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



80.FM.-9 1SC-16397

HP-9825A HFRMP Trajectory
Processor (#TRAJ)

Detailed Description

{NASA-TM-80941) HP-9825A HFRMP TRAJECTORY N8O0-17122
PROCZISSOR (#TRAJ), DETALILFD DESCRIPTION
(NASA) 277 p HC A13/MF AO1 C5CL 2za
Minclas
G3/13 47128
{ q
} Mission Planning and Analysis Division {

! January 1980

} . »
. N 4
o i
i National Aeronautics and S
« Space Administration

Lyndon B. Johnscn Space Center
Houston, Texas




cand 4 (00K o Oara il s i AEERAIRS Satiie. b 4 TR

80FM9

80-FM-9 . s | JSC-16397

SHUTTLE PROGRAM

HP-9825A HFRMP TRAJECTORY PROCESSOR (#TRAJ)

'DETAILED DESCRIPTION

By S. M. Kindall, TRW Systems

JSC Task Monitor: J. W. Bell, Flight Planning Branch ):,ﬂﬂ

Approved:
: Edgar C. ALineberry, Chief
Flight Planning Branch

Approved:  / M /\
Ronald L. Berry, Chief
Mission Planning and Analysis Djiw n

. Mission Planning and Analysis Division

National Aeronautics and Space Administration
Lyndon B. Johnson Space Center
Houston, Texas

January 1980




PR i afathue

ABSTRACT

This document contains a detailed description of the computer code for the
trajectory processor (#TRAJ) of the HP-9825A High Fidelity Relative Motion
b sogram (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
Soace 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 logic.
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NOMENCLATURE

Abbreviations
BL buttock line (Y coordinate in structural coordinate system)
o] center of gravity
CPLV curvilinear payload-centered local vertical coordinates
DAP digital autopilot
ECI earth-centered inertial (coordinate system)
HFRMP High-Fidelity Relative Motion Computer Program
HPL Hewlett-Packard Language (for the HP-9825A computer)
IMLD “invariant" mean of launch date orbit elements
MLD mean of launch date ECI coordinate system
M50 - mean of 1950.0 ECI coordinate system
0M50 osculating mean of 1950.0 orbit elements
PBY payload body-fixed coordinate system
L PCON propellant consumption
k PL payload
PLV payload-centered local-vertical coordinate system
RCS reaction control system
. RIMP rotational impulse (integral of torque with respect to time)
RSBY rectangular Shuttle body-fixed coordinates
RSLV rectangular Shuttle-centered local vertical coordinates
SBY Shuttle body-fixed coordinate system
SLV Shuttle-centered local vertical coordinate system >
SRM solid rocket motor E}
SS Space Shuttle (Orbiter) j
STA station (X coordinate in structural coordinate system) é
WL water line (Z coordinate in structural coordinate system)
xii
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Symbols
.} Tinear acceleration of Shuttle CG
a linear acceleration of payload CG
K\ [I],[I]B Shuttle inertia tensor, referenced to SBY axes

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

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

' (il ,[1] payload inertia tensor, referenced to principal axes of inertia
,J,k 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; 1i.e., 5gk = ng +J ng + K ng
5gK derivative of P _JK with respect to time in coordinate system F; i.e.,
P BN < T B B
EkG orientation versor (unit quaternion) defining orientation of coor-
dinate system G with respect to system F

%fG conjugate of qFG’ qFG qGF

R geocentric position vector of Shuttle CG |

R IR] |

R dR/dt

R d2R/dt?

r geocentric position vector of payload CG

r [v]

r dr/dt

" d®r/dt?

t time

t,u unit vectors

v geocentric inertial velocity of Shuttle CG

viii
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v geocentric inertial velocity of payload CG
g

[a] array of (3) Euler angles 4
2 Keplerian angular velocity magnitude of Shuttle CG, |R x VI/R?'

(. Q dnK/dt
wy Keplerian angular velocity magnitude of payload CG, |r x Vl/r‘2
wy dwK/dt

: %G angular velocity vector of system G with respect to system F,
resolved onto axes of system G

: 1
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Subscripts

B Shuttle body-fixed (SBY) coordinate system ;
b payload body-fixed (PBY) coordinate system 1
G Shuttle-centered local vertical (SLV) coordinate system i
g payload-centered local vertical (PLV) coordinate system f{
H Shuttle-centered UVW coordinate system ?;
h payload-centered UVW coordinate system %
I mean of launch date (MLD) ECI coordinate system 1;
J mean of 1950.0 (M50) ECI coordinate system ?{
P principal axes of inertia of Shuttle _;
p principal axes of inertia of payload i
S Shuttle sensor coordinate system 3
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Superscripts

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 O, WL 0); = center of front

face of payload cylinder
S origin of Shuttle sensor coordinates
T transpose of matrix
t payload targetpoint
a aerodynamic effect
Y gravitational effect

T thrust effect

Product Symbols

] quaternion product
X vector cross product

. vector dot {scalar) pruduct

XVi




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)

modules:

HP-9885M
HP-9872A
HP-98668

HP-9871A

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

HP-98215A

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 1/0-Extended I/0
or

9872A Plotter-General 1/0

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
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HP Part No. Title of Manual
09825-90000 Operating and Programming

_ 09825-90020 String Variable Programming

{ 09825-90021  Advanced Programning |

09825-90022 Matrix Programming
09825-90024 General I1/0 Programming

- 09825-90026 9872A Plotter Programming
09871-90000 9871A Printer...Operating Manual

. 09885~90000 Disk Programming

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

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
(edited/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,

*i.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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INPUT PROCESSORS

OEICRIBED IN THIS DOCUMENT

TEST | . BODY-FIXED RELATIVE MOTION PLOTS REQUESTED?
TEST: MORE FLIGHT SEGMENTS?

TESTSI: DIDA PAYLOAD SRM BURN OCCUR 7

TESTH : PLUME TMPINGEMENT DAMAGE ANALYSIS REQUESTED?

TESTS: STARYT A NEW RUN?

Figure 1. HFRMP Mainline Logic Flow
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for instance, to interrupt the normal HFRMP execution sequence after input
processing has been completed and then later to resume execution by commanding
get "#TRAJ" from the calculator keyboard and pressing the CRUD button. 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 simply by inserting his disk,
commanding get "#PIDI" from the keyboard, and pressing the QU 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-
tation 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 basic equations used in the #PIDI processor.)

£ fhem
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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 ccefficient (Jz). The state of the two-vehicle
system is computed as a functi.:i 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 whese individual mass properties (gross 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 equations of motion for both

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

TAn exception is made when integrating the trajectory of an upper stage during
a majocr translational naneuver such as a solid rocket motor burn. In such

a case, the payload gruss weight is decremented during the burn to reflect
the consumption of propellant.
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included for either or bcth vehicles. Aerodynamic forces normal to the rela-

tive wind vector are fgnored.
The atmosphere is assumed to rotate with the earth, and is modeled as a

(; function of geodetic altitude by a curve fit of the 1962 Standard density pron-

T N

file (Reference 4). The curve fit is valid down to a minimum altitude of

o okE e wm

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 respect to the relative wind vector (References
5-7).

Aerodynamically, the payload is modeled as a flat plate whose »ize and

shape are determined by projecting its cylindrical outline onto a plane normal

.

to the relative wind vector. The payload drag coefficient is assumed to be

2.0, based on its projected frontal area. Aerodynamic effects on the Orhiter
and the payload can be modified (o 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
r the internal caiculations ¢f #TRAJ.

Several options are provided for defining the initial state of the two-
vehicle system. The translatiunal 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
(Reference 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-



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 (inertfal) frame or the SLV (rutating) frame.

The initial translational state of the payload is defined by rectangular
position and velocity components which are measured relative to the Orbiter's
center of gravity (CG). At the user's option, these components can be mea-
sured in the SLV coordinate system, or in the Shuttle body (SBY) coordinates
system. Tne 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 frai:.

The initial state of the system can be advanced through up to 40 flight
prcfile segments, each of arbitrary length, which are defined by the user in
a pric- 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 vehicles.* In this regard,
the user may specify a perticular 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

A1l 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 linear 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
ailiowed 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

ik ' of the other) ﬁ
1. allows 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 local-vertical rate hold (LVRH) control (i.e., maintains a
constant 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

o P
v

that segment.

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 Orbiter, the electrical width (an integer multiple
of the DAP cycle time) anc the effective width (the duration of steady-state
acceleration) of the RC5 thruster pulses, and the width of the attitude dead-
band about each of the Orbiter'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-coupling 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
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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. Pronellant 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
Q. or a free-flying payload. A common requirement of such methods is the defi-
nition 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 logic
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.

A set of variables that define the position and Tinear 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 cf the remainder
of this report. A careful _tudy 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-
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 [E}B,Egs], where ?IB 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 Translational State Vector

The translational state of the Orbiter is defined by the variables
[E}G,R,ﬁ,QK]. The symbol E}G 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 represents the distance from the center of
the earth to the Shuttle CG, and R stands for its derivative dr/dt. The
symbol QK 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 translational state of the payload is similarly composed of the vari-
ables [E}g’r’}’wK]’ 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.




1.3 BASIC EQUATIONS OF MOTION

The purpose of this section is ¢o define the equations for caiculating

the derivatives of the #TRAJ internal state variables, assuming the forces and

;
i

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

it e, Fin AR 0 Ao, f ki,

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

P

N B, G, R, R, and g.

1.3.1 Rotational Motion

What is required here are the first derivatives of ?IB and EéB with re-
i
spect to time. The derivative of the orientation versor is equal to one-half !

of its quaternion product with ZéB, i.e., |

aq = q ~ .:_\IB) j
Qp = (qIB o wy )/2. (1)

The derivative of BéB is given by the equation

B =g (T - 3P x (11 ). (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.g.,
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1.3.2 Translational Motion

We seek now to define the first derivatives of the translational state
variables EEG, R, and 2 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
RG = - kR (3)

and

(Ril)g = - 3IRKV] = - § R® oy (4)

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-
P ing Equation (3) with respect to time. This yields
’ - - LI
t VG = -kR- wg X k R, (5)
}

where the vector

6 - gy tdugyt koug
(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

Rg=-kR-20° xkR
- &éG x kR - wéG ( éG x k R) (7)

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

wg = i wg * j wg2 “63

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

vector cross product. This results in the equation

V.=- iR wég + iR wé? - Kk R. (9)

Using the expression tor ﬁé and Vé from Equations {3) and (9), we form the
cross product

(Rel)g = 1 RZ wgs + § R? ugo. (10)

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

16
“61

"
o

(11)

and

16
“62

12)

which lead to

aé? 0 (13)
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and

5é§ = -y (14)

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

obtain

gl ==yt kougs, (15)
gl = - 3 8y + kG, (16)

and
Vo= iRg - kR (17)

Using the expressions for ZéG and iéG from Equations (15) and (16), the

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

.

=  _ 3 . . 4 I6 | ¢ 2

Ry =i (2R e + R QK) + 3Ry ugy + k (R - R). (18)
From Mewtun's second Jaw, we have

Fo = MR, (19)

where M represents the mass of the Shuttle and the vector

P

Fo = 1 Fgp + 3 Fp + k Fog (20)

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

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

. - )2
R - R LK - Fea/M (2])

16
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@=(%¢M-zﬁ%wn (22)
and
I6 ¢ 2

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

A6 = (Agg o g )/2, (24)
where the angular velocity vector

;éG =~ +k Fg/(MRay) (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 similar 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 resulting 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 1s necessary in HPL to distinguish, for

t 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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whatever with the array variable P[*] or any of its elements. For ‘nstance,

the sequence of HPL statements 2 - P; 3 » P[1,1]; P P[1,1] + X would cause the

number 6 to be assigned to the variable X.

1.4.1 General Arrangement of Program Files

The first 1ine 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 1ine where the main logic flow begins. The
next t.a 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.

A1l subprograms are located between 1ine 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
utiliiy subroutines are revised much less frequently than the main (driver)
logic in a given link. Therefore the code in the top part of each link tends
to remain comparatively stable.

T5 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.
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1.4.2 Branching Conventions

For ease of program maintenance, branching to absolute line numbers 1is
avoided. Relative addressing (e.g., 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 (1line number) at execution time.

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

HPL c/f statement is used for branching to a subroutine in lieu of the gsb

statenent,

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 corvention is to provide a contrast between such
labels and the commands and standard functions of HPL, all of which are spelled

with lower-case alphabetic symbols.

1.4.4 input/Qutput Mnemonics

Although numerical option codes are sometimes used internally 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

20

I



has been put forth to make them as meaningful and as consistent as possible.

1.4.5 Data-Register Protocol

Because of the limitations of the HPL syntax, it has been ‘ound necessary
to adopt a comparatively rigid protocol to govern the use of named variahles
and of the numbered r-registers. Appendix D contains storage allocation infor-

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 to frequent change. These are the registers identified by the

characters H,I,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
because array names cannot be passed through the argument 1ists «:° 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 1ist (in lieu of an array name, which is not per-

mitted in HPL). For instance, suppose the components of a vector ﬁé 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 Fé = ﬁé X Vé and store

it in r7 through .2 Symbolically, in the flow charts, this would be written

Rg x Vg > Hg» or possibly as cff 'CRSP' (EG’VG’HG)' 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) arz 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 (rO 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 requirements, simply because
they entail writing out fewer digits (each of which requires one byte of code
storag2) tc 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 uUtility 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 caliing 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 p0 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 operating 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 1imit the access of utility subprograms to global variables (i.e.,
any other than the p-variables).

In general, utility (general-purpose) subprograms are not allowed to make

literal reference to «ny r-register. They are allowed to make logical refer-

ence to such registers by means of addresses that may be passed to them
through their argument lists by the calling routine. For example, the charac-
ter strings r0 or r25 are not permitted in the code of a utility subprogram.

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) subprograms 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 restriction applies to
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any utility subroutine whose logical argument 1ist 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 'ANGT'

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 calliing routine would cause the

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

2.1.1.3 Computations

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

tive, 2n is added. A flow chart is shown in Figure 3.
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Figure 3. ‘'ANG]' 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 -n tc +u.

2.1.2.1 Arguments

pl = Input angle, measured in radians.

2.1.2.2 Example of Usage

The instruction 'ANG2'(-37) » A in the calling routine would cause the

value of -m to be assigned to the variable A.

2.1.2.3 Computations

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

er than =, 2r 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 -n to +n. When
the 'ATN1' entrypoint is used, the output angle 1ies 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 77/4, while the instruction 'ATN2'(-1,1) » A would cause

it to be assigned the value of -n/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 n/2 - atn{p2/abs(pl)) or the expression atn{abs{pl/p2)), where

atn and abs represent the HPL arctangent and absolute value functions. 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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Figure 5. 'ATN1'/'ATN2' Function Subprogram Logic Flow
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2.]'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
kw . denotes the hours digits, MM denotes the minutes digits, and SS denotes the
se .onds 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). 3

2.1.4.3 Computations

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

The 'SECS' function is the {nverse 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.

E 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 to 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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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 Exampie of Usage

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

2.2.1 'sxv'

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 clé '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, r12, r13, and B resides in r7, r8, r9, the instruction c/f 'SXv'('DOTP’

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

2.2.1.3 Computations

See Figure 9.
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Figure 9. 'SXV' Subroutine Logic Flow
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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 rl1, r2, r3 and vector B resides in r4, r5, r6, the

instruction cff 'VADD'(1,4,7) in the calling routine would cause the value of

{' : R + B to be stored in r7, r8, r9. The instruction c/f 'VSUB'(1,4,4) would
cause the value of A - B to be stored in r4, r5, r6. The instruction

cff 'VADD'(4,4,4) would cause the value of 2B to replace B in rd4, r5, r6.

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

2.2.2.3 Computations

See Figure 10.
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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
. {g
pl = Address of first input vector. F
: i
. p2 = Address of second input vector. f

t
p3 = Address of output vector. i
i

2.2.3.2 Example of Usage

vae e A

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

r6, the instruction c// 'CRSP'(1,4,7) in the calling routine would cause the

value of & x B to be stored in r7, r8, r9, The instruction c// 'CRSP'(4,1,4)

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

2.2.3.3 Computations

See Figure 11.
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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) E}G define the orientation of G with respect to F (see Appendix A).

The 'ROT' entrypoint performs the computation symbolized by ﬁ}s 0 V} o E%G + V.
The symbol Vk 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 Vh 0 ﬁ}G - V%.

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 V} resides

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

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

cff '1ROT'(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 Vb to be stored in ri, r2,

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

2.2.4.3 Computations

The quaternion operation E}G 0 V} 0 E}G -> Vh is equivalent to the matrix
operation [R] V% - Vé, where
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(HH+#11-J0-KK)  2(I1J+HK) 2(1K-HJ)
{R] = | 2(19-HK) (HH-I1I4JJ-KK)  2(JK+HI) . (26)
2(IK+HJ) 2(JK-HI) (HH=-I1-J0+KK)

and where E}G sH+i14 3 J + k K. The inverse transformation

E}G o V5o E}G =+ Ve is equivalent to the matrix operation [RY Vh + V., where
[R]T is the transpose of [R]. By inspecting Equation (26), 1t can be seen that
[R]T is obtained simply by reversing the sign of H, as reflected in the flow
chart that is shown in Figure 12.
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Figure 12. 'ROT'/'IROT' Subroutine Logic Flow
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2.2,5 'QDOT'/'QXQ'/'QXQC'/'qQCXQ’

This multiple entrypoint subroutine performs a variety of related quater-
T 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
G with respect to another system F that has the same origin. Let the vector
EEG 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
symbolized by (E;G 0 EEG)/Z - 3}6' where é}s represents the derivative of G}G
with respect to time.
Let P and Q represent any two quaternions (not necessarily versors), and
let ? and 3 represent their conjugates. The entrypoints 'QXQ', 'QXQC', and

. 'QCXQ' (respectively) perform the operations symbolized by F o Q + R,
(\ ‘ Foﬁ*ﬁ.and?oﬁ*'ﬁ.

; 2.2.5.1 Arguments

'QDOT' Entrypoint:

pl = Address of the orientation versor E}G.

p2 = Address of the angular velocity vector EEG.
p3 = Address of the output derivative E}G.
'QXQ'/'QXQC'/'QCXQ" Entrypoints:

pl = Address of the first input quaternion F.

p2 = Address of the second input quaternion {.
p3 = Address of the output quaternion K.

2.2.5.2 Examples of Usage

Assume the variable A has the value of 25, that the versor E}G resides in

L

r50, r51, r52, r53, and that the vector wg resides in r54, r55, r56. Then
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the statement c// 'QDOT'(A+25,A+29,A+125) will cause the value of é}G to be
stored in r150, ri51, r152, r153. If the versor EEH resides in r0, r1, r2, r3,
the statement cf/ 'QXQ‘(A+25,0,4) will cause E}H to be stored in rd4, r5, ré,
r7. If this were followed by ¢ff 'QxqC'(0,4,8), the versor

Qgy © Jey = Ggy © Gyp = g Would be stored 1n r8, r9, r10, r1l. Then the
statement c// 'QCXQ'(8,0,0) would cause a copy of the versor

Fgr © gy = Qg © gy * gy (already residing in rd, rS, ré, r7) to be stored

in 0, r1, 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.
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Figure 13. 'QDOT'/'QXQ'/'QXQC'/'QCXQ’ Subroutine Logic Flow
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2,2.6 'Q231'/'Q213'

The digits 1,2,3 in the 'Q231' and 'Q213' entrypoint names {dentify 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 desfgnated as pitch, and rotation about the
Z axis 1s 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
cofncidence with those of system G. The 'Q213' entrypoint is used to calculate

the corresponding Euler angle set for a pitch, roil, 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, and

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, rl1, r2, r3,
the statement cf/ 'Q231 (0,4) would cause the first rotation (pitch) angle to
be stored in r4, the second rotation (yaw) angle to be stored in rS, and the
third rotation (roll) angle to be stored in r6. The statement c{/ '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 three conponents of the orientation

versor).

2.2.6.3 Computations
The output of the 'Q231'/'Q213' subroutine is an ordered set of Euler angles
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as B, y. For a pitch, yaw, roll sequence the Euler angles are related to the

orientation versor E}G =H+ i I+ 3 J+ kK by the equations (see Reference
10)

H=C CiC -5, S5, (27)
1=C,CaS +S,S¢C (28)
J=5,05C *+C, S8, (29)

and
K=C,SgC -5, 05, (30)

where CQ = cos % a, Sa = sin % a, CB = cos % B, etc. Solving equations (27) -

(30) for a, B, y results in

% (a+y) = tan”! [(J+ 1)/(H + K], (31)

5 (a-v) = tan”) [(J - I)/(H - K)], (32)

g = tan”! [2 (HK + 19)/ VXZ + Y3, (33)
where

X=H - 12+ 9% L k2, (34)
and

Y = 2 (K - 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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HaC CC +5S, 85, (36)

I=C SgC +5, CpS, (37)

J=8,CgC -C, S S, (38)
and

K=C CgS -5, S C.. (39)

The Euler-angle solutions in this case are

% (o = v) = tan™! [(J - K)/(H + 1)], (40)

% (o +y) = tan™! [(3 +K)/(H - 1)1, (41)

s = tan”! [2 (HI - JK)/VXE + ¥4, (42)
where

X =He - 12 + 9% - ¢ (43)
and

Y = 2 (IJ + HK). (44)

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

for the major portion of the computations, as illustrated in Figure 14,
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Figure 14. 'Q231'/'Q213' Subroutine Logic Flow
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2.2.7 ‘@313

Given an orientation versor E}G’ the 'Q313' subroutine calculates 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, Z 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, r1, 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 ré6.

2.2.7.3 Computations

The Euler angles are related to the versor E}G =H+il+ 3 J+kK by

the equations
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cos % (a + y) cos % 8,

—
"

cos % (a ~ y) sin % 8,

Ca
1}

sin % (a - y) sin % 8,

and

K=sin (a +vy) cos %8

(see Reference 10). It follows that

¥ = tan”) (VITFIJ, VARRK),
5 (a+y) = tan”) (KH),

and

35 (a - y) = tan”) (J,1).

A flow chart of the 'Q313' logic is shown in Figure 15.
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Figure 15. 'Q313' Subroutine Logic Flow
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2.2.8 '2319'/'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, B, v, 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 radians, 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 EEB to be stored in rO,‘rl. 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

clf '213Q' (4,A+10) would cause the versor E'FG to be stored in r110, r111, rl12,
ril3.
2.2.8.3 Computations

The computational sequence defined by the flow chart in Figure 16 is a
straightforward implementation of Equations (27) - (30) and (36) - (39) from
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2.2.9 ‘313’

The '313Q' subroutine performs the inverse function of the 'Q313' subroutine
described in Section 2.2.7. Given an ordered set of angles a, 8, 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 Exampie 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 r6. Then the state-

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

r0, rl, 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

T T2 T3
-1 T
[R] & [R] = [T] = TZ] T22 T23 (52)
REVIRETIREY]

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

2.2.4, the 'IMATQ' subroutine computes the associated orientation versor
EFG=Qo*;‘q]+qu*EQ3- (53)

2.2.10.1 Arguments

pl = Address of the inverse transformation matrix, stored (columnwise) in
the order Tyys Tors Tay Thzs Toze T3z Tize To30 Tase

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 1ies 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 1s aligned with the geocentric position
vector R of a satellite, and such that the Z; axis s 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 g
The inverse transformation matrix can be expressed as

= X1 G| 7762
-




where Uﬁx = Re/IRels ng = (R x Vk)/lﬁ} x Vel, and Ugv . ng X ng. If R re-
sides in r13, r14, r15, the statement ¢ ££ 'SXV'(1A[('DOTP'(13,13)),13,0) will
cause ng to be stored in r0, r1, r2. If V} resides in r16, r17, ri8, the
statement cff 'CRSP'(13,16,6); ¢/l 'SXV' (1A 'DOTP'(6,6)),6,6) will cause TS to
be stored in r6, r7, r8, and the statement cff 'CRSP'(6,0,3) will then cause .

Ugy 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 g, to be
stored in r9, r10, r11, 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
(q0+q1-q2-q§) Z(QIQZ'QOQ3) Z(Q]Q3+qu2)

(7] = | 2(a49,%9405) (qg-qf+q§-q§) 2(9593-949;) | - (54)

h?(q]q3-qoq2) 2(q,95+949;) (qo-q,-q2+q3)

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

only one) of the versor components can be given an arbitrary sign, vour
different solutions for the values of qk(kx=0,l.2,3) can be found in terms of

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

9 = JT+ T]] + T22 +*T33/2 (54a)

ay = (T3, - Tp3)/4 q (54b)
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92 = (Ty3 = T5y)/4 g4

a3 = (T - Typ)/4 q

or

Nt VTFT =T - Ty
9 = (Tyy + Ty,)/4 g
93 = (Ty3 + T5y)/4 q

9 = (T3p - Tp3)/4 q

or

Q= VI T+ T, -T2
a3 = (T4, + To3)/4 q,
% = (Ty3 - T3)4 g

Q = (TZ'I + T]Z)/4 q

or

A3 =T =Ty - T #1532

Q% = (T3 = Typ)/4 a4
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(54c)

(54d)

(55a)

(55b)

(55¢)

(55d)

(56a)

(56b)

(56c)

(56d)

(57a)

(57b)
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Q) = (Ty3 + T3)/4 qg (57¢)

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 z ] that
at least one component must have a magnitude as great as Js, 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 J. As

.
.

soon as a component N is found that satisfies the inequality 4 qﬁ > 1, it is

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

calculated by using the equations that contain 4 ay in the denominator.




o
p !
N §
§ ¢
S §

i
¥
g i
E

Camara’thy, o) )
¥

HpieS) > T, ripr1ee)» 7T
Hpr+N 2K ;5 Hpi+1)>x
Hpi+2)>Y ; r(pr+3) >z
L4 rhl + rpiaN) +r(p18) > H

e R i ST S 5 B b <Y

I 2

S e e T e 1 Bl
‘
!
’.
!

" 214

£\

A-HPW
WH+ArHL >N

“ZI

—p

Vav' > w

/MW > ( pa
(T-%x)w > ¥ (pa+1)
(T-YIW>Y¥(pa+a)
(k-23IWwv(p243)

<\

wiar(bi+u)>n

21

1 /aln >w
(T-xYW> rpa
1/aw v pa41)
(k42OW> r(b242)
(T+YIWSr(p243)

H

&)

wear(pi+)>n

/a{w »w
(T-Y)w>rpa
(42 )W > (pat1)
V/aw>r(pa42)
(T Iwa>r(pa+3)

1/atw” W
(k=2YW=>Yrp2
(T+Y)W> Y pa+))
IA+x)W= r(pa+a)

u/uw»r(pz-rs)_j

Figure 18. 'IMATQ' Subroutine Logic Flow

!

PP

1

a8 deinir s aker SN, e Al




et s MR £ ot il AL

2.3 STATE VECTOR DERIVATIVES SUBROUTINE ('DERIVS')

The 'DERIVS' subroutine computes the first derivative (with respect 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 lists 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 payload, 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 (pl1) which is ;
assigned a value of 0 or 1 by the calling routine according to whether state

variabie derivatives are to be 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 quantities in the 'DERIVS' calculations:

Shuttle Computations Payload Computations
(p1 =0 (pl = 1) ,
r23, r24 r23, r24 i
r25-r39 r50-r64, r74 |
r75-r86 r100-r111
r91-r99, rizd r116-ri124
65
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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 symbolically as [R] in the following
(\ S 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[*] (see Figure 19d for contents) must have been initialized
before calling DERIVS for payload derivatives (i.e., with pl = 1). The contents
of the A[*] array (symbolically, [A]) are updated as required in 'DERIVS' by

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

2.3.2 Qutput Data

3
{\~, As indicated in Appendix D , the r-registers have been allocated so that 5

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 ri125-r149 when pl = 0, and payload state derivatives are stored
in registers r150-r174 when pl = 1. When pl = 0, the contents of r285
(normally zero) will be set equal to 1 if 'DERIVS' finds the Shuttle RCS
inadequate to maintain the commanded attitude.

Sometimes the calling routine requires, in addition to the state variable
derivatives, the angular velocity vector (BéG or G;g) of the local-vertical
coordinate system. This vector resides in the volatile registers rl-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., A; rather than 35) are
used almost exclusively throughout the flow chart, even in those sections of
the logic 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., Z]+, 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
indispensable to the understanding of the code.

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

} modified by an execution of 'DERIVS':

! Shuttle Computations Payload Computations
(p1 = 0) (p1=1)
r0-ri8 r0-r18
, r87-r90 r112-r1i15
| r125-r149 r150-r174
r285 AL5]-A[8]
A-2 A-Z
67
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2.4 MAIN LOGIC FLOW

The "main logic" of the #TRAJ link consists of nothing more than an
instruction that causes the %RMAT 1ink (Section 3) to be appended to #TRAJ.
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3. RESPONSE MATRIX COMPUTATION LINK (%RMAT)

The function of the %RMAT link 1s to compute matrices that describe the
( response of the Shuttle to DAP/RCS commands, and to 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 4.2.2.-2 of

i 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 line. This latter com-

ponent of torque (parallel to the thrust l1ine) is the result of RCS jet plume

impingement on the exterior surfaces of the Orbiter. Table 1 results from 1
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 basié combinations of thrusters is to be used for attitude and/or trans-

lational control of the Shuttle. The available options are designated V
(vernier jets), P (primary jets), and PZI (primary jets with +Z thrusiers
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Table 3. Force and Moment Increments Due to Plume Impingement
(ca @ STA 1076.7, BL 0, WL 375.0)

ID FX F;' in [k LY E;‘
L4L 3.34 -1.66 27.17 -795.30] 762.42 144.46
LaL 3.34 -1.66 27.17 -795.30) 762.42 144.46
L3L 3.34 -1.66 27.17 -795.301 762.42 144.46
LIL 3.34 -1.66 27.17 -795.301 762.42 144.46
L4u 0.09 76.30 2.21 1859.90 94.21 |-2932.80
L2u 0.09 76.30 2.21 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 | 8469.00 -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 |-1855.90 94,21 2932.80
R2U 0.09 -76.30 2.21 |-1859.90 94.21 2932.80
R1U 0.09 -76.30 2.21 |-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

(Taken from Reference 13)




fnhibited). Corresponding to each of thase options is a jet-select table
(Tables 4-6) which identifies the particular jet or combinatfon of jets that
is .o be fired in response to each of the six RCS translational acceleration j
(::} commands (+X, =X, +Y, -Y, +Z, -Z) and the six rotational acceleration commands i
(+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 little 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) |
k ¥
(u*, can be used for translational and/or rotational control. ;?

In the PZI option, no jets are fired that would expel propellant directly f
upward with respect to the Orbiter body. Translational acceleration in tre ‘
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’

o A et e S A TS Y WA IR VB T SR Y T e ey

Twhich remain constant during HFRMP trajectory integration.
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-~ Table 4. Vernier (V) Jet Select Table, Disk
(ﬂ’ File "$Jsv"

THRUSTERS TO BE FIRED
CMD
. 1 2 3 4 5 6 7 8
& +x
=X
+Y
& =Y
. +Z
-
+ROL |L5D
-ROL |R5D
+PCH |F5R ]F5L
. -PCH |L5D [RSD
( : +YAW JR5R
N -YAW JL5L
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Table 5. Primar¥ (P) Jet Select Table, Disk -

File “$JSP" o

‘ o0 THRUSTERS TO BE FIRED o

. 1 |2 |3 ] a]s] 6] 727 8 |
- % |ra LA
‘ -x |FF |FIF
. & |l
=Y |FR [|RaR

+Z2 |FU LU R4V
-Z |FID |F2D [L4D %LZD WR4D R2D
+ROL |L4D |R4U

, -ROL |L4U |R4D
( +PCH [F1D |F2D #40 rmu
. -PCH |F3U |L4D [R4D

+YAW JFIL  JR4R
-YAW |F2R |L4L

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

THRUSTERS TO BE FIRED
1 2 3 4 5 6 7 8

+X [RIA LA
-X |F2F IRIF
+ |FL e
-¥ | F2R [R4R
+2 [FF [FIF [RIA L1A
Z |FID [F2p jLab 2D HR4D IR2D

+ROL | L4D

-ROL | R4D

+PCH | FID |F2D

-PCH |L4D |R4D

+YAW |FIL  [R4R

-YAW |F2R JLaL

CMD

¥
¥
IS
¥
3
i

g
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{ A St e R i A

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
which %RMAT makes use of the following:

Item No. Description

1 Shuttle gross wefght (1b)

3 1 S moments of T
YYJ inertia

4 I
221 : (slug-ftz)

5 IYZ

6 A products of
X inertia

7 Iy

8 STA

| station coordinates

9 BL of CG (in)

10 WL

32 IRMAT execution flag

Item 32 in the "1*" file is a flag that is tested immediately after entry into
ZRMAT 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
"t "$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 storage of the response

matrices.

3.2 OUTPUT DATA

The output of the ¥RMAT 1ink consists of eight foIZ matrices, each corre-

sponding to a particular jet select table and a particular mode of RCS cross-
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coupling 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 (rotatfonal compensation only), and FULL (rota-
tional and 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 mstrices 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
accordfng to source (forward, aft left, or aft right tanks) and control function
(translation or rotation). The computations that produce the results shown in
Tables 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 P21
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[
a3
g m'r ”*VR" “*PR“ L] *PZI R”
FUL | — | wwppv | wwppppe
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for Jet Se’ect Option P, Disk File "spp»
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rotation commands. A1l other components of acceleration represent "extraneous
responses”, commonly referred to as "cross-coupling effects", that arise

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

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 ~ontinuously 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 sty.
The ratio Yee 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 [U'IP H [(01.P) (UZ'P) ces
(UIZ.P)]T' The compensated response (a column in the compensated response

matrix is defined by the expression.

K
[clp = [UJp * T ¥y (U],

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

Rotational ccmpensation, which involves the nullification of only the
extranevus angular accelerations (see Table 9), is carried out in two phases.
The rotation commands themselves are rotationally compensated in the first

phase (Figure 20d), which is of necessity an iterative process. Successive

P
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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 non-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 rotationally compensated matrix. Again, the process
is carried out in two phases. Starting with the 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 last executable statement in the %ZRMAT 1ink causes the code of the
%TNIT link (Section 4) to be appended to that of the base link (#TRAJ), in the
region of computer memory formerly occupied by the %RMAT 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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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

4.1.1 'Jp’

The 'dD' 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

Te——— T T T/

4.1.1.2 Example of Usage

' The instruction 'JD'(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 'JD' computational procedure, which was

el et iy b . e e e n e ma

taken from Reference 14.
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(‘ToChy, b2, b3) )

l

wtL(pa-1)/12]  + by
bs- 32015 + 1t L6t (pr + 4800 + pu) /4] > bb
ps+ wtse(pa-2-12 p4)/12]>ps

(ret b5 - int {3 intLip1 44900+ pﬂ)llooj/q})

Figure 21. 'JD' 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.
"7 4.2 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

will cause I to be assigned the value 2.

4.1.2.3 Computations

See Figure 22.
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. If the character string "CPLV" resides in P$, the instruction 'PLOTYP' + I
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Figure 22. 'PLOTYP' Function Subprogram‘Logic Flow
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4.1.3 'uNIt!

Given the user-assigned mnemonic symbol which designates the unit of

-~ distance for data plots, the 'UNIT' subprogram returns the appropriate conver-
(\ sfon factor (the number of feet in the designated unit).

’ 4.1.3.1 Argument List

S S None. The mnemonic symbol 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,

i e e el
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Figure 23. °'UNIT' Function Subprogram Logic Flow
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4.1.4 MONTH'

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 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.

(fﬂ 4.1.4.3 Computations

~ See Figure 24,




Figure 24. 'MONTH' Functfon Subprogram Logic Flow
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8.1.5 '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
(;~» veturns the relative address (in the one-dimensional array) of the matrix

element.

. 4.1.5.1 Argument List

pl = Row index of matrix element.
c 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 - rl16, as
? shown below:
Relative Register Matrix
_ Address No. Element
% 0 r8 T1']
1 r9 TZ.]
2 ri0 T3’]
3 rl T]’2
4 ri2 T2,2
( 5 ri3 T3’2
' 6 ri4 T3
7 ri5 T2,3
8 rié T3’3
; { ' The instruction r(8 + 'C'(1,2,3)) + A would cause the value of Ty ,2 to be

assigned to the variable A.
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4.1.5.3 Computations
See Figure 25.
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(e’ (pr, ba, ps) )

Cnt- bs(ha-1 + b1 - 1)

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

E Given the row and column indices of an element in a svmmetric matrix
} P 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.

‘ p2 = Column index of matrix element.

4.1.6.2 Example of Usage

Assume the upper triangular form

( La he L3

I I

2,2 2,3

i I3.3]

‘ of the symmetric 3x3 matrix [I] is stored columnwise in registers ri0-r1§ as
r indicated below:

‘ Relative Register Matrix
) Address No. Element
0 r10 I] 1
{ ] ril I]’2 =Iz’]
2 ri2 12’2
3 ri3 I] 3 13 1
4 ri4 12 3° 13 2
{ 5 ri5 13 3
110
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The instructions 10 + 'T'(1,2) » H; rH » X would cause the value of I, I2 ]
[ ] ]
to be assigned to the variable X.

4.1.6.3 Computations

See Figure 26.
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. C’T'(pl,pa))

max ( PI, Pl) - b3

'

( ret p3(p3-1)/a +mim (p1, pa) - 1)

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)T = (D]

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

are all zero, within some specified tolerance).

4.2.1 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 diagonalized 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 i 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 r10 - r15 as illustrated in Section 4.1.5.2. Then the instruction
c/f 'DIAG'(3,10,10,1) would cause [l]B 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

R1%, = Ry

and

R & = R R = E,

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

[0] = (IR}, (R, + + + ) M) ( - « - [R1,'R],T)

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

to be zero after the kth rotation. An initial trigger level, 6, is computed
from

s§=vVal/c

where a is the sum of the squares of all off-diagonal elements and C is the
order of [M]. The square of each off-diagonal element of [M] is compared to
5. 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 zers.

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,3] = M'[§,1] =0

The matrix [R].l has the form
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R"['l i) = R][J.J] = COS ¢
R]["..ﬂ = - sin ¢
RL31D = sin g

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

M) = [R), [M] [RD] :
gives rise to the elements
M'[1,1] = M[1,1) cos® ¢ + 2M[1,§] sin ¢ cos ¢ + M[J,4] sin® ¢

M'C3,3] = M[1,1] sin® ¢ - 2M[1,§] sin ¢ cos ¢ + M[3,3] cos® ¢ 1

M'[1,5] = M [3,1] = (M[3,3] - M[4,1]) sin ¢ Cos ¢

+ M[1,5] (cos? ¢ - sin? ¢) '
from which it can be seen that
M'[1,§) = M[§,i] =0
provided ¢ is selected such that
tan 2 ¢ = 2M[1,3)/(M[1,1] - M[§,3])

After this rotatfion, 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 tn 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 & is reduced by dividing it again by C, and the process is repeated
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until & 1s less than a pre-set tolerance. The programmer may fnclude this
tolerance in the argument 11st 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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4.3 MAIN LOGIC

The %TNIT computations are described by the flow chart contained in

|
{
4
!
l
}
;
7
i

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 Ar,eadix C.3.
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5. ORBITER GEOMETRY LINK (%SSWU)

The function of this link of the #TRAJ processor is to plot an end and/or
a side view of the Shuttle Orbiter profile. It is executed only when the user
specifies 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 1limits 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 1ink.

After each new flight segment definition {s 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 jtself (in-
volving numerical integration of the equations of motion) is performed by the
%PROP 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, (D, ). 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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6.1.1.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$
before 'KAM' 1s 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.




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,
'‘JSEL' 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 'JSEL' 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 internal

use.

6.1.4.1 Argument Lizt

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 Computations

S2e Figure 31.
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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'
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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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 axecuted.
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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Figure 33. 'KTRCS' Function Subprogram Logic Flow
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6.1.6 'DATYP'

HFRMP input data files contain three general types of data: non-integer
numbers, integers, and mnemonic 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

3
L

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 U$.

; 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 ....ovevevennnrcnnenns " to be loaded
into B$, and the character string “DEG/SEC " to be loaded into US$.

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')

g e B TSVE T R PN

The 'SLIST' subroutine is used to 1ist each flight profile segment defi-
- nition on the output 1ine 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 1s contained in Appendix
C.5.
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Figure 34a. %SNIT Logic Flow
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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 SUBRQUTINE ('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
tu 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 ellipse, refer-

enced to the offset origin of plotter coordinates, is shown in Figure 35.
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Figure 35. 'RELIP' E1lipse Geometry
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Argument List

pl = a = Semi-major axis of ellipse.

p2 = b = Semi-minor axis of ellipse.

p3 = EF = Eccentric anomaly of first point on elliptical arc.

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

p5 = Number of chords to be drawn between the first and last points, for

the purpose of approximating the true arc.

p6

cos 6] , where 8 = ellipse rotation angle, measured from xPLOT axis

sin 8 to semi-major axis.

p7
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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 35, centered on the Shuttle body-fixed coordinates XB = 20, ZB = -50,
We will assume that the relationship between the HP-9872A plot coordinates

bt AR S St 5 LAl L e ke i dtiiiait, il

(xPLOT’ Yp o) and the Shuttle coordinates (XB’ Zg) 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; c/f 'RELIP'(R,R,0,2r,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-

¥
§
‘i
.;}
t
]
a
;

tions pen; cff 'RELIP'(R,R,m/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

Y

pLoT = @ cost 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

approximation of the true arc, the trigonometric identities

sin (E + 6E) = sinE cos 8E + cosE sin 6E

and

cos (E + SE) = cosE cos 6E -~ 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
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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 O0Others

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 cailiing
'RK4'.
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7.2.2 Qutput Data

'RK4' updates the contents of the extended array of state variables (r25-
r74), which will be referred to symbolically 1n 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+] represent the state at t where

n+l’
h 2 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

[Xl = [X], + (IK), + 2[K], + 2[K] + K[41)/6,

where
[k3; = h £((x1,)
[k1, = h £([X], + % [K]))
[kly = h £([X] + % [K],)
and

[k]y = h £([X], + [K]3).

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

integration step is on the order of

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.
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The symbol “max 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 is 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 limit 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

qu + Q?'f' q?+ qg-b m

/™ + 99

q3/m -+ gy

qZ/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 computations 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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MEAN OF LAUNCH DATE COORDINATE SYSTEM

PRINT OUT SHUTTLES INVARIANT ORBIT ELEMENTS (REF.8) WITH RESPECT TO

TR/ B

h

’qsns'(iu) i

u
a-23Rg [a' (-3 8w’ sm'u)} /ofy~>a,

Viizall = #
a,-8{1-(3sw*i)/a}/s »a,
R-B{sw'icon(au)}/c = R,
R+B{A swi sm(au)}/s = R,
Ry(2/Rg=V/ay -R3/u.) > b,
ReVpr/tte ' » (eomh)
Pr/Ry=1 *(ejcosfy)

V (e s ) 4 (e e08 Yy »e,

‘ATNV (e o E, e cosf ) s
u+B{-(verysm'i )sm(au.\}/(;’,:\oc,lI
i-JRe[sNi cosi cos(au)} AR} > iy
h-Bfcosi sin(2u) }/up,) *hy
(180/7) Ay *INC
(180/11) ‘ANG1 (hy) >RAN
(180/17) ‘ANG1 Uy - §;) *ARG
(18o/mY ¥,  »TRA

{a (1-e5)-Re} /6076115 > WP

{az(1+€,)-Re}/6076.115 > HA

[PRINT"SS:IMLD" HA  HP, INC,RAN, ARG, TRA |

Figure 38b.
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Figure 38c. %PROP Logic Flow (cont.)
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Figure 38d. %PROP Logic Flow (cont.)




Qa () (=1
“fx, X 1
¢ g By COORDINATES OF SHUTTLE CO IN
- CURV | LINEAR PAVLOAD VERTICAL (CPLV)
r-R =i COORDINATE SYATEM

» BTN R+ GEOCENTRIC POSITION OF SuuTTLE C&
o od, - Ak o Ve ¥+ GEOCENTRIC INERTIAL VELOCITY
oF SMUTTLE C6
-lr .y T* GEOCENTRIC POSITION OF PAYLOAD €6
-1y .3 . - i
Wy'ely - L" L ] G *GEOCENTRIC INERTIAL VELOCITY
8 OF PAYLOAD (o
= -d an
7,.-\' -},‘ Ry * " P % POSITION VECTOR DRAWN FROM SHUT %)

€6 TO PAYLOAD C G

-0 "
.
"pLems0’
”.' l, "’G -A e+ B,
- -y -
’ﬂ'(’h' “.““)-3“ Uy a'e PAYLOAD SRM THRUST UNIT VECTOR

[umn (£ =AL), i, QT NTe miLE wo il ALIT * SRM IGNITION TiME

¥ (Fret [ 'u\’fn ~ P
;"'(;u B, e ?.H\'iu o i.v“

[unwl o ano B4 Lve e we. § J

= v pha oA Zha A ] PAYLOAD POSITION AND VELOCITY
[n\'ﬂ PLISMEO " PY _’::.':.’,. P3a P NTS RELATIVE TO SHuT1Le
N THE PAFAN OF 1950 0 COORDINA TR
sYsTeEm

ﬁn'qﬁ' B Fue) Toa s 32

[wlw. ';'n-\'o FiLENe. § ]

<AL2)

WRITE DATA INTO EPHEMERIS FILE FOR
SUBSEQUENT USE BY #PIDI PROCESSOR

AT = SR™M BURNOUT Time
ZAL2Y

[wl.u EOF MARK INTO FiLE Me q

©

Figure 38e. %PROP Logic Flow (cont.)
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APPENDIX A:

BASIC QUATERNION OPERATIONS

e,

A-1




A.1 QUATERNION ALGEBRA

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

form
T=0qy+ Q) + 3q, + kay (A1)

where Qo, Q], QZ’ and Q3 are real numbers and where the products of i, 3. and

k are governed by the following conventions:

fof = Joj = kok = -1, (A-2)

Jok = ko] = 1, (A-3)

Eoi = -ioi = 3. (A-4)
and

foj = -joi = k. (A-5)

In addition to having the properties of imaginary numbers, the quantities ;, 3.
and k also have the properties 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 not be confused
with the dot (+) that is used to denote the scalar product of vector algebra,

which is governed by the following conventions:

A A

foi = §oj = kek =1, (A-6)

e ke =0, (A-7)

[ AP

0, (A-8)

-t 3
x>
"

o. s -;0

=

A-2
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and
;ui o -3.; = 0. (A-g)

It is worthwhile to observe also the similarities and differences between the

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

conventions
ixia 3 X 3 =k xk=0, (A-10)
Jxk=-kxj=1, (A-11)
kxi=-fxk=3j, (A-12)
and
ixj=-jxis=k. (A-13)

A quaternion can be thought of as having a scalar part Qo, and a vector

part

Q_ = iQ] + 302 +'2Q3° (A'14)

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

form

q-= Q, + 7. (A-15)

R

The sum of two quaternions is defined by
P+ = (Py#Qy) + 1(P1*Q)) + J(P40,) + k(P5HQ;), (A-16)

and their product by




Pod = (PgQg = PyQy = PyQ; = P30y)
+ 1Py + PyQg + P3 - P3gp)
+ 3(Pgly + PRy + Pyl = PyQ3)

+ i(p003 + P30y + P10, - PoQy). (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 multiplication is not commutative (i.e.,
GoP # PoQ). 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

Sod = oS = 50, + isq, + 5502 + Rso3. (A-18)

which follows from (A-17) when the scalar is treated as a quaternion whose
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
UOV = ("Q]v1 - szz - Q3V3)
* QY + QpV3 - Q3¥p)
+ 3(ag¥ + Qghy - Qy¥y)

+ i(oov3 +QqVy = Q) (A-19)
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VOG = ('VIQ] - v2Q2 - V3Q3)
+ i(VIQO + sz3 - V302)
+ 30,00 + Vo = V;0,)

+ E(v3eo +V,0, - V,0,). (A-20)

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

Poll = PQy - P-T + P+ QF + P x T, (A-21)

which leads to a relationship,

QP =Py -2PF x0T, (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- Qo + §Q] + 302 + ﬁ03 is defined by
a b Qo - ;Q] - 302 - ﬁan (A-23)

The norm of a quaternion is defined by the product

TG =« Gl =} + o + 05+ Q3. (A24)
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A.2 COORDINATE TRANSFORMATION

Quaternions that have &« norm of unity exhibit properties that make them
very useful for transforming cucrdinates 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
symbcls to designate versors (unit quaternions) has been adopted in this

report. In other words, use of the symbology
? ) + iq] + jq2 + l:qE] (A-25)

implies that

qg + Cﬁ + qg + q§ = 1. (A-26)

According to one of Euler's theorems, any two Cartesian coordinate systems
F and G that havs a common origin can be brought into coincidence by rotating
F through some ancle o 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 rotation about a single fixed axis
which is usually referred to as the Euler axis. The orientation of the Euler

axis can be defined by a unit vector
d = dF = dG = id] + jd2 + kd3 (A-27)
with components d], d2’ d3 which not only satisfy the equation

-3 A6
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dy +d; + d3 =1, (A-28)
but which also have identical v d G. Assuming that the angle of

rotation is restricted to lie in the range 0 < a < 2n, tie 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 <crew convention.

It can be shown {e.g., see Reference A-2 and A-3) that any vector V

having the form

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

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

A

VG = ivG] + ij2 + ka3 (A-30)
in system G by use of the equation

V6 = e > T o 9 (A-31)
where

Gpg = €05 (% a) + d sin (% a). (A-32)

*It should be noted that in this system of notation the unit vectors %, 3, and i
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 might_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.

A-7
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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
sy tem G with respect to system FT.

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

~

ahF = Qg = c0s (% a) - d sin (% a), (A-33)
and the inverse transformation of coordinates by

VF = EGF o] VG o] E‘GF- (A—34)

It is easily seen that the equations

VG = ;GF o VF 0 EGF (A-35)
and
Ve = agg o Ve o 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
EEH = cos (% 8) + e sin (% 8). (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 27 - a in the opposite (-a) direction. However, there is no need to con-
sider the alternate rotation in the present discussion.

A-8

LL_‘:_’_:__WW ER o




BT A AR TR "t B T R i R T ST L ST Rea s
Sl TR TR RN e BT SRS TN e i R AT R B TR TR T e TRt R e R R RS e A ISR S T T e S e e

vﬁ‘%n°%°qm
z z -— - -
= Qan © (Gpg © Vi o Qpg) o agy

= (?GH 0 ﬁFG) o VF o (aFG 0 EGH). (A‘38)

whence it follows that

% = 9pg © dgy- (A-39)

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

angle © about Y-axis, then through a yaw angle ¥ about its body-fixed Z-axis,

o

and finally through a roll angle ¢ about its X-axis. The total displacement is

defined by the quaternion product
dpg = [cos (4 6) + j sin (% )] o [cos (% y) + k sin (5 y)] o
[cos (3 ¢) + 1 sin (55 4) , (A-40)
which, after carrying out the indicated multiplications, reduces to

g = (Cg €y €4 = S5 S, S,)

- +(cy €, 5, + 5,5, C,)
+ﬂ%cw%+ce%sa
i : - _
{ +k(Cy 5, €, -5, €, S,) (A-41)
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where C, = cos (i 6), S, = sin (% 0), C, = cos (s ), etc.
The angles o, v, ¢ 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 angles* representing

successive rotatinns 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, transfo:~»*ion matrices, and

all of the possible Euler angle sets.

-
e e e e e
—
e

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

A-10
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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 EHB is given by

or, alternatively, by

%p = &9y - (A-43)

The consistency of Equations (A-42) and (A-43) with each other can be readily
verified by substituting the relationship

R

Gg = Gpg o By o App (A-44)
into (A-42), which yields
ayp = % (45 0 Gpp) 0 T 0 Ay (A-45)

One of the major advantages of using a versor to define the orientation
of a rotating 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
! orientation with direction cosines (i.e., the elements of a coordinate trans-

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

A-1
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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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B.1 SHUTTLE STATION (STRUCTURAL) COORDINATES

Shuttle Station coordinates are referenced to a Cartesian system that {s

(~ 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
line (BL), and the Z coordinate is referred to as the water line (WL). This

system is shown in Figure BI.




AFT FACE OF CARGO BAY

(\ . ; FORWARD BULKHEAD .
- - . e ’

Y
o0 | A s\ casne

Figure B1, Shuttle Station Coordinates




B.2 PAYLOAD STATION (STRUCTURAL) COORDINATES

The Payload Station reference system {s 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 {s shown in Figure B2. Coordinates in this system are always measured in

inches.




A 7 (W)

\ X (STA)
S

FRONT FACE OF CYLINDER

Y (BL)

Figure B2. Payload Station ccordinates




B.3 SHUTTLE BODY COORDINATES

Shuttle Body coordinates are referenced to a Cartesian system that s
fixed relative to the Orbiter structure, with its origin 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 starbonard, 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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Figure B3, Shuttle Body Coordinates
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B.4 PAYLOAD BODY COORDINATES

h
¢
b
5
t
{
i
!
¢
f
i
{
:
!

Payload Body coordinates are referenced to a Cartesian system that is fixed
(\ relative to the payload structure, with its origin at the payload.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 BS5.
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Figure B5. Rectangular Local Vertical Coordinates
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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
pas.e: 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-centered
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 is 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




B.8 MEAN OF LAUNCH DATE COORDINATES

The Mean of Launch Date system of reference s also a non-rotating earth-

centered Cartesian system defined in exactly the same manner as the Mean of

1950.0 system, except that the o:ientation of the equatorial plane is fixed at
the date of launch. This system is shown in Figure B7.
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APPENDIX C
PROCESSOR CODE
c-1




PRt S L

C.1 Base Link (#TRAJ)

0t “ATRAJC1223/16NOV?9)"teto “RUN"
11 wtb Gel1l1ist 06

2t g9et "XRMAT 9001

3t "ANGI“:2«frc(pl/2u) 402

4t if p2<0I20+p29p2

St ret p2

62 "ANG2"124frc(pl 20)4p2

7t if p2X4ip2-20402

8t ret 2

93 "ATN1"t2a+pSieto +2

10t “ATHN2"10+0S

118 p112op35P212404

128 if p3+p4=0ieto +6

138 if p3)p4ieto +3

‘ 141 atn(abs(pl/p2))+p31 §{f R2<O3A-p3+p3
198 sto +2

- 168 4/2-0tn(p2/0bs(p1))+03
178 if p1<0IPS-p3+p3

18t ret p3

19t "HM.S$"sabs(p))+»p2

208 int/r2/60)9p31int(p3/80) 04 “hHWM‘L
| ¥ Pooy ocse
218 100p4+p3-20r4+ n2-60p3) . 1080+p3 s

k 228 ret P3swIninl)

P { 23t “SECS"tobsip1)/100+p2

248 intp2)+p35100frc(p2)+rd

258 60(E0p32+intipd) ) +100frc(pdd+n3

26t ret P3senimy)
278 "DOTP“sret relrepleri(pielir(p2+der(nl+2)r(n2e2)
288 "SRVUIRirp2orn3iRlr(p4)er e3¢ ) Inlr(p242)9r(nl3+2 iret

29t "VADD"s1emdivto 42
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VSUB~1=19p¢
reiepdra2ered
ririeldepdr(n2el ) orindel)
r{p1¢2)+p4ri{n2¢2)+r(n3+2)iret

"CREP"L ripl1¢1)r(p2¢2)~r(n] +2) ri{p2+1)9p4
ri{ei+2)rp2-reir(p2+2)+03
reir(p2+¢1)-ripl+1)re2+ri(nr3+2)
pSor(p3+tl)dindrrediret

“ROT"sra2+Histo +2

“IROT s -re2+N

reloXir(pi+1)oViri(p142)42
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(HH=114JJ=KK)Y+2(CIK*HI D241 J-HKIX)or(p3+1)
(HH=11=JJ¢KK)Z+2C(CIK¢HIIX+(IK=HIDYIr(p3+2) i rat
"QDOT 1 2HIO+US rp2/729K8 r(p2¢1)729Y r{n242) 72428 910 +5
"QXQ"s 1o 9to ¢3

"QXQC 8 1+HE -1l oto 2

“QCRQ"s~1+H} 14U
Hr(p2+1)+XiUr(p2+42)+ViHr(p24¢3)+28 rn2+
Hri(pi+1)+IlHr(p1+2)9 8 Hr(pi¢3)+K}rpi+H
HH=JX=JY-KZ*:P3

HA o JU¢ J2-KYsri{p3+})

HY¢ JUehX=122r(p3+42)

H2+KU+1Y=JRor(p343) b ret
"0231°81sUlr(eiedolir(pl+3)+Kinto +2
“Q213"8=14Ul~-ri{p143)41iripield+K
reisHEr(p]+239)
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“AERO"S riri+r3r3sRIFCA+r2r2)sVir2/V+SirA/v+C

BYS 19X if CHOJ r3/VCaYS r1/VCHX

YATN2? (S2C2B3 * ATN2? (Y X) 2R3 abs ($) 2S5 sin(2B)+E

(. 786+2,413abs(Y)11.316)C1-8)+1, 9285+, 646abs EYY)+D
~1345PDQVDIcl]l *SKV’ (Dy1910)
«831(sin(3B)-Ecos(2R))~,B3EL+]
(.045¢c08(3R)~,162Y)CC-.045%co3(3B)+J
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POVY+AIS3218A+61 104986R-ASAT+r13IBI5r 143 AkoriSiato +4
"PLAERO" 1 r1220bs(r1)+r123r (r2r2+r3r3>+A

~APOIABCIL *SXV? (Ar 1) 18)

-r121/25r1305r25r35cl] ?CRSP? (15109 13)

"ENDERO"tc11 *CRSP? (04845 105 1)

c11 *VSUB® (1311513)3cl] *IROT? (10,0467, 10) 0?% P
32.174/r(0+39)9GEc11 ? SKY? (G»10510) 004(,",
c11 *ROT? (1304805 1>5c11 *VADD? (1615 16)

"ANGAC"1c1]l *ROT? (0+3650+805 1)L r1rdsMr2orSiNrasré




Pﬂtwﬁ #

1201
1218
1222
1238
124¢
125
1263
1278
128t
1298
1303
1318
1328
133
1343
1353
1368
137¢
138t
139
1408
1418
1423
1438
1448
1458
1461
1478
1438
1493

#TRAJ Cont.

cll 'CRSP*C(1r4s4d3cl) "VSUB' C160421)
ri/lartir2/Mor28 r3/N3r3icll * IROT? (150480, 0+136)
if pl=1lato “PLTHR"

“THR"$ r949 08 dnod2+ 13 <J-1)29K
19.16K+r141319.1619r140i0+r139

6000GCI+K)+RIcll *SXV?(R»91,13)

ro5+Jiif J=0ifor I=142 to 147i83riinext [3ato +11
for 1213 to 1SIrl+RII-12+J)r]inext I

for 1=136 to 1388 rI+RII-132:J1sr inext I

for 1=142 to 147iR[I-13S»J)3rlinext listo +8
“PLTHR"313r17430+V3r13+r14ori1S+r1€4lif r119=0isto +7
r74>Tiif TXA(2139t0 +6

12VIT-ALL J2TEif T<=AL7189to +3
AL7)+X3ARE81+Yisread 3H>AL?71AI8 i TXAL7 ) sto +0
(AL81-Y)/(ALTI-XI*AL 6 I3 Y-KRL 6 I2RL S
=(A[SI+TRLE DAL 3 1+r164+G3-32. 174GAL 4 ) réd-G

for 1=13 to 15iGr(I+183)3rlinext }

“"ENDTHR":c1l *IROT?(13,0+87513)

for I=?7 to 93rl+r(I+3)+r(1+6)9r(I1+0+123)23next 1
"ANC e r<Q+75,+A3if A=039to "ENDDER"

if A=lifor I=16 to 133 rCI+0+120)*rlirext I33t0 +9
B82r1i-r(0+35)+r23-ri0+131)./Rr2sr3

cll PIROT? (O+36504387»723cl] *VIUB® (?+e14d0icl] PCRSP? V4513, 4)
2r52A3if ml1=134if YEDIA-TACC ] rigd+ri1éd rcdi=n

‘cl]l *CREPPCO+133s19405r(0+345988rc0+35 )i

LOB32481r24Cr23/RRI12CrSr(0+133)+r6r(0+134))-4Sr8 R+A-R
Cre0+130)=2SHI RIXIB+r3d -HarSiA-RU- (S R+ -WIIr3+ré

cll PCR3P? (1279728 cll *YADD? (4979403 ¢cl] *ROT?(4+0+87+4)
for 1=16 to 133 r(1+0+120)-r(1-12)srline:t 1|

if pl1=133to "PLAMI"

C-6




#TRAJ Cont. :;

1508 “"AMI“:for 12?7 to 950+rlinext 1

1313 for Ksi6 to 183K-123HI2HAJIJ~14Giif rKCOIGHIIBI+19G
152t abs(rK)*Alabs(RIH:JDIESLE AJEIEIAT 190285

1538 (0143F 3 r992C r(H+32)3DIF+4r(ADI/E+»THCiNnt (T/C) T
154 if T>03T-F25i0+B3Y¥+2iato +2 .
1338 C2T3T-F2S3EESS/16D-R+IB3B abs(RIHIG1I2232T/S2Y

1568 (A+BI/E+XIXT SN

157 for I=7 to 931-E+HIrI+XRIH)»JI+2ZRIHs G I*riinext | !
1588 for I=136 to 13SII-1323HSrI+XRIHy JI+2RIHIG I3rinext I |
199t for [=142 10 1473 1-135+H rI+HRCHs JI+YREHeGY3rlinext |

1608 next Kicll *IROT?(7+872,7)3cll *VADD*(130:7+ 130 i 9t0 +5

161t “PLANI"ifor I=161 to 1635rl-r(1-14%5)+rlinext 1

162t cll *ROT* (1691855 1)8-Lr1orii-Mr22r2i-Nr3sr3

163t cll *IROT?* (1,183 1)ifor I=1 to 3irls2+y

1643 obs(YIXIR+Y+r(1+16423X-YIr(I+167)3next 1

168t "ENDDER":for 137 to 93 r(1+0+123)3rfinext |

1668 r{Q+34)383r(0+133)3 r (0+35)2UIRHU-r9+r(0+134)

1678 (r?-2SH>/Rer{0+135)302r1i-l>r28 r8-RU+r3

168t cll *QDOT'(0+25,1,0+125)3cl] *QDOT? (0+29,0+35,0+129) 3 ret

1€98 "RUN"23et “%REMAT", 169

1708 end
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13 wtb 6r1131ist 86

Response Matrix Computation Link (¥RMAT)

“%RMAT(0403/24SEP?79)"t9t0 "RUN"

set "4TNIT“»@nt
"RUN“t1kd $radiif fletileto +5
dim ARL3)sBI32),FC129121,103+3)»J(8r12])
din LI3DHUI129121HRI12:12)T(7:44]
din BS{151,C$012,41, D825 J$( 394 11K$( 3]
dimn N$[4423)sP$(31Vve[801s S CO I s 11
"# WARNING: SS “+B$
* CONTROL IMPOSSIBLE WITH “»D$
OVTISII N PUISL208 P2IJS(3)
" JETS"3K$
fmt 1979c80s7
ason "SCMDID“s»iisread 1+C$
ason "$JFTH"r»13for I=1 to 443srecad 1HMS[ I next |
asIn "$JFT"918sread 1rTL#]
assn “1#"s1¥sread 1B *#)if BL32]=939t0 "RMEND"
for I=1 to SIBLIHI I Ir»Idinext [

-B{S1+102y332103s2]
-B[6121[1s322103+1)
-BL7121015212102+1]

inv I»1

for T=1 to 3idzsp "%RMAT"sJSLTBJinp T
files $JSVs2Ys3VYRIato +3

files $JSPy#Py=2PRy#PFisty +2
files $JSP21s*P21s#PZIRy *P2IF
ing UsRsFI""3Y8sUSSsreod 1rJ[*)
for C31 to 12ifor N=l to 8
JINsCI+Miif M=03 sto +13

for I=1 to 63TLIsMIsriinext 1
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ZRMAT Cont.
30t for I=4 to 61CrI-BLI+42>7125rIinext 1
318 ~rdordl-r6or6icll "CRSP?(441,4)
32t for I=24 to 6irl+TI7oMIrCI-3)orIinext |
33t for I=1 to SRULISClerIaULIsCBnext 1
34t M$(M)PS
35t if P$(1»1)="R"$9+]8at0 +3
362 if Ps(1,1)="L"§82]59t0 +2
371 ?s91
2381 if C>631+39]
393 3.1071-+W3if M>383.0923+H
402 ULI»CI+W»ULILC)
41! next N

T

423 32.174/Bl12R3for I=1 to 33AULISCISULIsCI3rext I
438 for I=4 to 63ULI»CIsLLI-3)next I

44t mat IL+A

45: for I=4 to 63ALI-313U(1+Clinext |

46¢ if T=13if C<?3ato +4 _

478 int ((C+1)-2)9P34P-2C-1453if SULPsC15059t0 +3

488 BSACSICILDILISLT JAKEIVSIurt 6.1,VE5 " "aVE

498 if CrE3BS&"ATT & DE&JSL T J&KSIUS

508 next Cizeprt 25Ul *XsW$lara UsR

S1: if WE#""$3to "REND"

52t for C=7 to 123int((C+1>/2)P
93¢ for H=1 to 10
S43 for Hz0 to 134+ (FP+HImod3+E
558 ~RIEsCISXIZEsKIif X, 95K-1+K
568 KAULEsK Io¥3d0or 121 to 125RIIsCIHYULTsK IRI I4C inext I
573 next HIO*X

' 588 for H=0 to 134+(P+H)mod3+Ei H+RIESCIT29Y
591 next HIX/RIPICI129X31f X<le-8loto +2

c-9
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. %RMAT Cont.
nexs Nisto #2

4P-2C-1+83 if SRLP»C1>Bi9t0 +2
BSLUATT&DSLIST T JEKS NS ure 6.1 sN$3ara UsRIeto “REND®
for Hz0 to 134+(P+H)MOd3I+ESBIRIEICIInext H

next C

for C=1 to 6

for E=4 t0 6

~RIE)CIIXI2EXKIif XDOIK-1+K

X'REEsKIYifor 1=1 to 12IRCIsCI+YRIIsKIIREIsClinext 1
@+RCEsClinext E

if T=139to +3

int((C+1)/72)+P34P-2C-12S3if SRIP»C1>03ato +2

B$&"ROT COMP "&CHLCISDS&JISL T ILKEIVEIurt 6.1,V8

next C

"REND":sprt 3sRO*DW$iif T=1iato "NEXTT"

ara RoF

if W§k""39to "FEND"

if V$#""i3to "ABORTF"

for C=1 to 8iint ((C+1),/2)3P

for H=1 to 10

for H=0 to 1§ 1+(P+H)mod3>E

=FLEICI+HI2E4KT1E WOBIK-14K

XRIEsK JoVEfor I=1 to JSIFCICIYRITEIFLICBnext |
next HI@»X

for H=€ to 131+(P+HIMOd3SIESR+FIENC I12+X

next HIX-FIPYCI1Z2aX31F X< le~-8iato +2

néxt Nisto “REORTF"

4P-2C-1+531f SFIPsCI=0)3t0 "ABORTF"

for H=8 to 131+ (P+H)nod32E50*FLEsC)inext H

next C

c-10
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97¢
981
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#RMAT Cont.

for C=? to 12

for E=f to 3

-FLEsCIIKI2E*KI i f XOBIK-19K

X/FLEsK12¥ifor I=1 to 123FC1yCI+YFLI+KIFCIsClinext |
0F[EsClinext E

int ((C+1)>/2)3P34P-2C-1+S3if SFIPsC){=039to "ABORTF"
next Ciato “FEND"

“ABORTF":B$&"FULL COMP"&D$&JSLT J&K$2U$

wrt 6.1U$tara RIF

998 “FEND"tsprt 4sF(%#1sl$
1002 “NEXTT"tnext T
1812 9+80 321
1028 assn “"1%"s1isprt 19Bl*]
1038 "RMEND":9et "%TNIT"»169
1042 end
#24706
c-n
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C.3 Trajectory Initialization Link (¥TNIT)

ot “8Tﬁlt(lt30’l$0¢1?9)'t'to “RUN"

1t wtb 6r1ilist @6

2t get "%SSVU"»0s1

3t “JD"tint((p2-14)712)+p4

41 p3-32073+int (1461 (p1+4800+R4)/4)+pS
St pS+int (367(p2-2-12p4)712)+pS

62 ret pS-int(3int{(r1+4900+p4)/100)/4)
7t “PLOTYP"t

8t if P$=" “$ret O

98 if P$3"NONE"Srev O

10t if P$="RSBY"$ret 1§
115 it PascBLY"iret 2

12 ret -9

138 "UNIT":

148 if P$=" FT"Sret 1

158 if P$=" KFT"Sret 1000

16t if P$=" NHMI"iret 6076,115

17¢ if P$=" M"3ret 1/,3048

188 if P$=" KMN"Jret 1000/,2048

198 ret -9

208 "MONTH"3:

21t if P$=" JAN"3ret
22t if P$=" FEB"iret
238 if P$=" MAR"Iret
242" if P%s" APR"iret
238 if P$=" MAY"iret
26t if P$=" JUN"irst
278 if P$=" JUL"iret
28t if P$=" AUG"Iret
29t if Ps=" SEP"iret
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308

3

(:b;f azs

: Kk H

343

358

368

,, 37

;g 38

‘ . 391

403

411

- 421
; :

( ; 43t

- 443

451

461

473

483

491

%TNIT Cont.

it P$=" OCT"Iret 10

it P$=" NOV"iret 11

it P$=" DEC"Sretv 12

ret -9

"C"tret P3(p2-1)+pi-1
“TUtmax<{pl1p2)+r3iret P3(P3-1)/2¢min(rl)p2)-1
“DIARG" 3 @+UIX

for J=i to plifor I=1 to J

PTH (19 J)2KIR2+K2HE P3+KKE rH+ rKsY

if IsJiUeYYaUiL2r(pd+?C' (U1 Jdspld)Iiato +2
Ke2YY2X302r(p4+'C*' (11 J1p1))3r(pd+’C' (M 11p1))
next Iinext J

if pOCSIr(+X)/pl/ie6snS
£X7p1+p630+p7p8

for Js2 to plifor I=f to J-1

P3IHI T (T N)428if abs(r2)<(=réisto +12
19p83R3+ TP (I 1) 2HIR3+' TP (Uh D3N
rH=rUsX32rZ+Y3Y/ F(XR+YYIIKE i X<BF-K*K
Ksr€2¢1+0 (1=-KK)) )Y (1-YY)*XIrH+K
KRK42KY r2+YYriarHIKYY-2KYr2+XXril+arif 02r2
for K21 to rliif K=I}ato +4

if KsJiato +3

PIHITI Ky ID4HI R34 TP (Ky J) W
rHAZIHZ+Y rHsrHE KX rit=-Y24rid

P4+ C  (Ke 1sp1)2HIP4+'C' (Ks Jrp1 )M
rH+Z3X24YriarH Krid=-v2Zorid

next K

next Iinext JIif p8=110+p8igto +3

if peirdiret

ré/p15p€
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60
613
62t
63t
64
638
668
672
€8¢
69
708
71
728
738
743
758
768
v
781
79
8ot
811
823
83
841
£S5
gés
g7
88!
89

YTNIT Cont.

p?¢ip2iit o?7¢100)9t0 ~16

fat “DIAG ERROR ="010,20278urt 6inipbifat iret

"RUN“3uwth 6o1134f flolliforo +S

din AL3BI32GI121HRI12»12DT(?)

dim ASL91214BSC4019CS0204)sDSI 394 IESIS141sFSL494)

dia GS[3141HS( 813191806931, I8(61 1 1HKS[BODHLEC4 I MSCEIINS(E]

dim 0S[6+31sPSL419 Q8L 6)31HR$LE1319S$L 6131 USC 101 HE(B0 ) 2808013 sf 9 11
“SS”*RS(l]l“PL“*&S(Z]S“TP“*RQ(&]I“BX“+ﬁ$t4JI?DY“OﬁS(SJI“DZ“#ﬁt(Sl
“DR"2R$L 71 "DS“IAS( 815 "DT"2RSL 9]

"OMSO"+CS$C1 28 "INLD"+CSL 2]

" MS0"»DSC123" SLV"+DSL21i" PLV"2D$( 3]

"REBY“+E$01 15 "RSLV"IESL 223 “CSLV"+ESL 333 "ESLV"2ESL 418 "SHSQ“+ES( S )
"RPBY"“2F$L1 )8 "RPLV"*F$( 213 “"CPLV"+F$L 31} "EPLV"+F$( 4]

“SENS"+GS[ 1 1 "PCON"+GS$L 213 "RIMP"+GSL 3)

“SMA"*HE[ 1 )3 "ECC">HSTL 218 “INC" »HS{ 313 "RAN"+HSL 4]
"ARG"IHSL SIS "TRA"HIHEL 633 "HR "+HEL 713 "HP “+HS[ 8]

“"PCH"+1$L1) "YAN">18$0 233 "ROL"21$L 33 "RXB"+1$(4 )i "RYB"»I$(S)} "R2B"»18( 6]
"KUdJSLL B Y AISI2H "2 2 JSL 3T "R I ISL 4D S 2IS[S ) "T 2U8(6)

“+X "0$[138°+y "20802)5 42 "H0$( 30 "-K “v08[4 1"~y "208[S)3" -2 “+08(6)
“RFR"2G$01 28 "RLX" Q8L 238 "RRA"2QSL 328 "RAX"Q$L 413 “RX "2Q8{ S5 "OML"+08L 6)
"RFR"SR$L 1) "RLR"SR$L 25 "RRR"IR$L 318 "RAR"+R$L 413 "RR "+R$[ S "OMR"IRS$L€)
"RFT"+S$L1 ) "RLT"+S$CL 218 "RRT"2S$L 308 "RAT"2S$L4 13 "RT "SS5S "OMT"+84(6)
osen "#ID"s13:reod 1983 "HTRRJ 280 1+5)

beertent "ENTER TRAJECTORY ID TEXT"sK$3if flel3ieto +0

80-1en(K$)+Kiif K=039to +2

for H=sl 10 KIKSE" “+K&inext H

fay 2/9¢c8012/9c80s7lurt 6128 KEfnt

lkd $radif»rZ2Sia/180+0

20925722+r2331.40764€%16+r24

aten “"1%"s13sread 19BI#2IBL1)Ir39

c-14
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%INIT Cont.

902 BL2)9r11BL3)9r3IBL4)9r68-BISIrSI-BL6Irdi-BL?)0r2

91t cll "DIRG (3o 1010 P)Brtar??i r3+r?28ir6+r?9icl] *INATA’ (7:80)
92t (1076.7-8(81)712+r84iB8(9)/124+r853(375-B[101)/12+r86

938 (1976.7-Bl111)/12+r27338(12)7124r2763(373-BL 13))/124r277
94t for I=1 to 31QBCI+131+riinext 18cll "2310°(1,278)

958 Bl17171e3+r99%9for 1240 to 47i0srlinext !

963 o0s9n "2x"slisread 1sBL*)IBL11sré4

571 Bl2)4r1iBl312r33BL419r63-BlS)9rSi~-BL6)rd4s -BL?)4r2

88t cll 'DIAG’ (3919 197)irlor1025r3+r1033 ré+r104scll *IMATA’ (7, 10%)
99: -B[81)/12+r109iBl9)/12+r1104-BL10)/129r11}

100: -Bl111/12+r2325B012)/12+r2838-B(13)/12+r284

101t BL14)/24+R»r1208B[15)/12+L9r121

1028 aRR+»r122382RL>r123

1038 for ]=65 to 70i0+rlinext 1

1048 asen “"3#"s1lifor I=] to 1i¥sread 19GL])inext |

1058 fts (GL11)3F$3°PLOTYP!GL1)34f GL1)=0ieto +13

1068 fts (GL2))+PE3'UNIT+GL2)

107% beerlent "READY TO PLOT ?"»18if fle13=0isto +0

1088 eclriurt 705,"ip35401876+14778+10030"Spend 21fxd O

1098 scl 0+14,0+3reniplt 09-.351b] K$

1108 GL3I+(3GL7]-ColEIsYiif GLS)sBieto +4

1118 s¢] Ov=-130,00-9C30fs -GI8-GLIIGLEI-COLSIoX

.‘»;
|
k
:
b

1128 sox @GLI1010eGIB8I0G011 I <ot Be=-GL10)00sX+C 10»G[11)
1138 yo0x OGL10Dv @ GIIDIGL S vox B1-GL 1030+ VsGI11)

1141 if GL4)=0ieto +4 |

1198 3cl 0+-14C10,-9Clofs -CGISI-GL7)e-GL9IIGL?I-CGL )X
$1€8 ox 00GL18Ys0:GL73-C.- 105G 11 Jixax 0v=G[10)10+¥%sGL11)
1173 vax 0+GL10)90,GI9DsGI 13 )ivax Br=-GL10D1@»YVeGL 11 Jpentd 1§
1188 agan "42"v1lzread 1HBl+)

1198 BO1)=Vidts «BLZD+PEI"MONTH »HIBI 33+D
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STNIT Cont.

1208 (PJD? (Vs Ny D)~2433282) 736524, 22T

1211 (2304.9484¢(¢.302+,018T)TITX

122t (2004.256-(.426+.042T)T)TY

1238 (2304.948+(1,093+,0187)T)T+2

1241 4/648000+C3 0/72-CRAr1ICY 212} ~4/2~C29r3

125t cll "3130°<1,»19)

1268 *SECS* (BISDrl43B8L6)0r124

1271 asen "?#"s13on end 1+1"G02"isrecd 14B8(+]

1281 “GO2":B(SI+r?35IBL 1819r10010+r?69r942r95+r101oril9
129t asen "S«¢"s1lsread 1sBL#Jifts <BL1D)IPS

1308 6076.1159TIr24+Gi4¢ P$="OMSO"I TBL 2)0AIBL 3)9ES o0 2
1318 TBL21+r23+RITBL 3+r23+P8 (AP (R+PIIEI (A+PI729A

1328 ACL-EEXPIQBI 7 JIFEP/C(1+EcosCF))IRIF(G/PIESINCF)*S
133t 0B{S)+r110BL414r210BL 614F4r3

1348 §f Pse"0n30"3cll "313Q°C1+28)8cl] PACXA’ (19+25+28)F9t0 +8
1358 r1oHEr2+13r3+Uicos(1)2Cisin(1)9D

1368 cosCWABsindU) *LIKK-LL*ME2KLN

1371 1.62405e~3+55Jr2312+VIV/P+8

138t R+BDDM/6+RIAR+B(1-3DD/2)/3+RIF(G/R)7AWY

1391 S-BHDDN/3+SIA+2ARVCI~3DDLL )/ 3RRRA

140t U-B(1-7DD/€XN/2P+r33 1+VCDN/ 2RRIr2IH+BCN/ 4P

1418 cl] *3130°¢1,29%)

1428 0/2+rdi-rdsr310or6icl] *3130°(4+033cl] *OXQ’*(25+0+2%)
143t [ ((2/R=1/7R)G~-58) Rer3588+r34iRor33

1442 ¢or 1=1 vo 310BLI+8Joritnext 1

1458 cll "231Q°(1+67)3¢cl) '0OXA* (25+87429)

14€8 for 1338 vo 3830B(1-23)sriinext §

1471 1) 'DERIVE' ‘00 in-180+0

148t fts 'BLI2))+PSSif P=" SLV Ic)] *ROT' (§98794)8c)] *VADD' (44369 36)
1491 agoan “é+°y1lsread 1+sBl¢])
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%TNIT Cont.

1508 for Is? to 1258 1-S)+rlinexs |

1918 fes CBLIDIWPSIIT PS=s"RELV“Ioto ¢4

1528 cll "ROT’(1+82:4)3c1]l *VSUB* (36144 4)
1838 c11 'CRSP*(49?7:4)3cl) "VADD’(10:4,10)
1348 cll "IROT'(?7,87+?)3cl]l "IROT*(10+87,10)
1558 r9-r334r9ir12-r344r12

1563 ¢cll "CRSP*(1s794)>8c1]l *VADD’C10+14+10)
1578 cll "IROT’(?2+»25+7)8cl]l "IROT’<10+12%,10)
1981 r'DOTP*(7+7)+R+rS83cil *CRSP* (7010 @)
159t £°DOTP’ (41 4)2HIH/RRYUIIéd

€A1 for 124 to S3-rl/Horil=r(le/Ror(ledinext 1
1618 -'DOTP*C10+7>+rS98cl]l "CREP’(49791)

162t ¢cll *IMATQ*(1,50)

163t for Isy to 350BLI+81oriinext I8cll *231Q°(1,112)
1641 fts (BISY)-PSSif Pss” PLV ot +2

1658 cl] *OCXQ"(S0:29+0)3cli] *QXA*(Or112+112)
1668 cll '0XQ’(S0+112+354)

1678 for 1=61 to 5330B(1-48)»rlfnext 1

1688 fts (BL12))-FEi1f PS=" HJ0"leto +6

1698 i¢ Po=" PLV "I 9t0 +3

1708 cl) *QCI0* i 29:245008¢c)) *ROT'(3€4004)
1718 ¢l *YALD' 38148153 atg 3

1728 cll "LEFIVS’ 1O

1738 cll *ROT 7 10132+308¢C1) *YRDD' 4ol 8y
1748 ogoen “7e"0}

§17Ss if GL1lsiichain “%SSVU“» 169

1768 choirm "LENIT 169

1778 end
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C.4 Orbiter Geometry Link (%SSVU)

0! “XS8VUC1100/165EP79)" 1510 "RUN"

13 wtb 6r1151ist 06

21 oot "%SNIT"»0s1

3t "SYH"1absCint (PE))*HIRS/H+ JEcos( I+ 1isinCI)4)
4t cos(pd)*Xisin(rdd+YiDK

38 Pl pieXn31p2¢YR31if KaNiret

68 IXeIYUBIX=-JYIXIHAYIK+ 19K ot 0 -}

78 "RUN"tde9l 12GL22+DIDGLI)C

8t pend 25if GLSI=0)eto "SVWU*

9t sc]l 01-14C+0+9Clofs ~DGIB ) DGLS)

10t lim DGL8J)DGI8I-CGLS I ~-DGL 92 CCLEI-DGLD)

118 ofs -12r83%912r86-378

121 -1+8

13t meninlt 04261

143 plt §30,262

158 elt 51004263

16 mlt $468,300

178 it 5468312 3
18t Bl $200,327 |
198 et $130+336

208 elt 812%,403

218 plt $1%70+399

228 plt SI1TSe 339

235 el 52001403

243 mli $2200412

a1 olg $241.424

263 pYt 232,424

278 et $2200422

288 o)t £200.413

298 plt 217%.309

c-18
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301 1t $150:409 %SSVU Cont.

31t plt $125,413

32t elt 5120,41S

23t plt S130:430

34t plt 51390450

35t plt 51435462

36t plt $14%:475

37: plt S144,49¢

38: plt $140,509

39t plt S$130+51%

40t elt S115,524

41: plt 5100526

42t plt 560,526

431 plt 560,524

44t plt 540,518

; 45t plt $305512

46t plt $28,513

471 plt 54,816

48t if S<@31+S39to -35
49: eIt -54,816

S0t line 2y13515+%5484,8+7324C+2

Rk A ) A N S SN

rentplt XrYirlt M+S2c0s(S52)9W+22in(52)

T T TR TR
(43
[ )
on

528 meniplt HiVirlt X+52¢03(119,5)9423inc119,5081ine
- 53t "SVU"iif G[4)=839to "END"

( S4: scl 0+14C10s9C30fs COISI+IGI7 ) DGI9)
55t lim -DGL?71sCGL4)-DGL71»-DGL9YCGLE)-DGLY)
568 ofs 12r84-1076.7112r86-375
57t renirplt 15139291

’k 58t plt 1534,298
(\* 598 plt 1526+336
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ZSSVU Cont.

plt 1550335

Plt 1575334

Plt 1608:334

Plt 1623336

plt 1609412 2

plt 1600,410

plt 1575402

Pt 15505392

plt 1525382

plt 1517376

plt 1502441

Plt 15255441

, 721 plt 15505442

(» f 73t plt 1575,445
741 plt 1598,453 3
75 plt 1578,526 :
761 plt 1550,517
77t elt 1525,506 :
78 plt 1500489 !
79t plt 1492483 f
801 plt 14824519 |
81t plt 1576562
82: plt 1700316
831 plt 1592816
41 plt 1325548
85t Rt 1317,540
861 mlt 1311533

_ 871 plt 1308524

16

20

i w

&8t plt 1307

89t mlt 1187,

[}
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901
11
921
93t
941
952
261
971
988
991
1003
1013
1023
103
1043
1053
1063
1073
108:
1093
110:
111
1128
1131
1148
118
11¢t
1171
! { [ 1181
119¢

elt
el
Pl
ple
elt
Plt
Plt
plt
plt
Pplt
plt
el
cll
plt
rlt
Plt
plt
plt
Pl
Pplt
elt
rlt
Pplt
rplit
plt
el
plt
plt

rlt

%SSVU Cont.

376,420
5761500
500, 500
491,499
480,493
472,489
434,450
300,394
283,389
270,378
2591372
250364
PSYM® (262,59 3381 27.51135,102+10)
263,308
286+ 300
312,234
3371299
3621286
3871283
414,280
4504278
492+ 279
535,273
S7S.272
625,271
675269
7251268
778267
200+ 265

L1000y 4

I S R R TP AR W]

e A L e ek o aad . AR i o

Lt e



%SSYU Cont.

. 120t mlt 1100,263.
(y | 121t elt 1150,262
: 122t slt 1250261
2 123t elt 1300,261
-~ 1241 plt 1350,264
T 125t plt 1400,267
126t plt 1450,271
o 127t plt 1508,275
S 128t plt 1550,281
' 129 plt 1600,288
130t plt 1613,290
F 131 line 2/13545.23%5484,8+Y324C»2
(M ; 132t renirlt Xs¥Yirlt X+2¢c08(108)sY+22in(100)
1331 penirlt XrYinmlt XK42c0s(38)y¥+25in(38)
1341 S560+%3 4307
1351 peniplt XrVirlt X+2c0s(30)yY+Zsin(30)
1361 peniplt XrYirlt X4395c0s(~32)3¥+3953in(-32>81ine
137¢ "END":penirent |

1388 chain “%SHIT"s169
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102
112
121
13
142
15
163
173
188

Flight Segment Initialization Link (¥SNIT)

“%SNIT(1340/270CT79)"t9t0 "RUN"

wtb Ge113list #6
set “%PROP":0s1
“KAM"3
if Ps="

D"Sret O
if P$=" IRH"$ret 1}

if P$="LVRH"}ret 2

[

N - & o

W N - & 0O

ret -9
“JSEL"S
if P$a" V'jret 0
if P$=" P"iret
if P$=" P2l"3ret
ret -9
“COMP“s
if P§s” “iret
if P$="NONE"3ret
if P$=" ROT"}ret
if P$="FULL"$ret
ret -9
"KTOMS "2
if Pga" "Sret
if PE="HONE"iret
if P$=" L"iret
if P§=" R"jret
if P$=" L+R"Iret
ret -9
"KTRC8"3
if Pg=" “Sret

if P§3"NOHE"Sret
if P§2" +X"iret

c-23




ZSNIT Cont.
30t if P$=" -X"lret
31t {f P$=" +¥Y"iret
32t if P$=" ~Y"jret
33t if P$=" +2“3ret
34t if P$=" -2"iret
35 if P$="+ROL"$rat
36t if P¥="-ROL"3ret
37t if P$="+PCH"3ret
38t if P$="-PCH"3ret 10
39t if PE="+YAN"Sret 11
40t if P$="-VAN"3ret 12
412 ret -9
42t "DRTYP“iinp »i
43t “FLT éEGMENT TYPE (PROP)vesevoscescscssae "9BES" "sUsiret 3
44: "FLT SEGMENT LENGTH.. ceseeescnassoasssass "2BF3 "HHMN,. SS "UEiret |

Ww o N O O W N

45' .'PRINT"PLDT INIERVRL.--olco-lct-oonucooob“')Bs;“HH""ass "*U$§ret l

E 46‘ ""Rx INTEG STEPSIZEIC...IIl"l..'l....'..“*ss‘ "HH"".SS “’*U‘;ret l
(" ‘?, ”Ss RERO FRCTOR.l.."...‘...l....“l....."*Bs‘“ "*Us;ret l
48: "SS RATE OPT C(INCRIIRSLVR)seeevrsnssaenes 2B} "sUsiret 3

49‘ "SS XB RRTE OR INCR..‘.tlllol..lQ.alcl..I“"BS‘"DEG"'SEC “"U‘;ret ‘
sa' ..Ss YB RRTE 0;‘. Ir‘CRI‘..OCI‘Ill.l..l....""ées;nDEG“;SEC “’U:‘ret ‘
51' “SS ZB RRTE OR INCR.-...........-........"*Bf-i"llﬁﬁf'SEC “"U-f;re‘ l

521 “$S ATT MAINT OPT (DyIRHSLVRHD ¢\ oeuuvvon. “2B83" "sUsiret 3 |
/ $31 "S6 XB DEADEAND. cveveusvonsrvaecosonnsoss 2688 "DEG “sUsiret | §
' 541 “SS YB DEADBAND. ¢ vvevensaonsaesncansnses 3685 "DEG “sUsiret 1 i
S5t "SS 2B DEADEAND.severevnsenncenconsnsnsss 3688 "DEG "sUsiret 1
561 "SS RCS UPT (ViPsPZI)iiusvenroonsenaneess "3BSE" "sUsiret 3
5?1 "SS XC COMPENSATION <NONEsROTsFULL)......"+B$}3" “sUssret 3
[ S8t “S6 OMS CMD C(HONEsLsPsL#R)eevvsvsnsannsas "3BES" “sUfiret 3
591 “SS PCS LMD ‘HONE» s =ts#¥s .o o o #YAHy =AW "B " "ssiret 3
C-24
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612
62t
63t
€4
€5¢
€63
L Yg
682
€93
708
713
2t
73
743
te-1}
76!
7
7’81
79t
ge:
21
g2t
83
e4:
853
gés

88
g9t

Rl AR AR TP A § S S0 AN TS MW o Nt e S 5 =71 a o Ty

ZSNIT Cont.
“PL ﬂERo Facroﬂ..l...ll...‘..‘..C......Q..’a".

“PL RATE OPT CINCRsIRsLVRDcscvescacasons-o "2B88"

“PL XB RATE OR INCRevesssosansancessssess 2883 “DEG/SEC
“PL YB RATE OR INCR.c.sesscsasscscansacse“?B8) "DEG/SEC
“PL 2B RATE OR INCR:ssscsoscnsssccsnosses 2B} "DEG/SEC
“PL ATT MAINT OPT (DrIRHsLVRH)ceeeuaasese "2BSE”

“PL THR TRBLE CNONEs ILsSAsSDIecessscrsees “?B$I"
“SLIST":

fmt 15279 “FLT PROFILE SEGMENT",£3.0

fot 29279 “ITEN"s 2xs “DESCRIPTION" »38xs “YALUE" 12/

fot 3:£4.01c42+f14.45c11

fot 4,4.0:¢42,f14.0sc11

fot Ssf4.0rc42scldrcil

fat 9:2/5fmt

if r1>13uwthb 6511

wrt 6.1sp18ure 6.2

for 1=1 to p28Jmp *DRTYP' (D)

wrt 6.3:19B$sBL1JsUsSiato +3

wrt 6.4,1:B$:BL11sUSioto +2

fts (BLIDsPSIurt 6.5 1+E8:sPSHUS

next [Surt €.9%ret

"RUN"3rodin-186+0

TIEI+12TLE)0+GL 1203 if TIEI=131-G012)5" "L S

Z4sL3on end 1y "FIN"

for I=1 to Lisread 1sBC133next I3cll *SLIST'(TLEDIL)
for I=1 to 33°SECS’(BLI+120+TCIdnext I3TC11+4r742T(1)
B{S+r?S

fts (BL101+P$5 KRN 2K»r?6

fts (BL141)F§3* JSEL’+J

if J=03"#Y"sNsfoto +3

c-25

“Usiret
“siret
“asUsiret
“Isiret
“3Usiret
“W$iret
“Wsiret
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ZSNIT Cont.
it J=13"#P"sM$lato +2

"#P21" NS
fts (B{151)+P$§*COMP?2C
if K*@3max(1,C)3C
if J=03min(1,C)sC
if C=0iM$&"R"*NS$3ato +3
if C=13M$&"R">M$2HS39t0 +2
HE$&“F"sMEINS$
assn MN$r128sread 2:RE*DHUS
if WEB""3fnt Z9cB8By/73uwrt Galssfmt
fts (B{171)2P$3*KTRCS? +r98
fts (B{16D)+P$i ' KTOMS " 2r943if r94=0f9to +6
(1518-1076.7>/123r130+r25 (492-375)7127r3
if r94=1388/12+r2
if r94=21-88712+r2
cl] "VADD'(1,84591)3 7 DOTP? (91191)+X
for 1=91 to 933 ri/X+rlinext 1
for 1=96 to 9830BL [-83)3rltnext 1
cll 'DERIVS’ (D)3 n/180+0Q
0sr7+r8i-r33+r9i3cll 'CRSP?(1,7+10)
ri2-r34+r12icll 'ROT’(10,87+10)
ftes (BL6))+F$

if P$="INCR"Stor I=4 to Si@rrlinext I$910 +3

if P§=" IR"$for I=4 to 6ircl+32)9rlinext liste +2

cll *FOT?(1v879»4)8cl]l 'YSUB'(361454)
for 1=4 to 63GBLI+3)-rIsritnext 1
o6z9n HEs2isread 25R[* 1 USE

if HER""3fmt /9c8Bs/lurt ErHEIfre
for K=4 to &iif rK=033to +6

ZK2C3if rk 33C-19C

C-26
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ESNIT Cont.

nax(@r rK/REKs C 14T

for 1=10 to 125 rI+TRII~99C)orlinext I

for 1236 to 38ir1+TRLI-32+CJorlinext 1

for 1=42 to 473 rI+TRII-38sClorlinext |

next K

cll *IROT’(?»25+7)3cl] *IROT?(10+29510)

cll *CRSP*(?7510+4)3r334R
7*DOTP’ (45 4)2HI H/RR2H+r3S

for I=4 to 63-rI/HarIl~rC(I+33/R3r(1+3)3next |
='DOTP? (129 7)9r34icll *CRSP’(4»?7»1)

cll "IMATA’ (1,295)

as9n M¥rs2isreod 2»R[+3

Bl 181+r1003fts (BL23))P$i'KAM’»r101

fts (B[241))+P$

if P$="NONE"$sto +4

if P$=" "$9to +3

if L§=""33t10 +4

fmt "SRM “"sc4s™ IGNITION COMMAND IGNORED"»- 3wrt 6sP$3inmt
if r115803fmt "SRM “»c4s” BURN CONTINUES“"»~ 3urt 6rL$3fnmt
9o +8

PEsLE

for I=1 to d451f FPSLIs])=" “Inext |

"OB LRIl 114 1-HEINSL 306 )FS

239N NEs»38sread SsALZIsAL3YRI4AIIRC &)

r?4+AL1 13 r74+AI2I3ARL23RLBI-RESTHO-AL S I+R( 7))
1+r119+r$1630+r117+r118

o59n "85 Tisprt SHPHIKS

cll 'DERIVS’ 1,1 0/180+@

Bor?+r8i-rS8-r3icl] "CRSP' (1174 18)
r12-rS9-»ri2icll *ROT*(10+112+10)
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%SNIT Cont.

130t fts (BL19))+PS

1518 if P$="INCR"}for I=4 to 630+rIinext lieto +3

152t it P$=* [IR"ifor I=4 to 63r(I+57)rlinext lioto +2
153t cll *ROT’C(1,11294)3cl] *VSUB’ (61145 4)

1543 for I34 to 6IQBLI+16)-rIorlinext 1

1858 for 1261 to 631rl+r(1-5?)3rlinext I

1563 cll *ROT’(4,105:1)

157 for I=1 to 3irircl+101)3rIinext |

158t cll *IROT? (151055 1) '

1898 for I=1 to 3irl/2+Yiabs(Y)+X

1608 r{l+64)+X+Y+r(1+6433 r(l+67)+X-Y+r(1+6?)inext |
1618 chain "%PROP"s 169

1623 "FIN"$4f r119=059t0 +3

1632 fmt “"SRM "scds” STILL BURNING RT TRAJECTORY TERMINRTION"»2-/3urt 6,L$
1643 sert S5»"end”

1638 fot 2792801 2/9cB012/78wrt 61 28KS

1663 for I=l to 3ibeerbwait J00Inext I

1678 if Ls#""39et "HPIDI"

1683 ent "START NEW RUN ?"s13if flel13aDieto +2

169t eet "#DBED"

»

1702 stp
1718 end 3
~29819 t

c-28




C.6 State Propagation Link (%PRQP)

0t “%PROP(1103/160CT?79)"teto "RUN"
1t wtb 6+1181ist 06
2t et "WPIDI*»01
3t "RELIP"tabsCint(pS))+HIpd HdJicosCI)+lisinCJ)+J
43 cos(pIIXIsin(p3)*YiO+K
S5t plt Xrip6-Yr2r? Xrin?+YP2r6lif K=Hiret
68 JN+IYIUE IX=JYIXIUIYIK+19KI oto -1
7t "RK4"tp19p23p2/2+p31p2/6+p4} 1 458
8: for 1225 to 743 r1or(1+130)+r(1+200)inext 1
9t cll "DERIVS?(@>3cll *DERIVS’ (1)
10t for =25 to 745r(1+150)+p3r(1+100)9rlinexe |
118 for K=0 to 29 by 25ifor J=23 to 29 by 43J+K>HION
128 for 1=0 to 3U+r(I+HI 120U next 13 TUIN
138 for 120 to 3r(I+H)/7WIr(I+H)Snext linext Jinext K
14t if pS=djret
15t for 1=225 to 2748rl+pdr(1-100)+riinext 1
168 if pS=1}p2/3+p4loto +3
178 if pS=2ip29p359t0 +2
188 p2/6+p31for I=178 to 2245 r(1+30)+riinext |
19t eS+1+pSisto ~10
' 20t "RUN“8rodi0sT(?)
218 fmt 19279 "GET ="4£10,39" HHMM, 8"/
228 fot 29020 1 1cdr19.10CqifBlrcdr 8. 2018, 20CAvt 5. 2rCH 18, 29¢4

231 fmt 35020 8 rcdei9,19Cd068.8501c8068.20¢4018.29cdr18.20c8168, 204

248 frnt 41C29"8°1¢4069.21C4168.2184468.29¢c41f8,21¢q1fB.31C41 18,314

281 ot S1c2r 8 1cd0(10.21¢20F9.21€21£9.21c29118,21¢31€10.21¢3+§10.21¢3

268 fint 69c29 "8 1¢d1610.01¢2019.01c21§9,01¢21410.2+¢31¢10.21¢3+¢10,2+¢3

271 fot 29c2r 8"0c80610,0002169.21¢2119.21¢21§10.21c29110.31¢3+10.3+¢3
{ 281 fnt 81c21cS1f9.01¢c9118.01c41§8,01¢41§8.00¢418.01c4118.00cd

29t fnt
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XPROP Cont.

308 "PRINT"tif T(?Inod2=05uwtb 6s 11
318 wrt 6.10'HN, 8 Cr?74)
32t cll 'DERIVE’(0)1180/49Q
331 ¢ r28SH0Ifmt “xad RCS CAN'T CONTROL 88 ATT"s/Bwrt 65fnt 042683
348 for I=] to 3irler(lei?74d)inext |
338 for I=7 to 9irler(I+178)inext 1
363 "SSTRAN"3r24+G3 r33+R}) r34+S3 r33+M
371 GR/(¢2G-RRRUW-RSS)+ARIRRC(2/7R~1/7A-88/G) +P
381 SC(P/GIHVIP/R=19XI L CXX*YYIFEI*ATNIP (Yo X)*F
398 €/29r4i-rd+r310+r6icll "3130°¢49?)3cl] *OXAC’ (2397911)
408 cl1] 'OXQ* (199,150 708cl] *Q313°¢?70 4)
418 Q*ANGI* Cra)>+NIQrS+13Q°ANGL  (ré-F)+J
428 6076.115+TIQF»F
43t wrt €. 3ASCIMCSILIIIR/TIHSLI HLEIHSL2 Y JoHEI SN HSL 4 Dr Jo HSLS ) FoHS(6) ;
448 1,6240%e-3+J1 Jr2312+ViV/P+8 ;
4% cll '0313° (111 d)3cos(rS)+Cisin(r3)+D ¢
463 cosCré)+KisinCré)sLIKK=-LLoM} 2KLN ‘
478 R-2RARV(1-3DDLL)>/3RRR*AIF(G/R) /AN
4%t A-B(1-3DD/2)/3+AIR-BDDM/7€+R} S+BUDDN/3+8 }
498 RR(2/R=1/R=-$8/G)*PISr(P/GI+YIP/R-19X
SOt F(XX+YYVIFESPATNL? (Y9 XD OF
S1t réeBC1-7DD. €)H/2P4US rS-VCDM 2RR+16 r4-BCN/ 4PN
521 QIII0PANGE® CHOONIOPANGY® (U-F)+JI QF +F
$38 (R(3=-E)=r23)/T+PIC(ACI+E)-r22)/THA
%41 wrt 6,20RECL1I9CSC21 RV HSE? JoPoHSLS Y0 Lo HSL 2Dy NsHEL 430 JrHSL S 39 FoMSL 6)
o 58 urt 6
$68 “SSROT“s¢cl] *00°€19912907)8¢c1) '0238° (71 d)

‘ 871 QraslsQrSo IO ANGY® (réd 4K 0r3€+XI0r37+Yi0r38+2
( , 88 wrt €. 4 A 11sDSTI D0 To1801 0000 I8L2)0 Ko 180300 Xo 18040V 18(S5)92018(6)
i 89t cll *ROT (348708 28cl] "VSUBP (36410708 c]) 0231 (871 Q)

]
|
!
B

o

2 alade o ok almad

g

e e

et et < 1 e
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%PROP Cont.

€08 Qrda+13QrS+JIQ°ANGL® Cr6d+XiQr?+XiQraeYiQree2

61
621
63t
64t
€S8
€6t
67t
681
698
708
718
72
73
748
Ie-1)
768
778
78
79
sot
811
82s
831
e4s
83
86t
8’
883
89

wrt G.HRSTEI Do DSC2 1o 18T 120 00 ISL20)Ke ISEI 10 Xo 18042, Yr 18ES )0 20 I8L6)

wrt 6

“PLROT"3cll *DERIVS’(1)5180/44Q

for Is1 to JirisrcClel??)inext 1

for 127 to 9rlorcie+tBldinexs I

cll '0XQ°C19:542701cl) 'Q231°(7v 4)
Ar4+13QrS+JIQ°ANGL? CrEI+KIQré1 +XI Qr62+Y30r63+2

wrt S.4HRSE21HDSCLI Hr1oI8L1 3000 ISC22sK0 8039 X0 18C40:Y018(53:2,18(8)

cll "ROTC(19 1120 100c1] *VEUB’(61919205cl] *Q2317(11204)
Qra+13QrS+JiQ°ANGLY CrE)*KiQr7oXiQr8+YiQr9o+2

wre 6.4.38(239&8(3)0!0!‘!1I'Jol$(210Kc!S(GJ-R.!‘(QJ-Y-!0(53.20!8(63

wrt 6

cll "ACXA*(S50:25+8)54¢ GL 11021 eto +9

it GL12)=011+G(12)9t0 +8

“CPLV"1GL2)GI 3)+88GL2)GL D T

cl] '0213°C014)8 ~r4rS8+r?5 rSr88+r68 r38-r33+r9

for L=0 to 15if GIS~LI=0l9to +4

scl 09-14S10,-9S3GL2)GI8-L JoX+UB i LuisH+SGISIoU

ofs -Wr=Thlim XoX-8GIS-L )Ty T-8GLE)

ofs r(8=-Lirrdielt 010lrenicl] *RELIP® (£§/2018-2010120+320+11+0)
reninext L

02r?+rSi-r334r9icll *CRESP' (1784741008 r12-r34»ri2
0+r13+r1d4i-r38ori1Sicl] *CREP* (1789134116, r18-rS9+r18

cll *ROT*(13:0: 13201l *ROT’ (16400 16) -

cll 'VSUB «13+7913)0cl] "VSUB'(1€+10+16)83¢ r119%05st0 ¢12
“PLSNSO"scl] *ROT®(188:00188)8cll *VEUB® (188+18%+188)

cll "IROT*C(116+S491)08cl] *IROTY(§9190 1)

sprt Sor74-Al1dsri€dorlor2er3

cll 'IROT (124280 808¢)] PIROT (10150 0)
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90
"
921
93
943

96t
14 ]
983
991
1001
1018
1024
1033
1048
1033
1968
1673
1083
1093
110
111¢
1128
113¢
1143
1193
1163
1173
j18¢
119

%PROP Cont.

cll "IROT(16023+4)8cl] *IROT (40190 4)
sprt Sirlor2er30rdsrSiré
wrt 6.60ASC219ESESIor1oJUsl120r20J80220r30I8L320rdsASCA s rSHASLS Do r€sASLE)
cll *IROT*(188:2%,1)8cl) *IROT' (12190 1)

sory Sirlor2erd

if r74<AL2)5 9t0 *2

sert Sy"end"104r119

"PLTRAN"2for 1=l to Jir(lel2)orlinext |
cl] *CRSP'C17Sr10408cl] 'VSUB* (16040 @)
wrt 6.6rASL21ES(220rt o JSL100r20 080200730380 300rdsASL 40 rSsASLS D r6sRLLE)
cll "IROT? (36+87¢7)5c)] *VBUB* (1780747

cl) *CRSPP(7+1+7)0cl]l *VADD? C4s?04)

cl] *ROT* (14870 1)5cl]l "ROT' (49871 4)

wrt 6.6 ASE2HESIE ort o 8l 130r200802)0r30080300rdsABL40vrSiASISNrésRSLE)
wrt 6

1] *0CXQ* (54429418108 4¢ GL1I0150t0 ¢3S

§f GL121%011+GL12)9t0 +14
“R8BY“3GL2)GL3)+88GL2IGI9 )T r1209AE ~r1219r103109r1forl2

cl] "ROT (109+18192?35cl] *ROT*(10+181410)

for L=@ to 15if GI3-,1=0ieto +10

$C) 01=14S+0+-95IGL2GL B-L JoXoUWI 4¢ Lu1iUeSGISIoN

ofs =He=Tilin %1 X-SGIS-LJs Ty T-8G(6)

ofs ri2-Lrsr3iplt 0s0lmentcl]l *RELIP®(S.-2018-C000-2¢2003+34@)8r¢n
rei=L)oUsrilevi-r(8=~Lo+i} -r9oy

§6 (1=2L)r 3000 QFXoUsX VeVl Uyl VoV
FCUUSYV)ISESATna 7 (09 §~(E.- r121512)+B8 1§ Esdl1«Ci0-Divto +2

V-E+Ci-U/E*D

ofs XeYicll *FELIP  CReBr0s200301CoDIE21 EsBinto 2

ofs UeVicl] "FELIP CAiEs0rne1%iCoDdt iRt ~Up-v

eertinest L

e e et o & = i e g a2
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1201
1213
122
123
124
1258
1263
1272
1282
1291
1303
1312
1322
1331
1343
135
1263
1372
1383
1298
1403
1412
1423
143
144:
145
14618
1473
1483
1498

e e s o e e % Armm bmmm ma s L % nnren e e

%PROP Cont.

“TPSENS"“icll *VSUB®’ (2820 1099?)5cll *ROT*(75181+7)

cll 'ROT*(61+181+,13)3cll *VSUB*(13536+13)8cl) CRSP*(13:7,10)

cll "VADD?'(4,10s4>5cll *VADD*(1+721)

cll *VADD’(1:84s133cll *VSUB? (152739 1)

cll *ROT?(15278s1)3cll *ROT®(4,27814)

ri+X3r22Yir3+23 r42A3 rS+81 r6+C

KK+YY2Q3 £ (Q+22) 2R3 rQ»Q

PATNI? (Y X) 2S5 P ATN2? (2, Q)T

(AX+BY+C2)/R*U

if Q/R<1e-630>VIir(AR+BB+CC-UUI/RIU 9to +2

(BX-AY)QQ+V} (CR-UZ) 7GRN

18071203 QS>S3QT2TIQV2VIQUIN

wrt 6,7sAS[31GS(1 1Ry ISL4 DS ISIS LTI 6 1 UiARSI7 D VIRSIB L WsAELS)

wrt 6

“RIPCON"tfor I=1 to 63r(l+64)srlinext 1

wrt 6.8sASL21G$(3)r1v08011r2+0802)sr3,08L32sr4s0$(4 19 r5»08(S s rés08L€61]
wrt 6

for 120 to 73rc1+4@)sritnext I

r3+rd4+A3A+r2+B

ré+r72C3C+rS+D

r2+r3+13 r3+résJird+rvsK

A+C+H3IB+DY3 ro+ris2

wrt 6.8:sA801 G802 r2s08{1)ir3+0802)srd>08( 2R 13[4 2sB+0$[ S )y ro,Q8(6)
wrt .53 ASC1 1 G$L20rSoRSLLI DrrEsREL2Dr7sFELZDsCoFsL4)sDsRE(S I risRE(E)
wrt €.8sASC130GSC21 1801 s JrSHI2 10K s SEL2 58042595851 2,58(6])

wrt &

if obz(r74-T(112<,0001ichain "%SHIT"y»169
“"ADVANS"STL 2301 -freCr?4/TL2)+Diif ob3iD)<.00013TL2])+D

Der74-E8if T[1J-E<.00013TC113E3E-r?49D
intd,9399%30-TL3D+1+TISHD/TIS5IT(4])

c-33
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%PROP Cont.

158t 1f T(S)=13if abs(TC11-TL41-r?4)<. 00013 T(1)-r74+T(4]
1518 fxd 25dse “XPROP T = “)"HN.S’Cr?4d5cl]l 'RK4*(TL4D)
1528 TCSI-1+TCSBif T(S)=08T(?)+19T(7)idse ““Iato “PRINT"

153t sto -3
154¢ end
#2907
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APPENDIX D:

MEMORY ALLOCATION
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MISCELLANEQUS DATA

REG.] SYMBOL | UNITS — DE?CRI PTION/NOTES *
0 e e e e e e .
1 }u]’ contains E(If‘ orj'lg? i
2 !_“}; | upon return from : ;
3 volatile | jugJ \DERIVS ! &
S e L E
s |
s
: 1
7 Ia,] Contains A or N | B
8 |rA2 * upon return from !
9 la,) oerivs |
10 B B
N .
12 temporary storage for * |
13 working arrays :
14
15
16
17
18 )
19 G
20 fy _q,; (orientation versor, MLD ECI with respect to
21 R, M50 ECI).
E 22 Qq
; (H, 23 R | ft 20925722 = equatorial radius
; - 24 Mg ift3 sec'f 14076469 x 10° = gravitational parameter
A
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Sk =S s ol podUiet S R

(\_\} SS STATE VARIABLES

REG.) SYMBOL |} UNITS DESCRIPTION/NOTES
25 qg SS local-vertical system
) 26 |q, X 51@, orientation versor, with respect
U T, to MLD ECI systen.
| 28 |aq,
3 % 29 95 SS body orientation versor,
é ? . i 30 ‘ql s a}B with respect to MLD ECI system.
31 9 _
g . 32 a3
, 33 R ft SS CG distance from center of earth.
: | 3 |R ft sec”! dR/dt
s 35 18 sec”! SS Keplerian angular velocity magnitude.
(x-f% 36 W, sec”! /SS body angular velocity with | §
37 w, Isec'] i .;gB respect to inertial space, J | :
38 w, sec”] resolved onto SS body axes. | i
39 W 1b SS gross weight (constant) E
40 HEOML 1b left OMS propellant consumption
4] NPOMR 1b _ right
42 Mppex 1b forward ,
43 {Mppx 1b aft left § translation
44 WpRrRX 1b aft right control RCS propellant AJ
| L_f5 tWoprR ;]b forward consumption
46 [Wppp | aft left ) rotational i
47 NPRRR 1b aft right control
i 48 (RESERVED)
49 | (RESERVED)

D-3




—

i Ceabhiy g

PL_STATE VARIABLES

PR Y

REG.] SYMBOL | UNITS i DESCRIPTION/NOTES

50 gL PL local vertical system

51 |9 ' EL(L orientation versor, with

52 |4, respect to MLD ECI system

53 |93

54 G PL body orientation versor,
55 gl l a, with respect to MLD ECI

56 9% system.

57 93

8 |r ft PL CG distance from center of earth.
59 | ¢ ft sec”! dr/dt

60 9 sec'] PL Keplerian angular veolcity magnitude.
61 wyf sec”! . PL body angular velocity with
62 Wy sec”! - Z)]I,b respect to inertial space,

63 wq sec”! resolved onto PL body axes.

6 | ¥ 1b PL gross weight

65 20,110 ft se¢ Integrals of control torque applied

67 fi,,|1b ft se¢ +  in the positive direction about each

68 Iaq,11b ft seq body axis.

69 | /4. 1b ft se¢ Integrals of the control torgue magnitude
70 | 2. 1b ft se¢ } applied in the negative direction about
NIy 1b ft seq each body axis.

n (RESERVED)

72 (RESERVED)

73 (RESERVED)

74 1t sec State time

D-4
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PR TR R TR, S T T v
SS CONSTANTS
REG.| SYMBOL | UNITS DESCRIPTION/NOTES
75 | Ka SS aero factor.
76 | Kay SS att maint flag (0:D, 1:IRH, 2:LVRH)
77 Iix slug ftz
78 I§v slug £l b ss principal moments of inertia
79 12, | stug 2
80 9 SS principal axes of inertia
81 |q " Gpp orientation versor, with respect
8 |aq, to SS body axes. ‘
83 a3
84 Py |ft Position of SS actual CG with
85 Py | Tt - Fgl respect to nominal CG, in SS
86 Py | ft body axes system.
87 |q,
88 |q, g ihB = Qg0 E}B (not constant;
8 |gq, value comphted in 'DERIVS')
90 |q, J
91 U
92 u, i U; (OMS thrust unit vector, in SS body axes system.)
93 U; ]
—. 94 | Keoms OMS thrust flag (O:none, 1:L, 2:R, 3:L+R)
( . RCS thrust command flag (0,1,2,°°°*,12)
" SS attitude deadbands
| sec SS DAP cycle time

e e o D L

A
&
3
v
H
‘
1
[
1
) -
3o
[
i
I
'
;9
D
P
[
H
=
-4
R

B T T C PPt
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PL CONSTANTS

REG.| SYMBOL | UNITS DESCRIPTION/NOTES _

100 kﬁL PL aero factor

101 | kay PL att maint flag (0:D, 1:IRH, 2:LVRH)

102 iy stug 12

103 1;,y'slug 2| } PL principal moments of inertia.

104 111' slug ft?

105 dq PL principal axes of inertia

106 |q, . Fm orientation versor, with respect

107 9, to PL body axes.

108 a3

109 Pyl ft Position of PL actual CG with 1

110 P, | ft i Ega respect to "nominal C6" (front face %

m Pyl ft | of cylinder), in PL body axes system. / }

12 | q | |

13 | q i =cg'I = Qpg 0 gy, _(not constant; :

14 | g, ! value ’computed in 'DERIVS') f

15 |q, |

116 u | |

117 u, |t u, (PL thrust unit vector, in PL body axes systenm. )

118 u,
- 19 |k, PL thrust flag (o:no, 1:yes) ;
(— | 120 d/2 | ft PL radius

12} L | ft PL length i

122 A |t x d2/4
[ iz Ag_| £t? ds

124 Kp J Atmospheric density factor (applies to SS & PL) g

D-6
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SS STATE VARIABLE DERIVATIVES

SYMBOL | UNITS DESCRIPTION/NOTES
‘.!D sec”!
a sec”! e
] q sec™!
! . -1
J qq | sec” L9 lr c
] dy [sec”! O lo ) G A I §—§
i . - H 3
3 9, sec”! lq, A b K 'l g 2
: . -] | 88
£ q | sec | 93 A, | ° 8
£ . 1 | ! if'if
A R ft sec” | Uy | = ©
Iz BE
134 | R ft sec 1ot G + 58
1135 | g sec™? | Uy J = &
§ L--_———----
(’ 136 oy |sec™?
137 o, | sec™? "
138 aq | sec?
130 |W b sec”!| = 0.0
f 140 |Wopp [ 1b sec!
3 ° -
; 181 [Hpowe | 1b sec”!
- ]
‘ 142 NB.F)( 1b sec
143 wPBI-X b sec™!
v -1
144 “PRRX 1b sec 1
145 wPRFR 1b sec -
146 "PRLR 1b sec
* -1
147 “PRRR 1b sec
148 (RESERVED)
149 (RESERVED)
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PL _STATE VARIABLE DERIVATIVES

REG.] SYMBOL | UNITS DESCRIPTION/NOTES
. a1
150 99 sec
151 | g, sec”! " Q%
. -1 ;
152 92 sec
153 | 44 sec”) pesem——————
154 dn | sec”! 1 9% | =
. 1 = 1 - HEE PN
155 q, | sec "y N [ % Y | 2 2
. - ' - l (-]
156 a, | sec”! K t 3 83
. -1 | a | ®
157 q, | sec 1 93 '3 |8 |
-}
158 | r ft sec™] ! Uy L g ©
= < 12 ! h
159 | r ft sec i u + Ty | § =
" -2 l o=
161 b, | sec™?
162 6, sec™2 i -"’ib
163 w, sec?
164 | W 1b sec”!
165 2,0 ft |
166 "12: 1b ft
' 167 La, 1b ft
! 168 | 2, b ft
( 169 | ¢, b ft
| 170 | 2, b ft
m (RESERVED)
L 172 (RESERVED)
o s (RESERVED)
174 | { £ 1.0
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REG.| SYMBOL | UNITS DESCRIPTION/NOTES
200
201
202
203

205
206
207
208
209
210
2n

212 b Used by ‘RKUT'to store data

213 which must be preserved between
214 ' ¢ ‘s to 'DERIVS’.

215
216
217
218
219
220

221
222
223
224

D-10
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SYMBOL | UNITS . DESCRIPTION/NOTES

237

. Used by ‘RKUT  to store data

238

which must be preserved between

calls to 'DERIVS'.

240

28

242

243

244

245

246

247

p-1

R A i TA L i i Al

—d
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REG.| SYMBOL | UNITS DESCRIPTION/NOTES
250
25
(v 252
253
254
. 255
256
257
258

S N AT =

.

v e ————

, [0 |

261 b Used by ‘RKUT' to store data

262 ! which must be preserved bewteen
3 263 calls to 'DERIVS’.

264
265
266
267
268
269
270

27
272
NPT
| 274
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IREINT

MISCELLANEOUS DATA 4
REG.| SYMBOL | UNITS DESCRIPT10N/NOTES L
275 P, | ft ' SS sensor position with )
276 P, | ft . pgs respect to nominal CG, in
277 P | ft SS body axes system.
278 d SS sensor orientation
279 | q, S ;a& versor, with respect :
280 | q, to SS body axes. :‘
281 q3 -
i
282 Py ft ' / pL target point position with respect !
283 P, | ft it to "nominal CG", front fact of PL
284 P.| ft cylinder), in PL body axes system.
285 KACF Shuttle attitude control failure flag
N
e =
S ®

D-13
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E.1 SHUTTLE DATA FILE

SHUTTLE DATR FILE $
ITEM DESCRIPTION

NE!G"T..I.‘..QIOC.l.lll.llll..Il.l..lI'.

Ixx..oo-...cou--o.--.‘u.a.nu-.----o---o-
IYYA.QI.Q....QIa:-Io-o.oooo.oo.--o.tl..o
IZZ!...IC.C.‘C.llll‘.....0!......!....0'
IYZ...cllcttlulnollllb.lulllobtllo.ll..l
lzx.a.o-octcaouoloo.oo.a...oncl.ol.ololl
va.....--...o-..o.-----o.-...-o-o-.n---
CG STﬁ-o-.-o'.c.--o-ooo-...----.-'o--oco
CG BLatll.Qtl...lnllt.ll....-lcc-ounll-l

CG ”L...'l.lll...l......l!...lll...l..'l

SENSOR STRlCO'-tl-l{.n-.a-nou.’oclllloli
SENSOR BLOOQ-Oulonulootlbo!lontooool...l
SENSOR uL"c-Oo-'lt.o"!o..-.'.nloonl.ll
SENSOR RAXES PITCH...oceecennnntssecnsssns
SE“SOR RXES Yﬁunl.o!oo'!.olcu.oi!oot'.oo
SENSOR RXES ROLLDI.'.C.'.ll.hll..ll'.!II
DRP CYCLE..C.I.l'.l.ltlll'.!..ll'l.lll.I

NOALWNQOONONLEWN -

L e e N

e R TE TR T TR AT g S R R TR R R A T e

VALUE

200017, 0000
387302,0000
63363877.0000
5634367, 0000
-371.0000
247376.0000
S5622.0000
1995, 3000

9. 3000
377.4600
1095, 30600

2. 3000
377.4000
0.2000
8.0000
@.0000
80.0000

winyNAL PAGE (8
of POOR QUALITY

LB
SLUG-FTt2
SLUG-FTt2
SLUG~-FTT2
SLUG-FT?2
SLUG-FT12
SLUG-FTT2
IN

IN

IN

IN

IN

IN

DEG

DEG

DEG
MILLISEC




TR

E.2 PAYLOAD DATA FILE

PRYLOAD DATA FILE $

ITEM

—
QYWD NANALWN -

- e o bt
AWV

DESCRIPTION

”E’GHT...'...CUl...llll'll.lll.ll..l....

lxx-!.l..".'l!..‘.oc.-...cq-clouloull'.

va"I..'.'.I.Q.Ill'.l.ll.l.ll....lll.'.

IZZOO.UOO'.IOtt.o...lulc.ll!olll-‘c.!.oa

[YZ'."...‘Q.'Q.."‘."!.I'l.il!.‘.l"'.

xzx.-.ltiuotucOl..'l'l!.lullololclncllll

xxY..'...‘.....l......'..0........‘0....
cc STR..O.'..l.'....0...0.......‘....'.‘

cc BL..‘.‘..I.0.ll.llh......‘l.‘lll.i..‘

CG uL't......ldll.l.lllllao

LRI RC R AR B U R R ]

TﬁRGETPOINT STﬁ-.aaoo--oano.-.l...o---oc
TRRGETPO!NT BL..‘lllll‘lll..'..l.lll'.l.
TRRGETPOINT "Llll..l‘..l.!..l!.llll!..ll
Dxa"ETER.‘IIOI.I.l...l‘l.....ll.l..lll.l
LENGTHDDO..‘I‘I.‘l.ll...lllllllll..lll..

E-3

VALUE

37253, 9009
7479,0000
45468, 3600
45433, 8000
0.0000
8.0020
0.6008
300,6200
29,0000
0.2000
300,6308
92,0020
8.2800
112,3800
428,0000

LB

SLUG-FT12
SLUG-FTT2
SLUG-FTT2
SLUG-FTt2
SLUG-FT12
SLUG-FTt2
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E.3 GRAPHICS DATA FILE

GRAPHICS DATA FILE $

ITEM DESCRIPTION

PLOY TYPE (NONE’RSB?’CPLV)-on;-.---ooo..
PLOT UNIT’ PU (FT.KFT’NMI,"’KM)....lll..
PLOT SCRLE.lool.lcocolooolll.lllnlO.lll.
xPﬁ'lEL NInT"......l"l.............‘..I
YPRNEL Nlnr“....'.I..........‘l.....l..
PRNEL HEIGHTIOlltb..l.ol.llual.l-nl.luoo

x Max--......-.....-..--......-o..---...
Y "ﬁxooooocuocoooo-oo.---uon-unc--ooco-.

Z Nax.lQD..l.'.ll.llll.l...........llll.

TIC xNTERvaL......0.!0.'.'0..'---.!!0".
LﬂBEL INTERV“LI'lllI.I.‘ll...l...l.ll...

VALUE

RSBY

FT

120
14,0000
9,0000
9,0000
1569,.0000
0.0000
20,0000
20

b
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TP I T PR AT T TR TR AR - :

+ E.4 TIME/ATM DATA FILE

TIME/ATM DRTA FILE $
ITEM DESCRIPTION

LaUNCH YEﬂRlo.onac.-u..-nonoaocoo-cnnln.
LAUNCH MONTH CJANsFEB)MARy..... s HOVsDEC)
LRUNCH DRYIIOOOII.Illt.l.o..t.l.oo.ll.Ol
LRUNCH GMT..I.IIIOQ..I.I...DCOQCI..‘C'l.
INIrIﬂL GET.I.l.!ll..-....lll.l..l.ll'..
ATMOSPHERIC DENSITY FACTOR..c.vvessranse

NADBWN -

et b i et N S~

VALUE

1931

FEB

2?
1935.0000 HHIMM, 35
1803.9080 HHMM.SS

1,0000
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E.& SHUTTLE ISTATE DATA FILE

SHUTTLE ISTATE $
. ITEM DESCRIPTION VALUE

STATE TYPE (OMS@sIMLD)escucssssnscscnans oMse

s"ﬂ. 0 0 80008008080 000600008000008000danstsrpee 3598. 1726 H"I

Ecc 89000 D OONIEIOESOBLIOIRSOEOINOGIEOBNBSPIOEIEOEDNONAOETSDS o L) 00 l 2
INCI.....'.‘....................'....I.. 28.3014 DEG
RRN. 98 6 P B 0SSP0 RARD OO RPN OOIORLEBOENSDNNOEDN -30. 5443 DEG
RRGC e 8 ¢ 0 080 00T AR SOPOED ORI INTRESNONE DN -29.4152 DEG

TRR 0600080380880 PP S0P sARlern D 3 L[] 3863 DEG

RTT REF (sLV) ® 8 800 % 0008 St EEBtOREEDS va

PITCH. 90 00D RSO RN BRSO ONLNRNORLAESORESEDRDDOONPRDS -leal 90‘3a DEG
an. 00 8000000200800 00000t aRtend o -33. 90‘:’0 DEG
ROLL. 8P 20 000 2B OO0 ROOR0ONAOSRROEBOEBNEEPSEEEDSN -1680 0000 BEG
RRTE REF (NSQOSLV)...................-.. "50

XB RHTE. 20 0 600 PP PSR EET PP OO OBNOORBSIPORNCES 8. aaeo DEG"SEC
YB RRTE. 98 20 0000800000000 antospoereRy e.eeeo DEG')SEC
ZB Rﬁre. 000 s 0 SRR RPN OROSOCONETRIEORPBOPE PN OENPEDS e. eac‘e DEG/S'EC

AL WN=OQVWONOAALWN =

rd
Pt Pub Pubt folt Gl Dt
T TP T A T oo T~ A

E~-6
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PAYLOAD ISTATE $

o
-
m
=

E
e OOVRNAMARL DN -

- =t gen bt o
AWLwWN

DESCRIPTION

STﬂTE TYPE (Rva’RsBY)..l;ocoocoaooolooo

x...'O..l..ll.ll..l..ll..l.....-.lI..ll.
Y.-oo.-ooo--oooo.o.-;ooova-ouonuuuonoo-o
XDOT..................-...........-..-..
YDOT.-OII'....'..0'.....0.!..0....000...
ZDOT.o-ccoo-ooloo-coco-utnccoouu-ou-unoo
ﬂTT REF (PLV'SBY)-.........-oo-ucouonoco
PiTCH..................--.....-...-.....
Yﬁu..-..-o........................-.....

ROLL...II..........Il....l.l............

RRTE REF (MsQ'PLv'SBY).........‘...Il...
XB RaTE......|.l.l....Il......l.l.......
YB RaTE...’.I.'..l....l...'.............
ZB RﬂTE........‘-..II'.....'.......I....

VALUE

REBY
66,3773
-9.0250
'3. ‘292
2.2120
0.8000
'903392
SBY
58,0000
0.06000
2.00060
1150
0.0000
0,0000
0.0000

FT/S€EC

LEG
DEG
DEG

DEG-SEC
DEG-/SEC
DEG-/SEC

e s

B Ml i

e R ARl ? i e

. T Y APTY
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APPENDIX F

USER-SUPPLIED FLIGHT PROFILE DEFINITION
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F.1 FLIGHT PROFILE SEGMENT

FLT PROFILE SEGMENT 20

ITEM

DNORBWN=DOVDNMNALDN -

S I I

19

DESCRIPTION

FLT SEG"ENT TYPE (PROP)....'............
FLT SEGMENT LENGTH..'....'..........'...
PRINT/PLOT INTERVAL....eoveceavsccnnnsne
"ax INTEG sTEPleE..C...".l.l..........

RERO FRCTOR......---voooocoaooooouuou
RRTE OPT (lNCRolR’LVR)...-.-.........
b:] RRTE OR INCR::cvevvesccsccscssssncss
Y8 RRTE OR INCRooouoooocooououoooncoo
ZB RATE OR INCRevesooccossscesssssaes
ﬂTT ﬂﬂlNT OPT (D.IRH'LVRH)ccouaco-ooo
XB DERDBBND.............o....-.......
Ye DERDBRND.........-...o........-.-.
2B DERDBRND....-........-....-...-...
RCS OPT (VDP'PZI)............-.......
XC COMPENSRTION (NoNE'Rot.FULL)..DOOO
ONS CND (NONE.L'R’L’R’-oooouo-oo-oooo
RCS CMD C(NONE» +Xs =Xo #Y1 ... 9 +YAW» ~YAR)
RERO FRCTORI00.00...00...00!.0'.0!0..
RRTE OPT (lNCR’IR'LVR’.COOOO'OCIOOCI.
X8 RATE OR INCR--..-.......-.o-......
YB RR'E OR lNchl.!Q..'..OOOOOOOC.00.
28 RRATE OR INCRucosvscensecscnocncsns
RTT NRINT OPT (D'IRH.LVR“)cooocccooa.
THR TﬁBLE (NONE!IL»SRoSD)-.-.....o...

F-2

VALUE

PROP
2.4000
0.0500

10.0000
1.0000

2.0000
0.0000
9.0000

IRH
2.0000
2.,0000
2.0000

P
ROT
1,0000
IR

0.0000
2.0000
8.0000
IRH

I

HHMM, S8
HHMM. S8
HHMM. SS

DEG/SEC
DEG/SEC
DEG/SEC

DEG
DEG
DEG

DEG/SEC
DEG-SEC
DEG/SEC

i




APPENDIX G

DIGITAL OUTPUT DATA




G.1 DIGITAL OUTPUT DATA

GET =  1056.350 HHMNM.8S

S el o A M S O e e S

il Sl ol B dios o i L

v e TR LTI

DR

SS:0MSO  3617.3 SHA 0.00407 ECC 26.31 INC 279.22 RAN  26.00 ARG 153.42 TRA
$§S:IMLD 167.5 HA 149.8 WP 28,46 INC 279.37 RAN 19,90 ARG 139.56 TRA
$S: NS@ -21.13 PCH -57.48 YANW 98,13 ROL -0.000 RXB ©0.000 RYB 0.000 R28
88t SLV -114.70 PCH 0.00 YAW 180.00 ROL ©.000 RXB -0.06S RYB 0.000 R26
PLS WSO 161.78 PCHN -12.72 YAW ©7.86 ROL 0.000 RXB ©.000 RYS 0.000 R28
PL: PLV =-3.51 PCH -10.14 YAW 0.03 ROL -0.011 RXB 0.068 RYB 0.013 R20
PLISMSO  -323994 X -277410 ¥ ~196164 2 -868.89 DX -716.98 DY -347.%6 D2
PLSRSLYV 4132008 X -992 ¥ 225774 2 1273.34 DX -155,27 DY 106.44 D2
PLIRSBY 32434 X 1011 v ‘469?39 4 101.36 DX 158.31 DY 1164.21 D2
TPSSENS 470860 R 1.7 8 i 86.03 T 1168.77 DR 0.260 DS -0.003 DT
PL RIMP 173 +X 208 ¢y 272 +2 173 -X 331 -¥ 268 -2
$S PCON 62 RFX 9 RLX @ RRX 0 RAX 62 RX 671 OML
$S PCON 46 RFR 30 RLR 31 RRR 61 RAR 107 RR €71 OMR
€S PCON 108 RFT 30 RLT 31 RRT 61 RAT 169 RT 1341 oMY
GET = 10%6.400 HHMM.5S
SS10M30  3617.3 SMA 0.00407 ECC  28.31 INC 279.22 RAN 25,90 ARG 153.8S TRA
8SSINLD 187.3 HA 149.8 HP 28,46 INC 279.57 RAN 19,90 ARG 1%9.91 TRA

| $6s M3@ -21.13 PCH -37.48 YAW 98.13 ROL -0.000 RXB 0.000 RYB ©0.000 R2B

, St SLV -114.37 PCH 0.00 YAW 160.00 ROL 0.000 RXB -0.06S RYB 0.000 £28

| PLs MSO 161.76 PCH ~-12.72 YAW ©7.86 ROL ©0.000 RXD ©0.000 RYB 0.000 R2B

b PLS PLV =3.,16 PCH -10.07 YAW 0.03 ROL -0.011 RXB 0.068 RYB 0.014 R28

| PLISHSO -330744 X -281099 ¥ ~-196034 2 -1033.87 DX -759,41 DY -401.51 D2
PLSRSLV 420006 X ~1849 ¥ 226314 Z 1452.13 DX -186.22 DY 109.08 D2
PLSRSBY 32821 X 1866 ¥ 47%9%¢8 2 44,17 DX 188.27 DY  1330.19 D2
TP3SENS 477102 R 3.26 $ 86.05 T  1330.80 DR 8.323 D8 0.004 1T
PL RINMNP 173 +X 2035 oY 272 +2 173 =X 331 -y 26y -2

{ .

$5 PCON 62 RFX 9 RLX @ RRX 0 RAX 62 RX €71 OML ;
$8 PCON 46 RFR 30 RLR 31 RRR &1 FRAR 107 RR 7y OMR 5
€8 PCON 108 RFT 30 RLT 31 RRT é1 RAT 169 RT 1341 ony

L ———

LA
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APPENDIX H
GRAPHICAL OUTPUT DATA
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