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When launching satellites to orbit, 
every gram of payload is extremely 

valuable. Depending on the orbit and the 
launcher, an estimated cost is about 15,000 
euros per kilogram. With this in mind, 
researchers at CSEM, the Swiss Center 
for Electronics and Microtechnology, are 
working on ways to minimize the weight 
of satellite attitude control systems. Here, 
a single multi-axis reaction sphere is pro-
posed to replace four conventional single-
axis reaction wheels. Its geometry and 
electromagnetic design are quite complex, 
and only with the help of COMSOL Multi-
physics are they able to examine various 
configurations of magnets to find the one 
that works best.

Founded in 1984, by grouping three 
former watch-industry research labora-
tories, CSEM is today a private applied 
research and development center special-
izing in microtechnology, system engi-
neering, microelectronics, and communi-

cation technologies. With headquarters 
in Neuchâtel, it has some 400 employees  
in Switzerland.

Until Now: Multiple 
Reaction Wheels

In conventional 3-axis stabilized space-
crafts, three reaction wheels are arranged 
along the three axes, with a fourth wheel 
for optimization and redundancy; they 
are normally employed to implement atti-
tude control systems with the required ac-
curacy and without using fuel to fire jets. 
This attitude control allows the satellite 
to be pointed towards an object in the sky, 
towards a particular location on earth or 
to stabilize the satellite by compensating 
for disturbances it might encounter. 

The operating principle is relatively 
simple: an electric motor is attached to 
a flywheel. If the wheel accelerates, it 
builds up angular momentum in a cer-
tain direction, and the spacecraft rotates 

in the opposite direction due to the law 
of conservation of momentum. Note that 
such a device can only rotate a satellite 
around its own center of mass and cannot 
be used to move the spacecraft to a differ-
ent position.

The researchers at CSEM are operat-
ing under the assumption that the work 
of three reaction wheels can be done with 
one reaction sphere. That device is an iron 
ball covered with permanent magnets and 
held in position with magnetic levitation 
through magnetic fields generated by a 
number of electric coils. The sphere, act-
ing as a rotor, is accelerated about any axis 
of rotation with a 3D motor. An attitude 
control system based on a reaction sphere 
would be smaller and lighter than those 
based on reaction wheels; even with its 
more complicated control electronics, it is 
estimated that the device can significantly 
increase the torque in the same volume. 
In addition, due to its magnetic bearing, 
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the reaction sphere is expected to generate 
less micro vibrations due to the absence of 
ball bearings and lubricants. Finally, the 
possibility of using it as a multiple degree-
of-freedom active vibration damper to ab-
sorb external disturbing forces is another 
attractive feature. 

The concept of spherical actuator is not 
new and has been known for roughly 30 
years. They have been used in robotics 
for spherical joints such as to mimic the 
wrist. However, this is believed to be the 
first application of spherical actuators in 
satellite technology.

728 Permanent Magnets
A project funded by the European 

Space Agency was started in 2005 to in-
vestigate the viability of a reaction sphere 
for use in space. CSEM’s patented design 
is based on a 3D permanent magnet mo-
tor implemented with a multi-pole rotor 
and a 20-pole stator (Figs 1 and 2). The 
rotor, manufactured and tested so far, is 
measuring roughly 20 cm in diameter, 
and consists of 728 permanent cylindri-
cal magnets affixed to an iron sphere. 
To maintain as much symmetry as pos-
sible, the number of regularly distributed 
poles on the rotor follows the distribution 
of the 8 vertices of a cube. The reaction 
sphere’s rotor can be accelerated about 
any desired axis and moved in any direc-
tion continuously without any disruption 
using a 20-pole stator that produces an 
8-pole rotating field.

The first rotor CSEM developed was 
not simulated; it was designed just using 
a pure analytical model of the electro-
magnetic field. This meant that the size 

Fig. 2. Model geometry showing the coil distribution around the rotor.

Fig. 1. Geometry of the 3D motor on a magnetic bearing for the reaction 
sphere; in the ideal case 8 permanent magnets for the rotor (whose fields 
today we approximate instead using a mosaic of 728 cylindrical magnets)  
and 20 coils for the stator.

“�An attitude control system 

based on a reaction 

sphere would be  

smaller and lighter  

than those based on 

reaction wheels”
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of the magnets had to be adjusted using 
this analytical model. But in order to 
synthesize these cylindrical magnets the 
team had to make several assumptions, 
which relied on intuition. 

Now, with COMSOL, what’s powerful 
is that we take the insight derived from a 
good initial guess of the analytical model 
and then run the software to finely tune 
the design to meet some optimization cri-
teria. We are, however, considering some 
special designs where the magnets have 
geometries and very particular magne-
tization patterns, for which the develop-
ment of an analytical model would be ex-
tremely difficult. 

Instead, with software we now can 
evaluate multiple designs where we vary 
the reaction sphere’s mass, torque and 
magnetic fields, and we can also investi-
gate unusual geometries for the magnets 
or create the magnetic field from the coils 
in different ways. Thanks to COMSOL 
we can take an intuitive idea, build the 
geometry, run the simulation and within 
several hours can evaluate whether a giv-
en design should be further investigated. 
In summary, there are certain designs we 
are currently evaluating that we would 
have not been able to test using analyti-
cal approaches — but with COMSOL it 
takes just a few hours.

We conduct our studies in two steps. 
First we determine if the magnetic field 
from the permanent magnets on the 
sphere provide the required flux fields 
(Fig. 3). In a second step we then simu-
late the coils being energized and verify 
the expected forces (Fig. 4) and then com-
pare them to forces seen in a test bench 
(Fig. 5). The model has proven to be a 
powerful predictor for the forces because 
the computed values are in good agree-
ment with the measurements. In a later 
step we want to add thermal analysis to 
find out what happens to the stator when 
the sphere is rotating and also add the  
LiveLink™ for MATLAB® module so we 
can design the controller electronics.

Our simulations with current were set 
up with the rotor orientation matching 
that on the test bench (Fig. 5). The verti-
cal force is computed by integrating the 
Lorentz force on each of the twenty coils 
and summing them to obtain the net force.

Fig. 3. Radial magnetic flux density at the rotor surface (surface plot) and 
magnetic flux density (arrow plot).

Fig. 4. Taking Fig. 3 and adding the effects of the energized coils adds the current 
density in the coils (additional arrow plots).

MATLAB is a registered trademark of The MathWorks, Inc.
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Remove the Iron
The ultimate goal is to obtain a specific 

magnetic flux density within the air gap 
while minimizing rotor mass and main-
taining a level of useful inertia. Using 
COMSOL, we plan to study a different 
approach taking advantage of an interest-
ing phenomenon. Like electrical circuits, 
magnetic circuits must be closed. In our 
current design, the metal of the rotor hold-
ing the magnets serves as the return path, 
similar to the ground in an electric circuit. 
However, in what is known as one-sided 
flux, a special arrangement of magnets 
can augment the magnetic field on one 
side while cancelling the field to near zero 
on the other side.

By taking advantage of this effect, we 
can possibly replace the rotor’s iron core 
with a lighter weight material. In this new 
design, there’s no need for iron to close 
the magnetic flux circuit inside the rotor 
because the flux is directed outwards by 
the magnetized material. Although the 
magnets and iron have roughly the same 
amount of mass, for the same volume/
mass, replacing the iron with permanent 
magnets would increase the magnetic 
field outside the rotor — and allow us to 
reduce the current in the coils to operate 
the motor and thus cut power consump-
tion. Here, again, COMSOL will allow us 
to immediately predict the performance of 
a particular design in terms of developed 
forces/torques and power consumption.  n

Learn more 
www.comsol.com/papers/9385/
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Fig. 5. Test bench for the reaction sphere.

“�The COMSOL model 

proved to be a powerful 

predictor for the forces, 

and this will be an 

invaluable tool for us  

as we study further  

design options.”


