APPLICATION NOTES

- Clarification of Non-repetitive On-state Surge Current Ratings
- Insight Into Proposed Ratingsfor Pulse Power Applications
- SPT400 Series 125mm Thyristors

[.INTRODUCTION
A. Need for Highest Power Thyristors

Thereisa growing needinthe market for thyristors of the highest
voltage design that can endure heavy fault currents as experienced in new
electrical power systemsor operating in the pul se power mode asfor mili-
tary wegponsand other government | aser and magnet supplies. Anexample
of amilestonedready pastistheingtdlation of 100 mm thyristorson the 500
kV ACtransmissionlineof BPA-Satt substation: thyristor controlled series
compensation, { TCSC} [1]. Inthat application, the most demanding pa-
rameter to meet wasthe high multi-cycle asymmetrica fault current. It was
necessary to predict fault withstand capability [2] according to the highest
available standard as designated faultswereto be expected and not consid-
ered asrare occurrence. Pulse power duty, on the other hand, are single
shot eventswith durationsusually lessthan 8.3 msand peak current much
higher than normally encountered.

When circuit designersencounter more of these stringent surge duty
applications, they are sureto redize theinadequacy of normally published
surge current data. Moreover if they areto make an evaluation and choose
from contending devicesusing non-repetitivesurge current, lrgy ratingsas
an essentid criteria, they will bemidead. Consequently one should make
gpecificinquiresto thyristor manufacturersso asto develop amutua under-
standing of thered surge current requirement. including detail sabout verifi-
cation testing and life expectancy.

B. Surge Current Sandards

Thyristor standardsfor surge current are not meant to beindicative
of the aforementioned applications. Surge on-state current, | g, asdefined
inEC thyristor standard [ 747-6 para. 3.2.17] isasbeing of short dura-
tion and specified waveshape whose application causes the maximum
rated virtual junction temperature to be exceeded. It is assumed to
occur rarely and with alimited number of such occurrencesduring the
service life of the device and to be the consequence of unusual circuit
conditions (for example a fault). The defined event may / may not include
arequirement to block reversevoltage.
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Although the number of occurrencesisnot defined by IEC, JEDEC
[EIA RS-397] states that the number of surgesto be applied shall be
100. Thisappearsaspart of the verification test procedure.

The specific methods proposed by both standardsare difficult to
usewith high power thyristorsif pulsating reversevoltageisto beapplied.
|EC providesthe option of not applying voltagefor thesinglecyclerating
and both standards specify no reversevoltagefor sub-cycleratings.

C. Ambiguity of Interpretation

Becauseltgy is defined asarare occurrence, standardsrightfully
donoimply lifeexpectancy [ Thisisin contrast to the new requirements
for pulse power for which the number of “ shots” inlife entersinto the
rating. Predictability of life[3] isbased on relating junction tempera-
ture excursion, DT} to fatigue failure or fracture within the silicon.]
Sincelgy, ISnot governed by astrict standard, ratings are subject to wide
Interpretationsamong manufacturers, somebeing conservativeand others
optimisticwhilecomplying with thestandards.

I+gv dataproperly usedisin combination with thelet-thru currents
of fusesfor protecting or isolating the power semiconductor deviceswithin
unusual serviceconditions.

E. Verification Test Setup

Given a 5000V/5S000A thyristor having a published I, Of
70,000A, how would acircuit designer comparethissurge rating to that of
another manufacturer who claimseither ahigher or lower I, for asimilar
device? What kind of amethods do these manufacturersuseto establish
such ratings and how would auser verify what isactually needed? Could
there betest criteriathat contending manufacturers and user-buyers can
agreeupononthat isdevoid of ambiguity?

Testing of thissort requiresalaboratory setup under established
safety conditions. By itsnature, itisatypetest usually performed on new
product typeswithin one' sengineering fecility.

[I.VERIFICATION TESTING

A. Laboratory test setup

A laboratory setup similar to that of Fig.3isused by theauthorsto
establish or verify singlesurge cycleratingsor to exploreand establish new
ratingsfor pulse power applicationsup to 200 kA. Recently somethyristors
were purchased from local distributorsto test for information purposes. It
was decided to perform an eval uation of their corresponding 8.3mslg,’s.



B. Proposed evaluation criterion and application to thyristors on the
mar ket

Specificfaluresmodesin thyristor structureswhen subjected to short
pulsesarewell documented, suchasgivenin[4]. What islessknown, how-
ever, isthetheory of thermal runaway described by Freydin [5] and fol -
lowed up by othersin[1] and [2].Theonset of thisphenomenonisreadily
detected and isdescribed in the section ahead. At thispoint it sufficesto say
that any device exhibiting thermal runaway, when subjected to itsrated
I\, €ven though not failing in test, is not acceptable.

Theresultsof testing variousdevices purchased fromthemarket to their
rated |+, and theevaluation according to theabove criterion aretabul ated
below. Each wasclassified asC conservative, Ssatisfactory or U unac-
ceptable. Theresultswere mixed, ranging from conservative to unaccept-
able.

TABLEI
Evaluation Results for Various Thyristors
Manf. Thyristor l+sm Evaluation
Code Si diameter Rating Code
(mm) (kA)

A 77 59 S

B 77 55 U

B 77 45 S

B 53 20 C

C 53 27 C

C 30 10 U

D 53 32 U

D 40 19 U

E 53 23 C

Code: C conservative rating
S satisfactory rating
U unacceptable, exhibiting _thermal runaway

C. Explanation of thermal runaway

Thermal runaway iscaused by arapidly increasing power which
exceedsthecgpability of proper disspation. Thisisinduced whenthechange
of on-state voltagewhichisnormally positivefor surge currentsbeginsto
increasedrastically. Thischange, DV expressed as millivolt/ OC, inFig.
4 increases according to acomplex function, dependent on both current
level and temperature. Asthetemperature changes between 200 - 3500C
the function becomes sharper in apositive manner and then beyond 4000C
it becomesdragtically negative.
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Thisbehavior isobserved readily intest and hasbeen discussed in
detail by the authorsin [2]. The rapid decrease above 4000C has been
discussed briefly in[1] & [5] explaining how it causes* current squeezing’
or “funndling” of thesurgecurrent andfailureof thedevice. Inbrief, duringa
high current surge current, the silicon temperature can soar above 400°C,
sufficient for thethermally generated intringic carriersto dominatethe con-
duction process. Sincetheintringic carrier concentrationisstrongly depen-
dent ontemperature, any locdized areaof higher temperaturewill havehigher
intrinsic carrier concentration. When thisoccurs, the current funnelsinto
theseareas, further increasing thelocal temperature, causing thermal run-
away and ultimate destruction of thedevice.

D. Detection of thermal runaway

The onset of thermal runaway can be seen on test voltagewaveformif it
startsincreasing when it should be decreasing. A representation of thissud-
denincreaseisdepictedinFig. 5using anempirically based computer mode!.
Thenorma casefor comparisonisshowninFig. 6. Thesegpply for half sine
pulses of 8.3msduration. Other pulse power waveforms show the same
behavior but appear differently inaccordancewith the duty profileand the
thermal timeconstantsasinFig. 7 & Fig. 8.

[11.RATING FOR PUL SE POWER
A. General Description

Pulse power involvesthe storage of energy until itisreleased at very high
power levels. Dethlefsen [6] has bracketed the requirementsfor suitable
solid state power switchesasfaling withinthefollowing envel ope:

blocking voltage, 5to 60 kV
peak current, 5to 200 KA
pulsewidths, 0.1 to 1000 s

Someof the gppli cationsencountered by the authorshave di/dt requirement
>1000A/nsrequiring specia considerations on device design and method
of gating. Investigations are currently performed in the range of 500 to
1000ns pulseduration and up to 200 KA.

B. General Approach to Pulse Power Ratings

A combination of surge current testing such asaccordingto Fig.1
and anempirically based computer model [2] are used. The exact current
profile needed for the applicationisused in both cases. It isverified based
ontest that thermal runaway doesnot occur by observingtheV; vs.timeor
thel; vs. Vloop. Aninternal examination of the deviceismadeto ensure
that the mating surfacesarenot arcing or spitting asdueto insufficient
metallization or flatness.



Next, DT ,for the hottest portion next to the gate boundary isde-
termined by computer model, considering thefinite expansion rate of the
turned-on regionin combinationwiththe gate geometry. Findly lifeexpect-
ancy intermsof the number of shotsisdetermined asin[3], thatis.

# shots = (1300 / DT)9

using Celsustemperature

Anexampleof arating for a 12kV thyristor, switch (using three 125mm
SPT402 thyristorsin series) isshownasFig. 9. Itispresented for half sine
pulsesat threelevelsof life expectancy. The pulsewaveformwill vary for
specific cases, varying fromjobtojob.
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V. 125mm THYRISTORS

A. Design Concept

Theauthors belong to an engineering team responsiblefor design
and manufacture of the SPT400 seriesof 125mmthyristors. Theseare de-
signed to meet the special requirementsof theemerging marketsfor electri-
cal power FACTS systems, military weapons, ship power propulsion &
control and commercial venturesusing pulse power switches.

A decision wasmade after consulting with several customersand
themilitary to houseitinalight weight low profile plastic disk package as
shown:

Plastic Package

_C
T
T :
— D
dia.
|<7 B 1a —»‘
dia.
I A i(
Nominal Dimensions
inch mm
Adia. 6 13/32 162.7
B dia. 4 3/16 106.4
C 43/64 17.06
D 0.230 5.84

Weight: 18 oz

Interndly, aflat junction assembly isaccomplished in design by nove
means, taking advantage of compensating forceswhich prevent any ten-
dency for thesiliconto bow while cooling down fromthe processtempera-
tureat whichitisbonded. Thefigure below showsthe concept of havinga
layer of inactive silicon of equal thicknessto theeectrically activesilicon,
separated by avery thinrefractory layer. Bonding theanodeto arelatively
thick substrate used in conventiona designsisnot used for thislargediam-
eter, but unlikethe"freefloating” or "dloy free" silicon junctionsassemblies
offered by off-shoremanufactureswith "dry" interfaceson both sllicon sides,
thethermal advantage offered by bondingisachieved.

lightweight alloyed construction
( PATENT APPLIED FOR)

(alloyed interface needed for pulse duty )

active
| SI|ICOI’1\\ !
T‘ E=n——Tnl I Tnl In—]
passive
refractory silicon *

metal

* poth silicon thicknesses matched for zero bow



V. TEST RECORD/SPT407 2500V 125mm THYRISTOR

ITsv for 8.3 msec =100 kA

T case= 1259C ; VR=0

Test Recordings@T ., .. =125°C

CASE

V. versustimetrace meetsthe conditions
set forth is Section 11 and Fig. 6 for an
acceptablel. ., rating of 100kA, thatis
without evidence of thermal runaway as
defined by theauthors.

Corresponding | vs.V_loop
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V1. Overall Comments

IT9Mm ratings must be properly understood. These apply for un-
usud circuit conditionssuch assurviving when other componentsfail and for
coordinating withfuses.

[T\ ratings shoul d not be used as criteriafor comparing contend-
ing vendors asthe standards provide only conceptual insight into under-
standing thisrating; consequently it issubjected to broad interpretations.
Allowingthis, avendor who providesaconservativerating would beevalu-
ated unfavorably compared to onewith an optimistic rating.

Predictability of surviving multi-cyclefault currentsrequiresknowl-
edgeof thetemperature dependency of the on-state voltage beyond 1250C
and well beyond the 2500C. A rel ationship isneeded for on-state voltage
representing changesover thisvery widetemperaturerange and used with
proper thermd representationin acomputer model.

Pulsepower ratingsareusudly of sub-cycledurationand very high
peak currents: these should be backed up with proper test verificationand
linked to an empirically based computer mode! so asto determine DT jand
resulting lifeexpectancy.
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