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A bstract

T his paper describes a W indows/C ++-based PC
environm ent for simulating and anim ating a liq-
uid leveltank underautom aticcontrol. T he pro-
gram consists of four modules: (i) a program
user-interfacem odule,(ii)a simulation m odule,(iii)a
graphics/anim ation m odule, and (iv) an education
m odule. T he program -userinterface m odule allows
the userto interactwith theprogram .M ore specif-
ically, thism oduleperm itstheuserto selectthede-
siredliquidlevelm odelstructure, m odelparam eters,
controllaw structure, controllaw param eters, refer-
encecom m ands,disturbances, initialconditions, inte-
gration routine, and integration routineparam eters.
T hesimulation m oduleisresponsibleforgeneratinga
num ericalsolution fortheclosedloopdynam ics.T he
graphics/anim ationm oduleupdatesplotsandanim a-
tion on thescreen using data generatedby thesim -
ulation m odule.T he education m oduleprovidesthe
userwith interactive lessonsdesigned to teach fun-
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dam entalsystem sand controlsconcepts. D esigned
tocom municatewith M A T L A B , itisshown how this
environm entm ay beusedto analyzem any \whatif"
scenarios- observing system dynam icsboth graph-
ically and through anim ation, m aking the environ-
m enta very usefultoolforteaching controlsystem
design concepts.

1 Introduction

T herecentrevolution inpersonalcom putinghasseen
com putingpowersoarwhilepriceshavedropped.A s
a result, powerfulPC 'sarenow com m only available.
G iven this, itisnow possibletoexploitthenew tech-
nology tosigni¯cantly enhancetheway in which sys-
tem sandcontrolseducation isdelivered.B ecauseof
today'scomputing power[5], forexample, com plex
simulations- not long ago considered form idable -
can now beeasily performed.R ecenttrendsin com -
puterspeedhavealsom adefastanim ation ofdynam -
icalsystemsa possibility [2]. In short, today'sPC
technology now perm itsthedevelopm entofnew in-
teractivegraphicalvisualization environm entswhich
couldrevolutionizetheteaching ofsystem sandcon-
trols. T hisopportunity, hasperm itted the authors
to developm any such environm ents[3], [4], [9], [13],
[15],[16], [17].T hispaperdescribesthedevelopment
ofa W indows/C ++ PC environm entdesignedtosim -
ulate, visualize and teach classicalcontrolconcepts
related to a L iquid L evel C ontrolSystem (L L C S).
Since thisenvironm ent istailored num erically and
graphically to a speci¯csystem , lessonsm ay be de-
velopedwhich exploitthesystem 'sspeci¯ccharacter-



istics.B ecauseofitssimpleandintuitivenature, the
environm ent isusefulforreinforcing a wide variety
ofsystem sand controlsconcepts. It isshown how
m any fundam entalsystem andcontrolconceptsm ay
bereadily observedandunderstoodwith such an en-
vironm ent.Therem ainderofthispaperisorganized
asfollows.Section 2describesthe L L C S plant and
controlm odelsavailable to the user. M athem atical
m odelsare discussed in thissection. In Section 3,
featureswithin the liquid levelenvironm entare de-
scribed. Section 4then dem onstratesthe utility of
theenvironm entasan educationaltool.F inally, Sec-
tion 5sum m arizesthepaperandpresentsdirections
forfutureresearch.

2 System D escription:M odels

InthissectiontheL L C S isdescribed.T hem athem at-
icalm odelsandcontrolsystem swhich are available
to theuserarealso described.

System D escription. T he liquid containm ent
chamberisassum edto have a surface area A, m ea-
sured in square m eters. It isalso assum ed to have
onecontrolvalvewhich isresponsibleforcontrolling
the °ow ofliquid into andoutofthe tank.T he net
°ow rate ofliquidentering thetank willbedenoted
by the symbolwin and ism easured in cubicm eters
persecond.F inally, itisassum edthata disturbance
°ow rate, denotedby thesymbolwoutandm easured
in cubicm eterspersecond, ispresent.T hisdistur-
banceisresponsiblefordrainingliquidfrom andinto
thetank.T heliquidlevelin thetankwillbedenoted
bythesymbolh andism easuredin m eters.In short,
thecentralissueathandistom aintain a com m anded
liquidlevelin the presence ofthe disturbance wout.
T hecom m andedliquidlevel, ordesiredliquidlevel,
willbedenotedby thesymbolrand ism easured in
m eters.
Severalm athem aticalm odelswhich describe the

tank water-leveldynam icsare available to the user.
Each m odelisnow described.

F irstO rderM odel.T heuserm ay selecta simple
¯rstorderordinary di®erentialequation:

A_h= win ¡ wout (1)

to describethetank water-leveldynam ics.

Second O rderM odel.T heuserm ay also selecta
secondorderlinearordinary di®erentialequation:

AÄh+A(C 2+ C 3)_h+AC 2C 3
C 1

= win ¡ wout (2)

to describethetank water-leveldynam ics.In Equa-
tion2, C 1,C 2, andC 3denoteuserspeci¯edconstants.

A ctuatorM odel.A sdiscussedabove, thetank has
a valvewhich isusedtocontrolthe°ow ofliquidinto
andoutofthetank.T hevalvecanbedescribedusing
a ¯rstorderm odel, speci¯edin thefrequencydom ain
asfollows:

V (s)=
a

s+ a
(3)

wherea isa user-speci¯edparam eter.A largea indi-
catesa fast, m ore expensive, actuatorwhile a sm all
a indicatesa slow, lessexpensive, actuator.

L iquid L evelC ontrollers.T here are three basic
controllawsstructure which are currently available
to theuser:

² Proportionalcontrol(P),

win = k1(r¡ h) (4)

² Proportionalplusintegralcontrol(PI), and

win =
k1s+ k2

s
(r¡ h) (5)

² Proportionalplusderivativecontrol(PD ).

win = [k3s+ k1 ](r¡ h) (6)

wherek1 istheproportionalconstant, k2 isthe inte-
gralconstant, andk3 isthederivativeconstant[10].
O thercontrollawswillalsobem adeavailable.

3 D escription ofEnvironm ent

T he L L C S environm entiswritten in W indows/C ++
[1],[6],[8],[12],[18].Itconsistsoffourm odules:

² a program userinterface(PU I)m odule,

² a sim ulation m odule,

² a graphics/anim ation m odule, and

² an education m odule.



T heenvironm entwasdividedinto m odulesto facili-
tate updatesandenhancem entscreatedby di®erent
program m ers.

Program U serInterface M odule.T hePU I pro-
videsan interfacebetween a userandthe L L C S pro-
gram. W ritten in W indows/C ++, the environm ent
providespull-down m enuswhich perm itthe userto
selectwhich liquidlevelsystem m odelto use.M enus
also perm it the userto m odify criticalsystem pa-
ram etersin real-tim e.T heseparam etersinclude, for
exam ple,tankproportions,liquiddensity, controllaw
constants, actuatorsettings, m easuring device dy-
nam ics, etc.T he userm ay also select am ongstdif-
ferent controllaws(e.g.proportional, PI and PD ).
Initialconditions,referencecom m ands,disturbances,
and integration routines(e.g.Euler, R unge-K utta,
etc.) m ay be selected by the userfrom a m enu.
O therm enu optionsfordata storageandplottingex-
ist.D ata storageroutinesautom aticallyform atsaved
simulation data foruse within otherenvironm ent
m odulesaswell asexternalprograms(e.g.M ath-
W ork's M A T L A B and M icrosoft's Excel). U ser-
selected variablessaved from an earliersimulation
m aybeplottedagainstcurrentsimulationdata.M ul-
tim edia lessons, which use live audio andvideo will
alsobeaccessiblethrough thePU I.

Simulation M odule.T hem ainpurposeofthesim -
ulation m oduleisto accuratelysolvetheappropriate
setofordinarydi®erentialequations.T hesimulation
m odulecontainsroutinesrequiredbythedi®erentliq-
uidlevelsystem s, controllaws, integration m ethods,
anddata storageroutines.A llofthe environm ent's
liquid levelm odelsandcontrollaw routinesare in-
cludedin thism odule.

G raphics/A nim ation M odule.T hem ainpurpose
ofthegraphicsmoduleistousedata providedbythe
simulation m oduletoupdategraphics(i.e.plots)and
anim ations.D ata andplotsaredisplayedwithinchild
windows[7], [11]. A nim ation iscreated using high
quality bitm apsgeneratedwith C orel'sC orelD R A W
andC orelPH O T O -PA IN T 1.

1C orelD raw and C orelPH O T O -PA IN T are tradem arksof
C orelC orp.C orelD raw isa generalpurposedraw ing/graphics
m anipulation utility. C orelPH O T O -PA IN T isa generalpur-
pose im age processing utility.

Education M odule. T he education m odule con-
tainsroutineswhich im plem entinteractivem ultim e-
dia lessons.T he lessonsuse text, audio, video, and
anim ation to convey ideas. U sersanswerquestions
via interactivem enus.C orrectanswersaresupported
with a multim edia explanation - including \support-
ive audio." Incorrect answersare followed up by
hints, partialexplanations, andadditionalchances.

4 EducationalU tility

T he educationalutility ofthe environm ent isnow
dem onstratedby studying the e®ectofvarying con-
trolsystem param eterson closedloopsystem perfor-
m ance. T hrough the PU I, userscan select m odel,
controller, actuatorandsensorparam eters.F igure1
displays the child windows where the users enter
L L C S param eters. In a sim ilarfashion, controller
gainsandreferencecom m andscan bechangedinreal
tim evia pull-down m enus.
In thisdem onstration the a®ectofdi®erentcon-

trollersonsuchsystem perform ancecharacteristicsas
risetim e, settlingtim e, andcom m andfollowingisex-
am ined.T hePandPI controlstructureswereimple-
m entedusing a ¯rstordermodelfortank liquid-level
dynam ics.T heliquidsurfacearea,A, wasselectedto
be49m 2 andthe desiredliquidheightwasr= 1m.
A n actuatorm odelwasincluded, with an actuator
constanta = 0:5.

F igure 1:M enusforSetting Plant and C ontroller
C haracteristics



ProportionalC ontrol.F igure2showsthe closed
loopliquid levelresponse h to a stepcom m andun-
derproportionalcontrolwith di®erentproportional
controlconstants:

k1= 104;105;3£ 105;1:5£ 106: (7)

T he¯gureshowsthatastheproportianlcontrolcon-
stantk1 increases, therisetim edecreases.Ifk1 gets
toolarge, then overshootandoscillationsoccurinliq-
uidheightresponse.T hism ay beconcludedreadily
be exam ining theclosedlooptransferfunction from
thereferencecom m andrtoh:

Trh(s)=
k1a
½A

s2+ as+ k1a
½A

: (8)

F igure3showstherequiredcontrolinput, win.T he
¯gureshowsthatask1 increases, therequiredcontrol
action increases.T his, however, isexpectedfrom the
dependenceofh on k1 andtherelationshipbetween
win andh:

win = ½A_h: (9)

ProportionalPlus IntegralC ontrol. F igure 4
showsthe closed loop liquid levelresponse h to a
stepcom m and underPI controlfora ¯xed integral
constant,

k2= 5£ 106; (10)

F igure2:O utputforProportionalC ontrol-V arying
ProportionalC onstant

andseveralproportionalconstants:

k1= 104;105;3£ 105;1:5£ 106: (11)

A sk1 increasesthe liquid heightresponse becom es
lessoscillatory, the rise tim edecreases, andtheset-
tling tim e decreases.Forsm allk1 valuestheclosed
loopsystem becom esunstable.T hism aybededuced
via simple root locusorR outh analysis[10] ofthe
closedloopcharacteristicequation:

Ácl(s)= s3+ as2+
k2a
½A

s+
k1a
½A

: (12)

T he impactofk1 on thecontrolwin ispresented in
F igure 5. Increasing k1 causesthe requiredcontrol
action to convergeto zerom orequickly.
N ext, thee®ectofthePI integralconstanton liq-

uidlevelresponse isinvestigated.In ¯gure6 theliq-
uid level, h, isplottedfora ¯xedproportionalcon-
stant,

k1= 3£ 105; (13)

andseveralintegralconstants:

k2= 102;106;3£ 106;107: (14)

A sk2 increasesthe closed loop response becom es
moreoscillatory, therisetim edecreases, andtheset-
tlingtim eincreases.Forlargevaluesofk2, theclosed
loopsystem becom esunstable.O nceagain, this

F igure 3:Input forProportionalC ontrol- V arying
ProportionalC onstant



followsfrom a rootlocusanalysisoftheclosedloop
characteristicpolynom ialÁcl(s) in Equation 12. In
F igure7therequiredcontrolisplottedforthesam e
k1 andk2.A sk2 increases, growing oscillationsare
visible in thecontrolwin.
T he above simpledem onstrationsshow how this

environm ent m ay be used to visualize, understand,
anddevelop insight into controlsystem design con-
cepts.T heenvironm entcouldbeusedto investigate
the e®ectofdi®erentplant m odels, actuators, con-
trollers, sensors, andassociatedparam eterson closed
loopsystem response.

5 Sum m ary and Future D irec-
tions

T hispaperhasdescribed an environm ent foreval-
uating a liquid leveltank underautom aticcontrol
and teaching related controlsconcepts. T he envi-
ronm entisdesignedsothatstudentscan experim ent
anddevelop insight into controlsystem sin general.
T he simplicity ofthe system lendsitselfwellto in-
struction on a largevariety ofcontrolsrelatedtopics.
C urrently, helpandinstructdata basesarebeingde-
veloped to help usersm asterthe program features
andprovide them with instruction on relevantcon-
trolconcepts.Futurework willincludethedevelop-
m ent ofinteractive com puter-aided-lessons(IC A L s)
to teach speci¯csystem andcontrolconcepts[14].
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