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SECTION 1

INTRODUCTION

This report presents the results of a pulse transformer de-

velopment program conducted for the U.S. Army Electronics Command

(E-COM) , Ft. Monmouth , New Jersey. Principal program objectives

were the development of fabrication techniques , fabricat ion and

limited testing of two pulse transformer designs , a reduced scale
“demonstration ” transformer , and a fu l l  scale “prototype ” trans-

former.

The described program began 8 December 1975. Two demonstra-

tion transformers were delivei~ed to the E-COM about midway through

the program . The program culminated in March of 1977 with the

delivery of one full scale prototype unit.

The pulse t ransformer  designs that are the subject of th is

S final report are air core , near uniform field designs first

developed and patented by J. C. Martin and I. Smith , AWRE (Atomic

Weapons Research Establishment), Aldermaston, England . Transformer

construction and design parameters are presented in Reference 1.

The principal distinguishing characteristic of the described

pulse transformers is the nearly uniform field operation of the

dielectric material that provides turn-to—turn insulation . This

attribute , in conjunction with impregnation of the winding with

a high dielectric constant medium to eliminate corona and to

permit operation of the dielectric at high stress, minimizes the

1. H. Aslin and P. Chao, “Pulse Transformer Design Study ,”
E—COM—75—1340—F (1976)
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volume of dielectric material and reduces stray series inductance .

Thus transformer high frequency response is improved in comparison
with more conventional pulse transformer designs.

The purpose in designing reduced scale demonstration trans-

formers, rather than proceeding directly to the full scale proto-

type unit, was threefold: first, the demonstration size trans-

formers provided the opportunity to develop and refine transformer
fabrication techniques in a size that was amenable to expeditious
revision. Secondly, and more importantly, the average power
capability of the prototype transformer exceeded the capability

of existing driving sources. Thus, to evaluate transformer
electrical design, an interim reduced power pulse transformer

was required, but in a design that incorporated the principal

~es of the full power unit. Thirdly, the electrical design
reduced scale transformers was guided in part by the antici-

~d need for a pulse transformer to satisfy the requirements of

a related, but near term Army pulsed power system.

Section 2 of this final report describes pulse transformer

design and fabrication. Section 3 presents test results, both
the low voltage testing conducted at P1 and the relevant results

from the high voltage tests conducted at the E-COM. Section 4

presents a su ary and conclusions.

The transformers are constructed by winding a wide , thin
sheet of conducting material onto a cylindrical dielectric form

with film type dielectric insulation between turns (Reference 1).

The secondary is wound on first, and short rod conductors, dis-

tributed over the width of the secondary conductor at its end ,

penetrate the dielectric cylinder and provide the transformer

output connection on the inside diameter of the cylindrical form.

8



After the secondary is wound onto the form, a soldered splice
connection is made to thicker conducting material , the p r imary ,
ari d it too is wound onto the cylinder. Although several varia-

t ions exist  wi th regard to the man ner in which connection is
made to the start and end of the primary, the approach taken
here is one in which a series of rod conductors , distribu ted
over the width and soldered to the end of the primary (adjacent

to the splice to the secondary conducting sheet) , pass through

holes cut into subsequent primary turns. This approach is taken

to reduce stray inductance associated wi th  the connections to
the transformer in order to improve transformer high frequency
performance . The hole diameter is made large in relation to the

rod diameter to provide the necessary insulation against the

applied electrical stress.

A similar set of rod conductors is soldered to the start of

the primary conductor . Thus, the transformer inpu t connections

take the form of two rows of conducting rods separated by a

distance sufficient to sustain the applied electrical stress.

After the winding is complete , a cylindrical fiberglass outer
case is installed . The outer case is divided into three segments ,
one of which contains clearance holes through which the trans-

former input connections pass. The segmented outer case is

bonded together over the winding and pla stic bu shings tha t
seal the input rod conductors are bonded onto the case .

Following installation of the outer case , end caps are
installed creating a completely sealed annular volume that con-

tains the transformer winding .

Polyester fiberglass is wrapped onto the diameter of the

assembled unit for strength.

9
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Finally, the annular volume containing the winding is vacuum
impregnated with ethylene glycol , a high dielectric constant
liquid 

~~~ ~ 
41). The purpose of the impregnant is to displace

air from the winding, and , by virtue of the large ratio of
dielectric constants between the ethylene glycol and plastic

film , to force the impressed electric fields into the elec-
trically stronger film dielectric material.

The described transformer construction is illustra ted in
Figures 1 and 2.  The construction of the demonstration and
prototype pulse transformers are described in more detail in

the following section.

10
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Die lec t r i c  cy l inder , windi ng
mandrel , and inner  case

Ou t p u t  feed th rough
connection

)

Insulation (sandwich )
a)  Winding  of secondary conductor.

End of pr imary
c 

____________

Joint  between secondary
and primary conductors

b) Winding of the primary conductor and feedthrough
conductor installat ion .

Figure 1 Uniform field pulse transformer construction.
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The transformer out-
put is loCated on

i ’ Insulation
(sandwich)

. Thin sheet
conductor

former
output
connections

Figure 2 Completed uniform field pulse transformer .

12 

- _ _ _



4

SECTION 2

PULSE TRANSFORMER DESIGN AND FABRICATION

2 . 1  DEMONSTRATION TRANSFORMER

Demonstration transformer electrical requirements are sum-

marized in Table 1. The demonstration transformers are intended

for use in an electrical circuit as illustrated in Figure 3. A

pulse forming network (PFN), resonance charged to 100 kV , is
thyratron switched into the transformer primary . The transformer

is connected in autotransformer mode, i.e., the primary and

secondary windings are connected in series.

The electrical design of the demonstration pulse transformer

is described in Appendix A of this report and is based upon the
design development contained wi th in  Re ferences 1 and 2.

Table 2 summarizes transformer physical and electrical
parameters and projected performance characteristics.

The following paragraphs describe transformer construction

and components.

2.1.1 Inner Dielectric Cylinder. The inner dielectric

cylinder upon which the transformer is wound and which forms,

in part, the transformer case is illustrated in cross-section

in Figure 3. The cylinder is polyester fiberglass with a finished
wall thickness of nominally ½ inch. The thickness of the cylinder

2. H. Aslin, “Uniform Field , Air Core Pu l se Transformers,” NSWC
Pulsed Power Work Shop, September (1976).
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—200 kV

1.5 c2 PFN

Charging 
+choke

_ _ _  100 kv RL = 2 4
~~

Thyratron

Figure 3 Pulse modulated electrical circuit (demonstration
transformer).
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TABLE 1. DEMONSTRATION TRANSFORMER ELECTRICAL REQUIREMENTS

Output voltage (into a matched load) 200 kV

Output peak current 8.3 kA

Load resistance 24 ohm

Input voltage (matched load) 50 kV

Output pulse width 5 ~i sec ( FWHN )

Output pulse risetime ~ 1 ~sec (10—90%)

Pulse droop ~ 5% in 5 u.isec

PRF ~~ 60 pps

Duty burst mode

15
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• TABLE 2. DEMONSTRATION TRANSFORMER DESIGN SUMMARY (REVISED)

Mean winding diameter = 51 cm
Width of winding = 51 cm
Number of primary turns = 15
Number of secondary turns= 47
Primary inductance = 75 ~.iH
Pulse droop = 4.6% in 5 jisec

Conductor material Copper
Current density (peak) 60 kA/cm2

Primary conductor thickness 0.004 inch

Secondary conductor thickness 0.001 inch

Insulation thickness * 0.0035 inch
(Kapton/paper/glycol)

Insulation stress 1.67 ky/mu

Total winding thickness 0.32 inch
Leakage inductance 1.4 pH

Risetime (10 to 90%) 1.09 psec

Primary conductor length 78 4 feet
Primary resistance (20°C) 7.9 m~Secondary conductor length 246 feet
Secondary resistance (20°C) 100 inc2

Case material Polyester-fiberglass

Case dimensions

Outer
Outside diameter 21.5 inches

Inside diameter 21.0 inches

Inner

Outside diameter 20.0 inches

Inside diameter — 19.0 inches

Length 26 inches

Weight 145 pounds

The insulation consists of a “sandwich” of two sheets of
0.001—inch—thick Kapton film separated by 0.0005—inch—thick
paper (3 sheets).

16
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is dete rmined pr incipa l ly  by the material strength necessary to
sustain the compressive stresses produced by the magnetic forces

ac t i ng  upon the t ransformer current  car ry ing  conductors. For
the required electrica l operating conditions , the peak mechanical
pressure exerted upon the transformer case is about 59 psia
(Appendix A).

B - fore the inne r cyl inder  is machined , four f iberglass
“spiders ” are installed in the cylinder inner diameter to pro-

vide additional mechanical strength. These “spiders” also

accommodate an axial shaft for machining of the cylinder outer

diameter and for installation into the transformer winding

appa ra tus .

The finished outer diameter and length of the inner cylinder

are 20 inches and 25—3 / 4 inches , respectively.

The thickened region of the inner dielectric cylinder

i l l u s t r a t ed  in Figure 4 provides a flat surface on the inner
cylinder inner diameter for installation of the output con-

ductors. A longitudinal slot, about 1¼ inches wide by ½ inch

deep is milled into the outer diameter of the cylinder in the

thickened area. This slot accommodates two brass bars between

which the end of the secondary copper conductor is sandwiched .

The upper bar contains three studs that pass through clearance

holes in the lower bar and cylinder wall. One stud is located

at the center of the cylinder (longitudinally) and the other two

• are spaced 8 inches to each side of center. The studs are sealed

by means of 0-rings on the outer diameter of the dielectric

cylinder.

After machining and clean—up, the f inished inner cylinder
is installed in the winding apparatus, Figure 5. The inner

17
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25—3/4 in.

L

I

20 inch
diameter

Figure 4 Inner dielectric cylinder.
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Figure 5 Demonstra t ion t ransformer  w i n d in g  m a c h i n e .
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cylinder is not shown in Figure 5, but it is installed on the
horizontal motor driven shaf t at the front of the winding apparatus.
Also shown in Figure 4 are the rolls of conducting and dielectric

material which are collected and wound onto the inner cylinder.

2.1.2 Winding Conductor. From Table 2, the thicknesses of
the transformer winding copper conducting material is 0. 001 inch
and 0.004 inch for the secondary and primary conductors, respec-
tively.

From Reference 1, the use of aluminum conducting material is

preferred if minimization of transformer weight is a prime con-
sideration. However, in the present case, transformer high
frequency response is of greater importance; and thus, copper
conducting material is used. For equal heating , the thickness

of copper conducting material is about two-thirds that of aluminum .

Thus , using copper, the thickness of the winding is reduced , and,
since the transformer high frequency response is inversely pro-

portional to the winding thickness (Reference U copper con-

ducting material is preferred .

The width of the copper conducting material is 20 inches;

from Appendix A the current density in both the primary and

secondary conductors is 60 kA/cm2.

Annealed copper alloy , ASTM type 110 , was used in the demon-
stration transformers. rhis alloy is greater than 99.9 percent

pure copper and is widely used in electrical and electronics

applications because of its ductility and ease of soldering.

2.1.3 Dielectric Material. The dielectric “sandwich” which
provides transformer turn—to-turn insulation consists of two

sheets of 0.001-inch—thick Kapton* dielectric film (type H) and

Kapton-Dupont polyirnide film.



thr ee sheets of 0.0005-inch-thick capacitor grade kraft paper.

The paper separates the sheets of Kapton from themselves and
from the copper conducting m a t e r i a l .

Paper is used as a “wick” to aid impregnation of the winding

to insure penetration of the inipregnant into the winding .

The choice of Kapton film was based principally upon its

~b~~1ity to withstand relatively high temperatures without sig-

nificant degradation of its electrical and mechanical properties ,

ari d by virtue of its high breakdown field strength in thin

sheets.

W i t h  regard to the insula t ion s t rength of Kapton , Appendix B
descr ibes breakdown field strength measurements and results for

Kapton f i l m .  In these measurements , stack s consis t ing of 3 sheets
of 1-mu fil m , imbedded in ethylene glycol , were tested under

pulsed cond itions to breakdown. The volume of film which com-

prised a test sample was about 7 cm3. Although there is con-

siderable scatter in the measured results , depending upon the

cleanliness of the test setup and the care with which the film

material was handled , the best results yielded breakdown field

strengths of more than 6 MV/cm ( 15.2  k y / m u ) .  In comparison ,
the mean peak design stress in the Kapton f i lm for the demonstra-
t ion transformer is about 0.66 MV/cm (1.7 ky/mu ).

The width of the dielectric material is 24 inches and

• extends 2 inches beyond the conducting material at each edge.

2.1.4 Impregnant. The choice of impregnant in the present

I application is ethylene glycol, a high dielectric constant

liquid (I r ~ 41). Water is frequently used in these applications

as well , but in this case, because the boiling point of ethylene

21
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is about 197°C, the material is more compatible with the temper-
ature capabil ity of the Kapton dielectric film material.

2.1.5 Outer Case. The outer case, like the inner , is
polyester fiberglass. Its inner diameter is about 20.6 inches ,

and its length is 25-3/4 inches, equal to the inner cylinder
length. Wall thickness is about ¼ inch. After fabrication, the

outer case is slit lengthwise into three equal pieces. Clearance

holes to accommodate the input connections are drille d into one
of the segments.

2.1.6 Demonstration of Transformer Winding. After the

inner dielectric cylinder and winding materials are installed

in the winding apparatus and ali gned, winding begins with
installation of the secondary conductor. The dielectric materials

are gathered together as they leave their rolls and form a

“sandwich” (paper-Kapton—paper-Icapton-paper) . Thickness of the

sandwich is 0.0035 inch excluding the effect of small wrinkles

that tend to increase its thickness. The dielectric “sandwich”
and copper conducting material are brought together at a point
past the cutting bars (Figure 5) which are used to prepare the
cut-outs in the primary conducting material. The inner cylinder

is motor driven on its shaf t and the winding materials are
pulled onto the cylinder outer diameter.

Tension of the materials is controlled by means of adjustable

friction bearing surfaces assoc iated with the shaf ts of each roll
of material.

The secondary winding of the demonstration transformer

consists of 47 turns of material, and the minimum thickness of

the completed secondary winding is about 0.21 inch.

22 —



Follow ing comple tion of the secondary wi nd in g, the conductor
is par ted and soldered , us ing an overlap solder ~~int , to the
thicker (0.004 inch) primary conducting material . At the same

t ime , d iscrete rod conduc tors , wh ich form the end of pr imary
feedthrough for external electrical connection , are soldered to
the thicker conducting material near the primary secondary joint.

The feed throug h conductors are re la t ive ly  short (approxima tely

~ inch), but af ter the wind ing  is comp lete , longer rod ex tensions
are screwed into them .

Af ter the primary secondary solder joint and means for

connect ion are complete , the primary conductor is wound onto
the cylindrical assembly. Before each turn is wound on however ,

holes are cut into the conducting and dielectric material , through

which the feedthrough conductors pass. Hole location in the

material to be wound onto the transformer is determined by measure-

men t of the transformer circumference. This measurement , includ-

ing a correction for the small increase in diameter due to the

thickness of the following turn is translated to the feeding con-

ducting sheet and dielectric “sandwich .” The shape and dimen-

sions of the holes cut into the primary conductor are illustrated

in Figure 6.*

The holes are oblong in shape to accommodate circumferential

misalignment. This misalignment arises as a result of the diffi—

• culty of translating the circumferent ia l  hole location measurement ,
and its correction , to the feeding conducting material. This

difficulty in combination with variation in the “tightness” of the

The f i r s t  t ransformer  tested by the E—COM contained five feed-
through conductors in each row. Cut-out width and length were
1½ inches by 2½ inches, respectively. Feedthrough conductor
diameter was ¼ inch . Cut-out dimensions were increased to those
shown in Figure 6 for the second “demo” transformer to reduce the
electric field in the feedthrough cut-out regions. To offset the
resulting decrease in the remaining conducting material , the
number of feedthroughs was reduced from five to three .

23
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Cut-out in the
Cut-out in dielectric
conducting material

2—7/8 inches

Material wound in
this direction

Figure 6 Demonstration transformer feedthrough
cut-out dimensions.
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p
t u r n  leads  to the described c i r c u m f e r e n t i a l  m i s a l i g n m e n t .  Al ign-

m e n t  of the feed throug h hole edges over the wid th of the winding
is rc~~at i v ely  eas i ly  control led; i t  is o n l y  necessary that  the

conducting material be fed straight onto the cylinder.

The “demons t r a t ion” t r ans former  p r i m a r y  w i n d i n g  is 15 t u r n s .

Conductor thickness is 0.004 inch and , as before , the dielectric

“ s a n d w i c h ”  is 0 . 0 0 3 5 - i n c h  th ick . Thus , the m i n i m u m  th i ckness  of

the p r i m a r y  wind ing  is about 0.11 inch .  Total  t h i c k n e s s  of the

wind ing is about 0.32 inch (0.82 cm).

A row of conducting rods , identical to the “end of pr imary ”

f eed th rough  conductors, are soldered to the las t  pr imary  t u r n .

Separa tion between the two resul t ing rows of conduc tors is about
4 inches.  This spacing is s u f f i c i e n t  to sus ta in  50 kV appl ied

• voltage without breakdown in air.

After completion of the winding and its connections , the

three piece polyester fiberglass outer case is installed over

the winding and bonded together.

Dielectric feedthrough bushings are bonded onto the case

over the feedthrough conductors. The bushings contain 0-rings

tha t  seal again st the feedthrough conductors (Fi gure 7 ) .

• After the outer case is installed , the partially completed

transformer is removed from the winding apparatus and fiberglass

• ends are bonded onto the case. When bonding is complete , the

winding is contained within the completely sealed annular region

between the inner and outer dielectric cylinders. However,

tapped holes are provided in one end of the unit for impregnation

of the winding .

25
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¼ inch—2b UNC nut (brass)
Sleeve (brass )— .——— ~~~~~

“0” rings
Spacer (PVC)

a) Assembly of the
inner primary tap.

0~~
” Double threaded

~~~~~~~~~~ stud (copper )

Inner dielectric
Stud nut cylinder
(copper) ‘4

I Top bar (brass)

Stud (brass)

Bottom bar b) Assembly of the
(brass) outer feedthrough

Inner dielectric
Spacer cylinder~~~~~~~~~~~~~~~~

Figure 7 Transformer bushing assemblies.
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Before the unit is impregnated however , addit ional  polyester
fiberglass is wound onto the transformer outer diameter for

strength.

2.1.7 Impregnation. The transformer winding is vacuum

impregnated with ethylene glycol to displace air from the winding ,

and , by virtue of its high dielectric constant ( C
r ~~ 41) , to

force the applied electric fields into the electrically stronger

Kapton film dielectric material. Ethylene glycol is also

compatible with Kapton in terms of operating temperature ; the
• b o i l i ng  point  of glycol is 197°C.

Impregnat ion of the transformers was f i r s t  performed w i t h i n

a large vacuum tank ; a tank large enough to accommodate the

glycol in its container as well as the transformer. This was

done to degas the glycol before introducing it into the trans-

former winding.

However , because of the long pumping time required to achieve
an acceptable vacuum, this approach was abandoned in favor of

pumping directly upon the annular  volume of the winding in its
housing. As i l lustrated in Figure 8 , two stand pipes , diametric-

ally opposed , were installed onto one end of the unit. Vacuum

was drawn from the top of one stand pipe, and a thermocouple

gauge was installed at the top of the other to provide a means

of measuring the vacuum.

The winding was evacuated using a 5 CFM mechanical pump.

The winding was evacuated for at least 24 hours at which time

the internal pressure was about 0.3 torr and was stable at this

pressure.

Ethylene glycol was introduced near the bottom of the stand
pipe containing the vacuum Connection . The glycol was poured
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Figure 8 Vacuum impregnation setup.
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slowly into the winding under vacuum conditions ; slowly enough

to permit de-gassing of the glycol. Vacuum was maintained until

the glycol completely covered the winding. At this point, the

standpipes were let back up to atmospheric pressure to force the

glyco]. into the winding. At no time was the glycol level allowed

to fall below the height of the winding. Performed in this way ,
a successful , bubble free, complete impregnation was achieved .

- Af ter impregnation, one of the impregnation holes was sealed
off and a glycol filled volume compensator was connected to the

remaining inlet. The compensator maintains a small positive pres-

sure in the annular region containing the winding and permits the
glycol to expand and to contract with temperature changes without

drawing air into the volume.

The second demonstration transformer completed in the course

of this program is shown in Figure 9. The transformer weight is
about 190 pounds, of which more than half is the combined weight

of the inner and outer cases. The thickness of the outer case

is greater than actually required and transformer weight could

be reduced by 30 pounds without any loss of required strength.

2.2 PROTOTYPE TRANSFORMER

Prototype transformer electrical requirements are summarized
in Table 3 and the electrical circuit in which it is to be used
is illustrated in Figure 10. The transformer in this case too is
driven from a thyratron switched PFN. However, in contrast to
the demonstration transformers, the prototype unit is operated

in “conventional” rather than autotransformer mode.

The electrical design of the prototype transformer is
presented in Appendix C, and Table 4 summarizes the principal
electrical and electrical quantities.

L—~ ~ - 
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TABLE 3. PROTOTYPE TRANSFORMER ELECTRICAL REQUIREMENTS

Output voltage (into a matched load) 163 kV

Output peak current 32.2 kA

Load resistance 5.06

Input voltage (match condition) 19.2 kV

Output pulse width 10 ~isec (FWHM )

Output pulse risetime ~ 1 iisec (10-90%)

Pulse droop ~ 5% in 10 isec

p~y 120 pps

Duty Burst mode

31
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PFN
~ 0.070 ~

Charging + 38.4 kV
choke 

+ 163 kV

~~~~~~~~~~~~~~~~~~~~~~ _ _

5.06 ~

E

s 

I

Figure 10 Pulse modulator circuit (prototype transformer) .
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TABLE 4. PROTOTYPE TRANSFORMER DESIGN SUMMARY

Mean winding diameter 108 cm
Width of winding 100 cm
Number of primary turns 3
Number of secondary turns 27
Primary inductance 6.7 pH
Pulse droop 4.6% in 10 psec

Conductor material  copper
2Current density (peak) 60 kA/cm

Primary conductor thickness 0.020 inch

Seconda ry conductor thickness 0.002 inch

Insulation thickness* 0.0055 inch
(Kapton/paper/glycol)

Insulation stress 1.6 kV/mil

Total winding thickness 0.27 inch
Leakage inductance 88 nfl

Risetime (10 to 90%)  1.5 psec
Primary conductor length 1.02 x l0~ cm

Primary resistance (200C) 0.34 mS2

Secondary conductor length 9.2 x l0~ cm
Secondary resistance (20°C) 31 m~

Case material Polyester-fiberglass

Case dimensions

Outer

Outside diameter 43.5

Inside diameter 43.0

Inner
Outside diameter 42.5 inches

Inside diameter 41.5 inches

Length 50 inches

Weight 690 pounds

The insulation consists of a “sandwich” of two sheets of
0.002-inch-thick Kapton film separated by 0.0005—inch-thick
paper (3 sheets).

_ _  
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Construction of the prototype transformer is very similar to

the demonstration units except for size and some details.

2.2.1 Inner Dielectric Cylinder. The diameter of the proto-

type unit inner polyester fiberglass cylinder is 42.5 inches. Wall

th .ckness is 0.5 inch.

To provide added strength, four fiberglass rings were
installed in the cylinder inner diameter . Aluminum “spiders ”

were attached to the rings to accommodate an axle for machining

of the cylinder and for transformer winding. The “spiders” were
removed after completion of the winding.

As was the case with the demonstration unit, the prototype

inner cylinder contained a thickened region and was slotted to

accommodate metal parts for electrical connection to the end of

the secondary conductor , which forms the output connection. The

number of discrete conductors that form the output connection was

increased to eight because of the higher current in the prototype
unit.

The winding apparatus for the prototype unit is shown in

Figure 11 with the inner cylinder in place and in the process of
being wound. The winding apparatus is similar to the one used
for the demonstration units, except much larger.

2.2.2 Winding Conductor. From Table 4, the thickness of
the copper conducting material (alloy No. 10), which comprises

the prototype transformer winding , is 0.020 inch and 0.002 inch

for the primary and secondary , respectively . Conductor width is

40 inches but because of the unavailability of suitable material

in single widths, two 20 inch strips of copper were used. The

strips were wound onto the transformer together. Spacing between

strips was about ¼ inch.
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Fi gure 11 Prototype transformer apparatus.
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The primary conductor was too large to be conveniently

wound onto the transformer in a single thickness, and thus , the
conductor consisted of two sheets of 0.010-inch-thick material ,

one on top of the other. The sheets were separated by a single
thickness of 0.0005-inch-thick paper except at their ends where

they were soldered together. The paper insulation permitted the

magnetic field to penetrate between the sheets. As a result,

current flowed on both sides of the individual thickness of the
conductors and skin effect was reduced.

2.2.3 Dielectric Material. The dielectric material used in

the prototype transformer consisted of two sheets of 0.002-inch—

thick Kapton film, and three sheets of 0.0005—inch-thick kraft

paper. Width of the material is about 44 inches in single sheets.

Thus , the material extends 2 inches beyond the winding con-
ductor at each side. The dielectric “sandwich” thus formed was
very similar to that used in the demonstration transformers

except for thickness.

2.2.4 Impregnant. The impregnant used for both the demon-

stration and prototype transformers was the same; ethylene
glycol.

2.2.5 Outer Case. The prototype transformer outer case

was similar to the demonstration units except larger. Its inner
diameter is about 43 inches, and it is about 48 inches long.

Wall thickness is about ¼ inch.

2.2.6 Prototype Transformer Winding. Winding of the proto-
type transformer was similar to the previously described demon-

stration units. The secondary was first wound onto the inner

cylinder, but in this case the secondary consisted of 27 turns.
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At the “ s ta r t ” of the secondary , a soldered splice connection was
made to the thicker primary material. Eight rod feedthrough con-

ductors were also installed at this point, i.e., at the “end ”

of the primary. Then the primary winding was wound onto the

u n i t .  Holes were cut out in subsequent pr imary turns  to clear
the feedthrough conductors. Cut-out dimensions for the proto-

type tra nsformer are shown in Figure 12.

The primary winding consisted of three turns , and when
completed , a second row of eight rod conductors was installed
at the “start” of the primary winding . Thus, as was the case

with the demonstration transformers , the input connections to

the prototype unit were two rows of rod conductors separated

by about 3 inches. Because of the higher current of the proto-

type uni t , eight rod conductors were used in each row.

After the winding was finished , the transformer fabrication

was completed in the same way as were the demonstration units.

A three piece epoxy fiberglass outer case was installed over

the winding and the sections were bonded together. Feedthrough

bushings were installed over the input connection rod conductors .

The transformer was then removed from the winder and epoxy fiber-

glass ends were installed . Finally, epoxy fiberglass was

wrapped onto the outer diametei to provide additional strength.

2.2.7 Impregnation. Impregnation of the prototype trans-

former was performed in the same manner as were the demonstratio’

units; the annular volume containing the winding was evacuated

and back filled with ethylene glycol.

The completed prototype transformer is shown in Figure 13.

Total transformer weight is 806 pounds. More than half the trans-

former weight is associated with the inner and outer epoxy fiber-

glass cases. Although, as was the situation with the demonstration

units , the weight of the outer case can be reduced by about 800 pounds

without loss of necessary strength.
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Cut-out in material
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V Figure 12 Prototype transformer feedthrough
cut-out dimension .
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Figure 13 Completed prototype transformer .



SECTION 3

TRANSFORMER TESTING AND TEST RESULTS

3 .1 TRANSFORME R TESTING

Both the demonstration and prototype transformers were

tested under low voltage conditions at P1 to accurately charac-

terize their equivalent electrical circuits.

The test circuit is illustrated in Figures 14a and 14b

for the demonstration and prototype transformers respectively.

The transformers were tested in their intended configuration ,

i.e., the demonstration transformer was connected in auto-

transformer mode whereas the prototype uni t was connected in
“conventional” mode.

For testing in both cases , the pulse source consisted of
two parallel , low inductance energy storage capacitors. Their

combined measured capacity was 3.878 pF. The capacitors were

connected to the transformer under test by means of a low
inductance strip line feed (Figure 15). The upper conductor

consisted of two overlapping parts separated by a thin sheet

of Mylar. FoL testing , the capacitors were dc charged to

about 2 kV and a thumb-tack, located in a close fitting hole
in the upper conductor, was driven through the Mylar sheet

and into the lower conductors. The “thumb-tack ” switch thereby

completed the circuit, and the source capacitors were d ischarged
into the transformer primary.

- . - 
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Figure 14 Transfor~er test circuit.
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Transformer measurements were made for two conditions; the
secondary (1) open circuited and (2) short circuited . Using a

resistive divider monitor and oscilloscope , the resulting
oscillatory waveforms produced by discharge of the source

capacitors into the transformer and test were recorded. Measure-
ments were made both directly at the primary of the transformer
and at the secondary . These measurements in conjunction with

the known driving capacity and voltage permitted an accurate
characterization of the transformer equivalent electrical
circuits.

The resulting equiva1ent electrical circuits for the two
demonstration transformers and for the prototype transformer
are illustrated in Figures l6a and 16b, and Figure 17, respective-
ly.

3.2 TEST RESULTS

The measured values of primary inductance agree very closely
with the calculated values for both the demonstration and proto-
type transformers. Agreement with regard to the leakage inductance
is less satisfactory, however. This apparent discrepancy arises
as a result of the actual thicknesses of the transformer wind—

ings compared with the ideal values. The dielectric film
material tends to wrinkle and increase the “sandwich” thickness

appreciably. The measured values of leakage inductance are a

direct consequence of this effect.

In Figure 16 , the leakage inductance of the second demon-
stration transformer is greater than the first. This is due

principally to the reduction of input connecting rods from five

to three.

- _ _ _ _
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a) Unit No. 1 delivered to the E-COM.
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0 ~~~~~~~~~~~~~~~~~~ ~~ Gain = 4.1
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0—

b) Unit No. 2 delivered to the E-COM .

4

-~~ Figure 16 Demonstration transformer equi”alent electrical
circuits (all values referred ~~ the primary) .
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Figure 17 Prototype transformer equivalent electrical circuit
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4
Wrinkles in the dielectric material can be substantially

reduced by us ing  “herringbone ” rollers in the winding apparatus.

These rollers contain grooves that apply a lateral force on the

dielect r ic  mater ia l  and smooth it out .

Both demonstration transformers were tested at the E-COM

under  h i g h  voltage condi t ions .  U n i t  No.  1 was operated to f u l l
ou tpu t  voltage in s ingle shot mode at which point  it fa i led

a f t er very few shots. The transformer was subsequently examined
at P1. Examination revealed that the breakdown had occurred in

one of the conductor feedthrough locations where the end of

primary conductors passed through holes cut into the primary

wi nding.  There was no clear indicat ion of the cause of break-
down , but at least two possibilities exist.

First , the feedthrough conductors in unit No. 1 were simply

bonded to the outer case to effect a seal. The mechanical strength

of the bond joint became questionable even during low voltage

testing at P1. One conductor had parted slightly from the case

and glycol was observed to “weep” from the hairline crack .

This joint was re-sealed with epoxy prior to shipment of the

unit to the E-COM. Thus, it is possible that air had been

permitted to enter into the region and induce breakdown.

The second alternative recognizes that enhancement of the

electric fields exists within the feedthrough region ; although,

the mean field is quite modest for glycol , about 32 ky/cm

(for unit No. 1). The cut-out in the outermost turn is the

region of highest field and is electrically “exposed.” That
is to say, the conductor edge is subject to high field enhance-

ment since no additional conducting surface exists to grade the

field at that location .
.
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Two modifications that address the issues discussed in the
foregoing paragraphs were incorporated into the second demonstra-
tion transformer. Bushings, incorporating 0-ring seals, were
designed (Figure 7) to mechanically support and seal the feed—

through conductors. In addition, the cut-out dimensions in the

primary conductor were increased (Figure 5) to reduce the mean

electric field in those locations (to 26 kV/cm). However, no
provision to shield the edge of the cut-out in the outer most

primary turn was provided.

Since the cut-out width was increased , reducing the effec-
tive width of conducting sheet at that location, the number of
feedthroughs was reduced from five to three.

The second demonstration transformer was operated under

repetitive pulse conditions, 10 pps and in some cases 20 pps.

Numerous runs were taken beginning at low voltage, with burst
durations of 10 to 20 seconds. During the second run at 80 per-

cent of full voltage (~ 160 kV), the unit failed.

Subsequent examination of the failed unit has revealed
that it too failed at one feedth.rough location. There is little

question at this juncture that shielding of the outermost con-

ductor cut—out edge is required to reduce the high fields at

those locations and eliminate the breakdown .
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SECTION 14

SUMMARY AND CONCLUSIONS

The principal distinguishing characteristic of the trans-

formers that are the subject of this final report is the nearly

u n i f o r m  field operation of the dielectric material which provides

turn-to-turn insulation . This attribute in conjunction with

impregnation of the winding with a high dielectric constant medium

to eliminate corona and to permit operation of the dielectric at

high stress, minimizes the volume of dielectric material , reduces

stray series inductance , and thus improves transformer high
frequency response in comparison with more conventional pulse

transformer designs.

The objectives of the project described in this f i na l  report
were to develop transformer fabrication techniques and to fabri-
cate and test the described demonstration and prototype pulse

transformers. These objectives were accomplished .

Low voltage testing of the fabricated transformers to charac-

terize their equivalent electrical circuits has revealed excellent

agreement between calculated and actual values of transformer

primary inductance.

In contrast, actual leakage inductance values were greater

than calculated values by more than 50 percent; but this is a

result of increased winding thickness due to wrinkling of the

dielectric material. The thickness of the winding can be reduced

by refining the winding technique, i.e., by using special rollers
to smooth the material as it is wound onto the form.
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The most serious problem associated with the described
transformers was the design and fabrication of the transformer
connections. The approach chosen here was a design that minimized

the stray inductance associated with connections to one external
driving circuit. To accomplish this, however , conductors had to
pass through the primary winding to make connection to the “end

of the primary.” Thus , local high stress regions were created
between the feedthrough conductors and the nearby primary conduct-

ing material.

High voltage tests conducted at the E-COM have revealed feed-

through design inadequacies and, based upon examination of the
breakdowns , it is clear that additional shielding must be provided
to reduce the electric field enhancement existing at the cut-out

edge of the first primary turn.

There is li ttle question that the necessary shielding can be
successfully incorporated into the design. One approach is to

interchange the windings on the form, i.e., the primary is wound
first onto the inner dielectric form. Using this approach, suit-

ably shaped shields attached to the form provide the necessary
shielding for the primary conductor feedthrough cut-out edges.
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APPENDIX A

I DEMONSTRATION TRANSFORME R DESIGN CALCULATIONS
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The design calculations described in this appendix are

based upon the design and design formulae developed in Refer-

ences 1 and 2.

1.0 REQUIREMENTS :

V0 20 0 kV (matched load )
V. 50 kv

RL = 24~~
= S psec

Droop 5% in 5 psec
Connec t ion  Autot ransformer

2.0 ASSUMPTIONS:

= 10.154 inches = 25 .79  cm
b = 20 inches = 50.8O cm

n = 15p
n = 47S

3.0 DESIGN

3.1 Gain

In autotransformer mode, the minimum gain G is given

approximately by

G 
~~~~~~ ~ 15 + 

~~~— 4 1 3— 
n~ 

— 15

3.2 Reflected load resistance

R’ = = 
24 

= 1.41 ohm
‘1 L G (4.13)2

—-- ----
~~~ 
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3. 3 Primary inductance

Primary inductance is given by

L — 
~0~rr

2n~ 
— ~~

2xl0 9(25.79)2(l5)2

1 
— r + b 

— 25.79 + 50.8

L1 = 77.1 pH

3.4 PULSE DROOP

Pulse droop, D, is given by

—cit where
D = l - e  w

1.41 
6 = 9.14 x 103

L1 2(77.lxlO

D = 1 — e 9.l4
~~

0 3(5x10 6) 
= 0 .045  = 4.5%

3.5 WINDING

3.5.1 Assumptions

J = 60 kA/cm2 in copper

= 1.67 kV/mil in Kapton dielectric film

3.5.2 Primary Conductor

Thickness of primary conductor t~, is given by

_____  
35.48xl03 — 8.33x103 

= 8.90 ~ lo~~ cm
p 50.8(60xl03)

t~ 3.51 x l0~~ inch

Let t = 0.004 inch
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Total thickness of primary conductor, A , is n t = 15p p p
(0.004 inch) 0.060 inch A = 0.152 cm

3.5.3 Secondary conductor

1 8 .33 xl0 3 — 3
t = — = 2.73 x 10 cms bJ 50.8(60xl0

3)

t = 1.08 x l0~~ inches
S

Let t5 = 0.001 inch = 2.54 x 10~~ cm

V 

A 5 
= n5t5 47 (2.54 x l0’~~) 0.119 cm

3 . 5 . 4  Dielectric

Volts/turn = 
50 

= 3.33 x 1O~

3£ 3.33 x 10 = 2 x l 0 3 inch —K F 1.67 x 1O3

Use 2 sheets of 0.001-inch-thick Kapton separated by 3 sheets

of 0.0005-inch-thick paper (sandwich)

= 3 (0.0005) = 0 .0015 inch

t .  = t + t 0.0015 + 0 .002  = 0.0035 inchin pa K

= 8.89 x l0~~ cm

A m = + flp) tin = (47 + 15) (8.89 x l0~~ ) = 0.551 cm

Total thickness of the winding A is

A = + + = 0.152 + 0.119 + 0.551 = 0.822 cm

-

V
. 
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3.6 LEAKAGE INDUCTANCE

Leakage inductance is given by (for an unbalanced trans-
former design in autotransformer mode)

n 2

= 2/3 irp ~ An 2 (1 -

= 2/3 4 2 x l0~~ ~~~~ 
(0.822) (15)2 

( 

—

= 1.42 pH

3.7 RISETIME ( INDUCTIVE )

For an ideal PFN , transformer output pul se risetime
r R ( 1O 9O percent) is given approximately by

2.2  L~ 1.1(1.42 x 1o 6 )
TR 2 R~ 

= 
1.41 = 1.11 psec

3.8 STRAY SECONDARY CAPACITY

Stray secondary capacity is given by

c c 2-irrb
= 

r u  , where
S fl

~
S

s is the thickness of Kapton insulation per turn

c = 
3 . 4 ( 8 . 8 5  X l0~~~

4 ) 2 1T ( 2 5 . 7 9 )  ( 5 0 . 8)
S 62 (5.08 x 10~~

= 7.86 nF (referred to secondary)

C~ = G2C5 = (4.13)2 7.86 x ].0~~ = 134 nF

~1-~ 
V V
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3 . 9  RISETIME ( CAPACITIVE )

R’
T R = 2.2 -4 C~ = 1.1(1.41) (134 x 10~~ ) = 0.21 psec

therefore output pulse risetime is inductive dominated .

3.10 MAGNETIC PRESSURE

The mechanical pressure exerted on the transformer case due
to the magnetic forces is given by

— 
~0

(n~
2 (i~ —i5

)2 

= ~~~ x lo
_ 7

( l s) 2 (2 7 . ls  x 103) 2

2b 2 (0 .508 )

P =  4.04 x l05 n/m2 = 58.6 psi

3.11 HEATING

3.11.1 Primary Conductor

Length = 2irrn~ = 2.43 x 1O 3 cm

CSA = bt = 50.8(1.016 x 10—2) = 0.516 cm2p

Volume = 1.25 x l0~ cm
3

Density = 8.96 g/cm2

Mass = 11.24 kg

R~ = pt/A = 
1.72 x lg

6 (2.43 x l0~ ) = 8.1 m~

= (i~
_i
5)

2 R~ i~~ (27.15x10 3)2(8.1x10 3)(5xl0 6) = 29.9 J/puls~

AT = ~~~ 
29.9 

= 6.90 x l0~~ °C/pulse
~m (0.385) (11.24*10 )
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3.11.2 Secondary Conductor

Length = 2-rrrn
5 

= 2-n - ( 2 5 . 7 9 )  ( 4 7 )  = 7.62 x l0~ cm

CSA bt
~ 

= 5 0 . 8( 2 .5 4  x 10~~~) 0.129 cm2

Volume = 9.83 x io2 ~

Mass = 8.96(9.83) x 102) = 8.8 kg

R5 
= p K = 1.72 x l0 o.l~ 9 

= 0.102 ~

i~ R3r~ 
= 35.4 J/pulse

AT = m 
354

3 = 1.04 x l0 2 °C/pulse
p (8.8 x 10 )(0.385)

0

V 
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SINGLE PULSE BREAKDOWN OF KAPTON POLY IMIDE DIELECTRIC FILM
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4

Purpose : The purpose of the described testing was to determine

the pulsed breakdown field strength of Kapton* dielectric

film to provide a basis for selecting an operating field

s t rength for  the material in the pu lse transformers
described in this report.

Approach : To accomplish the purpose of these tests, samples of
Kapton film , imbedded in ethylene glycol and “sand-

wiched ” between plane-parallel electrodes were elec-

trically pulsed to breakdown.

The function of the ethylene glycol was to provide an

ambient medium that , by vi rtue of it s high relative

dielectric constant 
~~~ 

41) in relation to Kapton

3.4), forces the applied electric field into the

Kapton film material.

The pulse source for these measurements was a dc charged
capacitor which was switched onto the test electrodes
containing the Kapton sample.

Description of the Apparatus:

Each Kapton test sample consisted of three sheets of 0.001—

inch- (nominal) thick film material (Type H) stacked together to

form a pad . The thickness of the Kapton film material was checked

periodically as it was used from the roll of material. The mea-

sured thickness varied from about 0.00094 inch to 0.00105, i.e.,

by about ±5 percent. Thus, the film thickness was acceptably

*Kapton...Dupont polyimide film (C22H10N205).

_ _ _ _ _  
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close to the nominal value, and appeared to be nearly constant in
thickness with location in the roll. Thickness measurements were

not performed on the tested samples however , principally because
of the difficulty of making the measurement and because of damage
to the material, through handling, in making the measurements.

The individual pieces of film were assembled into the des-

cribed pads under glycol to ensure an air free assembly.

The film pad was sandwiched between two aluminum d isks ,
13-3/4 inches in diameter. The edge of the disks contained a

small radius, on the order of 0.030 inch. There is little need

for  a generous radius since the glycol forces the field into the
film, i.e., there is little field enhancement at the edges.

The diameter of the film pads was only a little larger than
the electrodes and this was satisfactory too, since the fields
decrease rapidly with increasing radial distance.

The area of the aluminum electrodes is about 958 cm2. Pad

thickness is 7.62 x IO~~ cm; and therefore, the sample volume is
7.3

Taking the dielectric constant of Kapton at 3.4, the

capacity of the test sample is

c A 
= 
3.4(8.85 x 10 14)(958) 

= 37.8 nFK r r  7.62 x 1 0

The electrodes were contained within a shallow plastic tank

containing nearly 10 gallons of glycol. The lower electrode

rested upon and was in close contact with a wide copper ground

plane that was carried over one edge of the tank and under the

energy storage capacitor located horizontally and parallel to

the side of the tank in air.
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The pulse generator electrical c i rcui t  is i l lustrated in
Fig ure B-l.  In th i s  circuit  a 0.1069 pF capacitor , precisely
measured , is dc charged and switched into the test electrodes

by means of a pressurized gas spark gap.

To f i re the spark gap, pressure is simply bled from the
swi tch u n t i l  it self f i r e s .

Direct current charge of the capacitor was carefully

monitored on a shot—to-shot basis using a precision resistor

string ( 1000M ± 2 percent) and a calibrated 50 pA meter. The

meter is accurate to ~ 1 percent as determined by independent

measurement.

The output pulse was monitored by means of a CuSO4 resistive

divider monitor and carbon resistor attenuator . The monitor was

located in air above the glycol surface and was connected to the

top electrode of the test fixture by means of a short wire con-

nection. CuSO4 monitor resistance was about 400 ohm.

Monitor calibration , determined by direct capacitor dis-

charge (26 kV) was 1810/1 (a = 0.3 percent). The monitor was

connected , by means of terminated 50 ohm coaxial cable, to a
Tektronix No. 454 oscilloscope contained within a shielded

enclosure. Overall accuracy of the pulse monitoring circuit was

estimated to be ± 5 percent or less. 
V

Two output pulse waveforms were used in the course of test-
ing. Initially the circuit illustrated in Figure B—l was used.

The value of the series resistor (9 ohm) was chosen to critically

damp or slightly overdamp the circuit.* The output voltage wave-

form measured across CL in this case is illustrated in Figure B—2a.

*Cj rcuit stray inductance is not shown in Figure B-]., but its
value, determined by measurement, is about 0.75 pH.
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Trigger electrode
balance resistors

100 M’100 M

~~~~~~~~~ 
& .4 Tes t

~ 
29~~ sample

1000 M~~± 2 %
5 e a 200 M~2 C~~~37.8 pF

0.1069 ~F 
L

To 50 

300 

_ _  

~~~~~or

To oscilloscope

Figure B—I Kapton test electrical circuit. j

I
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Vert: 2 V/div

Hor iz :  1 ps/div
Vdc = 30 kV

a) Damped circuit (9 ohm installed)

Vert: 5 V/div

Horiz :  1 ps/div
Vdc = 35 kV

b) Oscillatory circuit (9 ohm short ctrcuited )

Figure B-2 Load voltage waveforms.
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However , for most of the testing the circuit was modified by
replacing the 9 ohm resistor with a short circuit. Tn this case,

the circuit became oscillatory and produced a - (l-coswt) voltage

waveform across the load capacity. Thus, for equal dc charge
voltage , the oscillatory circuit produced a greater c~utput peak

voltage than could be obtained with a damped circuit , and the
circuit modification was made for this reason.

The oscillatory pulse voltage waveform is illustrated in

Figure B-2b for the condition where the film sample broke late

in time, after the first few cycles.

Based upon analyses of the oscillatory waveform, in
conjunction with the measured value of primary capacity and the

calculated value of load capacity (the Kapton film) and monitor
shunt resistance , the circuit stray series inductance and
resistance is 0.75 pH and 0.40 ohm, respectively. The circuit

characterization in conjunction with the measured dc charge volt-

age provided a convenient cross check upon pulse monitor calibra-
tion. For the waveform illustrated, in Figure B-2b, the pulse
monitor yielded a peak value of 49.0 kV, whereas the computed
value based upon circuit performance yielded 48 ky-—excellent

agreement.

Test Description and Results:

Twenty-six Kapton pad samples were tested to breakdown, and

the test results are summarized in Table B—l. All of the break-

downs were produced using the oscillatory pulse discharge circuit.

However, in samples 1 and 3, the damped discharge circuit was
also used, but prior to film breakdown.
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From Table B-i , there is  shown considerable scatter in the
breakdown data. Breakdown fields range from 2.7 MV/cm to more
than 6.2 MV/cm .

As evidenced from the summary, there was some indication

that the results were influenced by the care with which the film

material was handled and installed into the text fixture . And

indeed , there appea r s to be a positive correlation in this regard.

Comparatively good reproducibility of the breakdown field was

achieved in the last series (Shot Nos. 21 to 26) where extreme
care was used with the film. For this series of shots , the mean

breakdown field was 5.6 MV/cm (14.3 kV/mil) with a standard

deviation of about 12 percent.

The highest recorded breakdown field was 6.4 MV/cm (16.3
k V/m i l ) ,  and the sample survived this peak , but broke down later

at a lower value , later in the pulse .

It is noted that if the mean breakdown f ie ld  in the Kapton
is 5 .6  MV/cm (Sh ot Nos. 21 to 2 6 ) ,  then the f ie ld  in the glycol

is about one—twelf th  this value (the ratio of the dielectric
constants); but this field is almost 500 ky/cm. Thus, it is

possible that the glycol is breaking down first; thereby inducing

breakdown in the Kapton .

Another important observation is that the breakdown sites

are concentrated at larger radii than would be expected based

upon statistical arguments concerning the area or volume of the
samples. Over 55 percent of the breakdown sites are located at
a radius greater than 6 inches. However, the electrode area

outside this radius comprises only 25 percent of the total area.

Although speculative , this effect could possibly be attributed to

transient reflections from the “open ” electrode edges, which over
voltage and break down the film. However, the source of such
“transients” is unknown.
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Conclusions

The breakdown f ield strength measurements of Kapton, des-
cribed here , were subject to large scatter. The observed scatter
appears to correlate with the care used in handling and testing

the material. In the last series of measurements conducted with
the film, where extreme care was used, the mean breakdown field
strength was about 5.6  MV/cm with a standard deviation of 12 per-
cent on six samples.

The working field for the described pulse transformers is
about 1700 V/mu or 0.67 MV/cm. The lowest breakdown field
recorded in the above measurements was 2.7 MV/cm. The working

field is smaller by a factor of four. Assuming a 12th power l i fe
dependency upon stress (Reference 1), the working field value
provides a dielectric life on the order of 1O7 shots, which is
satisfactory for the intended application .
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APPENDIX C

PROTOTYPE TRANSFORMER DESIGN CALCULATIONS
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The design calculations described in this Appendix are based

upon the design and design formulae developed in References 1

and 2.

• 1.0 REQUIREMENTS

V0 = 163 kV (matched load )
V . = 19.2 kV
1

R
L 

= 5 . 0 6  ohm
= 10 psecw

Droop < 5% in psec

Connection Conventional

2. 0 ASSUMPTIONS :

= 21.3 inches 54 .2  cm
b = 40 .0  inches = 101.6 cm

= 3

= 27

3. 0 DESIGN

V 
3.1 Gain

In conventional mode , the minimum gain G is given approxi-
mately by

G ~~ = = 9

- 
V-



3.2 REFLECTED LOAD RESISTANCE

— 

RL 5.06 — 
5.06 — 62 5

L G
2 9

2
~~~~~~~

8l -

3.3 PRIMARY INDUCTANCE

Primary inductance is given by

L ~~ 
~~~ 

— 
4~ 2 x l0~~ (54.2)2 (3)2

1 — r + b  
— 54,2+101.6

= 6.7 iili

3.4 PULSE DROOP

Pulse droop, D, is given by

- 

~
tw

D = l - e

where

62.5 x ~~~~ 
3

= -~~~~ -— = 4.66 x 10
2 ( 6 . 7  x 10 U

)

D ~ i. — e’4”66 ~ io~ uo ~ io~~ = 0 .046  = 4.6 percent

3.5 WINDING

Aeeumption~
J - 60 ~~~~~~ in copper

1.67 ky/mu in Xapton dielectric film
4 

V
•
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3.5.1 Primary conductor.

Thickness of the primary conductor , t~ , is given by

i 3
t = .1 = 

307.2 X 10 
= 50.4 x l0~~ cmp bJ 101.6 (60 x l0~~)

t~ = 19.8 x l0~~ inches

Let t = 20 x l0~~ inchesp

The total thickness of the primary , is

n~t~ = 3 ( 2 0  x l0~~~) = 60 x 10~~ = 0.152 cm

= 0.152 cm

3.5 .2  Secondary conductor.

t = 

1s 
= 

32.3 x ~~~ 
~ 

= 5.28  x 10~~ cm
101.6(60 x 10 )

t~ = 2.1 x inches

Let t5 = 2 x l0~~ inches

= = 27 (2 x iO”~ ) = 54 x l0~~ inches = 0.137 cm

H
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3.5.3 Dielectric.

Volts/turn = = 6.4 ky/turn

VT 6 4ti,. = — = 3.83 mils
F

tk = 3.83 x 10~~ inches = 9.73 x 10’~ cm

Use 2 sheets of 0.002-inch—thick Kapton separated by 3 sheets of

0.0005—inch—thick paper (sandwich).

tpa = 3(0.0005) = 0.0015 inch

tin = tpa + Tk = 0.0015 + 0.004 = 0.0055 inch = 0.014 cm

A.  = (n9 + rL~
) t~~ = (27 + 3) (0.014) = 0.405 cm

Total thickness of the winding A is

A — A~~~+ A 9 + A ~~~ = 0.152 + 0.137 + 0.405 = 0 .694 cm
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3.6 LEAKAGE INDUCTANCE

Leakage inductance , for an unbalanced design operated in

conventional mode , is g iven by

= 2/3i~ p0 ~ ATh~
2

L1 = 2/3 ir 4 ir x ~~~~~~

‘-‘

~~~ ~~~~~~ (0.694) (3)2 = 87.7 nH

3.7 RISETIME (INDUCTIVE )

For an ideal PFN, transformer output pulse risetime

T R (10-90 percent) is given approximately by

TR ;R t  = 
1.1 (87.7 x l O ’9) 

= 1.5 psec
L (62.5 x 10

• 3,8 STRAY SECONDARY CAPACITY

Stray secondary capacity is given by

c c 2irrb
- r v

S fl
~~~~

S

• where s is the thickness of the Kapton film per turn

- ~

V V
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— 
3.4(8.85 x 10~~

’)
~~ (2 it) (54.2) (101.6)C5 

— 29 (0.004 ) (2.54)

C5 = 35.3 x 10~~ (referred to the secondary)

C~ = G2 C5 = 92(3 5 3  x l0~~ ) = 2.86 lIF

3.9 RISETIME (CAPACITIVE)

V 

tR = 2.2 C~ = 1.1(62.5 x l0~~ ) (2.86 ~ io
6

TR = 0.20 ~isec

Therefore output pulse risetiine is inductance dominated.

3.10 MAGNETIC PRESSURE

The mechanical pressure exerted on the transformer case due

to the magnetic forces is given by:

P0 flp lp 
— 

4~ x 10~~ 32 (307.2 x 103)2

2b2 2(1.02)

P — 513 x ~~~ ~/~
2 74.4 psi
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3.11 HEATING

3.11.1 Primary Conductor

2 irr n
Length = = 1.02 x l0~ cm

bt
CSA = = 5.16 cm2

Volume = 5 .27  x l.~~ cm3

Density = 8.96 g/cm3

Mass = 47.2 kg

R~ = e 1/A = 
1.72 x io ’6 (1.02 x l0)~~ = 0.34 m~

= i~R~ T = (307.2 x 103)2 (0.34 x io 3)(io x io 6) = 321

AT = = 
321 

= 17.7 x l0”~ C°/pulse
p 0.385 (47.2 x 10 )

S

3.11.2 Secondary Conductor

Length = 2~~i ~~ n5 = 9.19 x ~~~ cm

CSA = bt5 = 0.516 cm2

Volume — 4 . 7  x l0~~~ cm3
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3Density = 8.96 g/cin

Mass = 42.5 kg

R — — 
(1.72 x 10 6) (9.19 x 10~ ) — 30 6 ~2

S 
— e A 

— 0.516 — . m

= i~
2 R5 ~~ 

= (32.2 x 103)
2 
(30.6 x io 3)(io x io ..6) = 318

AT = = 
318 

= 0.019 C°/pulse
0.385 (42.5 x 10

3

I •

V VV~
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