The first 19 r-registers (r0 through r18) are similar to the simple-vari-
able registers in that they are used mainly to store the intermediate results
of array computations. The first ten r-registers (rQ through r9) are analo-
gous to the simple variables H,I,J,K and W,X,Y,Z in that they are designated
as volatile, i.e., most frequently used. Preferential use of the lower-num-
bered registers tends to minimize code-storage requiremen:s, simply because
they entail writing out fewer digits (each of which requires one byte of code
storage) to identify the registers. That is to say, the statement cff 'CRSP'
(101,104,107) requires 6 more bytes of code storage space than the statement

cff 'CRSP' (1,4,7).

1.4.5.3 Restrictions on Utility Subprograms

During the execution of an HPL subprogram, the HP-9825 operating system
allocates temporary storage (only for the duration of subprogram execution) to
numbered p-variables. These variables are numbered sequentially beginning
with p0, into which the operating system loads the number of parameters that

appear in the argument list of the calling routine's reference to the sub-
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program. If there should be three arguments, then at the beginning of sub-
program execution pQ would contain the number 3. The registers pl, p2, and p3
would contain the values assigned to the arguments of the subprogram by the
calling routine. The subprogram can make use of as many higher-numbered p-reg-
isters (p4, p5, etc.) as it may need for temporary storage of intermediate
computational results. All of the p-registers are de-allocated (in effect,
erased) when execution control is returned to the calling routine.

The cperating system also permits the subprogram to reference (get values
from or store values into) any of the registers accessible to the main program
(this includes the simple variables, array variables, string variables, and
r-registers). However, to prevent inadvertent modification of the contents of
registers that the calling routine may be using, certain conventions have been
adopted that limit the access of utility subprograms to global variables (i.e.,
any other than the p-variables).

In gereral, utility (general-nurpose) subprograms are not allowed to make
literal reference to anv r-register. They are allowed to i .ke logical refer-
ence to such registers hy nmeans of adlvesses that may be passed to them
through their argument lists by the calling routine. For example, the charac-
ter strings rQ or r25 are not permitted in the code of a utility subprogran.

However, the character strings rpl and r(p3+3) are permitted, where pl and p3

represent addresses (in this case, the first and third numbers in the argument
1ist) of logical arrays that are passed to the subprogram by the calling
routine.

Function (as distinguished from subroutine) cubprograms are not allowed to
make reference to any simple variable. They are required to use p-variables

for any temporary storage they might need. The same restrictien applies to
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any utility subroutine whose logical argument 1list contains only scalars and
vectors.

Utility subroutines that perform quaternion and matrix operations are
permitted to use the volatile simple variables (H,I,J,K and W,X,Y,Z), but no
others. Special subroutines such as 'DERVIS' (Section 2.3), whose calculations
generally are more complicated than those of utility subroutines, have no

such general restrictions on their access to storage registers.
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2. BASE LINK (#TRAJ)

The "#TRAJ" program file is the base link of the #TRAJ processor, contain-

ing all of the general-purpose subprograms, i.e., all that are used by two or

more subsidiary links.
2.1 FUNCTION SUBPROGRAMS

2.1.1 'ANGY'

The function subprogram 'ANG1' converts an input angle to its equivalent

value in the range of 0 to 2.

2.1.1.1 Arguments

pl = Input angle, measured in radians.

2.1.1.2 Example of Usage

The instruction 'ANG1'(-37) > A in the calling routine would cause the

value of +r to be assigned to the variable A.

2.1.1.3 Computations

The fractional part of pl1/2n is multiplied by 2n. If the result is nega-

tive, 2r is added. A flow chart is shown in Figure 3.
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Figure 3.
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AT + pa > pa

'ENGY' Function Subprogram Logic Flow
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2.1.2 'ANG2'

The function subprogram 'ANG2' converts an input angle to its equivalent

value in the range of -u to +n.
2.1.2.1 Arguments

pl = Input angle, measured in radians.
2.1.2.2 Example of Usage

The instruction 'ANG2'(-3w) - A in the calling routine would cause the

value of -r to be assigned to the variable A.
2.1.2.3 Computations

The fractional part of pl/2x is multiplied by 2r. If the result is great-

er than =, 2« is subtracted. A flow chart is shown in Figure 4.
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2.1.3 'ATN1'/'ATN2!

This multiple entrypoint function subprogram computes the arctangent of
the ratio of two input quantities, whose individual signs determine the quad-
rant of the output angle. The 'ATN2' entrypoint is analogous to the FORTRAN
ATAN2 function, in that the output angle lies in the range of -r to +x. When

the 'ATN1' entrypoint is used, the output angle lies in the range of 0 to 2.

2.1.3.1 Examples of Usage

The instruction 'ATN1'(-1,1) » A would cause the variable A to be as-

signed the value of 7+/4, while the instruction 'ATN2'(-1,1) - A would cause

it to be assigned the value of -u/4.

2.1.3.2 Computations

Tests are made to avoid division by zero. Depending on whether pl or p2
has the greater magnitude, a base value of the output angle is computed from

the expression r/2 - atn{p2/abs(pl)) or the expression atn(abs(pl/p2)), where

atn and abs represent the HPL arctangent and absolute value fuuctions. Tests
on the signs of pl and p2 then are made so that the base value can be rotated
into the proper quadrant. If pl = p2 = 0, the output angle is set equal to

zero. A flow chart is shown in Figure 5.
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W - atn(ba/|pi)) > b3

Figure 5.

'ATNT'/'ATN2" Function Subprogram Logic Flow
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2.1.4 'HM.S'

The 'HM.S' function converts time from seconds to hours, minutes, and
seconds. The output is a single number in the form of HHMM.SS, where HH
denotes the hours digits, MM denotes the minutes digits, and SS denotes the
seconds digits.

2.1.4.1 Arguments

pl = Input time, measured in seconds.

2.1.4.2 Example of Usage

The instruction 'HM.S'(36385.8) + H in the calling routine would cause

the variable H to be assigned the value 1006.258 (10 hours, 6 minutes, and
25.8 seconds).

2.1.4.3 Comptitations

See Figure 6.
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int (bﬂ-/éo )> b3
int (b3/60)» bu

loo‘b‘i + bs- COb‘-l + (ba2-é0p3) /100 »>bs3

9

!
(ret b3 agn(p1))

Figure 6. 'HM.S' Function Subprogram Logic Flow
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2.1.5 'SECS'

The 'SECS' function is the inverse of the 'HM.S' function described in

Section 2.1.4. It converts time from hours, minutes, and seconds (expressed

in the HHMM.SS format) into seconds.

2.1.5.1 Arguments
pl = Input time, in the HHMM.SS format.
2.1.5.2 Example of Usage

The instruction 'SECS'(1006.258) -~ S in the calling routine would cause

the variable S :o be assigned the value 36385.8 (the number of seconds in 10

hours, 6 minutes, and 25.8 seconds).

2.1.5.3 Computations

See Figure 7.
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|bil/1oo + pa
nt (b)) » b3

100 fre ( pa)-> bH

40 (g0 b3+ 1wt (b4 ) +100fre (bH) > b3

Ge't b3 AgN(plD

Figure 7. 'SECS' Function Subprogram Logic Flow
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2.1.6 'DOTP'

The 'DOTP' function subprogram computes the dot (scalar) product of two
vectors.

2.1.6.1 Arguments

pl = Address of first vector.

([}

p2 = Address of second vector.
2.1.6.2 Example of Usage

If vector A resides in registers rl, r2, r3, and vector B resides in

registers r4, r5, r6, then the instruction 'DOTP'(1,4) »~ D in the calling

routine would cause the value of A - B to be assigned to the variable D.

2.1.6.3 Computations

See Figure 8.
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("votP br, p2) )

C ret rpirpasripr+ir(pas) + r(lpln)r({ouao

Figure 8. 'DOTP' Function Subprogram Logic Flow
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2.2 UTILITY SUBROUTINES

The subroutine 'SXV' calculates the product of a scalar with a vector.

2.2,1.1 Arguments

pl = Value of scalar.
p2 = Address of input vector.
p3 = Address of output vector.

2.2.1.2 Examples of Usage

The instruction cff 'SXV'(6.8,0,3) in the calling routine would cause the

values 6.8 r0, 6.8 r1, 6.8 r2 to be stored in r3, r4, r5. If vector A resides

in r11, ri12, r13, and B resides in r7, r8, r9, the instruction cff 'SXv'{('DOTP'

(11,7),11,7) would cause the value of (A « B) & to be stored in r7, r8, r9.

2.2.1.3 Computations

See Figure 9.
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(sxv’( b, b2, b3 ))
!

b1 rpr+rps
bi r(ba+)>r(ba+)
b r(bas2) s r(psta)

ret

Figure 9. 'SXV' Subroutine Logic Flow



T e TR

2.2.2 'VADD'/'VSUB'

Depending on which entrypoint is used, this subroutine will calculate

either the sum or the difference of two vectors.,

2.2.2.1 Arguments

pl = Address of first input vector.
p2 = Address of second input vector.
p3 = Address of output vector.

2.2.2.2 Example of Usage

If vector A resides in rl, r2, r3 and vector B resides in r4, r5, ré, the

instruction cf/f 'VADD'(1,4,7) in the calling routine would caise the value of

A + B to be stored in r7, r8, r9. The instruction cff 'VSUB'(1,4,4) would

cause the value of A - B to be stored in r4, r5, r6. The instruction

cf/ 'VADD'(4,4,4) would cause the value of 2B to replace B in r4, r5, ré.

The instruction cff 'VSUB'(1,1,1) would cause zeros to be stored in rl, r2, r3.

2.2.2.3 Cromputations

See Figure 10.
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@oo’(pn,pz,@ @us’t pn,p:.,%a)

1]

\> N -1= by
{ Il
v

tlt + by rha » rps
rllor+1) + i r(pas1) > v(fps+)
c(br42) + by r(pa+a)> r(b3+2)

o

Figure 10. 'VADD'/'VSUB' Subroutine Logic Flow
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2.2.3 'CRsp'

The 'CRSP' subroutine computes the cross product of two input vectors.

2.2.3.1 Arguments

pl = Address of first input vector.
p2 = Address of second input vector.
p3 = Address of output vector.

2.2.3.2 Example of Usage

If the vector A resides in r1, r2, r3 and the vector B resides in r4, r5,

ré, the instruction c// 'CRSP'(1,4,7) in the calling routine would cause the

value of A x B to be stored in r7, r8, r8. The instruction c/f 'CRSP'(4,1,4)

would cause the value of B x A to replace B in r4, r5, r6.

2.2.3.3 Computations

See Figure 11.
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o

Figure 11. 'CRSP' Subroutine Logic Flow
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2.2.4 'ROT'/'IROT'

This multiple entrypoint subroutine is used for transforming the com-
ponents of a vector between two Cartesian coordinate systems that are angularly
displaced from one another by a rotation about their common origin. Let the
two coordinate systems be designated F and G, and let the versor (unit quater-

nion) qg. define the orientation of G with respect to F (see Appendix A).
FG

The 'ROT' entrypoint performs the computation symbolized by E}G o V% o E}G -+ VG'

The symbol V% represents the value of a vector ¥V in coordinate system F, and Vé
represents the value of the same vector in system G. The IROT entrypoint

performs the inverse transformation, symbolized by E}G 0 Vé 0 E}G -+ VF'

2.2.4.1 Arguments

pl = Address of input vector.
p2 = Address of versor,
p3 = Address of output vector.

2.2.4.2 Examples of Usage

If the versor E;G resides in r0, r1, r2, r3 and the vector VF resides

in r4, r5, r6, the instruction c/f 'ROT'(4,0,7) in the calling routine would

cause the vector Vé to be stored in r7, r8, r9. A subsequent instruction

cff 'IROT'(7,0,7) would cause a copy of the vector V% to replace Vé in r7, r8,

r9. The instruction cf/ 'ROT'(4,0,1) would cause Vé to be stored in rl, r2,

r3 (thus destroying the last 3 components of the versor E}G).

2.2.4.3 Computations

—

The quaternion operation §%G ) V} o E}G -+ VG is equivalent to the matrix

operation [R] V% > Vé, where
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(HH+I1-00-KK)  2(IJ+HK) 2(IK-HJ)
[R] = | 2(1J-HK) (HH-II+4JJ-KK)  2(JK+HI) R (26)
2( IK+HJ) 2(JK-HI) (HH-II-JJ+KK)

and where 3}6 =H+ i1+ 3 J + k K. The inverse transformation

E}G o Vg o E}G -+ VF is equivalent to the matrix operation [R]T Vé -> VF’ where
[R]T is the transpose of [R]. By inspecting Cquation (26), it can be seen that
[R]T is obtained simply by reversing the sign of H, as reflected in the fiow

chart that is shown in Figure 12.
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(Rovlbr, b2, b3) ) (zroTpr pa,ps) )
Y

Y2+ H -rpa-=>H

K

rhi>x
Y1+ > Y
r(pi+a)>2
r(pa+)~>1
fba+2)>»T
r(pa+3)>x
(WM +TT-TT -k )X +2((TT+HK)Y + (TK-HTIE) > vp3

(WH=TI +TT-KK)Y 42 ((TR+HI)Z + (ZT- HKIR) > r(bos+1)

(WH-XT~TT+kk) 2 +2 ((Tk+uTIX+(TR-nT)Y) > v(p3+2)

ret

Figure 12, 'ROT'/'IROT' Subroutine Logic Flow
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2.2.5 'QDOT'/'QXQ'/'QxQC'/'QCXQ!

This multiple entrypoint subroutine performs a variety of related quater-

nion operations. As in Section 2.2.4, let E}G represent a versor (unit
quaternion) which defines the orientation of a Cartesian coordinate system

® with respect to another system F that has the same origin. Let the vector
—+G

wg represent the angular velocity (measured in system G) of system G with

respect to system F. The 'QDOT' entrypoint is used to perform the operation

. = ~—G = = s =
symbolized by (qFG o we /2~ Qpg» Where qp. represents the derivative of g
with respect to time.

Let P and axrepresent any two quaternions (not necessarily versors), and
let % and ﬁ represent their conjugates. The entrypoints 'QXQ', 'QXQC', and

'QCXQ’ (respectively) perform the operations symbolized by P o Q > R,
Po3-R,andB®oQq~R.

2.2.5.1 Arguments

'QDOT ' Entrypoint:

pl
p2

Address of the orientation versor E}G'

Address of the angular velocity vector BEG.
p3 = Address of the output derivative E}G'

'QXQ'/'QXQC'/'QCXQ' Entrypoints:

pl = Address of the first input quaternion P.
p2
p3

Address of the second input quaternion Q.

Address of the output quaternion R.

1)

2.2.5.2 Examples of Usage

Assume the variable A has the value of 25, that the versor 3}6 resides in

r50, r51, r52, r53, and that the vector o8

wg resides in r54, r55, r56. Then
46
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the statement cff 'QDOT'(A+25,A+29,A+125) will cause the value of E}G to be

stored in r150, r151, r152, r153. If the versor EEH resides in r0, rl, r2, r3,
the statement c// 'QXQ'(A+25,0,4) will cause E}H to be stored in r4, r5, ré6,
r7. If this were followed by c// 'QXQC'(0,4,8), the versor

EEH 0 E}H = EEH 0 ELF = EBF would be stored in r8, r9, ri10, ril. Then the
statement c// 'QCXQ'(8,0,0) would cause a copy of the versor

%GF 0 EEH = E}G 0 EBH = E}H (already residing in r4, r5, ré, r7) to be stored

in r0, rl, r2, r3.

2.2.5.3 Computations

The computational sequence depicted by the flow chart in Figure 13 results

from a straightforward application of the rules of quaternion algebra that are

defined in Appendix A.

47




@oof’qu, \n,@ @xq’lh,Pﬁ, P@ @‘QC'(P‘,P%P@ @'-XQ'(I?',M,@

Figure 13.

WX +TW+T 2 -KY > 1r(

HWw-IX-JY-K® > rp3

AY + Tw +kx-n¢r(p's+a)
NE4 KWHAIY-TX > ¥(p3+3)

ps41)

b

g > W \> W i d
o W W -\ W \>wW
thass » X
ripatiia>Y
(pasd) A>2
Y
wr(pa+)y» x
wr(pata)>Y
w i (pa+3)>2
vha»w
. l
wr{pr+1y>1
WE(pr14)>T
Wr{pi43)»K
rhi>H

'QCOT'/'QXQ'/'QXQC'/'QACXQ" Subroutine Logic Flow
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2.2.6 'Q231'/'Q213'

The digits 1,2,3 in the 'Q231' and 'Q213' entrypoint names identify coor-
dinate-system rotations about the X,Y,Z axes (respectively) in two different
Euler-angle sequences. Generally, rotation about the X axis is designated as
roll, rotation about the Y axis is designated as pitch, and rotation about the
Z axis is designated as yaw. Given an orientation versor E}G’ the 'Q231' entry-
point is used to calculate the values of the pitch, yaw, roll angles (taken in
that sequence) that are required to rotate the axes of coordinate system F into
coincidence with those of system G. The 'Q213' entrypoint is used to calculate

the corresponding Euler angle set for a pitch, roll, yaw sequence.

2.2.6.1 Arguments

pl = Address of the orientation versor.

p2 = Address of the output array of Euler angles (measured in radians, ard

stored in the same order as the logical rotation sequence).

2.2.6.2 Example of Usage

If the orientation versor under consideration resides in r0, rl, r2, r3,

the statement c// 'Q231'(0,4) would cause the first rotation (pitch) angle to

be stored in r4, the second rotation (yaw) angle to be stored in r5, and the

third rotation (roll) angle to be stored in r6. The statement c{f 'Q213(0,0)

would cause the rotation angles of a pitch, roll, yaw sequence to be stored in
r0, r1, r2 (thus wiping out the first tliree conponents of the orientation
versor).
2.2.6,3 Computations

The outpu: of the 'Q231'/'Q213' subroutine is an ordered set of Euler angles
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ay By v For a pitch, yaw, roll sequence the Euler angles are related to the

orientation versor E%G =H+i1+ 3 J+ kK by the equations (see Reference

10)
H=C,C, CY - Sy S, SY, (27)
I = Cu CS SY + Sa SB CY’ (28)
J = 9a CB CY + C SB SY’ (29)
and
K= Ca SB CY - Sa CB Sy, (30)

where C_ = cos ' a, S, = sin & a, CB = cos 3 B, etc. Solving equations (27) -
L

(30) for «, R, v results in

L(aty) = tan! [0+ 1)/(H + KT, (31)

bfe - o) = tan”! [(3 - I)/(H - K)T, (32)

g = tan~! [2 (HK + 1)/ VX% + Y27, (33)
where

X = He - 12+ g2 _ k2, (34)
and

Y =2 (JK - HI). (35)

As reflected by the flow chart shown in Figure 14, Equations (31) - (35) are
used to compute the Euler angles when the 'Q231' entrypoint is used.
For a pitch, yaw, roll sequence, the orientation versor and the Euler

angles are related by the equations
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and

K=C C, S -S S, C..
O R Ty Ry

The Euler-angle solutions in this case are

Y (w - y) = tan [0 - K)/(H + )T,
Lila b y) = tanT! [0+ K)/(H - DI,
g o= tan”! [2 (HI - JK)/ V}?_:f;?j,
where
X =H - 12+ 9% - k8
and
Y = 2 (I + HK).

It can be seen that Equations (31) - (35) become identical with (40) - (44)

when
(a) =K is substituted for I,
(b) I is substituted for K, and

(c) the sign of y is reversed in the first set of equations.

This characteristic of the two Euler sequences allows common logic to be used

(44)

Tfor the major portion of the computations, as illustrated in Figure 14.
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ATN& (T+I HeK) D> X
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‘ANG2 (x+Y\- Y pa
‘anca’ (WIX-Y N> v(ba+2)

Figure 14. 'Q231'/'Q213" Subroutine Logic Flow
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2.2.7 Q313

Given an orientation versor E}G’ the 'Q313' subroutine caiculates a set of
Euler angles (a,8,y) that corresponds to a rotation of coordinate system F
into coincidence with system G, assuming F is rotated sequentially about its

Z, X, 1 axes.

2.2.7.1 Arguments

pl = Address of the orientation versor.

p2

Address of the output array of Euler angles (measured in radians, and

stored in the same order as the logical rotation sequence).

2.2.7.2 Example of Usage

Suppose that coordinate system F is a geocentric inertial system defined
such that the first point in Aries lies on the XF axis, and the earth's
angular momentum vector lies along the ZF axis. Let G be another geocentric
system defined such that the instantaneous position of some satellite lies
on the XG axis, and such that the angular momentum vector of the satellite
CG lies along the ZG axis. Let the versor E}G reside in r0, rl1, r2, r3. Then

the statement cf/ 'Q313'(0,4) would cause the right ascension of the ascending

node of the satellite orbit to be stored in r4, the inclination of the orbit
to be stored in r5, and the argument of latitude corresponding to the satellite

position to be stored in ré.

2.2.7.3 Computations

The Euler angles are related to the versor EkG SH+i1+ 3 J+ kK by

the equations
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H=cos % (a +y) cos b g, (45)

I=cos% (a-v) sinkg, (46)

J=sinY (a - y) sin & 8, (47)
and

K=sin (a +v) cos 4 8 (48)

(see Reference 10). It follows that

W= tan”! (VIT333, VARFRR), (49)

Lo(a+y) = tan”) (K,H), (50)
and

Lo(a - y) = tan”! (3,1). (51)

A flow chart of the 'Q313' logic is shown in Figure 15.




C ‘a3 3 b1, pa) )
Y

rhi>u
r(pi+)>1
r(pi+2)>7
r(pi+3)»K
2 ATN2 (ITFTT, Vanaxe ) » r(pa+)
ATna’(x,n) > x
nNa’(T, 1y Y

‘ANG2 (X + V)> vpa

‘anga’(x - Y)> r(pa+a)

;

Figure 15. 'Q313' Subroutine Logic Flow
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2.2.8 '231Q'/'213Q"

The '231Q'/'213Q" subroutine performs the inverse function of the 'Q231'/
'Q213"' subroutine described in Section 2.2.6. That is to say, given an order-
ed set of Euler angles a, 8, vy, it calculates the associated orientation versor
E}G‘ The '231Q' entrypoint is used when the rotation sequence is pitch, yaw,

roll, and the '213Q' entrypoint is used when the sequence is pitch, roll, yaw.

2.2.8.1 Arguments

pl = Address of the input array of Euler angles (measured in raaians, and
stored in the same order as the logical rotation sequence).
p2 = Address of the orientation versor.

2.2.8.2 Example of Usage

If r1, r2, r3 contain the pitch, yaw, and roll angles that define a
certain orientation of the Orbiter's body axes B relative to its local-vertical

frame G, then the statement cff '231Q'(1,0) in the calling routine would cause

the orientation versor 3%8 to be stored in rO,lrl, r2, r3 (thus destroying the
input values of the Euler angles, plus whatever value may have been stored in
r0 before calling the subroutine). If the variable A has been assigned the
value 100, and if r4, r5, r6 contain the pitch, roll, yaw angles that define
the orientation of system G with respect to another system F, the statement
cff '213Q' (4,A+10) would cause the versor E}G to be stored in r110, r111, rii2,
r1i3.

2.2.8.3 Computations

The computational sequence defined by the fiow chart in Figure 16 is a

straightforward impl-mentation of Equations (27) - (30) and (36) - (39) from
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Figure 16. '231Q'/'213Q' Subroutine Logic Flow
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2.2.9 '313q'

The '313Q' subroutine performs the inverse function of the 'Q313' subroutine
described in Section 2.2.7. Given an ordered set of angles a, B, y that
defines the orientation of a coordinate system G with respect to another system
F in terms of sequential rotations of F about its Z, X, Z axes, the "313Q' sub-

routine computes the associated versor E}G

2.2.9.1 Arguments

pl = Address of the input array of Euler angles (measured in radians, and
stored in the same order as the rotation sequence).
p2 = Address of orientation versor.

2.2.9.2 Example of Usage

Let the F and G coordinate systems be defined as in Section 2.2.7. Let
the right ascension of the satellite orbit reside in r4, the inclination of the

orbit in r5, and the satellite's argument of latitude in r€. Then the state-

ment c /4 '313Q'(4,0) would cause the orientation versor E}G to be stored in

r0, r1, r2, r3.

2.2.9.3 Computations

The computational sequence defined by the flow chart in Figure 17 is a

straightforward implementation of Equations (45) - (48) from Section 2.2.7.
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Figure 17.

=

'313Q"' Subroutine Logic Flow
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2.2.10 'IMATQ'

Given the inverse

R = (R = 11 ={ T, Ty Ty (52)

of the coordinate transformation matrix [R] defined by Equation (26) in Section

2.2.4, whe 'IMATQ' subroutine computes the associated orientation versor
?FG=QO+iq]+qu+kQ3- (53)

2.2.10.1 Arguments

pl = Address of the inverse transformation matrix, stored (columnwise) in
the order T11s Toys T31s Tios Tons T3os Tygs Togs Tas.
p2 = Address of the output versor.

2.2.10.2 Example of Usage

Let F represent an ECI coordinate system, defined such that the first
point in Aries lies on the XF axis, and the earth's angular momentum vector is
aligned with the ZF axis. Let G represent another geocentric coordinate
system defined such that the XG axis is aligned with the geocentric position
vector R of a satellite, and such that the ZG axis is aligned with R x V, where
V is the geocentric inertial velocity vector of the satellite. Suppose that
R and V are known in terms of their components in F, and that it is desired to

evaluate E}G‘

The inverse transformation matrix can be expressed as

_ 6K} geYL o6
(7] = U™ UE Vg 6

BRS——

o ) Eoiants

R R S
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X _= 5 6L m LT v T —6Y _ =67 _ —6X -

where UZ" = RF/IRFI, Up™ = (Rg x VF)/IRF x V|, and UZ" = U° x Ug". If Rp re-

sides in r13, r14, r15, the statement ¢ £ 'SXV' (IAJ('DCTP'(13,13)),13,0) will
—6X

cause UF to be stored in r0, ri1, r2. If VF resides in ri16, r17, r18, the
statement ¢ff 'CRSP'(13,16,6); cff 'SXV' (1A/('DOTP'(6,6)),6,6) will cause T to
be stored in ré, r7, r8, and the statement cf/ 'CRSP'(6,0,3) will then cause .
Uﬁy to be stored in r3, r4, r5, thus completing the columnwise storage of [T]

in r0 through r8. The statement cff 'IMATQ'(0,9) will then cause E}G to be
stored in r9, r10, r1l1, ri2.

2.2.10.3 Computations

By comparing Equations (26) and (52), it can be seen that [T] can be

expressed, in terms of the versor components appearing in Equation (53), as

p—

2.2 2 2 ]
(Q0+q] "qZ'Q3> 2(q]q2-qoq3) 2(Q1Q3+qu2)

2
[T1 = | 2(g49,+q493) (qg-q§+q§-q3) 2(a993-99;) | - (54)

‘ 2 2 2
2(q793-999,)  2(g,93%q59¢) (qo-q‘]g-q2+q§)

Taking cognizance of the facts that qg + q% + qg + q§ = 1, and that one (but

only one) of the versor components can be given an arbitrary sign, four
different solutions for the values of qk(k =0,1,2,3) can be found in terms of

the Tjj(i,j = 1,2,3). These solutions are given by the equations

qg = VAR T]] ¥ T22 + T33/2 (54a)

L0
-_—
!

= (Ty, - Ty3)/4 q (54b)
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q2 = (T]3 = T3])/4 qo

(54c)
or
W= VTFT =T, " To3/2 (553)
%G = (Ty; + T12)/4 q (55b)
Q = (T32 - Ty3)/4 a (55d)
or
T VT Ty Ty (562)
3 = (Tg, + To3)/4 q, (56b)
qg = (T]3 - T3])/4 9, (56¢)
qq = (TZI + 712)/4 %, (554,
or
BV T Ty T Ty (57a)
9 = (Ty; - T12)/4 a4 (57b)

Y . T




il

9 = (T3p *+ Tp3)/4 3. (57d)

Since any versor component (or as many as three of them) may turn out to
be zero, numerical tests are necessary to determine which one of the alternate
computational sequences defined by the preceding equations can be used in a
given case. It is known from the versor identity qg + q% + qg + qg = 1 that
at least one component must have a magnitude as great as !, and that none can
have a magnitude greater than unity. As defined by the flow chart shown in
Figure 18, the 'IMATQ' logic tests the magnitude of each versor component in
sequence until one is found that has a magnitude at least as great as %. As
soon as a component ay is found that satisfies the inequa ty 4 qﬁ > 1, it is

arbitrarily given a positive sign, and the remainder of tr.. components are

calculated by using the equations that contain 4 ay in the denominator.
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Figure 18. 'IMATQ' Subroutine Logic Flow
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2.3 STATE VECTOR DERIVATIVES SUBROUTINE ('DERIVS')

The 'DERIVS' subroutine computes the first derivative (with respec* to time)

of each quantity contained in an extended array of state variables that in-
Cludes, in addition to the translational and rotational state vectors defined
in Section 1.2, such things as propellant expenditures and control torque
integrals. The memory allocation table contained in Appendix D 1ists the
specific quantities that are included in the Shuttle state variable array
(registers r25-r49) and the payload state variable array (registérs r50-r74).
Containing mathematical models of the orbital flight environment and of

all vehicle systems affecting the dynamics of the Shuttle and the paylcad, the
'DERIVS' subroutine represents the heart of the #TRAJ processor.

2.3.1 Input Data
2.3.1.1 Argument List

The 'DERIVS' argument list consists of a single parameter (pl) which is

assigned a value of 0 or 1 by the calling routine according to whethe: state

variable derivatives are to he computed for the Shuttle or the payload.
2.3.1.2 r-Registers

The contents of the following r-registers (see Appendix D ) are used as

input quaniities in the 'DERIVS' calculations:

Shuttle Computations Payload Computations
(p1 =0 (p1 =1)

r23, r24 r23, r24

r25-r39 r50-ré64, 74

r75-r86 r100-r111]

r91-r99, ri24 r116-ri24
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2.3.1.3 Array Variables

The appropriate 12x12 RCS/DAP response matrix (see Section 3) must reside

in the HPL array variable R[*] (represented symbolicaliy as [R] in the foilowing
flow charts) before calling 'DERIVS' for Shuttle derivatives (i.e., with pl = 0).

When SRM thrusting is to be simulated, the name of the disk file containing

the appropriate SRM thrust table must have been assigned to file no. 3 and the
array variable A[x] (see Figure 19d for contents) must have been initialized

before calling DERIVS for payload derivatives (i.e., with pl = 1).
cf the A[*] array (symbolically, [A]) are updated as required in 'DERIVS' by

reading new thrust-profile coordinates from fiie no. 3 as the burn progresses.

2.3.2 Qutput Data

As indicated in Appendix D , the r-registers have been allocated so that
the address of every state derivative can be found simply by adding 100 to the
address of the corresponding state variable. Thus, Shuttle state derivatives
are stored in r125-r149 when pl = 0, and payload state derivatives are stored
in registers r150-r174 when pl = 1. When pl = 0, the contents of r28b
(normally zero) will be set equal to 1 if 'DERIVS' finds the Shuttle RCS
inadequate to maintain the comnanded attitude.

Sometimes the calling routine requires, in addition to the state variable
derivatives, the angular velocity vector (BéG or Iég) of the local-vertical
coordinate system. This .:ctor resides in the volatile registers ri-r3 when
execution control is returned from ‘DERIVS' to the calling routine. Another

vector sometimes needed by the calling routine is the linear acceleration

vector (Ké or Eé), which resides in r7-r9 upon the return from 'DERIVS'.
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2.3.3 Computations

The computations performed by 'DERIVS' are defined by the flow chart shown

in Figure 19a through 19g. For the most part, the computations are described

in terms of logical symbols (as opposed to the HPL variable names and addresses

that appear in the code.) The major portion of the computational logic applies

equally to Shuttle and to payload calculations. To minimize confusion in

following the flow of the logic, Shuttle symbols (e.g., Ké rather than Eé) are
used almost exclusively throughout the flow chart, even in those sections of

the Togic that apply uniquely to the payload. The only exceptions to this

general rule occur when there is no Shuttle-related equivalent of a payload-

related variable (e.g., f]+, 12+, etc.).

Insofar as practicable, the order of computation in the HPL code (Section

C.1) is arranged to follow that shown in the flow chart. Even so, Appendix D

which shows the correlation between logical symbols and r-register numbers, is

L]

indispensable to the understanding of the code.

Following is a summary of all the data registers ihat will or may be

modified by an execution of 'DERIVS':

Shuttle Computations Payload Computations
(p1 = 0) (p1 = 1)

r0-r18 r0-r18

r87-r90 r112-rl1l5

r125-r149 r150-r174

r285 A[5]-A[8]

A-Z A-Z

67




g ——

ATHMOSPHERE MODEL

GRAVITY mODEL

Re#. 13

%63 ~TO
(curva £it)

{

(bemwsip)
“grav"”

1:0' [ M

Foso 3 * Hor

©
\

-3 =33
»
§xo' Oy * §1e ™ 06

M

?or * g * $or * Op
(,Uc/a‘) {(3m) Ja(luﬂ'(fum‘g-\)-t} >0
= (Ua/a) {37, (Re/RYn8)} = b
O - ak =+ AL
[0h Us (3= 32
(3 e/a®) !:):, Ups (Tu=Tay) [+ 1,

Ups Ura (Ty T

B o e st e at o Sdie G S Lot edbinananitad ot

pg 1 o Shukle
+ Pavloead

0" Unit vecten painted leny
3-Anin of cosndinates system 1
(U;; “-giND,
whene O Geocentnic
tatituda)d)

o= i/a

M = 140764 69 10" 24%sect
Jy * .00j082% kel 16
Re” 20928 722 #4

=¥
AT gn;wtatv.maL accelenation

1' = Tonque

@&o {Ne A¥RS EFFucTS)
e 1
AT™

SNy cond /-tcote) > 7]
by {1+ 072) cadd s (Wade'cadp) > Ro
Re S/R ~ §
(R-Re VL 1-0'§/2)» 1
b Zexp { Vi-auisi/nis’ + nan} > p
& (A, + 03l ol

RUG We | » T

Figure 19a.

-R

= %, 2 -
Fos " Ve * Fen T Vo
A

'"DERIVS' Subroutine

68

e = 006692
be= 20055591 &4
N = Geodetic altitude

€.z .00asn7 sl I
(dewsity al sda Lavel)

e 72921 Xy 0" sec!

V¥ * veleedy with neepect
to Rotating #irmesphere

Logic Flow

'

P—

e s oo i S b s

s i ol



MODELS

AERODYNAMIC

O PeING
| - gosnt

A

m ui (PAYLOAD)

“agRO” a0 (SuuTTLEY

AR o
o
Vos /am T anf

VIVEY $ (Vg3 )t /ar S cop

veo

Vel / (#rcosg) > sinu
Vet /{a~cea P) » cosx

(Refs. 5,6,M)

(md'/u) Vg +daVIVET (Ve ) *a

= (K&kf ta) V: ‘?:

~L/a
]

Poe x

(gera s lomn MY (1= lanpl)

+ LAt ang i+ Cue|smnagainia | = ¢y
~{imISKkpKkuCy P} V' > B
ON(wINIp ~cosaumiNag) - 0268 c:
(.0M8 costu~ 13 S iN)Cou'l - ONBCosnCos 3 > Ch
osTam(3.0tp)- cifsmusVignap! cosx)sinag & (¥

b}
{Onys ke ke p ot |cch [y

[ben

‘FLAIRO.

Figure 19b.

"

w
ENOERO

TR . P NA el it
Vet Py o x Fg T L
= - = b3l
2afo *Fes™ Fo

(3. /w\T’:~b Ry

& Te.Z -
Fotts Fer T Ly

Teelhs > 1,

é

B2 ANeLE oF B10ESLP

o® ANGLE OF ATTACK

Co® DRAG LORFEICIENT

G w 24%0 $12 CSwuTTLR
WING PLATFORM AREA)

8. 054 $4 (wine sran)
€= 31,568 £1 (maan cwore)

e

L7 ABRG TORQUE asouT
NOMINAL CG LoCATION
{4,21076.7, ¥,»0, 2,5175)

d = PAYLOAD DIAMETER

1= PAYLOAD LENGTH

Co® 2.0, BASED ON PROJECTED
AREA NORMAL TO WIND

W
= AERO TORGUE AROLT

CERNTER OF FRONY
FACE oF PAYLOAD
CYLINDER

PN5 2 PORITION VECTOR ORAWN
FROM NOMINAL T ACTUAL
CH LocATIoN

W = GROSS WEIGHT

'DERIVS' Subroutine Logic Flow (cont.)

69




NATURAL TORQUE AND INERTIA

ANGULAR ACCELERATION DUE To

o

]
Q“mnc'
for O o F * O] )

..

Lk Wy :
] *» -

IyWe =3, !

1

b

F

] 8
T oquivaLent

b o e e, - 67
aﬂ /1:1"
"3/1:? i 9&);.

Bey/Tas
= <= 18 N = I8 )
‘ 8!"“" ca,"bw. ) ;

=i (PAYVLOAD) = ,q
ALY =0 (SHUTTLEY 1
Kvome * 4
Mod 3 ¥ X Activa OMS quqines 1 h
(3._1,/’_,{' “Tomy fclve OMIeuqives 1 4
() "." ° NONE o )
DUTFSE l ey i °
, w_‘gh* Woma a RIGHT ° !
000(8a.IMAN i+ RY D] » Al s LEPT 4 RiGHT ' ]
Keres * § - ; v
d Ug= OMS thavet unit vecton
8 =0 o'
£ ” RL4, 31 = ShuttLe DAP/Res
- ° — feSpoNse ma+R,y
1 .
2 . RCL T —— RS thaust command
& Ag + [acaj| =i
F O * Wyepy "3, §) ' +x
W O - Weanx - a -X
P [V 3 Y".‘ - TT) ﬂt",,i -.'.T‘ 3 +Y
E O+ Wenen Wyt REgY | S Wy “ Y
g o= Weain au,;': 5 +1
0 © Wrnan ) ) ¢ -2
‘[ﬁ"] = Wiarx ki + Row
RL7 T~ Wppiy I - Rob.
l:’“]"‘ V‘Jp‘u q +cH
R0i0, Y = Wpagn 0 -PeH
LICIT B A ] +YAW
REI, 41 Wpnan "n - YAW
i
D

Figure 19c. 'DERIVS' Subroutine Logic Flow (cont.)

e i il s crmin’ e AT L L o em o L, f L,




THROUST TMODEL

PAYLOAD

R I e ot i SOkt T
A TR Ty ™ H

| > &

t- AL » A%

2at

&, = Paglead thrust “u,

At * Time since |3m+\e~ ( sec)

A1)
ok

P

-~ =
o=A,
O w

ACTI» X

ACPI>Y

Resd New vaLues
mte ALTI ¢ ALB]
from SRM throst
fiLe

<at _m

2a%

(AW]~~3)/(A('1] -x) > ALl

y- KAL) > ALS]

ALIT = Rguivion (Sec)
ALY " hyaoor (€Y

AL317 Wooy (fb/sec)
AlN)» Ty,  (Se)

ALSY = Twutercept (with
At=0) of corrent
Linear seqment
of thrust profile
CF/Moan V8 AT

AL¢l = Slope of clirrent
utjneu"r

ALTI = A% at end of
“3"“”'

AL%) T/T,.‘A,( at end of
seqgrant

~ (ALSI+ AL ALCT ) ALY » W

- (W Al Av) Ug > AT

"ENOTHR

= el =T
Foo® Au ?a > As

N
A tAg Al > A,

¥] : = Paylrad thrust vector

Figure 19d. 'DERIVS' Subroutine Logic Flow (cont.)

71

et

[

H e i R S o
o i M o . M M e Lt 4 s

et s



Vo Anewt of natuaal acestonation +o

ot be countonacted by contael svsdom
& 5, =010} ¢®
- ea (LvAn)
- Kow * attitude mantonancs aphen
_101 -0l ‘LA’
L] ( 4
ALY Rim  Ophiew
- -0
;“. U:. * ?.. hd U: ° ] (“!“ji.c.,ﬂ. condnot)
-30_ ~3¢ o ~g8 ! IRN (Tuandial Rate Held)
We =~ We We a LVRN (Lecal Ventical
- 98 Y Rate Hekd)
£ w‘ % I° > 6‘
E 18, * a
4
é so(enpiven) %
3 i (Paviean)
é o|(TRRUSTING)
e [ a-(ataw +w/wy>a |
4
3
£ -
s i -1y
‘2.’ ; U x Qo' = B,
A .
g2 30 He(Re /R Y'(By, Ugy +Byy Uga Y -HRWE /R 40 > a
;: (Ag= 2RO /R » x
Su
3 " o
b ] 6| W,
$r Q/RN = (R/R + X/N\) Wy
[ .
g« D+ Qv L 8,
« B ea [ "
5% Feo B G T or Lvan, Dy= 5"
é Gg -8y Y,
<
™
2
Iy
[+]
0

Q/;"/\ =1 (PAYLOAD) ( a

o {(snuTTE)

0

Figure 19e. 'DERIVS' Subroutine Logic Flow (cont.)}




SHUTTLE DAP/RCS ATTITUDE CONTROL MODEL

(eed 9)

@"‘ -

osAY
1ok

hey* h
ihe g
i~'=~>4q

[RTh4T 1>

SN VUDL/a * T,,,
€ it (Tpr /6> T

>0 T

T- .04 ®» T
o=
ooA'
O‘UP‘

£0
cC>»T
T~ .o > T
(=<1Y'/160,-V »
27IRTh q1] > Ay
Ag(T/TN > Py

e

(V48 /x> Ay
Au(T/T0) » Pu

. RCL Y2 [Reo, 97 e
Ag+ A lmng| + A (RT3,8| > Ay

RO, §3 | M61,43

. LIRS LTy .
w:', A.[krm;} 4+ A us",]] » w"'.'

AT, 33 L0
Weasx + B RET, 4T+ BREA, ST Wy,
Wp.g[#’ P..IN,,’J "pn[',,'l - v’/'."
Wonsy + P..tqul + P Ry 91 - V’/nly
Wonrn + R RO, i3 + Py Riw, 9] hd W,.,.
Wpmn ¢ RARCH, §3 4P RTN, 9T " W
womar ¢+ ARDL,§]  + Py REB,9D hd wpng

<3

Figure 19f.

73

\).hl' cn-pulu" h or §.
£ "watunaL” ANSULAR A ELERATION
ABouT Beovy AxiS § (4o be
countanactnd)

45 index 28 RCS notadion command
that oppesgs Natumal accererahon

r nden of RCS astatwn command
that meinrprcgr natoRal

ACCELERAATION

o« rnagnitudes or steady -state
ANgULAR AcceLemation predues

by cppesing  jaTS

(RES cAn't contral. Shudile
a4titude)

Dyr Deadband width Fen anis

€= DAP cycle § ime ( Nom. .cf0 a7 )

Tr ELectrical polse wid+h

TY= Errective pukse width

Ap= Errective duty cyele won jeTs
that AEINFORCE NATURAL

ACCRLERATION

Pz Acrual duTy evcLE ror
REINFORCING jl*r‘

A¢® ErFzctiug doty eyelw Fonr 187
+hat oppesy NATURAL ACCELERATION

P = Actual dudy evele ron
oppesing JETS

-

A" LiNBAR ACCRLERATION CAUSED by
UNCOUPLED THRUST OF AYT ITURE
CONTRoOL {ETS

(.';'Jn' Asgulan accslwration of
Shuttle body axes

RCS pROPHLLANT CONBUMPTION RATES

'DERIVS' Subroutine Logic Flow (cont.)

i e




PAYLOAD ATTITUDE CONTROL ™MODEL.

g T T

*mamy”

«

On-Dy > Qg
?".b. . ','” -9,
TV
“{Tedn | L
IV
§oe* Lo '?u > i,
(gl +lg) /2 = ¢
(Jled *Led 72 =
(Lgl+tad 72 > &,
(lyl-t)/2 =3
Uigl-td /2 > g,
(Jlul-tad /2 > &,

P
=
|

Figurc 194g.

( P
a .
RO - AR

(A‘i'-l&nk) /R" -f:l-l

°
- 36
=y *Wg

o

- X6 -
'IG‘DJG /2 g 9':‘3

=N o

~-J8 =
2 We /2 >3

“enooer”

)

L = Reguiaen contrer Torgur (4b $4)

PosiTivE conTROL TORQUE compancNtg

ASScLUTE  VALLES of NEGAT.VE
CONTROL TORQUE COMPANENTS

(CoPy R FROM STATE MAW. AL ARS AN
INTO DERIWATIVE ARRAY

'DERIVS' Subroutine Logic Flow »_(c’qn‘t.)

74




!

cTTT T T T o m T om TR TTE R T v b dumabatintas e A el = DA T e e winitaais i Skl d sodauic aladindeh

2.4 MAIN LOGIC FLOW

The "main logic" of the #TRAJ link consists of nothing more than an

instruction that causes the %RMAT link (Section 3) to be appended to #TRAJ.
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3. RESPONSE MATRIX COMPUTATION LINK (%RMAT)

The function of the ¥RMAT link is to compute matrices that describe the
response of the Shuttle to DAP/RCS commands, and tc store the matrices in

designated disk files for subsequent use during trajectory integration,
3.1 INPUT DATA

3.1.1 Jet Force Table

Basic inputs to the response matrix computations include the data shown in
Table 1, which reside in the disk files named "$JFT" and "$JFTM". The "$JFTM"
file contains the mnemonic identification symbols (shown in the second column
of Table 1) for the Orbiter's 44 RCS jets, as defined in Figure 4.3.2.-2 of
Reference 11. The "$JFT" file contains the body-fixed thrust components and
the station coordinates of the thrust application point (which together define
a torque component normal to the thrust line) for each thruster, along with a
factor C (in the last column of Table 1) whose product with the thrust vector
defines a component of torque parallel to the thrust Tine. This latter com-
ponent of torque (parallel to the thrust line) is the result of RCS jet plume
impingement on the exterior surfaces of the Crbiter. Table 1 results from
combining the basic RCS jet data shown in Table 2 with the plume impingement

data shown in Table 3, as explained in Reference 9.

3.1.2 Jet Select Tables

For each flight profile segment, the HFRMP user must specify which one of
three basic combinations of thrusters is to be used for attitude and/or trans-
lTational control of the Shuttle. The available options are designated V

(vernier jets), P (primary jets), and PZI (primary jets with +Z thrusters

‘, 76
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Table 1. RCS Thruster Data, Disk Files "$JFT" and " JFTM"

dashs

THRUSTER JTARUSTER Py Fy F STA BL WL C
NO. ID. (LB) (L) (Lb) (IN) (IN) (IN) (FT)
] FoF -879.4 -26.2 119.9 { 306.72 14.65 | 392.96 | 0.0000
2 F3F -879.5 0.0 122.7 | 306.72 0.00 | 394.45 | 0.0C00
3 FIF -879.4 26.2 119.9 | 306.72 14,65 | 392.96 | 0.0600
4 FIL -26.3 873.6 18.2 | 362.67 -69.50 | 373.73 | 0.0000
5 FaL -21.0 870.3 0.5 | 364.7 -71.65 | 359.25 | 0.0000
6 F2R -26.3 | -873.6 18.2 | 362.67 69.50 | 373.73 | 0.0000
7 F4R -21.0 | -870.3 0.5 ] 364.71 71.65 | 359.25 | 0.0Guw0
8 F2u -32.3 -1.7 874.4 | 350.93 14.39 | 413.46 | 0.0000
9 F3U -31.9 0.0 £73.5 | 350.92 0.00 | 474.53 | 0.0000
10 F1U -32.3 1.7 874.4 | 350.93 -14.39 | 413.45 | 0.0000
11 F2D -28.0 | -616.4 | -639.5 | 333.84 61.42 | 356.95 | 0.0000
12 FiD -28.0 616.4 | -639.5 | 333.¢4 -61.42 | 356.95 } 0.0000
13 F4D -24.8 | -612.6 | -639.4 | 348.44 66.23 | 358.44 | 0.0000
14 F3D -24.8 612.6 | -639.4 | 348.44 -66.23 | 358.44 | 0.0000
15 R3A 856.8 0.0 151.1 | 1555.29 137.00 | 473.0€ | 0.0000
16 K1A 856.8 0.0 1561.1 | 1555.29 124.00 | 473.06 | 0.0000
17 L3A 856.8 0.0 151.1 | 1555.29 | -137.00 | 473.06 | 0.0000
18 L1A 856.8 0.0 1561.1 | 1555.29 | -124.00 | 473.06 | 0.0000
19 L4L 3.3 868.8 4.8 | 1515.41 | -149.91 | 452.87 | -0.2421
20 LaL 3.3 868.8 4.8 | 1528.43 | -149.97 | 452.88 | -0.2759
21 L3L 3.3 868.8 4.8 | 1541.45 | -149.91 | 452.88 | -0.3092
22 LIL 3.3 868.8 4.8 | 1554.47 | -149.91 | 452,88 | -0.3437
23 R4R 3.3 | -868.8 4.8 | 1515.41 149.91 | 452.87 | 0.2421
24 R2R 3.3 | -868.8 4.8 | 1528.43 149.91 | 452.88 | 0.2759
25 R3R 3.3 | -868.8 4.8 | 1541.45 149.91 | 452.88 | 0.3098
26 RIR 3.3 | -868.8 4.8 | 1554.47 149.91 | 452.88 | 0.3437
27 L4U 0.1 76.3 g872.2 | 1516.36 | -115.43 | 481.95 | -0.1586
28 L2u 0.1 76.3 872.2 | 1529.23 | -115.43 | 481.95 | -0.0648
29 L1U 0.1 76.3 g72.2 | 1542.10 | -115.43 | 481.95 | 0.0290
30 R4U 0.1 -76.3 872.2 | 1516.36 115.43 | 481.95 | 0.1586
31 R2U 0.1 -76.3 872.2 | 1529.23 115.43 | 481.95 | 0.0648
32 R1U 0.1 -76.3 872.2 | 1542.10 115.43 | 481.95 | -0.0290
33 L4D 210.6 318.4 | -576.0 | 1510.34 | -104.34 | 431.12 | 0.1103
34 L2D 210.6 318.4 | -576.0 | 1526.50 | -103.22 | 434.78 | -0.0959
35 L3D 210.6 318.4 | -576.0 | 1542.65 | -102.11 | 4338.44 | -0.3020
36 R4D 210.6 | -3i8.4 | -576.0 | 1510.34 104.34 | 431.12 | -C.1103
37 R2D 210.6 | -318.4 | -576.0 | 1526.50 103.22 | 434.78 | 0.0959
38 R3D 210.6 | -318.4 | -576.0 | 1542.65 102,11 | 433.44 | 0.3020
39 F5R -0.8 -17.0 -17.6 | 324.3% 59.70 | 350.12 | ©.0000
, 40 F5L -0.8 17.0 -17.6 | 324.35 -59.70 | 350.12 | 0.0000
' 41 RSR 0.0 -24.0 -0.6 | 1565.00 149,67 | 459.00 | 0.00C0
42 L5L 0.0 24.0 -0.6 | 1565.00 | -149.87 | 459.00 | 0.0009
43 RSD 0.0 0.0 -24.0 | 1565.00 118.00 | 455.44 | 0.00C0
44 L5D 0.0 0.0 -24.0 | 1565.00 | -118.00 | 455.44 | 0.0000
, TRIGINAL T
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Table 2. Basic RCS Thrust Data (Without Plume Impingement)
THRUSTER | THRUSTER Fy Fy Fy STR BL WL

1 FoF -879.4 -26.2 119.9 | 306.72 14.65 392,96
2 F3F -879.5 0.0 122.7 | 306.72 0.00 | 394.45
3 FIF -879.4 26.2 119.9 | 306.72 | -14.65 | 392.96
4 FIL -26.3 873.6 18.2 | 362.67 { -69.50 | 373.73
5 F3L -21.0 870.3 0.5 | 364.7 -71.65 | 359.25
5 F2R -26.3 | -873.6 18,2 | 362.67 69.50 | 373.73
7 FAR -21.0 | -870.3 0.5 | 364.71 71.65 | 359.2%
8 Fau -32.3 -11.7 874.4 | 350.93 14.39 | 413.46
9 F3U -31.9 0.0 873.5 | 350.92 0.00 | 414.5:2
10 F1u -32.3 11.7 874.4 | 350.93 | -14.39 | 413.46
1 F2D -28.0 | -616.4 | -639.5 | 333.44 61.42 | 356,95
12 F1D -28.0 6i6.4 | -639.5 | 333.84 | -61.42 | 356.9%
13 F4D -24.8 | -612.6 | -639.4 | 348.44 66.23 | 358.44
14 F3D -24.8 612.6 | -639.4 | 348.44 | -66,23 358, 44
16 R3A 856.8 0.0 151.1 | 1555.29 137.00 | 473,06
16 R1A 856.8 0.0 151.1 | 1555.29 | 124.00 | 473.06
17 L3A 856.8 0.0 151.1 | 1555.29 | -137.00 | 473.06
18 L1A 856.8 0.0 151.3 | 1555.20 | -124.00 | 473.06
19 L4L 0.0 870.5 -22.4 | 1516.00 | -149.87 { 459.00
20 LeL 0.0 870.5 -22.4 | 1529.00 | -149.87 | 459.00
21 LaL 0.0 870.5 -22.4 | 1542,00 | -149.¢ 45900
22 LIL 0.0 870.5 -22.4 | 1555.00 | -149.87 | 4500
23 R4R 0.0 | -870.5 -22.4 1 1516.00 | 149,87 459, O
24 R2R 0.0 | -870.5 -22.4 1 1529.00 | 149.87 | 459,00
25 R3R 0.0 | -870.5 -22.4 | 1542.00 | 149.07 | 459,00
26 RIR 0.0 | -870.5 -22.4 } 1555.00 149.87 | 459.00
27 L4y 0.0 0.0 870.0 | 1516.00 | -132.00 480.50
28 L2u 0.0 0.0 870.0 | 1529.00 | -132.00 | 480.50
29 LU 0.0 0.0 870.0 | 1542.00 | -132.00 | 480.50
0 R4U 0.0 0.0 870.0 | 1516.00 | 132.00 | 480.50
31 R2U 0.0 0.0 870.0 | 1529.00 | 132.00 | 480.50
2 R1U 0.0 0.0 870.0 | 1542.00 32,00 | 480,50
33 L4D 170.4 291.8 | ~801.7 | 1516.00 | -111.95 | 437.40
34 120 170.4 291.8 | -801.7 | 1529.00 | -111.00 | 440 00
35 L3D 170.4 201.8 | -801.7 | 1542.00 | -110.06 | 442.60
36 R4D 170.4 | -291.8 | -801.7 | 1516.00 | 111.9% 437.40
37 R2D 170.4 | -291.8 | -801.7 | 1529.¢: | 1nr.0n | 440.00
38 R3D 170.4 | -291.8 | -801.7 | 1542.00 110,00 | 440,60
39 F5R -0.8 -17.0 -17.6 | 324... saL 7o |o3s0L 0.

t 40 F5L -0.8 17.0 -17.6 ] 324.35 | -%9.70 | 350.12

? 41 RER 0.0 -24.0 -0.6 | 1565.00 119 .87 459,00

' 42 L5L 0.0 24.0 -0,6 | 1565.00 | -149.87 | 459.00
43 R5D 0.0 0.0 -24.0 | 1565.00 | 118.00 | 455.44
44 L5D 0.0 0.0 -24.0 | 1565.00 | -118.00 | 455,44
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Table 3. Force and Moment Increments Due to Plume Impingement
(CG @ STA 1076.7, BL 0, WL 375.0)
THRUSTER 4 FORCE (LB) | A MOMENT (FT-LB)

ID Fx FY FZ LX LY LZ
L4L 3.34 -1.66 27.17 -795.30| 762.42 144.46
L2L 3.34 -1.66 27.17 -795.30| 762.42 144 .46
L3L 3.34 -1.66 27.17 -795.30] 762.42 144.46
L1L 3.34 -1.66 27.17 -795.301 762.42 144 .46
L4u 0.09 76.30 2.21 1859.90C 94.21 | -2932.80
L2u 0.09 76.30 -~ ™M 1859.90 94.21 | -2932.80
LU 0.09 76.30 2.21 1859.90 94.21 | -2932.80
L4D 40.19 26.59 225.66 | -2475.50 | 8469.00C -645.46
L2D 40.19 26.59 225.66 | -2475.50 | 8469.00 -645.46
L3D 40.19 26.59 225,66 | -2475.50 | 8469.00 -645.46
R4R 3.34 1.66 27.17 795.30 | 762.42 -144.46
R2R 3.34 1.66 27.17 795.30 | 762.42 -144.46
R3R 3.34 1.66 27.17 795.30 | 762.42 -144.46
RIR 3.34 1.66 27.17 795.30 | 762.42 -144.,46
R4U 0.09 -76.30 2.21 1-1859.90 94.21 2932.80
R2U 0.09 -76.30 2.21 |-1859.90 94.21 2932.80
R1U 0.09 -76.30 2.21 1-1859.90 94.21 2932.80
R4D 40.19 -26.59 225.66 2475.50 | 8469.00 645.46
R2D 40.19 -26.59 225.66 2475.50 | 8469.00 645.46
R3D 40.19 -26.59 225.66 2475.50 | 8469.00 645.46

(Take': from Reference 13)
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inhibited). Corresponding to each of these options is a jet-select table
(Tables 4-6) which identifies the particular jet or combination of jets that
is to be fired in respons= to each of the six RCS translational acceleration
commands (+X, -X, +Y, -Y, +Z, -Z) and the six rotational acceleration commands
(+ROL, -ROL, +PCH, -PCH, +YAW, -YAW). The jet select tables, which reside in
the disk files named "$JSV", "$JSP", and "$JSPZI", are not routinely available
for modification by the user. However, the HFRMP software system includes a
jet-select editing processor that makes it possible to update the tables or to
provide additional options with Tittle difficulty.

As indicated in Table 4 by the absence of any jet designations for the
execution of translation commands, the V option (vernier jets) can be used only
for rotational control. The P option (Table 5) and the PZI option (Table 6)
can be used for translational and/or rotational control.

In the PZI option, no jets are fired that would expel propellant directly
upward with respect to the Orbiter hody. Translational acceleration in the
downward direction, if commanded, is achieved (at a comparatively high propel-
lant cost) by firing the +X and -X thrusters simultaneously. The cant angles
of the +X and -X jet thrust lines produce a small net acceleration in the +Z
(downward) direction. This option normally is used only when the Orbiter is
maneuvering in the near vicinity of a payload that must be protected from jet

plume impingement.

3.1.3 Shuttle Mass Properties

At %RMAT execution time, the user-defined mass properties of the Shuttle’

Twhich remain constant during HFRMP trajectory integration.
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Table #. Vernier (V) Jet Select Table, Disk

ST T DR T B TR TR TR, e W TR T AR S T R A L i R e 8- A I

File "$§asv"
CMD THRUSTERS TO BE FIRED
1 2 3 4 5 6 7
+X
-X
+Y
-Y
+Z
-7
+ROL |L5D
-ROL  |R5D
+PCH F5R |F5L
-PCH |L5D ]R5D
+YAW [R5R
-YAW |L5L

AR ¢ s Akfkiade

-
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Table 5. Primary (P) Jet Select Table, Disk
File "$JSP"

THRUSTERS TO BE FIRED

CMD
1 {2 [ 3 4 | 5 6| 7| s ;
X [R1A JLIA
-X |F2F |FIF
¥ [FIL Ll
Y |F2R |R4R

+Z |F3U |L4U  |R4U |

-Z |FID |F2D |L4D |L2D |R4D |R2D i
+ROL  [L4D |R4U |
-ROL |L4U |R4D
+PCH |FID |F2D jL4U |R4U
-PCH |F3U |L4D |R4D
+YAW [FIL  |R4R
-YAW |F2R {L4L

N e e

S T S

e




 my = —

Table 6. Primary with +Z Thrusters Iniibited (PZI)
Jet Select Table, Disk File "$JSPZI"

THRUSTERS TO BE FIRED

CMD
1 2 1 3] 4] 5] 6] 7] s
+X {RIA [LIA
X |FeF [FIF
+ [FIL el
Y |F2R |R4R

+Z {F2F |F1F |JR1A LIA

-Z | FID (F2D [L4D 20 [R4D |R2D
+ROL | L4D
-ROL | R4D
+PCH | FID |F2D
-PCH {L4D |R4D
+YAW | FIL |R4R
-YAW | F2R |L4L
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which %RMAT makes use of the following:
Item No.
1

S s W N

10

32

matrices.

3.2 OUTPUT DATA

The output of the %RMAT link consists of eight 12x12 matrices, each corre-

reside in the disk file named "1*", where they are stored by the data-base

editing processor #DBED. The "1*" file contains 32 scalar quantities, of

Description
Shuttle gross weight (Ib)

I..]
XX
L.+ moments of
YY inertia
I
IZZ. : (s1ug-ft2)
vZ
Ioo b products of
ZX inertia ]
STA
BL + station coordinates
of CG (in)
WL

%RMAT execution flag

Item 32 in the "1*" file is a flag that is tested immediately after entry into
%RMAT to determine whether a re-computation of the response matrices is
necessary. It is set equal to zero during initialization of the program disk,
and thereafter (by the appropriate editing processor) when the contents of
"IxU, U$IFT", or any jet-select table are changed in any way. It is set equal

to 9 by %RMAT upon completion of the computation and stcrage of the response

sponding to a particular jet select table and a particular mode of RCS cross-

i e
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coupiing compensation, and each stored in a separate disk file as indicated in
Table 7. The compensation modes available to the HFRMP user are designated
NONE (no compensation), ROT (rotational compensation ouly), and FULL (rota-
tional ard translational compensation). In any given flight profile segment,
the HFRMP user may choose any jet-select option in combination with any com-
pensation mode, except V with FULL. Full compensation is impossible with the
vernier jets, and the compensation mode is internally defaulted to ROT when {

such a combination is specified by the user. ‘

Tables 8-10 show typical response matrices for the P jet-select option

and increasing degrees of cross-coupling compensation. For purposes of illus-
tration, each matrix was transposed and then partitioned into two 12x6 matrices
so it could be printed conveniently on a single page. Each column of the
(untransposed) response matrix corresponds to a particular translational or
rotational command. Rows 1-3 contain the body-axis components of the steady-
state linear acceleration, and rows 4-6 contain the components of angular accel-
eration. Rows 7-12 contain RCS propellant consumption rates, broken down
according to source (forward, aft left, or aft right tanks) and control function
(translation or rotation). The computations that produce the results shown in
Tablee 8-10 are described by the flow chart shown in Figures 20a through 20g,
wherein the symbols [U], [R], and [F] represent the uncompensated, rotationally

compensated, and fully compensated response matrices.

3.3 COMPUTATIONS

It will be noted that six small rectangles, each enclosing a pair of
acceleration components, run diagonally across the upper partition of the
matrix shown in Figure 8. The components thus enclosed represent the uncompen-

sated "principal response" of the Shuttle to each of the 12 translation and
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Table 7. File Names for Response Matrices
JET SELECT
v P PZ1
g NONE n*vn u*pn ”*PZI“
_
S
E ROT II*VRII u*PRII "*PZIR"
s
8
FULL B "HpE "*pZIF"
86
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rotation commands. All other components of acceleration represent “"extraneous
responses", commonly referred to as "cross-coupling effects", that arise

from the canting cf certain jet centerlines away from the body axes, uneven
moment arms, and plume impingement on the exterior surfaces of the Orbiter.
T details of the uncompensated response matrix calculations are defined in
Figures 20b and *0c.

The process of cross-coupling compensation can be explained in the follow-
ing general terms. Assume that the jets activated by a given "primary command"
P fire continuously for a long period of time At. The effects of extraneous
accelerations are nullified by intermittent firings of jets activated by
"compensating commands". Let the accumulated firing time of the jets activated
intermittently by any particular compensating command K be represented by étK.
The ratio YK = GtK/At is referred to as the "duty cycle" of the (jets activated
by the) compensating command.

The uncompensated response to the primary command (a column in the uncom-
pensated response matrix) we represent with the symbol [UJP E [(Ul,P) (Uz,p) cee
(U12’p)]T. The compensated response (a column in the compensated response

matrix is defined by the expression.

K
icl, = [Ulp + 1 ¥, L)y,

where the summation includes all the compensating commands that are required
to nullify the extraneous accelerations.

Rotational compensation, which involves the nullification of only the
extraneous angular acceleratiuns (see Table 9), is carried out in two phases.
The rotation commands themselves are rotationally compensated in the firs-

phase (Figure 20d), which is of necessity an iterative process. Successi
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compensations introduce new extraneous angular accelerations, whose magnitudes
must diminish progressively if convergence is to be realized. Non-convergence
of this process implies that (given the input mass properties and the jet-

select table under consideration) the attitude of the Shuttle can not be

controlled, and an appropriate warning message is output.

The translation commands are rotationally compensated in the second phase
of rotational compensation (Figure 20e). This is a nun-iterative process that
is simplified by use of the results from the first phase.

Full compensation is achieved by nullifying the extraneous linear acceler-
ations that remain in the rntationally compensated matrix. Again, the process
is carried out in two phases. Starting with tne rotationally compensated
matrix as an input (which eliminates the need to worry about compensation
commands producing extraneous angular accelerations) the first phase (Figure
20f) is devoted to the translational compensation of the translation commands.
This is an iterative process that is essentially identical to that defined in
Figure 20d. Likewise, the second phase of translational compensation (Figure
20g) is essentially identical to that shown in Figure 20e.

The computations are repeated for each of the three jet select tables,
except that full compensation is not attempted with the vernier jets. Appro-
priate warning messages (if any) are stored in the desk files along with the
response matrices.

The Tast executable statement in the %RMAT link causes the code of the
“TNIT link (Section 4) to be appended to that of the base link (#TRAJ), in the
region ot computer memory formerly occupied by the TRMAT code. The HPL get
command is used for this purpose, which causes all data registers used by %RMAT

to be de-allocated (erased) before execution control is handed over to %TNIT.
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ROTATIONAL COMPENSATION OF TRANSLATION COMMANDS
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4. TRAJECTORY INITIALIZATION LINK (%TNIT)

The function of the %TNIT 1ink is to initialize calculator memory in prep-
aration for trajectory integration. Elements of the user-supplied data base
(Appendix E) are read from appropriate disk files (where they will have been
stored by a previous execution of the #DBED processor) and processed as neces-

sary to define the constants and the initial state of the Shuttle/payload system.

4.1 FUNCTION SUBPROGRAMS

The 'JD' function subprogram computes the Julian day number corresponding

to a given year, month, and day of the Gregorian (civil) calendar.

4.1.1.1 Argument List

pl = year
p2 = month integers
p3 = day

4.1.1.2 Example of Usage

The instruction ')D'(1980,4,2) - D would cause D to be assigned the value

2444332 (the number of the Julian day commencing at Greenwich noon on 2 April

1980).

4.1.1.3 Computations

Figure 21 is a flow chart of the 'dD' computational procedure, which was

taken from Reference 14.

99




(‘7o' b3, p5))

int LOpa-14)/123 > by
b3s- 32015 + \wt Div61 (p1+ 4800 + pu) /4] > bs
b5+ wt L367(b2-2-12 b‘”/tﬂ"ps

Qet bs - int {5 intL(p1+ 4300+ pu)/loo'_]/q})

Figure 21. 'JdD' Function Subprogram Logic Flow
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4.1.2 'PLOTYP'

Given the user-assigned mnemonic symbol which designates the desired type

of data plot, 'PLOTYP' returns the appropriate numeric code for internal use.

4.1.2.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'PLOTYP' is executed.

4.1.2.2 Example of Usage

If the character string "CPLV" resides in P$, the instruction 'PLOTYP' » I

will cause I to be assigned the value 2.

4,1.2.3 Computations

See Figure 22.
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Figure 22.

"PLOTYP' Function Subprogram-Logic Flow
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4.1.3 'UNIT'

Given the user-assigned mnemonic symnhol which designates the unit of
distance for data plots, the 'UNIT' subprogram returns the appropriate conver-

sion factor (the number of feet in the designated unit).

4.1.3.1 Argument List

None. The mnemonic symbcl must be assigned to the string variable P$

before 'UNIT' is executed.

4.1.3.2 Example of Usage

The instructions " NMI" » P§; 'UNIT' » C would cause C to be assigned the
value 6076.115.

4.1.3.3 Computations

See Figure 23.
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4.1.4 'MCNTH'

Given the abbreviated name of a month, the 'MONTH' function subprogram

returns the appropriate month number.

4.1.4.1 Argument List

None. The abbreviated month name must be assigned to the string variable

P$ before MONTH is executed.

4.1.4.2 Example of Usage

If the character string " AUG" resides in P$, the instruction 'MONTH' + M

will cause the number 8 to be assigned to the variable M.

4.1.4.3 Computations

See Figure 24.
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Figure 24.

'MONTH' Function Subprogram Logic Flow
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4.1.5 'C'

Given the size of a square matrix stored columnwise in a one-dimensional
array, and the row and column indices of one of its elements, the 'C' function
returns the relative address (in the one-dimensional array) of the matrix

element,

4.1.5.1 Argument List

pl = Row index of matrix element.
p2 = Column index of matrix element.
p3 = Matrix size (number of rows = number of columns).

4.1.5.2 Example of Usage

Assume the 3x3 matrix [T] is stored columnwise in registers r8 - ri6, as

shown below:

Relative Register Matrix
Address No. Element
0 rg T
1 r9 Tg’]
2 rio0 T3’1
3 r T1,2
4 ri2 T2,2
5 ri3 T3,2
6 rl4 T]»3
7 ri5 T2’3
8 ri6 T3’3

The instruction r(8 + 'C'(1,2,3)) ~ A would cause the value of Ty o to be

assigned to the variable A.
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4.1.5.3 Computations
See Figure 25.
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(ret b3(pa-1+ bt - l)

Figure 25 'C' Function Subprogram Logic Flow
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41.6 'T'

Given the row and column indices of an element in a symmetric matrix
whose upper triangular form is stored columnwise in a one-dimensional array,
the 'T' function returns the relative address (in the one-dimensional array)

of the matrix element.

4.1.6.1 Argument List

pl = Row index of matrix element.

pe

Column index of matrix element.

4,1.6.2 Example of Usage

Assume the upper triangular form

— -

i he L3
Ino I3
i I3.3]

of the symmetric 3x3 matrix [I] is stored columnwise in registers r10-r15 as

indicated below:

Relative Register Matrix
Address No. Element
0 r10 I]’]
1 ril 11’2 =12’1
2 ri2 12’2
3 ri3 I],3 = 13,1
4 ri4 12’3 = 13’2
5 r15 13,3

e
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The instructions 10 + 'T'(1,2) > H; rH > X would cause the value of I

to be assigned to the variable X.

’ 4,1.6.3 Computations

See Figure 26.

1,2

=1

2,1

W

e s e miendiesen:



e T

(’T'(pl,lpa) )

"“‘*'(13') *32-) > *93

i

Cret p3(p3-1)/2 +mim (b1, pa) - l)

Figure 26 'T' Function Subprogram Logic Flow
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4.2 MATRIX DIAGONALIZATION SUBROUTINE (‘'DIAG')

Given a symmetric matrix [M] of order C, the 'DIAG' subroutine solves the

equation

[R] [M] [R]" = [D]

for [R] and [D], where [D] is a diagonal matrix (one whose off-diagonal elements

are all zero, within some specified tolerance).

4.2.17 Argument List

pl = Order (size) of the input matrix [M].

p2 = Address of the input matrix [M], stored columnwise in upper tri-
angular form.

p3 = Address of the dic .onalized output matrix [D], stored columnwise
in upper triangular form.

p4 = Address of the square (pl x pl) output matrix [R], stored columnwise.

p5 = Tolerance on the maximum squared value of Di,j’ where i#j (this input
is optional; if not supplied by calling routine, it will be calculat-
ed by 'DIAG').

4,2.2 Example of Usage

Assume that the upper triangular form of the Shuttle's inertia tensor
[I]B (referenced to the body coordinate system B) is stored columnwise in

registers rl10 - r15 as illustrated in Section 4.1.5.2. Then the instruction

cfl 'DIAG'(3,10,10,1) would cause [11; to be replaced by [I], (the same inertia

tensor but now referenced to the coordinate system P, whose axes are the
principal axes of inertia). Upon return from 'DIAG', the registers rl - r9

would contain the 3x3 coordinate transformation matrix [R] that satisfies the
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equations
and

R Ay = R A, = A,

where A is any arbitrary vector.

4.2.3 Computations

The method used to find the matrices [D] and [R] is of the type known as
the Jacobi method (Reference 15). This consists of a series of matrix rotations

of the form
01 = ([RI,[RT, + + = ) M1 (- « + [RL,IRY,T)

where each [R]k is selected so as to cause one pair of off-diagonai elements

kth

to be zero after the rotation. An initial trigger level, &, is computad

from
§ =val/c

where o is the sum of the squares of all cff-diagonal elements and C is the

order of [M]. The square of each off-diagonal element of [M] is compared to

§. When an element is encountered whose square is larger than &, the matrix
[M] is rotated so as to cause that off-diagonal element to be zero.

For example, suppose that the square of the (i,j)th element of [M] is
greater than &, then [M] is rotated by [R]] to get [M]' where

M'[i,j] =Mm[j,il=0

The matrix [R]] has the form
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Ry[i,1] = Ry[,d] = cos ¢
Ry[1.3] = - sin ¢
Ry[3411 = sin ¢

and all other elements of [R]] are identical to the unit matrix [1]. Rotation

with [R]], i.e.,

M]' = [R}, [M] [R]]
gives rise to the elements
M'Ci,4] = M[i,i] cos? o + 2M[1,5] sin o cos & + M[3,j] sin® 4
M'[5,5] = M[1,1] sin® ¢ - 2M[1,5] sin ¢ cos ¢ + M[3,3] cos? ¢
M'[i,31 = M'[3,1] = (M[3,3] - M[i,i]) sin ¢ cos ¢
+ M[1,i] (cos2 $ - sin° %)
from which it can be seen that
M'[1,5] = M'[§,i] =0
provided ¢ is selected such that
tan 2 ¢ = 2M[,31/(M[i,i] - M[5,3])

After this rotation, scan of the off-diagonal elements continues using
now, however, [M]'. It is true that any one rotation will cause other off-
diagonal elements which were zero to become non-zero, but the trend is to re-
duce all off-diagonal elements to small numbers,

When the scan of all off-diagonal elements has been completed, the trigger

level 8 is reduced by dividing it again by C, and the process is repeated
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until & is less than a pre-set tolerance. The programmer may include this

tolerance in the argument 1ist or he may let 'DIAG' set the tolerance for him.

This process is shown in detail in Figures 27(a) and 27(b).
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Figure 27a. 'DIAG' Subroutine Logic Flow
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Figure 27b. 'DIAG' Subroutine Logic Flow (cont.)
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4.3 MAIN LOGIC

The XTNIT computations are described by the flow chart contained in
Figures 28a through 28g. The memory allocation table in Appendix D will
have to be consulted for the purpose of correlating the symbols appearing in

the flow chart with rhe r-register numbers appearing in the HPL code, which

is contained in Appendix C.3.

" 119

N . "
e R i




!

B s it

LOAD OUTPUT DATA IBENTIFICATION MNEMONICE INTO APPROPRIAT . CHARACTER $TRWNES
PROMPT USER FOR TRAJECTORY 1OENTIFICATION TERT
PRINT PAOGRAM AND TRATECTORY IDENTIFICATION TEXT

CLEAR SNUTTLA ACY ATTITUDE « 'NTACL PAILURE plag

]

oS UL -n,

1.vorenen nio'te

:

Rar. 16

Rgq * SQUATORIAL EARTH RADIUS

P.' EARTH GRAVITATIONAL PARAMETER

[agaD suuTTLE BaTA Fooss FiLa " 16" 1NT0 AnRAY ()]

!

il ew

8l -8L1) 004}

I_ oty) -ous) | «[3]

[ 10}]

‘owne’(L31) & (L1'3,LRY)

&

W GROSS WEIOHT

{x] 7 INERTIA TENSOR REFERENCED TO
COORDINATE SYSYPM 8
(o~ uu—\nluc‘)

[1') = INERYTIA TENSOR REFERENCAD YO
COORDINATE SYSTEN F

1:,1 .1,
;;“.g‘w {R] » INVERSE 0F MATRIZ | HAT TRANSIORMS
. ' BAYITEM 8 COORDINATES INTO SYSTEM
- I3y > 2y PcoonninATES
~ . ’ -
. TeATQ((R)) '”
g 1076.1 - 8¢} PP POSITION VICTOR DHAWN FloM NORINAL
A\ TUAL €
E Q28] IS el €8 TO ACTUAL co
3% - 8he)
<
w
g 10767 - 801}
3 pus
- w/in) suis) ’;'_. r T POSITION VICTIOR DRAWN FRAM HNOMINA
W L] €O YO QRISIN oF SENSOR CooNDINATL
&l 315 - aM WYIIem 8
<
=
S [ 1GLN]
"] {(n/1¢0) slis] | & [«]
E el
[ ‘ ’
m 1Q°(t=1) o,“
(171000) 811N » ¢ Cr DAP CvcLE rimx
O *Weut
O * Wignn
o ‘w'lil
[\ Womin PROPELLANT CONSUMPTION TALLIKS
O Wonas
0> woqen
Q® wogin
0% Wonna

P P

Figure 28a. #%TNIT Logic Flow

120



e RS S s A o et o 1
T
I‘
7 i
[nw P.ILOAD DATA FROM FILE “28 * INTO ARRAY (8] J
WY - Arm GROSS WEIGHT
82} -al1] -~oLéd [4i] = INERTIA TENSOR REFERENCED TO
COORDINATE SYSTEM b
sray -etsy [+ (4]
(¥ = symmeTRIC)
[ 1C)]
peae’ (141)» (L4, Cr1) {i'] » INERTIATENSOR REFERENCED TO 4
, " COORDINATE SYSTEM P
Ayy ® Axx
.t {r] 5 INVERSE OF MATRIX THAT TRANSFORMS
Aza = Ayy
SYSTEM D COORDINATES INTO SYSTEM

N vl COORDINATES

Ayy * Ay P
”~ =
) ‘IMATQ (LY > Fop
u {

- -
»® - 8tt] :
-] =na :
1 (Vi2) 8ra1 | B Py ¥ POSITION VECTOR DRAWN FROM 3
u . *NOMINAL ¢6" (CENTER OF FRONT :
% - g0l FACE OF PAYLOAD CYLINDER) TO i
» - = ACTUAL CG ;
3 - 80 ;
- ;
o nt Snt ,

w (72) | BOal| >f P77 £ POSITION VECTOR DRAWN FRoM 4
J “NOMINAL CG" (SEE ABOVE) TO
U |- 80131 TARGET POINT (OF SHUTTLE SENSOR)
<
-
s (/24) BIW) » d/a d/2 = Pavioan RADIVS :
e
§ (1712 805] » 2 £ = PAYLOAD LENGTH
>
‘ *
X wd/u > Ae Ags AREA OF CYLINDER END ViEW
"
m dl ~ Ay Agr AREA OF CYLINDER SIDE VIEW
& o~ {1, )

o~ §l,,

o> (i > CONTROL TORQUE INTEGRALS

o> 1.

o~ [,

o » [

Figure 28b. %TNIT Logic Flow (cont.)

121

g T




-y e Tr——"

PROCESS GRAPHICS DATA FILE
(SEE APPENDIX E.3)

PROCESS TIME/ATMOSPHERE. DATA FILE
(SEE APPEDIR E.4)

\TE
Wy

I€ AmD

GET READY FOR PRELIMINARY CALL
W

To ‘DERIVS’ TO CALCULATE INITIAL

YALUES oF

TR T TR T R T TR e T

L-un SAAPHICS DATA FRSM FILE 38" inve anmay (o] j

i

fte (e011) » Py
‘PLoTye’s GL1]

do

the (6L21) > PY
‘Unit’ ~ 627

INITIALIRE PLOTTER AND ORAW AxES

[:uo TIME/ATMOSPHERR DATA FROM FiLE 48" INTO ARRAY Ca) |

!

Ll sy
sta(Braz) » Py
‘montH' > m
eryl~>d
30’ (v,m,d) ~aysvaea} /wesan .21 » 7
/4 ~(7/640000) (2304948 T + 3027 4. 067"
(M/648000 Y(2004.256T ~ 42673+ 042 T")
~W/a ~(N/648000 (2304 . AHIT + 1.0AIT  + .019TY)
’:i!Q'[«]‘»i"
‘secs’(8r51) > %
8041 » Kf

» [«]

LAUNCH DATE

T TROPICAL CENTURIES SINCE (950.0

LU LA ]

T« MEAN OF |950.0 COORDINATE SYSTEM

T * HEAN OF LAUNCH DATE COORDINATE
svavEM

[luﬂ CONTAOL DATA FROM FLIGHT SPROFILE SEOMENT @ | FROM FiLll *18"inT0 mvnﬂ

8(5] ¥ Ky
O+ Kam
0 > Kroms
O > Kencg

aLeI* ky
o= kup

o= hy

Figure 28c. %TNIT Logic Flow {cont.)

122




!

‘_,._
U

"

et ad

INITIALIZE SHUTTLE TRANSLATIONAL STATE

e T R T e

[un SWUTTLE INITIAL STATE OATA FROM

FILE" S8 INTO aRRAY [8)

«" om0

« "xML0”

Re +6076. 15 B3] » R,
Re ¢ 4076115 B8] = Ry

6076 . 11§ 831> a

(Ra+Rp)/2 >a

syl se (Re-Rp)/(Rq +-Rp) » &
L -
I |
ac-ey»p

(/o) 8N &
p/C1+ecos ) +R

VIR e s »k

(n/1e0) QLY » &
(r/ie0Y ALY~ |
$ 4(w/iv0) elcl > u

s (e (=]

Q' () >},

-’ e'
[ LI

IRe/pe s
Rrsfanticosam}/e > w
osefi-(sandival/s » o
R-8f /L av antisnEau)/s = &
a+aTRe{a(i- 3UNYL BntU )} /R > a
he 8fcos Lamiawy) /ey
4 TRE{1m i cos k coslaw} /e [x]

w-8[Ci- 19N /0 ) SIN(aw)]/ (ap)

‘H1Q'(t«<1) ~§,,

¥ %’:u >
L

Figure 28d.

I |

v/a
RATZRE BC)
0
g (1) = § o
| NS IR L P

V((A/M“(\/«.\}}Ari' /R,

®

123

L -

Q » SEMI~ MAJOR AXIS
@+ ECCENTRICITY

@- SEMI- LATUS RECTUM
§ * TRUE =~ ANOMALY

h *RIGHT ASC, OF ASCENDING NODE
£ v INCLINATION

U * ARGUMENT OF LATITURE

Te .83 » coo163405 (REF. 10D

INVARIANT ~TO - OSCULATING ORUIT
ELEMENTS TRANSFORMMAT ION
(REF. 9)

He UVW COORDINATE SYSTEM

& v LVLH COORDINATE SYSTEM

%TNIT Logic Flow {cont.) e G%VQL




——— R = an o o i it it i i e
- = b2

e p—_——

e

[ 893 )
(mAe0) | 810 | ~[x]
LB["] J
23Q (1)) *§,,
(8C13)]

(/i90) |BLIN] | > &

[ 8Ls] |

‘ERIvS(0) > BI°

Sts(80al) » Ps

INITIALIZE SHUTTLE ROTATIONAL STATE

mso”
- )P§>
w e "sLv"
o363 = X6
86' o ‘A)G - 365’“"5
- - I8 - - -
w > wg w:° L TOIE 1.‘

Figure 28e. %TNIT Logic Flow (cont.)

124




READ PAVLOAD INITIAL STATE DATA
FROM FILK (8" iNTo ArrAay [8]

!

8L2)
t
. B3| L pAe PA% . PosiTion vecTon DRAWN FROM SHUTTLE ce
TO PAYLOAD Co
[ 14}

ram—

[ 143] - PAs

) J

fto (801) wp4

L [
w RSLV o4

=“resv”

= =8 - ~ B
“’n'?u"‘"o'tu - Wy

. = x - = 3 &

. F:‘ ?“o(FM 4 w:.x P“).g‘.-b p:‘
. = = a

[l Fon s P o3y ~ Bae

AL -
Pat-hr 7,
Bathi v D%, -3,

] o ® v -
3“ . Y“ ‘fve T Nh r ¥ GEOCENTRIC PASITION OF PANL OAD CG

= oL ' o .
’m P 47; . %'IG ad A{‘I ArTGEQCENTRIC INERT A YELOCITY aoF
PAYLOAD <G

INITIALIZE PAYLOAD TRANSLATIONAL STATE

~Ty -0 v
LB ANt L
\ E“’: 1ol U",j ~[™M)
; 'KMATT.\'([M]) "’%Ig 9+ PAYLOAD ~ CENTERED L\ COORMNAYE
- M

i SNSTE

Figure 28f. ©TNIT Logic Flow (cont.)

’ 125

L "‘&— e A R . - s AT S S TN N Sk AR AR

P T N S N




INITIALIZE PAYLOAD ROTATIONAL STATE

T TR

7

[1C)]
(n/190) | BLie] | »0x]

8t

231Q'([«1) » #

¢te(ore1) » P$

%‘:3 ¢ i:“ .igl

FcF "3

i’zs‘i‘sb +§n
[a[m

(n/ig0) |BIWI] » &
815

fta(B8LI2]) »P¢

“
'y /‘\ "rso"
P$

«“say”

' / ~I9 [ % - »3
PERIVS(1) ~ @, 10 * Fo T Fep
x  ~.T9 = ~1q ~ X0 = ~ X8
Bys L3 "G TWh Faot ©8 ey > 1
D+ D s DD @

l

Figure 28g.

-l

[Assmu “T4" To FILE No. | ‘]

P
(18" CONTAING FLIGHT PROFILE DEFINITION )

((chain "2 5SVU" 169 :)

(chaim "B SNIT] 169 )

%TNIT Logic Flow (cont.)

126

e AT M M 5

e mdh AR Saa at.




g T T R A TR e e e

5. ORBITER GEOMETRY LINK (%SSVU)

The function of this link of the #TRAJ processor is to plot an end and/or
a side view of the Shuttle Orbiter profile. Tt is executed only when the user
specif.es RSBY (Rectangular Shuttle Body-fixed coordinates) for the plot type,
in the graphics data file (see Appendix E.3). In addition, it draws dashed
lines that represent the nominal limits of visibility (through the overhead
and aft windows) from the on-orbit pilot's control position. The code (Appen-
dix C.4) is straightforward, for the most part consisting of HPL plt commands
followed by the station coordinates (measured in inches) of the points that
define the end and side profiles of the Orbiter. Typical Orbiter profile plots

are illustrated in Appendix H.
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6. FLIGHT SEGMENT INITIALIZATION LINK (%SNIT)

The %SNIT link is called into memory and executed at the beginning of
every flight profile segment. Each time it is executed, it reads a new flight
segment definition (see Appendix F) from file number 1, to which the name "7*"
has been assigned in the %TNIT link.

After each new flight segment definition is read from disk, appropriate
processing of the new input data is performed in preparation for state variable
propagation through the ensuing flight segment. The propagation itself (in-
volving numerical integration of the equations of motion) is performed by the
%ZPROP 1ink (Section 7). Upon completion of the segment initialization process,
execution control is passed to %PROP by means of a chain instruction that
causes the %SNIT code to be replaced by that of %PROP.

Trajectory integration is terminated (i.e., %PROP is not called into
memory) when an end-of-file mark is encountered during the attempt to read a
new flight segment definition. If a payload solid rocket motor (SRM) burn has
been simulated, the Particle Impact Damage Integrator Processor (#PIDI) is
called into memory immediately after the termination of trajectory integration.

Otherwise, the user is asked whether he wants to start a new run. If the

answer is yes (), the Data Base Editor Processor (#DBED) is called
into memory. If the answer is no, (@, ), program execution is

terminated by a stp command.
6.1 FUNCTION SUBPROGRAMS

6.1.1 'KAM'

Given the user-supplied mnemonic symbol that designates an attitude-

maintenance option, 'KAM' returns the appropriate numeric code for internal use.
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€.1.1.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'KAM' is executed.

6.1.1.2 Example of Usage

If the character string "LVRH" resides in P$, the instruction 'KAM' - K

will cause K to be assigned the value 2,

6.1.1.3 Computations

See Figure 29.
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Figure 29 'KAM' Function Subprogram Logic Flow
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6.1.2 'JSEL'

Given the mnemonic symbol that designates a Shuttle RCS jet-select table,
'dSEL' returns the appropriate numeric code for internal use.
6.1.2.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$
before 'JSEL' is executed.
6.1.2.2 Example of Usage

If the character string " P" resides in P$, the instruction 'JSEL' + J
will cause J to be assigned the value 1.
6.1.2.3 Computations

See Figure 30.
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Figure 30

'0SEL' Function Subprogram Logic Flow
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6.1.3 ‘Comp'

Given the mnemonic symbol that designates a Shuttle RCS cross-coupling

compensation option, 'COMP' returns the appropriate numeric code for internai

use.

6.1.4.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$ be-

fore 'COMP' is executed.

6.1.3.2 Example of Usage

If the character string "NONE" resides in P$, the instruction 'COMP' » C

will cause C to be assigned the value zero (0).

6.1.3.3 Computaticens

See Figure 31.
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ret -9

Figure 31 'COMP' Function Subprogram Logic Flow
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\ 6.1.4 ‘KTOMS'
Given the mnemonic symbol that designates which (if any) of the Shuttle
OMS engines are to be fired firing a given flight profile segment, 'KTOMS'
y returns the appropriate numeric code for internal use.

6.1.4.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'KTOMS' is executed.

6.1.4.2 Example of Usage

If the character string " L+R" resides in P$, the instruction 'KTOMS' - K

would cause K to be assigned the value 3.

6.1.4.3 Computations

See Figure 32.
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Figure 32 'KTOMS' Function Subprogram Logic Flow
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6.1.5 'KTRCS'
Given the mnemonic symbol that designates a Shuttle RCS thrust command,

'KTRCS' returns the appropriate numeric code for internal use.

6.1.5.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$
before 'KTRCS' is executed.
6.1.5.2 Example of Usage

If the character string "+ROL" resides in P$, the instruction 'KTRCS' - K
would cause K to be assigned the value 7.
6.1.5.3 Computations

See Figure 33.
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6.1.6 'DATYP'

HFRMP input data files contain three general types of data: non-integer
numbers, integers, and mnemoric symbols (character strings). Given the item
number of an entry in a flight segment definition (see Appendix F), 'DATYP'
returns a numeric code which identifies the type of data so that it can be
printed in the appropriate format. 'DATYP' also loads the appropriate
identification text for the data item into the string variable B$, and the

description of its unit of measurement into the string variable US.

6.1.6.1 Argument List

pl = Item number in the flight segment definition (see Appendix F).

6.1.6.2 Example of Usage

The instruction 'DATYP'(7) - I would cause I to be assigned the value 1,

the character string "SS XB RATE OR INCR .....c.eivrvrennennnnn. " to be loaded
into B$, and the character string "DEG/SEC " to be loaded into U$.

6.1.6.3 Computations

The 'DATYP' code, which is straightforward and has no effect on trajectory

computations, can be found in Appendix C.5.
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6.2 SEGMENT DEFINITION LISTING SUBROUTINE ('SLIST')

The 'SLIST' subroutine is used to list each flight profile segment defi-
nition on the output line printer, immediately after it is read from the disk,
in the format that is illustrated in Appendix F. The 'SLIST' code, which is
straightforward and has no effect on trajectory computations, can be found in

Appendix C.5,
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6.3 MAIN LOGIC

The %SNIT computations are described by the flow chart contained in Figures
34a through 34f. The memory allocation table in Appendix D will have to be
consulted to correlate the logical symbols appearing in the flow chart with the
r-register numbers that appear in the HPL code, which is contained in Appendix

C.5.
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7. STATE PROPAGATION LINK (%PROP)

The function of the %PROP link is to propagate the state of the Shuttle/
payload system through a single flight profile segment. Digital output data
describing the state of the system are printed at the beginning and the end of
the segment, and at user-specified intervals between these two points. If the
user has specified "RSBY" (Rectangular Shuttle Body-fixed coordinates) or "CPLV"
(Curvilinear Payload Local Vertical coordinates) for the PLOT TYPE (in the
graphics data file, Appendix E-3), then the appropriate graphical data are
also plotted at each data output point. Upon reaching the end of the flight

profile segment, %PROP passes execution control back to %SNIT.

7.1 ROTATED-ELLIPSE PLOTTING SUBROUTINE ('RELIP')

When the user selects the "RSBY" plot type, %PROP draws one or two pictures
of the payload (depending on how many views are specified) at each data output
point. These pictures represent orthogonal projections of the payload's
cylindrical outline into the X-Z and/or the Y-Z planes of the Shuttle's body
axes. The pictures are composed of straight lines (corresponding to the sides
of the cylinder) and ellipses and elliptical arcs (corresponding to canted
views of the circles that represent the ends of the cylinder).

The ellipses and elliptical arcs are drawn by using the HPL ofs instruction
to move the origin of plotter coordinates to the appropriate point on the
HP-9872A plotting surface, and then by calling 'RELIP' to draw an ellipse (or
portion thereof) about the offset origin. The geometry of the =1lipse, refer-

enced to the offset origin of plotter coordinates, is shown in Figure 35.
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Figure 35. 'RELIP' Ellipse Geometry
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7.1.1

B THR™ RR e - o LT e T

Argument List

pl
p2
p3
p4

p5

p6
p7

a = Semi-major axis of ellipse.
b = Semi-minor axis of ellipse.
EF = Eccentric anomaly of first point on elliptical arc.

AE

EL - EF’ where EL = eccentric anomaly of last point on elliptical
arc.

Number of chords to be drawn between the first and last points, for
the purpose of approximating the true arc.

cos 6] , where 6 = ellipse rotation angle, measured from XPLOT axis

sin o to semi-major axis.
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7.1.2 Examples of Usage

Suppose that it is necessary to draw the upper half of the ellipse shown
in Figure 3£, centered on the Shuttle body-fixed coordinates XB = 20, ZB = -50.
We will assume that the relationship between the HP-9872A plot coordinates
(XPLOT’ YPLOT) and the Shuttle coordinates (XB, ZB) has already been defined
by the execution of an HPL scl instruction. We will further assume that the
lengths of the semi-major and semi-minor axes, respectively, reside in regis-
ters A and B. The values of cose and sine we assume to reside in registers C
and S, respectively. The necessary instructions for drawing the desired arc

are then pen; ofs 20, -50; c¢/ 'RELIP'(A,B,0,7,N,C,S), where N is the number of

chords that are to be used to approximate the true shape of the semi-ellipse.
The 'RELIP' subroutine can be used to draw figures other than elliptical

arcs. For instance, the instruction pen; cf{ 'RELIP'(R,R,0,27,40,1,0) would

cause a circle of radius R (approximated by 40 chords of equal length) to be
drawn about the origin of coordinates. If this were followed by the instruc-

tions pen; cf/ 'RELIP'(R,R,n/2,27,3,1,0) an equilateral triangle would then be

inscribed within the circle.
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7.1.3 Computations

The coordinates of any particular point P, on the ellipse shown in Figure

35, are given by the equations

XPLOT = a cosE cose - b sinE sine

and

YPLOT = a cosE sine + b sinE cose.

As indicated by the flow chart in Figure 36, these equations are embedded in a

loop and evaluated at regular intervals of E. The elliptical arc is approxi-

mated by drawing straight lines (chords) between the points thus defined.
Since a great number of chords may be required to obtain an accurate

approximatior of the true arc, the trigonometric identities

sin (E + &E)

"

sinE cos SE + cosE sin sE

and

cos (E + 6E) = cosE cos SE - sinE sin SE

are used within the loop. This avoids repetitive references to the sin and cos
functions, which could result in excessive execution time requirements.

It should be noted that the 'RELIP' subroutine makes use of the volatile
simple variables (H,I,J,K and W,X,Y,Z); therefore, values assigned to those

registers by the calling routine will be lost upon execution of 'RELIP'.
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Figure 36. 'RELIP' Subroutine Logic Flow

153

N

I T L N P S T TR

R



7.2 FOURTH-ORDER RUNGE-KUTTA INTEGRATION SUBROUTINE ('RK4')

The function of the'RK4' subroutine is to propagate the state of the

Shuttle/payload system across one integration time step, using the fourth-order

method of Runge-Kutta.
7.2.1 Input Data

7.2.1.1 Argument List
pl = h = Value of time step.
7.2.1.2 Others

The 'RK4' routine calls 'DERIVS'; therefore, all the 'DERIVS' input data

listed in Sections 2.3.1.2 and 2.3.1.3 must have been defined before calling

‘RK4'.




.
}
f

EET

7.2.2 Qutput Data

'RK4' updates the contents of the extended array of state variables (r25-
r74), which will be referred to symbolically in this section as [X]. It should
be noted that time is one of the state variables in the HFRMP, and is integrat-
ed just like any other state variable. It should also be noted that, although
the contents of the derivatives array (r125-r174) will change as a result of
executing 'RK4', the values that reside there upon return from 'RK4' do not
represent the true derivatives at the end of the time step. To obtain the
true derivatives, it is necessary to call 'DERIVS' again after executing

'RK4'.

7.2.3 Example of Usage

The instruction c// 'RK4'(300) would cause the state of the system to be

advanced 300 seconds.
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7.2.4 Computations

Let [X] represent the array of first derivatives (with respect to time)
of the state variables in the array [X]. Let [X]n represent the state of the

system at time tn’ and [X]n+1 represent the state at t where

n+1’

h=tn+] - tn

is some relatively small time interval. Since [i] = f([X]), then according to

the fourth-order method of Runge-Kutta we can write

[X1,,y = [X], + ([K]; + 2[k], + 2kl + k[41)/6,
where

[k3, = h £([X],)

[k, = h F(IXT, + % [K]))

[k1; = h F(IX]+ % [K],)
and

[k, = h F(IXD + [KD3).

The error introduced into the system state by a single fourth-order RK

integration step is on the order of

d® [x] n®
dt° 5

As a rule of thumb, it has been found in using the HFRMP that the integration

stepsize should always satisfy the relationship

h < 40 degrees/wmax.

155




The symbol Wmnax represents the angular velocity magnitude, measured in degrees
per second, of whichever one of the four state-variable reference coordinate
systems (B,b,G, or g) is rotating most rapidly with respect to inertial space.
That s to say, no reference coordinate system should ever be allowed to rotate
more than 40 degrees during a single integration step. In some cases it may be
necessary to reduce the single-step rotation 1imit to 20 or even 10 degrees to
achieve the desired integration accuracy.

A flow chart of the 'RK4' subroutine is shown in Figure 37. The [Y] array
is stored in registers r175-r224, and the [Z] array is stored in registers
r225-r274. Each quaternion in the [X] array (only) is normalized, each time

that array is updated, by means of the computational sequence

2 2 2 2
\/q0+q.|+q2+q3—>m

9p/Mm > qg
Q/m > 4
qp/m + q,
q3/m > q3.

The quaternion normalization procedure is never applied to the [Y] and the [Z]

arrays; to do so would introduce a systematic integration error.
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Figure 37. 'RK4' Subroutine Logic Flow
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7.3 MAIN LOGIC

The %PROP corputations are described by the flow chart contained in Figures
38 a through 38h. The memory allocation table in Appendix D will have to be
consulted to correlate the logical symbols appearing in the flow chart with
the r-register numbers that appear in the HPL code, which is contained in

Appendix C.6.
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Figure 38a. %PROP Logic Flow

159




__

R T —_—

+

PRANT OUY SHUTTLES INVARIANT ORBIT ELEMEITS (REF.B8) wWiTH RESPECT TO

MEAN OF LAUNCH DATE COORDINATE SYSTEM

ST TR TREERTT R eeeen T T AT R e e

IR/p >B

h

'qu'(“) i

u
a-1TRg{a (-3 ')} /o) »a,
Vieral! = n
a,-8{1-(3sw'i)/a}/s +a,
R-Bfsin’icos(au)}/e = R,
R+B{R smti sm(au)}/s = R
RY(W/Ry~V/ay -R3/u.) > p,
ﬁ,VPT/,u_e‘ ~ (e ,amf)

Pr/Ry =1 > (eyconhy)
Viegsm F2Y +(egcos b ve,

‘aTNt (e, sinE, epcosf) > f
U+ B{(-(/6) SNt L) SN (2wl daf ) vu,
i-TRe [siNi osi con(au)} AaR}) > iy
h-Bfcosi 3N (au) }ap,) +hy
(180/3) hy *>INC
(180/T) ‘ANGI Thy) > RAN
(180/17) ‘ANGI (U, ~§;) > ARG
(18o/mY¥; ~~TRA

fas(1-3)-Re} /6076.115 > HP

{az(1+e)-Re}/6074.115 > HA

[fRINT"SS:1MLD" A, HP, INZ,RAN, ARG, TRA |

Figure 38b.

%PROP Logic Flow (cont.)
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Figure 38c. %PROP Logic Flow (cont.)
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A.1 QUATERNION ALGEBRA

Reference A-1 defines a quaternion to be a mathematical quantity of the

form
T =0+ 10, + 30, + kg (A-1)

where QO' 01, QZ’ and Q.J are real numbers and where the products of %. 3, and

k are governed by the following conventions:

joi = 303 = kok = -1, (A-2) |

ok = i = 1, (8-3) |

ol = okt = 5, (h-d) ‘
and

foj = -joi = k (A-5)

In addition to having the properties of imaginary numbers, the quantities %, 3.
and k also have the proverties of unit vectors that are aligned with orthongo-
nal coordinate axes in a three dimensional space.

The circular symbol (o) which is used to denote the quaternion product is
adopted from the notation of Reference A-2. This symbol should rot be confused
with the dot (+) that is used to denote the scalar product of vector algebra,

which is governed by the following conventions:

fei = joj = kek =1, (A-6)
3.!2 = -'2 3 - 0’ (A—‘/.)
kei = -i-k = 0, (A-8)

A-2



and

jej = -joi = 0. (A-9)

It 1s worthwhile to observe also the similarities and differences between the

quaternion product and the vector cross product, which is governed by the

conventions
ixi=jxj=kxks=o0, (A-10)
ixk=-kxJ=i, (A-11)
Kxi=-ixks= 3, (A-12)
and
ixj=-jxi=k. (A-13)

A quaternion can be thought of as having a scalar part QO’ and a vector

part
q = i0, + j0, +kay. (A-14)

Sometimes, then, it is convenient to express Equation (1) in its equivalent

form

Q=0Q,+0Q. (A-15)
The sum of two quaternions is defined by
P+ = (PtQq) + 1(Pytec) + 3(P,#Q,) + k(Pg#Qy), (A-16)

and their product by

A-3
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+1(PgQy + Py + Py - P3ly)
+ 3Py * Pyl * P3Yy - Py0y)

+ k(P0Q3 +P3Qq + P]Qz - PZQ]). (A-17)

Equation (A-17) results from applying the distributive law of algebra along
with the conventions defined by Equations (A-2) through (A-5). It should be
noted that, in general, quaternion multipiication is not commutative (i.e.,
333:# 3333. Except for the commutative property of multiplication, quaternions
satisfy all the requirements for the definition of a field.

The quaternion product of a scalar and a quaternion is commutative, and is

given by

SoQ = QoS = SQy + %sq] + jsq2 + ﬁsq3. (A-18)

which follows from (A-17) when the scalar is treated as a quaternion whose
r vector part is zero. In a similar vein, the product of a quaternion and a
) vector if formed by treating the vector as a quaternion whose scalar part is

zero. This results in
——Q-_‘OV = (-Q‘IV‘I - Q2V2 - Q3V3)
+1(QpVy + Q¥ - QgVy)
+ 300V, + gy - QVy)

+ Q(Qov3 +QpV, - Q,V4) (A-19)

A-4
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VOE = ("V1Q~§ - VZQZ - V3Q3)

+ (V100 * V05 - Va0

o o

+ J(VZQO + V3Q'| = V]Q3)

* f<(v3q0 + V40, - V,0). (A-20)

By examining Equation (A-17), it is seen that the quaternion product can

be expressed in the form
PoQ = PyQy - P+ PT + QF + P x T, (A-21)
which Teads to a relationship,

oP = Po - 2P xQ, (A-22)

that is sometimes useful. Equation (A-22) shows that quaternion multiplication
is commutative whenever the vector parts of the two quaternions are parallel
to each other.

The conjugate of the quaternion Q- Q0 + %Q] + 302 + QQ3 is defined by
Q= Qg - 10, - 0, - kog. (A-23)

The norm of a quaternion is defined by the product

o0 = o = a5 + % + 5 + 03 . (A24)
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A.2 COORDINATE TRANSFORMATION

Quaternions that have a norm of unity exhitit properties that make them
very useful for transforming coordinates from one Cartesian system to another
having a different orientation. Although the distinction is not made in some
of the relevant literature, a quaternion of this special class is more pre-
cisely known as a versor. In any event, it is well to remember that when the
word "quaternion" is used in relation to coordinate transformation or the
orientation of rigid bodies, almost always it refers to a quaternion whose
norm is equal to one (1.0). A convention of using lower-case alphabetic
symbols to designate versors (unit quaternions) has been adopted in this

report. In other words, use of the symbology
9= qy * 9y * g, + kag (A-25)

implies that

2,2, 2, 2 :
qp * 97 * 9 t a3 = 1. (A-26)

According to one of Euler's theorems, any two Cartesian coordinate systems

F and G that have a common origin can be brought into coincidence by rotating
F through some angle « about a single fixed axis. That is to say, the angular
displacement of any Cartesian system G with respect to another Cartesian
system F can be described in terms of a rotatjon about a single fixed axis
which is usually referred to as the Eulcr axis. The orientation of the Euler

axis can be defined by a unit vector

d=d.=d.=id, + jd

F=dg = 1dy ¥ ddy * kdy (A-27)

with components d], d2, d3 which not only satisfy the equation

T



2 2 2 _
d] + d2 tdy = 1. (A-28)

but which also have identical values in F and G. Assuming that the angle of

rotation is restricted to Tie in the range 0 < a < 2w, the unit vector d can

be taken to define both the orientation of the Euler axis and the sense

(direction) of rotation according to the customary right-hand screw convention.
It can be shown ;e.g., see Reference A-2 and A-3) that any vector V

having the form

—— ~

VF = iVF] + jVFZ + kVF3 (A-29)

*
in coordinate system F can be transformed to its equivalent form

~

AT (A-30)

VG = 1VG] + jv62 +

in system G by use of the equation

V.= 8o Ve o apg (A-31)
where
Qpg = c0s (% o) +d sin (4 a). (A-32)

*It should be noted that in this system of notation the unit vectors i, j, and k
are not associated with a particular set of reference axes. Instead, they are
understood to be aligned with the axes of whatever coordinate system is desig-
nated by the alphabetic subscript attached to the vector symbol. In this
connection, a vector symbol having no subscript represents an intrinsic physi-
cal value that exists independently of the system of reference. For instance,
the symbol V .iight represent the inertial velocity of one body with respect _
to another, while Vg represents just one of many possible quantifications of V:
namely, that resulting from the projection of V onto the axes of coordinate
system F.
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The double subscript FG in Equation (A-32) identifies the versor as being
the orientation versor which defines the angular displacement of coordinate
system G with respect to system F

Thz inverse displacement (of F with respect to G) is defined by

Agr 5;6 = cos (} o) - d sin (% a), (A-33)

and the inverse transformation of coordinates by

VF = aGF Q —V-G Q a—GF- (A"34)

It is easily seen that the equations

and
Ve = ggg o Vg o E}G (A-36)

are equivalent to (A-31) and (A-34).

We now consider a third coordinate system H whose angular displacement

relative to G is defined by the orientation versor

| gy = cos (4 B) + e sin (% §). (A-37)

Application of the coordinate transformation law yields

"An alternate rotation that produces the same result is defined by
E}G = - cos (% a) - d sin (% a), which represents a rotation through an angle

~

of 2r - « in the opposite (-d) direction. However, there is no need to con-
sider the alternate rotation in the present discussion.

A-8
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- (qGH 0 E}G) o] VF (o] (E%G o] EGH), (A‘38)

whence it follows that

a}H - E}G © EEH' (A-32)

The above result can be extended to any number of successive rotations. For
instance, suppose that the body-fixed frame B of a spacecraft is displaced from
an inertial reference frame I by rotating the spacecraft first through a pitch
angie © about Y-axis, then through a yaw angle ¥ about its body-fixed Z-axis,
and finally through a roll angle ¢ about its X-axis. The total displacement is

defined by the quaternion product

qIB = [cos (g 9) + 3 sin (2 6)] o} [COS (% w) + i sin (% ¢)] o

-t >

[cos (% ¢) + i sin (% ¢) (A-40)

which, after carrying out the indicated multiplications, reduces to

ap = (Cg €y Cy = Sg Sy Sy)

+ 1'(Ce Cw S¢ + Se Sw C¢)

'
!

+ j(s0 cw C¢ + ce s¢ s¢)

+ E(cO S, €y = S C, s,) (A-41)
) A-9
}
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where C, = cos (1 9), Sy = sin (% 6), C_= cos (%, y), etc.

v
The angles o, y, ¢ represent one of many Euler angle sets that can be
used to define the orientation of one Cartesian system relative to another.
Any relative orientation can be described by three Euler ang]es* representing
successive rotations about particular coordinates axes, taken in a specified
sequence; the only restriction being that the second axis of rotation must not
coincide with the first or the third. Reference A-4 contains a useful

compendium of the relationships between versors, transformation matrices, and

all cf the possible Euler angle sets.

*Not to be confused with the single angle of rotation about the Euler axis
which produces the same result.

A-10




A.3 TIME DERIVATIVE OF AN ORIENTATION VERSOR

If the coordinate system B is rotating with angular velocity @ relative

to system I, the time derivative of E}B is given by

A = '2 91 © % (A-42)

or, alternatively, by

4 = % ¥ 0 qpp. (A-43)

The consistency of Equations (A-42) and (A-43) with each other can be readily

verified by substituting the relationship

% = dpp 0 9y o Ay (P-44)
into (A-42), which yields
:q:IB =1 (a:IB 0 ng) 0 EI 0 :CTIB (A-45)

One of the major advantages of using a versor to define the orientation
of a iotating coordinate system lies in the fact that it has a finite deriva-
tive at every possible orientation (assuming of course that the angular velocity
Q is finite), thereby facilitating numerical integration of the differential
equations that govern the rotational motion of the system. Such is not the
case when Euler angles are used. No matter what rotation sequence is chosen,
it is possible for the derivatives of two of the angles to approach infinity
in the vicinty of certain critical orientations.

The problem of infinite derivatives can be avoided by defining the
orijentation with direction cosines (i.e., the elements of a coordinate trans-

formation matrix); however, this requires the integration of nine real

A-11
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variables as compared to four in the case of a versor. The integration of
direction cosines is further complicated by the necessity of maintaining the
normality and orthogonality of the transformation matrix, as defined by six
different equations among the direction cosines. In the case of versor inte-
gration, only a single ancillary condition of this nature is of concern: the

maintenance or normality as defined by Equation (A-26).
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APPENDIX B:

COORDINATE SYSTEMS




B.1 SHUTTLE STATION (STRUCTURAL) COORDINATES

Shuttle Station coordinates are referenced to a Cartesian system that is
fixed to the Orbiter structure. The origin of the system lies in the plane of
symmetry at a point 400 inches below the cargo bay centerline and 576 inches
forward of the aft face of the forward bulkhead of the cargo bay. The X-axis
is parallel to the cargo bay centerline and positive in the aft direction, the
Y-axis is normal to the Orbiter's plane of symmetry and positive to starboard,
and the Z-axis completes a right handed orthogonal system. The X coordinate is
referred to as the station (STA), the Y coordinate is referred to as the buttock
Yine (BL), and the Z coordinate is referred to as the water line (WL). This

system is shown in Figure B1.
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Figure B1, Shuttle Station Coordinates
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B.2 PAYLOAD STATION (STRUCTURAL) COORDINATES

The Paylc ¢ Station reference system is defined such that its coordinate
axes are parallel to the Shuttle Station coordinate axes when the payload is
stowed in the Orbiter payload bay. The origin of the Payload Station coordinate
system is located in the center of the front face of the payload cylinder. This

system is shown in Figure B2. Coordinates in this system are always measured in

inches.

B-4
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B.3 SHUTTLE BODY COORDINATES

Shuttie Body coordinates are referenced to a Cartesian system that is
fixed relative to the Orbiter structure, with its crigin at the Orbiter CG.
The X-axis is parallel to the cargo bay centerline and positive in the forward
direction, the Y-axis is normal to the Orbiter's plane of symmetry and positive
to starboard, and the Z-axis completes a right handed orthogonal system. These
axes are parallel to the Shuttle Station axes; however, the positive directions

of the X and Z axes are reversed. This system is shown in Figure B3.
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B.4 PAYLOAD BODY COORDINATES

Payload Body coordinates are referenced to a Cartesian system that is fixed
relative to the payload structure, with its origin at the pay1oad'CG. The X-
axis is parallel to the payload longitudinal axis and positive in the Orbiter's
forward dirction when the payload is stowed in the Orbiter's cargo bay. The Y-
axis is normal to the Orbiter's plane of symmetry when the Payload is stowed in
the cargo bay, and the Z-axis completes a right-handed orthogonal system. This

system is shown in Figure B4.
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Figure B4. Payload Body Coordinates
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B.5 RECTANGULAR LOCAL VERTICAL COORDINATES

Rectangular Local Vertical coordinates are referenced to a rotating
Cartesian system centered at the CG of an orbiting vehicle. The direction of
the Y-axis is opposite to the orbital angular momentum vector of the vehicle's
CG with respect to the center of the earth, the Z-axis points toward the center
of the earth, and the X-axis completes a right hand orthogonal system. This

system is shown in Figure B5.

Rl e e e ) ) ‘




Figure B5.

Y
VEHICLE
S d
Y
A
7
<
ORBIT

Rectangular Local Vertical Coordinates

I G s I T T S T

B



B.6 CURVILINEAR LOCAL VERTICAL COORDINATES

Curvilinear Local Vertical coordinates are referenced to the CG of an
orbiting vehicle. As shown in Figure B6, the X and Y components of position
are measured along the surface of an imaginary earth-centered sphere that
passes through the CG of the vehicle. The Z component is measured normal to
the sphere, positive in the direction of the earth's center. These coordinates
are essentially identical with those defined in Section B.5 when the distance

from the vehicle CG is small.
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Figure B6. Curvilinear Local Vertical Coordinates
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B.7 MEAN OF 1950.0 COORDINATES

Mean of 1950.0 coordinates are referenced to a non-rotating earth-centerea
Cartesian system that is defined by the orientation of the earth's mean equator
at the beginning of the Besselian year 1950.0 (i.e., the Julian Date
2433282.423357). The Z-axis points in the direction of the earth's angular
momentum vector, the X-axis is aligned with the intersection of the equatorial
and ecliptic planes (positive in the direction of the sun as seen from the
earth at the time of the vernal equinox), and the Y-axis completes a right hand

orothogonal system. This system is shown in Figure B7.
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X-Y plane is Earth's equator of epoch

X is directed toward the mean vernal equinox of
epoch

Z js directed along Earth's mean rotational axis
of epoch and is positive north

Y completes a right handed system

Epoch is the beginning of Besselian year 1950
for the Mean of 1950.0 system or the date of launch
for the Mean of Launch system

Figure B7. Mean of 1950.0 and Mean of Launch Date Coordinates
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B.8 MEAN OF LAUNCH DATE COORDINATES

The Mean of Launch Date system of reference is also a non-rotating earth-
centered Cartesian system defined in exactly the same manner as the Mean of
1950.0 system, except that the orientation of the equatorial plane is fixed at

the date of launch. This system is shown in Figure B7.
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Cr2e3cH-MrteiCrirI DA r17i0rir2(N-L)>r18
rI24rCQ+7H) 4P 1f P=0ifor 1=10 to 1550 rlinext I} ato
"HTH" QNG9 EF TTHIUSCS ~ESTCHDFECH0 D C1-C)»D
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Response Matrix Computation Link (%RMAT)

"YRMATCO403724SEP?9) "t 910 "RUN"
wtb 6r113list #6
agt "NTNIT 2y
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Podim LE3TU 12129 RIL12412),TI 79441
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~E[SIFI0E»31+102+2]

~ELRII0143)+103,1]
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\
|
'
?

St ~RLENC1+HiZE4KI if Ki@3K-19k
SE ACULESE1#¥ifor 121 to 12IR0IsCI+YULT KR TaCinent |

ST nemt Higs:

on

! for H=B to 134+ (FP+HImod33E i K+RIEs D I1E %0

991 nExt HiWARIFSCITZ24H51f Hile-2iata +2

;ﬁ ‘
E c-9




e A M, " i 5

“RMAT Cont.

g3
D

next Nigto +2

2y
—

4P-2C-1983if SRLP»C1>833to +2
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C.3 Trajectory Initialization Link (XTNIT)

"ATNITC1238/150CT79>"29t0 "RUN"
wtb 6111ilist #6

get "LSSVU",01

TIRT Nt COR2-14) 12 apd
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ret pS=int (3int Cop i+ N0+Rd) 7 103) 7 4)
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if PE="HOHE"iret @

if PE="REBY"iret 1t

if PE="CPLV"iret 2

ret -9
“UNIT"e
if F¥=" FT"iret |
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if P¥E=" HMI"iret c@P8,115
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1t F¥=" JAH"iret 1
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State Propagation Link (%PROP)
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for 1=25 to T4ir(I+1S0)+p3r{l+1080)rlirext 1
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AU SERCEIICR I EI RIE =T RN R =N It R SN CR It SO - IR i GNE S

UL ARCT ISR IS A W PR - T EWA TR B A AN |

D2t R, 2en gt 2,

Zecds b, 20 d

Secdy b2, 20

fot e cds b9, 20 cda bR, et d R Qe FEL D e F R S s gy § 2L S 4

fat Sacds " nda b 1A 2y 2 F I, 2 2y F R St LA D sy 1B e o e L
LR T R N R N < PR TN I PR AR i I PR R B N T TR B LI R TR B |

fint Pacde "t g f 1R By c sy f 9, 202 f 9. Qv S F IR, Sy 3yt 10, 3y

D]

frat BenlerSet Y, 0vcdy f2, 0rcd s 2. 0 g F3. Necds F. Necdef 3. 0y g

£t
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30

31t

w
o

[y (2] ) LAX]
T (4] £ )

(7Y
=4

Py}
Dx]

vvvvv R aniatdie. ikihus o coudas et A S

%PROP Cont.

"PRINT":if T(?7)nod2=05utb 6,11

wrt 6.1,"HM,S'(r74)

cll *DERIVS’ (@)} 138/12Q

if ra@Skosfme “¥%¥% RCS CAN'T CONTROL SS RTT"»/jwrt oifmt 30912585
for I=1 to 3irI3rCI+174)inext 1|

for I=7 to 9313 r(I+173)inext I

"EOTRAN": r244053 r33+R5 r24953 r35+N

LRZ(2G-RRRHW-RESIIRIRR(2/R~-1 R-538/G) 4P

CSCCPAGYIVIPSR=-1ARIMCXR4AYYIHET P ATNLY (Y KD *F

Ne2rrdi-rdardigsreicll P3130° (4, 725cl] PRHACY (259 TH11)
Sl PORAYCLIRs 11y Po5cll PQ313' (79 4)
HYANGL? Crai=HiQrS+ 13 QP ANGL Cré~F)+J

EMPE. 115+T3F+F

drt ELIHAEII L CFLL AT HEL I HE HEC2 D Iy HEL S D Ho HEC A Dy HHELS 1y Fy HEC B )
1,62405e-3+.15 Jr23t2ViV/P3B

cll P31 011y 4) i cosCr5y+Cisin(rS)+D
cos(radskizindrérsLi KK-LL+Mj 2KL+N

F-2RAYC1-3DDLL Y~ 2RRRRI T (G-RI 7AW
A-BC1=-200/20 2+ R~BIDM/E4R3 S+EWDDN/ 248

RRECE R=-1/R=-55- GH3FiSF(P/GI+YiP/R-1 X

FURR+TYIES YHTHL Yy i +F

FE+ECL =TI AN P08 b S-MI DM ZRE4 15 r4~BLN- 4P +H

BI2T5 0 AHGE CHY M3 AHGL ! CU-F )05 QF3F
CROL-ED=r230 T3 (ACL+E)-1r230 - T4A

WEt B AL D CEI2 1 A HEL? 1y Py HEL B Dy ToHEL 2 Mo HEL 4 1y L HEL S D F o HEL 6]
wre &

CIEROTUSCLD O (199239 70ic]]l TRZ3LN (T4

Grds I80rS2 O AHGL Cred 3l S BrcRi Qr37+" i 0r3s+2

A N S BIR IS RIBERE I DD INIBE I I TR INBIETRE I R IR TR E IR R IR E

-
ey’
—

cll YROTYCLeEPa105c]l] PVEUB? (28 Ly Poicll PH231Y (BT 4D
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€91
618
€23
63t

[x)) ¥y . (s
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Lyl
an
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& v ]
e

=)
<

ey SR T O R B

%PROP Cont.
Qra4+313QrS2JiQ"ANGLE  (ré) +KiQr7+XiQr8+YiQr9o+2
wrt 6.HASLLIDHLDSI2L IHISI1 D 14021 Ky ISI319 Xy 18040y Y IS(S5) 2y 18061
wrt 6
"PLROT":cll PDERIVS’C(1>3180/m2Q
for I=1 to 3irIarI+177)inext |
for I=7 to 9irl+r(I+131)inext 1
cll PAXQ' (19,342 705cll 2Q231°¢(7» 4)
Qr4+>1iQrS2Ji QT ANGE? (réd»KiQrs1aXiQr62+Y;Qre3+2
Wwrt B 4 REI2Z DS I L I IS[L1 s HISI2H K ISI3 X0 ISLAaHL Y ISISH 2y 1806
cll 'ROT'{I»1129805c]] PVSUBY (61519 ?05c]] *R2317C(11254)
RQr4»>150rS3 5@ ANGL? Créd) *KiQr7+XiQr3+YiAr9+2
wrt B A2 DSIID L ISTI D HISI2DH K TSI3 Xy 104 D1Ys I$05) 25 1805

P wrt 6

cl]l PECHAY CSA,2T,0)5if GL1I82iato +9

if G0121=05135012)i3to +8
CCPLVIGI 2503 )88 502609147

cll 20213708405 ~rdrS8or?irSroR+rgi rS8-ri3sro
for L=0 to 1iif GIS-LI1=€isrto +4

5] Dy =145y 0y -5 GL2IG0E-L I+VAUTiF L=1iN+EG0 T I+
ofs ~Ws=Tilim Wy H-8GL5-L1THT-SGIE]

ofs rOE=Lisr3iplt Oy@ipenicl]l "RELIP? (S-Z@y 3720 B2y 38 1443)

t@arParEi-riicraiell PCRSPICITS) Ty 1005 r1d-ridaryZ

Gar133r1di=rS8sriSicl] PCRSFP CIVES {20168 r1E-r333r1B

cll ’RUTTCI?:GslB);cll YROTY (16 160

cl]l PMSUEY 13y P 1300c)]l PWISUBY (18 1Ay 1635 0f r1159=053t0 +12
CELEMSAticl]l CROTPCIZ3,0, 13305 cl]l PWSUB V1EE 185 188D

cll PIROT 01169545105l PIRGT? (19199 1)

srrt T rT4-ALL T v1Edsrlsrdsr3

cell PIFCT 12250 10dcl] PIROT? (1915410
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9PROP Cont.

908 cll "IROT?(16+2554)3cll *IROT' (4119, 4)

91t sert Ssrtsr2:r3srdsr3rré

921 wrt 6.6 RSI2HESISLrtyJsl11sr2, 1802 r3r ISL3D1rdsASL 41 rSHASISTr rEsASLE)
3t cll PIROTY(123525s105ci]l "IROT* (15190 1)

342 sert Syrlyr2yr3

935t if r?74<{Al2)}3to +2

36 zprt Sy "end"idr1y9

37: "PLTRAN":for I=1 to 35rCI+12)+rlinext |

338: ¢ll PCRSP'AUIFS»1sddicl] PVSUBY C1€s 45 4)

39t wrt B REIZDHESI2rr1y JEl 1 25 18021 r2y 33D rds AFLA D rSHsAELS Dy 1By ASLE)
100s <11 PIRAT? (2587705 cll PVSUBY (175079 7)

1818 1l PCREFI(TI9725cll PYRDD? (4971 4)

192¢ cll PROT?C1s575105cll *ROT?C4487+4)

T

1828 wrt G, e RELZHESII D r oSl D r2) J802 D r2s JSL3 D rds RELS 1y rSHA$IS Dy r5sREL S )

—
Do)
&
Py

=
-
L
o0

185 cll 'ECHR cS4. 2918105 1f GL1I#LIato +15

1ags if GL121=8i1+5012)i3t0 +14

167¢ "REBY"IGLZILEISIGIZIGIIT+Tir I20+ARI-r1219r1@56or1L+r12
1823 cll PROT!O183.1819705c]1] PROT?(10,121,10)

189 for L=0 to 1iif GIS-L1=0i3t0 +10

1168 z0] B -14%5:8y -353G6L 2160 2-L 1924 WTif L=13W+EG0 5 14M

1118 ofz ~Wy-Tilim Hok-EG0S~L1sTHT~-SGLE]

1120 ofs rd2-Lisr3iply BaBirpenicl]l PRELIF (o 208 200 n 23203519080 pean

P13 PO L ~Laslir 2 ~riB-L)2h5 - rIsY

1142 if c1-2Lorc 1@+l 0 B35 KUY+ =3l VeV

T a2

1S reUUY 2B RTma (B I-CESr 1213 T203B3 if E=R5 12050205 ato +2

1168 Y/ELi-U/ESD O, .
Ay
1170 afs Wy ¥icll TPELIP? CAyBr @y s 300 0o D5 if E=@fate +2 Qe Sl
ﬂ¥%ﬁ? /gqfu
1188 ofs UeWicll PRELIPPCAYEs Do 1Sa s 05 imlt —~ly =Y - ng%% {S
5 /
1198 mepmiriest L &ﬁ?
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DA L DA S A A . e & ok N ot S L £ b i A e i it

WPROP Cont.

"TPSENS"tcll "VSUB'(2821109s?7)icll "ROT'(?»181+7)
cll 'ROT* (61918101323 cll "VSUB' (13+36+13)8cl) "CRSP’'(13,7418)
cll "VARDD' (413, 4)3cll "VADDY (1179 1)

cll "VRID (1S4 1dfcl) TVSUBY (142750 1)

cll "ROT (123 1dicll PROT? (452731 4)

FLIINE 2 r3223 r RSB réaC
ANHVYIRI QI ARG QA

PATNL? (Y9 XD 2S5 PRTN2? (Zy Q)T

CAN+BY+C2) RoU

1f QO R{Le -eiQ»ViTr(RR+BB+CC-UUY ~RAN3 3t0 +2
CBR-RY)QR2VICCR-UZ)Y . QRN

180 Q3 RT+SFQTATIQAVAV QNN

Wwrt 8, T AFLILGHII LRy IS SH IS HTH LS D WL RELT LAY RECR H N RS 9)

wry 6
"RIPCON"tfor 1=1 to Sircl+add oprlirext I
Wt B RAFIIDHGRIID r iy OFLI 2 OS2 Dy e 3OS0 2y rd s UL e S S LE Dy rS5o 080 6 )

wre 6

for I=0 to Vircl+d@deprlinext 1

rA+rdRiRr 28

rarrTACICHrS-D

rA+rSelirdvrde i rdrr P ok

ReU=ldBelsl s rd+r1a2

wrt BLRVHEC L JeGI0E s e N Do B D0 2 Do v o T 20 R d U 0B DS LS 1y v 00 40 6]
e G AT D SdL2 D rSo RELL Dyt PEL 2D ar SRl S o FEL e T RELS Ty Lo ke d L R
NTR S ASRET S IR RRIE  Gch FI SRCE N o U RS J el PR IRIRE § - ERSER-E § I PRI { i ERORIE i

Hre B

1 obzorTd=101 0,000 cham "OSHIT s 1e3

PHOVANS"STO2 30! tren e TO2 I =Diaf obze I 013 TS I-D

DerTdsEiny TOLI-E .00 TUL JEVE - r7d-D

It GFEEERD TE3DV4LeTLSHD TOSITLY)
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%PROP Cont.

M TES)=130f abs<TO11-T(41-r74)<C. 00013 T(1)-r742T(4)
fxd 2idse "LPROP T = "»'HM.S'(r?4)icll 'RK4’(T(4D)

TES)-13TCS T if TISI=03T(7I+1TC7 Jivdsp “""33to "PRINT™

ato -3

end
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MISCELLANEOUS DATA

REG.| SYMBOL | UNITS DESCRIPTION/NOTES
T B
0 - S G S GEEn S SRS ot G e Smue Sl
IR . ~16 . ~Ig\
1 1“1 contains wy or mq? |
| 1
2 W upon return from
8 42 |
3 - volatile Jo3 5 \DERIVS l
SN S—
- - - l______——-———
4
0] L
6 . ———— g
__,._7 i'fl Contalnsi\ﬁir a | B
8 [A> { upon return from I|—--—--
|
S - S BN I - £ S
10 |
I S — - 4
mnmr . o _
12 ' temporary storage for .
13 ( working arrays
14
15
16
17
18 i )
19 a9 ]
20___;‘1] - ?]L(om‘entation versor, MLD ECI with respect to
21 b, M50 ECI).
- —
22 Q-
23 R, i ft | 20925722 = equatorial radius
24 J o ;ft3 sec'f 14076469 x 10° = gravitational parameter

D-2
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SS_STATE VARIABLES

dac

REG.] SYMBOL | UNITS DESCRIPTION/NOTES
25 |q, $S local-vertical system
26 q: ! a}e, orientation versor, with respect
27 |aq, to MLD ECI system.
28 93
»«59 dq SS body orientation versor,
?0 a3 s EEB with respect to MLD ECI system.
K A 3
32 a3
33 |R ft SS CG distance from center of earth.
34 |R ft sec”] dR/dt -
35 |, sec”! SS Keplerian angular velocity magnitude, B
6 1w Tsec-] SS body angular velocity with
37 W, sec”! { f .BéB respect to inertial space, j
38 W sec”! resolved onto SS body axes. |
39 | W 1b SS gross weight (constant)
40 NEOML 1b left ! OMS propellant consumptipn
] 41 | Wogmr 1b | right L
2 Memex (' | forvard - _
é 43 wPRLX i]b I aft left » translation
rvih‘ ngRRX 1b aft right control RCS propellant
45 IWopco | Tb forward consumption %
46 g b aft left & rotational |
47 inRRR 1b aft right i control
48 | , (RESERVED)
19 | (RESERVED) ]
D~3




PL_STATE VARIABLES

REG.} SYMBOL UNITS i} DESCRIPTION/NOTES

50 |99 PL local vertical system

51 |9 g EEQ orientation versor, with

52 |9, respect to MLD ECI system

53 |93

54 &N PL body orientation versor, .
55 q ! 3}b with respect to MLD ECI

56 a4 system.

57 93

58 |r ft PL CG distance from center of earth.
59 | 7 ft sec”] dr/dt

60 W sec'] PL Keplerian angular veolcity magnitude.
61 Wy sec”! PL body angular velocity with
62 | - Wo sec-] ] Eéb respect to inertial space,

63 wq sec”] resolved onto PL body axes.
60 | W 1b PL gross weight

65 f£]+ 1b ft seg¢ . Integrals of control torque applied

67 N 1b ft se¢ ¢ in the positive direction about each

68 f23+ 1b ft se¢ body axis.

69 | /2. b ft se¢ Integrals of the control torgue magnitude
70 :fzz_ 1b ft se¢ }- applied in the negative direction about
(g, |1b ft sed J each body axis.

71 (RESERVED)

72 (RESERVED)

73 (RESERVED)

74 Et sec State time
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SS CONSTANTS

REG.| SYMBOL ] UNITS DESCRIPTION/NOTLS
75 | Ka SS aero factor.
76 | Kay SS att maint flag (0:D, 1:IRH, 2:LVRH)
77 I | stug £t2
78 IQY slug ft2 r SS principal noments of inertia
: 2 |
79 IZZ slug ft
80 1aq 1 SS prircipal axes of inertia
81 |a, i aép orientation versor, with respect
82 |a, to SS body axes.
83 93
i g --«‘1.:.- BB s e e e 5o e o s
84 Py ift [ Position of SS actual CG with
o I e
85 P,y | ft [ Py respect to nominal CG, in SS
86 Py ft ] body axes system.
: T T
.87 19 I e e e e e ]
88 |q, " Qup = Qpp 0 Gyg (MOt constant;
89 |q, value computed in 'DERIVS') _
| .
| 90 |q, | ]
-
91 U]
ﬁ 92 U2 f f Ug (OMS thrust unit vector, in SS body axes system.)
[ S : e Hamaet e 4 e ot 0 et
93 Us | ] |
9% | Keoms | OMS thrust flag (0:none, 1:L, 2:R, 3:L+R)
95 | Krpre RCS thrust command flag (0,1,2,""*,12) |
|
96 D] » L ]
97 D, " SS attitude deadbands
98 D,
99 |C | sec SS DAP cycle time

D-5
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PL CONSTANTS

[ REG.| SYMBOL | UNITS DESCRIPT1ON/NOTES
100 [k, | PL aero factor
101 | kay PL att maint flag (0:D, 1:IRH, 2:LVRH)
102 i) ]stug ft°
103 i}y slug ft2 b PL principal moments ofrinertia.
104 i |slug ft°
105 o K.PL principal axes of inertia
106 aq —:'mébp“‘bﬁA q;;;;ﬁtatioq_xfﬁigr, with respect
107 {a, to PL body axes.
108 a3
109 | Py | ft - [ Position of PL actual CG with
110 Pyl ft i Pp2 ___| respect to "nominal CG" (front face
1m P, | ft i of cylinder), in PL body axes system. |
112 | q4 ,____Eﬂ_ e e
13 | qy i E;b = 9pg 0 qy,_(not constant; )
i 114 |q, value computed in 'DERIVS')
115 | q, | B
116 u, |
% 117 u, N | NAMWUT‘£BE~Ehrust unit vector, in PL body axes system. )
| 118 u,
119 |k, i PL thrust flag (o:no, 1:yes)
120 d/2 | ft PL radius
121 2 sft PL Tength o
122 A | t? v d°/4
| 123 Ag_ | ft? ds
124 1K i Atmospheric density factor (applies to SS & PL)
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SS STATE VARIABLE DERIVATIVES

REG.[ SYMBOL | UNITs DESCRIPTION/NOTES
125 |4, sec”!
126 | q, sec”! " Qg
127 | q, sec”!
. -1
__1_28 93 sec -———-——‘——-—ev-.—_-z',_‘.-_ —— ]
129 &0 sec™! | 9, __4_'=
. -1 | - =
130 q; | sec WY 9%p A T“““"“}‘zi_;;“"“"""_’
~1 L 3 £
131 92 | Sec . d____:.ﬂ?_-w_., -.-_W_AZ_“_.ALL._F ‘ET':' ~~~~~~ B
. _] 3
132 q3 | sec : d3 As | *}‘zimg
T frint
133 | R ft sec”! 1 Y Lg S
. —IZ U -
134 [R ft sec™2 lu, + 0 L% =
- | +~ o7
: -2 u £ 4
135 | o sec I Y% | = 8
. *E._'---—___--_d
136 @, |sec™? .
i_,_léz,_LM_,_&Ls‘ec_‘z__ﬁiﬁ__;?é’f_ e
ﬁ 138 wy | sec™? ! _
| 139 | i b sec”!] = 0.0 ~
| . l — ]
Llng Woom | 1b sec | i
141 |0 [1b sec™!
| PUMR ¢ ]
142 [waFX b sec
143 Moriy | 1b sec”]
— T 3
’144 | Mopay | 1b sec”!]
| Y -1
5]45 ivPRFR 1b sec 1
K b soc]
146 wPRLR f]b sec i
: ' =7
147 LA I]b sec
148 | | (RESERVED)
]149 ; l ! (RESERVED)

P

e
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PL STATE VARIABLE DERIVATIVES

)
g
\

T B B i A

REG.} SYMBOL UNITS DESCRIPTION/NOTES
150 | g4 sec”!
. -1 b =
151 | q4 sec Qrpm
152 | q, sec”!
153 | 44 sec”) e e e e
. -1 I | =
- = 1 — ©
| i e
. -1 | - 2
156 q, | sec | 9% | a, Pl RS ]
. -1 | | = 8
157 q3 sec 1 Q3 33 1 8 %L
| -
158 | r ft sec” | U | 5 ©
S o 3 gu_:'
1 > - H U S UIL HER
59 | r ft sec | Y2 g | 8 =
160 | sec™2 Ty I =&
- K J 3 —————Jl = =
161 é] sec™? |
1_162 QZ sec'2( L @ib !
163 é3 sec'z
164 | W 1b sec”
165 2., 1b ft
166 for| b ft
167 2, | 10t
168 | 4, b ft
169 | g, 1b ft
170 | 04_ b ft
171 (RESERVED)
172 (RESERVED)
173 (RESERVED)
174 | { = 1.0
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Y RTRET e Y e e e

REG.

SYMBOL

UNITS

DESCRIPTION/NOTES

200

201

202

203

| 204

205

206

207

208

209

210

211

212

p Used by'RKUT'to store data

213

which must be preserved between

214

calls to 'DERIVS'.

215

| 216

217

218

219

. 220

221

222

223

224




TR W AT TR e e e e e me s e DR

REG.

SYMBOL

UNITS

DESCRIPTION/NOTES

225

226

227

228

| 229

230

231

L Used by RKUT'to store data

which must be preserved between

calls to 'DERIVS'.

247

248

249

A A

D T

O



REG.] SYMBOL | UNITS DESCRIPTION/NOTES
250

251
252
253
254
255
256 g
257
258
759

e e

b

260

261 > Used by 'RKUT’to store data

| 262 i which must be preserved bewteen

263 calls to 'DERIVS'.
264
| 265
266
| 267
268
| 269
270

271
272

273
274 |

D-12
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MISCELLANEOUS DATA
REG.} SYMBOL | UNITS DESCRIPTION/NOTES

275 p, | £t ' SS sensor position with

276 Pl ft - S respect to nominal CG, in

277 p37 ft SS body axes system.

278 a SS sensor orientation_wm o

” 2?5‘ 9 S versor, with respect

280 | g, to SS body axes.

. T - e e e B O TSI Py ——— . e i s e

281 a3 |

I 0 O PN

282 Py ft ' PL target point position with respect

]
283 _ﬁZ ft g ﬁgt to "nominal CG", front fact of PL
~2;;; | VP ft cylinder), in PL body axes system.

AN SRS ¥ LS S S

- P R S p—

285 KgEF Shuttle attitude control faj]ure f]gg‘

R (i —— - [P i o ¢ e VA0 1 e e o v e e Stanan = ad ot v e an i

i f |
~ r?. - - — - - - —— - - et < e s e+ 0t o]
[ U R i _
| |
I S A R . . |
| | | o
liw i N i
N R A L
|
L. t
l B
! |
e o
e 1 . e e e e e e i
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APPENDIX E

USER-SUPPLIED INPUT DATA BASE
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lv ————
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E.1

Sl o ahte et S i A
B L 2ah g

SHUTTLE DATA FILE

SHUTTLE DATR FILE $

I[TENM

T A DT e DLW NOYV N S W e

P B b Pt et P Pl e

DESCRIPTIQN

L P
Ixx...-..............

IVY e evieeennnnnnn

122

iee o a e

e v e

R R R R N N B RS BN I R R

2

TS o s oo s o v onevonanaas
2

i

0

Ch STR.....
LG Bleveiaiannans
TG WL, eeriieninnans
SEHSOR STR. . veiian v nensnas
SENSOR BlLuvevevesennsesnns
?’EHEUR "“—.--no---nt-n--
SENSOR AWES PITCH ...
SENSOR ARES YAM........
SENSOR AMES
DAF CYCLE.. .. ..

L I A A A BN I B )

LR R R I B

LIRSS Y

CR R I A S I S S N S AN Y

LR
LR
LRI I A T
2 0 0 .
LR IEY

LR I N A )
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E.2 PAYLOAD DATA FILE

FRYLORD DATA FILE $
ITEM DESCRIPTION

MEIGHT .o vvvnvn v

lYYII.I..II.II...I

IZZIC'I.O....II.I

DIAMETER. v vvuvnnsosnarannnn
LEMGTH e v v e r e neisncnasannas

1

2

3

4 c e s e e av

= T i

LS 1A

A -

R 0 STH. it eensnnnsrsosannanans
] TR o O -
v 1‘3 ':": HLll-oltulll-colc-----.--

11 TARGETFOINT STH..ereverenaes

12 TREGETFOINT Bl.vieeisoeseans

13 TARGETPOIINT MWL, v.s s v i nnnean
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E.3 GRAPHICS DATA FILE

GRAFHICS DATA FILE $

ITEM

[y

= D OWNT N3 W -

DESCRIFTION

FLOT TYPE (HONESRSEYSCPLVY oo nvien o nas
PLUT UN!T’ PU (FT’KFT’H‘"I,M’}\"’)nonnonbnn
PLOT SCﬁLE.CQDI.."..'I'l‘lllllllllll.l'
XF.RNEL NlDTHQ-oanaolloncno ----- DR
Y FANEL WIDTH..v0vennrenss Sieras s .o
FANEL HEIGHT s vivnvenenanronusnnann ces e
.~\"Mﬁx.-...-.---...--....................
‘I'. II‘RxIIOQIODQQIIQCCIQll.lll.lllllllllll-
S MAX e seernn ceus
TIC I'.‘TEF\.\"RLIIllanIlllllllll'l.l'lllliii
LABEL INTERMAL. .o vriivnrnennnanns seene

VALUE

RZBY
FT

129
14,0000
1, a0

NGRS
oA, 1308
29
S

PU/IN
IN

IN

IN

PU

FU

PU

PU
TICS

B I
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E.4 TIME/ATM DATA FILE

TIMEZATH DRTA FILE $
ITEM DESCRIFTION VALUE

LAUNCH YEAR. .o v i it i i i iienrtanssnassannes 1931
LAHCH MONTH CJRHsFEE»MARs . o v v o s HOY S DED) FEB
LAUNCH DAY ettt aiensoesssrvesansosssnns av
LADHZH GMT e ianinneessnsassnntusancnnas i?BS.BDBB HHIMM. 33

iUl da W Ko >

IHITIAL GET.iveunrenuosonssnnsononssons 05,0000 HHMM. S5
ATMOSFHERIC DENSITY FACTOR...vevevnveana 1,239
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S TR TN e e

EOS

B At

SHUTTLE ISTATE DATA FILE

SHUTTLE ISTATE $

ITEM DESCRIPTION

LB Wi G 'O00NGTU L Wio e

" e et g e
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Ranth & andie A ki S A

STRTE TYPE (Dmsa' I["Ln). St s st

3"18!..!!!'.!!..""tllO'lllllll'.tlllll.
ECC'llO..III'.‘l..ll.ll.lllllll.llll'lll
TH i i i ittt ese st esssasnsane
RHNoounolllnlol--n'n.-uunnoo--u-l'l----.
RRGi--lllnnluluru-nana--.-clnn-l'.!--.-o
TRH.I.I.!.IIII..I!.lll'llllll!l'!l'il!l.
ATT REF C8LY) .. iieii it iiinneanssnans
F‘thHna--uv-an-.\-on.u---vnnnu-nn-.!vuovo

YR“--.--.--.-'-..u-.-.----tvu.--v.";ton

L T N
RATE REF (M30eSLA) i iiieiinncsnoannns
B2 T o
B RATE. sttt inienononsnnsnanans
e - L

VALUE

0158
3533, 1726
., 0a12
23,3014
20,5443
-29.4152
33,3853

5L

o
T
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BT 1Y
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.“_':tz-;l
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i,
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®, e

Hi g
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DEG
DEG
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E.6 PAYLOAD ISTATE DATA FILE

FAYLORD ISTATE $
ITEM DESCRIFTION

STRATE TYWFE (RSLVIRTEBYD ..
Xoan .

.\':I..I..Il.ll-lllll.....

W‘DOT..----.-......-.-.--
i L0
ATT REF (PLVsSBYY..o.on..
FITEH i it e s vnonanasonans
.l'.tq"lhil‘.lullllu-l'illoll
|
RATE REF (MSBs FLYSEYY. .
WB PRTE. .o venene veenan
VB RARTE. vo et tenennaenns

N&WIo= DO NTUS & Do r—-

1‘\.DDT..-.-¢.-un-.-.-n---o-

B RATE. v eveetneeearanss

P e v s e s e
DR R T I R ]
s 00 v a0 s
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I I I ]
S0 e a0 e
280 s s "
L R R R R
PR R R A ] .
v e e e s .
PO B RN ) [
DR R )
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DR R R R ']
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VALUE
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. e M9
ceensee B, A0
sesaaee A, Aana
ceene e @, 000

FT
FT
FT
FT.
Fr~

ﬂ

“EL

FT-5EC

LEG
LES
DES

LEL

LES-
DEG-

=TSN
SEC
“EC




R SRR TSI T . oAt AR Saan T TITNTTEE R g e T R kT o e

APPENDIX F

USER-SUPPLIED FLIGHT PROFILE DEFINITION

F-1




R i e - adie b i e SN A A A e

F.1 FLIGHT PROFILE SEGMENT

FLT FROFILE SEGMENT 2@
ITEM DESCRIFTION VALUE

FLT SEGMENT TYPE (FROP) .. ivevrtacsnenons FROP
FLT SEGMENT LEHGTH. .. oiiiiiniaavinansnes 2,4000 HHMM, SS
FPRINT/PLOT THTERVAL ... vevevcnrrnanrnsns 0, 3500 HHMM, 38
MAX INTEG STEPSIZE. ..o viiinvarstnrnanans 10,0009 HHMM, 85
SS HERD FRCTOR. v et vvitsarsasisraassesen 1.123000
53 RATE OPT CIHORs IRSLYRY i envaeennnn IR

J
(]

—
-
bl
=
=

RERG FACTOR. . esvoeanssvassaosvanssoson

28 KB RATE OR THCR .. eeveeenreoensvsnrnsas A, 10030 DEG-SEC
SS ¥YB RATE IR IHCR. . v vursnvinnnasoenns A, 0390 DES-SEC
S5 ZB RATE OR THIR. .o vietusennnnsnnnnas A,0000 DEG-SEC

1 SS ATT MARINT QPT (D IRHILVRH) v vuvavnnn IRH

1 2SS MB DERDERAMD. .. v i iiiannroraarsenns 2,000 DEG

1 SS VB DERDEAHD. .o v v st innsstinsnnsns 2,038 DEG

1 S8 2B DERDERHD. .o vuresrneocssronsonses 2.0098 DEGS

1 2SS RCS OPT (MaPsPZ2I0 . eieininnincnnsnnnns P

1 SS XC COMPEHIATION CHOHESROTSFULLY v ROT

1 S OMS CHMD (HOHESLsRyL+RY . eu i aaviononns

1 S5 RIS CHD CHOHEs +Ms =Na+Ys ..o #7AH =YAKD

1

1

2

Lo DO D OMNTI U e WTy=s D0 0N T LA WO PO =

PL 19

PL RATE OPT CIHCRsIRSLVR) vieneonennonnen IR

PL #B RHATE DR THIR .. v et vveesnassasonons B, 0aRR DEG.=EC

PL ¥B RHTE DR IHER .. v etvensrnnsensnaas o, LEG. SEC
2 PL 2B RRATE OR THIR ... v vetonnrnansanosanns A, 0000 LES-SEC
& PL RATT MAINT OFT (D IRHsLYEHY oot v e e IRH
z PL THR THELE CHOHEsILs SRS i annn IL

F-2

T
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APPENDIX G

DIGITAL OUTPUT DATA

G-1
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T T

G.1 DIGITAL OUTPUT DATA

GET = 1056,350 HHIM.SS
S3:0M5@  3617.3 SHA 0.00487 ECC 28,31 INC 279.22 RAN  26.08 ARG 153.42 TKA
8§31 1 159.58 TRA

3
MLD 187.5 HR 149.8 HP 28.46 INC 279.57 RAN 19.90@ ARG
3

3
S
sSr MSa -21.13 PCH -57.48 YAW 93,13 ROL -0.000 RXB 8.500 RYB @.009 R2
e B " -
0

5 LY -114.70 FCH A.00 YAW 129,980 ROL B.009 RXB -0.0KS RYB 083 RS
PL: M%Q 151.78 PCH 12.72 YAW 87.236 ROL 8,999 RXB 9.000 RYB .00 RZB
FL: PLYVY -3.51 PCH ~10.l4 YAW 0,43 ROL -0.0811 RXB 2.063 RYB P.013 F2B
PL:ENMSO ~325'%34 ~277410 Y -135164 2 ~-288,.29 DX ~716.98 DY -347.56 D2
PL:RSLY 413200 x =332 Y 225774 2 1273.34 DX -195.27 DY 108,44 12
PL:RZBRY 32454 X fo11 vy 469739 2 181.56 DX 155.31 DY 1184, 21 12
TR:SEMS 4705350 R 1.78 S 3.5 T 11£8.77 DR A.268 DS ~@.083 DT
FL RIMP 173 +X 299 +vY 272 +2 173 -X 231 =Y 26y -2
55 PCON =2 RFX 2 RLX 9 RRX 0 RRX &2 RX 571 QML
=3 FIZON 45 RFR 30 RLR 31 ERR 51 RAR 187 RR 574 OMR
S5 FCON 108 RFT 28 RLT 21 RRT 61 RRT 169 RT 1241 OMT
GET = 18%&, 498 HHMM, 29

SSOMS 17,3 SMA B, 00487 ECC 28,31 [HNC 279.22 FERN 25.90 RRGC  153.35 TRA
S5 IMLD 127.9 HA 143,83 HP 22,45 THC 279.57 EARN 19.99 ARG 159.91 TFA
S MSO -21.13 PC -57.43 VAN H2.13 ROL -8.6090 FHE &, 003 RYe B, 008 RIB
S ALY ~-114.37 PCH 2,80 YAW 129,00 ROL A,308 RXB  -9,155 RYVB A,008 F2
FL: NSO 161,78 PCH =-12.72 YAMW 37.26 ROL A,030 RLB A,398 RYB R.I00 RIB
PL: PLY -3.16 PCH -1@.67 YAW .83 ROL  -0,811 RH 2.053 RYB A.A14 F2B
FL:EMSO ~HIGTY4 X -221893 ¥ 192834 2 -1933,37 DA -7S3.41 DY -4131.91 2
FLIRSLY 420006 X -1349 ¥ 2erzid4 2 1452.11 DY -122,22 DY 139,12 D2
FL:RZEY 22Eel oW 1263 Y 475%8 2 44,17 DX 123,27 DY 1220,19 L2
TP SEHS 477102 R Z.2e S SRS T 12728,94 DR B,.223 03 G309 DT
FL RINMF 172 +% 2aS +Y Z7e 2 172 - 231 -4 el -2
5% PLON g2 RFH¥ 8 RLY B RRA g FRZ g2 R ST oML
S5 PLION 4& FFR 23 PLE 31 RRE =1 FAR 147 FFR E71 MR
=5 PLOM 193 RFT 28 RLT 21 FERT &1 FAT 159 RT 1341 aMT

c”wuﬂVAL ”
. \ﬁ, .y
w POO}{ 18

QUALry

G-2




APPENDIX H

GRAPHICAL OUTPUT DATA
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