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

The paper briefly presentsthe conceptsof the algorithm implemented,
and then outlinesthe changeghat are madeto make the digital implemen-
tation even more efficient. It then discusseghe architecture usedfor the
hardware design. Experimental resultsare presentedto demonstratethe
algorithms performance.

|. INTRODUCTION

HE currentcontrol loop is the mostfundamentahndim-

portantcontrol loop for ary variablespeeddrive system.
If the currentloop hasa very fastand accuratetransientre-
sponsehen,with appropriatereferencecurrentsthe machine
can be regardedas an ideal torque sourceas far as the outer
loops are concerned. Consequenththere hasbeenconsider
ableresearchcarriedout to improve the performanceof this
loop. The traditional approachfor currentcontrol wasto use
a Pl regulatorto manipulatethe invertervoltagevia a voltage
spacevectoralgorithmto achieve somedesiredcurrent. This
approachhasa numberof disadwantagesthe transientperfor
manceof the loop is poor, the controllertuning is parameter
dependentandit hasto operaten arotatingreferencdrameto
preventsteadystateerrors.

Thelimitations of the PI controllerhave motivatedresearch
into alternatve currentcontrol techniques. Of thesethe two
mostpromisingcandidatesre hysteresisontrollersand pre-
dictive controllers [1, 2]. Hysteresiscontrollersoffer very
high bandwidthssincethey belongto the bang-bangcontrol
family. However, in their traditionalform they do not control
the switchingfrequeng, andundersomecircumstance# can
reachunacceptabhyhigh values. Improvementsmadeto the
basichysteresisdeahave overcometheseproblemsat the ex-
penseof greatercomplexity in the controller Furthermorehe
solutionsproposedreinherentlyanaloguén nature[1], which
is undesirablen a power electronicervironment.

Predictive controllers have also been extensiely investi-
gatedin theliterature [2, 3]. Thesealgorithmsaresuitablefor
implementatiordigitally andoffer high bandwidthdueto their

deadbeahature.However, unlike hysteresicontrollerstheal-
gorithmrequiressomeknowledgeof modelparameterandes-
timation of somemodelstates. To datemostof the work on
predictive controllershasbeendirectedat softwareimplemen-
tation. Whilst therehave beenseveral publisheddigital hard-
wareimplementationsf currentcontrollersfor switchedreluc-
tancemachines[4,5], completelydigital hardwarecurrentcon-
trollersfor threephasanverterdriveninductionmachineshave
notappearedn the openliterature,althougha proprietarydig-
ital controllerchip hasbeenproducedoy the EuropearVCON
consortium. A single chip hardwareimplementationas pre-
sentedn this paper hasthefollowing potentialbenefitsover a
softwaredigital implementation:

1. Reducedsystemcomponentount.

2. Reducedsoftware investment- the currentcontrollerand
associatedunctionalityis now asinglechipwith noinitial pro-
grammingandno softwaremaintenanceequired.

3. The currentcontroller can be self commissioningfor all
typesof drives(dependenon thealgorithm).

4. High switchingfrequencieganbeobtained-the switching
devicesarethemainswitchingfrequeng limitation andnotthe
microprocessospeed.The prototypecontrollerwasdesigned
to accommodata switchingfrequeng of up to 20kHz.

The remainderof this paperis organizedas follows. The
currentcontrolalgorithmto beimplementeds outlined. Alter-
ationsto the basicalgorithmto malke it easierto implementin
hardwarearethenpresentedThe hardwarearchitectures then
describedandfinally the experimentalsystemandresultsare
discussed.

Il. THE ALGORITHM

A very detaileddiscussionof the algorithm to be imple-
mentedappearsn [6, 7]. However, in orderto understand
the hardwareimplementationt is necessaryo appreciateghe
salientpoints of this algorithm, and thereforethe main con-
ceptswill bebriefly presented.

Thealgorithmto beimplementeds afairly standardredic-
tive controlalgorithmsimilar to otherspublishedin thelitera-
ture[3]. Thenovelfeatureof [6] is thefactthatthewholealgo-
rithm is implementedn a stationarydq referencerame,from



requiredswitchingduty cycle determinatiorthroughto firing
signalsfor the inverter This leadsto an elegantand simple
implementationand makesthe algorithmamenableo digital
hardwareimplementation.

The control expressiongor the algorithm are in terms of
duty cyclesof hypotheticakwitchingwaveformsfor thed and
g axes.Usingthe samenotationas [6], the controlexpression
for eachaxisis:

ofk.k+1] = o {%udesvs,k 1k +ew«]} 1)

where:

ilk] = 2i[k — 0.5] — i[k — 1]
e[k] = 2elk — 1] — e[k — 2]

andalk, k+1] is therequiredduty cycle of theswitchingwave-
form for therespectie axisto achieveadesiredaveragecurrent
ides|k, k + 1] over the controlinterval from k to k& + 1. Note
thata hasvalues—1 < « < 1. e[k] andi[k] arethe backemf
voltageandcurrentat the beginning of the controlinterval re-
spectvely. Thee’scanbeestimatedy rearranging1) to make
e the subjectof the expression.

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

Remark 2: Voltage constraintsare also taken into account
by the algorithm. Thesewill be examinedin a following sec-
tion.

Using the techniqueshown in  [6] onecancorvertthe o’s
into the switching times of the three vectorsfor a switching
sectorof a threephaseinverter An example switching pat-
ternis shavn in Figurel. Using standardhotationfor PWM
switchingvectors,onecanobtaintheswitchingtimesshovnin
Tablel in termsof thea’s [6].
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Fig. 1. Thedouble-edgswitchingpatternusedandthetransformedwo phase
voltagedfor sectorl.

The otherfeatureof the algorithmis the parameteestima-
tion aspects As notedpreviously the backemfsare estimated
using pastmeasurementsf the currents. The main machine
parameteto estimateas theleakaganductanceln orderto es-
timate this, anindependenexpressionis developedinvolving
measurementsf the currentsat the quarterand mid-pointsof

acontrolinterval. If thethreephasevaluesaremappedbackto
the d axis (seeFigure1(d)) for the caseof ¢; > t,, we getan
expressiorof theform:

oV
Les = 5T A A\ 2
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whereV is the magnitudeof the appliedvoltagespacevector,
and

Ai, = thechangeof currentover[i — 1,7 — 0.75]
Aiy = thechangeof currentover [i — 0.75,7 — 0.5]

A similar expressiorcanalsobeobtainedfor thet; < t2 case.
If t; = ¢, thistechniquecannotbe usedasthe denominatoiof
the L.s; expressions zero.

Sincethecurrentis nolongerbeingsamplecatthe zerovec-
tor times,andexpression(2) involvesderivatives,it is clearthat
L.st is going to be very noisy However, becausel. is fairly
constantwe can heavily filter the estimatedrom (2) thereby
eliminatingthe effectsof thenoise.

Much moredetail on thealgorithmtogethemwith reasonably
comprehensie simulationresultscanbefoundin [6, 7].

I1l. HARDWARE IMPLEMENTATION ISSUES

The basicalgorithmaswritten in (1) and(2) canbe manip-
ulatedto minimizethenumberof multiplicationsanddivisions
andimprove scalingof thevalues allowing asimplerandmore
efficient hardware implementationwith an add/subtract/shift
ALU. This sectionoutlinesthesealterations.

A. Duty Cycle
Theback-emfmaybefoundby rearranging1):
elk] _eqlk,k+1] 2L ..

(3)

AssumingthatV is constanbvertwo successie controlinter
vals,andusinglinearextrapolationon e anda, « in (1) maybe
expresseds:

T T T

L
+ 77 (Gaeslk, K+ 1] — 4l — 0.5]

+3ilk — 1] + i[k — 1.5] — ik — 2]) (4)

The %a variableis a corvenientrepresentatiomf duty cycle
becausedt appeardn variousforms in the corversionto the
switching times. Equation(4) involves five multiply divide
operationswhereas(1) involves seven multiply/divide oper
ations.

The standardexpressiondor corvertingthreephaseto two
phasecurrentsare:

(5)
(6)

3ig = 21q — 1p — Tc

V3ig =iy — i



Condition for sector Firing order to t1 to
Sectorl | aq > 0;a, > 0; aq < V3ay VaViVa Ve Va Vo Vi Vg %(1 — g — 3—%) %(ad — a—"B) o‘\;gT
Sector2 | ag > 0; o > V3| VsVaVoVaVeVaViVs | Z(1+ 20) Tt —aa) | Llaa+ )
Sector3 | aq < 0;aq > 03 < V3aa| | VeVaVaVaViVaVals | (14 au— 52) ‘%T —L(aa + %)
Sectord | ag < 0;aq < 0; |ag| < V3|ag| | VaVaVaVaVeViVaVs | L(1+ aq + L) —“jé' T(—au+ )
Sector5 | a, < 0; |ag| > V3 a4l VaVs Vs Ve Vi Vs Vs Vi u+@@ fgmw+%) gmwf%)
Sector6 | aq > 05 aq < 05 |ag| < vVBaa | VeViVeViVaVeViVs | T(1—aa+ 22) | Tlaa+ %) fﬁg
TABLE |

PWM FIRING TIMES FOR VARIOUS SECTORS

To further reducethe total operationghe currentsusedin the
internalvariablesare3i, and \/ﬁiq. Thereforethe d axis duty
cycle equationbecomes:

T T T
Ead[k, k+ 1] =2 <§ad[l€ — 1, k]) — Ead[k’ — 2,]{? — 1]

L
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4 x 3iglk — 0.5]

A similar expressm for the q axiscanbe calculatedso

thatonly onemult|pllcat|on by v/3 is required.

B. Switching times

The switchingtime expressionsappeaiin Tablel. Sincethe
duty cycles are representednternally as T‘” and Tji only
onemultiply operationis requiredto calculatet1 andts. t, is
calculatedusingt, = T'/2 — (t1 + t2).

Voltagelimits mustbe appliedto the outputso thatit may
be physicallyrealisablewith a switchingwaveform. Usingthe
above methodto calculateswitching times, limiting must be
appliedwhenthe switchingtimessatisfy2(t; + t3) > T. This
maybedetectedy examiningthesignof thecalculated,. The
limit is appliedby maintainingthe angleof the voltagevector,
but scalingthe magnitudeby avalue~. Therequiredy is:

T

2(t1 + t2) (®)

/\/:

Theduty cyclesaremodifiedthroughthe calculationay;,, =
yaq andag,, = vo,. As thesearethe actualvoltagesap-
plied, thelimited valuesmustbeusedfor thebackemfestimate
onthenext controlcycle.

A more complex constantangle active voltage vector ap-
proachcanalsobe applied. This techniquehasthe advantage
thatit doesnotintroducedq axiscrosscoupling(astheprevious
techniquedoes)whenusedin a vectorcontrolleddrive. How-
ever, the price paidfor the betterperformances extra compu-
tation. This canbe seenfrom thefollowing expressiongor the

limited o’s usingthis constraint[7]:

V3V + K*eglk] — eq[k]

ey [+ 1 o

dizm [k + 1] = v (1+ %) -

g [k + 1] = KLV = ealk]) + eqlk] .
V(1+ \/_>

Remark 3: This form of limiting hasnot beenimplemented
in the hardwareat this stage.

C. Inductance estimation

Themachineleakagdanductances estimatedising(2). The
valuesproducedrom this expressiorarelow pasdiltered. An
efficient first orderfilter implementatiorfrom a hardwareper
spectveis:

Lest Lk

L+ o

Lyt = (11)

wheren determineghetime constant.

IV. HARDWARE ARCHITECTURE

The currentcontrol algorithmdescribecabove hasbeenim-
plementedn anAltera 10K seriesFPGA (Field Programmable
GateArray). Note thatan FPGA wasusedonly for a proto-
type. An ASIC (Application SpecificintegratedCircuit) would
bethe optimalfinal implementation.The overall designof the
chip hardwareis shavn in Figure2. Therearethreemainsec-
tionsusedin thearchitecture:

« Dataacquisition: The analoguecurrentsare sampledusing
Hall Effect transducerandthe valuesare corvertedto digital
valuesusing a serial A/D, andthentransmittedto the FPGA
via anisolatedserialchannelthatincorporatesrrordetection.
Over-currentprotectionon eachphasds implementedligitally
in the FPGA.

« Computationalnit; This consistsof anALU andits associ-
atedsequenceiTheALU is capableof 16 bit addition,subtrac-
tion andshifting. A 32 word registerfile is usedto storeinter-
mediatevalues. The sequencecontrolsthe type of operations
performedin the ALU andtheir sequenceandis essentially
microprogrammed.



« PWM generator:This constructshe threephaseswitching
patternfrom the switchingtimescalculatedn the ALU. As an
optionthesetimescanbe compensatetb accountfor inverter
deadtime.

—> T
PWM . L
ALU | Generation —>: Machine | >
Sequencer

Data Acquisition [«

Fig. 2. Overall block diagramof the chip.

A. Computational Sructure

A microcodednachinedesignphilosophyhasbeenusedfor
thechip. Most of the calculationgfor the controlalgorithmare
performedn asinglearithmeticlogic unit (ALU). Thesystem
inputs and outputsare connectedo the ALU via a common
bus asshowvn in Figure3. A registerfile is usedto storethe
intermediataesults. This arrangemenallows the calculations
to be performedin sequenceasthey would bein a micropro-
cessor An alternatve designis to build separatecalculation
blocks for eachof the mathematicabperations. This avoids
the needfor buslogic, multiplexers,registersanda microcode
controller, but requiresmoreresourcegor addersandmultipli-
ers. The microcodedesignrequiresfewer on-chip resources,
but sacrificesspeed especiallyfor complex calculations.The
hardwarelogic basedsolutionwill giveincreasedspeedof ex-
ecutioncomparedo the microcodedesign,but will consume
moreon-chipresources.
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Fig. 3. Inputandoutputconnectionso the ALU

Themicrocodedesignapproactwaschoserasit wastheap-
propriatesolution for the speedand size requirementf the
currentcontrol algorithm. Furthermorethe Altera 10K FPGA

chosenfor the prototypeis particularly amenabléeo this ap-
proachasit canefficiently implementregisterfilesandmemory
requiredfor thistypeof design.

From Figure 3 it canbe seenthat externalinput valuesen-
terthe ALU via a single 16 bit wide datapath. The sourcefor
this pathis selectedoy theinput multiplexers,giving a choice
betweerexternalinputsor internalregistervalues. The multi-
plexersare controlledby the sequencerThe registerfile con-
sistsof storagefor 32 values,each16 bits in width. These
locationsareusedfor storingparametersndintermediatecal-
culationresults.The outputof eachcalculationmaybelatched
into ary of the outputlatchesor written backinto the regis-
ter memory The overall operationof thisis controlledby the
sequencemwhichis briefly describedater.

B. ALU Sructure

Figure 4 shaws the basic structureof the ALU. Eachiit-
erationof the algorithm requiresa numberof arithmeticop-
erationsusing this unit. The approximaterequirementgex-
cluding the inductancesstimation)are 3 multiplies, 3 divides,
60 additions/subtractionand 8 left shifts. The small num-
ber of multiply/divide operationsallow implementatiorusing
add/subtract/shifbperations.
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Fig. 4. Block diagramof the ALU

The ALU wasdesignedo handlel6 bits asthis wasconsis-
tentwith the resolutionof the inputsto and outputsfrom the
system.Thereare32 bit registersto allow the manipulationof
the resultsof the multiply and divide operations.The unit is
designedor pipelinedexecutionof two concurreninstruction
streams.This is possiblethroughthe useof two internalreg-
istersets(R2 andR1/R3). On eachcycle, the contentsof each
registeralternatebetweerthetwo instructionpaths.

Figure4 showvs thatthe ALU hasoneinput andoneoutput.
For operationgequiringtwo parameterssuchasaddition,one



parameters readin first andstoredin the internalregistersof
the ALU. On eachclock cycle, a new valueis readinto each
of the registersR1, R2 and R3. The sourceof the valuesis
controlledby the commandnputsC1, C2 andC3respectiely.
Thesecommandgontrolthe operationof the ALU. The possi-
ble commandsreshovn in the Tablell.

C1 | Description

00 | R1=Externakeadfrom Addr

01 | R1=ReadnemorylocationAddr

10 | R1=R2(usedfor a=-aanda=abs(a)

11 | R1=?,Write memorylocationAddr with R2

Cc2

000x
010x
0011
0010
0111
0110
1000
1001
1010
1011
11xx

Description

R2=0

R2=R3

R2=R1

R2=-R1
R2=R3+R1
R2=R3-R1
Multiply Instructionl
Divide Instruction1
Divide Instruction3
R2=abs(R1)
Undefined

C3

x00
001
101
x10
x11

Description

R3=R2

R3=RXx< 1

R3=R2<< 1 4+ = — UsediInternallyfor divide
R3=R2>> 1

R3=R2>> 16

C4 | Description
0 Selectiow word of R2 for mem/ext write
1 Selecthighword

TABLE Il
COMMAND INPUT DEFINITIONS

The operationof the ALU may be demonstratedvith the
simpleexampleof C = A + B, whereA, B, andC areloca-
tionsin theregisterfile. The actionson eachrising edgeof the
systemclock andthe commandsequiredto achievethemare:
. Load A into R1(C1=01)

. Load A into R2 (C2=0011)

. Load B into R1and A into R3(C1=01andC3=000)

. Load A + B into R2(C2=0111)

. StoreA + B into locationC' (C1=11landC4=1)
Thestructureof the ALU wasgovernedby theoperationsge-

quiredin executingthe currentcontrolleralgorithm. The main

operationareaddition,subtractiorandshifts. Thistypeof cal-

culationis performedin a similar way to the example. Multi-

plicationanddivision arealsorequired but duethesmallnum-
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berof theseoperationsaandthe compleity in performingthem
directly in hardware,they areimplementedby shift/addtech-
nigues.TheALU wasdesignedo performa 16 x 16 bit signed
multiplication in 32 clock cycles,anda 16 bit division in 64
cycles.

C. The Sequencer

Thesequencegeneratethecontrolsignalsfor the ALU. On
eachclock cycle, a numberof control signalsneedto be sup-
plied. For asimplecalculationsequencthiswould beachieved
throughusing a statemachine. Unfortunately corventional
statemachinessuffer from increasingoutputdecodingdelays
asthe numberof statesincreases.Statemachineapproaches
wereabandoneavhenit wasfoundthattherequirednumberof
statedfor this applicationwasunwieldy:.

An alternatve to usinga large statemachineis a sequencer
whichis basedn usingmicrocodestoredin aninternalROM.
A small statemachineis usedto fetch the microcodewords
from the ROM and generatethe commandsgor the ALU. A
diagramof thisis shavnin Figure5.

L

|

Fig. 5. Thestructureof thesequencer

ROM

Addr

TheROM consistsof 256 wordsof width 16 bits. In thepro-
totypeversion,t isimplementedvithin theFPGA.Theaddress
is providedby a presettableip-counterwhichis controlledby
theinstructiondecoderNormalprogramexecutionis achieved
by incrementinghe counterandbranchesreimplementedyy
presettinghe counterto thenew address.

The instructiondecoderreadsthe contentsof the ROM to
generatehe requiredcommands.Eachmicrocodeinstruction
consistof eitheroneor two 16 bit memorywords. Theformat
of thesewordsis shavn in Tablelll.

15 14 10 9 8 6 5 2 1 0
[T2Words| 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 instructionsincludethe first word. The“1/2 Words” bit
indicateswhetherthe secondwordis to follow. If this bit is set



to zero, the secondword is assumedo be zero,andthe next
word in theROM is interpretedasthefirst word of the next in-
struction. This approachreduceghe amountof chip resources
requiredto representhe algorithmasthe secondword is only
needednfrequently Thefour fields C'1...C'4 containthe com-
mandsignalsto besentto theALU, asshavnin Tablell. These
bit patternsaaresentdirectlyto the ALU attheappropriatdime.
The Add field suppliesheaddresdgor theregisterfile andthe
selectlinesfor the externalinput multiplexer.

The secondword is includedwhenthe instructionrequires
branchingto anothermicrocodelocation, or if an “external
command”is required. The externalcommandsare usedpri-
marily to signalthe presencef outputvaluesfrom the ALU.
For example,therearethreeexternalcommandsonnectedo
the PWM module to indicate when the switching times are
available on the ALU output. The five bits allocatedto the
“Command”field aredecodedo allow up to 32 externalcom-
mandsto begeneratedAlthoughonly oneof thesecommands
may be assertedn asingleinstruction,this is not aslimitation
asthealgorithmrequiresonly infrequentuseof commands.

The branchinglogic makesuseof two fieldsin the second
instructionword. The “BrAddress” field specifiesthe desti-
nationlocation of a branchif a branchis to occur The “Br-
Condition”field specifiesvhich conditionis to be usedfor the
branchdecisions.Thetwo basicconditionsare“branchnever”
and“branchalways”, which resultin sequentiakxecutionand
unconditionabranchingespectiely. Theotherconditionsare
similarin natureto “Branchif the ALU resultis negative”.

D. Microcode Assembler

A simplemicrocodeassemblyjanguageandassemblewas
developedto easethe writing of the microcode. Both devel-
opmentanddeluggingtime arereducedconsiderablythrough
usingthe moreintuitive representatioallowedwith anassem-
bler. In additionit greatly simplifiesthe testingof modifica-
tions of someaspect®f the algorithm,suchastheinductance
estimatorfor example.An examplesggmentof thesourcecode
is shavn below:

/lallocate an entry in the register file
i nt Counter=2;

[l pointer to external input
const ant | B=6;
a=Count er;
a=a*two+Counter; // a=3*counter
a=a- | B; /!l subtract fromIB
a=-a; /!l load a back via Rl

This examplemultiplies the contentsof a registerin thefile
by threeandthensubtractst from the latestmeasurementf
theB phasecurrent.

E. Inductance Estimator

Dueto the precisionandspecialoperationgequired thein-
ductanceestimatothasadditionalhardwaresupportoutsidethe

ALU. In orderto accommodateariationsin possibleinduc-
tancevaluesandswitchingfrequenciesafloatingpointscheme
wasadopted A 27 bit registeris usedfrom the mantissaanda
3 bit counterfor theexponent.

Fig. 6. Inductanceestimatorstructures

The first stepin updatingthe inductanceaverageis to find
the differencebetweenthe newvest estimateand the existing
average. This is calculatedwithin the ALU, althoughthe in-
ductancecounteris usedto countthe appropriatenumberof
shifts. Thehardwaresignextendsthe ALU resultandaddsit to
the existing average.ln orderto usetheinductanceaveragein
the calculation the sixteenmostsignificantbits areused. The
counteris againutilisedto applythe correctamountof shifting
in the ALU.

F. Ancillaries

The connectionof the currentcontroller chip to the restof
the systemis shavn in Figure 7. The only external compo-
nentsarethe inverter A/D corvertersandthe outerloop con-
troller. Futureplansincludethe integrationof a field-oriented
torquecontrollerinto the currentcontrol chip, leaving only the

application-specificontroller

Sk

Fig. 7. Connectiorof the currentcontrollerchip.

In orderto achieve this level of integration,thereareseveral
otherunits on the chip in additionto the computationalunit.
As eludedto previously theseincludea numberof high speed
synchronousserial channelreceversthat are usedto acquire
datafrom the serial A/D corvertersthat are locatedremotely
on the Hall Effect transducers.The bit ratefor eachchannel
is 5Mbs, andeachdatapaclketis 20 bits. This allows 250,000



samplegersecondgiving an effective bandwidthof approxi-
mately100kHz. This matcheghe bandwidthof the Hall Effect
transducersiow in commonuse. The useof serialtransmis-
sion hasthe advantagethat far fewer /0O pins arerequiredon

the FPGA. Furthermoret allows simplelow costisolation of

the cablesfrom the Hall Effectdevices(if required),analimi-

natepotentiallylong cablescarryinganaloguesignals.

Oncethecurrentsamplesrerecevedthey arecomparedis-
ing digital comparatorswith the trip levels. If a positive or
negative cycle of a phasecurrentexceedsthe trip level then
the FPGA disablesthe drivesto the power devices and trips
the drive system. In the prototype,the trip levels weresetby
the outerloop controller, but this could easilybe achievedin a
variety of otherways, suchasDIP switcheson the controller
PCB.

The final unit in the chip is the PWM generatar It in-
cludesprogrammableleadbandanddeadbanadompensation.
The chip may be programmedo operateover a large rangeof
switchingfrequenciesupto approximatel\20kHzwith a pulse
timing accurag of 70ns.Enegy dumpingregenerations sup-
ported,with integratedcontrolfor a brakechopper

V. EXPERIMENTAL RESULTS

Simulationresultsfor noiselessandnoisy currentmeasure-
mentswith the algorithm have beenpreviously presentedn
[6,7]. Theseindicatedthatthe algorithmworkedwell in sim-
ulation (at least). In orderto experimentallyverify the algo-
rithms performancehe fairly corventionalsetup of Figure8
was constructed. The controller itself consistedof an Intel
80c186microprocessoboardconnectedo the Altera 10K50
FPGA containingthe currentcontroller The microprocessor
generatedhe currentreferencegor the currentcontroller

—-

-

Fig. 8. Block diagramof the experimentaketup.

Thedigital hardwarewasdevelopedon aninhousedesigned
Altera 10K seriesdevelopmentboard,as shavn in Figure 9.
Thedesignasit existsat momentuses1204of the 2880logic
cells availablein the Altera 10K50. This representsapproxi-
mately41%of the availablegatesin the FPGA.

A directfield orientedcontrollerhasbeenimplementecon
the attachedprocessoto generatehe currentreferencesPre-
liminary experimentalresultsfrom the hardwareimplementa-
tion have beenobtainedusingthis configuration. The follow-

Fig. 9. Photograplof thedevelopmentioard

ing resultswere obtainedfrom testswith a 7.5kW machine
connectedo aninverteroperatingoff a 120VDC supply The
switchingfrequeny usedwas2.9kHzandthe machineparam-
etersappearin TablelV. For thesepreliminarytests,the in-

ductanceestimatomasdisabledwith measureéhductancea-
rameteraisedinstead.

Parameter Value
RatedPawer P = 7.5kw
CorelLosses e = 134k
Magnetisingreactance m = 104.5 /Ph
Statorresistance 1 = 1
Rotorresistance b= 22
LeakageReactance 1+axy = .36
Frequeng = 50

TABLE IV

TEST MACHINE PARAMETERS.

Fig. 10. Phasecurrentandmeasuredorquefor a demandedorquetransient
with afreerotor

Figure 10 shavs the measureaturrentandtorquefor a ma-
chinewith aninertialload. Theuppertraceonthe CRO display
is the signalfrom a currentprobeattachedo one phaseof the
machine.The lower traceis the outputof a torquetransducer



attachedo theoutputshaft. Thepeakcurrentshovn is approx-
imately 7 amps,and the torque outputis about5Nm in each
direction. Thefirst part of the plot shavs the machineaccel-
eratingundera negative torquesetpoint. The sharpchangen

measuredurrentindicatesthe reversalin the torquesetpoint.
Unfortunatelythetorquemeasuremersgystemhasabandwidth
limitation of 10Hz sothis measurementannotreflectthetrue
torquetransient.

Fig. 11. Phasecurrentandmeasuredorquefor a demandedorquetransient
with alockedrotor

Fig. 12. Closerview of thetransientin Figure1l

Figure11 andFigure 12 areboth obtainedfrom testswith a
lockedrotor. Figure11l shows square-vave torqueoutputand
the sinusoidalmachinecurrentneededo createit. Figure12
shaws greaterdetail at a torque setpointtransition. The step
changen torquerequiresastepchangen current.Therequired
sharpchangas visible just beforethet = 0 axison channell.
Thefastnatureof thetransienindicatesthe high bandwidthof
the currentcontrollerin tracking the setpoint. The measured
torqueresponsés someavhatslower. As mentionedabove, the
transienbnthetorquemeasuremeris governedby thefiltering
in thetransduceelectronicsnot the actualtorqueproducedy
themachine.

V1. CONCLUSION

In summary this paperpresentsa new completelydigital
hardwareimplementatiorof a novel computationallyefficient
predictive currentcontrol algorithmsuitablefor inductionma-
chinevariablespeedirives.Experimentatesultsshav thatthis
implementatioris capableof high bandwidthcurrentcontrolin
apracticalsituation.

The developmenibof this digital currentcontrolleris the first
partof a larger programto develop a singleintegratedcircuit
(IC) vectorcontroller This IC would not only containthe cur-
rentcontroller PWM generationsamplingsystemandprotec-
tion, but alsothe vectorbasedorquecontroller If asimple8
bit processois alsointegratedinto the samelC thenonehas
thepossibility of a singlelC drive systemcontrollet
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