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A Multidisciplinary Digital-Contr ol-SystemsLaboratory

GregoryL. Plett, David K. Schmidt
University of Colorado at Colorado Springs

Abstract

Thispaperdescribesamultipurposeandmultidisciplinarycontrol-systemslaboratorythatis
beingdevelopedat theUniversityof ColoradoatColoradoSprings.It is sharedby Electricaland
ComputerEngineering(ECE)andMechanicalandAerospaceEngineering(MAE) students,
allowing moreef�cient useof spaceandequipment,betteruseof funds,andeliminationof
overlapamongindividualdepartmentallabs.

Thecompositionof thelaboratoryandits usewith anintroductoryfeedback-control-systems
coursehasbeendescribedby PlettandSchmidt.1 In thispresentpaper, webuild on theprevious
work andoutlinehow thelab is beingusedto augmentdigital controlsystemscoursesat the
seniorundergraduatelevel andgraduatelevels.Experimentsandadvancedstudentresearch
projects(illustratingeffectsparticularto digital controlsystems)with amagneticlevitationdevice
andacontrolmomentgyroscopearedescribed.

Wehave foundthelabsto beveryhelpful in aidingstudentunderstandingof control-systems
concepts.Studentcommentsindicatethatreallearninghastakenplaceby usingahands-onlab
experiencethatwouldhavebeenmissedif apurelytheoreticalapproachhadbeentaken.

I. BackgroundandGoals

Thecontrol-systemslaboratoryat theUniversityof ColoradoatColoradoSprings(UCCS)had
notbeenpaidmuchattentionfor years.Onemajorde�ciency wasthatit hadnotasingledevice to
control! All labexperimentswereaccomplishedvia simulation,eitheronaComdynaGP-6analog
computer,2 or ononeof thelab'sdigital computersusingMatlabandSimulinkby MathWorks.3

Simulationusingeithermethodhaslimitations.Theneedto controlrealhardware,andnot just
simulations,is known to all who designandbuild realcontrolsystems.How thisappliesto
control-systemseducationis emphasizedin apaperby Bernstein.4 Modelingandsimulation
rarelycapturethecompletepicture—physicalsystemidenti�cation is required;control
experimentsoftenfocusattentionon performanceandimplementationissuesthatareoverlooked
anddif�cult to capturein simulation;experimentscanrevealwhetheror notassumptionsmade
whenmakinga controldesignarerealistic;andexperimentsprovideaway to identify control
methodsthatseemto work underreal-world conditionsaswell asthosethatclearlydon't. This
�nal point leadsto reallearning.

Oneopportunityarisingfrom thelab'sneglectwasthatwe werefreeto startfrom scratchwith its
redesign,andwhenchoosingthedynamicsystemsthatwouldbetheprimaryfocusof experiment.
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Bernstein'spaperdiscussesanumberof deviceshebuilt to demonstratedifferentcontrol
concepts.We couldnotduplicatehisapproachaswecouldneitherafford thetime to build these
experimentsourselves,nordid wehavethebudgetto out�t many workstations.Wealsofelt thatit
wouldbeof greaterbene�t to thestudentsif we requiredthatthey learnto controlmany aspects
of only oneor two devices.Then,thedynamicsof only a few systemsneedbethoroughly
understood;hence,moretimemaybedevotedto studyinghow control-systemstheoryapplies.

Wecameacrossanotherarticlepromotingthecontrol-systemslaboratoryat theUniversityof
Illinois atUrbana-Champaign.5 An appealingqualityof this facility is thatit is sharedamong
severaldepartments.Thecontrol-systemslaboratoryatUCCShadpreviouslybeenhousedand
operatedby theECEdepartment,but anew MAE programin thecollegeneededsimilar facilities.

Weconcludedthata revivedlaboratorywasessential,andshouldmeetthefollowing goals:

1. Hands-on:Thenew lab shouldpromotecontrol-systemseducationwith experimentation,
requiringidenti�cation andcontrolof physicaldevice(s).Thelaboratorycourseshouldbe
designedto complementandsynchronizewith thelecturecoursein orderto bestreinforce
conceptslearnedin classwith hands-onexperience.

2. Economy:As muchaspossible,space,money andstudenttimeshouldbeeconomized.A
multidisciplinaryfacility, sharedbetweenECEandMAE classeswouldallow ef�cient useof
spaceandequipment,betteruseof availablefunds,andeliminationof overlapamong
individualdepartmentallabs.Focusingexperimentson asingledevice ratherthanaplurality
of deviceswould resultin economiesof space,money andstudenttime.

To achieve thesegoalswecarefullyplannedthenew laboratory. As partof thisprocess,we
consultedwith local industry. Theadvicewereceivedwasveryhelpful to us,andthe
hardware-in-the-looplaboratorycon�gurationwe implementedis usefulfor botheducationaland
trainingpurposesasit is verysimilar to thatusedby thesecompanieswhendesigningtheir own
controlsystems.Local industrysupporthascontinuedto beverystrong.For example,one
company hassuppliedinstructorsfor our controlcoursesandlabcourseson anhonorariabasis.

Whenplanningthelab,wewerecarefulto selectapparatusthatwouldallow usandourstudents
to exercisethegreatestrangeof controltopics.With regardto thedynamicsystems,we required
devicesor con�gurationsthatwoulddemonstratelinear(or nearlylinear)control,nonlinear
control,controlof stableandunstablesystems,controlof multi-inputmulti-outputsystems,and
somereally challengingproblemsfor advancedstudents.With regardto thecontrolling
mechanisms,we requiredwaysto implement(or emulate)continuous-timeanddiscrete-time
(digital) controlsystems.Speci�c itemsrequiredto fully exploredigital controlare:

� Thecapabilityof samplinganalogdataata user-speci�edrate;
� Thechoiceof usingeither�x ed-or �oating-point arithmetic;
� Theability to implementdiscrete-timecomputationalstructures.

GrantDUE–981009from theNationalScienceFoundationDirectorateof Undergraduate
Educationhasallowedusto accomplishthesegoals.A descriptionfollows.
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II. Choiceof LabDevices

Wedecidedto baseournew lab primarily aroundtheMagneticLevitation (MagLev) Unit and
Control-MomentGyroscope(Gyro)Unit by EducationalControl Products(ECP).6 Thesetwo
devicesareshown in Figure1. Together, they exhibit many importantpropertiesof dynamic
systemsfrom thepointof view of controltheory. A matrixof importantattributesin dynamic
devices,aswell asthecoverageby speci�c devicesis listedin TableI.

Figure1. Thetwo labdevices.TheMagLev device is to theleft; theGyrodevice is to theright.

TABLE I
Attractiveattributesof theselecteddynamicaldevices.

Desirabledynamicattribute MagLev Gyro
1. Linearsingle-variable,stable Y Y
2. Linearsingle-variable,unstable Y Y
3. Nonlinearsingle-variable,stable Y Y
4. Nonlinearsingle-variable,unstable Y Y
5. Linearmulti-variable,little I/O interaction Y N
6. Nonlinearmulti-variable,largeI/O interaction N Y
7. Dynamicallyrich system N Y
8. Electromechanicalsystem Y Y

TheMagLev (describedin moredetail in SectionIII) maybeusedto exercisemany skills. It can
becon�guredasopen-loopstableor unstable,somaybeusedto teachpracticalconceptsof
stabilityandstabilization.It maybecon�guredasasingle-variablesystem(controllingthe
positionof asingledisk)or asamulti-variablesystem(controllingtwo disks).Additionally, the
plantis nonlinear, sotechniquesfor small-signalandfeedbacklinearizationmustbeemployed. In
smalloperatingrangesit is approximatelylinear, sostandardlinearcontroltechniqueswork. Not
to beunderestimated,thisdeviceprovidesdramaticandinterestingdemonstrations.Theactuators
andsensorsareclean,high-qualitydevices,andtheentiresystemis ruggedlyconstructed.This
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device is especiallywell-suitedto demonstrateanalysisanddesigntechniquestaughtin classical
analoganddigital controlcourses,andto teachintroductorymodernanaloganddigital control.

TheGyro (describedin moredetail in SectionIV) mayalsobeusedto exercisemany advanced
skills. Two of thefour mobileaxesaredirectlyactuated,andall four axeshavesensorfeedback.
In its mostgeneralcon�guration,it is a verynonlinearanddynamicallyrich systemwith large
input-outputinteraction,andis usedin moreadvancedcontrolscoursesandstudentprojects.

III. Descriptionof theMagneticLevitation (MagLev) Device

Two viewsof themagneticlevitationsystemaredepictedin Figure2. Upperandlower
electromagneticdrivecoilsproduceamagnetic�eld in responseto a dccurrent.Oneor two
magnetstravel alonga glassguiderod. By energizing thelowercoil, asinglemagnetis levitated
by a repulsivemagneticforce.As currentin thecoil increases,the�eld strengthincreasesandthe
levitatedmagnetheightis increased.For theuppercoil, thelevitating forceis attractive.
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Figure2. Two viewsof theMagLev device.

Themagnetsareof anultra-high�eld strengthrareearth(NeBFe)type.A dry-lubricatedguide
bushingat thecenterof thediskslidesupanddown therod. A white re�ectivesurfacecovers
mostof thedisk. Two laser-basedsensorsmakeuseof there�ectivepropertiesof thedisksurface
to measurethemagnetpositions.Thelaserbeamsarespreadby anopticalelementinto a fan
shapeandareprojectedontothediffusewhite surfacesof themagnets.Photodetectorsview the
beamsandgeneratevoltagesproportionalto theamountincidentbeampower. Thelowersensor
is typically usedto measureagivenmagnet'spositionin proximity to thelowercoil, andthe
upperonefor proximity to theuppercoil (both� 8cmrange).Sensor-conditioningcircuitry
makesthedesignimmuneto straylight noise,suchasturningroomlightson andoff, andrejects
mostinducedelectronicdisturbances.Thusa relatively low noisesignalis outputfrom the
ampli�er box.

For many controlscenarios,ageneral-purposePCis usedasthecontroller. An interfacecardin
thePCcontainsD2A andA2D circuitsconnectedto a “breakout box” which thestudentcan
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access.A powerampli�er/sensorconditionerboxdrivestheMagLev device. Thestudentmay
connectthebreakout-boxsignalsdirectly to theampli�er boxusing“bananacables.” A pictorial
descriptionof thesystemsetupis shown in Figure5. Thesoftwarerunningon thePCis discussed
in SectionVI.

IV. Descriptionof theControl-MomentGyroscope(Gyro)Device

Thecontrol-momentgyroscope
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Figure3. Thecontrol-momentgyroscopedevice.

maybecon�guredin avarietyof
differentways.Torqueis appliedvia
direct-acting,reaction,or gyroscopic
drivemechanizations.Oneor two
suchinput torquesmaybeapplied
simultaneouslyandthedegrees
of freedommaybeconstrained
in suchawayasto createplants
rangingfrom simpleonedegree
of freedomrigid bodiesto complex
systemswith two torqueinputs
andfour angularoutputs.Thesystem
maybeoperatedin regionswhereits
salientbehavior is linear, or in amore
globalworkspacewherethebehavior
is highly nonlinear. Thusthis
dynamicallyrich systemprovides
a testbedfor experimentsranging
from demonstrationof fundamental
principlesto advancedresearch.

Theplant,shown in Figure3, consistsof ahigh inertiabrassrotor suspendedin anassemblywith
four angulardegreesof freedom.Therotorspintorqueis providedby a rareearthmagnettype
dcmotor(motor1) whoseangularpositionis measuredby anopticalencoder(encoder1). The
�rst transversegimbalassembly(bodyC) is drivenby anotherrareearthmotor(motor2) to effect
motionaboutaxis2. Anotheropticalencoderprovidesfeedbackof therelativepositionof
bodiesC andB.

Thesubsequentgimbalassembly, bodyB, rotateswith respectto bodyA aboutaxis3. Thereis no
active torqueappliedaboutthisaxis.A brake,which is actuatedvia a toggleswitchon the
Controllerbox,maybeusedto lock therelativepositionof A andB andhencereducethesystem
degreesof freedom.TherelativeanglebetweenA andB is measuredby encoder3. Finally,
bodyA rotateswithoutactively appliedtorquerelative to thebaseframe(inertial ground)along
axis4. Theaxis4 brake is controlledsimilarly to theaxis3 brakeandanopticalencoderprovides
positionfeedback.

Inertial switches,or g-switchesareinstalledonbodiesA, B, andC to senseany overspeed
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conditionin thegimbalassemblies.For axis2, limit switchesandmechanicalstopsareprovided
at thesafelimit of travel. Whenany of thesenormallyclosedswitchessensea highangularrate
condition,they openandtherebycausea relayto turnoff power to theControllerbox. Whenthis
power is lost, thefail-safebrakes(power-on-to-releasetype)ataxes3 and4 engage.Also upon
lossof power, thewindingsof motors1 and2 areshorted,therebyeffectingelectromechanical
damping.Thusall axesareactively slowedandstoppedwheneveranover-speedor over-travel
conditionis detected.

Preciousmetalslipringsareincludedateachgimbalaxisto provide for continuousangular
motion.Theselow noise,low friction, slipringspassall electricalsignalsincludingthoseof the
motors,encoders,g-switches,limit switches,andbrakesto theControlBox.

V. HardwareInterface

In orderto interfacetheMagLev andGyrounitsto thehostcomputer, adataacquisitioncardfor
thePCis needed.TheMagLev requirestwo standardD2A andfour standardA2D channels,and
theGyro requiresfour opticalencoderinputsin additionto two standardD2A outputs.Wealso
wantedto �nd aboardwhichwouldwork with bothReal-TimeWindowsTarget(RTWT) by
MathWorksandReal-Time Linux Target(RTLT)7 by QRTS8 aswewereinitially unsurewhich
operating-systemwewouldchooseto useon thehostcomputer. Boardswith bothopticalencoder
inputsaswell asA2D andD2A channelsarerare.Findingacompatiblesetof hardwareand
softwaredriverswasalsoachallenge.

Onesolutionweconsideredwasto usea general-purposeDSPboardto performdataacquisition.
Theboardwouldbeout�tted with suf�cient analogI/O, andcouldbeprogrammedto decode
encoderinputsusingdigital I/O. An advantageof theDSPapproachis thathighcontrol-loop
bandwidthsareoftenpossibledueto theef�ciency of theDSP. A disadvantageis expense.

Theothersolutionwe consideredwasto useagenericI/O cardwith encoderinputs.This is a
less-expensiveapproach,but placesthecontrol-loopprocessingburdenon themainsystemCPU
andsotendsto decreasethecontrolbandwidththatcanbeachieved.

Oursearchled usto four I/O boardswhichcouldmeetourpurposesfrom a hardwarepointof
view: TheinterfaceboardECPsellswith their controldevices,theHumusoft9 MF604,the
Quanser10 MultiQ andtheServoToGo11 Model2. At thetimewemadeourdecision,theECP
boardwasonly supportedby ECPproprietarysoftware(it is now supportedunderRTWT and
RTLT via softwarefrom QRTS), theHumusoftboardwassupportedunderRTWT only (anddid
nothaveenoughI/O to supportsomelab devicesnotdescribedhere),andboththeQuanserand
ServoToGoboardsweresupportedunderRTLT only. Helpingourdecision,we received
indicationfrom QRTSthatthey hadplansto supporttheServoToGoboardunderRTWT (it now
is). We choseto usetheServoToGoboardbecauseit allowedus�e xibility with regardto
operatingsystem,andwasthemostcost-effectivesolution.

Amongotherfeatures,theServoToGoboardsupplieseightA2D channels,eightD2A channels
andeightencoderinput channels.This is morethansuf�cient for theneedsof our laboratory.
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VI. SoftwareInterface

In orderfor studentsto accesstheI/O boardandcontroltheMagLev, a softwareinterfaceto the
boardis required.Ratherthanrequiringthatthestudentswrite C-languagecodeand
interrupt-serviceroutines(muchless,debugsame)wechoseto useaMatlab/Simulink/RTW/
RTLT interface.

Matlabis a softwareenvironmentthatprovidesgreatcomputationalpowerandprofessional
graphicaloutput.TheControl-SystemsToolbox,in particular, greatlyaidscontrol-systemanalysis
anddesign.Simulink is ablock-diagramgraphical-user-interfacebasedsimulationpackagewhich
worksin within theMatlabenvironmentandallows linearandnonlinear, continuous-timeand
discrete-timesimulation.An exampleSimulinkdiagramis displayedin Figure4.
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Figure4. ExampleSimulinkdiagramto performfull MIMO controlof MagLev.

SimulinkdoesnotdirectlyaccesstheServoToGointerfaceboard.Rather, theReal-Time
Workshop(RTW)—accessiblefrom Simulink throughapull-down menuitem—writesgenericC
codeto implementtheSimulinkblock diagram.Then,eithertheReal-TimeWindowsTarget
(RTWT) or Real-TimeLinuxTarget (RTLT) is usedto generatehost-machinespeci�c codeand
executeit. All of thishappenswith theclick of amouse;thestudentwritesnocodeatall!

UsingthehostCPUto executethecontrolalgorithm—asdonewith RTWT andRTLT—resultsin
economiessinceaseparateDSPor CPUis not required.However, otherperformanceissuesarise.
Speci�cally, traditionalcomputeroperatingsystemssuchasMS-DOS,Windows95/98/NT/2000,
Unix andLinux arenot designedfor real-timeoperation.AlthoughRTWT is available,thereis
debateregardingwhetheror notWindowsNT is yeta reliableplatformfor real-timesystems.12,13
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Thereis noguaranteedmaximumlatency betweenaninterruptandits service,whichmakes
real-timeapplicationsunpredictable.

OtheralternativesincludeQNX or VxWorks,commercialreal-timeoperatingsystems.These
havebeenusedfor educationalpurposesbefore;anexampleis theQMotorprogramdeveloped
for QNX.14 Wedecidednot to usethesesystemsdueto thecostsinvolved.

Thealternativewechoseis Real-Time Linux, or RTLinux. Linux15 is a freeUnix-likeoperating
systemfor i386 (andfamily), AlphaandSparcprocessors.By itself, Linux is notsuitablefor
real-timesystems,but a freepatchcalledRTLinux addsfunctionalityto Linux to allow real-time
codeto execute.16,17 OnepaperhasalreadydescribedanRTLinux approachto controleducation,
usingMatlabandSimulink,but notusingRTW andRTLT.18 A disadvantageof this
implementationis thatwewouldneedto write codeto interfacewith theI/O boards;TheMatlab/
Simulink/RTW/ RTLT systemdoesnot requirethatwewrite any codeatall.

Onedisadvantageof usingRTLinux is thatbasicUnix system-administrationskills arerequired
by thelabadministratorin orderto setupandmaintainthelabcomputers.Thiswasnotaproblem
for usaswe havesomeexperiencein thisarea.Anotherpotentialdisadvantagethatconcernedus
is thatourstudentstendto bemorefamiliar with WindowsthanLinux. Wewantedthelab to
providecontrol-systemseducationandnotoperating-systemeducation!So,wewerecarefulto set
up thelab computersto minimizethespeci�c knowledgeof Linux required(almostnone),and
althoughthestudentsgrumblefrom time to time, they donotseemto havebeendeterred.

Figure5 showsapictorial representationof theentirecontrolsystem,includingsoftwareand
hardwarecomponents.Thestudentworkswithin aMatlabenvironmentwhereheor sheentersa
blockdiagraminto Simulink. Whenthediagramis complete,thestudentselects“RTW Build”
from theToolsmenu,andRTW generatesC codeandbuilds it with helpfrom RTLT. Thestudent
canthenstartthecoderunningusing“Start” from thesimulationmenu.Thecoderunsasakernel
module,accessingtheMagLev throughtheServoToGointerfacecard.Signalsfrom thecardare
routedthroughacableto abreakout box. Thestudentwiresthebreakoutbox to theappropriate
powerampli�er using“bananacables.” Thissetuphasprovento beveryusable.

The�nal lab setupcomprisesthefollowing hardwarefor eachworkstation:OneECPMagLev
“plant-only” unit, onePentium-IIIclasscomputerwith aServoToGoModel2 I/O board,one
ComdynaGP-6analogcomputer, oneProtek3003Bdcpowersupply, oneProtekB-803sweep
functiongeneratorandoneeachAgilentHP-3468BmultimeterHP-54602Bdigital oscilloscope
(with HP-54657Bunit for phasemeasurement).Thetest-and-measurementequipmentareused
for systemidenti�cation andcontrol-systemdebugging.

Thefollowing softwareis usedon eachlab computer:Red-HatLinux 6.1(freedownload
availablefrom http://www.redhat.com ), RT-Linux 2.0(freedownloadavailablefrom
http://www.rtlinux.org ); thefollowing MathWorksproducts:Matlab5.3,Release11,
for Linux, Simulink3.1,Release11, for Linux, Real-TimeWorkshop3.0,Release11, for Linux;
andtheQRTSproductRTLT Version1.1. TheC developmentpackagesshouldbeselectedwhen
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installingRedHatLinux Version6.1.1

VII. Two directions

Westartedthelaboratoryrevival in thesummerof 2000.Sincethen,thelab hasbeenusedfor the
laboratorycourses:ECE4530:Control SystemsLaboratory,19 andECE4560:Digital Control
Laboratory,20 thelatterbeinga focusof thispaper. It hasalsobeenusedfor studentprojectsin
ECE4540:Digital Control Systems,andECE5520:MultivariableControl SystemsI, andfor
SeniorDesignProjectsandIndependentStudyTopics.A previouspaperhasdiscussedthe
implementationof ECE4530,1 andthispaperdiscussesECE4560andanadvanceddigital control
course.

VII-A. TheUndergraduateDigital Control CourseandLaboratory

TheundergraduateseniorelectiveECE4540:Digital Control Systemsis astandardlecture-based
coursecoveringdigital controlsystemsfrom bothfrequency-domainandstate-space
points-of-view. A textbookby Franklinandcolleaguesis used.21 A standardfeedbackcontrol
courseis prerequisite.TheECE4560:Digital Control Laboratorycoursemeetsin thelaboratory
describedin thispaper, andhasthelecturecourseasaco-requisite.Thetwo coursesaredesigned
to coordinatewith eachotherasmuchaspossiblesothattheexperimentationcomplimentsand
illuminatesthetheory. A Ganttchartshowing therelativephasingof thetwo differentcoursesis
shown in Figure6.

Thelaboratorycourseis organizedinto anintroductorylab andfour mainunitsof labs.The
introductorylab introducesthestudentsto thelaboratoryfacility, instructsthemonhow to log on
to andusethelabcomputers,andprescribespropercareof theequipment.Thestudentsaregiven
asimpleassignmentin Matlab/Simulink/RTW/ RTLT. In their junior yeartheareexposedto
Matlabin their curriculum,but Simulink maybeunfamiliar to them,andunlessthey havealso

1 It is ourunderstandingthatQRTSno longersupportsRTLT. If this provesto bea problem,we will migrateour lab to RTWT.
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Figure6. Ganttchartillustratingsynchronizationbetweenlecturetopicsandlab topics.Lecturesareon
Tuesday/Thursday, andlabsareonThursday.

takentheECE4530:Control SystemsLaboratorycourse,they will nothaveseenRTW or RTLT
before.

The�rst unit following theintroductorylabhasthestudentsemulatecontinuous-timecontrollers
in a discrete-timeimplementation.(Thelecturecoursehasalreadycovered,by theappropriate
time,a review of continuous-timecontrol,thez-transform,andemulationof continuous-time
controllers.)In the�rst lab, they emulatea continuous-timecontrollerby approximatingan
ordinarydifferentialequation(controller)with adifferenceequation.In thesecondlab, they
performlexical substitutionof `s' with a functionof `z' to discretizethecontroller.

Thesecondunit hasthestudentexplorevariousdigital effects.(Thelecturecoursehasalready
covered,by theappropriatetime,samplinganddiscrete-timesystemanalysis.)In the�rst lab they
investigatetheeffectof samplingrate.In thesecondlab, they makeadiscrete-timemodelof the
plant. In thethird lab, they explore�nite-precisionarithmeticand�lter coef�cient effects.

Thethird unit coverscontrollerdesignvia transfer-functionmethods.(Thelecturecoursehas
alreadycovered,by theappropriatetime,variousdifferenttransfer-functioncontroldesign
methods.)In the�rst lab, thestudentsusestandardBodefrequency-responsemethods.In the
secondlab, thestudentsperformanumericalsearchfor controllerparametersvia gradientdescent
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in orderto optimizeacostfunction. In thethird lab,studentsuseRagazzini'sdirectcontroldesign
method.21 All threelabsarefairly complicatedSIMO controlcon�gurations.

Thefourthunit introducesthestudentto state-spacecontroldesignmethods.(Thelecturecourse
hasalreadyintroducedthestudentsto theappropriateconcepts).In the�rst lab, thestudentsare
askedto verify a state-spacemodelof theplant,con�guredasa two-inputtwo-outputsystem.
They alsoperformstate-feedbackcontrolvia directstatemeasurement.In thesecondand�nal
lab, thestudentsdesignandimplementamultivariablecontrollerusinga full-orderestimator.
This lab providesaclimax to thecourse.

A lab readerhasbeenpreparedfor this class,andis availableon theInternet.20 If youwould like
to uselab(s)from this reader, pleasecontactthe�rst authorat: glp@eas.uccs.edu .

VII-B. TheGraduateDigital Control Course

Thegraduatelevel course,MAE5421:Digital Flight Control, is asinglecourseratherthana
theorycoursecoupledwith aseparatelab course,asdescribedabove. Thisgraduatecourseis
designedprimarily for studentsmajoringin mechanicalor aerospaceengineering,althoughby not
requiringvehicledynamicsasaprerequisite(thoughdesirable)wehavenot intentionally
discouragedelectricalengineeringmajors.

Theprerequisitesareessentiallythesameasfor theundergraduateECEcourse(s)just
described—anundergraduate�rst coursein controltheory. Muchof thetheorycoveredin this
graduatecourseis verysimilar to thatin theundergraduateECEtheorycourse.However, by
offering this courseat thegraduatelevel, weexpectto movethroughthematerial(theoryandlab)
muchmorequickly, andultimatelyconsidera �ight-control casestudyat theendof thecourse.
For example,ratherthanlectureon thedevelopmentof adiscretizedmodelof a continuous
system,thegraduatestudentsareaskedto developsuchamodelasahomeproblem.

Thetwo fundamentaldifferencesbetweentheundergraduateECEcoursesandthegraduateMAE
course,in termsof theorystressed,involvetreatmentof loop-shapingconceptsandthew-domain
analysisanddesign.Thiseliminatesserioustreatmentof estimatordesign,andcouchesthedesign
problemexclusively in thefrequency domain(thoughbothstate-spaceandtransfer-function
modelsof systemsareused).Additionally, quantizationeffectsanddescribingfunctionsarealso
speci�cally treatedin thegraduatecourse.

Thelabsinvolveuseof bothhardwaredevices,themagneticlevitationdeviceandthegyroscopic
device. TheMagLev device is usedin amannerverysimilar to thatin theundergraduateECElab,
allowing for theinvestigationof digital effectslike timedelay, andquantization.Thenasimple
continuouscontrollerfor onedisk is designedandimplementedon theMagLev unit. This is
followedby thedesignof adigital controllerfor thesamedeviceusingdiscreteequivalents,direct
z-domain,anddirectw-domaintechniques.

A �nal designprojecttheninvolvesthegyroscopicdevice (whichexhibits input-outputcross
coupling),for whichamulti-loopcontrolleris to berecommendedby thestudent.Thestudents
arerequiredto developseveralpossibledigital designs,evaluatethem,andrecommenda
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controllerandsamplinginterval. Maximizing thesamplinginterval, while maintainingacceptable
performanceandrobustnessis adesignobjective. Thereis no requirementthattheirdesignbe
obtainedvia eitherdiscreteequivalenceor by directdesign.Baselineperformancefor thestudents
is basedon a “good” continuousdesigndevelopedby thestudentsthatmeetsthedesignspecs
provided.During the�nal weeksof thesemester, the�ight-control casestudiesarethesubjectsof
thelectures,andsimultaneouslythestudentsareworkingon their �nal designproject.

VIII. Initial EvaluationandStudentFeedback

Althoughthelab hasbeenoperationalfor only two semesters,wehavebegunevaluatingits
effectivenessusingquantitativeandqualitativemeans.Wewantedto testtwo hypotheses:

Hypothesis:A labexperienceprovideshands-onlearningto improvebasicunderstanding.
Therefore,studentstakingthelecturecourseonly (thelab is not required)will domore
poorly in thelecturecoursethanthosestudentstakingthelab aswell.

Results:Wehavedatafor four semestersfor studentstakingthelecturecourseonly versus
studentstakingboththelectureandlab. Thelab syllabusfor the�rst two semesterswas
basedonsimulationonly; thelab for the�nal two semestersis theonebasedonexperiment
andpresentedin thispaper.
Over thethreesemesters,gradesin thelecturecoursefor studentstakingboththelabandthe
lectureaveragedto 80%;gradesin thelecturecoursefor studentsnot takingthelab averaged
to 69%.Thereis an11%gapbetweenthesetwo groupsof students.Thereareenough
studentsin thesampleto make this resultstatisticallymeaningful.

Hypothesis:An experimentallab providesbetterlearningthana lab basedon simulation.
Results:For the�rst two semesters,thegapbetweenlecture-onlystudentsandstudentswho

tookboththelectureandlabwasa5% differencein coursegradein thelecturecourse(both
times).For the�rst semesterwherestudentshadanexperimentallabexperience,thegapwas
16%(all studentselectedto take thelab in thefourthsemester, soresultsarenotavailablefor
comparison).This resultis interestingbut probablynot statisticallymeaningfulsinceonly
two studentselectednot to take thelab coursein thethird semester.

Overall, thequantitativeresultsarein favor of a lab experiencewhetheror not it is experimental.
Theresultsseemto bein greaterfavor of anexperimentalapproachversusasimulationapproach,
but thesamplesizeof statisticsis toosmallto tell for sureasof yet.

Qualitativeevaluationhasbeendoneby recordingsomeresponsesfrom studentlabwriteupsfrom
theControl SystemsLaboratoryandDigital Control Laboratorycourses.As youwill beableto
tell, they arequitecandid:

[On analog computerlab] “This labwasboringbecausewedid notgetto playwith the
MagLev.”
[On analog computerlab] “This wasa painfulexperience,I hatetheanalogcomputer
with apassion,andit hatesme.” 2

2 Theanalogcomputerlab which the studentsdid not like hasbeenmodi®edin the lab readernow available. It now includes
experimentationwith the MagLev, andnow hasa clearerpresentationon how to usethe analogcomputerto performfeedback
control.
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[On systemidenti�cation] “Thesemethodsareprettycool in thatI never realizedthat
they took into accountfriction, whichmakesthemmoreuseful.”
[On linearization,comparinglinearizedmodelwith realsystem]“Justfor fun, we
inputtedsomeotherwaves:squarewave, trianglewave,rampfunctionandsoon. The
coolestonewaswhenweput in a randomsignal,andraisedthevaluefor umg [the
dc-offset]. Themagnetwould jumparoundlikeacrazygrasshopper, andthemodel
outputmatchedtheactualoutputalmostexactly.”
[On frequency-response/Nyquist]“This lab clearsup a lot of conceptslearnedin class.
Like theNyquistplot, I didn't realizethattheNyquistplot wasjustapolarplot until
this lab (althoughI amsurethatDr. Plettprobablymentionedit amillion times).”
[On thecoursein general] “To bequitehonest,I'm learningmorefrom this lab than
previouslabstakenandlabsthatI'm takingright now. I amalsoimpressedhow muchit
actuallyfollowsECE4510FeedbackControlSystemsandusesthethingsthatwe
learnedin class.”

Someof thesecommentsindicatethatreallearninghasoccurred.Oneshowsthatthestudents
weresoinvolvedin thelab thatthey tried someexperimentswhich werenot required.The�nal
commentvalidatesthatthelectureandlab coursesarewell coordinated.

IX. ConclusionandFuturePlans

A control-systemslaboratoryhasbeendevelopedaroundtheECPMagLev andGyroplants,using
Matlab/Simulink/RTW andRTLT software,on theRTLinux operatingsystem.As of thewriting
of thispaper, thelabhasbeenin usefor severalsemesters.A lab manualhasbeendevelopedfor
theundergraduateDigital Control LaboratorywhichusestheMagLev device. Thelab schedule
coordinateswith theDigital Control Systemssenior-electiveclasssothatexperiments
complementandilluminatethetheory. TheMagLev hasalsobeenusedfor the�nal projectin
otherundergraduateandgraduateclasses.Initial evaluationindicatesthatthelaboratory
experiencehassigni�cantly aidedlearningof control-systemsconcepts.

An MAE graduatelevel coursehasalsobeendevelopedin digital controlsystems.Thiscourse
combinestheoryandexperimentwith boththeMagLev andGyroplants.Feedbackfrom students
in this courseis alsoverypositive,with respectto usinghardwareinsteadof lectureonly.

Futureplansincludetrueintegrationof theMAE andECEundergraduatefeedbackcontrol
laboratoryclasses,resultingin a full multidisciplinaryexperience.Thiswill commencein Spring
2002.Webelieve thattheintermingledperspectivesof two disciplineswill leadto better-rounded
learning.
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