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This paper addresses the problem of precise pointing for a small all-electric GEO plat-
form. The attitude control system is based on cold gas and electrothermal Xenon mi-
crothrusters, sharing a common propellant bus with the primary electric propulsion sys-
tem. The considered technology requires that restrictions on the duration and number of
thruster firings are taken explicitly into account in the design of the control law. To this
aim, a receding horizon model predictive control scheme is proposed, whose cost functional
allows one to suitably trade-off fuel consumption and number of firing cycles. The viability
of the approach is demonstrated on a GEO mission with high pointing and pointing rate
accuracy requirements.

I. Introduction

Spacecraft systems using geostationary orbit (GEQO) have a high commercial and strategic value, thanks to
the ability to provide continuous coverage over a wide geographical area. The vast majority of communication
satellites and an increasing number of Earth observation missions are in fact designed to operate in GEO, see
e.g. [1, 2]. The recent growth of satellite communication services has imposed severe restrictions on the size
and the number of free GEO locations. At the same time, many scientific organizations have suffered from
budget limitations. As a consequence, commercial platforms with shared communications and observation
payloads have received considerable interest, providing a consistent, dependable and affordable access to
space [3, 4]. In order to meet the mission requirements imposed by multiple payloads, satellite operators are
demanded to constantly upgrade the performance of their systems.

All-electric spacecraft seems to be one of the most promising concepts to enable high performance GEO
missions at a substantially decreased cost compared to conventional platforms. This is achieved through the
considerable reduction of spacecraft mass and size allowed by the use of high efficiency electric propulsion
(EP) systems for orbit raising and station-keeping (SK) operations [5, 6]. Several solutions are still under
investigation to provide precise attitude control of all-electric spacecraft, as required for operation of advanced
communications and Earth observation payloads. Momentum exchange devices, such as ball-bearing reaction
wheels and control moment gyros, are by far the most commonly used actuators. Their main advantage is that
a minimum amount of fuel is needed to counteract attitude perturbations, in particular when momentum
dumping is conveniently performed during SK maneuvers, using EP thrusters [7]. Nevertheless, micro-
vibrations associated with wheel unbalance, zero-rate crossing and friction instabilities represent serious
drawbacks of these systems, especially for applications that require high pointing accuracy. In addition,
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momentum exchange devices tend to be costly, massive, and require a large amount of power. As an attempt
to solve some of these issues, a wheel-less EP-based attitude control system (ACS) has been proposed in [8],
although it has been found not to be viable for the specific case of the scientific mission GEO-Oculus [9]. A
solar pressure attitude control concept has been successfully experimented on a class of GEO satellites, but
there exist several practical implementation problems to be resolved prior to a large-scale application of this
advanced technique [10].

Reaction control systems based on Xenon thrusters, sharing a common propellant bus with the primary
EP system, represent another viable solution, that could be beneficial to reduce development complexity
and costs of all-electric spacecraft. Cold gas and electrothermal microthrusters, with thrust levels scaled
down to the millinewton range, are particularly well suited for precise attitude control, providing very small
impulse bits and a minimal excitation of the spacecraft flexible modes. While the poor fuel efficiency of
cold gas systems restricts their use to operational environment where the delta-v budget is considerably low,
the foreseen availability of very high temperature resistojet and hollow cathode technologies, providing a
substantial increase of the thruster specific impulse, raises the possibility of replacing existing momentum
exchange devices with simple, reliable and relatively inexpensive Xenon microtrusters [11, 12]. However, these
thrusters are typically operated in on/off mode, and restrictions on the duration and number of thruster
firings have to be accounted for in the design of the ACS.

In this paper, the application of a microthruster reaction system is proposed for three-axis precision
pointing of a small all-electric spacecraft orbiting in GEO. To this aim, a novel approach to ACS design is
presented, whose objective is to keep the spacecraft attitude close to the nominal Earth pointing attitude
within tight bounds, providing an efficient compensation of the disturbance torques, while optimizing the
performance of the propulsion system in terms of fuel consumption and number of firing cycles. The com-
putation of the control law requires the on-line solution of a constrained optimization problem, according to
a receding horizon model predictive control (MPC) strategy. Simulations of a realistic spacecraft model are
reported to demonstrate the feasibility of the proposed solution.

The paper is organized as follows. Section II presents the reference mission. Section IIT describes the
spacecraft layout and the main features of the proposed ACS. In Section IV, the spacecraft dynamic model is
introduced, along with a detailed analysis of the disturbance torques acting on the spacecraft. In Section V,
the attitude determination and control system is presented. The performance of the proposed microthruster
reaction system is evaluated through simulation tests in Section VI. In Section VII, some conclusions are
drawn and future directions of research are outlined.

II. Reference mission

The objective of the reference mission is to provide high accuracy attitude control of a small all-electric
GEO platform, for a mission duration of 15 years, after the orbit raising phase. Table 1 shows the nominal
values of the orbital elements for an example GEO slot. The nominal attitude is Earth pointing, such that
the spacecraft body frame is aligned with a local-vertical/local-horizontal (LVLH) frame centered at the
spacecraft center of mass. The roll, pitch and yaw axes of the body frame are the principal axes of inertia
of the spacecraft. The Z axis of the LVLH frame is aligned with the nadir vector, the Y axis is normal to
the orbital plane and points towards south, and the X axis completes an orthogonal right handed coordinate
system.

Table 1. GEO reference slot

Semi-major axis a =42165 (km)
Inclination i €][0,0.05] (deg)
Longitude A €[75.05, 75.15] (deg)
Eccentricity e ~0

The most significant disturbance effect on the spacecraft position is the luni-solar perturbation, which causes
a precessional motion of the orbital plane characterized by an initial secular drift of the inclination, while
minor perturbations due to both Earth’s gravity and solar radiation pressure affect the satellite longitude
and the orbit eccentricity. As a consequence, maintaining the spacecraft inside the assigned slot requires
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periodic SK maneuvers, to be performed using EP thrusters. The principal attitude disturbances are a
persistent SK torque, which is generated during SK maneuvers due to unavoidable misalignment of the EP
thrust vector with respect to the spacecraft center of mass, and the environmental torques, arising from the
interaction of environmental perturbations with the mass distribution and the geometric properties of the
spacecraft. To counteract the attitude drift due to disturbance torques, real-time attitude control is needed.
The attitude control accuracy requirements for the considered GEO platform are dictated by the type of
payload carried onboard. A shared payload configuration is considered, including Ka/Ku-band communica-
tion instruments and Earth imaging devices. While a pointing accuracy below a given value is the driving
requirement for telecommunications, an additional requirement on the pointing rate accuracy has to be met
for Earth observation, which is typically performed during some fractions of the orbit. Since the pointing
stability of the spacecraft is affected by SK maneuvers, Earth imaging is not performed during such oper-
ations. It is hence assumed that communications instruments are always active, and that the spacecraft is
ready to perform Earth observation during most of the orbital period, except from the time needed for SK
operations, during which pointing rate accuracy requirements are relaxed. The configuration in which SK
maneuvers are not performed is referred as free orbit drift. Moreover, control accuracy requirements for
the yaw axis are less stringent than those for the roll and pitch axes, because the yaw pointing error does
not directly affect the quality of communications and observations. The attitude control specifications are
summarized in Table 2, according to the typical requirements of a multi-mission platform, see e.g. [13].

Table 2. Attitude control requirements

Free orbit drift Station-Keeping
Roll, Pitch Yaw Roll, Pitch Yaw
Pointing accuracy 0.5 (mrad) 1 (mrad) | 0.5 (mrad) 1 (mrad)
Pointing rate accuracy | 1.5 (urad/s) | 3 (urad/s) | 10 (urad/s) | 20 (urad/s)

ACS requirements

III. Spacecraft layout and power system

The spacecraft external layout is representative of a typical two tons small geostationary platform, see
e.g. [14]. The size of the main body is 2m x 2m x 2.5m and two solar panels of dimensions 5m x 2m
are attached to the north and south faces of the bus, providing 4.5 kW of average power. The considered
propulsion system is illustrated in Figure 1. Four SPT-100 Hall effect thruster (HET) modules (EP1, EP2,
EP3, EP4) symmetrically oriented around the nadir vector, with an angle of 45° between the north/south
axis and the thrust direction, are used for GEO orbital maneuvers. Nominally, the EP thrust vectors are
aligned with the center of mass of the spacecraft. Eight on/off Xenon microthruster modules that can be
operated either as cold gas thrusters (CGT) or high temperature electrothermal thrusters (HTET) are used
for real-time attitude control. Operation in HTET mode provides an increased specific impulse (I5p), which
is expected in the 100 s region for both high temperature resistojets and hollow cathode thrusters using
Xenon [15, 16]. Four thrusters (AT1, AT2, AT3, AT4) are mounted on the anti-nadir face, with an angle of
48.5° between the diagonal of the face and the thrust direction, to maximize the lever arm and hence the
torque about both the roll and pitch axes. The remaining four thruster (AT5a, AT5b, AT6a, AT6b) are
symmetrically oriented around the nadir vector, with an angle of 135° between the north/south axis and the
thrust direction, and fired in pairs to provide pure torques around the yaw axis. Such configuration is fully
compatible with thruster plume direction, torque level and power requirements of the considered mission.
To avoid control torques summing up to zero, the simultaneous use of thrusters AT1-AT4, AT2-AT3 and
AT5-AT6 is prevented. The basic specifications of the propulsion system are summarized in Table 3.

The layout of the attitude control thrusters has been designed to provide an efficient rejection of the
SK disturbance torque generated by uncertainty on the center of mass and EP thruster misalignment. For
any possible combination of the actual center of mass position and EP thrust directions, the pitch and roll
components of such disturbance are coupled and have approximately the same magnitude, while the yaw
component, with a larger worst-case magnitude, is almost decoupled. The force generated by the attitude
control thrusters mounted on the anti-nadir face is found to have negligible impact on the spacecraft orbit,
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Table 3. Propulsion system specifications

so that an eventual long-term contribution is easily compensated by sporadic EP maneuvers.

Type Thrust Iy, Min. firing Time Power Mass
HET 75 (mNN) 1500 (s) > 10 (min) 1350 (W) 3.5 (kg)
CGT/HTET | 0.5/1.5 (mN) | 30/90 (s) > 0.05 (s) <60 (W) | <0.3 (kg)

IV. Attitude dynamic model

The coordinate systems used for the definition of the attitude dynamic model are the spacecraft body-
fixed frame and the Earth centered inertial (ECI) frame. Rotations between these frames are expressed by
quaternions q. The scalar portion of the quaternion is the first element and the quaternion multiplication is
denoted with the symbol o. Let q;p be the quaternion representing the orientation of the spacecraft body
frame with respect to the ECI frame, and w be the angular rate of the body frame with respect to ECI
frame, expressed in the body frame. The model describing the spacecraft attitude dynamics can be written
as

) 110
QIB:§[ 10(113, (1)

w
w:IJI(Td—FTu—waMw—iMw), (2)

where I, is the spacecraft inertia matrix, 74 is the disturbance torque and 7, is the control torque (both
expressed in the body frame). The most significant disturbance torques for the reference mission are the
environmental disturbance torque 7., caused by the gravity gradient and the solar radiation pressure, and
the disturbance torque 74 acting on the satellite during SK operations. Since thrusters AT5a and AT5b,
as well as thrusters AT6a and AT6b, are fired simultaneously, denoting by 75 and T¢ the corresponding
resulting torques, the mapping between the control torque 7, and the on/off activation command u is given
by:

Tu:TU:[ﬁ T2 T3 T4 T5 Te | U, (3)
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where u = [uy, ..., ug|T, with u; € {0, 1}. Given the thruster alignments, the matrix T has the following
structure
—dyy dpy —dyy  day 0 0
T=f| doy doy —day —doy 0 0 |, (4)
0 0 0 0 d, —d,

where f is the nominal thrust magnitude and dsy, d. are constant lever arms. Due to the thruster layout
design, coupled control torques of equal magnitude are produced around the roll and pitch axes, while the
control torque around the yaw axis is decoupled. The propellant mass rate, resulting from thruster operation,
is

 JllAul
g1sp

where g is the gravity acceleration, the matrix A = diag([1, 1, 1, 1, 2, 2]) accounts for the specific thruster

configuration and
Il =" [ (6)
i=1

, ()

is the 1-norm of a vector x € R"™.

A detailed analysis of the disturbance torques acting on the satellite is performed. The gravity gradient
torque is usually negligible at GEO altitude, since it decreases with the inverse cubic power of the distance
from the Earth [17]. The solar radiation pressure torque varies depending on the orientation of the solar
panels. Since the solar panels rotate at a rate of one rotation per day to track the Sun, the resulting
disturbance is characterized by daily quasi-periodic oscillations with an amplitude that depends on the offset
between the center of mass of the spacecraft and the center of solar pressure. Moreover, this disturbance is
set to zero during eclipses.

The disturbance torque, arising from station keeping operations, depends on both the offset of the
center of mass with respect to the nominal position and the misalignment of the EP thrust vector from
the nominal direction. The uncertain position of the center of mass and center of pressure as well as the
thrust vector misalignment are accurately modeled for the attitude dynamics simulation, and assumed to be
constant during each simulation. By simulating a weekly station-keeping cycle, with one day devoted to orbit
determination followed by six days of pre-planned maneuvers (see e.g. [7]), it turns out that the maximum
magnitude of the SK disturbance torque 74 is much greater than that of the environmental torques 7.
Only north/south maneuvers, which represents about 95% of the total SK delta-v budget, are considered in
this study. The geometry of the maneuver is depicted in Fig. 2, where the EP thrusters are fired near the
orbit nodes. During most of the orbital period, the spacecraft is allowed to drift with respect to the nominal
orbit and experiences small environmental torques only, while a significant persistent torque is generated
during orbit correction maneuvers. This is clearly visible in Fig. 3, which shows the daily behaviour of the
disturbance torques, expressed in the spacecraft body frame, for a typical simulation (notice the different
magnitudes of the torques).

Firing arc

Figure 2. North/south station-keeping maneuver
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Figure 3. Disturbance torques: 7.(left), 75 (right)

V. Attitude control

The purpose of the ACS is to track the LVLH reference trajectory, which is periodically uploaded from
ground, within the prescribed accuracy. The most significant limitations of the microthruster reaction system
are the low fuel efficiency and the maximum number of cycles which can be delivered by the switching valves
during thruster lifetime. Since thrusters are designed to be possibly operated in electrothermal mode, by
ohmic heating of a resistance element, the following operation regime is considered to retain an acceptable
number of thermal cycles:

e CGT mode operation of AT thrusters for attitude control during free orbit drift, when a low delta-v is
required to counteract the environmental torques.

e HTET mode operation of AT thrusters for attitude control during SK maneuvers, providing increased
thrust and I, for efficient compensation of additional EP-induced torques.

Based on the linear discrete-time approximation of eqs. (1) and (2) around the reference trajectory (see,
e.g., [18]), which is defined by the LVLH frame orientation qrz, and its angular rate @, an MPC strategy [19]
is derived for precise attitude control. The state of the linearized model includes the roll, pitch and yaw

error vector 00 and its derivative dw: .
x=1[60", sw’]" (7)

The computation of the control law, which explicitly incorporates pointing and pointing rate accuracy
requirements as well as performance indexes representing the fuel consumption and the number of thruster
firings, requires the solution of the following constrained optimization problem:

UIniIl (1—0&) Jl(UtyN)—FOéJQ(ULN)
t,N

st —xu < x(t+k+1|x(t), Upy,mq(t) <xp Yk=0,...,N (®)
ui(t+k)e{0,1} Vi,Vk=0,...,N,

where the input sequence U, y ={u(t),...,u(t + N)}, which is mapped into corresponding control torques
according to (3), is computed on a predefined control horizon N. The evolution of the state within the control
horizon is defined by the linearized discrete-time attitude model as a function of the initial conditions and
the control sequence, and denoted by x (t + k + 1 |x(¢), Us k., 7a(t)). The vector xps contains upper bounds
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on the tracking error, accounting for the control accuracy specifications reported in Table 2. The parameter
a € [0, 1] is a relative weight of the fuel consumption J; and the number of thruster firings J5 in the cost
function. According to (5), the amount of expended fuel from time ¢ to time ¢ + N is given by:

N
T(Uin) =Y [ Au(t+k) | 9)
k=0

Moreover, being u; € {0, 1}, the number of thruster switchings, which accounts for thruster valve wear, can

be expressed as:
N

Jo(Un) =Y [[Afu(t+k) —u(t+k—1)] | . (10)
k=0

Problem (8) is solved at each time ¢ and the first element u(t) of the control sequence Uy y is applied to
the system, according to a receding horizon strategy. In order to solve problem (8) in real time, an estimate
of the initial state x(¢) and of the disturbance torque 74(t) must be available. Since the disturbance torque
depends on thruster misalignment and center of mass position, one can assume that it is constant over the
considered control horizon and treat it as an uncertain parameter to be estimated. An extended Kalman
filter (EKF) is used to estimate both the attitude and the disturbance torque, by using combined gyro and
star-tracker measurements [20, 21]. The resulting closed-loop system is depicted in Figure 4, where q;p, @
and T4 denote the estimates of the spacecraft attitude, rotation rate and disturbance torque, respectively.
Note that the estimated state %(¢) includes the three-dimensional rotation vector 60(t) and the estimated
angular rate of the spacecraft with respect to the LVLH rate, expressed in the body frame, d&(t).

Td

‘ \
‘ |

L ! |
arz, ¥ —pp MPC | THRUSTERS ATTITUDE |
CONTROLLER ! DYNAMICS !

! !

! |

! !

PLANT MODEL

ar, W, T
ars, @, Td SENSORS

Figure 4. Closed-loop system

An advantageous feature of the MPC approach is that, once x;; and N are set, the value of the parameter
a can be triggered to trade-off between the number of thruster firing cycles and the fuel consumption required
for disturbance rejection. To find a suitable value of o, the ACS has been simulated with values of o ranging
from zero to one. Since different control modes are defined according to mission requirements, free orbit
periods lasting one day and SK maneuvers of 55 minutes duration have been simulated separately. A
worst-case scenario has been considered, by assuming the maximum disturbance torque compatible with
the uncertainty on the center of mass, center of solar pressure and thruster misalignment, as illustrated
in Fig. 3. The results are depicted in Figure 5, where the fuel consumption and the number of thruster
firings are reported for SK and free orbit drift periods. As expected, the parameter a allows one to trade-off
two conflicting objectives. It can be noticed that for both SK and free orbit drift the fuel consumption is
approximately constant as long as « is smaller than 0.8, while it rapidly grows as a approaches 1. Conversely,
an acceptable number of firings is achieved only if « is larger than 0.7. From these observations, a = 0.75
has been selected. Figure 5 also confirms that the major contribution to the attitude control delta-v budget
is due to SK operations. Even if the microthrusters efficiency is increased by HTET mode operation, the
fuel required for EP disturbance rejection of a single SK maneuver is still considerably higher than the fuel
needed to compensate for one day of environmental torques using CGT mode.

VI. Simulation results

In order to evaluate the performance of the ACS and demonstrate the feasibility of the proposed solution,
the reference GEO mission is numerically simulated for one week, according to the periodicity of the SK
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Figure 5. Tuning of parameter a for SK (dashed line) and free orbit drift (solid line)

cycle. To this purpose, a high-fidelity simulator has been developed, combining a realistic model of the
spacecraft dynamics with a navigation system relying upon an EKF for state estimation. Uncertainty
sources and disturbance effects, affecting the real spacecraft dynamics, are included in the simulation model.
Both the spacecraft mass and inertia matrix are time-varying due to propellant expulsion and moving
parts. The actual center of mass and the thruster alignment are allowed to differ from the nominal values.
Disturbance accelerations due to solar radiation pressure, aspherical and third body gravity are taken into
account. Disturbance torques resulting from gravity gradient, solar radiation pressure (taking into account
the rotation of the solar panels) and EP thrusters misalignment are also considered. A multiplicative extended
Kalman filter takes care of estimating the spacecraft attitude and angular velocity from star-tracker and gyro
measurements. As an additional output, the EKF yields an estimate of the disturbance torque, which is
used by the MPC controller. Table 4 summarize the fundamental features of the simulation, assuming a
worst-case scenario.

Table 4. Simulation parameters

Parameter Value
Center of mass offset 1.5 cm per axis
Center of solar pressure offset 5 c¢m along the pitch axis

EP thrust vector misalignment | 0.6 deg half-cone

AT thrust vector misalignment | 0.1 deg half-cone

EP and AT thrust noise 1 % of the nominal thrust
Gyro measurement noise 1 prad/+/s (30)
Star-tracker measurement noise | 0.1 mrad (30)

ACS rate 2 Hz

The effect of the weekly station-keeping cycle on the orbit inclination is depicted in Fig. 6, together
with the Xenon mass expelled by the HET modules during prescribed north/south maneuvers. The orbit
control system succeeds in keeping the spacecraft inside the assigned GEO slot, which is delimited by the
dash-dotted line, and the orbit inclination is driven approximately back to the initial value. After the first
day of free orbit drift, two orbit correction maneuvers per day are performed, requiring about 0.2 kg of
propellant. Based on this data, 15 years of north/south SK operations would require approximately 159 kg
of Xenon, which is in line with the results obtained for the Small-GEO platform using SPT-100 thrusters [1].

The ACS must guarantee tracking of the reference attitude and angular rate, while accounting for mission
performance indexes such as fuel consumption and actuator wear. The attitude tracking error is reported in
Fig. 7, in terms of the angular separation between the spacecraft orientation and the LVLH frame orientation
with respect to the roll, pitch and yaw axes of the spacecraft body frame. The tracking error remains always
well enclosed within the bounds (dash-dotted lines) specified by the pointing accuracy requirements, and
shows an oscillating trend that corresponds to the disturbance torque profile most of the time, except from
periodic spikes due to SK maneuvers and thruster operation within eclipses. Such kind of behaviour is
typical for pulse-modulated thruster control systems with deadband [22]. The pointing rate error, defined as
the angular rate of the spacecraft with respect to the LVLH rate expressed in the body frame, is depicted in
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Figure 7. Pointing error

Fig. 8. Similarly to what observed for the attitude error, the angular rate error does not exceed the pointing
rate accuracy bounds, which are relaxed during SK maneuvers to allow for a better management of the
thruster firing cycles.

The performance of the microthruster reaction system, in terms of fuel consumption and number of
firings cyles per thruster, is reported in Fig. 9. The microthrusters are operated in CGT mode during free
orbit drift and in HTET mode during SK maneuvers. The stair-step profile of the expelled fuel clearly
indicates that the major contribution to the propellant budget is due to SK maneuvers, as expected. The
overall Xenon mass required for precise attitude control is approximately 0.135 kg: 0.019 kg to counteract
environmental disturbances and 0.116 kg to compensate for EP torques. The amount of firing cycles is fairly
distributed among free orbit drift and SK maneuvers, and grows regularly for each thruster. At the end
of the simulation, about 800 on/off cycles are accumulated by thrusters AT1 and AT4, while a number of
cycles between 600 and 650 is observed for the remaining thrusters. The overall firing time per thruster
varies between 2.5 hr and 2.9 hr, about 85% of which being spent for SK disturbance rejection. Based on
these results, Table 5 lists the estimated reaction control system performance for a mission duration of 15
years. The total amount of Xenon needed for microthruster operation represents a significant addition to
the fuel budged of the mission, requiring e.g. an additional propellant tank of 110 kg capacity inside the
Luxor bus (Small-GEO). Anyway, considering that the typical mass of momentum-exchange devices, such as
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Figure 9. Microthruster reaction system performance

Table 5. Propulsion system performance for a mission duration of 15 years

Type | Xenon mass | On/off cycles | Firing time | Thermal cycles
CGT 15 (kg) 350000 300 (hr) -
HTET 91 (kg) 300000 2000 (hr) 10000
Total 106 (kg) 650000 2300 (hr) 10000

reaction wheels or control moment gyros, together with the Xenon mass required for wheel desaturation, can
easily exceed 50 kg, and that such systems are replaced by light-weight microthrusters, the resulting penalty
on the spacecraft mass is predicted in the 60 kg range. It is believed that this is a reasonable trade-off as it
allows one to remove moving and vibrating parts from the attitude control system, as well as to reduce its
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complexity and cost. Moreover, a better alignment of the EP thrusters (using e.g. suitable thrust vectoring
techniques) and/or an increased I, for HTET operation could further reduce the spacecraft mass penalty,
since the amount of Xenon required for EP torques compensation scales almost linearly with these quantities.
Finally, the firing time and the number of on/off and thermal cycles, given in Table 5 for a single thruster,
are compatible with the considered CGT/HTET technology.

VII. Conclusions

This paper has presented an ACS for an all-electric platform equipped with Xenon microthrusters. The
performance of the proposed solution in terms of pointing accuracy is suitable for both communication and
Earth observation GEO missions. Simulation results have shown that fuel consumption and number of firing
cycles are feasible for the reference mission, thus demonstrating that the considered technology is a viable
alternative to ACS based on momentum wheels.

Although the optimization problem involved in the control law is quite challenging, the required compu-
tational power for its solution is compatible with state-of-the-art flight qualified CPUs, provided that the
control horizon is kept sufficiently short. This in turn affects the control performance, and it is related to
the attitude error dynamics and the pointing requirements. A detailed investigation of the trade-off between
computational burden and control performance is the subject of ongoing research.
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