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Abstract

In the course“Pr ocessControl” offeredat Uppsalauni-
versity, groups of four students use Matlab to design
and implement advancedcontrollers for a laboratory-
scaleplant.

To implement the graphical user interface, the stu-
dents use Java. The graphical user interface and the
controller communicateover a network in client-server
mode.

The Matlab processwhich controlsthe plant runs un-
der Linux, a public domain Unix dialect available for
e.g. Intel PC:s. The Linux kernel has been extended
with real-timecapabilities.

The results fr om the 1997project coursewere very
encouraging. In particular , non-compiled Matlab 5
code tur ned out to provide adequate computational
speed.By using Matlab for both designand implemen-
tation, the developmentprocesscould besimplified con-
siderably.

1 Background

The courseProcessControl [1, 2, 3] is taughtduring the
eighthsemesterof theEngineeringPhysicsProgramatUp-
psalauniversity. In this projectcourse,groupsof four stu-
dentsarerequiredto

� designandimplementacontrollerfor a two input-two
outputsystem;

� designa userinterfacefor thiscontroller.

Ouraimis to provideabridgebetweentheoryandpractice:
advancedcontrol strategiesareimplemented,andhave to
work onarealplant.At thesametime,thecourseprovides
extensive practicein projectwork, programminganduser
interfacedesign.Ideally, theprogrammingskills acquired
in this courseshouldalsobe useful for the studentsafter
graduationin awideareaof applications.It is thereforeim-
portantthatwe useappropriateandefficient programming
tools.

This coursewas given for the first time in 1982. At
that time, the control loop was implementedin FOR-
TRAN on ABC80 computers. The user interface was
text based.As experiencegrew, thecontrollersimproved.
Matlab becamethe tool usedfor controllerdesign,while
thecontrollerswereimplementedin TurboPascalon 286-
computers.However, at thebeginningof the90’s, thesoft-
ware tools usedin the coursewereout-of-date. A major
revisionwasnecessary.

In 1993, the operatingsystemwaschangedfrom DOS
to UNIX and a new programmingenvironment was in-
troduced.The controllerandthe userinterfacewerepro-
grammedin C++. Thegraphicaluserinterface(GUI) was
implementedusing X Windows primitives and different
widget sets,e.g. the AthenaWidget Set and Motif. The
controllerandthegraphicalinterfacewereseparateUNIX
processes,communicatingusinga sharedmemoryarea.

The coursewasnow modern. It alsoprovidedskills in
masteringtoolswhichwerewidely usedin industry. How-
ever, both the controllerandthe interfaceimplementation
wereproneto errors.Insightsin automaticcontrolanduser
interfacedesignwereobscuredby the relatively low-level
programming.Also, thesystemwasverycomplex, andthe
studentshadno realpossibilityto grasptheentiresetup.It
wasrealizedthatanimplementationbasedonMatlabcould
removethesedrawbacks.

Compiledlanguageshadsofarbeenrequired,dueto tim-
ing constraints:a rathercomplex controllerhadto be im-
plementedwith a samplingrateof at least50 Hz. During
the springof 1996,experimentswith control loop imple-
mentationin Matlab wereconducted.Thoseexperiments
indicatedthatwith powerful PC:s,it shouldindeedbepos-
sibleto run thecontrolloop from within Matlab.

In 1997, this intentionwascarriedout. The controller
was implementedin an m-file, which was interpretedby
Matlab. The graphicalinterfacewas designedas a Java
applet. As a result, both controller implementationand
GUI programmingwereraisedto a higherlevel. Thestu-
dentscouldfocusoncontrollerandGUI design,ratherthan
searchingfor programmingbugs.Insteadof sharingmem-
ory, the controller and the user interface communicated
over thenetwork, makingit possiblefor thetwo processes
to resideondifferentcomputers.

Thepaperis organizedasfollows. In Section2, thesys-
temwhich is to becontrolledis described.In Section3, a
brief descriptionof thepossiblecontrolstrategiesis given.
The overall implementationof the control systemis de-
scribedin Section4. The controller loop, the graphical
user interfaceand the communicationbetweenthem are
presentedin Sections6, 7 and8 respectively. In Section10
thethehardwarerequirementsandthesoftwarecomplexity
arediscussed.Finally in Section11 someconclusionsare
drawn.

2 The CoupledElectric Dri vesplant

Theplantto becontrolledis a laboratoryprocessbuilt and
marketedby TecQuipmentLtd [4]. Thisprocessillustrates
the problemof controlling tensionand speedin material
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handlingandtransportandconsistsof a rubberbelt, sus-
pendedoverthreewheelsasshown in Fig.1. Thetwo lower
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Figure 1: The CoupledElectric Drives laboratory-scale
plant

wheelsareconnectedto separateDC motors.Thevoltages
to thetwo motorsarethetwo input signalsusedto control
theplant.

Theupperwheelis mountedon a rotatingarm,which is
suspendedby aspring.Thevelocityof theupperwheelcan
bemeasured,ascantheangularpositionof thearm. This
angularpositionindicatesthe tensionin the upperpart of
thebelt.

Thus,thecontrolproblemto besolvedis:

Usethevoltagesto thetwo motors to control the
velocity ��� andthetension��	 of therubberbelt,
asmeasuredby thevelocityat theupperwheel.

For most project variants,we have chosento reducethe
control problemto two scalarproblems. With a simple
decouplinglink, the systemcan be transformedinto two
singleinput-singleoutputsystems.Two observationslead
to this decomposition.First, the belt tensionwill depend
mainly on the differencebetweenthe two motorvoltages.
Second,due to symmetry, the belt velocity will depend
mainly on the sumof the two motor voltages. If we thus
usethetransformation

�������
����� �
(1)��	����
����� �

then � � will mainly affect thevelocityof thebelt,whereas� 	 will mainly affect the tensionin thebelt. The transfor-
mation (1) is invertible. It is thereforepossibleto trans-
form the two input-two outputsystemapproximatelyinto
two singleinput-singleoutputsystems,seealsoFig. 2.

When designingcontrollers for the Coupled Electric
Drivesplant, the studentsmodelthe two subsystemssep-
aratelyandthendesigntwo singleinput-singleoutputcon-
trollers. Thesesingleinput-singleoutputcontrollerscom-
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Figure2: Transformationof thetwo input-two outputsys-
teminto two singleinput-singleoutputsystems.Theveloc-
ity subsystemhasratherwell dampedthird orderdynamics,
whereasthetensionsubsystemis governedby a fourth or-
dersystemwith a lightly damped7 Hz oscillatorymode.

pute � � and � 	 , while � � and ��� arecomputedfrom the
inverseof (1).1

3 Different control strategies

All the groupsimplementPID controllersfor thevelocity
and the tension. In addition, eachgroup selectsanother
controlstrategy to implementadvancedsingleinput-single
outputcontrollersfor both entities. Theseadvancedcon-
trollers are basedon modeling, processidentificationor
adaption. The model basedcontrollersthe studentsmay
chooseare' linearinput-outputcontrollersbasedon transferfunc-

tion models;' linear state spacecontrollers basedon state space
models;

In addition,fuzzy logic controllershave alsobeeninvesti-
gated.Theadaptivemethods[6] usedin thecourseoverthe
yearsare' the generalized minimum-variance controller of

ClarkeandGawthrop;' indirectadaptivecontrollersbasedonrecursively esti-
matedinput-outputmodels;' auto-tunedPID controllers.

To modeltheplant,differentgroupsof studentsuse:' physicalmodeling;' frequency domain identification, either frequency
analysisor spectralanalysis;

1During thespringof 1997,onegroupsuccessfullytried a morecom-
plex approach:identify a two input-two outputmodelof thesystemwith-
out thestaticdecoupling.Themodelparameterswereadjustedusingsub-
spaceidentification[5]. Then,a two input-two outputcontrollerwasde-
signedbasedon this model and appliedto the plant without the static
decoupling.Thereby, thecrosscouplingsin thesystemcanbeaccurately
modeledandcompensatedfor.
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( timedomainparametricidentification.

4 Overall implementation

The entirecontrol systemis implementedunderLinux, a
UNIX dialect freely availablefor e.g. Intel PC:s,seee.g.
[7]. Smallalterationsin theLinux kernelweresufficient to
enableoperationin a realtime framework.

The two major partsof thecontrol systemarevery dif-
ferent. Thecontrollershouldrun exactly onceevery sam-
pling period,whereasthegraphicaluserinterfaceis asyn-
chronousandeventdriven.Sincethetwo partshavesodif-
ferentdemands,thetwo tasksshouldbeseparatedasclearly
aspossible.Thecontrollerandthegraphicaluserinterface
have thereforebeenimplementedas separate UNIX pro-
cesses.
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Figure3: Overall implementationof thecontrolsystem.

Communicationbetweenthe controllerprocessandthe
GUI is accomplishedvia thecomputernetwork. Thecon-
troller sendsinformationaboutthe stateof the processto
the userinterface,whereasthe GUI sendsinformation to
thecontrolleraboutuserinteractionsin client-servermode.

As indicatedin Fig. 3, additionalprocessescanalsobe
managed. Such a processcould for examplebe an ad-
ditional Matlab processwhich receives information from
thecontrolleraboutthesystem,computessomeinteresting
quantityandtransmitsthis informationto theGUI.

As a starting point, the studentsare provided with a
primitive controllerprocess,containingproportionalcon-
trollers, functionsfor inter-processcommunicationand a
primitiveuserinterface.Thestudentssubsequentlymodify
andextendtheseprograms.

Sinceonly two laboratorysetupsareavailable,asimula-
tor hasbeenimplemented.Thissimulatormimicsthemul-
tivariabledynamicsof thetrueplant,allowing thestudents
to developtheirprogramswithoutaccessto oneof theCou-
pledElectricDrivesplants. Interfacingwith thesimulator
is identicalto interfacingwith therealplant; only a single
instructionis necessaryto switchbetweenthetwo.

5 Real time and IO extensions

TheLinux kernelhasbeenextendedwith arealtimesched-
uler.2 TheschedulerdetermineswhatUNIX processesare
runandwhenthey arerun. In Matlab,theseextensionsare
madeavailableasa numberof C-MEX functions. Linux
hasalsobeenextendedwith driversfor the AD/DA card.
Theimplementationof suchAD/DA driversis straightfor-
ward,andwill notbedescribedany further.

Thecontrolalgorithmsneedto berunata samplingrate
of at least 50 Hz. To accommodatethesereal time re-
quirements,the standardLinux schedulermust be modi-
fied. Only the processimplementingthe controllerneeds
hardrealtimesupportsothemodificationscanbekeptsim-
ple.

Two parametersareavailablefor thecontrolof the real
time scheduler:the numberof ticks3 per sampleand the
numberof ticks beforepreemption.The real time taskis
initiatedonceeverysamplingperiod,andsuspendedwhen
preemptionoccurs.Whenthenext samplingperiodbegins,
executionproceedsat the point of preemption. 4 Fig. 4
illustrateshow thescheduleroperates.To simplify thede-
sign the rateof the default schedulerclock wasincreased
from 100Hz to 1000Hz. Samplingratesof up to 500Hz
canbehandledwith thissetup.
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Figure4: The real time scheduler. The real time task is
rescheduledevery

1 4
seconds.After

1 2
secondspreemp-

tion occurs,i.e. therealtime taskis suspended.

Our real time extensionsareconfinedto the scheduler,
leaving somerealtimeaspectsopen,e.g.,diskandnetwork
IO. In practice,this is not a problem,sincethe disk and
ethernetsupportusebus mastering.The real time task is
scheduleddirectlyby thetimer interrupt,yielding latencies
whicharetypically betterthen100 8 s. In fact,Matlabitself
is a greatersourceof timing jitter.

Another importantaspectto take into accountin a real
time implementationis garbage collection. Garbagecol-
lectionis theprocessof deallocationunreferencedmemory.
Garbagecollectionin Matlabis to agreatextentavoidedby
pre-allocatingmatrices.

2Todaythereareanumberof realtimeextensionsfor Linux thatcould
beused.Seee.g.[8]. In 1993nosuchimplementationswereavailable.

3A tick is aperiodof theschedulerclock.
4Obviously, thecontrollershouldbedesignedso thatpreemptionoc-

cursat thevery endof thecontrolloop, in thewaiting state.
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6 The controller process

As stated9 earlier, theentirecontrolleris implementedin a
singlem-file. We useMatlab 5.1 for the implementation.
Thepossibilityto usethecasestatementin Matlab5 is vi-
tal for theperformance:underworst caseconditions,exe-
cution would be considerablyslower if a largenumberof
if/then/elseclauseswereused.

Thecommandsto beexecutedduringeachsamplingin-
terval arecontainedin a while/end block. During eachit-
erationof thisblock, thefollowing eventsoccur:: theoutputsignalsfrom theplantaremeasured;: thecontrolsignalsarecomputed;: thecontrolsignalsarefed to theplant;: theplantis checkedfor possiblealarmconditions;: interestingquantitiesaretransmittedto theinterface;: wait!

At the endof the control loop, executionentersa waiting
state. This stateis interruptedat thebeginningof thenext
samplinginterval by therealtimescheduler. SeeSection9
for ancontrolloopexample.

7 The graphical user interface

Thegraphicaluserinterfaceis implementedusingJava[9].
Javahasmany advantageswhenusedfor userinterfacepro-
gramming:: Javais relativelysimpleandhigh-level, makingit pos-

siblefor thestudentsto concentrateon overall design
issuesratherthanonfindingprogrammingbugs.: Despitebeingan interpretedlanguage,Java hasrela-
tively highperformance.

: Java hasgenericnetworksupport, makingnetworked
communicationeasy.: Java is multi-threaded, makingit for instancepossible
for asingleexecutableto bothlistento anetwork port
andto wait for keyboardandmouseevents.: Java is portable. This makes it possiblefor the stu-
dentsto run their controlsysteminterfaceondifferent
typesof computers.: Javahasa rich setof GUI components.: Java is hot ;<;=;

The Java DevelopmentKit (JDK), version1.02 wasused
asprogrammingenvironment.To make the interfaceeven
moreportable,it wasdesignedasa Javaapplet, ratherthan
asa stand-aloneJava application.Theresultingdesigncan
thenbe run from a Java capableWWW browser, suchas
NetscapeCommunicator. The interfacecanalsobea part
of aWebsite.

Someinterfacecomponentswerespecificto our appli-
cation. Those classeswere custom designed. Graphs

scrolling in real time wereexamplesof suchcomponents.
Also, somecommunicationprimitiveshadto be designed
from scratch.

As a futuredevelopment,aninterfacebuildercould(and
should)be used. All customdesignedJava classeswould
thenbe implementedasJava beansandusedin the GUI
builder. This is theway interfacedesignis going in com-
mercialapplications.

8 The inter-processcommunication

The communicationbetweenthe processesis performed
via the computernetwork. It is thereforepossiblefor the
controllerprocessandtheGUI to resideon differentcom-
puters. The entirecapacityof onecomputercan thenbe
reserved for running the time consumingcontroller loop
whereastheGUI is runonanothercomputer.

Communicationtakes placeusing the User Datagram
Protocol (UDP) [10]. UDP packetsaresentby onepro-
cessto a specificport on a specificcomputer. A process
on the receiving computerlistensto that port. Sinceone
of the involvedprocessesis a Matlabprocessin our case,
andMatlab only handlesMatlab arrays,specialfunctions
must be usedto pack, send,receive and unpackpackets
containingMatlabarrays.Suchfunctionshavebeenimple-
mentedfor numericalMatlabarrays,bothin Matlabandin
Java. TheUDP primitivesareavailablein Matlabthrough
a numberof C-MEX functions.In Matlab,one,two, three
or four arraysare packed into one UDP packet. Also,
an arbitrary string is includedin the packet to provide a
mechanismfor packet identification. The maximumsize
of eachpacket is 64 kB. In practice,thesepacketsareal-
mostalwayssmallerthanthe MTU5. UDP is not lossless
like TCP6, but in our setup,with a dedicated,full duplex,
point-to-point100Mbits/sethernetlink, thelossis negligi-
ble.

In Java,packetsarereceivedandunpacked.EachMatlab
arrayis transformedinto a two-dimensionalarrayof Java
Double:s. Theinformationstringin thepacket is extracted
to a Java String. The transmissionof UDP packetsfrom
theJava processto theMatlabprocessis analogous.

9 Samplecode

Thesamplecodebelow illustratesthebasicstructureof the
controller. In practice,theswitchstatementcontainsalarge
numberof casesand possiblynestingof other switches.
Thisexamplecontainscodethatcollectstheabsolutesam-
ple time in microsecondssince from programstart and
sendsit to theGUI.7 In line five in this example,thesam-
pling interval is setto 20msandthepreemptiontime is set
to 10 ms. Note that the C-MEX function udp receivere-
turnsthe tagnothingto read if no packetsareavailablein
thequeue.

5MaximumTransmitUnit - typically 1500bytesfor ethernet.
6TransmissionControlProtocol
7TheGUI is freeto ignorepacketstaggedsample-timebut duringthe

designphasethis is aninterestingpieceof information.
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AD_data = [0 0 0 0 0 0 0 0];
DA_data = [0 0];

proc_set_target (0); % Use "real" plant
proc_set_realprio(20,10); % 50 Hz sampling rate

keep_going = 1;

proc_tic_toc; % Reset usec-timer

while (keep_going)

proc_click_speaker (1000); % Good debug aid:
% one "click" per
% sample

proc_adda (AD_data, 1, DA_data, 0); % Sample
% plant

%%% ... control algorithm ...

proc_adda (AD_data, 0, DA_data, 1); % Control
% plant

% Deal with GUI (or additional Matlab process)
[tag, str, m1, m2, m3, m4, srcip, srcport]
= udp_receive (1); % m1-m4 are Matlab arrays

switch (str)
case ’nothing to read’
% Do nothing

case ’applet_address’
applet_ip = srcip; % Register applet IP
applet_port = srcport; % Register applet port
fprintf (stdout, ’Setting applet IP/PORT\n’);

%%% ... more cases here ...

otherwise
fprintf (stdout,

’unknown pkt: tag=%d, str="%s"\n’,
tag, str);

end

if (applet_port > 0) % Send absolute
% sample time to GUI

usec = proc_tic_toc;
udp_send (applet_ip, applet_port,

0, ’sample-time’, usec, 0, 0, 0);
end

proc_yield; % Sleep until next sample

end

proc_set_realprio(0,0); % No real time priority

(Due to securityissues,the appletneedsto registerthe
IP addressandport it uses.This cannotbestaticallyallo-
cated.)

10 Hardware requirementsand soft-
warecomplexity

In the 1997 versionof the course,two computerswere
usedto control the CoupledElectric Drives plant. The
controller processexecutedon a 200 MHz PentiumPro
computer, which was equippedwith 32 MB RAM, and
a 100 Mbits/s ethernetcard. It interfacedwith the Cou-
pled Electric Drivesby an ISA card, having eight 12 bit

A/D-channels,multiplexedat50kHz, andtwo 12bit D/A-
channels.

Thegraphicaluserinterfaceresidedon a 90 MHz Pen-
tium PC. This computerwas also equippedwith 32 MB
RAM anda 100Mbits/sethernetcard.

With thishardwareconfiguration,it wasfor instancepos-
sible to run two indirect adaptive controllers,one for the
velocity control and one for the tensioncontrol. During
eachsamplingperiod,modelsof thebelt velocity subpro-
cessandthebelt tensionsubprocesswereupdatedwith the
ExtendedLeastSquaresalgorithm[6]. Eachmodelhad8
to 12 parameters.Thecompletecontrollerloop lastedfor
about7 milliseconds,leaving a margin of 3 milliseconds
of thesamplingperiodat a samplingrateof 100Hz or 13
millisecondsat a samplingrateof 50 Hz. As oftenaspos-
sible, the desiredpole placementswere re-calculatedus-
ing LQG designandnew controllerparameterswerecom-
puted.Thesecomputationstookabout130millisecondsto
performandwereimplementedin a separateMatlab pro-
cess,cf. Fig. 3. At asamplingrateof 50Hz, thecontrollers
would be updatedfive times per second,whereaswith a
samplingrateof 100Hz, new controllerscanbecomputed
twiceeverysecond.

Thealgorithmsnecessaryfor theaboveoperationswere
all interpretedby Matlab. The m-files for a controllerof
thiscomplexity typically consistof between1000and1200
linesof Matlabcode.

11 Conclusions

It is indeedpossibletouseMatlabwithoutacompilerto run
anadvancedcontrollerloopat100Hz samplerate.Theuse
of Matlabbothfor designandimplementationleadsto less
programmingbugsandmakesit possiblefor thestudentsto
focusoncontrolproblems.

Java is a goodlanguagefor designof graphicaluserin-
terfaces. Again, the studentsspendmore time on design
issuesthanon low-level implementationanddebugging.

To summarize,we now have a completesoftwareenvi-
ronmentwhich enhancesthe theoreticalunderstandingof
practicalautomaticcontrol, ratherthanbeingan obstacle.
As anaddedbonus,thestudentsdevelopa thoroughunder-
standingof MatlabandJava, languagesthatmany of them
will continueto useaftergraduation.They alsogainvalu-
ableinsightsinto client-serverrelations.
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