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AGS

PGNCS

hp

_ VT

_VMc

hp

_ VT

vMc

@

Vg

_fx' _fz

tab

Cx,Cz

tol

t
nom

td
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Vr
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x,y, z,x,y, z

XO,YO,ZO,
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GLOSSARY OF SYMBOLS

DEFINITION

Abort Guidance System

Primary Guidance, Navigation and Control System

Integrated Thrust Acceleration, fps_

Pericynthion Altitude, feet

Total _ V used, fps

V used for midcourse correction, fps

Change in pericynthion altitude, feet

Change in total_V used, fps.

Change in_V used for midcourse correction, fps.

Standard deviation

Velocity-to-be-gained, fps.

Rate of change of velocity-to-be-gained, ft./sec. 2

Delta functions, fps. (for Thrust Velocity Guidance)

Time of abort initiation, sec.

Constants (for Thrust Velocity Guidance)

Open-loop steering time (measured), secs.

Nominal open-loop time for abort at t= tab , secs.

Time along powered descent, sec_.

Error in a quantity

Velocity required, fps.

Measure vehicle inertial position and velocity in

ft and fps, respectively.

Expansion point required inertial position and

required velocity in ft. and fps., respectively.

(For Delta Guidance).
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SYMBOL

To

T

K's

g

x B

%c
C

K.
1

C. .

1jc

CSH

A¢

ag

DEFINITION

Expansion point time, secs.

Measured trajectory time, secs.

Coefficients of the Taylor series expansion

(For Delta Guidance)

Thrust Acceleration, ft/sec.2

Gravitational acceleration ft/sec 2

Lunar gravitational constant, ft2/sec
3

Commanded turnip_ rate vector in body coordinates

Unit vector in measured direction of X-body axis

Unit vector in desired direction of X-body axis

Body direction cosines

Steering-loop constants (gains)

Commanded direction cosines

Lunar Excursion Module

Command and Service Modules

Pitch misalignment (rotation about Y-body axis)

Roll misalignment (rotation about X-body axis)

Yaw misalignment (rotation about Z-body axis)

Pitch gyro drift rate

Roll gyro drift rate

Yaw gyro drift rate

Thrust error (ascemt engine)
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SYMBOL

_x

_Y

_z

kx

ky

kz

_Bo

Subscripts

x_y_ Z_

P

A

DEFINITION

X- Accelerometer bias

Y- Accelerometer bias

Z- Accelerometer bias

X-Accelerometer scale factor

Y- Acce!erometer scale factor

Z- Accelerometer scale factor

Burnout flight path angle, degrees.

Central angle traversed by the L_M, degrees

Indicates inertial components

Denotes primary guidance system

Denotes abort guidance system
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i

I. Summary

A study was performed to determine the ability of delta guidance

and of thrust velocity guidance to perform aborts from powered descent,

from the lunar surface and from powered ascent. This report

presents the development of each guidance law plus performance results.

Based on the performance results, it was concluded that both delta

guidance and thrust velocity guidance can adequately perform abort

maneuvers.However, it was found that delta guidance offers greater

flexibility and accuracy than thrust velocity guidance.
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II . INTRODUCTION

GAEC has redeYined %he AGS in complianc< ',_.iththe directive

cont%irk, d in _he NASA le+,ter EG-32-2-64-377, dat_:! 0 July 1964. The

r_:d-,fi_ition of the AOS was aimed at obtaining gre_+er flexibility in

th_ abort g_idar!c-, system than that provided by th_ "T] Compension"

g_ila_c = law. It is the purpose of this repor_ to present the results

el +t _ gui_ar, ce law _tu']ies conducted during the r_;d__finition effort.

Th_ analyses p_rform<d for this report were accompiished during a three

month p:,rioi co_eencing i September 196h and ending 3_December 1964.

A. ,JB_CTI\_S

The p:'imary obj_etive of the AGS redefinition _tudy was to determine

the imps,c _ on the ACS computer design of more sophi_iicated guidance

f chni_u s than had been considered previously (Refe-_nce Ii-i). These

improvel gui,?sr,s_ techniques were considered in ord<r to obtain

incr-,a,_u !]_,xi0ility of a.bort operations, and t<J t'£k-_,advanLage of

possibl<, impro'v-,m<n+.s in sensor performance levels %eyond those presently

specified.

l_,. SC0PE

Various perturbative and explicit guidance sch_u@es were studied to

d_t_rmine the tradcoffs between computer hardwar<_ penalties versus

incr'_s.s-_ flexibi!ily and performance. The perturbative guidance system

pr_rfor'manc_ s<.udi,is w_re conducted by GAEC while the explicit guidance

performance studies as well as the hardware impact studies for all the

guidance schemes were conducted by Space Techno!<:,&D, Laboratories, Inc.

_STL) under P.O. _-E!448_5-C. The results of the ,_xpLicit guidance

p- rfor_ar, ce s+rrJies a n<i computer hardware studies ar_ s_w_ariz_d in

$q.'L r,,por_ £25'%,-620/-RJ..,60 ':[12£-fcr_: <c<! _ii- ':, an_ _,_i!_h not be _iscussed

h_'__. This r_,por", will concern itself primarily with the GAEC pertur-

ba<i'v_ g_ida_ce stud[_s. These perturbative stuJi<s ,,'_r'_:_Atensions

of' p__,,}vi_usGAEC analyses which are sur,_arized in J_<-f',<,_rencesIi-3

t__roag}'_ !l- _LI.

ZTle guidance law requirements as outlined in R_ferences II-ll and

i_-[ c%:_ t< categoriz{:d as primary and secon]ary r:_qu_rements. The

primary req=i_m{n+=s are those that must be sa.tL',:fi_=,]by any guidance law

that is to be considered for inclusion in the, AGS. Chs secondary require-

me_/,s are desirable characteristics which can give the AGS greater flex-

ibility and capability, but which are not consid_i,r<'d mandatory in perform-

ing the basic AOS function. The requirements at= tabulated below.

Primary _aquir_ments

I. Provide %h< capability to abort from %oacon-aided or non-

Yea con-aided powered descent_ from the: i_%r surface, and

from power,-,d ascent.
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2. Allow a choice of burnout conditions which will result in

either a nominal intercept trajectory or a parking orbit.

3. Provide the capability to perform aborts with the descent

engine alone (when there is sufficient _V available), with

the descent-ascent engines in combination, or with the ascent

engine alone.

4. Provide an orbit after the first thrusting phase whose

minimum altitude is at least 30,000 feet.

5. The total _V used for ascent, midcourse correction and

rendezvous in the presence of three sigma total AGS sensor

errors and ascent engine thrust variation shall not exceed

98_ of the _V budget allocated for these phases over the

entire range of initial conditions specified. For an ascent

from the lunar surface, a maximum out-of-plane condition

of 0.5 ° must be accumodated,

Secondary Requirements

i. Provide the capability to perform aborts from coasting descent.

2. Provide the capability to perform self-contained midcourse

corrections.

3. Provide the capability to determine the time and thrust

vectoring requirements to inject from a phasing orbit into

an ascent transfer orbit that intercepts the CSM at a point

se%ected by the astronaut.

Theanalyses performed for this study were done using an IBM 7094

computer program specifically developed for this analysis. The authors

wish to acknowledge the invaluable programming effort of M. J. Steigman.
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HI. GUIDANCE LAW STU-_iF,S

Th:, pezturbative zuidance laws stugied by G]_C P_r the AGS

function included %h<_-us± ve!ocity_ Q_ and delta [uidmnce. Thrust

velocity is the last complex of the guidance laws and was considered

+h_, minimum ac,i:_ptable system.

Thrust voloci÷y guidance consists essentially _:_ determining the

thrus[: velocity removed during the descent and r<placing it during the

ascent. An empirica2iy derived correction funct_,)n ir added to the

thrust velocity components to compensat_ for d_ff_r,_Jces between the

desc_nt a,n_ asc_:nt trajectories. Navigation data is not required

for tho thr'ust velocity guidance scheme.

F "¸_n_ Q guidance t<-'chnique utilizes th_ past i:i.-{iory o:f' velocity-to

be-ga, in_] by ir, tegrating equations relating th< _'._-. of change of

v_loeit.y-to-}e-gaineJ Vg) to thrust a,ccel._,ra_ion !tJroughout all phases

of' p,ow_red flight. Furtrher consideration of this guidance technique

was dropped after preliminary studies indica,ted that it was not suitable

for fihe abort guidance function. The primary prob!(,m was the difficulty

of achieving the capabiJity to burn out into _ii!er a direct intercept

orbit or a parking orbit. Providing this capability would impose a

requirement to keep track of two ve!ocities-to-b_-gained throughout

the powered de,cent, with increased requirements for comput, er

storage an_J time. Since t°reliminary estimates _r_]Jcat,_:,] that Q guidance

would have an accuracy c,_m-0arable.._. to delta guidance; i< was concluded

that the additional complexity introduced by Q gui@anc_ was not warranted.

Thor,,fore; no furt, her <i_scussion of Q guida,nc<_ _s _:_, be presented in this
report.

']'he __,1+,_. guidance law ufiilizes a Ta,yior s ,r'i_,, ,-xpansion about: a

nominal cut-off point for the computation of tb ",_ _city required by

_!_e LEH to int<,rcep_ +,h_, CSH. It is a somewhat _r.:_r _ sophisticated

perturbation technique in that the guidanc_ P.xop is c'osed through a

naviga,tio_ system and, therefore, has greater ink:er-,_,rltcapability to

handle off-nominal con it-_ions at the ±im¢ of abort.

'The following paragraphs present de£ailed descriptions of the

thrust velo-iky an£ delta guidance techniques; p]_s a summary of the

ar_alyses tha+_ were required to synthesize the respective guidance

techniques. The results from performanc,= _ ana]ys_s of _hese two

guidance techniques_ as determined by digital computer simulations_

are presented in Section IV.

"_. THRrs:2 _LOCITY GUIDANCE

lescription

Thrust v<_locity is defined as the integrated thrust accelera-
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tion vector referenced to an inertial frame. Thrust velocity

guidance is based on the theory that the thrust velocity removed

during the powered descent phase of the LEM mission must be

replaced during an abort ascent. In order to account for

differences in the descent and ascent trajectories, and for the

variable phasing between the LEM and CSM, delta functions are

added to the components of thrust velocity accumulated during the

powered descent to obtain the initial conditions for the abort

thrust velocity-to-be-gained computations.

The components of thrust velocity-to-be-gained for abort are

computed at the abort initiation time as follows,

Vg x (tab) = - _Vx (tab) + _fx (tab)

Vgy (tab) =- Z_Vy (tab) • (III-i)

Vg z (tab) = - z_V z (tab) + /_ fz (tab)

where,

Vgx, Vgy, Vg z
= Inertial components of thrust

velocity-to-be-gained

/kVx, _Vy, AV z Inertial components of integrated
thrust acceleration

g_fx'_fz = Preprogrammed delta functions

tab = Time of abort initiation

The inertial components of integrated thrust acceleration are

obtained through the use of body mounted integrating accelerometers,

and a body to inertial axis coordinate conversion. The inertial

coordinate system is shown in Figure III-i.

X (Vertical)

_.A___ Hover Point

_-Z (Down Range)

Y

Figure Ill - i
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When an s_ort is initiated, the delta functions of equations

_- are computed. The abort, starts _rith ar_ .?pen loop pitch

program that utilizes a iV step profile, as discussed under

steering techniques (Section !I-D of this r_p:.r<). The thrust

velocity-to-be-gained is continuously updated by the accelerometer

data during this open loop phase even though the information is

not being use4 for steering. Upon completion oY the open loop

phase, a closed loop guidance phase ensues in _4nich the remaining

thrust v_iccity-tr-b:-gained vector is mulled.

In order %o compensate for off-nominal ascent engine thrust,

a correction term proportional to the off-nominal ascent time is

added to equations l-i-l.

Vgx(t : - AV x(t)

V f:
gY

, a rx (ta_o)

V t
gz

.... my rt)
y

...." _- - t )!
O± F_0ill k

_ (b: - tnoml

:'::::-2 )

where_

'_ Constants
X

tol : Measured open i0o]7 time,

+8
locm

: Nominal open lcoli>t.ln:efor abort

at t = tab

_.:.-.ir:?piementation of the guidan?e ]__:,:.a new- set of

d?ita ........ "?_nc_loss :s d_-fined:

a: (t) = afCt) - c *t (t)X ' X non

* t (t)Ar=(t) :: m<.(*) Cz _o_

?

(:::-3)

Using these row. de]ta, f:mctions in equa.tisms _.L]<'_--2, _=__....equations

fer <hrust velocity-to-be-gained during the c!csed loop guidance

phas< become:

_,gx(::) : av_:(t) + arx (tab) + cx

+ a_ ( ) + c" z tab z

v (t) = - Avy(t)

Vgz(t) = - IVz(t)

.. tol

•, tol
/,

(:::-4)
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The above discussion applies to aborts from descent as well

as to aborts from the lunar surface and from ascent. However,

for aborts from the lunar surface and from ascent the delta

functions are functions of launch time measured from some

arbitrary reference, rather than functions of abort initiation

time. In the present analysis_ launch time is referenced to the

time when the a_ntral angle from the CSM to the LEM local

vertical is 20 degrees. Components of _V are accumulated from

the start of ascent. For aborts from the primary ascent trajectory

the starting point on the open loop pitch profile depends on the

_V a2cumulate_ prior to the abort initiation.

Analysis Performed

a. Determination of delta-functions and thrust error coefficients

'_e delta functions were determined empirically using the

generaiiz_ three dimensional point mass digital computer program

described in reference !!I-i. The guidance subroutine of the

program included the primary descent guidance law and the thrust

velocity abort guidance law. The descent guidance law generated

a descent trajectory, and an abort was performed at a prescribed

time using the thrust velocity guidance law.

The delta functions were evaluated at each abort time using

an iterative procedure, as follows : Using the state vectors of

the LEM and CSM at the end of the open loop phase, and with the

const:raint of a horizontal burnout flight path angle, the impulsive

_V required for a second conjunction intercept (central angle

greater than 180 degrees) is computed. If no second conjunction

intercept is possible_ a /kV is computed which will put the LEM

into an orbit that has an apocynthion altitude equal to the C_4

orbital altitude. The computed AV is converted into components

of thrust velocity-to-be-gained which are nulled using the closed

loop guidance law described previously. At thrust termination,

th_ L_ will net have the desired trajectory because a finite

thrust was used rather than the computed impulsive thrust. At

this time, a new impulsive _V, based on the present positions

and velocities of the LEM and CSM is computed. This impulsive

£_V is converted into thrust velocity-to-be-gained components

which are addedto those computed initially. The initial

conflitions aT, the start of the closed loop phase are restored,

and the updated thrust velocity-to-be-gained vector is flown

as described above. The iteration is continued in this manner

until the additional _V for the next iteration is less than

one ft/sec, at which time the iteration process stops. Since

the components of thrust velocity-to-be-gained are zero, the

delta functions become:

afx = _Vx }
£_fz = _Vz

(III-5)
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b.

wh__re £_V x and AVz are the components of thrust velocity

acaumulated during descent and abort ascent.

The thrust error coefficients, Cx and Cz are also determined

empirically. A trajectory is flown with an off-nominal thrust,

and, %y using the iterstive technique described previously, the

exact v%lues of thrust velocity-to-be-gained at the start of the

<_losed loop phase are determined. Knowing the nominal and

actual open loop times and the delta functions, the coefficients

can be computed from the burnout conditions, using equations 111-2

,._ _V /Xf
_ = X X

X ' - t
_o_ nom

(III-6)

c AV z /ks: Z

Z - t
<o] non

Some typical values are shown in Table I!I-i. in order to

reduce the computer storage requirements for Cx and Cz, they

were maintained constant for all aborts. It was found that

using these constant values did not degrade the guidance law

performance. For this study, the follo}&ng representative

values were used :

Cx : 3.0 ft/sec 2 1C z = .25 ft/sec 2

Table I!!-i also shows the error in thrust velocity components

due to these non-exact thrust error coefficients.

(m!t-7)

Using tlme chosen values for Cx and Cz, the delta functions

can be determined from equations 111-3,

aF = Af - c t
x x x nom

(III-8)

A F z _f C tZ Z hem

The delta functions were determined for both aborts with the

ascent engine only and with the descent/ascent engine combination .

When the descent engine was used_ a constant thrust-to-weight

ratio was commanded (0.357 for aborts prior to 280 seconds, and

0.50 for aborts after 280 seconds along the powered descent). The

resulting delta functions are shown in Figure III-2.

Linearization of delta functions

in order to reduce the computer storage requirements, the

delta functions shown in Figure II!-2 have been ]inearized. The

burnout flight path angle was determined, as a function of descent

FORM G328 REV ; 8-64

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

CODE 26.512



_..,4ltl_,s_..w-,,. _ PAGE 9

k

TABLE (III-l)

DETERMINATION OF THRUST ERROR COEFFICIENTS

AND

ERRORS IN iV COMPONENTS FOR APPROXIMATE VALUES

9brust error varies linearly fron 0 to i0¢ of nominal over burn time.

Time cf Abort

ta (Se,_s.)

Exa/_t C
X

Exaxt C
Z

c : 3.o
X

C! : .25
Z

_. (aVx) (ft/sec)

_ (_Vz) (ft/see)

25o

3.£4

- .12

2.2

1.9

350 390

3.66 2.87

• 27

6.3

.22

1.7

.L.2

390*

3.4

.5o

3.9

2.0

* _:'hrust = 3605 lbs. (+ 3¢)
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Cm

time, su<h that AFx was made linear as sho_<n in Figure II!-3.

The ms_im_ burnout flight path angle that was needed to achieve

+,his linear cTlrve was 1.4 degrees at a descent time of 390 seconds.

!.:sing the new flight path angle constraint_Yz (see Figure llI-3)

was del :rmined for each abort point, using the iterative method

des :ri%_d previously. This _Fz _as approximated by a series of

_r_igh! l[n_s, as sho_aq in Figure 111-3. The break in_F z at a

d=s -hi time of 390 seconds is due to a chang_ from intercept

to phasing orbits. Since the delta functions for ascent engine

cr£y aborts are almost the same as for descent/ascent engine

c_m%ination aborts (sea Figure !I!-2)_ the same set }_s used for

i'__h elugin_ _nfigura+ions.

i_y aiio_&ing lhe apocynthion altitude of !he phasing orbit

b_ less than 80 nautical miles, _F z can b_ made constant after

390 s_-_ords cf dR ss_nt time. The final form of the delta functions

_ s_,,<_,in Fi_ur =_ 121-4.

l} i!-a fux tions f_r aLorts from primary as._s:n% and from the lunar
s-i_z'f a_e .

The delta functions for aborts from Frimary ascent and from
<he lunar surface wkre determined in the sam.r manner as those

for aborts fr_n po_rered descent. They were found to be linear

functions of ial.mch time and, hence, the horizontal burnout

flight path _ngie c_nstrsint did not have to be relaxed. These

del=_a fun<.t]on_ a_[_ shown in Figure 111-5.

DELTA OD IDAHCE

Description :

The primary functions of any guidance !av< are to determine the

requital velocity needed to intercept the tsr6ct and to generate

thrus_ ve<_oring commands so that the vehicle achieves the required

_'elocity.For Delta guidance, the required velocity is expressed in

t_:rms of a Taylor series expansion about a nom<!na] burnout point.

Throughout 1he powered flight, this series is evaluated approximately

every iwo (2) seconds and compared to the measured vehicle velocity

to det=rmine the velocity-to-be-gained by th._ wq_]cle in order to

in<<r:_pt [h-:_target. When the velocity-to-be-gained is zero, the

_hrus_ is #erminated and the vehicle coasts to sn intercept with

the iarget.

The velocity required to intercept the CSH is a continuous

f<:n_tion of LF/_ position and time. Therefore, it can be expressed

as a Taylor s=ries expansion about a nominal position and time.

The general form of the required velocity equations is as follows:
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v =_o+ K@x + Kx_Y+ K az +Kx_ +K x_X2+K ay2+ K az2+ .....rx xz xyy xzz

v + + + + + + +
K _Z 2 + .....
yzz

V = _o + K Z_X + K Z_Y + K _Z + Kz_Z_T_ + K --xx--#IX2+ K AY 2 + K --_Z2 + .....
rx zx zy zz z zyy zzz

( 111-9 )

where :

ax -- (x - Xo)

_y _- (y - yo)

Az -- (z - Zo)

AT = (t - to)

(iii-io)

x_y,z = measured vehicle inertial position

Xo,Yo,Zo,_o,_o,_o = expansion point required inertial position and

required velocity, respectively.

To = expansion point time

T = measured trajectory time

, = required velocity in inertial coordinates
Vrx, Vry Vrz

Kxx, Kxy, Kxz,

Kxt , Ky x, Kyy_.. = the coefficients of the Taylor series expansion

The coordinate system used here is the same as that used for the

Thrust Velocity analyses (Figure III-i).

One or more of the coefficients (K's) used in Equations (111-9)

may be zero depending on the phase of the mission from which the

abort occurs. One constraint must be applied to the form of the

coasting abort trajectory in order to fully define the required

velocity and evaluate the Taylor series coefficients. In this

study_ the constraint used was a horizontal flight path at

injection. This constraint was chosen since it gives indirect

control over the pericynthion of the orbit (nominal pericynthion

occurs at the burnout altitude) and also results in a required

velocity that varies slowly with position and time. This latter

characteristic results in a series with good accuracy over a

broad range of positions and times with a minimum number of

coefficients.
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The major problem involved in the implementation of delta

guidance is to minimize the number of expansion points and

expansion coefficients that have %o be stored in the AGS computer.

_y using the trajectory constraint of a hori::ontal flight path

at injection it _.,_sfound that only three expansion points and

£heir corresponding sets of expansion coefficients were needed to

co"_.,_rth_ _p_efir-_ of required aborts. The portion of the mission

-_ov=::'d by ea:_h of the three sets is as follows:

a) Aborts from po<.;ered descent between t = 0 and t = 350 seconds

whidh result in a direct intercept orbit. Direct intercept orbits

' _ oh_ horizontal flight_,_-=_o _ _ossib]e after t = 350 seconds with _- _

path const-rainh. The series, in this case requ.ires position and

_ime _._rms, plus some second order terms.

b) Aborts from po_,,rereddescent, from the lunar suz'face, or

from primary asc_mt which result in a parking orbit. The parking

orbit is d-.fin,_d as a,n orbit which has an _nscrtion velocity

_%-_.£i_o th_ velocity required for a circular orbit plus 20 fps.

._ s._ries expansion for this case, contains only linear position
terms.

c) Aborts from the lunar surface or from powered ascents which

result, in direct intercept trajectories. In th:is case only

linear terms in position and time are required.

After the required velocity has been de1:ermined the velocity-

to-be-gained is computed as follows:

t

V = V - x
gx rx

Q

V = V - y
gy ry

V = V - z
gz rz

(III-ll)

The components of velocity-to-be-gained (Vgx_ V_(, Vgz) are used
to steer the vehicle in a direction such t_at the velocity-to-be-

gained goes %o zero. This direction is defined by the desired

dir_<_tion cosines:

V

CI! Vg

V
_ gy (III-12)

C21 V
g

V
_ gZ

c3z - v
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When the velocity-to-be-gained is zero, the required velocity and

measured vehicle velocity are equal, thrust is terminated, and the

I194 coasts to an intercept with the CSM (or goes into a parking

orbit). The total steering for the vehicle consists of the closed

loop phase just described_ preceded by an open-loop phase which

places the LEM in the region where the Taylor series expansion

is valid. The open-loop steering phase consists of a vertical

rise and a step profile pitch maneuver. The steering techniques

used are the same as those for Thrust Velocity guidance, and are

discussed fully in Section III-D.

Since the guidance equations use vehicle position and velocity

data, a navigation loop is required. The navigation equations

solved are as follows:

= A tx + gx I

\
: ity + %

= Atz + gz

(IK-13)

where :

• • ., oe

X, Y, Z

Atx'Aty'Atz

inertial components of vehicle acceleration

inertial components of thrust acceleration

gx' gy' gz

gx

%

g
z

R

X, Y, Z

inertial components of gravitational acceleration

defined by the following set of equations:

X

R3

2
+ + Z

=_n y

R 3

=_m Z

R 3

:_X 2 y2

(KI-14)

: lunar gravitational constant

: inertial components of vehicle position
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: (s,-> + i (o)

(zzz-z5)

Z

W-_6 r if:. :

i,y,£

f;(o),-_(o),£(o)

x = S + x (o) 7

Y : S _jt + Y (0) I (III-16)

: _t + z (o)

: inertia] components of velocity

X(O),Y(O),Z(O) : initial conditions of velocity and iTos!tion, respectively

Analysis Performed

The primary analysis effort in developing t, he delta guidance

law was to determine the coefficients of the Tayior series

expansions for the three abort cases. The f:irst case studied was

the abort from powered descent which attains a direct intercept

orbit. For various abort times along the powercod descent, the

nominal burnout positions and times resulting from the open loop

steering profile were determined. Thirty-i'ive (_.'.5)nominal

b,Jrnout points were cb+.ained to cover the rang_ :of aborts from t = O

to t ::350 seconds. For each of these po:'nts the ruquired velocity to

interceot the _' was _ cN_]_a_r program usingCo_4 computed by a r]igita] _ _ ,,_

the constraint r.._horizontal injection. _a_cd upon the values of

the components of required velocity, an expansion point was chosen

which :_m.smid,my along the required velocity space. This tra-

jectory was equivalent to an abort from 20',[!s<,conds along the

powered descent. The time and positron perturbations from this

nominal expansion point were determined for the _5 burnout points

chosen. By suostituting the required velocity and the corresponding

pert-_rbations into the Taylor series for each burnout point_ 35

equations were obtained for each series expansion. This over-

determined set. of equations was solved in a _eaot squares sense

to obtain the series coefficients. Based upon !_,,_residuals of the

curve fit (i.e., the difference between the actual value of

wl_ct,_.¢ and the value calculated by means of the Taylorrequired _ _ "_

series expansion) it was found that the following expressions

were sufficient t.o perform all of the aborts frsm powered descent.
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R_, _-as also -_ ,_m'_-i4.-: .... _.... .+hat equa£ion (IZTI-17) was valid for the

followi.ug v_l°l_e of spa,::_and time :

AX :: +22,169 t.o -92,635 f<; _Y = }}0,000 +o -50,000 ft;

_Z :, _190,6F9 _.-o -i,939_63Z ft; /XT : +2£[ %0 - 48k seconds

_¢t"h ,_,m.u,,_i:rum_rror %f 2°86 :fp>_in_ Vrx, - 2.i_ fps in Vry , and
o.._ _P_. "P _z .... _ :r_imerical -v___'aes"_s_d for t.he c>o,efficients

s,rL::t. \n:. xpumsicn point v%lues are given in '2ejtle (i1_i-2).

i£e r_oxt c_e s_uiied was that of a.T:orts from the lunar

s_/faJe or from powered ascent that: aim for a direc+, intercept.

i:nese atcr!.s w_re p_.:rform<d at various times b_±.w:_,en the point

v/h_I_ !he inieie,1 phase of %he CSH lags the LEH by 20 ° (corres-

p tr,_fR, g to 7' :: 0 see)ntis) up to the nominal Hohmann transfer

phe, si<_g (cozr_spc, n.]i:ug to _ -: 389 seconds). The procedure
:£_:iiio_.,ra -_a,s _n% same as that used for aborts from powered descent

,+D dcg.-'-_iR_ t.h_ Nominal %urnou% points, the corresponding required
'V=:[O;ti¢:ii:S, aY,S %he series pxpa.nsion poin%. ]in Chis case, only 15

poi_.+s w, r::,us .=>]s:inc_eit: was _xp_:ut_d that only the first order

.o_.fffi:ie_<s wouLJ b_ re_u:ired due to the smaller vol_me of

p-ssi:l_ _--=r.n-uh poinfs as co_parei 9.0 a%crts fPom descent.
[:-as-._......=he :;urv fit fesi_ll_,Is it wg.s foum.l _.ha% %he following

<,;_p£_sl,s__.wer_ snffic£ent for compubing 9h< r::_t_irsd velocity:

x x -<x z }AZ x ,:

OR yy_ "yyx yyty-

+ _, /",X t-_zz._ + Kzf,3G7- ZSx_3

( zx-z8)

.... , T','y 1D-+ was :fc':.qx th%'-. {'{uaLion _.t._- u %v._s _r%lid for %he followiNg

vol-;m_: cf spa<:_ a,n_ %.ime:

AX _: +30,000 *:o - _0,000 :ft; iy = +60,000 t.o - 60,000 ft..

i Z : +60,761 to - 60,761 f<; /_T : +187 to - ]98 s£:-onds

t_i_.ha, maxim'_ error of 0.27 fps. in Vrx, -0.61 fps. in Vry , and
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3.16 fps. in Vrz. The numerical values of the coefficients and

the nominal expansion point values are listed in Table 1!I-3.

For the case of aborts from powered descent, the lunar

sturface_ and powered ascent into a parking orbit, the coefficients

were derived for a parking orbit of circular plus 20 feet per

second velocity. No out of plane coefficients were derived in

this case because the required out of plane velocity is zero.

Since the required velocity for insertion into a parking orbit

is not a function of time, no time terms are required in the

velocity expansions. The technique of obtaining the coefficients

is the same as for the other cases, except that only twelve

burnout points and corresponding required velocities are used.

This reduced number of points is satisfactory due to the fact

that only the first order position coefficients are required.

Based on the foregoing discussion, the following set of

equations was used to determine the required veiocity:

Vrx x zz

Vrz : +Kx  X + X z2aZ

(IIl-19)

Equations III-19 was determined to be valid for the following

volume of space:

_X : +42,619 to -39,536 ft; A Z : +26,079 to -7_,532 ft.

Time along descent> 350 sec; Time for launch = 389 to 600 sec.

}_th a maximum error in Vrx : -0.ii fps, and in Vrz : -0.12 fps.
The numerical values of the coefficients and the nominal expansion

point coordinates are listed in Table 111-4.

All of the studies described were performed using an IBM

7094 computer. Two separate programs were developed to determine

the required velocity and to perform the least squares curve

fit.

After the coefficients were developed £or the delta guidance

expansions a closed loop simulation and error analysis was per-

formed. This is discussed fully in a follo_dng section.
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rx

V
r___y

V
rz

TABLE IIl- 2

EXPA:NSION POINT COORDINATES AND EXPANSION COKFFICIENTS

ABORT FROM POWERED DESCENT (DIRECT TRANSFER)

Expansion Point

Xo = 5.758301 x 106ft; Yo = O; Zo = 9.319878 x 105 ft;

To : 517.99 seconds

Xo = -8.9394 x 102 fps; Yo : O; £o : 5.52319 x 103 fps

Expansion Coefficients

_ fps/ftJ Kxz fps/ftj KxtfPs/sec+6.90544xi0 -5 -9.5789 Ix10-4 +7.26036xi0 -2

KxzzfPs/fps KxttfPs/sec 2

+i. 35146xi0 -II +i.12047xi0 -4

Kyy fps/ftk5,jyyx fPs/ft2,-i0 JKyyzfPs/ft2 J qyyt fps/ft-sec
-3.06545x10- J-6.os95_x_O I+6.83133xlO-10 -2.38789x10 -6

I fps/ft J-8. _4826x10 -4 -2. 42252x10 -4 Kzt fps/sec lKzzzfps/ft2 lKzttfps/sec 2-2. 27197x10-i[ -i. 55180xi0 -I0 +2. 03778xi0 -6
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TABLE II!-3

EXPANSION POINT COORDINATES AND EXPANSION COEFFICIENTS

AS',DPC.'}-ROH LL,_AR SDP_PACE AND POWERED ASCENT (DIRECT TRANSFER)

Expamsion Point

Xo = 5.666072 x 106ft; Zo = 9.75044 x i05f%; To = 612.904 seconds

Xo = -9.572t x 102 fps; Yo = 0; io = _._6_43 x 103 fps

Expans _mr_ Coeffi c:ien+,s

K fps/ft
X_X

+R._,18596xi0 -4

K fps/ft
XZ

-?.25381xi0 -4

Kxt fps/sec

+4. 43291x10 -2

K fp si/ft
YY

-7. 73768xi0 -5

K fps/ft 2
yyx

+9.47371xi0 -9

f_

K fPsllft _
yyz

_(_

+4. 50387xi0 "

Kyy t fps/ft-sec

r_j • 49789xi0 7

K fps/ft
ZX

-6.64075xi0 -4

K fps/ft
ZZ

-8.58322x] o -5

Kzt fps/sec

-2. 09014xi0 -I
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v
rx

V
rz

TABLE 111-4

EXP_NSION POINT COORDINATES AND EXPANSION COEFFICIENTS

__A_-__p_-'_,_.,_ F_M_.... _0_RED DESCE%_II_ LUNAR SURFACE_ POWERED ASCENT (PARKING ORBIT)

Expansion Point

Xo = 5.718618 x 106 ft; Zo = 1.0965882 x 106 ft.

Xo =-i.02977 x 103 fps; Zo = 5.37014 x 10 3 fps.

Expansion Coefficients

K fps/ft
xx

+2. 76292xi0 -4

K fps/ft
xz

-9.10234xi0 -4

K fps/ft
zx

-4. 17091xi0 -4

Kzz fps/ft

-2. 59368xi0 -4
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D. _,U.'EE._ID,_J' DEC'____[iQL-ES

_i:kepurpos= of %h_ abort steering law is %o nulA the components

cf v=ic_,:ity-_-be-gained, and also to achieve :iT_ici, _tly _ safe burnout

ai__'tuJ_". As<=n! abort steering first provides an op<n loop phase

_,,%_ictis dtsign=,d +,_ s,ch-ieve a safe burnout point near the nominal

i ._irrc_- pti.n_ f.tr _[ui,_'h%_Je perturbative guidanue <,quak.ions are derived.

ibis !:_ f_2c_=._ by a closed loop phase which nulls %he velocity-to-be-

._ same ooen and closed loop steering law equations were used

f:r .k:_;st-_:icc:i%_y s,nd for Delta guidance.

Uh-" S_a,siL_ concept used for both the open and c1<:,sed-lcop steering

] _,<i4.-_Bwas [o d,:vslc:p a rate proportional to %he v_c%or cross-product

_ f =<-,r-_,-__J sT_hicle X-Body axis dir:<'%ion and ihif co_unandefl direction

"f ±h- ]<-['o]y s_is.

co_._anded _.urning rate vector in body coordinates.

= unit vector _n measured direction <of Y_-Body axis

XBC : unit ve<:tor in desired direction of X-Body axis

Sin,._ .X_ an_i X_C are unit vectors, equation (111-20) r_duces to:

C__,___= I'ff_l IXBcI Sin @ : Sin @

@ : _h _:agi,_,bet_¢_en the measured and con:_ani_d position vectors.

_.-_!=?.... i ,-......::....e the commanded turning _ _'._a_,:, _:pressed in terms

cf dir_-_:.ion cosine yield the steering equations.

Y?, i

_ 7_-

gd _ : -_t

ICli¢! Ci__ + C23 C21 C + C3ffc C!_]

;llC C12 + C21c C22 + C3iC C-2].

(I!l- 22 )

W_}i_ > '_ .

gJ_ ,g_r,-±,_____._= tl'__ecc;mpsnents of the steering sig_a! iT_ body coordinates

' body dm .....%ion cosines, i = I, 2_ v j = i, 2, _.
ig

ZT. = steer[ng-loop constants (gains). i = ], 2, 3.
i

= o.o__m_anfieddirection cosines i : i 2, c. j : i_ 2, 3• 2 _ J " "
" ijC
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I. Open-Loop Steering

The open-loop pitch profile developed here was used for both

Thrust Velocity and Pelta guidance. The open-loop steering function

consists of in-plane and out-of-plane steering. These two facets of

the steering problem are discussed separately in the follo_dng paragraphs.

a) In - Plane Steering

The open-loop profile developed for in-plane steering was a

step pitch attitude vs. _V program. It consists of the following

operatioms:

I)

2)

Rise vertically until _V = _V I.

Pit_h over to an angle @i_ and maintain this angle

until _V : AV2.

3) Piich over to an angle @2_ and maintain this angle

until AV = _V2.

4) %]_en £XV : AV 3, start closed-loop operation.

The AV's used as termination points for the open-loop profile

were computed as follows:

For abort from powered descent_

I + t2

ZII tab ZI2 ab

_v_ = t2
- ZII th + ZI2 h

tab < th

tab ___ th

(III-23)

_V 9

O

: Z21

Z21

tab - t21

t22 t21

tab __ t21

t21< tab<t22

tab __ t22

(III-24)

AV 3
O

= Z31 (tab - t31

Z31 (t32 - t31

tab __ t31

t31< tab< t32

tab ___ t32

(III-25)

Yor abort from the lunar surface or powered ascent.

: + t2
_VI ZII th Z12 h

/AV 2 -. Z21 (t22 - t21)

_V 3 : Z31 (t32 - t31)
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t_ii' ZL2; Z'91' Z31' tL' _21' "22' 7,1' _2 are constants

}"or tt-{ ahove op@n-koop pilah prof'ii: +.12,_ f'oL±o_ing direction

cosi:<£s ape ,_:,mLeanded :

_.) ;'c,r AV < (AV Port + AV 1)

r_

2.% (A,;i L--, 9. ,_Y'. t

±_,. ""L

r" = 0

"2 ! £

_ K_' }!il ?

1

0

0

AVl) _ iV <(_V abcr't

= Cos @2

= -Sin @i

_V] + A'¢2)

3.) (AV _,torr, * _V_
i + /xV2)<_AV < (_V a-_,:r+-- + AV 1 +AV 2 + AV._)

r _ -,- = Cos @2" 2.i C ,

{_ : 0
_r h ,-

: = @2C3 LC -Sin

* f',v 1 +- + Av.)

-s_ ,_!cs, e t-kccp cper'at:ion as dm:fin._ 7r, t}- ps.ragraphs on

;i ;se_-tcop steering.

b j _._ ...... f,-P ar _ Steering

it. orler %o minimize the out-of-plane _r v.::luir,-tdfor The

a_er< ms.r<uv-_, it is lesirable t.o steer ¢he 1£9g into the CSM plane

d-m_"ing ihe s,£,_ex':. F',:_',.r aborts from po_#er_d ]_s-_ -ut iT is necessary

i:o m;_%s£: _-, ih:_: ou--ol'-plane vs, iocity an,_[ dfsFda, ems<.q%. This necess-
i±:.%he:: a,n in<rtla,1 reference unit, and for _,h-s :reason the out-of-

plan: sL_ering h c}-n!que is no + applicable t::. _nrust velocity

guidan _t.

:-he f)M:t_ing fiirmction cosines are u_td fc_r ou±-of-plane

a,borts fr'om p_)wered ,.ies_ent _fnen usi_ng dePs, i_:i,la, n::e.

02]C (,.((.J_! Yo +C.J4 -_o) for_V >293;0

(zzz-29)
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where : o l, @3,
Yo, Yo

= constants

= initial out-of-plane position and

velocity_ respectively.

In the case of aborts from the lunar surface it is possible

to determine the out-of-plane position of the vehicle prior to

launch, and to insert this position into the AGS as an initial

condition. For this reason, the following direction cosines are

applicable to both thrust velocity and delta guidance.

for /XV < 2950

for fkV _ 2950

(III-30)

where:
5

AY

= constant

: initial out-of-}isne position.

2. Closed-Loop Steering

For the closed-loop portion of the trajectory when _V ____

abort + _VI + _,V 2 + _V3, the commanded direction cosines are
determined by the velocity-to-be-gained as follows:

: V
CIIC gx

Vg

: V (III-31)
C21c gy

Vg

= v
C31c gz

V
g

where
r

V : V 2 + V2 +
g gx gy gz

Vgy, =Vg x , Vg z
components of velocity-to-be-gained (in the

case of thrust velocity guidance these would

be components of thrust velocity-to-be-gained).

CII C, C21C and C31 C are held constant when Vgz ___ Vcrit

(a constant). When Vgz = O, thrust cut-off is commanded. The

reason for holding the direction cosines constant during the

final phase is to prevent large body rate_ from being commanded as

Vg approaches zero.
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A. Ei<&L,;Aff'_$N PP3', _r,j_..,._

The i)_ l+_moanti ikrus±-_/2!ocity guidance: ]eow-swere evaluated with

the use of % digital simulation program. The sa!i,-nt features of the

i. C 1.s_ _ ]a_p s_m.ala+.ion.

2o

3.

t:degY-,_-zf-fr<edom point mass.

Body ra[ _ ]imi%a+.ion = i0 deg'sec.

_o 8x_tai._!s a.n i?,£ :rr'or me.tel {::::c :bf'<-?n,:. iV-l] Landing Radar Updat<

R Pnie za; ",':s.... Ra _a.r u_date_ (bo_ ;c_ !s.n.n : ,-._ %,.____:_,, _r"_..,_,iPertial

c.)mponer h r'r in" _odel,

5° Det,_r'.r,i_ th_ 3 o'deviation of _-_-',_. mini.mum altiZude of
hhe c,c_i + ch_ , -_, a........ _v, d after the first i_r.2, (&GS burnout

co_aria.r_<_ -_ matrix propagated bid the 1-,oint of minimum
altitude. )

o Capable :'_f:I>:L,_:rmining the impulsive AV re%uired for a

dir_.ct istercer_t. Mideourse ,eorr£sLi=,n is performed at

bursout,ani is based on minimu.,:qiv for m id_ourse plus

r_ n,J.e z'v otAs.

. £apaile of d_-termining the impulsive AV required for

l_arking orl'if:s. Transfer into a.n intsrc_-pt orbit is

p,_:_ , m:q s,:f'_,_r" 20 minutes of _ <_' '-__ ,_oa..... _r,_, %Y:<] iS based on a
mi:'lirr_r_ _V f),' inj÷-%ion plus r_n,] .-,'_ n_.

O
180 ° " 20 ° c_nt,ral angle coasting rue,i, :tori_,s are excluded

to mi_mi2:= :ut-of-plane _V corrections.

iapa.bl.£ cf clef-retaining 3_" devia, tio_s in iota! /kV and

mid :ours_ AV Clue to AGS sensor 6:'rok:s end f,hrust magnitude
wS,f _ a.t i OI'S.

2. N.0HINAL 'iRt6-E01'ORI[ES

The nominal traje,qtories assumed for the ]xi:poces of the

Red_finitiop, Study are identical to those descrJ%: I in Reference IV-2.

,._ o [::,:] pi'.ncc lJ-] ) areThe trajeciories (nominally flown by the P,_NCo_ ..

b,i-f_y ,i-:c:-itet _. I,,.,_.

The L_4 sn_ (!S_,_ are initially in an ,80 n. mi. r-irc-ular orbit.

At 192.4 degrees b_-for,-:the hover point, the ins-rti:'n maneuver is

initia!_i. The complef,ion of this maneuver by LFJ_ risuLts in a

Hohmann orbit which has a pericynthion a!titu{! _ _f 0,000 feet.
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The, pericyr_thion occurs at a central angle of 12 degrees prior to the

ho%c.c poir.t. At this time the optimum fuel portion (Phase i) of

_.he_ po%v'ered descent is initiated. A$groximately 3h9 seconds later Phase i

±ermina:+.es anti _he vi_.ibility phase (Phase 2) is initiated. Phase 2,

whi,_h is comple£ed at the hover point_ lasts approximai_ely lff5 seconds.

Landing radar upda,ti:ng of the PC.NCS starts at 25,000 feet. This

p:in% nomi_,s,lly o_curs 220 seconds after the start of powered descent.

Tile hover £o #ou_h_o_u maneuver lasts 56k seconds anff +_erminates at

_he rominal pow,_red ascent trajectory starts from a launch

p,__1,.io_._-"_" _ that is displaced ½ degree from the CSM orbit plane. Ascent

i_ initiated wh,_n _,he phase of the CSM lags the landing point by

3.85 d_g:_,_s. Purnout o__curs at 50,000 feet abov£ ±he mean lunar

sazf_,_,a£ which point the LF_M ou_.-of-plane displacement _<ith respect

+.3 the £;ST_!orbit plane is 0.732 degrees. The central angle from

b-_.rnou_:to £:ff;#'4inttrcept is 160 degrees.

R_r:-J_.c_ou_ is initiated when the LET_ is 5 no mio from ±he CSM, and

t.:r-rir,at:s when th_ h%]vlis 0.25 n. mi. from the Calm with a relative

velo ity of a bcut 3,0 feet per second.

_he basic AGS modes that were simulated included aborts from

pow_::red desc_eot, a_orhs from the lunar surface and aborts from

primary as_!. i_ each case the nominal characteristics of the

abort £rajsct_ry, thw variations produced by off-nominal conditions

a,t abor'_ 1ime_ and the variations produced by the AGS sensor and

thrust: errors were de+:ermined. The trajectory parameters of interest

in_lud_ pericynthio_ altitude, total iV and midcou_se _V. Pericynthion

al#.itude and total _V are meas_'es of safety anff mission success,

_hi_e mid<:cu:r'se _\r is a meas_re of the _idance law accuracy.

Abo;"t, From D._sc:r;_ (No Beacon)

_'_;]_s rg-i and iV-2 present some typical performance results

for aborls fr_om powered descent when using Delta, and Thrust Velocity

golden:e, respectively. The aborts were performed from several

poin}._ along a nominal descent trajectory at times between i00 and

56h se.Ronds. K_e nominal abort trajectory characteristics were

@_i;_rmined for ea_:h case. The early aborts (before 350 seconds)

resu]_ted in @irs,:_t intercept orbits, while the later aborts (350 to

564 seconds) resulted in parking orbits. Injection into an intercept

orbit from a parking orbit _as initiated 20 minutes after burnout.

T_oles rV-i and IV-2 show that the abort pericynthion altitude was

well above the required 30,000 feet for both Delta and Thrust Velocity

guidance. Also, the total _V was less than the budget for both

guidance techniques. }_or the direct intercept orbits, the delta

guidance te_hnique re_lired considerably smaller midcourse corrections

than the khr_st velocity technique. This smaller midcourse correction

is inaicative of the greater guidance law accuracy inherent in the

delia, guidance ±_chnique due to its closed loop character
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at n.S.S, traject:)ry variations r_su]±ir_ I'r_,mth_ AGS sensor

,-:ror_ and %hr_ist _:_,gn_t:_ievariations were a] sc "_:f :trained and are

._ho_ on f:he right; hand side of Tables IV-I ani 7V-2. In all cases,

rue <_=r_:-sigma variations of pericynih:ion alti_:>:ie and total _V are

s_ffi::i_:o_=ly small so that their ald_tion to £!x :-{_.mir_lvalues do:.s not

,r_s}: _ vio:a.tior__ of the pericynthion altitu:_,_ and %:otal _V

'i'ali_s ]_V-3 and !V-4 show the p_r_bntage r:_,r_q;_-;.tionof the major

A_6 e_r'.o<'s%_" the <:hango in pericy_nlhion ai+_itu< : an:l tofal _V for

_._i_, g_i_s:_ <_ and :l_rust velocity guidance, :r_,sp_,_(<tively. The major

o_ ....L% _o__ s to _r%ng_ in pericynthion a] £itu_ ._a._',:

I. _fSt'\ - piq.'h misalignment <r_,._,.,1_,na_o-_!_ Y-body axis)

2. _ i = pi[.L_ gyro drift ra%_ _ and

- Knrust error (as.<:_nt engi_ _).

'!_ major .o_'_ribut::rs t_ change in total _V arc:

i. _£_A = pi[,Zo_ misalignment (rot%ti,N_ ___rb<i:]]?]Y-holy axis)

<i. _ 0A

A

= roll] misalignment (rotation ab._,_A;x-body axis)

: pit<_h gyro drift rat_

= ye,w gyro drift rate

5. _,_ = thrust .error (asoent _ngine)

N_,= _-ff::,:<sof off-nominal descents on J,hc e.l<i..*_+,raje_:tories

}<_r:,d-,ter_:ine] by abor"_-,ingfrom descents pr-oduc_<i %y abn<_rmally

lar'g= PP,i:3 _trots. _:h-: PGHCS errors considered: w-_:?< 80_ of the

e_ror !he.% _roql_ r.=_sult i.@ the _ vio!atir.',g %k<, d, %J man's curve

(bounda,_y of ai_,itvde versus altitude rate which wil_ result in the

I,F_@hi*:[irg f:he lunar surface even if maximm_ v_r+_ica! thrust is

appli_). [!".eabort trajectory characteristics for three possible

PgN<S errs,is mrd ab_r ÷ times are shown at the bo_iiom of Tables IV-I

and Y_-2. Th-se results ar_ representative of a Large number of

&boris that wer:_ p-rformed for various PONSS errors and abort times.

A s.mma_y of all of £he aborts performed is c_rt_:i.n<_<iin Appsndices

A as,1 _. Yn all ca=_o:sthe pericynthion ai_itud_ - _:.__d_otal _V

::or!strain's w-_re sa<isfied.

._ tom De_c,.ent With Ascent En_i_e Or_Ly (iI.o Beacon)

'labies IV-5 and iV-6 present the performance results of aborts

from po}_er£1 des:_ent performed _¢ith the ascent _ngine only. All of

the abort tr'aje_._:_rJes maintained pericynthion altitudes well above

_hs 30,000 f£. minimum_ and completed ren6-_zvo,_s w'lh the CSM _ithin

<h_ LEiv[_V budg_:t.
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The effect of ACS errors on these abort trajectories is the

s_me as _he effect on aborts using ±he descent/ascent engine combination

previously discussed. The AGS error contributions are contained in

Tables IV-I through r¢-4.

_he effects of off-nominal descents on the abort trajectories

_rere d=.termined by aborting from descents produced by large PGNCS
ri.e 399,464, anderrors. For this study_ _nly th< trajectory times ._ .

565 sscon_Is) that used large amounts of _ V were considered. The PGNCS

errors _nat con tri%.uted the most significant errors in total AV,

midcourse Z_V and pericynthion altitude were:

i° _@p = pilch misalignment and

2. 8Zp = Z - acce]erometer bias.

A s_mary of r:_su!ts is presented in the right-hand columns of Tables

IV-5 aua iV-6. All of the results from the study ase given in

Appendicies A end B° The results show that even with these errors

the abort trajectory remains within the _V budget and well above

1he 30,000 feet minim_m pericynthion altitude.

Aborts Yrom Descenc (E,eacon-Aided , Descen_/Ascent Engines).

Tables IV-7 and iV $ present the performance results of aborts

from beacon-aided powered descent for delta and thrust-velocity

guidance_ respectiv.ely. The trajectory used for a beacon-aided

descent is slightly different from that used for a nominal powered

desc_nt without a beacon. The major difference between the two

trajectories is that the visibility phase (Phase 2) of the beacon-

aided trajectory starts at an altitude of 36,000 feet above the

lunar s'_fac_ _nd a< a range of 20 n. mi. prior to the hover point,

while Phase 2,for <he nominal powered descent,starts at an altitude

of 10,600 feet s.nd a range of 7 n. mi. from the hover point. In

addition, the _eacon-aided trajectory uses 200 fps more AV to reach

the hover' point _han is used for the nominal powered descent.

The results contained in Table IV-7 show that delta guidance is

not affected by the use of the beacon-aided descent, that the

trajectories still maintain clear pericynthion altitudes, and that

r_ndezvous with the CSM is attained _ithin the LEM ghV budget.

Thrust-velocity guidance, however, is affected by the change in

descent trajectory. The results contained in Table IV-8 show that the

late aborts (i.e. 399,464, and 565 seconds) would need delta functions

differing from those used in order to maintain a clear pericynthion

altitude.

_ihe effects of AGS errors on these abort trajectories is about

the same as the effects of AGS errors on the nominal powered descent.

Thes:s results are summarized in Tables IV-I to IV-4.
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<:he errors du _ to off-nominal positJor, ant v{ o:ity at +,he st_rt

of powered _esc_:nt coupled with an off-nomips,] %,:_xon position w_re

v<lia%ed. In 9_]]ii:,_cn_ t.hes_ errors _<__'_ tbxrl c,,<,pi_-,lwith _n off-

nomirai descer_t _r_jectory and the to_a] <£f<_cl- i-'v=,_+igated. The

_'ts_J!ts of this stuf_ in_i<,.ated that th__ ]arS_ .:_ i-'s,j=¢tca'y _rrors

are 1;uk, t b :_xf'f-nominal bzaeon posit:ion,and off-<_,:,_b:si beacon position

:o;p£-: z wilt s, P£'%]'_,S [_ltN_-a::is miss) is::: !:. ?},_oc, <_r.-ors are indicated

con in<- z_ignt-nand sqde cf Tables IV-7 ang IV-8. <'h7 Icsults indicate

t,h_t d-_spit,e those <r':_:ors the clear pe_,'icynth]<:,-_,i',]tude _S still

mairtain:?i.a,n,i r:_rl1<_zv<<Js is achieved within in /_,V tudget for both

i_m-ia ar_:] ..... -st U:]:cify guidance (pxc,,.,pt for _X, --:-_ oases of '--'ust-

"v_io<ity w<e_'- ,_.:_!a f-_:!<%ions differ_:<_g f':,_z:_ _:J ,_ _b*:d "_ould be

r_dclu i r _ d ) •

Asc :mr, i,roe 'R>: L,:,z'9_'Surface

As ,÷nt.s :from tke !uns.r surfac_:_ wcr._ si_u!a',-,,,,]for vaYious lift-

,off tim:_s, s,,rd for in-plane and 0._, dt_6r'ec out-:::_'-r,La.r.:-,la_nch sites.

/_ swrm_a,_y of fb_' sirrralat[,on resu!!:s f_)r _hc ' . • ','<ioci-,y

_- -_ "0 -_sp_ct-guids, n_-io te<:hniquc8 ;s ior_sented in Table IV -::_a_n_: _'7-_

ively. The _-su"i:s show that both gd_,gan<o ].9,4:- :_'v_ satisfactory

p_rforma,ni2_, since the-fericynthio;0 s]t_tud,_ cud _-,,r constraints are

satisfied in ai] cases when the ,_ sig_]]a devia%ion_ due to AGS errors

are added %o i-lit .:_c_0ina] values. AsoprKs to a ,:ii:_,:_t intercept were

perform_d over a <i00 see.end range of ]ifi-cf" t:im_:: _wi£h the earliest

lift-off ooourr£ng when th<, CS]Vl rs,dius t,cct-,or is :',:[]°before t-.he landing

s{t_ v_r_l<:al The t_arly ascents result j.h a _},_.£ _ _ota] P,V than

th,_ later direct intercept ascents_ but axe st,i _ _..'[thin the _V

budget. _l_is AV increase is due to an £xcpst:i_'_, different:, in phasing
.. m

t,eswo,tn the Lk_,4 an,i tk,., "St. _ }'{ , ]I W : _'_' _, ' [[ i ' ...... ' J

.large ma_,_-dars:_s in ,:order to ren,.lez'_eus with t.!:_ ?L<,I. A [at,- ascent

was .s,is3 pt:'fo/'me(i,, wP<:z,o the: pha.si[]g wa:,t L,_.':}L .£_%, :9 o.if,_C,t i_-mt,<LY'c.@pt

was no 1 roger possible. _n this .as£, th,_ LF3'! wa:, "_sez!ed into a

parking o_'%k* for 20 m_nutes. Upon : -]i:." ',: _i' :_,e 20 !_'_K..:S, S,

transfer t< an int,e_r:epi orbit was initiated. '.'h.... _ut-of-pisrc,

laurcr-,:s _'_,-'_,t•.o_:,-:_ __u trajectory ehaz'a_'tirist, ics_ v,!y similar to those

for r},-, jr.-pl::,x __ _a,_nch£s. The principal were a small

inc::'_a_._ in _7 (; fp£) _/] a small drtc:m_as,_ in prYi3ynt_ion altitude

([900 f_t3 for ,!]:]t% gui,:]ance and 1000 _:e_ :i'r,:< . ,.: -v,-]ccit, y guidance).

Aborts From As,_:ent

Aborts w%r_ performed from early ]a,ur_ :h !:<':m%ry ms(,-mts resulting

in dir:,_% intercept trajectories_ and from late _a,un,::h s,scenSs result-

ing par'king orbits. Abort times of 100, _'00 {_,n] :00 s-,conds after

lift-off wet,- considered. A summary of the si&N_iri_c%nt trajectory

paramie<ers is showr, in Tables IV-I.i and !V-l<:'. _{< ,: again, the

nominal trajectory pars_m_t, ers,plus the 3 sigma d<viattons due to AGS

errors ,satisfy the pericynthion altitude and _V crmstraints. It

can be seen that pericy_thion altitude varies ,m_id_-'rably, depending

on the time of abort, for both guidancu t_chn'q,'_s. '.[!his is due to

the fact that tb_. op_.n-ioop steering profile _,_.-._I i'or i_'.Nia±ion of
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these aborts was the same as that used for an abort from the lunar

surface, and no attempt was made to optimize the profile for aborts

from ascent.

The results of all of the abort cases studied, as w_ll as the

effects of all of the error sources considered are contained in

Appendices A and B of this report.
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V. CONCLT;SfONS

_:a.s_ _ .port th- :_ s_lts of the studi_s Nit?.i ..... in this report,
s,ev_:ra, l con,7.1usions can be reached regarciing +£;, oh" .ity of Delta,

G_i-iance a,n:J _hrust V<bocity guidance to fulfil! -h,- ])r imary and

secont,_ry g_i,_iasc_ taw _,_q'_:ir_-,men_s that a r'° o_ _- t< -i in Section lI.
!ihc _is:ussion will tc ,st ;ided into %wo cate£:_-ie::, n_mely primary and

_cor_dary r-_qi_,ir'emtrts, and will follow the orJ_:- <I th- requirements

PFfMAF Y REQUI F_EHE_CS

._. ,,_ab_es IV-l, 2. 7, 8, 9- JO. !1 and 12 indicatesq AF. :irI_iL8 4 ic, I_ _£ m, ,_, . .

that bor,h l_:Zta and Tnrus +. Velocity Guida.nce are ai']- f.o perform aborts

f%'o___,_o_-Le%,?on-%i3eq powered descent_ from the ]_ue.r surface and from

power_.d a_c__n, while main<aining a clear j_>q £{2 f_. pericynthion altitude

a.nt ir, t_--:p.ting t.t->, ,.'_c:;"l.,,_.within the Z_ V budg_r_. . In a.J[tition, an examina-
tion of [atlas. .,-, at,1 8 r(.veals that Del.ta cLJ_:c:._.:}r>:_ is a,<le t.o perform

_.n. abort from a %_'£.,>o-aided descent utilizing _._ .:;,me ?onsiants as used

_'or the n:D_,-L-,:_,_o.rt-at_r_e_ :tesc_nt. Thrust V<,lo,?/ty (;uidance, however,

woA_ :+eJ _. difF__renfi set of delta-tuner.ions than those used in this

. _ _.he c_,,, _ that thestuffy to p÷,rform thi _ tyn_, o.f' abort. 'r_ -, r,_ascn .... his is

delt_ g,_idano__ ].qc.p is closed through a na_riga_ [_,r,..... ':_ _:+_,m,, while the

_.[_zr'"ns- "velocity g.zidanee: technique depencts e,nly L,pOL the mea.surement of
thrlgh, "_ _ " -" _,.-__£L Ci ,.y .

]}he p-:'fo:rmamre, of the Delta. and Thrust V:'J_e"y guidance techniques

it; dcg___._i-..i som._,wha.t when 'used to perfo_:@ ab.ot_ £:-',rn powered ascent.

For a.so.._;5 from pewt.r'ei descent, and from the !ur:s.r surf_.ce, both guidance

la.ws _.r_. s.b_e So etts.iq p_:ricynthion al!tit:ldes ":£ _<w,!r than bO,O00 ft.

Xc,W-_,eF, for a._.ott:, from powered ascent, r,he pe_'icynt£ion altitudes are

a.s low a...: 37,000 ft. qh ;.,aeon for t.£is is the _ 'h- guidance laws

a._t op -/SOF_ sr_.i>g !:,re, file, a.s £orm',lat_.,__c_ t' :- £b'._ study, were

opt.imlscd For %%o_ts fro@ ps, we_ed jessent. [4._)t_. d_i :at_ca taw5 cs, uld

:: ms.,_ £0 yze]1 i_xpr.swe,:i p,-_r.formancr_ in i£is _,_ r _ ]_fion by the
af,JifioF_ of a.r?Ofh_'F S.: '+ (,£ <onst:a.nts and a c._:&.nC, i_: *<e op_n-loop

potti-m o£ tq- sk, crt t, rsjecto_y.

2. :noah D_.iia a,r_c Thrust V_locity guidanc pr,vi,, ihe capability of

choosing -,tt,k_r ]ir:-ct in_,!,rcept t,r'ajcctory l_a:£ing orOit

__.rno_=, eo_di_io.r!s, it s_tc,ul.1 be noted, howcv_,_, i_!. due to the hori-

aop*_,_ bu_n,o', _ :onstra, int used :for these s',ali_=s ft. is not possible to

arts.in _ dire:-'_ ir:r_.rcv>t, trajectory for th_ J_( : -:_O sdc:0nds and

at'or) _::ofte' frsrr: i, ow£::,%d ,<esc_nt,.

}_ Both .befits. anti ffhrusfi Velocity ddidance ar,_ ce,pat:£e of performing

az,_-._no engine_ descent ascent: _,_r'r_._:, combination and

asce_!t _r.gin_ only. However, an examination of' Tab'c It-6 shows that

ihr,nst. Veiocft:y g;_idanee loss no< maintain a c]_e.-r pe:-icynthion parking

orst _ when using t:ne ascen% engine only for" aborts from powered descent.

_inr_st Veloci'y gui,]a>,_e could be marie to yield c,-_?fsfactory performance

in tni5 abort situation by the addition of another se: of constants.
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4. Except for the specific cases previously mentioned, all of the Delta

and Thrust Velocity Guidance abort trajectories maintained a clear

30,000 ft. pericynthion altitude.

5. The latest _V Budget (Reference V-I) allows a total of 6664 fps

for the LEM ascent stage. All of the abort trajectories studied using

both Delta and Thrust Velocity Guidance utilized an a_erage of ab_at

6200 fps of _ V to rendezvous with the CSM. This is well within 98%

of the total ascent stage _ V budget when the vehicle is subjected to

30-AGS errors.

SECONDARY REQUIREMENTS

i. Neither Delta Guidance nor Thrust Velocity Guidance, as formulated,

can perform aborts from coasting descent. It would be necessary to add

additional logic and equations to fulfill this requirement.

2. As presently formulated, neither Delta Guidance nor Thrust Velocity

Guidance ha_e the capability of performing a self-contained midcourse

correction. However, due to the navigation capability possessed by

Delta Guidance a self-contained midcourse correction scheme can be

added.

3. Neither of the guidance laws studied has the capability of de-

termining the time and thrust vectoring requirements for injecting from

a phasing orbit into an ascent transfer orbit that intercepts the CSM at

a point selected by the astronaut. However, due to its navigation loop,

Delta Guidance can be more readily adapted to performing such a maneuver

than can Thrust Velocity Guidance.

In summary, it can be concluded that Delta Guidance provides greater

flexibility and greater accuracy for the AGS than does Thrust Velocity

Guidance for fulfilling the primary guidance requirements. In addition,

due to its navigation capability, Delta Guidance is more adaptable to
additions that would be needed in order to fulfill the secondary guidance

requirements. Also, a navigation capability would be necessary in

order to perform abort monitoring.
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APPENDIX A - DELTA GUIDANCE RESULTS

The tables contained in this appendix summarize the results of all

of the Delta Guidance error analyses conducted as part of the AGS redef-

inition. Included are the numerical values of the PGNCS and AGS errors

used in the study as well as the burnout conditions of the nominal abort

trajectories.

Table A-I lists the nominal trajectory characteristics. Tables A-2

and A-3 list the numerical values of the errors used in the analysis for

both Delta Guidance and Thrust Velocity Guidance. Tables A-4 to A-17 list

the errors occuring during aborts from powered descent using the combina-

tio_ of the descent and ascent engines. Tables A-18 to A-21 deal with

aborts from powered descent using the ascent engine only. Tables A-22 and

A-23 are concerned with In-Plane Lunar launches, while Tables A-24 and A-25

list the results of analyses of 0_5 degrees Out-of-Plane lunar launches.

Tables A-26 and A-27 present data on aborts from powered ascent. Tables

A-28 to A-31 list the results of error analyses of aborts from beacon-aided

powered descents.
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i i i

APPENDIX B - THRUST VELOCITY GUIDANCE RESULTS

The tables contained in this appendix summarize the results of all of

the thrust velocity guidance error analyses conducted as part of the AGS

redefinition. Included are the characteristics of the nominal abort trajec-

tories. The numerical values of the PGNCS and AGS errors used in the study

are listed in Tables A-2 and A-3 of Appendix A.

Table B-I lists the nominal trajectory characteristics. Tables B-2 to

B-15 list the errors occurring during aborts from powered descent using the

combination of the descent and ascent engines. Tables B-16 to B-19 deal

with aborts from powered descent using the ascent engine only. Tables B-20

to B-23 are concerned with both in-plane and 0.5 deg. out-of-plane lunar

launches. Tables B-24 and B-25 present data on aborts from powered ascent.

Tables B-26 to B-29 list the results of error analyses of aborts from

beacon-aided powered descents.
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