Interactve Multi-Domain SystemAnalysisandDesign

G.E. Smid and Ka C. Cheok
Departmenbf Electrical& System$£EngineeringQaklandUniversity
RochesteHills, Michigan48309-4401USA.

Abstract

This paperpresentsa MATLAB tool for interact-
ive transferfunction analysiswhich canbe used

point out thatthereis anincreasingneedfor
a systemsapproachtowardsdesign. A top
down approachandthusacomprehensie un-
derstandingf the systemurgesto bethewin-

to enhancestudentsand engineeraunderstanding ning methodfor moderncontrolengineering.

of systemcharacteristicendbehaiour. It allows
a userto develop anintuitive feeling for therela-
tionshipbetweerime andfrequeng domainsand
locationsof rootsof atransferfunction.

Keywords : Systemcharacteristics)nteractve
Visualization MATLAB.

1 Introduction

It has becomea common practice to use
numerically highly intensive algorithms to
designand analyzecontrol systems. Iterat-
ive, recursve and searchmethodsare part
of the standardtoolbox for a control system
designer Examplesare the increasinguse
of MATLAB (which is after all a numerical
tool), u-synthesigor Robustcontrol(in which
the non-corvex problemis solved using D-
K-iterations[4]), applicationsof genetical-
gorithmsandlearningschemesgor neuralnet-
works. This trendis capableof trainunga
generatiorof engineersvho candesigncon-
trol systemson the fly, an yet do not have a
full understandingf the dynamicsandrela-
tionsthataccounffor asystemsehaiour.

Onthe otherhandtherearecontrolsystem
scientistsywhosolvefor controllersn ahighly
mathematicafashion,not rarely only in the
frequeng domain. Also herethe scientists
have oftenlost the touchwith a physicalsys-
tembehaiour.

Indicationsfrom R&D centersin industry

The MATLAB softwaretool describedn
this paperallows for interactively designinga
systenmdescribedy alineartransferfunction.
Duringthedesigrprocesdn eithertheLaplace
domain thefrequeng domainor thetime do-
main,the systemcharacteristicsvill besimu-
latedon-linein theotherdomains.The effect
and applicationsfor interactve designmeth-
odologywill bediscusseafterwards.Similar
work hasbeendoneby [2].

2 Interactive Design

Figure 1 shavs the MATLAB graphicalin-
terfacewindow for the interactive designof
a linear system,representedy the transfer
function
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The transferfunction equationsaredisplayed
in atext window. Threegraphsaredisplayed
for this systemthatpresenthesystemshar
acteristics. They arethe pole-zeroplot, the
Bode diagramand the step response. The
curvescanbegenerateavith MATLAB, once
thenumeratoanddenomenatoareknown.

A usercaninteractwith the softwareusing
keyboardandmouseto
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Figurel: ScreerShotof themaininterfacewindow in theMATLAB Simulator

1. designin thecomplexdomainby moving,
addingor deletingpolesandzerosonthe
s-plane,

2. designin thefrequeng domainby modi-
fying the shapeof the gainin the Bode
diagram,

3. designin the time domainby modifying
the shapeof the transientin the stepre-
sponse.

The softwarewill drawv a root-locusin the
Laplacedomainwhenrootsarechangeddue
to interactionin the frequeng or time do-
main. Additional functionalityis listed by ty-
ing hel p i desi gn onthe MATLAB com-
mandline.

We must point out that the effect of in-
teractize tools can hardly be explained in
words. The appreciationis beyond doubt

after hands-onexperiencewith the software.

A copy can be receved by sending to
sm d@akl and. edu. A livedemowill be
partof the presentatiomf this paper

In the next sectionst is explainedhow the
sequencdor interactionin either domainis

actually achiesed. In eachdomainit is the
objective to derive a new transferfunction,
that can be simulatedin the three domains.
Mostof thederivationscanbefoundin control
textbookslike [1].

2.1 Laplace Domain

Dragginga crossor circle in the pole-zero
planewill relocatethe polesandzerosof the
systemrespectiely. Pressingz will add a
zeroatthe currentmousdocation,pressingp
will adda poleandpressingspace will delete
either

Whenthe imaginarypartsof two comple
conjugatepolesor zerosare very small, they
will bemeigedto one. Similarly, whenareal
poleor zerois draggedff therealaxis, it will
be splitinto a comple conjugatepair.

Obviously, changingthe poles and zeros
will automaticallyreturnthe new coeficients
for thenumeratomnddenomenator
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To represenpolesandzerosonthefrequeng A
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The steadystategain can be found from

Equation(2) as _ .
and of the complex poles(given by P(jw)).
T by Notice that the dottedgain for the resonance
Kpe = lim G(s) = a, ©) peakof the doublepole is equalto the gain
) ) of thetotal systenrelative to the trendof the
If m < n, the systemis strictly properand Zero

will thusattenuatdor high frequencies.The

To changea polep,, of thesystemthefol-
H F gaincanbecalculateas geRpolep y !

lowing sequencef actionswill takeplace.

Kyp = lim G(s) = i (6) 1. Eliminated the pole from the transfer

e IRl function

Polesin asystenrepresenphasdagsin the
Bodediagram. A singlerealpole (alag) will
causethe gain-frequeng curwe to decrease
with aslopeof -20dB/dec.A complex double
pole causesa slopeof -40 dB/dec. A com- 3. Fromthisgainandthedesiredrequeng,
plex double pole also shawvs a narrov band derive apoleor doublepole
resonanceain, proportionalto its damping.

Zerosrepresenphasdeadsandwill causean 4. Addthenew poleor pole-pairto H (s) by
increasdn gain for an increasingfrequeny, convolutingit in thedenominatar
in asimilarfashion.

2. Calculatethe dampingfrom the desired
gainrelative to thegain of theremaining
systemH (s).

Polesandzeroscanberelocatedo change where
eitherthefrequeng ordamping.A setof com- H(s) = G(5)(s+ pn), if real 7)
plex conjugatepolesor zeroswill be meiged
toarealpoleor zero,if theirdampingratios; = G(5)(s+ pm)(s + Pm), if CPIX(8)

becomed. Similarly, if arealzerois moved
downorarealpoleis movedup, it will besplit
into adoublezeroor pole. G

For example supposehesystento beana- OH = ﬁv 9)
lyzed hasonezeroandtwo poles,z;, = 0.5,
p1 = 0.4+ 4 andp, = 0.4 — 44. Thissystem where,, is the desiredgain, which is just
is representetdy G/(jw) in Figure2, whichis the amplitude,pointedat with the mousein
thesuperpositionf thezero(givenby 7 (jw)) theBodediagramhencethey-positionof the

Thegainoffset,relativeto H (s) is givenby



mouself 0H < 1,thenarealpoleis assigned
atthecurrentfrequeng. Thus

1
H{(s) G+ o]
wherew,, is the frequeng which the mouse
pointsat, hencethe x-position of the mouse.
Toattenuatdurtherfor thisfrequery, thepole
shouldbemovedto alowerfrequeng orazero
shouldbeadded.

If 0H > 1, the mousepoints above the
systemgain curve. Then the dampingcan
de calculatedas ¢, = arctan(0H) andthe
comple polebecomes

Pm = —Wn (COS(Cm) + iSin(Cm)) (11)

Thedesiredsystenis calculatedas

1

e e o e i)
The similar derivation for changinga zero
holds,however the conditionsfor 0 H arein-
verse.

Phaseand Gain magins are printedin the
Bodediagramwhen'i’ is presseanthekey-
board.They aregivenby

G(s) = : (10)

G(s) = (12)

1
Mgain= 20log ‘—‘ (13)
gain G(](.U) LG(jw)=%T
andandthephasemamgin by
Mphase: T —I_ AG(]W) |G(jw)|:1' (14)

2.3 TimeDomain

The unit stepresponsey(¢) is usedto illus-
tratethesystenresponseharacteristics the
time-domain.Dependingpnthesystemthree
characteristicsanbe changednteractvelyin
the step-responseThey aretheinitial value,
theinitial slopeandthesteadystategain K .
For the first two characteristicave make
useof theinitial valuetheorem.Sincethestep
responses the integral of the unit impulse
responsetheinitial valueandtheinitial slope
canbedeterminedrom
= lim G(s),
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Figure3: Separatiomf termsof anon-strictly
propersystem

Thetransferfunctionfor a non-strictlyproper
systemwith m = n, canbesplitin termsas

G(s) = bo + G'(s), (16)

with

izt (bi — aibo)s™
st ast I

G'(s) = (17)

which is schematicallyrepresenteih Figure
3. Theimpulserespons#or suchasystenwill

beb, timestheimpulseinput plustheimpulse
respons®f (’(s). Thereforetheslopeatt =
0 is infinity. The slopeatt = 0%, however,
canbefoundas

lim ¢(t) (18)

= lim sG'(s).
t—0+ §—>00

From (16) and(18) it canbe seenthatthe
unit stepresponseof a systemwith m = n
hasaninitial valuegivenby lim,_, ¢(t) = bo
andaninitial slopegivenby lim;_,q+ §(t) =
b, —a,by. Forstrictly propersystemsvithn =
m — 1, theinitial valuefor the stepresponse
will bezero,but theinitial slopeis calculated
aslim, o ¢(t) = lim,,.. G(s) = by. For
systemawith m < n — 1, theinitial valueand
theinitial slopewill bezero,lim;_,,¢(t) =0
andlim,_,, ¢(¢) = 0.

The ervelope E(t) for ary propersystem
F'(s) canbefoundby consideringheinverse
Laplacetransform
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whichcanbesolvedusingtheresiduetheorem.
By summingtheresidueswith realexponent,
theervelopel(t) of G/(t) canbefoundas

E(t)=Kpc £ _|Rle"®"  (20)
p=1
where
R = (s+p,)G(s)| (21)

S=pp

Thesteadystategaincanbefoundusingthe
FinalValueTheoremasshonvnin Equation(5).

With theabove relationsbetweerthe coef-
ficientsof thesystentransferfunctionandthe
slopeandinitial value,new valuesfor the nu-
meratorand denomenatocan be derived in-
teractizely.

3 General Applications

Becausédt providesa graphicalinterfacefor
intuitive interaction,this MATLAB software
senes well for controls courses. Concepts
like stability, gainandphasemamgins, settling
andrisetimesareintegratedn onedesignstep.
Especiallyfor studentsthe effect of interact-
ivetoolsfor controleducatiorhasbeerproved
to besuccessful3].

Controller design specificationsfor clas-
sicalcontrol,poleplacementnodelreference,
optimal control, etc are applicationsfor this
tool. A time domainconstraintlike settling
time or maximumvaluecanbeset,andtheset
of polesandzeroscanbederived.

As an applicationof advancedcontrol, the
tool couldbeusedio shapaheD-scalingghat
maybeusedo boundtheSSVin thefrequeny
domainduring the processof p-analysis[4].
In the samefashionit could be usedto shape
filters of any shapeandorder The software
canalsobereadilyextendedor optimalcontol
designby addingindicationsof performance
indexes.

A minor modificationwill allow the soft-
wareto displaya Fourier transformof anar-
bitrary signalin thefrequeng graph,in order
for adesignetto fit a frequeng behaiour of
ary kind interactiely.

The size and accessibilityof the code al-
lows ary engineermake other modifications
to interactively designin the Nyquistdomain
or theimpulseresponsaswell.

4 Conclusion

Effective use of numericaltools can helpin
understandingystems.The interactionwith
systencharacteristicandtheability to seethe
effectof changingcharacteristics thediffer-
entdomaingdynamicallycanenhancelesign-
ers’ decisionmaking.
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