5.4 TARGETING ROUTINES

5.4.1 GENERAL COMMENTS

The objectives of the targeting routines presented in this
section are to provide a CMC capability to determine the required
input target parameters and set conirol modes for the various
powered flight guidance routines of Section 5.3. It should be noted
that the CMC does not have a targeting capability for every phase of
the lunar landing mission, and therefore must rely on RTCC target-
ing for many of the nominal and abort phases of the lunar mission.
The restricted targeting capability provided by the CMC is presented
in the following subsections:

5.4.2 Rendezvous Retrieval Targeting Routines

These include the Concentric Flight Plan,
TPI Search, Stable Orbit and Midcourse Routines.

5.4.3 Return-to-Earth Targeting Routines

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

returns to earth.

All CMC targeting programs use the Basic Reference
Coordinate System defined in Section 5.1.4.1. The Rendezvous Re-
trieval Targeting Routines of Section 5.4.2 can be used in either
earth .or lunar orbits. The basic input parameters required by the
targeting routines of this section are the vehicle statf vector esti-
mates determined by the navigation programs of Section 5.2
and 5.3.2. : .
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5.4.2 Rendezvous Targeting

5.4.2.1 General

In addition to containing the nominal rendezvous approach in the Concentric
Flight Plan program, the CMC contains the TPI Search program for fuel critical
situations and the Stable Orbit Rendezvous program for primarily time critical

situations.

The Concentric Flight Plan rendezvous scheme is illustrated in Figure 4.2-1
The following active vehicle impulsive maneuvers are used to establish a rendezvous

intercept trajectory with the passive vehicle in an appropriately coplanar orbit:

1. Coelliptic Sequence Initiation (CSI)
2. Constant Differential Altitude (CDH)

3. Transfer Phase Initiation (TPI)

These maneuvers are selected by the program to satisfy the following constraints:
specified times for the CSI and TPI maneuvers, a CSI AV which results in "coelliptic"
orbits, and a specified geometry at the TPI point. The "coelliptic' or "concentric"
orbits have approximately constant differential altitudes..

The TPI Search Program determines a two maneuver transfer trajectory
which minimizes the total fuel used while providing a safe pericenter. The time of

the first maneuver must be specified. ‘

The Stable Orbit Rendezvous program provides a direct transfer capability
between the active and passive vehicle orbits. The time of the first maneuver and

a measure of the transfer time must be specified.

Both the Pre-TPI and Stable Orbit programs have Midcourse Maneuver

programs to ensure that the active vehicle will rendezvous with the passive vehicle.

For the routines in this section there are two associated program numbers
based on whether the CSM or the LM is the active vehicle. If the astronaut elects
to make' the LM active, the only change is the program number selected. All
equations and program operations in Section 5.4.2 are identical for these two modes
of operation. The function SGN(X) used in Figures 4.2-4 and -5 is set equal to +1

if X is zero or a positive number; otherwise, it is set equal to -1.

The pre-thrust programs P-32 and P-33 use External AV guidance (Section
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Figure 4.2~-1 Concentric Rendezvous Profile
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5.3.3.3.1), and P-34, P-35, P-38, and P-39 use the Lambert targeting concept
employing two precision offsets (Section 5.3.3.3.2) with the steering constant ec

set equal to unity. All six of these programs use the Cross-Product Steering of

Section 5. 3. 3. 4.

5.4.2.1.1 Pre-CSI Maneuver. -- This program, corresponding to P-32 (CSM
active) or P-72 (LM active) of Section 4, computes the parameters associated with

the CSI and CDH maneuvers. The astronaut inputs are as follows:

The active vehicle state vector TarVp and passive vehicle state vector r

Choice of active vehicle (P-32 CSM, P-72 LM).

Time tl of the CSI maneuver.

Number N of the apsidal erossing.
(If N = 1, the CDH maneuver occurs when the active vehicle reaches its

first apsidal point following the CSI maneuver, etc.)

Desired line of sight (LOS) angle E at the time of the TPl maneuver.
(See Figure 4.2-2 and Figure 4.2-3.)

Time ts of the TPI maneuver.

Selection of flag CDHASW to ensure that CDH will occur at a time,
measured from the CSI time, equal to the post-CSI maneuver orbital
period multiplied by N/2. If this option is desired, CDHASW is set
equal to 1. : ‘

v

P -P

are available in the guidance computer.

The following constraints must be satisfied (see Figure 4.2-1 and Figure 4.2-2).

1.

The CSI AV ig applied in the horizontal plane of the active vehicle at the
CSI time.

The CDH maneuver occurs when the active vehicle is at a specified

apsidal crossing.

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

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,

5.4-4
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TPI geometry, active vehicle below
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Figure 4.2-2 TPI geometry, active vehicle above
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UH = UNIT HORIZONTAL
IN FWD DIRECTION
ASDETERMINED BY

Ya

)
=

1) IF THE LOS PROJECTION ON UH IS POSITIVE:

a) WHEN THE LOS IS ABOVE THE HORIZONTAL PLANE

0< E< 7/2 ) .

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

2) IF THE LOS PROJECTION ON UH IS NEGATIVE

a) WHEN THE LOS IS ABOVE THE HORIZONTAL PLANE
T[2< E< T

b) WHEN THE LOS IS BELOW THE HORIZONTAL PLANE
< B< 372

Figure 4.2-3 'Definition of Elevation Angle, E
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5. The time intervals between the CSI-CDH and CDH-TPI maneuvers are

10 minutes or greater.

6. 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

earth orbits.

The program solution, as illustrated in the logic flow diagram in Figure
4.2-4, ig 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 CSI
time, the active vehicle state vector is rotated into the passive vehicle orbital
plane, resulting in coplanar orbits. The passive vehicle is then updated through
the time t3 - tl to the TPI point obtaining L p3: Vp3- The initial guess of Vi when
added to the velocity of the active vehicle, results in the active vehicle attaining a

radius equal to Tp3 180 degrees from the CSI point.

If CDHSW equals one, the eccentricity of the active vehicle orbit is less than
. 000 1) or the vertical velocity at the CSI point is less than 7 ft/sec, the time ty of the
maneuver is set equal to the CSI time plus N times half the period tP of the active
vehicle. Otherwise, the angle i to the nearest perigee is computed and used in the
Time-Theta Subroutine to find the corresponding time of flight At. This is then used
to calculate t, based on the value of N. After verifying that tq 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 rper Ypo-

The semimajor axis a, 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 an (based on the semimajor axis a, of the

P
passive vehicle) and YAy contained in Figure 4.2-4, therefore, specify the

"coelliptic'' CDH maneuver Av,,.

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 u The position vector of the two points of

L
intersection between the line of sight and a circle (with origin at the center of the

attracting body) as shown in Figure 4.2-2 is defined by:

b (4.2.1)

_=£A3+ku

—L
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where k normally assumes two values (see Figure 4.2-4). Equating the magnitude

of b to T'p3 results in a quadratic expression for k:

+r2

2
k + 2kr A3 " Tps3

TA3 " =0 (4.2.2)

If there are no real solutions to the above equation (c:2 < 0 in Pigure 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 absolute value is chosen as the desirable TPI solution.

The error vy is defined as the central angle between the position 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 independent variable. The
g 1

two initial values of v, are 10 ft/sec apart with the succeeding step size Av, re-
stricted to 200 ft/sec,

A second computational attempt is made if the first iteration attempt fails.

\a1 is incremented in steps of 50 ft/sec in the direction'opposite to that initially

taken in the first attempt until the error 'y has undergone a sign change. The second

attempt then starts with the latest value of vy and an ad;;acent point in the direction
of the 50 ft/sec steps.

Included in the Pre-CSI program are the fol].bwing seven program checks

and the corresponding Alarm Codes AC (see Figure 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.

The iteration counte'r n excee'ds 15. (AC = C)

Two succeeding iterations resultmg in Vl greater than 1000 ft/sec.
(AC = B}

The altitude of perigee hPl following the CSI maneuver is less than a
minimum acceptable amount. (AC = D) -

The altitude of perigee th following the CDH maneuver is less than a
minimum acceptable amount. (AC = E)

The time AT2 between the CDH and CSI maneuver is less than 10 minutes.
(AC = F)

The time AT between the TPI and CDH maneuvers is less than 10 minutes.
(AC = G)
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| Pre-CSI Program l

'

Check CSM Primary Body
Indicator PC (See Sec. 5.2.2.86)

PC=0f0rEarth:h . = 85 nm
min

H]
]

P 1 for Moon : h

C min

35, 000 ft

l

Inputs: Tar Yar Dps Vps tl’ tg,

CDHASW, N, E, active vehicle

Update YA Ya and p: ¥p to time tl

obtaining r

Coasting Integration Routine (Sec. 5.2.2)

ra1r Yapand rpy, v, using

'

u= UNIT(E.Pl X Y-Pl)
Pap SFay UNIT(r -0y, u

Va1 = Vag INIT[v 4, - (v - wul

'

Update Ipy. Vpp through time ty - t, obtaining

T p3. Vpg using Kepler Routine (Sec. 5.5.5)

:

hy = UNIT(ux r,,)

|

it

10 ft/sec

-1
.SQRT{‘Q’““M [raytrpg +ra 0] }'3A1 " hy

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
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1

w0
.
i

1

<
i

SGN(v,)989 ft/sec

’ -
Ya1=Yar tviby

_ '
R IALC YAl

'

. ) . o
Obtain period tP using r 44, ’Y.:A,l’ e = 35?. 9

in Time-Theta Subroutine (Sec. 5.5.7)

Figure 4.2-4 Pre-CSI-CDH Maneuver Program (Page 2 of 7)
[[JRevised COLOSSUS 5.4-10
Added  GSOP #R-577 PCR # g

Rev. g Datej-7.69




. N I
Obtain hPl’ Py, @USINE T A4y Vaqs PC

in Periapo Routine (Sec. 5.5.14)

No

Yes

Yes

v

cosy = (py/rp, - 1/e

1/2

siny = |VR|(#pl/ril) /el
Obtain At using r , ,, —SGN(VR)XAI, sing,

cosy in Time-Theta Routine (Sec. 5.5.7)
!

Yes

- t, =1, - At +NtP/2

Y
+AE+ (N - 1)t,/2

1y

by =ty

Update r 4, v/, and T pys ¥V py throughtime t, - t, obtaining
L a9 VA9 and rpos Vopo using Kepler Routine (Sec. 5.5.5) :

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
(Page 3 of T)
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(H——w

Pre-CDH Program

l

Inputs: EA, Y-A’b Tps Vp E,

tz, t3, acti.ve vehicle

l

Update rar Va 'ps Vp to time t2
obtaining r 49, ¥ a9 and L pg, Vpy using

Coasting Integration Routine (Sec. 5.2.2)

v, and r

u

Laz

Ya2

= UNIT(£py X ¥ py).

= Vg UNIT[V pg = (Vg g - ulu]

'

c

sing

OSQ=T 9 - Lpg/TpsTpy
1/2

(1 - cos2 Q)

SW =1 . (rpyx Iyl

'

obtaining

Update T pgs ¥Vopo with cosp, SGN(SW)sineg

Routine (Sec. 5.5.7)

rpor Ypor @p using Time-Theta

l

éVCDH(LV) =

Tpo T Taz Vpv T Ypc t faz/Tas
o 3/2
ap = AHepy Vay = Vpylap/a,)
SQRTIu(2/r,, - 1/a,) - iv]
VAHUNIT(EX £A2) + VAVUNIT(EAZ)

7 -
Yaz "~ Vag 27 UNITET 4)
g, X = UNITEE % 2)

(X ¥ 2) v

v

Figure 4.2-4 Pre-CSI-CDH Maneuver Program (Page 4 of 7)
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o

Update T A9 1:&2 and L pge Ypo to time t3 obtaining Tar¥a

andrp, Vp using Coasting Integration Routine (Sec. 5.2.2)

1

Obtain t or ALARM using Tar Yar Ips Ypr n=0,

FLAG=1, t=t3, tmax=250 sec, E in Pre-TPI

Program (Sec. 5.4..%4) entering at @ of Fig. 4. 2-8
[

Yes stronaut Yes
Recycle

No

[ |

AT3=t—t

2’ I

L

ATTP =t-t3 3

EXIT

Update r 4o, -Y-iAZ through time t3 - t, obtaining
> Va3 using Kepler Routine (Sec. 5,5, 5)

LTaze ¥

cos B UNIT(u x £A3) + sinE UNIT(£A3)

o
Hi

€17 a3 Y,

2 2 2
€1 - Ta3 T Tp3

< Yes

Figure 4, 2-4 Pre-CSI-CDH Maneuver Program
(Page 5 of 7)
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b= Zpg+kuy

-1
y =cos " (b Ipa/brpg)SGN[u . (b x rpgl] |

Yes

1= 0 7o) (v - vy o)

' No (
Y -7A) <
T Q O Yes

17 —SGN(SL)SGN()/O)BO ft/sec

1 vl - Avy —D@

S8 = 3, Yo =Y

!

S3 =2, Av, = SGN(4v,)10 ft/sec

g
|

<
1

10° V1 Y0 7Y C
S2 =0, v, =

'}’O =7, AVI =7/SL

v

Figure 4.2-4 Pre-CSI-CDH Maneuver Program
(Page 6 of 7)
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- Yes

[av] S~ No
.1 ft/se Yes
ViEV CAV, e 3 Avy = SGN(Av,)200 ft/sec
: = _ - - , -
AT =ty £ Obtain hp,, using Lagr Yags PC in
~ Periapo Routine (Sec. 5.5. 14)
AT, =t, -t
3 "3 "2
"Yes
ip1 < Py
No
N Y
° 83 =1 8 AC = D
Yes
N e
No
fal 53 = 1 Yes AC =B
Yes
No Yes

/\ AC : F
Yes AT. < 10 mi No

l\

R

N
o G D S oy R—
| i y
Yes
ISl=0,SZ=1,SS=O,n=Ol———-§®
é= UNIT ('_rAl): X” _E
X=IxZ -
-, T
AV egrV) = vy X ¥ Z)7h,

Figure 4.2-4 Pre-CSI-CDH Maneuver Program (Page 7 of 7)
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For the first 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 A~y at the CDH point. AH‘CDH is positive when
the active vehicle's altitude is less than the passive vehicle's altitude when

measured at the CDH point.

2. Time AT, between the CDH and CSI maneuvers displayed in minutes and

gseconds with hours deleted.

3. Time AT3 between the TPI and CDH maneuvers displayed in minutes and

seconds with hours deleted.

4, [_\ECSI(LV) in local vertical coordinates at CSI time.
5. AV CDH(LV) in local vertical coordinates at CDH time.

6. The alarm codes.

In the Pre-CSI program P-32, the astronaut can change the CSI computed
maneuver by overwriting the displayed maneuver velocity vector in local vertical
coordinates, AY-CSI(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 overwriting procedure is normally used to
correct or minimize out-of-plane conditions which are not directly controlled by
the CSI or CDH maneuvers computations such that minimum out of plane conditions

exist at the TPI maneuver,

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

time, are displayed.

The middle gimbal angle is computed with the following equation:

rEp © UNIT (A_)]

MGA = sin”1 [S_(_

If -90° < MGA < 0°, MGA is redefined such that 270° < MGA < 360°. AV is the
maneuver AV in reference coordinates and XREF is the second row of the REFSMMAT
matrix defined in Section 5. 6. 3. 3.
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5.4.2.1.2 Pre-CDH Maneuver. -- This program, corresponding to Program P-33

(CSM active) or P-73 (LM 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 CSM, P-73 LM).

2. Time tz of CDH maneuver,

The active and passive vehicle's state vectors Tps Yps Bpr Ypare available
in the guidance computer. The TPI elevation angle B and the TPI maneuver time ty

are also available from the previous Pre-CSI program computations.

Figure 4.2-4,,page 4 of 7, illustrates the program logic. The state vectors
of both the active and passive vehicles are advanced 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. Following a precision update of the state vectors to time t3, the Pre-TPI
program is used to caluculate the time t at which the 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. AXCDH(LV).

2. Differential altitude AH at the CDH point,

CDH
3. Time AT3 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 displayed as in the Pre-CSI program
displays.

The astronaut can modify the CDH maneuver to minimize out-of-plane con-
CDH(LV), as in
the Pre-CSI program. The out-of-plane information used in this process is deter-

ditions by overwriting the displayed maneuver velocity vector, AV

mined by the astronaut with the aid of the Out of Plane Rendezvous Display Routine,
R-36 of Section 5.6.7. 4.
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5.4,2.2 Pre-TPI Maneuver

This program corresponds to Prograrﬁ P-34 (CSM active}

or P-74 (LM active) of Section 4. Its objective is to establish the

terminal phase initiation(TPI)maneuver, The position of the TPI
.maneuver is determined by specifying either the TPI time or the
elevation angle which specified the relative geometry of the vehicles
at the TPI point, The astronaut inputs are;

1. Choice of active vehicle (P-34 CSM,P~74 L1M)
2. Time t of the TPI maneuver

3. Elevation angle E (set equal to zero if t is specified),
defined in Fig. 4.2-2., '

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

The active r and passive vehicle r state

Zar Yar Zpr Ypr
vectors are available in the guidance computer, The program

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

If the elevation angle is not specified, it is computed
after the precision updating of both vehicles to the TPI maneuver
time, If E is specified, an iteration procedure is initiated to find
the TPI time at which E is attained. This procedure uses the in-
put TPI time as the initial guess and is based on conic trajectories
{except for the original precision update). The time correction
6t is based on (1) the angular distance between r_ and the desired

position of the passive vehicle, obtained by assuming the passive

vehicle is in a circular orbit, and (2) assuming the vehicles are

moving at a constant angular rate. The flow diagram for this pro-

cedure is shown in Fig. 4.2-5,
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{ Pre-TPI Program)]

Inputs: Tar Yar ?«PI‘ Y—PI' i, E, ot, FCAG =0,

ti hi £ =
active vehicle, n=0, ’Stma.x 250 gecs.
Update Cap VAT and Top Ypr to time t
ol_atalnmg EA' XA and r, -Y-P using
Coasting Integration Routine (Sec. 5. 2. 2)

(I~) —{ts:;t’EAF:—A’ Y-AF=XA’ £PF=£P’ -Y-PF=XP I

u = UNIT (EP—EA’ u = UNIT (g‘_AX}{A) :

EP = UNIT [ug - (- 14) 2,/r,’ ]

_ -1
EA—cos fu u. SGN(EP'EXEA)]

1 =P

LRetur‘n to P-33 ]

n<l15s Yes

n=n+1, 6By = 4B JE=E, -E

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

wp = Vpr UNIT [(£P X XP) X £P}/rP

E + SGN [(E-AXEP)' g}cos'1 (EA' £Per rP)

Q
i

@ -7+ SGN (rp, - r,) [7 - cos~1 (r, cos E/rP)]

st =

“aA " %p

Figure 4.2-5 Ptre-TPI‘ aneuver Program (page 1 of 3)
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ot =st_ . SGN (6t)
|

6t = -SGN (stg.) |6t]/2 [

5tmax B atmax/ 3

5t = SGN (6t0\ [6t ] e

‘ 1
: t =t -1 58t o t=t+ st
oty = -5ty /2 ‘ o st o= ot

L

— |

Update _I;AF, XAF and EPF’ Y-PF through time t - tS obtaining —®

Tar Va and Tps Vp using Kepler Routine (Sec, 5,5.5)

Obtaint_ using r_, v ,‘wt in ‘
F =P P’ >
» Time-Theta Routine (Sec. 5. 5. 7) :
Update Tps Vp to time t.‘+ tF obtaining Tpps Yppl
ing Coasting Integ'ratio? Routine (Sec, 5,2,2)

¢=w+[cos_l(fA'£PT/rArPT)- 7r:| SGN[(EAerT)'E] '

R T — =0
: _ Obtain L@;..fz and Vppe using r,, EPT’tF’ € =157,
: Nl # 2 in Initvel Routine (Sec, 5,5, 11)

tain HP' usin'g T V! a1
Periapo Routine (Sec.5.5. 149

Vrpr * YA ~Yar AVrpr = Yap " Ypr

SR= Y= -u, Z.=UNIT(—£A), X=YXZ

Figure 4.2-5 Pre-TPI Maneuver Program (page 2 of 3)
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o T o
AVppy V) = [X X 217 8Vpp|

Obtain new target vector

_IE‘_T by using Tp KIA' tF
in Kepler Routine
(Sec. 5. 5. 5)

Replace offset target vector,
r (t2) generated by Initvel
Routine (Sec. 5. 5. 11) by Ty

found above.

Ry=u, typp =ttty
R, = UNIT [(u X R,) X R, ]
Ry =R XRy

AVrpy (LOS) = [R) Ry Byl™ AV

EXIT

t .
Figure 4.2-5 Pre-TPI Maneuver Program (page 3 of 3)
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The iteration is successful when the computed elevation

angle E, is sufficiently close to E,

A

To help insure convergence, the following steps are

taken:
a. The step size 6t is restricted to 250 secs.,
b. If the solution has been passed (§ E SE <0 )}, the

step size is halved and forced in the opposite di-
rection of the last step,

c. If the iteration is converging ( lrSEO ] - |6E | >0),
the sign of 6t is maintained.

d. If the iteration is proceeding in the wrong direc-

tion, the step direction is reversed,

The iteration is terminated for any of the following

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

1. The iteration counter has exceeded its maximum
value of 15,

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

equal to that of the passive vehicle,

3. 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.

5.4-22 ‘

" Rev. 5 - 3/869

o



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 t After precision

P

‘updating of the passive vehicle through t., the Initvel Routine

(Section 5.5.11) is then called to computlz a transfer trajectory
between the TPI and TPF points with the switch N1 set equal to
two and the cone angle ¢ set equal to 15°. This results in the
precision offsetting procedure to be used twice in succession. The

rotation projection switch fz 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 TPI time to intercept is computed as shown in Fig. 4.2-5

o0 e

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

3. AV pp(LOS) Line-of-sight coordinates
4. L\ETPI(LV) : Local vertical coordinates

5. Perigee altitude (HP) following the TPI maneuver

The display of AY-TPI(L V} may be overwritten by the
astronaut. If so, a new target vector is generated as shown in

Fig. 4.2-5. This new aimpoint is used for powered flight steering. N

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

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

program is shown in Fig. 4.2 —‘6.‘

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

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

-P TP
TPI program) and a time delay are available inthe guidance eomputer.
The time delay (6 'rsvfor P-35andéT, for P-75) is the time required to

prepare forthe thrust maneuver and is stored in either of two erasable

locations. ,
When the program is initiated the number of navigation

measurements since the last maneuver and the time since TPI are
displayed. Based on this information and additional displays dis-
cussed in Section 5.6.7, the astronaut may elect to proceed with the
midcourse maneuver at some time. When he does so, the program
updates the state vectors to the present time plus the time delay t
using the Coasting Integration Routine. The Initvel Routine is then ‘
called to obtain the velocity vector on the transfer ellipse. The ) :
cone angle € is set equal to 15° and the N1 switch is set equal to
two, resulting in a double use of the offsetting procedure. 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 display‘is used to
avoid 180° transfer angle problems. '
After obtaining the maneuver AV, it is rotated into a
local vertical (LV) and a line of sight (LOS) coordinate system
obtaining AV(LV) and AV(LOS), and both are displayed.

The display of AV(LV) may be overwritten by the as-
tronaut. If so, a new target vector is generated as shown in
Fig.4.2-6.:This new aimpoint is used for powered flight steering.

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

Inputs: Iy, Vu, Tps Voo fppps

time delay, active vehicle

67 = time delay

Y

Update r ,,

vy ardIp Vp

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

v to time t

present taT

Update r.

to timt t

P Yp TPF

using Coasting Integration Routine (Sec.5.2.2)

obtaining r

—PT

/

u = UNIT (}‘_A X KA)
-1 .
¢ = 7+ [cos (EA EPT/rArPT)—W]SGN{(EAX_I_‘.PT) u]
Obtain LIX and f2 using La> Lppe tTPF - (tpresent *eT),

e=15° N

=2 in Initvel Routine (Section 5,.5.11)

1
AV= VA ~Vp
SR = f2
Xr=-u
Z = UNIT (-r,
X=¥XZz

Figure 4.2-6 'Rendezvous Midcourse Program

(page 1 of 2)

5,4-25

Rev. 5 - 3/69-




AV= (X Y Z]AV(LV)
|

vh = v

YA T Va TAY

tp=trpp ~ (
(Sec. 5. 5. 5) ' :

Obtain new target vector r,. by using Ths

T

tpJ:'es ent

N

+ & 7) in Kepler Routine|

|

by T, found above

Replace offset target vector, r (tz),
generated by Initvel Routine (Sec. 5.5.11)

\
Bl = UNIT (E-P - EA)
R, = UNIT [(uX R ) X Ry)]
Ry = Ry X Ry
AV (LOS) = [R, R, R ]T AV
= <1 =2 =3 -

EXIT

“(page 2 of 2)

5,4-26

Rev. 5 - 3/69

Figure 4.2-@ : Rendezvous Midcourse * Program




5.4.2.4 TPI Search Program

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

The desired time tT'PI of the TPI maneuver is required
as an input to this program. 'The basic output parameters displayed

to the astronaut are:

1) +¢ Initial relative phase angle between
the two vehicles at tTPI’ + indicating
that the active vehicle is ahead of the
passive vehicle with respect to orbital

motion,
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2)

3)

4)

5)

6)

)

+ Ah

wt

Altitude difference hetween the two
vehicles at t’I‘PI’ + indicating that the
passive vehicle has a larger radial

magnitude than the active vehicle.

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

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

to the variable K:

search option ! K

-1
2 +1

Impulsive velocity required for the

TPI maneuver.

Impulsive velocity required for the

terminal rendezvous maneuver, -+

“indicating that the active vehicle is

agcending at TPF, - if descending.

Altitude of the pericenter above a

reference radius vector.

Central transfer angle of the passive

vehicle.

Pericenter code. P = 1 if pericenter
occurs between the TPI and TPF
maneuvers and P = 2 if pericenter

occurs after the TPF maneuver.
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In general, non-coplanar transfer problems normally
involve two minimum total velocity trajectories, one having a
central angle greater than 180° and the other less than 180°,
The program selects a sector (determined by the relative altitudes
of the two vehicles at the TPI time) in which the most acceptable
solution will probably be found. Upon displaying this sector to
the astronaut, he may proceed with this choice or change the
sector by changing the value of K,

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

plane.

The general TPI Search Program target vectors and
relative angles are illustrated in Fig. 4. 2-7 with the program
logic outlined in Fig., 4. 2-8. The subscripts A and P refer to
the active and passive vehicles, respectively. The minimum

pericenter altitude hL is defined as

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

radius.

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

The following are the major computation sequences:

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

1

Tnpute: £A' y.A, EP ZP‘ tTPl‘ active vehicle

Update. £A' Yarlp Yp to time tTPI using
Kepler Routine (Sec.5.5.5)

Syup = UNITZp Xy p) fpp Ly~ (Lp" bpgpdlyp
4= SGN [(£pX L) ayp) cos™ " {UNIT (£p,,) - UNIT (£ )]

Ab s |rpl - 1z,l, K= SON (ah)

Display ¢, ah, K

. 1/2
IT = [ |UNIT (EA) ~“-HP” + 0.002
wty=T+¢ +KSIT
mtI-r+4 +K2IT

AV =128 m/es, hp= -2°Tm, 1=0

o = 70° | i o 8 o, = 30°

-

Obtain te usingap‘ Yp sin (uto), coB (uto)

in Time-Theta Routine {Sec, 5,5, 7)

i

Obtain tFI vaing Tp ¥Yp sin (utI), cos (utI)
in Time-Theta Routine (Sec.5,5.7)

Update r o, Yp to time trprttp ueing
Kepler Routine {Sec. 5. 5, 5)

®

Figure 4.2-8 TPI Search Program
Logic Diagram (Page 1 of 2)
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;
!
i
!
{
I
i
{
!

. o
Obtain Tge 8, ¥ ¥y usingEA, Ya Lp tF"‘ =157,
N’1 = @ in Initvel Ruut{ng {Sec. 5.5.11)

|

bpa ® Pp

SG1 =SGN(_I:A g _y_l). SG2 = SGN (E-P' !2]

avy = av, Sa = tz

AV = AV, .+ AV,

AVpprm 1Yy ~2ale AVppp = 1¥2 ~ Yl TPI

TPF

l

Obtain hp using Tar ¥y in Perigee Routine (Sec. 5, 5. 14}

Yes
Yes 0 No Yes
G
No
Yea Na At = K 400
po ” Py
No Yes v
- T=1
ats K 150 At = - Atf2 hL+500~hF
Atz e 4t
P PG
i %,
+
- +at No
v tp Ttp-tep) (6, - 0)
>0
A Yen Yen hP > hL
- No
LAV, =5G, AV, t st -At
TPF 2TTrE F ‘F . Display Alarm Code }—“

[

i

Obtain wt using r o, v ooty tn
Transfer Angle Routine (Sec, 55,12}

P = {3 - SG,}/2

Yes l

P+ (3-K/2 EXIT

Figure 4.2-8 TPI Search Program
Logic Diagram (Page 2 of 2)
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@ An initial guess wto is next made of the transfer angle
of the passive vehicle corresponding to a minimum AV for the
active vehicle which is used to start the search iteration. An
inner transfer angle limit th for the passive vehicle is set to
avoid excessive AV conditions, and the outer search limits GL,

of the active vehicle are set as indicated in Fig. 4.2-8. Initial
values are next chosen for AV, hP and I. The TiI'ne Theta Routine
is then used to determine the passive vehicle transfer times t

¥
and tFI to traverse the angles wty and cotI, respectively.

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

The active vehicle's velocity v. and D after the TPI maneuver

and before the T'PF maneuver, lrespectively, along with the transfer
angle § and the rotation projection switch f2 {used in the powered
flight steering program as SR-) are obtained from this routine.

After calculating the maneuver magnitudes, the Periapo Routine

is used to calculate the pericenter altitude hP.
The program enters a control sequence whose effect

is as follows:

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

pericenters in the sector being searched.

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

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

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

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

the sclution.

6. If none of the above conditions holds, the time of
flight is incremented by At if AV < AV, or diminished by Atf2 if
AV > AVO, and the search function continues.

7. If the incremented time of flight tF exceeds tFI’
or the active vehicle transfer angle 8 exceeds GL’ the last
solution is accepted if a safe pericenter exists, otherwise an
alarm code is displayed, indicating no solution in this sector.

@ A sign (SGZ) is affixed to AVTPF to indicate whether

the active vehicle is ascending or descending on the passive

vehicle at TPF and the solution set consisting of AVTPI’ + AVTPF’

hP is displayed to the astronaut. If the astronaut is satisfied

with these trajectory parameters, he may request that the central

transfer angle «t of the passive vehicle be displayed to be recorded

by him as an input parameter for the TPI Pre-thrust program
P-34 along with the initial t’I‘PI'
also contain the pericenter code P which indicates whether the

In addition, this display will

pericenter of the transfer trajectory occurs between the TPI
and TPF maneuvers or beyond the TPF maneuver. The other
central angle sector may be searched by returning to and

changing K, or a new traj ectorly solution attempted by returning
to | J )

trajectory has been found.
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5.4.2,5 Stable Orbit Rendezvous

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

a given distance ahead of, or behind the passive vehicle, as mea-
sured along the paséive vehicle orbital path. The second maneu-

ver (Stable Orbit Rendezvous SOR) is designed to place the active
vehicle in the same orbit as the passive vehicle with a separation
between the two vehicles determined by the first maneuver,

The position of the active vehicle relative to the passive vehicle

after this second maneuver is referred to as the stable orbit

point. The third maneuver defines the final transfer

from the stable orbit point to the terminal rendezvous point and

is calculated using the pre-TPI maneuver program (Section 5,4.2.2),

All the maneuvers are based on precision trajectory computations.

After the SOI maneuver, the Rendezvous Midcourse
Maneuver Program (Section 5,4.2.5, 3) is available for computing

midcourse corrections,
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The Stable Orbit Rendezvous Program has two phases,
which must be called sequentially to compute the first and second

rendezvous maneuvers, The input parameters are:

1) Choice of active vehicle (P-38 CSM, P-78 LM).

2) Ignition time of maneuver tIG'

3) wt, central angle of travel during the transfer,
based on the passive vehicle orbit.

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

maneuver),

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

The active vehicle state vector r ,, YA and passive ve-

hicle state vector -{p’ Xp are available in the guidance computer,

The trajectory configuratioh for the first two maneu-
vers is illustrated in Fig, 4. 2-9 and the program logic is out-
lined in Fig. 4. 2-10. Both phases of the program start with the /:
update of the state vectors to the ignition time and the conversion

of wt to the transfer time tF'

5.4.2.5.1 Stable Orbit Initiation Maneuver

If S is set equal to zero, the program computes the
stable orbit initiation SOI maneuver, The passive vehicle is first

updated to the intercept time tI’ equal to tIG plus t This point

T
is next used to convert the stable orbit displacement distance s§r
to a time 6t by approximating the orbit of the passive vehicle with
a circular orbit and by using an orbital velocity equal to the ve-

hicle's horizontal velocity. The pé.ssive vehicle is now updated

to the target time t,r, equal to tI minus §t, to obtain the target
vector E’I‘ for the first maneuver (see Fig. 4.2.10),
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AYFINAL (predicted AYSOR)

[

Stable Orbit
Point

Passive vehicle
orbit

AVsor

AYSOR Passive vehicle orbit

Active vehicle
orbit

raltg)

Figure 4.2-9 Geometry of the SOI and SOR Maneuvers
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I/
* rStable Orbit Rendezvous Program

Y

‘Inputs: Tps Vs Pps Vs S, tIG’ wt, sr, active vehicle |

Update Ta» Yar Ppr Y to time tIG

f using Coasting Integration Routine {Sec. 5.2.2)

;

Obtain ty, using rp, V.p» wt in

Time-Theta Routine {Sec. 5.5.7)

to=to+t
“ to=to bt Yes/sSNo o I 1F

f I IG F tT_=tI-6t

i thtI_tIG

Update r_, Yp to time tI using

Coasting Integration Routine (Sec. 5. 2. 2)
5t = rp Sr/ABVAL (_\_r_P X EP)’ tT = tI - &t

- .

Update r, Vp to time tT obtaining r ., Vep
using Coasting Integration Routine (Sec. 5. 2. 2)

3 1 1 i = ©
Obtain v',, fz and Vip using r,, T, tF’ € =15

i N1 = 2 in Initvel Routine (Sec. 5. 5.11)

i

s ) . " I -
Obtain H using r,, vy 10 J

P
Periapo Routine (Sec. 5. 5. 14)

BV =vly =V AVpar, = Y " YT

Z = UNIT (-r,), ¥ = UNIT (v, Xr,), X=¥XZ

aviLy) = [X ¥ 21T av, sg =1y

AVeor

AV op(LV) = AV(LY)

AVso = AV

AV o (LV) = AV(LV) |

1= &Y

EXIT

Fig. 4.2-10;Stable Orbit Rendezvous Program
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The Initvel Routine is called with Nl and the cone angle
e equal to two and 15° respectively. This results in the precision
offsetting procedure to be used twice in succession. The rotation
projection switch fz is obtained from the Initvel Routine for use in
the powered flight steering program as SR'
The following displays are computed,

1) AVSOI

2) AV

AV for the SOI maneuver.

FINAL Passive vehicle's velocity minus
the active vehicle's velocity, both

computed at the stable orbit point.

3) AYéOI(LV) : Local vertical coordinates

4) Hp : Perigee altitude following the stable
orbit initiation maneuver,
5 - : Time the active vehicle intercepts

the stable orbit point.

5.4.2.5.2 Stable Orbit Rendezvous Maneuver

If 3 is set equal to one, the program computes the
stable orbit rendezvous SOR maneuver. In order for this maneu-
ver to place the active vehicle in the orbit of the passive vehicle
in a precise manner, the SOR ignition time should be offset to
account for the finite burn time. When the transfer trajectory
time tF is added to the calculated SOI intercept time tI (stored
in the SOI maneuver program), the SOR intercept time tI is ob-
tained (dee Fig.4.2-10).

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

tained by updating the passive vehicle to the target time t.,, equal

T.’
to tI minus 6t (4t is stored in the SOI maneuver program). The

transfer time t,, based on the offset ignition time, is equal to the

F’
new intercept time minus the ignition time.
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i After using the Initvel Routine, as in the Stable Orbit
rendezvous maneuver, to compute the transfer trajectory, the

following displays are calculated:
1) aVgag : AV for the SOR maneuver

2) AVFINAL : Approximately equal to zero
3) A-YSOR(LV) : Local vertical coordinates

: 4) Hp : Perigee altitude following the SOR
! maneuver

5.4.2.5,3 Stable Orbit Midcourse Maneuver

This program, corresponding to Program P-39 (CSM
active) Or P-79 ( LM active) of Section 4, computes a midcourse
correction maneuver. The astronaut may call this program after
completing the SOI maneuver,but in generjal no later than 10 minutes
before the intercept time, .The program logic is outlined in
Fig.4.2-11.

There is one astronaut input: choice of the active ve-

hicle (P-39 CSM, P-79 LM). The active vehicle state vector T

Y the passive vehicle state vector Io Vps

the target time tT and the intercept time tI are available in the

the time delay,

guidance computer. The time delay {6 7, for P-39 ahd § Tq for P-79)
is the time required to prepare for the thrust maneuver and is

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

Inputs: Tar Ypo Tp Vs tI’ tT’ time delay active vehicle

[67= tir;e delay ]

Update Tas Ya to time tpresen’c + 5T

and'update 'p Vp to time t'I‘ using
Coasting Integration Routine (Sec. 5. 2. 2)

3 r 3 -
Obtain vy and £y using r,, rp. b= (b cony +6
€ =15° N, =2in Initvel Routine (See. 5.5, 11)

A

i<

= VA T ¥ps Z= UNIT (-r,)

Y = UNIT (KAXZA)’ X=¥XZ

AVLV) = (X ¥ z1T Ay, sp=f

¢

EXIT

2

Fig, 4.2-11 Stable Orbit Midcourse Program
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When the program is initiated the number of navigation
measurements processed since the last maneuver and the time to
ignition are displayed. Based on this information and additional
displays discussed in Section 5. 6.7, the astronaut may elect to
proceed with the midcourse maneuver at some time. When he does
so, the program updates the active vehicle to the present time plus
the time delay 6 7 and updates the passive vehicle to the target time
using the Coasting Integration Routine, The Initvel Routine is then
called with a transfer time equal to the intercept time minus the o
ignition time to obtain the initial velocity V'A for the transfer ellipse.
The N1
offsetting procedure. After obtaining the maneuver AV, it is rotated

switch is set equal to two, resulting in a double use of the

into a local vertical coordinate system, resulting in the display
AV(LV). In addition, M, MGA and TFI are displayed as in the
Pre~TPI program displays.

.
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5.4.3 RETURN TO EARTH TARGETING

5.4.3.1 Introduction

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

storage usage or computational speed.

Specifically this program provides powered maneuver tar-

geting for :

(1) Returning from near earth orbits

(2) Returning from trajectories resulting from a translunar

injection powered maneuver failure,

*(3) Returning from translunar midcourse

* Outside moonk sphere of influence only
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*(4) Returning from transearth midcourse

“(5) Midcourse corrections during transearth midcourse

*(6) Changes in transit time during transearth midcourse

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

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

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

Although explicit control of the spacecraft landing site is not
a feature of this program, it is possible to achieve landing site selec- ‘
tion through adjustment of the astronaut input to the program. When :
on translunar or transearth trajectories, the adjusted parameter is the ‘

desired fuel utilization. When in orbit near the earth,the designated

return time is the adjusted parameter. The astronaut need only to
note the earth track of the landing site as a function of the adjusted

parameter to select the proper parameter value.

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

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

computation of a precise trajectory, takes a relatively long
computational time.
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The Return to Earth Program is described in increasing

detail in the following subsections:

Sec. 5.4.3.2 Program Input-Output pg. 5.4-46

Sec. 5.4.3.3 General Computational Procedure pg. 5. 4-48

Sec. 5.4.3.4 Logical Description pg. 5.4-58

Sec. 5.4.3.5 Detailed Flow Diagrams pg. 5.4-71
5,4-45
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5.4.3.2 - Program Input-Output

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

for this program is P-37 for both modes.

Return-to-Earth Targeting

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

(1) objective velocity change to be utilized during

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

(3} reentry angle (normally set to zero and internally
calculated™)

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

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

This program is not designed to operate from low

altitude polar orbits unless the astronaut selects the reentry angle.

The program provides the following displays when both
the conic trajectory éomputatioﬁ and the precision trajectory
computation are complete. |

(1) 1latitude of the landing site

{2) longitude of the landing site

(3) wvelocity change required (vector)-.v

*See 5.4.3.4.2 for detailed explanation of its use
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{4) = velocity magnitude at 400, 000 ft. entry altitude

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

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

ignition.

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

(7)  middle gimbal angle at ignition

(8) time of ignition

(9) time from ignition

The precision trajectory displays can be significantly

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

transit time returns; therefore the astronaut should check the new

displays before ‘accepting the precise solution.

The cross product steering constant, ¢, of
Section 5. 3. 3. 4 is set equal to 0.5 in this program. In addition
the rotation switch, SR’ which is used in the Lambert Aim Point

pre-thrust computation of Section 5. 3. 3. 3.2 is set to zero.
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i ;
5.4.3.3 General Computational Procedure ' ° :

This section contains a general description of the Return-
to~Earth computational procedure as illustrated in Figures 4.3-1,
4.3-2, and 4.3-3.

The Return to Earth Targeting Program, as previously
mentioned, may be used in either the fuel critical or time
critical mode. When used in the fuel critical mode, the program

generates a trajectory which meets specified constraints on

reentry flight path angle and reentry altitude, and minimizes the
‘ impulsive velocity change required to achieve this trajectory.

In the time critical mode, the program generates a trajectory

which meets the specified reentry constraints and returns the

spacecraft in the shortest possible time. The astronaut selects
either mode by entering via the keyboard the objective velocity
change (AVD). If Avyy is set to zero, the routine will provide a
fuel critical trajectory. If AV is not set to zero, the routine

will provide a time critical trajectory if possible, or select a

fuel critical trajectory if &vp is less than the minimum required i
impulsive velocity change. In addition, during transearth coast, '

a negative AvD may be selected -- resultmg in a slower return,

i.e., slower than the minimum fuel return.

The Return to Earth Targeting.Program has two major
phases, an initial two body conic phase illustrated in Figure

4,3~1 and a numerically integrated precision trajectory phase
illustrated in Figure 4.3-2, A conic routine which prdvides initial

conditions for return trajectories for both phases is illustrated

in Figure 4.3-3.
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5.4.3.3.1 Nomenclature

The following is a list of the nomenclature used in
Figs.4.3-1, 4.3-2, and 4.3-3,

y(tg) = @ly), xtyh CSM state vector maintained in the
CcMcC
y_l(tl) = (J:(tl), ¥ (tl)) pre-return state vector
Yo (tl) = (_g(‘c1 ), Yo (tl)) post-return state vector
:_y_(tz) = (r(tz), z(tz)) state vector at reentry
X(tz)PRE final state vector of a precision
" trajectory
Reon final radius of a conic trajectory
RPRE final radius of a precision trajcctory
RD desired final radius (reentry radius)
7)) con final flight path angle of a conic trajectory
¢ ty )D , desired final flight path angle
Y(tz)PRE final flight path angle of a precision
trajectory
x(tl) cotangent of the post-return flighi
path angle
Av impulsive velocity change
Avp desired velocity change
€, toe; tolerances
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time of flight (t5 - tq)
counter-

0 initial conic phase
flag set to

1 precision trajectory phase
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5.4.3.3.2 Discussion of the Conic Phase

The following discussion is intended to supplement the
information contained in Fig, 4. 3-1.

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

coverges on a suitable initial conic trajectory.

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

required velocity change.

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

return trajectory, will follow later in this section.

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

calculation of a numerically integrated trajectory.
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4
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FIGURE 4.3-1 SIMPLIFIED LOGIC DIAGRAM OF RETURN TO EARTH TARGETING

5.4-52

Rev. 5 - 3/69

Proceed




5.4.3.3.3 Discussion of the Precision Phase

The following discussion is intended to supplement the

information contained in Fig. 4,3-2.

The numerically integrated trajectory must satisfy the
reentry constraints achieved by the initial conic trajectory and
meet the AVD requirement as closely as posgsible, An iterative
procedure is again employed to generate this trajectory. The
post-return state vector of the previous conic trajectory is used
to initialize the Coasting Integration Routine. The integration
proceeds until the desired reentry flight path angle has been
achieved, The reentry radius of the next conic trajectory is then
offset to compensate for the error in the reentry radius of the
numerically integrated trajectory. An iterative process has now
been initiated which converges to the precise trajectory which
meets the objective velocity change and the reentry constraints.
Next a target is computed for the Lambert Aimpoint Powered Flight
" Routine, the landing site is calculated, and the results are displayed.
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5.4.3,3.4 Discussion of the Conic Routine

The following discussion is intended to supplement the in-
formation contained in Fig.4.3-3.

The conic routine solves the following two conic problems.
(1) Given an initial position vector (E.(tl))‘ a pre-return velocity
vector (zl (tl)), a final flight path angle ('y(tz)CON), and a final radius
magnitude (RCON)’ compute a post-return velocity vector (Xz(tl))
which minimizes the velocity change (Av).
(2) Given the above quantities, compute a post-return velocity vector

(22(’51)) which meets the objective velocity change (AVD).

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

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

from exceeding the maximum allowable reentry velocity.

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

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

tory may be nearly circular, and will pass through the desired
reentry flight path angle twice at nearly the same radius. Additional
limits on x(tl) are computed to prevent conic trajectories generated

during the search for a numerically integrated trajectory from os-
. ciliating between these two solutians.
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ENTER
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In all cases the x(tl) - Av iterator is used to compute a
post-abort velocity vector which requires a minimum Av. In the
event that a time critical answer is required, another iteration using
the x(tl) - Av iterator will be made to compute a post-return velocity
vector which requires a Av equal to Av. If the velocity change de-
sired is less than the minimum required, the second iteration will
be omitted.

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

This section contains logical flow diagrams of the
outside the sphere portion of the Return to Earth Targeting
Program, Some items not fully discussed in the text are ex-
plicitly illustrated in the diagrams, Certain self contained
procedures are detailed in the next section,
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5.4,3.4.1 Nomenclature

" A list of the nomenclature used in this section and

not previously defined follows.

tIG desired ignition time
t21, time of flight (’c2 - ’cl)
0 for earth
p(t) primary body
» 1 for moon
x(‘c1 )LIM limit on the cotangent of the post-

return flight path angle

X(tl)MAX’ X(tl )MIN upper and lower bounds on the cotan-

gent of the post-return flight path

angle
Ax(tl) ‘ change in x(tl)
Ax(tl)MAX maximum allowed change in x(tl)
x(t,) final cotangent of the flight path
angle
X(tZ)PRE final cotangent of the flight path angle
for a precision trajectory
PcoN semi-latus rectum of a conic trajectory
‘ RERR precision trajectory reentry radius
error
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MAl’ MA2

|5

earth's gravitation constant

maximum major axes

normal vector

+ 1 near apogee solution

- 1 near perigee solution

precision trajectory direction switch
iterator mode flag
counters

intermediate variables
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5.4.3.4.2 Discussion of the Logical Flow Diagram

The following discussion is intended to supplement

the information contained in the referenced diagrams,

Three inputs are required in addition to the CSM state
vector (Fig. 4.3-4 ). They are the objective velocity change de-~

sired (AVD), the desired time of ignition (t and the reentry

),
angle (v (‘c2 Jp). The reentry angle should i%minally be set to
zero, allowing the program to compute a reentry angle in the
center of the reentry corridor. The astronaut may select the
reentry angle if a minimum Av solution lying on the edge of the
reentry corridor is required. This may be necessary in the event’
the reaction control system is used for the return. See Fig. 4.3-15

for a detailed explanation of the reentry angle calculations.

The Coasting Integration Routine is used to advance the
state vector to the desired return time. A check is made to insure that
the state vector is not inside the moon's sphere of influence, If
the state vector is outside the sphere of influence, precomputations
are executed. They are explained in detail later. A conic trajectory
is then generated which satisfies the estimated reentry constraints
and Av. requirements. The procedure CONICRETURN,which com-

D
putes the initial state vector of this conic, will be discussed later.

The Time Radius Subroutine, described in Section 5. 5. 8, is used
to compute the time of flight to the desired radius and advance the

state vector through that time of flight.

Based on this final state vector (Fig.4.3-5), a new reentry
radius (RCON’) and a new value for the cotangent of the reentry flight
path angle (x(tz')') can be computed, If they are sufficiently close to
the previously used values, the conic trajectory is accepted. Other-
wise a new conic is computed which satisfies the new reentry con-
straints. A counter is employed to protect against an excessive

number of iterations.
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If the initial conic is accepted, an estimate is made of the
latitude and longitude of the landing site. For long flight times,
however, differences in time of flight between the conic and numer-
ically integrated trajectory will cause an error in the conically
estimated landing site longitude. The results of the preceding cal-
culations are displayed, and based on this information the astronaut
may elect to proceed with the calculation of a numerically integrated
trajectory or exit the prograni. As explained in Section 5.4.3.3, re-
turn trajectories from near earth orbits may be nearly circular,
and therefore pass through the desired flight path angle twice with
approximately the same radius. The unique solution reached by the
initial conic is tested to determine whether the final state vector was
achieved during the first or second pass through the desired reentry
flight path angle. A switch qbz is set appropriately, and with one ex-
ception all succeeding precision and conic trajectories are required
to behave in a similar manner. The exception will be explained" in

detail in Section 5.4.3.4.3.
The post-return state vector of the conic trajectory is now

advanced until the desired flight path angle of reentry is reached
(Section 5. 4. 3. 5)}. A radius error will exist between the desired
final radius (RD) and the final radius magnitude of the numerically
integrated trajectory. If this error is small, the precision trajec-
tory is accepted. Otherwise a new conic trajectory is generated
which uses an offset final radius magnitude. If the error in the final
radius is small, a final check is made to insure that the reentry flight

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

The procedure CONICRETURN, illustrated in Figures
4,3-7 and 4,3-8, is used to generate initial state vectors for
the Return to Barth Targeting Program.- Equations required to
initialize CONICRETURN each time it is used are described in
Section 5.4.3.5." The conic problems solved by the routine were
deseribed in Sectjon 5.4.3.3.4. c

The logical structure shown in Figs. 4.3-7 and 4.3-8
is based in the following facts.

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

velocity vector has a negative radial component.

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

component.

As explained in Section 5.4.3.3.4 and 5,4.3.4.2,
is necessary to compute additional bounds on x(tl) during the
search for a precision trajectory. The logic used to do this is

shown on the lower portion of Fig.4, 3-7.
A check is made to determine whether the locus of
possible solutions includes trajectories which achieve the radius

Reon
variable B, will be positive*,

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

*With one exception every conic solution generated by this routine
achieves the desired reentry flight path angle ('y(tz)) twice during
the passage from apogee to perigee. The first time v (t9) is
reached during the passage from apogee to perigee will be re-
ferred to as near apogee, and the second time will be referred
to as near perigee. The desired reentry angle will be achieved
only once if v (tz) equals.the maximum flight path angle of the
conic.
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If BG is negative, only near perigee solutions are pos-
sible and hence no additional bounds on x(tl) are computed. The
initial conic trajectory may have achieved the desired reeniry
flight path angle near apogee, however, and this type of solution
is no longer possible due to a change in RCON' This is the one
exception mentioned in Section 5.4.3.4.2. The value of ¢2 must
be set to -1, forcing all subsequent conic solutions to reach the
desired reentry flight path angle near perigee,and then the entire

precision trajectory phase is recycled.

If [36 is positive, it is used to calculate X(tl)LIM'
Three types of solutions may exist.

(1) - x(t <xlty) < x(t))

1)LIM LIM
If x(tl) takes a value in this region, the desired
reentry flight path angle (7(1:2)) will be achieved

near apogee.

(2) x(tl) < - X(tl)LIM or X(tl)LIM < x(tl)

If x(tl) takes a value in these regions, the desired
reentry flight path angle (’y(tz)) will be achieved

near perigee.

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

mum angle achieved by the conic.

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

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

minimum Av solution.

If the program is being operated in the time critical

mode, the x(tl) - Av iterator will be used to compute a solution

requiring a velocity change equal to the objective velocity change.
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5.4.3.5 Detailed Flow Diagrams

Certain portions of the flow diagrams mentioned in the

previous sections are illustrated in Figs. 4.3-11 through 4. 3-24,

A list of nomenclature used in the following diagrams

and not defined previously follows:

by radius ratio
P semi-latus rectum
@ 1/semi-major axis
ry (t2) target aim point
LS vector through landing site
61,0NG landing site longitude
81, AT landing site latitude
m mass flow rate
F thrust
0 RCS jets
f3 flag set to
1 8PS engine*
f4 flag set for transearth coast
slowdown (-Av,y)
+1 posigrade
f5 flag set to
-1 retrograde
tLS time of landing
AtB length of burn
AKLV velocity change vector in local vertical
coordinates
aMa middle gimbal angle
61’ 62, 63 intermediate variables
At21 adjustment of t21
AR change in the final radius of a conic
CON trai
rajectory
=0 AUGEKUGL entry range used
P37RANGE
#0 actual entry range used
5.4-T1
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The diagrams are essentially self-explanatory;

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

‘

Precomputations

The equations illustrated in Figure 4. 3-11 are used to
compute basic variables required during the remaining portions
of the program.

As mentioned in the introductioxi, the pre-return and
post-return state vectors are réquired to lie in the same plane.
If the pre-return position and velocity vectors are nearly
colinear, the plane of the return trajectory will be defined to

prevent reentry near the earth's poles.

Retrograde return to earth trajectories are not allowed.

Final State Vector Computation

The method illustrated in Figures 4.3-12 and 4.3-13 is
used to extrapolate a post-return state vector to the desired

reentry flight path angle. An iterative procedure is again used.

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

If the desired cotangent of the reentry flight path angle
is not achieved, an iterative procedure is started. This
procedure uses Conic Subroutines to compute the time of flight

(At21) to the desired reentry flight path angle.
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Pra=hg-1

Aty) = #4819y

r
By =Bty /0ty

YES NO
) R * B Rppy r
’ B14'10 314-'06
| '
;
NO YES

Cull coasting integration routine
o 2ltyh ¥lty), pltg), {ty + &ty))

Resume
ty xlty)e ¥ity). plty)

Fig. 4.3-12

FIGURE 4.3-13 FINAL STATE VECTOR COMPUTATION
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2
R - —(P—-)—RD '
CON ;

PRE

coN ~ Rcon ™~ Bp

AR

con =3 RL‘RR

Rcon = Reon * ARpon

"ere' = RpRE
n, =m; ¢ 1
. ’ EXIT

| FIGURE 4.3-14 NEW Ry COMPUTATION
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x(t,) = cot(90° - —y(.t?}D)

x(t,) = k

x {ty)

)\
NO
it = 0

Py

!

YES

x{t,)' = xit,)

vity) - F¥tep) |

x{t,)! = D) + Dyvit,) + Dy (vity)) 2:p L (ve) 3

rity)y
=

aln L =

1

COMPUTE e
Eq. (5.3.1)

Rieon = 7F " Ea

l EXIT

FIGURE 4.3-15 REENTRY CONSTRAINT COMPUTATION
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ENTER

rity),

Call time~radius

vity), (rlty) - 30480),-1, .

Resume

t32» L(t3)1 -Y-(t3)

YRy

V(tg)

FPA

B

= UNIT (c(t,))

|v(t;)]/0.3048
Upy - ¥ty
vity)

i =1
= §7.2957795 sin ' (Spp,)

Call AUGEKUGEL (Fig. 6.10-8)

‘PE = P37TRANGE

vity), g

Resume

(pe’ te

37TRANGE = 030

YesP
ts T oty ity
S¢, = sin(.00029088821 ¢}
Cp, = cos(.00029088821 ¢ )
Upg = UNIT [(nlty) x vity)) x rity)]
ELS * ER:} C(pe + EHB S‘Pe

Call LATITUDE-LONGITUDE Subroutine

‘Hrsetis

. Resume

9.at9%.0nG

EXIT

Figure 4.3-16 Landing Site Computation

Revised COLOSSUS

5.4-78

[ ] Added  GSOP #R-577 PCR # 261

Rev. 5 Date 11-19-68




‘

ENTER

LV \5 =

- Av = (f Av . Y 0, _AK' Erl)

A

4

e,) = 90° - cos™! (UNIT (x (ty)) - UNIT (¥ (£)) )

Revised

D Added

0

Display

Lat ‘Long’ YLy
vit), ¥ (t,), tyy, Ay

EXIT

FIGURE 4.3-17 RETURN TO EARTH DISPLAY
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l ENTER

A =r(t))/R

CON

YES

-

No Solution.
NO State Vector
Below 400, 000 ft

2

= 2 r(t; Hx-1)
0, =Viug/ £ (t))

Pro=Ps

- v
fz =0 4 Abort with
2 ’ ' Alarm Code 00610
[31 14 x(tz)
55 = {K)ﬁl
91 = ﬁs X -1
‘6

MA1 - r(tl)

-1

MA, - Roon

NO /t\ YES
B..>0

10 "

x(tl)MIN =0 X (tl)MIN = —‘\’/B 10
g | ;
Y
Ax(t,)} * -x(t.) /
 Umax Uy / 16
i MA, -r(t))
Pro=Ps {|————| -1
MA,;-Raoy
NO YES
“ B >0
X(t) =0 x(t,) = /P
'max Vmax 10
EXIT
Figure 4.3-18 Conic Initialization
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XVITERATION l ENTER

Av calculation
Fig. 4.3-21

By = Xt yax ~ % )

NO
EXIT
[exep 5 ]
x (t,) =—— SIGN (Ax (t,)}
YES
I
9 = Bg +1 |
NO . YES
n, > 144

avl = Ay
x (t]_)l -x (tl) No solution -

. too many
x (t) = x {t)} + &x (1)) iterations

Av calculation
Fig, 4.3-21
YES _/\ NO
1, = 4] - by > Ay —
NO YES
’ - Ax (t,}
Avgrp = AVp T AY l ax {t)) = —*2“-1- l
L Fig. 4.3-20 Fig, 4.3-20 M

FIGURE 4.3-19 x(tl) - Av ITERATOR
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. xdt) - x4 )
Ax{tl) Av - Av! AYERR

axtt)|> Axt by ax

axit,) - At(tl?w SIGN {axit,))

J

Bg=xit)+11ax()

FIGURE 4.3-20 x(tl) - AV ITERATOR
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ENTER

: I T

Pcon ] - (x t,) )2

¥, () = O5/Pcow (% &) 8y ¥ier)
by =y, () - vy ()

av = {Ay|

EXIT

FIGURE 4.3~21 Av CALCULATION
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ENTER

B, = [x fty) = x (¢

NO

Br>2ax ity

xty) = x (¢}

. Av calculation y
Fig, 4.3-21

FIGURE 4.3-22 LIMIT x(tl) CHANGE
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ENTER

0 Call Kepler gubroutine
ity vy () by b
Resume
Iy (tz)

i

k = -u cos 7.5° -y sin 7.5° !

CALL TIME-THETA
ity ¥, &,) 8in 8, cos 8 , fg = 0

RESUME tyye wity)

Call MIDGIM subroutine
Ay

‘ Resume
AMG

Input
NJETS

f3e

. Ve = Ve {RCS)
m = NJETS Mpes

EXIT

e Figure 4.3-23 Target Computation
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ENTER

Dx(tz) =

x(t

2’ERR ' Pxlty)! - x(ty)

Dx(ty) = x(ty)ppp x(ty) o X(

t

)!
2'ERR

'

() prr ~ X)) gy
x(tz)

x(t2) + Dx(tz)

x(t

}]

2"
x(tz)

Econ * Reow 1

1 n1+1

n

EXIT

{

FIGURE 4.3-24 NEW x(tz) COMPUTATION
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