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ABSTRACT analyses when immediate answers are required amddie
complicated tasks, for which partial redeveloping i
CelestLab is a free and open source spaceflighdrdics  possible.
Scilab toolbox developed by CNES that is partidylar

suited to spaceflight dynamics mission analysi® fdolbox Meeting all these objectives is not simple.
contains about 250 functions related to coordirsystems
(IERS 2010 conventions), orbit propagation, geoynatrd For several years, a solution based on Scilabdg]deen

events, force models, orbit properties and mords laf  developed at CNES for advanced studies (that iprijects
examples, demos, help pages and tutorials are dadvi in phase 0/A). Scilab is similar to Matlab, is fraed open-
which makes it easy for new users to get started. source, and can be downloaded frottp://www.scilab.org

The first version was put on ATOMS website (web#iten The low level of all the means used to solve missio

which Scilab modules can be downloaded) at the @hd analysis problems is called CelestLab. CelestLab $gilab

2009 (seehttp://atoms.scilab.org/toolboxes/celesjlabhe library containing functions for SpaceFlight dynami

module is one of the most popular as the number ahission analysis. CelestLab is entirely coded inlaBc

downloads for all versions now approaches 40000. language. It is complemented with CelestLabX (Gekds
extension) which provides interfaces to existindtveare

CelestLab is completed by an extension module calle(written in other languages than Scilab).

CelestLabX [2]. CelestLabX contains low level ifiéees to

available software. The last version of CelestLab / CelestLab can be downloaded from:

CelestLabX provides utilities related to TLEs (ifisaee to C  http://atoms.scilab.org/toolboxes/celestlab

code for the propagation of Two-Line Elements from:

http://celestrak.com/software/vallado-sw.papd to STELA

(Semi-analytic Tool for End of Life Analysis, toaked at + »

CNES and elsewhere for orbit long-term propagation " The Scilab

particular and used in the context of debris mitayg see: Space é cnes

https://logiciels.cnes.fr/content/stela?languagg¢=en e[es‘t Mechanics o garth
_ ] _ l_ab Toolbox ®

The paper describes CelestLab contents in mord<lateal

particularly focusses on recent features. Lotdludtrations
and examples taken from actual mission analysedumed
at CNES will also be shown in order to illustratene

typical uses of CelestLab. > CELESTLAB

Index Terms— CelestLab Spaceflight Dynamics, 2.1. Overview

Freeware, Scilab, Mission Analysis. CelestLab was made available to the Scilab commuatit

the end of 2009. The extension module CelestLabX wa

1. INTRODUCTION created more recently, in mid 2015.

Mission  design requires tools with  specific
characteristics. There must exist reference (riejatools
adapted to standard cases, but the tools also toave
flexible to fit particular needs. They have to tsed for both
recurrent studies and new and innovative onesgtock
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CelestLab now contains about 250 functions (thaduislic
interfaces). They are arranged into several caiegoas
shown below:

Contents

Dates

Reference frames definition and
transformation (IERS 2010
conventions),

Conversion between of reference
systems,

Definition of orbital element,
Rotations and quaternions
Orbital events,

Orbital geometry

Interplanetary transfers,
Three-body analysis

Topics
Coordinates and
Frames

Geometry and
Events

Interplanetary

Models
DE405), density models, force
models...

Definition of most common orbit
properties (sun synchronicity, repeat
orbits, frozen orbits...)

Clohessy-Wiltshire formalism
Orbit propagation (analytical models),

Orbit properties

Relative motion
Trajectory and

manoeuvres Manoeuvre computation,

TLE computation,

Orbit propagation using STELA
Utilities, Math Various support functions

including for graphics

In order to give a more accurate idea, here arénkiance
the reference frames defined in CelestLab:
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In CelestLab, a few conventions make life easier:

A reference frame for every day uses is defineds It
called ECI and is identical to CIRF by default.

A default time scale is also defined, called TREHRs
similar to TAI (that is to say, it is continuoushdais
identical to UTC now.

Many functions have default arguments, in particula
for physical constants, which don’t have to be #jset
for typical studies of Earth orbits.

But CelestLab is not just a set of functions. #icatontains:

Classical flight dynamics constants (Earth radius,

gravitational constant...),

Data, for instance IERS series for efficient frame
transformation computations, moon, planet
ephemerides (DE405), Earth maps...,

Lots of descriptions and examples: each functione
with one or more example than can easily be copiet
tailored according to the user’s needs,

Tutorials: an introductive part gives explanati@mout

the major topics dealt with in CelestLab (reference
frames, time scales, force models...), including some
useful information like the angular difference beem
ICRF and EME2000...,

A “cookbook” section which gives longer examples

about particular subjects: frame transformationrites

and quaternions, numerical integration of orbital

motion, Jacobian matrices... that can also be easily
adapted and reused for a particular analysis.



- Demos (about 100) that show typical uses of CeldstL 2.3.1. Demos

and that are as many examples that can be usegiin e
day analyses.

CelestLab, as it was originally created is 100%a®ci
language, which makes it easy to install as trermineed
for compilers for instance. But there are situaiarere
this approach is limiting. This is the case in jgatar when
we would like to use existing (open source) sofavar

@ Celestlab Demo Tool

File Options ?
Celectlab Dema Tool

Topics

Geometry
Interplanetary
Maneuvers

Modeks

Orbi properties
Relative motion
Two-ine elements
Visbilty

Applications

Calendar of celestil body phases
Celestial body observation planner
Eclipses of Sun and Moon
Equation of time

Frame conversion utiity

Moon aspect

Sidereal time

Solar system 1

Solar system 2

Sun and Moon directions

Sun elevation on Earth

through Scilab. There are at least 2 main advastamge
using existing software: less developing and tgsgifiort is . -~
required, and also, the features that are madé&blaiare @ i

guaranteed consistent with the original versiongsidered elegt

as standards. La T T

That's why CelestLabX (CelestLab extension modiia3
been created. It contains low level interfaces \ailable
software. The last version of CelestLab/CelestLab
provides utilities related to TLEs (interface tac@de for the
propagation of Two-Line Elements from:
http://celestrak.com/software/vallado-sw.papd to STELA
(Semi-analytic Tool for End of Life Analysis, toaked at
CNES and elsewhere for orbit long-term propagation
particular, see:
https://logiciels.cnes.fr/content/stela?languag@=en

Here is a partial collection of what the demos (and
%onsequently CelestLab) can do:

- Geoid computation computed using EGM96s (30x30):

Geoid heights / reference ellipsoid (m) - EGM96s (30x30)

To make it simple for users, all public interfagge made
available through CelestLab. CelestLabX only corgai
hidden interfaces that only CelestLab knows about.

-100

2.2. Why make CelestL ab freewar e and open source ?

Computations based on TLEs like the following pibt
the “SIRIUS” satellites in an inertial frame:

The answers are many. Here are a few: -

- First what is made available through CelestLabds n
subject to rights issues.

- Making a library open source is a way to share ou
practices, methods and conventions and make the
more standard (and therefore easier to share)sdt a
contributes to making exchanges inside the fligh
dynamics community easier: instead of data, piedes
code can be exchanged.

- A greater number of users increases the qualitthef
software.

- The library can also be used (and actually is)tfer -:uuouﬁi
training of engineers and students in universities. '

Object(s): SIRIUS - Frame = ECI
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2.3. Contents by illustration

As describing a library is difficult, rather tharong
sentences and philosophical explanations, this gees an
illustrated overview based on concrete examples.

Long-term propagation using STELA:
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- Three-body computations :

Halo manifold (convin) - L1 - S-EM - unit = 0.001 Halo manifold (conv out) - L1 - S-EM - unit = 0.001

Halo manifold (divin) - L1 - S-EM - unit = 0.001 Halo manifold (div out) - L1 - S-EM - unit = 0.001

- And many other things useful in everyday analyse
such as the following plot of sun-synchronous répeg

orbits.

Sun-synchronous repeat orbits (Ecc =0)

Number of planet revolutions (Q)

6900 6950 7000 7050 7100 7150 7200 7250
Semi major axis [km]

2.3.2. Scripts examples

In order to make it even more concrete, it's prdypal

worthwhile to show some lines of codes.

Example 1:

The first example enables the computation of tluations
where a satellite (at a given distance from Eaghter) is
visible from a ground station). This example isedily
taken from the help pages.

station = [10 * %i/180; 45 * %i/180; 0];
azim= linspace(0, 2*%i, 100);
rsat = 8000. e3;

/] Elevation = f(azinuth)

elev = 10 * (%i/180) * (1+sin(4*azim);
pos_sat = CL_gm stationVisilLocus(station, azim
el ev, rsat);

)
| ot _earthMap(col or_id=col or ("grey60"));
| ot _ephem(pos_sat, color_id=2);

scf (
CL_p
CL_p

Example 2:

This second example illustrates how STELA can bedus
through CelestLab. Orbital elements and propagatiodel
are defined (only default values including for #M ratio

are used here). The orbit is propagated over 68, @amgd the
inclination is plotted. It's rather compact.

// Initial date (cjd, time scale: TREF)
cj do = 20000;

/'l Keplerian nmean orbital elenments (frame: EC)
5 nean_kep0 = [7.e6; 1l.e-3; 98*(%i/ 180); %i/2;
0; 0];

/'l Final dates
cjd = ¢jdo + (0:60);

/| STELA nodel paraneters (default val ues)
parans = CL_stel a_parans();

/| Propagation
[mean_kep, info] = CL_stel a_extrap("kep", cjdo,
mean_kepO, cjd, params, ["nm', "i"]);

/1 Plot inclination (deg)
scf();
plot(cjd, mean_kep(3,:) * (180/%i));

This examples requires CelestLabX to be instalimakl
STELA to be download and installed as well.

Example 3:

b This last example shows some computation with TLEs.

A TLE is defined, parsed and propagated, from wipichnt
something else could be done.



str =[..
"1 00005U 58002B  00179. 78495062 .00000023
00000-0 28098-4 0 4753";

"2 00005 34.2682 348.7242 1859667 331.7664
19. 3264 10. 82419157413667" ]:

tle =

CL_tle_parse(str);

The following plots show some results of the pdrétions
study, more particularly the effect of resonance tuSRP
that is function of inclination.

This resonance has in fact limited consequencéseon
mission.

cjd round(tle. epoch_cjd) :
round(tle.epoch_cjd)+5; // TREF

[pos, vel] = CL_tle_genEphen(tle, cjd) // EC

3. CELESTLAB FOR MISSION DESIGN

Distance to frozen eccentricity’

Distance to ¥rozen eccentricity’ (JASON)
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Of course, CelestLab is not only a tool showing derand
tutorials.

It is used every day at CNES for various missioalyses,
from recurrent studies to more innovative ones.

Examples that are given hereafter are taken from t
mission analysis for the SWOT mission [4]. SWOTrf8ce

Water and Ocean Topography) is a joint CNES/NASA

mission that extends the series of altimetry missiihat are
Topex-Poseidon, Jason 1/2/3.... CelestLab has umssh for
all the mission design until now (and SWOT projischow
in phase B).

Of course the mission design includes lots of aspaud it's
not possible to show them all. The illustrationattfollow
only give a quick overview.

Lots of studies concerned the definition of theitoitself
considering various kinds of constraints. It remtlin the
repeat orbit as presently defined for which thegs® of the
swath of the instrument is shown below. The plos wane

The propagation was done using STELA (CelestLab
interface). The orbit is first numerically frozerhen
propagated over 10 years. The propagation onlystakiew
seconds.

hOther analyses related to perturbations were dame t
establish the DV budget and obtain an estimatbestation
keeping maneuver frequency.

But it was not easy to prove that the requirem&agping
the ground track within +1 km) would be met. A siation
of station keeping had to be performed.

The propagation was done this time again with STELA
(thus taking into account all major perturbatiorfeefs)
extended with an analytical model over less thairbit for

the computation of equator crossing longitudes.

It worked fine, and it could be showed that theursgments
were met, even without any control of eccentridignd
despite the resonance effect mentioned earlier).

using Scilab and CelestLab.

Days: 20.86

Orbits: 292

Longitude gap (m) - lat = 0 deg Longitude gap (m) - at = 60 deg
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Another important aspect for the mission was therdimk
capability: how well can all the measurements be
downloaded to the ground (given hypotheses on daiunl
rates, instruments modes, recording rate...). Typiesllts
are shown below.



: used in the student community, for instance fordésign of
ﬂ 1 Hf : ] P nano-satellites.
'Elj"*jir"*f Hen 1 [ . .
£ e e CelestLab evolves. New topics are included regylarl
ﬂ 4RdR] 1 ! functions are improved, replaced, or transferrednfiother
; : libraries. Thanks to Scilab’s language interfacoagability

(C, Fortran, Java), more and more features become

Again, all the simulations were based on CelestLabvailable, through CelestLabX for instance.
Comparison of results obtained independently by SMEd )
JPL showed a very good match. The next steps for CelestLab are not completeljddelc

One major aspect is to make it compatible with filtere
4. QUALITY ASPECTS major Scilab version (Scilab 6), so that limitagoifiat are
sometimes encountered (such as memory limitatioif) w

As the library is used more and more by more andemo soon disappear.

people (even not considering people outside CN&®3cial
attention has to be given to quality aspects. $aidion will
only mention a few ones.

We may also think of possible extensions:

- Star catalogs,

- Atmospheric density models (now in other Scilab
libraries),

Of course the code is managed using a versionaldotl, .
g 9 Radiation belts models,

and lots of tests are done to make sure Celest_addiable.
Comparison with reference CNES libraries or other
reference libraries/TOOLS such as SOFA have bee

extensively done. Iflhese features will be included if there is a meadd, and

also time to do the work properly.

All the tests (consisting of about 400 test fileah be run
automatically. We also have tools that measures test
coverage. Coverage ratio is measured to be abdut, 70
which is not bad according to quality people, knuyvthat
emphasis is given to accuracy and quality of nucaéri
results.
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