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Introduction
TheASSTutilizeswarm diodeassembliesto bypasscurrentaroundquenchingmagnetsuntil the
systemstoredenergyis extractedand themagnetcircuit currentis reducedto 0 A. Thesebypass
assembliesarecomponentsof theQuenchProtectionSystem. Figure 1 showstheelectrical
circuit of ASST PhaseI in which theseassembliesareconnected.

A designhasbeencreated,and thermalanalysesof theassemblyperformancehavebeen
conductedto predictthetemperaturerise in theassembliesduring thecurrentbypassfunction.
Thepurposeof thesetestsis to verify with physicalmeasurementsthat theassemblydesignis
adequate,andto gaugetheaccuracyof thethermalanalysisproceduresfor futureuse.

Thenominal bypasscurrentwaveformto be conductedby thebypassassemblyduring ASST
operationis shownin Figure2. Thewaveformis an exponentialdecayfrom an initial current,I
with a time constant,T = 36 s. Thetestsetupusedwasnoteasilyconfiguredto providean
exponentialdecayfrom an initial value,so a powersupplywasprogrammedto providea fast
risingcurrentto L followed by a parabolicdecayasshownin Figure3. Thewaveformwas
configuredto providethesameJIdt asthatto be experiencedduring theoperationalscenario.
Thenominalpeakoperatingcurrentfor theASSTis 6500A, but a special"conditioningt’
scenariopossiblyrequiresoperationat 7000 A. Therefore,our testsexercisedthedevicesto this
level.

TestSetupDescription

Each bypassdiodeassemblyconsistsof two independentthermal& electricaldiodecircuits
which canbe configuredasone,two or threediodesin series. Eachof theseindependentcircuits
canbe usedto protectoneor moremagnetswhich togethermakeup a "quenchbypassunit".
Figure4 showsa total assemblyloadedwith 3 diodesin eachsection. Thesetestswere
conductedusing a three-diodeand a two diode stack.

Eachcircuit is composedof a stackof InternationalRectifiertype R77R6Adiodesalternating
with copperdisksacting asheatsinksand clampedundera forceof 10000 lb. Disks nextto the
anodesideof thefirst diodeandthecathodesideof the lastdiodeareconnectedexternally
throughcopperbusbars3/4" x 1/2" brazedto thecopperdisks. A pair of MCMSOO bypass
cablesis connectedto eachof thebusbarsusing two-holeMCM500 lugs.

ThermalsensorsRTD - ResistorTemperatureDetectorswereinsertedinto thesidesof the
copperdisksbetweenthediodesandin theconnectingbus barsto monitor temperature
excursionsduringcurrentpulsing. Instrumentationcableswereusedto interfacetheRTD
signalsto signalconditioningamplifiersOMEGA 0M3-600. Signalsweredigitizedand stored
in two Lecroy dataloggersfor analysis. Samplingratesof 1 Hz and 10 Hz wereusedto record
slow andfastprocesses.TableI lists thesignalsmeasuredandthedataloggerchannelsfor the
first seriesoftestsusing one 3-diodesection.
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Description Calibration Lecroyl Signal Name Lecroy 3 SignalName

AnodelBus 200010V VS V4

Anode 1 600C/by V10 VS
Cathodel 600 C/WV Vii V6
Anode2 6000iOV V12 V7
Cathode2 600C/by V13 V8
Cathode3 Bus 2 3-4" 200010V V6 V2
Cathode3 Bus 118" 200 C/b V V5 Vl
LEM Transductor 10000A/5 y V9 V14

TableI. DataLoggerSignal Definitions

Thebypassdiode assemblywasinsertedin a 4 ft long Ci 10 sleevefor 3.5 kV dc electrical
isolationfrom ground. Thetotal assemblywastheninsertedinto a 4 ft long stainlesssteeltube
similar to theenclosurethatwill be usedfor mounting theassembliesin theeventualCoffider
tunnel.

A 0.1%LEM transducerwasusedto monitor thebypasscurrentwaveform. Theactualaccuracy
of this devicewasless thanspecificationdueto useof an uncalibratedburdenresistorin this
setup,therefore,acomparisonwasmadewith theflUNG currenttransductormeasurementin the
powersupply. Thecomparisonindicatesapproximately1% differencebetweenthetwo signals
in theJIdt for thecurrentpulsesused.The signalfrom theLEM transducerwasinstrumented
by an Analog devicesamplifier3B41 beforeconnectionto thedataloggerfor digitizationand
storage. In theASST. bypasscurrentis an exponentiallydecayingcurrentof 7000 A peak
amplitudeand 36 s time constant.TheStringTestpowersupplycontrol microprocessor
SECAR wasusedto generatea parabolicwaveformthat is comparableto thereal waveformas
discussedabovein theintroduction. Thiswaveformprovidesthecurrentreferencefor a
Dynapowerpowersupplycapableof delivering 0 - 8000 A at 0 -40 V.

Thediodeassemblywasconnectedacrossthepowersupply in variousconfigurations:

I. threediodesin series,
2. two diodesin series,
3. 5 diodesin series.

Wealso addedadditionalcoppermassdisks to thethreediodeconfigurationfor laterruns.

TestProcessDescription
As mentionedin the introduction,thecurrentpulseusedduring the tests is an approximationto
thecurrentpulseto be experiencedby thebypasssystemin ASSToperation. Thepowersource
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waseasilyprogrammedto provideparabolicandlinear ramp segments.For aparabolicdecay
waveformto providethe sameheatingeffectastheexponentialdecay,onewantsto matchthe
J Idt in thetwo waveformssincethevoltagedropacrossdiodedevicesis approximatelyconstant
in thecurrentrangeof interest. For aresistivesystem,suchasthebypasscabling, theheatingis
proportionalto theJI2dt. Analysisof theexponentialandparabolicwaveformsthenleadsto the
condition that

I0t = 1/3I0ç
wheret = 36 s for theexponentialdecayandt1 is thefmal time at theendof theparabolicdecay.
This condition resultsin t1 = 108 s for theI = 7000A casewhereJIdt = 252 kAs. Sincethe
resistivepartsof thesystemwill be heatedproportionalto JI2dt, wecalculatethatresultfor the
maximumstresswaveformand find thatfor theparabolicdecay,

5 I2dt = 1058 Miits
ascomparedwith 882 Miits for thereferenceexponentialdecay. This additional heatingin the
cablesandconnectingbusbarsis in a saferangeandassuresthat wehavedatafrom a casewhich
is morepessimisticthan actualASST operation.

A variety of electricaltestswereperformedandtemperaturesat thepoints listed in TableI were
recorded.Thepowersupply wasquickly rampedup at 1.4 kA/secstarting from an initial current
of 50 A andwasthenparabolicallyrampeddown. On thefirst run with thethreediode
configuration,thepeakcurrentwaslimited to 3500A, andthetemperatureprofile wasrecorded.
Six morerunswereperformedby increasingthepeakcurrentin 700A steps. The waveform
generationalgorithmusedeasilyscalesthepeakcurrentwith fixed ratesof change,sothe
waveformsat differentcurrentsdo nothaveareaswhich scalewith thepeakcurrentvalue.
Hence,datamustbe analyzedwith respectto theactualwaveformarea,not with respectto peak
current.

Testswerealso performedon thetwo-diodesectionand on thetwo sectionsin seriesby
strappingthetwo independentsetstogether. In orderto establishthatdamagehad notoccurred
during thehigh currenttesting,reversebiasmeasurementsweremadeon all 5 diodesbeforeand
afterelectricalandthermalstress.

Data Analysis

Datawasextractedfrom theLecroydataloggerfiles on theERcomputersystem,transportedto a
workstationat SSCL,reconfiguredto aconvenientformat,and plottedusing theSPICEcircuit
analysispostprocessortools.

TableII and Figure 5 indicatethetemperaturerise measuredat thehottestspot in theassembly
asafunction of theareaundertheI vs t curveduring thesetests. Thecurrentwaveformand
temperatureprofilevs time atfour pointsalong theassemblyareshownfor the7000 A run in
Figure 6 and Figure7.
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Run PeakCurrent A T initial C T final C JIdt kAs A T C

1 3,500 20 76.8 64.3 56.8
2 4,200 24 102.2 93 78.2
3 4,900 23.1 126.3 b24 103.2

4 5,600 24.7 155.1 160.6 130.4
5 6,300 26 184.2 203.8 158.2

6 7,000 36.7 223.7 251.7 187
TableII. TemperatureRise during ExperimentalRuns

ComparisonWith ThermalAnalysis

As indicatedabove,prior to thetesting,a finite elementmodel wasconstructedto performa
thermaltransientanalysisof thediodeassemblyusing ANSYS. Thepurposeof thestudywasto
predictthemaximumtemperatureof thesilicon wafersof thediodesand to providea basis for
comparisonof temperaturesthatcouldbe measuredand henceextrapolatedto thesilicon wafer.

The model placedthreediodesin seriesasdescribedin thetestsetupdescription. Detailsof the
two-dimensionalaxisymmetricthermalsolidmodelingincludedthemechanicaldimensionsand
thermalpropertiesof themanydifferentlayers suchasthecoppercathodeand anode,
molybdenumbuffer, silicon wafer, aluminumjunction andsilver disk. Detailsof the
constructionof thediodewereprovidedby Art Felix of InternationalRectifier. The material
propertieswere obtainedfrom the CRC handbook.

Theheatgenerationfunctionapplied to thesilicon wafer layerswas

= 693.4e6ln 1 + 7 x b0’ e .t/36

Naturalconvectionwasassumedto occurto thebypasscables. The simulationresultspredicted
a maximumtemperatureof about233 C at the outsideedgeof thesilicon wafer, with thepeak
occuringabout60 s after theheatgenerationstartedasshownin Figure8. Thesimulation
resultsindicatea temperatureprofilevery closeto that measuredin the tests.

ThennalRecovery

During thetestruns,the recoveryto ambienttemperaturetakesabout2 hours. In theoperation
oftheASST, this presentsno problemsincedataanalysisfrom thequenchand recoveryof the
refrigerationsystemto operatingconditionsrequirea similar lengthof time.

Conclusions
Thetestshaveshownthatthecurrentdesignwill work satisfactorilyfor theASSTwith threeor
lessdiodesperbypassunit numberof diodesis dependenton bypassunit inductanceandramp
rate. From separatemeasurementsmadein thelaboratory,theforward conductionthresholdof
thethreediodesis 0.95 V at 35 C, allowing a maximumramprateof 4.2 A/s with a magnet
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inductanceof 3 x 75 mH = 225 mH andfor a leakagecurrentof 1.5 mA establishedasthe
systemrequirement.

Thepeaktemperatureriseoftheassemblyis muchhigherthangooddesignwacticewould allow
for steadystateoperationsuchasin powerconverterapplications.However,the transient,low
rateof occurrencenatureof this applicationcoupledwith theabsenceofreversebiasvoltagefor
thedevicesto block after thecurrentpulsepermitsreliableoperationof thesediodesat
temperaturesabove250C accordingto themanufacturer.
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Figure3 - ParabolicApproximationto NominalCurrentWaveform

Figure 4 - Assemblywith 3 Diodesin Series

8



ci.. TsnipsrMsn Ale. vi lnlsgvsl of I * dt

-

-

vz

-I

--

.

A

200.00

180.00

160.00

LY 140.00

120.00

I

100.00

80.00

I- 60.00

40.00

20.00

0.00
0.00 50.00 100.00 150.00

Integral of I * dl kA-sec
200.00 250.00

Figure5- TemperatureRiseat HottestSpotin Assembly

300.00

time

Figure6 - CurrentWaveformfor Test at7 kA

9



-. T_rflvfr 1
-

- t.calhode2
T_acdel

- T_anodel

BypassDiodeTest,7000 A, 3 diodes,inside container
300

deg C

200

100

0
o 1000

time
Figure7- TemperatureProfile vs Time for 3-DiodeAssemblyat7 kA

2000

10



Figure 8- ThermalAnalysisTemperatureProfile
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