5.6 GENERAL SERVICE ROUTINES

5.6.1 GENERAL COMMENTS

The routines presented in this section include the

following general service functions:
1) IMU alignment modes
2) Basic Coordinate Transformations
3) Computer initialization procedures

'4) Special display routines which can be called by the

astronaut

5) Automatic optics designate routines
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 5.6,2 IMU ALIGNMENT MODES

5.6.2,1 IMU Orientation Determination Program

The IMU Orientation Determination Program (P-51)
is used during free-fall to determine the present IMU stable
member orientation with i‘espect to the Basic Reference Coordinate
System by sighting on two navigation stars or known celestial
bodies with the sextant (SXT) or the scanning telescope (SCT).
At the start of program P-51 the astronaut acquires the desired
celestial bodies by maneuvering the spacecraft until they are
visible in one of the above optical devices, During this acquisition
phase he monitors the FDAI Ball to avoid IMU gimbal lock, He

may also have the IMU gimbal angles coarse aligned to zero if

he so desires,

Afterwards, the following steps are performed on each
of two celestial bodies:

1) The Sighting Mark Routine (R-53 of Section 4)
is used to sight on one of the celestial bodies,
The astronaut performs the sighting by centering
the SXT or SCT on the celestial body and presses
the MARK button., This mark causes the measure-
ment time and the optics and IMU gimbal angles to
be recorded by the computer,

2) The identity of the celestial body is indicated by
the astronaut by use of a celestial body code,

' Separate codes are provided for the 37 navigation
stars, Sun, Barth, Moon, and a general celestial
body. The latter code is referred to as the Planet
code,
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3)

4)

5)

The subroutine ILOSSEM of Section 5.5,13 is

used to compute the correction for aberration of
light and the line-of-sight vectors of the Sun,
Earth, and Moon in the Basic Reference Coordinate
System for the time of the optical sighting (mark).
If the Sun, Earth, or Moon code was selected,

the vector for that body is set aside for use later.

If the Planet code was selected, the astronaut is
requested to load the coordinates of the desired
celestial body in the Basic Reference Coordinate
System,

The unit vector E(I'JB defining the direction of the
celestial body as a result of the optical sighting
is obtained in the IMU Stable Member Coordinate
System as follows:

sin TA cos SA

oy = [NBSM] [SBNB] sin TA sin SA (6.2.1)
cos TA

where [NBSM] is the transformation matrix in
Section 5, 6, 3.2. 1 using the IMU gimbal angles
stored for the optical mark, [SBNB] is the matrix
in Section 5.6.3.1.1, and SA and TA are respec-
tively, the shaft and trunnion angles of the SXT or
SCT stored for the optical mark,
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6) A correction for aberration of light is then applied
to the unit vector EEB defining the direction of the
celestial body in the Basic Reference Coordinate
System which was either taken from the computerts
star catalog in fixed memory, computed by the
"subroutine LOSSEM in step 3, or loaded by the
astronaut in step 4. The light aberration correction ‘
is made as follows:
A
-L-I-CB=UNIT(ECB+3) (6.2.2)
where a is the aberration correction vector
computed by the subroutine LOSSEM when this
subroutine was called after the celestial body
BEB and Uop are, respectively, the
uncorrected and corrected unit vectors to the

sighting, and

celestial body in basic reference coordinates.
Although this correction is correct only for distant
objects such as stars, it is also applied, for reasons

of program simplification, to the unit vectors of
the Sun, Earth, Moon, or a planet, if any of these
bodies are being used. It should be noted that the
aberration correction is negligible in comparison
to the errors in sighting on the Sun, Earth, or
Moon,

When the above steps have been performed for two
celestial bodies, the computer has the unit line-of-gight vectors
for the two bodies in both IMU stable member and basic reference
coordinates, Let %BA and BICBB be the unit vectors for the
two celestial bodies (A and B) which are obtained with Eq. (6.2.1)
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and let YBA and YRR be the unit vectors for the same bodies
obtained with Eq. (6.2,2), At this point in the program the
Sighting Data Display Routine (R-54 of Section 4) computes the
S S .
angle between the unit line-of -sight vectors (ECBA and EbBB)
obtained for the two bodies in stable member coordinates and
the angle between the corresponding unit line-of -sight vectors
(EJCBA and ECBB) for the two bodies in basic reference coordinates.
The magnitude of the difference between the two angles is displayed
to the astronaut and he either accepts the results or repeats the

IMU orientation determination process,

If he accepts the results of the Sighting Data Display
3 1 | H
Routine, the unit vectors Y-BA° ECBB’ ECBA’ and ECBB are
used to determine the present stable member orientation and

REFSMMAT, using the procedure given in Section 5.6.3.3. 1.




L

5.6.2.2 IMU Realignment Program

The IMU Realignment Program (P-52) is used during
free-fall to re-align the IMU to its presently assumed orientation
or to align it from a known orientation to one of the desired
orientations given in Section 5.6. 3.3 and in P-52 of Section 4.
This alignment is made by sighting on two navigation stars or
known celestial bodies with the sextant (SXT) or the scanning
telescope (SCT).

At the beginning of program P-52 the astronaut indi-

cates which of the following stable member orientations is desired:

1) Preferred - for thrusting maneuvers
2) Landing Site ~ for LM lunar landing or launch

3) Nominal - for alignment with respect to local
vertical

4) REFSMMAT - for re-alignment to presently

assumed orientation

The Preferred, Landing Site, and Nominal orientations are
defined in Section 5.6, 3.3, If the astronaut selects the Landing,
Site or Nominal orientation, it is computed by program P-52

in the manner shown in Section 5.6.3.3 and in P-52 of Section 4,
The Preferred orientation must be computed prior to entering
program P-52, Whenever, the astronaut selects the Preferred,
Landing Site, or Nominal orientation, the program also computes
and displays the IMU gimbal angles for the desired stable member
orientation using the present vehicle attitude, These angles are
computed by the routine CALLCGA of Section 5.6.3.2.2 where the
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inputs to this routine are the unit vectors (EXSM’ Yysnr EZSM)
defining the desired stable member axes with respect to the
Basic Reference Coordinate System, and tbe unit vectors (ENB’
INB’ ENB) defining the present navigation base axes with respect
to the Basic Reference Coordinate System, which are computed

as follows:

T
[REFSMMAT]" xyp

1

T .
(REFSMMAT|" yip (6.2.3)

it

T,
ZNB [REFSMMAT] ZNB
where [REFSMMAT]T is the transpose of the present [REFSMMAT1
and ﬁ\IB’ Xi\TB’ and E-Wi\IB define the navigation base axes with
respect to the present Stable Member Coordinate System and

are computed by the routine CALCSMSC of Section 5.6.3.2.5.

If the computed IMU gimbal angles are unsatisfactory,
the astronaut maneuvers the vehicle to a more suitable attitude
and has the program re-compute and diéplay the new gimbal
angles. Once satisfactory angles have been obtained, the astronaut
keys in a "PROCEED' and is then requested to indicate whether
the IMU is to be aligned to the desired orientation by use of the
Coarse Alignment Routine (R-50 of Section 4) or by torguing the
gyros. If he elects to have the éyros torqued to the desired
orientation, the gyro torquing angles are computed by the routine
CALCGTA of Section 5.6.3.2.3 where the inputs to this routine
are the unit vectors (ED’ Y. ED) defining the desired stable
member axes with respect to the present Stable Member
Coordinate System which are computed as follows:

Xy = [REFSMMAT] uyay
Yp = [REFSMMAT] uyou
zp = [REFSMMAT] u, o,
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where Yo Rysme and U 7oy Were previously defined.
During the period when the gyros are being torqued, the IMU
gimbal angles are displayed to the astronaut so that he may
avoid gimbal lock by maneuvering the spacecraft. After the
gyro torquing process, the astronaut either terminates program
P-52 or performs a fine alignment with optical sightings on

two celestial bodies.

If the astronaut elects to have the IMU aligned to the
desired orientation by means of the Coarse Alignment Routine
(R-50), this routine will command the IMU to the computed gimbal
angles if any of the required gimbal angle changes is greater
than one degree. If all of the required gimbal angle changes
are less than or equal to one degree, routine R-50 will leave
the IMU at its present orientation,: and it will be assumed by
program P-52 that it is at the desired orientation. It should be
noted that there is no computation of gimbal angles or coarse
alignment of the IMU if the astronaut selects the REFSMMAT

orientation at the beginning of program P-52.

Afterwards, the astronaut maneuvers the vehicle to
a desired attitude for celestial body acquisition and decides
whether to select his own celestial bodies for sighting purposes
or to use the Star Selection Routine of Section 5.6.4. If he selects
the Star Selection Routine, program P-52 will call the subroutine
LOSSEM of Section 5. 5. 13 prior to calling the Star Selection
Routine since LOSSEM computes the directions and the occulta-
tion cones of the Sun, Earth, and Moon used in the occultation
tests of the Star Selection Routine. When LLOSSEM is called
for this purpose, the specified input time is the present time
plus an additional amount ( TSS) in order to insure that the time
used in computing the LOS vectors for the Sun, Earth, and Moon
is near the middle of the sighting mark process, The time in-
crement TSS is based upon estimates of the time required to .
do the Star Selection Routine and to perform the optical sightings.
The primary purpose of using TSS is to insure that the L.OS
vector of the primary body used in the occultation test is that
which occurs during the sighting mark process,

If the Star Selection Routine is unable to find two -
satisfactory stars at the present vehicle attitude, the astronaut -
either repeats the above process of changing the vehicle attitude
and using the Star Selection Routine, or decides to select his
own celestial bodies.
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Afterwards, the following steps are performed on

each of two celestial bodies:

1)

2)

3)

4)

5)

The celestial body code is established for one of
the two bodies which are to be sighted upon (i.e.
the astronaut either accepts the celestial body

code for one of the stars found by the Star Selection

Routine or loads his own celestial body code).

The subroutine LOSSEM of Section 5.5, 13 is
used to compute the line-of-sight vectors of the
Sun, Earth, and Moon for the current time in
case the Sun, Earth, or Moon code was selected.
If one of these codes was selected, the vector

computed for that body is set aside for use later.

If the Planet code was selected, the astronaut
is requested toload the coordinates of the desired
celestial body in the Basic Reference Coordinate

System.

The program then calls the Auto Optics Positioning
Routine (R-52) which in turn calls the Sighting

Mark Routine (R-53). After the SXT and SCT

have been driven to the LOS of the celestial body

by routine R-52 the astronaut manually centers

the SXT or SCT on the celestial body and presses the
MARK button.

When a satisfactory optical sighting (mark) has
been obtained, the same steps (2 through 6 ) are

performed after the optical sighting as are given
in Section 5.6.2.1 for the IMU Orientation Deter-
mination Program (P-51) except that the unit vector
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YR (see Eq. (6.2.2) in step 6 of Section 5. 6. 2. 1)
is expressed in terms of the desired IMU Stable
Member Coordinate System instead of the Basic

Reference Coordinate System as follows:

*
Ueg UNIT{[REFSMMAT]D (g + 3)} (6.2.4)

where a is the aberration correction vector computed
by the subroutine LOSSEM, and [REFSMMAT]D

is the matrix (Section 5.6. 3, 3) for transforming
vectors from the Basic Reference Coordinate

System to the desired IMU Stable Member Coordinate
System,

After the above steps have been performed on two
celestial bodies, the computer has the unit line-of -sight vectors
for the two bodies in both present and desired IMU stable member
coordinates, Let -ULICBA and EICBB be the unit vectors for the two
bodies (A and B) which are obtained with Eq. (6.2.1) and let ‘ v
Y-Ba and Y-~pp bethe unit vectors for the same bodies obtained f
with Eq. (6.2.4). At this point in the program the Sighting Data
Display Routine (R-54 of Section 4) computes the angle between

I

Yega and ECBB’ and the angle between ECBA and EbBB’ and
displays the magnitude of the difference between the two angles
to the astronaut. If he accepts the results, the four vectors are
used in the routine AXISGEN of Section5.6,3.2.4to compute the desired
stable member axes with respecttothe present Stable Member Co-

ordinate System, which are used in the Gyro Torquing Routine

: o ._I
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(R-55 of Section 4). Routine R-55 computes the gyro torquing
angles required to drive the IMU stable member to the desired
orientation by using the above vectors in the routine CALCGTA

of Section 5.6.3.2,3. The gyro torquing angles are displayed

to the astronaut so that he can decide whether to have the gyros
torqued through these angles or not. If he is not satisfied with the
results of the Sighting Data Display Routine or the Gyro Torquing
Routine, he may repeat the optical sightings without having to

terminate the program,

It should be noted that the ground can indicate to the
CMC via uplink the present stable member orientation or a desired
stable member orientation, If the present orienfation is being
indicated, this is done by transmitting a REFSMMAT to the CMC,
Under noi‘malcircumstances, however, it would not be desirable
for the ground to indicate the present stable member orientation
since this orientation should be determined by the CSM GNCS.
However, if an orientation different from the present orientation is
desired by the ground, this desired orientation can be transmitted
as a Preferred orientation, By treating a desired stable member

orientation in this manner, program P-52 will be able to correct

for any large differences between the present and desired orientations

by coarse alignment, In addition, this approach avoids the introduc-
tion of orientation errors which affect celestial body acquisition.
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5.6.2.3 Backup IMU Orientation Determination Program

The Backup IMU Orientation Determination Program
(P-53) is used during free-fall to determine the present IMU
stable member orientation with respect to the Basic Reference
Coordinate System by sighting on two navigation stars or known
celestial bodies with some optical device other than the sextant
or scanning telescope. An optical device which is considered
to be a backup to the normal CSM optics is the Crew Optical
Alignment Sight (COAS). This program is identical to program
P-51 of Section 5.6.2. 1 except that the Alternate L.OS Sighting
Mark Routine (R-56 of Section 4) is used in place of the Sight-
ing Mark Routine (R-53) to sight on the celestial bodies. When
ever routine R-56 is called by program P-53, the éé;tronau’c

is requested toload the coordinates of the backup optical device
before performing the optical sighting, These coordinates are
the equivalent SXT shaft and trunnion angles of the device which
would be indicated for the SXT if it were possible to direct the
SXT along the same direction as the optical device. When an
optical sighting is performed using routine R-56, the measure-
ment time, the IMU gimbal angles, and the equivalent shaft and
trunnion angles of the backup device are stored by the computer,
These angles are used just as in step 5 of Section 5.6.2.1 to
obtain a unit vector 11_(':]3 in the IMU Stable Member Coordinate
System where SA and TA are now the equivalent shaft and trun-
nion angles of the backup device.

5.. 6.2.4 Backup IMU Realignment Program

The Backup IMU Realignment Program (P-54) is
used during free-fall to re-align the IMU to its presently ag-

sumed orientation or to align it from a known orientation to

5.6-12
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one of the desired orientations given in Section 5.6.3.3 and in
P-54 of S'ection 4 by sighting on two navigation stars or known
celestial bodies with some optical device other than the sextant
or scanning telescope.. Such an optical device may be the Crew
Optical Alignment Sight (COAS), This pfograrn is identfical to
program P-52 of Section 5.6.2.2 except that the Alternate 1.OS
Sighting Mark Routine (R-56 of Section 4) is used in place of
the Sighting Mark Routine (R-53) fo sight on the celestial bodies.
In addition, the Auto Optics Positioning Routine (R-52) is not
used in this program. A description of Alternate LOS Sighting
Mark Routine is given in Sections 4 and 5\ 6.2.3:

5.6-13
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5.6.3 IMU ROUTINES

5.8. 3 1 Sextant ‘Transformations

5.6.3.1.1 Sextant Bage - Navigation Base

To transform a vector from sextant base to navigation

base coordinates, use is made of the following transformation
matrix; » ‘

0 ~sin o
[_SBN]%’ - 1 0 (6.3.1)
0 cosd

where ¢ =-32° 31' 23 19"

The above matrix and its trangspose I_NBSB] are both
present in computer memory.

The sextant base coordinate system referred to
above is frequently called the Block I navigation base
coordinate system in deference to the present navigation base
coordinate system (Block II). Any transformation of vectors

between the sextant and the present navigation base requires
use of the above transformations.
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5.6. 3. 1.2 Sextant to Navigation Base (SXTNB)

To obtain a unit vector (ENB)’ which specifies the
direction of the line-of-sight of the sextant in navigation base

coordinates, use is made of the following:

sin TA cos SA
uyp = [SBNB| | sinTA sinsA (6.3.2)
cos TA
Whefe I:éBN_ﬁJ is the transformation matrix given in Section

5.6.3.1.1, and TA and SA are the trunnion (precision) and

shaft angles, respectively, of the sextant.

5.6.3.1.3 Calculation of Sextant Angles (CALCSXA)

Given a unit star vector Ssm in stable member co-
ordinates, this routine computes the angles SA and TA required
to position the optics such that the line of sight lies along the

star vector.

The star vector is first transformed to the sextant

base coordinate system as follows:

ssp = [vese] [vvm] sy (6.3.3)
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where [NBSP] and [SMNB:' are given in Sections 5.6.3, 1.1
and 5,6.3.2.1, respectively,

Next, a unit vector Yrpas defining the direction of
the trunnion (precision) drive axis in sextant base coordinates,
is obtained;

Urpa = UNIT I:ESBXESB:] (6.3.4)
where
0
Zsg < 0
1

Using Sgp and Yrpa- the angles SA and TA are de-
termined as follows:

SinSA& = uppy © (- Xgg)
€08 8A = Unpa - Ysp
(6.3.5)
SA = ARCTRIG (sin SA, cos SA)
TA = cos™? [Zan © Sap]
—SB -SB
5,6-16
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where ARCTRIG implies computing the angle, choosing either

. -1 -1 . R
sin” ~ or cos ~ so as to yield maximum accuracy, and

1 0
sgp x| O | Wd ygp |l
0 0

5.6.3.2 IMU Transformations

5.6.3,2.1 Stable Member-Navigation Base

Let IGA, MGA, OGA be the IMU inner, middle and
outer gimbal angles, respectively. Define the following matrices:

cos IGA 0 -sin IGA

Ql = 0 1 0 (6.3.6)
sin IGA 0 cos IGA
cos MGA sin MGA O
Q2 = {-sin MGA cos MGA 0 (6.3.7)
0 0 1
5.6-17
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Qe = |0 cos OGA  sin OGA (6.3.8)

0 ~-sin OGA cos OGA

Stable Member to Navigation Base Transformation

U = Qe Uy

(6.3.9)

[SMNB:' *Q3Q, Qy

Navigation Base to Stable Member Transformation

Ty T, T T, T, T
Ut = Q) @ @ Uype [vsu] - 0,0, q,

(6.3.10)
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5.6.3.2.2 Calculation of Gimbal Angles (CALCGA )

Given a stable member orientation and a navigation

base orientation both referred to the same coordinate system,

the following procedure is used to compute the corresponding

gimbal angles.

s (e}

cos OGA=

sin OGA =

OGA

cos MGA=

sin MGA=

MGA

cos IGA

sin IGA

IGA

o

1]

UNIT (xyp X Yo/
Amce T IZINB
ave © INB

ARCTRIG (sin OGA, cos OGA)

Ysm © (2ma X Ens!

Jsm ~ *nB

ARCTRIG (sin MGA, cos MGA)

2va T Esm

ARCTRIG (sin IGA, cos IGA)
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b

where the inputs are three vectors along the

axes and three vectors along the navigation b

stable member

ase axes,

5.6.3.2.3 Calculation of Gyro Torquing Angles (CALCGTA)

In the fine align procedure, after the present plat-

form orientation is determined, the torquing

angles required to

move the platform into the desired orlentatlon must be computed

This is achieved as follows:

Let ED’ yD, and z be the desired

stable member

axes referred to present stable member orientation. The ro-
tations are performed in three steps: (1) rotating through 6
about the y axis, yielding X1, yD, z]':); (2) rotating through
6 about the z' axis, yielding x!', y! ZD ; (3) and finally ro-

D’ D’
tatmg through b, about the x'"" axis, yielding x!

relevant equatlons are as follows;

0, x

zb = UNIT (-XD’ 30 0 Xp 1)

sin @ = z!
Y

R
cos Gy = ZD

D
1l
o8
=]
5
5]
=
®)
o
B
D
[e]
]
1]
D
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— - 1
cos GZ = z]':)’ 3 XD, 1 Z D.1 XD: 3

6, = ARCTRIG (sin 9, cos 6,)

cos Gx = ~Z~b - Zp (6.3.12 cont)
sin ex = E]B " Ip

QX = ARCTRIG (sin BX, cos BX)

The required inputs are the three coordinate axes of
the desired stable member orientation referred to the present

stable member orientation.
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5.8, 3; 2.4 Coordinate Axes Generatbr (AXISGEN)

Given two unit vectors (usually star vectors), -S~A
-and -S—B’ expressed in two coordinate systems, denoted by
primed and unprimed characters, i.e., EA’ §_]'3, Spr Spo this
routine computes the unit vectors X, ¥, z which are the primed
coordinate system axes referred to the unprimed coordinate
system. This is accomplished by defining two ortho-normal

coordinate sets, one in each system, in the following manner:

Uy = E'A‘
_1_1.%( =  UNIT (gA X §]’3 )
Myt eXup
| - , f (6.3 13)
E Y% 7 S
i
!
E Uy = UNIT (EAXEB)
1
i
?
! iz = Bx X Uy

i ’ The primed coordinate system axes expressed in

terms of the unprimed coordinate system axes are:
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u, +uwlu, T u,

= 1
X2 Uy U 2y " Tz12z
_ 1
Y = Uyt Uty t Uty o (6.3.14)

Bl
1

- 1 } H
Ugg e + Uygliy T Uysly

Tt should be noted that vectors can be transformed
from the unprimed to the primed coordinate systems by using
the following matrix constructed with the output (Eq. 6.3.14)
of AXISGEN:

[

(6.3.15)

1<
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- 5.6,3.2,5 Calculation of Stable Member Coordmates of the
Spacecraft (CALCSMSC )

To determine the directions of the X, Y, and Z axes
of the present vehicle coordinate system or the navigation base
coordinate system with respect to the IMU Stable Member Co-—
ordinate System, use is made of the rou‘cme CALCSMSC,

The unit vectors NB’ INB’ and ZNB defining the
directions of the navigation base coordinate system axes with

respect to the IMU Stable Member Coordinate System are de-
termined as follows:

cos IGA cos MGA
ENB = sin MGA

-sinIGA  cos MGA

cos IGA sin OGA sin MGA
+ cos OGA sin IGA

ZNB = -sin OGA cos MGA

cos OGA cos IGA
-sin OGA sin MGA sin IG

INB T ZnB X ENB

where IGA, MGA, and OGA are the inner, middle, and outer
IMU gimbal angles, respectively, It should be noted that the

rows of the transformation matrix [SMNB] also give the above
“ vectors,
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5.6.3.3 REFSMMAT Transformations

The matrix required to transform a vector from the
Basic Reference Coordinate System to the IMU Stable Member
Coordinate System is referred to as REFSMMAT. This matrix
can be constructed as foll ith th i
ows with the unit vectors EXSM’ EYSM’ and

Usygn defining the orientations of the stable member axes with re-
spect to reference coordinates.

REFSMMAT = | u ' (6.3.16)

T
Y7sM

— —

5.6.3.3.1 Present REFSMMAT From Star Sightings

The present IMU stable member orientation with re-
spect to the Basic Reference Coordinate System, and the associated
REFSMMAT, can be determined by sighting on two navigation
stars with the CSM optics. If EA and g_i?’ are the unit vectors
defining the measured directions of the two stars in the present
Stable Member Coordinate System,and S and Sp are the unit
vectors to the corresponding stars as known in the Basic Reference
Coordinate System, then these vectors can be used as the input
to the routine AXISGEN (Section 5.6.3.2. 1) to obtain the
present IMU orientation and REFSMMAT (Eqs. (6.3.14) and
(6.3.15)).
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5.6.3.3.2 Alignment for Thrusting Maneuvers ( Preferred
Orientation)

During certain thrusting maneuvers the IMU will be
aligned according to the following equations, ’

Uggy = UNIT (xp)
Yoong = UNIT (EXSM X r) (6.3.17)
Yzsm = Yxsm X Yysm

where Xp is the vehicle or body X-axis at the preferred vehicle
attitude for ignition and r is the CSM position vector,

The associated transformation matrix (REFSMMAT)
is given by Eq. (6.3.16).

5.6.3.3.3 Alignment to Local Vertical in Orbit { Nominal ‘
: Orientation)

The IMU stable member may be aligned to the local
vertical at a specified time. For this type of orientation the
stable member axes are found from the following,

Uxsm = (Yyswm X Yzsw)
Yysy = UNIT (v X r) - (6.3.18)

Uy = UNIT (-r)

where r and v are the position and velocity vectors of the CSM
at the specified time. The vectors r and v are computed by’
the Coasting Integration Routine of Section 5.2. 2.

The REFSMMAT associated with this IMU orientation
is found from Eq. (6. 3. 186).
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5.6.3.3.4 Lunar Landing or Launch Orientation

‘The proper IMU orientation for lunar landing or

launch is defined by the following equations:
Uygy = UNIT (rpq)atty
Uvem = Yzsm < UxSM (6.3.19)

Uygy = UNIT (B X upan,)

where

be = XX
is the orbital angular momentum vector of the CSM,

and Trs is the landing site position vector at the
nominal time of lunar landing or launch, tL’ depend-

ing on the alignment mode,

The REFSMMA'T associated with this IMU orientation
is found from Eq. (6.3.16).

5.6.3.3.5 Earth Pre-launch Alignment

Prior to earth launch the IMU Stable Member is aligned

to a local vertical axis system,

EZSM = UNIT (—3) (local vertical)

Ixsm

It

UNIT (A) where A is a horizontal vector

pointed at the desired launch azimuth angle.
Sysm = Zzsm ” Zxsm

The REFSMMAT associated with this IMU orientation
is given in Eq. (6.3.16).
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5.6, 4 STAR SELECTION ROUTINE

The Star Selection Routine is used by the IMU Realign-
ment Program (P-52) and the Back-Up IMU Realignment Program
(P-54) to select the best pair of stars in the viewing cone of the
sextant for fine alignment of the IMU. The logic diagram for thig
routine is shown in Fig, 6. 4-1.

Each pair from the computer catalog of 37 stars is
tested to see if both stars are within a ‘76 degree viewing cone
centered with respect to the shaft drive axis of the sextant (SXT).

Afterwards, the routine checks to see if the angle of
separation between the stars is as least 30 degrees.

If a pair passes the above tests, a check is then made
to see if either star is occulted by ithe Sun, Earth, or Moon. The
sizes of the occultation cones about each of the three bodies are
such as to not only account for true occultation but to also pre-
vent the selection of stars too near the bodies because of visi- :
bility problems. The directions and the associated occultation i
cone sizes of the three bodies are actually computed by the sub-
routine LOSSEM (Section 5. 5.13) which is called by the IMU
Realignment Programs just prior to calling the Star Selection
Routine,

The pair of stars passing the above tests and having
the largest angular separation is chosen by this routine. If the
routine is unable to find a satisfactory pair of stars after test-
ing all combinations, it is seen in Program P-52 of Section 4
that an Alarm Code is displaye-d, whereupon the astronaut may
either repeat the star selection process at a different spacecraft
attitude or select his own stars later.
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START

|

Set Flag

Select a pair

of stars

Stars in
viewing cone
o]

Tither star occulted
Sun, Earth, or Moo

Reset Flag

\

Store pair with largest
separation and neglect
any previously stored
pair

Figure 6. 4-1
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5.6.5 GROUND TRACK ROUTINE

This routine is used by the astronaut in near-earth or
near-moon orbit to obtain CSM or LM trajectory information. The
astronaut specifies a time (GET) and a vehicle (CSM or LLM). The
routine uses the Coasting Integration Routine (Section 5. 2. 2) to
extrapolate the desired vehicle's state vector to the specified time.
The resulting estimated position vector is converted to latitude,
longitude, altitude coordinates by means of the Latitude -Longitude
Subroutine (Section 5.5, 3), and these data are displayed. Altitude
is defined with respect to the landing site radius for lunar orbit,
and the launch pad radius for earth orbit. The astronaut can
request the state vector extrapolation to continue in ten minute
steps, or to another specified time, and obtain additional displays
of the coordinates of points in the spacecraft's orbit. As an
additional option, the astronaut can request a display of altitude
(to 10 nm), inertial velocity magnitude (to 1 ft/sec), and flight
path angle (in degrees) at an astronaut-specified time.

5. 6-30
Revised COLOSSUS -

L DAdded GSOP #R-577° PCR # 730 Rev, 5 Date 2-18-69




5.6.6 S-BAND ANTENNA ROUTINE

The S-Band Antenna Routine (R -05) is used to
compute and display 2 angles v and p defined in Fig. 6.6-1.
This routine can be initiated by the astronaut during coasting
flight only, when the inertial system is operative and when com-
puter activity is at a minimum. Once the program is initiated
the computer will automatically update the display at a rate no
less than once every three seconds. This updating will continue
until S-Band Lock-on is achieved and signaled to the CMC by the
astronaut through the DSKY. If the S-Band Routine is interrupted
the display of v and p will be stopped until the astronaut reinitiates

the routine,

The accuracy associated with the computation and
display of 4y and p does not indicate the pointing accuracy of the
associated antenna alignment or the accuracy associated with the

antenna gimbal angles,

The angles shown in Fig. 6.6-1 are computed without
consideration of any constraints imposed by the actual antenna
and therefore, if the present vehicle attitude results in antenna
angles beyond the gimbal limit, the CMC will not indicate that

"the antenna line-of-sight cannot be pointed according to these angles.

The equations and logic flow used to compute y and p
are shown in Fig. 6.6-2. With reference to the first portion of
this figure, the program will automatically determine whether the

Basic Reference Coordinate System is earth or mooncentered and
will compute the proper ¥alues of v and p for either case,
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v is defined as a positive rotation from the plus body
X axis about the CSM body Z axis. (0 < y <360°)

p is defined as a positive rotation about the Y! axis.
Y' is an axis in the CSM body XY plane rotated from the CsM
Y body axis about the +Z axis direction an amount 7.(-9005 p < 900)

LOS TO
EARTH CENTER

N

Figure 6.6-1 Definition of CSM S-Band Display Angles
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Figure 6. 62 S-Band Angle Computations and Logic
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5,6.7 ADDITIONAL RENDEZVOQUS DISPLAYS

During the final phases of rendezvous the following
four routines may be called by the astronaut for the purpose of

computing and displaying special quantities related to the ren-
dezvous geometry,

5.6.7.1 Range, Range Rate, Theta Display

Routine R-31 may be called upon to compute and dis-

play the range and range rate between the two vehicles and an
angle 6 shown in Fig, 6.7-1,

The angle 6 represents the angle between the CSM
X-body axis and the local horizontal plane, It is defined in a
manner completely analogous to the definition of E in Section

5.4.4.2. Theta, therefore, can have values between 0 and 3600.

Xesm

/ 9
A \‘\
/ LOCAL HORIZONTAL

Figure 6, 7-1 Definition of Theta

=

The equations used to compute the display parameters
for R-31 are given below.
R=rp-I¢
up = UNIT (R)
RANGE = |R| ’ (6.7.1)
RANGE RATE = (v -v) « up (6.7.2)

To compute g the following vector is defined
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© :
uy = (REFSMMAT] " [NBSM] | 0
0
where NBSM and REFSMMAT are defined in Section 5. 6. 3 and
Uy is a unit vector along the X-body axis expressed in basic re-
ference coordinates. The angle 6 is then found as follows:

u = UNIT (-ECXXC)

x\73 lic
-1
§ = cos " [ugeuyp SGN (EP' Exﬁc” (6.17.3)
fugs 2o <0;60=27-6

The three displays of R-31 are automatically updated
until R-31 is terminated by the astronaut. The logic flow required
to accomplish this update is shown in Fig. 6.7-2.

5,6.7.2 Ra.ng‘e, Range Rate, Phi Display

Routine R-34 may be initiation by the astronaut to
display the computed range and range rate between the two

vehicles as well as an angle ¢ shown in Fig. 6.7-3.

tesm

LOCAL HonlzorgiL s H
K

SXT LOS

Figure 6, 7-3 Definition of Phi
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ENTER °

‘-J] t = present time I

Extrapolate CSM
permanent state vector
to t using Coasting
Integration Routine
{Section 5, 2,2)

Update LM
permanent state
. EL vector to t
using Planetary
Inertial Routine

No {Section 5,5,2)
{'(‘)N{ 3:;::; updated Extrapolate LM
Planetary Inertial permanent state vector
: to t using Coasting
Routine : .
Integration Routine
Extrapolate LM -
state to t using
Coasting Integration
Routine Save LM & CSM
Save LM states in base location
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» Compute R, il, 8 L:

-
E No »
| t = present time
Extrapolate LM,
CSM stored base
~ states to t using
t = piptime Kepler Subroutine
{Section 5.5, 5)
g Extrapolate LM base y
state to t using Extrapolate CSM
Coasting Integration base state to t
Routine using Coasting
Integration Routine
LM state updated Update LM state
! tot usinz pd to t using Planetary
! Plunetary Inertial Inertial Routine
l Routine
i
i

Figure 6, 7-2 Range, Range Rate, @

i
i
!
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The angle § represents the angle between the SXT line
of sight and the local horizontal plane. It is determined in the

same way as § in Eq. (6. 7. 3) except that

- T
Uy = [ REFSMMAT] [ NBSM] u g

where u is the sextant line of sight in navigation base coordinates

—~NB
as given in Section 5. 6. 3. 1. 2.

The three displays of R-34 are automatically updated

in a manner similar to the R-31 update.

5.6.7.3 Final Attitude Display

Routine R-63 may be used to compute and display the
gimbal angles required to point the CSM X-axis or the prefer-
red tracking axis defined in Section 5.2, 5,1 at the LM. After
initiation of this routine the state vectors of both vehicles are
extrapolated to the present time plus one minute, Based on
these new state vectors the required gimbal angles are computed

and displayed.

There is no automatic display update. However, R-63
may easily be recycled to manually accomplish an update of the

display.

5,6.7.4 Out-of-Plane Rendezvous Display

Routine R~36 may be used during any phase of the
rendezvous sequence to provide information about the out-of-
plane geometry of either the CSM relative to the LM orbital
plane (CSM option) or the LM relative to the CSM orbital plane
(LM option), depending on the option chosen. Three quantities
Y, ”5(, and ¢ are computed for a given time which is determined
by the astronaut. The first two, ¥ and 1.7, represent the out-of-
plane position and velocity in some sense. The third display, ¥,
is the angle between the line of sight and the Iforwar-d direction,
measured in the local horizontal plane. It is equivalent to the
yaw angle on the FDAI ball, if the ball were aligned to an inplane,
local horizontal attitude and the vehicle were rotated so that the
forward axis (X-axis on the CSM) were pointed along the line of

sight.
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The exact definition of ¥, Y and ¢ is given by the following
set of equations.

For the CSM option:

1}
o}
<

i

| <

ta 7 I Zp 7 YeeZp 7 oI Yp

For the LM option;:

Ia 7 X2 ¥4

il
|«
0

Yo Ip T o Yp

where ry and vp, are the position and velocity vectors of the LM
and Ios Yo the posgition and velocity vectors of the CSM.

u = UNIT (v, X rp) (6.7. 1)
Y=r, ou (6.7.2)
Y = vp-

Up = UNIT [{ry X va) X r,]

| o
'

g = UNIT (r,) _ | (6.7.3)

LOS = I'p = Lp

Y0 = UNIT [LOS - (LOS - mp) u.]
v = COSTMup g - 1) (6.7.4)
N = o5 X B
EN.r, <0, ¢ = 27 - y (6.;?.5)
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5.6.8 AUTOMATIC OPTICS DESIGNATE ROUTINE

5. 8. 8.1 General

This routine is used during alignment and navigation pro-
cedures to automatically point the optics in the direction of a speci-
fied tracking target to aid the astronaut in the acquisition of the

target. The four target modes available in this routine are as follows:

1) Star mode
2) LM mode
3) Landmark mode

4) Advanced ground track mode

The calculations and positioning commands in this routine
are repeated approximately every two seconds provided the optics
mode switch is set to CMC,

The routine consists of two subroutines, Line-of-Sight and
. Command. Lett be the time (GET) at the beginning of a cycle and
let ’

t6=t+5t (6,8.1)

where 6t is a lead term to compensate for system lags., During the
first part of the cycle the desired line-of-sight vector at time tﬁ,

Ur 0s° is computed, The Command Subroutine then computes updated
values of the desired optics angles from the desired line-of-sight
vector, Y os° and the current vehicle attitude, The entire procedure
is then repeated, A basic CMC routine drives the optics to the

orientation indicated by the desired angles
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5. 6. 8. 2 Line-of-Sight Subroutine

5.6.8.2.1 Star Mode

This mode is used during IMU alignment procedures to
point the optics in the direction of a specified star. The desired

line—of—s'ight vector, ELOS’ is the specified unit star vector stored
in the CMC fixed mermory.

9.6.8.2.2 LM Mode

This mode is used during LM tracking phases to point the
optics in the direction of the M. The Kepler Subroutine (Section
5.5. 5) is used to compute o and Ty, the estimated conic position
vectors of the CSM and the LM, respectively, at time t6. Then,
the desired line-of-sight vector is given by

Y08

= UNIT (r; -rp) (6. 8. 2)

5.6.8.2,3 Landmark Mode

; This mode is used during the orbit navigation phase to

i point the optics in the direction of a landmark specified either by
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code number for a stored landmark, or by latitude, longitude, alti-
tude for a landmark whose coordinates are not stored in the CMC
memory. The Kepler Subroutine {Section 5. 5. 5) is used to compute

e the estimated conic position vector of the CSM at time tﬁ .
Then, o
computed by means of the Latitude~Longitude Subroutine (Section

the estimated position of the landmark at time té is

5, 5. 3). Finally, the desired line-of-sight is given by

U og = UNIT (z, - r() (6.8.3)

5.6, 8.2.4 Advanced Ground Track Mode

This mode is used during the lunar-orbit navigation phase
to aid in the surveillance, selection and tracking of possible landing
gites by driving the optics to the direction of a point on the ground
track of the CSM at a time slightly more than a specified number of
orbital revolutions from current time. Let the specified revolution
number be N, and assume that N is no greater than four.

Let o be the estimated CSM position vector at time ’c(S .

The local vertical vector, U at time té is given by

Yv

= - UNIT (SC) (6. 8. 4)
The desired line-of-sight vector, ELOS'iS determined such that the

angle between the vectors u and u. is approximately 60°. Thus,

=LOS LV
the astronaut can survey the advanced ground track of the CSM,and
select a landing site over which the CSM will pass in N orbital revo-
lutions plus about 1/2 (5 -~ N) minutes. After the astronaut selects
the landing site, he switches the optics mode to MANUAL in order to

obtain navigation data as described in Section 5. 2, 4. 1.
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The value of the angle between the vectors Y 05 and U v
is chosen to be 60° in order to ensure that the astronaut will have
sufficient time to center the selected landing site in the field of view
of the optical instrument before the first navigation sighting should
be made. After about one minute of manual tracking, the angle be-
tween the line-of-sight to the selected landing site and the current
local vertical direction (not the vector ELV) will be approximately
45°. At this time it is desirable for accurate tracking conditions
to have been attained, and for the MARK button to be pressed. Further
navigation sightings of the landing site should then be made at about
one minute intervals, The data obtained are processed by the Orbit
Navigation Routine (Section 5. 2. 4),

The desired line ~of-sight vector, Y o is computed by
first rotating the local vertical vector about the polar axis of
the moon to account for lunar rotation, and then rotating the
resulting vector about the normal to the CSM orbital plane to attain

the desired 60° angle. The computation sequence is as follows:

@ Call the Kepler Subroutine (Section 5. 5. 5) to de-
termine e and XC’ the estimated CSM conic
position and velocity vectors at time té .

Let

Y05 " UNIT (g'_c) (6. 8. 5)

Call the Planetary Inertial Orientation Subroutine
to transform the lunar polar vector (0, 0, 1) to the
Basic Reference Coordinate System, obtaining the

first rotation vector Up.
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Let the first rotation angle A be

A=A N (6. 8. 6)

where AM is the angle through which the moen ro-

tates in one nominal lunar-orbital period.

Rotate the vector u; 4o about up through the angle
A by

U og 7 (1 - cos A) (up + 1wy o) Uy

(6.8.17)
+ Uy g €OS A+ ERX U og Sin A
Compute the second rotation vector from
ug = UNIT (v~ X EC) (6. 8. 8)
Let the second rotation angle be
T
A= A (6. 8.9)

Compute the final desired line —of—sight vector Y105
by repeating Eq. (6. 8. 7)
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5.6.8.3 Command Subroutine

-In this subroutine the line-of-sight vector, Y1 05’ is
transformed to stable member coordinates by means of

Sgyp = [REFSMMAT | u o (6.8.10)

The desired optics trunnion {precision) and shaft angles, TA

and SA, respectively, are computed as described in Section
5.6.3.1.3.
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5,.6.10 ORBITAL PARAMETER DISPLAY COMPUTATIONS

This section presents the CMC computations required
for the display of various orbital parameters in the following
routines and programs:

a) The QOrbital Parameter Display Routine R-30, which

is callable by the astronaut via an extended verb,

b) The Splash Error Computation Subroutine DELRSPL .
which is automatically called by R~30 when the Earth Orbital

Injection Monitor Program P-11 is running,

¢) The Maneuver-to-CM/SM Separation-Attitude-
Prior-to-Entry Program (P-61) Displays.

d) The CM/SM-Separation-and Pre-Entry-Maneuver
Program {(P62) Display of the IMU Gimbal Angles,
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5.6,10.1 The Orbital Parameter Display Routine R-30

The Orbit Parameter Display Routine R-30 may be
called by the astronaut via an extended verb in order to compute
and display certain orbital parameters defined below. This
display will be automatically updated only when Average G is
running. Also the option to select the vehicle for which these
orbit parameters are to be displayed will only be available when

Average G is not running,

In the normal case the apocenter altitude, pericenter
altitude and the time from a reference altitude (300, 000 ft. for
Earth orbit, 35,000 for Lunar orbit) is displayed. If the chosen
orbit does not intercept this altitude, the third display is 59B59,
Under certain circumstances explained in Section 4 an additional
display of time from pericenter may also be requested by the
astronaut. The details of each option and acceptable astronaut

responses are discussed in Section 4.

The computational logic and equations used in R-30
are shown in Figs. 6.10-1 and 6, 10-2, The following is a list

of important parameter definitions which apply to these figures,

T
State vector of the selected vehicle

y

. . N 0 Earth
PC : Primary body designator 1 Moon
ha Apocenter altitude
hp Pericenter altitude
Trp :  Earth launch pad radius
TLs :  Lunar landing site radius
tff : Time from a reference altitude
tPER : Time from pericenter

SPLERROR : See Section 5. 6.10. 2
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The TFF Subroutines, TFFCONIC, TFFRP/RA,
CALCTPER,and CALCTFF, which are called by R-30 to do the

mathematical computations, are described in Section 5, 6. 10. 4,

The Splash Error Computation Subroutine DELRSPL
which is also called by R-30 if P-11 is running is described in
Section 5.6. 10,2,

Tt should be noted that R-30 and DELRSPL use the
standard values of the gravitational constants. This is in
contradistinction to the "adjusted” valves used in the TFF
subroutines for the computations involved in the P-61

Displays.
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Yes

CsM Vehicle LM

v .

‘ Extrapolate CSM to present time Extrapolate LM to present time
obtaining r, v (Section 5. 2. 2) obtaining r, v {Section 5.2, 2)

Y v

(ERarth) o0 1 ( Moon } -

LT TLp 1,7 s
rpI\HN = 300,000 ft rpMIN = 35,000 ft
Y _ T v

Using r, v, Nu, obtainr, o, p, b, vi?

Call TFFCONIC Subroutine ‘

v

Call TFFRP/RA Subroutine

Using «, p, obtain Ty Ty

h;:1 = 8889,9 NM

Y

.

hp = 8989.9 NM

v

Call CALCTPER using
T T L Y oa pNu

obtain t

PER
l Call CALCTFF using
! 'pER * " pER » R, r, 1, v a pNE
! obtain t.f, X, Y

Figure 6.10-1 Orbital Parameter Display Routine
(page 1 of 2)
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or P-00

running

Call DELRSPL using t, ©, I, v 2, R,

h',Np, X, Y, LATqpp » LONGgp1,

Obtain SPLERROR (See Sec. 5.6.10.2)

Vas No0
keyed in during
operation of
R-30

Yes

‘PER L

Display [ Display

3

Display

hp, tff SPLERROR, hp, tff

,ik ¥

RETURN

Figure 6, 10-1 Orbital Parameter Display Routine

(page 2 of 2)

Note: The values of t;; and tonp are actually made to "count down"

every second, i,e. they are autometically updated once a second,

although this is not shown explicitly in the above Figure,
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5.6.10.2  The Splash Error Computation Subroutine DELRSPL

The Splash Error Computation Subroutine DELRSPL
is automatically called by the Orbital Parameter Display Routine
R-30 if (and only if) the Earth Orbital Injection Monitor Program
P-11 is running, '

DELRSPL calculates the quantity SPLERROR which
is the miss distance in nautical miles between the abort target
landing point and the predicted splash point.

DELRSPL uses the VGAMCALC and TFF/TRIG
Subroutines which are described in Section 5. 6. 10, 4. It also
uses one of the Latitude-Longitude Subroutines described in
Section 5.5. 3 for converting a known latitude and longitude into
a position vector. Further DELRSPL uses the empirical formulas
for the entry range and entry time given by the AUGEKUGEL
Subroutine.

The coefficient 3437. 7468 which is used twice in the
DELRSPL calculations is a conversion factor of the reentry
calculations, and is defined in Section 5,7 of this GSOP. (It is
called "ATK" in that section).

The parameters LATSPL and LONGSPL are the
geodetic  latitude and longitude of the splash point. These
quantities are either pad loaded, uplinked, or entered via the
DSKY by the astronaut,

It should be noted that the Earth Orbital Insertion
Monitor Program P-11 has automatic displays, which are not

associated with R-30 or DELRSPL. These are described in
Earth Orbital Insertion Monitor Program Section {5.3.5.6).
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ENTER
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RANGE = 0
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Call AUGEKUGEL

Vg Tm
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l

Call TFF/TRIG
r, rh, X, Y

Obtain

cos 8, sin 8

|

RANGE = ARCCOS (cos §) 3437.7468 + ¢E

(n. m.)

Figure 6.10-2 Splash Error Computation Subroutine
(page 1 of 2)
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ALT =0

T = (State Vector Time) —t'i.f+ tE

r
Call LAL OTORY,
LONG ALT, T

LA

rI‘S PL; SPIL’

Obtain

| SSPL

h 4

SPLERROR = - ARCCOS (ELSPL . E/ r) 3437.7468 + RANGE
(n. m.)

A 4
Return SPLERROR

Figure 6.10-2 Splash Error Computation Subroutine
(page 2 of 2)
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Figure 6.10-3 Empirical Relations for Entry Range & Entry Time
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5.6.10.38 The Maneuver to CM/SM Separation Attitude
Prior to Entry Program (P-61) Displays.,

The following display computations are made in
Program P-61:

GMAX : Maximum predicted deceleration
for entry at the nominal roll angle
(L/D=0, 3), .

VPRED :  Predicted inertial velocity at an
altitude of 400, 000 feet,

GAMMAEI : Predicted flight path angle between

the inertial velocity vector and the
local horizontal at an altitude of
400, 000 feet,

The altitude of 400, 000 feet ig referenced to the Fischer ellipsoid,
and a two step iteration is made to calculate this radial length,

The following three display parameters are required
to initialize the Entry Monitor System, EMS:

RTGO : Range-to-go from the EMS altitude
to the predicted splash point,
VIO : Predicted inertial velocity at the
EMS altitude,
TTE : Time to go from the current time

to the EMS altitude,

The EMS altitude is measured above the Fischer ellipsoid and is
stored in erasable memory during the pre-launch erasable load.
For earth orbital mission entries, the EMS altitude is 284, 643 feet.
Lunar mission entries use the EMS altitude of 297, 431 feet.
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The principal computation required for these display
parameters is the conic calculation of time to a radius of specified
length. The intersection of a conic with an altitude above the
Fischer ellipsoid is a two step iteration. An initial calculation
is made using a guess of the radius length, The latitude of the
conic with this assumed length is then used to calculate the radius
of the Fischer ellipsoid. This is then used to calculate a second
radial length, and display quantities are referred to this second
radius. Additional iterations are not required to achieve the

necessary display accuracy.

The computation logic for the P-61 displays is
presented in Fig. 6.10-4. These computations use the TFF

Subroutines which are described in Section 5.6.10. 4.

The earth gravitation constant used in these calculations
is increased recognizing that the missions under consideration are
confined to low inclination anglés from the equator and oblate earth
effects can be significant, The drag loss in reaching the EMS point
(0. 05 G) is also approximated for these display computations.

Besides the TFF Subroutine symbols (which are
defined in Section 5. 6. 10. 4), and the symbols which are defined
above, the following additional symbols are used in Fig. 6.10-4:

THETA : The angle between the present position
and the initial target vector at the nominal
time of arrival. (This is a reentry variable-
See Section 5. 7).

I

time

| <

} . State vector of the vehicle at the present
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first guess of the terminal radius
+ 284, 643 feet

"pPAD
= 21, 194, 545 feet

(since rpap © 6,373, 338 m = 20, 909, 902 ft)

Adjusted value of the gravitational constant,
It is . 12% greater than the standard value
of the gravitational constant.
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[Call Batry Initialization | (See Fig.5. 7~4)

Call Entry Targeting (twice) . _
Resume THETA (See Fig. 5. 7-6)

v

GS EMS altitude -290000 POSg

Call TFFCONIC, r, Vv, ’\/ul

2
Resume r, a, p, hf, V'

y
Call CALCTFF, Ty, T, I, ¥, @ P Vi

Resume t, X, Y

v

Call TFF/TRIG, T, fG’ X, Y

Resume cos 6, sin 8
T

A 4
Call FISHCALC, r, v, h', cos §, sin 8

Resume r

F
|
¥
= it
T rF+ (EMS altitude)
1
h 4
Call CALCTFEF, Tps T LV, @ '\),ul

Resume-<ITE, X, Y

v

Call TFF/TRIG, r, T X, Y

Resume cos 8§ sin 8

v
Call VGAMCALC, r, v'2, rp, b, Vi

Resume Vips Y

7

Figure 6.10-4 Display Calculations for P-61
(page 1 of 3)
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y

RESUME URTO, UTR, RTE

4

CALL ENTRY INITIALIZATION (See Fig. 5.7-4)

urh =

THETA =

UNIT (r) cos 8 + UNIT (r) X (-UNIT(_I:I")) sin @

-1, =

cos ~ (URTO - urh), CYCLES = 0

v v

WT = WIE (TTE+KTETA THETA )
URT
THETA
CYCLES

URTO + UTR (cos WT-1) + RETE sin WT
cos ! (TRT - urh)
CYCLES + 1

un

CYCLES = 27

RTGO = 3437, 7468 THETA
{n.m, )

VIO = VT -1,510, 000/ (VT‘YT)

v

I'p = TI'p + 300, 000 feet

_ v

2
Call VGAMCALC, r, v~ h!, Ny

» T 1

Resume Vs Yep J

\ 4

VBAR ° (VT ~ 36,000)/20,000 (in feet/sec.)

GMAX = e |

4

~6.05 -2. 4 v ]+ 10

2
9° Y1 BAR

1+4.8 VBAR

Yes G MAX = 0

0
No |«

%/

Figure 6.10-4 Display Calculations for P-61

(page 2 of 3)
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rT = rF+ 400, 000 feet

4
Call CALCTFF, T, T, I, ¥, @ P, Vi

Resume t, X, Y

Call TFF/TRIG, r, r,, X, Y

T:

Resume cos 6, sin 8

Call FISHCALC, r, v, h', cos §, sin &

Resume r

F

A
r = r + 400, 000 feet

v

Call VGAMCALC, r, v'2, rr, b, N

Resume VPRED, GAMMAEKI

Return TTE, VIO, RTGO, G MAX, VPRED, GAMMAEI
for display

Figure 6.10-4 Display Calculations for P-61
(page 3 of 3)
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5.6,10.4 The TFF Subroutines

The TFF Subroutines are used to calculate various
conic parameters, such as the semi-latus rectum, the semi-
major axis, apocenter and pericenter radii, the transfer time
from an initial or present position to specified terminal radii
(which may include apocenter and pericenter), the transfer
angle of such transfers, and the velocity magnitude and flight -
path angle at the terminal position.

It should be noted that the transfer times when
displayed on the DSKY are the negative of the calculated values,
as in count-down, In the event that the present position lies
between perigee and terminal radius, a positive time representing
time since terminal point is displayed. When perigee is passed,
negative time to terminal radius is displayed once again.
However, for outbound hyperbolas or parabolas, positive time
since terminal point is displayed.
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The TFFCONIC Subroutine {Fig. 6, 10-5 ) calculates
various conic parameters and stores them for short-term use.
It also computes other intermediate quantities to avoid duplication

by following subroutines.

The TFFRP/RA Subroutine (Fig, 6. 10~ 6 ) calculates
pericenter and apocenter radii for the general conic. For
hyperbolic or parabolic orbits, or for those elliptic orbits where
the apocenter radius exceeds the scaling, r is set equal to
Ty MAX which corresponds to the largest number expressible

in the double precision CMC word.

The CALCTFF/CALCTPER Subroutine (Fig, 6.10-7 )
calculates the time of free-fall to a given radius or to pericenter
depending on the entry point to the subroutine. The subroutine
also calculates the quantity Y required by the TFF/TRIG routine
in its computation of the transfer angle. In the event that the
terminal radius does not lie on the present conic, t is set to
the largest time expressible in double precision, 228 -3
centiseconds, as a flag. After TFFCONIC has been called,
CALCTFF/CALCTPER may be called as desired with different
terminal radii to obtain the various times of free fall to these

radii for the same conic.

The TFF/TRIG Subroutine (Fig. 8.10- 8 ) calculates
the sine and cosine of the transfer angle 6 from the initial
position vector to the terminal position vector. The computation
of the intermediate parameter Y is done during the appropriate
branch in CALCTFF/CALCTPER and saved temporarily. Thus
the caller of TFF/TRIG may make only one call for each call
to CALCTFF/CALCTPER.
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FISHCALC Subroutine (Fig. 6.10-9 ) calculates
the sine of the geocentric latitude of the terminal position
vector, and then calls the Fischer Ellipsoid Radius Routine
(part of the Latitude-Longitude Subroutines of Section 5. 5. 3)
to obtain the radius of the Fischer ellipsoid, using Eq. (5.3.1)
of Chapter 5.

VGAMCALC Subroutine (Fig. 6. 10-10) calculates
the velocity magnitude at the terminal position and the flight-path
angle relative to the local horizontal at the terminal position.

The user of the subroutine must supply the proper sign to the
flight-path angle.
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Momenclature of the TFFE Subroutines:

r or Ty
_Y.OI‘ -Y-O
Iy

o

TFEFF

qMAX

Present or initial state vector

Gravitational constant

Reciprocal of the semi-major axis of

conic (negative for hyperbolas)
Semi-latus rectum of conic
Eccentricity of conic

Pericenter radius

Apocenter radius

Terminal position radius

Velocity magnitude at terminal position

Flight-path angle relative to local

horizontal at the terminal position

Switch set to 0 or 1 according to

whether the transfer time is calculated

to the terminal position radius (CALCTFF)
or to the pericenter (CALCTPER) '

Transfer angle

Radius of Fisher ellipsoid along the

terminal position unit vector

Conic transfer time from the present or
initial position to the terminal position
(CALCTFF) or to pericenter (CALCTPER)

The largest apocenter radius expressible
in the double precision CMC word at the
relevant scaling.
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ENTER

R
i
]
—
q—.

Returnr, a, p, h', (V')z

Figure 6.10-5 TFFCONIC Subroutine
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v
a, p
e=~N1 -ap
r =p/{t+ e)
D P
No
Yes a=0

r_=(1+e)fa

Returnr , r. 14—
p a

Figure 6.10-6 TFFRP/RA Subroutine
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Call CALCTFF
Ty T Tgo Ve @ P VH

v

TFE
:

S 0

Call CALCTPER
r

pJ ro: —I"O,-Y—O’a’p, M

TFF !

C3=2-rha
C4=rhC3-p

(force pericenter
calculation)*

Conic does not
p | intersectter-
minal radius

s
" Yh
VH
(OCutbound) No AYQS {(Inbound)

v . v
N:Qh-QO N=I‘h-r0
D=Ca—r0a Dth"'QO

(Highly circular, or
Yes No Trh and rg are peri-
< center and apocentern]
or vice-versa, or
D=g| other singularity)*
Yes No
N=1
Yes . *
@ is) 21 Hyperbolic or
N5 parabolic irajec.

V

*Supplementary Information

Figure 6.10-7 CALCTFF/CALCTPER Subroutine (page 1 of 2)
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.tl

Z[r0+rh - 2Z7T (X)]

2

T(X) =

1/Z =DJN r
- P 0
X = E‘Sgn (Q0+_)
9 Z
X =1/a 2
T

(XT(X) - 1)

o Z

] T

w]»—*

2 3
X X X
RN S

¢ g

t=(228
csec

Figure 6.10-7 CALCTFF/ CALCTPER Subroutine

(page 2 of 2)
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ENTER

r

cos 6=1-2|Y|/[rr, (1+X)]

sin 8= sgn(Y) V1 - (cos ) v

Return cos 6, sin 4 ’

Figure 6.10-8 TFF/TRIG Subroutine
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ENTER

r, v, h', cos 8, sin 8

l

UNIT (r)
= UNIT (h')

=
|

Spe
u, =u, cos 6+ (. X (-u, ) sin 6

h 4

Uy = Unit vector of Earth's North Pole
- direction, left by Pad Load
SINL =y, * uy

y
Call GETERAD, SINL

Resume rF

Return r

Figure 6.10-9 FISHCALC Subroutine
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ENTER

I

, T

r, (v1)?

h', N

y

v = Jenl+ s oo r ) (e rp)
TR = ARCCOS (h'/rh v'h)

= I
vy th

4

Return Vh’ 'YE

Figure 6.10-1¢ VGAMCALC Subroutine
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5.6.10.5 Equations Used inCalculating the Conic Time of
Flight

The time of flight along any conic trajectory
proceeding from an arbitrary radius Ty in the direction of
velocity Yo to a radius of specified length ry is provided by
Kepler's equation. The following formulation, while not
quite universal, is explicit and direct. With a single equation,
time of flight can be calculated for conic paths that are
hyperbolic or parabolic and for those elliptic paths having
[AEY < 90°. An alternate equation is needed for the elliptic
paths having | AE| > 90°, Highly circular orbits are excluded
by the constraint of length for the terminal radius. In the
absence of a vector direction, highly circular cases are not

treated.

The two conic parameters that appear in the time

of flight equations are given by:

Angular momentum: H=rj X Yo
H-H
Semi-latus rectum: p==——=— (6.10.1)
U
. . . v v
reciprocal semi-major _ 2 <0-=0
axis: @- ?6 7

The equation for reciprocal semi-major axis o has the usual
sign convention: « is negative for hyperbolic orbits, zero for

parabolic orbits, and positive for elliptic orbits.
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Two intermediate quantities, given in two useful
equivalent forms, are:

Q0=Sgn(1"0)'\fro(2‘a/1‘0)‘P = -EO‘XO

Qh=sgn(fh)w’rh(2-arh)‘l3 = E‘.h'zh/\[;

It is these quantities that exclude highly circular orbits, since
being proportional to radial velocity they become uselessly
small. For TFF application to reentry, ry is on the returning
side, so the sign of fh is chosen as negative. Excepting

ellipses for which |AE| > 90°, the conic time of flight is
given by

t= (ZINR) (ry + 1, - 222 T (X)) . (6.10.3)

where Z is the obtained by one of the following:

if QO and Qh have opposite signs:

Z = (Qh - QO)/(Z - (ro + rh)) (6.10. 4a)

if QO and Qh have like signs:
Z = (ry - vl (Q + Qp) © (6.10.4b)
and where if

a.Z2<<1‘0

then

X=qaZ _ (6.10. 5a)
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. “an®
Tor those elliptic cases having |AEl > 907,

then

and

X = 1/{e 22) (6.10. 5b)

The conic time of flight is given by

2 (XT (X) - 1)

t = QJ; \j—g”—---Qh+Q0+ — (6.10. 6)
The function T (X) is defined by the series
T(X)=%—_}§+§:~-X3 t...
- NX - arctan (NX) HO0<X< 1
XX (6.10.7)

_ _N=X - arctanh (N-X) X<0

X N-X

The equations (6.10,4) are equivalent, except that each has
a point of indeterminancy. The selection used in Eq. (6.10.4) excludes
the indeterminant point of each from the region of application. The
geometric significance of opposite signs for the Q's is that Ty and Iy,
lie on opposite sides of the conic axis of symmetry, For like signs,
the radii lie on the same side., In application to spacecraft landing,

Th

to inbound ones.

is negative and Eq. (4a) applies to outbound trajectories while Eq. (4b)
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The choice of Eq. (6. 10. 3) or Eq. (6.10. 6) depends
on whether o Z‘2 is less than or greater than one. Since both
Eq. (6.10. 3) and Eq. (6. 10. 6) reduce to the same form when
X = 1.0, the division made above is arbitrary., Equation (6.10. 3)
gives both positive and negative values, indicating time to
terminal point, and time since terminal point passage. A
positive value, time to terminal point, is always provided
for the ellipse by replacing negative t by 2rfeNaop + 1.
Equation (6.10, 6) yields positive values only.

The time of flight equations are exact and involve
approximations only to the extent that the function T (X) is

represented by a polynomial. Furthermore, Eq.(6.10.3) is
continuous as the conic changes from hyperbolic to elliptic.
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5.6.10.6 The CM/SM - Separation - and - Pre-Entry - Maneuver
Program (P-62) Display of the IMU Gimbal Angles

In the CM / SM - Separation - and - Pre-Entry - Maneuver
Program (P-62), the IMU Gimbal Angles corresponding to the
entry attitude at the present time are calculated and displayed.

The calculations are shown in Figure 6,10~11 . The

following nomenclature is used:

KWE : Equatorial Earth Rate = 1546, 70168 ft/sec. (this
is a reentry constant - See Section 5.7).

U : Unit vector of Earth's North Pole direction, left by
pad load.

UXA The trajectory triad computed each two seconds

UYA : in reference coordinates by CM / POSE (part of

‘ UZA the DAP calculations),

UxD Desired body triad for trimmed flight with respect

uYD : to the relative velocity vector, using roll command

uzD and trim angle of attack,

OGA : Quter Gimbal Angle - Roll

IGA : Inner Gimbal Angle - Pitch

MGA : Middle Gimbal Angle - Yaw

ROLLC Commanded Roll Angle

ALFATRIM : Trim Angle of Attack
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ENTER

UYD = UYA cos (ROLLC) + U ZA sin (ROLLC)

UXD = UNIT (I_JYD X EXA) sin (ALFATRIM)
+ UXA cos (ALFATRIM)
UZD = UXD X UYD

:

XNB = UXD
YNB=UYD
ZNB = UZD

l

Store REFSMMAT in
XSM, ¥SM, Z5M

Call CALCGA ' , ‘

Resume OGA, IGA, MGA

where:

UXA = - UNIT (V+KWE (UNIT (z) X u))
UYA = - UNIT (UXA X UNIT (r))
UZA = (UXA X UYA)

Figure 6.10-11 Calculation of Gimbal Angles
Corresponding to Entry Attitude
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5,6.11 LGC INITIALIZATION

The LGC initialization procedure prior to LM sepa-
ration is a manual operation which does not involve a numbered
CMC‘program. After the LGC is activated the first requirement
is to synchronize the LGC clock with that of the CMC. This is
a count-down and mark procedure described in R-33, CMC/LGC
Clock Synchronization Routine of Sectidn 4, to obtain an average
clock difference which is then used to increment the LGC clock,
The CMC and LGC clock synchronization can also be checked by
the Mission Ground Control Center using telemetry down-link
data, which can provide a more precise difference to increment
the LGC clock, '

Next, the following parameters are voice-linked from
the CSM or uplinked from the earth to the LM to be entered into
the LGC:

1) o CSM position vector

2) Yo CSM velocity vector

3) tC CSM state vector time

4) TS Junar landing site vector in
moon-fixed coordinates

5) tO : time difference between zero GET
and July 1,0, 1968 universal time,

6) PC : planet identifier

All of the above parameters are in octal, and all are double

precision except item 5, to, which is triple precision and itemn
6, Pe.
items 1 through 4 are normally determined by the CMC Orbit

which is one bit. In the lunar landing mission the above

Navigation Program P-22,
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5.6.12 CMC IDLING PROGRAM

This program is used to maintain the CMC in a state of readiness
for entry into any other program, While the idling program is in operation,
the Coasting Integration Routine (Section 5, 2, 2) is used to advance the
estimated CSM state vector (and the estimated LM state vector when the
LM is not on the surface of the moon) to approximately current time, This
procedure has the lowest priority of all programs, and is performed only
when no other program is active, This periodic state vector extrapolation
is not necessary from a theoretical point of view, but does have two
practical purposes, First, it is advisable to maintain current (or at least
nearly current) state vector estimates in case an emergency situation
arises, Second, a significant amount of computation time is transferred
from a period of high computer activity (navigation measurement proces-

sing, targeting, etc.) to a period of low activity,

The state vectors of both vehicles are extrapolated even if the
vehicles are attached, There exists a special DSKY verb by means of which
the LM state vector is made equal to the CSM state vector. This verb is
used in conjunction with the LM/CSM separation maneuver in order to
properly initialize the LM state vector. The use of this verb is followed
by astronaut selection of the Target AV Routine (Section 5. 6. 14) to

incorporate the LM separation maneuver Aav.

In order to use the Coasting Integration Routine in an efficient
manner, the maximum value for the integration time step, Atmax’ is
computed as described in Section 5.2,2,5. The value of Atmax is a
c be the
time associated with the estimated CSM state vector and tl be the
current time. The estimated CSM state vector is extrapolated ahead whe

function of radial distance and varies from step to step. Iett

>
tl tC + 4Atma.x (6.12,1)
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The integrationis terminated when Atmax is more than the integration
time-to-go. In this manner no extra and smaller-than-maximum
integration time steps are performed, and the periedie integration

is accomplished most efficiently.

The estimated LM state vector (if applicable) is then ex-
trapolated to the CSM state vector time in the same manner. '

The error transition matrix W (see Section 5.2.2.4) is
extrapolated with the estimated CSM (LM) state vector if ORBWFLAG
(RENDWFLG ) indicates that the W matrix is valid, ORBWFLAG is
defined in Sections 5.2.4.5 and 5.2.6.4, and RENDWFLG in Section
5.2.5.2,

The logic for the periodic state vector extrapolation is
illustrated in Fig. 6.12-1, The variables D and V are indicators
which control the Coasting Integration Routine. The quantities X
and X, are the estimated CSM and LM state vectors, respectively,
and x is a temporary state vector used for integration. Refer to
Section 5.2.2.6 for precise definitions of these items. The switch
SURFFLAG indicates whether or not the LM is on the surface of the
moon, This flag is set to one (zero) by means of a special DSKY verb by
the astronaut when he receives voice confirmation that the LM has

landed on (lifted off from ) the lunar surface,

As shown in the figure, time synchronization of the two
state vectors is achieved and maintained by this program. The
purpose of the state vector synchronization is to guarantee correct

W matrix extrapolation during rendezvous navigation,
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In order to permit correction of wrong erasable memory
parameters which have caused or could cause an invalid and
excessively lengthy integration process to begin, there is an
emergency special DSKY verb to terminate or inhibit the Coasting
Integration Routine. This special verb causes the following to occur:

1. If the Coasting Integration Routine is in operation, it

is terminated at the end of the current time step.

2. .The current program is terminated.

3. The CMC Idling Program (P~-00) is activated.

4. The P-00 state vector test is bypassed so that no state

vector integration test occurs;"until P-00 is feselected,

Note that this operation does not maintain state vector synchronization ;

and can, therefore, cause incorrect W matrix extrapolation in

rendezvous navigation,
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ENTER

llnhibit Selection of New Progranj‘

Compute Atmax F—————

+
"
o+

Wait Ten Minutes

3

M
I

[iAllow Selection of New Program

Compute At

max

Extrapolate CSM State
Vector (and W Matrix
if D = 6) One Time

Step to Time t + At
max

D=6 [D=0 ¥, =X

v 4

Extrapolate‘LM State Vector (and W
Matrix if D = 6 ) to time t_ Using
Coasting Integration RoutExe {Sec, 5.2,2)

Figure 6.12-1 CMC Idling Program State Vector Extrapolation Logic Diagram
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5.6.13 IMU COMPENSATION

The IMU Compensation is designed to compensate for
PIPA bias and scale factor error and at the same time accumulate
gyro torquing commands necessary to compensgate for the as-
sociated bias and acceleration caused gyro drifts. The correc-
tion to the PIPA's is

PIPAC = (1 + SFEI) PIPAI - BIASI At

where

PIPA.  isthe compensated data for the I PIPA

denoted PIPAX ., PIPAY., PIPAZ
SF - SF__

SFE = —-hom { erasable load)

SFIIOm

SF = Scale-factor M

Pulse

th

BIAS. is the bias for the I PIPA (anerasable load)

1

The compensated data is then used to compute the
IRIG torquing necessary to cancel the NBD, ADIA, and ADSRA

gyro coefficients., The computations are

XIRIG

Y

-ADIAX PIPAXC + ADSRAX PIPAY,. - NBDX At

C

i

YIRIG = -ADIAY PIPAY + ADSRAY PIPAZ , - NBDY At

C

ZIRIG = -ADIAZ PIPAZ ¢ - ADSRAZ PIPAY_ +NBDZ at

a"’I“he term "erasable load' refers to data entered into CMC eras able
memory just prior to launch.
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where

XIRIG, YIRIG, ZIRIG are gyro drift compensation
NBDX, NBDY, NBDZ are gyro bias drifts (anerasableload)

ADSRAX, ADSRAY, ADSRAZ are gyrodrifts due to ac-

celerationin spin reference axis (anerasableload)

ADIAX, ADIAY, ADIAZ are gyro drifts due to acceleration
in the input axis (an erasable load)

When the magnitude of any IRIG command exceeds two

pulses, the commands are sent to the gyros.

During free-fall only the NBDX, NBDY, NBDZ are
the relevant coefficients and the routine is so ordered that only

these terms are calculated for the gyro compensation,
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5.6.14 TARGET AV PROGRAM

The purpose of the Target AV Program is to update
the estimated LM state vector in accordance with the maneuver
AV which is voice-linked to the CSM from the LM and then en-
tered into the CMC as described in Section 5. 2. 1. The logic for
this program is shown in Fig. 6.14-1. In the figure, AV is the
maneuver velocity change expressed in a LM local vertical coor-

dinate system and t A'V is the time of the maneuver.

5.6-84

Rev,5 - 3/69




‘

START

v

Inhibit Rendezvous Navigation

Data Processing

Y

Extrapolate LM State Vector to

PNY
Routine (Section 5.2.2)

v

Time using Coasting Integration

Rectify LM State Vector

(Pig. 2.2-2) Obtaining ry t

v
con’ —Lcon’ L,

1

o = - UNIT (ELcon)

E-l = UNIT (XLcon X E-Lcon)

4 o T XY
u T
-0

T T T
Vicon = Yicon FAY Y
T

e}

Y

Extrapolate LM State Vector to
CSM State Vector Time using
Coasting Integration Routine

Y

Rectify LM State Vector

(Fig. 2.2-2) Obtaining r t

v
con’ —Lcon’ L

¥

EXIT

Fig. 6.14-1 Target AV Program
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5.6.16 RMS POSITION AND VELOCITY ERROR DISPLAY

In order to provide the capability for astronaut monitoring

of the G& N system's estimate of state vector accuracy, there
exists a special DSKY verb which causes the RMS position and
velocity errors to be computed from the W matrix and to be
displayed, Based upon the values in this display and the details
of the particular mission, the astronaut will elect to stop the
navigation that is in progress, to resume or continue with the
current navigation procedure, or to reinitialize the W matrix

and continue navigating, The capability of selecting the W matrix
initialization parameters is also included in this process,

The logic for the RMS position error (ArRMS) and

RMS velocity error (AVRMS) display is illustrated in Fig, 6,16-1,

The vectors w, are partitions of the W matrix as defined in
Eq., (2.2, 26) of Section 5.2,2,4, The variablesw__, w_ , W, ,
rr rv {r

W, ., W , and w are W matrix initialization parameters, and
I'A4 mr mv

- RENDWFLG and ORBWFLAG are the W matrix validity flags.
SeeSections 5,2_5,2, 5.2.4,5, and 5. 2. 6. 4 for further definitions
- and usage of these terms,
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ENTER

v

Wait Until W Matrix Available

8
Arpms Z' LA 8]
i=0
17
Svpys =) ) Wi W

Display Ar Coede

rMS’ YYRMS

ORBWFLAG =0

RENDWFLG = 0

W

Figure 6.16-1 RMS Position and Velocity Error Display Logic Diagram

1 Code 3
Y
rr = Wr‘ w - = \Vr er
rv = WV w v = WV WmV
l » EXIT %
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5.7 ENTRY GUIDANCE

The entry guidance is used for control of the CM entry
vehicle and is desecribed by the logic flow charts in Fig.5.7-1 thru
Fig.5.7-16. A detailed description of the guidance and steering
concept is presented in MIT/IL Report R-532, "Reentry Guidance
for Apollo, "' R. Morth, January 1966.

Figure 5.7-1 illustrates the overall picture of opera-
tions during entry. Each block in Fig, 5.7-1is described in
detail in following figures. Figure 5.7-2 defines the symbols
which represent computed variables stored in erasable memory.

The values and definitions of constants are given in Fig. 5. 7-3.

The initialization routine shown in Fig. 5.7-4 is
entered only once at the start of entry. Besides setting the ap-
propriate variables to their initial values, this routine presets
the variable SELECTOR to INITROLL.

Every pass through the entry equations (done once
every 2 seconds) is begun with the section called navigation
({see Fig. 5.7-5) and is the same as that presented in Section 5.3.2.
This integrates to determine the vehicle's new position and velocity
vectors. This navigation routine is started prior to encountering
the entry interface at 400, 000 feet altitude, and is continuously

operated from that time to landing.

Next, the targeting section updates the desired landing
site position vector and computes some quantities based on the
vehicle's position and velocity and the position of the landing site,
{See Fig. 5.7-6).
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The mode selector chooses the next sequence of cal-
culations depending upon.the phase of entry trajectory that is
currently being flown. The initial roll section maintains whatever
roll angle was previously selected in the initialization routine
and decides when to start the next phase, as shown in Fig. 5.7-7.

The next phase maintains a constant drag trajectory
while testing to see if it is time to enter the up-control phase.
The testing is presented in Figs. 5.7-8 and 5.7-9. The constant
drag equations are given in Fig, 5.7-10. The other phases
(up-control, ballistic, and final) are listed in Figs, 5.7-11,
5.7-12, and 5,7-13. (See Fig. 5.7-1 .) The final phase is
accomplished by a stored reference tfajectory with linear inter-
polation between the stored points. Its characteristics as well
as the steering gains are stored as shown in Fig. 5.7-14. The
routine that prevents excessive acceleration build-up (G-limiter)
is given in Fig. 5.7-15. Finally, the section that does the lateral
logic calculations and computes the commanded roll angle is
shown in Fig. 5,7-16.

The parameters computed for display purposes only

during the entry phase are presented in Section 5. 6. 10,

For descriptive material about the interaction of
Entry Guidance with the Entry DAP and with the mission control
programs P61 - P67, see Section 3.
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INITLALIZATION

NAVIGATION

TARGETING

MODE
SELECTOR

L ! PRED
RO ‘{\a‘f" upCONTRL 163 €r3 :
™

) CHECK FOR I
INITIAL B8ALLISTIC FINAL
ROLL START I'ORFOLI{P UPCONTROL PHASE PHASE

CONT

CONSTANT |

“G LIMITER”

RA

LATERAL LOGKC

1

OUT WITH
ROLL COMMAND

Fig. 5.7-1 Entry Computation
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EXTAA COMPUTER ERASABLE LOCATIONS N(')T YSHOHN ON FLOW CHARTS

VARIABLE DESCAIPTICON MAXIMUM .VALUE

GOTOADDA ADDRESS SELECTED BY SEOUENCER

XM IPBUF BUFFER TO STORE X PIPA COUNTS

YPIPBUF BUFFER TO STORE Y P1PA COUNTS

IPIPBUF BUFFER TO STORE Z PIPA COUNTS

PIPCTR COUNTS PASSES THRU PIPA READ ROUTINE

JJ INDEX IN FINAL PHASE TABLE LDOK=-UP

L} INDEX IN FINAL PHASE TABLE LOOK~UP

GRAD : INTERPOLATION FACTOR IN FINAL PHASE

FX ODRANGE/D L/D = F3 2700 NM

Fx + 1 AREF 805 FPSS

FX + 2 RTDEG T 2700 NM

FX + 3 RDOTREF VSAT/4

FX + 4 ORANGE/D RDOT = F2 21600/2VS NW/FPS

FX + 5 DRANGE/D DRAG = F1 2700/805 NM/FPSS

TEM1B TEMPORARY LOCATION

TIME/RTO TIME OF INITIAL TARGET RTINIT 8 28 CENTISEC

DTEAROT EST TIME BETWEEN RTINIT AND RT B 28 CENTISEC

UNITV UNIT ¥ VECTOR 2

UNITR JUNIT R VECTOR . 2

—VREL NEGATIVE YELOCITY REL TO ATMOSP 2 VSAT .

SWITCHES INITIAL STATE CM/FLAGS = STATE +6. ‘
=z, —-—

NOSWITCH  INKHIB IT LATERAL. SWITCH NON—BRANCH (0} 92D, BIT13
GONEPAST INDICATES OVERSHOOT OF TARGET NON-BRANCK (0} 950, BITLO
RELVELSW RELATIVE VELOCITY SWITCH NON-BRANCH {0} 960, BIT 9
EGSW FINAL PHASE SWITCH NON—~BRANCH [0) 970, BIT 8
HIND INDECATES ITERATION IN HUNTEST NON=BRANCH (0) 990, BIT &
INRLSW INDICATES INIT ROLL ATTITUDE SET  NON-BRANCH (0) 1000, BIT 5
LATSW INHIBIT DOWNLIFT SWITCH IF NOT SET BRANCH (1) 101Dy BIT 4
-05GSW INDICATES DRAG EXCEEDS .05 GS . BRANCH (0] 1020, BIT 3
GONEBY INDICATES GONE PAST TARGET (SET)  SELF~INITIALING 112Dy BIT 8 IN STATE + 7

Figure 5, 7-2b Computer Variables (cont)
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sapy ATTITUDE OUANTITIES (CM/PDSE)

YVARTARLE DESCRIPTION MAX TMUM VALLIE
-—\.J'QEL NEGATIVE VELOCITY REL TO ATMOS. 2 VSAT
ElLﬂlIYA USED FNR UYA RELOW 1000 FRS 2
I_IZAIZ UNTT VECTOR TRIAD 2
‘ I-IYA/? BASEN DN 2
: l_llﬂ/? T‘HE TRAJECTORY . 2
I—)ﬂx/? UNIT VECTOR 2
I_IBYIZ BODY TRIAD 2
t-JRZIZ FOR CHM. 2

Figure 5,7~2¢ Computer Variables {cont)
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DISPLAY QUANTITIES j

VARIABLE DESCRIPTION MAXIMUM VALUE ;
GMAX PREDICTED MAXIMUM ENTRY ACCEL 163.84 GS N 60 ;
VPRED PREDICTED VELOCITY AT ALTITUDE 128 M/CENTISEC N 60 : !
400K FT ABOVE FISCHER RADIUS. . ;
GAMMAE] PREDICTED GAMMA AT ALTITUDE 1 REVOLUTION N 60 ;
400K FT ABOVE FISCHER RADIUS. :
o} DRAG ACCELERATION 805 FPSS N 64
VMAG] INERTTAL VELOCITY MAGNITUDEIVL) 128 M/GENTISEC N 64, N 68 H
THETAH DESIRED RANGE ANGLE NM 1 REVOLUTION N 64, N 67 :
27060 RANGE ANGLE TO SPLASH FROM 1 REVOLUTION N &3 :
EMSALT FT ABOVE FISCHER RADIUS. [IN N#M) :
viD PREDICTED VELOCITY AT ALTVITUDE 128 M/CENTISEC N 63
EMSALT FT ABDVE FISCHER RADIUS. :
TTE TIME OF FREE FALL TO ALY B 28 CENTISEC N 63 :
EMSALT FT ABOVE FISCHER RADIUS. ;
BETA ROLL COMMAND {ROLLCY . 1 REVOLUTION N 66, N 6B ;
XRANGERR CROSS~RANGE ERROR [LATANG IN NM) 1 REVOLUTION N 66 !
ONRNGERR DOWN RANGE ERROR & 1 REVOLUTION N 66 :
[PREDANG « THETAH  IN NM]
HOOT ALTITUDE RATE{RDOT) 128 M/CENTISEC N 68 ‘?
DL EXIT DRAG LEVEtL (07) BO5 FPSS ;
VL EXIT VELOCITY 2 VSAT .
RTOGO RTOGO IN P67 1 REVOLUTION !
{~THETAH IF GONEBY =0, THETAH [F GONEBY = 1) :
LAT GECOETIC LATITUDE OF VEHICLE i
LONG LONGITUDE OF VEHICLE :
:
!
H DNRANGERR » 99999 F GONEPAST = L

T
{
+
H
H

Figure 5, 7~2d Computer Variables (cont.)
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INTTIALTIZATION

LURTD = TARGET VECTOR AT TIME OF IN[TIALIZATIbN

RTE = uzsURTO

UTR = RTE*UZ

URT = INITIAL TARGET VECTOR AT NOMINAL TIHE oF ARRIVAL
(FOR THIS CALCULATION)

= URTO + UTRICOS WT — 1} + RTE SIN WT
WHERE WT = W TNOM, TNOM = 500 SEC

UNID = UNIY (VSUNIT(R}}

LATANG = URT.UNI

THETA = ARCCOS{URT.UNIT(R}1}
K2ROLL = ~SIGN(LATANG)
07 - QTF

SELECTOR = INITROLL
FACTOR = 1

LOD = LODPAD

LAD = LADPAD

KLAT = KLAT1 LAD
L/DCHINR = LAD COS13
L/D = ~ LAD SGNIHEADSUP)
DIFFOLD = ©

DLEWD = DLEWDO

LEWD = LEWD1

02 = ~1152 + 500 LAD

INITIALIZE SWITCHES

GONEPAST = 1 RELVELSW = 0O COMERY = O
EGSW = 0 ‘' LOSGSW = O NOSWITCH =0 -
HIND = © INALSH = 0

LATSH = 1} -

Figure 5.7-4 Entry Program Initialization
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P ————— —— i

READ & CLEAR PIPAS
SAVE VEL INCREMENT
AS DELV

| DELY <(rersuT) " DELy

DELV
2

m

T

M :VHDTETd—
= R+ DT TEM

Asval [R) l

=)

UNIT [R]- U2

v x
=
"o

wlOI
~N

. . .MUE CHREQY s o2 z REQNT
i [0 B -5 5t l)umnmhzsu[%’wz] I

1

= . .= DELV

Note:

This routine is identical
to "Average-G" routine
used elsewhere.

Fig. 5.7-5 "Average-G" Navigation Routine
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1 NO

[Tr=\7'1 - KWE UZ*UNIT(R)

{

RDOT = V.

V= ABVAL(V)
vSQ = V2/VSAT?
LEQ = (VSQ-1) GS

UNI = UNIT(VX¥UNIT(R))
D = ABVAL(DELV)/DT

UNIT(R)

k]

(]S RELVELSW ZERO ?

YES ¢

NO

-RDOT _ 2D

HS \

D=D+D(

s

Y

CIS EGSW ZERO

?) fWT=WIET

NO ¢

§ YES

( IS V-VMIN POS ?)

NO§ ] ¥BEs

RELVELSW =1

9 r

WT=WIE(KTETA THETA+T)

WT= WIE ( RE ’I“/HETA) + T)

!

[

URT =TRTO0+ UTR(COS WT -1) + RTESIN WT
LATANG = URT- UNI
THETA = COS “(URT- UNIT(R))

y
(IS D-. 05G NEG?)

NO + '
.05GSW =1

i

YES
.05GSW = 0

|

GO TO SELECTOR

Figure 5, 7-6
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IS INRLSW 0 D
Yes }No

(IS .05GSW = 1 ? )

GS RDOT + VRCONTRL NEG?)

fNo

SELECTOR=HUNTEST

|GO TO HUNTEST]

Yes * No Yes
INRLSW =1| | GO TO 310 | (IS D - KA POS?
GONEPAST= 0
. 05GSW = 1 No Yes
' GO TO 310
A v 3
: KA =(KAl (%sg + KA2) GS |
GO TO CONSTD

?

@ V-VFINALl NEG 5

Yes *

No

SELECTOR = KEP2

]D®= KA3 I:(%QJF KA4

GO TO 310

( IS V-VFINAL +K44(RDOT / V)" POS?>

o ¥ Y ves

Rev,

L/D = LAD L/D = -LAD
l GO TO 310
Figure 5, 7-7 Initial Roll
L @
5.7-13
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NO

( IS RDOT NEG ? )

YES

GAMMAL = 0

LEWD-(3AHOOK DVL2+2DVL){CHL GS/(DHOOK VL))
Q7=((1—VL/ FACTL)* - ALP))/ FACT2

V1= V + RDOT/LEWD VI=V + RDOT/LAD
2
A0 =(V/V)*(D{RDOT?(2C1L HS LEWD))|  |A0 =(V1/7)?(D+RDOT?/(2C1 HS LAD))
Al = D Al = AQ
v v
( IS L/D NEG
YES ¥ NO
V1=V1 - VQUIT
ALP = 2 C1 A0 HS/ (LEWD V1%)
FACTL = V1/ (1 ~ ALP)
FACT2 = ALP(ALP-1)/A0
VL= FACTI(l - SQRT{FACT2 Q7 + ALP))
IS VL - VLMIN NEG? )
YES ‘ NO ‘
SELECTOR=PREDICTS3 @ VL-VSAT POS ?)
EGSW = 1 ;
Y YES NO y
GO TO PREDICT3| C IS V1-VSAT POS ?
NO ¢ YES J
SELECTOR=HUNTEST | [VS1=V1 VS1= VSAT
GO TO CONSTD +
DVL=VSl-VL
DHOOK=((1-VS1/ FACT1)* -ALP)/ FACT2
AHOOK=CHOOK(DHOOK/ Q7 -1)/ DVL
GAMMALl= LEWD(V1-VL}/ VL 5
GAMMAL-GAMMAL -CHLGS DVL(4AHOOK DVL)
DHOOK VL
IS GAMMAL NEG?
YES Ty NO
S— GAMMATL VL.

K 7

GAMMALI=GAMMALI{1-Ql9) +Q19 GAMMAL

GO TO RANGE PREDICTION

Figure 5. 7-8 Huntest
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PREDICTION

RANGE

VBARS = VL?/vsaT?
COSG = 1 - GAMMAL?/2

E = SQRT (1 + (VBARS-2) COSG2 VBARS)

'

ASKEP = 2 ATK sin” ! (VBARS COSG GAMMAL/E)  , ballistic range
ASPl = Q2+ Q3 VL, , final phase range
ASPUP = % (HS/GAMMAL1) LOG (A0 VL2/(Q7 V12)), up-phase range
ASP3 = Q5 (Q6 -GAMMAL) , gamma correction
ASPDWN = -RDOT V ATK/(A0 LAD RE) , range to pullout
ASP = ASKEP + ASP1 + ASPUP+ASP3+ASPDWN , total range

DIFF = THETNM - ASP

l

IS ABS (DIFF) - 25NM NEG?

YES

SELECTOR = UPCONTROL 1

Y

GO TO UPCONTROL

NO

NO( 15 HIND = ZERO?)

iYES

NO

IS DIFF NEG? )

— DLEWD DIFF YES
DLEWD = 55010 - DIFE
- DIFFOLD = DIFF
@ LLEEWD + DLEWD NEG:D
Q7 £ OTF
YES :
Y NO GO TO CONSTD
DLEWD = ~LEWD/ 2
—
LEWD = LEWD+ DLEWD
v
HIND = 1
DIFFOLD =DIFEF
Q7 = QIF
v

GOTO HUNTEST

Figure 5, 7-9 Range Prediction
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L/D = LEQ/DO .+ C16(D-DO) - C17{RDOT + 2HS DO/V) : '

(" 1so-ca0p0s? ) o
YN ‘E

Note: LATSW is LATSW = 0
reset by DAP. : l

{15 L/D NEG? ) ,

Y N
L/D=0
GO TO 310

E

Fig.5.7-10 Constant Drag Control
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IS D-C21 POSD
Yes No

(NOSWITCH = 1|

(1SV-V1POS ?

NO
YES _
‘ NO | YES
RDTR = LAD (V1-V) (IS RDOT NEG &V - VL - CI8 NEG?D)
DR = (V/V1)2 AO-RDTR/12 C1 HS LAD) O VES
L/D =LAD * CI6 (D-DR)
~C17 (RDOT-RDTR) SELECTOR - PREDICT3
EGSW = 1
, GO TO PREDICT3
GO TO NEGIEST SELECTOR = KEP? |

gs AD-D NEG 7
N YES

[L/D= LAD, €070 310]

GO TO KEP?

[VREF = FACTI [1- SORT (FACT2 D + ALP]]

(ISVREF - VS1 POS?)
YES IO

| RDOTREF = LEWD {V1-VREF)] RDOTREF = LEWD (V1-VREF)-CHI GS(VS]—VREF)2

[1 + AHOOK (VSI-VREF)]
DHOOK VREF

IS D-Q7MIN NEG?
NO YES

[FACTOR = 0-Q7) /AL-Q7)]

[ TEM1B = - KB2 FACTOR [KB1 FACTOR (RDOT - RDOTREF) + V - VRER

IS _[TEMIBI - POINTINEG?)
YES NO

[TEM1B = [POINTL + POINTL {|TEMIBI- POINTL)] SIGN (TEMLB]]

[L/D = LEWD + TEMIB]
GO TO NEGTEST

Fig. 5. 7-11 TUpcontrol
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IS . 05GSW 0

NO YES

ROLLC = 0

.
(ISD - (Q7F+ KDMIN) POSE

YES NO

EGSW =1 MAINTAIN ATTITUDE CONTROL
SELECTOR = PREDICT3 - ZEROSIDESLIP AND ANGLE OF
GO TO PREDICT3 ATTACK NEAR ITS TRIM VALUE)

v

OUT TO AUTOPILOT WITH

ROLL COMMAND

Figure 5. 7-12 Ballistic Phase
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PREDANGL= RTOGO(V)+F2(V)}(RDOT - RDOTREF(V))
+FL{(V){D-DREFR(V))

[

C IS V - VQUIT POS ? )

YES NO

1

CIS GONEPAST zER@— GO TO 380

YES - NO

( IS (URT *R). UNI POS? )
YES NO

GONEPAST = 1

GONEBY = 1

]
L/D=-LAD . |
GO TO GLIMITER

L/D = LOD+ 4(THETNM-PREDANGL)/F3(V)

GO TO GLIMITER

Figure 5.7-13 Final Phase
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e

Interpolation Procedure

Start with table entries. See Fig. 5.7-14a.

VREF(i) , i=1, 13
RDOTREF(i), i=1, 13

etc

Vary the index i until velocity magnitude lies between two
values in the table, That is:

VREF(i) < V< VREF(i+1).

Save the value i and form the linear interpolation factor

V - VREF(i)

GRAD = yREr(m1) - VREF)

Then form interpolated values. For example

RDOTREF(V) = RDOTREF(i) + GRAD [RDOTREF(i+l) - RDOTREF(i)]

Figure 5. 7-14b Final Phase Reference
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GO TC 310 IS GMAX-D POSD
NO YES

|

L/D = LAD
GO 10 310

X= SQRT [2!-15(GMAX~D](LEQ/GMAX*LADP()HS GMAX/V)z]

1S RDOT+X POS?

GO TQ 310

| L/D=LAD

GO TC 310 '

Fig. 5.7-15 G-Limiter"
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IS GONEPAST ZERO?

Yyes : No
rY = KLAT VSQ + LATBLAS

v

IS ABS(L/D)-L/ DCMINR NEG ?
Yes

@S K2ROLIL LATANG POS 9

Ni Yes

L/D1 = L/DCMINR SGN (L/D)

A A
Gs K2ROLL LATANG-Y POS ?
Yes No
v
Qs NO SWITCH = 1 >
No Yes
.
| K2ROLL = —KZROLL‘J
R
IS ABS (L/D1/LAD) - 1 POS?
No Ye

(1/D1/LAD) = SGN (L/D)

ROLLC = K2ROLL COS™* (L/D1/LAD), NOSWITCH = 0

OUT TO AUTOPILOT WITH ROLL COMMAND

Fig, 5,7-16 Lateral Logic
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5.8 ERASABLE MEMORY PARAMETER LIST

This section presents a list of selected parameters re-
quired for various program operations., It should be noted that this
is a very limited CMC erasable parameter list. The objective of this
selected list is to identify those parameters that would be stored in
erasable memory and are required primarily to initialize the opera-
tion of programs and routines. In most cases these parameters can
not be originated within the CMC and must be stored prior to the
mission, Thus, all of the listed parameters can be initialized be-
fore launch, and those that are not applicable will be changed during
the mission prior to their usage., Some parameters will vary continually
throughout the mission (e, g. vehicle state vectors), others are constant
for any one mission phase, but may vary between different mission
phases, and finally some may be constant for one mission, but be
required to change for subsequent missions that use the same CMC

program,

Page Parameter
5.2-26 Zeor Lo
Ycor Tro

r r
~—Ccon’ =Lcon

A\ v
ZCcon’ —IL,con
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Page
5, 2-51

5.2-52

5.2-57
5.2-70

5.2-11

5.2-77

5.2-78

5,2-79
5.2-83
5.2-84

5.2-89
5.2-85

Parameter
KNOWN

L

Lat

Long

Al

Lat

Alt

6 rMAX

S Vyrax

-VarINT

var

var. .
Rmin

rr
rv

Varapm

mr
mv

g8 o

5.8-2
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Page
5.2-96
5,3-3

5.3-18
5.3-18
5.3-23

5.3-24

5,3-28

5,3-31

5.3-34
5.3-35

5.3-48

5,3-65

5,3-57

5,4-19

5.4-21

5.4-24

5.4-25

[/] Revised COLOSSUS

Parameter
H
A}_r(Af)

AVpy

b

Sk

m

wt
AV ppy (V)

57T
8T o
AV(LV)

Rev. 5 Date

[ ] Added  GSOP #R-577  PCR #_729




Page
5,4-27
5,4-28

5,4-36

5.4-49

5,4-T7
5.5-13

5.5-16

5.5-22

5.5-23

5.5-24

5.6-54

Rev.

5.

8-4

Parameter

trpr

K

e}

wt

S

or

>
<

g

L

Lrso

YEso0

“ms

EMS Altitude

5 - 2/ca

o ——— e




f ——— s em

0

5.6-82

Rev.

8.

8-5

Parameter

Is

SFE SFEz, SFE

1’ 3
BIASl, BIASZ, BIAS3
ADIAX, ADIAY, ADIAZ

ADSRAX, ADSRAY, ADSRAZ

NBDX, NBDY, NBDZ
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5.9 FIXED MEMORY CONSTANTS

Section 5, 9,1 contains a list and the numerical values of those
fixed memory constants in Section 5,2 through 5, 6 which have not been
specified previously, Those constants which are considered to be
control type data are indicated by source references which are listed
in Section 5, 9,2, Explanatory comments are noted in Section 5,9,1
where applicable and listed in Section 5,9,3, It should be noted that
only one page number is given for a constant in the list of Section 5,8,1

even though the constant may appear in other parts of Section 5. In

these cases the same value is used for the constant as reported in Section

5,9.1.

5.9.1 FIXED CONSTANTS

Reference Comments
Page Constant Units Value (Sec,5.9.2) (Sec. 5.9,3)
Hg m?/ s 0.3986032x10%° + 2.3.4
5.2-13 u ' 13
P “M mS/SZ 0.4902778X 10 2,3,4
- -2 :
5.2-16 J2E - 0,10823x 10 2,3,4
-5 )
. - ~0.23% 10~ ©2,3,4
-5 .
345 - -0.18 X 10 2,3,4
. m 6,378,165 - 2,3,4
~ -3 .
5.2-17 J2NI - 0.207108X 10 c2,3,4
JSM - 0 - 2,3,4
J4M - 0 P2,3,4
-4 ,
J22M - 0,207160X 10 ©2,3,4
T m 1,738,090 P2,3,4
3, 2 21
5.2-18 M m”/ s 0.132715445 X10 2,3,4
5.2-27 €4 csec 3.0 1
5.2-29 TME m 7,178,165 2
rMM m 2,538,090 2
5. 2-30 TapH m 64, 373, 760 14 3
5.2-31 R m 80, 467, 200 4
ryM m 16, 093, 440 4

5,8-1
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Page Constant Units ‘Value
5.2-54 var (rar)? 1.0
‘ SCT :
2
varp g (mr) 0.04
5.2-73  kpr nm/bit 0.01
2
5.2-77 Vargm (mr) 0.04
5.2-86 ¢ ft/sec 9.835712 x 10°
2
5.2-95 VAT oy (mr) 0.0025
var; (nm)2 1
5.3-21 FSPS pounds 20,000
FRCS pounds 200 or 400
5.3-31 m(SPS) pounds/sec  63.8
FL pounds 187
K, pound—seé 5000
K, pounds 25500
5.3-33  Atp .. (SPS) sec 0.57
5.3-34  V_(SPS) m/sec 3151.0396
5.3-49  wn rad/sec  7.29211515x 10"
5.3-49 (b/a)’ 0. 993306578
5.3-50  teq sec 163. 84
5.4-51 ¢, m 100. 0
€ - 0.001
5.4-52 €, m 1000
€5 - 0.002
5.9-2
Revised COLOSSUS
[ Jadded  GSOP #R-577 PCR # 734

5

Reference Comments
(Sec. 5.9.2) (Sec. 5.09.3)
4
5
6
4
2,3,4
4
15
9
9
10
9 10
20
20
17
20
8
2,3,4
11
7
7
7
7
Rev, 5 Date




Page

5.4-61

5.4-62

5.4-63

5.4-65

5.4-68

5.4-69

5.4-70

5.4-73

Constant

w5 W
w

=
i

E @U mU L\JU com U‘W

Units Value
- . 99966
m 1.81000432 x 108
- 1.5078514
1/m ~6. 49993054 x 1077
1/m? 9.769389245 x 10718
- 0. 00001
. 0. 000007
m 7.0 % 1()6
m 6.495 x 10°
- -.06105
- ~. 10453
m 107
m 121920
s/m -4, 8760771 x 10
«2/m?  4.5419476 x 1070
3 /m®  _1.4317675 x 10712
m 8.0 x 108
) 520
m/s  0.01
m/s 3151.0396
m/s 2706. 64
kg/s 0.16375
5.9-3

Rev. 5 - 3/69

Reference Comments
(Sec. 5.9.2) (Sec. 5.9.3)

19 7
19 7

19 7

20
10 8
10 '




Page

5,4-85

5.5-11

5.5-16

5.56.17

©5,5-18

5,522

5.6-8
5.6-39

5.9-5

Constant

Cy

(Kepler) €

(Lambert) €
€, { moon)
€ {earth)
€e

ky

Lp

Tss

&t

Star Table

" Units

w2
/2

rad
rad
rad
rad/sec
radfsec

rad/sec

secC,
sec.,

secC.

Reference

Value {Sec.5.9,2)

Comments

0.5

=22
-19
..13
~12
23

N oo o b N

0.409164173

-6,03248419

2.61379488
-7.19756686% 107 %
~1.07047016% 1078 -

2. 67240019% 10°°

0.99964115

0.02678760

6,378,166

6,356,784

6,373,338

360
1.3

See Fig.9-1

5.9-4
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12
12

12
12
12

7,8

7,8

7,8

7,8

7,8

2,3,4

2,3,4
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(Sec. 5. 9, 3)

16

17
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5.

9.2

REFERENCES FOR FIXED CONSTANTS

Project Apollo Coordinate System Standards, SE008-001-1, Office
of Manned Space Flight - Apollo Program, National Aeronautics
and Space Administration, Washington, D, C,, June 1965,

Natural Environment and Physical Standards for the Apollo Program,
NASA M-DE-8020-008B, April, 1965,

Directory of Standard Geodetic and Geophysical Constants for
Gemini and Apollo, NASA General Working Paper No. 10, 0208,
April 6, 18686,

Apollo Missions and Navigation Systems Characteristics, Apollo
Navigation Working Group Technical Report No, AN-1.3, December 15
1967,

3

Airborne Guidance andANavigation Equipment - Block II For Apollo
Command Module, Part I, MEI No. 2015000, MIT, June 21, 1965,
(C).

Command Module Guidance Computer Electrical Interfaces - Block II
NAA-MIT, MHO1-01380-216, North American Aviation, Inc.

Inertial Orientation of the Moon, R, C. Hutchinson, MIT Instrumentation
Laboratory, Report No. R-385, October, 1962,

Explanatory Supplement to the Astronomical Ephemeris and the
American Ephemeris and Nautical Almanac, 1981,

GFE Guidance, Navigation, and Control Performance and Interface
Specification Block II, SID 65-299A, North American Aviation, Inc.,
June 7, 1967,

5.5-6
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10,

11,

12,

13.

14,

15,

16,

17,

18y

19.

20.

Performance Data Supplement to Mission Modular Data Book-
Block II Barth Orbital Mission, SID 66-1501 A, North American
Aviation, Inc., Revised March 15, 1967.

NASA letter of direction to MIT 67-FS55-91-329,

The Fixed Memory Constants in the Conic Subroutines, W.M, Robertson,
MIT SGA Memo No. 8-68, March 26, 1968,

NAR-MIT Interface Document, MHO1-01301-116 (Rev. B) BlockIl G& N
Navigatic:: 'nise and Optics Assembly to Command Module Structure.

Astronauw.cal Guidance, Richard H, Battin, McGraw Hill Book Co., 1964,

The American Ephemeris and Nautical Almanac, Nautical Almanac
Office, U.S. Naval Observatory, 1969,

Apollo Spacecraft Weight and Mission Performance Definition,
Manned Spacecraft Center, NASA, December 12, 1967,

Apollo Mission Data Specification, TRW 2131-H005-R8-000, Thompson

Ramo Wooldridge, June 9, 1966,

Fixed Memory Lunar Landmarks for COLOSSUS (Mission D)

Ropes, 68-FS55-21, June 11, 1968,

NASA ILetter of Direction to M, I. T, 68-FS55-19-~172.

CSM/LM Spacecraft Operational Data Book, Volume I, CSM Data
Book, NASA, SNA-8D-027, May, 1968. '
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5.9,3

COMMENTS ON FIXED CONSTANTS

The quantity ¢ £ is the limit used for the minimum time step in
the Coasting Integration Routine, When the time step drops

below €4 the routine is terminated,

The quantities VR and TVIM are the radii used by the Coasting
Integration Routine to define a cislunar midcourse orbit inside
of which the only gravitational force considered is that of the
primary body., Outside these radii the gravitational attraction

of the Earth, Moon, and Sun are all taken into account,

The quantity TapH is the radius of a sphere that approximates the
surface of influence of the Moon as given in Fig. 1,3 of Reference
14,

The quantities Ty and Tapp 2T the radii outside of which only
the central force term of the gravitational attraction of the

primary body is used,

The values given for the fixed constants used in the Planetary
Inertial Orientation Subroutine (Section 5.5.2) are obtained by
using Chapter 4 of Reference 7 and Sections 4C and 11D of
Reference 8,

The quantity Tag is a rough estimate of the time between the
initiation of the Star Selection Routine in the IMU Realignment
Program (P-52) or the Back-up IMU Realignment Program
(P-54) and the midpoint of the optical sightings on the two
celestial bodies,




The following comments are made with respect to the indicated

quantities;

€1

criterion used to determine whether the pre-return position

and velocity vectors are nearly collinear (el = cos 1, 50),

criterion used to determine whether the conic portion of

Return to Earth has converged upon a suitable reentry radius.

criterion used to determine whether the conic portion of
Return to Earth has converged upon a suitable reentry angle
(although the test is made on the cotangent of the angle it

is equivalent to . 058°),

criterion used to determine whether the precision portion
of Return to Earth final state vector computation has
reached the desired reentry angle (although the test is
made on the cotangent of the angle it is equivalent to
.00058°),

criterion used to determine whether the final state vector
computation has already reached the best possible reentry

angle,

criterion used to determine whether the precision portion
of Return to Earth has converged upon the reentry radius
selected in the conic portion,

criterion used to make a final check on the reentry angle
reached by the precision portion of Return to Earth (although
the test is made on the cotangent of the angle it is equivalent
to .116°).




criterion used to determine whether the x (tl) - Av

€
9 v
jiterator has reached a minimum value,
610 criterion used to determine whether the x (tl) - AV
iterator has reached the desired Av,
CO‘ Cl, polynomial coefficients used to determine the maximum
02’ Cg + allowable major axis of return trajectories with a positive
’ radial component based on the radius magnitude.
MA1 Maximum allowable major axis of return trajectories
with a negative radial component
kl radius used to determine which estimate of reentry angle
should be used.
kz initial estimate of reentry radius,
1(3 initial estimate of the cotangent of the reentry angle used
when the initial radius is less than kl { equivalent to -3°
28. 5').
k4 initial estimate of the 'cotangent of the reentry angle used
when the initial radius is greater than kl (equivalent to -~5°
58'). ‘
k5 radius below which -Av option not available
Dl’ D,, polynomial coefficients used to determine the cotangent of
D3, D4 the reentry angle based on reentry velocity magnitude
E3 entry altitude above the Fischér Ellipsoid (equivalent to

400,000 ft).

The RCS exhaust velocity was computed by using the nominal

specific impulse of the reference document and an acceleration

i

of gravity of 32. 174048 ft/sec?.
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10.

11.

12,

15,

The quantity FL is ullage thrust using two RCS jets where consid-

eration has been made for the 10° offset of these jets.

The quantity tKS is the elapsed time from lift-off to when the attitude

error display is disabled,

These landmarks do not fit the mappingv pattern assumed and -
require‘d by the Lunar Landmark Selection Routine, Section 5.6.9

The quantity var; is a rough estimate of the landmark or horizon

error variance during cislunar midcourse navigation,
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16.

17,

18.

The constant Ct when multiplied with the estimated length of the
burn gives the adjustment made to compute the actual ignition
time from the impulsive maneuver time. The presently adopted

value is 0. 5.

The direction of each of the 37 navigation stars in Fig. ¢-1 is
expressed as the components of a unit vector in the Basic Reference
Coordinate System. These star directions are the mean places

of the stars at the beginning of the Besgelian year 1969, The

"mean place' is defined in Reference 8. The star directions

term
are computed by MIT using essentially the same technique employed
by the Nautical Almanac Office. Althiugh there are slight differences
between the directions of some of the stars in Fig. 9-1 and those
given in the American Ephemeris and Nautical Almanac for 1969
(Reference 15), they are considered negligible in comparison to

the other errors associated with a star sighting,

The precise value of thrust is not available. This value is a good

working number.
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