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Summary 

This paper describes the construction details and 
test results of the 2XIIB flat-topping modules. Both 
practical design and construction considerations as 
well as fabrication techniques are discussed. 

Power for the main compression coils of the 2X1IB 
is derived by discharging a high-voltage capacitor 
bank and then crowbarring ar the current peak to 
obtain L/R decay in the Fields. To study plasma con
finement under these qutisi sr dy-state conditions, 
it is necessary to hold the t ."ipressiun-coii current 
constant for 10 ms. Tills is done by supplying only 
the I3R losses of the system, using a low-voltage 
bank. The low-voltage bank consists of 48 modules 
each supplying 20,000 A at i450 V to each compression 
coil for a total of 480,000 A. The low-voltage elec
trolytic bank is isolated froa the high-voltage (20-kV) 
bank by silicon diodes, which also act as crowbars at 
the end of the 10-ms flat-topping or in the event that 
the electrolytic bank Is not used. The 10-ns pulse 
is obtained by sequentially discharging ten electrolytic 
"drawers," each supplying a 1-ms pulse to each of the 
48 modules. Each "drawer" consists of 24 1500-uf 

electrolytic capacitors controlled by a tnyrisLu*. , 
isolated froa each other by rectifier diodes. Induc
tors are included as part of each drawer to limit the 
di/dt of the thyristor during the commutation process. 

Introduction 
Flat-topping the contpresslon~coil current for the 

2X1IB is achieved by sequentially firing capacitor 
banks into the coil. The current is brought up to 
full force within 500 us by the high-voltage capacitor 
bank. This current is then maintained by using a 
low-voltage power supply to supply only the IR drop 
in the winding. While the high-voltage bank must 
operate at 15 kV, the flat-topping capacitor banks 
need only supply about ^50 V. The basic 2XIIB cir
cuit design is shown in Fig. 1. It is a balanced 
system to reduce electrical stress on compression-
coil insulation. 

Basic Desipn 

The theory and basic equations of the flat-topping 
power supply axe given in Reference 1. The design 
equations are: 

This work was performed under the auspices of the U.S. Energy Research & Development Administration, under 
ntract No. W-7405-Eng-48. 

Fig. 1. Simplified schematic of 2XIIB system. 
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It is clear from the required capacitor voltage that 
cable resistance between the flat-top modules and the 
compression coils must be made as low as possible. 

Fabrication 

H^H-"HK t / T 2 

ripple 

where (l v-H^-.-^l 
Substituting the appropriate component values taken 

from the equivalent circuit (Fig. 1), we can calculate 
the required capacitor voltage, the expression for the 
current, and the ripple as follows: 

L = 30nh + 20[ih + 30nh =c 20uh 
R = 57uQ + 170prt + AOOuU + 170pfi + 57]iQ • 854pn 
1 = .5 x 10 A T, - pulse duration = 1 ms o 1 r 

Fron Eq. (1), 

V o 2RI = 2 x 854 * 10~ 6 x .5 x ; 0 6 = 854 V, o o 
which is 427 V on each capacitor bank. 

From Eq. (3), the current is 

{(1 + 23.5)<1 - e ' 

+ .5 x 10ue ' 

To simplify installation, we decided to use modular 
construction for the low-voltage capacitor banks. Our 
tests showed that the largest size silicon diodes 
(50 DOT) will carry 10,000 A reliably, with a pulse 
length of 70 ms. He further decided to subdivide each 
power supply Into 46 submodules each capable of pro
ducing 10,000 A. Available apace dictated cabinet 
size, and it proved to be convenient to put two sub-
modules into each cabinet. Also, rather than sequen
tially firing different modules, we chose to have each 
submodule contain 10 sequentially fired banks. This 
arrangement nininizes the influence of cable-length 
differences on the magnitude of individual current 
pulses. Twenty-four 1500-uf, 450-V electrolytic 
capacitors are mounted on each tray with the firing SCR 
and di/dt limiting inductor. (The SCRs have a maximum 
rating of 200 A/ys.) Each capacitor is charged through 
a 10-kfJ. 2-w reals tor and coupled to the tray buss work 
by a diode. This prevents negative charging if an 
oscillltory transient should occur. The diode also 
automatically removes a shorted capacitor from the 
circuit. In addition, each tray includes a shunt diode 
that prevents voltage reversal across the electrolytic 
capacitors. Without this diode, voltage reversal would 
occur when the capacitors absorb the energy stored in 
the di/dt inductor following the tenth pulse or if the 
pulses were spaced too far apart. 

Each capacitor tray is 838 mm (33 in.) long by 
279 mm (11 in.) wide and weighs 60 lb. This size is 
manageable for assembly by a single technician, an 
important feature to us because of the large number 
(1970) of trays that had to be assembled. A complete 
tray, with SCR, is shewn in Fig. 2. 

Because of the large number of capacitors and diodes 
(46,080) it was imperative to pretest each tray as It 
came off the assembly line. During testing, capacitors 
and diodes were checked for polarity reversal, shorts, 
and discontinuities. A shorted or reversed diode is 
spotted by an initial surge in charging current when 
the tray is activated because the 10-kfl resistor is 
bypassed. A shorted or reversed capacitor is located 
by a rise in the temperature of the charging resistor. 
This temperature rise is detected by placing a sheet 
of liquicrystal film Just above the tray being tested. 
The liquicrystal, which changes color in response to 
temperature change, allows the operator to quickly 
locate the bad component. Other "hot apocd" on the 

From Eq,. (4) , 

t - -23*5 In (23.5(1 - e " 1 / ' 2 3 ' 5 

I( t„) «= 1.05 x 10 6 (24.5(1 - e" 

+ .5 x 10"e 

)j - .498 ms 

• 4 9 8 / 2 3 ' S ) - .498} 

, 6 . - . 498/23.5 

.50603 x 10° 

z R l p p l e . (-50603 - .5) X 10" „ 1 M . l i 2 1 _ : Ripple g -
.5 * 10° 

Fig. 2. Complete capacitor tray (drawer) with SCR and 
di/dt coll . 



tray, such as br.d contacts, can also be located this 
way. An open diode la detected by Che presence of 
voltage after a quick discharge of the tray. 

The SCR trigger transformers were made to have very 
low interwinding capacitance (30 pf) to minimize the 
electrostatic coupling from primary to secondary, 
which could pretrigger the SCR under transients condi
tions. Pulse-transformer secondaries are loaded with 
33-ft resistors to provide a low-impedance path for 
transients occuring at either end of a transformer. 

The water-cooled high-voltage-diode heat sinks are 
etade from 1/16-in.-thick copper-plated aluminum. Alu
minum heat sinks pitted when pulsed to high current; 
copper plating eliminated this difficulty. 

The buss work within the module uses low-Inductance 
construction. It Is built sturdy enough to withstand 
the high-pulsed magnetic forces. A front view of a 
complete module, with capacitor tray.i and high-voltage 
diodes, is shown In Fig. 3. 

Testing 

Solid-state components are remarkably well suited 
to pulsed-power applications; however, manufacturers 
rate their devices for steady-state applications, and 
pulsed data are not available. Therefore, we built 
the apparatus necessary to test these devices under 
pulsed conditions. 

Pig. 3. Completed flat-top Module with capacitor trays 
and high-voltage crowbar diodes (tap). 

Our tests consisted of taking the no-load voltage-
versus-current (VI) characteristic of each device, sub
jecting it to ten high-current pulses (12,500 A and 
70 ma for diodes that operate at 10 kA and SO ps) t and 
then repeating the VI curves. We found that devices 
In wnich there was an observable change in the VI 
curves would fall within a few hundred normal pulses. 

Module Testing 

Each completed module was further tested to full 
voltage and current capacity by connecting it in a 
1/24 scale of the 2X1IB power system, A high-voltage 
oil bank (±15 kV) was fired to establish the 20 kA In 
400 ps. At the current peak or just after the 2ero-
vcltage point* the electrolytic trays were fired 
sequentially. During the high-voltage pulse, the diodes 
were checked for voltage sharing. SCR misfiring and 
other faults were observed in the load current. A 
schematic of the complete module, with test setup, is 
shown in Fig. 4. The flat-topped current pulse and 
applltd voltage appear in Fig. 5. 

Commutation Process 

After the high-voltage bank reaches the zero-voltage 
point, the current transfers to the crowbar diodes 
until the first group of electrolytic capacitor trays 
are fired. Considering only one module, as the first 
m o trays are fixed, the 20-kA commutate from the diodes 
to the SCRs. At this time, the di/dt is highest and 
is limited to 180 A/ys fay a 2.4-uH Inductor, which is 
part of the tray. As trays No. 2 through 10 are fired, 
the decrease in current is limited by the conducting 
Inductor while the increase in current is limited by 
the inductor of the just-triggered tray. As a result, 
the di/dt of trays No. 2 through 10 is about half that 
of tray No. 2. To minimize this, the SCR furthest from 
the diodes is triggered first so that the inductance 
of the buss bars aids In limiting the di/dt. Figure 6 
shows current commutation between the bottom diode and 
SCRs. 

Current commutation between trays is analogous to 
current commutation between phases in a polyphase 
rectifier. The same voltage notch appears and the rise 
and fall in tray current is also the same. 

RC Ketwork 

When the high-voltage banks fire, several possible 
ringing modes exist. Some of these modes could actually 
cause voltage doubling at the crowbar diodes. There
fore » surge suppression networks are included with each 
flat-top module to suppress unwantea ringing. 

Installation 

The 48 flat-topping modules and power supplies have 
been assembled and are ready for Installation. At 
present, detailed plans are being developed for in
stalling the modules in the Bpring of 1976, individual 
modules are being tested, and preshucdown work is under
way. Module installation and system debugging is ex
pected to take about 3 months. An essential part of 
the debugging process is the determination of the com
plete equivalent circuit of the entire power supply 
system, including the stray inductance and capacitance. 
Once this is determined, a transient analysis can be 
performed and appropriate surge networks can be designed 
and installed at proper points. Debugging Is not simply 
a question of locating Installation errors, it is also 
a period of experimental design. 
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Fig. 4. Flat-top module and teat setup schematic. ( Reference to a company or product name does not imp4y 
approval or recommendation of the product by the University of California or the U*S. Energy Research & 
Development Administration to the exclusion of others that cay he suitable.) 

Fig. 5. Flat-topped current pulse {top trace) and 
voltage pulse. 
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Fig. 6. Current commutation between crowbar diodes 
(bottom trace) and SCRs. 

the 2X1IB Containoent Magnet," in Proc. Fifth 
Symposium on Engineering Problems of Fusion 
Research. Princeton, NJ, 1974 (IEEE, New York, 
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