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A TRAJECTORY OPTIMIZATION PROGRAM FOR SPACECRAFT NAVIGATION
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ABSTRACT /RESUME

The presentation gives an introduction
to the calculation program system
SPACENAV, a special optimization scheme
for three-dimensional multiple-burn
manoevre strategies of spacecraft. .

The innovative analytical and numerical
methods of the program system are intro-
duced.

Finally, some example trajectories are
schown. These examples cover the flight
planning of an interplanetary solar-
electric propulsion Multi-Asteroid-
Rendezvous and Flyby Mission.

Keywords: Interplanetary, Solar-electric,
Propulsion, Spacecraft, Trajectory,
Optimization.

The optimization of spacecraft trajectories
is an important aspect of astronautical
engineering. Using optimization techniques
spacecraft devices are constructed for the
cost effective transportation of maximal
possible payloads in minimal time.

Generally the payload of a rocket propelled
device is rather small in comparison with

the overall rocket mass. In these cases only
little derivations from optimum in the per-
formance of the system parameters can dimi-
nish the payload in a considerable measure.
The parameters describing the complicated
connections in the propulsion system between
jet power, engine thrust, effective exhaust
velocity etc.,are to be defined. They are to
be interpreted for the spacecraft preliminary
design in order to maximize the transportable
payload mass. Generally, the problem of the
parametrical rocket optimization can not be
solved independently of the dynamical optimi-
zation of the trajectories, as for each modi-
fied spacecraft configuration another trajec-
tory becomes optimal .(Sometimes, in diffi-
cult astronautical missions, the trajectories

even define the frame conditions for the
mission. Optimization techniques are not only
applied for enhancing the effectivity of the
mission, but at least, for making the mission
possible at all.)

Hence, the task is to chose from all possible
flight ways through space these ones, in
which the particular missions can be per-
formed payload- or time-optimal. A suitable
method for the solution of this task is
supplied by mathematics with the calculus of
variations (Hamilton Lagrange theory).
Systems of differential equations can be de-
rived by an application of this difficult
comprehensive mathematical theory for the
definition of an optimal trajectory. Even if
these equations are not complicated in their
structur, they can only be solved numerically
by a computer, as complete analytical solu-
tions do not exist - at least until now.
Rendering more difficult, by the method cal-
culus of variations only the differential
equation systems can be constructed, not,
however, their belonging initial conditions.
The integrals of these differential equations
must be adjusted to the demanded initial and
end conditions by an iterative search stra-
tegy. Therelfore the search for the optimal
trajectory becomes the solution of a diffe-
rential equation system; uncompletely defined
at two points, but altogether completely de-
fined. This problem is typical for trajec-
tory optimizations and is one of the most
difficult problems of numerical mathematics.

Herewith, the solution of the two point
boundary value problem becomes especially
difficult, because:

- the solutions depend very much on the
initial conditions of the differential
equations, and small derivations in
these initial conditions lead to extrem-
ly different trajectories.

- the conditions, which define the swit-
ching points for the rocket engines are
nearly everywhere valid on the optimal
trajectory.

- the equation systems are highly nonline-
ar.
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The aim of this study is to give a contri-
bution to the solution of the problem of
trajectory optimization in space. For this
a completely new developed analytical and
numerical method is introduced.

The analytical method is consistent in all
points with Lawden's "Primer-Vector"
theory (/1/ and /2/). However, in contrary
to Lawden's "Primer-Vector" theory, this
new method is not based on an inertial
carthesian coordinate system, but on a mo-
ving coordinate system. In this moving
system the three-dimensional motion is
regarded as a two-dimensional motion in a
moving plane. By this the formulation of
the celestial mechanics becomes presentab-
le in a very simple manner. The results
become presentable by values with trans-
parent physical interpretations. In some
points an important further development
beyond the results of Lawden's Primer-
Vector theory was possible.(As an example
may be mentioned the complete analytical
integration of the control laws for the
three-dimensional part of the motion).

The special numerical method for the cal-
culation of the trajectories using the new
analytical method is innovative, too. In
contrary to the often applied hybrid
method (/10/ and /13/), which tries to
find the switch conditions for the engine
by a nonlinear optimization algorithm
neglecting the switch function and the
transversality conditions, the method de-
veloped here is based on the more direct
solution of the nonlinear equation system
2stablished by calculus of variations. By
this the handicap of the hybrid method is

avoided. (Possibly the switching function does
not vanish at the switching points found by
the hybrid calculation).

The new numerical method becomes possible

by the fact, that the new analytical method
yields the closed analytical solution of
motion and control during coast arcs and
during impulsive thrust arcs in a comparati-
vely very simple manner. Thus, the calcula-
tion of an impulsive thrust program does not
need any numerical integrations; first of all
the algorithm generates the three-dimensional
impulsive transfer trajectory, and afterwards
using a logical homotopy method, it dimini-
shes iteratively the thrust level, until fi-
nally the desired real thrust trajectory with
low thrust level is generated. In this quasi
Newton method the nonlinear equation system
does not loose its range of convergence.

The trajectories calculated by the computer
program SPACENAV (Trajectory Calculation
Program for Optimal Spacecraft Navigation)
comply with the equations of motion, with
the boundary values, with all optimality
criterions of the Hamilton Lagrange theory,
with the switch conditions and with the
transversality conditions. In the calcula-
tion program the property of the integration
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is proved by a comparison of the numerical
integrated solution with the closed analyti-
cal solved motion of the spacecraft in the
coast arcs. Furthermore, the program is
independent of initial guesses of path data.
The accuracy and the convergence velocity
are controlable by the user as a function

of convergence security.

Moreover, the program accepts the following
frame conditions:

- central body: sun, earth, moon or star

- initial and final orbit: circular,ellip-
tiec, parabolic or hyperbolic

- rocket motor:
electrical

chemical, nuclear or solar

- maneuvre:free transfer, rendezvous or flyby

- final path angle: predescribed or optimized

For example, the program calculates:

- transfer trajectories of solar electric
propelled spacecraft to asteroids or comets

- the optimal hyperbolic injection for inter-
planetary missions

- trajectories of space tugs in earth orbit
- landing and starting on moon

- gravitation turn trajectories at planets
with thrust arcs

- midcourse corrections optimally controled

- flight time calculations on conic orbits.

Until now, the program system SPACENAV is
soled twice (to the European Space Agency
and to a German industry company). ESA has
used the software sucessfully for the selec-
tion of target objects for an interplanetary
electric propulsion multi-asteroid-rendez-
vous-mission /8/. Now, the program system

is prepared to be implemented in a personal
computer and to be completed by computer
graphics.

The analytical and numerical theory of
SPACENAV is described in the report "Ein
Flugbahnberechnungsverfahren riir optimale
Raumfahrzeug Navigation", report RT-TB
85/11 of the Astronautical Department of
the Technical University of Munich. A
translation of this report is availiable
at the Symposium.
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Trajectories of electrically propelled
spacecraft in an interplanetary multi-
asteroid-mission are especially suitable
to demonstrate the interactions of boun-
dary conditions and switch function.

The most cases of rendezvous and flyby
missions occur, and the trajectories are
always three-dimensional.

By an application of the principle de-
scribed in /12/ of the "parallel staging"
(that means several spacecraft are laun-
ched together by the same launcher into
interplanetary space) an enhancement of
the mission effectivity (the number of
asteroids to investigate) and a mission
time reduction is possible. The splitting
of the mission up to two spacecraft

would not increase the mission costs.

For the examples the parallel missions
of two probes launched by the European
ARIANE 4 launcher are underlied.

The launcher payload mass balance is:

two probes each 900 kg = 1800 kg
two adapters each 50 kg = 100 kg
reserve = 100 kg
ARIANE 4 payload = 2000 kg

The spacecraft mass balance is:

propellant (mercury) 300 kg
power supply (solar sails,
electric,heat control...) 200 kg

thrusters (2 RIT-35,each 50 kg) 100 kg
main structur (incl.tank,

heat control...) 100 kg
control devices (attitude,
guidance,computer system..) 66 kg

data transmitter( incl. data
storage, steerable antenna...) 66 kg
scientific payload & CCD-camera 66 kg

mass of interplanetary probe = 900 kg

The scientific payload mass balance is:
(Voyager V, Giotto G, Polo P)

CCD-camera V 19.0 kg
IR-spectrometer V 18.6 kg
cosmic radiation detector Vv 7.5 kg
particles detector v 7.5 kg
magnetometer G 3.6 kg
radar device P 7.0 kg
ion-detector \' 1.4 kg
electron-detector \4 1.4 kg
scientific payload 0

Data ol' the used RIT-3% thrusters:

name : radiofrequency ion thruster
¢ = 35 cm

design Prof. Lob from Giellen
(Germany)

development company MBB in Munich

(in an ESA-contract)

thrust 160 mN
exh.velocity 35240 m/s

mass flow rate:4.5 mg/s

power cons. : 4.0 kW electrical
service life : ca. 2 years
max.throttle : ca. 50 %

Definition of the trust direction:

Definition of the thrust magnitude:

thrust arcs: (thick lines)
sun distance less than 2 astronomical
units: thrust = 160 mN
sun distance more than 2 astronomical
units:

Fhruct = (sun distance)—1.7

5 AU *160 mN

For the mission of the first spacecraft
rendezvous maneuvres with the asteroids
Vesta and Nike were chosen and for the
mission of the second spacecraft
rendezvous maneuvres with Parthenope and
Amalthea and flyby maneuvres with Vanadis
and Glauke were chosen.

Definition of the asteroid orbital data:

perihelion

¢t inclination

ascending
node

ecliptic

® point of vernal equinoxe (21-22.March)



vernal point ¢ #

17.5.94
Nike
perihelion

//f Start at
/y 30.10.91

H SCHLINGLOFF

Nike at 9.7.93

Mission of the

first spacecraft

Nike Vesta perihelion
ascending -_,_—#""-— \ at 9.12.92
Vesta
Nike-
Rendezvous
1.4.95
Start
Vesta-Rendezvous
300 r———
J’//fﬂﬂ—-—-‘h~ﬁ~‘ fthrumt angle 1
. Tvage time
0° =t - >
0 days 573 days
(900 kg) (718 kg)
thrust anglee
|.0 tdays 628 days
‘o 604 k
1{713 kg) thrust angle« g
oo /07 . >
Vesta- SaagtT ™a, / .
departure - U e Nike-Rendezvous
“‘5,."'
thrust angle 0 %
90°1 %
asteroid 4-Vesta 307-Nike
type V-type C-type
semiaxis a (AU) 2.3612 2.9072
semiaxis b (AU) 2.352 2.878
perihelion distance q (AU) 2.15 2.49
numerical excentricity e 0.089 0.142
orbital period (years) 3.63 4.95
inclination 1 7.144° 6.12°
ascending node Q 103.4° 100.8°
perihelion anglew 150510 324.0°
perihelion date 9.12.92 17.5.94
estimated radius (km) "ne el
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vernal point ¥ f

Perihelion Vanadis
4,2.94

Glauke at 9.2.99

Glauke-Flyby
at 10.2.2004

Glauke & \\\
Vanadis &~
ascending
nodes: Amalthea ~
Parthenope

20°

Amalthea

Parthenope-
Hendezvous
at 11.9.93

Parthenope
at 30.10.91

Glauke perihelion
at 1.7.2000
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Parthenope perihelion

at 12.4.93

Mission of the

second spacecraft

at 1.6.96

Amalthea perihelion

at 19.12,95

Parthenope
Rendezvous

L)
thrust angles:

ﬁ/

time

S s s 678 days
717 kg
Parthenope
departure b Amalthea=-
o - Rendezvous H 8
TR AN i e R
asans s us = teeng . o
yosk - —— AR gl
0 days I P s
715 kg)p-~< 222 ily departure to
- vanadis-Flyby

Amal thea-Rendezvous

Vanadis at 1.7.906

asteroid

11-Parthenope

113-Amalthen

240-Vanadis

288-GClauke

type
semiaxis a (AU)

semiaxis b (AU)

perihelion distance q (AU)
numerical excentricity e
orbital period (years)
inclination i

ascending node

perihelion angle
perihelion date

estimated radius (km)

4.6

194
12.
78

125.

S5-type
2.4525
2.440
2.21
0.100
3.84

20
o°
o
4.93

SX-type
2.37060
. 367
«17

o mn o

.086

78.
19.12.95
24

8°

C-type
2.6659

2.261

2.10°

114.9°
299.4°
4.2.94

49

S-type
2.7562
2.694
2518
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