5.3 POWERED FLIGHT NAVIGATION AND GUIDANCE

5.3.1 GENERAL COMMENTS

The objective of the powered flight guidance routines
is to maintain an estimate of the CSM state vector during the
thrusting maneuvers, and to control the thrust direction such
that the desired velocity cut-off conditions are achieved, The
powered flight navigation program used to maintain estimate
of the vehicle state vector during all thrusting conditions is re-

ferred to as the Average-G Routine and is presented in Section 5,3,2,

For the Lunar Landing Mission the basic powered
flight guidance concept used in the CMC is a velocity -to-be-gained
concept with cross product steering (Section 3. 3. 3. 4) which is

used in each of the following two procedures:
1. Lambert Aim Point Maneuver Guidance (Section533132).

2. External AV Maneuver Guidance (8ection 5. 3. 3. 3..‘1 ).

]

These two procedures, based on the cross product steering con-
cept, differ only in the unique generation of the desired velocity
vector, vp and are used to control all CMC guided powered

maneuvers for the Lunar Landing Mission.
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5.3.2 POWERED FLIGHT NAVIGATION - AVERAGE-G
ROUTINE

The purpose of the Powered Flight Navigation Sub-
routine is to compute the vehicle state vector during periods
of powered flight steering, During such periods the effects of
gravity and thrusting are taken into account. In order to achieve
a short computation time the integration of the effects of gravity
ié achieved by simple averaging of the gravity acceleration vec-
tor. The effect of thrust acceleration is measured by the IMU
Pulsed Integrating Pendulous Accelerometers (PIPA) in the form
of velocity increments {Av) over the computation time interval
(At). The computations are, therefore, in terms of discrete in-
crements of velocity rather than instantaneous accelerations.
The repetitive computation cycle time At is set at 2 seconds to
maintain accuracy and to be compatible with the basic powered

flight cycle.

The Average-G Routine, in contrast to the Coasting
Integration Routine, is used when a short computing time is re-
quired such as during powered flight, The Average-G Routine
computations are illustrated in Figs. 3. 2-1 and 3. 2-2. The

foliowing defines the parametiers used in these figures:

E(t) Vehicle position vector at time t,
v(t) Vehicle velocity vector at time t.
0 Earth
PC Planet designator
1 Moon
At Computation cycle of 2 seconds.
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Av (At) The velocity vector change sensed by the IMU
PIPA's over the time interval At. This velocity
vector increment is initially sensed in IMU or
Stable Member Coordinates and then trans -
formed to the Basic Reference Coordinate
System,

gp(t) Previous gravity acceleration vector. This
is a required initialization parameter and is

supplied by the calling program.

Unit vector in the direction of r.

-

u, Unit vector in the direction of the polar axis
of the earth.

B Earth gravitational constant,

Har Moon gravitational constant.

e Equatorial radius of the earth,

Iom Second-harmonic coefficient of the earth's
potential function.

gb(t) Component of the earth gravity acceleration

vector representing earth oblateness effects,

With reference to Fig.3.2-2 it can be seen that a single oblate -
ness term is included in the earth gravity subroutine computation,

but none for the lunar case,

The PIPA measured velocity Av is compensated for
instrument errors as described in Section 5.6.13 prior to being
transformed into the Basic Reference Coordinate System and
processed in the Average-G Subroutine of Fig. 3. 2-1.
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ENTER

) |
r(t), vit), At, Av (at), gp(t). P

r{t+ At) = r(t) + At[g(t) * g, A—zt +

Call Gravity Subroutine, (Fig. 3, 2-2), r(t+ At), P
Resume g (t + At), gy, {t + At)

C

|

v(t+ At) = v(t) + -A% {5(': + At) + gp(t)]+ Av (At)

|

RETURN

gp(t+ At) = g (t + At)

t=1+ At

r{t), vi{t), gp(t), g (t)

Figure 3. 2-1 Average-G Subroutine
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ENTER

r{t), P
u, = UNIT [r(t)]
r? = pt) - r(t)

No (Moon)

Yes {(Earth)

cos¢=gr u,
2
1] r
I o E } 2
g, - r_2-2-J2E(— [(1 5cos¢)gr+2cos¢gz
M
. E
g°° 3 Er+gb
r
RETURN g =2
| Mg
g g &:‘;2— Y

Figure 3. 2-2 Gravity Subroutine
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5.3.3 POWERED FLIGHT GUIDANCE USING CROSS

PRODUCT STEERING

5.3.3.1 Introduction

The cross product steering concept is used to control

the following maneuvers:

(a)
(b}
(c)
(d)

(e)
()

{g)

Cislunar Midcourse Corrections, P-31or P-30
Lunar Orbit Insertion {LOI) P-31 and P-30
Lunar Orbit Plane Change Maneuvers (LOPC), P-31

Rendezvous Intercept (P-34) and Midcourse
Correction Maneuvers (P-35), Stable Orbit
Rendezvous Maneuvers (P-38 and P-39)

Return-to-Earth Maneuvers, P-37

External AV and Orbital Phasing Maneuvers
(RTCC or 1.GC Targeted Maneuver) P-30

Transearth Injection (TEI) P-31

The External AV Guidance mode (Section 5.3.3.3.1)
is used for maneuvers in which the required cut-off velocity, VR’

iz specified by a source external to the CMC by use of program

P-30, Al other maneuvers are controlled by the Lambert Aim
Point Maneuver Guidance Mode (Section 5, 3. 3. 3. 2) in which the

YR is periodically computed by the Lambert subroutine during

the maneuver to establish the desired intercept trajectory, Both

External AV and Lambert Aim Point Guidance modes use the

cross product steering concept to control the thrust direction along

the velocity-to-be-gained vector, and terminate thrust when the

desired velocity increment has been achieved,
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Three subroutines are used repetitively in sequence
(Section 5, 3, 3. 2) during cross product controlled maneuvers to

accomplish this function, These are:

1. The Powered Flight Navigation Average-G Routine
which computes the state vector accounting for the

effects of thrust acceleration and gravity.

2, The Cross-Product Steering Subroutine which has

3 functions:

a) incremental updating of the velocity-to-be-

gained vector.

b) generation of steering commands to the

vehicle autopilot.

¢) computation of time-to-go before engine
shut-off and the issuance of engine-off

commands,

3. The Velocity~to-be-Gained Subroutine which
repetitively solves the Lambert intercept problem

when in the Lambert Aim Point guidance mode,

The Average-G Routine is described in Section 5, 3,2, The other
subroutines listed above are described in Sections 5. 3, 3. 4 to
5.3.3.6. The Pre-Thrust Subroutines of Section 5, 3, 3. 3 initialize
the powered maneuver programs for either the External AV or
Lambert Aim Point guidance modes, and for the selected engine

for the maneuver.
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The CMC powered flight programs described by the
computation subroutines presented in Section 5, 3, 3 are

P-40 Service Propulsion System {SPS) Thrust Prog.

P-41 Reaction Control System (RCS) Thrust Prog.

Active steering and engine-off commands are provided by pro-
gram P-40, Maneuvers using RCS translation control (P-41)
are manually controlled and terminated by the astronaut while
the CMC displays the required velocity-to-be-gained in control

coordinates (Section 5. 3. 3. 3. 3).

The functions of the External AV Pre-Thrust Program,
P-30 are described in the pre-thrust subroutine description of
Section 5. 3. 3. 3. 1.

The Lambert Aim Point Maneuver Guidance Program,
P-31 is a RTCC targeted pre-thrust program in which all required
target parameters are uplinked via the CMC Update Program P-27.
Program P-31 uses the same routines as CMC targeted intercept
maneuvers as shown in Section 5. 3. 3. 3. 2.
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5.3.3.2 Powered Flight Guidance Computation Sequencing

The time sequencing of SPS powered flight subroutines
for External AV steering is illustrated in Figs. 3, 3-1 thru 3. 3-3.
and for Lambert Aim Point steering in Figs, 3, 3-4 thru 3. 3-6.
These figures represent the sequence of operations for P-40 SPS
maneuvers lasting longer than 6 seconds, RCS controlled maneuvers
(P-41) require manual steering control, and the general timing
sequence is different from that described for SPS maneuvers, The
general cross product steering concept is used to compute and
display the required velocity-to-be-gained vector, but no engine-off
computations are made for RCB maneuvers, The following description

of sequence operations is restricted to SP8 Maneuvers,

Figures 3. 3-1 and 3, 3-4 show the sequencing during
the ignition count down which starts 30 seconds before the nominal
ignition time. Figures 3.3-2 and 3, 3-5 show the normal sequencing
for an engine-on time greater than 6 seconds as predicted by the
pre-thrust subroutines, Figures 3. 3-3 and 3, 3-6 illustrate the
sequencing during engine thrust termination,

The basic computation cycle time of the steering is 2
seconds and, as shown on the above figures, is initiated by the
reading of the PIPA Av registers, The various subroutines

utilized during the 2 second cycle are sequenced in time as shown,

During Lambert Aim Point steering, however, the
velocity -to-be-~gained (XG) updating is anticipated to occur nominally
every four seconds, However during SPS maneuvers the CMC
computation occasionally prevents completion of the Lambert soluticn
in 2 to 4 seconds, The program is  capable of processing an N cycle
update where N can be greater than 2, The time sequencing diagrams
show only the nominal two and four second \re} update cases, This
allows sequenced parallel computing functions, such as the demands
of the autopilots and telemetry, to take place withou{:_ interference
with the basic two second cycle time, Should the Yo computation be
completed in time for use during a given 2 second cycle, it will be
utilized,
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If the calculations conducted prior to the thrusting
period (pre-thrust) indicate that the maneuver objective can be
reached with a 6 second thrust period or less, provision is in-
cluded (switches SI and Sw) to preclude the generating of steering
commands during the thrusting period with the engine-off signal

being generated prior to ignition,

In addition to timing information, the sequence diagrams
of Figs. 3.3-1 to 3. 3-6 also show the basic information utilized by
each subroutine and its source,

The guidance computer program which controls the
various subroutines to create a powered flight sequence is called
the Servicer Routine, The sequence diagrams of Figs, 3. 3-1 to
3. 3-6 define what the Servicer Routine does, but do not show the
logic details of how these functions are accomplished.

The subroutines listed in Figs. 3. 3-1 to 3. 3-6 are des-
cribed in Section 5. 3, 2 and the following Sections 5. 3. 3. 3 to
9. 3.3. 6. These sections should be referenced in tracing the

powered flight computation sequencing.

Ullage will be turned off at the fixed time of 2 seconds
from engine~on command, Steering will be enabled (SW set to 1)

at the fixed time of 2 seconds from engine-on command,
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5.3.3.3 Pre-Thrust Computations

The objective of the computations required prior to

thrusting maneuvers 1s to determine the following:

{1) The desired thrust direction at ignition.

(2) At time tIG - 5 the duration of the powered maneuver
ig estimated fo determine if there will be enough time

to allow active steering for the 3PS,

(3) Whether an IMU realignment is required to avoid

gimbal lock.

(4) Various parameters and variables required by sub-

sequent powered flight routines.

The two major guidance modes using cross product
steering are the External AV guidance mode and the Lambert
Aim Point Maneuver guidance mode. The pre-thrust computa-
tions required for the External AV mode are presented in
Section 5.3.3.3.1 Those required for the Lambert Aim Point
Maneuver mode are described in Section53.3.3 2 . The initial
IMU alignment computations and maneuver time logic is sum-

marized in Section 5. 3. 3. 3. 3.

The following description of pre-thrust computations
applies to both SPS (P-40) and RCS (P-41) maneuvers.

5.3.3.3.1 External AV Maneuver Pre-Thrust Computations

External AV maneuver guidance is normally used
to control orbital phasing maneuvers or an externally
targeted maneuver in which a constant thrust attitude is desired.

The guidance program accepts input data via the DSKY (P-30) or
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the telemetry uplink (P-27) in the form of 3 components of an
impulsive A-YLV expressed in a local vertical coordinate system
of the active vehicle at the ignition time tIG' An approximate
compensation for the finite maneuver time is made within the
program by rotating the AYLV vector, and the guidance program
igsues commands to the spacecraft contrel system so as to apply
the compensated velocity increment along an inertially fixed di-
rection. The active vehicle state vector is normally either avail-
able or can be extrapolated to the ignition time in the CMC.

The pre-thrust computations required for the External
AV guidance mode are shown in Fig. 3. 3-7, The following para-
meter definitions refer to this figure.

AYLV Specified velocity change in the local vertical
coordinate system of the active vehicle at the
time of ignition. This is an input parameter.

AVX
AYLV = AVY
Av,

AV Specified velocity change in Basic Reference
Coordinates

tIG Ignition time, an input parameter,

AYP The inplane velocity components of AYLV in
the Basic Reference Coordinate System.

BT The approximate central angle traveled dur-
ing the maneuver.

MGA Angle equivalent to the IMU middie gimbal angle
when the vehicle X axis is aligned along Av,
This angle is used to cneck for gimbal lock
tolerance,
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EN’IER
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I

Extrapolate state vector to t

5
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r(t), v(t), AV

EJ Pcs

6|
using Coasting Integration Routine

(Sec. 5. 2. 2) obtaining E(tIG)’ E(tIG)

I

Middle Gimbal Angle (MGA) Computation

= ain~ 1 .
MGA = sin [XREF UNIT (AV)]
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No
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Figure 3, 3-7 External AV Prethrust Routine
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-Z AV, (INPUT INPLANE VELOCITY)

AYC (COMPENSATED INPLANE VELOCITY)

XP

Figure 3. 3-8 Inplane External AV Maneuver Angle Compensation
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AV

vaitg)

YD

The inplane External AV maneuver angle compensation involving AV

Vehicle mass,

1 P-40 (SPS)
Engine Select Switch
0 P-41 (RCS)

Prestored nominal thrust based on the
engine selection switch Sg

F

SPsS for the SPS (P-40)

FRCS forthe RCS (P-41)

The values of the various engine thrust levels
are listed in Section 5, 9. In the case
of P-41, RCS, the astronaut can select either

a 2 or 4 jet translation maneuver,

The compensated inplane velocity-to-be-gained

vector.

Total velocity -to-be -gained at tIG'

Unit vector in the desired initial thrust direction.
Cross Product Steering Constant

This steering constant (Section 5, 3. 3. 4) is

set equal to zero for External AV maneuvers.

P

and A\_/'C is illustraied in Fig. 3. 3-8.

5.3.3.3.2 Lambert Aim Point Maneuver Pre-Thrust Computations

The objective of the Lambert Aim Point Maneuver

Guidance program is to control the cut-oif velocity vector such

that the resulting trajectory intercepts a specified target position

vector at a given time,

The target position vector for the

TEI, LOI and LOPC maneuvers are determined by the RTCC and

ne CMC targeting routines exist for these maneuvers. Return to

earth aborts initiated within the lunar sphere of influence must
also be RTCC targeted.
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The table below summarizes the maneuvers performed
by Lambert Aim Point Maneuver Guidance,

Maneuvers Controlled by Lambert Aim Point Maneuver Guidance

*Targeting
Maneuver Program Parameters From
TEI P-31 RTCC
LOI (First 1 P-31 RTCC
Maneuver)
LOPC P-31 RTCC
Rendezvous P-34 RTCC, CMC or
Intercept LGC
Rendezvous
Midcourse P-35 RTCC, CMC or
LGC
Maneuver
Stable Orbit P-38, P-39 RTCC, CMC or
Rendezvous - LGC
Maneuvers
Some
Cislunar P-31 RTCC (Within
Midcourse Lunar Sphere)
Corrections RTCC or CMC
{Outside Lunar Sphere)
Return-to- P-37 RTECC (Within
Earth Lunar Sphere)
Maneuver
aneuvers RTCC or CMC

(Outside Lunar Sphere)

*Targeting Parameters
1) Ignition time ty
2) Time of flight Ii:o conic target aim vector (tg)

3) Conic target aim vector r (t2) where tg = tg+ ti
4) ¢ cross product steering constant
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The Lambert Aim Point Maneuver guidance mode basi-
cally uses the Lambert Subroutine of Section 5. 5, 6 called through
the Initial Velocity Subroutine of Section 5. 5. 11 during the pre-
thrust phase to determine the required initial thrust direction,
Yrp- The pre-thrust computations required for the Lambert
Aim Point guidance mode are shown in Fig. 3. 3-9. The primary
operation shown in this figure is the computation of the required
intercept velocity vector v, at the ignition time, t The fol-

R IG”
lowing parameter definitions refer to Fig, 3. 3-9.

r{t

r 2) Offset target intercept position vector at

time t2' This parameter is determined by
the preceding targeting program and is an
input to the Lambert Aim Point prethrust
subroutine.

9 Intercept time of arrival associated with the
offset target vector, E(tz)' This is an input

parameter,

Target rotation switch set in P-34, P-35, P-38
or P-30 indicating that the target vector was
rotated into the orbital plane due to proximity
to 180° transfer conditions.

1 Target vector rotated

S
R 0 No rotation

N1 Number of target offset iterations desired
in the Initial Velocity Subroutine of Section
5. 5.11.

€ Initial Velocity Subroutine parameter,

(t. .}  Required velocity vector at the ignition time

tIG to establish the intercept trajectory,

g Total gravity vector associated with g(tIG).

b At Incremental change of the velocity-to-be-

gained vector over one sample period,

MGA The angle equivalent to the IMU middie gimbal

angle whenthe vehicle X axis is aligned along Vo
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c Cross Product Steering Constant
The cross product stee- ‘ng constant, ¢, is set
aqual to one if the pre-thrust program was P-34
P-35, P-38 or P-39, and 1/2 if the pre-thrust
program was P-37, (Section 5.4), If the
pre-thrust program was the External AV Program,
P-30, cisset equaltozero{Fig, 3, 3-7). ForRCS
maneuvers (P-41) the constant ¢ is set to zero before
the Lambert Aim Point Maneuver Pre-Thrust
Computation as shownin Fig, 3, 3=9, Inpre-thrust
program P-31 (Lambert Aim Point Maneuver
Guidance ) the value of ¢ is determined by RTCC
and uplinked with othertarget parameters (Fig, 3,3-9),

Pad loaded value of the cross product steering constant,
RTCC uplink can modify the value of ec through the
range -4 to +4 for Lambert targeting (Fig, 3, 3-7).

ec

The rotation switch SR is set in tHe Lainbert Aim Point target-
ing programs P-34, P-35, P-38 and P-39 to indicate whether the target
aim point vector was within a specified cone angle, €, measured
from the 180° transfer angle condition. If the initial target vec-
tor was within this cone angle, it is rotated intc the active ve-
hicle orbital plane in the Initial Velocity Subroutine of Section 5.5,11
s0 that excessive plane change and AV requirements are avoided
about the 180° transfer angle condition. In the intercept targeting
programs P-34 and P-35 the cone angle € is set at 15°, and ac-
tive vehicle transfer angles between 165 to 195° are normally
avoided in the targeting procedure, If a transfer angle condition
falling within this 180° +15° sector (S = 1) is intentionally selec-
ted either during the TPI targeting (P-34), or results froma rendez-
vous midcourse correction maneuver (P-35) during an intercept
trajectory targeted for more than 180°, the Lambert Aim Point
Maneuver Pre-Thrust Routine of Fig. 3. 3-9 increases the Initial
Velocity Subroutine cone angle € to 45° 50 that the active vehicle

“transfer angle will not change from inside to outside the cone

angle during the powered maneuver, Such a condition is undesir-
able since the intercept trajectory would be retargeted during

the powered maneuver. Likewise, if the initial transfer central
angle falls cutside the 15° cone angle € of programs P-34 and
P-35 (SR = 0), ¢ is decreased to 10° in Fig. 3. 3-9 to reduce the
possibility of the transfer angle changing from outside to inside
the cone angie during a powered maneuver, It should be noted
that all other targeting programs (P-31, and P-37) set SR equal

to zero,
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ENTER

t,or(t), vit), rity), t,,

tier Por S & m

I

Using the Coasting Integration Routine of

Section 5, 2, 2, extrapolate the state vector . |

tIG -2 sec, and tIG'

Compute VR (tIG) and VR (tIG - 2) using the l

Initial Velocity Subroutine of Section 5. 5. 11

\ A
Vo Mg T Vg ) X (tIG)\
4
Middle Gimbal Angle (MGA) Computatio:.
SR |
MGA = sin [XREF « UNIT (EG”
(XREF is second row of [REFSMMAT |)

V4

Figure 3.3-% Lambert Aim Pcint Maneuver Pre-Thrust Routine

(page 1 of 2)
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MGA < 0288 MGA = MGA + 360°

No

sk, —_

For P34, P35, P-38, P-39
Set ec=1 (ec = 1/2 for P-37)

For P31 uplinked ec can range from -4 to +4 !

P31, P34, P35, P37, P38, P39
A c = ec
* P40 and P41 Select IF based on SE
RCS
c =0
PSs
U = UNIT (gG)
ar = F/m

Q=cb-(u;- cbyu,

2 9 1/2
U = UNIT [q_+{(aT) -q ) ug
bat =0
Extrapolate State to tIG - 30 =

v

Go to Initial Attitude and tgo Routines (Fig. 3.3-10 and Fig. 3.3-11)

“See Section 5. 3. 3. 3. 4 for ignition delay procedure.

Figure 3.3-9 Lambert Aim Point Maneuver Pre-Thrust Routine
{page 2 of 2)
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5,3,3.3.3 Initial IMU Alignment and Maneuver Time-to-Go

Computations

Initial Attitude Routine

The following pre-thrust computations and functions
are required for both the External AV and Lambert Aim Point

guidance modes:

1, Determination of the preferred IMU alignment for

the thrusting maneuver {Section 5,1, 4,2, 1).

2. Alignment of the vehicle thrust axis along the

desired initial thrust direction, Uy

3. Estimate the maneuver time, tgo’ prior to engine

ignition,

In Fig. 3.3-10 the following parameter definitions apply:

[REFSMMAT] Transformation matrix from the
BRC System to the IMU or Stable
Member Coordinate System
(Section 5, 6. 3. 3)

[SMNB] Transformation matrix from the
Stable Member Coordinate System to
the Navigation Base Coordinate System
(Section 5. 6, 3, 2}

Unit vector of the assumed thrust ac-

u

A
celeration in Navigation Base Coordinates.
For the $PS, the unit vector Uy is along
the engine axis (called engine bell).

Un Unit vector of the desired thrust direction

in Stable Member Coordinates.
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Pp= PP, Total pitch trim offset angle about the

spacecraft Y axis,

Y=Yty Total yaw trim offset angle about the
gpacecraft Z axis,
where:
p and y Electrical piti h and yvaw trim

angles respectively,

Py Mechanical pitch trim angle equal to

-2.15% about the spacecraft Y axis.

Yo Mechanical yaw trim angle equal to

+0. 95" about the spacecraft Z axis,

For an SPS burn, because of pitch and yaw trim, Uns
the unit vector of the assumed thrust acceleration vector in
Navigation Base Coordinates is not a unit vector along the spacecraft
X axis (1, 0, 0) but is a function of the pitch and yaw trim angles
given above, In Fig, 3,3-10 it is called the Engine Axis unit vector,
Up- The maneuver then places the engine axis unit vector (EA}

along the desired unit thrust direction un-

Time-to-Go Prediction Routine AY

Very short burns require special consideration since
some interval of time elapses before effective steering is achieved.
Not only must the autopilot react to the pointing commands, but the
engine -off signal may be required before the AV from the PIPA's

can be measured. To this end an estimate of the burn time, t

[]Revised COLOSSUS

D Added

. 1s
go
made on the basis of SPS engine data, prior to engine ignition as
shown in Fig. 3. 3-11,
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ENTER

|81 EGh Proovg

Yrp

[M UNIT (w.

r! ©

X g(tIG))

UNIT [upp X (up

>< r(t

S
&

COS Yy COSPrp, sin Y. COSYp siin
(M]= |-siny, cos P, cosyy, siny. sinp.

siin , o COS Py

|

v

Calculate Preferred IMU
Alignment for Possible
use in Realignment

X, = (Mo 17 [M] (1, 0, 0)F

R}

=5M
) T T
T T
Zgp = (Mg]' (M] (0, 0, 1)

N/

L 4

Calculate Preferred IMU
Alignment for Possible use
in Realignment

Zsm = Y1D
- T T
XSM - [MRI (0, 1, 0)
- T T
gSM = [MR] (OJ 0, 1)

\/

Figure 3. 3-10 Initial Attitude Routine
{page 1 of 2)
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Calculate Engine Axis t
Unit Vector
COS Y COS P
= si ; u =
uy S Y. —A
“COS yo sin P
SW =0 ] SW =

Calculate spaczcraft +X axis

Calculate Thrust Direction in
Body Axes Coordinates

up, = [SMNB] [REFSMMAT] u

Maneuver vehicle (using R60) such th

resulting Up equals u

choose to alipn IMU via P52 when
Predicted Gimbal Angles

for final attitude are displayed

a |

AC Astronaut may

S D,

SPS RCS

|

1) tio to Average G Routine at
. e
e 30
2) Go to Time-To-Go Routine at

tIGAS

Figure 3.3-10
(page 2 of 2)
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1=2 jet RCS
ullage
JFLG
0=4jet RCS
ullage
7.96 F
L
YeTVaTTm |
!
T, = v _I<_1
1 G m
Yes No
T1>0 . - Vom+ K2
go K3
RETURN
t 5

RETURN

51

‘

RETURN
tgo. St
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With reference to Fig. 3.3-11:

5 Impulse switch

I
1 Indicates a mancuver less than
6 seconds and no steering s reguired
S
I3 Indicates a maneuver duration of at
least 6 seconds, and normal sicering
will cccur
FL Ullage thrust for 2 jets
K1 SPS impulse velocity acquired in a one
second maneuver for a unit mass vehicle
KZ SPS minimum impulse constant
K3 SPS minimum impulse constant equal

to the slope of minimum impulse curve

The initial computation in Fig, 3, 3-11 estimates the
velocity-to-be-gained after ullage. There is an option of 2 jet
or 4 jet RCS ullage as indicated in Fig, 3,3-11, This subroutine
is performed at approximately five seconds prior to ignition,
the PIPA's are read at six seconds prior to ignition and the
ullage is terminated at two seconds after ignition, consequently
it is for this reason about eight seconds of ullage is accounted

for as shown in Fig, 3, 3-11,

The hand controller signals are observed at the initiation
of this routine, The ullage compensation in the time-to-go routine
will be made only if+X translation ( XTRANS ON) is indicated,
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If the SPS were chosen (P-40) Fig, 3.3-11, a check
is first made to determine if the maneuver time is less than
one gecond. If the maneuver time is less than one second,
the tgo estimate is made on SPS minimum impulse test data

represented by the constants K, and Kq {see Section 5. 9). In

this case no active steering is atztempted (SI = 1). If the maneuver
time is greater than one second but less than 6 seconds, t o is
computed as shown in Fig, 3, 3-11 and again no active steering

is attempted., If the estimated maneuver time is greater than

6 seconds, active steering is used and tgo computations are

performed during the maneuver,

With reference to Fig, 3. 3-10, if the RCS were chosen

for the maneuver, (P-41),the tgo prediction calculation is’ not made,

If the estimated maneuver time, tgo’ for the SPS is
less than 6 seconds, the Engine-Off signal is set for the actual

ignition time plus tgo'

5,3.3.3,4 Ignition Delay Procedures Caused by Pre-Thrust

Computations

The normal pre-thrust computations (sections 5,3,3,3,1
and 5. 3, 3. 3.2) require an extrapolation of the CSM state vector to
thirty seconds prior to nominal ignition time, i.e, tIG - 30, If
the Coasting Integration Routine of Sec, 5,2,2 does not complete

the extrapolation before t - 40 occurs, then an ignition delay

1G
procedure occurs as follows:

1, ) The astronaut is alerted to this condition by a program
alarm,

2. ) The integration continues one step at a time until
the CSM state vector time minus the current time
minus the integration computing interval (usual 4-5
secs } is greater than 5 seconds, This will permit
a 5 second blanking interval (Section 4 State Vector
Integration ( MID to AVE) Routine R-41}.

3, ) The maneuver ignition time is then redefined to
be 30 seconds from the resulting CSM state vector

time, and the normal pre-ignition sequence is started,
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5.3.3.4 Cross Product Steering Routine

The cross product steering concept is the basic con-
trol concept for both External AV and Lambert Aim Point Guidance

modes. The cross product steering logic is shown in Fig, 3,3-12

The following parameter definitions not previously described

apply to this figure,

Ya

YT ail-off

PIPA measured velocity vector over
the computation cycle At in IMU coor-

dinates

PIPA measured velocity over the com-
putaticn cycle At transformed to the
Basic Reference Coordinate System

A constant which establishes the Av which must
be sensed in a 2 second computation interval,

It is approximately equivalent to thrusting at

15 % full SPSthrustwithfully loaded vehicle
for 2 seconds.

A logic switch in the cross product
steering routine which when set to 1
allows steering commands and tgo cal-
culations to be made, SW is set to 1

at the [ixed time of 2 seconds from engine
on command, SW to set to 0 when the !
computed time-to-go first becomes less

than four seconds,

A constant representing the duration of
a burn at maximum thrust equivalent to
the tail-off impulse after the engine-off

signal is issued.
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Av b At - Ay

A Engine exhaust velocity = g ISP

K Guidance steering gain required
for desired dynamic response of the
combined powered guidance and thrust
control (autopilot) loops

Commanded attitude rate in the Basic

Reference Coordinate System.

Commanded attitude rate in Navigation
Base Coordinates which is sent to the
CSM attitude control system.

c The cross product steering constant, ¢, is
set equal to one if the pre-thrust program
was P-34, P-35, P-38, or P-39, and 1/2

if the pre-thrust program was P-37,

{Section 5. 4). If the pre-thrust program
was the External AV Program, P-30,c is
set equal to zero (Fig, 3, 3-7), For RCS
maneuvers {P-41) the constant ¢ is set to
zero before the LLambert Aim Point
Maneuver Pre-Thrust computation as shown
in Fig. 3. 3-9. In pre-thrust program P-31
{Lambert Aim Point Guidance) the value of
¢ is determined by RTCC and uplinked with
other target parameters (Fig. 3. 3-9).

Am c_b_At-Az

LOFLG This flag prevents a premature engine fail
indication after a manual engine start

steer
no steer

LOFLG {é
ZAvV Accumulated PIPA readings used to generate

an extrapolation of the l.ambert soution.

When a new solution becomes available ZAv

is set to zero.
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N Number of cycles between Lambert
solutions, The CMC computation during
SPS maneuvers occasionally prevent
completion of the Lambert solution in
2 to 4 seconds, The program is capable
of processing an N cycle Vo update,

Lambert first pass flag, The Lambert
first pass occurs at approximately tIG—ZG.
After the first pass it is set to zero,

1 First L.ambert pass. This

resulis in bypass of the hat
computation, -

0 Not first Lambert pass.

Swtich SW is set to zero for short duration thrust periods and during
the first two seconds of long duration thrust periods. In both of

these cases there is no active steering and the vehicle attitude is

held at the pre-thrust alignment. When SW is set to 1, active steering

ig performed, The time-to-go, t,  computation and steering

commands @ onp 2T¢ performed agsoshown in Fig, 3.3-12. When
the computed tgo becomes less than 4 seconds, then the engine-off
signal is set and switch SW is reset to zero, For the remainder
of the maneuver, no further computations are made except for Vo

updating,

With reference to Fig, 3.3-12, the logic switch SW is
set to zero by the sequencing routine, The only function of the cross
product steering routine is to update the velocity-to-be-gained

vector Yo with Av and b At, as long as §_ is zero,
— - W

The steering command generated by this routine is
YONB which is in Navigation Base Coordinates, The objective of
the cross product steering concept is to control the thrust acceleration
vector such that the following condition is satisfied:
vg X (eb -ap) =0
In general, however, there will be a directional error and the
sieering command “oNB tends to align the vehicle such that the

above equation is satisfied,
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ENTER

l

t, v Av

, bat, Av, ¢, K, S, V_, A
g 2 z w' e

tta.il—off' p* LOFLG, SF

Yes «~ External

AV

Is New
ambert Solutio
Available

N -=N+1

ZAvV = ZAVTAY

Extrapolate Lambert Solution

volt + NAt) = v . (t) + NDAHY) - TAY

1

Call Velocity-to-be-Gained

Subroutine after Cross

Product Steering is Completed

2.‘_

v}

[P

i<

H

o ©
e Em—

Extrapolate v, one time step

-G
Yo T ¥ +b At - Ay
RETURN
Yes NO STEERING
No t Calculation
2o
No

Figure 3.3-12 Cross Product Steering Subroutine
(page 1 of 2)
Update vg Section
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LOFLG EXIT
Permit c. g.
tracking
1 wong~ 2
T-Yg 8Yq l
Stop ¢. g, tracking and
RETURN Inhibit Mass Updating
ALARM Yes
W
ZCNB Mo ‘
Go to 8PS
Time-to-go Calculation THRUST FAIL ROUTINE
) [IEG - AV R40 (Section 5. 3, 3. 6) .
K,=1-= L]
4 2 LV, ZVG ' & .
. EXIT
¢ -k | 256 el NN
go 4 Av - Av Tail-oif
-G TG
Set Engine _
off at t + t = to 4 Yes Am = ¢ b At - Av
go 8o - - -
Y Define Corrective Angular
Rate Command o _
RETURN =<
= V. X Am
eenp =2 w TK=E _—
-cC Yo Am
S, =0
w

Transform W, to Navigation 1
Base Coordinates

wenp” [SMNB] {RFASMMATE.

RETURN
tgo
“CNB

Figure 3. 3-12 Cress Product Steering Subroutine
(page 2 of 2):
t__ and Steering Command Computations

go
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The cross-product steering routine, as shown in Fig. 3. 3-12

is divided into two sections,

(a)

(b)

Update vg! This portion of the cross-product steering
routine provides an up to date velocity-to-be-gained,
Voo for use in the tgo and steering command computa-
tions. In the event a new velocity-to-be-gained is not
available, the old Yo is extrapolated using the old

b At value. I a new Ve and b At are avaflable, they

are used,

tgo and steering command calculations: This portion
of the cross product steering routine uses the Yo

generated in the update Vo section to calculate t o
and steering commands to be sent to the DAP. In

addition the following control options are provided:

(1) If the present Av is less than Avp, where Avp
is approximately equivalent to thrusting at 15%
full SPS thrust with fully loaded vehicle for 2 secs.,
the steering rate commands are zeroed, c,g.
tracking is stopped and the SPS Thrust Fail Routine
{(R-40) (Section 5. 3. 3. 5) is entered, Av is an
erasable quantity, P

{2) An alarm is issued if Yo AEG is positive. This
is equivalent to pointing the thrust vector in the

wrong direction.
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9. 3.3.5 Velocity-to-be-Gained Routine

The velocity-to-be-gained computations shown in
Fig. 3.3-13 are thosecarried out during the Lambert Aim Point
powered flight guidance. The velocity-to-be gained computation
for the External AV guidance mode is simpler than that for the
Lambert Aim Point guidance mode. The External AV velocity-
to-be-gained computation is that shown in the cross product

steering routine of Fig. 3, 3-12 and is equivalent to

- Av

o™V T RY

since b At = 0 for the External AV mode as shown in Fig. 3. 3-7.

The velocity -to-be-gained computations for the
Lambert Aim Point guidance rode involve the determination of
anew v by processing the Lambert Subroutine via the Initial
Velocity Subroutine. A second objective is the computation of
a new b At parameter for use by the cross product steering

routine. A new required velocity, is also determined for

v
~R*
use in the next computation cycle of the velocity to-be -gained
subroutine., The CMC computations during SPS maneuvers occasionally
prevent completion of the Lambert Sclution in 2 to 4 seconds, The

program ig capable of processing an N cycle Ya update (Fig, 3,3-13),

The following parameter definitiuns refer to Fig, 3. 3-13.

r(t)

v(t) active vehicle state vector

t

E(tg) Offset target intercept position vector at

time t2. This parameter is determined

by the preceding targeting program (P-34,
P-35, P-77, P-38, P-39, or P-31).
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t2 Intercept time of arrival associated with
the offset target vector E(t2)° This is an
input target parameter,

tIG Nominal ignition time.

Y~R(t -T) Required velocity vector at the preceding Lambert

computation cycle.

T Time interval between the current and

previous Lambert computation cycle = NAt,

SR Target rotation switch set in P-34, P-35,
P-38 or P-39 indicating that the target
vector was rotated into the orbital plane
due to proximity to 180° transfer.

1 Target vector rotated

S
R 0 No rotation

g Total gravity acceleration vector
{(Section 5. 3, 2).

&, Component of the earth gravity accelera-
tion vector representing earth oblateness
effects (Section 5. 3, 2).

Av(t) Measured PIPA velocity change in the

Basic Reference Coordinate system.

N Number of target offset iterations desired
in the Initial Velocity Subroutine (Section 5.5,11).

€ Initial Velocity Subroutine parameter,
XR(t) Required velocity vector at time t.
EG(t) Velocity-to-be-gained vector at time t.
+ . .
!G(t At) Extrapolated Yo one computation time
step.
5, 3-39
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Number of cycles between Lambert solutions.
The CMC computation during SPS maneuvers
occasionally prevent completion of the
Lambert solution in 2 to 4 seconds. The
program is capable of processing an N
cycle Ve update,

Lambert first pass flag. The Lambert first
pass occurs at approximately tIG -26, After
the first pass it is set to zero,

i First Lambert pass. This results
in bypass of the bAt computation,

0 Not first Lambert pass,
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Initialization: ENTER

Sp =1
£ (1) v (th t 1 (ty), ty, vge (1), AV(E), g (1), fig, t Sg {
* Note: This routine processed
every N cyecles where
Nl =0 Na»l

45

Compute YR (t)} using the Initial Velocity Subroutine of Section 5, 5, 11

|

Vg (8) = vp () + g (1) [t - yg] - v

Yes

ﬂl—q

Figure 3, 3-13 Velocity-to-be-Gained Subroutine for Lambert Aim Point Guidance
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It should be noted that in Fig, 3. 3-13 the velocity-to-be-gained,

Var derived from the Lambert solution using an offset target

vector is modified by the term _g_b(t) [t - tIG]' This term is an
approximation to the velocity change contributed by the earth
oblateness effect, The compensation used in this subroutine

is computed as the current oblateness acceleration, 5b(t), multiplied

by the time since nominai‘ignition {t - t.~) where t

is the nominal ignition time. This correlccz}tion is zerinor lunar
orbits. The objective of this correction is to reduce cut-off
errors due to finite maneuver time effects, and to minimize
commeanded thrust attitude variations during the maneuver, These
two effects occur during long maneuvers because in accounting for
earth oblateness effects in the initial targeting programs (P-34 and
P-35), it is assumed that an impulsive maneuver will be applied at
ignition time, Since a finite maneuver time is required, the pre-
computed target aim point becomes less accurate as the maneuver
progresses. The gb[ t - tIG] correction is an approximate substitute
for a retargeting procedure which cannot be performed during a

powered maneuver.

5,3-43

Rev, 3 - 11/68



5.3.3.6 SPS Thrust Fail Routine ( R-40)

The purpose of the SPS Engine Fail Routine (R-40)
is to present the Astronaut with 3 options when a low SPS thrust
is detected in the Cross Product Steering Subroutine {Section

5,3.3.4), The three options are;:
(1) Command engine off and terminate P-40,

(2) Command engine off and return to the P-40
point where the impulse burn test is made,

(3) Proceed with the burn but with the thrust
failure detection inhibited for 2 secs to prevent
premature thrust fail indication as shown below:

Proceed

Sw=1

[

LOFLG =1 |

Y

] 2 sec delay I
| LOFLG = o0 |

Continue burn

See Section 4 for complete details of the R-40 routine
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5.3.4 THRUST MONITOR PROGRAM

The Thrust Monitor Program, P-47, is used dJuring
manual or non-GNCS controlled maneuvers to monitor and display
the velocity change applied to the vehicle., The program first
suspends state vector updating by the VHF Range-link (resets
the update and track flags), and advances the vehicle state vector
to the current time by the Coasting Integration Routine of
Section 5,2,2, This operation is continued until the state vector
is advanced several seconds ahead of the current time as described
in Section 5. 3.3.3.4. The Average-G Routine of Section 5,3,2
is then initiated to allow thrusting to be started as soon as possible,
The Average-G Routine is lefi on until the program is terminated
after compleiion of the maneuver, The primary output of
P-47 is the measured maneuver AV in vehicle coordinates as

described in Section 4,

The two major maneuvers during which the Thrust
Monitor Program is normally used are the Translunar Injection
{ TLI} maneuver controlled by the Saturn guidance system, and
the manually controlled terminal rendezvous maneuvers required
for a C8M retrieval of the LM, During the TLI maneuver a
callable display of inertial velocity, altitude above the launch pad
radius and altitude rate is available to the astronaut, The altitude
display parameter in this program is only valid outside the lunar

sphere of influence,

During active CSM terminal rendezvous maneuvers, the
Rendezvous Display Routine R-31 is normally called to display
relative range, range rate,and the vehicle X axis to the horizontal
Plane angle ), The coperation of R-31 with the Averauge-G Routine
of P-47 is described in Secticon 5,6, 7, 1,
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5.3.5 EARTH ORBIT INSERTION MONITOR PROGRAM - P-11

5,3.5,1 Introduction

The purpose of this section is to describe the operation
and implementation of Program P-11, Earth Orbit Insertion Monitor,

This program is initiated by Program P-02, Gyro
Compassing, when the liftoff discrete is detected or by the
astronaut backup Verb 75 and it performs the following functions

(in the order of occurrence)

(1) Zeroes the CMC clock at liftoff and updates the
reference ephemeris time (see Time Definition,

Section 5,1.5,5), (Time Subroutine)

(2) Computes the CMC state vector (in Basic
Reference Coordinates ) at liftoff and starts the
Average-G computation (see Section 5, 3,2)
using this state vector, (State Subroutine)

(3) Computes the matrix REFSMMAT which relates
the IMU Stable Member orientation to the Basic
Reference Coordinate System. (State Subroutine)

(4) Computes periodically the error between the
nominal desired Saturn Launch Vehicle attitude
{as determined by a time dependent polynomial )
and the actual Saturn Launch Vehicle attitude
(as determined by the CM IMU), and transmits
the error to the CDU for display by the FDAI, *
( Attitude Error Subroutine)

&
Flight Director Attitude Indicator,
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(5)

Periodically computes Saturn Launch Vehicle inertial

velocity magnitude, rate of change of the vehicle altitude

above the launch pad radius, and the vehicle altitude

above launch pad radius and displays this information
via the DSKY. (Display Subroutine)

Program P-11, when activated by Program P-02 assumes

{1)

(2)

The following information has been pad loaded

Agp ~

aO,al, .

. a

Azimuth of the launch vehicle on the pad
measured from north to the +Z spacecraft
axis positive in a right hand sense about the

inward pad local vertical. See figure 3,5-1,

launch azimuth measured from north to the
X IMU Stable member axis positive in the

same sense as AZP' See fipure 3,5-1,

constant denoting the absolute value of the
rate at which the Saturn will roll from the

pad azimuth to the launch azimuth,

the time from liftoff at which the initial

Saturn roll will commence,.

the increment in time after tEl to when the
display of Saturn attitude error on the FDAI
will be held constant,

— coefficients of a 6th order polynominal
in time t, (tEl <t (tEl + th))
describing the nominal Saturn pitch

6

profile.

The clock and reference ephemeris time were

synchronized previously.
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Azimuth and Roll Angle Definitions

North

= East

Ism
Plane of the paper is the pad local horizontal

Up is out of the paper
Spacecraft and IMU axis shown prior to launch

After lift-off the Saturn rolls to align the “Zgc with XM

Pitch Angle Definition

v T
Inertial upward local vertical
vector { established at liftoff) 6]P

Plane of the paper is the instantaneous pitch plane

Ygc is into the paper and northerly

Figure 3.5-1 Angle Definitions
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5.3.5.2

Nomenclature for P-11

Te

“E

Computer clock reading at any time t
See Section 5,1.5, 5,

Vehicle altitude above « sphere whose radius
is that of the launch pad

Rate of change of altitude measured in the
direction of the vehicle radius vector
Inertial velocity magnitude of the vehicle

Launchpad geodetic latitude
Launchpad geodetic longitude
IMU altitude above the launch pad

A vector in the Basie Reference Coordinate
System in the direction of the earth's rotation

The angular velocity of the earth

[REFSMMAT] A matrix whose rows are the location of the

CDU

Mo

DGA

———
m| o

—_—
o)

IMU Stable Member axes in the Basgic Refer-
ence Coordinate System
The current value of the [MU Gimbal Angles

The Saturn Vehicle nominal pitch angle measured

from the Launch pad local vertical at liftoff to
the Saturn X axis (see figure 3,5-1),

The Saturn nominal roll angle measured from
the X IMU Stable Member axis to the negative
Z spacecraft axis, (see Fig, 3.5-1).

A vector representing the pitch, yaw and roll
errors about CM body axes (in a right hand
sense).

A vector representing the Saturn nominal

desired IMU gimbal angles,

Square of the ratio of the earth semi minor

axis to the semi major axis,
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K A constant computed in the State Subroutine
which is utilized by the Attitude Error Display

Subroutine,

t The elasped time from lift-off to when the

KS
attitude error display is disabled. ( Note

this constant is in fixed memory).

Note that pad loaded variables are identified in Section 5, 3, 5, 1.
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5.3.5.3 Time Sequencing of P-11 Subroutines

Program P-11 is composed of four Subroutines; Time
Subroutine, State Subroutine, Attitude Error Subroutine and

Display Subroutine,

The Time Subroutine is selected by P-11 within 0, 5
second of the lifi-off discrete receipt, The State Subroutine is
initiated immediately after the Time Subroutine and is through
within 1 second after receipt of the lift-off discrete,

The cycling of the Attitude Error Subroutine is then
started. This subroutine refreshes the attitude error FDAI
display approximately every 0, 5 second until t = (tE1 + th ).
From time (tEl + th) until 163, 84 seconds the error is held

constant at its value at time (tEl + At t = 163,84 seconds

tpa -
the display is disabled,

At the same time the attitude error display is started,
the cycling of the display subroutine is started. This subroutine
displays v, h, andﬁ via the DSKY, It is cycled every 2 seconds
following the Average-G computations and is out of synchronization
with the Attitude Error Subroutine,

5.3,5,4 Time Subroutine

The procedure for clock zeroing and presetting of
reference time, tO’ is shown in Fig, 3.5-2, Refer to Time
Definitions, Section 5.1.5.5, for a description ol how the reference
ephemeris time was origina'y sy.chronized with the AGC clock
nrior to 1ift-off,

This activity does not occur precisely at lift-off, but
within 0, 5 second maximum of the receipt of the lift-off discrete.
In any event, the ciock zeroing and the constant to. are not
changed for the remainder of the mission unless P-27 intercedes.
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ENTER

Read the clock setting t' = t

and zeroing t

ty =ty +t
CDU" = CDU
EXIT

Figure 3,5-2 Time Subroutine
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5.3.5.5 State Subroutine

The state vector of the vehicle at lift-off in Basic
Reference Coordinates is that imparted by the earth, The first
part of Fig, 3.5-3 shows this computation,

REFSMMAT, the matrix which relates the [MU
stable member orientation at lift-off to the Basic Reterence
Coordinates, is determined as shown on page 2 of Fig, 3,5-3,
This computation assurnes that the stable member X and Y
axes are normal to the pad local vertical and the X axis is aligned
along the launch aximuth AZ pointing down range :.nd the Z axi:
toward the center of the earth., This computation determines the
local vertical utilizing the characteristic. of the zarth’s reference

ellipsoid,
These computations take place within 0, 75 second of

the receipt of the lift-off discrete by Program P-11,

Attitude Error Subroutine

This subroutine computes and transmits to the FIDA]
the difference between a stored nominal Saturn Launch Vehicle
attitude profile and the actual attitude profile ns mcasured by
the CM inertial measurement unit, Figures 3,5-4 and 3.5-3

present the details of these computations,

This subroutine is cycled approximately every 0,5
seconds and is terminated when mission time t reaches a preset

value tKS .

5.3.5.6 Display Subroutine

The computations of the display quantities v, h, h are
shown on Fig., 3.5-6. cCallable display parameters available during
P-11 operation are described in Section 5, 6, 10, Orbital Parameter

Display Computations,
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ENTER

LATp, LONp, ALT, U, wp, A,

Y

=1, P=0, F=20

[ ]

Call LAT-LON-ALT (Fig, 5, 3-2)
LatP, LonP, AltI, ", P, F

Resume r
bty

v

v ceg (8% 1)

v

Call Gravity Subroutine ( Fig, 3,2-2) Ty 0

Resume Ep

'

Start Average-G Subroutine {Fig, 3,2-1)

Ty V2,0 g€p- 0

Figure 3, 5-3 State Subroutine
(page 1 of 2)
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Y

'

REFSMMAT, = UNIT (gp) "

E = UNIT (REFSMMAT; X u,)

§ = UNIT (E x REFSMMAT,)
REFSMMAT, < sin(A,) E + cos (A,)S
REFSMMAT, = UNIT [REFSMMAT; X REFSMMAT,]

T
(REFSMMAT, )
[REFSMMAT| = [(REFSMMAT,)T

(REFSMMAT, )T

'

!K = A_ - 180° - A

EXIT

Figure 3, 5-3 State Subroutine
(page 2 of 2)
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ENTER

v

Read clock setting

Disable and zero the FDAI
Attitude error
needles

Yes

aturn DAP

EXIT

Call FDAI Display Subroutire

v CDgf t! Kz {Fig. 3,5-5)
Resume Ep

Transmit EA to FDAI for Display

v

Establish a recall of this subroutine
in 0, 5 seconds

v

EXIT

Figure 3, 5-4 Attitude Error Subroutine .
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ENTER

DGA = CDU'

T
CDy,t,KZ
Yes !
bty
No
tP:t*tEl
6
Bp-a0+a1tP+,,, +aGtP
6, _ Cas
R = KZ sign (KZ)Kr tP

ign Ip = sign{K.)

6‘R
SP = gin BP' CP = cos BP
S, = sin BP’ CR = CcOo8 GR
S 0 -Cp
[TSMV]= -8y Cp -Cp -SgSp
-CrCp S -CgSp

Call CALCGTA Subroutine {Section 5,6, 3,2, 3)
[TSMV]

Resume DGA

Figure 3, 5-5 FDAI Display Subroutine
(page 1 of 2)
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V4
|

ACDU = CDU' - DGA I

S¢ = sin (CDUY), Cy = cos (CDUY)
" . [ - 7
SZ = gin (CDUZ). CZ = ¢os (CDUZ)
| S, 0
[TGSC]= 0 CxC, Sy
0 -5Cy Cx

E, - [TGSC] ACDQT

'

Return EA

Figure 3,5-5 FDAI Display Subroutine
(page 2 of 2)
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START

r (1), v (t)

(irom Average-~G Subroutine)

v = ABVAL (v (1))
h=v({t)« UNIT (r (t))
h = ABVAL (r(t) - r; )

Display v, h, h

Establish a recall of this subroutine

in approximately 2 seconds

EXIT

Figure 3, 5-6 Display Subroutine
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5.4 TARGETING ROUTINES

9.4.1 GENERAIL COMMENTS

The objectives of the targeting routincs presented in this
section are to provide a CMC capability to determinc the required
input target parameters and set control modes for the various
powered flight guidance routines of Section 5. 3. It should be noted
that the CMC does not have a targeting capability for every phase of
the iunar landing mission, and therefore must rely on RTCC target-
ing for many of the nominal and abort phases of the lunar mission,
The restricted targeting capability provided by the CMC is presented.

in the following subsections:

5.4.4 Rendezvous Retrieval Targeiing Routines

These include TPI and Rendezvous Midcourse
Correction programs, a TPI Search Program,

and Stable Orbit Rendezvous routines,

5.4.5 Return-to-Earth Targeting Routines

These routines are restricted to operation out-
gide the lunar sphere of influence for abort

returns to earth.

All CMC targeting programs use the Basic Reference
Coordinate System defined in Section 5.1.4.1. The Rendezvous Re-
trieval Targeting Routines of Section 5, 4.4 can be used in either
earth or lunar orbits. The basic input parameters required by the
targeting routines of this section are the vehicle state vector esti-

mates determined by the navigation programs of Section 5. 2,
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5.4,4 RENDEZVOUS RETRIEVAL TARGETING

5.4, 4.1 General

The Rendezvous Guidance Program in the CMC may be
used to provide a direct intercept trajectory and the midcourse
maneuvers required for rendezvous. The two programs nec-
essary are designated pre-TPI (Transfer Phage Initiation) and
Mideourse,and are identical to the last two phases of the Con-
centric Rendezvous Program in the LM Guidance Computer (LGC).

In addition, the TPI Search Program provides a tech-
nique for minimizing the transfer AV required for rendezvous.
An alternate rendezvous procedure is also available using the

Stable Orbit Rendezvous Routines,

All computations performed in the Rendezvous Guidance
Program use the Basic Reference Coordinate System defined in
Section 5, 1. 4. 1.

Rendezvous targeting programs have a basic dependence
on the state vector estimates which are obtained from the naviga-

tion routines described in Sections 5. 2 and 5. 3. 2.

For the routines in this section there are two associated
program numbers based on whether the CSM or the LM is the
active vehicle., If the astronaut elects to make the LM active,
the only change is the program number selected. All equations
and program operations in Section 5. 4. 4 are identical for these
two modes of operation. The function SGN(X) used in Figs. 4. 4-2
and 4. 4-3 is set equal to +1 if X is zero or a positive number,

otherwise it is set equal to -1.
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5.4.4.2 Pre-TPI Maneuver

This program corresponds to Program PP-34 {CSM active).
or P-74 { LM active) of Section 4. Its objective is to establish the
terminal phase initiation{TPI)maneuver, The position of the TPI
maneuver is determined by specifying either the TPI time or the
elevation angle which specified the relative geometry of the vehicles

at the TPI point. The astronaut inpuis are:

1, Choice of active vehicle (P-34 CSM, P-74 L.M)
2. Time t of the TPI maneuver

3. Elevation angle E (set equal to zero if t is gpecified),
defined in Fig, 4, 4-1.

4, Central angle ot of the passive vehicle hetween the
TPF and TPI points.

The active r VAL and passive vehicle r state

Tar Tpr Ypr
vectors are available in the guidance computer. The program

starts with a precision update of these vectors to the TPI time,

If the elevation angle is not specified, it is computed
after the precision updating of both vehicles to the TPl maneuver
time, If E is specified, an iteration procedure is initiated to find
the TPI time at which E is attained, This procedure uses the in-
put TPI time as the initial guess and is based on conic trajectories
(except for the original precision update). The time correction
6t is based on (1) the angular distance between ry and the desired
position of the passive vehicle, obtained by assuming the passive
vehicle is in a circular orbit, and (2} assuming the vehicles are
moving at a constant angular rate. The flow diagram for this pro-

cedure is shown in Fig. 4. 4-2.

5,4-3

Rev.3 - 11/68



UH = UNIT HORIZONTAL
IN FWD DIRECTION
ASDETERMINED BY

Va

H

1) IF THE LOS PROJECTION ON UH IS POSITIVE:

a) WHEN THE LOS IS ABOVE THE HORIZONTAL PLANE
0< E< 7n/2

b} WHEN THE LOS IS BELOW THE HORIZONTAL PLANE
ml2< E< 2n

2} IF THE LOS PROJECTION ON UH IS NEGATIVE

a) V&;HEN THE LOS IS ABOVE THE HORIZONTAL PLANE
Tf2< E< 7

b) WHEN THE LOS IS BELOW THE HORIZONTAL PLANE
T< E< 372

Figure 4,4-1 Definition of Elevation Angle, E
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[ Pre-TPI Program}

Inpuls:; Tar Yap Tpr Vor t, E ot, FLAG=U,
active vehicle, n=0, st = 250 secs.
Nax

Update Tapr YAT and 'n to time t

e r Ypr
obtaining Far Va and I'ps Vp using

Coasting Integration Routine {Sec. 5. 2. 2)

s Vs Tar T Iar YAF T Yar Ipp T Ipr Vpp T Yp

|=
I

= UNIT (EP -r

val |
2
BRSO FORINE N

* Up SGN (up, - uXTA)l
SO A R

E=0

FLAG =2

b—

EXIT

-]

ol

i_

with ALLARM

=
1
j=]
+
L

SEj = 8E, $E=E, - E

wp = Vp+ UNIT (EXEA)/I'A

wp = ¥p* UNIT [(EPXY-P) X EP]II'P
a=E+ 8GN [{r, Xrp)- u]cos”l (ry - rp/ry rp)
@ -1+ 8GN (r_ -r,) (7 -cos 1l (r, cos E/r )]
st < P Ta A P

wA-mP

Figure 4. 4-2 Pre-TPI Maneuver Program (page 1 of 3)
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k Yes
&t > &t 5t

n

6t o ax SGN (st)
|

|
o
-
"

~SGN (stg) |6t]/2 e

“max = 5t /3 |

6t = SGN (nsto\ [6t | e

1
t =t—1.55t0 t=1t+ 6t
sty = —at0/2 8t = 6t

L l

Update TAF’ YAF and Tppr Yprw through time t - tS obtaining —Ks)

s Ya and 'p: Vp using Kepler Routine (Sec, 5,5,5)

( : ) Obtain tF using e Voo wt in
Time-Theta Routine {Sec. 5. 5. 7)

]

Update 'pr Vp to time t + tF obtaining o szu

ing Coasting Integratiop Routine (Sec, 5.2, 2)
¥

¢ =7 +[cos-1(£A . EPT/rArPT)' 11'] SGN[(EAX rPT)'E] J

N . [3)
Obtain y_A f2 and VAR using r,, rPT’tF' € =157,

N1 = 2 in Initvel Routine (Sec, 5,5, 11)

Obtain HP uaing T ‘fA in
Periapo. Routine (Sec.5.5. 14

AVrpr = YA “Yar AVrpr T VAR T Vpr

Sp=fy Y=-u Z=UNIT(-rp), X=¥YxZ

Figure 4.4-2 Pre-TPI Maneuver Program (page 2 of 3)
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VAT Y5t AV

1

Obtain new target vector
rr by using T E'A’ tp

in Kepler Routine
{(Sec. 5. 5. 5)

Replace offset target vector,
r (t2) generated by I[nitvel
Routine (Sec. 5, 5.11) by L

found above.

Ry=u typp~t*ip
R, = UNIT [(uX R,)XR,]
R; =R, XK,y
AV.. (LOS) = [R, R, R.]" AV
YTp1 R, By By LTRi
EXIT

Figure 4. 4-2 Pre-TPI Maneuver Program (page 3 of 3)
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The iteration is successful when the computed elevation

angle E A is sufficiently close to E,

To help insure convergence, the following steps are

taken:;

a.

The step size 81 is restricted to 250 secs,

If the solution has been passed (6 E 6E0< 0}, the
step size is halved and forced in the opposite di-
rection of the last step.

If the iteration is converging ( |¢5E0 l - |6E | >0),
the sign of 6t is maintained.

If the iferation is proceeding in the wrong direc-

tion, the step direction is reversed,

The iteration is terminated for any of the following

reasons, and a single alarm as described in Section 4 is set:

The iteration counter has exceeded its maximum
value of 15,

The line of sight emanating from the active vehicle
does not intersect the circular orbit with radius

equal to that of the passive vehicle,

The elevation angle is inconsistent with the relative
altitudes of the two vehicles (e. g., if the elevation
angle is less than 180° when the active vehicle is

above the passive vehicle).

Upon convergence, the state vectors are precision updated fo the

TPI time.
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The TPI-TPF phase of the program starts with the use
of the angle wt in the Time-Theta Subroutine (Sectio: : 3. 7) to de-

termine the corresponding transfer time t After precision up-

I

dating of the passive vehicle through t.,, the Initvel Routine

F’
{Section 5. 5, 11) is then called to compute a transfer irujectory be-
tween the TPI and TPF points with the switch N1

and the cone angle € set equal to 15°. This results in the precision

set «gual to two

oiffsetting procedure to be used twice in succession. The rotation
projection switch f2 is obtained from the steering program as SR°

The central angle ¢ traversed by the active vehicle from
the TPI time to intercept is computed as shown in Fig, 4, 4-2 for
display if requested by the astronaut, This display i+ used to avoid
180° transfer angle problems,

The digplays for the Pre-TPI program .ire:

1. /_\VTPI
2. AVTPF
3. AYTPI(LOS) : Line-of-sight coordinates
4, A\_/'TPI(LV) :  Local vertical coordinates

5. DPerigee altitude (HP) following the TPI maneuver

The display of AVTPI(LV) may be overwritten by the
astronaut, If so, a new target vector is generated as shown in

Fig, 4. 4-2. This new aimpoint is used for powered flight steering,
»

The cross product steering constant, ec, ol Section 5,3,3.4 is ®
set equal to unity in P-34, and is an input parameter to the thrust *
program,

In addition, M,the number of navigation measurements pro-
cessed since the last maneuver, MGA,the middie gimbal angle at the
start of the maneuver assuming plus X acceleration, and TFI,the time
between the CSI maneuver and the present time are displayed, The

middle gimbal angle is computed with the following equation

-1
MGA = sin [XREF . UNIT (A\_f}}
if -90” < MGA < 0°, MCA is redefined such that 210" - MGA * 3607,
AV is the maneuver AV in reference coordinates and XREF is the

second row of the REFSMMAT matrix defined in Section 5,6, 3, 3.
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5.4.4.3 Rendezvous Midcourse Maneuver

This program, corresponding to Program P-35 (CSM
active) or P-75 { LM active) of Section 4,computes a midcourse
correction maneuver, This maneuver insures that the active ve-
hicle will intercept the passive vehicle at the time established in
the previous Pre-TPI program. The astronaut may call this pro-
gram any time after the TPI maneuver,but in general no later than
10 minutes before the intercept time, The flow diagram for this

program is shown in Fig. 4. 4-3.

There is one astronaut input: choice of the active ve-
hicle (P-35 CSM, P-75 LM). The active r,, Va and passive ro

v, vehicle state vectors, the intercept time t {from the Pre-

P TPF
TPI program) and a time delay are available inthe guidance computer,
The time deiay {6 Ty for P-35and 6Tq for P-75) is the time required to

prepare forthe thrust maneuver and is stored in either of two erasable
locations,
When the program is initiated the number of navigation

measurements since the last maneuver and the time since TFPI are
displayed. Based on this information and additional displays dis-
cussed in Section 5.6,7, the astronaut may elect to proceed with the
midcourse maneuver at some time, When he does so, the program
updates the state vectors to the present time plus the time delay
using the Coasting Integration Routine. The Initvel Routine is then
called to obtain the velocity vector on the transfer ellipse, The
cone angle € is set equal to 152 and the I\T1 switch is set equal to
two, resulting in a double use of the offsetting procedure. The
rotation projection switch f2 ig obtained from the Initvel Routine
for use in the powered flight steering program as SR‘

The central angle ¢ traversed by the active vehicle from
the maneuver time to intercept is computed as shown in Fig. 4. 4~3
for display if requested by the astronaut, This display is used to
avoid 180° transfer angle problems.

After obtaining the maneuver AV, it is rotated into a
local vertical {LV) and a line of sight {LOS) coordinate system

obtaining AV(LV) and AV{LOS), and both are displayed.
The display of AV(LV) may be overwritten by the as-

tronaut. If so, a new target vector is generated as shown in

Fig. 4. 4-3. This new aimpoint is used for powered flight steering.

In addition, M, MGA and TFI are displayed as in the
Pre-TPI program displays.

The cross product steering constant, ec, is set equal to
unity in P-35 as in P-34,
5.4-10
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Rendezvous Midcourse Program

Inputs: Tar Yas Tps Ypo tTPF’ time delay, active vehicle

v

67 = time delay

]

Update EA' EA and F—P’ !P to time t

present +erT

using Coasting Integration Routine (Sec. 5. 2. 2)
Update r

Tp EP to tll’l! tTPF
using Coasting Integration Routine (Sec.5.2.2)

obtaining ToT

XA) [

1r+[cos-1 (ry - EPT/ ry rPT) - 7] SGN {(EA X EPT) " uj

1]

UNIT (EA X

Obtain v} and f, using r,, rpr. trpr - (t 5T ),

! +
— present

€ = 15°, N, =2 in Initvel Routine (Section 5.5.11)

~ v

N =
| 1]
C‘. ]
Z e
—t

|

i

| =

b‘-—'

>4
n
I
X
IN

X
AV(LVI=[X ¥ 2zI°

v/

Figure 4. 4-8 Rendezvous Midcourse Program
{(page 1 of 2)

ay
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Astronau
Overwrite

No

Obtain new target vector rr by using r A ‘—"A'

tF= tTPF - (tpresent + & 1) in Kepler Routine,

1

Replace offset target vector, r (t,),

{Sec. 5. 5. 5)

generated by Initvel Rouiine (Sec, 5,5.11)
by Ty found above

\

R, = UNIT (r, - r,)
R, = UNIT [(uX R,) X R,)]
B =By X By

AV (LOS) = [R, R

1 B B

317 AY

EXIT

Figure 4. 4-3 Rendezvous Midcourse Program
{page 2 of 2)
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5.4.4.4 TPI Search Program

The objective of the TPI Search Program is to
determine the transfer trajectiory having a minimum total velocity
change, within the constraint of a safe pericenter, for a specified
TPI time, The minimum total velocity determined is the sum of
the impulsive velocities for the TPI and TPF maneuvers, This
program is used to establish the target parameters for a direct
intercept trajectory between the LM and CSM orbits. The manual
terminal rendezvous maneuver is normally initiated from such an
intercept trajectory. The TPI Search Program is used to provide
the required TPI maneuver parameters for either direct transfer
rendezvous profiles or concentric flight plan rendezvous TPI
maneuvers if AV minimization is desired beyond nominal
preselected astronaut input target parameters, This program
can be used in both earth and lunar orbits and consists of two
separate programs in Section 4, When used as program P-17,
the active vehicle which establishes the intercept trajectory is
the CSM. When used as P-77, the active vehicle is the LM.

The desired time t of the TPI maneuver is required

TPI
as an input to this program., The basic output parameters displayed

to the astronaut are:

1} +¢ Initial relative phase angle between

the two vehicles at t + indicating

TPI’
that the active vehicle is ahead of the
passive vehicle with respect to orbital

motion.
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2) + Ah Altitude difference between the two

vehicles at t + indicating that the

TPI
passive vehicle has a larger radial

magnitude than the active vehicle,

3) K Preferred central angle search sector,
K = +1 for central angles greater than
180° and K = -1 for central angles less
than 180°,

The search option input defined in
Secticon 4 has the following correspondence

to the variable K:

search option | K

1 -1
2 +1

4) AV Impulsive velocity required for the

TPI
TPI maneuver,

5) + AV

+ TPF Impulsive velocity required for the

terminal rendezvous maneuver, +
indicating that the active vehicle is

ascending at TPF, - if descending.

6) h Altitude of the pericenter above a

reference radius vector.

) wt Central transfer angle of the passive

vehicle.

8} P Pericenter code. P = 1 if pericenter
occurs between the TPI and TFPF
maneuvers and P - 2 if pericenter

occurs after the TPF maneuver,

P00 0 00000000 VP CCEIBPBEPEO 0O OB IECEEI SN ISP PSR IENSECEAESSOEBSEEISEIOEERS
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In general, non-coplanar transfer problems normally
involve two minimum total velocity trajectories, one having a
central angle greater than 180° and the other less than 180°,
The program selects a sector (determined by the relative altitudes
of the two vehicles at the TPI time) in which the most acceptable
solution will probably be found. Upon displaying this sector to
the astronaut, he may proceed with this choice or change the

sector by changing the value of K,

Due to the excessive AV requirements for non-coplanar
two-impulse transfers near central angles of 1800, the search
sectors are restricted from the 180° region by an angle which
depends upon the magnitude of the angle between the active
vehicle position vector at TPI and the passive vehicle orbital
plane,

The general TPI Search Program target vectors and
relative angles are illustrated in Fig. 4, 4-4 with the program
logic outlined in Fig. 4, 4-5. The subscripts A and P refer to
the active and passive vehicles, respectively. The minimum

pericenter altitude hL is defined as

Lunar Orbit: hL = 35, 000 ft. about the landing site
radius.

Earth Orbit: hL = 85 nm above the launch pad radius,

The following are the major computation sequences:

@ Upon activation of the program, the active and passive
vehicle state vectors are advanced to the specified TPI time by
means of the Kepler Routine, At this point the relative phase
angle ¢, altitude difference Ah, and search sector flag K are
computed and displayed to the astronaut and a response is
requested, The astronaut may proceed, command the initial

search to the other sector by changing K or change the TPI time,
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Passive Orbit
Vehicle

Figure 4, 4-4 Central Angle Sectors for the TPI Search Program
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TPI Search Program

1

Inputs: Ta Yar I'p Vp 'TPI‘ active vehicle

Update EA' Yo Ip vp to time tTPI using
Kepler Routine (Sec. 5.5.5)

uyp  UNIT(zpXvp) Epp=rp - (Ep" Spp) yp

6= SGN [(rpXr ) uypl cos™ [UNIT (zp,) + UNIT (r p)]

ah = |rpl - 1r,l, K= SGN (ah)

Display ¢, Ah, K

- . 1/2
IT = JUNIT (EA) 3HP|] + 0.002
wt0= r+¢ +KS5IT
wtp=r+¢ +K2IT

AV =128 m/es, hp* -22Tm, 1-0

= 70° | o, Yes = °
6. 70 b 6 330
Obtain tF using r o, Vo sin (uto), cos (uto)
in Time-Theta Routine (Sec.5.5.7)
Obtain tFI using I'p ¥Ypr sin (mtl), cos (utl)
in Time-Theta Routine (Sec.5.5.7)
Updaterp, vp to time tTPI +tp using
Kepler Routine (Sec. 5. 5.5)
Figure 4.4-5 TPI Search Program Logic Diagram
(page 1 of 2)
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Obtain f2, 8, xl, v

. . 160
2ualnng, VA Ip tF.c- 157,

N, = 0 in Initvel Routine (Sec.5.5,11)

Mpo = Mpr

avy = av,

SG, = SGN(r , - v,), SG, = SGN(r - v,)

AVppr* 1Yy - Yals AVppp = 1Yy - ¥pl, AV = AVpp +AVepg

!

Obtain hP using Ta ¥y in Perigee Routine (Sec.5.5. 14)

Yes No At = K 400
po > M
No Yes
I
at = K 150 at = - At/2 h, +500 - h
at s Bt at
P PO
“
‘F = tF + At
LAV, =SG, AV t.=t. - At
TPF 2 TPF F F Display Alarm Code ]———‘
1
Obtain wt using 'e Vp in
Transfer Angle Routine (Sec. 5. 5.12)
P=(3- SGz)/Z
P=(3-K)J/2 EXIT
Figure 4. 4-5 TPI Search Program Logic Diagram
(page 2 of 2%
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@ An initial guess mto is next made of the transfer angle
of the passive vehicle corresponding to a minimum AV for the
active vehicle which is used to start the search iteration. An
inner transfer angle limit th for the passive vehicle is set to
avoid excessive AV conditions, and the outer search limits BL

of the active vehicle are set as indicated in Fig. 4, 4-5. Initial
values are next chosen for AV, hP and I. The Time Theta Routine
is then used to determine the passive vehicle transfer times tF
and tFI to traverse the angles wto and mtI, respectively.

@ The minimum AV trajectory search begins by advancing
the passive vehicle to the initial aim point at time tTPI plus tF by
means of the Kepler Routine. The Initvel Routine is then called
with N. and the cone angle e equal to zero and 15° respectively,

1

The active vehicle's velocity v, and vy after the TPI maneuver

and before the TPF maneuver, lrespectively, along with the transfer
angle @ and the rotation projection switch f, {used in the powered
flight steering program as SR) are obtained from this routine.

After calculating the maneuver magnitudes, the Periapo Routine

is used to calculate the pericenter altitude hP'

The program enters a control sequence whose effect

is as follows:

1. If the height of pericenter hP and its previous
value hp0 are both less than hL and furthermore hP is less than
h,. an alarm is displayed indicating that there are no safe

PO
pericenters in the sector being searched.

2, I, as before, both hP < hL and hPO < hL’ but
now hP > hPO the program sets the time of {light increment At
equal to K400 sec., increments the time of flight, and continues

searching.
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3. If the pericenter changes from safe to unsafe, the
program interpolates to find the time of flight at which the change
occurred, and accepts this value as the solution, together with

AVrpp AVppp bpe

4. If the pericenter changes from unsafe to safe, the
program also interpolates and accepts the solution provided AV
is greater than its previous value AVO. If not it sets At = K150
sec,, increments the time of flight, and continues searching,

5. If the present pericenter is safe and
AV - AVOF < 2 ft/sec. the present time of flight is accepted as

the solution.

6. If none of the above conditions holds, the time of
flight is incremented by At if AV < AV, or diminished by At/2 if

AV > AVO, and the search function continues.

r exceeds tFI’

or the active vehicle transfer angle # exceeds GL’ the last
golution is accepted if a safe pericenter exists, otherwise an

7. If the incremented time of flight t
alarm code is displayed, indicating no solution in this sector.

@ A sign (SGZ) is affixed to AV g to indicate whether
the active vehicle is ascending or descending on the passive

Ter X &V
hP is displayed to the astronaut, If the astronaut is satisfied

vehicle at TPF and the solution set consisting of AV TPF’
with these trajectory parameters, he may request that the central
transfer angle wt of the passive vehicle be displayed to be recorded
by him as an input parameter for the TPI Pre-thrust program
P-34 along with the initial tTPI'

also contain the pericenter code P which indicates whether the

In addition, this display will

pericenter of the transfer trajectory occurs between the TPI
and TPF maneuvers or beyond the TPF maneuver, The other

central angle sector may be searched by returning to and

.........'......'....C.......'C.......I.........‘..........'.......'

to

changing K, or a new trajectory solution attempted by returning
é and changing the input TPI time until a satisfactory transfer

trajectory has been found.
b, 4-20
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5. 4.4,5 Stable Orbit Rendezvous

The Stable Orbit Rendezvous Program P-38 (CSM active)
or P-78 (LM active} is defined by the following three maneuvers.
The first maneuver (Stable Orbit Initiation SOI) defines a transfer
of the active vehicle to a point on the orbit of the passive vehicle,

a given distance ahead of, or behind the passive vehicle, as mea-
sured along the passive vehicle orbital path. The second maneu-
ver (Stable Orbit Rendezvous SOR) is designed to place the active
vehicle in the same orbit as the passive vehicle with a separation
between the two vehicles determined by the first maneuver,

The position of the active vehicle relative to the passive vehicle
after this second maneuver ig referred to as the stable orbit

point, The third maneuver defines the final transfer

from the stable orbit point to the terminal rendezvous point and

is calculated using the pre-TPI maneuver program (Section 5.4.4.2).

All the maneuvers are based on precision trajectory computations.

After the SOI maneuver, the Rendezvous Midcourse
Maneuver Program (Section 5.4.4.5.3) is available for computing

midcourse corrections.

The pre-thrust programs for the Stable Orbit Rendez-
vous (P-38, P-78, P-39, P-79) use the Lambert targeting concept
employing two precision off-sets (Section 5. 5. 6) and the cross-
product steering of Section 5. 3. 3. The cross product steering
constant, ¢, of Section b, 3, 3.4 is set equal to unity in programs

P-38 and P-39,
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The Stable Orbit Rendezvous Program has two phases,
which must be called sequentially to compute the first and second

rendezvous maneuvers, The input parameters are:

1) Choice of active vehicle {P-38 C5M, P-78 LM),

2} Ignition time of maneuver tIG'

3) wt, central angle of travel during the transfer,

based on the passive vehicle orbit,

4) 8 (0 for the first maneuver, 1 for the second

maneuvers),

5) Stable orbit displacement distance ér. Positive
6r indicates that the stable orbit point is behind
the passive vehicle. (Specified only when S = 0).

The active vehicle state vector Tar Ya and passive ve-

hicle state vector Ep s Kp are available in the guidance computer,

The trajectory configuration for the first two maneu-
vers is illustrated in Fig, 4. 4-6 and the program logic is out-
lined in Fig. 4. 4-7. Both phases of the program start with the
update of the state vectors to the ignition time and the conversion
of wt to the transfer time tpe

5.4.4,5.1 Stable Orbit Initiation Maneuver

If S is set equal to zero, the program computes the
stable orbit initiation SOI maneuver, The passive vehicle ig first
updated to the intercept time tI’ equal to tIG plus tF' This point
is next used to convert the stable orbit displacement distance ér
to a time §t by approximating the orbit of the passive vehicle with
a circular orbit and by using an orbital velocity equal to the ve-
hicle's horizontal velocity., The passive vehicle is now updated

to the target time tT’ equal to t. minus 61, to obtain the target

I

vector r,. for the first maneuver (see Fig. 4. 4-7.)

T
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(predicted AV )

AVEmNAL SOR

Stable Orbit

Point _P(t I)

Passive vehicle
orbit

AVsor

Passive vehicle orbit

Active vehicle
orbit

raltG)

Figure 4.4-6 Geometry of the S0I and SOR Maneuvers
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Inputs; ParVa S, tIG’ wt, sr, active vehicle

» EP’ !Pa

Update Ipar YpsIpsVp to time tIG using Coasting Integration Routmel

Y

Obtain tp, using ry,, v, wtin Time-Theta Routine (Sec. 5. 5. 7)[

C =t 4t Yes No tr=tttg
I IG F tT=tI""5t
b ST

Update o Vo to time tI using
’ Ipr I
Coasting Integration Routine {Sec. 5. 2. 2)

!

6t =1y srfABVAL (EP X EP)’ tT =t -6t
Update r to time t obtaining ., v

pr 7p T Ly Yop
using Coasting Integration Routine (Sec, 5. 2. 2)

- \ , ) -
Obtain V'as f2 and vipusing ry, ro, tF’ € =15

N1 = 2 in Initvel Routine (Sec. 5. 5. 11)
Obtain H_, using Tas v'y in

P
Periapo Routine (Sec. 5.5, 14)

AV = vy " ¥a AVpmaL T YT T V7
Z=UNIT (~r,), ¥ = UNIT (v, X1 ), X=YXZ
aviLv) = (X Y z]T av, sp =,
AVenqr = AV Yes No AVeng = AV
AV {LV) = AV(LY) AVooR(LV) = AV(LY)
XIT

Fig, 4,4-7 Stable Orbit Rendezvous Program
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The Initvel Routine is called with N1 and the cone angle

€ equal to two and 15° respeciively. This resulis in the precision
offsetting procedure to be used twice in succession. The rotation
projection switch f2 is obtained from the Initvel Routine for use in
the powered flight steering program as SR‘
The following displays are computed.

1) AVSOI : AV for the SOI maneuver.

2) AV Passive vehicle's velocity minus

FINAL
the active vehicle's velocity, both

computed at the stable orbit point.
3) AYSOI(LV) : Local vertical coordinates

4) Hp : Perigee altitude following the stable

orbit initiation maneuver.

5) t Time the active vehicle intercepts

the stable orbit point.

2.4.4.5.2 Stable Orbit Rendezvous Maneuver

If S is set equal to one, the program computes the
stable orbit rendezvous SOR maneuver. In order for this maneu-
ver to place the active vehicle in the orbit of the passive vehicle
in a precise manner, the SOR ignition time should be offset to
account for the finite burn time, When the transfer trajectory
time tF is added to the calculated SOI intercept time 1;I (stored
in the SOI maneuver program}, the SOR intercept time tI is ob-
tained (see Fig. 4. 4-7).

The target vector rr for the SOR maneuver can be ob-

tained by updating the passive vehicie to the target time t equal

T)
to tI minus §t (6t is stored in the SOl maneuver program)., The
trangfer time tF’ based on the offset ignition time, is equal to the
new intercept time minus the ignition time,
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After using the Initvel Routine, as in the Stable Orbit
rendezvous maneuver, to compute the transfer trajectory, the
following displays are calculated:

1) AVSOR : AV for the SOR maneuver

2) AVFINAL : Approximately equal to zero
3) AYSOR(LV) : Local vertical coordinates

4) Hp : Perigee altitude following the SOR

maneuver

5.4.4,5.3 Stable Orbit Midcourse Maneuver

This program, corresponding to Program P-39 (0SM
active) or P-79 ( LM active} of Section 4, computes a midcourse

correction maneuver. The astronaut may call this program after
completing the SOI maneuver,but in general no later than 10 minutes

before the intercept time. The program logic is outlined in
Fig, 4. 4-8.

There is one astronaut input: choice of the active ve-
hicle (P-39 CSM, P-79 LM). The active vehicle state vector Tp
Var the passive vehicle state vector o Vp the time delay
the target time tr and the intercept time t; are available in the
guidance computer. The time delay (5 73 for P-38 and 4 7, for P-79)
is the time required to prepare for the thrust maneuver and is

stored in either of two erasable locations,
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Stable Orbkit Midcourse Program

Inputs: Lps Vs EP’ Vi tI’ tT, active vehicle

{57 = time delay |

Update r,, v, totimet + 67

AT A present

and update o ¥p to time tT using

Coasting Integration Routine (Sec. 5, 2. 2)

. 1 L -
Obtain EA and f2 using _XLA: EP’ tI (tpr‘esent + 8

e =159, N, = 2in Initvel Routine (Sec, 5,5, 11)

AV = vy -V Z= UNIT (rp)

=4
1

= UNIT (v, Xr,), X=YXZ

AV(LV) £

T
(X ¥ Z]" AV, Sg =1,

1

EXIT

Fig, 4,4-8 Stable Orbit Midcourse Program
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When the program is initiated the number of navigation
measurements processed since the last maneuver and the time to
ignition are displayed. Based on this information and additional
displays discussed in Section 5. 6.7, the astronaut may elect to
proceed with the midcourse maneuver at some time. When he does
go, the program updates the active vehicle to the present time plus
the time delay 6 7 and updates the passive vehicle to the target time
using the Coasting Integration Routine. The Initvel Routine is then
called with a transfer time equal to the intercept time minus the
ignition time to obtain the initial velocity V'A for the transfer ellipse.
The N1 switch is set equal to two, resulting in a double use of the
offsetting procedure. After obtaining the maneuver AV, it is rotated
into a local vertical coordinate system, resulting in the display
AV(LV). In addition, M, MGA and TFI are digplayed as in the
Pre-TPI program displays.
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9.4.5 RETURN TO EARTH TARGETING

5. 4, 3. 1 Introduction

The Return to Earth Targeting Program provides to the
asironaut the ability to compute on hoard the spacecraft the target-
ing for a powered maneuver which returns the spacecraft to an earth
reentry point with proper conditions for a safe reentry. This pro-
gram is intended as a backup in the event of a communication or
ground system failure and, thus, is completely independent of inputs
from the ground system. The method of computation. however, does
not compromise certain critical trajectory characteristics such as
fuel usage and transit time for the expediency of minimum computer

storage usage or computational speed.

Specifically this program provides powered maneuver tar-

geting for :

(1) Returning from near earth orbits

(2) Returning from trajectories resulting from a translunar

injection powered maneuver failure,

*{3) Returning from translunar midcourse

ES
Outside moons sphere of influence only
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*(4) Returning from transearth midcourse
>G‘(S} Midecourse corrections during transearth midcourse

*(6) Changes in transit time during transearth midcourse

Two modes of operation are provided:; time critical and
fue] critical. The former establishes trajectories which return to

earth in a minimum of time, the latter, with a minimum of fuel.

The return trajectory is constrained to be in the plane which
the spacecraft was in prior to the return so that optimum fuel utiliza-

tion will be achieved.

Although explicit control of the spacecraft landing site is not
a feature of this program, it is possible to achieve landing site selec-
tion through adjustment of the astronaut input to the pregram. When
on translunar or transearth trajectories, the adjusted parameter is the
desired fuel utilization. When in orbit near the earth,the designated
return time is the adjusted parameter. The astronaut need only to
note the earth track of the landing site as a function of the adjusted

parameter to select the proper parameter value.

The computations take place in two steps. The first is the
generation of a conic two body solution to the problem. This takes

a relatively short computational time. The second step, the .

computation of a precise trajectory, takes a relatively long

computational time,
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The Return to Earth Program is described in increasing

detail in the following subsections:

Sec, 5.4.5,2 Program Input-Output pg. 5. 4-34

Sec, 5.4, 5.3 General Computational Procedure pg. 5. 4-36

Sec. 5.4.5.4 Logical Description pg. 5. 4-46

Sec. 5. 4.5.5 Detailed Flow Diagrams pg. 5. 4-59
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5.4.5.2 Program Input-Output

The Return to Earth Program may be called by the
astronaut at any time the computer ig operable, Should the de-
signated time of return place the spacecraft at a point in space
where the program is incapable of producing a successful
solution,an alarm will occur. The current calling designation

for this program is P -37 for both modes,

Return-to-Earth Targeting

After calling the program, the astronaut must
load the following information into erasable memory via the

keyhoard.

(1) objective velocity change to be utilized during

the maneuver
(2) time the maneuver is to be executed

{3) reentry angle (normally set to zero and internally

calculated™®)

Should & minimum fuel return be desired, the objective
velocity change should be set to zero. Should the objective change
be less than the minimum required, the program will select the
minimum. When the objective velocity change is greater than the

minimum, the return will require that amount of velocity change.

This program is not designed to operate from low
altitude polar orbits unless the astronaut selects the reentry angle,

The program provides the following displays when hoth
the conic trajectory computation and the precision trajectory
computation are complete.

(1) latitude of the landing site

{2} longitude ot the landing site

{3} velocity change required {vector)

=="See 5.4.5.4.2 for detailed explanation of its use
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(4) velocity magnitude at 400, 000 ft, entry altitude

measured above the Fischer ellipsoid.
(5) flight path angle at 400, 000 ft, entry altitude

(6} transit time to 400, 000 ft, entry altitude from

ignition,

The astronaut must select either the SPS or RCS
engine after the precision trajectory calculation. The following
quantities are displayed after the engine selection:

(N middle gimbal angle at ignition

(8) time of ignition

(9) time from ignition

The precision trajectory displays can be significantly

different from the conic displays, especially in the case of long

transit time returns; therefore the astronaut should check the new

displays before accepting the precise solution.

The cross product steering constant, ¢, of
Section 5. 3, 3, 4 is set equal to 0, 5 in this program. In addition

the rotation switch, S_, which is used in the Lambert Aim Point

R
pre-thrust computation of Section 5. 3. 3. 3. 2 is set to zero,
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5. 4. 5.3 General Computational Procedure

This section contains a general description of the Return-
to-Earth computational procedure as illustrated in Figs. 4. 5-1,
4.5-2, and 4. 5-3.

The Return to Earth Targeting Program, as previously
mentioned, may be used in either the fuel critical or time critical
mode. When used in the fuel critical mode, the program generates
a trajectory which meets specified constraints on reentry ilight
path angle and reentry altitude, and minimizes the impulsive velo-
city change required to achieve this trajectory. In the time critical
mode, the program generates a trajectory which meets the specified
reentry constraints and returns the spacecraft in the shortest possible
time, The astronaut selects either mode by entering via the keyboard
the objective velocity change (AVD). If AVD is set to zero, the routine
will provide a fuel critical trajectory, If AVD is not set to zero, the
routine will provide a time critical trajectory if possible, or select

a fuel critical trajectory if Av_ is less than the minimum required

D
impulsive velocity change.

The Return to Earth Targeting Program has two major
phases, an initial two body conic phase illustrated in Fig. 4. 5-1 and
a numerically integrated precision trajectory phase illustrated in
Fig. 4, 5-2. A conic routine which provides initial conditions for

return trajectories for both phases is illustrated in Fig. 4. 5-3,
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5.4.5.3.1 Nomenclature

The following is a list of the nomenclature used in
Figs. 4.5-1, 4.5-2, and 4.5-3

ytg) = lty), wlty)

v 6 = &), w ()
yolt ) = (), volt )
yitg) = (xity), ¥lty))
y{ty)pRE

R

CON

RorE

Rp

7t)con
y(ts )D
¥t prE

x(tl)

CSM state vector maintained in the
CMC

pre-return state vector
post-return state vector
gtate vector at reentry

final state vector of a precision
trajectory

final radius of a conic trajectory

final radius of a precision trajectory
desired final radiug (reentry radius)

final flight path angle of a conic trajectory

desired final flight path angle
final flight path angle of a precision

trajectory

cotangent of the post-return flight
path angle

impulsive velocity change

desired velocity change

tolerances
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tag

time of flight (t2 -t

counter
0 initial conic phase
flag set to
1 precision trajectory phase
5.4-38

Rev.3 - 11/68



5.4.5.3.2 Discussion of the Conic Phase

The following discussion is intended to supplement the

information contained in Fig, 4. 5-1.

The pre-return CSM state vector ()_(l(tl)) is obtained by
numerical integration. An initial conic trajectory is then generated
which meets the reentry and velocity change consiraints of the pro-
blem., The reentry radius and flight path angle constraints, however,
are known only as a function of the latitude and velocity magnitude
at reentry. Therefore an iterative procedure is employed to gen-
erate this initial conic trajectory. Based on the pre-return radius
magnitude, an estimate of the reentry constraints is made. This
initial estimate is used to compute a conic trajectory which satis-
fies the AVD requirement, The final velocity magnitude and latitude
are now available for use in a more precise calculation of the reentry
constraints. An iterative process has now been started which quickly

coverges on a suitable initial conic trajectory,

During the above iterative process slight changes in the
reentry flight path angle can produce significant changes in the
minimum required velocity change. If the time critical mode is
being used, it is possible that during a particular pass through the
iteration loop the velocity change desired may be less than the mini-
mum required. This does not necessarily preclude a time critical
solution, and therefore the iteration is continued using the minimum

required velocity change.

A description, in general terms, of the procedure
CONICRETURN, used to obtain the initial state vector of the conic

return trajectory, will follow later in this section.

After an initial conic trajectory is computed, an estimate
is made of the landing site, and the results are displayed. Based
on this display the asironaut may elect to continue with the

calculation of a numerically integrated trajectory.
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l START

Exirapolate y,(t,) from 1“0) by

integration through time '10

Estimate reentry radius [RCON] and

flight path angle [ y(tz)CON]
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n, =n,+ 1
Do CONICRETURN

1
R = R
CON ~ "CON Fig. 4.5-3

Yty)eon = Mty)con'

Compute -‘l(‘z’con and t,, by advancing

12“1\ using conic subroutines ‘

Compute new reentry radius [R’CONl] and

flight path angle [‘Y(tz)CON']

“Reon'l > €

JRcon

<_[{"t3)con -~ Mt2)con'l > ¢

Compute estimated
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No solution

Display

NO

YES
Proceed

A Fig. 4.5-2

FIGURE 4. 5-1 SIMPLIFIED LOGIC DIAGRAM OF RETURN TO EARTH TARGETING
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5.4,5.3.3 Discussion of the Precision Phase

The following discussion is intended to supplement the

information contained in Fig, 4, 5-2.

The numerically integrated trajectory must satisfy the
reentry congiraints achieved by the initial conic trajectory and
meet the Av

procedure is again employed to generate this trajectory. The

p requirement as closely as possible. An iterative

post-return state vector of the previous conic trajectory is used

to initialize the Coasting Integration Routine. The integration
proceeds until the desired reentry flight path angle has been
achieved. The reentry radius of the next conic trajectory is then
offset to compensate for the error in the reeniry radius of the
numerically integrated trajectory. An iterative process has now
been initiated which converges to the precise trajectory which

meets the objective velocity change and the reentry constraints,

Next a target is computed for the Lambert Aimpoint Powered Flight
Routine, the landing site is calculated, and the results are displayed.
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———— -
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FIGURE 4. 5-2 SIMPLIFIED LOGIC DIAGRAM OF RETURN TO EARTH TARGETING
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5.4,5,.3.4Discussion of the Conic Routine

The following discussion is intended to supplement the in-

formation contained in Fig, 4. 5-3,

The conic routine solves the following two conic problems.
(1) Given an initial position vector (E(tl))- a pre-return velocity

vector (KI (tl)), a final flight path angle (y(t ), and a final radius

2)CON
magnitude (RCON)’ compute a post-return velocity vector (Ez(tl))
which minimizes the velocity change (Av),

(2) Given the above quantities, compute a post-return velocity vector

(Y72(t1)) which meets the objective velocity change (AVD).

An iterative procedure is again used. The independent
variable of the procedure is the cotangent of the post-return flight
path angle (x(tl)) , and the dependent variable is the velocity change
{Av).

Initial bounds on x(tl) are computed based on the maximum
allowable semi-major axes, The upper bound constrains return tra-
jectories which pass through apogee from going too near the moon,
and the lower bound keeps the reentry velocity for direct return flights

from exceeding the maximum allowable reentry velocity,

During the second phase of the Return to Earth Targeting
Program, the calculation of a numerically integrated trajectory,
additional bounds are imposed on the independent variable x(tl).

In the case of a return from earth orbit, the resulting trajec-

tory may be nearly circular, and will pass through the desired
reentry flight path angle twice at nearly the same radius., Additional
limits on x(tl) are computed to prevent conic trajectories generated
during the search for a numerically integrated trajectory from os-

cillating between these two solutions.
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ENTER

Compute bounds on x (tl) for x (tl) - Av
iterator based on maximum allowable
semi-major axis

YES

Coinpute additional bounds on x (tl) for
x (tl) - Av iterator to prevent
oscillation during iteration for a
precision trajectory

Use x (tl) - Av iterator to find x (tl) and

¥y (tl) which require a minimum Av

YES

YES NO

Use x (tl) - Av iterator to find x (tl) and NO

2 (t,) which require a Av equal to the

desired velocity change AVD

YES

NO

)

Restrict large changes in x (tl)
resulting from a change in the

relative minimum Av

RETURN

FIGURE 4. 5-3 SIMPLIFIED LOGIC DIAGRAM OF RETURN TO EARTH TARGETING
- CONIC RETURN ROUTINE
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In all cases the x(tl) - Av iterator is used to compute a
post-abort velocity vector which requires a minimum Av, In the
event that a time critical answer is required, another iteration using
the x(tl) - Av iterator will be made to compute a post-return velocity
vector which requires a Av equal to AVD. If the velocity change de-
sired is less than the minimum required, the second iteration will

be omitted.

During the calculation of the numerically integrated tra-
jectory, the intermediate conics are additionally restricted to prevent
large changes in the post-return flight path angle. This additional
restraint is necessary in the time critical mode for certain near
earth returns because both absclute and relative minimum Av

solutions exist.
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5.4,5,4 Logical Description

This section contains logical flow diagrams of the
outside the sphere portion of the Return to Earth Targeting
Program. Some items not fully discussed in the text are ex-
plicitly illustrated in the diagrams. Certain self contained

procedures are detailed in the next section,
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5.4.5.4.1 Nomenclature

A list of the nomenclature used in this section and

not previously defined follows.

IG

by

p(t)

x(t ) v

¥t Ivaxe ¥ ) mm

Ax(tl)

axlty o

x(t2)
x(ty)prE

Pcon

RERR

desired ignition time

time of flight (f;2 -t,)

1

0 for earth
primary body

1 for moon

limit on the cotangent of the post-

return flight path angle

upper and lower bounds on the cotan-
gent of the post-return flight path
angle

change in x(tl)
maximum allowed change in x(tl)

final cotangent of the flight path

angle

final cotangent of the flight path angle

for a precision trajectory

semi-latus rectum of a conic trajectory

precision trajectory reentry radius

error
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Mg earth's gravitation constant
MA}‘ MA2 maximum major axes
n normal vector
+ 1 near apogee solution
¢2 - 1 near perigee solution
¢4 precision trajectory direction switch
fz iterator mode flag
n,, n, counters
,81 to ,814 intermediate variables
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5.4.5.4.2 Discussion of the Logical Flow Diagram

The following discussion is intended to supplement

the information contained in the referenced diagrams.

Three inputs are required in addition to the CSM state
vector (¥ig. 4.5-4). They are the objective velocity change de-
and the reentry

sired (Av the desired time of ignition (t

o) 6
angle (v (t2 )D). The reentry angle should nominally be set to
zero, allowing the program to compute a reentry angle in the
center of the reentry corridor. The astronaut may select the
reentry angle if a minimum Av solution lying on the edge of the
reentry corridor is required. This may be necessary in the event
the reaction control system is used for the return. See Fig. 4.5-15

for a detailed explanation of the reentry angle calculations.

The Coasting Integration Routine is used to advance the
state vector to the desired return time. A check is made to insure that
the state vector is not inside the moon's sphere of influence, If
the state vector is outside the sphere of influence, precomputations
are executed. They are explained in detail later. A conic trajectory
is then generated which satisfies the estimated reentry constraints
and AVD requirements. The procedure CONICRETURN,which com-
putes the initial state vector of this conic, will be discussed later,
The Time Radius Subroutine, described in Section 5. 5. 8, is used
to compute the time of flight to the desired radius and advance the

state vector through that time of flight.

Based on this final state vector (Fig. 4. 5-5), a new reeniry
radius (RCON') and a new value for the cotangent of the reentry flight
path angle (x(tz)') can be computed, If they are sufficiently close to
the previously used values, the conie trajectory is accepted. Other-
wise a new conic is computed which satisfies the new reentry con-
straints. A counter is employed to protect against an excessive

number of iterations,
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t)- g(tl). xl(tl), p(tll

YES
No solution-
Precomputationa state vector
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Fig. 4.5-7
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Resume
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Fig, 4.5-5

FIGURE 4. 5-4 LOGICAL DIAGRAM OF RETURN TO EARTH TARGETING
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Fig. 4.5-24 conic iterations
: B ; Fig. 4.5-4
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FIGURE 4. 5-5 LOGICAL DIAGRAM OF RETURN TO EARTH TARGETING
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4

'Compute final state vector

Fig. 4.5-12
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YES

Compute new RCON No solution -

Fig. 4.5-14 desired final

flight path angle
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Target calculation
Fig. 4.5-23

=

FIGURE 4.5-6 LOGICAL DIAGRAM OF RETURN TO EARTH TARGETING
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If the initial conic is accepted, an estimate is made of the
latitude and longitude of the landing site. For long flight times,
however, differences in time of flight between the conic and numer-
ically integrated trajectory will cause an error in the conically
estimated landing site longitude. The results of the preceding cal-
culations are displayed, and based on this information the astronaut
may elect to proceed with the calculation of a numerically integrated
trajectory or exit the program. As explained in Section 5, 4. 5. 3, re-
turn trajectories from near earth orbits may be nearly circular,
and therefore pass through the desired flight path angle twice with
approximately the same radius, The unique solution reached by the
initial conic is tested to determine whether the final state vector was
achieved during the first or second pass through the desired reentry
flight path angle. A switch ¢2 is set appropriately, and with one ex-
ception all succeeding precision and conic trajectories are required
to behave in a similar manner. The exception will be explained in

detail in Section 5. 4. 5. 4. 3.
The post-return state vector of the conic trajectory is now

advanced until the desired flight path angle of reentry is reached
{(Section 5.4.5.5 ), A radius error will exist between the desired
final radius (RD) and the final radius magnitude of the numerically
integrated trajectory. If this error is smali, the precision trajec-
tory is accepted. Otherwise a new conic trajectory is generated
which uses an offset final radius magnitude, If the error in the final
radius is small, a final check is made to insure that the reentry flight

path angle is acceptable.
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5.4.5.4.3 Discussion of Logical Flow Diagram - CONICRETURN

The procedure CONICRETURN, illustrated in Figures
4.5-7 and 4, 5-8, is used to generate initial state vectors for
the Return to Earth Targeting Program, Hquations required io
initialize CONICRETURN each time it is used are described in
Section 5.4.5.5. The conic problems solved by the routine were
described in Sectjon 5,4, 5, 3, 4,

The logical structure shown in Figs. 4, 5-7 and 4. 5-8

is based in the following facts,

(1) There is only one minimum if the pre-return

velocity vector has a negative radial component,

(2} There may be two minima if the pre-return velo-
city vector has a positive radial component. In this case the
absolute minimum post-return velocity vector has a positive
radial component and the relative minimum has a negative

component,

As explained in Section 5. 4. 5. 3. 4 and 5. 4. 5. 4.2, it
is necessary to compute additional bounds on x(tl) during the
search for a precision trajectory. The logic used to do this is

shown on the lower portion of Fig. 4. 5-7,
A check is made to determine whether the locus of
possible solutions includes trajectories which achieve the radius

Reon
variable B, will be positive*.

and the flight path angle ‘y(tz) near apogee, and if so the

=°‘With one exception every conic solution generated by this routine
achieves the desired reentry flight path angle (y(t,)) twice during
the passage from apogee to perigee. The first tifhe T (tg) is
reached during the passage from apogee to perigee will be re-
ferred to as near apogee, and the second time will be referred
to as near perigee. The desired reentry angle will be achieved
only once if ¥ (tz) equals.the maximum flight path angle of the
conic.
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If g & is negative, only near perigee solutions are pos-
sible and hence no additional bounds on x(tl) are computed, The
initial conic trajectory may have achieved the desired reentry
flight path angle near apogee, however, and this type of solution

is no longer possible due to a change in R This is the one

exception mentioned in Section 5. 4, 5. 4. 2.COTI\lI1e value of (bz must
be set to -1, forcing all subsequent conic selutions to reach the
desired reentry flight path angle near perigee,and then the entire
precision trajectory phase is recycled,

If ‘86 is positive, it is used to calculate x(tl)LIM'
Three types of solutions may exist,

(1) - =t < X(tl) < X(tl)

l)LIM LIM
If x(tl) takes a value in this region, the desired
reentry flight path angle (vy(t,)) will be achieved
near apogee.

1'Lim °F X))y

If x(t ) takes a value in these regions, the desired

(2) x(t1)< - x(t < x(tl)

reentry flight path angle ('y(t2)) will be achieved

near perigee.

(3} x(tl) = x(tl) or x(tl) = - x{t

LIM l)LIM
If x(tl) takes on either of these values, the desired
reentry flight path angle ('y(tz)) will equal the maxi-

mum angle achieved by the conic,

The above information is used to set new bounds on x(tl) which
will force the conic to reach a near apogee or near perigee solu-

tion as prescribed' by the initial conic.
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If the program is being operated in the fuel critical
mode, the x(tl) - Av iterator is used to compute an absolute

minimum AV solution,

If the program is being operated in the time critical
mode, the x(tl) - Ay iterator will be used to compute a solution

requiring a velocity change equal to the objective velocity change.
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5.4.5,5 Detailed Flow Diagrams

t Certain portions of the flow diagrams mentioned in
the previous sections are illustrated in Figs. 4. 5-11 through
4, 5-24,

A list of nomenclature used in the following diagrams
and not defined previously follows.

A radius ratio
P semi-~latus rectum
o 1/semi-major axis
rolty) target aim point
TS vector through landing site
HLAT landing site latitude
91 0NG landing site longitude
m mass flow rate
F thrust
0 RCS jets
f3 flag set to
1 SPS engine
tLS time of landing
/_\tB length of burn
A VLV velocity change vector in local vertical coordi -
a nates
MG middle gimbal angle
91, 92, 93 intermediate variables
At21 adjustment of t21
ARCON change in the final radius of a conic
trajectory
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The diagrams are essentially self-explanatory,

however, a discussion of two of the diagrams will follow,

Precomputations

The equations illustrated in Figure 4.5-11 are used to
compute basic variables required during the remaining portions

of the program.

As mentioned in the introduction, the pre-return and
post-return state vectors are required to lie in the same plane.
If the pre-return position and velocity vectors are nearly co-
linear, the plane of the return trajectory will be defined to pre-

vent reentry near the earth's poles.

Retrograde return to earth trajectories are not allowed.

Final State Vector Computation

The method illustrated in Figures 4.5-12 and 4, 5-13 is
used to extrapolate a post-return state vector to the desired re-
entry flight path angle, An iterative procedure is again used.

First the post-return state vector is advanced through
the best estimate of the transit time to reentry using the Coasting
Integration Routine. Since it is not necessary to explicitly com-
pute the flight path angle of the resulting reentry state vector,
the cotangent of the flight path angle is compared with the cotangent
of the desired reentry flight path angle. If they are sufficiently
close, the resulting reentry state vector is accepted.

If the desired cotangent of the reentry flight path angle
is not achieved, an iterative procedure is started. This procedure
uses Conic Subroutines to compute the time of flight (At_ .) to the
desired reentry flight path angle. 21
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i ENTER
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Call time-radius
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ENTER

i

Call time-radius
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EXIT
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ENTER
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FIGURE 4.5-18 CONIC INITIALIZATION

5,4-68

Rev.3 - 11/68



XVITERATION l ENTER

Av calculation
Fig. 4.5-21

Bg = x(t) )yax - X &) yy

NO
EXIT
Ax ( Pe ]
x (t,) =—— SIGN (Ax (t)))
YES
I
ny = n, +1 I
NO YES
ny > 144
Av' = Av
x (t)' = x(t) No solution -
' too many
x (t) = x (t) +&x (t)) {terations

Av calculation

Fig. 4.5-21
YES A NO
fz =0 Av > Av' S——
e YES
= Avg - —— ax )
“verm ~ vp OV l ax () « —— 1

Fig. 4.5-20 Fig. 4520 N\ M

FIGURE 4. 5-19 x(tl) - A¥ ITERATOR

5.4-69

Rev.3 - 11/68



|avgrg|> €10

x(t,) - x(t, )’
axity) = 11 A&v
VN ERR

|axtt))| > axtt )y 0

Ax(t)) = Ax(t, )y, o SIGN (Mtl))

NO

}

Bg=x(t)+11ax(t)

Fig. 4.5:19

FIGURE 4. 5-20 x(tl) - Av ITERATOR

5.4-70

Rev.3 - 11/68



: %2
Pcon o - (x (‘1))2
¥ ) = O9/Peon (% ) sy +iy)
By =y, &) -y ()
Av = |ay|

FIGURE 4.5-21 Av CALCULATION

5.4-71

Rev.3 - 11/68



l ENTER

By =

x (tl) -x “1)"

NO

Bp>2ax )y

- n
x (tl) x (tl)

x “l) =x “I)MIN NO

Av calculation
Fig. 4.5-21

FIGURE 4. 5-22 LIMIT x(tl) CHANGE

5.4-72

Rev.3 - 11/68



ENTER

Call Kepler subroutine
L (tl). 4] (tl). tae HE

Resume
Iy (ty)

1

[& = -y, cos 7.5° -uy sin 7.5°

CALL TIME-THETA
_r_(tl), xl(tl), 8in 6 , cos @ , 1'6 =0

RESUME  ty), Tlty)

Call MIDGIM subroutine
by
Resume
aiwc

Input

fs, NJETS

o
m

= NJETS Mpcs

¢ = Ve (RCS)

Ve ¥ Ve (sPS)
™ = fgpg
L ]

Display
Yot “her Bme

EXIT
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5.2 BASIC SUBROUTINES

53.5.1 GENERAL COMMENTS

The basic solar system and conic trajectory sub-
routines which are used by the various guidance and navigation

routines are described in this section.

5.5.1.1 Solar System Subroutines

The subroutines used to determine the translation
and rotation of the relevant solar system bodies (earth, moon
and sun) are designed specifically for a fourteen day lunar
ianding mission. The method of computing the position and
velocity of the moon and the sun relative to the earth is given
in Section 5.5.4. The transformations between the Basic Ref-
erence Coordinate System and the Earth- and Moon-fixed
Coordinate Systems are described in Section 5.5.2. The pro-
cedure for transforming hetween vectors in the Basic Reference
Coordinate System and latitude, longitude, altitude coordinates
is given in Section 5.5, 3. Although these subroutines are
normally used in the lunar landing mission, they are valid for
use in any mission of not more than fourteen days duration in

earth-moon space,

5. 5=1
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5.5.1.2 Conic Trajectory Subroutines

This is a description of a group of conic trajectory
subroutines which are frequently used by higher level routines
and programs in both the Command Module and the Lunar
Module computers.

These subroutines,whose block diagrams are presented
in Sections 5. 5. 5 to 5. 5. 10, provide solutions to the following conic
problems., (See nomenclature which follows)

(1) Givens(tl), E(tl)' tD; solve for;‘_(tz), g(tz)
' ( Kepler Subroutine)
(2} Givenr (tl), E‘_(tz), tDZl’EG; solve for z(tl)
{ Lambert Subroutine }
(3} Given E(tl)’ X(t1)' 8 : solve for t21, r(t 2), v (tz)
{ Time -Theta Subroutine)
(4) Givenr (tl)’ v (‘c1 ),r(tz),sloﬂ; solve for t?l’ 5(12), !"t;}
{ Time-Radius Subroutine)
(5) Given;_(t), v (t) ; solve for Tps Tp» €

{ Apsides Subroutine)

In addition, the fellowing useful subroutines are pro-

vided.

(6) Conic Parameters Subroutine (See Fig. 5. 10~1).

(7) Geometric Parameters Subroutine {See Fig. 5. 10-2).
{8) Iterator Subroutine (See Fig. 5. 10-3).

5,5-2
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The solutions to the above set of conic problems
have siringent accuracy requirements, Programming the
fixed-point Apolio computer introduces two constraints which
determine accuracy limitations: the 28 bit double precision
word length, and the range of variables which 1s several orders

of magnitude for the Apollo mission, -

In order to maintain numerical accuracy when these
subroutines are programmed into the Apollo computer, floating
point programming technigues must be exercised. The effect
is for even a simple equation to require a large number of com-
puter instructions, The alternative to this is to separate the
probiem into phases, each with a different variable range,

This, however, requires an even larger number ol instructions,
Thesc considerations provide the incentive for efficiently organiz-

ing the conic equations as shown in the block diagrams,

In addition to the requirement for accuracy,
the solution to the Kepler and Lambert Problems must be ac-
complished in a minimum of computation time in order that the
guidance system operate satisfactorily in real time., This ad-
ditional constraint dictates that a minimum of computer instruc-

tions be performed when solving the problem,

Method of Solution

To minimize the total number of computer instruc-
tiong, the problems are solved in the universal' form; i. e,
only cquations which are equally valid for the ellipse, parahola
amd hyperbolaare used, Also these subroutines can be used with

either the earth or the moon as the attracting body,

5.5-3
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Kepler's equation, in the universal form, is utilized
to relate transter time to the conic parameters. All other
necessary equations are also universal. The Kepler and Lambert
probilems are solved with a single iteration loop utilizing a
simple first-order slope iterator. In the case of the Kepler
problem a third order approximation is available to produce the

initial guess for the independent variable (See Eq.{2. 2, 4) of Section

5.2.2.2)
Sections 5. 5.5 thru 5. 5. 10 provide block diagrams

of the detailed computational procedures for solving the various

problems. The equations are presented in block diagram form
with the nomenclature defined beliow.

Range of Variables

As indicated previously, the programming of the
conic subroutines requires a careful balance between ac-
curacy, computational speed and number of instructions. This
balance, in the Apollo Guidance Computer, leaves very little

margin in any of these areas,

Since the values of problem variables are determined
by the solution of the problem being solved and since the prob-
lem may originate from the ground system, it is essentia.
that the variable range limitations be defined. The conic
routines are incapable of handling problems when the solution

lies outside of the range.

The following is a list of the maximum allowable
nurmeric values of the variables. Note that, in addition to
fundamental quantities such as position and velocity, there
are limitations on intermediate variables and combinations

of variables.
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Scaling for Conic Subroutines (Sections 5. 5.5 to 5, 5. 10)

Maxirum Value.

Earth Moon
Parameter Primary Body Primary Body
r 229 227
v 27 22
t 228 228

&3 - -

% 9 22 9 20
QN** 26 26
- ! )4
cot v 25 25
cot Q 25 25

2
x 217 216
o HoHk
E=ax - 50 - 50
+ 47r2 + 4172
e =t v NE o 17 516
2 ' 6 ‘
Cog=rvVv /,u -1 2 26
7 7
A= :
r (L) /r(t,) 2 2
cos 8 - A 27 27

3

All dimensional values are in units of meters and centiseconds.

o K . s
The maximum absolute value occurs for negative values of
this parameter,

#*%Both the maximum and minimum values are listed since
neither may be exceeded.
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Maximum Value*

Parameter Earth Moon

e 23 23

2 534 532 I
%2 ¢ (£) 533 531
3 s (5) N 528 428
ey x% c(®) 249 246
Cy x% s (£) 23% 233
x[ey xZs(®)+ rit))] 2% 246

£ s (£) 27 27

x2 c(E)r 28 o8
Nix (EsE) - Dfrity) 2! 23

c (&) 24 24

s (£) 2l L

* . , . . .
Alldimensional values are in units of meters and centiseconds.
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Nomenclature for Conic Subroutines (Sections 5. 5. 5 to 5, 5. 10)

E(tl) initial position vector

K(tl) initial velocity vector

E(t2) terminal position vector

X(tz) terminal velocity vector

Uy unit normal in the direction of the angular
momentum vector

a reciprocal of semi-major axis
{negative for hyperbolas}

ro radius of pericenter

T, radius of apoces-.er

e eccentricity

ay ratio of magnitude of initizl position vector
o semi-major axis

Py ratio of semi-latus rectum to initial
position vector magnitude

v inertial flight path angle as measured from
vertical

g true anomaly difference between E(tl) and E(tg)

f irue anomaly of r (t2)

5, 5=7



21

t
to1

Acot vy

Revised COLOSSUS

a universal conic parameter equal to the ratio
of eccentric anomaly difference to NFa for the
ellipse, or the ratio of the hyperbolic analog
of eccentric anomaly difference to A/-:for

the hyperbcla

value of x from the previous Kepler solution

computed transfer time from Kepler's equation

transfer time corresponding to the previous solu-

tion of Kepler's equation

desired transfer time through which the conic

update of the state vector is to be made

desired transfer time to traverse from E(tl)

to E(tz)

error in transfer time

fraction of desired transfer time to which tERR
must converge

increment in x which will produce a smaller ‘ERR

value of Ax which will produce no significant

change in t2 1

increment in cot ¥ which will decrease the
magnitude of t

ERR

value of Acot v which will produce no signifi-
cant change in t21
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7! product of universal gravitational constant

and mass of the primary attracting body

maximum value of x

MAX
XM IN minimum value of x
COtMAX maximum value of cot ¥
cotMIN minimum value of cot v
QMAX upper bound of general independent variable
QMIN lower bound of general independent variable
XMAX 1 absolute upper bound on x with respect to the moon
XMAX 0 absolute upper bound on x with respect to the earth
k a fraction of the full range of the independent
variable which determines the increment of
the independent variable on the first pass
through the iterator
¥ general dependent variable
y! previous value of y
YERR error in y
z general independent variable

5.5-9
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Az increment in z which will produce a smaller YERR

a sign which is plus or minus according to
whether the true anomaly difference between
E(tl) and £(t2) is to be less than or greater

than 180 degrees

S; a sign which is plus or minus according to
whether the desired radial velocity at r(tz)

is plus or minus
4 general vector # 1
general vector # 2
] angle between n. 1 and D)

a switch set to 0 or 1 according to whether a

guess of cot v is available or not

f a switch set to 0 or 1 according to whether
Lambert should determine Uy from E(tl) and E(tg)

or u..is an input

N

a tag set to 0 or 1 according to whether the
iterator should use the "Regula Falsi'or bias
method

f a flag set to 0 or 1 according to whether the
iterator is to act as a first order or a second

order iterator

a flag set to 0 or 1 according to whether
Lambert converges to a solution or not ,

5.5-10
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a gwitch set to 0 or 1 according to whether or
not the new state vector is to be an additional
output requirement of the Time-Theta or Time-

Radius problems.

a flag set to 1 if the inputs require that the conic

trajectory must close through infinity

a flag set to 1 if the Time-Radius problem was

solved for pericenter or apocenter instead of
r (1;2 )

a flag set to 1 if the input to the Time-Radius

Subroutine produced an e less than 2_18,

period of the orbit

integral periods subtracted from tD
to produce a tD iess than tp

value of x corresponding to tR

the minimal acceptance percentage of tD21 to

whicht must converge

ERR

a flag set to 0 or 1 according to whether or not
the velocity vector at the terminal position is to
be an additional output requirement of the Lambert

Subroutine

5.5-11
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9.5.2 PLANETARY INERTIAL ORIENTATION SUBROUTINE

This subroutine is used to transform vectors between the
Basic Reference Cocrdinate System and a Planetary (Earth-fixed or
Moon-fixed) Coordinate System at a specified time, These three

coordinate systems are defined in Section 5. 1. 4.

Let r be a vector in the Basic Reference Coordinate System,
rpthe same vector expressed in the Planetary Coordinate System, and
t the gpecified ground elapsed time (GET). Then,

ro= M) (r - £Xr) (5.2.1)

and

r= MT(t) (£P+ ng E}E) (5. 2.2)

where M(t) is a time dependent orthogonal transformation matrix, {
is a small rotation vector in the Basic Reference Coordinate System,
and {pis the same vector { expressed in the Planetary Coordinate
System. The vector £ is considered constant in one coordinate sys-
tem for the duration of the mission, The method of computing M(t)

and E depends on whether the relevant planet is the earth or the moon.

Case I - Earth

For the earth, the matrix M(t) describes a rotation about
the polar axis of the earth {the Z-axis of the Earth-fixed Coordinate

5,5=12
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System), and the vector { accounts for the precession and nutation

of the polar axis (the deviation of the true pole from the mean pole).

Let AX and AY be the small angles about the X-and Y -axes
of the Basic Reference Coordinate System, respectively, that de-
scribe the precession and nutation of the earth's polar axis. The
values of these two angles at the midpoint of the mission are inclu-
ded in the pre-launch erasable data load and are considered constant
throughout the flight., Then,

Ax

Ay

0

|
il

AZ = Azo+ - t + tO) (5. 2. 3)
cos AZ sin AZ 0
M{t) = -sin AZ cos AZ 0
0 0 1
o =M ¢

where AZO is the angle between the X-axis of the Basic Reference
Coordinate System and the X-axis of the Earth-fixed Coordinate
System (the intersection of the Greenwich meridian and the equatorial
plane of the earth) at July 1.0,1968 universal t#ime (i, e., midnight

at Greenwich just prior to July 1, 1968 ), to is the elapsed time
between July 1.0,1868 universal tirme and the time that the computer

clock was zeroed, and w., is the angular velocity of the earth,

E

5.5~13
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Case II - Moon

For the moon, the matrix Mi{t) accounts for the difference
in orientation of the Basic Reference and Mcon-fixed Coordinate Sys -
tems in exact accordance with Cassini's laws, and the rotation vector
£ corrects for deviations from the above orientation because of physi-

cal libration.

Define the following three angles which are functions of

time:
B = the obliquity, the angle between the mean earth
equatorial plane and the plane of the ecliptic.
QI = the longitude of the node of the moon's orbit
measured from the X-axis of the Basic Reference
Coordinate System.
F = the angle from the mean ascending node of the

moon's orbit to the mean moon.

Let I be the constant angle between the mean lunar equatorial plane
and the plane of the ecliptic (1° 32.1"). Then, the sequence of
rotations which brings the Basic Reference Coordinate System into
coincidence with the Moon-fixed Coordinate System (neglecting li-

bration) is as follows:

5.5-14
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Rotation Axis of Rotation Angle of Rotation

1 X B
2 Z QI
3 X -1
4 Z T+ F

The transformation matrices for these rotations are,

respectively,

1 0 0
Ml =] 0 cos B sin B
0 ~sinB c0s B
cos QI sin QI 0
M2 ={ ~-sin QI cos QI 0
0 0 1
(5. 2, 4)
1 0 0
M3 =10 cos I -sin I
0 sin I cos I
-cos F -sin F 0
M4 = sin F -cos F 0
0 0 1
5.5+15
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The matrix M(i) is then given by
M(t) = M, My M, M, (5. 2. 5)

The following approximate method is used to determine
the transformation between the Basic Reference and Moon-fixed

Coordinate Systems.

.The angles B, QI and F are computed as linear functions
of time, Let {. M be the value of the vector libration £ p (expressed
in the Moon-fixed Coordinate System ) at the midpoint of the mission,
The vector ¢, . is included in the pre-launch erasable data load and is

=M
considered constant throughout the flight. Then,

i;: =4
ty =ttt
l
B = BO + BtM
Q= O Tty
F = F0+ FtM
cos sy (5.2.6)
a =| cos B sin {2

I

sin B sin D.I

-s8in g
smI
E = cosBcosQI

sin B cos QI

5. 5-186
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Xe)
1l

I
w
o
=
o

cos B
d =bC;-c¢8
m, = bS8 +¢cCy
= F -dsin F (5.2.6)
my = Tacos - (cont. )
—nll = EsinF-gcosF
T
Resyy)
M(t) = my
my
_ T
L= M) Lg

where BO’ QIO’ and FO are the values of the angles B, 2. and F, re-
spectively, at July 1,0, 1968 universal time; B, QI and F are the
rates of change of these angles; and C1 and SI are the cosine and sine,

respectively, of the angle I, Time tM is defined in Section 5, 5. 4.
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5,5.,3 LATITUDE-LONGITUDE SUBROUTINE

For display and data load purposes, the latitude, longitude,
and altitude of a point near the surface of the earth or the moon are
more meaningful and more convenient to use than the components of a
position vector, This subroutine is used to transform position vec-
tors between the Basic Reference Coordinate System and Geographic
or Selenographic latitude, longitude, altitude at a specified time.

In the case of the moon, the altitude is computed above
either the landing site radius, rs °F the mean lunar radius, Tar
For the earth, the altitude is defined with respect to either the launch
pad radius, r por the radius of the Fischer ellipsoid, Lo which is
computed from

2
r.2 = b (5.3.1)

2
b 2
1-(1——2-::l ) (1 - SINL™)

where a and b are the semi-major and semi-minor axes of the
Fischer ellipsoid, respectively, and SINL is the sine of the geocen-

tric latitude.

The computational procedures are illustrated in Figs,
5.3-1, 5.3-2, and 5.3-3. The calling program must specify either
a vector r or latitude (Lat), longitude (Long), and altitude (Alt). In
addition, the program must set the time t and the two indicators P

and F where

0 for earth

1 for moon

5.5-18
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1 for Fischer ellipsoid or mean lunar radius

0 for launch pad or landing site radius
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ENTER

Call Planetary Inertial Orientation
Subroutine to Transform r to rp

Yo
u={u | UNIT (EP)
U2
SINL: = u
2

Determine v and Ts
Fig. 5.3-3

u
Lat = tan 1( 2
2 2
Y uo + u1
u
Long = tan L
u
0
Alt =1 - Ty
EXIT

Fig.5.3-1 Vector to Latitude, Longitude, Altitude
Computation Logic Diagram
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ENTER

Determine 7y
Fig.5.3-3a

Uy cos (Long) cos (Lat)
rpl 4y = UNIT |sin (Long) cos {Lat)
Uy ¥ sin (Lat)

SINL = u

Call Planetary Inertial Orientation Subroutine

to Transform Unit Vector r

P to Unit Vector r

3

Determine Ty

Fig. 5. 3-3b

r={r +rAlt) r
BT

Fig. 5,3-2 Latitude, Longitude, Altitude to Vector

Computation Logic Diagram
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ENTER

Yes

-2
1)
B %

v=1 pb—————3p EXIT

Figure 5, 3-3a Determination of v

ENTER

Compute re

Eq. (5. 3.1)

iYes Y

ro = ryp . EXIT -1 rO = rF

Figure b, 3-3b Determination of ry
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5.5.4 LUNAR AND SOLAR EPHEMERIDES

This subroutine is used to determine the position and
velocity vectors of the sun and the moon relative to the earth. The
position vectors of the moon and the sun are needed by the Coasting
Integration Routine to compute gravity perturbations {Section 5. 2, 2, 3).
The velocity of the moon is used by the Coasting Integration Routine
when a change in the origin of the coordinate system is performed at
the sphere of influence of the moon (Fig. 2. 2-3). The velocity of the
sun is required,but not very accurately, to compute aberration cor-

rections to optical sightings.

The position of Vthe moon is stored in the computer in the
form of a ninth-degree polynominal approximation which is valid over
a_14. 5 day interval beginning at noon ephemeris time on the day of the
launch. The following parameters are included in the pre-launch

erasable data load:

tMO = the elapsed time between July 1.0, 1968 uni-
versal time and the iime at the center of the range
over which the lunar-position pelynominal is
valid. The value of tyvo will be anintegral num -
ber of quarter days minus the difference be-
tween ephemerié time and universal time,

¢y toc, = wvector coefficients

Let t be the specified ground elapsed time (GET), and t, be the elapsed

0
time beiween July 1.0, 1968 universal time and the time that the com-
puter clock was zeroed., Then, the approximate position and velocity

of the moon are computed from

t, . =t+1t,-1¢ {5.4.1)

MO
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_ i
TEM T Z i tm
i=0
N i-1
YeMm * i ety
i=1

(5. 4. 2)

(5. 4. 3}

The approximate position and velocity of the sun are com-

puted from the following items which are included in the pre-launch

erasable data load:

I'rso® YEso
“ES
Then,
Yes
VEs

~ESO

the position and velocity vectors of the sun

relative to the earth at time tMO'

the angular velocity of the vector Trso

r cos {w

Es tm’

[EESO X UNIT (vpgg X rESO)] sin (e ty)

YEso

5, 5=-24
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5.5.0 KEPLER SUBROUTINE

The Kepler Subroutine solves for the two body posi-
tion and velocity vectors at the terminal position given the
initial position and velocity vectors and a transfer time to the

terminal position,

This section contains information to aid the reader
in understanding the less obvious aspects of the Kepler Sub-
routine block diagram depicted in Figs. 5.5-1 thru 5. 5-3. The
subroutines referred to in these figures are presented in

Section 5, 5, 10, Nomenclature is found in Section 5, 5.1, 2,

Prior to entering the Kepler Subroutine an initial

estimate of x can be generated via Eq. (2.2.4) of Section5,2,2.2

L At B
w1th-2—- = tD t21 and 7 = tD' However, x' and t21

non-zero only if the subroutine is being used repetitively,

are

Although, theoretically, there is no upper bound on

%, the practical bound is set to XMAKO or XMAX1 to eliminate

non-feasible trajectories and increase the accuracy to which x
can be computed. In addition, ax2 has a practical range of

-50 <afx2 <(2 ﬂ').z which determines an independent upper bound
on x. The XMAK used, then, corresponds to the smaller of

the two values.

The transfer time convergence criterionis approxi-
mately the same as the granularity of the time input. BSince,
for some of the problems to be solved, the sensitivity of time
to x is so large that the granularity in x, € o produces a change
in time which exceeds the granularity in time, it is necessary

to introduce €, ag'a redvwdant convergence criterion,

The Kepler Subroutine, provided the parameter range

constraints are satisfied will always produce a solution,
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A negative value of tD will cause the subroutine to
update the state vector backward in time, If tD is negative but
its absolute value is greater than one period, the solution re-
turned will correspond to an update backward of exactly one
period. If tD is positive but greater than one period the update
will correspond to the true, total value of tD‘ just as it does for

tD less than one period,
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ENTER

E(t)), vit,) tp, x, x', tg,", 1

iw20,xg®0, tg= 0
rit,) =| it )|
upy = UNIT(z(t,)

£t) - vit))

cl = __“_‘

2 H

a =(1- cz)/r (ty)

rit)) vit,) - vit))
c, = -1

Xpax - 3TN

XMAX V-50/a

Moon primary

*MAX " *MAX 1

X*MAX " *MAX 0

Figure 5, 5-1
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YES

*MIN * ~ *MAX

Xmax = 0

YES

NO

YES

NO YES
x>0

b3

E :3::-:;;

Figure 5.5-2 Kepler Subroutine
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2

E=oax

Call KEPLER EQUATION subroutine.
€40 Cg0 X, &, r (L)), 4

Resume
ty, 8(E), c(E)

terr " 'p - a1

Call ITERATOR subroutine
0, 0, tgy. ty's tgRpe A% X O Xpaye Xy

Resume
Ax, Xpaxe XMIN
NO
IAxI >e€
x
YES
Call STATE VECTOR subroutine
), x @), vt u, xE s @), @)ty 8
t,,'=t
21 21
x = x + Ax Resume
f=j-1 I(tz)a !(tz)
NO 1 -0 YES ]
X=X+ xp
ty "t IR
Return

£ty v(ty), x, ty,

Figure 5, 5-3 Kepler Subroutine
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5.5.6 LAMBERT SUBROUTINE

The Lambert Subroutine solves for the two body ini-
tial velocity vector given the initial and terminal position vectors

and a transfer time between the two.

Thig section contains information to aid the reader
in understanding the less obvious aspects of the Lambert Sub-
routine block diagrams depicted in Figs. 5.6-1 and 5.6-2.
The subroutines referred to in these figures are presented in
Section 5 5. 10 and the nomenclature is fourd in Seetion 5. 5. 1. 2.

If the Lambert Subroutine is used repetitively and
rapid computation is required, the previous value of the in-
dependent variable, cotvy, can be used as a starting point for

the new iteration. Flag f1 provides this option,

The L.ambert Subroutine computes the normal to the

trajectory, u,,, using the two input position vectors. If these

vectors are nI:aTarly colinear, it is desirable to specify the nor-

mal as an input rather than rely on the ill-defined normal based
on the two input position vectors. Flag f2 provides this option.

The presence of the inputs in parentheses, therefore, is con-

tingent upon the setting of these flags.

The theoretical bounds on the independent variable,
cot ¥, correspond to the infinite energy hyperbolic path and
the parabolic path which closes through infinity. These bounds
are dynamically reset by the iterator to provide a more efficient
iteration scheme. In addition, if during the course of the itera-
tion, cot ¥ causes a parameter of the problem to exceed its
maximum as determined by its allowable range, the appropriate
bound is reset and the iterator continues trying to find an ac-

ceptable solution. (This logic does not appear in Figs.5.6-1and 2
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as it is pertinent only to fixed-point programming). If no ac-
ceptable solution is reached, the transfer time input was too
small to produce a practical trajectory between the input position
vectors. When this happens, A cot+y approaches its granularity
limit €. before time converges to within a fraction €; of the
desired time. However, this same granularity condition exists
when the sensitivity problem described in the Kepler Subroutine,
Section 5.5, 5,, occurs, In this case an acceptable solution does
exist. This dual situation is resolved via a third convergence
criterion. If the error in transfer time is greater than the usual
fraction €4 of the desired transfer time, but still less than a
slightly larger fraction k1 of the desired transfer time and
Acoty is less than €. then the solution is deemed acceptable

and the required velocity is computed.
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ENTER

£ity), £l tnyy, sg. g, fy.eot 1,10, (‘N) J

|

Call GEOMETRIC PARAMETERS subroutine

rity), [(tz). ag 1y

Hesume
r(t)), Tlty), sin 6, cos 8, (u), u,

l

A= r(tl)/r(tz)
f

371
p‘rl-coso

p2=coso-x

8in 8
ol Yyax * T~ cosd *¥2NPy

cot Ymax >
31. 98437110,

YES

——T

[ cot YanN * pzlain L] __J cot vy = - 31 mm:t:no*

cot YMAX + cot YMIN
—_ L\

cot y = -

k- .23
A cot y = cot y

S I
Yy Tt
Py
PN * 8in 8 cot v - p,
2
L enczey eeedy)

¢ ﬁ U_Pl;\;EJ_ﬁQAIVA l-il;BLE subroutine <1
sin 6, cos 6, cot v, rt)), an. by
e e e o]

Resume

x, £, ¢,
(.l Cz

Figure 5.6-1 Lambert Subroutine
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€po S0 X, &, (L)), M

Call KEPLER EQUATION subroutine

Resume )
ta1, 8(8), c(§)

:

- - |
*ERR *tD21 " 21

Call ITERATOR subroutine
0, 13, *21' t“', ‘ERR' Acot v, cot v, k, cot TMAX® cot TvIN

Resume

Acot v, ‘3' cot Yax: SO TN

NO

I RETHRN

i

cot ¥ =cot vy + Ocot v

¥ (ty) -—",E,;’i, (fo@-1)u,+ (1 %%{ﬂ) Y,

Return
w(t,),

cot vy

Figure 5.6-2

5

)1"] Revised COLOSSUS

DAdded GSOP #R-5717

Return
1"1" !(tz),
cot v

Lambert Subroutine
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5.5.7 TIME-THETA SUBROUTINE

The Time-Theta Subroutine solves for the two body
transfer time given the initial position and velocity vectors and
the true anomaly difference {transfer angle) to the terminal

position.

This section contains information to aid the reader
in understanding the less obvious aspects of the Time-Theta
Subroutine block diagram depicted in Fig. 5.7-1. The sub-
routines referred to in this figure are presented in Section
5.5 10 and the nomenclature is found in Section 5. 5. 1. 2.

The flag f5 must be zero ifthe user desires compu-

tation of the terminal state vector in addition to the transfer time,

If the conic trajectory is a parabola or hyperbola and
the desired transfer angle, 0, lies beyond the asymptote of the

conic, f7 will be set indicating that no solution is possible,

In additionto the psrameter range constraints imposed on
Kepler's equation, the additional restriction on Time-Theta
that the trajectory must not be near rectilinear is indicated by

the range of cot v.

The Time-Theta problem is not well defined for near
rectilinear trajectories, i e, the transfer angle ¢ is no longer
a meaningful problem parameter. This will not cause difficul-
ties provided the input variables are within the specified ranges.
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l ENTER

[(tl). y(tl), u, 8in 0, cos 8, 16

Call CONIC PARAMETERS subroutine
), vlt)), u

Resume

@\ Pye Ot Yy, Tity), up

Call UNIVERSAL VARIABLE subroutine
8in 8, cos @, cot v, r(tl), aw PN

Resume
x, £, € S

Call KEPLER EQUATION subroutine
£, x, 6, ¢y, r(t,), u

Resume

tg, - 8(E), c()

Call STATE VECTOR subroutine
r(t)), ¥(t)), rt)), v, x,

£, 8(E), c(E). ty,, m

Resﬁme
rlt,), vity)

Return

Figure 5, 7-1 Time-Theta Subroutine

5.5-35

Rev,3 - 11/68

Return

t21




5.0.8 TIME-RADIUS SUBROUTINE

The Time-Radius Subroutine solves for the two body
transfer time {o a specified radius given in the initial position

and velocity vectors and the radius magnitude,

This section contains information to aid the reader
in understanding the less obvious aspects of the Time-Radius
Subroutine block diagrams depicted in Figs, 5.8-1 and 5, 8-2,
The subroutines referred to in this figure are presented in
Section 5, 5, 10 and the nomenclature is found in Section 5. 5. 1. 2,

Paragraphs 3, 4 and 5 of Section 5, 5, 7 apply to the

Time-Radius Subroutine as well,

Since an inherent singularity is present for the cir-
cular orbit case, near-circular orbits result in a loss of ac-
curacy in computing both the transfer time, t21, and the final
state vector, This is caused by the increasing sensitivity of
t21 tor (t2) as the circular orbit is approached, In the extreme
case that eccentricity is less than 2_18, the problem is undefined
and the subroutine will exit without a solution, setiing flag fg to

indicate this,

Ifr (tz) is less than the radius of pericenter or
greater than the radius of apocenter, then r (’c2 ) will be ignored
and the pericenter or apocenter solution, respectively, will be

computed, A flag, f,, will be set to indicate this,

8:
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ENTER l

£ty vit,), b, vitg), sy tg

Call CONIC PARAMETERS subroutine
), yit)),

Resume

@y Py SOV, My, Fity), 8, VL)), B,

o= (1-ayu, - coty (@ - ey u,

co-!-('_’xi'_L) - >/|_0_|
=)

RETURN

!.-0

sinf{ = l‘-.VI - eon2 {

cos <0

‘'NO

cos{f) = - 1 cosfel

fom 0
9.
Ba" co-(l)|_a° + lh(f)(\_lN ‘2.)

cos(6) = u,, ° Uy

“in(d) = (1) x8.q) - Uy

<

Figure 5. 8-1 Time-Radius Subroutine
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Ny

Call UNIVERSAL VARJIABLE subroutine

sin 9, cos 6, cot7, r(tl). an, Py
Resume
x, §, ¢y, ¢y

Call KEPLER EQUATION subroutine
€, x, ¢, ¢y, r(t,), u

Resume

toys 8(£), c(§)

NO

.‘_‘7

Return

21

Call STATE VECTOR subroutine

E'(tl)' Y“(tl)' r(tl)p Erlo X, 5. B(E)a c(E)- tzlo“

Resume
rity), vity)

'

Return
rit,), vity)

tay

Figure 5, 8-2 Time-Radius Subroutine
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5.5.9 APSIDES SUBROUTINE

The Apsides Subroutine solves for the two body
radii of apocenter and pericenter and the eccentricity of the
trajectory given the position and velocity vectors for a point

on the trajectory.

This subroutine is depicted in Fig, 5, 9-1, The
subroutines referred to in this figure are presented in Section

3.5, 10, Nomenclature is found in Section 5.5,1. 2.

It is characteristic of this computation that the
apsides become undefined as the conic approaches a circie.
This is manifested by decreasing accuracy. When the conic is
nearly parabolic, or hyperbolic, the radius of apocenter is
not defined. In this event the radius of apocenter will be set

to the maximum positive value allowed by the computer.
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ENTER

!

pty), vé).u

!

Call CONIC PARAMETERS subroutine
rit) viy) s

Resume

@pe Pye T (tl)

|

Return

‘l‘p, I‘A, e

Figure 5,9-1 Apsides Subroutine
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5. 5. 10 MISCELLANEQOUS SUBROUTINES

There are, as part of the Conic Trajectory Sub-
routines, three subroutines which are useful in their own right,
These are the Conic Parameters, the Geometric Parameters
and the Iterator Subroutines which are depicted in Figs, 5, 10-1,
5. 10-2 and 5, 10-3, respectively,

The Conic Parameters and Geometric Parameters

Subroutines are self explanatory,

The Iterator Subroutine serves several purposes. It
is used when flag f4 is set to zero to solve for the value of the indepen-
dent variable which drives the error in the dependent variable
to zero, provided the function is monotonically increasing. To
improve convergence for functions whose derivative changes

rapidly, the limits are reset as shown in the block diagram,

With f4 set to 1, the Iterator seeks a minimum of
the function, provided the first derivative is gingle wvalued be-
tween the limits. The inputs are redefined so that ''y' is the
derivative of the independent variable with respect to the dependent
variable, and "x" is the value at which the derivative was computed

or approximated. Since the desired value of y is zero, YERR = Y-

Since the Iterator uses the "Regula Falsi" technique,
it requires two sets of variables to begin iteration, If only one
set is available, flag f3 must be set to 1, causing the iterator to
generate the independent variable increment from a percentage
of the full range.
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In addition to the above subroutines there are three
other subroutines of primary interest to the five basic conic sub-
routines described in Sections 5. 5.5 to 5. 5. 8. These are the
Universal Variable Subroutine, the Kepler Equation Subroutine
and the State Vector Subroutine shown in Figs. 5. 10-4, 5. 10-5
and 5. 10-6, respectively.

The Universal Variable Subroutine is utilized by the
Lambert, the Time-Theta and the Time-Radius Subroutines to
compute the universal parameter x required for the time equa-
tion. There are two different formulations required according

to the size of the parameter w,

If the input to the subroutine requires the physically
impossible solution that the trajectory ''close through infinity",
the problem will be aborted, setting flag f7.

The Kepler Equation Subroutine computes the transfer

time given the variable x and the conic parameters.

The State Vector subroutine computes the position
and velocity vectors at a point along the trajectory given an
initial state vector, the variable x and the transfer time,

The final miscellaneous subroutine, the SETMU Sub-
routine, is depicted in Fig. 5. 10-7. It sets u to the appropriate
primary body gravitational constant consistent with the estimated

CSM or LM state vector as defined in Section 5.2, 2, 6,
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lEN’I‘En

t(tl)o I(tl)a M

l

Call GEOMETRIC PARAMETERS subroutine
rit), y(t), +1, 0

Resume
r (tl), v (tl), sin v, cos v, By Upge Uy

l

cot v = cos -y/sin L%
r(t v(tl)z

-2-c3

€3
TN

Py = 3 sin2 ¥

Return
@ Ppr SO Y, Uy, T (tl).

e v ) |

Figure 5.10-1 Conic Parameters Subroutine
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ny = |y

ny = |m

Uy = my/m

U = 2/

cos ¢ =u.y U,

NO

uy = N/sin ¢

Return

Ny, Ny, 8in ¢ , cos ¢ , (LJN) s By Moo

Figure 5,10-2

Geometric Parameters Subroutine
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lENT ER

I4. 13, y. y, yERR' Az, z, k, IMAX‘ lMIN
YES
\13'0/?‘0
Az = SIGNlyppp )k Ipax = harn?
13 =0
4z = SIGN(ypo o) lAe)
m s/\no
i Az >0 »
NO NO
YES YES
b = 2 Imax = ®
<2 e+ aSNO NO Loy <2+ an
YES YES
M-.B(ll“x-z) Az-.O(lmN-z)
Return
8z, 13, lyax: Ivin
Figure 5.10-3 Iterator Subroutine
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L"' 0, con s, u‘lv, ) oy |
“ oy (f*‘n"l - “""

:: -{:f,;‘;-rrr.!‘.'z‘ww..—.ﬂ Vool ooy
N s o & ':] ".

oo

RETURN

ey y?

x s Vritd

" p“r!l coty
c.-l-a"
£4= 0

Return
x 8 ¢, o

Figure 5.10-4 Universal Variable Subroutine
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l ENTER

cy» €50 X, E, r(tl). u

l

|

Return
ty,. 8(£), (&)

Figure 5.10-5 Kepler Equation Subroutine
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lENTER

E‘tl)' !(‘l" r('-l)n El"l' x, t. .(i)l C(E). '211 u

2 3
rit,)w |1 -—% .:(n) rit n&. - A n(f)| vit,)
2 ( vlt,) -1 21 M |
rity) = |_t_'(t2)|

2
-_x%¢
vity) = ’m—ﬁr“z (E s(E) - l]u y t ( 1 -—(—‘fﬂr 1, )!(tl)

Return
rit,), vit,)

Figure 5,10-6 State Vector Subroutine
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YES

Figure 5.10-7 SETMU Subroutine
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5,3.11 INITIAL VELOCITY SUBROUTINE

" The Initial Velocity Subroutine computes the required
initial velocity vector for a trajectory of specified transfer time
between specified initial and target position vectors. The ira-
jectory may be either conic or precision depending on an input
parameter (namely, number of offsets), In addition, in the
precision trajectory case, the subroutine also computes an
"offset target vector', to be used during pure-conic cross-product
steering. The offset target vector is the terminal position vector
of a conic trajectory which has the same initial state as a precision
trajectory whose terminal position vector is the specified target

vector,

In order to avoid the inherent singularities in the 180°
transfer case when the (true or offset) target vector may be
slightly out of the orbital plane, the Initial Velocity Subroutine
rotates this vector into a plane defined by the input initial posi-
tion vector and another input vector (usually the initial velocity
vector ), whenever the input target vector lies inside a cone whose
vertex is the origin of coordinates, whose axis is the 1800 trans-

fer direction, and whose cone angle is specified by the user,

The Initial Velocity Subroutine is depicted in Fig, 5,11-1,
The Lambert Subroutine, Section 5. 5.6, is utilized for the conic
computations; and the Coasting Integration Subroutine, Section d. 2. 2,

is utilized for the precision trajectory computations,
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Nomenclature for the Initial Velocity Subroutine

E(tl) Initial position vector.

!(tl) Vector (usually the actual initial velocity vector)
used to determine whether the transfer from the
initial position vector to the target vector is through
a central angle of less or greater than 1809, and also
used in certain cases to specify the transfer plane
(see text),

ET(t?.) Target Vector (True target vector if Ny > 0, or
’ Offset target vector if N1 = 0).

t Desired transfer time from initial position vector to
target vector.

N Number of offsets to be used in calculating the offset
target vector from the true target vector, (N; =0
implies conic calculations only with offset target vec-
tor input).

€ Cone Angle of a cone whose vertex is the coordinate
origin and whose axis is the 180° transfer direction
(i. e., the negative initial position direction). The
cone angle € is measured from the axis to the side
of the cone.

H Switch set to 0 or 1 according to whether a guess of
cot v is input or not.

[cot v ] Guess of cot v.

KT(tl) Required initial velocity vector of a precision [a conic]
trajectory which passes through the true [or offset]
target vector, or the rotated true [or offset ] target
vector if the original target vector was in the cone,
at the end of the desired transfer time, if N, > 0

for N, = 0]. 1
E(tz) Computed offset target vector,
ET(tz) Final precision [toni¢] velocity vector resulting from a

precision {tonic¢] update of the initial position vector and
the required initial velocity vector vo(t,), if N, > 0,

. 7Tl 1
[or N; =0, respectively] .

5'1"("2} Final precision position vector.

cot ¥ Value to which the Lambert Subroutine converged
{for later use as guess to minimize computation time).

f Switch set to 0 or 1 according to whether the input
{irue or offset) target vector was not or was in the

cone, and consequently was not or was rotated into
the plane.
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ENTER

*

(t )J D’ l: €, fl, COt’Y 7

'y

IH

(t2) =
w =
NZ =
ll =

rT (tz)

COS €

-1

UNIT[E(tl)X X(tl)]

UNIT |

UNIT (t

2)

L

r{t,) = r(t )IUNIT[r(t ) - (r(ty) - h)rﬂ

n=r{t;)x rty)

Figure 5, 11-1 Initial Velocity Subroutine
{page 1 of 2)
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Sg * SIGN[r (t,) - nx r(t)]

L—

v

Call LAMBERT Subroutine
(4 Tty by, s Ny 1), [eotv], £y, n]

Resume
v (Y )’[XT (t, )] , cot y

U

Call Coasting Integration Routine

r(t), vp (t), iy

Resume . v

T (1) v ()

v

N =N2+1

]

Return

rlty) = rlty) ~[rq (t) -rplty)]  |z(t), v () rity) velty). oy ),

l cot v, £,

Figure 5.11-1 Initial Velocity Subroutine
(page 2 of 2)
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5 5,12 TRANSFER ANGLE SUBROUTINE

The computation of orbital transfer trajectories

generally requires a time of flight, t However, for purposes

of communication between the astronfut and the guidance compu-
ter, wt, the central angle of travel of the passive vehicle during
the transfer is more convenient. This subroutine is used to
convert from tF to wt, The conversion is approximate because
it is based on the mean motion of the pagsive vehicle.

The equaticons and logic used for the conversion are

shown in Fig. 5,12-1.
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ENTER

INPUT
tF
oy ¥p = passive vehicle
position and velocity
vectors, respectively
Urp
aP =

2u - rtp(Vp * ¥p)

OUTPUT

wt

Fig. 5.12-1 Transfer Angle Subroutine
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5.5,13 LOSSEM SUBROUTINE

The LOSSEM Subroutine computes the lines-of-sight
of the Sun, Earth, and Moon with respect to the spacecraft in
the Basic Reference Coordinate System. This data is used by
the IMU alignment programs whenever the astronaut elects to
sight on the Sun, Earth, or Moon instead of a star for purposes
of IMU alignment, The data is also used by the Star Selection
Routine (Section 5. 6. 4) when testing for star occultation. In
addition, this subroutine computes the sizes of the occultation
cones used in the Star Selection Routine and the correction for
aberration of light which is applied in the IMU alignment pro-
grams to the line-of-sight unit vector of a star stored in basic

reference coordinates,

The unit vectors and u,, specifying the lines -

Yy I LY
of-sight to the Sun, Earth, and Moon respectively, in the Basic

Reference Coordinate System are computed as follows:

UNIT (rpc) if P=E

ug = (5.13.1)
UNIT (£ =~ Tpy) i P=M
~UNIT {r ) if P= E

ug = —< (5. 13. 2)
-UNIT (rp*+ To) i P=M
UNIT (r,.., -T,.) ifP=E

Upg = —EM - =C (5. 13. 3)
-UNIT () ifP=M

.

where P, E, M, and § respectively denote the primary body,
Earth, Moon, and Sun, r . is the position vector of the CSM

with respect to the primary body, and rEM and I'pg are the posi-
tion vectors of the Moon and Sun with respect to the Earth ob-
tained from the Lunar and Solar Ephemerides Subroutine of
Section 5. 5. 4. The line-of-gsight vectors are determined for

a time specified by the calling program or routine,
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The occultation cones used in the Star Selection Routine
for the Sun, Earth, and Moon are computed as follows:

¢g = cos 15° {5.13. 4)

_ R
cos [50 <+ 8in 1 (?E)] ifP=E
e, = c (5. 13. 5)
cos 5° ifP=M

cos 5° ifP=E
C,, = (5. 13. 6)

_ R
cos [5O+ sin 1 l—M)] ifP=M
Fc

where c is the cosine of one half the total angular dimension of
a cone and represents a more convenient way of treating the di-

mension of a cone in the Star Selection Routine, r is the mag-

C
nitude of the CSM position vector, RE is the equatorial radius
(6378, 166 km) of the Earth, and RM is the mean radius (1738, 09 km}

of the Moon.

The vector a which is used by the IMU alignment pro-
grams to correct the stored star vectors for aberration of light
is determined as follows:

Yo U Yms

a =
- c

(5.13.7)
where EC
body,

v
—ES
is the speed of light, Note that this correction does not consider

is the velocity of the CSM with respect to the primary
is the velocity of the Sun relative to the Earth, and c

the velocity of the Moon relative to the Earth when the primary

body is the Moon since the contribution from this source is con-
sidered negligible.
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5,5,14 PERICENTER-APOCENTER ( PERIAPO) SUBROUTINE

The Pericenter - Apocenter Subroutine computes the
two body apocenter and pericenter altitudes given the position
and velocity vectors for a point on the trajectory and the primary

body.

This subroutine is depicted in Fig, 5,14-1,
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Call Apsides Subroutine

2y Tyt
Resume rp, Tar & PN

h =r -r

p p b

h,=rp -1y

Return hp, h, e P

Figure 5,14-1 PERICENTER - APOCENTER SUBROUTINE
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