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ABSTRACT to Saturn and Titan (Lebreton and Matson, 2002).
Cassini/Huygens was launched on October 15, 1997 and
o o o . is scheduled to arrive at Saturn on July 1, 2004. Fol-
Cassini/Huygens is a joint NASA/ESA mission on its  |owing two orbits of Saturn, the Huygens Probe will be
way to explore the Saturnian system. The ESA Huy- released on December 25, 2004 and will reach Titan on
gens probe is scheduled to be released from the Cassini January 14, 2005.
spacecraft on December 25, 2004, will enter the atmo-
sphere of Titan in January, 2005, and will descend to The Huygens probe carries six instruments that will per-
the surface of the planet using a sequence of different form scientific measurements of the physical and chemi-
parachutes. To correctly interpret and correlate results cal properties of Titan’s atmosphere, measure winds and
from the probe science experiments and to provide a ref- global temperatures, and investigate energy sources im-
erence set of data for “ground-truthing” Orbiter remote  portant for the planet’s chemistry throughout the descent
sensing measurements, it is essential that the trajectory mission. These instruments are
reconstruction be performed as early as possible in the
post-flight data analysis phase. The reconstruction of the

Huygens entry and descent trajectory will be based pri- - Aerosol Collector and Pyrolyser (ACP)
marily on the probe entry state vector provided by the (Israelet al, 1997)

Cassini Navigation Team, and measurements of accelera-

tion, pressure, and temperature made by the Huygens At- - Atmospheric Structure Instrument
mospheric Structure Instrument (HASI). Other datasets (HASI) (Fulchignoniet al., 1997)

contributing to the entry and descent trajectory recon- .
struction include the mean molecular weight of the atmo- -~ Descent  Imager/Spectral ~ Radiometer  (DISR)
sphere measured by the probe Gas Chromatograph/Mass ~ (Tomaskeetal, 1997)

Spectrometer (GCMS) in the upper atmosphere and the . : .
Surface Science Package (SSP) speed of sound measure- Doppler Wind Experiment (DWE) (Birdet al,

ment in the lower atmosphere, and probe altitude by the 1997)
two probe radar altimeters during the latter stages of the - Gas Chromatograph and Mass Spectrometer
descent. Measurements of the zonal wind drift by the (GCMS) (Niemanret al, 1997)

Doppler Wind Experiment (DWE), and probe zonal and

meridional drift, and probe altitude and descent speed by - The Surface Science Package (SSP) (Zarnetckii,

the Descent Imager and Spectral Radiometer (DISR) will 1997)

further constrain the probe trajectory. This paper outlines

the mathematical approach and computational flow of an

algorithm that combines all the relevant measurements to It is expected that the probe will survive impact, so a sixth

retrieve the probe trajectory most consistent with all data experiment, the Surface Science Package, has been in-

sets, and the probe trajectory uncertainties. cluded to perform for an investigation of the physical and
chemical properties of Titan’s surface. All of Huygens’

Key words: Huygens mission, trajectory reconstruction.  €ntry and descent science and engineering data will be
transmitted to the Cassini Orbiter, targeted to flyby Ti-
tan at a periapse distance of 60,000 km, where it will be

1 INTRODUCTION recorded for later transmission to Earth.

1.1. Probe Mission Overview 1.2. Huygens Probe Descent Mission

The Huygens Probe is the ESA-provided element The Huygens probe is protected from the atmospheric in-
of the joint NASA/ESA/ASI Cassini/Huygens mission  duced radiative and convective heat fluxes during entry



by a 2.75 meter diameter front heat-shield as it deceler-
ates from about Mach 22.5 to Mach 1.5 in just under five
minutes. Approximately 4.5 minutes after entry the probe
speed will have decreased to Mach 1.5 and the probe Cen-
tral Acceleration Sensor Unit (CASU) will measure the
deceleration threshold designatedSgs At S, the entry
portion of the mission is complete and the descent mis-
sion commences.

Approximately 6.375 seconds aftép a parachute de-
ployment device is fired through a breakout patch in the
aft cover of the probe and a 2.59 m disk gap band (DGB)
type pilot parachute is deployed. Two and one half sec-
onds later, the aft cover is released and the 8.3 meter main
DGB parachute is deployed. Nominally this event occurs
at Mach 1.5 and an altitude of 160 km. After a 30 second
delay (built into the sequence to ensure that the shield
is sufficiently far below the probe to avoid possible in-
strument contamination), the probe speed has dropped to
Mach 0.6 and the inlet ports of the probe Gas Chromato-
graph/Mass Spectrometer and Aerosol Collector and Py-
rolyser instruments are opened and the booms of the Huy-
gens Atmospheric Structure Instrument deployed.

The probe will descend beneath the main parachute for
15 minutes, at which time the main parachute is released
and a 3.03 meter drogue parachute is deployed to carry
the probe to Titan’s surface. Throughout the approxi-

to perform the task independently and thereby offer-
ing a more economical use of limited resources;

2. to provide a common basis for interpretation and
correlation of data from different experiments. For

example, the existence of atmospheric turbulence
and wind shear, evident from the unique signatures
in the HASI accelerometer data can only be corre-
lated with other atmospheric properties such as tem-
perature gradients, winds, and cloud decks if a com-
mon probe trajectory profile is utilized by all the ex-

periment teams;

. to provide the atmospheric properties along the
probe entry and descent path for use by the orbiter
experiment teams as a means of “ground-truthing”
remote sensing measurements;

4. to provide precise measurements of the probe po-
sition and velocity throughout descent, required for
the DWE recovery of the zonal winds by Doppler

tracking of the Huygens probe.

1.4. Huygens Descent Trajectory Working Group
(DTWG)

The responsibility of developing analysis techniques by

mately 2.5 hour parachute descent to the surface, Huy- which the Huygens entry and descent trajectory will be
gens will measure the chemical, meteorological, and dy- reconstructed from the the official NASA/ESA hand-off

namical properties of the Titan atmosphere. Probe exper- point at the interface altitude of 1270 km to the surface is
iment and housekeeping/engineering data will be trans- given to the Huygens Descent Trajectory Working Group

mitted to the orbiter at 8 kbit/s.

1.3. Need for a Consistent Entry and Descent
Trajectory

For a consistent interpretation and correlation of results
from all the probe science experiments, and to provide
confidence in ground-truth calibrations of orbiter remote
sensing measurements, an accurate reconstruction of the
probe entry and descent trajectory is needed. Without a
common and consistent descent profile, each probe ex-
periment team would need to develop a profile indepen-
dently thereby causing a significant duplication of effort
and expenditure of resources, and making correlation and
comparison of results from different experiments some-
what suspect and therefore less meaningful. Furthermore,
direct (n situ) atmospheric sampling by the probe will
provide “ground truth” verification of orbiter observa-
tions of Titan. Without a means to tie the measured at-
mospheric properties to the probe altitude, location, and
velocity at specific times, the value of ground-truth sup-
port for orbiter science at Titan would be significantly
compromised.

The goals of the Huygens trajectory reconstruction effort
are therefore

1. to provide a common trajectory for all experiment
teams to use when interpreting their respective data
sets. This will also eliminate the need for each team

(DTWG), chartered in 1996 as a subgroup of the Huy-
gens Science Working Team (HSWT) (Atkinson, 1998).
The membership of the DTWG includes the Huygens and
Cassini project scientists, the Huygens Operations Scien-
tist, and representatives from each of the probe science
instrument teams and contributing orbiter teams. The pri-
mary goals of the Descent Trajectory Working Group are

- to develop a framework between experiment teams
and the Huygens Mission Team for sharing and ex-
changing data relevant to the descent trajectory anal-
ysis and modeling;

to develop methodologies by which the probe de-
scent trajectory and attitude can be accurately re-
constructed from the probe and orbiter science and
engineering data; and

to provide a single, common descent profile that is

consistent with all the available probe and orbiter

engineering and science data, and that can be uti-
lized by each instrument team for analysis of exper-

iment measurements, and correlation of results be-
tween experiments.

2. PROBE INITIAL CONDITIONS AT INTERFACE
ALTITUDE

The Huygens probe is scheduled to arrive at the entry in-
terface point at 9:00:00 TDB on 14 January 2005. The



interface point is designated to be at an altitude 1270 km [ = M

above the surface of Titan, a west longitude of 186.19 de- | @asi.casv p & T during descent
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2.1. Probe Imaging Updated trajectory

Following the probe release, the Cassini cameras will at-  Figure 1. General flow of the Huygens probe reconstruc-
tempt to image the probe as it begins its 21 day coast tjon algorithm.

to Titan. The purpose of probe imaging is to apply op-

tical navigation techniques to improve the knowledge of

probe delivery to the interface point. The probe images spacecraft, since the spacecraft and the accelerometer in-
(opnavs) will be unable to improve probe delivery accu-  strument are both free falling at the same rate. This force

racies (D. Roth, private communication), however, since has therefore to be modelled at each step of the recon-
the images are to be obtained after separation after which struction process. During the probe entry phase (defined

there is no longer an opportunity to affect the probes tra-
jectory. However, opnavs will improve estimates of the

as the portion of the trajectory from interface altitude to
the initiation of the parachute sequence-d60 km) only

post-separation probe trajectory and therefore decrease accelerations are measured by the probe instruments. The

the delivery dispersion ellipse at the NASA/ESA inter-
face point.

There are three imaging opportunities, one each day be-
tween probe release and the Orbiter Deflection Maneu-
ver (ODM). The strategy is to attempt to image the probe
by taking a5 x 5 mosaic on either the first or second
day through the Wide Angle Camera (WAC). Assuming
the probe is located in the images, a subsequent image
would be taken on the second or third day using the Nar-
row Angle Camera (NAC). On the first day, the probe
image could be as large as 3-9 pixels across through the
WAC, dropping to less than 2 pixels on the second day.
With a focal lengthl0 x that of the WAC, the NAC would
provide an image of the probe that is 15 pixels across on
the second day (approximately release + 30 hours), and 8
pixels across on the third day (release + 55 hours).

The benefit of probe optical navigation is to significantly
improve (i.e., reduce) thel§) delivery uncertainties.
With imaging, the probéo delivery dispersion error im-
proves in the radial direction from 73.12 km to 42.80
km, along the B-plane semi-major axis from 58.24 km
to 27.24 km, and along the B-plane semi-minor axis from
9.37 km to 5.77 km.

3. RECONSTRUCTION OF THE REFERENCE
TRAJECTORY

The general computational flow of the full DTWG recon-
struction algorithm is outlined in Fig. 1. In theory, the
probe trajectory can be fully determined from the mea-
sured aerodynamic forces from the onboard accelerome-
ters (i.e., HASI 3-axis science accelerometers and the 1-
axis accelerometer from the Central Acceleration Sensor
Unit (CASU) ) and knowledge of the probe state vector
at a given starting point. The gravitational force acting

on the spacecraft’'s center of mass cannot be detected by

measurements made in a frame fixed with respect to the

deployment of the parachute will most likely introduce
some oscillatory motions into the spacecraft, and hence
into the the measured accelerations as well, as it swings
around on the end of its parachute. A probe trajectory
that is based entirely on the numerical integration of the
measured and calculated accelerations (this trajectory is
referred to as the “reference trajectory”) will generally
deviate from the actual spacecraft trajectory. This trajec-
tory must therefore be updated using further input data
that can constrain the probe position and velocity dur-
ing the descent phase. These additional data sets will
come from the HASI atmospheric pressure and tempera-
ture sensors (which must be converted into an altitude and
descent speed), the two radar units (RAU1 and RAU2),
the SSP acoustic sounder instrument, and from the DISR
images that can be processed to yield a probe position
and descent velocity. A sequential estimation algorithm
(i.e., a Kalman filter) will be implemented to update the
reference trajectory and provide a “best combination” of
all available data sets.

3.1. The Numerical Integration of the Accelerometer
Data

To reconstruct a probe’s entry and descent trajectory, the
equations of motion are traditionally formulated and in-
tegrated in a rotating, planet-fixed coordinate frame. For
the Huygens reconstruction, the added complexity of in-
cluding the Coriolis and centrifugal forces has been elim-
inated by integrating the equations of motion in the iner-
tial planet-centered Earth Mean Equator and equinox of
J2000 (EMEZ2000) frame.

In the framework of Newtonian physics the acceleration
of a satellitea under the influence of a forcE is de-
scribed by the differential equation

a=1r=F(tr,v)/m @)



Initial Conditions

Acceleration Integration
Unit (ACC-U)

Accelerometer Data
HASI, CASU, SSP

S/C Model
@m Cp)

< Atmosph. reconstr. unit
ATMR-U]

1

1< o @
1 Aerodyn. o fas
Database

ppandT

Acc. Pre-processor unit Reference Trajectory
SC1oENE2000

/e, ADA#0

Aerodyn.
Database
T @Loop 1
k.
Mo Kn |

Pk

Figure 2. Detailed computational flow diagram of the
Reference Trajectory reconstruction part of the DTWG
algorithm. There are two internal iteration loops that
need to converge: Loop | to interpolate the drag coef-
ficientCp and Loop Il to apply the derived angle of at-
tack (AOA) in the conversion of the accelerations from
S/C frame to the integration frame. See text for detailed
explanation.

wherer andv(= r) are the position and velocity vec-
tors of the body in a planet centered (inertial) coordinate
system, andn denotes the mass of the spacecraft. For
an atmospheric entry probe we have to consider mainly
two types of acceleration that will determine its trajec-
tory: an acceleration due to the gravitational attraction of
the primary and secondary (perturbing) planets,and

an acceleration due to the aerodynamic forces produced
by the atmosphere of the primary plarety. Eq. (1) can
therefore be rewritten as

a=az+aag =1=F(,r,v)/m 2

The gravitational acceleratiom, of a spacecraft due to
the primary point mass We.g., Titan in our special case)
andN perturbing masses (e.g., the Sun and Saturn) in the
planet centered EME2000 coordinate system is given by

p; — I P;
M; — +VU
’ [|Pj —rp3  |p;[®
©))

wherer and p; are the position vectors of the space-
craft and thejth perturbing body { = 1...n) respec-
tively, G the gravitational constant, andU the gradient
of the disturbing function due to the dynamical flattening
of the planet (axisymmetric gravity field assumed) which
is given by

r n
ag = —G M, WJF;G

k

U:GMOiJk&

mEs Py (sin©) .
k=2

(4)

Rp is the equatorial radius of the planétthe latitude of
the spacecraft above the planet’s equatorial plane,Jand
the coefficient of theith zonal harmonicP; is the Leg-
endre polynomial of degrele. The spherical latitud®

can be calculated from th¢ component of the probe po-
sition vector in the so called Equatorial Coordinate Sys-
tem (defined by the coordinates= (r},75,7%) )*

®)

rh = |r| sin®
Using
r =Er

(6)

wherekE is a rotation matrix given by

—sin ag COS 0
E=| —cosagsindyg —sinag sindg cosdy
cos ag cos O sinag cosdg  sindg

)

sin © can equally be expressed in EME2000 coordinates
r = (r1,re,13):

/
sin® = 3 —
||
1 .
= ﬂ(rl Cos iy €os g + T2 sin oy cos g +
r
+7r3 SiH(SO) (8)
It can now be seen that
Jsin® sin®r;  cosdy cosay
o |r[? ||
dsin® sin®ry  cosdy sin oy
ory |r[? x|
Jsin® sin®rs  sindy ©)
drs |r[? Ir|

wherea, anddg are the right ascension and declination
of the planet’s north pole. With the Legendre polynomial
Py (x) given by

(10)

VU in Eq. (3) developed to degree 2 becomes

1The Equatorial System is introduced by rotating the coordinate axes
of the EME2000 system §0° — §g around x-axis aneg +90° about
the z axis, whereng anddg are the right ascension and declination of
the planet’s north pole. In that Equatorial system #i@xis points to
the intersection of the earth mean equator of the epoch J2000 and the
planet's equator, the’ axis points to the planet’s north pole (and is
parallel with its rotation axis), angt’ axis fills out an orthogonal right-
handed system. The Equatorial System is an inertial (i.e., non rotating)
system.
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wherex is a constant given by

k=G MyJy R (12)
andy a function defined by
(15, 3
x(z) = (2 sin” x 2) (13)

The aerodynamic force acceleration vector can be di-
rectly deduced by interpolation of the measured linear ac-
celerations of the spacecraft center of mass in the three or-
thogonal directions,1, a2, as3 aligned with the space-
craft s1, so, andss axes, respectively. The correct trans-
formation of the accelerations measured in the spacecraft
frame (s1, so, s3) to the inertial frame requires the knowl-
edge of the orientation of the spacecraft attitude with re-
spect to the direction of the flow velocity (given in the
inertial frame of integration). This is expressed by the
angle of attackx(¢).The angle of attack can be estimated
using the ratio of normal to axial accelerations

ay Cn
asx Cy

= f(o, Ma) (14)

wherea anda 4 are the normal and axial accelerations
given byay = /a2, + a§3 anda s = as respectively,
andC andC 4 are the corresponding aerodynamic coef-
ficients. An existing pre-flight aerodynamic database of
the Huygens probe (P. Couzin, private communication)
providesCy and C'4 as a function ofa and the Mach
numberMa. From the normal and axial accelerations
ayny anday, the angle of attacke can be found by in-
terpolating the aerodynamic database. The drag and lift
accelerationap anday, can then be found from

ap = a4 cosa+ an sina
(15)

arp = any CoOS — a4 Sinq

where, againgy = /a2, + a2; andas = as;.

Due to probe spin the lift force vector will rotate with the
probe and average to zero (assuming the lift force is es-
sentially constant over a spin period) and can therefore be
neglected. The drag force vectax, is always pointing

in the opposite direction of the relative flow velocity vec-
tor v, Of the spacecraft with respect to the fluid (i.e., the

atmosphere) in the inertial frame of integration and can
be found from

A%
apd = —ap —o (16)
‘ Vrel ‘
andv, can be calculated using the relation
Vil =V —Wp X T — Vy a7

wherer andv are the probe position and velocity vec-
tors in the inertial framey,, is the angular velocity vec-
tor of the planet, and,, the velocity vector of the atmo-
spheric wind. As can be seen from Eq. (17) the probe en-
try and descent trajectory depends upon the atmospheric
winds. Likewise the DWE retrieval algorithm depends
strongly upon the accurate knowledge of the probe ter-
minal entry and descent location (latitude and longitude).
The need for a precise wind profile to accurately model
the probe descent trajectory, and the need for a well de-
veloped probe entry and descent profile to retrieve zonal
winds suggests the trajectory recovery analysis will be an
iterative process.

3.2. Reconstruction of Atmospheric Properties from
Accelerometer Data

The calculation of the Mach number in Eq. (14) requires
the atmospheric temperatufeéand molecular weight
to be known,

_ |Vrel|
Cs

Ma (18)

wherev,, is the relative velocity between the spacecraft
and the atmosphere (see Eq. (17)) ands the speed of
sound given by

(19)

~ is the ratio of specific heats, and = 8.314 J K~!
mol~! is the universal gas constant. Note that neitfier
nor . are directly measured during the entry phase. The
relative abundance of methane and argon will vary with
altitude in the upper atmosphere because of diffusive sep-
aration but should be constant at altitudes below 600 km
(Yelle et al, 1997). In the upper atmosphere the molec-
ular weight can be modelled using analytic expressions
for the methane and argon mole fractions as a function of
altitude (Strobekt al,, 1992; Steiner and Bauer, 1990).
The CH, mole fraction is calculated from

3
7T(1—v)

fom, = A (1 ENCED) h) + 4, (20)

and the Argon mole fraction from
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whereh is the normalized geopotential height measured
relative to the homopause

Z—ZH

h=1.67 x 10°
(Rr + zm) (R + 2)

(22)

zy defines the altitude of the homopause ddthe ra-
dius of Titan. A1, A, and A3 are integration constants
used to match conditions deep in the atmosphere. The
parameters describes the altitude of the eddy diffusion
coefficient. Yelleet al. (1997) provides the following
values for his recommended Titan atmosphere madel:
Aq, Ay, A3, andzg are 0.625, 0.240, 0.006, 0.020, and
1050.0 km respectively. The molecular weight of the gas
mixture can then be calculated from

M:Zfiui

(23)

wherey; is the molecular weight of the speciewith the
mole fractionf;.

During the descent phase (i.e., the altitude range from
~160 km down to the surface) the mean molecular mass
1 will be measured by the GCMS experiment, and indi-
rectly by the SSP experimefit

In the upper atmosphere the physical properties of the at-
mosphere can be derived from the equation

_ 2m |aAd\
C’DAA |Vrc1|2

(24)

wherem, A andCp are the probe mass, cross-section
area and drag coefficient respectively. Note thatvill
change along the trajectory due to the heat shield ablation
which will be modelled according to Gaborit (2003)

m(t) = mg X exp {20(|Vre1|2 - |v0|2)} (25)

with o ~ 4.18 x 10~ m~2 s? and the initial massng

of 319 kg. vy is the relative velocity of the probe at the
time of the start of the ablation process and is taken as the
maximum probe velocity. The value was chosen to fit
the entire ablation mass loss to be 9.7 kg.

For the first iteration the drag coefficie@t, in Eq. (24)

is assumed to have a constant valug,, | is known from

the numerical integration of the equations of motion and
|aaql is derived from the measured accelerations accord-
ing to Eq. (15). For subsequent iterations a more accurate

2The SSP API-V sensor measures the speed of sound which can be
used together with the HASI" measurements to derive the molecular
mass from Eq. (19)

value of Cp will be derived by interpolation from a pre-
flight aerodynamic database that provides this parameter
as a function of Mach number and angle of attack. Note
that according to Eq. (14) the derivation®flso requires

the knowledge of\/a which implies a second iteration
process as outlined in Fig. 2.

Once the density profile is derived the atmospheric pres-
surep can be derived by integrating the equation of hy-
drostatic equilibrium

1 .
—/ pgdz  (26)

20 20

p(z) = —p(z0) g (jz lnp>

The temperaturd’ is determined from the ideal gas law
with knowledge of the mean molecular weightusing
the relation

(27)

4. REDUNDANT MEASUREMENT DATA

The numerical integration of the measured spacecraft ac-
celerations and the modelled gravitational accelerations
provide an initialreference trajectoryrom interface alti-
tude down to the surface. Due to the oscillatory motions
of the probe-parachute systems the reference trajectory
will most likely deviate to some extent from the real one
and must be updated using additional (independent) data
sets that provide information on the probe position like
the altitudez and the descent speédvhich will be de-
termined primarily by HASI, the Radar Altimeter Units,
and DISR.

4.1. Conversion of HASP&T Measurements

The reconstruction of the probe altitude during the de-
scent phase is based on the HASI temperature and pres-
sure measurements and P respectively which can be
converted to an altitude, at an epocl; by:

Zi = 20 — E AZi_l
i

(28)

wherez is the initial altitude (i.e., the altitude at which
the first pressure measurement was taken)/ands the
distance the probe has travelled in the time intetvg|.
The equation of state for a real gas can be expressed as

Pp

pRT:C

(29)

wherep is the gas density, the molecular weight, and
R the universal gas constant. The compressibility factor



(¢ takes into account the non perfect gas behavior and is
given by Dymond (1992)

Bo v (T)

C=1+ P14 (30)

where B, is the second virial coefficient which for a
gas mixture withk species is given by the equation

(T) + Z rpriBoy—;(T) (31)

k<j

2
By = E 23, Ba g
%

xj, andx; are the mole fractions of specigésindj, Bs i
andB, ; are the corresponding second virial coefficients
(for pure components), anB, j_; is the so-called in-
teraction virial coefficient (also referred to as the cross
virial coefficient). Note that for calculations at pressures
not much greater than 1 atm, a knowledge of the second
virial coefficient is usually sufficient, as the contribution
of the third virial coefficient will only be significant at
very high pressures (Dymond, 1992). Using Eq. (29) and
the equation for hydrostatic equilibrium

Lor _

; 0z (32)

-9,

wherez is the altitude above the reference surface and
the vertical component of the effective gravitational field,
one can derive the following relation for the altitude;

in Eq. (28) (Gaborit, 2004)

éCln(

The subscripti is relative to a value obtained at the
mission timet; and the temperaturg' is assumed to
be constant between timeés ; andt; having the value
T, 1= $(Tic1 + To).

i—

RT,
g

P;
P

Zi = —

(33)

To take into account dynamical effects, both the temper-
ature and the pressure data have to be corrected using the
two following equations (Gaborit, 2004):

TTTLC(LS

1+ [(y—1)/2] Ma?

e
2\ '
a )

whereTy,,; and P, are the static temperature and pres-
sure values and,,.,, andP,,..s the measured ones, and
M a the Mach numbery is the ratio of the heat capacities
of the mixed gas and has to be calculated by

Tstat =

—1
Pstat = Pmeas (1 + rYT M (34)

_ fkCp
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Figure 3. The extended Kalman Filter (EKF) makes use
of the latest estimate to propagate the state vectors and
the state transition matrix. The white circles represent
the measurement vectons at the various measurement
epochs (Montenbruck and Gill, 2000).

fr andC,, ;. are the mole fraction and specific heat capac-
ities at constant pressure of spediagspectively.

4.2. The Radar Altimeter Units (RAU)

The Proximity Sensor/Radar Altimeter Unit, comprising
two completely redundant radar altimeters (unit A, 15.4
to 15.43 GHz and unit B, 15.8 to 15.83 GHz), is responsi-
ble for measuring the probe altitude from about 25 km to
the surface. Each altimeter transmits a swept frequency
modulated continuous wave (FMCW) in which the sweep
period is adjusted so that the frequency of the return sig-
nal differs by 200 kHz from that of the transmitted signal.
Since the transmitted frequency is swept, the sweep pe-
riod is directly related to the propagation time and, there-
fore, to altitude. At altitudes above about 25 km the radar
operation is limited by noise (low signal levels) and loss
of lock and is of doubtful reliability.

4.3. SSP Acoustic Sounder (API-S)

The API-S element of the Surface Science Package will
give information on surface roughness and acoustic back-
scattering properties of Titan’s surface during the last few
hundred meters and should provide an accurate measure
of the probe altitude and descent velocity (Zarnetkil.,
1997).

4.4. DISR Probe Position Measurements

The DISR Side-Looking, Medium-Resolution and High-
Resolution Imager sensor measurements can be pro-
cessed to provide information on the probe position (lati-
tude, longitude and altitude) and its descent velocity (af-
ter differentiating the position vectors) and will be used to
further constrain the reference trajectory (Tomaskal,,
1997).

5. FORMULATION OF THE KALMAN FILTER

To take into account the redundant data sets to constrain
and update the reference trajectory a sequential estima-



tion algorithm or Kalman filter will be used. A Kalman
filter allows one to sequentially use a measurement vec-
tor m given at a measurement epogho obtain an im-
proved state vectagy; and the associated covariance ma-
trix P; att; (see Fig. 3). For a successful application of
the basic Kalman filter the deviations between the refer-

are the observed and calculated (or modelled) measure-
ment vectors respectively add; is the so called Kalman
gain. HereZ andZ are the measured altitude and descent
speed.G; is a Jacobian of the calculated altitudend
descent speedwith respect to the reference state vector
at the epoch; and is given by

ence state and the estimated state must be small enough

to neglect any non-linearities in the system dynamics and
the measurement modeling. In order to avoid this restric-
tion and make full use of the advantages of sequential
estimation for trajectory determination purposes Exe
tended Kalman Filtehas been developed (Montenbruck
and Gill, 2000). Thdime update phasef the extended
filter comprises the propagation of the previous estimate
yj_l from¢;_; to ¢; and the simultaneous solution of the
variational equations for the state transition mat#ix

As a result one obtains the predicted state vegjoand

the associated covariance matfXx :

y:r_1
@; ijl ‘I)zr

Yi

P; (36)

Note that the superscript™ designates the a priori state
vector (i.e., the state vector without the information of the
additional measurements) and the superscriptdesig-

nates the so called a posteriori or updated state vector.

The transition matrixp; at the epochi; is given by

= (I)(tu to) ‘I)(tifb tO)_l
(37)

which follows from the definition of the transition matrix

9y (t:) Oy (ti)
Oy1(to) 9ys(to)
Bt~ | 5 2
Oye (ti) Oys(ti)
Ay1(to) Oye(to)

and has to be calculated either by solving the appropriate
variational equations or by calculating a difference quo-
tient approximation. Theneasurement update phaise
given by:

K, - P; Gl (W;'+G,P;GI)"!
vi = vyvi +K;- {mz-—gi(y{)}
P/ = 1-K,G)- P/ (39)
where
Z
mi:<Z-> and g¢:<g> (40)
t=t; t=t;

2X6

og

G’i = =
(@)l =

W is the weighting matrix at the epoadh and can be

written as
-2
W, = ( "g 0, )
T

0z/0r
0% /0r

01x3
0z/0v .

(41)

(42)

t=t;

whereo; ando,, are the & measurement errors ¢f
and Z respectively. The filter starts with an initial guess

for the state vectoy, = y;"" and the covariance matrix

P, = P;™. Due to the regular update of the reference
state non-linearities are reduced to a minimum and within
a few time steps the filter may arrive at a solution that

would otherwise require multiple iterations.

r | -211.6721028
y | -3821.140624
z | -371.6251621

ve | -2.340519721
vy | 5.54026603
vz | 0.4587518978

Table 1. Huygens probe state vector at interface epoch
(UTC JAN 14, 2005 08:58:55.816) in an inertial Titan
centered coordinate system (i.e., Earth mean equator and
equinox of J2000). (From JPL-020910 Delivery); Units
are km and km/s respectively.

6. ALGORITHM TEST CASES AND
PRELIMINARY RESULTS

6.1. Reconstruction of the Simulated Huygens

Trajectory

The simulated Huygens entry and descent trajectory was
used to test the reference trajectory reconstruction com-
ponent of the algorithm. The trajectory was simulated
by the official Huygens mission analysis software (called
DTAT) (Bell6-Mora and &nchez-Nogales, 2000) which

is able to perform:

- a simulation of the Huygens entry and descent tra-
jectory from the nominal interface point (1270 km
altitude) down to the surface and determination of
the landing point that will be used as a prediction to



DTAT Huygens Trajectory Reconstruction
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Figure 4. Comparison of DTAT simulated altitude profile
(dashed line) and reconstructed profile (solid line). Dur-
ing the first 20 minutes of the mission (upper panel) both
trajectories are consistent but the reconstructed trajec-
tory starts to diverge from the simulated one after 20 min-
utes (lower panel) due to the low sampling output of the
simulated aerodynamic accelerations of the DTAT tool.

point the Cassini High Gain Antenna (HGA). The
simulation takes into account the Yelle nominal Ti-
tan atmosphere model (Yel&t al, 1997) and vari-
ous versions of the standard Titan wind model bas-
ing on Flasaret al. (1997). The tool provides the
(simulated) accelerations that act on the probe (i.e.,
central body, third body, solar perturbation, aerody-
namic drag) in a separate output file.

- a propagation of the probe navigation covariance
matrix (provided by the Cassini Navigation team at
interface altitude) down to the surface, which yields
the landing dispersion ellipse.

- a statistical (Monte Carlo Methods) simulation of
the Cassini/Huygens Probe Relay Link (PRL) dur-
ing the entire mission.

Two reconstruction efforts have been performed. To test
the non aerodynamic force modelling of the algorithm,
the first reconstruction of the simulated probe trajectory

x | 1360.62662662080

y | -3176.82807430583
z | -679.964270556047
ve | -7.16847147687223
vy | -1.15739189422690
vz | 0.205091024784583

Table 2. Mars Pathfinder state vector at the epoch UTC
JUL 04, 1997 16:51:50.482 in a Mars centered coor-
dinate system (i.e., Earth mean equator and equinox of
J2000). (From JPL-020910 Delivery); Units are km and
km/s respectively.

assumed no atmosphere. The second reconstruction used
the nominal Yelle Titan atmosphere with no winds. Both
reconstruction efforts used the initial conditions as speci-
fied in the JPL-020910 delivery file to ESA (see Table 1).

The no atmosphere trajectory implies a probe impact only
~ 240 seconds after interface epoch. The trajectories
simulated by the DTAT tool and the DTWG tool fall very
close together which clearly shows that all the numerical
modelling of the non-aerodynamic forces and the nec-
essary frame transformations have been done correctly.
Fig. 4 shows the comparison for the simulation with the
nominal Yelle atmosphere. During the first 20 minutes
after interface epoch both trajectories are very consis-
tent (see upper panel of Fig. 4) but start to deviate after
20 minutes and finally diverge at about 60 minutes (see
lower panel of Fig. 4). The reason for this behavior can
be explained by the fact that the sampling output rate of
the aerodynamic accelerations of the DTAT tool is too
low (average~0.1 Hz), resulting in a constant build up
of error which finally leads to a significant divergence of
the reconstructed trajectory from the simulated one. Un-
less the acceleration sampling output rate of the DTAT
tool is changed (this would require a modification of the
source code) it can serve only to a limited extent as a test
bed for the DTWG reconstruction tool.

6.2. The Reconstruction of the Mars Pathfinder
Trajectory

The Mars Pathfinder (MPF) spacecraft entered the Mar-
tian atmosphere directly from an Earth-to-Mars interplan-
etary transfer trajectory with an inertial velocity of 7.26
km/s (Golombelet al, 1999). The spacecraft EDL (En-
try, Descent, and Landing) strategy comprised the use of
an aeroshell (i.e., forebody heatshield and aftbody back-
shell) during the entry phase, a parachute for the descent
phase, a set of three solid rockets, a radar altimeter unit,
and an airbag system for the final part of the descent and
the impact on the surface. Two sets of three orthogonally-
positioned Allied Signal QA-3000 accelerometers each
provided 2-axis acceleration measurements during entry.
One set of accelerometers was part of the Atmospheric
Structure Investigation/Meteorology (ASI/MET) experi-
ment (Schofielcet al, 1997; Seiffet al., 1997), which
were range switched during the entry trajectory to pro-
vide increased resolution. The ASI/MET accelerometers
were aligned parallel to the entry vehicle coordinate axes.
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Figure 5. Comparison of altitude profiles for the Mars
Pathfinder mission. The solid line represents the recon-
structed trajectory from the DTWG algorithm which is
compared to the PDS archived trajectory (dashed line)
from Magalt@eset al. (1999) and three points of the re-
constructed profile by Spencetal.(1998).

The ASI/MET accelerometer measurements and the re-
constructed trajectory together with the derived atmo-
spheric properties are available on the PDS volume
MPAM_0001 which is online at

http://atmos.nmsu.edu/PDS/data/mpaao1/.

The reconstruction effort that corresponds to the PDS
archived trajectory and atmosphere is documented in Ma-
galhBeset al. (1999). An independent reconstruction ef-
fort was done by Spencet al. (1998) and was based on
the combination of accelerometer, altimeter, and ground-
based measurements of received frequency using sequen-
tial filtering and smoothing techniques. Note that both
efforts used different initial conditions (i.e., a different
initial altitude). In our work we used the initial condi-
tions as provided by Spencet al. (1998) and converted
them into a Mars EME2000 reference system (see Table
2).

Fig. 5 shows a comparison of the altitude profile of the
three reconstruction efforts, the PDS archived trajectory
(dashed line), the DTWG trajectory (solid line), and fi-
nally three data points from the Spenetial. (1998) tra-
jectory. It is important to note that both the PDS and
DTWG altitude profile were directly calculated with re-
spect to the radius of the MPF landing site of 3389.72
km (Golombeket al, 1997), whereas the Spencer alti-
tude profile was given with respect to the Mars refer-
ence ellipsoid and had to be converteatcordingly for
the comparison in Fig. 5. The altitude residuals between
the PDS and DTWG profiles decrease from 1.2 km at the
beginning of the entry phase to only 0.25 km in the fi-
nal part of the descent. The altitude difference of the last
data point by Spencest al. (1998) and the DTWG tra-
jectory is about 3 km, which very likely is due to the fact
that the DTWG reconstruction effort so far is based only

3The rotational ellipsoid with A=3396.19 km and B=3376.20 km as
reported by Duxbury (2002) was assumed for the conversion.
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Figure 6. Comparison of the Mars Pathfinder East longi-
tude profile (upper panel) and the latitude profile (lower
panel) of the DTWG reconstructed trajectory (solid line)
and the PDS archived trajectory as reported by Mag-
alhdeset al.(1999) (dashed line).

on the measured aerodynamic accelerations, whereas the
Spencer trajectory also takes into account measurements
of the Radar Altimeter Unit and groundbased frequency
measurements.

Fig. 6 shows a comparison of the latitude and longitude
profiles of the PDS and DTWG trajectories (no such pro-
files where provided in the Spencetr al. (1998) publi-
cation). Table 3 compares the MPF landing point coordi-
nates of the DTWG reconstructed trajectory to the coordi-
nates obtained by Magdibset al. (1999), by landmark
recognition and lander radiometric tracking (Golombek
et al, 1997). One can see that the differences in all cases
are lower than 0.2 deg in longitude and 0.3 deg in latitude.

The atmospheric properties were reconstructed according
to Eqgs. (24-27). During the entry phase, the total mass
of the Mars Pathfinder entry vehicle was = 585.3 kg

and its area wagl = 5.526 m?. The drag coefficient of
the probe varies during the entry, and this variation was
accounted for iteratively using the aerodynamic database
from Mosset al. (1998). The drag coefficient was in-
terpolated as function of the angle of attagkand hard
sphere Knudsen numbén, rs and is shown in Fig. 7.



Mars Pathfinder Aerodynamic Drag Coefficient
T T

140"

N
=]

o
=]

Altitude [km] above Ref. Altitude of 3389.72 KM

Figure 7. Comparison of interpolated drag coefficient
Cp with the corresponding profile published in Fig. 3
of Magalteset al.(1999)

| Method | E. Long. [deg]] Latitude [deg]]

DTWG reconstr. 326.62 19.05
Landmark Recogn 326.45 19.33
Radiom. Tracking 326.48 19.28

PDS Archive 326.48 19.09

Table 3. Comparison of reconstructed MPF landing point
(with initial conditions from Table 2) and landing point
coordinates derived from independent methods.

Figures 8 and 9 show the DTWG reconstructed atmo-

spheric profiles (solid line) and compares them to the cor-
responding profiles as archived in the PDS (dashed lines).
Both the DTWG reconstructed trajectory and the atmo-

spheric properties are consistent with the results from the
previous efforts. The observed residuals arise from the
slightly different coefficients in the aerodynamic database

used in the reconstruction procedures.

6.3. The Huygens Simulated Dataset

An extensive effort is devoted to the preparation of a syn-
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Figure 8. Comparison of the reconstructed density, pres-
sure and temperature profile (upper and lower panel re-
spectively) of the Mars atmosphere from MPF aerody-
namics accelerations during the entry phase.

7. CONCLUSION

The ESA Huygens probe with a suite of six instruments
will enter the atmosphere of Titan in January, 2005. For
the correct scientific interpretation and correlation of the
different measurements a single and common entry and
descent profile is needed that is consistent with all avail-
able probe science and engineering data. The Huygens
Descent Trajectory Working Group is developing and im-
plementing an algorithm that will reconstruct the Huy-
gens entry and descent trajectory on the basis of the var-
ious instrument and housekeeping measurements. The

thetic dataset that is representative of all the measurement tool will combine standard techniques of entry probe ac-

parameters of the various Huygens instruments contribut-
ing to the DTWG reconstruction effort &éPez-Aylicar

et al, 2003). This dataset will serve as the main test bed
for the final implementation of the full reconstruction al-
gorithm. The simulated dataset will be derived from the
results of the DTAT tool, the PASDA tool (a high fidelity
model of the probe that provided the attitude variations in
response to various disturbances), and a 5 DOF tool pro-
viding the prediction of the angular body rates during the
probe entry.

celerometry with a Kalman filtering technique to ensure
the best combination and maximum consistency of all the
used experiment data. The accelerometer reconstruction
part of the algorithm was successfully tested with the sim-
ulated trajectory and accelerometer measurement output
of the official Huygens mission analysis software DTAT
and furthermore with the archived ASI/MET science ac-
celerometer measurements of the Mars Pathfinder space-
craft. The development of a synthetic Huygens dataset
will provide a testbed prior to the final implementation of
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Figure 9. Comparison of the reconstructed temperature
profile of the Mars atmosphere from MPF aerodynamics
accelerations during the entry phase.

the full DTWG trajectory reconstruction code.
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