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Abstract

In this paperthreecontrol schemesgor a testset-upof a magnetic
bearingsystemfor deploymentigs of solararraysaredescribed.
Theair gapof the magnethasto be controlledto a constanwalue
independenbdf the deploymentof the solararray The deploy-
mentof therig hasbeenmodeledasa variationin the load of the
magnetidearing.Theconsideredontrollerdesigrproceduresre
linearPD, nonlinearPD, andsliding mode. For all threeschemes
simulationsare presentedn orderto makea comparison.How-
ever, the experimentswith a testset-uphave only beendonefor
thelinearPD andtheslidingmodecontrolschemesincethey were
simpleto implement.Theresultssuggesto takethe nonlinearities
into accountsincethe nonlinearcontrol schemegive betterper
formance.

Keywords: magnetidhearing solararray (nonlinear)PD control,
sliding modecontrol.

1 Intr oduction

Large solararraysarethe generatorgor electricpower in
spaceapplications.The solararrayis launchedolded and
is unfoldedin space.Beforelaunchthe deployabilitymust
be verified. This testis performedusinga deploymentest
rig. The precisesimulationof the deploymentmotion on
the groundis difficult becauseof the friction at low-speed
movement.Thetestfacility hasto supportheweightof the
solararraywithout disturbingthe deploymenimotion. Sev-
eralmethodshave beenusedsuchasair-bearingsandball-
bearing.Theremainingimitationsof the existing solutions
forcedthe necessityto othersolutions.

1Correspondinguthor

This paperpresentshe methodsf control of anasymmet-
rical active magneticdearingfor theintroducedapplication.
Theadwantage®f magnetidoearingsare:

e insensibleéo seamsn or dustontherail,

¢ large allowabledisturbance®ecausef the large air
gap(2 mm),

e avoidanceof lubrication,
e usablein vacuum.

The active magnetichearinguseselectro-magnetiforceto
provide contactlessupportfor the solararray undertest.
The magneticbearingis madeup with one singlemagnet
producingan attractingforce counteractinghe weight of
the deploymentestrig. The force is operatingin onedi-
rection only while the solar array may float without ary
external force in the otherdirections. The purposeof the
controlleris to maintainthe device undertestat a constant
distanceto the support(readmagnet)of the testrig. The
magnetichearingshave the advantageof beingcontactless,
allow low-speednovements provide active vibration con-
trol and adjustthe stiffnessof the suspendingolar array
It is necessaryo designa robustcontrollerfor the bearing
system. The control problemis complicateddueto thein-
herentnonlinearitiesassociatedvith theelectro-mechanical
dynamics.Mary controllersarebasedon the PID strateyy.
Modern control theory provide meansfor adwvancedcon-
trollers. This paperis focusedon the sliding modecontrol
[5], [9], alsointroducedfor a specificmagneticsuspension
systemin [7]. Sliding modecontrolis robustin the pres-
enceof parameteuncertaintieanddisturbancesilt is pos-
sibleto obtaina stabletrajectoryfor atime varyingsystem
that switchesbetweertwo unstablemodes.Theresultsare
comparedvith theresultsof a simplelinearPD controller



Themagneis controlledthroughtheir coil current.Thede-
signof the power electronicsystemhave to guarante¢hat
the amplifier never reachessaturation. Therefornoisein-
ducedby the appliedsensoihave to be includedin the de-
signof thecontrollet

Thepaperis organizedasfollows. It startwith adescription
of theappliedasymmetricahctive magnetichearing.Next,
the designof the controllersare explained. The paperis
focusingonthelinearandnonlinearPD controllersandthe
slidingmodecontroller. Finally, theresultsof simulationfor
all controllerschemesandtheresultsof experimentaivork
for thelinear PD andsliding modeschemearecompared.

2 Magnetic levitation

Figurel shovstheexperimentaket-upof adeploymentest
rig with a fully deployedsolararraywing. The magnetic
bearingsareusedn thetrolleysin orderto createafriction-
lessmotionalongtherail. For thisapplicationwe have build
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Figure 1: Deploymenttestrig with a fully deployedsolararray
wing

an experimentaltestset-upof onebearing,whereour goal
is to control the air gap of the magnetto a constantsmall
value(seeFigure?) in orderto createa frictionlessmotion
of thetrolleysalongtherail. We usedelectromagneti the
magneticbearingthat are E-type coreswith coils around
eachside-pole.Their designmustbe optimizedin orderto
geta minimum weight for the magnet. This is important
to reducetherobustnesgproblemsdueto inertia. With the
electromagnat is possibleo build amagnetidearing.The
bearingconsistof themagnetvith two coilsindependently
driven by a power amplifieranda rail asshowvn in Figure
2. In our testset-upwe have modeledthe employmentof
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Figure 2: Forcesactingonthe magnetidearing

the solararrayrigs asavariationin theload, i.e., the mass
onwhichthegravitationalfield applies.Fyay representthe
gravitationalforce (N), Fr representtheforcegeneratedby
the magnet(N),z is the air gap (m), i the input currentof
themagneiA), andmtheweightof themagneikg), which
variesas a resultfrom the employmentof the solararray

rig. A is the cross-sectionaareaof the centralmagnetic
pole (M?), Lo is the permeabilityof vacuum(H/m), andN

the numberof windingsof the coil. We have the following

relationfor themagnet:

d? .
mﬁ Z(t) - Fgrav* FR W|th

i(t)? _ HoN2A
The dynamicequationof the systemnow canbe described
by thefollowing nonlinearordinarydifferentialequation:

Fgrav = mg,

2 1, i@)?

%Z(t) =0- aKmagZ((t—;z 1)
In orderto controlthe positionof the magnetichearingwe
needa sensothat measureshe positionbetweenthe mag-
netandtherail. Forthisapplicationwe have usedanoptical
sensarThesensohasalineartransfercharacteristiover a
distanceof 20 mm andthe bandwidthis about3 kHz. The
operationrangeof 20 mm is muchmorethanneeded2-3
mm). Thereexists noiseon the sensorsignalfrom which
theinfluenceis studiedin thecontrollerdesigns.

3 Controller design

As aresultof the experimentalwork in the Fokker Space
TestLaboratoryfor solararraysthe deploymenibf the so-
lar array rig canbe modeledas a large possiblevariation
in the mass. We wantto compensatdor this massvaria-
tion by a simple, but effective controllerdesignprocedure.
Our designgoalis to developa controllerschemehatcon-
trols the air gapof the magneto a constantalue. We con-
siderthreedifferentcontrollerdesignschemesi.e., linear
PD control,nonlineaPD control,andsliding modecontrol.
First a standardinear PD controllerbasedon linearization
of the modelwith a constantoadis considered Fromthis
controllerwe may expectthatit is not ableto compensate
for the modeledoad variation,sinceit is notarobustcon-
trol scheme We neverthelessonsiderthe schemebecause
it is simple,andeasyto implement,andwe wantto com-
parethe resultswith the othercontrol designschemeshat
are basedon the nonlinearmodel. The secondcontroller
designschemeds a nonlinearPD-controlscheme seee.g.
[10, 11], andthethird controllerdesignschemds basedn
the sliding modecontrol concept(e.g.,[8]). This concept
is selecteecausehis schemes ableto handleuncertain-
tiesin the model,andthe simpleschemedftenresultsin an
easilyimplementableontroller

3.1 Linear PD controller

In order to calculatethe gains for the proportionaland
derivative actionof thelinearPD controller the systemhas
to be linearizedarounda setpoint(zy,ig). This setpointis
the steadystatesituationof the system. Linearizationof



system(1) aroundz; = 0.002 (the desiredair gap of the
magnet) with massm = 8, andthuswith ip = 4.2 yields

d? _ _ =
mmz(t) = Kzz(t) — Kii(t)
where
i
By standardPD controllerdesignwe obtainasproportional
actionP = 9700,andasderivative actionD = 49.

Kz=2Kmag5 = 39239 Kj= 2Kmag% =187.

3.2 Nonlinear PD controller

The PD controllerdesignedn the previous paragraptas
a constantgain for the proportionaland derivative action.
Theactualoperatingegion of alinearPD controlleris quite
small, sinceit is completelybasedon linearizationof the
model. Theideaof a nonlinearPD controlleris to make
the gainsvariable,in orderto getdifferentvalueswhenthe
systemhasa large steadystateerror and/ora large veloc-
ity error Seealso[10, 11]. By consideringthe transient
responsesomeimportantobsenationscanbe made:

e The proportionalterm dominatesvhen the position
erroris large. This stemsfrom theobsenationthatif
thepositionerroris largethevelocity erroris closeto
zero.

e The dampingtermdominatesf the positionerroris
small. This stemsfrom the obsenationthatif the po-
sition erroris small,thevelocity erroris large.

o If thepositionerrorstartsdecreasinggain,theveloc-
ity erroris closeto its peak.

Basedontheseobsenations,we candesigna nonlinearPD
controller In [10] it is found that the functionsto replace
thederivative andproportionalgainarethefollowing:

. D;

P22 = ipepazm @
. Py

PEY = Tigeperm TP @

whereDg, D1, Py, P, a, and are constanlpar_ameters? is
thevelocity error, andZ the positionerror, i.e.,Z= 2 — 2=
—z,andZ=12y—z=0.002—-z

The maximumand minimum of the functionfor D and P

aredefinedby D1, P1, andDo, Py respectiely. At theset-
point, the velocity and positionerrorarezeroandthusde-
terminesp if the value of the nonlinearfunction is closer
to its maximum(smaller3) or its minimum (larger ). The
valueof parameteo hasinfluenceon sensitvity of thenon-
linearfunctionfor ZandZ Theinfluenceof a is largerif a

itself is larger, and lower if its value is lower. The value
of (B is setin suchway thatthe proportionalandderiative
gain of the nonlinearPD controllerin the setpointarethe
sameasthe proportionaland derivative gain of the linear
PD controller The mostimportantfeatureof the nonlinear

PD controlleris thatit createsa dampingcharacteristi¢hat
will hearily dampary undesirablenovement.In the caseof

themagnetidearingtheundesirablenovementis expected
to occurin caseof a deploymentf the solararrayrig. A

similar reasoningholds for the stiffnesscharacteristichat
is createdoy the nonlineargains.

The stability of this nonlinearPD controllercan be easily
provenby choosingthe properLyapunae function, seee.g.
[10, 11]. Soit seemghatthis nonlinearPD controlwould
be a good choice. However, implementingthis controller
by analogudechniquess complicatecbecaus®f theexpo-
nentialin the gains. For that reasonwe alsoconsiderech
more simple nonlinearPD control schemehat hassimilar
dampingcharacteristicsWith asaturatiorfunctionit is pos-
sibleto createsuchdampingcharacteristicsThe following
controllergainsareproposed:

D
1+ Bsataz?)
Py

P(z2 = T psala sy +Po 5)

D(z 2 Do 4)

where

-1, x<-1
X, —l<x<1
1, x>1

safx) =

Thevaluesfor Py, P1, Do, D1, andp arechosersuchthat

P
YR = P
1+ °
D;
+Dg = D
1+p " °

whereP andD arethe gainsfrom thelinear PD controller
The valuefor a canbe usedto tunethe sensitvity of the
controller The searchor a Lyapunw functionin orderto
prove stability of this controllerschemehasnot beensuc-
cessful.

3.3 Sliding Mode controller

The sliding mode control techniqueis frequentlyusedin
applicationsof which the parameter®f the modelare not
exactly known. Modelimprecisionmay comefrom actual
uncertaintyaboutthe system,or from the choiceto usea
simplified representationf the systems dynamics.In our
applicationthe uncertaintyis causedy theloadattachedo
themagnetidearingandby the magnetidbearingitself.

The sliding mode control schemeis basedon the princi-
ple thatit is easierto controla 1st-ordersystem thanit is
to control generalnth-ordersystems.Accordingly, a nota-
tional simplificationis introduced which allows nth-order
problemsto be replacedby 1st-orderproblems. For this
transformedproblem, almost perfect performancecan be
achieved in the presenceof arbitrary parameteinaccura-
cies. Suchperformancehowever, is obtainedat the price
of avery high control activity. The bandwidthof thewhole



systemmustallow this high control actvity. In our appli-
cationthelimited bandwidthof the systemis 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 acceptableange.

We rewrite equation(1) as

2=g+Db(2)-u (6)
where K
_ _ Nmag
b(Z) - m- 227

andthe controlinput u is given by the squareof the input
current,i.e., u =i In orderto apply the simple sliding
modecontroltechniqueof [8] we transformthe stateto x =
—z Thenthe controlgainb(x) = (=3 > 0, which s state
dependenaind unknown, but sincethe boundson the load
of themagnetareknown, we canalsogive boundson b(z).
Themassvariesbetweerl kg and16 kg, whichimpliesthat

K K
0< %}jzg =: brin(X) < b(X) < bnax(X) := ;;ag 7)
Sincethecontrolinputentersmultiplicativelyin thedynam-
ics, it is naturalto chooseheestimateb(x) of b(x) as

B(X) = v/Dmin(X) - Dmax(X)

Theboundsof equation(7) canbewrittenin the form

_ [bmax(X) _
<B. B= Brrin(¥) =4

Sincethecontrollaw is designedo berobustto thebounded
uncertainty(7), B is calledthegainmamgin of thedesign.In

orderto have the systemtrack x(t) = x4 (t) = —0.002,(i.e.,

X4(t) = 0), a sliding surfaceS(t) is definedby s(x;t) = 0,

with s =X+ A-K for A > 0, andX = x— xg = X+ 0.002.

Now we combinea control law thatachiezess = O for the

estimateddynamicswith a discontinuougerm acrossthe

surfaces = 0 in orderto satisfythe sliding conditionthat
makessurethat outsideS(t) we have %%32 < —nls|, de-

spiteof theuncertaintyin thecontrolgain. In this construc-
tion we have the following constantto takeinto account:
k>pB-n+(B—1)|d]. By theamplifierandconstructiorof

themagnetwe would like to have asmaximumfor thecon-

trol i = 10 A. In orderto fulfill this specificationwe take
k = 340. Thechoiceof A is motivatedby its relationto the

errorthatis made.A large valueof A yieldsa smalloutput
error, but alsoa high controlactvity. A trade-of between
thesessuegesultsin our choiceof A = 1000.Furthermore,
our controller designwas basedon u = i2, which implies

thatu hasto be non-ngative. Physicallythis meanghatthe

magnets notableto pushtherigs avay. In theimplemen-
tationswe solwe this by puttingi = 0 in casethe controller
designasksfor a neggative u. The gravity makessurethen
thattherig is moving away from the magnetbut resultsin

aslower cornvergencethanthe original design.

>
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The discontinuougermin the control law causeschatter

ing aroundthe sliding surface.We avoid the chatteringby

smoothingout the control discontinuityin a thin boundary
layeraroundthe switchingsurface Thenfinally our control

law becomes:

- \/ g— 1000- Xx— 340- sat(X+ 1000- (x+ 0.002))
- b(x)

wheresaty) = —1ify< —1,saly) =yif -1<y<1,and
saly) =1ify> 1.

4 Simulation results

First we have comparedthe resultsof the previously de-
signedcontrollersby simulationsin MatLab/Simulink. In

caseof thenonlinearPD controllerwe have choserto simu-
late the original controlschemewith the exponentialterms.
The reasonfor thatis thatwe did not performthe experi-
mentaltestswith thatcontrolleryet, andcompleity of the
exponentialdid not give problemsin the simulations. At

leastnow we can makea comparisonbetweenthe three
original controlscheme®n simulationlevel. We have done
simulationswith and without a noise sourceaddedto the
sensosignal,andfilteredby alow-pasdilter of 4 kHz. The
changeof loadthatwe have simulateds ablockwave signal
of a periodof 0.2 sec. andanamplitudeof 70 N superim-
posedonanaveragdoadof 80N, andis shavn in Figure3.
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Figure 3: Thedisturbancdorceonthesystem

For eachfigure one can seethat att = O the magnetis
broughtinto its steadystatepositionfor anair gapof 0.002
m. Figure4 shows the responsef the systemfor a linear
PD control,including noiseactingon the system.Figure5
shaws the responsef the systemwithout the noise. The
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Figure 4: Theair gapvariationwith linear PD controlandnoise
onthesensor
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Figure 5: The air gap variationwith linear PD control and no
noiseon thesensor

variationof theair gaparoundthesetpointof 2- 103 m is
in theorderof 0.5-10~3 m. In Figure6 theresponsef the
systemundemonlinearPD control,with noiseactingonthe
sensaris shavn. Figure7 shows the responsef the non-
linear PD controlledsystemwithout noise. Comparinghe
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Figure 6: The air gapvariation with nonlinearPD control and
noiseon thesensor
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Figure 7: Theair gapvariationwith nonlinearPD controlandno
noiseon thesensor

simulationresultsfor the linear and nonlinearPD control
schemesye seethatthesystermundernonlinearPD control
hasno overshootat all, while the steadystateerroris of a
slightly smallerorder Hence,the nonlinearPD controller
certainlyshows betterperformance.

In Figure8 the responsef the systemundersliding mode
control, with noiseactingon the sensoris shavn. Figure
9 shavstheresponsef 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
0.09- 10~3 m, which is muchsmallerthanthe variationfor
thelinearPD controller In the nonlinearPD casethe order
is 0.2- 10~ m, andhenceheslidingmodecontrollershavs

aaaaaaaa

Figure 8: The air gap variationwith sliding mode control and
noiseonthesensor
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Figure 9: Theair gapvariationwith slidingmodecontrolandno
noiseonthesensor

in thesesimulationsthe bestresults. This fits with our ex-
pectation,sincein our sliding mode controller designwe
have explicitly takenthe robustnessagainsthe massvaria-
tion into account.

5 Experimental Results

In our experimentswe have performediwo differenttests
for both controllerschemesThesegoalsof thesetestsare
to find out

¢ whatis the maximumimpulse-shapetbad variation,
andwhatis the systemsesponséo this variation.

¢ whatis theresponsef thesystemwhenanoscillating
loadvariationis attachedo the magneticbearing.

In orderto createanimpulse-shapetbad variation,a mass
is attachedo the magnetby a ropewith no elasticity and
falls from a certainheight. This testmethodapproximates
quite well an impulseload variation. The testmassis 0.1
kg. During the testwith the PD controlled systemit ap-
pearedthat the maximumheightfrom which we could let
themasdall was1 cm. Increasinghis heightmadethe sys-
tem unstable.Theresultswith the sliding modecontroller
weremuchbetter sincein thatcasewe couldlet the mass
fall from aheightof 0.1 m beforethe systembecameunsta-
ble. Theresponsegareshavn in Figure10 andFigurel11.
In thesecondest,theresponse&o anoscillatingload varia-
tionis consideredThisis experimentallyrealizedby amass
of 1.4 kg thatis attachedo the magnetby a spring,which
achiezesan oscillationfrequeng of 2.4 Hz. In Figure12,
and13theresultsof the experimentareshavn. Fromthe
secondestis canbe concludedhatthe sliding modecon-
troller hasslightly betterperformancehanthe 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 a heightof 0.01m
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Figure 11: Thevariationof theair gapwith sliding modecontrol
with massof 0.1kg falling from a heightof 0.1 m

the sliding modecontroller It canbe expectedthatwith a
larger load variation the sliding modecontroller performs
significantly betterthanthe linear PD controller. A larger
load variationprobablyresultsin a air gapvariationout of

theoperatingegion of the PD controller

6 Conclusions

In this paperwe have consideredhreecontrol schemesor
a testset-upof a magneticbearingsystemfor deployment
rigs of solararrays. The air gap of the magnethasto be
controlledto aconstantalue,andthe deploymenbf therig
hasbeermodeledasavariationin theloadof themagnet.in
thelinearandnonlinearPD controllerdesignit is not pos-
sible to takethis variationinto account. However, in case
of alargervariationfrom the desiredair gap,the nonlinear
PD controllergivesmuch betterperformancen the simu-
lations. For the third controller schemethe sliding mode
controllerthe variationin loadis explicitly consideredi.e.,
thecontrolleris designedo takethis modeluncertaintyinto
account. The experimentswith the test set-uphave been
donefor thelinearPD andthesliding modecontrolscheme,
sincethey werethe easiesto implement. Thesetestsshav
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Figure 12: The variationof the air gapwith linear PD control
with the oscillatingloadvariation
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Figure 13: Thevariationof theair gapwith slidingmodecontrol
with the oscillatingloadvariation

thattheslidingmodecontrolschemendeedperformsbetter
thanthelinearPD controllet

Ongoingresearcltdealswith performingnew testwith this
system,in orderto improve the testset-upandthe model.
Furthermore we study improvementof the designof the
controllers, by consideringsome more nonlinear control
schemesij.e., by using nonlinearH,, techniquesnonlin-
earadaptve controltechniquesandpassvity baseccontrol
techniques. The simplicity of the controller schemesand
the performancealso underdisturbancesplay animpor-

tantrole in this study Besidesthe sensolis a majorsource
of noiseaffecting the performancef the controller A fur-

ther researclon the techniqueof measuringhe air gapis

goingon.
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