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Multimegawatt solid state rf driver for generating rotating magnetic fields
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A radio frequency(rf) system using solid state switching has been designed and constructed that is
capable of driving a pair of loop antenna with a circulating power of 60 MW for millisecond pulses.
The primary application of this system is to produce an oscillating magnetic field in the frequency
range of 0.2—0.7 MHz, to generate and sustain a large plasma current. The maximum power transfer
from the rf source was measured to be greater than 10 MW. The driver consisted of 12 insulated gate
bipolar transistor modules driven in parallel, and was capable of switching 20 kA at 1700 V. A
sinusoidal current waveform with large circulating currents was obtained on the antenna by
incorporating the antenna in a high(60), parallel LCR resonant circuit. The low impedance switch
driver was matched to the antenna load through a 20:1 step-up air core transformer with a coupling
efficiency of 99%. ©2000 American Institute of Physids$s0034-6748)0)01908-(

In the field of experimental plasma physics, there arecies in the range of several hundred kilohertz, the antenna
several occasions when one finds it necessary to produdémpedance is on the order of a few ohms, so that the circu-
high power rf fields. The need could be based on the desirkating power required can be several hundred megawatts.
to either heat the plasma, as in fusion plasfnaisto produce  These power levels could not be achieved in previous experi-
and sustain a high density or large scale dischasyeother ~ ments, which led to small experiments where the plasma
application, one that has recently been under investigation gliameters were only a few centimeters, and the driven cur-
our laboratory, is the generation and sustainment of the magents produced axial confining fields comparable to the rotat-
netic configuration known as the field reversed configuratiodnd field (~100 G or less Even then, the large circulating
(FRC)® with a rotating magnetic field. power level(<10 MW) could only be achieved with pulsed

The FRC has a closed-field toroidal confinement geompPower in the form of ringing capacitor dischardeSircuitry
etry where the confining poloidal magnetic field is producedi” these experiments allowed for the current to oscillate for
solely by toroidal plasma currents. The simple and compact0—20 cycles before becoming to small too drive curfent.
nature of the equilibrium imbues the FRC with great poten-The rotating field, and hence the plasma currents, could be
tial to be used as a space propulsive device and powéusta|ned for only_a very short time. With the use of high
source. However, since there is no transformer threading theOWer rf tubes, discharges could be sustained for several
core of the FRC, the configuration has only been produced 4pilliseconds, but the low antenna power produced only a
fusion relevant conditions by inducing the plasma currenf!d, partially ionized plasmé. , ,
with a rapid reversal of the axial magnetic field, thus leaving A solu'tlon to this problem that did not require a Iargg
no easy way to sustain the current. A method to directly?"2Y of high power rf tubes and the associated driver cir-
drive a toroidal current that has been investigated for several
years, employs a rotating magnetic field embedded in the
plasma which generates a large electron current in the direc-
tion of the rotatiorf"® In these experiments, it was demon-
strated that under the proper conditions of rotation frequency Vecos@9
and plasma collisionality, the electrons became magnetized
to the rotating field while the ions did not. Current was
driven as long as the rotation frequeneylies between the
ion and electron cyclotron frequencies, i.e4<w<wce.

This condition prescribes fields on the order of 50 G and
frequencies wherew~10® for hydrogenic plasmas. The
magnetic field rotation is produced by two pairs of loop an-
tennas whose axes are at 90°, and where each pair has equa
sinusoidally oscillating currents that are separated by 90° in
phase as well(see Fig. 1 For meter length antennas and
plasma chamber sizes, the field magnitude requirement re-

sults in antenna circulating currerts~ 10 kA. For frequen-  FIG. 1. Field reversed configuration where the confining toroidal plasma
current is driven by a rotating magnetic field. The plasma current is driven
opposite that of the current in the external axial field coils in order to
¥Electronic mail:slough@aa.washington.edu produce the field reversal.
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FIG. 2. Experimental layout of the rf antenna, transformer, and IGBT
driver.
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cuitry was found by employing fast insulated—gate bipolarF'G- 3. Circuit diagram for the rf system depicted in Fig. 2. Elements inside
. - : the dashed area represent 12 identical units in parallel. Element values can
FranS|§tor(IGBT) svx{ltches(Semlkron SKM 4OQ GA 173 D be found in Table I
in a highQ, tuned circuit. A sketch of the physical layout for
the rf driver and the coil loops that form the vertical field

antenna is found in Fig. 2. The circuit schematic is shown in
. . L . . .. step-up transformer between the IGBTs and the antenna. In
Fig. 3 with the circuit element values given in Table I. With P-up

2 simole switch beina used to drive the circuit. a ver IOWorder to produce the sinusoidally varying waveform on the

) P 9 . . o ’ y antenna from a switch, a capacitance was added in parallel to

impedance load can be_ driven. Since it 'S a "?“ge a_ntennﬁ]e antenna and the antenna was driven as a parallel LCR

current (larger B,)) that is needed, the switch is an ideal ircuit at resonance. wherR is the sum of the antenna

source. To achieve an even lower antenna impedance, e st ’ d ol st At al i :

antenna was subdivided into four parallel loops with a totglaCUUM resIStance and plasma resistance. At aimost any sig-
nificant Q of a LCR circuit, only for the resonant harmonic

inductance,L,, of 0.67 uH. With the nominal oscillating . o
frequency of 2 10° rad/s, the antenna impedanZg was component of the switches’ square wave drive is there any

1.30. significant load impedance, so that the circulating current in
For a single IGBT in steady state, the device is capabldn® antenna, was sinusoidalsee Fig. 4. At resonance, the

of switching 400 A at 1700 V up to frequencies of 40 kHz. antenna impedance is purely real, @R, the resistance as

The rise and fall times for the device however are 120 and 5§€€n by the IGBTs, is given pr:_-QZA/NZ, whereN is

ns, respectively, so that the device is capable of operating df€ transformer turns ratio. The primary currépthat must

much higher frequency at the cost of increased internaPe switched by the IGBTs then is given by=21:N/Q,

switch heating. For a pulse train length on the order of 1 mssSinceQ is just the ratio of reactive to resistive impedance.

which was sufficient for the experiment, it was found that The factor of two is due to the fact that the switch can only

many of the continuous wave operating parameters of th&ansfer power during the half period that it is closed. Thus,

IGBT could be greatly exceeded. Specifically, it was foundthe current in the primary oscillates between 0 gndwhich

that the switched current could be as large as 3 kA, and th&orresponds to the circulating current oscillating between

the switching frequency could be as high as ®@frad/s. =lc.

These were not necessarily the limits of the IGBT for pulsed ~ Clearly a highQ circuit is advantageous in minimizing

operation as there was no indication of failure under thesghe primary current. If the vacuum resistance can be kept

conditions. The driver requirements for the IGBT were quitesmall compared to the plasma resistance then the only load-

modest. The gate voltage required to switch 2 kA at 1700 Mng, and thus power flow, will be into the plasma. In the

was only 20 V. absence of plasma, the main losses are resistive losses in the
To produce the 50 G field overat2 m length of the 40 capacitor and connections. To this end, hi@hhigh current

cm diameter quartz vacuum chamber required a total circueapacitors were constructed inexpensively out of aluminum

lating current,l 5, of 10 kA. Given the antenna impedance, foil and polyethylene sheets. The sheets were rolled up and

the antenna voltag®, of 13 kV was provided by a 20:1 placed in PVC pipe filled with food grade mineral oil to

TABLE |. Values for the circuit elements displayed in Fig. 3. The values for elements marked with an asterisk
are the net values for 12 components in parallel.

Element Value Element Value
Antenna capacitance 5 0.35 uF Antenna inductance, 5 0.67 uH
Air core transformerX; IGBT (12 in paralle)

Turns ratio 20-1 Internal inductarice 1.7 nH

Primary inductance 1.pH Internal resistance(on) 1mQ

Stray inductance 15 nH Duty cycle 40%
Charge supply capacitancg; 12 mF Circuit stray inductancel, & 6 nH
Charge supply voltaget V 800 V Primary voltage swingV,, 1300 V
Bypass capacitanc€} 36 uF Circuit resistanceRg 8 mQ)
Snubber capacitanc€} 18 uF Snubber stray inductanckey 3 nH
Snubber resistanc&®g 0.330 Load resistanceR, 25 mQ)
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by a transformer with a very high coupling coefficient and

the minimum primary inductance. Experimentally, these two
conditions were met by constructing an air core transformer
with a coupling coefficient of roughly 99%. The transformer

stray inductance was determined to be orl¥5 nH, with a

, . . , r : primary winding inductance of 1.aH (3 ), which limited

L 20F | the magnetization current to a few percent of the total pri-
(k& ) mary current.
0 -

To achieve the high coupling coefficient, the transformer
was constructed in the following manner. The primary wind-
v 500 - {hM\MH Hﬂ H[‘ ﬂ ﬂ r] ﬂf] rm {m q ﬂ r ing was effectively a single turn loop. It consisted however
P oo of a stack of 21 rectangular loops made of copper strip 10 cm
V) 500 - U U “ U u U \ U l U U wide and 0.25 mm thick all connected in parallel. Interleaved
. L L . between these loops were 20 identical secondary loops con-
0 10 20 30 40 50 60 70 : : ) -
. nected in seriegssee Fig. 2 where four of the windings are
time (psec) showrn). The primary and secondary loops were separated by
FIG. 4. Experimental traces during the initial ramp up of antenna currentPOlyethylene sheets 1.5 mm thick. The insulating thickness
From the top downl , is the total circulating current,, is the current flow ~ was made much greater than needed for voltage hold off in
in_the transfo_rm_er primary, ankzr_p is the voltage across the transformer grder to minimize the capacitive coupling between the pri—
primary. The initial supply charging voltage was 800 V. mary and secondary turns. By paralleling all of the primary
turns the flux through all of them was held constant. By
avoid flash over at the higher voltages. From previous exinterleaving a secondary turn between two primaries, with
periments it was found that with these materialsQaof  only a narrow gap between the strips, the flux through each
several hundred could be produced. Five of these capacitorsecondary winding was forced to be the same as well. The
each with roughly 70 nF of capacitance, were connected itransformer stack height of 8 cm was much smaller than the
parallel to form the antenn@, . The antenna itself was con- cross-sectional dimensiorgs-0.5 m) so that the inductance
structed of copper strip 6 cm wide and 0.25 mm thick. Forof the transformer was more like that of loop than a solenoid.
the frequencies of interest, the thickness of the strip is over  The startup phase of the rf antenna to an operating cur-
two skin depths. All connections were soldered to minimizerent of 10 kA is shown in Fig. 4. During startup, the largest
contact resistance. With no structures near the anten@a, a primary current is observed as the LCR tank is initially being
of 100 was measured. With the antenna placed on the expeigharged. The maximum power transfer to the Idadl5
ment with magnet coils, cables, pumps, etc. nearby, the disMW) was observed at this time. Circuit calculations were
sipative coupling dropped th@ to 60. This vacuun@Q how-  made based on the values for the various components mea-
ever was sufficient, since th® with plasma loading was sured in the experiment. The circuit parameters are given in
typically 20-30, so most of the power was delivered to theTable |, and the results of calculations for the same startup
plasma. conditions as the experiment reproduced the waveforms
From the previous discussion, to maintdjpat 10 kA  shown in Fig. 4. In order to reduce the inductive spike that is
with a loadedQ of 20, the required primary currert, produced when the IGBT switch is opened, a RCD snubber
~20KkA. In order to provide this current, 12 IGBTs were was employed across each IGBT module. The RCD snubber
driven in parallel. Paralleling the IGBTs also had the addedprovides for current flow during switch turn off, and dis-
benefit of reducing the switching resistance, as well as angharges the accumulated charge through the primary winding
stray inductance associated with the IGBT. Very low strayduring switch closure. The voltage ring up of the snubber
inductance on the primary side of the transformer was esserapacitor had the effect of increasing the switching voltage
tial. At the lowestQ of 20, the load as seen looking into the to almost double that of the initial charge voltage on the
primary was only 65 2. At the frequency of interest, one storage capacitors. This allowed for the energy storage bank
can associate 2 th of impedance of every nanohenry of to be operated at no more than 900(Mo sets of 450 V
inductance. By attaching the IGBTs and electrolytic capaci€lectrolytic capacitors in serigsand still produce circuit
tors to parallel circular feed plates the total stray inductanceoltages near the IGBT maximum. In order to suppress the
was estimated to be 6 nH. The circular arrangement of thewitch turn-off spike, a resistor—diode pair was added in se-
circuit elements assured uniform current sharing among thees with the IGBT gate, which slowed the switch turn off
12 IGBTSs. All connections between feedplates, transformersyithout effecting the turn on. The combination of the snub-
and antenna components were accomplished using striplinber and gate delay produced a switch waveform that looked
so that the only significant stray inductance was that assocsomewhat more sinusoidal than square wae® Fig. 4 and
ated with the transformer coupling. minimized the power loss into the nonresonant harmonic
To maintain the antenna voltage at low@r the trans- components. In addition, it was found that by operating the
former stray inductance had to be very small. At the sameawitch with a 40% duty cycle, the steady harmonic compo-

T T T T J T time the transformer primary impedance needed to be large
enough to keep the magnetization current small compared to
the driven current. These two conditions can only be satisfied

V
“10F B
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nent of the primary current could be kept smake Fig. 4,  ergy limited the time that such large currents could be sus-
with only a small decrease in driven resonant current. tained to less than 0.5 ms.

The circuit elements given above were arrived at after  During operation with 1 mTorr deuterium fill gas, the
optimization by operating a smaller number of IGBTs to presence of the plasma reduced the antenna inductance and
failure. It was found that when operating these devices welincreased the resonant frequency by as much as 5%. The
beyond their rated steady operating currents, the main failursequency shift required to maintain resonance could be
was an overvoltage of the internal bypass diobg (n Fig. = made in either of two ways. The simplest method was to
3) from the large voltage spike due to the high'dt during  change the drive frequency in time in a prescribed manner
IGBT turn off. No external snubbing was effective in this based on experiment. A more satisfying method was to de-
case since the origin of the voltage was the internal IGBTtect the off-resonant phase shift between the LCR tank volt-
connection inductanceV, e~ Lin dl/dt). A finite external  age, and the current flowing into the tank from the secondary
gate resistance however reduced the rate at which the curreot the transformer. The drive frequency could then be cor-
in the IGBT could be turned off, and this reduced the voltagerected by feedback of the phase shift to a voltage-controlled
transient. It was accomplished however, at the price of inoscillator. This method is currently being tested.
creasing the power dissipation during the switching. The
slower IGBT turn-off time meant that the device spent a
longer time in transition from on to off. Since the switch ;g $O&h,"l:usri]0rll Tﬁghgos\?, EZ)Og_(lI?9F?- Sol. InstrueT, 13171996
resistance is much higher during this transition, the dissipa ;- T'uszeewicki’“N j‘cl. Fljsio}zs,ezcl)a33' ( 135\5/6. Cl. Instrur, :
tion was roughly doubled for an external gate resistance ofi; A gjevin and P. C. Thonemann, Nucl. Fusion Suppl55 (1962).

20 ) compared to no external resistance. The slower turn off®'w. N. Hugrass, I. R. Jones, and M. G. R. Phillips, Nucl. Fufpn546
allowed the IGBT device to operate at up to ten times the (1979. N

rated steady currer(t~-3 kA). The time period over which Wéé\'o' Hugrass, I. R. Jones, and M. G. R. Phillips, J. Phys.3:276
the switch could be operated at the higher dissipation level s 5 "knight and 1. R. Jones, Plasma Phys. Controlled Fus2ns75
was never determined since the drop is stored capacitor en<1990.
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