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Educationallaboratoryexercisescover a wide spectrumrangingfrom programmedand highly

structuredtasksto discovery-learning-basedandunstructuredexperiences.In structuredor direct-

instruction-basedexercises,studentsaregivenlists of materials,step-by-stepprocedures,andof-

ten speci�c resultsto calculate. In unstructuredor discovery-learning-basedexercises,students

aregivenanoutlineof stepsandmeasurements(guided-inquiry-basedinstruction),or perhapsno

morethana statementof goals(inquiry-basedinstruction). In the past20 years,therehasbeen

a movementin scienceteaching– Chemistry, Biology, andPhysics– toward inquiry-basedin-

struction,alsocalleddiscovery learning[1, 2, 3]. TinnesandandChanmake a goodcasefor a

discovery-learningapproachin their artfully titled article: “Step 1: Throw Out the Instructions”

[4].

“Before we tried instructionlesslabs,we assumedthat the studentscouldn't devise

their own procedures.. . . Much to our surprisethestudentsshow considerableskill

in designingtheirown labs.” (FromTinnesandandChan[4])
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Discovery-learning-basedinstructionhasbeenshown to helpdevelopabstractreasoning[2], en-

hancetwo-yearretentionof concepts,and improve student's attitudetoward the subjectmatter

[1]. Theprincipal featuresof discovery learningrelative to a directedlaboratoryprocedureareas

follows:

� Insteadof beinggivenspeci�c instructions,studentsareprovidedwith astatementof objec-

tivesandpossiblyanoutlineof steps,but aregivenno speci�c procedureto follow.

� Thereis no onecorrectprocedure,but many possibleprocedures.

� Themethodsfor analyzingandinterpretingdatamaybebroadlypresented,but speci�c steps

to carryoutor tablesto completearenot provided.

The educationliteratureprovides many examplesof high-quality controls laboratoryprograms

(e.g., [5, 6, 7, 8]); and in a recentspecialmagazinesectionon the future of control education,

nearlyall authorsexpressedtheimportanceof anemphasison thepractical([9, 10,11]).

At the Universityof Wisconsin-Milwaukee(UWM) we have developeda controlslaboratory

sequenceemphasizingdiscoverylearning.Thesequenceevolvedincrementallyoverseveralyears,

duringwhich time it becameclearthatsystemidenti�cation couldbeusedasavehiclefor discov-

ery learning. In our �rst efforts, completemodelswereprovided to the students,andmultiterm

controllerswere testedfrom the outset. Today, studentscarry out systemidenti�cation, build a

model,“designa controllerandassessits performance”in eachlaboratoryexercise.Thedevelop-

mentis from thesimplestpossiblesystemmodel– aDC gain– to adynamicmodelandthree-term

control. Thesemesterculminatesin a master-slave servo trackingproblemin which studentsim-

plementcontrolfor aservo thatmusttrackaprogressively moreagiletarget.

The laboratorysequenceis usedin theElectricalEngineeringprogramat theUWM with the

�rst coursein controls.This is anelective courseusuallytakenby ElectricalEngineeringmajors
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in theirsenioryear. At theoutsetof thecontrolscourse,studentsareconversantwith many aspects

of circuit analysis,including dynamicsanddifferentialequations,andhave hadsomeexposure

to experimentalstatisticsaspartof a lecturecoursein engineeringmathematics.Theintroductory

controlscoursesyllabuscoversthetraditionaltopics,startingwith Laplacetransformandmodeling

andconcludingwith designusingroot locus. The laboratoryexercisesarerun in a two-hourlab

period,with Lab4 conductedover two periods.

Organizationof the Laboratory Exercises

The� ve laboratoryexercisesareoutlinedin Table1. For eachlaboratoryexercise,studentswrite

a prelaboratoryreport(the“prelab”), which is assignedtheweekprior andturnedin at thebegin-

ning of the laboratoryperiod. The prelabpreparesstudentsthrougha seriesof pencil-and-paper

exercisesintroducingconcepts,de�ning terms,andguidingstudentsto theappropriatereferences.

For Labs1 and2, theprelabsareratherstructured.Studentsareprovideddatasimilar to what

they will observeandarewalkedthroughthedataanalysisandinterpretation.ForLabs3 through5,

theprelabsareprogressively lessstructured,providing progressively morediscoverylearning.The

fourth prelabcallson studentsto designthe laboratoryprocedureindependentlyto achieve goals

of systemidenti�cation, control design,andperformanceassessment.The �fth prelabexercise

presentsstudentswith anunstructureddesignchallenge.Studentswork in groupsof two or three,

andfor eachexercisea reportis written (the“postlab”) in whichstudentspresent�ndings.

Motor Servo Apparatus

The apparatusis a servo unit with a DC motor, a tachometer, anda potentiometerfor position

sensing. The hardware is shown in Fig. 1, and the electrical layout is illustrated in Fig. 2.
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Lab# Identi®cation Controller

Design

Measurements AdditionalTopics

1 DC Gain (velocity

servo)

Open-loop

andP-type

Closed-loop

Tests:

* Steady-stateerror

* Linearization

* Uncertainty

2 Lab 1 result used

(velocityservo)

Open-loop

andP-type

Closed-loop

Tests:
* Transientresponse,
* Disturbancerejection,
* Parametervariation

* Experimentdesign

* Uncertainty

3 Step response,®rst

ordermodel(veloc-

ity servo)

PI by pole

placement

Tests:

* Stepresponse,

* Sinusoidtracking

* Modelingaccuracy

* Model order

* Uncertainty

4 Stepresponse,
freq. response,
second-ordermodel

(positionservo)

PD andPID Frequency response,
trackingerror

(PD andPID control)

* Student-designed
identi®cation

experiment

5 Model from freq.
responsedata

(positionservo)

PID design by

root locus

Competitive target

tracking

* Rootlocusdesign

* Empiricaltuning

Table1: Contentof laboratoryexercises1 through5.

The hardware comprisesa 1/20 HP DC motor with reductiongearand tachometer, a mechan-

ical bar, which is the motion output of the system,and a potentiometerfor position detection.

Thisequipment,plusampli�er wasprovidedby QuanserConsultingof Hamilton,Ontario,Canada

(http://www.Quanser.com). Specializedcomponents,suchastheblocksandlinks shown later in

Fig. 6, werefabricatedatUWM.

ThecontrollercomprisesaKeithley MetraByte(http://www.keithley.com)DAS 1602A/D and

D/A cardsandacustomC-languagecontrollerthatimplementsamenu-drivensystemfor selecting

eventsandcontrollers,capturingdataandso on . The C-languagecontroller, availableby con-

tactingthe authors,waswritten in-houseat a time whenit wasstill dif�cult to exceedthe 64K

low-memorylimit of Microsoft DOS. The real-timeperformancehasbeentestedat up to 2000

[samples/sec]in MS-DOS (we actually run at 200 samples/ second),althoughwe see0.5 sec
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Figure1: SRV-02 motorservo with ampli�er andcomputercontrol.

pausesin thereal-timeservicein Microsoft Windows 95 and98. Thus,thecontrolcomputersare

bootedin MS-DOSfor real-timework. If this projectwerereimplementedtoday, we would use

real-timeLINUX andtheMATLAB A/D andreal-timetoolboxesfrom MathWorks. In additionto

implementationadvantages,thiswouldallow thestudentgreaterfreedomin implementingcontrol

andgatheringandanalyzingdatadirectly in MATLAB, andwould eliminatetheneedto learnthe

specialmenuinterfaceof theservo software.

Thelaboratorydevelopmentwassupportedby a WisconsinLaboratoryModi�cation grant,as

well asby hardwaregifts from Keithley MetraByteandHewlett Packard. The servo portion of

theapparatus,includingpowerampli�er andservo motor, but excludingcomputerandA/D board,

costapproximately$3500perstation.
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Figure2: Electricallayoutof themotorservo usedin all � ve laboratoryexercises.
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DetailedDescription of the Exercises

Instructional Materials

Studentsareprovideda 30-pagedocument,UserGuideto theServoSystem, which hasa tutorial

sectionon con�guring andcalibratingthe hardware andsoftwareof the servo, anda reference

guideto the58commandsof themenu-drivenservo software(breakdown: 18 commandsfor con-

�guration, 15 for dataanalysis,and23 for testing). A typical tutorial elementis the hardware

checklistshown below. Thetutorialsaredirect-instructionmaterials,asevidencedby thestep-by-

stepcharacterof thechecklist.

Hardware Checklist

This checklist has you cable up the power ampli�er and conduct the end-around test. An end-

around test is one that pipes an output signal from a system back to an input and tests that the

signal makes the journey.

1. Check that:

(a) A/D board – power ampli�er cable is in place. (This is the DB-9 connector that connects

at the back of the power ampli�er .)

(b) Power amp power cord is in place.

(c) Power amp output switch (switch in Amp Symbol) is turned OFF.

(d) Power amp coupling switch (couples digital/analog output 0 to the power amp) is turned

to COUPLED.

(e) Power amp AC power is turned ON.
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2. Start the servo program.

3. Conduct ampli�er end-around test:

(a) Cable from the amp output to an A/D input.

(b) Switch ON the amp output (switch in amp symbol).

(c) Select the test menu option (> t).

(d) Select the amp loop test (> >a).

(e) Indicate the A/D channel that is connected to the amp output.

(f) The test will be conducted and the results indicated;check the results.

The measured values should be within a few tens of millivolts of the commanded values, except

perhaps for the smallest and largest voltages.

Theotherwrittenmaterialcomprisesthelaboratoryexercises,rangingfrom 3 to 14pagesin length,

with theshorterlengthcorrespondingto greaterrelianceondiscoverylearning.The�rst laboratory

handoutshave a considerableamountof tutorial materialanddirection,asshown in thefollowing

examplefrom theLab1 handout:

Intr oduction

Open- and closed-loop controllers are distinguished by whether an error signal is used to deter-

mine the command applied to the process. An open-loop velocity control is shown in Fig. 3.

The signals are:

r
�

t � referenceinput,

u
�

t � motorcommand,
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m(t)r (t) Open-Loop Control Law

m(t) = b0 + b1 * r (t)

Reference Command
[radians]

c(t)Simple Servo Model

Gp  [radians/sec/volt]

Shaft Velocity
[radians/sec]

Applied Voltage
[volts]

d(t)

+
+

.

Figure3: Open-loopvelocitycontrolwith disturbanceinput.

d
�

t � disturbanceinput (shown in parallelwith themotorcommand),

c
�

t � systemoutput.

As describedbelow, by the time the studentsarrive at Lab 4, they will be designingtheir own

experiments.For example,thesefollowing stepscomefrom theLab4 guide:

Step 4. Design an experiment to identify the second order , volts-position transfer function of the

SRV-02 using frequency response and the MATLAB routine invfreqs.

Step 5. Design an experiment to determine the Bode plot of the closed-loop error transfer function

E
�

s��� R
�

s� , from very low frequency to two times the -3 dB point of the closed-loop system.

Test the controllers speci�ed in Table 2.

By thetime lab 4 is assigned,theformatfor thelaboratoryreportis quiteopen:

“Think of your laboratory report as a project report that you are writing as a consultant-

subcontractor to a company with a major prime contract. Your report should be concise,

and yet suf�ciently complete to be useful. It should include:

1. A short abstract.
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2. A description of the measurement setup that is suf�ciently complete for the measurements to

be reproduced.

3. Measured data and a description of the process by which it was analyzed.

4. The results, including uncertainty.

5. Interpretation of the results.

Completeness obviously con�icts with conciseness. Two suggestions: Don't repeat, and do use

illustrations.”

Labs 1 and 2 :Zeroth-Order Modeling and Control

Theobjectiveof eachlab is thatstudentscarryout nontrivial designwith a completesystem.This

objective is approachedin Lab 1 by startingwith thesimplestpossiblesystemmodel(a DC gain)

andthesimplestpossiblecontrollers:open-loop(offsetandproportionalterms)andP-typeclosed-

loopcontrol,designedto meetaloop-gainspeci�cation.Nonetheless,theexerciseinvolvessystem

identi�cation, controllerdesign,andmeasuringandcontrastingcontrollerperformance.

To preparethestudent,Prelabs1 and2 mustintroduceseveraltopics

Prelab1 topics.

1. Introductionto theservo hardwareandsoftware.

2. DeterminingDC gainanddesigningopen-loopcontrol.

3. DesigningP-type,closed-loopcontrolfor speci�edloopgain.

4. DesigningP-type,closed-loopcontrolwith feedforward.

5. Determiningmeasuresof thesystemresponse:steady-stateerror.
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6. Uncertaintyestimationfor measuredvalues.

Prelab2 topics:

1. Developingandmanipulatingtransferfunctions.

2. DesigningP-typeclosed-loopcontrolfor speci�edloopgain.

3. Determiningmeasuresof thesystemresponse:

� Risetime,

� Steady-stateerror, and

� Amplitudeof a sinusoidalresponse.

4. Uncertaintyestimationfor computedvalues.

Lab 1 activities: The basics

Lab 1 introducesthe basicsof sensing,actuation,andopen-andclosed-loopcontrol. The �rst

systemidenti�cation consistsof applyingseveral valuesof constantvoltageandmeasuringthe

correspondingvelocity. A modelcomprisingDC gainandoffsetis developedby linearizingabout

a speci�ed operatingpoint. This model is usedto designa two-termopen-loopcontrollerwith

unity gain anda P-typeclosed-loopcontrollerproviding a loop gain of 10. The structureof the

open-loopcontrolleris seenin �gure 3, above, andthe structureof the closed-loopcontroller is

shown in Fig. 4. Applying thesecontrollersseparatelyandcombiningthemfor closed-loopwith

feedforwardcontrol,studentsmeasuresteady-stateerrorduringvelocity regulation.
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Figure4: Closed-loopvelocitycontrolwith velocitysensing.

Lab 2 activities: Studentdesignedlaboratory procedure

Lab2 introducesperformancemeasuresandtheperformanceimprovementsthatmotivatefeedback

control. Studentsinvestigatethe correlationbetweenloop gain andrise time, steady-stateerror

andpeakmotor command,aswell assensitivity to parametervariationand torquedisturbance.

Parametervariationis introducedby increasingtheseriesarmatureresistanceof theservo motor

from 6.4 to 16.4W. A disturbancetorqueis introducedby laying the motorservo on its side,as

shown in Fig. 5.
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Figure5: SRV-02 on its side,sothatgravity providesa torquedisturbance.

With Lab2, studentsdesigntheir laboratoryprocedure.To assistthemfollowing � veelements
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of anexperimentdesignareprovide,with severalpagesof accompanying explanation.

1. Consideration of what results are sought, how the results will be determined, and how their

uncertainty will be determined;

2. How the apparatus will be con�gured, tested, and calibrated (including choice of reference

input, controller, controller parameters, etc.);

3. The range of inputs to be tested, i.e. what should be the smallest amplitude input and the

largest, the lowest frequency and the highest, etc.;

4. How many data points to collect (this requires consideration of how the results and uncertainty

will be calculated).

5. A general notion of anticipated results, so that you can verify that the experiment is working

correctly while you are running it.

In the �rst iteration of theseexercises,position control of the motor servo was used. This

posedtwo challenges:1)with positioncontrolof themotorservo, thesimplestmeaningfulmodel

is alreadya dynamicmodel; and 2) tracking a position trajectoryoften involves velocity zero

crossings,wherefriction hasits greatesteffect.

Both of theselimitations areaddressedby servoing velocity. The simplestmodelbecomesa

DC gainwith unitsof radianspersecondpervolt; andvelocitypro�les canbeusedthatwhich do

not includezerocrossings,reducingtheimpactof friction. Labs1 and2 aredonewhile thelecture

componentprogressesthroughmodelingandblock diagramanalysis,andthusstudentshave not

yet seendynamiccompensatordesign. Working with the simpleDC gain model facilitatesdis-

covery learning:studentsareableto do systemidenti�cation, controllerdesign,andperformance

assessmentwithout recourseto aprepackagedmodelor controllerdesign.
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Lab 3: First-Order Model Identi�cation

Lab3 introducesdynamicmodelingandcompensation.As with the�rst lab, thethird lab exercise

openswith afocusonsystemidenti�cation. Modelcomplexity andperformanceobjectivesareex-

tendedby moving to a �rst-order plantmodelandPI-typecontrol.Thetopic of modelcomplexity

asadesignerchoiceis introduced.

In the laboratory, the �rst-order model is identi�ed from open-loop,step-responsecharacter-

istics of rise time and transientamplitude. Thesemeasurementsaredistinct from thoseof Lab

1, wherethe systemis identi�ed usingsteady-statevelocity. Series-PIcompensationleadsto a

secondordersystemwith two controllerparameters.Pole-placementdesignis used. The limits

of the �rst ordermodelareexplored. Thecontrollerstructureis thatof Fig. 4. Error responseto

sinusoidalinputsis alsoexploredin Lab 3, to preparethestudentsfor systemidenti�cation from

frequency responsein Lab4.

Lab 4: Second-OrderModel Identi�cation, Discovery Thr oughStudent-Designed

Experiments

In Lab 4 , useshifts from theType0, velocity-controlledsystemto a Type I, position-controlled

system.By thispoint in thesemester, theanalysistoolsareavailableto understandtheimplications

of apoleat theorigin, aswell asthedynamicsof a second-ordersystem.

During the prelab,a model identi�cation procedurebasedon stepresponse(from peaktime

andpercentovershoot)is introduced,aswell asidenti�cation from frequency responsedatausing

theMATLAB functioninvfr eqs(). Thelattermethodhastheadvantageof allowing thestudentsto

identify a fourth-ordermodelthatcapturesa �e xible mode.

In Prelab4, the studentsare tasked to designthreeidenti�cation experiments:two directed

toward plant transferfunctionsandthe third toward error transferfunction. They mustdraw on
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their experienceidentifying one- and two-parametermodelsfor the plant, as well as operating

theservo hardwareandsoftware. Their experimentdesigns– asdistinct from their resultsin the

laboratory– arecritically gradedwith respectto items1–5of anexperimentdesign,listedabove.

Lab 5: Stayingon Target

In the �fth and�nal lab, studentsaretasked to designa high-bandwidthPID position-controller

for the motor servo. Studentsbring to bearon this taskroot-locusdesigntechniques,aswell as

simulationusingsignalssimilar to thosebeingtracked.Theapparatuscomprisestwo motorservo

units(Fig. 6). Theinstructorcontrolsthe�rst unit – thetarget- with theplasticblock. Thestudent

controlsthesecond.

Figure6: SRV-02Riggedasthetargettracker.
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The apparatusis shown schematicallyin Figs 7 and8. As seenin Fig. 7, the outputshafts

of two SRV-02 motorservo unitsareconnectedby a wire link. The link slidesin a groove in the

blockonthetargetunit androtatesin abushingonthetrackerunit. As thetargetmoves,thetracker

mustfollow to keepthe wire in the groove. The block andgroove are2 cm wide, allowing � 1

cm of motionerrorbeforethewire will fall out. Themotioncommandto thetargetprogressively

increasesin speed.Thestudentstaskis to keepthe tracker on the target (thewire in thegroove)

aslongaspossible;performanceis measuredwith astopwatch.As shown in Fig. 8, thereference

signalto thestudents'controlleris thedetectedpositionof thetarget.

Top  View

Side  View

Target Tracker

Wire Link

Block

SRV-02
(B)

Bushing

SRV-02
(A)

Figure7: Mechanicalcon�gurationof theTracker.
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Figure8: Signalconnectionsof theTrackerTester.
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Eachstudentgroup achieves two performanceresults:1)the performanceof their �rst con-

troller, designedaspart of the prelabusingthe model identi�ed with datafrom Lab 4 androot

locusandsimulationtechniques,and2) theperformanceof acontrollertunedduringthelaboratory

session.Studentperformanceis often remarkable.A reasonablytunedcontrollerby the authors

will track the target for 100 sec. The students'initial controllerstypically stayon target for 30

sec;andthehand-tunedcontrollerscanhold-lockfor 300secor more.Thestudents�nd Lab5 an

exciting experience,which they approachwith a lot of energy.

In partto balancetheextensive reportingrequiredin Lab 4 andin partto reducetheworkload

at theendof thesemester, thereportingrequirementis modest:

“Write a short report (1 page maximum, not including �gures) describing the most im-

portant aspects of how you arrived at your controller design.”

In-ClassExperience

Our experiencewith discovery learninghasbeenentirely favorable,with 93%of studentsduring

the past� ve semesterscompletingall of the laboratoryreportsand72% earningmarksfor their

laboratorywork that maintainedor improved their coursegrade. The studentsremarkin course

evaluationsthatthelaboratoryis considerablework andis confusing.But it is to beexpectedthat

a discovery-learningexperiencewill oftenbeboth morework andmoreconfusingthana direct-

instructionexperience.

Like Tinnesandand Chan[4], we �nd that the studentsshow considerableskill in design-

ing their own labs. Indeed,thegreatestchallengewe experiencein implementingthediscovery-

learninglaboratoryis not with thestudent,thestudent's workload,or theself-designedlaboratory

procedures,but with thedemandsof understandingandpedagogicalskill placedon thelaboratory

instructor, mostoften a teachingassistantat UWM. Continuousinteractionwith the studentsis
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required,andfor perhapsone-thirdof thestudentgroups,adjustmentsneedto bemadein their lab-

oratorydesigns.Problemsneedto berecognizedasthey arise,andtheproblem-solvingexperience

is,of course,partof thelearningexperience.But thestudentis notexpectedto resolveall problems

without theassistanceof theinstructor, andtheinstructormustregularly interactwith eachof the

students,observingeffortsthathavegoneoff trackandproviding input thathelpsresolveproblems

while maintainingtheopportunityfor discovery learning.Theseareformidabledemandsto place

on a graduatestudent,andit is bestto have a professorin at leastoneof the laboratorysections

andto haveclosecoordinationbetweentheprofessorandtheteachingassistants.

Our experiencehasbeenthat laboratoryproceduresdevelopedby thestudentsaremoresim-

ilar thandifferent. Variationsthat exist lie in the dimensionsof numberanddistribution of data

collectedandthedesignof thestatisticalanalysis(for example,in choosingwhich measurements

to take severaltimesto estimatevariability). Thesoftwaresystemallows a rangeof controllersto

berealizedandparameterssuchassamplerateto bevaried;but it is importantto minimizecom-

plexity, so the studentsarenot makingchoicesalongthe dimensionsof, for example,controller

structureor samplerate.

An importantindirectbene�t thatwe �nd is theopportunityto tie developmentsin lectureto

experiencesthestudentshavehadin thelab (seealso[10, 11]). As onestudentput it in thecourse

evaluation:“Lab applicationanddiscussiondrivesit home.”

Conclusions

A sequenceof laboratoriesis presentedthathave beendesignedto maximizestudentinvolvement

in thedesignaswell asexecutionof thelaboratoryexercises.The�rst labbeginswith thesimplest

possiblemodel, a DC gain, and studentsexplore fundamentalideasof sensing,actuation,and

feedback.With the secondlab, student-designedexperimentsareintroduced.By the endof the
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sequence,studentsindependentlydesignandimplementsystemidenti�cation, controllerdesign,

andperformanceassessmentfor high-performancetrackingwith amotorservo.

The educationliteratureestablishesthe potentialfor discovery learningto increaselearning

outcomesin laboratoryteaching.Thisposesa challengefor controls, becauseevena simplecon-

trol systemis nonethelessa system. Its designcantouchon many issues,including a possibly

complex systemmodel,implementationissues,possiblyincludingcomputerprogramming;non-

linearities,includingfriction andsaturation;andinstrumentation.For discoverylearning,thesitua-

tion mustbesimpleenoughthatthestudentcanwork withoutpreciseinstructions.Wehavechosen

to emphasizediscovery learningat theexpenseof somedetails:Systemmodelingstartswith the

simplestpossiblemodel;theequipmentcon�gurationandcontrollerareprovided;andstudentsdo

no real-timeprogramming;at theoutsetstudentsareguidedtowardexperimentalconditionsthat

avoid nonlinearities,andtheneededinstrumentationis built into theservo softwarepackage.With

theseelements,andsomeguidancefrom theinstructorwhenneeded,studentsdiscover themeans

to carryoutsystemidenti�cation, controllerdesign,andperformanceassessment.
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