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Abstract

Comet Interceptor (Comet-I), to be launched in 2029 as a piggyback to ESA’s ARIEL mission, is aimed to perform the first fly-by of a
pristine long-period comet. The mission will be composed of a main spacecraft, SC A (ESA), and two small probes to be released prior to
the fly-by, SC B1 (JAXA) and SC B2 (ESA). This work analyzes the attitude performance of JAXA’s 24U-sized spacecraft through the
dust environment of a yet-to-be-discovered target comet. Main challenges to the mission are associated to the high levels of uncertainty
and extremity of fly-by conditions: highly-active dust environment, uncertain fly-by altitude (750 ± 250 km (1r), as of 2021), and large
and unknown relative fly-by speeds (15–70 km/s). A Monte Carlo analysis is performed to characterize the effect of dust particle impacts
on the attitude of SC B1, and to evaluate the likelihood of satisfying pointing and angular velocity requirements of the science camera.
Analysis initially shows that particles of mass 10�8–10�5 kg represent the most relevant source of perturbation due to their transferred
angular momentum and likelihood of being encountered, and saturation of reaction wheels is shown unlikely given the large fly-by speeds
and short fly-by durations (20 min–2 h). More detailed analysis ultimately suggests a probability larger than 90% of satisfying science
camera requirements despite the extreme, uncertain fly-by conditions, dust environment, and component inaccuracies (star tracker, gyro-
scopes, and reaction wheels). Results also show that upgrading the reaction wheel that is implemented along the camera line-of-sight can
improve, but only marginally, attitude performance, and proper alignment of solar arrays parallel to the incoming flow of particles is
shown essential to maximize probability of success.
� 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

Comet Interceptor (Comet-I) (Snodgrass and Jones,
2019) was selected in 2019 as the first fast-class ESA mis-
sion, to be carried as a piggyback to the ARIEL mission
in 2029. Comet-I is an 850-kg mission (ESA-JAXA collab-
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oration) aimed to perform the first fly-by of a pristine long-
period comet, to be discovered soon after it first enters the
inner Solar System. The mission is composed of a main
spacecraft, SC A, which will orbit around the second
Sun-Earth Lagrange point until a reachable long-period
comet is discovered (Sánchez et al., 2021), and of two small
probes, SC B1 and SC B2, to be deployed soon before the
fly-by. Spacecraft SC B1, of 30 kg in mass and dimensions
of a 24U CubeSat, will be developed by JAXA (JAXA
Comet Interceptor Team, 2021) and is the focus of this
study.
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Fig. 1. Spacecraft configuration and reference frame definition.
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Comet-I will face unprecedented challenges due to the
type of target object: an a priori unknown, fast-moving
comet (15–70 km/s) with highly-active and uncertain dust
environment (since the comet is interacting with the Sun
for the first time). The design and development of the mis-
sion shall also be carried out in the context of such uncer-
tain and extreme conditions, and this study aims to
characterize the attitude performance of SC B1 as it flies
through the dust environment of the target comet. The
probability of fulfilling attitude requirements during the
science phase of the mission is evaluated, the effect of dust
particle impacts on attitude performance is analyzed, along
with the effect of solar array orientation and impact model
validity, and recommendations for selection of control
gains and sizing of reaction wheels are finally made in sup-
port of JAXA’s SC B1 design and development.

Analysis of debris and dust particle impacts is an active
field of research in the community, whose primary applica-
tions are low-Earth orbit (Institute of Space Systems, 2020;
Sagnières and Sharf, 2017), interplanetary missions
(Krüger et al., 2021; Putzar et al., 2019), planetary rings
(Lee, 2016), and fly-bys of or close-proximity operations
around asteroids and comets (Lisse et al., 2022; Moretto
and McMahon, 2020; Rembor, 1993). Due to the novelty
of the Comet-I scenario, however, new efforts have been
devoted to model the cometary dust environment along
the trajectories of the three spacecraft (Comet-I Dust
Hazard Assessment Team, 2021), to provide a simplified
numerical model for the attitude perturbation on ESA’s
SC A due to particle impacts (Haslebacher et al., 2022),
and to develop an optimal attitude control algorithm for
SC A to recover science time after a single large particle
impact (Preda et al., 2022).

Alongside such efforts, this paper provides the first
detailed, high-fidelity attitude performance analysis for
JAXA’s 24U probe in the Comet Interceptor mission.
The simulation framework combines the dust environment
model developed by the Comet-I Dust Hazard Assessment
Team, a three-dimensional model of the spacecraft config-
uration, realistic modeling of the momentum transfer (in-
cluding potential momentum enhancements due to
hypervelocity impacts), best-current-knowledge perfor-
mance of spacecraft components, etc. Given the largely
stochastic nature of the problem, a Monte Carlo analysis
is performed to statistically characterize the attitude per-
formance of SC B1. Such analysis randomizes mission
parameters and environment variables such as the fly-by
altitude, fly-by speed, dust environment density and distri-
bution, and component inaccuracies. Results then allow to
assess the probability of success of the mission and provide
insights into the effect of dust particles depending on their
size, attitude performance depending on fly-by altitude, on
reaction wheel characteristics, and on misalignments of
solar arrays relative to their nominal orientation.

The mission scenario is presented in Section 2, the dust
environment and fly-by characteristics are described in Sec-
tion 3, attitude dynamics and control, and particle impact
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models are defined in Section 4, setup of the Monte Carlo
analysis is described in Section 5, along with an initial char-
acterization of the problem and a strategy to select control
gains, Section 6 then includes a more detailed analysis of
the problem and recommendations for SC B1, and conclu-
sions are finally summarized in Section 7.

2. Comet fly-by scenario and assumptions

SC B1 will separate from the main spacecraft SC A
approximately two days before the fly-by (ESA, 2019),
and it will be inserted into a ballistic fly-by trajectory with
expected closest approach (CA), as of 2021, of
750 ± 250 km (1r). Large fly-by speeds are expected given
the typical velocities of long-period comets around the Sun
(15–70 km/s, see Section 3.3). Consequently, fly-by trajec-
tories are expected to have short durations:
from �20 min up to 2 h, which also allows to simplify
fly-by trajectories as straight lines of constant speed: i.e.,
uniform, rectilinear motion relative to the comet. In fact,
transfer of linear momentum through particle impacts is
shown to have a negligible effect on relative fly-by speed
(Section 4.2.2), and gravitational effects are expected to
amount to changes in velocity of less than 1 m/s given
the large distances to the comet, small nucleus sizes (less
than 35 km), and average expected bulk density (570 kg/
m3) considered in the dust environment model (Comet-I
Dust Hazard Assessment Team, 2021; Marschall et al.,
2021). As such, an instantaneously inertial reference frame
I centered at the comet can also be defined (Fig. 1), which is
employed throughout this study to express the relative
position, velocity, and attitude of the spacecraft. The axes
of reference frame I are defined as: bvr, the unit vector par-
allel to the relative fly-by velocity, and bcx and bcz, the cross-
axes defining a right-handed Cartesian reference frame,
with bcx parallel to the comet-spacecraft vector at the time
of closest approach.

The spacecraft, of 30 kg in mass and
40 cm � 30 cm � 20 cm in size (current assumptions during
conceptual design), will be equipped with a narrow-angle
camera for science, MMA Design’s eHawk solar arrays
(MMA Design, 2021), and a bumper on the face that is
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nominally exposed to the dust environment (JAXA Comet
Interceptor Team, 2021). The spacecraft is intended to
maintain an inertially-fixed, three-axis stabilized orienta-
tion throughout the fly-by, which corresponds to pointing
the narrow-angle camera (body-fixed axis byB) towards the
comet at the time of closest approach, while keeping the
bumper (body-fixed axis bxB) normal to the relative fly-by
velocity (see Fig. 1). Note that the maximum cross-
sectional area where particle impacts may occur, contain-
ing any possible orientation of the spacecraft, is labeled
as Amax in Fig. 1, and corresponds to a circle of radius
dmax: distance from the center of mass of the spacecraft
(CM) to the farthest corner on the solar arrays. These
two variables are later employed in Section 3.2 to compute
the number of particles that may be encountered along the
fly-by trajectory.

The attitude is controlled by three reaction wheels
aligned with each body-fixed axis: Blue Canyon Technolo-
gies’ (BCT’s) RWP500, with maximum torque
T w;lim ¼ 25 mN � m and maximum angular momentum
Hw;lim ¼ 500 mN � m � s (Blue Canyon Technologies,
2021). Attitude knowledge is provided by a star tracker
and three gyroscopes aligned with body-fixed axes
(JAXA Comet Interceptor Team, 2021), and attitude
requirements for the science phase have been established

as ereq � 0:5
�

in pointing error, and xreq � 0:4 deg=s in
angular velocity, which should be accomplished despite
dust particle impacts and component inaccuracies (mod-
eled in Section 4.2).

In lack of a more detailed model of internal mass distri-
bution, the main body of the spacecraft is assumed to be
homogeneous with inertia tensor J24U (excluding reaction
wheels), and solar arrays are modeled as thin plates with
inertia tensor JSA, nominally oriented parallel to the incom-
ing flow of particles (as shown in Fig. 1). Note that it is fur-
ther assumed here that the spacecraft’s main body and the
solar arrays behave as a rigid body: i.e., they rotate with
the same angular velocity. Additionally, the validity of
modeling solar arrays as plates with zero thickness and
the effects of solar array orientation are discussed in Sec-
tion 6.3. The total moment of inertia of the spacecraft (in-
cluding reactions wheels and solar arrays) can therefore be

described as J T ¼ J SC þ wABJw
wABT if all inertia ten-

sors are expressed relative to CM, where

J SC ¼ J 24UþSAABJ SA
SAABT is the moment of inertia of

the main body plus solar arrays, Jw ¼ diag Jw1; Jw2; Jw3½ �ð Þ
is the axial moment of inertia of reaction wheels, SAAB

projects solar array principal axes onto body-fixed refer-

ence frame B, and wAB projects the spin axis of reaction
wheels onto frame B.
3. Dust environment

The number of dust particles encountered by SC B1
along its fly-by trajectory will depend on factors such as
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the actual fly-by altitude, cometary dust production rate,
or the surface area exposed to the dust environment. Fly-
by altitude and comet-related characteristics represent the
main sources of uncertainty for the mission. In an effort
to constrain and describe the potential dust environments
to be encountered by SC A, SC B1 and SC B2, Comet-I’s
Dust Hazard Assessment Team developed an Engineering
Dust Coma Model (EDCM) that estimates the number
and size of particles along the trajectory of each spacecraft
(Comet-I Dust Hazard Assessment Team, 2021; Marschall
et al., 2021): for baseline fly-by altitudes of 200 km (SC B2),
500 km (SC B1), and 1000 km (SC A). A brief overview of
the EDCM is provided in Section 3.1, and it is then
adapted for use in the Monte Carlo analysis in Section 3.2.

3.1. Engineering dust Coma model

The EDCM takes a series of stochastic variables as
inputs: e.g., comet nucleus radius, bulk density, gas pro-
duction rate, dust-to-gas mass production rate, or dust size
distribution (Marschall et al., 2021; Zakharov et al., 2021a,
2021b). Based on these inputs, the EDCM models the
dynamics of dust particles around the comet to simulate
their motion and describe the distribution of the cometary
dust environment, taking into consideration effects such as
gas drag force, gravity attraction of the nucleus, and solar
radiation pressure. Through a Monte Carlo analysis, the
EDCM is then able to describe the range of possible dust
environment scenarios to be encountered by the spacecraft,
and provides these results in the form of number of parti-
cles per m3 (i.e., spatial density of particles) along fly-by
trajectories.

The EDCM expresses the spatial density of particles n as
a vector of length N at discrete distances dk from the comet:
for k 2 0;N � 1½ �. Such density of particles depends on the
particle size, and so n is provided for various particle radii:
for particles of size [1∙10�6, 3.16∙10�6] m, [3.16∙10�6,
1∙10�5] m, [1∙10�5, 3.16∙10�5] m, etc. (grouped in half-
decade intervals). Further, since the spatial density of par-
ticles is a stochastic variable, n is statistically summarized
in the form of percentiles, which effectively represent the
probability of encountering a given number of particles
at a certain distance from the comet. Table 1 provides an
example of how the outputs of EDCM are expressed,
and these are then illustrated in Fig. 2, where negative/pos-
itive values of distance to comet indicate pre/post closest
approach. Take, for instance, the central column in Table 1
as an example (50th percentile): in the best 50% percent of
the cases, at distance d0 ¼ 50; 000 km from the comet (far-
thest data point provided by the EDCM), the expected
number of particles of size 1∙10�6–3.16∙10�6 m is of up
to 0.0021 per m3, and, at 1000 km from the comet (at
CA), the expected number of particles of this size is of up
to 21.975 per m3.

Several observations on the expected number and size of
particles to be encountered can already be made from the
EDCM outputs, for instance: (a) smaller particles are more
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numerous than larger particles, (b) environment density
increases closer to the comet, and (c) the uncertainty in
number of particles is of several orders of magnitude,
and this uncertainty is larger for larger particles. Several
of these observations can be further leveraged to adapt
the results of the EDCM for a Monte Carlo analysis in
which the dust environment (the number and size of parti-
cles, and their spatial distribution) is randomized.

3.2. Adapting the EDCM for Monte Carlo analysis

It is first noticed that EDCM provides number of parti-
cles for various particle sizes (grouped in half-decade inter-
vals of particle radius) with an average expected density of
570 kg/m3. Note also that the linear momentum of
impacted particles—which is relevant to attitude perturba-
tions—is linearly proportional to their mass. Such a dis-
cretization of particle radius thus results in a coarse
discretization of particle mass, and, consequently, of trans-
ferred linear and angular momenta: every 1.5 decades. A
finer discretization of particle mass is desirable for the
Monte Carlo analysis, so as to more realistically represent
a continuum of particles, and this can be achieved by
observing the linear relationship (in a log–log scale)
between number of particles and particle size (see Fig. 3).
Table 1
Number of particles of radius 1∙10�6–3.16∙10�6 m per m3 along 1000-km fly-b

Distance to comet Number of particles per m3 (percentile)

1st 5th 10th 25th

50,000 km 0.0003 0.0004 0.0006 0.0011
40,000 km 0.0004 0.0007 0.0009 0.0017
30,000 km 0.0008 0.0012 0.0016 0.0031
20,000 km 0.0018 0.0028 0.0037 0.0072
10,000 km 0.0077 0.0121 0.0161 0.0315
5000 km 0.0352 0.0552 0.0728 0.1427
1000 km 2.7479 4.2560 5.8471 11.472

Fig. 2. Number of dust particles per m3 along 1000-km fly-by, for v
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It is therefore possible to refine the discretization of par-
ticle size (or mass) provided by EDCM while preserving the
observed relationship in Fig. 3. In this study, the coarser
discretization provided by EDCM (every half decade) is
refined by a factor of 10, which then results in a discretiza-
tion of particle mass (and of transferred momenta)
every �1.5 tenths of a decade (instead of every 1.5 dec-
ades). As an example for reference, Fig. 3 specifically illus-
trates 50th-percentile values at the closest approach of a
1000-km fly-by, and it may be read as follows: illustrated
as tall, wide columns are the values provided by EDCM,
which follow a linear trend and represent the expected
number of particles corresponding to various size intervals.
EDCM values indicate, for instance, that up to 100 = 1
particle per m3 is expected in the size range [3.16∙10�6,
1∙10�5] m (second wide column from the left). Illustrated
as narrower, shorter columns is then the refined discretiza-
tion of particle size employed in this study, which follows
the same linear trend as the EDCM values and expresses
the expected number of particles for smaller intervals of
particle size. Note, lastly, that this finer discretization is
computed in such a way that the cumulative number of
particles corresponding to a given size interval (e.g., sum
of narrow columns between 3.16∙10�6 and 1∙10�5 m) is
equal to the number of particles indicated by the EDCM
y (summarized from (Marschall et al., 2021)).

50th 75th 90th 95th 99th

0.0021 0.0033 0.0043 0.0048 0.0057
0.0033 0.0051 0.0067 0.0076 0.0090
0.0060 0.0093 0.0122 0.0138 0.0164
0.0139 0.0217 0.0282 0.0319 0.0381
0.0609 0.0949 0.1245 0.1416 0.1806
0.2747 0.4285 0.5569 0.6287 0.7506
21.975 34.491 46.221 54.973 72.552

arious particle sizes (reproduced from (Marschall et al., 2021)).



Fig. 3. Relationship between number of particles and particle size, 50th
percentile at closest approach for 1000-km fly-by (modified from
(Marschall et al., 2021)).

Fig. 4. Relationship between number of particles and dust environment
density, for 1000-km fly-by and particles 1∙10�6–3.16∙10�6 m in size
(modified from (Marschall et al., 2021)).

Fig. 5. Relationship between number of particles and distance to comet,
50th percentile for particles 1∙10�6–3.16∙10�6 m in size (modified from
(Marschall et al., 2021)).
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columns (i.e., 100 = 1 particle per m3 in this specific
example).

Similarly, it is noticed that EDCM represents the
stochasticity of the dust environment in the form of density
percentiles (those shown in Table 1): 1st, 5th, 10th, 25th,
50th, 75th, 90th, 95th, and 99th. Again, a finer discretiza-
tion of these percentiles is desirable for the Monte Carlo
analysis, so as to be able to consider intermediate values
to these percentiles when randomizing the density of the
dust environment. After plotting the number of particles
against the provided percentiles in a log-linear scale
(Fig. 4), it is decided to linearly interpolate, in this scale,
dust environment densities in between the percentiles pro-
vided by the EDCM. This approach is also seen to be valid
throughout the fly-by trajectory, since the behavior of
number of particles versus density percentiles is similar
regardless of distance to comet (Fig. 4).

Once a finer discretization in terms of particle size/mass
and dust environment densities is available, it is further
noticed that EDCM results are provided only for the base-
line fly-by altitudes of SC B2, SC B1, and SC A: 200 km,
500 km, and 1000 km, respectively. Since the fly-by altitude
of SC B1 is, in fact, uncertain, it is also desirable to approx-
imate the dust environment for intermediate fly-by alti-
tudes within the 200–1000 km range, and for altitudes
outside of this range. Several observations can be made
when plotting the number of particles against the distance
to the comet for the three baseline fly-by altitudes (solid
black lines in see Fig. 5, in a log–log scale).

It is firstly observed that, at far distances from the
comet, the number of particles per m3 for the three baseline
fly-by altitudes converge and tend to zero (right-most
points of the three solid lines in Fig. 5, at
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d0 ¼ 50; 000 km). It is also observed that the maximum
number of particles occurs at closest approach, and a linear
trend can be observed between the maximum number of
particles for the baseline fly-by altitudes (left-most points
of the three solid lines in Fig. 5, at CA). It is lastly observed
that, for each fly-by altitude, the number of particles
against distance to comet follows a non-linear trend in this
log–log scale, and a polynomial fit can be used to approx-
imate its behavior (although alternative approaches may be



Fig. 6. Distribution of relative fly-by speeds of reachable long-period
comets.
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suitable too). In this study, it is determined that a sixth-
degree polynomial can faithfully represent the trend of spa-
tial density of particles n against distance to comet d for
each of the baseline fly-by altitudes, in the form of:

log nð Þ 	 P
iailog dð Þi for i 2 0; 6½ �.

It is further seen that dust environments in between the
baseline fly-by altitudes can be approximated by linear
interpolation of polynomial coefficients ai for i 2 1; 5½ �,
and solving for the leading coefficient a6 and the constant
of the polynomial a0 in a linear system of two equations.
A first equation may capture the tendency towards zero
at far distances from the comet (at d0), and the second
equation can capture the linear trend of maximum number
of particles at closest approach (at dCA), such as shown in
Eq. (1). The resulting dust environments for intermediate
fly-by altitudes are represented by dashed lines in Fig. 5.

log nð Þjat dCA

log nð Þjat d0

" #
¼ 1 log dCAð Þ6

1 log d0ð Þ6
" #

a0

a6

� �

þ
P

iai log dCAð ÞiP
iai log d0ð Þi

" #
for i 2 1; 5½ �

ð1Þ

For fly-by altitudes beyond the 200–1000 km range, it is
seen that fixing the polynomial coefficients ai for i 2 1; 5½ �
equal to those at 200 km or 1000 km (for altitudes below
200 km and above 1000 km, respectively) and modifying
only a6 and a0 can preserve the overall behavior of number
of particles as a function of distance to comet, although no
statement can be made on the physical validity of these
extrapolations. The resulting dust environments outside
the 200–1000 km range are represented by dash-dotted
lines in Fig. 5.

In summary, EDCM results (provided as in Table 1 and
Fig. 2) are adapted for the Monte Carlo analysis through:
(1) a refinement of the particle size/mass discretization, (2)
a refinement of the percentile discretization, and (3) an
interpolation/extrapolation of the dust environment for
different fly-by altitudes. Recall, lastly, that the spatial den-
sity of particles n is provided at discrete distances dk from
the comet: for k 2 0;N � 1½ � (such as in Table 1). In order
to compute the number of particles within the volume
spanned by the trajectory between points dk and dkþ1, a
simple trapezoidal rule is employed to integrate n in the
dk; dkþ1½ � interval, and this integral is then multiplied by
the maximum cross-sectional area of the spacecraft Amax

where potential impacts may occur (Fig. 1). In the Monte
Carlo analysis, these particles are then distributed along
the dk; dkþ1½ � interval and over the area Amax according to
uniform random distributions. Whether or not one of these
particles will actually collide with the spacecraft will
depend on the orientation of the spacecraft at the time of
encounter, and the process of determining whether a given
particle impacts or not the spacecraft is described in Sec-
tion 4.2.1. As a note, cloud-like regions with a higher den-
sity of particles, or vice versa, such as those observed by the
Rosetta spacecraft (Grün et al., 2016), are not considered
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in this analysis, and the assumed uniform spatial distribu-
tion of particles can be taken as the averaged effect of
higher and lower density regions along the fly-by.

3.3. Impact velocity

Besides a highly-active and uncertain dust environment,
the design phases of Comet-I are also challenged by a large
and a priori uncertain relative velocity between the space-
craft and the target comet at the time of fly-by. This uncer-
tainty in relative fly-by speed then directly translates into
an uncertainty in dust particle impact speeds. The range
and distribution of potential relative fly-by speeds
employed in this study are obtained from Sánchez et al.
(2021), which analyzed the intercept transfer trajectories
to a population of 1700 synthetic long-period comets with
perihelia below 2 au (emulating potential targets). The pop-
ulation of synthetic long-period comets was generated by
Boe et al. (2019), based on best current knowledge of
Oort-cloud comet orbital distribution. Sánchez et al. then
showed that, out of the 1700 synthetic objects, 306 comets
were potentially reachable within the bounds of spacecraft
constraints and mission requirements (e.g., propulsive
capability, transfer time, maximum relative velocity of
70 km/s, fly-by solar aspect angle between 45 and
135 deg, etc.).

Illustrated in Fig. 6 is then the distribution of these 306
comets as a function of relative fly-by speed, which high-
lights the large uncertainty in relative fly-by speed for the
Comet-I mission. Relative fly-by speeds (and, thus, particle
impact speeds) can easily range from 15 up to 70 km/s. In
the Monte Carlo analysis performed in this study, the rel-
ative fly-by speed is randomized for each Monte Carlo case
according to the probability distribution shown in Fig. 6. It
is further noted by Sánchez et al. that such large range of
possible fly-by speeds is primarily a result of the geometry
of the encounters, being the inclination of the long-period
comets along their heliocentric trajectories the main vari-
ability factor.
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4. Attitude dynamics and control

Once the dust environment and fly-by characteristics are
modeled and randomized for the Monte Carlo analysis, the
modeling of attitude dynamics and control, including com-
ponent inaccuracies, and the identification and effect of
particle impacts are described in this section.

4.1. Dynamics and control

Following the nomenclature in Kumar et al. (2018), the
attitude dynamics of a spacecraft controlled by reaction
wheels can be described as in Eq. (2).

J SC _xB ¼ �xB � J Tx
B þ wABJ wXw

� �
þ TB

w þ TB
E ð2Þ

where superscript B denotes variables expressed in the
body-fixed frame B, x is the angular velocity of the space-
craft (i.e., main body plus solar arrays) relative to an iner-

tial reference frame, Xw ¼ Xw;x;Xw;y ;Xw;z

� �T
is the axial

angular velocity of three reaction wheels, assumed to be

perfectly aligned with body-fixed axes: i.e., wAB ¼ I 3x3 

identity matrix, Tw is the torque generated by reaction
wheels, and TE is the external torque acting on the system
(although no external torque is considered in this study:
TE ¼ 0). Note that the perturbations generated by impacts
of dust particles are introduced in this analysis as instanta-
neous changes in angular velocity (see Section 4.2.2), and
not as an external torque. Lastly, the torque generated by
reaction wheels Tw is a combination of the torque com-
manded by the on-board computer Tw;c and the perturbing
torques Tw;p due to static and dynamic imbalance of reac-
tion wheels (see Section 4.2): Tw ¼ Tw;c þ Tw;p.

In this study, the on-board computer is assumed to com-
pute a desired, commanded torque generated by reaction
wheels (based on pointing error and angular velocity),
which then determines the required angular acceleration

of reaction wheels _Xw. A relationship between the gener-
ated torque and the angular acceleration of reaction wheels
and of the spacecraft can be obtained from the derivative in
axial angular momentum of reaction wheels
_Hw ¼ _Hw;x; _Hw;y ; _Hw;z

� �
(see Eq. (3)).

Tw ¼ � _Hw ¼ �Jw
_Xw þ wABT _xB

� 	
ð3Þ

where the negative sign underlines the action-reaction effect

of wheels on the spacecraft. Notice that _Xw is computed
through Eq. (3) based on the quantities that are known
by the on-board computer: i.e., substituting Tw by Tw;c,
and computing _x (Eq. (2)) based on Tw;c and on the on-
board knowledge of x. Further, reaction wheel angular
velocity and moments of inertia are assumed to be perfectly
known. Lastly, note that the saturation limit of reaction
wheels is also considered: Hw� Hw;lim, but, as shown in Sec-
tion 6.1, saturation is not reached unless reaction wheels
are heavily loaded prior to the fly-by.
1195
The goal of the attitude controller is to mitigate the per-
turbance of particle impacts and to stabilize the spacecraft
about a desired, inertially-fixed orientation (i.e., zero angu-
lar velocity x). A simple quaternion-feedback control logic
(Wie, 2016) is employed here since the focus of the study is
to understand and characterize the highly uncertain atti-
tude performance of the spacecraft rather than providing
the most efficient or robust control logic. This simple feed-
back controller thus allows to preliminarily assess the fea-
sibility of the mission, to identify main mission and
environment factors, and to evaluate the effect of reaction
wheel capability and of solar array configuration.

Following the nomenclature in (Wie, 2016), consider a

desired orientation qc ¼ qc1; qc2; qc3; qc4½ �T represented in
quaternion form (relative to an inertial reference system).

Assuming the spacecraft attitude qSC ¼ q1; q2; q3; q4½ �T is
known through star tracker observations (including
errors), and the angular velocity x is known through gyro-
scope measurements (including errors), the attitude error

qe ¼ qe1; qe2; qe3; qe4½ �T ¼ qTe ; qe4
� �T

with respect to the

desired orientation can be computed on board as in Eq.
(4). The quaternion qe ¼ cos e=2ð Þ þ sin e=2ð Þbe effectively
describes the shortest rotation between qc and qSC: a rota-
tion of angle e (pointing error) about axis be. The torque
required from reaction wheels can then be defined as in
Eq. (5) (in the body-fixed reference frame). Also note that,
if the required torque from any one reaction wheel (Eq. (5))
exceeds the maximum allowable torque T w;lim, the magni-
tude of the commanded torque (i.e., in vector Tw;c) for that
particular wheel is set equal to T w;lim.

qe1
qe2
qe3
qe4

26664
37775 ¼

qc4
�qc3
qc2
qc1

qc3
qc4
�qc1
qc2

�qc2
qc1
qc4
qc3

�qc1
�qc2
�qc3
qc4

26664
37775

q1

q2

q3

q4

26664
37775 ð4Þ

TB
w ¼ �Kqe � CxB ð5Þ

where K and C are the proportional and derivative gains of
the controller.

Several gain selections can achieve global asymptotic
stability (Wie, 2016), and the definition in Eq. (6) is
adopted in this study.

K ¼ sgn qe4ð Þ � k � I 3x3 for C ¼ c � I 3x3 ð6Þ
where sgn �ð Þ is the signum function and selects the shorter
angular path towards the desired orientation, and k and c
are two positive scalar constants. The gain selection pro-
cess is described in Section 5.2.

4.2. Errors and perturbances

Errors considered in this study are associated to on-
board sensors and actuators: star tracker (attitude knowl-
edge), gyroscopes (angular velocity knowledge), and reac-
tion wheels (generated torque). Star tracker accuracy (1r)
is described in its specifications as: 6 arcsec in cross-
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boresight and 40 arcsec in boresight direction (Hegel, 2016;
JAXA Comet Interceptor Team, 2021), but this baseline
performance may be jeopardized by cometary dust parti-
cles within the field of view: as experienced by ESA’s
Rosetta spacecraft during its 15-km fly-by of short-period
comet 67P/Churyumov-Geramisenko (Pérez-Ayúcar
et al., 2018; Vallat et al., 2017). At closest approach, even
along a baseline 750-km fly-by, SC B1 is expected to
encounter two and up to eight orders of magnitude denser
dust environments than that experienced by Rosetta
(Merouane et al., 2016), depending on the characteristics
of the target long-period comet. Development of a robust
attitude determination system under such extreme condi-
tions is thus essential for the success of the mission and
remains a topic for future work. As suggested for close-
proximity operations around comets (Lisse et al., 2022),
such a system may rely on a star tracker with a more robust
software for detection of real stars and rejection of dust
particles within the field of view, or on integrated gyro-
scope measurements that may still provide sensible accura-
cies given the short duration of the close encounter. In lack
of a more informed estimation on attitude determination
performance, however, this analysis assumes the baseline
star tracker performance considered in the SC B1 Design
Report Document (JAXA Comet Interceptor Team,
2021), and the effect of larger attitude knowledge inaccura-
cies is commented in Section 6.1.

Error in attitude knowledge is then introduced in the
Monte Carlo simulations as two consecutive rotations
about the true orientation of the spacecraft (frame B in
Fig. 7): a first rotation a1 (with zero mean and baseline
standard deviation r1 ¼ 6 arcsec) about a uniformly-

random cross-boresight direction bk1 (which results in inter-
mediate frame B1), and a second rotation a2 (with zero
mean and baseline standard deviation r2 ¼ 40 arcsec)
about the boresight direction of frame B1: by1 (the by-axis
in Fig. 7 corresponds to the true boresight direction of
the spacecraft). This pointing error is time varying and ran-
domized for each Monte Carlo simulation.

Angular velocity xB is assumed to be known through
three gyroscopes aligned with body-fixed axes. A constant
bias in angular velocity is introduced along each of these
axes: zero mean and standard deviation of 10 deg/h,
according to typical bias stabilities of small-spacecraft
gyroscopes (NASA, 2020). Such constant biases are ran-
domized and introduced in each Monte Carlo simulation.
Fig. 7. Modeling of star tracker boresight and cross-boresight accuracy.
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Lastly, reaction wheel inaccuracies, due to asymmetries
in radial and axial mass distribution, are typically modeled
as static and dynamic imbalance. Reported static and
dynamic imbalances for BCT reaction wheels are:
S � 3 g � mm and D � 25 g � mm2, respectively (Blue
Canyon Technologies, 2021). Notice that the generated
perturbance due to static imbalance is expected to be
approximately two orders of magnitude smaller than that
due to dynamic imbalance, since the static imbalance is
proportional to S, to the spin velocity of the wheels

squared: X2
w;x, X

2
w;y and X2

w;z, and to the distance from the

wheel to the center of mass of the spacecraft (in the order
of tens of centimeters for a 24U-sized spacecraft). The per-
turbing torque due to dynamic imbalance, on the other
hand, is only proportional to D (�S) and to the spin veloc-
ity of the reaction wheels squared: and not to the distance
from the wheel to the center of mass. Only the dynamic
imbalance is thus considered in this study when computing
the perturbing torque Tw;p (see Eq. (7)).

Tw;p ¼ DzX
2
w;z sin Xw;ztþ/zð Þ�DyX

2
w;y cos Xw;ytþ/y


 �� �
x̂B

þ DxX
2
w;x sin Xw;xtþ/xð Þ�DzX

2
w;z cos Xw;ztþ/zð Þ

� �
ŷB

þ DyX
2
w;y sin Xw;y tþ/y


 ��DxX
2
w;x cos Xw;xtþ/xð Þ

� �
ẑB

ð7Þ
where Dx, Dy , and Dz are the dynamic imbalances of reac-
tion wheels aligned with body-fixed bxB, byB and bzB axes,
respectively, t is the time variable, and /x, /y , and /z are

arbitrary initial phases associated to each reaction wheel.
In each Monte Carlo simulation, dynamic imbalances Dx,
Dy , and Dz are uniformly randomized in the 0; 25½ � g∙mm2

range, and initial phases /x, /y , and /z are uniformly ran-

domized in the 0; 2p½ � rad range.

4.3. Identification of particle impacts

The predominant source of perturbations for the
Comet-I mission, however, are dust particle impacts. Ran-
domized dust environments are generated in each Monte
Carlo simulation as described in Section 3. Each particle
in the dust environment is then described by a mass mp,
and a position rp ¼ xpbcx þ ypbvr þ zpbcz in inertial reference

frame I (centered at the comet). Notice that, in such refer-
ence frame, the position of the spacecraft along its fly-by
trajectory can simply be described as
rSC ¼ hfbcx þ y0 þ vrtð Þ � bvr, where hf is the fly-by altitude,
y0 is the initial position of the spacecraft along the bvr-
axis, and vr is the relative fly-by speed. Regardless of the
orientation of the spacecraft, potential particle impacts
are then assumed to occur at time tp: when y0 þ vrtp ¼ yp
⟺ tp ¼ yp � y0


 �
=vr (i.e., when the bvr-coordinate of the

spacecraft’s CM coincides with that of the particle).
At the time tp of each potential impact, the orientation

of the spacecraft and the cross-axis coordinates xp and zp
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of the particle are examined to determine whether an
impact actually occurs, and on which face of the spacecraft
(Fig. 8). Initially, the following two steps are verified:

1) For each face f of the spacecraft, with outward nor-
mal n̂f , check if n̂f � v̂r > 0: i.e., if face f is oriented
towards the incoming flow of particles.

2) If so, project the vertices of face f onto the bcx-bcz
plane, and check if point xp; zp


 �
is contained within

the polygon described by the projected vertices. The
methodology in (Hormann and Agathos, 2001) is
implemented to solve this ‘‘point-in-polygon”
problem.

If 1) and 2) are fulfilled, then an impact between the par-

ticle and face f will occur, unless another face f
0

is
impacted by the particle before: this may happen if parti-
cles impact solar arrays before the main body of the space-

craft, or vice versa. If point xp; zp

 �

is contained within the

polygons described by the projected vertices of both faces f
and f

0
, it then has two potential points of impact:

xp; yf ; zp

 �

and xp; yf 0 ; zp
� �

, and one must check which face

is impacted first (i.e., which potential point of impact is far-
ther upstream): yf > yf 0 or yf < yf 0 . In the example in

Fig. 8, the scenario is presented where no impacts occur
on the closest region on the solar arrays to the main body
of the spacecraft, since the bumper is farther upstream and
thus firstly exposed to the dust environment.

In order to determine the coordinate yf (or yf 0 ) of the

potential point of impact with face f (or f
0
), the definition

of the plane to whom face f belongs can be leveraged. Note
that, if the normal of face f is bnf ¼ nf ;xbcx þ nf ;ybvr þ nf ;zbcz
and one of its vertices is at pxbcx þ pybvr þ pzbcz, the equation

of the plane yields Eq. (8).

nf ;x xp � px

 �þ nf ;y yf � py


 �þ nf ;z zp � pz

 � ¼ 0 ð8Þ
from which the bvr-component yf of the potential point of

impact can be computed. If such an operation is performed
Fig. 8. Example of set of particles to be potentially impac
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for faces f and f
0
, then, by comparing yf and yf 0 , one may

determine which potential point of impact is farther
upstream. Notice that, in this study, a given particle is
assumed to only impact one face (i.e., the first one to be
impacted), and no downrange or back-scattered ejecta
impacting on other faces is modeled (i.e., no secondary
impacts).
4.4. Attitude perturbance due to particle impacts

Through Section 4.2.1 it is thus possible to determine
whether an impact with a particle at time tp will occur,
and on which face of the spacecraft. The impact point of
the particle (of mass mp) is then described relative to CM

as rCMp ¼ xp � hf

 �bcx þ yf � yp


 �bvr þ zpbcz, and the velocity

of the particle relative to the spacecraft is vp ¼ �vrbvr (i.e.,
anti-parallel to the relative fly-by velocity). Particle impacts
are assumed to produce instantaneous changes in space-
craft angular momentum (or angular velocity) as a function
of particle mass, velocity, impact point and incidence angle,
and impacted material.

Impacts exceeding the speed of sound on solid materials
are categorized as ‘‘hypervelocity” impacts, which gener-
ally result in the perforation/cratering of the impacted face,
and generation of downrange (downstream) and back-
scattered (upstream) ejecta (Rival and Mandeville, 1999).
Such ejecta then generates a momentum transfer that is lar-
ger than the linear momentum of the incoming particle:
this is known as ‘‘momentum enhancement” (i.e., the ratio
of transferred momentum over the linear momentum of the
incoming particle is larger than one). As a countermeasure,
SC B1 will feature a bumper on the face that is nominally
exposed to the dust environment (Fig. 1), with the purpose
of plastically absorbing the linear momentum of incoming
particles (i.e., ratio equal to one). As an initial step in the
analysis, all impacts are modeled as perfectly plastic
regardless of the impacted surface (results in all of Section 6
unless otherwise specified), and, subsequently, impacts on
faces other than the bumper are modeled as hypervelocity
impacts as a case study (results in Section 6.2): to assess
ted by spacecraft and identification of impact points.



Fig. 9. Momentum enhancement due to hypervelocity impacts as a
function of impact velocity.

Fig. 10. Momentum enhancement due to hypervelocity impacts as a
function of impactor radius.
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the effect of momentum enhancement. Notice also that,
when modeling hypervelocity impacts, only back-
scattered ejecta is considered (which enhances momentum
transfer), and no downrange ejecta is modeled: which is
generally generated on thin materials and may damage
internal components, but results in a reduced momentum
transfer.

Hypervelocity impacts have been extensively studied
through empirical and theoretical data (IADC WG3,
2013), and three main types of fragments are identified to
be generated: jet, cone, and spall fragments. Mathematical
models for the amount of mass and velocity distribution
(i.e., linear momentum) of these three types of fragments
are described by (Rival and Mandeville, 1999) and
employed here. Notice, however, that jetting is expected
to account for less than 1% of the total ejected mass, and
so jettisoned fragments are neglected in this study. Such
models are expressed as a function of the kinetic energy
of the impact particle, impact incidence angle, and
impacted material, and they have also been employed by
ESA’s software MASTER-2009 to provide a reference
model of the near-Earth particulate environment
(Institute of Space Systems, 2020). The same combination
of input parameters from (Rival and Mandeville, 1999)
and (Institute of Space Systems, 2020) employed by
(Sagnières and Sharf, 2017) is used here, except for the den-
sity of the impactors (i.e., dust particles), which is set equal
to the average expected bulk density of the target comet:
570 kg/m3 (Comet-I Dust Hazard Assessment Team,
2021; Marschall et al., 2021). Such model is argued to be
valid for impacts with brittle materials, impactor radii
between 2.5 lm and 0.5 mm, and impact velocities between
1 km/s and 20 km/s (Institute of Space Systems, 2020).

Notice that the expected impact velocities for Comet-I
(i.e., between 15 and 70 km/s, see Fig. 6) lie beyond the
validity range of the employed impact model. The model,
in fact, overestimates the momentum enhancement pro-
duced by hypervelocity impacts above 25 km/s by a factor
of up to 2–3 when compared to experimental data and
measurements (Fig. 9). Fig. 9 illustrates the momentum
enhancement estimated by the employed model together
with that estimated by models developed by Rembor
(Rembor, 1993) and Nysmith-Denardo (Nysmith and
Denardo, 1969) based on experimental data and measure-
ments from the mission Giotto (McDonnell, 2002;
McDonnell et al., 1986). It is observed how the employed
model conforms to the experimental data and measure-
ments in the 1–25-km/s range, but it overestimates momen-
tum enhancements beyond this range. As such, results in
Section 6.2 can be treated as a conservative estimation of
the expected attitude performance of SC B1 in the presence
of momentum enhancement due to hypervelocity impacts.

Similarly, as shown in Section 5.3, particles of mass lar-
ger than 10�8 kg (i.e., 0.2-mm radius) are expected to have
a significant effect on attitude performance, and particles of
up to 10�1 kg (i.e., 3.5-cm radius) may still be encountered,
although they are more unlikely. As such, considered par-
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ticle sizes (i.e., from 0.2 mm to 3.5 cm) partially lie beyond
the validity range of the employed impact model too. The
validity of the employed model outside of this range may
only be speculated, but Fig. 10 is provided to show the
behavior of the modeled momentum enhancement as a
function of impactor radius.

It is observed how the locally linear and descending
trend of the momentum enhancement within the validity
range experiences a change in slope for particles above a
0.5-mm radius. This change in trends is more prominent
for large impact velocities. Despite the uncertainty of
whether the modeling for radii above 0.5 mm is or not
physically representative, the model does not diverge and
provides momentum enhancement values of the same order
of magnitude as for radii within the validity range. These
potential model inaccuracies are acknowledged in this
study but are not expected to compromise the validity of
the analysis in Section 6.2. Furthermore, as shown in Sec-
tion 5.4, particles larger than 0.35–0.75 mm (10�7–10�6 kg)
are already expected to produce attitude errors larger than
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the requirements of the narrow-angle camera, and even lar-
ger particles may result in tumbling of the spacecraft or
even critical internal damage. Thus, inaccuracies in the
modeling of large particle impacts become less compromis-
ing to the validity of the attitude performance analysis.

The employed model for hypervelocity impacts there-
fore provides a mathematical expression for the linear

momentum of ejecta generated after the impact, p þð Þ
e , based

on known quantities such as the kinetic energy of the
impacted particle, incidence angle, and impacted material.
The total transfer of linear momentum is then simply

p �ð Þ
p � p þð Þ

e : i.e., difference between the relative linear

momentum of the impacted particle before the impact,

p �ð Þ
p ¼ mpvp, and the linear momentum of the generated

ejecta. An expression for the total angular momentum
transfer can also be obtained from the conservation of
angular momentum before and after the impact, since no
external torques are exerted on the system.

A spacecraft-particle system can be defined before the

impact, with angular momentum H
�ð Þ
SCþp, and a spacecraft-

ejecta system can be defined after the impact, with angular

momentum H
þð Þ
SCþe. The conservation of angular momen-

tum through an impact can then be expressed in the inertial
reference frame and relative to CM as in Eq. (9).

H
�ð Þ
SCþp ¼ BC I J Tx

B �ð Þ þ wABJ wX
�ð Þ
w

� 	
þ rCMp � p �ð Þ

p

¼ BC I JTx
B þð Þ þ wABJ wX

þð Þ
w

� �
þ rCMp � p þð Þ

e

¼ H
þð Þ
SCþe ð9Þ
where BC I is the rotation matrix from the body-fixed to
the inertial reference frame. By assuming reaction wheels

are unperturbed through the impact: X �ð Þ
w ¼ X þð Þ

w (i.e.,
angular momentum is transferred fully into the spacecraft),
one may then compute the resulting change in spacecraft

angular velocity DxB ¼ xB þð Þ � xB �ð Þ
from Eq. (9). Such

change in angular velocity is assumed to occur instanta-
neously, and it models the attitude perturbation due to a
particle impact at time tp. The same expression is applied
when modeling perfectly plastic impacts, but simply substi-

tuting p þð Þ
e ¼ 0 as no ejecta is generated in such cases.

Note that the transfer of linear momentum due to par-

ticle impacts, p �ð Þ
p � p þð Þ

e , is neglected in this study, since

the resulting change in spacecraft velocity,

Dvr ¼ p �ð Þ
p � p þð Þ

e

��� ���=mSC, is several orders of magnitude

smaller than the fly-by speed vr. For reference, a 1-gram
particle would cause a change in velocity of up to 15 m/s
(for a maximum fly-by speed of 70 km/s), which is more
than 3 orders of magnitude smaller than vr, and these
impacts are highly unlikely as shown in Section 5.3. Simi-
larly, more common particles (e.g., 10�8–10�6 kg) result
in changes in velocity 6 to 8 orders of magnitude smaller
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than vr, and only a few tens of them are expected to be
encountered (Section 5.3).

5. Pre-analysis considerations and characterization of the

problem

Monte Carlo simulations are performed in Section 6 to
characterize the behavior of the attitude control system
through the widely uncertain environment to be encoun-
tered in the actual mission. To model the stochasticity of
the problem, different fly-by conditions and distributions
of the dust environment are generated for each Monte
Carlo case (Section 5.1). Attitude control gains are also
selected taking into consideration the uncertainty of the
dust environment (Section 5.2), and initial characterization
of the problem is provided by Sections 5.3, 5.4 and 5.5.

5.1. Setup of Monte Carlo analysis

As a first step, the trajectory of the spacecraft is defined
by an initial position on the bcx-bvr plane:
rSC t ¼ 0ð Þ ¼ hfbcx þ y0bvr, and a relative fly-by speed
vr ¼ vrbvr. The relative fly-by speed vr is randomly generated
in each Monte Carlo case according to the distribution in
Fig. 6. The fly-by altitude hf is also an uncertain quantity
with expected normal distribution 750 ± 250 km (1r). A
total of nine discrete, deterministic possibilities for hf are
studied: hf 2 150 þ 150i½ � km for i 2 0; 8½ �, and a total of
10,000 Monte Carlo simulations are run for each of these
fly-by altitudes. Analysis of discrete hf values allows to
characterize the attitude performance as a function of fly-
by altitude, and the statistics of the stochastic problem
can be approximated by weighing the deterministic cases
according to the probability density function of hf ’s nor-
mal distribution. For each of these fly-by altitudes, the ini-
tial bvr-coordinate of the spacecraft relative to the comet y0

is computed from d0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2
f þ y2

0

q
, where d0 ¼ 50; 000 km is

the first and farthest data point in the vector dk 2 0;N � 1½ �
provided by the EDCM (Section 3.1). This fully defines the
spacecraft’s initial position and velocity vectors rSC and vr
for each Monte Carlo simulation, with an initial orienta-
tion equal to the desired inertially-fixed orientation:
qSC t ¼ 0ð Þ ¼ qc, and zero angular velocity: x t ¼ 0ð Þ ¼ 0.
Note that reaction wheels are also assumed to be initially
unloaded: Xw ¼ 0, since no improvement is observed when
reaction wheels are pre-loaded (Section 6.1).

For each fly-by altitude hf , the EDCM is adapted as
described in Section 3.2 to place particles of various masses
along the several subdivisions dk; dkþ1½ � of the fly-by trajec-
tory, for a given percentile of the dust environment density.
Note that the position of dust particles rp is randomized for
each individual Monte Carlo case. Dust environment den-
sity is an uncertainty quantity, and a total of 100 discrete,
deterministic environment density percentiles are consid-
ered for each fly-by altitude (equally spaced between the
1st and the 99th percentiles). Then, 100 Monte Carlo sim-
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ulations are performed for each of these discrete per-
centiles, amounting for a total of 100x100 = 10,000 Monte
Carlo simulations for each fly-by altitude. Since a uniform
discretization of density percentiles is employed, each of
the 10,000 Monte Carlo simulations also has equal proba-
bility of occurring during the real mission, and this fact is
leveraged to recover the statistics of the stochastic problem.

Once the initial state of the spacecraft is defined and the
dust environment is generated for each Monte Carlo case,
simulations can be run. Note now that, if the narrow-angle

camera has a full angle of view of FOVbx ¼ 2:6
�

on the

body-fixed bxB-byB plane (JAXA Comet Interceptor Team,
2021), under nominal circumstances (i.e., with no pointing
errors), the comet will only be within the field of view of the
camera when the spacecraft is between bvr-coordinates

� tan FOVbx=2� �
hf and þ tan FOVbx=2� �

hf . As such, from

each Monte Carlo simulation, attitude performance indica-
tors such as mean and maximum pointing errors or angular
velocities are recorded within the nominal observation win-
dow, and simulations are finally stopped when the space-

craft reaches bvr-coordinate þ tan FOVbx=2� �
hf (i.e., when

the comet nominally leaves the field of view). Results from
all Monte Carlo simulations are then summarized in the
form of percentiles.
Fig. 11. Effect of control gains on (a) mean pointing error, (b) maximum
pointing error, (c) mean angular velocity, and mean generated torque
(average over 200 Monte Carlo runs, 250-km fly-by and 90th-percentile
dust environment density).
5.2. Selection of attitude control gains

Several observations are made in the process of selecting
control gains k (proportional gain) and c (derivative gain).
Firstly, an order of magnitude for control gains is inferred
from the narrow-angle camera requirements and specifica-

tions of the reaction wheels: k½ � � T w;lim½ �= ereq
� �

and

c½ � � T w;lim½ �= xreq

� �
. Recall that reactions wheels can gen-

erate a maximum torque T w;lim ¼ 25 mN � m, and the atti-

tude requirements are ereq ¼ 0:5
�

in pointing error and
xreq ¼ 0:4 deg=s in angular velocity. The expected orders
of magnitude of control gains are then
k½ � � 2:9 N � m=rad and c½ � � 3:6 N � m � s=rad.

Secondly, it is noticed that the uncertainty in the
encountered dust environment does not allow for a tradi-
tional selection of control gains. Each single selection of
control gains results in a range of different pointing errors
and angular velocities depending on the density of the dust
environment, on the impact position relative to the center
of mass, and on the location of the particles along the
fly-by trajectory. As such, a grid-search parametric study
is combined here with a Monte Carlo analysis to incorpo-
rate the dependency of attitude performance on the dust
environment, and control gains resulting in the averagely
best attitude performance are selected.

A grid of 30x30 combinations of k and c is generated,
uniformly distributed in a logarithmic scale over the
10�1–101 N∙m/rad and 10�1–101 N∙m∙s/rad ranges (ac-
cording to their expected orders of magnitude), and the
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performance of each combination is tested for the same
200 dust environments generated as described in Sec-
tion 5.1, for a fixed fly-by altitude of 250 km (2r lower
bound), and fixed 90th-percentile dust environment den-
sity: to focus only on dust environments with a rather
homogeneous distribution of particles, since lower-density
environments (with more sparse distribution of particles)
provide inconsistent information on attitude performance.
Quantities such as mean pointing error emean, maximum
pointing error emax, and mean angular velocity xmean within
the nominal observation window are stored from these sim-
ulations, together with the average generated torque Tmean

throughout the whole simulated trajectory: i.e., betweenbvr-coordinates y0 and tan FOVbx=2� �
hf .

As a summary of this parametric study, Fig. 11 illus-
trates the attitude performance (averaged over 200 Monte
Carlo cases) resulting from each combination of gains k
and c.

Four distinct regions can be observed in Fig. 11
(labeled):

1) Small values of k and c, which result in low overall
performance due to insufficient generated torque
T mean.

2) Large k and small c, which result in reasonable aver-
age pointing error emean, but inconsistent xmean perfor-
mance and largest generated torques.

3) Small k and large c, which result in large pointing
errors emean and angular velocities xmean.

4) k and c in the order of log100 ¼ 1, which result in the
best overall performances by means of reasonable
values of T mean.

Also indicated in Fig. 11 (black outlined square) are the
selected control gains k ¼ 1:5 N � m=rad and
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c ¼ 1:3 N � m � s=rad employed in the remaining of this
study. Such gains are centered within region 4, although
their specific values are arbitrarily selected within this
region since it presents a rather homogeneous performance.

5.3. Characterization of dust environment

The procedure described in Section 3.2 to adapt the
EDCM and randomize dust environments is used here to
characterize the number of particles that can be expected
along fly-by trajectories. Notice that the number of
encountered particles depends on the cross-sectional area
that is exposed to the dust environment ASC, and so, for ref-
erence, it is simply assumed here that ASC corresponds to
that of the nominal orientation of the spacecraft qSC ¼ qc:
ASC ¼ 0:4 � 0:2 m2 (recall that solar arrays are assumed to
have zero thickness). Table 2 then summarizes the expected
number of particles along the simulated fly-by trajectories:

i.e., between bvr-coordinates y0 and þ tan FOVbx=2� �
hf , for

mass decades between 10�11 and 10�1 kg, and for various
fly-by altitudes and dust environment densities.

The preliminary observations stated in Section 3.1 still
hold when looking at Table 2, and, more specifically, it is
now observed that smaller particles are more numerous,
with increments of approximately one order of magnitude
every mass decade. Further, the uncertainty in number of
particles (i.e., range between low and high percentiles) is
more prominent for large particles: the uncertainty for
small particles is of approximately one order of magnitude,
and of approximately three orders of magnitudes for large
particles. Table 2 also shows that from a few to thousands
of small particles can be expected (10�11–10�8 kg), less
than one to tens of particles of 10�5–10�8 kg may be
encountered, and larger particles become more unlikely:
e.g., 0.0038 particles of mass 10�2–10�1 kg are expected
along a 250-km fly-by (90th percentile), which means that,
in the best 90% of the cases, the probability of encountering
one of these particles along a 250-km fly-by is lower than
0.38%.
Table 2
Expected number of particles along simulated trajectory for various fly-by alt

Particle mass (kg) Fly-by altitude

250 km 750 km

10th perc. 50th perc. 90th perc. 10th perc.

10�2–10�1 3.0∙10�6 0.0001 0.0038 9.9∙10�7

10�3–10�2 2.8∙10�5 0.0008 0.0185 9.1∙10�6

10�4–10�3 0.0003 0.0052 0.0925 0.0001
10�5–10�4 0.0023 0.0340 0.4716 0.0007
10�6–10�5 0.0206 0.2275 2.4170 0.0066
10�7–10�6 0.1886 1.5966 12.422 0.0604
10�8–10�7 1.6894 11.129 67.383 0.5434
10�9–10�8 14.929 78.122 372.05 4.8052
10�10–10�9 128.96 557.25 2097.2 41.203
10�11–10�10 1118.6 4075.8 12336 355.55
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5.4. Characterization of single particle impacts

Evaluation of single particle impacts can provide an
insight into attitude perturbance as a function of particle
mass. For a testcase scenario in which the initial orienta-
tion is equal to the desired orientation: qSC ¼ qc, single par-
ticle impacts are assumed to occur at the farthest possible
point from the center of mass on the bumper face:
rCMp;max ¼ 0:15bxB � 0:2byB � 0:1bzB. Such an impact will gener-

ate the largest possible perturbance in angular velocity Dx
for a given particle mass mp, assuming that solar arrays
have zero thickness and so they may not be impacted when
qSC ¼ qc. Notice also that, under this configuration, the
specific quadrant of rCMp;max does not affect the magnitude

of the attitude perturbance due to the symmetry of the
problem.

As an initial example, for an impact particle of mass
2.5�10�7 kg and impact speed of 70 km/s, Fig. 12 illustrates
the magnitude of the angular velocity x and the pointing
error e ¼ 2 � tan�1 qe1; qe2; qe3½ �j j=qe4ð Þj j as a function of
time. It is initially observed that component inaccuracies

induce a baseline attitude error, below e ¼ 0:01
�

and
x ¼ 0:01 deg=s, even if no particles are impacted. After
impact, the pointing error rapidly increases due to the sud-
den change in angular velocity Dx ¼ 0:34 deg=s, which is
then corrected by the controller. In particular, the pointing

error reaches a maximum of emax ¼ 0:10
�

prior to being
mitigated by the controller, and the maximum angular
velocity, xmax ¼ Dx, is registered at the time of impact.

In an effort to characterize the effect of single particle
impacts as a function of mass, similar simulations to that
in Fig. 12 are performed for particles of mass 10�11–10�1

kg, and for impact velocities of 15 and 70 km/s. The max-
imum pointing error emax and maximum angular velocity
xmax resulting from each simulation are illustrated in
Fig. 13.

It is initially observed in Fig. 13 that, due to component
inaccuracies, the effect of particles of up to 10�8–10�7 kg is
not perceptible: the baseline noise induced by component
itudes and dust environment densities.

1350 km

50th perc. 90th perc. 10th perc. 50th perc. 90th perc.

3.7∙10�5 0.0013 5.5∙10�7 2.0∙10�5 0.0007
0.0002 0.0061 5.0∙10�6 0.0001 0.0033
0.0016 0.0295 4.5∙10�5 0.0009 0.0163
0.0109 0.1497 0.0004 0.0060 0.0821
0.0732 0.7681 0.0036 0.0407 0.4197
0.5076 3.9692 0.0332 0.2818 2.2025
3.5526 21.364 0.2984 1.9653 11.812
25.039 117.20 2.6452 13.817 64.654
178.31 661.08 22.893 98.508 366.90
1296.7 3916.2 197.15 715.39 2172.6



Fig. 12. Pointing and angular velocity error due to impact particle of mass
2.5�10�7 kg at 70 km/s.
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inaccuracies is larger than the attitude perturbation pro-
duced by impact particles. Through Fig. 13, it is also clear
that the pointing requirement ereq is exceeded if particles
larger than 10�6–10�5 kg are impacted, and the angular
velocity requirement xreq is exceeded for particle masses
above 10�7–10�6 kg. Notice also the change in slope of
emax at 10�6–10�5 kg, which corresponds to torque require-
ments exceeding the capability of the reaction wheels. The
behavior of emax also changes above 10�5 kg, corresponding
to a tumbling spacecraft with rather unpredictable attitude
performance. Lastly, it is observed that the angular velocity
follows a linear trend as a function of particle mass, which
can already be inferred from Eq. (9), and this maximum
angular velocity is registered at the time of impact, as
shown in Fig. 12.

In summary, it is shown that the attitude of the space-
craft is highly sensitive to particle impacts (due to high
impact velocities), even for particle masses in the 10�7–
10�6-kg range—of which a few up to a dozen of them
Fig. 13. Maximum pointing error and angular velocity as a function of
particle mass.
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are expected to be encountered (Section 5.3). Moreover,
single impacts of smaller particles (10�11–10�7 kg) generate
errors within the requirements of the mission, but it shall
still be assessed whether multiple impacts of these (more
numerous) smaller particles can result in significant atti-
tude errors (Section 5.5).
5.5. Characterization of multiple impacts of similar mass

The effect of multiple impacts of similar mass is charac-
terized here by performing simulations that include parti-
cles belonging to only one mass decade at a time: e.g.,
including particles of mass 10�10–10�9 kg only, or particles
of mass 10�9–10�8 kg, etc. One simulation is performed for
each mass decade in a worst-case type of scenario: with a
fly-by velocity of 70 km/s (upper limit), a fly-by altitude
of 250 km (2r lower bound), and a 99th-percentile dust
environment density, and particles are generated and ran-
domly distributed along the fly-by trajectory as described
in Section 5.1. Results from such simulations may be trea-
ted as an approximated upper limit to the perturbation
generated by particles of similar mass, although results
may vary for different spatial distributions of particles, or
could be even worse if the fly-by altitude falls beyond the
2r interval or if cloud-like regions are encountered during
the actual mission (not modeled here).

As an example, Fig. 14 illustrates the effect of 10�7–
10�6-kg particle impacts on the pointing error, where the
dotted vertical lines indicate the times at which impacts
occur. It can be observed that the pointing error e due to
particles of mass 10�7–10�6 kg accumulates as the concen-
tration of particles in close proximity to the comet
increases. A maximum pointing error of 1.09 degrees is reg-
istered, but, given the spatial distribution of particles, this
maximum value is reached prior to the observation window
(which lasts less than 0.2 s due to the 70-km/s fly-by speed,
and is indicated as a thin, shadowed area in Fig. 14). The
Fig. 14. Pointing error due to impacts of 10�7–10�6-kg particles only
(70 km/s, 250-km fly-by, and 99th-percentile dust environment density).
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maximum pointing error within the observation window is
1.06 degrees in this case.

In an effort to characterize the effect of multiple impacts
of particles of similar mass, Table 3 then summarizes the
maximum pointing and angular velocity errors emax and
xmax generated by particles of mass from 10�10 kg to
10�4 kg. Since maximum attitude errors may or may not
occur within the observation window, depending on the
distribution of particles, Table 3 presents the maximum
errors throughout the simulated trajectory (instead of
within the observation window), to provide estimates of
the worst-case, maximum effect of particles of similar mass.

Various observations can be drawn from Table 3:


 Particles of mass 10�5–10�4 kg can result in angular
velocities above 100 deg/s, which effectively correspond
to a tumbling spacecraft whose attitude is unlikely to
be recovered during the fly-by. For reference, there is
almost a 50% probability of encountering one of these
particles along a 250-km fly-by and a 90th-percentile
environment density (Table 2), but this probability is
smaller for larger fly-by altitudes and lower dust envi-
ronment densities.


 The errors induced by particles of mass 10�8–10�5 kg
may be larger than requirements ereq and xreq by almost
one order of magnitude. From a few up to several tens
of these particles are expected along a 250-km fly-by
and a 90th-percentile environment density (Table 2).
These particles are expected to be less common for lar-
ger fly-by altitudes and lower environment densities,
but their perturbation still represents one of the main
sources of attitude error.


 Particles smaller than 10�8 kg generate errors that
remain more than one order of magnitude below the
requirements of the mission. From a few hundreds to
thousands of these particles may be encountered along
a 250-km fly-by (90th percentile), and their perturbation
effectively induces attitude jitter throughout the trajec-
tory, similar to and of the same order of magnitude as
component inaccuracies. Jitter stability is relevant to
image acquisition and shall be taken into account by
the Science Team. Note, however, that these particles
are neglected in the Monte Carlo analysis in Section 6
(to lower the computational cost of simulating numer-
ous impacts), since their perturbation is significantly
Table 3
Attitude error due to multiple impacts of similar mass (70 km/s, 250-km
fly-by, and 99th-percentile dust environment density).

Particle mass (kg) emax(deg) xmax(deg/s)

10�5–10�4 26.43 114.3
10�6–10�5 1.156 2.880
10�7–10�6 1.086 1.478
10�8–10�7 0.169 0.261
10�9–10�8 0.027 0.033
10�10–10�9 0.012 0.013
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below mission requirements even for a 250-km fly-by,
and this perturbation is also much smaller than that
induced by the also frequent 10�8–10�5-kg particles.

6. Analysis and recommendations

Once the effect of single particles impacts and of parti-
cles of similar mass is characterized, a full Monte Carlo
analysis is performed in the current section. Particles in
the 10�8–10�1-kg mass range are considered in this analysis
(according to conclusions in Sections 5.3, 5.4 and 5.5), and
dust environments are randomized as described in Sec-
tion 5.1. Several scenarios are studied in the current sec-
tion, which allow to provide a comprehensive
understanding of the effect of various mission and environ-
ment factors. The mission scenarios studied here are: (1)
baseline mission scenario: with perfectly aligned solar
arrays, no momentum enhancement, and initially unloaded
RWP500 reaction wheels (Section 6.1), (2) baseline mission
scenario with momentum enhancement (Section 6.2), (3)
baseline mission scenario with misaligned solar arrays (Sec-
tion 6.3), and (4) baseline mission scenario with upgraded
reaction wheel along the camera line-of-sight (Section 6.4).

6.1. Performance through baseline mission scenario

The attitude performance through randomized dust
environments can initially be analyzed as a function of
fly-by altitude. Quantities such as mean and maximum
pointing errors, emean and emax, and mean and maximum
angular velocity, xmean and xmax, within the nominal obser-
vation window are summarized in Table 4, as well as the
length of time that the target comet remains within the
narrow-angle camera field of view (expressed as a percent-
age of the nominal observation time

2 � tan FOVbx=2� �
hf=vr). The last column in Table 4 sum-

marizes the maximum angular momentum of the reaction
wheel that is aligned with the camera line-of-sight through-
out the simulated trajectory, Hw;max, expressed as a percent-
age of the maximum angular momentum that can be
generated by reaction wheels, Hw;lim.

It can initially be observed in Table 4 that pointing and

angular velocity requirements ereq ¼ 0:5
�

and
xreq ¼ 0:4 deg=s can only be fulfilled by more than 95%
of the cases if the fly-by altitude is 1050 km or above. Fur-
ther, it is seen that more than 90% of the cases can fulfill
narrow-angle camera requirements if the fly-by altitude is
600 km or above. As a general trend, it can also be
observed that pointing requirements are more likely to be
fulfilled than angular velocity requirements, and, as a more
intuitive observation, attitude performance improves for
larger fly-by altitudes where dust environment density is
lower. It may also be worth mentioning that (although
these results are omitted for lack of relevance) 99th per-
centiles result in a tumbling spacecraft with zero observa-



Table 4
Attitude performance for various fly-by altitudes.

Altitude Percentile emean(deg) emax(deg) Time within FOV (%) xmean(deg/s) xmax(deg/s) Hw;max(% of Hw;lim)

450 km 50th 0.010 0.011 99.50 0.007 0.011 0.311
75th 0.042 0.051 98.53 0.048 0.074 2.147
90th 0.462 0.575 82.14 0.610 0.967 11.52
95th 11.21 12.56 0.000 7.408 8.552 25.65

600 km 50th 0.008 0.009 100.0 0.005 0.008 0.256
75th 0.021 0.026 99.46 0.023 0.040 1.386
90th 0.167 0.208 94.09 0.195 0.351 8.444
95th 2.680 3.462 3.121 2.648 3.568 22.22

750 km 50th 0.008 0.008 100.0 0.004 0.007 0.236
75th 0.014 0.017 99.48 0.014 0.026 1.128
90th 0.090 0.116 97.28 0.100 0.183 6.236
95th 0.577 0.779 79.61 0.770 1.387 17.83

900 km 50th 0.007 0.008 100.0 0.004 0.006 0.228
75th 0.012 0.013 99.49 0.009 0.017 0.814
90th 0.045 0.061 98.47 0.048 0.093 4.303
95th 0.175 0.231 93.43 0.208 0.489 12.53

1050 km 50th 0.007 0.007 100.0 0.003 0.006 0.214
75th 0.011 0.012 99.49 0.007 0.013 0.653
90th 0.032 0.045 99.32 0.037 0.072 3.678
95th 0.127 0.170 95.38 0.133 0.296 10.78
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tion times and angular velocities of tens or hundreds of
degrees per second. Lastly, it is observed that reaction
wheel saturation is not reached given the short duration
of fly-by trajectories, and, as expected, larger values of
angular momentum Hw;max are reached at low fly-by alti-
tudes where the dust environment density is higher. Load-
ing values of up to 26% are reached at 450 km (95th
percentile), and these values increase up to 28% at lower
fly-by altitudes. It is worth highlighting that authors
observed no significant improvement in attitude perfor-
mance when the reaction wheel aligned with the camera
line-of-sight was pre-loaded 72% of the available Hw;lim

(i.e., unused angular momentum) prior to the fly-by: point-
ing error’s 95th percentile improved from 8% to 21% obser-
vation times, but a detriment in lower-percentile attitude
performance is observed due to an increase in the per-
turbing torque Tw;p (Eq. (7)).

Once the problem is discussed for deterministic fly-by
altitudes, the overall attitude performance of the stochastic
problem (i.e., with uncertain fly-by altitude) can also be
analyzed. Table 5 then shows that, for the baseline mission
scenario, more than 90% of the cases can be expected to
fulfill narrow-angle camera requirements, and this equates
into maintaining the target comet within FOV for more
than 95% of the nominal observation time. Less than
10% of the cases, however, are not expected to fulfill atti-
Table 5
Overall attitude performance for baseline mission scenario.

Percentile emean(deg) emax(deg) Tim

50th 0.008 0.008 10
75th 0.017 0.021 99
90th 0.144 0.172 95
95th 2.398 2.905 7.9

1204
tude requirements due to high dust environment densities
and/or low fly-by altitudes. Similarly, less than 5% of cases
would result in a tumbling spacecraft with zero observation
times and large angular velocities.

It is worth recalling now that the attitude determination
process may face difficulties due to cometary dust particles
within the field of view of the star tracker, unless robust
star tracker software is developed or gyroscopes are lever-
aged instead. Authors observed that attitude knowledge
inaccuracies larger than those baselined in Section 4.2
affect most prominently the lower-percentile performances
(i.e., 50th and 75th percentiles), whose values are primarily
driven by component inaccuracies, whereas larger per-
centiles (i.e., 90th and 95th) are mainly driven by dust par-
ticle impacts. For reference, attitude knowledge
inaccuracies ten times larger than those in Section 4.2
(i.e., 60 arcsec ¼ 0:02 deg and 400 arcsec ¼ 0:1 deg bore-
sight and cross-boresight standard deviations) would result
in 10–20% larger 50th-percentile pointing errors and incre-
ments below 5% in 75th-percentile pointing errors. Note
that the 90th and 95th percentiles would remain unaltered
and so would the probabilities of fulfilling pointing error
and angular velocity requirements. Interestingly, however,
large angular velocities would be induced as a result of try-
ing to correct such large cross-boresight inaccuracies:
0.1 deg (1r). These angular velocities may be two to seven
e within FOV (%) xmean(deg/s) xmax(deg/s)

0.0 0.004 0.007
.47 0.018 0.032
.29 0.165 0.276
87 2.478 3.266
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times larger than the baseline performance in Table 5, but
they could be avoided by redefining the control law in Eq.
(5) and correcting boresight pointing errors only: i.e.,
neglecting cross-boresight pointing errors which would
effectively result in different orientations of the collected
images of the target comet. Similarly, attitude knowledge
inaccuracies even one hundred times larger than the base-
line star tracker specifications would result in two to five
times larger 50th- and 75th-percentile pointing errors
(90th and 95th percentiles would still remain unaffected),
and, in this case, even the 50th-percentile angular velocity
performance would be beyond xreq (unless the control
law is modified). Conclusively, if attitude determination
performance is affected by the severity of the environment,
it is foreseen that larger knowledge inaccuracies will worsen
lower-percentile attitude performance, but the probability
of fulfilling pointing error requirements would not be
reduced even with inaccuracies two orders of magnitude
larger than those baselined in Section 4.2.
6.2. Performance with momentum enhancement

The effect of momentum enhancement due to hyperve-
locity impacts (Section 4.2.2) can then be observed by com-
paring results in Table 6 to those of the baseline mission
scenario (Table 5), which assumes perfectly plastic impacts.

An attitude performance detriment of approximately a
factor of three is observed in the 95th-percentile results
(which were already beyond attitude requirements in Sec-
tion 6.1), but it should be noticed that more than 90% of
the cases are still expected to fulfill camera requirements
even when considering momentum enhancement. This
90th-percentile performance presents errors approximately
25% higher than those in Table 5, whereas lower-percentile
errors remain nearly the same. It is thus argued that mod-
eling the momentum enhancement of hypervelocity
impacts is not essential to the validity of the analysis and
to estimations of probability of success. The modeling of
such impacts becomes most relevant when attitude errors
are beyond camera requirements and impacts on faces
other than the bumper become more frequent.
6.3. Performance with misaligned solar arrays

Best attitude performance is expected with solar arrays
perfectly aligned with the incoming flow of particles: i.e.,
with normal vectors perpendicular to the relative fly-by
velocity vr; however, mechanical imprecisions in the orien-
tation of solar arrays may result in particle impacts farther
Table 6
Overall attitude performance with momentum enhancement.

Percentile emean(deg) emax(deg) Tim

50th 0.008 0.008 10
75th 0.017 0.021 99
90th 0.154 0.206 95
95th 8.149 9.213 0.0
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away from the center of mass of the spacecraft even if the
spacecraft is oriented as desired: qSC ¼ qc. The effect of
such potential misalignments is analyzed in this section.
Two testcase scenarios are considered, in which both solar
arrays are rotated either one or five degrees about the
body-fixed bzB axis. Both solar arrays are conservatively
rotated in the same direction so that the effect of impacts
about the bzB axis is accumulated rather than compensated
(see Fig. 15). Attitude performance under such scenarios is
summarized in Table 7. It is also worth noting that a
misalignment of one degree results in an additional area
exposed to the dust environment equivalent to almost twice
the lateral area of solar arrays (which is neglected when
assuming that solar arrays have zero thickness). As such,
the one-degree misalignment results in Table 7 can also
be used to conservatively assess the validity of such an
assumption.

On the one hand, it is observed that a 1-deg misalign-
ment of solar arrays results in 40% worse 95th-percentile
pointing errors, 35% worse 95th-percentile angular veloci-
ties, and zero observation times. Further, the 90th-
percentile pointing errors are approximately 15% larger
than with perfectly aligned solar arrays, angular velocities
are 40% larger, and observations times are reduced 0.6%.
Lower-percentile performances show no difference in
pointing error, and a detriment of 20% is observed in angu-
lar velocity. It is thus argued that misalignments of solar
arrays as small as one degree can have significant effect
especially on 95th-percentile performance, whereas 90th-
percentile errors still fulfill attitude requirements and
observation times are preserved. The modeling errors asso-
ciated to solar arrays having a zero thickness can be
expected to be smaller (approximately half) than those
induced by a 1-deg misalignment, and so conclusions on
90th-percentile (or lower) performance, observation times,
and fulfillment of narrow-angle camera requirements are
argued to be valid for the scope of this research, especially
in the context of other large sources of uncertainty such as
dust environment (spatial density and distribution), fly-by
altitude, momentum enhancement, solar array misalign-
ment, perforation of spacecraft surfaces, etc.

On the other hand, a 5-deg solar array misalignment
results in 2–4 times larger 95th-percentile errors and zero
observation times, and 90th-percentile errors are also wors-
ened by a factor of 0.5 (pointing error) and 5 (angular
velocity). It is worth noticing that angular velocities are
again more highly perturbed than pointing errors, since
the magnitude of attitude perturbance Dx (larger for
impacts farther away from the CM) proportionally affects
e within FOV (%) xmean(deg/s) xmax(deg/s)

0.0 0.004 0.007
.47 0.017 0.031
.08 0.188 0.354
00 7.682 9.456



Fig. 15. Spacecraft configuration with misaligned solar arrays.
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the angular velocity error, whereas pointing errors corre-
spond to the integrated effect of this attitude perturbance
(lessened by the controller). As a consequence, 90th-
percentile pointing errors still remain below ereq, but angu-
lar velocities exceed camera requirements. Lastly, it is seen
that more than 75% of the cases do fulfill attitude require-
ments even with a 5-deg solar array misalignment,
although angular velocity errors increase by a factor of
2.5 compared to those in Table 5, and pointing errors wor-
sen 10%. Conclusively, proper alignment of solar arrays
parallel to the incoming flow of particles is crucial to fulfill-
ing attitude requirements, since small misalignments (less
than 5 degrees) can significantly increase attitude errors—
especially on angular velocity—and they may compromise
90th-percentile performance.
6.4. Performance with upgraded reaction wheel

In an effort to explore potential solutions for improved
attitude performance, two alternative scenarios are consid-
Table 7
Overall attitude performance with misaligned solar arrays.

Solar array misalignment Percentile emean(deg) emax(de

1 deg 50th 0.008 0.008
75th 0.017 0.021
90th 0.149 0.198
95th 3.282 4.020

5 deg 50th 0.008 0.009
75th 0.018 0.023
90th 0.223 0.278
95th 6.991 8.735

Table 8
Overall attitude performance with upgraded reaction wheel.

Reaction wheel

upgrade

Percentile emean(deg) e

Tw;lim ¼ 70 mN �m 50th 0.008 0
75th 0.017 0
90th 0.129 0
95th 2.197 2

Tw;lim ¼ 70 mN �m Hw;lim ¼ 1 N �m � s 50th 0.008 0
75th 0.017 0
90th 0.140 0
95th 2.006 2
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ered in which the reaction wheel aligned with the camera
line-of-sight has either (1) a larger torque capability
(T w;lim ¼ 70 mN � m), or (2) larger torque and angular
momentum capabilities (T w;lim ¼ 70 mN � m and
Hw;lim ¼ 1 N � m � s). This second scenario is equivalent to
incorporating the larger Blue Canyon Technologies’ RW1
reaction wheel, instead of RWP500, along the camera
line-of-sight (Blue Canyon Technologies, 2021). Results
from both scenarios are summarized in Table 8.

In both scenarios, performance improvements are
observed throughout all percentiles, and these improve-
ments are most notable for larger percentiles: 90th per-
centiles improve �5% and 95th percentiles improve 10–
30%; however, 95th-percentile performance still remains
beyond narrow-angle camera requirements. More specifi-
cally, with a larger torque capability, 95th-percentile angu-
lar velocities improve approximately 30%, and pointing
errors improve 10%, which then results in an increment
of 15% in observation times (i.e., 23% instead of 8%). With
a larger reaction wheel, 95th-percentile pointing errors
improve approximately 10% as well, but this increases
observation times a 20% instead, since emean and xmean per-
formances are slightly better: this translates into maintain-
ing the comet within the field of view up to 27% of the
nominal observation time (instead of 8%). In summary,
potential upgrades in the reaction wheel that is aligned with
the camera line-of-sight can improve attitude performance;
however, 95th-percentile performance is still beyond
narrow-angle camera requirements, and so these perfor-
mance improvements have a limited effect and do not sig-
nificantly increase the probability of success of the
mission. As a last comment, it could also be argued that
g) Time within FOV (%) xmean(deg/s) xmax(deg/s)

100.0 0.005 0.008
99.47 0.022 0.039
94.70 0.217 0.388
0.000 3.289 4.415
100.0 0.006 0.010
99.47 0.042 0.078
92.18 0.851 1.485
0.000 10.65 12.45

max(deg) Time within FOV (%) xmean(deg/s) xmax(deg/s)

.008 100.0 0.004 0.007

.021 99.48 0.017 0.031

.166 95.40 0.145 0.265

.581 22.72 1.672 2.291

.008 100.0 0.004 0.007

.021 99.47 0.017 0.031

.168 95.25 0.151 0.261

.852 27.30 1.659 2.657
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increasing only the torque capability has comparable
improvements to allocating a larger reaction wheel, and
so a torque capability improvement may be more recom-
mendable in a mass-performance trade-off analysis.
7. Conclusions

This paper provides a detailed assessment of the
expected attitude performance of JAXA’s SC B1 in the
2029 Comet-I mission (ESA-JAXA collaboration).
Comet-I will face exceptional challenges as it attempts
the first fly-by of a long-period comet, with a highly-
active and uncertain dust environment, and large and also
uncertain relative fly-by speeds. Evaluation of attitude per-
formance through such an uncertain and extreme environ-
ment becomes thus essential to assess the probability of
success of the mission and of its science phase. In support
of the design and development of JAXA’s 30-kg, 24U-sized
spacecraft, this study characterizes the effect of dust parti-
cle impacts on the attitude of the spacecraft, evaluates the
likelihood of fulfilling science camera requirements, ana-
lyzes the effect of main environment and mission factors,
proposes a strategy for selection of control gains, and dis-
cusses potential solutions to improve attitude performance.

Initial analysis leads to the conclusion that particles of
mass 10�8–10�5 kg represent the most relevant source of
attitude perturbation, since larger particles (10�5–10�1

kg), which are more unlikely to be encountered, commonly
result in the loss of attitude control or may critically dam-
age the spacecraft; and smaller particles (10�11–10�8 kg),
which are more numerous, result in perturbations orders
of magnitude smaller than attitude requirements that can
be understood as high-frequency jitter (relevant to image
acquisition). In terms of fly-by altitude, which is also highly
uncertain, it is seen that there is a probability larger than
90% of fulfilling attitude requirements for missions with
closest approach above 600 km, and this probability is
maintained above 75% unless the fly-by altitude is below
300 km. Saturation of reaction wheels is also shown to
not be reached, regardless of fly-by altitude, given the short
duration of fly-by trajectories (between 20 min and 2 h).

When fly-by altitude is incorporated as a stochastic vari-
able in the analysis, it is in fact concluded that the overall
probability of fulfilling science camera requirements is
above 90%. This conclusion holds true also when consider-
ing the potential enhancement of momentum transfer due
to hypervelocity impacts and ejecta generated through per-
foration/cratering of spacecraft surfaces. Analysis also
shows that proper alignment of solar arrays parallel to
the incoming flow of particles is essential to attitude perfor-
mance, since misalignments even below 5 degrees can
induce large angular velocities and decrease probability
of success below 90%. Lastly, it is shown that upgrading
the reaction wheel that is aligned with the camera line-of-
sight (e.g., larger torque or angular momentum capability)
can reduce pointing errors and angular velocities, but such
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performance improvements do not make a significant
impact on the probability of success.

Recommendations for JAXA’s SC B1 finally include a
strategy for selection of attitude control gains, which takes
into consideration the uncertainties of the encountered dust
environment, potential reaction wheel upgrades are shown
to not have a significant effect on attitude performance,
and, perhaps most importantly, proper alignment of solar
arrays is shown to be essential to maintaining probabilities
of success above 90%. This paper ultimately provides a
detailed attitude performance analysis and assessment of
probability of success for a first-of-a-kind mission to a
long-period comet, characterized by unprecedented levels
of environment uncertainty and extremity.
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