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Notation

A represents a matrix of sensitivity coefficients

semi-major axis of transfer trajectory

H - c effective exhaust velocity

Ca Central Angle

eT eccentricity of transfer orbit

frame describing second burn

Ec eccentric anomaly of transfer trajectory

energy of transfer orbit

denotes a set of n-nonlinear functions

Fg gravitational force

gravi tational constant

hT angular momentum of transfe r orbit

H altitu de of an orbit

i inclination

i inclination of transfer orbitT
specific impulse

J denotes pseudo-cost function

di mass flow rate

stage mass prior to ignition

mf stage mass after burnout

P period of an orbit

P5 synodic period between orbits

semi-latus rectum of transfer orbit

PL payload

PR OP propellant
I

• 
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PQW perifocal frame
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r2 magnitude of IUS position vector after second burn

S position vector of IUS in parking orbit

position vector of IUS immediately after first burn

r2C target position vector in the mission orbit

r2T IUS position at start of second burn

ST structure

t time

T thrust

t0 epoch time -

first stage ignition time

tb2 second stage ignition time

L tba first stage burn duration

tbb second stage burn duration

TA transfer angle

TOF time of flight

Vg velocity-to-be-gained

velocity of IUS in parking orbit

V1T velocity of IUS immediately after first burn

V2 magnitude of IUS velocity vector after second burn

velocity of tar get position in mission orbit
IUS velocity at start of second burn

I represen ts thru st misalignment vector (at )
XYZ geocentric-equatorial frame

X~Y~Z~ IMU plat form inertial frame

represents insertion error vector

7 an n-vector of unknowns

Gree k and Misce llaneous ~y~bols

thrust misalignment vector

x
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inser tion err or vector

velocity change accomplished by first burn

velocity change accomplished by second burn

o total plane change angle between orbits

X eigenvalue

gravitational parameter

V true anomaly of transfer trajectory

thrust direction angles of first burn

thrust direction angles of second burn

first burn flight path angle

first burn plane change angle

413 second burn flight path angle

4114. second burn plane change angle

angular r otati on rate

o longitude of ascending node

£02 true longitude at epoch of mission orbit target

* denotes nominal value , or targete d val’ie

Mathematical Symbols

— over a symbol denotes a vector quantity

a over a symbol denotes derivative with respect to time

T denotes matrix transpose operation (when used as a
superscri pt )

Subscripts

1 refers to parking orbit

2 refers to mission orbit

k iteration step counter

xi
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Abstract

l~~~i

~~~~~~~

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-Hobmarin

transfer trajectory to the fixed energy (LV) capabilities of

the vehicle. The entire burden of effecting the transfer is

put on pre launch targeting , so that during the burns the thrust

can be directed along a precomputed direction using constant

attitu de maneuver s 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

traj ectory is characterized by six control param eters (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 a

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 a Results are presented for geosynchronous

and subsynchronous transfers between circular orbits.

xii
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I AN E?~~RGY MANAGE~~ NT GUIDANCE SC~~~~ APPLICABI~
-
, 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

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

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”

5 vehicle , which somewhat resembles a cargo-type aircraft, The

orbiter will be boosted into low earth orbit, and after corn-

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 re latively low eart h orbit, but will carry extra pro-
pulsive stages in its cargo bay to complete higher energy mis-

sions.

While in orbit, these extra 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-

- 1
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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 Sta&e (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 use d 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.
4

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 minimu m energ y requiremen ts is

impractical, the solid rocket motors will usua lly pro duce more

energy (velocity change capability) than is necessary to corn-

plete the orbital transfer. 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 ~~~~ manaaement was briefly introduced

in the last sectia~n . 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 pro blem is re latively 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 Star k Draper Lab orator y for the Navy’s

Tri dent 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.

j The Trident scheme rotated the thrust vector ‘through an arc 

3
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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
(nomina l) 

i
/

I

- . 

Burner II

~~~~~~~~~~~~~~n~~~Vg dire ction

Trident

(a’

Figure 1-1. Prior Energy Management Proposals

‘4
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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 (~V) vectors for each stage . The three

components of 4V 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-

f sion variables are available (two ignition times and two thrust

$ direction angles for each burn), which are sufficient to sat-

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

_ _  _  
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these constraints could be the orbital parameters which specify

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

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 ~~ the Problem

The IUS vehicle is to be expendable , so cost effective-

ness is a most important consideration. Thus , ~Qj~ cost sys-
tern ( hardware and software ) requirements for guidance and con-

trol would be desirable.

Simvlicity and reliability are also important. Simplic-

ity is particularly desirable to aid in understanding, and to

$ minimize both the hardware arid software requirements. 
These6



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 a

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 limit on this study, only transfers be-

tween circular orbits, both coplanar arid 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 rim parking orbit at

an inclination of 28.50, to a geosynchronous mission orbit.

The second involves a transfer from a 160 rim parking orbit

inclined at 570
, to a subs~nchronous (12 hour) mission orbit

$ with an inclination of 63°.
A computer simulation was created to target and evaluate

_ 

7

’S

_ _ _ _ _



- - 
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

descri be the f ormulation 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 a

t

U

8
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II. Formulation ~~ the Scheme

L
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 prelaunch 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; arid, as such, they could be liii-

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 parameter s, 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 “strap down ” 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,

* 
vehicle turning rates during thrusting can become quite high

,9



I
and may adversely affect the accuracy of the strapdowri IMU.

Turning ra tes of as much as 7°/sec for the Burner II (through

a total attitude change of ±900 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.~Ll.°/sec. This is cited as a

“significant disadvantage ... which may affect navigation

accurac y or compu tation ra tes asso ciated with the strap down

IMtJ ” (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 f ormulation 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

f $ finite burn dynamics to realistically test the feasibility of

j  the open loop design, and to obtain control parameter values

10
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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 arid velocity insertion errors). However, the optimal

control approach was dropped for a more flexible procedure
4

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-

strain ts (va lues which def ine  the mission orbit) are expressed

as nonlinear functions of the control parameters, arid 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



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 caliname is NS O1A, 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 (~V1 and ~V2) ,  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 nuin-

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 wi thin 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 II specifications, which pro-

duce a ~V1 = 9L.53 ft/eec, and a ~V2 7070 ft/sec for a 3000

lb payload . So by sampling this range at one degree intervals,

eleven possible transfer trajectories are available for direct

comparison.

12 



This is the standard method used in this study to compare

the re sults of targeting for any given combination of energy

capabilities, ~V1 and ~~~~ 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

k orbital transfer about the earth , is modeled under the fol-

lowing assumptions:

- 1. 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-

b].e) .

3. 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-

I ~~~~~
-
~~~~~~
- -

~~~~~~~~~
-
~~~~~~~~~~~~~~~ 
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fecte are assumed insignificant.

C 4. 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:

AV = 
~~~ 

g0 Zn (
~~~

) 
(2-1)

where t~V is the ideal velocity capability of the stage; ~~~

is the specific impulse; g0 is the gravitational constant;

is the mass prior to ignition; and mf is the final mass

after burnout.

Although the computer simulation used for this study (and

ç 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
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A major point of emphasis concerning this particular
$ scheme is that within the framework of the model just stated,

it is exact. That is, if there were none of the below listed

urimodeled 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

e. Accelerometer scale factor

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 (I ) deviations
c. Thrust profile fluxuations

3. Gravity perturbations

a. n-Body disturbances

b. Earth oblatenees 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
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‘ 
analysis of the scheme . Those selected can be neatly suinma-

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 11413 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 sensitivities due to

both thrust misalignment and thrust magnitude deviations are

computed for each trajectory targeted.

Choice ~~ 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 possibilities for initiation of the

0 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 Hohmarin transfer ye-

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 1800 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. Insertion 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 run parking orbit and a synchronous orbit (at

19,323 run ) .  Plane changes of 00, 28.5° and 57~ were accom-

p u shed. In all cases the TOP 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 11413 axes

during both burns .

The logical choice of a transfer scenario then, from these

results, was one based on transfer time of flight.

ExDlanation ~~ the Prelaurich Tar&etin&

1?
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Table I.

Insertion Errors with 11411
Ini tiated Second Burn

Plane — Position Velocity
Change Error ( run ) Error (ft/eec)

00 22.2 15.7

28.5° 22.2 14.5

57° 22.2 11.1

Table II.

Insertion Errors with TOP
Initiate d Second Burn

Plane Position — Velocity
Change Error ( run ) Error ( ft/sec)

4 00 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:

InDuts

I, ~~ 
1. IUS vehicle specifications (given by stage )

_ _ _  
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a. ST1, ST2 - structure weights

(
~ b. PROP1, PROP2 - propellant loading

c. ‘spl’ ‘sp2 - average specific impulses

d. T1, T2 - average thrust magnitudes

e. PL - payload weight

2. Orbital data

a. H1, H 2 - altitudes of the parking orbit and mis-

sion orbit

b. i~, i2 - inclinations of each orbit

c. Q,~, Cl2 - longitude of ascending node of each

orbit

d. 202 - true longitude at epoch of the target po-

sition in the mission orbit (when rendez-

vous is to be accomplished)

Outuuti

1. Targeted values of the six control parameters

a. tbl l 
~l’ ~2 

- first stage ignition time, and

thrust direction angles

b. tb2 l ~p3, q)~, 
- second stage ignition time, and

I thrust direction angle.

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 ai.eion orbit are circular.

2. The times are referenced to an “epoch” tim.. t0. That

19
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is, the values of tbl and tb2 are given in the number

of seconds past epoch.

3. The thrust direction angles are referenced to the

geocentric-equatorial inertial frame .

4. Only simple plane changes are accomplished. This re-

quires that either Cl1 and Cl2 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-

Dlanar, 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 coDlanar, then the targeting automatical-

ly accomplishes a rendezvous between the IUS and

the target position in the mission orbit.

Properly defining the epoch time (t 0) 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. If 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

is always equal to Cl1. Thus, only Cl~ need be specified

20



to fully fix the IUS position as a function of time in that

4 . orbit.

The perifocal coordinate system (PQW frame) of either the

parking orbit or mission orbit as used here will have the ~

axis pointing along the line of the ascending node, if it

exists, or if the orbit is equatorial, along the X axis. These

frames and angular relationships are illustrated in Figure 2-1

as they might be at some epoch time (t0), for a geosynchronous

mission. The vector ~1c(t) tracks the IUS in the parking or-

bit, and the vector r2~ (t )  tracks the target position in the

mission orbit (when rendezvous is to be accomplished).

I

z

- mission
—~~~~~~~ ~~~~~~~~~~~~~ orbit

i
i I~ ~~~~~~~~~~

parking
orbit Y

rlC(O) ~

r2~
(t0)

L 02 line of
nodes

x

Figure 2-1. Epoch Relationships
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It is an important characteristic of this scheme that a

value for £02 (i.e., an epoch time, and target position) al-

ways be specified. This is necessary so that the six control

parameters will have a reference to which they can be related.

If the insertion point of the ItJS into the mission orbit is

unconstrained (for a coplanar transfer), or if the transfer

is non-coplanar, then an arbitrary value for 2 02 may be used

(for instance, 202 = 0).

It happens that transfer opportunities are regularly re-

petitive between non-coplanar orbits (when rendezvous is un-

necessary), and synodicauy repe titive between coplanar or-

bits (to satisfy a rendezvous). This allows contingency re-

targeting to be accomplished, since an endless list of poe-

sible mission start times are available. Thus, the scheme is

programmed to generate the values of the control parameters

associated with the first five mission opportunity times af-

ter epoch, for each transfer trajectory targeted. The reason

for doing this is that, if a mission delay were to occur, the

control parameters could be automatically reset to the next

sequential set of values.

The algorithm used to accomplish this targeting task is

presented in the next two chapters.

C
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III. Energy Management ~~ Tra iectorv Matching

Various possibilities have seen suggested for managing

the excess energy of the fixed-impulse solid rocket motors.

The prominent ideas have included propellant offloading, ad-

ding ballast, and attitude modulation of the thrust vector;

all of which have major drawbacks. This chapter explains the

energy management technique employed by this scheme, which in-

volves selecting a non-Hohmann transfer trajectory which “match-

es” the fixed energy capabilities (~V1 and ~V2) of the 1115 ve-

hicle.

For a ~V1 and ~~V 2 
combination, both in excess of the

Hohmann (minimum energy) values for any particular mission,

a non-Hohmann transfer is usually possible. A simple copla-

nar non-Hobmanri transfer is illustrated in Figure 3-1.

For any orbital transfer maneuver, the insertion con-

j ditions may be related to the conditions at the first burn by

using the impulsive velocity change approximation, and a ser-

ies of orbital transfer equations. This series of equations

is contained in Appendix B as Equations (B-il) through (B-28).

Within these equations a relationship exists between possible

values of AV1 and OV 2 in the form of

~V 2
(~~V1, 

~~l’ 
4’2~ 

(3-1)

where for any value of AV1, ~~~ is the associated first burn

flight path angle, and is the plane change angle accom-

f pliahed by the first burn. The consequent ~V2 is the value

23
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Figure 3-1. Coplanar non-Hohmann Transfer

of the second burn velocity increment which completes any re-

maining plane change and causes insertion into the mission or-

— bit.

In order to determine which combinations of and AV2
would allow trajectory matching as a means of energy manage-

ment, plots were made of allowable ~~ combinations for each of

the reference missions listed in Chapter I. These plots are

shown in Figures 3-2, 3-3, and 3-k , for the geosynchronous,
subaynchronous, and geosynchronous coplanar transfers, reapec-

tively.

Each of these plots was obtained by accomplishing a two-

I 
_ _  _ _  
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Figure 3-2. Geosynchronous Mission
Allowable ~V Combinations
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dimensional mapping through all allowable combinations of

and 
~2 

for various values of AV1; using the orbital transfer

relationships of Equations (B-il) through (B-28). Using this

procedure , the boundaries of the allowable regions become the

maximum and minimum values that ~V2 may take on, for a set

value of

It happens that the maximum possible value for ~V2 (giv-

en the value of ~V1) occurs where both 4j~ and ~2 
are equal to

zero . The minimum possible ~V2 occurs where has its max-

imum value , and (second burn flight path angle) becomes

equal to zero . A trajectory is possible for any value of AV2
between these extremes.

Superimposed on Figures 3-2 and 3-3 are plots of the
(‘S and ~V2 resulting from various payload weights, using the

Burner II as the IUS vehicle, with a first stage fuel load of

17,300 lbs and a second stage fuel load of 11.700 lbs. It is

apparent that the excess energy balance between ~V1 and AV2
is primarily dependent on the payload weight.

The significance of these plots is that transfer trajec-

tories may always be found that match any combination of OV ’s

selected from within the allowable regions . In the case of

a coplanar transfer, the functional relationship of (3-1) re-

duces to

- 

~V2(411) ( 3-2)

for a fixed value of AV1. The trajectory matching procedure

C then consists of finding the solution of

28
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r

*
= (3-3)

• c..
where is the fixed (known) value.

The analytical relationship of AV2(411), contained in Equa-

tions (B-il) through (B-28) , is highly nonlinear and transcen-

dental in nature, and must be solved iteratively. To illus-

trate this, a closed form expression for ~V2(411) is derived in

Appendix B, for a coplanar transfer.

For a transfer between coi,lanar orbits, only one traj ec-

tory exists which matches a given AV1 and ~V2 combination, and

remains within the plane of the orbits. It is often possible,

however , to gain flexibility by thrusting out of plane with a

portion of and back into plane with a portion of ~V2 . It

is interesting to note, though, that the minimum time of flight

trajectory is always the one which remains in plane. The rea-

son for this is that, in this case, all the available energy

remains in the plane of -the transfer trajectory.

For a transfer between non-covlanar orbits, an additional

degree of freedom is introduced through the addition of 
~~~~ 

as

expressed in Equation (3-1). A particular combination of

- ~
- and ~tV2 may now yield a variety of different trajectories, de-

pending on the amounts of plane change accomplished during each

burn . In this case , there will be a range of values for

any one of which will allow a solution to the remaining rela-

tionahip of Equation (3- 3 ) .

The actual range over which 
~~ 

may take on values depends

on the excess energy balance between ~V1 and ~~V 2 
(i.e., their

coordinates within the allowable region). The upper and lower

29
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limits, on the range of values 
~2 

may have, are always given

by;

o°� 4
~2 
s ( 3-k)

A relationship for calculating 41
~~ax is given in Appendix

B. The actual range of ( for finite burn trajectories , etc.)

will always be somewhat less than this.

Thus, trajectory matching using the impulsive velocity

change approximation becomes an important early step in the

targeting process. Acceptable trajectories are found by fix-

ing a value of 
~2’ 

which is the parameter used to define the

range of usable trajectories, and then accomplishing a one-

dimensional search on AV2, for varying values of 4,~
. When

ç the solution to Equation (3-3) has been bracketed by this

search procedure, a Regula-Falsi (Ref k~l78) iteration is ac-

complished to refine it exactly. During the targeting compu-

tations (describe d in Chapter IV) each value of 
~2’ 

within the

range (usually at 10 intervals), is sampled to generate all

the possible trajectories.

The amount of flexibility in choosing possible trajec-

tories depends entirely on the range of values 
~ 2 may take

on, which in turn depends on the energy balance between A?1

arid A?2. Only one trajectory is possible for a AV combina-

tion lying on a boundary of the allowable regions. This be-

comes the case for the maximum payload combination.
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IV. Tar~etin&

Overall Obiective

The mission objective is to complete an orbital trans-

fer between a low altitude parking orbit and a higher alti-

tude mission orbit. The mission orbit can be defined by

certain constraints, or “hit conditions ’, to which the IllS

state vector must be driven in order to accomplish inser-

tion into that orbit. The form of the mission constraints

used in this targeting algorithm are chosen to conform with

the energy management technique described in the last chap-

ter. -

For a vehicle with fixed-impulse capability, the pay-

load weight is the governing parameter in fixing the actual

values of A?1 and A?2, and the consequent excess energy bal-

ance. With excess energy, a variety of trajectories are pos-

sible which would satisfy the mission constraints. The pa-

rameter 
~‘2 

(plane change angle accomplished by the first

burn) was chosen to define the range of transfers possible

using the available AV1 and AV2. The idea was to fix values

of 
~2 

at one degree intervals through the range so that a

comparison of the resulting transfer trajectories could be

made.

Specifying 
~2 

for a given transfer is equivalent to con-

straining the inclination of the transfer trajectory 
~~~~

For a fixed amount of first burn plane change 
~~~~ 

and the

inclination of the parking orbit 
~~~ 

specified, the inch-

nation of the transfer orbit is the fixed sum of these two

~

‘ S ’ S’S

~

•

~ 
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angles.

In the targeting algorithm, the IUS vehicle state vec-

tor (three components of position, and three components of

velocity) becomes a function of the six control parameters.

Where necessary, the components of the IUS state vector are

converted into the equivalent orbital elements for direct com-

parison with the mission constraints. The function of the

targeting algorithm is to generate the values of the control

parameters which drive the IUS state vector (and its cor-

responding orbital elements) to match the values of the mis-

sion constraints. The algorithm, as coded, will only tar-

get transfers between circular orbits. It would be straight-

forward, however, to include coding which would handle el-

liptical orbits also.

Mission ~~nstra&nts and Variables

Six constraints are required to completely specify an

orbit, in the most general case. Five of the constraints

may be constants which specify the size, shape, and orien-

tation of the orbit. The sixth constraint specifies the

position within that orbit, and is, therefore, a function

of time. The classical orbital elements are the parameters

most often used to specify an orbit. The mission constraints

in this algorithm, are a modification of the classical orbit-

al elements. The IUS vehicle must satisfy some or all of

these constraints after termination of the second stage

f 
burn (depending on the type of transfer - as will be ex-

plained).
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Mission Constraints; (hit conditions)

) 1. r2 - magnitude of the mission orbit position

vector

2. V2 - magnitude of the mission orbit velocity

— 
vector

3. e2 
- eccentricity of the mission orbit

4. i2 - inchinition of the mission orbit

5. O~ - longitude of the ascending node of the mis-

sion orbit
*

-
~~ 6. TA - transfer angle

- Of the six mission constraints shown, the first five

are constants (both r2 and V2 are constant for a circular

orbi t) ,  but the sixth is a function of time and needs some

explanation. In essence, TA(t) is the selected form of the

orbital element which insures the insertion into the mis-

sion orbit at the desired position in that orbit. As used

here , TA(t) is defined to be the angle between the two yea-

toTs iic (t ) and ~~~~~ + TOF*), where “t” is any particular

time, and TOF is the orbital transfer time; that is, the

time from initiation of the first stage burn to termina-
— tion of the second stage burn.

Before the transfer, the position of the IUS vehicle
1.- -

is tracked by the vector ri~
(t), and the target position

in the mission orbit is tracked by the vector ~2c(t ) . Dur

ing the actual transfer, the target position will have shift-

ed along its orbit from r2C (tbl ) to ~~~(t~~ + TOP’), where

tbl is the time the transfer began (i.e., first stage igni-

3,
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tion time). This is illustrated in Figure LI_i for the case

~~

- \j of a simple coplanar transfer.

Satisfaction of the sixth constraint really means find-

ing the correct first stage ignition time, such that

TA(tbl ) TA’ (4 l)

where TA’ is the angle be twe en the vectors 
~~~ ~ ~~~ 

and r2C
(tbl + TOF’). Thus, it is apparent that the constraint TA’

is dependent for its actual value on the transfer time of

flight TOP’, which in turn is dependent on the particular

transfer trajectory.

Since TOF’ is really dependent on the two burn times,

the true functional form of TA’ really is TA’(tbl, tb2).

*I /

— 
TA( 

~~~

f TOP’
r2C ( tb])

Figure 11-1. Transfer Angle
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Satisfaction of TA’ may be thought of as insuring the proper

“pha se angle ” at departure, to effect a rendezvous with the

target position in the mission orbit.

The six control parameters are the variables used to

satisfy the mission constraints, and are listed here;

Control Parameters,

1. ~~~ - time of first stage ignition (referenced to

epoch, t0 = 0)

2. - 

~inertial thrust direction angles of the(first stage burn
-“ ~2
Li. tb2 - second stage ignition time (a function of

transfer TOP )

5. - 

linertiai thrust direction angles of the
6. 

~ 
- 
5second stage burn

The thrust direction angles specify the constant atti-

tude inertial orientations of the thrust vectors of each

stage, 
~~ 

and T2. The angles p1 and ~2 
define the direc-

tion of F~, as shown in Figure 4-2. Similarly, the angles

and cp~ specify the orientation of T2.

~~ Y
e s .. i I

~~~~ I

/
x f

Figure 4-2. Thrust Direction Angles
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The important point in the relationship between the mis-

sion constraints and the control variables is that unique

values for the six control parameters specify unique values

for the six constraints. That is, any combination of values,
- 

even selected arbitrarily, for the control parameters will

produce some unique orbit (not necessarily circular) after

the second burn. The task of the targeting algorithm then

becomes one of generating the proper values of the control

parameters such that their values drive the IUS vehicle to

produce an orbit after second stage burnout which satisfies

the constraints.

There are many ways to attack this problem, but the

method decided upon here (which attempts to be conceptually

(‘S straightforward), is to use two distinct steps in the solu-

tion process. The first step is to simply target the traits-

fer in a general form, where only four of the constraints

are satisfied. The four to be satisfied in this first step

of targeting are r2, V2, e2, i2; with and TA left free.

The second step essentially satisfies proper phasing.

The decision to target the transfer in two steps can be

explained best by looking at the functional relationship be-

tween the constraints and variables;

1. r2(~p~ , cp2, tb2~ ~3’ ~pj4,)

2. V2(cp1, ~2’ ~b2’ 
cp,, 

~ L1.~
3. e~ (cp~, ~2’ 

tb2P p,, cp11)

4. 
~~~~~ ~2’ tb2~ ~~~ 

cp4)
5. o2(t~~ , 

~l’ ~2’ tb2~ P,. 
~~~~

6. TA(tbl, tb2 )

36
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Thus, it is apparent that there is decouDhin& between

the first fo~r constraints and the last two constraints,

with respect to the variable t~~. The first four constraints

are not a function of tbhl In other words, they are inde-

Dendent ~~ the vosttion in the parking orbit at which first

stage ignition occurs and the transfer is initiated. Ver-

ification of the above ’constraint variable relationships

through the interrelating equations is straightforward and

will not be shown here.

Since there are six constraints and an equal number of

variables, it might to possible to find a unique solution

for the variables which would satisfy all six constraints,

for even the most general non-coplanar transfers. However,

due to the nature of the initial conditions (Chapter II,

last section) and the energy management requirements incor-

porated in the governing relationships, a straightforward

way of solving for values of the control parameters which

would satisfy all six constraints in every case, was not

apparent. From the familiarization gained in this study it

seems most likely that a unique soli~tion is only possible

under certain circumstances.

The reason for the difficulty in finding a unique so-

lution to satisfy all six constraints, is that one degree

of freedom is “lost” when the parking orbit is specified

before targeting (as is always the case in this scenario).

Although the parameter tbl is free, it is really the vector( ~ic
(t) which must be completely free in order for a solution

- - ~~
- 

- 

- - - -  
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to be possible which satisfies all six constraints. When

~~~ 

the IUS position in the parking orbit is specified before

targeting, 
~1c

(t) is no longer free with respect to time.

There is, howe ver , a certain limited degree of freedom

generated by the range of values 
~2 

may have, which in turn

gives some flexibility in choosing a trajectory with a cer-

tain transfer angle. Here, even at best, a unique solution

would involve a very narrow launch window for the space shut-

tie orbiter itself, and even then may allow only one mission

opportunity, thus precluding a retargeting capability.

Since most missions will probably not involve a ren-

dezvous requirement anyway, the targeting algorithm devel-

oped here assumes an arbitrary parking orbit already estab-

( lished. When satisfaction of the sixth constraint (ren-

dezvous) is required between non-coplanar orbits, it may

still be accomplished by a station-keeping maneuver within

the parking orbit to obtain proper phasing for the targeted

trajectory.

Thus, the path chosen in the formulation of this scheme

was to satisfy only five of the six constraints (through the

targeting algorithm) for general non-coplanar transfer mis-

sions. In step one of targeting the first four constraints

are satisfied, and in targeting step two (phasing) either

or TA’ is satisfied depending on the mission. If the traits-

fer is between coDlanar orbits, 
~2 

is never a constraint

since it is always satisfied, and TA’ is enforced in this

( case as the fifth constraint. If the mission is a ~~~~~~~~~~
-

~~~~~~~
-

A, 
_ _ _  

. 
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— planar transfer, then 02 is satisfied in step two and TA
’

(insertion position) is left free.

Tar~ettn~ Step ~~
The first step of the targeting process involves find-

ing the geometry of a trajectory which will satisfy the first

four constraints, without regard to proper phasing. Leaving

the last two constraints, 02 and TA’, free in this step leaves

four constraints as functions of five variables;

1. r2(cp1, 
~2’ 

tb2I p3. p4)

2. V2(rp1, 
~2’ 

tb2~ ~~ 
cpu)

3. e2(cp1, 
~2’ 

tb2~ 
p3.

• ,
12tt~ 1, P2’ ~~~ P3. ~~

c 
In order to solve for unique values of the five van-

ables which will satisfy these four constraints, an addi-

tional constraint equation (which is consistent with these

four) is necessary. A logical and very convenient choice

for the additional constraint was to use the inclination

of the transfer trajectory i~ (cp1, 
~2~ ’ since it became an

additional constraint anyway when a value for 
~2 

was fixed.

In this sense, ‘T might more aptly be called a design ~~~~~~
-

raineter, since its value is selected freely (from within

the limits of its range). Once set, however , 1T functions

as another constraint that the targeting must satisfy.

Since the first step of tar~’.ting involves constraints

which can be satisfied regardless of where t~~ occurs in

the parking orbit, a “local ’ inerti~l frame (XYZ L ) is m i -

1 
‘9
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tially used. This local frame (as it will be called) is

referenced to the first burn point, as shown in Figure 4-3.

The axis always passes through the point of the first

stage ignition. The frame is oriented such that the in-

clination of the parking orbit is always zero, and the in-

clination of the mission orbit is just equal to the abso-

lute difference between the actual parking and mission

orbit inclinations.

In this initial step, the impulsive velocity change

approximation is used so that a trajectory may be targeted

(in the local frame) to satisfy 1T’ r2, V21 e2, and 12,

using the orbital transfer relationships of Equations (B-li)

through (B-28). In this approximation the thrust direction

z 2

- insertion
point

line of
- nodes (o~~)

—

F —

launch
position

mission
x . orbit

Figure Zi._3. Local Frame
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and associated AV direction are by definition the same .

Through these relationships, the impulsive directions of

~~ 
direction) and AV2 (T 2 direction), as expressed in

the local frame, are found which match an energy management

transfer trajectory for a set value of $~
. From this, the

four thrust direction angles are determined with respect to

the local frame . The consequent transfer time of flight

(TOF) becomes an approximation to the second stage burn time

as measured from a first burn referenced to tbl = 0.

After approximate values for cp~, p2. tb2~ ~p3~ and cp4
are obtained through impulsive targeting, their actual val-

ues for the real finite burn dynamics are found using the

nonlinear equation solving routine (NSO1A), coupled with

numerical integration of the equations of motion . Once

NSO1A has generated values for the five control parameters

which correspond to the minimum value for 
~‘2 (amount of

first burn plane change), targeting for subsequent values

of 
~2 

is expedited by using the values of the control pa-

rameters generated for the previous 
~2’ 

as the initial in-

puts to NSO1A. This gives shorter iteration times, as op-

posed to recompleting impulsive targeting at each step of $2’

NSO1A

Since the five constraint variable relationships used

in step one of targeting are highly nonlinear, a numerical

solution technique must be employed . NSO1A , a Fortran sub-

routine developed by Powell, is a highly effective nurneri-

cal algorithm which solves a set of nonlinear algebraic equa-
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tions. The NSO1A subroutine itself is a standard listing

— 
which calls on another subroutine (cal l name d CALFUN ) in

which the particular equations to be solved are contained.

Only the fundamental characteristics of NSO1A are described

here. A detailed explanation of the algorithm and the ac-

tual Fortran listing can be found in Reference 7.

The nonlinear equations to be solved by NSO1A are con-

tained in CALFUN (which the user must write). The equations

must be expressed in the standard form

( 4-2)

where Y is an n-vector of the n unknowns, and ~ denotes the

set of n nonlinear functions, each expressed as the differ-

ence between the current value and the desired value of that

function. Expressed in the CALFUN format of (4-2), the non-

linear equations to be solved by NSO1A become ;

F1 = 
~~~~ 

-

F2 = r2(V) - r2C

F
3 

= V2(1) -

F4 = e2(~~) - 0

F 5 = 
~~~~ 

-

The values on the right of the minus sign are the actual val-

ues of the constraints for that particular transfer. They

are usually referred to as the flj~ 
conditions. The 17 vec-

of unknowns is
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~
I

1 cpi

“2 
= 

~ 2 thrust direction angles ex-
pressed in the local inertial

= 

~3 frame (4-4)

Y5 = TOF (equivalent to tb2 )

Given the equations from CALFUN in the form of 7),

NSO1A initially creates a pseudo-cost function as

j (7) = ~T(y) ~ (V) ( 4-5)

where “T” denotes the transpose operation . This expression

represents a vector multiplication of a (1 x n) vector times

an (n x 1) vector which produces a quadratic scalar coat J ;

( where 3 ~ 0 at all values of 7.
A combination of either Newton-Raphson or gradient type

iteration steps are employed to find the minimum of the func-

tion J(V) to within a certain accuracy (ACC), selected by the

user. To start the numerical solution process , the user must

supply NSO1A wi th an initial guess for 7. Iteration then

proceeds between NSO].A, which checks for

J (Y) ~ ACC (Li-6)

and CALFUN , which computes the values of ~ (7) for each iter-

ation. Since the minimum of 3 is zero, the values of Y which
‘S minimize (4-5) are the solution values to the nonlinear equa-

tione (4-2).

S The NSO1A algorithm is quite efficient in that it em-

11.3 
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ploys a Newton-Raphson technique, but automatically switches

to the method of steepest gradient when it detects possible

divergence of the Newton-Raphson steps. So NSO1A essential-

ly uses a gradient step when the initial guess of Y is far

from the actual solution, then provides quadratic conver-

gence via Newtori-Raphson steps when nearer the solution.

Several difficulties are inherent in the application of

a general purpose subroutine to this specific problem . First,

the values of the 7 variables must be about the same order of

magnitude in order to ensure convergence. Since four of the

variables are angles expressed in radians, and is a TOF

expressed in seconds, the usual value of is many orders

of magnitude different from the other components of V . This

necessitated scaling the TOF variable. The proper choice of

the scaling factor greatly aided convergence .

The most critical problem, however, in the application

of NSO1A to the trajectory targeting process, was its sen-

sitivity to the initial guess of 7. Unless this guess was

fairly close to the actual solution, convergence would not

occur.

The problem of good initial guesses was overcome by

first targeting the transfer using the assumption that the

burns were iniDulsive. This method generated values of V

which were sufficiently close to the actual values necessary

for the real finite burn case, thus facilitating convergence

by NSO1A.

Since targeting is done to satisfy the actual finite
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thrusting, a numerical scheme must be used to integrate the

resulting nonlinear vector differential equations of motion

(Appendix C, Equation C-7). Here again a general purpose

subroutine combination called SET/STEP is employed for this

purpose. Thus, CALFUN calls upon SET/STEP to integrate the

equations of motion resulting from the current values of 7.

The user must supply SET/STEP with the integration step-

size. Then SET initializes the differential equations, and

STEP integrates them one step at a time . A classical Runge-

Kutta method is used for the first three steps, and then a

fourth order Adains-Bashforth-Adams-Moulton predictor correc-

tor scheme is applied to succeeding points.

NSO1A gave convergence in as few as 20 iterations, or

at the most 90 iterations depending on how closely the im-

pulsively targeted values of V were to the actual values for

the particular transfer trajectory being targeted.

Maximum Payload Missions

The hit conditions employed in CALFUN are not unique.

Indeed, many different forms were tried, and their conver-

gence properties compared, before selecting the set used in

(11-3). There, constraining the inclination of the transfer

trajectory was simply a convenient method of sampling the

range of trajectories possible for excess energy missions.

When targeting a transfer for near maximum payload (for

the given ~V1, oV~), constraining the amount of first burn

plane change is too restrictive. The range of possible tra-

S jectories narrows considerably for payloads near maximum ;
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t and reduces to one at some limiting value . In these cases

it is difficult to predict what i~ should be.

An alternate set of hit conditions is used for target-

ing missions where the payload is near or at maximum . This

set also has good convergence properties, and does not con-

strain

F1 = v~ (V) - v~

F2 = V~ (Y) - V~

F
3 

= V
~

(Y) - Vz

F4 = e 2(Y)-O

F
5 = i2(Y) -

The first thrc~e hit conditions now become the components

of the velocity vector , V2C~ These component values are cal-

culated at each call of CALFUN to correspond to the orienta-

tion of r2(~ ), generated by that iteration of NSO].A.

This set of hit conditions will also converge equally

well for lower payloads, but the range of possible trajec-

tories present in this case (by not specifying 
~~ 

will pro-

duce a non-unique solution.

Tar&e tin& S ta~ -

This step may be thought of as selecting the IUS launch

time for proper phasing between the orbits Step one of tar-

• geting solves for five of the variables, referenced to the

local frame. Once values for these five variables are fixed,

the last two constraints are then functions of the only var-

46

— o_~•~
__
•-~~~~ ’S_ —

~~ 
— — ‘S — ‘S ‘S 

~~_ ~~~~~
— - -, - -  ——-‘S ’ S’ S - ~~~~ —‘S- - ‘S - -— -‘S 

-



iable left free in step one (the launch time), leaving

~2~~bl~ 
(4-8)

TA(tbl) (4-9)

Thus, two independent equations in one unknown now re-

main. Since the equations are independent, a value for

cannot , in general, be found which will satisfy both rela-

tionships. At this point then, either (4-8) ~~ (4-9) is

satisfied depending on the type transfer involved .

In the case of a three-dimensional transfer, satisfy-

ing TA’ without also satisfying 02 would be meaningless. So,

if the transfer is between non-coplanar orbits, the target-

a 
ing in this step automatically satisfies (4-8) and leaves

(11-9) free. If the transfer is between coplanar orbits,

then a t~~ which satisfies (4-9) is found instead.

Two points are worthy of emphasis here. First, even if

the parking orbit and mission orbit are coplanar, the trans-

fer orbit itself can be non-coplanar. An out-of-plane trans-

fer trajectory is often possible because of excess energy.

In this case, a component of ~V1 is depleted by thrusting

out of plane (creating a non-coplanar transfer orbit) ,  and

a component of ~V2 is likewise utilized to regain the m i -

tial plane. For this transfer, (4-9) is still satisfied.

The second point is that even though a coplanar trans-
C

fer is necessary, rendezvous (i.e., satisfaction of TA )

may not be required. In this case, a %l must still be

11.7
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selected so that a reference location is specified for final

computation of corresponding thrust direction angles. If

rendezvous is not a necessary part of the mission, this may

be accomplished by simply specifying some arbitrary value

for 202$ such as 202 = 00, This, in turn, generates an ar-

bitrary TA(tbl), which when solved yields a t~~. Here any

value of tbl will do just as well if rendezvous is unneces-

sary, and it gives a reference point in the parking orbit

needed to compute the actual thrust direction angles ex-

pressed in the geocentric-equatorial frame.

The value of t~~, once determined, represents the ab-

solute time in seconds after the epoch time when the first

opportunity for transfer occurs. The actual time for second

stage ignition, then, now becomes

tb2 = tbl + TOF - tbb (4-10)

where TOF’is the total time in seconds from first stage ig-

nition to second stage burnout (as previously computed in

targeting step one), and tbb is the fixed burn time of the

second stage .

The next operation carried out in step two of targeting

is to translate the values of the thrust direction angles

expressed in the local frame from targeting step one, to

their values expressed in the geocentric-equatorial frame.

This can be done through appropriate coordinate transforma-

tions once is known. As explained earlier, given the

5 orbital elements of the parking orbit, i1c(t) majbe computed
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in the geocentric-equatorial frame. When tbl is known , the
( . inertial position for first stage ignition is fixed as n c

(tbl). That vector, in turn, fixes the orientation between

the local frame and the geocentric-equatorial frame, as

shown in Figure Li_Li., for the example of a geosynchronous

transfer mission.

The last step in targeting i~ to compute the next four

sequential times when the mission transf er could occur, and

the corresponding thrust direction angles for each time. The

reason for this is so these values could be stored on-board

the IUS and sequentially used as necessary if mission delays

occur. Here the usefulness of doing the original tar~c~ting

z

/~l

YL /
ii z /

w1 local
frame

V
1 Y

01

p

I- X line of
ascending node

Figure 4-Li.. Relationship Between Local and
Geocentric-Equatorial Frames
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in a local frame is apparent. When each of the next four

t. t~~ times is determined, it is only necessary to go through

the same coordinate transformation for each new nlC(tbl)

position, rather than retarget the whole mission again. The

fact that five sequential times are chosen here is completely

arbitrary. Any number of parameter value sets could equally

well be calculated in this way.

If the transfer is between non-coplanar orbits, the

interval between successive mi’ssion opportunity times is

just equal to the period of the parking orbit, and the thrust

direction angles remain the same. This is because the trans-

fer must be initiated at only one position in the transfer

orbit. If the transfer is between coplanar orbits, then

the interval between successive tbl times is just equal to

the synodic period of’ the two orbits, and the values of the

thrust direction angles are different at each opportunity.

The actual calculations discussed in this section may

be found in Appendix D.



V. Accuracy 4nalvsis
-1

The accuracy analysis is a separate operation in itself

which is incorporated into the computer simulation in order

to evaluate the effectiveness of the open loop transfer

scheme for each transfer trajectory targeted. The error

sources were discussed in Chapter II, and the actual compu-

tations involved in calculating the error sensitivities can

be found in Appendix E.

To evaluate the accuracy of the overall scheme, and in

particular each trajectory targeted using this scheme, sen-

sitivities due to thrust misalignment and sensitivities due

to thrust magnitude deviations, are calculated for each tra-

jectory.

Thrust Misalj~nment Error Sensitivities

With the assumption that the thrust vector can be ac-

curately directed along the pretarget ~~~ indicated inertial

directions, any thrust misalignment then is caused by mis-

alignment between the IMU platform inertial frame (X~Y~z~)

and the actual geocentric-equatorial frame (XYZ). The sen-

sitivities due to thrust vector misalignment are expressed

in matrix form and relate thrust alignment errors during the

burns to errors in position and velocity after the second

burn (insertion). The misalignment is assumed the same for

each burn. Expressed in matrix notation, this gives

4 ~~~~~~~~~~~~~~~~~~~~~ (5-i)
aAL
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where ~~ is a (6 x 1) 
Nmiss~I vector (insertion error vector),

~~L is a (3 x 1) thrust misalignment vector, and (~M/aAL) is

a (6 x 6) matrix of sensitivity coefficients. Written out

in full this expression is

ar
~j ~

r
~1 ~

r
~1l

~
rxi 

~
ALx aAL 

~
AL
~ 

t
~
IALX

~AL~ ~
ALZ 

£~ALy

~r .
- 

Z~i. Zi. Z 4ALr
~i 

— 

~AL ~~A1J ~AL zx y z
(5-2)

av
xi aAL

~ ~AL~ ~
ALZ

P t
~ri ~AL~ aAL~ aAL

~

- 

~

- t
~
Vzi -

~~~~~~ ~AL ~
ALZ

where the subscript “i” denotes “at insertion”. All the in-

dividual components and sensitivities are expressed with re-

spect to the local frame. This enables a more meaningful

comparison of results between diverse transfers. The units

of the individual sensitivities are run of position error per

milliradian of thrust misalignment; or, ft/sec of velocity

error per milliradian of thrust misalignment.

With the sensitivities in this form, however , it is
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difficult to draw a standard of comparison for evaluating

the accuracies of individual trajectories, to determine

which one from a group of possible trajectories would give

the lowest insertion errors . A great deal of thought went

into how best to use the information provided by the thrust

misalignment sensitivity matrices to compare trajectory

accuracies.

This dilemma was finally resolved by deciding upon a

“worst case ” comparison. But before explaining this method

it is instructive to look at the dilemma in the light of

what the sensitivities mean. The overall miss vector (~.M)

can be broken into two components; one for position error ,

X~ , and the second for velocity error, ~V, as the partition-

ing in (5-2) shows. Taking for example the position error

vector X~ (same for velocity), the error is expressible as

Ar = Ar~~i + Aryj
’S3’S + Ar

~~
k

= ~~ AL~ + ‘~~~~~ AL~ + ~~~ AL ) ~

+ ~~ AL
~ 

+ ~ ALy + :~ AL
Z) 

3’S (5-3)

-
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where the magnitude of the position error is

Ar = JAr,~1
2 + Aryj

2 + Ar
~j
2 (5_ Li. )

1: .
Equation ( 5_Li.) in turn depends on the actual components



of the misalignment vector

~A~~= A L X 1 + A L
Y i + A L Z k

Thus, as seen from studying Equation (5-3), the actual value

k of Ar for any particular transfer is dependent on the par-

ticular magnitudes (and even the signs) of the individual

components of AAL. But AAL is a completely random variable

At best, only a tolerance (or upper limit) on the magnitude

of ~At may be known.
Assuming an arbitrary orientation and magnitude for AAL,

and using this same value to compute a subsequent Ar for each

tra jectory, is one possible approach. However, this approach

is still inadequate in that there is no way of knowing wheth-

er or not this arbitrary AAL has the same effect on each of

the widely diverse trajectories. Also, there would be no

way of predicting whether a “worse” ~At direction might be
possible. This approach, however , is meaningful if a ~uar-

anteed worst alignment direction were used based on the sen-

sitivity characteristics of each trajectory.

Although there is no way of’ predicting the actual orIen-

tation of the random thrust misalignment vector, it is valid

to say that there will be in eve ry case a “worst possible”

orientation. That is, there will be some orientation of the

~~~ vector , which (for any fixed magnitude) will cause the

greatest insertion errors. This concept, then, is imple-

mented here.

The sensitivit y matrix of each trans fer is re duced to



“worst case” sensitivities; one for position error and

one for velocity error. To explain how the worst case sen-

sitivities are found, the example of insertion position er-

ror can again be used. Derivation of the worst case veloci-

ty error sensitivity is exactly the same. Using a more aim-

plified notation to convey the concept, let

(5-6)

where y = 3~jZ, the insertion position error vector; x =

the thrust misalignment vector; and A is the matrix of sen-

sitivity coefficients, (ar1/oAAL), which transforms the vec-

tor x into the vector ~~.

Now the question of a worst misalignment directi on may

be put in this form t For a fixed specified magnitude of the

vector ~, what is the maximum possible 
magnitude of the vec-

tor ~. Since a sensitivity is desired, this equates to ask-

ing what orientation of the unit thrust misalignment vector

goes through the vector transformation of (5-6) to give the

maximum length of the insertion position error vector.

With the assumption that the thrust misalignment is

strictly due to misalignment between the XYZ frame and the

X~Y~Z~ frame , the worst possible orientation of the thrust

misalignment vector is along the “Euler angle ” axis direc-
— 

- ti on which produces the “worst ” misalignment between these

two frames, in the sense of causing maximum insertion error.

This is illustrated in Figure 5-1.

As derived in Appendix E, the maximum possible magni-

tu de of ~ cause d by some ~ is obtained from
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/ worst possible
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/
x

Figure 5-1. Worst Misalignment

~~~max = 
~‘cax ‘~~‘

r i
where 

~‘max is the largest eigenvalue of the ATA matrix .

Thus, by computing the eigenvalues of the symmetric

matrix ATA formed from the respective position or velocity

error sensitivity matrices, the two worst case sensitivi-

ties are obtained. From these, and a value for the magni-

tude of the worst thrust misalignment expected, the u~~er

bounds of the associated insertion errors are obtained di-

rectly. These values may then be compared between an assort-

ment of trajectories as a valid and direct measure of their

respective accuracies.

Thrust Ma.&riit~~~ Error Sensitivities

Vehicle performance is calculated using the ideal ye-

locity CAy) equation

___ _ _  

56 

_ _ _ _ _ _  

—,-—- ‘S -‘S - --•-—— ~ - --- - - - —~ I -  - -

4 ‘S•

~~~~~~~~~

• ‘S’S’S ‘S -
~~~~

- ,. — — —



= I~~ g0 2n (
~

) (2-1)

where ~~~ is the specific impulse of the solid propellant;

g0 is the gravitational constant (32.146114 ft/sec
2); m0 is

the vehicle mass at ignition; and mf is the vehicle mass at

burnout. From (2-1) it can be seen that the AV provided by

a specific stage is a function only of the propulsion pa-

rameters (I
~~ and propellant weight), and the inert (empty)

weight of the vehicle.

It is assumed here that fairly tight tolerances can be

maintained on fuel weight and the structure weight of

the vehicle so that the magnitude of AV for each stage is

not subject to error. However, a deviation in the thrust

£ profile of either engine is possible without any variation

in its total impulse (AV) . That is, the total velocity

change can be equal to that expected, but the acceleration

profile may vary. This would be caused by a variation in

the solid propellant burn rate, thus causing a deviation in

the thrust magnitude. This can be seen from the thrust

equation

T = -ciii (5 -8)

where o is the effective exhaust velocity ; and i~ is the mass

flow rate. The mass flow rate equation (assuming constant i~ )

is

f m (t )  = mO - ~ht

I 
-
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Evaluating this equation at the burnout time (tb), and solv-

ing for tb~ gives the total burn 
time as

a - m0 f (5-10)

So a variation in the magnitude of T will be associated with

a change in the burn time. A variation in the burn time

will affect the positi~n at burnout. This can be a major

source of insertion error since (as discussed in Chapter I)

the required velocity to hit the target is a function of the

burnout position .

As with thrust direction error, the thrust magnitude

error is in general a random variable. However, bounds

on this error should be predictable from studying the sta-

t tistical characteristics of the engine performance. With

this in mind, sensitivities are calculated for both an over-

all plus and an overall minus 1% error in the thrust magni-

tude. For each sensitivity it is assumed that both engines

have the same thrust error.

- ‘S~~ s

_ _ _  
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VI. Results for the Re ference Missions

P , L
This chapter presents the results of targeting and the

accuracy analysis of the geosynchronous and subsynchronous

reference missions. The geosynchronous mission is given the

greatest emphasis. The results for this mission are present-

ed for two different fuel load combinations; each with four

different payload weights. In addition, the results for a

coplanar (geosynchronous) transfer are included - along with

an expanded explanation of some of the intermediate targeting

and error analysis steps - since this maneuver is easily vis-

ualized.

For targeting purposes, arbitrary values were assumed

for 202 (true longitude at epoch of the mission orbit target

position), and 01 (longitude of the ascending node of the

parking orbit). The values obtained for the six control pa-

rameters for each mission are not included here , since they

are based on arbitrary initial conditions and the selected

plane change split between burns.

The results of the error analyses are presented in graph-

ical form for most missions. Insertion error sensitivities

are plotted against the first burn plane change angle, for

the various fue]. and payload combinations. The sensitivities

due to thrust misalignment are the “worst case” values. The

units on the position and velocity insertion error sensitivi-

ties due to thrust misalignment are natuical miles and ft/sec,

per milliradian of thrust vector misalignment; and similarly

for insertion error sensitivities due to thrust magnitude

——‘ S.--



variations, per ± 1% variation. The last plot for each mis-

sion shows the transfer time of flight versus first burn plane

change angle.

In all cases except two , the maximum value of the first

burn plane change angle shown on the plots is within 10 of

its absolute maximum . The two exceptions are shown in Fig-

urea 6-7, 6-8, 6-9, and in Figures 6-16, 6-17, 6-18, where

the maximum value of the first burn plane change angle was

iterated to within .1° of its absolute maximum.

The last section in this chapter summarizes the overall

results , and gives some general observations concerning this

scheme .

IUS Vehicle Specifications

C Table III lists the values of the IUS vehicle parameters

which were used in targeting the reference missions. These

values are based (with some minor simplifications ) on the

Burner II specifications as given in Reference 2.

Table III . Vehicle Specifications

First Staget
Total Structure Weight (ST1) 2437 lb
Propellant Weight (PROP1) 17,300 lb or

20,000 lb
Thrust (T1) 41, 923 .4 lbf

Specific Impulse 
~~api) 

291.8 sec

Second Stage

Total Structure Weight (ST2) 1362 lb
Propellant Weight (PROP2) 4700 lb

Thrust (T ) 14,345.6 lbf
Specific Impulse 

~
1sp2~ 

300.8 sec
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The Geosynchronous Mission

Mission Descriptions the parking orbit is circular, at

an altitude of 160 run and is inclined 28.5°. The mission

orbit is equatorial, and at an altitude of 19,323 run.

Figures 6-1 through 6-9 show the results for a fuel load

combination of PROP1 = 17,300 lbs, PROP 2 = 4700 lbs; and pay-

load (PL) weights of 1000, 2000, and 3000 lbs. Similarly,

Figures 6-10 through 6-18 show the comparable results for

a fuel loading of PROP1 = 20,000 lbs, PROP2 = 4700 lbs.

To obtain results f or payloads very near maximum , the

alternate hit conditions given in Equation Li-7 were employed.

In these cases, the amount of first burn plane change is left

free to seek its optimum value. Table IV h ats the maximum

payload results for the two different fuel load combinations.

The retargeting period is 5427 seconds for all the geo-

synchronous non-coplanar transfer missions.

The Subsynchronous Mission

Mission Description s The parking orbit is at an alti-

— tude of 160 run, and inclined 57°. The mission orbit is at

an altitude of 10,900 run, and has an inclination of 63°.

The longitudes of the ascending nodes, 0]. and 02, are equal.

The subsyrichronous transfer mission will be used for

placement of the Department of Defense Navatar Global Posi-

tioning System (GPS). The total payload weight is forecast

to be 4400 lbs The results for a subaynchronous mission

with this amount of payload are shown in Figures 6-19, 6-20,

) and 6-21. The fuel loading for this transfer was PR OP1 =

61 
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Figure ‘-1. Geosynchronous Insar tion Error
Sensitivities (Position )I (PROP1 - 17,300 lb, PL - 1000 lb)
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Figure 6-2. Geosynchronous Insertio n Error
Ssneitivitiee (Velocity)
(PROP1 - 17,300 ib, PL = 1000 lb)
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Figure 6-3. Geosynchronous Tim. of Fligh t
( ~ (PROP1 - 17,300 ib , PL = 1000 lb)

64

-——- - -~~~~~~~

- - --‘S-- - 
-

_ _  - - --- - --- - - -- -‘S -‘S -

- ‘S- -~~- - --i - - 
‘S



40-

FL 2000 LBS

35-

30-

Ez
— 25

p Thrust Direction
UI 20

~~~~

- 16-

0 Thrust Magnitude

0 I
0 2 4 6 8

FIRST BURN PLANE CHANGE I OEG)

Figure 6_Li . Geosynchronous Insertion Error
Sensitivities (Position )
(PROP 1 = 17,300 lb, PL = 2000 ].b)
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Figure 6-5. Geosynchronous Insertion Error
Sensitivities (Velocity)
(PROP 1 = 17,300 1b~ PL - 2000 lb)
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Figure 6-7. Geosyn chronous Insertion Error
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Figure 6-8. Geosynchronous Insertion Error
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Figure 6-9. Geosynchronous Time of Flight
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Figure 6-12. Geosynchronous Time of F1ig~t(PROP1 = 20,000 lb, PL = 1000 lb)
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Figure 6-15. Geosynchronous Time of Flight
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4 
_ _ _ _ _ _ _ _ _  

76

~~~~~~~~~~~~~~~~~~~~~ 
‘S ’S l-* ’-’--- - ~~~~~~~~~~~~~~~~~~~~~~~~ 

-

_  - —---—-‘S-’S-

- 4



(
45.

40- 
Thrust Magnitude

35, 
-

z
— 30-

0

UI
25-

~ 

Thrust Direction FL 3000 LBS

FIRST BURN PLANE CHANGE (DEG)

Figure 6-16. Geosynchronous Insertion Error
Sensitivities (Position )

(~~I) 
(PROP1 = 20,000 1b, PL = 3000 lb)

77

4 
-‘S-



40-

FL 3000 LBS
35,

Thrust Direction

~~~ 3o-
Lii
C’,

I- 
-

U-
25-

0

Lii
20-

I-
s-I

C-)
- ( 0

_I
UI -

0
s-I

I—

LU
4)z

Thrust Magnitude
5.

0 I I I I

0 2 4 6 8 10 12
FIRST BURN PLANE CHANGE (DEG)

Figure 6-17. Geosynchronous Insertion Error
Sensitivities (Velocity)

C) (PROP 1 = 20,000 lb . PL = 3000 lb)

78

- - - - -  

- - -  - ‘S-’S---— - - -



- 

! 13000-

I-

- -  

._1 12000- - 
FL = 3000 LBS

~~1100O-

~5 10000’z
a:
I—

0000-

8000- 1 I I I I

0 2 4 6 8 10 12
FIRST BURN PLANE CHANGE (DEG)
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I
‘I Table IV. Maximum Payload Geosynchronous Transfers

.~ Fuel Loading (ibs) PROP1=17, 300 PROP1=20, 000

PROP2=4700 PROP2=4700

Payload 4250 4600

First Burn Plane 1.7 5.9
Change (deg.)

Insertion Error 11.4 36. 0
Position (nm/mr5

Insertion Error , 9.1 21.5
Velocity (ft/sec/mr)

Position Ins. Error, 21.0 32.4
± 1% Thrust Dev.

Velocity Ins . Error 10.5 17.3
± 1$ Thrust Dev.

t Time of Flight 18,954 18,440
(sec)

Transfer Angle 179.9 175.2
(deg.)

17,300 ibs, PROP2 = 4700 lbs.

The retargeting period for this mission is 5427 seconds,

the same as for the geosynchronous mission.

Transfer Between Coplanar Orbits

For a transfer between any two (circular) coplanar or-

bits, an in-plane transfer trajectory can always be found

which matches any allowable ~V1 and ~V2 combination.

With an IUS vehicle propellant and payload combination

of PROP1 = 20,000 ibs, PROP2 = 4700 ibe and PL = 3000 ~.bs,

the consequent ~V capabilities become 9443 ft/sec for
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and 7070 ft/sec for ~V2. As shown in Figure 3-4 , this is an

allowable combination to complete a coplanar transfer from a

160 run parking orbit to a geosynchronous mission orbit. Be-

cause a coplanar transfer is relatively easy to visua1i~e, the

applicable energy management (non-Hohmann ) trajectory for this

transfer will be briefly described here.

The impulsive trajectory which matches this ~V combina-

tion is one with a transfer angle (central angle) of 140°, a

first burn flight path angle 
~~~ 

of 8.6° and a second burn

flight path angle (413) of 44.5°. Referenced to the local

inertial frame (as the transfer appears in Figure 3-1), im-

pulsive targeting yields a first burn thrust direction angle

(p1) of 57~~7
0 , and a second burn thrust direction angle (p3)

of -82.9°. The impulsive TOP is 12,107 seconds.

When the targeting is refined to include the finite burn

dynamics, the transfer angle becomes 145.2°, and the thrust

direction angles become p1 = 62.8°, 
~, 

= -77.8°; with a

transfer TOP of 12,230 seconds. It is interesting to note

that in this case, as well as nearly all the cases targeted,

t the differences in the thrust angles between their values

using the impulsive approximation and their actual finite

j  burn values is about 5°. This is a significant difference,

I and demonstrates that open loop targeting, without including

finite burn dynamics, would be wholly inadequate.

The accuracy analysis of this trajectory produced a

position and velocity insertion error sensitivity matrix

~~~~~~~~~~~ 

(aM/aXt matrix of Equation 5-2), due to thrust misalignment,
I

with the following values,

_ _ _ j
~~~~iL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



‘ .0047 - .0019 -12.1966

-.0195 - .0019 12.6168

= 

3.6696 
:~:!~~8 _0:~___ (6-i)

.0080 -.0010 -2.4489

- .0092 - .0004 12.7996
p 

-7.0846 -1.3990 0.0

where the units are nm/inr, and (ft/sec)/mr. Combining these

into “worst case ” sensitivities via Equation 5-7 gave an in-

sertion position error of 17.548 nm/mr. and an insertion ve-

locity error of 13.032 (ft/sec)/mr.

The insertion error sensitivities due to thrust magni-

tude deviations are 31.331 run and 20.936 ft/sec for positive

deviations; and 31.974 run and 21.382 ft/sec for negative devi-

ations.

The synodi~ period (interval between transfer opportuni-

ties to effect a rendezvous) for this coplanar transfer is

5791 seconds.

Observations Concerning the Results

Overall, the results obtained by this scheme are very

encouraging. It is clear that for most energy management

transfers a significant amount of targeting flexibility is

available to the mission planner, allowing an “optimal” tra-

jectory to be selected from a wide range of possibilities.

The sensitivities to error inputs and transfer times vary

significantly over the range of usable transfers. Thus, the

final choice of a trajectory would be somewhat vehicle and
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mission dependent.

• 1 The plots show that insertion errors caused by thrust

misalignment always increase as the amount of plane change

accomplished by the first burn 
~~~ 

increases. However, in-

• sertion errors due to thrust magnitude deviations always de-

crease with an increase in 
~~ 

As a general rule , insertion

errors increase with an increase in fuel and/or payload. The

transfer time of flight increases with 
~2’ 

with the minimum

• always occurring where = 0.

In order to be meaningful, insertion error sensitivities

must be multiplied by the expected amount of error input. En-

gineers currently working on IUS design indicate that the up-.

per limit on IMU misalignment prior to the first burn is 1.8

mr , and that the upper bound on expected thrust magnitude var-

tations is ± $.

The required IUS orbital insertion accuracies are given

in Reference 5. That document specifies a maximum permissi-

ble position error of ± 92 run , and maximum allowable velocity

error of ± 78 ft/sec.

Assuming the only error inputs to be those caused by er-

rors in the application of the thrust vector., traj.ctories

can be selected which satisfy the insertion error requirements

for each of the missions targeted. For example, a geosynch-

ronous transfer With 17,300 lbs of first stage propellant and

3000 lbs of payload is a good baseline for comparison. Plots

for this mission are shown in Figure. 6-7, 6-8 and 6-9. By

using a transfer trajector y with 00 of first burn plane change,

and assumin g the most pessimistic case in which insertion 4
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H
errors due to thrust misalignment and thrust magnitude var-

iations would add linearly, the resulting insertion errors

• would be 36 run and 26 ft/sec. These figures are worst case

values based on the upper bound values for the error inputs

mentioned earlier. These errors are well within the allow-

able tolerances of ± 92 run and ±78 ft/sec. In addition, this

trajectory (with 
~2 

= 0°) yields the minimum transfer time .

A minimum time of flight trajectory would be desirable to

minimize the IMU platform gyro drift prior to the second burn.

It should be emphasized that thrust vector errors may

not be the only significant error inputs affecting the trans-

• fer trajectory. Also present to some extent will be inser-

tion errors due to I~~ and vehicle ( fuel and inert ) weight

dispersions. These dispersions can cause variations in the

magnitude of the velocity impulse applied by each burn (ref-

erence Equation 2-1), which was assumed invariant for this

study.

Another important consideration in interpreting the sen-

sitivities is determination of a realistic multiplication

factor for overall thrust misalignment, which would take in-

to account any gyro drift between burns . If , however, a re-

alignment of the IMU platform could be accomplished using a

star tracker or similar means prior to the second burn , the

question of gyro drift would not apply . This would leave

I the velocity impulse errors (as described above) as the only

other important error source yet to be applied to this scheme

& (assuming negligible modeling errors).

Staying with the concept of simplicity in design, it may

— 
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be possible to accomplish the burns open loop also, as op-

L posed to closed loop (constant) attitude control during the

burns . This would negate the requirement for a Thrust Vector

Control (TVC ) system , and any associated on-board software .

The feasibility of open loop burns would depend on how ac-

curately a fixed nozzle design could keep the applied thrust

vector aligned with the vehicle center of gravity, as any

significant misalignment would cause some vehicle attitude

rotation during the burns. Here again, a realistic multi-

plication factor could be computed which would include the

expected thrust vector misalignment caused by any vehicle

rotation during the burns, This multiplication factor could

be used in conjunction with the thrust misalignment sensi-

tivities computed here , to indicate the insertion error that

would be associated with open loop burns.

A final point of interest concerning mission flexibil-

ity should be made. The range of transfers available for a

particular mission allows a wide range of possible transfer

angles, which adds a limited degree of freedom to non-co-

planar transfers which involve a rendezvous maneuver. That

is , if the phasing between the parking orbit and mission or-

bit was approximately correct , the flexibility in transfer

angles available would allow a transfer to be chosen which

“matches” the exact phasing for rendezvous .

Using the geosynchronous transfer example cited earlier ,

which involved a first stage propellant weight of 17 , 300 lbs

and a payload of 3000 lb., the range of admissible values

for the first burn plane change angle 
~~~~ 

is from 0° to 5.9 °,
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The associated range of transfer angles is 157.0° - 172.3°.

C, With a first stage fuel load of 20 , 000 lbs. the range of

increases to 00 - 9 9 0 , and the transfer angle range becomes

148.9° - 176.3°; a 27.4° spread.

In addition to the missions presented in this chapter ,

many other possible transfers were targeted for various or-

bits, vehicle parameters , and payload weights. In all cases

the results obtained were consistent with the results for the

two reference missions shown here.

-
t

I
S
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VII. Conclusions and Recommendations

C
• Trajectory matching appears to be a highly effective en-

ergy management technique . By selecting a non-Hohmann tra-

jectory which matches the fixed energy capabilities of the

IUS vehicle , a wide range of possible transfer trajectories

is available for any mission. A great deal of flexibility is,

therefore , available to the mission planner , allowing an “op-

timal” transfer trajectory to be selected.

The use of a nonlinear equation solving routine was ex-

tremely advantageous in ‘that it allowed targeting to be ac-

complished to include the finite burn dynamics, without any

inherent algorithm-generated insertion error. This exact

targeting is a necessary part of the open loop design.

Using upper bounded values for the thrust vector error

inputs, the accuracy analysis showed that the insertion er-

[. rors were in all cases well within the allowable limits. The

most significant insertion error source turned out to be

thrust vector misalignment. For this case , the trajectory

which minimizes the insertion errors is also the minimum time

of flight trajectory. This trajectory is obtained by a plane

change split between the burns which places the minimum

amount of plane change (usually zero ) in the first burn .

- 
-
~~ Insertion errors caused by thrust misalignment always in-

crease with increasing first burn plane change angle , where-

as the insertion errors caused by thrust magnitude deviations

always decrease with an increase in the first burn plane

change angle .

90

- . .- - 5-—.-

_ _ _ _  

.
~~~~~~~

. -
,
•

~

— --- s— • -  - -



The results of this study show that open loop guidance is

(.) quite feasible if the additional effects of error inputs other

than thrust vector perturbations can be controlled. In this

regard, gyro drift errors could be effectively eliminated by

a star tracker realignment prior to the second burn . If in-

sertion errors due to I~~, and vehicle ( fuel and inert ) weight

dispersions are found to be significant, it may be more ec-

onomical in the long run to attempt to achieve tighter tol-

erances on these dispersions and utilize the simple open ioop

design, rather than invest in closed loop software and RCS

• correction burns .

It is recommended that this st. ., be extended to include

targeting for transfers between elliptical orbits. In ad-

dition , a more rigorous analysis of this scheme could be ac-

complished by the addition of the remaining error sources

(primarily gyro drift and velocity impulse errors) followed

by a Monte Carlo type statistical analysis of the subsequent

insertion errors.

• 
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• 
Appendix A

Conmuter Simulation Algorithm

A verbal flow chart is given here , which summarizes the

sequence of steps performed by the computer program used for

this study.

Targeting Portion

1. From the input data (as listed in Chapter I I) ,  com-

putes available and 412 ; corrects ~V1 for estimated fi-

nite burn losses.

2. Computes the range of first burn plane change pos-

sible .

3. Targeting step one : Sets the amount of first burn

plane change to be accomplished to the lower limit , and us-

ing the impulsive approximation, target8 a transfer trajec~-

tory to match ~V1 and ~V2, which satisfies constraints

r2, V2, i2 and e2, Results are values for thrust direction

angles, transfer TOF*, and transfer angle TA*, all expressed

in the local frame.

4. Using the nonlinear equation solving subroutine

(NSO]J~). With its initial guesses as the values from the im-

pulsive targeting of the last step, arid numerical integration

of the equations of motion, solves for the actual finite burn

values of the control parameters, still referenced to the

local frame .

5. Targeting step two: From the specified orbital el-

ments of each orbit, computes ~1c
(t)  and 

~2C
(t+T0F’), and

from these determines .
~~~~~~~~ 

(first mission opportunity time

-
~~~~~~ — 5- - 

5-
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after epoch) , to satisfy either Cl2 if the transfer is be tween

C non-coplanar orbits, or to satisfy TA (rendezvous) if the

transfer is between coplanar orbits.

6. Transforms the values for the thrust direction an-

gles (expressed in the local frame ) to their corresponding

values in the geocentric-equatorial frame . Outputs are the

actual values for the six control parameters which would be

stored on-board the IUS .

7. Mission Delay retargeting: Computes the values of

the six targeting constants which correspond to the next four

sequential mission opportunity times, using appropriate co-

ordinate transformations.

Accuracy Analysis Portion

$ 8. Computes the insertion position and velocity error

sensitivity coefficient matrices due to thrust mi salignment,

for the target trajectory.

9, Reduces these matrices to two “worst case” sensi-

tivities, one for insertion position error and one for in-

sertion velocity error.

10. Computes insertion position and velocity error sen-

sitivities due to thrust magnitude fluxuations.

11. Increases the value of the first burn plane change

by 10, then returns to (1) and repeats steps (1-10). Contin-

ues iterating until all the transfer trajectories in the

range of possible first burn plane change have been targeted.

‘ S
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Appendix B

P .
~ Trp .j ecto~~ Matching

Calculation of ~~~ ~~~
The performance capability of each stage is calculated

using the ideal velocity equation, with a correction for fi-

nite burn losses. The ideal velocity equation is:

~V = I ~~~ g0 2n 
(

~~2)  
( 2-1)

where I~ , is the specific impulse ; g0 is the gravitational

constant ; m0 is the total mass before ignition; and mf is

the total mass after burnout. If ST represents vehicle struc-

ture mass, PROP repre8ents propellant mass, and PL the mass

of the payload , then the ideal velocity equation for each

stage becomes:

/sT +PROP +ST +PROP +PL

1 - spi g0 n 
~ ST1+5T 2+PROP 2+PL

(B-l)
• 

-~
‘
: /sT +PROP +PL

2 - sp2 g0 n 
~ ST2+PL

where all the values on the right side of Equation (B-l) are

specified.

The actual velocity change capability of a stage is some-

thing less than the ideal ~V, due to gravitationai. effects dur-

1•~. trig the finite burn time . To account for finite burn losses,

trajectories resulting from a ~V applied impulsively, were corn -

pared to actual integrated trajectories. By comparing the
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energies of each trajectory, an estimate was made of the ~V

loss due to the finite burns. Using this technique, the loss

for a ~V1 applied in a 160 rim parking orbit was estimated to

be about .1% . This correction is then applied to ~V1 before

impulsive targeting is accomplished. The losses during ~V2
are negligible because of the higher altitude .

It should be emphasized that this correction for finite

loss is only applied to help the impulsive targeting generate

the best possible guesses for the values of the mission var-

iables to be given to NSO1A .

For specified thrust magnitudes, the burn times ( de-

noted by 
~~a and tbb) of each stage are fixed and are ob-

tained through the mass flow rate relationships as:

C .

1 (B-2)
T2

: 
mol- mfl

1 (B-3)

tbb = 
m02- m~ 2

where and are the mass flow rates of each engine; and

C1 and C2 are the effective exhaust velocities as given by

(B-4)
c2 = I 0

~
2 g0
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5— —

Limits ~~ First Burn Plane Change
C Using the value of ~V1 corrected for estimated finite

burn losses, the maximum attainable first burn plane change

is one followed by a minimum energy (Hohmann ) transfer. That

is, using the minimum component (of the total ~V1 available)

for completing the transfer, leaves the maximum component of

~V1 available for executing the plane change . If ~~~ rep-

resents the maximum possible plane change by burn one , its

relationship to is shown in Figure B-i, where the sub-

script H denotes the Hobmarin value.

I Given n c, r2C. V1~ and V2~, computation of Vi~~ is as

follows:

— 

rlT 4 r2T (B-5)

IC

~~67
j 

- - 

~~~~~~~~~~~~~~~~~~~~~~

/

~~ Vl 

_

~ 
parking ~orbit plane

Figure B-i • Maximum First Burn Plane Change
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c E~~ 
(B-6)

= J M_ + 2 E~~ 
(B-7)

where aTh and E~~ are the transfer orbit semi-major axis and
- - energy, respectively% Then using the law of cosines:

2 2 2

2max - cos 2 V1c Vim 
-

In calculating 
~~~~~ 

no effort is made in trying to find

an actual value which takes into account the magnitude of

and trajectory matching. Thus, 4~~~ax is strictly an upper

limit, and the range of possible transfer trajectories can

be no more than for 0 <~ jj 2 <
~~~~ax ’ This then is the range

that is sampled at 10 intervals.

As a note of interest, the upper limit of the overall

plane change possible using both burns may be determined

from:

V2TH j  
~~~ 

+ 2 (B-9)

= ~~~-1 [v~
2 +v ~,1

2 _ 4V 2
2] 

(B-b )

where is the maximum plane change possible by burn two

Given the altitudes of the parking and mission orbits,

— 5 and the available and ~~~ the total plan. change possi-
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r ble is, therefore , 
~1’2max +

Impulsive Transfer Derivation

Here the governing equations used in targeting the trans-

fer for the impulsive AV approximation are developed . Num-

erous spherical trigonometric relationships are necessary,

and their verification is left to the reader in order that

the logical steps remain uncluttered by extraneous explana-

tion. Similarly, the reader is referred to the listing in

the front of the book and the various Figure s for an expla-

nation of any unfamiliar notation ,

The relationships between vectors and angles for the

first burn are as shown in Figure B-2, all referenced to

the local frame.

(
5-
)

• z _e
intersection oç /
transfer orbit /
plane and /

x L ~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~

0 Figure B-2. Vector Relationships at First Burn
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5--

- = cos~~ (cos 
~2 

C05 
~~~ 

(B-li)p ; , U
Iv 

~ 
sin ~ 1

a = sin~~ (B- 12)

b = - a - (B-l3)

~1T = ~~~~~ + V1~
2 

- 2V~~ ~~~ cos b (B-l4)

V 2
E = 

iT 
~~~~ ( B -l5)

aT = 2~~~ 
(B-l6)

- hT = rlT V1T cos 
~i 

(B-l7)

C h 2
= (B-l8)

eT = I]. - 

~~T ’ aT ) (B-l9)

Check to assure a valid transfer orbit:

—

- - - (B-20 )
-~ -

~ _ _ _ _ _

- 
., ) r

If both conditions are satisfied , continue . Check for valid

second burn condition. (see Figure B-6)s

S w O0I~~ [v~~
2 

~~~~~~~~ 

AV 2
2

J 
(B- 2l)

_

_ _  
_ _  _ _  

_  —- -.-. —•- .. -~~~- -_
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If the absolute value of the argument of Equation (B-2l)

is less than one, continue.

Note : Other quite numerous checks must be made through-

out these computations, but are not shown here (mainly check-

ing the arguments of arc-cosine and arc-sine terms , and quan-

tities under square roots).

Now compute the true anomalies and central angle of the

transfer orbit:

- /~
PT / n T) - 1

eT
(B— 2 2 )

- /~
PT / r2T) - 1

eT

C Ca = - vi (B-23)

Now compute the corresponding plane change required

at the second burn (see Figure B-3), so that the total

two burn plane change is equal to e.

r ein tji sin C -

d = ~~ 1. sIn e a] (B-24)

_~ Icos [1/2 (Ca - 
d)]

c 2 t*T1 
b o a  [1/2 (Ca + d)] tan [1/2 (0 + 4 2)]J

(B-25)
4s4 = n - c  (B-26)

The second burn flight path angle is obtained from

Q - cos~~ [r~~~~~~J 
(8-27)
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node of
shuttle
orbit plane

( 

mission orbit plane ~~~~~~~~~~~c

ascending node
of shuttle orbit descending node
plane and mission of shuttle orbit
orbit plane plane arid equa-

torial plane

C

Figure B-3. Transfer Geometry

Here, the angles 
~Jj~~ and 4,.~

, the vectors V2T, V2~ 
and 

~~ 2 are

all referenced to the ~ frame as shown in Figure B-4, The ~
frame is a rotating frame that describes the position of the

IUS at the second burn time. The axis is always in the

r2T direction. The axis is in the plane of the transfer

trajectory, perpendicular to The plane change angle

(4) is measured in the ~~ plane from 
~e’ The second burn

flight path angle (413) is measured in the ~r ~~~ 
plane from 

~~~~
.

These angles are shown in Figure B~Il ,

The relationship of Equation (s-i),

~~2(A ’I]~. ~l’ ~‘2~ 
(3-i)
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C z 2

lies in the

/ plane
lies in the

plane

Figure B_ LI.. Second Burn Coordinate System

is contained within the preceding oribtal transfer equations.

Its solution constitutes the (impulsive) trajectory matching

process. To verify this relationship and gain further in-

sight into its nature, a closed form solution for the copla-

nar case is derived later in this Appendix (as Equation B-57).

For a specified value of 
~2’ 

the value of which sat-

isfies (3-1) is found by accomplishing a one-dimensional pa-

rameter search on ~~~ by varying 4,~~ . Rather large steps are

taken until the solution is bracketed by two values of 
~l’

Then the final solution is obtained by using a Regula-Falsi

(secant) numerical algorithm (Ref 4s178).

The parameter search is accomplished by using the re-
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I
lationships of (B-il) through (B-27 ) to de termine values for

the angles and 41~4. 
in the ~ frame , which are generated by

eac h value of 
~~ 

during the one-dimensional search.

The angles and 4 establish the vectors and

in the ~ frame. Thus, the value of ~~~ corresponding to that

value of is obtained from the magnitude of

= 

~2C 
- (B-28)

Once the one-dimensional search has roughly bracketed

the solution to Equation (2-2) ,  then the Regula-Falsi itera-

tions are used until

I ~~2 k+1 
- < ACCURACY (B-29 )

where L~V2
* is the actual value of the second stage velocity

change capability, and ~V2 k+l is the iterate d value from
the Regula—Falsi algorithm, which is

41k+l = 41k - [~v2(41~~ = 
~ ‘;~

41k-l~ 
] (~V2~ - 6V2

*) (8-30)

— When Equation (B-29) has been satisfied, the trajectory

match has been accomplished and the values of the angles 4s~,
p 

~ 2’ 413 
and 4 are all known.

The last step is to solve for the thrust direction angles.

For the impulsive AV approximation, the thrust directions are

the same as the velocity change directions for each burn.

The components of ~~~~ (expressed in the XYZ 2 f rame ) are
S obtained from

N l01I.

— C ~~~~~~~~~ - — — - -
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= (B-3l )

where V~~ V1~ j ;  and the components of 
~lT 

are given by

V1~~ = V1T sin ‘P1

= V1T cos ‘P1 ~~~~ ‘P2 (B-32)

— V1TZ = V1T cos ~~~ ‘P2

The direction of is the same as that of  
~~ in Fig-

ure LI-2, so that the first burn thrust direction angles are
- found from

sin~~ (
~Viz / ~v1)

- 

(B-33)

* 
~l 

= sin~~ (AV 1~ / AV 1 °o~

-

- 

In analogous fashion, the components of expressed

in the • frame may be found from Equation (B-28), and the
• known values of 413 and 4. Then a coordinate transformation

takes to the local frame through

-

~ XYZ XYZ 2 g2 
= (B-3L1 )

The coordinate transformation matrix is given by

IcY 2 c Y i ~~~~ ~~~Y 2~~~ Yl
C~~~~ L J s~~2 c~~j c y 2 _ sy 2 sy 1 (B-35)

- Ls~~ 
o c y 1

- 

where cosine is abbreviated as 0 , and sine as s; and the angles
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and are as shown in Figure B-11.
( Manipulation is necessary to obtain the angles 

~i 
and

A top and side view of Figure B-~I~ is shown in Fi gure 8-5.

Here a is the angle in the plane of the transfer tra jec tory

between and the YLZL plane, so that

(B-36)

r~~p = r2T cos ~ (B-37)

= r2~~ sin ‘P2 

- 

(B-38)

= sin~~ (r 2Z / r2T ) (B-39)

r~~y = r2p COB (B 1I.O )

r2y = r2~~ cos ‘P 2 ( B-41)

= cos~~ (r 2y / ray) (8.11.2)

~
‘2 = ? r / 2 + y ~~, (8-11.3)

Once ày2 is expressed in the local frame, the second burn

thrust direction angles are obtained from:

= sin~ (àV~~ / àV2)
(8-11.4)

= aj f l  (AV 2~ / ày2 cos cp4)

Checki ng for ambiguity, if < 0, then = -(r ~ + cp3
) .

Finally, the transfer time of flight, TOF , is f ound f rom:

—i IeT + CoB vl ‘1
11 E01 - cos 

Li + 
~T COB v 1 J (8-45)
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~~p View 
Side View

- 

~~~~~~~~~~~~~~~~~~ 2T 

~~ 
r~~ 

~~

- 

Figure B-5. Angle Definitions

re + cos v 1
E02 = ~ OS

1 
L1

T
+ eT cos

2
v 2 j (B-45)

where Eci and Ec2 are the eccentric anomalies at burn one

and two.

- 
TOF = ‘~T3 

/  ~ [(E~~ - eT sin E02 ) 
(8-46)

- (E 01 - eT sin Eci)]

I,
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fl~~ Functional Relationship

The purpose of this section is to yield further insight

into the trajectory matching concept by developing a closed

form relationship for ~V2(411) for the coplanar case , and dem-

onstrating that a similar relationship holds for transfers be-

tween non-coplanar orbits when the amount of first burn plane

change 
~‘P 2~ 

is fixed.

Figure B-6 shows the three-dimensional relationships be-

tween the associated vectors and angles at each burn . For a

coplanar transfer, angle 5~ reduces to 41.~, and angle w reduc-

es to 413. The known quantities are rlT, r 2T, Vie, V2(~ ~
‘1
~

and àV2.
The velocities are related thru the law of cosines (for

coplanar transfers) as

àv 2 - v  2 + v  2 2 V  “ I (84)1 - iT lC - iT 1C COB -

V 2 - V  2 + v  2 V V B L 1 .8- 2T 2C - 2  ~~ 2C COS ’P 3 
( -  )

First Burn Second Burn

S
Figure B-6. Three-Dimensional Vector Relationships
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V
The total energy and angular momentum of the transfer

I ~~ orbit may be written as

v 2
E - iT 

_~~~~~~~~~~ .. ... 2T . _LL. B-4
iT 2T

- 

hT = r1p V1~ cos = r2T V2T cos (B-5o )

The task is to develop an analytical re lationship between

and ‘Pa’ with as the only unknown . Rewriting Equation

- (B-47 ) as

- 

V1T
2 

- 2 V1T V1~ cos ‘P~ 
= ~V1

2 
- V1~

2 (B-5l )

and completing the squares gives

(V1T - V1C cos 411)
2 

= ~V1
2 - 

~1C + ~1~~
2 cos2 ‘P~ 

(B-52)

Now taking the square root of both sides, using geometrical

arguments to determine the proper choice of signs, gives V1T
as a function of ‘P~ 

only :

= V1C cos + 4V1
2 - V1C

2 
+ ~1~

2 cos2 ‘P~ 
(B-53)

Using the energy equation, V2T
2 may be expressed as

V 2 = 2.~~~- L.U + V  2 (B-5Z1.)

and solving for cos 41~ from the angular momentum equation

-
• 

gives

cos 413 = 
!1T

r

V1T
y
COS ‘P1 (B...55)

109

5-5 —5-•- ~~~~~•-5~~5- - - -5  

- _ 4 - ---5-- 

-



Substitution of Equation (B-55) into (B-48) yields

ày 2
2 

= V~~
2 + - 

2 V2~ rj T ~1T cos 4’~ (B-56)

Finally, Equations (B-53) and (B-54) are used in (B-56)

to produce (after tedious manipulation) the desired result of

as a function of ‘P~ 
only:

àV2(4s1) = ~ [c� p. + 2 cos 
~~~ 

CV 1C
2 r2~ 000

- V1~ 
V2~ r~~ + 14V1

2 
- V1~

2 + V1~
2 COS

(V ie r2T V2~ rlT))/r2TJ - (2 p./r1~ )

+ ày12] (8-57 )

: 1
Equation (B-57) is a closed form relationship between

the first burn flight path angle and the second burn velocity

r change for coplanar orbits.

An analogous procedure can be used to derive the form

of LV2(411) for non-coplanar transfers. The major difference

is that now Equations (8-47) arid (B-48) become the three di-

mensional relationships

ày1
2 

= V1~
2 + V1C

2 
- 2 V1T ~lC 

cos (8-58)

= V2~
2 + V2~

2 
- 2 V2T ~2c 

cos w (B-59)

where and w are expressed by (see Figures B-2 and B-7)

— coe~~ (cos ‘P2 cog (B-6o)
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Figure B-7. Second Burn Relationships

S w = co&1 (cos 413 
005 4) (B-6l)

These relationships show that now ‘P2 and 414 are introduced as
additional variables.

Thus, the three-dimensional equivalent to Equation (B-57)

is a function of ‘P2 and 4, in addition to ‘Pi’ giving it the
extra degrees of freedom that allow a range of solutions. How-

ever, careful analysis shows that if the value of ‘P2 is sped -

fied, then the value of 4,4 is fixed through Equations (B_2L1.,

B-25 and B-26). So, by specifying the amount of plane change

to be accomplished during the first burn, the amount left for
• - the second burn is fixed by the overall plane change require-

ment~ and again 4V2 becomes a function of 4’i only.

S
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Appendix C
Finite Burn D~namtcs

Equations ~~ Motion

In this section the nonlinear vector differential equation

of motion is developed and then put into a state variable for-

mat for implementation of the numerical integration routine

(SET/STEP). The local (XYZ2 ) frame is used as the inertial

reference. In this frame, the position vector and thrust vec-

tor are

~ (t )  = r~ I + r~ 3 + r
~ i~ (C-i)

~~= T x I 1~~Ty~~~+ T z i~ (C-2)

Thus, finite burn dynamics are described by

~~[i(t ) ]  + m (t )  ~ ( t)  (C-3)

• - where m(t) represents the mass of’ the vehicle at any time, t~
and Pg i~ the force due to gravity, expressible as

= 
-~~ ~~~~~~~~~~~ 

~ ( t) (C-4)g r(t)

where ~ is the gravitational parameter.

Since T is constant, the mass flow rate is constant,

yielding

m( t ) - m 0 - i i t

S Thus, Equation (C-3) may be expressed as (omitting time de-

pendenc3r)
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- ~~~~~~ T ( C-5)r -  
r3 m0 - tht

Expressing (C-5) in component form gives

~r -~~~~ r + 
x

X
~~~r3 x m0 - th t

= ~~~ ry + mo

T
~ ifit 

(c-6)

• ~z =~~~~rz + m
T5

i~it

Finally, using a six element state vector (~~) where the

first three elements are the position components, and the last

three elements are the velocity components, the equations of
motion become:

xi = x L1.
x 2 = x 5

-p.X T
= 

r3 
~~ 

- tht (C-7)

-p.X2 _ _ _ _ _X
5 r3 ~~m0 -tht

~~~~~~~~~~~~~~~~~~

During the coast phase of the trajectory, the components

of ~ are all zero .

The components of the thrust vector are calculated from
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1
the current values of the thrust direction an~ies as follows:

.‘ For the first burn

= T1 cos 
~ 2 cos

T
~ 

= T1 cos cp2 sin 
~i 

(C- 8)

T~~= T 1 sin cp2

and during the second burn as

Tx = T2 005 COB

= T 2 coo sin q 3 
(C-9)

T5 = T 2 sin q4

• Thus, the means of accomplishing the targeting for the

finite burn case are contained in the equations of motion

(C-7). By adjusting the thrust directions through Equations

(C-8) and (C-9), and the transfer TOP by varying the integra-

tion time, NSO1A repeatedly demands integration of Equations

- 
_
~ (C-7) until values for the mission variables are found that

produce the exact mission orbit desired.

Transfer Antle

The transfer angle (TA) is defined as the angle between

the vectors ~1c(t) and i~c(t + TOP), where finite burn dynam-

los apply. Thus, TA is slightly different from the central

angle (Ca)~ 
used to describe the angle between these two vec-

tore during impulieve targeting.

To find the value of the transfer angle resulting from
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targeting step one (where it was left free), a third vector

- (Ar) Is first formed , as shown in Figure C-i. In the local

frame , the component form of 
~lC

(tb1) is always just n C 1

The components of r2C (tbl + TOP ) are known after numerical

integration of the transfer trajectory.

The vector ~~ is then determined from

= - “iC (C- b )

and the transfer angle is obtained using the law of cosines as

* Fr 2 + r  2 - àr 2 l
TA = ~~~~~ 

2C 1C (C-il)
I. 2 r lC r2C j

During the second step of targeting, if the transfer is
( 

~ between coplanar orbits, it is necessary to compute the trans-

fer angle as a function of time , expressed in the perlfocai

(PQW) frame. In this case, Equation (C-li) takes the form

I 

Yz

Figure C-i. Transfer Angle

I 
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- -

[r 2(t + TOF ) + r 2(t )  - 4r
2(t )  1

- 

‘ 
TA( t) = cos ’ 1 2 1C 

* 
(C-12)

2 ri~
(t )  r2~

(t + TOP ) J
and is solved for the first burn time (tbl) such that

TA(tbl) = TA* (C-l3)

Computation of the vectors 
~1~

(t) and r~~ (t + TOF*) is de-

scribed in Appendix D.

It t
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Appendix D
Tar&etirig Step ~~o

Phasln~
Phasing is simply a matter of selecting the proper launch

position r
~~

(tM ) ,  such that the trajectory targeted in step

one , when initiated at that position, satisfies either the con-

straint Q2’ or the constraint TA(t). Since ~1c
(t )  is known,

this becomes a problem of finding the proper time (t ) for

first stage ignition.

The sequence of operations carried out in phasing (and

their significance) are listed here in the order that they

are accomplished:

1. From the given orbital elements of each orbit, 
~1C

(t)

and r2~
(t) (when needed) are computed in their respective

perifocal (PQW ) frames. The vector ~1c (t )  tracks the IUS

in the parking orbit , and 
~2~

(t )  tracks the mission orbit

target position, if specified .

2. A value for tbl is found such that r~~(t~~) becomes

the proper launch point to satisfy either 
~2 
(if the or-

bits are non-coplanar), or TA*(tbl) if transferring be-

tween coplanar orbits. In addition to specifying the

mission variable ~~~ this step fixes the orientation

between the local frame and the geocentric-equatorial

frame ( see Figure D-l) .

3. Through knowledge of the orientation between the

frames, a coordinate transformation is accomplished to

conv.rt the thrust direction angles expressed In the
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~~~~~~~~~~~ 

2
/ 

X e

“P1

c
Figure D-l. Orientation Between Frames

local frame, to their corresponding values in the geo-

centric-equatorial frame.

The actual accomplishment of the phasing steps listed

above involves a great deal of computations, and only the high-

lights wil~l be given here. The reader is referred to the corn-

puter code listing if more details are desired.

To compute i 1c(t )  and r2~
(t) in their perifocal (PQW)

frames, epoch time (t0) is used to fix their initial positions.

At epoch , iic(t o) is directed along the P,~ axis, arid ~~~ (t 0 ) is

S at an angle u02 with the 
~2 axis. First, the angular veloci-

ties are determined from
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(i) -

(fl-i)
V2C

- r2C

Then the two vectors can be calculated at any time t as

rlC ( t) = (n C cos ~ t)  
~l 

+ (r lc sin t )  
~~ 

( D-2)

= [r 2C ~~~ ~~2 tf + u02)J ~2
— 

(D- 3)
+ [r 2C sin 

~~2 t f + u02 )] Q 2

where tf = t + TOF*, and TOF is the transfer time of flight

as targeted in step one.

If is to be satisfied, then ~~~ may be found as fol-

lows:

u1 = C 1 2 - C 1~~ ( D_ L~)

U1tbl - (D-5)

Here u1 represents the angle that iic(t )  generates in going

from t0 to tb] $ and is the value resuitin& from step one,

where longitude of the ascending node was left free .

If TA(t ) is to be satisfied (coplanar orbits), Equation

(C-l2) is used. A one-dimensional search on t is made until

a solution is bracke ted; then a secant technique is used to

get the exact t~~ such that Equation (C-l3) Is satisfied.

The last step is to transform the thrust angles from

the local frame to the geocentric-equatorial frame . Once tbl

119
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is known, the orientation between the frames is fixed by the

C given orbital elements of each frame , and ~1c(t b1) as shown

in Figure D-l. Here v1 is the angle be tween the P1 axi s and

rlC (-tbl).

To make the transformation, unit thrust vectors, and

are formed (expressed in the local frame ) from the tar-

geted thrust angbes. Then these vectors are each transformed

to the geocentric-equatorial frame by

_XYz xYz _XYz2uT = Cxyz UT (D 6)

After the transformation, angles are formed again from the unit

vectors.

The three Euler angles be tween the frames are (by order

of removal), v1, 
~1 

and 
~~ 

The angle v1 is obtained, once

is known, from the relationship

V1 = W] tbl (D-7)

The transformation matrix is

(~~1cv1+~~1cI1sv1) (cQ1sv1-~~1ci1cv1) (~~11si1)

~~~ 
= (~~1cv1-cQ1ci1sv1) (~~1sv1+cfl1oi1cv1) (-511001)

~
-
~~l°~l~ 

(si1cv1) (ci1)

(D-8)

Mission Delay Retar&etint

For transfer be tween non-coplanar orbits, the mission op-

5 portunity times occur at equal intervals after the first

1 
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time . This is because the first burn must occur at the same
~~~ position in the parking orbit each time . The time interval

between the possible launch times is just equal to the period

of the parking orbit, which is given by

P = (D-9)

and the thrust direct angles are the same at each possible

launch time.

For transfer between coplanar orbits (rendezvous assumed),

the mission opportunity times are again periodic , but now the

interval is equal to the synodic period, which is found by

p
5 = 

~~~~1

2
_

~~~~ 2~ 

(D— lo )

In this case the launch position changes each time, so that

for each sequential opportunity, the corresponding angle v1
must be computed, and the coordinate transformation of the

thrust angles repeated.

Summarizing, the mission opportunity times (times when

proper phasing occurs) are, for non-coplanar orbits

tbl = + p (D-ll )
k+l k

and for coplanar orbits

tbl + P (D-].2)
k+l k

C fork= 1, 2, ...
121
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Appendix E
~~~~~ 

~

- 

$ Accuracy Determination

Thrust Misalignment Sensitivities

The nominal values of the thrust direction angles (~p1,

I ~ 2’ ~p3 and cp4 ) ,  expressed in the local frame , are obtained

in targeting step one . The procedure used to obtain inser-

tion error sensitivities, due to thrust vector misalignment ,

is to perturb these nominal values slightly by assuming a one

-~ milliradian (mr) alignment error about each axis of the XYZ2
frame , in turn .

-
- To generate perturbed thrust angles, nominal unit thrust

vectors (uTi and UT2 ) are first formed , with their components

expressed in the XYZ2 frame. Then these vectors are coordi-

C natized in a frame which is misaligned by one mr about the X2
axis. Next , their components in the misaligned frame are con-

verted to misaligned thrust angles. Lastly, Equations (C-7)

are integrated using these misaligned thrust angles, so that

the insertion error sensitivities due to a one mr misalign-

ment about the X2 axis are obtained. This gives the first

column of the sensitivity matrix in Equation (5-2). The same

- 
- f process is then repeated for mlsaligriments about the axis

and the Z~ axis, generating the second arid third columns of

the matrix.

- 

- The insertion error sensitivity matrix of Equation (5-2)

is then partitioned as shown, to form the individual position

and velocity matrices. Next, the maximum eigenvalues of these

- 
S matrices are determined by use of a standard subroutine designed

~
- 122
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for that purpose , and the two “worst case ” sensitivities are

L formed using Equation (5-7). The derivation of this equation

will now be explained.

The derivation is motivated by formulating the problem

as Equation (5-6)

~~= A ~~ (5- 6)

where , for a fixed magnitude of the vector ~ (thrust misalign-

ment vector), it is desired to find the maximum possible mag-

nitude of the vector y (representing insertion position or

velocity error), caused by the sensitivity matrix, A.

To express the worst case sensitivities with respect to

milliradians of misalignment, the problem becomes : Given

= ~~~ + x2
2 + x3

2 
= 1 mr (E-l)

find the associated value of 
~~

1max~
The steps in the development of Equation (5-7) are as

follows

(5-6)

~~~~=~~~~ ATA i  (E-2)

thus ATA is a symmetric matrix where

ATA = M 1 A M (E-3)

where A is the diagonal matrix whose elements are the eigen-

-
--

5- 

5 values of ATA , and M is the normalized (and dimensionless)
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modal matrix of ATA ; and is scaled such that

a4 I
M = M  (E_Zi~)

p substituting (E-3) into (E-2) gives

I 
~~~~ =~~~~ M~~~A M ~~ (E-5)

now let

(E-6)

and taking the transpose of each side

= i’~
’ M~ = ~~ M~~ (E-7)

Now, substituting i~ and into ( E - 5)  gives

t 
= ~~~2 

= A ~ (E-8)

and performing the vector matrix multiplications yields

y2 
= 

~~~ 
a1 + X

2 
Z2 + 

~~ 
a3

2 (E-9)

- But the vectors ~ and ~ are related through

= ~~ (MTM) ~ = (E-lo)

since M is an orthogonal matrix such that

- - MTM = M~~ M = I (E-n)

where I is the identity matrix. Thus

iii = lit (E—12)

12~ 

‘ ‘ .i *.- i ~~~ flt . JrlI .L l 1 . -- __ — -— —— —-——— - — — 5 -— — - - — S — — - - - —_
~~~~~~

_

_ _ _ _  - 5- .-~~~~----5--~~~~ - 
~~~~~~~~

_ 5 - 5 -
~~~~~~~~

- 5 -  — 
- 

- -



and the problem reduces to one of maximizing y2 in Equation

~~ 
(E-9), subject to the constraint

= ‘
~
‘
~l 

+ + ~ = Iii = 1 (E-l3)

which is equivalent to the constraint equation

a1
2 + a 2

2 + z3
2 

= 1 (E_].LI. )

f 

Using a Lagrange multiplier (~~~) to attach (E_ 1Li~) to (E-9),

the problem is transformed to one of maximizing F, where

F = X 1~~1
2 + X 2~~2

2 +~~3 z3
2

(E-l5)
+ X ,~ (a 1

2 + a2
2 + a3

2 
- 1)

The necessary conditions for a maximum of P are

~~~~~~

= 2 ).1 zl + 2 ) ~~~z1 = 0

~f 2 A 2 z2 + 2 X i~~z2 = O (E-l6)

2)3 z3 + 2 ? ~~~z3 = 0

Thus, the necessary conditions, plus the constraint equa-

tion, become four equations in four unknowns

+ 
~‘Lj. ) z1 = 0

+ ~~~) ~~2 
= (E-17)

5 ~~~~+) ~~) z,= 0
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z1
2 + z 2

2 + z,
2 = 1

The solution involves checking the four possible cases, which

are:

Case 1, a1 = 0, a 2 = 0 a, = 0. This case is impossible

since it violates the constraint Equation (E_lZl).

Case 2: a1 ~/ 0, 12 
= 0, z, 0.

Case 3, 1
1 / 0, a 2 / 0, a, 0.

Case 1~~~, zi /0, z2 /O, z~~/O.

For Case 2, Equations (E-17) reduce to

(E-18)
— I

a1
2 

= 1 (E-19)

Making these substitutions in Equation (E-l5) yields

F (E-20)

which gives

y = ~~ç 
(E-21)

Cases 3 and 4 similarly yield

(E—22)

L - S
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Thus, the maximum magnitude of y must be determined by the larg-

est of the three eigenva].ues of the ATA matrix, arid is always

= (E-23)

for an XI of one mr.

Thrust Magnitude Sensitivities

Here the magnitudes of the thrust vectors of each stage

(T1 and T 2 ) are changed by ±1%, and Equations (C-7) integrated

for the nominal time ( TOF*) so that insertion errors may again

be computed. The thrusts of both engines are assumed to devi-

ate by the same plus amount or the same minus amount , so that

insertion position arid velocity error sensitivities may be de-

termined for both positive and negative thrust magnitude devi-

a-tions .

The burn times in Equations (C-7) are also changed by

thrust magnitude variations and must be recomputed prior to

each integration as

ip- c1
(E-24)

if:2p C2

a01-Tbap thip
(E-25)

m0~~
_ m

~2
bbp~~ th~~

where the subscript p denotes the perturbed value .
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Appendix F

Computer Listing

(Fortran Extended Version IV)
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P •R)~~~*I T* !T( INDUT,OUTP~JT .t*PE5.INPJT ,TA ’ ES.OUTPJV )
C
C XXUXXXXXXXXXX !XXX *X XXXXU E~~~XXX *X X X X X X X X X *X X X X X X X X X X X X ~~~XXXXXXXXX
C — — . THIS P R 3 P A M  TARGETS TH ! C ONS T *’4T T’4~ JST, CONST A NT ~UtN
C ATT ITU) ! S!MPLE ODEN DO’ GUID*’IC! S’IEM! FOR 14! ACT UAL
C ‘!~4 Y T ~ ~U~ 4 ~E ..DCI T Y CHA~6ZS, USTP4f~. A TW~ T*3! V!41 L E TO
C ‘U~45F!R 9!T~~!~ N TWO CI R3J L A~ COPLANA ’ OR P4ON-COPLI~lAR 3~ 3ITS.
r *4  $~ CIJ RA V I IALYSIS OF E*~~N TRA J !CT3~ V TIJS TA RGET ! )  IS 1-MEN
C 4C~~D1PLIS4!O, AND MISSION DELAY RET*~~3!TIM ES DO’IE.
C
C X X X X X X X X X X X X X X X X X X X ) X X X X X X X X X X X X ~ X X X X X X X X X X X X X X X X X X U X X U X X X X X X X X X
C

Ili ri sroN ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~,3) ,WO~ K ( 5) ,*T’ t~,~5) ,RT P(3,~~

) ,C(3 ,3) ,)(3, 3)
~~ 1PLEX EI VA L (3 ) , ! IGV EC(3 ,3 )
!*T!~~NIL S.OPE
‘ A L ISP i , !S’~~, I 1,I ~~N,Mt , 1!, 1Ot , O 2 ,$ i ,1’? ,M)t , M O 2 , I 2 , I t * ,LS~
C3 DN1TTl J , DI,CNMF ,RO, O~ ,~~tT ,Vt T ,Rt ,Vt ,R!T ,V2T ,R2C,~ 2C,DVi ,

S’W?,T1U1,TlU?,F,C*,AT ,SYI,SY? ,SY~~,SY~ ,T!N, TH!T*
C3MlON lO !J *) l ~2C C, VZCC ,R2~~A,  ~?CP , I2 ,E? ~~C , Z t A , I t ,TA ,3~ G
~3’~13’4lTEl(,3IS

~3HM N,SLlMI t ,qO2, MFt ,MF?,Tt,T2, ’,D1,1)?, T SA , T3S
~~3’q1~~NFTT3tFIU, AI2,O1,O~ ,~~Ol,TZ !,TEST
C31’q3M~ CN#*~~ P~.
‘IJuI. l~O?A5A!1S
R!’J ~~’.3. 93b
•!‘3. t~.1S~~ S535S~ $
~Pl ’q ’aAO7A. t tS~SS
•o ’ is~. ~PI
GOs 32. 1~
j j  1” .

C
C READ IN T’I ! PI P UT DATA AS FO .L OWSI
C
C (I) 0P9!?AL FL !MEMTS FOR !*~~I ORJ!1 I
C (?) TWO ST*~ E V!H!CLE SPE I~ ICATIONS.
C (3) O!SIR ED ‘J !L APIO PAY )*) WEIGHTS !‘4 L3S.
C (Ii ) DI.AN! C4& ~4~~ TO CE * ::oi .L!5HEO ,t~~r~4; TIE FIR5T ~~JRN iw DEs.
C UI CHOICE OF HIT CONDITI~~NS (0 —11 C3’ISlUIIT, I •MAX P*YLO *O )
C

~!%D’,IS°I,I5” ,STI,ST2,tI,T2

~~~~)‘,~~ROPt, ‘R)P2,PI.
~~~~,‘,SY2

3’, IIXPI.
C
C CO~IPJTE ORUT ‘*RAHETER$I
C

T!~~TSTME TA
TI. *834 IN! T A )

11.8.
!?I .TNCT*
‘Ii(Rt.Nt) ’~ H4Y . -

vt : .s~Rt(!1Ulu:)
V ! .DRT (!1U~~~P )

it  C
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C ~DI’JTE N341%N9 TRANSFER VEL)S!T !!S IN) T3’ll
C

~t1’RiC

AT 4. 1 R IT .R21) 12.
4 s— C HU~ ( 2. ‘ A T H)

VIIHaSORT(2 .’(!’IUFRIT,ETh))
‘Wi’f.VITH—~ I~
V2 14.SORTU. ‘ (EMUIR2T+ET4))
‘~~~4 .V2C—V?T4
‘3~ b4zPI~~S2~ T (ITW**3lEMU)

C -

C COIPJT! Ofi AN ~) DY? ( lOCA L), AND Tel ! 3~ ’I 9JR N TINES.
C

• ~~ D~ 1w PRODt l D 5 PROPZs P~ O’2lG0 $ PL’Pj G$
It’5TDPRO’t

• ‘4? z 5T2 +PR3’2
l0I.414M24’L
402~~ W2+PL

IF ’ *50 2—PR)P!
Ct .I5P1~ G0

- - ‘~ s I5P2~ GO
‘4~ taTi/C1

TCAs ( ’ IGI.MFI) 1401

)Y1stS Pt ’3O’ I..)G(NO t~ NFt)
~v ? * TSP2~~ 0 ’ * LDG ( N0 2/NF2)

C
C C)RR!CT FO~ FINITE BURN LOSSES OF DVI, FINITE LOSSES OF 0V2 NEGL .
C

FILOSSI. 001
Wt ’DVI—(D~ t”TLOSS)

C
COIPJTE T IE MUIMUM POSSI$ E PLA NE ~ItiG! )U~ !NG T HE FIRST BURNt

C
cy ? 4 A x . A C 3 ;  ((Yt ~~~’2,VITW’?—3V1~ ’2)l(2, ‘VI ’VITN ))
cv.wAxzAC3;( (v !~’.?.v2TN”?—)V?~’2) 112. ~v2~ ’V2TN))SYT3T s SY24AXI -5Y ~~M*X

C
C ~R!NT INPUTSI
C

‘~ IN1 ’ ,‘ XXKXX K Y X X X X X X X X X X X X X UX X * X X X X X X X X X X X X X X X X X X X X X X UX * X X X X U K
X X X  XX XX X X X X X  X XX X XX XX (XXX

°~ I ’lT~~, X X X X X X X X X X X X X X X X X X X X X X X X X X X * X  OIJTPJT * X X X X * * X X X X X X X X * X I X X X
sXu 1y XXX XXXX _~X XX XXXX X* XXXX *X * •

~RItIT~
“(W *XPL .’),t)~~~ TO 3~ I
•~ T iT’ ,~ THIS ic A NA*IMI!I PAf ~~OAfl RUN USI’U HIT CONDIT ION SET TWO”

°~ INT’

~..1 CO’ITINØE
Dt IMT. ,”1s4! 3c~ ?T PARAM ET ERS AR EI

‘RINT’ ,”lII ’ “,wf,” NM. AN) II ” “,Il2~ MM. ”
•~tN ” ,”Rt~. “ ,‘ICICNMP, ” l. M. AND ~?C. ~~~~~~~~~~~~ N.M. •
0R INT’,”Vt s  ,VIC ,” FT’1E~. AM) ~?~~r “,V?~, ‘TlSE~.D RT t IT~~,”CD’LIP4$’ NONNAN $ TAAISPER VEL)~ T T T E S  ARCI

- - -



I ; ;  
-

~~~~~

-- -- -*- - - —

~~~~~~~~~

---—

I’
•RINT’,VIISI. “,ViTH ,~ FTI !C. AND VEIN . ,V2TH ,” FTISEC. “
PaIW~ *,”f)VLN . “,OVIH, FTIS!C. AND DV?H. “ ,DV2H, ” FYISEC. “
°RIN” ,” XN:Lr P.eTION OF ORBIT ONE IRt “ ,*II, ” DEC.
PRINT’ ,”IEtINATION OF ORBIT TWO IS) “ .1!!, ” DCC. 0

•RINT’ ,”LON IT DF OF ORBI T ON! 15$ “ ,~~1,” DC;. —

‘RTNT’ ,”LONGETJOE OF ORBIT TW O IS) “,3?,” DC).
‘RINT’ ,” LO’4~ , A T EPOCH O~ DR 3Z T 140 15$ .,.12,” DC).
‘RINT’ ,”R! )UIR O PL ANE CHANGE IS) ,T IFTA ,” DEC. 0

‘RENT’
‘RE’IT’,”TI! SR” SPECIFI~*TIO NS A R E) —

‘RI WT ’ ,”I S’ts “ ,ISPI, A ID tS’2’ “.15’?,” SEC.
PR!NT’ ,”?IR ST ETA GE STRU TJ R WEI IIT IS “ ,ST I’GO, ” LBS
°RtNT’ ,”S!~ OI3 51*)! STRJ TUR! W EI IT IS ,S12’GO, ” LBS
ORINT’ ,”FIRST TACE THRUS T IS “ ,Tl, ” LBS
PRINT’ ,”S! ON) STA G E THNJST IS “ ,T2, ” LBS “

PR!
PRINT’
‘RINT’,”TI! iEIICLE LOADIN ) ES TO SE) 0

DRLNT’ ,” FIRST STAGE PROPEL. AN T WEIGHT IS ,PROP1’GO, LBS
‘RINT’ ,S !~ ON) STAGE PR~~ E_ L IWT WEI IT IS “ ,PROPE’ O, ” LBS
°RIN1 ’, PAVLDI ) WEIGHT IS “ ,PL’CO, ” L3S
‘RIND -

‘RENT’
‘RLNT’ , TN! VE.. OC!TY CAPA BILIT IES OF EA CH ST* E AR!)

~R I ‘IT’
DRI’IT’ ,”OV ts “,OVI,” FTIS!C,

( °RENT’ ,OV?. ,OV!, ” FTISEC ,
‘RINT’
~RINT’
‘RINT’,”TH! SR~ BURN TIMES A RE ) 0

• ‘R1 IT’ ,”TSI . “ ,TBA ,” SEC. 0

‘RINI ’ ,” T83v “ ,T93 , 5 E .
PRINT’
‘R IM?’
°RPIT’,”TI! LIMITS OF POSSZBi .E PLAN! C’4AN 3E WIT H THESE VEL OCITIES

3* R!)
‘RI PIT.
DR I I T ’ , MA ( I MU’I  ‘LANE CHAPI E ATI’I!NA~~.! DJ RIN FIRSI BURN IS) “,

SSYEMAK ’ RD, DEC. 0

DRPIT’ ,” MI(I1J4 PLAN! CHAN E ATT AINAB L E DJ RIN SECDI O BURN 1St “,

S S Y , M 4X’PO, ” ):C.
‘RI’ IT’ , TI! V3 ’ IL POSSIBL E P.A PIE CHAN; ! IS) “ ,SYTO1’ R~ ,” DEC. I’

PR I NT’

DRI ’IT’ , ” X X X X I ( X V X X X X X X X X X X * X X U X X X X X E X X V N X Y ( X X * X X X X X X X X X * X X X X X X K X X ”
~4 !T* .T HET I’ DR $ II.II’DR S !?Ns !2N’ )~ S II1’AIl ’DR $ AT! zAI 2 ’ DR
‘~I.)t ” 3R 1 D’ sO? ’OR $ ..O2s LS2 ’OR
PRINT’
‘RENT’

C ITE RAT E T4 RU T4 ! RANGE ~~ ‘OSSIBLE FIRST AJR’I PLAN ! CHANGE )
C

BY ? ’ (5Y2 1. $ ‘DR
‘)SV2st .  “DR
cv ’ .3Y2.o3v2
!r ( S Y2 . G T . S Y~~MA X ) G 3  TO 30 .

- I t  
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() IF(JU ’IP,GE.t )GD TO 123
C
C ~A .L SUBR 3JT!NE ACUESS *lI~~H COPI’UT! I’dTIAL GUESS E S FOR NSO IA
C

CA.L A GuEs ;( ’ ,T t , p,4u,pHI3, Pig~ ,Toc)
C
C Cel!~~ IF T RA ISr ER POSSIBL E FOR THIS VAL UE 3F 5Y 2)
C

IF( DA. EQ.o. ))3 TO I
C

T3’.TOF•TS*
BY’l.
ST.1.0t5
Y11 ) ’ P’4 IIlS~Y(?)’PHI2flF

• Y (3)zPp4t3l F
Y(~~) aPW!4~ 3F

1?~ CONTINUE
C
C CALL THE NDPI— .INEAR £QU*T!3N SOLVING ROIJiENC, N$OIA
C •

C A L  PISO1I(5,V ,F,AJ INV,1.E.6,1.E7 ,1.!.S,250,S, W )
C

AC I!~K*(AC ;1R?~ A—R2 C P))/~$’IF
I’ ACH!C’C..T.t~.$C 3 TO 10
•RINT’,”FDR STE. ‘,SY2’R ),” NO FINITE 1RI JE TORV IS POSSIBLE”
‘RI NT’,”A ’4E C~ ,AC HEcX ,” N .N . OIF’EREN C
IF(Jj MD .GT ,0 ) D TO 30

( PRINT’
PRINT’
c3 T3 I

19 CONTINUE
13’.Y(5)•3I 

-

T2 ?.TOF.T83
PI t IsV (1)’IF
‘4! 2ev (2) ‘SF
PU

‘U NT’
‘RI NT’
CSV 2aSY2’ R)
PRIMT (C ,2~) ~SfZ2~ ‘DRMIT(?X,” FOR FIRST BURN PLAN! C4*M;f OF) “ ,FS.i, ” DEC

S. ~~~~~~~~~~~~~~~~~~~~~~~~~~

PRIN” , T H ! ‘EMIL *C~UIR!O ORBIT DATA IS) “

‘RE NT ’
PRINT ’,”F!’4A. ~~SITIO N AN) VELOCITY AR E S “

•RlPI’~~,’POSITION IN XY?U ,x(t)lC’I1’,X(E)l~ rInc,xc 3)/C’I’4F
‘RIMT’, V!.fl I’Y IN KY! ) “ ,K (~ ) ,K ( 5 ) ,X ( Bl
•RI’ IT ,” R!C~. ‘,R2CC /CN$F , ’ N.M . 0
‘RENT’ ,” V ?f~~’ “,V2CC,” FTI !C. —
•RIN?’ ,”R? A~ ,RECAICNM’,” N.M . 0

•tt’I ’,”P!)Ps “,R!C’ICPPIF,” N.M . 0

•Rc’ID,”xi ;. “ ,XIA ’ RO, ” DC;. “

.Rr ’ IT ’ ,”zl ;. , Xz ’ Ro, ” 3E .
•RlMT ’ , O ?~s ‘,OZG’RD, DC). 0

PRINT’ ,“~2C . “,EZCC -

‘RINT’ ,” tI. “ ,T& ’RO, ” 3!). —

Q 
PRINT’

- 
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‘RENT’
‘RENT’
~RIPIT’,”TM ! RESULTS OF TAR ETING ARE s
‘RENT’
‘UI!’
‘IIIFIPHII’R’D

‘II~F.PHI3’R)
‘II ~~~~~~~~~~~~
‘RINT’,”TN! FIRST STAGE THRUST OIRECTION A N L!S ARES
‘RENT’
‘RI MT (6,75) ‘ITIF ,’HI 2F

7B ‘ DR’ IAT (t O* , ’IIt ’ “ ,FIS.S, ” OEC. ” ,SX , ’II?s “ ‘10.5,” DEC. “S
PRINT’
‘RENT’

• PREMT’ ,TI! !~ ONO STAGE T IRJS T DIR!~TION *N _ !S AREs
PRINT’
‘RINT(6,6S) ‘NT3F ,PHIIF

es ~)R1AT 1I0X, ’4f3’ ,F1O.3 ,” DE). ” , 3 X ,”P 4t~ s “‘10.3,” DEC. “)
‘RENT’
PRINT ’
‘RI’IT’,”B URN T40 OCCURS AT TINE) “ ,T22, ” S EC.
‘RENT’ -

‘RINT’ ,” TOT E. ‘OF IS) “ ,TO’ ,” SEC. —

‘RINT’
‘RENT’

C
C CALL SUB RDJT EM~ ERROR WHIC4 ~ONPJT~S INSERT ION ERR3R SENSITIVITIES
C

C CALL !RROR3(’H!1, PNI2,P~~3, P4I~ ,TOF)
‘RENT’
‘REMT’ ,”TI! U ULTS OF THE ERROR STJDV IS THE SENSITIV ITY MATRIX)”
°RINT’ ,” UNETS AR E N.M. OR ~T l5EC. PER MILIRADEAN OF MISALIGNMENT. ”
‘RENT’

• •RENT’
‘)) 20
‘RINT ( f,,It) UNS (K ,J),J’I,3)

11 c3R ’4aT (ioK,3 (3X,cts.~ ),fl
20 C3NTINUE

‘RENT’
‘REN T’
o~ ~ NT’ , an 

C
C ~134 OMPUT! TN’ WORST CASE IN SERTION !!V$RS USING EIC TNVALUES
C ‘$‘ T M~ S!N3 ITI~ITY MATRIX
C

‘RENT’
~R TNT’
“ 0 3 1.1,3
~) ‘. J’1,3
* (T , J ) SNS( I,J$
c ’E~ 3
‘A (E,J) aSNS (p(,J)
CONT INUE
CON T INUE
CALL MT BP (A ,3,~A ,ATP)
CA LL HTSP (3 ,3,~ ,BT P)
CALL MM PY (*T’,I,C,3,3,3)
(
~AL L MW PY (BT’,3 ,O,3,3,3)

S
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a,i..~~

0
CA .L. RCEI (3,3, ,INO,EIGVI_ , !IGV !C,WDR ()
‘RIMT’,”FDR DELTA R HISS)• 
~O5I .1 ,3‘RENT’
‘RINT’ ,”EI INVAL UE NO. “ ,I,” AND ITS ASSDC !ATEO EIGINV !CTOR 15)”
PRINT’
‘UNT’,EIGVAL (I)
PRINT’
‘RIM?’, 1EIGV !~ (J,I) ,J.t,3)5 CONTINUE
PRI NTS
A!I .~ A B S( E IGVAL ( t ) ) • -

~!3’CA0S (!IGVA ~ 13))I ((A E1 .GE.IE?I .A ND.(AE 1.G! .A !3 )$ EI 1A~aIEI
1C (CA!2.GE.A !te .AND ,(AE2 .G!.1E3))!ICIAX .AEE
t r~~~IE3.G!.A!1 $ .A NO, AE 3 . ; E.AE2~~ !I;MA .AE3
) R1*XI SQ RT ( ET GMA X )

PRINT’
P13.1
CA.L R) ! I )(3,3,D,IND,EIGV*_ ,EEGV !C,WDR K)
PRINT’ ,”FDR DE LTA V MISS)
13 5 1.1,3 •PRINT S
‘R!NT’,”EI INVA LUE NO. ,I,~ *110 ITS *SS DCIATED EIGINVECTO R IS)”
PRINT’
‘RINT’ ,EI V A . ( T )
‘RENT’

( °R1NT’,(EI)V!~ tJ,I),JeI,3)
S CON TINUE

‘RENT’
A !t .~ A BS (!EG~ A L ( I) )
A!! .~ A 9 S ( !IGVAL ( 2) )

• *E3. * RS (EIGV A .(3) )
t S ( (A !1 .GE .A ~ !I . IN0.(AE 1. ! .* !3) )EIGMA (zA !t
I’~~~aE2.G!.AEt .AND.uE2,GE.AE 3)$EI ’IA~ .AEl
IF((A!3.CE.A~ I).ANO .(AE3.G!.AE2))EISM IXsIE31V1IX.SQDT ( EIG MAX )
~RI NT’‘RENT’
~~~~~~ 4T~~, e~~~a aee .ese eeee eeea. e e . e e . . a .ee e e~~~.eae....eee..ee.e.e~~

‘RI NT’
PRINT’
‘RI NT’,’iI! 4~~ST CASE INSERTION POSITIDN AND VELOCITY ERROR
°RIN 1’,”SENSITTV !TIES OUC 10 -THRUS t MI SAL IGNM ENT - ERROR ARC ) —

‘RENT’
‘RE NT’
‘RIN” , ORIAX. “,DRM AX ,” (4.M.U (M ,R.)
PRTNT ’ , DVlA ( . “ ,3V PIAX ,” - ~~~~~~~~~~~~~~~
‘RENT ’
‘RENT’
PR I NT’ , e~~ . ee es  ea s sea s e  se e.s ees e e a e es e  e e e e a e~~ ee e ee_ e eee__

A
COMPUTE TIRUS? MA). OEVZAI! ON ERRDR S !NSTTEV IT ICS

C VIA SU’ROJTI I! T ’ IRUSTFS
C

CI.. T HRUSIFI RIC,VIC,TOF,Ct , 32)

-~
- 

:
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.L1.
C CONVERT TARGETI NG INF OR MA TION TO THE .! ‘RAM!
C VIA SUDROJTIN! BURN I
C

‘RENT’ -

PRINTS
•RINT’,”TH! tIR ~-ETI NG INFORMATION CoNVER rE ) TD THE !OC!NTRIC
‘U NT’,”EOJATDRIA L FRAME ‘DR THE FIRS T ‘TV! TRANSF ER STAR T TIMES)~-
‘RENT’
PRINT’
!r(T NETA. I.t.) O  TO 250
CALL BURN 1 (PHIt,PHI2,PHI3,PHV ~,TOF,TA ,QtC,VtC,R2C,V ?C)
G3 TO 251

230 CALL 9URNN (P4!t, PNI2,PHI3,’HI~ ,O2G,R1 ,V1C,R 2 ,V2C)
231 CONTINUE

PRINT’
• ‘RENT’

*~~‘IT~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

J’JIP .JUMP+ t
C
C STEP TO TN! NEXT INCREMENT 0’ FIRST 3JRM P_AM! CH*M E
C

GO TO I -

30 CONTINUE
‘RENT’
‘RENT’ • -

°RL1T’, TN! ~J L  RA NGE OF ‘OSSIBLE TRAN SFER S 1AS OE !M EVALUATED. —

‘RENT’
PRINT’
‘RI NT ’ ,” XX XXX X X XXXXXXXXX X X END XX X X X X X X X X X X X X X X X X X X X X X X X K X X X X X X X X X

S X X K X X X X X X X X X X X X X X X X X X X X X X X X X ( X X X * X  “

CM)
• - BUSROUTI N! AUS S C P H I I ,PHhl ,’413,PMIh ,TO’)

C
C X X X X X X X X X X X X X X X X X X X X X X X X X X K X X X X X X X X K X X T X X X * X X X X X X X K ( X X X X X X X X X X X X X X
C THIS ROUTINE TA ’ C ETS VALU ES ‘DR THE I1’~J LSIV ! TR AN S ER, WHERE
C !PIITE BURN L3!SES FOR FIRST STA E ~JRM AR! IN LUO!),
C X X X X X X X X X X X X X X X X X X X X X * X X X X * X X X X X X X X K X X * X X X X X X X X X X X X ( X X X * X X X X X X X X X X
C

1T~~!NSXON K ( S )
C,1MON ,TT,!M~,’I,CNMF ,RO,OR ,R 1T,V tT,Rt~ ,V1~ ,RET ,V 2T ,R2C ,V2C ,0V1,

3’)V?,TNU1 ,TNU! ,E,CA ,*T,SV1,5Y? ,SY3,SY~,!2,1,1NETA
REAL E?N

— ‘RENT’
‘RENT’

C
C ‘134 :ALL SJ RR3J T INE IGUESSI
C

BY 1.0.
BY,...
CI.(. EGUES S

C
C C’I!’C IF TR*NS’ !R POSSIBLE FOR T41S VIL. ’J’ )F SY ? )
C

IF(CA. EO.O.) O TO 259
C

S C HO4 CONPUTE I3”

k C

:~~ 
~ _________________ ,__s__ -

~~-- ----5--—- - - 

• 5- --- -

- -  

- 
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I, ~ II ,

I F ( E .  CT. 1.563 TO I,
E 1.A COS (( !4 35(T NUI))/ (t . +E’COS(TNJI )) )
E !’ACOSI( !. DS(TNUT ) )l(I.+C’ OS(TNUE )) )
T3’sSOR T (A I “~~/ EMU)’ I1~~~2eE’SIN ( E C 2 ) I — ( C ~~1—E’SI N(E 1)))
GO T O ?

C
C F3~ HYPERB)L ! ORBIT TOFS
C

Yt ’ (E#COS(INJ I) )~~(1.+E’COS(TIJ1))
~I. AL OG (YIs S ) RT (Y1” 2—1 .) )
Y?a(E +COS (TNJ2) )l(1.+E’C3S (TtJ2))
r2.*LOG (Y?,S~ RT (Y2”2—i.))
13c.SQRT ((.Af) “3FEMU)’((E’SINH(’2)—F?)— (!’SI 114(F1)—Ft))

7 CONT INUE
C
C TN! FIRST URN THRUST OIRE~ TI3N ANGLES ARE S
C

VITX ’VI T ’ S IN(SYI )
V tTvsvIT’CDS (Svt)’COS (SY2)
VI T Z : V I T ’ ) S ( S V I ) ’S I N ( SV E )

V IX’ V ITX
1VtY ’V ITY~~I)
DVU ’V IT!
~VtXY! .SORT (DVI X”2+DVIY”24DVIZ”2)PNI2 zA SIN (3VIZFDVI )
P-4 I Is A S I N ( )Vj Y l (O Vj ’ COS ( PMT2 )) )

C
C ‘434 COMPUTE )V2 IN THE £ FRAME)
C

~ 
( 55 V 3X.0.

V?~ TaV2C’C3S1SY~)V!C Z’V2C ’S IP4(SY4)
V21 X z V E T ’ S I N ( 3 Y 3 )
V ETY SV 2 T ’ C ) S ( SY 3 )  -

• V~T?’0.
~ V ?K ’V2C K• V2 T X
‘)V?Y! ’V2CY-V?TY
1JEE e V2CZ .V!T7

C
C ‘-134 COORDI NATE ? ! 0V2 IN THE INERTIAL ‘RIM!)
C

R?T’.R2T’C)s (rL)
t ‘?? ‘R2TP’SIN (5V2)

~A lIIzA SIN1R?2FR2T)
“ VzR? ’P’ C) S ( SY E)
~? KY , R2 T ’C ) S( G% I 4A1 )
5 ?’s*C O S(R ? YIR EX Y )

“K .—R2XY’ 1’I (G?P)
2X~ r)v2x!’C3c (GAMA2 ) ’CosuA ’II1$—DV2v ’ct’4 (GAl*2i—Dv2!!’C3S (GAM*2)

S’~ !N1G AMA I 5
, V ’ Y z P $ V 2 X E ’ S E N ( t , * M A 2 ) . C O S ( *l I 1) , D V E V E ’C 3 5 ( G * 1A 2 ) e 0 4 2 ! ! ’ S I N I G & M *2 )

~~S !M(G*MA1 I
IV?7z flV2X! ’STN (CAMAI) eOve?!’COS(GANAL)
1VEZ~ 5QPT ()V?K’”2,OV2YE” !+$V2Z!”2)5-

- ~J? (Y !.SQRrUV’X ’24-OV2Y”!+3V2Z”2)
C
C ‘4)4 ~3HPUT E TH~ THRUST DIRECTION AMS.!S FOR 240 BURN )
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_ 
- - - —

ia. 
-

I~~H r  -

PRINT’
‘41b’AS IN (3V?ZFOV2)
‘4I~~’*SIN(3 V ’Y ,  (0V2’COS (PHIA) 5 5

LI.  0 .)
r C 1104 PRINT RESULTS)

C
PRINT’ ,“ X X X X X X X K X X X X X X X X K X X X X X X X X X X X X X K X X X X X X ( X X X X X X K X X K X X X X X X X X ”
~RTNT ’ ,” TNE TA ’GET I NG RESULTS IN THE -—— LOCA L- —— FRAME ARE S “

~ R I N T ’  , “ X X X X X X X K X X X X X K X X X X K X X X X X K X X X X K ~~X X X K X X X X X X X X K X X X X X X X X K X X K ”
PRINT’
‘RENT’
‘RE NT’ ,” ‘DR I PLANE CHA ’4 E AN GLE (5(2) GJRIN ; THE ‘IRST ~URN OF

5” “ ,SY2’ R3, ” ~~ ‘ DEGREES, rHE RESULTS A U) C

‘RENT’
• ‘RENT’

— ‘RINT’ ,” X X XXXX X XXX FOR IM’ULSIVE TRANSFER X X X X X X K X X X X X X X X X X X X X ”
‘RENT’
PRINT’
DRI’4T’,”TH! TRAN SFE R ORBIT CIARAC TER ISTICS AU )
PRINT’

- 

- 

‘RI’NT’,”TI! ! CENTRIC ITY 0’ TIE TRANS’ER ORBIT IS) “ ,E
°RIMT’ ,”T’IE TR~ P1BFER ANGL E 131 “,CA’RO, DCC.
‘lINT’ ,“ Vt T. “ ,V IT , ” FT~SEC.
DRE’IT ’ ,” V21 . “ ,V2T, ” FTISE3.
‘RENT’

‘RTNT ’ , TIE R2T COMPUTE) INALYT ICILLY IS)
‘RTNT ’ ,”R2TX . —, R2XICNMF, N.M.
‘RE IT’,”R?lYs , R2Y/CNNF,” 1,M. “( °RIN T ’ ,”R212 . , R2U CN NF , N. H. —

‘RENT’
‘RENT’
‘RINT’,”TI! C3IPUTED A NGLES A RES
‘RENT’,” TI! A MGLE SY1 IS) “ ,SYI’R3, ” O!~ . “

• ‘RENT’ ,” TIE IP~~LE SY3 155 “,SY3’R3, ” 0!;.
‘RENT’ ,” TIE AN )LE SY4 131 ,SY~ ’R3, 3E3. —

‘RENT’
‘RI’dI’,” a a — — e a a a a a a . e .e e ee e e  a s  a

‘RENT’
‘RINT’ ,”TH! TA ~ GETING INFORMATIO N IS) —

‘RI ‘IT’
‘Rt’IT’,”TM! ‘!~ ST BURN INERTIAL THRUST ~!R!CTION AM LES A RE S
‘RENT’ ,” P4It~ “,P’NIt’R),” 0E . “
‘3INT’,” P41?’ “,PHI2’RQ,” D!. —

2 ‘10 BURN INERTIAL TIRUSI OER!CTLON A PI ..!S ARES “
‘RINT’ ,” P413. “ ,PHI3’RD, ” DEC.
°RINt’,” Pills “ ,PNIA’RD, ” DEC .
PRINT ’
‘RINT’,” TIE T7F’ IS) “,TOI,’ SEC. “
‘RENT’
~~~~~~~~~~~~~~ • • — — — a a a a a . — — a a — • e a a a a a

‘RI~IT’

‘RI IT ’ ,“XX XKK X K XXX XXX XX X XXXX K XXXYXXX X *XXXXXXXXXX XXX XXX X X XX XXXXX *X ”

‘RENT’ • -

‘RENT’
PRINT’
‘RENT’
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‘R!NT’ ,”T’I! POLLOW ING RESULTS AU FØ~ ——FINIT E THRUST—— BURNS) “

PRINT’
PRINT’
‘RENT’

219 RET U RN
EM)
BU3ROUTINE 1 U!SS

C
C X X X X X X X X X X X X X K X X X * X X X X X X X X * K X K X X X X X X K X X X X X X X X X X X X X X X X X X * X K X X X X X X X K
C THIS SU’ROJTIN’ GENERATES THE COM PATI3L ! TRAN SFER TRIJE TDRY FOR
C ‘4! ‘TIED V!.D ITY CHANGE INCREMENTS B! A RE JLA FALS I ITEUTTON
C flF 0V2 (SYII, S!COND BURN DEL TA V ELOCITY AS A ‘UNCTI3N OF TME FIRST
C ‘UR N FLIGIT ‘IT S ANGLE, UNTIL ITERATED DV ! MAT CHES ACTUAL DV?.
C X X X X X X X X X K * K X K X X X X X X X X X X K K * X X K X X K X X X X X ( K X X X X X * X X X X X K X X X K K X X X X X X X X X

- C
C31M0N/TU!MJ,’I,CNMF ,RD ,GR,RIT ,VIT ,RIC,VI ,R?T,V?T ,R2C,V2C ,DVI,

S !,TPIUI,TNU? ,!,CA,*T,SYI,SY?,SY3,SY.,I!N,1H!T*

- 
REAL 12N

C COMPUTE MA(IMJ M POSSIBLE SIt
C

BV1MAK .ATA I (3VI~~V t )
C

‘RENT’ -

‘RI’4T’
j IC3.0

CR1!., Si
S. BYI s— .2’DR

I
I BII .SYI+OSV I

!‘(RYj,GE,SYIM!.X )GO TO 20
GO TO IS

• 1 syt’I’SYIC—USVIC aSYIP)/(DV2C— 0V2°))’cDV!C—)V2)
• SYIsSYIN

In 9t*ACOSCCOS (SY! ’COS SYU)
‘W A ’ ITOs (V I I)Vl) ‘SIN (Si)
I’ (ABS (OUAN TO) ~T.I.)GO TO 2
A ’ASE ’I (OUANTI)
B”I—A—S I
‘5JI ITI sOVI”?SVIC”2—2.’VIC’)Vt’COS (3)
!‘(IU*NTI, .T.S tG O 10 2
1IT.SORT VDJ* NTI)
!1’(VIT”2Sfl.-!MUFR IT
~J A ’IT~.2.’(E1U~~2T+ET )
“(IUANT2. .T.0 160 TO 2
V? TzSO~TIOJANT? )
AT’—~ MU~ (?. ‘IT)
‘Is RIT ’Vt t’COS ( YI)
°s4”2~ EMU

C
C CNE < TO ISSJ R~ VALID TRA NS’ ER ORBIT )
C

t ’(’~~(j . 4~ ) . CT R I T ) G O  tO 2
I’(P~~(t, —EI..T .R?T)GO TO .?
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,9 (2- ‘V2T’ r~2C)
t’ (A~ S (O’JANTW ).GT .t)GO TO 2

C
C COMPUTE TRJ E A IOMOLIES AN~ CENTRAL ANGLE )
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Li

C
T’IJI.ACOSC (PIRIT—I.)l ()

CA * TPISJZ— TWJ1
C
C d ECK FOR ‘LAMAR OR NON—COPLANAR TRANSFERS
Cp I’(TNETA.!D .S.)GO TO 55
C P434 COMPUTE TN? RESULTANT PLANE CHANGE REDJ IUD AT SECOND BURNS
C

)JAN T3 .(S1IUV !IFSIN(T HETA ) ) ‘SIN(CA )
TF(IRS (OU*ITfl1GT .1.)G0 TO 2
O ’AS IN (OUA 4T3)
Cs ?. ’*TAN ((C)S( .5 ’ (CA—D )))~~

( DS( .5’ (CI~ D)) ’TA N( .3’ (T METI,SY2)) ))

• ~O T 0 56
55 cv I..5y2
51 r)JANT~ .H,(R!T’V2T)

tF(A ~ S(QUANT .),GT .I.)GO TO 2
cY3 .ACOS ()JANT .)
TF( Sv~ ,LT. (20. ‘OR)) 0511.. S1’)R

C
C 1134 COMPUT E DV! IN THE E FRA NCS
C

V !C*’O. -

V’ YzV2C’ )S(SYl)
V2 !sV2C’5fN(5V ~ )
V2TX sV2T ’SLII (3Y3)
V?T YsV2T’C)S (5Y3)

( V 2TZ s O ,
‘)V ?X ~ s V2C * -V ?TX
~V2Y!, V2CY .V2TY
)V!?! sV2C !-V2T?
~Vflz5QPT ()V !XE”24OV2YE”2+OV2Z~”2)
t’(ICO.GT.I) O TO 3

F tF (DV2E .GT , 0421 GO TO 7
BYI ’ s SY I— .l’3t
SYI s SY I
DV2C’042E
I ).ICO+i
r,~ TO A

7 ‘IV? ’s OVZ!

S ‘IV2Ns DV2(
I’(ABS (OV!I—)V!).LT.CRIT) GO TO tI

: 1

SIICeBTIN

0V2C’OV2N
63 TO A

2 ‘~0 T 3 I
2 0 ~RINT’,”F3R 3y~~s “,5Y~~R3,” NO IM’J~ 3IVE TRA JECTO RY IS POSSIS(E”
e PRINTS

CAs S .
~~~ T) 119

It  CONTINUE
L ‘RENT’ -

‘RENT’

I )V! .OV2E
— 

, 

169 RETURN

1J~~~~~~~ 
5-

T
~~~~~~~~~~~~~~~~~~~~~~~~

- 5 - . *
~~~~~~~~~~~r - -

~~~~~~~ 
- - - --



Fl
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~ND
SUBROUTINE CA L FUP4(N,v,fl

C
C XXXIII X X X X X X X X X X  X X X X X X X X X X X X * K X X X X X X K X X X X X X X X K X X X X X * X X X X X X X X X X X K X
C IllS ROUTINE D’ ITA INS TPE NONL INEAR !~~~AT I)NS (HIT CONDITIONS)
C TO BE SOLVED BY t4SOIA.
C X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X * X X X X X X X X X X X X X X X X X * X * X X X X X X X
C

EXTERNAL S..OP! -

D IMENSION !(N) ,F(N),X(6),U5),SNB (A,3)
REAL MQ, M3,N0t,MOI, ’I02,M02,M’I,NF2,I?,I!N,ZIA,It
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~‘IV?,TNUI ,TIIj2,!,CA ,AT,SYI,SY?,SY3,SYI,I?N,THETA
CD’IION/SLC IZ

C3’4M3 P1/ TE~ * , N S
CDNMOPI/OOA)/ R!CC,V2CC,RZCti ,R2CP ,I2,E!CC,IIA,I1,TA ,32G
C3MM0?4~ CHIM*XPL
“S.

?(I).YW ’SF
( 2) ‘SF

!(3)vV (3)’Sr

~(S) .Y (5)’ IT
Xt 1).RIC

X ( 3).S.

C ‘ IIb)sI.
XI 3) ‘VIC
X ( S)’S .
IT.T9A 1312.

CA L L SET (j ,T , X,OT,SLOPE,D,.T,,O,D)
DO 10 ICs I,S1?
C A L  BTEPli,T,X ,OT,SLOPE,3,.T.,O,D)

10 )NTINUE
C
C CO4P’JI! INCLIN’TIO’I OF TRIIS’!t ORBIT)
C

Ilk *1 4 2) ‘XI A) .X (  3) ‘ XI 3)
‘4t Y s X ( 3 ) ’ X ( , I— T ( t ) ’ * (A )

~ I ’SO RT (stE ”2 .wIy” t ,H IZ”2)
TIIsA COB(N1714 1)

~I t .  BET (S,T,X,Ot,SLOPE,O,.T,,D,9)
~3 20 (.j~~Ifl I~~
C*.L ST~P(~ ,T,X ,OT ,SL 0PE,D,.T.,O,D)

20 CONTINUE
IT. T9BFSI?.
C*.. SET (5,T,*,DT,SL OPE,D,.T.,3,D)
00 30 (.1,51!
CA..t. STEP (A ,T,X ,OT,SLOPE,O,.T.,O,O)

30 CONTINUE
C
C COM’J TE RESULTING MISSI~~ )R3IT !LEM!NTU

R!C zS~ RT (( (1)’ ‘2.X(2)”2~ X (3 5 “ 2)

1LI.O

L~ •
~~~~ 

_ _ _g~~~~~~~~~~~.-~L i-_I — 
~
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— - -

! 1

‘N2 K . X (2 5 ’ * ( 6) — E ( 3 ) ’ XI 5 )
H!Y’X( 3)’X (?.).X I i) ’X (A)
42!.X(t)’X(5).1(H’X(4)
‘ I2sSORTIH2(” 2’M!Y” 2.H2Z” 2)
XN’SORT (H2X”2+SI?Y”2)
I’(T$ETA.!~.0.)GO 10 40
fl?s ACOS (—I2Y IXN)
IF(H21.LT.0. I O2C.2.’PI—OEC

~ -) CONT INUE
tZsAC05 ( H2!~ ’425
R04s1 (t)’X(l) . ( (2 ) ’X (3) + X ( I ) ’K ( 6)
%KTsV2CC”?—!’4J~~ 2~C
!Xs (t .  ~~~~~~~~~~~~~~~~~~~~~~~
~~y~~ (j •  /EN.))’ (3’(T’X( 2) — ROV’E(U)
E~~s ( j •  FENLfl ,(B1(T~ X (3)aROV~ ((A))
!C.SQRT (EX”2+EY”2+EZ”?)
‘2s42”2

~
!’IU

R2 PsP2/(I.+!? C)
R2 A.P2/(1. —!?C )
DRIXs*(1).RiC
~RIY’X (Z)lRt?.X (3)
ORE ‘SORT (ORtI” 2.DRIY”2+)RIZ”2)
TA’ACOS( IR?CC”24RIC”2—DRI”2) ~‘I2. ‘R2CC’RIC)5

C - -

C F IR ST COMØJT ! A UNI T VECTOR EN R2,H2, AM) 42C DIRECTIONS
C

‘JR2YsX(2)/R2~~
• 
( * 

‘JR!? *X (3)IR2 3
- - JH!Xt N?X/II!

L)4’Y5542Y1H!
‘

4 J42?.H2Z/H!
‘JV2XzUH2Y’iRU-UH27’UR2Y

• ‘J4!Y .U112Z ’J R’X-UN2X’UR2Z
‘IV !?sUH2X’JUY- UH2Y’URZX

C
C ‘134 OHPUT! NOMI NAL V 2 CORRESPONDING TO CURREN T R? OIRECTION,
C

V2 SXsV 2C ’U12*
V?IY sV2C ’tU?Y
V? I ?sV2C ’U1fl

C
C COMPUTE F(() ‘7R CHOICE OF HIT CONDITIONS)
C

!F(MAx pt . ;T ., , ;o  TO 5$
C

‘(I).(IIA— (It~ SY2))’(I.E3)
- 1

‘(3).V?CC 420
‘4.).E2CC’(I.E’)
F (3)s  ( T2N”T2)’(1.ES)
~)TD 6S

C
50 CONTINUE

‘(t)’V2NX• ((~ l
‘(2).V2NY—XIS)
‘ (3).V2N! 1(S)

‘(S)sI I tN I?I’II.LS)
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- 1

L C
60 RETURN

‘N) -

SU3ROUTINE S_DPE (N ,T, X ,OX )
C
C ( X X X X X X X X U X X X I X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X K X
C THI S ROUTINE CONTAINS THE EQJ$TIONS 0’ MOTION TO SE
C INTE GRATED SI SETISTEP.
C X XXXX XX X X XX XXX VX XX %X X XX XX * X X ICX XX X X XXXXXUX ( XX XX XX XX *XX
C -

DIMENSION X( N) ,DX IN) ,2I5)
REAL N0 ,IID,MSI,HDl ,~~S2,MD2,M’i,NF2,fl,!!N
C3M’ION/SL#lIt, 402,NFI,NF2,TI,12,MDI,M )2,TB,Tfl
C344O’1~ SLC~Zt !MJ.I. 407134’IA
T~ s Tj  5
I’ll. T.TBA )
‘Is T”COSU (?))’COS (Z(t))
TY’ TF’ COS(Z( 2) 1 ‘ SIN (Z (I))

17’ TF’SZN(’(H)
M0”III
“IOs IOi
T!M!.T
IF (T.LT.(Z(5).TBB) )GO TO?
t *5TS’COSU-(.)) ‘dOS (7 (3))
TY.TS’ COS(! (~.)) ‘SIN(7 (3))
It s TS’ S1NU I ~

) I
‘lOiNS?
‘IDsID?( fr TII!sT—(Z (5)-T S)

- -- 2 CONTINUE
RsSORT (X (t)”2$- X (2)”2+X (3)”2)
D X I I )  ‘XI 4)
D X I H . X I 5 )

• D*(3).X (6)
‘IX I ,)s—EMU ’X (I) IR”3+TX/I MD ” ’ID’TIME)
IX(5)’—E’IJ’X (?) IR”34 TY/(H0—MD’TIME)

~~( ~).—~HjIx (3) ,R”3.TZ,(M0—1D’TIME)
RETURN
CM)
%J R3UTIN! ERRORS (PHI1 ,PHI2,’HI!,PHfl,TO’)

C
C X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ( I X X X X X X X X X X X X X X X
C ‘HIS ROUTINE ~~ NPUTES IP6ERTION ERROR SEPISETIVITIES DUE TO

tIRJSt VE CTOR NT SA~ IGN~~NT.
X X X XXXXXXX X XXX X X XXXIX X X X X X X X X X X X K X X X X X X X X X X X X X X X X X X * X X X X X X X

C
~XT!RN*L S.0 1
D IMEN SION (N’(SI,StI$(6,3),X (S),Z45)
REAL N0, M3, M0 I, Ht)I,MS2,N32,M’ I, M’t ,Il,I2N
~OM ,0N/tT,!NJ ,5I ,CNMc ,*O,’)R,UT,ViT, RtC,Vt ,R?T ,V2T,R2C,V2C,0Vt,

6~V !,TNU1,TNJ!,T,CA ,AT,SYt,SY2,SY~,SYl,T!N,TNET *
CDMID PI/SL/MSt ,M12 ,’SFt ,NFZ ,TI,Tt, ’I’3I,132,’ft,T35
?~3M’~ON lIEu , $15
!3’4MON~ SLCI2
ISO •

.e’.ooI
a
C RTDR ~ THE TARG TCO NOMI )~ L R!C AND flC)

0 •

11~2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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P 13 to J’l. A 

-

10 xNrIJ).x(JI
C
C COM”JIE UNIT V ECTORS IN THE INER’IAL ‘RA~~ USING THRUST ANGLES)
C

‘JIX.COS(PII2I ‘COSIPHII)
UIYICOS (PWI2I’!IN (PIIII)
UIZ5SINIPNI2)
U?k.COSIPM!h)’COS (PHIS)
tJ?V ’COS(P$4 11,I ‘SIN (PNI 3)
U2?.SIN(PNI~~

)
C
C COOROIP4*11’E TIE *5)4!! vECTORS IN THE M ISAL IGNED FRAME
C ~DR ALIG NM ENT E RROR ABOUT ( AXIS )
C

‘J IX’ l ’UIX
J EYM ’ UIY ’ COS(T R)—U I Z’SIN(TR)
UttS’IJtY ’SIN (TR)+UtZ’COS (TRP
‘I?X’l’U2X
‘J?VM sU2Y ’COS (TR) —U !?’ SIN (TR )
UUM’IJ2Y’SEN (TR)+U27’COS (TR)
G)T3 20

C
C ‘DR ALIGNMENT ERROR ABOUT TN! V A kISS
C
2 J IXM5UIX’ 3S(T k) +UI2’SIN(TR)

UIVI’UIY
‘ilZM’—UiX’SIN(TR).UIZ’COS (T*)
U?X ’1sU2X’COS (TR).U27’SINITR)

t ‘I2 s’M’U2Y
pzq ..u2X’;II (TR),U22’C0S (TR)
63 TO 20

C
C (OR AL IGNMENT ERP.OR ABOUT 7 AXIS
C
3 ‘itXl.UIX’C)S (T’)—UIY’SIN(TR)

UtYM .UIX ’STN (TR) +IJIY’COS(TR)
IJl1~ sUIZ
hJ7X N sU2X )S(T~ )aU2Y SIN(TR)
‘)2VMaU2X ’SIN (T’) +U2Y’COS (TR)
‘*22 Ms U 22

C
C CO4PJTE THE MISALIGNE D THRJST ANGLES)
C
20 04I2M’AS IN(IJt tM )

‘411M* ACO S(UIXMICOS (PHI2M))
‘ IIIM.ASI4(U!?M)
“I1 3N.A SINIU ? !MFC OS (PNI *N) )
I’( J!X’h LT ,O. S ‘I!3M.— (PI*PII3N)
‘( l).PSlII’S
‘U).PHI2S

I
GO TO ISO

C
C CO1’JTE R?C A ND V2C USING MISALIGNED T HRUSTS)
C
1.3 1.3,

• 

X(l).RIC

- 
—

I
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I- -

(-5-. X(2).5. 

-

X (3 ) ’S .
X(~~).O.
X(3)sV IC

flT,TBA~ Sj2,CA ..L SET(S,T,X,DT ,SLOPE,O,.T.,O,O)
‘13 TO 1.1,312
CALL STEP (3,T,X ,DT,SLOPE,O,.T,,O,D)

70 )NTINUE
‘1T s(TOF
C*..I. SET (5,T,*,OT,SLOPE ,D,.T.,D,D)

5- 10 30 K’I,1024S
CA bL STEP(,,T,X ,OT ,SLOPE, ),.T,,O,3)

80 CONTINUE
1tzTB3~ 512.— 
CALL SET(S,T,*,OT ,SLOPE,O,.t.,D,D)
DO 30 1.1,312
CA _ STEP (S,T,X ,OT,SLOPE,O,.?, p0,0)

90 CONTINUE
C
C COMPUTE SENSITIVITY COEFFICIENTS BY 3UJMN)
C

X’I~ 1
SNS (t , I)atl (t)—XN FI1) )/60?3.1114&$
Sl3 (?,I).(((!)-X IIF(2) )/6OTS.111431
S13(3,X) .(C(3)-XNF( 3) P !6o7S,1154D
5113 (?p~
513 (3 ,I)’X(S)—XNF(S )

4 RI3(S.I).X161 t) IF(A)
—
, T’( !.EQ. I) 6) TO 2

t ’I I .E f l . 2F 0 TO 3
RET URN
EN)
SU 3R3UTINE BJRNI (PHII,PHE?,PII3,’HI~,?DF,TI,RlC,VtC ,R2C ,V?C)

C
C X * X X I X X X X X * X X X X X X X X X X X X X X * X X X X X X I X X X X X X X X X X X X X X X X X W X X X X * X X X X X X X X X

t Mf3 SUBP3JTIN! COMPUTES TIE ‘IRST SJ RN TI- I! IT~ t) ‘OR C3’LANAR
C ~~II5FE~ S, A NO THEN COMPUTES THE ACTJ * L CORRES PONOENG INERTIAL
C TI~ UST GIRECTION ANGLES FROM 101 AND ‘E IFI!O ORB ITAL ELEMENTS.
C XXXXXXXXIU KX XXXXX X XXX XX *XX X XXX X XX X X XX XI XX X X XX X XX XX X XXX XXX X X X XXX X
C

~Dl4OII/TT3lj$ It ,AI2,OI,02,.S2,T22,T!3T
PEAL 11,12,1.12
‘1.3. 1~ 1SBt$33 $BS
N). 135. #P1
)R.’Tl IU.
IT. AS.,
‘REV .. 55.1
Tt !R.S
T O.S
‘1.11$
12.1!?
T’ITEST,GT.S.) O TO 14
“I!2..PWIt
‘II4s— PNI~• lb CONTINUE
W1.VICF*1C
W !sE2Cl*2
“R i (2. ‘P7) ‘IA ~ SIV1 —W2 ) )

m .

_-__ _  _
— ~~~~~~ ~~~~T”



‘RINT’ 

-

‘RINT’,~ TI! COPL ANAR SYNODEC PERIOD ES) ,‘ER, SEC.
PRINT’
PRINT’
JO 2’L 02—0!
III.

C
C CONPLSTE Tel
C

63 TO IS
B TN .TC—

10 TFsT+TOF
RI D*RIC’C)S(Nt’T)
RIC ),R1C’S1)4(WI’T)
R!CPsR2C’ )S (U02+W2’TF)
R!3~R2C ’StM (J 02+W2’TF)

RIC ‘SORT (RtC ~” ?+RICO”t)
R2C’SQRT(t2C” ?+t2C0” Z)

IRA .ACOS (IRI ”2+RZC”?—O!_R”2) l(t.’RIC’R!C))
T’u:o .GT.o ;o TO S
T(((TAP ,G(,TA.*ND .TRA .LT.TA)) O TO I
63 TO 7

8 T’sT-DT
TC. 1

• - 
YA .TRA
133.1

- -

7 TA’.T~ A
I. T ~f)T
GO TO 10

5
t((03S (TAN-T$).LT.CRIT)GO TO 15
TP.TC
TC.TPI
T4 ’ ITAC

‘TA N
GO TO A

±3
‘3!’ TB
VI’Wt’TBI

C
C 1134 COMPUTE THE THRUST DIRECTION UNIT VE CTORS IN TM! LOCAL FRAME
C

X ;ts :Os(’Htl ,.:oS(P’ IIz)
Y61551P1 (D$CI) ‘OS(PH!2)
‘GISSIN (’N12$

- X~~ .3OS(PM ~3S’~ DS(PHI4)
YG?.~INIPN13S ‘COS PHI4
‘!‘SI N (PH! i~ I

C
C ‘ION COOROE IATE ’E THESE THRJST VE CTORS IN TIE 3 !OC !NTRIC—E )UATORIAL
C ‘RA M! FOP ORRr $PONO!NG RlC (TBI ) ,
C

*1’ (305101) ‘303 (VI ) +SIN (OI) ‘CbS III) ‘S!’I(Vt) )‘*&14(C3S 101) ‘~~ N (V1).
S i l l  31) ‘COSfi LI ‘COS (VI) )‘Y I’( SIN (31 1 ‘St PI (C I)) ‘761
y1.(sINEoI.’:3~ (V 1)—COS (?t)’23SIIi)’S!N (VtS)’*Gi .(SINIOt)’SIN (V1).
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SC3SIDI)’C3 (I1)’COS(V 1))’Y I.(—SIN(Il)’COS(OlI)’flI
!1s(—SIPI (lt)’STN (Vt))’XGI,- (StN (It)’ D3 (VI))’Y31+ (C03 (Il))’!6t
X2’(COS (OI)’ OS (Vl) +SIN (Ot)’~~S(I1)’StN (”t) )‘*G2+t OS (0l)•StN (V1)

scIN(ol ’C3 Il ’COS V I~~’VG2~ tSI’llOI)’S!N (Lt)I’?G2
Y !s(StN (Oj$’335 (V1 )—COS (311’C35 (TI)’ IMIVI))’*62+ (SIN (O1)’SIN (Vl)+

101 ‘CO; 111 ‘COS VI ‘Y ~ ?~~ —SIN Il) ‘CflS (Ot ))  ‘262
7 ’z(—S IN( I l )  ‘SIN (VI ))  ‘X GI+(SIN(Xt ) ’ OS ( V t )  S ‘!G2+( DS(It))’?G2

C
C 1104 COMPUTE TIE ACTUAL INERTIAL THRUS T ANG.!!)
C

~ I!2A’AS!N(Z1)
°4EIAsA SIN (YEFCDS (PHI 2A))
7(( (XI .ANO.Yt) I T.O.)PHItA’— (~ I4PNIjA)
IF ((Xt,LT.3.i.tNO .(Y1.6T.D.))DKXlAs(’Z~ 2.4’NItA)
‘HI4A’ASIN (Z!)
~ II3A’AS IN(Y? l 3S (PHI4A))
Tr1(X2 .ANO.V?).LT.O.)PH I3A’— (PI+PNI3AI
I’I(X2.LT,).).EN0,(Y2 ,GT.O.))~~HI3A a (’tl?.,’HI3A)
‘RENT’
‘RINT’
I TE R sIIEReI
‘RENT’,” ~~~~~~~~~~

PRINT’
‘REIT’ ,”FOR NOM INAL MISSION START TIME ND. “,ETER, TA R ET ING IS)”
‘RENT’ -

‘RI NT’, tST JR N POSITION AN ;LE ‘ ,Vt’RD,” bEG, “

PRINT’
‘RENT’,”T9t”,!TER,” “,TBI, ” SEC.
‘RI IT’,”T3r.ITER ,”’ ‘,T3!,” SEC.
‘RINt’
‘RIMT’ ,’iSI! I PUST DIRECTION A NGLES AR E)
°RINT’ ,P~4t tA ’  ‘‘,PHIIA’RD,” bEG.
oRrNT .,’P-4r2I. ‘,PHI2*’RD, DE.
~RPIT~~,”P4!3A’ “,PHI3*’RD,” DEC .
~RIN1 ’,”PMIbAs “,PHXI.A’R3,” OEG .
TiTCPER
t’(ITER .LT .S)GO 10 15
REIJRPI
‘MD
SUBROUT INE qU N (PHIt ,PHI2,P4!3,PsIt,,)2~hRlC ,V tC ,R2C,VZC)

C
C X X X X X X XXIXX X X X X X IX X X X X X X X X X X X X X X * X X X X X I X X X K X X X X X X X X (X X I X K X X X X X X X X
C THIS 5U~ ’3JT!NE COMPUTES TIE ‘IRRT BURN T IME AND C3RRES’ONOING

IHR U~ T OIR!CTEON ANGLES FROM TOt AND SPECIFIED ORB ITAL ELEMENTS,
C ‘3R NDN~C3SLIN$ R TRANSFERS.
C X X * X X X X X X X X X X X X X X X X X X X X X X X * X X X X X X X X X X X X X X X X X X X X X X X X X X X X * * X X X X X X X X
C

“OM’ION /TTBEFAII ,AI2,Ot,O2,L0?, T2~,TE5 T
REA L It,I2,LO2
‘t.s.14153!633;gqs
N9s1lO ./Pl
IR.’IltSS.

— IIsAII
UsA !!
tT!R .0
T F(T Z ST . G T . 0 . ) G O  TO 14
*412.—PHI?
‘HI .s—PNI~11. CONTINUE
Wl’V ICIRI
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f 
— - W?.V2C/R2C -

C
C COMPUTE 131
C

51.02—026
IF (Ul .GE .S.)AR .UI -

• TF (Ut .LT.S ,)ARCw (2 .’PI—UI) -

TBIsA RClWI
‘ !Rs (2. ’PI)~~41
T3”TB leT?!

C
C N04 COMPUT E TI! THRUST DIRECTION UNIT ~ECT)RS IN TIlE LOCAL FRAME
C

YGI’COSIPNEI)’COS (PNI2)
Y~ 1.SIN(PNIl)’COS(PNI!)
‘Gt’SZN (PiC2I
X ?.COS(PWI3)’ DSIPHI4)

P Y !’3!N (PMI3P’COS (PNE4)
!G? ’SIN(PNL4)

C
C ‘434 OORD INATIZ ! THESE THRJST VE CTORS IN TIE EOCENT RIC—EOUATORII L

ii C ‘RAM! FOR C5-OIR!S’ONDING RiCCIBI) .
C

‘Ct.( OS (O1 I ‘3~ (VI) +SIN (3I)’ DS (tt)’SIN (Vt))’*Gt+ (CDS (Ot)’SIN (Vi)”
B5IN (0t)’COS (Et)’COS (VI))’Y~ I+ (SIN (DI)’StNCtI))’ZGI
v1’(srN (ot)’:3~ cv1)—cos c3t)’:osgr1)’SrN (Vt ) )‘!Gl+ (SIN (Ol)’SIN(Vi).

S~DS I 0I)’C05(III ‘COS (VI ) ) ‘VGIC(— SXN (It) ‘COS(Ot I I ‘761
‘I.(—SIN (It)’ST N (Vl))’XGle(S!NIII)’CO (Vi))’Y I+( OS (Il))’ZGl
‘(2’(COS (OII’33! (VI),SIN (Ot)’CDS (I1)’SIM (VI))’* 2e (COS (Ot)’SIPI (Vl)—

5cEN (3Ip’c3;(tt)’cos (vt))’y~ 2e(sIN (ol)’s1H (1i)).z&2Y2s (SIN (Ot I ‘OS (V I)—COSIOI)’CDS (II)’SI’ICVI))’162+ (SIN (Ot)’SIN(Vl)+
SCOS(OI ) ’ C35 ( 1 t ) ’ COS(V I) ) ’YS2e (— S IM( It ) ’ C0S (O I) ) ’ ?C2
7?’ (—SIN (IlI ‘SIN (Vt)) ‘XG2i (SIN (It)’C3S (VI)) ‘Y 2+(CO3 (Xl)) ‘262

C
C ‘(04 COMPUT E TW ACTUAL INERTIA L THRUST ANG.ESI
C

‘4121. ASINI 21)
Po4~ 11.A!~ V (Y l~ C3S(PNI2A))
!F ((Xl.*ND.f1I LT .O.)PHIIA,— (PI+’HIIAI
t’((Xl.LT.O.).ANO.(YI.GT.O. ))PHXIAz(PI12.,’NIIA)
‘4IbASASI’ l(Z !)
“ 413A’ASt ’4l Y?I OS(PHIAA))
Id (X7.LT . 3,) • AND . (Y2 .GT . 0. ))  ~HI~ Aa•(
TF ((X2.ANO ,Y2) LT .O.)PHI3A .— (PI+’NISA)
I ’ ( (X2 . LT .G .) ,ANO .(Y2 .GT.O. ) ) PHI3A s( ’ 1 /2 .e ’ H ISA )
‘NT NT’
‘RI NT’
‘RENT’ ,” •~~...

NT’
PRIcIT’,”FOR NOM I NA l. MISSION START TIN! TBt, Ti! TARGETING IS) “

‘RI NT ’ ,”t ST 3 J N  POSITION A NG.! s ‘,JI’RO, ” DEC.
°R!NT’,”TH! ‘EUDO’ “,P!R,” SEC.

5- ‘RENT’
OR! ITi

10 IT!R’ITEReI • -

‘R!NT’,”TBl ”,!TFR,”. “,tBt, SEC.
‘RINT’,”T3!”,IT!R,”a “,T32,” SEC.
‘N! NT’
TOt ‘T M I P5 N

-

~~~~~~~~~~~~ 

- 

111.7
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C 1;2sTqI,T2!
IF(ET!R .LT.S)60 TO IS
‘RI NT’
‘RINT’
PR!NT’ ,”TH! THRUST DIRECTION ANGL ES AR E
°RENT’ ,”P’IIIA’ “,PHIIA’RD,” DEC . “

‘RINT’ ,”PII2Is “,PHI?A’RO,” DEC.
PRIN T’,”P$113A . “,‘HI3A RD,” DES.
‘REPlT’,”PIIAA’ “,PHI4A’R),” DEC.
PRINT’
PRINT’
RET U R N
EN)
SL1~~ OUTIw! T4UST F(RIC,V1C, T)F ,CI,2?)

C
- C XXXX~ XXXXXXXX~ Y X X XX XXX XXX XXX U XX NX XXXX XX XX X XX X XXXXX X XX XX XXXX

C 413 ROUTINE OMPUTES INSERTI ON ERROR S!NSITIJITI!S DUE
C 13 THRUST MA N!TUDE OEVIAT IONS.
C X X X X X X * X X X t C X X X Y X X X X * X X X X * X * X UX X X X X K K X X * I C X ( X X X X X X X X ( X X X * X X X X
C - -

!KT !RNAL S.OPE
~*I1E’4SION ~N(S),X(6),SNSIA,3),?(5)
CDMMO N ~ TEl (,SN5
COMMON /SL1IOI, 102,P$fl,P*F2,Tj,T2,M0I,M )2,T3A, T35
COMMON!SLCFZ
REAL M0I,5-112,Pl’I,NF2,MOI,M02,MOIN, P43!N
CNIF’b076.113486
!SIP’t
IDINs MOI
‘IO2N.M02
T31’ IsTBA

4’ TBS
‘IN’TI
T2NsT2
10 10 1.1,3

10 *N ( J ) ’X ( J )
‘I’TI + 1.01) ‘TI
T’zT2e (.01) ‘U
IDt’Tt~ CI
I32.121C2
‘BA ’ (MOl— (dt) 1101
T33.(’102—N’2) FIflt

100 1.3,
X (I).RIC

~(3) ‘VIC

5T’TBA~ 512,
C A L  SET (3,T ,K ,DT,SLOPE,O, ,T.,O,O)
‘13 70 1.1,51?
~~~~ ST EP(S,T,~~,OT, SLOPE, D,.T.,0,D)

70 C3NTINUE
‘1T’(TOF — (T3I .-TBB))~~10240.AILL SET (S, T ,X ,O .T ,SLOOI,O,,T,,D,D1
‘13 30 K.1,IO’40
CALL ST E’ (S,T ,V ,DT ,SLOP E,3,.T.,O,O)

60 CONTINUE
‘1T.TOB/SU, . 

-
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CALl , SET (3,T,~~,DT ,SLOPE,3,.T.,~~,O)
‘10 10 1.1,512
CA.L STEP (b ,T,K ,OT,St.OPE,D,.T.,D,D)

MO CONT INUE
IF(ISKIP.G1.0) O TO 2
DR’s (SORT( (X ( I)—X N( I) ) ” 2 .(X (2 )—XN (2 ) ) ” (X (3 )—XN (3) ) ” ! ) ) FCNN F

TI’ TIN
TEaT2N
TI.TI—(.OI)’Tt 5-

T2’T2—(.SlI’T!
‘491 .T1!C1
‘fl2’T2~C2
‘5$. C ‘401—NFl 5 140 1
T 83 s( ’102—MF2 ) l1D Z
IR(I~ ’I
GD T9 105

2 CONTINUE
‘1 R M . ( S O R T ( ( X ( 1 ) — X N ( t ) ) ” ! + ( X ( 2 ) — v l ( 2 ) ) ” ! , ( K ( 3 ) — X N ( 3 ) ) ” 2 ) )~~CN1F

‘RENT’
‘RE N T’

•RENT’,”TH! INEERTION POSITION AND VE_ OCT TV ERROR SENSITIVITIES
‘RI’Il’,”FOR -THRUST MAC. 3!V EAT IONS— ,3DT4 Pt JS AND MINUS ARE)
‘RENT’
‘RENT’
PNTIT’ ,”ON’. “,DRP,” (M .1,)l14-IX)
DREW T ’,”DV ’s “,OVP ,” (FTISEC.)l(+1Z) “

‘RINT’,”ORIs “,DRM,” (N .1.Il (—IZ)
‘RINT’,”OVIs ,DV M ,” (FTIS! .)F(”lE)
‘RENT’
‘RENT’
‘RI NT’ , eeeeeeeeeeeeoeeeeeoeeeee~~ee•eeee• e . eee~~e

TI.TIN
Y2.TISI
IDt.IOIN
‘49? “40!))
TSR • fIRM
113. VIA))
RE V INN
‘NO
SUBROUTINE MT SP (A ,M,N,AT)
‘1!I!’ISION A (1,N),AT (N,N)
DO 2 I’I,N
93 3 J’l,N

3 ATIJ,I)’AII,J)
• 2 3NTINUE

REV JRN
‘NO
M?J3ROUTIN! MI’Y(A ,B,C,N ,K,N)
DIMEN SION $(1,~~) ,M (1,N),C(4,U
53 jQ JsI,9
,3 101’t ,I

53 10 L’i,(
j  - -  10 CI!,J).C (1,J)’~~(1,L )’S(L,J)RETJ RN
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.—~.can be directed along a precomputed direction using constantP attitude maneuvers only. --.. (4,

~A computer program has been dev oped which employs a g
nonlinear equation solving routine to accomplish exact tar-
geting for the finite-thrust trans.f maneuver, The transfer
trajectory is characterized by ~~~

ãk’  ontrol parameters ‘$~e€
(outputs of targeting), and the fi orbit is defined by a
set of bhit conditiona”.~ The values of the control parameterswhich drive the vehicle,’btate vector to satisfy the hit con-
ditions become the ~3~’eanc*s system target parameters.

In addition, 4i error analysis is performed on the scheme
throughout the rari~e of possible trajectories which exist forexcess energy missions. These trajectories are ‘1t~eT?compared
on the basi8 of optimality, such as minimum insertion errors
and transfer time . Results are presented for geosynchronous
and subsynchronous transfers between circular orbits.
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