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Abstract and capacitors can bereplaced during a normal

. maintenance cycle, iieeded. Switching isprovided by a
The power converter fahe SNS RF system is st series string of 8 IGBT'’s for each plasmdminus rail (for

pulsed powersupply that transforms 7 kV, 3-phase aCachphase). For three phasweitching, 48devices (3 x

input power into 120 kV pulses with an amp!it_ude of 8QG) are required. Wehave chosenl700 volt devices
A, a flat-top pulse length of 1.1 mand arepetitionrate because their superior switch current ratings and

of 60 Hz. The power converter accomplishethis significantly lower (switching) loss asompared tchigher
transformation by rectifying the input power to 8 kV dc; 9 y 9 P g

This is followed by a high-frequency20 kHz) switched \r/e(z)lgztii?/ZId el\:)ISvess.tr\i/r\:lthVZ::; cgl(();sBe? t?rr;?:bikz\?\};,vz:‘k;égn d
mode dc-to-dc convertéhat has riseindfall times below y 9 9 9

. ; nS caneasily betolerated and yet maintain transient
0.1 ms. (The required peak power for a pair of 2.5 o ; : . §
MW/805 MHz Kklvstrons is almost 10 MWand the voltages within device ratings. A unique boost
Ky . a transformer has beetlesignedfor the polyphase voltage
averagepower is 750 kW). Since thepeakand average step-up at 20 kHz This transformer. whosere
power requirements aresggnificantadvance othe state- ' '

of-the art forswitched-mode powesupplies, it isprudent ‘(‘:\(()Pﬂ?’l;]:zttl:);nlssfo?r?]%vrwgolrne I(:jg:iren Zhézlallsed a\ﬁgleyghﬁ)s\s
to designand build a scale version of the circuit. This, | g S fpoo

proof-of-principle version of the circuit is a 1/100thleakage inductance, good balance between ph

volage mocel ratperatesin an mput of 100 v ana 12PN e 31 o0 0 one o cost
produces an output of 1200 V. The critical components P g y P ’ 9

the converter arg¢he IGBT switchesandthe highvoltage half the core material ascompared to 3|r_1d|V|_duaI_ c
. cores. Transformer secondashunt-peaking isdesirable
transformer. The design of théw-power converter

. . to tune outleakage inductancend maximize output
involved a novel high voltaggansformerand the same . : .

. . : ; voltage. Various shunt-peakirgapacitortypes may be
switches that will beused inthe high power converter. used. but mica is aood low loss dielectric svstem for
Simulations have beenperformed and datséhat shows ’ 8 y

agreement betweahe computer simulatioandthe scale thls. voltageandfrgque_ncy. Rect|f|cat|<_)n Is provided by
. series strings of ion-implantediodeswith 1400 volt, 75
model will be presented.

Amp, and~50 nSreverse recoveryatings. The output
1 INTRODUCTION filter _net\_/vork is optimized to_adequately filter the 120 kHz
rectification pulses, yethavelittle storedenergy. At the
The simplified blockdiagram of the (full-scale) IGBT  end ofeachklystron video pulse, thestored energymust
converter-modulator ishown in Figure 1. This systempe dissipated, in addition, in &lystron arc-down
topology offers a number of engineeringdvantages as condition, excessive stored energy would be detrimental to
compared toother long pulse modulator designs. Thehe klystron. In series witkachklystron, di/dT limiting

converter-modulator derivet’s plus and minus buss networks reducethe rate of energy deposition to help
voltages from astandardsubstation operframe cast-core ensure continued klystron reliability.

transformer. The transformeasdthe associatecsupport
and personnel safety equipmentpiacedalong the length 2 COMPUTER MODELING
of the LINAC, as placementequires, inutility sheds.
This semi-remote equipment is “dumb”; it does remjuire
control I/O or monitoring equipment. A utility umbilical
cable connects to theonverter-modulatorassembly and
the AC feed islocally switchedand rectified in autility
cabinet, part of theconverter-modulatomssembly. A
step-start network isrequired to minimize turn-on
transients from theresonance ofthe capacitor bank,
substationtransformer leakageand line harmonic filter

networks. Theectifier stacksprovide abuss voltage of Unfortunately, the resulting line impedance resonates with

rakv aqd -4 kV'. The energy storage networks u.tlhzt%e transformer leakage inductan@nd capacitor filter
self-clearing metalized hazy polypropylene capacitors.

With these capacitors, softegradation can be monitoredmatwOrk during start-up, resulting iever-voltage of the

The system design topology has been thoroughly
scrutinizedwith computer modeling taleterminesystem
performancecomponent sensitivities, circuifficiency,
and fault tolerance. Due to the repetitive pulse loading of
the utility grid, line harmoni@andpower factorissues are

a concern. Fortunately, a simple circuit witbwer factor
correction capacitorand line filter chokescan provide
almost unity power factorand line harmonics that are
within IEEE specifications at full power operation.
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capacitor bank. This problem can be alleviated by the use
of a resistive step-start system. The step-start system 3 SCALE MODEL RESULTS:

must becycled during any brownout or interruption of e scale model converter worked designedwith results
utility service, i.e. from a lighting strike oother hat compare well to the computer model, the first time it
anomaly. IGBT performance can be more reliaiigured \\a5tyredon. In addition, some resultsequiredfurther
by the choice of appropriate snubber networks to Nelgmpyter analysis to hemalyzewhat we observed. It
equalize dynamiovoltage division. — With ourchosen 45 counter-intuitive to us that mducedoutput voltage
parameters, the snubbess for each IGBT isabout 90 g conductionangle, output ripplevould not increase.

watts withidealtiming of thelGBT transistors. With & thg f)| output voltage from thecale model converter is
250 nS timing skew, the peak transient voltageoss the ghown in Figure 8and compareswell with Figure 5.
IGBT reachesabout 1450 volts, well within theevices yjit reducedconductionangle, the output voltage is

1700 volt ratings, as shown in Figure 3. Continuoug, o in Figure 9, and it alsompareswell with Figure
operation with this timing skew (250 nS) results in aboy  qrtunately, the most fun comes from analyzing and
180 watts beingdissipated inthe snubbernetwork nhtimizing the system performance in our test set-up. We
resistor.  Thetransformer design fothis system also |ove peen able to determittee effect on IGBTtiming

requires carefutonsideration. ~ Transformer magnetizingysets and examine the resultant output ripple, which also
and leakage inductancelay a critical role in system oo agreed with our computer analysis.
performance. Fortunately, some leeway is provided by the

use of shunt-peaking capacitors ithe transformer 4 CONCLUSION:

secondary. The effect on the klystron output voltage, o
with steps of shunt-peakingapacitance, isshown in The IGBT converter-modulator full-scale design ngarly

Figure 4. This results irthanges of IGBT switch COmMPplete. The concepmnd performance ofthe novel
current. High values of shunt-peakingpacitance over- designtopologieshave been provewith the scalemodel
compensate the circuiand reducevoltage output and VErsion. Comparison with the compupedictedresults
increase IGBT switching current. The circuit model is rufyrthers our resolution that this circuit topologyill
with the IGBT's operating with a full 180-degree Prove eminently successful. In addltlon,conteteic_tromc
conduction angle. In the actual system operation, puldgSigns have been testadd evaluatedthat can directly
width modulation will beutilized to regulateand flattop ~CPerateour full powerversion. It isclear to usthat this
the Klystron cathode voltage pulse. A detail of¢hthode YP€ Of converter-modulator offersmany significant
voltage pulse with full 180-degree conduction is shown ffvantagesover other systemdesignsand techniques.
Figure 5. At all times theathodevoltage is above the AMONg theseadvantages arthat no crowbar system is
required 120 kV. A reduced conductiangle will provide "€duired; asingle point network 1/O; a smailhexpensive
the appropriate output voltage.  In addition, other @nd dumb substation; and a low voltage enestgye with
computer modeling has shown that the turn-on oversh&§ii-clearing capacitors.  Otheedvantages are the
can betotally removed by reducinghe conduction angle rellaplllty of a completely sohql-state system, mlnlmal_ oil
of the IGBT's first few pulses. A Klystroncathode reql_mements, asmall footprint less than competing
voltage waveform at reducealtage, due toreduced IGBT designs, and safety advantages over H.V. anode
conduction angle is shown in Figure 6. What jgiodulation systems.

interesting about this result is thiiere is no increase in

the apparentoutput ripple. (The output fundamental is

still 120 kHz, butthere are significantly higher Fourier

frequencycomponents, which the output filteretwork

smoothes more effectively). A criticphrametefor any

klystron modulatorsystem is thesnergy deposited in the

klystron during a fault condition. Our IGBT configuration

is a very benign system; the total fault energy deposited in

a klystron is about 8 joules, only in the event the

converter isnot interrupted duringts’ 1.1ms switching

cycle. This result is shown in Figure 7. dddition, the

peak fault current in the Kklystron is less than 20@ps,

with low dI/dT’s.

"Work funded by the US Department of Energy and operated by the
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Figure 1: Simplified Block Diagram of 20KHz IGBT Converter-Modulator
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Figure 2: Polyphase Y Transformer Figure 3: IGBT Recovery Voltage
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Figure 4: Cathode Voltage vs Peaking Capacitance Om 040m 080m 120m 1.60m 2m
Figure 5: Computer Model Cathode Voltage
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Figure 6: Computer Model at Reduced Output. 0m  030m _ 0.60m T 0.90m T20m 1.50m

Figure 7: Klystron Fault Energy
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Figure 8: Scale Model Output Voltage Figure 9: Scale Model at Reduced Output.
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