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US Platform for Solenoid-Free Startup Development

#) Zero Voltage Switching (ZVS) Resonant Converter to Power Diagnostic Beam and RF Sources

PEGASUS IGCT Buck Converter [1/4] PEGASUS IGBT Buck Converter.[1/36] A & o during helicity injection© "O 0 control Block Diagram of MLBC A DNB and RF source requirements DNB requires a 60i 80kV 5A-DC power supply Oil immersed high voltage section
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i Local Helicity Injection Mirror §p .00 :ABB5SHY35.4511 IGCCT MgciweA%B;égoFolG&gOS 5°H,’Y =0.65 ,8 =10'F, b p o :Eupecgrff(igior’mgzrzzt:ogﬁgKDEgFlglsswso\?’ql?0:0393776.5 FY =085 L5 =10F, .I. (") i I’EQiJ/|?tlng IbUCI-(r(.'Iionvlertel’ floats O: DCI|e\;e-I|- I - Constructed Power Supplies | Up to 30 veltage gain 200 kW gyrotron requires an

i Coaxial Helicity Injection (Transient, Sustained) _ A e Dyex berpaaty b 62 5L I9% o0 ' 071800V from IGCT level, 900w o from IGBT level @ I Lowenergy in HV stage 80 kV, 8 A DC, <0.5% ripple
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i Assess compatibility with NBI heating and current drive B oo for peosers il P : PEGASUS 2400A IGBT Bridge  PEGASUS-III 3600A IGBT Bridge P J i Low-voltage 3-phase IGBT-driven primary ’

I Four independently controlled converters, sub-ms timescale . L .
I ZVS switching increases working frequency

A High frequency reduces HV stored energy

I CT: Repurposed for LHI bias system

A Goal: develop validated physics and technology basis Divertor —CO”S A New IGBT bridges built for PEGAsUS-III A System in commissioning phase A Improves passive fault safety
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Bridge Sets Monitored and Controlled by
Distributed Real-Time and FPGA Systems

ZVS Switching and Scalable Low-Ripple Operation

PEGASUS-III WIll Initially Pursue Three Technigues % #) New Multi-level Buck Converter (MLBC) Topology Used for LHI Bias

Demonstrated at Low Voltage in Air

i ' Logical and Physical Control Systems LV section HV section: Immersed in FR3 insulating ester fluid Test Power Supply Assembly (40nF Filter)
A Bk convertr systems conected 1 parlel 0 crve s e 2Q1GBT Level:  201GCT Love =
PWM regulated Buck  Unregulated Py Mgl | Diodes — e
T Output transmission lines balanced to mm length 900 V(1) 1800 VDC % AC US JS ‘CzurT're?“q coe
| Limiter
; A Feedback and protection logic implemented with L 'IF@—j { ar & s s H -
real-time LabVIEW computers and FPGA modules k FANSAVAS FAN | < oo vy
Capacitance
I Feedback control RT host o L+ I » %g Clamp
Local Helicity Injection Coaxial Helicity Injection Radiofrequency A PID feedback on load current or valtage . it T Z|S zlS
_ . _ . . _ . . A Over-current fault detection ~ yay Ay : 12 Transformers ¢ | 1
A Drives current on SOL open field lines A Drives current on SOL open field lines A Heating, current drive, and pure startup i Splitter-combiner RT host Arc Power Supply: =
. . . . . . } . _ _ s 4 kKA @ 450 V '
I Small discrete injectors at boundary I Large axisymmetric electrodes I L9W ¢ : Electron cyclotron . A Multiplex / demultiplex bridge signals ) 2Q IGBT Buck IGBT Losses (No ZVS Snubber)  IGBT Losses (ZVS Snubber) 5kV-DC test confirms < 0.2% RMS ripple (<1.7% pk-pk)
1 Relaxat|0n to tOkamak V|a T Dr | VvV e é f | u X b u b b I e 6 ’nghel’ ‘é CE&?Q"I’W B%nﬁtq"]dee A Fast fault response and shutdown 2 ? H |URD W R u |3 9 ITf UwXOo 6ZLWFK :DOO N d) C‘) .,O C‘) ~ IGBTA* Ra. | | Z=cas 4000 A+ Phase Leg Parameters 4000 A+ Phase Leg Parameters
.. . . cpeys . . . . . . ault Reporting Interface . T+ DA+ L
helicity-conserving instabilities i Sustained, transient approaches i Potential synergies with HI startup i Power supply diagnostic system PoTing Bias Power Supply: ’ K ' IGBT Volage === oot e =
A Individual bridge waveforms recorded during pulse 4 kA @ 2.7 kV LA+ 2000 2000 o Ca Vel e r/D\
A "Ogrowth: sustained® 0,0 0 A S-CHI "Ogrowth: sustained ¢ 6,0 © MLBC FAN seoov . / . | 3, |
A Digital host processes aggregate information and x1e _IGBT Tum-On Loss |, les  GTTum-0n Loss | J|
. . 2 / R e o o — —
report to plant control system / data archival services S — VOV : Vacuum Vessel ! g
’ v, by ’ o, \ ’ v 1 " . J GBTA. CA- s RA+ g ’g
¢ 1-2kV,"® 10kA, o 25-100 ms o 0.5-1kV,® 20kA, 0 25-100 ms ¥ 60-90 kV, ® 5-10 A, 0 100 ms i Configuration control, fault history, bridge-level waveforms 0 Y - SCkF)Q J__ NN [H £ B
rowpar ) = / /
Bongard et al., Nucl. Fusion 59, 076003 (2019)  Raman and Shevchenko, Plasma Phys. Control. Fusion 56, 103001 (2014) e THE UNJyERSITY e uNiyeRsiry = | beeeeeee Ry Apupapag -
M.W. Bongard, SOFE 12/21 Bongard et al., APS-DPP-CPP Initiative (2019) WISCONSIN w M.W. Bongard, SOFE 12/21 WISCONSIN w M.W. Bongard, SOFE 12/21 WISCONSIN w H-bridge (1 of 3) and ZVS snubber 2(.)0000 Toh3 o0t % Teoa ‘2‘(_)0000 b0z 0007 X 1oz Note: Increased filter C will further reduce ripple

% .8 Five Power Systems Support PEGASUs-III Operations and Diagnostics ; #) FPGA-Based Splitter-Combiner System Protects Switching Power Amplifiers Distributed Stored Energy Control System Implemented #) Core Snubber Protects Sensitive Loads Under Arc Fault Conditions
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Splitter-Combiner High-Level FPGA

A Major reconfiguration for PEGAsUS-III A Protection system implements a state-aware, bridge set controller Architecture [1/16 Controllers] A Standardized control for switchyard stored energy Distributed Charge/Dump Control and PSD Systems A i e : . Core Snubber [1/N]
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Fully Digital FPGA-Based Facility Timing and
Control Systems Implemented for PEGASUs-III Operations

Multiple Power Systems Support | EGAsUs-III Physics Mission

Isolated Capacitors in MLBC System Led to Modular Charge Control Strategy

#) PEGAsuUs-IIl Buck Converters Supply ~175 MVA of Programmable Power
1

Allowed Bridge States & Transitions GND Capacitor Bank Isolation, Charge Control, and Voltage Monitoring
Max Max 4 H. Topolo 4 of Si # of Capacitor Controllable A" LHI, S-CHI bias requires A 175 MVA of switching power amplifiers deployed for
Load Voltage | Current | | S (ngdrar?tys) Devices | Control Bank Stored Power A Didital Eeedback Controllers floatlng energy storage MLBC PEGASUS-III electromagnets and HI systems
[V] [KA] J Channels | Energy [kJ]’ [MVA] 9 ! FO,\lerLsB(S:tage capacitor banks o - i Reallocating legacy PEGASUS systems
i 16 coil set controllers, 25 kHz PID loop rate n systems ) ) . .
EF123 900 16 4 2Q 8 16 336 14.4 i 900V arc I New TF bridge configuration
EF45 900 8 5 40 8 16 168 79 .|. 1Q, 2Q, 4Q, MLBC Ier.ldge set topolegles i 900V IGBT '}”GLBBTC
EF678 900 16 4 2Q 8 16 336 14.4 [ IGBT, IGCT power silicon communications i 1800 VIGCT 900 v “\\ A Multi-level buck converter for advanced LHI w 0
E— - = p 20 - = - A T Over-current fault protection ARC |
ivertor : -
Magnets S i Archival of feedback control state A Isolated parallel bank charging " A Zero voltage switching resonant converters for
8 cotntrol Divertor 2 900 16 4 2Q 8 16 336 14.4 ) o _ T Custom optical control circuits 3.6 kV . A
sets) _ I Expandable to more sophisticated feedback algorithms driven by FPGA encoder - dlagnostlc beam and RF sources
REGIE 2ol 4 1 4Q 4 e s G T Output coupled to splitter-combiner system i Successful tests at low power; scaling to high voltage and reduced ripple
Toroidal Field 900 48 12 2Q 24 48 2,784 43.2 igital Feedback and Timing A Distributed bank-level dumping R
Stray Field System Architecture -Signal Generation i Per-bank dump resistors and L i i
Mitigation 900 4 1 4Q 4 8 84 3.6 A Timing, Clocks, and Triggering Q-Sig per-bank dum LHI Charge / Dump Control and Monitoring Elements [?lstrlbuted energy stor_age and control systems developed
lici LHI Arc ( 4 900 4 1/set 2 2/set 4/set 84/set[336]  3.6/set[14.4 : imi ical tri istribut I Depletion MOSFET dump | 7MJ stored energy commissioned
Helicity rc( 4) se Q se se set [336] .6/set[14.4] i FPGA-generated timing, optical trigger distribution system allows trim of bank
Injection ) . . . . . voltage .. . .
@conol LBF:L{SS( C4F)II AT 4 oleer | Glset  l0/set  422set[1,688] 108/set[43.2] | GPS-synchronized absolute time triggering A Digital control and protection systems implemented
5,488 (min) i Provides IEEE 1588 grandmaster for lab systems A Logical bank operator control | Real-ti‘me computing and FPGA programmable hardware
Totals 104 200 ~7,000 (avg) 172.8 i Arc, IGBT, IGCT charge / dump i 16 digital feedback controllers
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