
The choice between a n  i te ra t ive  o r  honiterative method of computation depends, 

generally, on the extent to  which perturbations affect the solution. Since no analytic 

expression completely desc r ibes  the forces  acting upon a vehicle traveling betwecn 

the earth and the  moon, target ing of such a t rajectory involves f irs t  an analytic 

approximation, then orbi tal  integration todetermine  the e r r o r ,  a second approximation 

t o  compensate for  the e r r o r ,  and s o  on, bracketing the solution until either an imposed 

iteration limit is reached or,the approximation converges on the desired solution. 

The accuracy of any rendezvous computation depends upon a good knowledge 

of the state vectors  of the  two vehicles with respect  to  each other. Since 

, 	 coelliptic-sequence initiation is performed af ter  injection o r  abort, the initial est imate 

of the L M  state vector could b e  quite poor. Normally, ample time is available fo:-

repeated rendezvous navigation to improve' the  probability of good state-vector 

est imates before the CSI maneuver. Even in the off-nominal case, there would be 

sufficient t ime  to  take a cer ta in  minimum number of marks  to ensure  a gocd 

rendezvous. 

Average G (see Section C.1.1.1), which improves knowledgeof the state  vectr r 

during powered flight, tends a l so  t o  slightly degrade the est imate of that vector d . ! ~  

to accelerometer  uncertainties; thus rendezvous navigation is needed repeated;:: i >  

ensure the high quality of t h e  s t a t e  vector. 

B.2 round-~argeted Maneuvers 

f 
All ground-targeted maneuvers  a r e  transmitted to  the AGC via voice oi-

telemetryuplink., Sufficient data could be transmit ted to permit immediate executio~: 

of a powered-flight program but, instead, a n  onboard pseudo-targeting buffr; !-

program (P30)is executed p r io r  to  the maneuver. This  pseudo-targeting approac!~ 
has  several advantages over  d i rec t  maneuver execution: it  provides meanin gluI 

(perhaps cri t ical)  displays to  the  astronaut;-it  can itself generate many of ihe i n p u : ~  
required by the guidance program, permitting a significant reductionin the requireci 

number of uplink variables (especially important for voice uplinks which must  be 
A

entered via the DSKY);and it  i s  designed to accept conceptually simple inputs for a 

crew-originated maneuver in an emergency situation when ground communication 

is unavailable. Fur thermore ,  th is  approach se rves  a s  a backup for the onboarc! 

rendezvous- targeting p rograms  in the highly unlikely event that the onboard primar} 

systems in both the  CRI and L M  fail. 
\ 
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RTCC ground ta rge t ing  considers  and accounts for such predictable  e f fec ts  

as nonimpl-llsive burns ,  m a s s  and thrust  variations,  guidancels teer ing rotation and 

L a m b e r t  aimpoint.  Such unpredictable effects  a s  thrust d i spers ions  from nominal,  

o r  c g  o r  VG misa l ignments  a r e  ignored. 

T h e  buffer p rog ram provides inputs only to  External- AV guidance. A s i m i l a r  

p rog ram was  devised  for  L a p b e r t  guidance, but it was never  used and h a s  since 

been  deleted. 

B.3 Rendezvous Maneuvers  

T h e r e  are two bas ic  profi les  which achieve rendezvous: direcf  t r ans fe r  ?o 

in te rcept ,  and rendezvous  using intermediate  barking orbits.  The AGC h a s  the  mean=  

f o r  ta rge t ing  both of t hese  maneuvers .  Each method has  i t s  own significant advantager- 

and disadvantages.  T h e  d i r e c t  t ransfer  is fast ;  however, maneuver  magnitudes c2.i 

be quite  l a rge ,  imposing a possible fuel penalty, high closing r a t e s  and nonstandz:., 

l ight ing and in te rcept  conditions. On the other  hand, parking-orbit rendezvous all<;.:5 

t h e  final phase  t o  be  standardized (thus simplifying crew training),  and pe rml i r  

s m a l l e r  maneuver  magnitudes (minimizing the effects of a poor maneuver) ;  it :r, 
however ,  long and d rawn  out-taking severa l  hours.  

Gemini  used the  parking-orbit  rendezvous because i t s  computer  did not ha..-.? 

a navigation f i l t e r ,  and the final approach was planned t o  allow fo r  e a s y  cre-: 

monitor ing.  E a r l y  NASA incredulity concerning the new Apollo sys tem favored t!:e 

s m a l l e r  maneuver  magnitudes of the parking-orbit rendezvous to minimize  the  effects 

of a s ingle  bad burn-should oneoccur .  La te r ,  a f t e r  confidence in the Apollo syster-. 

w a s  establ ished,  t h e  parking-orbit  rendezvous retained i t s  precedence principali.. 

because  of t h e  ease in t ra in ing  the crew for  the standardized final approach. 

Nominally, thc'. LM is the active vehicle throughout the en t i r e  rendezvous 

sequence. Dur ing  ' this  t i m e  the CSM i s  computing the maneuvers  i t  would p e r f o r r  

if it w e r e  the  ad t ive  vehicle-these being m i r r o r  images of the LM maneuvers .  
/ 

Should the L M  espe r i ence  a ma jo r  fai lure  (e.g., i n , i t s  propulsion sys tem) ,  the CS?.T 

is instantly p repa red  to  begin retr ieval .  



-

Any parking-orbit rendezvous must eventually target  a d i r e c t  t ransfer  ' to 

intercept; the difference i s  that a parking-orbit rendezvous es tabl i shes  co~d i t ions  

for  a standardized transfer.  The onboard capability for parking-orbit rendezvous 

is known a s  the concentric flight plan (CFP)and usually involves two parking orbi ts .  

Figure B.3-1 i l lustrates the concentric flight plan. 

The first two maneuvers of the CFP a r e  designed to place the  active vehicle 

i n  an orbit that is coelliptic o r  concentric with the orbit of the passive vehicle 

( there is a constant altitude differential) and h a s  a certain phase-angleialtitude-differ-

ential relationship defined by the elevation angle (E)at  a specified time. These 

maneuvers a r e  called the coelliptic- sequence initiation (P32)and constant differential 

height (P33). Coelliptic orbits,  together with the proper elevation angle, produce 

PASSIVE v E H l C l E  

ACTIVE VEHICLE 

such desirable conditions a s  slow closing ra te s ,  easy  astronaut takeover in the evelit 

of computer malfunction, and easydiscoveryof e r r o r s  by monitoring elevation-arAg1.e 
changes. 

Transfer  to intercept, whether o r  not done in the context of parking-orhi; 

rendezvous, involves simply planning the t i m e  and place of intercept  and aiming ic 

hit the spot a t  the proper time. 

The third maneuver of the CFP is called transfer-phaseini t iat ion (P341, wh ich  

t a rge t s  intercept t rajectories  from the CDH parking orbit. Transfer-phase midcourse 

(P35)targets  rnidcourse corrections (MCCs) to  such trajectories .  ' 



- ACTIVE VEH ICLE 

0-PASS IVE VEH ICLE 

Concentric Flight Plan Events 

L CS I Maneuver 
2. CDH Maneuver 
3. TPI Maneuver 
4. Inlercept 

( ~h = differential altitude following CDH 

Figure B.3-1 Concentric Flight Plan 



P r i o r  to  actual intercept ,  a sequence of manual  brak ing  maneuvers  is initiated 

to  prevent collision and provide a p rope r  at t i tude and r a t e  of c losure  for docking. 

All of these  rendezvous p r o g r a m s  can se l ec t  e i ther  the L M  o r  the CSM a s  

the act ive vehicle and can  be flown in e i ther  e a r t h  o r  lunar  orbit .  

B.3.1 Coelliptic Sequence Initiation (CSI) and Constant  Differential  Height (CDII) 

T h e  CSI computation i te ra t ive ly  so lves  a piecewise-continuous boundary-value 

problem which can be desc r ibed  as follows: given the  cu r r en t  s ta te  vec tors  of both 

vehicles a t  CSI-ignition t i m e  [tIG(csl)] , what maneuver  is required of the L31 

(assuming i t  is the act ive vehicle)  to a r r i v e  a t  a point, TPI,a t  a specified t ime in* ** 
the future, tIG(TPI) , and with a n  elevation angle of 27 deg  from the CSM? 

Nominally, the ascent  maneuve r  from the  luna r  sur face  ta rge ts .  the Luncr  

hlodule into a 9-by-45-mile park ing  orb i t  and the  CSM is in a 60-mile c i r cu i : :~  

orbi t ;  consequently, the  CSI maneuver  done n e a r  apogee essent ial ly  coelliptisizc.:. 

the parking orbi t  a t  about a 15-mile  different ial  a l t i tude and the CDH maneuvkr 

will b e  very  small .  F i g u r e  B.3-2 graphical ly  i l l u s t r a t e s  a typical LM vertic;.: 

displacement from the CSM a s  a function of i t s  t ra i l ing  distance. Since, dur i r : r  

rendezvous, the L M  is a t  a l ower  alt i tude thari t he  CSM, i t  will be  moving a: a 

higher orbi ta l  velocity and will b e  constantly catching up with the CShl. On this  

graph the CSI maneuver  o c c u r s  a t  about apogee; thus,  a s  predicted, the CDH rnaneuilc:. 

is very small .  On th i s  f igure the  acronym R R  r e f e r s  t o  rendezvous r a d a r ;  AG3 

r e f e r s  to t he  Abort Guidance Sys tem,  which s e r v e s  as  a backup to the GN&CS. 

T h e  CSI computation y ie lds  two solutions-one each  for  CSI and CDH. In actual 

prac t ice  the CSI maneuver  is burned f rom th i s  solution, but usually the CDH maneuve?. 

AV is mere ly  displayed. 
* 

F r o m  t l ~ ( T P 1 )  t o  intercept ,  t he  vehic les  will t r a v e l  about 130 d e g  re la t ive  to t h e  
center  of the moon (cent ra l  angle  of t rave l ,  a l s o  known as angle of t r a n s f e r ) ;  
consequently, t (TPI) is planned to  occur  a t  t he  midpoint of darkness  to e n s u r e  
good lighting con '9,lt ions for  docking. M 

** 
The 27-deg elevation angle is a backup requi rement .  In the event of a cornputcr 

fai lure  at  TTI, this  elevation angle  pel,m:ts a re la t ive ly  s imple manual maneuver 
t o  rep lace  the automatic TPI. This manual maneuver  is performed by aligning t h c  
LM'S thrus t  vector along the line-of-sight to  the  CSM. 
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State-vector e r r o r s  tend to  propagate during the nontracking period of an 

orbi tal  maneuver. T o  e n s u r e  the  best  possible s ta te  vectors for inputs to the CDII 

computation, further  t r ack ing i s  performed af ter  the CSI burn; then the CDH maneuver 

is recomputed. However, i f  for some reason  (such a s  loss  of visibility) tracking 

cannot be performed between the two maneuvers,  the astronaut will still call for 

the CDH maneuver-just a s  he would in the  nominal case-but with degraded accuracy. 

Other than not achieving the des i red  boundary conditions, there  a r e  a fex-

other situations which could render  unacceptable a CSI solution. One i s  when the 

various 'burns occur too closely together t o  permi t  tracking in between; another i s  

when the L M  is phased improper ly  with the  CSM; still  another is a too-large A\' o r  

a too-small AH. DSKY a l a r m s  notify the  astronaut  should one of these situations 

occur ;  he can then adjust h is  inputs to the CSI program until he achievesa satisfactor:: 

solution. Typically, the CSI and CDH burns  a r e  180 deg apart, with a plane-change 

maneuver halfway in between to  make the o rb i t s  coplanar. 

The inputs the astronaut  can adjust a r e  tlG(TPI), CDH apsidal crossing 2::; 

the standard TPI line-of-sight elevation angle, E. He would not adjust the vehicie-c' 

s tate  vectors, which a r e  a l s o  inputs. The  astronaut  c a r r i e s  onboard char ts  \:'h:-.> 

give him nominal a s  well a s  non-nominal inputs to  the CSI computation. Altho::;!, 

the onboard rendezvous-targeting computations a r e  prime,  the astronaut can al~.'a:-c, 

check his  inputs with the CSM o r  the ground if he  chooses. 

When the FDH burn is completed, the  elevation angle is small (e.g., 9 deg), 

the L M  is catching up with the  CSM and t racking is resumed. About 40 m i ~ u t e s  

l a t e r  the elevation angle is 27 deg, indicating T P I  time. 

. B.3.2 ~ r a n s f e rPhase  Initiation (TPI)  and Trans fe r  Phase Midcourse (TPM) 

If the CSI and CDH maneuvers sucdessfully produce the desired boundary 

conditions a t  T P I  time, the t r ans fe r  phase will possess  several  desirable properties,  

such a s  a slow closing ra te ;  changes in the elevation angle, E; nearly-coin-

cident TPI-thrust direct ion with the line-of-sight; and a ~ A VI, d e a s u r e d  in feet 

per  second, which is nearly twice the (AH I measured in miles. These properties 

allow easy n ~ o ~ ~ i t o r i n g  and easy  astronaut  takeover should the computer malfunction 

during o r  af ter  the T P I  maneuver. 



The TPI computation solves the ~ & n b e r t  (intercept) problem directly. It solves 

f o r  the m a n e u v e t  required of the LM to intercept the Command Module at a given * 
angle of t r ans fe r  f rom tIG(TPI). In ear th  orbit, this Lambert  solution uses  offset 

aimpoints to  compensate for the effects of ear th  oblateness. 

Typically, the Lambert  problem is computed two m o r e  t imes  after  the TPI 
burn t o  make transfer-phase midcourse corrections. Of course, t ime  i s  allowed ** 
between al l  of these  burns for  further tracking. 

After the  second midcourse correction (about 4 mi les  f rom the CSM), the 

astronaut  begins a manual braking schedule during which he maintains a collision 

course  and b rakes  h i s  vehicle. Finally, the LM comes up in front of-the CSM while 

pitching over,  s o  that  each docking hatch faces the other. 

The GN&CS rendezvous function ends with the initiation of the manual braking 

schedule. 

* 
Typically, 130 deg of CSM travel,  o r  a t ransfer  time of about 43 min. 

** 
Historically, two other  rendezvous routines were planned and subsequently d i s -

carded-TPI Search,  and Stable orbit rendezvous (SOR). 

The TPI Search was intended to  provide a fast re turn  in an abort  situation. 
It could be v e r y  cost ly in fuel consumption, but that compromise was deemed 
necessary ,  f o r  example, in the case of a part ial  failure of the life-support systems.  
The p rogram allowed the astronaut to manually iterate central  angles of t ravel  to  
find an early-rendezvous trajectory which would minimize fuel consumption. After 
the  initial burn, the problem would be solved again to provide MCCs, as in the  
procedure used for  the standard TPI. 

TPI Search doesn't  the easy,monitoring and standard final t r ans fe i  
that the concentr ic  flight plan does; i t  could be fuel costly but i t  didn't have to be, 
because the re  were  fewer burns; and it could have large closing ra te s  necessitating 
a busy braking schedule. As NASA confidence in the entire  system grew, this type 
of contingency maneuver was discarded. 

The SOR targeted an intercept with the CSM'E orbit at a fixed distance behind 
o r  ahead of it. Th i s  aimpoint w a s  used in a Larnbert calculation<o determine the 
necessa ry  maneuver. After the SOR burn, navigation and midcourse correct ions 
could fur ther  improve the accuracy of the maneuver. At the point where the two 
o rb i t s  c ross ,  another maneuver would have been performed to match the two vehicles'  
orb i ta l  velocities. Needless to say, none of the burns mentioned here  a r e  impulsive. 
F inal  c josure  and docking would be accomplished manually. 



B.4 Return to Earth 

The principal task of the return-to-earth program (P37) is to  provide an 

onboard targeting capability t o  return the spacecraft  t o  a p roper  ea r th - reen t ry  

c o r r i d o r  in the event an abort occurs  while there  is a loss  of communications with 

the  ground. With this program, safe re turns  can be achieved f rom ea r th  orbi t ,  

f rom t ra jec tor ies  resulting from translunar-injection SIVB-powered maneuver 

fa i lure ,  from translunar coast (outside the lunar sphere of influence), and f r o m  

t r a n s e a r t h  coast,  including midcourse correct ions (also outside the  lunar sphere  of 

influence). Figures B.4-1, B.4-2,and B.4-3 indicate typical RTE t ra jec tor ies  a t  

TL1+6 hours,  TL1+20hours and TL1+50 hours, respectively. 
- -

B.4.1 Options 

P37  originally provided the crew with three  basic options-minimum-fuel 
re turn ,  minimum- time return and landing-site designation. Limited computer  

capacity has  since dictated the elimination of the landing-site designation option; 

nevertheless,  a limited amount of designation is s t i l l  possible, s ince AV di rec t ly  

affects  the return time which, due to earth rotation, influences the landing si te .  

T h r e e  of the inputs for either remaining option a r e  desired ignition t ime  ( t  ), d e s i r e dIG 
velocity change (AVD 1, and desired reentry angle. The choice between minimum-fuel 

and minimum- time return is determined by the input AVD ( ze ro  fo r  the minimum-fuel 

option). The program provides a display of the landing-site latitude and longitude, 

requi red  velocity change, the spacecraft 's velocity magnitude a t  400,000-ft e n t r y  
altitude measured above the Fischer  ellipsoid, the flight-path angle a t  400,000-ft 

en t ry  altitude, and the transi t  t ime -to that point f rom the  t ime  of ignition. After 
the  astronaut  selects  which propulsion system to use, SPS or  RCS, the following 

quanti t ies  a r e  displayed: rniddle-girnbal angle at ignition, time-of-ignition and 

t ime- f rom- ignition. 

Two principal s teps a r e  used to  compute the return trajectory.  F i r s t ,  atwo-body 

conic solution is generated which satisfies the constraints dictated by the inputs, 
I 

thus  yielding a fast two-body approximation which is displayed t o  the astronaut.  

Should h e  s o  elect, h e  can continue on to a precision solution recomputed to cons ider  

gravitational perturbations. The conic characteris t ics  are then used a s  a bas i s  fo r  

the  development of a precision trajectory within the original constraints.  The  
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precision-trajectory displays can differ significantly f rom the  conic displays,
LI 

especially in the case of long t rans i t - t ime re turns .  Thus the  astronaut  is obliged 

to  check the new displays before accepting the p rec i se  solution. 

B.4.2 Two-Body Problem 

The fuel- cr i t ical  two-body problem consis ts  of generating a conic trajectory 

which re turns  the spacecraft t o  a specified reent ry  radius and flight-path angle 

under the constraint of minimizing the impulsive AV required  to achieve the 

trajectory. The time-critical two-body problem is s imi lar ,  except that the impulsive 
AV is prescribed rather  than minimized. In ei ther  case, the  prempneuver s tate  

vector  i s  assumed to be known. Since reent ry  conditions donot constraip the  trajectory 

plane, an in-plane maneuver is most efficient, thus reducing the  problem to two 

dimensions. 

During the progran, design, consideration was given to a closed-form solution 

t o  the minimum-fuel problem. This  would have required solving fo r  the roots of a 

general  fourth-order polynomial. The logic necessary  to  el iminate imaginary and 

physically unrealizable roots  made this approach unattractive. It was concluded 

that an iterative search,  using the cotangent of the post-maneuver flight-path angle 

a s  an independent parameter ,  would be a be t ter  approach to the problem. The lat ter  

approach always converges on a physically real izable solution and greatly simplifies 

the equations. More important, the s a m e  equations can be  used in the solution of 
the time-critical problem, and additional t rajectory constraints  can be readily 
included. . 

Computation of the two-body solutions to  both the fuel-cri t ical  o r  t ime-cri t ical  

problems is complicated by initial uncertainty in the reent ry  radius  and flight-path. 

angle. The reentry radius is defined t o  be 400,000 it above the  F i scher  ellipsoid ' 

and therefore var ies  with reentry latitude. The flight-path angle is a function of : 

Ithe reentry speed and i s  represented by a polynomial curve fit .  An initial rough 
I 

est imate is made of both the radius and flight-path angle. Based on the resulting j 
reentry latitude and speed, a bet ter  es t imate  of the proper r ad iu8and  flight-path i 
angle can then be made. This itcration is automatically continued until satisfactory I 
terminal  conditions a r e  achieved. Then the landing si te  is computed, based on either i 

I 
a prestored entry range o r  the range resulting from a half-lift reent ry  profile. 



The two-body solution does not ref lec t  trajectory perturbations resulting from 

the ear th ' s  oblateness, the moon, o r  the finite duration of the maneuver. Tn most 

cases,  however, i t  p resen t s  a good approximation to the mmeuver  size and comes 

within 10 to 15 deg of the t rue  landing si te .  After the state  vector is extrapolated 

to the ignition t ime,  about 15  s e c  a r e  required to compute the conic solution. 

B.4.3 Precision Solution 
/ 

A precision solution to the return-to-earth problem may be initiated after 

the u s e r  has  an opportunity to  evaluate the conic approximation. Although the precision 

solution still assumes  an impulsive maneuver, it does compensate for t rajectory 

perturbations due t o  the ea r th ' s  oblateness and the moon. An attempt is made to 

satisfy the original t ime-cr i t ica l  o r  fuel-critical constraint, in addition to the reentry 

radius and flight-path angle requi rements  obtained from the two-body solution. 

The object of the precision phase is to compute a new post-impulse velocity which 

compensates for the perturbed gravitational field. The technique used to accomplish 

this a lso  makes  u s e  'of the two-body solution to determine the new post-impulse 

velocity, by rerunning the conic computations with an offset reentry radius. r 

r-. 

The precision solution displayed to  the crew contains no significant approxima- p 
tions. The accuracy of the solution is largely a function of the accuracy of the 

onboard state  vector  used by the program. The answers, therefore, a r e  comparable 

to those obtained f rom a large  ground computer. 

f 
The running t i m e  of the precision phase is significant, and is primari ly a 

function of the t ime  of flight f rom ignition to reentry. It typically ranges between 

one and two minutes p e r  ten hours of flight time. 

B. 4.4 General Considerat ions 

The return-to-earth program is included in the onboard computer primari ly 
to  provide return-  targeting capability in the  event that communication with the ground 

0 
is lost. During t rans lunar  coast  the availability of the L M  for communications 

backup makes the probability of a communications l o s s  very small. Therefore, the 

mission phase most  likely to  r equ i reuse  of the  return-to-earth program is  t ransearth 
t 

coast. In this case ,  the only requirement is to provlde targeting for smal l  midcourse t 

1: 

1 
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correc t ions  which ensure  that the spacecraft reenters  in the center  of the enfry 

corr idor .  Small minimum-fuel maneuvers, primari ly in the horizontal direction, 

have negligible effect on the landing site; they a r e  made severa l  t imes  during the 

r e t u r n  t r ip ,  and a r e  preceded by periods of cislunar navigation. 

Although the m o s t  probable use of the RTE program is in the fuel-cri t ical  

mode for  midcourse correc t ions ,  the crews have shown considerable in teres t  during 

t ra in ing in using the  t ime-cri t ical  mode to achieve some degree of landing-site 
control .  As explained ea r l i e r ,  landing-site longitude variability can be accomplished 

by varying the input AV. Optimum use of both the conic and precision phases  of 

the program can minimize the computer time required for a solution which r e s u l t s  

h a p a r t i c u l a r  longitude. Since the conic solution provides a fas t  approximate answer,  

it should be r e r h  until a AV is determined which results  in a longitude close (within 

approximately 15 deg) t o  the desired longitude. Within this region the longitude is 

a f a i r ly  l inear  function of the AV. This solution should be continued through the  

prec is ion  phase t o  accu:,ately establish the longitude e r ro r .  Following this, the AV 

should be adjusted slightly and another conic solution computed. By comparing 

this solution to  the previous conic solution, the sensitivity of longitude to changes 

in AV can be determined. A simple, manual computation can determine how much 

change in AV is required  t o  bring the precision longitude to  the desired longitude. 

This straightforward l inear  technique has proven to be quite efficient in producing 
a solution with a par t icular  landing-site longitude. 



APPENDIX C 

M..AJOR PROGRAM CAPABILITIES-

Powered- Flight Guidance and Navigation 

C.l Fundamentals of P ~ w e r e d - F l i g h t  Guidance and Navigation 

The Apollo miss icn  profile consists  of many discre te  segments, each with 

definable charac ter is t ics  and objectives. (The segments a r e  discussed in detail in 

Section 2.2.) The transi11nar-coast, t ransearth-coast ,  earth-orbit,  and lunar-orbit 

phases repre.sent examplrss of coasting flight-periods when the spacecraft  t rajectory 

is subject only to l o c d  gravitational forces.  Connecting these  coasting-flight 

segments a r e  briefer,  powered-flight segments, such a s  t ranslunar injection (TLI), 

t ransear th  injection (TEI), and midcourse correc t ions  (MCCsI-periods when the 

spacecraft  t rajectory is subject not only to local gravitational forces ,  but also to 

purposeful application o i  thrusting andlor  aerodynamic acceleration. In addition to 

those instances where i t  se'rves toaccomplish a t ransfer  between two coasting-flight 
phases, powered flight a l so  occurs  whenever ei ther  the initial o r  te rminal  state is . 
on the earth o r  lunar surface. Thus, boost from and entry into the ear th ' s  atmosphere 

and descent to and ascent  from the lunar surface a r e  a lso  powered-flight phases. 

C. 1.1 Powered-Flight Navigation. 

Powered-flight navigational requirements d i f f e r  fundamentally from the navigal 

tional requirements of coasting flight. 

During coasting flight, gravitational accelerat ions a r e  the dominant influence 

upon the spacecraft 's s late  vector. These  accelerat ions a r e  modelsd quite closely, 

considering both the  primary and secondary celest ial  bodies and the sun, and a r e  

integrated accurately to span the'long.coasting-night intervals.  Thus, precision 

integration greatly reduces the requirement fo r  frequent state-vector updates either 

from the ground o r  computed onboard from optics and V H F  ranging measurements. 



-- 

Dur ing  powered flight, spacecraf t  dynamics and sca rc i ty  of t i m e  preclude the  

u s e  of op t ics  and VHF ranging measurements;  consequently, powered-flight navigation 

u s e s  a c c e l e r o m e t e r  measurements  of aerodynamic and thrus t ing  acce l e ra t ions  and * 
a grea t ly  simplified gravity model . 

C.1.1.1 Gravity Computation 

T h e  gravi ty  calculations a r e  performed in a s t raightforward manner .  T h e  
equat ions of motion for  a vehicle moving in a gravitational field a r e  

and 

w h e r e  -r and V- are the position and velocity vec tors  with r e spec t  t o  a n  iner t ia l  

f r a m e  of re ference .  The measured accelerat ion vector of the vehicle, aT, is defined-
a s  the vehicle acce lera t ion  resulting from the sum of rocket  t h rus t  and aerodynamic  

fo rces ,  if any;  a -T would b e  zero  if the vehicle moved under  the act ion of gravi ty 

alone. T h e  vec tor  sum of aT and g, the gravitational vector ,  r e p r e s e n t s  the total  -
vehicle  acce lera t ion .  

Posi t ion and velocity a r e  obtained a s  a f i r s t -order  difference-equation calcula- 
t ion  through a s imp le  computational algorithm: 

* 
F o r  lunar -centered  flight, a simple spherical  force field is considered.  F o r  

ear th-centered  flight, a f i rs t -order  oblaieness t e rm is added. No "other body" 
e f fec ts  a re  considered.  I 



The vector ya is the t ime integral  of the nongravitational acce lera t ion  forces ,  the 

components of which a r e  the outputs of t h r e e  mutually orthogonal integrating 

acce lerometers  situated in the spacecraf t ' s  Iner t ia l  n leasurement  Unit. The  

gravitational vector  g is a function of position a t  t ime  t T h i s  method is called -n no 
" ~ v e r a g eG" because velocity is updated by means  of the a v e r a g e  of the gravity 

vectors  a t  the ex t r emes  of the measu remen t  intervals .  

A careful  e r r o r  analysis  of a vehicle in  ea r th  orb i t  h a s  demonstrated the 

abovealgorithm to yield e r r o r s o f  approximately 100 ft and 0.2 f t / s e c  a f t e r  a period 

of 35 minutes, using a 2-sec t ime  s tep  and rounding a l l  addi t ions to  eight decimal  

digits. ( E r r o r s  increase  for  sma l l e r  t i m e  s t eps  due  to the effects  of accumulated 

round-off e r r o r s ;  interestingly, e r r o r s  a l s o  inc rease  for  l a r g e r  - t i h e  s teps  a s  

truncation e r r o r s  a s sume  significance.) Compared to  typical acce l e rome te r  scale-  

factor  e r r o r s ,  the e r r o r s  in the Average-G algori thm a r e  s m a l l e r  by severa l  o r d e r s  

of magnitude. 

C.1.2 Powered-Flight Guidance Using Cross-Product  Steer ing 

Powered-flight guidance and s teer ing  control  thedi rec t ion  of applied thrusting 

accelerat ion to mee t  the targeted te rmina l  conditions. The  guidance law generates  

the necessary  t rajectory-control  var iab les  for  the  s t ee r ing  law, i n  addition to 

preparing the requisi te  displays to enable the as t ronauts  t o  monitor  the p rog res s  

of the maneuver.  

Steering controls  the direct ion of vehicle thrust ing acce l e ra t ions  according 

to  the behavior of the guidance t rajectory-control  var iables .  S teer ing  i s  implemented 

ei ther  manually o r  automatically. Manually, the astronaut  implements  s teer ing by 

using his  hand colltroller to apply t ranslat ional  acce lera t ions  via the Reaction Control 

System (RCS) Autopilot. Automatically, s t ee r ing  is implemented by a cross-product  

s teer ing law which generates  spacecraft-att i tude commands fo r  the Thrus t  Vector 

Control (TVC) Autopilot. (These  autopilots a r e  d iscussed  in  Appendix D .) 

0 

Powered-flight guidance depends upon the generation of a n  instantaneous 

required velocity (V*), corresponding to the present  spacecraf t  po'sition such that -
the targeted te rmina l  conditions are achieved. Subtracting the c u r r e n t  velocity (V)-
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f rom the required velocity r e s u l t s  in the instantaneous velocity to  b e  gained (VG):-

Hence powered-night guidance is commonly cal led VG- guidance. The  s t ee r ing  law 

a t tempts  t o  null t h i s  VG (i.e., t o  cause  the o rb i t a l  velocity t o  approach the des i red  -
velocity) by controlling the d i rec t ion  of spacec ra f t  thrust ing acceleration. 

d 

F o r  manual nulling of V-GJ 
the cu r r en t  TIG i s  an  adequate control variable '  

when expressed and displayed i n  a convenient coordinate  system, e.g., a long the 

orthogonal RCS jet axes.  T h e  astronaut  s e l e c t s  X/Y/Z t ranslat ion to null the 

corresponding displayed VG components. -

C. 1.2.1 Cross-Product  S t ee r ing  

F o r  automatic  VG nu:ling, t he  c ross -product  s t ee r ing  law generates  vehicle-at- -
titude co.mmands for  the TVC autopilot,  which s tab i l izes  vehicle attitude; in steady 

s t a t e  the thrust  vec tor  will go through the spacecraf t ' s  cen ter  of gravity. Vehicle-atti-  

tude commands thus  a r e  essent ia l ly  thrus t -vec tor  pointing commands. Cross-product  

s t ee r ing  therefore  cont ro ls  the  d i rec t ion  of th rus t ing  acceleration, zT, ensur ing  

that the vector combination of proper ly  or iented th'rusting accelerat ion and inherent  

gravitational acce lera t ion  eventually nulls the  guidance ,VG. 

A sensibletthrust-vector cont ro l  system points  the  thrus t  vector in  the general  

d i rec t ion  of VG.- An autopilot ra te-command signal ,  sc,proportional to aT x xG, 

= K(gT x xG)-c J 

c a u s e s  the vehicle t o  ro t a t e  i n  a direct ion t o  al ign _aT and a s  des i r ed ,  and i t  

vanishes (i.e., comm'ands at t i tude hold) when the  commanded alignment is achieved. 

T h i s  maneuver is depicted vec tor ia l ly  i n  Fig. C. 1- 1. 
I 

F o r  bu rns  that  a r e  br ie f  r e l a t i ve  to the o rb i t a l  per iod,  aT x YG s teer ing  proves  

adequate. For  longer  burns ,  where  gravitational influences produce significant o r b i ~  
IIbenclillg", however, a be t t e r  cont ro l  policy cons i s t s  of a l i jp ing  -GG with V G  to 

pe rmi t  limited-although not qu i te  optimal-fuel economy. F o r  burns'  of the Serv ice  



F i g u r e  C. 1-1 aT x _VG Steering Commands ' " 

, F i g u r e  C. 1-2 -PG x V Steering Commands-G 




-
Propulsion System, zT is the dominant component of -yG and hence suggests  the 

control law, 

. 
The new t e r m ,  -yG, i s  generated a s  part  of the guidance policy. Th i s  maneuver is  

depicted vectorially in Fig. C.1-2. When one considers  the dominant ro le  of  _a?, in. 
the generation of yG, the similarity of Fig. C. 1-1 and Fig. C. 1-2 becomes apparent .  

Concern for control of attitude changes during the maneuver suggested that a 

l inear  combination of the two steering policies might take advantage both of the  . 
simplicity of -a T  x yG steering and of the fiiel economy of -yGx YG steering: 

Implementation of this generalized cross-product s teering policy is facilitated. 
iB by the generation of a special -b vector, closely related to yG: 

When the l a t t e r  two  equations a r e  combined, the following generalized cross-product  

s teer ing  law results :  

This  maneuver is depicted in ~ i g .  C.l- 3. Guidance supplies yG and the -b vector ;  

Average-G accelerorileter readings provide ,aT; c is specified for  the par t icular  

maneuver;  and I< i s  again selected for a fast, stable response. 

T h e  resu l t  of  the generalized cross-product s teering policy is a vector  r a t e  

o f  change o f  body attitude, with components lying along the t h r e e  body axes. T h e  

rol l  component is ignored (since there i s  a separa te  ro l l  autopilot which s imply  

maintains zero  roll  rate),  and the. pitch and yaw compot~ents  become commanded 

P attitude r a t e s  fo r  the pitch and yaw cl.~annelsof the l ' \rC autopilot. 



Figure C. 1-3 Generalized Cross-Product  Steering 



C.1.2.2 Comparison of Explicit  and Implicit Guidance Policies 

Powered-flight guidance s t ra tegy employs two basic approaches, explicit and 

implicit. 

Explicit guidance r e f e r s  to  guidance policies in which the output var iables  

(VR,  YG, -b, etc.) a r e  computed from algorithms which explicitly involve present  

and terminal  vehicle s tates .  Implicit guidance r e f e r s  to guidance policies in which 

the algori thms only implicitly involve vehicle states. For  example, the d i rec t  

computation of JJG = In - involves 3,  V ,- and FT explicitly, whereas  in the 

integration of = -Q:'V - a ( see  below), nowhere do R and V appear explicitly. -G -G -T - -
Direct  VG calculation is thus  an explicit mechanization, while Q integration is an- -G -
implicit  mechanization of a V-G guidance policy. 

Explicit calculation of TTR h a s  several  disadvantages. Computational t i m e s  

a r e  long, the algori thms requ i re  l a rge  storage capacity, and a different se t  of 

algori thms is required fur each type of maneuver. For  some missior, phases (e.g., 

TLI), no knovril closed-form solution exists  for the steering vector -b, thus requir ing 

simplified solutions involving 1 Iclose-to-nominal'' assumptions. With non-nominal 

flight (e.g., contingency abor-ts), such disadvantages become very  severe.  

The Lamber t  guidance policy implemented for Apollo consists  of a mix of 

explicit and implicit  forms.  Between explicit V solutions, V is extrapolated by . -G -G 
integrating the VG- implicit- guidance equation. This  permi ts  u s e  of a v e r y  c rude  b 
vector,  and largely removes  the  close-to-nominal requirements that might o therwise  

exist.  

Implicit  guidance, a s  mentioned above, r e f e r s  to guidance policies in  which 

the output var iables  a r e  computed from algorithms where the te rminal  s t a t e  and 

the present  s ta te  do not appear  esplicitly. Generally, the instantaneous required 

velocity is a function'of present  position and time, 



T h e  t i m e  der iva t ive  of V can be  expressed by applying the  total  der iva t ive  law: R - -- - --

Substitution from the bas ic  equation, 

and application of cer tain - R  relationships along the solution t r a j ec to ry  (in par t icu lar ,  
. 

= G ) yields, a f t e r  some manipulation, 
v=v, 

* 
w h e r e  Q is t h e  3x3 matr ix  of par t ia l  der ivat ives ,  

T h i s  equation s ta tes  that the t ime r a t e  of change of VR- along any path is equal  to G-
( a s  i t  would be  along the cor.rect free-fall  path) plus a co r rec t ion  i f  the ac tua l  path 

is not  the  free-fal l  path (a*s -VG- 0,$Rd G). 
*-

Substitution of th i s  r e su l t  into the t ime der iva t ive  of yG = yR - V- yie lds  a n  

expres s ion  for  yG : 

T h i s  s imp le  f i r s t -order  equation can s e r v e  'as a guidance policy, involving only the 

thrus t ing  accelerat ion inputs ( from the Average-G a c c e l e r o m e t e r  readings)  and the * 
m a t r i x  Q .Nowhere do present  vehicle position o r  velocity, p re sen t  velocity r equ i r ed ,  

o r  t e rmina l  ( targeted)  s ta te  appear  explicitly. Terminal -s ta te ,  p re sen t  velocity,  

and p re sen t  required velocity a r e  al l  implici t  in the c u r r e n t  velocity to b e  gained. * 
P r e s e n t  position is implicit  in the Q matr ix .  A single  initial  kxplicit calculation 

. of xR t o  obtain the initial xG 1s required. From then on the equation fo r  i s* 
self-sufficient,  requir ing only the external generation of the e l emen t s  o i  Q . Implicit  
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k 	 guidance is often r e fe r r ed  to a s  <-G  guidance, whereas  explicit  guidance, a s  mentione? 

above, is cal led VG guidance. routine- All necessary  inputs to the  c ros s -p roduc t  

a r e  readi ly  avai lable:  yG from the integration of the  xG. guidance equation, zT 
from the Average-G acce lerometer  readings, and b_ = xG + ST. 

* 
In genera l ,  the  Q e lements  a r e  functions of position and t ime.  Where  nigh. 

is c lose  t o  s o m e  nominal t ra jec tory ,  the position dependence can b e  removed,  anc 

the  e l emen t s  can  be  represenied simply a s  functions of t ime.  F u r t h e r  s implif icat ions 

can be made ,  such  as using two o r  t h ree  straight-line segmen t s  with pe rhaps  one 

o r  two d'iscont.inuities; using s imple  s t raight  l ines;  using s imple  cons tan ts ;  and ever  

using z e r o  f o r  selected elements .  

The advantage of implicit  guidance is i t s  con~putat ional  s implici ty .  One 

disadvantage is the  requi rement  for  much preflight simplification and approximatior.  * 
to  d e t e r m i n e  adequate  representat ions fo r  the Q elements .  Another disadvantage 

is the s e v e r e  r e s t r i c t i o ~  to near-nominal flight-greater h e r e  than i t  w a s  for  explicit 

guidance. 

T h e  in te r re la t ionships  of explicit / implicit  guidance and c ros s -p roduc t  s teer ing  

should b e  noted. Initial VR and I?G = vR - calculations a r e  made in both t h e- - V 

explicit  and implici t  approaches. Thereafter ,  only in the explicit  c a s e  are periodic  

reso lu t ions  fo r  instantaneous VR and - required. Implicit  guidance s impl)  - VG * 
i n t eg ra t e s  t he  VG equation. T o  do so, howe\.er, periodic updates  of t h e  Q m a t r i a-
(par t ia l  d e r i v a t i v e s ,  

1 

functionsbf t i m e  and position) a r e  required.  Note in the GG- express ion  tha t  def ini t ior  

of a b vector ,  

yields  a n  equation 

http:howe\.er


whic3 was  introduced above, dur ing  c ross-product  s t ee r ing  d iscuss ions .  Both explicit 

and implicit  guidance laws  u s e  the c ross -product  s t ee r ing  law. F o r  implici t  guidance, 

the b vector used by cross-product  s t ee r ing  is a l r eady  avai lable ,  appearing a s  the * 
-Q yG P -b in the equation; no additional computations a r e  requi red .  F o r  explicit -G 

guidance, however, the c ross -product  s t e e r i n g  requi rement  for b- presen t s  an added 

computational burden; analytic exp res s ions  for  b- mus t  b e  implemented,  solely for  

inputs t o  cross-product  s teer ing.  

T h e r e a r e  two ways to circumvent  t h e  computational burden,  however. F i r s t ,  

one can r e v e r t  to  s imple a -T x YG s t ee r ing  (i.e., by set t ing c = 0 in  the generalized 

c ross-product  s teer ing  law). Then, the value of -b i s  i m m a t e r i a l  and need not be  

computed. The  implementation o f  Lamber t - ta rge ted  ASTEER guidance em ploys such- .  
a simplification ( see  Section C.1.2.4). Fue l  penalties for the  non-optimal c = 0 

are minimal  in  the situations w h e r e  ASTEER is used. 

Alternatively, the -b vector  can beobtained with adequateaccuracy  by a simp!e 

numerical  diffcrentiation using a f i r s t -o rde r  back difference.  If the  equation for * * 
t h e  -b vector (b- = -Q V-G) is substituted into the  equation for  V-R (-VR = G - 4 Yc), 
t he  following expression for b- r e su l t s :  

A simple f i r s t -order  back difference of is suggested: 

The -b-vector equation then be'comes simply: 

Note that G(T)- = G [ R ( T ) ]now involves present  vehicle s t a t e  explicit ly (obtained from -
Average G). Time-  and memory-  consuming espl ici t  2 -vec tor  calculations a r e  no 

longer required. P rep rogramm lng and close-to-nominal t r a j ec to ry  r e s t r i c t i o l ~ s  
* 

inherent  in the explicit -b = -Q yG i rnp~ernentat iona r e  avoided.  T h e r e  a r e  s c m e  
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geometr ies  for which the  above equation g ives  degraded b vectors ,  but generally 

the r e s u l t s  a r e  acceptable .  

T h e  final fo rm of powered-flight guidance i s  a combination of explicit  and 

implici t  guidance laws.  Per iodica l ly ,  the expl ici t  calculation of -G - y R - y i ~  
made;  t h i s  involves d i r e c t  computation of V_* (e.g., via the i te ra t ive  Lamber t  

subroutine, d i scussed  below). T h e  n e c e s s a r y  velocity computations a r e  slow, 

requi r ing  severa l  seconds ( 2  to  4 normally,  but 10-s e c  cyc les  have been observed) .  

Dur ing  the explicit computational interval ,  implici t  guidance is used t o  maintain a 

cu r r en t  est imate of yG fo r  s teer ing .  The  r equ i r ed  b vector  is obtained from simple 

back differences of yR,with loca l  gravitation taken into consideration. 

C.1.2.3 Lamber t  Powered-Fl ight  Guidance 

Lamber t  powered-flight guidance so lves  t he  problem of reaching a specified 

ta rge t  position a t  a specifled in te rcept  t ime.  T h e  period of f ree-fal l  coasting flight 

which follows the terminat ion of the act ive guidance phase may  l a s t  a ma t t e r  of 
J hour s  (one o r  m o r e  o rb i t s  in rendezvous)  o r  days (during re turn  t o  ear th  fo l lo~i~ing  

a t rans lunar  orb i t  o r  a t r a n s e a r t h  midcourse  cor rec t ion) .  

Computations for ~ a i n b e r t  powered-flight guidance can be done e i ther  onboard 

the  spacecraf t  o r  te lemetered  f rom the ground. Lamber t  target ing (TPI o r  TPRIJ) 

gene ra t e s  the t a rge t  vector ,  t he  in te rcept  t ime ,  the  t i m e  of ignition, and various 

o ther  p a r a m e t e r s  and displays.  Return-to-ear th ta rge t ing  genera tes  t hese  s a m e  

Lambert- type inputs for  the  L a m b e r t  guidance. Guidance p r e p a r e s  the neces sa ry  

t rajectory-control  var iab les  d u r i n g  the act ive t r a n s f e r  phase between the two periods 

of coast ing flight. T h e  V-G is nulled e i ther  manual ly (via the  as t ronaut ' s  hand-con- 

t r o l l e r  activity) o r  automatical ly  (via the c rbs s -p roduc t  s t ee r ing  law). 

Lamber t  powe'rad-flight guidance involves both espl ici t  and implicit  guidance 

policies. Briefly,  t he  explicit  t a sk  involves the d i r e c t  calculation of required velocity, 

yR,and velocit y-to-be-gained: 

where  -V i s  the cu r r en t  velocity. T h e  implici t  t ask  involves the extrapolation of V-G 
dur ing  the explicit VG computation interval .  -
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~ a m b e r t ' stheorem s t a t e s  that the t ime of flight ( t f )  along the solution t r a j ec to ry  

depends  only upon the length of the semimajor  axis ,  a ,  of the solution conic (valid 

f o r  general conics) ;  the sum of the dis tances to the initial (rl)and final ( r 2 )points 

of the  a r c  from the  cen te r  of force;  and the length of the a r c  (c )  joining t h e s e  points: 

T i m e  of flight is the  known specified quantity: 

T h e  task of the  L a m b e r t  subroutine is to de termine  i terat ively the _solution conic, 

in  pa,.ticular the p a r a m e t e r  a.  Required velocity i s  then simply the velocity assoc ia ted  

with the solution conic at the  present  position: 

The present  veloci ty  to  b e  gained is s imply the difference between p re sen t  velocity 

required and p re sen t  orb i ta l  velocity. The b_ vector ,  required only for  t he  s t ee r ing  

t a s k ,  is computed by back-differencing V-R and accounting ior  loca l  gravi tat ion,  a s  

d e s c r i b e d  above. 

C.1.2.4 Lamber t  ASTEER Guidance 

I 
Lambert ASTEER guidance is an explicit guidance policy which so lves  the  

p rob lem of r each ing  a specified ta rge t  vector a t  approximately a specified t ime.  

ASTCER guidance u t i l i zes  a .single initial solution of Lamber t ' s  t heo rem by the  

L a m b e r t  i t e r a to r ,  e.g., for  the semimajor  axis ,  a ,  of the des i r ed  coasting-flight 

conic :  

S i n c e  the variat ion of a dur ing  the brief rendezvous powered m a n e u v e r s  d i rec ted  

bj- i h e  AGC on the LM i s  negligible, a can be assumed constant ( leading only to  

m i n o r  e r r o r  in the t i m e  of actual  intercept) .  A s  in t h e  nominal Lamber t  c a s e  d iscussed  



in the  previous section, Lambert  targeting provides the offset t a rge t  vector ,  R T l  
and the  t ime of flight, t f  = tT - t l .  The initial VR i s  computed explicitly for the 

- 1initial a: 

Thereaf ter ,  explicit V R ( r ) updates a r e  computed a s  	 using- functions only of  g ( ~ ) ,  
the ini t ial  a: 

Initial and updated explicit V 's a r e  computed via the equation, -G 	 - -

By assuming'  constant a = al ,  t h e  Lambert- i terator  resolutions can be avoided and 

t ime  saved, thus permitting V-G updates every 2-sec Average-G s teer ing  cycle. 

ASTEER avoids' the steering b-vector problem simply by setting = 2. T h i s-
is convenient from the vanta.ge of avoiding unnecessary b_-vector computation t ime ,  

and empirical ly justified .for those situations where ASTEER is used (e.g., shor t  

burns  such a s  LM-active rendezvous maneuvers, where ST r TIG s teer ing  might 

be  expected to work, anyway). 

C.l .2 .5  External  AV Powered-Flight Guidance 

External  AV pcwered-fli&t - guidance is an implicit  guidance policj-

designed for  ground targeting of lunar-orbit insertion (LOI),descent-orbi t  initiation 

(DOI), t r ansea r th  injection (TEI), midcourse correction and abor t  mzneuvers  and 

for onboard targeting of certain rendezvous maneuvers. External  AV was imple-  

mented for  severa l  reasons: 

-. 

a. 	 The explicit yRand b computations planned originally f o r  the LOI,DOT, 
and TEI .maneuvers required extensive fixed- and erasable-memory 
storage, and consumed'too ml:ch computer time. 

b. 	 External A17 i s  a simple, fast, reliable guidance/ s teer ing  mode, compared 



- - 

to the slower-and m o r e  complex-Lambert  and ASTEER modes.  
Considerable  exper ience  with ex te rna l  AV maneuve r s  had been gained 
du r ing  the Gemini p rog ram,  whe reas  L a m b e r t  maneuvers  were  a new 
development.  

c. 	 External  AV is  charac te r ized  by an iner t ia l ly-f ixed burn  att i tude, which 
s impl i i i es  t he  problems of burn  monitor ing and manual  takeover  in the 
event of pa r t i a l  o r  complete  p r imary - sys t em failure.  

d. 	 Reduced computational burdens  pe rmi t  m o r e  t i m e  for  nominal act ivi ty  
(displays,  autopilots,  compensation, etc.) and extended ve rb  activity. 

e. 	 External  AV is conceptually s impler ,  e.g., fo r  crew-originated maneu-
v e r s .  F e w e r  inputs a r e  requi red ,  with fewer  demands  made upon the 
c rew.  

Disadvantages of Externa l  AV a r e  a fuel penalty on long b u r n s  and the  reqa i rement  

for ground ta rge t ing  and uplink communication of t h e  ta rge t ing  paran]  e te rs - t ime 

of ignition and init ial  V-G (in loca l  ve r t i ca l  coo rd ina t e s ) ;  but t he se  disadvantages 

a r e offset by the  t remendous  savings in compu te r -memory  capacity which an onboard 

target ing program would have requi red .  Voice-linked loads  of planned and contin- 

gency maneuve r s  a r e  a l s o  t ransmi t ted  in c a s e  of a communicat ions failure.  Fuel 

penalties,  even during the  long LOI,TEI, and t r ans luna r  abo r t s ,  a r e  minimal.  

A s  previously mentioned, Externa l  AV is an impl ic i t  G policy. T h e r e  is no 

re fe rence  t o  a required velocity; t a rge t ing  suppl ies  the  init ial  V direct ion,  and -G 

V is extrapolated f rom -G 


discussed  above. The b_ vec tor  for  Ex te rna l  4V m a n e u v e r s  is ident ical ly  zero ,  meaning 

that yGis affected only. by thrus t ing  acce le ra t ions .  

A unique feature  of Externa l  AV pre thrus t  computat ions i s  an  approximate 

compensation for  finite burn  t imes ,  in which the  in -p lane  component of the init ial  

V is rotated in the d i rec t ionof  theangular -momentum vec to r ,  by half the predicted -G 

cent ra l  angle of the burn. c u r r e n t  vehicle  m a s s  ar,d a nominal th rus t  level  ( 2 - o r  

4-jet 	RCS, o r  the 'SPS) a r e  a l so  used in the calculat ion.  No at tem2t  is made  to 

account for m a s s  var ia t ion du r ing  the  burn.  



- - 
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C.1.2.6 Thrust-Cutoff Sequencing 

Automatic termination of thrus t  is  provided for powered-flight maneuvers, 

s ince the t ime  constants of  computation, display and astronaut-reaction would resul t  

i n  an unacceptable AV for  a manual termination. The guidance1 steering calculations 

generatean es t imate  of time-to-cutoff, which is then displayed for burn-monitoring 

purposes. When time-to-cutoff d rops  below four sec,  the s teer ing  commands a r e  

se t  to  zero, the s teer ing  and time-to-cutoff calculations a r e  disabled, and a task is 

scheduled t o  i s sue  the engine-cutoff d i s c r e t e  a t  the proper time. The guidance VG -
calculations continue (in c a s e  they should be needed for manual YG t r imming) 

following engine shutdown. 

The time-to-cutoff calculations involve the present VG, the just-measured -
AVa- (Average G,Section C,1.1), and the mos t  recent  b- vector (identically zero  for 
ASTEER and. External  AV steering).  As  depicted in Fig. C.l-4, the desired effect 

is the minimization of cutoff yG magnitude, assuming that thedirection and magnitude 

of  -V-G a r e  constant. 

The equation for  time-to-cutoff (TTC),  measured from the t ime of the 

accelerometer  readixip associated with V- G  and 

v,- UNIT(-^^) y,* UNIT(- tG)
TTC = ? 

v~ ] - A T ~ o+a 

-

contains a f i r s t -o rde r  variable-mas's approximation (VE is t h e  exhaust velocity) 

and a biasing impulsive AV tailoff t ime,  ATTO. The vector dot produc? rep resen t s  . 
the projection of yG onto the current  -VG.direction.-

Cutoif res iduals  compr i se  the c ross -ax i s  component shown in Fig. C.l-4, plus 

axial cutoff e r r o r s  .d.ue to the approximations associated wi th  t he  TTC algorithm. 

As  cutoff approaches, the approximations become quite good ( b _  -0 a s  V -\IR, 
and VE >> yG UNIT(-&&);  axial cutoff e r r o r s  a r e  therefore on the order  of the 

theoretical maximuin of  two accelerometer  pulses, pro\?ded that. engine parameters  

(VE, constant thrus t ,  ATTO, etc.) a r e  modeled accurately. 



Figure C.1-4 Time-to-Cutoff Geometry 
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-. The c ross -ax i s  component of res idual  yG a t  cutoff, however, can be  quite largc,  

especially for shor t  burns  during which the  steering/autopilot loop dynamics prevent 

recovery  from initial vehicle and thru st-pointing e r r o r s ,  the dynamics associated 

with a moving center  of gravlty, o r  ?-vector dynamics in a severe-burn geometry,  

However, the post-burn t r imming maneuver can accommodate these situations. 

C.2 Thrus t  Monitor P r o g r a m  

The thrus t  monitor program moni tors  and displays velocity changes applied 

to the spacecraft  during manual maneuvers  and during maneuvers not controlled by 

the GN&C System. The  program initially suspends state-vector updating by the 

V H F  range-link' (i.e., r e s e t s  the update and track flags), and advances the vehicle- 

s ta te  vector to  the current  t ime.  T h i s  operation continues until the state  vector  i s  

extrapolated ahead to the ignition t ime.  The Average-G routine discussed in the 

previous section is then iniilated, thus allowing the earl iest  possible ignition. Average 

G remains  i n  operation until the  program is terminated upon completion of the 

maneuver. The p r imary  output of the  thrust-monitor program is the measured 

maneuver A y ,  expressed in vehicle coordinates. 

The thrust-monitor  program is normally employed during two major  maneu- 

vers-the translunar-injection maneuver controlled by the Saturn guidance system 

and the  manually-controlled terminal  rendezvous maneuvers required for a CSM 

re t r i eva l  of the LM. During the TLI maneuver, the astronaut can call  up the display 

of inert ial  velocity altitude and altitude rate. During the active CSR.1 terminal  

rendezvous maneuvers,  relat ive range,  range rate,  and the angle of the vehicle X 

ax i s  relat ive t o  the  horizontal plane a r e  available for display. 

C-3 Earth-Orbit Insertion Monitor P roe ram 

The AGC program for  ear th-orbi t  insertion monitors the performance of the 

Saturn launch vehicle from the detect ionof t h e  liftoff d iscre te  to t h e a c c o m ~ l i s h m e n t  

of ea r th  orbit. In the  event of a Saturn inertial-platform failure during boosf.; !lowever, 

the Command Module -4GC provides a backup capability to  guide the Saturn along a 

prescribed t ra jec tory  which i s  d iscussed in some detail i r ?  Section D.5. ! 
I 



Since a close relationship must  exist  between the guidance and navigation 

equipment on  both ' the Saturn launch vehicle and the Command Module, it is  impor tan t  

to de t a i l  tha t  relationship, beginning pr ior  to launch. 

A s  explained in Section 2.2.2.1, two s e t s  of guidance equipment a r e  p repa red  

f o r  launch: T h e  Saturn guidance equipment in the Saturn Ins t rument  Unit con t ro l s  

the  launch vehicle, while the Apollo guidance equipment in  the Command ILlodule 

provides  a monitor  of Saturn guidance during launch. The  Sa turn  and CM a r e  both 

iner t ia l ly  aligned to a common vert ical  and launch azimuth re ference .  Dur ing  

countdown, both sys t ems  a r e  gyro-compassed to a n  ea r th - f r ame  r e fe rence .  N e a r  

l iftoff,  they both respond to d i sc re t e  signals to  switchover from the ea r th  r e f e r e n c e  

to t h e  nonrotat ing iner t ia l  re fe rence  used dur ing  boost. - -

P r i o r  t o  liftoff, the AGC in te r roga tes  the liftoff d i s c r e t e  eve ry  half-second,  

and when liftoff i sde tec ted ,  the computer initiates the ear th-orb i t  inser t ion  p rog ram.  

Should the d i s c r e t e  fail o r  malfunction, the as t ronaut  can ini t ia te  the p rog ram.  At 

liftoff, t he  cu r r en t  clock reading updates the universa l  t i m e  previously s tored  in  

) the  AGC, and the AGC clock itself is then zeroed. 

Dur ing  f i r s t - s tage  flight, the Saturn Instrument  Unit cont ro ls  the flight by  

swiveling the  engine's outer four rockets .  F o r  iner t ia l  ver t ica l  flight, the l rehicle  

is rol led f r o m  i t s  launch azimuth to  the flight-path azimuth.  Sa turn  guidance then 

con t ro l s  t he  vehicle in  an  open-loop, preprogrammed pitch maneuver  designed t o  

p a s s  safe ly  through the cr i t ical  period of high aerodynamic loading. 

Throughout t h i s  perlod, the AGZ's  powered-flight navigation rout ine (Averagc 

G, Sect ion C . l . l )  calculates  the position and velocity of the Sa turn  vehicle.  T h i s  

rout ine  is initialized with the position and velocity a t  l if toff,  computed using knowledge 

of t h e  ear th-rotat ion vector,  observed t ime of launch, and preloaded va lues  of 

launch-si te  longitude. and geodetic latitude. (To  r e l a t e  the s t a b l e - n ~ e n ~ b e r(Si\l) 

or ien ta t ion  a t  liftoff to the basic  reference-coordinate  sys t em,  the  d i rec t ion  of ZS?,I 

is calculated f i r s t .  The  ZSp/* a x i s ,  which is aligned along the  t r u e  d i rec t ion  of 

grav i ty  at the  launch pad, defines the astronomical  latitude. Tile astl-onoinical la t i tude  

is t h e  de r ived  angle between the zenith and the equator ,  measu red  by the observed  

angle  between t h e  horizon and the polar axis.  T h e  geodetic lati tude, which is a l s o  

defined as the  angle between the zenith and the equator,  is calculated on the b a s i s  

1 fin 
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of the ear th ' s  r e f e rence  ellipsoid. Since the a s t ronomica l  la t i tude  i s  approximately 

equal to  the geodetic latitude a t  the  launch pad, the geodetic la t i tude  is substituted 

in  the numerical  calculation of the direct ion of gravity.) 

The  ear th 's  polar  ax i s  i s  descr ibed in  r e f e r e n c e  coord ina tes  f o r  each space 

miss ion  by s tor ing in the AGC the  quant i t ies  n e c e s s a r y  t o  d e t e r m i n e  precession 

and nutation. On th i s  basis ,  the Zm m a y a l s o  b e  computed in t h e  r e f e r e n c e  sys tem.  

The  CMC a s s u m e s  that XSM and Y S M a r e  in the plane of the  horizon a t  the 

launch site. During prelaunch, the XSM is kept  aligned with the  launch azimuth,  an 

angle in the horizon plane measured  positive f rom North in a n  e a s t e r l y  direct ion to 

Since North and South a r e  determined by the l ine of i n t e r sec t ion  between the 'SM' 

horizon plane and the plane determined by the ea r th ' s  po lar  axis-and the zenith, 


XSM can be computed in re ference  coordinates .  XSM and ZSRl i n  re ference  

coordinates  de te rmine  YSM i n r e f e r e n c e  coordinates ,  thus  allowing the t r ans fo rma-  

t ion (REFSPbIP,4AT)f r o m  ear th- re ference  to  ' s table-member - .coordinates.. 

-0- - - - - - ---__ _ -- ---- .--- . --
Both the Saturn and CM guidance s y s t e m s  cont inuous lymeasure  v e h i . l e  motion 

and compute position and velocity. in  addition, the  GNBrC Sys t em c o m p a r e s  the 

ac tua l  Saturn t ra jec tory  with that t o  b e  expected f r o m  the  AGC, us ing  a s i s th-order  

polynomial approximation-thus generat ing an  a t t i t ude -e r ro r  d i sp l ay  fo r  the crew. 

Dur ing  boost ( f i r s t - s tage  only), t h e s e  att l tude e r r o r s  a r e  ava i lab le  t o  the  Saturn 

Instrument  Unit for  nulling, should a takeover  be requi red .  Should a takeover  be 

requi red  during second o r  third-stage boost, the only commands  the  Instrument  

Unit can  rece ive  a r e  f r o m  the Rotational Hand Cont ro l le r  which the  astronaut  

manipulates  a s  he  compares  DSKY disp lays  of velocity, a l t i tude and alti tude r a t e  

with a nominal t r a j ec to ry  profile available on prlnted card. In t h i s  fashion the 

spacec ra f t  can be flown safelyinto ea r th  orbi t  with relat ively rnlnor e r r o r s  in  apogee 

and perigee. 
- - _- - I  

C.4 Entry  Guidance.and R4ission Control P r o g r a m s  

The  phase of the mission beginning with the jett ison o f  the  Se rv i ce  Iblodule by 

the  Command Module and ending with safe  a r r i ~ ~ a l  a t  the designated landing s i te  

compr i se s  t h r e e m a j o r  control funct ions-ent l .~~ guidance, miss ion  cont ro l  l,rogranls, 

and Ent ry  Digital .4utopilot. (Fo r  a summary  of  the en l ry  phase, see Section 2.2.2.  I 4.) 



T h e  e n t r y  guidance d i r e c t s  the CM t o  a safe  re turn  a t  the designated landing 

site. T h e  miss ion  control  p rog rams  (P61 through P67) inform the c rew of the i r  

locationalong the e n t r y  t ra jec tory ,  a s  de te rmined  by the Entry Guidance. The E n t r ~ -  

DAP u s e s  the output of the  en t ry  guidance (i.e., ro l l  command) to perform automati- 

cally a l l  maneuve r s  n e c e s s a r y  for r een t ry .  

T h i s  sect ion of Appendix C d i s c u s s e s  en t ry  guidance and mission control  

programs.  T h e  E n t r y  D A P  i s  d i scussed  in Appendix D ,  which desc r ibes  a l l  of the 

Digital A.utopilots. 

C.4.1 E n t r y  Guidance - -

A spacec ra f t  re turn ing  from a l u n a r  miss ion  r een te r s  the ear th ' s  a tmosphere  

a t  veloci t ies  esceeding e scape  velocity. T o  cope with the sensi t ivedynamics involved, 

automatic  en t ry  guidance and control  a r e  employed. Although e scape  velocity is 

only 40 percent  g r e a t e r  than orbi ta l  velocity,  the sensitivity of the r een t ry  r ange  * 
capabili ty t o  var ia t ions  in  the c r i t i ca l  entry flight-path angle i s  s eve ra l  o r d e r s  of 

magnitude g r e a t e r  for  en t ry  from luna r  mi s s ions  than from earth-orbi tal  miss ions .  

T h e  automatic  guidance sys tem i s  expected to  provide quick response  and to minimize 

the  e f fec ts  of var iat ion of the  actual  environmental charac te r i s t ics  (such a s  Gill 

aerodynamics  and the a tmosphe re )  f rom the design standards.  

T h e  au tomat ic  entry-guidance sys t em was designed wlth two main objectives,  

having the followihg prior i ty:  (1) a s a f e  r e t u r n  to the ear th ' s  surface,  and (2) landing-

point control .  F o r  t he  ChiI to  splashdown successful ly  a t  the designated landing 

s i te ,  t he se  object ives  m u s t  b e  met.  Safe  r e tu rn  means  that the decelerat ion dur ing  

r een t ry  should never  exceed a prescr ibed  l imi t ,  nor  should the spacecraf t  skip back 

out of the a t n ~ o s p h e r e  a t  g r e a t e r  than orb i ta l  velocity. The r een t ry  t ra jec tory  ma?. 

include a free-fal l ,  ba l l i s t ic  lob portion out of the atmosphere in o r d e r  to  reach a 

dis tant  landing poin.t, but t h i s  must  b e  done  a t  subcircular  velocity. T h e  midcourse  
guidance phase  h a s  the initial  responsibi l l ty  for a safe  re turn  in that t he  spacecraf t  

mus t  be s t ee red  into a n  accepiable  en t ry  c o r r i d o r  from which a safe r e tu rn  i s  possible. 

* 
The  en t ry  night-path angIe i s  defined a s  the angle bet~t 'een the iner t ia l  velocity 

vector and local  hot.izonta1 at the e n t r y  in t s r face  altitude of 400,000 ft above the 
re ference  geoid. 



T h e  e n t r y  guidance mus t  ach ieve  the  object ive of range-control without in te r fe r ing  

with the object ive of a safe re turn .  Acceptable reentry-angle va lues  (about the 

nominal)  def ine a region cal led the r een t ry  cor r idor .  A nominal entry-angle value 

for a l u n a r  mi s s ion  is approximate ly  -6.5 deg,  (A nominal entry-angle value for  

a n  ear th-orb i ta l  mi s s ion  i s  approximately - 1.5 deg.) 

To fulfill i t s  ma in  object ives ,  the  en t ry  guidance must  cope with e r r o r s .  T h e  

dis t inct ion is made  between navigation e r r o r s  and s teer ing  e r r o r s .  

Navigation e r r o r s  are inaccurac ies  i n  the determinat ion of the  spacec ra f t ' s  

own position and velocity. T h e s e  e r r o r s  cannot be removed by guidance design.  It 

is s o m e t i m e s  convenient t o  think of a nax.igation e r r o r  a s  the e r r d r ' i n  where  the  

spacec ra f t  thinks the  ta rge t  is. Causes of navigation e r r o r s  include: . , 

(1) E r r o r s  in  the ixdicated initial  pcsition and vcloci tyat  the s t a r t  of reent ry .  

( 2 )  Initial  misalignment of the IR4U. 


(3). IMU gyro  and a c c e l e r o m e t e r  e r r o r s .  


S t ee r ing  e r r o r s ,  on the  o ther  hand, depend on guidance design and r e p r e s e n t  

t he  spacecraf t ' s  inabili ty t o  r each  the p o s l ~ i o n  where it thinks the t a rge t  is. In a 

well-designed sys t em,  the  expected mis s -c i s t ance  should be  approximately the s a m e  

as the expected navigation e r r o r  n e a r  the end of the  r een t ry  t ra jec tory .  A subt le  

typeof  s t e e r i n g  e r r o r  involves control  a c t i m s  which a r e  taken ea r ly  i n  entry,  while  

t he  velocity is stall supe rc i r cu la r .  The  dknger  is that dur ing  th i s  phase,  while t he  

sens i t iv i t ies  a r e  high, cont ro l  ac t ions  based  on navigation e r r o r s  m a y  b e  i m p r o p e r  

and r e s u l t  in a l a r g e  enough t r a j ec to ry  de-,?ation such that l a t e r  control  ac t ions  are 

incapable of compensat ing sufficiently for  i ? e  ea r ly  mistakes.  Thus, s t ee r ing  e r r o r s  

are a function of navigation e r r o r s .  S p ~ c i f i c a l l y ,  the chief t roublemaker  is the 

e r r o r  i n  indicated rate-of-cl imb dur ing  t h e  superc i rcu lar  phase. T h e  effect of t h i s  

e r r o r  is minimized by the u s e  of a r e f e r e z c e  t ra jec tory  dur ing  the pull-up portion, 

Upcontrol. On the  o the r  hand, navigation e r r o r s  a r e n o t  a function of s t ee r ing  e r r o r s  

o r  the s t e e r i n g  sdheme,  except  indirectly.  

A contx-ollcd-entry flight lo  the  designated landing point is achieved by talilng
b advantage of the ae rodynamic  l i f t  capabi l- l ies  of the Chi. The  Chl is a w l n g l c s s ,  

axially s y m m e t r i c ,  r een t ry  v e l ~ i c l e  cons:ructed s o  that j t s  cen ter  of g r a \ r i t ~i s  



disp laced  from i t s  ax is  of symmetry.  When flying hypersonical ly  in t he  a tmosphe re ,  

it t r i m s  with a low, constant ra t io  of lift to drag .  T h e  only m e a n s  f o r  per turb ing  

t h e  t r a j ec to ry in  a controlled manner  i s  to ro l l  about the  wind a x i s  (velocity vec tor )  

with reaction-control jets, permitting the l ift  vec tor  to  be  pointed anywhere  in the 

p lane  perpendicular to the  wind axis.  The  rol l  angle  def ines  the or ientat ion of the 

l i f t  vector  re la t ive  to the t ra jec tory  plane-i.e., the plane containing t h e  wind ax i s  

and the posi t ionvectors .  The  component of l ift  in the t r a j ec to ry  plane is the means  

of t r a j ec to ry  control for the down-range flight, while the  component of  l i l t  out of 

t h e  t r a j ec to ry  plane i s  for  control of c ros s - r ange  flight. 

T h e  entry-guidance equations regular ly  compute the des i r ed  l i f t  d i rec t ion  

cu r r en t ly  neces sa ry  i f  the t ra jec tory  is t o  reach  the designated landing s i te .  In 

ac tua l  flight, the Entry D A P  causes  the C M  to ro l l  about the wind a x i s  s o  that the 

ac tua l  l i f t  direct ion is forced into agreement  with the  d e s i r e d  lift  d i rec t ion .  T h i s  

r e s u l t s  in .achie \ ing  the des i r ed  in-plane component for  down-range control.  T h e  

ro l l i ng  maneuver  yields a n  out-of-plane cornponent of l i f t  that is used for  l a t e r a l  

s teer ing .  After  the c ros s - r ange  e r r o r  is removed,  the  l a t e r a l  l if t  component is an  

unwanted by-product of the s teer ing,  an3 i t s  effect is constrained t o  a n  acceptably 

s m a l l  value by the guidance, which causes  the C M  to  ro l l  per iodical ly  s o  a s  to 

r e v e r s e  the sign of the late;-a1 lift and null out l a t e r a l  dr i f t .  Since the in-plane 

compclnent i s  the fundamental controlled quantity, in  that i t  cont ro ls  down-range 

flight,  i t s  sign normally r ema ins  unchanged during the  nuliing p r o c e s s  ( l a t e r a l  

switching).  In effect, the res t r ic t ion  on the  sign of the  in-plane component du r ing  

l a t e r a l  switching demands  that the CM ro l l  through the  s m a l l e r  of the  two possible  

angles-through the so-called shor tes t  path-when l a t e r a l  switching t a k e s  place;  the 

E n t r y  D A P  normally causes  this  type of maneuver .  But in  cer ta in  i n s t ances  where  

s u c h a maneuver  would cause  the vehicle to fall shor t  of the  ta rge t ,  the e n t r y  guidance 

i n s i s t s  on rolling over  the top without r ega rd  for  the angle s ize,  and a program 

switch is se t  to  inform the ro l l  D A P  that the CM i s  being commanded t o  r o l l  through 

t h e  l a r g e r  angle. I? summary ,  the en t ry  gtiidance continuously p rov ides  a single 

s t e e r i n g  quantity-the commanded ro l l  angle-that i s  t o  be achieved by t h e  ChI. 

Entry  guidance i s  fur ther  descr ibed by using the i l lus t ra t ive  dece lera t ion  

prof i le  of Fig. C.4-1. At point '1,  the CAI lift i s  ini t ia l ly  d i rec ted  upward for 

nominal- to-s teep elltry angles;  for shallow angles ,  l i f t  i s  d i rec ted  downward. A 

function of the guidance is to establ ish the initial l if t  by roll-ang!e command,  which 





! 

is held constant until  the  Chl is in the atmosphere and the decelerat ion leve l  reaches  

0.05g. P r i o r  to  .0.05g, the  En t ry  DAP holds the Chl in the at t i tude of hypersonic 

t r i m  at the  specified ro l l  angle.  After 0.05g, the a tmosphere  holds the C M  in t r i m ,  

with ra te -damping  a s s i s t a ~ l c e  in pitch and yaw by the DAP.  At t h i s  point, t he  guidance 

begins  the l a t e r a l - r ange  calculations which will permi t  a sma l l  (15 deg)  rol l -angle  

deviation. T h e  g-level continues to increase  until about 1.3g, when constant  d r a g  

cont ro l  begins-attempting to  maintain a constant decelerat ion (point 2). Velocit? 

and range-to-go d e c r e a s e .  When the r a t e  of descent  r e a c h e s  700 f t l s e c ,  a 

t r a j ec to ry - sea rch ,  i n  addition to  constant d rag ,  begins to de t e rmine  i f  the  predicted 

r a n g e  for  a constant  l i f t - to-drag rat io  (LID)  flight f rom the spacecraf t ' s  c u r r e n t  

locat ion would yield the  des i r ed  range. The  predicted range i s  made  up of analyt ic  

exp res s ions  based  on a candidate reference t ra jec tory  consis t ing of s egmen t s  for  

pull-up, ba l l i s t ic  lob  and final (second-entry) phase. If the predicted r a n g e  is not 

within 25 nmi  of t he  d e s i r e d  range,  the constant d r a g  control continues to  be flown. 

When the predicted r a n g e i s  within 25 nmi of the des i red  range, the guidance begins 

to s t e e r  the CRI a long  the  pull-up reference (point 3).  When the t e rmina l  conditions 

of the  Upcontrol r e f e rence  a r e  met ,  a bal l is t ic  lob i s  flown if the d r a g  becomes  

less than 0.2g (point 4). The guidance maintains  a rol l  command constant  a t  the 

m o s t  r ecen t  value. Should the d r a g  become l e s s  than 0.05g, t he  ro l l  command is 

s e t  t o  z e r o  and, in  addition, the inadequate aerodynamic stabili ty in this  lotv-dynamic 

p r e s s u r e  region r e q u i r e s  t ha t  pitch and yaw hypersonic t r im  again be  maintained 

by the  th ree -ax i s  DAP. On reaching the peak altitude, the Chll fa l ls  back toward 

the  e a r t h  and r e e n t e r s  t he  a tmosphere  a t  point 4. At 0.05g8 the D A P  rel inquishes.  

The final phase  of guidance i s  entered when the accelerat ion bui lds  up and exceeds  

a 0.2g threshold. T h e  final-phase guidance (point 5 )  s t e e r s  the  CM to  t he  landing 

s i te ,  u s ing  a p r e s t o r e d  r e fe rence  t rajectory.  Short-range t r a j e c t o r i e s  omi t  t he  

ba l l i s t ic  and Upcontr.01 phases;  very  long-range t r a j ec to r i e s  omi t  the cons tan t -drag  

phase.  

Two  remain ing  functions of entry guidance a r e  the g- l imiter  lost, which 

mod i f i e s  the r o l l  commands  dur ing  the final phase to avoid exceeding the maximum 

8 g  l imi t ,  and the  l a t e r a l  logic,  which periodically switches the des i r ed  l i f t  d i rec t ion  

f rom one  s ide of the t r a j ec to ry  plane to the other  to allow the ro l l  angle to  cont ro l  

both down-range and l a t e r a l  range. 



T h r e e  e n t r y - b i d a n c e  functions a r e  used througllout the trajectory-Navigation, 

Targetingand Mode Selector .  T h e  f i r s t  and second of t hese  functions begin in  P r o g r a m  

P61; the  third begins in P63. Navigation updates the position and velocity vec to r s  

us ing  acce lera t ion  data .  Ta rge t ing  computes  the cu r r en t  landing s i t e  vec tor  based 

on e a r t h  rotat ion d u r i n g  an es t imated  flight t ime and ca lcu la tes  the present  range  

and l a t e r a l  r a n g e  for  the landing s i te .  hlode Selector s e l ec t s  each  entry-guidance 

phase  on the  b a s i s  of the  c u r r e n t  position along the en t ry  t ra jec tory .  

C.4.2. E n t r y  Mission Control  P r o g r a m s  

T h e  en t ry  t r a j ec to ry  is broken  into major  segments ,  each  identified with a 

mi s s ion  p r o g r a m  number ,  such a s  P61,  shown in Fig. C.4-2 fo r  both orb i ta l  and 

luna r  entry.  Af te r  the  c r ew s e l e c t s  P61, the programs run in numer ica l  sequence.  

Select ionof  t henex t  m a j o r  mode is automatically determined by the mission control  

p rog ram p r i o r  to  beginninp P63 and by en t ry  guidance thereaf ter .  While each phase 

of the  e n t r y  guidance i s  ohcrat ing,  the  DSKY displays the corresponding miss ion  

control  p rog ram,  P61 through P67,to  inform the crew of the spacecraf t ' s  location 

along the e n t r y  t ra jec tory .  T h e  mis s ion  control p rog rams  form the framework 

within which the  c rew i s  ab l e  t o  moni tor  the phases of flight beginning with the 

maneuver  to  ~ A l / S 3 d  separat ion at t i tude and continuing until droge-chute deployment.  

The  mis s ion  control  p r o g r a m s  for  entry a r e  summar ized  in the  following 

sect ions:  

C.4.2.1 E n t r y  P repa ra t ion ,  P61  

T h e  E n t r y  P repa ra t ion  P r o g r a m  s t a r t s  the en t ry  sequence for  the CAI. P61 

in i t ia tes  onboard navigation and checks  the IMU alignment. Next, i t  ca lcu la tes  da tz  * 
s o  that the c r e w  can  ini t ia l ize  t he  En t ry  Monitor System (EMS) and a l so  monitor  

ce r t a in  future t r a j e c t o r y  check points. The  data  from the P61 d isp lays  a r e  a l s o  

compared  with t h e  ground-supplied E M S  data and se rve  a s  a checl; on the operation 

of the  AGC. On completion of the d isp lays ,  P62 i s  begun. 

* 

P 
T h e  EhlS is a backup sys tem used to inonitor entry performance;  i t  provides a 

rol l -at t i tude indication, a range-to-go counter 3nd a velocity and accelerat ion plot 
to c o m p a r e  wi th  acceptab le  veloci ty/accelerat ion profiles. 
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C.4.2.2 CM/SRISeparation and P re -en t ry  Maneuver ,  P62 

T h e  CM/ShT Separation and P re -en t ry  Maneuver  P r o g r a m  es tab l i shes  the 

t rajectory-monitor ing displays f o r  the c rew,  a c c e p t s  c rew notification that CM/S?LI 

separat ion hasoccur rcd ,  act ivates  the Entry DAP, and o r i en t s  the CM to  the c o r r e c t  

a t t i tude of hypersonic t r i m .  When the  D A P  first becomes  ac t ive ,  i t  es tab l i shes  

at t i tude hold, following separation, until the c r e w  ve r i f i e s  the c o r r e c t n e s s  of the 

d isp lay  of initial roll-att i tude specification and t a r g e t  location. Af t e r  verification, 

t h e  D A P  initiates and pe r fo rms  the maneuver  t o  b r i n g  the C M  into e n t r y  hypersonic- 

t r i m  atti tude a t  the specified rol l  attitude. 

When the ENTRY D A P  de t e rmines  tha t  t he  maneuver  t o  entry atti tude is 

essent ial ly  completed, P63 i s  begun. 

C.4.2.3 Ent ry  Initialization, P63 

The  Entry Initialization P r o g r a m  ac t iva tes  the  en t ry  guidance and  es tab l i shes  

t h e  pre-0.05g guidance-monitoring display. Dur ing  P63,the D A P  cont inues t o  hold 

t h e  CM t o  the hypersonic t r im  with r e spec t  to  the  computed r e l a t i v e  wind ax is ,  a s  

t h e  CA4 approaches the atmosphere.  When the guidance s e n s e s  that  t h e  a tmospher ic  

d r a g  level has  exceeded 0.05g, P64 is begun. 

P63 is the l a s t  P60 mission control  p rog ram (until P67) t o  ac tua l ly  pe r fo rm 

a program-sequence function. By comparison,  P64, P65, P66, and the in i t i e l  portion 

of P67 a r e  mere ly  milestones established by en t ry  guidance along t h e  t ra jec tory .  

T h e  Entry Post-0.05g P r o g r a m  es tab l i shes  t he  guidance-monitoring display 

f o r  the c rew,  ini t ia tes  the la te ra l  guidance and p e r f o r m s  the  t r a j e c t o r y  plznning 

function by finding a candidate r e f e rence  t r a j ec to ry  tha t  is compatible  with the  range  

t o  b e  flown. The  guidance decides that  the c u r r e n t  en t ry  i s  f rom a n  e a r t h  orb i t  i f  

t h e  velocity is l e s s  than 27,000 f t / s c c  at 0.05g ( the  s t a r t  of P64);l a t e r a l  s t ee r ing  

is activated and, wherl the d r a g  exceeds  0.2g, PG7 is begun. T h e  guidance dec ides  

tha t  the en t ry  is f rdm lunar  orbi t  i f  the velocity is g r e a t e r  than 27,000 f t / s e c  a t  

0.05g; l a t e r a l  s teer ing  is activatc.cl, the t r a j ec to ry  s e a r c h  is begin, and the  guidance 

http:activatc.cl


d i r e c t s  the CM to  fly to  a constant d r a g  level ,  about 4g. The guidance looks for a 

re ference  t r a j ec to ry  that  sa t i s f ies  the r ange  requirement ,  using some  o r  al l  of the 1 
t r a j ec to ry  segments:  Upcontrol phase, bal l is t ic  phase, and final phase. Throughout 1 
P64, the D A P  follows r o l l  commands  issued by en t ry  guidance, and pe r fo rms  

coordinated rolling with rate-damping pitch and yaw. Except a s  mentioned in P66, 

the  D A P  continues th i s  behavior  throughout the flight. When constant-drag flight 
t 

h a s  reduced the predicted r a n g e  to within 25 nmi  of the des i red  range, P65 is begun. 

If an  Upcontrol r e f e r e n c e  t r a j ec to ry  is not found, for  which the te rmina l  velocity 

exceeds 18,000 f t / s ec ,  then P67 is begun. 

. I 
C.4.2.5 Upcontrol, P65 - -	 f 

iThe  Ent ry  Upcontrol P r o g r a m  es tab l i shes  the guidance-monitoring displays 

for  the c rew.  P65 is flown for  a l l  lunar  e n t r i e s  except for  those where the landing- s i t e  

r a n g e i s  shor t .  Dur ing  P65, the guidance s t e e r s  the Ch1 along the pull-up re ference  . 
t ra jec tory  toward a poss ib le  controlled bal l is t ic  lob. When theterminat ion conditions , 

of the Up.contro1 r e f e r e n c e  a r e  me t ,  t he  phase is over:  	 IL 
I 

i 
a. 	 U'hen the  d r a g  acce lera t ion  becomes  l e s s  than the te rmina l  d r a g  

condition, P66 is begun. it 

b. 	 If t h e  r a t e  of descent  becomes  negative while the velocity has  near ly  
reached  the  t e rmina l  velocity conditions, then pull-up flight is ended 
and P67 is begun. 

I 
( F o r  in te rmedia te - range  t r a j ec to r i e s ,  t he  te rmina l  d r a g  condition may b e  g rea t e r  

than 0.2g, and the ne t  effect  of sat isfying the  te rmina l  d r a g  condition is a d i r e c t  
' 

transfer t o  P67 by way of P66.) 

C.4.2.6 Bal l is t ic ,  P66 

The  En t ry  Bal l i s t ic  P r o g r a m  es tab l i shes  the guidance-monitoring d isp lays  

for the c r ew .  P66 s igni f ies  the ba l l i s t ic  lob portion of the t ra jec tory  and l a s t s  a s  

long as  t h e  a tmosphe r i c  d r a g  level  is l e s s  than ,0.2g. Because of the rar i f ied 

a tmosphere ,  the guidance c e a s e s  t o  produce n e w  values for the des i red  lift-vector 

direct ion.  While t he  d r a g  level  r e m a i n s  g r e a t e r  than O.Ojg, the CM des i red  ro l l  

attitude i s  the most  r e c e n t  ro l l  command ( f rom P65); itch and yaw hypersonic i 
I 



t 	 t r i m  a r e  s t i l l  maintained by the atmosphere.  If the d r a g  level becomes  l e s s  than 

0.05g, pitch and yaw at t i tude control  by the D A P  i s  activated to maintain the CM in 

hypersonic t r i m  ( a s  du r ing  P62 and P63); in addition, a wings-level, l if t-up ro l l  

a t t i tude is establ ished fo r  the  C M  by providing a ze ro  roll-angle cbmmand.  \%%en 

the  d r a g  again exceeds  0.05g1 the  D A P  r e v e r t s  to pitch and yaw r a t e  damper s .  

Whenever  the  a tmosphe r i c  d r a g  exceeds  0.2g, P67 is begun. 

/ 

C.4.2.7 	 Fina l  Phase ,  P67 

T h e  En t ry  F ina l  P h a s e  P r o g r a m  establ ishes the guidance-monitoring d i sp l ays  

for  the  c r ew.  P67 is the  t e r m i n a l  portion of a l l  entry t ra jec tor ies .  T h e  y i d a n c e  

s t e e r s  t he  Chl to  the  landing s i t e  by generating the  des i red  lift d i rec t ion  based on 

per turba t ions  away from a n  onboard stored'  re fe rence  t rajectory.  T h e  guidance 

a l s o  p reven t s  the load fac tor  f rom exceeding 8g. When the relat ive ve loc i tydec reases  

to  1000 f t / s e c ,  t h e  guidance .  ? a c e s  to  generatenew s teer ing  commands,  but main ta ins  

t he  m o s t  r e c e n t  value fo r  t h e  CM termina l  ro l l  attitude. P6'i is te rmina ted  a t  c r e w  

option following drogue-chute deplopnent ,  although for  te lemeter ing  coverage,  

te rmina t ion  is delayed a s  long a s  possible.  

C.5 	 Lunar-Landing Guidance and Navigation 

One  of the  m o s t  impor tan t  phases  of the ~ ~ 0 1 1 . ~  miszion i s  the guidance and 

navigation of the Luna r  nlloduleduring thedecelerat ion maneuvers  p r i o r  to  touchdovrn 

on the l u n a r  surfq ce. T h i s  sectiori d i s c u s s e s  the guidance and navigation capabi l i t ies  

onboard the  L M  fo r  t h i s  powered-landing phase, which is presented in  the contes t  

of the  comple te  miss ion  in  Section 2.2.2.7. 

T h e  bas i c  functionof t h e  Ln~lguidance and navigation sys t ems  du r ing  powered 

landing is t o  take the  spacec ra f t  f rom a nominal initial altitude of about 50,000 ft 

and a velocity of  approximately 5600 f t /  s e c  and safely land it a t  an  assigned s i t e  on 

the moon with vir tual ly  z e r o  touchdown velocity. Several  conditions and cons t ra in ts  

govern the  means '  by which the  powered landing i s  accomplished: 

a. 	 The Descent  Propuls ion  System (DPS) propellant must  b e  utilized in 
a n  efficient manne r ,  i.e., the required velocity i n c r e n ~ e n t  should be 
a s  sm-all as possible .  



b. 	 The selected landing s i te  mus t  be  vis ible  to the a s t ronau t  +.hrough 
the window of the LM for a t i m e  interval  of  a t  l e a s t  75 s e c  immediately 
p r io r  to touchdown. 

c. 	 New state-vector  es t imates  and s t ee r ing  commands  for  the L31 cannot 
be obtained m o r e  frequently than once e v e r y  2 sec .  

d. 	 TheDPS m u s t  be operated e i the r  a t  a fixed high-throttle se t t ing  (c lose  
to maximum thrus t )  o r  a s  a continuously-throttleable engine ove r  a 
l imited range  of lower throt t le  settings-with the  d i rec t ion  of applied 
thrus t  essent ial ly  parallel  to  the  longitudinal ax i s  of the LR?. 

e. 	 Theas t ronaut  must  have the capabili ty of manual ly redesignat ing the 
landing s i t e  dur ing  the interval  when the s i t e  i s  visible. (Conditions 
prevailing a t  500-ft altitude mus t  be "comfortable" such  tha t  manual 
takeover can  be accomplished with ease.)  

T h e  navigation and guidance sys t ems  each pe r fo rm different  functions dur ing  

t h e  powered 'landing maneuver ,  a s  indicated in Fig. C.5- 1. T h e  navigation s y s t e m  

bas i ca l ly  de t e rmines  (es t imates)  the s tate  of the vehicle; i.e., i t s  position and velocitj.. 

The guidance system u s e s  the navigation information to compilte specif ic-force 

c o m m a n d s  for  u s e  in  s t ee r ing  the vehicle. T h e  following two p a r t s  of t h i s  sect ion 

d e s c r i b e  the guidance and navigation s y s t e m s  whicn enable the  LM t c  accompl ish  

t h e  s tated objectives dur ing  the poivered-landing maneuver .  

C.5.1 Guidance System Descript ion 

T h e  miss ion  requi rements  of efficient fuel util ization and a 75-sec landing- s i t e  

vis ibi l i ty  interval  during the powered-landing maneuver  a r e  i n  d i r e c t  conflict .  F o r  

best fuel n3anagement dur ing  the po~vered maneuver ,  the Descent  Propulsioll  System 

should b e  operated a t  the l a rges t  permiss ib le  thrus t  l eve l ,  with the t h r u s t  d i rec t ion  

s l ight lyabove the local  horizontal.  Fo r  the as t ronaut  to have visibili tyof the  landing 

site through the Lhl window, however, the longitudinal a x i s  of the vehicle (and hence, 

the t h rus t  direct ion)  inust be in a nearly ver t ica l  orientation. Continuous thro t t le  

con t ro l  is required during the final par t  of the landing manecve r ,  m o r e o v e r ,  to 

p rope r ly  shape the t ra jec tory  (to meet  visibili ty r equ i r emen t s )  and to  achieve  the 

d e s i r e d  te rmina l  conditions (positlon and velocity) a t  touchdown. 

T o  accompl i s l~  ' these objectives in an  efficient manne r ,  the  landing maneuver  

is divided into three  m a j o r  pf~ases,a s  indicated in Vig. C.5-2. F o r  convenience 
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these  th ree  phases  a r e  r e f e r r e d  to  a s  the 11braking" and 11visibility" phases,  and j 
r 

the terminal-descent  (hover)  maneuver .  T h e  m a j o r  dece lera t ion  of the vehicle is 

accornplishcd during the braking phase,  which is typical ly  about 470 s e c  in duration. 
I 

The braking phase i s  the longest  with r e s p e c t  t o  t i m e  and range covered. The  i, 
m a j o r  objective of th i s  phase  i s  to  es tab l i sh  the d e s i r e d  initial  alt i tude and velocity I 
conditions for the following vis ibi l i ty  phase  within efficient propellant usage l imi t s ;  1 
the bulk of the spacecraf t ' s  o rb i t a l  velocity i s  removed du r ing  the braking phase. I 

i 
The  visibility (approach) phase is designed such that  the commanded vehicle att i tude . j 
a t  reduced engine-throttle se t t ing  a l lows  the as t ronaut  t o  view the landing a r e a  for 

the  f i r s t  t ime.  During th i s  s e c o i ~ d  phase  the  a s t ronau t  can-if h e  s o  d e s i r e s -  
I 

redesignate  the landing s i t e  toward which the GN&C Sys tem is controlling the Lunar  

Module. A fur thur  objective of the visibili ty phase  i s  t o  establ ish and maintain a 

t r a j ec to ry  from which the a s t ronau t  can  eas i ly  take  o v e r  control  when he des i r e s .  

During the third and final te rmina l -descent  phase,  the a s t ronau t  manual13 con i r c l s  

the L M  through the final ver t ica l  descen t  to  l una r  touchdown. F o r  convenience, the 

braking-phase te rmina l  point is r e f e r r e d  to  a s  the "13igh-Gate I ,*  point, and the 

visibili ty-phase te rmina l  point is cal led the  "LOW- ate" point. T h e  te rmina l  point 

for  the hover is, of course ,  the landing s i te .  

T h e  guidance system.solves the powered-landing guidance problem essent ial ly  

as success ive  two-point boundary-value guidance problems.  F i r s t  of all ,  the guidance 

sys tem executes  an algorithm which d e t e r m i n e s  the  exact  t i m e  and spacecraf t  att i tude 

required a t  ignition. Ignition nominal ly o c c u r s  a t  the  p e r i a p s i s  of the p r i o r  orbit .  

The  spacecraf t  is maneuvered t o  that  des i r ed  at t i tude and 35 sec pr ior  to  fighting 

the  engine, the DSKY is blanked fo r  f ive s e c  to notify the  as t ronaut  that everything 

is proceeding smoothly. Uliage is commanded f o r  75 s e c  p r i o r  to ignition-the 

beginning of the braking phase. F o r  26 s e c  the engine o p e r a t e s  a t  minimum thrus t ,  

about 12 percent  of the engine's ra ted  thrus t  of 10,500 pounds. 

* 
The  "target1' f o r  the braking  phase  l i e s  ve ry  n e a r  t h e  lunar  sur face ,  projected 

forward about G2 s ec  past High Gate,  but the phase  actual ly  ends  a t  High Gate. T h e  
reason  for alroiding t h e  designated t a rge t  (other  than the  obvious intersect ion with - t h e  lunar  t e r r a in )  i s  that a s  t i m e  approaches  z e r o  with t h e  guidance equations, the 

- ,  
gain of the guidance equations approaches  infinity. T o  avoid that gain v a r ~ a t i o n ,  
the t a r g c t s  or  the brak ing  phase  a r e  p~*oject.ed about a ~ n i n u t edownsirearn f rom the 
des i r ed  braking-phase t e rminus .  F o r  the  s a m e  reason ,  thc  ta rge t  for the visibili ty 
phase lies some 10 sec beyol;d Low Gate. 



With sufficient propel lant ,  the guidance can permi t  substantial  landing-site 

redesignat ion;  a s  much a s  7000 ft forward o r  to e i ther  side, o r  about 4500 ft backward,  

T h e  guidance sys tem r e q u i r e s  no fixed landing s i t e  and indeed provides a re la t ive ly  

gentle s tandard  approach to  Low Gate whether the landing s i te  has  been redesignated 

o r  not. 

Nominally,  the  descen t  t r a j ec to ry  i s  planar;  however, redesignation r e s u l t s  

in a nonplanar  t ra jec tory .  T h e  descent  t ra jec tory  during both the braking and visibili ty 

phases  is provided by a vec tor  polynominal which de termines  a three-dimensional  

l ine  in  space .  

D u r i n g  a lmost  t he  e n t i r e  visibility phase, the guidance sys tem main ta ins  

spacec ra f t  a t t i t i de  s o  tha t  the  landing s i te  near ly  coincides with the r e t i c l e  (Landing 

Point Des igna tor )  etched on the  Lunar  hlodule windo~v; the computer  d i sp lays  on 

the DSKY a number  which in fo rms  the astronaut  where along th i s  r e t i c l e  to look to 

s e e  where  the  computer  is taking him. 

When the  Low-Gate a im  conditions have been met ,  the Luna r  nlodule begins 

the so-cal led te rmina l -descent  maneuver ,  which is nearly vertical.  The  point where  

th i s  maneuve r  is s t a r t ed  is dependent upon mission ground ru les ,  c rew option, and 

the  e r a s a b l e  load provided for  the specific mission.  

T h e  t e rmina l -descen t  program in Apollo 11 and 1 2  automatically nulled the  

horizontal  componentsof  veloci tyand provided a 3 f t l s e c  r a t e  of descent .  In Apollo 

13 and subsequent  flights, t he  as t ronaut  must  specify the r a t e  of descent  by m e a n s  

of h i s  rate-of-descent  (ROD) controlIer ;  t he re  is a l s o  an attitude-hold mode in  which 

spacec ra f t  a t t i tude (acd hence horizontal velocity) can bc manually controlled-not 

n e c e s s a r i l y  nulled-to provide  the des i red  translation a c r o s s  the luna r  t e r r a in .  

T h e  fuel a l lotment  of the DPS provides for hovering immediately p r i o r  t o  

touchdown. If the spacec ra f t  d o e s  not enter  this  te rmina l  descent  phase, a n  abor t  

is initiated on the a scen t  s t age  ( s e e  the nest section of this  Appendix), 

T h r u s t  magnitude and orientation t ime h is tor ies  a r e  shown in Fig. C.5-3 f o r  

a typical s imulated landing t ra jec tory .  A s  can be seen,  the throt t le  is operated a t  

maximum t h r u s t  for  m o s t  o f  the braking phase. During this period the D P S  is 
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I -
oriented along the direct ion of  the command specific f o r c e  even though, due to * 
l imitat ions ; the throt t le  cannot follow the th rus t  command. T h e  DPS is operated 

thereaf te r  in the continuously-throttleable r ange  between 12 and 58 percent o f  

maximum thrust .  

C.5.2 Navigation System Descript ion 

The  navigation concept used by the L M  GNC&S cont ro ls  the braking and visibility 

phases  of the lunar-landing maneuver  and then continues to provide altitude and 

velocity data  to the astronaut  in the final hover  phase. T h i s  approach employs a n  

iner t ia l  navigation system updated by a doppler  landing r ada r .  T h e  f i r s t  three to - .-
four minutes of the braking phase  is completely controlled by the iner t ia l  navigation 

system. ~ h e n ' t h e  alt i tude has  d e c r e a s e d  to between 40,000 and 30,000 ft, a s  

i l lustrated in Fig. C.5-2  for  the  Apollo 11 miss ion ,  the landing r a d a r  i s  activated 

and initial alt i tude updates a r e  accepted by the navigation sys t em.  When the velocity 
a 

h a s  decreased  to l e s s  than 2000 f t j s ec ,  landing-radar  velocity co r r ec t ions  a r e  nes t  

incorporated. It i s  important  that the landing r a d a r  al t i tude and velocity u$ates 

b e  achieved dur ing  the braking phase for  two reasons :  f i r s t ,  to guarantee a safe  

al t i tude condition a t  the s t a r t  of the approach  phase, and second, to  make  the major  

t ra jec tory  changes before the visibility phase,  s o  that the commanded vehicle altltude 

will be relatively f r e e  of control  t r ans i en t s  du r ing  this  second phase, thus allowing 

the astronaut  to visually de t e rmine  and evaluate  the landing a r e a  and have t ime to 

redesignate the landing s i te ,  if neces sa ry .  T h e  visibili ty phase  l a s t s  only 100 s e c  

o r  l e s s ,  s o  major  navigation-update changes  resu l t ing  in  l a r g e  commanded vehicle 

att i tude changes a r e  undesirable .  

The  landing-radar  s e n s o r  used to update the  ine r t i a l  navigation system during 

the  landing maneuver  i s  a four-beam doppler  r a d a r  with the beam configuration 

shown in Fig. C.5-4. T h r e e  b e a m s  a r e  used for  velocity de te rmina t ion  and one for  

range.  The  landing r ada r  antenna i s  mounted a t  the b a s e  of the L h l  descent  s tage 

and can be oriented in  one of two fixed positions.  T h e  f i r s t  antenna position is 

used during the braking phase  when t h e  vehicle att i tude i s  essent ia l ly  horizontal, 

* 
Due to a hard  mechanical stop, the engine is incapable o f  de l iver ing  m o r e  than 9 4  

percent  of the rated thrust.  

f 

I 

1 

' I 

1 

i 
I 
! 
! 
i 
I 
I 
!
' 





- - 

and the second is used i n  the approach and landing phases  a s  the L M  orientation 

n e a r s  a ve r t i ca l  att i tude. 

T h e  navigation problem during the powered landing i s  significantly different  

f rom that d u r i n g  the  coast ing cis lunar  and rendezvous navigation phases  d iscussed  

i n  Appendix A. In addition to gravitational forces ,  a l a r g e  thrus t  acce l e ra t ion  a c t s  

on the  vehicle  a t  a l l  t imesdur ing  the landing maneuver.  Another significant difference 

is that the  guidance sys t em controlling the vehicle thrus t  and atti tude continuously 

u s e s  navigation da t a  throughout the maneuver,  a s  opposed to the in te rmi t ten t  updates 

maneuve r s  typical  fo r  c i s lunar  and rendezvous phases.  Despi te  t h e s e  ma jo r  

d i f fe rences ,  t h e  genera l  navigation concept used during landing is v e r y  s imi l a r  to 

t ha t  used du r ing  coast ing phases.  

A simplif ied landing navigation and control functional d iagram is i l lustrated 

i n  Fig. C.5-5. During  the  landing maneuver ,  the iner t ia l  measu remen t  unit  i s  act ive 

at a l l  t i m e s  and provides  the  specific force  da ta  neces sa ry  for  extrapolat ion of thz 

s ta te -vec tor  e s t ima te s .  During the initial par t  of the braking phase, the  Ih'ICT is the 

only navigation s e n s o r  employed, and the estimated vehicle-state vec to r  is used to 

command r equ i r ed  vehicle  att i tudes and and engine throt t le  leve ls  so  tha t  the  des i r ed  

t e rmina l  conditions fo r  the mission phase a r e  achieved. lVhr~nthe landing r a d a r  i s  

activated l a t e r  in the braking  phase, the vehicle altitude above the l u n a r  su r f ace  is 

es t imated  in  t he  computer  and then compared with the landing-radar m e a s u r e d  range  

d a t a  converted t o  alt i tude. The difference between t h e s e  two p a r a m e t e r s  is 

a u t o ~ n a t i c a l l y  checked in a landing r a d a r  (LR)data tes t  to verify tha t  t he  L R  is 

opera t ing  normally.  If t h e  da ta  check sat isfactor i ly ,  a cor rec t ion  t e r m  is computed* 
by applying a precomputed weighting factor  to the altitude difference ,as  shown in 

Fig. C.5-5.  This co r rec t ion  is then used to update the s ta te -vec tor  e s t ima te  and 

to c o r r e c t  t he  landing t r a j ec to ry  in the next guidance-equation computation cycle. 

Af te r  velocity lock-on is achieved by the LR at a lower alt i tude and velocity,  a 

s i m i l a r  opera t ion  i s  conducted for velocity updates to the s t a t e  vector .  When both 

al t i tude and veloci ty  updating a r e  being done, the navigat ion-measurement  da t a  from 

the  L R  a r e  control led by the onboard computer.  Altitude is updated e v e r y  two sec ,  

and each component of velocity every s ix  sec.  
* 
If the L R  da t a  te.st is failed a given consecutive number o f  t imes ,  t he  DSICY a l e r t s  

t he  as t ronaut  to  t h i s  fact; he can force acceptance of t h e  rejected da t a  should he 
d e s i r e ,  but t h i s  option would not r~o rma l ly  be used. 
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With r e fe rence  t o  Fig. C.5-5, it should b e  noted that L R  measurement  da ta  

a r e  used to update only four of the  s ix  components of the est imated s tate  vec tor ,  

i.e., a l t i tude and the t h r e e  velocity components. The  down-range and c ros s - t r ack  

position est imation e r r o r s  a r e  not updated by L R  measurements .  The  as t ronaut  

can c o r r e c t  t h e s e  two horizontal-plane position e r r o r s  dur ing  the visibility phase 

by incrementa l ly  re ta rge t ing  the guidance equations. In this  operation, the landing 

s i te  t o  which the  GN&CS is control l ing the vehicle i s  displayed to the astronaut  by 

a DSKY number  re ferenced  t o  a grid pat tern on the LM window. As previously 

mentioned, it is impor tan t  that  the  m a j o r  altitude and velocity cor rec t ions  t o  the  

s t a t e  vector  b e  completed before  the visibili ty phase s o  that the astronaut  can 

effectively a s s e s s  t he  landing area and c o r r e c t  the c ros s - t r ack  and down-range 

deviations,  i f  required.  - .. 

T h e  weighting functions used to  compute the state-vector updates in  Fig. C.5-5 

a r e  significantly different  f rom the t ime-varying s tat is t ical  weighting functions used 

in  the c i s lunar  and rendezvous navigation phases.  These  ower red-landing weighting 

functions a r e  l i nea r  approximat ions  to  the  s tat is t ical  optimum navigation-filter 

weighting functions based upon ine r t i a l  and LR sensor  accurac ies ,  lunar  t e r r a i n  

uncertaint ies ,  and m e a s u r e m e n t  b i a s  e r r o r s .  Since computation t ime is a c r i t i ca l  

p a r a m e t e r  du r ing  the  landing maneuver ,  the Ll? re ight ing  functions a r e  precomputed 

and s tored.  T h e  alti tude weighting function is a l inear  function relat ive to est imated 

altitude. Since al t i tude updates are typically s t a r t ed ' some  90 nmi  from the landing 

s i te ,  l una r  t e r r a i n  al t i tude va.riations re la t ive  t o  the landing s i te  were  important  

fac tor  in  shaping th i s  function. T h e  velocity weighting function is linearized with 

r e spec t  to es t imated  velocity; i t  is truncated to  fixed srnal! values a t  the low-velocity 

conditions t o  minimize  commanded atti tude changes during the m o r e  c r i t ica l  t e rmina l  

phases  of the landing maneuver ,  and to  avoid incorporating l a r g e  LR velocity updates  
--.-. - - - .  - ----- -- -

in the velocity region where  LR dropouts  can - - due to nea r - ze ro  velocityoccur  -- --.-

conditions along va r ious  r a d a r  beams .  T h e  LR measurement  weighting functions 

a r e  uncoupled o r  noncorrelated with zny measurement  direct ion other  than that along 

which the LR measuremen t  is ,being made.  Whereas correlat ion in the navigation-up- 

da t e  weighting functions is very  impor tan t  in the cislunar. and rendezvous navigation 

concepts,  i t  i s  intentionally avoided in the landing maneuver navigation s ince  

implementat ion of such a cor re la t ion  function was not considered pract ical  d u e  to 

modeling uncer ta in t ies  and G&N sys tem computation t ime l imitat ions in the landing 

maneuvel-. 
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Severa l  important  d i f f e r ences  ex is t  between the  opera t ions  of power-landing 

navigation and those of c i s luna r  and rendezvous navigation. F i r s t ,  the state-vector 

updating procedure and monitor ing in powered landing is completely automatic,  s ince  

thenavigation i s  t ime-cr i t ical .  Next, the navigat ion-measurement  weighting function 

used fo r  the landing navigation is a precomputed l inear ized  approximation to a 

s ta t is t ical ly  optimum weighting function, and is uncorre la ted  between s tate-vector  

components. Finally, the landing-navigation function updates  only four of the s ix , 
state-vector  components, and the  as t ronaut  is r equ i r ed  to  manually c o r r e c t  the  

remaining horizontal position deviat ions dur ing  the  final two phases  of the landing 

maneuvei.. 

(2.6 Lunar  Ascent and Abort  Guidance 

Once the Lunar  Module h a s  separa ted  from the Command Module for the descent  

to  the lunar  surface,  a m e a n s  m u s t  ex is t  for  the  L M  to  ascend back into a parking 

orbi t  p repara tory  to the rendezvous and docking of t he  two spacecraf t .  In the context 

of the Apollo mission,  the a scen t  can  occur  in t he  planned circumstance,  a f t e r  a 

safe touchdo~:n on the luna r  su r f ace ;  o r  i n  the  unplanned c i rcumstance ,  when an  

emergency  situation exis ts .  Whether  t he  a scen t  b e  nominal o r  abort ,  the guidance 

equations ~vhich  de t e rmine  the  a scen t  maneuve r s  a r e  identical;  only the initiai  

conditions fed into the guidance equat ions a r e  different .  

By definition, nominal a scen t  can  occur  only a f t e r  the  c r ew of the L M  h a s  

signalled t o  the .computer an  '!acceptable" landing on the  surface.  By extension, 

nominal ascent  guidance i s  the  p rog ram used for  any  a scen t  f rom the lunar  su r f ace  

a f te r  an  acceptable  landing-even i f  a n  emergency  a s c e n t  is deemed neces sa ry  p r io r  

to  the planned t ime of liftoff. . 

Also by definition, a n  abor t  guidance p rog ram is used fo r  ascent  in two general  

situations: ( 1 ) when'an emergency  develops du r ing  descent ,  p r io r  to touchdown on 

the lunar  su r f ace ; . and  ( 2 )  when the  c rew d o e s  not acknowledge the touchdown a s  

acceptable,  c l~oos ing  instead to  ascend  as quicltly as possible.  

The  ascent  and abor t  'guidance p r o g r a m s  a r e  essent ia l ly  open loop, in th::-. 

b they rece ive  no positional updates  f rom navigation. T h e  p r o g r a m s  per form th-:-

guidance function esclusively from s igna ls  received f rom the L u n a r  h'lodule's Inc:..:a'! ; 



Measuremen t  Unit. Ini t ia l izat ion for  ascent  to the  required parking o rb i t  i s  dependent 

upon prevai l ing conditions.  

On the  b a s i s  of the  ini t ia l  conditions, the computer de t e rmines  which of the  

LM's  propulsion s y s t e m s  will b e  employed during ascent.  Two s y s t e m s  a r e  avai lable ,  

and e i the r  o r  both m a y  b e  employed for a par t icu lar  ascent-depending, of cou r se ,  

on the  fuel avai lable  in  each  and the estimated fuel which will b e  requi red  to  r e a c h  

the planned parking o rb i t .  T h e  Ascent Propulsion System (APS) is used a lone  fo r  

a n a s c e n t  f rom the l u n a r  s u r f a c e  o r  for an abor t  occur r ing  very c lose  to touchdown. 

The Descen t  Propulsion System (DPS) is used alone only when i t s  remain ing  fuel 

volume is sufficient t o  propel  the L M  into the parking orbit-up to  about 300 s e c  

into the  braking  phase  of the lunar  descent.  M'hen an abort is caned  a t  a l a t e r  

t ime ,  t he  DPS 'w i l l  b e  flown to depletion; parking-orbit  injection will then b e  

accomplished using e i the r  the  APS  o r  the RCS. The foregoing p rocedures  mus t ,  of 

course, be modified should t h e  abo r t  be caused by a propulsion-system failure.  

A f lag  (LETABORT)in te rna l  to the lunar  descent  p rog rams  p e r m i t s  a b o r t s  

to  b e  cal led once the l u n a r  p r o g r a m s  have been activated. Throughout the descen t  

phase ,  t h e  c r e w  can ca l l  up abor t  guidance; this  remains  t rue  until a f t e r  touchdotvn. 

Once the c r e w  dec ides  tha t  a s a fe  landing has occurred  and that su r f ace  opera t ions  

can commence ,  they conf i rm i t  to  the AGC by calling the lunar -sur face  p rog ram,  

which cance l s  the LETABORT-and leaves the nominal ascent  program a s  the s o l e  

m e a n s  of achieving ascent .  

In a nominal a scen t ,  the  ta rge t  of the ascent  i s  planned well ahead of t i m e ,  

based  on . the  s ta te  vec to r  of t he  orbiting Command Module. The  L M  must  l i f t  off 

the  l u n a r  s u r f a c e  a t  such  a t i m e  and with sucll velocity that i t  will i n s e r t  into a 

parking o rb i t  with a favorable  position and velocity relative to the CM. Knowing 

the  s t a t e  vec tor  of the  Command i\lodule, the ascent  program s e l e c t s  the  p rope r  

liftoff t ime.  

Initialization for  a n  a scen t  f rom the lunar  surface i s  s t raightforward because  

i t  is known in advance. But initialization for an abor t  during descent  is qui te  involved 

because  ne i ther  the neces s i ty  no r  the t ime of an abort  can be known in advance. In 

addition, the  phase angle-the angular  relationship between the L3II and the CfilI-at 

the t i m e  of the abo r t  is equal ly unknown and must  be estimated a t  init ialization. 



Consequently a var iable  target ing sys tem must  be  employed fo r  a n  abor t ,  based 

upon the p a s t  information of the CM s ta te  vector  and a n  e s t ima te  of t he  LM's c u r r e n t  

position. 

Initialization es tab l i shes  the initial conditions, s e t s  up  ini t ia l  d i sp lays ,  dec ide  

on which t a r g e t s  to  use ,  and br ings  up  the guidance equations in to  the  s e r v i c e r  

loop. In all t h r e e  ascent  p rog rams ,  the initialization routine d o e s  t h i s  by putting 

a n  a d d r e s s  into an  e ra sab le  location toward which t h e  end of t h e  s e r v i c e r  rout ine  

goes  arid which i t  recognizes  a s  an addres s ;  the rout ine then cont inues  on with t h e  

guidance. 

Abor t  init ialization a l so  es tab l i shes  the parking-orbit  inject idn 'in the r ad i a l  

and c r o s s - r a n g e  direct ions.  (M'ith a fixed-thrust engine, if t h e s e  two positional 

components  a r e  controlled, the third component-down-range position-is indirect ly  

controlled.) Depending on the propulsion sjrstem which is used t o  begin an  abort ,  

two abor t  guidance p rog rams  a r e  available.  The  descent  a b o r t  p rog ram begins  

with the  DPS, and the abort-s tage program u s e s  only the  APS. 

No m a t t e r  which ascent  program is called, once the  initialization of t he  p rog ram 

is completed,  the initialization routine simply s l ips  out of the loop. 

T h e  a scen t  t r a j ec to ry  for  e i ther  a nominal launch o r  an  a b o r t  is preplanned: 

t he  Lhl  t h r u s t s  to a ver t ica l  ascent  f o r  about 0.8 sec ,  a f t e r  which i t  beg ins  a pitch-over 

maneuver  and accep t s  new data  from the IRJU. The impor tance  of t h e  0.8-sec ver t iva l  

a scen t  b e c o m e s  apparent  in the c a s e  where, upon touchdown on  a boulder -s t rewn 

sur face ,  . the L h l  begins to  topple o r  i f ,  dur ing  descent ,  the L M  beg ins  t o  tumble. 

Once the guidance equations take over  control of the  p rog ram,  they  produce a 

commanded th rus t  vector  based on the iner t ia l  platform's a c c e l e r o m e t e r  readings  

and the  newly-inputted CM s ta te  vector.  The  thrust-vector  conlponents a r e  converted 

into changes in  t he  CDU angles  by a subroutine called FINDCDUU'; t he se  ang le s  

are then t ransmi t ted  to the Digital Autopilot. Thus, the LM D A P  is the control  

sys t em dur ing  e i the r  nominal o r  abo r t  ascent .  

Ascent  into the  parking orbi t  required for  rendezvous ends  when the t a r g e t  

velocity commanded (in radial and cl.oss-range positions) is achie\rcd paral le l  t o  



the plane of the Command Module orbi t .  At that point, the rendezvous po rg rams  

take over .  

c.7 FINDCDUIIr-A LM Powered-Fl ight  Guidance/Autopilot Interface Routine 

A s  explained in the previous sec t ions  of th i s  Appendix, the LhI navigation and 

guidance s y s t e m s  pe r fo rm complementary functions dur ing  the powered-flight 

maneuvers .  Basically,  navigation e s t i m a t e s  the position and velocity of the Lunar  

Module, and guidance uses this information to compute the commands needed to 

s t e e r  thevehicle.  The guidance-system commands a r e  computed in t e r m s  of th rus t  - .  
vectors  and must  be  t ranslated into angdlar  commands  to be accepted by the LAq 

DAP. The  routine devised to accomplish this  conversion is called FIhDCDUMr. 

(The "W" in FINDCDUW r e p r e s e n t s  1 1window control". 

Specifically, FINDCDUW aligns the  L h l  t h rus t  vec tor  with the commanded 

direct ion dur ing  powered maneuve r s  and al igns the  r e t i c l e  in the window in the 

direct ion commanded by the  guidance elevations.  Dur ing  descent ,  the re t ic le  i s  

aligned with the landing s i t e ;  during ascent ,  it is aligned in the forward direction of 

motion. 

FINDCDUW rece ives  from the guidance p rog ram t h r u s t  and window-pointing 

commands which det.:rmine a required spacecraf t  att i tude. Gimbal-angle changes 

corresponding to th i s  a t t i tude a r e  computed and l imited in magnitude to themaximum 

which may  b e  commanded in one guidance-program computation period (20 d e g  in 2 

sec) .  The  limited gimbal-angle commands  a r e  then divided into 20 increments ,  

each  one of which is equal to  the change which can b e  expected in  one D A P  cycle  

(0.1 sec).  Final ly ,  the gimbal-angle i nc remen t s  a r e  s en t  to the autopilot, along with 

the  corresponding at t i tude-rate  commands  and a b i a s  angle  whose magnitude is 

computed from the commanded r a t e s  and the control authori ty .  T h e  b i a s  angle i s  

utilized to smooth t rans ien t  behavior in the autopilot. All of these  constraints  upon 

the autopilot commands r e s u l t  in a continuous, ra te- l imited at t i tude profile estending 

over  whatever duration i s  required to complete  the maneuver .  



There is fu r the r  cons t ra in t  imposed upon the angle of the middle gimbal to ' *  
avoid gimbal lock . Provided  the middle gimbal angle  is not init ially in  gimbal 

lock, and provided the combination o i  input commands  does  not yield a te rmina l  

att i tude in gimbal lock, FINDCDUW r e n d e r s  i t  impossible  to pas s  through g:mbal 

lock by constraining the middle  gimbal angle  t o  t he  range  between i t s  init ial  and 

te rmina l  values.  F u r t h e r m o r e ,  by avoiding gimbal lock, FIKDCDUW makes  the 

GN&CS abor t  guidance not dependent upon manual  intervention. Other  s c h e m e s  for  

gimbal-lock avoidance produce  s i m i l a r  outcomes,  but are computationally less di rec t .  

* 
A three-degree-of  f reedom gi.mba1 sys tem such a s  the  one used on the  Apollo IhlU 

c a n c a u s e  problems due t o  a phenomenon called " g m b a l  lock". Gimbal lock o c c u r s  
when the  IMUss outer  ax i s  becoines para l le l  to  its inner  axis.  In th i s  position, a l l  
t h r e e  axes  of gimbal  f reedom l i e  i n  a plane, and no ax i s  is in a d i rec t ion  to abso rb  
instantaneously rotation.about an a s i s  perpendiculat. to th i s  plane. Thus , ' a t  gimbal 
lock the inner s t a b l e ' n ~ e m b e r  can b e  l ~ ~ ~ l l e d  Evenaway f rom i t s  iner t ia l  alignment,  
though a three-degree-of-freedom gimbal system gc-ometr ica l lya l lo~i~sany relatiy.re 
orientation, the required oulcr-gimbal  clngular accelerat ion needed a t  ~ m b z l  locli 
to maintain stabilization e s c e e d s  scl.vo capability. One d i r ec t  solution to  gimbal-lock 
problems is to add a fou r t l~  p n l b ~ 1 1  and a x i s  o f  freedom wilich can be  dr iven  so a s  
t o  kcel) t h e  o ther  t h ree  a s e s  from ge t t l~ lg  n e a r  a colrimon plane. However, the cosl 
in complesity and wci,fzl~t for  a fourth gin1 bal is co~lsiclerable.  Fortunately, 11po!!o 
IMU opera t ionsa l -e  .such that gimbal locli can gcncl.,?lly be avoided by constrain;:1; 
spaceci-aft  motion relat i \ .c  to tile gin-~bals. I f  j u s t  oneof these gimba;-angle c l ~ a n g c . ~  
is constrained, the problem i s  e t~ t i l -e ly  averted.  



APPENDIX D 

MAJOR PROGRAM CAPABILITIES-


Digital Autopilots 


D.1 Developmental  History of the Digital Autopilots 

Early i n  1964, MIT was asked by NASA to de t e rmine  the  feasibili ty of 

implementing d i e t a l  autopilots (DAPs) in the guidance computers;  . T h i s  reques t  

w a s  occasioned. by r a t h e r  widespread and growing dissat isfact ion with the deg ree  

of flexibility offered by the analog autopilot then being employed. (By chance, a 

switchover  w a s  impending from the Bloclc 1 G&N system to the Block I1 sys tem,  

with i t s  enlarged computer  memoryand improved electronics  CDUs.) F u r t h e r m o r e ,  

i t  w a s  felt tha t  a d ig i ta l  autopilot a s  the p r imary  control sys tem,  backed up by the 

preexis t ing  ana log  autopilot,  could provide far grea te r  missiorl  re l iabi l i ty  than the 

ana log  zutopilot a lone,  and that a l o s s  of the nonredundant analog autopilot might 

h a v e  meant  m i s s i o n  fai lure-or  worse, l o s s  of the crew and spacecraf t .  

Butof  the advantages  to digital contr.01, perhaps the g rea t e s t  was  the above-men- 

tioned flexibility: the  coding effort required to modifyor  r ep l ace  autopilot functions, 

such  a s  manual  opera t iona l  modes, could be  bought more  cheaply than cor responding  

changes  to  an  ana log  sys tem.  Inaddition, the ea se  of implementing nonlinear functions, 

such  a s  deadzones,  parabol ic  curves  and counters,  reinforced the a r g u m e n t s  for  a 

d ig i ta l  autopilot. Although a d i s t a l  autopilot had not yet been flown in any  manned 

vehicle ,  digi ta l  con t ro l l e r s  had been discussed in the control  l i t e r a t u r e  and had 

been  flight-tested in a t  l e a s t  one unmanned guided missi le .  

Dur ing  the  s u m m e r  of 1964, MIT  was given the go-ahead on DAP des ign  and 

implementat ion.  Th i sdec i s ion  followed MIT studies showing that d i s t a l  con t ro l l e r s  

w e r e  not only feasible ,  but offered improvements  in  control pe r fo rmance  as  well. 

T h i s  conclusion led to the choice of the digital autopilot a s  the p r i m a r y  control 

sys tem. ,  

http:contr.01


D . l . l  CSM DAPs 

Control of the CSM and CSRqILM vehicles, via the CM Apollo Guidance 

Computer,  involves three separa te  DAPs,  one each for coasting flight, powered flight, 

and a tmospher ic  entry. In addition, the AGC onboard the  Command Module provides 

for  takeover of Saturn steering during boost. 
/ 

The coasting-flight D A P ,  which f i r e s  the Reaction Control System (RCS) jets  

for  attitude control, provided significant improvements in both performance and 

flexibilityover the Block I system. This was achieved by a number of new fea tures ,  

among them an improvement in the automatic-maneuver roiltine and the addition of - .  
severa l  manual-control modes. By ear ly  1965, the basic RCS autopilot functions 

w e r e  laid out, including phase-plane and jet- select  logic, a new maneuver routine,  

and in ter faces  for the various manual modes. Along with the development of these  

functions, some additional features were implemented, such a s  the shar ing  of 

rotational and t:anslational jets during some maneuvers (e.g., ullage), and a r a t e  

estimatoi- employing Kalman filtering. Though the RCS D A P  functions w e r e  not 

optimized in a rigorous sense, a primary concern was to u s e  a s  l i t t le  RCS fuel as 
possible for attitude maneuvers, since the fuel supply was a limited fixed quantity. 

Throughout the design effort and eveninto the flights the RCS D-AP design remained 

flexible to  accommodate many modifications incorpcrated to improve the capabil i ty 

and performanceof the system. RCS DAP functions a red i scussed  indetai l  in Section 

D. 2 below. 
1 

F o r  powered flight, the problem was to maneuver the  vehicle according to 

commands  received periodically from the guidance loop. Changes a r e  effected in 

pitch and yaw by thrust-vector control (TVC),i.e., by deflect ing the  thrus t  vector  

re la t ive  to the spacecraft by gimballing the Service Propulsion System engine mounted 

on the  Service hlodule. Roll control, which could not be  achieved with tile SPS 

engine, r equ i res  the u'se of RCS jets with attendant control logic. Because the  SPS* 
engine-positioning servos a r e  l inear  devices , the TVC loops could be designed 

around l inear  constant-coefficient co~npcnsation f i l ters .  Th i s  design allowed 

analytical determillation of the stability of the bending and sloshing modes, which 

* 
T h e  position and rate l imits  (4.5 deg and 9.0 deg / sec ,  respectively)  on engine motion 

w e r e l a r g e  enough to ensure  they w ~ u l dnot nolmrnally be encountered. 



1 
proved to b e  a great  a s s e t  during the course  of the  development. The two vehicle 

configurations, CSM alone and CSMfLM, were  sufficiently different to warrant  t 
separa te  TVC autopilot designs.  Naturally, each of these  D A P s  went through several  [ 
i terat ions a s  bet ter  bending and slosh information became available. In fact, it I 

1 
-

was not until the Apollo 10 mission that the final T V C  D A P  design was flown. 

Section D . 3  discusses  the TVC DAP used for pitch and yaw changes and RCS roll  

control during powered flight. 

1.The Entry D A P  controls  vehicle attitude from CM/SRq separation, occurring ! 
t
I

about 20 minutes before  a tmospher ic  entry,  through to  drogue-chute deployment. 3 
This  D A P  entails three  automatic control modes: (1) three-axis  attitude maneuver 

i
and stabilization pr ior  t o  encountering the a tmosphere ;  (2 )  coordinated roll  maneu- 

v e r s  in the atmosphere, which control l a t e ra l  and longitudinal r angeby  rotating the 

lift vector; and (3) pitch and yaw r a t e  damping about ttAe aerodynamically-stable : 
t r i m  attitude. The f i rs t  Entry D A P ,  which was designed off-line during the Block I 

. 

flights, was developed in an attempt to reduce the RCS fuel used in the atmospheric 

ro l l  maneuvers. This  consideration was important because  roll  maneuvers normally 
' used m o r e  RCS fuel than the extra-atmospheric and rate-damping modes combined. 

The design was successful,  and by the t ime the decision had beenmade to use  digital 

autopilots, this  f i rs t  Entry D A P  had proved i t  could significantly reduce RCS fuel 

usage significantly. Fur the r  improvements,  especial ly in the phase-plane logic, 

al1owt:l even greater  savings, until by the f irs t  Block I1 flight (Apollo 71, tile 
! 

atmospheric-roll  maneuvers used only about one-eighth of the RCS fuel that the 

Block I system would have used. The combined performance of the guidancelautopilot 

system during entry has  been excellent,  a s  measured by the small  target  miss-dis-  

tances ( a v e r a s n g  roughly one nautical mile). The Entry  autopilot i s  discussed in 

Section D.4. 

The Apollo Guidance Computer onboard the Ch/I a lso includes provision for  

takeover of Saturn s teer ing  during boost,  should iner t ia l  reference fail in the Saturn 

Instrument Unit. ~ n i i lApollo 13, takeover was provided a s  a manual function; m o r e  

recently an automatic capability has  been sdded. Section D .5 discusses  AGC takeover 

of Saturn steering. 



D.1.2 LM D A P  , 

Thedes ignof  the LM D A P  differed considerably from that of t h e  CSM DAPs,  

d u e  mainly to differences in the configuration of the  two vehicles.  As ide  f rom the  

fact  that the LR?would not experience a tmospher ic  flight, t h e  m a j o r  d i f f e r ence  w a s  

tha t  all modes  of L M  coasting and powered flight, both fo r  the descen t  and a scen t  

s t ages ,  used essentially the s a m e  bas ic  control logic; i.e., the L M  D A P  had to b e  

f a r  m o r e  integrated than the C S R ~autopilots. One of the  ma in  f a c t o r s  necess i ta t ing  

t h i s  integrateb design was  that nei ther  the descent  engine n o r  t h e  a s c e n t  engine,  

w a s  intended to control vehicle attitude. The  a scen t  engine w a s  r ig id ly  mounted, 

while the descent engine could be 'gimballed only a t  the  v e r y  slow fixed r a t e  of 

0.2 deg j sec .  This  meant that RCS jet f i r ings  would b e  requi red  f o r  a t t i tude  control  - .. 

i n  Lhl powered flight a s  well a s  coasting flight. 

Given th is  level of integration, the individual control  m o d e s  had the i r  own 

developmental his tor ies .  The  s tate  est inlator ,  used to  provide t h e  D A P  ivith 

information on angular r a t e s  and accelerat ions,  was  f i r s t  implemented a s  a Kalman 

f i l t e r  with t ime-varying gains. These  gains w e r e  s tored  in  tabular  fashion in fixed 

memory .  However, ea r ly  test ing revealed est imation e r r o r s  resu l t ing  f rom per turba-  

t ions  such a s  propellant s losh and CDU quantization. T o  r educe  t h e s e  e r r o r s ,  the 

e s t ima to r  was changed by replacing the table of . t ime-varying ga ins  with s e v e r a l  

constant  gains,  and intiboducingan additional nonlinear f i l t e r  t o  r educe  i'ie per turba t ion  

on the attitude measurements .  

f
The  descent-engine control sys tem was  or iginal ly  designed m e r e l y  to  k e e p  

the  engine pointing through the vehicle center  of gravity. T h i s  accelerat ion-nul l ing 

m o d e  required only a knowledge of the vehicle 's angular  acce lera t ion  and the  control  

effect iveness  of the engine. The  RCS je t s  would then b e  used for a t t i tude  control.  

I t  was soon noticed, however,  that given a sui table  control  law, the  engine 's  Gimbal 

T r i m  System was capable of providing full att i tude cont ro l  when vehicle  r a t e s  anc! 

acce lera t ions  were l&, thus saving RCS fuel. The  control  law chosen  w a s  a modified 

time-optional law. 

A s  in the CSII, the LRI RCS control laws  for  powered o r  coas t ing  flight w e r e  

based  on phase-plane logic. Th i s  logic, which v a r i e s  with vehicle  configurations 

and f l igl~t  conditions, includes s u c h  fea tures  a s  var iab le  switch c u r v e s ,  biasing of 



the deadbands, and s e p a r a t e  f i r ing  logic fo r  l a r g e  and small  phase-plane errol-s ,  

Section D.6 provides desc r ip t ions  of the va r ious  functions of the Lhl autopilot. 

D.2  CSnl Reaction Control  System (RCSI Autopilot 

The Reaction Control  System Digital  Autopilot (RCS D A P ) ,  an integral  part  o f  

the CSM GN&C System, provides automatic  and manual  attitude control and stabiliza- 

tion and manual- t ranslat ion control  of the Apollo spacecraf t .  The autopilot i s  designed 

to control four spacecraf t  confi gyrat ions du r ing  the so-called coasting phases o i  

flight-CSR'I/SIVB, CSM/LM, CSPdI/LAl a scen t  s tage,  and CSM alone. F o r  the !atter 

t h ree  configurations,  cont ro l  f o r c e s  and momen t s  a r e  provided by the Serv ice  I\Todule 

Reaction Control Sys tem,  which employs 16 rocket  t h rus t e r s  mounted.in groups o i  

four, known a s  quads;  for  the  C S ~ I ~ S I V B  configuration, control forces  and moments  

a r e  provlded by the  SIVB RCS sys tem.  CSM control  i s  achieved by jet-onand je!-off 

command s igna ls  supplied t o  the  solenoids of the  th rus t e r s .  

The RCS D A P  r e c e i v e s  ancl p r o c e s s e s  da t a  from various in te rna l  and externai 

sources.  Measu remen t s  of spacecraf t  a t t i tude  a r e  provided by the Inert ia l  hleasul-e- 

ment  Unit (IA'lU) through Coupling Data Uni t s  (CDUs), which se rve  a s  gimbal-angle 

encoders.  Attitude r a t e  i n fo r~na t ion  i s  der ived  from these measuremc~nts .  Mznual 

att i tude commands  a r e  generated by the Rotational Hand Controller (RHC)  and 
$6 


interface with the computer  through an  input channel. The inputs a r e  d i s c r e t e  in 

nature,  specifying the  d i rec t ion  of rotation requi red  about each of the spacecraf t  

axes.  The Trans la t iona l  Hand Control ler  (THC) in te r faces  in a s imi l a r  fashion and 
t 

provides t rans la t iona l -acce lera t ion  commands  along each of the spacecraf t  axes.  

T h e  minimum-impulse con t ro l l e r  (MIC) i n t e r f aces  with another input channel; each 

deflection of the  MIC produces  a single s h o r t  rotational impulse (14 m s e c )  of the 

SAl RCS jets about the  app ropr i a t e  axes.  

Selection of the ,var ious  autopilot cont rb l  m o d e s  i s  governed by a panel switch. 

Using the DSICY, the c r e w  m a y  a l s o  specify seve ra l  autopilot control pa rame te r s ,  

such a s  angular  deadbands, rn.aneuver r a t e s ,  thl-uster-quad s tatus  and s1:acecraft-

* 
The AGC h a s  15 input and output channels whose bi ts  a r e  individually dis t inct  (i.e., 

d i s c re t e ) ,  Each bit e i t he r  c a u s e s  o r  i nd ica t e s  a change of s ta te ,  e.g., liftoff, ze ro  
optics,  SPS-engine on, RCS-jet on, etc. 
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m a s s  proper t ies .  Automatic a t t i tude  maneuvers  a r e  performed using internal  s t ee r ing  

commands  provided by the guidance and navigation p rog rams  and initiated by keyboard 

reques t .  In r e s p o n s e  t o  t hese  s t ee r ing  commands, the RCS D A P  i s s u e s  jet-on and 

jet-off commands  to  the Reaction Control System and genera tes  att i tude e r r o r  s igna ls  

f o r  d i sp lay  on the fl ight-director att i tude-indicator (FDAI)e r r o r  me te r s .  

D.2.1 Modes of Opera t ions  

The  RCS D A P  may  o p e r a t e  in one of t h ree  modes  selected by the c rew via * 
t he  command  Module AGC MODE switch . These  th ree  modes  can be  summar ized  

as  follows: 

D.2.1.1 F r e e  Mode 

R H C  commands  a r e  t r ea t ed  a s  minimum-impulse commands. Each t i m e  the 

RHC i s  moved out of dcient ,  a s ingle  14-rnsec firing of the control  je ts  r e su l t s  o c  

each  of the a x e s  commanded. If  t he re  a r e  no RHC commands, hIIC commands  a r e  

processed .  If ne i ther  R H C  n o r  MIC commands a r e  present ,  t he  spacec ra f t  d r i f t s  

f reely.  

D.2.1.2 Hold >lode 

If t h e r e  a r e  no RHC coinmands,  the  vehicle i s  held about t h e  att i tude reached 

upon switching t o  hold o r  upon terminat ion of a manual rotation. RHC commands  

o v e r r i d e  at t i tude hold and r e s u l t  i n  rotations a t  a predetermined r a t e  on each of 

t h e  app ropr i a t e  control  axes  fo r  a s  long a s  the RHC r e m a i n s  out of detent.  Mien 

the  R H C  r e t u r n s  to detent  in a l l  t h r e e  a s e s ,  a l l  angular r a t e s  a r e  dr iven  to within a 
deadband; a t t i tude hold is then .established about the new spacecraf t  attitude. In the  

Hold mode,  a l l  hlIC commands  a r e  ignored. 

* 
THC commands  a r e  accepted in  any mode and a r e  combined with the  rotat ion 

commands  whenever  possible.  In the event of a quad fa i lure ,  however,  rotat ion 
cont ro l  will a s s u m e  pr ior i ty  o v e r  t ranslat ion;  i.e., t ranslat ions a r e  ignored i f  they 
would induce ro ta t ions  that could not be  compensated by R H C  (or  automatic)  
commands  o r  i f  they w e r e  to  cance l  a des i red  rotation. The crew i s  respons ib le  
foi- pe r fo rming  ullage with the  T H C  and by the selection and management of 
*X-translation quads ,  as desc r ibed  below. 
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D.2.1.3 Auto Mode 

If t h e r e  a r e  no RI-IC commands, the DAP accepts  r a t e  and at t i tude commands  

f r o m  the  guidance p rog rams  to br ing  the vehicle to t hedes i r ed  at t i tude a t  the specified 

r a t e .  R H C  commands ove r r ide  automatic maneuvers  and a r e  in te rpre ted  a s  r a t e  

commands ,  a s  in  the Hold mode. When RtIC commands cease ,  au tomat ic  m a n e u v e r s  

are not immediately resumed,  but r a the r  att i tude hold i s  es tabl ished about the new 

orientat ion.  T h e  automatic maneuver can be resumed only by as t ronaut  act ion via 

the  DSKY. In the absence of automatic-maneuver commands,  the  D A P  functions 

exac t ly  a s  in the attitude-hold mode. In the Auto mode, a s  well ,  hq1C commands  

are ignored.  

D.2 .2  C r e w  Control of the RCS DAP Configuration 

D . 2 . 2 . 1  DSKY Operation 

D.2.2 .1 .1  Data Loading I 
i. 

Most of the  autopilot var iab les  over  which the c rew h a s  cont ro l  a r e  loaded by 

m e a n s  of Verb 48, which i s  normally executed before the D A P  i s  turned on for  the 

f i r s t  t i m e  and anyt ime thereaf ter  when the c rew wishes to change o r  update the  i 

da ta .  Verb  48 displays,  ,successively, th ree  nouns (only two a r e  needed for  the : 

RCS autopilot) fo r  loading and verification. i 
E,
I 

Noun 46 pe rmi t s  the loading of data  relat ing to  cu r r en t  spacec ra f t  configuration; 

t h e  choice  of quads  to be i i red for X-axis t ranslat ions;  the s i z e  of the angular  deadband 
h 

f o r  m a n e u v e r s  in  the Hold and Auto modes;  and the specified r a t e  for  RHC act ivi t j -

in t he  Hold and Auto modes  and for automatic maneuve r s  superv ised  by a spec ia l  

routine for  coasting-flight attitude maneuvers ,  KALCMANU. In addition, Noun 46 

inc ludes  information on jet selection for r ~ l lmaneuvers  and on the operat ional  s t a tu s  

of thc, quads. 

Noun 47 allows the loading of the cu r r cn t  weight (in pounds) o f  the CSM and 

of the  L M .  T h e  spacecraf t  moments  of iner t ia  and o the r  per t inent  p a r a m e t e r s ,  

such a s  propellant loading and cg offset, a r e  s tored  in the CM AGC a s  a function o f  

t h e s e  keycd-in weights. ! 

Noun 48 al lows the loading of data pertinent only to  the  T V C  DAY. 



- - 

D.2.2.1.2 Other  DSKY Operat ions 

After  Verb 48 has  been completed, V e r b  46 may b e  used t o  es tab l i sh  autopilot 

control  of the spacecraf t .  If the specified configuration is CSM alone,  CSRllLM, o r  

~ S h l / L h l  (ascent-s tage only), and i f  the T h r u s t  Vector  Control  D A P  is not running, 

the RCS D A P  begins initialization. If the specified configuration is SIVB/CSM, RI iC 

commands a r e  sent to the SIVB control  sys t em for  manual  r a t e  control .  

Verb  49 ca l l s  u~ R62,  a rout ine that p e r m i t s  the  c r ew to specify a final vehicle 

attitude. Th i s  att i tude can be  achieved by m e a n s  of an  att i tude maneuve r  supervised 

by the special routine, KALChlANU. 

Routine 61, the  tracking-atti tude rout ine,  provides the  RCS D A P  with the 

information required to automatically t r ack  the  L M  dur ing  rendezvous  navigation. 

Whenever R61 r equ i r e s  a n  att i tude maneuver  resu l t ing  in any  gimbal-angle change 

of 10 deg  o r  more ,  i t  will, a f t e r  a n  appropr ia te  interval ,  check a flagbit and, i f  

appropriate ,  cal l  the att i tude-maneuver rout ine,  R60.  

Verb  79 ca l l s  R64, the barbecue-mode rout ine which is closely related to 

util izationof the RCS autopilot. R 6 4  enables  t h e  c r ew to  per form (1)  pass ive  the rma l  

control, a ro l l  about the  .X-axis of the s t ab l e  m e m b e r ;  (2)  a n  orb i ta l  r a t e -d r ive  

procedure  about the Y s table-member ax is ;  and (3) deadband c h a n p n g  without t he  

requi rement  for  d i r e c t  e rasable  loading. With Noun 16, the  a s t ronau t  i n f o r m s  the  

computer  of the t i m e  (ground-elapsed t i m e )  a t  which h e  wishes  the  X- o r  Y-axis 

maneuvers  to begin. F o r  that maneuver  Noun 79  d i sp l ays  the  commanded r a t e ,  the  

RCS D A P  deadband, and the s tab le-member  a x i s  about which t h e  maneuver  will 

occur .  

0.2.2.2 Atti tude-Error  Displays 

The  RCS autopilot genera tes  t h ree  types  of a t t i tude e r r o r s  fo r  display on the  

FDA1 c r r o r  m e t e r s ,  a l l  o f  which a r e  updated e v e r y  200 mscc .  

Mode 1 d isp lays  autopilot phase-plane e r r o r s  a s  a moni tor  of the RCS D A P  

and i t s  ability to t rack  automatic-s teer ing commands .  In t h i s  mode ,  the display i s  

zeroed when the MODE switch is placed in  t he  F r e e  position. 



Mode 2 d i sp l ays  total  att i tude e r r o r s  to  a s s i s t  the crew in manually maneuvering 

the spacecraf t  t o  the spacecraf t  a t t i tude (gimbal angles) specified in Noun 22.  The  

atti tude e r r o r s  with r e s p e c t  to t hese  ang le s  and the cur ren t  CDU angles  a r e  resolved 

into RCS control  axes .  

Mode 3 d i sp l ays  total  a s t ronau t  att i tude e r r o r s  with r e spec t  to the spacecraf t  

a t t i tude (gimbal  angles )  in  Noun 17 to  a s s i s t  the crew in manually maneuvering the 

spacecraf t .  T h e  at t i tude e r r o r s  with r e spec t  to  these angles  and the cu r r en t  CDU 

angles  a r e  resolved into RCS control  axes. 

D.2.3 RCS D A P  Implementation 
- -

T h e  RCS autopilot w a s  designed to  perform a number of functions du r ing  a 

mission:  

a. Attitude hold and s tabi l izat ion 

b. Automatic  maneuvering,  including 

(1) la rge-angle  spacec ra f t  reorientat ions 

( 2 )  au tomat ic  t racking  of the L M  

(3) p a s s i v e  t h e r m a l  cont ro l  

(4) o rb i t a l - r a t e  d r i v e  

c. Manual a t t i tude- ra te  cont ro l  

d,  Manual rotat ional  minimum-impulse control 

D.2.3.1 Attitude Hold and Stabilization 

T h e  RCS autopilot is formulated a s  z sample data  sys tem which, i n  the  

att i tude-l~old mode, a t t empt s  to null t he  computed set of body-attitude e r r o r s  and 

the  spacec ra f t  angular  velocity. F i g u r e  D.2-1 depicts  the lope of th i s  R C S  mode. 

The  input to  the attitude-hold logic is a set  of reference angles  corresponding to  

the des i red  outer- ,  inner - ,  and middle-IMU p m h a l  angles. In addition to  c0mputir.g 

est imated body r a t e s ,  dur ing  each 0.1-sec szmpiing interval,  the D.4P ccjmpares 

these  d e s i r e d  angles  wi th  cu r r en t  CDU angles. These r a t e s  are derived from 

IMU-gimbal-angledifferences, which are t r a r~s fo rmedi ~ i t ocorresponding body-angle 

d i f fe rences  and smoothed by a second-order  filter. For  g r e a t e r  accuracy,  the 

cornmantled a n p i l a r  acce lera t ion  of the  RCS jets  i s  included in the computation. 

dbY 





A s  a function of  the at t i tude e r r o r  and the  att i tude r a t e ,  nonl inear  switching logic 

(phase-plane logic) is used to  gene ra t e  RCS jet-on t imes ,  indicating the  required 

polarity and duration of the  t h r u s t e r  t o rque  for each  control  axis .  A jet-selection 

logic combines the rotat ion commands  with the t rans la t ion  commands  from the THC 

and se l ec t s  the  individual je ts  to b e  f i red.  

D.2.3.2 Automatic Maneuvering I 
I 

T h e  RCS autopilot can  per form s e v e r a l  different  types  of automatic  rotations.  

Figure D . 2 - 2  is a functional d i ag ram of t he  automatic-control  logic. The f i r s t  of 

the automatic  rotations is the  abi l i ty  t o  per form la rge-angle  reor ientat ions of the 

spacecraf t ,  a s  required for  main-engine (SPS) t h rus t - ax i s  a l ignments  p r io r  t o  
I 

powered-flight thrust ing maneuve r s .  A special  s t ee r ing  rout ine pe r fo rms  these  

maneuvers  in a fuel-efficient manner .  T h e  RCS D A P  can a l s o  or ien t  the C5hI such 

that the L M  is continuously within t h e  op t ics  field-of-view du r ing  rendezvous 

navigation. In addition, t he  autopilot can  b e  used to  es tab l i sh  the  thermal-balancing 

ro l l  rotation required t o  maintain uniform so l a r  heat ing of the spacecrzf t  dur ing  

extended per iods  of d r i f t ing  flight. T h e  autopilot can  be  used to  produce a rotation 

a t  an astronaut-specified r a t e  about t h e  Y s tab le -member  axis .  In ea r th  and lunar  

orbi t ,  i f  the Y s t ab l e -n~e rxbe raxis  is aligned no rma l  to  the  orb i ta l  plane and i f  the 

specified r a t e  co r r e sponds  to  orb i ta l  r a t e ,  th i s  capabili ty provides  a pseudo-local- [ 
ver t ica l  t racking mode. i 

I 

D.2.3.3 Manual Attitude-Rate Control  I 
The Rctational Hand Cont ro l le r  i n i e r f aces  with t he  computer  by means  of 1 

I
d i s c r e t e  inputs which ind ica te  a posit ive,  negative, o r  z e r o  rotat ion command for ! 

each control  ax is ,  in acco rdance  with t h e  durat ion of R H C  deflection and some  I 
phase-plane switching logic.  IVith ra te -command control ,  the  RCS autopilot causes  

a vehicle att i tude r a t e  to be  generated in  r e sponse  to  t he se  commands .  The  magnitude i 
I 

of the command r a t e s  is specified by the  as t ronaut  in the autopilot data-load : 
procedures  ( s e e  Section D.2.2.1.1). F o u r  r a t e s  a r e  ava i lab le  for  selection: 2.0,  

0.5, 0.2 and 0.05 d e g l s e c .  Figure D . 2 - 3  provides  t he  l o p c  for  RCS manual-rate 

control.  







- - 

D.2.3.4 Manual Rotational hlinimum Impulse Control 

With manual  rotat ional  minimum-impulse control, a deflection of the  n41C o r  

t h e  RHC a t  the  navigation s tat ion produces sma l l  rotational commands t o  the  RCS 

j e t s  about each  of the commanded axes.  Each t ime the control ler  i s  def lected,  the 

autopilot gene ra t e s  a jet-on command which l a s t s  for 14 msec ,  thereby producing a 

s m a l l  change in  the  spacec ra f t  angular  velocity about the appropriate  a s i s .  No 

o the r  control  action is taken until the control ler  i s  again deflected to  produce another  

minimum impulse.  T h i s  control  is par t icu lar ly  useful fo r  navigation sightings us ing  ' 

the  onboard sextant .  

D.2.4  R e s t a r t  Behavior  of the RCS D A P  

Should a r e s t a r t  occur  d u r i n g  RCS D A P  operation, any je t s  thzt happen to b e  

on will be. turned off, and reini t ia l izat ion of the RCS DAP will b e  scheduled. Th i s  

reini t ia l izat ion is the  s a m e  a s  the  initialization caused by RCS-DAP turn-on using 

Verb  46, with the  exception tha t  the  attitude re ference  angles  a r e  not changed. 

Automatic maneuve r s  governed by R 6 0  that were in  p r o g r e s s a t  the t imeof  a r e s t a r t  

will not automatical ly  b e  r e s u m e d ;  r a the r ,  attitude hold will be established fol1ov:ing 

reini t ia l izat ion;  au tomat ic  maneuve r  can  be  resumed by appropr ia te  DSKY acticn. 

D.3 CSn4 T h r u s t  Vector  Control (TVC) Autopilot 

D .3.1 Summary  Description 

Dur ing  powered-flight,  the  pitch and yaw control of the spacecraf t  is achieved 

through t h e  d e f l e c t i ~ n  of a gimballed engine of the CSR4 Service Propulsion System. 

Attitude cont ro l  about the  ro l l  a x i s  is provided by the Reaction Control System jets.  

T h e  computation of g imbal -servo  commands in  response  to  computed e r r o r s  between 

commanded and measured  a t t i tudes  is the function of the Thrus t  Vector  Control  

Digital  Autopilot, implemented in the  Apollo Guidance Computer onboard the  CM. 

D.3.1.1 TVC Pi tch  and Y a w  Control 

... The followinq is a s u m m a r y  outline of 'I'.vc pitch and yaw control:  (Fig-

u r e  D.3-1 is a functional bloclc d i ag ram of the TVC pitch and yaw control.  ) 

L 
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ÿ he AGC steering-loop computations genera te  incrementa l  a t t i tude commands 

in  iner t ia l  coordinates  and t r ans fo rm them in to  body coordinates .  

A CDU m e a s u r e s  and d ig i t izes  the gimbal  angles  of t h e  IMU and t r a n s m i t s  

t h i s  information to  the AGC, where  they a r e  s tored  in a CDU r eg i s t e r .  T h e  CDU 
r e g i s t e r  is sampled regular ly  by the DAP p rogram which back-differences the CDU 

angles  to obtain the incremental  changes ove r  each  sampl ing  interval .  The  CDU 

increments  over  each sampling in te rva l  a r e  then t ransformed in to  body coordinates  

and subtracted from the commanded inc remen t s  generated by the  s t ee r ing  program..  

The  resul tant  differences a r e  summed and r e p r e s e n t  att i tude e r r o r s ,  expressed  in 

body coordinates.  The respec t ive  att i tude e r r o r s  a r e  fed t o  t he  pitch and yaw 

compensation f i l t e rs ,  whose outputs,  together  with est imated t r i m  signals ,  a r e  the - .  
commands to the engine-gimbal s e r v o s  in pitch and yaw. T h e  compensated s ignals  

control rapid t rans ien ts  and de t e rmine  sys tem bandwidth and the  stabili ty of the 

vehicle slosh and bending. 

The  C S M / L M  D A P  h a s  two compensation f i l ters .  F i r s t  is a high-bandwidth 

f i l t e r  which s tabi l izes  t rans ien ts  a t  e n s n e  ignition and s losh  for  t he  nominal bending 

effects  and propellant loading expected du r ing  a l una r  mi s s ion ;  t h i s  high bandwidth 

is achieved, however, a t  a ve ry  slight expense to  the  s losh-stabi l i ty  margin .  Second 

is a low-bandwidth f i l ter  yh ich  provides  poore r  t rans ien t  r e sponse ,  but s tabi l izes  

s losh for  a l l  propellant loadings. The  autopilot begins a TVC b u r n  in  t he  high-bznd- 

width mode, and r ema ins  in that  mode un le s s  the  astronaut  in i t ia tes  a switchover 

t o  the low-bandwidth mode. T o  r e t a in  themaximum advantage of the  high-bandwidth 

fil ter,  t h i s  switchover is performed only i n  the  highly improbab le  c a s e  when an 

observed slosh instabili ty leads  to  excess ive  engine osci l la t ions.  In the  undocked 

CSM, where bending and slosh a r e  l e s s  problematic ,  the D A P  can  ut i l ize  an  even 

higher-bandv:idth f i l ter  with considerable  success .  

A s  shown in Fig. 'D.3-2,  t he  command signal to each  engine-gimbal s e r v o  is 

comprised o f  the  compensation-fil ter output and a b ias  ( o r  t r i m )  from a Thrus t  

Misalignment Correct ion (TMC) loop. Th i s  loop t r i m s  the  compensated command 

such that a ze ro  output from the compensation f i l t e r  will s t i l l  c a u s e  the  th rus t  vector  

t o  pas s  exactly through the center  of gravi ty (cg),  when t h e r e  is no  cg movement 

and no motion of the thrust  vector  re la t ive  to  t he  commanded angle.  





T h e  two majoE e l emen t s  of the TMC loop a r e  i t s  summing r e g i s t e r ,  which 

suppl ies  the  bias ,  and i t s  low-pass  f i l ter ,DELFILTEr<,  which tracks the  total  command 

signal  a t  autopilot sampl ing  frequencies.  T h e  difference between the  b i a s  and the 

DELFILTER output is slowly integrated to c o r r e c t  for thrust- to-cg misal ignment .  

T h i s  act ion is roughly equivalent t o  inser t ing a proport ional-plus- integral  t r a n s f e r  

function between the  compensat ion fil ter and the total  command signal.  T h e  TMC 

loop is designed s o  that i t s  dynamics have no effect on the vehicle bending and 

s lo sh  m o d e s  and v e r y  l i t t l e  effect on the rigid-body stability. 

T h e  TMC summing  r e g i s t e r  and DELFILTER a r e  initialized a t  t he  beginning 

of a TVC burn by t h e  as t ronaut .  La t e r  the  summing r eg i s t e r  is reini t ia l ized t o  

imp lemen t  a so-called one- shot correct ion.  - -

In the c a s e  of t h e  CSM D A P ,  the T N C  summing r eg i s t e r  is not incremented  

until  a one'shot co r r ec t ion  i s  made  3 s e c  after-engine ignition; t h i s  one-shot co r r ec t ion  

a d d s  t o  t he  contents of the r e g i s t e r  twice the  change which h a s  occu r red  in  t he  

DELFILTER output ( the  factor  of two being required to compensate  fo r  the t r z n s i e n t  

l a g  of DELFILTER) .  Following th is  correct ion,  the TMC summing r e g i s t e r  is 

incremented  e v e r y  0.5 sec ,  as shown in Fig. 0.3-2. 

T h e  CSlI iLhl  D A P  inc remen t s  the ThlC summing r e g i s t e r  from the beginning 

of t h e  burn .  However,  the summing r eg i s t e r  is reinitialized in  the event  of a 

low-bandwidth switchover  t o  the cur ren t  value of DELFILTER (based on the 

a s sumpt ion  that the  switchover  o c c u r s  beyond the initial t rans ien t  of DELFILTER) .  

A.t switchover ,  the low-bandwidth fil ter i s  zeroed, so that the  en t i r e  burden of supplying 

the  s e r v o  command is shifted t o  the T M C  summing reg is te r .  Following switchover ,  

t h e  TMC loop cont inues t o  ope ra t e  with the s a m e  gain, sampling f requencies  and 

DELFILTER t ime  constant.  

T h e  operat ion of t he  TVC D A P  cannot be considered separa te ly  f rom tha t  of 

t he  s t e e r i n g  loop which in t e rac t s  with the autopilot. The steer ing-loop ope ra t ions  

are shov:n in Fig. D . 3 - 1  for  the c a s e  of Es te rna l  AV guidance ( s e e  Section C.1.2.5) .  

T h i s  iorm of guidance-which h a s  been used for the SPS burns  in a l l  the l una r  

m i s s i o n s  to  date-is i a s e d  on  achieving. a commanded velocity change, AVc, which 

is speci.fied prior to  each  burn. This  des i red  velocity change i s  inser ted  into t h e  

s t e e r i n g  program a s  a n  ini t ia l  value of the computed velocity-to-be-gained vec tor ,  



which is computed in inertially-fixed bas ic  r e f e r e n c e  coordinates .  The  VGv ~ '  
vector  i s  reduced dur ing  the  cou r se  of the burn by subt rac t ing  the a c c e l e r o m e t e r - m e a -  

su red  increments ,  AV. T h e  AV i nc remen t s  a r e  computed a t  2 -sec  in t e rva l s  by 

summing the acce lerometer  pulses  accumulated ove r  t hese  in t e rva l s ,  and by 

t ransforming  the resu l t ing  vector  components f rom IhlIL' coord ina tes  to  basic  

r e f e rence  coordinates.  The  purpose of the  s t ee r ing  loop is t o  al ign the vehicle 

t h r u s t  vector  with the cu r r en t  velocity-to-be-gained vector .  T h i s  is achieved by 

commanding a vehicle-turning r a t e  which is proport ional  to the normal ized  c r o s s -  

product of these two vectors .  This  c r o s s  product is computed in b a s i c  re ference  

coordinates  and t ransformed into body coordinates  e v e r y  2 sec. (Section C. 1.2.1 

d i s c u s s e s  cross-product  s teer ing  for powered-flight guidance.) 

- .-
The pitch- and yaw-axis components of the vec tor  c ross -product  a r e  multiplied 

by a proportiocality constant,  Ksteer, t o  obtain the commanded r a t e s  about these  

axes-and ,are  multiplied by the autopilot sampling frequency, T,  to  obtain att i tude- 

command increments  which a r e  supplied to the autopilot eve ry  T seconds .  (Ks tee r  
h a s  t h ree  different values,  employed respec t ive ly  with the  CSM D A P  and the two 

m o d e s  of the CSA'IILA~D A P . )  , 

D.3.1.2 TVC Roll Control . ! 

The T V C  Roll D A P  is desig-ne.l to  p r o \ - ~ d e  at t i tude and r a t e  con t ro l  about ths  

r o l l  ax i s  using the RCS jets.  I ts  function is s t r i c t l y  at t i tude hold. T h e  orientation 

of the  CShl about the ro l l  ax i s  is held within a specified deadband throughout the 

burn.  The outer-gimbal angle of the  I M U ,  which is para l le l  to the  vehicle  roll  

ax is ,  is read and processed to  yield approximate rol l -at t i tude and r o l l - r a t e  measu re -  

ments .  A switching logic in the phase plane is then used to  genera te  commands  to 

t h e  HCS jets. (The Roll D A P  will not b e  desc r ibed  fur ther  in t h i s  r e p o r t  s o  that 

adequate  space  can b e  given to the pitch and yaw autopilots,  which have  the major  

r o l e  in thrus t  vector and velocity control.) 

D.3.2 Design Requirements  of the TVC D A P  

D.3.2.1 General  Design Consideratiolls 

The p r imary  r equ i~*emen t  which the TVC pitch and yaw D.4P p r o g r a m s  musr  
' fulfil l  is to provide, in conjunction with the external-guidance loop, sat isfaclor i l \ '  

I 



s m a l l  velocity-pointing e r r o r s  a t  thrust  cutoff. The  DAPs mus t  a l so  l imi t  excurs ions  

i n  vehicle at t i tude and in thrust-vector  orientation to minimize  propel lant  usage 

and gimbal -servo  clutch wea r  and to facili tate pilot monitoring. T h e  D A P  p r o g r a m s  

m u s t  function sa t i s fac tor i ly  with uncertain initial conditions and vehicle  cha rac t e r i s -  

t i c s  that v a r y  d u r i n g  the burn. These  fac tors  a r e  discussed below: 

D.3.2.2 Initial Conditions and Time-Varying Thrus t  Misalignment 

0-

T h e T V C  DAPs  w i l l  experience seyera l  init ial  per turbat ions a t  SPS engine-igni- .' 

t ion  t ime:  

a .  Non-zero initial  attitude e r r o r s  in  pitch and yaw-To avoid bending 

exci tat ion in the CSMlLM configuration, the TVC D A P  Aeglects init ial  

a t t i tude  e r r o r s  which could resul t  from an ullage maneuver .  In the  

' , undocked CShfI, bending is l e s s  problematic and t h e s e  e r r o r s  a r e  

c o r r e c t l y  initialized. 

b. 	. Non-zero  initial  att i tude r a t e s  in pitch and yaw-Off-nominal RCS-jet 

p e r f o r m a n c e  dur ing  ullage may  lead to att i tude r a t e s  a t  SPS ignition 

t ime of up  to  1 d e g / s e c .  

c. 	 Ini t ia l  l a t e r a l  s losh-mass  displacement-Flight r e s u l t s  have  shown ini t ia l  

s losh-produced oscillations of up to 0.1 deg  in  t he  vehicle  at t i tude.  

d. 	 Initial  longitudinal propellant displacements  ( in  the  event  of a no-ullage 

ignition.) 

\ 
e. 	 , Thrus t -vec to r  misalignment-Before thrus t  init iation, t he  AGC suppl ies  

t r i m  s igna l s  t o  the engine-gimbal s e rvos  to o r i en t  the ant icipated thrus t  

vec to r  through the estimatgd cg  position. Very  likely, however ,  s o m e  

error will-occu r  in the alignment. T h e r e  a r e  two s o u r c e s  o f  th rus t -vec tor  

misal ignment-uncertaint ies  in tile thrust-vector  orientatioli  and uncer -  

t a in t ib s  in  the est imation of the c g  T h e s e  s o u r c e s  can  yield a 

30 misa l ignment  angle  ranging from 1..4 deg (full) to 0.98 d e g  (empty)  

fo r  t h e  CSM, and 1.25 deg  (full) to 0.71 deg (empty) f o r  the C S ~ , I / L ~ T .  



In addition, due  to .  propellant consumption, the c g  position will  va ry  viith tin,c. 

The re  i s  a l so  a possibility of angular def lect ions of the th rus t  vec tor  within the 

nozzle, a s  a resu l t  of uneven erosion.  

The  maximum predicted r a t e s  of change in the  thrus t - to-cg  angle for t he  

CSA,I/LR'I a r e  about 0.003 d e g l s e c ,  in  the pitch and yaw planes.  F o r  the CS;\,l, tkt-

f igures  a r e  0.0083 d e g l s e c  in the pitch plane, and 0.014 d e g l s e c  in  the yaw plar?e. 

Thrust-vector  deflection due to nozzle e ros ion  i s  es t imated  to b e  l e s s  than 50.2 

d e g  in  any 20-sec interval.  The  total  e ros ion  deflection ove r  a long burn wi l l  I:e 

within f0.3 deg. 

D.3.2.3 Vehicle Charac ter i s t ics  	 - -

The dynamic cha rac t e r i s t i c s  of the CShI/LILI a r e  sufficiently different fronl 

those of the CShI-alone to r equ i r e  separa-te autopilot p r o g r a m s  tailored to ti.: 

charac te r i s t ics  of each configuration. T h e  t h r e e  pr incipal  d i f fe rences  result:^-!; 

from the two spacecraf t  co~ll igurat ions a r e  a s  follows: 

a, 	 Bending-mode frequencies  of the  CS3IILM a r e  a s  low a s  approximatel.  

2 Hz; bending-mode frequencies  of the CSM-alone begin a t  approximate!: 

5 Hz. 

b. 	 Both in the moment a r m  from the gimballed engine to  the center  of 

gravity and in the vehicle moment  of iner t ia ,  the two configurations diffe: 

substantially. Thus, a given deflection of the gimballed engine of tile 

CSM-alone can produce as much a s  four t i m e s  the angular  acceleratio!-1 

a s  the s a m e  deflection in the CSM/LM vehicle. 

c. 	 The  fuel and oxidizer s losh behavior  in the CSM/LM vehicle differ. 

f rom that in the CShl-alone because  of the addi t ional  s losh  m a s s e s  I:.. 

the Lhl tanks, the effects  of the increased  m a s s  and moment  of inerli :  

of the overal l  vehicle, and the d i f f e r e n c e s  in c g  location. 

The  stabilization of slosh and the avoidance of i t s  excitation a r e  of equ:. :  

importance f o r  both vehicles. The  stabilization of the bending modes  and the avoidsnc: 

of their escitation i s  pr imar i ly  a problem in the dockcd C S I \ Q / L ~ Iconfiguration. 



. -.. -. . 

D.3.2.4 Design Appfoach 

T h e  d i sc re t e ,  quantized na tu re  of the digi ta l  computations have not presented 

any ma jo r  impediments  t o  the des ign  of the TVC autopi lots .  The  e f f ec t s  of quantization 

a t  the D/A and AID in t e r f aces  have been found t o  b e  negligible in  the c a s e s  of the 

CSM and CSRI/LRI TVC DAPs .  T h e  effects  of finite word length and fixed 

decimal-point a r i t hme t i c  in  t he  Command Module AGC have been reduced to  

negligible leve ls  in  t hese  D A P s  by (1) careful  a t tent ion to the manner  in \ilhich the 

control equations a r e  solved; ( 2 )  prope r  scal ing of the  computer  var iables;  (3)  u s e  

of double-precision va r i ab l e s  where  requi red ;  and (4)prope r  attention to the  m2nner  

in  which (11, (2), and ( 3 )  a r e  combined with the  select ion of the  sampling r a t e s  to 

maximize  both the l i nea r  opera t ing  range  and the  prec is ion  of each  digital-fi l tering - .  
operation. Conventional des ign  techniques employing Z and W t r ans fo rms ,  root  

loci  and frequency r e sponse  c h a r a c t e r i s t i c s  w e r e  found to  b e  adequate for the design 

of the TVC autopilots. 

D.3.3 T V C  DAP Implementation 

D.3.3.1 Compensation F i l t e r s  

A basic  TVC autopilot p rog ram provides a general ized s ixth-order  f i l ter  wnic!~ 

cons i s t s  of t h ree  cascaded second-order  sect ions.  T h e  CSh4/LI\I configuration u s e s  

a l l  t h r e e  sect ions;  t he  CSnl only two. The  second-order  f ac to r s  for t he  cascade  

sec t ions  have been selected in  such a way a s  t o  min imize  the t rans ien t  excurs ions  

of the s ignals  between sect ions,  thus  allowing t h e s e  s igna ls  to  b e  scaled to  take 

advantage of the avai lable  digi ta l  word lengths-and thereby  minimizing the effects  

of round-off error:;. General ly ,  i t  h a s  been found bes t  t o  group zeros  and poles 

having s imi l a r  f requencies  together  in the s a m e  cascade  section. Where th i s  h a s  

not been possible ( a s  in  the CSM/LM low-bandwidth th i rd  cascade) ,  &n at tempt  h a s  

been made  to  keep  the  s teady-state  gains  of the numera to r  a~?d  denominator from 

becoming too d i s s imi l a r .  ( T h e  s teady-state  gain of e i ther  the numera tor  o r  the 

denominator is iound s imply by set t ing z = 1 and adding the  coefficient values.) 

D.3.3.1.1 Switchover from High Bandwidth to Low Bmdwidth 

In the CSinlI~h.1mode, provis ion is made  fo r  manual  switchover from the normal  

high-bandwidth f i l ler  to  a s lower  low-bandwidtn f i l t e r ,  Once th i s  switchover is 



commanded,  the computer  ca l l s  a section of coding which i s  designed to  (1)  z e r o  

the f i l t e r  s to rage  loca t ions ;  (2)  update the TnlC summing r e ~ s t e r s  with new values 

of PTRIIll and YTRIh4 based  on the DELFILTER outputs; ( 3 )  load the low-bandufidth 

coef f ic ien ts  from fixed m e m o r y  into e rasable  memory;  and (4 )  load new values f o r  

t he  D A P  gain, the TnIC loop gain, and the s teer ing  gain. 

No provision is m a d e  dur ing  a burn for returning to the high-bandwidth mode  

once  t h e  switchover h a s  taken place. On the next burn, however, the TVC initialization 

log ic  r e loads  the high-bandwidtll coefficients from e ra sab le  memory .  
4 

D.3.3.2 TVC D A P  Var iab le  Gains 
- - I 

T h e  D A P  gains arc. established initially and updated periodically u s ing  a s m a l l  i 
rout ine which is called e v e r y  10 s e c  and computes a piecewise-linear approximation I 

i 
t o  t he  cu rve  for  I / T I x  v e r s u s  SPS weight. Th i s  value i s  then multiplied 

AVG 
by the  gain constant K T L S i I  to obtain the TVC D A P  gain, Kc Consequently,  t h e  

gain re la t ionship  for  t h e  TVC D A P  i s  given by 

D.3.3.3 T r i m  Es t imat ion  ! 

T h r e e  s o u r c e s  of t r i m  information a r e  provided to the TVC DAPs:  (1) t he  

ini t ia l  values of PTRILI and YTRIhl f rom a DSKY entry p r io r  to the  f i r s t  bu in ;  (2 )  1 
a single-shot  co r r ec t ion  short ly  a f t e r  ignition (for CSM only), plus repe t i t ive  it; 
co r rec t ions  dur ing  the  burn  (both for CSkl and CSM/Lh'l); and (3) a n  end-of-burn I 
update at the engine-off command. In addition, a one-shot t r i m  update is made  in i
t he  CSMILM mode i f  t he  high-bandwidth to low-bandwidth s\vitchover is executed. f 

1 
At the  t ime  of t h e  engine-off command, a cur ren t  update of the t r i m  e s t i m a t e s  

is made .  (This  consi 'sts of picking off the pitch and yaw DELFILTER values  and 

loading them into the t r i m  r e ~ s t e r s . )  The  bas i s  fo r  t h i s  final update is that,  for  

CSMILMburns  of  l e s s  than about 25 see ,  DELFILTER t r acks  the ac tua l  engine 

position f a s t e r  than the full TMC loop-and ti lerefore provides a be t te r  t r i m  es t ima te  

for  the  next burn. B e i o r e  each burn the astronaut reviews the computer-storec! 

t r i m  va lues  for  acceptabi l i ty .  Ord i r~a r i l y  he will not a l t e r  t hese  t r i m s  un le s s  the 

vehicle  conli y r a t i o n  h a s  changed since the l a s t  burn. 



D.3.3.4 Res t a r t  Prbtect ion 

Much of  the computer  logic,  including that of the  TVC DAP, m u s t  b e  pro tec ted  

aga ins t  r e s t a r t s .  (As  discussed in  Section 2.1.4.2, r e s t a r t s  are caused by  such  

even t s  a s  power t rans ien ts  o r  a par i ty  fail on a memory-read  instruct ion.)  
* 

Brief ly,  r e s t a r t  protectioninvolves (1) s tor ing  the  r e s u l t s  of ce r t a in  computa-  

t ions  in  t e m p o r a r y  locations; ( 2 )  sett ing a flagword to indicate tha t  the computation 

is completed;  and then (3 )  performing a copy cycle  to  copy the computed r e s u l t s  

f rom the '  t e m p o r a r y  r e g i s t e r s  into the i r  normal  r eg i s t e r s .  In t h i s  way, r e s t a r t s  

o c c u r r i n g  dur ing  a computation operation cause  that operation to  b e  repeated,  whi le  

r e s t a r t s  occu r r ing  dur ing  a copy cycle r equ i r e  only that  the copy cyc le  b e  repea ted .  

In t he  TVC DAP t h e r e  a r e  copy cyc les  fo r  the pitch and yaw channels.  a s  well  as 

fo r  t he  DAP-related routines.  

D.3.3.5 c o m p u t e r  Storage and T ime  Requirements  

he to ta l  AGC me, ,  o r y  used by the TVC DAP,  including the  Roll DAP,  is 

about 1500 words. This  b r e a k s  down to 1320 words  of fixed m e m o r y ,  26 words  of 

nonsharable  e r a s a b l e  memory  (which must  b e  p re se rved  throughout the mis s ion ) ,  

and 154 sha rab le  e r a sab le  words  used for scratch-pad comp:ltation and t e m p o r a r y  

s t o r a g e  du r ing  TVC only. T h e  pitch and yaw channels  together  r e q u i r e  only about  

500 words  of fixed memory ;  t he  remaining 820 words  a r e  used by the  Roll D A P  and 

by DAP- re l a t ed  lope, such a s  the TVC initialization and monitor ing rout ines ,  t h e  
f

m a s s - p r o p e r t i e s  routine, and the r e s t a r t  routine. 

T h e  computer  t i m e  used by the TVC D A P s  is a s  follows: f o r  t he  CSM, about  

7 m s e c  pek channel per  40-m$ec sample,  o r  about 35 percent  of the  ava i lab le  

compu te r  t ime ;  and for  t h e  CSM/LMD abqut 8 m s e c  p e r  channel p e r  80-msec  sample ,  

or about 20 percent  of the  available computer t ime.  In addition t o  this ,  t he  t i m e  

r equ i r ed  for  the co'mbined Roll DAP and monitor ing opera t ions  is about 10 m s e c  

e v e r y  0.5 sec .  , 

D.3.3.6 Selection of Sampling Frequencies  

T h e  sampling .frequencies of the TVC DAPs and the i r  assoc ia ted  s t ee r ing  loops  

w e r e  se lec ted  a s  follows: 



a. 	 T h e  sainpling f requencies  employed in t he  compensation f i l t e rs  and 

feedback loops  of the autopilots were  made  high enough to ensure  that 

none of the m a j o r  bending modes  of t h e s e  vehic les  would be subject to 

t h e  so-called "folding effect". The C S N  sampl ing  frequency of 25 Hz  
(T = 40 m s e c )  i s  rougllly five t imes  the minimum bending frequency of 

tha t  vehicle. The  CShlILM sampling frequency of 12.5 Hz (T  = 80 m sec )  

is about five t i m e s  the minimum bending frequency of the CSh'llLM. 

b. 	 T h e  TMC loop's  low-pass  f i l ter ,  DELFILTER,  r e q u i r e s  a fairly high 

sampling frequency to at tenuate  the high-frequency components of the 

engine-servo command. It  is convenient to  ope ra t e  this  fi l ter at  the 

sampling frequencies  employed by the autopilot compensation f i l ters .  

T h e  s a m e  DELFILTER coefficients a r e  used for  both autopilots. These  

coefficients produce a 4-sec  t i m e  constant a t  t he  CSR? sampling frequency 

and an 8 - sec  t ime  constant  a t  the sampling frequency of the CShl/L,i\I. 

T h e s e  t ime constants  r e p r e s e n t  a compromise  between the conflicting 

requi rements  of (a) attenuation of s losh osci l la t ions,  and (b) accura te  

t racking of slow variat ions in  the s e r v o  command.  

c. 	 T h e  TMC summing r e g i s t e r  is incremented a t  a low sampling frequency 

of 2 Hz, o r  a'pproximately 1 2  r a d / s e c .  Th i s  sampling frequency is 

adequate for  the  TMC loop, whose act ive frequency r ange  is below 2 

r a d l s e c .  
I 

d.  	 T h e  steering-loop computations genera te  thea t t i tude  r a t e  command ( 6  )
C 

ofice eve ry  2 sec-i.e., a t  a sampling frequency of 0.5 H z  o r  about 3 

r a d l s e c .  T h i s  sampling frequency is well beyond the  requi rements  of 

the CShl and CSR.I/LhI steeririg loops, whose open-loop c ros sove r  

frequencies  . a r e  0.15 r a d l s e c  and l e s s .  

e. 	 T h e  s t a i r ca se  waveform of 6 is smoothed by the p r o c e s s  of generat i r  
C 

command increments ,  3 T, t o  be summed at each  sampling period,
C 

T h i s  smoothing p roces s  h a s  been found e s s e n t ~ a l 'f o r  prevent: -

adve r se  interact ion between s teer ing-loop sampllng and the ~ 1 0 , ~ : -  %1.(->-1 

oscillations-both of which occur  in the same frequency rang?. 



- D.3.3.7 Effects  of Computational Time Delays 

All computational t ime  delays  have been neglected in deriving the tra .nsfer  

functions representing the  autopilot and steering loops. The effects of these  de lays  

a r e  examined below. 

In the c a s e  of the autopilot loop, there  i s  a computational delay of 3.3 m s e c  

between the  t ime  the IMU gimbal ang lesa re read  and the t ime the engine commands 

a r e  released.  Th i s  delay h a s a  negligible effect on autopilot stability. F o r  example, 

the  maximum frequency a t  which the delay could have been of any importance is 

the 7.5 r a d f s e c  maximum Lead frequency of the CSM autopilot. At th is  frequency, 

the  computational lag produces a phase shift of only 1.4 deg. 

The TMC loop has  a computational delay equal to one autopilot sampling period, 

T. This  delay produces a negligible effect in the low-frequency range where the 

TMC loop is effective. It can b e  shown that the effects of th is  delay a r e  so  smal l  

a s  to be  imperceptible on the  plots of the open-loop characteris t ics  of the a ~ ~ t o p i l o t s .  

A i a r g e r  computational delay of about 0.4 sec  occurs  in the s teer ing  loop. 

However, the effects of th i s  delay a r e  negligible in  the low-frequency range,  where  

the s teer ing  loop in terac ts  with the autopilot. For  example, the delay h a s  the l a rges t  

effect in the  c a s e  of the  CSAT/LM high-bandwidth mode, where it  r e s u l t s  in the  

open-loop charac te r i s t i c s  being al tered by l e s s  than 0.8 dB and 3 deg a t  any frequency 

between 0.1 r a d l s e c  and 0.5 r a d l s e c .  

D.3.4 TVC D A P  Operation 

D.3.4.1 Pre- burn Initialization 

During an SPS burn, the functioning of the TVC DAPs is automatic, but t h e r e  

are severa l  in ter faces  that must  be properly established p r io r  to ignition. 

F i r s t ,  a smal l  routine called the DAP Data Load inay be  called by the astronaut 

severa l  minutes o r  m o r e  before the  burn. This  routine displays such information 

a s  (1) the m a s s e s  of the CSXI and Lnl which a r e  used by t h e  AGC to compute the 

autopilot gains; ( 2 )  the cu r ren t  engine tr im angles to place the thrust vector through 



t he  c e n t e r  of  gravity; and (3 )  two flagwords which te l l  the computer  whether  the 

LM is docked o r  not, and which of the RCS jets to u s e  fo r  t ranslat ional  and ro l l  

th rus t ing .  T h e s e  displayed quantit ies may b e  accepted a s  i s ,  o r  changed by keyboard 

e n t r y  if s o  des i red .  ( F o r  example, i f  the L M  had just undocked f r o m  the  CShl, the 

Command Module pilot would call  up th i s  routine and key  in a new value for  the 

flagword that indicates the docked/undocked configuration.) 

T h e  second important  pre-burn function is the ini t ia l izat ion of the digital-to-an- 

a log  conve r t e r s  that t r ansmi t  the pitch and yaw commands  t o  t e s t  the  SPS engine 

se rvos .  T h i s  initialization procedure involves zero ing  the D / A  c o n v e r t e r s  and 

energ iz ing  a r e l ay  to complete  the e lec t r ica l  paths to  the  engine se rvos .  T h e  t e s t  

en t a i l s  commanding a sequence of k2 deg  deflections,  both in  the pitch and the  yaw 

gimbal  s e rvos ,  which the astronaut  can monitor  on the SPS gimbal-angle indicator  

d ia l .  Upon completion of the tes t ,  the t r i m  values a r e  commanded in prepara t ion  

f o r  ignition. Should the  astronaut  bypass the tes t ,  the t r i m  angles  will bc commanded 

d i r ec t ly .  Thus,  a t  the end of this  s m b a l - t r i m  rout ine,  t he  SPS engine ivill have 

been  aligned for ignition, and the se rvos  will be  energized and ready  for  the TIiC 

commands  dur ing  the burn. 

A third pre-burn activity is the ullage maneuver  in  which the  a s t ronau t  f i r e s  

t h e  +X t ranslat ional  RCS jets  for  about 20 s e c  preceding igrrition to s e t t l e  the  liquid 

propel lant  in  the tanks. (This  maneuver is not requi red  if the tanks  a r e  nearl:: 

full.) 

D.3.4.2 Star t -up  Sequence 

Following the pre-burn initialization, the TVC D A P s  a r e  s t a r t ed  by a ca l l  

f rom the thrust ing program td the TVC initialization sequence about 0.4 s e c  a f t e r  

theigni t ion command. Th i s  delay i s  provided to acconlmodate for  the  de lay  between 

the  ignition command f r o m  the AGC and the achievement of full engine th rus t .  

T h e  D A P  initialization provides for all remaining TVC preparat ion:  (1) i t  
z e r o s  the  e r a sab le s  used for s tor ing  past values of the f i l t e r  var iab les ;  ( 2 )  i t  loads 

t h e  D A P  coefficients and gain, the TAIC loop gain, and the s i ee r ing  gain;  (3 )  i t  

in i t ia l izes  the TMC loop, the  a t t i tude-er ror  in tegra tors ,  and the D A P  commands ;  

and (4 )  i t  p r epa res  the at t i tude-error  needle  display on the FDA1 with a spec ia l  

init ialization call .  



With t h e  initialization completed, the D A P s  a r e  r eady  t'o opera te .  T h e  TVC 

program p rov ides  for  t ime-separat ing the pitch and yaw computat ions,  s o  that the 

P i t c h  D A P  calls the Yaw DAP one-half sample  period l a t e r ,  and v ice-versa .  T h i s  

separa t ion  of t he  two  channels ensu res  that o ther  computer  functions (e.g., s t ee r ing  

computat ions and te lemet ry)  can function at the i r  assigned r a t e s  throughout the  burn,  

In conjunction with the regular  cyclical operat ions of the Pi tch and  Yaw D A P s ,  

t h e  DAP-monitor ing routine TVCEXECUTIJTEc o m e s u p  a t  0.5-sec i n t e r v a l s  to: (1) 

ca l l  the Roll DAP;  ( 2 )  ca l l  the a t t i tude-er ror  needle display and provide i t  with a n  

update; (3 )  update the D A P  variable gains a t  10-sec in te rva ls ;  and (4) pe r fo rm the  

one-shot and repe t i t ive  cor rec t ions  for  the TMC loop. 

D.3 .4 .3  Shutdown Sequence 

The engine-shutdown sequence o r i p n a t e s  in the thrus t ing  p r o g r a m  af te r  the 

s t ee r ing  computat ions predict  that the t ime-to-go to reach  thedes i r ed  cut-off velocity 

is less than 4 sec .  At  that  t ime  the engine cut-off t i m e  is computed, allowing fo r  

the expected th rus t  tail-off charac te r i s t ics .  Following the cut-off command f rom 

t h e  AGC, t h e  T V C  DAP continues to  function for  about 2.5 sec ,  a f t e r  which the RCS 

D A P  is called in  i t s  attitude-.hold mode. 

D.4 CM E n t r y  DAP 

As explained in  Section C.4, the aerodynamic-lift  capabi l i t ies  of the  Command 

Module p e r m i t  a controlled-entry flight to a designated landing point. T h e  CM is a 

wingless ,  ax ia l ly  symmet r i c ,  r een t ry  vehicle constructed with i t s  c e n t e r  of grav i ty  

d isp laced  f r o m  the  ax i s  of symmetry.  When flying hypersonically in  t h e  a tmosphere ,  

t he  C M  t r i m s  with a constant low rat io  of l i f t  t o  drag.  T h e  so le  m e a n s  f o r  per turb ing  

the  t r a j ec to ry  in  a controlled fashion is to rol l  about the wind a x i s  (velocity vec tor )  

with the react ion-control  jets, permitting the l i f t  vector  to b e  pointed anywhere i n  
t h e  plane perpendicular  to the wind axis.  The  roll  angle de f ines  the  or ientat ion of 

the l i f t  vec to r  r e l a t i ve  to  the t rajectory plane- i.e., the plane containing the wind 

a x i s  and the  position vectors .  Down-range control i s  achieved .via t he  component 

of l ift  in t h e  t r a j ec to ry  plane; and c ros s - r ange  control via the component of l ift  out 

of the  t r a j e c t o r y  plane. 



In actual  flight, an  Ent ry  DAP c a u s e s  the  ChI to  r o l l  about the wind axis  so 

that the actual  lift direct ion i s  forced into agreement  with the d e s i r e d  lift direct ion 

commanded by the eniry-guidance equations. T h i s  r e s u l t s  i n  achieving the desired 

in-plane component for down-range control.  T h e  rol l ing maneuve r  a l so  yields an  

out-of-plane component of  lift used for l a t e r a l - r ange  control .  When the c ros s - r ange  

e r r o r  is minimized, the la teral- l i f t  component becomes  a n  unwanted by-product of 

the s teer ing,  and i t s  effect 1sconstrained to  an  acceptably s m a l l  value by the guidance, 

which causes  the Ch4 to rol l  per iodical ly  s o  a s  to  r e v e r s e  the s ign of and null the 

l a t e r a l  dr i f t .  Since the in-plane component is the fundamental controlled quantity- 

in  that i t  controls  down-range flight-its sign nor~mal ly  r e m a i n s  unchanged during 

th i s  nulling ( la te ra l  switching) process .  T h e  r e s t r i c t i on  on the  s ign of the in-plane 

component dur ing  l a t e r a l  switching in  effect r e q u i r e s  that t he  Ch? ro l l  through the 

sma l l e r  of the two possible angles  (i.e., through the so-called sho r t e s t  path) during 

lateral switching. The  Ent ry  D A P  ~ l o r m a l l y  commands  th i s  type  of maneuver .  (In 

cer ta in  instances,  where such a maneuver  wouId cause  the spacec ra f t  to fall short 

of i t s  target ,  the en t ry  guidance demands  a ro l l  through the l a r g e r  of the two angles, 

and accordingly informs the ro l l  DAP.) 

Entry DAP design i s  simplified by the fact that,  within the  atmosphere,  the 

CM is aerodynamically stable.  Since s tabi l i ty  is no problem, only r a t e  d a m p e r s  

a r e  used in pitch and yaw. ' Fur the rmore ,  aerodynamic  f o r c e s  a r e  u?ilized to do  

mos t  of the work dur ing  a Coordinated roll .  

D.4.1 Exoatmospheric and Atmospheric  En t ry  D A P s  

The  Ent ry  autopilots a r e  designed to  perform automatical ly  a l l  maneuvers  

for  a l l  phases  of en t ry  flight s t a r t i ng  with positioning the C34 in  the en t ry  attitude 

p r io r  to en t ry  interface and continuing until dl-o ye-chute deployment.  Such capability 

r equ i r e s  s eve ra l  modes  of operation, a s  i l lus t ra ted  functionally i n  Fig. D.4-1. The  

two bas ic  modes  a r e  e x ~ a t m o s p h e r i c  and a tmospher ic .  T h e  a tmosphe re  is  defined 

to begin when the G fo rces  act ing upon the spacecraf t  esceed  0.05g. 

In the exoatmospheric mocfe, the Ch? h a s  thl-ee-axis a t t i tude control  based on* 
the Euler  s e t  H,/3, a .  The Euler  s e t  def ines  the angular  a t t i tude of the C M  body 

axes  (identical to  standard a i r c r a f t  a s e s ,  f rom the pilot's vie~vpoint)  with respec t  

* 
T h e  Eulex, sct i s  t ra jectory-related and independent of i ne r t i a l  reference.  
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Figure D. 4-1 Functional Diacram of Entry Digital Autopilot 



t o  a right-handed vec to r  t r iad  defined a s  having i t s  X ax is  a long the negative of the 

computed wind a x i s ,  and i t s  Y ax i s  normal  to  the t r a j ec to ry  plane, i.e., the 

cross-produ:.: of ivind a x i s a n d  position vector.  The  Euler  sequence is ro l l  R about 

t he  X ax is ,  y a w d  about  the  Z ax is ,  and pitch a about the Y ax i s .  

T h e  exoatmospher ic  D A P  maneuvers  the C M  from a n  a r b i t r a r y  at t i tude into 

a loca l  t r i m  at t i tude re la t ive  to the local wind ax i s  (computed ' f rom the c u r r e n t  

s t a t e  vector).  T h e  maneuve r  is basically a pitch-over until a is about -20 deg-the 

hypersonic  t r i m  ang le  of attack. 

At the  s a m e  t ime ,  the  Ch'I yaws until a goes to 0 deg. The  ro l l  angle  i s  held 

constant  until  la I b e c o m e s  l e s s  than 45 deg, a t  which t ime the C M  does  a coordinated 

r o l l  maneuver  about t he  wind ax i s  until R goes to ei ther  0 deg  o r  180 deg, a s  specified 

by the  c rew.  

A policy based  on  the Euler  att i tude-rate equations i s  used to d r i v e  ihe Eu le r  

e r r o r s  t o  zero.  In  t he  DAP, 6 is considered to be  equal to  pitch r a t e ,  q ;  a - Q
C 

and & a r e  used to  command the pitch (q-axis) jets. In the r o l l  and yaw DA4Ps,  the  

at t i tude r a t e s ,  fi and j ,  are considered to be orthogonal a x e s  rotated through the 

. 	 angle  a with r e s p e c t  t o  the  orthogonal axes,  p and r.  To decouple the r o l l  and yaw 

a x e s ,  the  att i tude r a t e s ,  fi and j,a r e  assigned to the n e a r e s t  jet ax is ,  p o r  r .  

Thus,  fo r  ( o l >45 deg, the* ro l l  DAP, using Rc - R and R, fires i t s  yaw ( r - a x i s )  

je ts ,  and the  yaw DAP,  us ing  pc - p  and , f i r e s  the rol l  (p-axis) jets. When 

(a1<45 deg,  the r o l l  DAP,  us ing  Rc - R and R ,  f i r e s  the ro l l  (p-axis)  je ts ,  and the 

yaw D A P ,  using B -fl and i ,f i r e s  the yaw ( r -ax is )  jets. 
C 

Each  navigation cycle ,  the  Euler  angles  a r e  computed f rom state-vector  da t a ,  

and a r e  compensated for  computation t ime delay. Between the navigation cyc le s ,  

t h e  ang le s  a r e  updated a t  each  0.1-sec DAPcjrcle  by integrating the Eu le r  a t t i tude 

r a t e s  obtained by reso lu t ion  from the CM body ra tes .  The  a tmosphe r i c  mode  is 

selected whenever  the a tmospher ic  d r a g  exceeds O.Ojg. T h e  C M  m e a s u r e m e n t  

cont inues a s  before.  

T h e  exoatmospher ic  D A P  d r i v e s  a and p to the commanded hypersonic- t r im 

values.  In the a tmosphe re ,  t hese  angles a r e  essentially angle of at tack and angle 

of s ide  s l ip ,  and the  CR'I is controlled by orienting the lift vec tor .  T h e  amount  of 



l ift  avai lable for control purposes (i.e.,' the rat io of lift to drag) ,  i s  determined by 

the cg  location. Preflight ballast procedures ensure  that the  Z offset will give 

the d e s i r e d  lift-to-drag ratio, LID.  
=g 

Within the atmosphere, aerodynamic forces tend to keep P essent ia l ly  zero ,  

and a essent ia l ly  at t r im at' so  that attitude control is required only in rol l .  A s  

the CM rol l s ,  i t s  X axis  is constrained to roll about the wind a x i s  a t  the angle  3. 
This  coordinated maneuver r equ i res  that yaw r a t e  r be equal to p tan at. F o r  both 

the pitch and yaw axes, ra te  damping maintains pitch and yaw angular  r a t e s  within 

prescr ibed l imits .  

D.4.2 Phase-Plane  Logic 

T h e  Entry D A P  is, in reality, s ix separate digital attitude control ler  s-three 

for the  exoatmospheric mode and three for the atmospheric mode. There  is s o m e  

consolidation, in that several  control lers  use common phase-plane logic. 

T h r e e  axes  of the esoatmospheric D A P  operate each 0.1 s e c  and u s e  the 

phase-plane logic of Fig. D.4-2 .  The X axis  i s  attitude e r r o r ,  such a s  4-8;the Y 

axis  i s  attitude ra t e ,  such a s i .  The biased deadzone is utilized t o  obtain a minimum 

limit-cycle frequency; however, since the logic is used on a sampled b a s i s ,  the 

deadzone is effectively enlarged by one sample t ime  and proportionally a s  shown in 

the lower portion of Fig. D.4-2 .  The logic i s  constructed s o  that e r r o r s  a r e  reduced 

a t  a r a t e  between 2 deglsec  and 4 deglsec.  

The behavior of the logic i s  illustrated by the upper portion of Fig. D.4-2. 
If, at the  DAP sqmple time, the e r r o r  and e r r o r  r a t e  correspond t o  a point in  the  

shaded a r e a ,  the indicated jet is turned on; should the point l i e  in  the c l e a r  a r e a ,  

the jet is turned off. A typical t rajectory is illustrated, and the  dots  r e p r e s e n t  

updates. Between D A P  updates, the jets remainon,  i f  a lready on, and off, i f  a l ready 

. off. 

* 
The foregoing D A P  logic is valid for both single-ring and dual-r ing t h r u s t e r  

- operation. However, dual-ring operaticn uses  about twice the propellant a s  single- 

ring. t 

* 
The C M  has  two independent se t s  (r ings)  of th rus te r s  to provide the redundancy 

m b  necessa ry  to a s s u r e  safe operation of the jets. 
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Figure D. 4 - 2  Exoatmospheric  Phase- Plane Logic 
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When la1 b e c o m e s  l e s s  than 45 deg, the rol l -axis  logic changes ove r  to the 

2-sec predict ive phase-plane logic desc r ibed  below for the a tmospher ic  DAY. 

The a tmosphe r i c  log ic  i s  such that when the pitch ra te ,  q ,  exceeds  2 d e g l s e c  

a t  a D A P  update, the p r o p e r  q jet i s  f i red ;  for  yaw coordination and damping, when 

the combination r - p tan at exceeds  2 d e g l s e c ,  the proper  yaw ( r -ax is )  jet i s  fired. 

F o r  both pitch and yaw, i f  the r a t e  is l e s s  than 2 deg l sec ,  the jet is turned off. A s  

with the exoatmospher ic  D A P ,  the je t s  a r e  changed only a t  D A P  updates. 

Unlike the pitch and yaw a s e s ,  the  ro l l  ax i s  i s  controlled by a 2-sec predict ive 

DAP, which becomes  ac t ive  dur ing  the esoa tmospher ic  mode, when lo1 became l e s s  

than 45 deg;  thus,  i t  is a l ready  opera t ive  when the a tmosphere  is encountered. 

Every 2 s e c  du r ing  the  e n t r y  phase, e n t r y  guidance provides a ro l l  command Rc. 
To do  th is ,  i t  examines  c u r r e n t  vehicle  position and velocity and a l so  landing-point 

position, dec ides  on the proper  or ientat ion of the lift vector,  and genera tes  the  

commanded rol l  a t t i tude n e c e s s a r y  to achieve  that orientation. The ro l l  autopilot 

u s e s  the command Rc, the  p re sen t  ro l l  a t t i tude R ,  and ro l l  r a t e  p to genera te  f i r ing 

t i m e s  for  the jet t h r u s t e r s .  In genera l ,  t h r e e  t i m e  in te rva ls  a r e  generated each 
\ 

2 sec-two a r e  t h rus t  dura t ions ,  and one is quiescent  duration. 

T h e  vehicle ro l l  a t t i tude,  in r e s p o n s e  to  applied rol l  RCS torque, is modeled 

adequately by cons ider ing  ~ n l y  the to rque  d u e  to  moment of iner t ia ,  thus  permi t t ing  

u s e  of a phase  plane where in  motion can b e  descr ibed  using o :~ ly  s t raight  l i nes  and 

parabolas .  The  (X, V) phase  plane of Fig. D.4-3 i s  used where the ro l l  att i tude 

e r r o r  i s X  = Rc - R ,  aid t he  att i tude r a t e  i s V  = f i .  When the C M i s  a t  the  commanded 

attitude, both X and V are zero.  Note that r o l l  r a t e  p i s  related to 6 by c o s  a in  a 

coordinated roll. T h e  inclusion of the c o s  Q t e r m  ensu res  a coordinated ro l l  such 

that y-tO a s  X-0. T h e  X ax i s  is se lec ted  fo r  the cos  Q tern.; consequently, V = p 
and X = (Rc - R)cosa i n  the following discussion.  Th i s  choice, though originally 

made  for  s implici ty  s o  tha t  only the e r r o r  X depends on allowing the velocity l i m i t s  

and deadzone l i m i t s  t o  b e  e sp re s sed  in uni t s  of body ra te ,  is a l so  des i r ab l e  when 

platform misal ignment  is considered.  In t h i s  ca se ,  zs the s tate-vector  e r r o r  begin5 

t o  accun-rulate, e r r o r s  a r e  introduced into the indicated body-attitude angles  si!.. i  ..,..-

that  the indicated Q can go through 90 deg. In t h i s  region, the c o s  a in the , . t )*.'-

approaches  ze ro  and t u r n s  off the ro l l - ax i s  ait i tude conirol. Since, in t h i s  r.e!y,;:,,i?,,;. 
...;,. . 

'. 

the e f fec t  01 p on indicated ro l l  a t t i tude R i s  insignificant, the D A P  i s  n s i  ~ l s ~ :.;:Q-'>;-.  
.. ., .-', 
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g e n e r a t e  r o l l  r a t e s ,  and the C M  will d r i f t  a t  deadzone va lues  of p. When a i n c r e a s e s  

fu r the r ,  c o s  a becomes nonzero, and the D A P  r e s u m e s  control.  The  sign r e v e r s a l  

of c o s  o maintairis stability. U'hen the D A P  is used i n  the  exoa tmosphe r i c  mode, 

inclusion of a allows a coordinated rol l  maneuver  to  b e  generated,  even  though Q is 

changing. 

T h e  ro l l  phase-plane logic i l l u s t r a t e s  two impor t an t  design cons idera t ions ,  

T h e  first fea ture  of the control technique is the u s e  of a line of s lope  K to d e t e r m i n e  

t h e  d r i f t  r a t e  a t  which an  e r r o r  is reduced. A fundamental and motivat ing advantage 

of t h i s  method is that fuel consumption ( A V )  becomes  somewhat proport ional  t o  

e r r o r ,  in  that the Chl responds  rapidly t o  l a r g e  e r r o r  and m o r e  s lowly t o  s m a l l  

e r r o r .  Slope K i s  chosen to  b e  a s  sma l l  a s  is consis tent  with the r a t e  of r e s p o n s e  

needed by the guidance dur ing  entry. Also, the s t ra ight  l ine  s impl i f ies  t h e  equat ions 

f o r  t he  jet-firing t imes  and a l so  allows t h e  D A P  to  follow r a m p  inputs  efficiently 

by establ ishing the neces sa ry  ra te .  The  second fea ture  of the cont ro l  technique is 

the construct ion of the predicted t ra jec tory  from the D A P  update point t o  t h e  or igin,  

u s ing  parabolas  of different accelerat ion,  to  minimize  the  sensi t ivi ty  of t he  control  

s y s t e m  to actual  je t - thruster  acceleration. T h i s  l a t t e r  des ign  cons idera t ion  e n s u r e s  

no t  only s table  operation, but comp7rable t rans ien t  r e s p o n s e  bel'lavior-even in the  

p r e s e n c e  of a possible e r r o r  of 100 percent  in the control  authority.  Such a contingency 

could occu r  a s  follows: To Allow rapid cre\ir detection of jet  fa i lure  d u r i n g  entry,  

only one  r ing  of t h rus t e r s  is act ive a t  a t ime.  However,  should c i r c u m s t a n c e s  

d i c t a t e  the u s e  of both th rus t e r  rings,  the D A P  i.s r equ i r ed  to  pe r fo rm i n  a s table  

and comparable  fashion-even though i t  h a s  no knowledge of whether s ing le  o r  dual  

r i n g s  are operative. Th i s  requirement  i s  m e t  by impos ing  a hybrid phase-plane 

profi le :  the f i r s t  thrust ing interval  a s s u m e s  dua l - r ing  acce lera t ion ;  a nonthrus t ing  

d r i f t  in te rva l  .follows; and then a second thrust ing in te rva l  a s s u m e s  s ingle- r ing  

acce lera t ion .  

Figure D.4-3 is a. simplified i l lustrat ion of the  r o l l  logic. T h e  predict ion is 

based on the typical t r a j ec to ry  dra~rrn f rom the point X, V t o  t he  or igin.  Assuming 

a n  ini t ia l  accelerat ion a ,  the X-axis  intercept ,  XD, is obtained and is projected on 

t o  t he  control  l ine to yield the dr i f t  velocity VD. Using dual - r ing  acce l e ra t ion ,  a ,  

and  the  velocity difference of VD and V,  the f i r s t  f i r ing t ime,  t, is computed fo r  the 

B 
+p-jet  t h rus t e r .  The  f i r ing t i m e  t 2  fo r  . the -p- jet t h r u s t e r  u s e s  acce l c ra t ion  al 



(s ingle-r ing acce lera t ion)  and velocity VD. T h e  d r i f t  t ime tD is determined from 

the,veloci ty  VD and the e r r o r  t o  be covered a t  t h i s  velocity. The  procedure  i s  the 

s a m e  fo r  any point below the  corltrol line. F o r  example ,  the point (XI, V1) in the 

f igure yields the  s a m e  XD and hence the s a m e  VD a s  above; however, because  the 

velocity cor rec t ion  needed, (VD - V), is s m a l l e r ,  the  f i r s t  f i r ing t ime t l  is smal le r .  

If the point (X,V) i s  such that (VD - V) is negative, the f i r s t  burn is omitted. 

If the point (X,V) l i e s  to t he  r igh t  of t h e m a s i m u m  velocity t ra jec tory ,  VD i s  defined 

t o  be V M  (20 d e g l s e c )  to  provide  a ro l l - r a t e  l imit .  Once the t ime in te rva ls  t  1' t 2  
and tD a r e  computed, only the  f i r s t  2 s e c  of ihe t r a j ec to ry  a r e  implemented. Each 

subsequent 2-sec D A P  update  will compute a new t r a j ec to ry .  

Since the actual  acce lera t ion  of the C M  is a lways  e i ther  a o r  a l ,  the ro l l  

response  d i f f e r s  f rom the predicted t r a j ec to ry  as  follows: 

C 

Fi r s t ,  cons ider  the dua l - r ing  r e sponse  to  t h i s  phase-plane logic i l lustrated 

in Fig. D.4-4. The actual  ini t ia l  acce lera t ion  equals  the assumed.  V continues to 

rise to the VD computed f rom the X in te rcept ,  XD. Because of the dual-r ing 

w e r e  computed c o r r e c t l y  from the beginning. However, 

a t  the point where  the t r a j e c t o r y  i n t e r s e c t s  the  s ingle-r ing profile, t  2 is computed 

based upon half the prevai l ing acce lera t ion .  The  t r a j ec to ry  goes ba r r e l ing  d o ~ ~ n ,  

but is stopped-before i t  goes  too far-by a r e g u l a r  2- s e c  update. Since the t r a j ec to ry  

is again below the control  l ine ,  a new t l  is computed, and the t ra jec tory  r i s e s  to a 

new VD determined by thenew X in te rcept ;  the  t r a j e c t o r y  d r i f t s  toward theord ina te  

until  i t  again i n t e r s e c t s  the  s ingle-r ing profi le ;  and then this  t i m e  it goes  down 

twice the required d i s t ance  because  .of t he  dua l  acce lera t ion  and the absence  of an 

update. This  p r o c e s s  i s  repea ted  until the  t r a j ec to ry  is secure ly  :ithin a deadzone 

( to  be descr ibed la te r ) .  i
I

Second, cons ider  the s ingle-r ing r e sponse  to t he  phase-plane logic, i l lustrated i 
in  Fig. D.4-5. In th i s  c a s e ,  which is the  nominal one,  the actual accelerat ion i s  ! 
half the assumed.  Each ve r t i ca l  r i s e  is not only half what is predicted, but the : 

d r i f t  period is entered a t  a l ower  velocity. By  the third update, the t ra jec tory  i s  

above t.he control l ine,  and the  t r a j ec to ry  d r i f t s  toward the s ingle-r ing accelerat ion 

profile. At intersect ion,  t h e  t r a j ec to ry  follows th i s  profile d i rec t ly  to the origin,  

without over shoot. t 

$, accelerat ion,  both t l  and 







Figure  D.4-6 ' i l lus t ra tes  the t rans ien t  r e s p o n s e  of the D A P  with predicted, 

dual-r ing and single-r ing conditions. Despi te  the  wide va r i ance  in  conditions,  the 

DAP produces comparable  solution t imes.  F u r t h e r m o r e ,  s imu la t ions  and actual * 
flight experience show that the fuel penalty for  using dual r i n g s  is only about 20 
percent-rather  than the 100 percent  one might anticipate.  F i g u r e  D.4-6 a l so  c lear ly  

i l l u s t r a t e s  that bothdual-ring and single-r ing r e s p o n s e  a r e  s lower  than  the  predicted, 

but  t h i s  i s  the p r i ce  paid for ind i f fe rence  to  actual  accelerat ion.  However,  what is 

bought i s  s table  operation over  a two-to-one acce lera t ion  variation-a proper ty  that  

d o e s  not exis t  i f  both predicted th rus t  i n t e rva l s  a r e  based on the  s a m e  accelerat ion.  

D.4.2.1 Shortest-Path Logic 

As  mentioned e a r l i e r ,  the ro l l  DAP normal ly  chooses t he  s m a l l e r  of the two 

possible  angles  through which to ro l l  to  null the  ro l l  e r r o r .  T h i s  is per formed by 

us ing  the shortest-path contour shown i n  Fig. D.4-3 a t  180 deg and t h e  corresponding 

contour a t  -180 deg. 

. The shor tes t  angular  path t e s t  cons i s t s  of de te rmining  whether  t he  point (X,V) 

l i e swi th ino r  without the contours  a t  f 180 deg. Any point (X, V) i n s ide  the  contours  

cons ide r s  the or igin a s  i t s  t e rmina l  point. Po in t s  outs ide t h e s e  con tou r s  consider  

f 360 deg a s  the i r  origin. Such points X a r e  shifted by -360 sgn(X) and thereby 

appea r  inside the contours  a s  f a r  as the phase-plane logic is concerned .  Such a 

shift  is neces sa ry  since, physically, -360, 0 and 360 a r e  t he  s a m e  attitude. 

Fu r the rmore ,  it  is necessary  that the  contour dividing the r eg ions  of s tab le  nodes 

be dynamic, r a tde r  than geometric-otherwise, t h e r e  e s i s t s  a r eg ion  between the 

dynamic  and the geometr ic  contours  where  points will init ially head fo r  the or igin 

as node; but the t r a j ec to ry  will c a r r y  a c r o s s  the  geometr ic  contour  and then head 

fo r  360 a s  the proper  node. Th i s  r e s u l t s  not only in  taking t h e  longe r  pzth, but 

a l s o  in  taking a longer t i m e  to  do  so. 

D.4.2.2 Buffer Zone and Deadzone of the Roll-Attitude Phase  P l a n e  

I 

A s  shownin Fig. D.4-7,  tile DAP h a s  a deadzone a t  the or igin,  fo r  the purpose 

of eliminating a high-frequency l imi t  cycle. I t s  s h a p e  was  chosen'  t o  provide a 

* 
Apollo 7 flew a dual-r ing reent ry .  
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s m a l l e r  l imit-cycle amplitude for a given zone wiclth. Also, the t e r m i n a l  t r a j ec to ry  

h a s  a band o r  buffer zone along which i t  channels t r a j ec to r i e s  to  the  deadzone. 

The buffer zone ove rcomes  the effect o f  noise in body-rate  m e a s u r e m e n t s  and 

devia t ions  in  the actual accelerat ion from the nominal D A P  design value, a l .  

D.4.3 Entry  DAP Displays 
I 

T h e  DSKY displays associated with the en t ry  mission-control  p r o g r a m s  w e r e  

mentioned briefly in  Section C.4.2. Additionally, the  autopilot p rovides  the  following 

d i sp l ays  to the FDAI at t i tude-error  needles: 

Exoatmospheric  DAP 	 The  th ree  attitude e r r o r s ,  Rc - R ,  fl - a ,  and a - Q ,  

a r e  presented each 0.2 sec .  T h e  e g r o r  used  b$ the  
autopilot to f i r e  the ro l l  jets is displayed on the  
r o l l - e r r o r  needle,  the e r r o r  used to fire t h e  pitch je t s  
on the p i tch-er ror  needle,  and the e r r o r  used for  the 
yaw jets on the yaw-e r ro r  needle. If (a I > 133 deg ,  
the roll  D A P  does  r a t e  d a m p l n g  only, and the ro l l -  
e r r o r  needle is zeroed every 2 sec. 

Atmospher ic  DAP 	 The  only presentat ion is ro l l  e r r o r ,  co r r ec t ed  for  
shor tes t  angular  path, on a 0.2-sec bas i s .  The pitch-
and yaw-er ror  needles  a r e  not dr iven  and a r e  a t  null. 

T o  avoid hitting the needle l imi t s ,  the maximum deflection allowed is 67.5 d e g  f o r  

r o l l  and 16.875 deg for  both pitch and yaw. 

D.4.4 Manual Ovdrr ide  

N o  provision ex i s t s  for  the u s e  of manual cont ro ls ,  i.e., hand con t ro l l e r s ,  i n  

t h e  p r i m a r y  GN&C system dur ing  entry;  consequently,  i f  the as t ronaut  chooses  to  

pe r fo rm a manual maneuver ,  e.g., to avoid gimbal lock, he  mus t  switch t o  the  baclcup 

control  system to over r ide  the p r imary  sys tem.  In t h i s  event,  the E n t r y  D A P  m e r e l y  

i g n o r e s  the 0verrid.e and continues to provide FDAI a t t i t ude -e r ro r  d i s p l a y s  and jet 
commands  based ,  upon prevailing Ch1 atti tude and r a t e s .  Hardware  i n  the backup 

sys t em prevents  the GK6rCS jet commands from reaching  the solenoid d r i v e r s  until  

t he  ove r r ide  i s  terminated. Consequently, dur ing  a manual ove r r ide ,  the En t ry  

D A P  r e m a i n s  continually prepared (whenever CNGCS operation is r e s t o r e d )  to  

r e s u m e  contrcl  with an uninterrupted knowledge of the  t ra jec tory  and prevai l ing 

conditions. 



D .5 AGC Takeover  of Saturn S teer ing  

P r i o r  to  the flight of Apollo 10, MIT was  r e q u e s ~ e d  by NASA to provide a 

boost-takeover capability in  the event o i  a Saturn-Launch-Vehicle  (LV)stable-plat-

form failure.  The  task consisted of supplying an  at t i tude r e fe rence  and cer ta in  

guidance information to e n s u r e  that,  f o r  a f a i l u re  anyt ime a f t e r  l iftoif ,  the  spacecraf t  

could achieve ea r th  orbit  with help both from the  Command Module AGC and from 

the crew.  

F o r  a takeover,  the Saturn Ins t rument  Unit (IU) mus t  f i r s t  s e n s e  that i t s  platform 

h a s  failed, and must  cal l  for  the  AGC backup mode  by lighting the  LV guidance-failure 

light in the cockpit. Once notified of a fa i lure ,  the crew swi tches  the  LV guidance 

to  GN&CS control.  

With the L V  guidance fa i lure  l ight i l luminated and the  L V  guidance switch 

thrown, the computer  can send a t t i t ude -e r ro r  s igna ls  to  the  Sa turn  autopilot. It i s  

significant that with th i s  procedure,  t akeover  cannot be effected un le s s  the IU ini t ia tes  

the action. Simulation test ing h a s  shown that t h i s  s imple  backup scheme can place 

the spacecraf t  safely into ea r th  orbi t  with errors in apogee and pe r igee  of no g r e a t e r  

than 10 to 15 n ~ n i .  

D.5.1 Generation of Guidance Commands  

F o r  f i r s t -  s tage flight, the  IU c o n ~ m a n d sa n  open-loop a t t i tude  profi le  that pi tches 

the  vehicle about 60 deg  from the ver t ica l  in less than 3 minutes .  T o  provide hackup j 
he re ,  the AGC calculates  a s ix th-order  polynomial fit t o  t he  d e s i r e d  pitch profile.  [ 
T h e  at t i tude-error  s ignals  a r e  then the  d i f fe rence  between t h e s e  pitch commands 1 
and the attitude feedback from the IMU. Dur ing  t a k ~ o v e r ,  t he  de lay  between the I 
f a i lu re  detection and the f i r s f  A G C  command may  b e  s e v e r a l  seconds;  however, i 
even in the region of .maximum dynamic p r e s s u r e ,  t r ans i en t s  i n  a.ttitude, angle-of-at- i

1 
tack, and engine angle do not produce excess ive  s t ruc tu ra l  loads.  In addition to the 

pitch maneuver ,  the 1U normally commands  a yaw and a ro l l  maneuver .  T h e  ya\(' i 
maneuver  provides additional c l ea rance  from the  launch tower ,  and t h e  rol l  maneurrer 

ro t a t e s  the ~ e h i c l e  from thelaunch-pacl az imuth  to thedown-range  azimuth,  an any l a r - i! 
; 

change of about 18 deg. In the backup Inode t h e  AGC neglec ts  the  yaw mancu\rel', 

but i t  does  command a constant ro l l  r a t e  t o  achieve  the  d e s i r e d  do\rrn-range azimutli. j!

i
I 

2 3 9  f 
! 

I 



F o r  second- and th i rd-s tage  flight, the IU provides a closed-loop guidance 
I 

s cheme  t o  achieve  the  des i r ed  o r b i t  parameters .  However, computer-s torage 

l imi ta t ions  prec lude  such a s c h e m e  for  AGC backup; thus  the task of guiding the 

vehicle into o rb i t  w a s  given to the crew.  Th i s  r equ i r e s  that the pilot compare  

DSKY disp lays  of alt i tude, a l t i tude r a t e ,  and velocity against nominal values tabulated 

on a card.  Using th i s  information, as well a s  the attitude display, the pilot can 

then use  the  Rotational Hand Cont ro l le r  in a rate-command mode to fly the des i red  

t ra jec tory .  The .manual  modec i s  enabled by a keyboard entry.  

' B.6.1 Integrated Des ign  

The  L u n a r  Module D A P  provides  attitude control of the L M  spacecraf t  dur ing  j 
both coast ingand powered flight. T h e  autopilot is designed to control t h ree  spacecraf t  

' 
configurations: L M  descent ,  Lh l  ascent ,  and CSRfl-docked. The  modules compr is ing  

t h e s e  configurations a r e  shown in  Fig.  D.6-1 .  i 

T o r q u e s  f o r  a t t i tude cont ro l  m a y  be generated by the Reaction Control System i 
; 

and by the  Descent  Propulsion Sys tem.  The L M  Reaction Control System ernploys i 

16 je t s  mounted in c l u s t e r s  of four on 0utrigger.s equally spaced a r o u ~ d  the  L M  
I 

ascen t  s tage.  Each  jet h a s  a t h r u s t  of 100 lb. The  Descent  Propulsion System I 

i(DPS) has a single  engine thro t t leab le  from a maximum th rus t  of 10,000 lb down to  . 
I. 

1 2  percent  of the  maximum th rus t .  This  engine i s  mounted in a gimbal system 1-
with ac tua tors ;  t hus  the angle o f  the thrus t  vector relat ive to the spacecraf t  cen ter  fi 
of m a s s  can  be  controlled. T h e  a c t u a t o r s  can change the engine angle a t  the constant 

r a t e  of 0.2 d i g / s e c .  The  Ascent  Propulsion System has  a single 3500-lb engine, 

mounted r igidly to  the ascent  s tage .  Since the thrust vector  of this  engine cannot 

b e  rotated t o  p a s s  through the spacecraf t  center  of m a s s ,  attitude control  di1ring 

powered flight i n  the ascent  c o n f i y r a t i o n . m u s t  be maintained by u s e  of the RCS 

jets. 

* 
The Lhl D A P  is an in tegra l  p a r t  of the L M  P r i m a r y  Guidance, Navigation I 

and Control System. Inputs t o  and outputs from the LM guidance computer  which 1 
a r e  assoc ia ted  with the  control  fur.ction (the autopilot) a r e  shown in Fig. D.6-2.  

T h e  autopilot d i r ec t ly  commands  the  firing of each th rus t e r  of the RCS, and the I 
I 
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movement of the descent-engine Gimbal Tr im System (GTS). In addition, computed 

attitude e r r o r s  a r e  displayed on the FDAI. Among the inputs to  the  L M  D A P  a r e  

the  following: 

Measurements  of the spacecraft attitude with r e spec t  to 
iner t ia l  space, a s  indicated by the th ree  gimbal angles of the 
gyro-stabilized platform of the IMU. 

1 

Hand-controller s ignals  for providingboth manual rotational- 
control commands and manual translational-control commands. 

Mode-switch d i sc re tes  for selecting the autopilot control 
modes. 

Eight th rus te r -pa i r  disable-switch d i sc re tes  for modifying 
the  RCS selection l o s c  and optimizing the autopilot performance 
in the presence of failed jets. 

Keyboard inputs  for  specifying autopilot control pa ramete r s ,  
such a s  angular deadbands, mar~euver r a t e s ,  hand-controller func-
tions, and spacecraf t -mass  properties.  

Internal s t ee r ing  commands for providing automatic attitude . 

control in both coast ing and powered flight. 

An internal  d i s c r e t e  for providing automatic ullage (+X 
translat ion) p r io r  t o  main-engme ignition. 

Internal d i s c r e t e s  for switching the autopilot control modes 
and configurationg. 

T h e  L M  autopilot provides various control modes for coasting and powered 

flight. F o r  coasting flight, the  following modes a r e  available (asdiscussed in Sections 

D.6.2 and D.6.3): 

'Attitude-hold mode, in which the inertial attitude i s  held 
constant. 

Automatic attitude-maneuver mode, in which the vehicle 
ro ta te s  a t  a constant angular velocity from some initial attitude 
t o  some  desired final attitude. 

Rate-command/attitude-hold mode, in which the vehicle 
rotation r a t e  i s  brought to the desired rotation ra te  indicated by 
the Rotational Iiand Controller.  

~ i n i m u m - i m p u l s emode, i n  which single small f i r ings of 
the  RCS jets a r e  commanded in resp0ns.e to each deflection of the 
Rotational Hand Co~l t ro l l e r .  



T h e s e  modes  a r e  available during powered flight of the  L u n a r  hlodule (as discussed  

in  Sect ions D.6.4,  D .6.5 and D.6.6): 
I 

I 


Automatic s teer ing,  in which the vehicle  follows a t t i tude  
commands provided by the guidance equations. T h i s  i s  t he  mode  
which i s  used dur ing  most  of the powered descen t  to  t h e  l u n a r  
surface.  

I

Rate comrnandlatti tude hold, which h a s  the  s a m e  c h L a c t e r i s -  I 


t i c s  as in coast ing flight. This  is the mode  which i s  se lec ted  by i 

the  LIfl pilot dur ing ' the  final phase of the luna r  landing t o  guide 

the vehicle manually over  what could be  a rocky  t e r r a in .  


, I. L 

X-axis overr ide  mode, a combined au tomat ic  and man-.a1 

mode in which the  L M  pilot controls  the vehicle  at t i tude about  the  tI 

X-axis (the thrus t  direct ion)  by manual r a t e  commands ,  while  the  i
direct ion of the  thrust  vector  is maintained automatical ly  in 


1
1response  to the guidance commands. 

D.6.1.1 Design Approach and St ruc ture  of the Autopilot 1 

b 
I 


Cer ta in  performance requi rements  guided the  des ign  of the  LM autopilot. L 

Attitude control  mus t  be  maintained with a minimum expenditure  of RCS propellant.  

Concomitantly,  the number of RCS f i r ings mus t  be minimized to ach ieve  g rea t e r  


t h r u s t e r  reliabili ty.  Attitude control mus t  be maintained even in t h e  p r e s e n c e  of a 


disabled single jet, quad o r  RCS system (8 jets).  T h e  D A P  must  b e  s table  in  the 


p re sence  of bending modes  in  the CSI\I/LM docked configuration, s losh  ir, a l l  1 

configurations,  and t rans ien ts  due  to ignition, abor t  s tage,  t r a n s f e r  f rom the backup 

Abor t  Guidance System and switching of DAP modes. ~ i n a l l y ,at t i tude cont ro l  mus t  
 i 
be essentiallyundffected by off-nominal vehicle, t h r u s t e r  and senso r  cha rac t e r i s t i c s .  i 


In i t s m d s t  general  form, the requi rements  for  the  Lhl  D A P  posed a formidable :1 

multi-input,  multi-output problem: control  l o p c  had to  b e  synthesized to  r e l a t e  j 

the measuremen t -o f  the three-axis  spacecraf t  a t t i tude with the f i r i n g  of 16  RCS 1 

t h r u s t e r s  and the gimballing of the descent  engine about two axes.  T h e  des ign  approach I 

employed for  the L M  autopilot was to  s epa ra t e  the total  synthes is  problem into a i 

set of s m a l l e r  design problems. Accordingly, four m a j o r  subsec t ions  of the  LA'! 


I ID A P  w e r e  defined, each of which could be  approached somewhat independently: i 


1. Certain D.*.P pa rame te r s  a r e  funct ior~s of vehicle  m a s s  and can b e  I 

I 


j

i 


expected to change slowly; o the r s  need to b e  computed infrequently.  These 




calculations a r e  done in a D A P  subsection called 1/ACCS ( s o  named because 

the rec iprocals  of accelerat ions a r e  computed), which is executed every two 

secondsduring powered flight and a f t e r  major  t r ans ien t s  (such a s  LM-conf iy -

ration changes). I ts  major  outputs a r e  the  e s t ima tes  of RCS jet-control 

authority ( a n y l a r - r a t e  change induced by a jet firing), Gimbal Tr im System 

control authority (angular-acceleration changes induced by a t r im gimbal 

drive) ,  and related quantities. GTS contrbl can be  executed under direction 

of 1/ACCS when the c&trol mode requ i res  only infrequent reevaluation of  

GTS dr ive  status. 

* 
2. The gtate es t imator  e s t ima tes  the  spacecraft 's  angular-velocity and .  

angular-acceleration vectors  from sampled measurements  of the vehicle 

attitude. The state  es t imator  was  designed with the r ecurs ive  s t ruc ture  of a 

Kalman filter. However, nonlinear logic was incorporated to reject  small-am- 

plitude high-frequency dis turbances  from viSration and the  CDUs; these a r e  

recognized and incorporated into the  es t imates  only when they exceed certain 

threshold magnitudes. F i l te r  gains were  chosen t o  make  the r a t e  est imate 

respond rapidly to changes, and cause  the offset angular-acceleration est imate 

to respond much m o r e  slowly. In th is  way, rapid maneuvers  can be  performed 

accurately, satisfying the as t ronautas  need for quick, flexible, and reliable 

response during manual control-particularly for emergency maneuvers. On 

the  other hand, the slow accelerat ion es t imate  is l a rge ly  insensitive to  slosh 

oscillations, responding with a great ly damped oscillation in the presence of 

slosh. In the case  of CSM/LRl docked powered flight with the  LM active, the 
f 

ra te- and acceleration-estimator f i l ter  gains a r e  reduced even further to 

additionally buffer the es t imates  f rom the d is turbance  induced by bending 

oscillations. This  s ta te  es t imator  de r ives  the angular  velocity and angular 

acceleration of the LM, based only on measurement  of spacecraft attitude 

and assumed control response, thus demonstrat ing that  r a t e  gyros a r e  not 
' required sensors  for th is  autopilot. 

3. The  PCS control laws f i re  the RCS jets  in response  t o  the  vehicle-attitude 

state ,  the attitude commands, and the translation commands.  The RCS control 

-
::I 
The word "state" used in this  section r e f e r s  to the spacec ra f t ' s  attitude, attitude 

rate (and sometimes angular accelel-ation). 



l a w s  in  t he  L ~ I - a l o n e  configuration employ parabolic switch cu rves  in the i r  

phase-plane logic.  T h e  c r i t i ca l  pa rame te r s  in the RCS control laws  a r e  adapted 

in r e s p o n s e  to  the vary ing  moment of iner t ia  of the spacecraf t  and the b i a s  

angular  acce lera t ion  d u e  t o  the  thrusting main engine. The  control-law design 

p e r m i t s  rapid r e sponse  to  commands  with a minimum of jet firings. In coast ing 

flight, s teady-  s ta te  a t t i tude control is maintained with a p in imum- im pulse 

l imi t  cycle .  In a scen t  powered flight, a la rger -pulse  low-frequency l imi t  cycle  

is employed to hold at t i tude against  the b i a s  angular acceleration. T h e  RCS 

cont ro l  l a w s  maintain sa t i s fac tory  attitude control of even the l ightest  ascent  * I 

configurat ion even though the  control action i s  reevaluaied a t  mos t  10 t i m e s  ; 

pe r  s ec .  Sat isfactory cont ro l  is possible because the RCS control laws  compute i 
the exac t  f i r ing  t i m e  r equ i r ed  to  achieve a des i red  r a t e  change. 

i 
j

4. T h e  t r im-gimbal  cont ro l  iaws  d r ive  the orientation of the descent  engine ! 

about i t s  two a x e s  in  r e sponse  to the vehicle-attitude s ta te  and atti tude 

commands.  A t h i rd -o rde r  minimum-time rontrcl  law i s  used to control  the  

vehicle  at t i tude by 'means  of the  thrust ing descent  e n g i ~ e .  This  p e r m i t s  att i tude 

control  often without t he  a s s i s t ance  of the RCS jets. 

Within t h e  RCS cont ro l  l a w s  and the trim-gimbal control laws, fur ther  design 

s implif icat ions w e r e  made  by  separa t ing  these control laws into logically dis t inct  . 
1. 

cont ro l  channels.  The  choice  of t hese  control channels followed from the  natural  

cont ro l  a x e s  of the  LM, shown in Fig.D.6-3. i 
The  d e s c e n t  engine m a y  be gimballed under computer control about t he  pitch 

(€2) ax i s  and the  ro l l  ( R )  axis .  Therefore ,  the descent-engine t r im-gimbal  control 1s 

l a w s  have been  separa ted  into two channels (Q and R ) .  ?'he computation of the i 

prope r  t r im-gimbal  d r i v e  fo r  each  channel is based on independent single-plane 1 
1

cont ro l  laws.  i 
1 

The  RCS j e t s  mounted on the  Lh'l ascent  s tage a r e  skewed 45 d e g  away from 1 
t h e  spacecraf t ' s  coordinate  f r a m e  (in the QR plane) to avoid jet impingement oil the 1 

pads. T h i s  rotat ional  jet-coordinate f r a m e  i s  designated the P, U and V a s e s .  The  ; 

.C.,. 
In tk.2 l ightest  a scen t  confiquration, sinqle-jet  firing f o r  0 . 1  sec  (one D A P  pass) 

could prodcce a n  a t t i tude- ra te  change of 1. 5 deg/sec .  
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locat ions and orientat ions of the RCS jets  a r e  such that if the spacec ra f t  center  of  I 

gravi ty l i e s  nea r  the geometr ic  center  of the 16 RCS jets,  then: 	 i 
I 

a. 	 The  eight je t s  that th rus t  only in the Y o r  2 d i r ec t ions  produce torques [ 
about the  P axis  only. Accordingly, t h e s e  jets a r e  t e r m e d  the P jets. 

I I 
b. 	 Four  of the je ts  that th rus t  in the fX di rec t ion  produce  torques  about 1 

the U ax is  only. ,Accordingly, t hese  je t s  a r e  t e rmed  the  U jets.  1 

c. 	 The  other  four je ts  that th rus t  in the rtX direct ion produce  torques  about 

the V ax i s  only. Accordingly, t hese  je ts  a r e  t e rmed  t h e  V jets.  

Due to the exis tence of significant c ro , ss - iner t ia  between t h e  U and V axes,  I 

cross-coupled accelerat ion between the U and V a x e s  is introduced whenever a U i 
jet o r  a V' jet is fired. T o  decouple the RCS control  channels and thereby  reduce 

the  number of RCS f i r ings and hence propellant consumption, a nonorthogonal set 

of control axes  called U' and V' was  introduced. T h e  U1- and V1-axis d i rec t ions  

are determined a s  follows: f i r s t ,  cross-coupling between the P a x i s  and any  ax is  . 
i n  the Q,R plane is assumed n e g l i ~ b l e  and hence is ignored-therefore,  the U' and ; 
V' a x e s  a r e  constructed to  l i e  in  the Q,R plane and c o r r e c t  f o r  cross-coupled 

accelerat ion in that plane only; second, acce lera t ion  vec to r s  a r e  produced by applying 

a torque around U and V, as i l lustrated in Fig. D.6-4;  third,  perpendiculars  a r e  1
Idrawn to each of these  accelerat ion vec tors  to produce the new U' and V' axes.  It 

c an  be seen that if a n  RCS torque i s  applied about U, t he re  will  b e  a component of 

accelerat ion alohg U' and no component of acce lera t ion  along V1, Similar ly,  an 1f 
RCS 	torque applied about V will produce no component of acce lera t ion  along U1. t 

3 

Therefore ,  if a U-axis t o rque i s  commanded to  achieve U'-axis cont ro l  and a V-axis 5 
Y 


torque is commanded to achieve V'-axis control,  no cross-coupled acce lera t ion  will 

r e su l t .  The  angle.6 by which the U' and V1 a x e s  a r e  skewed away f rom the  U and V i 
a x e s  is computed from the Q, R moments  ofeinertia. 

D.6.2  	Manual lblodek of the L M  D A P  

During cer ta in  c r i t i ca l  phases  of the Apollo miss ion ,  L M  a t t i tude  i s  manually 

controlled by the L h l  crew. To achieve a prec ise ly  defined at t i tude,  such a s  that 

required for init ial  thrust-vector  positioning, an automatic  maneuver  is usually m o w  

C I A 0 
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Figure D.6-4  Nonorthogonal Lhl  U', V1.AxisSystem 



efficient.  F o r  l e s s  p rec i se ly  determined tasks,  however, manual control i s  be t te r .  

F o r  ins tance ,  station keeping and gimbal-lock avoidance can bes t  b e  performed in 

a manual  mode. In such  ins tances ,  the pilot's abili ty to perceive the s t a t e  of h i s  

vehicle and to  se lec t  a l t e rna t ives  to the nominal control i s  c lear ly  a n  a s se t .  

In t h e  GN&CS, two manual  modes a r e  implemented through the u s e  of a Rotational 

Hand Cont ro l le r .  Two such  cont ro l le rs  a r e  available (although they cannot be used 

s imultaneously) ,  one for  e a c h  of the astronauts  onboard the L M .  The  Minimum-Im- * 
pulse  mode  provides a s ingle ,  14-msec thrus te r  pulse each t ime the control ler  is 

moved out of detent ;  e a c h  pulse resu l t s  in an angular-velocity increment  whose 

magnitude is a function of vehicle inertia.  

T h e  second-and by  f a r ,  the m o r e  significant-manual mode is Rate Command / 

Attitude Hold, which inco rpora t e s  a number of fea tures  that enhance the rapidi ty  

and prec is ion  of contl-01 response .  This closed-loop mode provides a n p l a r  r a t e s  

which a r e  a function of t h e  d e g r e e  of RIlC deflection. The  remainder  of th i s  section 

will d e a l  exclusively with the  evolution of the Rate Commandl.4ttitude Hold mode. 

~ , 6 . 2 . 1  ate-~ommand/Attitude-Hold Mode 

Development  of t h e  Rate-Command/Atti tude-Hold mode has been both lengthy 

and colnplex. The  L M  AGC program for  Apollo 9 (SUNDAKCE) contained manual  

ra te -command logic  which was  a digital realization of e a r l i e r  react ion-control  

ra te -command sys tems.  T h i s  logic  provided r a t e  command within the resolut ion 

of a rate-error deadband when the RHC was held out of detent.  Automatic at t i tude 

hold w a s  maintained when the  control ler  was in detent.  

In the  manual  ra te -command logic of SUNDANCE, RHC output w a s  scaled t o  

a maximum commanded r a t e  of 20 d e g l s e c  in 11Normal" and 4 d e g l s e c  in  " ~ i n e " .  

Normal  would be used for a luna r  landing, in which high maneuver  r a t e s  might b e  

n e c e s s a r y ;  F ine  would b e  used for  a l l  other operations,  where a premium would b e  

placed on prec is ion  and fuel-savjng low rates .  

* 
Tlie RCS jets r e q u i r e  a minimum pulse width of about 14 m s e c  to e n s u r e  a proper 

mix tu re  r a t i o  in the combust ion chamber.  



T h e  SUhmANCE program provided acceptable  manual  cont ro l  f o r  the Lhl-alo'ne 

configuration, a s  evidenced both by simulated and ac tua l  ea r th -o rb i t a l  flight. But 

improvemen t s  in the manual r a t e  command w e r e  deemed  n e c e s s a r y  t o  meet  the 

following object ives  for an  actual  lunar landing (p rog ram LUMINARY): 

a, t o  reduce  dr if t  about uncornmanded axes  

b. t o  provide m o r e  p rec i se  r a t e  control 

c. t o  a s s u r e  positive r e t u r n  to attitude-hold mode a f t e r  r a t e  c o m m a n d s  

d.  to make  manual r a t e  command avai lable  f o r  coas t ing  flight i n  t he  

CSM-docked configuration 

e. t o  reduce  the on-time of the +X f i r ing t h r u s t e r s  du r ing  the  luna r  landing. 

T h e  following sect ions d i scuss  each o f  t h e s e  objec t ives  in t e r m s  of t h e  L M  

D A P  manual  rate-command mode. 

D.6.2.1.1 Reduction of Dr i f t  

Although SUNDANCE'S r a t e -  command -with-deadband w a s  an acceptab le  mode  

f r o m  a handling-qualities standpoint, i t  w a s  open-loop f o r  sma l l ,  s e c u l a r  e r r o r s .  

Because  the  th rus t e r  switch cu rves  were  independent of a t t i tude e r r o r ,  i t  w a s  poss ib l e  

f o r  t he  spacecraf t  to have a n  uncorrected dr i f t  r a t e  just b a r e l y  within the deadband.  

Two fac to r s  complicate the dr i f t  problem. If t h e  cont ro l le r  w e r e  out-of-detent 

about  any ax i s ,  a l l  t h r ee  axes  used the manual logic. Consequently,  t he  s p a c e c r a f t  

could d r i f t  about' uncommanded' axes  (up to  nea r ly  2 degf  s e c  with no rma l  scal ing) .  

Also,  a b i a s  accelerat ion could cause the phase  point t o  cha t t e r  a long t h e  switch 

curve .  Sampling and state-estimation de lays  compounded t h i s  dr i f t .  T o  l i m i t  d r i f t ,  

a t t i tude  e r r o r s  w e r e  incorporated in LUh?INARYts cont ro l  computations.  

D.6.2.1.2 P r e c i s e  Rate Control 

T h e  r a t e  de,adband de t e rmines  the resolution of r a t e  control .  Ta rge t ing  jet-on 

t i m e  for  z e r o  r a t e  error and using iner t ia l  and b i a s  acce lera t ion  e s t i m a t e s  often 

r e s u l t  in r a t e - s t ep  response  with e r r o r s  initially s m a l l e r  than t h e  deadband. Such 

prec is ion  cannot b e  guaranteed, however, because  of e r l -or  in  knowledge of vehicle  

r a t e  o r  of control  authority. Once the r a t e  e r r o r  is within t h e  deadband at a sampl ing  



i
instant,  f iring ceases .  A heavy configuration r equ i r ing  m o r e  than a 0.1-sec firing 

for  a r a t e  change equal  to  the  deadband will neve r  have r a t e  e r r o r  nulled entirely,  I 
and firing may stop just within the  deadband for  l igh ter  vehicles (depending on initial 

I
r a t e  e r r o r ) .  Fu r the rmore ,  uncertainty in command response  extends to twice the r 

e r ro r - ang le  deadband width, m e a s u r e d  from zero.  If the r a t e  e r r o r  i s  just bare ly  

within the negative l imi t  and a posi t ive change is requested,  the r a t e  e r r o r  must  

t r a v e r s e  the en t i re  deadzone be fo re  a f i r ing  occu r s .  T o  obtain p rec i se  r a t e  coctrol,  

LUMINARY'S manual  r a t e  command appl ies  in tegra l  compensation. i 
Tightening the  r a t e  loop a lone  proved insufficient to  improve the pilot's ' 1 

est imation of handling qua l i t ies  in the lunar- landing task. (It was sti l l  virtually I 
; 

. imposs ib le  to achieve sma l l  a t t i tude changes du r ing  simulations.)  The  difficulty I 
I

l ay  in the smal l  amount of deflection requi red  t o  obtain RHC output and in the 

sensi t ivi tyof  the control ler .  (During s imulat ions,  pi lots  "felt" o r  "heard" the detent 

switch click, yet, dependingupon the  par t icu lar  RHC, up to  1.5 degaddit iosal  deflection 

was  neces sa ry  to obtain any output signal.)  With s m a l l ,  smooth hand motions, smal i  

att i tude changes c l e a r l y  a r e  difficult  to  command,  s ince  the pilot cannot predict  

when t h e  voltage buildup begins.  F o r  LUMINARY, therefore ,  RHC sensitisrity was 

modified to  reso lve  these  difficulties.  

D.6.2.1.3 Return t o  Attitude-Hold Mode 

Once the RHC is re turned  t o  detent,  cont ro l  should be passed from manual 

r a t e  command to  at t i tude hold positively and with a rn'inimum transient.  The  l a t t e r  

requi rement  is dnet if r a t e s  are damped before  the  switch to  automatic att i tude 

hold; i f  the r a t e  e r r o r  w e r e  l a rge ,  t he  attitude-hold phase-plane logic could command 

osci l la tory response  in seeking to  nul l  the  at t i tude e r r o r  in minimum t ime,  consuming 

RCS propellant unnecessar i ly .  Sma l l  r a t e  e r r o r  i s  not imperat ive for  mode change, 

however. Return to  automatic  cont ro l  should be  a s s u r e d  whenever the RHC is returned 

to  detent,  even if any o r  a l l  components  of angular  r a t e  fail to d a m p  within a short  

t ime.  Once damping about a n  a x i s  h a s  reduced the  r a t e  e r r o r  to a smal l  value, 

that a x i s  should b e  considered to  have passed the  damping tes t .  Chattering about 
t 

m o r e  than one ax i s  can  delay-and possibly prevent-return to att i tude hold. In the 

SUNDANCE logic, the  r equ i r emen t  for the r e t u r n ,  a f t e r  the I4HC is returned to 

detent,  was  that a l l  r a t e  e r r o r s  be  l e s s  than the  r a t e  deadband s in~ullaneously.  

Phase-point chat ter ing out-of-phase will fail t h i s  t e s t .  If this  occurs  a s  a resu l t  of 



an undetected jet fai lure o r  a m a s s  uncertainty, the only ways to  return to attitude 

hold a r e  t o  inform the coinputer of the fai lure o r  to momentarily switch the D A P  

mode. In LUMINARY, r a t e s  about al l  a x e s  a r e  normally damped before the switch 

to automatic mode; however, the  r e tu rn  to  automatic mode is forced if damping has 

not been completed by the  end of a brief interval. 

, 
D.6.2.1.4 Availability for CSh'I-Docked Configuration 

/ 

CSM-docked r a t e  command was  not a requirement of SUNDANCE. To 

accommodate the u s e  of th i s  mode for  coasting flight in Apollo 10, the minor required 

changes were  made in LUMINARY. 

D.6.2.1.5 Reduction of +X-Thruster On-Time 

Sim.ulatjon of an ea r ly  vers ion  of LUMINARY uncovered an escess ive  total 

on-time of the  RCS t h r u s t e r s  during manual landing simulations. The additional 

RCS propellant usage was discomforting, but the primary concern was the cumulative 

healing of the descent  s tage which would b e  caused by exhaust impingement of the 
4

down-firing (+X)RCS th rus te r s  . Inhibiting the +X jets for smal l  r a t e  e r r o r s  was 

proposed a s  a solution; however, the resultant  deterioration in handling quali t ies  

was unacceptable. In simulations, pilots were  forced to  use  l a rge r  r a t e s  m o r e  

often, bringing the +X jets back into use. A s  a result ,  actual mission savings w e r e  

unpredictable. T h i s  was  one indication that handling qualities were  a t  the b a s e  of 

the problem. P r i o r  r e s e a r c h  indirect ly indicated that improved handling qualities,  

through reducedf control ler  sensitivity, might alleviate the problem. This proved 

t o  be the  co r rec t  solution; thus, t o  minimize RCS on-time in manual control, handling 

quali t ies  were  optimized. 

D.6.2.1.6 HHC Scaling 

The  sensitivity of commanded r a t e  to  R H C  deflection i s  the most important 

manual-control ~ a r a m e t e r ,  orice rotational-control acceleration ("control power") 

is fixed. A range of control ler  sensi t ivi t ies  that provides stable human-pilot loop 

* 
*. The l a t e r  addition of jet-plane def lec tors  ( see  Section D.6.5)  somewhat alleviated 

this problem, but a heating constraint  s t i l l  ex i s t s  for the deflectors.  



c l o s u r e s  can 'of ten bddefincd; a s  a consecluencc of the pilot's adapt ive abili ty,  hawever ,  

opt imizat ion of the  sensitivity within that range is a subjective p roces s .  Choice of 

sca l ing  can  b e  affected by control power, vehicle and cont ro l - sys tem dynamics ,  

ex t e rna l  d i s tu rbances ,  the control task,  and the  individual pilot's abi l i ty  to  perce ive  

and r e a c t .  

It h a s  been found that reduced controller sensi t ivi ty  has  a '  s t r ik ing  effect on 

t h e  consumption of RCS propellant: t he re  is a monotonic reduct ion with dec reas ing  

sensi t ivi ty .  A reduction of maximum commanded r a t e  (ILICR) f rom SUNDANCE'S 

20 d e g / s e c  t o  14 d e g / s e c  produced improved handling qual i t ies ,  accord ing  to s e v e r a l  

t e s t  pilots.  (The  emphasis  in these  t e s t s  were  placed on a c c u r a c y  in  flying to  a 

designated s i t e  and on reducing the +X-jet on-time.) hloreover ,  handling qua l i t ies  

continued to improve  a s  the MCR was reduced to a final value of 8 d e g /  sec.  Reduced 

MCR improved jet-on t ime and RCS fuel consumption-and a l s o  landing-point 

accuracy..  

In sp i te  of the improvements  resul t ing f rom reduced c o n ~ r o l l e r  sensitivity,  

o n e  confl ic t  remained:  reduced sensitivity made sma l l  r a t e s  and s m a l l  angle  changes 

e a s i e r  toobtain,  but t he re  was concern that the MCR was insufficient f o r  emergency  

conditions.  A 20-deg/sec h1CR was  deemed mandatory by the  as t ronauts .  T h e  

solution adopted is nonlinear scal ing of the RHC output. 

The L M  D A P  has  four coasting-flight modes  which may b e  util ized in  the 

LM-ascent ,  LM-descent o r  CSM-docked configurations. T h e s e  m o d e s  a r e  Rate  

Command /Attitude Hold, Minimum-fmpulse Command, Attitude Iiold and Automatic 

Maneuvering. Each mode controls  vehicle attitude with the  16  RCS j e t s  located on 

t h e  L M  ascen t  stage. Since Rate CornmandlAttitude Hold and Minimum-Impulse 

Command a r e  d iscussed  in Section D.6.2, this section d i s c u s s e s  only the coasting- 

flight pe r fo rmance  of  the LRq D A P  in the Attitude-Hold and Automatic-Maneuvering 

modes .  

0.6.3.1 Attitude-Mold Mode 

T h e  Attitude-Hold mode s tabi l izes  the spacecraf t  about each  of t h e  Iner t ia l  

Lleasurernent  Unites  re ference  axes  to hold the spacecraf t  to  within a speciiied 



deadband. The  principal design objectives included minimizat ion of RCS propellant 

consumption, minimization of t he  number of RCS jet f i r ings ,  accep tab le  operat ion 

in  the presence  of  detected and undetected RCS jet fa i lures ,  and rap id  r ecove ry  

from l a r g e  a t t i tude-er ror  and at t i tude-rate  excursions.  

D.6.3.1.1 Ascent and Descent  Configurations , 

In the ascent  and descent  configurations,  the  number  of jet  f i r ings  and the 

RCS propellant consumption a r e  both miniinized when a minimum-impulse  l imi t  

cyc le  i s  attained about each of the th ree  control  axes.  (A minimum-impulse  l imi t  

cycle  about a Gven ax i s  in the absence of d i s turb ing  to rques  i s  defined a s  a l imi t  

cycle  in which a single torque impulse of the sma l l e s t  avai lable  dura t ion ,  i.e., 14 

m s e c  RCS firing, r e v e r s e s  the attitude r a t e  whenever t he  at t i tude e r r o r  d r i f t s  out 

of t he  deadband.) Although only one jet is f i red fo r  each  U-o r  V-axis  minimum-im-  

pulse  torque correct ion,  the displacement  of t he  vehicle  cen te r  of grav i ty  f rom the 

RCS jet plarie necess i ta tes  the use  of two jets fired a s  a fo rce  coupie for each 

P-axis  minimum-impulse f i r ing  to prevent  P -ax i s  f i r ing f rom d i s tu rb ing  U- and 

V-axis l imi t  cycles.  The  RCS control-law phase  plane for  a scen t  and descen t  coastiflg 

flight, a s  i l lustrated in Fig. D.6-5,was  designed fo r  minimum-impulse  l imi t -cyc le  

operat ion in the steady s tate .  F o r  example, when the s t a t e  is in  t he  coas t  zone. 

Zone 4, with a smal l  posiJive e r r o r  r a t e ,  6 , the  e r r o r  E i n c r e a s e s  unt i l  Zone 3 is 

en tered .  When the s t a t e  is in Zone 3, t he  L M  D A P  commands  a 14 -msec  

minimum-impulse RCS firing, which induces a s m a l l  negative r a t e  and  c a u s e s  the  

s t a t e  to r een te r  Zone 4. The  e r r o r  then d e c r e a s e s  until Zone 3 is r e e n t e r e d  on the 

o ther  s ideof  the phase plane. At th i s  point, another  minimum-impulse  f i r ing  induces 

a sma l l  positive e r r o r  r a t e  and completes  the  cycle.  In coasting-flight minimum-im-  

pulse  l imi t  cycles,  the mas imum atti tude e r r o r s  a r e  de te rmined  by the deadband 

s i z e ;  the maximum a t t i tude-er ror  r a t e s  a r e  de te rmined  by the con t ro l  authori ty  of 

the RCS jets;  and the l imit-cycle  frequency i s a  functionof both the  cont ro l  authori ty  

and the deadband size.  

The  Ll\I D A P  was designed to provide acceptable  control  of t h e  a scen t  and 

descen t  coi~figurat ions in the presence  of detected and undetected. jet  f a i l u re s .  \\'hen 

je t s  a r e  disabled due  to  detected fai lures ,  the L M  DAP jet-selection logic  modif ies  

the selection of jets to exclude those whicll have been disabled.  Single undetec-ied 

jet-off fa i lures  cause r a t e  and attitude undershoot when selected f o r  a t t i tude  control ,  
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but r e su l t  .in no  fuel penalties.  Simulation r e su l t s  indicate that minimum-impulse . 
,. --

l imi t  cyc l e s  are attained by the L h l  DAlD with any single jet pa i r  disabled and with 

any s ingle  failed-off jet undetected. Undetected jet-on fa i lures  degrade  the  L M  

DAP pe r fo rmance  considerably;  howe;;er, the degradation l i e s  within the  l i m i t s  NASA 

d e e m s  acceptable .  E. 
, 

Rapid r e c o v e r y  from l a r g e  at t i tude e r r o r s  and e r r o r  r a t e s  was provided by 

the  Zone 1 and Zone 5 logic of t he  RCS control law (FINELAW), i l lustrated in 

Fig. D.6-5; and by the  special  control  law (ROUGHLAW)for  very  l a r g e  at t i tude 

e r r o r s  and e r r o r  r a t e s  i l lus t ra ted  in Fig. D.6-6. If the s t a t e  is in Zone 1 o r  Zone 

5 of the  FINELAW phase  plane, t he  D A P  commands the jets to f i r e  until the  s t a t e  

c r o s s e s  one of the Zone 4 boundary-target  parabolas  and e n t e r s  the coas t  zone. 

F o r  example,  f0.r l a r g e  negative at t i tude e r r o r s  and e r r o r  r a t e s ,  the  Zone 1 logic 

would cause  positive-torquing je t s  t o  f i r e  until the s tate  passed through Zone 5, 

and c ros sed  the  t a r g e t  parabola to en t e r  Zone 4 with a positive e r r o r  ra te .  The  

at t i tude e r r o r .  would then inc rease ,  caus ing  the s ta te  to dr i f t  a c r o s s  Zone 3 until 

Zone 2 was  en tered .  The  Zone 2 logic  would cause  the je ts  to torque negativeiy 

until t he  s t a t e  had c ros sed  Zone 3 and entered Zone 4, again witn a v e r y  sma l l  

negative e r r o r  r a t e .  T h e  at t i tude e r r o r  would then slowly dec rease ,  causing the 

s ta te  t o d r i f t  a c r o s s  the coas t  zone into Zone 3.  In Zone 3, a singleminimum-impulse 

jet f i r ing  would occu r ,  producing a s m a l l  positive e r r o r  r a t e  and initiating a 

minimum-impulse  l imi t  cycle.  

If the  a t t i t ude -e r ro r  magnitude exceeds  11.25 deg  o r  the  e r r o r  r a t e  exceeds  

5.625 d e g l s e c ,  the ROUGHLAW control-law phase plane in  Fig. D.6-6 applies.  If 

the  s t a t e  is in Zone A o r  Zone D, je t s  are fired until the r a t e  magnitude is 6.5 

deg / sec .  No j e t s  a r e  fired by the  D A P  a s  the s ta te  d r i f t s  a c r o s s  Zone C. IVnen 

Zone B is entered ,  t he  je t s  a r e  f i red continuously until the .FINELAW region i s  

entered.  

Since tile CSM-docked L M  D A P  was  intended for  u s e  only a s  a bacliup system, 

the  s imp le  cont ro l  law i l lus t ra ted  in  Fig. D.6-7, which d i f fe rs  considerably from 

the a scen t -  o r  descent-configurat ion phrrse planes,  was  employed m e r e l y  to minimize  . 



\If the time required to drive E to the 6.5 deg/sec ATTI TUD:-ERROR 
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Figure D. 6-6 RCS Control-Law Phase Plane for Large Attitude Error and  Error Rates  
(Asccnt  and Dcscent Confiqurations) 
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A NOTE ON SOURCES 

By the t ime  t h i s  r eco rd  of hIITtsApollo sof,bvare e l for t s  entered the germination 

stage, many of the sou l s  who had part ic ipated ' in  those  effor ts  had b e y n  to d i s p e r s e  

to other  projects-both within and without the D r a p e r  Laboratory.  Nonetheless,  

virtually al l  wanted t o  a s c e r t a i n  that  that  p a r t  of the his tory in  which they played 

such important  r o l e s  was  finally, indeed, recorded .  Some personally documented 

the i r  accompl is l~ments ;  o t h e r s  supplied b i t s  and p ieces  that eventually interloclted 

to permi t  the construct ion of a unified whole. A cons iderable  amount of the information * 
recorded  within these  pages  could be  gleaned f rom documents  that a l ready  existed , 
but a surprising-indeed, exasperat ing-amount  had never before  been documented. 

F o r  the la t te r ,  m e m o r i e s  had t o  be  tapped and taped;  5 7  t ranscr ibed :ntervie:rrs, 

count less  coqversatiorls and mountains  of notes  bea r  testimony to the cooperation 

and enthusiasm which I encountered along th is  h i s tor ica l  path. 

Considerably m o r e  information was gathered than could be  presented within 

any  single cohesive text.  But what I  hope h a s  remained  is an insight into the team 

which ca r r i ed  the concept of Apollo software f rom a hopeful infancy, through an oft 

turbulent ac'olescence, to i t s  magnificently siiccessful goal. The  Apollo softil:are 

team was a heterogeneous,  s o m e t i m e s  colorful lot,  one which demonstrated two 

bas i c  charac te r i s t ics :  competence  and perse \ -e rence .  The pressures imposed by 

the schedule some t imes  revea led  f ra i l i t i es ,  but m o r e  often demonstrated elemental 

s t rengths.  T h e  epoch which t h i s  h i s to ry  r e c o r d s  \*:as a significant t ime in a l l  the 

part ic ipants '  professional  and personal  l ives ,  and, in reca l l ing  this  period, no one 

felt  dispassionate.  Despi te  the c rushing  schedules ,  the fantastic amount of mental 

and physical exert ion which the  project  c a m e  to dernand-the goal which was to be 

reached seemed to ene rg i ze  u s  all .  

Not every  m e m b e r  of the  Apollo sof tware  team contributed to this  r e p ~ r t ,  hut l 
a grea t  many did, s o m e  extensively, s o m e  l e s s  so. In l i s t ing  these  persons  b e l o l ~ ,  
* 

A con?pcndium of a b s t r z c t s  of  a l l  L a b ~ r a t o r y  r e p o r t s  pertaining to P ro j ec t  i'ipollo 
a p p e a r s  a s  an Appendix to Volun3e I o i  tliis rc imr t .  i 
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Figure D. 6-7 Control-Law Phase plane (CSM-Docked Configuration) 



* 

coding r equ i r emen t s  fo r  this  configuration . Each 0.1 s ec ,  the D A P  de t e rmines  

the location of the rotat ional  s t a t e  in the control law and tu rns  jets on o r  off for a 

full D A P  cycle.  If t he  s t a t e  is outs ide the  cross-hatched coas t  zone, the je ts  a r e  I 
f i red until the coas t  zone i s  entered.  When the s tate  is in the coast  zone with the 

jets s t i l l  f iring, the j e t s  r ema in  on if the t ra jec tory  has  not c ros sed  the e r r o r - r a t e  

ta rge t  (E=O),and a r e  turned off if the  t r a j ec to ry  has  c rossed  the e r r o r - r a t e  ta rge t .  

If the s ta te  i s  in the coas t  zone with the  je ts  off, the jets remain  off until the s t a t e  I 

d r i f t s  out of the  coas t  zone. 
/'
Since, in the CSLl-docked configuration, the sho r t e s t  f 

i 

jet-firing t ime  commanded by the LA1 DAP is 0.1 sec  and, in the absence of disabled 1 
jets o r  X-axis  t rans la t iona l  c o n ~ a a n d s ,  j e t s  a r e  always flred m pa i r s  about each [
control  axis ,  minimum-impulse lir,lit cyc les  cannot be attained. The  sma l l e s t  RCS 

i

propellant consumption and the l e a s t  number  of RCS jet f i r lngs a r e  obtained when j 
each l imi t  cycle  cons i s t s  of one positive- and one negative-torquing tivo- jet, 0.1 - sec  

I 
f i r ing a s  i l lustrated by the fine-line t r a j ec to ry  in Fig. D.6-8. Due to the l a r g e  I 

Iiner t ia  in the CSM-docked configuration, the peak l imlt-cycle  e r r o r  r a t e s  attained 

in  t h i s  type of l imi t -cyc le  a r e  comparable  to  the peak e r r o r  r a t e s  obtained in a 
, 

minimum-impulse l i m i t  cycle  in t he  l ightest  descent  conf ig~ra t ion .  
r 

r' 
Acceptable pe r fo rmance  of t h e  L h l  D A P  in the CSLI-docked configuration with 

disabled jets i s  achieved (for  m o s t  s i tuat ions)  by the s a m e  means  a s  in the ascent  

and descen t  configurations.  That i s ,  the  jet-selection loglc i s  autcmatlcally modlfled ; 
to  se lec t  only je t s  which have not been  disabled.  Undetected jet fa i lures  and, for . 
some  m a s s  loadings, disabled -X th rus t ing  jets,  however, created challenging 

problems which w e r e  unlque to the  CSM-docked conf ip ra t ion .  In t e s t s  of ear l j .  1t 
L M  D A P  des igns ,  i t  w a s  discovered tha t  a n  undetected jet-on fai lure  fixed the vehicle i 

s t a t e  a t  one of the  coas t -zone  boundar ies  of the  RCS control-law phase plane, requi r ing  i 
I

rapid on-off pulsing of the je t s  to  maintain attitude control.  Since the jet-pulslng I 

ifrequency under  t h e s e  c i r cums tances  was  often close to the natural  f requencies  o f  
i

the vehicle  bending modes ,  l a r g e  bending osclllatlons could develop. In many of  
! 

the c a s e s  tes ted,  t l le.magnitude of t hese  osdillations became l a r g e  enough to cause ! 

the s t a t e  e s t ima te  to  m o v e  from one s ide  of the RCS control-law coast  zone to  the f 
o ther ,  resu l t ing  in a l t e rna t e  positive and negative torquing of the je ts  a t  the bending 

* 
T h e  LM-alone control  law could no? be employed because the i a r g e  iner t ias  in the 

CSM-docked confi yra t ion  caused sca l ing  pr.oblems. 
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frequency. Due to Sampling l ags  and l a g s  in the s t a t e  e s t ima to r ,  t h e s e  jet f i r ings 

w e r e  in phase with the bending oscillations and would sustain them even af te r  the 

failed-on jet had beendetected and turned off. Such bending ins tab i l i t i es  w e r e  highly 

undesirable ,  s ince they produced fo rces  significantly l a r g e r  than the  maximum load 

capabili ty of the LM/CShI  docking tunnel. Consequently,  the L M  D A P  was  modified 

to improve  the bending stability in the CSM-docked configuration, Two approaches 

w e r e  utilized. The  f i r s t  approach reduced the bending excitation d u e  to  RCS jet 

f i r i ngs  by inhibiting a l l  jet firings about an ax i s  fo r  a prede termined  t i m e  interval  

each  t ime the jets f i r ing about that a x i s  were  turned off. Th i s  jet-inhibition scheme 

significantly reduced the bending escitation by ensu r ing  that the je t - f i r ing  frequency 

w a s always lower than the resonant  f requencies  of the  mos t  significant bending modes. 

T h e  second means of improving the bending s tabi l i ty  in t he  CSM-docked configuration 

prevented the oscillations which did develop f rom becoming self-sustaining.  lfrith 

t h i s  approach,  the je ts  were  turned off and left  off for  a prede termined  t i m e  interval  

each  tirne.a r eve r sa l  of torquing direct ion .vas commanded about a n  a x i s  in which 

j e t s  were  s t i l l  f iring. Simulation r e su l t s  and theol-etical w o r s t - c a s e  ana lyses  

indicated that these modifications reduced to a sa fe  leve l  the maximum bending-oscil-  

la t ion magnitudes and bending moments  on the docking tunnel in  t h e  p re sence  of a 
jet-on failure.  

F o r  some  CSM-doclied m a s s  loadings, the p r e s e n c e  of a d i sab led  o r  failed-off 

-X thrust ing jet can cause  a se r ious  control  instabi l i ty  when the L M  D A P  at tempts  

t o  control  pitch o r  ro l l  attitude. The  problem can  b e  explained us ing  Fig. D.6-g. 

Typically,  when a jet pa i r  is selected to  induce a commanded c lockwise  rotation 

about the cg, the 100-lb downward-thrusting jet impinges  upon the je t-plume deflector ,  

producing a fo rce  of 89 l b  in the +X d i rec t ion  ac t ing  on the moment  a r m  Dl and a 

fo rce  of 59 lb  perpendicular to the X ax i s  ac t ing  on the mcment  a r m  D The  net 2' 

moment  due to  the f i r ing of the  downward-thrusting jet i s  

which, for many m a s s  loadings, can b e  negative, t hus  commanding the  vehicle to 

ro t a t e  counterclock~vise.  Normally the -X thrust ing jet can counterac t  t h i s  moment,  

but  should it fail-off o r  be disabled, a grave  instabi l i ty  results. Even i n  a normal  

situation, propellant consumption i s  excess ive  f ~ rthe amount of ne t  to rque  gained. 
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Figure  D. 6-9 CSI\I/LM Doclced Configuration with J e t - P l u m e  Deflectors 



T o  e l imina te  t h i s  proble~, , ,  MIT proposed modification of the D A P  jet-sclcct  

logic such that downward-thrust ing je t s  producing a net torque in the wrong direct ion 

are avoided. NASA re jec ted  th l s  software fix and instead used a procedural
a 


work-around in which the deflected jets a r e  manually disabled when they  produce a 

net torque in the wrong d i rec t ion .  

T h e  CSM-docked control  law i l lustrated in Fig. D.6-7 included provisions f o r  

rapid r e c o v e r y  from l a r g e  atri tude e r r o r s  and ra tes .  In Fig. D.6-8,fo r  example,  

j e t s  would b e  fired coniinuously to move the s ta te  of the spacecraf t  f rom i t s  init ial  

position a t  A to  the  inner  r a t e  l imit  a t  B. At B the jets would be turned off to allow 

the  s ta te  to  d r i f t  a c r o s s  the  coas t  zone to C. At C, the jets would f i r e  until the 

e r r o r  r a t e  reached zero .  Usually,  fo r  U- o r  V-axis control,  the s t a t e  would then 

begin l imi t  cycling. However,  for  U- o r  V-axis control of a very  light configuration, 

o r  for  P - a x i s  control ,  the  h igher  c o ~ l t r o l  authoritywould cause  the s ta te  to undershoot  

t o  a point outs ide the  coas t  zone. In such a case ,  the inhibition logic would prevent  

jet f i r ings  fo r  a s h o r t  t ime as the s t a t e  dr i f ted slightly. The  jets would then torque 

i n  the opposi te  d i rec t ion  until  the  s t a t e  entered the coast  zone, af ter  which a shor t  . 

f i r ing  would occur  to produce a slightly negative e r r o r  r a t e  2nd ini t ia te  the l imi t  1 
' 

cycle. (The  e s t r a  two jet f i r i ngs  needed to recover  from l a rge  e r r o r s  and r a t e s ,  

i n  th i s  ca se ,  a r e  the penalty for  using a single fised phase plane to control  a l l  a s e s  
I

f o r  a l l  m a s s  loadings in the CSR.1-docked configuration.) t 
I: 
i

D.6.3.2 Automatic-Maneuvering Mode fi 
Since the main engine i s  not thrust ing during coasting flight, automatic  f 

maneuve r s  requi red  fo r  c e r t a i n  mission functions (e.g., preburn al ignments ,  rendez-  I 
vous  tracking; etc.)  a r e  pe r fo rmed  using RCS jets. Thesemaneuve r s  a r e  controlled 

by the  LM D A P  accord ing  to  a se t  of s t ee r ing  variables  computed by the at t i tude-ma- i
5neuver  rout ine,  KALChlANU. T h e s e  s teer ing  variables  a f fec t  only the  att i tude and 

r a t e  e r r o r s u s e d  by the RCS control-law phase planes. A principal des ign  objective Iof t he  Automatic-Maneuvering mode is accura te  t racking of des i red  gimbal  angles  

and des i r ed  spac,ecraft r a t e s ;  in addition, the four design objectives of t he  Attitude- i 
' 

Hold mode cited in Section D.6.3.1 a l so  apply to Automatic PIaneuvering. In ever?  t 
other  r e spec t ,  the Automatic-Maneuvering mode 1s identical to the Attitude-I-lold 

I
mode. 



D.6.4 Descent  Powered  Flight 

' In the  powered descent  to  the lunar  surface,  the L M  DAP mus t  provide 

cons iderable  prec is ion  in attitude control,  with rapid r e sponse ' t o  at t i tude deviations.  

Cont ro l  m u s t  b e  p r e c i s e  because seemingly insignificant devia t ions  f rom the  

reques ted  (p rep rogrammcd)  t ra jec tory  can r e su l t  in landing-point , e r r o r s  of s e v e r a l  

mi l e? .  

T h e  t e r m i n a l  descent  and touchdownof a lunar  landing can be done completely 

automatical ly;  however ,  some  manual intervention is permit ted t o  a l l o v ~  fo r  l a t e  

landing-si te  redesignation. Th i s  manual-overr ide capability h a s  p r io r i t y  ove r  t he  

au tomat ic  guidance requi rements .  In e i ther  the  automatic o r  manual -over r ide  control  

modes ,  t he  descen t  powered-flight D A P  can  a l t e r  i t s  control  p rocedures  a n d / o r  

jet-selection log ic  in  the unlikely event of an RCS jet failure-on o r  off, recognized 

o r  not-or a f a i l u re  of the descent-engine Gimbal T r im System (GTS). 

A s  d i scussed  in  Section 6.1.1, the design of the powered-flight portion of t he  

L M  D A P  w a s  approached through four overlapping pathways-estimation of slowly- 

vary ing  p a r a m e t e r s ,  s ta te  estimation, RCS jet selection and t iming,  and GTS-drive 

select ion and timing. However, the GTS-drive selection is pa r t i cu l a r  to descen t  

powered flight and is pres.ented h e r e  i n  g r e a t e r  detail .  

T h e  Lh l  descen t  engine can b e  rotated about the Q and R a x e s  a t  a constant  

r a t e  of 0.2 d e g l s e c  by the Gimbal T r i m  System, thus d i r ec t ing  the  th rus t  vec tor  

through the  spacec ra f t  cen ter  of mass .  Consequently, the RCS jet-control sys tem 

is re l ieved  of the  burden of a b i a s  angular accelerat ion due  to an  offset  t h r u s t  vector .  

T h i s  mode  of opera t ion  is called the GTS acceleration-nulling mode.  F u r t h e r  ana lys i s  

showed that  the  GTS could a l s o  control the  L M  angular r a t e s  and atti tude, but only 

when the  flight conditions placed relat ively mild requi rements  on the  DAP.  T h i s  

option w a s  implemented in the L M  D A P  and is called the GTS atti tude-control mode. 

T h e  t ime-opt imal  control  law was modified in the Lnl application s o  that dela>-3 

a t t r ibu tab le  to  the  0.1-sec cycle  period of the D A P  and to t he  mechanical  l a g s  in 

t he  t r i m  g imbals  would not generate  an unacceptable l a rge ,  steady:state, control- l imit  

cycle .  

. 
The  e x i s t e ~ ~ c e  of two independent C4,R ax i s  att i tude-control l a w s  (RCS and GTS) 

c rea t ed  the possibi l i ty  of conflicting control to rques  being applied t o  the  LM, s o  a 



se t  of c r i t e r i a  were  specified defining the  precedence  of the  two sys t ems ,  in .an 

effort  to obtain maximum benefit  f rom the GTS (saving RCS f i r i n g s  and fuei) vihile 

preserv ing  the rapid response  of the RCS sys tem.  

The RCSJGTS interface was  organized to  implement  t h e s e  specifications.  

RCS alone e x e r t s  control  over  LM atti tude, us ing  the RCS phase  plane and coast  

zone, until GTS i s  dec la red  usable  by a AV monitor  and the p m b a l  monitor .  Every 

two seconds during powered descent ,  the AV moni tor  and the  gimbal  monitor  verify 

that  ignition has  been achieved, that adequate  t h rus t  1s p re sen t ,  that the  astronaut  

is not signaling a GTS failure,  and that the as t ronaut  h a s  not indicated the onset of 

ascent .  When these  specified conditions a r e  me t ,  GTS control  is admiss ib le .  

During a nominal automatic lunar  descent ,  the  GTS a l t e r n a t e s  control with 

the RCS on success ive  D A P  passes .  Considerable  care w a s  exe rc i sed  to ensu re  

that conflicting commands and chattel- w e r e  a-,raided. Holr;ever, should the astronzut  

se lec t  a manual ove r r ide  of the automatic  sys t em,  the GTS b e c o m e s  limlted to 

acceleration-nulling coritrol. 

Within the GTS portion of the D A P ,  a flag is checked t o  d e t e r m i n e  whether 

the thrust  vector  has  yet been brought to  within one d e g r e e  of t he  cen te r  of m z s s .  

Until this  condition 1s met ,  accelerat ion nulling will be executed e v e r y  two seconds 

under ~ J A C C S .If that  flag is set ,  GTS in t e r roga te s  the je ts  be fo re  exerc is ing  controi I 

on every  o ther  D A P  pass to s e e  whether any RCS j e t s  a r e  f i r ing.  If RCS jets a r e  

firing, the je t s  re tain p r imary  atti tude control ,  and GTS is t e m p o r a r i l y  l imited to 1
accelerat ion nulling, with one nulling d r i v e  being executed immedia te ly  from GTS 

i f  attitude c o n p o l  w a s  being exerc ised  by GTS on the preceding GTS D A P  pass.  If i
t h e  RCS jet interrogat ion shows a l l  jets off, GTS executes  a t t i tude  control  every  j
0.2 sec,  controlling the angular accelerat ion,  the  r a t e  e r r o r s ,  and the at t i tude e r r o r s  ! 

ias long a s  the  spacecraf t  attitude r e m a i n s  within the  RCS coas t  zone. 
I 

! 
D.6.5 Ascent Powered Flight 1 

The Lhl  ascent  configuration in powered flight r e q u i r e s  a much higher dut}' 

cycle  for RCS jet activity than does  the powered-descent  LSI, s ince ,  unlike the Dl's 

engine, the APS engine is rigldly mounted, unable to control  t he  angle of the thrust  

vector  relat ive to the spacecraf t  cg. Attitude control  of the Lh'I a scen t  configuration 



is achieved solely by t he  RCS je ts  commanded by an appropr ia te  RCS control  lati:, 

Since the  a scen t  engine produces only a sma l l  torque about the  vehicle  P a x i s  

( the  engine is nominal ly canted only 1.5 deg  away from the P axis ) ,  the cont ro l  

problem about t h i s  a x i s  is relat ively straightforward. Indeed, the RCS cont ro l  law 

a s s u m e s  tha t  no d i s tu rb ing  torque ex is t s  about the P ax i s ;  t h e m a j o r  cont ro l  problem 

for t h e a s c e n t  LM, t he re fo re ,  i s  one o i  controlling att i tude about a x e s  perpendicular  

t o  t he  vehicle  P axis-in par t icu lar  the autopilot U', V' axes .  

D.6.5.1 	Autopilot Single-Jet  Control Boundary 

To avoid d iminish ing  the effective thrus t  of the ascent  engine, a n  impor tan t  

r e q u i r e m e n t  for .powered-ascent  control i s  that, whenever possible,  onlyupward-for-  

c ing  RCS je t s  be used.  In the Q,R plane (which contains the U,V and U',V' a x i s  

s y s t e m s )  a locus of vehicle  c g  positions exis ts ,  within which, theoret ical ly ,  no m o r e  

than  a s ingle  U-axis o r  V-axis  RCS- jet firing would be neces sa ry  to maintain at t i tude 

con t ro l  of the  vehicle. T h i s  l ocus  is called the theoret ical  single- jet control  boundary. 

b 	 F o r  cg posi t ions lying on the  single- jet control boundary, a t  l ea s t  one upward-forcing 

jet m u s t  f i r e  continuously to  maintain control;  and for  the par t icu lar  a x i s  (U o r  V) 

about  which the jet is f i r ing  continuously, the net  torque produced about tha t  a x i s  

by the  a s c e n t  engine and by th i s  continuously-firing jet is zero. F o r  c g  posi t ions 

outs ide  th i s  boundary, cont ro l  cannot be maintained unless  a t  l ea s t  onedownward-for-  

c ing  jet is used.  

In desc r ib ing  t h e  single-jet  control boundary, i t  is useful t o  employ a quant i ty  

cal led the  "effecti~re" c g  displacement  from the thrus t  ax i s  of the  a scen t  engine.  

T h e  components  of the  effective cg displacement from the thrus t  ax i s  a long t h e  Q 

and R a x e s  can  be defined as follows: 

- t o rque  about the  R a x i s  produced by ascent  engine -
C g ~ ( e ~ f )  	 ascent-engine thrus t  

- to rque  about the Q a x i s  produced by ascent  engine 
C g ~ ( e f f )- - ascent-engine thrus t  



In Fig. D.6-10, the locus  of effective c g  displacelnents  which de f ines  t he  theoreti'cal 

single-jet  control boundary i s  drawn in the Q,R plane. In addition, loca t ions  of the 

upward-forcing RCS jets i s  shown together  with the U,V and U1,V'  a x i s  sys tems.  

In calculating the theoret ical  control  boundary shown in F ig .  D.6-10, i t  i s  

assumed that the component of the ascent-engine thrus t  along the  vehic le  X ax i s  

h a s  a magnitude of 3500 lb, and that a U jet produces a torque of 5 5 0 G ft-lb about 

the  U axis ,  and a V jet produces a to rque  of 55.oAF ft-lb about the  V ax i s .  Under 

actual  operat ing conditions, these  assumpt ions  d o  not hold exact ly t r u e ,  and some  

deviation from the theoret ical  control boundary can be expected. F o r  t h e  purposes 

of t h i s  discussion,  however, it will be assumed that the single-jet  con t ro l  boundary 

can be represented a s  in Fig. D.6-10.) 

During  p ~ e r e d  ascent ,  the autopilot d e t e r m i n e s  whether the  c g  l i e s  within 

the single-jet  control boundary by es t imat ing  the  net control  acce l e ra t ion  produce~i  

by  a single upward-forcing jet about the appropr ia te  U'  o r  V '  ax is .  (Xet control 

acce lera t ion  is the angular accelerat ion about a given control  ax i s ,  U' o r %.", which 

r e s u l t s  f rom the c o ~ n b ~ n e d  torques  produced by the commanded RCS jet  and by the 

a scen t  engine.) Due to the way in which the U', V' sys tem was  cons t ruc ted ,  a net 

control  accelerat ion of ze ro  about tile U' ax i s  is equixralent to a net  t o r q u e  of ze ro  

about the U ax i s ;  and a net contl-01 acce lera t ion  of ze ro  about the V '  a x i s  is equ i~a le r , t  

to  a net torque of ze ro  about the V ax is .  As noted above, the de te rmina t ion  of a 

z e r o  net torque about the U o r  V ax i s  i s  required to establ ish the s ingle- je t  control 

boundary; and thus the computation of net acce lera t ion  in the nonorthogonal U', V' 

sys t em allows the autopilot to  make th i s  determinat ion.  

It is not des i rab le ,  however, for. the autopilot to allow net cont ro l  acce lera t ion  

t o  become a s  smal l  a s  zero. (Th i s  would mean continuous jet f i r i n g  to mere ly  

maintain attitude.) N'hen the autopilot d e t e r m i n e s  that the  net single- jet  acce lera t ion  

about a control ax i s  is l e s s  than ;/I28 r a d l s e c 2 ,  a decis ion i s  m a d e  t o  u s e  two-jet 

cont ro l  about that axis .  (This  number is de termined  from sca l ing  cons id era ti or.^ 

in the ACC to avoid overflow.) The autopilot, therefore ,  a s s u m e s  a s ingle-  jet control 

boundary which l i e s  within ?he theoret ical  houndary. 

Nominal cg positions for  the LRI ascent  configuration dur ing  powered ascent  

l i e  well within the single-jet  control boundary and would be espected not to requi re  

two-jet f i r ings about a control as i s .  



Figure.D.  6-10 Ideal Single-Jet  Cont ro l  Boundary 



Dur ing  powered a scen t ,  cer ta in  conditions (which may adverse ly  affcc: guid-

ance),  such  a s  an exces s ive  a t t i tude-er ror  angle o r  e r ro r - ang le  r a t e ,  may r e q u i r e  

the u s e  of two-jet control  for the U and V axes,  even for  cg  posi t ions within the 

single-jet  control  boundary. T h e u s e o f  two-jet control i s  mandatory f o r  sufficiently 

l a r g e  e r r o r s  of t h i s  type, even  though the u s e  of downward-forcing je t s  i s  ordinari l j l  

deemed undes i rab le .  Ho~veve r ,  simulations show that in s teady-state  operat ion,  

e r r o r - a n g l e  e s c u r s i o n s  a r e  sufficiently small  to avoid two-jet control  for a l l  c g  

posi t ions within the D A P  s ingle- je t  control boundary. 

D.6.5.2 Effect  of Inco r rec t  Icnowledge of Inertia 

T h e  vehic le ' s  moment  of i ne r t i a  is not used explicitly by the DAP. Mov~ever ,  

a p r i o r i  knowledge of t h i s  quantity is assumed in the AGC subroutine which cornpates 

s ingle- jet  acce lera t ion  a s  a function of m a s s  (for the  P, Q and R axes ) .  If the 

function is not accu ra t e  o r  i f  the  computer 's  knowledge of m a s s  i s  inaccura te ,  then 

t h i s  is equivalent to  an  e r r o r  in knowledge of vehicle moment of iner t ia .  Since the 

autopilot d o e s  not have a f i l t e r  f o r  est imating single-jet accelerat ion,  no cor rec t ion  

can be  m a d e  to the value computed in  the AGC; however, t h e  D A P ' s  r e c u r s i v e  s t a t e  

e s t ima to r  d o e s  e s t ima te  offset  accelerat ion (offset accelerat ion i s  defined h e r e  a s  

that p a r t  of the angular  a.cceleration which cannot be explarncd by commanded jet 

firings).  An important  c h a r a c t e r i s t i c  of the s tate  es t imator  i s  that  any e r r o r  in 

the  computed single-jet  cont ro l  accelerat ion tends to produce a compensat ing e r r o r  

in the s t a t e - e s t ima to r  va lue  f o r  offset  acceleration. (This  compensation d o e s  not 

occur  d u r i n g  coast ing flight, s i nce  offset  accelerat ion is not est imated in t h i s  case . )  

The r e s u l t  is that a compensa t ing  e r r o r  is made in the DAP's computation of the 

net cont ro l  acce lera t ion  about a control a s i s .  

To t e s t  the  effect  o f  i n c o r r e c t  knowledge of moment of i ne r t i a  on autopilot 

pe r fo rmance ,  all-digital  s imula t ions  of the powered ascent  Lnl w e r e  run  in which 

e x t r e m e  I I mass -misma tches"  exis ted (i.e., a l a rge  e r r o r  existed in the AGC'5 

knowledge of m a s s ) .  F o r  t he  purpose of this tes t ,  a special  Lhl subprogram was 

used in which an  e f f ec t ive  c g  displacement was selected of 2 in. f r o m  the t11rur;t 

ax i s  a long the vehicle Z a s i s ,  a s  i l lustrated in  Fig. D.6-11. In one simulation r u n ,  

a m a s s - m i s m a t c h  c a s e  w a s  studied in which the D A P  determinec! the m a s s  o f  t h c  

L M  ascen t  configuration t o  be 2775 k g  and the actual m a s s  was 4933 lig. As a 
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main engine i s  
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RCS 'U jet 
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Figure D. 6-11 Effective cg Displacement for Simulations of Mass-Mismatch  



resu l t ,  the D A P  overest imated the  s ingle- jet  acce l e ra t ions  about the P,Q and R 

axes.  F o r  example, a t  approximately 20 s e c  a f t e r  ignition, t he  D-4P overest imated 

the  single-jet accelerat ion about the R a x i s  by 9.1 d e g / s e c 2  fo r  each  of the two jets 

required to maintain control ,  for  a total ove re s t ima te  of 18.2 d e g / s e c 2  for  the two 

jets. This  e r r o r ,  however, was  part ia l ly  compensated for  by an overes t imate  in 

offset accelerat ion about the R a s i s  of 9.9 d e g l s e c2 . To i l l u s t r a t e  the effectiveness 

of the autopilot in maintaining control  for t h i s  case ,  a phase-plane plot (a t t i tude-er ror  

r a t e  v s  attitude e r r o r )  of a typical s teady-state  l imi t  cycle  is given in Fig. D.6-12. 
T h e  phase plane i s  shown for the  autopilot U' axis .  Because  of the e r r o r s  in the 

D A P t s  knowledge of the RCS single-jet  acce lera t ion ,  the U' and V'  a x i s  d i rec t ions  

determined by the D A P  differed from the theoret ical  U' and V '  d i rec t ions ;  thus,  

accelerat ion cross-coupling existed between the D A P  U '  and V'  control  axes.  The  

effect of this  cross-coupling, however,  w a s  not a s e r i o u s  one. On the  average,  the 

ex t r a  f i r ings required pe r  l imit  cycle  w e r e  1.0 for  the U a x i s  and 0.7 for the  V 

axis .  Phase-plane a t t i tude-er ror  angle e s c u r s i o n s  were  deemed reasonable.  (A 

second simalation was  run in which the D A P  de termined  the m a s s  of the  L5'i ascent 

configuration to be 4933 kg, while the ac tua l  m a s s  w a s  2775 kg. Again, a s  in the 

previous case ,  no se r ious  complicat ions resu l ted  from cross-coupling.  On the 

average,  the ex t ra  f i r ings requi red  per  l i m i t  cycle  w e r e  1.3 for  the  U axis  ar.d 0.8 

fo r  the V axis.) 

D.6.5.3 Effect of an Undetected J e t  Fa i lu re  

The problem of undetected jet f a i l u re  is s i m i l a r  t o  that  of mass-mismatch ,  

although the re  a r e  important  differences.  T h e  c a s e  of an  undetected failed-on jet 

p re sen t s  no special  control problem. for  t h e  autopilot. Th i s  is because  the angular 

accelerat ion produced by the faiied-on jet can  be  c o n ~ i d e r e d  equivalent to an additional 

offset  accelerat ion ~ r o d u c e d by the a scen t  engine. In e i t h e r  c a s e ,  the D A P  

s ta te -es t imator  f i l ter  e s t ima te s  the  acce lera t ion  a s  an offset acce lera t ion ,  and no 

e r r o r  i s  introduced into the DAP1s  knowledge of net control  authority.  

The m o r e  difficult c a s e  for  the autopilot is that  of a n  undetected failed-off 

jet. When this  jet is commanded to f i r e ,  the  s ta te  e s t i m a t o r  "sees"  the lack of 

response  as  resul t ing f rom an opposing s t e p  ir! offset acce lera t ion .  (The effcct is 

s imi l a r  to that of the mass -misma tch  c a s e  w h e r e  theDdlP o v e r e s t i m a t e s  the single- jet 

accelerat ions about the P,Q and 13 axes.)  If the D A P  des igna te s  the failed-off jet 

for  single-jet control,  then control  will t empora r i l y  be  lo s t  about tha t  axis.  This  
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l o s s  of control  will ex is t  until  the attitude e r r o r  o r  a t t i tude-er ror  r a t e  is sufficiently 

l a r g e  to r equ i r e  mandatory  two-jet control o r  until the e s t ima te  of net a n p l a t -

acce lera t ion  becomes  sufficiently smal l  that the autopilot concludes that the  c g  l i e s  

outs ide the s ingle- jet  cont ro l  boundary. This  situation i s  i l lustrated in Fig.  D.6-13. 

T h e  V' axis  phase-plane l imi t  cyc les  in this  figure a r e  taken from a d ig i t a l - s in~u la to r  

r u n  in which the effect ive c g  displacement from the thrust  vector  i s  constrained to 

b e  along the vehicle U a x i s ,  with Q and R components of 0.5 in. On pa ths  A-B, F-G 

and H-I, s ingle- jet  cont ro l  bs i r lg  the failed jet) i s  commanded. Thus,  when the  

phase-plane s t a t e  l i e s  on  these  paths,  the only angular acce lera t ion  ac t ing  about 

t he  V '  ax i s  is the V '  component of *offset acceleration, and control  is t empora r i l y  

lost .  Pa ths  B-C and G-H l i e  in a region of the phase plane which ca l l s  f o r  mandatory  

two-jet control.  On t h e s e  paths,  s ince one operable  jet is firing, cont ro l  of the 

vehicle  is regained.  On paths C-D and I-J, the estimated value of net  angdlar  

acce lera t ion  is suff ic ient ly s m a l l  to cause  the autopilot to conclude tha t  t he  s ingle-  je? 

cont ro l  bo'undary h a s  been exceeded; two-jet control is then commanded. Dl-lring 

pe r iods  of the l imi t  cyc le  in which the failed jet is not commanded t o  f i r e  (c.g 

pa ths  D - F  ar,d H-K), t h e  s t a t e  es t imator  tends to  reduce i t s  o f fse t -acce lerz t icn  

e s t i m a t e  for  the V'  a x i s  toward the co r r ec t  value. T h i s  causes the e s t i r n ~ t eof net  

s ingle- jet  angular  acce lera t ion  to increase .  At points E and K ,  the e s t ima te  of net 

angu la r  acce lera t ion  h a s  become sufficiently l a rge  to cause the autopilot t o  conclude 

that  the  c g  again l i e s  within the single-jet control boundary. It can be s e e n  frorn 

the  above that,  for  t he  c a s e  being tested, the autopilot a l t e rna t e s  between per iods  

in  which i t  concludes tha t  the cg  l i e s  withln the single-jet  control  boundary and 

pe r iods  in which it concludes that the c g  l i e s  outside the single-jet  cont ro l  boundary. 
t 

T h i s  r e s u l t s  in  "loose" l imi t -cyc le  activity, a s  can be  seen in Fig. D.6-13. It \trill 

be noted that  .the ex is tence  of mandatory two-jet control regions in the phase  plane 

does prevent  unreasonably l a r g e  attitude e r r o r s  from building up. F o r  a sufficiently 

l a r g e  offset to rque  about a n  ax i s  requir ing a failed-off jet for  single-jet  c o ~ t r o l ,  

the D A P  v ~ i l l  a1wa;rsdetermine that the offset acceleration l i e s  outs ide the s inglc- jet  

cont ro l  boundary. The offset  torque about 'the ax i s  in question mus t  exceed 275 2 

f t - lb  (half the torque  produced by one RCS jet) for  th i s  to be  t rue .  Since s ingle- jet  

cont ro l  i s n e v e r  cal led io r ,  in  t h i s  case ,  reasonably tight l imit cyc les  can b e  expected. 

D.6.5.4 Velocity E r r o r s  

I11 genera l ,  the a v e r a g e  att i tude e r r o r  for an  autopilot phase-plane l imi t  cxc le  

is non-zero  and will depend upon the values o f  offsct  accelernticln and RCS control  
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accelerat ion.  During each  2-sec guidance period, t h i s  ave rage  attitude e r r o r  will 

tend to produce I 1  c ros s -z s i s "  velocity, i,e., a component of  velocity normal  to the 

commanded direction of the ascent-engine thrust  vec tor .  An additional sou rce  o f  

c ross -ax is  velocity i s  the inaccuracy  in the knowledge (by the guidance law) of the 

direct ion of the ascent-engine th rus t  vec tor  with r e s p e c t  to the vehicle axes.  One 

of the functionsof the FIhTDCDUiV ~u idance /Au top i lo t  In te r face  Routine ( see  Section 

C.7) is to  respond to a b i a s  in t h rus t  d i rec t ion  and to modify the commanded direct ion 

of th rus t  provided by the guiddnce law to c o r r e c t  the b ias .  T h e  pa r t  of the FINIlrCDU\Y 

routine which per forms th i s  function is the  Thrust-Direct ion F i l t e r .  In the presence  

of a fixed b i a s  in the d i rec t ion  of  the L M  ascent-engine th rus t  vector  with respec t  

to the des i r ed  X-axis or ientat ion,  the Thrust-Direct ion F i l t e r  a c t s  a s  a f i r s t -order  

fi l ter with a t ime  constant of 8 sec .  In general ,  t he re fo re ,  i t  can be expected that 

for a fixed b i a s  in the d i rec t ion  of the  thrus t  vec tor  with r e spec t  to the D A P t s  

des i red  vehicle X-axis  d i rec t ion ,  24 s e c  will be r equ i r ed  for the  f i l ter  to co r r ec t  

for 95 percel-!i of  the bias .  

T h e  e f fec ts  of autopilot b i a s  and thrus t -vec tor  misal ignment  during powered 

ascent  on velocity e r r o r s  a t  engine cutoff have been  tested on the i211-Digital 

Simulator.  T h e  t e s t s  used the  APS powered-flight guidance program,  P42 ,  with 

external  Air guidance. A l ight a scen t  vehicle  was as sumed  and AV was supplied a s  

aninput  to the program. It was  concluded from th is  study that the Thrust-Direct ion 

F i l te r  was effective in reducing the c r o s s - a s i s  velocity resu l t ing  from ei ther  of 

the causes  discussed above. Attitude-pointing e r r o r s  produced by the cant of the 

ascent  engine frpm ihe  vehicle X a s i s  a r e  eas i ly  c o r r e c t e d ,  s ince  the engine cant 

is a fixed b i a s  throughout the run. Cross -ax i s  veloci ty  a t  cutoff for a l l  of the r u n s  

was  general ly  within 1 f t l s e c .  (In two t e s t  c a s e s ,  however ,  c r o s s - a s i s  velocity 

exceeded 1 f t / sec .  An e x t r e m e  off-nominal cg  c lose  to t h e  maximzm cg  displacement  

which can be  controlled by the D A P  produced a 2 f t / s e c  e r r o r  a t  cutoff. In a c a s e  

where the c g  was constrained to  l i e  a long the t h r u s t  vec tor ,  a 1.25 f t i s e c  e r r o r  

resul ted.  In  t h i s  l a t t e r  ca se ,  a slow osci l la t ion of the FIIiDCDULV thrus t -ax isd i rec t ion  

resu l t s .  Th i s  is a conseqcrence of the flow l imi t -cyc le  period in the phase plane 

for the c a s e  in which the offset acce lera t ion  i s  zero .  Since the l imi t  cycle period 

i s  much l a r g e r  than the 2-see guidance period,  the Thrus t -Direc t ion  F i l te r  follows 

the slow oscillation.) 



D.6 .6  CSM-Docked Powered Flight 

The contingency of a CSM Service  Propulsion System fa i lure  p r i o r  to the 

initiation of lunar  landing would r e q u i r e  tha t  the  Lnl descent  configuration become 

the  act ive spacec ra f t ,  pushing the  CSLIILM configuration into a t r a j ec to ry  fo r  the  

flight back t o  ear th .  Des ign  cons idera t ions  fo r  LM D A P  control of the CS31-docked 

configuration a r e  complicated by rad ica l ly  a l te red  control au thor i t ies  and m a s s  

dis t r ibut ions and four  physical  constraints-bending and tors ion a t  the docking 

te rmina l ;  s losh  in te rac t ions  bet\\-een the  two vehicles;  RCS jet-plume impingement; 

and engine-on and throt t l ing t rans ien ts .  T h e s e  cons t ra in ts  a r e  d i scussed  below. 

D.6.6.1 Bending and T o r s i o n  Cons t ra in ts  

Bending oscillations-and tors ion,  t o  a l e s s e r  degree-could jeopardize the 

s t r u c t u r a l  integri ty  of t he  docking tunnel which joins the two comparat ively rigid 

vehicles.  Accordingly, app ropr i a t e  c a r e  m u s t  b e  taken in the LM DAP design to  

e n s u r e  that the RCS j e t s  ( the  pr incipal  i n s t iga to r s  of bending esci ta t ion at  c r i t i ca l  
.. 

frequencies)  r e in fo rce  bending alnplitudes.  

D.6.6.2 Slosh Cons t ra 'n t  

When the  vehic les  a r e  i n  t he  CSM-docked configuration, considerat ion mus t  

b e  taken for  t he  s losh m o d e s  imposed by the  p r e s e n c e  of both CSM and L M  propellant. 

I t  mus t  be  verified tha t  the  Lh1 D A P  des ign  e n s u r e s  that the Gimbal T r i m  System 

(the principal  ag i ta tor  of s lo sh )  d o e s  not c a u s e  s losh  amplitudes to  exceed acceptable  

levels .  

D.6.6.3 RCS J e t - P l u m e  Impingement Cons t r a in t s  

T h e r m a l  cons t r a in t s  imposed by RCS jet-plume impingement a r e  even m o r e  

s e v e r e  in t he  CSM-docked configuration than in  the LRI-alone. (Section D.6 .3  
b 

d i s c u s s e s  t h e s e  cons t r a in t s  in the contest  of L M  coasting flight.) In the docked 

configuration, the LA1 RCS je t s  can impingeon  both vehicles. T h e  pl-oblem i s  fur ther  

aggravated, because  the  l a r g e r  pitch and ro l l  i n e r t i a s  associated with the CSM-docktd -
configuration neces s i t a t e  longer  jet-on t i m e s  to achieve des i red  per formance .  



To combat  the se r ious  thermal  constraint imposed by the jet-plume irnpingc- 

ment ,  the c r ew can  initiate,  via the DSICY, L M  D A P  rout ines  to inhibit the  firing of 

U- and V-torquing je t s  during CSM-docked powered flight. In addition to t h i s  

sof tware approach ,  jet-plume deflectors  were added to the L M ;  the i r  effect upon 

L M  D A P  cont ro l  of the CSM-docked conf iy ra t ion  i s  discussed in Section D.6.3. 

D.6.6.4 Cons t r a in t s  Related to Engine-On and Throttl ing Trans i en t s  

Because  a l l  but the  yaw-axis je ts  a r e  inhibited dur ing  CSM-docked powered 

flight (thus prevent ing  irr~pingelnent on ei ther  t he  CSM o r  the  L M  jet-plume 

def lec tors ) ,  t h e  GTS must  a s sume  control of the spacecraf t  about the pitch and ro l l  

axes .  Under t h e s e  c i rcumstances ,  engine-on and throt t l ing t r a n s i e n t s  become a 

s e r i o u s  GTS des ign  consideration. T h e s e  t ransients  s tem from t h r e e  factors-  

computational underflow, initial mis t r im s of the descent-engine bell ,  and compliance 

of the descent-engine mount. 

Until t he  computa t iona l -under f lo~?problem was solved in the  LU?$.IINARY 1.4 

program (for  Apollo 111, the scaling of the GTS control law was  such that  att i tude 

e r r o r s  could not bedetected for  the CSkl-docked conf iy ra t ion  a t  low thrus t .  Attitude 

e r r o r s  could thus  not b e  s teered out dur ing  the ten-percent  t h rus t  period (26  sec )  

p r i o r  to  throt t le-up.  A 40-percent manual  throt t le-up a few secofids a f t e r  ignition * 
avoided these e r r o r s  ; a t  this  thrust  level,  the m o r e  significant a t t i tude e r r o r s  

could b e  de tec ted  by the  GTS and s teered out. Because  it yielded supe r io r  

per formance ,  t h i s  in te rmedia te  manual throttle-up procedure w a s  retained even a f t e r  

the  computational-underflow i s sue  was resolved. 

I 

T r a n s i e n t s  a re  a l s a  produced by m i s t r i m s  of the descent. engine p r io r  t o  
I 

' ignition. (A "mis t r im"  is h e r e  defined a s  a deviation of the engine-bell orientation.) 

Because  the engine-bell  gimbal d r ive  r a t e  is only about 0.2 deg/ s e c  fo r  the  descent  

engine, substant ial  t ime  i s  required to co r r ec t  l a rge  initial  m i s t r i m s ,  du r ing  which 

significant excu r s ions  in attitude e r r o r ,  r a t e  and accelerat ion might occu r .  

* 
All four of t h e s e  t rans ien t  fac tors  a r e  kept to a n~in in lumby this  40-percent  manual 

throt t le-up pl.ocedurc. 



T h e  descent-cngine mount has a thrust-proportional misal ignment (conlpli- 

ance)associated with abrupt throttle changes. T h i s  association effectively introduces 

a mistrim at throttle-up-or any other throttle manipulation-with an effect compa- 

rable t o  that noted in  t h e  previous paragraph. 



A NOTE ON SOURCES 

By the t ime th i s  r eco rd  of h l IT ' s  Apollo sof,t.~varc e f for t s  entered the germination 

stage, many of the sou l s  who had part ic ipated ' in  those  effor ts  had begun to d i s p e r s e  

to other  projects-both within and without the D r a p e r  Laboratory.  Nonetheless,  

virtually al l  wanted to a s c e r t a i n  that  that  pa r t  of the hls tory in whlch they played 

such important r o l e s  was  finally,  indeed, recorded .  Some personally documented 

the i r  accomplishments;  o t h e r s  supplied bi ts  and p ieces  that eventually interlocited 

to permi t  the construction of a unified whole. A cons iderable  amount of the information * 
recorded  wllhin these  pages  could be  gleaned f rom documents  that a l ready existed , 
but  a surprising-indeed, exasperat ing-amount  had  never  before  been documented. 

F o r  the la t te r ,  m e m o r i e s  had to  be tapped and taped;  57 t ranscr ibed :ntervie1.rr.;, 

count less  coqversat ions and mountains of notes  bea r  t e s t l ~ l o n y  to the coopera!ion 

and enthusiasm which I encountered along th is  h l s tor icz l  path. 

Considerably m o r e  informat ion  w a s  gathered than could be presented within 

any  single cohesive text. But what I hope h a s  remained i s  an insight into the team 

which ca r r i ed  the concept of Apollo software f rom a hopeful infancy, througll an oft 

turbulent aclolescence, to i t s  magnificently successfu l  goal. The  Apollo soft\vare 

team waE a heterogeneous, s o m e t i m e s  colorful lot,  one which demonstrated two 

bas ic  charac te r i s t ics :  competence  and perse l re rence .  The  p r e s s u r e s  imposed by 

the schedule some t imes  revea led  f ra i l i t i es ,  but m o r e  often demonstrated e l exen ta l  

strengths.  The  epoch which t h i s  h i s to ry  r e c o r d s  =as  a significant t ime in a l l  the 

part ic ipants '  professional  and personal  l ives ,  and, in  reca l l ing  this  period, no one 

fel t  dispassionate.  Despi te  the c rushing  schedules ,  the fantastic amount of mental 

and physical exert ion which the  project  c a m e  to dernand-the goal which was to be 

reached seemed to ene rg i ze  u s  all. 

Not every  m e m b e r  of the  Apollo sof tware  team contributed to this  repor t ,  h u t  

a grea t  many did, s o m e  extensively, s o m e  l e s s  so. In l is t ing these persons  beloiv, 
* 

A con?pendiun~of a b s t r a c t s  of a l l ' l a b o r a t o r y  r e p o r t s  pertaining to P ro j ec t  :\pol10 
appea r s  a s  an Appctldis to Volunl e I of t h i s  r c i m k t .  

http::ntervie1.rr.;



