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ABSTRACT
Attitude and orbit control systems (AOCS) are
responsible for the orbital behavior and pointing
precision of stabilized satellites. As an alternative to a
traditional reaction wheels (RW) assembly, the use of a
single reaction sphere (RS) was proposed. This article
presents the design and closed-loop experimental results
of a novel elegant breadboard (EBB) of a RS actuator.
The proposed RS consists of a spherical rotor with
permanent magnets (PM) that can be accelerated about
any axis thanks to a multi-coil stator that also fulfils the
function of magnetic bearing. The design of the EBB is
based on Proba-3 requirements. Functional closed-loop
experimental results are presented showing the ability of
simultaneously levitating the rotor while rotating it
about any desired axis up to 300 rpm.
1.

INTRODUCTION

Attitude and orbit control systems have long since been
recognized as one of the main spacecraft subsystems
having a major impact on the efficiency and quality of
commercial and scientific space missions. The AOCS of
three-axis stabilized spacecraft requires a minimum of
three RWs, but in practice, four wheels are common for
optimization and redundancy purposes.
Rotor bearings of RWs include mechanical and
magnetic bearings. In the space environment of
subpressure, lubrication of (mechanical) ball bearings is
a major problem that has not been completely solved.
Moreover, the ball bearing suffers from excessive
friction loading. In recent years, the development of
magnetic bearings has taken a decided upturn, with
good prospects for the future [1]. Magnetic bearings
improve the torque-to-noise ratio by eliminating the
parasitic torque noises characteristic of ball bearing
[2,3].
Multi-axis momentum exchange devices capable of
producing torque in any direction have also been
proposed. The idea behind these devices is to provide a
compact solution for three-axis attitude control by
combining the four-wheel scheme in a unique actuator.
A fully active magnetic bearing wheel with five actively

controlled axes is presented in [3]. The wheel can be
actively tilted by ±1.7° enabling to use it simultaneously
as a RW and control moment gyroscope (CMG). This
enables three-axis attitude control of the spacecraft with
only one wheel.
Reaction Spheres were proposed more than fifty years
ago [4]-[6] but none have reached the technology
readiness level needed for a commercial product,
especially because the proposed designs showed poor
efficiency and complex coupling between bearing and
motor functions leading to unusable designs. Based on
the same conceptual idea, several spherical motors,
mainly for robotic purposes, have also been proposed
[7]-[12]. However, such proposed motors do not behave
like a RS, mainly because one axis has to come out of
the motor to use the produced torque, which is in
addition mainly static.
The new approach proposed by CSEM has been
patented [13]. The sphere can be accelerated in any
direction by a 3-DOF motor making all three axes of the
satellite controllable by just a single device without the
friction of rotating mechanical joints. A schematic
illustration of the RS actuator is depicted in Fig. 1. The
3-DOF motor is synchronous and has PMs and
electromagnets placed at the vertices of regular
polygons. The PM motor is composed of a rotor with 8
poles and a stator with 20 air-core electromagnets, each
corresponding to one vertex of a dodecahedron.

Figure 1 : Reaction sphere with an 8-pole rotor and a
20-pole stator. (Left) Only half of the stator is shown.
(Right) Schematics of a half stator with coils.
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A first study allowing reaching a technology readiness
level (TRL) 2 was performed within a European Space
Agency (ESA) project named SPHERE [2,14]. In this
study, the eight PM poles of the spherical rotor were
discretized using a mosaic of 728 cylindrical PMs to
approximate the desired fundamental harmonic of the
field. The stator with 20 coils as well as its
corresponding power electronics had also to be built in
order to show that both the magnetic bearing and motor
functions are effective. Additionally, a dedicated
sensing technology for the rotor orientation
measurement had to be developed.
More recently, a new spherical rotor optimized to
improve its manufacturability was designed and
assembled [15]. Preliminary closed-loop experimental
results were performed showing the ability of levitating
the rotor and accelerating it about any arbitrary axis up
to an angular velocity of 12 rpm [16].
In this article we present the design and closed-loop
experimental results of a novel elegant breadboard
(EBB) of RS actuator developed in the frame of a
European FP-7 project named European Levitated
Spherical Actuator (ELSA) by the “Centre Suisse
d’Electronique et de Microtechnique” (CSEM), maxon
motor, the “Société Anonyme Belge de Constructions
Aéronautique” (SABCA), the “Centrum Badań
Kosmicznych” (CBK), Sener, and Redshift. The ELSA
RS breadboard design is based on the requirements of a
specific and realistic mission (Proba-3) taking into
account manufacturability constraints of a future
product, allowing reaching TRL 3. As it will be
illustrated, with this prototype, closed-loop functional
tests were performed showing the ability of rotating the
rotor up to 300 rpm in any direction. Finally, a study
was executed to understand the impact of the timevarying magnetic field on surrounding magnetic shield
[17].
2.

2.2. Electromechanical Design
The RS spherical rotor and a stator hemisphere are
depicted in Fig. 2 and Fig. 3, respectively. The rotor
consists of eight bulk PMs with a shape optimized for
manufacturability and to approach the ideal octupole
magnetic distribution [2]. The PMs are mounted on an
octahedral support frame so that the rotor is mostly
hollowed in order to maximize its inertia-to-mass ratio.
A finishing shell covers the PMs so that the rotor is
perfectly spherical, which is needed for optical position
sensing preformed along three independent axes. A
spherical shape for the rotor is also desired in case of
accidental loss of bearing for safe touchdown of a
rapidly rotating rotor. The stator consists of 20 coils in
dodecahedral symmetry supported by two hemispheric
shells which also integrate the three position sensors as
well as 15 flux sensors used to continuously reconstruct
in real-time the rotor orientation and the rotor angular
velocity, which are both necessary for closed-loop
control. Flux density sensors are arranged according to
an optimal strategy [18]. In the current breadboard,
additional sensors are also embedded to measure the RS
exported torque.
The measured radius of the rotor is 56.517 mm and its
mass, which includes a balancing mechanism, is 2.85
kg. The stator is non-ferromagnetic and has been
machined with PEEK material. The mass of the stator is
2.42 kg. The required angular momentum can be
obtained at an angular velocity of 3190 rpm

DESIGN OF THE ELEGANT BREADBOARD

2.1. Requirements
The RS EBB was developed based on the requirements
of the Proba-3 mission, which include the critical ones
summarized in Tab. 2.

Figure 2. Computer view of the developed spherical
rotor. The top part of the rotor is shown without
covering shell for illustrative purposes.

Table 1 . Requirements for the RS EBB design.
Parameter
Angular momentum
Torque
Torque static error
(module/direction)
Specific torque per
power

Value
±1.3 Nms
34 mNm
0.5%/0.02°

Specific
angular
momentum per mass
Density

0.295
Nms/kg
0.92 kg/dm3

0.482
mNm/W

Comment
In all directions
In all directions
Over the complete
speed range
Obtained from a set
of 4 RWs (incl.
electronics)

Figure 3. Computer view of the bottom stator.

2.3. Design Specifications

3.

Specifications relative to the presented design are
summarized in Tab. 2 and refer to a maximum angular
velocity of 3190 rpm. Based on a specific performance
analysis performed on the existing RS design, the
estimated specific torque per power is approximately
44.7 mNm/sqrt(W) (0.5 mW for 1 mNm). Therefore,
compared to values relative to a 4-wheel assembly
reported in Tab. 1, there is an indication that the RS
could potentially benefit from a higher angular
momentum and torque for equivalent volume, mass, and
electric power.

The goal of the closed-loop control is to levitate the
rotor inside the stator and to rotate it about some desired
axis. A simplified control scheme is presented in Fig. 4.
In this control scheme there are two loops. The first
loop controls the rotor position inside the stator
(magnetic bearing) whereas the second loop controls the
angular velocity of the rotor.
The inputs of the magnetic bearing controller are the
reference position
(in nominal operation this should
correspond to the center of the stator), the estimated
rotor position , which is measured using three laser
optical sensors, and the estimated force characteristic
matrix KF, which relates a vector of 20 currents i to the
generated force F. The matrix KF is computed as a linear
combination given the estimated magnetic state ̂ ,
which is determined linearly and in closed-form given a
minimum of seven measurements of the radial
component of the rotor magnetic flux density [2,16,19].
The force output F is subsequently transformed into a
vector of currents iF through the general inverse matrix
MF according to an inverse model [2,16]. The magnetic
bearing controller is based on a state-space scheme with
displacement velocity estimator. Poles are placed to
obtain a desired dynamic characteristic, which includes
a closed-loop bandwidth of 10 Hz. The sampling
frequency is 2.5 kHz.

Table 2. Specifications of the RS EBB design.
Parameter
Angular
momentum
Stator diameter

Value
±1.86 Nms

Comment
At maximum speed

160 mm

Mass

6 kg

Bearing
constant

4.72–5.28
N/sqrt(W)
(TBC)
44.7
mNm/sqrt(W)
(TBC)
0.310 Nms/kg

At the equator. Without
shield and flux/position
sensors
Spatialized version.
With
electronics
(without
position
sensors
and
frame/shielding)
Determined by design

Specific torque
per power
Specific
angular
momentum per
mass
Density

CONTROL AND SENSING ALGORITHM

Determined by analysis

0.84 kg/dm3

Figure 4. Control scheme for closed-loop functional tests.

The inputs of the angular velocity controller are the
reference ωref, the magnetic state ̂ , estimated as
described in [2,16], and the torque characteristics matrix
KT. Similarly to KF, the matrix KT is computed linearly
and in closed-form given a minimum of seven
measurements of the radial component of the rotor
magnetic flux density [2,16,19]. To validate rotation, we
initially employed a proportional controller with an
angular velocity estimator. The algorithm to estimate
the rotor angular velocity is based on Faraday’s law,
in which the magnetic flux density is decomposed on a
spherical harmonic basis, whose expansion parameters
are derived from measurements of the radial component
of the field collected from at least seven locations [20].
Then, given the back-EMF voltages, the rotor angular
velocity is derived employing the energy conservation
principle. The resulting expressions are linear and are
expressed in closed-form [20]. Finally, the controller
torque output T is multiplied with the torque general
inverse matrix MT to produce the relative vector of
currents iT, which summed with iF gives the total control
current iF,T.
Additional details concerning modeling, estimation, and
control algorithms can be found in [16].
4.

CLOSED-LOOP EXPERIMENTAL RESULTS

4.1. Experimental Setup
The developed RS actuator integrated in its dedicated
test bench setup is reported in Fig. 5. The RS EBB is
equipped with 15 single-axis Hall sensors arranged on
the top stator hemisphere to determine the rotor
orientation and the rotor angular velocity. Moreover,
three optical sensors are used to determine the position
of the rotor inside the stator. Finally, a system of three
micrometer screws is employed to center the rotor
inside the stator for initial zeroing of the position
sensors.

4.2. Results
In Fig. 6 we report an example of the angular velocity
profile where the rotor is accelerated in a step-wise
fashion up to ±175 rpm about a fixed rotation axis. As
can be observed, the estimated angular velocity during
closed-loop operation is in good agreement with the
reference profile. However, the estimated angular
velocity is subject to undesired fluctuations (relative
error approximately 5-6% throughout the observed
velocity range) and cross-coupling between axes. These
fluctuations results from the derivative-based angular
velocity estimation approach [20], which is perturbed by
unmodeled high-order harmonics of the rotor magnetic
flux density and is not accurate due to the finite
sampling time. As a result, with the current angular
velocity estimator, the demanding pointing requirements
stated in Tab. 1 cannot be achieved.
The displacement of the rotor relative to the same test in
reported in Fig. 7. As it can be noticed the displacement
is well bounded within 0.2 mm. However, we observe
that the performance of the magnetic bearing controller
deteriorates while increasing the angular velocity.
Possible explanations include rotor-orientationdependent errors in the force and torque models (force
and torque models are estimated at each sampling time
taking into account the principal harmonic of the field
only) and rotor non-sphericity (the ELSA rotor has a
non-sphericity of approximately 0.17 mm). As a result
of these force and torque errors and rotor nonsphericity, undesired forces are exported to the test
bench equipment because position sensors cannot
distinguish non-sphericity of the rotor from real center
of gravity displacements.
In Fig. 8 we report another example of closed-loop
experiments where the rotor is accelerated about a timevarying rotation axis that follows a sinusoidal profile.
The estimated angular velocity is again in good
agreement with the reference trajectory even though
unwanted perturbation can still be observed throughout.
In Fig. 9 we depicted the rotor position relative to these
experiments where we observe that the displacement is
bounded within 2 mm.
Although not reported in this article, the maximum
angular velocity achieved with the current EBB is 300
rpm.

Figure 5. Reaction sphere EBB closed-loop test setup.

Figure 6. Angular velocity profiles corresponding to
rotor acceleration about fixed (but arbitrary) rotation
axis.

Figure 9. Rotor displacement profiles corresponding to
rotor acceleration about time-varying rotation axis.
5.

Figure 7. Rotor displacement profiles corresponding to
rotor acceleration about fixed (but arbitrary) rotation
axis.

Figure 8. Angular velocity profiles corresponding to
rotor acceleration about time-varying rotation axis.

CONCLUSIONS AND FUTURE WORK

We have presented the development and closed-loop
magnetic bearing and angular velocity experimental
results of a RS EBB developed in the frame of a
European FP-7 project named ELSA. Functional closedloop experiments showed the validity of RS concept by
levitating the rotor and accelerating it about any
arbitrary axis up to an angular velocity of 300 rpm.
At the current stage of the RS development, however,
system limitations prevent
reaching
Proba-3
requirements summarized in Tab. 1. Besides limitations
in terms of power electronics, which are currently one
of the limiting factors concerning the maximum rotation
speed that can be achieved, control and estimation
algorithms limitations were identified.
As discussed in the article, a performance limiting
factor is the non-sphericity of the rotor, leading to
disturbance reaction forces and unwanted torques. To
ameliorate the closed-loop performance, a possible
approach is to implement notch filters on the rotation
and higher harmonic frequencies. A different approach
could be the use of repetitive control, to minimize the
controller output signal (at a stationary rotation
frequency) by adding a position feedforward to the
position signals, thereby effectively mapping the nonsphericity for one great circle of the rotor.
In addition to novel control architectures, we are
presently assessing an extended Kalman filter (EKF)
framework as a potential alternative for the estimation
of the rotor magnetic state, the rotor position, and the
rotor angular velocity. Preliminary simulations show
that this method is stable and significantly improves the
estimate of the angular velocity of the rotor.
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