
A MAGNETICALLY LEVITATED MOTORS. KAZADI, H. SHINAbstra
t. We des
ribe a motor whi
h is built on a �oating axle te
hnology. The motor has exa
tly onepoint of fri
tion and the weight of the motor 
an be balan
ed against the magneti
 �elds supporting it. Wereport the design, a model of operation, and the real performan
e. Limitations in sensor rea
tion speedand the e�e
t of drag tend to limit speed. Real performan
e shows good agreement to expe
ted theoreti
alperforman
e.
1. Introdu
tionRe
ent developments in the magneti
 bearing system have greatly redu
ed the e�e
ts of these problems.In [1℄, a self-sensing magneti
 bearing is dis
ussed; this bearing uses the same 
oil whi
h stabilizes the rotorto sense the rotor's position eliminating all position senors. Passive magneti
 bearings that not only useno position senors but also no 
ontrol 
ir
uitry have been explored, analyzed, and improved in [2℄ - [5℄.Su
essfull methods to levitate the rotor verti
ally with no power were a
hieved with a new magneti
 bearingusing new arrangements of permanent magnets in [6℄ - [8℄. These bearings use no power for levitation andhave a simple 
ontrol s
heme.In [9℄, a magneti
ally levitated axle made using permanent magnets is des
ribed. The axle is suspendedusing a magneti
 so
ket stru
ture whi
h �oats verti
ally above a magneti
 ball stru
ture. No sensor systemis required and no power is needed for stabilization or levitation.The development of the epsilon axle makes possible the 
reation of a new motor whose 
entral axle is theepsilon axle itself. Su
h a devi
e might have several advantages in
luding very low fri
tion opreation, theability to stati
ally support a large payload without the 
on
ommittant in
rease in fri
tion or ne
essity ofusing high quality bearings. The motor 
ould also be operated in many environments that would generallyrequire spe
ialized materials without them.This paper des
ribes the design and operation of one su
h motor. We begin by examining the 
hara
-teristi
s of the epsilon axle. We then des
ribe how the epsilon axle 
an be integrate dinto a motor designand des
ribe its 
ontrol 
ir
uitry. We then explore various opreating 
hara
teristi
s. Finally, we dis
uss thepotential uses and advantages the motor has over the state of the art.2. ǫ−axleThe ǫ−axle is 
omprised of two main parts. The �rst part is the magneti
 ball and so
ket. The se
ondpart is the axle itself. In [9℄, Kazadi et. all des
ribe the design and fun
tion of the magneti
 ball and so
ketin detail. We will pay more attention to the 
hara
teristi
s of the devi
e. We then examine how the ball andso
ket may be atta
hed to an axle, illustrating the 
onditions under whi
h su
h an axle will be stable.2.1. Magneti
 ball and so
ket. The magneti
 ball and so
ket devi
e is 
omprised of two parts: a magneti
ball designated as the male portion and a magneti
 so
ket designated as the female portion. Both the maleand female parts refer to the magneti
 �elds produ
ed in parti
ular 
on�gurations. The 
ombination of thesetwo �elds produ
es for
es upon the sour
es of these magneti
 �elds that tend to align the sour
es so thattheir axes interse
t. We designate the sour
e and supporting stru
tures of the magneti
 ball as the base. Wedesignated the magneti
 so
ket and its support as the �oater. Complete details are given in [9℄. Figure 2.1illustrates the 
omplete ball and so
ket design. 1
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Figure 2.1: The 
omplete ball-and-so
ket assembly.The magneti
 ball and so
ket is a self-stabilizing devi
e. The node in the 
enter of the magneti
 so
ketexists be
ause it is at that point that the horizontal 
omponents of the repulsion for
es between the so
ketmagnets and the base magnet(s) 
an
el. Deviations from the node result in repulsive for
es that tend tomove the so
ket and/or base so as to 
olo
ate the node and the magneti
 ball. This e�e
t results simplyfrom the geometri
 stru
ture of the devi
e, requiring no me
hanism, external power, or 
ontrol devi
es.If the distan
e between the �oater and the base magnet de
reases, the repulsive for
es between the twoin
reases. However, as illustrated in Figure 2.4, some 
on�gurations have a 
urious redu
tion in the repulsionas the distan
e de
reases beyond a minimal distan
e. Con�gurations having highly 
olumnated base magnetsor magnet assemblies are most strongly a�e
ted, parti
ularly those with small diameters with respe
t to thesize of the so
ket. Using bar magnets to 
reate the so
ket results in a virtual �eld reversal in the 
enter ofthe magnet. This reversed �eld attra
ts the base magnet. When the base magnet is 
lose enough to theso
ket, the e�e
t of the reversed �eld is to attra
t the base magnet or magnet assembly.
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Figure 2.2: This graph shows the for
e between the magneti
 ball and so
kets as a fun
tion of the distan
e betweenthem for various base magnets.Figure 2.2 illustrates the repulsion/attra
tion for
e of several 
on�gurations. Larger disk magnets whose sizeis relatively large 
ompared to the so
ket have a redu
tion in their attra
tion, but do not be
ome attra
ted.This is be
ause thin magnets have a large portion of their magneti
 for
es aligned with the 
enter �eld ofthe so
ket. Figure 2.5 illustrates the magneti
 �elds in the magneti
 ball and so
ket system where northsare represented by plus signs and virtual souths represented by minus signs. The maximum repulsive for
ebetween the male and female parts is a
hieved when the base assembly is a ring with a 
enter hole whosesize equals that of the reversed �eld at the 
enter of the so
ket. When the ball and so
ket's 
entral axes are



A MAGNETICALLY LEVITATED MOTOR 3aligned, the virtual souths repel ea
h other and do not attra
t the norths on the magnets while the northsalign and add to the repulsive for
e.
2.2. ǫ−axle. An epsilon axle is a magneti
 ball and so
ket devi
e with an atta
hed axle arranged 
ollinearlywith the 
entral axis of the so
ket. The epsilon axle only has one point of 
onta
t as it is me
hani
allysupported at one end and magneti
ally supported at the other. It is illustrated in Figure 2.3.
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Base MagnetsFigure 2.3: A basi
 axle is 
onne
ted with the ball and so
ket devi
e to form the ǫ−axle.The stability of the axle with respe
t to verti
al perturbations and for
es is independent of the length of theaxle. Conversely, horizontal perturbations 
an 
ause destabilization in two forms. The �rst is that the so
ketassembly 
an 
ome into 
onta
t with the base assembly. The se
ond is that the so
ket 
an be pushed awayfrom the stationary base assembly, 
ausing a 
atastrophi
 
ollapse of the axle. When a horizontal for
e isapplied on the axle, the whole epsilon axle tilts in a 
ir
ular ar
 path where the top of the axle is the 
enterof the 
ir
le and the axle is the radius. If the base magnets are in the path, the repulsive for
e in
reasesas the base and so
ket assemblies be
ome 
loser. This tends to keep the parts from 
oming into 
onta
t. Ifthe horizontal for
e is too great, however, it 
an overwhelm the repulsion. If the 
ir
ular ar
 path does not
ontain the base magnets, however, a smaller for
e is required to push the so
ket enough so that the basemagneti
 �eld is outside of the so
ket, and the repulsive for
e a
tually pushes the so
ket away. In this 
ase,the axle is repelled from the base assembly, and the axle has a 
atastrophi
 
ollapse. The two s
enarios areillustrated in Figure 2.7.
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Figure 2.7: The upper two pi
tures illustrate an unstable mode in whi
h 
omplete destabilization of the ǫ−axleis possible. The bottom two pi
tures illustrate a stable mode in whi
h 
omplete destablization is not physi
allypossible. Also, the intristi
 restorative for
e of the ball and so
ket is signi�
antly stronger in this stable mode. The
ǫ−axles on the left are in the desired verti
al position and the pi
tures on the right demonstrate the results whena horizontal for
e is applied.Whether the 
ir
ular ar
 path interse
ts the base magnets or not also depends on the distan
e between balland the so
ket. A shorter distan
e results in greater stability. If the ball and so
ket are too far apart fromea
h other, the ar
 may be above the base magnets instead of 
ontaining the magnets in its path. If the basemagnets lie in the 
oni
al 
avity of the so
ket, then the axle 
an be any length and the 
ir
ular ar
 path willalways 
ontain the base magnets.When the epsilon axle is verti
al, the weight of the axle and the load is supported by magneti
 �eldsprodu
ed by the ball and so
ket devi
e. At any other angle, part of the weight is supported by the point of
onta
t on top 
reating more fri
tion than the verti
al arrangement. Therefore, the optimal 
on�guration ofthe axle is one in whi
h it is aligned with the lo
al gravitational �eld.3. The ǫ−motorIt is relatively straightforward to see how the ǫ−axle may be used in a �oating motor. In this se
tionwe detail the design of an ǫ−motor whi
h utilizes an ǫ−axle as the 
entral rotor. We �rst 
onsider theme
hani
al design and then dis
uss the 
ontrol 
ir
uitry.3.1. Me
hani
al design. Several 
riterion are utilized in order to transform an ǫ-axle into a motor.(1) The motor should be able to withstand a substantial amount of weight whilst also remaining virtuallyfri
tionless.(2) Gears, pulleys, or any other me
hanisms requiring physi
al 
onta
t must not be used to 
onvert themotive for
e as they negate the low fri
tion 
hara
ter of the ǫ-axle.(3) The payload must be part of or symmetri
ally atta
hed to the ǫ-axle.These requirements limit the range of possible designs. We des
ribe one model whi
h satis�es these 
ondi-tions; we 
all it the ǫ-motor.
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aluminum tab

bar magnet

aluminum rod with pointed tip square iron prisms

base magnets

floater

EPSILON MOTOR

Figure 3.1: This �gure illustrates the epsilon motor with all of its 
omponents. Its axle's length is minimized.



A MAGNETICALLY LEVITATED MOTOR 5These requirements 
an be satis�ed by the addition of a small amount of hardware to the basi
 ǫ-axle. Thehardware in
lude eight iron pie
es distrubuted equally around the top of the motor, two to six ele
tromagnetson the side surrounding the motor, and eight aluminum tabs distrubted equally around the edge of the motor.As the motor is stabilized by the ǫ-axle, the sti�ness of the 
entral axle is determined by the strengthof the repulsion between the ball and so
ket. In pra
ti
e, if this repulsion is not strong enough, a stronglyattra
ting ele
tromagnet 
an pull the �oater o� 
enter. This 
an lead to 
onta
t between the �oater and theele
tromagnets. To redu
e this e�e
t, we utilize pairs of ele
tromagnets whi
h are well balan
ed, and pla
eda
ross from one another1.The ǫ- motor may be operated in two di�erent modes. In the �rst mode, the stepper mode, the position ofthe motor is 
arefully 
ontrolled to within 5◦. This is a

omplished using six ele
tromagnets to operate themotor, and is generally used for relatively low speed operation. In this mode, magnets are pla
ed around thering at intervals of sixty (60) degrees. Ea
h pair of magnets on opposite sides of the motor may be operatedin sequen
e. Operating ea
h pair in sequen
e allows hte motor to make a turn of 5◦ea
h time a new pair isenergized.The se
ond mode of operation is the inertial mode. In this mode, the ele
tromagnets are energizedwhen the iron squares are near the ele
tromagnets, and turned o� when the iron squares are adja
ent theele
tromagnets. The result is that, with ea
h pulse, the motor in
reases its rotational speed.Basi
 design. We utilize two ele
tromagnets arranged dire
tly a
ross from one another. We utilize aluminumsheets, arranged at forty-�ve (45) degree intervals. These pla
ements allow the ele
tromagnets to be energizedwhenever the aluminum plates are in spe
i�
 lo
ations relative to a stationary sensor. We utilize an infraredsensor arranged so that the aluminum sheets interrupt an IR beam sensed by an IR phototransistor. The
ontrol 
ir
uitry uses this signal to energize the ele
tromagnets whenever the ele
tromagnets are near theiron squares, and on one side of them. The result is that in ea
h rotation, the ele
tromagnet is energized fora �xed portion of the rotational angle. The situation is illustrated in Figure 3.1.The Operational Model. It is 
lear that the operation of the ǫ-motor requires one or more ele
tromagnets.Sets of two balan
ed ele
tromagnets are required to avoid resonan
es.
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Figure 3.2: Torque on the main rotor.Consider a single iron pie
e under the in�uen
e of a single magnet and mounted on the main axle of radius
r, as illustrated in Figure 3.4. Let −→xM be the position of the magnet, −−−→xI (t) is the time dependent positionof the iron pie
e on the main rotor. The the rotational torque is given by the expression(3.1) −−→

τ (t) = γ
−→xM × x̂I (t)

∣

∣

∣

−→xM −
−−−→
xI (t)

∣

∣

∣

−−−−−−−→
B

(−−−→
xI (t)

)where γ is a geometri
al fa
tor having to do with the shape of the iron pie
e, its magnetization, and otherproperties of the material. In the inertial mode, the magneti
 �eld is only a
tive when the iron pie
e is 
loserthan α radians to the magnet, where 0 ≤ α ≤ π

8 . Note that −−−→xI (t) = r (cos (φ (t)) , sin (φ (t))) where φ is the1Another method is to utilize magnets and ferromagneti
 pie
es that are very 
lose to the pivot point. This requires a longaxle in order to allow spa
e for a payload. This design was not examined in this study.



A MAGNETICALLY LEVITATED MOTOR 6rotation angle of the 
entral axis. The a

eleration due to the magneti
 attra
tion is therefore given by(3.2) ¨φB (t) =
γ

I

−→xM × x̂I (t)
∣

∣

∣

−→xM −
−−−→
xI (t)

∣

∣

∣

−−−−−−−→
B

(−−−→
xI (t)

)where I is the moment of inertia of the rotor. Sin
e this a

eleration is valid between the limits of 0 ≤ φ ≤ α,the a

eleration will only be �on� when the angle is between these limits. Therefore, we have that the totala

eleration is given by(3.3) ¨φ (t) =

1
I

(

γs (φ)
−→
xM×x̂I(t)

˛

˛

˛

−→
xM−

−−−→

xI(t)
˛

˛

˛

−−−−−−−→
B

(−−−→
xI (t)

)

+ µFN + ϑ
(

rφ̇
)3

)

∣

∣

∣
φ̇
∣

∣

∣
> 0

0
∣

∣

∣
φ̇

∣

∣

∣
= 0, |µFN | >

∣

∣

∣

¨φB (t)
∣

∣

∣where µ is the 
oe�
ient of sliding fri
tion between the axle and the pivot point, FN is the normal for
e ofthe 
entral axle on the pivot point,(3.4) s (φ) =
1 0 ≤ φmodπ

4 ≤ α

0 otherwise
,and ϑ is the drag 
oe�
ient. Appli
ation of this di�erential equation is illustrated in Figures 3.3 and 3.4.
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Figure 3.4: The performan
e of the ǫ-motor in the a) absen
e amd b) presen
e of drag.As depi
ted in Figure 3.3, the ǫ-motor has an unlimiting speed in the absen
e of drag, but exhibits a limitingspeed in the presen
e of drag. At this point, the impulse of the magneti
 �eld per 
y
le equals the totalredu
tion of speed due to the drag and fri
tion, whi
h are 
ontinuously a
tive throughout the 
y
le.In pra
ti
e, the two ele
tromagnets are not exa
tly pla
ed a
ross from one another. Instead, smalldi�eren
es 
an 
rop up from improper 
onstru
tion. However, as we 
an see in Figure 3.4, the ǫ-motor isvery robust to skew angles in the absen
e or presen
e of drag.
Time (seconds)

Velocity
(rad/s)

Acceleration Curves with Varying Skew Angles

Legend

No Skew
5 Degree Skew
10 Degree Skew

0 1 2 3 4 5

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5

0

1

2

3

4

5

6

7

8

9

10

Figure 3.4: The a

eleration 
urve of the ǫ-motor operated in inertial mode using two ele
tromagnets that are notne
essarily dire
tly opposite of ea
h other. This graph illustrates the a

eleration 
urve at various skew angles. Askew angle of zero is when the ele
tromagnets are perfe
tly aligned.



A MAGNETICALLY LEVITATED MOTOR 7Appli
ation of the design to a working model. In appli
ation to a real prototype, we utilize a very simplea

eleration 
ir
uit in order to generate the intertial mode. Figure 3.5 illustrates the ǫ-motor

Figure 3.5: A prototype motor, viewed from the side and from below. The view from below eli
idates the ǫ-axle.The 
ir
uit utilizes a photodiode swit
h to 
ontrol the ele
tromagnets via a power transistor. The 
ir
uitenergizes the ele
tromagnets when the IR radiation from the photoemitter is interrupted by the aluminumplates on the motor. In pra
ti
e, the speed of the motor is limited by the swit
hing 
hara
teristi
s of the
ontrol 
ir
uitry. If the motor is rotating at ω Hz, the aluminum pie
es 
ause a swit
h on and then o� inthe spa
e of 1
16ω

se
onds, as the aluminum pie
es subtend less than π

8 radians. Therefore, if the 
ir
uitryhas a swit
hing time of τ se
onds, the 
ir
uit will not 
ome on if the 1
16ω

< τ . At that point, the motor hasrea
hed its maximum speed.
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Figure 3.6: A

eleration 
urve of prototype motor.As 
an be seen in Figure 3.9. the results of an a

eleration 
urve of a prototype motor mat
h well with thoseof a simulated a

eleration 
urve. Our prototype motor exhibits this behavior at 3Hz. At this speed, thephotodiode must swit
h faster than 20.8 ms. Examination of the swit
hing 
hara
teristi
s of the photodiodepair demonstrate this limitation in swit
hing 
hara
teristi
s.4. Dis
ussion and 
on
lusionsIn this paper, we have extended the ǫ-axle by applying it to an a
tively driven motor devi
e, whi
h we 
allthe ǫ-motor. Su
h a devi
e has a number of operational advantages owing to the use of the ǫ-axle. The �rstof these is the 
apa
ity to balan
e the weight of the rotor along with a payload on the rotor. This, in turn,limits the fri
tion and subsequent wear of the rotor, ostensibly in
reasing its lifetime. Moreover, it redu
esthe need for high strength 
omponents, whi
h may be expensive. Single bearing balls may repla
e both ballbearing assemblies. This redu
es the 
omplexity and 
ost of the overall motor.The se
ond advantage derives from the two modes of use of the motor. In one mode, the motor 
an beused as a high pre
ision stepper motor. The exa
t rotation per step is dependent on the number of attra
tingiron pie
es on the 
entral axle, and 
an easily be tuned for any spe
i�
 appli
ation. In the se
ond mode,the same motor 
an generate very high rotational speeds while using low 
ost materials in the 
onstru
tion.



A MAGNETICALLY LEVITATED MOTOR 8Relatively high reliability motors may result from the basi
 design, allowing very low 
ost and long lifetimemotor designs.A third advantage is the s
alability of the design. Sin
e the design and intera
tion of magneti
 �eldsis fully s
alable, generating very small or very large motors based on these design parameters is extremelystraightforward: on
e a design has been 
reated, s
aling it to any size requires no reworking. Rather, thenew motor of a di�erent size is identi
al to the original in every dimension appropriately s
aled. The motorfun
tion is identi
al at every s
ale.One of the design 
hara
teristi
s of the 
urrent design is that a
tuation is a

omplished using ele
tro-magnets lo
ated at the perimeter of the rotor. As the entire axle is supported by the magneti
 �eld, thestability of the axle, in
luding responsiveness to attra
tive perturbations and related resonan
e behaviors,is a fun
tion of the for
es between the base magnet and the so
ket. For large rotors with relatively largetorques generated by the magneti
 attra
tion, this 
an lead to signi�
ant deviation from equilibrium. Utiliz-ing a
tuation that is dire
tly on the axle, spe
i�
ally near the pivot point of the axle, generates signi�
antlyless transverse torque. This is expe
ted to generate mu
h lower transverse perturbations. This is the subje
tof future resear
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