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Abstract

The Rapid development of high power and high speed semiconductor switching devices has led to their vari-
ous applications in related plasma fields. Especially, a high speed inverter power supply can be used as an
RF power source instead of conventional linear amplifiers and a power supply to control the magnetic field
in a fusion plasma device. In this paper, RF thermal plasma production and plasma heating experiments are
described emphasis placed on using a static induction transistor inverter at a frequency range between 200
kHz and 25 MHz as an RF power supply. Efficient thermal plasma production is achieved experimentally
by using a flexible and easily operated high power semiconductor inverter power supply. Insulated gate bi-
polar transistor (IGBT) inverter power supplies driven by a high speed digital signal processor are applied
as tokamak joule coil and vertical coil power supplies to control plasma current waveform and plasma equi-
librium. Output characteristics, such as the arbitrary bipolar waveform generation of a pulse width modula-
tion (PWM) inverter using digital signal processor (DSP) can be successfully applied to tokamak power sup-
plies for flexible plasma current operation and fast position control of a small tokamak.
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Fig. 1 Operational power and frequency regime of power switch-
ing devices.
Table 1 Typical semiconductor power devices.
Gate Switching Control | self Turn
Device ON and Features
TurnON | Turn OFF OFF
Diode No No Not
Possible
Thyristor High
Current Current Power
- Control Control Latch
Triac
GTO High
Current Current Power
. i Control Control
Bipolar Transistor
IGBT Possible X
High
Voltage Voltage Speed
MOS FET Control Control
SIT

HIALZ MR T2 Mt oS L TWwA[1]. &k
OWHIMTHEMGB LML Y FIMTHEGFOERIZE S
IGBT OR% i - IR n XR—ABEHEL T2 L
THITFELZXY 22353 v FHlH» S5 DEFIEAZLT
) & TIRIEIAL D [FE I 2T B Injection Enhanced
Insulated Gate Bipolar Transistor (i3 AEAER! IGBT:
IEGT) % Gate Commutated Thyristor (GCT) , & 512
ESHIHAT, ~400C O EmEIEATREZR 2 &, ~104%
DEOHEAFIRER B L O~ 3 HBOBEELEL AL T»
528, ~10OERMERT AL L EENIBER
e 2350 SiC 2 W KEE - |RIEE - iy —7
NA AR Y, @M - KERS>OKIEL R MOS ZHET O
PHFEA SR LT 5 [14,15]. Th 60K, K
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Table 2 Switching characteristics of typical power devices.

Operation | Operation Switching
. Turn On Turn Off
Device Voltage Current Frequency
) ) Time (ps) | Time (us) (kHz2)
GTO 6,000 6,000 10 30 ~1
sI 5,000 1,000 0.1 02 ~50
Thyristor ’ ! ’ ’
IGBT 1,700 1,200 1 1.5 ~50
HV IGBT 3,300 1,200 3.6 3.5 ~10
IEGT 4,500 2,100 1 5 ~2
MOS FET 1,000 24 0.04 0.06 ~1000
REMOS | 4 000 21 0.005 0.008 ~30000
FET
SIT 600 30 0.03 0.03 ~2000

CAPFIERC & 2 RARALY IR KR 2 & 5%
DI —FNA AOQHRLINEE EZHE) oL HFEE T
W5, Table 2 ICIRIEBFE SN RKT % &7 P83
J—FNAL ADAA v F v 7R RY. BOARETIE
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FOFMTIZ1IKV, 21 ADFREREZFH 2D 30 MHz TA
A v F ¥ 7 RE% RF MOS FET % B S vl 4t
ENTna,
2.2 HFERINTV T2 N—4

A N— OERBEERE LTOREN TR E
LTCFig2@IZmdT 7V T v I A4 =5 N D
. NRT—=FNAL ZADAL v F v ZEEZFIH L -5
WEFE LT, 707 v VEIL o= ofiic—
77y VRIL UN— 7 R D/ERIEIER R DY, 7
VT DA Y N— S Z R E T AL {7 — b
ERED I S BT 2 B D O DM & TR IAE SR
LR ER L CwA. PEERAL v F L IFEF (Z0Y
ASITHT) 270 vy VERICERL, BRERERBLY
FAf % Fig. 2@ & 5 WCH#EH T 5. 2 2T, SIT1 &
SIT4, SIT2 & SIT3 % ZhZ N & & TEKHEIZ ON/
OFF 352 & CAMICKHBREZRT LN TEL. &
TICEM SN2 BEIHIBEEL E 20, AFMITEEA
WoORE, HFEMI Y32 THEFHERZIS 2
ETHEMICEREIOEWRHERZ R L, 2 oMRE
NHRRE LD, FEIMBHA ¥ N— & BEFIE IS
Fig. 2 \IR$ &9 WA T REWA > N— 5 2/ LT
W5, FEIA NVEHWSEOME - BT T A<
HR R EORE, ARTORBIIG U CHEEIf VAL V5
7 5 v AN L L, LCR BA 3 o % o Je4i 7 i Bohs2s
B4 52 &12% Y, Fig 2b)d X 9 7 LIRE I B Hw 1
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Fig. 2 Resonance type RF inverter circuit(a) and PLL circuit for
automatic frequency tuning(b).
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Table 3 Maximum specification of SIT(Tokin:TM-502D) used in
the inverter.

Gate-Drain Voltage 450 V
Drain Current 30A
Gate Current 0.1A

Drain Loss 400 W
Turn-off Time ~50 ns
Turn-on Time ~50 ns

frequency : 1 MHz

25

)
20 F =
z S
~ =
= 15 | o
c
S 5
a 10 | 7]
L - Q
m 7 . C
5 k ~ =@~ Inverter Output : Pr¢ do2 &
Pl =€~ Dummy Load Output : Py &

0 - 'l A 'l L 0

0 5 10 15 20 25

DC Input Power (kW)

Fig. 3 RF output power and DC-RF conversion inversion effi-
ciently in SIT.

I b, Fig 412 PWM A ¥ oN— 7 ORAREEFH %2 R
T, Fig 2IZR L2707 ) v VB A U ox—7 2B W
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57 4 v 5 O Re o B ik B B BO% 53131 55 8y
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DAA v F v ZREICE Y P Sh, IGBT Tld 30~50
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BHFELOF— bV ZAEFIZ TTL PR E T2 v
TWDL I EMND, 7— MNERE SOV 2 DA Hc~ A
ru7utyd—a=yv b (MPU) 71 ¥ V5N
HIZeE (DSP) 7 LR M AAAR, HOREREEZ AT DA
VI TV MNT—FE TV a— )V IPMLDHEATNS

1066

(a)Comparator
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>
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(b)Comparison with Signal

Triangular Wave

Triangular
Wave

(c)Gate ON and OFF Signal

Fig. 4 Gate circuit drive of PWM inverter with triangular wave
comparison.
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Inverter circuit and induction coil circuit in thermal plasma production experiments using SIT inverter.

\Plasma Ignition

200

-200

Inverter Output Voltage (V)

100

-100

Inverter Output Current (A)

100
Time (ms)

200

Fig. 6 Inverter output waveforms of the voltage and currentinthe

RF thermal plasma generation when the output voltage is
amplitude-modulated intriangular shape. Argon gas pres-
sure:20 kPa.
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134~167 167~200
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0~35 68~101  101~134

Fig. 7 CCD camera pictures at every 33 ms after RF thermal
plasma is generated. Exact shutter timing of the CCD
camera is not clear. RF frequency : 1.2 MHz, Par=20 kPa.
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Fig. 8 Typical time variation of the SIT inverter inputimpedance
when RF thermal plasma is generated. The RF power is
turnedonatt=0.
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Fig. 9 Driving frequency dependence of adecrease of the coil in-
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Table 4 Specification of IGBT PWM inverter for Joule coil and vertical coil power supplies in HYBTOK-II tokamak.

Joule Coil Vertical Field Coil
Opearation Duration 26 ms 26ms
Rated Voltage +550V +300V
Rated Current +750A +1000A
Rated Load 0.220hm 1mH 0.1050hm 0.68mH
Control Output Instantaneous Value Control Output Instantaneous Value Control

Power Conversion

Self-excited Voltage PWM Inverter

Self-excited Voltage PWM Inverter

i IGBT(1200V 300A), IGBT(1200V 300A),
Used Device Single Phase Inverter Single Phase Inverter
Cooling Natural Air Natural Air
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Fig. 18 Plasma current waveform in the 5 kHz current modula-
tion.
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rent is modulated at 10 kHz.
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Fig. 22 Block diagram of a fast feedback system using DSP and

IGBT inverter for plasma position control in HYBTOK-II
tokamak.

(MTT # : DSP6067) ®FEZMHk% Table 5 1ZR-7F. &
W7 EAE RIS E R[22 ISR ENTWAEDTER L
TWizRE v, 79 XA MBEOREHHICLE LR 57—
O - - BN EEEDSPICL VT &
T, IGBT 4 ¥ /N— % OFE I % MR LoD hl 7
VT A LA D TR T & 2 )RR HI AR S T,
M=o 75 X< HBMERE LT o~ @izt
BELICKE S HFGT DL ENERICI D RENRTWV S,
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Table 5 Typical specification of the DSP used in the present

feedback system.

Operation Frequency

167 MHz

Floating Point Arithmetic

1GFLOPS

Internal Program Memory

64 kByte(16k_32bit)

Internal Data Memory

64 kByte(16k_32bit)

SBSRAM 6 MByte
DPRAM 512 kByte
FRASH ROM 512 kByte
Port Size PCI Full Size 312.00_106.68mm
Power Supply Voltage +5V 1.7A (Typ)

A WFAFE & 72 DSP & IGBT PWM £ ¥ 8— % ##lA A
byl 7 7 A MEFERE S X7 410%, IGBT 4 ~
N—F OWFNERU & 5 RERILEITH) LTI N
< 7 EBORR ST KA OB EE PR H o K
BFRELCTCHEATES230TH 5.

5. £&8

KERAL, B BRI 28RS L v
KAAL o F ¥V ZFNA A% T 5 XA ER - B X OHl
WHA v N—=Z BRI TIT 27279 A< B - H#
FEBRER IOV TH Rz, REFFE T, SIT BEEA ~
N—= Bl HC7-EREFERT T A3 OER)ZEE
W, BT T A ENKEDA VoN— ¥ RO B IS S
BIOAIF AEETRNIEIC L D2 ERRET T A~ 4
Wi & DOEBRER A RCREWEA vN—F DT 5 A<
- mEIC B A AR R L. T, BEAKA v
N—ZBED XY ECISHIZETF 724 ¥ 3N— 7 OEEE
IEDTHEE LT, £ N —F D 3B L5 Hmdn
HRIRE OO B D Ik % BRI ISR E O Z R L
7o, BREWERT S A< AREOMERE LT, 7IA<
HERICEIFEIANA YV E=F Y ADLERIZED TS
AN ENZBHARE KT LTLE D 2 EAUR
SN, 137 2 ANEOR#ELL PLL IS X 5 B # K
JREFIHOEANL L, SHRFITREMITRI NI
—77, IGBTPWMA N —% % b h< 7 BEDY 2 —
VA VBLOEEMES 24 VERE LTHY, MHD
NEEEOHHZ A E Lzm# 7 5 X~ BREHER
EEH DSP 2 vz 7 5 X< hE iR @ bl g2k &
v, BEA N=FBEO N~ 75 X< HIHNE
FHE LCoFREI T G Lz, 79 A<ERE
FE LTI, 10kHz OZEHFFEBEEKIZBE VT 1kA 2Bz
PEAMEH 2 F-72T I A REICERTE, 747
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