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FIXED-ANGLE TRANSLUNAR GUIDANCE PROCEDURES
USING ONBOARD OPTICAL MEASUREMENTS

By Harold A. Hamer and Katherine G. Johnson
Langley Research Center

SUMMARY

Onboard procedures requiring only a few optical measurements and simple calcula-
tions have been developed for midcourse and approach guidance for translunar trajec-
tories. The midcourse-guidance procedure is based on an optical range measurement to
earth. The approach-guidance procedure requires a star-to-body measurement and may
require a range measurement, depending on the distance to the moon. This procedure is
developed whereby either one or two approach-guidance maneuvers are applied, depending
on the accuracy desired as well as the distance to the moon. In both the midcourse and
approach procedures, the direction of the velocity correction is predetermined — hence
the expression "fixed-angle guidance."

Inasmuch as the range is the critical measurement for the midcourse guidance, a
method was established for updating range information from measurements made close
to the earth where the accuracy is greatest. This technique triples the accuracy of the
guidance measurement at the time of the midcourse maneuver.

An error analysis with several one-sigma magnitudes assumed for midcourse mea-
surement error showed that the onboard procedures were adequate for simplified control
of translunar traj'ectories. The analysis showed that perilune radius can be controlled to
a one-sigma accuracy of about 30 km. The approximations made for the midcourse pro-
cedure are the dominant error source in controlling perilune radius; the effects of mea-
surement error and maneuvering error are also discussed. For the bulk of the error
analysis, perilune was selected as the midcourse aim point, It was determined that
accuracy of perilune radius could be improved by guiding to an aim point at the lunar
sphere of influence and incorporating a second midcourse correction.

INTRODUCTION

At present, manned lunar missions are planned to terminate in 1972, It seems
inevitable, however, that future generations will conceive manned missions to study and
exploit the moon on an ever increasing scale, Whenever such intricate missions are
flown, problems can develop in guidance and control of the spacecraft, such as failure in




the ground-based radar or loss of communications. Hence, it is desirable to have emer-
gency onboard guidance procedures capable of guiding the spacecraft safely to its destina-
tion, Extremely simple procedures are presented in this paper for application to earth-
moon trajectories. It is possible that the procedures could be adapted to control the
trajectory completely from translunar injection to perilune.

The results reported herein are based on trajectory data and procedures developed
in references 1 and 2. In reference 1 an onboard midcourse procedure was devised which
determines the magnitude of the guidance velocity as well as its three -component direc-
tion, by measuring several different star-to-body angles. Reference 2 developed an
approach-guidance procedure which can be applied within the lunar sphere of influence to
correct the errors incurred at midcourse.

The midcourse procedure described herein requires only a range measurement to
predict the midcourse-guidance correction. '"'Fixed-angle guidance" signifies that the
velocity-correction vector is applied in the same inertial direction for all perturbed tra-
jectories, The approach procedure is essentially the same as that of reference 2, except
provision is made for incorporating a second approach-guidance correction. As in the
case of the midcourse guidance, the direction of the approach velocity-correction vector
is inertially fixed for all trajectories,

The accuracy characteristics of the method are examined by means of a Monte Carlo
error analysis. The analysis includes the effects of measurement error, velocity-cutoff
error, and approximation error caused by assumptions and simplifications made in
developing the procedures. The results were obtained by use of the Jet Propulsion
Laboratory n-body trajectory program (see ref. 3).

SYMBOLS
D position deviation in direction of specified star
AD increment in D at a given time
6D = KDy - Dy
h vector perpendicular to instantaneous earth-moon-vehicle plane, r X —l'
K desired ratio of Dy to Dy

r range to earth center (geocentric distance)



Ar

AT,

AV

AVidd

X?‘y?Z

Ax Ay AR

&)

range to moon center (selenocentric distance)

perilune radius
incremental geocentric range, ry - rp

T

incremental perilune radius, r p.n
3

pa
position deviation from nominal trajectory,
time from translunar injection

time to nominal perilune time

time of midcourse position fix

velocity deviation from nominal trajectory,

‘geocentric velocity

selenocentric velocity

perilune velocity

(sz + Ay2 + Azz)l,/z

1/2
(Af;z + Aifz + A’zz) /

velocity correction (that is, "guidance velocity')
H

additional approach-guidance velocity to account for second midcourse

maneuver

position coordinates in Cartesian axis system in which X-axis is toward the
vernal equinox, XY-plane is parallel to earth equatorial plane, and Z-axis

is in direction of north celestial pole

off-nominal position component in direction of X-, Y-, and Z-axis,

respectively — for example, AX = X4 - Xp

Ax
the vector Ay
Az



X,¥,Z velocity coordinates in Cartesian axis system

AX,Ay,Az off-nominal velocity component in direction of X-, Y-, and Z-axis,
respectively — for example, AX =%k, - X,

A%
{er the vector { Ay
AZ

B | in-plane midcourse-guidance angle (fig. 2(a))

v flight-path angle

5 out-of -plane midcourse-guidance angle (fig. 2(b))

€ eccentricity of orbit

) included angle between star and moon center

A guidance pointing angle (angle between VZ and approach ﬁ)
U product of universal gravitational constant and mass of moon
o standard deviation or root-mean-square (rms) error

Og standard deviation or rms value of s

Oy standard deviation or rms value of u

[@] state -transition matrix between times Ty and Tg

Ebl:] y [@2],@)3:] ,[:@4:] 3 X 3 submatrices in state-transition matrix

' in-plane angle between -A—VS and -\'f-n

Subscripts:

a actual value

D position deviation




F first midcourse maneuver

m measured value

n nominal value

r range to earth center

r,mc range to earth center at time of midcourse position fix
r,p perilune radius

S second midcourse maneuver

T time from translunar injection

T,F time of first midcourse maneuver

T,8 -time of second midcourse maneuver (aim-point time)
T, pf time of midcourse position fix

AV guidance velocity

o semisubtended angle of earth (used for range measurement)
] star-to-body angle

1,2 first and second approach-guidance correction times
Notation:

i ! absolute value

A bar over a symbol denotes a vector,




BASIC METHOD

Synopsis

The guidance procedures presented herein are designed to accomplish two tasks:
first, a midcourse-guidance procedure is applied to correct the trajectory to a point on
the nominal trajectory near the moon; second, the errors incurred at midcourse are cor-
rected by a lunar approach-guidance procedure to control the perilune distance. Both
the midcourse method and the approach method rely heavily on precomputed data on the
nominal {rajectory as well as on characteristics of trajectories randomly perturbed about
the nominal, This preflight computation results in rapid and simple onboard determina-
tion of guidance requirements. The n-body trajectory program (ref. 3) is used through-
out the paper in developing the procedures and in performing the error analyses.

Midcourse guidance.- In the present midcourse-guidance procedure, the only mea-
surement required for determining the midcourse correction is range. The inertial
direction of the midcourse velocity correction is the same for all perturbed trajectories
considered — hence the expression "fixed-angle guidance." Fixed-angle guidance is an
outgrowth of the onboard midcourse-guidance procedure developed in reference 1. A
midcourse maneuver is required to correct the trajectory in order to remove perturba-
tions due to errors attributed to injection and other sources., A fixed-time-of-arrival

law is used for the guidance equations., When a given point within the lunar sphere of
influence is used as the aim point, the first midcourse maneuver corrects only for the
position error at this point; a second midcourse maneuver is normally required at the

aim point to correct the spacecraft-velocity vector back to the nominal vector. The pres-
ent analysis makes use of the nominal and perturbed trajectories of reference 1; the first
midcourse maneuver is simulated at 10 hours from injection (about one-third the distance
to the moon for a 70-hour translunar trajectory). The guidance measurement is simply

a range determination and is performed one-half hour before the maneuver. For much

of the analysis, the nominal perilune is selected as the aim point and a second midcourse
correction is not included.

Approach guidance.- In the approach-guidance procedure, most of the calculations
are preflight calculations, As described in reference 2, the guidance velocity require-

ments are developed from two-body relationships, wherein a closed-form expression
relates perilune and upstream conditions. The upstream conditions can be related to
deviations from the nominal frajectory, and these deviations can be determined by 'simple
onboard optical angular measurements. At relatively large distances from the moon,
only a single star-to-body measurement is required; close to the moon an additional
subtended-angle measurement is required to determine the range.



Results obtained from Monte Carlo samples of trajectories perturbed at {ranslunar
injection, as well as at first midcourse, are used to show that within the lunar sphere of
influence, the position deviation in a certain direction predicts the perilune radius and
perilune velocity with relatively high accuracy. The variation of the deviation with the
guidance velocity required to correct the perilune distance is then derived. From this
precalculated variation the navigator determines the approach-guidance correction. The
only onboard calculation required is the simple computation of the deviation by using
optical measurements and their nominal values. In the procedure, one or two maneuvers
may be required, depending on the desired accuracy and the time selected for initiating
the approach guidance,

As in the case of the midcourse guidance, the direction of the approach-guidance

velocity vector is inertially fixed. For most distances from the moon, this selected
direction is essentially optimum with regard to the fuel requirement.

Errors considered in guidance procedures.- All major error sources were inves-
tigated. Random perturbations after first midcourse were assumed to be caused by

onboard measurement error; the effect of maneuvering errors (velocity cutoff and
pointing direction) was found negligible. Also considered were errors due to the method
of approximating the magnitude and direction of the first midcourse AV from the range
measurement. Only measurement error was considered for the second midcourse
maneuver inasmuch as this maneuver is derived from the first-midcourse -maneuver
measurements, No other errors were considered for this maneuver because it can be
combined with the approach-guidance maneuver. In the approach guidance, the following
types of errors were considered: measurement errors, velocity-cutoff errors, and
approximation errors associated with the procedure. The effect of error in the pointing
direction was found negligible. (See ref. 2.)

Thrust Assumptions

In the guidance procedure, the thrust is considered to be impulsive; that is, the
burning time is negligible relative to the trajectory time scale. Each impulsive velocity
correction is assumed to be applied in a constant predetermined direction at initiation of
the thrust maneuver. The approach velocity correction is in the nominal selenocentric
orbital plane and is perpendicular to the nominal velocity vector. Except for the effect
of velocity-cutoff error, the guidance correction is assumed to be perfectly executed.
These assumptions are all appropriate inasmuch as their effect on the overall results is
negligible.

L |




Midcourse-Guidance Procedure

General considerations.- The results in figures 1 and 2 pertain to trajectories
requiring approximately 70 hours to reach the moon (ref. 1) and are representative of
many types of translunar trajectories. Each data point signifies a trajectory which was

perturbed at injection. The injection errors were essentially spherically distributed,
having 1o values of approximately 3 km in position and 3 m/sec in velocity. These
perturbations are larger than would normally be incurred (ref. 4) and yield relatively
large values for Ar., The data in figures 1 and 2 correspond to the midcourse-guidance
equations of reference 1 in which the magnitude and direction of AV at T = 10 hours
were determined by onboard measurements to three stars at T = 9.5 hours. The aim
point was selected at nominal perilune. As is subsequently discussed, this choice of aim
point leads to some error because it eliminates the second midcourse maneuver.

The fizxed-angle procedure is based on the phenomenon that perturbed trajectories
generally yield a strong correlation between first midcourse AV and range deviation Ar,
as shown in figure 1. (Because of lower injection velocity at the moon, this correlation
does not exist for moon-to-earth trajectories; hence, the fixed-angle procedure would not
apply.) Further, the required direction of the velocity correction does not vary greatly
for the perturbed trajectories, as shown in figure 2, This figure gives the exact in-plane
and out-cf-plane angles of the guidance velocity vector required for different trajectories
of reference 1. The angles are shown with respect to the nominal velocity vector of the
spacecraft, The relatively small dispersions about the average, especially for the more
highly perturbed trajectories (large Ar), suggest the use of one inertial direction for
correcting all trajectories. Justification for this method is given in figure 3. Each data
point represents a perturbed trajectory which has been corrected by a fixed-angle mid-
course maneuver and for which no measurement or maneuver-execution errors were
assumed. The large errors in perilune radius are essentially predictable by D and
hence correctable by approach guidance. The quantity D is the deviation in a certain
direction from the nominal trajectory and is determined from onboard measurements,
as discussed in a subsequent section. Results are shown in figures 3(a) and 3(b) for two
directions chosen for the midcourse velocity-correction vector. In figure 3(a) the direc-
tion corresponds to the value noted in figure 2 as that principally used for the analysis.
For figure 3(b) another direction was arbitrarily selected for comparison. The 10 value
of the scatter of the data is indicative of the final accuracy. The small scatter error in
relation to the total error, together with the fact that the 10 values are essentially the
same in both plots, justifies the use of a compromise guidance pointing angle . Using
the compromise pointing angle with respect to V means that the midcourse AV is
always applied in a fixed inertial direction. This direction, as well as the variation of
AV with Ar, can be determined from a preflight analysis.



Limitations.- In order to apply the fixed-angle guidance technique, good correlation
between Ar and AV is required. As shown in figure 4, the magnitude of injection
error affects the correlation between Ar and AV. The 1o values for position error
and velocity error are approximately 26 km and 5 m/sec, respectively. The position
error at injection is the critical error because it can lead to the condition at midcourse
where Ar # s. Good correlation is obtained only when the position-error vector and the
range vector at midcourse lie in the same general direction; that is, Ar ~s. Examina-
tion of the data in figure 4 indicates that good correlation between Ar and AV is
obtained when s < 10 km; the correlation is marginal when 10 km <s <20 km and is
unacceptable when 20 km < s < 69.3 km. Reference 4 indicates that for normal opera-
tion, the injection errors are well below the unacceptable range. The data in figure 4
correspond to an error analysis performed on a 90-hour translunar trajectory for which
a variable-time-of-arrival law was used; results for fixed-time-of-arrival guidance are

similar,

Midcourse -guidance equations.- The guidance equations used to calculate the data
of figures 1 and 2 were derived from those of reference 1, which employed onboard mea-

surements to determine the three-component trajectory deviations. In the eguations which
follow, the measurements are replaced by the deviations obtained directly from precom-
puted trajectory data.

The equations are developed according to the following sketch:

Ts

Actual trajectory --

Earth

The deviations from the nominal trajectory at the aim point (time TS} after a
midcourse correction at Ty are

| _[BOEd| [ )

akps| |29 [24)| |5 E

where the transition matrix maps from time Tg totime Tg and where the prime
denoctes the velocity deviation immediately after the guidance maneuver. Since, for a




fixed-time-of-arrival guidance law, the objective is to arrive at the aim point on the
nominal trajectory without regard for the final velocity deviation {K}'{T S}" then
H

:A_X‘T,S} = [@ﬂ{K:ET,F} + [‘1’2]{5"—:1",}*} = {0}
(- g {Erg @

Next, the velocity deviation immediately before the instantaneous guidance maneuver

and

{5%11 F} is obtained directly from precomputed perturbed-trajectory data. The required
2 .
first-midcourse-maneuver velocity-correction vector, obtained by subtracting equation (2)

from {:&;T F}’ is therefore
3

AVE = {&‘T,F} . [@'1[@1:]{?‘;1,,1?}

In deriving the equations for the first midcourse maneuver, no provision is made
for controlling the velocity vector at the aim point. Hence, a second midcourse maneuver
must correct the velocity error induced at the aim point by the derivation of the first
ridcourse correction. From equation (1), the velocity deviation at the aim point is

(Sr.g) = [eaf{ann e} + {5

Substituting from equation (2) gives the required second-midcourse-maneuver velocity-
correction vector as

e — — -1 S
575 = {8 ) = [3g{Enr 5} - [py(20) [e){&5r 5}
By use of the inversion property of the transition matrix (ref. 5) which is
T T
e L 6
- T T
4[24
it can be shown that the expression for WS reduces to
e N7 —
AVS = -[@2 J {AXT,F}
It should be emphasized that these equations are not required onboard the spacecraft;

they are used for preflight analysis on a number of perturbed trajectories to determine
the variation of AVy (and AVS) with Ar.
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Range determination.- A summary of the accuracy characteristics of existing
methods for determining range from onboard measurements (ref. 1) is presented in fig-
ure 5. It is apparent that at Tp¢ (that is, at T = 9.5 hours), the time of the midcourse
measurement, a minimum error of about 40 km is obtained with the method which uses
the one-star measurement. (It is shown subsequently that range-determination errors
of this magnitude can be tolerated in the fixed-angle midcourse procedure.) The method
based on the one-star measurement constrains the star to lie within 10 or 20 arc seconds
of the nominal instantaneous earth-moon-vehicle plane. (See ref. 1.) The two-star
method is more practical in that the locations of the stars are not as limited. For this
method, however, the range-determination error is essentially doubled.

Examination of figure 5 shows that at the time of the position fix (T = 9.5 hours)
0p may vary from 40 to 100 km, depending on the method used. These values can be
substantially reduced as shown in figures 6 and 7. The characteristics of perturbed
trajectories permit the range deviation from the nominal value at a given time to be pre-
dicted from a range measurement at an earlier time. This prediction can be made from
data such as are presented in figure 6, which shows the average factor by which the range
deviation at Tpf increases from that at any given prior time. Figure 7 shows the 1c
dispersion of the ratio Arp of /ArT, which is an indication of the accuracy of the range
prediction. As an example, a subtended-angle measurement for range at T = 4 hours,
where this type of measurement is relatively accurate (fig. 5), gives a range -determination
error 0p of 29 km, Propagating information on the range to T = 9.5 hours (fig. 6)
results in a prediction error of 6 percent (fig. 7) leading to a value of Op mc Of 33 km.
This value (33 km) was calculated from

- 1/2
O, me = [(20)? + (0.06 x 250)?] /

where 250 km is the average magnitude of Ar at T =4 hours for the perturbed tra-
jectories considered herein.

In order to apply the fixed-angle midcourse-guidance procedure, the Ar values of
perturbed trajectories should be distinguishable above the known range-measurement
noise level. If preflight analysis of the perturbed-trajectory characteristics indicates
that this condition generally does not exist at the desired time for the midcourse correc-
tion, two alternatives are suggested:

(1) Omit the midcourse maneuver and apply only the approach-guidance procedure
near the moon. (This procedure would be adequate when only small perturbations are
expected.)

(2) Select the time of the first midcourse maneuver when the Ar magnitude has
increased to a measurable quantity. (Figure 8 shows the increase in Ar relative to

11




its value at T = 9.5 hours for 70-hour translunar trajectories. Note that the magnitude
of Ar doubles after 6 hours and redoubles after 16 hours.)

Approach-Guidance Procedure

General considerations.- Because of the approximations used, the fixed-angle mid-

course procedure leads to relatively large errors at the aim point. An example of the
aim-point errors for the midcourse procedure of reference 1 is shown in figure 9. By
the method of reference 1, no approximations are made in the magnitude or direction of
AV; the guidance error is caused only by measurement error. The data in figure 9 are
shown for Or me = 22 km; this error at midcourse has the dominant effect on the aim-
point accuracy. Aim points were considered along the nominal trajectory from entrance
into the lunar sphere of influence to perilune.

For the fixed-angle procedure, the aim-point errors are roughly three times as
large as those shown in figure 9. The approach-guidance procedure of reference 2,
however, can be applied to correct these errors, but two approach maneuvers may be
required,

In reference 2, it was shown that for maximum accuracy the aim point must be
chosen at or before the approach-guidance measurement time and the second midcourse
correction must be taken into account. The second midcourse correction, however, is
relatively unimportant in the fixed-angle midcourse procedure. Except where otherwise
stated, results presented in this report pertain to the aim point chosen at perilune, with
the second midcourse correction omitted.

The approach-guidance procedure is illustrated in figure 10. The method normally
employs a range measurement to the moon and an angular measurement to a preselected
star. Error analyses (ref. 2) have shown that the star must lie near the orbital plane
(say, within +30°) and approximately 90° from the nominal range vector at the lunar
sphere of influence. This requirement is essential even if the measurements for the
approach-guidance maneuver are made within several hours of reaching perilune, where
the nominal range vector has rotated 10° or more. The measurements determine the
guantity D, which in turn is used to predict the magnitude of the approach AV required
to correct perilune radius. The direction of AV is taken perpendicular to the nominal
velocity vector, because this direction is near optimum regardless of the distance from
the moon.

For approach-guidance measurements at or near the lunar sphere of influence,
~ on0
9, = 90

in which case the effect of error in range is negligible and

12



D~ ,n<cos 6 - COS Op)
Hence, a range measurement is not required.

Number of maneuvers required.- Data in figures 11 to 14 illustrate effects of using
one or two approach-guidance maneuvers. Shown for various conditions are the varia-
tions of Ty Vp, and AV with deviation D. As previously noted, each data point
represents a perturbed trajectory corrected by a fixed-angle midcourse maneuver. The
variation of AV with D is the essential information required on board the spacecraft.
The variation of Ty with D is shown inasmuch as the scatter of these data is a good
measure of the guidance accuracy. Data on Vp and rp are required in the preflight
calculations for AV. (The scatter in Vp does not affect the guidance accuracy
appreciably.)

The equation for approach AV, derived in reference 2, is

Vv [r 2c0s y cos(y + ) -1 2cos i’
av = UL P.n

rp’n2 - I‘chosz('y + )
~N1/2
rp,n{<r;lz - rp’nz)Vlzsinzk + {:rlzcosz('y +2A) - rp,nzi] (-;i- - %«[‘f,g
N pn /)
rp’n2 - rlzcosz(y + )
where
r.V
cos y = rI;Vf

The values derived with the alternate signs of the second term in the eguation correspond
to correcting to either side of the moon. The lesser magnitude of AV would ordinarily
be chosen to assure posigrade trajectory motion. The relatively smooth AV data in
figures 11(c), 12(c), and 13(c) were determined from the faired curves for rp and Vpe

Ordinarily, an approach-guidance maneuver should be made at the lunar sphere of
influence in order to take advantage of the low fuel requirements. A second approach-
guidance maneuver may be required because of the inability of the first maneuver to keep
perilune-radius error o p below about 56 km. This 56-km error is equivalent to the
1o dispersion of the data shown in figure 11(a) and represents the effect of midcourse
approximation error only, because zero midcourse measurement error is assumed.

The faired line in figure 11(a) represents the value of perilune radius, predi&ed from
approach-guidance measurements at the sphere of influence, which is used in the calcula-
tion of the approach AV. Hence the distance from each point to the line is an indicator
of the error in controlling perilune radius for the corresponding trajectory, In figure 12

13




the data include midcourse measurement errors, with 0., . =44 km. Comparison of
b

figure 12(a) with figure 11(a) indicates only a small effect of Or,mc On scatter.

If the approach-guidance measurements are postponed to a time closer to the moon,
only one maneuver is necessary because the effect of approximation error decreases as
time to the moon decreases. (See fig. 13.) However, the fuel requirements (that is,
velocity corrections AV) increase sharply as illustrated by figure 15. Note also in fig-
ure 15 that the optimum guidance pointing angle A, with regard to fuel required, is
essentially 90°, It can be seen that close to the moon (Tp = 2.617 hours), the optimum
value of X is about 80°; however, the change in the value of AV from that at A = 90°
is negligible., Furthermore, the nearly constant values shown for AV at the larger
values of 2 signify that extremely large errors in the pointing direction can be tolerated.

The perilune-radius error o, Y illustrated in figure 11(a) can be halved by the use
of a small second approach-guidance correction at a time near the moon. This correc-
tion is determined by assuming that for corrected trajectories which will yield the desired
T, the deviation Dg Dbears a constant ratio to Dy; if this ratio is not constant, the
desired Ip will not be attained. Therefore, a second approach AV is required. The
desired ratio (K) was determined as follows: trajectories represented by the data points
in figures 11(a) and 12(a) which are on (or very near) the faired line were assumed to be
on course for the desired rp after the first maneuver. The ratio of Dy to Djp for
each of these trajectories was calculated by using the same measurement star; the average
value of this ratio (K) for each set of data was used to calculate the second approach AV,
The average values for the two sets (figs. 11(a) and 12(a)) are shown in figure 14 to be
0.29 and 0.4.

Data are shown in figure 14(a) for no error in the midcourse range measurements
and no error in implementing the first approach-guidance maneuver; the data of fig- “
ure 14(b) incorporate errors in both. The scatter of the data points in figure 14 gives an
index to the perilune-radius error from the two approach-guidance maneuvers. As in the
case for the first approach-guidance maneuver (figs. 11 and 12), the effect of midcourse
range-measurement error is seen to be small, Also, the velocity-cutoff error in the first
approach maneuver is negligible. The error in rp was determined from

or
6. =—t g
P~ 5aAy AV

or

B~ 17.4, as deter-
AV

where Opy is the one-sigma dispersion of the data points and

or,
mined from cross plotting data such as those in figures 13(a) and 13(c). The ratio 5 A%‘
can also be determined from nominal values by the equation (ref. 2)

14



arp _ (rlz - rpz)(l +€)

= {3
8 AV erpe

Combining second midcourse maneuver with approach maneuver.- The foregoing
figures correspond to the case in which the aim point for the midcourse guidance is
selected at nominal perilune and no second midcourse correction is made. Analysis of
trajectories for which the aim point (time of second midcourse maneuver) is selected at
the lunar sphere of influence has shown that the accuracy of the approach-guidance pro-
cedure can be improved. The second midcourse maneuver can be conveniently combined
with the approach-guidance maneuver, inasmuch as AVg is approximately linear with
ArT pf and is in the same general direction for any injection error, as shown in fig-

ures 16 and 17, respectively. As in figures 1 and 2, each test-point symbol represents
a different perturbed trajectory due to injection error. It is of interest to note that the
difference between the first-midcourse-maneuver velocity requirements for the two aim
points is only about 2 percent. (See figs. 1 and 16.) Figure 16 shows that AVg can be
predicted by ArT,pf’ the range measurement at the time of the midcourse position fix,
In figure 17 the precise angles of the second midcourse-guidance correction vector are
shown. The angles are essentially in the orbital plane of the spacecraft. Note that the
directions do n_ot_ differ greatly, especially at the larger values of Arq f where the
magnitude of AVg is significant. The dispersions in the out-of-plane direction are
even less than those shown in figure 17.

The linear results of figure 18 were determined by applying to each of the perturbed
trajectories the faired values of AVg from figure 16 at a constant angle ¥ of 159,
This value of the angle i was selected near the average angle corresponding to the
higher values of Ar pf. (See fig. 17.) Figure 18, in_fffect, shows the change in peri-
lune radius due to the second midcourse correction AVg. Even though AVg would
ordinarily be applied at angles ranging from about 100 to 35° (fig. 17), the small amount
of scatter shown in figure 18 indicates that the perilune radius can be effectively cor-
rected when AVg is applied at a constant angle.

It follows that ES can be converted to an equivalent vector in a direction perpen-
dicular to V, with small loss in accuracy and that its magnitude can then be added to the
approach AV magnitude. For this purpose, the following equation is used:

AVadd _ < Ar, ) ( 2 AV)
ArT,pf ArT,p £ 8rp

where Ary /ArT of is obtained from ﬁgure 18 and 9 AV/ oy from equation (3), In
this case,

AV 44 = (-0.065)(0.0200)Ary, .
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It should be emphasized that if AVg 1is applied in this manner, a separate maneuver
prior to the approach-guidance correction is eliminated.

GUIDANCE ACCURACY CHARACTERISTICS

In this section the errors associated with the guidance procedures are defined and
analyzed and their effect on the accuracy of controlling perilune radius is determined.
In general, the analysis spans the region for performing the approach-guidance correction
from near the lunar sphere of influence to within several hours of perilune passage. For
comparison with those of the present procedure, figure 19 presents accuracy character-
istics of the onboard methods of references 1 and 2. These results are based on exact
mideourse ~guidance pointing angles.

The present perilune-radius accuracy characteristics and guidance velocity require-
ments are summarized in table I for both the one-maneuver and two-maneuver approach-
guidance procedures., Results are shown for single maneuvers at Tp = 14.6 hours and
Ty = 4.6 hours. Results which include a second midcourse correction are given in paren-
fcﬁ@s% and the aim point is at the lunar sphere of influence. For the other results in this
table, the aim point is at perilune.

The subject method includes no provision for controlling the position or the velocity
of the spacecraft at perilune., The inherent errors in these gquantities are presented in
table II.

Most of the error shown in tables I and II is contributed by the approximation made
in using a faired midcourse AV magnitude applied in a fixed direction. The effect of
approach measurement error is omitted, as figure 20 indicates that this error is negli-
gible. In table I the effect of velocity-cutoif error (fig. 21), though small, is included in
maneuvers made at Tp = 14.6 hours. This effect is negligible in table II.

The rms approximation error was determined both by the method described in con-
nection with figure 14 and from a Monte Carlo analysis wherein for each perturbed tra-
jectory the approach AV predicted by D was added to the corresponding V and the
trajectory propagated to perilune. The two methods produced similar results.

The following facts are evident from the results presented in table I:

{1} The application of one approach maneuver only, near the lunar sphere of influ-
ence (Tp = 14.6 hours), leads to relatively high inaccuracy in the perilune radius.

(2) The application of one approach maneuver near the moon (Tp =4.6 hours) or two
approach maneuvers (Tp = 14.6 hours and 4.6 hours) gives equal accuracy in r,, but the
latter requires half as much fuel.

(3) Although the fixed-angle method is crude, the inaccuracy is only twice that of
the more precigse procedure (fig. 19).
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(4) Comparison of the data for the three values of 9, me in table I shows that mid-
course range-measurement error has little effect on the perilune-radius accuracy and

fuel requirements.

(5) Most of the results pertain to selecting the midcourse aim point at perilune and
omitting the second midcourse correction, Table I shows, however, that guiding to an
aim point at the lunar sphere of influence (Tp = 14.6 hours) and applying the second mid-
course correction there produces accuracy comparable to that resulting from the use of
two approach maneuvers. As an example, for Or,mc = 22 km, the perilune -radius rms
error decreased from 58 km to 36 km, with no increase in the approach AV reguire-
ment. (The effect of including AVg is negligible when the aim point is close to the moon
or when two approach maneuvers are used.)

CONCLUDING REMARKS

Midcourse and approach fixed-angle guidance procedures have been developed which
require only a few optical measurements and simple calculations. The inertially fixed
direction of the velocity-correction vector is determined through preflight analysis,
These procedures are capable of controlling perilune radius to a one-sigma accuracy of
about 30 km,

The midcourse-guidance method corrects translunar trajectories provided there is
a measurable deviation in range at the time of the intended maneuver. If the range devia-
tion is below the onboard measurement noise level at this time, the midcourse correction
can be delayed until the range deviation increases to a measurable value. Because the
midcourse procedure relies solely on the range measurement, a simple method has been
devised for updating range information from measurements made close to the earth where
the accuracy is greatest,

The approach-guidance procedure can be applied either with or without inclusion of
a second midcourse maneuver. An error analysis showed, however, that the perilune-
radius accuracy is improved by using a second midcourse correction, which can be con-
veniently combined with the approach-guidance correction, with no increase in fuel require-
ments. As an example, the guidance accuracy for one approach-guidance correction from
the lunar sphere of influence with the added second midcourse correction was found com-~
parable to that resulting from the use of two approach-guidance corrections.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., August 12, 1971,
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TABLE I.- CHARACTERISTICS OF FIXED-ANGLE GUIDANCE

One-sigma error in controlling Tp, km

Average approach |AV|, m/sec

Approach
s) at —
maneuver(s) a Op mc = 0 Km0y me = 22 km |0y me = 44 km |0y, 1¢ = 0 km |03 me = 22 km|0y e = 44 km
Tp = 14.6 hr 56 a58 agn 4,3 5.3 7.1
b(26) 2,b(36) a,b(57) b(4.3) b(5.3) b(7.5)

Tp = 4.6 hr 25 27 32 13.4 16.2 22.1
Ty = 14.6 hr 22 agg agp 6.9 8.1 10.1

P

and 4.6 hr

ncludes effect of one-sigma velocity-cutoff error of 0.2 m/sec.
PIncludes second midcourse correction.

TABLE II.- FIXED-ANGLE -GUIDANCE rms ERRORS AT PERILUNE

[or,mc = 22 km]

One approach maneuver | Two approach maneuvers
Parameter at Tp = 14.6 hr at Tp= 14.6 and 4.6 hr
() ()
S, km. ... .0 0. . 110 106
Vps m/sec . .. .. ... 6.7 7.8

2Aim point at lunar sphere of influence;

maneuver,

AVg

included with approach

bAim point at perilune; hence, no AVg included,
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