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Notation

A represents a matrix of sensitivity coefficients
ap semi-major axis of transfer trajectory
c effective exhaust velocity
Ca Central Angle
ep eccentricity of transfer orbit
eréeéz frame describing second burn
EC eccentric anomaly of transfer trajectory
ET energy of transfer orbit
F denotes a set of n-nonlinear functions
Fg gravitational force
€o gravitational constant
hT angular momentum of transfer orbit
H altitude of an orbit
i inclination
iT inclination of transfer orbit
Isp specific impulse
J denotes pseude-cost function
h mass floﬁ rate
m, stage mass prior to ignition
me stage mass after burnout
period of an orbit
P' synodic period between orbits
Pp semi-latus rectum of transfer orbit
PL payload
PROP propellant
PQW perifocal frame
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L r, magnitude of IUS position vector after second burn
"* ' -flc position vector of IUS in parking orbit
g flT position vector of IUS immediately after first burn
il FZC target position vector in the mission orbit
?ZT IUS position at start of second burn
ST structure
t time
T thrust
to epoch time
tbl first stage ignition time
tb2 second stage ignition time
tba first stage burn duration
tob second stage burn duration
TA transfer angle
TOF time of flight
Vg velocity-to-be-gained
vlC velocity of IUS in parking orbit
vlT velocity of IUS immediately after first burn
Vz magnitude of IUS velocity vector after second burn
VZC velocity of target position in mission orbit
va IUS velocity at start of second burn
X represents thrust misalignment vector (aAAL)
XYZ geocentric-equatorial frame
prpzp IMU platform inertial frame
y represents insertion error vector
Y an n-vector of unknowns

Greek and Miscellaneous Symbols

AKT thrust misalignment vector
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f aM insertion error vector
.E ) AVl velocity change accomplished by first burn
7 sz velocity change accomplished by second burn
9 total plane change angle between orbits
A eigenvalue
u gravitational parameter
v true anomaly of transfer trajectory
" Pi
Py.Pp thrust direction angles of first burn
: 03,0y thrust direction angles of second burn
; ¥y first burn flight path angle
E wz first burn plane change angle
' $3 second burn flight path angle
wu second burn plane change angle
D) angular rotation rate
0 longitude of ascending node
202 true longitude at epoch of mission orbit target
* denotes nominal value, or targeted valne

Mathematical Symbols

- over a symbol denotes a vector quantity

! over a symbol denotes derivative with respect to time
T denotes matrix transpose operation (when used as a
superscript)

Subscripts

| refers to parking orbit
2 refers to mission orbit
k iteration step counter

xi

PHE TSR




GA/EE/76-1

Abstract

A workable open loop guidance scheme for orbital transfer
maneuvers is developed for a two stage solid-rocket vehicle
which has no thrust termination capability. The scheme ef-
fectively manages any excess energy by matching a non-Hohmann
transfer trajectory to the fixed energy (AV) capabilities of
the vehicle, The entire burden of effecting the transfer is
put on prelaunch targeting, so that during the bﬁrns the thrust
can be directed along a precomputed direction using constant
attitude maneuvers only.

A computer program has been developed which employs a
nonlinear equation solving routine to accomplish exact tar-
geting for the finite-thrust transfer maneuver. The transfer
trajectory is characterized by six control parameters (the
outputs of targeting), and the final orbit is defined by a
set of "hit conditions". The values of the control parameters
which drive the vehicle state vector to satisfy the hit con-
ditions become the guidance system target parameters.

In addition, an error analysis is performed on the scheme
throughout the range of possible trajectories which exist for
excess energy missions. These trajectories are then compared
on the basis of optimality, such as minimum insertion errors
and transfer time. Results are presented for geosynchronous

and subsynchronous transfers between circular orbits.

xii




' AN ENERGY MANAGEMENT GUIDANCE SCHEME APPLICABLE
TO THE INTERIM UPPER STAGE
I. Introduction

Background

The United States space program is currently focused on

the development and implementation of the Space Transportation

A G T e PE
B R e

fre

System (STS), better known as the "Space Shuttle”. This is to

e

be a system that will serve the routine operational space re-

quirements in the 1980 decade and beyond.

The major component of the space shuttle is the "Orbiter"
’ vehicle, which somewhat resembles a cargo-type aircraft. The
orbiter will be boosted into low earth orbit, and after com-
pleting its mission, well re-enter the atmosphere and glide
to a landing much like a conventional powered aircraft. Due
to its size and weight, the orbiter vehicle can be placed in
only a relatively low earth orbit, but will carry extra pro-
pulsive stages in its cargo bay to complete higher energy mis-
sions.

While in orbit, these exira propulsive stages will be
placed outside the orbiter where they can be launched to de-
liver a satellite or other payload to a higher orbit. The low
orbit is usually referred to as the "parking" orbit, and the
higher orbit as the "mission"” orbit. The extra propulsive

. stages, which complete the orbital transfer, are usually re-




ferred to jointly as the "upper stage" vehicle.

The United States Air Force Space and Missile Systems
Organization (SAMSO) has been tasked with the development of
an Interim Upper Stage (IUS) vehicle, which will be used un-

til a fuller capability vehicle can be designed and produced.
The "Burner II" space booster, made by the Boeing Aerospace
Company, has recently been selected by SAMSO for modification
and use as the IUS vehicle.

The baseline Burner II vehicle consists of two stages,
where the first stage burn is used to place the IUS into an
elliptical transfer orbit, and the second stage burn is used
to insert the IUS into the mission orbit. The Burner II uses
a propulsion system consisting of two solid propellant rocket

motors which have no thrust termination capability.

Since the engines cannot be shutdown prior’to depletion
of all the propellant, and off-loading of solid propellant
to tailor each mission to its minimum energy requirements is
impractical, the solid rocket motors will usually procduce more
energy (velocity change capability) than is necessary to com-
plete the orbital traaner. Therefore, any guidance scenario
used to complete the transfer must involve some method of de-
pleting (or somehow utilizing) the excess energy. This process
is termed "energy management”.

In summary, the overall guidance and navigation problem of
the IUS is primarily to complete the orbital transfer; but this
is complicated by the requirement of managing any excess energy

in the process.
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Guidance, Targeting and Energy Management

The meanings of these three terms should first be made
clear. Targeting consists of computations done prior to launch,
usually in a ground based computer, to supply mission dependent
parameter values to the on-board flight program, where they are
stored for use during the maneuver. Guidance, in the strictest
sense, usually means on-board computations carried out in closed
loop fashion during the actual thrusting portions of the maneu-
ver to provide steering commands for the vehicle propulsion sys-
tem. When the term targeting is used in this study, its mean-
ing will adhere to the above definition in a strict sense. The
term guidance, however, will often be used more loosely, and
will tend to infer any and all computational processes neces-
sary to effect the orbital transfer maneuver.

The concept of energy management was briefly introduced
in the last sectizn. There are many possibilities available
for handling the excess fuel, both in the premission target-
ing and/or during on-board guidance phases. The fuel deple-
tion problem is relatively new, but some work has been done
on this concept recently. Several good examples are early
proposals made by the Boeing Company for the Burner II (Ref 2),
and by the Charles Stark Draper Laboratory for the Navy's
Trident Missile (Ref 3).

Both of these proposals utilized maneuvering during burns
to deplete the excess propellant. The Boeing proposal used an
attitude modulation technique that would rotate the thrust vec-
tor to equal angles each side of a nominal thrust direction.

The Trident scheme rotated the thrust vector :through an arc
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where the arc length is equal to the velocity change capabil-
ity of the motor, and the chord length is equal to the veloc-
ity change necessary. Both ideas are shown in Figure 1-1.

The underlying objective of guidance (loose connotation
again emphasized) is generally to place a vehicle on some form
of free fall trajectory which satisfies given specifications
or constraints. Here the free fall trajectory to be satisfied
is the specified mission orbit. To completely specify an orbit,
a maximum of six parameters (constraints) must be satisfied.
These parameters, which completely describe the orbit, are nor-

mally chosen to be the classical orbital elements (Ref 1:58).

Attitude
Angle

time
(nominal) —

Burner I1I

nominal Vg direction

Trident

Figure 1-1. Prior Energy Management Proposals

N




In most guidance schemes (with thrust cut off capability)
the idea is normally to effect thrusting in the direction of
the desired velocity vector. This vector is called the ve-
locity~to-be-gained (Vg), and is defined at any instant of time
to be the vector difference between the velocity required (at
that instant to satisfy final constraints), and the actual ve-
hicle velocity. The usual method, then, is to thrust in the
direction of the Vg vector in order to drive it to zero as
soon as possible (i.e., with the minimum expenditure of fuel).
The instant Vg goes to zero the engine is shut down.

The main point is that thrust cut off capability, which
controls the magnitude of the velocity change, is an important
control variable usually available for velocity-to-be-gained
guidance. With thrust cut off capability there are eight de-
grees-of-freedom available to satisfy mission constraints; as-
suming that the burns are constant attitude and directed at
making up Vg. These eight degrees-of-freedom (mission varia-
bles) are the two ignition times, and the three components of
the velocity change (AV) vectors for each stage. The three
components of AV can be thought of as a magnitude, a pitch
angle and a yaw angle.

When there is no thrust cut off capability two degrees-
of-freedom are lost, since the magnitudes of each AV vector
are now fixed by the total amount of propellant on-board each
stage. Thus, for the IUS orbital transfer problem, six mis-
sion variables are available (two ignition times and two thrust
direction angles for each burn), which are sufficient to sat-

isfy a total of six mission constraints; where most or all of

5
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these constraints could be the orbital parameters which specify

4B the desired mission orbit.

In comparing energy management guidance with convention-
al velocity-to-be-gained guidance, the former becomes more
constrained in that since the engine cannot be cut off, it is
necessary that the fuel is somehow depleted at the exact time
the Vg goes to zero (i.e., the required velocity is attained).

An important final point to be made concerning any guidance
scheme is that the scheme must be able to satisfy accuracy re-
quirements. That is, the overall navigation, guidance and con-
trol system of the IUS, in whatever form it takes, must be such
that errors in the desired position and velocity vectors after
insertion into the mission orbit, are acceptably small.

( So in an attempt to design any guidance scheme, it is of

overall importance to know how errors propagate through the

i

&
¥
£

scheme (and the resulting maneuver) to produce errors after
insertion into the mission orbit. This is a practical measure
of the worth of the scheme, and one of the deciding factors in

consideration of that scheme for actual implementation.

Outline of the Problem

The IUS vehicle is to be expendable, so cost effective-
ness is a most important consideration. Thus, low cogt sys-
tem (hardware and software) requirements for guidance and con-
trol would be desirable.

Simplicity and reliabjlity are also important. Simplic-
ity is particularly desirable to aid in understanding, and to

‘ minimize both the hardware and software requirements. These
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points tend to lay the ground rules and guidelines for this
study.

The goal was to devise an energy management guidance
scheme applicable to the space shuttle IUS, which could be
relatively simple, practical and cost effective. The scheme
was to have the dual capability of completing the transfer
using the fixed velocity capabilities of a two stage IUS, and
using a transfer trajectory which would be "optimal" in some
sense, depending on the objectives of the particular mission.
An essentially "open loop" scheme was desired because of its
simplicity.

One important question that this study was intended to
help answer is that of the feasibility of completing the
transfer (within acceptable insertion error tolerances) by
using open loop control, as opposed to some form of closed
loop control (e.g., explicit guidance), which would probably
be more accurate, but also much more complex; simplicity and
cost constraints again emphasized.

Due to the time 1limit on this study, only transfers be-
tween circular orbits, both coplanar and non-coplanar, were
considered. The emphasis was on accomplishment of two par-
ticular transfers, both of which are potentially important
IUS missions. The first is from a 160 nm parking orbit at
an inclination of 28.5%, to a geosynchronous mission orbit,
The second involves a transfer from a 160 nm parking orbit
inclined at 57°%, to a gubsynchronoug (12 hour) mission orbit
with an inclination of 63°.

A computer simulation was created to target and evaluate

7
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the proposed energy management scheme. The inputs and outputs
of the simulation are listed in Chapter II, and a verbal flow
chart can be found in Appendix A. The following chapters
describe the formulation of the guidance scheme which led to
the computer simulation. The actual computer code listing is
found in Appendix F, and includes comment cards highlighting

each important computation.
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II. Formulation of the Scheme

Overview
The energy management scheme proposed herein was conceived
with simplicity, practicality, and cost as the major considera-
tions. In this scheme the entire burden of managing the excess
fuel and effecting the transfer is put on prela?nch targeting,
so that during the burns the thrust can be directed along a
precomputed direction using constant attitude maneuvers only.
The highlight of this scheme is its simple "open loop" de-
sign, suggesting minimal on-board equipment for its execution.
Only six mission parameter values (outputs of the targeting)
? need be stored on-board the IUS for execution of the transfer
¢ maneuver. They are the two ignition times, and two thrust di-
; rection angles for each burn. These six values will be referred
% to as the control parameters; and, as such, they could be im-
plemented by the on-board guidance system to drive the IUS
state vector to match that of the mission orbit. Targeting,
to determine the values of the control parameters, is explained
fully in Chapter IV.
Motivation for the use of constant attitude thrusting
is due to the fact that the IUS is to have an Inertial Measure-
ment Unit (IMU) which uses "strapdown" gyros. A possible dis-
advantage of the two aforementioned Burner II and Trident en-
ergy management proposals (and consequently a possible advan-
tage of constant attitude thrusting) is that, in those schemes,
‘I vehicle turning rates during thrusting can become quite high,

B
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and may adversely affect the accuracy of the strapdown IMU.
Turning rates of as much as 7°/sec for the Burner II (through
a total attitude change of +90° during the burn) were indicat-
ed by the Boeing proposal (Ref 2:319). Similarily for the
Trident scheme, if the vehicle capability is 25% in excess of
the velocity change required, then the vehicle must rotate
through an attitude change of 125° during the burn. This would
produce peak turning rates of 3-4°/sec. This is cited as a
"significant disadvantage ... which may affect navigation
accuracy or computation rates associated with the strapdown
IMU" (Ref 3:10). Constant attitude thrusting completely elim-
inates this possible source of trouble.

In addition to the decision to use constant attitude
thrusting only, several other considerations were important
in the early formulation of this scheme:

1. The first was the criterion for initiation of the
second stage burn; in the context of open loop control. That
is, whether the second burn should occur at a certain prepro-
grammed time, or at a certain position, as indicated by the
on-board navigation equ._pment.

As indicated above, the decision was made to base it
on a predetermined time, so that the six control parameters
consist of the two start burn times, and two thrust angles
for each burn. The reason for this choice is explained in a
later section of this chapter.

2. The next consideration was the necessity to include
finite burn dynamics to realistically test the feasibility of

the open loop design, and to obtain control parameter values
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consistent with real hardware.

3. Lastly, since the IUS must have the capability of
accounting for any mission delays, the scheme had to have a
contingency retargeting capability. This would allow the trans-
fer to be performed on consecutive opportunities.

The first idea considered was to formulate the problem
using optimal control theory, where numerical solution of the
associated Two Point Boundary Value Problem (TPBVP) would have
automatically accounted for the finite burns. This formula-
tion would have selected the transfer which effectively used
all the velocity change capabilities of each stage, and also
gave the minimum insertion error (cost function being posi-
tion and velocity insertion errors). However, the optimal
control approach was dropped for a more flexible procedure
that would lend more insight into the actual maneuver execu-
tion, and also yield more output information. The concept of
attempting to find the transfer that would be optimal in some
sense was kept, however.

Instead of the optimal control approach, the mission con-
straints (values which define the mission orbit) are expressed
as nonlinear functions of the control parameters, and a non-
linear equation solving routine is used to search out the val-
ues of the control parameters which cause the IUS state vector
to exactly match that of the required mission orbit after ter-
mination of the second burn (insertion).

This process is the very heart of the scheme developed
in this study. The nonlinear equation solving routine accom-

plishes exact targeting for the finite burn dynamics. It has

11
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the most important advantage that there are no guidance algo-
rithm-generated insertion errors (within the framework of the
dynamic model).

The nonlinear equation solver is a general purpose sub-
routine developed by the mathematician M.J.D. Powell (Ref 7).
Its callname is NSOlA, and it will be referred to here by that
name.

Early in the study, it was apparent that for most combi-
nations of velocity change capabilities (AVl and AVz), a range
of possible transfer trajectories exists; where any trajectory
in that range can be made to satisfy the energy management re-
quirement. The reason for this is that in most cases the num-
ber of control parameters exceeds the number of mission orbit-
al elements which must be satisfied, thus introducing extra
degrees of freedom.

The observation that there will normally be a variety of
trajectories available within a certain range led back to the
idea of selecting an optimal trajectory. The parameter used
to define this range was chosen to be the span between the
minimum and maximum amounts of plane change that could be ac-
complished by the first burn, and still satisfy the constraints.

As an example, for the geosynchronous mission up to 10°
of the total plane change may be accomplished by the first
burn. This is based on Burner I1I specifications, which pro-
duce a AV; = 9453 ft/sec, and a AV, = 7070 ft/sec for a 3000
1b payload. So by sampling this range at one degree intervals,

. eleven possible transfer trajectories are available for direct

comparison.
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This is the standard method used in this study to compare
'ﬁ \ the results of targeting for any given combination of energy
capabilities, AVl and AVz. Sensitivities to error inputs are
computed for each trajectory in the range, so that a compari-
son can be made to determine which trajectory gives the smal-
lest insertion errors, minimum transfer time, or whatever the
optimal criterion for any particular mission might be.
This section was intended to give the general reader some
background and insight into the ideas involved in the formula-
tion of this scheme. All of these concepts are explained in

detail in the following chapters.

Dynamic Model

; The system consisting of the IUS vehicle undergoing an
{ orbital transfer about the earth, is modeled under the fol-
lowing assumptions:
L Only two-body equations of motion apply, with thrust
{ as the only perturbative acceleration. That is, any perturba-
tions due to solar radiation pressure, and the gravitational

effects of the sun, moon, and other celestial bodies are as-

sumed negligible. The restricted two-body equations of motion
are presented in Appendix C.

2, An inverse square gravitational field applies about
a spherical earth (i.e., earth oblateness effects are negligi-
ble).

B The mass flow rate (burn rate) of each solid rocket
motor is assumed constant with time, thus producing a constant

' thrust. Initial thrust buildup and final thrust tail-off ef-

13
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fects are assumed insignificant.

L, When computing the performance characteristics of
each stage needed for the impulsive targeting first approxi-
mation, the ideal velocity equation (with later corrections

for finite burn losses) is assumed to apply:

Mo
AV = Isp go in ﬁ; (2-1)

where AV is the ideal velocity capability of the stage; Isp
is the specific impulse; €0 is the gravitational constant;

m, is the mass prior to ignition; and me is the final mass
after burnout.

Although the computer simulation used for this study (and
consequently the method itself) will accept any IUS vehicle
specifications, the Burner II values, as given in Reference 2,
are used throughout to standardize the results.

The assumptions and constraints, under which an error

analysis of this scheme is accomplished, are described in

the next section.

Error Sources
An underlying objective of this study is to determine the

feasibility of completing the orbital transfer using simple
open loop control; under the presumption that any additional
software or Reaction Control System (RCS) correction burns,
may be unnecessary. If insertion errors could be kept within
an acceptable range (by using the most optimal trajectory),
then implementation of this type of a scheme might prove fea-
sible.

14




A major point of emphasis concerning this particular

I’ scheme is that within the framework of the model just stated,

it is exact. That is, if there were none of the below listed
unmodeled disturbance inputs, there would be no insertion er-

ror after execution of the scheme.

External disturbances will be present to some degree, how-
ever, and will introduce errors into the transfer maneuver.
The main error sources are as follows:
1. IMU errors (Ref 6)
a. Initial alignment errors

b. Gyro drift-rate bias

c. Acceleration-sensitive gyro drift
d. Accelerometer bias
i { e. Accelerometer scale factor
% 5 f. Gyro torquer scale factor
? g Gyro input axis alignment
% h. Gyro torquer asymmetry
% 2. Velocity change perturbations
% a. Vehicle structure and fuel weight deviations
b. Specific impulse (Iep) deviations
c. Thrust profile fluxuations
o Cravity perturbations
a. n-Body disturbances
b. Earth oblateness effects
4. Solar radiation pressure
Due to the time constraint involved in this study, all of
(} the above error sources could not be included in the accuracy
15
S — s— : ‘ - e ——

el AT A PO



AR

el

analysis of the scheme. Those selected can be neatly summa-
rized as thrust vector errors, and constitute the most signif-
icant disturbances. Thrust vector errors originate from sourc-
es 1. and 2.c.

The overall effect of IMU errors is to cause an error in
the direction of the applied thrust. This may be termed thrust
misalignment error. Error source 2.c. arises from variations
in the mass flow rate (burn rate) of the engines. This causes
an error in the thrust magnitude, which in turn perturbs the
velocity change acceleration profile, ultimately causing an
error in the burnout position.

In summary, the two general sources cf error considered
to affect this scheme are deviations in the thrust vector mag-
nitude and direction. Insertion error gengitivities due to
both thrugt misalignment and thrust magnitude deviations are

computed for each trajectory targeted.

Choice of a Transfer Scenario

Once it was decided that guidance would be performed us-
ing constant attitude burns, it was necessary to decide how
best this could be implemented in hardware. The choice of
selecting the control parameters, based on two burn times,
appeared to be the best method, as explained here.

Assuming that the first stage ignition will occur at the
proper position in any scenario (due to the proximity of the
IUS to the orbiter vehicle with its position well known), then
there are two different possibvilities for initiation of the

second burn. One where second stage ignition occurs when the

16
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on-board IMU indicates it should, or one where second stage
ignition occurs according to an on-board clock at a certain
preprogrammed time. The question obviously was which scenar-
io would be the most accurate. That is, which case would be
least sensitive to thrust vector errors.

To investigate this question two similar computer sim-
ulations were developed. In both cases Hohmann transfer ve-
locity change capabilities were assumed and the impulsive ap-
proximation was used. An ideal IMU was assumed (with no drift,
etc.), and an alignment error present in both cases.

The first simulation initiated the second burn when ei-
ther the IMU indicated that the proper altitude had been
reached, or that 180° of transfer angle had been completed.
The second simulation precomputed the transfer time of flight
and initiated the second burn at that instant along the trans-
fer trajectory. 1Insertion error sensitivities were computed
for each case and combined into values for position insertion
error and velocity insertion error. The transfers tested were
between a 160 nm parking orbit and a synchronous orbit (at
19,323 nm). Plane changes of 0°, 28.5° and 57° were accom-
plished. In all cases the TOF initiated second burn performed
more accurately, by about a factor of two, as shown in Tables
I and II for a one milliradian misalignment of the IMU axes
during both burns.

The logical choice of a transfer scenario then, from these

results, was one based on transfer time of flight.

Explanation of the Prelaunch Targeting

17
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Table 1.

Insertion Errors with IMU
Initiated Second Burn

Plane Position Velocity
Change Error (nm) Error (ft/sec)
0° 22.2 15.7
28.5° 22.2 14.5
57° 22.2 11.1
Table II.
Insertion Errors with TOF
Initiated Second Burn
Plane Position Velocit
Change Error (nm) Error (ft/sec)
0° 12.6 7.5
28.5° 12.6 6.3
57° 12.6 2.9

The final form for this scheme followed directly from the
choice of a transfer scenario based on time of flight as the
criteria for initiating the second burn. Certain conditions
needed to be defined, however, in order to lay the framework
in which that scenario could be executed. These conditions
become the inputs to the computer simulation used to target
the transfer. Both the inputs and outputs of the targeting
program were chosen to be as follows:

Inputs
1. IUS vehicle specifications (given by stage)

18




a. STl. ST2 - gtructure weights
{ b. PROP,, PROP, - propellant loading

c. I - average specific impulses

spl’ Ispz
d. Ty T2 - average thrust magnitudes
e. PL - payload weight
2. Orbital data
a. Hl, H2 - altitudes of the parking orbit and mis-
sion orbit
b. i,, i, - inclinations of each orbit
c. Qg 9, - longitude of ascending node of each
orbit
d. L3> - true longitude at epoch of the target po-

sition in the mission orbit (when rendez-

{~ : vous is to be accomplished)

Outputs

1. Targeted values of the six control parameters

a. tp1t P10 P, - first stage ignition time, and
thrust direction angles

R B AN | T,

b ot ®3» @y - second stage ignition time, and
thrust direction angles

¥
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2. Contingency retargeting - the values of the six con-
trol parameters for the next four sequential mission

opportunity times,

The scheme operates under the following definitions and

restrictions:
1. Both the parking orbit and mission orbit are circular.
2. The times are referenced to an "epoch" time, to- That

o |




is, the values of th1 and t,, are given in the number
of seconds past epoch.

3. The thrust direction angles are referenced to the
geocentric-equatorial inertial frame.

L, Only simple plane changes are accomplished. This re-~
quires that either Q, and Q, are equal, or that one
or both are undefined (equatorial orbit), so that
all the required plane change is just equal to the
difference in the inclinations.

5. If the parking orbit and mission orbit are non-co-
planar, then the targeting is accomplished to place
the IUS in the specified mission orbit only (i.e.,
the point of insertion is not constrained). If the
orbits are coplanar, then the targeting automatical-
ly accomplishes a rendezvous between the IUS and
the target position in the mission orbit.

Properly defining the epoch time (to) allows the orbital
data to be expressed in the form of the inputs above. The
scheme presupposes that the parking orbit is already estab-
lished, and the position of the IUS in that orbit is accurate-
ly known. Thereafter, the epoch time is defined to be any one
of the times (the particular one chosen by the user) when the
IUS crosses the line of the ascending node while in the park-
ing orbit. 1If the parking orbit is equatorial, then epoch
becomes the time that the IUS is positioned along the X axis
of the geocentric-equatorial frame. With this definition of
epoch, the true longitude of the IUS, in the parking orbit
(£91)» is always equal to Q,. Thus, only 0, need be specified

20
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to fully fix the IUS position as a function of time in that
orbit. ‘

The perifocal coordinate system (PQW frame) of either the
parking orbit or mission orbit as <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>