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ABSTRACT

This paper proposes a new concept for attitude actuation for small satellites that uses active magnetic
bearings to support and tilt a spinning rotor to provide 3-axis attitude control of the satellite using a single
actuator. A controlled 3D motion in the spinning rotor provides a conventional torque output about the
momentum axis and a gyroscopic torque output about any direction in the plane normal to the spinning
axis. Therefore, a single tilting momentum-wheel can generate torque along the three principal axes of the
satellite, providing mass and power savings, or redundancy.

In this paper we present a model of, and results from the engineering model that has been built of
the tilting magnetically-levitated momentum-wheel. The control loop that levitates and tilts the rotor is
discussed. The 3-axis actuation of this wheel is demonstrated with simulations of the wheel fitted to the
TopSat small satellite. The bandwidth and torque output of the wheel are compared with a conventional
momentum wheel’s. The power consumption, operation and stiffness of the magnetic bearing are discussed.
The 2.5 micrometre translational and 0.1 milliradian rotational control of the wheel obtained in experiments

with the engineering model are demonstrated.

INTRODUCTION

Active Magnetic Bearings (AMBs) are increasingly be-
ing used as they have many desirable properties com-
pared to conventional roller or ball bearings. AMBs
eliminate all contact between moving parts, preventing
friction, stiction and wear. Because there is no con-
tact there is no need for lubrication, making them es-
pecially useful for use in the vacuum of space. Because
of the lack of friction the spin rate of the bearing can
be increased. The lack of friction will also increase
the lifetime of the bearing and reduce its sensitivity to
temperature. The active control of the rotor position
minimises wheel jitter and makes for a very low noise
bearing. There are however some disadvantages such as
an increase in the complexity of the system, and an in-
crease in power consumption due to the electromagnets,
although the spin motor power consumption is reduced
because of the elimination of friction and stiction.

The use of AMBs also allows the rotor to be tilted
through a small range of angles if properly designed,
giving it some additional properties. A conventional
output torque can be generated about the rotor’s spin
axis and a gyroscopic torque can be generated about any
axis in the plane normal to the spin axis. The AMBs
allow the rotor to be tilted at a high angular rate, gener-
ating a large gyroscopic torque. Because the axis of the

gyroscopic torque can be controlled, we propose a sin-
gle tilting momentum wheel that can generate an output
torque about all three axes of the spacecraft. The band-
width of the output torque is very high making it ideal
for the damping of vibrations and rapid reorientation of
the spacecraft, for instance in rendezvous and docking
procedures.

The rotor can only be tilted through a small range of
angles. The range of angles is limited by the width
of the airgap between the electromagnet pole face and
the rotor. A large airgap reduces the magnetic flux in
the airgap and so decreases the stiffness of the bearing
and increases the power consumption. Finite element
simulations show that a tilt range of +3° is feasible.
Because the tilt range is small and the tilt rate is high
then this gyroscopic torque can only be generated for a
short time. This makes the gyroscopic torque more suit-
able for the damping of high frequency disturbances, or
for high bandwidth small-angle manoeuvres, such as in
satellite rendezvous and docking.

This paper discusses the theory behind the use of AMBs
in a spacecraft momentum wheel. A mathematical
model of a tilting magnetically-levitated momentum-
wheel is derived. A controller to stabilise the wheel
is generated and the performance and properties of the
wheel are simulated and discussed.

Seddon

234 Annual ATAA/USU
Conference on Small Satellites



In this paper we then present experimental data from
an engineering model of the wheel that has been built.
The translational position of this wheel can be controlled
with an accuracy of 2.5 micrometres and the tilt angle
can be controlled with an accuracy of 0.1 milliradians.
The bandwidth of the wheel and controller is 176 rads~*
and so can counteract high frequency disturbances as
predicted by the simulations. The limitation in rotational
and translational position is due to the resolution of the
Sensors.

SYSTEM MODEL

Prior magnetically-levitated momentum-wheels for
spacecraft have used the electrodynamic principle ! 23,
where permanent magnets generate bias flux in the
magnetic bearing and actively controlled electromagnets
generate a control flux to stabilise the system. This sys-
tem has the advantage of having a linear relationship
between the force acting on the rotor and the applied
current*. The alternative approach taken by the authors
uses the electromagnetic principle where a purely attrac-
tive force acting on the rotor is generated by electromag-
nets. This approach has the benefit of being able to gen-
erate larger forces, increasing the stiffness of the bearing
if required>.

Figure 1: The Engineering Model of the Wheel

Figure 1 shows the arrangement of the electromagnets
around the rotor in our design. The geometry of the ro-
tor and electromagnets was optimised with the use of
three-dimensional magnetostatic finite element simula-
tions. The centre of the inertial co-ordinate system is at
the geometrical centre of the rotor. z, y and z are the
translational distance that the rotor has been displaced
from its central position along the principal inertial axes.
Q;, oy and o, are the angles that the rotor has been ro-
tated about the principal inertial axes from its central po-
sition. The electromagnets are aligned along the positive
and negative inertial axes.

The attractive reluctance force generated by the i-th
electromagnet is given by®

7MON2€li2
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where i is the permeability of free space, N is the num-
ber of terms in the electromagnet coil, €] is the cross sec-
tional area of the electromagnet pole face, ¢ is the current
flowing through the coils and + is the width of the airgap
between the electromagnet pole face and the rotor pole
face. The negative sign is to indicate that the reluctance
force is attractive. The kinematics to map the force gen-
erated by each of the electromagnets to the total force
acting on the rotor are
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where F = [F,F,F.]T is the force acting on the ro-
tor along the principal inertial axes and f; to fg are the
attractive forces generated by the eight electromagnets.
The kinematic mapping between electromagnet forces
and the torque on the rotor is given by
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where T = [T, T,T;]7 is the torque acting about the
three principal inertial axes and r, is the length of the
moment that the torques act about, which is the distance
along the z-axis from the centre of the axes to the centre
of the electromagnets.

The translational dynamic behaviour of the rotor is given
by Newton’s Second Law
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where F' is the vector force acting on the rotor in the
inertial reference frame and a is the acceleration of the
rotor in the inertial reference frame. The rotational dy-
namics of the rotor are given by’

Ii+axIa=T+Ty 5)

where T is the control torque acting on the rotor, T} is
the disturbance torque on the rotor, [ is the inertia matrix
of the rotor, ¢ is the angular velocity of the rotor about
the principal axes and & is the angular acceleration of
the rotor about the principal axes.

Equation 1 shows that the reluctance force generated by
each electromagnet depends upon the width of the air-
gap of each electromagnet. This airgap depends upon
the translational and rotational position of the rotor. Be-
cause of the small range considered, using small angle
approximations and considering translation and rotation
separately, the change in the airgap at each electromag-
net can be calculated as
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where Ay, to Avys are the changes in the airgaps at the
electromagnets. The airgap width with the rotor in its
central position is g and so v; = vo + A%;.

The dynamics of the brushless DC motor spinning the
rotor are approximated in the Laplace domain by

O{Z(S) _ Sid’r'ive(s)

o sK;+ Kp 7

where %4, 1S the drive current to the motor, and the
inertia and damping gains K; and Kp are taken for a
typical brushless DC motor used in the laboratory, with
values 1.07 x 10~2 and 0.1 respectively. The angular ac-
celeration output by the motor is multiplied by the mo-
ment of inertia about the z-axis of the rotor (I, in the
inertia matrix) to give the output torque of the spin axis
motor. This output torque is added to the torque from
the kinematic Equation 3 to give the total force acting
on the rotor in Equation 5 of the rotational dynamics.

3-axis Torque Output From the Proposed New Wheel

The 3-axis output torque from the full wheel system T’
is the sum of the gyroscopic output torque from tilting
the wheel 7" and the conventional torque from changing
the angular velocity of the spinning wheel 7"'. Because
the rotor is only tilted through a small range of angles,
we can use small angle approximations to say that there
is no component of the gyroscopic torque about the z-
axis and the conventional acceleration torque only has a
component about the z-axis.

The output torque from tilting the rotor is generated by
the same physical process as a Control Moment Gyro
(CMGQG). Incorporating the small angle approximations
mentioned above, it is given by

Gy
T = | &
0

X ho (g, oy, Gty) (8

where hy is the angular momentum of the spinning rotor,
and is a function of the rotor spin rate about the z-axis
and the angle of the rotor about the x and y axes. The
angular momentum when the rotor is not tilted is

0
Ho(d:)=1] 0 €))

a

The rotation matrix to rotate Hy(cd,) about the y-axis
and then the x-axis can be calculated by

1 0 0 cosay, 0 sinay
Ryy=1 0 cosa, —sinay, 0 1 0
L 0 sina, cosay —sinay 0 cosay
[ COS ay 0 sin o,
= sin a, sin a, COSy;  — Sin (v, COS Oy
| —cosay sincq, sina,  COSQy COS

(10)

Therefore the output torque from tilting the rotor is given
by

i 0
T = | éy | xReyl | 0 (11)
0 s
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The output torque about the z-axis from the acceleration
of the rotor is given by

T"=1,.| 0 12)

The output torque from the tilting magnetically-levitated
momentum-wheel is the sum of the torques from tilting
and accelerating the rotor T = T" + T" .

The spacecraft is simulated using the model given in®.
The spacecraft inertia matrix used was from the TopSat
120 kg small satellite built by Surrey Satellite Technol-
ogy Ltd.

The model developed here assumes that the rotor is per-
fectly balanced. In reality, there will be a slight static
imbalance where the centre of mass of the rotor is off-
set slightly from the geometrical centre of the rotor and
a dynamic or couple imbalance where the axes of the
moments of inertia are at a slight angle to the inertial
axes. The static imbalance will generate a disturbance
force on the rotor along an axis on the x-y plane that
rotates around the z-axis as the rotor rotates. The cou-
ple imbalance will generate a disturbance torque about
an axis that lies on the x-y plane that rotates about the
z-axis as the rotor rotates®. The proposed 3Dwheel has
the necessary degrees of freedom actively controlled to
counteract these imbalances. The inertia matrix for the
rotor has been assumed to be diagonal. Small angle ap-
proximations were used to calculate the output torque
from the wheel. The electrical dynamics of the coils are
not included in the model.

CONTROL ARCHITECTURE

For the control of a spacecraft using a single tilting
magnetically-levitated momentum-wheel, we propose a
two stage controller. The first outer controller calculates
the necessary tilt axis and tilt angle from the commanded
input torque. The second stage is a feedback controller
to maintain the rotor at the desired tilt angle and spin
rate.

To calculate the tilt angle required to generate the torque
command demanded from the wheel, the gyroscopic
output torque Equation 8 can be rearranged to calcu-
late the desired tilt rate from the demanded torque. Us-
ing small angle approximations, components of the tilt

torque about the z-axis are zero and the tilt rate com-
mands are

] 1 0 -1 T,
Oy _Izzo'zzcosamcosay 1 0 Y

13)

where 7}, and Ty are the commanded torques about the
x and y axes respectively and (v, and &y are the desired
tilt rates, which can be integrated to give the desired tilt
angles. The commanded tilt torque is derived from the
spacecraft attitude control loop with feedback from the
quaternion error and angular body rates®. The input to
the motor to control the spin rate of the wheel is the
commanded torque about the z-axis with saturation lim-
its applied.

The simplest form of the inner controller decouples the
translational and rotational motion of the rotor and has a
separate controller for each.

First the Taylor series expansion of the magnitude of the
reluctance force is found, ignoring higher order terms,
to linearise the system

N2l N2eli N2¢li?
pp = Lol | palCelly ;s
4 27y 2’78
= fo+ Kili— K, Ay (14)

The translational force on the rotor along the x-axis is

Fo, = fitfo—fs—Tfs
4K Nip + AK, Az (15)

Using Newton’s Second Law and applying the Laplace
Transform, we have the transfer function

_X(s) 4K /M
Ga(s) = in(s)  $2—AK,/M (16)

Similarly, for rotation about the y-axis

Seddon

234 Annual ATAA/USU
Conference on Small Satellites



T, = r(fi+tfs—fa—1f5)
= 4dr,K;Nigy + 472K, Aay, (17)

and assuming the rotor’s inertia matrix is diagonal

Ay(s) dr. K/ 1y,
o =2 = 18
Gay(5) Gay(s) 82 —4riK, /I, (18)

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°. The de-
sired response chosen for the inner controller was 55°
of phase margin at a crossover frequency of 100 rads 1.
The controller was therefore made from a lead-lag com-
pensator of the form below to generate this phase margin

K(s) = k2251w (19)
S+p w;s

where z and p are the zero and pole of the lead term
respectively, and p > z. w; is the corner frequency of
the lag term and K is the loop gain. These terms were
tuned to give the desired crossover frequency and the
maximum phase margin at this frequency. The crossover
frequency was initially chosen to be 100 rads™! for the
simulations presented here.

A similar compensator can be derived for the rotational
motion. The error between the desired and actual trans-
lation or rotation is fed to the input of the compensator
and the output is the A¢ for motion along or about that
axis. The current to electromagnet 1 is given below and
the currents for the other electromagnets can be derived
similarly.

Z‘1 = Z.0 + Zz + Z‘ozy (20)

Because of the ¢ x I term in the rotational dynamics of
the rotor there will be a rotational disturbance about the
axis normal to the tilt and spin axes. When the angular
frequency of the spinning rotor is less than the system’s
crossover frequency then the controller can damp these
disturbances. However, a rotor spinning at 5000 rpm
has an angular frequency of 524 rads~! and so the rotor
would be unstable. Instead, this gyroscopic disturbance

torque can be cancelled using feedback linearisation of
the system via a feed forward gain term from the out-
put of the rotor dynamics to the electromagnet current
inputs. The torque that the feed forward gain needs to
overcome is equal to ¢ X I&. The mapping from torque
to the force that individual electromagnets need to gen-
erate is given by finding the pseudo-inverse of the rota-
tional kinematics in Equation 3. The current required by
each electromagnet to generate this force is K; /i from
the Taylor series expansion of the reluctance force. Be-
fore the feed forward current is added to the current from
the controller, when a rotation of the rotor about the x-
axis is demanded, the controller drives electromagnets
3, 4, 7 and 8 to tilt the wheel and 1, 2, 5 and 6 to cancel
the gyroscopic disturbance. The rotor also becomes un-
controllable when its spin angular velocity exceeds the
system crossover frequency. After the addition of the
feed forward term, the wheel is stable at all angular ve-
locities and for rotations of the rotor about the x-axis,
and the lead compensator outputs only the bias current
1o for electromagnets 1, 2, 5 and 6

The present simulation of the system uses a continuous-
time solver allowing the feed forward term to work at
all rotor spin angular velocities. When implemented in
hardware, a discrete-time solver will be required. Our
hardware set-up implements control loops on a PC run-
ning a real-time operating system, with a time step pe-
riod of 1 ms. With this sampling frequency, the imple-
mentation of the feed forward gain will limit the angular
velocity of the spinning rotor.

The calculation of the feed forward gain presently uses
the rate of tilt about the x and y axes and the spin rate
about the z-axis. Hall sensors in the spin motor can be
used to calculate the z-axis spin rate. The tilt rates about
the other two axes will not be known when the system
is implemented in hardware. The angular position is ac-
curately measured by the position sensors and a Kalman
estimator has been designed to convert these positions
to angular rates.

RESULTS

Simulation Results

Figure 2 shows the attitude of the TopSat spacecraft
when it was reorientated through 0.1° by tilting the mo-
mentum wheel and also by accelerating the spinning ro-
tor. Because of the larger output torque available from
tilting the wheel, this reorientation can be performed al-
most five times faster than is possible by operating the
wheel conventionally. The axis of the output torque
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Figure 2: The Satellite’s Attitude When Reorientat-
ing Using a Tilting Momentum Wheel And a Con-
ventional Momentum Wheel, with the Conventional
Torque Limited To a Maximum Value

when tilting the wheel is not fixed and so this torque
can be generated about any axis normal to the wheel’s
spin axis.
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Figure 3: The Attitude Rate Observed on the UK-
DMC Satellite While It Was Suffering From a High
Frequency Disturbance 1

Satellite Attitude with a High Frequency Disturbance
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Figure 4: The Satellite’s Attitude When Applied with
a High Frequency Disturbance Torque That Is Being
Damped by a Tilting Momentum Wheel And a Con-
ventional Momentum Wheel

A disturbance in the attitude rates of the UK-DMC
spacecraft was identified through image processing'”.
With a frequency of 0.6 Hz the disturbance was too high
for the conventional momentum wheels on UK-DMC to
damp. The effect of the disturbance is visible in the at-
titude rate shown in Figure 3. This angular rate data
was differentiated to give an angular acceleration and
then multiplied by UK-DMC’s moment of inertia about
that axis to give the torque that caused the disturbance.
This torque was then applied to the TopSat model and
its attitude is shown in Figure 4 when the disturbance is

damped by the momentum wheel operating convention-
ally and when tilting.

The magnitude of the attitude disturbance is over twenty
times less when damped with a tilting momentum-wheel
than when it is damped by a momentum wheel operat-
ing conventionally. This improvement in performance
is due to the tilting momentum-wheel’s improved band-
width.

Electromagnet Current while Damping a High Frequency Disturbance
T T T T T

121 1
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Figure 5: The Current in Two Electromagnets When
Damping a High Frequency Disturbance Torque

The disturbance was applied about the x-axis of the
spacecraft. Figure 5 shows the current through two elec-
tromagnet coils when damping the high-frequency dis-
turbance torque. Because of the gyroscopic nature of
the output torque from tilting the rotor, the rotor must
be tilted about the y-axis to counteract the disturbance
about the x-axis. Electromagnet 1 is one of the four
magnets that controls the tilt of the wheel about the y-
axis. The varying current in electromagnet 3 is due to
the current required by the feed forward term in the con-
troller. This feed forward term prevents any gyroscopic
motion of the rotor. Preventing the gyroscopic motion
of the rotor transfers the gyroscopic torque produced to
the spacecraft to generate the tilting component of the
output torque 7",

Rotor Y-Axis Tilt Angle
while Damping a High Frequency Disturbance
T T T

0.5

Rotor Tilt Angle, :

0 50 100 150 200 250 300
Time, s

Figure 6: The Rotor Tilt Angle When Damping a
High Frequency Disturbance Torque

Figure 6 shows how the tilt angle of the rotor about the
y-axis varies as the earlier disturbance torque is damped.

The frequency response of the entire spacecraft attitude
when controlled using a tilting momentum-wheel and
a conventional momentum-wheel was measured using
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Figure 7: The Frequency Response of a Tilting And
a Conventional Momentum Wheel

a Dynamic System Analysis (DSA) tool developed by
the authors. A white-noise disturbance was injected
into the attitude control loop and the system’s response
was recorded. The bode plot of the response is shown
in Figure 7. When controlled with the tilting momen-
tum wheel the crossover frequency of the system is at
6 rads—!. The crossover frequency of the conventional
wheel system is two orders of magnitude less.

From Equations 15, 17 and 20, for every translation or
rotation movement there will be an increase in the cur-
rent through one electromagnet and an equal decrease in
the current through another electromagnet. These will
cancel and so therefore, the total current for all eight
electromagnets at all times with this decoupled con-
troller is eight times the bias current.

Experimental Results

An engineering model of the 3Dwheel has been built and
is currently being tested to verify its simulated proper-
ties and to allow the development of controllers. The re-
sults presented in this section are the initial results from
this testing. Figure 1 shows a photograph of the wheel.
The stator electromagnets are built from laminated steel
with a curved pole face accurately cut using wire ero-
sion. The position and tilt angle of the wheel is mea-
sured by contact free eddy current sensors, which mea-
sure the position of an aluminium liner inside the steel
rotor to an accuracy of 2 ym. Low noise current am-
plifiers were built from linear audio amplifier ICs. The
controller was implemented on a PC running a real time
operating system sampling at 1 kHz.

The DSA tool was used to calculate the frequency re-
sponse of the amplifier and electromagnets. This re-
sponse was combined with the numerical model of the

translation and rotation dynamics and the anti-aliasing
filters, to derive a controller. The controller variables
were adjusted to give the maximum phase margin at the
system’s crossover frequency.

0.01 Radian (0.57 degrees) Tilt of the Wheel

about the X and Y Axes Simultaneously
0.015 T T T

0.01f

0.005 1

Tilt Angle, radians
o
i

-0.005f \ 1

~0.01}- [ SV

-0.015 - y !
19 19.5 20 20.5 21

Time, s

Figure 8: A Rotation Step Response with the Axis of
Rotation Between the Wheel’s Principle Axes

Figure 8 shows the response of the wheel to a step com-
mand for a rotation about an axis between the wheel’s
x and y principle axes. The electromagnets are aligned
with the x and y principle axes. This plot demonstrates
that it is possible to tilt the wheel about any axis on the
plane normal to the wheel’s spin axis and therefore to
generate a torque about any axis on this plane. Experi-
ments show that the translation loop is decoupled from
the rotation loop by at least -46 dB up to the crossover
frequency.

2.5 uym Translation along the X-Axis
20 T

10 1

Translation, micrometre

15 20 25
Time, s

Figure 9: The Response To a 2.5 micrometre Trans-
lation Step Command along the x-axis

Figure 9 shows the wheel’s response to the step com-
mand for a 2.5 micrometre translation along the positive
x-axis at time 20.0 seconds. The data acquisition card
used in the engineering model has a 12-bit resolution,
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with the least significant bit corresponding to a transla-
tion of 2.4 um. The quantisation of the position is visi-
ble showing that the wheel can be controlled with a very
high precision, with the engineering model’s precision
being limited by the resolution of the data acquisition
card.

0.1 mrad (0.0057 degrees) Rotation about the X-Axis
T

08}
06}
0.4 . 4

—0.2}+

Tilt Angle, milliradians
o

—0.4}

—0.6}

0.8}

i
15 20 25
Time, s

Figure 10: The Response To a 0.1 milliradian Rota-
tion Step Command about the x-axis

Figure 10 shows the wheel’s response to the step com-
mand for a 0.1 milliradian (0.0057°) rotation about the
x-axis. Again the resolution of the 12-bit data acquisi-
tion card is defining the resolution that the wheel can be
tilted with.

Bode Plot — Measured Translation Frequency Response
40 T T T

» 20 \M

Magnitude, dB
L
o o o

Phase, :
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Figure 11: The Measured (Black) and Simulated
(Green) Frequency Response of the Loop Transfer
Function of the Decoupled Translation Controller
and Dynamics

Figure 11 shows the measured and simulated frequency
response of the loop transfer function of the initial de-
coupled rotation controller and plant dynamics. The
simulated model gives a good phase match at lower fre-

quencies. The cross over frequency of the measured sys-
tem is 176 rads ! with a phase margin of 28°.

The wheel can be tilted at a rate of 1.0 rads~* allowing
a gyroscopic torque of 1.2 Nm to be generated. The tilt
rate is determined by the speed of the controller. The
controller can be made faster. Increasing the tilt rate
will allow the same magnitude of gyroscopic torque to
be generated with the wheel spinning at lower rates.

CONCLUSION

We propose a novel concept for 3-axis attitude control of
a spacecraft using a single momentum wheel that uses
an active magnetic bearing. Using an active magnetic
bearing allows a momentum wheel for spacecraft atti-
tude control to be made with improved properties com-
pared to a wheel that uses conventional bearings. The
use of active magnetic bearings allows a single wheel
to generate an output torque about all three axes of the
spacecraft. A conventional output torque can be gener-
ated about the spin axis of the wheel and a gyroscopic
torque can be generated about any axis on the plane nor-
mal to the spin axis. Because the gyroscopic torque is
generated by tilting the wheel it has a high bandwidth,
and because its magnitude is proportional to the tilt rate
its magnitude can be high. The simulated properties of
the wheel have been successfully demonstrated by the
engineering model of the wheel that has been built.
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