













































































































































































9.0 TRANSLUNAR PHASE

5.1 INTRODUCTION

The translunar phase of the Apollo lunar mission is defined as beginning
at the end of the injection burn and ending at the beginning of deboost into the
lunar parking orbit. During this phase the MSFN (Manned Spaceflight Network)
will be the prime source of navigation data. The purpose of the study presented
in this chapter is to evaluate the capability of determining the translunar orbit
using data from the MSFN.

Several operational modes (e.g., single and multiple station tracking) have
been simulated in this study and some conclusions concerning the operational
use of the MSFN have been reached.

The study was conducted with certain assumptions concerningthe accuracy of
the MSFN and with a linear error analysis program based on a weighted least
squares filtering technique. |(Referencel) This error analysis program was used to
evaluate the capability of determining an orbit with data of the assumed character-
istics and with a filter which ignored the assumed biases. Further discussion of
the assumed data characteristics is contained in the paragraph below. It should
be noted that the Apollo real time orbit determination program will account for
some bias effects by adjusting the measurement data weighting scheme or by
solving for the known biases explicitly or, more probably, by using some combina-
tion of these two techniques. Consequently, the results reported below are con-
sidered to be conservative and are subject to change as further studies are conducted.

5.2 ASSUMPTIONS

The assumptions on which this study was based are consistent with
Reference 2. For convenience, however, the uncertainties in station locations,
gravitational constants of the earth and moon, and the noise and biases of the
MSFN data are shown on each graph as they are applicable. Other assumptions
which should be noted are:

1. The translunar trajectory is of the free-return type with a perigee of
80 - 108 nm and a perilune of 80 + 5 nm. Figure 5.1 is an illustra-
tion of this trajectory showing the planned maneuvers.

2. The results for tracking ship capabilities assume two co-located ships
at 20 degrees north, 130 degrees west with USB systems; the difference
between them being in the level of uncertainty with which their locations
are known and the noise and biases of their data.
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5.3 RESULTS

To facilitate the studying and reporting of the MSFN performance, the
translunar phase has been divided into five legs. These legs begin and end with
one of the planned maneuvers (e.g., injection, transposition and docking, mid-
course correction, and lunar deboost), and are defined as follows:

Leg 1 - From end of injection burn to initiation of transposition and docking.

Leg 2 - From end of transposition and docking to initiation of first mid-
course correction.

Leg 3-From end of first midcourse correction to initiation of second
midcourse correction.

Leg 4 - From end of second midcourse correction to initiation of third
midcourse correction.

Leg 5 - From end of third midcourse correction to initiation of deboost
into lunar parking orbit.

Each of these legs is nominally associated with a time from injection as
shown by the upper scale of the schematic below. The lower scale of this
schematic defines the time scale which is used in preparing the graphs of the
results of this study.

INJECTICON ENTRY INTO LSOl pERILUNE ARRIVAL
TIME SCALE l [ I
FOR TRANSLUNAR PHASE 0 20 40 | 60 hr
| | T
LEG1 | (3 MINTO 24 MIN)
LEG 2
LEG 3
LEG 4
50 hrs =‘|
LEG 5
TIME SCALE FOR | | |
LEGS 1,2 AND3 O 20 40 50 hr 60 hr
L
TIME SCALE FOR LEGS 4AND 5 0 10 hr

The uncertainties that are depicted in the graphs are computed at various

times in the legs and an explanation of the annotation of these computations is
given on the following page.
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t = 0 This statement on a graph indicates that the uncertainties
are of the orbit parameters at the beginning of the leg.

t + 30 min. This statement indicates that uncertainties are of the
orbit parameters at 30 minutes after the time against
which they are plotted. This illustrates the accuracy
with which an update of the onboard system can be
made after a period of tracking, data processing etc.

Entry into LSOI = This statement indicates that the uncertainties are
computed at the LSOI (Lunar Sphere of Influence).

Perilune Arrival This statement indicates that the uncertainties are
computed at the nominal time of arrival at the perilune.

In all of the above cases the uncertainties are plotted on the same time
scale as the radar coverage periods and, thus, one can determine how the MSFN
navigation capability varies with tracking time and with tracking coverage.

5.3.1 Leg 1 — Navigational Accuracies at Injection
The results of the analysis for this leg illustrate the MSFN performance
in the determination of position and velocity at injection and show the effects of

these uncertainties in predicting the vehicle's position and velocity at the nominal
time of entry into the LSOI.

The following eight cases (operational modes) were considered in the
analysis.

Case 1: Two C-band radars tracking; the first from three to seven minutes
and the second from seven to 24 minutes.

Case 2: The same as Case 1 with two USB Systems replacing the C-band
radars.

Case 3: Three C-band radars tracking; the first from three to seven
minutes, the second from seven to fourteen minutes and the third

from fourteen to 24 minutes.

Case 4: The same as Case 3 with USB Systems replacing the C-band
radars.

Case 5: Ship A (USBS) tracking from three to 24 minutes.
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Case 6: Ship B (USBS) tracking from three to 24 minutes.
Case 7: One USB System tracks from 10 to 24 minutes.

Case 8: Ship B tracks from three to ten minutes and the USB System of
Case 7 tracks from 10 to 24 minutes.

The uncertainties in position and velocity tor Cases 1 through 8 are

referenced to t = 0 (Figures 5.2a, 5.2b, 5.3c, and 5.3d, respectively).

The uncertainties in position and velocity for Cases 1, 2, and 5 through 8
are propagated to the LSOI where entry into the LSOI is assumed to occur 50
hours after injection (Figures 5.2e and 5.2f).

5.3.2 Leg 2 — Navigational Accuracies for the First Midcourse Correction

The results of the analysis for this leg of the translunar phase illustrate
the accuracy with which the position and velocity of the vehicle can be predicted
30 minutes in advance and at the LSOI.

The following seven cases (operational modes) were considered in the
analysis for this leg.

Case 1: Texas tracking with no a priori knowledge at the beginning of
track.

Case 2: Case 1 with a priori knowledge.

Case 3: Texas and Antigua tracking simultaneously with no a priori
knowledge at the beginning of track.

Case 4: Case 3 with a priori knowledge.

Case 5: Madrid, Ascension and Canary tracking simultaneously with no
a priori knowledge at the beginning of track assumed.

Case 6: Madrid, Texas, and Ascension tracking simultaneously without a
priori knowledge.

Case 7: Madrid and Ascension tracking simultaneously without a priori
knowledge.

The uncertainties in position and velocity are propagated to t + 30 minutes
for all seven cases (Figures 5.3a and 5.3b) and propagated to the LSOI for cases
1, 3, and 5 through 7 (Figures 5.3c and 5.3d).
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5.3.3 Leg 3 — Navigational Accuracies at the Second Midcourse Correction

The results of the analysis for this leg illustrate the accuracy in pre-
dicting the vehicles' state vector thirty minutes in advance of MSFN tracking
and at the LSOI.

Three cases were simulated in the analysis for this leg and are as follows:

Case 1: Texas, Canberra, and Madrid alternating after each radar has
tracked for several hours and with no a priori knowledge.

Case 2: The same as Case 1 with a priori knowledge.

Case 3: Texas, Antigua, and Hawaii alternate at the end of each hour and
no a priori knowledge is assumed. The analysis for this case
extended over a five hour interval which is sufficient to study
the effects of a more frequent alternation of stations.

The uncertainties in position and velocity (Figures 5.4a and 5.4b) are
propagated to t + 30 minutes for all three cases and to the LSOI for Case 1 only.
5.3.4 Leg 4 — Navigational Accuracies for the Third Midcourse Correction

The results of the analysis for this leg illustrate the accuracy in predicting
the vehicular position, velocity, and selenocentric radius 30 minutes in advance
of MSFN tracking and at perilune.

Two cases were simulated in the analysis for this leg and are as follows:

Case 1: Three radars tracking simultaneously with no a priori knowledge.

Case 2: The same as Case 1 with a priori knowledge.

The uncertainties in position, velocity, and selenocentric radius are
propagated to t + 30 minutes (Figures 5.5a through 5.5¢, respectively) and to

perilune (Figures 5.5d through 5.5f). In all cases the orbital parameters are
referenced to a selenocentric coordinate system.
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5.4.1 Leg1

The first four cases (Figures 5.2a and 5.2c) represent multiple tracking.
As might be expected, three stations are shown to be better than two. However,
general conclusions concerning the relative merit of C-Band radar and USB
Systems cannot be made because the errors vary so markedly with tracking
time and period or propagation. The results from the next four cases (Figures
5.2b and 5.2d) are markedly poorer than for the first four.

It is interesting to compare Ship A, which is equivalent to a land station
in tracking capability, with the HAW USBS at seven minutes. The only difference
between these two solutions is their viewing angles (the vehicle is setting for HAW
and rising for the ship). HAW yields a better local uncertainty (at t;) but a
worse propagated uncertainty (at t, o, ).

Similarly, GST tracking from 10 minutes to 24 minutes yields a better
solution at t, than does Ship B, which tracks from 3 to 24 minutes, but at t; 4,
Ship B's solution is considerably better. This makes it difficult to determine
which tracking situation yields the best solution since a great deal depends upon
the propagating effects.

A USBS solution is greatly enhanced after a second station has viewed
the vehicle. The GST and Ship B combination is better than Ship A alone and
much better than either GST or Ship B alone. Notice also that the Ship A, Ship
B, or GST solution does not improve significantly after ten minutes of tracking.

5.4.2 Leg 2

In the hour to hour and a half following transposition and docking, the
three station solution is clearly better (Figure 5.3a) than that of two station or
a one station, even when the other two solutions use a priori knowledge. Within
25 minutes, the three station solution can predict the position at t, . to within
486 nm (900 km). This is with no a priori knowledge at the beginning of track.
Tracking an additional hour only improves position uncertainties to 270 nm
(500 km). The corresponding velocity uncertainty at t, ,q; is less than 14 ft/s
(4 m/s) after 25 minutes and less than 7 ft/s (2 m/s) after 1 hour and 25
minutes of tracking.

5.4.3 Leg 3

Stations were alternated during the 48 hour period between first and
second midcourse corrections. It is seen that by the time a second station tracks,
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the effect of a priori information is overcome and the position uncertainties at
t + 30 varies between 13.5 nm (25 km) and 54 nm (100 km) all the way out"

to the L.SOT (Figure 5.4a). For the last ten hours of the leg, the uncertainties
at t + 30 and the uncertainties propagated to 1.SOI are nearly the same.

The velocity uncertainties at t + 30 show a slightly decreasing charac-
teristic after two stations have tracked, going from 5 ft/s (1.5 m/s) to 0.7 ft/s
(0.2 m/s) (Figure 5.4Db).

If a more rapid reduction in the uncertainties of the orbital parameters
is desired then at least three stations should track alternately with a period of
approximately one hour.

5.4.4 Leg 4

In this leg the uncertainty in knowledge of position and velocity at t + 30
can be brought below 27 nm (50 km) and 20 ft/s (6 m/s), which implies an un-
certainty of 73 nm (136 km), 295 ft/s (90 m/s) and 16 nm (30 km) in position,
velocity, and altitude respectively at perilune arrival.

It is observed that the uncertainties for the case with poor a priori
knowledge and the case with no a priori knowledge converge to the same level
of uncertainty by the end of about four hours.

5.4.5 Legh

In this leg after 2-1/2 hours of tracking the knowledge of position and
velocity at perilune can be known to within 400 nm (720 km) and 3000 ft/s (900
m/s). Little of this uncertainty is in perilune altitude (uncertainty 2.7 nm (5
km)) and ground speed (uncertainty 16.5 ft/s (5 m/s)). The uncertainties in
perilune conditions are very interesting because it is now likely that the third
midcourse correction will be made one hour prior to perilune arrival and must
guarantee a perilune altitude to within 5 nm (9.3 km) of nominal.

By the time of loss of sight, or 20 minutes before perilune arrival, the
uncertainties in perilune conditions are less than 54 nm (100 km) in position,
197 ft/s (60 m/s) in velocity, 3.3 ft/s (1 m/s) in speed, and 0.5 nm (1 km) in
altitude.

During the last four hours, the use of angular measurements speeds up
the convergence. However, if a realistic a priori knowledge had been carried
over from the previous 56 hours of tracking then angular measurements may
not have been necessary.
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5.5 CONCLUSIONS

The assumed noise, systematic biases, and uncertainties in location for
the ship's tracking data (Ship B) degrades by a factor of 2 the accuracy with which
position and velocity can be determined over the accuracy resulting from a
ground station with a tracking geometry identical to the ship's.

In comparing the graphs of Figures 5.2a, 5.2d, 5.4a, and 5.4d, it is observed
that alternating the tracking assignments of stations significantly reduces the
uncertainties in the state vector.

The results for leg 5 %(Figures 5.6a through 5.6d) show that angle measure-
ments taken at lunar distance are useful for rapid convergence. However, the
results depicted on these same figures show that all four operational modes
(with and without angles, with and without a priori knowledge) converge to the
same uncertainty level before perilune arrival.

After tracking from injection to initiation of transposition and docking
the uncertainties in position and velocity at injection are 0.4 nm (6:74 km)
and 10 ft/s (3.0 m/s) if data from land based USB Systems are used and 17 nm
(31 km) and 300 ft/s (91 m/s) if ships data are used. These uncertainties, when
projected to the LSOI, are 165 nm (306 km), 9 ft/s (2.7 m/s) and 1400 nm
(2600 km), 30 ft/s (9.1 m/s) respectively.

The uncertainties in position and velocity for the first midcourse correction
“are 44 nm (82 km) and 20 ft/s (6.1 m/s) resulting in uncertainties of 270 nm
(500 km) and 6 ft/s (1.8 m/s) when projected to the LSOL

The uncertainties in position and velocity for the second midcourse cor-
rection are 13.5 nm (25 km) and 2 ft/s (0.6 m/s).

The uncertainties in position, velocity, and radius for the third midcourse
correction are 25 nm (46 km), 22 ft/s (6.7 m/s), and 8.5 nm (15.7 km), respectively,
and the corresponding uncertainties at perilune are 71 nm (130 km), 280 ft/s,

(85 m/s) and 16.5 nm (31 km).

The uncertainties in position, velocity, radius, and lunar ground speed
at perilune arrival, based on tracking up to 20 minutes before perilune arrival
can be known to within 54 nm (100 km), 175 ft/s (53 ,m/s), 2 nm (3.7 km), and
7 ft/s (2.1 m/s).
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5.6 APPENDIX A, COORDINATE SYSTEMS
5.6.1 Station Location Coordinate System

The coordinate system is earth centered with the X-axis through the
prime meridian, the Z-axis in the direction of the earth's angular momentum
vector, and the Y-axis such as to form a righthand orthogonal system.
5.6.2 Vehicular Coordinate System

The coordinate system is an earth or moon centered (depending on the
reference body) non-rotating system with the X-axis pointing toward the vehicle
at time t = 0, the Z-axis in the direction of the orbital angular momentum vector,
and the Y-axis such as to form a right-hand orthogonal system.
5.7 APPENDIX B, TRAJECTORIES

5.7.1 Trajectory A (For analysis of Legs 1, 2, and 3)

This trajectory is an earth referenced conic section generated from the
following initial conditions.

At Inclination to earth Radius Tangen‘tlal Radl‘fﬂ
Time equatorial plane (nm) Velocity Velocity
: P (ft/s) (ft/s)
0 32.47° 3613.15728 | 35325.436 | 4087.31952
Subvehicle Point
Latitude Longitude
14.16943°N 157.934°W

The vehicle is ascending in its orbit at t = 0.

5.7.2 Trajectory B (For analysis of Legs 3 and 4)

This trajectory is a moon referenced conic section generated from the
following initial conditions:
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Vehicle with Respect to Moon

At Inclination to moon Radius Tangen.t ial Radl?d
Time equatorial plane (nm) Velocity Velocity
E (ft/s) (ft/s)
0 177° 27013.2246 -4154.373 318.935

Subvehicle Point
Latitude Longitude

2.26°N 54.2°W

This trajectory will have a perilune latitude of 0.0°, a perilune radius of 1022.87556
nm, and a total flight time of 10 hours from LSOI to perilune arrival. The
vehicle is ascending in its orbit at time t = 0.

Moon with respect to the Earth

M i bital Inclinatio
Earth-Moon Distance Sublunar Point aody ) Rl cHnation
to Earth's Equator
207,577.08 nm 15°N, 125°E 28.67°

The moon is ascending in its orbit about the earth.

5.8 APPENDIX C, COMPONENTS FOR ASSUMED A PRIORI KNOWLEDGE

Position (nm) Velocity (ft/s)
% Uy U % Uy T
Leg 2
b1 13 5l 3.84 3.64 5.54
Leg 3
.66 .54 1.42 .34 44 2.09
Legs 4 & 5
10.8 10.8 21.6 6.56 6.56 13,12
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5.9 APPENDIX D, CHECKOUT PROCEDURES

The error analysis program that was used to obtain the results presented
in this chapter has been thoroughly checked out during the past two years. In
addition, results from the program compare favorably with orbital accuracies
based on real time data (Ranger and Gemini) for earth orbits. The same assump-
tions were made for this study as were made in the comparison and therefore
the results presented in this chapter are considered to be conservative estimates
of the capability of the MSFN.

5.10 REFERENCES

1. "Description of Orbit Error Analysis Program," Volumes 1 and 2, Bissett-
Berman Corporation, Santa Monica, Calif., July and August, 1965.

2. MSC-GSFC, ANWG Report No.65-AN-1.0, ''Appolo Missions and Navigation
Systems Characteristics,'" Feb. 5, 1965.
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