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Abstract

In this paperthreecontrolschemesfor a testset-upof a magnetic
bearingsystemfor deploymentrigs of solararraysaredescribed.
Theair gapof themagnethasto becontrolledto a constantvalue
independentof the deploymentof the solar array. The deploy-
mentof therig hasbeenmodeledasa variationin theloadof the
magneticbearing.Theconsideredcontrollerdesignproceduresare
linearPD, nonlinearPD, andsliding mode.For all threeschemes
simulationsarepresentedin orderto makea comparison.How-
ever, the experimentswith a testset-uphave only beendonefor
thelinearPDandtheslidingmodecontrolscheme,sincethey were
simpleto implement.Theresultssuggestto takethenonlinearities
into account,sincethenonlinearcontrolschemesgive betterper-
formance.

Keywords: magneticbearing,solararray, (nonlinear)PDcontrol,
slidingmodecontrol.

1 Intr oduction

Large solararraysarethe generatorsfor electricpower in
spaceapplications.Thesolararrayis launchedfoldedand
is unfoldedin space.Beforelaunchthedeployabilitymust
beverified. This testis performedusinga deploymenttest
rig. The precisesimulationof the deploymentmotion on
the groundis difficult becauseof the friction at low-speed
movement.Thetestfacility hasto supporttheweightof the
solararraywithoutdisturbingthedeploymentmotion.Sev-
eralmethodshave beenusedsuchasair-bearingsandball-
bearing.Theremaininglimitationsof theexisting solutions
forcedthenecessityto othersolutions.

1Correspondingauthor

This paperpresentsthemethodsof controlof anasymmet-
rical activemagneticbearingfor theintroducedapplication.
Theadvantagesof magneticbearingsare:

& insensibleto seamsin or duston therail,& largeallowabledisturbancesbecauseof the largeair
gap(2 mm),& avoidanceof lubrication,& usablein vacuum.

Theactive magneticbearinguseselectro-magneticforceto
provide contactlesssupportfor the solararray undertest.
The magneticbearingis madeup with onesinglemagnet
producingan attractingforce counteractingthe weight of
the deploymenttest rig. The force is operatingin onedi-
rection only while the solar array may float without any
external force in the otherdirections. The purposeof the
controlleris to maintainthedevice undertestat a constant
distanceto the support(readmagnet)of the test rig. The
magneticbearingshave theadvantageof beingcontactless,
allow low-speedmovements,provide active vibrationcon-
trol andadjustthe stiffnessof the suspendingsolararray.
It is necessaryto designa robustcontrollerfor thebearing
system.Thecontrolproblemis complicateddueto the in-
herentnonlinearitiesassociatedwith theelectro-mechanical
dynamics.Many controllersarebasedon thePID strategy.
Modern control theory provide meansfor advancedcon-
trollers. This paperis focusedon thesliding modecontrol
[5], [9], alsointroducedfor a specificmagneticsuspension
systemin [7]. Sliding modecontrol is robust in the pres-
enceof parameteruncertaintiesanddisturbances.It is pos-
sibleto obtaina stabletrajectoryfor a time varyingsystem
thatswitchesbetweentwo unstablemodes.Theresultsare
comparedwith theresultsof a simplelinearPD controller.



Themagnetis controlledthroughtheircoil current.Thede-
signof the power electronicsystemhave to guaranteethat
the amplifier never reachessaturation. Therefornoisein-
ducedby theappliedsensorhave to be includedin thede-
signof thecontroller.

Thepaperis organizedasfollows. It startwith adescription
of theappliedasymmetricalactive magneticbearing.Next,
the designof the controllersare explained. The paperis
focusingon thelinearandnonlinearPD controllersandthe
slidingmodecontroller. Finally, theresultsof simulationfor
all controllerschemes,andtheresultsof experimentalwork
for thelinearPDandslidingmodeschemearecompared.

2 Magnetic levitation

Figure1 showstheexperimentalset-upof adeploymenttest
rig with a fully deployedsolararraywing. The magnetic
bearingsareusedin thetrolleysin orderto createafriction-
lessmotionalongtherail. For thisapplicationwehavebuild
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Figure 1: Deploymenttestrig with a fully deployedsolararray
wing

anexperimentaltestset-upof onebearing,whereour goal
is to control the air gapof the magnetto a constantsmall
value(seeFigure2) in orderto createa frictionlessmotion
of thetrolleysalongtherail. Weusedelectromagnetsin the
magneticbearingthat are E-type coreswith coils around
eachside-pole.Their designmustbeoptimizedin orderto
get a minimum weight for the magnet. This is important
to reducetherobustnessproblemsdueto inertia. With the
electromagnetit ispossibletobuild amagneticbearing.The
bearingconsistsof themagnetwith two coils independently
drivenby a power amplifieranda rail asshown in Figure
2. In our testset-upwe have modeledthe employmentof
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Figure 2: Forcesactingonthemagneticbearing

thesolararrayrigs asa variationin the load,i.e., themass
onwhichthegravitationalfield applies.Fgrav representsthe
gravitationalforce(N), FR representstheforcegeneratedby
the magnet(N),z is the air gap (m), i the input currentof
themagnet(A), andm theweightof themagnet(kg),which
variesas a result from the employmentof the solararray

rig. A is the cross-sectionalareaof the centralmagnetic
pole (m2), µ0 is the permeabilityof vacuum(H/m), andN
thenumberof windingsof thecoil. We have thefollowing
relationfor themagnet:

m
d2

dt2zf t g�h Fgrav i FR with

Fgrav h mgj FR h Kmag
i f t g 2
zf t g 2 with Kmag h µ0N2A

4

Thedynamicequationof thesystemnow canbedescribed
by thefollowing nonlinearordinarydifferentialequation:

d2

dt2zf t gkh g i 1
m

Kmag
i f t g 2
zf t g 2 (1)

In orderto control thepositionof themagneticbearingwe
needa sensorthatmeasuresthepositionbetweenthemag-
netandtherail. For thisapplication,wehaveusedanoptical
sensor. Thesensorhasa lineartransfercharacteristicover a
distanceof 20 mm andthebandwidthis about3 kHz. The
operationrangeof 20 mm is muchmorethanneeded(2-3
mm). Thereexists noiseon the sensorsignal from which
theinfluenceis studiedin thecontrollerdesigns.

3 Controller design

As a resultof the experimentalwork in the Fokker Space
TestLaboratoryfor solararraysthe deploymentof the so-
lar array rig canbe modeledas a large possiblevariation
in the mass. We want to compensatefor this massvaria-
tion by a simple,but effective controllerdesignprocedure.
Our designgoalis to developa controllerschemethatcon-
trols theair gapof themagnetto a constantvalue.We con-
sider threedifferentcontrollerdesignschemes,i.e., linear
PDcontrol,nonlinearPDcontrol,andslidingmodecontrol.
First a standardlinearPD controllerbasedon linearization
of themodelwith a constantloadis considered.From this
controllerwe may expect that it is not ableto compensate
for themodeledloadvariation,sinceit is not a robustcon-
trol scheme.We neverthelessconsidertheschemebecause
it is simple,andeasyto implement,andwe want to com-
paretheresultswith theothercontroldesignschemesthat
arebasedon the nonlinearmodel. The secondcontroller
designschemeis a nonlinearPD-controlscheme,seee.g.
[10, 11], andthethird controllerdesignschemeis basedon
the sliding modecontrol concept(e.g., [8]). This concept
is selectedbecausethis schemeis ableto handleuncertain-
tiesin themodel,andthesimpleschemeoftenresultsin an
easilyimplementablecontroller.

3.1 Linear PD controller
In order to calculatethe gains for the proportional and
derivativeactionof thelinearPD controller, thesystemhas
to be linearizedarounda setpoint f z0 j i0 g . This setpointis
the steadystatesituationof the system. Linearizationof



system(1) aroundz0 h 0l 002 (the desiredair gap of the
magnet),with massm h 8, andthuswith i0 h 4l 2 yields

m
d2

dt2 z̄f t gmh Kzz̄f t g i Ki ī f t g
where

Kz h 2Kmag
i20
z3
0

h 39239j Ki h 2Kmag
i0
z2
0
h 18l 7l

By standardPDcontrollerdesign,weobtainasproportional
actionP h 9700,andasderivativeactionD h 49.

3.2 Nonlinear PD controller
The PD controllerdesignedin the previous paragraphhas
a constantgain for the proportionalandderivative action.
Theactualoperatingregionof alinearPDcontrolleris quite
small, sinceit is completelybasedon linearizationof the
model. The idea of a nonlinearPD controller is to make
thegainsvariable,in orderto getdifferentvalueswhenthe
systemhasa large steadystateerror and/ora large veloc-
ity error. Seealso [10, 11]. By consideringthe transient
response,someimportantobservationscanbemade:& The proportionalterm dominateswhen the position

erroris large. This stemsfrom theobservationthatif
thepositionerroris largethevelocityerroris closeto
zero.& The dampingtermdominatesif the positionerror is
small.Thisstemsfrom theobservationthatif thepo-
sitionerroris small,thevelocity erroris large.& If thepositionerrorstartsdecreasingagain,theveloc-
ity erroris closeto its peak.

Basedon theseobservations,wecandesigna nonlinearPD
controller. In [10] it is found that the functionsto replace
thederivativeandproportionalgainarethefollowing:

D f zj żgnh D1

1 o βexpf α ˙̃zz̃g o D0 (2)

Pf zj żgnh P1

1 o βexpf α ˙̃zz̃g o P0 (3)

whereD0 j D1 j P0 j P1 j α, andβ areconstantparameters,̃̇z is
thevelocity error, andz̃ thepositionerror, i.e., ˙̃z h ż0 i ż h
i ż, andz̃ h z0 i z h 0l 002 i z

The maximumandminimum of the function for D andP
aredefinedby D1, P1, andD0, P0 respectively. At theset-
point, thevelocity andpositionerrorarezeroandthusde-
terminesβ if the valueof the nonlinearfunction is closer
to its maximum(smallerβ) or its minimum(largerβ). The
valueof parameterα hasinfluenceonsensitivity of thenon-
linearfunctionfor z̃ and˙̃z. Theinfluenceof α is largerif α
itself is larger, and lower if its value is lower. The value
of β is setin suchway that theproportionalandderivative
gain of the nonlinearPD controllerin the setpointarethe
sameasthe proportionalandderivative gain of the linear
PD controller. Themostimportantfeatureof thenonlinear

PD controlleris thatit createsa dampingcharacteristicthat
will heavily dampany undesirablemovement.In thecaseof
themagneticbearingtheundesirablemovementis expected
to occur in caseof a deploymentof the solararrayrig. A
similar reasoningholds for the stiffnesscharacteristicthat
is createdby thenonlineargains.

The stability of this nonlinearPD controllercanbe easily
provenby choosingtheproperLyapunov function,seee.g.
[10, 11]. So it seemsthat this nonlinearPD controlwould
be a goodchoice. However, implementingthis controller
by analoguetechniquesis complicatedbecauseof theexpo-
nentialin the gains. For that reason,we alsoconsidereda
moresimplenonlinearPD control schemethat hassimilar
dampingcharacteristics.With asaturationfunctionit is pos-
sibleto createsuchdampingcharacteristics.Thefollowing
controllergainsareproposed:

D f zj żgph D1

1 o βsatf α ˙̃zz̃g o D0 (4)

Pf zj żgph P1

1 o βsatf α ˙̃zz̃g o P0 (5)

where

satf xg�h i 1j x q i 1
xj i 1 r x r 1
1j x s 1

Thevaluesfor P0 j P1 j D0 j D1, andβ arechosensuchthat

P1

1 o β
o P0 h P

D1

1 o β
o D0 h D

whereP andD arethegainsfrom thelinearPD controller.
The valuefor α canbe usedto tunethe sensitivity of the
controller. The searchfor a Lyapunov function in orderto
prove stability of this controllerschemehasnot beensuc-
cessful.

3.3 Sliding Mode controller
The sliding modecontrol techniqueis frequentlyusedin
applicationsof which the parametersof the modelarenot
exactly known. Model imprecisionmay comefrom actual
uncertaintyaboutthe system,or from the choiceto usea
simplified representationof thesystem’s dynamics.In our
applicationtheuncertaintyis causedby theloadattachedto
themagneticbearingandby themagneticbearingitself.

The sliding modecontrol schemeis basedon the princi-
ple that it is easierto controla 1st-ordersystem,thanit is
to controlgeneralnth-ordersystems.Accordingly, a nota-
tional simplificationis introduced,which allows nth-order
problemsto be replacedby 1st-orderproblems. For this
transformedproblem, almostperfectperformancecan be
achieved in the presenceof arbitrary parameterinaccura-
cies. Suchperformance,however, is obtainedat the price
of a very highcontrolactivity. Thebandwidthof thewhole



systemmustallow this high control activity. In our appli-
cationthelimited bandwidthof thesystemis limited by the
power amplifier including the inductive load. Perfectper-
formancecannotbe achieved with sliding control, but we
strive to a controllersuchthat the performanceof the sys-
temis within a acceptablerange.

We rewrite equation(1) as

z̈ h g o b f zg�t u (6)

where

b f zg�h i Kmag

m t z2 j
andthe control input u is givenby the squareof the input
current, i.e., u h i2. In order to apply the simplesliding
modecontroltechniqueof [8] wetransformthestateto x h
i z. Thenthe controlgain b f xguh Kmag

mv x2 w 0, which is state
dependentandunknown, but sincethe boundson the load
of themagnetareknown, we canalsogive boundson b f zg .
Themassvariesbetween1 kg and16kg,whichimpliesthat

0 r Kmag

16x2 h : bmin f xg�q b f xgxq bmaxf xg :h Kmag

x2 (7)

Sincethecontrolinputentersmultiplicativelyin thedynam-
ics, it is naturalto choosetheestimatêb f xg of b f xg as

b̂ f xgyh bmin f xg�t bmaxf xg
Theboundsof equation(7) canbewritten in theform

β z 1 q b̂ f xg
b f xg q β j β h bmaxf xg

bminf xg h 4

Sincethecontrollaw is designedtoberobustto thebounded
uncertainty(7), β is calledthegainmargin of thedesign.In
orderto have thesystemtrackxf t g�h xd f t g�h i 0l 002,(i.e.,
ẋd f t guh 0), a sliding surfaceSf t g is definedby sf x; t g{h 0,
with s h ˙̃x o λ t x̃ for λ w 0, and x̃ h x i xd h x o 0l 002.
Now we combinea control law thatachievesṡ h 0 for the
estimateddynamicswith a discontinuousterm acrossthe
surfaces h 0 in order to satisfy the sliding conditionthat
makessurethat outsideSf t g we have 1

2
d
dt s

2 q i η | s| , de-
spiteof theuncertaintyin thecontrolgain. In thisconstruc-
tion we have the following constantto take into account:
k s β t η o}f β i 1 g~| û | . By theamplifierandconstructionof
themagnet,wewouldlike to have asmaximumfor thecon-
trol i h 10 A. In order to fulfill this specificationwe take
k h 340. Thechoiceof λ is motivatedby its relationto the
errorthat is made.A largevalueof λ yieldsa smalloutput
error, but alsoa high controlactivity. A trade-off between
theseissuesresultsin ourchoiceof λ h 1000.Furthermore,
our controllerdesignwasbasedon u h i2, which implies
thatu hasto benon-negative. Physicallythismeansthatthe
magnetis not ableto pushtherigs away. In theimplemen-
tationswe solve this by putting i h 0 in casethecontroller
designasksfor a negative u. The gravity makessurethen
that therig is moving away from themagnet,but resultsin
a slowerconvergencethantheoriginaldesign.

The discontinuousterm in the control law causeschatter-
ing aroundthesliding surface.We avoid thechatteringby
smoothingout thecontroldiscontinuityin a thin boundary
layeraroundtheswitchingsurface.Thenfinally ourcontrol
law becomes:

i h g i 1000t ẋ i 340 t satf ẋ o 1000t�f x o 0l 002g�g
b̂f xg

wheresatf yg�h i 1 if y q i 1, satf yg�h y if i 1 q y q 1, and
satf ygyh 1 if y s 1.

4 Simulation results

First we have comparedthe resultsof the previously de-
signedcontrollersby simulationsin MatLab/Simulink. In
caseof thenonlinearPDcontrollerwehavechosento simu-
latetheoriginal controlschemewith theexponentialterms.
The reasonfor that is that we did not performthe experi-
mentaltestswith thatcontrolleryet, andcomplexity of the
exponentialdid not give problemsin the simulations. At
least now we can makea comparisonbetweenthe three
originalcontrolschemesonsimulationlevel. Wehave done
simulationswith andwithout a noisesourceaddedto the
sensorsignal,andfilteredby a low-passfilter of 4 kHz. The
changeof loadthatwehavesimulatedis ablockwavesignal
of a periodof 0.2 sec. andanamplitudeof 70 N superim-
posedonanaverageloadof 80N, andis shown in Figure3.

� � � � � � �� � � � � � � � � � � � � � � � � � ��� �
� ��  
¡ ¢£ ¤ ¤
¥ ¦ §¨ © ª
« ¬ ­

®¯ °± ²³´ µ¶·¸
¹ º³·¸»¼½

Figure 3: Thedisturbanceforceon thesystem

For eachfigure one can seethat at t h 0 the magnetis
broughtinto its steadystatepositionfor anair gapof 0.002
m. Figure4 shows the responseof the systemfor a linear
PD control, includingnoiseactingon thesystem.Figure5
shows the responseof the systemwithout the noise. The
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Figure 4: Theair gapvariationwith linearPD controlandnoise
on thesensor
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Figure 5: The air gap variationwith linear PD control and no
noiseon thesensor

variationof theair gaparoundthesetpointof 2 t 10z 3 m is
in theorderof 0l 5 t 10z 3 m. In Figure6 theresponseof the
systemundernonlinearPDcontrol,with noiseactingonthe
sensor, is shown. Figure7 shows the responseof thenon-
linearPD controlledsystemwithout noise. Comparingthe
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Figure 6: The air gapvariationwith nonlinearPD control and
noiseon thesensor
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Figure 7: Theair gapvariationwith nonlinearPDcontrolandno
noiseon thesensor

simulationresultsfor the linear andnonlinearPD control
schemes,weseethatthesystemundernonlinearPDcontrol
hasno overshootat all, while the steadystateerror is of a
slightly smallerorder. Hence,the nonlinearPD controller
certainlyshowsbetterperformance.

In Figure8 theresponseof thesystemundersliding mode
control, with noiseactingon the sensor, is shown. Figure
9 showstheresponseof thesliding modecontrolledsystem
without noise. If we do not consideringthe initial vari-
ation which is dueto settlingtime, the variationin the air
gapfor the sliding modecontrolledsystemis of the order
0l 09 t 10z 3 m, which is muchsmallerthanthevariationfor
thelinearPD controller. In thenonlinearPD casetheorder
is 0l 2 t 10z 3 m,andhencetheslidingmodecontrollershows
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Figure 8: The air gap variationwith sliding modecontrol and
noiseonthesensor
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Figure 9: Theair gapvariationwith slidingmodecontrolandno
noiseonthesensor

in thesesimulationsthebestresults.This fits with our ex-
pectation,sincein our sliding modecontrollerdesignwe
have explicitly takentherobustnessagainstthemassvaria-
tion into account.

5 Experimental Results

In our experimentswe have performedtwo different tests
for both controllerschemes.Thesegoalsof thesetestsare
to find out& whatis themaximumimpulse-shapedloadvariation,

andwhatis thesystemsresponseto thisvariation.& whatis theresponseof thesystemwhenanoscillating
loadvariationis attachedto themagneticbearing.

In orderto createanimpulse-shapedloadvariation,a mass
is attachedto the magnetby a ropewith no elasticityand
falls from a certainheight. This testmethodapproximates
quite well an impulseload variation. The testmassis 0.1
kg. During the test with the PD controlledsystemit ap-
pearedthat the maximumheight from which we could let
themassfall was1 cm. Increasingthisheightmadethesys-
tem unstable.Theresultswith the sliding modecontroller
weremuchbetter, sincein thatcase,we could let themass
fall from aheightof 0.1m beforethesystembecameunsta-
ble. Theresponsesareshown in Figure10 andFigure11.
In thesecondtest,theresponseto anoscillatingloadvaria-
tion is considered.Thisis experimentallyrealizedby amass
of 1.4 kg that is attachedto themagnetby a spring,which
achievesanoscillationfrequency of 2.4 Hz. In Figure12,
and13 theresultsof theexperimentareshown. Fromthe
secondtestis canbeconcludedthat thesliding modecon-
troller hasslightly betterperformancethan the linear PD,
sincethe variationof the air gapis just a little smallerfor
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Figure 10: The variationof the air gapwith linear PD control
with massof 0.1kg falling from aheightof 0.01m
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Figure11: Thevariationof theair gapwith slidingmodecontrol
with massof 0.1kg falling from aheightof 0.1m

the sliding modecontroller. It canbeexpectedthatwith a
larger load variation the sliding modecontrollerperforms
significantlybetterthanthe linear PD controller. A larger
loadvariationprobablyresultsin a air gapvariationout of
theoperatingregion of thePD controller.

6 Conclusions

In this paperwe have consideredthreecontrolschemesfor
a testset-upof a magneticbearingsystemfor deployment
rigs of solararrays. The air gapof the magnethasto be
controlledto aconstantvalue,andthedeploymentof therig
hasbeenmodeledasavariationin theloadof themagnet.In
the linearandnonlinearPD controllerdesignit is not pos-
sible to takethis variationinto account.However, in case
of a largervariationfrom thedesiredair gap,thenonlinear
PD controllergivesmuchbetterperformancein the simu-
lations. For the third controllerscheme,the sliding mode
controllerthevariationin loadis explicitly considered,i.e.,
thecontrolleris designedto takethismodeluncertaintyinto
account. The experimentswith the test set-uphave been
donefor thelinearPDandtheslidingmodecontrolscheme,
sincethey weretheeasiestto implement.Thesetestsshow
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Figure 12: The variationof the air gapwith linear PD control
with theoscillatingloadvariation
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Figure 13: Thevariationof theair gapwith slidingmodecontrol
with theoscillatingloadvariation

thattheslidingmodecontrolschemeindeedperformsbetter
thanthelinearPD controller.

Ongoingresearchdealswith performingnew testwith this
system,in orderto improve the testset-upandthe model.
Furthermore,we study improvementof the designof the
controllers,by consideringsomemore nonlinearcontrol
schemes,i.e., by usingnonlinear

·¹¸
techniques,nonlin-

earadaptive controltechniques,andpassivity basedcontrol
techniques.The simplicity of the controller schemesand
the performance(alsounderdisturbances)play an impor-
tantrole in thisstudy. Besides,thesensoris a majorsource
of noiseaffectingtheperformanceof thecontroller. A fur-
ther researchon the techniqueof measuringthe air gapis
goingon.
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