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CHAPTER I

I ntroduct ion

As the space shuttle becomes operational in the early 1980's,

two of its primary functions will be the deployment of new payloads

to pre-specified orbits and the retrieval of objects already in space.

Ultimately, it may be used to repair or replace satellites which have

malfunctioned. A possible scenario for such a mission involves an

initial orbital transfer by the shuttle to a Iocation in the vicinity
(about Iooo ft) of the satellite to be retrieved and repaired. This

Iocation is called a Stationkeeping Point and allows the crew to visual-

ly inspect the satellite and to make systems checks before final ren-

dezvous maneuvers are initiated. The final rendezvous and al I shutt!e

attitude changes enrploy the Reaction Control System (nCS) or the Vernier

Reaction control system (vRcs) to produce atl necessary changes in

the linear and angular velocities of the shuttle. The RCS is composed

of 38 strategically located 870 tbf r:ocket thrusters. The VRCS has six

thrusters, each capable of producing 25 lbf.

The final rendezvous maneuver is designed to place the shuttie

within 50 ft of the satellite so that it can be grappled. The relative

velocity at the end of the final approach must be smal I enough so that

the Remote Hanipulator system (RMS) may be used to effect a capture.

upon retrieval and repair (or replacement), the satellite is deployed
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with the RMS. A trajectory is then initiated which will return the

shuttle to the stationkeeping point. From this location, the satel I ite

may be tested in insure proper operation. Next, an orbital transfer

may be computed for approach to another satellite or for reentry and

.landing.

For ease of discussion, two mission phases have been defined

which encompass the above manuevers. Proximity 0perations denotes

that phase of the mission when the shuttle is either at thestationkeep-

ing point or in transit to or from the satellite. The Payload Handling

phase occurs at any time when the shuttle is within the RMS capture

range (SO ft) of the satellite and is actively involved in a capture

or deployment procedure.

There are four primary constraints which govern the motion of

the shuttle during the payload handl ing and proximity operations phases

of the mission. These are:

(l) RMS constraints

(Z) Plume impingement constraints

(l) Safety constraints

(4) Propel lant constraints

The RHS is mainly composed of a 50 foot, anthropomorphic, re-

motely operated mechanical arm which is used to stow or deploy satel-

lites (or any payload) to or from the shuttle cargo bay. The structural

design I imits of the unloaded manipulator arm impose a maximum tip ve-

locity of 2.0 fps during any retrieval or deploying operation. However,

for a maximum payload of 65000 lb, the allowable translation rate is

reduced to 0.2 fps. That is, if the relative velocity between the shut-
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tle and a 55000 Ib payload is greater than 0.2 fps rvhi Ie the payload

is being held by the RHS, then possible structural damage may occur

within the arm mechanism. Thus, any rendezvous trajectory to a large

payload is constrained to have a final closure rate of less than 0.2 fps.

The second constraint is that of plume impingement on the satel-

lite due to the space shuttle thrusters. Plume impingement occurs

when the exhaust particles (burned propellant) from the shuttle RCS

thrusters strike the satel I ite. At close distances, these particles

can exert sufficient force on the satellite so as to cause it to tumble

out of control. Also, the particles may cause damage to delicate in-

struments which may be aboard the satellite. The plume, or envelope of

exhaust particles, has been shown in JSC-12976l ao expand radia.lly

for distances of about 500 ft at angles exceeding !0" perpendicular

to the centerl ine of the thruster nozzle.

Safety constraints have been imposed by NASA and specify that

al I retrieval trajectories must al low the mission special ist astronaut

to view the target body at all times during the final rendezvous.

The Iast constraint is imposed by the fact that the available

RCS fuel must be allocated arrbng a number of maneuvers which must be

completed on a given shuttle mission. Therefore, it is reasonable to

require that minimum amount of fuel be consumed in each rendezvous pro-

cedure.

Hence, the problem becomes one of approaching a predetermined

target point in space (satellite Iocation) with a rendezvous trajectory

wh i ch:
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(l) has a f inal relative velocity of less than 0.2 f ps,

(2) does not require an initial or final braking thrust which

will cause plume impingement,

(3) allows astronauts to visually track the target vehicle, and

(4) uses a minimum of fuel.

This study discusses the above problem and outlines several

possible solutions. Conclusions are drawn and recommendations are

made concerning an optimal soiution. The following assumptions have

been made to simpl ify the presentation.

(l) The rendezvous trajectories presented are assumed to have

started at a location in the vicinity of the target point.

This initial position is called a stationkeeping point.

An analysis of the space shuttle motion prior to attaining

the stationkeeping point is not presented.

(2) An inverse square gravitational field with no perturbing

forces is assumed.

(:) The satellite to be retrieved (or target point for deploy-

ing) is assumed to be in a very nearly circular orbit.

(4) 0nly in-plane motion will be considered, i.e., all ren-

dezvous trajectories will remain in the orbital plane of

the target point. This corresponds to the X-Y plane of

the coordinate system to be described in Chapter 2.

(5) lt is assumed that accurate range and range-rate data of

the target point with respect to the shuttle are available

to the crew during the proximity operations mission phase.

H
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The assumption that ail trajectories originate from a nearby

stationkeeping point is real istic since I'.IASA would I ike such an oppor-

tunity to observe the satellite or body of interest and make shuttle

systems checks before the final rendezvous procedure is begun.

The assumption of two body motion is justified due to the short

rendezvous times involved, AIso, because of the small distances in-

volved, any perturbing forces which are present will affect both bodies

equa I I y.

The assumption of circular orbits is made for clarity of pre-

sentation and comprehension of graphical simulation results only. The

equations outlined in Chapter 2, as well as all computer programs de-

veloped for analysis, are independent of eccentricity.

It has been shown by D. D. Muel ler 2 that the out-of-plane

motion of an orbiting body is nearly independent of in-plane motion

for distances of several kilometers. This Ieads to the fourth assump-

tion which was made. For the case of an out-of-plane stationkeeping

point, the shuttle need only wait until it passes through the orbital

plane of the target body. At this point, the shuttle would thrust to

reduce i ts out-of-p'lane veloc ity component to zero.

The fifth assumption is made since approaches to within 50 ft

of the target point are to be made from stationkeeping distances ap-

proaching 1000 ft. Accurate range rate data is necessary to insure

that the initial relative velocity is zero, i.e., the space shuttle is

in a stationkeeping position.
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The overal I study wil I consist of th.e def inition of a coqrdinate

system and a formulation of the equations of motion which gove.rn al I

shuttle motion. Using these equations, methods wil I he developed to

identtfy specif ic one and t-rro impulse rendezvous trajectories. A gen-

eral technique will be outlined for rendezvous from any position in the

vicinity of the target point. AIso, a rendezvous method will be de-

veloped to simulate the Iine-of-sight trajectories currently under study

by NASA. Rendezvous trajectories from prime stationkeeping Iocations

wi I I be simulated usi ng al I techniques. Those trajectories which satis-

fy all imposed constraints will then be presented and compared in order

to find an optimal solution.



CHAPTER 2

Definition of Coordinate System and Derivat ion of Equations

A non-inertiai coordinate systsi'r is defined and used in the

derivation of the equations of relative shuttle motion. The origin of

this system is assumed to be the target point for all shuttle rendez-

vous trajectories. ln the fol Iowing discussion of coordinate system

parameters, the origin will be referred to as therttarget'r and subscript-

ed as such.

The positive Y axis of our coordinate system is chosen to be

in the orbital plane and directed away from the earth. The positive Z

axis is set parallel to the angular momentum vector of the orbit and

in the same direction. The requirement of a right handed system fixes

the X axis to be colinear with the velocity vector of the rendezvous

target; however, they are opposite in sign. This coordinate system is

shown in Figure l, where V-r.7, is the velocity of the origin (target)

with respect to the earth; R-rrr, the position of the shuttle relative

to the target; [Slf, the position of the shuttle relative to the center

of the earth; -hZ* the position of the target relative to the center

of the earth; 0, the attitude angle of the targetl and rr, the true

anonoly of the target point.

With the above coordinate system in mind, the Lagrangian for-

mulation has been used to derive the equations of relative rnotion. ln

7
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forming the Lagrangian

L = T - V (l)

the kinetic energy, T, and the potential energy, V, must be computed.

The potential energy in this case takes the famil iar form

-e (u.m)
R

(e)

where m is the mass of the orbiting body; H, the mass of the central

the distance between the centers of mass of the tuo bodies;R,

the universal gravitational constant. Coirvential ly, GH is re-

by u, the gravitational parameter for the specific central body,

the potential energy to be used in Eq. (l) is

rr-Umv=-fi- (l)

The Kinetic energy,
't?1=irV' (4)
I

Iacks only an expression of V (the inertial velocity of the orbiting

mass) in the noninertial reference frame just described. The inertial

frame is assumed to be fixed at the center of the earth. This assump-

tion makes the necessary transformation of T and V into the orbiting

reference frame much simpler.

The orbiting mass of interest in this case is the space shuttle

As discussed, the noninertial frame is assumed to orbit the earth as

if it were fixed to the target vehicle. As shown in Figure I then,

n = fnrr{, ana

s
RS

/E
frr. *tr (s)

from figure I it can be seen that if

lfvrl

V

body;

and G,

p I aced

Thus,i

Fr=

then RT/E 
""n 

be written in the noninertial frame as
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ft/e = r, (-i sinrp + i cos,p;, (5)

where iand fare unit vectors in the rotating frame and rp is the angle

between the noninertial Y axis and irrr, positive clockwise as shown in

the figure. ilrr, may be separated into components as

to Fs/r

l-:jl

R571 =Xi +Yj+Zk,

becomes

frl, = (x - r, sin,l,)i + (Y + rT cos{i)i + zF

since ft = t(lrl = (ilsle . drrr)'r',

0)

(8)

the potential energy can be writ-

ten as -u
\f=

@r,o,tp,lzizz (g)

ln the kinetic energy equation, (4), the elernent that must be

transformed is V2, the square of the inertial velocity. This is done

by noting that the inertial velocity of the shuttl", fS/E may be written
.5r{svs/r = tT Rs

drl-r-r
= tT Rs/r I * \lr ' Rs/r

(to)/e t

R

where { Rl
dt )

$rRrrrl
R

is the time derivative of H'rr, in the inertial frame,

is its time derivative in the rotating frame, and oTlE is the

angular velocity of the rotating frame. The magnitude of the angular

velocity vecto., df/E, is the difference of the angular velocity, i, of

the target position vector from the center of the earth, frrr, and the

rate of change of the target attitude angle, ,[,. The direction of ilrr,

is, by definition of the reference frame, the same as that of the Z

axis. Thus,

-rtrr

/El
I

= (i; - 01t' (tt1
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Substitutins Eq. (5) into (tO) yields

%2, = *r r(r, - n rr)l * 42,, (4re * Fr/r)

0bserving Eqs. (6) and {r) and performing the indicated operations

Eq. (lz) resul t in the foilowing express ions for the terms on the

d* I

f;f flrZrl= ir(-T sinp + ] cosrr) + rT(-ifi cos,J, - ],i, sinrr)
R

= -(it sinrp + rr0 cosrf)i * (

. -\ . .-> ! --.>=Xi+Yi+Zk

(12)

( l4)

in

right

(t s1i, cos,p - ./ sinq,)i

ef
F
i:
i"r

i

E

&

IT

$
i,.

J-\}1-o
dt "s/T

I

R

\ZE , fi/r = [-rr(i.-0) .or,t,]i * [-.r(n-0) sin,pf (rs1

4lE * ts/r = -Y(n-0)i * x(i-0)i (toy

Addins Eqs. (t3), (t41, (15), and (i5) yields

%r, = ti - Y(;-0) -.r icos{, - i, sinq,li
+ [t + x(]-0) - rt ]sinrp + i, cos,pl] * 2'i , (17)

and

,3u, = frz, . %zu = [l - y(,f-0)-rr ] cosqr - i, stn,pl2

+[? - x(;-0) - .ri sin{, + i, cosrp)z + 22 (ta)
Substituting thls into the relation for kinetic energy,
then substituting the resurt and Eq. (g) (the potentiar
(l), shows the Lagrangian to have the form

r = lrfi - y(i.-0) - .ri cosrir - i, sin,plz

+[t + x(i-0) - rri sinrp + i, cos,p1z* i2

Eq. (4) , and

energy) in Eq.

(tg)

L
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+
Zmgr,
T (19 cont)

(20a)

from this, using X, Y, and Z as the generalized coordinates, Lagrangian

analysis produces the equations of motion as

[(x + rT sinp)2+(Y + rT cot1'12-*/fltz

i = zt(i,-fl) * y(;-,p) + x(i-fi) + (ziri.+ rTr)cos,p

u(X-rf sinqr)

* (ir - 
"rf1rrn,.p

- 
[ ( X-rrsi ng) 

z+(Y+rTcosip) 2+zzf3/ 2

v = -zi(i-0) - x(;-i;) + v(i--il)Z * (ziTir* 
"ro) 

sinrp

p(Y+r, cos r|l)

[ ( X-rrs i n,p ) 
2+( Y+rrco srp ) 

2 +zzf3 / 2

E
r

( zob)

2
z ( 20c)

[(X-rrsi nrP) +(Y+rrcosrp) l+

These eguations may be further simpl ified when the circular

orbit assumption is introduced. ln this case, t, $, and 0 are identi-

cally zero since the Y axis is always directed radially away from the

center of the earth.

The form of the equations of motion derived in this way is not

readily susceptable to analytic solution but can be dealt with using nu-

merical techniques. The resul ts of this numerical integration method are

described in the following chapters.

!
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CHAPTER 3

Two lmpu I se Rendezvous Tra ector i es

The problem of traveling from one point to another point in

space on a trajectory with pre-specified initial and final velocities is

a tho point boundary value problem. The trao-impulse rendezvous tra-

jectories which are being considered fall under this c'lassification.

Since the two point boundary value problem cannot be solved in closed

form, the problem must be restated as an initial value problern. Thus,

if the location of a body (shuttle) in space at a given time is known,

along with the direction and magnitude of its velocity at that time,

Itspositionand velocity at any other time may be calculated via numer-

ical integration of the equations of motion.

The trajectory analysis may be transformed to an initial value

problem by simply letting the target position (satellite location) and

the desired relative velocity of the shuttle at the point (f inal closure

velocity before the second impulse) be the initial conditions which are

requlred. Then, by integrating backwa rd s in time, the prior trajectory

(both position and velocity) of the shuttle may be determined. ln ac-

tual practice, any point along this prior trajectory may be chosen as

an initial location or stationkeeping point from which to initiate ren-

dezvous. The velocity indicated at any such position by the negative

time integration procedure will then be the velocity which is required

L
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to effect a rendezvous. The final closure rate of any such rendezvous

trajectory will be identical to the initial velocity used for the nega-

tive time integration. lf this final closure rate is greater than 0.2

fps, it must be reduced to 0.2 fps or Iess (RmS capture constraint)

by using the RCS or VRCS thrusters. This thrust would complete a tuo

impulse rendezvous.

A d iscussion of stationkeeping points is in order at this time.

Due to a decrease in orbital velocity with an increase in orbital alti-

tude, the distance between two points in space will not remain constant

unless they are close to each other and at the same orbital altitude.

For this reason, the only stable stationkeeping points for the shuttle

would be points directly forward of or behind the target body. This

would beanypoint on the X axis of the coordinate system as defined

earl ier.

It should also be noted that the optimum viewing area for the

mission specialist astronaut is directly above and to the rear of the

shuttle. Thus, the apparent motion of the target body during an opti-

mum rendezvous trajectory will bring it down, over the shuttle tail,
and above the cargo bay area of the shuttle where it will be captured

by the RMS.

The negative time integration procedure was used to generate a

series of trajectories by varying both the magnitudes and directions of

the initial velocities. lnitial velocities (%) in each of eight direc-

tions, as indicated by Figure 2, were tested. Three initial velocity

magnitudes were specified for each of these directions. The velocities

chosen'were 0.5 fps, 1.0 fps, and 1.5 fps. The orbit of the origin

i:..
gi:

i,i
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(or target point) was assumed to be 250 nautical miles above the sur-

face of the earth and circular. The total integration time was set

to one prior orbital period, or '5631 seconds for thLsorbital altitude.

Graphic results of the integration are presented in Figures l.l
to 3.8. The orbital plane (X-y plane) is shown in these figures with

the origin of the coordinate system being the target point for rendez-

vous. The relative position of the shuttle with respect to the target

point is presented for one prior orbital period. Positions of the

shuttle after 0, -2000,-4000,and -!5ll seconds are shown on each tra-

jectory along with the magnitude and direction of the velocity at the

orig in (time = t = 0) . Al so, stable stationkeeping points (on the X

axis) are denoted.
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Figure 3. I

Figure l.l shows trajectories for a shuttle with initial velo-

cities at the origin in direction I (see f igure 2). The three tra-

jectories shown were generated by varying the magnitude of the velocity

at the origin (fo = 0.5 fps, I.0 fps, and t.5 fps). The relative nption

shown is unique in that it is periodic with a period of 5631 seconds.

This is identical to the period of the target body (origin) around the

earth. lt can be seen that an initial (t = g) velocity magnitude of 1.0

fps (in airection l) will result in a X axis crossing after -281! sec-

onds (at X = l(10 ft, Y E 0 ft). Thus, in actual practice, this

position would be selected as the stable stationkeeping point from

which to initiate a rendezvous. The velocity necessary to effect a

rendezvous would be identical to the velocity computed by the negative

time integration procedure for this position (X = 3650 ft, Y = 0 ft,

t ='2815 sec.). The RCS and VRCS thrusters must be used to establish

this velocity at the stationkeeping point. This comprises the first

impulse. After coasting for 28l5 seconds, the shuttle would arrive at

the target body (origin) with a relative velocity of 1.0 fps. The

shuttle will aproach the origin from below, i.e., a direction I approach.

Since the final relative velocity at the origin is greater than 0.2 fps,

the payload cannot be captured by the RMS due to the structural con-

straints imposed. Therefore, the velocity must be reduced to 0.2 fps

(o. less) by once more firing the RCS or VRCS thrusters. This would

comprise the second impulse of the trajectory, hence the notation thlo

impulse trajectory. lt must be noted that in practice, the rendezvous

would actually be targeted for an offset location about 50 ft from the

l--
j
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target body. 0f primary significance in Figure 3.1 is the fact that

the stable stationkeeping distance is proportional to the relative ve-

locity at encounter. Thus, a similar trajectory does exist and may be

determined for any desired stationkeeping distance on the X axis.

Such a trajectory offers many advantages. The nroderate coast time (time

between first and second impulses) could be used to perform systems

checks while the shuttle is enroute. The inltial and final velocities

have Y components only (i = O). The first impulse velocity is easl.ly

initiated and the final approach velocity is easily negated from a

nose-down shuttle attitude with I ittle danger of plume impingement. 0n

f inal approach, the tail of the shuttle raould be al lowed to go above the

target body before the RCS or VRCS thrusters are fired (see Figure 4)'

Such a constant nose down shuttle attitude will allow excellent crew

visibi I ity during the entire rendezvous. This attitude wi I I also result

in a final approach which will apear (to the shuttle crew) to bring

the target body down, over the tai I and above the cargo bay area of the

shuttle. This is identical to the optimal approach scenario as described

earl ier. The trajectory is very interesting since it is periodic. lf

necessary (Rt'tS malfunction, satel l ite tumbl ing, etc.) the shuttle would

return to the initial stationkeeping point with no further thrust re-

quired. Also, the trajectory is easily altered while enroute to improve

the accuracy of final approach. ln addition, the total AV consumed by

this periodic trajectory is relatively 1ow, and since total AV is a

direct measurement of the fuel consumed, this is an important consider-

at ion.
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Figures 3 2, 3.3, 3.4

The trajectories in Figure 1.2 were determined from an initial

velocity in direction 2 (see Figure 2). 0nce again, three velocity

magnitudes (% = 0.5 fps, 1.0 fps, and 1.5 fps) are presented. The

shuttle position at various times during the trajectories have been

specified. lt can be seen that two stable stationkeeping points (on X

axis) exist for each trajectory. for -\ = I.0 fps, these locations are

X= 2390 ft and X = 25\l ft. The coast times for rendezvous from these

Iocations are 5531 sec and 5808 sec respectively. Once again, a linear

relationship between stationkeeping distance and I may be seen. The

trajectories are not periodic and crew visibil ity and plume impingement

constraints are not easily met with a constant shuttle attitude.

The rendezvous trajectories shown in Figure ).J are similar

with those discussed above with the exception of the direction of final

approach to the target point (origin). Direction 3 approaches are

presented in this case. Once more, the linear relationship between sta-

tionkeeping distance and I is noticed. Also, the trajectories are not
o

periodic. Crew visibil ity would not be possible at al I times with a

constant shuttle attitude since the trajectory takes the shuttle from

behind the target point, to below and then in front of the target.

Figure 3.4 shows rendezvous trajectories with 3o values in di-

rection 4. The results are similar to those described above and the

same comments apply. Again, shuttle position at various times during

the trajectories have been noted.

Operational techniques may be employed in these latter (Figures

3.2, 3.3, 3.4) trajectories to minimize plume effects and to al low for

i
i

l

i
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adequate crew visibil ity. One possible method to avoid plume impinge-

ment would be to target for a point within 50 ft of the origin such

that the shuttle would arrive with a relative velocity which is perpen-

dicular to a radius vector to the origin at that point. Then, once the

plane of the RCS thrusters has passed the payload, the thrusters could

be fired (second impul se) wi thout any possibi I ity of plume impingement.

Such a case is described in Figure 5.

Crew visibil ity constraints are more difficult to meet since

several of the trajectories circle about the target point in such a man-

ner that a constant shuttle attitude will not enable the mission special-

ist to view the target at all times during the final rendezvous. ln

these cases, it may be necessary to give the shuttle an angular velocity

which will rotate it at the proper rate to enable vision of the target

point. Such a case is presented in Figure 6. This angular velocity

would then be cancelled upon arrival at the target point. However, to

cancel the angular velocity it would be necessary to create an opposite

moment about the shuttle center of mass in order that the motion may

be completely stopped (no I inear comPonent left). This would expell

propel lant part icles in tr,ro oppos ite d irect ions f rom the shuttl e- Due

to the expansion of this plume (to 90'), impingement could not be avoided.

Thus, for rendezvous to low density or sensitive payloads, trajectories

such as this (non-constant shuttle attitude) do not appear feasible.
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ttglrelll- ].$'-3.1, 3 -8

By inspection, it may be seen that the trajectories shown in

these figures are mirror images of those shown in Figures l.l to 3.4

and the same comments apply. Since the results of one initial velocity

direction may be applied (uy taking the negative) to the opposite direc-

tion, only directions I through 4 wil I be analyzed in the re-rnainder of

this text to avoid an unnecessary duplication in effort.
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CHAPTER 4

One lmpu lse Rendezvous Trajectories

Due to pl ume imp ingement cons iderat ions, i t tnoul d be very de-

sirable if rendezvous trajectories couid be identified which had final

approach velocities of less than or equal to 0.2 fps. This would eli-

minate the need for a second impulse to slow the shuttle to allow RMS

capture and therefore would el iminate any possibil ity of plume impinge-

ment. Such a manuever is called a one impulSe trajectory since the

one thrust necessary for rendezvous r^,ould be appl ied at the station-

keeping point. The procedure to determine these one impulse trajec-

tories is essentially the same as the procedure described in the pre-

vious chapter for the two impulse trajectories. The only difference

between the one and two impulse analysis is the magnitude of the velo-

city at the origin (-%) which is used in the negative time integration

procedure to determine the previous path of the shuttle. Since one

impulse trajectories are constrained to have a final maximum closure

rate of 0.2 fps, this is also the maximum f,o r"gnitude which may be used.

For simulation purposes, the orbit of the origin (target point)

was assumed to be 250 nm above the surface of the earth and circular.

The total integration time was set to one prior orbital period, or '5631

sec. Figures 7.1 to 7.4 represent results of the negative time inte-

gration, Three velocity magnitudes (O.t fps, 0..|5 fps, and 0.2 fps) in

each of four directions (t through 4) are presented for the one impulse
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It may be seen that the trajectories denoted by Figures 7.1 to

7.4 are directly related to those of Figures 3.1 to 3.4, the only dif-

ference being a scale factor determined by a ratio of the f;o va'lues of

each individual trajectory. Accordingly, the same cornments apply. Due

to RMS constra ints, tf," f,- = A.2 fps trajectories shown in Figures 7.1
o

to 7.4 form a one impulse rendezvous envelope for the various approach

directions. For example, a periodic (direction l, Figure 7.1) rendez-
J

vous with Vo = 0.2 fps results in a X axis stationkeeping location of

717 feet. A l"rg.r f, value results in a proportionally larger sta-
o

tionkeeping distance. Thus, the maximum I imit on stationkeeping dis-

tance for a one-impulse, periodic rendezvous is 717 feet.
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CHAPTER 5

General ized Rendezvous Techni ues

The negative time integration procedure described in the pre-

ceeding chapters is a very accurate means of determining rendezvous

trajectories for specific approach conditions- Howeverr as Pointed out

previously, it is not useful in determining a rendezvous trajectory when

only the initial shuttle location relative to the target point is known.

This chapter will discuss the latter problem and present a generalized

rendezvous technique.

R. S. Dunning3hasused an approach different from that presented

in Chapter 2 to formulate another set of differential equations for two

body motion. He then linearized the equations to arrive at the form

shown as Equations (Zt). They are known as the Clohessey-Wiltshire

Eq uat i ons .

t = ,AVG ro coscr
tano[l2nP - 1a tan(nP)HW
tans[6rP cot(2nP)-4] + 2 tan(nP) (21)

,1 ='AvG ro cosct W
These equations give the yelocity components (6, n) which are necessary

to effect a rendezvous with the ofigin of the E,n coordinate system from

an original position (Eo,no) in that sy-stem" As appl ied to proximity

operations, the variahle, Fo, is the initial distance between the shut-
n

tle and target. Also, o = arcta" (#) where Eo and no are the shuttle
o

stationkeeping locations in a coordinate system centered at the target

39
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point with n directed radlally outward from the earth. E and n are

perpendicular, lie in the orbital plane, and the positive 6 axis ex-

tends in the direction defined by 6RVC * fr'where 6AVG is the average

angular velocity of t with magnitude ,AVG (see Figure B). Lo ana io

are the necessary rates of change of E and rl to affect a rendezvous from

the original shuttle location, Eo and no. The rendezvous time, tr, or

amount of time spent coasting between the first impulse and final ap-

proach, is represented as a functional po,rtion of one orbital period, Tp.

This ratio is denoted by the parame.tef P. Also, the rendezvous time, tr,

is dependent on the initial shuttleposition and the desired average clo-

sure rate, rAVG,

zu3/2n
=:

ileu

40

(22)

(23)

hr

%ve =U't. R
o

tr
, P=- , T-'TP

prAvc

By- introducing this last equation, where a is the semi-major axis of

the orbit and GM is the gravitational parameter of the earth, and by

using trigonometric relationships for sincr,, cosq,, and tanu, Dunning's

equations may be further simpl ified.

i _ tve tl2nl - l4n tan(l) - ql

8 tan(r) - 6I

: _ Sy6[6nI cot(2r) - 4n + ztan(I)]
rl -

8 tan( L) - 6),

Ro tve
2 invo

where | =
(zt1

The coqrdinates used by Dunning di'ffer from those used earl ier in

the Lagrangian analysis (Chapter 2) only by a l80o rotatlon about the Y
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axis and a rotation of t about the Z axis. For the case of a circular

orbit (which has been assumed), U = 0 and a coordinate rotation would

further simplify equations (23). For il = 0, E and n would simply be

replaced by -X and Y respectively. Equations (25) represent this simpli-

fied form which has been rotated to the target centered (XrY,Z,)coordi-

nate system as defined previously.

[l4Y tan(1,) - 12Y], - xlUJ

AVGx=
B tan(L) - 6),

[6Yi cot(zr) - 4Y - zx tan(i)]
(25)

i
u)
AVG

8 tan(L) - 6).

Equations QS) provide a means of determining the initial velo*

cities required of the shuttle in order to rendezvous with the target

at a specified average closure rate. Data from these equations lends

itself nicely to a contour plotting representation as presented in Fi-

gur"e 9.1, the X component, and f igure 9.2, the Y cornponent. This contour

l)
plotting notation was first used by D. Higginsa in a similar context.

The closure rate used in Figure ! was 1.0 unit/sec. The fact that '\ is

nondimensional (Equation 24) leads to a nondimensional contour plot.

R

also, since I contains a +- term, this indicates that at a given
t 

AvG

orbital altitucje, al I contoul' plots fof Various avefage closure rates

wi ll be identical with only a scal ing change. This property becomes

obvious when viewing Figure IO.l, af,. i comPonent and Figure l0'2, the

Y component, which were calculated for an average closure rate of 0'2

unit/sec. Thus, a proceCure becomes aPParent for altering the contour
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Figure 9.2 Y Rendezvous Contours at r
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Plots from i'OO, = 1.0 unit/sec to any deslred closure rate. Th.is pro-

cedure, as well as general use of the contour plots is described through

a series of examDle cases.

Case I

The space shuttle is 1000 meters directly ahead of a satellite

to be retrieved. A rendezvous is required which will have an average

closure rate of 1.0 meterslsecond (nlps). The shuttle pilot, using Fi-

gures !.1 and t.2 (tfrey are nondimensional), locates the relatIve posi-

tion (-1000,0) on the contour plots. He reads off the necessary relative

velocities for rendezvous and finds them to be i = 0.578 mps and i=0.847

mps.

Case I I

An astronaut 1000 ft behind and 1000 ft above a space station

wishes to return at a rate of 1.0 fps. Again using Figures 9.1 and 9.2,

he locates his position (1000,1000) relative to the desired rendezvous

point and then reads off the necessary X and Y components, He finds

them to be X = 1 .22A fps and Y = '2.030 fps.

Case lll

The shuttle is 500 ft directly behind a satellite to be retrieved.

A rendezvous with an average closure rate of 0"2 fps is desi red.. The

1.0 unit/sec centour plots may be used since the only difference between

plots for different closure rates is a scaling factor determined by the

ratio of the closure rates. The. shuttle locati'on on the i6rn = 1.0 con-

tour plot is computed to be X= 2500(F-I- =CONST=+ 
5P=f*X = 2500)

.AVG

L

,1

ll
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and y = 0.0 (0./.2=Y/1. =4 I = 6.)" L ing Figures 9.1 and 9.2, the

necessary relative velocity for this Iocati'n (2500'0) is determined to

be X = -.076 fps and f = -.857 fps. Multip,ying these values once again

by a ratio of the closure rates, the necess.jry comPonents for rendezvous

at 0.2 fps are determined to be i = -.015 frs(* = C0NST ==t+ = Jrl
AVG

and 'i, = -0.171 fes [t = 0.2) ( -0.857J. lt can be seen f rom Figures lO.l

and 10.2 that these are the correct values.

[t should be noted that a singularity exists in eqs" 25 at

R
offi = 7922. At this value, both X and Y go to infinity' lhls !s

caused when the denominator [A tan(I) - 6I] tends to zero.

8 tan(x) - 6). = 0

r-l tan(l') = .75

r : 4.419371

Ru)
recal] I = ,0

"AVG2

so, for a 250 nm circular orbit

t5-]
Ltounl

: 7921 .66'1765

CRIT

The ct'ttical radiuE fer iouq = Q'2 fPs is then 1584"33 ft" Therefore'

resultsofEquations[25)wtltnotgiveaccul.aterendezYqusfromdis.

rances greater than 1584 ft ("t iorn = 0.2 fps) ' At smat ler iOrn values'

the range Iimitation of this rendezvous technique continues to dec!'ease'

For a range of lo0o ft, the critical ioro is 0.1?624 fps. However, this
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Iimit, but a result of the linearization of the equa-

Since all further analysis will concentrate on small

(where I inearization methods give very high accuracy),

this mathematical singluarity wi I I not be considered further.

This generalized rendezvous technique may now be applied to the

problem of shuttle proximity operations. Figures I l.l and I1.2 depict

X and Y contours at ranges of 1200 ft from the target point for an.AVG

rate of 1.0 fps" A range of 1200 ft was chosen since NASA is currently

considering stationkeeping points within this ranEe.. An average closure

rate of 1.0 fps is presented since it is easily converted to any other

desired closure rate. It must be noted that the iarn value is simply

an average closure rate found by dividing the initial distance by the

coast time (gq. 22). ln general, it does not accurately represent the

final closure rate. This property is shown in Figure l2 and l3 where

the initial velocities required for rendezvous as well as the final

closure velocities for .Orn ,"a.s of 0.2 fps (Figure l2) and 1.0 fps

(Figure l3) are plotted against 0, the initial position angle

iij

';.i.

L-

(coso = *, ,ino = F) For all cases, the initial distance (Ro)

was l0oo ft. several interesting results become apparent when studying

these figureS" Firstr at statiqnkeeping Points on the X axis

1e= 9oo, 2700), the InitiEl and f tnal veloclties for the iOon = 0.2 fPS

rendezvous are both less than 0.2 fps whi Ie the cot't'espond[ng values

for rOrn = I"0 fps fendezvous afe greater than 1.0 fps. Secondly, ffom

stationkeeping points on the f axis ( e = Oo, lSOo) , the ini'tial and
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final velocities toa iOU, = 0.2 fps rendezvous are both considerably

greater than 0.2 fps while for iOU, = 1.0 fps rendezvous, the initial

velocity is about 2.12 fps yet the final closure rate is about 0,85

fps. Due to this complex behavior it is not possible to easily relate

average closure velocity and final closure rate using this rendezvous

method.

Another rendezvous technique suggested by Mueller5 is the straight

I ine approach. Using this method, the shuttle: would establ ish a I ine*

of-sight motion di rectly toward the target point. Any ensuing motion

off of the initial line-of-sight wouid be negated at either regular

time intervals or when the magnitude reached a predetermined Ievel.

For simulation purposes, a closure rate of 1.0 fps was established.

Corrections were made at intervals of 100 seconds. The magnitude of the

velocity correction was double that of the accumulated velocity away

from the original Iine-of-sight and opposite in direction. The cor-

rective velocity was doubled in magnitude so that a velocity component

back to the originai I ine-of-sight was establ ished.

Henceforth, the Huel ler I inear approach wi I I be referred to as

the I ine-of-siqht approach. AIso, al I rendezvous made using the contour

plots of Equat ion (25) wi t t be re ferred to as chart-di rected tra jectories.

Figures l4.l tq I4.5 denote Iine-Qf-sight and chart directed (r' = 0.2
AVG

fps and FAVG = 1..0 fps) rendezvous tfajectories ffom locations 1000 ft

away in directions I through 5 as: def ined [n Figure 2.. For example,

the coordinates of a polnr 1000 ft eway- in direction 2 would be OO7,7O7)i

for d[rectton 5 they would he (0,-IOOO). Trajectot'ies f rom Y = -1000 ft

(dir.ection 5) are presented in addition to Y = +1000 f t (direction I )
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for reasons which will become apparent whe.n reading the next chaPter.
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A - Line-of-Sight
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CHAPTER 5

Tr ector t im i zat ion

NASA has recently studied two inplane rendezvous trajectories

for shuttle proximity operations. The first of these trajectories, de-

noted V, (V-Uar) uti I izes stat ionkeeping points along the orbital velo-

city vector of the target point. This would correspond to locations

directly in front or behind the target pointi or, points along the t X

axis of the coordinate system previously defined in this text. The sec-

ond trajectory under study, denoted E, (n-Uar) employs stationkeeping

points along an earth radius vector through the target point. ln the

(X,Y,Z) system, this corresponds to Iocations directly above and below

the origin (1 V axis). For this reason, these stationkeeping points are

not stable. Both proposed trajectories are straight I ine approaches with

initial relative distances of lOO0 ft. Hence, the V approach would be

along the orbital velocity vectot (O of the target body. The R-ap-

proach would be along an earth radius vector till through the target

body. The I ine-of-sight Hueller approach as described in Chapter 5 is

a very close approximation to these trajectories and will be used as a

basis of comparison in the remainder of this chapter. Due to similari-

ties between the rendezvous trajectories from position 3 and 7 and since

NASA has considered Eapproaches from below the target point, only sta-

tionkeeping locations of (loOO,O) ft and (0, -1000) ft will be presented.

These correspond to directions 3 and 5 respectively.
6t

i
I

-l
I

L



62

Rendezvous t ra j ector i es f rom these th,o stat ionkeep i ng I ocat ions

have been previously analyzed using the I ine-of-sight and the chart

directed techniques. These results are documented in Figures 14.3 and

14.5, Chapter 5. 0ther possible trajectories become apprent when re-

viewing results of the negative time integration (fisure 3, Chapter J,

and Figure 7, Chapter 4). lt can be seen from these figures that the

stationkeeping (X or Y axis crossing point) distance is I inearly related

to the relative velocity at the target point. Hence, it can also be

seen from Figures 3 and 7 that trajectories from X = 1000 ft uould have

a final relative velocity Iess than 0.2 fps (one impulse) unless the

final approach is from directly below. This case is presented in Figures

3.1 and 7.1 and uould be a two impulse trajectory.

Likewise, al I approaches from I = -1000 ft would require two

impulses. Rendezvous trajectories from both of the X and Y station-

keeping locations are presented in Figures I5.l and 15.2 respectively.

Also, a sufimary of parameters of all possible rendezvous trajectories

(as shown in Figures l\.3, 14.5, I!.1, and 15.2) is presented in Table l.
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0ptimal ity

ln determining the optimum shuttle rendezvous trajectory, there

are six parameters to be considered.

(t ) total AV requ i red,

(2) initial stationkeeping location,

(:) coast time,

(4) crew visibility,
(S) plume impingement, and

(5) general safety

There are no hard constraints on coast time. However, a reason-

able maximum al lowable time might be one orbital period (se:t seconds

for a 250 nm orbit). Due to the large number of tasks which may need

to be accomplished while enroute (shuttle systems checks, RMS checkout

procedures, payload checklists, monitoring of the trajectory), it is not

desirable to have a very short coast time. The total Av required to
achieve a rendezvous (with less than 0.2 fps relative velocity) should

be kept to a minimum. Constraints on crew visibil ity and plume impinge-

ment have been mentioned previously. The initial stationkeeping loca-

tion should be far enough away to insure that no plume impingement will
occur from the first impulse, yet remain within l0o0 ft of the rarget

point. Finally, the general safety of the rendezvous procedure should

be adequate. That is, the rendezvous should be easily initiated (no

intricate shuttle attitude or complex velocity components required),

amenable to midcourse corrections if needed (for accuracy of final ap-

proach), and easily discontinued without damage to the shuttle or target

body.
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Three rendezvous techniques have been developed. Data used in

the following discussion concerning these methods is taken from Table l.

Rendezvous Traiectories from f = -1000 ft Stationkee Ping Location

A. Line-of-sight approach (Figure 14.5, Chapter 5)

A Iine-of-sight approach from Y = -1000 ft (from below the tar-

get) constitutes a multi-impulse trajectory with a coast time of 1000

seconds. lt is a good approximation to the E approach. Crew visibil ity

as well as general safety of this approach is excellent, however, an

excessive amount of fuel is used (AV = 5.165 fps). AIso, since this

manuever is not a one impulse approach, plume impingement considera-

tions would be necessary. Line-of-sight approaches from this position

with smal Ier closure rates consumed comparable arnounts of fuel despite

the increase in coast time.

B. Chart directed approach (Figure 14.5, Chapter 5)

The i^..-=0.2 fps chart directed approach from Y = -1000 ft re-
AVG

quires large initial and final impulses. The AV requirements for this

case are very large and are indeed greater than for the same approach

"a iAVG = 1.0 fps (see Table l). Due to the necessity of a second im-

pulse, plume impingenrent considerations are necessary. Crew visibi I ity

can only be maintained by rotating the shuttle enroute. The general

safety is minimal due to complex shuttle attitudes and the long (5OOO

sec.) coast time involved. Also, the entire trajectory is very sensi-

tive to initial AV errors (direction or magnitude), and accuracy rrrould

be difficult to maintain while rotating the shuttle.

The chart directed trajectory "t iRVC = 1.0 fps from Y = -1000 ft

has a coast time of 1000 seconds and exhibits a moderate AV requirement.
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However, plume impingement effects must be considered due to a final

relative velocity greater than 0.2 fps. Crew visibi I ity may be adequate-

ly maintained by using a constant nose-forward shuttle attitude. Gen-

eral safety is adequate although complex initial velocity components

are requ i red,

C. Negative time integration (figure 15.2)

No one impulse trajectories were found from Y = -1000 ft using

the negative time integration procedure. The trrp impulse solutions

identified have relatively short coast times and use a moderate amount

of fuel (AV). Crew visibil ity is adequate from a constant nose-down

attitude in all but one case (direction4approach). For this case, the

shuttlewouldagain need to be rotated enroute. Since all are two im-

pulse manuevers, plume impingement considerations are necessary. The

general safety of these approaches is minimal due to the complex thrust

components required and the short coast times involved. ln general, the

trajectories found using the negative time integration procedure are

very similar to chart directed trajectories computed at comparable i...-
AVG

values.

Rendezvous Trajector ies from X = 1000 ft Stat ionkeeping Location

A. Line-of-sight approach (Figure l\.3, Chapter 5)

A line-of-sight approach from X = 1000 ft (from behind the tar-

get) is very similar to the Y axes approach. lt is also a good approxi-

mation to the V approach. Total AV requirements are excessive (AV=lt.116

fps) yet coast time (for i = 1.0 fps) and crew safety are excellent.

Plume impingement considerations are necessary for iOra rates greater

than 0.2 fps. 0nce again, I ine-of-sight approaches at smaller iOrn
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values displayed comparable AV requirements with associated increases

in coast time.

B. Chart directed approach (Figure 14.3, Chapter 5)

The chart directed approach from X = 1000 ft at iAVG = 0.2 fps

is interesting due to its extremely smal I AV requirement. Data from

this study indicates that the shuttle will remain within capture dis-

tance for approximately l8 minutes with a relative velocity of about 0.08

fps. However, the coast time involved is 5000 seconds and it is doubtful

if crew visibility can be maintained from a constant shuttle attitude

while enroute. General safety is adequate; however, the intricate ini-

tial velocity components as well as the small velocity magnitude (15

second'rburn" with one 25 lbt VRCS thruster) and long coast time makes

the accuracy of this trajectory very difficult to attain.

The chart directed approach from X = 1000 ft at ilVC = 1.0 fps

is a two impulse maneuver with a coast time of 1000 seconds. Again,

plume impingement considerations are necessary. Total AV requirernents

are moderate ( aV = 1.970 fps) and crew visibility is adequate from a

constant nose-down shuttle attitude. The general safety is adequate yet

complex initial velocity components are required.

C. Negative time integration (Figure l5.l)

Four rendezvous trajectories are apparent when studying the

negative time integration results for stationkeeping points at X = 1000

ft. Three of these trajectories are one impulse trajectories and are

similar to the chart directed approaches but have a longer coast time

(Sglt seconds). These trajectories also display poor visibil ity but

excellent AV requirements. The fourth of these trajectories (two imRulse)

has a shorter coast time (2815 sec), a moderate A,V requirement, and ex-

I

I
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cel Ient crew visibi I ity characteristics in a nose-down constant shuttle

attitude. This maneuver is easi ly initiated (thrust along a radius

vector toward the earth), and relatively amenable to midcourse maneuvers.

Plume effects would be easily minimized due to the relative motion of

the two bodies during final rendezvous. Also, if allowed to do so, the

trajectory v,ould return the shuttle to its original stationkeeping Io-

cation with no further thrust. Another version of this same periodic

trajectory would be the one impulse case (Vo = 0.2 fps) starting from

a stationkeeping point at X. = 717 ft (Figure 7.1). This would offer the

same benefits as the previously periodic rendezvous trajectories yet

reduce the AV required and eliminate all plume impingement considera-

tions. A third alternative is a combination of these two techniques.

That is, a series of trnrc one-impulse trajectories could be used to a-

chieve a final closure rate of 0.2 fps or less. The approach would

initiate at X = 1000 ft and the first segment of the approach r^rould

take the shuttle to X = !00 ft. At this point, all motion uould be

stopped and the second segment of the approach uould be initiated. lt

may be determined (by techniques to be described) that the magnitude

of the first impulse must be -.14 fps to take the shuttle on a periodic

trajectory to X = 500 ft. The second impulse uould then be -.28 fps

to negate al I previous relative velocity and establ ish a second rrhoprr

to the target point. The coast time for such a twotrhopil trajectory

would be one orbital period, or 5631 seconds for a 250 nm circular

orb i t.

A method for determining the necess".y i velocity (i = O)

to affect a periodic rendezvous from any X axis stationkeeping loca-
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tion is now described. The existence of such a relationship is sug-

gested by Figure l.l, Chapter 3 and Figure 7.1, Chapter 4. A correla-

tion may be drawn between these periodic trajectories and the chart di-

rected trajectories described in Chapter 5. lt is known that all the

periodic trajectories have a transfer time of one-half orbital period.

Thus, by dividing the original distance (X coordinate) by this coast

time, a specific iOra value may be determined for any X axis station-

keeping location. lt follows that for rOrn = 1.0 fps, the X component

should go to zero at X = 2815.63 ft (one half orbital period x I.0 fps).

This may be verified by Figure 9.1, Chapter 5. The i component at this

point (X = 2Bl 5.63 ft, iOrn = 1.0 fps) is found to be -0.7854 fps. The

necessary Y velocity component for a periodic rendezvous from any other

X axis stationkeeping location is defined by a natio of af,..OUa closure

rates. For example, a periodic rendezvous from X = 717 ft would have

an average closure rate given by:
R

o

"AVG

? auc 7t7 Y 7tl--- = F- ==rnvc zBt5 'zlt'
.?5

t, ffi = 0.25465 fps.

By ratioing these closure rates, the necessary Y velocity nny be found.

\65 i

L-i

-fts+

-'.irr7 = -o'2 fPs

So, at X = 717 ft, d Y = -Q.2 fps thrust rnould be necessary for a per-

iodic transfer to the target point. This result is verified by Figure

7.1, Chapter 4. The general relationship between stationkeeping loca-

tion and Y is given by:

i=(x)(-z.7oe4xto-4)

L
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ln F[gure I6, AV requirements are comPared for Iine-of-5i951

approaches, chart directed rendezvous at;AVG = 1.0 fps and 0.2 fps,

and for the periodic transfers described in the proceeding Paragraphs.

Results are presented for both X = t lo00 ft and X = t 717 ft station-

keeping locations,, The other trajectories resulting from the negative

time integration method are not presented due to their similarity to

the chart directed maneuver. A drastic difference in the fuel require-

ments may be seen between the various fendezvous methods, For approaches

from X=tI000 ft, the line-of-sight trajectory is found to use the most

fuel ( AV = 4.115 fps). The minimum amount is used by the chart direct-

"d rAVG = 0.2 fps trajectory (AV = .070 fps). This rePresents a 98.3%

reduction in fuel consumption. Similar results are noticed for the

stationkeeping points at X = * 717 ft.



L

L

73

5.0

AV
FPS

4.0

3.0

2.0

1.0

m
N
m
ffi
ffi

Line-of-Sight r = 1.0 fps

Chart Directed r = 
.I.0 

fpsavg

Chart Directed r = 0.2 fpsavg

Periodic Transfer

L

L

L

L

L

Two "Hop" Transfer

(Fromx=t1000ftonly)
0

X= tl000ft X= + 717tt

Figure '16 AV Requirements for Rendezyous from Stationkeeping Locations
0f X = 1000 FT and X = + 7tl FI

L

L

L

L



7\

CHAPTER 7

Conclusions and Recommendations

S unnna ry

The Lagrangian method is used to derive the equations of motion

for a body in near earth orbit. Three techniques for [dentIfying possi'

ble shuttle-target point rendezvous are developed. They are:

(l) Negative time integration,

(2) Chart directed (equations developed by R. S. Dunning),

(l) Line-of-sight approach..

The former of these techniques uses the exact equations of motion to

Iocate stationkeeping Iocations and the associated necessary AV for

rendezvous while the latter two techniques employ use of linearized

equations of motion.

Using the exact equations of motion (in so far as the tt^ro body

assumption allows), all identified trajectories for a shuttle-target

point rendezvous are integrated. A coordinate system is defined at

the target point and is used in the graphical simulation of relative

shuttle motion during rendezvous. Comparisons of all identified trajec-

tories are made with respect to fuel consumed, stationkeeping location,

total coast time, crew visibi I ity, plume impingement, and general safety.

Conc I us ions

(l) Accurate rendezvous trajectories are easily initiated from

any stationkeeping location within a 1200 foot radius of

f
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the target point.

LZ) The space shuttle attitude must be continually modified

to meet crew vi s i bi I i ty constra i nts duri ng many of the

rendezvous trajectories with Iong coast times.

(3) One impulse trajectories (irrHnr- 
= 

0.2 fps) may be used

when approqching bodies to be retrieved to eliminate plume

impingement problems,

(4) One and trno impulse solutions were found for the prime

stationkeeping point at X = 1000 ft. However, all trajec-

tories initiating from the unstable stationkeeping point

of Y = -1000 ft were two impulse maneuvers.

G) Periodic one and two impul se trajectories meeting al I im-

posed constraints were identified for X axis stationkeeping

Iocations.

(6) Fuel (AV) requirements for the line-of-sight approaches

were consistently much greater than for the other techni-

ques presented. ln some cases, this difference was an

order of magnitude.

(7) 0nly inplane rendezvous trajectories have been examined,

however, similar trajectories are feasible from out-of-plane

stationkeeping positions. This is possible because the out-

of-plane motion of the shuttle is almost uncoupled from the

in-plane rnotion. Since the two bodies (shuttle and target)

are in non-coplanar orbits, their paths will cross twice

per orbital revolutlon, When this occurs, the shuttle may

thrust to reduce its velocity component out-of-plane

t
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(relative to the target body) to zero. A standard final
rendezvous could then be accomplished. Another alterna--

tive would be to project the position of the target body

into the orbital plane of the shuttle. A standard rendez-

vous could then be initiated to this secondary target point.

Upon arrival, af,. i ana i components would be nul I if ied.

rhen, a final approach would be made by simply waiting until
the two orb i ts coi nci ded.

Recommendat ions for Shut tle Proximi ty Operations

It is recommended that prime stationkeeping Iocations at

X = t 750 ft be adopted for shuttle proximity operations. The choice

between locations (X = + l5O ft or X = -750 tt) is governed by the ini-
tial orbital transfer of the shuttle to the stationkeeping location. An

elliptical Hohmann transfer from a lower circular srbit to a higher

circular orbit will require a velocity increase at the apogee of the

el I ipse to circularize the orbit. The magnitude of this velocity in-
crease will be great enough to cause plume impingement at distances of

750.tt" Therefore, a stationkeeping point must be selected so that the

plume will be expelled away from the target body, This corresponds

to locations at X = +750 ft. A similar argument may be used to demon-

strate that Hohmann transfers from high orbits to lower orbits must aim

for stationkee.pi ng locations in f ront of the target body (x = -750 tt)
to avoid plume impingement. From either of these points (x = t 750 ft),
a periodic one impulse trajectory may be initiated which results in an

approach to within 33 ft of the target point at a relative velocity of

0.2 fps. The benefits of such a rendezvous trajectory are outlined below.
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(l ) Total AV expended (f uet requirement) is approximately 5'a

of the amount required for a Iine-of-sight approach from

the same stationkeeping Iocation.

(2) A constant nose-down shuttle attitude (longitudinal shuttle

axis aiong earth radius vector, nose toward earth) is

recommended during rendezvous from X = + 750 ft (i'e., from

behind the target body). A constant nose-up attitude (long-

itudinal shuttle axis along earth radius vectQr, tail to-

wards earth) is suggested for the X ='750 ft station-

keeping Iocation. Such orientations wil I al'low excellent

crew visibi I ity during the coast phase and wi I I resul t in

final relative approaches which bring the target body down

over the tail and above the cargo bay area. Also, re-

quired velocity impulses for rendezvous are efficiently

accompl ished from this attitude.

(l) Velocity components in the X direction will be zero at

rendezvous initiation as wel I as at final approach. The

magnitude of the initial velocity required is 0.2 fps.

This velocity may be aclrieved by a 37.5 second burn of a

single 25 lbf vernier thruster or a 1.08 second burn of

one 870 lbf reaction control thruster.

(4) Since the rendezvous trajectory is a one impulse maneuver'

there will be no problem with plume impingement during

final approach. However, if it is necessary to completely

halt the shuttle, this may safely be done by waiting until

the plane of the required RCS thruster has passed the tar-

!!
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get hodY.

(5) The trajectory is relatively amenable to midcourse coi!'ee,-

tive impulses to improve the accuracy of approach. To

lengthen the trajectory, " i velocity component toward

the target point is added. To shorten the approach, " i

velocity component toward the target point is added. Both

thrusts will expell propellant particles away from the tar-

get location, thus el iminating al I plume impingement con-

s i derat i ons .

(5) The coast time i5one-half orbital period, or 2815 seconds

for a 250 nm circular orbit. lt is envisioned that this

time will be spent doing systems checks of the shuttle and

the remote manipulator system. Any corrective maneuvers

wi'l I employ the vernier control system and wi ll not produce

excessive forces or bending moments on a fully extended mani-

pulator arm.

(7) The rendezvous trajectory is periodic with the total period

equal to that of the target body around the earth' Thus'

if for any reason (satellite tumbling, RMS failure, systems

malfunction, etc.) it is decided not to capture the payload,

the trajectory may be followed back to the original station-

keeping location. tf allowed to do so, the shuttle will

continue to have a close approach with the tafget hody once

during each orbital period" Data from this study indicates

that the space shuttle w[ll femain within capture distance

of the target for approximately five minutes.

)
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It is also recommended that a series of rendezvous charts

be made available to the space shuttle crew. since the basic contours

are the same (nondimensional) for each orbital altitude' a series of

transparent overlays could be included for various ranges and closure

rates. AIso, such charts could prove extremely valuable for use by

astronauts involved in extravehicular acitivites, space tug oPerations'

use of the teleoperator, and for tp3n5fer between two ofbiting sPace-

craft, i.e., the shuttle and skylab. calculations performed indicate

that the error induced by using a rendezvous chart at an altitude other

than that for which it was computed is about 8 units per 1000 units of

initial range, p€F 25 nm of orbital altitude diffepence' For example'

an astronaut is l0O0 ft from a shuttle which is in a 225 nm circular

orbit. lf he uses a chart designed for a 250 nm orbit to rendezvous

and estimates the necessary velocity components frorn the charts exactly'

he will miss the center of mass of the shuttle by 8 ft (if he started

from I000 meters, he would miss by 8 meters, etc.). lf the initial

distance was 2000 ft., he would miss by I6 ft. Therefore, it is re-

commended that rendezvous charts be produced from 100 nm to 500 nm in

50 nm increments for use by the shuttle.

Reconrnendations for Future S tudy

The following topics are not within the scoPe of this thesis

yet should be investigated to determine any effects which they may pro-

duce on the rendezvous trajectories under consideration for use in the

proximity operations phase of a space shuttle mission-

(l) The incorporation of a revised force model into the ana-

lysis which includes such terms as differential drag at low orbital
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altitudes and solar radiation pressure at high altitudes is desirable.

(Z) The addition of dynamic plume properties to the integration

routine is necessary before any definitive conclusions may be drawn

about plume forces on the target body during the various rendezvous

trajector ies .

(3) The effects of errors in assumed stationkeeping location

as well as propogation effects of inaccuracies in the first impulse

(magnitude or direction) should be more fully evaluated.

ln conclusion, all useful trajectories discussed in the text

should be further investigated using the Shuttle Engineering Simulator

at The Lyndon B. Johnson Spaceflight Center.
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