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Preface

Thankyou for you interestin PARADISE, a new toolbox for robust parametric
control.

Rolustparametriccontrolhasalong tradition, with rootsbackto [ ] design
rulesfor governorsfor stablespeectontrolof enginesandthe Boundary Crossing
Theorem by [ ] in 1929, which was motivatedby aircraft flutter analysis.
However, upto now robustparametriccontrolwasrarelyappliedin the practically
orientedfield of industrialcontrol. The mainreasories simplyin thefactthatno
softwarewasavailablefor thistype of problems.As you alreadycantell from the
name,a parametricplant modelis requiredasbasisof robust parametriacontrol
algorithms.Handlingandmanipulatingsuchkind of modelsis notatall atrivial
task. It requiressymboliccomputerprogramdike e.g. Maple or Mathematicao
facilitatethe applicationof robustcontrolalgorithms.

But evenwith suchmodernprogramast still requiresdeepeiinsightinto themeth-
odsto solve robustcontrol problems.PARADISE not only keepsyou away from

lengthyandanng/ing symboliccalculations.|t offersyou easy-to-usgraphical
userinterfacesto usealgorithms.Simply readin a Simulink modelandlet PAR-

ADISE computethe symbolicclosedloop modelfor you. Then,do your closed-
loop specificationggraphically usean adequatelesignmethodand graphically
visualizethe solution.

Chapterl givesyou a shortintroductionto the basisof robustcontrol. Userswith
someknowledgeof robustcontrolmaywantto skip this chapter Chapter2 takes
you on a shorttrip throughPARADISE to give you animpressioraboutthe possi-
bilities of this toolbox. Chapter3 explainshow to input your plantandcontroller
structureandyour problemspecificationsTheremainingchaptersxplainthero-
bustcontrolalgorithmsin moredetailanddemonstratehow you cansolve these
problemsusingPARADISE. Of courseacompleteintroductionto robustparamet-
ric controlgoesbeyondthe scopeof this manual.For a deepelinsightthereader
is referedto theliterature for example[ y S69.


http://www.op.dlr.de/FF-DR-RR/PUBLICATIONS
http://www.mathematica.com
http://www.maplesoft.com
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Chapter 1

Intr oduction to robust control

Almost all technicalsystemsdependon varying or uncertainparameters.Just
considetthevelocity or massof vehiclestheoil temperaturef hydraulicsystems,
or the rope length and load massof the craneillustratedin Figure1.1. These
parametergnay vary more or lesssignificantly within certainboundsand they
influencethe systemdynamics.

Traditionalcontrol designapproachedhowever, considera fixed operatingpoint
in the hopethatthe resultingcontrolleris robustenoughto stabilizethe plantfor
differentoperatingconditions. Theseapproacheslefinitely yield goodresultsif
the parametevariationsaresmallor thesystendynamicss nottoo sensitve with
respectto theseparameters.For significantparametewariationsthesecontrol
designmethodsreachtheir performancdimits. New designapproacheswhich
alreadyincorporatethe plantuncertaintyin the designsteparethenrequired.

1.1 Parametric modelsand uncertainty

Rokust parametriaccontrol offers several designapproachesor this type of prob-
lems. The basisof theseapproachess a parametrianodel. As an examplecon-
siderthecranein Figurel.1l Thetaskof theoperatorf sucha craneis to pick up
aload andtransportit to anotherocationwhile preventingthe load from sway-
ing. Especiallywhenplacingaload preciselyfor exampleontop of atruck or on
a containership, the load shouldhave stoppedcompletelyfrom swaying, which
requirestrainingandfull attentionof the operator

An anti-sway control systemcertainlywill supportthe operatorandhelp him to
operatethe loadsfaster The designof sucha control systemhasto handlethe
uncertaintyin the rope length ¢ and the load massm; and guaranteestability

1



2 CHAPTER1. INTRODUCTION TO ROBUST CONTROL

Figurel.l: A craneandits schematiagepresentation

for all possibleoperatingconditions. The load massmay vary from the hook
massm; uptothemaximalloadmassm; andalsotheropelengthvarieswithin
known limits, othercraneparametersik e the crab massm areassumedot be
known. Theresultingrectangulaoperatingdomaindesignate@s( is illustrated
in Figurel.2.

mr
+4
my,
mp T
l
} }
0~ s

Figurel.2: Rectangulabperatingdomainof thecrane

The designof a control systemrequiresin the first stepa modelof the plant. A
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linear statespacearepresentatioof the plantdynamicss

0 1 0 0 0
0 0 mr 0 L
E=|4 moc BER ”’60 u (1.1)
0 0 _mL+mcg 0 _L
L mcl J L mcl

wherethe statesare crab positionz, crabvelocity z,, ropeanglezs, andrope
angleratex;.

A stability analysisof the cranecanbe performedusingits characteristigpolyno-
mial. It is

p(57 E: vamC) = Det(SI o A) = 82(82 + (1 + mL/mC)g/E) (12)

The plant parametergnterinto the characteristigpolynomialand, hence, make
the plantdynamicsdependingon theseparametersFor this simple examplethe
rootsof the polynomialcanbe calculatedexplicitly. They are

S12 = 0
S34 = j:j\/(1+mL/mc)g/€

(1.3)

It is a fourth order systemwith a doublepole at the origin anda complex con-
jugatepole pair varying with the operatingparameterslongthe imaginaryaxis
from \/(1 +my /mc)g/lt to \/(1 +mf /m¢)g/C. For detailsaboutparametric
modelingthereaderis referredto theliterature,for example[ ].

1.2 Multi-model representation

Not in all casessymbolic systemequationscanbe retrieved, for instance|f the
plantis highly nonlinearandcomplex. In thosecasest is oftenpossibleto obtain
a finite setof local linear modelsfor a numberof distinct operatingpoints, for
exampleby meansof systemidentificationof the open-loopplantor by lineariza-
tion of a nonlinearplantmodel. Theseplantrepresentatiescanbe usedfor the
controllerdesign.

A typicalapplicationis flight control. Especiallymoderrhigh performancdighter
aircraftsareaerodynamicallyinstableandneedto becontrolled.Figurel.3showns
a sketchof sucha planeequippedwith additionalcanarddo increasananeuer-

ability. Thetaskhereis to controltheshortperiodmodewhichis describedy the



4 CHAPTER1. INTRODUCTION TO ROBUST CONTROL

Figurel.3: Sketchof afighteraircraft

statesnormalacceleratiom . andpitchrateq. Thelinearizedstateequationsare

ai; aiz a3 n,
T = | Q21 Q2 Q23 q

0O 0 -—14 e

+

by
0 |u (1.4)
14

wheretheelevatoractuatoistated, with atime constanbf 1/14is consideredThe
operatingdomainof the aeroplane- the so-calledflight envelopeillustratedin
Figurel.4—describesheadmissiblaangeof altitudein dependengof theMach
number Nominal valuesfor the systemdescription(1.4) aregivenin Table1.1
for thefour representatie flight conditionsindicatedin Figurel1.4.

1.3 Performancespecifications

Backto thecraneexample.To stabilizethis plantit would suffice to shift thepoles
only alittle bit into the left complex halfplane.In view of a practicalrealization
this is certainly not sufficient sincethe dampingstill could be arbitrarily small.
Herecomesn thenotionof I'-stability to assuresufficient stability magins. Con-
sideringthe operatingdomainin Figure 1.2 it cannotbe the aim of the designto

specifypreciselythe location of the polesin dependeng of the operatingpoint.
Thedesigngoalis reachedf the dampingis sufficiently large. This is the caseif
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Figurel.4: Flight ervelope

therootsof the closed-loopsystemfor all possibleoperatingpointshave a degree
of dampinglargerthena value D,. Furthermorea maximalsettlingtime might
be required. This correspondso a maximalreal partof the rootsnot largerthan
acertainvalueo,. Both conditionscanbe visualizedgraphicallyin the complec
s-plane,seeFigurel.5a),b).

b) Im c) Im

Re Re

Figurel.5: Exampledor I'-regions: A line parallelto theimaginaryaxisguaran-
teesa maximalsettlingtime (a), a pair of linesa minimal degreeof damping(b),
acircle limits the bandwidth(c). All theseconditionscanbe satisfiedsimultane-
ouslyby theintersectingegion (d).

The admissibleregion for closed-loopeigervaluesis denotedasI’, a systemis
calledI'-stableif all its eigervaluesarelocatedin thisregionI" andanuncertain
systemis calledrobustly I"-stableif all eigervaluesfor all operatingconditions
arecontainedn I'. The definition of I'-stability permitsarbitraryregionsin the
comple s-planeanddoesnot underlieary restrictions.It alsoincludesthe spe-
cial casesof theleft halfplanefor Hurwitz stability andthe unit circle for Schur
stability.
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FC1 FC2 FC3 FC4

Mach 0.5 0.85 0.9 1.5
Altitude [ft] 5000 5000 35000 35000
a1 —0.9896 | —1.702 | —0.667 —0.5162
a9 17.41 50.72 18.11 26.96
a3 96.15 263.5 84.34 178.9
as1 0.2648 | 0.2201 | 0.08201 —0.6896
oo —0.8512 | —1.418 | —0.6587 —1.225
as3 —-11.39 | —31.99 | —10.81 —30.38
b1 —97.78 | —272.2 | —85.09 —175.6
| TR O [t

Table1.1: Model datafor an F4-E aircraftfor four typical flight conditions.The
eigervaluess; ands, resultfrom (s — ay1)(s — ags) — ajpas; =0

Theregion T is specifiedby its boundaryol'. Besidedines, adequateslements
to describeheboundaryof aI'-region arecircles,hyperbolasandellipses.Lines
parallelto theimaginaryaxisrestrictthe settlingtime, circlesthe bandwidth.Cir-
clescanbeusedto limit thebandwidth,or —in its invertedversion— to guarantee
aminimal bandwidth.In orderto fulfil severalspecificationsimultaneoushthe
intersectiorof basicelementcanbeformed,seeFigurel.5d).

The I'-region is not necessarilysimply connected.Justimaginea plant with a
pole pair closeto the origin, whoseeffect on the systemdynamicsis almostcan-
celled by a closepair of zeros. It would not be wise to move this pole pair to
the left suchthat it satisfiesa certaindegreeof damping. A betterapproachs
to I'-stabilizeonly the remainingpoles,while the pole pair remainsmore at its
open-looplocation. A pair of circleswith smallradiusaroundthe polesforming
aunionwith theremainingl'-region guaranteethatthe polesdo notmovetoofar
away from the zeros.

1.4 Robust controller designand analysis

Back to the cranedesignexample. The taskis to determinea controllerwhich
robustly I'-stabilizesthe cranefor the entire operatingdomain. In this example
statefeedback

uw=—klx

will beinvestigated.
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In caseof a stepinput the initial force is proportionalto the controllergain k;.

It canbe adjustedaccordingto the efficiency of the usedactuatoy for the design
exampleit will besetto 500. Thegain k, feedsbacktheropeangleratewhichis

difficult to measure Sincetheropeanglerateis obserablefrom theropeangle,
its measurementanbe neglectedwhich leadsto £, = 0. Nothingcanbe saidat
this momentaboutk, andks.

With thesesimple considerationst was possibleto reducethe numberof unde-
terminedcontrollerparametersind, hence simplify the design. The closedloop
characteristipolynomialis now with ¢ = 10 m/s> andm¢ = 1000 kg

p(s,my, b, ko, ks) = (5000 + 10kys + (10000 + 5000 + 10my, — ks)s>+
+kols® 4+ 1000¢s*) /(1000)

Thedesignstephasto assurghatfor theresultingnominalvaluesof k, andks the
rootsof the characteristipolynomiallie in theregion I for all possibleoperating
conditions. In general,this cannotbe accomplishedn one designstepfor the
entireoperatingdomain.A morepracticallyorientedway of robustcontroldesign
is simultaneougd-stabilizationwhich is asfollows:

Stepl: Selectafinite numberof nominaloperatingoointswhichadequately
representhe operatingdomain.

In caseof asymbolicmodeldescriptionchosea numberof operatingpoints

andcalculatethe nominalsystemequationsA goodchoicearethevertices

of the operatingdomain,seeFigurel1.2. In caseof a multi-modeldescrip-

tion thesenominalsystemdescriptionsarealreadygiven.

Step 2: Determinea controllerwhich simultaneously'-stabilizesthe rep-
resentaties of Stepl. Despiteof this simplification the designstepstill
remainsa complicatedask. The parametespaceapproachwhich you will
getto know in Chapter4 yields asits resultthe entiresetof controllerpa-
rametergor which a nominal operatingpoint is I'-stable. Computingthis
setfor eachrepresentatie andforming the intersectionof all setsresults
in the setof all controllerparametersvhich simultaneously’-stabilizethe
representaties. To completethis stepselectan adequatesolutionfrom the
set.

This proceduras illustratedin Figure1.6. For a givenregion I' the setof
I'-stabilizingcontrollerparameterd< (Fl) andK (FQ) arecalculatedor thetwo
representaties(A;, b;) and( A, by). TheintersectionKr = K(Fl) N K(FQ)
of bothsetssimultaneouslytabilizesthetwo representaties.

Step3: Sincethecontrollerwasdesigneanly to simultaneously -stabilize
therepresentatiesit hasto undego a preciseanalysiswhich hasto verify
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jw ksl
(4, b, )
[
g rd
\ - _
(4 bs ) ki
s— plane k —space

Figurel.6: Simultaneougd’-stabilizationof representaties

thatthe controlleris robustly I'-stablefor the entire operatingdomain. If
this testpassesthe designis finished. Otherwise,go backto Step1 and
add more representaties, especiallyfrom the regions wherethe analysis
indicatedI -instability.

The controller structureassumedor the designstepis crucial for its success.
High degreecontrollersmay give more freedomin the designdirections,how-
ever, within aninteractve designprocedurdhe designengineereasilymayloose
suney of theinfluenceof eachcontrollerparameteon the systemdynamics.For
this reasonit is recommendedo startwith the mostsimple controllerstructure.
If adesignfails, relaxthe designspecificationsandtry again. If this designsuc-
ceedsinvestigatehow to augmenthe controllerstructureo meetmorerestrictve
specificationsAs you canalreadytell from this “recipe” robustcontrol designis
mostly not a straightforward designprocedure.lt is muchmorea learningpro-
cessof the designengineeisupportedy robustcontrolmethods.In this learning
procesghe engineemwill getmuchmoreinsightinto the plantdynamicsandits
dependeng on the uncertainand controller parameters.This “engineeringart”
approachis justified by the resultingcontrollerwhich exploits the highestpossi-
ble potentialdueto the parametridasisof thedesignandthe mappingof “sharp”
boundariesi.e. wheneer aboundaryin parametespaces crossedthenalsoan
eigervaluecrossesheboundaryol” of the chosen’-stability region.



Chapter 2

A tour through PARADISE

2.1 Starting a PARADISE session

To startup thetoolbox simply type paradise  at the Matlab-prompt. This will
startup the main control window andautomaticallyload the symboliclibraries,
which areusedto performsymboliccomputations From the menusof the main
control window all further inputs can be accomplishedandin generalthe user
doesnot have to returnto the Matlabwindow.

‘B  PARADISE 2.0 X

File |nput  Algotithims Help

Figure2.1: PARADISE mainwindow

Themainwindow is illustratedin Figure2.1 Thelogo of thetoolboxrepresents
the color-codedvaluesetof atrackguidedvehiclefor fixedfrequeng.



10 CHAPTERZ2. A TOUR THROUGH PARADISE

2.2 Input specifications

2.2.1 The plant

Differentkinds of inputsarenecessaryThe mostobviousoneis the plantitself.
For this purposea graphicaluserinterface(GUI) wasdeveloped. PARADISE of-
fers two differentwaysto specify the plant and controller structure: The more
comfortablemanneris the plant specificationvia Simulink. Oncethe userhas
selectedhe desiredmodel, the information containedin the Simulink modelis
passedo the symbolic computationpart, wherea parametricrepresentatiorof
the closed-loops calculated.If the Simulink modelis changedhe systemequa-
tions have to bere-calculated.In orderto saze computationtime, especiallyfor
largersystemsthe symbolicsystemequationsanbe saved. Whenre-readinghe
Simulink-modelin a later sessionthe saved datawill be passedo the symbolic
computationpart without re-calculatingthe systemequationgrom the Simulink
model.If Simulinkis notavailable,the closed-loopmsystemequationgstate-space
or transferfunctionrepresentationhave to betypedin manually

Figure2.2shovsanexampleof a Simulinkmodel. It illustratesthe block diagram
of a cranepositioningcontrol. The examplerepresentsa continuousplantfam-
ily. PARADISE alsoallows to handlemulti-modelrepresentationsyherea finite
numberof linear plantsaregivenasrepresentatiesof a nonlinearplant. Typical
applicationsareflight control problemswhereonly linearizedmodelsfor various
flight conditionsaregiven.

E! cranebild =]

File Edit “iew Simulation Format Tools

Deaas=a == | &

PARADISE-application: Crane

+ u = *
E_’ S ety 1

= CxtD
Step ¥ -

Sum Scope

¥

Crane

e
L

state feedback

Fieady 1003 [ [ | odeds v

Figure2.2: Simulink modelof thecrane
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Thedescriptionof theblock Crane in the Simulink modelpointsto anotheifea-
tureof PARADISE, seeFigure2.3,

Block Parameters: Crane

— State Space

State-zpace model:
dxddt = AR + Bu
y=Cr+Du

— Parameters
A

E:

002,041

C:
J1.0.0.0:0,1.0.0:0.0.1,0:00.0.1]
0

I[D;D;D;D]

Initial conditions:
Jo

QK I Cancel | Help | Lpply |

Figure2.3: Parametricepresentatioof plants

This block containsthe descriptionof the cranedynamicswhich is of fourth or-
der for the linearizedcranemodel asit is usedhere. The statespacematrices
(A, B,C, D) weregivenin avery generaform, for example

0 0
93 0
0 1
ag3 0 J

[a)
S O O

The entriesof this matrix dependon craneparametersik e crabmassjoad mass,
andropelength. This dependeng could, of course be declaredn the Simulink
model. However, if the systemorderis large, the detailedspecificationof the
matricesin the Simulink block would be quite awkward andcould easilyleadto
typing errors. To facilitate this procedurejt is possibleto substituteSimulink
parameterafter the symbolic systemequationsare determined:the parameters
containedn the Simulink modelaredeterminedrom thesymbolicequationssee
Figure2.4. Theusemow hasthepossibilityto substituteheseparameterby their
actualdependeng In the example,ay3 wasreplacedoy z—ég. Of coursenot all
parameterfave to bereplaced)ik e for examplethe controller parameters:; to
k4.
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+ |Parameter specification
Edit

1M [=] E3

—Direct substitution
add: —gE{nC+nl)-1-mC
223 genl-mC

ki k4
b2: 1/mC
k2o k2
k3 k3
kil k1
+Indirect substitution

Set value: [ [1/FmC]|

Figure2.4: Substitutionof Simulink parameters

2.2.2 The operating domain

After a substitutionrwasperformedtheresultingparameterfiave to be classified.

Threeclasse®f parametersxist:

e Varying parametersTheseare plant parametersvhich are uncertain(for

examplethe crabmass)or vary but canbe measured.

e Fixed parametersTheseareplantparametersvhich will not changetheir

value(for examplethe wheelbaseof a car)

e Controllerparameterso be determinedyy the designprocess

Theuncertairparameterareassumedo varywithin givenintervals. Theinterface
in Figure 2.5 allows the specificationof thesevalues. Also, the valuesfor fixed

andcontrollerparameterdave to be set.

2.2.3 TheT-region

For technicalapplicationdHurwitz-stabilityis mostlynot sufficient. Furtherspec-
ifications, like settlingtime, damping,and bandwidth,have to be met. Several
specificationcanbe translatednto locationsof eigervalueswhich leadsto a re-
strictedsetof eigervaluesin theleft half plane.This setof admissiblesigervalue
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+ |Parameter specification [_ O[]
Edit

-Varying paranchters =]
—Paramster 1
Lower bound: 8
Upper bound: 16
# grid points: 2
—Parameter ml

Setvalue: |

Figure2.5: Specificatiorof plantparameters

locationsof the closed-loopis referredto asI'. A graphicaleditor for the con-

structionof suchregionsis part of PARADISE. It offersa setof basicelements
(e.g.Realpartlimitation, pair of lines of constantdamping,hyperbolascgircles,
ellipses,etc.) from which the region I canbe composed.The examplein Fig-

ure 2.6 illustratesthe functionality of the I'-editor. Theregion consistssimply of

a hyperbola.This guaranteesa certaindegreeof dampinganda maximalsettling
time of the system.

Thebasicelementanbe combinedarbitrarily usingthe operationsntersection
andunion. Additionally, eachelementtanbeusedin its invertedform. The basic
elementsanbemodifiedby clicking onthe specificelementanddraggingit with
the mouseto the new location. Multiple I'-regionscanbeloadedandeditedin a
PARADISE session.

2.3 Algorithms - The parameter spaceapproach

The parameteispaceapproachis implementedas an algorithmin the toolbox.
Oncethe input specificationdhave beenaccomplishedthe parametesspaceap-
proachcanbeselectedromtheAlgorithms  -menuin themaincontrolwindow.
Thiswill fire up anew window titled “ParameteiSpace” seeFigure2.7. The pa-
rameterspaceapproachs usedto determinghe setof stabilizingparametere a
parameteplane. For this purposethe planehasto be fixed beforearny calcula-
tions canbe executed.The usercanselectthe desiredplaneusingthe two popup
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¥ | Gamma-E ditor [-[O]x]
Edit Options

—Ganmna region #1 ;I
—Element #1. Hyperbola
=igma = -0
Damping = 0.447214
2 = —0. 25

Inverted: Ho

Figure2.6: I"-region editor

menueglisplayedn Figure?2.7.

After the plane was specifiedthe user startsthe computationsof the stability
boundariegrom the Run-menu.An exampleis illustratedin Figure2.7. Dashed
linesidentify “real root” boundariessolid lines “complex root” (seesection4.1)

boundariesThe stability boundarieglivide the parameteplaneinto afinite num-
ber of regions. By checkingI'-stability of eachregion in the parameteiplane
the setof simultaneously'-stabilizingparameterganbe identified. This is ac-
complishedby selectingthe appropriatefunction from the Options -menuand
selectingdifferent pointsin the parameteiplane by mouseclick. The checled
point is coloredgreen,if this pontis I'-stable. A red coloredstarindicatesl’-

instability. Several othersfunctionalitiesare implementedfor examplescaling
andidentificationof curves.
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+# Parameter space
Bun  Stability checks  Tools

zoom off |D

-8
1500

Optionz — Output

IS[=] E3

2000 2500 3000 3500

k2 |

4000

4500

Figure2.7: Parametespace
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Chapter 3

Getting started with PARADISE

This chapterexplainsin detail how to input a plantand designspecificationsn
PARADISE. It assumeshatthetoolboxis installedcorrectly For informationon
installationpleaseseethefile INSTALL.

3.1 Starting and quitting a PARADI SE session

Simply starta Matlab sessiorandtype paradise at the Matlab prompt. The
messagdoading libraries... will appear completedby done when
theinitialization of the Extendedsymbolictoolboxfinishes.At the sametime the
PARADISE mainwindow appearsFromthereothergraphicaluserinterfacescan
belaunchedvhich arenecessaryor input specificationsandstartingalgorithms.

PARADISE canbeshutdown ondifferentways:

e PARADISE automaticallyguitswhenshuttingdown the Matlab session.

e Select"File — Exit " from the PARADISE main window. This will
only shutdown PARADISE, notyour Matlabsession.

e Typeparadise('quit’) or paradise(’bye’) attheMatlabprompt.

In all cases/ouwill beasledto saze modifiedplants.

17
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Main window menus

File:

Save current model data:

This savesthe dataof the currently actve model. The nameof this
modelis displayedn thetitle menuof the PARADISE mainwindow.
Thefollowing informationwill be stored:Symbolicsystemrepresen-
tationandparametesubstitutiongseebelow) in afile namedsystem-
name.ssr . Parametersettings(e.g. upperandlower boundsof un-
certainparameterspominal valuesof representaties, controllerand
fixed parametersanddescriptionof the ['-regionsare storedin afile
namedsystemname.dat

Save all model data:
All modelscurrentlyopenwill besaved.

Remove current model:
The currentlyactive modelwill beremovedfrom the PARADISE ses-
sion. If necessaryheuserwill beaskedto save themodeldata.

Remove all models:
This item removes all openedmodelsfrom the running session. If
necessaryheuserwill beaslkedto save themodeldata.

Save systemto workspace:
Thesystemequation®of the currentlyactvatedmodelaresavedto the
Matlabworkspace

for center of g-box:
for verticesof g-box:

for representatves:

asLTI-objectssystemname_C, systemname_V _i or systemname_R_i cor-
respondingo the numberof verticesor representatiesrespectrely.

Note, that this item as well asthe next requiresthe control system
toolbox!

Save systemto file:
This item opensthefile selectionbox andsaresthe systemequations
of the currentlyactivatedmodel

for center of g-box:
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for verticesof g-box:

for representatves:

asLTI-objectssystemname_C, systemname_V _i or systemname_R_i re-
spectvely to the selectedile.

Exit PARADISE:
Quitsthe PARADISE session.

Input:

Plant specification:

Load newmodel:
This opensafile selectionbox from wherethe desiredmodelcan
beselected.

Reloadmodel:

The symbolicclosedloop equationswill be regeneratedfor ex-
ampleif theassociate@imulink modelhasbeenchangedy the
user

Gamma editor:
StartstheI'-region editor.

Parameter specification:
Opensa GUI whereall parametesettingsfor the active plantcanbe
specified.

Algorithms:

Parameter space:
This commandopensa window for computationof stability bound-
ariesin parametespace

?:
Help:
Openghehelpwindow (to bedone).
About Paradise:

System name;

This is adynamicmenuitem listing the namesof currentlyopenednodels.
If only onemodelis openedts namewill belistedbut cannotbeactivated.If



20 CHAPTERS3. GETTING STARTED WITH PARADISE

morethanonesystemis loadedthe menuitem changedo a pulldown menu
from wherethe currentmodel canbe selected.(Note that dueto a Matlab
bug thewrongsystemnameis displayed.To find aboutthe currentlyactive
systemopenthepulldown menu.Theactive systems marked.) Algorithms
usuallyapplyto the currentlyactve model. Parametesettingswill be up-
datedin thecorrespondingvindowsiif the active modelis beingchanged.

3.2 Plant specification

3.2.1 Using Simulink

Themostcomfortableway to specifya plantis to useSimulink. PARADISE reads
in thespecifiedplantandcomputegheclosed-loopequationof themodelvia the
ExtendedSymbolicToolbox. Simply specifythe plantin its parametriaepresen-
tation. As an exampleconsiderthe craneexampleintroducedin Chapterl. The
simulink modelis shovn in Figure2.2. The statespaceblock containsthe plant
descriptionof the cranewith its parameter# algebraidorm.

The Simulink modelhasto be createdn advanceandstoredin afile. To readit in
within PARADISE select‘Input  — Plant  specification ". Thisopens
afile selectionbox from whereyou canselectthedesiredmodel.

When the modelis loadedfor the first time, the symbolic computationof the
closedloop equationswill be startedautomatically You areinformedaboutthis
actionby themessag€onnecting  system...... . Whenfinished,there-
guiredcomputationtime will be displayed. For larger systemghis stepmay be
guitetime consuming.Thereforethesymbolicclosedoop equationcanbesared
to afile whenselecting'File — Save current  model data ”. There-
sultingfile will be namedsystemname.ssr . It is an ASCII file, for the craneits
contentss:

_a := [[[o, 1, 0, 0], [-(b2*k1), -(b2*k2), a23 - b2*k3, -(b2*k4)],
[0, 0, 0, 1], [-(b4*k1), -(b4*k2), a43 - ba*k3, -(b4*kDI;

_b = [[[0], [02], [0],  [b4]]];

¢ = 1, o, o 0, [0, 1, O, 0], [0, O, 1, O], [0, O, O, 1]

_d = ([[[o], [0, [0], [o]];

num := Cranenum;

den := Craneden;

:cp = [-(a43*b2*k1) + a23*b4*kl - a43*h2*k2* s + a23*b4*k2* s -
a43* "2 + b2*kl* "2  + b4*k3* s72  + b2*k2* "3+ b4*k4* 73+
_s™4];
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_sub = [[a23, a43, b2, b4, ki1, k2, k3, k4],
[(g*mL)/mC, -((g*(mC  + mL))/(I*mC)), mC’(-1), -(1/(*mC)), ki,
k2, k3, k4], [g, mC, mL, 1], [, mC, mL, ]

To avoid namingconflictstheinternalvariablesstartwith _.

When launchinga new PARADISE sessionwith this modelthe computationof
the closedloop equationswill be skippedif thefile systemname.ssr is found.
Instead,the information containedin this file will be readin by the Extended
Symbolic Toolbox andis availablein the session.Whenthe Simulink modelis
modified the closedloop equationsare inconsistenwith the currentmodeland
have to be regenerated.This can be performedselecting“input — Plant
specification — Reload current  model”.

Note: The modelcannotbe usedfor numericsimulationin Simulink aslong as

no specificvaluesfor the plant parametersregiven. However, you canbetreat
thismodelwith PARADISE which computeghe parametricclosed-loopmodelvia

the ExtendedSymbolic Toolbox. If you want to simulatethe model you have

to specify the plant parametersat the Matlab prompt, for example mL=500;
mC=1000; ... . Alsonotethatthisdoesnotaffecttheparametrienodel,i.e.though
anumericvalueis definedfor examplefor m;, in the Matlabworkspacem;, will

still betreatedasa symbolwithin PARADISE.

Thefollowing list of blocksis currentlysupportedy PARADISE:

TransferFunction
StateSpace

ZeroPole

Integrator

Gain

Multiplexer (Mux)
Demultiplexer (Demux)
Summation(Sum)
Selector

all Sourceblocks,e.g. Step
all Sink Blocks, e.g.Display, Scope
PID Controller

Matrix Gain

ModelInfo

You can use Matlab matrix creationfunctions,e.g. eye(2) , or ones(2,3)
Pleasalo notuseary submodels.



22 CHAPTERS3. GETTING STARTED WITH PARADISE

3.2.2 Simulink is not available

Of courseyou canuse PARADISE without Simulink. In this casethe input pro-
cedureis not as comfortablebut offers more flexibility if you arefamiliar with
Maple. Thestepsareasfollows:

1. Openyour favorite text editor andcreatea file which hasthe sameformat
astheoneillustratedon page20. You only haveto specifyeitherthesystem
matricesor the correspondingransferfunction, e.g.thetwo files

_a = [[[o, 1, 0, 0Q],

[(b2*k1),  -(b2*k2),  a23 - b2*k3, -(b2*k4)],
[0, 0, 0, 1],
[-(b4*k1),  -(b4*k2),  a43 - ba*k3, -(b4*k4)];

(0], 2], [0] [bA]ll:;
¢ =& o0, 0 0, [0, 1, 0, 0],
[0, 0o, 1, 0, [0, O, O, 1]

_d := [0, [o], [0}, [o];

o
1

and

_num :
_den

[1];

[-(a43*b2*k1) + a23*b4*kl - a43*bh2*k2* s +
a23*b4*k2* s - ad43* 2 + b2*kl* T2 +
b4*k3* "2  + b2*k2* "3  + b4*k4* "3+ s74];

representhe samesystemwherein the latter casenumeratoranddenom-
inator of the transferfunction have beengiven. The characteristigolyno-
mial doesnot have to be specifiedjt will becalculatedautomatically Also
theparametesubstitutionsanbe performedaterwithin thecorresponding
userinterface,however, you arefreeto specifyit alreadyin thetext file as
shown in the exampleon page20. Fromthe samplest shouldbe easyto
tell therequiredsyntax.

Experts: Thefile is interpretedby the ExtendedSymbolicToolbox,i.e. it is
of pureMaplesyntax.Youdonotneedto specifythe statespaceepresenta-
tion explicitly. It canbetheresultof arbitrarysymboliccalculationswhere
attheendthesystenmatricesa, _b, _c, _.d or _numand_den, respecitrely,
result.

2. Savethefile to disk usingthe extensionssr .
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3. Selectthecommand‘input — Plant specification — Load
new model ”. This opensa file selectionbox from whereyou chosethe
file justspecified.

Note for Simulink users:Chosingthefile systemname.mdl automaticallystarts
Simulink. If you wantto omit this andthe symbolic closedloop equationsare
alreadysaved (i.e. systemname.ssr  exists) you can of courseusethe ssrfile.
Thisfeatureis especiallyusefulwhenonly alimited numberof Simulink licenses
is availablein acomputemetwork andyou only wantto readin amodel.

In somecaseghesymbolicrepresentationf theplantmaybequitelengthywhich

canreally make the plant specificationin a Simulink statespacebox pretty an-
noying. For this casethe symbolic descriptionof the statespacemodelcanbe
specifiedin a file. This is corvenientespeciallyin thosecaseswherethe state
spacemodelis the resultof a Maple sessiorandalreadyavailablein the desired
format. The statespacanodelhasto be storedin adwvanceto a file namedsystem-

name.sym asshaown in thefollowing sample:

ASymb := [[0, 1, 0, 0],

[0, 0, az23, 0],

[0, O, O, 1],

[0, 0, a43, 0]
BSymb := [[0], [b2], [O], [0b4]];
CSymb := convert(array(1..4,1..4,identi ty), list list) ;
DSymb := [[0], [0], [O], [O]};
In this examplethe Maplecommandsarray andlistlist wereusedinstead
of[[2, O, O, 0], .., [0, O, 0, 1]] fortheoutputmatrix.

The Simulink statespacebox hasto be filled thenwith the substitutesASymh
BSymh CSymb andDSymb Notethattherepresentatiomaybemixed,e.g.only
asubstitutfor theinput matrixis usedwhile theothermatricesarespecifiedcon-
ventionallyin the Simulink statespacebox.

3.2.3 Multi modelspecification

The multi modelapproachpointedoutin Chapterl requiresa specialformatfor
the plantinput. Considerthe casethat a plant is not representedby a contin-
uous plant descriptionbut by a set of nominal statespacemodels A, ..., A,,
Bi,....B,,Cy,...,C,,andDy, ..., D,. Thisis for examplethe casef no sym-

bolic plant modelis available andthe nominalmatriceswere obtainedby some
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identificationproceduregrom a technicalplant. Thenconstructcellsin Matlab
built up from the systemmatricese.g.for theflight controlexamplethe nominal
valuesof the four flight conditionsare givenin Table1.1. Specifythe nominal
matricesascell elements

a{l} = [-0.9896 17.4100  96.1500
0.2648  -0.8512  -11.3900
0 0 -14.0000];
b{l} = [ -97.7800; 0; 14.0000];
df4} =1[0; 0; O],

and save them in a file nhamedsystemname.mat using the Matlab command
save fde a b c dif thesytemshouldbe calledf4e . The statespacebox
hasthento be filled with the substitutesANom BNom CNom and DNom see
Figure3.1. Now execute“Input — Plant specification — Load

Slide

File Edit Miew Simulaton Fomat Tools

[ & ae=rz]y =&

NE

Ready  [100% [oded

Figure3.1: Simulink modelof the F4E aircraft

new model” from the PARADISE main window and chosethe corresponding
Simulink file. The closed-loopsystemequationswill now be calculatedor each
representatie. Thenumberof resultingnominalrepresentatiesis of courseden-

tical to thenumberof plantsspecifiedn themat -file.

If you do not have Simulink available you needto generatehe ssr -file asde-
scribedabove. You have to specifyall the representatiesin closed-loopform.
For theaircraftexampleassumingstatefeedbackcontrol

U=w— { kn, kg 0@

thefile looksasfollows:
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_a = [[[-1237/1250 + (4889*knz)/50, 1741/100 +
(4889*kq)/50, 1923/20],  [331/1250,  -532/625,
-1139/100],  [-14*knz,  -14*q, -14]),

[-851/500  + (1361*knz)/5, 1268/25 + (1361*kq)/5,
527/2], [2201/10000,  -709/500,  -3199/100],
[-14*knz,  -14*kq, -14]], [[-667/1000  + (8509*knz)/100,
1811/100 + (8509*kq)/100, 4217/50],

[8201/100000,  -6587/10000,  -1081/100],

[-14*knz,  -14*kq, -14]],

[-2581/5000  + (878*knz)/5,  674/25 +

(878*kq)/5,  1789/10],  [-431/625,  -49/40, -1519/50],
[-14*knz,  -14*kq,  -14]]];

b = [[[-4889/50], [0], [14]], [[-1361/5], [0], [14]],
[[-8509/100], [0], [14]], [[-878/5], [0], [14111;

¢ = I, o, 0, [0, 1, 0], [0, O, 1], [, o0, 0],
0, 1, 0], [0, O, 1], [, o, 0, [0, 1, 0],
o, o, 1], [, O, 0], [0, 1, 0], [0, O, 1]]];

The matricesareorganizedin theform [ X, X5, ..., X,,] whereeachmatrix has

to bespecifiedn Mapleformat.

3.3 Parameter specification

Oncethe plantwasreadin you canstartwith specifyingthe parametesettings.
PARADISE distinguisheshreedifferentparametetypes:

e Varying parameters: Theseparametersre specifiedby their upperand
lower bounds. Additionally, the numberof grid pointshasto be specified
which is usedfor algorithmsapplyinga grid on varying parameters.By

default, parameterstartingwith q are categorizedasvarying parameters.

Theinitial lowerboundis zero,theupperboundis one.

e Controller parameters: By default parameterstartingwith k arecateyo-
rizedascontrollerparametersTheirinitial valueis zero.

e Fixed parameters: TheseareparameterassumeaonstantBy defaultall
parameterdnitially not categorizedascontrolleror varyingparametersire
fixed parametersTheirinitial valueis one.

To changgarametesettingsselect'Input — Parameter specification
from the mainwindow. This opensthe window illustratedin Figure2.5. It con-
tains a listbox which can be unfoldedto display the desiredinformation. For
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exampleto inspectvarying parametersperforma doubleclick on +Varying
parameters . Thiswill unfold thedesirednformationanddisplaytherefering
parametenamesln orderto inspector changehesettingsof aspecificparameter
performadoubleclick onthe specificline.

In the caseof a multi modelrepresentatiomsdescribedn Section3.2.3varying
parametergannotexist sincethe plantis describedoy a setof nominal system
equationsseeFigure3.2

+#  Parameter specification
Edit

—Varying parameters ;l
¢Hot permitted in HultiHodel node:>
—Controller paramsters
kg = -0.940909
knz = -0.108601
—-Fixed parameters
{emnptyr
|—Advanced

bzsociated with Gamma region #1
—Representative #2

Az=sociated with Gamma region #2
—Representative #3

Az=sociated with Gamma region #3
—-Representative #4

A=sociated with Gamma region #4

+Parameter planes

Set value: |

Figure3.2: Parametespecificatiorwindow for multi modelrepresentation

To changea parameteralue selectthe adequatdine. The associatedralue will
appeaiin the edit box at the bottomof the window whereit canbe edited. The
new valuewill besetby hitting the returnkey or by moving the cursorout of the
editorfield.

To move a parameteto anothercateyory selectthe desiredparameteandchose
“Edit — Classify parameter — Controller parameter " if the
parameteshouldbe movedto the cateyory of controllerparameters.

Parameter specificationwindow menusl
Edit:

Edit substitution list:
Switchesto thelist of Simulink parameter$or substitution.

Classify parameters:
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Varying parameter:
Movesthe selectegparameteto the classof varyingparameters.
Controller parameter:

Movesthe selectedparameteto the classof controllerparame-
ters.

Fixed parameter:
Movesthe selecteparameteto the classof fixed parameters.

Add representatve:

Definesa nominal operatingpoint which canbe usedlater for anal-
ysis or controller design. A new item is insertedin the listbox in
Advanced/ Representatives . The nitial valuesfor the pa-
rametersare the centerof the operatingdomain. Additionally, a I'-
region canbe associatedvith this representatie, i.e. if 1'-stability of
this representatie hasto be checled in a later stage,the associated
I'-regionwill beusedfor testingl'-stability.

This menuitem is not availablein the caseof multi-modelrepresen-
tation sincethenthe numberof representatiesis fixed. It cannotbe
modifiedsincethe numberof nominalplantsis thenpartof the plant
specification Only theI'-region associatedvith eachof therepresen-
tativescanbe modified,seeFigure3.2.

Remove current representatve:
Remaoestherepresentatie selectedn thelistbox.
Not availablein the caseof multi modelrepresentation.

Remove all representatves:
Remoaesall representaties.
Not availablein the caseof multi modelrepresentation.

Resetoperating domain:

Resetsall parameterso theirinitial values,.e. zerofor controllerpa-
rametersandlower boundsfor varying parametersall otherparame-
tersaresetto one.

Close:
Closeghewindow.

PARADISE offersa comfortablefeatureto substituteSimulink parametersThisis
especiallyusefulif atermappearsnorethanoncein thesystemequationsSimply
specify a substitutingterm in the Simulink model. After the model was read
in into PARADISE select'Edit — Edit substitution list ” fromthe
Parametespecificationwindow. This replaceghe listbox by anotheronewhere
all Simulink parametersrecontainedn theitem “Direct  substitution
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Simply selectthe parameteto be substitutecandedit the termin the edit box at
thebottomof thewindow. After pressinghereturnkey the substitutegparameter
will appearin the right column of the listbox. New parametersntroducedby
this substitutionagaincanbe substituted.They appeaiin theitem “Indirect
substitution " andcanalsobeedited.

Parameter specificationwindow menusl|
Edit:

Edit operating domain:
Switcheshackto the parametesettings.

Close:
Closeghewindow

3.4 The I'-regioneditor

The performancespecificationdor a specificcontrol problemhave to be speci-
fiedin PARADISE via the closed-loopeigervaluelocation. The specificationsre
fulfilled if the closed-loopeigervaluesarecontainedn a plant-specifiaegion re-
ferredto asI'. A graphicaleditor for editing this region is partof PARADISE. It
offersseveralbasicelementsvhich canbe combinedo obtainthe desiredregion.
An exampleof theI'-region editorwasillustratedin Figure2.6. Redlinesindicate
thepartof theboundarycontritutingto theregionI’, dashedinesindicatetheside
of thebasicelemenmnotbelongingto I'.

A basicelementtanbe modifiedon two ways:

e Selectthevalueto bechangedn thelistbox (theparameter in Figure?2.6).
Edit thevaluein the editbox at the bottomof thewindow.

¢ Click onthebasicelemenandmoveit with themousecursorto thedesired
position. After releasinghe cursorbutton the numericvaluesdisplayedin
thelistboxwill be updatedautomatically

['-regioneditor window menus

Edit;
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Add basicelement:

Real part limitation:
Mathematicablescription:

O ={o+jw |0 =0p,we[0;00)}

Theparameter, (sigma ) hasto be specified.

Imag part limitation:
Mathematicablescription:

' ={o+jw |o€[0; 00),w=uwy}

The parametew, (omega) hasto be specified.

Realinterval:
Mathematicabescription:

O ={o+jw |oc€lo7;0"],w=0}

The parameterg~ (Lower ) ando™ (Upper ) have to be speci-
fied.

Damping:
Mathematicablescription:

Ol ={o+jw | o €[0; =sign(&)oo),w =/1/&2 — 1|0}

The parameteg (Damping ) hasto be specified. Also negative
valuesareallowed. Thenthe boundaryis containedn the right
half plane.

Hyperbola:

Mathematicabescription:

ol ={o+jw | <%)2 — (%)2 =1, we|0;00)}

Theparameters andb haveto bespecified Alternatively, thepa-
rametersntersectiorof the hyperbolawith therealaxis(sigma )
andthedamping(Damping ) canbe specified.

Circle:

Mathematicabescription:

O = {o+jw |0e*+w? = R? o €[og— R; 09 + R|}

The parameters, (sigma ) and R (Radius ) have to be speci-
fied.
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Pair of circles:
Mathematicatescription:

Or = {Re“ + 0y + jwy | a € [0; 27]}

Theparameters, (sigma ), w, (0omega), andR (Radius ) have
to be specified.

Ellipsis:

Mathematicablescription:

N2 2
Ol ={o+jw | (U a%) +<%) =1, 0 € og—a; o9 +al}

Theparameters, b, ando, (sigma ) have to be specified.

Pair of ellipses:
Mathematicatescription:

Ol = {e®(acosa + jbsina) + ag + jwo | a € [0; 27]}
Theparameters (sigma ), w, (omeya),a, b, andy (Rotation )
have to be specified.

Deleteelement:
The currently selectedbasic elementwill be removed from the I'-
region description.

Redraw region:
Refresheshedisplayed-region.

Add newregion:
A new I'-regionwill beadded.

Deleteregion:
Thecurrentlyselected-regionwill beremoved.

Close:
ClosestheI'-region editorwindow.

Options:

Display eigervalues:
SinglePlant:
Usethisitem, if thereis no Q-box, e.g.for multi modelrepresen-
tations.
Center of Q-box:
Theeigervaluesof the centerof the Q-boxwill becalculatecand
displayedn thecurrentlydisplayed! -region.
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Vertices:
The eigervaluesof the verticesof the Q-box will be calculated
anddisplayedn the currentlydisplayed! -region.

Representatves:

The eigervaluesof all representatieswill be calculatedanddis-

playedin the currentlydisplayed-region.

Hold eigervalues:

Whenselectingoneof theaboveitemsthealreadydisplayedeigen-
valueswill becleared.Thisfeaturepreventsthisactionandallows

to simultaneouslylisplayfor exampleeigervaluesof thecenterof

the Q-box andof therepresentaties.

Clear eigervalues:
The currentlydisplayedeigervalueswill beremovedfrom theT'-
region window.

In Figure 3.3 theI'-regionsaredisplayedfor the flight control example. Eachof

+ | Gamma-E ditor - [O] x]
Edit Options

+Gamnns region #1
i g 5}

i—laammna region

Set construcion: uni{i=s(el.=e2.=3).=4)
—Element #1: Circle
2 2 2 2 sigma = 0
 escescscsfascasaccesdoccansaasadbafioncsanagpeaansasaad 4 Radius = 12.6
H H H 0 Inverted: Ho
M 1 | | | —Element #2: Damping
1 1 Damping = 0.35
: ' ' ' Inverted: Ho
B 1 T R et REEEEEEEEEE! —Element #3: Circle
H H H H sigma = 0
Radius = 3.5
4 Inverted: Ves
! : —Elemnent #4: Real interwval
: /: : Lower = =70
. 3 ' Upper = -1§
i i i A ! Inverted: Ho
-1D----------;----------1----------1----';.- ) il H +Gamma region #3
; ; ; 1 ; +Gamma region #4
ey -------- GECELEEIEEE Jocococacss Fposcsedboogbossosoocad 1l
B T e | g
B0 40 20 0 20 ;I
Set value: |
Zoomonl

Figure3.3: Setof I'-regionsfor theflight controlexample

theI'-regionsis associatedvith arepresentate flight condition. This figurealso
revealstwo otherfeaturesof the graphicaleditor:
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1. Eachbasicelementanbeusedin its defaultversionor in its invertedform.

For instancethe I'-stablepart of a circle is by default its interior. If the
entrylnverted is changedo Yes the exterior of the cirlce describeghe
I'-stableregion.

. If morethenonebasicelemenis usedto constructa I'-region theresulting

setwill beby defaulttheintersectiorof thetwo basicelementslf, however,
alsothe union of basicelementss requiredit canbe specifiedusingthe
setconstructionfeature: Using the two functionsis for intersectionand
un for union arbitrary set operationscan be carriedout. In the example
of Figure 3.3 the setoperationis un(is(el,e2,e3),e4) . Theindex
1 of the agumente: refersto the i-th basicelementusedto describethe
I'-region. To restorethe default simply selectthe correspondingentry and
replacet by thestringdefault



Chapter 4

The parameter spacemethod

4.1 Someintr oducingtheory

Thetypical questionof robustcontrolis: Givenanuncertainsystemrepresented
by its characteristigpolynomialp(s, g). Is the systemrobustly I'-stablefor the
givenuncertaintyrange( ?

The answercan be given by finding the solutionto the reformulatedproblem:
Determingheentiresetof uncertainparameterfor whichthe characteristipoly-
nomialp(s, q) is robustly I'-stable.Only if the operatingdomainis entirely con-
tainedin the resultingsetof I'-stableparametershenthe systemis robustly I'-
stable.

The field of applicationof this methodis not only robustnessanalysisbut also
controllerdesign.In this casethe setof stabilizingcontrollerparameterss deter
mined. All controllersfrom this setstabilizethe plant, thus,allowing to incorpo-
ratefurtherdesigncriteriato selectthefinal controller

Thesetof I'-stableparametersanbedeterminedy mappingtheregion I viathe
characteristiequation

p(s.q) =0 (4.1)

into the desiredparametespace.Equation(4.1) is fulfilled for all critical cases,
I.e. casesfor which eigervaluesare locatedexactly on the boundaryof I', the
admissiblesetof eigervalues. In caseof two parametershe boundariescanbe
visualizedgraphicallyin this parameteiplane. PARADISE hasimplementedhe
algorithmsfor this case.

But evenfor highernumberof parametershe approachs still applicableto the
problemof robustnessanalysis: Two parameterare selectedor a graphicalrep-

33
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resentationwvhile theremainingonesarebeinggridded.For eachgrid pointthel'-
stability boundariesrecomputedandprojectednto theselectegparameteplane.
Assumingthatthe uncertainparameterareindependentf eachotherthe uncer
tainty domainis a hypercube.Thenthe imageof the projectionof the operating
domainin theselectedlaneis alwaysthe samerectanglandependensf thegrid
point.

In caseof controllerdesignit wasalreadydemonstratech Chapterl how to keep
low the numberof controllerparameterso be determinedn the designprocess.
For the specialcaseof full statefeedbackvherethenumberof controllerparame-
tersequalghe systemorderandis fixedtheinvarianceplaneapproachntroduced
in Chapters is suitedwell for design.

For thefollowing, the caseof two uncertainparameterg,; andg, will be consid-
eredto illustrate the procedure.Furthermore Hurwitz stability will be assumed
for this introductionwithout lossof generalityi.e.T' = {jw | w € (—o00; o0)}.
Then, the characteristiequation(4.1) canbe separatednto real andimaginary
part:

Rep(jw, ¢1.92) = ao(q1, q2) + a2(qi, 92)W2 + .ot an (g1, g2)w" =0
IMp(jw, q1,¢2) = w(ai(qr, g2) + as(qr, 2)w? + ... + ap_1(q1, 2)w™2) =0
(4.2)

Here,n wasassumedven, the caseof odd n is straightforward. For a fixed
frequeny w = w, thesetof equationcanbe solvedfor ¢; andg,. Theresultde-
scribesexactly thosepointsin parametespacefor which the characteristigoly-
nomialhasrootsat s = +jw, onthe boundaryof I', which is the imaginaryaxis
in this case.A sweepof w yieldsthe completesetof critical pointswhich forms
the stability boundariesn the spaceof uncertainparameterskor fixedfrequeng
wo the setof equationsnay have differenttypesof solutions:

¢ No solutions: This meanghattheredo not exist pointswhich yield eigen-
valuesat s = +jwy.

¢ Finite numberof solutions.For eachof thesepointsthe characteristigoly-
nomialhasrootsat s = +jwy.

¢ Indefinite numberof solutions: Both equationsof (4.1) becomelinearly
dependentTheneitherreal or imaginarypartrepresenthe setof solutions
for this specificfrequeng. Frequencie®f this type arealsoreferedto as
singularfrequencies.

Besideghis cateyorizationthe solutionsaretypically distinguishedbetweerreal
and comple root boundaries.The first onesresultfrom frequenciesvherethe
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boundaryof I" intersectsherealaxis,e.g.for Hurwitz stabilityit is s; = 0 andfor
acirclethey ares; = 0o — R ands; = 0y + R wheres = oy is the centerof the
circleandR its radius.Sincein thesecasesv alwaysequalszeroand,hence(4.1)
becomedinearly dependentealrootboundariesall underthe categyory of singu-
lar frequenciesComplex root boundariesesultfrom all complex frequencieof
theI'-boundary

In termsof eigervalues realroot boundarieslescribehe casesvherearealpole
crossesheboundaryof I while complex rootboundariesepresenall casesvhere
apair of complex conjugateeigervaluescrosseshe boundaryof I'.

The parametespaceapproacttanbeappliedto differenttypesof problems:

Designof fixed gain controllers:

TheI'-stability boundariesn a planeof two controllerparameters; andk,
aredeterminedi.e.thesetof controllersfor whichthecharacteristipolyno-
mial p(s, k1, ko) is I'-stable.This approactyieldsa setof controllerswhich
permitsto incorporatefurther designcriteria to selectthe final controller
Exampledor theseadditionalcriteriaare:

— High (low) gainsolutionscanbedeterminedy selectinghecontroller
from the setwith maximal(minimal) norm.

— Selectthe controllerfrom the setwith maximaldistancefrom the sta-
bility boundariesThisguaranteesomeadditionalrobustnessnagins
in the casethatthe modeldoesnot cover the entireplantuncertainty

— If the plantis highly nonlinearthe computedsetwill represenbnly
thosecontrollersfor which the linearizedplantis stabilized. Simula-
tionsof the nonlinearplantfor variouscontrollersfrom the computed
setcanthenprovide furthercriteriafor selectingthefinal controller

— If thecontrollerhasto be designedor anuncertainplantthefirst step
is to determinethe setof stabilizing controllersfor a nominal point
q,- For fixed gain control it is obvious that the resultingcontroller
alsohasto stabilizethe plantfor othernominaloperatingpointsq, €
Q. A straightforward approachis to computethe setof stabilizing
controllersfor otheroperatingpoints, for exampleall verticesof the
operatingdomain. Thenthe intersectionof all thesesetsguarantees
stability for the considereperatingpoints called representatives of
the operatingdomain. This approachof simultaneoug’-stabilization
doesnot guaranteeobustnes®f the entireoperatingdomain;this has
to be verified by a robustnessanalysis.However, dueto the factthat
anarbitrarynumberof representatiescanbeconsideredn thedesign
phasdt is a powerful tool for robustcontrollerdesign.
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Of courseit might happenthat the setof stabilizing controllersis empty

i.e. theredoesnot exist a controllerwhich simultaneously-stabilizesthe

consideredepresentates. If thereexist morethantwo controllerparame-
ters, the onesconsideredixed for the designcan be modifiedand a nev

designiterationcanbe startedwith thesenew values. In caseof only two

controller parametersio suchmodificationsare possible. Thenit is nec-
cessaryto reconsidetthe designspecificationsor to changethe controller
structure. A promisingapproachs to startwith a simple controllerstruc-
ture and relaxed designspecificationssuchthat it is morelikely to find a

I'-stabilizing solution. Onceaninitial controller could be determinedhe
designspecificationdave to be strengthenetbwardsthefinal onesin sev-

eraldesigniterations.

Designof gain scheduledcontrollers:

Notin all casesfixedgaincontrolcanbe determinedor plantswith vary-
ing parametersthoughit is possibleto find I'-stabilizing solutionsfor a
subsetof the operatingdomain. Typically, the plant dynamicsare only
influencedheavily by a small numberof uncertainparametershile the
remainingonesplay a minor role. Assumingthat one of theseparame-
terswith major influencecanbe measuredthe following solutionis suit-
able: Computethe setof stabilizingparameteren a planemadeup by the
varying parameterand a controller parameter Furtheruncertainparame-
tersareconsiderecasnominalrepresentaties,i.e. theideaof simultaneous
I'-stabilizationis applied. Fromthe I'-stableregion the controllerparame-
ter canbe determinedasa function of the varying parametesuchthatthe
controllerparametealwayslies within theI'-stableregion. Figure4.1illus-
tratesthis procedureHereit is assumedhataplantparametevarieswithin
theintenal ¢ € [¢~; ¢*]. Theresultof Figure4.1a) shavs thatthereexists

Figure4.1: Designof gainscheduleaontrollers.a) No gainschedulinghecessary
b) gainschedulingcontrol,c) no I'-stabilizingsolution
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asolutionk, whichliesin theI'-stableregion independentlyf thevarying
parametey, i.e. no gainschedulings necessarat this point. However, in

Figure4.1b) no suchfixed gain control is possible. The dashedine indi-

catesa solutionfor which the controllergainin dependeng of thevarying
plantparameters alwayslocatedin theI'-stableregion yielding aI'-stable
solutionin dependeng of the varying plantparameterFigure4.1c) shavs
asolutionfor which no robustly I'-stabilizingsolutionis possible.

Robustnessanalysis:

Thestability boundariesn aplaneof two uncertairparameters; andg; are
computed.Thesystemis robustly I'-stableif theentireoperatingdomainis
containedn theI'-stableparameteset.

4.2 The parameter plane menu

The parametemplanewindow is openedfrom the PARADISE main window by
selectingAlgorithms  — Parameter space . Thedesiredparameteplane
canbesetvia thetwo popupmenusintegratedin the window, seeFigure4.2. All

varying and controllerparametersre available for selection. For the additional
itemsInvariance plane andUser defined thereaderis referedto the
next chapter

Run:

Executegrid:

Thisitem startscomputatiorof the stability boundariesn the selected
plane. Thevarying parametersot consideredn the parameteplane
are being griddedwherethe numberof grid points hasto be speci-
fiedin theParameter specification window for eachparam-
eter The stability boundariesare computedfor eachgrid point and
displayedgraphically For the generatiorof mappingequationghel -
regionwith index onewill beused alsoif morethanonel'-region has
beendefinedby theuser

Executerepresentatves:

Startscomputationof the stability boundariesn the selectedplane.
The valuesfor varying parametersiot consideredn the parameter
planearetaken from the representatiesdefinedin the Parameter
specification window. The stability boundariesare computed
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for all representatiesanddisplayedgraphically For eachrepresenta-
tivethel'-regionspecifiedby itsindex in theParameter  specification
window will beusedfor the generatiorof the mappingequations.
Quit:

Closesthe parameteplanewindow.

Stability checks: Fromthis submenuwou canperformdifferentI’-stability
checksof arbitrarypointsin the displayedparameteplane. The pointsare
selectedvith mouseclicks usingthe left mousebutton. Pressinghe right
mousebutton quits this mode. If the selectedpoint is I'-stablethe point
will be marked with a greenstarin the parameterspacewindow. If the
Check individual stability OptionfromtheOptions -Menuis
selectedpointswhich areI'-stablefor some,but not all pointsaremarked
by a bluetriangle. If the Check individual stability Optionis
notselectedhesepointswill bemarkedby aredsymbol,sincethey arenot
robustly I'-stable. Pointswhich are not I'-stablewill be marked by a red
symbolin all cases.

Check stability for Center of Q-box:
Usingthis checkI'-stability is only checledwith respecto the Center
of the specifiedQ-Box.

Check stability for grid:
Thisentrycheckd -stability with respecto all grid pointsof thegiven
Q-Box.

Check stability for representatves:
This entry checksI'-stability with respectto all definedrepresenta-
tives.

Tools:

Selectcontroller:

If atleastoneof the parameter®f the selectecharameteplaneis a

controller parametetthis featureallows to selectcontroller parame-
tersgraphicallywith the mousecursor The selectecpointis marked

by a crossandthe correspondingontroller parametewvalueswill be

automaticallysetto the selectedvalues. The crosscanbe moved by

clicking on it with the mousecursoranddraggingit to the new posi-

tion. This actionautomaticallyresetghe controllerparameters.

Identify curve:
Onceseverall'-stability boundariehave beencomputedor somerep-
resentatiesor several grid points, it is not possibleto tell for which
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representate or for which grid point a specificboundaryhasbeen
generated.Clicking on a curve with the left mousebutton displays
information aboutthe type of the selectedboundaryat the Matlab
prompt. Pressingheright mousebuttonterminateghis mode.

Scalecurve:

The stability boundariesarecomputedoy solving equation(4.2) for a
sweepof thecomple frequeng s alongthe boundaryof I'. This fea-
ture parametrizeshe computed!'-stability boundarieswith the com-
plex frequeng which resultedn this specificpoint contributing to the
I'-stability bounaryin parametespace.

Remove scaling:
Remaoresscalingfrom all stability boundaries.

Clear plot:
Erasesll displayedstability boundaries.

Mark stableregion:

Selectinghisitem startsanalgorithmwhich automaticallydetectghe
I'-stableregion for the computedi-stability boundaries.The bound-
ary of thisregionwill be markedwith solid lines.

Attention: This algorithmmaybetime consuming.

Options:

Alter axislimits:

You can alter (or predifine before startingthe calculation)the axis-
limits of both parameters.If you selectthis item two textfields wil
appearwere you can manuallychangethe axis limits. Pushingthis
buttomagainmakesthetextfieldsinvisible.

Display Q-box:

The @Q-boxwill bedisplayedin the selectedobarameteplane. The Q-
box canberemovedby re-selectinghis feature.This featureonly has
effectif atleastoneof the parameterss of varyingtype.

Hold current plot:

Startinga new computationof stability boundariesfrom the Run-
menuerasesy default earliercomputedstability boundaries Select-
ing this featurepreseresthesestability boundaries.

Display individual stability:

This option controlsthe usedmarker symbolfor the stabilty checks.
If this optionis selecteda pointin the currentplane,for which some
but notall grid points/representatesarel’-stableis markedby ablue
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triangle. Otherwisethesepointsare marked by a red symbol, since
they arenotrobustly I'-stable.

4.3 Designexampledfor the parameter spacemethod

4.3.1 Designexamplel: Crane

Theinitial designin the parameteispacewill be carriedout for the crane. As
shown in Chapter2 the controllerparameters; andk, hadbeenfixed by some
a-priori consideration$o k; = 500 andk, = 0. Thegoal of the designis to de-
terminethe remainingparametet, and ks usingthe parametespaceapproach.
In the first steponly the centerof the operatingdomainwill be considered.To
solve the problemwith PARADISE the systemequationsof the cranehave to be
specifiedirst asexplainedin Chapter3. Definethecenterof theoperatingdomain
asrepresentatie by openingthe “Parametesspecification”window andselecting
Edit — Add representative . Thenominalvaluesof the new representa-
tive by default arethe onesof the centerof the operatingdomain. So no further
changesrenecessargtthis point. Additionally, the parametek; hasto besetto
500.

Now, openthe parametesspacewindow from the PARADISE mainwindow and
selectthe (k9, k3)-planeasthe planewherethe stability boundarieshallbe com-
puted.SelectingRun — Execute representatives startscomputatiorof

the stability boundariesTheresultis shovn in Figure4.2. The controllerparam-
eterplaneis separatedby the stability boundariesnto a finite numberof regions.
To find out aboutthe I'-stableregions checkan arbitrary point of eachregion.

This canbe doneby selectingStability checks — Check stability

for grid . Thecursorchangego acrosshaiwhile beingin this mode. Select-
ing pointsin the parameteplaneby clicking with the mousecursorin the plane
performsal'-stability check.Theresultof thecheck(I'-stableor not) is displayed
at the Matlab prompt. Oncea I'-stablepoint is found the entireregion to which

this pointbelongss I'-stable.

For the examplethe region in Figure 4.2 wherethe cursoris locatedin, turned
outto betheI'-stableregion. Thecontrollerk” = [ 500 2192 —8358 0 } is

selectedhsa solutionfrom this setwhich I'-stabilizesthe centerof the operating
domain.

The robustnesof the controllerwill be evaluatednow in arobustnessanalysis.
The analysiscanalsobe carriedout by applyingthe parametespaceapproach.
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Figure4.2: Setof I'-stabilizingcontrollersfor the centerof the operatingdomain

For this purposeselectthe (¢, m 1 )-planeandstartthe computatiorof the stability
boundariedy selectingRun — Execute grid

Theresultis displayedn Figure4.3. Thesystemis notrobustly I'-stablesinceby
designthe centerof the operatingdomainis I'-stableandthe operatingdomainis
intersectedy I'-stability boundaries.

This resultemphasizedhat a robust designcanonly be successfulf the entire
operatingdomainis consideredor the design.A designwhich not only consid-
ersone nominal point will morelikely be robust enoughto stabilizethe entire
operatingdomain. A suitableselectionof representaties are extremeoperating
conditionslik e vertex pointsof the operatingdomain.

It is the goal of the seconddesignstepto I'-stabilizethe four verticesof the op-
eratingdomain. Again, selectthe (&2, k3)-planein the parameteplanewindow.
To computethe stability boundariegor thefour verticesselectRun — Execute
grid . Thiswill grid theremaininguncertainparametersin theexamplem and
¢) with the numberof grid pointsspecifiedin the “Parametespecificationwin-
dow. In orderto getonly the verticesthe numberof grid pointshasto be setto
two whichis thedefault.

Theresultis shovn in Figure4.4. The I'-stableregion canagainbe determined
by checkingarbitrary points of eachsetfor I'-stability. The I'-stableregion for
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Figure4.3: Rolustnessanalysis. The systemis not robustly I'-stablesincethe
operatingdomainis intersectedy I'-stability boundaries.

this exampleis the onewherethe cursoris locatedin. Fromthis setthecontroller
k:[500 2740 —18788 0 | wasselected.

Of courseit is of interestnow to evaluaterobustnesf this new controller The
procedures the sameasfor the first design. The I'-stability boundariesn the
planeof uncertainparametersredisplayedin Figure4.5. For the seconddesign
the controllerturnsout to be robustly I'-stable: By designthe four vertex points
arel'-stableandthe operatingdomainis notintersectedy I'-stability boundaries.
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Figure4.4: Setof simultaneously'-stabilizingcontrollerparametersor the ver-
ticesof the operatingdomain(red: / = 8 m, m; = 1000kg, green:/ = 16m,
my, = 1000 kg, blue: ¢ = 8 m, m; = 2000 kg, cyan: ¢ = 16 m, m; = 2000 kg)
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Figure4.5: Rolustnessanalyis.The controlleris robustly I'-stablesincethe ver-
ticesarel'-stableandthe operatingdomainis notintersectedy stability bound-
aries.
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4.3.2 Designexample2: FAE fighter aircraft

A differenttype of exampleis the FAE aircraft design. Here, a finite numberof
represenatiesis given. While for the cranedesignexamplethe representaties
consideredor the designcould be modified arbitrarily, the useris fixed to the
specifiednominalrepresentaties. The Simulink modelfor this exampleis shovn
in Figure4.6.

E! T Ol Block Parameters: Aircraft model

— State Space
File Edit “iew Simulation Fomat Tools

State-space model:
D& se=a=zr =

diddt = &% + Bu
y=Cx+Du

IBNom
C

Ithm
0:
IDNom

Initial conditions:
Jo

ok I Cancel | Help Al

N

Ready | 1003 |od=45

Figure4.6: FAE simulink model

For the designthe plant descriptionhasto be specifiedas explainedin Chapter
3. Sincetheflight dynamicschangeswith varying flight conditionit is obvious
that differentflight conditionsmay have to fulfill differenteigervalue specifica-
tions. Thisleadsto I'-region specificatiordependingn theflight condition. This
requirementcan be satisfiedwithin PARADISE by defininga I'-region for each
flight condition.In asecondstepthel'-region hasto be associateavith the corre-
spondingrepresentatie. This stepis performedin the “Parameteispecification”
window asshavn in Figure4.7 andFigure4.8.

After the parametessettingsare completedthe controller designcan be carried
outin the controllerparameteplane. Openthe parametespacewindow. Since
the two controller parametersare the only parametersnvolved in this example
the displayedplaneis the desiredone. By selectingtheitem Run — Execute
representative thecomputatiorof theI'-stabilityboundariess startedvhere
now for eachrepresentate the I'-region associatedvith this operatingpoint is
usedfor generatingthe mappingequationsand computingthe stability bound-
aries. Theresultis shovn in Figure4.9. Again, the checkfor I'-stability canbe
carriedout by chosingarbitrarypointsin the controllerparameteplaneandper
forming a checkon thesepoints. The region wherethe crosshaiiis locatedin in
Figure4.9is theI'-stableone.
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Figure4.7: Parametesettingsfor the FAE designexample

modeldescriptions available.
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Figure4.8: I'-region for the F4AE designexample
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Figure4.9: Simultaneoud -stabilizationof thefour flight conditions
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Chapter 5

Designin an invariance plane

5.1 Intr oduction

In caseof state-feedbackontrol, the numberof feedbackgainsis determined
by the plantorder Thusa systematianethodis neededo obtaina robust con-
troller, especiallyfor high orderplants. Designin aninvarianceplaneis a possi-
ble approach.This chapterpresentghe theoreticalbackgroundjmplementation
in PARADISE andsomeexamples.

5.2 Theoretical background

Thisapproach , , \ ] for designof statefeedback
is basedntheparametespaceapproachThemainideais to iteratively shift only

the mostcritical eigervalueswhile the othereigervaluesremainat their location.

For a nominal operatingpoint this can be accomplishedusing an extensionof

Ackermanns formula.

Herebya m-dimensionakrosssectionin then-dimensionakontrollerparameter
spaceis determinedsuchthatn — m eigervaluesare unobserablethroughthis

feedback.Hencefor any controllerwith parametersn this m-dimensionalkub-

spaceonly m eigervaluesareshifted,while the restof the eigervaluesremainat

theirlocation.

For practicalapplications;n equalstwo andthe stability boundariesan be vi-
sualizedby a simple2-D plot in this two-dimensionatross-sectiotin controller
parametespaceusingthe parametespaceapproach.

49
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Thereforepy iteratingtheanalysigdetermininghemaostcritical eigervalues)and
thesynthesistepof selectinga suitablecontrollerwhich shiftstheseeigervalues,
acontrollercanbedeterminedor which all eigervaluesarelocatedin thedesired
I'-region.

For uncertainplants,a suitablecrosssectionin controllerparametespaces de-
terminedfor a nominal operatingpoint, e.g.the centerof the ()-box andthe set
of simultaneously'-stabilizing controllersis determinedn the giveninvariance
planefor a numberof representaties in the operatingdomain. By iteratively

changingor addingrepresentatiesa robustcontrollerfor agrowing portionof the
operatingdomaincanbefound. A detailedexamplewill illustratethis processn

detail.

For acompletereferenceandcasestudiesseg] .

5.2.1 Designin an Invariance Plane

Assumean n th-orderstatespacemodelx = Ax + bu with proportionalstate-
feedbackcontrolu = —k” .

For this systemit is possibleto determinean m-dimensionalsubspaceén the n-

dimensionalcontroller parameterspace,suchthat only m specificeigervalues
of thegivenplantareshiftedby arbitraryselectionof controllergainsk from this
subspacewhile theremainingn—m eigervaluesremainattheiroriginallocations.
This approachs basedn Ackermanns Formula[ ]:

Theorem (Ackermann):

For a controllablesingleinput system( A, b), thefeedbackvector
k' =elp(A) (5.1)
with
e'=[00 ... 1][b Ab A% ... A"] (5.2)
assigngheeigervaluesof A — bk’ to therootsof the polynomialp(s).

Thedesiredcharacteristiclosedoop polynomialp(s) is now written asa product
p(s) = h(s) - t(s), whereh(s) representshe eigervalueswhich remainfixedand
t(s) denotegheeigervaluesto beshifted. Equation(5.1) becomes

k' =e'h(A)t(A) = el t(A), (5.3)
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wheree!l = eTh(A). Furtherassumingthat only two eigervaluesshouldbe
shiftedatatime,i.e.t(s) = t, + t1s + s%, equation(5.3) yields

T
€5

el A
el A®

kT - eg(toI + tlA —|— A2> - [to tl 1] (54)

For the openloop, i.e. k' = 07, theeigervaluesrepresentetby ¢(s) aredenoted
by d(s) = dy + dys + 2, i.e.

0" =eld(A) = el (doI + diA + A?). (5.5)

Formingthedifferenceof (5.3) and(5.5) yields

eT
kT - [Ka K/b] l G%A ] ) (56)

with k, =ty — dp andk, = t; — dy. By arbitrary(k,, k) afeedbackvectork”

is determinedn thetwo-dimensionatross-sectiomlefinedby the vectorse! and
(el A) suchthatonly thetwo eigervaluesof d(s) areshiftedwhile h(s) remains
fixed.

Applying the parametespaceapproactallows to determinghe setof parameters
in the (k,, kp)-plane,which ' — stabilize the system.

5.3 Example: Crane

In this sectionwe shov how to use PARADISE to designa simultaneous|yi -
stabilizingcontrollerby usingtheinvarianceplaneapproach.

We usethe samemodelfor the cranealreadyintroducedin chapterl and2. The
startingpoint for this designexampleis the robust controllerdesignedn section
4.3.1 Namelythe controlleris given, by

k' =[ 500 2740 —18788 0 |,
andthe operatingdomainwasgivenby
my, € [1000; 2000][kg], [ € [8;16][m].
Now considerthe”real world” operatingdomain

my € [50;2000]kg], 1€ [8;16][m],
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Figure5.1: Rolustnesanalysis.

whichincludesthe caseof anemptyhook.

First, we evaluaterobustnesof the given controllerwith respecto the new op-
eratingdomain. Figure 5.1 shows that the systemis not I'-stable,becausehe
operatingdomainis intersectedy I'-stability boundaries.

As a first stepto designa controller by useof invarianceplanes,an operating
pointin the parametespacemustbedeterminedor which theinvarianceplaneis
computed.This is doneby specifyinga representate in the Advanced section
of theParameter specification interface.Figure5.2shovstheinterface
with anappropriateepresentate for the craneexample.

Hint: Usually, anoperatingpointwhich lies closeso (or on) a I'-stability bound-
ary is a good choice,sincethis ensureghat the origin of the resulting(x,, ~s)-
planeis in thevicinity of theI'-stablecontrollerparameterThis holdsat leastfor
theboundarie®f the sameoperatingpoint.
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Figure5.2: Nominalpointfor invarianceplane.

After we have specifiedan operatingpoint for the invarianceplane(R; in this
example,seeFig. 5.2), thennext taskis to selectthe mostcritical eigervalues.
This stepis initiated from the Parameter space window by choosingthe
parameteinvplane in the parameterselectionpopupmenu. After choosing
invplane in eitherof thetwo menusheSelect Eigenvalues pushlutton
in the lower left corneris displayedwhich allows selectionof the eigervaluesin
the Gamma-Editor window. Figure5.3shavsthecorrespondindg?arameter
space and Gamma-Editor windows. All eigervaluesare displayedin the
Gamma-Editor window and marked by a blue cross. Two eigervalueshave
to be selectedor the designin aninvarianceplane. A critical eigervaluecanbe
selectedby moving the mousepointerabove the eigervalueandpressinghe left
mousebutton. An eigervalueis displayedoy aredcrossafterselection.Theother
n — 2 eigervaluesareconstanfor any controllerparametem theinvarianceplane
andtheoperatingpoint.

After the mostcritical eigervalueshave beenselected the stability boundaries
are computedfor the representaties. This is doneby selectingthe command
Execute Representatives from the Run - menuin the Parameter
Space window.
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« |Gamma-E ditor H[=] E3 I

Edit Options

Figure5.3: Selectionof mostcritical eigervalues.

To ensurerobustnessnot only for representatie R; which was selectedas the

operatingpoint for the invarianceplane,it is usefulto addextra representates,

e.g. pointsfor which the previous controlleris I'-stableor verticesof the op-

eratingdomain. In our examplewe addthe representatiesR;, R; andR, asa

representate (seeFig 5.2) to ensurghatwe increasehe portionof theoperating
domainwhich is I'-stablein the next designstep. Figure 5.2 shaws the corre-

spondingParameter  specification window andthe stability boundaries
for therepresentatiesin theParameter space window.

Using the Check stability for grid commandfrom the Stability
checks menu,we cancheckthe stability of differentcoherentregions. The
little greencrossin figure 5.4 indicatesthatthis region is I'-stable. After invok-
ing the commandSelect controller from the Tools menua cross-hair
is displayedand waits for a mousebutton to be pressed.The cross-haircan be
positionedwith the mouse.Pressinga mousebutton selectsthe controllerat the
currentlocationandmarksthe controllerparameterdy a big red asterisk.At the
sametime the valuesof the controllerparameter<y, ..., k,, in the Parameter
specification GUI areupdated.

Figure 5.5 shawvs that the controllerk” = | 572 3388 —33699 2587 } was
selectedrom the setwhich I'-stabilizesthe plantfor bothrepresentates.
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Figure5.4: Parametespacewvindow.
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Figure5.5: Parametespecificationvindow.
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Thenext stepis to evaluatetherobustnes®f the controllerwith respecto the op-
eratingdomain. This is doneby applyingthe parametespaceapproach For this
purposethe (I, m;)-planeis selectedvia the Parameter  selection popup
menuand computationof the stability boundariess startedby selectingRun —
Execute grid intheparametespacenindow. Figure5.6shovstheresultfor
theexample.Theplot shaovsthatfor theselectectontrollertherealrootboundary
still intersectghe operatingdomainedges.Thus,we have to repeatthe described
procedureo find a controllerwhich I'-stabilizesthe whole operatingdomain.

Bun  Stability checks Tools Options  Output

B g 10

4
I [-0.7 20.4] m

Figure5.6: Analysis: Parametespacewindow.
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2. lteration

Usingthe samestepswhich we usedfor thefirst iteration,we specifya new oper
atingpointfor the invarianceplane,in orderto robustly stabilizea biggerportion
of theoperatingdomain.

We choosen; = 300 kg, I = 16 m astheoperatingpointfor theinvarianceplane.
Figure5.6 shavesa stability boundaryvery closeto thevertex m;, = 150kg, | =
8 m. Thereforewe include this point and two vertex points as representaties
for the following designstepto avoid that this vertex becomesunstable,since
the invarianceplane holds only for the operatingpoint. Figure 5.7 shows the
Parameter specification window with thefour selectedepresentates
andtheinvarianceplane.

+ |Parameter specification M=l B3
Edit

+Varving paramnsters ;I
—Controller parameters
2587.04
3388.57
—33699
£72.813
+Fizxed parameters
—Advanced
—Representatives
: —Representative #1

Asz=zociated with Gamma region #1
1 = 14
nl = 300

—Representative #2
Asz=zociated with Gamma region #1
1 = 14

nl = 2000
—Representative #3
Asz=zociated with Gamma region #1

nl = 2000
—Representative #4
Asz=zociated with Gamma region #1
1 =1
nl = 150
+Parameter planes

Getvalue: |

Figure5.7: Parametespecificationgor secondteration.

Thenext stepis to chooseghetwo mostcritical eigervaluesjn theGamma-Editor

window, invokedfromtheParameter space window asdescribedor thefirst

iteration. Figure5.8 shows selectionof the mostcritical eigervalues.In this case
an eigervaluelying on the real axis is the mostcritical. Sincetwo eigervalues
have to be selectedthe seconceigervalueon therealaxismustbe chosen.

Next, determinethe stability boundariesn the invarianceplaneto find a suit-
ablecontrollerby selectinghecommandExecute Representatives from
the Run-menuin the Parameter space window . Figure 5.9 shaws the
stability boundariesin the invarianceplane. Using the Check stability
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# | Gamma-E ditor M=l E3

Edit  Options

Setvalue: |

Zaom on

Figureb.8: Selectionof mostcritical eigervalues(2nditeration).

for grid commandrom the Stability checks menu,theregion of con-
troller parameteravhich I'-stabilizesthe plant for both representaties can be
identified. The big red asteriskin figure 5.9 shows the selecteccontrollerk’ =
i 550 3300 —28451 2000 } Figure5.10shavsthestability boundariesn the
my, [)-parameteplane. Now we have found a I'-stabilizing controller for the
entireoperatingdomain,becausehereis no stability boundarycrossinghe oper
ating domain. Actually, thereis a wide mamgin betweenthe stability boundaries
andtheoperatingdomain.
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Figure5.9: Selectionof aI'-stabilizingcontroller(2nditeration).
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Figure5.10: Rolustnessanalysig2nditeration).
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Final step

In thefirst designexamplein section4.3.1onedesignspecificatiorwask, = 0.
This enablegheimplementatiorof a controllerwithout a sensomwhich measures
statex.

As a final stepwe analyze,if we can modify the controller suchthatk, = 0
withoutlosingtheI'-stabilizingpropertyfor the operatingdomain.Thereforewe
determinethe stability boundariesn the (k,, k4)-parametemplane. Figure5.11
shavs aplot of thestability boundarieslt canbe easilyseerfrom figure5.11that
changinghe parametefk; by asmallamountenablesisto choosek, = 0. Using
the controller k¥ = [ 550.0 3200.00 —28451.5 0 ] I'-stabilizesthe whole
operatingdomain.

Bun  Stability checks Tools DOptions  Dutput

3600
3500
3400
[ e *
3200

3100 f-:-

3000 4

000 -4000 -2000 1} 2000 4000 G000 8OO0 10000 12000

Figureb5.11: Parametespaceapproact(final step).

Thus, using the invarianceplaneapproachwe could find a controller which I'-
stabilizesthe whole operatingdomain. Using a rathereasysubsequenanalysis
anddesignstepwe could actuallyfind a controllerwhich doesnot requirefeed-
backof statexr,. Althoughwe hadto usenon-zerok, valuesduring intermediate
designstepsin the invarianceplane,we could achieve &, = 0 for the final con-
troller.
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