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Abstract We have estimated a preliminary error budget for the Italian Spring
Accelerometer (ISA) that will be allocated onboard the Mercury Planetary Orbiter
(MPO) of the European Space Agency (ESA) space mission to Mercury named
BepiColombo. The role of the accelerometer is to remove from the list of unknowns
the non-gravitational accelerations that perturb the gravitational trajectory followed
by the MPO in the strong radiation environment that characterises the orbit of
Mercury around the Sun. Such a role is of fundamental importance in the context of the
very ambitious goals of the Radio Science Experiments (RSE) of the BepiColombo
mission. We have subdivided the errors on the accelerometer measurements into two
main families: (i) the pseudo-sinusoidal errors and (ii) the random errors. The former
are characterised by a periodic behaviour with the frequency of the satellite mean
anomaly and its higher order harmonic components, i.e., they are deterministic errors.
The latter are characterised by an unknown frequency distribution and we assumed
for them a noise-like spectrum, i.e., they are stochastic errors. Among the pseudo-
sinusoidal errors, the main contribution is due to the effects of the gravity gradients
and the inertial forces, while among the random-like errors the main disturbing effect
is due to the MPO centre-of-mass displacements produced by the onboard High Gain
Antenna (HGA) movements and by the fuel consumption and sloshing. Very subtle to
be considered are also the random errors produced by the MPO attitude corrections
necessary to guarantee the nadir pointing of the spacecraft. We have therefore formu-
lated the ISA error budget and the requirements for the satellite in order to guarantee
an orbit reconstruction for the MPO spacecraft with an along-track accuracy of about
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1 m over the orbital period of the satellite around Mercury in such a way to satisfy the
RSE requirements.

Keywords Solar system · Mercury · Accelerometers · Artificial satellites ·
Perturbations · Gravimetry · General relativity

1 Introduction

The BepiColombo mission to Mercury aims to perform a detailed study of the inner-
most planet of our solar system in order to obtain a deeper knowledge on Mercury’s
internal structure, chemical composition and the nature of its (apparently) very small
dipole magnetic field (see Grard and Balogh 2001; Spohn et al. 2001). Among the
several experiments that will be performed, the Radio Science Experiments (RSE)
will be in charge of three experiments intimately related to each other: (i) a gravim-
etry experiment, (ii) a rotation experiment and (iii) a general relativity experiment.
A spacecraft, the Mercury Planetary Orbiter (MPO), will be placed in orbit around
Mercury for a nominal mission of one terrestrial year.1

The outcome from the cited experiments is to improve significantly our present
knowledge on Mercury’s gravity field and local anomalies, its rotational state and on
the heliocentric orbit of the planet centre-of-mass around the Sun. See Milani et al.
(2001, 2002) for further details.

The MPO spacecraft will be tracked from Earth-ground-stations2 with ultra-stable
and multi-frequency radio links. Indeed, for the first time, an interplanetary spacecraft
will be tracked with a multi-frequency coherent link, both in range and range-rate.
These links will be in the X(up)/X(down), X(up)/Ka(down) and Ka(up)/Ka(down)
bands. An onboard High Gain Antenna (HGA) will be used as the main link antenna
to Earth during the science phase.

The high performance of the tracking from Earth will allows for a very good
estimate of Mercury’s gravity field as well as for the heliocentric orbit of the planet cen-
tre-of-mass. The gravity field coefficients with degree � = 2 are sensitive to the planet
moments of inertia differences. Hence, their knowledge, together with the results of
the rotation experiment (whose relevant parameters are still sensitive to Mercury’s
moments of inertia differences), will allow for the determination of Mercury’s internal
structure. The rotation of Mercury, with the 2:3 resonance between the rotation period
and the revolution period of the planet (Colombo 1965, 1966; Colombo and Shapiro
1966), was firstly measured with Doppler radar. The goal of the RSE of BepiColombo
are a better measurement of the obliquity of Mercury’s equator with respect to its orbi-
tal plane and a better measurement of the libration in longitude induced by the nomi-
nal resonant rotation with the period of one Mercury year (about 88 terrestrial days).

We refer to Milani et al. (2001, 2002) for a detailed discussion of the results of a
numerical simulation for the gravimetry and rotation experiments and of the relativ-
ity experiment, while we refer to Iess and Boscagli (2001) for the characteristics of
the tracking system (on ground and onboard) necessary to perform the goals of the
BepiColombo RSE.

1 The launch epoch for the mission is expected in August 2013 with a Soyuz 2-lB/Fregat M, while the
insertion of the MPO around Mercury is expected in August 2019.
2 At least one of the Deep Space Network (DSN).
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Because of the higher frequencies and plasma compensation technique and because
of the independence from the surface topography characteristics (the planet centre-
of-mass will be equivalent to the traditional radar bounce point), the ephemeris of the
new orbit of Mercury will be much more accurate than the present one, and this will
allow (together with the propagation of the electromagnetic waves) a very accurate
general relativity experiment.

It is clear that, in order to reach the ambitious objectives of the RSE, it is necessary
to reconstruct a posteriori the “pure” gravitational orbit of the MPO and then the
geodesic of Mercury’s centre-of-mass around the Sun. For these reasons, among the
instruments to be placed onboard the MPO in the context of the RSE there will be an
accelerometer whose measurements will be used a posteriori in order to remove the
non-gravitational accelerations from the right hand side of the equations of motion
in such a way to obtain the gravitational trajectory followed by the spacecraft in the
strong radiation environment of Mercury, i.e., in order to separate the gravitational
and the non-gravitational effects.

The mathematical formula which approximates the measurements of an acceler-
ometer is: →

Ames ∼= →
B + Sf

→
Atrue + →

Anoise (1)

where
→
Ames and

→
Atrue are the measured acceleration and the true acceleration on the

accelerometer proof-mass,
→
B and Sf are the proof-mass bias and scale factor, finally→

Anoise represents the resultant acceleration due to stochastic perturbations on the
proof-mass. In Eq. 1 we omitted possible non-linear contributions to the accelerome-
ter measurements. The bias and the scale factor will be determined as two unknowns
by an infligth calibration during a precise orbit determination. The bias estimate is a
critical point. Indeed, one point is related with how the bias can change with time and
how it can reflect the existence of residuals systematic effects due to thermal effects,
in particular at very long periods. We refer to Milani et al. (2001) and Lucchesi and
Iafolla (2006) for major details. Equation 2 below gives the true accelerations acting
on the accelerometer proof-mass.
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where
→
R represents the proof-mass position with respect to the spacecraft centre-

of-mass (COM),
→
g is the gravitational acceleration on the spacecraft COM,

→
ω and

→̇
ω are, respectively, the angular rate and angular acceleration of the MPO, hence
the middle terms are the centrifugal acceleration, the angular acceleration and the
Coriolis acceleration; finally

→
ANGP represents the resultant linear acceleration due to

the non-gravitational perturbations (NGP) acting on the accelerometer, i.e., the objec-
tive of the accelerometer measurements. Equations 3 and 4 describe, respectively, the
impact of the gravity gradients and of the inertial accelerations on the accelerometer
measurements:
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where n (∼= 7.52 · 10−4 rad/s) and a (∼= 3389 km) are, respectively, the MPO mean
motion around Mercury and its semi-major axis connected through Kepler third law
(n2a3 = GMm),3 r represents the spacecraft distance with respect Mercury’s COM.
The quantities ω0 and ω̇0 are, respectively, the nominal values of the MPO angular rate
and angular acceleration because of the demanded nadir pointing of the spacecraft.
Finally, �X, �Y, �Z are the components of the accelerometer proof-mass position
with respect to the satellite COM, i.e., of the vector

→
R previously introduced.

Therefore, while
→
ANGP represents the true goal of the accelerometer measurements,

the other terms from Eq. 2 contributing to the accelerometer readings, are systematic
effects that must be removed from the measurements or kept below a given threshold,
in agreement with the RSE requirements on the accelerometer measurement error.

The Italian Spring Accelerometer (ISA) has been considered and then selected by
the European Space Agency (ESA) to fly on-board the MPO. The NGP are critical for
the RSE, especially the disturbing effects produced on the MPO orbit by the incoming
visible solar radiation pressure, the largest NGP.

In three previous papers have been described: (i) the ISA accelerometer intrinsic
characteristics (see Iafolla and Nozzoli 2001), (ii) then ISA implementation onboard
the MPO (see Iafolla et al. 2004), (iii) finally the impact of the NGP on the MPO orbit,
both in their long-period and short-period effects, and the advantages of an onboard
accelerometer with respect to the best modelling of the NGP (see Lucchesi and Iafolla
2006). In the last paper, the issue of the inflight calibration of the accelerometer has
been introduced. However, a forthcoming paper will be devoted to this very complex
aspect.

In the present paper, we are interested to address the results of our preliminary
error budget for the ISA accelerometer, with special care of the errors due to the
gravity gradients and inertial accelerations, as well as for the noise due to the angular
rate and angular acceleration corrections necessary to guarantee the nadir pointing
of the MPO spacecraft.

The rest of the paper is organised as follows. In Sect. 2, we recall the orbit con-
figuration of the MPO and the main characteristics of ISA that will be used in the
subsequent sections. In Sects. 3 and 4, we focus on the error budget estimate from the
main disturbing effects characterised by a periodic behaviour. Among these errors
are those from the gravity gradients and inertial accelerations because of the finite
dimensions of the ISA accelerometer and the non-perfect coincidence between ISA
centre-of-mass and the MPO one. In Sect. 5, we introduce our estimate of the error
budget produced by the random effects, like those due to the angular rate and angular
acceleration corrections necessary to guarantee the nadir pointing of the spacecraft.
Finally, in Sect. 6, the conclusions and recommendations are drawn.

2 The MPO orbit and ISA characteristics

In this section we are interested to recall the main characteristics of the MPO space-
craft and of the ISA accelerometer that are useful for the arguments developed in the
subsequent sections. The MPO spacecraft will be a 3-axis stabilised satellite (nadir
pointing), characterised by a 400×1500 km polar orbit around Mercury. In Table 1 are
shown the main orbital parameters of the MPO. This orbit configuration is suitable

3 With G the gravitational constant and Mm Mercury’s mass.
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Table 1 The MPO main
orbital parameters

Orbital Symbol Numerical
parameter value

Semi major axis a 3389 km
Eccentricity e 0.162
Inclination I 90◦
Orbital period P 8355 s

for the recovery, with a signal-to-noise ratio larger than 10, of Mercury’s gravity field
up to degree � = 25 and of its gravity anomalies with a spatial resolution of about
300 km at the same degree � = 25 (see Milani et al. 2001).

In order to reach the ambitious goals of the RSE, it is necessary an accuracy in
the along-track orbit reconstruction of about 1 m (see Milani et al. 2001) over one
orbital revolution of the MPO around Mercury, i.e., over 8355 s. This corresponds to
an along-track acceleration accuracy of about 10−8 m/s2. Therefore, this number has
been considered equivalent to the accelerometer measurement error over the typical
arc length during one observation session from Earth’s ground antenna(s).

In fact, as we underlined in the Introduction, the key role of an onboard acceler-
ometer is to remove (a posteriori) from the list of unknowns the non-gravitational
accelerations that perturb the MPO orbit. In particular, the direct solar radiation
pressure produces the largest effects on the MPO orbit because of its proximity to
the Sun.

The acceleration produced by the direct solar radiation pressure on a spherical
satellite is:

aSun = −CR
A�Sun

mc

(
R̄Sun

RSun

)2

Ŝ (5)

where CR represents the satellite radiation coefficient (≈ 1), A/m its area-to-mass
ratio, c the speed of light, �Sun the solar irradiance at the average distance R̄Sun

of Mercury from the Sun, and Ŝ represents the unit vector towards the Sun. The last
squared term is due to the modulation coming from the large eccentricity of Mercury’s
orbit around the Sun (about 0.206).

As a consequence of the extreme variations of the solar irradiance over Mercury’s
orbit,4 the disturbing acceleration due to the direct solar radiation varies in the range
between 4 · 10−7 m/s2 and 1 · 10−6 m/s2 (i.e., it is up to 2 orders-of-magnitude larger
than the requested mission accuracy). We refer to Lucchesi and Iafolla (2006) for
further details.

The Italian Spring Accelerometer (ISA) has been selected by ESA to fly on-board
the MPO. ISA is a three-axis torsional oscillators (Iafolla and Nozzoli 2001) with
an intrinsic noise of 9.8 · 10−10/

√
Hz in the frequency band of 3 · 10−5to10−1 Hz.

As described in Milani et al. (2001), the typical arc length will be about 8 h.5 There-
fore, this value has been assumed as the lower limit of the accelerometer bandwidth

4 We assumed, for the sake of simplicity, the MPO spherical in shape and with the same area-to-mass
ratio of the planned spacecraft (about 1.9 · 10−2 m2/kg) corresponding to a mass of approximately
357 kg.
5 Between 4 and 12 h depending on the visibility conditions. The visibility conditions constrain the
way in which the data are collected in the case of range and range-rate measurements, which will not
be continuous.
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(about 3 · 10−5 Hz). The upper limit for the bandwidth is dictated by the response of
the accelerometer to a given perturbation that must be linear. This means that the
accelerometer must be used in a frequency region where its transfer function is flat,
i.e., below the proof-mass resonance frequency.

The intrinsic noise level of ISA is given in unit of
√

Hz. This means that over a time
interval �t—whose value is to be considered inside the accelerometer bandwidth—
the accelerometer performances are better than 10−8 m/s2, that is of the accuracy
required by the RSE for the MPO orbit reconstruction.

Because, as underlined in the Introduction, we are interested in the error budget
produced by two kind of errors: (i) the periodic or pseudo-sinusoidal errors, and
(ii) the random-like errors, in the following we will describe their contribution in
terms of what we define as the accelerometer accuracy A0 = 9.8 · 10−9 m/s2 and the

accelerometer spectral density
(

S0 = 9.8 · 10−9 m/s2/
√

Hz
)

.

Indeed, the pseudo-sinusoidal errors are characterised by a clear periodic contri-
bution and show their effects over the MPO orbital period. Hence, they are suitable
to be described by the acceleration accuracy over the spacecraft orbital period or,
more in general, over the arc length. Instead, the random-like terms have not a clear
frequency content (they are spread inside the accelerometer bandwidth) and are more
properly characterised by a noise-like spectrum, therefore they are more suitable to
be described in terms of acceleration per unit of

√
Hz.

However, it is not necessary to retain a spectral density of 9.8 · 10−8 m/s2/
√

Hz
through all the accelerometer’s bandwidth. Indeed, as shown in Fig. 1, which de-
scribes the noise due to the accelerometer and tracking system, at low frequency the
noise is dominated by the thermal disturbing effects while at higher frequencies the
noise is dominated by the tracking errors [ESA 2006]. In the figure the dashed-dot
line represents ISA intrinsic noise; the solid line represents the thermal noise effects
due to a possible white noise at a level of 4◦C/

√
Hz, which may be present at the
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Fig. 1 Total noise coming from the accelerometer and to the tracking as used in the simulations that
have been performed to prove the reliability of the RSE (ESA 2006). This noise level is principally
due to the thermal effects on the accelerometer at low frequencies and to the tracking noise at high
frequencies
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mechanical interface between the spacecraft structure and ISA; the dot line repre-
sents the total noise for the tracking reported in acceleration; finally, the dashed line
represents the total noise (quadratic sum of the previous noise sources) while the
diamond line represents the sensitivity requirement. We stress that these results have
been obtained in the case of a passive thermal control. Because an active thermal
control will be used as baseline, the thermal effects will be further attenuated by a
factor 700, see below in the text.

From the total noise level shown in Fig. 1 there has been constructed the reference
level for the ISA performances used in the error budget analysis developed in the
next sections. Therefore, we need to fully exploit the accelerometer performances
only in a narrower bandwidth, between 10−4 Hz and 10−3 Hz. We also underline that
in such a Figure, the contribution of all the errors which are the subject of the present
discussion it is not indicated.

The impact of unmodelled thermal effects on the accelerometer readings may cause
systematic errors in the results of Mercury’s gravity field coefficients determination
as well as in the estimate of the relativistic parameters (Milani et al. 2001, 2002). The
thermal effects appear both on long time scales, at the revolution period of Mercury
(about 88 days) and at half of this period, and on shorter time scales, at the MPO
orbital period (8355 s). The former are at very low frequency, outside the accelerom-
eter bandwidth, and will produce (if not properly accounted for) a bias and a slope in
the accelerometer readings during the orbit fit (i.e., over each arc observing session).
The latter are inside the accelerometer bandwidth and will superimpose and mix with
other periodic disturbing effects as well as with the non-gravitational accelerations.

In fact, an accelerometer behaves also like a thermometer, which transforms a tem-
perature variation in an equivalent acceleration. The experimental value of ISA ther-
mal stability is about 5·10−7 m/s2/◦C, that is 1◦C of variation of the proof-mass temper-
ature produces an equivalent acceleration of about 5·10−7 m/s2 along its sensitive axis.

Therefore, in order to avoid these effects, an active thermal control will be used
to attenuate their impact on the accelerometer measurements.6 The experimental
activity performed in our laboratory has presently produced an attenuation factor of
about 700, both at the Mercury revolution period and at the MPO orbital period.

The temperature variations (peak-to-peak) estimated for the thermal effects are
about 25◦C in the case of the long-period effects and about 4◦C in the case of the
effects at MPO orbital period (ESA 2004a). For instance, in the case of the long-period
effect at half of Mercury’s year we obtain an unmodelled impact on the accelerometer
readings of about:

Ather|LP ≈ 12.5◦C · 5 · 10−7 m/s2/◦C · 1
700

= 8.9 · 10−9 m/s2 (6)

that is about 91% of the accelerometer accuracy. However, it is important to stress that
our experimental value for the attenuation (about a factor 700) is more than enough
in order to satisfy the RSE goals. Indeed, from the simulations of the gravimetry and
relativity experiments it has been proved that it is sufficient an attenuation of a factor
100 of the long-period thermal effects in order to guarantee the ambitious objectives
of the RSE.

The accelerometer axes are aligned with the Gauss co-moving reference frame,
that is the X-axis is along the radial direction (from Mercury centre-of-mass to the

6 Moreover, three thermometers will be used to measure the temperature behaviour for each proof-
mass of the accelerometer during the space mission life.
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MPO one), the Y-axis is along the transversal direction (in the orbital plane) and the
Z-axis (coincident with the MPO rotation axis) is along the out-of-plane direction.
Therefore, for our error budget estimate, we need an accelerometer measurement
error along each of these axes smaller than the accelerometer accuracy A0, in the case
of the periodic errors, and smaller than the accelerometer spectral density S0, in the
case of the random-like errors.

As we underlined above, in order to reconstruct the MPO orbit we are mainly
interested to the along-track component, aAT, of the perturbing acceleration. This
acceleration is tangential to the MPO elliptical orbit and is obtained by projecting
the transversal component and the radial component of the acceleration along the
tangent to the MPO orbit.

The (possible) maximum error in the along-track component is given by7

�aATmax =
√

1 − e2�aTmax + e�aRmax (7)

where �aT and �aR are, respectively, the errors in the transversal and radial compo-
nents of the perturbing acceleration while e is the MPO orbit eccentricity. Therefore,
the error in the radial component is de-multiplied by the spacecraft eccentricity and
it is reduced by about a factor 10, instead the error in the transversal component
remains almost unchanged.

In the following sections we will describe our error budget estimate as produced
by the main periodic and random error sources on the accelerometer proof-masses.

3 Gravity gradients and inertial forces

One of the results of the work developed in Iafolla et al. (2004) was the determination
of the best geometrical configuration for the three proof-masses of ISA in order to
reduce, as much as possible, the impact of some (not desired) signals on the acceler-
ometer measurements. We are talking about true signals on ISA proof-masses that
produce a displacement of the spacecraft centre-of-mass. In Sect. 1 we have defined
these signals (as those due to the gravity gradients and the inertial accelerations) as
systematic effects on the accelerometer measurements. Therefore, these systematic
effects are “false” signals with respect to the accelerometer goal, i.e., the measurement
of the non-gravitational accelerations on the MPO.8 Indeed, these signals may corrupt
the correct determination of the non-gravitational accelerations from the measure-
ments of the accelerometer and consequently their removal from the list of unknowns
in order to reconstruct the gravitational orbit of the MPO spacecraft.

Because an accelerometer does not measure absolute accelerations (but only
differential ones), such disturbing signals are related with varying effects. The most
important ones are those connected with the gravity gradients effects of Mercury’s
gravitational field and those due to the MPO rotation because of the requested nadir
pointing, i.e., the effects due to the inertial forces. Therefore, we must be either able to
evaluate and then remove such accelerations from the readings of the accelerometer,
or to keep them below a specific limit connected with the accelerometer accuracy over
the arc length.

7 This is in reality a quite pessimistic assumption.
8 These “false” signals are anyway evaluated during the orbit determination and analysis of the MPO
orbit around Mercury.
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Fig. 2 ISA geometrical configuration inside the MPO spacecraft. The three centres-of-mass of the
three sensitive elements of the accelerometer are aligned along the MPO rotation axis and with ISA
centre-of-mass (that of the central element) coincident with the spacecraft (nominal) centre-of-mass.
The sensitive axis of the central element is aligned with the MPO rotation axis (along the out-of-plane
direction), while the sensitive axes of the other elements (5 cm above or below the accelerometer
centre-of-mass) are aligned, respectively, along the radial direction and along the transversal direc-
tion. Hereinafter, we will refer to such sensitive elements as the Z-element, the X-element and the
Y-element, respectively

The best solution for the accelerometer allocation inside the MPO, taking into
account that ISA is composed of three independent torsional harmonic oscillators
with sensitive axes perpendicular to each of the “flat” sensitive elements that consti-
tute the accelerometer, is the one shown in Fig. 2. That is, the three sensitive elements
are aligned with their centre-of-mass along the MPO rotation axis and with ISA centre-
of-mass coincident with the (nominal) centre-of-mass of the spacecraft.9 This solution
is obvious, in the sense that it minimises the impact of both the gravity gradients (the
accelerometer is close as well as possible to the spacecraft centre-of-mass) and the
inertial forces (the sensitive elements are aligned along the MPO rotation axis).

From the mathematical point of view the explanation of such configuration fol-
lows from Eq. 8. Indeed, the disturbing accelerations along each sensitive axis of the
accelerometer, due to the sum of the gravity gradients and the inertial forces, are:

→
APSE =

⎛
⎝
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AY
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)

�ZZ

⎞
⎟⎟⎟⎟⎟⎟⎠

(8)

where n, e and M are, respectively, the MPO mean motion, orbital eccentricity and
mean anomaly (i.e., Ṁ = n). The vectors

→
Rς = (�ςX , �ςY , �ςZ)10 (with ς = X, Y, Z),

one for each of ISA sensitive axes, represent the displacement of the centre-of-
mass for each of the accelerometer sensitive elements with respect to the spacecraft
centre-of-mass (COM).

9 With the term nominal we mean the position of the spacecraft centre-of-mass as determined by the
industry neglecting its variations because of the fuel consumption (and sloshing) and the High Gain
Antenna (HGA) movements.
10 In the Gauss co-moving frame.
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We refer to Iafolla et al. (2004) for the details of the mathematical derivation of
such equations; here we only remind that these accelerations have been obtained in
the hypothesis that the angular rate and angular acceleration have only a component
along the rotation axis of the MPO, respectively ω0 and ω̇0,11 and that the spacecraft
COM has been assumed fixed in its nominal position.

The subscript PSE in Eq. 8 refers to pseudo-sinusoidal errors. Indeed, the contribu-
tion from the gravity gradients and that from the inertial accelerations are modulated
by the orbital eccentricity e of the MPO around Mercury. Hence, besides the main
effect at the orbital period of the MPO (about 8355 s), we have the contribution from
the higher order harmonics coming from a Fourier series of the mean anomaly M with
coefficients depending from higher powers of the satellite eccentricity, as shown in
Eq. 8, up to order e2. Moreover, the solution described by Eq. 8, represents a nominal
solution. In fact, it does not consider the additional effects along each axis of the ISA
accelerometer that arise from the angular rate and angular acceleration corrections
that are necessary in order to guarantee the nadir pointing of the MPO spacecraft.
Such effects have been introduced in Sect. 5 where we considered the error budget
contribution from the random-like noise.

As described in Iafolla et al. (2004), each vector
→
Rς is the sum of two time-

independent vectors and of two time-dependent vectors (hereinafter we drop the
subscript (ς = X, Y, Z))

⇀

R = ⇀

R 0 ± �
⇀

R 0 + ⇀

R t ± �
⇀

R t (t) (9)

The first contribution
⇀

R 0 , i.e., a piece of the time-independent part, has been used to
define the position-matrix of the accelerometer as shown in Fig. 2 (i.e.,

⇀

R 0 represents
the nominal reference position of each sensitive element with respect to the spacecraft

COM). The vector
⇀

R t (t) represents the spacecraft COM displacements due to the fuel
consumption and sloshing and the HGA movements. This vector plays a significant
role in the estimate of the angular rate and angular acceleration constraints and will

be described in Sect. 5. The terms �
⇀

R 0 (a piece of the time-independent part) and

�
⇀

R t (a piece of the time-dependent part) have been used to define the knowledge
of the accelerometer position-matrix. The time-dependent error is very subtle. It has
both a deterministic part (mainly due to the periodic movements of the HGA), which
is responsible of a periodic error of systematic type, and a stochastic part due to the
fuel sloshing, the HGA itself and other random effects.

We are interested in the knowledge of the analysed disturbing effects in order to
remove them a posteriori from the accelerometer measurements. In fact, the quanti-

ties
⇀

R 0 and
⇀

R t (t) are responsible of these disturbing systematic effects.
For ISA position-and-error matrix we found:
⎛
⎝

→
R0X→
R0Y→
R0Z

⎞
⎠±

⎛
⎝

�
→
R0X + �

→
RtX

�
→
R0Y + �

→
RtY

�
→
R0Z + �

→
RtZ

⎞
⎠ =

⎛
⎝

0 0 +5 · 10−2

0 0 −5 · 10−2

0 0 0

⎞
⎠

+
⎛
⎝

±5 · 10−3 ±7.5 · 10−3 ±15 · 10−3

±5 · 10−3 ±7.5 · 10−3 ±15 · 10−3

±5 · 10−3 ±7.5 · 10−3 ±15 · 10−3

⎞
⎠(10)

11 In Eq. 8 the contribution of the gravity gradients is mixed with that due to the centripetal acceler-
ation and the one coming from the angular acceleration: all of them are proportional to n2.
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where all the positions and displacements are in meters.12 The arguments that have
produced such values for the positions of ISA sensitive elements and their displace-
ment-errors are fully described in Iafolla et al. (2004).

4 Periodic effects and ISA error budget

As underlined in Sect. 2, we are interested in the estimate of the impact of the main
disturbing effects on the accelerometer measurements during a typical orbit determi-
nation analysis. We have seen that, on the average, the arc length is about 8 h. With
regard to the periodic effects contribution, we have to take into account the following
disturbing effects: (i) the thermal effects; (ii) the components coupling; (iii) the gravity
gradients; and (iv) the inertial forces. All of them are responsible of disturbing effects
at the MPO mean anomaly M frequency or at higher orders, as in the case of the
nominal effects. Our goal is to verify if the sum of their absolute values13 is below the
accelerometer accuracy Ao (about 9.8 · 10−9).

The displacement-errors, estimated in Iafolla et al. (2004), defining the knowl-
edge of the position-matrix of the ISA accelerometer (Eq. 10), are, respectively,
�X = ±5 mm, �Y = ±7.5 mm and �Z = ±15 mm, for each sensitive element of the
accelerometer. As we have seen, these errors are the sum of the contribution of both

the time-independent and time-dependent parts, �
⇀

R 0 and �
⇀

R t , and must be consid-
ered as the resultant of the errors in the location of the sensitive elements inside the
accelerometer box, plus the errors in positioning this box on the spacecraft mounting
plate, plus the errors in the knowledge of the spacecraft COM position because of the
fuel consumption and sloshing and the HGA movements. In particular, the HGA will
be constantly pointed toward the Earth, while the spacecraft will be nadir pointed
toward the centre of Mercury.

These displacement-errors have been (conservatively) estimated assuming that the
peak values of the nominal effects were always effective during one orbital revolu-
tion of the MPO and that the contribution of the time-independent part and the
time-dependent part was equally distributed between them. In other words, in order
to estimate the displacement-errors the peak values of the gravity gradients and of
the inertial accelerations were compared with Ao (for each axis of the accelerome-
ter). In Iafolla et al. (2004), we estimated that the major constraint was in the radial
component of the displacement-error, with a contribution �X0 ≈ 4 mm from the time-
independent part and a contribution �Xt ≈ 1 mm from the time-dependent part.14

The errors along the transversal and out-of-plane directions are less demanding and
have been relaxed to the values previously introduced.

Our point here is to verify if the resultant error budget due to the nominal effects
(which represents the bulk of the periodic effects contribution to the ISA error bud-
get) is compatible with the contribution of the other periodic effects, in particular with
the thermal effects at the MPO orbital period.

Let us analyse each of the previously cited effects at the MPO orbital period.

12 In Eq. 10, we have not yet considered the contribution from the time-dependent displacements
of the spacecraft COM that gives a direct contribution in terms of its second derivative. We refer to
Sect. 5 for their contribution.
13 That is we assumed correlated their disturbing effects.
14 We are considering only the deterministic part of the time-dependent error.
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4.1 Thermal effects

The amplitude of these thermal effects on the MPO has been estimated to be about
2◦C (see ESA 2004a).

In Sect. 2, we have introduced the thermal stability of the ISA accelerometer and
the current attenuation factor obtained by the experimental activity (that we conser-
vatively assumed representative of the ISA active thermal control). Therefore, for
the thermal perturbations at the MPO orbital period15 we obtain a residual effect on
the accelerometer axes with an amplitude of about:

Ather|SP ≈ 2◦C · 5 · 10−7 m/s2/◦C · 1
700

= 1.4 · 10−9 m/s2 (11)

This value corresponds to about 14.6% of the accelerometer accuracy Ao.

4.2 Components coupling

With the term components coupling previously introduced, we mean the contribution
of the error �α (at the orbital period) of the time-independent misalignment angle of
the accelerometer with respect to the MPO body-fixed reference frame.16 This error
has been estimated to be about 1/3000 radians. Because the largest non-gravitational
acceleration at the MPO orbital period is due to the direct solar radiation pressure,
and its maximum value has been estimated to be about 10−6 m/s2 (see Lucchesi and
Iafolla 2006), for the misalignment angle17 we can estimate a maximum contribution
of about:

Amis-angle
∣∣
SP ≈ 1 · 10−6 m/s2 · 1

3000
= 3.3 · 10−10 m/s2 (12)

This value corresponds to about 3.4% of the accelerometer accuracy Ao. Because the
resultant contribution of the analysed periodic errors is about 18% of the accelerom-
eter accuracy, we must be confident that the contribution from the nominal errors be
always smaller than ∼82%A0.

4.3 Nominal effects

From Eq. 8 we can see why the major constraints in the displacement-errors come from
the radial direction and in particular for the sensitive element along the radial direc-
tion. The constant term 3 + 5e2(≈3), which enters in the expression of the X-element,
becomes effective only when the spacecraft COM movements are considered (it mul-
tiplies the displacement-error �Xt). Therefore, this term has played no role in the
determination of the ISA position-matrix, but it is significant in the determination
of its knowledge as well as in constraining the angular rate and angular acceleration
corrections (Sect. 5).

In the case of the Z-element the constant term is 1+ 3
2 e2 (≈1), while in the case of the

Y-element the constant term is 1
2 e2 (i.e., negligible). Therefore, only the Z-element

(i.e., the one with sensitive axis along the MPO rotation axis) will be competitive
with the X-element (i.e., the one with sensitive axis along the radial direction) in the

15 These are short-period effects compared with the long-period effects described in Sect. 2.
16 In practice with respect to the onboard star-tracker.
17 It will be one of the objectives of ISA inflight calibration to verify, if possible, the alignment of the
proof-masses sensitive axes with respect to the MPO principal axes of inertia.
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determination of the ISA error budget with regard to the nominal pseudo-sinusoidal
effects.

In particular, because the errors from the time-dependent part �Zt are confined
to a mm or a few mm level, the main contribution is due to the time-independent
term �Z0, up to ∼1 cm (see the discussion in Iafolla et al. (2004)). The larger value
for the time-independent displacement-error is then responsible for a contribution of
the Z-element with an acceleration comparable (both in magnitude and in its periodic
behaviour) to that of the X-element.

We have performed several simulations of the nominal effects behaviour over one
orbital revolution of the MPO around Mercury. In the simulations we have varied
the values of the displacement errors �R0 and �Rt(t) inside the limits that we have
already discussed. The results are always consistent with an error budget from the
pseudo-sinusoidal terms (gravity gradients and inertial accelerations) well below the
limit previously obtained of about 82% of the accelerometer accuracy A0, for each
axis of the accelerometer. In this error budget we also included the acceleration
error due to the deterministic part of the time-dependent errors of the spacecraft
COM movements described by �

→
Rt(t). This error varies, following our requirements,

between 5% and 20% of the measurement error. In particular, over one orbital period
of the MPO around Mercury, the average error budget due to the pseudo-sinusoidal
terms is below 50% of the accelerometer measurement error A0 in the case of the two
proof-masses with sensitive axis along the radial and out-of-plane directions, and less
than 10% of A0 in the case of the proof-mass with sensitive axis along the transversal
direction.

In Fig. 3 are shown the results of one of the simulations obtained imposing the

following conservative requirements (in mm) for the displacement-errors: �
⇀

R 0 =
(4, 5.5, 11) and �

→
Rt(t) = (1, 2, 4). As we can see, what we anticipated with the previ-

ous discussion is confirmed by the simulation: the magnitude and behaviour of the
accelerations of the sensitive elements with sensitive axis along the radial direction
(solid line) and along the MPO rotation axis (dot line) are comparable and are the
largest ones, while the contribution of the acceleration of the sensitive element with
sensitive axis along the transversal direction (dashed line) is always smaller (or much
smaller) than the previous two contributions.

As we can see the magnitude of the along-track component of the nominal effects
(the plus sign curve in Fig. 3) is always smaller than the limit previously determined
and the behaviour of the along-track component is very close to that of the transversal
component.

Finally, in Figs. 4 and 5 are shown, respectively, the contribution of the time-
independent and time-dependent displacement-errors to the analysed nominal effects.
From these two Figures we explicitly see that the transversal component of the pseudo-
sinusoidal terms is mainly influenced by the time-independent displacement-errors
because of their larger values with respect to the time-dependent displacement-errors.

In Table 2, we reassumed our error budget for the periodic effects here analysed.
In this Table we have also specified the main parameters which enter in the analysed
effects (i.e., we have specified the main parameter(s) which cause the disturbing effect
and the main parameter(s) on which the effect imposes a requirement). Because the
analysed effects couple each other at the MPO orbital period and mix up, we can, a
posteriori, consider such effects as correlated and add their contribution as a sum of
their absolute values. The resultant error is about 100% of the accelerometer accuracy.
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Fig. 3 Resultant disturbing accelerations on the three axes of ISA due to the gravity gradients and
the inertial accelerations (nominal effects or pseudo-sinusoidal terms). The solid line represents the
acceleration acting on the X-element, the dashed line represents the acceleration acting on the Y-
element, and finally the dot line represents the acceleration acting on the Z-element. The horizontal
diamond line represents the limit of 82%A0, while the horizontal circle line represents the accelerom-
eter accuracy A0 = 9.8 · 10−9 m/s2. The dash-dot line represents the absolute value of the disturbing
acceleration, while the plus-sign line represents its along-track component. The behaviour of the
accelerations over one orbital period of the MPO has been obtained with the following values for the

displacement-errors: �
⇀
R 0 = (4, 5.5, 11) mm for the time-independent part and �

→
Rt(t) = (1, 2, 4) mm

for the time-dependent part. The average error over one orbital revolution of the MPO is below 50%
of A0 in the case of the X and Z sensitive elements, while, in the case of the Y-element, the average
error is less than 10% of the accuracy

In conclusion, the main contribution to the ISA error budget from the periodic effects
comes from the nominal (or pseudo-sinusoidal) effects due to the gravity-gradients,
the inertial accelerations and the spacecraft COM displacements due to the HGA
movements, which amount to be less than 80%A0.

5 Random effects and ISA error budget

In Sect. 2, we have defined the random errors. These errors come from noise sources
which are not characterised by precise frequency dependence, that is to say, they arise
from noise sources that are spread inside the accelerometer bandwidth with unknown
laws. Among the main contributions to such errors we have: (i) the inertial forces,
(ii) the thermal effects, (iii) the spacecraft COM movements due to the HGA and fuel
consumption and sloshing, (iv) the components coupling and (v) ISA intrinsic noise.

We stress, one more time, that the results we are going to obtain for ISA error bud-
get connected with the random like errors are rigorously requested only in the low
frequency part of the accelerometer bandwidth, between 10−4 Hz and 10−3 Hz, where
we need to fully exploit the accelerometer spectral density S0 = 9.8 · 10−9 m/s2/

√
Hz.

Among the random errors introduced, those from the inertial forces are the most
subtle to be considered. They are connected to the sensitive elements stochastic
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Fig. 4 Time-independent contribution (with �
⇀
R 0 = (4, 5.5, 11) mm) to the disturbing accelerations

on the three axes of ISA due to the gravity gradients and the inertial accelerations (nominal effects).
The solid line represents the acceleration acting on the X-element, the dot line represents the accel-
eration acting on the Y-element, finally the dashed line represents the acceleration acting on the
Z-element. The horizontal dash-dot line represents the limit of 82%A0. The average error over one
orbital revolution of the MPO is about 25% of A0 in the case of the X and Z sensitive elements, the
most sensitive to the pseudo-sinusoidal errors
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Fig. 5 Time-dependent contribution (with �
→
Rt(t) = (1, 2, 4) mm) to the disturbing accelerations on

the three axes of ISA due to the gravity gradients and the inertial accelerations (nominal effects). The
solid line represents the acceleration acting on the X-element, the dot line represents the acceleration
acting on the Y-element, finally the dashed line represents the acceleration acting on the Z-element.
The horizontal dash-dot line represents the limit of 82%A0. The average error over one orbital rev-
olution of the MPO is about 25% of A0 in the case of the X and Z sensitive elements, the most
sensitives to the pseudo-sinusoidal errors.
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Table 2 ISA error budget due to the analysed periodic effects

Perturbing effect Due to Spectral contents Requirement on Error % A0

Gravity gradients n Orbital period P
and P/2

�
⇀
R 0 , �

→
Rt(t) 80

Inertial forces (ω0, ω̇0) Orbital period P
and P/2

Thermal effects �T = 2◦C Orbital period P �T 15
Components coupling �α = 1/3000 rad Orbital period P �α 4
Total 100

The most important contributions to the resultant error budget come from the so called nominal
effects and from the thermal effects. The nominal effects provide their grant at the spacecraft orbital
period P (about 8355 s) and at half of the orbital period. The thermal effects impact at the MPO orbital
period. The nominal effects contribution to the error budget includes the acceleration error that comes
from the deterministic displacement of the spacecraft COM mainly due to the HGA movements (that
we conservatively assumed equal to 20% of A0). The resultant error budget is conservatively obtained
adding the absolute values of the analysed errors

displacements with respect to the spacecraft COM and they ultimately impose require-
ments on the performances of the onboard star-tracker. More precisely, these errors
come from the attitude corrections that will be imposed by the MPO star-tracker in
such a way to guarantee the nadir pointing of the spacecraft.

In the following, we recall the main results that we obtained on the MPO angular
rate and angular acceleration corrections and their contribution to ISA error budget.
Then, we compute the error budget from the other random errors (that we do not
considered in our previous work) and add together all their contribution.

5.1 The MPO angular rate and acceleration constraints and their impact
on ISA error budget

Equations 13 and 14 give the deviation from the nominal rotation of the MPO around
the out-of-plane direction (Z-axis):

→
ω = (δωX , δωY , ω0 + δωZ) (13)

→̇
ω = (δω̇X , δω̇Y , ω̇0 + δω̇Z) (14)

where

ω0 =
(

1 + 2e cos M + 5
2

e2 cos 2M + O
(

e2
))

(15)

ω̇0 = n2
(
−2e sin M − 5e2 sin 2M

)
(16)

are the nominal angular rate and the nominal angular acceleration necessary for the
nadir pointing of the spacecraft. The impact of the additional terms δως and δω̇ς (with
ς = X, Y, Z) on the accelerometer readings are:

AX ≈ 2ω0δωZ�XX + δω̇Z�XY − ω0δωX�XZ − δω̇Y�XZ
AY ≈ −δω̇Z�YX + 2ω0δωZ�YY − ω0δωY�YZ + δω̇X�YZ
AZ ≈ −ω0δωX�ZX + δω̇Y�ZX − ω0δωY�ZY − δω̇X�ZY

(17)
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Table 3 Requirements in the angular rate and angular acceleration.

Angular parameter Requirements
δω 9 · 10−6 rad/s/

√
Hz

δω̇ 9.4 · 10−9 rad/s2/
√

Hz

The values reported are the ones we obtained assuming the largest displacements for the spacecraft
COM (due to the HGA movements and fuel consumption) with respect to its nominal position. In
Iafolla et al. (2004) we estimated the following maximum values for such displacements: about 3 cm
along the radial direction, about 2 cm along the transversal direction, about 4 cm along the out-of-plane
direction (i.e., along the MPO rotation axis)

where we neglected the contribution of the squared terms in the introduced variations.
Of course, these new terms will enrich Eq. 8 of additional contributions.

However, the contribution from δως and δω̇ς can be easily separated from the pre-
vious one (pseudo-sinusoidal terms) because of their different spectrum. Therefore, it
is enough to estimate their impact with respect to the accelerometer spectral density
(S0 = 9.8 · 10−9 m/s2/

√
Hz) using Eq. 17. The displacements which enter Eq. 17 are

those defining the ISA position matrix with respect to the true centre-of-mass of the

MPO spacecraft, i.e.,
⇀

R 0 and
→
Rt. In fact, we must consider the contribution of both

the time-independent part and the time-dependent part of the displacements.
The requirements in the angular rate δως and in the angular acceleration δω̇ς have

been estimated in Iafolla et al. (2004). In Table 3 are shown the results obtained in a
conservative case.

Such values have been obtained from a worst case analysis where we constrained
the disturbing acceleration along each of the three axes of the accelerometer to 60%
of ISA spectral density S0. In that analysis we also assumed that each of the four
terms of the disturbing acceleration in Eq. 17, contributes with the same weight to the
resultant acceleration along each sensitive axis.

In reality, with the approach we developed in ESA (2006) we constrained the dis-
turbing accelerations produced by the random component of the inertial forces to
values well below the 60% level of the accelerometer spectral density. In fact, the
values shown in Table 3 come from the minimum envelope curves that we obtained
(from Eq. 17) for the behaviours of the angular rates and the angular accelerations
along each axis of the accelerometer (we refer to ESA (2006) for major details).

Therefore, with the previous arguments we have constrained the contribution to
the error budget from the random component of the inertial forces to values smaller
than 60% of the accelerometer spectral density S0. Now we need to estimate the con-
tribution to ISA error budget from the other random effects previously introduced.

5.2 Thermal effects

In the case of the thermal effects, we assumed the presence of a white like noise at the
interface between the MPO structure and the accelerometer box with an amplitude of
about 4◦C/

√
Hz. This temperature variation is transformed by the accelerometer in an

equivalent acceleration through its thermal stability (5·10−7 m/s2/◦C) and then atten-
uated by a factor 700 through the accelerometer active thermal control. The resultant
acceleration (along each axis) that contributes to the accelerometer readings is:

Ather|rand ≈ 4◦C/
√

Hz · 5 · 10−7 m/s2/◦C · 1
700

= 2.9 · 10−9 m/s2
√

Hz (18)

This value corresponds to about 29.6% of the accelerometer spectral density S0.
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5.3 Movements of the HGA and fuel consumption and sloshing

Let us describe the stochastic like errors that arise from the HGA movements as
well as from the fuel consumption and sloshing.18 These noise sources have a double
impact on ISA error budget. From one side they provide a direct contribution to the
spacecraft COM displacement, i.e., they impose a requirement on the knowledge of
the spacecraft COM acceleration error �

→
At, where

→
At represents the second deriva-

tive of the time-dependent vector
→
Rt previously introduced. From the other side they

impact as a direct noise on the MPO structure.
We imposed, for each sensitive axis of ISA, the first contribution to be not larger

than 70% of the spectral density, while the second to be about 10% of the spec-
tral density. In Figs. 6 and 7 are shown, respectively, the behaviour of the acceler-
ation error of the MPO centre-of-mass displacement and that of the knowledge of
the MPO centre-of-mass position that corresponds to that acceleration error. Such
results are valid for each sensitive axis of the accelerometer. The acceleration noise
has been assumed flat at the value of about 70%S0 between 10−4 Hz and 10−3 Hz,
then it has been relaxed by a factor of 10 both at lower frequencies (10−5 Hz) and
at higher frequencies (10−1 Hz). In this way the acceleration error follows the con-
straints imposed on the accelerometer spectral density by the RSE requirements of
Fig. 1.

As we can see from Fig. 7, the acceleration error �At = 7 · 10−9 m/s2/
√

Hz in the
10−4 to 10−3 Hz bandwidth, produces a displacement-error �Rt of about 18 mm/

√
Hz

at 10−4 Hz and about 0.2 mm/
√

Hz at 10−3 Hz (green line).
However, we have already estimated a value for �

→
Rt in our previous analysis of

the pseudo-sinusoidal errors (that we assumed in the range between 5% and 20% of
the measurement error A0 over one orbital period of the MPO). Indeed, as shown
in Fig. 5 and explained in Sect. 4, the knowledge of the time-dependent vector was
constrained to the values: �

→
Rt = (1, 2, 4) mm. This values are midway between those

obtained from the acceleration error constraints imposed on the spacecraft COM
movements (i.e., from the stochastic contribution) and are valid at the MPO orbital
period.

In Fig. 7, we have assumed, as our reference for the requirement on the knowledge
of the spacecraft COM position due to the pseudo-sinusoidal error (i.e., the deter-
ministic errors contribution to the spacecraft COM movements) the dashed line at
the value of 1 mm (flat at all frequencies).

5.4 ISA intrinsic noise

As underlined in Sect. 2, ISA intrinsic noise is at a level of about 9.8 ·10−10m/s2/
√

Hz
inside the accelerometer bandwidth (3 · 10−5 to 10−1 Hz). This level corresponds to
10% of the accelerometer spectral density S0. ISA intrinsic noise is limited by the
Brownian noise of the oscillator as well as by the amplifier noise. This is shown in
Eq. 15 for the square of the accelerometer intrinsic noise:

18 In Sect. 4, we instead analyzed the systematic contribution to the spacecraft COM displacement
due to the deterministic part of the time-dependent error �Rt .
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Fig. 6 Estimate of the acceleration error due to the displacement error of the spacecraft COM vari-
ations produced by the HGA movements and by the fuel consumption and sloshing (i.e., from the
stochastic errors). This error is connected to the MPO centre-of-mass acceleration noise; it is a linear
acceleration and its value is clearly independent from the accelerometer position inside the MPO
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Fig. 7 Estimate of the knowledge in the MPO centre-of-mass position. The solid line represents the
requirement on the knowledge of the spacecraft COM due to the random noise (i.e., from the sto-
chastic errors). The dashed line represents the requirement on the knowledge of the spacecraft COM
due to the pseudo-sinusoidal error (i.e., from the deterministic errors that we analyzed in Sect. 4)

a2
IN(f ) ∼= 8π

kBf0

m�t

(
T
Q

+ 8πTn
ZnCf0

β

)
(19)

where the first term represents the Brownian noise while the second term the ampli-
fier noise. The quantities f0, kB, m and �t are, respectively, the oscillator resonance
frequency (about 3.5 Hz), Boltzmann constant, the mass of the sensitive element
and the acquisition time. Then, T and Q are the oscillator absolute temperature and
quality factor (comprehensive of the dissipation in the mechanical oscillator and of the
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thermal noise associated with the transducer losses); β represents the electromechani-
cal factor, Tn and Zn are, respectively, the amplifier temperature noise and impedance
noise; finally C represents the capacitance of the capacitor for the signal extraction.
In conclusion, the main limitation in the precision of the measurements is not con-
nected with the accelerometer intrinsic noise but with the noise level present on the
spacecraft. We refer to Iafolla and Nozzoli (2001) for major details of ISA physical
characteristics.

5.5 Components coupling

With regard to the components coupling, as in the case of the periodic effects, their
contribution comes from the misalignment angle of the accelerometer with respect to
the MPO star-tracker produced by the random-like noise. Its contribution is negligible
with respect to the accelerometer spectral density. Indeed, a typical star-tracker gives
an error δα of about 5 · 10−6 rad/

√
Hz (see ESA 2004b).

Following the same arguments described in Sect. 4, such value for the random
component of the misalignment angle corresponds to an equivalent acceleration
noise of about 5 · 10−12 m/s2/

√
Hz at 1 Hz. This very small noise is further reduced,

by at least three orders-of-magnitude, integrating inside the narrower bandwidth
10−4 to 10−3 Hz.

In Table 4, we reassumed the results here described for the random noise con-
tribution to the accelerometer error budget, including ISA intrinsic noise and the
negligible effects due to the components coupling. As in the case of the periodic
effects, in this Table we have also specified the main parameters which enter in the
definition of the described effects. Because the analysed disturbing effects are not
correlated, we added their contribution in a root-sum-square fashion. We like to note
that the test masses are made using a non-ferromagnetic material and in the pick-up
signal scheme they are electrical grounded, ensuring that the Lorentz forces give a
negligible contribution.

Table 4 ISA error budget due to the random noise

Perturbing effect Due to Spectral
contents

Requirement
on

Error %A0

Inertial forces
→
R0,

→
Rt(t) Random δω, δω̇ 60

Thermal effects �T = 4◦C/
√

Hz Random �T 30
MPO COM

displacement
Movements

HGA,. . .
Random �

→
At(t) 70

Noise on the MPO Movements
HGA, . . .

Random 10

ISA intrinsic noise Mechanical
oscillator

Random Mech. and
Elect, par.

10

Components
coupling δα ∼= 5 · 10−6

rad/
√

Hz
Random δα Negligible

Total (not correlated
noise)

100

The main contribution to the error budget comes from the spacecraft COM displacements due to
the HGA movements and to the fuel consumption. The resultant error budget is obtained as the
root-sum-square of the described error sources
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6 Conclusions, recommendations and future work

In this paper we have focused on a preliminary estimate for the error budget of the
ISA accelerometer onboard the MPO spacecraft of the BepiColombo space mission
to Mercury. In particular, we have subdivided the errors into two main families: (i) the
periodic errors and (ii) the random errors. We fixed requirements to the satellite in
order to constrain the magnitude of the error sources to a fraction of the accelerometer
accuracy Ao and spectral density So.

Both definitions are a measure of the accelerometer measurement error, the first
matches directly with the ISA measurement error over the typical arc length dur-
ing the MPO orbit determination (i.e., with the RSE mission accuracy), the second
is more suitable to be used when the error sources are characterised by a noise-
like spectrum. The main results achieved with this work can be summarised as
follows:

(1) among the systematic (i.e., deterministic) errors the main perturbations are con-
nected to the nominal effects produced by Mercury’s gravity gradients and by the
inertial forces which are present on the rotating MPO spacecraft, as well as by the
thermal effects at the spacecraft orbital period (Sects. 3 and 4), see Table 2;

(2) the nominal effects have been also defined as pseudo-sinusoidal effects because
they impact on the accelerometer measurements with the mean anomaly fre-
quency (i.e., at the MPO orbital period of about 8355 s) but also with its higher
order harmonics and with coefficients depending on higher powers of the MPO
orbit eccentricity e;

(3) the nominal effects impose a requirement on the knowledge of the displacement-
errors produced by both the time-independent part and the time-dependent part
of the accelerometer sensitive elements position with respect to the (true) COM
of the spacecraft. We have proved that if the sum of such displacement-errors is
confined (for each sensitive element) to the values 5, 7.5 and 15 mm, respectively
along the radial direction, the transversal direction and along the out-of-plane
direction, the error budget from the pseudo-sinusoidal terms is always smaller
than 80% of the accelerometer accuracy (see Fig. 3);

(4) with regard to the thermal disturbing effects at the MPO orbital period, we have
seen that with an active thermal control we will be able to attenuate their effect by
a factor 700, reducing their contribution to ISA error budget around 15% of the
accelerometer accuracy. These effects impose a requirement on the temperature
variation (at the MPO orbital period of about 8355 s) �T on the ISA structure,
presently estimated around 2◦C (Sect. 4);

(5) in the case of the random-like errors the main perturbations are produced by
the spacecraft COM displacements, by the thermal effects and by the deviation
from the nominal rotation of the MPO (i.e., by the inertial forces), see Sect. 5 and
Table 4;

(6) the spacecraft COM displacements are mainly due to the onboard HGA move-
ments and to the fuel consumption. We have fixed their impact on the acceler-
ometer readings to 70% of ISA spectral density imposing a requirement in the
knowledge of the spacecraft COM acceleration error �

→
At, see Figs. 6, 7;

(7) the possible thermal effects with a random-like behaviour are abated by the accel-
erometer active thermal control. They have been confined to a value around 30%
of ISA spectral density with the suggested active thermal control;
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(8) the random errors related with the inertial forces are the most subtle to deal with.
They come from the star-tracker attitude corrections that are necessary to guar-
antee the nadir pointing of the MPO spacecraft. They impose requirements on
the knowledge of the angular rate δω and angular acceleration δω̇ corrections and
are connected with the ISA sensitive elements position with respect to the (true)
centre-of-mass of the spacecraft. For the values shown in Table 3 for the angular
rate and acceleration corrections, the impact of these effects on the accelerometer
measurements will be much smaller than our initial estimate of about 60% of ISA
spectral density, see Table 4.

Most of the consequences of this work rely on the assumptions we made on the
knowledge of the ISA position-matrix and on the requirements imposed by the accel-
erometer performances on the knowledge of the onboard star-tracker corrections for
the requested nadir pointing of the spacecraft. The final solutions for such parameters
(e.g., positions knowledge and angular rates and angular accelerations knowledge)
will be imposed (following our requirements) by the industrial contractor that will
be in charge of the MPO construction and of the ISA implementation onboard the
spacecraft.

Anyway, we have based our analyses on feasible arguments and also on conser-
vative assumptions. Therefore, we believe practicable our requirements and conse-
quently our error budget results for the analysed periodic and random errors (that we
conservatively consider a preliminary estimate).

A very important issue is related, once in orbit around Mercury, with the acceler-
ometer calibration. A forthcoming paper will be devoted to our preliminary analysis
of the inflight calibration procedures for ISA, with particular emphasis on the mea-
surement of the proof-masses transducer factor and of their centre-of-mass position
with respect to the spacecraft effective COM.

The ongoing NASA mission to Mercury denominated MESSENGER (see for
instance Solomon et al. 2001) is complementary to BepiColombo and is character-
ised by different orbital parameters. Among the several instruments onboard the
MESSENGER spacecraft, an HGA and a transponder will be devoted to RSE. How-
ever, MESSENGER has not an onboard accelerometer and has not a multi-frequency
coherent link as BepiColombo.

We stress that the opportunity of an onboard accelerometer, together with the high
performances of the multi-frequency coherent link (both in range and range-rate),
will give to the BepiColombo RSE the necessary final accuracy in order to reach its
very ambitious goals.
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