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Abstract—This paper presentsthe designof an induction machinecur-
rent controller that is entirely implemented in digital hardware. A hard-
ware current controller allows high switching fr equencieswith only mod-
est processingpower as well as simplified controller hardware and soft-
ware.

The paper briefly presentsthe conceptsof the algorithm implemented,
and then outlinesthe changesthat aremadeto makethe digital implemen-
tation even more efficient. It then discussesthe architecture usedfor the
hardware design. Experimental resultsare presentedto demonstratethe
algorithms performance.

I . INTRODUCTION

HE currentcontrol loop is themostfundamentalandim-
portantcontrol loop for any variablespeeddrive system.

If the current loop hasa very fast and accuratetransientre-
sponsethen,with appropriatereferencecurrents,the machine
canbe regardedasan ideal torquesourceas far as the outer
loops are concerned.Consequentlytherehasbeenconsider-
able researchcarriedout to improve the performanceof this
loop. The traditionalapproachfor currentcontrol wasto use
a PI regulatorto manipulatethe invertervoltagevia a voltage
spacevectoralgorithmto achieve somedesiredcurrent. This
approachhasa numberof disadvantages:thetransientperfor-
manceof the loop is poor, the controller tuning is parameter
dependent,andit hasto operatein arotatingreferenceframeto
preventsteadystateerrors.

The limitationsof thePI controllerhave motivatedresearch
into alternative currentcontrol techniques.Of thesethe two
mostpromisingcandidatesarehysteresiscontrollersandpre-
dictive controllers [1, 2]. Hysteresiscontrollersoffer very
high bandwidthssincethey belongto the bang-bangcontrol
family. However, in their traditionalform they do not control
theswitchingfrequency, andundersomecircumstancesit can
reachunacceptablyhigh values. Improvementsmadeto the
basichysteresisideahave overcometheseproblemsat theex-
penseof greatercomplexity in thecontroller. Furthermorethe
solutionsproposedareinherentlyanaloguein nature[1], which
is undesirablein a powerelectronicsenvironment.

Predictive controllers have also been extensively investi-
gatedin theliterature [2,3]. Thesealgorithmsaresuitablefor
implementationdigitally andoffer highbandwidthdueto their

deadbeatnature.However, unlike hysteresiscontrollerstheal-
gorithmrequiressomeknowledgeof modelparametersandes-
timation of somemodelstates.To datemostof the work on
predictivecontrollershasbeendirectedat softwareimplemen-
tation. Whilst therehave beenseveral publisheddigital hard-
wareimplementationsof currentcontrollersfor switchedreluc-
tancemachines[4,5], completelydigital hardwarecurrentcon-
trollersfor threephaseinverterdriveninductionmachineshave
not appearedin theopenliterature,althougha proprietarydig-
ital controllerchip hasbeenproducedby theEuropeanVCON
consortium. A singlechip hardwareimplementation,aspre-
sentedin this paper, hasthefollowing potentialbenefitsovera
softwaredigital implementation:
1. Reducedsystemcomponentcount.
2. Reducedsoftware investment– the currentcontroller and
associatedfunctionalityis now asinglechipwith noinitial pro-
grammingandno softwaremaintenancerequired.
3. The current controller can be self commissioningfor all
typesof drives(dependenton thealgorithm).
4. High switchingfrequenciescanbeobtained– theswitching
devicesarethemainswitchingfrequency limitation andnotthe
microprocessorspeed.Theprototypecontrollerwasdesigned
to accommodatea switchingfrequency of up to 20kHz.

The remainderof this paperis organizedas follows. The
currentcontrolalgorithmto beimplementedis outlined.Alter-
ationsto thebasicalgorithmto make it easierto implementin
hardwarearethenpresented.Thehardwarearchitectureis then
described,andfinally the experimentalsystemandresultsare
discussed.

I I . THE ALGORITHM

A very detaileddiscussionof the algorithm to be imple-
mentedappearsin [6, 7]. However, in order to understand
the hardwareimplementationit is necessaryto appreciatethe
salientpoints of this algorithm, and thereforethe main con-
ceptswill bebriefly presented.

Thealgorithmto beimplementedis a fairly standardpredic-
tive controlalgorithmsimilar to otherspublishedin the litera-
ture[3]. Thenovel featureof [6] is thefactthatthewholealgo-
rithm is implementedin a stationary��� referenceframe,from



requiredswitchingduty cycle determinationthroughto firing
signalsfor the inverter. This leadsto an elegantand simple
implementation,andmakesthe algorithmamenableto digital
hardwareimplementation.

The control expressionsfor the algorithm are in termsof
duty cyclesof hypotheticalswitchingwaveformsfor thed and
q axes.Usingthesamenotationas [6], thecontrolexpression
for eachaxisis:
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	��$	/�8��� is therequireddutycycleof theswitchingwave-
form for therespectiveaxisto achieveadesiredaveragecurrent�9��!:" �
	��$	;�<�'� over the control interval from 	 to 	=�>�)3 Note
that � hasvalues(%�@?A�B?C�)3D-)�#	)� and � �
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voltageandcurrentat thebeginningof thecontrol interval re-
spectively. The - ’scanbeestimatedby rearranging(1) to make- thesubjectof theexpression.

Remark 1: Note that the above expressionis specificto an
inductionmachinewith a leakageinductanceof L.

Remark 2: Voltageconstraintsare also taken into account
by thealgorithm. Thesewill be examinedin a following sec-
tion.

Using the techniqueshown in [6] onecanconvert the �FE s
into the switching times of the threevectorsfor a switching
sectorof a threephaseinverter. An exampleswitching pat-
tern is shown in Figure1. Using standardnotationfor PWM
switchingvectors,onecanobtaintheswitchingtimesshown in
TableI in termsof the � ’s [6].
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Fig. 1. Thedouble-edgeswitchingpatternusedandthetransformedtwo phase
voltagesfor sector1.

The otherfeatureof the algorithmis the parameterestima-
tion aspects.As notedpreviously thebackemfsareestimated
usingpastmeasurementsof the currents. The main machine
parameterto estimateis theleakageinductance.In orderto es-
timatethis, an independentexpressionis developedinvolving
measurementsof thecurrentsat thequarterandmid-pointsof

acontrolinterval. If thethreephasevaluesaremappedbackto
thed axis (seeFigure1(d)) for thecaseof mdn%o>m p , we getan
expressionof theform:

� !:":q � m p �� �Irs� n ( rt� p * (2)

where
�

is themagnitudeof theappliedvoltagespacevector,
and

rs�
n � thechangeof currentover � � (6�u� � (v1w3�x'45�
rs� p � thechangeof currentover � � (21�3Ix�4w� � (21�3 45�

A similar expressioncanalsobeobtainedfor the m nzy m p case.
If m n � m p this techniquecannotbeusedasthedenominatorof
the

� !:" q expressionis zero.
Sincethecurrentis no longerbeingsampledat thezerovec-

tor times,andexpression(2) involvesderivatives,it is clearthat� !:":q is going to be very noisy. However, because
�

is fairly
constantwe can heavily filter the estimatesfrom (2) thereby
eliminatingtheeffectsof thenoise.

Muchmoredetailon thealgorithmtogetherwith reasonably
comprehensivesimulationresultscanbefoundin [6,7].

I I I . HARDWARE IMPLEMENTATION ISSUES

Thebasicalgorithmaswritten in (1) and(2) canbemanip-
ulatedto minimizethenumberof multiplicationsanddivisions
andimprovescalingof thevalues,allowing asimplerandmore
efficient hardware implementationwith an add/subtract/shift
ALU. This sectionoutlinesthesealterations.

A. Duty Cycle
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Assumingthat
�

is constantover two successivecontrol inter-
vals,andusinglinearextrapolationon - and � , � in (1) maybe
expressedas:�
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The � p � variableis a convenientrepresentationof duty cycle
becauseit appearsin variousforms in the conversionto the
switching times. Equation(4) involves five multiply divide
operations,whereas(1) involves seven multiply/divide oper-
ations.

The standardexpressionsfor convertingthreephaseto two
phasecurrentsare:
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TABLE I

PWM FIRING TIMES FOR VARIOUS SECTORS

To further reducethe total operationsthe currentsusedin the
internalvariablesare � � � and

� � �9� 3 Thereforethed axisduty
cycleequationbecomes:
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A similar expression� �w�p � � for theq axiscanbecalculatedso

thatonly onemultiplicationby
� � is required.

B. Switching times

Theswitchingtime expressionsappearin TableI. Sincethe
duty cycles are representedinternally as � �  p and � � �p � � only
onemultiply operationis requiredto calculatemdn and m p 3 m©¨ is
calculatedusingm ¨ � ��ª � ( ��m n � m p *:3

Voltagelimits mustbe appliedto the outputso that it may
bephysicallyrealisablewith a switchingwaveform. Usingthe
above methodto calculateswitching times, limiting must be
appliedwhentheswitchingtimessatisfy

� ��mdn � m p * o �
. This

maybedetectedbyexaminingthesignof thecalculatedm « . The
limit is appliedby maintainingtheangleof thevoltagevector,
but scalingthemagnitudeby avalue¬ . Therequired¬ is:

¬ � �� ��mdn � m p * (8)

Theduty cyclesaremodifiedthroughthecalculation� �®­#¯�° �
¬ � � and � � ­
¯�° � ¬ � � . As theseare the actualvoltagesap-
plied,thelimited valuesmustbeusedfor thebackemfestimate
on thenext controlcycle.

A more complex constantangleactive voltagevector ap-
proachcanalsobe applied. This techniquehastheadvantage
thatit doesnotintroducedq axiscrosscoupling(astheprevious
techniquedoes)whenusedin a vectorcontrolleddrive. How-
ever, thepricepaidfor thebetterperformanceis extra compu-
tation.Thiscanbeseenfrom thefollowing expressionsfor the

limited � ’s usingthis constraint [7]:
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Remark 3: This form of limiting hasnot beenimplemented
in thehardwareat this stage.

C. Inductance estimation

Themachineleakageinductanceis estimatedusing(2). The
valuesproducedfrom this expressionarelow passfiltered. An
efficient first orderfilter implementationfrom a hardwareper-
spective is:

��»º¼ n � ��» � � !:":q ( ��»��½ (11)

where¾ determinesthetime constant.

IV. HARDWARE ARCHITECTURE

Thecurrentcontrolalgorithmdescribedabovehasbeenim-
plementedin anAltera10K seriesFPGA(FieldProgrammable
GateArray). Note that an FPGA wasusedonly for a proto-
type.An ASIC (ApplicationSpecificIntegratedCircuit) would
betheoptimalfinal implementation.Theoverall designof the
chip hardwareis shown in Figure2. Therearethreemainsec-
tionsusedin thearchitecture:¿ Dataacquisition: The analoguecurrentsaresampledusing
Hall Effect transducersandthevaluesareconvertedto digital
valuesusinga serialA/D, and then transmittedto the FPGA
via anisolatedserialchannelthat incorporateserrordetection.
Over-currentprotectiononeachphaseis implementeddigitally
in theFPGA.¿ Computationalunit: This consistsof anALU andits associ-
atedsequencer. TheALU is capableof 16bit addition,subtrac-
tion andshifting. A 32 word registerfile is usedto storeinter-
mediatevalues.Thesequencercontrolsthetypeof operations
performedin the ALU and their sequence,and is essentially
microprogrammed.



¿ PWM generator:This constructsthe threephaseswitching
patternfrom theswitchingtimescalculatedin theALU. As an
option thesetimescanbecompensatedto accountfor inverter
deadtime.
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Fig. 2. Overall blockdiagramof thechip.

A. Computational Structure

A microcodedmachinedesignphilosophyhasbeenusedfor
thechip. Most of thecalculationsfor thecontrolalgorithmare
performedin a singlearithmeticlogic unit (ALU). Thesystem
inputs and outputsare connectedto the ALU via a common
bus asshown in Figure3. A registerfile is usedto storethe
intermediateresults.This arrangementallows thecalculations
to be performedin sequenceasthey would be in a micropro-
cessor. An alternative designis to build separatecalculation
blocks for eachof the mathematicaloperations.This avoids
theneedfor bus logic, multiplexers,registersanda microcode
controller, but requiresmoreresourcesfor addersandmultipli-
ers. The microcodedesignrequiresfewer on-chip resources,
but sacrificesspeed,especiallyfor complex calculations.The
hardwarelogic basedsolutionwill give increasedspeedof ex-
ecutioncomparedto the microcodedesign,but will consume
moreon-chipresources.
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Fig. 3. Input andoutputconnectionsto theALU

Themicrocodedesignapproachwaschosenasit wastheap-
propriatesolution for the speedandsize requirementsof the
currentcontrolalgorithm. FurthermoretheAltera 10K FPGA

chosenfor the prototypeis particularly amenableto this ap-
proachasit canefficiently implementregisterfilesandmemory
requiredfor this typeof design.

From Figure3 it canbe seenthat external input valuesen-
ter theALU via a single16 bit wide datapath.Thesourcefor
this pathis selectedby the input multiplexers,giving a choice
betweenexternalinputsor internalregistervalues.Themulti-
plexersarecontrolledby the sequencer. The registerfile con-
sistsof storagefor 32 values,each16 bits in width. These
locationsareusedfor storingparametersandintermediatecal-
culationresults.Theoutputof eachcalculationmaybelatched
into any of the output latchesor written back into the regis-
ter memory. Theoverall operationof this is controlledby the
sequencer, which is briefly describedlater.

B. ALU Structure

Figure 4 shows the basic structureof the ALU. Each it-
erationof the algorithm requiresa numberof arithmeticop-
erationsusing this unit. The approximaterequirements(ex-
cluding the inductanceestimation)are3 multiplies,3 divides,
60 additions/subtractionsand 8 left shifts. The small num-
ber of multiply/divide operationsallow implementationusing
add/subtract/shiftoperations.
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Fig. 4. Block diagramof theALU

TheALU wasdesignedto handle16 bits asthis wasconsis-
tent with the resolutionof the inputs to andoutputsfrom the
system.Thereare32 bit registersto allow themanipulationof
the resultsof the multiply anddivide operations.The unit is
designedfor pipelinedexecutionof two concurrentinstruction
streams.This is possiblethroughthe useof two internalreg-
istersets(R2 andR1/R3).On eachcycle, thecontentsof each
registeralternatesbetweenthetwo instructionpaths.

Figure4 shows that theALU hasoneinput andoneoutput.
For operationsrequiringtwo parameters,suchasaddition,one



parameteris readin first andstoredin the internalregistersof
the ALU. On eachclock cycle, a new valueis readinto each
of the registersR1, R2 andR3. The sourceof the valuesis
controlledby thecommandinputsC1,C2andC3respectively.
Thesecommandscontroltheoperationof theALU. Thepossi-
blecommandsareshown in theTableII.

C1 Description
00 R1=Externalreadfrom Addr
01 R1=ReadmemorylocationAddr
10 R1=R2(usedfor a=-aanda=abs(a))
11 R1=?,Write memorylocationAddr with R2

C2 Description
000x R2=0
010x R2=R3
0011 R2=R1
0010 R2=-R1
0111 R2=R3+R1
0110 R2=R3-R1
1000 Multiply Instruction1
1001 Divide Instruction1
1010 Divide Instruction3
1011 R2=abs(R1)
11xx Undefined

C3 Description
x00 R3=R2
001 R3=R2y�y �
101 R3=R2y�y �_�:9 — UsedInternallyfor divide
x10 R3=R2o�o �
x11 R3=R2o�o �<;
C4 Description
0 Selectlow wordof R2 for mem/ext write
1 Selecthighword

TABLE II

COMMAND INPUT DEFINITIONS

The operationof the ALU may be demonstratedwith the
simpleexampleof = �?>6�A@ , where > , @ , and = areloca-
tionsin theregisterfile. Theactionson eachrising edgeof the
systemclockandthecommandsrequiredto achievethemare:
1. Load > into R1 (C1=01)
2. Load > into R2 (C2=0011)
3. Load @ into R1 and > into R3 (C1=01andC3=000)
4. Load >&�B@ into R2 (C2=0111)
5. Store >&�B@ into location = (C1=11andC4=1)

Thestructureof theALU wasgovernedby theoperationsre-
quiredin executingthecurrentcontrolleralgorithm.Themain
operationsareaddition,subtractionandshifts.Thistypeof cal-
culationis performedin a similar way to theexample. Multi-
plicationanddivisionarealsorequired,but duethesmallnum-

berof theseoperationsandthecomplexity in performingthem
directly in hardware,they areimplementedby shift/addtech-
niques.TheALU wasdesignedto performa �<;�¥=�C; bit signed
multiplication in 32 clock cycles,anda 16 bit division in 64
cycles.

C. The Sequencer

Thesequencergeneratesthecontrolsignalsfor theALU. On
eachclock cycle, a numberof control signalsneedto be sup-
plied. Forasimplecalculationsequencethiswouldbeachieved
throughusing a statemachine. Unfortunately, conventional
statemachinessuffer from increasingoutputdecodingdelays
as the numberof statesincreases.Statemachineapproaches
wereabandonedwhenit wasfoundthattherequirednumberof
statesfor this applicationwasunwieldy.

An alternative to usinga largestatemachineis a sequencer,
which is basedon usingmicrocodestoredin aninternalROM.
A small statemachineis usedto fetch the microcodewords
from the ROM and generatethe commandsfor the ALU. A
diagramof this is shown in Figure5.
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Fig. 5. Thestructureof thesequencer

TheROM consistsof 256wordsof width 16bits. In thepro-
totypeversion,it is implementedwithin theFPGA.Theaddress
is providedby a presettableup-counter, which is controlledby
theinstructiondecoder. Normalprogramexecutionis achieved
by incrementingthecounterandbranchesareimplementedby
presettingthecounterto thenew address.

The instructiondecoderreadsthe contentsof the ROM to
generatethe requiredcommands.Eachmicrocodeinstruction
consistsof eitheroneor two 16bit memorywords.Theformat
of thesewordsis shown in TableIII.

15 14 10 9 8 6 5 2 1 0� /2 Words Addr C4 C3 C2 C1
Word 1

15 8 7 5 4 0
Br Address Br Condition Command

Word 2

TABLE III

INSTRUCTION WORD FORMAT

All instructionsincludethefirst word. The“ � /2 Words” bit
indicateswhetherthesecondword is to follow. If this bit is set



to zero, the secondword is assumedto be zero,andthe next
word in theROM is interpretedasthefirst word of thenext in-
struction.This approachreducestheamountof chip resources
requiredto representthealgorithmasthesecondword is only
neededinfrequently. Thefour fields = � ...= � containthecom-
mandsignalsto besentto theALU, asshown in TableII. These
bit patternsaresentdirectlyto theALU attheappropriatetime.
The > ���<� field suppliestheaddressfor theregisterfile andthe
selectlinesfor theexternalinput multiplexer.

The secondword is includedwhenthe instructionrequires
branchingto anothermicrocodelocation, or if an “external
command”is required. The externalcommandsareusedpri-
marily to signalthe presenceof outputvaluesfrom the ALU.
For example,therearethreeexternalcommandsconnectedto
the PWM module to indicate when the switching times are
available on the ALU output. The five bits allocatedto the
“Command”field aredecodedto allow up to 32 externalcom-
mandsto begenerated.Althoughonly oneof thesecommands
maybeassertedin a singleinstruction,this is not aslimitation
asthealgorithmrequiresonly infrequentuseof commands.

The branchinglogic makesuseof two fields in the second
instructionword. The “BrAddress” field specifiesthe desti-
nation locationof a branchif a branchis to occur. The “Br-
Condition” field specifieswhich conditionis to beusedfor the
branchdecisions.Thetwo basicconditionsare“branchnever”
and“branchalways”,which resultin sequentialexecutionand
unconditionalbranchingrespectively. Theotherconditionsare
similar in natureto “Branchif theALU resultis negative”.

D. Microcode Assembler

A simplemicrocodeassemblylanguageandassemblerwas
developedto easethe writing of the microcode. Both devel-
opmentanddebuggingtime arereducedconsiderablythrough
usingthemoreintuitiverepresentationallowedwith anassem-
bler. In addition it greatlysimplifies the testingof modifica-
tionsof someaspectsof thealgorithm,suchasthe inductance
estimatorfor example.An examplesegmentof thesourcecode
is shown below:

//allocate an entry in the register file
int Counter=2;
//pointer to external input
constant IB=6;

a=Counter;
a=a*two+Counter; // a=3*counter
a=a-IB; // subtract from IB
a=-a; // load a back via R1

This examplemultiplies thecontentsof a registerin thefile
by threeandthensubtractsit from the latestmeasurementof
theB phasecurrent.

E. Inductance Estimator

Dueto theprecisionandspecialoperationsrequired,thein-
ductanceestimatorhasadditionalhardwaresupportoutsidethe

ALU. In order to accommodatevariationsin possibleinduc-
tancevaluesandswitchingfrequencies,afloatingpointscheme
wasadopted.A 27 bit registeris usedfrom themantissaanda
3 bit counterfor theexponent.
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Fig. 6. Inductanceestimatorstructures

The first stepin updatingthe inductanceaverageis to find
the differencebetweenthe newest estimateand the existing
average. This is calculatedwithin the ALU, althoughthe in-
ductancecounteris usedto count the appropriatenumberof
shifts.ThehardwaresignextendstheALU resultandaddsit to
theexisting average.In orderto usetheinductanceaveragein
thecalculation,thesixteenmostsignificantbits areused.The
counteris againutilisedto applythecorrectamountof shifting
in theALU.

F. Ancillaries

The connectionof the currentcontrollerchip to the restof
the systemis shown in Figure 7. The only external compo-
nentsarethe inverter, A/D convertersandthe outerloop con-
troller. Futureplansincludethe integrationof a field-oriented
torquecontrollerinto thecurrentcontrolchip, leaving only the
application-specificcontroller.
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Fig. 7. Connectionof thecurrentcontrollerchip.

In orderto achieve this level of integration,thereareseveral
otherunits on the chip in addition to the computationalunit.
As eludedto previously theseincludea numberof high speed
synchronousserial channelreceivers that areusedto acquire
datafrom the serialA/D convertersthat are locatedremotely
on the Hall Effect transducers.The bit rate for eachchannel
is 5Mbs,andeachdatapacket is 20 bits. This allows 250,000



samplespersecond,giving aneffectivebandwidthof approxi-
mately100kHz.Thismatchesthebandwidthof theHall Effect
transducersnow in commonuse. The useof serial transmis-
sion hasthe advantagethat far fewer I/O pins arerequiredon
the FPGA.Furthermoreit allows simplelow costisolationof
thecablesfrom theHall Effectdevices(if required),andelimi-
natepotentiallylong cablescarryinganaloguesignals.

Oncethecurrentsamplesarereceivedthey arecomparedus-
ing digital comparatorswith the trip levels. If a positive or
negative cycle of a phasecurrentexceedsthe trip level then
the FPGA disablesthe drives to the power devices and trips
the drive system.In the prototype,the trip levels weresetby
theouterloop controller, but this couldeasilybeachievedin a
variety of otherways,suchasDIP switcheson the controller
PCB.

The final unit in the chip is the PWM generator. It in-
cludesprogrammabledeadbandsanddeadbandcompensation.
Thechip maybeprogrammedto operateover a largerangeof
switchingfrequencies,upto approximately20kHzwith apulse
timing accuracy of 70ns.Energy dumpingregenerationis sup-
ported,with integratedcontrolfor a brakechopper.

V. EXPERIMENTAL RESULTS

Simulationresultsfor noiselessandnoisycurrentmeasure-
mentswith the algorithmhave beenpreviously presentedin
[6, 7]. Theseindicatedthat thealgorithmworkedwell in sim-
ulation (at least). In order to experimentallyverify the algo-
rithms performancethe fairly conventionalsetup of Figure8
was constructed. The controller itself consistedof an Intel
80c186microprocessorboardconnectedto the Altera 10K50
FPGA containingthe currentcontroller. The microprocessor
generatedthecurrentreferencesfor thecurrentcontroller.
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Fig. 8. Block diagramof theexperimentalsetup.

Thedigital hardwarewasdevelopedon aninhousedesigned
Altera 10K seriesdevelopmentboard,asshown in Figure 9.
Thedesignasit existsat momentuses1204of the2880logic
cells available in the Altera 10K50. This representsapproxi-
mately41%of theavailablegatesin theFPGA.

A direct field orientedcontrollerhasbeenimplementedon
theattachedprocessorto generatethecurrentreferences.Pre-
liminary experimentalresultsfrom the hardwareimplementa-
tion have beenobtainedusingthis configuration.The follow-

Fig. 9. Photographof thedevelopmentboard

ing resultswere obtainedfrom testswith a 7.5kW machine
connectedto an inverteroperatingoff a 120VDCsupply. The
switchingfrequency usedwas2.9kHzandthemachineparam-
etersappearin Table IV. For thesepreliminary tests,the in-
ductanceestimatorwasdisabled,with measuredinductancepa-
rametersusedinstead.

Parameter Value
RatedPower P = 7.5kW
CoreLosses ¼ � = �u3 �5�
½ k¾
Magnetisingreactance ¿ ° = ��1���3 4 ¾ /Ph
Statorresistance ¼0n = �u3 À�½ ¾
Rotorresistance � Ep =

� 3 � ¾
LeakageReactance ¿ n �:9FEp = ½�3 ��; ¾
Frequency Á = 451aÂÄÃ

TABLE IV

TEST MACHINE PARAMETERS.

Fig. 10. Phasecurrentandmeasuredtorquefor a demandedtorquetransient
with a freerotor

Figure10 shows themeasuredcurrentandtorquefor a ma-
chinewith aninertial load.TheuppertraceontheCRO display
is thesignalfrom a currentprobeattachedto onephaseof the
machine.The lower traceis the outputof a torquetransducer



attachedto theoutputshaft.Thepeakcurrentshown is approx-
imately 7 amps,and the torqueoutput is about5Nm in each
direction. The first part of the plot shows the machineaccel-
eratingundera negative torquesetpoint.The sharpchangein
measuredcurrentindicatesthe reversalin the torquesetpoint.
Unfortunately, thetorquemeasurementsystemhasabandwidth
limitation of 10Hzso this measurementcannotreflectthetrue
torquetransient.

Fig. 11. Phasecurrentandmeasuredtorquefor a demandedtorquetransient
with a lockedrotor

Fig. 12. Closerview of thetransientin Figure11

Figure11 andFigure12 arebothobtainedfrom testswith a
lockedrotor. Figure11 shows square-wave torqueoutputand
the sinusoidalmachinecurrentneededto createit. Figure12
shows greaterdetail at a torquesetpointtransition. The step
changein torquerequiresastepchangein current.Therequired
sharpchangeis visible just beforethe m �&1 axison channel1.
Thefastnatureof thetransientindicatesthehighbandwidthof
the currentcontroller in tracking the setpoint. The measured
torqueresponseis somewhatslower. As mentionedabove, the
transientonthetorquemeasurementisgovernedby thefiltering
in thetransducerelectronics,not theactualtorqueproducedby
themachine.

VI . CONCLUSION

In summary, this paperpresentsa new completelydigital
hardwareimplementationof a novel computationallyefficient
predictivecurrentcontrolalgorithmsuitablefor inductionma-
chinevariablespeeddrives.Experimentalresultsshow thatthis
implementationis capableof highbandwidthcurrentcontrolin
a practicalsituation.

Thedevelopmentof this digital currentcontrolleris thefirst
part of a largerprogramto developa singleintegratedcircuit
(IC) vectorcontroller. This IC would not only containthecur-
rentcontroller, PWM generation,samplingsystemandprotec-
tion, but alsothevectorbasedtorquecontroller. If a simple8
bit processoris alsointegratedinto the sameIC thenonehas
thepossibilityof a singleIC drivesystemcontroller.
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