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Abstract

This paperdescribesa multipurposeandmultidisciplinarycontrol-system$aboratorythatis
beingdevelopedat the University of Coloradoat ColoradoSprings.It is sharedoy Electricaland
ComputereEngineering ECE) andMechanicalndAerospacdengineering MAE) students,
allowing moreef cient useof spaceandequipmentpetteruseof funds,andeliminationof
overlapamongindividual departmentaibs.

Thecompositionof thelaboratoryandits usewith anintroductoryfeedback-control-systems
coursehasbeendescribedy PlettandSchmidt! In this presenpaperwe build on the previous
work andoutline how thelabis beingusedto augmendigital control systemsoursesatthe
seniorundegraduatdevel andgraduatdevels. Experimentsaandadwancedstudentesearch
projects(illustrating effectsparticularto digital controlsystemsvith amagnetidevitation device
anda controlmomentgyroscoperedescribed.

We have foundthelabsto bevery helpful in aiding studentunderstandingf control-systems
conceptsStudenttommentsndicatethatreallearninghastaken placeby usinga hands-oriab
experiencehatwould have beenmissedf apurelytheoreticabpproacthadbeentaken.

|. BackgroundandGoals

Thecontrol-system#aboratoryat the University of Coloradoat ColoradoSprings(UCCS)had
not beenpaid muchattentionfor years.Onemajorde ciency wasthatit hadnotasingledevice to
control! All lab experimentsvereaccomplishedia simulation,eitherona ComdynaGP-6analog
computer? or on oneof thelab's digital computersisingMatlaband Simulink by MathWorks.3

Simulationusingeithermethodhaslimitations. The needto controlrealhardware,andnot just
simulationsjs known to all who designandbuild realcontrol systemsHow this appliesto
control-systemgducatioris emphasizedéh a paperby Bernsteir* Modelingandsimulation
rarely capturethe completepicture—physicasystemidenti cation is required;control
experimentftenfocusattentionon performancendimplementationissueghatareoverlooked
anddif cult to capturein simulation;experimentsanrevealwhetheror notassumptionsnade
whenmakinga controldesignarerealistic;andexperimentgrovide a way to identify control
methodghatseemto work underreal-world conditionsaswell asthosethatclearlydon't. This
nal pointleadsto reallearning.

Oneopportunityarisingfrom thelab's neglectwasthatwe werefreeto startfrom scratchwith its
redesignandwhenchoosinghe dynamicsystemghatwould bethe primaryfocusof experiment.
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Bernsteins paperdiscusses numberof deviceshebuilt to demonstratéifferentcontrol
conceptsWe couldnot duplicatehis approactaswe could neitherafford thetime to build these
experimentoursehes,nor did we have thebudgetto out t mary workstations We alsofelt thatit
would be of greatebene t to thestudentsf we requiredthatthey learnto controlmary aspects
of only oneor two devices. Then,thedynamicsof only afew systemsieedbethoroughly
understoodhencemoretime may be devotedto studyinghow control-systemsgheoryapplies.

We cameacrossanotherarticle promotingthe control-system#aboratoryat the University of
lllinois at Urbana-ChampaighAn appealingquality of this facility is thatit is sharedamong
severaldepartmentsThe control-systemaboratoryat UCCShadpreviously beenhousedand
operatedy the ECEdepartmentbut anew MAE programin the college neededsimilar facilities.

We concludedhatarevivedlaboratorywasessentialandshouldmeetthefollowing goals:

1. Hands-onThenew lab shouldpromotecontrol-systemgducatiorwith experimentation,
requiringidenti cation andcontrolof physicaldevice(s). Thelaboratorycourseshouldbe
designedo complemenandsynchronizewith thelecturecoursein orderto bestreinforce
conceptdearnedn classwith hands-orexperience.

2. Economy:As muchaspossible spacemoneg andstudentime shouldbe economizedA
multidisciplinaryfacility, sharecbetweerE CEandMAE classesvould allow ef cient useof
spaceandequipmentpetteruseof availablefunds,andeliminationof overlapamong
individual departmentaliabs. Focusingexperimentson a singledevice ratherthana plurality
of deviceswould resultin economie®f spacemoney andstudentime.

To achieve thesegoalswe carefullyplannedthe new laboratory As partof this processwe
consultedwith local industry Theadvicewe recevedwasvery helpfulto us,andthe
hardware-in-the-loogaboratorycon gurationwe implementeds usefulfor botheducationabnd
trainingpurposessit is very similar to thatusedby thesecompaniesvhendesigningheir own
controlsystemsLocal industrysupporthascontinuedo bevery strong.For example,one
compaly hassuppliedinstructorsfor our controlcoursesandlab courseson anhonorariabasis.

Whenplanningthelab, we werecarefulto selectapparatushatwould allow usandour students
to exercisethe greatestangeof controltopics. With regardto the dynamicsystemswe required
devicesor con gurationsthatwould demonstratéinear (or nearlylinear) control,nonlinear
control,controlof stableandunstablesystemsgcontrolof multi-input multi-outputsystemsand
somereally challengingproblemsfor advancedstudentsWith regardto the controlling
mechanismsye requiredwaysto implement(or emulate)continuous-timeinddiscrete-time
(digital) controlsystemsSpeci ¢ itemsrequiredto fully exploredigital controlare:

The capabilityof samplinganalogdataat a userspeci edrate;
Thechoiceof usingeither x ed-or oating-point arithmetic;
Theability to implementdiscrete-timecomputationaktructures.

GrantDUE-981009rom the NationalScienceFoundatiorDirectorateof Undegraduate
Educationhasallowedusto accomplisithesegoals.A descriptiorfollows.
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[l. Choiceof Lab Devices

We decidedo baseour new lab primarily aroundthe MagneticLevitation (MagLev) Unit and
Control-MomentGyroscopgGyro) Unit by EducationalControl Products(ECP)® Thesetwo
devicesareshowvn in Figurel. Togetherthey exhibit mary importantpropertiesof dynamic
systemdrom the point of view of controltheory A matrix of importantattributesin dynamic
devices,aswell asthe coverageby speci ¢ devicesis listedin Tablel.

Figurel. Thetwo labdevices.The MagLev device s to theleft; the Gyrodevice s to theright.

TABLE |
Attractive attributesof the selectedlynamicaldevices.

Desirabledynamicattribute MagLev  Gyro
1. Linearsingle-\ariable stable Y Y
2. Linearsingle-\ariable,unstable Y Y
3. Nonlinearsingle-ariable stable Y Y
4. Nonlinearsingle-\ariable,unstable Y Y
5. Linearmulti-variable little 1/0O interaction Y N
6. Nonlinearmulti-variable largel/O interaction N Y
7. Dynamicallyrich system N Y
8. Electromechanicalystem Y Y

TheMagLev (describedn moredetailin Sectionlll) maybeusedto exercisemary skills. It can
be con guredasopen-loopstableor unstablesomaybe usedto teachpracticalconceptof
stability andstabilization.It maybecon gured asa single-\ariablesystem(controllingthe
positionof a singledisk) or asa multi-variablesystem(controllingtwo disks).Additionally, the
plantis nonlinear sotechniquedor small-signalandfeedbacHinearizationmustbeemployed. In
smalloperating-angest is approximatellinear, sostandardinearcontroltechniquesvork. Not
to beunderestimatedhis device providesdramaticandinterestingdemonstrationsThe actuators
andsensorsareclean,high-qualitydevices,andthe entiresystemis ruggedlyconstructedThis
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deviceis especiallywell-suitedto demonstratanalysisanddesigntechniquegaughtin classical
analoganddigital controlcoursesandto teachintroductorymodernanaloganddigital control.

The Gyro (describedn moredetailin SectionlVV) mayalsobe usedto exercisemary advanced
skills. Two of thefour mobile axesaredirectly actuatedandall four axeshave sensoifeedback.
In its mostgenerakon guration, it is avery nonlinearanddynamicallyrich systemwith large
input-outputinteraction andis usedin moreadvancedcontrolscoursesandstudentprojects.

lll. Descriptionof the MagneticLevitation (MagLev) Device

Two views of the magnetidevitation systemaredepictedn Figure2. Upperandlower
electromagnetidrive coils producea magneticeld in responséo a dc current.Oneor two
magnetdravel alonga glassguiderod. By enepizing the lower coil, asinglemagneis levitated
by arepulsive magnetidorce. As currentin the coil increasesthe eld strengthincreasesindthe
levitatedmagnetheightis increasedFor the uppercoil, the levitating forceis attractve.

Upper support arm

Glass rod clamp

Ruler clamp Protective screw (2 pl.)
screw (2 pl. - =coil cover (2 pl.) " Upper drive
coil (coil #2)
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Figure2. Two views of the MagLev device.

Themagnetsareof anultra-high eld strengthrareearth(NeBFe)type. A dry-lubricatedguide
bushingat the centerof thedisk slidesup anddown therod. A white re ective surfacecovers
mostof thedisk. Two laserbasedsensorsnake useof there ective propertieof thedisk surface
to measurehe magnetpositions.Thelaserbeamsarespreadoy anopticalelemeninto afan
shapeandareprojectedontothe diffusewhite surfacesof the magnetsPhotodetectorgiew the
beamsandgeneratevoltagesproportionalto theamountincidentbeampower. Thelower sensor
is typically usedto measure givenmagnets positionin proximity to thelower coil, andthe
upperonefor proximity to theuppercoil (both 8 cmrange).Sensoiconditioningcircuitry
makesthe designimmuneto straylight noise,suchasturningroomlights on andoff, andrejects
mostinducedelectronicdisturbancesThusarelatively low noisesignalis outputfrom the

ampli er box.

For mary controlscenariosa general-purposBCis usedasthecontroller An interfacecardin
the PCcontainsD2A andA2D circuitsconnectedo a “breakout box” which thestudentcan
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accessA powerampli er/sensorconditionerbox drivesthe MagLev device. The studentmay
connecthebrealout-boxsignalsdirectly to theampli er box using“bananacables. A pictorial
descriptionof the systemsetupis shovn in Figure5. The softwarerunningonthe PCis discussed
in SectionVI.

IV. Descriptionof the Control-MomeniGyroscopgGyro) Device

Thecontrol-momengyroscope
maybecon guredin avariety of Axis 2
differentways. Torqueis appliedvia Axis 1 Body C Axis 2

. . . . /Slipring
- Motor 1
direct actingyeaction,or gyroscopic Encgc?err __ AXxis 3 Inertial Switch

drive mechanizationsOneor two Body D (out of view)
suchinputtorquesmaybe applied Avis 3 & SaRch (et view)
simultaneouslyandthedegrees Encoder 3 &

of freedommaybe constrained - @Qxisgs"prmg

in suchaway asto createplants Body B Axis 3 Brake
rangingfrom simpleonedegree

of freedomrigid bodiesto comple Axis 4

systemswith two torqueinputs Switc

andfour angularoutputs.Thesystem

may be operatedn regionswhereits Motor 2

salientbehaior is linear, orin amore L e
globalworkspacevherethe behaior

is highly nonlinear Thusthis " Axis 4
dynamicallyrich systemprovides |
atestbedor experimentganging Axis 4

from demonstratiomf fundamental Encoder Slipring Brake

principlesto advancedresearch.

Figure3. Thecontrol-momengyroscopealevice.

Theplant,shavnin Figure3, consistf a highinertiabrassrotor suspendedh anassemblywith

four angulardegreesof freedom.Therotor spintorqueis provided by arareearthmagnetype

dc motor(motor 1) whoseangularpositionis measuredby anopticalencoderencoderl). The
rst trans\ersegimbalassemblybodyC) is drivenby anotherrareearthmotor (motor 2) to effect
motionaboutaxis2. Anotheropticalencoderprovidesfeedbaclof therelative positionof
bodiesC andB.

Thesubsequergimbalassemblybody B, rotateswith respecto bodyA aboutaxis3. Thereis no
active torqueappliedaboutthis axis. A brake, whichis actuatedvia atoggleswitchonthe
Controllerbox, maybe usedto lock therelative positionof A andB andhencereducethe system
degreesof freedom.Therelative anglebetweem andB is measuredby encodei3. Finally,
bodyA rotateswithout actively appliedtorquerelative to the baseframe (inertial ground)along
axis4. Theaxis4 brake is controlledsimilarly to the axis 3 brake andanopticalencodeiprovides
positionfeedback.

Inertial switches or g-switchesareinstalledon bodiesA, B, andC to senseary overspeed
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conditionin thegimbalassemblieskor axis 2, limit switchesandmechanicaktopsareprovided
atthesafelimit of travel. Whenary of thesenormally closedswitchessensea high angularrate
condition,they openandtherebycausearelayto turn off powerto the Controllerbox. Whenthis
poweris lost, thefail-safebrakes(power-on-to-releas¢ype) at axes3 and4 engage Also upon
lossof power, thewindingsof motorsl and2 areshortedtherebyeffecting electromechanical
damping.Thusall axesareactively slovedandstoppedvheneer anover-speedr overtravel
conditionis detected.

Preciousmetalslipringsareincludedat eachgimbalaxisto provide for continuousangular
motion. Theselow noise,low friction, slipringspassall electricalsignalsincludingthoseof the
motors,encodersg-switches|imit switchesandbrakesto the Control Box.

V. Hardwarelnterface

In orderto interfacethe MagLev andGyro unitsto the hostcomputeya dataacquisitioncardfor
thePCis neededTheMagLev requirestwo standard2A andfour standardA2D channelsand
the Gyro requiresfour opticalencodetinputsin additionto two standard2A outputs.We also
wantedto nd aboardwhichwould work with both Real-Time Windows Target(RTWT) by
MathWorksandReal-Time Linux Tamget(RTLT)’ by QRTS aswe wereinitially unsurewhich
operating-systerwe would chooseo useon the hostcomputer Boardswith bothopticalencoder
inputsaswell asA2D andD2A channelsarerare.Findinga compatiblesetof hardwareand
softwaredriverswasalsoa challenge.

Onesolutionwe consideredvasto usea general-purposBSPboardto performdataacquisition.
Theboardwould be out tted with sufcient analogl/O, andcouldbe programmedo decode
encodetinputsusingdigital /0. An advantageof the DSPapproachs thathigh control-loop
bandwidthsareoftenpossibledueto theef ciency of the DSP A disadwantagds expense.

Theothersolutionwe consideredvasto useagenericl/O cardwith encodelinputs. Thisis a
less-apensve approachbut placeshe control-loopprocessindpurdenon the mainsystemCPU
andsotendsto decreasé¢he controlbandwidththatcanbeachieved.

Oursearched usto four I/O boardswhich could meetour purposegrom a hardwarepoint of
view: TheinterfaceboardECP sellswith their controldevices,the Humusof? MF604,the
Quanset® MultiQ andthe ServodGol! Model 2. At thetime we madeour decisionthe ECP
boardwasonly supportedy ECP proprietarysoftware(it is now supportedunderRTWT and
RTLT via softwarefrom QRTS, the HumusoftboardwassupportedinderRTWT only (anddid
not have enoughl/O to supportsomelab devicesnot describechere),andboththe Quanserand
ServodGoboardsveresupporteduinderRTLT only. Helpingour decisionwe receved
indicationfrom QRTSthatthey hadplansto supportthe ServodGoboardunderRTWT (it now
is). We choseto usethe ServodGoboardbecausdt allowedus e xibility with regardto
operatingsystemandwasthe mostcost-efective solution.

Amongotherfeaturesthe ServodGoboardsupplieseightA2D channelsgightD2A channels
andeightencodeiinput channelsThis is morethansufcient for the needsof our laboratory
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VI. Softwarelnterface

In orderfor studentgo accesshel/O boardandcontrolthe MagLev, a softwareinterfaceto the
boardis required.Ratherthanrequiringthatthe studentswrite C-languageodeand

interrupt-serviceoutines(muchless,delug same)we choseto usea Matlab/ Simulink/ RTW/
RTLT interface.

Matlabis a softwareervironmentthatprovidesgreatcomputationapower andprofessional
graphicaloutput. The Control-System3oolbox,in particulay greatlyaidscontrol-systenanalysis
anddesign.Simulinkis a block-diagrangraphical-usemterfacebasedsimulationpackagevhich
worksin within the Matlabenvironmentandallows linearandnonlinear continuous-timeand
discrete-timesimulation.An exampleSimulink diagramis displayedn Figure4.
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Figured. ExampleSimulink diagramto performfull MIMO controlof MagLev.

Simulink doesnotdirectly accesshe ServodGointerfaceboard.Rathey the Real-Tme
Workshop(RTW)—accessiblérom Simulink througha pull-down menuitem—writesgenericC
codeto implementthe Simulink block diagram.Then,eitherthe Real-TmeWndowsTarget
(RTWT) or Real-TmeLinux Target (RTLT) is usedto generatédost-machinepeci ¢ codeand
executeit. All of this happenswith theclick of amousethe studentwritesno codeatall!

Usingthe hostCPUto executethe controlalgorithm—asdonewith RTWT andRTLT—resultsin
economiesinceaseparat®SPor CPUis notrequired.However, otherperformancessuesarise.
Speci cally, traditionalcomputemperatingsystemsuchasMS-DOS,Windows 95/98/NT/2000,
Unix andLinux arenot designedor real-timeoperation Although RTWT is available,thereis
debateregardingwhetheror not Windows NT is yetareliableplatformfor real-timesystems-213
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Thereis no guaranteednaximumlatengy betweeraninterruptandits service which makes
real-timeapplicationsunpredictable.

OtheralternatvesincludeQNX or VxWorks,commerciakeal-timeoperatingsystemsThese
have beenusedfor educationapurposedefore;anexampleis the QMotor programdeveloped
for QNX.1* We decidednot to usethesesystemslueto the costsinvolved.

Thealternatve we choses Real-Time Linux, or RTLinux. Linux!® is afree Unix-like operating
systemfor i386 (andfamily), Alpha andSparcprocessorsBy itself, Linux is not suitablefor
real-timesystemsbut a free patchcalledRTLinux addsfunctionalityto Linux to allow real-time
codeto executel®1’” Onepaperhasalreadydescribedan RTLinux approacho controleducation,
usingMatlabandSimulink, but notusingRTW andRTLT.8 A disadantageof this
implementations thatwe would needto write codeto interfacewith thel/O boards;The Matlab/
Simulink/ RTW/ RTLT systemdoesnot requirethatwe write ary codeatall.

Onedisadwantageof usingRTLinux is thatbasicUnix system-administratioskills arerequired
by thelab administratoiin orderto setup andmaintainthelab computersThiswasnotaproblem
for usaswe have someexperiencdn this area.Anotherpotentialdisadwantagehatconcernedis
is thatour studentdendto be morefamiliar with Windows thanLinux. We wantedthelab to
provide control-systemgducatiorandnot operating-systeraducation!So,we werecarefulto set
up thelab computergo minimizethe speci ¢c knowledgeof Linux required(almostnone),and
althoughthe studentggrumblefrom time to time, they do not seento have beendeterred.

Figure5 shavs a pictorial representationf the entirecontrol systemjncluding softwareand
hardwarecomponentsThe studentworkswithin a Matlab ervironmentwherehe or sheentersa
block diagraminto Simulink. Whenthediagramis completethe studentselectsRTW Build”
from the Toolsmenu,andRTW generate€ codeandbuildsit with helpfrom RTLT. The student
canthenstartthe coderunningusing“Start” from the simulationmenu.The coderunsasakernel
module,accessinghe MagLev throughthe Servo®Gointerfacecard. Signalsfrom the cardare
routedthrougha cableto a brealout box. The studentwiresthe brealoutbox to theappropriate
powerampli er using“bananacables. This setuphasprovento beveryusable.

The nal lab setupcompriseghefollowing hardwarefor eachworkstation:OneECP MagLev
“plant-only” unit, onePentium-Illclasscomputemwith a ServodGoModel 2 I/O board,one
ComdynaGP-6analogcomputeyoneProtek3003Bdc power supply oneProtekB-803sweep
functiongeneratoandoneeachAgilentHP-3468BmultimeterHP-54602Bdigital oscilloscope
(with HP-54657Bunit for phasemeasurement)lhetest-and-measuremeaquipmentreused
for systemidenti cation andcontrol-systendelugging.

Thefollowing softwareis usedon eachlab computer:Red-HatLinux 6.1 (free download
availablefrom http://www.redhat.com ), RT-Linux 2.0 (freedownloadavailablefrom
http://www.rtlinux.org ); thefollowing MathWorks products:Matlab5.3,Releasel 1,
for Linux, Simulink 3.1, Releasdl 1, for Linux, Real-Time Workshop3.0,Releasel 1, for Linux;
andthe QRTSproductRTLT Versionl.1. The C developmentpackageshouldbe selectedvhen
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Figure5. Pictorialrepresentationf systemsetupincludinghardwareandsoftwareintegration.

installingRedHat Linux Version6.11
VII. Two directions

We startedthelaboratoryrevival in the summerof 2000. Sincethen,thelab hasbeenusedfor the
laboratorycoursesECE4530:Contiol Systeméaboratory,® andECE4560:Digital Control
Laboratory,20 thelatterbeinga focusof this paper It hasalsobeenusedfor studentprojectsin
ECE4540:Digital Control SystemsandECES5520:Multivariable Control Systems, andfor
SeniorDesignProjectsandindependenstudyTopics. A previouspaperhasdiscussedhe
implementatiorof ECE453Q! andthis paperdiscusse& CE4560andanadwanceddigital control
course.

VII-A. TheUndegraduateDigital Control CourseandLaboratory

Theundegraduateseniorelectve ECE4540:Digital Control Systemss a standardecture-based
coursecoveringdigital controlsystemdrom bothfrequeng-domainandstate-space
points-of-viav. A textbookby Franklinandcolleaguess used?! A standardeedbackcontrol
courseis prerequisiteThe ECE4560:Digital Contmol Laboratory coursemeetsn thelaboratory
describedn this paperandhasthelecturecourseasa co-requisite Thetwo coursesaredesigned
to coordinatewith eachotherasmuchaspossiblesothatthe experimentatiorcomplimentsand
illuminatesthetheory A Ganttchartshaving therelative phasingof thetwo differentcoursess
shavnin Figure6.

Thelaboratorycourses organizednto anintroductorylab andfour mainunitsof labs. The
introductorylab introduceghe studentgo thelaboratoryfacility, instructsthemon how to log on
to andusethelab computersandprescribepropercareof the equipmentThe studentsaregiven
asimpleassignmenin Matlab/Simulink/ RTW/ RTLT. In theirjunior yearthe areexposedo
Matlabin their curriculum,but Simulink may be unfamiliar to them,andunlessthey have also

11t is our understandinghat QRTS no longersupportsRTLT. If this provesto bea problem,we will migrateourlabto RTWT.
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. Week of Semester
Lecture Topic 1.2.3.4.5 6.7 8.9 10111213 14 15 16
Introduction to digital control.
Review of continuous-time control. :
Emulation of analog controllers (1). : [ I :
The z-transform. : L :
Emulation of analog controllers (II). : : S ommm
Sampling and reconstruction. : : : -
Discrete-time systems. 1 1 1 1 D
Stability analysis techniques. : : ‘ ‘ ‘
Digital controller design (transfer fns).
10. State space--continuous time.
11. State space--discrete time. : : ‘ ‘ : : : ‘ : :
12.Discrete estimator design. : : : : : : : : : : : : : : -
13.Review. S S N S S S S S S N S S S N N L
Laboratory Topic

Laboratory Orientation
1. Discrete-time simulation with Simulink. : -

Unit 1: Design by Emulation : ‘ ‘ ‘
2. Time-domain controller emulation. : : . - :
3. Frequency-domain controller emulatlon 3 3 | -

Unit 2: Digital Effects ; : : : : : :
4. Sampling, aliassing, zero-order hold. } S

5. Discrete-time plant modeling. : : : : : ;- :
6. Filter stucture & finite-precision effects. : e Y

Unit 3: Transfer-Function Controller De5|gn ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
7. Frequency-response control design. : : : : : : : : | - : :

8. Numeric optimal PID control design. : : : : : : : : : : . - ‘
9. Ragazzini's direct control design method. : : : : : : : : : : : - -
Unit 4: State-Space Controller Design L
10. State-space model verification (disc. tlme) : : : : : : : : : : : : . -
11. State-feedback control design. : : : : : : : : : : : : : : :

(topics ‘7‘9‘) ’

O©eNoTrWNE

In class exam | (topics 1 6)
In class exam Il

Figure6. Ganttchartillustratingsynchronizatiobetweerlecturetopicsandlab topics.Lecturesareon
Tuesday/Thursdagndlabsareon Thursday

takenthe ECE4530:Control System&aboratory course they will nothave seenRTW or RTLT
before.

The rst unit following theintroductorylab hasthe studentemulatecontinuous-timesontrollers
in adiscrete-timamplementation(Thelecturecoursehasalreadycovered,by theappropriate
time, areview of continuous-timeontrol, the z-transform,andemulationof continuous-time
controllers.)In the rst lab,they emulatea continuous-timesontrollerby approximatingan
ordinarydifferentialequation(controller)with a differenceequation.ln the secondab, they
performlexical substitutionof 's' with afunctionof "Z' to discretizethe controller

The secondunit hasthe studentexplore variousdigital effects. (Thelecturecoursehasalready
covered,by theappropriatdime, samplinganddiscrete-timesystemanalysis.)In the rst labthey
investigatehe effect of samplingrate.In the secondab, they make a discrete-timanodelof the
plant. In thethird lab, they explore nite-precisionarithmeticand Iter coefcient effects.

Thethird unit coverscontrollerdesignvia transferfunctionmethods(Thelecturecoursehas
alreadycovered,by the appropriatdime, variousdifferenttransfesfunction controldesign
methods.)n the rst lab, thestudentsisestandardBodefrequeng-responsenethodsin the
secondab, the studentperformanumericalsearchor controllerparametersia gradientdescent
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in orderto optimizea costfunction. In thethird lab, studentsiseRagazzinis directcontroldesign
method?! All threelabsarefairly complicatedSIMO controlcon gurations.

Thefourthunitintroduceghe studento state-spaceontroldesignmethods(Thelecturecourse
hasalreadyintroducedhe studentgo theappropriateconcepts)In the rst lab, thestudentsare
asledto verify a state-spacenodelof the plant,con gured asatwo-inputtwo-outputsystem.
They alsoperformstate-feedbac&ontrolvia directstatemeasurementn the secondand nal
lab, the studentsdesignandimplementa multivariablecontrollerusinga full-order estimator
This lab providesa climaxto thecourse.

A labreadetasbeenpreparedor this classandis availableon the Internet?0 If youwould like
to uselab(s)from this readeypleasecontactthe rst authorat: glp@eas.uccs.edu

VII-B. TheGraduateDigital Control Course

Thegraduatdevel course MAE5421:Digital Flight Control, is asinglecourseratherthana
theorycoursecoupledwith a separatéab courseasdescribedabore. This graduatecourseis
designedrimarily for studentsnajoringin mechanicabr aerospacengineeringalthoughby not
requiringvehicledynamicsasa prerequisit§thoughdesirable)wve have notintentionally
discourageelectricalengineeringnajors.

Theprerequisitesreessentiallythe sameasfor the undegraduateE CE course(s)ust
described—amindegraduaterst coursen controltheory Much of thetheorycoveredin this
graduatecourseis very similarto thatin the undegraduateE CE theorycourse However, by
offering this courseat the graduatdevel, we expectto move throughthe material(theoryandlab)
muchmorequickly, andultimatelyconsidera ight-control casestudyattheendof thecourse.
For example ratherthanlectureon the developmenif a discretizednodelof a continuous
systemthegraduatestudentsareaskedto developsucha modelasa homeproblem.

Thetwo fundamentadifferencedetweerthe undegraduateE CE coursesandthe graduateMAE
coursejn termsof theorystressedinvolve treatmenof loop-shapingonceptandthew-domain
analysisanddesign.This eliminatesserioustreatmenbof estimatordesign,andcoucheghedesign
problemexclusively in thefrequeny domain(thoughboth state-spacandtransferfunction
modelsof systemaareused).Additionally, quantizatioreffectsanddescribingfunctionsarealso
speci cally treatedn thegraduatecourse.

Thelabsinvolve useof bothhardwaredevices,the magnetidevitation device andthe gyroscopic
device. TheMagLev deviceis usedin amannervery similarto thatin theundegraduateeCElab,
allowing for theinvestigationof digital effectslik e time delay andquantization.Thenasimple
continuouscontrollerfor onediskis designedandimplementednthe MagLev unit. Thisis
followedby thedesignof adigital controllerfor the samedevice usingdiscreteequivalents direct
z-domain,anddirectw-domaintechniques.

A nal designprojecttheninvolvesthe gyroscopiadevice (which exhibits input-outputcross
coupling),for which amulti-loop controlleris to berecommendedy the student.The students
arerequiredto developseveral possibledigital designsgvaluatethem,andrecommena
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controllerandsamplinginterval. Maximizing the samplinginterval, while maintainingacceptable
performanceindrobustnesss a designobjectve. Thereis norequirementhattheir designbe
obtainedvia eitherdiscreteequivalenceor by directdesign.Baselineperformancéor the students
is basedon a*“good” continuousdesigndevelopedby the studentshatmeetsthe designspecs
provided. Duringthe nal weeksof thesemesteithe ight-control casestudiesarethe subjectsof
thelecturesandsimultaneouslyhe studentsareworking ontheir nal designproject.

VIIl. Initial EvaluationandStudent~eedback

Althoughthelab hasbeenoperationafor only two semestersye have begunevaluatingits
effectivenessisingquantitatve andqualitatve means We wantedto testtwo hypotheses:

Hypothesis:A lab experienceprovideshands-oriearningto improve basicunderstanding.
Therefore studentgakingthelecturecourseonly (thelabis notrequired)will do more
poorlyin thelecturecoursethanthosestudentdakingthelab aswell.

Results:We have datafor four semesterfor studentgakingthelecturecourseonly versus
studentgakingboththelectureandlab. Thelab syllabusfor the rst two semestersias
basedn simulationonly; thelabfor the nal two semesterss theonebasedn experiment
andpresentedh this paper
Overthethreesemestergyradesn thelecturecoursefor studentgakingboththelab andthe
lectureaveragedo 80%:; gradedn thelecturecoursefor studentshottakingthelab averaged
to 69%. Thereis an11%gapbetweerthesetwo groupsof studentsThereareenough
studentsn the sampleto malke this resultstatisticallymeaningful.

Hypothesis:An experimentalab providesbetterlearningthanalab basedn simulation.

Results:For the rst two semesterghe gapbetweeriecture-onlystudentsandstudentsvho
took boththelectureandlab wasa 5% differencein coursegradein thelecturecourse(both
times).For the rst semestewherestudentradanexperimentalab experiencethegapwas
16% (all studentslectedo take thelabin thefourth semestersoresultsarenot availablefor
comparison)This resultis interestingout probablynot statisticallymeaningfulsinceonly
two studentslectednot to take thelab coursein thethird semester

Overall, the quantitatve resultsarein favor of alab experiencewvhetheror notit is experimental.
Theresultsseenmto bein greaterfavor of anexperimentabpproachversusa simulationapproach,
but the samplesizeof statisticds too smallto tell for sureasof yet.

Qualitative evaluationhasbeendoneby recordingsomeresponsefrom studentab writeupsfrom
the Control System&aboratory andDigital Control Laboratory coursesAs youwill beableto
tell, they arequite candid:

[On analog computedab] “This lab wasboringbecauseve did not getto play with the
MagLev.”
[On analog computedab] “This wasa painful experience) hatethe analogcomputer
with apassionandit hatesme??
2 The analogcomputerab which the studentdid not like hasbeenmodi®edin the lab reademow available. It now includes

experimentatiorwith the MaglLev, and nov hasa clearerpresentatioron how to usethe analogcomputerto performfeedback
control.
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[On systemdenti cation] “Thesemethodsareprettycoolin thatl neverrealizedthat
they tookinto accounfriction, which makesthemmoreuseful’

[On linearization,comparinglinearizedmodelwith real system]‘Justfor fun, we
inputtedsomeotherwaves: squarevave, trianglewave, rampfunctionandsoon. The
coolestonewaswhenwe putin arandomsignal,andraisedthe valuefor umg [the
dc-offset]. Themagnetwould jump aroundlik e acrazygrasshoppeandthe model
outputmatchedhe actualoutputalmostexactly”

[On frequency-esponseNyquist]“This lab clearsup alot of conceptdearnedn class.
Like theNyquistplot, | didn't realizethatthe Nyquistplot wasjust a polarplot until
thislab (althoughl amsurethatDr. Plettprobablymentionedt a million times)’!

[On thecoursein geneal] “To be quite honest)'m learningmorefrom this lab than
previouslabstakenandlabsthatI'm takingright now. I amalsoimpressedow muchit
actuallyfollows ECE4510FeedbaclControl Systemsanduseghethingsthatwe
learnedn class.

Someof thesecommentsndicatethatreallearninghasoccurred. Oneshavsthatthe students
weresoinvolvedin thelab thatthey tried someexperimentsvhich werenotrequired.The nal
commentvalidateghatthelectureandlab coursesarewell coordinated.

IX. ConclusiomandFuturePlans

A control-system#$aboratoryhasbeendevelopedaroundthe ECP MagLev andGyro plants,using
Matlab/Simulink/ RTW andRTLT software,onthe RTLinux operatingsystem.As of thewriting
of this paperthelab hasbeenin usefor severalsemestersi lab manualhasbeendevelopedfor
theundegraduateDigital Control Laboratory which useshe MagLev device. Thelab schedule
coordinatesvith the Digital Control Systemseniorelective classsothatexperiments
complemenandilluminatethetheory The MagLev hasalsobeenusedfor the nal projectin
otherundegraduateandgraduateclassesinitial evaluationindicatesthatthelaboratory
experiencehassigni cantly aidedlearningof control-systemsoncepts.

An MAE graduatdevel coursehasalsobeendevelopedin digital controlsystemsThis course
combinegheoryandexperimentwith boththe MagLev andGyro plants.FeedbacKrom students
in this courses alsovery positive, with respecto usinghardwareinsteadof lectureonly.

Futureplansincludetrueintegrationof the MAE andECE undegraduatdeedbackcontrol
laboratoryclassestesultingin afull multidisciplinaryexperience Thiswill commencen Spring
2002.We believe thattheintermingledperspectiesof two disciplineswill leadto betterrounded
learning.
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