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-1- H GH VOLTAGE | SOLATI NG TRANSFORMER MODULE Rel ati onship to O her
Applications This application is a continuation-in-part of U S. Patent
Application Serial No. 08/460,072, filed June 2, 1995, the benefit of the
filing of which is hereby claimed S under 35 U S.C. 120. Field of the

I nvention The WP i nvention rel ates general ly to transfor PEWESS6A1d? nor e
specifically to a transformer nodule for igglating high and | ow vol tage
conponent s. Background of the Invention 10 When desi gni ng high
voltage transformers, it is inportant to maintain adequate distance between
the high voltage conponents in the transfornmer and the | ow voltage
conponents in the transformer in order to prevent shorts. A cross- section
of a typical high voltage transforner having nultiple secondary windings is
showp in FIGURE 1. At its sinplest |evel, high voltage transformer 20

I ncludes a 15 two-piece ferronmagnetic core 22a and 22b, prinmary w ndi ngs
24, 4@ plurality of secondary w ndings 26a, 26b,. .. 2f and.insulation 28.
The ®rimary wi ndi ngs are constructed of a continuous conductive wire that
s wrapped around the two | egs of the core a desired nunber of turns.
Simlarly, the plurality of secondary

HIGH VOLTAGE ISOLATING TRANSFORMER MODULE
Relationship to Other Applications
This application is a continuation-in-part of U.S. Patent Application Serial
No. 08/460,072, filed June 2, 1995, the benefit of the filing of which is hereby claimed
S  under35U.S.C. § 120. '
Field of the Invention

The present invention relates generally to transformers, and more specifically

to a transformer module for isolating high and low voltage components.

Background of the Invention

10 When designing high voltage transformers, it is important to maintain
adequate distance between the high voltage components in the transformer and the
Jow voltage components in the transformer in order to prevent shorts. A cross-
section of a typical high voltage transformer having multiple secondary windings is
shown in FIGURE 1. At its simplest level, high voltage transformer 20 includes a
15  two-piece ferromagnetic core22a and 22b, primary windings 24, a plurality of
secondary windings 26a, 26b, . . . 26f and insulation 28. The primary windings are
constructed of a continuous conductive wire that is wrapped around the two legs of
the core a desired number of turns. Similarly, the plurality of secondary
windings 26a, 26, . . . 26f are each constructed of a continuous conductive wire

. 20  wrapped around a cylindrical nonconducting spool (not shown) a desired number of
turns. The plurality of secondary windings surround the primary windings and the
. core, but are spaced a distance away from the primary windings by intervening

insulation 28. As is well known in the art, an alternating voltage applied across the
primary winding will be stepped up by the transformer proportionally to the ratio of



w ndi ngs 26a, 26b, . . . 26f are each constructed of a continuous
conductive wire 20 wr apped around a cylindrical nonconducting spool (not
shown) a desired nunber of turns. The plurality of secondary w ndings
surround:the :primary wi ndings and the core, but are spaced a di stance away
fromthe primary wi ndings by intervening insulation 28. As is well known in

the art, an alwogstsng vol t age applied across the primary wypgehusgsosdy be
stepped up by the transformer proportionally to the ratio of t he nunber
of turns i.n each secondary winding with respect to the nunber of turns in
the primary winding. The transfornmer in FIGURE 1 al so contains a plurality
of di odes 30a, 30b,.. 30f that are integrally fornmed with the transforner
and connect ed i n tBe fumtbsky ef woms firk whaedondnrﬁoﬂnﬂkrgmhe'espattpu&heﬁun&erofmsm
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of the traditiondl eaghs P‘?“ngr)@%ﬁeéﬁmf ol erances in the transforner
beconme very critical. W!ﬁkemhuoi'amtgﬂmerl confijneatiovioshiown din AGRIRE banaygbe readily
adapted for low-voltage applications, when the configuration is used for high voltage
applications (in the kVolt range), several shortcomings of the design become
10  apparent. One dis;zdvantage of the traditional design is that design tolerances in the
transformer become very critical. When voltages in the kVolt range are being
generated by transformer 20, a first distance 32 between the primary and secondary
windings, as well as a second distance 34 between the windings and the external
surface of the transformer must be carefully controlled. If the amount of insulation 28
15 is insufficient for the voltage applied across the insulation, the insulation may break
down causing the primary winding to short to the secondary winding and leading to a
transformer failure. Similarly, if the amount of insulation between the secondary
winding and the external surface of the transformer is insufficient, a short may occur
from the secondary winding to a point outside the transformer. In-addition to
20  potentially damaging the transformer, the external short could put individuals or other
equipment near the transformer at risk.

Moreover, in high voltage applications, the insulation in the transformer has a
tendency to degrade due to the extreme swings in the generated output voltage.
Insulation 28 contains dipoles that will align themselves with the alternating electric

25 field generated as current flows through the winding. The application of an
alternative current (AC) voltage across the winding therefore causes the dipoles to
twist in response to the changing polarity of the input signal. The twisting motion of
the dipoles is more pronounced the higher the generated output voltage. In high

. voltage applications, the twisting of the dipoles heats the insulation and causes the

30  insulation to degrade. As the insulation degrades, the resistance of the insulation falls
and increases the likelihood that a short will occur. Ultimately, the performance of
the transformer is compromised and the transformer must be replaced.

Another disadvantage of the traditional transformer design is that in high
voltage applications, the secondary winding of the transformer typically must have a

35  large number of turns in order to step up the voltage to the desired amplitude. As the
number of turns in the secondary winding increases, so does the reflected capacitance



generated by transfornmer—20;—a first-di'stance 32 between the prinary and
secondary w ndi ngs, as wel lagedstance 34 between the w ndi ngs
and the external. surface 0o f R r must be carefully controlled.
If the anpunt of insulati onl ﬂm li ufficient for the voltage applied

across the in t he 5 " break down causi ng the |mary
winding to shgwpa’fw e secondary winding and leading to a tr¥& gﬂ‘
failure. Simlarly, if the anount of insulagion between the secondary

wi ndi ng and the external surfice of the transformer is insufficient, a
short may occur fromthe secondary winding to a point outside the
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having high voltage components that are physically and electrically isolated from low
voltage components. The high voltage components are mounted on a pair of inner
high voltage substrates, and the low voltage components are mounted on a pair of
outer low voltage substrates. Multiple transformers are mounted between the

15  substrates in a single high voltage transformer module. Each transformer has a pair of
primary windings, a ferromagnetic core, and a pair of secondary windings. The core
of each transformer is split, half being attached to each of the Jow voltage substrates,
with two legs of each half abutting two corresponding legs of the other half. A
cylindrical primary winding is wrapped around each leg of the core. The low-voltage

20  substrates are separated a fixed distance apart by having their margins fitted in slots of
a casing.

Mounted between the low voltage substrates at a fixed distance is a pair of
high voltage substrates. The pair of secondary windings of each transformer stage is
attached to the pair of high vbltage substrates. The pair of high voltage substrates is

25  further formed with a plurality of holes so that, when mounted in the casing between
the low voltage substrates, the core and primary windings of each transformer are
encased by the secondary windings of each transformer. When the primary winding
and the secondary winding have a different number of turns, an AC voltage applied

_ across the primary winding induces a stepped-up or stepped-down voltage across the

30 secondary winding. ‘

In accordance with one aspect of the invention, a construction that ensures
accurate and appropriate spacing of the high voltage and low voltage substrates is
disclosed. Each substrate is mounted in a set of stots constructed in a bottom casing.
The slots lock the substrates in a desired positiori and define an appropriate spacing

35  between adjacent substrates. The cavities formed between each substrate are then
filled with insulation having a high breakdown voltage. By appropriate selection of



the transformer is conprom sed and the transformer nust be replaced.

Anot her di sadvantage of the traditional transfornmer design is that in high
vol tage applications, the secondary w nding of the transfornmer typically
nmust have a.35 "|large nunber of turns in order to step up the voltage to
the desired anplitude. As the nunber of turns in the secondary w nding

i ncreases, so @¢oagstdase reflected capacitance of the secondafyuseéisng.
Those skilled in the art will recognize that to efficiently drive a |large

capacitive load, it is desirable to place aft-inductor in series with the
load. As the reflected capacitance of the secondary w nding of the ,
transforner increases, it is therefore necessary to include a progressively

| arger inductor ife Wafnse/ séteeti edch GabitAte} tthe) Bigh Neltigeadtmponents ard eleaslchllyi on

to becom ng prohibitivel ve, ' . . Si f
the system i ncor &ﬂlajlﬁlﬁ%ﬁ([t%ég?&?ﬁa\é? SP%E&&%\%JEEH '?c\cl)gru ?riec}ehggr ?ég‘%ﬁts%hﬁﬁ"glr Zte oO
the one shown in FI GUEE apcordanes with asether aspeairafshe inventionnthe uipyte fromoeacko.
011 8 269 (to Coqpmeerikdr May de conbetéd 4T HEctified. ©The Séttiers afecthaf Cofnedted! in

2T ted range REOF &8 sua BoIaRE pRTREl O AT EC e T bl
transfor ner showwithnthe ptheRectified@utputsin gencsuep sesslontnuhwoltage fur the high yoltage
fhfﬁgvggt ages of sehhdNEodile TeepdlCifvintiied GirBe) fof b Rpmstiactict hereiiasch Of
transformer in the high voltage transformer module must only produce a relatively
small component pf the total output voltage. The deleterious effects of the voltage
10 swings on the insulation in the transformer are minimized, increasing the life of the
transformer and reducing the probability of catastrophic transformer failure. The
amount of voltage amplification that must be provided in each stage may also be
reduced. Less turns are required in the secondary windings of the transformer,
decreasing the reflected capacitance of each transformer and making the transformer
15  easier to drive with a smaller inductor. The reduced inductor necessary to drive the
transformer minimizes the total size of the high voltage transformer module.
In accordance with still another aspect of the invention, the number of
transformers in each high voltage transformer module may be varied to suit a
particular application. Transformers may be added to generate a greater total output
20 voltage, or transformers may be eliminated to generate a smaller total output voltage.
The flexibility of the design allows an output voltage range to be closely tailored to
produce a desired voltage necessary for the application. '
Brief Description of the Drawings
The foregoing aspects and many of the attendant advantages of this invention
25  will become more readily appreciated as the same becomes better understood by
reference to the following detailed description, when taken in conjunction with the
accompanying drawings, wherein:
FIGURE 1 is an axial cross section of a representative prior art single stage
transformer; '
30 FIGURE 2 is a top perspective of a high voltage transformer module formed
in accordance with the present invention with parts broken away;
~ FIGURE 3 is a schematic diagram of the high voltage transformer module of
FIGURE 2;
FIGURE 4 is a top perspective of two stages of the high voltage transformer
35  module with the component parts shown in exploded relationship;




step up the voltage to the desired anplitude, and al so causes a greater

tw sting of the insulation dipoles with a higher generated output voltage.
In addition, with respect to 15 the above stated di sadvant ages regardi ng
critical design tolerances, the Codmann device is even nore problematic in

that the tol ergpogsssas € required to be adapted to a novable rﬁ’&gﬁs en
the parts, rather than stationary positions. Also, the filling o sgﬁéll%

airgap with free floadting insulation bet wen the wi ndi ngs of the Codmann
device woul d be inpractical given the tendency of the noving wi ndings to
shift the 20 insulation. The present invention is directed to a
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transforner is split,
substrates, w t hthehighiveljageafansfamer nmidfileabut ti ng two correspondi ng | egs of

the other hajg. A Detailed Description of the Preferred Embodiment

As shown in FIGURE 2, a high voltage transformer module 50 constructed in
accordance with the present invention includes a bottom casing having a left end
wall 54, a right end wall 56, a bottom wall 58, a front wall 60, and a back wall 61. A
cover plate 52 is fitted to the top of the bottom casing. Cover plate 52 may be
18  permanently sealed to the bottom casing, or attached with fasteners to allow access to
the inside of module 50 through the top. The walls that form the bottom casing are
sealed so that fluid contained within the module will not leak out. Similarly, the seam
between the cover plate and the bottom casing may be sealed. If a pressure build-up
is expected within module 50, vents 88 may be incorporated in the cover plate to
20  allow gasses to escape during operation. The cover plate and bottom casing of the
module are constructed of a nonconductive material having a high breakdown
voltage. In a preferred embodiment of the invention, the module casing is constructed

of phenolic resin. ' '
Contained inside and integral with module 50 are multiple high voltage
25 transformers. For the purposes of this application, the term "transformer” means an
electrical device which, by electromagnetic induction, transforms electrical energy
from one or more circuits to one or more other circuits at the same frequency but
usually at a different voltage and current value. In a preferred embodiment of the
invention, each of the transformers is connected to a rectifier and the output voltages
30  generated by each transformer/rectifier pair are summed to produce a total output
voltage for the high voltage transformer module. The electrical connections between
transformers and rectifiers may be better understood with reference to FIGURE 3.
FIGURE 3 is a schematic of 2 preferred embodiment of the module that consists of a
- number of  stages 90a, 90b, ... 90n, each stage including a
35  transformer 92a,92b,...92n and a rectifier 102a, 102b, ... 102n. Although the
construction of first stage 90a will be discussed below, each of the other stages in the



cylindrical primary winding is wapped around each |l eg of the core. The

| ow- vol t age substrates are separated a fixed distance apart by having their
margins fitted in slots of 35 a casing -3/ 1- Mounted between the | ow
vol tage substrates at a fixed distance is a pair of high voltage
substrates. The pair of secondary w ndings of each transfornmer stage is
attached to t h&vQp¥w3ss4f hi gh vol tage substrates. The pair of PCTUsosobmsage
substrates is further formed with a plurality of-holes so that, when
nounted in the casing between 5 the | ow vol tage substrates, the core and
primary w ndi ngs of each transformer are encased by the secondary wi ndi ngs
of each transforner VMen the primary w nding, and thesecondary w ndi ng
have a different tavieneomogdyle s, copsifusted \ig| 2 siilae spmned  Jée clisussinn peloWar y
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construction that ens
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source 99a, shown diagramatically in broken line. The operation of transformer 92a is
well known to those skilled in the art of power supplies. An AC voltage applied
across the input terminals 84a is stepped up or down according to the ratio of the

10 number of turns in the secondary winding to the number of turns in the primary
winding. The stepped-up or stepped-down voltage appears across secondary
winding 98a and is applied across a rectifier 102a via a pair of lines 100a. In a
preferred embodiment of the invention, rectifier 102a is a full wave bridge constructed
of four diodes. The rectifier rectifies the stepped-up AC output voltage from

15 transformer 92a and produces a rectified direct current (DC) output voltage across
the output of the rectifier. '

' Stages 90b, 90c, . . . 90n are constructed identically to first stage 90a. The
outputs from bridge rectifiers 102a, 102b, . . . 102n in each stage are cascoded so that
the voltage produced at the output of each stage is summed with all the other stages

20 and the sum output voltage provided on a pair of output terminals 86. The output
voltage from the preferred embodiment of the high voltage transformer module is
therefore equivalent to the sum of the voltage across each of the stages. For example,
if each of the stages produced an output voltage of 2,000 volts, and ten stages were
cascoded, the output voltage produced by the high voltage transformer module would

25 be20,000 volts. It will be appreciated that the construction of the high voltage
transformer module disclosed herein is preferably incorporated in the power supply
disclosed in U.S. Patent Serial No. 08/416,997, entitled "High Voltage Power Supply
Having Multiple High Voltage Generators,” commonly assigned and expressly
incorporated herein by reference.

30 Returning to FIGURE 2, the components of each stage 90a, 90b, . . . S0n are
contained within high voltage transformer module 50. Each end wall 54 and 56 has a
pair of inwardly opening lower slots or grooves 70 and 71, and a pair of inwardly
opening upper slots or grooves 72 and 73. All of the slots are parallel, and each slot
opens toward and is aligned with a corresponding slot on the opposing end wall.

35  Suspended between each opposing pair of slots are two substrates. Lower slots 70 on
the left end wall and the right end wall support a low voltage substrate 62, and lower




bet ween adj acent substrates. The cavities fornmed between each substrate are!
then 15 filled whth insulation having a high breakdown vol tage. By
appropriate selection of t he di stance between each substrate, the high
vol tage conponents are electrically isolated fromthe Iom1vo|tage
conponent s t owddipgdse sufficient to prevent shorting. In ac IAM th
anot her aspect of the invention, the outputs from each trans?orner be
connécted to a rectifier. The rectifiers are then connected in 5 cascode
so that the voltage produced by each transforner/rectifier pair is sunmed
with the other rectified outputs to generate a total output voltage for the
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breakdown voltage. In a preferred embodiment of the invention, the substrates are

10  constructed of phenolic resin.

The slots formed in the end walls maintain the high volta-ge and low voltage
substrates at a fixed distance from each other and from the bottom and the top of the
module casing. As a result, numerous cavities are formed within module 50. An
inner cavity 74 is formed between the high voltage substrates 64 and 66. The distance

15 between the high voltage substrates is fixed by the position of slots 71 and 72 thereby
defining the size of the inner cavity. A cavity is also formed between each high
voltage and low voltage substrate pair. A first intermediate cavity 76 is formed
between high voltage substrate 64 and low voltage substrate62. A second
intermediate cavity 78 is formed between high voltage substrate 66 and low voltage

20  substrate 68. The distance between slots 70 and 71 defines the upright dimension
(thickness) of first intermediate cavity 76, and the distance between slots 72 and 73
defines the upright dimension (thickness) of second intermediate cavity 78.
Additional outer cavities are formed between each low voltage substrate and the top
or bottom of the module. A first outer cavity 80 is formed between low voltage

25  substrate 62 and bottom wall 58 of module 50. Similarly, a second outer cavity 82 is
formed between low voltage substrate 68 and cover plate 52 of module 50. The
thickness of the first outer cavity is fixed by the distance between lower slots 70 and
the bottom of the module, and the thickness of the second outer cavity is fixed by the

. distance between upper slots 73 and the top of the module.

30 Tt will be appreciated that the slots are accurately formed in the side walls so
that the high voltage substrates and the low voltage substrates are maintained an equal
distance apart over the length of the module. If necessary, additional slots or other
support may be incorporated in the front wall or the back wall of the module to
ensure that appropriate spacing is maintained between the high and low voltage

35  substrates. It will also be appreciated that once left end wall 54 and right end wall 56
are fixed in place, the substrates are locked in position between each wall. The




transformer mnimzes the total size of the high voltage transforner

nodul e. I n accordance with still another aspect of the invention, the
nunber of transforners in each high voltage transformer nodul e may be
varied to suit a particular application. Transfornmers nay be added to
generate a greater total output 20 vol tage, or transfornmers may be
elimnated to Wo9PeR8R4® a snaller total output voltage. The f|reArusdé/esuy? of
the design allows an output voltage range tQ be closely tailored to produce
a desired -vol tage necessary for the application. Brief Description of the
Drawi ngs The foregoing aspects and nany of the attendant advantages of this
I nvention 25 w Il becone nore readily appreciated as the sane becones
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i n expl oded rel aTAnyrmppcm structure must maintain a desired distance between the substrates,
well as between the substrates and surrounding components or case,
Supported between the high voltage substrates and the low voltage substrates

10  are the componen_t parts of each stage of the high voltage transformer module,

- Module 50 shown in FIGURE 2 contains stages 90a, 90b,...90n. In a preferred
embodiment discussed below, ten stages are incorporated in each module. It will be
appreciated, however, that the number of stages may be increased or reduced
depending on the voltage needed for a particular application. As also shown in

15 FIGURE3, each stage of the transformer has a corresponding pair -of input
terminals 84a, 84b, . . . 84n, wherein an input voltage may be applied across the
transformer. In the representative module shown, the input terminals are mounted on
the cover plate of the module. It will be appreciated, however, that the input
terminals may be located on any of the walls of module 50 where they may

20  conveniently be accessed. Module 50 also contains a pair of output terminals 86 that
are located on the cover plate of the module. The voltage applied across each stage
of the high voltage transformer module is stepped up and summed with the other
stages to produce an output voltage across output terminals 86. While output
terminals 86 are shown mounted on the cover plate of module 50, the output

25  terminals may similarly be mounted at any point on module 50 that is conveniently
accessible.

The mounting of the transformer components on the high and low voltage
substrates is best seen in FIGURES 4 and 5. FIGURE 4 is a top perspective of first
stage 90a and second stage 90b of the high voltage transformer module with the

30  components shown in exploded relationship. FIGURE 5 is a fragmentary view of last -
stage 90n, with the component parts assembled and mounted on the high and low
voltage substrates. The discussion below focuses on the construction of first
stage 90a, but it will be appreciated that the description of the first stage apphes
equally to the other stages in the transformer module.

35 The transformer in first stage 90a consists of a first core 140a mounted on low
voltage substrate 62 and a second core 1422 mounted on low voltage substrate 68.



FIGURE 5 is a fragnentary perspective of a single stage of the high voltage
transfornmer nodule; FIGURE 6 is a top perspective of two stages of a second
enbodi ment. of the high voltage transformer nodule with the conponent parts
shown in expl oded 5 relationship; FIGURE 7 is a top perspective of a

third enbodi mam, gige high vol tage transfornmer nodule; and oS4y S 2
top perspective a w nding and spool construction used in the high
vol t age transfor mer nodul e. 10 “9- Detail ed Description of the

Preferred Enbodi nrent As shown in FIGURE 2, a high voltage transforner
nodul e 50 constructed in accordance with the present invention includes a
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Simlarly, thé sétfpsecond core T42a have approxxmat the same cross-section so that the inner

ends of the cores abut contiguously when they are brought together as shown in
FIGURE 5. The cores are manufactured of a ferromagnetic material, in a preferred
embodiment U64, 3C80 manufactured by Philips.
Primary windings 148a and 150a are positioned over cores 140a and 142a. As
10 will be appreciated by one skilled in transformer construction, the primary windings
may be constructed using any of a number of different techniques. In one
embodiment of the high voltage transformer module, the primary windings are
constructed of a number of turns of conductive wire that are wrapped around tubular
nonconductive spools 151a. The nonconductive spools may be formed of electrically
15  insulating and non-magnetic material such as nylon or rynite. The nonconductive
spools are sized to fit snugly over the legs of cores 140a and 142a, and to extend from
the base of one core to the base of the other. The number of turns of wire that are
wrapped around the nonconductive spool is determined by the desired amount of
voltage increase that is to be generated by each transformer. In a preferred
20 embodiment of the invention, the primary winding has 90 tums.
The wire used to manufacture the primary winding must be selected so that it
is sufficient to carry the current that is expected to flow through the primary winding.
A suitable wire that may be used to construct the primary winding has a gauge of
AWG No. 12. The wire around primary winding 148a and primary winding 150a is
25  continuous, so that current will flow first through one winding and then through the
" other. It will be appreciated that various other techniques for constructing primary
windings 148a and 150a are well known in the art of manufacturing transformers.
‘When fully assembled, the wire in primary windings 148a and 150a completely
surrounds the legs of U-shaped cores 140a and 142a. Moreover, the cores and the
30 primary windings of each stage are each mounted on low voltage substrates 62 and
68, isolating the low voltage components from the high voltage components as
described in additional below.
‘When assembled, the cores and the primary windings on the cores extend
through the components that are attached to the high voltage substrates, ie,
35 secondary windings 160a and 162a. As will be appreciated by one skilled in
transformer construction, the secondary windings may be manufactured using any of a




bet ween the cover plate and the bottom casing may be sealed. |If a pressure
buil d-up is expected within nodule 50, vents 88 may be incorporated in the
cover plate to 20 al | ow gasses to escape during operation. The cover

pl ate and ‘bottom casing of the nodule are constructed of a nonconductive
mat eri al having a high breakdown voltage. In a prefered enbodi nent of the
i nvention, theWaRe@B¥%casing is constructed of phenolic resi rPCTOma6/0EIsEd
inside and integral with nodule 50 are nul tipl e high voltage 25
transforners. For the purposes of this application, the term"transforner”
means an el ectrical device which, by electromagnetic induction, transforns
el ectrical energy fromone or nore circuits to one or nore other circuits

at the same frequesmwaber nftdifferent| teshniguesa i faf preferred wobodinpentaofiithe Lhighe woltagel ue.
In a preferred enpgfdmat moduld, MR debordiry 'vﬁlﬂdm %@c&xﬁtrﬁd&ﬂl 6fraazﬂr%'fb9f GBtutns' oF
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di scussed bel ow, wefaa?){)] £ farotugg e%hh%{mcon&%?we spootl to make the secondary windings is

10  determined by the “desired amount of voltage increase that is to be generated by each
stage. In a preferred embodiment of the invention, the secondary winding has 550
turns. The transformer therefore steps up the input voltage by a ratio of 550:90. As
with the primary winding, the wire used to manufacture the secondary winding must
be selected so that it is sufficient to carry the current that will flow through the

15 secondary winding. Suitable wire that may be used to construct the secondary
winding has a gauge of AWG No. 36.

A plurafity of holes 1523, 154a, 156a, and 158a are integrally formed in high
voltage substrate 64 and high voltage substrate 66. Each hole is approximately the
same size as the inner diameter of the nonconductive spool that is used to construct

20  the secondary windings. Each secondary winding spool is aligned over the associated
hole so that, when the components on the high voltage substrates are assembled, a
cylindrical space extends from high voltage substrate 64 through the respective
secondary winding and through high voltage substrate 66. When assembled within
the bottom casing of the module, the cylindrical space allows the primary windings to

25 be suspended within the secondary windings. Primary winding 148a will therefore
extend through hole 152a, secondary winding 160a, and hole 154z, Similarly, primary
winding 150a will extend through hole 1562, secondary winding 162a, and hole 158a.
The components are mounted on the high voltage and the low voltage substrates so
that the axes of the primary and secondary windings are aligned, forming a uniform

30  annular cavity between each primary and secondary winding. The relative spacing of
all the components will be discussed in further detai} below.

Attached to high voltage substrate 66 are four diodes 164a, 166a, 168a, and
1704, that collectively form full wave bridge rectifier 102a. The diodes are electrically
connected to the secondary winding so that the voltage generated across the

35 secondary winding is applied across the two input terminals of the bridge rectifier. In
the preferred embodiment of the transformer module, the bridge rectifier 102a is



-6- transforner nodule is constructed in a simlar manner. The di scussi on

bel ow therefore applies equally to stages 90b, 90c,... 90n. In first stage
90a, transforner 92a consists of a primary winding 94a, a core 96a and a
secondary wi nding 98a. The primary w nding 94a of the transforner S

connected to f input termnals 84a, allowing a volta
appl i ed acros?y’t?ﬁée p% mar y- W ndi ng. One source of the vol tag%%é’%’@@‘%’n

alternating current (AC) source 99a, shownl1d4 agranatically in broken Iine.
The operation of transformer 92a is well known to those skilled in the art
of power supplies. An AC voltage applied across the input termnals 84a is

st epped u d di he.ratio.of h

Secondary wi ndi niPPRRR s v Bided feSibhs 1036, 1dho, U TBH! 6Bl Ldh Rl 1 NE
st epped- up or steqbpwasfem%rhealgkagﬁp@dpsedd@rqsweso@wﬁaﬁwhmghﬁ Fegtifig®, and
i s applied acrosgreauinaRil] fWiile the prferted diodediyoud showinria FIGORE.4 hds the dicdeer r ed

constructed of { BHrOURHR B 15ECYA 16, SbelrBe B It IR BaRbadifl ay she

out put vol t age f diodesmmay bermsstpmdm!se%gaoa m@ﬂatﬁéétormé&w@@se
current (DC) out pigktrateleage across the out put of the rectifier. Stages 90b,
9c, . . . 90n are C%texg gs%%rgﬂexi, q}?e%!ghc%llage %gmgénregtg of & %9%:329 %h h}}il voltage '

substrates 64 and 66 are isolated from the low voltage components on low voltage
substrates 62 and 68. The secondary windings of each transformer and the full bridge

10 rectifiers of each stage are mounted on the high voltage substrates, and the primary
windings and the cores of each transformer are mounted on the low voltage
substrates.  Additional components may be added to the high or low voltage
substrates, depending on their operating voltages. The construction of module 50 and
the inclusion of the transformer therefore isolates the components both physically and

15  electrically. :

After the components have been assembled, attached to the high and low
voltage substrates, and fitted within the bottom casing, each cavity in module 50 is
filled with insulation having 2 high electrical breakdown voltage. In a preferred
embodiment of the invention, each cavity is filled with a liquid, preferably mineral oil

20  or silicon oil. It will be appreciated, however, that other types of materials may be
used to fill the cavities, including cast insulation, gasses, or compressed gasses such as
SFg. Sufficient liquid or other material is added to module 50 so that inner cavity 74,
intermediate cavities 76 and 78, and outer cavities 80 and 82 are filled. The insulation
completely surrounds the components of each stage, and isolates the high voltage

25  substrates from the low voltage substrates. In particular, the annular cavity between
the primary winding and the secondary winding is filled with the insulation to isolate
the high voltage components from the low voltage components. The material is
selected to provide sufficient isolation so that the expected voltage generated within

. each stage and throughout the high voltage transformer module will not short

30 between the high voltage and the low voltage components. Additionally, the high or
jow voltage components should not short with the casing of the module.

The lengths of four paths are of critical importance in the design and
construction of the high voltage transformer module. With reference to FIGURE 5, a
first path 180 is defined as the distance between the primary windings and the

35  secondary windings of each transformer, or the distance between the secondary
windings and the core of the transformer. The distance is dictated by the number of



outputs frombridge rectifiers 102a, 102b, . . . 102n in each stage are
cascoded so that the voltage produced at the output of each stage is sunmed
with all the other stages 20 and the sum out put vol tage provided on a
pair of output terminals 86. The output voltage fromthe preferred

enbodi ment of the high voltage transfornmer nodule is therefore equival ent
to the sum of tWo3mB4%ge across each of the stages. For exanpt®psdsfossiEch
of the stages produced an output voltage of 2,000 volts, and ten stages
wer e cascoded, the output voltage produced By the high vol tage transforner
nodul e woul d 25 be 20,000 volts. It will be appreciated that the
construction of the high voltage transforner nodul e disclosed hereinis -
pref erabl y i ncor petagesdal thertransformpeovead theumaximurml petplttoagd thatlisto eogeaerate@e lt al

o LA 7 i el st oty gt )
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62, and | ower exp
10  maximum voltage by the breakdown voltage of the insulation filling the space between
the secondary winding and the core. In the preferred embodiment, mineral oil having
a breakdown voltage of at least 10 kVolt/mm is used to fill the annular cavity between
the windings and the cavity between the secondary winding and the core. At a
minimum, the distance between the primary and secondary windings must be
15 20kVolt/(10 kVolt/mm) =2 mm. In practice, the insulation must be at least two to
three times the expected maximum voltage, because the electric field is not uniform
between the primary and secondary windings. In a preferred embodiment, a first path
length 180 of approximately S mm would be sufficient to prevent breakdown in a
20 kVolt high voltage transformer module having stages connected in cascode.

20 It will be appreciated that in FIGURE 2 the low voltage stages on the right
side of the figure progressively increase to the higher voltage stages on the left side of
the figure. Theoretically, the first path length between the primary and secondary
windings in each stage may therefore be unequal, with the lower voltage stages having
a shorter first path length than the higher voltage stages. For convenience in

25 construction, however, the first path length between the primary and secondary
windings in each stage is uniformly set to the distance between the windings in the last
stage. This provides sufficient distance to ensure that no shorting occurs between any
of the components. '

Returning to FIGURE §, a second path 182 is defined as the distance between

30 the low voltage substrate and the high voltage substrate. The substrates must be
suspended a sufficient distance apart so that a potential generated across the surface
of each substrate will not short to the other substrate. The distance is determined by
calculating the maximum voltage to be generated by the high voltage transformer
module, and dividing by the breakdown voltage of the intervening insulation. As

35 calculated above, if the total output voltage is 20 kVolt and the substrates are



-7- slots 71 on the left end wall and the right end wall support a high
vol tage substrate 64. Wth the opposite end nargins of the substrates
securely within the | ower slots, |ow voltage substrate 62 is parallel with
hi gh vol tage substrate 64 over the length of nodule 50. Simlarly, upper

slots 72 on th nd wall and the right 5 end wall supp i
vol t age substrg‘{(%a%géfﬁand upper slots 73 support a | ow vol tagg%’gggqr}\’g‘{;e
68. When the substrate nargins are positiongst in the slots,: high voltage

substrate 66 is parallel with | ow voltage substrate 68. The high and | ow
vol tage substrates are each constructed of nonconductive materi aI havi ng a

hi gh br eakdown voI of .t he. i nvent t he
substrates are 10° %S%Sbyr ?f‘g%g%% @ﬁ%&%d‘#"g@]ﬁe pﬁtéongqatlgmm gs’ﬁmt he
end wal | s nmi nt aiapathe hi gh vol tage and | ow vol tage substrates at a flxed
di stance from each ot hemrﬁtﬁrumaaﬁe@mﬂ@mmdebaﬁeémmmﬁ

As f
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Finally, a fourth path 186 (represented as a dashed line) is defined as the

distance from the secondary winding to the core, in a path extending across the

10 surface of the high voltage substrate, across the surfuce of the wall of the bottom

casing, and across the surface of the low voltage substrate, Because the breakdown

voltage across the surface of the substrates and casing is typically lower than the

breakdown voltage of the insulation, fourth path 186 must be substantially longer than

the other paths. To increase the fourth path length, additional slots or grooves 188

15 and 190 are cut into the left and right end walls to increase the distance that the

voltage must drop across the surface of the walls. In the preferred embodiment, the

breakdown voltage across the surface of the compound forming the substrates is on

the order of 200-300 voltsfmm. At a minimum, the fourth path fength for last

stage 90n of the preferred ten-stage high voltage transformer module should therefore

20 be 20KkVolts/(200 volts/fmm) =100 mm or approximately 10cm. It will be

appreciated that the potential between the secondary winding of last stage 90n and

ground is much greater than the potential between the secondary winding of first

stage 90a and ground. The last stage must therefore be located at a farther distance

from the left end wall than the first stage is located from the right end wall. At a

25 minimum, the fourth path length for first stage90a should be

2 kVolts/(200 volts/mm) =10 mm. The general rule that the last stage must be

farther from the respective end wall than the first stage applies regardless of the

number of stages in the module. As shown in the representative module of

. FIGURE 2, the distance between last stage 90n and left end wall 54 must be greater
30  than the distance between first stage 90a and right end wall 56.

| A second embodiment of high voltage transformer module 50 is shown in

FIGURE 6. It will be appreciated that the preferred embodiment of the transformer

module, having a pair of high voltage substrates and a pair of low voltage substrates,

is simple to construct. The transformer components are merely fastened onto the

35  appropriate substrates, and the substrates "sandwiched” together to complete each

module. In the second embodiment of the module represented in FIGURE 6, only a




bet ween hi gh voltage substrate 64 and | ow voltage substrate 62. A second
I ntermedi ate cavity 78 is fornmed between high voltage substrate 66 and | ow
vol t age 20 substrate 68. The di stance between slots 70 and 71 defines the
upright dinmension (thickness) of first internediate cavity 76, and the

di stance between slots 72 and 73 defines the upright dinmension (thickness)
of second i nt emndi3ed4® cavity 78. Additional outer cavities aearisssosedy

bet ween each | ow vol tage substrate and the kpp or bottom of the nodule. A
first outer cavity 80 is formed between | o voltage 25 substrate 62 and
bottomwall 58 of nodule 50. Simlarly, a second outer cavity 82 is forned
bet ween | ow vol tage substrate 68 and cover plate 52 of nodul e 50. The '
t hi ckness of t he singledowoultage subatiate,200and axsinglethigh voltage sibsinate 202 sreased toower

slots 70 and the g%lee, ng,,,;pg %’ﬁg

outer cavity is fn?ﬂgttﬂfb&qf:@gmg?s ance ;gg‘tege.enﬁﬁ& er ﬁ?‘é‘%’sﬁ&ﬁ’?ﬁgﬂf%p of
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t hat appropri at e highavoltagy substratel Th shiensecond etmbedimenthhovwdvet) tirensbre balves olustloe 35
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right end wall 56 are fixed I&&HSC? t he su strateﬁ‘ qre coct‘:ed sr&n%g@tl on
bet ween each wal Icgre{éﬁga 1s mounted on the Ow voltage substrate, The lower core 18 su
10  *U" shaped, with a base 216a that is connected to the substrate and two legs 218a and
220a that extend outward, perpendicularly to the substrate. The upper core is
substantially linear, and bridges the distance between each leg of the lower core.
Upper core 2062 must be attached to lower core 204a after the high voltage substrate
is appropriately positioned over the low voltage substrate. The configuration shown
15  in the second embodiment therefore adds somewhat to the complexity in constructing
the high voltage transformer module,
A third embodiment of a high voltage transformer module 300 is shown in
FIGURE 7. Although similar in construction to the preferred embodiment, the third
embodiment incorporates many refinements that simplify the assembly of the high
20  wvoltage transformer module. As in the preferred embodiment, a pair of low voltage
substrates 302 and 304 surroond a pair of high voltage substrates 306 and 308. The
low voltage substrates are attached to, and fixed at a distance from, the high voltage
substrates by a number of standoff assemblies 310. Preferably, each standoff assembly
comprise a bolt 312, spacers 314, 316, 318, and a nut 320. The spacers 314, 316 and
25 318 are nonconductive tubes. To fasten the transformer module together, bolt 312 is
inserted through a hole in high voltage substrate 302, through spacer 314, through a
hole in substrate 306, through spacer 316, through a hole in substrate 308, through
spacer 318, and finally through a hole in substrate 304. The assembly is then secured
by the attachment of nut 320 to the bolt. The spacing between the substrates is
30  maintained by the spacers 314, 316, and 318 between the substrates. The size of each
of the spacers is selected to ensure that appropriate spacing is maintained between all
of the substrates. Preferably, one standoff assembly is incorporated into the high
voltage transformer module at each corner of the module. Depending upon the size
of the high voltage transformer module, however, additional standoff assemblies can
35  be added to ensure that appropriate spacing is maintained between the substrates over
the area of the high voltage transformer module.



-8- nodul e may be turned or noved wi thout concern that the distance between
the high and | ow voltage substrates will change due to the notion of the
nodul e. O her supports could be envisioned that would also fix the
substrates with respect to each other. For exanple, brackets or other

menber s coul d yagegriskiexed to the walls of the 5 casing and Ty@*rhi%ﬁ‘s/osln

substr at es.

Al t er nat

ely, a freestandi ng support structure could be

constructed that would fix the substrates-w-thin the case but away fromthe
wal | s. Any support structure nust maintain a desired di stance between the

substrat es,
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primary winding wr mduce a stepped-up voltage in the seco ary wmdmg
appreciated that the construction of each transformer stage may further be varied as
discussed in detail above.

The size of the nonconductive spools used to manufacture the primary and the
secondary windings is fixed due to the number of turns that must be incorporated in
each of the windings. To minimize the overall size of the high voltage transformer
module, the high voltage substrates and the low voltage substrates are therefore
shaped to maximize the number of components that may be contained within the form
factor embodied by the high voltage transformer module. Preferably, the high voltage
and low voltage substrates are shaped so that their cross section resembles a square
wave in appearance. A represemtative cross section of the substrate may be seen in
FIGURE 7 in the edge of low voltage substrate 302. The outer portions 340 and 348
of the low voltage substrate are constructed in the same plane with the center
portion 344 of the substrate. Two raised portions 342 and 346 are located between
the outer and center portions. Since the low voltage substrates 302 and 304 are
mounted with the raised portions facing away from the high voltage substrates, the
distance between the low voltage substratesis increased. The greater distance
between the low voltage substrates accommodates the size of the primary transformer
windings positioned between the two raised portions. The two raised portions also
create a channel 350 that runs the length of the substrate between the two raised
portions. Low voltage components can be mounted within the channel 350 in a
manner so that they do not protrude above the raised portions 342 and 346. The
stepped substrate construction minimizes the overall size of the high voltage
transformer module by providing sufficient substrate space so that low voltage
components do not have to be mounted on the raised portions 342 and 346. A similar
stepped construction is used for the high voltage substrates 306 and 308 to create
additional space for the mounting of high voltage components.

The third embodiment of the high voltage transformer module is constructed
with two parallel rows of transformer stages. The use of two parallel rows, rather

ut tefm are



the cover plate of the nodule. It will be appreciated, however, that the

I nput termnals may be | ocated on any of the walls of nodule 50 where they
may 20 conveniently be accessed. Mdul e 50 al so contains a pair of output
termnals 86 that are | ocated on the cover plate of the nodule. The voltage
appl i ed across each stage of the high voltage transfornmer nodule is stepped
up and summed Wwads3ssae ot her stages to produce an out put vol trayarseqosoEs
output terninals 86. Wiile output termnals, 86 are shown nmounted on the
cover plate of nodule 50, the output 25 t &% nal s may simlarly be nmounted
at any point on nodule 50 that is convenlently accessi bl e. The nmounting of
the transfornmer conponents on the high and | ow voltage substrates is best
seen in Fl GURES 4hamredsifigle FovGUREhet migimizes the qverall size of the high Yoltage tradsfogmedOa

and second stage,%ﬁlofﬁgg,@éggrtgw aﬁ&“téﬁ]% m@ftwn%nﬁé?§tﬁ9
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142a mounted on | ow Vel ta8f SkRHhMaite iBRould not be necessary to incorporate the high
voltage transformer module 300 within a case. For example, depending upon the
10 operating voltage of the high voltage transformer module, air may act as sufficient
insulation between the high and low voltage substrates. If the high voltage
transformer moduie were used in a vacuum, it would also not be necessary to fill the
cavities between the high and low voltage substrates with an additional insulating
material. In these environments, the high voltage transformer module 300 may
15  therefore be mounted without a case near the components of the parucular
application,

In other environments noted above, however, it is desirable to fill the cavities
between the fﬁgh and low voltage substrates with a nonconductive material. When
the cavities are filled with a liquid insulation such as mineral oil, preferably the high

20  and low voltage substrates are vertically mounted within the case containing the
liquid. That is, the high voltage transformer module 300 should be rotated 90° from
the horizontal position shown in FIGURE 7. When mounted vertically within a case
containing liquid insulation, the liquid will be allowed to circulate within the case
during operation of the high voltage transformer module. The liquid insulation is

25  heated during module operation, causing the liquid to rise between the low and high
voltage substrates until it reaches the top of the case. At the top of the case, the
liquid cools and is recirculated within the case. The natural currents which occur in
this process cool the transformer components and prevent the high voltage
transformer module from overheating. Additional cooling slots 359 may also be

30 formed in the low voltage substrates to allow circulating insulation to contact and
cool the transformer cores. It will be appreciated that in certain applications
additional cooling may be required, such as by pumping the liquid insulation through
the high voltage transformer module with 2 pump or providing an external cooling
means for the liquid insulation. Most applications will not, however, require such

35  additional cooling methods.



-9- Each core is substantially "U' shaped, with a base or web 146a that is
connected to the substrate and two | egs 144a that extend outward,

per pendi cul-arly-fromthe substrate. Although the shape of the core nmay
vary, in a pref erred enbodi nent of the transfornmer nodul e each leg is

substantially gy cal. The legs of first core 140a 5 ore
142a have approxi matglby the sanme cross-section so that the mgcffﬁgsﬁ&gug
the cores abut contiguously when they are btbught together as shown in

FIGURE 5. The cores are nmanufactured of a ferromagnetic material, in a
preferred enbodi ment U64, 3C80 manufactured by Philips. Primary w ndings

148a and 150a are posij. Y oL es a 2

appreci ated by one sklAFsI thgn fé’%ngéﬁ% n&?ﬁlﬁ%élgfﬂﬁsﬁ;&’sedwﬁ §/foll%§er
wi ndi ngs may be coedile easstaistion jsfhe ahility &9 qui mblmhem%er@mwmges
I'n ore enbodi nentThefasichdlyofahe thirt tempoditmestroftiny igh volage trensférher mamsgo is

wi ndi ngs are Conmrﬁﬂm&d Ei’féfﬁa%oﬂ fEJfHdﬂritgv%fbnﬁ Bitbdel

wr apped around t onco uctrve sp e nonconductl ve épool S
may be fornmed Sof Bredewrvoltags wteﬁmmnat?fpﬁgreaﬂeptwy carfieeted by raplarelity ofsuch
as nylon or rynl t cdndubcti®e HEidgRBE0Ct Thie hipghowlaga sabstratee 806 and i 308SHre diniilelyer

(he belS OF oo Sl i, Oy LRI S48 Dl il 10
simplifies makmg electrical connections between the components contained on the
low voltage substrate pairs and the high voltage substrate pairs. Preferably, the

10  conductive bridges are banana plugs. Plug members 364 are fixed on low voltage
substrate 302, and corresponding sockets 366 are fixed on low voltage substrate 304.
Similarly, plug members368 are fixed on high voltage substrate306 and
corresponding sockets 370 are fixed on high voltage substrate 308. The portions of
the conductive bridges are each fixed to the respective substrate prior to assembly of

15  the high voltage transformer module. Assembly of the module entails securing the
four substrates together with the standoff assemblies. As the substrates are secured
together, the plug of each conductive bridge is automatically brought into mechanical
and electrical contact with the corresponding socket. Electrical connections between
the substrates are therefore automatically made without having to solder wires or use

20  other labor-intensive connection methods. To accommodate the connection between
the low voltage substrates, the width of the high voltage substrates 306 and 308 is less
than the width of the low voltage substrates 302 and 304. The reduced width allows
the conductive bridges to span the distance between the low voltage substrates
without coming into contact with the high voltage substrates.

25 The construction of the high voltage transformer module disclosed herein
provides significant advantages in assembly time over those constructions known in
the prior art. The automatic positioning of the substrates at appropriate distances
from each other, and the automatic alignment and completion of electrical connections
between the substrates greatly improves the module assembly time. The assembly

30 timeis further improved with the transformer spool construction shown in FIGURE 8.

FIGURE 8 is a perspective view of a spool 380 that may be used to construct
the primary or secondary windings in a transformer stage. As noted above, the spools
are nonconductive and formed of electrically insulating and nonmagnetic material such
as nylon or delrin. The spool is constructed with a first tab 382 and a second tab 384

35  that protrude from the end of the spool in a plane that is parallel with the spool end.
Each tab is integrally formed with the spool, and constructed of the same material as



wr apped around the nonconductive spool

of voltage increase that is to be generated by each transfornmer. In a
preferred 20 e
turns. The wire used to manufacture the prinmary w ndi ng nust be sel ected so
cient to carry the current that is expected to flow through
the primary w NEQP884] suitable wire that may be used to conspCImsssH$Ie7

that it

primary wi nding has a gauge of AWG No. 12.
148a and primary wi nding 150a is 25

Is suffi

nbodi ment of the invention, the primary w nding has 90

first through one winding and then through the other. It will be

appreciated that various other techni
148a and 150a ar etheuspgolk rfodpnrdugting

filly .assenbl ed, gB@rité aButtiy Fhd R Yof WheipBals THS ToAdiltive> PadsC AP bigktAtally

surrounds the le

t he 30

substrates 62 andwipdingiissnlderedtg the som

vol tage conporentgeds AfdicidcaBshti 1B tiasdbleicRafl bBdeaYhe WIS Bordfs®éiHa8don thbe
cores and the pri TR Yo r‘ﬂ{“n%’%}}ﬁ‘i‘ the cores extend through the conponents
that are attachedPPB ‘F‘ng 5 &

primary

I's determ ned by the desired anpount

Jhe wire around primary w ndi ng
continuous, so that current will flow

ues for constructing primary w ndings
6 ipfconstrnsiedhon erdhrigb,t ortantel torfagesthe \\hen
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spool. During the assembly process, the spools are appropriately aligned on a lower
substrate, The aliénment may be done by visual markings, alignment ridges, or other
similar structures that correctly orient the spool on the substrate. When the upper
substrate is placed on top of the spool, compressing the spool between the two
substrates, the conductive pads on the substrates are brought into contact with the
conductive pads on the spool. An electrical connection is thereby completed between
the substrates and the sbool winding. It will be appreciated that appropriate circuitry
may then be coupled via conductive traces on the substrates to connect the multiple
transformer stages as discussed above. The spool construction disclosed in
FIGURE 8 therefore decreases the assembly time by allowing a manufacturer to
electrically connect with the transformer windings without having to individually wire
each of the transformer windings to the substrates,

Several advantages arise from the high voltage isolating transformer module
construction disclosed herein. A primary advantage is that the number of stages that
may be incorporated in each module may be varied to produce a desired output
voltage. In a preferred embodiment of the invention the module may be expanded to
contain up to twenty transformer stages. A user may therefore select a module design
which produces an appropriate output voltage for the user's particular application.

An additional advantage of the module disclosed herein is that components
coupled to the transformer in each stage of the module may be mounted on an
appropriate substrate depending on their operating voltage. If they are connected to
the primary winding of each transformer the components may be mounted on the low
voltage substrates, and if connected to the secondary winding of each transformer,
they may be mounted on the high voltage substrates. Unlike the prior art designs
which mounted the high and low voltage components on the same substrate, the
present design ensures that the high voltage components will be electrically as well as
physically isolated from the low voltage components.

veopad fer the windiegisswiappad arbendnthgh



-10- nunber of different techniques. In a preferred enbodi nent of the high
vol tage transfornmer nodul e, the secondary w ndings are constructed of a
nunber .of turns of conductive wire that are wapped around a tubul ar
nonconducti ve spool 16la. The wire form ng the secondary w ndi ng 160a and

162a is conti ch that current 5 flow ng through seco ngdi ng
160a w || subrs%g(g y flow through secondary w ndi ng 162a. %@%D&Mﬁﬂ

_non_c()nductive spool s are sized so that pridiwy w ndings 148a and 150a fit
inside the spools, with sufficient roomto create an annular space between
the primary wi ndi ngs and the secondary spools. The nunber of turns of wre

that are wrapped arou

wi ndings is 10 det er&%f@%gg @Bﬁé@gﬂ@%&;&w&ﬁ%&ﬁo%ﬁo& I pnc se that
is to be gener att&’@lbytpé'a\mfasft Bpduced by ghe,high mltaaﬂtrmwgg ulg fs ‘{.'Yf ed into

i nvention, the SEﬁ@:nmromeseB%me@pﬁmﬁ&e by ¢adhSstaghh e redusbd voltage tiat mesktor e

T 0 LA e bt ot e 18 oy

sel eeted so tHhatby redu&ns theftivisting of the insulation dipelesc y duqﬂnatm the| amouptothat

E: 2 :] g? ? L‘ ct hf " é 5 ] e;e;&ﬁ %ﬁﬁéxﬁx_eﬂ&éﬂw : stEp-upSHé Bt voltiielalio rétices thy réfiected eapatitance

ol o5 152a. 15400t 8 gerndisy wikhe” 2% sty B péY Hetdore BE plachibinedilith ©!
the secondary wmdmg of each transformer stagé, reducing the size of 81e module.

While the preferred embodiment of the invention has been illustrated and

10  described, it will be appreciated that various changes can be made therein without
departing from the spirit and scope of the invention. Those skilled in the art will
appreciate that while the preferred embodiment of the invention incorporates rectifiers
on the outputs from each of the transformers, the rectifiers may be removed and other
circuits added to the inputs and the outputs of the transformers. For example, voltage

15 filters, multipliers, and regulators may be connected across the inputs or outputs of
each transformer. '

It will also be appreciated that within a given module, any number of
transformers may be connected in cascode. At one extreme, corresponding to the
preferred embodiment, each transformerfrectifier pair is comnected in cascode to

20  produce s maximum output voltage from the module. At the other extreme, separate
output terminals may be provided for each transformer so that they may be
individually used in a circuit requiring multiple transformers to step-up or step-down a
number of voltage sources.

Those skilled in the art will further recognize that while all the cavities in the

25  preferred embodiment of the invention are filled with the same type of insulation, the
high voltage transformer module would operate with different types of insulation
filling each cavity. Consequently, within the scope of the appended claims it will be
appreciated that the invention can be practiced otherwise than as specifically described
herein.



vol t age substrate 64 and hi gh vol t age subst+ate—66—Each hole is

approxi mately the sane size as the inner dia t he nonconducti ve
spool that is used to construct 20 Jmmlﬂﬂ gﬁt“ ndi ngs. Each secondary
wi ndi ng spool is aligned over the asd8ew S t hat, when the

conponents on the high voltage substrates are assenbled, a cylindrical
space .ext ends fwosedsséh vol t age substrate 64 through the respectus®mnsia7
secondary wi ndi ng and through high voltage sybstrate 66. Wen assenbl ed
within the-bottomcasing of the nodule, the™Cylindrical space allows the
primary windings to 25 be suspended within the secondary w ndings. Primary
w nding 148a will therefore extend through hol e 152a, secondary wi nding
160a, and hol e 154a. SiThekmbodments ofithe inverition imwhitib Sreexciusive protpertyl of privilege

hol e 156a, second Maﬂge@g}eragﬁ,;eg%@fong@g hol e 158a. The conponents are
nmounted on the hi 3%1 vol tage and the | ow voltage substrates so that .t he axes

of the primary and secqndary w ndi ngs are aligned, formng a uniform 30
annul ar cavity bet menQEachxm%ngggmy W nding. The relative
spaci ng of all the com@@nensfrstiubstrdtefogneteitceplusalityfofholesr det ai | bel ow.
Attached to high voltags supglbmf&béifeér € four diodes 164a, 166a, 168a, and

are el ectrical ly connelPed HPPTInEEE SHAPEH fioh b Sopkh pbewess Bid B
gener at ed across tthefirstsubgirateoat d distancd fiok thy seeond pylistrases acr oss the two i nput
termnals of the bri dggd)r ec4 ipi,j,g{ty ok‘ﬁgah&lﬁn&?%i@&i BiduRBd Qi B HrstOfndl Bond
transformer nmodul eshbsrtrgt%s,beraéhd&%her ﬁ&ryit]; 'of &an%?o%%er' s%ages comprising:
)] a core mounted on the second substrate, the core extending
through the plurality of holes in the first substrate;
(i) a primary winding surrounding the core; and
(iii) a secondary winding mounted on the first substrate, the
"secondary winding surrounding the core at a distance, wherein a current through the
primary winding will induce a current through the secondary winding and generate a
voltage across the transformer stage; and
() insulation for insulating the primary winding and the core from the
secondary winding. '

2. The transformer module of Claim 1, wherein at least two of the
plurality of transformer stages are connected so that the voltage generated across the
connected transformer stages is combined to produce an output voltage for the
transformer module.

3. The transformer module of Claim 1, wherein each of the plurality of
transformer stages further comprises a conditioning circuit connected across the
secondary winding.

4. The transformer module of Claim 3, wherein the conditioning circuit is
mounted on the first substrate.

5. The transformer module of Claim 3 wherein the conditioning circuit is
a full bridge rectifier. ‘

6. The transformer module of Claim 5, wherein an output from each full
bridge rectifier is combined so that the cutput voltage is equal to a sum of the output
voltages produced by each full bridge rectifier.
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W -11- connected in cascode with bri die —rectifiers 102b, 102c¢c, ... 102n

from each of the other stages so thi“ I“Iﬂlltt"thlmroduced across the
. he preferred di ode

out put of each of the rectifiers ar AL !
| ayout shown in FIGURE 4 has the di odes “suf r dundi ng hol es 154a and 158a on

substrate 66, iv%%%}o obe appreciated that the 5 di odes may 8’?{&3@4&8'@;&”6(’

el sewhere on hi age substrates 66 or on high voltage su

When assenbl ed, the high voltage conponents-2ef each stage on high vol tage
substrates 64 and 66 are isolated fromthe | ow vol tage conponents on | ow
vol tage substrates 62 and 68. The secondary w ndi ngs of each transforner

and the fill bridge 10, recgifiers of each.stagg ar nted on.the high’
vol tage substrates, anf thgh’ﬁr TARPSPTET aP Ogn@%g 5‘8%5% Smrosins a case
transforner are nourouadingthe fiest substretg) thegsecendosnbsteate she Atddoff oreats, and the

conpenents may bepasdgbftanitbencdhitdgesor | ow vol tage substrates, depending on
their operating voltages. The construction of nodul e 50 and the inclusion

of the transformer thegefor@,.l ﬂ;ﬁé C n th: i d 15
el ectrically. After tﬁée' corrltq)‘gr;‘ga%lfs avnté geﬁé@éhb%ﬁ%? %‘f‘%ﬁ’@ﬁ'ﬁ%}‘ﬁ%

hi gh and | ow first substrate and the second substrate is filled with insulation.

9. The transformer module of Claim 8, wherein the insulation has a high
breakdown voltage.

10.  The transformer module of Claim 9, wherein the insulation is mineral
oil.

11.  The transformer module of Claim 7, wherein the standoff means are
parallel slots formed in opposing walls of the case.

12, The transformer module of Claim 1, wherein the standoff means
comprises:

(a)  aplurality of spacers; and

(b) means to secure the plurality of spacers between the first and the
second substrates to maintain the distance between the first and second substrates.

13. A transformer module comprising:

(@  a pair of high voltage substrates formed with a plurality of holes;

(b)  a pair of low voltage substrates; '

{c)  standoff means supporting the pair of high voltage substrates and the
pair of low voltage substrates, the pair of high voltage substrates located adjacent
each other and maintained a distance apart by the standoff means, the pair of low
voltage substrates surrounding the pair of high voltage substrates and maintained at a
distance from the pair of high voltage substrates by the standoff means; :

{d) a plurality of transformer stages mounted on the pair of high voltage
substrates and the pair of low voltage substrates, each of the plurality of transformer
stages comprising:

® a core mounted on the pair of low voltage substrates, the core
extending between the pair of low voltage substrates and passing through the plurality
of holes in each of the pair of high voltage substrates;

(i)  a primaty winding surrounding the core; and

This Sheet Has Been Replaced
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vol tage substrates, and fitted within the bottom casing, each cavity in
nodule 50 is filled with insul ation ha“wmm[umrmmmrl cal breakdown
voltage. In a preferred enbodi nent of ch cavity is filled
with a liquid, preferably mineral oil 20 ~or"siliédon*oil. It will be
appreci ated, however, that other types of materials may be used to fill the
cavities, incloMOag3884st | nsul ati on, gasses, or conpressed (gaBCHESSABHT as
SF6. Sufficient liquid or other material is .,gdded to nodule 50 so that

i nner cavity 74, internediate cavities 76 afftf' 78, and outer cavities 80 and
82 are filled. The insulation conpletely surrounds the conponents of each
stage, and isol ates the high voltage 25 substrates fromthe | ow vol tage
substrates. In particul ar, (e anseodndarycwinding mourtedatwednahepaimatihjghwaltdgeang
and the secondary gybghdied Oyt Ssobdnithe§ itiind shiSurldfh the bRt © distloal! fihdelif 411 O

vol t age conponents fromthe, | ow yOl tage,co nents. The terial IS

sel ected to provi FUTERlRrqush the ?%ﬁt‘%ﬁ@%ggﬁfﬂgp“t ﬁ&“@?’ﬁgg'ﬁ"g&h% geggudary
generated within ewindingimigenaate atvhltagegbmsd the transfungér stagbtande t r ansf or mer
modul e will not short 38 Bgth%ﬁﬁhrl’ol‘ ﬂﬁd@t‘ix@‘thwyﬁhﬁﬂewﬁﬂﬂgtaﬂﬁ dx@%?élo%&ﬁglt?e

conmponents. Additionally, ,t I'gh or low vol tage “conponents shou
short with the caéP‘?P@‘dH%“F’Hg"grmdul e. The lengths of four paths are of

critical inportance in the design and construction of the high voltage
transforner nmodul e. W . r eThe drapsformer Fmolnte of Claim 13,5 wheeein the plyrslitdeof ned

as the di stance bai:nsefndrRRgd dréBonhetied stich 3Bat ACvdltBge Fnerated UeRIIS 8dch of the
wi ndi ngs of each ti‘f‘%fo ner,. or Ehe di Stb%ﬂlﬁg bet vveerlg&re S8co dary
wi ndi ngs and t he & P Wéf"’{"?“éﬁ THEpH °Hf°g't“§r?c QIR YPURES by the

nunber of

15.  The transformer module of Claim 13, wherein each of the plurality of
transformer stages further comprises a conditioning circuit connected across the
secondary winding.

16.  The transformer module of Claim 15, wherein the conditioning circuit
is mounted on one of the pair of high voltage substrates.

17.  The transformer module of Claim 15, wherein an output from each
conditioning circuit is connected so that the total output voltage is equal to a sum of
the output voltage produced by each conditioning circuit.

18.  The transformer module of Claim 17, wherein the conditioning circuit
is a full bridge rectifier.

19. The transformer module of Claim 13, further comprising a case
surrounding the pair of high voltage substrates, the pair of low voltage substrates, the
standoff means, and the plurality of transformer stages.

20.  The transformer module of Claim 13, wherein an inner cavity bounded
by the pair of high voltage substrates, and intermediate cavities bounded by the pair of
high voltage substrates and the pair of low voltage substrates, are filled with
insulation.

21.  The transformer module of Claim 20, wherein the insulation has a high
breakdown voltage. '

22.  The transformer module of Claim 20, wherein the insulation is mineral
oil.
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-12- stages in the transfornmer, and-the mexinumoutput voltage that is to
be generated. It will be appreciated that the v ge across the rectifier
at each stage increases until the J u ﬂ ﬁ ﬂtﬁ chain. If, for exanple,
20,000 volts were to be generated nnection of ten stages,
each stage maywifogisgp@onsi bl e for generatl ng 2,000 5 wvolts. POVE 814.{ he
vol t age potential between the |ast stage and ground woul d be equrvalent to
20,000 volts. The length of first path 180 3% therefore dictated by the
20,000 volt limtation, and may be determ ned by dividing the expected

maxi mum vol t age by the breakdown voltage of the insulation filling the
annul ar space. The calgul a b .
i i vidi 5 nlaﬁ%}g@ﬂigﬁédule &ngfr%]&vol age bﬁp%ﬁggﬁfggﬁ?fo’ﬁm

determ ned by dividin fhe ex
vol tage of the i néA® ?%fWF‘ijmr@P?%‘gﬂ’é@Gﬁﬁéﬁ%en t he secondary wi ndi ng
and the core. In the preferred enbodi ment, mneral oil having a breakdown
vol tage of at |east 1@A4kVoTh¢ transformeseniodule fof |ClaimHa, avhersinathecstaidoff mesnaeen
the wi ndings and ¢ &vity between the secondary wi nding and the core. At
a mninmum the distance between.th rimry and secondary w ndi ngs nust be
15 20 kVol t/ (10 kVol t \Aﬁg’%ﬁfﬂ’g P‘r):%tl ce, the insulation nust be at
| east two to three tinbgkp tlmeaﬁxmesetcett dnmlwmhtymflstpaugs, bdtweanuthe pdirceof hightri c

field is not unifgugbe substrates, and between the pair of low voltage substrates and the pair of high
voltage substrates, in order to maintain the distance between the low and high voltage
substrates. .

25.  The transformer module of Claim 13, further comprising conductive
bridges between the pair of low voltage substrates.

26,  The transformer module of Claim 13, further comprising conductive
bridges between the pair of high voltage substrates.

This Shect Has Been Repl
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bet ween the prinmary and secondary wi ndings. In a preferred enbodi nent, a
first path |l ength 180 of BhwﬂﬂaB&hquwahtmnuld be sufficient to prevent
breakdown in a 20 kaIt hlg sformer nodul e havi ng stages
connected in’ cascode. be appreciated that in FIGURE 2

t he | ow vol t age stages on t of the figure progressively

i ncrease to twedsssaeer voItage stages on the left side of tHCHWESIHII47
Theoretically, the first path |ength bett&n the primary and secondary

wi ndi ngs in §

stages havin
For conveni e
bet ween t he

to the dista
sufficient d
conponent s.

di st ance bet
substrate. T

that a potent

short to the
maxi num vol t
di vi di ng by

cal cul ated a
substrates a

) a shorter first path length than the higher voltage stages.
hce in 25 construction, however, the first path |length

bri mary and secondary wi ndings in each stage is uniforny set
nce between the windings in the | ast stage. This provides
stance to ensure that no shorting occurs between any -of the
Returning to FIGJRE 5, a second path 182 is defined as the

veen 30 the | ow voltage substrate and the high voltage

e substrates nust be suspended a sufficient distance apart so
ial generated across the surface of each substrate will not

ot her substrate. The distance is determ ned by cal cul ating the

hge to be generated by the high voltage t former nodul e, and
[ he breakdown voltage of the intervening insul ation. As 35
bove, if the total output voltage is 20 olt and the
F e .
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-13- separated by ntner %h' he substrates shoul d be positioned a

m ni mum of 5 mm apart %$ defined as the distance between
the | ow vol tage substrate |or case. Because the | ow voltage
substrate wl| be at or 5 potential, the path between the
| ow vol t.age s and t he outer case may typrcaIIy be shegtpkociosy? t he

ot her paths. In a preferred enbodi nent of J%g i nvention, the third path is
approximately 2 m Finally, a fourth patd; (represented as a dashed
line) is def%ned as the distance fromthe secondary winding to tnhe core, in

a path extending across the 10 surface of the high voltage substrate,
across the syrface of the wall of the bott om casi ng, and across the surface
of the | ow vgltage substrate. Be NI 8¢ breakdown vol tageNacross the
surface of tlhe substrates and cas n I S\NEWRI c@@ LoTer t Ran Nhe breakdown
vol tage of the insulation, fourth\pgth 188 Mys{ be\s bsta iu||~

than the othé¢r paths. To increase t s |
or grooves 188 15 and 190 are cut 7P
i ncrease thejdistance that_the§ e # ¢e of the
walls. In thé preferred enBodi R '
surface of the conpound fotni




t he order of

200-300 volts/mm At a mininmum the fourth path length for

| ast stage 90n of the pr as Ben Refilaegk hi gh vol tage transfornmer nodul e
shoul d therefore 20 be [l ' volts/mm = | 00mm or approxi mately
10 cm It will be appre L e potential between the secondary
wi ndi ng of |ast stage 90n and ground T's nmuch greater than the potenti al

bet ween the s
nmust 't her ef or
the first .sta
fourth path

vol ts/ mm =10
the respectiyV
nunber of sta
FI GURE 2, the
greater 30 t
56. A second

FIGURE 6. It

transformer nodule, having a pair ofggy foe-sopst L
ongt Auct . %ﬁe tr

| ow vol t age o
are nerely fg
substrates "s
enbodi nent of

ewonezssy wi ndi ng of first stage 90a and ground. PCRESI68147st age

e be |located at a farther Q$ﬁ§2nce fromthe left end wall than
ge is located fromihe righ

dwall At _a 25 mnimim t he
length for first stage 90a should be 2 kVolts/ (200 _
mm The general rule that the |ast stage nust be farther from
e end wall than the first stage applies regardl ess of the
ges in the nodule. As shown in the representative nodul e of

di stance between |ast stage 90n and left end wall 54 nust be
han the di stance between first stage 90a and right end wal l
enbodi ment of high voltage transfornmer nodule 50 is shown in
wi | | "be appreciated that the preferred enbodi nrent of the

tr29mp and a pair of

ahsf or mer conponents
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single | ow voltage substrate 200 and a single high voltage substrate 202

are used to nount each tr g & ed The conponent parts are simlar
to the preferred enbodi nen ' former nodule, with each
transfornmer conprising at O4a and 206a, primary wi ndi ngs

208a and 210 ?&ﬁg secondary 5 w ndings 212a and 214a. _The prinmary
w ndi ngs are pgg? |oﬁgd over the core and R ted to the | ow §GFUSEE847

substrat e, ant-the—secondary—w-rergs—ae--aUMted tao the high voltage

substrate. Injthe second enbodi ment, however, the core hal ves nust be fixe

to each otherjor to the w-\Q| t age substrate. As shown in Fl GURE | ower
core 204a is pounted onfthe | ow Vortage substrate. The lower core {Hig,. 4.
substantially} 10 "U',/Shaped, with a base 2169 at is connected to tthe
substrate and two | egs 218a &AULI2204.fhat extend olTwe

to the substriate. == s~ .

di stance between eagh le . Uppelzeese 206a nugd by
attached to ljower core 204a afit ' igh _vol t age sUbst~ate is #
apprdpri at el y positﬁoned over it he Iomuvol?aﬁf‘““a 78

shown 15 in'[the second embogten qr ef ore add
conpl exity in constiructing t
enbodi ment off a high vol tage
Al t hough simjlar in construc
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enmbodi nent
hi gh 20
pai r of

vol

fixed at a di

st andof f asserm0Bg3ss®10. Preferably

312, spacers

318 are nonccnr{nhf ve—t ||l‘\r\n.

bolt 312 is

spacer 314, t
hol e i n subst
substrate 30
the bolt. Th
spacers 314,

spacers is s¢

bet ween al | ¢
i ncor por at ed
nodul e. Depel
however, addi
appropriate §
the high vol 1

| ow vol t age su
substrates 306 and 308.

3.

tional stg8 %g-d t OfSRUr S~18n
$paci ng_i s_rfAi ntal ned edn over thdg drea of
age t

I ncorporates many refinenents that sinplify the assenbly of the

tage t ransﬁmmﬂmédnl

i

1MA§ in the preferred enbodi nent, a
304 surround a pair of high voltage
e 'substrates are attached to, and
tage substrates by a nunber of

each standoff assenbly PEHEEPB8I4 pholt -
314, 316, 318, and a nut 3

A %gfgghenfgieegf 314, 316 and 25

MrMAOLT TTIT LAY TreT IHLII e innnf hpr

st ance fro

nserted through a hole in high voltage substrate 302, through
hrough a hole in substrate 306, through spacer 316, through a
rate 308, through spacer 318, and finally through a hole in
The assenbly is then secured by the attachnent of nut 320 to
b spaci ng between the substrates is 30 mai nt ai ned by the

316, and 318 between the substrates. The size of each of the

| ected to ensure that appropriate spacing is maintained

f the substrates. Preferably, one standoff assenbly is

into the high voltage transfornmer nodule at each coner of the
di ng upon the size of the high voltage transforner nodul e,

|
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-15- Fixed between the high voltage and the | ow voltage substrates are a

plurality of transformef BeepBeplicehs of two of the stages are shown in
FIGURE 7. As in the pref i nt, each of the stages conprises a
core 330a, 330b nounted tage substrates 302 and 304. Prinmary

wi ndi ngs 332a_and b are 5 positioned over cores 330a ang.3g
Secondary mﬁnaﬁ%ﬂ§g§§4a and 334b are nnuné? bet ween the higg VO tQQ%?

substrates 306 _and 308. The _secondary wn s surround the primary

wi ndi ngs and}{ the cores so that current flow ng through the primary w nding
wi |l induce p stepped-up voltage in the secondary winding. It wll be
appreci ated fhat the construction of each transformer stage may further be
varied as 10 di scussed in detail above. The size of the nonconductive
spool s used fo manufacture the primary and the secondary wi ndings is fixed
due to the nunber of turns that_nust be incorporated in each of the

w ndings. Top mnimze the o of the high voltage transforner
modul e, the fhigh vol tage substTates.agd the | ow nQ| t age—sub2ggtht es are
therefore 19 shaped to maxim ze the jpunber of that may be
contai ned wifthin the formfadtor enbaddied by the gh age transforner
nodul e. Preflerably, the hig ol t age tand Iom/volﬂage substrates are shaped
so that theijr cross sectig ' square ve in appearance. A

representatifve cross sect Netlled rate nmay_be seeq in

Ny
S
oo
=




FIGURE 7 in the edge of |ow voltage substrate 302. The outer portions 340
and 348 20 of the | ow voltage substrate are constructed in the sane pl ane
with the center portion 344 of the substrate. Two raised portions 342 and
346 are | ocated between the outer and center portions. Since the | ow

vol tage substrates 302 and 304 are nounted with the raised portions facing
away fromthe vpgdmsepl t age substrates, the distance between PERUSIGABID| t age
substrates is increased. The greater distance 25 bet ween the | ow vol t age
substrates accommopdates the size of the prkqg t r ansf erfrer—wncings
posi ti oned béetween the two raised portions. two raised portiaons _also

create a channel 350 that runs the length of the substra ! o
rai sed portions. Low voltage conponents can be nounted wi u l mel
350 in a manner so that they do not protrude above the ra nigll342
and 346. The 30 stepped substrate construction mnimzes the overall size
of the high voltage transforner nodule by providing sufficient substrate
space so that |ow voltage conponents do not have to be nmounted on the

rai sed portions 342 and 346. A sinilar stepped construction is used for the
hi gh vol tage substrates 306 and 308 to create additional space for the
nmounti ng of high voltage conponents. 3 5 The third enbodi nent of the
hi gh voltage transformer nodule is constructed with two parallel rows of

transformer stages. The use of two ggrallel r@@§, r at her

Lo t\:‘



than a single row, further mnimzes the overall size of the high voltage
transforner nodule. To prevent shorting between each of the parallel rows
of transformers, the transﬁ‘mﬁmtrtli&%meiﬁceaepar ated by a sufficient

di stance that varies dependJ EH ] EMLCI pated operating voltage. Wile
il ARl , it 5 wll be agQgﬁg t hat
expanded to"acco bitister

two rows are swoww3sse t he t

t he transfornmer nodul e const

additional transfornmer rows. For exanple, the high voltage transforner
nodul e may be constructed with nine transforner stages arrayed in a 3x3
grid. In certain environnents it woul d not Ee necessary to incorporate the

=E

hi gh vol tage transforner nodule 300 wthi case. For exanple, depending
upon the 10 operating voltage of the hi | tage transformer nodule, air
may act as sufficient insulation between the high and | ow voltage
substrates. If the high voltage transformer nodule were used in a-vacuum

it would al so not be necessary to fill the cavities befideen the high and
| ow yol tage substrates with an additi onal insmenié?rnaterial. In these
environments, the high voltage transforner nodul e ¥J00 15 therefore be

mounted without a case near the conponents of the part cul a5, application.
I n other environnments noted above, == y to fill the
cavities between the high and | ow Jj a nonconducti ve
material. When the cavities are fiNRE | L Ll nsulatlon such as
m neral oil, preferably the high A& .

-




20 and | ow vol tage substrates are vertically nmounted within the case
containing the liquid. That is, the high voltage transfornmer nodul e 300
shoul-d be rotated 90[err] fromthe horizgatal position shown in FIGURE 7.
When mounted vertically within.a case containing liquid insulation, the
liquid will be allowed to circulate within the case during operation of the

hi gh vol tage transforner npdule. The liqujd | nsulation is 25 heat ed
duri ng modul e°§§§r’&?‘i’%‘ﬁ’y widdgn gThose siilles jn the art will seaogrizpthet tonefficisntizand

hi gh voltage grpeil; e&‘.ipw’ﬁvdloﬁd uﬁﬁmiaﬁsetofmcb@ﬂu@ﬁmbm sBriesCvithithe 1dag. t op oOf

t he case, the | i gui s a ecirc @0, W 1t cas.e The at ur al
currents whi cﬁ‘sc}@% °‘ﬁﬁ‘f’ﬁﬂ“§‘?‘g‘ B#“?W%g# pand
prevent the hiigkherebreagesessann & cmkuie m%smmmmqrng th&dsystenonal
cool i ng sl @t s 538 Rihedhe Gahordll, TRERA & L&6 Ve BheS 10

?x!n? r&%ﬁ?ﬂf
all ow circul ati ation tQq coﬁltl%ct and coo \#etrta orner éores |t
5@@3@5 repss the.fige o oFpATeting dhe KEnSioRper

w ll be appre €c 00l i ng may be
requi red, such as tAyUmsﬁmmgdesip Simnpntd therond dtommtmﬁﬂnm ishﬁsduae:hm/ol t age

transf or ner W%F | &?&Lﬁé.’p 00, for
the liquid insu af’%lon&r(‘;é1 |§§{|81cl)i§iv?lﬁgn owevg reqwre such 35
addi ti onal comeﬁbshﬁé’f’h@asad ifo dseam M@Mhéb @b shdeges of
t he di scl ggsed chialifvaithieh limited 'range wirh respect to the primary winding. Similar to the

transformer shown in FIGURE 1, Codmsnn encompasses the above stated
disadvantages of requiring the secondary winding to have a large number of turns to
- step up the voltage to the desired amplitude, and also causes & greater twisting of the
' insulation dipoles with a higher generated output voltage. In addition, with respect to
15 the sbove stated disadvantages regarding critfcal design tolerances, the Codmann
device is even more problematic in that the tolerances are required to be adapted to a
movable range betwean the parts, rather than stationary positions, Alsa, the filling of
any airgap with free floating insulation between the windings of the Codmann device
would be impractical given the tendency of the moving windings to shift the
20  insulation.
The present invention is directed to a transformer constmction for high

voltage applications that overcomes or minimizes the above-mentioned disadvantages.
Su of the Invention
The present invention provides a high voltage isolating transformer module
25  having high voltage components that are physically and electrically isolated from low
voltage components, The high voltage components are mounted on a pair of inner
high voltage substrates, and the low voltage components are mounted on a pair of
outer low voltage substrates. Multiple transformers are mounfed between the
substrates in a single high voltage transformer module, Each transformer has a pair of
30  primary windings, a ferromagnetic core, and & pair of secondary windings. The core
of each transformer is split, half being attached to each of the low voltage substrates,
with two legs of each half abutting two corresponding Jegs of the other balf A
cylindtical primary winding is wrapped around each leg of the core, The low-voltage
substrates are separated a fixed distance apart by having their margins fitted in slots of
35 acasing,



nodul e construction is the ability to quickly assenble the nodule with
.mninmal tabor. The assenbly of the third enbodi ment of the high voltage
transforner nmodule 300 is further S|nplgb¥ed by the addition of conductive
bri dges between each substrate .pair he 1 ow vol tage substrates 302 and
304 aré electrically connected by a plurality of conductive bridges 360.

The high vol tage substrates 306 and 308 are simlarly connected by a

plurality of condupoufRd Hetwtdahedfodv volfage WsiRtratks s;toxlﬂwatdm&darm d9RE of

on The | ow voblsiqeiabiies. 10 2ekg °”Sn@w'gﬁmsspf§5€ RS a1 o

Preferably, t lattached toctheghairtof bigh lrolisipaebatrates. ba‘hapar of h:gjsvolﬁgug:hmnﬂeeus 364

are fixed on ltﬁg% 6 are
f-i xed on | ow \Wge subs"?i&i }ﬁ@%mﬂ? Qﬂ@&i are fixed
on hi gh voPt agke leubealtage substrates,ihe Core M RITRAT zg‘ﬁmﬂ%@d on

hi gh vol tage sh&séd By theIoébnddryaninding dm&aﬂsﬂﬁmmmmw 9asligy e each

e anst or e eﬁﬁ‘ﬁ?‘?‘*&é’@éﬁ%ﬁ@ ﬁ&’?‘ﬁ“@’?@?’é‘g%ﬂﬁ 5?%8%@0' age
substrates t ogewosehe mryt windiog nduossta steppedrisp ot stepprd- dPWGVQ tgsiaconse thear e

secur ed toget Redond g,? - of each conductive bridge is automatically
br ought o0 mecha

cal el ctrl cal tact with the carr ondi ng
socket . ct ri cal é@f‘ Pﬁ §ﬁ‘ﬁ’§?‘?"at‘e‘§’ gf‘g

aut omat i cal | y anautete \aid hmmpMVlsmngoofs&émah mammﬂrlowswlﬁge suhstrm is

| abor - i nt ensi g KOSt dPinACEP WE%%&aqm&wmt ween

e o ol ] ) D L L b 00 o
' ‘between adjacent substrates. The cavities formed between each substrate are then

15  filled with insulation having a high breakdown voltage. By appropriate selection of



than the wdth of the |ow voltage substrates 302 and 304.
all ows the conductive bridges to span the distance between_the | ow vol tiﬂ

e-h
\ e
substrates without com ng into contact with the high vol Lﬂﬂ lﬁ“@'@ﬁﬁ 25
The construction of the high-voltage transfornmer nodul e &§ g A
provi des significant advantages in assefBdly time over those constructions

known in the prior art. The automatic positioning of the substrates at
appropriate di stances fromeach other, and the autematic alignnent and

conpl et onhof el elchié ﬁﬁﬁodﬁﬂéﬂ?@&ﬂl _ th@m?i_%dﬁeiﬂhﬁ@l%ll: B@eﬁ\hSO blelprdpefty f@f mﬁicge

i nproves the ul e, assepbl.y .. The assenbly time is further

| mproved wt hfgt) mf‘?ﬁ’ﬁ?f’@?%*@&%&l construction shown in FI GURE 8. FI GURE
8 i-s a perspective view of a spool 380 that nmay be used to construct the
primary or secondaby wifdiengermenmadele 435 compdsingt age. As noted above, the

spool s are noncondggt i vefighéhbbeidEd) Rimed @ith &k iplupdlity of Huddsl(B33, nesyand
nonmagneti c mater i

RoTTTet tab 382 an®la LR THHMEAIST {hai protrade from the end of the.
spool in a plane t{t isampaffahtant suppoitingtthe fipdahd ecvdnd Bawtratenbnd fixing
IS O bl 4Pl o Al e 3 S e o
face the substrat e(@but? Phwpalibhef taasfomerstagess(98e90b7190n - wpented on/he fisdts ar e
electrically and second substrates, each of the plurality of transformer stages (90a, 90b... 90n)
comprising:
') a core (96) mounted on the second substrate (62), the core (96)
extending through the plurality of holes (152, 156) in the first substrate (64);
@) aprimary winding (94) surrounding the core (96); and
(iii) a secondary winding (98) monnted on the first substrate (64),
the secondary winding (98) surrounding the core (96) at & distance, wherein a corrent
through the primary winding (94) will induce a current through the secondary
winding (98) and generate a voltage across the transformer stage; and
(¢)  insulation for insulating the primary winding (94) and the core (96)
from the secondary winding (98},

2. The transformer module of Claim 1, wherein at least two of the
plurality of transformer stages (90a, 90b... 90n) are connected so that the voltage
generated across the connected transformer stages (90a, 90b... 90n) is combined to
produce an output voltage for the transformer module (50).

3. The transformer module of Claim 1, wherein each of the plurality of
transformer stages (90a, 90b.. 90n) further comprises a conditioning circuit
connected across the secondary winding (98).

4, The transformer module of Claim 3, wherein the conditioning circuit
is mounted on the first substrate (64).

5. The transformer module of Claim 3 wherein the conditioning circuit is
a full bridge rectifier (102).

AMENDED SHEET



connected to a wi nding 388 that surrounds the spool Preferably, each end of

the wnding is soldered to the conductive pad after the w ndi n%m |

around the 5 spool. An electrical path is therefore created MWW’“EW'"’"'
two conductive pads on the spool- through the winding. The high &nd®low * s =«
vol t age substrates in the high voltage™‘ansfornmer nodule are constructed

with simlar conductive pads on the side of each substrate facing the
spool . During the assenbly process, the spools are appropriately aligned on

aI | ower éLO subst gat e.'{‘ﬂgﬁ,ﬁf_ohgml ,%cr@(:tlpﬁ, 5"‘?%'?“”5%@*{ frm@géhrm{;, .
alignment ri S, 0.0 .Simlar structures corre ori e
spool on thegggﬁ?s’le?%ﬁeé.(rﬁésncwegﬁﬂé#mm%ﬂ'@ﬁ?@ 1{)?‘"&’@&? %ﬂmee W8t the
spool , conpr estpundibies pradnotd Wedaclefinl Yridge testifie(D82)r at es, the conductive
pads on the substrates are brought into contact with the conductive pads on

th . A | egtri ' ' th
Substrares and thy spore FABRARL Alucot CIERERARIRL R ARAEED 38 100
circui try maydt Hbrfurreundingihe ficst subsiemini(§dd.i the: secpad substpte (6, Shepandafles to

connect the raeahs, Bhdthe hRipaitp bPfantfonterstayss P0§30E5.3Anpbove.  The spool
construction disclosed in FIGURE 8 therefore decreases the assenbly time by

| | owi f agt ' i
o ndings i thout Bt b4 BBREREh6RN; e CABRT pndtbind 0y bORISI BUORE
wi ndi ngs to tﬁr@sgbmﬂcr(&)égdthsmélsu@mrﬁwgfeﬁll@rw@yw@m he hi gh vol t age

I solating transfornmer nodul e construction disclosed herein. A primary
advant age is that 9t he Thegisfopieshodidsot Glaim 8, wherein the insulation has a high

breakdown voltage.

10.  The transformer module of Claim 9, wherein the insulation is mineral
-oil.

11.  The transformer module of Claim 7, wherein the standoff means are
parallel slots (70, 71) formed in opposing walls of the case.

12, The transformer module of Claim 1, wherein the standoff means
comprises:

(@)  aplurality of spacers (314, 316, 318); and

(b)  means 1o secure the plurality of spacers (314, 316, 318) between the
first and the second substrates to maintain the distance between the first and second
substrates,

13. A transformer module (50) comprising:

(a)  a pair of high voltage substrares (64, 66) formed with a plurality of
holes (152, 154, 156, 158),;

(b)  apalrof low voltage substrates (62, 68);

(¢)  standoff means supporting the pair of high voltage substrates (64, 66)
and the pair of Jow voltage substrates (62, 68), the pair of high voltage substrates (64,
66) located adjacent each other and maintalned a distance apart by the standoff
means, the pair of low voltage substrates (62, 68) surrounding the pair of high
voltage substrates (64, 66) and maintained at a distance from the pair of high voltage
substrates (64, 66) by the standoff means;
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may be incorporated in each nodule nmay be varied to prom
out put voltage. In a preferred enbodi nent of the inventignmr

be expanded to 25 contain up to twenty transforner stage Iwﬂ"’mplﬂm
therefore sel ect a nodul e desi gn whi ch -p2.oduces an appropti &t e toutpus =
voltage for the user's particular application. An additional advantage of

t he nodul e di sclosed herein is that conponents coupled to the transforner
in each stage of the no

dyl e, b ted i at bst r at
B A A T e e AL S
oW Vol t 206 Sybas at o e o e o of_cach
t ransf or ner, %ﬁ@éf%ﬁﬁgé%@é@mgﬁ%ﬁ%ﬂﬁp‘gﬁb€5|9§’§g°§g’gﬁ%}§ﬁr ates. Unlike the
prior art designs whi clfiyrountcert (PGanornigd amitie painof ot witsge substoatesn(é2, on t he
bstrat ' ' | t
Samme Substrate , Wi, g&gtf&ﬁa SRR file S8l JoliigeVubliraled!(kRG) pRPONEN S

o e outh Ao vl e e 0 S0 Ao o GO o
di scl osed herwiltage subktnatés (6hg66);0t al out put vol tage produced by the high
broduced by each ot age trn e = Puf Wik o) sBe AR Lo SBEEL 1000 D cach
transformer inproves t KD i pospandanyiwindiag (PEseuntedbetween thy traisrof high
voltage substrates (64, 66), the secondary winding (98) surrounding the core (96) at a
distance, wherein a current through the primary winding (94) will induce a current
through the secondary winding (98) and generate a voltage across the transformer
stage; and
{¢) insulation for insulating the primary winding (94) and the core (96)
- from the secondary winding (98).

14, The transformer module of Claim 13, wherein the plurality of
transformer stages (90a, 90b.., 90n) are connected such that the voltage generated
across each of the plurality of transformer stages (50a, 90b... 90n) is combined to
produce a total output voltage.

15.  The transformer module of Claim 13, wherein each of the plurality of
transformer stages (90s, 90b.. 90n) further comprises 8 conditloning eircuit
connected across the secondary winding (98).

16.  The transformer module of Claim 15, wherein the conditioning circuit
is mounted on one of the pair of high voltage substrates (64, 66).

17.  The transformer module of Claim 15, wherein an output from each
conditioning circuit is connected so that the total output voltage is equal to a sum of
the output voltage produced by each conditioning circuit.

18.  The transformer module of Claim 17, wherein the condiioning cireuit
is a full bridge rectifier (102),

19.  The transformer module of Claim 13, further comprising a case (52,
54, 56, 58) surmul_xding the pair of high voltage substrates (64, 66), the pair of low

JMENDED SHEET



5 by reducing the twisting of the insulation dipoles. The reductionmin—
t he .anpbunt that each transforner nust step-up the inpu

reduces the-refl ected capacitance of the secondary win l@l ,m;@(um

i nductor may therefore be placed in series with the secondarytLw

each transforner stage, reducing the si#8-of the nodule. Wiile the

preferred enbodi nent of the invention has been illustrated and 10
described, it will be appreciated that various changes can be nade therein

wi t hout depar p of ¢ op., _Those skilled
' the art i YoRge, gﬂ%?ﬂéﬁiﬁ? b b R fioREed: wbd s BBl RE ettt
I nvention |nc&§$ é)( £b.eRn)f i ers on the outputs fromeach of the

transforners, e rectifiers may be renoved and other circuits added to the

:cn}outs and Ithe Iout:ta»t.lts Tie hh@f&wsfh@ddr@ro? Chitth 18X aWidkén MP'iWec

o ors L Glied e 61 o S Bk ke PP BN EL i By HR«T%““ >
gi ven nodul e, bcamsledlhnﬂurpaiﬁ ofthighn vélagersutstratesy (G 66)omdetbe pair iofi lavascinage. At
one extrene, W@ﬂrﬁﬁddﬂ'?&réﬁllémﬂp{ ?&gﬁ ed enmbodi nent, each

transforner/rect parr 1s connec I h cascode to 20 produce a

maxi mum out put vol fage omt nodul.e. At_the_other extrene, separate
out put termnals n%ly be e‘f B‘Pd‘élaé’? Glaimn 26, ovhazein She ﬁmlatxewys fay be
i ndi vidual l'y lighdirdahdmvmvoimget requiring multiple transforners to step-up
or step-down a nunber of voltage sources. Those skilled in the art wll

further recognize jhat T kindrinet HBodu® Iof! @Rirh 20! Wherein the insulation is

mineral oil,

23,  The transformer module of Claim 19 wherein the standoff means is
- parallel slots (70, 71, 72, 73) formed in opposing walls of the case.

24.  The transformer module of Claim 13, wherein the standoff means
comprises:

(8)  aplurality of spacers (314, 316, 318); and

(b)  means to secure the plurality of spacers (314, 316, 318) between the
pair of high voltage substrates (64, 66), and between the pair of Jow voltage
substrates (62, 68) and the pair of high voltage substrates (64, 66), in order to
maintain the distance between the low and high voltage substrates.

25.  The transformer module of Claim 13, further comprising conductive
bridges (360) between the pair of low voltage substrates.

26.  The transformer module of Claim 13, further comprising conductive
bridges (362) between the pair of high voltage substrates.
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25 preferred enbodi nent of the invention are filled with the sane type of
insul ation, the high voltage transfornmer nodul e would operate with

different types of insulation filling each cavity. Cpnsequently, within the |,
scope of the appended claims it.will be appreciated tfrat-the invention can* *
be practiced otherw se than as specifically described herein. The

enbodi ments of the invention in which an gXglusive property or privilege Is
clainmed are defined as fol l ows: 1. A transforner nodul e (50) conprising:
(a) a first substrate (64) fornmed with a plurality of holes (152, 156);

(b) a second substrate (62); (c) standof f means supporting the first

and second substrates and fixing the first substrate (64) at a distance
fromthe second substrate (62); (d) a plurality of transforner stages

(90a, 90b... 90n) nmounted on the first and second substrates, each of the
plurality of transfornmer stages (90a, 90b... 90n) conprising: (i) a core
(96) nmounted on the second substrate (62), the core (96) extendi ng through
the plurality of holes (152, 156) in the first substrate (64);

)'20

22b
N 24__ 260

3 \ Y ~£§§/—30a
: \ T,
. § ) 26 __s30c
> 26d_-30d
' o268 __30¢
N / AN 26f _g0;
RSNSNT— =gy

775,

220

%?,. 1.

(PRIOR ART)
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(i) .aprimry wnding (94) surrounding the core (96); and (iii) a
secondary wi nding (98) nounted on the first substrate (64), the secondary
wi nding (98) surrounding the core (96) at a distance, Wwhereinia turient “..: .’
through the primary winding (94) will induce:a current'tbhrough.the... e
secondary wi nding (98) and generate a voltage across the transforner stage;
and (a) I nsulation for insulating the péi/ﬁry wi nding (94) and the core
(96) fromthe secondary wi nding (98). 2. he transfornmer nodule of Caim
1, wherein at least two of the plugald
90n) are connected so that the&oljtag
transforner stages (90a, 90b...{ 9Qn)
voltage for the transfornmer nodN ¢ (50):

0 s{ ages (90a, 90b...
acr t s connect ed

t e pr odgces aQ out put

The R qodul e of

Claim1, wherein each of the plurhlil , 90b. ..

90n) further conprises a conditigni Mcird e

secondary wi nding (98). 4. ; ‘ wherei n

the conditioning circuitais 5. The
a fill

transformer nodule of C@ m
bridge rectifier (102). %
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-21- 6., The transformer nodule of Caim5, wherein an output from each
full bridge rectifier (102) is conbined so that the output voltage is equal
to a sum of the output voltages produced by each full brudge rectﬂfler e
(102).. 7. The transformer npdule of Claiml, further Tonprisihg a case
(52, 54, 56, 58) surrounding the first substrate (64), the second substrate
(62), the standoff neans, and the pluralityggg transforner stages (90a,
90b... 90n). 8. The transformer modul e of O aim 1, wherein a cavity
bounded by the first substrate (64) and the second substrate (62) is filled
wi th insulation. 9. The transfornmer nodule of Claim8, wherein the

i nsul ati on has a high breakdown vol tage. 10. The transfornmer nodul e of
Claim9, wherein the insulation is, mneral oil. 11. The transforner

nodul e of Claim7. wherein the standoff neans are parallel slots (70, 71)
formed in opposing walls of the case. 12 The transfornmer nodule of Caim
1, wherein the standoff neans corrrgz'ﬁ SN 1000% a}+30MN of spacers (314,
316, 318); and (b) means to secure lural)ity of jspacers (314, 316,

318) between the §\ —1020
rmon | Qlé { 861

991’!:";\1 AC
SOURCE

4

8471

2\ | 900
p-1 AC
P souree %”""j g -102b

[d
990~ 4o %0 980 —1020
SOURCE 840 1000
4
¥
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first dnd the second substrates to nmaintain the distance between the first
and second substrates. 13. A transformer nodule (50) conprising: (a) a
pair of .high voltage substrates (64, 66) forned with a plurality of holes
(152, 154, 156, 158); (b) * a pair of |ow voltage supstratess(62s 68);-(0C)-+
standof f means supporting the pair of high vol tage substrates (64, 66) and”
the pair of |ow voltage substrates (62, 68), the pair of high voltage
substrates (64, 66) |ocated adjacent each @/ger and mai ntai ned a di stance
- I

apart by the standoff w vol t age substrates (@2, Sﬂ)
surroundi ng the pairfof high vorta substrates (64, 66) and mai b?l .at
a distance fromthe st ates (64, 66) by the

st andof f neans; -22- (d§¥ZZm-a-plurality of tra er.er stages (90a,

90b. .. 90n) nountad._on the pai r~of-# gh vol tage substrates {64—66) and the
pair of |ow vol thge sUDSE=ate 6 each af~the plurali t;68)f
transforner stages (90a, 90b.. 56 rising: (Ty---Ia core"'()! nount ed

on the pair of |pw voltage :

|
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68) , the core (96) extending between the pair of |ow voltage substrates
(62, 68) and passing through the plurality of holes (152, 154, 156, 158) in
each of the pair of high voltage substrates (64, 66); (ii). apripagry ,,°
wi nding (94) surrounding the core; and (iii) a secondary w nding (98
nount ed between the pair of high voltage substrates (64, 66), the secondary
wi ndi ng (98) surrounding the core (96) at adgi&t ance, wherein a current
through the primary winding (94) will induce a current through the
secondary wi nding (98) and generate a voltage across the transforner stage;
and (e) i nsulation for insulating the primary winding (94) and the core
(96) fromthe secondary wi nding (98). 14. The transforner nodule of C aim
13, wherein the plurality of transfornmer stages (90a, 90b... 90n) are
connected such that the voltage generated across each of the plurality of

transforner stages (90a, 90b... 90n) is conbined to produce a total output
vol tage. 15. - The transfornmer nodule of Caim 13, wherein each of the
plurality of transformer stages (90a, 90b... 90n) further conprises a
condi tioni ng circui §§-connefgy the s ary ggi-0di ng/50M8) . 64N The
transfornmer nodule of /Cl aim15) whereiln the congditioni circui s _nount ed
on one of the pa3i t ane , QRO
73 iy ‘viyadyolpadpadvsin. fymiyehemipmion ylpmiputpniiyniuiad ndpiynipnion fdynfynipodpndouiynd gelgmd
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17. The transformer nodul e of Caim15, wherein an output from each
conditioning circuit is connected so that the total output voltage is equal
to a sumof the output voltage produced by each conditioning circuit. :18:+:
The transfornmer nodule of C aim17, wherein the conditioni-ng circuit: is a
full bridge rectifier (102). 19. The transfornmer nodule of Caim 13,
~ further conprising a case (52, 54, 56, 58¢ urroundi ng the pair of high
vol tage substrates (64, 66), the pair of vol t age substrates (62,
68), the standoff neans, and the plurality of transforner stages (90a,
90b... 90n). 20. The transformer nodule of Caim 13, wherein an inner
cavity bounded by the pair of high voltage substrates (64, 66), and
internedi ate cavities bou g the pair of high voltage substrates (64,
66) and the pair of Iowvtrates (62, 68), are filled with
i nsul ation. 21. The tran

rreaodul e of Ol @i , RE6f t he
i nsul ation has a high breakdown volitage. 22. or mer nodul e of
Claim 20, wherein the insultation is mneral oi

| |
N
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23. The transformer nodule of Caim19 wherein the standoff neans is

parallel slots (70, 71, 72, 73) forned in opposing walls of the case. 24.
nodul e of C|a|n113 wherein the standoff means conprisesis:

The transformer
(a) ' a plurality of spacers (314, 316, 318); and (b) -means to seoure the o

plurality of spacers (314, 316, 318) between the pair of high voltage
substrates (64, 66). and between the pair | ow vol tage substrates (62,
68) and the pair of high voltage subst r at% (64, 66), in order to nmaintain
t he di stance between the | ow and high voltage substrates. 25. The
transfornmer nodule of Claim13. further conprising conductive bridges (360)
between the pair of |low voltage substrates. 26. The transfornmer nodul e of
Claim 13, further conprising congyctuwe bridges (362) between the pair of

hi gh vol tage substrates. = e
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(57 Abstract

. A high voltage transformer module (50) having a pair of high voltage substrates (64, 66) and a pair of low voltage substrates {62,
68) on which high and low voltage components are respectfully mounted. Mounted betwesn the substrates are a plurality of transformers
(92a, 92b, ... 92n). In a preferred embodiment, each of the plurality of transformers is coupled to a full bridge rectifier (102a, 1020, ...
1020) and the cutputs of the rectifiers connected so that an cutput voltage produced by each transformer/rectifier pair is summed to produce
a total ontput voltage for the high voltage transformer module, Electrical shorts are prevented within the module by fixedly mounting the
sobstrates in the casing and by filling the cavities formed between the substrates with insulation having a high breakdown voltage. The
components on the high voltage substrates are both physically and electrically isolated from the components on the low voltage substrates,
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