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Abstract

In this work a prototype of a spherical induction machine is developed in order to evaluate its
performance as the core of a momentum transfer satellite and spacecraft control system actuator.
Spherical actuators would be a major breakthrough for these types of systems as they have potential
advantages in reliability as they use less moving parts. A spherical induction motor is a good candidate
for the role of a spherical actuator due to the simplicity of its control system and smooth operation.
The prototype was based on earlier designs of spherical induction machines but with the use of an air-
bearing to support its rotor. The stator of the motor featured two independent electrical axes that were
successfully used to prove the concept of multi degree-of-freedom operation. An optical speed sensor
was also developed in order to test the performance of the motor. The performance of the motor was
evaluated with a series of acceleration tests. These confirmed the operation of the motor but with some
flaws as the rotor vibrated at speed due to its uneven mass distribution which limited its maximum
speed to 120rpm. The motor was also found to have a very poor magnetic coupling between its armature
and rotor caused by a large effective air-gap which resulted in a maximum efficiency of 2%. Nevertheless
the prototype proved the initial concept of a spherical induction machine attitude control actuator since
these issues resulted mostly from the crude nature of the prototype’s construction. Keywords: attitude
control, electric motor, satellite, spherical motor

1. Introduction

One of the challenges in satellite development is
their attitude (orientation) control when in orbit.
Attitude control system (ACS) solutions based on
the Earth’s magnetic and gravitational field are
commonly used when pointing accuracy and torque
requirements are not too high [1–3]. For missions
with higher torque and accuracy requirements ei-
ther reaction wheels [4, 5] or control moment gyro-
scopes (CMGs) are employed [5].

Both of the latter devices are momentum trans-
fer devices - that is, they exploit the conservation of
angular momentum in order to change the orienta-
tion of the spacecraft. Reaction wheels accomplish
this by changing their rotation speed, as accelerat-
ing the wheel causes the spacecraft to rotate in the
opposite direction [6, p. 147]. CMGs have an iner-
tia wheel rotating with constant velocity supported
on a gimbal. When the orientation of the wheel’s
rotation axis is changed, a reaction torque is felt on
the spacecraft. [6, p. 166]

A step forward in the technology of momentum
transfer actuators would be the use of a spherical
actuator as it combines the principles of operation
of both reaction wheels and CMGs with only a sin-

gle moving part [7]. This would potentially have
a greater reliability than other momentum trans-
fer actuators [8]. To date there are a number of
different manners to transfer momentum to a reac-
tion sphere, a system based on several holonomic
wheels [7], piezoelectric ultrasonic actuation [9] or
electromagnetic actuation [10–12]. Among them,
the latter seem more promising as they are entirely
contactless and potentially yielding better reliabil-
ity and efficiency since frictional losses are elimi-
nated.

When using an electromagnetic driving mecha-
nism, the actuator behaves as an electric motor,
one with three degrees of freedom in its rotations.
In a similar manner to electric machines, there are
multiple ways to drive the sphere’s rotation. For
instance, the drive could be based on an induction
motor [8], a permanent magnet synchronous motor
(PMSM) [13], or a variable reluctance design [14].

Recently there was a project that pursued the
development of a spherical actuator ACS using a
PMSM [10]. Although this drive system has advan-
tages in specific power and torque density, several
challenges were found in the design of its control
system as it featured a large number of control sys-
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tem degrees of freedom. The variable reluctance
motor features similar challenges on its realization.
However the induction motor can be driven with a
much simpler control scheme.

All of the aforementioned drive schemes transmit
mechanical power to the reaction sphere (which also
acts as the motor’s rotor) by the means of a rotating
magnetic field. This field is generated by controlling
the voltage across coils wound on the motor’s stator.
On the induction machine, the rotating field of the
stator induces time-varying currents on the rotor
which then create another magnetic field rotating
at the same speed of the first. The tendency of
fields to align (in a manner similar to two magnets)
causes a mechanical torque, accelerating the rotor
[15, p. 308].

The foregoing conclusions seem to indicate the
spherical induction machine as a promising candi-
date for an actuator in a satellite’s ACS due to its
lower cost and simpler control even considering its
lower precision and specific torque. In this work
the suitability of this solution is tested through the
development of a simple prototype based on an ex-
isting rotor [16].

This concept of can also be applied to other en-
gineering challenges, such as the construction of
multiple degree-of-freedom joint actuators or om-
nidirectional wheels with less moving parts, both
of which potentially provide more reliability than
existing solutions.

The objective of this work is then to investigate
the suitability of a spherical induction motor as an
actuator for a satellite ACS. This was accomplished
through the development , construction and test-
ing of a prototype. The suitability of the motor
was evaluated on two parameters, its maximum mo-
mentum storage capacity, and its maximum output
torque.

2. Prototype
2.1. Rotor
A prototype of a spherical induction motor was
built in order to evaluate its suitability as an actu-
ator for a satellite attitude control system (ACS).
The development of the prototype began with the
rotor. The rotor was not developed in this work
instead one with construction identical to the one
in the prototype in [17] was provided by the super-
visors. The rotor was a sphere with a diameter of
89mm, a mass of 940g and a moment of inertia of
1.01gm2. It was constructed from four hemispheres
forming two separate layers (see Figure 1). The four
pieces were assembled by gluing them together us-
ing a cyanoacrylate based glue as it bond strength
proved adequate and did not disturb the geometry
of the rotor. An earlier attempt with a two-part
epoxy based glue failed as this glue was too thick
and disturbed the geometry of the rotor, making

the hemispheres no longer fit together.

The inner layer acts a part of the magnetic cir-
cuit of the machine. It was machined from an
anisotropic ferromagnetic material [18] to form a
5mm thick spherical layer. This material was used
due to its relatively high and anisotropic resistivity,
which helps the minimization of losses through eddy
currents. The use of grain oriented silicon steel as it
is typical for electric motors was an inferior option
since this material is optimized for magnetic flux
flow in a particular direction (it is anisotropic) and
the rotor has no preferential direction for the flow
of magnetic flux.

The outer layer carried the induced rotor cur-
rents, was 4mm thick and made of aluminum. This
material was used due to its low resistance which re-
duces Joule effect losses on the rotor thus improving
the efficiency of the machine.

Figure 1: Scheme of the machine’s rotor, note the
two-piece construction of each layer.

2.2. Rotor support

The rotor was supported by an air bearing which en-
abled its near frictionless rotation. The bearing was
built into the main assembly of the machine which
supported all of its other components. The bearing
itself was an adaptation of the design from [19] that
was scaled down to the dimensions of the rotor. It
was also adapted to work with an inexpensive, off-
the-shelf air mattress pump

The air pump was found to provide a maximum
differential pressure of 0.4 bar. Since its outlet had
a circular cross-section with a diameter of 17mm
the maximum force (9.1N) supplied by the pump
should be adequate to suspend the rotor on a thin
air film.

The inner ducts were designed to provide mini-
mal resistance to the airflow, the radii of the bends
in the air flow path were maximized and care was
taken to achieve a constant flow cross section (see
Figure 2).

The main assembly was modeled in 3D using
Solidworks and later 3D-printed on an Ultimaker
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Figure 2: Cut view of the 3D model of the main
assembly and air bearing. The bearing has eight
outlet orifices and the sum of their cross-sections
equals the cross-section of the intake.

Cura printer using PLA plastic, chosen for its avail-
ability and ease of work.

2.3. Stator

The prototype was a two-phase induction machine,
chosen for simplicity of design and control. Its sta-
tor featured two independent axes, each of them
held a two-phase winding (see Figure 3). This con-
struction enables the generation of a rotating mag-
netic field on two independent planes of rotation
such that the rotor’s rotation can be controlled with
two degrees of freedom.

The stator supports the windings responsible for
creating the rotating magnetic field. It is con-
structed from laminated silicon (electrical) steel cut
from an old electric motor. The use of such a high
magnetic permeability material maximizes the cou-
pling between the currents flowing in the stator
windings and the rotor. The laminations help to
prevent loss due to induced eddy currents caused
by the time varying magnetic flux.

To further improve the stator-rotor coupling it is
desirable that the air gap between them is small.
A support was designed to locate these laminations
in a spherical shape along the shape of the rotor
(See Figure 4). The position of the supports could
be further adjusted as the supports had adjustment
slots where they were bolted to the main assembly;
in practice an air gap between 0.5 to 1 mm was
achievable. These supports were modeled and 3d-
printed in a manner similar to the main assembly.

The stator armature was composed by four of
these supports, two per axis, equally spaced around
the rotor. Each support had two coils fitted to the
steel laminations for a total of eight coils. In each of
the axes the coils diametrically opposite from each
other were connected in series forming then a two
phase winding for each axis of motion.

The electrical steel laminations featured slots
that were used to install the coils composing the two

Figure 3: Top down view of the machine, note the
spatial distribution of the supports on two orthog-
onal planes, X and Y.

(a) Lamination used in
the construction of the
magnetic circuit of the
stator.

(b) Model of the stator
support piece, note the cur-
vature on the lamination
mating surface.

Figure 4: Stator support piece and silicon steel lam-
ination.

phase winding of the motor. The angle between the
axes of consecutive phase coils is 10 degrees. Com-
paring this to a two-phase motor with a single pole
pair where this angle is 90 degrees it can be con-
cluded that this motor behaves like one with 9 pole
pairs. As such it follows that θae = 9θe where θe
is a spatial angle and θae is an electrical angle. An
identical relation is valid for the frequency of the
supply voltage ne and the synchronous speed of the
motor ns: ns = ne

9 .
Each coil was wound into the slots of the stator
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Figure 5: Finished stator support bracket with the
two-phase winding fitted to the slots of the stator.

and consisted of 110 turns of magnet wire with a
diameter of 0.3mm which resulted in a resistance of
3.5Ω per coil. These parameters were chosen con-
sidering the characteristics (maximum voltage and
current) of the available power driver and also the
space available for windings in the slots of the sta-
tor.

2.4. Electronic controller

A simple inverter was developed in order to control
the voltages across the armature windings. It con-
sisted of a microcontroller (MCU) coupled to a lab-
oratory power supply and a power h-bridge driver.
The MCU was a dsPIC33FJ128MC804. Chosen
mainly due to its four independent PWM gener-
ators. The power supply was also used as a conve-
nient manner to vary the maximum voltage applied
to the motor as it could supply a maximum power of
240W at 24V. The power h-bridge driver consisted
of two L298 breakout boards. They were chosen for
its inexpensiveness and ease of connection to both
the microcontroller and the power supply.

The software programmed on the MCU generated
the driving waveforms to control both the rotation
plane and the speed of the motor. Its core con-
sists of a variable frequency two phase sinusoidal
drive that outputs a high frequency PWM signal.
It was fed into the armature of the motor through
the power driver (Figure 6).

Vcc

INxA

INxB

Figure 6: Voltage source inverter for a single phase.
The voltage source inverter was constructed as a
full bridge inverter for each phase.

The duty cycles for the PWM were generated us-
ing Space Vector Modulation(SVM), a method cho-
sen because of its lower memory requirements, lower
distortion than a conventional sinusoidal PWM
technique [20] and ease of adaption to vector control
schemes.

The SVM algorithm was adapted from the three
phase scheme shown in [20]. Its end goal is the es-
tablishment of a rotating magnetic field, adjustable
in both frequency and amplitude, in the machine’s
air gap through the armature phase voltages. Since
the machine has a two phase design, the voltages
applied to each phase will be ninety degrees out of
phase in respect to each other. A diagram of this is
shown in Figure 7.
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Vb
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φ

Figure 7: Scheme of the rotating voltage vectors for
the construction of the SVM algorithm. Each num-
bered arrow corresponds to a state of the inverter.

The algorithm is heavily based in the configura-
tion of the inverter. The first step to convert the
scheme in [20] to a two phase system is the enu-
meration of all possible inverter states. Since the
inverter has four inputs, this implies the existence
of sixteen different states. However only nine are
useful since there are multiple off and redundant
states as a phase can be off in two different man-
ners (Figure 7).

To create a rotating output vector Vo the states
are sequenced in either a clockwise or counter clock-
wise motion. When Vo lies between two states the
output is generated by modulating the states clos-
est to it and the null state (Figure 7). In the first
octant, for each modulation period Tm the following
holds,

Tm = T1 + T2 + T0. (1)
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In each period the average value of each compo-
nent of Vo is,

Va =
T1
Tm

V +
√

2
T2
Tm

V (2)

Vb =
√

2
T2
Tm

V, (3)

where V in the input voltage for the VSI. Repre-
senting Vo in polar coordinates and solving for the
modulation ratios T1

Tm
and T2

Tm
, the following is ob-

tained(see Figure 7):

T1
Tm

=
√

2 sin
(π

4
− φ

)
(4)

T2
Tm

= sinφ (5)

This analysis is valid when Vo is in the first oc-
tant, but the modulation ratios for the other quad-
rants are easily obtained taking into account the
symmetry of the problem and shifting the angle
back to the first octant. From these results it can
be seen that there are only 2 state transitions per
modulation period, one from the null state to the
state with only one phase turned on and one from
the latter state to the state with both phases turned
on (Figure 8). Note that the waveforms are center-
aligned in order to minimize harmonic distortion.

Figure 8: Output waveforms for both phases(red
and blue). Note the distortion minimizing center
alignment.

This algorithm was then programmed into the
MCU. The MCU featured dedicated hardware to
aid the implementation of these types of algorithms
in real time, in particular the Motor Control PWM
and Timer peripherals, which greatly simplified the
implementation of the algorithm. The inputs to the
algorithm are the frequency and amplitude of the
generated signal as well as the direction of rotation
which is encoded using negative amplitudes.

Figure 9: Output waveforms for two inputs of the
inverter (Figure 6) (red and blue), their sum (light
blue) and current(purple).

The implementation of the algorithm receives
these inputs through commands on the MCU’s se-
rial port. The input frequency is immediately con-
verted into its inverse, a time period, and is as-
signed to the interrupt period on a Timer. On every
Timer interrupt an internal ”angle” variable is in-
cremented and the modulation ratios are computed
as per (4) and (5). Afterwards the octant is com-
puted from the angle value and is used to configure
the inverter states correctly (mostly used to define
the direction of each phase). Finally the PWM duty
cycles for each phase are computed from the mod-
ulation ratios which is needed since there are com-
posite states ( i.e. states with both phases turned
on) and the duty cycles have to be set for each phase
individually. For example, if the modulation ratios
for states one and two are 10% and 20% respectively
and state one is phase A on, phase B off while state
two is both on, the duty cycles will be 30% and
20% for phase A and B respectively.

The computation of the sine function is done us-
ing a lookup table, as computing the sine in real-
time is too computationally expensive. The compu-
tation of the modulation ratios only requires angles
in the range [0, π4 ] which enables significant memory
savings in comparison to a traditional sine PWM al-
gorithm that requires at least twice as much mem-
ory. This table was implemented with 256 entries
in the relevant interval which results in an accuracy
of 11bits (maximum error of 0.05%) for an entire
electrical period. The waveforms generated by the
algorithm can be seen in Figure 9.

3. Speed Sensor

As an actuator in an ACS an accurate measure-
ment of the motor’s rotational speed is important.
The use of a speed sensor allows for better accuracy
which in turn enables a stabler and more precise
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attitude keeping. Due to its frictionless air-bearing
rotor support system a contactless solution is most
desirable.

Other implementations of a spherical motor have
used an optical position sensor taken from an opti-
cal mouse. This approach was tried with unsatisfac-
tory results as the available sensor had severe limi-
tations on its maximum detection speed [21]. A bet-
ter, more modern sensor could have been used [22],
but difficulties in sourcing a suitable sensor in a
timely manner led to the development of a custom
solution.

Figure 10: Stripped pattern painted on the rotor.
The patterns consists of seven stripes so on a com-
plete revolution 14 stripes are detected.

Such a sensor was developed with the goal of de-
tecting higher speeds. First an evenly spaced pat-
tern of seven stripes was painted on the rotor (Fig-
ure 10). Then an optical system, capable of de-
tecting the stripes, was developed. The system was
composed by an LED surrounded by four photo-
transistors mounted on a 3d-printed support (Fig-
ure 11), designed specifically to follow the curvature
of the rotor and to attach to the motor’s frame.

Figure 11: Cut view from the sensor housing’s de-
sign. The outer holes housed phototransistors, the
center hole housed the LED. Note the pinholes that
guide the light from the LED to the rotor’s surface
an then to the phototransistors.

The LED was powered by the MCU power supply.
The phototransistors were connected to a signal
conditioning circuit designed to couple their output
to the input pins of the MCU (Figure 12).

Each passage of a stripe in front of the detec-
tor originates an impulse (Figure 13). The time of
occurrence of each pulse is recorded with the Input

+5V

350kΩ

MEL709
−
+

LM358 A

10kΩ

1µF
−
+

LM358 B+2.5V

250kΩ

68kΩ

22nF
ICx

Figure 12: Schematic of the stripe sensing circuit.
It was composed by a phototransistor coupled to an
amplifier and filter stage. The filters were designed
taking the signal for the expected rotor velocity into
consideration.

Capture peripheral on the MCU. This allows for the
estimation of the speed and direction of the velocity
of the rotor. In this work only the absolute veloc-
ity of the rotor was measured as it was sufficient
for the acceleration tests that were performed. As
such the velocity is simply measured by counting
the time between events on a single detector, since
there are 7 stripes on the sphere the average velocity
between two events is:

v̄ =
60

14∆t[s]
(6)

Figure 13: Waveforms captured at the collector of
the phototransistor (black) and the circuit output
(blue).

Although this sensor is capable of measuring the
surface speed of the rotor, this capability was not
explored as for testing the capabilities of the motor,
measuring speed in a single axis is sufficient. Fur-
thermore it is important to note that this sensor is
inadequate for a working ACS with three degrees of
freedom as it requires a sensor capable of measur-
ing the speed of the rotor in its three axes. Due to
the symmetry of the striped pattern the sensor is
incapable of measuring movement in the axis per-
pendicular to the stripes.

6



4. Acceleration Tests

Acceleration tests were done in order to evaluate the
performance of the prototype. For each of the tests
the rotor started from a standstill. Then, power was
applied and the rotational velocity of the rotor was
recorded as it accelerated until it reaches a steady-
state velocity vu. This procedure was repeated for
various excitation frequencies and voltages. Dur-
ing each of the tests the rotor was oriented with
its stripes orthogonal to the direction of motion in
order to reduce errors and increase the precision of
the speed measurement. This was also necessary
for the correct measurement of the rotor’s rotation
as the present sensor configuration is incapable of
measuring speed parallel to the stripes of the rotor.
The velocity of the rotor is calculated by dividing
the angle between two stripes by the difference be-
tween consecutive timestamps. The results of a test
are show on Figure 14.

Figure 14 shows some noise on the speed measure-
ment, nevertheless it does not completely compro-
mise the results of the test. There are two clearly
separated regions, the first where the rotor accel-
erates with near constant torque and the second,
where the velocity is almost constant. In order to
compare each individual test with the others there
are two key values worth noting: the average torque
on the first region (τm) and the steady-state veloc-
ity attained by the rotor (vu). The noise found
on the measurements has also some characteristics
worth of note. First there is some dispersion on each
measurement, an effect likely caused by both rotor
vibration due to its spherical asymmetry and slight
variation on the contrast of each individual stripe.
There are also some alias of the velocity graph that
happen due to missed stripes on the detection sys-
tem. This is evident as these aliases are copies of
the main signal scaled down by an integer factor.
Finally there is also some noise high velocity mea-
surements caused by multiple triggering on a single
transition on the the Input Capture system likely
due to the length of the signal carrying wires.

The results of the all of the tests in terms of vu
and τm are summarized in Table 1. It is important
to note that while these tests are done in what may
seem to be a ”no-load” environment in practice this
is not verified and at least in the acceleration phase,
the motor is running at full power with its load be-
ing the inertia of the rotor. A new parameter Pmax,
the maximum mechanical power output, is calcu-
lated from the data in the acceleration phase. In
this regime, assuming constant torque (an assump-
tion that is verified in all of the tests), the max-
imum mechanical power transmitted to the rotor
is in the moment immediately before reaching the
steady state velocity. In this moment the maximum

power is calculated by:

Pmax = τmvu (7)

The test results indicate that the available torque
increases both with the excitation frequency and
the excitation voltage which indicates that chosen
operating points were far from reaching the satura-
tion flux of the magnetic materials.

f[Hz] U[V] U
f [Vs] τm [mNm] vu [Hz] Pmax [mW]

20 10 0.5 4.7± 0.5 2.0± 0.1 9± 1
20 8 0.4 3.2± 0.5 2.1± 0.1 7± 1
50 14 0.28 23.1± 0.5 4.0± 0.5 57± 1
30 8 0.27 4.2± 0.5 2.1± 0.1 8± 1
40 8 0.2 5.7± 0.5 2.2± 0.1 12± 1
50 8 0.16 6.3± 0.5 2.2± 0.1 14± 1

Table 1: Summarized test results in terms of the
ultimate rotor speed vu, the average mechanical
torque and the maximum power Pmax

However these results shed light on a critical flaw
of the prototype it can be seen on the values for the
steady-state velocity. This variable remains con-
stant (with a singular exception) on the various test
runs which is unexpected as this velocity should rise
when the excitation frequency is increased. This
anomaly indicates imperfections on the construc-
tion of the rotor namely an uneven distribution of
mass. As its speed rises this asymmetry causes
the rotor to vibrate with increasingly greater ampli-
tude eventually making contact with the surface of
the air-bearing thus ceasing suspension and creat-
ing friction between the two surfaces which prevents
the rotor from accelerating further.

The test with excitation frequency f = 50Hz and
voltage U = 14V is the exception to the aforemen-
tioned phenomenon, by increasing the power deliv-
ered to the motor the friction barrier appears to
be surpassed. However as it can be seen the from
the test results on Figure 15 the velocity behaves
very erratically in these conditions, a consequence
from the stronger vibrations caused by the higher
velocity and the chaotic friction that results from
them.

Finally it was also observed that the current
drawn by the machine was constant during the en-
tirety of the tests, only changing from test to test
due to the effect of the impedance of the armature
winding which as expected varies with the excita-
tion frequency. This is expected as on all of the
tests (except for the ones at the lowest frequency),
although there was no explicit load on the motor,
the high inertia of the rotor and the friction at
higher velocities cause the motor to be always un-
der a significant load. Even in the tests that were
done at lower frequency, where apparently the mo-
tor reached velocities close to its synchronous speed,
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Figure 14: Acceleration test results, with excitation frequency f=20Hz (synchronous speed ωs=2.2Hz)
and excitation voltage U = 10V . Note the two distinct regions and also the different types of noise

Figure 15: Acceleration test results, with exci-
tation frequency f = 50Hz (synchronous speed
ωs=2.2Hz) and excitation voltage U = 14V . Note
how the apparent friction barrier is surpassed but
the velocity behaves very erratically, a far cry from
results in Figure 14

it was verified that the current drawn by the sta-
tor remained constant throughout its acceleration
which indicates very poor magnetic coupling be-
tween the stator and the rotor. The calculated max-
imum mechanical power values (see Table 1) seem
to confirm this as they are under 2% of the applied

electrical power which is approximately equal to U2

Z
where Z is the impedance of the stator’s winding.

5. Conclusions

In spite of all the technical issues it harbors the
developed prototype was a success, increasing the

technology readiness level of a spherical induction
motor based attitude control system actuator from
2 (Potential application validated) to 3 (Proof of
concept demonstrated). The air-bearing solution
for suspension of the rotor worked remarkably well
for its improvised and low-pressure construction. It
enabled near frictionless operation of the machine
up to a speed where vibration of the rotor caused its
contact with the bearing’s surface (about 120rpm).

One of main limiting factors on the prototype was
the rotor, that by virtue of its shape and construc-
tion ended up with an unbalanced mass distribution
thus causing undesirable vibrations. The air pump
used to suspend the rotor on the air bearing was
barely sufficient which increased the severity of the
vibration issues as it decreased the resilience of the
bearing upon vibration of the rotor.

The layout of the machine’s armature proved to
be acceptable although it covered a small solid an-
gle of the rotor. Although it limited the magnetic
coupling between the stator and the rotor as well as
the maximum attainable torque, this type of struc-
ture had advantages in ease of construction and as-
sembly which is one of the major hurdles in the
construction of an effective spherical motor. Due to
its construction it only allowed motion in two direc-
tions, however it is possible to archive three axis mo-
tion with only small modifications to the machine.
Due to its adjustable construction it was possible
to obtain a relatively small air-gap ( 1mm), but the
effective air-gap was much larger as the magnetic
permeability of aluminum is low when compared to
iron, in practice the effective air-gap combined the
actual air-gap and the aluminum thickness on the
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rotor ( 5mm) this increased the leakage flux on both
the stator and the rotor and was the main reason
for the poor magnetic coupling that was observed.

The controller hardware proved to be entirely ad-
equate for the task. Although the MCU was chosen
primarily for its availability it had plenty of process-
ing power available to execute the control software.
The control software, was open-loop only but the
SVM algorithm that was implemented was a good
stepping stone for the implementation of more so-
phisticated control algorithms as it is adaptable into
a field oriented controller, for example.

The machine’s velocity sensor was far from ideal
but it was sufficient to obtain usable test data. The
striped pattern on the rotor was simple to execute
but restricted the detection of the velocity to only
two axes. The use of a better mouse sensor could
prove to be a better solution although these sensors
are not well suited to this task as their focus on a
small portion of the measured surface conceptually
limits their maximum speed.

The acceleration test results showed the limita-
tions of the prototype, its problem with rotor vibra-
tion, the unreliable speed detection and the poor
magnetic coupling between the armature and the
rotor. However in spite of all of these difficulties
the core idea of using a spherical induction motor as
the heart of an attitude control system seems viable
as even this low budget and rudimentary prototype
showed some functionality. As such future research
on this concept seems promising.

5.1. Future work

The development and testing of this prototype pro-
vided many valuable lessons and further illuminated
the path for future research on this topic.

There were two main points learned, first that
the rotor must be precisely balanced otherwise the
maximum speed of operation will be severely lim-
ited. The second point lies in the thickness of the
aluminum layer, a layer that is too thick will cause
a poor magnetic coupling and subsequent loss of ef-
ficiency of the machine. The solution to both of
these problems lies in the construction of a better
rotor with better manufacturing tolerances, poten-
tially using a metal 3D printer for the iron core and
electroplating a layer of copper for the conductive
layer. The design of the rotor itself can also be im-
proved by using a salient pole type design consisting
of castellations on the iron core to further improve
the magnetic coupling of the machine. The design
of the stator should also be improved, it should span
a higher solid angle of the rotor for improved cou-
pling. A third axis should also be added to fully
test 3D operation.

The air-bearing itself can also be improved manly
by using a stronger pump and by integrating the

bearing further in the design of the stator so that
it provides better support to the rotor. However
for the specific application of an ACS actuator this
is not crucial as the bearing is only required for
operation on the ground.

An important part of the control system is the
speed sensor, any future work improving the mo-
tor’s control system must start here. A full 3D sen-
sor may be achieved by exploiting the castellation
pattern on the improved rotor design, detecting the
passage of the borders between materials with a set
of four optical sensors on a tetrahedral layout for re-
dundancy. With a reliable speed measurement and
an improved magnetic coupling it should be possible
to implement a closed-loop vector control solution,
for maximum efficiency.
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