The e—axle andits Application to a Floating
Windmill

SanzaKazadi, Chan-HeeKoh, Kevin Kim, Kyle Jung,Brian Kim, Hubet Wang
JisanResearchnstitute
515S. Palm Ave, #3
Alhambr, CA 9188, USA
skazadi@jisanrg

Abstract—We describe and analyze a magnetic bearing built
using a permanent magnet assembly The magnetic bearing
comprisesa conical female magnet assemblyand a rotationally
symmetric identically polarized male piece.The opposition of the
two parts producesa force betweenthem which tends to hold
them apart and aligned along an axis of symmetry. We describe
the bearing and its usein generatingan e—axle, or an axle having
a friction of somee > 0. Finally, we integrate this e—axle into a
windmill designin which a single point of contact exists on the
main axle.
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I. INTRODUCTION

The mostimporttant reasonthat machnery breaksdown is
the contirual rubling or rolling contactof the variows parts
that make up the machire. Most machinescontainpartsthat
are coupledtogetherusing a variety of mechaisms which
allow partsto move over oneandher Therearethousand of
varietiesof mechaisms for allowing the couged motion of
parts,eachof which is designedo limit movement,vibration,
friction, or othermary motion-relatedproperties. Despitethe
myriad of inventionsdesigred to assistin the motion of one
part over anotter, all fall short of providing one importan
service- remaving all friction betweermoving partsin a way
that does not require the expenditurepower.

The valueof sucha mechanisntannotbe overstated.There
are a nunber of pressureand liquid-based systemswhich
suppat machirery, making surethat partsdo not comeinto
contact[2], [8], [15], [17]. An example of this systemis the
rolling spherefourtain, in which a marlde ball rolls on a
flow of waterwith a negligible amount of friction. The main
limitation with this systemis thatit requresa constanflow of
waterandenegy. As a result, suchsystemsdo not find their
way into mostcomplex machirery.

Magnetic bearing systemswhich are powered magretic
systemsthat hold axlesin place with magneticfields, also
allow machirery to run without contact[6], [9], [13], [14],
[16]. However, such systemsare power intensve, and do
not easily find their way into the majority of machiney,
particulaly those machins involved in the generatia of
power. This mechaism may be usedin certain machines
where the vast expenditue of power is permissiblebut the
placemenof frictionlessaxlesis necessary

This paperdiscussesa new unpavered techrology which
may be usedto reducefriction. The technolgy allows two

parts of a systemto be held apartand aligned by an array
of permanentmagrets. This arrargementessentiallycreates
frictionlessjoints which then can be usedother systemsthat
have couplel moving parts. When appliedto a vertical axle
wind turbine (VAWT), this magretic techndogy enablesthe
axle to have only one poirt of contact(the point wherethe
axle touchesanotter part of the maching on oneendandthe
magretic ball and soclet on the other

The remander of the pape& discusseshe magneticball
andsoclet alongwith its various functions. Section2 reviews
the currert windmills with their advartagesanddisadartages
to determinewhich is best suited to the magnéic ball and
soclet. Section3 introducesthe basicmagretic ball andsoclet
techndogy. Section4 describeghe process of integrating the
aforementioed magnéic ball and soclet to the windmill.
Section5 offers somediscussionand concludng remarls.

Il. REVIEW OF STANDARD WINDMILL DESIGN

Thereare mary differentwindmills that are in usetoday
Thesewindmills range from oneswith horizantal axis blades
on moden wind turbinesto oneswith vettical axes.Although
the horizantal axle wind turbine (HAWT) is more comnon,
we will be focusing mainly on the vertical axes windmills or
verticd axis wind turbines (VAWT), which are divided into
threeclassesSavonius Wind Turbine (SWT), Darriets Wind
Turbine (DWT), andthe giromill [3], [5], [7]. The Sasonius
Windmill is usuallycharaterizedby the S shapedotorviewed
from the top. The Darriets Windmill is desigred in sucha
way that the air foils are symmetrial and have zerorigging
angles;that is, the anglethat the aerdoils are setrelative to
the structureon which they are mourted. The giromill is a
versian of the DWT.

A. Savmius Wind Turbine

Savoniuswindmills are characterize by the shapeof their
blades.The initial designof the Sasonius windmill derives
from cutting a circular cylinder along the centrd plane and
moving the semicirclesalongthe cutting plane[10]. This de-
sign, however, hasevolved and beenmanipuatedinto various
forms. Thewindmill is a drag-type device; the angleof attack
is relatively high and the rotor usesthe drag to run itself,
despitethe fact that the dragredicesits efficiency.
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Figure 2.1 A sideview of the Savoniuswind turbine.
The Savoniuswind turbine:

« is relatively easyto maintainbecausehe moving parts
are built closeto the ground and also becausset is less
expensie thanthe HAWT;

« hasthe bladesthat are verticd andtherefae are ableto
catchthewind at ary horizantal angle stultifying theyaw
mechaism (the mechaism that allows the windmill to
turn to the wind) ;

« usually hasa lower tip-speedratio and is therefae less
likely to breakat high wind speeds.

Savonius wind turbires geneally are built on a vertical axis
utilizing a bearirg systemconsistingof atleasttwo bearingas-
sembliesat the bottan andtop of the turbire. Theinactivation
of eitheroneof thesebearing, eitherfrom mechaical failure
or for some other reason,requiles that the central axis be
disassemblednd the bearirg assemblyrepla@d. The costof
suchareplacementcanbe in the tensof thousads of dollars.

B. Darrieus Wind Turbine

The Darriets rotor is a lift device, chaacterizedby curved
bladeswith an air-foil crosssection[12]. The rotor on this
device is shapedn sucha way that the windmill runswith a
pressurediffererce betweenthe two sidesof the blade. The
Darrieuswind turbine generdly hasthe samestructureasthe
Savonius wind turbine (SWT) in terms of the ball bearing
placemehandthe geneator location.

This wind turbire can attain high speedshy reduéng drag
dueto its rotor shape(it essentiallychogs theair asit spinsand
hasvery little air resistance)which increaseghe possibility
of it wearingdown. The ball bearigs have a high possibility
of weardueto metalfatigue the gearbox canfail dueto wear
andhigh tip-speel ratio (TSR) canrende the windmill itself
unstable.Theserotors have a relatively low starting torque
and have high power outpu every given rotor weight. These
windmills have a ratherhigh efficiency of abou 35%[1], but
their reliability is low asthe TSR tendsto be very high: the
highe the TSR, the lower the reliability.

A

Figure 2.2 A Darrieuswind turbine viwed from the top down. The axle
in the centeris orientedperpendiculato the ground.

Thesewindmills have variows adwantages:

1) The bladeson the DWT are able to attain very high
speeddecauseaf their shape.

2) Thewindmill canspinin onedirectionregardliessof the
direction of the wind.

3) High TSR malesit a suitablemechaism for generatig
power.

4) Thesewindmills have a high airfoil pitch angle (angle
of attack),improving the aeroggnamicswhile decreasig
drag

The Darriets windmill also hasits disadwantages:

1) It hasa low reliability becausef the high TSR andthe
high torque ripple (the amoun of torque measureddy
subtractilg the minimum torque duting one revolution
from the maximum torquefrom the samemotor revolu-
tion) it produces.

2) Thewindmill is unstabledueto its speed.

3) Some windmills usually need starters becase some
Darriets windmills are not self starting.

These windmills each usually have two ball bearimgs and
a geneator Again, the ball bearirgs and the gearsin the
geneator are the nunmerouspoints of failure that causemary
problems.The high speedghat the Darrieuswindmills attain
only quicken the wear and metal fatigue on the machiney
[11].

Thegiromill is anothertype of DWT that, insteadof curved
bladesfrom top to bottan, hasstraightbladesperpewlicular
to the grourd. The windmill is orientedin sucha way that it
looks like the letter “H” when at a standstill. The operatirgy
mechaism is abait the sameas the DWT but the giromill
tendsto be more stableasthe “egg-beater”style bladescreate
moretorqueripple thanthe straightblades.

C. Cornventimal Wind Turbines

The corventioral windmills are forms of the HAWT and
have rotors that only run when the wind is blown on them
[4]. Conseqantly the whole windmill mustbe turnedto meet
the wind for it to function: modern yaw devicestypically use
sensorsto turn the windmill to the wind. Thesewindmills
have lift basedrotors that, like the DWT, run as a result of
a differencein pressureon both sidesof the blades.These
typesof windmills aregeneally usedto generte power. These
windmills have their advartages:



1) The bladesare to the side of the windmill's centerof
gravity, makirg it stable.

2) Thetowerscanbetall dueto its stability.

3) Most of thesewindmills are self-starting

4) They have an efficient power outpu.

Thesecorventinal wind turbines also have their disadwan-
tages:
1) Thesewindmills have difficulty opegating neargrourd.
2) They have trouble functioning in turbulert winds be-
causethe yaw device andbladebearingrequiresmooth
wind flows.
3) Their massveness makes them both cumkersomeand
costly to maintain (transpotation and installationmalke
up morethan 20% of the equipmentcost.

Figure 2.3 A conventionalwind turbine.

Thesewindmills have mary poirts of failure such that the

malfurction of any one point canrenderthe machne useless.

Corventional wind turbines have an axle thatis conrectedto
the bladeson one end and to the geabox of the geneator
on the other The ball bearingholdng the axle is one point
of failure and the gearbaes are anotler. The yaw device is
compised of a geabox run by a motor, making it another
point of failure.

D. CommonProblems

The main weakressof the wind turbines discusseds the
maintermncenecessanandthe wear causedy certainpoints
of failures (i.e. ball beamg assembliesgearboxes, etc.). In
curreni wind turbires, replacingthesepoints of failurescan
becone very expersive andrencer the turbine inefficient. For
exampe, the ball bearingassemblyrepla@mentin a wind
turbine can cost up to $10,M0[18] becase of the need of
cranesandcrews. This paper will introdwce a new technolay
and discussa way to remaly these points of failures and
hopdully drasticallyreducethe costof repais whenthey are
necessary

I1l. THE BALL AND SOCKET

Thestaticmagretic ball andsocletis compgisedof adistinct
male and a female part. When these parts are combned,
they exert magretic forces on each other which simulate
the mechanicof a conventioral ball and soclet design The
femalesuppat in this designis a conewith a cavity located
within theinterior of the circularbase Lining the cavity of the

femalesupmrt are magrets slottedinto a numter of grooves
thatareevenly distributedin a circle ontheinterior wall of the
conicd cavity. Thesearesetat a uniform angleto the axis of
symmety abait the cones axis of symmetry parallelwith the
interior wall. Rotationalsymmetryis achieved from the even
placemat of thesemagnetswhich allows the device to rotate
contiruously without charge to either the field of objectsor
the resultingvectorfields. In addition the magretic polesare
alignedand consequetly produce a stable,even force thatis
usedto createtherotationdly invariant”socket” magnetidield
which the femalesuppot simulates.

A magret or a setof magnés canbe usedto createthe male
suppet, whichis placedon thebaseof the structureandwithin
the female cavity. Thesemagrets are comgised of the same
material as the magrets located within the female suppat.
Regadlessof the nunber of magnetsused,the male suppat
must have a singular pole facing outwards, with repusive
forces of equal size formed in a spherial radius arourd
the male suppot. Theserepulsive forces define the "ball”
magretic field usedin this device.

The static magneticball andsoclet is formed by centerimg
thefemalesuppot directly abore themalesuppat andparallel
to the baseof the device. The magetic forces mentionel
previously in both the male and female supprts align and
repeleachother thus producingthe levitation required in this
particdar design.The designis illustratedin Figure 3.1

Figure 3.1 Theseare two examplemagneticball and soclet assenblies.
The conicalregion containsa magnetassemblywhich providesa rotation-
ally invariant pseudoconical magneticcavity. The basemagnetcreatesa
toroidal magnetic‘ball” which fits “into” the magneticsoclet.

Thereare numenpus benefitsthat arise from the use of mag-
netic forcesin the creationof the static magneticball and
soclet, the mainbenefitinvolving the suspensionf thefemale
suppat above the male suppat. Becausehis designprevents
contat betweenthe two suppots, the suspensioreliminates
friction. The absenceof ary discerrible friction prevents the
loss of enegy releasedas heat while also mitigating the
requrement for cooling elementsthat would otherwise be
requred for the heatgereratedthrowgh this friction. The two



repulsve forcesalsocreatea stableposition,which allows for
the horizantal stabilizationof the device with respectto the
ground without loss of rotationalsymmety.

Figure 3.2 Thisfigureillustratestwo instantiationf the “ball andsoclet”
assembly In each one, bar magnetsoriented at 50° from vertical are
arrangedin a conical array at 36° intervals. The juxtaposition of this
conewith the “ball” configurationproducesa restoratve force thatis both
vertical and horizontal.

Figure 3.2 illustrates two slightly different conical regions
in which ten bar magrets orientedat 50° from vertical are
everly placedaroundthe conical region. DiagramA hasbar
magretswith dimensios of 0.25” x 0.25” x 2” orientedarownd
a cylindrical base magen of diameter2” and width 0.5”.
DiagramB hasslightly smallerdimensiors, with eachmagret
on the female suppat 1/8” x 1/8” x 1” orientedarounda
male suppoting magnetof diameterl” and width 1/8”.The
magretic field of eachbar magret is orierted perpeicularly
to one pair of sides.The resulting conicd arrangmenthas
a rotatioral symmetrywith respectto 36n° wheren is an
integer

Force between magnetic ball and socket (N)
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Space Between Magnets (cm)

Figure 3.3 Thisillustratesthe force betweerthe magnetichall andsoclet
piecesas a function of distancebetweenthem.The force increasesasthe
distanceincreaseantil it reachesa maximumand decreases

Figure3.3illustratestheforce betweerthetwo asafunction of
the distancebetweenthem.Notably, the force increasesasthe
two partsapprachone anotter. However, the repulsve forve
rapidly disappearsf the two piecescometoo closeto one

anotter due to an attractingnoce in the centerof the cone.
It is likely that this node would not exist in a true conical
magretic field. Use of this techrology would therely requre
an applicationthat did not produce transientforces greater
thanthe maximum, therely causingthe two partsto collapse
into one anotler.

Force applied (N)

270 272 274 276 278 280 282

Magnitude of Misalignment from the center (cm)

Figure 3.4 This figure illustratesthe trans\erseforce asa function of the
angulardeflectionof the soclet. All anglesarein radiansand all forces
arein Newtons.

Figure3.4illustratesthetrans\erseforcebetweerthetwo parts
asafunction of horizantal displacemen Thistendsto increase
as the two parts apgoach one anotter. Applicatiors would

therebre be quite stableas the forcesinvolved increaseand

pushthe two sidesof the ball and soclet apartas they are

moved closerto one another This meansthat vibratiors and

transientforceswould not be in danger of ovempowering the

device and causinga catastropit failure.

The ball and soclet provides soft stabilizationboth along
the axesof the two magretic fieldsandperpeuicularto it. As
aresult,it hasawide varietyof poterial in the stabilizationof
both stationaryand moving pieces.Becauseof the scalability
of magnéic assemblieswe exped that the designdescribe
abore could be scaledup linearly with a concanittant linear
increasen eachof the forcesinvolved.In the next sectionwe
shallinvestigatehow to usethis to build an e—axe which can
redice the frictional forcesof the axleto somesmalle > 0.

IV. e—AXLE

As we've seenin the previous section the magretic ball and
soclet assemblyutilizes permanent magrets to provide both
verticd andtrans\ersestabilization.This is quiteadvartageous
becaseit meanghatthedevice hasmary of the charactestics
thatwe’d like it to havein orde to usein anaxle.We have not
asyet beenable to provide the type of stabilizationrequirel
to placethis device at bothendsof the axle, but usinga single
magretic ball and soclet assemblywe are able to createan
axle with a single poirt of contat¢. Sucha device has mary
adwentageswhich we discussbelow.
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Figure 4.1 This figure illustratesthe basic e—axle. At the bottom is
a magneticball-and-sockt assembly An axle collinear with the axis of
symmetryof the coneis connectedo the magneticsoclet.

Theaxleis diagammaticallyillustratedin Figure4.1 Theaxle
compisesa rigid cylindrical rod with its centralaxis aligned
with the axis of the cone,attachedto the centerof the cone
at oneend, andinsertedinto a soclet at the otherend. Such
an axle has a single point of contat at one end, at which
point it contactsthe wall, and a freely floating end. In this
configuation, the axle canbe usedasif the endwith the ball-
and-seket is fixed with a ball bearirg. Becausehe fixed end
with a ball bearirg is the only point of contat, this point is
the only placewherefriction canoccur As a result,the axle
so describd hasonly this one practicalpoint of failure.

Horizontal Arrangement

Vertical Arrangement

Figure 4.2 This figure illustratestwo orientationsof the e —axle. On the
left, the vertical orientationsupportsall of the weight, leaving little friction
at the contactpoint. On the right, the horizontal orientationputs pressure
on the ball and soclet aswell asthe single contactpoint.

In practice,the axle may be usedat ary angle. However,
the angle at which the axle is utilized varies betweentwo
extremes: comgetely vertical or completely horizortal. The
differentorientatiors aredepictedn Figure4.2.1n thehorizon-
tal arrargement the weight of the axle is distributed between
thebearirg andtheball andsoclet. In this scenariothefriction
on the bearirg on one endis not negligible. This become a
pointof failurefor thedevice. Moreover, the magnetidball and
socletactslike aspring,vibrating on occasiorwhenthedevice
is in use.In this configuration, vibrationsof the systemmight
be significantenowgh to allow the detachrent of the bearing
on the oppasite end. This would be a critical failure. Finally,
ary loadirg of the axle distributesthe weightbetweerthe two
ends,againcausingthe type of difficulties just described

Theverticalconfiguationfindsall theweightof thee—axle
squardy restingon the magretic ball andsoclet. As a result,
the actual contact friction of the axle can be fractiorally
vanishing. This meansthat the beamg will typically be used
to keepthe axle from tipping andto keepit in placevertically.
However, the actualwear on the device can be infinitesimal.
Theweightis actuallyrestingon the magretic ball andsoclet.
As aresult,the systemwill experienceverticalvibrations. The
systemwill be protectedfrom vibrations by the vertical limit
of the beaing at the oppasite end of the axle.

Oneof theimportantconsegenceof the vertical designof
the e—axe is that the axle’s frictional wear at the bearirg
end decreaes as the load increases.This is a result of a
courterbalane againsigravity providedby theball andsoclet.
This meansthat several devices that are traditiorally limited
becase of difficulties causedby friction canbe desigred and
built sothat suchlimitations are erasedFor usein windmills,
this meansthat the large rotor holding the blades may be
balaned against gravity using the e—axe, mitigating the
needfor expersive bearirgs that ultimately fail and requre
expensie maintermnce. Other devices, such as the Crookes
radianeter might be designedon a larger scalebecase the
parts of the devices that cause prohibitive friction would
no longer causethe sameproblem. In the next section,we
exanine the applicationof this device to windmill systems.

V. INTEGRATION OF WINDMILL

The e—axle is a simple application of the magretic ball
and soclet that createsmary different opportunities for the
geneation of windmill systemsthat require relatively little
mainterance.In this section,we examire the designof wind-
mills basedon this design.

As mentiored previously, the use of a vertical axle is
preferredover a hotizontal axle. This meanghat the windmill
type that will benefitin designmore from the e—axe is the
VAWT. This windmill requires very few chamgesto its basic
design- the bottom bearing assemblycan be replacedwith
a static magretic assemblywhile the top bearirg may be
replacel by a single bearig assemblyconsistingessentially
of a cup andbearirg.

Savoniuswind turbinesutilizing the e—axe needonly have
the magretic ball and soclet assemblyand the top bearirg
assemblyratherthanthe multiple bearirg assemblieshat are
typically used.This limits the repaircostof the Savoniustype
windmill. Moreover, remaring a compete bearingassembly
and changng it to a single bearirg in a cup redwes the
overall cost. The magneticball and soclet may be expeded
to compre in cost to the bearirg assemblytypically used.
The Darriets type windmill is similarly improved in its cost.
However, as the Darrius type windmill suffers from low
reliability dueto high TSR,the e—axXe canmitigatethis design
flaw, asit is unlikely to suffer from high speedsAs a result,
the e—axe may be expectedto improve the reliability and
therebre value of the Darrius type windmill. We illustrate a
simple giromill in Figure 5.1.



Figure 5.1 This figure illustratesthe use of the e—axle in building a
simple giromill. The axle supportsthe completeweight of the giromill
allowing for very smallfrictional losses.

Oneimportan designregqurementof the e—axe derives from
the useof a “flexible” bearig assemblyThe ball and soclet
assemblyaswe have seenearlier is notrigid; it is possibleto
pushit from thesideandmovetheaxle. Thisis a prablemfrom
a designsensebecageif trans\erseforcespushwith enowgh
forceaganst the ball andsoclet assemblythetwo sidesof the
assemblymay grind aganst eachother, poterially destrging
it. The situationis depided in Figure5.2.

Figure 5.2 Trans\erseforcespushingagainstthe e—axle could causethe
e—axleto grind and destry the magneticball and soclet.

In order to mitigate this possibility, onemay utilize along axle
whichhasanattachedving assemblyfastenedo thetop of the
magretic ball and soclet. ConsiderFigure5.3. In this figure,

the lengthof the e—axleis d2 andthe wings’ centerof mass
is locatedd, from thetop bearingandds from the axle. In this
case,ary force F' actingon the wings and tendirg to rotate
the e—axle arourd the top beamg will needto overcomea

force FTg—f . What this mears is that the longe the axle, the
lesslikely that the force acting on the wings will be ableto

grind the magretic ball and soclket assemblylt indicaesthat
the axle shouldbe aslong as possiblein a practica design

Figure 5.3 The e—axle is stabilized againstvertical vibrations of the vanesby
opposingtangentialforces at the ball and soclet. Long axles with large d2 values
compareto d1 have mechanicaktability built in.

VI. DISCUSSION AND CONCLUDING REMARKS

One of the big limitations of most kinds of machirery is
that asthe machire increaesin size andload, the amoun of
wearandtearon the various compnentsof the machine also
increasesThis meansthat piecesof the machine which can
be large and expensie canbe destryed by the nomal useof
the machire, requring costly repais to correct the machire.
This is particdarly true for wind gereratorswhoserepar can
costthowsandsof dollars per repait

We have introduceda simple unpoweredmagretic ball and
soclet assemblywhich can be usedto mitigate the wearand
tear of moving machnery. The device is a simple conical
soclet piece which “fits” over a magnetwhich geneatesa
magretic ball. This assemblystabilizesitself both vettically
andtangetially, tendingto centerthe corical pieceabore the
ball piece.Whenusedin an axle, the ball and soclet and be
usedto form what is known as an e—axle. This axle hasa
single assemblyat one end and a solid ball and soclet on
the otherside. It is bestusedin a verticd oriertation, which
tendsto centerits weighton the magretic ball andsoclet and
therely limit the wear on the nonmagndic ball and soclet.
Whenusedin a windmill, the e—axXe is valualde becauset
mitigateswear and allows the windmill to be usedwithout
requring repairoften

The most startling aspectof this device is that the friction
actually lessenswhen the load increasesAs we discussed
above, this hapmens when the e—axle is usedin a vertical
configuration,likeit is in averticalaxiswindmill. This specific
charateristic makes the e—axle ideal for windmills, as it
meansthat the one part of the windmill that is in contact
with a stationaryframe can have a very minimal amount of
friction.

This last aspectof the device opens a varigy of possi-
bilities for future mechanickhdevices. One device might be
an adaptatio of Crooke’s radioneter This device cannotbe
usedfor industrial puposesbecase the force generatedby
the solarradiation increasesas the squareroot of the areaof
the vanesin the device while the friction increasedinearly
with the areaof the vanes.One might envision using this
device for sucha pumpose.Another potentialusemight be for



holding heary objeds which might needto be rotatedaround

a basemanually but held in place once the movement had

beencompleted This might be accomplishd even with very

heary objects.Finally one might explore creatinggyroscopes
or motors basedon these platforns. Utilizing the e—axe

might significantlyincreasehe lifetime andreliability of such
devices.
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