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LOW-LEAKAGE, HIGH-CURRENT POWER CROWBAR TRANSFORMER

Roy T. Buck, WX-4
John D. Galbraith, CTR-11
William C. Nurnally, E-4

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Abstract

The design, fabrication, and testing of two sizes
of power crowbar transformers for the 2T-40 Toroidal
Z-Pinch experiment at the Los Alamos Scientific Labo-
ratory are described. Low-leakage transformers in
series with the poloidal and the toroidal field coils
are used to sustain magnetic field currents initially
produced by 50-kV capacitor banks. The transformer
primaries are driven by cost-effective, ignitron-
switched, 10-kV high-density capacitor banks. The
transformer secondaries, in series with the field
coils, provide from 1,000 to 1,500 V to cancel the
resistive voltage drop in the coil circuits.

Prototype transformers, with a total leakage in-
ductance measured in the secondary of 5 nH, have been
tested with peak secondary currents in excess of 600
kA resulting from a 10-kV primary charge voltage. The
test procedures and results and the mechanical con-
struction details are presented.

Introduction

The LASL ZT-40 Reverse Field Pinch (RFP) experi-
ment 1s designed to provide large, time-varying pol-
Jidal and toroidil magnetic fields for formation,
maintenance, and confinement of the reverse field
plasma ~onfiguration. The experiment is designed to
permit varying the time in which the reversed field
configuration {s formed from 2.5 ,s to 800 us by
changing the number of poloidal field transformer

feeds, the numbe~ of torcidal field windings, and by
changing capacitor banks (50 kV to 10 kV). The ini
tial peak magnetic fields are iritially established

by capacitor banks. Then the crowbarred currents pro-
ducing the poloidal and the toroidal fields are sus-
tained by a voltage source in series wih the circulat-
ing currents provided by the low-leakage, step-down
transformers described in this paper.

Electrical Design

The basic circutt diagram for the ZT-40 experi-
ment, shown in Fig. 1, 11lustrates the l-cation of the
power crowbar transformers in the overali system. The
requirements of the transformers vary with the desired
time in which the currents producing the fields rise
to peak value. The worst case is the 2.5 us field
risetime mode, in which the total current passing
th;ough the transformer secondaries 1s approximately
10/ A, and the load inductance for both the toroidal
and the poloidal field windings is on the order of 10
nH. The total transformer leskage inductance (or in-
sertion impedance) must be small compared to the field
windings to insure good energy transfer efficiency.
The 2T7-40 experiment was thus designed to have 12 par-
allel transformers in both the poloida! and the tor-
oidal field systems. The required series voltage pro-
Xagedvby the transformer secondary is on the order of

0 V.

The low-leakage trTnsformer design 1s based on

earlier work by Hirhanot in Japan. The LASL design
permits easy assembly and disassembly for
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modification of the turns ratio anc maintenance
without changing parts and coaxial cable header input
and output.

The low-leakage inductance is obtained py close-
1y coupling tne primary ana secondary windings and
designing a low-leakage flux path. Tne numbers of
primary and secondary windings (fabricated from flat
plates) are identical. The wingings are stacked on
th2 core su that primary and secondary windings alter-
nate as shown in Fig. 2. The windings are then inter-
connected 1ty provide the dasired turns ratio (i.e.,
one ]0-turn primary winging and 5 secondary windings
of 2 turns each in parallel gives a 10:2 turns ratio
as in Fig., 3). Several of tnese modules are then
piiced in parallel on the same core to produce one of
the twelve transformers required for each circuit.

Tne leakage inductance associated with each turn, Li7
consists of two major portions, the turn leakage in-
ductance and the interzonnection leakage inductance,
bath of which can be approximated by a strip line in-

ductance. Tne associated turr leakaje inductance is
then
A B S S .
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where g7 18 Theé Turn Separation, wy is the turh
wigth, i1 is the mean turn circumference, ajp is

the interconnecticn separation, w1 is the interr-n-
nection wigth, ang 17 1s the lengin of the intercon-
rnection. The total leakage ingv¢tance of the trans-

fgrmer in the secondary, L 75, €an be expressed :-
" N i
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where NgT Number of secondary turns per
52condary winding,
Ny - Number of madules per core,
Ny Nymber of secondary wingings per
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Npr - Numgz- of priairy turns per primar,
q'in-:]ir.g, and
N - Turns ratio - NpKg.

Tne core cross section angd the rumber of secon-
dary turns {or vol. s2conds) were determingg uysing
computer simylatiocn of the 2T-40 circult, including
the plasma-gominated inductive ‘cads. The primariec
of the transformers are ariv.n with 10-kV 1gnitro
switched, high-gensity capacitor banks, and the turns
rati1o gesired depends on the plasma lgsses, the Lran:-
former secondary current, and the operating moge of
7T.40,

Mecranical Design

The main thrust of the mechanical desigr of the
power crowbar transformer was to minimize the leakage
inductanze, to permit virns ratic changes witr~.1 re-
design, and tc provide lexible, low-inductance, high-
Currant inrut and output coaxial cable connections,

To minimize current path lencth and to permit
the winging turns ratic to be changed, a compression
joint, as shown in Fig. 4, was selected as the method
for effecting the current connections. A tab was
brazed to the ena of eacnh winding cnnnection to in-
crease¢ the rontact area and to minimizs contact burn-
ing probiems. Tnis configuration permits the winding
modules tc be disassembled and then reassembled with
a gifferent turns ratio, becacse the Connection tabs
can pe clamped to Iny psint along the length of the
cabie neader of Fig. 2.

Current is conducted to and from the transformer
by RG 17-14 coaxfal cable. Tne cables are terminated
in parallel plate cable headers (Fig. 51. Tne headers
are insylated from each nther using 0.8-mm-thick
sheets of low-density polyethylene {F1q. 21}, which
also insylate between the winding end of the header
and the winding ends that are not connected tc the
“eader. Polyethylene hats are used to extend the
creep distances at the cable guter tarminition, The
innier conductor ,f the cable ic terminated with a
crimped-on, stud-type connector. The outer conduCtor
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is terminated by clamping it to a wrough® copper
coupling, which is shrunk fit into thz aluminum
header. The header plates are held together and
repulsive forces resisted using Grade 8 thrcugh bolts
with phenolic standoffs. The primary and secondary
headers are similar.

The means of connecting between adja:ent windings
is a simple compression joint (Fig. 6). The windings
are aluminum, as are the buss strips and small strips
of 1.57-mm-thick polyethylene that are used between
windings and buss strips as required. A G-10 fiber-
glass-reinforced threaded rod through the buss connec-
tion area provides the needed compressive force,

To minimize inductance, clearances between sec-
ondary and primary, conductors were reduced as much
as possible without resorting to oil, potting com-
pounds, or SFg. This wac effected by using several
layers of polyethy1ene with a total thickness of 7.6
mm, interleaved in a serpentine fashion (Fig. 2) be-
tween the primary windings (for example, to closely
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approach the bussing area of the secondary windings).
The use of multiple layers of insulation overcomes
pinhole problems associated with individual layers of
polyethylene. The polyethylene was replaced by Mylar
in the production units because the vendor found it
was easier to assemble the winding modules.

The polyethylene interleaving between the prima-
ry and secondary windings does not insulate the wind-
ings from the transformer core. Consequently, an air
gap of 12.7 mm is used in conjunction with Mylar tape
to provide voltage holdoff. A window-frame-shaped
piece of 1.57-mm-thick polyethylene (Fic, 7) is used
in this gap to fcrce winding alignment relative to the
transformer core. This piece of polyethylene also
helps to prevent arcing as a result of corona in this
area, as well as exciudes coniamination.
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The original transformer les gn permits turns ra-
tio changes without the fabrication of new parts.
However, the change s a time-consuming process when
all 24 power crowbar transformers must be changed. A

POLYETHYLENE



design modification is now being instituted that will
permit changes between ratios of 10:1, 20:1, 30:1, or
60:1 with a time investment of 1 hour per transformer.

Testing
Experimental Transformer

The experimental transformer consisted of two
transformer modules with 20:2 turns ratios on the same
core. This arrangement was to be one-third the number
of windings of the final transformer.

The capacitance measurement for the experimental
transformer was 0.22 microfarads, which meant that a
full-size transformer would have a capacitance =i 0.66
microfarads. The leakage inductance was 10.9Z nH,
which translates to 10.92 : 3, or 3.64 nH jor 2 full-
sized transformer.

This transformer was hi-potted to 17.5 kVdec from
primary to secondary and pulse hi-potted to 10 kV
across the primaries. A 10-kV, high-density capacitor
bank was discharged through tne transformer into a
dummy load, with a resultan’. peak secondary current of
272 KA.

A saturated core test was periormed by removing
the dummy load and pulsing the transformer with the
secondary open. Monitoring the primary current indi-
cated that the transformer core was saturating late in
the pulse, but without excessive primary currents.

The dummy load was reconnected and observations of the
load current verified no damage had occurred as a re-
sult of the saturated core test.

Prototype Transformer

The prototype transformer consisted of six trans-
former modules, each module having 20:2 turns ratios.

A leakage inductance measurement of 4.35 nH was
obtained for this transformer. (At a later date a
better coupling between turns was accomplished and,
although a new leakage inductance measurement was
not made, it is expected that a lower value was
obtained,

Again a 10-kV capacitor bank was discharged
through the transformer into a dummy load, producing a
peak seccndary current of 660 kA. A similar saturated
core test was performed as with the experimental
t-ansformer, without negative effects.

A 1,000-shot life test at full voltage (10 kV)
and full current (660 kA into a dummy load) has been
performed with no indication of difficulty. The pri-
mary and secondary currents are the same shape and
amplitude for shot #1,000 as for shot #1. (Further
testing is planned.)

Production Transformer

Both the theta and zeta production transformers
are being fabricated by Stangenes Industries of Moun-
tain View, CA. Each .~ these transformers concists

of four transformer modules, each having a 30:3 turns
ratio.

Factory testing is performed in the following
areas:

Leakage Inductance - < 9 nH

Hi-potting - 21 kVdc primary to secondary
15 kV pulse across the
primaries.

LASL s testing these transformers at full volt-
age (10 kV) and full currert (350 kA for the Theta
transformer ard 500 kA for the Zeta transformer) into
a dummy load. The first production Theta transformer
was life tested for 1,000 shots at full voltage and
full current into a dummy load with no problems.

Summary

Two sizes of low-leakage, high-current
transformers have been designed and tested 1or the
ZT-40 RFP experiment. The total leakage inductance
in the secondary has been measured for the two-turn
secondary transformer as less than 4 nH and less than
9 nH for the three-turn secondary transformer. These
transformers operate with a primary voltage of 10 kV
and secondary voltages from 1000-1500 V with peak
secondary cur ents of 660 kA,

mis type of low-leakage transformer is ideal
for inserting a current-sustaining voltage in series
with the magnetic field wirdings of the ZT-40 and
other similar experiments. A typical transformer is
illustrated in Fig. 8.
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References

1. "Fast Puwer 'Crowbar' System Using a Current
Transformer with Extremely Low Leakage Induct-
ance," S. Kitagawa and K. Nirano, Rev. Sci.
Instrum., Vol. 45, No. 7, p 962, July 1974,



