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y = residuals vector

Jol = line-of-sight distance, m
(o} = state transition matrix
w = angular velocity vector
Subscripts

APP = appendage

BP = baseplate

COM = center of mass

HGA = high gain antenna

IG = inner gimbal

oG = outer gimbal

PC = phase center

SAMX = solar array -x direction
SAPX = solar array +x direction
SBF = spacecraft body fixed reference frame

I. Introduction

CCURATE calibrations of measurement and model error sources are fundamental for the precise orbit determination
A(POD) of interplanetary spacecraft. The accurate modeling of the relative position of the phase center of the
antenna (typically high gain antenna, HGA) and the spacecraft center of mass (CoM) plays a key role. The trajectory
of the spacecraft CoM is integrated in the dynamical equations, and the radiometric observables (e.g., Doppler data)
rely on the location of the antenna phase center. Mismodeling in the static and time-varying evolution of the relative
distance between the spacecraft CoM and antenna phase center induces significant unpredicted Doppler shifts that lead
to large errors in the spacecraft reconstructed trajectory. A very efficient technique to fully compensate these effects is
based on the support of dedicated accelerometers onboard the spacecraft. The ESA mission Jupiter icy moons explorer
(JUICE), for example, will host aboard an accelerometer to retrieve the Doppler signal caused by the propellant sloshing
in the spacecraft tank. The architecture of this instrument is based on the Italian Spring Accelerometer (ISA) onboard
the Mercury Planetary Orbiter (MPO) of the joint ESA/JJAXA mission BepiColombo that was designed to measure the
accelerations due to non-conservative forces acting on the spacecraft dynamics across the harsh Mercury’s environment
[1L2]. By knowing precisely the location of an arbitrary reference point of the antenna with respect to the accelerometer
vertex in the spacecraft reference frame (i.e., Schulte vector [3]), and by measuring the effect of the non-gravitational

forces through the accelerometers, the entire orbit determination process can be referred to the accelerometer reference
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point, instead of the CoM. This approach is fully independent of the knowledge of the relative distance between the
antenna phase center and the spacecraft CoM.
Interplanetary spacecraft, however, are not commonly equipped with sophisticated onboard accelerometers. Therefore,
different techniques have been proposed to precisely determine the location of the CoM in the spacecraft reference frame.
Two independent classes can be distinguished: active techniques that require planned spacecraft attitude maneuvers
that yield the observability of the perturbations induced by CoM position mismodeling [4} 5]]; and passive techniques
that are based on the processing of optical observations of the spacecraft orientation [6, 7], accelerometer readings [8]]
gyroscopes readings [9] and radio tracking data [10, [11]]. These calibration techniques are not well-suited for spacecraft
that include gimbaled appendages, since the re-configuration of the movable panels provide unpredicted variations of the
CoM position. Accurate radio tracking data are highly sensitive to the mismodeling of the relative distance between the
CoM and phase center antenna. Cutting-edge radio tracking systems have been designed to obtain Doppler data accuracy
up to 30 um s~! @10-s integration time (e.g., [2]]), and a precise compensation of the CoM displacement-induced
perturbations is then fundamental. A full calibration of these effects would require a perfect knowledge of the spacecraft
mechanical model. However, uncertainties related to the spacecraft mass distribution or to each component location
affect significantly these a priori assumptions. We present a calibration technique that allows refining the spacecraft
mechanical model through the processing of the radio tracking Doppler data. By using this approach to the reanalysis of
the Mars Reconnaissance Orbiter (MRO) tracking data, we obtain an updated spacecraft modeling that is crucial for the
precise orbit determination of the radio science investigation.

The work is structured as follows: in Sec. [l we describe the Doppler perturbation induced by the CoM time-variable
position, in Sec. [II| we detail the proposed calibration method, in Sec. [V]we describe the MRO mission and spacecraft
mechanical model, and in Sec. [V]we present and discuss the results of the application of the proposed calibration

method to nearly 2 years of MRO Doppler data.

I1. Modeling of the Doppler signal due to time-varying CoM location

The scientific return of space robotic missions strongly relies on the accuracy of the spacecraft orbit reconstruction.
A precise knowledge of the probe’s trajectory is required by several scientific investigations including altimetry and
imaging to georeference their datasets. The precise orbit determination (POD) is accomplished through the processing
of radio tracking data that allows adjusting the dynamical force models. The a priori dynamical model is used to
retrieve a first-guess trajectory and the associated predicted measurements (computed observables). By minimizing
the discrepancies (residuals) between computed observables and observed observables (i.e. the actual measurements
collected at the ground station), the POD algorithm based on a least-squares filter enables the estimation of the parameters
of interest that affect the spacecraft dynamics.

Deep space tracking for interplanetary navigation is obtained through the transmission of a X- (~ 7.2GHz) or
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Ka-band (~ 34G Hz) radio signal from an Earth’s station to the probe, which receives and sends it coherently back
in X- (~ 8.4GHz) or Ka-band (~ 32GHz). The Doppler observable is acquired at the Earth’s station by measuring
the frequency change between the transmitted and received signal. The formulation for the instantaneoug| Doppler
frequency shift df as a function of the carrier frequency f and the radio beam propagation velocity (equal to the speed

of light ¢ in vacuum) is:
df _ldp

f  cdt M

where dp/dt is the relative velocity along the spacecraft-Earth’s station line-of-sight. This relative velocity is, more

precisely, referred to the phase center of the spacecraft antenna, which is the reference point of the actual observations.

Since the POD process is based on the integration of the spacecraft CoM trajectory, the computed observables must
accurately account for the relative position of the phase center with respect to the spacecraft CoM. Mismodeling of
the time-varying distance between the spacecraft CoM and antenna phase center may cause significant artifacts and
signatures in the Doppler data residuals. The line-of-sight position of the HGA phase center, ppc can be expressed as

follows:

ppc = [rcom + (rpc —rcom)] 1= [I’COM + l'Pc,e,] 1 )

where rcopy and rpc are the inertial position vectors of the CoM and phase center, respectively, rpc,, is the position

rel

of the phase center relative to the CoM and 1is the Earth-spacecraft line-of-sight unit vector. Thus, by assuming as a

first approximation a time invariant 1, the relative velocity is given by:

d(ppc) _ . . -
% = [rCOM +rPCreI + w X rPCrel] -1 (3)

where w is the inertial angular velocity of rpc, ,. An accurate knowledge of the HGA phase center location is then

rel*
fundamental to computing the Doppler observable, which relies on the temporal evolution of the spacecraft attitude
(w X rpc,,,) and of its relative position with respect to the spacecraft CoM (fpc,,;). The former effect has been
extensively investigated in previous studies (e.g., [10]) since it may cause strong signals because of the large spacecraft
angular velocities. The contribution of the time-varying CoM-phase center location, on the other hand, has been poorly
studied but it is also detectable with the increased accuracy of the latest radiometric tracking systems. Variations of the
relative distance between the antenna phase center and the spacecraft CoM are induced by a geometrical change of
the antenna orientation through gimbals and by movable appendages, including solar arrays and HGA, that lead to a
spacecraft mass redistribution.

Figure 1| shows the Doppler shift of the MRO radio tracking data caused by fully neglecting the phase center-CoM

distance (dashed line) and its temporal evolution (solid line). The Doppler signal due to an error in the antenna phase

*Note that the actual Doppler observable consists in the measurement of the integral mean of the frequency shift over a specific count time [12]].

We adopt the time continuous mathematical formulation for the sake of notation simplicity.
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center location with respect to the spacecraft CoM is amplified by the attitude angular velocities. Therefore, an accurate
knowledge of this distance is required to correctly fit the Doppler data. Furthermore, the reorientation of movable
appendages leads to high-frequency variations of this distance that are detectable in the case of the MRO radio tracking
data. We present here a technique to compensate both effects in the POD analysis, enhancing the orbit reconstruction of

spacecraft.

I11. Methods

An accurate knowledge of the spacecraft CoM location in the spacecraft reference frame is achieved by accounting
for the CoM position of each element of the engineering model including the bus, solar panels, and HGA. The location
of the spacecraft CoM is updated, for example, after orbital or reaction wheel desaturation maneuvers that affect the
mass distribution within the bus. Mismodeling of the CoM location of the spacecraft elements may result in unpredicted
signals in the Doppler data. By opportunely implementing the kinematic chain of the antenna phase center in our POD
analysis, we include the estimation of the CoM position vectors of each element to fully compensate these possible
perturbations.

The determination of these parameters of interest is accomplished through the POD process that enables the
adjustment of a state vector, X, which is a set of parameters related to the dynamical or observation modeling. In the
linearized POD problem, the state deviation vector xg is the difference between the actual and reference state at a specific

reference epoch, and it is related to the residuals y; at time ¢; as follows [[13}[14]:
yi = Hi®(1;, 10)x0 + € “4)

where @ is the state transition matrix, €; is the observation noise at time #;, and H is the matrix of partial derivatives of

the observation model G (¢) with respect to the state vector (FL- = %)

By grouping Eq. [ for all observation times, and by introducing the mapping matrix H, whose rows consist of the
terms H;®(t;, 1), we can rewrite the observation equation
y = Hxp+ €. (%)
The weighted least-squares solution of Eq. [5] and thus the estimate of the state deviation vector £ is given by:
T ot T p-l
)€0=(H R H) HTR ™y 6)

where R is the covariance matrix of the observation noise. The adjusted state vector in our analysis includes the

parameters related to the kinematic model of the spacecraft. A thorough implementation of the partial derivatives of the
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Doppler measurement with respect to the location of each element CoM, g, through Egs. [I]and [3|leads to the following:

G _fd

orpc
dq  cdt

G -l]. 7)

The Doppler signal due to time-varying CoM location is opportunely calibrated by estimating these additional
parameters in the POD process. This formulation is based on the assumption that the rotations of the movable panels do

not affect significantly the spacecraft trajectory, and thus drc,ps /9g = 0.

IV. CoM Modeling of the MRO spacecraft

The MRO spacecraft has been orbiting Mars since March 2006 and, at the date of this work, is still operative. The
main goal of the mission is a comprehensive investigation of the planet Mars through the suite of instruments hosted
onboard [[15]. The analysis of the radio tracking data acquired by the Earth’s stations enabled the determination of Mars’
static and time-varying gravity field [16H19].

MRO is in an eccentric sun-synchronous orbit about Mars with the apoapsis altitude of 320 km, the periapsis altitude
of 255 km, and the ascending node local solar time at 3PM. The spacecraft structure is 981 kg and the propellant mass
at launch was ~ 1199 kg. Figure 2] shows the spacecraft modeling adopted in this study that is based on the frame
kernels archived on the JPL’s Navigation and Ancillary Information Facility (NAIF) ﬂ Our model consists of: (1) the
spacecraft bus; (2) two 10-m? solar panels (solar array +x, SAPX , and solar array -x, SAMX); (3) a 3-m HGA; and (4)
the fuel and helium tank [20]. The HGA is steerable with inner and outer gimbals to enable precise pointing to Earth,
and the solar panels are also movable to produce sufficient power onboard.

This spacecraft design was conceived to accomplish the challenging mission objectives that require an highly
accurate knowledge of the spacecraft attitude. Precise pointing of the instrumentation deck to observe specific targets
on the Martian surface with the onboard camera and radar, and the orientation of the HGA to the Earth and the
solar panels to the Sun result in a tight and demanding scheduling of attitude operations. The reorientation of the
instrumentation deck yields off-nadir angles up to + 30°, and continuous yaw adjustments to compensate the relative
motion of the planetary surface underneath the spacecraft. The solar panels are rotated independently through dedicated
gimbals attached directly to the spacecraft structure to guarantee the input solar power along the MRO mid-afternoon
sun-synchronous orbit. The transmission of the scientific data to the ground requires a second independent attitude of
the HGA that relies on the relative direction of the Earth with respect to the orbital plane [20, 21]].

Solar panels and HGA rotations are responsible for a mass redistribution of the spacecraft system that causes a

Tavailable at https://naif.jpl.nasa.gov/pub/naif/MRO/kernels/fk/mro_v15.tf
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significant offset of its CoM location. By using the mechanical model described in the following section, we recovered

the amount of this displacement that reaches up to 15 cm over relatively short time spans (~10 minutes, as depicted in

Fig. f).

A. Spacecraft Mechanical Model
A detailed mechanical model of the spacecraft is fundamental to computing the instantaneous CoM position. In this
section, we adopt a spacecraft model based on the work by Genova et al. [18]. The CoM position in the spacecraft body

fixed reference frame (SBF) is:
rest > My= )" MSEF ®)
i i

where rf BE and M; are the position (in SBF) and mass of each spacecraft element, respectively. In our model we
exclusevly account for the two solar arrays, HGA, fuel tank, helium tank and spacecraft bus since other elements do not
contribute significantly to the computation of the CoM location. Solar arrays and HGA are movable panels, therefore,
their kinematics can be defined as follows

SBF 2 n
rpp=ri+Rr+ - +R'r,. 9)

SBF

Here the position of each appendage, r 7.

is obtained through a series of n rotations and translations of the
sub-elements that form its kinematic chain. The position vector of each sub-element i, r;, is expressed in its own
reference frame that has a certain orientation with respect to the SBF. The first sub-element 1 is expressed, for example,
directly in SBF and its rotation matrix is an identity matrix. A generic rotation matrix R’ from the i reference frame to
SBF allows transforming a vector from the i reference frame (r) to the SBF through rS8F = Rir.

An accurate implementation of the kinematics chain that accounts for the gimbaled appendages is presented in the
MRO reference frame kernel Figure |3[shows the concatenated reference frames that are either fixed or time-varying
(indicated in Fig. [3] with solid and dashed lines, respectively). The rotation matrices of the gimbals vary over time
accordingly to the measured quaternions of those independent sub-elements{ﬂ

An important difference between the solar arrays and the HGA is the origin of the gimbals, which is located at the

origin of the baseplate for the solar arrays but not for the HGA. Therefore, the position vector of each movable panel in

the SBF is given by:

*available at https://naif.jpl.nasa.gov/pub/naif/MRO/kernels/fk/mro_v15.tf
Savailable at https://naif.jpl.nasa.gov/pub/naif/MRO/kernels/ck/
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SBF _ _SBF SAPX
Tsapx = Tsapxgp TR ISAPX
SBF _ SBF SAMX
YSamx = Ysamxgp TR Fsamx (10)
SBF _ _SBF 1G 0G HGA
'yca _rHGABp +R “r;g+R rog +R rgGa

Here the subscripts BP, IG, and OG stand for baseplate, inner gimbal and outer gimbal, respectively. The position of
the fixed mass elements is obtained through a direct translation in the SBF. We will refer to the position of the spacecraft
bus, propellant tank and helium tank as rpys, rFuer and rgerium, respectively.

By using Eq. [8]in combination with the a priori knowledge of the masses and relative positions of each element, and the

SBF

quaternions for the time-varying rotation matrices, we compute r(7)2 1,

Figure 4] shows the evolution of the CoM position in the SBF ||r(1)S5F

|, labeled as CoM, and the relative position of
the HGA with respect to the spacecraft CoM in the SBF ||r(1)38F, —r(1)35] ||, 1abeled as HGA, over the time span
of a generic MRO orbit. The spacecraft CoM moves with an amplitude of several centimeters over a reduced time
span. Furthermore, more interestingly, the relative distance between the CoM and the HGA decreases during Earth’s
occultation because of the HGA rewind, and increases during tracking visibility to maintain Earth’s pointing. This trend

shows a significant once-per-orbit periodic pattern that, (as shown in Sec. [[I) if not properly compensated, induces

spurious Doppler signals in the radiometric tracking data.

B. Effect of model uncertainties on MRO Doppler residuals

An accurate correction of the Doppler measurement for the MRO mission is then computed by implementing the
model described in Sec. Figure [5|reports the comparison between the MRO Doppler residuals obtained with and
without the calibration of the CoM movement. The correction of the observable by using an a priori mechanical model

of the spacecraft allows mitigating the Doppler shift induced by time-varying CoM location, as shown by Genova et al.

[18]. An important aspect that this method does not include is the uncertainty associated to the a priori information.

The knowledge of the spacecraft model is affected by unpredicted errors that may lead to an incorrect mass distribution
modeling. The right panel of Figure [5]shows uncompensated MRO Doppler signatures due to the assumed mechanical
model of the spacecraft. Similar patterns stand out during several MRO tracking passages that are characterized by
high-frequency attitude variations of the whole spacecraft and the movable panels.

The aim of this work is to overcome these limitations by estimating directly an updated and refined mechanical
model through the analysis of the Doppler observables to suppress artifacts and perturbations induced by the CoM

motion.
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V. Refinement of the MRO spacecraft modeling through the radio tracking data processing

The estimation of the locations of each spacecraft element is obtained through the processing of the MRO radio
tracking data within a certain time span (arc). The POD solution requires an in depth modeling of the dynamical forces
acting on the spacecraft trajectory including: (1) Mars’ gravity field both static (in spherical harmonics to degree and
order 120) and time-varying (in spherical harmonics to degree 5); (2) tidal interactions of Mars with its satellites and the
Sun; (3) atmospheric drag; (4) solar radiation pressure; (5) visible and infrared emission of Mars; and (6) gravitational

attraction of all the main solar system bodies and Mars’ satellites Phobos and Deimos [18].

A. Filter Setup

The MRO radio tracking data were processed in the POD filter with a multi-arc approach [22]. A certain level of
inaccuracies in the dynamical model leads to uncompensated signatures in observations that cover a long time span.
Orbital maneuvers, for example, strongly affect the dynamical coherency of the trajectory preventing a continuous
propagation of the spacecraft orbit. For this reason, the mission time span is divided into adjacent temporal arcs that
allows adjusting multiple states. In the multi-arc approach the estimated parameters of the entire state are local or global
if they affect a single arc only, or all the arcs, respectively. MRO orbital arcs are 2-3 days long to exclude the periodic
orbit correction maneuvers [[18]].

In this study the geometrical position of each component of the spacecraft mechanical model is estimated as a global
parameter with the exception of the CoM position of the fuel, which is treated as a local parameter. This approach allows
then accounting for an arc-by-arc variability induced by the fuel consumption after each orbital correction maneuver.
A full list of the model parameters retrieved in our POD solution is reported in Table[I} The geometrical positions
YHGApps YTHELIUM > YSAM Xgp and I'sapx,, are not adjusted in the POD filter because of the lack of Doppler data
sensitivity to these parameters. However, we modeled those as consider parameters, which are not corrected but their

uncertainties and correlations are taken into account into the overall covariance matrix of the POD filter.

B. Results

We present here the updated spacecraft mechanical model obtained by processing a full Martian year of MRO
Doppler data. This time interval is representative for all MRO operation conditions during the science mission phase.
The analyzed dataset accounts for 341 contiguous arcs from 12 May 2011 to 9 April 2013. The results of our POD
solution is reported in Table [2]in terms of corrections with respect to the a priori model (Delta) and of estimated formal
uncertainty of the mechanical model global parameters. The main correction is applied to the solar arrays x component,
which is the coordinate aligned with the panel horizontal axis. All the other corrections are of the centimeter level or
below with the exception of the y component of rgGa-

Figure [6] reports our arc-by-arc estimates of the fuel tank CoM position along the fuel filling direction (y component
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in the SBF) with 3 — o formal uncertainty. This estimated parameter is well determined over the first half of the dataset,
but it is more scattered from June 2012. This result is consistent with the attitude commanded to the MRO spacecraft
during the Martian dust storm period [23], when the solar arrays are maintained fixed to reduce atmospheric drag
induced perturbations [[24]. This attitude configuration yields a significant decrease of the associated Doppler signal,
thus strongly degrading the data sensitivity to those effects.

Figure [/| shows the Doppler residuals that are computed by using the estimated spacecraft model. The refined
location of the spacecraft elements proves to be extremely effective in suppressing the CoM motion-induced signatures.
The Doppler residuals reported in the two top panels correspond to the same dataset of Figure[5] The refined mechanical
model estimated directly from the Doppler data efficiently suppresses the residual signatures due to errors in the a priori
spacecraft modeling. Similar improvements are obtained for all the other analyzed data arcs. The bottom panels of
Figure[7]show the magnitude of CoM displacement computed with the refined model and its formal uncertainty (shaded
area) over the same orbit covered by the reported Doppler data.

Another important aspect to assess is whether the adjusted mechanical model allows enhancing the estimate of
the spacecraft state vector. To compare the overall discrepancies between the spacecraft states (position and velocity)
obtained by using the a priori and the updated spacecraft model, we report in Figure [§| their Mahalanobiﬂ] distance
for each arc. The histogram shows the percentage of arcs with estimate differences of the state vector within 4.48
Mahalanobis distance (equivalent to 3 — o formal uncertainties or 99.73% confidence level of univariate normal
distribution). A significant amount of arcs (35.7%) show a larger distance, providing an evidence that the spacecraft
orbit is significantly modified by the estimation of the spacecraft modeling. A significant improvement of the Doppler
residuals of those arcs suggests, therefore, an enhanced determination of the spacecraft trajectory through the described

POD technique.

VI. Conclusions

Cutting-edge tracking technologies will lead to unprecedented levels of accuracy for the reconstruction of spacecraft
orbits, by reducing the noise floor of the radiometric link. However, these improvements will provide more stringent
requirements on the engineering modeling of the dynamical effects that will be detectable and potentially detrimental to
the POD processing.

In this work we proposed a technique to compensate errors in the spacecraft mechanical modeling by adjusting the
CoM location, which is especially uncertain for spacecraft with movable appendages. An inaccurate knowledge of
the CoM motion causes spurious signals in the Doppler navigation data. After a theoretical analysis of the problem,

we developed and applied a CoM estimation strategy, based on the inclusion of the spacecraft kinematics chain in

IThe Mahalanobis distance, M, quantifies the distance of a point from a multivariate normal distribution [25]. In the case of a univariate normal
distribution this coincides with the euclidean distance scaled with the standard deviation, i.e. 1M =10,2M =20, ...

10
Review copy- Do not distribute

Page 10 of 18



Page 11 0of 18

oNOYTULT D WN =

Submitted to Journal of Spacecraft and Rockets

the POD solution. The analysis of nearly 2 years of MRO tracking data shows the benefits of our technique, which
allows calibrating the uncompensated Doppler signals. The proposed method enables an accurate refinement of the
spacecraft mechanical model with an accurate determination of the location of each spacecraft panel including movable
appendages.

The updated spacecraft mechanical model has also an impact on the reconstruction of the spacecraft trajectory.
The enhancements in the Doppler residuals and the discrepancies in the orbital solution with respect to the case with
the a priori spacecraft model suggest that the adjusted CoM location enables improved orbital solutions. A better
characterization of these improvements, however, is possible with an independent analysis of other scientific data
(altimetry) that rely on the reconstructed orbits. Our resulting spacecraft model will be used to the analysis of the MRO

radio tracking data in a global analysis devoted to enhance our knowledge of Mars’ static and time-varying gravity field.
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Table 1 Filter Setup

Parameter  Group

YFUEL Local

rpus
raGA
YHGA;G
FHGAoG
IsApx
I'samx

Global

YHGARp
YHELIUM
IF'SAPXpp

FSAMXgp

Consider

Table 2 Filter results

Parameter Delta (m) Formal Uncertainty (m)
rSAPX(X) —1.1801 5.0e — 3
rsapx (Y) 6.7¢ -3 3.5¢-3
rsapx (Z) 2.9¢ -5 1.5¢ -4
rSAMX(X) -1.2510 2.6e — 3
rsamx(Y) 2.55¢ -2 3.4e -3
rsamx(Z) 5.0e -5 1.5¢ -4
rpys(X) 2.6e -5 9.9¢ -4
l'Bus(Y) 6.3¢ -2 1.5¢ -1
I’Bys(X) 1.5¢ -2 1.1e -2
rHGA(X) 1.4e -3 82¢e -2
rgca(Y) -4.3e¢ -1 l.le -2
rHGA(Z) 1.3e -2 9.9¢ -2
r;g(X) 4.0e — 4 7.0e -2
r;g(Y) 1.38¢ — 2 8.40e — 2
r;6(Z) 4.8¢ —4 7.0e —2
I'OG(X) 14e -3 8.2¢e -2
rog(Y) 1.4e -2 8.4e -2
r;6(Z) 1.5454¢ -2 6.1e — 4
rsamxgp(X,Y,Z) - 1.0e -1
rsapxgp(X,Y,Z) - 1.0e — 1
YaGAzp (X, Y,2Z) - 8.0e —2
raeLivm(X,Y,Z) - 1.0e — 1
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