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Engineering Note
3-D Wheel: A Single Actuator Providing
Three-Axis Control of Satellites

II. Wheel Design
The approach taken by the authors uses the electromagnetic
principle for the active magnetic bearing, which has the beneﬁt of
being able to generate larger forces providing an increased stiffness
[3]. Previous wheels have used the electrodynamic principle [4–7],
which has the beneﬁt of a linear relationship between force and
current [8,9]; modern control techniques are able to overcome this
nonlinearity [10–13].
Figure 1 shows the arrangement of the electromagnets around the
rotor in the 3-D wheel. The geometry of the rotor and electromagnets
was optimized using an analytical model of the wheel and threedimensional magnetostatic ﬁnite element simulations as shown in
Fig. 2. The range of angles that the wheel can tilt through is controlled
by the width of the air gap between the electromagnets and the rotor.
The attractive reluctance force generated by an electromagnet on a
steel rotor is given by [14,15]
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I. Introduction

A

CTIVE magnetic bearings (AMBs) offer many advantages for
momentum wheels on small satellites compared with
conventional bearings using ball or roller bearings. Conventional
bearings require a form of lubricant, which evaporates in the vacuum
of space unless sealed, or to be made from a dry lubricant. The
bearings will wear with time and may eventually fail, limiting the
lifetime of the satellite. To minimize the wear on its bearings, the
wheel may be operated at a low spin rate, limiting the angular
momentum of the wheel. Using AMBs means that there is no contact
between moving parts, and so lubrication is not required and wear is
not an issue [1]. As the resolution of the cameras in small satellites
approaches 1 m ground resolution [2] microvibrations on the satellite
increasingly affect the image quality. The bandwidth and precision of
an AMB-based momentum wheel allow it to damp such
microvibrations.
The number of degrees of freedom that are actively controlled can
be chosen. The 3-D wheel presented here has 5 degrees of freedom
actively controlled. Because the tilt angle of the wheel is actively
controlled, it is possible to tilt the wheel, generating a gyroscopic
output torque in a similar fashion to a control moment gyro (CMG).
Unlike a CMG, the tilt axis of the 3-D wheel is not ﬁxed, and the
gyroscopic output torque can be steered to be anywhere in the plane
normal to the spin axis of the wheel. A single wheel is therefore
capable of generating an output torque about all three principle axes
of the spacecraft. Because the wheel is tilted using electromagnets, it
can be tilted at a high rate, generating a large output torque. The
bandwidth of the gyroscopic torque is higher than a conventional
momentum wheel’s, making it ideal for the damping of microvibrations for highly sensitive payloads or for the rapid reorientation
of spacecraft during maneuvers such as rendezvous and docking.
In this Note we present the design of the engineering model of the
3-D wheel that has been built: a tilting magnetically levitated
momentum-wheel for small satellites. We discuss the design of the
wheel and then present the results of testing this engineering model.
The position of the wheel can be controlled to within 2:5 m and the
tilt angle can be controlled with an accuracy of 0.1 mrad. The
bandwidth of the wheel and controller is 120 rad=s. The wheel can be
tilted at a maximum rate of 0:56 rad=s, which when the wheel is
spinning at 5000 rpm generates a gyroscopic output torque of
0:68 N  m. The design is scalable; the diameter of the rotor can be
increased for a larger moment of inertia and a greater torque
generation capability.
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where 0 is the permeability of free space, N is the number of turns in
the electromagnet’s coil, "l is the cross-sectional area of the
electromagnet’s pole face, i is the current ﬂowing through the coils,
and  is the width of the air gap between the electromagnet’s pole face
and the rotor’s pole face.
Using small angle approximations, the air gap width  in meters is
  rh =2 where  is the maximum angle to be tilted through in
radian and rh is the height of the rotor in meters. For a wheel 56 mm
high, a tilt range of 3 deg requires an air gap width of 1.5 mm, and a
tilt range of 5 deg requires an air gap width of 2.6 mm. Because the
force generated by the electromagnets and hence the stiffness of the
bearing is proportional to 1= 2 the maximum tilt range of the wheel is
limited. The engineering model was built with an air gap width of
1.4 mm giving a tilt range of 2:7 deg. The limited tilt range means
that the gyroscopic output torque can only be sustained for a short
period of time, but because it is generated by the electromagnets it has
a high bandwidth.
For the engineering model shown in Fig. 1, the electromagnets
were placed around the outside of the wheel to allow the coils to be
wound easily. A more compact ﬂight model would have the
electromagnets in the center of the wheel. Finite element simulations
show that this would not change the performance of the wheel. The
steel stator pieces are made from laminated steel to minimize eddy
current losses; the rotor is solid steel.
The wheel’s translational and rotational positions are measured by
ﬁve Sensonics PRS04 contactless eddy current sensors with a
resolution of 2:0 m. The controller is implemented on a real-time
control system. The current ampliﬁers were designed by Delft
Technical University, Netherlands, using class A ampliﬁers. For the
engineering model they allowed a low-noise current ampliﬁer to be
quickly built, but have a poor power efﬁciency and would not be used
on a ﬂight model of the wheel. The spin rate of the wheel is measured
using a Hall effect sensor.
The initial controller used assumes that the rotational and
translational motion along and about each axis is decoupled from all
other motion. To make this assumption valid the gyroscopic coupling
between rotational axes is assumed to be a disturbance. The
linearized attractive reluctance force generated by a single
electromagnet is
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Fig. 1

ENGINEERING NOTE

The engineering model of the wheel.

Then, the translational force on the rotor along the x axis produced
by four electromagnets is
Fx  f1  f2  f5  f6  4Ki △ix  4K △x

(3)

Using Newton’s second law and applying the Laplace transform,
we have the following transfer function:
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Similarly, for a rotation about the y axis by an angle y ,
Ty  rz f1  f6  f2  f5   4rz Ki △iy  4rz2 K △y

(5)

assuming the rotor’s inertia matrix is diagonal,
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The transfer functions for rotation and translation are both double
integrators in the range of frequencies of interest with a constant
phase angle of 180 deg. Compensators were generated to stabilize
the translational motion and the rotational motion. The error between
the desired and measured translation or rotation is fed to the input of
the compensator and the output is the △i for motion along or about
that axis. The current to electromagnet 1 is i1  i0  ix  iy and the
currents for the other electromagnets can be derived similarly.
Initially lead-lag compensators were used. The experimental
responses around the operating point were measured using frequency
domain analysis with hardware in the loop testing. Additional
unmodeled dynamics of the system were identiﬁed. The phase
margin achievable with the ﬁrst-order lead-lag compensator was not
high enough to guarantee stability. Therefore a similar decoupled
controller was generated using H1 sensitivity minimization using
the analytical model derived with the additional dynamics from the
frequency domain analysis included. This controller gave 39 deg of
phase margin at the crossover frequency of 114 rad=s for rotational
motion. The transfer function of the synthesized rotational controller
before discretization is
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Fig. 2 A three-dimensional ﬁnite element simulation of two electromagnets and part of the rotor. The direction of the arrows indicates the
direction of ﬂux and the size of the arrows the magnitude of the ﬂux
density.

III.

Results

Figure 3 shows the wheel being translated by a step demand of
2:5 m along the x axis at time 15.0 s and separately being rotated
about the y axis by a demand of 0.1 mrad at time 20.0 s. The analogue
input card has a resolution of 12-bit, with one bit corresponding to
2:4 m. The quantization of the position is visible, showing that the
system is low-noise and can be controlled with a high precision. The
precision of this engineering model is limited by the resolution of the
data acquisition card. Figure 4 shows the distribution of the wheel
position during 14 s of levitation. The desired position is maintained
to one sigma of the desired position within 3.9 microns and to within
three sigma by 11.6 microns.
Figure 5 shows the tilt angle of the wheel as it is tilted through
0.03 rad (1.7 deg) at time 70.0 s while spinning at 496 rpm. It tilts
through 0.0301 rad in 0.054 s at a rate of 0:558 rad=s. This generates
a peak torque of 0:067 N  m at 496 rpm, or would generate a torque
of 0:680 N  m if this tilt rate is sustained while the wheel is rotating at
5000 rpm. The frequency of the periodic disturbance in the tilt angles
about both axes is the same as the rotor’s angular velocity. This
disturbance is due to the component of the spinning rotor’s angular
velocity about the x axis, which is gyroscopically coupled to the y
axis. Additional feedback terms will be added to the controller to
reduce this disturbance.
To demonstrate its conventional torque capability the rotor was
accelerated from 0 to 80 rad=s (760 rpm), which took 10 s. This
acceleration generates a torque of at least 0:02 N  m for the duration
of the acceleration with a peak torque of 0:037 N  m. The brushless
dc motor ﬁtted to the engineering model of the wheel is designed for
another application and is not optimized for this wheel. With an
optimized motor this torque can either be increased, or maintained
with a lower power consumption. This torque is comparable to
existing similar sized conventional momentum wheels for small
satellites. The wheel was not spun faster than 80 rad=s because it had
not been balanced and the disturbance forces due to its static and
couple mass imbalance prevented it from spinning faster than this.
Figure 6 shows the frequency response of the wheel hardware
measured experimentally. The crossover frequency of the response
was 114 rad=s. The bandwidth of this wheel is two orders of
magnitude greater than could be achieved using a conventional wheel
accelerating the rotor around mechanical bearings [16].
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Fig. 3 A 2:5 m translation demanded along the x-axis at 15.0 s and a separate 0.1 mrad rotation demanded about the y-axis at 20.0 s.
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Fig. 4 The distribution of the wheel positions from the central position
during levitation.

IV.

Conclusions

An engineering model of a tilting magnetically levitated
momentum-wheel that is capable of generating an output torque
about all three principle axes of a spacecraft using a single wheel has
been built and demonstrated. The wheel uses the electromagnetic
principle providing additional ﬂexibility compared with previous
designs. The bandwidth of the output torque is two orders of
magnitude greater than is available from a conventional momentum
wheel. This makes it ideal for damping microvibrations in highresolution imaging satellites, such as those approaching 1 m ground

α

x

α

y

0

Tilt Angle, rad

−0.005
−0.01
−0.015
−0.02
−0.025
−0.03
−0.035
−0.04
69

69.5

70

70.5

The measured frequency response for rotations about the x-axis.

resolution, where the increasing resolution requires a lower noise
platform to obtain the desired image quality. Existing actuators
cannot damp the high-frequency vibrations that this wheel can. The
ability to generate an output torque about all three axes can improve
the redundancy, or provide mass and power savings. All
magnetically levitated momentum-wheels have the beneﬁts, when
compared with conventional wheels, of not requiring lubrication and
having no moving parts in contact, providing a longer lifetime.
Further work will add additional terms to the controller to improve its
performance; a balanced rotor will be used to demonstrate levitation
at all angular velocities.
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