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Voltage Cascade Using M ultiple Alternating Current Supplies

Technical Field of the I nvention

The present invention is a means to combine theepawd voltages of multiple alternating current
(AC), or pulsed direct current (DC), sources whitdly be sources of different peak voltages and
different frequencies, onto an output stack of dsdnd capacitors, from which DC may be drawn.

The cascading of voltage and power may find apfdinavherever electrical power is generated
and/or conditioned. The present invention may fiadicular use in regards the topology of high
voltage power supplies.

The topology of the present invention also permitsisolation between input and output power
which provides a variety of useful functionalitycbuas, and not limited to, rapid output polarity
reversal, and also the capability to 'stack’ sucuits in arbitrary series and parallel arrangetsen

Background to the Invention

Voltage multiplication and voltage cascades hawnb@own since early alternating current
research established the basics of the field. It 1Bleinrich Greinacher invented the Greinacher
multiplier, also known as a 'voltage doubling riéeti, which is a circuit that doubles the peak
voltage of an alternating current (AC) fed intaviien rectified to provide a direct current. This
circuit is shown in Figure 2 (i).

Further voltage multiplication can be obtained bgaading these circuits into what is commonly
referred to as a Villard cascade, also known ascki©ft-Walton voltage multiplier, as shown in
Figure 7 (ii).

For the purpose of generating high voltage, ibisimon practice to use a high voltage AC supply
from a high ratio transformer, fed with a lowertagle AC, as a driver to feed such cascades such
that the number of stages of the cascade can beikgtl for some given voltage output
requirement. It is also common practice to use fighuencies so as to reduce the capacitance
values required throughout the stack.

These matters are all well-known to practitionerthie field. The disadvantages of such an
arrangement are that for each stage higher ugahk,the power of the driving source is
diminished such that where a large number of stegegjuired, to achieve a desired voltage gain,
the actual power that the cascade can supply magidtevely small compared with the input power
of the single driver, due to the cumulative lossesach stage. Further, the driving power for such
cascades usually comes from a high frequency ajidvaltage ferrite-based transformer, to keep
the number of stages low, thus minimise losses@andmise achieved voltage. Such transformers
of sufficient power can be expensive to manufactdifécult to drive or design (with cost-effective
switching electronics) due to highly reactive bebaxy, and adverse loads (particularly such as
shorting arcs) may cause unreliability of theseessipve transformers due to thermal and electrical
failures deep within the coil windings which arensequently irreparable.
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The present invention provides the means to feeld si@ge of such a cascade independently of
each other with a separate AC, or pulsed DC, suf§pigh supplies may be for example, small,
commonly available mass-produced parts, such dsfleguency (typically 20 to 40 kHz) voltage
inverters used for compact fluorescent lightingtides present invention is a means to combine their
voltages and powers, the failure of one such smpileg would lead to a diminution of the output
power and voltage but not necessarily a compleigréaof the system. In the event of such a
component failure, the part may be replaced cdsttiely and easily.

The feature of the present invention, to combingua AC and/or pulsed DC supplies, also
provides design flexibility to achieve, and selet¢bpology that allows for close matching to, a
desired requirement. The present invention is thezentended to be a cheaper, more reliable and
more flexible alternative to existing high voltacgescades driven with a single AC supply.

Further, an arbitrary point on the output stack midlyer be tied to a fixed potential relative to a
supply/the supplies, thereby providing the capghib design for a positive or negative output with
respect to a ground reference, or for dual posdive negative outputs. The stack may also be
capacitively isolated such that the output stack fizat freely and be DC-decoupled from any
reference potential. In the latter case, grough@multiple supplies may be packaged in separate
parts such that they can be connected in serf@aduce higher output voltages, and/or in parallel
to produce higher output currents, which is a fematiwot commonly available in other designs of
high voltage power supplies using cascades.

Other utilities also arise with a DC-isolated outptack, including a mechanism for fast reversal of
the polarity of an output, relative to a referegeaund.

Summary of the Invention

\Voltage stacks, consisting of diodes and storagglatg capacitors, are a well known topology in a
variety of applications but have limitations dudhe number of stages that can be driven by a
single supply without excessive losses and dueactipal limits of power (versus cost) that a
single AC driver can provide to the stack.

The present invention provides solutions to a nurobéhe practical and cost limitations with
conventional topologies by providing a method wdfeach stage, or group of stages,
independently, thereby combining the power of rpidtelectrical supplies. This may therefore
mitigate ‘fold-back’ of the output voltage of highltage stacks under load, with higher
maintainability at a lower build and repair cost.

The modification over existing topologies is toddghe centre of each diode rectifying pair directly
with a capacitively coupled AC, or pulsed DC, seur€apacitive isolation can also be
implemented, providing a DC uncoupled output tlzat lbe utilised for particular requirements.



Introduction of the Drawings

Figure 1 shows an embodiment of the invention, ateyg multiple AC sources, AC1, AC2 and
AC3 (such as maybe high frequency DC to AC invejtendependently feeding each stage of a
voltage cascade through coupling capacitors C1ar€RC3 respectively, with diodes D1 through
D6 rectifying the coupled AC current to the stackagacitors CA, CB and CC.

Figure 2 (i) shows the prior art, a Greinacheragédt doubling rectifier stage, which, when driven

by an AC source, AC, to peak voltage W that a gataf 2W appears across the capacitor. Figure 2
(i) shows an arbitrary stage of a cascade of thegnt invention driven by an independent AC
source, ACn, through a coupling capacitor, CN, mautified to potential V and 2W+V across a
capacitor, C.

Figure 3 shows an arbitrary stage of a cascadeerasigure 2 (ii), but driven by multiple parallel
sources, ACn1l to ACnN, of nominally identical voiéa

Figure 4 is as Figure 2 (ii), but shown for a negapotential.

Figure 5 is an example stack generating a negptlaity from 4 stages, with two AC supplies (of
identical nominal peak-to-peak voltages) feedinthestage.

Figure 6 is a 6 stage stack showing the tying efciimmon AC supply output to the potential
between the'8and 4" stage, thereby creating a two-pole (positive agghtive) voltage output with
respect to 'ground’, 0.

Figure 7 (i) shows a 6 stage stack can be fed &oymarbitrary AC source, in this case a single AC
supply, each stack coupled by an independent dapagithe supply. Figure 7 (ii) shows likewise,
but each stage is fed from a node in a serial obfatapacitors, thereby reducing the voltage
specification requirement on those capacitors. Ehmior art and is the common 'Villard cascade'.

Figure 8 is a hybrid topology showing that multiplé supplies can feed one, or multiple, or
multiplier groups of stages, in an essentially tagloy manner. Each of these topologies can be
combined within one circuit so as to best achi@raesgiven electrical output requirement.

Figure 9 depicts the output stack without direct @@nection to the individual power supplies.
Capacitive decoupling can be achieved as the nrikiypplies feed multiple stages that will act
together to form the overall potential in the outgtack. In the place of a direct DC connection,
capacitors C2 and C5 are employed to approximateiytain each stage of the output stack with
respect to a reference potential, thereby mitigadiscillations in the stack that may compromise
performance. Figure 9 also depicts multiple voltagguts from the stack, V-, V1, V2, V3 and V+,
which may be used to power equipment requiring ipleltvoltage stages, such as an electrostatic
accelerator.

Figure 10 shows additional parts, resistors R1@@Rd transient voltage suppressors (TVS) T1 to
T6 (which might equally be gas discharge suppressorany other suitable type). Either, or both,
resistors and/or TVS may be used to help reduceadarto the individual power supplies, AC1 to
AC4, under conditions of output shorts and arcing.
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Figure 11 schematically shows an assembly, sudessibed in Figure 10, packaged as the power
supply unit PS. “AC" unit power inputs” depicta this example) DC power lines supplying each

of the 'AC' supplies within the PS unit. The ougpt and V- (as references in Figure 10) may then
be switched to ground, thereby inverting the ouyDt

Figure 12 shows additional capacitors, diodes asistors (acting as charge pumps) that are an
example of means to help mitigate damage to thésafplies in the event that an output is rapidly
discharged to ground (as per the operation of tigogliment shown in Figure 11).

Figure 13 schematically shows four assemblies, asatescribed in Figure 10, packaged as power
supplies PS1 to PS4 which have been connectedléripairs to create higher summed voltages,
>V, of the combined voltage outputs, and each p&n tonnected in parallel to increase the
effective current capacity. Any such assembly afi@osupplies, as described in Figure 10, may be
added on to each other arbitrarily either in sesuad/or in parallel groups, due to the DC isolation
the circuit provides, providing the isolation cajpars' ratings are not exceeded.



Detailed Description

Figure 1 depicts an essential embodiment of thentiwen, demonstrating how the electrical power
sources, AC1, AC2 and AC3 (which may be AC or ptiIB€ sources) can be fed into each stage of
a voltage cascade, each stage being in the foarGo€inacher voltage doubling rectifier stage.

The ACx sources (AC1, AC2 & AC3) need not be ofshene voltage nor frequency. There may be
an advantage in the frequencies being differentoaimibt in phase which is that the output voltage
will be an averaged value of the cycles of eacthefstages which, if not relatively synchronised,
will therefore contain a more 'quasi-uniform' freqay ripple content that a conventional multiplier
stack output may suffer when under load.

(In the general case, it is inferred that thesex’/A0urces have external power supplied [not shown
in Figures 1 to 10] that may be, for example, aniddut such that 'ACx' is a transformer, or a DC
input such that the 'ACx' sources may be ferritgiezoelectric, transformer based voltage inverter
parts with internal pulsed supply circuitry, sughtlaose commonly used for compact fluorescent
lighting (CFL) purposes.)

The capacitors, C1, C2 and C3, require voltageipaiions according to the likely voltages on
each stage. For example, if each of the supplias BC supply of 1000 V peak then the capacitors
C1, C2 and C3 should be a minimum of 2000 V, 40@8é&n 6000 V rated, respectively*. The
diodes should be a minimum rating of 1000 V andctiygacitors, CA, CB and CC, should be 2000
V. These issues, and the requirements to ensufieianf isolation between stages, will be well
understood by anyone familiar with voltage muleps.

*(Notwithstanding isolation within the AC suppligsor example, if 'ACx' are transformers rated for
5000 V continuous isolation and the highest stamtage is under 5000 V, then there is no need to
rate the capacitors for isolation purposes. Incthise, the capacitors need only be chosen on the
basis of what the maximum voltage across them nlighin powering up the circuit. The use of
piezoelectric transformers may be a practical méaashieve very high isolation without requiring
coupling capacitors with high voltage specificaiolmhese matters will be well-understood by
practitioners in the field once the operation @& ¢ircuit is understood.)

Figure 2 (i) shows a Greinacher multiplier stageciiidoubles the peak AC voltage. In the case of
a pulsed DC, the output is the voltage of the D{Sg(In fact, the output of such multiplier stages
is the peak-to-peak voltage difference, rather teaictly, ‘'doubling’ the AC peak voltage.)

Figure 2 (ii) shows a generic stage of the presesmintion. A diode pair is fed by a capacitively
coupled feed from the alternating supply. If thedo voltage, V+, is higher in potential than the
side of the capacitor, CN, to the diodes, thenexurwill flow from V+ to charge the capacitor. As
the supply lifts the capacitor voltage to V+2W [whW is the peak-to-peak voltage, or pulse
voltage] then if the capacitor, C, has a voltageciothan V+2W, then current will flow from CN to
C. In this way, a potential of up to V+2W is maintd across C. As current is drawn from C when
the circuit is under load, this voltage will droelw V+2W as a function of the current drawn
(according to well-known principles of rectifiercuits).
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To provide more power into any particular stagea ofrcuit embodying the present invention,
multiple supplies in parallel may also feed ongstdigure 3 depicts such a stage in which any
number of multiple power supplies, ACnl, ACn2... AGmay feed a stage within a cascaded stack
of such stages. In this case, the peak-to-peakgeitof ACnl, ACn2...ACnN should be nominally
identical else the supply with the highest voltaggy end up providing all of the electrical power
without gaining the benefit of being in paralletkvthe other supplies. The circuit of Figure 3 will
be recognised as being essentially a bridge recfdr a poly-phase input.

It will be understood by a practitioner in the dig¢hat this principle can be equally reversed in
polarity and a summation of power at negative gataalso achieved. Figure 4 shows this, which is
essentially the same as Figure 3 (ii), but feedingltage stage held to a negative potential.

Figure 5 depicts a practical 4 stage, negativeripplautput, stack supplied by 8 power supplies.
Each stage is fed by two such supplies. The supfdeding any one stage should be matched in
nominal voltage, thus AC1 and AC5 should have #mesnominal voltage, likewise AC2 & ACS6,
AC3 & AC7, etc.. If identical AC supply units arsad, then the electrical output of this circuit may
therefore be up to 4 times the nominal peak-to-pedtiage of the supplies with the combined
power output of all 8 units.

A common implementation may be, for example, usinags-produced inverter modules as the
'ACX' supplies. Such modules typically operatehim 20~50 kHz frequency range with voltage
outputs of ~1000 V. For example, 20 modules of &swautput each capable of 1000 V and 5 mA
peak output may be combined in 10 stacks, two &sexting each stage. This will provide a stack
with a nominal output of 20 kV and 100 W power abat of a few euros for each of the 10 stages.

\oltage control of such a circuit may be perfornmmetivo particular ways. Such inverter parts are
usually driven by a low voltage DC source. The l@fd¢he voltage supply of that DC source
usually influences the output of the inverter, adamly, so adjusting the input power voltage will
control the output voltage of the stack. Howeveniaimum voltage is typical (due to the internal
logic-driven driving circuits that make such invexg operate) therefore there will be a lower
threshold of voltage adjustment. The second appr@aio power the inverter modules off-or-on,
according to the voltage required. This provideksarete set of nominal voltage outputs from the
stack, because when a stage does not receiveitsdaarrent, the voltage of the stage will collapse
and the output voltage of the stack will consedyeaeduce. A supply could therefore be run off a
fixed supply (such as a 12 V battery) and discsetiéching of the 'ACx' modules will provide
discrete voltage control of the stack output with@course to potentially complex and expensive
power regulator circuits. Both techniques of cointnay be used together, for yet further
improvement in power output control.

It is noteworthy that the topology of the circuisscribed herein is such that AC supply modules
may be held at, or around, the ground potentiah shat any switching and power supplies are not
at risk of any high voltage threat. It is approfgjdhowever, to use transient suppression
components at the power inputs and/or outputseoAth power supplies so that if a coupling
capacitor breaks down, or an output circuit armét@ another potential occurs, and high voltage
from the stack can flow back into the AC supplttit is shorted to the ground line and not able to
find a route to ground externally, through the sewf the electrical power driving the 'AC'
supplies. These are safety points well-known tetgraners in the field.
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The topology also allows for the 'ground’ to bestdd at an arbitrary stage in the stack, suchfthat
an output of, for example, +10 kV and -10 kV, iguged then stacks above and below the arbitrary
ground may be selected. This is easy to implenmeptactice and allows for, relatively simple,
adjustment of where the ground potential will be A# that is required for alteration of the cirtu
ground is that the 'ground’, as specified as ‘BienFigures, is coupled to the stage at which the
ground reference potential is wanted. This could Eature within a practical design where a 'pre-
set' coupling wire may be part of the design sheth the reference potential (usually ground) can
be user-connected to the particular stage to aeliexdesired voltage outputs with respect to that
reference potential.

In this way, the diodes do not need to be physicallerted on the stack to invert its polarity {&s
generally the case for common multiplier stackg) merely, that the common coupling of the AC
supplies is tied to the desired level. That ishé polarity is to be reversed then the common line
from the 'ACX' supplies is tied to the other endhef stack of stages. Figure 6 shows how the
common '‘ACx’' connections have been coupled to apoidt on the stack, thereby producing a
positive/negative output (which may be more degirédr certain high voltage applications, e.g. to
reduce coronal effects when driving an unreferemuadntial across a load, or to reduce the voltage
specification requirements of the coupling capas)to

It is also possible to supply all of the stagewitsingle capacitively coupled AC supply in much
the same way as is the principle of the presemrition. Figure 7 (i) shows a series of capacitors
feeding the diodes of multiple stages, all fromommon output of one AC supply. It might also be
noted that if capacitors are used in series (40 ashieve high voltage specifications from serial
capacitors of lower voltage specification) thatytheay then be stacked in the manner shown in
Figure 7 (ii), which is repeating a Villard cascalfethis way, the present invention can be seen in
context of existing multiplier stack methods.

It is also possible to employ a partial degreevoltage multiplication’ of a given supply withineth
stages, such that some (but not necessarily afjestare driven in the manner of a 'Villard cascade
Figure 8 shows a 6 stage stack driven by 3 AC semplhe lower 3 stages are driven by one
supply, AC1, each stage with its own coupling cépaclhe next 2 stages are driven by AC2 into a
'Villard cascade' type (in which the voltage speaiions of the capacitance of the capacitors
feeding stages 4 and 5 do not need to be as hitjfie a®ltages in stage 5, because they are
configured serially). AC3 feeds the top most stage.

By way of example of the flexibility of the variotispologies that can be designed to achieve a
particular purpose, it can be seen in Figure 8Alzdt may be of a lower frequency output, which
can then make use of lower voltage, but higher atgace, capacitors. AC2 may then need a higher
frequency so that the capacitors can be convepisizttd. AC3 may be of a higher frequency again
(but possibly of lower power as it feeds only otage) such that the coupling capacitor of stage 6
can be reasonably sized whilst being able to coitgf@ower into the circuit whilst under load.

It is anticipated that once a practitioner in tigddf recognises that each stage (or group of stages
a conventional voltage multiplier can be fed indegently with multiple AC supplies, or by an
additional set of parallel AC supplies, by the nmgegiven in the present invention, that they will
then be able to design many such variations in kvtiie use of various AC, or pulsed DC, supplies
can be selected and optimised so that togetherditinay a voltage stack which combines their
power and voltages for a given application.



8

Figure 9 shows a further advantage of the preseention. As the multiple power supplies will
likely be operating in a de-synchronised fashiamfay be made to work thus, by intent), it is
possible to fully, and effectively, DC isolate ttages by capacitive coupling of the output stack t
a reference potential, rather than by a direct eonon. This is because the combined 'ACx' outputs
will tend to act together so as to charge the dagracand the stages that are, schematically
speaking, 'between’ the given output potentialsagh 'ACx’' supply. However, the output stack still
requires a reference potential else all stagestera/to float and oscillate, thus causing an
ineffective current output.

Therefore, for a DC-isolated embodiment of the mian, additional capacitance is required to
couple points on the stack to a reference poteitiglre 9 includes two additional capacitors, C2
and C5, compared with the equivalent circuit (ibatot DC-isolated) given in Figure 1. In
prototypes it has been found that the optimum dinclent means to couple an output stack of
several stages is to include coupling capacitoesyeother stage (though this is not essential). In
this way, each stage will have either its uppdower potential capacitively coupled to the
reference potential, and this is sufficient to gate performance-degrading oscillations within the
stack during operation under load.

Figure 9 therefore represents an embodiment capébleing ‘floated’ with respect to any other
specified potential. However, it remains DC-isaothtather than fully-floating, and this renders the
'ACX' supplies vulnerable if the potential of thetmut stack (relative to a reference potential
common to the power source(s) of the 'ACx' supplgsuddenly altered. For example, consider if
V-, of Figure 9, is being held to ground potenéiatl V+ is being powered to +20 kV above ground.
If V+ experiences an arc to ground potential, thpacitor C6 still has 20 kV across it. As V+ drops
to ground, the output side of AC4 will be pulledadoto -20 kV by the capacitor. In the circuit of
Figure 9 this can only be discharged through A&dlfit If AC4 cannot withstand the 20 kV
potential across it and breaks down, it may bearably damaged.

In short-circuit prototype robustness testing (aagber the above comment in regards robustness
and repairability) such events have occurred. Asutsually the ACx supply closest to the highest
potential that will fail and will short the excesstential in such cases, the other ACx supplieg hav
been, typically, saved from damage. In a numbénmélents, the whole stack went on functioning
without it being realised that the upper supply faléd (this being one of the benefits of the
present invention). Once noted, the damaged ACglgwpas replaced as a module, which could be
done quickly, easily and cheaply. This is a failomede not unique to the present invention, and
shorting of the outputs of stacks driven by sirgglpplies may also experience such failures.
However, in the case of a stack driven by a sisgfgly, the whole unit may have failed. Failure of
the large, single supply (which is usually a dominzost element of such supplies) would possibly
render the supply and stack beyond economic repair.

Further robustness of the stack can be achievedtigd means that would be obvious to a
practitioner in the field. Figure 10 shows how ptgpe units have been improved following
robustness testing. Here, resistors R1 to R6 hege Imcluded, the purpose of which is to slow
down the discharging of the capacitors, C1 to @&ugh the ACx supplies. In doing so, the
internal impedance of the ACx supplies becomedftignt as this is the route through which the
capacitors will discharge. In prototype builds,sews, R1 to R6, have been used which are
approximately 10 times the internal impedance efAx supplies. This mitigates the peak
voltages seen in the ACx supplies, thereby mitigashorting within them and keeping them within
their tolerance of voltage isolation (to the ingptimary' side, power lines - not shown in Figure
10).
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Further transient suppression components may lehyseoupling the ACx outputs to the reference
potential. In this case, as the capacitor is puledugh a high voltage (as an output is shortied) i
will discharge through the voltage suppressionaeynce the voltage across it has exceeded its
breakdown voltage). The use of a resistor in thiud also provides a sufficient time period foet
voltage suppression device to perform its protecfimction during an output stack arc/short-circuit
event.

Figure 11 shows how the DC-isolated circuit of FeglO may be exploited as a rapid-reversal
polarity high voltage supply. As the switch, S, opéom V+ and contacts V-, the stack of
capacitors (shown as CA, CB, CC & CD in Figure i) jump up to the new potential, without
needing to be discharged. Instead, it is the cogmapacitors, C1 to C6, that will discharge ay the
cycle through their AC frequency and start feediagh stack stage again. As there is essentially
nothing discharging on the power output stack piblarity switching is effectively instantaneous,
(notwithstanding a dip in voltage output within th€ period of the ACx current feeding the output
stages).

In prototyping work, it has been established thatdoupling capacitors, C1 to C6, need only be
guite small in comparison with the output stackazajors. In one set of prototypes, 10 nF
capacitors were used for the output stack capacith to CD, whilst the coupling capacitors, C1
to C6, were varied from 50 pF to 1 nF, with the powupplies operating at 40 kHz. Little
advantage was found in using coupling capacitorhmabove ~470 pF in this example when the
output stack capacitors were delivering 5 mA ak¥3rom a 6 staged topology.

Using 100 pF capacitors provided efficiencies lvettan 90% of the 470 pF capacitors (which
were, in turn, practically indistinguishable froming larger capacitances). Using such relatively
small capacitances for the coupling capacitorsfioee provided a significant cost advantage in
prototype assembly because these capacitors neathstand the full output voltage of the stage
they are feeding, yet higher capacitances at higlages are costly, so there is a strong commercial
advantage to minimising the capacitance specifoatf the coupling capacitors.

In a further prototype design, two 100 pF 30 kVamrs were connected in serial to provide an
isolation of 60kV. The 50 pF effective capacitamaes still satisfactory to drive a 2.5 mA current at
55 kV into a stack composed of 12 stages of 10agacitors with only a further loss of efficiency
not measurably greater than 5% over the variangusd0 pF coupling capacitors. The ripple
current was measured under load and found to beeceprincipally to the output stack capacitors'
values, not the coupling capacitors values. Loweipting capacitor capacitance only appeared to
reduce efficiency, rather than affecting ripplereut.

This may be useful information to practitionerghe field if diagram 7(ii) is reconsidered. This
depicts the prior art of a 'standard’ multipliexcétin common use. The above tests suggest that the
capacitors to the left of the diode chain may bsigiificantly smaller values than the output stack
capacitors to the right of the diode chain, withiotease in ripple current and only a minor loss o
efficiency, if any*. It is common practice in thestacks for all the capacitors to be of a givemeal

or, otherwise, for the lower capacitors to be gikiggher values so as to 'support' the upper stages.
However, the work on prototypes of this presenemion show that the capacitors in series with
the power supply can be significantly smaller; emgpig coupling capacitors with less than 10% of
the capacitance of those in series with the odgad has not been significantly detrimental on
performance in the prototypes built.
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*(Once it is recognised that, in a Villard desigjme 'coupling’' capacitors that feed the centradlelio
node of the pair that rectify across each 'outfaaks capacitors (serially connected to the load)
serve different functions, then it can be appredadhat the coupling capacitor will tend to swing
through at least twice the voltage as may be ptesethe output stack capacitors, therefore the
capacitance value needs be only one quarter (a&ntrgy content that the capacitors can deliver
per AC cycle is the square of the voltage). In fica¢c when load is being drawn from the output
stack capacitors then the voltages on the couptpgcitors may swing through an even larger
voltage, such that the capacitors would still §kieé suitable with a lower capacitance still.)

Figure 12 shows a further means to mitigate damaggest shorting and arcing of the external
loads, and is presented particularly with regarthé&polarity reversal embodiment given in figure
11. Where the outputs will be repetitively and pditally shorted, more robust means may be
required to ensure survival of the 'AC' suppliemthelying on their internal impedances or other
‘transient’, occasional, safety components (that ihe circumstances that 'AC' does not, itself,
have sufficient isolation to withstand the outpaltages involved). In Figure 12, an additional
capacitor and diode is used which creates a 'chargg' arrangement on the inputs to the rectifier
stages closest to the voltage outputs. Consider-£&3lits voltage output initially rises, so the
connection note between C1, C7 and D9 will tryise.rThe diode D9 will prevent the voltage of
that node rising above the reference level '0wWitbstanding the ‘forward voltage drop' of the
diode). As the AC1 supply reverses, so the capacd and C7 will, together, act as the coupling
capacitor driving that rectifier stage. The C1/C3 tivde will then oscillate along with the output of
AC1, but will do so only at negative potentialshwiespect to the reference potential. In the event
that V- is shorted to ground, the charged capa€ltowill try to pull the C1/C7/D9 node high, but
the diode D9 prevents it rising above the refergratential, thereby protecting AC1. Diode D9
may be of the same type as used in the rectifgestHowever, as this may not be a very fast
transient-type diode, a resistor, R1, may be ireduied slow down the rate at which C7 will pull
AC1 high and provide a time interval during whidbak D9 turns ‘on'. For the stages closest to the
opposite polarity, the diodes are reversed. Ihiggated that once the basic application of this
charge-pump arrangement is understood, it willlbardo a practitioner in the field how other
circuit protection schemes can be employed to aehimproved designs.

Figure 13 shows 'packaged' versions of the citgpi given in Figure 10 connected by pairs in
series for additional voltage, and those pairsairajel for additional current capacity. With th€b
isolation feature of Figure 10, such 'packagedswran then be arbitrarily stacked in series and in
parallel, so that a set of such units can be usedlexible manner, either for high voltages and
lower current (by connection in series) or higharent lower voltage (by connection in parallel) or
any other arbitrary configuration as per Figured®yiding the internal coupling capacitors
voltage ratings are not exceeded between inpubatpmlt potentials.

Figure 11 and Figure 13 also show optional batlesistors on the input leads. If the output stack
shorts, these resistors will help protect the pde&ds from being the route of high voltages to
ground during the discharging of the packaged umhg units may float momentarily, aiding
survival of the internal ACx supplies. Also, if tieeis a sudden load on the combined output stacks,
the additional current will mean these optionaldslresistors may prevent high power loads on the
internal parts and may act as a coarse currentategu (These resistors would therefore be high
power, low resistance type resistors for this psepavhich will be an application understood by
practitioners in the field.)
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This description has not sought to provide furttissuitry that may be employed to achieve fine
power, voltage or current regulation. In practiwbere the, 'ACx’, are transformers and/or CFL
inverters, then the outputs of the example ciragiien in the diagrams would tend to be,
approximately, ‘constant power' outputs (providimg power source(s) to the individual power
supplies is, or approximates to, a voltage staallsource), such that as the output load draws a
high current then the voltage will decrease, artdafcurrent drawn is low so the voltage will
increase (and will reach a nominal peak voltageeed current drawn, according to the
characteristics of the individual power suppli€dgctrical regulation of the output may be achieved
by means commonly known to practitioners in th&gfithe most common types being shunt or
regulator [resistive] type circuits.

However, the present invention may introduce, eithievhole or in part, new means to regulate
(particularly the voltage) output of such voltagescades in the following manner: Some stages of
an output stack may be unregulated and fed by lastgarts that provide a 'base supply' to the
stack whilst one, or more, other stage(s) are drimea more expensive switching power supply
operating a modulated pulse scheme in which fagtraloof that particular stage, or stages, will
compensate for changes in the unregulated stagetegcribed previously, further coarse
adjustment may be made by powering off, or on, gumeded stages to ensure the overall voltage
output remains in range.

The following is an example to illustrate: A setldf stages is rated to 5 kV at a maximum current
of 10 mA, and each stage can deliver 1 kV withoaall If one of those stages was a regulated
output (which may use a switched mode as descebeude with closed loop monitoring of the
output and the capacity to switch the other stagesr off) and the output demand was 4 kV then
when the unit is switched on without load, 3 untatgd stages may power up, together with the
regulated stage, each contributing ~1 kV to th@uaiustack. When a load is attached which draws
5 mA such that each stage can deliver ~750 V, titeuay then power up 2 further unregulated
stages, whilst the one regulated stage continuisddune the output voltage in the range ~500 V.
By these means, regulation of a high DC voltage begiccomplished with high efficiency, without
need for particularly complex circuits that woulditeh the whole output voltage as a means to
regulate it, nor by resistive or shunt means thal@ssy.
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Claims

1.

o ol

An electrical circuit comprising a series of &t Greinacher voltage doubling rectifier
stages and multiple independent alternating curestt/or pulsed direct current, electrical
sources in which each stage, or group of stageyrabination of individual and groups of
stages, is fed by an independent electrical scamdethat together form a cascade of
electrical stages which combine the power and geltautputs of the independent electrical
sources.

The electrical circuit of claim 1 in which anygn rectifier stage may be fed by multiple
parallel independent sources of nominally identu=dk-to-peak voltage.

The electrical circuit of claim 1 in which oneipioon the cascade of stages is commonly
and directly electrically coupled to one of the taugput lines of each of the independent
electrical sources, while the other line of eagbpbyis capacitively coupled to a rectifier
stage, or multiple rectifier stages, which togefioem the cascade of such rectifier stages.
The electrical circuit of claim 1 in which no poon the stacked stages is commonly and
directly electrically coupled to the independemictiical sources, but instead one output of
each of the independent electrical sources areembed so as to form a common electrical
connection, and this common electrical connectsdimked via a capacitor, or capacitors, to
a point, or points, on the stacked stages, whdeother line of each supply is capacitively
coupled to a rectifier stage, or multiple rectifstages, which together form the cascade of
such rectifier stages.

The electrical circuit of claim 1, 2, 3 and/ow#ien used with an electrostatic accelerator.
The electrical circuit of claim 4 in which theenmded electrical output from the output
stages is a middle stage, and where the uppemer Istage, exclusively, may be connected
to a reference potential such that the potentith@imiddle stage, with respect to that
reference potential, will depend on whether theempmp lower stage is held to that reference
potential, and that the polarity of the middle stagll effectively reverse, with respect to
that reference potential, when the connection ftloah reference potential to the upper stage
is swapped to the lower stage, or vice versa, liygpeoviding essentially instantaneous
polarity reversal of the middle stage with resgedhe reference potential.

An electrical circuit of claims 1, 2, 3, 4, 5 &md6 in which the rectifier stages are fed from
the independent electrical sources via capacitdgrsaapacitances which are no greater than
one quarter of any capacitances of the capacitdisei rectifier stages in series with the
output load.

An electrical circuit of claim 6 in which the g&s are fed from the independent electrical
sources via capacitors with capacitances whicimargreater than one twentieth of any
capacitances of the capacitors in series with thput load, such that the polarity switching
rate may be maximised.
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Abstract

Stacked Greinacher doubling stages are fed by plreiltepacitively coupled alternating current, or
pulsed direct current, electrical sources, the@hybining their voltage and power into one direct
current output. This facilitates the use of paftsroaller size and power, and of cheaper mass-
produced construction, compared to the currenttipeaof driving a Villard cascade (Cockroft-
Walton voltage multiplier) with a single driver soa. Cost, reliability and maintainability
improvements are gained over current practice. thatdl utility is also gained as the circuit can be
implemented to provide DC isolation of the outpulbjch allows for a variety of functions not
commonly available with voltage multiplier stacksch as; essentially instantaneous high voltage
polarity reversal capability, and the facility tmdularise and 'stack’ such circuits in arbitranyese
and parallel arrangements.



