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INTRODUCTION

TheBoosterDipolePowerSupplyis a fastrampingsup-
ply with tight regulation requirementsfor both injection
and extraction. To accuratelycontrol the field a feed-
forward(FF) systemwasdeveloped[1, 2, 3]. This system
functionsby recordingthe trackingerror from a givency-
cle, calculatinga correctionsignal,andaddingthis correc-
tion to thesetpointrampof thenext cycle. Thecorrections
are the currenterror, which is the differencebetweenthe
dipole-magnetcurrentsensedby a DC currenttransformer
andtheprogrammedramp,filteredby a ten-pole,ten-zero
digital filter definedby theresponsefunctionsof themag-
net,power supply, andanalogelectronicsthroughthepro-
cedureoutlinedin ref. [4]. While thefeed-forwardfiltering
is in thedigital domain,regulatorfeedbackprocessingre-
mainsin theanalogdomain.

The existing feed-forward system is implementedin
moduleshousedin theVME crate

� � � � � �
. An I/O module

in thecratehandlesanaloginputandoutput[?] andthedig-
ital signalprocessingis handledby a Pentekmodulecon-
tainingaTexasInstrumentsTMS320C30digital signalpro-
cessor(DSP)[5]. The problemis that softwareandhard-
ware obsolescencehave eachrenderedthe systemnearly
impossibleto maintain,with partsout of productionand
softwarethatcanonly operateon obsoletecomputers.

When this project startedI had intendedto not only
build a FF-systemreplacement,but to alsoabsorbdipole-
regulator functionsinto the designandhousethe project
on an FPGA. As it happened,however, the very limited
processingrequiredof theFFfunctionandtheinherentde-
lay of one boostercycle madeit easyto port the FF fil-
ter to a personalcomputer(PC) platform housingan ana-
log I/O board,in this casea PCrunningNT 2000andthe
NationalInstruments(NI) PCI-6052Eboard[6], which we
hadin hand.SotheFFfilter wasfirstprogrammedin Visual
Basicandtalkedto theboardthroughtheNationalInstru-
mentsTraditionalNI-DAQ interface[7]. Thisarrangement
workedwell duringaseveral-monthtrial run,duringwhich
veryfew glitchesweredetected.Thereseemedto beplenty
of time availableduring theboostercycle for theprogram
to do backgroundprocessing.

This reportdescribesthefirst FF processor’ssoftware.

OVERVIEW OF THE SOFTWARE

The Visual Basic software is organizedinto files that
handlevariousfunctions:

��� � � 	 � 
 	 – themainprogram;

��� � ���  � � � – corefeed-forwardfilter processing;

��� � �  � ��� ��� � � ��� � � ��� – analoginput;

��� � �  � ��� � ���  ��� – analogoutput;and

�� �� ��� � �  � � – digital input andoutput (only input is
currentlyimplementedandused).

The programhasa simple layeredstructureso that upper
layersneednot be concernedwith the detailsof the func-
tion andconfigurationof thelower layers(Fig. 1).

In Fig. 1, the rectangularblocksabove the NI-DAQ in-
terfacecorrespondto Visual Basic sourcefiles; the ramp
block is only contemplatedat this point. The transport
block includesall transportbetweentheNI-DAQ interface
andPCI-6052Einternalsabstractedby the NI-DAQ inter-
face,including the NI-DAQ layer, device drivers,the PCI
bus and interfaceson both ends,andPCI-6052Econtrols
and signal routing. The ramp-enablelogic signal comes
from

� � � � � �
VME cratethrougha PCI-6052Edigital-I/O

pin.
The programand thesefiles are structuredvery much

asthey would be in C, andtranslationto C couldbedone
easily mostly on a line-by-line basis. Due to the driver-
levelbuffering,it is probablethattheprogramcouldalsobe
codedin Labview with processingtime to spare,although
codetranslationwouldnotbesosimple.It wouldbeprefer-
ableto usethe multi-threadedandup-to-dateNI-DAQmx
interface.I amtold thattherearealsoperformancegainsto
berealizedthroughthis route.

OVERALL SIGNAL FLOW

The PCI-6052Eboard [6] has eight differential ADC
channels,two DAC channels,eightdigital I/O lines,timers
and flexible signal routing. On-boardFIFOs are present
for both input and output. In addition, driver-level out-
put buffering is availableand is usedto provide the one-
booster-cycledelayfundamentalto theFF algorithm.

Oncethe programis running,triggeringis a four-stage
process.

� The programpolls until a high level appearson the
ramp-enableline from theVME chassisin reponseto
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Figure 1: Feed-forward systemarchitecture. SOC is the
start-of-cyclesignalandSCis thesampleclock.

control-roomcommandto ramp. This can occur at
any time.

, Then,the hardwarewaits for a start-of-cycle low-to-
high transition. Therecan be up to a boostercycle
delaybeforethis happenssincethereis no synchro-
nizationbetweentheramp-enableandthethestart-of-
cyclesignals.

, Fromthere,thehardwarescantriggeringis controlled
by thesampleclock,thefirst of whichhappens600 - s
afterthestart-of-cycle transition.

, ADC sampletriggering is provided by an on-board
timer. ThehardwarescansthroughtheactivatedADC
channelsin theconfiguredorder. A gaincanbeinde-
pendentlyassignedto eachchannel.

Input andoutputof samplesarehandledin blocks .0/ 1
long, where . is the numberof scansper boostercycle.
(The number. mustbe even.) Two blocksareprocessed
perboostercycle. Outputbufferingis handledonthedriver
level andbelow; the programneedonly sendthe correct
numberof scansto the driver interfacein eachhalf-cycle
timeslot. Inputbufferingis alsohandledonthedriverlevel
andbelow but 2 3 4 5 6 7�8 3 9 : ;�< = > : polls the driver for the
numberof availablescansuntil .0/ 1 scansareavailable,at
which timethescansareretrievedandprocessed.To setup
theboostercycledelay, theoutputis initially loadedwith .
scans;input andoutputareclockedsynchronouslyandare

thenstartedsimultaneously(thestartof outputis slavedto
thestartof input).

TheexistingFFcyclealgorithmalsohasawaveformad-
vanceof 30 scansthat is rampedin at thestartof cycling.
This is necessarybecausethe FF-filter responsefunction
hascharacteristicdelayof about30 scans.This waveform
advanceis implementedin this programby sending,in the
first handfulof boostercycles,buffersof datato thedriver
interfacethatareafew scansshyof .0/ 1 . Overthesecycles
thewaveformadvanceaccumulatesto the30scans.

FILTER BLOCK

The FF filter block is definedto mimic the filter de-
fined in the C sourcecodefor the TI DSP. This codeis
or will beonthe ? ? 3�@ 5 @ 3 ACB ? D�5 E F A 9 G�@ ? H 6 I E JK9 G�@ A E L�@M J 6 N O�? P�Q 3 4 F < ; 6 6 @ A E J directoryfor inspection.This di-
rectorywith file sizesanddatestampsarelistedbelow. The
correctsourcefile is R R S D T 2 UWV : andR R S D T 2 UWV X U Y is the
binarycurrentlyin operation.

B Z ?�B [ ?�B \ \ Z^] _�` B [ OaB = bWc \ Z deR R�f S D TB Z ? Z d ?�B \ \ Z^] d�` b d OgZ�B�c [ \ Z^R R�f S D TWV :B Z ?�B [ ?�B \ \ Z^] _�` B [ Og\ [�c >�B d^R R�f S D TWV P 9 YB Z ? Z b�?�B \ \ Z^] d�` Z Z Og= bWc > Z�BhR R�f S D TWV i 2 HB Z ? Z b�?�B \ \ Z^] d�` Z Z Og>�c > _ ]jR R�f S D TWV X ;�kB Z ? Z b�?�B \ \ Z^] d�` Z d OaB [�B�c = ] [eR R�f S D TWV X U Y]�B ? Z _ ?�B \ \ d^] =�` ] > 4^Z d�c Z�B _^R R�f S D T 2 UWV :]�B ? Z _ ?�B \ \ d^] =�` B d 4lB = bWc B d�B�R R�f S D T 2 UWV X U Y] _ ?�B = ? Z ] ] _^] Z�` d Z OaB�c b _ Zjm D 2 n i D
Figure 2 shows the structureof the filter. The K1 and

K2 filters arestructuredasthreeandfive cascadedbiquad
filters (Fig. 3), respectively. In code,thesearemodeledas
a setof taps,eachtapof which is modeledassimply a co-
efficient (correspondingto o p or q p ) andamemoryelement
(correspondingto r sCt ). Eachis of doubleprecisionreal
datatype. The procedureu�Q v N 4 w stepsa sample,applied
asthefirst argument,throughthebiquadfilter specifiedby
thesecondargument.

Biscardiprepareda presentationon how thecoefficients
arecalculatedbasedonthecharacteristicsof thepowersup-
ply, magnets,andregulator[4].

Initializationof thefilter requiresahandfulof steps.The
biquadfilters requiredefininganarrayof eightbiquaddata
types,at compiletime; at run time, eachof its coefficients
is set to its value, the memoryelementsare set to zero,
the circular buffer is cleared,the advance,which is later
rampedin, is setto zero,andthe memoryelement‘ylast’
in Figure2 is cleared.

A speedtestof theVisualBasicprogramshowedthata
1.5-GHzAthlon computercancycle thefilter at 2.5 MHz,
correspondingto 190MFlops. Socomputingpower is not
a problem.

Thefunctioninterfaceis:

, R R R�Q 5 A E J – the filter itself. Its argumentis the in-
put sampleasa ‘double’ datatype andit returnsthe
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Figure2: Feed-forwardfilter shown with oneboostercycle
delayandwaveform advance.K2 is five cascadedbiquad
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Figure3: Biquadfilter having two FIR tapsand two IIR
taps. All processingimplementedin the programis in
double-precisionfloating-pointdatatype. The � � } blocks
areone-samplememoryelements.The dashedboxesare
taps,whicharediscussedin thetext.

filtered output asa double. Thereis no cycle delay
of theoutputsincethe I/O boardprovidesthatdelay.
Linescanbe commentedanduncommentedto insert
thedelay.

��� � ��� � � � �C� � – thefilter for 16-bit integers. Its argu-
mentis thesampleasa‘short’ datatypeandtheoutput
is ashortwindowedto the16-bit range.

��� � ��� � � � � � � – thefilter for 32-bit integers. Its argu-
mentis thesampleasa‘long’ datatypeandtheoutput
is a long windowedto the32-bit range.

��� ��� ��� � – for filter initialization. Definesthefilter ac-
cordingto codein theprocedureandinitializesthein-
ternalstatesof thefilter elementsto zero.Its inputsare
theboostercycledelay(aslong)andthefinal advance
in samples(aslong). It returnszero.

��� � ��� � � � � � � � � � � � � � – saves the stateof the filter.
Usedeachtime thereis a goodrampsothat it canbe
restoredandusedoveragainto skip over a badramp.
See� � ��� � � � � � � � � � � � � � � � � .
��� � ��� � � � � � � � � � � � � � � � � – restoresthe stateof the

filter.

All argumentsarepassedby reference.

Feed-forward-specificboard anddriver interface

The application-dependentsoftwarelayer that manages
thedetailsof theboardthroughtheNI-DAQ interfacecon-
sistsof threefiles,onefor analoginputanditsconfiguration
(� � � � � ��� � � � ��� � � � ), onefor analogoutputandits config-
uration(� � � � � ��� � �   � ), andthe last for digital input (and
potentially output) (¡ � ��� � � � � � ). Theseblocks are inde-
pendentof eachother. Theanalog-outstarttriggeris, how-
ever, slavedto theanalog-inputstarttriggerin hardwareby� � � � � ��� � �   � .
Analog Input

Analog input is encapsulated in the file� � � � � ��� � � � ��� � � ��¢ £ � � . It handles channel, timing,
and trigger configurationas describedearlier, as well as
startingandstoppingacquisitionandacquiringdata.� � � � � � ��� ��� ��� � – initializes the board for channel,

timing, andtriggerconfigurationasdescribedin Sec.
. It requiresfor arguments:

– the device numberas definedby the Measure-
ment and Automation Explorer (M&AE) (as
short);

– thenumberof inputchannels(asshort);

– a list of ADC channelsto beusedasanarrayof
integers(asshort);

– a list of gainscorrespondingto thechannels(as
short);and

– thecycle length(aslong).

� � � � � � ��� � – readssetsof scansfrom the board. It
requiresfor argumentsthenumberof scansto read(as
long) anda scanbuffer (asshort)into which dataare
placed.

� � � � � � ��� � � � � � � – startsacquisition.Therearenoar-
guments.

� � � � � � ��� � � � � � � – resetsthe analoginput. Be sure
to endacquisitionstartedby � � � � � ��� � � � � � � or your
systemmay becomeunstable. There are no argu-
ments.



All argumentsarepassedby reference.

Analog Output

Analog output is encapsulated into the file¤ ¥ ¦ § ¨ ©�ª « ¬  ®W¯ ° ¦ ±
. It handles channel and trigger

configuration,startingandstoppingoutput,andoutputting
data.

² ¤ ¥ ¦ § ¨ ©�ª « ¬�³ ¥�´ ¬ – initializestheboardanddriver for
channeland trigger configuration. For arguments,it
requires:

– the device numberas definedby the Measure-
ment and Automation Explorer (M&AE) (as
short);

– thenumberof outputchannels(asshort);

– a list of ADC channelsto beusedasanarrayof
integers(asshort);

– a list of polaritiesfor the channels(bipolar=0,
unipolar=1,asshort);

– thecycle length(aslong);

– a full-lengthoutputbuffer (asshort).

² ¤ ¥ ¦ § ¨ ©�ª « ¬ – outputsdata to the device. Its argu-
mentsarethenumberof outputsamples(aslong)and
a buffer containingtheoutputsamples(asshort).

² ¤ ¥ ¦ § ¨ ©�ª « ¬ µ ¬ ¦ ¶ ¬ – startsanalogoutputin thesense
that output is enabledto respondto its start trigger,
i.e., it is armed.Thestart-of-analog-outputtrigger is
slavedto thestart-of-analog-inputtrigger.

² ¤ ¥ ¦ § ¨ ©�ª « ¬ · ¸ ± ¸ ¬ – stopsanalogoutputandsetsthe
outputchannelsto zero. Be sureto call this function
to endanalogoutputafterstartingoutputwith Analo-
gOutStart,or yourcomputermaybecomeunstable.

All parametersarecalledby reference.

Digital Input

At themoment,theprogramonly usesthe ramp-enable
signal to startFF corrections.This signal is tied into the
first digital I/O terminalandis polledby theprogramwhen
waiting (after the ¹ ¨ buttonis clicked). Theinterfaceis as
follows:

² �´ ©�³ ¥�´ ¬ – initializes the digital port. It arguments
aretheboarddevicenumber(asshort),whichis deter-
minedby M&AE, the bit number(0 to 7) (asshort),
andwhetherinputor output(asboolean,True= input,
False= output).

² �´ ©�³ ¥ º « ¬ – readsa digital I/O bit. It requiresa bit
number(asshort) asan argument. The function re-
turnsthestateof thebit asaboolean.Thebit specified
shouldhavebeenpreviouslyconfigured.

² �´ © » § ¨ ± ¸ – setsthe directionof the digital I/O bits
backto input. Usethis call to avoid contentionwhen
thebitsarelaterusedfor otherpurposes.

All parametersarecalledby reference.

FF-TEST – THE APPLICATION LEVEL

Themain taskof theapplicationis feedforward,which
requirestheprogramto acquirecurrent-errorsamples,filter
them,andoutputthemin blocksto/fromtheinterfacelayer
of Sec.. Othertasksarehandled:² Allow thespecificationof M&AE devicenumberand

a configurationfile.
² Readtheconfigurationfile thatspecifiesinputandout-

put channelsand gains and the final waveform ad-
vancein cycles,andconfigureanaloginputandoutput
accordingly.
² Managethewaveformadvanceat thestartof ramping.

Part of this function is alsoembeddedin ¼ ¼ ¼ ´ § ¬ ¸ ¶
(which breaksthelayered-softwaremodel).
² Skipovercyclesin which therampfails to start.

² Display a simplegraphof oneof a choiceof signals
input andoutputby the program. The scaleis fixed
at ½¿¾ À Á . A buttonpermitsenablinganddisablingthe
plot. The Â µ » Ã ¤ · Ä OCX controlis used.
² Streamacquiredandprocesseddatato afile. All input

channelsspecifiedby the configurationfile plus the
filtered feed-forwardcorrectionareoutput to the file
(asbinaryshortdatatype).
² Displayacyclecountandadiagnosticinputblocksize

eachfor block.

Thecontrol-panelbuttonsfunctionasfollows:
² ¹ ¨ tells the programto entera run statewhereit ei-

ther runscorrectionsor waits for a ramp-enabletrig-
gertelling it to do so. This buttonis grayedout while
theprogramis in this state.
² µ ¬ ¦ ¥ Å ° Æ meansto goto standbymodewherethepro-

gramwaits for userinput, i.e., it stopsrespondingto
triggersandwaitsfor eithera ¹ ¨ commandor an Ç È ´ ¬
command.It is grayedoutwhile in this state.
² Ç È ´ ¬ quits the program. It is grayedout unlessthe

programis in standbystate.

Whentheprogramfirst comesup,it immediatelygoesto
theFF correctioncycle whereit waitsfor therampenable.
The computeris set up to log in to my accountand run
the FF programwhen it bootsso that it and the program
recoverautomaticallyfrom power failure.

The configurationfile is specifiedin the ‘configuration
file’ field of the program’s graphicaluserinterface(GUI)
andmustresidein the samedirectoryasthe program. Its
formatis:



É The first line hasthe numberof analoginput chan-
nelsin use.For thePCI-6052E,thisnumbermaybe1
through8.

É For eachinput channel,thereis a line specifyingthe
channelnumberand gain. The order of theselines
specifiestheorderin which thechannelsarescanned.
Valid input gainsfor the PCI-6052Eare-1 (for 0.5),
1, 2, 5, 10,20,50,and100.

É The next line hasthe numberof output channelsto
use.For thePCI-6052E,this numbermaybe1 or 2.

É For eachoutput channel,there is a line specifying
the channelnumberandpolarity (0 for bipolar, 1 for
unipolar).During eachscanof thechannels,thePCI-
6052E readsthe channelsin the order specifiedby
theselines.

É This line specifiesthewaveformadvancein scans.It
shouldbeamultiple of three.

É This line specifiesan overall gain factor to apply to
thefilter output(doubleprecision).This numbermay
beoverriddenon ‘Outputgainfactor’entryof thepro-
gram’sGUI.

A usefulconfigurationfile is

ÊÌË Í Î Ï Ð Ñ ÒÔÓ Õ×Ö Í Ø Î Ù×Ú Û Ü Í Í Ñ Ý Þ ßÊ×àáË â Ü�Ö ÍãÓ ÕÔÕ�Ö ä ÑÔÕ Ó ÒÔÙ Û Ñ×Ú Î Ò Ò Ñ Í ÙÔÑ Ò Ò Ó Ò ßà×å�æçË â Ü�Ö ÍãÓ ÕÔè�é àÔÕ Ó ÒãÓ Ù Û Ñ Ò�Þ ßæeå�æê×å�ææëË Í Î Ï Ð Ñ ÒÔÓ ÕÔÓ Î Ù Ø Î Ù×Ú Û Ü Í Í Ñ Ý Þ ßèãèáË Ð�Ö Ø Ó Ý Ü ÒÔÓ Î Ù Ø Î ÙãÕ Ó ÒÔÙ Û ÑãÚ Ó Ò Ò Ñ Ú Ù�Ö Ó Í ßê èáË ì Ü ä Ñ Õ Ó Ò ÏãÜ í ä Ü Í�Ú Ñ×Ö Í×Þ Ú Ü Í�Þ ßè�é î ïáË Ó ä Ñ Ò Ü Ý Ýðâ Ü�Ö ÍãÕ Ü Ú Ù Ó Ò ß
Thecurrenterroris typically smallsoagainof 5 (10 times
the other channels)is specifiedfor it on the secondline.
Bracketedcommentsarenot partof thefile.

Theprogram’swindow mustnot bemovedduringoper-
ation. Whenthis happens,theprogramappearsto be pre-
empted,whichmeansthattheoutputbuffergoesemptyand
outputstops.Anotheroutputoperationgeneratesanerror,
which thencausesa programmedFF-cycle restart.

TESTS

Theprogramwasoperatedin a mirror modeleadingup
to the operationtest (below). In this mode, the normal
VME-basedfeed-forwardsystemwasrunningandcontrol-
ling thepowersupplyasnormal,but thenew programwas
operatingin parallel.It wasalsorecordingthecurrenterror,
ramp, dipole current, and feed-forward correctionsfrom
both programs. Its feed-forward correctionwas recorded
in analogloop-backmodethroughanotherADC channel
to provideanaccuratecomparison(Fig. 4).
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Figure 4: Steady-stateFF correctionsfrom the existing
DSP (red), this processor(green)and this processorbut
beforewaveformadvance(blue)recordedduringa booster
rampcycle. TheexistingDSPis controllingthepowersup-
ply andthe overall gain factorusedto matchthe peak-to-
peakswingsis 0.97.

TheprogramwassuccessfullytestedonMay 2,first con-
trolling thepower supplywithout injection,andthenwith
injection into the VUV ring, which appearednormal. It
wasnot left in placesincechangeswereneededto make
the programsuitablefor operations.Sincethenbells and
whistleswereadded(Sec.) necessitatingmoretests. The
systemwasput into trial operationin early Juneandhas
beenin operationsince. Operationspeoplesaythat it has
workedwell andis preferredover theVME system.

Table1: Connectionsto theNationalInstrumentsSCB-68
breakoutbox.

Src/dst SCB-68 Board Signal
signal Pins signal direction

Currenterror 28/61 ACH4/12 to PC
Beamcurrent 60/26 ACH5/13 to PC
VME Ramp 33/66 ACH1/9 to PC
VME correction 30/63 ACH3/11 to PC
Magnetcurrent 31/65 ACH10/2 to PC
Startof cycle 68/34 ACH0/8 to PC

11/44 PFI0/DGnd to PC
Convert 43/9 PFI2/DGnd
Scanclock 41/7 PFI4/DGnd to PC
Rampenable 52/18 DIO0/DGnd to PC
PCcorrection 22/55 DAC0/AOGnd from PC
PCRamp 21/54 DAC1/AOGnd from PC
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