ECE4560

DIGIT AL CONTROL LABORATORY
Fall 2002

Discrete-timecontmol systemswill be designedandtestedusingmicrocomputes, compensata, A/D and D/A con-
verter analog computes. Experimentsn the control of discrete and analay systemswill be performed. Coreq.,
ECE4540.

Instru ctor: TBD Ofce: TBD Phone: TBD email: TBD
Course web-page: http: //Imocha- java.u ccs.edu /ECEA456 0/

Of ce Hours: TBD

Summar y: Thiscoursedealswith practicalaspect®f controlengineeringlt is intendedasacompaniorcoursefor
ECE454(Q(Digital Control Systems)andsenesto augmentinddemonstrateonceptpresentedn the classroom.

Matlab/Sim ulink: You will useMatIabo andSimuIinko extensiely. Prior familiarity with MatlabandSimulink
is assumedYou arenot requiredto purchasehesepackagesMatlab and Simulink run on the control-systemsab
computersandon the ECE multimediaroomcomputers.

Grading : 10% of your coursegradewill dependon your prelabassignmentand90% of your coursegradewill
dependonyourlabreports.No lab reportwill begivenagradebetterthan“F” until youturnin anapprosedprelab
assignmentor thatlab. Seefurthernoteregardinggradingon the backof this page.

Lab Syllab us
Laboratory Orientation Unit 3: Transfer Function Controller Design
1. Discrete-timesimulationwith Simulink. 7. Frequeng-responseontrollerdesign.

(Freelab periodto write up formalreport) 8. Numericoptimal PID controllerdesign.

Unit 1: Designby Emulation 9. Ragpzzini's directcontroldesignmethod.

2. Time-domaincontrolleremulation. (Freelab periodto write up formal report)

3. Frequeng-domaincontrolleremulation.

) ) Unit 4: State-SpaceController Design
(Freelab periodto write up formal report)

_ . 10. State-feedback&ontrollerdesign.
Unit 2: Digital Effects

: - 11. Stateestimatiorandcontroldesign.
4. Sampling.aliasing,zero-ordeihold. g

5. Discrete-timeplantmodeling. (Formalreportduebeforeendof examweek)

6. Filter structureand nite-precision effects.

(Freelab periodto write up formal report)



Work Load: Thisis anaggessie lab courserequiringweely assignmets. On average,expectto spend3 to 4.5 hous
perweek outsideof thelab preparing for the labsandconpleting lab writeups. This is in accad with UCCSpolicy relating
credithours for alaboratorycouseto studentworkload Somestudentswill nd thatmoretime is required while otheas will
nd thatlesstimeis required

Grading:  Dueto spaceandequpmentlimitations,thelabsmustbeperformedn groupsof two or threestudentspergroup.
Your gradewill belargely determine by thequality of yourreport. Therepatswill begradedhasedn organization,techrcal
acairag/, neanessgrammarandspelling. If alab-groyp submitsa singlereport,theneachstudentwill receve thesamegrade
for thelabreport.If eachstudenin alab-groupsubmitshis or herown report,ead studenwill receve anindividud grade

Lab Reports:  TheDepartmet requresformallab reportswhich mustsatisy thefollowing formatrules:

1. Title page: This mustincludeatitle, group membe names, courseandsectionnane anddate.
2. Introdudion: Explan the baclkgroundandobijective of thelab indicatingrequrementsanddesiredresults.

3. Discussion:Discusstheundelying applicable theoryandcon@ptsthatsupporithe measuremats. Indicateanddiscuss
themeasurenm@ set-upandequpmentused.

4. Measurenentdataand/orResults:Preseh measurema resultsin takular, graphicé or numericform. Presentesults
from requiredlab exercises.

5. Discussiorof Measuremets: Discussmeasueddatain context of comparisonto expectationaccuagy, dif culties, etc.
6. SunmaryandConclwsions:Discussnd ings,explain errorsandunexpecta results summarizeandindicatecorclusions.

Furtherrequiremets onthelab reportare:

1. Correctspelling,grammarandpunduationis required.
2. Reprt mustbetyped; gures, drawvingsandequdions may be handwritten.
3. Formatof referenesmustcorform to IEEE (transactions$tandads.
Prelab Assignments: Beforeyou enterthelaboratoryead week you areexpectedto thoroughly readandundestand

the correspoding lab writeup in this lab reade. Eachlab hasa prelabassignment.This assignmenhmustbe comgetedand
turnedin to thelab instructorbefare you will be permittedto startthelab. Eachof your prelabassignmentsustcontan:

2 Answersto the speci ¢ questionsgiven in the “Prelab Assignment”portion of thelab reacer for thatlab,
2 A paragaphdescribingwhatyou aresupp@edto do duringthelab,
2 A paragaphdescribingexpectedresults.

A portionof your coursegradewill beassignedasedn your prelabassignmets. Furthemore,no gradebetterthanan“F” is
possiblefor ary lab reportuntil anapproved prelabassignmenhasbeen turnedin for thatlab.

Missed Labs: Attendaiceis your responsibility Missedlabswill count asZERO without a physiciaris documentaion
of anillness,or otherappropiate docurrentationof anemegercy beyondyour controlandrequiringyour absee.

Please Note: Theinstructorreserestheright to chargethe syllabusandto addor deletelab assignmentsepandingon
circumstanes.Chargeswill beannainced ahea of time, andhandaitswill begiven out atleastoneclassahead of thelah.

The Control-Systems Lab and the Lab Reader  This materialis baseduponwork supportecby the Na-
tional ScienceFoundationunderGrantNo. 9981009.Any opinions, ndings, andconclusionor recommendations
expressedn this materialare thos of the authorand do not necessarilyre ect the views of the National Science
Foundation.

Thelabreacer hasbeencompmsedusingthe LyX docunentprocessingystemandtypesetwith IATEX2-. All original diagrams
have beencreatedusingeitherx g or Matlah Scresnshotsweremade usingxv.

The lab readerhasbeenprepaed by Dr. Gregory Plett; however, muchhasbee taken from the manué for the Modd 730
Magnetic Levitation unit by Educationd Cortrol Prodicts (ECP),http://w ww.ecpsyste ms.com, andthemarualfor the
RealTimeLinux Target (RTLT) by Quality Red Time SystemgQRTS), http://www  .grts.com . Text anddiagrans have
beencopiedfrom thesemaruals. Scaanedphotosfrom the ECPwebsite have alsobeea included. All areusedwith permission
of ECPandQRTS.
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Discre te-Time Simulation with Simulink

1.1 INTRODUCTION

A fundamentahspecbf digital control systemss thatthey operatean discretetime ratherthancontinuoudime. In
this lab periodyou will discover how to implementandsimulatediscrete-timesystemdn Simulink. This will be
importantasthesemesteprogresessinceyouwill useSimulinkto controltheLab's MagneticLevitation (MagLev)
systemausingdigital controlmethods.

1.2 THIS LAB IS:::
During this lab period,two issueswill beaddressed:

2 Qrientation:A quick overview of the syllabusandexpectationdor lab reports.

2 Discrete-Tme Simulation:How to useSimulink to performdiscrete-timesimulation.

1.3 ORIENTATION
1.3.1 Prerequisites

The prerequisitdor this labis ECE4510:Feedbak Control SystemsThis is implied by the corequisiteECE4540:
Digital Contol Systems Speci cally, the ECE4530: Feedbak Control Laboratory is not a prerequisitefor this
lab course.However, if you have not taken ECE4530you will be at a disadwantage.Pleaseread(very carefully)
Apps.A andB. A thoroughunderstandingf the materialin App. B is critical.

1.3.2 The Lab Reader

This lab readet containselevenlabs. The rst is a Simulink-onlylab. The remaininglabsaredivided up into four
“units”. The rst unit focuseson digital designvia emulatinga continuous-timedesign;the secondunit addresses
digital effectsnot presentin continuous-timedesign;the third unit concentratesn control designusingtransfer
functionmethodsandthe fourth unit looks at state-pacemodelsanddesign.Eachlab hasa detaileddiscussiorin
thislab readeranda consistenformatis usedthroughout:

Intr oduction: A shortintroductionto thelab experiment.

This Lab Is...: A summaryof themainpointsof thelah.

1Thereader‘nasbeenenteredJsingthe LyX documenprocessingystemandypesetwith LATEX2+ on a Pentiumclasscomputerunning
theLinux operatingsystem.All original diagramshave beencreatedusingeitherx g or Matlah Screershotsweremadeusingxv.

The lab readerhasbeenpreparedby Dr. Gregory Plett; however, much hasbeentaken from the manualfor the Model 730 Magnetic
Levitation unit by EducationalControlProduct§ECP),http:/  /www.ecps ystems.c om andthemanualfor theRealTimeLinux Target
(RTLT) by Quality Real Time Systems(QRTS), http://  www.qgrts .com . Text and diagramshave beencopiedfrom thesemanuals.
Scanneghotosfrom the ECPweb ssite have alsobeenincluded.All areusedwith permissiorof ECPandQRTS.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs
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Background: Theoryandpracticalinformationrequiredto performthelahb.

Prelab assignment: An assignmentvhich mustbe completedandturnedin beforeyou will be permittedto start
thelah.

Laboratory Experiment: Theexperimentto be performedduringthelab period.

Assignment: Itemswhich mustbeincludedin theformallab writeup.
1.3.3 Prelab Assignments

Beforeyou enterthe laboratoryeachweek,you areexpectedto thoroughlyreadandunderstandhe corresponding
lab writeupin this lab reader Eachlab hasa prelabassignmentThis assignmenimustbe completedandturnedin
to thelabinstructorbeforeyou will be permittedto startthelab. Eachof your prelabassignmentmustcontain:

2 Answersto thespeci ¢ questiongyivenin the“PrelabAssignment’portionof thelab readerfor thatlab,
2 A paragrapldescribingwvhatyou aresupposedo do duringthelab,

2 A paragraplidescribingexpectedresults.

A portion of your coursegradewill be assignedasedon your prelabassignmentsFurthermoreno gradebetter
thanan“F” is possiblefor any lab reportuntil anapprored prelabassignmenhbasbeenturnedin for thatlab.

1.3.4 Lab Reports

A syllatus of lab topicsis listed on the front pageof this lab reader You will seethatthe semesters dividedinto
four mainunitswhich eachcontainanumberof labs. Thereportfor Lab 1 is dueatthebeginningof lab period2; the
reportsfor Labs2 and3 aredueatthe beginningof lab period4; thereportsfor Labs4—6aredueat thebeginningof
lab period7; thereportsfor Labs7—9aredueat the beginning of lab period10; the reportsfor Labs10-11aredue
beforetheendof nals week.

The Departmentequiresformal lab reports.The formatfor formal lab reportsmustcomplyto thefollowing:

1. Title page:This mustincludeatitle, groupmembemamesgcourseandsectionnameanddate.
2. Introduction:Explainthe backgroundandobjective of thelab indicatingrequirementanddesiredresults

3. Discussion:Discussthe underlyingapplicabletheoryand conceptghat supportthe measurementdndicate
anddiscusghe measuremerget-upandequipmenused.

4. Measuremendataand/orResults:Presentmeasurementsultsin takular, graphicalor numericform. Present
resultsfrom requirediab exercises.

5. Discussionof MeasurementsDiscussthe measuremendatain context of comparisorto expectation,accu-
ragy, dif culties, etc.

6. SummaryandConclusionsDiscuss ndings, explain errorsandunexpectedresultsandsummarizeandindi-
cateconclusions.

Furtherrequirement®nthelab reportare:

1. Correctspelling,grammarandpunctuationrs required.
2. Reportmustbetyped; gures, dravingsandequationsnay be handwritten.
3. Formatof referencesnustconformto IEEE (transactionsjtandards.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs
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1.4 BACKGROUND

Controlsystemsmplementedn adigital computerarecalleddigital controlsystemgtricky, huh?).Digital control
systemgdliffer from their analogcounterpartén two importantways.

1. Digital systemsoperatein discretetime, not continuoustime. Thatis, control computationsdo not occur
continuously(asthey do using op-ampsfor analogsystems) but occur at discreteinstantsin time. These
instantsareusuallyregularperiodictimes,separatethy the samplingperiod T [sed. The samplingoperation
introducesartifactsinto the signalwhich areknown assignalaliases It alsointroducesdelayinto the closed-
loop systemwhich tendsto destabilizehe control.

2. Digital systemsdo not usein nite-precision mathematics.To storethe value of a signal—suchasa control
signal—incomputememory thevaluemustbe quantized This meanghatthevalueis roundedo thenearest
numberwhich canbestored.The coefcients of thetransferfunctionof thecontrollermustalsobe quantized.
Thesearetwo separatéssues:signalquantizatiorandcoefcient quantization.

In this lab periodyouwill implementandsimulatea discrete-timesystemin Simulink.
1.4.1 Notation for Sampling

Considera continuous-timesignal x.t/. If we look at the signalat discretepointsin time that are separatedby a

constansamplingperiodT, thenwe have the setof valuesx.kT/ wherek is aninteger. To simplify notation,we say

thatx[k] D x.kT/ wherex[K] is adiscrete-timesignal(denotedusingsquarebraclets)andx.t/ is acontinuous-time
signal(denotedy parenthesesWhenyoureadx[k] youshouldunderstanghatsomesamplingperiodT isimplied,

which mustbe someha speci ed elsavhere.

1.4.2 Linear Constant Coef cien t Difference Equations

The continuous-timesystems/ou have seenarede ned by LinearConstanCoefcient OrdinaryDifferential Equa-
tions (LCCODES).Linear, time invariant,lumpeddiscrete-timesystemsnaybe de ned by Linear ConstantCoef-
cientDifferenceEquationLCCDES).A controllerwould beimplementedvith a LCCDE suchas:

X xo
aulki i]D  bielkj i];
iDO iDO
with inpute[k] andoutputu[k] anda; andb; which determinghetransferfunctionof the controllet

An examplediscrete-timesystemis a discrete-timentegrator If the samplingperiodis T, thenthe outputof an
integratormay be approximatedy (rectangularule)

XK
ylkIDT  x[i[;
iDO
P .
whereyl[K] is the outputof theintegralandx[K] is theinputsignal.Note: y[kj 1]D T ikl'jé x[i] sowe canwrite?
y[k] D y[ki 1] C TX[K]:

1.4.3 Discrete-Time Simulation

Whenwe considerimplementingthe above equationwe nd thatwe needtwo quantities:x[k] andy[k j 1]. The
inputto the systemis x[k], andy[k j 1] is adelayedversionof the systems output. Therefore we canimplement
theabove equatiorwith afeedbackoop which hasa delayin it.

2Noticethatthisis thesameasy[k] i y[ki 1] D Tx[K], whichis of the LCCDE form. However, theform givenin themaintext is more
usefulfor us.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs
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Figure1.1 Simulink'sdiscrete-timdibrary.

Simulink hasa numberof blockswhich will aid you in making discrete-timesimulations. Theseare part of the
Discrete-Tme Simulink library, andareshowvn in Fig. 1.1. Thetwo blocksof interestto usnow arethe“Zero-Order
Hold” and“Unit Delay” blocks. Over the courseof the semesteryou will learnto usemary of the otherblocksas
well. Thereasorfor thelabel 1=z ontheunit-delaywill alsobecomeapparent.

To continuewith theintegratorexample,considerthe block diagramin Fig. 3.1 0on page3—-2. A source(in this case
asinewave) generatesininput signalx.t/. This signalmustbe sampledo make x[k]. The Simulink block which

doesthis functionis the“Zero-OrderHold” block. The x[K] signalis scaledby T to produceT x[k]. The outputof

theintegratoris y[k] whichis computedasx[k] C y[k j 1]. The nal remainingsignaly[k j 1] is computedrom

y[K] by passingt througha“Unit Delay” block.

The zero-ordethold, ampli er andunit delayblocksrequirethe samplingperiodT. Youwill nd thatit is bestto

entertheseassymbolicT andde ne thevalueof T in theMatlabworkspaceThis allows easyandconsistenthange
of samplingrate.

Fopeal [ penfsny—— sl
Sine Wave Gain e S
Zero-Order - cope

Hold il |z

Unit Delay

Figure1.2 Discrete-timdntegratorimplementedn Simulink.

1.5 PRELAB ASSIGNMENT

Thereareno prelabquestiongor thislab. You arestill expectedo submita prelabcontaininga paragrapluescribing
whatyou aresupposedo do duringthelab, anda paragrapldescribingexpectedresults

1.6 LABORATORY EXPERIMENT

A “leaky” integratoris de ned by thedifferenceequationy[k] D ay[kj 1] C Tx[Kk], whereusuallyO0 - a < 1. The
systemis stable howvever, forj 1< a< 1.

1. Implementa leaky integratorin Simulink. Plot the stepresponseof the systemfor a numberof valuesof
0- a- 1.Alsoplotthesteprespons®f the systemfor anumberof valuesj 1- a < 0.UseT D 0:1sec

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs
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2. Plottheresponsef the systemwith theinput beinga sinewave anda D 0:9. Usea sinewave of frequeng
lrad=sec UsesamplingperiodsT D 0:1; 0:5; 1sec

1.7 ASSIGNMENT

Include your Simulink diagramand plots in your report. Commenton the shapesof the outputcurves. What
prominentfeaturesdo you see?How do you explainthem?Your “leaky integrator” alsohasanothemame—suggest
whatkind of discrete-timelter it is implementing(Hint: It is eitheralow-passpband-passr high-passlter).

Note: You have the next lab periodfree;thereportfor Lab 1 is dueatthe beginning of thefollowing lab period.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs
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Unit 1

Designby Emulation

In thelaboratorythis semesteitherearefour majorgroupsof labs. This unitis the rst suchgroupandit focuseson
digital controldesignvia “emulating” ananalogcontroldesignfor the sameplant. In:

2 Lab 2 you will usetime-domainmethodsto transforma continuous-timecontrol designto a discrete-time
controldesign;in

2 Lab3youwill usefrequeng-domainmethodgo transformacontinuous-timeontroldesignto adiscrete-time
controldesign.



(mostlyblank)
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Time-Domain Contr oller Emulation

2.1 INTRODUCTION

Two differentapproachemaybetakento digital controllerdesign.The rst, which you investigateduringthe next
two lab periods,emulategor simulates)a known analogcontroldesignin discreteime. Thesecondwhichyouwill
investicatetherestof the semestemsesdirectdigital designmethods.

2.2 THIS LAB IS:::

2 An introductionto emulationby simulatingan LCCODEwith anLCCDE.

2 Your rst discrete-timecontrolsystem.

2.3 BACKGROUND

Analogcontroldesigntechniquegor single-inputsingle-outpu{SISO)dynamicsystemsesultin controllertransfer
functionsD.s/. Theinputto the controlleris thetrackingerrore.t/ D r.t/ i y.t/ andtheoutputof the controlleris
thecontroleffort u.t/. Thereforewe canwrite

U.s/

D.g/D —>.
SYEY

We areinterestedn mimicking the performanceof D.s/ in discrete-time.Thatis, we would like to producean

outputapproximatingu.t/. So,rearrangehe above equation:
U.s/ D D.s/E.sl:

Therearetwo waysto getatime-domainresultfrom this equation:

1. We couldtake theinverse-Laplaceransfom of U.s/ to nd u.t/
u.t/ DLiY[D.S/E.o/];

but thatwould requirea priori knowledgeof E.s/ to computeu.t/. We do notknow what E. s/ will besince
it is in uenced by disturbancendplantmodelingerrorswhich areunknavn.

2. We couldtake theinverse-laplacetransfom of the above equationon a term-by-termbasisto comeup with
an LCCODE for the controller This exactly reversesthe stepsnormally takento corvert the dynamicsof a
plantto its transferfunction. We thenendup with

X dhut X dRet/

23 K k K
- du.t/ - de.t/

The secondform is useful. It givesthe dynamicrelationshipbetweene.t/ andu.t/ regardlessof whatthe time-
history of eachsignalmight be.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs



ECE4560, Time-Domain Controller Emulation 2-2

2.3.1 Approximating a derivative

A derivative operatomaybeapproximatedn discretetime usingthe “backwardrectangularule”

+ A xt #/
et/ b lim = p fim 2152 2
#1 0o+  #l 0 H
If thesamplingrate T of thediscrete-timesystemis small,we mayapproximatett ¥4 T
KT/ x.kj UT Kli x[kij 1
i/ v, XK X ki YT/, g v, X XK 4,
T T
We canperformthe sameanalysisfor second-andhigherorderderiatives. For example
e Rt/ Pty o
Ru b fim Fp jjm R R A
# 0+ #Hl O H
RKT/ s KT/ R.kj UT/ or K] s HK] i Hk 1]:
T T
Apply therule onceagainto Hk] andik j 1]
x[Kli x[kj 1] i x[ki 1] x[kj 2]
RK] Y —T - L
X[Kli 2x[ki 1]Cx[ki 2]
D T2 :

2.3.2 Putting the pieces together

To seehow to usethesetwo factsto convertananalogcontrollerinto a digital controllerwe will examinea concrete
example.Consideraleador lag controller

sCa
D.ss D K——:
sCbhb

RearrangingandnoticingthatD.s/ D U.s/=E.s/, givesustherelationship
.sCh/U.s/ D K.sCa/E.sl:

ConverttoanLCCODEviasU.s/ ¥ ®t/,U.s/ ¥ u.t/, andsoforth; we have
®t/ C bu.t/ D K&t/ C Kae.t/:

Replacingu.t/ ¥ ulk], ®t/ ¥ .u[k]i u[ki 1])/=T andsoforth

w C bulK] D Kw C Kaelk]

ulk] i ulki 1]CbTulk] D Kek]i Keki 1] C KTaglk]
ulki 1]JCK..1CaT/ek] i eki 1)/
ufk] b 1CDbT '
Thisequationsaysthatthe controlsignalattimeindex k maybe computedusingthepreviouscontrolvalueu[k 1],
the currenterrorsignale[k] andthe previouserrorsignale[k j 1].

2.3.3 Implementing the difference equation

The above differenceequationmay be easilyimplementedn Simulink. In Fig. 2.1 on page2—3, a subsytem for
implementingthis controlleris dravn. The input portis €k], the outputportis u[k], andthe 1=z blocksare unit-
delays.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs
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Figure2.1 Simulink subsystenfor implementingaleador lag controller

2.4 PRELAB ASSIGNMENT

In thislab youwill controlthe MagLev device, con guredwith a singledisk (lower position). Youwill controlthe
positionof the disk aroundan equilibrium positionof 2:.5cm The steady-statelc valueto achiese the equilibrium
heightmaybecalculatedas

Uzo D 100mga. yi, C b/*;

wherem D 0:12kg, g D 9:8 m=se@, a andb arethe actuatorcharacteristicef your MagLev (consultApp. B), and
thefactorof 100is to corvertm to cm sothatthe unitswork outwith u, in V.

Thelinearizedtransferfunctionof the systemmaybefoundto be (again, consultApp. B)

kull

G.s/ D = X
ms2C m sCky;

wherethefriction coefcient is approximatel\ssec . Thek,11 andki, coefcients maybecalculatedor thegiven
equilibriumheightusingtheformulaein App. B.

1. Calculatetheequilibriumdc voltageu,, for your MagLev.

2. Calculatethetransferfunction G.s/ for your MagLev. Normalizeyour transferfunction so thatthe leading
coefcient in thedenominatois 1. (Thatis, computeG.s/ D .ky11=m/=.s> C ~ s C .ky;=m// .

3. A PID controllerwhichis known to give reasonabl@erformancen all four MagLevs hastransferfunctiont

; A2 O _
D.s/ D 0:21C %95 C 0:04s p 20%°C o.zlsc 1995

(a) Simulatethe closed-loopstepresponsdor your MaglLev usingthe given D.s/ (in continuous-time)If
you use Simulink, you will not be ableto enterD.s/ asa transferfunction sincethe numeratorhas
higherorder power of s thanthe denominator-usea differentiatorblock to computethis derivative
instead or combinethe plantdynamicsandcontrollerdynamicsinto onetransferfunctionblock.

(b) Estimate(from yoursimulation)therisetime, settlingtime, peakovershoot&andsteady-staterrorfor the
analogcontrolsystem.

(c) Corvert D.s/ into adiscrete-timezquationthatis a function of the samplingperiodT. (Do not usethe
cannedormulain the ECE4540coursenotes;usethemethodgivenin thislabwriteup. They donotgive
thesameresults.)

(d) Constructa Simulink subsystemvhich implementsyour differenceequationof part(c).

2.5 LABORATORY EXPERIMENT

Duringthelab, youwill implementacontrolsystenusingD. s/ andacontrolsystenmusingyour differenceequations
foundin the Prelab In Matlab, createa Simulink block diagramby rst typing temp late

IThis transferfunctionwasfound usinga numericaloptimizationprocedureyou will investicatein Lab 8.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs
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>> templa te

atthe Matlab prompt. This opensup awindow with the“HW Adapter’block anda“Scope”block alreadyin place,
with mary of the parametersetto the correctvalues.

1. Constructa closed-loopcontrol systemusing D. s/ to controlthe MaglLev. Your Simulink diagramwill look
liketheonein Fig. 2.2. Youcan nd the“Fix Sensor’block for your MagLev in the utility .mdl library.
(Thatis, typeutil ity attheMatlabprompt). The A2D andD2A blocksmaybefoundin thertlib.m  dlI
library. (Thatis, typertlib  atthe Matlab prompt). The steptime shouldbeat5sec

T=E]i

num(s)
den(s)

D(s) . Fix Bottom Scope
Digital To Analog  Analog To Digital Sensor
Converter 0 Converter 0

DIA AID HW Adapter

Step

Figure2.2 Analogclosed-loopcontrolsystemin Simulink. Notethatyou will needto nd a differentway of implementingD. s/ sinceit
hasa purederivativein it!

2. Runthecontrolsystemandrecordthe stepresponseUsea samplingrateof 2kHz

3. Now, constructa discrete-timecontrol systemusingyour differenceequations.Your Simulink diagramwill
look liketheonein Fig. 2.3. Be sureto leave T asavariableparametem your Simulink block diagramsothat
you canchangeit easilywithin the Matlab ervironment(You will have to hard-codghe samplingfrequeng
1=T in the"HW Adapter”block asit doesnotwork if you leave it asa variable.Don't forgetto changethe
ratehereeverytime you changet in yourworkspace!).

HW Adapter

num(z)

D/IA AID

. " Fix Bottom Scope
Digital To Analog ~ Analog To Digital Sensor
Converter 0 Converter 0

Zero Order
Hold

Figure 2.3 Discrete-timeclosed-loopcontrol systemin Simulink. The block denotedD. z/ shouldbe replacedby your subsystenwhich
computesyour differenceequation.

4. Runyour emulatedcontrol systemfor different valuesof T. (Be sureto changethe samplingratein the
Hardware Adapterblock, andSimulink's “SimulationF Parameterstoo!) Determinearangeof T thatseems
to give performanceroughly equivalentto the analogcontrol design. Without destrging the equipment,
attemptto nd arangeof T thatgivesstableclosed-loopesponse.

5. Recordstepresponse®f your discrete-timecontrol systemfor illustrative valuesof T to includein your
report.

2.6 ASSIGNMENT

In your report, give a full derivation of the differenceequationsyou usedfor your PID controller Include all
computedresults(suchasui,, G.s/ andso forth). Give simulatedand measuredstepresponsegor the analog
control system,and comparewith the measuredstepresponse®f your discrete-timecontrol systemfor various
valuesof T. Estimatethe bandwidthof the controller D.s/ andcompareto the samplingfrequeny 1=T thatyou
think “worksbest. Reporttherangeof T which seemdo resultin a stableclosed-loopsystem.
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Frequenc y-Domain Contr oller Emulation

3.1 INTRODUCTION

In thelastlab periodyou simulatedananalogPID controldesignwith adiscrete-timecontroller You performecdthe
conversionby changingderivativesto differencesandthereforechanging.CCODEsto LCCDEs.

In this lab you will also investigate emulation. This time, you will corvert a controller transferfunction D.s/
directly to a discrete-timaransferfunction D.z/ by recognizinga relationshipbetweens andz. Youwill alsolook
at a heuristicmethodof improving performancdimproving damping)of your emulateddesignwhich triesto undo
theharmfuleffectsof the zero-ordethold circuit.

3.2 THIS LAB IS:::

2 A secondook atemulationusingfrequeng-domainmethods.

2 Experiencewith anovel way to compensatéor zero-ordethold effects.

3.3 BACKGROUND

In Lab 2, you wereintroducedto emulationwith therealizationthatthe Laplaceoperator‘s” performsa derivative
operationwhich maybeapproximatedn discrete-timeln thislab, it is morenaturalto work with the“1=s" operator

whichis anintegration.Consider .
t

1
Y.s/ D gX.s/ () y.t/ D X.¢l d¢;
0
If wesampley.t/ every T secondswe get
kT
y.kT/ D X.¢l d¢
° Z
D y.kj YT/C X.¢l d¢;
ki UT

So,y.kT/ isrelatedto y.. k j 1/T/ plusanintegral of theinput signalover onetime period.

We canthink of at leastthreewaysto approximatea continuous-timantegral in discrete-time(seeFig. 3.1 on
page3-2). Eachof thethreeresultingdifferenceequationsnaybe z-transfomedto get:

T :
ForwardRectangulaRule: Y.z/ D — X.2/1
|
Tz
BackwardRectangulaRule: Y.z D —] X.zZ1
el
BilnearRule: Y.z D ~2°1 x 71
2zi 1

In all casesthetermin thesquarebraclets[q is anapproximatiorto 1=sin Y.s/ D %X.s/. So,in orderto corverta
continuous-timéransferfunction D. s/ to adiscrete-timdransferfunctionD. z/, usethefollowing designprocedure:
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y.t/

Forward RectangularRule

| | I‘ | Area%ay.. ki UT/¢T
kT

BackwardRectangularRule

| | | Area¥s y. KT/ ¢T
t

kT
y.t/
Trapezoid Rule
(a.k.a.,TustinRuleor Bilinear Rule)
) ki UT/Cy.kT/
| | s | Areays Y > y ¢T
t
KT

Figure3.1 Approximatingacontinuous-timentegraliin discrete-time.

Design Procedure

1. Startwith analogcontroldesignD.s/:
2. Replaces ¥ zaccordingio thefollowing tableto getD.z/.
zi 1 2z 1

1I Backward: sV ——I Bilinear: sV ———:
Tz TzC1

Forward: sV¥ Zi

3.3.1 Approximate compensation for ZOH

Onereasonthat design-by-emulatioloesnot work well is the effect of the zero-ordethold (ZOH) which addsa
delayof T=2 or aphaseof | | T=2 to the open-loopsystem.This reduceshe damping/stability of the closed-loop
system.

We might consider‘reversing” or “inverting” the effect of the ZOH by addinga -2 s termto our controller The

addedterm hasa phaseof C! T=2 which cancelshe ZOH phase.In practiceit is betterto adda 2021' 2’ term for
small". A poleaddedatj 1 ampli es high-frequeng sensomoise,andby moving the polewe endup with amore
stablesystem.

This heuristicmethod(which canbe examinedin further detailin Referencdl]) is not guaranteedo work sincea
numberof approximationdhave beenmadealongthe way whoseerror accumulatesHowever, it is alwaysworth
trying it outto seeif it improvesperformanceThedesignprocedurds then:

Design Procedure

1. Startwith analogcontroldesignD.s/.
2. Replaces 7z with theforward,backwardor bilinearruleto get D% z/.
3. ComputeD.z/ D 22' / D% 2/, themodi ed controllerwhich attemptgo accountfor the ZOH.
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3.3.2 Implementation in Simulink

To implementyour controller you will usethediscrete-timdaransferfunctionblock from the Simulinklibrary. This
block hasbuilt-in sampling,soyou do notneedthe ZOH block precedingyour controllerasyoudid in Lab 2. Your
controlsystermwill look like theonein Fig. 3.2.

3.4 PRELAB ASSIGNMENT
For thislab,the MagLev will becon guredin thesameway asin Lab 2. Youwill emulatethe samePID controller

1. Corvert D.s/ to D.z usingthe threemethodgbut without the ZOH compensationjlescribedn the “Back-
ground”section.

2. Which of the threeresultingcontrollersarecausal?(If the orderof z in the numeratoiis strictly greaterthan
theorderin thedenominatarthetransferfunctionis not causal).

Leave all resultsin termsof variableT sinceyouwill needto changel whenyouimplementthelab.

3.5 LABORATORY EXPERIMENT

During thelab, youwill implementa controlsystemwhich emulatesD.s/ using(1) the backward-rectangularule
and (2) the backward-rectangularule with ZOH compensation.In Matlab, createa Simulink block diagramto
implementbothmethods.

1. Constructa discrete-timecontrol systemusing D. z/ calculatedwith the backward-rectangularule (without
the ZOH compensation).Your Simulink diagramwill look like the onein Fig. 3.2. Be sureto leave T asa
variableparametem your Simulink block diagramsothatyou canchanget easilywithin theMatlabenviron-
ment(Youwill haveto hard-codghesamplingfrequeng 1=T in the“HW Adapter’block asit doesnotwork
if youleaveit asavariable.Don't forgetto changaheratehereeverytime you changet in yourworkspace!).
Thesteptime shouldbeat5sec

ulo ylo

num(z) O DIA AID yraw ycal O :l

den(z)

Discrete Fix Bottom Scope
Transfer Fen D2A Channel 0 A2D Channel 0 Sensor

HW Adapter

Figure3.2 Discrete-timeclosed-loopontrolsystemin Simulink.

2. Runyour emulatedcontrol systemfor different valuesof T. (Be sureto changethe samplingratein the
HardwareAdapterblock, andSimulink's “SimulationF Parameterstoo!) Determinearangeof T thatseems
to give performanceroughly equivalentto the analogcontrol design. Without destrging the equipment,
attemptto nd arangeof T thatgivesstableclosed-loofresponse.

3. Recordstepresponse®f your discrete-timecontrol systemfor illustrative valuesof T to includein your
report.
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4. Repeastepsl—3usingthecontrollerD. z/ foundusingthe backward-rectangularule with the ZOH compen-
sation.A " of about0:1 seemgo work well.

5. Optionally repeattepl usingthecontrollerD. z/ foundusingthebilinearrule. Your D. z/ will have apoleat
i 1 whichampli es high-frequeng sensomnoise,andwill notwork (atall) well. Move this poleslightly (e.g.,
toj 0:9).

3.6 ASSIGNMENT

In your report,give afull dervationof thethreecontrollersfoundwith thethreemethodgwithout ZOH compensa-
tion). Which arecausal?Shaow thatthe controllertransferfunction obtainedwith the backward-rectangularule is
the sameasthe onefoundusingdifferenceequationsn Lab 2.

Comparewith the measurestepresponsesf your discrete-timecontrol systemfor variousvaluesof T. For the
two methodsinvesticatedin this lab, reportthe rangeof T which seemdo resultin a stableclosed-loopsystem,
andtherangeof T which seemgo give goodperformanceComparewith theresultsyoufoundin Lab 2. Doesthe
ZOH-compensatiogircuit help?

Thisis the endof Unit 1. You have the next lab periodoff to give you time to write your lab report. Your formal
laboratoryreportcoveringbothlabsin this unit is dueat the beginning of the subsequeriab period.

References

[1] D. Raviv andE. Djaja, “Tedniquesfor Enhancingthe Performanceof DiscretizedControllers; IEEE Control
SystemdMagazine,Vol. 19,No. 3, Junel999,pp.52-57.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs



Unit 2

Digital Effects

This unit of labsfocuseson artifactsof the digital systemnot presenin ananalogcontrolsystem.n:

2 Lab4youwill investigatesampling aliasing,anti-aliasingltering andthe zero-ordethold operationjn

2 Lab 5 you will make a discrete-timemodel of the plant and verify it by comparingit to the true system
responsein

2 Lab 6 you will use x ed-pointarithmeticto implement lter coefcients and investigate problemsdue to
round-of.
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Sampling, Aliasing, Zero-Order-Hold

4.1 INTRODUCTION

In classwe have talked aboutan artifact of digital systemsnot presentin analogsystems When samplinga
continuous-timesignal, a phenomenorcalled aliasing may occur High-frequeng signalsmay appearas low-
frequeny sampledsignals.In this lab, youwill experiencealiasing,andwill experimentwith ananti-aliasing lter
to eliminateit.

4.2 THISLAB IS:::

2 A demonstratiomf aliasing,

2 A meangf eliminatingaliasingvia ananti-aliasing lter .

4.3 BACKGROUND

Digital control systemsmustsamplethe input signale.t/ in orderto generatea compensatiorsignalu.t/. This
samplingis usuallydoneon aregular (periodic)basis,sowe referto a samplingfrequeny asbeing1=T whereT is
the periodbetweersamplesTheinputto thedigital controlleris thene.kT/ or moresimply e[k].

Figure4.1 Time-domainexampleof aliasing.

If samplingis not done*“quickly enough”a phenomenormralledaliasingoccurs. This is demonstratedh the time
domainin Fig. 4.1. Thesolid (blue)line indicatesa cosineof frequeny 5Hz. If this signalis sampledat 14Hz the
pointsindicatedby (blue) squaresarethe samples.The signalmay be well reconstructedrom thesesamples.If,
however, the signalis sampledat 7 Hz, the pointsindicatedby (green)circlesarethe samples.This signalcannot
thenbe distinguishedrom the 2 Hz sinusoidshavn asthe (green)dashedine. Therefore jf we sampletoo slowly
(7H2), our 5Hz signalmasqueadesor aliasesasadifferent2 Hz signal.

If we considemhatis happeningn thefrequeny domainwe nd thatthespectrunof thesampledsignalis periodic
in fs. The5Hz cosine,which hasfrequeng contentat § 5Hz, repeatsvery 14Hz whensampledat 14Hz andso
hasfrequeng contentat 8§ 5Hz, 8§ 9Hz, § 19Hz andsoforth. Sincewe only considerfrequenciewithin the band
8 fs=2, thenwe areleft with a sampled-signadpectrunof § 5Hz, whichis whatwe would lik e.
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Ontheotherhand,if we samplethe signalat 7 Hz, thenthe sampledsignalhasfrequeng contentat 8 2Hz, § 5Hz,
8 9Hz andsoforth. Sincewe only considerfrequenciesvithin theband8 fs=2 thenwe areleft with the sampled-
signalspectrunof § 2Hz, whichis notwhatwe expect.

Shannon/Nyquisshavedthatin orderto avoid aliasing,the samplingfrequeng mustbe at leasttwice the highest
frequeng presenin theinputsignal. For thecosineexample,above, we mustsampleatarateof atleastlOHz. This
explainswhy the 14Hz samplingrate“w orked” andthe 7 Hz ratedid not. A practicaldif culty in applyingthisrule
is thatreal signalsarenot strictly band-limited. Therefore we mustmale engineeringapproximationsandtolerate
somealiasing, or placean analoganti-aliasinglow-pass Iter placedbeforethe samplerwill alsohelp eliminate
effectsdueto aliasing.(A digital Iter placedafterthesamplemwill notwork—why?)

4.4 PRELAB ASSIGNMENT
During thelab, youwill samplethreetypesof signals:sinusoidaltriangle-wave andsquare-vave.

1. Determinethe complex-exponentialFourier seriesof:

(a) A sinusoidakignaly;.t/ D cos2vaft/.
(b) A trianglewave y,.t/ D j 4fjtj C 1forjtj - % andperiodicthereafter
(c) A squarevave ys.t/ D sgnys.t//.

Youmaylook uptheseriesn atable—youdo notneedto derive themif youcan nd areferencesomeavhere.

2. Inthelab,youwill usesignalfrequenciesf D 25Hzfor mostexperimentsPlottheline spectrdor theabove
threesignalswith this f.

3. If yousampleatarateof fs D 100Hz, draw thealiasedline spectrdor theabove threesignals.

4. Youwill useananti-aliasingow-passlter with transferfunction
25000
s? C 200s C 25000

H.s/ D

after thesignalsourceandbefore the sampler Plottheline spectraor thethreesignalsafter Itering (Magni-
tudeonly). Shouldthis help eliminatealiasingwhenthe signalsare sampled?How do you expectthe shape
of thethreesignalsto be changedy theanti-aliasing lter?

4.5 LABORATORY EXPERIMENT

For the rst experiment,hook up the apparatuasshaown in Fig. B.10 on pageB—11. Constructa Simulink block
diagramasshawn in Fig. 4.3. Thefrequeng generatosuppliesthe sourcesignal,which is displayedon the scope
andinputto thecomputervia the A2D andA2D/ portsof the brealoutbox. The computelpasseshe signalstraight
through(samplingit). ConnecthecomputermutputD2A andD2A/ backto anotherchannelbf thescope.

In thefollowing “oscilloscope’refersto the hardwarebox dedicatedo this task,and“scope”refersto the Simulink
block which recordsdata.

1. Setthe frequeng generatorto generatesinusoidalsignalsof amplitude5V and no dc-offset. (Ched the
amplitudeon the oscilloscopébefore connectingto the computersothat you do not damagethe computer!)

2. Constructhe Simulink block diagramof Fig. 4.3. Setthe samplingrateto 100Hz.

3. GeneratdrequenciebetweerD Hz and50Hz andrun themthroughthe computer Do the signalsrecordedoy
Simulink's “scope”block look correct?How doesthe computerutputsignalon the oscilloscopecorrespond
to the signalfrom the signalgeneratorRecordafew representatie resultsfrom Simulink's “scope”block.
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1x 2y s 4
sv Line 14 onm 140
v g 4 il
(<> Protek_sweer Tor
M ~ ecp Model 730 ecp Model 750
GATE o > Magnetic Control-Moment
OF. - s ITUDE Levitation Gyroscope
o)X Device Device

Apc2Q) Q) ADCI
ADC3Q) Q) ADCI
ADCaQ) QADCI DACZQ) (Q DAC/ | DAC2Q) () DACI

oact | paci @ pAC

Figure4.2 Setupfor aliasingexperiment.

| AD p DA L ]

HW Adapter Analog To Digital Digital To Analog Scope
Converter 0 Converter 0

Figure4.3 Simulink diagramto sampleandpass-througisamples.

4. GeneratdrequenciebetweerbOHz and200Hz andrun themthroughthe computer Do the signalsrecorded
by Simulink's “scope”block look correct? How doesthe computeroutputsignalon the oscilloscopecorre-
spondto the signalfrom the signalgenerator?Recorda few representatie resultsfrom Simulink's “scope”
block. Sketchoutputfrom the oscilloscopdo show aliasingoccurring.

An anti-aliasinglter hasbeenconstructedor youandimplementedn a GP-6analogcomputer(seeFig. 4.4
on page4—4). It hasnominaltransferfunction H.s/ asmentionedn the prelab Theinputleadsandoutput
leadsfrom the GP-6 lter arelabeled.

5. Hook up theanti-aliasing Iter betweerthefrequeng generatoandthe oscilloscope Thatis, run the output
of the signalgeneratoto theinput of the GP-6 lter; runthe outputof the GP-6 lter to the oscilloscopeand
into the computer View the oscilloscopeandvisually comparethe outputof the frequenyg generatoandthe
outputof theanti-aliasinglter asyouvarythefrequeng from 0Hzupto 200Hz. Repeatsteps3—4. You may
needto setthefrequeng-generatooutputto about3V to avoid over ow onthe GP-6computer

6. Setthefrequeng generatoto generat25Hz triangle-wave signalsof amplitude3V andno dc-offset. Run
the frequeng-generatooutputthroughthe computer Do the signalsrecordedoy Simulink's “scope” block
look correct?How doesthecomputerutputsignalontheoscilloscopeorrespondo the ( Itered) signalfrom
the signalgenerator’Recorda few representatie resultsfrom Simulink's “scope”block. Do this stepboth
with and without the anti-aliasing Iter .

7. Setthefrequeng generatoto generat@5Hz square-vave signalsof amplitude3V andno dc-offset. Runthe
frequeng-generatooutputthroughthe computer Do the signalsrecordedoy Simulink's “scope”block look
correct?How doesthe computerutputsignalon the oscilloscopecorrespondo the ( Itered) signalfrom the
signalgeneratorRecorda few representatie resultsfrom Simulink's “scope”block. Do this stepboth with
and without the anti-aliasing lter .
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Figure4.4 Setupfor aliasingexperimentwith anti-aliasing lter .

4.6 ASSIGNMENT

In thislab, youwill collectalot of data.Organizeyour PrelabandExperimentesultsandindicatecorrespondences
with theory andary unusuabr unexplainedresults.
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Discre te-Time Plant Modeling

5.1 INTRODUCTION

Fromnow on, all of our control-sysemanalysisanddesignwill bedoneusingz-transformsandw-transforms Both
of theserequirethata discrete-timgplantmodelbe made.

A discrete-timeplantmodelcombineghe LTI dynamicsof thezero-ordethold andthe analogplant,andrelateshe
plantoutputat the sampleinstantswith the digital controlleroutputat the sampleinstants.The plantmodelmaybe
representedsatransferfunction G. z/ o—usingthebilineartransfomation—asatransferfunctionG.w/.

In this lab, you will creatediscrete-timeplantmodelsG.z/ andG.w/ of the MagLev device which arefunctions
of the sampleperiodT. Youwill testthesemodelsat differentsamplingfrequenciego verify thatthey reasonably
predictthe MagLev's behaior.

5.2 THISLAB IS:::

2 A demonstratiof discrete-timdransferfunctions,
2 Experiencen boththe z- andw-domains.

2 More fun with theMagLev!

5.3 BACKGROUND
5.3.1 Hybrid systems analyzed at sampling instants

Digital controlsystemsareneithercompletelydigital nor completelyanalog.They arehybrid systemsavhich contain
bothdigital andanalogelements(Anothernamewhichis usedto describehybrid systemdik e thisis “sampled-data
system$) The compensatoD. 7/ is adigital system,andthe plantG,.s/ is ananalogsystem. The samplerand
zero-ordethold devicesareabit of each.

z YL g

HOLD|—+ Gp.s/ > Y.s/

+

R.s/ —»c‘?j{—> D.z/

\ 4

H.s/

A

Figure5.1 Closed-loophybrid controlsystem.

We have seenthatin orderto analyzehybrid systemsn continuoudime, the starredLaplacetransfom needso be
usedie.g., X".s/. If weonly needto evaluatesystenresponsatthesamplinginstantsthe z-trangorm maybeused.
This is generallymuchsimpler Furthermorethe bilineartransformrelatesthe z-domainto the w-domain,which
allows frequeng-reponsemethodf Laplaceanalysisanddesignto be usedon digital/hybrid systems.

Figure 5.1 shaws the generalcon guration usedfor digital control. We have seenin classthat the closed-loop
transferfunctionfor this systems
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D.ZG.
T.2/7 D 46G.2 :
1CD.ZGH.Z
where 1, Y, 1, Y,
1 "G, _ - 1_ G, .s/H.¢/
G.zzD % =7 ' and H.z/DZ‘Z z =2 :

Therefore we cananalyzethe systemif we know G.z/ andGH.z/. Furthermorewe will nd thatwe cananalyze
anddesigncontrolsystemsn the w-domainby usingthebilineartransform

Tw/D T.2j,, 10720

We canalso nd T.w/ by individually corvertingD.z/ ¥ D.w/, G.Z ¥ G.w/ andGH.zZ ¥ GH.w/ and
computing
D.w/G.w/

T.w/ D — :
1C D.w/GH.w/

In thislab, youwill computeG.z/ andG.w/ for futurereference.
5.3.2 Computing G.z/ and G.w/

Recallthatthe analogtransferfunctionof the MagLev, operatingwith a singledisk (lower position)is

Ku11 .
ms2Cm sCKkyp

Gp.s/ D

We couldusetheMatlabc2d commando nd thetransferfunctionG. z/ for aspeci c valueof T. Alternately we
couldcorvertthe plantdynamicsto the z-domainfor symbolicT. To seehow to dothis, we needto “complete-the-
square’in the plant's transferfunctiondenominatarandwrite theresultas
Y Y Y 2~ 12 Ya
GﬂDZi lZ Gp.s/ Dzil aChb .
' z S z 9s.scacpy
whereg is thedc-gain of theanalogplant. The z-trangorm of this resultmaybe found usingthetable(entry22) on
the FPW front yleaf:

AzC B _
Z2i 2eiaT cosbT/zC ei 22T’

G.zZDg

where
. a . . .
AD 1 €2 coshT Be' aT sinbT]

. a . .. . .
BDe&AC Be' aT sinbT j € 2T cosbT:

We canthen nd
G.w/ D G.Z/j,1c.1=0m

D I . T=2w

1C.T=2/w
A 1j .T=2/w C QB

D gs

5 :
1C.T=2lw . ;aT 1C.T=2/w : 2aT
T T 2ei aT cosbT/ T T Cei

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs



ECE4560, Discrete-Time Plant Modeling 5-3

5.3.3 In Matlab?

In Matlab,you cancorverta continuous-timdransferfunctionto a discrete-timdransferfunctionin z via

sysc= tf(hum, den); % Continu ous-tim e transf er function
sysd= c2d(sys c,Ts,’z oh'); % Ts=sampling period

Cornvertingfrom atransferfunctionin z to atransferfunctionin w is notquite sosmoothasMatlabdoesnotdirectly
understandhew-domain.Thefollowing command

sysw=d2c(sys d,tust in"; % Be careful to understa nd!
convertsfrom the z-domainbackto a transferfunctionwrittenin s, but the numbersarethe sameasif youhaddone

the bilineartransformto thew-domain. Thatis, thesysw transferfunctionis written asa functionof s in Matlab,
but if you replaces with w you have donethe w-transfom.

5.4 PRELAB ASSIGNMENT

1. Foryour MagLev, andfor samplingratesof 100Hz, 150Hz and200Hz nd G.z/ andG.w/. Do by handfor
onesamplingrate,andverify with Matlah You mayuseMatlabto automaticallydo the othertwo.

2. PlottheBode-magnitudglot for G.s/.
3. Plotthe Bode-magnitudelot for G.w/ for all threesamplingrates.

5.5 LABORATORY EXPERIMENT

Generata Simulink modelasshowvn in Fig. 5.2. Levitatethe magnetaroundanequilibriumheightof 2.5cm

ulo ylo
\/ ul* > ) ul DIA AD ylraw# yin yout 1cal 1*cal I:l
Sine Wave — — Fix Bottom
Digital To Analog Analog To Digital Sensor Scope
Converter Converter0
1= 0 num(z)
[=H]| >
— den(z)
HW Adapter G(2)

Figure5.2 Setupfor testingG. z/.

1. Useasamplingfrequeng of 100Hz.

2. Forsinusoidafrequenciebetweerd radsssecand40radssecandappropriatenagnitude¢sothatthemagnet
moves,but doesnot slamagainstthe lower stop)recordsystemoutputandmodeloutput.

3. Optional: Experimentwith arandomsignalsource(replacethe sine-wave generator) Comparanodeloutput
with systemoutputatthe samplingpoints.

4. Repeastep2 for samplingfrequencied50Hz and200Hz
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5.6 ASSIGNMENT

Commenton how well your discrete-timemodel G. z/ agreeswith the sinusoidalresponsegou measuredfor the
threedifferentsamplingfrequenciesandat differenttestfrequenciesMake aroughBode-magnitud@lot of system
responsdrom your results andcomparewith the Bode-magnitudglot of G.w/. Notethat G.w/ hasa“warped”
frequeng axis. Commenton similaritiesanddifferencesTry to explain ary differences.
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Filter Structure and
Finite-Precision Effects

6.1 INTRODUCTION

Digital computersare nite-precisionmachinesA signalvaluecanonly take ononeof a nite setof possiblevalues;
atransferfunctioncoefcient canalsoonly take on oneof a nite setof possiblevalues.In thelab sofar, we have
used oating-point numbersassignalvaluesandascoefcient valuesandthis haslargely mitigated nite-precision
effects. However, oating point processa arerelatively expensve, soit is importantto understandnite-precision
effectsandhow to designfor nite-precision x ed-pointmachines.

6.2 THISLAB IS:::

2 Anintroductionto nite-precision effects,

2 Onemethodto implementcontrollerstructuresvhich helpreducesensitvity to nite-precisioneffects.

6.3 BACKGROUND

Inexpensve micro-controllerswhich areoftenusedto implementdigital controlsystemsare xed-point processors
A certainnumberof binary digits areusedto represeneachnumber;someof thesedigits areassumedo beto the

left of the binary pointandsomeareassumedo beto theright of the binary point. An examplefour-bit numberis

then

(o [ By [ [ B [ Bs]

which is representedh decimalasby £ 2! C by £ 2°C b, £ 211 C by £ 21 2. Sixteenpossiblevaluesmay be
representedo, 0:25, 0:5, 0:75, 1, 1.25, 1.5, 1.75, 2, 2:25, 2.5, 2:75, 3, 3:25, 3:5 and 3:75. If signednumbersare
desiredthenonebit is usedasthe signvalue. The sixteenpossiblevaluesarethen:j 2, 1:75,;j 1.5, 1.25,; 1,
i 0:75,i 0:5,i 0:25,0,0:25,0:5,0:75,1, 1:25, 1.5 and1:75. With afour-bit numbemwe couldalsoassumehatthe
x edpointwasin thefollowing con gurations

‘bo“bl‘bz‘th‘ ‘bo‘bl‘bz“b3‘ or ‘bo‘bl‘bz‘b3“

A leading x edpointdoesnot make sensesthe by bit is generallythe signbit.
Sinceonly a nite setof numberamayberepresentewith a x ed-pointvalue,thefollowing effectsoccur:

1. Quantizationnoiseat A2D: Whenreal-world signalsenterthe computerat the A2D, the real-valuedsignal
musttake on oneof a nite setof values.Theanalogvalueis generallyroundedto the nearesdigital value.
The differencebetweenthe true analogvalue andthe digital valueis quantizationerror. This quantization
errormaybemodeledasanoisesource.
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2. Quantizatiomoiseat D2A: Theinternalrepresentationf signalsoften hasa greatemumberof bits thanthe
D2A is ableto handle. For example,internalcomputationsnay be performedwith 32-bit numbersput the
D2A is only ableto handle16-bit numbers. Corverting the 32-bit numbersto 16-bit numbersintroduces
anothersourceof quantizatiorerror.

3. Internalover ow: Whenperformingcomputationsvith x ed-pointnumbersijt is possibleto obtaina result
which cannotbecorrectlyrepresented-or example whenusingthe rst four-bit schemebore, we couldadd
3 plus 3, but not getthe value 6 sincewe canonly represenhumbersup to a maximumof 3:75. Dueto the
vagariesof twos-complemenarithmetic,we would getthe value2, which makeslittle sense.

4. Limit cycles: A strangething indeed! A perfectly stablesystemwith zeroinput canhave oscillatingoutput
which doesnotdecreasé amplitude.

5. Coefcient quantizatiorchangeslter transferfunction: We know thattransferfunctionsmayberepresented
asrationalpolynomialsin z, andthe coefcients of the polynomialsarealsothe coefcients of thedifference
equationsisedto implementthe controller Thesecoefcients mustberepresenteth our x ed-pointnumber
schemesoround-of occurswhenimplementinghecoefcients of thedifferenceequation.Thisin turnmoves
the polesandzerosof our compensatgisothatwe implementa transferfunctionthatis differentfrom what
we intendedto implement.

During thislab, youwill investigatethis nal effect.

6.3.1 Two Filter Structures

uk

Transfer function

z"2+blz+b2

H@2)=g
z"2+alz+a2

Hnoe [ N
A 4

Figure6.1 DirectFormll second-ordesection.

For ary given controllertransferfunction D. z/ therearea wide variety of waysto implementit usingunit delays,
multipliers and summationunits. Often, D.z/ is broken down into a cascadef “second-ordesections’D.z/ D
D1.2/D,.z/ ¢¢¢D,.z/ where eachsecond-ordesectionhastwo zerosandtwo poles. One way to implementa
second-ordesection(called“Direct Form11”) is shawvn in Fig. 6.1.

The coefcients of the multipliersin this form areg, by, by, a; anda,. If the coefcients of the Iter canonly take
ona nite setof possiblevaluesdueto quantizationthis will affect the polesandzerosimplementedby the lter .
Thatis, the polesandzerosimplementedwill be differentfrom thosedesigned.To seewhathappensgonsiderone
section

Zj 2rycospyzCr?

Z2j 2rycosizCr2

D;.zZ/ D

wherer is theradiusto the zeros,§ | is the angleto the zerosr, is the radiusto the polesand§ | is theangle
to the poles.In a Direct-Form-Il sectionb; D j 2r;cosp, b, D rf andsoforth. Thereforef we quantizeb, and
b, uniformly, we are actually quantizingthe radiusand anglesnon-uniformly A samplegrid shaving quantized
radii andr, cospy (real part of pole location)is shavn in Fig. 6.2 on page6—3(a). Polesand zerosmay only be
implementedattheintersectiorof theverticalgrid linesandradialgrid lines.

Someobsenationsmaybe made:
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(a) Direct-Form|l (b) 1X-form

Figure6.2 Quantizedpolelocationsfor Direct-Form Il and1X-Form.

2 Narrav-bandiowpassandnarrav-bandhighpasslters aremostsensitve (sincethey clusterpolesarounds 1)
andhencerequiremorebitsto implement.

2 samplingattoo high arateis bad,sinceit pushegolescloserto C1 (wherepoledensityis smallest.)

Becausef theseundesirabléeaturesyve canuseanalternatve Iter implementationcalledthe 1X-form. Thisform
is illustratedin Fig. 6.3 on page6—4. The lter parametersrecalculatedoy cornverting D;.z/ to a partial-fraction
expansion:

A A°
Di.zZ7 DagC ——C =
Si p SsSip

where
0. D R.p/ll gDI.p/l
093 D 2I.A/l g4D 2R. A,

in thediagram.A Matlabcodesggmentto nd ag, g1, g2, g3 andg, from agivensecond-ordeD. Z/ is:

[num,de n]=tfdata(d ); num=num{:}; den=den{ 3};
[rp,a0 ]=residue(n  um,den);
gl=real (p(l); g2=imag(p (1); g3=2%imag(r (1)); g4=2*real(r (1));

All lter coefcients in the1X-form second-ordesectionthatarerelatedto the pole locationsareof theform R. p/

or |. p/. Therefore,quantizingg; andg, uniformly leadsto uniform pole densityin the real andimaginary-axis
directions.A samplegrid shaving quantizedocationsis shavn in Fig. 6.2(b). Polesmay only be implementecht
theintersectiorof the verticalgrid linesandhorizontalgrid lines.

This form often leadsto more preciseimplementationwith fewer bits precision. The price we pay for improved
delity istheincreasedompleity of the second-ordesection.

6.4 PRELAB ASSIGNMENT

Verify thetransferfunctionsof the Direct-Form Il sectionin Fig. 6.1 on page6—2andthe 1X-sectionin Fig. 6.3on
page6—4.
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;I a0
Transfer function
A A*

H(z)=a0+ +
zp zp*

where: g1=Re[p], g2=Im[p];
g3=2Im[A]; g4=2Re[A];

Figure6.3 1X Formsecond-ordesection.

6.5 LABORATORY EXPERIMENT

@ >

intin intout

Figure6.4 Integratorform without coefcient quantizaion.

For this experimentyouwill useasamplingrateof 50Hz. A controllerwhich providesacceptablgerformancdor
all four MagLevsis

72 1:692%C0:8918 z
D.z/ D 2:7896 :
72C 0:2114 C 0:5108z; 1

Theintegratorterm,z=.zj 1/, maybeimplementecasshavn in Fig. 6.4, withoutworry of coefcient quantization.
The constantgain 2:7896 may be implementedas a multiply by four (shift left two bits, without quantization)
followedby amultiply by 0:6974.In practice theconstan:6974will needto bequantizedo t thenumberof bits

available.Finally, thesecond-ordesectionmayberealizedin eitherDirect-Form-1l or in 1X-Form. All coefcients

mustbe quantizedto the numberof bits available. Coefcients greatethanonemay be implementedn a similar
way to the constanain of 2:7896,above.

1. Implementthe controller D. z/ usingthe Simulink discrete-timeransferfunctionblock (without coefcient
guntization—thisis the baselinetest). Use an equilibrium heightof 2.5cm Plot the stepresponseof the
system(with the stepstartingat5sec

2. Implementthe controller D.z/ usingDirect Form Il, andquantizedcoefcients. Recordstepresponsesgor
decreasingrecisionuntil performances badlydegraded.

3. Repeastep2 usinglX-Form.
Note,in orderto quantizea numberin Matlab,

quant val = quant ( preci seval, 2"(nobi ts-1) );
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where:preci seval istheprecisevalueto bequantizedguantval is the outputquantizedvalueandnobi ts
is thenumberof bits availableto storethenumber Theterm(nob its-1)  re ectsthefactthatoneof theavailable
bitsis usedassigninformation.

6.6 ASSIGNMENT

Discussall results. Particularly, do you noticeary bene t using 1X-Form versusDirect Form 11?7 How mary bits

precisiondid you needwhenimplementingcoefcients? Is oating point “overkill” from the point of view of

this control design(Note that Matlab's double-precisiorvaluesrequire64 bits to store)?Plot the designpole-zero
mappingandtheimplementedole-zeromappingfor eachresolutionattempted.

Thisis theendof Unit 2. You have the next lab periodoff to give you time to write your lab report. Your formal
laboratoryreportcoveringall threelabsin this unit is dueatthe beginning of the subsequenab period.
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Unit 3

Transfer Function Controller Design

This unit of labsfocuseson digital control systemdesignusingtransferfunctiondesignmethods.The MagLev will
becon guredin atwo-disksingle-inputmulti-output(SIMO) con guration. In:

2 Lab 7 youwill usestandardrequeng-respone designmethodsjn
2 Lab8youwill designacontrollerusingnumericoptimizationmethodsjn

2 Lab9youwill useRagazni's directmethodto designa controller

Remembethatif a control-systendesignis properlydone,testingis very fast. The majority of your time will be
spenton the Prelabassignmentiesigningthe controllerin the rst place.
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Frequenc y-Response Controller Design

7.1 INTRODUCTION

In this unit of labsyou will considerthe MaglLes con gured with two magnetsstacled on the glassrod. Both
magnetsarefreeto move but you will only beinterestedn controllingthe positionof the lower magnetandwill
usethelower sensomasthefeedbackinformation.

In mechanicasystemsvhenthe primaryfeedbacksensois rigidly coupledto the actuatoythe systemis referredto
asbeingcollocated.Whensome e xible structuraimemberexists betweerthe actuatorandthe sensof* the system
is referredto asbeingnoncollocated Systemswith e xibly coupledinertiaoccurcommonlyin industry Examples
include e xible drive shafts,corveyor belts,and othermechanicalinkages. An exampleof collocatedcontrolin
suchcaseds whenthe feedbacksensoiis integral with the drive motor eventhoughtheremaybe e xible elements
thataredriven by the motor. An exampleof noncollocateccontrolis whena e xible corveyor belt positionis fed
backfor closedlioop control. Thecon gurationyouwill beinvestigatingis collocatedcontrol.

7.2 THISLAB IS...

2 Controlof ahigherordersystemusingfrequeng-responsenethods,

2 An exampleof single-inputmulti-output(SIMO) control.

7.3 BACKGROUND
7.3.1 Model of the two-disk system

In previous labs,you controlledthe MagLev with a singledisk on the glassrod. In this andfuture labs,two disks
will be placedon the glassrod. We mustmodify the plantmodelto considerthe full dynamicinteractionbetween
them.Thelinearizedequationgrom App. B give usasystemmodel:

myg C m:ﬁ’ C .ki1i ko1Ckmi2/yii kmay; D kuiiu] C kyiou3

MBCm ¥ C .Koi Ki2Ckmio/ Y5 i Kmizy; D KuzaUy C kyzaUy:

Letu3 D 0 sincewe areonly usingthelower coil asinput. An additionaleffectof u; D 0is thatky1 D ky» D O.
Take Laplacetransforms:
mSZYl.S/ C m_SY]_.S/ C .k11 C Kyao/ Y1.5/ i kmi2Ya.s/ D ky11Ujq.s/
ms?Y,.s/ Cm SYo.5/ C .Kmzi Kio/Ya.S/ i kmoYa.s/ D KyoiUs.s/
ku21U1.S/ C kmlel.S/ .
Y2.S/ D — .
ms2Cm sC km12 i k12

Substitutingnto the rst equation,

ITheremaybe multiple sensorsisedincluding onesthatareboth collocaed andnoncollo@tedrelative to the actuator If the locationof
thecontrolobjective is not collocatel with the actuatorthenthe plantis typically referredto asbeingnoncolloced.
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H 2 1 H l
_ ) / Km12Ku21
ms2C m sC kg3 C Kz i K2 Yi.sl D kyC "mi2 Uy.s/:
B2l ms2Cm sCkmai Ko © M ms2Cm sCkuoi kip -

This givesusthetransferfunction
Y1.s/ ku11ms? C kypam s C Kupikmiz i Kuiikiz C KmazKuz1 _
U,.s/ m2s? C 2m? s3C m.m 2C k11C 2Km12i k]_z/Sz Cm . kK11C 2Km12i Kio/S C Ki1kmizi Ki1Ki2i km12k12'
The open-loopsystemis analogougo thatof Fig. 7.1. The effective “spring” kmi2 is the linearizedterm resulting
from the forcesof gravity andmagneticrepulsionactingon the secondnagnet.Recallhowever thatthis termis in

factquitenonlinear The additionof the springandsecondnertiato therigid body casestudiedabove increaseshe
plantorderby two andaddsanoscillatorymodeto the plantdynamics.

1 yi‘ (I y;'

ki1 ‘
% m1Dm_/\/m\l/2\/_m2Dm4[HE
J— m_

m

o o]
F1.D kullul F> D kuglul

Figure7.1 Analogaissystento idealizedSIMO plant.

7.4 PRELAB ASSIGNMENT

In this lab, the MagLev will be operatedaroundthe equilibrium point y;, D 1cm Theintermagnetseparatioris
nominallyyizo D 8cm VY0 D V10 C V1o i 13.

1. Computeuo suchthaty;, D 1cm It is veryimportantin this con guration to keepy;, small. The weight of
both magnetsplus the control actuationforceis suppliedby the lower coil. The requiredcurrentincreases
dramaticallywith height of the lower magnet.Excessie amplitudefor sustainedduration will overheatthe
coil and damagethe apparatus.Note: from the equilibrium conditionin App. B, andmultiplying by 100to
getthecorrectunits,we know that q

M
c
U D a.y;o C /4 100m\gC ———— -

2. Determinethe transferfunction G.s/ of the two-disk system;thatis, Il in the numbersandbe carefulwith
units. Normallizethe transferfunction (divide numeratoranddenominatoby m?) sothatthe leadingcoef-
cientof thedenominatois one.

In thefollowing parts,automateyour designusingMatlabm- le(s) sothatyoucaneasilyredesigrfor different
samplingrates.etc.

3. Determinethe transferfunction G.z/ of the two-disk system(You do not have to do this by hand). Usea
samplingrateof 50Hz.

4. Your z-planecontrollerwill have theform

zi 2o Tz

D.z/ D Ky ;
Zi zpzi 1

whichis aleadcontrollercascadevith anintegrator Theintegratoreliminatessteady-staterrorandthelead
controllerchangeghe dynamics.For the purposeof designingtheleadcontrollef the x ed Tz=.zj 1/ term
is addedo the“plant” dynamics Statethenew GC z/ (with theintegratoradded) andcorvert G2 z/ to Gw/.
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5. You will usefrequeng-regponsedesignmethodsto designD°w/ to control GOw/. Your compensatowill

7.5

have theform .
1Cw=ly," .

D°w/Day o ®
* TCwal,,

Useag D 10. Designfor aphasemaigin of atleast60*. Have MatlabproduceBodeplotsof your compensated
systemto verify thatyou have achieved the desiredphasemagin. Also plot the step-responsef the closed-
loop system.

Corvert D°w/ to D2 z/ andthenstateD. z/.

LABORATORY EXPERIMENT

. Implementyour feedbackcontrol systemin Simulink. The controlleritself shouldbe implementedastwo

blocksin cascade.Theleadcontrollershouldoperatedirectly on the error signal,andthe integratorshould
operateon the outputof theleadcontroller SeeFig. 7.2. (Youwill needto double-clickontheintegratorand
changeheintegrationmethodto getTz=.z; 1/ insteadof thedefault T=.z; 1/.

ulo ylo
num(z) Tz -
— P — A}é—} D/A AD —»{ yrawycal ’é P>
I den(z) z1 v
Step ' - - Fix Bottom
D@ Discrete Time Digital To Analog Analog To Digital Sensor Scopel
Integrator Converter Converter
HD g |I J]_ﬂ_n ' o D/A AD —»{ yrawycal
Pulse Fix To|
HW Adapter Generator  Digital To Analog Analog To Digital Senso’r)
Converter 1 Converter 1

Figure7.2 SIMO controlsystem.

2. For areferencanput equalto a unit stepattime 5 seg recordyour systemoutput.

3. Touchingonly the edgesof the disks, manuallymove eachdisk. Canyou feel the controlleropposingyour

movement?

. Manuallyraisethelower disk by about4 cmfor about2 sec Gentlylowerthedisk andreleasdt. Obsene the

system$responsdor atleasts secandexplainit.

. Now, double-clickon the integrator block and limit its outputto bein therangej 2:::8. Repeatstep4.

Explainthedifferencdan behaior. Hint: Recall“integratoranti-windup”.

. Youwill now usethe uppercoil to imparta disturbancedorce on the uppermagnet. This will in turn affect

thelower magnetandyou will be ableto seehow effective your control systemis at rejectingdisturbances.
Connecta “PulseGenerator’'sourceblock directly to DAC2 (D2A channell). Setthe amplitudeof the pulse
generatoto 0:5, andrecordsimulationrunswith pulseperiodsof 4, 2, 1, 0:5 and0:25 seconds.

. Repeatstep2 for a slower samplingrate. (You will needto redesignyour controller) How slowly canyou

sampleandstill getreasonabl@erformance?
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7.6 ASSIGNMENT

Reportyour controllerdesign.Discussthe transientand steady-stateesponsef your closed-loopsystem.Explain
the behaior of the systemwhenyou manuallydisturb the lower disk for a lengthy period of time. Discussthe
disturbance-cancelingerformanceof your system. How slowly canyou sampleandstill get reasonableerfor
manceWhatsamplingratedo yourecommendising?
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Numeric Optimal PID Controller Design

8.1 INTRODUCTION

A genericPID controllerimplementsa differenceequationof theform
ulk] D ulki 1] C qoe[k] C quelk i 1] C qoefk i 2]:

The valuesfqo; q1; 029 represensomesetof PID coefcients fK; Tp; Tyg In orderto make a PID control design
to optimizesomeperformanceriteria, we needto optimizethevaluesof fK; Tp; T, gor, equivalently, the valuesof
fgo; ai; 929 In thislab you will usea numericPID optimizationroutineto nd valuesof fqo; g:; 029 to give good
controlresultst

8.2 THISLAB IS...

2 An introductionto numericcontrol-desigriechniques.

2 Anotherexampleof single-inputmulti-output(SIMO) control.

8.3 BACKGROUND
8.3.1 Numeric Design of PID Controllers

Any digital controlleris implementedvia differenceequations.For example,a PID controlleris implementedvia
theequations

ulk] D u[ki_&]C q u q
K 1clcle K] i 1c 2o ek | 1](:Ee[k- 2]> (8.1)
T T ' T ' T ! '

or,
ulk] D ulki 1] C qoelk] C quelki 1] C qoefki 2]

whereqp, g1, andg, areconstantsin orderto optimizethe controllerto meetsomedesiredspeci cations,we must
choosehecoefcients fqo; g1; 020
Onemethodto dothisisto“ ddle” with thecoefcients in anintelligentway in orderto gettheclosed-loogransfer
functionto resemblesomedesiredclosed-looptransferfunction ascloselyaspossible.We comparethe outputof
our controlledsystemwith the desiredsystemandthe differencein the outputat eachtime sampleis e[k]. We can
thencomputea “cost function” J suchas X
JD  jeklj*

k
If we designour controllerto minimize J thenthe outputof our controlledsystemapproximateshe desiredoutput
ascloselyaspossible.

Lincidentally thisis how the controllersin Labs2 and6 weredevelopal. They weredesignedo optimizethe averageperformancef the
controlleroverthefour MagLevs.
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8.3.2 Function Minimization in Three(+) Dimensions

Our PID controllerdesignproblemis anoptimizationproblemin threevariables.We startout with aninitial guess
asto goodvaluesfor q D fdo; 01, 020 Then,we approximatehegradientr J, of J with respecto q. If we change
our g valuesin thedirectionof the negative gradientwe aredescendinglovn the error surfacetoward a minimum.
Speci cally:

1. Startwith aguessq D fqo; 01; 020
2. Setthe“stepsize”to asmallvalue.Say° D 10' 3, andsetthegradient'test stepsizes™+gy D #; D g, to a
valuesmallerthan® .
3. Estimatetheslopein the go-direction:
@ |, J.00C 40o; d1; A2/ i J.Co; Ca; O/

— Y

@o o
4. Estimatethe slopein theq;-direction:
@ |, J-G0; % C G/ i J.Go; Gu; G/
@ q;
5. Estimatetheslopein the g,-direction:

@ ., J.0o;q1; 02 C 02/ | J.qo; qy; O/

— Y
@ ),
6. Normalizethe gradientfor betterperformance
s - « -
PR PR 'R | PR 2
1p 2@ 9@

@o @ @
7. Updateqp, 01 andgp:

(TR | VR | poo 1
- @ x °CT @ x °lT @
A i — | A i — — | A i - —
QoA Joi @ 01 i i 1 @n 07) a2 i 1 @

I—\|o

8. Repeatrom (3) until corvergence.

Notethatevery evaluationof J.x; y; z/ requireshatyou evaluatethe systemperformancdor the controllerde ned
by the parameters$x; y; zg Four separatevaluationsare requiredper iteration of the above loop (J.qo; 1; 02/
needsbe evaluatedonly once). In the caseof trying to matcha step-reponsedesigncriteria, four stepresponses
needbe simulatedperiteration.

8.3.3 Example

The following codesegmentis similar to what you will needto write for this lab. The goalis to make the step

responsef thedigital plantG.z/ D _Zcof;fg%gg;%zo:w resemblgheidealunit step1[k] ascloselyaspossible.

g=zpk([ 0.1+0.1% 0.1-0.1 #],[0.3+0. 5% 0.3-0.5* j 0.8],1,-1 );
gamma=Q001; dg=0.0 01; T=20;
des = ones([T +1 1]); % desired step response

q0 = 0; g1 =0; g2 =0
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maxiter =410; J=zeros([1 maxiter]);
for i=l:maxit er,

d=tf([q0+dgq  ql g2[[1 -1 0]-1);

t=feedback( d*g,1); s=step(t, T+1); Jl=norm(des -s);
d=tf([q0  gl+dg g2[,[1 -1 0]-1);

t=feedback( d*g,1); s=step(t, T+1); J2=norm(des -s);
d=tf([q0 gl g2+dq],[1 -1 0],-1);

t=feedback( d*g,1); s=step(t, T+1); J3=norm(des -s);
d=tf(q0 a1 q2[1 -1 0]-1);

t=feedback( d*g,1); s=step(t, T+1); J()=norm(d es-s);
if (mod(i-1 0,100)==0),

J(), plot(0:T ,s); axis([0 T 0 1.4)); drawnow;
end;

p1=(J1-J()  )dg; p2=(32-3()) )/dg; p3=(I3-J() )/dg;
Delta=sqrt(  pl*pl+p2*p2 +p3*p3);

g0=g0-(gamm a/Delta)*pl gl=gl-(ga mma/Delta)*p

end;

2; 02=92-(g amma/Delta) *p3;

Theleft plot below shavs the stepresponsef the systemevolving overtime, andtheright plot shavs the“learning
curwe” of the optimization(A learningcurve plots J versusiterationto shav how the costis beingminimized).

Amplitude

0.4

8.3.4

Learnirg Curve

400

PID StepRespmses

350
300

™ 250

2001

150

! ! ! ! ! !
8 10 12 14 16 18 20

Time (sec.)

!
6

Initial Guess for K; T; and Tp:

100
0

! !
50 100 150 200 300 350 400

Iteration

250

In the caseof designinga PID controllernumerically the Ziegler-Nicholsrulesmaybe usedto provide areasonable
initial guesdor fqo; 01; g20 Recallthe“secondmethod”of ZieglerandNichols: Con gure your plantas:

+
r.t/ —»T—» >

Ku

Plant I—<

— .t/
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Turnupgain K, until systenproducesscillations(on stability boundary)K, = “ultimate gain’” Measurgheperiod
of oscillations: P, is the period. The K, T; andTp parametersnay thenbe chosenasshavn in the table belov
(Corvertto qg, g1, g2 USiNgEQ. (8.1).)

<—— Period,P,

8.4

1 RESULTING TUNING RULES:
P \ Pl \ PID
K D 05K, | K D 045K, | K D 06K,

T D 1 T D 5P, T, D 05PR,
To D O To D O To D 2

PRELAB ASSIGNMENT

In this lab, the MagLev will be con guredidenticallyto Lab 7. Again, it will be operatedcaroundthe equilibrium
pointy;, D 1cm Theintermagnetseparations nominally y;oo D 8cm

1.

8.5

Recalluy, suchthaty;, D 1cm thetransferfunction G.s/ andthetransferfunctionG.z/ from Lab 7. Usea
samplingrateof 50Hz

. Determineinitial conditionsfor the numericoptimizationfqo; g:; gzgusingthe approximatevaluesk, D 0:4

andP, D 0:3sec

. Your controllerwill implementthedifferenceequation

ulk] D ulk i 1] C qoe[k] C quefk i 1] C qoefki 2]:

Use a numericoptimizationroutineto nd fqo; q;; g2g which give closed-loopstepresponsemast closely
resemblinghe steprespons®f theanalogprototypesystem
20

T.s/ D :
sC 20

P
Minimize thecostfunctionJ D = | j&qj?.

(a) StatethetransferfunctionD.z/ of thecontrolleryou nd.
(b) Plotthestepresponsef your optimizedsystem.
(c) Plotthe“learningcurve” shaving how J decreasesersusteration.

LABORATORY EXPERIMENT

1. Implementyour feedbackcontrolsystemin Simulink.

2. For areferencanput equalto a unit stepattime 5 seg recordyour systemoutput.

3. Seehow well your designrejectsdisturbancéoy repeating_ab 7 experimentaktep6.

8.6

ASSIGNMENT

Reportyour controllerdesign.Discusghetransienandsteady-stateespons®f your closed-loopsystem.How well
doesthe physical systemcorrespondvith your design?
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Ragazzini' s Direct Control Design Method

9.1 INTRODUCTION

Many of the transferfunction designtechniquesve have discussedlead/lag,etc) grew out of the limitations of

technologyto implementcontinuous-timecompensatorsising resigors, capacitorsandthe like. With controllers
realizedby digital computey suchlimitations arenot relevantary more. An alternatve designmethodis the direct
controldesignmethodof Ragazziniwhichdirectly computeshecontrollerD. z/ to achieze somedesirecclosed-loop
transferfunctionT.z/.

9.2 THISLAB IS...

2 PracticeusingRagazzini's directcontroldesignmethod.

2 Controlsystemdesignvia pole-placemerdéindprototypeemulation.

9.3 BACKGROUND
9.3.1 Direct Design Method of Ragazzini

Theclosed-loopransferfunctionof a unity-feedbacldigital controlsystemis
D.zZG.2
1CD.ZG.Z°

Notethatwe canre-arrangehis expressiorandsolve for D.z/ to give this closed-loogransferfunction.

.1CD.ZG.Z//T.z2l D D.2IG.Z/
D.2/G.z2l.T.21; Y D T.z
1 T.2/
D.Z D G.z1; T.z2I°
From this equation,it appearsasif we canspecifya desiredT.z/ andsimply computeD.z/ to achiere it! Can
controldesignbethis simple?

In general,the anseris “not quite”. The problemis that this techniquemay askfor the impossible: (non-causal,
unstable..). We needto imposesomeconstraintson T. z/ for the controlsystemto beimplementable.

T.Z/ D

Causality: If D.z/ is causalthenit hasnopolesatl (equialently nozerosattheorigin). ThereforeT.z/ must
have enoughzerosat1l to cancelout polesatl from ﬁ Putanotherway, thedelayin T.z/ mustbeatleastas
longasthedelayin G.z/. Theconstrainbn T.z/ is then

2 T.z/ musthaveazeroatin nity of thesameorderastheorderof thezeroof G.z/ atin nity .
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Stability: If G.z/ hasunstablepoles,they cannotbe canceledirectly by D.z/ or therewill betrouble! To shav
this, considerthe characteristi@quationof the closed-loopsystem

1CD.ZG.Z/ D O:

LetD.z/ D c.zZ/=d.z/ andG.z/ D b.z/=a.z/. Then
c.zl b.z/

1C HHDO:

Lettheunstablepolein G.z/ beat®, soa.z/ D .zj ®a.z/. Tocancelit,c.z/ D .zj ®T.z/; and

.Zi ®a.z/d.zZ/C.zij ®¢t.z/lb.z7 D O
.Zi ®[a.zld.Z7 C¢T.2/b.2/]] D O:

Theunstablerootis still afactorof the characteristi@quation!(oops).We concludethatunstablepolesmay notbe
directly canceledbut mustbe movedvia thefeedbackmechanismThisimposegwo constrainton T.z/.

2 [1; T.Z/] mustcontainaszerosall thepolesof G.z/ outsidetheunit circle.

2 T.z/ mustcontainaszerosall thezerosof G. z/ outsidetheunit circle.

Steady-State Accuracy: Finally, requirementsor steady-stataccurag will imposesomeconstraintonT. z/.
Assumethatthe systemis to be of type-lwith velocity constant,,. Note:

E.ZD[1; T.Z]R.Z:

We musthave zerosteady-staterrorto astep.Therefore

. _ _ z
|Z|!ml.Z| U1 TZ/]Z| 7 DO
or T.1/ D 1. Furthermorewe musthave 1=K, errorto aunit ramp. Therefore
Tz 1
lim.zj Y[l T.2 D—:
21! [Li ].zi 12 Ky
Usel'hépital' srule to evaluate: —
dT.z/ - 1
i T - D —

dz 5, K

So,the nal constraintonT.z/ are

2 T.UDL1.

dT.z/ -
2 — Dj 1 .
dz TKy

Any T.z/ whichmeetgheseaequirementsor causality stability andsteady-stataccurag is onewhichwill provide
afunctionalD.Z/.

9.3.2 Pole Placement

Now thatwe havethis considerabléool atour disposalwe needto determinevherewe shouldplacetheclosed-loop
polesof T.z/. Onepossibilityis to chooseclosed-loogolesto mimic a systemthathasperformanceahatyoulike.
Setclosed-loogpolesequalto this prototypesystem.

Prototypesretakulatedwith polesscaledo give settlingtime of 1 sec.or bandwidthof! D 1rad/secForexample,
thefollowing two setsof stepresponseblave constansettlingtime andconstanbandwidth:
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StepRespamse: Constah Bandvidth StepRespose: Constantts
1o o T m—— L S— — I S S——— U Ao
0.8f 0.8
3 5
g 0.6 g 0.6
a a
E o04f E o04f
< <
0.2 0.2
0 . ; ; ; ; ; ; . 0 . . . . .
0 2 4 6 8 10 12 14 16 0 0.5 1 15 2 2.5 3
Time (sec.) Time (sec.)

Thefollowing tableslist the normalizeds-planepolelocations.

Bessebpolelocationsfor ts D 1 sec.
o i 4:6200

i 4:05308 2:3400j
i 3:96688 3:7845j 5:0093

i 5:52818 1:6553

i 5:92688 3:0813] | 6:4480
i

6:26138 4:4018] | 7:12058 1:4540j

4:0156§ 5:0723;
4:1104§ 6:3142]
4:2169§ 7:5300]

2

Bessebpolelocationsfor ! , D 1 rad/sec.

: 1:0000

0:86608 0:5000j

0:74558 0:7112) | 0:9420

0:65738 0:8302] | 0:90478 0:2711j

0:59068 0:9072j | 0:85168 0:4427]  0:9264

i
i
i
i
i
i 0:53858 0:9617] j 0:79988 0:5622j i 0:9093§ 0:1856;

ok wbdE

In orderto corvertthesepolelocationsto somethinguseful,usethefollowing procedures:
PROCEDURE: For nth-ordersystem—desiredandwidth.

1. Determinedesirecbandwidth! 4.

2. Findthenth-orderpolesfrom thetableof constanbandwidth,andmultiply polelocationsby ! 4.
3. Corverts-planelocationsto z-planelocationsusingz D e°T.

4. EnsureT . z/ meetsdesigncriteriaanduseRagazzinito computecontroller

PROCEDURE: For nth-ordersystem—desiredettlingtime.

1. Determinedesiredsettlingtime tg.

2. Findthenth-orderpolesfrom thetableof constansettlingtime, anddivide polelocationsby tg.
3. Corverts-planelocationsto z-planelocationsusingz D e5'.

4. EnsureT.z/ meetdesigncriteriaanduseRagazzinito computecontroller
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9.4 PRELAB ASSIGNMENT

In thislab youwill again controlthetwo-diskMagLev in thecon gurationof Labs7 and8.

1. Recallu,, suchthaty;, D 1cnt thetransferfunctionG. s/ andthetransferfunctionG. z/ from Lab 7. Usea
samplingrateof 50Hz

2. Designa T.z/ for settlingtime 0:2secand of appropriateorder (numberof poles). Make surethat all the
requirementsor stability, causalityandsteady-staterroraremet(chooseanappropriatevalueof K, ).

3. ComputeD. z/. Simulateandplot the stepresponsef theclosed-loopsystem Plotthe stepresponsef T.z/.
Do they match?

9.5 LABORATORY EXPERIMENT

1. Implementyour feedbackcontrolsystemin Simulink.
2. For areferencanput equalto a unit stepattime 5 seg recordyour systemoutput.

9.6 ASSIGNMENT

Reportyourcontrollerdesign.Discusghetransienandsteady-stateespons@f your closed-loopsystem.How well
doesthe physicalsystemcorrespondvith your design?

Thisis the endof Unit 3. You have the next lab periodoff to give you time to write your lab report. Your formal
laboratoryreportcoveringall threelabsin this unit is dueat the beginning of the subsequenab period.
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State-SpaceController Design

This nal unit of labsfocuseson digital control systemdesignusingstate-spacdesignmethods.The MagLev will
becon guredin atwo-diskmulti-input multi-output(MIMO) con guration. In:

2 Lab10youwill usestatefeedbacko controlthe MagLev; in

2 Lab11lyouwill useoutputfeedbacko controlthe MagLev.

Remembethatif a control-systentesignis properlydone,testingis very fast. The majority of your time will be
spenton the Prelabassignmentiesigningthe controllerin the rst place.
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State-Feedback Controller Design

10.1 INTRODUCTION

In this experiment,you will implementfull multi-input multi-output(MIMO) control on the two magnetMagLev
system. The physical plant con guration is again that of the previous threelabs exceptthat now you will apply
inputsat boththe upperandlower magnetocations.Youwill usestate-feedbackontroldesignmethodsn orderto
designthe controllerfor this system.

10.2 THIS LAB IS...

2 An introductionto MIM O state-spaceontrol.

2 Anotherinstanceof control systemdesignvia pole-placemenandprototypeemulation.

10.3 BACKGROUND
10.3.1 A full MIMO state-space model of the MagLev (Continuous-time)

Linear, lumped timeinvariantsystemsnayberepresenteth state-spacéorm as

£t/ D Ax.t/ C Bu.t/
y.t/ D Cx.t/ C Du.t/;

whereA, B, C andD areconstanmatricesx.t/ is avectorfunctionof time,andu.t/ is avectorof inputs. We wish
to representhe MaglLev dynamicsin state-spacéorm; thatis, we mustde ne a statevectorx.t/ and nd matrices
A, B,C andD.

FromApp. B we know thatthefull modelof theMagLev is:

myg C m:ﬁ’ C .kiti k21Ckmi2/y; i kmay; D kui1ui C kuioUj
MBCm ¥ C ki kioCkmolys i Kmizy; D kuzouj C kyopus:

wherethe appropriateconstant@arede nedin App. B.

If wede ne thestatevectorx.t/ to be

£ ar
x.t/ D yj.tl oyt Etl Bt

thenwe cgnrepresenthe equationf motionfor theMagLev in statespaceas

3 2
0 0 1 0 0 o
0 0 0 1 0 0 us.t/ °
ook IR g
Kori Kiri Kmof=m Kmi2=m i 0 Kuii=m  ky12=m us.t/
_ Km1o=m Kioi kozi Kmamm 0 Ku2i=m  ky2o=m
1000
y.t/ D 0100 X.t/:
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Thereforethefull MIMO modelis:

2 3 2
0 0 1 0 0 0
0 0 0 1 0 0
Ko1i Kiri Kmo/=m Kmi2=m i 0_ kuii=m  kyio2=m
Km12=m Kizi k2i Kmo/=m 0 Ku2i=m  ky2o=m
1000° 00°
CD 0100 ° and DD 0 0

10.3.2 A full MIMO state-space model of the MagLev (Discrete-time)

Recallfrom classthatin orderto corvert the MagLev dynamicsto discretetime, we mustperformthe following
computations:

Ay D eT; ByD AlLAyj I/B;
Cq D C; Dy D D:

This givesusthediscretetime system
X[k C 1] D Agx[k] C Bgu[K]

y[K] D Cgx[k] C Dgu[K]:

Theinterpretatiorof the stateis

2 3
y;.KT/

y;5.KT/
V. KT/
B.KkT/

x[k] D

10.3.3 Calculating Equilibrium uy, and uy,

We may calculatethe steady-stateontrol effort ui, anduy, for a speci ¢ operatingpoint fyio; Y200 by evaluating
theequilibriumequationsn App. B. Thesegive thetwo equationsindtwo unknavnswhich may be combinednto
amatrix equation:

1 1 # ! " #
a. yloi)b/“ a13 leCb/ Uio D mg C ylgoCd/4
i ¢
a.13CyCh*  a yzOCb/4 U2 ~ mgi .yleCd/4 .
, . # #
U1o D a. ylocl:b/4 a.13; y10Cb/4 mg C y120Cd/4
i __
U2o a.13Cy,Chi4  aj yzOCb/“ mg i .ylgoCd/“
Notethatin orderfor the unitsto properlyagreeafactorof 100mustbeintroduced:
1 1 #id #
Uio D ayCh?  alg leCb/4 100mg C Yizo Cd/4
u i1 100mg| —S—
20 a.13Cy,Chi* @ yzOCb/4 I .ylgoCd/“

10.3.4 State feedback control via pole placement

Control of systemdn state-spacérm usesstatefeedbackatherthanoutputfeedback.The controlleris designed
by choosinga K matrix suchthat
ulk] D r[k] i Kx[K]:

Thepolesof a state-spacsystemarethe eigervaluesof the Ay matrix. By emplgying statefeedbackwe changethe
stateequationo
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x[kC 1] D .Aqi BgK/x[K] C Bar[K]

andthereforechangethe effective “ Ag” matrixto Aq i BgK. For mary systemswe may chooseK to placethe
eigevaluesof Agi ByK anywherewelike (in complex-conjugatepairs,thatis). The Matlabcommandplace ()
may be usedto computethe desiredK matrix.

10.3.5 Steady-state accuracy

State-spacedesignvia pole placemenaddressethe transient-resporesof the systembut doesnot directly address
the steady-stateesponseFor instancejt doesnot ensurezerosteady-staterrorto step-like controlinputs. There
areanumberof waysto improve steady-stateesponsandthe simplestis discussedhere(alsotheleastaccurate!).

Thedc-gain of the state-spacsystemmay be calculatedo be
Kgc D Cy.1 i AqC ByK/i'By C Dy:

If we multiply the referencanput by the inverseof the Ky, matrix, we compensatéor ary aberrationfrom unity
dc-qain.

10.4 PRELAB ASSIGNMENT

1. Determinethefull state-pacemodelof thecontinuous-timéMaglLev system.Thatis, Il in all numbers.

2. Corverttheplantmodelto discrete-time.Usea samplingfrequeny of 50Hz. You may useeitherthe expm
commandor thec2d commandn Matlah

3. Computethe u;, anduy, voltagesfor nominaloperatingpointsy;o D 1:5cmandy,, D j 220cm. In this
con guration, y15, D 9:5cm

4. Youwill needto placefour polesusingstatefeedback.Usea prototypefrom Lab 9 anddesignfor a settling
time of 0:5sec Statethefour desiredpolelocations.

5. UseMatlab's place commando determinea state-feedbaciain matrix

kll k12 k13 k14 ’
K D :
I(21 k22 k23 k24

6. Computethedc-gain of your compensatedystemK 4.. Also computetheinverse: K(‘jcl.

10.5 LABORATORY EXPERIMENT

Considerthe state-feedbackIMO controllerasillustratedin Fig. 10.1 on pagel0—4. The stateis composedor
feedbackby actuallymeasuringy;[k] andy;[k], andby estimatingthe deriatives ¥ [k] and ¥3[k] usingEuler's
backwardrule:

Wiki U ond g v 2K Y%k 1D,
T T
The four component®f the statevectorare passedhrougha multiplexer to make the vectorsignalx[k], which is
multiplied by the matrix K (be sureto usea matrix gain block from the Math Panel,andnot a regular scalargain),
anddemultipleed into the two componentsvhich modify u[k]. Thereferenceanputsaremultiplexedinto a single
r [K] vector whichis multiplied by Kg,cl to remove steady-staterror, anddemultiplexedinto individual components
which areusedfor eachcontrolinput.

Rk v 2]

1. Setthenominaloperatingpointsto y;, D 1:5cmandyy, D j 2:0cm
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ulo ) ylo
Bottom Coil
D/A AID P yrawycal A»é » |:|
—>
rl source K — — Fix Bottom
Digital To Analog  Analog To Digital Sensor Scope
J-U-U-l Matrix Converter Converter0
) Gain u2o0 y20
12 source inv(Kdc) Top Coil
é N é
Scale reference input for R AR P yrawycal N
ood steady state error. A -
g Y — — Fix Top
Digital To Analog  Analog To Digital Sensor
Converterl Converterl
kx K
> e
Matrix z
Gain
(K) 1 <
)l
z
Compute state to be
=0 Compute state feedback measured values and
I]D = || by multiplying state approximate derivative
estimate by K. (Use backward Euler)
HW Adapter

Figure10.1 Diagramof state-feedbacklIMO system.

2. Usetheplasticsafetyclip sothattheuppermagnetestsatapproximatelyy 2:5cm Implementyour controller
(for zeroreferenceinput), and checkthat the systemis stableand functioning properly (e.g., the magnets
are levitating at roughly their properheights). If so congratulations! You have successflly implemented
multivariablecontrol! Remorve the plasticclip.

3. Setupthefollowing multivariableinput: Lower-disk trajectory: PulseGeneratoinput, 1 cmamplitude 4 sec
period,0secoffset; Uppekrdisk trajectory: PulseGeneratoinput, 1 cmamplitude,4 secperiod, 1 secoffset.
Executethesetwo trajectories Noticetherespons@f themagnetsandthe crosscouplingbetweerthem(e.g.,
how muchthe stationarymagnetmovesasthe moving onechangegosition). Plot your commandegbosition
andyf, j D 1,; 2, datafor eachaxis. Noticethe crosscouplingin the outputandin which magnetpositionsit
is mostpronounced.

10.6 ASSIGNMENT

Reportall Prelaband measuredExperimentresults. Describethe motion of the two magnetaunderMIM O state-
spacecontrol from your pulseresponse# termsof their relative interferencevhenthe two magnetsare closest
togetherandwhenthey arefurthestapart. Canyou seethe nonlineareffect of the “spring” in the outputs?Explain.
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State Estimation and Contr ol Design

11.1 INTRODUCTION

Statefeedbaclkcontrolis avery powerful designtechniqueasit oftenallows usto placeclosed-loopolesarnywhere
we desire.The price we pay for this power is thatwe mustmeasurell of the systemstates.In Lab 10, measuring
the two statesy;[k] andy5[k] wassimple (althougheventheseare corruptedby sensomoise). However, the state
derivativeshadto be approximatedy

P % yilkli yilki 1] Ya[kl i yolki 1],

T T

State-spacélesignmay be accomplishednore accuratelyif the stateof the systemis estimatedusing a special
circuit calledan estimatoror an observer The outputof the estimatoris the stateestimatexpk]. Feedbackcontrol
is accomplishediia u[k] D r[k] i KXJk] ratherthanu[k] D r[k] i Kx[K]. Eventhougha stateapproximations
used stablecontrolis guaranteedf the original controlpoleswerestableandthe estimatompolesarestable.

and  PBk] Y4

11.2 THISLAB IS...

2 Your nal control designfor this course,incorporatingmary aspectf state-spac¢heoryincluding state
estimation.

11.3 BACKGROUND
11.3.1 Estimator Design

We seldommeasureall of the statesof x[K] in orderto accomplishstate-feedbackinsteadwe useour knowledge
of theplantdynamicsandthe plantinputandoutputin orderto estimatehe stateof the plantby simulatingthe plant
behaior in real-time.Let XPk] be our estimateof the plantstate.If we feedbacku[k] D r[k] i KXJk] the polesof
the closed-loopsystemaremovedto the sameplaceasif we feedbacku[k] D r[k] i Kx[K].

How do we designanestimator?Considerthefollowing:

XJk C 1] D AgK] C Bgu[k] C L.y[K] i CqxIK]/

whereL isan £ m (numberof-statedy numberof-outputs)matrix of gainschoserby thecontrol-sysemdesigner
Call theerrorbetweerthe actualstateandthe estimatedstatex)k] D x[k] i XPk]. Then,theerrorhasdynamics
QK C 1] D Agx[K] C Bqu[K] i AgXK] i Bgu[k] i L.Cyx[K] i CqyxpKk]/
D .Agi LCy4/XK]:

So, the estimatorerror haspolesdeterminedoy the eigervaluesof the . Ay | LCy4/ matrix. By choosingthe L
gains,we canmake the estimatorerror cornverge to zeroasquickly aswe desire. Often, the polesof the estimator
arechoseno be slightly fasterthanthe polesof the closed-loopplant. The estimatorgain vectorL is designedn
exactly the sameway asthe controllergain vectorK , but with Aq replacedby A}, By replacedby C] and nally by
computingthetransposef theresult. Speci cally, for a setof desiredpolelocationsdes_ poles

L = plac e(Ad',Cd 'des p oles);
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11.4 PRELAB ASSIGNMENT

1. Recallyourdiscrete-timesystemmodel,us,, Uy, K andKg. from Lab 10. Youwill needtheseagain.

2. Youwill needto placefour polesfor the estimatordesign.Usea prototypefrom Lab 9 anddesignfor asettling
time of 0:1sec Statethefour desiredpolelocationsandyour estimatorgain matrix L.

11.5 LABORATORY EXPERIMENT

Considerthe MIMO controllerwith estimated-statieedbaclasillustratedin Fig. 11.1. Theestimatorat the bottom
of the gure implements

Pk C 1] D AgxIK] C Bqu[k] i L.y[K] i CaxpK]/:
Thefeedbacks computedasu[k] D K lr[K] i KXK]:

1o
Bottom Coil Y
e D/IA A/D Hp| yrawycal A’é |:|

Jumn >
Lad
>
rl source K — — Fix Bottom
Digital To Analog  Analog To Digital  gensor Scope
J-U-U-l Matrix Converter Converter0
. Gain > y20
12 source inv(Kdc) ueo Top Coil

Scale reference input for
good steady state error.

' (s D/IA A/D Hp{ yrawycal 4’6
K

— — Fix Top
Digital To Analog  Analog To Digital  gensor
ul Converterl Converterl

Matrix
Gain (Bd)

kxhat

K |

al
Matrix Matrix
Gain (K) Gain (L)
Matri Estimate the state
Compute state feedback| G .": n/:(d value using
=0 by _multiplying state ain (Ad) measurements of
|]|:| = II estimate by K. . the output y[K].
HW Adapter Matrix

Gain (Cd)

Figure11.1 Diagramof state-feedbacklIMO system.

1. Setthenominaloperatingpointsto y;o D 1:5cmandy,, D j 220cm

2. Usetheplasticsafetyclip sothattheuppermagnetestsatapproximately 2:5cm Implementyour controller
(for zeroreferenceanput), andcheckthatthe systemis stableandfunctioningproperly(e.g., the magnetsare
levitating atroughlytheir properheights).

3. Setupthefollowing multivariableinput: Lower-disk trajectory: PulseGeneratoinput, 1 cmamplitude 4 sec
period,0secoffset; Uppekrdisk trajectory: PulseGeneratoinput, 1 cmamplitude,4 secperiod, 1 secoffset.
Executethesetwo trajectoriesNoticetherespons@f themagnetsandthe crosscouplingbetweerthem(e.g.,
how muchthe stationarymagnetmovesasthe moving onechangesosition). Plot your commandegbosition

andy;, j D 1; 2, datafor eachaxis. Noticethe crosscouplingin the outputandin which magneipositionsit
is mostpronounced.
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11.6 ASSIGNMENT

Reportall Prelaband measuredExperimentresults. Describethe motion of the two magnetsunderMIM O state-
spacecontrol from your pulseresponse#n termsof their relative interferencewhenthe two magnetsare closest
togetherandwhenthey arefurthestapart. Canyou seethe nonlineareffect of the“spring” in the outputs?Explain.
Compareheresultsof this lab with thoseof Lab 10. Which arebetter?Explain.

Thisis the nal lab. Your formal laboratoryreportcovering both labsin this unit is dueat 5:00p.m. Thursday10
May 2001.

Lab reader prepared by Dr. Gregory L. Plett, ECE Department, University of Colorado at Colorado Springs



(mostlyblank)



Congratulations!

You have just completeda rigorouslab coursein digital control. You have studieddiscrete-timesimulation;two

methodsof control designwhich emulateanalogsystems effectsof digital systemssuchasaliasing,discrete-time
modelsand nite-precision effects; threemethodsof direct digital control design;and state-spaceontrollerand

estimatordesign.You have implementeds1SO,SIMO andMIMO controllers.

More importantly you have implementedall thesemethodson a physical system.You have discoveredthatcontrol
experimentdocusattentionon performanceandimplementationssueshatmay be overlooked andat the leastare
dif cult to captureby “theory” For example:

2 Controlexperimentsighlightimplementationssueqsuchasintegratoroverload,sensomnoise dynamicnon-
linearitiesandactuatorsaturationthatareeasyfor theoryto overlook.

2 Thedifferencebetweera“toy” controlassignmenanda“real” controlexperimentis whetherthe disturbance
is of your own constructioror is thrown at you by Mother Natureherself,andif unmodelechonlineareffects
arepresent.

2 Control experimentsprovide a quick way to identify control methodsthat seemto work underreal-world
conditionsandthosethatclearlydon't.

Thelastitem— nding whatdoesanddoesnot work—leadso reallearning.
| hopethatyou have enjoyedthis lab, have foundit interestingandthatyou have learneda greatdeal.

Gregory Plett

August2002
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App. A: Magnetic Levitation Principles

This appendixgivesa brief overview of key conceptsn magnetismin generalaindmagnetidevitationin particular
It includesequationsandillustrationsthatshav how magnetic elds andforcesaregenerateavithin the Model 730
apparatuandconcludesvith areferencesection.For amorerigoroustreatmentf theseopics,thereadeiis referred
to theliteraturelisted atthe endof the appendix.

A.1 Introduction
Magnetic elds areusedto describeforcesata distancerom electriccurrents.Thesecurrentsareof two types:

1. Free,or Amperian,currentsasdravn from a batterypack,power supply or anelectricaloutlet,and
2. Boundcurrentsasin permanentnagnetmaterials.

Theforcescomein threevariations:

1. An electricalcurrentfeelsaforcefrom anothercurrent,
2. A currentfeelsaforcefrom a permanentagnetand
3. A permanentagneffeelsaforcefrom anothempermaneniagnet.

This actionatadistances describedy sayingamagneticeld existscreatedy oneof thebodiesatthelocationof
theotherbody Themagneticeld is the mediumby whichtheforceis transfered.

In this section,a brief discussiorconcerningthe magnetic elds causedoy magnetizednaterials(i.e., permanent
magnets)s presented By demonstratinghat magneticmaterialscanbe reducedo effective currentdistributions,
this discus#on forms the basisfor calculatingthe forceson permanenmagnets.The magnetic elds dueto free
currentdistributionsarecalculatednext. These elds areusedto calculatethe forcesfelt by current-carryingcon-
ductors.Time-varying currentscausetime-varying magnetic elds. Thesechangingmagneticelds induceelectric
currentsthat,in turn, experienceaforce.

Maglev systemaitilize thefundamentaphysicsof electriccurrentsexperiencingorcesat-a-distanceThesesystems
aremostoftendescribedn termsof theinteractionof electricalcurrentwith magneticelds. Becausahe masseof
thevehiclesarelarge,largeforcesarerequiredfor magneticsuspensionThesdargeforcesareprovidedby thehigh
magneticelds of eitherlarge superconductingurrentsor smallair gapsin normalferromagneticircuits.

A dictionaryof commontermsis providedat the endof the sectionanda referencdist is includedfeaturingbooks,
Maglev studiesandMaglev URLSs.

A.2 Magnetic Fields & Forces
A.2.1 Magnetic Fields Caused by Magnetized Materials
Electronspinis aquantummechanicaphenomenornits signi cancehereis thefactthatthereis associateavith the

electronspinamagnetianomentof x edmagnitude.To determingheforceson magnetianaterialswe usethefact
thatthe magneticnomentof the electronspinactsasif it is a currentloop.
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A volumeof magnetizednaterialcontainsavery largenumberof alignedelectronspins.Thisis illustratedschemat-
ically in the gure belov. A grid patternwas superposednto the materialto indicatesmall volumesof materials
which canbeanalyzedliscretely

The gure below isolatestwo small volumes. The one on the left generates magnetic eld dueto its magnetic
moment,m. The oneon theright generates magnetic eld by virtue of the currentwrappingthe volume (this is
commonlyreferredto asa “curr entsheet.), andotherwiseignoresthe presencef the magneticmaterial. The two
magnetic elds are entirely equivalent(externalto thematerial). The materialpropertyM describeshe strengthof
themagnetionaterialandtheamountof currentrequiredperunit distanceof height. The parameteK describeshe
currentper unit heightwithin the currentsheet. For modernhigh performanceneodymiume-iron-borompermanent

magnetsK ¥4 900, 000amps/meter
m
*Té @ IDMdz KDI=dzD M

dz Equivalentassources
of magnéic eld

Assemblingmary small volumesin juxtaposition,one canseein the gure belov the result of substitutingthe
currentloop for the magnetianaterial;the internalcurrentscancelwhile the surfacecurrentsdo not cancel.Hence,
no matterthe shapeof the material,the externalmagneticeld canbe exactly reproducedy a currentstripealong
thematerialperimeter (Thisis trueif themagnetizatiors uniform. If themagnetizations uniformthenthecurrents
areequalandcancel.If the magnetizations not uniform, thenthe equivalentcurrentdistribution canbe calculated
byJDr £ M, whereld is thevolumecurrentdensity)

|

In summarythemagneticeld of auniformly magnetizeghermanenmagnetanbeexactly reproducedby acurrent
sheetalongthe perimeter This equalityis indicatedgraphicallyin the gure belowv. The magnitudeof the currentis
proportionalto the materialthicknesswith the constaniof proportionalitydependentuponthe materialitself. This
equialenceof magneticelds is commonlyexploitedto calculatetheforceson permanentagnetmaterials.

A.2.2 Calculating Magnetic Fields

TheBiot-Savart Law is thefundamentatelationshipbetweercurrentandmagnetic eld:
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1 | dEE E
BED — : Al
d 4y, g3 (A1)

where,

di& Ddifferentialmagneticeld, tesla,

1 Dpermeability Henry/m,

| Dcurrent,amps,

dEDdifferentiallengthof current-carryingelementm,

E Dvectordistancerom currentelemento eld point, m.

Two simplegeometriesor calculatingthemagneticeld areanin nitely long, straightconductorndacircularloop
of conductor

Straight Conductor

For thestraightconductorcarryingcurrentupwardsalongthey-direction,themagneticeld canbecalculatedatarny
pointdueto a differentialcurrentelementas:

_— A.2
4 r2 (A2)

(into page)

| O
rD y2C R2

<

By integratingalongy fromjl1 to1 , theresultis:
1]
2Y.R’

wherethe direction of the magnetic eld is determinedby the right handrule (point the thumb of the right hand
alongthedirectionof currentandthe ngers curl in the directionof the magneticeld).

Circular Loop at Center

Themagneticeld atthe centerof a circularloop of wire canalsobe calculatedrom the Biot-Savart Law. In this

case the anglebetweenthe currentelementand eld pointis a constant(90*) so the vectorcrossproductalways
yieldsunity. Thenthemagneticeld is:

1 2R 1|
. . A3
&, RZ 2R (A3)
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Circular Loop Anywhere Along Axis

Themagneticeld alongtheaxisof acircularloop of wire canalsobe calculatedrom the Biot-Savart Law. In this
casetheanglebetweerthecurrentelementand eld pointis still aconstan{90*) sothevectorcrossproductalways
yields unity. The netmagneticeld from ary currentelementhasvertical and horizontalcomponents However,
asthe currentelementfollows the conductorpath, the horizontalcomponent®f the eld cancelwhile the vertical
componentadd. Thentheaxial magneticeld is:

- 12/R oD R R L (A.4)
©T 2CR 222CRl" ZC R 2.22C R%2 :
5

0 @@
y
W

dE

Due to the commonoccurrenceof circular coils, this relationshipis very important. Along the axis the magnetic
eld is purelyvertical. For valuesof height,z, above the planeof the coil, which aresmallcomparedo theradius,
R,.z ¢ R/ theverticalmagneticeld isinsensitve to z. Thisis dueto the nite radiusof the coil. For heightsz

muchlargerthanR .z A R/ theaxial eld decreaseasthe reciprocalthird power of height. Off-axis, the radial

magneticeld decreaseasthereciprocalfourth power of height.

Calculating Magnetic Forces

Theforcebetweercurrentcarryingconductorss givenby the LorentzLaw:
dED | dFE B; (A.5)

where,d [E Ddifferentialforce,in Newtons.
Onesimplegeometryfor calculatingthe magneticforce per unit lengthis two in nitely long, straightconductors
parallelto eachother

F Ll

—Dj =

I YR
The negative sigh meansthe two parallel currentsattractoneanother If the directionof oneof the currentswere
to be reversed(anti-parallelcurrents),the force would alsoreverse, andthe currentswould repel. Reversingboth
currentsof coursepnceagain producesnattractive force.

i
o dBE
(intopa@)

I I2

To evaluatethe magnetic eld at off-axis points, the sameformula (A.1) canbe used. The mathematicgjuickly

becomesdntractableandthe solutionis usuallyimplementechumerically Alternatively, specializedcomputeraided
designsoftwarecanbe usedto calculatethe magneticeld atarbitrarypointsin space.Thetwo methodsapproach
the calculationdifferently (the formeris the idealizedmagnetic eld numericallyapproximatedvhile the otheris

thehigh delity numericalmodelof the detailedsystem) Either methodwill, of courseyield the sameresult.

The force dueto a current- eld interactionoff-axis can be calculatedaccordingto (A.5). Thus,in the caseof a

Neodymiumiron Boron permanentnagnetpositionedabore a coil, the magnetcanbe modeledasa currentsheet
of thicknessequalto thatof the magnet.This “current” createsamagneteld atthelocationof the coil conductors.
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Theforceonthecoil and,by Newtonsthird law, theforce onthe magneis simply the productof themagneticeld,
currentandconductorpathlength.

Sincethe equvalentcurrentof the permanentnagnets in the thetadirection(circumferentialaroundthe magnet),
thevectorcrossproductin theforce equationsuggestshatto getanaxial force, F, we musthave a radialmagnetic
eld, B .j ©D [ Q. In developingthecontrolsystemit is corvenientto expressheradialmagneticeld equation
in thefollowing form:

C1 .
.2zC Cz/N '

wherec; andc, areconstantdependinguponthe geometryof the permanenmagnetsand N is a parametede-
scribingthe decreasén magneticeld with increasingaxial distance.For the caseof the axial magnetic eld, we
sav above ¢, is the surfacecurrentdensitymultiplied by the magnetthicknessc, is relatedto the squareof the
magnetadius,andN is threeor less,dependingipontherelative axial distance Theradialmagneticeld decreases
more rapidly with distancethanthe axial magnetic eld by approximatelyone more power of the denominator:
3< N< 4l

In orderto suitthe controllaw, the following form of the force equationfor amagnet-coiinteractionis sought:

FD K ¢ L.

.z C D/ N Imaxl
Thevariousmagnet-coilinteractionshave beenanalyzedandthe appropriateconstanthave beendetermined.Be-
causeof theinherentnon-linearityof magnetic elds, theseconstantsanvary whenthe excursionfrom the calcu-
latedsystemis large; thatis, the equationhave beenapproximatedy constanparameterin theregion of interest.

Thatis, atvery large axial heightsor very low heightsthe constantwill differ from thosecalculated.
Theform of theforceis the samefor interactiondbetweerpermanentnagnetsiueto theequialentcurrentconcept

discussedabore. In this case,however, the currentis not a free parameteffor control but is determinedby the
geometry

B D

Calculating Induced Currents

A time-varyingmagneticeld inducesvoltagesn aclosedoop accordingo Faradays Law:

VDi Nt%;

where,

V is theinducedvoltagearounda closedloop,
N is thenumberof turnsof conductoraroundtheloop, and,
@\=@is the ux rateof changehroughthatloop.

The negative signin Faradays Law is the manifestatiorof Lenz's Law. Lenz's Law stateshatwhencurrentsare
inducedin bodiesdueto a changingmagnetic eld, the currentsarein sucha directionasto cancelthe change
in magnetic eld experiencedoy thebody For instancejf no eld is presentandsuddenlya eld is applied,the
inducedcurrentgendto circulateto cancelthemagneticeld. If, however, themagneticeld haspreviously existed,
removal of themagneticeld causesurrentso o w in anattemptto maintainthe eld.

Considersinglecurrent-carryingonductomaoving relative to a conductve sheett canbeshovn [Magneto-Solid
Mechanicspg. 339ff] thatthereis a characteristiaelocity of the motion,w:
2Y.
w D —2;
1ot

1in evaluatingspeci ¢ geometriesndusingnumericacurwe tting, exponentfvalueN > 4:0 canresult. For theModel 730 Apparatus,
N - 4:3.
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where,%zis the sheetmaterialresistvity, t is thethicknessof the sheetand? g is the permeabilityof free space At
standstill,themagneticeld of the currentwill fully permeatahe sheetconductor Themagneticeld lineswill be
perfectcirclesaboutthe currentcenter At very low speeds(v ¢ w) the eld still permeateshe sheetandthe eld
lineswill still bevery nearlycircular This situationin shavn in the gure below, theinducedcurrentin the sheetis
K amps/meter

Currentl
(into pagg

As the conductorspeedis increasedo approximatelythe characteristiovelocity (v ¥4 w), the movementof the
magneticeld throughthe sheetcausesnducedcurrentsto o w. Accordingto Lenz's Law, thesecurrentso w in
suchamannersoasto cancelthe effect of theapproachingeld. Neverthelessgdueto nite resistancethe magnetic
eld will still penetratedhe conductve sheetto an extentandasthe conductoreavesthe region of magnetic eld
additionalcurrentsare inducedto maintainthe presencef the eld. This situationis shavn in the gure below.
Noticethe sheareffect of the motionon themagneticeld.

Currentl
(into page

Whenthespeeds increasedo substantiallyabove the characteristicselocity, the conductvity of thesheetprevents
themagneticeld fromary signi cant penetrationTheconductolis moving sufciently fastthatsigni cantresigive
dissipationdoesnotoccur Eachsectionof sheetgenerateshe exactrequiredcurrentto perfectlyshieldtheinterior
of theconductve sheefrom themagneticeld. Thissituationis shavn in the gure below. Noticethatthe magnetic
eld linesdonotenterthesheet.

Currentl
(into pagg

For applicationto the demonstratiorunit, the currentelementis the equivalentcurrentof the permanenimagnet
edge.Thepermanenmagnetying above arotatingconductve sheetintroducesseveral detailsdifferentfrom that
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describedabore. Thephysicalprincipleremainghesamethatis, thecurrentsareinducedn thesheein response¢o
theapparenthangen magneticeld, andthesecurrentsendto cancelthechangan magneticeld. Theinteraction
of the(magneticeld from) theinducedcurrentsandtheoriginal permanenmagneticeld producearepulsionforce
which levitatesthe magnet.Thesefundamentalsrethe basisof severaldifferentcon gurationsof Maglev systems.

A.3 Maglev Applications

The gure below shaws six arrangementasedin magnetidevitation of moving vehicles.Five of thearrangements
rely onrepulsive forces.Thelower elementsre x ed(say with respecto theearth)andtheupperelementdevitate.
The rst arrangemen{permanenmagnetlike poles)is the commonone for demonstratindike magneticpoles
repel. Thesecondandfourth arrangement§ermanentagnetand/orsuperconductinghagnetying overanormal
copperlower coil) is similar to that usedfor the Japanessuperconducting/aglev system. The third and fth
systemsaresimilar to the Magneplanesystemwherepermanentmagnetsor superconductingoils y over normal
sheetconductor Notably, this hasbeenvariouslyproposedsaninexpensive methodto attainlevitation.

The sixth arrangementelectromagnetindera ferromagnet)s quite differentandis the basisfor the GermanTran-

srapidMaglev system.The x edelemenis theupperferromagnetianaterialandthelower electromagnet actively

controlled.If thecurrentin theelectromagnds too large, the electromagnetelsa netupwardforceuntil it contacts
theferromagnetienaterial.If thecurrentis too small,theninsufcient forceis availableandtheelectromagnefalls.

Hence thecurrentin the electromagnetustbe continuouslyadjustedo enablédevitation without contact.

Conrductor

1 2 Corductor errongnet
m S

SHONSENE o
H lmage;‘ 7777777777 | ImagecoﬂJ %

magret
I {z }ol—{z—}
Repusion Attraction
For applicationsnvolving moving vehicles all magler designsshareacommorntrait: while generatingnagnetidift
(in thedirectionperpendiculato travel) thereis alsogeneratednagneticdrag(opposinghedirectionof travel). The
detailsof thelift anddragforces,of course dependuponthecon guration.

A.4 Reference
Newsltem: 14 April 1999Japanes#aglev vehicledemonstrate®p speeddf 552km/hr (345mph).
A.4.1 Current Status of Maglev in the United States and Internationally

Superconducting/laglev technologywasinitiated in the late 1960sand early 1970sin the United Statesin 1969
whenDrs. JamedPavell andGordanDanbyof New Yorks Brookharen National Laboratoryinventedthe concept
of a repulsive magneticsuspensionusing superconductingnagnets. In the mid-1970sthe US stoppedMaglev
developmentdue to funding problems. Other countries,however, continuedto develop Maglev and today have
viable systemslIn the early 1990sMaglev researchwasrekindledat a Federalgovernmentievel. At varioustimes,
the Departmentof TrangortationsFederalRailroad Administrationand FederalTransit Administration, NASA,
Departmentof the Air Force, and Departmentof the Navy have joined resourcedor the purposeof developing
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Maglev and Linear Motor technology Although eachageng hadits own speci ¢ applicationin mind, a loose
consortiumseemedo provide the bestbangfor thebuck. Thesituationhasprogresseavheretodaythereareseveral
high speed¥s 300mph)andlow speed% 100 mph)regionsin this countrywhereMaglev is thoughtto beaviable
alternatve meansof rapid public transportation—yeit is still unprovenin the United States.

Germaly's Transapidvehiclehasbeenextensiely testedandhasbeenproposedor useon several projectsin this
country The Germansarepresentlyconstructinga Transapid routefrom Hamhurg to Berlin.

Japaris developinga systemhatusessuperconductinghagnetsndis currentlyconstructinga majortestroutethat
will ultimatelybeincorporatednto arevenue-producingoute. Approximately80%of this systemwill bein tunnels
cut into mountains.This hasgreatlyincreasedhe constructioncostbut hasdecreasedthe costof land acquisition
for the Maglev right-of-way.

A.4.2 Glossary

Eddy Curr ents: Inducedcurrentsin conductorsby changingmagnetic elds. Sincethe currents o w in closed
pathswithin the materialsthey aresimilarto eddiesin rivers In accordancevith Lenz's Law, thesecurrents
0 w in suchamannerasto opposehechangdan magneticeld inducingthem.Frequentlyeddycurrentsare
undesirablebut they canbedesiredn casesf inductionandmicrowave heatingfor industrialandconsumer
purposes.

EDS: ElectrodynamicSystem

Electrodynamic System: Magneticforcesbaseduponrepulsionfrom inducedcurrents. Inherentlystablecanbe
lightly dampedor evennegatively dampedat sufciently highfrequencies.

ElectromagneticSystem: Magneticforcesbaseduponattractionfrom appliedcurrents. Inherentlyunstableand
currentsmustbe controlled.

EMS: ElectromagnetiSystem
HSST. High SpeedSurfaceTrangportation(notashigh speedasthe namesounds).Japanes&MS Maglev.
Inductance,L: L D N;A=l, Total ux linkedperunit current.Units areHenries H.

Maglev: Generictermfor magneticsuspensionSometimesefersto bothlevitation (verticalforces)andguidance
(side-to-&de forces)

Magnetic Drag: Magneticforce opposingpropulsiondueto resistive dissipation.Units areNewtons.

Magnetic Field, H: Three-dimensionalectorusedto calculatetheenclosecturrentasusedin AmperesLaw r £
H D 1 gJiree This parameteis independentf the materialproperties Units areAmperes/meteA/m.

Magnetic Flux Density, B: Three-dimensionalectorusedto calculatethe force on conductorsandmagneticma-
terials.UnitsareWb/nm? or Tesla,T.t £ BD ? ¢. Jee C Joound . RecallalsoF D | dl £ B.

. R
Magnetic Flux, A: A D B ¢d & theintegral of the vectordot productof the ux densityandarea. Units are
WebersWh.

Magnetic Lift: Magneticforce opposinggravity.
Permeability: * D B=H, Ratioof ux densityto magneticeld. UnitsareHenries/meteH/m.
Reluctance: Ratioof total magnetomotie forceto total ux throughacircuit. Units areinverseHenries Hi 1.

RTRI: Railway TechnicalResearchnstitute.Japaneseesearctarmto developEDS Maglev.
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Superconductivity: Thematerialpropertyof the completdack of electricresistancepbtainedor speciaimaterials
only underconditionsof refrigeration. Two classe®f materialsarelow critical temperaturesuperconductors
(T - 10K)andhigh critical temperatursuperconductordfHTSC) (T - 77K).

Transrapid: GermanEMS Maglev, Hamhurg to Berlin routeunderconstruction.

H
Magnetomotive force,mmf: MMF D HE¢dED N; 1. Intermediatequantityusedfor magneticcircuits. Concep-
tually similar to the electromotve force or voltageof anelectriccircuit. Units of mmf areAmpere-turns.

Lenz'sLaw: A law statingthatinducedcurrentsresultingfrom a changein magneticeld arein suchadirection
asto opposehechangen magneticeld. Hencejf amagneticeld is increasedgurrentis inducedto cancel
it. If themagneticeld is decreased;urrentis inducedto presereit.

A.4.3 Reference Literature:
Books

1. SupeconductingLevitation: Applicationsto Bearingsand Magnetic Transportation FrancisMoon, Wiley &
SonsNew York, 1994.

2. CaseStudiesn SupeconductingMagnets: Designand Opemational Issues Yukikazulwasa,PlenumPress,
New York, 1994,

3. Magneto-SolicMecanics FrancisMoon, Wiley & Sons,New York, 1984.

4. ElectomagneticLevitation and Suspensioffechniques B.V. Jayavant, Edward Arnold Publishersl.ondon,
1981.

5. Electomanetics J.D.Kraus,McGraw Hill CompaniesNew York, 1992,p. 288.
6. Electricity & MagnetismE. Purcell,McGraw-Hill Book CompaniesNew York, 1965.

Maglev Studies

1. “Study of Japanesg&lectrodynamicSuspensiomMaglev Systems, J.L. He, D.M. Rote,H.T. Coffey, Argonne
NationalLab, Argonne L, 60439 ,April 1994.

2. "New York StateTechnicaland EconomicMaglev Evaluation’; Michael Proise,GrummanSpaceandElec-
tronicsDivision, New York, Junel991.

3. “ElectrodynamicSuspensiorand Linear SynchronousMotor Propulsionfor High SpeedGuided Ground
Transportatiori,David Atherton,CanadiarMaglev Group,CIGGT ReportNo. 77-13,Septembefl977.

4. “Concepual Designand Analysis of The Tracked MagneticallyLevitated Vehicle TechnologyProgramRe-
pulsionSchemeYolumel—TechnicalStudiesFord Motor Co.,USDOT/FRA, ReportPB247931Feh 1975.

Maglev Web Sites

1. http: //bmes. ece.ute xas.edu/ ~jcamp/ physics /index.h tml Descriptivelink of Maglev tech-
nologiesandbasicphysics.

2. http:  //eb-p5 .eb.uah .edu/mag lev/imag lev.htm | Univ. of AlabamaHuntsville Collegeof Engi-
neeringWW Archive andinformationservicefor High SpeedandAutomatedTranspotation Technologies.
(This siteis relatively new andhasun nishedlinks.)

3. http:  /iwww.r tri.or. jp/  RTRI Homepage.Japanes&DS Maglev.
4. http:  //Iwww.m vp.de/e nglish.h  tm Transapid Of cial HomepageGermanEMS Maglev.
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5. http: //weber .u.wash ington.e du/~jbs Jitrans /hsst.ht mHSSTunofcial descriptve page.

6. http: //www.m eitetsu .co.jp/c  hsst/me cha.htm | Mechanisnof HSST Japanes&MS.

7. http:  //[popul armecha nics.com /popmec h/sci/9 805STTRP.html “Trackto the Future” arti-

cle. Descriptive article of onerecentMaglev approach.

8. http:  /iwww.l Inl.gov /str/Pos thtml “A New Approacho Levitating Trains—androclkets” Elab-

orationof the previouslink for a Maglev approach.
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App. B: The Control-Systems Laborator y

B.1 THE LABORATORY?

The Control-Systemd.aboratorycomprisesfour studentworkstations,eachhaving a computerand one or more
devicesto control.

B.1.1 The Lab Computers

Thelab computersarePentium-111700 MHz machinesvhich includespecialhardwarefor datal/O. The computers
runthe Real-Time Linux operatingsystem.No previousstudenknowledgeof Linux is expected.

Whenthe computersareturnedon, alog-in screerwill bedisplayed.Enterthe classusernamendpassverd:

Usemame: ece4560

Password: ece4560

(realsecurehuh?) It is NOT wise to save informationpermanentlyon the lab computers.Whenyou log on, the
screershavn in Fig. B.1 on pageB—2 will appear

Youwill useMatlabextensvely. You canstartMatlabby clicking onthe Matlabiconto theleft of the screenOnce
startedMatlabwill runasit doesonanNT machine.n particular “print 7 will print; “edit " will edita le, and
soforth.

You caneasily“link” your ECEDOMAIN NT accountto thelab computer Click onthe “NT network” iconto the
left of thedesktop.Enteryour NT usernameandpassverd andclick on“OK”. Thiswill loadyour NT account.You
canreadandwrite les to your accountjust asyou would write to this directory Note thatthe mechanisnto link
your NT accounto thelab computeris not particularlysecure Useat your own risk.

To log out, click onthe“X” in themenubarat the bottomof the desktopor select‘Logout” from the“K” menuin
thesamemenubar

B.1.2 The Devices to Control

The lab experimentswill focuson one physical device to control—thethe MagneticLevitation (MagLev) device.
Thelab alsohasControlIMomentGyroscopealeviceswhichwill beusedin othercontrolcoursesThesetwo devices
aredepictedn Fig. B.2.

Somecautionsarein orderfor the safetyof theequipment:

1. Do not touch the glassrod on the MagLev system.Oils breakdown the lubricantin the magnetbush-
ings,increasdriction anddecreas¢helifetime of theequipment.

2. Do not touch the white surface of the magnets.Thesurfacemustbecleanfor properfunctioningof the
lasersensar

1The Control-SysemsLaboratoryhasbeenmadepossibleby a grantfrom the National ScienceFoundationdirectorateof undegraduze
education
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FigureB.1 Desktopscreen.

FigureB.2 Thetwo labdevices. TheMagLev deviceis to theleft; the Gyro deviceis to theright.
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3. Do not getmagnetic(i.e., computer) media near the MagLev magnets.Themagnetsareextremely
strongandwill erasecomputemedia.You have beenwarned.

4. Do not attempt to move the Gyro axesmanually. Thesedeviceshave “brakes”whichareactivatedwhen
the device is off andwhenswitcheson the controlbox areturnedon. Thesebrakeswill quickly wearout if
forced.

B.2 Matlab, Simulink, RTW, RTLT

B.2.1 Simulink

To startSimulink, you startMatlab,andthenenter*simul ink " attheMatlab“>>" prompt.
>> simul ink

Simulink operateshe sameway on thelab machinesasit doesonanNT machine.

B.2.2 The Real Time Workshop

The Real Time Workshop(RTW)is a partof Matlab which interfacesSimulink with the “real world” Simulink by
itself allows simulationof dynamicsystems.With the Real Time Workshop,however, you caninclude physical
devicesinsidethe“simulation”. Signalsfrom your Simulink block diagrammay be outputthroughdigital to analog
(D2A) corverters,and external signalsmay be readinto your Simulink block diagramthroughanalogto digital
(A2D) andopticalencodelinputs.

TheRealTime Workshopcanoperatewith mary differentinput-output(l/O) platforms,somehaving theirown DSP
onboardto runtheresultingcode. Thesetupin thelab useshe ServodGoModel 2 I/O board whichincludeseight
A2Ds, eight D2As, and eight quadratureoptical encodelinputs (anda variety of digital I/O andotherfeatureswe
will notuse).Many of thesefeaturesareconnectedo the brealout box next to the computersothatyou cansimply
wire up experimentausingbananglugs.

The SenoToGol/O boarddoesnot have its own DSR sothereal-timesoftwaremustrun on thelab computers own

PentiumCPU. The RealTime Workshop,n conjunctionwith a pieceof softwarecalledthe RealTime Linux Target
(RTLT) (by Quality Real Time Systems)automaticallygenerate<C codeto implementyour Simulink diagram,
compilesthe C codeinto executablecode, and runs the code on the PentiumCPU in the computer The Real
TimeLinux operatingsystemis usedbecauseét guaranteeperformanceaequiredfor real-timeprocessingf control
algorithmsanddatal/O.

The beautyof this arrangementsedfrequentlyin industryto testand prototypecontrol systemsjs thatyou can
testcontrollersin a“hardwarein theloop” con gurationwithout ever codinganinterruptserviceroutineor writing
asingleline of C or assemblecode! (muchless,deluggingsame)Designsmay be prototypedrapidly resultingin
greateconomie®f time andmoney. You will seethatthereis alearningcurve the rst time you usethis particular
schemebut afterwardit becomegompletelynatural.

B.2.3 Using the Real Time Workshop
In orderto usethe Real Time Workshop,you mustknow how to constructa Simulink block diagramcontaining

RTW elementspe ableto setall parametergor theseelementsandfor Simulink/ RTW, andbe ableto properly
compile/luild the codeandrunit. Thesetopicsarediscussedn thefollowing sections.
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FigureB.3 Thertlib library.

Creating the Real Time Model

In orderto startusingthe Real Time Workshop,in the Matlabwindow type
>> rtlib

“rtib " (Fig. B.3)is aSimulinklibrary le containingblocksusefulfor I/O.

You candraga desiredblockinto a Simulink modelyou areworking on, andthenmake thenecessargonnections.

Inthertlib library therearefour A2D input blocks. Theseareactuallyidentical exceptthattheir settingshave
beenpresetto correspondo the four A2D inputson the MagLev side of the brealout box. The top setof banana
plugson the brealout box is A2D1 (channel0) andsoforth throughto the bottomsetwhich is A2D4 (channel3).
A2D1 is generallyusedastheinput from the sensormon the bottomcoil; A2D2 is generallyusedasthe input from
the sensormon the top coil. The othertwo inputsarethe temperaturegeadingsof the two coils, and may be usedto
provide moreaccuratesensoicalibrationwhenthe sensoheatsup.

Therearefour D2A outputblocks.Again,theseareidenticalexceptthattheir settingshave beenpreseto correspond
to thefour D2A outputson the brealout box. D2A1 (channel0) andD2A2 (channell) correspondo the MagLev
drive coils (bottomandtop, respectiely). D2A3 (channel) andD2A4 (channel3) correspondo the Gyro D2A1
andD2A2 onthebrealoutbox, andareusedto drive Axis 1 andAxis 2 of the Gyro.

The nal block in the window is the hardware adapterblock. The HW Adapter block must be part of your
Simulink diagram, and is not wir ed to anything else. Its presencealoneis enoughto let Simulink/ RTW/ RTLT
know which boardis beingused.By doubleclicking onthe Hardware Adapterblock, you canaccessts properties;
the only onewhich you might considerchangingis the samplingfrequeng. A valueof 2kHz shouldbe sufcient
for all lab purposes.

The A2D Converter Blocks: Theparametersf the A2D corvertersmay alsobe changedy doubleclicking
on the block in your Simulink diagram. The window in Fig. B.4(a)will be displayed.If you selectedhe correct
blockfromthertlib  menu,you shouldnever needto changea parametem this window. If you pulledthewrong
block off for the desiredchannel,you may changethe input channelnumberin this window. For corveniencethe
associationbetweerchannehumberandbrealout-boxlabelingarerepeatedere:
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(a) A2D parameters. (b) D2A parameters.
FigureB.4 1/O Box Parameters.

Channel | BrealoutBox | Typical Use
A2D ChannelD | MagLev A2D1 | BottomCoil Sensor
A2D Channell | MagLev A2D2 Top Coil Sensor
A2D Channel | MagLev A2D3 | Bottom TempSensor
A2D ChanneB | MagLey A2D4 | Top TempSensor

The D2A Converter Blocks: TheparametersftheD2A corvertersmaybechangedy doubleclicking onthe
blockin your Simulinkdiagram.Thewindow in Fig. B.4(b)will bedisplayed.f youselectedhecorrectblock from
thertlib  menu,you shouldnever needto changea parametein this window. If you pulledthewrong block off
for thedesiredchannelyoumaychangeheinputchannehumberin thiswindow. For corveniencetheassociations
betweerchannehumberandbrealout-boxlabelingarerepeatedere:

Channel | BrealoutBox |  TypicalUse
D2A ChannelD | MagLev D2A1 | BottomCoil Drive
D2A Channell | MagLev D2A2 Top Coil Drive
D2A Channel | GyroD2A1 | Axis 1 Motor Drive
D2A ChanneB | GyroD2A2 | Axis 2 Motor Drive

The Encoder Input Blocks:  Wewill notrequireencodeiinput blocksfor this lab course Theencodeinputs
areusedwhencontrollingthe gyroscopeunit.

Setting the Real-Time Options

Therearea numberof options,buried deepin a seriesof menuswhich mustbe setbeforeyou canproperlybuild
andrun your code. Most of theseoptionshave alreadybeensetproperlyfor you if you usethetemplat e.mdl
le asinstructed.Therearestill someparametersvhich you mustset,andthesearelocatedin the“solver page”.

Solver Page: ToaccesshispageyoumustselectSolver in theSimulation Parameterspropertyshee{(Fig. B.5
on pageB-6). Beforebeingableto useyour model,you mustsetthe x ed-stepsolver stepsize: you mustclick on
thepop-upmenunext to Type underSolver options grouptitle andselect’ x ed-step”.An appropriatevaluefor the
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Fixed stepsizeeditboxis the samplingperiod. Thus,if the controlalgorithmis executedat 2kHz thenyou should
settheFixed stepsizeeditboxto “0.0005".

FigureB.5 TheSolwverpropertysheet.

Currently the softwaredoesnot supportmulti-tasking;hence the Mode pop-upmenumustbe setto “Single Task-
ing”. You canalsosetthe Start time and Stop time by accessinghe appropriateedit boxesunderthe Simulation
time grouptitle. By defaultthesevaluesaresetto “0.0” and“10.0”, respecitiely.

Therearesomecorrespondencdsetweervaluesin this solver pageandothervaluesenteredelsavherewhich must
beobsered. If they arenot (at best)errormessagesr (at worst) chaoswill ensue:

Correspondences
Soler: Fixedstepsize ( ) HW Adapter:Samplingrate
Solver: Stoptime () ScopePropertiesTimerange

Building the Real-Time Model

Fromthe prior discussionyou shouldbe ableto constructa Simulink block diagramincluding physicall/O andbe
ableto setall necessarparametersit remainsto seehow to run theresultingsimulationandview the output(log

data).Herewe discusgdatalogging.

WhenusingRTW/ RTLT, dataloggingis accomplisheanly via thescopeblock. Thestandardsimulink X-Y Graph,
Display, To File and To Workspaceblocks are not supported. In order to display or log any simulation result,
a scopeblock must be used.

Severalsignalsmaybe displayedon the samescopegraphusingthe Mux block.

Scope

Repeating
Sequence

For the purposeof loggingdatato a le, signalsmaybegivennames.You cando this by doubleclicking ontheline
thatconnectghevariableto the scope.Entera valid variablename(no spacesreallowed). If you do not specifya
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name thedefault Simulink variablename(e.g., “root_Gain1”)will beused.A very subtlepointis thatoutputsignals
of subsytemsmustbelabeledinsidethe subsysemin orderfor the variablenameto stick.

—p{inour——pl[ ]
varoutside
vareie

SubSystem Scope In1 Outl

In the above gure, the block diagramon the right constitutesthe subsytem in the block diagramon the left.
Contraryto intuition, the variablenameof theloggeddatais “varinside”not “varoutside”.

Con gur ing the Scope: In orderto con gure the Scope,you mustdoubleclick on the Scopeblock in the
Simulink model(Fig. B.6(a)). The Propertiesiuttonin the Scopetoolbaris usedto accesshe scopeproperties.In
the General page(Fig. B.6(b))the Number of axesrefersto the numberof subplotsin the scopeithe Time Range
speci eshow mary second®f realtime aredisplayedon the scope the Decimation box may be usedto plot every
n datasampledor fastermlotting/ printing.

(a) Scopewindow (b) Generalkcopeparameters
FigureB.6 Scopeparametepages.

Options for Viewing Data: To setthedataloggingoptions,youmustaccesshe External Mode Control Panel
from your model’s Tools menu. You canthenaccesghe External Signal & Triggering propertysheet(Fig. B.7)
by clicking onthe Signal & Triggering button. Underthe Signal selectiongrouptitle, you canclick onthe Select
all buttonto selectall the scopespr highlight the scopethatyou wantto accessandthenenablethe on checkbox.
If nodatais loggedfrom your simulation run, you have mostlik ely forgottento perform this step! A scopeis
selectedf an“X” appearsn theleftmostcolumnunderthe Signal selectiongrouptitle. The Source pop-upmenu
underthe Triggergrouptitle shouldbe setto “manual”. The Mode pop-upmenushouldbe setto “one-shot”. The
Delay editboxis usuallysetto 0.

The Duration edit box speci esthe numberof time intervals for which the externalmodelogs dataafterlogging
starts. The valueof the Duration edit box is equalto (stoptimej starttime)/(Fixed stepsize). For example,if you
executeareal-timemodelat 2 kHzfor 60 secondsnddesireto log datafor the entire60 secondsthenDuration is
setto 120000.

You shouldenablethe Arm when connectto tar get checkbox.

Saving Simulation Data to Disk:  Simulationdatamaybe savzedautomaticallyto a le ina“.m” le format.
This is accomplishedria the dataarchiving option of the scopeblock(s). To setthe dataarchving options,you
must accesshe Tools menuExternal Mode Control Panel. Click on the Data archiving button to openthe
Data Archiving propertysheet(Fig. B.8 on pageB-8). Highlight the Enable archiving checkbox to activatethe
automatediataarchving featureof the externalmode. If the Enable archiving checkbox is disabled,nolog le
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FigureB.7 ExternalSignalandTriggeringpropertysheet.

will becreatedIf thecheckboxis enabledyou mustprovide avalid Dir ectory nameanda File namefor archving
purposeslf thelncrement le after one-shotcheckboxis enabledthe lename will beautomaticallyincremented

aftereachrun. (You mustre-kuild your modelafterchangingary informationin this propertysheetor thechanges
to take effect.)

FigureB.8 DataArchiving propertysheet.

To loadthearchived dataaftera simulationrun, if yourlog le wascalled“logfii e.m” thenin Matlabtype
>> clear ; logdfil e

andyour datawill beloadedunderthevariablenamesassignedo thesignals.The“clea r” commandensureshat
previous Matlabvariablesareclearedbeforeyouloadthelog le.

Building and Executing the Real-Time Model

Building the Model: In orderto run your Simulink modelin realtime, you must rst build the code. Select
RTW Build from the Toolsmenu.RTW/ RTLT will thenperformthefollowing steps:

1. RTLT createsxmodel_name>.and<model_name>.Bourceles, andthecon guration le
<model_name>_cfg.cfg.
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2. Thebuild commandor real-timeapplicationgdmake-rtw) is issuedwhich createscmodel_name>.mk
malke le from thetemplatele (Irt.tmf).

3. Themale utility (nmale) buildsthe<model_name>_rtl.cealtime tamgetusingthemale le createdn step2.

If thereareary errorsin theSimulinkmodeloranRTLT setting,adialogboxwill appeawith warningsanderrors If
therearenoerrorsthenyouarereadyto executethereal-timetarget. Note that every time you changeyour model
you will needto re-huild its code(If you just changea parameteralueof a block, this maynot be necessaryit is
alwayssafesto do so,however).

Executing the Model: To executethe real-timetarget, you connectto it by accessinghe Tools menufrom
the Simulink modelmenubarndthenselectingexternal Mode Control Panel from the pull-down menu. In the
External Mode Control Panel, you click onthe Connectbutton.

Thewindow changegbuttonlabelschange):

To bagin execution,you thenclick onthe Start real-time codebutton. Thewindow change®nceagain:

To stop executionof the real-timetarmget, you canclick eitherthe Stop real-time code button or the Disconnect
button.
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B.3 Nonlinear Dynamic Model of MagLev System
B.3.1 Description of the system

Two views of the magneticevitation systemaredepictedin Fig. B.9. The plantconsistsof upperandlower drive
coils thatproducea magneticeld in responseo adc current.Oneor two magnetdravel alonga precisionground
Pyrex glassguiderod. By enegizing the lower coil, a single magnetis levitated by a repulsve magneticforce.
As currentin the coil increasesthe eld strengthincreasesandthe levitated magnetheightis increased.For the
uppercoil, thelevitating forceis attractve. Two magnetsnaybe controlledsimultaneouslyy stackingthemonthe
glassrod. The magnetsareof anultra-high eld strengthrareearth(NeBFe)type andaredesignedo provide large
levitateddisplacementso clearlydemonstrat@rinciplesof levitation andmotioncontrol.

Upper support arm

Glass rod clamp
Ruler clamp screw (2 pl.)

screw (2 pl: Protective

-~ =coil cover (2 pl.) "= Upper drive

coil (coil #2)

Precision glass
r-————— .
guide rod Laser sensg

(out of view, 2pl.

Magnet height
ruler

- Levitated
E_i magnet

Colil current Lower drive
Sensor indicating LEDQ /coil (coil #1)
conditioning @pl) ‘
electronics Lower Connector Magnet
support storage

arm

Side View Front View

FigureB.9 Two views of the magnetidevitation system.

Two laserbasedsensoraneasureghe magnetpositions. The lower sensoris typically usedto measurea given
magnets positionin proximity (Y2 8cmrange)to the lower coil, andthe upperonefor proximity to the uppercoil.
The sensordesignutilizes light amplitudemeasuremenrdnd includesspecialcircuitry to desensitizéhe signalto
strayambientlight andthermal uctuations.

For mary control scenariosthe systemwill be con gured asshavn in Fig. B.10 on pageB-11. A controlleris

connectedo the MagLev througha power ampli er. The ampli er hasinput voltagerangej 10 to 10 volts, and

outputscurrentin the appropriaterangeto drive the electromagneticoils. The ampli er alsobuffers the sensor
signalfrom the plant. Whena computeris usedascontrollet it is connectedo the ampli er box via a “breakout

box” which providesthe appropriatenput andoutputsignalsvia bananglugs.

Oneor moremagnetiadisksmaybeplacedonthe Pyrex rod andlevitated.Fig. B.11 on pageB—11shavs adiagram
of thedisk. A dry-lubricatedguide bushingat the centerof the disk slidesup anddown therod. A white re ective
surfacecoversmostof thedisk. A “N” or “S” labelidenti es the polarity of a particularsideof thedisk.

The sensomalkesuseof there ective propertiesof the disk surface. The lasersensoris depictedfunctionally in
Fig. B.12 on pageB-11. The monochromaticcoherentaserbeamis spreadvia a single hemiglindrical optical
elementinto a fan shape. This beamis projectedon the diffuse white surface of the magnet. A photodetector
views thebeamandgeneratesa voltageproportionalto theamountof beampowerincidentonit. Thewhite surface
propertiesandlaser/detectoview factorsandgeometriesredesignedo maximizethe sensogain slope(changen
outputversuschangen position)throughthe sensoioperationatangeof about8 cm

Becausef thefanbeamshapeandthefactthatthere ectedlight is acombinatiorof speculaanddiffuse, thepower
on the detectordiminisheswith the inverseandinversesquareof the magnetdistance.Additionally, the geometry
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ADC1 ADC/
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Breakout box
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FigureB.10 Systemsetupfor control.
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FigureB.11 Magneticdisk.
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FigureB.12 Functionaldiagramof lasersensar
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of thelaser detectorandmagnetandtheresultingcutoff of the detectors view of the beamasa functionof magnet
heightgiveriseto alineardependencatsmallmagnedistance Theserelationshipsareusedto motivatethegeneral
form of the sensollinearizationfunctionasdiscussedater.

Electroniccircuitry makesthe designimmuneto straylight noise,suchasturningroomlights on andoff, andrejects
mostinducedelectronicdisturbancesThusarelatively low noisesignalis outputfrom theampli er box.?

B.3.2 Making a Mathematical Model

We wish to determinea mathematicaimodelof the MagLev system.To do so, free-bodydiagramdor the MagLev

apparatusn two con gurationsareshavn in Fig. B.13. We will considerthe double-magneton guration. Each
magnets actedon by forcesfrom bothdrive coils, from the othermagnetfrom gravity, andfrom friction (modeled
asviscous).In thediagram,y; is the positionof the lower magnet,y, is the positionof the uppermagnet,y. is the
maximummagnetseparationi; is the currentinto the lower coil andi is the currentinto the uppercoil. All other
labelsreferto forcesoperatingonthe magne;(sFromthe gure, we have anequationof motionfor the rst magnet

my D Forcesondisk1
mR D F,,CF,,i Fm,i CtBi ma:

Coil #2 Coil #2
Coil #2 ! Mechanicd
current limit of
motion
I:U21
cti mg
® v Ye Ye
Magne #1 m——————
® FU11
y1 .
: . Mechanicd
Coil #1 Coil #1 Iimit_ of
Coil #1 i1 i motion
current . ) :
Single-magne€Con guration Double-magne€on guration

FigureB.13 Forcediagramdor theMagLev device in two con gurations.

Similarly for the secondmagnet

X
my D Forcesondisk2

mﬁ D lezi I:U22i FU12i CZBI mg:

Themagnetidorcetermsaremodeledashaving thefollowing forms (seeAppendixA for details)

i1 i1 C
Fuy D ————— Fug, D Finy, D ————
Yt ™ 3.y, C b/N "2 3.y, Cy,Chb/N M2 =y, C d/N
iz i2
Fu,, D ——— Fu,, D
Y27 a.i y»C b/N Y27 2 vei Y1 Chb/N

2A lasertemperatursignalis alsooutput. This maybeusedto compensatéor thelasersinherentreductionin emittedpowerasafunction
of temperaturgapprox.15% maximumfor operationatemperaturgof the MagLev device).
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wheretheactualmagnetseparatiory; is
yi2D yeCy2i i Ve ¥213:0cm

anda, b, c, d, andN areconstantsvhich may be determinedy numericalmodelingof the magneticcon guration
or by empiricalmethodsTypically 3 < N < 4:5. Themaximummagnetseparationmay be foundby measurement
tobey, ¥213.0cm

B.3.3 Equations of Motion for the Double-magnet Con gu ration

For the MaglLev apparatusthe coefcients of friction affecting both disks are the same,and may be written as
c1 D ¢ D m . In addition,a valueof N D 4 hasbeenshavn empirically to yield a close approximationof
the force/distanceelationships.Finally, sincecurrentin a coil is proportionalto the voltageappliedto the power
ampli er for thatcoil, we nd thatthefollowing equationsareusefulfor designpurposes:

mR D F,,,CFu,i Fmyi m:ﬁi mg (B.1)
mﬁ D lez | FUZZ | Fu12 l m E | mg (BZ)
Uz
F. D L B.3
u11 a.y; C b/4 (B.3)
uz
Fo, D ——— B.4
"2 = 3.13C y, C b/4 (B84)
uz
(= ) e B.5
‘22 7 3. y,C b/4 (B:5)
u
Fupy D ———————— (B.6)

a.13j y; C b/4
C
Fnp D —————: B.7
M2 .ylzc d/4 ( )
B.3.4 Nonlinear Sensor

As mentionedpreviously, the sensorsn the MagLev measurghe magnetpositionindirectly, througha nonlinear
function. Theraw sensowoltageready,, is relatedto thetrue magnetpositionyy throughthe approximation:

f
Y ¥a — C p—= C g C hy Oy (8.8)
Ykraw Yicaw

Theconstantde;; fi; gi; higandfey; f,; g2; hogmaybe determinedusingempiricalmethodgo modelthe bottom
andtop sensorstespectiely. Forthepurpose®f controldesignwe “calibrate”thesensoby calculatinganestimate
Yk, Of themagnetposition

e f
Y ¥ Yiew D e C p—— C 0 C hi Oyk,,,;

aw kraw

B.4 Lineariz ed Dynamic Model

Thedynamicsof Egs.(B.1) to (B.7) arevery nonlinear Furthermorethe sensormeasures nonlinearfunction of
the true magnetposition. We needto linearizetheseequationsaroundsomedesiredoperatingpoint. Thatis, we
make anapproximatdinearmodelof the systemin theregion of operationspacene planto use.

For the purposeof the presendiscussn we will considerthe casewherethereis onemagneton the device. The
equationof motionfor thatmagnets then
Uq Uo

D c i
MRD S oA a3 ycb !

m®Ri mg: (B.9)
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Thesedynamicsarerepresentedchematicallyasin Fig. B.14. In thediagram,y; is thetrue positionof the magnet
andy,,,, is themeasuredoltagecorrespondingo thatposition.G.s/ D 1=.ms2C m' s/.

mg

Uy —]
U2 —»| actudor ] G.s/

-

FigureB.14 Block diagramof MagLev dynamicssingle-magneton guration.

sensot—» Y1

Y

Evenin Eqg. (B.9) with onemagneton the device we seethatthe dynamicsarenonlinear (It is notalinearconstant
coefcient ordinarydifferentialequation).Therearethreesourcef nonlinearity:theactuatorcontribtutesa nonlin-
earityvia Eq. (B.9), thesensorcontritutesanothemonlinearityvia (theinverseof) Eqg. (B.8), andgravity contrikutes
anonlinearityvia the constantiddedforce mg (LCCODEsdo not have constanterms).

B.4.1 Small-Signal Linearization a Model predicts height of magnet yy.

Thelinearizationmethodis shavn in Fig. B.15. Theconstanforcedueto gravity is canceledy applyingaconstant
steady-stateoltageus, to the controlleroutput® This alonehasthe effect of levitating the magnetat a constant
height,in theabsencef disturbance.

Thevoltageys,,, correspondindo the magnets heightis measuredWe computea calibratedestimatey;, of the
actualmagnetpositiony; usingthe measuredgensowoltagey;,,, via therelation

e f
yi, D - C py% CgiChytyy,,: (B.10)

In thediagram this operationis performedby the“sensorinverse”block. It effectively invertsor cancelghe sensor
nonlinearity

The actuatomonlinearityis not explicitly canceled.Rather the nonlinearportion of the block diagraminsidethe
thick grayrectanglés “linearized” usingmethodsiescribedelow. A linearapproximatiorof thenonlinearfunction
insidethegrayboxis usedasthe plantmodel.

This partwill . Theplantis contaned
belinearized , =" insidethe dashedox
| Magnetic eld ;
Uio | nonlinearity mg Sensor !
+ e H u, (actuator) nonlinearity
ri —-o—- D.s/ D— s = -Gy yil o nk Y1aw [SENSON Yica
A- + : ul- y T U 0 > Yraw- y : = |nverse

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

FigureB.15 Linearization:Thelinearmodelpredictsthe actualmagnetheight. Your controllermustspeci cally invert the sensomonlin-
earity.

Taylor-Series Function Expansion

Nonlinearequationsnay belinearizedusing Taylor-seriesexpansion.You shouldrecallfrom your calculuscourses
thatafunctionmay be expandedvia a Taylor-seriesexpansionto be representedsa polynomial. For example,the

3Thisvalueis afunctionof the desiredsteady-stateutputyig.
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sin. x/ functionmaybe expandedaroundx D 0 andrepresenteds

3 5 7 9

. X X2 X X
sinx/ D X j §C§' ﬁCa¢¢¢

Theexpansionis valid for all x. (x in radians).
For smallvaluesof x, thesinusoidafunctionmaybeapproximatedslinear. We cansay
sin. x/ ¥a x

forjxj ¢ 1.In generallinearizationof afunctionis doneby keepingthezeroth-and rst-order termsof the Taylor

seriesexpansion. For somefunctions,linearizationgives a good approximationto its form in a small operating
region. Othertimes,linearizationdoesnot work well atall. We arefortunatewith the MagLev device to discover
thatlinearizationworkswell.

A nonlinearsystemis linearizedaroundan “operatingpoint”. For example,supposene apply a constantcontrol
effort uy, to thebottomcoil to keepthe bottommagnetevitatedto a heightof 2:5cmin theabsencef disturbances.
Then, small changesn the control effort u; aroundthe constantvalue of u,, will leadto linear behaior in the
magnetheight,plusthe constanbffsetof 2:.5cm In this example,the operating‘point” consistsf the constanty,
andtheconstanty;, D 2.5cm

The linearizedequationsof motion arefound by solving for the zeroth-and rst-order termsof the Taylor-selies
expansionof therespectie equationsaboutthe operatingpoint. For example thefull setof equationf motionfor
theMagLev systemarelistedin Egs.(B.1) to (B.7).

We customarilyre-arengethe equation®f motionsothatonesideof theequationcontainghelinearterms,andthe
othersideof theequationcontainghe nonlinearterms.So,Eqgs.(B.1) and(B.2) become:

MRCmM A D Fu, CFuyi Fmpi Mg

mMBRCm ¥ D Fyn,i Fu,i Fu,i Ma:

Callingright-hand-sidef the rst equatior®. ys; y»; Us; Uy; t/, andcallingtheright-hand-sidef thesecondequation
TLY1; Y2; U Up; t/, we have - ~

@®- @®-
®.y1; Y2; Ug; Up; t/ Ya®.Y10; Yao; Uso; Uzo; t/ C ——— C.y1i Yo/l C —— C.y2i Yol C
1 Yi0:¥30:U0iUzo 2 y10;y26:U10:U20
@: C.upj ul/C @: C.uzi Uyl; (B.11)
@, Y10 ¥20;U10;Uzo @> Y10 ¥20;U10;Uzo

whereyio, Y20, Uo anduy, aretherespectie magnetpositionsand control efforts that de ne the operatingpoint.
For the purposef control designwe choosethe operatingpoint to be at an equilibrium (the systemis at restand
notacceleratingyothat

®. Y10; Y20; U1o; U2o; t/ D . Fy, C Fuy i Fmgs i mg/j/lo;yz();ulo;u% D Ol (B.12)

alsg . Yio; Y20; Uto; U2o; t/ D .Fmy, i Fuyi Fuy,i Mo/ D O: (B.13)

Y10;Y20:U10;U20

EvaluatingEg. (B.11)andusingEq. (B.12) we have q

_ 4uq, 4uy, 4c 4c
C C i Y1 /i —————. Vi / D
MACM AC  eCbB | 23] yuCbb - ymcas Y Yol i o e Yei Yao
. Urj U/ C 1 Us i Usof;
ayoCha ' Y a3y yCha 2t T
whichmayberewrittenas(wherey; D y1i Yo, U7 D U1 Uje andsoforth; notealsothaty® D ¥§ andyg D ¥)
MBCm ¥ C .Kixi ko1Ckmaoy; i Kmizys D Ku1aug C kypous: (B.14)
Similarly for the secondlifferentialequation
MBCm ¥ C .kpoi kioCkmolys i Kmizy; D Kuoous C kypauy; (B.15)
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where
4LI 10 4U 10 4LI 20 4U 20
kyD— 2 . k : k ; KooD ———
1 aylolc b/5 1222.13C v, C b/5 22 a13] yi,Cb/® 22221 Yoo C bI®
1 il il
ku11D ; k12D ; Ku21D ; KyppD—————
Y Vi C b4 U1253.13] yio C bi4 U212 3.13C s C bi% 22231 Va0 C bI4
4c
Km12D
ml2 120Cd/5

For smallmotions,andif crosstermsarenggligible, thedynamicsareidenticalin form to thoseof thelineardiscrete
systenshown in Fig. B.16.

— V] — Y
ki1 ko2
Km12
mi1 D m p~A~A~AA m2D m
m m
ol o
F1 D ku1uy F2 D ku22u,

FigureB.16 Approximatelinearblock diagramof MIMO MagLev system.

B.4.2 Calculating uip and uyg

We may calculatethe steady-stateontrol effort u;, anduy, for a speci ¢ operatingpoint fyio; Y200 by evaluating
Egs.(B.12) and (B.13). Thesegive the two equationsandtwo unknavns which may be combinedinto a matrix
equation: "

# n
1 1 : 5 C
a. yl_oi?b/4 a.13; _yioCb/“ Uio mg C -Y1200Cd/4
i i .
a.13Cy»,Ch/4 a.j y2oCb/4 U2o mg .y120Cd/%

B.5 Using the Model in Simulink

FigureB.17shavs how to incorporatehe MagLev into a Simulink diagram.The“Fix Sensor'Simulink subsygems
will beprovidedto you. Thesecounteracthenonlinearitiesn the sensor

Thefollowing chartis asummaryof tting parametergor the actuatorandsensos of thefour systems:

£ o]
Sys| a g blem |
1 | 0.00000416 5.575067
2 | 0.00000384 5.743740
3 | 0.00000407 5.700130
4 | 0.00000576 4.383893

¢ D 4408140N cnP=m], d D 5:193394cmri. The massof eachmagneticdisk is m D 0:12kg. The friction
coefcient ~ ¥ 5[units].
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Bottom Coil

ylo
yrawycal %éﬁ y1* HW Adapter

— — Fix Bottom
Digital To Analog  Analog To Digital Sensor

Converter Converter0
y20
yrawycal ADé—> y2x

— — Fix Top
Digital To Analog  Analog To Digital Sensor

Converterl Converterl

Top Coil

FigureB.17 Diagramshawing uﬁ inputto plant,andyl‘(’ computedrom plantoutput. Youwill usethisasaportionof yourcontroldesign.
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