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MANNED LUNAR LANDING VIA RENDEZVOUS 

In' any mission description, the vehicles, the flight profiles, and th 

ionics hardware to implement the mission a r e  all tightly interwoven 

gs. A final result evolves only after many iterations to the solution a r e  

ade. This paper w i l l  describe one of these iterations in the Saturn C-5 

arth Orbit Rendezvous approach to the Manned Lunar Landing Program. . 
th nce the iteration to be described in an n one, there exists some basis 

the hope that the perturbation from the final solution is s m d .  

This paper is not concerned with the landing itself, but only with those 

operations leading to injection of the space craft into the lunar transfer 

trajectory. .However, as is to be elrpected, it is the target conditions which 

se t  the pace for the overall operation. The entire operation must be sized 

culminate at a time and place which places the lunar target in an attain- ' 

l e  position. , The procedure would call for a bur s t  of activity lasting over 

relati& ehort time as compared to the long and extensive preparations 

leading up to it. 

The activity must be aimed at the opening of the lunar "launch window", 

Figure 1 illustrates the variation in the velocity increment required to  launch 

a vehicle into a lunar transfer' trajectory from a 485 kilometer earth orbit. 

he minima a re  at irregularly spaced intervals and a re  a function of the 

inclination of the lunar and the earth satellite planes andlof the position of 

the moon in i ts  orbit around the earth (i. e., t&e day of the month). In an 

e launch pad (primary and back-up), their state of readiness, the firing 

e, and also the flight profile to be chosen. Whether it is decided to go 

ening of one of tliese launch 



a n d y  capable state even after bridging one or mors of tihe gaps 

e' windows. This consideratiorg wUZ induence the design of the 

cles as  well as the operational modes to be. designed into tae Sight cont+ol 

are. For emmse ,  a sleep switch may be desirable from the stand- 

savings in battery weight. , 

th the end objective in nnind, let us start ta define 

irst it can be estabUsked.that the lbparking orbittt technique 

;approach. n e j  fss dictated by the possible lift-off delay of 

o fold coprtsabt upoa the lift-off time. These are: 

. %kt chases m d  mrget meet at the same poht in epaee mdl t 

(Phase Reqdr ement) 

is possible to meet both of these ~equirements (even when la- 

placed into two categories . 
w 

at required to "dog-leg back into the target plinell. 

t required to up1' with the target. 



3tr the second category, the "catch uptr maneuver m 

es sentially an off o p t i m u  ascent trajectory for the second v 

penalty versus time for lam& delay of a vehicle. to meet, the 

guide to the desired end canditions. For 

ch delay the cost can be of the order of'80 mJaec to meet a targ 

eir that the second constraint poses a ' s  

ft-off dkhy, while the Erst is a much more lenient restrict5 

ince li£t off delays arts iae.vitable (the present best estim 

aturn is that launch delays up to  fifteen minutes are possible, even in 

erationa version, not considering the manned aspect) it i a  d e a r  that 

e of the first vehicle be the deiigning criterion mil 

er less expensive raeglas be found for the phasing problem. 

a parking orbit for the chaser meets the requirem 

orbits of the hv'o vehicles are of different altitudes, the period diffe 

aticslly cauaes a catch up in phase. When the proper constellation i 

ached (Figure 4) the chaser can be injected into a Nobann transfer ellips 

rendezvous with the target, 'Of course, launch delays can occur even her 

t these can be shorn to be much less severe. Consider Figure 5..    he A 

r eqatired for, transfer of the c b a  ar from the lower to the upper orbit can be 

own as s function of the central angle traversed (from pezigee) by the 

is  :can be translated into @*lead anilen deviation from no- by the tar 

ch in turn (due to the difference in angular velocity of the two vehi 

sex$ conaiderrtion concebns the s equence of launching., 



t3d vehicle, s 

datory for the second vehicle, 

e alee, ' however, two primary factors to be conside 

at man shodd hof; be co 

he first velhiele may have a prolonged orbit stay 

fiat (a) it muet be pendized wit31 heil 

proteeeon, axad (b) the possibility must exist box turning aff a131 e 

meat so &at weight sa%lings in the primary power eource can be a 

ed v e ~ c l e  shouild go first. ' 

The q u e s ~ o a  as  to which vehicle (tihe mamed or the 

orbitPl maneuvering would tend to indicate a profit in propellant if the 

the $40 were the chaser, Sbce the probably be done 

be required to take the penalty of th 

ek, it wodd aeem e q e a e n t  not to thus bu 

The desilsablliw of the t h e r  being the chaser in the T a g n g  Mods can 

e esablished; wWe e6dcance seems to favor &e Rd veMcle being the chas 

f i e  Colnnec~ng m d a ,  it is not qdte  so caadusfve aa fa the Tanlker ca 

The point of tPSeasr -ken here i a  that the nned vehicle does th 

neuvgrixlg and &at *i8 m+euverling in the ter (that is, the ac 

errvoua phase) i s  done under dose  xaas and radar superdsitan of th 

ed veMcle, Xl; i e  qd t s  Ukdy %at f i e  a c h d  doclc;ing (that is, from 

st few feet up to matkg of fie vehicles) be done by ?man across the 

me 

lead a m e  over %a opedag sf fie L a a r  hazrooh 

4% . . 
I '  



n d  time reqpajired to ready and XawcB the sac 

y time in the p a r b g  oxbit can vary from as  litt2e as an ho 

ch a s  tea days. "$Es is3 af course, a direct function of th 

the capeD '1bi;ed;-ofl delay of the: second vehide {and thus the phas 

ust be dme) ;and tihe o p e h g  of f i e  first and subsequent; (if necess 

aunch window. 

be mads for a chaser '~midcou&ss~ maneuver. T 

midcourse correcaon i s  defined as Wlat impulse which either (1) injects 

chaser into the perigee of a M o b a m  traulsfer up t;a target acqu3sition po 

a circular versue Up9-jbcd parMng orbit looses srig&ficance as far  a 

ce ie  coacersed. 

The w m e d  vekajide be placed into the higher orbit by a &am 

ase wMch hjec=tsr it into f i e  peri 

cdi t r izbg apogee Hck, Ground tra~Hng eskblish the two elpheme 

d grotand somputadoa 

e cheer ddcou;kse impdae. 

The chaser asceot a p s e  is so designed .&hiat n s f i w a 3 ,  acquisition 

te  af the line of sight in ixaer~5d. space is zero, See Figure 6. The guidan 

gic i s  to hold f i e  line of sight xl 

while breaki.ng the closing velocityr to e s s a n t i a y  zero at  sorne asl 

ead of the targeter 1% .$a to be noted that this breakimzg thrust is in actuali 

osling the chaser into the Mghezr energy orbit and for ehe norm& case is 

&@a: fie rexladesvous thrzxet 



f the man across the loop, h either ease the touching v d  

be very much de te rdned  by the d o s e  in a 

sors and it is qd te  likely that some farm of optical sensor, p 

have to be used for t E s  phase, 

After dockzing, and laxing in the case of the t a d n g  mode, th 

must be checked out and eomted dowa for orbital launch, Althoug 

'bindow may be open for severdl hours, the ac  

ch point will be optimum at only one place in the orbit. Sp 

s that inside of the: larger launch window a re  smaller win 

m e s )  wxch occur once each orbit. The ac  

t take place inside srxruer Iauneh windows, and since the 

out one a d  a &df hour6 intervals, provision 

ch ready s t a d b y  a9 well aB updaang of the guidance system must 

be regdlred if h d d s  a re  encomtered which cause 

f these windows, 

elooity Budgets and Error  hdysiha 

Earldes in this paper, m e n ~ o n  was made of the propeuihllt continge 

ch must be designed into the chaser, This section 

places where tolerances m u ~ t  be designed ire and indlcate the propellan1 

the form of ;a vdocfey budget, A detailled des- 

e i e  beyond the intent of this paper , However, 

s felt that a description of the over 

s maneuver ve10~Ity budget wodd be idarmative, The impact of %he 

It when it i s  realized fhat the chaser burns 

s of propeUaht per meter per second velocity increment, 

ntriburte to the vdocity budget must be 

and in %helaasrelsrcss a m  an %iter#ay beween cpera~csrsall 



Under the heading of operational analysis we have the earth and or  

launch window influence. The effect of launch delay in the required veloc 

h s  already been shown, & remains that a figure of merit  for the launch 

operation be eswblished. This in itself requires a detailed evaluation of 

checkout and countdown'procedures. The degree to which automation is 

slved in the countdown must be evaluated, among other things against 

e r  of operations to be done, the number of checks which a r e  to  be 

d the length of time the various subsystems can be expected to reliably 

remain. in the launch ready state. As has been already mentioned, the 

tolerance upon Saturn l k c h  is established (at least  for purposes of missi 

analysis) a s  15 minutes. The probability of liftoff is a constant over the 1 

arinute interval, 
I 

A mitigating circmetance is that the Saturn ascending burn is long 

enough (that is, the central angle traver sed is large enough) so that the 

maneuver of doglegging on the way up begins to pay off, In other words, 

m i n i  is done at the relatively lower velocities and, as is indicated in 

Figure 7, axi aaveraU caahring in AV can be made. This is being investigated 

Within the framework of the Saturn path adaptive guidance concept and thus 

the aotion of variable asimuth launch begins to include the idea of some . 

variation in  the.artim.uth during Saturn boost ta injection. 
# 

Two &gs come immediately to mind under the heading of the influence 

,of physicd phenomena, These are (1) the effect of atmospheric drag upon the 

lower vehicle, and (2) th. difference in the nodal regression rate. of the 

orbital planes of the upper and the lower vehicles. 

The lower orbital altitude is a compromise between vehicle performance, 

remaining atmospheric drag, and the desirable difference in period between 

the upper and the lower vehicles (i. e, , the wstalkingtt rate). ~t the ldwer - 

oxbits consider.d, tbs air density is appreciable but its m a g ~ h r d e  is unkno 

to ,the exteat &at cdculatdsna of orbit llif 

50%. %'Me is aur ertor rovrroe which mu 

7 



The regression of the nodes of satellite is, a s  is well known, due to 

omalies in the atracting body's gravitational field. For the earth these 

fe'gression rates a r e  a function of the inclination of the satellite and earth 

equatorial plane and of the orbital, altitude of the satellite, and can be fairly 

well predicted. Figure 8 shows the noddl regression rate as  a function of 

titude for an orbital inclination of 28.3 degrees to the e.quator. This shows 

a t  the difference in rates can lead to an inclination of 1.1 degrees between 

arget and Chaser orbital planes for a stay time of one day. Thirr, of course 

anslates into a dogleg requirement 'for the chaser which rnus t be budgeted 

The velocity budget for hardware and scheme er rors  can be deterrnin 

by the following approach. 

An analysis of the accuracy with which the target and chaser can b 

ected into their respective orbits is made after e r ror  distributions of 

guidance components and of the guidance schemes have been established. 

This w i l l  indicate what must be added to the nominal AV for transfer betwee 

the no&al orbits, . 
1 
j 

Next an error  analysis i s  made of the aecuracy with which ground 

tracking &an establish the ephemerides of the two vehicles. A correlation 

of the accuracy with which the chaser hardware can deliver the midcourse 

1 
A 

maneuver .impulse is then made to establish the accuracy with which the cha 
1 
i can be injected into i ts  transfer ellipse, This is in turn reflected into the 
i 
I deviation of the chaser from its nominal at the target radar acquisition point. 
1 
t 
s Error  in  target orbit determination can be analyzed as  being deviation of the ' 

i chaser state variables from nominal at  the acquisition point, 
i 

1 Having now establis bed an error space at radar acquisition point, the 

er ror  analysis proceeds to establish the velocity budget for the terminal phase 

These er rors  fall into the two categories of hardware and scheme. Since th 

rendezvous guidance is basically a homing technique, the er rors  a r e  conver 

and the attainable end conditions (docking velocity zero at a given relative 

range) ,are directly funct5ons of the close up sensor accuracy. Accuracy at 



I 
ell as  dispersions from nominal conditions a t  

visualized as  causing extraneous maneuvering which ' 
I 

r e  of velocity increments, 

e accuracy required of the sensors close up can be analyzed in a 

ng dynamics study a5 shown in Figure 9, 

Let it be hypothesized that the conditions necessary for docking a r e  

that the cone tip and velocity vector of the chaser enter the cone of 

target. (These are, of course, not sufficient conditions since relative 

+ clo~ing  velocity, cone angle, and friction coefficients will determine the 

cone penetration and thus the actual docking and latching), 

The hy-pothesized necessary conditions can be thou 

eria which can be used to define the sensor Znaccuraci 
I 

controllable impulse and cutoff dispersion) as U u s t r  ~ 

This section will discuss the various items of the Saturn instrumentatio 1 
I 
1 
i kag; and their function& use in the given flight profile. i 

Consider the tanking mode and the unmanned tanker f i rs t  launch 
I 
I 

strurnentation package i r  contained in the instrument unit shown in Fjgure 1 
J . 1 

c d  component layout is shown in block diagram form in Figure 1 
s ic Saturn .inertial gddance and control system ia enclosed by a I 

1 

he inertial unit i s  a four gimbal, full angular freedom, plaffor 
I 
I 

ized in inertial space by three air bearing gyros. Three mutu I 

rthog onal pendulum integrating gyro accelerometers a re  mounte 

ab i l i~ed  refexence frame. 

The guidance computer wi l l  be an all rolid state, core memory typ 

ed in order to ensure reliability of 

ce computation, 



the dectried shaping ne 

dance and Control system just descri 

d receiver and a trackhg beacon are 

tted to tumble randomly, Should the 



The spaceborne computer is programmed with sub-routines for total 

vehicle checkout, stored conditions for channel analysis, and self checkin 
4 

sub-routines. The checkout sub-routines would perform such test  as, fo 

example, ssstatic" tests (tank pressures, temperatures, vehicle voltages, 

etc.) lldyMmicll tests (such a s  hardware response to test stimuli) and test  

of the control and guidanck systems (torquing of rate gyros; accelerometer 

eadouts, etc. ). The computer would analyze the results for a go-no-go 

ecision. In case of a "no-go", some fault isolation could be done by pre 

stored analytical sub-routines. In other cases these analytical programs 

have to be transmitted up from the ground and into the computer through 

e radio command link. 

The manned vehicle is now launched into orbit. Again the primary 

aunch guidance w i l l  be the inertial system. Injection will be into a "coast 

up" ellipse which has an apogee at the operational orbit attitude. The iner 

system will compute and direct the velocity increment for the circularizin 

kick in the apogee. This will be verified for the astronauts by ground 

tracking and command prior to execution. 

Once in orbit, the ephermis of the manned vehicle will be established 

by ground tracking. The time, direction, and magnitude of the velocity 

increment re'quired for chaser midcourse will be computed on the ground. 

A command to reactivate subsystems is transmitted to the chaser via 

its radio command link. The chaser goes into a search mode until its 

orizon sensors acquire earth. Once this is done the platform is re-erecte 

y the gyro compassing technique and the ground computed impulse is tran 

mitted into the chaser guidance computer through the radio command 

s, at the proper time the inertial equipment on the chaser supervises 

and measures the required impulse which will place the chaser at  the 

acquisition' point. 

The target radar acquir 

int. "The radar. measures 



f the chaser. This information is displayed in the capsule, 

same time it  is proc&sed in the target computer where the stored guidan 

ogio transforms it into velocity increment commands for tiha chaser. The 

commands are sent to the chaser where they are executed in much the 6 

anner as was the midcourse maneuver. Since the capsule contrd the 

mmand link, guidance override and pre -emption of the command functio 

wi l l  be at the descretion of the astronaut. 

The docking maneuver has so far been, of necessity. studied by d o g  

I computers and scale models. In this way the impact loading on the docking 

I structures, mating mismatches, and vehicle dynamics can be studied in term 
1 
I of the threshold inaccuracies of the docking sensors. Undoubtedly for the 

1 first times in orbit the astronauts will have available much more information 
I 

I an w i l l  actually be needed. Radar. optics, TV, even a window or a periscop 

he instrumentation and actual techniques as well as man's effect across the 

oop can evolve only after actual docking experimentation in orbit. 

Finally it might be mentioned that by and large the job of earth orbital 

rendez~ous can be done with relatively conventional approaches to the guidanc 

d control hardware. Only modest (at most) advances are called upon. Mo 

exotic implementations like cryogenic gyros and computers can be left for 

later developmental effort. Such exotic systems, while quite attractive 

talking purposes, are not considered safe risks for hard planning purposes 

as yet. 

It is  considered that the overriding philosophy for the on board instru 

menhtion will be a requirement for reliability and long life. The greates 

snces will be required in these areas and it is  expected that dbsign an 
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A. P O I N T P  LLdES WITHIN ~ O G K I A I G  GONE AT IMlTOAL CONTACT 

8. EXTENDED VELOCITY VECTOR OF CHASER (COk PENET&4fES 
GONE 

IC ANALYSIS 

xi+( v, -v, 1 + 
( I )  

Yf' y + ( x f - x r l +  

T A N p  = -$ (2) 

m APPLYING CRlTERIA 
A, LlMlTlNG POSITlON OF ( X f , Y )  IS ALONG ANOLE e 9 0  - 8 WITH P WITHlN THE CONE 

B, TAN h s  $ 
X I  X I  
m*xL r P N 4 s ~ I  Xi  

t 

FIGURE 9 
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. 
then if Xis SO meters 
p canhue 2vaCues 
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INSTRUMENTATION PACKAGE 
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FIGURE 12 
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