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DEVELOPMENT OF A 3 MV PULSE TRANSFORMER*
by

G. J. Rohwein

Abstract

This report describes a 3 MV transformer designed for charging high voltage
pulse forming transmission lines, The transformer is an a‘r core spiral strip
design which incorporates ring cage shielding to control edge breakdown in the
secondary winding. The physical features oi the cransformer are described along

with 1ts electrical characterist{cs and the aperational results.

Introduction

Alr core transformers are an attractive alternative to Marx generators for
charging high voltage pulse farming transmissfon lines (PFL) such as those used
with kigh nower electron or ion heam ac:elerators.’"2 Some of the advantages
of transformer systems include simplicity, compactness, h.eh reliability, reason-
able cost and high energy transfer efficiency. The transformer described in this
report was designed to demonstrate these features. The primary objective, however,
wvas to establish the feasibility of multimegavoit speration. It was successfully
tested to 2.2 MV 1n an off-resonance, single swing charginz mode and to > MV in a
dual-resonance charging mode. The energy transfer efficleucles for the two modes
of operation were 58 and 91 percent, respectively, A 100 kV, 5 kJ capacitor bank
was used to power the transformer for all experiments.

Spiral strip transformers are particularly well suited to PFL charging service

because they inherently have a high interturn capacitance with a low total



capacitance to ground. This characteristic makes them much less vulnerable to
dlelectric breakdown between the final turne of the secondary winding from nano-
second voltage transients generated by discharges of the PFL than their helical
wire wound counterparts. However, spiral strip windings are very susceptable tn
breakdown from the edges of winding strip unless gspecial precautions are taken to
prevent highly enhanced electric flelds from occurring along these edges. This
problem was avoided in the present transformer by placing concentric ring capges
across the margins of the transformer which maintain a coaxial electric fileld
distribution in these regifons. The coaxial field across the margins f{s nearly
parallel to the uniform field through the thickness of the winding and, as a result,
rthe field enhancement along tle edges 1s minimized. The ring cage, more fully
described in the transformer nection, does not have a measurable effect on the
magnetic coupling of the transformer or contribute to cddy current losses. This
type of ring cage shiéldlng was used successfully on a number of earlier spiral
strip transformersl'B'A operated up to the 1 MV range and has proven to be

effective on the present 3 MV model as well.

System Description

To test the transformer it was necessary to build a capacitor bank to provide
primary pulsed power for the system. A load sectlon was also required which included
a capacitor, switch and load resistor. Two photographs of the system are shown in
Flg. la and l1b., A cross sectional diagram is shown in Fig. 2.

The capacitor bank consisted of two 1,85 #F capacitors arranged in an over-
under configuration for charging to plus-minus 50 kV, The bank was electrically
connected to the transformer primary through a parallel plate transmission line to
minimize hookup inductance., A maximum output voltage of 100 kV was obtained by

switching the capacitors In series with a spark gap placed between the high voltage
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Fig. 1. a. 3 MV transformer test system,
b. Transformer and capacitor bank.
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Fig. 2., Cross section of test assembly.

terminals of the capacitors. Thls switch was a commercially avallable rail gap

and was triggered with a pulse generated by a a 50 N coaxlal cable typlcally
charged to 70 kV. Triggered in this manner, and with an insulating gas mixture of
14.5 percent SF6 and B5.5 percent Argon, the rail gap operated repeatably in a
multi-channel mode, Figure 3 is an electrical schematic of the system,

The load section, coasisting of a coaxlal water capacitor, a switch tank ard
a water load reslstor, was connected in-line with the axis of the transformer.
For the dual resonance tests an oll~immersed tunins inductor section was added
between the transformer output and the water capacitor, The housings for both the
capacitor and Inductor were 60 cm diameter tube sections with acrylic interface
The switch and load resistor housings

plates between the oil and water sections.

were open top box sections which permitted access (o the interiors without
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Fig. 3. Electrical schematic of transformer test system.

uncoupling the exterior assembly. The high voltage switeh® was a two-electrode,
self-breaking gas—dielectric spark gap with disk grading rings in the housing (see
Fig, &4). The self-break level could be varied over a range of 1 to 3 MV by

controlling the SF6 pressure in the switch.

Fig. 4. Photo of P.V. spark gap.



Transformer Description

The transformer, shown in cross section in Fig. 5, has a single turn
primary surrounding a 42-turn copper strip secondary winding. The active
widch of both windings 13 30 cm. Eight layers of 0.019 cm thick polyester film
provide the turn to turn insulation in the secondary which, with the .025 cm
thick copper strip, make the finished winding thickness 7.6 cm. At 3 MV the
mean winding stress is approximately 450 kV/cm., The width of the polyester
insulation is 60 cm which leaves a 15 cm margin on both sides of the copper
winding. The series of split concentric rings (Flg. 6) extending across bath
margins of the transformer are located on the corz and case t> provide electric
field shaping ourside the active winding area, The rings are spaced apart
0.32 c¢m to allow free passage of the magnetic fileld through the cage. TInside the
case, the rings are potted in place with epoxy resin, Along the core, the rings
are divided into four 90° arc segments and held in place by longtudinal bars
attached to the core cylinder i{n the center of the winding and to a segmented
torus at the outer eads of the core. The segmented torus is supported by an
acrylic plate attached to the inside aof the torus and by the 5 cm dlameter copper
output tube which extends through the assembly,

The fleld shaping provided by the ring cage 1s essential to prevent dielectric
breakdown from the =dges of the spiral winding. The concentric rings maintain a
coaxial electric field distribution across the rarvglus of the transformer which is
nearly parallel to the unirorm field through the thickners of the winding. The
equipotential lines are thereby prevented from beanding sharply around the edges of
the thin winding conductor and creating highly eunhanced electric fields. Figure 7
is a plot of the equipotential lines across one transformer margin, through an

interfsace and into the water capacitor section,
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Fig. 7. FEquipotential plot across one margin and the ofl-water interface.

The rings on the core are divided into four symmetrical sections (Fig. B) to

prevent nanosecond voltage transients generated by the PFN discharge from breaking
down the slots in the rings and core cylinder. This problem artses when the core
diameter is large enough that the wave transit time around the circumference is a
large fraction of or exceeds the shortest rise or fall time of the PFN voltage
pulse (rypically under 10 ns). Under these circumstances {f the output of the
secondary winding were connected along a line on one side of a single slot, a
voltage equal to the full amplitude of the pulse could momentarily appear acraoss
the slot ana cause a breakdown. This problem was studied in separate experiments
where a fast rising voltage pulse (4 ns) was delivered to the ends of an array of
full turn rings inside a simulated case. The rings consistently broke down across
their gaps. The voltage pulse measured across the gap was equal to the full

amplitude of the applied pulse for the duration of the ring transit time,



Fig. B. One guadrant of core ring cage.

From these experiments it was found that gap breakdown could be eliminated hy
connecting the rings along a line opposite (1B0 degrees) the slot so that the
voltage pulse swept symmetricully around the ringe {n opposite directions from the
connection point., When the two fronts met at the gap, the voltapge difference
s-ross it was essentlally zero, The response time of the core ring cage was further
shortened by dividing the rings into segments and separately connecting earh set
of segments to the center core cylinder along a longitudinal line through their
mid sections. The output connection to the center cvlinder, which is also the
final turn of the secondary winding, was made opposite its slot to avoid similar

transient valtage breakdown prablems,



Far structural reasans, the transfarmer case was made of two 60 cm diameter
filament wound fiberglass reinforced polyester tube sections with integral flanges.
The acrylic end plates are attached to these flanges which also provide a rigid
connection to the external load system. The primary turn, located between the
fiberglass case sections, is also part of the structural assembly. It is attached
to the fi{berglass sections with shallow flanges around each edge ¢f the turn.

This arrangement facilitates agsembly of tha transformer and, when used in repeti-
tive pulse service, eases the problem of heat removal from the primary turn. The
fiberglass case sections are longitudinally slotted and aligned with the slot in
the primacy turn tc provide spaze for feeding the insulation sheets through the
side of the assembly. The slot and sheets are secaled with silicone rubber adhesive
to prevent oil leakape from the interior of the transformer.

When the physical assembly was complete the transformer was placed in a vacuum
chamber for oil impregnation, The oil used was an oxidation Inhibited water white
mineral oil. Tt was held under vacuum continuously for three weeks to assure full
oil penetration through the secondary winding and removal of all absarbed gasses
and moisture. After completing the impregnation cycle the transformer was ready
for testing.

The measured and calculated electrical parameters of the transformer are
as follows:
Primary inductance, L = ,590 gH
Secondary inductance, L_ = 488 pH

Mutual inductance, M 3 14 pH
Coupling coefficient, K .83

1]

These values were calculated using Nagaoka's inductances formulas® and

later verified by measurements.

8a 1
Lp = 0047 a [fn 5 3] HH



2
g = <0197 () NZak’ pH
M = .0047 2aZ nn, [r;B, - AB,] pH (for cotls of the same
172 171 2
axial length)
where
a and b are the mean radius and axial leungth of the coil, respectively.
N i{s the total number of turns.

ny and ny are the turn densities per centimeter length far the primary and
secondary windings.

k and k' are functions of b/2a taken from tables.
ry is the diagonal distance from the inside radius of one edge of the primary
turn to the smallest inside radius of the secondary winding at tbe opposite
edge.
By and B, are functions of the ratio of the mean coil radi{ and are taken
from tables.
Operatianal Results
Initially the traansformer was operated in an off-resonance single swing
charging mode. For these tests the capacitor hank was coupled directly to the
transfarmer primary turn and the transformer output fed directly to the 1.1 nF
load capacitar. Under these conditions the charge time on the load capacitor was
1 ps. A typlcal waveform for the single swing charging tests {s showa in Fig. 9.
The system was tested at successively higher vnltages until ar 1.8 MV a breakdown
occurred between one core torus and the outer ring cage. The breakdown flashed
across one of three acrylic spacer blocks which had been placed between the acrylic
end piate and the winding insulation to prevent lateral displacement of the winding.
Only tbe acrylic block was damaged. The transformer was drained and all three
blocks on that side were removed. After refilling the transformer with oil,

testing was resumed and the system was taken to a maximum of 2.2 MV without further
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Fig. 10. Dual resonance charge cycle velrage.

Sween = 1 ps/dive Voitage = 1,1 MV/div,
time on the side eppnsits the arevions broakdown 2here the acrylic spaver hlorxs
had not been remnved, The are tlashed sceross one of the remadning aervliic sparers,
in a manner similar te the firv: breakdown. Too orepalr the transformer 1t was
drained, opened and the remainiay blecv recowed, The danage was agatn - aimal.
The arc had tracked radicaliy acrong the extrens edpes of the polyester Insulation
hetween the sheets and the hiock,  The winding was vepafred bv trimming bhack the
fnsulation to just below the deptho of the are parh, approaximately 1 mm.

Stnce the spacer hlocks had orfginally been fastalled to prevent the central
lavers of the winding from shifting when the transfo mer was handled with fts axis
in a vert{cal position, !t was necussary to devise some other method to hald the
winding in place. This was accomplished hv fusing the edges of the insulaticn
sheets together along a number of radiai lines around the edge of the winding, A
heated soldering iron was used for this operatfon, The flat rip was drawn across
the edge of winding whicl melted the polyester film locally and fused the adiacent
sheets together. The depth of the fused lines was approximately 3 mm. With eight
such lines the winding was held securely from slipping and yet the nil could flow
freely into the winding when the unit was impregnated.

When the transformer was repaired and refmpregnated, testing was resured. XNr

further transformer treakdowns were experienced up to and including the 3 MV level,
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