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Abstract

In the course“Pr ocesLontrol” offeredat Uppsalauni-
versity, groups of four students use Matlab to design
and implement advanced controllers 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-sewver
mode.

The Matlab processwvhich controlsthe plant runs un-
der Linux, a public domain Unix dialect available for
e.g Intel PC:s. The Linux kernel has beenextended
with real-time capabilities.

The resultsfrom the 1997 project course were very
encouraging In particular, non-compiled Matlab 5
code turned out to provide adequate computational
speed.By using Matlab for both designand implemen-
tation, the developmentprocessould be simplified con-
siderably.

1 Background

The courseProces<Control [1, 2, 3] is taughtduring the
eighthsemesteof the Engineering®hysicsProgramat Up-
psalauniversity In this projectcourse groupsof four stu-
dentsarerequiredto

¢ designandimplementa controllerfor atwo input-two
outputsystem;

o designa userinterfacefor this controllet

Ouraimis to provide abridgebetweertheoryandpractice:
adwancedcontrol strat@ies areimplemented and have to
work onarealplant. At the sametime, the courseprovides
extensie practicein projectwork, programmingand user
interfacedesign. Ideally, the programmingskills acquired
in this courseshouldalso be useful for the studentsafter
graduatiorin awide areaof applicationslt is thereforam-
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, the controllersimproved.
Matlab becamethe tool usedfor controller design,while
the controllerswereimplementedn Turbo Pascalon 286-
computersHowever, atthe beginningof the 90's, the soft-
waretools usedin the coursewere out-of-date. A major
revisionwasnecessary

In 1993, the operatingsystemwas changedrom DOS
to UNIX and a new programmingernvironmentwas in-
troduced. The controllerandthe userinterfacewere pro-
grammedn C++. The graphicaluserinterface(GUI) was
implementedusing X Windows primitives and different
widget sets, e.g. the AthenaWidget Setand Motif. The
controllerandthe graphicalinterfacewereseparatéJNIX
processes;ommunicatingisinga sharednemoryarea.

The coursewasnow modern. It alsoprovided skills in
masteringoolswhich werewidely usedin industry How-
ever, both the controllerandthe interfaceimplementation
wereproneto errors.Insightsin automaticcontrolanduser
interfacedesignwere obscuredoy the relatively low-level
programmingAlso, the systemwasvery comple, andthe
studentdadno real possibilityto graspthe entiresetup.It
wasrealizedthatanimplementatiorbasecn Matlabcould
removethesedravbacks.

Compiledianguagesadsofarbeernrequired dueto tim-
ing constraints:a rathercomplex controllerhadto beim-
plementedvith a samplingrate of at least50 Hz. During
the spring of 1996, experimentswith control loop imple-
mentationin Matlab were conducted. Thoseexperiments
indicatedthatwith powerful PC:s,it shouldindeedbe pos-
sibleto runthe controlloop from within Matlah

In 1997, this intentionwas carriedout. The controller
was implementedn an m-file, which was interpreted by
Matlah The graphicalinterfacewas designedas a Java
applet As a result, both controllerimplementationand
GUI programmingwereraisedto a higherlevel. The stu-
dentscouldfocuson controllerandGUI designratherthan
searchingor programmingougs. Insteadof sharingmem-
ory, the controller and the user interface communicated
over the network, makingit possiblefor thetwo processes
to resideon differentcomputers.

The paperis organizedasfollows. In Section2, the sys-
temwhich is to be controlledis described.In Section3, a
brief descriptionof the possiblecontrolstratgiesis given.
The overall implementationof the control systemis de-
scribedin Section4. The controller loop, the graphical
userinterface and the communicationbetweenthem are
presentedh Section®, 7 and8 respectiely. In Section10
thethehardwarerequirementsindthe softwarecomplexity
arediscussedFinally in Sectionl1 someconclusionsare
drawn.

2 The CoupledElectric Drivesplant
Theplantto be controlledis alaboratoryprocessuilt and

marketedby TecQuipment.td [4]. This processllustrates
the problemof controlling tensionand speedin material



handlingand transportand consistsof a rubberbelt, sus-
pendedverthreewheelsasshavnin Fig. 1. Thetwo lower
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Figure2: Transformatiorof the two input-two outputsys-
teminto two singleinput-singleoutputsystemsTheveloc-
ity subsystenmasratherwell dampedhird orderdynamics,
whereaghetensionsubsystenis governedby a fourth or-

dersystemwith alightly dampedr Hz oscillatorymode.
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Figure 1: The Coupled Electric Drives laboratory-scale inverseof (1).*

plant

wheelsareconnectedo separat®C motors.Thevoltages
to thetwo motorsarethetwo input signalsusedto control
theplant.

The upperwheelis mountedon a rotatingarm,whichis
suspendebly aspring. Thevelocity of theupperwheelcan
be measuredascanthe angularpositionof the arm. This
angularpositionindicatesthe tensionin the upperpart of
thebelt.

Thus,the controlproblemto be solvedis:

Usethevoltagesto the two motois to control the
velocityy, andthetensiony, of therubberbelt,
asmeasuedbythevelocityat theupperwheel.

For most project variants,we have chosento reducethe

control problemto two scalarproblems. With a simple
decouplinglink, the systemcan be transformednto two

singleinput-singleoutputsystems.Two obsenationslead
to this decomposition.First, the belt tensionwill depend
mainly on the differencebetweerthe two motor voltages.
Second,due to symmetry the belt velocity will depend
mainly on the sum of the two motor voltages. If we thus
usethe transformation

Uy = M1 + M2
Ue =M1 — M2

1)

thenu, will mainly affectthe velocity of the belt, whereas
ue Will mainly affect the tensionin the belt. The transfor
mation (1) is invertible. It is thereforepossibleto trans-
form the two input-two outputsystemapproximatelyinto
two singleinput-singleoutputsystemsseealsoFig. 2.
When designingcontrollers for the Coupled Electric
Drivesplant, the studentsmodelthe two subsystemsep-
aratelyandthendesigntwo singleinput-singleoutputcon-
trollers. Thesesingleinput-singleoutputcontrollerscom-

3 Different control strategies

All the groupsimplementPID controllersfor the velocity

andthe tension. In addition, eachgroup selectsanother
controlstratgy to implementadvancedsingleinput-single
outputcontrollersfor both entities. Theseadvancedcon-

trollers are basedon modeling, processidentification or

adaption. The model basedcontrollersthe studentsmay
chooseare

e linearinput-outputcontrollersbasedon transferfunc-
tion models;

e linear state spacecontrollers basedon state space
models;

In addition,fuzzy logic controllershave alsobeeninvesti-
gated.Theadaptie methodg6] usedn thecourseoverthe
yearsare

e the generalized minimum-variance controller of
Clarke andGawthrop;

e indirectadaptve controllersbasedbnrecursvely esti-
matedinput-outputmodels;

e auto-tunedPID controllers.
To modelthe plant,differentgroupsof studentsise:
e physicalmodeling;

¢ frequeny domain identification, either frequeny
analysisor spectraknalysis;

1During the springof 1997, onegroupsuccessfullyried a morecom-
plex approachidentify atwo input-two outputmodelof the systemwith-
outthestaticdecoupling.Themodelparametersvereadjustediusingsub-
spacedentification[5]. Then,atwo input-two outputcontrollerwasde-
signedbasedon this model and appliedto the plant without the static
decoupling.Therebythe crosscouplingsin the systemcanbe accurately
modeledandcompensatetbr.



¢ time domainparametriddentification.

4 Overall implementation

The entire control systemis implementedunderLinux, a
UNIX dialectfreely available for e.g.Intel PC:s,seee.g.
[7]. Smallalterationsn theLinux kernelweresuficientto
enableoperationin arealtime framawork.

The two major partsof the control systemarevery dif-
ferent. The controllershouldrun exactly onceevery sam-
pling period,whereaghe graphicaluserinterfaceis asyn-
chronousandeventdriven. Sincethetwo partshave sodif-
ferentdemandsthetwo tasksshouldbeseparatedsclearly
aspossible.Thecontrollerandthe graphicaluserinterface
have thereforebeenimplementedas sepaate UNIX pro-
cesses
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Figure3: Overallimplementatiorof the controlsystem.

Communicatiorbetweenthe controllerprocessandthe
GUI is accomplishediia the computemetwork. The con-
troller sendsinformationaboutthe stateof the procesgo
the userinterface,whereaghe GUI sendsinformationto
thecontrolleraboutuserinteractionsn client-senermode.

As indicatedin Fig. 3, additionalprocessesanalsobe
managed. Such a processcould for example be an ad-
ditional Matlab processwhich recevesinformation from
thecontrolleraboutthe system computesomeinteresting
guantityandtransmitsthis informationto the GUI.

As a starting point, the studentsare provided with a
primitive controller processcontainingproportionalcon-
trollers, functionsfor interprocesscommunicationand a
primitive userinterface. The studentsubsequentlynodify
andextendtheseprograms.

Sinceonly two laboratorysetupsareavailable,a simula-
tor hasbeenimplementedThis simulatormimicsthe mul-
tivariabledynamicsof thetrue plant, allowing the students
to developtheirprogramswithoutaccesso oneof theCou-
pled Electric Drivesplants. Interfacingwith the simulator
is identicalto interfacingwith the real plant; only a single
instructionis necessaryo switchbetweerthetwo.

5 Realtime and IO extensions

TheLinux kernelhasbeenextendedwith arealtime sched-
uler? Thescheduledeterminesvhat UNIX processeare
runandwhenthey arerun. In Matlab,theseextensionsare
madeavailableasa numberof C-MEX functions. Linux

hasalsobeenextendedwith driversfor the AD/DA card.
Theimplementatiorof suchAD/DA driversis straightfor

ward,andwill notbedescribedary further.

Thecontrolalgorithmsneedto berun ata samplingrate
of at least50 Hz. To accommodate¢hesereal time re-
qguirementsthe standardLinux schedulemust be modi-
fied. Only the procesimplementingthe controllerneeds
hardrealtime supportsothemodificationscanbekeptsim-
ple.

Two parametergreavailablefor the control of the real
time scheduler:the numberof ticks®> per sampleandthe
numberof ticks beforepreemption. The real time taskis
initiated onceevery samplingperiod,andsuspendeavhen
preemptioroccurs.Whenthe next samplingperiodbegins,
executionproceedsat the point of preemption.* Fig. 4
illustrateshow the scheduleoperatesTo simplify the de-
sign the rate of the default schedulerclock wasincreased
from 100Hz to 1000Hz. Samplingratesof upto 500Hz
canbehandledwith this setup.

Reschedulastants

t (ms)

Figure4: The realtime scheduler The real time taskis
rescheduled@very T, seconds.After T}, secondgpreemp-
tion occursj.e. therealtime taskis suspended.

Our real time extensionsare confinedto the scheduler
leaving somerealtime aspect®pen,e.g.,diskandnetwork
10. In practice,this is not a problem, sincethe disk and
ethernetsupportusebus mastering. The real time taskis
scheduledlirectly by thetimerinterrupt,yielding latencies
whicharetypically betterthen100us. In fact,Matlabitself
is agreatersourceof timing jitter.

Anotherimportantaspecto take into accountin a real
time implementationis garbage collection Garbagecol-
lectionis theproces®f deallocatiorunreferencedhemory
Garbagecollectionin Matlabis to agreatextentavoidedby
pre-allocatingnatrices.

2Todaytherearea numberof realtime extensiongor Linux thatcould
beused.Seee.q.[8]. In 1993n0o suchimplementationsvereavailable.

3A tick is a periodof the scheduleclock.

4Olviously, the controllershouldbe designedso that preemptionoc-
cursatthevery endof the controlloop, in thewaiting state.



6 The controller process

As statedearlier the entirecontrolleris implementedn a

singlem-file. We useMatlab 5.1 for the implementation.

Thepossibilityto usethe casestatemenin Matlab5 is vi-
tal for the performanceunderworst caseconditions,exe-
cutionwould be considerablyslower if a large numberof
if/then/elseclausesvereused.

The commandgo be executedduringeachsamplingin-
tenal are containedn a while/end block. During eachit-
erationof this block, thefollowing eventsoccur:

¢ theoutputsignalsfrom the plantaremeasured,;
e thecontrolsignalsarecomputed,;

¢ thecontrolsignalsarefedto theplant;

theplantis checledfor possiblealarmconditions;

interestingguantitiesaretransmittedo theinterface;
e wait!

At the endof the control loop, executionentersa waiting
state This stateis interruptedat the beginning of the next
samplinginterval by therealtime schedulerSeeSection9
for ancontrolloop example.

7 The graphical userinterface

Thegraphicaluserinterfaceis implementedisingJava[9].
Jarahasmary advantagesvhenusedfor userinterfacepro-
gramming:

e Javais relatively simpleandhigh-level, makingit pos-
sible for the studentgo concentrate®n overall design
issuegatherthanon finding programmingougs.

e Despitebeinganinterpretedlanguage,Java hasrela-
tively high performance

e Java hasgenericnetworksupport makingnetworked
communicatioreasy

e Javais multi-threaded makingit for instancepossible
for asingleexecutableo bothlistento a network port
andto wait for keyboardandmouseevents.

e Javais portable This makesit possiblefor the stu-
dentsto runtheir controlsysteminterfaceon different
typesof computers.

¢ Javahasarich setof GUI components.
e Javaishot...

The Java Developmeni it (JDK), version1.02 was used
asprogrammingernvironment. To make the interfaceeven
moreportable jt wasdesignedisa Java applet ratherthan
asastand-alondava application.Theresultingdesigncan
thenbe run from a Java capableWWW browser suchas
NetscapeCommunicatar The interfacecanalsobe a part
of aWebsite.

Someinterfacecomponentsvere specificto our appli-
cation. Those classeswere customdesigned. Graphs

scrollingin real time were examplesof suchcomponents.
Also, somecommunicatiorprimitiveshadto be designed
from scratch.

As afuturedevelopmentaninterfacebuilder could (and
should)be used. All customdesignedlava classesvould
thenbe implementedas Java beansand usedin the GUI
builder. This is theway interfacedesignis goingin com-
mercialapplications.

8 The inter-processcommunication

The communicationbetweenthe processess performed
via the computemetwork. It is thereforepossiblefor the
controllerprocessandthe GUI to resideon differentcom-
puters. The entire capacityof one computercanthenbe
resened for running the time consumingcontroller loop
whereaghe GUI is run on anothercomputer

Communicationtakes place using the User Datagram
Protocol (UDP) [10]. UDP pacletsare sentby one pro-
cessto a specificport on a specificcomputer A process
on the receving computerlistensto that port. Sinceone
of theinvolved processess a Matlab processn our case,
and Matlab only handlesMatlab arrays,specialfunctions
must be usedto pack, send,receive and unpackpaclets
containingMatlabarrays.Suchfunctionshave beenimple-
mentedfor numericalMatlabarrays bothin Matlabandin
Java. The UDP primitivesareavailablein Matlabthrough
anumberof C-MEX functions.In Matlab,one,two, three
or four arraysare pacled into one UDP paclet. Also,
an arbitrary string is includedin the paclet to provide a
mechanisnfor paclet identification. The maximumsize
of eachpacletis 64 kB. In practice thesepacletsareal-
mostalways smallerthanthe MTU®. UDP is not lossless
like TCP?, but in our setup,with a dedicatedfull duplex,
point-to-pointl00 Mbits/sethernetink, thelossis negligi-
ble.

In Java, pacletsarerecevedandunpacled. EachMatlab
arrayis transformednto a two-dimensionahrray of Java
Doubles. Theinformationstringin the pacletis extracted
to a Java String. The transmissiorof UDP pacletsfrom
the Java procesgo the Matlabprocesss analogous.

9 Samplecode

Thesamplecodebelow illustratesthe basicstructureof the
controller In practice theswitch statementontainsalarge
numberof casesand possibly nestingof other switches
This examplecontainscodethatcollectsthe absolutesam-
ple time in microsecondssince from programstart and
sendsit to the GUL.” In line five in this example,the sam-
pling interval is setto 20 msandthe preemptiortime s set
to 10 ms. Note thatthe C-MEX function udp.receivere-
turnsthe tag nothingto readif no pacletsareavailablein
thequeue.

SMaximum TransmitUnit - typically 1500bytesfor ethernet.

6TransmissiorControl Protocol

"The GUI is freeto ignore pacletstaggedsample-timebut duringthe
designphasehisis aninterestingpieceof information.



AD dat a
DA dat a

[0O000O0O0OO0];
[0 0O];

proc_set_target (0);
proc_set _real prio(20, 10);

% Use "real" plant
% 50 Hz sanpling rate

keep_going = 1;
proc_tic_toc; % Reset usec-tiner
whi | e (keep_goi ng)

proc_click_speaker (1000); % Good debug ai d:

% one "click" per

% sanpl e
proc_adda (AD data, 1, DA data, 0); % Sanple
% pl ant
9%B%6 ... control algorithm...
proc_adda (AD data, 0, DA data, 1); % Control
% pl ant

% Deal with GU (or additional Matlab process)
[tag, str, ml, n2, nB, m4, srcip, srcport]
= udp_receive (1); %nil-mt are Matlab arrays

switch (str)
case 'nothing to read’
% Do not hi ng
case 'appl et _address’
applet_ip = srcip; % Regi ster applet IP
appl et_port = srcport; % Regi ster applet port
fprintf (stdout, ’'Setting applet |IP/PORT\n);
%M@ ... nore cases here ...
ot herw se
fprintf (stdout,
"unknown pkt:
tag, str);

tag=%, str="9%"\n',
end

% Send absol ute
% sanple time to GU

if (applet_port > 0)

usec = proc_tic_toc;

udp_send (applet_ip, applet_port,

0, 'sanmple-tinme’, usec, 0, 0, 0);
end
proc_yield; %Sleep until next sanple
end

proc_set_real prio(0,0); %No real time priority

(Dueto securityissuesthe appletneedsto registerthe
IP addressandport it uses. This cannotbe staticallyallo-
cated.)

10 Hardwarerequirementsand soft-
ware complexity

In the 1997 version of 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-channelsmultiplexedat 50 kHz, andtwo 12 bit D/A-
channels.

The graphicaluserinterfaceresidedon a 90 MHz Pen-
tium PC. This computerwas also equippedwith 32 MB
RAM anda 100Mbits/sethernetard.

With thishardwareconfigurationijt wasfor instancepos-
sible to run two indirect adaptve controllers,onefor the
velocity control and one for the tensioncontrol. During
eachsamplingperiod, modelsof the belt velocity subpro-
cessandthebelttensionsubprocessereupdatedwith the
Extended_eastSquareslgorithm[6]. Eachmodelhad8
to 12 parametersThe completecontrollerloop lastedfor
about7 milliseconds,leaving a mamgin of 3 milliseconds
of the samplingperiodat a samplingrateof 100Hz or 13
millisecondsat a samplingrateof 50 Hz. As oftenaspos-
sible, the desiredpole placementavere re-calculatedus-
ing LQG designandnew controllerparametersverecom-
puted.Thesecomputationgsook about130millisecondsto
performandwereimplementedn a separatéMatlab pro-
cessgf. Fig. 3. At asamplingrateof 50 Hz, thecontrollers
would be updatedfive times per second,whereaswith a
samplingrateof 100Hz, new controllerscanbe computed
twice every second.

Thealgorithmsnecessaryor the above operationsvere
all interpretedby Matlah The m-files for a controller of
thiscompleity typically consisiof betweerl000and1200
linesof Matlabcode.

11 Conclusions

It isindeedpossibleo useMatlabwithoutacompilerto run
anadwanceccontrollerloopat100Hz samplerate. Theuse
of Matlabbothfor designandimplementatiorieadsto less
programmindugsandmalkesit possiblefor thestudentdo
focuson controlproblems.

Javais a goodlanguageor designof graphicaluserin-
terfaces. Again, the studentsspendmoretime on design
issueghanon low-level implementatioranddehugging.

To summarizewe now have a completesoftware ervi-
ronmentwhich enhanceshe theoreticalunderstandingf
practicalautomaticcontrol, ratherthan beingan obstacle.
As anaddedbonus the studentsievelopathoroughunder
standingof MatlabandJava, languageshatmary of them
will continueto useaftergraduation.They alsogainvalu-
ableinsightsinto client-sererrelations.
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