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Abstract Introduction

The ROSETTA mission is scheduled for launch on
ARIANE 5 in January 2003, and a Lander will be
released from the Orbiter in October 2012 to land o
the WIRTANEN comet surface. LANDER

Ten French laboratories are contributing to the X
Orbiter and Lander payloads. Moreover, CNES is £
associated with DLR and several other European
institutions and agencies to design the Lander.

This paper deals with the mission analysis coriogrn
the descent trajectory to land a Surface Science
Package (SSP) on the comet. Bemebns it 20 o)

Several scenarii have been studied to define the
separation mechanism (Lander/Orbiter) and the Astiv
Descent System (ADS) and to take into account itthe w
range of comet parameters.
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We processed in two studies : Figurel: Configuration Lander/Orbiter

e Sensivity study of different parameters such as
candidate landing sites or comet parameters ;

« Dispersion study at the impact due to error s@src
concerning ROSETTA Position/Velocity, manoeuv
realisations and comet parameters uncertainty.

The Orbiter and the Lander are in orbit around the
comet (in this paper, this orbit will be called
r“ROSETTA” or “DELIVERY” orbit) and the Lander
gelivery will occur in October 2012 at about 3 WArh

the sun.

._A first manoeuvre will be made to separate thedesn
The purpose of the software ANDROMAC (ANalys rom the Orbiter and to put the Lander on a descent

and Design of ROsetta Manoeuvres Around the Comel); . : . .
developed by CNES, is to help the design of tﬁl)ajectory to reach a candidate landing site. Thrder

! httitude is such that the Lander Z axis is norradbtal
manoeuvres (separation and other manoeuvres) In

: ?urface of landing site.
order to guarantee the success of the landing In a Th i AV | ided b
cases and to be an operational tool to plan the € separalion manoeuvr IS provide y
ManoeuVres. mechanical impulsion adjustable from 0.05 to 0.5 m/

and is uploaded before separation when the comet
model parameters are improved and the site selelcted
the actual configuration, the Lander is mountedtion
-Xorb Side of the Orbiter (See fig. 1).

And the direction of the manoeuvre, which is altmg
Xorb axis, is also perpendicular to the Orbiter mougntin
plane and to the solar generator panelgg¥éxis).

It's planned that the lander will realise a second
manoeuvre provided by the Active Descent System
(ADS). The function of the ADS is to deliver an

Keywords: Dispersion, Landing, Manoeuvre, Monte
Carlo analysis, Selection, Sensitivity.



impulsion in the Lander —Z Direction by mean of @ldC

In this preliminary version, we solve the optintisa

Gas Propulsion System (CGPS). Its capability is/& mproblem in the following form :

for that purpose. We will see in this paper thateffect
of this manoeuvre is to reduce the flight time dhe
dispersions at landing. Another option for thie
manoeuvre is to use a PYRO thruster.

Furthermore, we want to land with an impact veioci
relative to the comet along the local vertical #mited
to 2 m/s.

selection of trajectories satisfying the constisifor

a discrete set of command parameters ;

selection of a final trajectory after taking into
account criteria such as minimisation of the flight
time.

And the last step consists in a dispersion stddpe
error sources by using “Monte Carlo* analysis (1000

It's also planned to achieve a manoeuvre to rélaeh draw).

“RELAY” Orbit from the “DELIVERY” Orbit.

Moreover, the algorithm of computation for the

In the case of a MSS failure, it's planned to ase descending phase is the following :

emergency scenario with the help of a spring.

Two themes are developed in this paper :

« sensitivity study of different parameters (caradéd
landing sites, density and comet shape, sideral
rotation time, gravitational potential of the comet
outgassing effects) on the separation parameters an
descent characteristics ;

« dispersion study at the impact due to error sEsirc
concerning the “DELIVERY” orbit Position /
Velocity, realisation of the manoeuvres, planetary
environment parameters.

Presentation of the ANDROM AC Software

For this study the software ANDROMAC has been
developed by CNES and CISI.
The main goal of this software is :
e to define the planning and the magnitude of the
manoeuvres ;
« to specify the reachable sites.

Landing Phase Description
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Figure2: Landing phase description

By taking into account the constraints concerning From touchdown to the separation, the algorithm is
Orbiter and Lander and after covering the comdtased on a backward propagation (See fig. 2).

parameters, this software is in charge to delivearae
of descent characteristicsA\( Separation & AV,

The initial conditions of this propagation are the
position of the landing site and the impact velpcit

delivered by the “Active Descent System”, “Delivery (Supposed to be along the local vertical).

orbit elements, Time flight). In a first step wevhato

solve an optimisation problem for each model patame The descent is divided in 2 arcs :

set.

The command parameters are the following : *
* magnitude of the impact velocity ;
» dates of both manoeuvres ;

first arc from landing until just after the vedi
manoeuvre ;

second arc from just before the vertical manoeuv
until the separation.

+ magnitude and direction (around the Z axis) & th After adding the separation manoeuvre it's also

separation manoeuvre ;
* magnitude of the vertical manoeuvre ;
« date of the landing (defined by the landing site
position w.r.t Sun).

possible to compute the “Delivery” orbit elements.

Sensitivity Study

For this analysis, we assumed :

keplerian movement,
no comet outgassing ,



* no spin nutation, * magnitude of the impact velocity limited to 2 m/s
« only ellipsoid shape. * magnitude of the separation manoeuvre limitefCto
(For the two first themes a sensitivity study isgented cm/s.
at the end of this paper).
Comet models
The main criterion used for the selection of the
trajectories is minimisation of the descent duratio Several comet models have been studied. At the

order to reduce the dispersions at landing. present time, we have limited our studies to ebigs
defined by parameters a, b, ¢ said “normalised” amd
Constraints equivalent radius & which are connected by the
equation :
We present in this chapter the constraints cofigrn x2 y 2 2 2
different components of the spatial system, thatois —+— +—=Rg&q (@D}
say : a? b2 c?
« “DELIVERY” Orbit (before the separation
manoeuvre) ; Three main comet modeldNgminal Casedor this
« “ROSETTA” Spacecraft (after the separatiorstudy) have been studied :
manoeuvre) ; Small Rq=0.5km pc (Density) =0.2 g/lcm3
* "ROSETTA" Lander. Wirtanen Rq=0.6km p¢ =0.75 g/cm3
Big Reg=1.5km pc =1.5g/cm3

“Delivery” Orbit
The delivery orbit shall be safe (no impact witlet  For each comet model, we have studied the follgwin
comet), with an orbit radius below 15 times the ebm ellipsoids :
equivalent radius &, 16 hours before and after theG2 a=1.25 b=1.00 c¢=0.80
separation and greater than MAX (1 KmygR G3 a=125 b=1.25 c=0.¢Reference geomejry
The Orbiter shall never be in Sun eclipse and=i¢h G4 a=160 b=125 c=0.50
visibility shall be possible during the major paftthe

orbit. Concerning the rotation period, we have considered
To increase the range of solutions we have supposgvo options :
the possibility to select hyperbola orbits. Short period: T = 7 hours (10 hours for Small)
(Reference Perigd
“Rosetta " Spacecraft Long period : Tc = 10 days

The Orbiter will be “3 Axis” stabilised. At the
separation the Solar Aspect angle between suntidinec  To take into account different configurations bt
and solar panel axis will be greater than 60 degreesun w.r.t the comet equatorial plane, we have
There is no constraint on the Solar panel angle. considered 3 Spin directionag 89 in the local orbital

No Orbiter thruster operation shall be performedrs plane (that is to say defined by direction Sun-Coamel
before, during and short after separation, in orber comet kinetic momentum).

reduce contamination and limit attitude and orbipq 0 = undet 85 = 90 deg equatoria= O deg)

perturbations. (Reference Spjn

This shall apply within a minimum distance of 30 mp2 o,=135deg &= 45 deg Bequatoriar= 30 deg)
between Orbiter and Lander after the separatictes® p3 g,=180deg &= 30 deg Bequatoria= 60 deg)

of an ADS Manoeuvre or 150 m if we use a solid

thruster. _ where Sequatorial IS the sun declination w.r.t comet
Its planned to realise manoeuvres to reach ﬂ@quatorial plane.

“RELAY” Orbit from the “DELIVERY” Orhbit.

Landing sites
“Rosetta” Lander

The main constraints are the following : ~ The 12 studies Landing sites correspond to the
* minimisation of the descent duration (upper ﬂImIfO”OWing latitudesp and longitudes :
fixed to 6 hours and Goal below 3 hours) ; . ¢ =5,30 (reference site) and 45 deg

« alignment of the Lander Z Axis and of impact,
velocity at landing with the vertical of the sekdt
site ;

A =0,45 (reference site), 90 and 135 deg,
in order to cover a wide range of configurations.



Three new comet models with the same radius than
Resultsfor the nominal cases the nominal case but with different density haverbe
studied.
This paragraph presents a synthesis of the toajest
obtained for all the 12 landing sites and all modelhey are :

parameter values. «  Wirtaned with p; = 2.0 g/cri (instead of 0.75)
« Big with pe = 0.2 g/cm (instead of 1.5)
We_ present the_ rgsults mainly in. term of descemt Bjg* with pe = 2 glend (instead of 1.5)
duration and velocity increments, that is to say :
* dt(mn)  Descent duration . For the 12 landing sites and only for the “refesn
* Vimp Impact velocity at the landing model parameters than the previous paragraph, the
e AVg Separation increment velocity module  results obtained are :
e AV Axial (ADS) increment velocity module _
z ( ) y Table 3: For Passive mode
In all the presented tables, the term “Passive &flod dt (mn) Vimp AVs AVZ
concerns a descent without Axial (ADS) manoeuvre. (cmiy (cm/s) (cm/s)
Wirtanen | 75to 75 45 to 60 30 to 4(Q 0
The results are :
_ Big” 90t0105| 32.5t04% 42 to 44 0
Table1: For Passive mode Big 7210105 115 to 16D 45 to 47.5 0
dt (mn) Vimp AVs AVz .
(cm/y (cm/s) (cm/s) Table4: For ADS
Small Comef 601to270| 10to 20 510 25 0 v AV AV
- ] imp S z
ertanen 75t0 165 20to 42_ 17.5to fO 0 dt (mn) (cmlg (cm/s) (cm/s)
Big Comet | 7510135 75t015p 37.510p0 0 Wirtanen | 301030 | 65t075| 32to4d  50to5p
Table2: For ADS Big” 481048 | 55t062.§ 50to5Q0 40to50
e Vimp AVsS v Big 481048 | 105t0 155 50t050 | 30to 50
(cm/y (cm/s) (cm/s)
Small Comel 24t048 | 20to55| 5t027.8 30 to 5p Compared to the nominal comet results, the inereés
Wirtanen 32t047| 451070 22t04b 30tod0 density induces an increase of the impact veloatgt
Big Comet | 18t076| 60to160 42to5p 30t g0 the flight time.

The range of the different parameters are smtdkan
We can observe that : for the nominal study because of limited numbers of

« The descent duration never exceeds 3 hours, exc@p@lysed cases.
in the small comet passive case. To obtain a short
flight time, aAVseparaionup t0 50 cm/s is needed in
case of Big Comet.

« The use of ADS manoeuvre induces a decrease foff Of SOUrces
the descent duration and an increase of the impact

velocity, which is favourable in case of a strongcomet and delivery orbit knowledge )
outgassing activity. The error sources, have been given by ESA and

« The impact velocity is raising up to 1.6 m/s irsea correspond to the expected accuracy at the entieof t
of the big comet. Close Observation Phase (last phase before Lander

* In case of small comet and a passive descent, tﬂgllvery).
impact velocity is not sufficient to avoid the
outgassing effects in case of a strong activity.

Dispersion studies

Sensitivity to comet density



Table5: Errorssourcesvalues * Op (deg) = Impact angle (velocity) standard
deviation (w.r.t lander Z-axis).

Errors (at 1 sigma) Small Wirtanep Big
Spacecraft position (m) 10 10 15 where : ) )
Spacecraft velocity (mm/s) 05 1 > e a is the angle between the Iand_er Z axis and the
mean surface normal which has been
Euler angles (deg.) 0.2 0.15 0.1 effectively obtained :
Gravitational constant (%) 0.2 0.15 01 * Ve is the angle between the impact velocity and
the mean surface normal which has been
Orbiter-Lander separation manoeuvre effectively obtained ;
The following values have been assumed for the andy, is the angle between the impact velocity and
global separation errors including all contribuon the lander Z axis.

(Orbiter attitude, mass properties, propellant gjoan
and distribution, propellant sloshing and MSS \ye pave obtainedo(in meters for X and Y and in

contribution) :- _ degrees for the angles) :
e OAV (Error in magnitude) = 1.3 % (atdl, _
« 3dirAV (Error in direction) = 0.3 deg (atd). Table7: For Passive Mode
Ox Oy O Oyc OyA
ADS manoeuvre _ _ Small Comet 195] 90] 14 18 1f
We indicate in this paragraph a global profile athi Wirtanen Tosl 81l oa 1d o
has been determined by taking into account difteren Big Comet 25| 165 od o068 ob
error sources due to attitude before manoeuvre,
uncertainty on the Lander Gravity Centre, misalignin Table8: For ADS
of the thruster and realisation of the manoeuvre. '
i Ox O'y Oqa O'VC O'y)\
Table6: ADSmanoeuvreerrors Small Comet 14.4| 101 09 18 0P
- Wirtanen 14.8 9.8 0.8 1.1 .
ADS Manoeuvre| dAV (at 10) | ddirAV (at 10) Big Comel 216 13.7 04 0.0 ok
AV =0.1m/s 1% 0.33 deg. g - : : : -
=0. 1% , , . .
av — 0.5 mis . 0/0 cl)?)zeg The main conclusions are :
AV=10mis > - deg. « Improvement of the accuracy for impact and attack

angles if gravitational attraction increases (Cades
Big Comet w.r.t Wirtanen and Wirtanen w.r.t Small
Comet) ;

Better results with ADS in all the cases ;

Bigger position dispersions for big comet complare
to small and Wirtanen comets although angle
dispersions are smaller.

Typical dispersion

We present in this section the order of magnitatie
the dispersions for the three nominal comet models
(Small, Wirtanen and Big). This study has beentéuhi
to the reference landing site and to the referenadel
parameters.

To evaluate the dispersions in meters on the randgensitivitytolanding Ste
position at landing, the Monte Carlo process hanbe
realised on the deviationsX and AY between the real
landing site and the nominal landing site (withetror
source) evaluated in the local reference frame.

This section presents the variations of dispessiam
function of the latitude¢ for the reference comet
parameters.

The standard deviations ab lhave the following

meaning :

* 0x(m),0oy(m) = standard deviations along the first
and second eigen direction of the covariance matrix

* 0y(deg) = attack angle (attitude standard deviation)
(w.r.t mean surface normal frame),

* Oy (deg) = impact angle (velocity) standard
deviation (w.r.t mean surface normal frame),



Table9: For Passive M ode This AV will be given by the spring, used in the case

of a MSS failure (Emergency scenario).

[e) [e) (o] O O\ . .
x | o a| o | o The value which has been found is 15 cm/s.
(deg) (m) (deg)
5 | 23.0] 109]| 29| 35] 2.2 : ,
Small Cometl 30 | 195 89] 12| 18] 11 The results of this study are :
45 | 1861 861 08] 13] 14 Table 11 : For Passive Mode
5 | 230 107] 25| 26| 14
Wirtanen 30 | 198 81| o8] 10[ 09 Flight Time [ Vimpact | AVz | AVsep
45 | 190| 83| 07| 07] 07 (minutes) ™
_ > | 2801 158, 201 20 0.5 Small Comet| 1601030 _ 10102 0 15
Big Comet | 30 | 225| 165] 0.6] 06] 03 Wirtanen | 135 to 210] 18 to 45 0 15
45 | 241) 140] 04] 04 03 Big Comet | 23010500 110to 110 0 15
Table10: For ADS
Table12: For ADS
¢ [ ox [ oy | oa| oy | oy ___
(deg) (m) (deg) Flight Time | Vimpact |AVZ |AVSep
5 | 141] 118| 28] 3.1] 12 (minutes) (m/s)
Small Comet Zg ﬂ-g ig-% 8'3 ﬁ 8'2 SmallComet]  33t078 | 25t050 20 to%0 15
5 157 118 24 26 1.0 Wirtanen 331043 50 to 7( 50 15
Wirtanen | 30 | 147] 99| 08| 12] 09 Big Comet | 48t0213| 90to180 75t01p0 15
45 | 13.4| 10.2| 06| 09 0.4
5 [220] 170] 15| 17] 08 It appears that all landing sites are reachabth wi
Big Comet | 30 | 21.7] 13.7] 0.5] 06| 09 AV separaiiondf 15 cm/s for Wirtanen and Small Comet.
45 | 18.2| 136| 03| 04 03

In case of Big Comet the use of the spring wilt no
allow to reach all the landing sites in the caspasfsive
descent (without ADS manoeuvre).

Now it is interesting to compare the associated
) S . Sispersions in case of nominal (MSS) and emergency
quick variation of the local curvatures radius. release (with hypothesis concerning the error ssurc

* No significant variat_ions fo_r the (_jispersioo)i. and previously defined) excepted the spring accuracighvh
ona:tr:_(:ugh Ithedf_“ax”.‘:“m dispersions were found f% -3.3 % to 0 % in magnitude at dand 0.3° in
ow latitude landing sites. direction at 1.

. ;A (\j/_ertlcal _?_wanoeuvre increases significantly the In the following table, we present the maximu |
anding position accuracy. for the angles.

The main conclusions are :
e Worst results for the dispersions concerning cigjo
and attitude in case of lower latitudes due to th

Other sensibility studies Table 13 : Dispersionsfor emergency scenario

These studies have consisted in evaluating thadmp
. Ox (3% O Maxi YeMaxi
of each error source independently from the others.

The main error sources are the Orbiter state at th (m) (deg.)
separation and the manoeuvre realisation (3/4 Her | small comef—Voo | 110194 7toll} 13t017.4 20toln4
both). Moreover, the attack and impact angles are Spring| 11t01§ 7t011| 1.4t017.4 29t0177
mainly sensitive to the comet shape. Wirtanen LMSS | 10t013 7t011| 10t016.] 1.3t0 162

The landing positiondy, oy) are not very sensitive to Spring| 101014 7t011| 1.1t0214 1710219

Spring | 17to 60 14to 50 1.09to | 0.7 to 32.0
Emergency scenario study 319

The purpose of this chapter is to find a fixed In the case of the Big comet, it is necessaryntoeiase
AV separatiorincrement velocity value in a such way thathe value oAVZ up to 1 mi/s. .
it will be possible to land in all cases with mimim [0 conclusion, there is a degradation of
degradation with regard to the nominal situation. performances in the case of Big Comet.

the



Other sensibility studies » big variation due to the outgassing effect in theec
of passive mode;
Effect of outgassing on trajectory e necessity to use a vertical manoeuvw; to
increase the velocity in order to reduce the
The study concerning the outgassing has beersedali  outgassing effect ;

for Wirtanen in both following cases : « for values ofAVz corresponding to 30 or 50 cm/s,

+ Wirtanen Comet with a density of 0.75gkm  the characteristics of the landing with outgassing
(nominal case) ; (differences with a nominal “keplerian” trajectory)
Wirtanen low density with a density of 0.115 g?cm are given in the following tables :

The computation has been made for :
¢ G3 Geometry ;
e 3 Spin axis directions (P1,P2 et P3) ;

Table 14 : Maximal variations compar ed
to the not outgassing case

+ 3 Landing sites (1 longitude & 3 latitudes AV | Descent| Landing | Attack | Impact
respectively equal to 0,30 and 45 degrees) ; (mis) time | Position | angle | angle

+ 2 Comet periods (10 days & 7 hours). (mn) (m) (deg.) | (deg.)
30 5 15 10 2.6

We used the “CRIFO” model (See Ref. 2) available 50 o5 5 0.8 13

for 3 AU in the worst case, that is to say :

° = 6 i i H
g(%e) 8F*® CO molecules/s (maximum outgassmqn the case of a density of 0.75 gfem

e 3y = 0.1 (Anisotropic model). Table 15 : Maximal variations compar ed
This model provides a gas dengityand a gas velocity to the not outgassing case
V. ,
The magnitude of the perturbation du_e to the AV/Z Dﬁﬁfee nt 'E,igi'igg '?:;ZT: Ir;rf’g""lgt
outgassing can be the same order of magnitudeeof th M/S) | (mn) (m) (deg.) | (deg.)

gravitational force in the vicinity of the cometdaim the 30 20 30 3 15.
area near the subsolar point (See Ref. 2). It'siptesto
obtain situations where the lander seems to fleahbse
of outgassing effect (See Fig 3).

The force which has been simulated correspontset
classical formula :

50 10 23 1.7 4.4

o In the case of a density of 0.115 gfcin order to
simulate the behaviour of the small comet).

F = EPCXVZ % 2) Gravitational potential modelling
with : Cx=2 In addition to the classical keplerian model,
S =072 gravitational “models” have been processed and
m =75 kg compared.
and V = relative velocity w.r.t the gas e Spherical harmonic expansion,

Cartesian coordinate expansion,
IVORY model (First ellipsoidal harmonics).
For all this cases, we have supposed an homogeneou

T WIRTANEN PASSIVE DESCENT denS|ty'

Extreme Case Trajectories

Figure 3: Wirtanen passive descent trajectories
(without and with outgassing)

Spherical harmonic expansion

The gravitational potential is developed on theidaf
spherical harmonic functions. In the case of aipsid
with homogeneous density, it is possible to prdvat t
the even coefficients are equal to zero and trebtd
- coefficients can be expressed in function of theeh
semi axis a, b, ¢ (where a > b > c¢) and the density

The main conclusions of this study are the follayvi



In reference, it is also indicated that the exjmans Table 16 : Deviationsto Keplerian trajectory

diverges if the satellite (or the Lander) is aistahce of ot PoT] POt
. a/_ IVORY
the centre lower than a in the case whereca/2 . 2X2 | 4X4 6X6
We have represented on figure 4 the forces islsleve Longitude | -0.4| -04 035
for the case of Spherical harmonic expansion lidntte | SITES (deg) ="~ 1 o078
the order 4. We can observe the irregular behaviear Module (m/s)| 15 | 18.7 0.34
the comet and at high latitudes. MpacT | Angiein the [ 138[ 50. 10.6
i i VELOCITY Lander (deg)
Figure 4 : 1SO/forcesisolevels Anglenthe | 17.] 53, "
— local frame
ISOPOTENTIAL FORCE (MODULE) VIEW (deg:
MERIDIAN O ATTITUDE DEVIATION 3| 3 No 1.7
Lo (deg) Intersection
M L / \
' N\ onclusions
0.3 747 N .l This mission analysis has been showed a good

concordance between CNES and ESA results.

The main conclusion is that an MSS, range betvéeand
50 cm/s, is adequate whatever the comet paranstersn
addition the use of vertical manoeuvre, up to 1, ngs
necessary to guaranty the success of the descent.

(KLT)

N S
) —

—

—_ The future works will consist in :

e improving the modelling specially concerning the
gravitational potential (Effect of hills and holeghe
outgassing, comet nutation ;

« solving a robust control problem based on landiitg

position/velocity and attitude dispersion minimisat

Cartesian coordinate expansion

In this case, the gravitational potential corresfsoto
a limited expansion of the gravitational potential
integral. This expansion is well adapted to tak® in
account holes and hills, because the coefficieautsbe
easily expressed as function of the inertial iraégyrBut
its behaviour is identical to the Spherical harmoni
expansion in term of divergence.
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This model gives the exact potential for any stiolal
shape and is based on an analytical approach whigh
consists in evaluating the potential by using #tgd
integrals. This is the first ellipsoidal harmonic.

Results of comparative studies
From initial conditions of a keplerian trajectqryorst
case of polar orbit with a landing point at a lad# of

45 degrees on the most elongated ellipsoid (G4), we

have computed 4 trajectories with the following

gravitational models :

« spherical harmonic expansion limited to order 2, 4
and 6 (respectively POT2x2, POT4x4 and
POT6x6) ;

« ivory model (IVORY).



