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Preface

T became interested in the concent of the aeromaneuverine
orbital transfer vehicle while doi:ir research on Smace Shuttile
upver stares, The potential for increased carability over purely
propulsive OTVs is so mueh preater as to warrant a detailed inves-
tiration.

This thesis is an extension of work nerformed by the lockheed
Migsiles and Space Commany under NASA contracts NASB-28586 and
NASB-31452, and is based on the recommendations for future studv
contained in these revorts, T felt qualified to examine the problems
of navirational accuracv during the aeromaneuverine phase of flirht
since T had completed the course sequences in Navipation and in
(uidance and Control at AFTT,

T would 1like to exvress mv appreciation to mv thesis advisor,
Maj Richard M, Potter, for his advice and eritical review of mv
work durine the prevaration of this revort., T would alan 1ike tn

thank Mr J,P., Hethzoat of the Ma.shall Space Flicht Center for his

assistance durine myv research for this study. 1

Robert I, Chambers
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Nomenclature

The MKS system is used in this study,

AMOOS - Aeromaneuvering Orbit-to-Orbit Shuttle
Ay - aerodynamic reference area = 15,69 me
Cq -~ coefficient of drag = 2,5125

Cy ~ coefficient of 1ift = 1 3457

Cy

C2 gain coefficients

C3

D - dran

GEO - peosynchronous equatorial orbit
h - altitude

he - reference altitude = 7,315 km

L - 1ift

LEG - low earth orbit

m - mass of vehicle = 6804 ke

r - inertial position vector

u - unit vector or control variable
V < inertial veloecity

Vy - relative velocity

Ve - inertial velocity of atmosphere
R - bank angle

Re - commanded bank angle

Ry - nominal bank anrle = 90 derrees

"y - f1irht path anerle

imai B
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Pe - atmospheric density at sea level

U - pravitational parameter

p - atmospheric density

6 - See Fif,‘o
g - sae Fig, 1
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Abstract

A oreliminarv investiration was conducted to determine the

navirational accuracy required by the Aeromaneuvering Orbit-to-
Orbit Shuttle (AMONS) during the atmospheric phase of flieht, The
ruidance scheme, which is the same as the one develoned bv Lockheed
in the oririnal AMODS studv, uses the paraizters of veloeity, flircht
path anrle, and density altitude to correct to a nominal trajectory,

NDensity altitude is obtained from atmospheric density, which is

calculated from vehicle acceleratior, FErrors in velocity, fliecht
path anrle, and aceeleration were introduced into a three-desree

of freedom commter simulation of the vehicle trajectory using

bank anple commands renerated by the muidance equations, Deviations

from standard atmospheric dengity were taken into account,

The maximum errors allowable that =2till permitted the vehionle

to attain its phasing orbit aporee altitude of 720 km (+100 km) were

determined., Three types of error were investirated: constant,
ginugoidal, and random, For time-varvine errors the frequency
devendence was examined, as was cross-couplines of errors,

it was concluded that the ruidance scheme can tolerate fairly
larre errors and still miide to an acceptable anoree altitude, The
navirational accuracv required for the atmospheric phase of flirht

is within the capehility of vreeert dav astrionics,
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NAVIGATIONAL ACCURACY REQUIREMENTS OF
AEROMANEUVERING SPACE VEHICLES

I. Introduction

Backeround

There is considerable interest in peosynchronous equatorial

orbits for a variety of civil and military applications, such

as communication lirks and surveillance. tinfortunately, it will

SRt et s s rpait b el i s b e

i

be beyond the capahility of the Space Shuttle to reach these orbits,

eoni

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

upper stare is required to reach geosynchronous altitude of 35,800 km,
An upper stare vehicle that has been proposed for the round triv

from low earth orbit (LEO) to peosynchronous equatorial orbit (GEO)
is the Space Tup, However, because of the larre velocity change (AV)
required for the round-trip mission, about 8740 m/sec, the large
propellant mass fraction doer not allow the vehicle to carry much

rayload,

An attractive slternative that has been presented by lockheed
is the Aeromaneuverinr Orbit-to-Orbit Shuttle (AMONS) (Ref 1, Ref 2), f

The advantare of this conceot over the purely nropmlsive Snace Tur §

is that part of the AV required for slowines and returnine to 1RO is
provided by making a brakins nass throush the atmosvhere, After
exitinr the atmosphere, a short rocket burn at anoree will raise

the vehicle periree out of the atmosphere and establish a phasine

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

in this case is 6413 m/sec, raducing the fuel load considerably
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and allowing for two to three times the payload. The basic i1dea
is that for a small increase in structural strength and the
addition of a thermal protection system, a larpe savinrs in the

amount of fuel required can be realized,

One of the problems associated with the AMOOS concept is that
a very accurate atmospheric flirht path is required. Tf the vehicle
is one kilometer low, it will reenter, and i. it is one kilometer
too high, it will miss the aporee of its phasing orbit by thousands
of kilometers,

The vehicle puidance problem is complicated by the fact that
the density of the upper atmosphere varies widelv at hirh altitudes,
The density will vary from +40% to -35% from its nominal value
(Ref 1:67, Ref 3:20), The AMOOS vehicle is able to compensate for
off~nomina1‘conditions bv modulating its 1lift vector, and this

aeromaneuvering ability is what differentiates this proposal from

earlier ballistic trajectory concepts,

Purpose of the Study

One of the areas of the AMNNS proposal that has not been
investirated so far is the accuracy required of the vehicle nav-
iration gvstem to successfully imnlement the puidance equations,
and this is the subject of my thesis, T have taken the puidance
scheme used in the osririnal studv and incorporated it into a
trajectory simulation in which navipation system errors can be
introduced.

The roal of the muidance svstem is to place the vehicle in an

orbit with an aporee of 720 km (+ 100 km). The abilitvy of the

3
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puidance system to accomplish this task is related to the navigational
errors, The naviration parameters in the ruidance calculations

that are subject to errors are the vehicle velocity, flight path angle,

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

introduced in three ways: as a constant error in navicational

information, as a sinusoidal error, and as a random error. The
results of the similation can be used to design a navigation system §
capable of supplvineg velocitv, flirht path anrle, and acceleration 3
information within the required accuracy. : %
Previous Investirations 14
:g A previocus navigational accuracy studv has been accomplished ;g
fgi for the aerobraking return from OEO to LEO (Ref 4:33-45), However, ‘gg
Mg this study examined a vehicle that followed an unguided trajectory %g
gﬁ through the atmosphere (it used aerobraking, but not aoromaneuverine), §§
%j The results of this study indicated that a one-pass unpguided hraking %a
%f maneuver was not feasible using forecast shuttle-era technoleev, é%
%E dve to the hirh accuracy requirements and unpredictable variations %%
in atmospheric densitv, ;
%

A nreliminarv investigation by Lockheed of the affects of

Py
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exoatmospheric navigation errors has determined that 41t will be

T A W R DA TR S
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necessary tn nposition the AMOOR vehicle within a enrridor of + 3,5 km :

kst i

in depth nrior to entrv (Ref 2:73), The investiration did not inciude

M Yy 3
S
< SRty e

the effects of atmosrheric navipation errors. These errors are the
subiect of this study, which solely concerns itself with navirsational
errors renerated within the atmosrhere and their effect on the suidance

equations, Of course, the twn studies are not independent, since the
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same astrionies will most likely bhe used in both cases, Tt is
expected that the astrionic equipment will include a combinntion

of the followins sensors: Inertial measurement unit (IMU), star
tracker, horizon sensor, landmark tracker, and laser or conventional
radar,

It is not the purpose of this study to actually desien a
navication system and select the equivment used (each of which
would have its own characteristic errors), but the results indicate
to what tolerances the navigation system must supply inf'crmation

to implement the ruidance scheme,

Chapter 1T will pregent the rsuidance law used in the study,
Chapter TIT will be a description of the simulation, and Chapter TV
covers the introduction of navigational erro»s, Results are presented

in Chapter V, and conclusions are in Chapter VI,
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FExplanation_of Method

The AMOOS vehicle is constrained to fit within the Shuttle
Orbiter pavload bay, and is basically a cvlinder, with one end
truncated into a 1iftine body shape, A detailed description of
the vehicle is inecluded in Aprendix A, For the purpose of deriving
the smiidance law, it should be noted that the vehiecle has a L/D
ratio of from ,5 to 1.0 at hvpersonic velocities.

The suidance oroblem can be gimnlv stated a maneuvering
the vehicle sn as to leave the atmosvhere with just enourh velocity
to hit the vromer aporee of the phasing orbit (720 km), This is
a different. problem than conventioral reentry ruicance, which is
concerned with reducing velocity below some terminal value, with
heatine and dvnamic pressures beine the orimary constraints,

The ruidance method that has been vroposed for AMOOS is
contrnlline to a nominal traisectorv, usine a lirear repulator,

The 1ift vector is nsed to steer to the nomiral trajectory bv bank
anr'le modulation, Rank anrle, the orientation of 1ift, is used
instead of anrle of attack for 1ift control because the vehicle shane
does not, nrovide sufficient variation of the 1ift coefficient with
anrle of attack, This alsn rermite the vehicle tn present. the same
orientation into the relative wind, minimizine the surface arz2a that
must be covered bv the therms) protection svstem,

llaine hank eontrol has an additional advantape. When the

vehinle returns from peosvnehronous orhit, it must alse chanree

et e b e e b b s i ks T
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its inclination from zero to 283.5 derrees (the orbital inclination
of the Shuttle Orbiter, and the latitude of Kennedy Space Center).

A nominal bank anrle of 90 derrees produces a plane chanpge capability

.
4
3
%

of aporoximatelv 7 derrees. This reduces the propulsive requirements

at reosynchronous altitude for plane chanre AV. Chanpres in the

bank angle from 90 deprrees for steering corrections will reduce this 3

plane change capability slipghtly.

Faquations of Motion

The parameters vsed to renerate bank anrle ¢commands are inertial
velocity, flipght path anrle, and density, which is a function of
altitude. The oririnal derivation of the pruidance law, from

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

gisivts ghallicnss ot m it d i Sem e s vty B et e i 806 el st balrtitb e o it e B b g

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

osculating plane of the orbit, are derived as follows (Ret 1:D-1 -

D-21):
v dv ae
- at = %at t u,Vat (1)

Lt s ST, e BE L i R

where u,= unit vector in the direction of V

u, = unit vector perpendicular to V

PP, SU ST SE T

@ with the inertial reference frame as shown in Fie. 1,

TS

Summing the forces in the direction of V gives

-D-%,msinv=m\.l (2) ]
or \‘r - . 'rIn? - %38111 Y (3) l

Summing the components perpendicular to V rives
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Fie, 2 - Definition of Rank Anrle
vertical nlane formed bv the radi

oririn at center of Earth

Fie, 1 - Inertial Coordinate Frame
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L - %am cos y =mV 6 (4)

As can be seen from Fig, 1

8=y +y (5)
¢ «. ¥ ogsv (6)

Combining (5) and (6) pives

-y --¥ cos v (7)

Substituting (7) into (4) and solvine for v vields

e L _1lu_ V' eosy ,
A [ " ] (8)

The derivative of radial distance r is given by

rw=Vasginy =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,

Althourh the 1ift and drap force directions are referenced to
inertial velocity, they may be approximated bv the force directions
with respect to the vehicle velocity relative to the atmosphere
since the directions of relative velocitv and inertial velocityv are

almost varallel durine the veriod of atmosnheric flirht.

Thus

- 2
Nz 4 p VR AL Cy

et R SRR
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Lx4p Ve A, Cy cos R

Va V - Vg

where bark ansle, B, is defined in Fig, 2,
Control of the vehicle is accomplished by rotating the 1ift

vector throuch a bank angle R, which chanpges the component of 1lift

Cy in the Yp direction, as shown in Fig, 2. The relation between

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

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

value of Cyy from some nominal value of bank, i,e,,

m = Cly - Cly, = Cy ( cos My - cos Ry ) (13)

TR 35 e
iy - SAily i ety Eyeoa ZEE = TR T T TPy
R st Mol R SN e e ] : ok et ) 4 T I ParwT en
SR R e i AR S 2 P kG el TR X SS ML B 1o 12150 sl o o e AR SR DT [T

LAt S A e e A T L B M e T L T e A T
Bt T S e F I TRl T P D L S v TR e A P AT T R T e T e ‘

where B, » 90 deprees for maximum plane change cavability.

RS

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

R
Euatie

and (8) and assuming B = R4 results in the revised equations of

P

motion:

&

. 1 2
Ve agp (V- Vel Cq Ap - Yasiny (14) q

O

. ',
Y = Eiiwp (V- Ve)zAr. [Cl cos Ry + ‘1] - [’{.a" ”X] cos v (15)

2 BEER e

r =V aginy (16) '

where densitv is an exponential approximation according to

\ f
These equations (with u=0) are interrated from initial ;

conditions selected to result in an anoree altitude of 720 km, ;

Since entry altitude i- fixed (at 120 km), all possible initial
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conditions consistent with the transfer orbit from GEO may be
specified in terms of a vacuum pericee, which can be adjusted to
pive the desired apogee, This integration will provide a V,,py,
Ynome 8N4 hpom that the vehicle can be controlled to, accordine

to the linear state feedback control law

The time-varvine eoefficients Cy, Cz, and Cq are the solution
to the linear repsulator problem presented in the next section, The

values of Cq, Co, Cqy Vnoms Ynom: 8nd hpem can be precomputed for

discrete time intervals and stored in the on-board computer,

Iinear Regsulator Problem

The developement of the linear rerulator problem involves a

linearization of the equations of motion to the form of

A A
5y | = [A] & + [B] u (19)
Lbf dr

where

oy av v |
oV 3y dr
- | 3 3y 3y
[A] 3V 3y or (20)
F 3 3r
aV 3y dr
10
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and

cu‘o:.
2 1=-
———t

(21)

avio/
e =2

¢ -

0’&01
o i

- o
The matrices A and B are evaluated along the nominal trajectory,
The partial derivatives are calculated from equations (14), (15), and

(16) as follows:

é_%.-Ev,.ch,. (22)
3V . u
S 5 008 ¥ (23)

d
- 2m Ve Cq Ap ar 2“ 8in y (24)

%’\;.%\7 [Vr-y-r]pl\r [Clcos Ro-#-u] + [vr“a'*l‘] cos ¥ (25)

g.i - [%g - .:’:] sin ¥ (2A)
g: Zm Vr Ay [Cl cos By + u] %}.- [- %-1.1?34- .:’:a] cos v (27)
9—% = gin v (28)
ar .y cos Y (29) ;
Y f
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S- w0 (31)

du 2mV P Vr Ap (32)

- 0 (33)

c.v!ol
£ ig.

and .
.gg.-.fls (34)

Usinr standard ontimal control techniques (Ref 5:209), a
performance index is chosen to minimize the error in phasing orbit
aporee, This index of performance (which is to be minimized)
congigts of the terminal miss which relates directly to the square
of the avoree error, rlus the interral of the square of the control
variable u, over the nominal flirht time, This last term tendas to
limit the control, hence limiting the amount of vropellant required
for the reaction control aystem,

Therefore,
te
J o= 4 6xT(t;) H 8x(tp) + & . (wR) dt (35)
)

p L

where 8V
6x = | &Y (36)

o7

and H and R are weirhtinr matrices, and tg=ty,¢., and te=t oy exit.
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The solution to the ortimization nroblem is given byv
ue=- R BNk sx Ch oax (37)
where K is given by the Riccati differential equation

Ke-ATK-KA+KBR!B k (38)

which 18 integrated backwards through time from its final

nonditions, K(tg) = H,

Weiphting Matrices
The matrix H is chosen to minimize the effect of the final

state, Sx(tg), at atmospheric exit, on aporee altitude h,. For

small variations, 8hy can be related to the final state by

sh, = li’l& sV + 3ha 4y 4 3ha o (39)

av dy r ] tete

The matrix H is determinad hy

éhg - 6§T(tf) H 6x(%p) (40)

which vields the elements hij of H:
2
dh
hyy = ( 57 (41)

2
hyom | hg (42)
3y

h o= dhg 2
33 Ar
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dha dh
Nyawh =3 72 4
13 731 3V dr (45)

and

dha aha
24 haa S Br (46)

FEvaluating the partial derivatives at the nominal c¢onditions at
the final time (V=7980 m/aec,¥Y =1,75 aer, and r«h 408 153 m) resulis

in numerical vaiunes of

km
37 = 392 wlsec

dhgy km
aha - m
Sn 3.116 .

The function R(t) was selacted to prevent the peaking of the

rains at peripee, the period of maximum control effectiveness,

The function selacted is shown in Fir, 3,
The feedback main vector derived from eq, (37) is shown in
Mg, 4, 1In Firures 3 and 4, the point at which time t=0 is when
the vehicle passes throurh 95.4 km uvon entry, Above this altitude
there is not sufficient atmosphere to permit control effectiveness,
In the repion of atmospheric ruidance, the vehicle acceleration
is primarily affected by the drag terms, Therefora, neplecting
the pravitational terms, and for small fliecht path ancles, from

eq, (14)

mVe4p VhCqAp (47)
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This density can be related to an altitude through the use of eq,.(17)

h = - hy 1n( p/pe ) (49)

Thus, from measuring vehicle acceleration, a density altitude can

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

determine the vehicle altitude error.
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ITT. Deseription of Simulation %

Purpose

The validity of the guidance scheme is tested by a computer
program which similates the actual vehicle dynamics with puidance
commands., Perturbations from the nominal trajectory are introduced jf

to determine how well the vuidance law will correect back to the | i 1

nominel, In the case under study, perturbations are caused by ilﬁ
deviations in atmospheric density and by errors in the calculated gj—
position and velocity information supplied by the vehicle's §

navigation aystem, Atmospheric density fluctuations are known §§'
to vary from -35% to 40% from normal in the region flown by AMONS E;'
(from 120 to 70 km), and are easily input to the simulation, §f§
Navipational errors can also be easily input ‘o the simlation éé
and these error sources are described in the next chapter, : g

g, The followine assumptions have been made in aonstructing the %~
3 vehicle simulation: %3

1. The assumptions of a spherical rotatines earth and atmosphere, g
%ﬁ 2, The atmospheric density can be modeled as an exponential §
? function of altitude, §
;g 3. The vehicle is returning from GEO via a Hohmann transfer orbit g
Ej with a 21,9 depree vlane chanre, with a targeted vacuum peripgee of .i

71.1 km, This value for periree is the result of adjustine vacuum

perisee to determine the initial entry conditions that result in ;
i1 an aporee of 720 km, f
ﬁ 3
; 3
2 ;
§ ;
i:’e 1 8 b




RS

L4, Vehicle flies constant anrle of attack with 1ift, loneitudinal
vehicle axis, and relative wind alwavs in the same plane, The orientation
of this plane (R) is the only vehicle centrol that affects translational
dynamies.

5. The actual bank angle is equal to the commanded bhank angle,

Tt was originally intended to similate an autopilot in the euidance

loop to implement the bank commands, and to account for the vehicle's
inability to instantly assume the commanded value, However, from

the resvlts of the simulation, the suvidance commands are fairly
continuous, and the value of (R - R,) is small (about 2 - 3 derrees),
This permits the vehicle to assume the value of R, within the ruicdance

eyele time (4 seec), assumine an anpular acceleration of 1 dea/secz.

Kquations of Motion

Since it was desired to examine the three-dimensional vehicle
motion rather than just the motion in the ~sculatineg orbital plane,
the equations of motion used in renerating the puidance law could not
he used, A different (althonrh consistant) set of equations
was used, based on a inertial reocentric-ematorial (TJK) coordinate
svatem, The T.JK reference frame was oriented with the T direction in
the direction of the vacnum neriree, to simnlifv the transformation
from rerifocal coordinates to T.7¥ enordinates, These enuntions ave
the same as used in the orieinal atudv (Ref 1:A-3),

The vector equation of matien is:

2 \ 2
Footorsdp Ve A g Ly VE A Ca gy (50)
7] m T

A A
where 1. and D) are the unit vectors in the directions of 1ift and drag,

regspectivelv
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3 Iy (52)

The aerodynamic coefficients Cq and Cy and the vehicle
specifications of mass, m, and reference area, A,, are taken from
the desirn of Reference 2. Relative veloeity, V,, is defined by
eq., (12), Bank anple, B, comes from the puidance law (eq, (18)),
and the density altitude, h, is comvuted from eas, (48) and (49),
The program usec a Runge-Kutta integration algorithm to interrate

tha equations of motion from atmospheriec entrv to exit (120 km).

Computer Propgrain

A flow chart of the major elements of the comnutér program is
showr in Fip, 5. A listing of the prorram is included in Appendix B,
The prorram 'irst generates the nominal trajectory, uszine the equations
of Charter TT, The vector of time-varvine midance coefficients is
inmt as data points, and an interrolatineg table lonok-up routine is
used to reconstruct tha curves onf Fig, 4 and select values for a
piven flight time, The elements V, v, and r of the the oseculatine
orbit at r = 120 km are converted to inertial position and velocity
and are used as initial conditione for the inlerration of the eauations
of motion riven in the previous section,

Similated navipation errors in V,¥, and acceleration are inmt

to the ruidance section, which then renerates a bank anrle. The

intepration proceeds until the vehicle leaves the atmoaphere

20
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(when it arain reaches 120 km). At this noint the aporee of the

phasing orbit is calculated, assuming two bodv dvnamices,

The interration time sten is 1 second, which was determined

to rive rood accuracv without resultine in excessive commitational

time, New ruidance commands are renerated everv 4 seconds, and

bank anrle commands are limited to 4+ 30 degrees about the nominal

Q0 derree bank anrle, The ruidance cycle time and maximum bank ancle
rapresent the values that rave the hest results in the oririnal
gsimation work dene by lLockheed, A sample trajectory is given in

Appendix C,
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TV, Navigation System Errors

Tt was attempted to modsl errors in a manner that would be
typical of the outputs from the navipgation system, Accordinrly,
the errors were irmut to the simulation as a constant (bias) error,

a sinusoidal error, and as a random error, Each type of error was run

E' with varying magnitudes to determine its relation with the output,

i aporee error, Tn addition, each error in velocity, flirht path anele,
; and acceleration was considered for three different atmospherie

% 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 beines 35% less than normal,
é; This demonstrates the capability of the ruidance system to correct

%’ for off-nominal atmospheric conditions, in addition to navipation

¥

- arrors,

e o T T T T FC T e Tt I N T PP S . e ‘
Bt e i bR R e kit B B b b e e e S B S e Sy
A itdy : N Ot bt e 2

gn The sinusoidal errors were run at varvine frequencies to

g. determine if there was any frequencyv-sensitivity in the puidance

gf system, The rance of frequencies to he examined was determined by

éf the puidance cvcle time and total time of flirht. "The hieh frequency
g? limit was chosen to pive a nreriod equal to the puidance cvcle time

é? of 4 seconds. Any frequency rreater than this would avrear as a

random error to the similation, The low frequencyv 1imit was selected
to rive a reriod approximatelv equal to the time of atmospheric
flirht (400 seconds), A frequencvy much lower than this would anvear

to be almost a constant error,

SRS RN S TR YY)

The effects of random errors in velocity on avoree altitude were

examined to determine if there was anv sisnificant d‘fference between

23
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the results for random errors and sinusoidal or constant errors,
The random errors ware produced using the random-number utility

subprogram of the computer svstem, A uniformly distributed random

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

of an array at a discrete interval, 'This interval, which could be
varied, was called the correlation tima, The elements of the array
betwaen these intervals were filled in using a linear function
between the random end poiﬁts of the interval, The elements of the
array were multiplied by the appropriate 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 varving the rate at which the random errors were inmt to the
similation,

The correlation time was analogous to the period of the

sinusoidal errors, and so the ranre of correlation times was chosen

NS E T

from 4 to 400 seconds, usine the same reasoning as was used to determine

the frequency of =inusoidal errors,

Errors in each parameter were first examined independently,

3 but the effects of cross-coupling rf errors were also examined,

This was to determine if the principle of surerposition would be

applicable to the error sources.

The results of the studv are presented in the next chanter,

= - -, R R T I Y
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V. Results

Constant Error
The nominal trajectorv produced by eqs, (14), (15), and (16)
However, when this

resulted in an aporee altitude of exactly 720 km,

trajectory was "flown" in the three-dimensional simulation usineg eqs,

e (o T N
e e ey )
SRR CE R S e R e e L e e B LM e RN g e O
3" T M R R G by AN e R P — " -
7 TRV D R 7 e ot W e S RN W W STy Tty Souar s )
L W e i L o e L S TR Y % e T " "
'y v R R R S IR P e R e L oot e, T
" IR N wY T8 T0wa TN

i - 4 )

.

(50), (51), and (52), with no errors input, it consistently vielded %

an aporee altitude of 30 km, ‘This 10 km bhias probably results from .§

i the different methods of calculatine Ve in each case, Tn the case of g

| the nominal ‘rajectory, it is anvroximated, since the orientation of E §
the oaculatine orbit is not known, while in the 3-D simulation it is E %

calculated exactly., This bias was taken into account when determining ; g

%ﬁ the results of the navirational errors. ; %
-

irrors in aposee due to errors in measured inertial velocity
The horizontal

R
A

exhibit a linear relationshinp, as shown in Fip, 6,
lines show the permissible variation (+ 100 km) in aporee altitude,

. o

and the three diaronal 1ines show the three cases of atmospheric

B A

density being equal to nominal, and +40% and -35% from nominal.

i
From the figure, takine into aceount the 10 km bias and the §§
3

R cae s us
B e . 2 . e s

posaible variation in atmosnharic densitv, it can be determined that

b
%} the allowable error in measurine velocity is + 22 m/mee, A sensitivity
’ coefficiert of -4.25 km/m/aec can be calenlated for constant arrors

(meaninr that a +1 m/sec error in measurine velocitv will result in

an aporee arror of -4,25 km),

Firure 7 shows the effacta of a conastant error in reasured

flirht path anrle, This time, however, the effects are seen to he

25
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non-linear, The maximum allowable errors, again allowine for the

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

A linear sensitivity coefficient cannot be determined for these curves,
Errors in measurine acceleration result in the apogee error

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

he kept between # ,6 m/seoz. The curves can reasonakly be approx-

imated by a strairht 1line in a small repion, permitting the cal-

culation of an approximate sensitivity coefficient, For the region

of %.5 m/sec? error, the sensitivity coefficient is 120 km/m/sec?,

Sinusoidal Error

Sinusoidally-varying errors in velocity, flight path angle,
and acceleration were input to the simlation at several different
amplitudes for each of the three atmospheric density profiles,
vpical results are presented in Figures 9, 10, and 11, These are
for the nominal densitv nrofile, with amplitude of the errors
being resmectively 20 m/sea, ,004 radians, and .4 m/secz.

The firures will be discussed torether, since thev all
indicate the same trend, "The data is plotted as discrete points
becavse it did not lend itmelf to fittine a smooth curve between
the points., Tt can be seen that at freauencies rreater than ,1 rad/sec
the aporee deviations are small compared to the deviations produced
with conatant errors of the same magnitude., Below .1 rad/sec
the deviationa increase erratically until thev are apnroximately
the same as for constant error, This is most 1ikelv due to the
ruidance scheme beinr more sensitive to errors at one point in the

f14irbt path (probablv veriree, since this in the region of rreatest

28
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control effectiveness), The hiph frecuency errors tend to cancel
each other out, but at the lower frequencies there is a larger
error in the sensitive rerion that is not cancelled out. The net

effect is that the system, like most physical svstems, acts like a

= it

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

in the frequency rance examined,

b g i)

The results using the off-nominal densitv conditions (-35%,

bl

+40%) were the same, with tne data points beinp shifted up or down
as in the constant error cases, Varvine the amplitude of the

errors only chanred the deviation from the nominal 730 km aporee,

ot T

but did not alter the shape of the firures,

Random Frror

Randomly penerated errors in navipational information were
investirated to determine if there was a sirnificant difference
from the results obtained with constant and time-varyine sinusoidal

errors, Tt 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 spacines between the
randomly renerated error parameters, Accordinely, the program was
modified to run 10 ra:domlv renerated velocity error nrofiles
(uniformly distributed between + 20 m/sec) at each of 10 correlation
times. The results are shown in Fier, 12, The correlation time is
plotted versus the arithmetic mean and the standard deviation of
the aporee deviations from 730 km for the 10 trajectories,

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

less than the aporee deviation due to eonstant errors, arain
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indieatineg that plus and minus errors tend to canr~el each other out,
As mipght he exvected, the random errors produce greater apogee
deviations than the sinusoidal errors,

The relationship of correlation time to the standard deviation
is ambipuous, Althouph the standard deviation seems to increase
with correlation time (as did the aporee deviations with increasing
period lencsth in the sinusoidal case), there is a minimum at 25
gseconds, At any rate, there does . ot seem to be a strong relation-

ship between correlation time and anoree error,

Error Counline

So far, in the course of this study, errors in velocity, flisht
path angle, ard acceleration have been input sinely to the simulation,
It was desired to determine if it would be possible to input eombin-
ations of the error parameters and prediet the aporee deviation,

Using the prineiple of superposition, it would be possible to
determine the deviation for each individual error, then sum them to
find the total aporee deviation, Unfortunately, this did not prove
to be the case. "The results of several tests indicate that the errors
are stronsly coupled and superposition does not hold. This can be
seen from the sample trajectory of Anpendix C. Constant errors of

-10 m/sec, .002 radians, and .1 m/eec? were inout to the simulation.

From Firures 6, 7, and 8, it can be determined that the aporee

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

totaline +37 km aporee error, However, the actual aporee altitude i=
727 km, or -3 km error., Mo further investipation of the error
conpline was attempted, although the interrelationship of error

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

35
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VT. Conclusions and Recommendations

el Ltk

e m—— e

This study has shown to what accuracy the AMOOS vehicle

naviration system must provide veloecity, flirht path anple, and
acceleration information to successfully implement the miidance
ascheme, 'This information can be used to select and design the

navication sensors for the vehicle,

Velocity information must be supplied to an accuraey of +22 m/sec,

Constant errors in velocitv relate to apopree deviations accordine to

the sensitivity coefficient of -4,25 km/m/sec. Flirht path angle
information must be supplied within the accuracy ranre of -,26 des ?

to +.20 derr, FErrors in measurineg acceleration along the flieht path

. o e e Ll R PR S 3 o =
T e o e e e A A b b B

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

altitude) must he within + .6 m/sec?, FErrors in aporee altitude
are related to errors in gsensings acceleration by the approximate

sensitivity coefficient of 120 km/m/nec?,

These accuracy tolerances do not seem to be severe in view of

the present carability of space naviration aystems., The exoatmos-

vharic naviration nroblem imnoses more gtringrent accuracv remire-

5 ments on navirational hardware, so there should not be a major

rrablem in obtainins the accuracy reguired for the atmosrherie flirht,

The ruidance schema has demonstrated its canabilitvy to handle k
time-varvine errors, hoth sinisnidal and random, There is no
freanancy instability in the muidance equations, and the anaree

deviations for error freauencies ahove ,1 rad/sec are minimal,
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Recommendations F

The next step in desirnine the naviration and ruidance svstem

for the AMNOS vehiele would be to select navirational sensors

which can provide the required accuracy, both for the exonatmos-
pheric and the atmoapheric phases of the mission., Tnformation from
these sensors would have to be processed by the naviration computer

before being input to the ruidance svstem,

Existineg hardware would have to be evaluated to determine if §
it would be suitable for use on tha vehicle, or if new hardware %
would have to be designed, %
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APPENDTX A

The AMNONS Concept

The Aeromaneuvering Orbit-to-Orbit Shuttle (AMONS) is desipned

it VR AR ol i

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

payload bay, Rasically, AMOOS differs from the Space Tup in that it

*_EW»* diolis

returns to low earth orhbit by makines a brakine nass throueh the

atmosphere, The added vehiale weipght due to inoreased structural

i

strenpth and the addition of a thermal nrotection system 18 more

than offset by the weirht of fuel required for the same propulsive
braking, Tnus, AMOOS can carry 2 to 3 times the pavload to GEO for
the same weirht vehicle,

The AMONS concept has been npropnsed for both manned and un~
manned missions, The mission of primary interest is to reosvnohron.

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

However, the concent is not limited to hirh earth orbits, An AMOOS
vehicle could be used upon returning to earth from lunar missiona, or

it ecould be used to provide aeromaneuvering in any planetary

i T TS i B D

atmosphere,
Tn order to provide for the maximum efficient u=e of the Shuttle,

AMONS 18 sized to the maximum Shuttle navlocad weirht, The dimensions

of the pavload bay require that AMONS he shared like a cvlinder with

ORI T

é one end modified to an aerodynamic nose can, The reneral confiruration
4
is ghown in Fip, 13,

The nose cap is hinred to permit the rocket enrine to fire forward,

This aft carro bay arranrament parmits the vehicle tn he adapted to

modular eonfiruration, A hinped flan at the rear provides the
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Fir, 13, General Confiruration of the AMOOS vehicle (Ref 1:155)
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required asrodynamic trim characteristics. An ablative thermal
protection svatem is used on the vehicle, and it must be replaced
after each mission,

The possibility exists of placins heavv nayloads into RE0
by starine 2 AMOOS vehicles (using 2 Shuttle fiirhts), This would
permit the placing of a 15,000 ke pavload into GEO., A single stace
AMOOS can carrv a round trip pavload of 2860 kg, or deliver 5200 ke,
This compares to 1100 kr and 3600 ke, respectively, for the all-
propulsive Space Tug, Thus it can be seen that AMOOS enjovs a
definite performance advantace over the Snace Tur,

Bstimaced costs (Ref 1:54) for the desirn, develonement,
tastine, evaluation, and production of AMOOS are as follows (in 1970
United States dollars):

NNT&R 511, million
1st unit production 28,7 million

refurbishment 1.1 million
(per fliecht)

Thege estimates do not include enpine costs, estimated at $130
million for NDNIAE, and $.7 million unit cost; facility and operations
costas; and the nrime contractor's fee,

Fimire 14 shows the orientation of the vehicle with resnect
to anrle of attack (1), bank anrle (R), and flirht nath anrle (v),
Note that bank anrle, as defined, is not the anrle nproduced bv a
gimnle roll abont the vehicle centerline, The autonilot must orient
the vehicle to chanee the direction of the 1ift vector bv anrle R

while keenpine the 1ift vector, vehicle centarlina, and the relative

wind vector in the same nlane, This allows the vehicle to keap the same

side (covered with ablative material) flvins into the relative wind.
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APPENDTY R

Program Listine

The computer listine which follows was used to simulate the

il e e e e,

vehicle trajectories, The program uses the followins inmut

et S

A P T I R

information:

1. HERRVEL - velooitv error = in this example, -10 m/sec constant
error

2, FERRAAM . flight path anrle error = in this example, +,002 radians
constant error

3. FRRACC - acceleration error = in this example, +.1 m/sec?

¥

H

M

constant error %

; i

4, TFOR - format parameter = 0 for short output, 1 for full outout g
5, TTRAJ =« trajectory designator « in this examnle, # g
6. VAP - vacuum periree = 71,1133 km ;%
7. DX - miidance cycle time = 4 gec %
8, DI - simulation time step » 1 gec %
9. Ci(t) - feedback pain vector (see Fip, 4) i
g

i

The outrut from thig prorram is riven in Apnendix C.

13
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APPENDTX C

Sample Trajectory

The sample traiectory contained in this section was produced

b the prorram listed in Appendir R,

The output consiats of the followine:

Feha nrint of inpnt data, nlus caleulated entry conditions,

Nominal traijectory which the ruidance system will try to control
the vehicla alonpg, Total time of flirht is 420 seconds, and
periree (when f1irht path anrle chanpes from - to +) is 70,113 km,

Dasired anoree altitude and time required to descend to 95.4 km,
<

Eeho print of feedback rain vector,

Transfer orbit elements and inertial vositisn and velocity
at berinning of atmospheric rhase of flirht.

Ficho print of error inputs,

Actual vehicle trajectory, piving actual altitude, velocity, and
f1irht nath anrle; calculated densitv; commanded hank angle;
and inclination of the osculating orbit,

NDensity nrofile which was used in this tradfectory, and the
actual avoree altitude the vehicle reached,
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