5. 4 TARGETING ROUTINES

5.4.1 GENERAL COMMENTS

The objectives of the targeting routines presented in thig
section are to provide the LGC capability to determine some of the
required input target parain¢tiers and set control modes for the
various powered flight guidance routines of Section 5. 3. The LGC
targeting capability represented by the programs described in the
following subsections is limited to rendezvous maneuvers and aborts
initiated during the powered lunar landing maneuver. These LGC

targeting routines are presented in the following subsections.

5.4.2 Rendezvous Targeting

These routines include the following rendezvous

maneuver phases:
1. Pre-CSI
2. Pre-CDH
3. Pre-TPI

4, Rendezvous Midcourse Correction

5.4.3  Abort Targeting from Lunar Landing

Initial landing time computations and required descent
orbit injection and landing maneuver target parameter computations
must be determined by the RTCC. The abort case involving transearth
injection SPS backup must also he targeted by the RTCC.



All LGC targeting programs use the Basic Reference
Coordinate System defined in Section 5.1, 4. 1. The basic input
parameters required by the targeting routines of this section are
the vehicle state vector estimates determined by the navigation
programs of Section 5. 2, All the Rendezvous Targeting Routines of
Section 5. 4.2 can be used in either earth or lunar orbit,



5. 4. 2 RENDEZVOUS TARGETING
5,4.2.1 General

The rendezvous Targeting Programs P-32,P-33, P-34
and P-35 in the LGC are based on the Concentric Flight Plan ren-
dezvous scheme. This scheme illustrated in Fig. 4.2 -1 employs
an active vehicle to ideally make three impulsive maneuvers to
establish a rendezvous intercept trajectory with a passive vehicle
in an approximately coplanar orbit, Sufficient constraints are im-
posed to allow only one degree of freedom in choosing the final ren-
dezvous profile. These constraints include the timing of both the
firgt and third maneuvers, the direction of the first maneuver, a
unique formulation for the second maneuver and the relative
geometiry of the two vehicles at the final maneuver point, The second
maneuver results in the active vehicle orbit becoming "coelliptic”
or'concentric' with the passive vehicle orbit, resulting in the dif-
ferential altitude between the orbits being approximately constant.
The following names have been given to the basic maneuvers of

the Concentric Flight Plan rendezvous profile:
1) Coelliptic Sequence Initiation (CSI),
2) Constant Differential Altitude (CDH),
3) Transfer Phase Initiation (TPL).

A rendezvous midcourse correction program is used in addition
to the above three primary rendezvous programs to maintain an
intercept trajectory from the TPI maneuver until the manual ter-

minal rendezvous is started.
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The LGC Rendezvous Targeting Programs aonsist of

the following programs:

1} P-32 Pre-CSI Maneuver Program. This program
is called by the asironaut any time before the Co-
elliptic Sequence Initiation (CSI) maneuver is per-

formed,

2) ©P-33 Pre-CDH Maneuver Program., This program
is called between the CSI and Constant Differential
Altitude (CDH) maneuvers.

3) ©P-34 Pre-TPI Maneuver Program. This program
is called between the CDH and Transfer Phase

Initiation {TPI} maneuvers,

4) P-35 Rendezvous Midcourse Maneuver Program,
This program is called after the TPI maneuver has
been performed.

Each program is designed to select either the LM or
CSM as the active vehicle depending on the program number se-
lected by the astronaut. All program operations in Section 5. 4.
are independent of which vehicle is chosen as the active wehicle.

A LM direct rendezvous capability is possible using
the last two maneuvers in the above list,

All computations performed in the Concentric Rendez-
vous Program are in the Basic Reference Coordinate System
(Section 5. 1. 4, 1) and use the latest state vectors obtidined from
the Navigation Routines (Sections 5, 2 and 5. 3. 2).

The pre-thrust programs P-32 and P-33 use Exter-
nal AV guidance (Section 5. 3. 3. 3.1) and P-34 and P-35 use the
Lambert targeting concept. There are 2 options available for
obtaining the aim point used in generating the Lambert AV
solution: U the number of offsets (N) is set to zero, the tar-
get orbit is advanced through a wt in P34, or the appropriate
time of flight in P35, by use of the Kepler (conic} routine.
Lambert solution is then generated to this aim poi‘nt.

The cother option (N=>0} employs N precision offsets
to generate the velocity correction required. (N usuzally = 2}.
The target vehicle orbit is advanced the appropriate time of
flight on a precision trajectory. The precision offset concept
is then used to generate the AV solution. All four of the above

programs use the Cross-Product Steering of Section 5. 3. 3. 4.
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An alarm code is displayed if the initial conditions along

with the astronaut inputs fail to result in a satisfactory solution.

5.4.2,2 Pre-Csl Maneuver

This program, corresponding to Program P-32 (LM
active) or P-72 (CSM active) of Section 4, ¢€omputes the para-
meters associated with the CSI and CDH maneuvers. The astro-

naut inputs are:

1.
2.

Choice of active vehicle (P-32 LM, P-72 CSM).
Time ty of the CSI maneuver, {or astronaut may let
let program compute time of next apoapsis and use
it ag time of the maneuver. )

Number N of the apsidal crossing.

{(If N =1, the CDH maneuver occurs when the
active vehicle reaches its first apsidal point

following the CSI maneuver, etc,)

Desgired line of sight LLOS angle E at the time of the
TPI maneuver, {See Fig.4.2.-2 and Fig. 4. 2-3).

Time t3 of the TPI maneuver.

Selection of flag CDEASW to insure that CDH maneuver
will occur at a time, measured from the CSI time,
equal to the post CS8I maneuver orbital period multipliec
by N/ 2, If this option is desired, CDHASW is set
equal to 1,

The active vehicle state vector r,, Va and passive vehicle state

vector r Vp are available in the guidance computer,

—p’

The following constraints must be satisfied (see
Fig. 4.2 -1 and Fig. 4. 2-2),

@Revised

7 :
L Added

The CSI AV is applied in the horizontal plane of
the active vehicle at the CSI time.
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Fig. 4.2 -2a TPI] geometry, active vehicle below
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Figure 4, 2-2h TPI geometry active vehicle above



UH * UNIT HORIZONTAL
IN FWD DIRECTION
AS DETERMINED

BY Vi

1} IF THE LOS PROQJECTION ON UH IS POSITIVE:

o} WHEN THE LOS 1S ABOVE THE HORIZONTAL
PLANE 0 <E < w/2

b)] WHEN THE LOS IS BELOW THE HORIZONTAL
PLANE 3m/2 < E < 27

2} IF THE LOS PROJECTION ON UH 15 NEGATIVE
a} WHEN THE LOS5 15 ABOVE THE HORIZONTAL
PLANE w2 <E < 7w

b) WHEN THE LOS 15 B8ELOW THE HORIZONTAL
PLANE T < E < 3w2

Fig. 4.2-3 Definition of Elevation Angle,E



2. The semimajor axis and radial component of veloc-
ity of the active vehicle are such that the active and
passive vehicles are in coelliptic orbits following
the CDH maneuver.

3. The line of sight between the active vehicle and
the passive vehicle at the TPI time forms the angle
E with the horizontal plane of the active vehicle.

4, ‘The time intervals between the CS8I=CDH and CDI~

TPI maneuvers are 10 minutes or greater,

5. After both the CSI and CDH maneuvers, the perigee
altitude of the active vehicle orbit is greater than
35, 000 ft. for lunar orbits and 85 nm. for easrth orbits.

The program solution, as illustrated in the logic flow
diagram in Fig. 4.2-4, is based on conic trajectories and contains

an iteration loop to select the CSI maneuver magnitude vy

After updating of the active and passive vehicle state
vectors to the €SI time, the active vehicle state vector is rotated
into the passive vehicle orbital plane resulting in coplanar orbita.
The passaive vehicle is then updated through the time t3 - t1 to
the TPI polnt obtaining p3 ¥Yp3 The initial guess of Vi when
added to the velocity of the active vehicle, results in the active
vehicle attaining a radius equal to Tpg 180 degrees from the CSI

point.



If CDIIASW equals one, the eccentricity of the active —
vehicle orbit is less than . 0001 or the vertical velocity at the CSI
point is less than 7 ft/sec., the time t, of the CDII maneuver is
set equal to the CSI time plus N times half the period tP of the
active vehicle. Otherwise, the angle ¥ to the nearest perigee is
computed and used in the Time-Theta Subroutine to find the corre-~
sponding time of flight At. This is then used to calculate £y based
on the value of N. After verifying that t3 is greater than t,, both
vehicles are updated to the CDH point.

The angle ¢ between the active and passive vehicles at the
CDH point is calculated and used in the Time-Theta Routine to

update the passive vehicle to a point radially above or below the
active vehicle, obtaining Tper Ypeo

The semimajor axis an and the radial component of velocity
VA along with a radius, uniquely define the orbit of the active
vehicle immediately following the CDH maneuver. The equations
for ap (based on the semimajor axis ap of the passive vehicle) and
vy contained in Fig. 4.2-4, therefore specify the "coelliptic”

CBDH maneuver Azz .

The active vehicle state vector is next updated to the TPI
time. The unit vector which passes through the active vehicle
position and is coincident with the desired TPI line of sight is
given by ug. The position vector of the two points of intersection
between the line of sight and a circle (with origin at the center of

the attracting body) as shown in Fig. 4.2- 2is defined by:

b=r

b HA3+ku

up) (4.2.1)
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where k normally assumes two values (see Fig. 4,2-4). Equating
the magnitude of b to Thy results in a quadratic expression for k

2

k +2k£

. 2 _ 2,
A3 P—L+ a3 rpg = 0 (4. 2. 2)

-

If there are no real solutions to the above equation
(c2 < 0 in Fig. 4.2-4), the line of sight does not intersect the
circle. If there is a real solution to the above equation, the k
of minimum absgolute value is chosen as the desirable TPI golu-
tion. The error v is defined as the central angle between the
poesition vector of the passive vehicle at the TPI point and the
position vector b representing where the passive vehicle should
be based on the active vehicle location. This error is driven to

zero using a Newton-Raphson iteration loop with v, as the indepen-

1

dent variable. The two initial values of v, are 10 ft/sec apart

1

with the succeeding step size Av, restricted to 200 ft/sec.

1
A second computational attempt is made if the first
iteration attempt fails. vy is incremented in steps of 50 ft/sec.
in the direction opposite to that initially taken in the first at-
tempt until the error vy has undergone a sign change, The second

attempt then starts with the latest value of v, and an adjacent

i
point in the direction of the 50 ft/sec. steps.

Included in the Pre-CSI program are the following
gseven program checks and the corresponding Alarm Codes AC
{see Fig, 4.2 -4},

1, If on the first iteration there is no solution to the

TPI geometry, the iteration cannot be established.
The alarm code AC equals A in this case,
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9. The iteration counter n exceeds 13. (AC = C}

3. Two succeeding iterations resulting in vy greater
than 1000 ft/sec. (AC = B)

4, The altitude of perigee hPl following the CSI maneu-
ver is less than a minimum acceptable amount,
(AC = D)

5. The altitude of perigee foliowing the CDH maneu-

h
P2
ver is less than a minimum acceptable amount,

(AC = E)

6. The time /_‘.'1'2 between the CDH and CSI maneuver is
less than 10 minutes, (AC = )

1. The time A'I‘,5 betweren the TPI and CDH maneuvers
is less than 10 minutes, (AC = G)

For the {irst check above, a check failure results in an
immediate program exit, The last four checks are made only if
the iteration has succeeded. The alarm codes are set {excluding

the first check) only if the second iteration attempt has been made.

The displays for the Pre<CSI maneuver program are:

1. Differential altitude AHCDH at the CDH point
AHCDH is positive when the active vehicle's
altitude is less than the passive vehicle altitude when

measured at the CDH point.

2. Time AT2 between the CDH and CSI maneuvers
displayed in minutes and seconds with hours de-
leted,

3. Time AT3 between the TPI and CDH maneuvers

displayed in minutes and seconds with hours deleted.

4. A-YCSI( LV) in local vertical coordinates at CSI time,
5. AY-CDH(LV) in local vertical coordinates at CDH time

6. The alarm codes

5.4-12



In the Pre-CSI program P-32, the astronaut can change
the CSI computed maneuver by over writing the displayed maneuver
velocity vector in local vertical coordinates, AV g, (LV). In such
a case the astronaut input then becomes the defined velocity-to-be-
gained in the External AV Maneuver Guidance (Section 5, 3, 3, 3, 1) used
to control the CSI maneuver. The over writing procedure is nor-
mally used to correct or minimize out-of-plane conditions which
are not directly controlied by the CSI or CDH maneuvers computa-
tions such that minimum out of plane conditions exist at the TPI
m:aneuver,

In addition, M the number of navigation measurements
processed since the last maneuver, MGA the middle gimbal angle
at the start of the maneuver agsuming plus X acceleration, and
TFI the time between the CSI maneuver and the present time are
displayed.

The middle gimbal angle is computed with the following
equation:

MGA = sin”[Yppp © UNIT (AV)]

If —9005 MGA < 0,O MGA is redefined such that 270° < MGA < 360?

AV is the maneuver AV in reference coordinates and YREF is the
second row of the REFSMMAT matrix defined in Section 5.6, 3. 4,

5.4.2,3 Pre-CDH Maneuver

This program, corresponding to Program P-33 (LM
active) or P-73 (CSM active) of Section 4, computes the parameters
associated with the CDH maneuver,

The astronaut inputs to this program are:

1. Choice of active vehicle (P=33 LM, P-73 CSM)

2, Time t2 of CDH maneuver

The active and passive vehicle's state veetors r,, Vas
Tps Yp are available in the guidance computer. The TPI eleva-
tion angle E and the TPI maneuver time ts are also available from

the previous Pre-CSI program computations,
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Figure 4,2-4, page 4 of 7, illustrates the program logic.
The state vectors of both the active and passive vehicles are ad-
vanced to the CDH time using the Coasting Integration Routine.
After rotating the active vehicle state vector into the plane of the
passive vehicle, the CDH maneuver is calculated as in the Pre-
CSI program. Iollowing a precision update of the state vectors to

time t,, the Pre-TPI program is used to calculate the time t at

which 3the specified elevation angle is attained, If the iteration was
not successful, an alarm code is displayed. At this point, the
astronaut can elect to recycle the program or to proceed with the
calculation of the displays, which are:

1, (LV)

AV epa

2. Differential altitude AH at the CDH point,

CDH

3. Time D.T3 between the calculated TPI time and the
CDH time displayed in minutes and seconds with hours

deleted.

4, Time ATTPI between the calculated TPI time and
the specified TPI time. (This number is positive
if the new TPI time is later than that previously used.)

If the iteration did not converge, the last two displays reflect
an unchanged TPI time. In addition, M, MGA and TFI are dis-
played as in the Pre-CSI program displays.

The astronaut can modify the CDH maneuver to minimize
out-of-plane conditions by overwriting the displayed maneuver
velocity vector, AECDH(LV), as in the pre-CSI program. The
out-of-plane information used in this process is determined by the
astronaut with the aid of the Out of Plane Rendezvous Display
Routine, R36, of Section 5.6, 7.3.
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Pre-CSI Program

P
P

C
C

Check CSM Primary Body
Indicator PC (See Sec, 5.2, 2.4)

= ( for Earth ;: h
=1 for Moon : h

85 nm.
35, 000 ft.

min

I

min

ASTRONATUT
DECIS

Update r,, v, and ' Vptotimet,
obtaining EAI’ KAI and £P1’ Vg using

Coasting Integration Routine (Sec.5.2.2)

A | ,
INPUT t,| | Compute
1 apoapisis
time t
1
Y
Inputs: EA, XA, EP. EP: t3.v

jCDHASW, N, E, active vehicle

I

Update r

p3e

'

u= UNIT (r, Xvp,}

Ear = Tay UNIT £y = (Zy, - wha]

v = v UNIT [v

Ya1 T Va1 var ~

INGE-A-Y

Ip1 Ypi
V3 using Kepler Routine (Sec. 5.5.5)

through time t3 - tl obtaining

]

h, = UNIT (u X1y}

10 ftfsec.

-1
SQRT{Zu L pa [I‘Al(I'P3 + rAl).] }_y«AI .

| =

b 4

Vv

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
{page 1 of 7)
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1000 ft/se

v, © SGN (vl) 989 ftfsec.
(Y1~ ¥ar" ¥y E © VR© Zar ¥

Obtain period t,using ry,, v' &8 slightly ]
PS8 TA1 YA Ioge than 360

in Time -Theta Subroutine {(Sec. 5, 5. 7)

v

Figure 4,2-4 Pre-CSI-CDH Maneuver Program

{page 2 0f 7)
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tai 51
Obtain hpy Py €USINEr, .. VAl PC

in Periapo Routine (Sec, 5.5.14)
B

No

cos ¥ = (pllrAl - 1)/e
1/2

sin g = |Vg| (up /i) len

. . - ; .
ObtainAt using ry,, = SGN (VR) v'ypr SiD ¢,

cos ¥ in Time Theta Routine (Sec, 5. 5. 7)

J

Yes
R>0 a-lt2—t1 -At+NtP12|-—J

No

Lt2=7t1+At+(N—1)tP12|

e

) 1 - 1y —
Update a1 Y'Aq and o1 Yp1 through time t2 t1 obtain :

INgrao. Vao and Epz' XPZ using Kepler Routine {Sec,5.5. 5)

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
(page 30of T7)
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Ee -CDH Prograr;]

Inputs: r,, v,, 'p Vpo E,

t2’ tS’ active vehicle

Update Tar YA and 'o ¥p to time t2
using

obtaining aos Yas and Fpo Vpg
Coasting Integration Routine (Sec.5, 2, 2)

u = UNIT (r‘p2 X VP2)
Fag UNIT [rpy = (fhp - Wu]

a2z~
[z~ Vag VNI 1Vap ~ (ap - W]

COS @ = Lpge TpolTpy Tpg

@"—_“Sin $={1 -cos?'qh)”z

SW = u- (fpy X Tap)

. with cos ¢, SGN {SW)sin¢

Update er, p2
using Time -Theta

obtaining ecr Ypor 2p
Routine (Sec. 5.5.7)

AHepy = Tpe ~Tag Vpv =~ Ypce ' Fas/Tas

Ay = 2p  AHepy Vay T Vpy (ap/aA)Slz
Vap - SQRT [u (2/r,, - 1/a - VAV 1
a9 = Vap UNIT (u x ra )+ Vay UNIT (£A2

sz gAZ T Vg Z= UNIT (- rAz)

Y= -u, X=UNIT(Y X Z)

AVeppLV) = (X ¥ z|T Av,

)

v

Figure 4.2-4 Pre-CSI-CDH Maneuver Program

{page 4 of 7)
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No Pre-CDH

Program

Yes

an

; ; .
Update Lag Vag and Tpg Vg to time t3 obtaining Tar VA

d 'p» Vp using Coasting Integration Routine {See 5.2, 2)

'

Obtain t or ALARM using r

t

) ax

o' VaTp:Yp:n= 0, FLAG=1, t=t,,
= 250sec. , Ein Pre-TPI Program (Sec.5.4. 2.4) entering at(Tiof Fig#, 2«5

Is ALLARM set

‘Astronaut
Recycle

Yes

No

Update ¥ 5, vy, through time 5 - €, obtain~

ing r,., v,gusing Kepler Routine {Sec.5.5.5)

u. = cos E UNIT (uXx £A3)+ sin B UNIT (rABT

€17 Laz -t Yy
2 _ 2 2
|27 ¢ " Tasz* "p3

J

No

b
<
|

= Av1/2

v, = VIO_AVL

!‘ EXIT
4

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
(page 5 of 7)
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b= rpg 39

= cog L .
v=cos (b gpslb t'p3) SGN [u- (b X r,q}]

Yes No

3= T (7—7O)<()

Av, = ~SGN (SL) SGN hfo) 50 ftf sec.

1
v1=v1 *Avl —-@

Yes

Y

v10=v1, “YO=Y
S2 =0, v, =v, -Av C)

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
{page 6 of 7)
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- Avl = SGN (Avl) 200 ftfsec

2 21 Obtainhp, using ry,, Vag. Po in
T,=1t,-t Periapo Routine (Sec.5.5,14)

AT, <10 min,

EXI

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
(page 7 of 7)
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5.4.2.4 Pre-TPI Maneuver

This program corresponds to Program P34 (LM active) or
P74 {CSM active) of Section 4. Its objective is to establish the
terminal phase initiation (TPI) maneuver, The position of the TPI
maneuver is determined by specifying either the TPI time or the
elevation angle which specifies the relative geometry of the vehicles

at the TPI point. The astronaut inputs are:

Choice of active vehicle (P34 LM, P74 CSM)

[y
.

2. Time t of the TPI maneuver

3. [Elevation angle E (set equal to zero if t is specified)
defined in Fig, 4.2-3

4. Central angle wt of the passive vehicle between the TPF
and TPI points

9. Number Nl of precision offsets made in generating the
target vector for the TPl maneuver. If set egual to
zero, conic trajectories are used to generate the target

vector.

The active T AT

vectors are available in the guidance computer. The program

VAT and passive vehicle I ppr VY pj State
starts with a precision update of these vectors to the TPI time.

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

shown in Fig, 4.2-5,
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[ Pre-TPI Programj

Inputs; Cap Yarp 5131, Yor t, E,ot, FLAG = 0, N1
active vehicle, n=0, Mma.x = 250 secs.

1

Update Tar VAT and ror Y-.—‘P]'. to time t -‘
obtaining r,, v, and I'pe Vp using
Coasting Integration Routine (Sec. 5. 2. 2)

Hzt S Tap - Tar Yar " YA Eprp - Ip Vpp T Vp|

{

j=
1

= UNIT {ry, - T,), u=UNIT (£, X¥

2
UNIT (9, - (9« rp) rp/rg” ]

va)

EXIT

with ALARM

ot

I

= v+ UNIT (ux EA)/rA

n+1, 6B=06E btE=E, -E

vp' UNIT [(EPXEP)XEP]/I'P
E+ SGN [{r, XEP) + u]cos~l (ry - EPIPA ro)

@ -7+ SGN (rg - rp) [7 - cos ™1 (rp cos E/rp)]

“a T ¥p

Figure 4.2-5 Pre-TPI Maneuver Program (page 1 of 3)
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e

atl > &t Yes
m

6t =

étmax SGN (st)

6t =
&t

~-SGN (6t0) fot]f2 [

max

atmaxfs

6t = SGN (atgh It |

t=t- 1,56t
Sty= ~5t,/ 2

|

 —
t=t+ 5t
oty = &t

fo——]

|

P

Update Tapr VAR and pps Ypp through time t - tS obtaining

Ta, ¥, and Tpr Ypusing Kepler‘ Routine (Sec. 5.5.5}

y

O Ohtain tF using Tps Ypo wt in

Time-Theta Reutine (Sec. 5.5.7)

No

Update Tp, Vo tO time t + tF obtaining

Lpr YpT using Kepler Routine (Sec. 5.2.5)

Update 'ps Vp to time t + e obtaining

I ps K,PT using Coasting Integration Routine (Sec. 5.2.2}[

1 $ =7 Q—[cos"l(EA . EpT/rArPT)“ 7;} SGN [(EA X r_‘pT). E]

. | s _ [§]
Obtain KA’ f2 and XAF‘ using EA’EPT’tF‘ € =157,
Nl in Initvel Routine {Sec. 5.5,11)

Obtain Hp using r,., v','in
Periapo Routine {Sec.5.5. 14}

AVrpr = Ya ~ Yar AVppp T Yap C Ypr

gr Y =-u Z = UNIT{-r,}, X

Y x Z

57

Figure 4.2-5
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AVpp = (X ¥ Z1AVpp (LY)

+ AV

YA T Va TPI

Obtain new target vector
T by using T E'A‘ tF

in Kepler Routine
(Sec. 5. 5.5)

Replace offset target vector,
r (t2) generated by Initvel
Routine (Sec. 5. 5.11) by T
found above.

1=, brpr Tt by

R, = UNIT [(uXR;) X R,]

R, = R, X R,

T
Ry Ryl AaVrp

AVypy (LOS) = [R

1 I

EXIT

Figure 4.2-5 Pre-TPI Maneuver Program {page 3 of 3)
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The iteration is successful when the computcd elevation

angle EA is sufficiently close to E.

To help insure convergence, the following steps are

taken:

a.

d.

The step size 6t is restricted to 250 secs,

If the solution has been passed (6E & E <0)the
step size is halved and forced in the opposite

direction of the last step.

If the iteration is converging (16E0| - |6E| > 0},

the sign of ét is maintained.

If the iteration is proceeding in the wrong direc-

tion, the step direction is reversed.

The iteration is terminated for any of the following

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

The iteration counter n has exceeded its maximum

value of 15,

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

equal to that of the passive vehicle,

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

above the passive vehicle).

Upon convergence, the state vectors are precision updated to
the TPI time,
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The TPI-TPF phase of the program starts with the use of the

angle wt in the Time-Theta Subroutine (Section 5. 5. 7} to determine

the corresponding transfer time tF' The passive vehicle is next up-
dated through tF using either a conic or precision updating routine,
depending on the value of Nl' The Initvel Routine (Section 5. 5. 11}
is then called to compute a transfer trajectory between the TPI and
TPF points with the cone angle ¢ set equal to 15°. The rotation
projection switch f2 is obiained from the Initvel Routine for use in
the powered flight steering program as SR'

The central angle & traversed by the active vehicle from the

TPI time to intercept is computed as shown in Fig. 4.2-5 for display
if requested by the astronaut. This display is used to avoid 180°

transfer angle problems,
The displays for the Pre-TPI Program are:

1. AVTPI

2. AVTPF

AV ppLOS) : Line of sight coordinates

AETPI(LV) : Local vertical coordinates

5. Perigee altitude (Hp,) following the TPI maneuver

The display of AKTPI(L V} may be overwritten by the astronaut,
If so, a new target vector is generated as shown in Fig. 4,2-5, This

100

new aimpoint is used for powered flight steering,

In addition, M, MGA and TFI are displayed as in the Pre-
CSI program displays.
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5.4,2.5 Rendezvous Midcourse Maneuver

This program, corresponding to Program P35 (LM active)
or P75 (CSM active) of Section 4, computes a midcourse correction
maneuver. This maneuver insures that the active vehicle will
intercept the passive vehicle at the time established in the previous
Pre-TPI program. The astronaut may call this program any time
after the TPI maneuver, but in general no later than 10 minutes
vefore the intercept time. The flow diagram for this program is

shown in Fig, 4.2-6.

There is one astronaut input: choice of the active vehicle (P35
LM, P75 CSM). The intercept time trpp and the number N1 of
precision offsets, both available from the Pre-TPI program, the
active A VA and passive rp. ¥p vehicle state vectors and a time
delay are all available in the guidance computer. The time delay
(6T, for P35 and &7

3 7
the thrust maneuver and is stored in either of two erasable locations,

for P75) is the time required to prepare for

When the program is initiated, the number of navigation
measurements since the last maneuver is displayed. In addition,
the time since the last maneuver or last maneuver computation is
also displayed. Based on this information and additional displays
discussed in Section 5, 6,7, the astronaut may elect to proceed with
the midcourse maneuver at some time., When he does so, the
program updates the state vectors to the present time plus the time
delay using the Coasting Integration Routine. After updating the
nassive vehicle to the time tTPF to obtain the target vector r pm,
the Initvel Routine is then called, with the cone angle € set equal
to 15°, to obtain the velocity vector on the transfer ellipse. The
rotation projection switch f2 is obtained from the Initvel Routine for

use in the powered flight steering program as SR.

The central angle @ traversed by the active vehicle from the
maneuver time to intercept is computed as shown in Fig. 4,.2-6 for
display if requested by the astronaut. This dis;.slay is used to avoid
180° transfer angle problems.
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LRendezvous Midcourse Program |

Inputs: Tar ¥Ya Pps ¥Ypo NI’TTPF

active vehicle, time delay

l

6T = time delay |

l

Update r y, v and rp, v, to time tpr-esent Ter

using Coasting Integration Routine (Sec. 5.2.2)

| Update 'p: Vp to time tTPF obtaining Lo

using Kepler Routine (Sec. 5.5,5)

Update I'p: ¥p totime tTPF obtaining Ip

using Coasting Integration Routine (Sec. 5.5.2)

!

S
it

|=

= UNIT (£, X v ,)

T+ [cos_l(EA . EPT/FAFPT) -] SGN[(EA X1 pmp) - oul

Y

- ¥ .
Obtain YA and fz using r 5, I pr, tTPF - (tpresent + 67},
€ = 150, N1 in Initvel Routine (Section 5.5.11)
= ! -
AV YA~ ¥a
SR = f2
Y--u
Z = UNIT (-1 ,)
X-Yxz
AVILV) = [X Y _]TAX

Figure 4.2-6 Rendezvous Midcourse Program {page 1 of 2)
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Astronau
QOverwrite

of AY (LV

- 3 '
Obtain new target vector r. by using r,, v'y,
t

F = trpE - (tpresent + 67) in Kepler Routine
(Sec. 5. 5. 5)

Replace offset target vector, r (tz),

generated by Initvel Rouiine (Sec. 5.5,11)
by r. found above

R, = UNIT (rp - ry)

R, = UNIT [(u X R;} X Ry)]
R;

1]

=1

R, X R,

AV {LOS) = [R

. T
15 53] AV

EXIT

Figure 4.2-6 Rendezvous Midcourse Program

(page 2 of 2)
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After obtaining the maneuver AV, it is rotated into a
local vertical (LV) and a line of sight ( LOS) coordinate system
obtaining AV (1L.V) and AV (LOS), and both are displayed,

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

Fig. 4.2-6. This new aimpoint is used for powered flight steering.

In addition, M, MGA and TFI are displayed as in the
Pre-CSI program displays.
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5.4.3 ABORT TARGETING

5.4.3.1 Aborts from Powered Landing

5.4.3.1.1 General Objectives

The objective of the DPS and APS Abort Targeting and Con-
trol Programs, P70 and P71 respectively, is to control the abort
maneuver such that a suitable injection trajectory is achieved from

which a rendezvous profile can be accomplished,

The abort targeting is not fixed, as in the ascent, Instead,
the desired down-range speed, ZD’ is computed as a function of
the LM -CSM phase angle and the cutoff altitude, If the phage
angle of abort initiation is too large 8 > ec), the LM requires an
extra revolution to make the rendezvous. In the P70/P71
initialization, this test is made and the appropriate solution to

the phasing problem chosen.

For the cutoff conditions, 8 is approximated by the current
value, and the perigee radius (RP) used is an approximate inte-
gration of the radial thrust{ component equation, For an initial
value, the nominal cutoff radius (RD) is used,

The initialization operations are shown in Fig. 4.3-1. The
iterative guidance computations are shown in Fig. 3.5-3 along the
path followed for P7071FLG=1. This flag is set at the beginning of
P70 and P71 to cause the guidance equations to operate in the abort
target mode.

The cross range translation to be achieved by the abort man-
euver is automatically limited by the P70/P71 target initialization
to a maximum of 1/2 deg (approximately 8 nm),

The DPS Abort Program, P70, is called by the LGC upon
receipt of an abort discrete bit, while P71 ig called automatically
when an abort stage discrete bit is sensed by the LGC. Either
program may be called by the astronaut using a V37 DSKY entry.

When P70 or P71 is called to supersede any of the landing
maneuver programs (P63 through P67), their initialization and
operation are very similar, both using the Powered Ascent Guidance
Equations to control the vehicle to the desired injection conditions,
The input parameters required for the P70 and P71 abort programs
when used in this mode, which are supplied by the landing programs
are:
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1. tIG(Descent) - time of DPS landing maneuver ignition
2. i, _x;(t), lr_(t) - current LM state vector

3. r.. v, -any recent CSM state vector

4, m - vehicle mass (used only by P70)
All other input parameters are prestored in the LGC.

The primary outputs of P70 and P71 are the same as
those for the Powered Ascent Guidance Program, P12, of Section
5, 3.5, namely: LM Digital Autopilot (DAP) attitude commands,
engine-off signals, and display parameters for the Vertical Rise

and Ascent Guidance Phases (Section 5.3.5, 3).

5,4.3.1.2 DPS Abort Program, P70

The functional logic for P70 is shown in Fig. 4.3-1,
together with the Ascent Guidance Computations, Sec, 5.3.5. 8. When a
DPS powered abort is initiated, the thrust filter must be initialized,
Becausge of the decrease of vehicle mass during the descent burn
preceding the abort, the vehicle dynamics must be related to the
current mass of the vehicle. In addition, the engine performance
itself varies because of erosion which takes place during burning.
The main effect of the erosion is to increase the mass flow rate,
1h, leaving the exhaust velocity, Ve' relatively unchanged. The
initialization of P70 assumes a constant mm which introduces an
error into the initialization of the engine performance and the thrust
magnitude filter, This error will decrease and eventually vanish.

The engine performance initialization takes place as follows:
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v
a_ = € - _& (4.3.1)
T

where

The thrust filter is initialized with the reciprocals of three dummy
PIPA readings, /‘_\.Vl, AVZ, AVS. The same number is uged for
all three

A1 .11
avV, AV, AV, AV

G

where

AVIG = am At

am is the initialization acceleration computed above, and At is the
computation cycle time. The final engine performance parameter
to be initialized is
AtTail—off - a negative constant time increment used
to correct tgo for the P70 DPS tail-off.
It is initialized from AtTail—off (P70) in
fixed memory.
The next step is to set a mission sequence flag,
F1.P70, to indicate that P70 has been called, so that any subsequent

call to P71 will take this fact into account.

The initialization of the target conditions is done next.

First, the time-to-go is estimated by
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t = TFI
g0

where

1}

TFI=1 - tIG (Descent}

The desired cutoif conditions are transferred from fixed to erasable
storage, and Q, the normal to the CSM orbit plane, is computed.
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5.4.3.1.3 APS Abort Program, P71

The APS Abort Program, P71, can be used in two
modes, either as a primary abort program, or as a follow-up to
P70. In either mode, the thrust filter initialization is the same,
and differs from the P70 initialization in that all parameters are
prestored in the LGC. The initialization of t o is different in the
two modes. In the primary mode it is initialized in the same way
as in P70. In the follow-up mode, a value of t o is available from
the operation of P70, and this is doubled to account for the lower
acceleration of a full ascent stage compared with an emply descent
stage. The initialization of the target is bypassed in the follow-up
mode, since it has already been done by P70.

When P71 is called, the flag ABORTFI. is set tc J t¢
prohibit any further calls to the abort programs P70 and P71,

ABTTGFLG is used for downlink information to in-
dicate which set of E-load parameters are being used (when set
Jo Kz; when reset Jl’ Kl)' This flag is reset by V37 before
entering P70 or P7l, and set by the selection of J2, K2 within P70
or P71
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Pi0 P71

l '

FL4JET=1, FLRCS=0, P7071FLG=1 FL4JET=1, FLRCS=0, P7071FLG=1
y
b 0= t - t.l (Descent) L
g APS Thrust Filter
Initialization
4 am, T, V., At,_.
DPS Thrust Filter T e’ ~tail-off
Initialization 1/av,, 1/av,, I/AV3
ap Tr Voo Al oft
1/AV1, 1/av,, I/AVS r

ABORTFL = 0 |

No Y
t =t-t, (Descent) ee
y go g
Initialize Target Data
y
- L
Ry = Ry g + 60000 —
. . go g0
YD=YD=O, RD=19.5
Compute Q
Compute ¥, set CR = -¥
Limit CR: -8.19=CR=8.19 nm
YD =Y +CR
L
FLVP =1
Compute LM - CSM Phase Angle (8)
Yes
| ABTTGFLG - 1
J = Jl d=4d,
K=K K=K,
ROTFLAG =1
rMaximum Throtile I }Go to
Y
B
of
Figure 4.3-1 Abort Targeting and Maneuver Control Ascent
from Powered Lunar Landing Guidance
Computations
Fig. 3.5-3
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5.4.3.1.4 Abort Rotation Control

When an abort is initiated, it is necessary to put some con-
straint on the direction of rotation from initial to desired attitude.
The FINDCDUW program would, if left to itself, select the shortest
rotation arc and, under some circumstances, this could cause the
vehicle x-axis to roftate down through the local vertical, causing

problems with certain antennas,

To prevent this, the desired thrust vector, 4 pppr is modified
before delivery to FINDCDUW. A flag, ROTFLAG, is set to 1
during P70/ P71 initialization to invoke this mode of operation, and

it can be followed on page 4 of Fig., 3.5-3,

The desired thrust vector is above the local horizontal;
hence, a downward-pointing }_CB which is within 90 deg of Yppp
must be posigrade of the local vertical, and }_KB will not rotate
through -R during the maneuver, If }-SB is above the horizontal,
the shortest route is through +R, which is satisfactory. If *EB is
not within 90 deg of EFDP’ the vehicle is commanded to vertical,
which means it will rotate away from -R, no matter where it is.
Finally, when X i 1s within 30 deg of +R, it is safe to allow the
computed Yepp to be commanded, since the shortest route is

now through +R,
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5.5 BASIC SUBROUTINES

5.6.1 GENERAL COMMENTS

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

routines are degcribed in this section.

5.5.1.1 Solar System Subroutines

The subroutines used to determine the translaticn
and rotation of the relevant solar system bodies {earth, moon
and sun} are designed specifically for a fourieen day lunar
landing mission. The method of computing the moon and
the sun lines - of - sight relative to the earth s given
in Section 5.5.4. The transformations between the Basic Ref-
erence Coordinate System and the Earth - and Moon-fixed
Coordinate Systems are described in Section 5.5.2, The pro-
cedure for transforming between vectors in the Basic Reference
Coordinate System and latitude, longitude, altitude coordinates
is given in Section 5.5.3. Although these subroutines are
normally used in the lunar landing mission, they are valid for
use in any mission of not more than fourteen days duration in

earth-moon space,
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95.5.,1.2 Conic Trajectory Subroutines

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

Those subroutines, whose block diagrams are presented
in Sections 5, 5.5 to 5, 5, 10, provide solutions to the following conic

problems, (See nomenclature which follows)

(1) leeni(tl), !(tl), tD; solve for£(t2), !(t2)
(Kepler Subroutine)
{(2) Given r (t1 }, r (t2 ), tD21’SG; solve for y_(tl)
( Lambert Subroutine )
(3) Given r (tl)’ !(tl), g : solve for t21’ E(t 2), v (tz)
{ Time-Theta Subroutine)
{(4) Given r (t1 ), v (t1 ),r (tz),sr-‘; solve for t21' _E(tz), 3(t2)
({ Time-Radius Subroutine)
(5) leenE(t),X(t);solvefor Iy Tpy ©

( Apsides Subroutine)

In addition, the following useful subroutines are pro-

vided.

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

(7) Geometric Parameters Subroutine (See Fig. 5. 10-2),
{(8) Iterator Subroutine (See Fig. 5. 10-3).
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The solutions to the above set of conic problems
have stringent accuracy requirements, Programming the
fixed-point Apollo computer introduces two constraints which
determine accuracy limitations: the 28 bit double precision
word. length, and the range of variables which is several

orders of magnitude for the Apollo Mission,

In order to maintain numerical accuracy when these
subroutines are programmed into the Apollo Computer, floating
point programming techniques must be exercised. The effect is
for even a simple equation .0 require a large number of computer
instructions. The alternative to this is to separate the problem
into phases, each with a different variable range. This, however,
requires an even larger number of instructions, These consid-
erations provide the incentive for efficiently organizing the conic

equations as shown on the block diagrams,

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

structions be performed when solving the problem.

Method of Solution

To minimize the total number of computer instructions,
the problems are solved in the "universal' form; i.e. only
equations which are equally valid for the ellipse, parabola and
hyperbola are used. Also these subroutines can be used with
either the earth or the moon as the attracting body.



Kepler's equation, in the universal form, isutilized
to relate transfer time to the conic parameters. All other
necessary equations are also universal, The Kepler and Lambert
problems are solved with a single iteration loop utilizing a
simple first-order slope iterator. In the case of the Kepler
problem a third order approximation is available to produce the
initial guess for the independent variable (See Eqg. (2.2.4)0of

Section 5,2, 2.2),
Sections 5.5.5 thru 5.5, 10 provide block diagrams

of the detailed computational procedures for solving the various

problems. The equations are presented in block diagram
form with nomenclature below,

Range of Variables

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

margin in any of these areas.

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

lies outside of the range.

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

of variables.



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

Maximum Valuem

Earth Moon
Parameter Primary Body Primary Body
. 229 227
v 27 25
. 223 228
0** 2‘22 2_20
QN*.': 28 96
PN 2* o
cot v 25 25
cot & 2” 25
2
N 217 216
zy}zzpr-
£ =ax - 50 - 30
+ 4x? + az®
Cl =re v Nru— 217 216
2 6 6
Cy=rV /;4 -1 2 2
A= (tl)/r (ty) 2 2
cos @ - A 27 27

All dimensional values are in units of meters and centiseconds.

* % A .
The maximum absolute value occurs for negative values of

this parameter.

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



Maximum Value™

Parameter Earth Mocen
e 23 23
x2 234 232
xz e (©) 233 231
3. (E)/\fu_ 528 528
¢, < c() 549 546
¢ x2 s (E) 235 233
x [c2 x2s(§)+ r(tl)] 24‘9 246
£ s (£) 27 2
x2 c(&}r 28 28
Vix (85 () - Dfr(y 2t 213
c {£) ot 24
s (8) o! 21

Alldimensional values are in units of meters and centiseconds.



Nomenclature for Conic Subroutines { Sections 5,5, 5to 5.5, 10)

E(tl) initial position vector

z(tl) initial velocity vector

£(t2) terminal position vector

E(tz) terminal velocity vector

Uy unit normal in the directioi. of the angular
momentum vector

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

ry radius of pericenter

ra radius of apocenter

e eccentricity

ay ratio of magnitude of initial position vector
to semi-major axis

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

0% inertial flight path angle as measured {rom
vertical

0 true anomaly difference between E(tl) and £(t2)

f true anomaly of r (tz)



D21

ERR

Acoty

a universal conic parameter equal to the ratio
of eccentric anomaly difference to v + a for the

<llipse, or the ratio of the hyperbolic analog

of eccentric anomaly difference to v -« for

the hyperbola

value of x from the previous Kepler solution

computed transfer tunme from Kepler's equation

transfer time corresponding to the previous solu-

tion of Kepler's equation

desired transfer time through which the conic

update of the state vector is to be made

desired transfer time to traversc from E(tl)

t
o E(tg)
error in transfer time

fraction of desired transfer time to which tERR

must converge

increment in x which will produce a smaller tERR

value of Ax which wiil produce po sipnificant

change in t21

increment in cot ¥ which will decrease the

magnitude of tERR

value of Acot vy which will produce no signifi-

cant change in t21
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MAX
MIN

COtMAX

CotpIN
MAX
MIN

*MAX 1

XMAX0

product of universal gravitational constant

and mass of the primary attracting body

maximum value of x

minimum value of x

maximum value of cot ¥

minimum value of cot v

upper bound of general independent variable

lower bound of general independent variable
absolute upper bound on x with respect to the moon
absolute upper bound on x with respect to the earth
a fraction of the full range of the independent
variable which determines the increment of

the independent variable on the first pass

through the ite-ator

general dependent variable

previous value of y

error in y

general independent variable

5.5-9



increment in z which will produce a smaller YERR

a sign which is plus or minus according to
whether the true anomaly difference between
E(t1) and g(tz) is to be less than or greater

than 180 degrees

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

general vector # 1

general vector # 2

angle between n, and n,

a switch set to 0 or 1 according to whether a

guess of cot v is available or not

a switch set to 0 or 1 according to whether
Lambert should determine uy from E(tl) and E(tz)
or ENiS an input

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

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

order iterator

a flag set to 0 or 1 according to whether

Lambert converges to a solution or not

5.5-10



f a switch set to 0 or 1 according to whether

6
or not the new state vector is to be an ad-
ditional output requirement of the Time-Theta
or Time-Radius problems,

f7 a flag set to 1 if the inputs require that the
conic trajectory must close through iniinity

f8 a flag set to 1 if the Time-Radius problem
was solved for pericenier or apocenter
instead of r(tz)

f9 a flag set to 1 if the input to the Time-Radius
Subroutine produced an e less than =18

tp period of the orbit

k L the minimal acceptance fraction of tpay
to which tERR must converge

ny a flag set to 0 or } according to whether

or not the velocity vector at the terminal
position is to be an additional output

requirement of the Lambert Routine
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5.5.2 PLANETARY INERTIAL ORIENTATION SUBROUTINE

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

coordinate gsystems are defined in Section 5. 1, 4.

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

rp= M{t) (r - £ X1) (5.2, 1)

and

r= M) e+ LX) (5. 2. 2)

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

Case I - Earth

For the earth, the matrix M(t) describes a rotation about
the polar axis of the earth (the Z-axis of the Earth-fixed Coordinate
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System), and the vector £ accounts for the precession and nutation

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

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

AX
L =] Ay
0
= + .
AZ Azo-i- W {t to) (5. 2. 3)
cos AZ sin AZ 0
M(t) = | -sin Az cos AZ 0
0 0 1
gp = M(t) ¢

where AZO is the angle between the X-axis of the Basic Reference
Coordinate System and the X-axis of the Earth-fixed Coordinate
System (the intersection of the Greenwich meridian and the equatorial
plane of the earth) at July 1.0, 1969 universal time (i.e., midnight

at Greenwich just prior to July 1, 1969 ), t0 is the elapséd time
between July 1.0, 1969 universal time and the time that the computer

clock was zeroed, and wp is the angular velocity of the earth,
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Case II - Moon

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

cal libration.

Define the following three angles which are functions of

time:

B = the obliquity, the angle between the mean earth
equatorial plane and the plane of the ecliptic,

Q[ = the longitude of the node of the moon's orbit
measured from the X-axis of the Basic Reference

Coordinate System.

¥ = the angle from the mean ascending node of the

nmoocn's orbit to the mean moon.

Let I be the constant angle between the mean lunar equatorial plane
and the plane of the ecliptic (5521, 5""). Then, the sequence of
rotations which brings the Basic Reference Coordinate System into
coincidence with the Moon-fixed Coordinate System (neglecting li-

bration) is as follows:
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R

Rotation Axis of Rotation Angle of Rotation

1 X B
2 Z QI
3 X -1
4 zZ r+ F

The transformation matrices for these rotations are,

respectively,

1 0 0
M1 =] O cos B sinB
0 -sinB CO0s B
cos QI sin QI 0
M2 =] - sin QI cos QI 0
0 0 1
(5. 2. 4)
1 ¢ 0
M3 =10 cos I -gin I
0 sin I cos I
-cos F -sin F 0
M4 = gin F -cos F 0
0 0 3
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The matrix M(t) is then given by

M(t) = M, M3 M2 M, (5. 2.5)

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

The angles B, QI and F are computed as linear functions
of time, Let gM be the value of the vector libration gP (expressed
in the Moon-fixed Coordinate System) at the nominal lunar landing time.
While the LM is on the surface of the moon, a new value of AM refer-
enced to the nominal launch time should be uplinked. The vector AM
ig included in the pre-launch erasable date load and is considered

constant throughout the flight. 'Then,
{ =i

=P ~-M
tM =t + ‘c0
B = BO + BtM
St Ottty
F = F0 + F tM
coss‘zI (5.2.6)
a =] cos B sin QI

sin B sin QI

-sin{
i

k=2
n

cos B cos QI

sin B cos QI
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c =} -sin B
cos B
d =ECI_SSI

Lo =1 =71
(5.2.6)
= - - in F
mg acos F - d sin {cont. )
El = gsinF—gcosF
T
REET)]
M(t) = E}_T
Mo
P = M) g

where BO‘ [0’ and FO are the values of the angles B, 2. and F, re-

speetively, at July 1,0, 1969 universal time; B QI and ¥ are the

rates of change of these angles; and CI and SI are the cosine and sine

Il

respectively, of the angle I,
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5.5.3 LATITUDE-LONGITUDE SUBROUTINE

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

In the case of the moon, the altitude is computed above either
the landing site radius, rLS’ or the mean lunar radius, rM. For the earth,
the altitude is defined with respectto either the launch pad radius, rypOr

the radius of the Fisher ellipsoid, T which is computed from

2
er= b (5.3.1)
b2 2
1—(1—7)(1-SINL)
a

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

tric latitude.

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

and F where

0 for earth

1 for moon
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1 for Fischer ellipsoid or mean lunar radius

0 for launch pad or landing site radius
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ENTER

Call Planetary Inertial Orientation
Subroutine to Transform r to rp

Yo

u={u J° UNIT (EP)
N2

SINL = Uy

Determine ¥ and ry

Fig. 5.3-3
u
Lat = 1::311-1 2
2 2
e u0 + u1
_ u
Long = tan L RS
u
0
Alt =r - Ty
EXIT

Fig. 5, 3-1 Vector to Latitude, Longitude, Altitude
Computation Logic Diagram
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ENTER

Determine vy
Fig. 5. 3-3a

ug ‘cos (Long) cos (Lat)
rp = |y = UNIT |sin {Long) cos (Lat)

u, v sin (Lat)

Call Planetary Inertial Orientation Subroutine

to Transform Unit Vector £P to Unit Vector r

Determine ro
Fig. 5. 3-3b

(e ]

+ Alt) r

EXIT

Fig.5.3-2 Latitude, Longitude, Altitude to Vector
Computation Logic Diagram
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ENTER

Yes v = i
2z
No ¢
v =1 EXIT

Figure 5, 3-3a Determination of v

ENTER

Compute re

Eq. (5. 3. 1)

3 EXIT - rg=rp

Figure 5, 3-3b Determination of ry
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5.5.4 LUNAR AND SOLAR EPHEMERIDES

This subroutine is called by LOSSEM (Section5.5.13)
in order to obtain the line-of-sight unit vectors of the moon and
sun, with respect to the LM, which may be used for IMU align-

ment,

The positions of the moon and sun are obtained from
simple approximation schemes which are stored in the compu-

ter's fixed memory.

If the obliquity of the ecliptic and the inclination of
the lunar orbit are considered constant, the unit posgition vector
of the moon with respect to the earth in the Basic Reference Co-

ordinate System defined in Section (5,1,4), is given by

cos { LOM )
Upng = K1 sin (LOM) - Kz sin (LOM - LON)
K3 sin (LOM ) + K4 sin (LOM - LON)

where the longitude of the mean moon ( LOM) is approximated
using its value and rate at the appropriate July 1,0, 1969, and
using empirically determined periodic terms:

LOM = LOI\/‘I0 + LOMRt —[A sin (OMEGAA’C + PHASEA)

+ B sin (OMEGA t + PHASEB)]

and where the longitude of the moon's node { LON} is similarly

approximated:
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LON = LONO + LONRt

and where t is measured from July 1.0, 1969.

The approximate unit position vector of the sun with

respect to the earth is given by:

cos (LOS)

Upg = Kl sin {LOS)

K3 sin (L.OS)

where the longitude of the mean sun is approximated by:

LOS = LOSO + LOSRt - C s8in (OMEGACt + PHASEC)

and where Kl and K3 are the same as for the moon,
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3.5.5 KEPLER SUBROUTINE

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

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

Section 5, 5. 10 and the nomenclature is found in Section 5,5.1.2,

Prior to entering the Kepler Subroutine, an initial
estimate of x can be generated via Eq, (2,2.4) of Section 5,2,2,2
with _Azic = tD - t21 and 7 = tD However, x' and t21 are non-zero

onky if the subroutine is being used repetitively,

Although, theoretically, there is no upper bound on
x, the practical bound is set to XpAax0 OF *MAXL to eliminate
non-feasible trajectories and increase the accuracy to which x
can be computed. In addition, a»x2 has a practical range of
-50 < o.fx2 < {27 }2 which determines an independent upper bound
on x. The X MAX used, then, corresponds to the smaller of

the two values.

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

to introduce € as a redundant convergence criterion,

The Kepler Subrouting provided the parameter range

constraints are satisfied, will always produce a solution,
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A negative value of tD will cause the subroutine to update

the state vecior backward in time (i.e. backdate the state vector).
The subroutine may be called to update or backdate for any

amount of time; there are no restrictions on whether the time
tD is less than a period,
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ENTER

t
E(tl), y_(tl), tp. %, x', t21', u

i =20,
r(t,) =| rtt )|

Sy

= UNIT(x(t,)
i r(t)) - vit))
V 7]
) rit ) vit)) - vit)) o
2 u

€1

c

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

Moon primary

XMAX © *MAX 1

XMAX “ *MAX 0

Figure 5, 5-1 Kepler Subroutine
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<0 x sign (tD 20
X >0
x = sign (tD) 2MA Pxi = XA
| <
<0 >0
Y
*MINT " *MAX N
X MAX 0 MIN
4

-

Fig. 5.5-2 Kepler Subroutine
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Yes
tpl <tp

No

tp = sign (tD)[ltDl -tI;




§ = ax

Call KEPLER EQUATION subroutine.
€y €0 X, €, T ), M

Resume

tgyr 8(6), c(§)

=t -‘21

‘err " '

YES

% lt‘ tnl

NO
Call ITERATOR subroutine
0, 0, tg. tg ' tppp. A% X 0 Xpaxe XMIN
Resume
Ax, Xpaxe XMIN
lax] 2 NO
x| 2 €
YES . Call STATE VECTOR subroutine
o (%1). Y (tl). r (tl). Uy % E, 8 (E), c(F), g M
ta' " tn
x = x +4x Resume
f=i-1 L ty), x(ty)
NO 7 o YES |

Return
r(t)), vit,), X, ty

Fig. 5.5-3 Kepler Subroutine
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5.5.6 LAMBERT SUBROUTINE

The Lambert Subroutine solves for the two body
initial velocity vector given the initial and terminal position

vectors and a transfer time between the two.

This section contains information to aid the reader
in understanding the less obvious aspects of the Lambert Sub-
routine block diagrams depicted in Figs, 5,6-1 and 5.6-2,
The subroutines referred to in these figures are presented in

Section 5.5, 10, Nomenclature is found in Section 5,5, 1. 2.

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

the new iteration. Flag f provides this option.

1

The Lambert Subroutine computes the normal to the
trajectory, Upge using the two input position vectors. If these
vectors are nearly colinear, it is desirable to specify the nor-
mal as an input rather than rely on the ill-defined normal based
on the two input position vectors. Flag f2 provides this option,
The presence of the inputs in parentheses, therefore, is con-

tingent upon the setting of these flags.

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

ceptable solution. {This logic does not appear in Figs. 5.6-1 and 2
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as it is partinent only to fixed-point programming). If no ac-
ceptable solution is reached, the transfer fime input was too

gmall to produce a practical trajectory between the input position
vectors. When this happens, A cot v approaches its granularity
limit €  before time converges to within a fraction e, of the de-
sired time, However, this same granularity condition exists when
the sensitivity problem occurs as described in the Kepler Subroutine,
Section 5. 5. 5. In this case an acceptable solution does exist.

This dual situation is resolved via a third convergence criterion.
If the error in trasasfer time is greater than the usual fraction €4
of the desired transfer time, but still less-than a slightly larger
fraction kl of the desired transfer time and A cot v is less than

€ then the solution is deemed acceptable and the required velo-
city is computed. If, on the other hand, the error in the transfer
time is greater than the fraction k1 of the desired transfer time
and A cot v is less than €. then the flag f5 is set to indicate that

the required velocity will have degraded accuracy.

The maximum number of iterations allowable in the
Lambert Subroutine has been made an input to the routine, in order
to give the user direct control over the maximum computation time
to be allowed, If no initial guess of cot T, is supplied, this number
should be set to 20, If an initial guess of cot vy, is supplied, which
is sufficiently close to the true cot T then this number may be set

as low as b5,
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ENTER

(), L), tpy). 8. ny, 1,60t ), by, fin), iJ

t, =0

Call GEOMETRIC PARAMETERS subroutine
£it,), £t sg. £y

Resume

r(t)), rity), sin @, cos .'(‘N)' 'Y

A=r(t))rity)

f,.=1

3
pl-l-cooo

pz-co-a-x

sin 0
ot Yyax " T- cos @ *¥31/Py

cot Ymax = 31. 9843711(;]

= -31.984371104

—®

cot vy * pzllln 0 7 cot Yy

;

cot v, 4+ coty
oty = MAX MIN
e k=.25
.
A cot vy=cot ¥y
T e
t "'

P
PN " Sind® coty - p,

aN-i-pN (l#cotzy)

Call UNIVERSAL VARIABLE subroutine
ein 0, cos 0, cot v, r(tl), an. Py

Resume
x, & c,. 5
l,
Figure 5. 6-1 Lambert Subroutine
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Call KEPLER EQUATION subroutine
Cyr Cos X, £, r‘(tl), n

Resume

tyy. S€), clg)

Call ITERATOR subroutine

’
0, f3, tyys tops teRR Acoty,

coty, k, cot‘yMAX, cotyM[N

Resume

Acot?, £3, cot'yMAX, cot'yMIN

No | ACO';)/\';}LIS

tpril “K1tn21t
1 csec

l coty = coty + AcotyJ

_/pN” )
vy =y v (coty u g #ugxupy

2
Yes W ox x“c(E)
g(t2>-—t(‘—rt2) (es(€) - 1) w g+ (1-——ir(t2)> vit,)

No i

Return Return
vit), vit) ), vity)
coty coty

Figure 5.6-2 Lambert Subroutine

5.5-33



5.5.7 TIME-THETA SUBROUTINE

The Time-Theta Subroutine solves for the two body
transfer time given the initial positicn and velocity veciors and
the true anomaly difference (transfer angle) to the termainal

pogition,

This section contains information to aid the reader
in understanding the less obvious aspects of the Time-~Theta
Subroutine block diagram depicted in Fig, 5,7-1, The sub-
routines referred to in this figure are presented in Section

5,656,100, Nomenclature is found in Section 5.5, 1, 2,

The flag f6 must be zeroifthe user desires compu-

tation of the terminal state vector in addition {o the transfer time.

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

conic, f, will be set indicating that no solution is possible. *

7

In additiontothe parameier range constraints imposed on
Kepler's equation, the additional restriction on Time-Theta
that the trajectory must not be near rectilinear is indicated by
the range of cot v, ™

The Time-Theta problem is not well defined for near
rectilinear trajectories, i e. the transfer angle 6 is no longer
a meaningful problem parameter, This will not cause difficul -

ties provided the input variables are within the specified ranges.

*If the Time-Theta Routine is called with inputs for which no
solution is possible (for either or both of these two reasons),

the routine will abort with an alarm code of 20607,
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l ENTER

:(tl), y(tl), u, sin 6, cos 8, fs

Call CONIC PARAMETERS subroutine
rlt)), v(t)), u

Resume

@ Py ©Ot 7, uy, r(tl), a4

Call UNIVERSAL VARIABLE subroutine
sin 8, cos 8, cot v, r(tl), an Py

Resume
x, & ¢, ¢

Call KEPLER EQUATION subroutine
£, %, ¢, ¢y, rlt)) m

Resume

tyy - sE), clE)

Call STATE VECTOR subroutine
rity), vit)), rlty), u . x,

g, s(f), c§), ty,. u

Return

t21

Resume
E(ty), vity)

Return

thyr Xlty), wit,)

Figure 5.7-1 Time-Theta Subroutine
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5.5.8 TIME -RADIUS SUBROUTINE

The Time Radius Subroutine solves for the two body
transfer time to a specified radius given the initial position and

velocity vectors and the radius magnitude,

This section contains information 1o aid the reader
in understanding the less obvious aspects of the Time-Radius
Subroutine block diagramsdepicted inFigs. 5.8-1 and 5.8-2,
The subroutines referred to in this figure are presented in

Section 5,5, 10. Nomenclature is found in Section 5,5.1.2

Paragraphs 3, 4, and 5 of Section 5. 5.7 apply to the

*
Time-Radius Subroutine as well.

Since an inherent singularity is present for the cir-
cular orbit case, near-circular orbits result in a loss of ac-
curacy in computing both the transfer time, t21’ and the final
state vector, This is caused by the inereasing sensitivity of
tyy tor (t,) as the circular orbit is_?}éproached. In the extreme
case that eccentricity is less than 2 , the problem is undefined
and the subrogtine will exit without a solution, setting flag f9 to

indicate this, -

Ifr (tz) is less than the radius of pericenter or
greater than the radius of apocenter, then r (t2 } will be ignored
and the pericenter or apocenter solution, respectively, will be

computed., A flag, {,, will be set to indicate this.

8:

*If the Time-Radius Routine is called with inpuis for which no
solution is possible (for any one or more of the reasons given
in Paragraphs 4 and 5 of Section 5, 5, 7 and Paragraph 4 above),

the routine will abort with an alarm code of 206078.
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ENTER l

rity), ¥it)), u, rity), s, fg

Call CONIC PARAMETERS subroutine
E(ty), ¥(t)), u

Resume
ayns Pys COUY, up, rity), u,, wit), u o,

e=(-apg)u, - coty py(2 - ay) uy,y

u, = UNIT (e)

cosf:er(tl) -1 /e
1 K]
r(tz)

RETURN (Abort with
Alarm Code
206078)

la =0 fa =1
sinf = lx-.VI - cos2 f sin(f) = 0.
YES
cos f<0
NO
cos(f) = -1 cosf=1

fo= 0
9,
u., = cos(flu, + sin(f)(gN xu.)

cos(6) = Yr1" Y2

sin(6) = (Eﬂ." ¥pg) - Uy
:Rx ;

Figure 5. 8-1 Time-Radius Subroutine
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Call UNIVERSAL VARIABLE subroutine |
sin 8, cos @, cotwy, r(tl), an: Py

Resume

%, £, €. €y

Call KEPLER EQUATION subroutine
E, x, €1 Cgs r(tl), i

Resume

s(£), c(&)

tay

NO

Return

21

Call STATE VECTOR subroutine

rt,), vit,), rt)), u.., x, & s(£), c(§), t5,, #

-1’
Resume
rit,), vit,) l
Return

ty,. rlty), vity)

Figure 5. 8-2 Time-Radius Subroutine
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5.4.3 ABORT TARGETING

5.4.3.1 Aborts from Powered Landing

5.4.3.1.1 General Objectives

The objective of the DPS and APS Abort Targeting and Con-
trol Programs, P70 and P71 respectively, is to control the abort
maneuver such that a suitable injection trajectory is achieved from

which a rendezvous profile can be accomplished,

The abort targeting is not fixed, as in the ascent. Instead,
the desired down-range speed, ZD‘ is computed as a-function of
the LM -CSM phase angle and the cutoff altitude. If the phase
angle of abort initiation is too large (8 > 8.), the LM requires an
."extra revolution to make the rendezvous. In the P70/P71
initialization, this test is made and the appropriate solution to

the phasing problem chosen.

For the cutoff conditions, @ is approximated by the current
value, and the perigee radius (}{P) used is an approximate inte-
gration of the radial thrust component equation. For an initial

value, the nominal cutoif radius (RU) is used,

The initialization operations are shown in Fig, 4.3-1. The B
iterative guidance computations are shown in Fig. 3.5-3 along the
path followed for P7071FLG=1. This flag is set at the beginning of
P70 and P71 to cause the guidance equations to cperate in the abort

target mode.

The cross range translation to be achieved by the abort man-
euver is automatically limited by the P70/P71 target initialization

to & maximum of 1/2 deg (approximately § nm}.

The DPS Abort Program, P70, is called by the LGC upon
receipt of an abort discrete bit, while P71 is called automatically
when an abort stage discrete bit is sensed by the LLGC. . Either

program may be called by the astronaut using a V37 DSKY entry.

When P70 or P71 is called to supersede any of the landing
maneuver programs (I’63 through P66}, their initialization and
operation are very similar, both using the Powered Ascent Guidance
Equations to control the vehicle to the desired injection conditions.
The input parameters required for the P70 and P71 abort programs
when used in this mode, which are supplied by the landing programs

are:
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1. tIG(Descent) - time of DPS landing maneuver ignition
2. t, E(t)' _‘f(t) - current LM state vector

3. T Y, -any recent CSM state vector

4, m - vehicle mass (used only by P70)
All other input parameters are prestored in the LGC.

The primary outputs of P70 and P71 are the same as
those for the Powered Ascent Guidance Program, P12, of Section
5. 3.5, namely: LM Digital Autopilot (DAP) attitude commands,
engine-off signals, and display parameters for the Vertical Rise

and Ascent Guidance Phases (Section 5. 3. 5. 3).

5.4.3.1.2 DPS Abort Program, P70

The functional logic for P70 is shown in Fig. 4. 3-1,
together with the Ascent Guidance Computations, Sec, 5,3,5,9, When a
DPS powered abort is initiated, the thrust filter must be initialized.
Because of the decrease of vehicle mass during the descent burn
preceding the abort, the vehicle dynamics must be related to the
current mass of the vehicle. In addition, the engine performance
itself varies because of erosion which takes place during burning.
The main effect of the erosion is to increase the mass flow rate,
M, leaving the exhaust velocity, Vs relatively unchanged, The
initialization of P70 assumes a constant rh which introduces an
error into the initialization of the engine performance and the thrust
magnitude filter. This error will decrease and eventually vanish.
The engine performance initialization takes place as follows:
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5.5.10 MISCELIL.ANEOUS SUBROUTINES

There are, as part of the Conic Trajectory Sub-
routines, three subroutines which are useful in their own right.
These are the Conic Parameters, the Geometiric Parameters
and the Iterator Subroutines which are depicted in Figs. 5. 10-1,
5.10-2 and 5. 10-3, respectively.

The Conic Parameters and Geometric Parameters

Subroutines are self explanatory.

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

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

With f, set to 1, the Iterator seeks a minimum of
the function, provided the first derivative is single valued be-
tween the limits. The inputs are redefined so that ''y'" is the
derivative of the independent variable with respect to the dependent
variable, and '"x'" is the value at which the derivative was computed
or approximated, Since the desired value of y is zero, YERR -~ Y-

Since the Herator uses the "Regula Falsi' technique,
it requires two sets of variables to begin iteration. If only one
set is available, flag f3 must be get to 1, causing the iterator to
generate the independent variable increment from a percentage
of the full range,
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In addition to the above subroutines there are three
other subroutines of primary interest io the five hasic conic
subroutines described in Sections 5, 5.5%05.5.9, These are the
Universal Variable Subroutine, the Kepler Equation Subroutine,
and the State Vector Subroutine shown in Figs. 5. 10-4, 5. 10-5 and
5, 108 ,respectively;.

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

to the size of the parameter w.

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

The Kepler Equation Subroutine computes the transfer

time given ithe variable x and the conic parameters,

The State Vector subroutinre computes the position
and velocity vectors at a point along the trajectory given an

initial state vector, the variable x and the transfer time,

The final miscellaneous subroutine, the SETMU Suk -
routine, is depicted in Fig. 5.10-7. It sets u to the appropriate

primary body gravitational constant consistent with the estimated
CSM or LM state vector as defined in Section 5. 2. 2. 6,
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lENTEH

I.‘(tl). K(tl)’ u

'

Call GEOMETRIC PARAMETERS subroutine

r (tl), v (tl), +1, 0

Resume

r (tl), v (tI), sin ¥, COS 7Y, Uy W s Uy

l

cot ¥ = cos 'y/sin ¥

2
_r(t) vit)
Cqg =
N = 2 - Cq

_ . 2
Py T g 3inT v

i

Return

@y PpppCOLY, U T (tl).

Yppr V() ugy

Figure 5. 10-1

Conic Parameters Subroutine
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Return

My, My, Sin ¢ . cos ¢ , (QN) D Mpge B

Figure 5.10-2 Geometric Parameters Subroutine
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lEN’I’ER

r f4, r3' Y. y'r .YERR. Az, z, Kk, lN[AX' IMIN“

YES NO
f, =0
: !
Az = -
Az = y—_-}j yERR hz = SIGN(}'ERR)k(IMAx lMIN)
f, =0
NO 3
f 4= Q
YES o
Az = SIGN (VERR) laz |
YES /\NO -
ek Az >0
NO NO
YES
max = =

Az = ,9(1

Return

Az, :‘3, 1 1

MAX" "MIN

Figure 5.10-3 Iterator Subroutine
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l ENTER

®in @, cos 8, cot v, ri), ey, vNﬁI
1V (et - et
N

o
ll\/’ﬁ
w =1

RETURN

Ceay (xN)z
x= xNVr(tly
< --"pN rhl‘ cot vy

Figure 5,10-4 Universal Variable Subroutine
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ENTER

C C

17 90 x, &, I‘(tl), 1]

tyy = {CIXZC(E) + X [czxzs(f;’) +r(t1)]] /\/?

Return
t21’ S(‘S ’, C(S)

Figure 5,10-5 Kepler Equation Subroutine
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lENTER

gk wit), rlr)) a0 x B, s(6), elf), by, m

2 3
rit,)) = |1 -2 c(E)) it )+£. -—LS(E))v(t )
2 ( rit,) 1 21 Vi -1

rity} = | re,)|

2
= VI X - _x"el
vit,) r(tz)(E &{§) l]-‘irl + ( 1 ?(q)ﬂ)g(tl)

Return
rit,), vit,)

Figure 5. 10-6 State Vector Subroutine
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rlt- —
.

L ] Y|
i y

Figure 5,10-7 SETMU Subroutine
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5.56.11 INITIAL VELOCITY SUBROUTINE

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

vector,

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

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

The Initial Velocity Subroutine is depicted in Fig, 5.11-1,
The Lambert Subroutine, Section 5,5, 6, is utilized for the conic
computations; and the Coasting Integration Subroutine, Section’.2.2,

is utilized for the precision irajectory computations,

The Initial Velocity Subroutine sets the maximum
number of iterations allowable inside the Lambert Subroutine to

20 in all cases.
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Nomenclature for the Inifial Velocity Subroutine

E(tl) Initial position vector.

K(tl) Vector (usually the actual initial velocity vector)
used to determine whether the transfer from the
initial position vector to the target vector is through
a central angle of less or greater than 180°, and also
used in certain cases to specify the transfer plane
(see text).

ET(tz) Target Vector (True target vector if N1 >0, or
Offset target vector if N1 = 0).

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

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

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

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

fcot v) Guess of cot 7.

KT(tI) Required initial velocity vector of a precision [a conic])
trajectory which passes through the true [or offset]
target vector, or the rotated true [or offset] target
vector if the original target vector was in the cone,
at the end of the desired transfer time, if N1 >0

{or N1 =0].
E(tz) Computed offset target vector.
z,l.(tz) Final precision [conic] velocity vector resulting from a

precision [conic] update of the initial position vector and
the required initial velocity vector VT(tl), if N1 >0,
[or N, =0, respectively] .

ET' (tz) Final precision position vector.

cot ¥ Value 10 which the Lambert Subroutine converged (for
later use as guess to minimize computation time},

f2 Switch set to 0 or 1 according to whether the input (true or

offset) target vector was not or was in the cone, and
consequently was not or was rotated into the plane,
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ENTER

[2 () v (), 1 (8), 1, Npve, £y, ot o] |
w = COS €
N, = -1
h = UNIT[r (1)) X v (t,)]

|z = uNIT[x (¢ )] - UNIT[ £ (1)] |

v )
£, =0 rty) = |x(ty)| UNIT [x(t,) - (x(ty) - WD)
£, =1
No
Yes
"
rp(ty) = r(t,)

» 1

Ll

BRI

Figure 5.11-1 Initial Velocity Subroutine
(page 1 of 2)
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rsG - SIGN[E(t;) X r(t))]

!

Call LAMBERT Subroutine:
T (t), rlty), tp, 84 Ny £y, [cot 7]. fz.[g],l

Resume
Vo (tl)‘[!T (tz)], cot y

Call Coasting Integration Routine
r (tl). Vr (t;), ty

Resume v
1
oo (t) v (ty)

3

Return

() = 2lty) =[rg' (1) ~rp ()] 208D wp (4 2ty vpltp) 2p' ),

! cot v, fz

Figure 5.11-1 Initial Velocity Subroutine
(page 2 of 2)
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9.5,13 LOSSEM SUBRQOUTINE

The LOSSEM Subroutine computes the lines-of-sight -
of the Sun, Earth, and Moon with respect to the spacecraft in
the Basic Reference Coordinate System, This data is used by
the IMU alignment programs whenever the asironaut elects to
sight on the Sun, Earth, or Moon instead of a star for purposes
of IMU alignment, The data is also used by the Star Selection
Routine (Section 5, 6, 4) when testing for star occultation, In
addition, this subroutine computes the sizes of the occultation

cones used in the Star Selection Routine,

The unit vectors Ugs U and Unt specifying the lines-
of -sight to the Sun, Earth, and Moon, respectively, in the Basic

Reference Coordinate System are computed as follows:

u if P=E
ES:{_ES (5.13.1)

UNIT {upg - pUpy) P =M

-UNIT (1, ) iHP=E
Up = - (5.13.2)

“UNIT (rgyUpy +0p) HP=M

UNIT (r_. u -r. )y ifP=E —
. EM-EM -L (5.13.3)
- UNIT (r ) if P=M

where P, E, M, S, and L respectively denote the primary body,
Earth, Moon, Sun, and Lunar Module, EL is the position vector

of the LM with respect to the primary body, and u are

YEM 2Es
the unit position vectors of the Moon and Sun with respect to the

Earth obtained from the Lunar and Solar Ephemerides Subroutine
of Section 5. 5. 4, T is the mean distance (384402 km ) between
the Earth and Moon, and p is the ratio (0. 00257125} of TN

the mean distance between the Sun and Earth, The line-of-sight

over

vectors are determined for atime specified by the calling program

or routine, When LLOSSEM is used by the sighting mark routines itis
not calied until just after the astronaut finishes his optical marks on

the Sun, Earth, or Moon, and the time used inthis caseis that recorded
for the last mark, When LOSSEM is used by the Auto Optics Positioning
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Routine (R-52) it is cailed just before positioning the spacecraft and

the specifiedtime is the present time. When LOSSEM is called by the
IMU Realignment Program (P-52) justprior to calling the Star Selection
Routine, the specified time is the present time plus an additional
amount (TSS) in order to project it into the middle of the sighting
mark process, This is done to insure that the line-of-gight vec-

tor of the primary body used in the occultation test of the Star
Selection Routine is that which occurs during the sighting mark

process,

The occultation cones used in the Star Selection Routine

for the Sun, Earth, and Moon are computed as follows:

cg = o8 60° (5.13,4)
R
cos [50 + gin ! —)} ifP=E
cp = L (5.13.5)
cos 5° iTP=M
cos 5° ifP=E
CM = R (5- 13.6)
cos [50 + sin} —M)] ifP=M
L

where ¢ is the cosine of one half the total angular dimension of

a cone and represents a more convenient way of treating the di-
mension of a cone in the Star Selection Routine, re is the mag-
nitude of the LM position vector, RE is the equatorial radius

(6378, 166 km ) of the Earth, and RM is the mean radius (1738.09 km )
of the Moon.,
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5.5.14 PERICENTER - APOCENTER ( PERIAPQ) SUBROUTINE

The Pericenter - Apocenter Subroutine computes the
two body apocenter and pericenter altitudes given the position

and velocity vectors for a point on the trajectory and the primary

body.

This subroutine is depicted in Fig. 5. 14-1,
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Resume rp, Tps © PN

Return hp' ha' e, PN

Figure 5,14-1 PERICENTER - APOCENTER SUBROUTINE
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