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Preface

T became interested in the concent of the aeromaneuverinp

orbital transfer vehicle while doiti research on S•ace Shuttle

uprer stares. The potential, for increa.sed carabilitv over pure.v

propulsive OTVs tis so much preater as to warrant a detailed inves-

tiration.

'This thesis is an extension of work nerformed by the Lockheed

Missiles and qpace Comnany under NAqA contracts NAS8-28586 and

AR8-3t1452, and is based on the recommendations for future study

contained in these reoorts. T felt qualified to exami.ne the problems

of navipatlonal accuracv durinr the aeromaneuverinp, phase of flii.ht

si.noe T had comnleted. the course sequences in Navi'.atqon and in

Guidance and Control at AFTT,

T would .like to express my appreciation to mv thesis advisor,

Ma1i Richard M. Potter, for his Advi.ce and critinal review of" my

work di)ri.n the rreraration of thi..s report. T would also like to

thank Mr J.P. 4eth,.oat of the Mp s'ialAi ,1pace Fl.iyht Center for hi.s

assistance dorinp my research for this study.

Robert ,T. Chambers
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Nomenclature

rThe MKS system is used in this study.

AMOOS - Aeromaneuverint Orbit-to-Orbit Shuttle

Ar aerodynamic reference area - 15.69 m2

Cd coefficient of dra - 2.5125

A C1  coefficient of lift m 1,3457

2" CI

02 gain coefficients

C3

D~ dram

GEO - neosynchronous equatorial orbit

h- altitude

ho- reference altitude ? .115 km

I,- lift

LF - low earth orbit

m - mass of vehicle 6804 kr'

r- inertial position vector

u - unit vector or control variable

V - inertial velocity

Vr - relative velocity

Ve - inertial velocity of atmosphere

- bank anrle

Pc - commanded bank anle

Ro - nominal bank anple - 90 deerees

Y - flipht path anple

v
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e•- see Fir,. 1.1

L - ��Rravitational parameter

Sp- atmospheric density 
I

I} Do atmospheric density at sea level

rj - see Pip. I
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Abstract

A nreliminary invqstiration was conducted to determine the

navipational accuracy required by the Aeromaneuverinp Orbit-to-

Orbit Shuttle (AMOOS) durinp the atmospheric phase of fliht. The

miidance scheme, which is the same as the one developed bv Lockheed

in the orirtinal AMOWIS st',dy, uses the para&'ters of velocity, flipht

rath anple, and density altitnde to correct to a nominal trajectory.

Density altitude is obtained from atmospheric density, which is

calculated from vehicle acceleration. Errors in velocity, flight I

path anile, and accelc-rali.on were introduced into a three-det.ree

of freedom computer simulation of the vehicle tra.jectory using.

bank anple commands Penerate'A by the Puidance equations. Deviations

from standard atmospheric density were taken into account.

The maximm errors allowable that PtA l permitted the vehicle

to attain its nhasinf, orhiic amoiee altitude of 720 km (W1O0 kin) were

determined. Three types of error were investigated: constant,

sinusoidal, and random. For time-varvinr errors the frequency

dependence was examined, as was cross-courlinr of errors.
Tt was concluded that the ,tlidance scheme can tolerate fairly

lar~e errors and still. -niide tm an acceptable anoree altitude. The

naviration,0 accuracy requir.ed for the atmospheric phase of flifht

is within the capability of rrement day astrionics.

"A
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NAVIGATIONAL ACCURACY REQUIREMENTS OF

AEROMANEUVERING SPACE VEHICLES

1. Introduaction

Background

There is considerable interest in reosynchronous equatorial

iIorbits for a variety of civil and military applications, such

as communication links and surveillance. lUnfortunately, it will

be beyond the carability of the Space Shuttle to reach these orbits.

The Orbiter vehicle is limited to an altitude of 300 km, and an

upper stape is required to reach PeosynchronouA altitude of 35,800 km.

An upper stape vehicle that has been proposed for the round triT

from low earth orbit (120) to geosynchronous equatorial orbit (GEO)

is the Space Tur. However, because of the large velocity chanre (AV)

required for the round-trip mission, about 8740 m/see, the large

propellant mass fraction doer not allow the vehicle to carry much

payload.

An attractive alternative that has been presented by Lockheed A

is the Aeromaneuverinr Orbit-to-Orbit Shuttle (AMOOS) (Ref 1, Ref 2).

The advantage of this concept over the purely nropilsive Snace Tug

is that part of the AV required for slowing and. returnini, to I.EO is

provided by makinp a brakinp nass throuph the atmosphere. After

exitinff the atmosphere, a short rocket burn at anopee will raise

the vehicle peripee out of the atmosphere and establish a phasing

orbit for rendezvous with the Shuttle Orbiter. The total AV required

in this case is 6413 m/see, r3ducinr the fuel load considerably



and al.lowinr• for two to three times the payload. The basic idea

is that for a small increase in structural strenrth and the

addition of a thermal protection system, a larpge savinips in the

amount of fuel required can be realized.

One of the problems associated with the AMOOS concept is that

a very accurate atmospheric flipht path is required. Tf the vehicle
F-.

is one kilometer low, it will reenter, and i.1' it is one kilometer

too hiMh, it will miss the aopoee of its phasinp orbit by thousands

of kilometers.

The vehicle Puidance probl.em is complicated by the fact that

the density of the upper atmosphere varies widely at hiph altitudes.

The density will vary from +40"' to -354 from its nominal value
~ *

(Ref 1:67, Ref 3:20). The AMOOS vehicle is able to compensate fori

off-nominal conditions by modul,.tinp, its lift vector, and this V

aeromaneuverinp ability is what differentiates this proposal from

earlier ballistic trajectory concepts.

14
One of the areas of the AMflS rromosal that has not been

investi.Pated so far is the accuracy reqiiired of the vehicle nay-

i~ation system to successfully imnlement the Puirdance equations,

and this is the subject of my thesis. T nave taken the guidance

scheme used -in the or'ipinal study and incorporated it into a

trajectory simulation in which navipation system errors can be

introduced.

The roal of the mmidance system is to nlace the vehicle in an

orbit with an anoree of ?20 km k.t 100 kin). The ability of the

2



guidance system to accomplish this task is related to the navigational

errors. The navipation parameters in the guidance calculations

.1! that are subject to errors are the vehicle velocity, flight path anple,

and acceleration. In the simulation, errors in these variables are

introduced in three ways: as a constant error in navipational

information, as a sinusoidal error, and as a random error. The

results of the simulation can be used to design a navigation system

1I capable of supplyinpn velocity, flipht path anle, and acceleration

information within the renuired accuracy.

Previ ous Investigations

A previous navigational accuracy study has been accomplished_-A
for the aerobraking return from GKO to LEO (Ref 4.33-35), However,

this study examined a vehicle thit followed an unguided trajectory

through the atmosphere (it used aerobraking, but not aoromaneuvering). II
The results of this study indicated that a one-pass unguided braking

I
maneuver was not feasible "sining forecast shuttle-era technology,,

due to the hi.h accuracy requirements and unpredictable variations

in atmospheric density.

A nre•imi.narv i.nventiapation by Lockheed of the effects of

K. exoatm(,.snheri~c navipatior errors 'rs determined that, it will be

necessary to, position the AMOOS vehicle within a corridor of + 3.5 km

in depth rrior to entri (Ref 2!73). The investifation did not inc'.I.de

the effects of atmospheric navigation errors. These errors ar'e the

subject of this study, which solely concerns itself with navip.tional

errors Penerated within the atmosphere and their effect on the guidance

equations. Of conrse, the two studies Are not independent, since the

3

• V4& ~ < ' *.. y.. .- 4 ' s



S..... ....... .. .... ... . ..... ........... . .... ..

same astrionics will most likely be used in both cases. Tt is

expected that the astrionic equipment will include a combin,:,tion

of the following sensors: Inertial measurement unit (TIJ), star

tracker, horizon sensor, landmark tracker, and laser or conventional

radar.

Tt is not the purpose of this studay to actually desipn a

navipation system and select the equinment used (each of which

would have its own characteristic errors), but the results indicate I
to what tolerances the navi.ation system must supply infcrmation

to implement the muidance scheme.

Chapter IT will present the muidance law used in the stucd, ii
Chapter TIT will be a description of the rimulation, and Chapter TV

covers the intbroduction of navigational erro.s. Results are presented

in Chapter V, and conclusions are in Chapter Vf. *1

1? I
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Ii

TT. Guidance Concert
iI
iI

.xnlanation of Method A

rThe AMOOS vehicle is constrained to fit within the Shuttle

Orbiter rwvload bay~, and fis hAsi~call~v a cylinder, with one end

trincated into a Tiftinrg bod.v shape., A detailed description of

the vehicle is included in Apnendix A. For the pirpose of deri.ving

the .iidance law, it should be noted that the vehicle has a L/D I
ratio of from . to 1.0 at hype.rsonic velocities.

Tho, miidance orobi.em can be si•Trlv stated a. maneuverinI.

the vehicle so as to leave the atmosnhere with just enough velocity

to hit the proper amor.ee of the rhasinr oihit (720 km). This is

a different problem than conventioeial reentry Pui(,.ance, which is

concerned with reducin, velocity below some terminal value, with

heating and dvnamic presmsres being the primary constraints.

The rpuidance method that hab been proposed for AMOOS is

controllinp. to a nominal. trajectory, usint, P linear remil.ator.

The lift vector is lsed to steer to the nom.inal, tra.jectory by bank

anle modulation. Rank anmle, the orientation of lift, is used A

instead of anpl.e of attack for lift nontrol because the vehi.cle shane.

does not nrovide si.ffjcient, variation •of the lift noeffi.i ent with

anril e of attak. This alsn rn,-rlits the vehicle to rrpsent, the same

oriantation into the rel ati.ve w-nd, mini.mizin•y the surface area that

must be covered. bv the thermal. protection sy-stem.

lsinqr ha•nk ,ontrol. has an additi nal advantage. Wheýn the

veh•,l.e rpturns from r.eosvnchronoi.is orbit, it must al.so chanae

'a • •, • ••' - .,;•j.• • .: .. . .;4



its inclination from zero to 28.5 de7rees (the orbital. inclination

Y, of the Shuttle Orbiter, and the latitude of Kennedy Space Center).

A nominal bank anple of 90 derees procuces a plane chanre capability

of aptroximatelv 7 degrees. This reduces the prooulsive requirements

at Peosynchronous altitude for plane chanpe &V. Changres in the

bank angle from 90 deprees for steering corrections will reduce this

plane chanpe capability slightly.

V� Euations of Motion

The parameters used to Penerate bank an,•le commands are inertial

velocity, flight path anr.le, and density, which is a function of

altitude. The original derivation of the ruidance lP.w, from

Reference 1, is presented here because it provides the basis for

the remainder of the study. The equations of motion, in the

osculatinp plane of the orbit, are derived as follows (Ref i:D-i -

D-21 ):

dV dV d@
dt- - d

where ur- unit vector in the direction of V

u,- unit vwctor perpendicular to V

with the inertial reference frame as shown in FiP.I.

Suimming the forces in the direction of V Pives

-D- m sin y m V (2)

D U
or - - - -asin v ()

I

Summinp the components perpendicular to V oives

6 j.. .. .... . .. , . , •. ' ..• ., ,. ... , • :.
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,•' otipin at center of Earth

Fir.. I -Tnertial Coordinate Frame

S*_

Fin. 2 - Definition of Bank Anplteh, (Yr lies in the
vertical ~ane frormed by the radius vector r and Vr-)

'A



L - cgm Cos y = m V 0 (4)
r

As can be seen from Fip.. I

V cos (6)
4 r

F" Combininf, (5) and (6) Frives

Co V" 0ev- -vcos v (7)

Substitutinr (7) into (4) and solvinq for y yields

L ! v V" (8)
MV r

The derivative of radial distance r is riven by

r V sin Y- h (9)

If the states of the system are taken to be V,v, and h, then

equations (3), (8), and (9) provide the state equations.

Althouph the lift amid drar force directions are referenced to

inertial velocity, they may be approximated by the force directions

with respect to the vehicle velocity relative to the atmosphere

since the directions of relative velocity and inertial velocity are

almost parallel dirinp the neriod of atmoanheric flipht.

Thus

n ~ V 2 A C~ (to)
r r d

8
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f' L .• • P LV• ArCco )

Vr V - Ve (12)

where batik anple, R is defined in Fir. 2.

UControl of the vehicle is accomplished by. rotatinp the lift

vector through a bank angle P, which chanpes the component of lift

C1 in the Yr direction, as shown in FiR. 2. The relation between R

and the vehicle orientation is shown in Fir,. 14, Appendix A. The

control variable, u, is defined as the deviation of the commanded

value of Cly from some nominal value of bank, i.e.,1Cl cos " cos 01 ) (13)

iii Ci. 1! 0  0
where %a90 deizrees for r~aximnum plane chanp~e canabi3.ity.

Substituting (10), (11), (12), and (13) into equations (3)

and (8) and assuminr P R results in the revised equations of

motion:

V-- P (V Ve) Cd Ar- sin N (1)

1 (V V 2 A Cos Po + [11. ]Cos y (15)(ve) Ar .sr

r a V sin y (16)

where densitv is an exponential. approximation accordln, to

'.° • Oo e"(h/h° l
- (17)

These equations (with u=O) are integrated from initial

conditions selected to result in an anorree altitude of 720 km.

Since entry altitude i- fixed (at 120 km), all possible initial

9



conditions consistent with the transfer orbit from GRO may be.

specified in terms of a vacuum perigee, which can be adjusted to *

give the desired apogee. This integration will provide a Vnomi

Ynom, and hnom that the vehicle can be controlled to, accorlinp

to the linear state feedback control law

U-C 1 (V .Vnom) +C(YYn)+ C3 (h - hnom) (18)

m +
The time-varvin, coefficients C1 , C2 , and C3 are the solution

to the linear rem•i.ator problem presented In the next section. The

values of C1., C2, 03 , Vnom, Ynom, and hnom can be precomputed for I
discrete time intervals and stored in the on-board computer.

Linea Ieik
Linear Re.i ator Problem

The developement of the linear rerulator problem involves a

linearization of the equations of motion to the form of

6VI
[ A] 6y + [B] u (9

where

8V By 8r

[A]- (20)
aV c) _r

to
•V •,, I



.... . . . . 'yI

and-:1,I, -
au

ay (21)

L

The matrices A and 8 are evaluated alone the nominal traJectory.

The partial derivatives are calculated from equations (14), (15), and

(16) as follows:

.. V . Vr Cd Ar (22)
av m

C) V 1 (23)

VA 1 Aao 24i (24)

L A l cr R + oosY (25)

aV MV V, 2V r 0 +

At" . sin v (28)

VW.V

• Yvo (29)av

1

V con . (29).TYI



11 1

0Irr 0(

II

I(2au 2mV

a 0 (33)au •

F,.1 aand
22 ~(34~)Ia r ho

Usint, standard ortima., control techniques (Ref 5:209), a

performance index is chosen to minimize the erroi in phasinpp orbit

apogee. This index of performance (which is to be minimized)

consists of the terminal miss which relates directly to the square

of the a~opee error, Plus the interral of the square of the control.

variable u, ,v%-r the nominal fliiht time. This last term tends to

limit the control, hence limiting, the amount of nropellant required

for the reaction control avtem. , A

Therefore,

J - 5xT(t') H 6x(tf) + 6 R) dt (35) ii
to

whero 8V

6x 6 (

8r

and H and R are weiphtinp matrices, and to-tentr and tf'tnom exit-

12
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The soluttion to the otinmization nroblem is riven bv

-- R-I B'r K 6.x C T 6x (37)

where K is Piven by the Riacati differential equation

i~i •.-A• K -K A, K 8 R-t T.J K

I i which is integrated backwards through time from its final j
'nonditions, K(tf) - H.

Wei.pht n~ Matrices

The matrix H is chosen tn minimize the effect of the final

state, 8x(tf), at atmospheric exit, on apopee altitude ha. For

small variations, 6ha can be related to the final state by

6 ha !N 8V[+ a 6y v+ 6r] (39)!!' .•V- V 8y 3"r6•+ t-tf

The matrix H is determiined by

6hl- 6• r(tf) H 6x(.kt) (40)

which yields the elements hi. of H:-

2

h h- (42)

hhah (42) I

Lh
33 

, +

h 12  h2  ha ha (44)

213a



h -a h3 .0 ha Thn (45)
II;•,, 13 h31" PT'- ar

and
h ha 3h (J)

237 32 ay "r

RvaluatinR the partial derivatives at the nominpl conditions at

the final time (V-7980 m/sec,Y -1.75 nep, and r-6,h.98,153 m) results

in numerical vaLues of

Th kma" 2 -

to 3.3162km

The function R(t) was selected to prevent the peakinp of the

Pains at peripee, the period of nmaxi.mum control effectiveness.

The function selo.cted is shown in FiP. 3.

The feedback nain vector derived from eq. (37) is shown in

Fip. 4. In F~iures 3 and 4, the point at which time twO in when
IN

the vehicle passes throuph 95.4 km upon entry. Above this altitude

there is not nufficient atmosphere to permit control effectiveness.

In the repion of atmospheric Puidance, the vehicle acceleration

is primarilv affected by the drai. terms. Therefore, neplectinp

the pravitational terms, and for small flivht path angles, from

eq. (14)

m P Vr' Cd Ar (47)

14
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or -2Vm
P V~d~r(4-8); I

This density can be related to an altitude throu.h the use of eq.(17)

h0 -hoin( p/po ) (49)

Thus, from measurin, vehicle acceleration, a density altitude can

be calculated, This is compared to the nominal density altitude to

determine the vehicle altitude error. i

IV-

17

:--
*1 I:,,, ..



TIT. Description of Simulation

The validit-y of the guidance scheme is tested by a computer

program which simulates the actual vehicle dynamics with guidance

commands. Perturbations from the nominal trajectory are introduced

to determine how well the guidance law will correct back to the ]
nominel. In the case under stucvy, perturbations are caused by

deviations in atmospheric density and by errors in the calculated U

position and velocity information supplied by the vehicle's

navigation system. Atmospheric density fluctuations are known HI
to vary from -35'4 to 404. from normal in the region flown by AMOOS

(from 120 to 70 km), and are easily input to the simulation.

Navigational. errors can also be easily input to the simulation

and these error sources are described in the next chapter.

I,%

Assumptions

The followinp assumptions have been made in constructing the

vehicle simulation:

1. The assumptions of a spherical rotatinp earth and atmosphere.

2. The atmospheric density can be modeled as an exponential

function of altitude.

3. The vehicle is returninr from GEO via a Hohmann transfer orbit

with a 21.5 degree plane chanre, with a targeted vacuum perigee of

71.1 km. This value for perivee is the result of ad.justing vacuum

peripee to determine the initial entry conditions that result in

an apogee of 720 km.

18 i
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4. Vehicle flies constant anple of attack with lift, lonpitudinal.

vehicle axis, and relative wind alwavs in the same plane. The orientation

of this plane (•) is the only vehicle control that affects translational

dynamics.

5. The actual bank angle is equal to the commanded hank anf.l.•.

It was origina.lly intended to si.•mlate an autopilot in the Funidance

loon to im.lement the bank commands, and to account for the vehicl.e's

inabi litv to instantly assume the commanded value. However, from

the results of the similation, the miidance commands are fairly
continuous, and the value of (P - PC) is small (about 2 - 3 deirees).

This permits the vehicle, to assme the value of P within the ncldance

cycle time (4 see), assumin, an anru1.ar acceleration of I der!soc 2.

Equat ions of Motion

Si.nce it was desi.red to examine the thrne-dimensional, vehicle

motion rather than just the motion in the nscil atinp orbital p1ane,

the equations of motion used in reneratinp, the •uidanoe law could not.

he used. A different (althoirh onsi,+.irf ) set of equations

was used, based on a inerti nl. reoeentric-eo'.iatorial (TJK) coordi.nate.

svstepm. The TTK reference frame was orien+.ed with the T direction 1n

the direction of the vacinm neri-ree, to simnlifv the transformatlor.

frnm nprifocal. coordinates to TMY coordinate.. Th,,e 4.pP,+.i.ons nre

the same as uised in the ori.finil s+,udY (Ref I "A-3).

The vector equati..on of mnt.i n is:

2 A V2Ar
""--. + 4 ... T . (50)Ij

A A
wh.ere T, and F) ars. the unit vectors in t,h. dire.ctions of lift and drap,

respectivelv

19
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SVr x (r xVr) (r xVr)
S- - cos (51.)SVl'rI_ l ~ I-v!4 In

and A VCD r. (52)

I Yrl

The aerodynamic coefficients 01. and. Cd and the vehicle

specifications of mass, m, and reference area, Ar, are taken from

the desirn of Reference 2. Relative velocity, Vr, is defined byv

eq. (12). Rank anple,R, comes from the ptuidance law (eq. (18)),

•. and the densityv altitude, h, is comruted from eqn. (48) and (49).

The program user a Runre-Kutta inte.ration algorithm to inteorate

tha equations of motior, from atmospheric entry to exit (120 ks).

•' i ~Computer Progrm

A flow chart of the malor elements of the comnuter rrogram is

showr in Fir. ', A listlnr of the pros.ram is included in Appendix B.

The prorram .irst venerates the nomi.nal traiectory, usinp the equations

of Chapter TT. The vector of timr-var•inrn Fuimdance coefficinnts Is
• tinput as data nolnts, and an internolatinr tahle l.ok-in routine is

used to reconstruct th, curves of Fi.p. 4 a.nd sel.ect values for a

Piven fl.ipht time. The elments V, Y, and r of the the osculatinp

orbit at r - 120 km are converted to inertial position and vel.city

and are used as irni.,ial conditionsn for the inte.ration of the equtiations

of motion rivmn in the previous section.

1.multater n.viation errors in V,Y, and acceleration are innit

to the rupdance section, which then Penerates a bank anrle. The

intepration proceeds until the vehicle leaves the atmosphere

20
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(when it, aain reaches 120 kin). At this noint, the aroFee of thei
phasinp orbit is calculated, assuminv. two body dynamics.

The intertration time ster is I second, which was determined

to syive Pood accuracy wsfthout resnltin. In excessive nomnitational.

time. New ruidance commands are Penerated every 4 seconds, and

bank anple commands are limited to t 30 derees about the nominal

90 defyree bank anple. The miudance cycle time and maximum bank an 1.e

represent the values that frave the best results in the ori.qinal

simulation work done by Lockheed. A sample trajectory is given in

Appendix C.

VA
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TV. ,aviatynstem Errors

Tt was attempted to model errors in a manner that would be

tyvpical of the outputs from the navigation system. Accordinwly,

the errors were inrut to the simulation as a constant (bias) error,

a sinusoidal error, and as a random error. Each type of error was rni

with varying mappnitudes to determine its relation with the output,

apopee error. Tn addition, each error in velocity, flipht path andle,

and acceleration was considered for three different atmospheric

density profiles. The first profile was tho nominal density, and

the second and third profiles were the worst-case situations of

density being 40 greater than normal, and bel.no 354 less than no'mal..

This demonstrates the capability of the ruidance system to correct

,Ior off-nominal. atmospheric conditions, in addition to navipation

errors.

The slnusoidal errors were run at varyino frequencies to

determine if there was any frequency-sensitivity in the muidance

system. The range of frequencies to he examined was determined by
the puidance cvcle time and total time of fl.icht, The hi.h frequency

limit was chosen to rive a neriod equal to the nuidance cyvcle time

of 4 seconds. Any freqiencyv rreater than this would anpear as a

random error to the simulation. The T.ow frequency limit was selected

to P.ive a neriod approximately equal. to the time of atmospheric

flight (400 seconds). A frequency much lower than this would annear

to be almost a constant error.

The effects of random errors in velocity on anot.ee altitude were

examined to determine if there was any significant d'fference between

23
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the results for random errors and sinusoidal or constait errors.

The random errors were produced usinR the random-number utility

subprogram of the computer system. A uniformly distributed random

sequence of numbers between -1 and +1 was assigned to the elements

of an array at a discrete interval. This interval, which could be

varied, was called the correlation time. The elements of the array

between these Intervals were filled in using a linear function

between the random end points of the interval. The elements of the

array were multiplied by the arproprinte error magnitude and then

each element corresponded to an error value at each cycle of the

ruidance equations. The use of the correlation time provided a means

of varyinp the rate at which the random errors were inpit to the

siulation.

The correlation time was analorous to the period of the

sinumsoidal errors, and so the ranpe of correlation times was chosen

from 4 to 400 seconds, usinp the same reasoninrt as was used to determine

the frequency of r4nusoidal. errors.

Errors in each parameter were first examined independently,

but the effects of cross-couplin• r.f errors were also examined,

This was to determine if the principle of surerposition would be

applicable to the error sources.

The results of the study are presented in the next chanter.
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V. Results

'-1 Constant Error

I• The nominal trajectory produced by eqs. (14), (15), and (16)

resulted in an apo~ee altit.ide of exactly 720 km, Yowever, when this

tralectory was "flown" in the three-dimensional simulation usinm eqs.

(50), (51), and (52), with no errors innut, it consistently yielded

an anogee altitude of '30 km. This 10 km bias probably results from

-j! the different methods of calculatins' Ve in each case. In the case of

Sth e nominal tra jectory , it is approximated , since the orie ntation o f

the osculatinp orbit is not known, while in the 3-P simulation it is

calculated exactly. This bias was taken into account when determining

the results of the navirational errors,

iNrrors in apopee due to errors in measured inertial velocity

exhibit a linear rel.ationship, as shown in FI. . The horizontal

i, j lines show the rermissible variation (+ 100 km) in apo.ee altitude,

and the three di aonna .lines show the three cases of atmospheric

density beinp equal to nominal, and +4Ac and -351 from nominal.

Kj •From the fipnre, takinr into account the 10 km bias and the

possible variation in atmosnheric density, it can he determined that

the allowable error in measnrAn,& velonitv i.s + . 2 m/sec. A sensitivity

coefficient of -4.25 km/m/see. can be calmcrilted for constant errors

(meanirr that a +In m/see error in measnrinr velocityv will. rewilt in

an apopee error of -4.25 km).

A.iPure 7 shows the effects of a constant error in treasured

fl•pht path anvl.e., This time, however, the effects are seen to be
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non-linear. The maximum allowable errors, again al..owin, for the

bias error, can be seen to be -. 0045 and .0035 (-.26 der and .20 dep).

A linear sensitivity coefficient cannot be determined for these curves.

Errors in measurinp acceleration result in the apopee error

shown in Fig. 8. The curves indicate that acceleration errors must

be kept between • .6 m/sec2 . The curves can reasonatoly be approx-

imated by a straitrht line in a small repion, permittinp the cal-

culation of an approximate sensitivity coefficient. For the regIon

of i.5 m/sec 2 error, the sensitivitv coefficient is 120 km/m/sec 2

Sinusoidal Trror

Sinusoidallv-varyinp errors in velocity, f.plibt path anF.le,

and acceleration were input to the simulation at several different

amplitudes for each of the three atmospheric density profiles.

j Tyical resilts are presented in Figures 9, t0, and 11. These are

for the nominal densitv profile, with amplitude of the errors

bein, resaectively 20 m/sec. .004 radiant+, and .4 m/sec 2 .

The figures will be discussed topether, since they all.

indicate the same trend. The data is plotted as discrete points

because it did not lend itself to fittinF a smooth curve between

the noints. Tt car, be seen that atfrenuencies rreater than .1 rad/secu

the apogee deviations are small compn.red to the deviAtionm rroduced

with constant errors of the same ma,.nitude. Below .1 rad/bec

the deviations increase erraticallv until they are apnroximatelly

the same as for constant error. This is most likely due to the

P'uidance scheme heinro more sensitive to errors at one point in the

flipht npath (Probably nerPee, since thi s I t the region of P.reatest

28K
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control effectiveness). The hi.pb frequency errors tend to cancel

each other out, but at the lower frequencies there is a larger

error in the sensitive region that is not cancelled out. The net

effect is that the system, like most physical systems, acts li.ke a

low-pass filter. The ruidance scheme did not show any instability

in the frequency range examined.

The results using, the off-nominal density conditions (-354,

r40) were the same, with tie data points being shifted up or down

as in the constant error cases. Varying the amplitude of theA
V errors only chanped the deviation from the nominal 730 km apooee,

but did not alter the shape of the figures.

Random Error

Randomly generated errors in navigational inform.tihon were

Investipated to determine if there was a sipnificant difference

from the results obtained with constant and time-varyinr sinusoidal

errors. It was also desired to find out if the correlation time

effected the results apnreciably, Correlation time, it will be

recalled from the previous chapter, is the spacinr between the

randomly generated error Parameters. Accordingly, the program was

modified to run in rardomly venerated velocity error nrofiles

(uniformly distributed between ± 20 m/sec) at each of 10 correlation

times. The results are shown in Fig. 12. The correlation time is

plotted versus the arithmetic mean and the standard deviation of

the apogee deviations from 730 km for the tO trajectories.

It can be seen that the standard deviation of random error is

less than the apogee deviation due to constant errors, arain

,' , ° ,t " -
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indicatinp that plus and. minus errors tend to car,!el each other out.

As migjht be exnected, the random errors produce Preater apooee

deviations than the sinusoidal errors.

The relationship of correlation time to the standard deviation

is ambiguous. Althouph the standari deviation seems to increase

with correlation time (as did the aporee deviations with increasinp

period lenpth in the Hinusoidal case), there is a minimum at 25

seconds. At any rate, there does ot seem to be a stronp relation-

ship between correlation time and apopee error,

Error Counlin 1

So far, in the course of this studty, errors in velocity, flight

path angle, ard acceleration have been input singly to the simulation, I
It was desired to determine if it would be possible to input combin-

ations of the error parameters and predict the aporee deviation,

Using the principle of superposition, it would he possible to

determine the deviation for each individual error, then sum them to

find the total apogee deviation. Unfortunately, this did not prove

to be the case. The results of several tests indicate that the errors

are stronqlv coupled and superposition does not hold. This can be

seen from the sample trajectory of Appendix C. Constant errors of 4

-10 m/sec, .002 radians, and .1 m/sec 2 were input to the simulation.

From Firures 6, 7, and 8, it can be determined that the apo.ee

deviations for each case are, respectively, +40 km, -15 km, and +12 ki,

total in- +37 km apogee error. However, the actual apopee altitude is

727 km, or -3 km error. H'o further investigation of the error

coiiplinrl was attempted, although the interrelationship of error

parameters can he seen from the partial derivatives of eq, (20).



VT. Conclusions and Recommendations

Conclusions

This study has shown to what accuracy the AMOOS vehicle

"navigation system must provide velocity, flight path anple, and

acceleration information to successfully implement the Fmidance

scheme. This information can be used to select and desipgn the
nivipation sensors for the vehicle.

Velocity information must be supnlied to an accuracy of ±22 m/sec.

Constant errors in velocity relate to apopee deviations accordinp to

the sensitivity coefficient of -4.25 km/m/sec. Flipht path anipI.e

information must be supl.ied within the accuracy range of -. 26 dep

to +.20 dep. Errors in measurirnp acceleratinn alonpo the flight path

(which is used to determine atmospheric density and then a density

altitude) must he iwthin + .6 m/sec 2 . Errors in aporee altitude

are related to errors in sensint, acceleration by the approximate

sensitivity coefficient of 120 km/m/nec 2 .

These accuracy tolerances do not seem to be severe in view of
the rresent cana~bility of p.•ce navirration systems. The exoatmos-

pheric navirpation problem imnoses more strinrent accuracy renui.re-
ments on navipational, hardware, so there should not he; a mnJor

•roblem in ohtainini the accuracy required for the atmospheric flipht.

The ruidance scheme ham demonstrated its capability to handle

time-varvinr errors, both sinusoida. and random. There is no

freqiency instability In the mjidance equations, and the anorree

deviations for error freniencies above .1 rad/sec are minimal.
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Recommendations

The next step in desir.ninr the navigation and ouidance system

for the AMOOS vehicle would be to select navigational sensors

which can provide the required accuracy, both for the exoatmos-

pheric and the atmosDheric phases of the mAssion. Tnformation from

these sensors would have to be processed by the navigati.on computer

before being input to the muidance system.

8xistino hardware would have to be evaluated to determine if

it would be suitable for use on the vehicea , or if new hardware

would have to be designed.

• . -,, , -
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APPPTNDTX A

The AMOOS Concept

The Aeromaneuverinr Orbit-to-Orbit qhuttle (AMOOS) is desirned

to be carried to and from low earth orbit inside the Shuttle Orbiter

payload bay. Basically, AMOOS differs from the Space 'Pup in that it

returns to low earth orbit by makinp a brakinp rass through the

atmosphere. The added vehiole weipht due to increased structural.

strenpth and the addition of a thermal protection system is more

than offset by the weir:ht of fuel required for the same propulsive

brakinp. Tn'us, AMOOS can carry 2 to 3 times the payl~oad to GEe for

the same weirfht vehicle.

The AMoOs concept has been nroposed for both manned and un-

manned missions, The mission of primary interest is to peosvnehron-

ous altitude, and that is the mission profile examined in this study.

However, the conoent is not limited to hirph earth orbits. An AMOOS

vehicle could be used upon returninr to earth from lunar missions, or

it could be used to provide aeromaneuverinp in any planetarv

atmosphere.

Tn order to provide for the maximum efficient use of the Shuttle,

AMOOS is sized tn the maximum Shuttle rayload wei.ht. The dimensions

of the payload bav require that AMOeS be shaned like a cylinder with

one end modified to an aerodynamic nose can. The peneral confiruration

is shown in Fip. 13.

The nose car is hinrPed to nermtt the rocket enrine to fire forward.

This aft carpo bay arranpement nermits the vehicle to be adapted to

modular confimuration. A hinved flap at the rear provides the

• - . . . .... ... .... . . ....... .. . .. . . .. . .. ... ... .. . .. .. . . . •. .. . . '," '.' " "i •" i ' , ., . f , .,.. .. ..q
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Fi/ . 13, General Confipuration of the AMOOS vehcle (Ref ti-.55)
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required aerodynamic trim characteritics. An ablative thermal

protection system is used on the vehicle, and it must be replaced

after each mi.ssion.

The nossibility exists of placing heavy mevloads into IPO

by stapinp 2 AMOO)S vehicles (usinp 2 Shuttle flirhts). This would

permit the placinp of a 15,000 kn •avload into GEO. A sin.le stape

AM0081 can carry a round trio payload of 2P60 kr, or deliver 5200 kP.

This compares to 1100 k, and 3600 kP, respectively, for the all-

propulsive Space Tui. Thus it can be seen that AMOOS enjo.vs a

definite performance advantape over the Srace T'up.

tetimhced costs (Ref 1254) for the desirm, developement,

testinrt, evaluation, and production of AMOOS are as follows (it, 1970

Ufnited States dollars):

511. million

tat unit production 2A.7 million

refurbishment t.1 million
(per flipht)

These estimates do not include enfriine costs, estimated at $130

million for PUP&E,% and $.7 million unit cost; facility And operations

conts; and the prime contractor's fee.

WPinire 14 shows the orientation mf the vehicle with resnect

to anpl.e of attack (,Y.), bank anple (R), and fl.,iht nath annl.e (V).

Note that hank anple, as defined, In not, the annle produced by a

simnle roll ahout the vehicle centerline. The autonilot must orient

the vehicle to chanpe the direction of the lift vector bY antyle R

while keepirin the lift vector, vehicle centerline, and the relative

wind vector in the same plane. Thls allows the vehicle to keen the same

side (covered with ablative material.) flyinp into the relative wind.

L~l
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APP•,N'F)TX 1

The comnuter listin, which follows was used to saimul.ate the

vehicle trajectorieq. The proram uses the followinp input

information!

1.. ERRVFT1 - velocitv error in this examnle, -10 m/nec constant
error

2, ERrGfAM - flight path anple error - in this example, +.002 radians
constant error

3. FRRACC - acceleration error - in this example, +.I m/sec 2

constant error.J

4, TFOR - format parameter - 0 for short output, I for full output

5. TTRA,1 - traleotory desipnator - in this examnle, /H

6. VAP - vacuum periee - 71,1133 km 1

7. DX - guidance cycle time - 4 see

8. DT - simulation time step a- 1. sec

9, C.(t) - feedback pain vector (see FiP. 4)

The outnit from this promram is riven in Appendix C.
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APPENDTX C

Sampnle 'Tra jectorý

The sample traljectory contained in this sectinn was produced

b,! the program listed in Appendi,/ R,

The output consists of the followinp:

L. •,cho nri.nt of innut data, plus calcul ated entry conditions.

2. M1ominal traiectory which the ruidance system will trv to control
the vehicle alonp. Total time of fli.iht is 420 seconds, and
perirtee (when flight nath antrl chanpes from - to +) is 70.113 km.

3. Desired anopee altitude and time required to descend to 95.4 km.

4. Echo print of feedback r.ain vector,

5. Transfer orbit elements and iner'tial positinn and velocity-

at bepinnint of atmospheric nhase of flipht,

6. Rcho print of error Inputs.

7. Actual vehicle tra.jectory, rivinf, actual altitude, velocity, and
fli'ht nath anvlh; calculated densitv; commandf.d bank antle;
and inclination of the oscul•a•tini orbit,

8. Density nrofile whi, h was used in this traiectory, and the

actual apopee altitude the vehicle reached.

52

I!



t o Il III I I I II I 4 1 i I It' I I I. i to III I .I I I I: I . I. ItI
1 O, CI) (N ! ON N v-1 I In , c i M #1, I. Ih MII ( I

I Or t. P fv' M- %C, Pif fý I q-4 C. I.* l Cr (Z M- I'.t

0 •.-• .', . ." J+ w * .0 0-4 a,-•V 4 .- 0 It's I" r '. P,

Is kI. t • • i. 0 u U Vi 1 l tP , L 1. u I I.' 1- L I U L hN w I MC'
LI I.C Q', C € I.. ... ; V"- I C% € 1 - L. C CIO C'.I

4 4 4 4 4 4 4. 4'. 4. 4. 4 44.4 , 414. I 444.
t•'~~~~i 1- 1! 1 O'il, , L II ' " , L. 1 11 l ,i *• l, ! ' ! ' IIh I .;I It ' II I ' I U '

a. k' t IC +~IC -Pa -i . ky q- 0- UC+ r- .

'e: II r Ic+

S If- ', o ." f., .C . .r . ' 7 , I 41 ' J) r \ i V. 1-, UN C. P- PI' ("m : U'

,,.IIOU. Il (,,C, I. P - .. a. 9

-Pi II C C" ) C. , . c C. C', .. r'C,IV;, C'".4 U J`'T M V v4 - -H

(,, , . .:-.• C.Ve'e e~c.

'1 -1 q-a *.- 4 w q -4 w.j. .- ,4 y.. 0'- 01. -,t^ ON' fOO A,) III III I"9

V', c" tn aC

".4

L/ ,-:II---.• ,•-C t .- O Y. •"I t•"I. • e P" 0'' -"C'.1 C'.' ,L' P..tLI • v , N F't 4••Ch

C C. • 9 C 7 I! I .. f. - ,." C' P C. . • C- . C C " ' Or t .'r- € -P, ,' L- • • .

C -L. .- I C , ' . f • C. I • . Or w , • .. . • .
c- r" en C r C I C SC* , Or.• c; ,- t" Or N (7 7 " e !)

I-N 1- 1- 4 IOIvI II, I Iw - w I- w I V O I 4 I I I o I11 I

C •. .. JL 4, .' -. -
I-I • I

4r C' C Cl j M q-1 V 0 C-1)

I, -.oI " . ,a1 0" a" "; a, .? € " a_ a" a. €" 0 *, ; . a? S. • a€ *" a. a" 0. t,'

U-, CJ L '" -. " e, _ Or • ( PI .. I, , .3 .n .1 OX , .k;L;

a-r10 CI. -- ,,, W-4 ., l , 1 ' 11 W4r , C..t 'N " C, t^ l" , C" It

53

Lt- %0_" . I II ,I (' "r w4 -" ' t j . A e

- • , - ., . , • • • • ;. ; . o :• • ., . . . .• . . . . • • . .. . .- , , : . ,• • , ,• , • • . , . • . . .. . .. . . ... • .. . .. .. . . . . . . . . . . . . .. . . . . . , - • • ` • • • • -• " ;YC• - ; ; : ; : ; ; L •



Cýcl 44 , - "3enC t, ý V c r I ., C, Q+ -! m.... c ,i l - -. 9 C' , C, a) v M. a'.

[.I

i ii

4. .. t 4 . 4. 4 . . .4 4. ir 4 . 4"." . .÷ t .4 .. 4. .4+ v..• .t .4 .-* .4. .4 t .'. .4.÷ 'i 4• 4.- 4÷.- .'9" *.- r

I I I I I I tI I I i I a I I I I I 1 i I I Il i I I i I I Ia I a Ia a a a a a I
PPI P-1 - ' 1^ I I9 l It l i ý +l h l i l t ll2 , eI v. 4 Cl . 1 C ', Ii f, 10I IP l tl +l 1 6 J iI , (\lI h + Nl , I l l Ia~ i l
ttN'''.4, C q-- tv (I ke' I" P i ( v- '.VC'j• P.N.. t,•N •rpr . &

.l ,, #. 4 :' 9 ,' N ' ,'" g r .' ,, s- * , ,# .4 i" q' 1 " v 1 gr g0 1 u' 1 •, t, 0-
-'. t 5M . C...I "C U CL ' x C.r I K1 ui. .1 0 c' .r rV" U IO t1 ' q . 0

a t. 1- .' ' 4 .1 , r r. c .• It V-" 4' N. af q, ,M, r '.' n' ' It, r. V a r M '.4 (T " 4(1 1 ' CL k ,-

6 0 0 0 0 0 A S a * 6 6 0 3 S 0 0 p * S S 0 0 0 S0 0 0 *

- i. It tc ' LP I L. k. t.. i r a.r It trI i r t, W .U . i UL , U io U, 1.. I S 6 IS I• . ir ' , i Ir i I r. i U. ,

4 4 4- 44 .4 6- 4 4L+ 4 44.4 4. 4.1. 4 44 4 . 4.4. 4

S ..i'. , r. i ' i I '.I, C, )'.f Y - C\ N ,V- n 1 I V L6 V .i C '.1 q 0o ' [,I 4 't', ' pSi P 1 C -'. 4 .4 q - . .C r- (½ t ,j .1 *4 1, 1'. 1- 1, " . t J I. . r. L' ; , U i - 4, 't

CI i Lt • i c, f ' C., c .i 0-- ' •q-4 "I M N '.1 • L 'b' i p.. I e: C C P7, ''.4C N C, •to .

t. I, " v 4 c f' VA . .. 1" • '' -• ," 1•u h . N l, q. ' 4 C1."• i% I IT, 14 , W4•. ,.
S 0 0 I 1 0 a * 0 0 0SS 9

•~ r.. C ,",' r -" ", ."4 w, ,
f4.• ,1 • f• I:• .4 • . • •" I ." !n 0, .. .3 IT T 'r -V 'A', ( ,.r •, .- -X) e, T -. , a. ý- -.k: "

r" 4 a:. •,U-r• I c . C' ' ( I.J. .4 t C, c . C"." '. 'c I '.'.Cc. ,?. C . 4 .' tC' r-C
u Ce l:, I T (\ ; • . C', L; :; ,; .i . In. I ,..- r., \ -W. (I. Q,. - j (I C;.

k^ v t, r,- - f I P .. ." f .1 o pr , i' " tr'½ N e q' ..J 4r•
t' c.' i " P. . r C , .;" I L i. C' - ,. U ft- C. : 9." . i. r. 0 f' - ..1 Ct L- f L" C I. vi C' (

C' c' 1-. C' Cr C a- L Lr C" C C' r . C r. ' M- C'", * C " C C-' r . C rl C. _ CX ar, ' r' C C.

C" C- C. in; 4L* C C* £ C -).. L• V. r' Q. C C.' C C' r' . C C- C' M• r' L- C: C" C. C- C-* r-' C' C:' c" C C

C.. *rrg p C. cv Z v (\ - r C-

a' C, t , eV L: .' W' IA. ~ P- r' P r %L r N ' F- C . w-4~p N L. L; cL * f

V-4 ~ ~ ~ ~ ~ ~ ~ ~ 9 W4' 1H99-W4q v 49 - -4w - jC, *. q I (N N 9a *. (\I N' 9N N

~~54



K I

f I f , g I I I I t i I I f % g g I el * I t I I I I I t 1 %
? ± t- ir : c) . vsr In v~ c c c~ r, 4 -2r C2 n c, t.9 In c, t- m #-i r r'l I S r- t.h ' i |Ill l11 I'l III I' il Il III loI Ili III Ili I,, I.,I I I Ill ill It' , i l l III | 1 ll • 1 1 Ill 1.6 iS! 1• I, 1 * I 'lI• Ill 1.i 1.1

S c- r'. r (• ' M tN , . I l I- i- . t.r r " t ' -" V4 .f I- n , Cn, I,,-

-I -e Pr p 9-1f"C'•' . .t,+ I' II

S. . i. t p.' U'V' ,I I' ..C a- k PL M ' . I C' L% IS ' %0 kC C' k .' k i- k P4 %V W: .k

C C*... ' 47 . . . .. 47 .. I- , L. C-) C.> C . ,i C I C.) C.) M C C. ) C , C . C , c I ' r c C) e el l I- C .) r. I. I t C C.)
4, .4 4 4 4 4- 4 4 4 4. + 4. 4. 4. + 4 4, 4 4 4, 4 4. .4 4, +. 4 + 4 .4. + 4 4 4. 4 + 4 4

I,- I L, '. 1. ,T' I, ' ,' ( .1' 1, h, 1' t- I. ill I '1-1 W t.t L ' U I I I| I J I. li It-'. t '0 1 y• ..' q+ , .'

,2 ( ..' , o-(nC, t +" 4tt" i•, .' .. ,, nL A " l I'-I C'O ..l a: I n .~'L' 
1

- .. 4r• I' t ':" tl C '. **, '*' I

14 k P r • W, P. e'+ •',' " , p . e-, INt *+ P O+ r% i+ er 1'• M+ ell 0 . , en 1..1% e•

Cx" , 4 .4 +,.:. ' r f. I-..4 p , ( . .rC,-. + 0 p.._.l (\t. I,. -4 t..L• J q" 'i > ''4= .. j. C r"

p. " % v j ~ ~' ' '.: ' j "o; i a-' '- ~ wA C f "+,','r r" " " ',--r! r +' I " ..'VI ,
. C.. C i • | C (7. 47 I* cp , 47 . ' : p l. ' . P • r. '• ," :,, e; p .• rC t .* * ,. N 7- . ,

.• P.a , Nr J z" .. ' " € : . r 4" 'p... P', . 4, p1." C\ 4 P. I " ' r, .4 1

tPr*, q .+) 'l [ P j UI - L•" Q" . •.. it, .f- .!rc ' + L ..- V4 q" - 4 -4 ""

4. 1' I , I ( . P" 9 " I. 4 - 4 4 1 p.- 4 " ' 4 vW + 1 1 q. 4- a-

v a 0 Q' 4 4 4 10 0 0 0 a 0 a * 0
..V 0-4+ 4.P r,r. M i+. t lP .C f 0,l tý Cr -4 r. ' Cr" a, I ,+ = C,+ -t- . . W ,L' C• 4r4 IC K. Np W k C' - T | t•"f •i r

P+{~~~~~ ~ P- n. r" -. ' . • ,++ . etL +•,Vl I+,' t J, *e," C. i IN I pfptf "!

kr • .- " . . . C''.+ .. ... r, n, ('. 0.. . . .

c.+ c-. c" {t" C.. 4.. Cc- ' .c ." L: €. C' e c. t" ; c . " e+ e .. r - t. C. C C. ., L1. C. C L•7

Cr q-c (1 t 1 tI-, 4 C1 Ct C,. t par t.C, -4 1- u P

t:; . c. r at r. c •.e)c ,C, -tr n

c.( C •. (, ( cJ C\ ( P, " ' W S; I'. f," f " p , c. - , I• iS<' c r C.J 4 . C ., C ,

- " CI*. .;-



N1 1. '
'*1 V nClCu 7 "I4v4.A f - 7 C"r-f" e tjC) C71 .c r, l C I t. M a- ." r.- . r C.C Cia) Pl " n Z r C, C 6"-r C

10 0 0 a2

91 t Ll l C l C C.* r.r r
C!. .

w4 ý q-4q-4I

C. .4 1, t'. C. J' *1 r ',4,q4 C.

e, 0- C- r * 4 ý4 0- tR ff fN 4 S 9 4 4 4

C, C" C . -. * C .- C7 . . * . C- r r - C, r

;I LC C Cj. M L" f-' 4C,4L
4

C- C.'c t ~ C~ Ct ' C.. C C-(

f- I CLN(' C' r

4'. c-ý-4~..oL



0k. q-46 6

.Z4 -I VA N.I q.

m. V. C3'

r-1

tv, V4 I' K I

7.. It t r- -

o- L'

H Al-

J

lit *' 0 4

on h- C, V L ~
,: is. 0, C-1 0 c V

I- q.I C . ' !

rl~

f-- V~~6 *

c a.

7 ' c

_j I.- L' 6 1.0 U'

1.' i'j t. u s-: * e 6 in

6- lit 
..ý I.. L



cn . (\ ~ C~ . 1't -4 e on. .1 1 Nq. ,4 CV C-, -t V) pr 4.\ t (" U" W4 M (- ", .. 4 pr or P

U . , X , ." )-i C) a. li C. v. 4 Pý a 4

q~ 4 94 94 ~ . - -4 q-.4 9.4 V-4 9-4 V-1 . * C'.j 1\ N I N

-:1

.1e
o ~ ~ C ,-' r M v ~ J o ,~ ' ~ - ~ ~ '. r

!,I S If ! I ' I . I I f IB: &I It
-%• | . | g I m v i -4 J . i. i-4 rl Ii I, Iii i 1, 14: *41 ,

%4 94 t , t' ' "-
4  

1 , 
4  

*r), I t j4e• I.- 9, 1' C-
If- p' PO'~' .' ' C* ' " . " 4 C " 4' N

F " 4 ' " ' ' 4'. ' If • IV f , "

I € .k P, In "I T- N" ' : - NJ I, N",. . L, f

,• '• 0, . 0 . • • • ..•S" O S- 0t B•. 0• * 0.

I" .C •' (' *' C', 9-4 C" N." C's v
4  t. •. .' /v v-' L.. f,

,.P' N" • .. , V" *.' • f.- , *I.' 4 ; ~.' ',.. ~ . •"

I• Bv i. B ,S 1 I Ir I IP I I" I. Ir I B, Ir I

V1.j H . ~ 1 N . ~ ' ' CS P t - . N
ll 1` ~CU v

4  a'A Nl.. %N. Ni P. ~

~: N. N 4' 0 L CV -t ~ U L Qt IN. C.
v-4 q' N4 Cq q' 4 ~ -4 q- 41 V- ~ ' c C., 1' 1' c

C. 4 C .. C., Lý ell C. a. CC 4Z ) C' 1.ý Q~ 0" C,
q-4 9.j 4- V. -

4  
9 4 q 4 -4 

9  
-~4 1.4 .7

.j 4 a~' W N- 0 "r m. C, I- ~ It N ? '

V' I C' c. C- C' a) C. C. C-

c~ c C'~ r. C' c c ~ C' 0 I C. C. C'
0+ 4'. Ci 0r I

. ~ ~ I C' 4' C' c" C, ' '~ (s 4' C . L



& 4 
17 

'~- ~ S~

Pei, fe fN j N N0 (II
CV 4 c rC N I C

&~~~~W i 
lI* s i

o 4 r Pi.. if' C, a , 1' ~ . .1 . ~ * *

k. 
f- r- c0 0w 

0 0

gjrt~ * ' P.~ l C' 0 . 1 ~ '% ~ C.

N~~~~~ 
q4 rC ~ C;. C ~

C. ~ ~ ~ ~ ~ ~ ~ ~ ~ K L'r4 4 C C'C .~* f~ U

+' .* 
Ir Ii' : r

q-4 W4



GOmr on. .-. --- m 1( % N m I q4- m w 4=

00N I,- fe n. M00 ' l I - a' ,i r .. r, N

tA Ito 'M c N P- eo N In to w-4 '0- 4- C. I . .

.0 "2 Ut it N NJ Nl N! C\ (\jN N NN N A '

1=1 " a , Ni c l: C in a C, in -4 C: C ' fl i ell L- C,
C? ~ oi ill a I (1 tiT 0 t ltil " T C C l

re .0.4 r '

ON.e

ti c n a n Ar er i e i C C c n e n e

C. t ~V4~ : . 4 N i 07 V- . 4- C, PL- I'A

LZ'~O. .. pe. r' cl ONt J u ' . ~ p-. e

r, Sr U A

"~. C- . -t 'P '. . 'h. t~~ ~ in '.. ' U '* It .. 4  
d

U ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ V l' -2 4 C. ' ' " ~ it N Ut. A f L' I

CIO 16

Ae

V~~l 9f ;r C' e ., C : I -, ,

C7 C: a. . " ' i C'7 i C! 4 ~ .- 
4

I.~~~C *,= *rc-c a L '' -

'i rt .1j f, CO4

U r (N t

t ~ W- q I C I- .4 Ifc\,J S It C L- C C t 44

* 0 5 0 S 5 0 5 0 00



Fe C"a I,-- N. 4r4 C54 CI? C% U) ' 4 III er V4 m~
00 V4 Vi

4  
'- 1 F"4 i t. t 1,- -4 1`11 V4 tr IAN m-

9- N (r t' Ný OX) Nr ('4 em?~

(n4 cc ca Vý' r, art 111' -11r IV M- cr il c o u' 41) '

9-4 ~ ~ ' .- . - y4 '4

q. I. . f, ION It", U'% In' I ~ t~ f 44% (01% Mf 1(% 1 1, r,' If
C., C' C" C. m~ C. r p C* C. C) C c* C' C" c ' M C

I g I iA I a. It o I II il I- II II

K .1 yi 4~ 4. Ur CL 4 -.. P 1 L - ' C
4 .~ C e c r C~ . p ~a^, Iip ONO, .r t 4

Y-
4 ~I 9*14 9.' C.' W4"P. ~ ~ ' .l* - ' ~ '. C

0~~~~~- 0" W-1 S S 0 0 0 0

011 lit IT U.. trU ~ '. a t .. r . .

q- W4 P\* P, * ~ ~ - * - , -.. ' C P

IV) fe er N. I- I , *4 14 It).

.J V94 re.. c el M- . . C ~ . C

q' 4 ~ - w- 4 q-4 C, *- -4 q-4 act rL .rC'l ~4
6 .0 0 a 1 0

d ~ C It C' Qa Cý m9 : c- C. I J * C I . '~
*~ ~~~~~ ~~ C~4 '. C ~ I . C . Q . t

Or. Ir err, e7 - ** * * 4r4. 9 t ~ 9

IrO --
NC C C\' I\ INC 'C C. C' C C '



(N. I m t .1--

" 0 "% " C\ \ - f\ j ,\ . • ,- " o "

%c m4 i-I +- C". NM P^~f' ~ N' ~ r t ~ t s

P1 C1 P. , 1.*01 * 0 0 * 6 * S S 0

( I IN It , 1I %M k M C to k m I M I

it, t,. a" L I • C" f It Ir' - n es e a" Of 'kt o

C',

q-4 It r I. U . J- t-- -, , " ' N tv " ' v' I ('IC,, .. l". J:4 .+ *, P. • U ' t i P • C'

a 0 0 0 0 0

r- V C.c~ .CU4 1 1 94' 9 I f • IC *.( •C 4C' C' '.% e C' • eI 41 41

" It , , g " , 44 W4 , a " I , a a a

~.4 *~ r'. e" p~ 'l .4 Cy q-' la, I Jt ( '' C' e

6"t v- (I IV c; 0; • P 4 N , =( (\ P. .t ;) 9 ,
3, 4 (A f• -..• ' .y - 9A I• t,, '- 'P + L . ' Ip 4" C"+ N 1.1. ,P,

c- ' p. V i..N L: •.P I' , c :..-N . J -L. j • C' ,'I. •' c-

4 ('. •+ (j N' C t • 1 U ,.- 'i' , 6 .4 I r ', f, , (' -

y-4• .4 q I I .I 4 f• ,.- 1-4(• : ', • 4 P- f " 4. ' .~ • .:. N' N' C\1 .IVI.4 , ''"*~ l .. ' , " .' r- ., • • ,." A' ,:
.+ -" P " i t' LC P- ' L" €-- It. • U'• U' P -' +I

.4 % • I I I.': .S' . '0

0r lk .1 e 1 0 0 .

u CI a1 L . 94 . ' j C ~ .4 '1 ( '1 V

9~~~~I M 0, P., * * S * 0 *

CI' C' N .- - ~ P r p~ .' A " , m y' 9462



S4 ' V% U' "IC

t .. t I- ,t 1

,'• C" N N 'c C\ C

It-

V-4 ,-' • " • I-• II. = t~ r, t "• • •

IJ3

tI, .* I. I .. . ' Ia . ' I '

C " ,4 IT' CI t -4

C. *9 k 0 C ULC-l)L 7.

"I . C)l"•" " ",n I If. e 4,
"it q-4 - V p . U - U.. M- 3 '.

C".',.f U • .. , • ', p.. .. ,¢ 9.* I ,I-.. ' V 0. t t u"c- * "

S1I

S' . ' tr It c-. L - . .= ."i. P- . . • .." •- ' *".*¶ r,
4.~ 4.:, 4• .f 4"• p..; i- : ' : € L {;•, € C '

.* , , • • • •"I . '"r * . ' • I. " I..-. €-' < f'.r *P '.'

N' .• • • • r" • * "• . . ", 4p= : b-"e • , *

CL C, c- t C' cr *t,

ig C- 7- l,- C N) * -

C Cj• -.rf. 4 e W, L)J CC r." U : "" "- 0

* -- .~ ,- - L I L" L" " • r " " •. '"( P .I-J"NC'.0 ' C. c" " .. . .. . . .

.( C C 4 •9~

-. 1 I-, ca 9.4 V4 W. q.4 lq

9. , , .'. .



VitaI

Robert 7.1 Chambers, i~r. , was born on May 30th, 1948 in Oranpe,I

New Jersey. He graduated from Mountain Hiph School., West Granite, New

,Jersey in June, 1966 and entered the United States Air Force Academy,

Colorado. He itraduated in June, 1970, receivinp, a commission as a

Second Lieutenant and a Rachelor of Science Deffree, with majors in

Astronautics and in Phnsineerinr Sciences.

After attendinsy pilot traininrt at, Crairf AFB, Alabama he was

assumned to Rhein-Main Air Rase, Federal Reoublic of Germany.

While stationed here he flew as a squadron pilot in the 0-430 aircraft,

anH later the 0-131/PV-29 aircraft. In t975 he was selected to
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