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ONEBENT

SYMBOL
AGS
PGNCS
Av
hp
AV
AVvc
D hp
DAVD
SA Yme

vVr

XsYs2,X,¥,2

GLOSSARY OF SYMBOLS

DEFINITION

Abort Guidance System

Primary Guidance, Navigation and Control System
Integrated Thrust Acceleration, fps.
Pericynthicon Altitude, feet

Total AV used, fps

AV used for midcourse correction, fps

Change in pericynthion altitude, feet

Change in total AV used, fps.

Change inAV 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 povered descent, secs.

Error in a quantity

Velocity required, fps.

Measure vehicle inertial position and velocity in
ft and fps, respectively.

XO,YO,%O,
Xo,?o,Zo Expansion point required inertial position and
required velocity in ft. and fps., respectively.
(For Delta Guidance).
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SYMBOL DEFINITION

To Expansion point time, secs,

T Measured trajectory time, secs,

K's Coefficients of the Taylor scries expansion

(For Delta Guidance)

AT Thrust Acceleration, ft/sec.2

2
g Gravitational acceleration ft/sec

3

5
Lunar gravitational counstant, £t /sec

Commanded turning rate vector in hody coordinates

=B

EB Unit vector in measured direction of X-body axis
XBC Unit vector in desired direction of X-body axis
C Body direction cosines

K Steering-loop constants (gains)

Commanded direction cosines

ijc
LEM Iunar Excursion Module
CEM Command and Service Modules
AB Pitch misalignment (rotation about Y-body axis)
AY Roll misalignment (rotation about X-body axis)
AP Yaw misalignment (rotation about 7-body axis)
Ab Pitch gyro arift rate
A@ Roll gyro drift rate
A$ Yaw gyro drift rate
){T Thrust error (ascent engine)
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SYMBOL

DEFINITION

¥- Accelerometer bias

Y- Accelerometer bias

7~ Accelerometer bilas
X-Accelerometer scale factor

Y- Accelerometer scale factor

7- Accelerometer scale factor
Burnout flight path angle, degrees.

Central angle traversed by the LEM, degrees

Indicates inertial components
Denotes primary guidance system

Denotes abort guidance system
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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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1T, INTRODUCTION

GATC hag redeif'ined the AGS in compliancs with the directive
contained in the NASA letter EG-32-2-6L-377, detec -0 July 1964. The
gter flexibility in

"y

rod-finiticn of the AGS was aimed at obtaining g
the abort guldance system than that providesd by the

T4

| Compersion”
gaidancs law. It is the purpose of this roport to present the results
of tn: guidances law studies conducted during the rod:finition effort.
The analyses p=riormed fcr this report were accompliched during a three
morth p=riol commencing 1 September 1964 and cnding 1 December 196k,

A. CBJECTIVES

Thne primary objective of the AGS redefiniticn ctady was to determine
th= impsct on the AZ3 computer design of more cophisiicated guidance
t:chnigu-g than had been considered previocusly (Referwnece II-1), These
improve1 gulaarze techniques were considered in order to obtain

incr=a~-d flzxibility of abort operations, and to advantage of
possitvle improveaments in sensor performance levels vor:d those presently

Varicus perturbative and explicit guidance schemes were studied to
datormire the tradecffes between computer hardwar: ponalties versus
inersas-a flexibility anc performance. The perturvative guidance system
prrformance studies were conducted by GAEC while thne explicit guidance
porformance studizs as well as the hardwars impact studles for all the
guidance schemes were conducted by Space Technology Laboratories, Inc.
[STL) under P.O, 2-24h85-C, Ths results of the ¢xplicit guidance
p-rformance gtadiss anc computer hardware studics arc summarized in
SUL repurt 450620 ’ coce lI- 0 snd will not be discussed
her=, This report will concern itself primarily with the GAEC pertur-

Lative guidance giudi-c. These perturbative studics Lensions
of previous GARC analyses which are summarized in ReToere s IT-3

through II-10.

T, FEGUUREMENIS

Trie guidance law reguirements as outlined in References II-11 and
T-10 cmn e categorized as primary and secondary reguirements. The
primsry regilrsments are those that must be sallell~d by any guidance law
that is to b cousidered for inclusion in the ACGS, The seccondary require-
mer*s are desirable characteristics which can give the AGS greater flex-
ibility and capability, but which are not considersd mandatory in perform-
ing the basic AGS function. The requirements ars- tabulated below.

Primary Fegquirements

1. Provides the capability to abort from beacon-aided or non-
teacon-aided powered descent, from the lunar surface, and
from pow:rad 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 AV available), with
the descent-ascent engines in combination, or with the ascent
engine alone.

4, Provide an orbit after the first thrusting phase whose
minimun altitude is at least 30,000 feet.

5. The total AV 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 AV 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 Reguirements

1. 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
selected by the astronaut.

The ‘analyses 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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1T, GUIDANCE LAW 51

A. INTRCDUCTL

Th= p2rturbative guldance laws studied by GARC 'or the AGS
funetion includsd thrust velocity, Q, and delta guldance. Thrust
velocity is the last complex of the guidance lawe and was considered
the minimum accephbabls syctem.

Thrust velocity guidance consists essentially of determining the
thrust velocity removed during the descent and replscing it during the
asc=nt., An empirically derived correction function iz added to the
thrust velocity comporcents to compensats for differences btetween the
desc=nt and asc=nt trajectories. Navigation dats is not required
for the thrust vzlocity guldance scheme.

The Q guidancs tzchnique utilizes tThe past hislory of veloeity-to
be-gained by int=grating equations relating the rats of change of
vz1locity-to-te-gained 1 to thrust acceleration ihroughcut all phases
of pow=r=d flight. rJILﬁcT consideration of this guidance technigue
wae dropped after preliminary studies indicated that it was not suitable
for the abort guidance function. The primary provlem was the difficulty
of achieving the capability to burn out into eititer o direct intercept
orbit or a parking orbit. Providing this capability would impose a
requirement to keep track of two velocities-to-be-gained throughout
the powersd descent, with increased requirementz for computer
storage and time. GSince preliminary estimates Indicated that Q guidance
woluld havs an accuracy comparable to delta guidance, it wasg concluded

o
ng
V

that the adiditional complexity introduced by @ guidznces was not warranted.
Theroforz, no furiher discussion of Q guidancs is 1o b2 prasented in this
report.

The dzlfta guldance law utilizes a Taylor =-ries oxpansion about a

nominal cub-off point for fthe computation of {h- ve= ocity required by
the LEM to intzrcspt the CSM, It is a somewhat more sophlisticated
perturbation bechnique in that the guidance locp is ctosed through a
ngvigation system and, therefore, has greater intereni capability to
handle off-nominal conditions at the time of abort.

The Tollowing paragraphs present detailed deseriptions of the
thrust velocity and delta guidance techniques, plus a summary of the
analyses that were required to synthesize the respective guidance
techniques., The results from performancs analyscs of these two
guidance technigues, as determined by digital computer simulations,
are presznted in Section IV,

B, TERUSY VELOCITY GUIDANCE

,,,

ription

Thrust veloelty 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
add=d 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,

’ = -— +
Vgx (tab) AVx (tab) Afx (tab)
a5 (tab) = - A\%, (tab) . (I1I-1)
Vo (t,) = - 4v, (t,) + O f, (t,)
where,
\ ©’ v , V ” = Inertial components of thrust
g &y g velocity-to-be-gained
AVX, AV, AVZ = TInertial components of integrated
y thrust acceleration
AfX,AfZ = 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 ITI-1,.

X (Vertical)

$“2- Hover Point

H

== 7 (Down Range)

Y {out-0f-Plane)
Figure III - 1
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n gbort is irnitiated, the delta Tunctions of equations
The abort starts with an

en loop pitch

0

chnigues {Section II-D of this it ), The thrust
-be-gain=d is continucusly updsai by the accelerometer
this open 1loop phase even though the Information is
s=d for stesring. Upon completion of the open loop
os=d 1loop guidance phase ensucs which the remaining
2ity-to-be-gained vector is nulls

s Do

er to compensate for off-nominal ascent engine thrust,
n tzrm proportionel to the off-nominal ascent time is

dded to =quations IZI-1.

= - v (t £ 1 oo -t
LSJx(t) ¥ ( ab> “x Mol tnom)
- DV (t) 11
v
= - AV £ (% S G T
AV (t) + Dr (5) v c (t t_ )
= C(Constants
= Measgured open loop time
= Nominal open Toop time for abort
at t = tab
implementation of the guldan~e law, a new set of
icrs is de=fined:
= AT (t) - ¢ ¥t o (t) .
bd b nom
(I7I-3)
- N - 0 %% 1
szz(“) Yz “riom (t)

new delta functions in eguatiors ITI-
v=locity-to-be-gained during the
e:

the equations
lcop guidance

2,
d

; {+ - = T ; b A X
xgxxk) Z}Ji(t) + ZBFX (vab) oC, ¥t
v {(t) = - LV (t III-4
() S(8) (111-4)
I I it - “ .FI . ﬂ ¥%
ng(t) zsfz(t) + £5*z (tab) 0¥t
Fd
FORM G328 REV 1 8.64 .
,ij
GRUMMAN AIRCRAFT ENGINEERING CORPORATION

CODE 26512




SSNFDENTNE-

The above discussion applies to aborts from descent as well
a2 to gkorts from the lunar surface and from ascent. However,
for aborts from the lunar surface and from ascent the delta
furctions are functions of launch time measured from some
arbitrary roference, rather than functions of abort initiation
time. In the present analysis, launch time is referenced to the
time wr.2n the czrptral angle from the CSM +to the LEM local
vertical is 20 degrees. Components of AV are accumulated from
the gtart of ascent. TFor aborts from the primary ascent trajectory
tks starting point on the open loop pitch profile depends on the
AV azcumulated prior to the abort initiation.

Analysis Performed

a. Determination of delta-functions and thrust error coefficients

e delta fuactions were determined empirically using the
genergliz«d thres= dimensional point mass digital computer program
d=szribed in raference III-1. 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 IEM and CSM at the end of the open loop phase, and with the
constraint of a horizontal burnout flight path angle, the impulsive
AV reguired for a second conjunction intercept (central angle
graater than 180 degrees) is computed. If no second conjunction
intercept is possible, a AV is computed which will put the LEM
into an orvit that has an apocynthion altitude equal to the CBM
orsital altitude. The computed AV 1s converted into components
of thrust velocity-to-be-gained which are nulled using the closed
loop guldanze law described previously. At thrust termination,
+h= ILEM will nct have the desired trajectory because a finite
thrust was used rather than the computed impulsive thrust. At
this time, a new impulsive AV, based on the present positions
snd velocities of the IEM and CSM is computed. This impulsive
AV is convert=d into thrust velocity-to-be-gained components
whaich are added to those computed initially. The initial
conditions at the start of the closed loop phase are restored,
and the updatzd thrust velocity-to-be-gained vector is flown
as described above. The iteration is continued in this manner
until the additional AV 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:

af, LV,
DV

Z

(III-5)

11

Of
z
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whzre OVyx and AV, are the components of thrust velocity
geoamuleted during descent and abort ascent.

The thrust error coefficients, Cx and C, ars also determined
empirically. A trajectory is flown with an off-nominal thrust,
and, by using the iterative technique described previously, the
=xgnt valuses of thrust velocity-to-be-gained at the start of the
cleged loop phase are determined. Knowing the nominal and
actual open loop times and the delta functions, the coefficients
can ba computed from the burnout conditions, using equations III-2

‘ AV, - Of

\UX = X X
t -t

o] nom

(111-6)

c = AVz - Afz
‘ t -t

ol nom

Some typical values are shown in Table ITII-1., In order to
reduce the computer storage requirements for Cx and Cyz, 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 following representative
values were used

C 3.0 ft/sec2

X

C

zZ

1l

5 (III-7)
.25 ft/sec

Table III-1 alsoc shows the error in thrust velocity components
due to these non-exact thrust error coefficients.

Using the chosen values for Cx and C,, the delta functions
can te determined from equations III-3,

AF = Af - C_t
X X X nom
(I11-8)
AT, = Afz - S them
The d=lta functions were determined for both aborts with the
ascant 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
.50 for aborts after 280 seccnds along the powers=d descent), The
resulting delta functions are shown in Figure III-2.

o

b. LIinearization of delta functions

In order to reduce the computer storage reguirements, the
d=2lta functions shown in Figure III-2 have been linearized. The
burnout flight path angle was determined, as a Tunction of descent

(3
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iy - PAGE 9

TABLE (III-1)

DETERMINATION OF THRUST ERROR COEFFICIENTS

AND

ERRCRS IN AV COMPONENTS FOR APPROXIMATE VALUES

Trrust error varies linearly fron O to 10% of nominal over burn time.

THime of Abort

t, (Sz0s.) 250 350 390 390%
Exart  C 3.4 L3066 | 2,87 3.4

Exast  C -.12 27 22 50

= 3.0 E (ZSVX) (ft/sec) 2.2 6.3 1.7 3.9

C, = .25 E (£>VZ) (ft/sec) 1.9 .2 b 2.0

*  Thpust = 3605 1lbs. (+ 3%)
FORM G328 REV 1 8.64 REPORT LED-500-k
. DATE 31 March 1965

- .
GRUMMAN AIRCRAFT ENGINEERING CORPORATION
CODE 26512



HiEnE g I B Sk

L . R Y o S b o1

b TR TR

1 5 ~——t ——1 =

AP i N 1 N i o X
D i s A L .

4‘..7.....1lnu|‘1|‘ I.JH w i i Mx E
o ; ! Jﬂﬂﬁ ; gy

T 1 ; : : -

F

Aol

's’ee»w’nefms
L@

LED-500-4

~

REPORT NO

,, \W | K = i ,.
c e B o - : =
mwum | | .,uw m
L& W _ | ¥
b U T : &
~1& ‘ - -
| eE g
b ﬂ ,

Asgent
e P

1

!
OOt

A

R B

[P = it

) |
Deltd Funotions for

T (
_ ! ! ‘ 3
e S e
! e i RS VAR L
i o | ; ! . o Ll v
B . N : ) i v ! . \\ W P e
t ’ " * - T 4 I : 1 —— ' T
. . o M..M Mv‘“ me‘ M o \W } M ! AW i AW‘ [ nW o o &u b . _N ‘
. - _ 1 SRR o, SSEE NP, AN SR | 5 NS S <A 5 RS SR IR < o= W SR, . WS S S0P . SEUE S "SRR SN - S I . - B S
| Lw* Er S T R B RPN
- | ' o | 4 1 { 1 . { i h

ENG 435

YIPYAEUE B
KEMELET & ¢ P2EH CD°
10 X 10 LO LHE +» IMCH

323l 1l

1 March 1065

GRUMMAN AIRCRAFT ENGINEERING CORPCRATION 3

6?2



R ]
-

b

1h

B

ERNG W

[ SNPITS 'SUNE RN

e

e
'

-
]
T‘

|

- 3}
COmbfnatio

—

|
i .
B S RIS g
i ;
] i .
1 ¢ T
! ' !
!

[EOVORUS PEUIUU SRR S

Tiwn

TSR |

.

R

f
I

t
!

... . . ,__L_.,_.,__ .

21

ﬁ : :
| W i
. . o .
o o |
. 3
o T
— - - - L4 m :
| w . .
! (O, —4-
g | o i
i : ! : : L oy
T Il N N .
_ | 2 , b L §
SUNRSS SV N DU S N .1W - & Jm.u w :
i ™ . + - . ;r» .

¢ etk

.

1O X 4O 42 1+0 7 PMCH

anr

328l 11

31 March 1965

REPORT NO. LED-500-k4

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

Ine 438
.2



L
+f

REPORT NO LED-500-k

'irsm; '
g
/

pa
7

|

P
SR S

1

By

From| P
i
B

Figire) (14T -

FlinobTofs For| Abhrth
i
-
i

%

1

: o m,ﬁ \\
. B rILMtI s \\\\ ,
— z i L
T T e P
1 5 N - AN O
i t . *%..i. T w

T ENAEVE B
ST KEDLEE] F 200 B CO LR Tl R ¥
[

™G 10 %X 1O 10 1HE > IMCH S2ol-il

31 March 1965

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

EnG 435
61



LED-500-4
31 March 1965

REPORT NO.

IoRS SERE &

PR QNS

B DS SIS SUVE SRS SR
t

GRUMMAN AIRCRAFT ENGINCERING CORPORATION

“I'BYWLUVE %
X“M KEMLEE] F L. ~e% (O KYEE M T ¥
10X 10 40 AME S IMCH  3201-41

(L1 XF 1
9 42

Lo .
.Mlyl ‘ . ]
: _
- i
: ‘ i
. S SR
o ’ * ' : ' R - e
— . b
B i o i
! e
I
— .
RS FEON S 4 EETES N DU I 1S :
: : . i 1
3 i ~




fond

time, such that AFx was made linear as shown in Figure III-3.
The maximum burnout flight path angle that was needed to achieve
this linear curve was 1.4 degrees at a descent time of 390 seconds.
Using the new Tlight path angle constraint,AF, (see Figure ITI-3)
was dei=rmin=d for each abort point, using the 1bcratlve method
des . rit=d previously. This ATz was approximatzd by a series of
linsg, aa shown in Figure III-2. Thae Tresk inAF, at a
d=g=rt time of 390 seconds is due to a change from intercept
rhasing orbifte., Since the delta functions Tor ascent engine
’Vly aborts are almost the same as for descent/ascent engine
comtination aborts (sez Figure III-2), the sam= s=t was used for
tiith engire -~onfigurations.

2y aliowing the apocynthion altitude of the phasing orbit

than 80 nautical miles, AT, can bo mads constant after
2ords of »=nt time. The Tinal form of the delta functions
shpww in Tigurs ITI-h4,

. o=ita fan tions for akorts from primary as:ent and from the lunar

The delta Tunctions for aborts from primary ascent and from
the lunar surface wore determined in the sams manner as those
for atorts fram powered descent. They were found to be linear
functions of Jaunch time and, hence, the horizontal burnout
Tiight path anpio constraint did not have to be relaxed. These
delta functions ar> shown in Figure ITI-5.

C. DELTA GUIDANCE

Degeription:

The primary functions of any guldance law are to determine the
reguired velonity needed to intercept the target and to generate
thrust vectoring commands so that the vehicle achieves the required
velocity .For Delta guidance, the required velocity is expressed in
terms of a Taylor series expansion about a noniral burnout point.
Throughout the powsred flight, this seriesg is evaluated approximately
every two (2) seconds and compared to the measured vehicle velocity
to d=t=rmine the velocity-to-be-gained by the vehicle in order to
int-rz=pt th= target. When the velocity-to-b=s-gained is zero, the
thrust is terminated and the vehicle ccasts to an intercept with
the target.

The velccity required to intercept the CSM is a continuous
fur-tion of LEM position and time. Therefore, it can be expressed
as a Taylor s=ries expansion about a nominal position and time.
Tne gereral form of the required velocity egquations is as follows:
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rx
v
ry

rXx

Il

Il

I}

. 2 2 2
X°+KxxAX+nyAY+szAZ+thAT+KxxxAX +KnyAY +szzAZ + vene

> > K AZS+
7o + K +K AY + K A7 + K OT + K OAX" + K AY + “yzz cenee
J v vy v yt ok vy v

5, + K AX + K _AY + K OZ + K AT+KXXAX2+K AY v K AZE 4 ...,
zX zy ZZ zt z YA'NG zZ27

(ITI-9)

where:

DX = (x - %)
OY = (v - vo)
A7 = (z - zo)
OT = (t - to)

(1I1I-10)

x,¥,z = measured vehicle inertial position

XosYosZosXosJos2o = expansion point required inertial position and

v
rx

KXX,

K

required velocity, respectively.
T, = expansion point time
T = measured trajectory time

, Vry’ Vrz = required velocity in inertial coordinates

K , K
xy’ Txz
K ,..= the coefficients of the Taylor series expansion

xt’ ny’ vy

The coordinate system used here is the same as that used for the
Thrust Velocity analyses (Figure III-1).

One or more of the coefficients (K's) used in Equations (III-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
guzildances 1s to minimize the number of expansion points and
expansion coefficients that have to be storesd in the AGS computer.
2y using the trajectory constraint of a horivontal flight path
8t injection 1t was found that only three expansion points and
thzir corresponding sets of expansion coefficierts were needed to
cov:y the spocheun of required aborts. The portion of the mission
covasd by essi of the three sets is ag follows:

I

a) Aborte from powersd descent between © = 0 znd t = 350 seconds
which result in a direct intercept orbit. Dirsct intercept orbits
sible after t = 350 seconds with the horizontal flight
~onstraint.  The series, in this case regulres position and

ms terms, plus some second order terms.

b)  Aboris from powered descent, from the lunar surface, OT

from primary ascent which result in a parking orvit. The parking
% 1s d=fin=d as an orbit which has an inseriion velocity

i *0 th= velocity required for a circular orbit plus 20 fps.
sirisg expanslon for this case, contains only linear position
S

2) Aborts from the lunar surface or from powered ascents which
result in direct intercept trajectories. In this case only
linzar terms in position and time are regquircd.

After the reguired velccity has been determined the velocity-
to-be-gained is computed as follows:

1
v = V - X
2% X
.
v =V - IIT-11
- ey T ( )
L]
Vo= V. -z
gz rz

Th= components of velocity-to-be-gained (Vgy, Vgy, Vgz) are used
Lo steer the vahicle in a direction such that the velocity-to-be-
gained goes to zerc, This direction is defined by the desired
dirzction cosines:

(111-12)

C
M
}__t
UQ<:ng<: Uq<'loq<: 0Q<| <<
| R (@
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When the velocity-to-be-gained is zero, the regquired velocity and
measured vehicle velocity are equal, thrust is terminated, and the
LEM 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 arz the same as those for Thrust Velocity guidance, and are
discussed fully in Section III-D.

Sinc= the guidance equations use vehicle position and velocity
data, a navigation loop is required. The navigation equations
solved are as follows:

»
X = Atx to8g
Y o= A+ ITI-1
ty g ( 3)
Zo= Atz * gz
where:
X, Y, Z = 1inertial components of vehicle acceleration
Atx’Aty’Atz inertial components of thrust acceleration
g, 8., 8, = inertial components of gravitational acceleratiocn
Y defined by the following set of equations:
g, =34 X
R
:—ﬁ Y
&y 3 (ITI-1h)
R
g =—-/§C Ve
z R
(2 2 2
R :“JX + Y + Z
whersa:
= lunar gravitational constant
X, Y, Z = inertial components of vehicle position
FCRW G328 REV | 8-64 REPORT [ 1D-500-k
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X = g‘ﬁdi + x (0)
v o= 5:{°<~1e, + ¥ (0) (ITI-15)
7 = §z+ + 7 (0)
X - /(kdt + % (0)
ro= g Y3t o+ Y (0) (ITT-16)
7 = )f 7ot + 7 (0)
whers:
k, %, 2 = din=rtial components of vszlocity
%(0),7(0),2(0)
x(0),v(C),z(0) = initial conditions of velocity and posgition, respectively

Analysis Performed

The primary analysis effort in developing the delta guidance
law was to determine the coefficients of tThe Taylor series
expansions for the three abort cases. The first case studied was
the abort from powered descent which attalns a cirect intercept
orbit. For various abort times along the powered descent, the
nominal burnout positions and times resulting from the open loop
stesring profils were determined. Thirty-five (<5) nominal
burnoat points were chtained to cover the range of aborts from t = O
to t = 350 seconds. For each of these points the required velocity to
intercept the CSM was computed by a digital computer program using
+he constraint of horizontal injection. Bascd upon the values of
the components of required velocity, an expansion point was chosen
which was midway alorg the reguired velocity space. This tra-
jectory was equivalent to an abort from 200 scconds along the
powered descent. The time and position perturvations from this
nominal expansion point were determined for the 35 burnout points
chosen. By substituting the required velccity and the corresponding
perturbations into thke Taylor series for each burnout point, 35
equations were cbtaired for each series expansion., This over-
determined set of equations was solved in & least squares sense
to obtain the series coefficients. Based upon ithe residuals of the
curve fit (i.e., the difference between the actual value of
requirzd velocity anc the value calculated by means of the Taylor
series expansion) it was found that the fcllowing expressions
were sufficient to perform all of the aborts from powered descent.
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o o Lo - e i w Nt

Yer ‘X‘OJ_ N P‘:x;}g],AX N r\‘xz L - }( P Xzzlbz) * “X'*’,%:l“A“)

W . + K Yo+ K : + K A7+ K TN I-
7 Yol _yylAf KyyXlAYAX Kyyzld DZ _‘_yytﬁ (NT (I1I-17)
) B Z N G 07 + % SOy &W)Q Lo @m)g

Voo T %1 7 Taad "zl ' “ztfk* Y2zl AT Banie

Tt owas slso astermingd that eguation (IZI-17) was valid for the

2 )
following valame of gepar= ard tims
AX = 422,169 to -92,635 ©H; AY = +50,000 fo -50,000 ft;
D2 +190.679 o 21,939,631 ft; AT = +247 to - L8L geconds

wit

Vo ok imum ervor of 2.86 fps in Vigs = 2.17 fps in vry and
0,49 fpa in Ypze. lne wumerinal vasves uszd for ths soafficients
znd fne -wparsion point valaes are given in Tatle (ITI-2).

T rexT czse shulied was that of ksrts from the lunar
gurfas or from powered ascent that aim for a dir=ct intercept.
Thege azcris were performed at varioas times b twz2n the point
wh=t= *h= initial phase of the CSM lags the LEM by 20° (corres—
pordirzg ¢ T = 0 sezands) up to the nominal Hohmann transfer

phssing {zorrosponiing to T = 389 seconds ). The procedurs
T licws=3d was the sams as that used fcr aborts from power=d descent
+

O defevmine the nominal Tturnoui peints, the ccrresponding reguired
velozitiza, and the series expansicon peint. In this case, only 15
polirts were tise] since it was expectzd thal only the first order
oeffiviseng woull b2 razguirced due to the smaller volume of
pregizls Yurmouh points as conpar=1 to atorts from descent.

‘A v fit regidusls 18 was found that the following
cKDAar et ora ywere o ffizient for computing ths reguired velocity:

o st e
i [P [

m

3 - X .ot ;XX + ¥ Z 4+ ] W
]rx 0 XX XZBAZ' Kx’tjaL

v = T+ F DAY+ ¥ A + K DNZ + K NIAT I1I-18
r 03 vy 3 Yyx3 yyz yyt?ﬁ ( )

- - . ¥ A~ o - e .
v, LO} € X+ KZL§QL + Kzifki

+

Tnowas fousd thah sguation TIT-18 was valid for the following
[=

volzms of spaoe and time:

=,
ﬁ

AX = +20,000 * 20,000 - DY - +60,000 to - 60,000 f+.

A7 =+60,761 to - 60,761 £t; AT

1

+187 to - 198 scczords

with a maximim error of 0.27 fps. in V

vx» -0.61 fps. in Vyy s and
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3.16 fps. in Vyz. The numerical values of the coefficients and
the nominal expansion point values are listed in Table III-3.

For the case of aborts from powered descent, the lunar
surface, and powered ascent into a parking orbit, the coefficients
were derived for a parking orbit of circular plus 20 feet per
second veloecity. 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 reguired velcoccitlies are used.
This reduced number of points is satisfactory due tc the fact
that only the first order position coefficients are required.

Based on the foregoing discussion, the following set of
equations was us=d to determine the required ve oclity:

er = Kot Kxxésx * szész
(IT1-19)
= 7 AZ
Vrz Zo * széﬁx * Kzz2

Equations ITII-19 was determined to be valid for the fcllowing
volume of space:

AX = +42,619 to -39,536 ft; AZ = +26,079 to -75,532 ft.

Time along descent > 350 sec; Time for launch = 389 to 600 sec.
with a maximum eorror in V., = -0.11 fps, and in Vry = -0.12 fps.
The numerical values of the coefficients and the nominal expansion
point coordinates are listed in Table III-4.

All of the gtudies described were performed using an IBM
700k computer. Two separate programs were developed to determine
the required velocity and to perform the least squares curve
fit.

After the coefficients were developed for the delta guidance
expansions a closed locp simulation and error analysis was per-
Fermed. This 15 discussed fully in a following section.
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TABIE ITI-2

EXPANSION POINT COORDINATES AND EXPANSION COEFFICIENTS
ABORT FROM POWERED DESCENT (DIRECT TRANSFER)

Expansion Point

Xo = 5.758301 % lO6ft; Yo = 0; %o = 9.319878 x 10

To = 517.99 seconds

5f“b;

¥Xo = -8.939k x 107 fps; Yo = 0; Zo = 5.52319 x 107 fps

Expansicn Coefficients

r 2 2
K e S
X | K fps/IT' K., P /ftl thfps/sec szzfps/fps Ithtfps/sec ‘
+6.9054ux10'5|-9.57891x10'u +7.26036x10'2 +1.351u6x10'lll+1.1eou7xlo‘u‘
fry K fps/rt|k  rps/ft° I K fps/ft° | K . fps/ft-sec
l vy | yyx ¥ yyz ¥ vyt %
5 -10 -10 -6
-2.06545%x10 7 |-6.02954x10 +6.83133x10 -2.38789x10
rz K fps/ft| K  fps/ft | K ., fps/sec |K fps/ft2 I K fps/sec2
—_ s 77 zt 222 ztt

+2.03778x10'6 I

l-8.2&826xlo'u|-2.u2252x10'h| -2.27197x10'l|-1.55180x10'lo
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TABLE IITI-3

EXPANSION POINT COORDINATES AND EXPANSION COEFFICIENTS

ARORT FROM LUNAR SURFACE AND POWERED ASCENT (DIRECT TRANSFER)

Expansion Point

Xo = 5.666072 x 106ft; Zo = 9.750kk x 107F%; T, = 612.90k seconds
. ‘ 2 - » _ P » 3
Xo = -9.5721 x 107 fps; Yo = 0; Zo = 5.56243 x 107 fps

Expansion Coefficients

i " . y
X ‘ Lxx fps/ft | sz fps/ft I K . fps/sec

xt

+h.h3291x10_2|

+3.18596x10_u‘ -9.95381><:1o')+

vV 2 s ©
T K fps/ft K fps/ft X fps/ft K fps/ft-sec
Yy sy TP l Jyx TP / | yz P8/ vt TP /
— - _O -
-7.73768x10 2 +9,47371x10 7 +4,50387x10 © | -5.49780x10 7 |
Vg K _ fps/ft l K fps/ft | K . fps/sec ‘
E—— 7% 7.7 zt
. -4 ca- -5 -1
_6.6L075%107 " | -8.58322x1077 | -2.09014x10
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TABLE III-L

EXPANSION POINT COORDINATES AND EXPANSION COEFFICIENTS

ARCRT FROM IOWERED DESCENT, LUNAR SURFACE, POWERED ASCENT (PARKING ORBIT)

Expansion Point

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

%o ==1.02977 x 105 fps; Ze = 5.37014 x 105 fps.

Expansion Coefficients

<<

rx K__ fs/ft I K Tps/Tt |
L -l
+2.76292%10 -9,10234x10
Vig K fps/tt | k. fps/ft
_— ZX ‘7z
‘ Ak c -l
-4.,17091x10 |-2.59368x10
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D, SUZERTIN ) CETSNIQUES

i)

Tre purpos: of the gbort steering law is to nuli the components
of velooity-to-te-gained, and also to gchieve fficicatly 3 safe burnsut
ai*ituds. Ascent abort steering first provides an opon 1loop phase
which 13 d=2sign=d t> achieve a safe burnout pcint ncar the nominal
Cire s pols Tl whloh the perturbative guldance eguations are derived.
his 1z Jealcw=id by a closed loop phase which nulls *he velocity-to-be-

gair Tne same open and closed loop steering law cguaticns were used
Ior t-Y=iccivy and for Delta guidance,

Ty basic coneept used for both the open and closed-lcop steering
proportional to the v=ohor cross-product
axig dir--tion and *hz commanded diresction

, VN -
6_{:’;‘ = \ég) * \5:]3[7) ( II-20)
wWhi s
- = commarded turning rate vector in body 2oordinates.
¥, = unit vactor in measured direction of X-Body axis
X = unit vector in desired direction of X-Body axis
i ;'
Sinr.2 ¥u ard X7 are it vectors, equaticon (ITIT-20) r2ducss to:
@ = \;_l \;pﬂ Sin @ = 5in © (IT1-21)
wr =1=

© = “%- angls babween the measurcd and ccmmanrizd pesition vectors.

o tThe commanded turning rate, expressed in terms
of yi=1d the steering eguaticns.
ve 0 1 |%1e ©13 7 C23 Core t Caac Cos
Wom K [%116 Cio * Corp Cop * Caic G0 (T11-22)
e e TR
whez=2

Q/YT,LQZJC&ﬁ =  the compinents of the steering sigral in body coordinates

14 = body divection cosines., 1 =1, 2, 3,. J =1, 2, 3.
Ki = gteering-loop constants {gains). 1 =1, 2, 3.
Cijﬂ = commarded direction cosines., 1 =1, 2, . J =1, 2, 3.
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Open-Loop Steering

a)

The open-loop pitch profile developed here was used for both
Thrust Velocity and Delta guidance.
consists of in-
the steering problem are discussed separately in the following paragraphs.

The open-loop steering function

plane and out-of-plane steering. Thess two facets of

In - Plane Steering

1)

2)

3)

)

The OV's
For aktort

NG

Lv,

(8]

For abcrt

;
Cﬂl

AVS
JANY

2
>

The open-lcop profile developed for in-plane steering was a
step pitch attituds vs. AV program.
operations:

Tt congists of the following

Rise wvertically until AV = AVl.

Pitch over to an
until AV = AVo.

angle 61, and maintain this angle
Pitch over to an anglzs ©o, and maintain this angls
until AV = AVe.

When AV = AV, start closed-loop operation.

us=d as termination points for the open-loop profile

were computed as follows:

rom powered descent,
2

210 Yap T %0 T ap taoo < Ym0 (111-23)
- 2
210t T P2ty fap = M
0 far < T
— Ly’ / - " -
= Zyy (T, tgl) ty, < tab<t22 (11I-24)
Zop (o = ty) tap = Yoo
0 tab < t3l
= - ) t -
241 (to s T <tap< s (111-25)
a1 (tge B t3l) tp = Fap
from the lunar surface or powered ascent,
P
= ' -2
Ziq b, Z1s v (III-26)
= Ly (- toy) (III-27)
= 531 (t32 - tgl) (111-28)

FORM G328 REY 1 8-44

REPORT LED-500-14

GRU RING CORPORATION

CODE 26512




1 - : g > tant
, T S e s s .~ arec constants
31 T T2l et oyt zp T I

ror tf~ atovs open-loop pitzh profiie tho following direction
cosirzs ars command=d:

Loy Tor AV & (AT atort + Av1)

Vo T Y
oo O
e

2.) NV acort o+ A"Jl)ﬁ LV < (AV abert o+ A'\Il + AVE)

oo = 5 = (pg ©
L. L 1

2
=
I}
1
wn
[
i
©
-

2.) (AT sboert o+ Av'l + Avg)g_m’ < ( AV st o+ LYV, +Av2 + AV.)

‘&= olecazd-locp vperation as definsd ir - paragraphs on
. 5 - . .

n order to minimize the out-of-plane OV v:yuir:d for the
goort marcuver, 1t ig desirable to she=sr 1 IZ¥ into the CSM plane
duzing the ss.=rt. TFor sborts from power=d d=s37=2% it 1Is necessary
1o meas.ry - ths out-of-plans velocity and displaczmzrnt. This necess-
ites2s an in:rtial reference unit.and for n the out-of-
plazns sh==zring “-chnigue 1s ncht gpplicable - velocity
goloarn =,

&
e
@]
)
0
O
w
[
=
an
Lz}
o)
ty
I

The fallowing dire: u.zd for cut-cf-plane
soorhts from powsrs=d izszernt when using delts giidancs,

- (e TG ) for AV £ 2950 (TTI-29)

@ Y, +a@ ! Yo) for OV > 2970
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where: (J Ik 4/2, /. th = constants
Yo, %o = initial out-of-plane position and

velocity, respectively.
In the case of aborts from the lunar surface it is possible
to detzrmine the out-of-plane position of the vehicle prior to
launch, and to insert this position into the AGS as an initial
condition. ZFor this reason, the following direction cosines are
applicakle to both thrust velocity and delta guidance.
-6)5 LY for AV < 2950 (III-30)

=1C CJS Dy for AV > 2950

constant

5
)
=
D
-

I

DY

2. {Closad-Loop Steering

il

initial out-of-plane position.

For the closed-loop portion of the trajectory when &V =
abort + AV + OV, + Av3, the commanded direction cosines are
determined by the velocity-to-be-gained as follows:

Ciic = Vgx
v
g
Core = Vo (IT1-31)
v
g
C3ic = ng
g
where
Vv = VQ e + V2
g gx gy gz
Vgx’ ng, ng = components of velocity-to-be-gained (in the

case of thrust velocity guidance these would
be components of thrust velocity-to-be-gained).

Ci1c, Celc and C31C are held constant when Vgz < Verit
(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 rates from being commanded as
Vg approaches zero,
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“v. PERFORMANCE EVAIVATION

A, EVALUATION PRCOT

The 32172 and “hrust-Veolocity zuidance laws were evaluated with
the use of 2 Jdigital simulation program. The calicrnt features of the
program w02 a5 foliows:

1. Closs doop simulation,
2. 3 degrez-2f-Treedom point mass.

2. Body rat > limitation = 10 deg/asec.
¥y

Cortains an IM srror modcl (o
iezv s Ralar update (bzac o

componarhooreor medel.

. I¥-1), Landing Radar Updatd
ATS irertial

Wl

5. Detormines the 2 ogrdeviation of the minimum altituds of
the orcit acnieved after the first tura., (AGS burnout
covariance matrix propagated to the point of minimum
al*titude. )

o. Capable Of WLFPrmining the impulsive AV required for a
. Midcourse correction g performed at
bjrmoat,anj is based on miniman AV lor midacurse plus

T. Capaile of determining the impuisive QV reguired for

¥ Transfer into an intzr. orbit is
performed after 20 minutes of coast ‘ is tased on a
misiroan AV Tor injeetion plus r-nd-av.ouaz,

o, 180° 4 20° ¢
o mirnimiz=

gre excluded

a. Capanls of det-rmining 3¢ deviation: in total AV and
wid wurs: AV dus to ACS sa2nsor esrcrs znd thrust magnitude
veriatiors.,

B. VOMINAL TROGECTURIES

The nominal trajec oﬂles gssumed ror the purnnszs of the
Redefinition Study are idertical to those descrivsd ir Reference IV-2,
The trajectories (nomlnaily flown by the PGNCS," { rence 1V-1) are
prisfly a-cerited oo low,

The LEM ani (SM are initially in an 80 n. mi. circular orbit.
At 192.4% degrees bsfors the hover point, the ins=rticn maneuver is
initiat=d. The complefion c¢f this maneuver by LEM results in a
Hohmann orbit which has a pericynthion altitwis ~f 0,000 feet.
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The pericynthion occzurs st a central angle of 12 degrees prior to the
“over point. At this time the opimum fuel portion (Phase 1) of

the powered deszent iz initiated. Arproximately 349 seconds later Phase 1
tzrminates ani the visibility phase (Fhase 2) is initisted. Phase 2,
which is completed at the hover point, lasts approximately 115 seconds.
Landing radar -apdating of the PCNCS starts at 25,000 fezt. This

print nomicslly oncurs 220 seconds after the start of powered descent.

The hover o Touchdowa maneuver lasts 564 seconds ani terminates at
tcuchdown on the lunar surface.

Tve= rominal powersd ascent trajectory starts from a launch
position *hat iz displaced‘% degr=e from the CSM ortit plane. Ascent
is initistsd when *he phase of the CSM lags the landing point by
3.85 degress.  Rurnoub oucurs ab 50,000 feet abosve the mean lunar
gar Fuon,af which point the LEM out-of-plsne displacement with respect
+5 the C5M orbit plans is 0.732 degr=<s. The central argle from
barmout to C9M intoreept is 160 degrees

B-vi-zvous 15 initiasted when the LEM is 5 n. mi. from the CSM, and
t.=rminat=s wher tho 1FM is 0,25 n. mi. from, the CSM with a relative
velonity of abcut 7.0 fezt per second.

C, PaZ0pMANL R

The basic ASS modes that were simulated included aborts from
powsred descent, aborts from the lunar surface and aborts from
primary asce=nt. In each case the nominal characteristics of the
akort trajectsry, the variations produced by off-nominal conditions
at abort time, and the variations produced by the AGS sensor and
thrust errcrs were Jdetormined.  The trajectory paramst=rs of interest
inciud: pericynthior altitude, total AV and mideourse QV. Pericynthion
altitude ard total AV are measures of safety and mission success,
while midnourse AV is a2 measurs of the guidances law accuracy.

Abart From Digc:zrs (No Beacon)

Tarl=s TV-1 and IV-2 present some typical performance results
for soorts from powerad descent when using Delta and Thrust Velocity
guidance, respectively. The aborts wers performed from several
points along a nominal descent trajectory at times between 100 and
564 se~onds. Tne nominal abort trajectory characteristics were
d=termined for eash case. The early aborts (before 350 seconds)
resulied in dirscht intercept orbits, while the later abtorts (350 to
564 szconds) resultsd in parking orbits. InJjection into an intercept
orbit from a parking orbit was initiated 20 minutes after burnout.
Tables IV-1 and IV-2 show that the abort pericynthion altitude was
well abtove *the r=quired 30,000 feet for both Delta arnd Thrust Veloeity
gaidance. Also, the total AV was less than the budget for both
guldance technigues. Tor the direct intercept orbits, the delta
guidance technique required considerably smaller midcourse corrections
than the thrust velocity technigue. This smaller midcourse correction
is indicative orf the greater guidance law accuracy inherent in the
delts guidance tachnique dus to its closed loop character
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The R,S8,5, trajectory variations rasulting f'vom *h> ATS sensor
~rrors and Shruast o gmtuif variations wers 3zl -rmins=d and are
shown on the rignt hand side of Tables IV-1 and n all cases,

tne "H~—woma varigtions of pericynthion sltit snd total OV are
suffi-i=n*ly small so ﬁn £t their addition to *“he ,.iral values dozs not
2 vioiatlon of the pericynthicn altitud: and total AV

T~
retiegirtg

Al .

mgklig V-3 and IV-4 show the per-entage crririnition of the major
> the change in pericynthicn altitad: and total AV for

s oo»oand chrust veloceity guidance, rzspectivaly. The major
r 3 ho change in pericynthion slftituils =zro:

1. Dsp = pitoh misaligament {rotsition abcn® Y-tody axis)
2. Dz 4 = pitth gyro drift rat= and
3. K- = Tnarust error (aszant sngirc).
The major .orsriputors To change in total OV ar-:
1.  Acy = pitia misalignment (rotsticn about Y-body axis)

2. A¥y = voll migalignment (rotation about x-body axis)

S AGA = pitch gyro drift rats
L. D gy = yaw ogyro drift rate
5. K- = Uhrust error (ascent engine)

eff=cts of off traje~tories
=rnined by abor _.Lng Trom d.e- shnormally
T
1%

WeTS - 8 :

lsrgs PN :Z srrors, n= PUNCS errors considers: weoo 80% of the
error ‘thaet wolll resu in the LEM violating the J.oad man's curve
(boundery of aitisude versus altitude rate which will result in the
LFWM hi+*tirg +h= lunar surface even if maximum vertiecal thrust is

.z gbort trajectory characteristics for ithrzs possible
PENTS errlrs and abert Limes are shown at the boitom of Tables IV-1
gnd V-2, Th-sc results are r@prﬁsenta‘cive of & .arge number of
avorts that wers p-rformed for various PUONCS errors and sbort times.
A summary of all ot the aborts performed iz rcort 1 in Appendices
A and 2., In all cas=s the pericyrnthion altitudr total DV

sonstraints wore satlsfied.

Arort From Descent With Ascent Engine Only (To ',He:acon)

grles IV-5 and IV-6 present the performancs results of aborts
from pow=r:zd desrent performed with the ascent engine only., All of
ths gbort trgje~tories maintained pericynthion altitudes well above
the 30,000 7., minimum, and completed rendszvous with the CSM within
*he LEM &V badget.

D
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The effest of AGS errors on these abort trajectories is the
gam2 ag the effect on aborts using the descent/ascent engine combination
previously discussed. The AGS error contributions are contained in
Tables IV-1 through IV-L4.

The effects of off-riominal descents on the abort trajectories
were d-termiasd vy asborting from descents produced by large PGNCS
errors. For this study, osnly the trajectory times (i.e. 399,464, and
565 s=conds) that used large amounts of A V were considered. The PGNCS
er-ors that contrituted tha most significant errors in total AV,
midcourse AV and pericynthion altitude were:

1. QAgp = pitch misalignment and

2. &E7p = 7 - accelerometer bias.
A sumeary of rzgults is presented in the right-hand columns of Tables
IV-5 and IV-6. All of the results from the study are given in
Appendicies A and B, The results show that even with these errors
the abort trajectory remains within the AV budget and well above

the 30,000 feet minimum pericynthicon altitude.

Aborts From Descent (Zeacoun-Aided , Descent/Accent Engines).

Tabl=ss IV-7 and IV 8 present the performance results of aborts
from besacon-aided powersd descent for delta and thrust-velocity
guidance, respectivaly. The trajectory used for a beacon-aided
descent is slightly different from that used for a nominal powered
descont without a beacon. The major difference bstween the two
trajectories is that the visibility phass (Phase 2) of the beacon-
aided trajectory starts at an altitude of 36,000 feet above the
lunar sirfa~: and at a range of 20 n, mi. prior to the hover point,
whil= Phase 2,for *he nominal powered descent,starts at an altitude
of 10,600 fe-=t =snd a range of 7 n., mi. from the hover point. In
addition, the reszon-aided trajectory uses 200 fps more AV to reach
the hover point than is us2d for the nominal powersd descent.

The results contained in Table IV-T7 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
rendezvous with the CSM is attained within the LEM AV budget.
Thrust-velocity guidance, however, is affected by the change in
descent trajectory. The results contained in Table IV-8 show that the
late sborts (i.e. 399,464, and 565 seconds) would need delta functions
differing from those used in order to maintain a clear pericynthion
altitude.

The effects of AGS errors on these abort trajectories 1is about
the same as the effects of AGS errors on the nominal powered descent.
These results are summarized in Tables IV-1 to IV-k.
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show fnaf both guidance l=us
¢ Lhe rericyntrnion altituds ‘] Y/ constraints are
d in all cases when the 2 sigma devliatl dae to AGS errors
d 4o “he nominal values., Asconts to oa direct intercspt were
4 over 2 =00 socond range of lift-o”” time: with the earliest
ocrurring when the C8M rzdius vecnor befores the landing
tical., The early asgcents resulht in a totgl OV than
r direet intercept ascents, but are i Lf”ln the AV

This AV incroase is duse to an excosgeive differenc= In phasing
the LEM and the CSM <1t Y%>;,,~“ K ’
n=xvers in order to rendezv
peoformed, whaere the phasir
nger poseibig. I this rase
orcit for 20 wirut=s, YUpcn Lt
an in*wfﬁep* orpit was initistad,

A latz ascent
g3 dirset dintercept
tagerted Into a
tne 20 1inooio, a
out-of-plare

S

resulted in trajectory charszhoris very similar to those
in-plar ? ‘adnrnus. The prinzipal ° erernt2 o vere 8 small

in &Y *pe) and a small decreass In porizyrthion altitude
B fu 1:Tta guidance and 1000 Feet for 0 & -velocity guidance ).

rts From Ascernt

Ato

ing park
lift-off
paramete
nominal
errors
can be s
on the %
the faret

in dirzcs

satisfy the pericynthion altitude and QT 2oz

rts ve pverformed from early launch
irtercept trajectories, and from latco
ing orbits. Abcrt times of 100, 200
wers, consldered., A summary of fthe
rs is showr In Tables IV-11 and IV-1u 2%
trajeclory parameters,plus the % sigma o vwa+’oru due to AGS
atraints., It
2eon that pericynthion altitude varies —orsiderably, depending
ime of abort, for both guidance techrniguss, Thals is dus to
that the ope=n-locp shte=xring profile uz=d Por iecitistion of

ascents resulting
zh escents result-
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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 well as the
effects of all of the error sources considered are contained in
Appendices A and B of this report.
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VvV, CONCLUSIONS

B in this report,

sleltlity of Delta

ve locity guidanc 1 the primary and

seconlary guidance law reguirements that arc ouf < in Sec*tion IT.

The dis-ussion will e divided intc two ecatzogories,. numely primary and
Lolldry reyalrer=ris, and will follow the s ths requirements

s listed in Section 1

can be reached

<
N
-
3

[

PRIMAFY REQ T -EMENTS

1.  An cemiration of Tables IV-1, 2, 7, 8, 9, 10, .1 and 12 indicates
that borh »l1ta and Thriust Velocity Guidance are atle to perform aborts
from non-tzgcon-31dsa powsr=24 descent, Trom the lunzar surface and from

powered ascznt while maintaining a clear 30,000 f*. pericynthion altitude
ani inter-:zpting the CSM within the AV budgzt. Ip addition, an examina-
tion of Tavless I./-7 zari 8 roveals that Delta Guldssos is able to perform
an avort from a op-aided degcent utilizing Lhe same constants as used
Tor *he non-tea_on-aioced descent., Thrust Veloelty Guidance, however,
would rEed oa dlII:rent g2t of delta-functicons than those wsed in this
stady to pzrform thic T of abort, The reascn for this 1s that the
d=1ta guldance loop ig closed through a navigation systom, while the

city galdarcs technique depernds only upon the measurement of
thrusw velceity.

i
o}
mn

thrass velo

“h= pezformancs of the Delta and Thrust vy galdance techniques

is degradsd somswhat when wsed %o perform abort: fruom powsrsad ascent.

For ot s from powsred descent and from the lunar surface, both guidance
1aws s able O 9ftaih pericynthicon altitadss o lower than 50,000 ft.
Fowsver, for auvorits {rom powered ascent, the pericyrnihion altitudes are
28 1low as 37,000 ft. Th- veeszon for this is th=' ‘h-- guidance laws
ard cp--Loop &rzering wrofile, as formulsted tor this study, were
cptimiz-od for storts Prom powered descent.  RAotr uliarce laws could

t> med- o yisld improved psrformance in this ano-® witlation by the
'*wi*iﬁf of arcth-r .t of constants and a changs in "ne Open-100D
pertinn of the atort trajectory.

2. soth Telta ans Thrust Veloelty guidancs provies ith= capabllity of
cnocsing zith=y dJir=ct interczpt trajectory or Lerking orpit
FernceLt corditions. It should be noted, however, ths' due the hori-

A
zoptal burnodt ’QusfraLnt used for these stiudics 1t 15 pot p
grtaln a3 diress intorceont trajectory for the sl @ {950 ¢

after) aiorts from yvowzzzd descant.,

3 Soth Delia ard Thrust Velocity suidanes ar— capavle of performing
atorra witn “he g-sc-nt engine, descent/a‘scsn‘+ i ~ombination and
gscent engin- only. Howsver, an examination of Table IV-6 ghows *hat
Thrust Velceiny guldancs does not maintain a cl=ar pericynthion parking

orei® when using thr agcent engine only for aborts from powsred descent.
loci~y guildanne could bz male to yleld catisfactory performance
ort sit.ation by the sddition of another sz of constants.
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L, 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 AV Budget (Reference V-1) 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 average of about
6200 fps of AV to rendezvous with the CSM, This is well within 98%
of the total ascent stage A V budget when the vehicle 1s subjected to
36 AGS errors.

SECONDARY REQUIREMENTS

1. Neither Delta Guidance nor Thrust Velocity Guidance, as formulated,
can perform aborts from coasting descent. It would be necessary tc add
additional logic and equations to fulfill this requirement.

2. As presently formulated, neither Delta Guidance nor Thrust Velocity
Guidance have 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-1 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-
tion 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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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-1 lists the nominal trajectory characteristics. Tables B-2 to
B-15 1list 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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