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The present invention relates generally to high voitage power supplies and, in
particular, to a high voltage power supply for generating a controlled current in a load
10  having varying inductive and capacitive components.
Background of the Invention
High voltage power supplies often are used in applications where a load
connected to the power supply includes a significant inductive or capacitive
component. In many applications, inductive components comprise a major
15 component of the load. For example, electrostatic precipitators contain electrode
arrays connected to a high voltage power supply via high voltage cables and buses.
The array, the cables, and the buses all contribute to the overall inductive value of the
system. Even in applications that do not contain large inductive components,
elements of the system may have non-negligible inductive values. For example, a load
20  connected to a high voltage power supply may be connected to the power supply by a
high voltage cable having an inherent inductance. As a general rule, therefore, all
high-power electrical circuits can be modeled with resistive, inductive, and capacitive
components,
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controlled to remain around an average level, typically less expensive power
transistors having a lower current carrying capability may be selected for use in the
power supply.
15 Several different approaches exist for designing a power supply that produces
a direct current (DC) high voltage. For example, a common approach is to convert a
DC voltage to a high frequency alternating current (AC) square wave voltage with an
inverter, step-up the square wave voltage using a high voltage transformer, and rectify
the stepped-up output of the transformer to produce an approximately DC output
20 voltage. A drawback to this generation method is that it does not allow simple
control of the magnitude and waveform of the current generated in the transformer
and in the load. The magnitude of the current in the load is affected by two changing
voltages. First, fluctuations in the primary DC voltage source can cause the amplitude
of the AC square wave voltage from the inverter to vary. Variance in the output from
25  the inverter will have a direct effect on the output voltage from the power supply.
Second, changes in the voltage drop across the inductive or capacitive components in
the load will affect the current through the load if the output voltage from the power
supply remains constant. For example, in precipitator applications, the voltage drop
across the electrode array in the precipitator will fluctuate in response to varying
30 amounts of pollutants passing through the precipitator. The two changing voltages,
i.e., the magnitude of the output voltage generated by the high voltage power supply
(hereinafier Vgen) and the voltage across the capacitive components in the load
(hereinafter V), often change independently of each other. The variation of both
Vgen and V. effects the rate of change of current in the load. Because prior art power
35 supplies were not successful in rapidly controlling the difference between the output
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(hereinafter Vg.,) generated by the power supply is equivalent to the sum of the

output voltages from each of the three groups of high voltage generators. The output

25  voltage may be applied to a load having varying inductive, capacitive, and resistive

elements. A voltage (hereinafter V) is produced in the load across the capacitive
components,

Each of the groups of high voltage generators contributes a different

component to the output voltage produced by the power supply. The power supply

30  cycles through two modes of operation to maintain a desired current in the load.

During a driving mode, GroupsI, II, and III of the high voltage generators

collectively provide an output voltage that exceeds the voltage across the capacitive

components in the load. To accomplish this objective, Group I generates a tracking

voltage (V) that decreases as the current rises in the load, Group II generates a base

35  voltage (V,) approximating the voltage across the load, and Group III generates an
accelerator voltage (V3) at a level that ensures that the sum of the three voltages
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To expand the range of the power supply, a8 control circuit is provided to
enable or disable additional high voltage generators contained in Group IL. In order
to track a voltage change across the capacitive components in the load, the high
voltage produced by the Group II generators must be capable of producing a broad

20 range of output voltages. To produce these voltages, additional high voltage
generators may be turned on-or-off by the control circuit to adjust the output of the
power supply. The generators are dynamically enabled or removed in response to
changes in the voltage across the load. Additional generators may also be enabled
when high voltage generators within Group II fail. The failed generators may be

25  dynamically substituted with replacement generators in order to maintain the desired
output voltage without substantial interruption.  Dynamic replacement of
malfunctioning generators enhances the reliability of the high voltage supply.

It will be appreciated that the power supply disclosed herein offers several
advantages over other high voltage power supplies disclosed in the prior art. In

30 particular, the present power supply generates a high voltage while controlling the
magnitude and waveform of the current in the load and the transformers. The current
may be controlled despite fluctuations in the difference between the primary voltage
and the voltage across the capacitive components in the load. Controlling the current
allows the power supply to generate and apply a high voltage having a desired

35 waveform shape. Shaping the waveform voltage is particularly advantageous in state-
of-the-art radars and other high voltage applications.
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A further advantage of the disclosed power supply is that additional high
15 voltage generators contained in Group Il may also be enabled or disabled to
compensate for ripples in a rectified AC input voltage. DC voltage for the disclosed
power supply is provided by rectifying an AC line voltage. Typically, large and
expensive capacitive filters are required to generate a sufficiently smooth DC voitage
to prevent the output from the high voltage power supply from fluctuating. Rather
20 than using capacitive filters, however, the disclosed power supply may enable
additional Group II generators as the input DC voltage drops, and disable the
Group II generators as the input DC voltage rises, in order to maintain the desired
output voltage.
A still further advantage is that very few energy storage components are
25  included in the power supply design. The minimal use of inductors or capacitors
allows the high voltage power supply of the present invention to be quickly turned on-
or-off. The rapid response of the power supply allows it to be used in situations
where it would be desirable to quickly tum off the power during the occurrence of a
failure condition, such as a short in the load. The rapid switching time of the power
30 supply disclosed herein therefore makes it especially suited for applications such as
electrostatic precipitators, x-ray equipment, pulse and continuous lasers, and radar
systems.
Brief Description of the Drawi
The foregoing aspects and many of the attendant advantages of this invention
35 will become more readily appreciated as the same becomes better understood by
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FIGURE 9 is a circuit diagram of a current control circuit suitable for
maintaining a constant current in a high voltage generator in the high voltage power
supply of FIGURE 2.
25 etai

A high voltage power supply design that is known in the art is represented in
the block diagram of FIGURE 1. The power supply consists of a primary DC voltage
source 20 that provides an unregulated DC voltage to a high voltage generator 22.
The high voltage generator is connected to a load 24, and contains an inverter 26, a
30 transformer 28, and a rectifier 30 to produce a high voltage for application to the

load. Inverter 26 converts the unregulated DC voltage from the primary voltage

source into a high frequency square wave. The high frequency square wave is

stepped-up by high voltage transformer 28 and rectified by high voltage rectifier 30.

The resulting output voltage applied to the load is a fully rectified square wave having
35 anearly constant DC amplitude.
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voltages to ﬂuctuate. With respect t0 Vgep, the output voltage from the high voltage

15  generator is proportional to the magnitude of the voltage produced by primary
voltage source 20. Fluctuations in the primary voltage supply due to instability or
voltage ripples directly cause variations in the output voltage Vgen- In contrast, V
can change its magnitude due to a change in the voltage drop across the inductive
component in the load. The voltage drop across the inductive component may change

20  due to the discharge of energy, for example, during precipitator operation. As Vge,
and V, change, the difference between the voltages typically changes, causing a
proportional current fluctuation through the inductive component of the load. In
general, large fluctuations in load currents are to be avoided, as they have the
potential to overheat or destroy electric components in the Joad.

25 The object of the present invention is to maintain the magnitude of the current
in the load at a desired level independently of any fluctuations in the primary voltage
and changes in voltage across the capacitive components.

| R General Power Supply Construction and Operation
A block diagram of a high voltage power supply 40 constructed according to

30 the present invention is shown in FIGURE 2. High voltage power supply 40 consists
of three sets of high voltage generators 50 identified as Groups L, Il, and II. In a
preferred embodiment of the power supply, Group I consists of a single high voltage
generator 502, Group H is made up of eight high voltage generators 50b, 50c, . . . 50i,
and Group III is formed by a single high voltage generator 50;. Upon understanding
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capacitor 88. AC power source 84 also provides operating power to a current control
circuit 64 that is coupled to high voltage generator 50a. In the currently preferred
embodiment, rectifier 52 is a full-bridge diode network that produces an unregulated
DC voltage. In a realization of such an embodiment, the DC voltage produced by the
rectifier is approximately 170 volts.

Each high voltage generator 50a, 50b, . . . 50 is comprised of a high voltage
inverter 70a, 70b, . . . 70j, a high voltage transformer 72a, 72b, . .. 72j, and a high
voltage rectifier 78a, 78b, ...78j. As shown in FIGURE 2, the output of each
inverter 70a, 70b, . . . 70j is connected to supply a signal to a corresponding primary
winding 74a, 74b, . . . 74j of transformer 72a, 72b,...72j. An associated high
voltage  rectifier 78a, 78b,...78j is connected to the  secondary
winding 76a, 76b, . . . 76j of each transformer. The high voltage generators are
connected in a cascode configuration so that the output voltage Vgeq from the power
supply is the sum of the output voltages produced by each of the high voltage
generators. That is, each group in the high voltage power supply produces an output
voltage that is summed to form Ve,

The high voltage power supply is connected by a line 80 to a load 24.
Load 24 may be modeled by an inductive component 32, a capacitive component 34,
and a resistive component 36. When current flows through inductive component 32,
a voltage V. is produced across the capacitive component of the load. As discussed
above, voitage V,, will vary as a result of changes in the voltage drop across inductive
component 32. A change in V, caused by, for example, energy discharge, would
typically result in a change in load current. As will be demonstrated below, however,
the power supply disclosed herein generates a variable output voltage that maintains a
nearly constant load current of desired amplitude through the inductive component of
the load.
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operation of the high voltage power supply of FIGURE 2 when a voltage

across the capacitive conponent in a load is decreasing; 15
FIGURE 6 is a circuit diagramof an inverter suitable for use in a high
vol tage ggnm endier,csache of the Mbhmmmn@qum’fgm 2;

FI GURE 7 |sh iffdrbrt rof‘ ‘f, W E‘g or use
in a | vQl t age erator cont r

FI GURE 2 uing & of e autput ain 1‘3&9@ ﬁﬁ?’ rcwt
sui tabl e for spﬂpmmmwmﬂﬁﬂmlmmwmudgmmhbguwvdtﬁghe

generators i g&aaﬂh P aﬁhzz
FI GURE 9 i%s 2 | CUl thg '% a cu rent“‘%ntrof‘gﬁl rcwt su?“sp

mai nt ai ni ng BREHYY GURE3. EpT senplfe ther
vol t age powerthe mvertersvﬂtiheydnfpefdd@oﬁﬁwﬁat by the load of the high voltagemﬁﬁdrmei'ed

Descr ! PLLON. Shttigh RO ool ! diikorms shown ;].ﬁ@ § Qe Yils! @95, POVer
supply design th nown 1t art. 1sre esenﬁle I n t he ock
di agr am of FI hdepevatative, of the shape; af; thehigh, woftage, generstor; gutpyt e
source 200t habltmeswpﬁodﬂaeﬂﬁéﬁgﬂbﬂiﬁd (I invbé loage The specificionstaiction of

generator 22..,.p ?HPQE”M’ t %%&&E? . On;a@chp

and cont ai ns E ver %r?)%g@ ans é?shrrg;req@ﬂgan a rg"cl I frer
produce a hl&ﬁ &% Qppllcatlon to the | oad. Inverter 26
convers the unregllianUREQ ‘eadht cfithe highvoltige generstury is/cdnine@ed to a timingir ce

St eppod ghb%ﬁ Jo W&f@?ﬁ%ﬂ%%ﬁ*ﬁ“@”%ﬂ véhsage

rectlfler mm# BLis a
fully recti f mefemmembom dfathé yeition, tbe tithﬁfd sigmad peoduced Bﬁlthfmikmﬂglde
generator is a square wave voltage having an amplitude of 15 volts and a frequency
within the range of 10 t020 kHz. A representative square wave timing signal
generated by the timing generator is shown by graph Vg, of FIGURE 3. As shown in
20 FIGURE 3, each of the generator groups generates a characteristic output voltage
beginning with the leading or falling edge of the square wave. Although a square
wave timing signal is preferred, those skilled in the art wilt recognize that the inverters
in the high voltage generator may be driven with any repetitive signal. While the
discussion below therefore contemplates the use of a periodic square wave timing
25  signal, any non-periodic repetitive timing signal may be used to generate a desired
output voltage waveform,

The Group IIT high voltage generator 50j generates a periodic rectangular
pulse as shown in graph V3 of FIGURE 3. The rectangular pulse begins with the
leading edge of the timing signal, and has an amplitude that corresponds to the

30  magnitude of the DC voltage provided by AC-to-DC rectifier 52 and the turns ratio of
transformer 72j. A current monitor 58, connected between the output of inverter 70j
and the primary winding 74j of transformer 72j, senses the current being delivered by
the inverter. When the current measured by current monitor 58 corresponds to a
desired load current (I;) through inductive component 32, the inverter of the Group

35 I high voitage generator is switched off When switched off, the output voltage
generated by the Group III generator falls to zero.
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The current flowing in the Ioad depends on the vol tage generated and
appl i ed . to the load by high voltage generator 22. Load 24 nay be

nodel ed w t h W 2631939 conponents: an inductive conponent PETABIGN46I1
capaC|t|ve conponent 34, and a resistive conponent 36. The current
produced in the inductive conmponent vvhenlo' voltage is 5 applied by the -
hi gh vol t age gener at or may be represented by the follow ng equation: [err]

Wer e: V[err] = voltage generated by high voltage generator 22;
V[err] = voltage aTheSsoupddahightvoltagecgempratoes50b350c, . . . 50i of FIGURE 2 supply i =
current througﬂ f"{!ﬁ shSwn i graph U}‘% aI ent
val ue of |nduct|v%ir rER nent = " V2 ofFI(é t rate of
change of cur eash mco-rﬂ%mum a3 square wave PF’EB‘\‘F éhﬁalsl on (1)
it is apparenmynchﬁnmhmthahe g@herm:merhe squareoad

depends onst hg.dt "gg ] [, W can
cause these iy, o‘fé gges o‘yf c ua e W@s ecf e out put
i

vol t age from @At

magni t ude of W@MGM%WMWWMWWW

Fl uctuations 'gMSﬂ l{ﬁxﬁtsgl
vol tage rippl €s dlrecglaﬁqgause varlatlons i, n e outpat vofst 8 ?}I ?rr] In
C

contrast, V[ eSflers hafBe SiFguit, A9e regeires; & valisge
vol t age drlOp aetwosis 82 fon arliindula/@o Wﬁtoﬂ thet Psitage 3 ac'ﬁbh@ thel t age

drop across t arge of
eneng, for em % | ﬁg:gﬁ%g%tf?or oper a i on %%&%‘i&ﬁ&@ )
gh voltage generators so that the total voltage
generated by the Group II generators is less than or equal to the voltage appearing
across the capacitive component of the load. The output voitage from the Group Il
15  generators may therefore change in incremental steps that correspond to the output
voltage produced by each high voltage generator in the group.

The Group I high voltage generator 50a produces an output voitage V; that
can range between zero and a value limited by the maximum input voltage being
supplied to current control circuit 64. The GroupI high voltage generator is

20  comnected to a current control circuit 64. Unlike the Group II and Group III high
voltage generators, the Group I high voltage generator is a current fed inverter.
Connected between the current contral circuit 64 and the inverter 70s is a curmrent
monitor 60. Current monitor 60 monitors the amount of current flowing in the
inverter. The monitored current is a scaled amount of the current flowing through the

25  secondary winding of the transformer contained in the high voltage gencrator, and
therefore proportional to the current flowing through the power supply and to the
load. If the current measured by the current monitor 60 indicates a current level in the
load below the desired current I, the current control circuit 64 provides additional
current to the inverter 70a to increase the voltage generated by the high voltage

30 generator. Conversely, if the current measured by the current monitor 60 indicates a
current in the load greater than the desired current I, the output voltage from high
voltage generator 50a is reduced. In this manner, a variable voltage is generated by
the Group I high voltage generator in order to track the change in the voltage across
the capacitive component and maintain the current in the load at a desired level. A

35  representative output voltage generated by the Group I generator is shown in graph
V; of FIGURE 3.



and V[err] change, the difference between the voltages typically changes,

C agstHag—a———proeportt+onal—cur r eat—-uct uat+of—t hr ough the—+ndvet+ve——m-
conponent of the load. In general, large fluctuations in |load currents
are to be-avoi ded, as they have the potential to overheat or destroy
el'ectric conppeegsmsd N the | oad. 25 The object of ther/pssenssnt .

I nvention is to maintain the magni tude of the current in the load at a
desired | evel independently of any fl uctations in the primary voltage

and changes in voltage across the capacitive conponents. 1.
General Power Supply Construction and QOeration A bl ock di agram
of ~a high voltage A9wath gioRplof Kigh qfiodudies I the abaid@ déstrdbedr esent

o Chr ee skt SWW%&Q@%?@&WW@ “Pgé%%ﬁ%@“l I, and

IIL. In a refgsreds & po@ Mm@ntn@fatmhps @hsi st s
of a single h Bythe time intéRAPfrérh @) t&%mmsl khummﬂmet@oauel ght

 Singl e ngnCta %stgﬁo&?ﬁ%m ag%%dmaeerolpgﬁ"v%%“ horbis 4" "0 Y
96/ 31939 capwtxve oomponent ofthelou The Group I generator pro%ucesahnghvoltage
PCT/ US96/ 046 9¢hat will dynamiciliyevary digingithe\drivilg #blld. The mgnmrstmauw eat er

o iiﬁ’?fgﬁlﬁh?ﬁ@ﬁ@x%éﬁw%ﬁwﬁa@%% g

and
current | evel the Group IIl generatgr produges a positive rectapgwlaspulseu The amplipde of ¥as power
to the high vaid Wggre selected so that the sum of V, and V4 is a constant voltage that exceeds

Ve fie, V, + V3 > V). Since Vg, is greater than V, during the driving mode,

according to equation (1) the rate of change of current is positive during the period

from t; to t;. The current through the load therefore increases during the driving

mode until it reaches a desired level 15 When the current reaches a desired level,

15 current monitor 58 senses the desired current and switches off the Group III
inverter 70j. At this point, the power supply enters a tracking mode of operation.

When the desired current level is reached, the power supply enters a tracking

mode of operation represented by the time interval from 1, to t3 in FIGURE 3.

During the tracking mode of operation, the voltage V., generated by the power

20  supply substantially tracks the voltage V. across the capacitive component of the

load. In particular, the output from the high voltage generator in Group III is

switched off by the feedback provided by current monitor 58. The voltage Vgen

therefore drops to the level of the sum of the output from the Group I and Group II

high voltage generators. The Group II generators collectively generate a sum DC

25  voltage less than or equal to the voltage across the load. Simultaneously, the high

voltage generator in Group I is controlled so that the sum of the voitages V; and V,

is substantially equal to the voltage V, across the capacitive component of the load

(e, Vi + V,=V,). As previously pointed out, by monitoring the current being

provided to the load, current monitor 60 causes the Group I generator to increase or

30  decrease its output voltage to track voltage changes across the capacitive component

in the Joad. Voltage V. may change for a variety of reasons, for example, due to any

charging or discharging processes in the load. Absent the invention, any such change

in V would cause a change in load current. However, during the tracking mode, the

power supply disclosed herein maintains voltage Vg, at a level substantially equal to

35 V. Thus, in accordance with equation (1), the current in the load does not

appreciably change its magnitude during the tracking mode because the voltage drop



5. power supply. In a preferred enbodi nent of the high voltage power
supply, AC power soutee 84 provides a 120 volt AC voltage at 60Hz. The
AC power source supplies operating power to an unregul ated AC-to-DC
rectifier-52 which is connected via lines 100 and 102 to each of the
hi gh vol t agewossigener ators 50b, 50c,.. .50 . Connected becwessswoidsmes 100
and 102 is a filter 10 capacitor 88. Aﬁﬁpomer source 84 al so provides
operating power to a current control circuit 64 that is coupled to
hi gh vol tage generator 50a. In the currently preferred enbodi nent
rectifier 52 is a full-bridge diode network that produces an unregul ated

DC vol t age. latross the &ductivel compohent of thecload ixlin dheridedl, sehdeceqiiil tu deton gBypr oduced

\%I :gge genercgﬁd%% W%%M c%se%&o?ﬁs‘hﬁlmﬁhﬁf@b e B A"

i nverter 70aPo togena'%f; %"‘d .. 72,
and a high Addxmndlly,agnearly@quaiewave?ﬁmntﬁshwmmneiaa theAmnsibnnm iwhi¢h iISURE 2,

t he out pu% m;e . . . 70j is connect ed to suppl y
a signal to a corresRom&%E%rl rrary W ndi ng 74a, 74b,... 74

transforner 72a, itage genesation; process Fepeats during, the ssennd éftlfler
78a, 78b, . mepéiaqofmemaohagdvmtpmdub&bbynmggaﬁmyrss At timet,ng 76a,

76b, . . . 7ie plackty oF il dak m@%
connectedlnaca code co ation sp that t ut a rr] from
t he power h'sh‘(?ifb? uﬁ?ﬁ @Ft"é’&@%‘ m@:’:% each of

t he hi ghl@ol val%e generatgsrmuakarxmméﬁmy dr@ indhe butgutoegitage Vpheofithgyhighol t age

The i g vol Yol ggséower Eﬂgp iy con‘hec “ﬁg’the‘?“he%‘ﬁ“éﬂ’éﬁ‘?“'ﬁif el
(0]

Load 24 may nthgtchange in nmponent
34, andﬁmmdnetosisnegatmnponent 36 When current flows through |nduct|ve
conponent 32, 5%5"“! 0

corrponent Of.}/thﬁ éggﬁ cugée étgq‘b%&gv%ﬁw%?% errl %r‘l vary as
a resul t 13t Vha¥y 19 exceed ¥ t:va‘!!'&‘i %W'ﬁﬂﬁ g onent

32. A changemdnctivpeompomehblbgd Aﬂhnetgaﬂploerrex&ﬂh‘ogghtﬂemdhapgapchmul d
typically regil fesiréd fwabanm% %ﬁ.[a ,;a;fed

R o3
\?Slr ?\évbl gogﬁrﬁﬁu%lztb&%sf‘ Oi‘ﬁ%g@é{x&,ﬁ%g&{ﬁ H’&ﬂ current

of desired apgicratorde Growpolikyis switehedmﬁjmd the vohgpdfge,ndmps tocthe lavileof] Vipad.

20 the output from the Group II high voitage generators. At the same time, the high
voltage generator in Group I changes its output so that the sum of V, and V; are
equivalent to the voltage V, across the capacitive load. Driving mode operation
begins again at tg in FIGURE 3, i.e., at the end of the negative polarity portion of the
square wave timing signal,

25 FIGURES 4 and 5 are timing diagrams showing the effect of a change in the
voltage across the capacitive components V,, that will result in enabling or disabling a
Group IT high voltage generator. Recall from FIGURE 2 that the Group II output
voltage V, is produced by a plurality of generators 50b, 50c, . . . 52i. The number of
Group II generators that are producing a voltage is controlled by control circuit 56,

30 which can selectively enable or disable the output from each of the Groupll
generators. FIGURE 4 represents a case when the voltage V, across the capacitive
component in the load is increasing. As the voltage increases, the output voltage V,
produced by the Group I high voltage generator continues to increase in magnitude to
insure that Ve, tracks V.. At a time t;, the voltage produced by the Group I high

35  voltage generator reaches a maximum dictated by the input voltage to the current
control circuit. From time t; to time t,, the output voltage V; remains at a maximum.
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As noted earlier, each of the generator groups is responsible for
generating a di fferent conponent of the output voltage fromthe power
supply. Repre®agiaizpVve timng diagrams of the output perivsgmaes .
produced by Goups I,1l, and Il of the power supply are provi ded in

FIGURE 3, and will be di scussed generaT1I3y below. It will be 5 appreciated
that the graphs showi ng the output voltage from each high voltage
generator group are idealized in FIGURE 3. For exanple, the voltage

:E Lgnﬁ: z;lhoca Bﬁag,ag[ Yawﬁ&ﬁ%%wﬁnga fi 8‘32;: ili'll%‘l oad of

wavef orns sh

repr esent at i veltage power supply outpiit valtage captnoongen track) ¥ g dhexcantrobeircpitin the
vol tages tha o\%er esblS ah hiSiticndl tor il @& Group 1T highevol tﬂ?ﬁgmﬂ%&nﬁpemflc

construct each, hi VO .a e gepera

cobeequent | Tﬁuﬂe’cgoegl B ofee s ¥ BrodyoBf by the

In FI GURE 2, Gmpﬂlsmgsmmmmugbe gutput voltage: Vi Bhtime t the utputt i i ng
gener at or 66vo pi’dﬁbéﬁygsﬂﬁ %&ﬁdrstlﬁ)snﬁ&eﬁtrtﬁ Imﬂm ve each

of the 15 nverters.i e hi | t r frequency
1 m ng s gnafibpuy catei Wm@m%ﬁi&ﬁmﬁe%ﬁ %}éﬁ e tim ng
si gnal produmemmhmdmn@wavefomagma%or is a square wave voI t age
having ampanpl i t usiilgdly, FIGURE!Srefifdsents d caSEIWAET the voltage attdsitHe dapatitivange Of

éLget ;)I r2nOnI;H§ A repr, e??r]t%ﬁe sg.uar gﬁ\&y\{/e ti r%:g Si 8naLhg 0%‘ ner ?'ﬁlegoby
FI GURE 3, eadh produded by e ﬁmplgmhpmlggneseam@r acoptinyes ctoe decredse isut put

vol t age maaﬁu@m &eurwtﬁda VA trh GV NAeH tithlt), itROvalfige pridubdiPbybear

wave. Alt hou@;'oua ?tage generator reaches a minimum value (substantially equal to zero)

15 wherein it is not producing any component of Vg, From timet; to time t;, the
output voltage V, remains at zero. Because V, continues to decrease during this
period, however, V, becomes less than Vg,,, causing the current I, through the load
to increase. Recognizing that the high voltage power supply output voitage can no
longer track V., the control circuit in the power supply disables a generator in the

20  Group II high voltage generators. Eliminating a generator in Group II decreases the
output voltage V, produced by the Group II generators, thus decreasing the output
voltage Vge,. At time t5, the output voltage produced by the Group I and Group II
generators is sufficient to again track V. without forcing V; to zero. Current I
through the load is therefore returned to the desired amplitude and waveform after

25 timet;.

Control circuit 56 can also enable additional Group II generators to replace
generators that fail. The failed generators may be dynamically substituted with
replacement generators in order to maintain the desired output voltage without
substantial interruption. Several different techniques may be used to detect a failed

30 generator. One technique would be to monitor the output voltage produced by each
Group II generator 50b, 50c, . .. 50i. A sudden and unexpected drop in the output
voltage produced by a given generator may be indicative of a failed generator.
Alternatively, each of the Group II generators may be provided with a fuse. A failure
condition causing the fuse to blow could be detected and an additional Group II

35 generator enabled to compensate for the failed generator. Overall, the dynamic



wave timng signal is preferred, those skilled in the art will recognize
that the inverters +A—the--hi-gh vol tage generator may be driven with
any repetitive signal. Wile the di scussi on bel ow therefore

cohterrpl ates the use of a periodic square wave timng 25 signal, any

non- peri odi ¢ woPeBidsdve tinm ng signal nmay be used to generatmsbaniwed_
out put voltage wavef orm Tliui G oup II'l high voltage generator
50j generates a periodic rectangul ar pul se as shown in graph V3 of

FI GURE 3. The rectangul ar pul se begins with the | eadi ng edge of the
timng signal, and has an anplitude that corresponds to the 30 magni t ude

of .the DC vol replgenignn of aalfinuyioning tgendtitorseaidet ithe comtrolnaf ¢omtrol cirauit S6at i o of
t r ansf or mer 7&1", é F%i?ﬁ cted between the output of

i nverter 70j e ;6? Wﬁg%ﬁﬂﬂ}g of transfornmer 72j, senses
the current bei ng Having \A‘P@%ﬂb the disgipsed highovoltage e easur ed

by current mpﬁmrmﬂdmmﬂmsafﬁxecommmb rmnmﬂu[ err])

t hrough i u EQM d #H&I’KE% K @flmg 11 high
vol t age gener at or |s S §Z en st\% che ?’} 'H?é out put vol tage
generated by the G oup |||den&mnﬂﬂflsuh§ql@az9esmt°r VO
96/ 31939 The Group III high voltage generator is designed to produce a periodic

The 3?23;0.4% TR S P A ol el rolisge dhit e )
an appr oxi natdsiving eq}r of JAGURER, the Group I That
s, th;aaICd%n&ﬁu ihclddes ﬂh‘iﬁglé Qigh%h?.;egfgmor 505. 7'ﬁhe megimasne voltager ?I Vrr\ga\r?e
ggﬁlgggt'z)ra é"f’%e esc%%r rﬁé&fmﬂw d ce em ] nverh% is )
st epped- up bm gansedar 30k ﬁolsrPeFWc“" iagram of a pulsewidth-
(PWM) inverter smtable for use in high voltage generator 50j. The PWM inverter 70]
is shown schematically as comprising the following primary elements:
15  transformer 148, four power metal-oxide-semiconductor field-effect transistors
(MOSFETs) 157, 158, 159, and 160, current transformer 165, resistor 166, and
triscs 146 and 147. Transistors 157, 158, 159, and 160 are connected in a full-bridge
configuration. When one transistor pair, for example transistors 157 and 160, are
biased ON (i.e., conducting), the other transistor pair comprisirig transistors 158 and
20 159 are switched OFF, allowing current to flow from line 100 through transistor 157
and transformer 165 to terminal 168. Terminals 168 and 170 are connected to the
primary winding 74 of the high voltage transformer 72j. The current flows from
terminal 168, through the primary winding of the high voitage transformer, and
through terminal 170 and transistor 160 to ground. When transistors 157 and 160 are
25 switched OFF, and transistors 158 and 159 are biased ON, the current flows through
the primary winding 74j in the opposite direction. That is, current flows from line 100
through transistor 159, terminal 170, primary winding 74j, terminal 168, and
transistor 158 to ground. Alternately biasing or switching each transistor pair ON or
OFF therefore causes current to flow in the primary winding of high voltage
30 transformer 72j in one direction or the other.
The switching of the MOSFET pairs is controlled by the timing signal
generated by timing generator 66 and connected to the inverter at terminals 105 and
106. In a preferred mode of operation, the square wave timing signal generated by
the timing generator has s frequency of 10 to 20 kHz and a magnitude of 15 volts.
35 Terminals 105 and 106 are connected to the primary winding of transformer 148.
Applying a square wave voltage to transformer 148 biases the transistor pairs ON and



and is full wave rectified by the corresponding high voltage rectifier. In
t-he————arrangenent of— GURE-2—the out put—vottage col [-ectivety—produced
by the Goup I generators is determ ned by a control circuit 56 that
sel ectively enabl es high voltage generators 50b, 50c,...50i. Control
circuit 56 rweess®ee froma voltage divider 10 net wor k 82 PCu/uS96i04691 54 a
vol tage representative of the voltage X err] across the capacitive
conponent of the load. The control circdit nonitors the voltage across the
| oad, and enabl es or disables the high voltage generators so that the total
vol t age generated by the G oup Il generators is less than or equal to

the vol t age QFfeaVhenoterminal 105:ds 65 & pbﬁﬁvcpaaﬁtytwiaerapeqmneammﬂ 106,ca | oad.

The out put v M@E} |E%§ hFﬁﬁggrtﬁe change
i n.incremential s eps at%orrespon ‘ffhe ou put y16\éo t ag oduced
by. each hi gmﬁgg ecthe stype time;: 3 pegativ, poltage is applied to th | high
vol t age genwm ardacsacdm ﬁnﬂﬁuume polatitygef ecsecbndahawinding of can

range beté/ve nw tﬁm% hwm%qutﬂq@w bei ng

suppliedto curren contro CiPCun h y ge,gener at or
is 20 conr@@?‘é@l‘{éﬁa"ﬁﬁi‘ﬂéﬁﬂﬂ‘bbﬁﬂm M “P!'ﬁé'fl Il and
Group |11 hiwihage across\the tefrifialg 2064tk I0SSrevérbes isipolarity sorthghterminalil®é igener at or

'c?riu.ct”%iné%"ﬁ il e 1p vepinel (03, REf i 157 V6P T % e OFE RN 1

noni tor 60 rigawsistorss158iaad 15 ermbiased QNrrent flowing in the i nverter.
The nonigered curAdditionkiScompofiét dwa?iewnt upihetiaeertwrweswrﬁeonmrigvmough t he

25 secondar nd| t r { nﬁi P{! t age
gener at or, ﬁ}g?fg hﬁg pr dp%’?t n'é%%{}&d’we curren gg\ns\rémthr ough
the power sumvdmltoe é°2f° allow] cytrent tpfloph o %@H’ﬁlt he
current nonitodine$1D0 didi 102 vihien all Eolir tAaRSistbS \aed swm:hédleFF 'l'he tiapgistolzadrew t he

Current so (fialehd G horidg ol B whalhd foltagl s bt gen rat"*‘ﬁ “?ﬂ'et o gh
vol tage B0 segemtr.aBssistonctidel He|153, s 155eare sopnested hetvep current
noni tor 60 i wiliiag lof framsformer 148Cand tRE oatdne:éaﬂs?dmsrneafdendmmhdwgtdeswed

current I[er ro t r 50a is
reduced. In Mmé E@nne%’ﬂﬁe % l%l 15 elﬁlém% lgg%reng&L?he G oup
| high vol tmma!%#“¢ﬂ‘em°f§%ﬁlm*§%é5 gad 160.¢ °m5!°&§1e acr oss
the capaci ticsteate ampathefir euitbntrdloning froh ehe ateadisource tdapaditanck af the desi r ed

e .S%M%g&g%ﬁw&w&mw ot il 00 |

enabled or disabled by an appropriate control signal

applied to a terminal 144. Terminal 144 is connected to the gate of a triac 146, which

is in series with the primary winding of transformer 148, When triac 146 is biased ON

by applying a voitage at terminal 144, the connection between terminal 106 and

25  transformer 148 is completed, allowing the square wave voltage from the timing

generator to be applied to the gates of transistors 157, 158, 159, and 160. Whea the

triac 146 is switched OFF, however, the connection between terminal 106 and

transformer 148 is broken and transistors 157, 158, 159, and 160 remain switched

OFF. When triac 146 is switched OFF, no output voltage is therefore generated by

30 the PWM inverter. In a preferred embodiment of the invention, triac 146 remains

biased ON in inverter 70j to ensure that the Group III high voltage generator is
always enabled.

A circuit comprising a current transformer 165, a resistor 166, and a triac 147

_ serves as overcurrent protection for the PWM inverter. The primary winding of

35 current transformer 165 is connected in series with the output line connected to

terminal 168 and the primary winding of high voltage transformer 74j. A resistor 166
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As each group of high voltage generators produces the above descri bed

out put voltage, the power supply cycles through two nodes of operation,
herei nafter woosmsmberred to as a driving node and a tracki pgramsss®assbur i ng
a driving node, represent ed by theqt_i me interval fromt[err] to
t[err] in FIGURE 3, the sum of the Grou‘b] 5 Goup IL, and Goup |11
generators exceeds the voltage V[err] measured across the capacitive
conponent of the |load. The G oup |I generator produces a high voltage

that will dyniséonnécted iu amewmmmﬁmmm gmeerators

produce s?caﬁw@‘ @%1@1‘ t
rectified square e VO qﬁ‘ Trian 47 i mb%miil Imgenerai oE (Fmgr oduces a
positive rect e 1299 1#4 #deony

sel ected so tmtmmf isV[cotiriebted N derdhsor the Bébomacpnwindin‘g o Tcaga:tt hat

g?ggteg? than %‘?ﬁdﬂdurl ng%%‘l’PV|¥ng%wg mﬂ%“'l%‘clggr M{o@&?o ation
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FI GURE 3. invexteris theref r@ﬁ ¢l shostingJgratingl 1@hto tepminaldP6.age V[ err]
generated by the pBurEﬂwZGroupﬁmpﬁku voltiige gaieralon, \thé IcRalis chiprisisg cagentV err ]
across the Ca%&h\éﬁ@so%%s%attﬁ& 167 also serves as the current monitor 58 to
15 control the width of the rectangular voltage pulse produced by high voltage
generator 50j. Resistor 166 in the Group III inverter 70j is selected to have a vaiue
that is greater than the value of resistor 166 used in PWM inverters 70a, 70b, . . . 70i.
The value of resistor 166 is selected so that when the output current from the inverter
exceeds a target current, a sufficient voltage drop is generated across resistor 166 to
20  bias triac 147 ON. The target current is the current through the inverter that indicates
that the current in the load is equal to or greater than the desired current I4. Biasing
triac 147 ON will cause inverter 70j to be switched off, turning off the output voltage
from the Group IIl generator. The Group IIl inverter 70j therefore produces
rectangular voltage pulses rather than the square wave voltage produced by
25 inverters 70a, 70b, . . . 70i
With reference to FIGURE 2, the rectangular voltage pulses produced by
inverter 70j are applied to high voltage transformer 72j. The high voltage transformer
steps-up the input voltage to a desired output level. In a preferred embodiment of the
high voltage power supply, the high volitage transformer has a ferrite core, with a
30 primary winding 74j having 90 turns and a secondary winding 76j having 550 turns.
The alternating square wave voltage driving inverter 70j has a frequency of 10
to 20 kHz. After being stepped-up by the high voltage transformer, the Group Il
high voltage generator therefore produces an output voltage having the same
frequency of 10 to 20 kHz and a magnitude of about 1,000 volts.
35 After the inverter output voltage is stepped-up by transformer 72j, it is applied
across high voltage rectifier 78j. FIGURE 7 is a circuit diagram of an exemplary high




load. I'n particular, the output fromthe high voltage generator in Goup

41l is SW tched—e#—f——by t he—eedback -provtded-by current—Tmomtor—58:
The vol tage V[err] therefore drops to the level of the sumof the
output fromthe Goup I and Goup I hi gh vol tage generators. The
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or equal to the voltage across the | oa Si mul t aneously, the high

vol tage generator in Goup | is controll P2d so that the sum of the vol t ages
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15  constructed substantially as shown in FIGURE 6. A slight variation is that the value
of resistor 166 is selected so that the Group II inverters will not be disabled when the
desired current is indicated in the Joad. The value of resistor 166 is instead selected to
provide overcurrent protection for each high voltage generator. As a result, in normal
operation the Group H inverters 70b, 70c, . . . 70i produce an output voltage that is
20  substantially identical to the square wave voltage produced by the timing generator.
That is, the inverters are driven at the 10 kHz to 20 kHz frequency of the timing
square wave, and produce a square wave output voltage at this frequency. The
remaining components in each high voltage generator 50b, 50c, . . . 50i are identical
to the components in high voltage generator 50j. High voltage
25 transformers 72b, 72¢c,...72i are  identical to  transformer72j, and
rectifiers 78b, 78c, . . .78i correspond to the construction of rectifier 78j as shown in
FIGURE7. The square wave generated by the inverter is stepped-up by the
transformer and full wave rectified by the rectifier. Each Group II high voltage
generator therefore produces an approximately DC output voltage having an

30 amplitude of 1,000 volts.
Control circuit 56 is connected to esch of the GroupII high voltage
generators 50b, 50c, . . .50i. The control circuit is designed to monitor the voltage V,
across the capacitive component of the load and to enable or disable the Group IT high
voltage generators so that the output voltage V, from the Group II generators is less
35  than or equal to V. FIGURE 8 is a block diagram of a control circuit suitable for
monitoring the voltage drop across the capacitive component of the load and enabling



5 . beneficial fromthe energy transfer standpoint. The
t wo- node vol tage generation-process repeats during the second half of
the period of square wave voltage V[err] produced by timng generator 66.

At-time t[err], the polarity of the square wave voltage reverses, and
a negative voybsgsiosh i ves the hi gh vol t age gener at or s.pciinseebgsge i n
polarity of the voltage driving the high 10 voltage generators causes a
nonentary drop in the output voltage V['é?‘r] of the high vol t age power
supply. This causes V[err] to exceed V[err], and generates a falling
current in the |oad since, in accordance with equation (1), the
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time t[err], hxmtochatqaalw stothitathe scled power soarve voltage fallsrwithimberange of the
analog-to-digital converter.
The digitized value corresponding to the selected voltage is provided to the
25 microprocessor 205. Based on the value of the selected voltage, the microprocessor
may enable or disable additional Group II high voltage generators. To enable or
disable the high voltage generators, the microprocessor provides an appropriate
command to demultiplexer 206 over bus 203. In a preferred embodiment of the
invention, demultiplexer 206 is a 3 x 8 decoder that enables the output lines that
30 correspond to the digital value received on the demultiplexer input lines, Each output
line from the demuitiplexer is coupled to an optoisolator 208a, 208b, ... 208h. The
optoisolators are then coupled via lines 210a, 210b, . . . 210h to terminal 144 and the
gate of triac 146 contained in each Group II inverter as shown in FIGURE 6.
Optoisolators 208a, 208b, . . . 208h are provided between demultipiexer 206 and high
35 voltage generators 50b, 50c, . . . 50i to ensure that the high voltage produced in the
high voltage generators is isolated from the logic circuitry in control circuit 56. A
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Because V[err] continues to increase during this period, however, V[err]
becones greater than V[err], causing the current I[err] through the
| 6ad to dropwdres3esi zi ng that the high vol tage power pcapgsogndeyt put
vol tage can no longer track V[err], the, control circuit in the power
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15  Ideally, the sum voitage produced by the Group II generators should not fall below
the voltage V, by an amount greater than the maximum voltage that can be produced
by the Group I generators (i.e., V. - V, < V). This ensures that the sum of the
Group I and II generators will allow the output voltage Vgen of the high voltage
power supply to accurately track V.. The sum of the output voltages from the
20 Group II high voltage generators corresponds to the V, graph shown in FIGURES 4
and 5. .

Those skilled in the art will recognize that the inclusion of a microprocessor in
the control circuit greatly improves the flexibility of the power supply. For example,
with appropriate programming the microprocessor may filter or otherwise manipulate

25 the measured values of the selected voltages. As discussed above,
microprocessor 205 may also be coupled to sensors to detect when a Group II high
voltage generator has failed. When a failure is detected, the microprocessor may
dynamically enable an additional high voltage generator to replace the failed
generator.

30 4 Group I High Voltage Generator

With reference to FIGURE 2, in a preferred embodiment the Group I high
voltage generator 50a is constructed using a design nearly identical to the Group III
high voltage generator 50j. Inverter 70a is constructed as shown in FIGURE 6. The
only variation in inverter construction is that the value of resistor 166 is selected to

35  provide overcurrent protection, rather than to set a desired current in the load. High
voltage transformer 70a is constructed around a magnetic ferrite core, with a primary



out put voltage V2 produced by the Goup Il generators, thus decreasing the
out put vol tage V[er+4+—At-tinme t3, the output voltage produced by the
Goup | and Goup Il generators is sufficient to again track V[err]
wi thout forcing Verr] to zero. Current I[err] through the load is
therefore ret wosss143 t he desired anplitude and wavef or m af t RCT/BS96/04691€ .
tlerr]. Control circuit 56 ,an also enable additional Goup Il
generators to repl ace generators at fail. The failed generators nmay
be dynamically substituted with repl acenent generators in order to
mai ntai n the desired output voltage w thout substantial interruption.
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6, 7, 8, and 9. To ensure tha voltage generator 50a produces a d
voltage, current control circuit 64 is provided to monitor and maintain a desxred
current through the high voltage generator. A schematic diagram of a current control
1S circuit suitable for monitoring and maintaining a desired current through the Group I
high voltage generator is provided in FIGURE 9. The heart of the current control
circuit is a PWM controller 220, which in a preferred embodiment of the invention is a
Signetics NE5561. PWM controller 220 generates an internal sawtooth waveform
voltage having a preferred frequency of 40 kHz for an inverter embodiment operating
20 from a 20 kHz timing signal. The PWM controller frequency is determined by a
resistor 248 and a capacitor 250 connected to the controlier.

The PWM controller 220 is connected to a switching network 222 that is used
to connect and disconnect the DC voltage provided on line 100 with the inverter 70a
through an inductor224.  Switching network 222 comprises a2 MOSFET

25  tramsistor 226, having the drain electrode connected with line 100, and the base and
source electrodes connected with inductor 224. The gate electrode of transistor 226
is connected to one lead of the secondary winding of a transformer 232 through a
resistor 230. The other lead of the secondary winding is connected to the base and
source electrodes of the transistor, and also to the gate electrode through a

30 resistor 228. Resistor 230 limits the current applied to the gate of transistor 226, and
resistor 228 creates a path for current flowing from the gate-to-source capacitance of
the transistor to allow the transistor to switch to an OFF position more quickly. One
lead of the primary winding of transformer 232 is connected across a resistor 240 and
capacitor 238 to ground, and through a resistor 236 to line 100. A resistor 234 is

35  connected in parallel with the primary winding. The other lead of the primary winding
is connected to the PWM controller 220.



2. Goup Il H gh Vol tage Generator The G oup Il high
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through the shunt resistor indicates a current level in the load below the

desxred current level, then the voltage across shunt resistor 242 falls below the

necessary voltage to maintain the PWM control in the off position. Appropriate

selection of the shunt resistor therefore selects the desired current Iy that is to be

25 maintgined in the load. It will be appreciated that PWM controller adjusts the output

voltage produced by high voltage generator 50a in order to maintain a desired current

though the high voltage power supply and the load. The output voltage of the
inverter is determined by the difference between Vand V,

A diode 246 is also provided in the current control circuit to protect the circuit

30 from overvoltage. Those skilled in the art will recognize that other circuits or

techniques may be used to maintain a desired current level from the output of high

voltage generator 50a. The output from the Group I high voltage generator
corresponds to the V; graph as shown in FIGURES 4 and 5.

Those skilled in the art will also appreciate a current control circuit may be

35 used to ensure that the Group Il high voltage generator produces a desired output

voltage. Rather than the preferred construction discussed above, the Group III high
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When terminal 105 is of a positive polarity with respect to termnal 106, a
positive voltage is applied to the gates of transistors 157 and 160,
biasing the wooeghigesi stors ON. At the sanme tine, a negativecyukdshgedli s
applied to the gates of the transistors 158 and 159 due to the reverse
polarity of the secondary w ndi ng of 5-22= transforner 148 connected to
those transistors. Wiile transistors 157 and 160 are bi ased ON,
transistors 158 and 159 wi |l therefore be switched OFF. Simlarly, when
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transi stors t éndurtivecompenent of 6i rH tBﬂobvhsltnomeaBWW poRs PPh.on - mre
qui ckly. produces an output voltage of approximately 1,000 volts, thereby producing a

potential maximum output voltage for the high voltage power supply of 10 kV.
15  Timing generator 66 produces a square wave timing signal of approximately 15 kHz,
having a period of 66 x 10 seconds.
During the driving mode of the high voltage power supply, the sum of the
Group I, II, and III generators produces a voltage that exceeds the voltage across the
capacitive component of the load by approximately 1,000 volts. From equation (1),
20  the rate of change of the current in the load is:

di 1000
a 6x10°

For the current in the load to initially drop during the driving mode and then
reach a desired value of 0.5 amps therefore takes approximately 6 x 10° seconds.
Once the current in the load has reached the desired value, the high voltage power

25  supply enters the tracking mode. The Group II high voltage generators continue to
generate an output voltage that is less than or equal to the voltage across the
capacitive component of the load. The Group 1 high voltage generator generates the
difference between the Group II output voltage and the voltage across the capacitive

_ component of the load. During the tracking mode, the current in the load remains

30 constant since there is no voltage drop across the inductive component of the load.

It will be appreciated that a high voltage power supply formed in accordance
with the present invention offers many advantages over the prior art. Because few
energy storage elements are used to maintain the output voltage level at a desired
value, the high voitage power supply of the present invention may be quickly switched




Each inverter may be enabl ed or disabled by an appropriate control signal
apptHted—to a term nal 144. Ter maat—344 | s—eenneeted to the—gate—-of—a—ttiac
146, which is in series with the primary w nding of transformer 148.
V&hen triac 146 is biased ON by applying a voltage at term nal 144,

t he connect i wod%steagen term nal 106 and 25 transforner 148pcemsssmbat ed,
all ow ng the square wave voltage fromthe timng generator to be
applied to the gates of transistors 1573-158, 159, and 160. Wen the

triac 146 is switched OFF, however, the connection between term nal 106 and
transforner 148 is broken and transistors 157, 158, 159, and 160 remain

tS\r/]\A tcped on OFbff. The fack of asergh/sto y Wﬂfb proVides for 8 \fisP résp dt:met i Sf
eretrore ge erier n a e odl . aen 0}
the i nvention EI’I ac%ﬁgr&e’% MH}X Bi'ﬁgf Pﬁ’&?ﬁ%w ensure
that the G oWpthenefore, bicghons whegginthesload diss quickly

A circuit comﬁgmv@uﬁmaﬁdﬁam a resistor 166, and a triac
winding of 35 oA ik “ighile B il e o8 g%&m@ pigh o pigm  re
\c/)glt F;tel ![ p:ngﬁﬁ'&% ! outn;utvohgm&lpwanhelwwlmwmmmyommwg of high
volt U%%/ ran esdlipartichlar applictioh: M%ﬁgewmmmmmmmmn
connect ed i ngipaE CRLOM &9 increage F‘ﬁ’&"‘é'a‘c%m? Yattage And Mﬁf‘r?&ﬁ“‘[’rgﬂ%r ner
165. The  mangeatdapawer wpplyi Epntrol circuis S6cap isialatie bevexpandddeonedwaedy
wi ndi ng 16 tfo&@ﬂﬁﬁtd@é&t&”&lm numb&'oF highQofiiieefdrators. C 147. Triac 147 is
connect ed bet vveen.PLB 'Q W ng dtsalpl jmrﬁce l{agtsal st or 166 | S
connect ed across e se £
roduces a number of operating advantages Enabling or disabling !ngh voltage
generators allows the output voltage to be controlled to produce a desired waveform,
making the power supply suitable for state-of-the-art radars and other similar
15  applications. The high voltage generators may also be dynamically added or removed
to smooth the effect from ripples in the low frequency input AC voltage. Using the
high voltage generators to smooth the effect of input voltage ripples eliminates the
need for large and expensive capacitive filters to regulate the input voltage.
- Moreover, high voltage generators may also be substituted when other high voltage
20  generators in the power supply fail. The dynamic replacement of substitute
generators improves the overall reliability of the power supply.

While the preferred embodiment of the invention has been illustrated and
described, it will be appreciated that various changes can be made therein without
departing from the spirit and scope of the invention. For example, while the preferred

25  embodiment of the power supply contains only one high voltage generator in Groups I
and III, those skilled in the art will recognize that in each group a number of high
voltage generators could be connected in cascode fashion to create the desired output
voltage. A control circuit could be provided to dynamically enable or disable the
additional GroupI and III high voltage generators, producing the attendant

30 advantages described above with respect to the GroupII generators. Similarly,
although the preferred embodiment of the high voltage power supply has eight high
voltage generators in Group I, the number of generators may be varied depending
upon the expected load and load fluctuation.

It will also be appreciated that the construction of the high voltage

35  transformers contained within each high voltage generator may be varied. Instead of
having a single secondary winding in each high voltage transformer, the transformers

is



5 transforner 165, a voltage drop is generated across resistor 166 that

I s proportional t-o—the—-out put current of the inverter. A value is
selected for resistor 166 so that when t he out put current nagnitude
reaches a preselected Iimt, the voltage drop across resistor 166 is

suf ficient towgiogaed i ac 147 in the ON position. Wien triac HeI7USses4sPhsed
ON, terminal 106 is shorted across a registor 145 to term nal 105,
preventing the 10 square wave voltage 'éfé‘nerat ed by the timng generator
from bei ng applied across transforner 148. \Wen the current in the

I nverter passes the overcurrent limt, the inverter is therefore

di sabl ed by t umuﬁ&arﬁmepmﬂmammytmmmmmmmyof

] ?;ntsfhﬁr?e?”pe'g“"eﬂ’s. g '&%%’% an@g‘?r. ’"8'1%3}55?*&““’ S o ot

0 serves as ﬁgﬁ'ﬁ
noni t or 58 t oofieach
produced t7)y hvedage/ nemm%ﬁhgbf%hmmtmyﬂﬁﬁbemMOEp 11
i nverter j oWﬁJﬁg,t e
val ue of rge)slé’@?)? us%nlﬁé@\ﬁf‘lhnv e{;‘ thé 70 The
val ue of reS|!ﬂlbsemm e’f’f”‘mémﬂm %?ﬂ‘q"?omthe
i nverter Mﬁwﬁcnsmmmmwm Qitputtvoltage fram eachabgh s
gener at ed acro re5| orl%‘%%? éggléa vﬁp as triac 147 ON. The target current
is the currenY S%E yt %d i ndi cates ,at th Qurrent
in the load is equHe ehile syrre ‘f"@ﬁ?‘l"‘[‘@’r‘ 18 Bi asi ng

triac 1473®N wlmm mwaétoat %nige]oﬁmlmmhhdvoﬂgp dgerosaithe Of f

f Eﬁe??te?“%ojv°%f§§$§%°ﬁ’ev°"%%§m“ﬁd rec%'é%n"gﬁ‘??%‘;f’i;%m 'g@‘e*‘;’“?‘a‘i ner

t han the squaﬁ@“ﬁé\ﬂﬂmw ediated Gipguiy or - 70i.
Wt h refer encgoliage ¥ ampemmw bf ag@etlwhﬂhesmnoﬂ'&'@uﬂ by
i nverter 70] @ar [ ;?gﬁ g ol tage
transf or ner @ ?ma:l&pv eﬁmégflﬁie&pﬂ\é&t VO ltag oqél 3 esl re?imo tput .evel. In
a preferrdll ereqoie mmel‘ cirquitry to accurstely, moBitar the velags r‘%ﬁﬂ# Capaplive) gh
vol t age transwﬁﬁmmmmeaoimﬂltdQuﬂayﬁodinyhm&e@GnsetpnhuQem\Mcndl ng 74j

having 90 turns ang W?@ W 5503&6%%0 capacitive 1he
alternating square vvave VO age rrvin |nv ter f%eﬁa of 10
to 20 kHz. Af cempanent,of therlaad,wes ysed gs, F'g}ﬁe b&'“S?W he
Goup Il voltage gbwudupﬂg,eotgenmres oﬂhewalkaye@rpumetumﬁmlmqu@be vol t age

havi ng t hgssa 5§ oabout
1 000 vol ?0 g? as feedbicitetgw ttﬁ%e | ver t o El'aﬁrm{]hltel@ﬁb O

ut utvlta LS ste edup
by transforrref"l“‘#’!‘?d For example, 3  meagure °’&"8r‘1§§§"ﬁ$ d‘Vg‘Hs&%S r 78j.

FIGURE 7 is ainCctheCload midyabe asedfas an mbeaidnaog/ thei girrent flowing in the load
Alternatively, a direct measurement may be made of the current magnitude or
direction in the load. The actual parameter used to monitor the current in the load

25  may depend on the availability and accessibility of the parameter in the load.
It will also be recognized that while in the preferred embodiment each of the
Group II generators produce the same output voltage, the Group II generators may
also be constructed to produce different output voltages. For example, in one
construction of a 30,000 volt power supply, each of three Group II generators may be
30 designed to produce 10,000 volts. The Group I generator must therefore also be
designed to produce a maximum of 10,000 volts. Because the Group I generator in
the preferred embodiment of the power supply includes a physically large inductor in
which magnetic energy is stored, the size and weight of the power supply is increased.
In a second construction of a 30,000 volt power supply, the three Group II generators |
35 may be designed to produce 17,100 volts, 8,600 volts, and 4,300 volts. The second
construction would allow the Group 1 generator to only produce a maximum of 4,300
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voltage rectifier 78] suitable for use in high voltage generator 50j. The
hi gh vol tage rectifier conprises four high voltage di odes 180, 182,
184, and 18Gwo ssaiie®dr € connected in a full-bridge confimnnabées: l.nput

| ines 188 and 190 of the bridge are connected to the secondary w ndi ng
76j of high voltage transformer 72j. THE" out put 5 lines fromthe bridge
are connected across a parallel conbination of a capacitor 192 and a

resistor 194. In operation, a high voltage square pul se generated by
inverter 70jvolts, Themnallei outpitcvoltigedecienses teaizapweight] andsstoned ehegy of thess t he

iop:ogtget ?st{]hgﬁk?l Iegt%*etg araefhgcélgagpgwm% caﬁ%ﬂ%‘r‘ﬁgﬁw resrs E)?e194.

The recti fi chexdility the-Rower supply tF’Ilﬂ!iﬁ‘t{!j‘-‘rﬂ\1'\‘/ splision10 generat or
corresponds to tmgpwmwaﬁwm@wlylsm

2 ina pref%@ﬁ&ﬁ%%@%@ e ookl 5 5 el © 1 1

gener at or s 5@8his gircuit for geneating V&%Wﬁ!ﬁﬂ?

ldent;gal t Ooitpit mpsw?agamm fequiodlait finctioh and perforinat aa?@bl 7(8;:
.o | are sli
variation | <Rble B Rlds, B¢ e%%s@%wm@% 1%8?53%5%%@& the
Group |1 i n/EGURE2.j Conseguently witbwheocmenfmeapp ended | glgimscit will bent is

i ndi cat et i nappreRiatedabat tHe iRventibnéanVe pritfibedl dtherwish thah ab ByeciliRgllydescibbdd t O
provi de over éégéent protection for each high voltage generator. As a

result, in no operation the Goup Il inverters 70b, 70c,... 70i
produce an output voltage that is



Oy et oLy | dentis memmm | SRR L

20 kHz frequency of th sgare wave, ice e
out put voltage at this frequency The r emai n| ng corrponents I n eacn

hi gh vol t age wengswioor 50b, 50c, ... 50i are identical PICT/USHEIRI691
conponents in high voltage generator 50j H gh voltage 25
transforners 72b, 72c, . . . 72i are rentical to transformer 72j, and
rectifiers 78b, 78c, . . .78 correspond to the construction of rectifier
78] as shown in FIGURE 7. The square wave generated by the inverter is

st epped- up by t he The embbdidiefits Of the invamibnf in lWhichtuncextlasive ege
rectifier. 4&31% t age generator therefore produces an
apprOX|nater out’put” vol tage having an 30 anplitude of 1,000 volts.
Control circuit 56 is connected to each of the Group | 1 h voIt.a
generators 50b, 50c, &QUPWWSW%WPUI for. generAting 8-co aggﬁea ?Poni t or

t he vol t age \lbnihdvmgcomp dompeisipgici ti ve conponent ofthe load and to
enabl e or disabl e etlﬂio? ?%m Hﬁﬂg t he

out put vol tage V2 romtﬁe %ou Pr ene? rs, | ﬁﬁ ankor equal to
V[err] FI GUREcagh repetition aowarrﬁwalw %ﬂ%gﬂi

nmoni t ori ng tfmd\adi'a‘chggméde;p across the capaci tive conponent of the |oad and
enabl i ng 9

PCT/ US98/ 04691 ®) a &Q%{&L égmnor connected to the timing generSator and or

di sabl i ng addrredusinga tracking veltage duging the trackingeefe; at ors in the high vol tage
power suppl (c) a second voltage generator connected to the timing generator and

coupled in cascode with the first voltage generator, the second voltage generator
producing a base voltage during the driving mode and the tracking mode; and

(d) a third voltage generator connected to the timing generator and
coupled in cascode with the first and second voltage generators, the third voltage
generator producing an accelerator voltage during the driving mode, wherein an
output voltage produced by the power supply is equal to the sum of the tracking
voltage, the base voltage, and the accelerator voltage produced by the first voltage
generator, the second voltage generator; and the third voltage generator so that
during the driving mode the output voltage from the power supply induces an
increasing voltage in the load to raise the current in the load to a desired level, and
during the tracking mode the output voltage from the power supply maintains the
current in the load at substantially the desired level.

2. The power supply of Claim 1, wherein the second voltage generator
comprises a plurality of high voltage generators coupled in cascode with one another.

3. The power supply of Claim 2, wherein each of the plurality of high
voltage generators generates an output voltage having the same magnitude.

4, The power supply of Claim 3, wherein some of the plurality of high
voltage generators generates an output voltage having a different magnitude.

5. The power supply of Claim 2, further comprising a control circuit
coupled to the plurality of high voltage generators and to the load, said control circuit
monitoring a voltage across a component part of the load and enabling or disabling a
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As shown in FIGURE 8, "high voIta‘ge"dTvr der network 82 consists of

r-esi-stors—200a, 209Ie—- ed—+n—seri es Pormm
ground. The 5 resrs l“l“l mmmlgﬂgml such that the™®
resistors 200b, 20 s * reduces the vItaéR

r ési stor 200wot9wsassjesr red I eveI The vol t age across pCTUSIoMasAd0a i s
provided on line 54 to control circuit g,? Control ci rcurt 56
i ncludes a nultiplexer 202, an anal og-t6:di gital converter 204, a
derul ti pl exer 206, a m croprocessor 205 and associ ated 10 menory 207,
and, in a preferred enbodinent of the invention, eight
opt oi sol at or deﬁfﬁanm&fm'the plurdlipBof high eoltapeigenérators i redpofise foohaiies i ! €
coupled to Eﬂ.ggs coh*f) ta bus 203. Multiplexer 202 is
connected to the ﬁg& F&ggﬂg Ivider netvvork by line 54 and also to
t he AC power source | ine 10 he, m,croprocessaor ma
sel ectively sanpl 3 the rPf’algfe"Il[Pilr of Claimsy swherein the, coptrol, girons ‘Eﬂ‘ﬁ'ponent s
of ‘the | oad d@nonitpes wpmummmv?famp higlo rwoltage gﬁmmm Y
swi t chi ng W'aﬁdﬂbﬁ!ﬂiglﬂ@éltagé' ﬁ:@

Lter 204 on ‘a Irge 201. Prefera%'?l, h‘%he

anal og-t o-di
anal og-to-di 3"{‘%‘888%‘ ﬁ’é%@gnertes a three-bit digital value that

is representative of the magnitude of the sel ected voltage (V[err] or
Vierr]). 1t will Be ath%M@feQMYapfr(thsi.dwmah@ cRodl, circuit. figden shoul d
be 20 sel eemdoﬁcmthpﬁt rrdlegewefé §Canidériabled %mmeﬁi de@ﬁécﬁtor

200a i s vmthr a e ran e of anal al converter
204. The AC povver sour@‘tm‘hr’rtgff 'ﬂét/’ms&?géf"g'é @d“'@ﬁ“’?’hat t he
scal ed power Ve#aece vol t age faIIs within the range of the

anal og-to-digital converter. The digitized val ue correspondi ng

to the sel ected v8!tagFhe power sapplicst Claini $) avhéfein thecoritfyd civaifitintintaitd the Based

on the val uepge JoltigeSib lﬁ'ﬂﬁ}I ?ggg lrgqx enabl e
or disable ag}q&a naI lﬁ:”wrﬁ o?m%hemgfﬁo a oﬁ%f&l%@gnaﬁ e or
di sabl e the Wﬂ@"ﬁ!‘tc ob thes mo

appropriate controlcirmmand to derrultr pl exer 206 over bus 203. In a preferred

enbodi ment of the invention dermul tiplexer 206 is a 3 x 8 decoder

t hat enabl es the gut pun,el &ureed! ue
recei ved on %&F‘S‘q I tr I exer ugﬁ@tmr%g%égg%g@?%yﬁb%ﬂﬁ ne fromthe
demul ti pl exe W%%PBY’“Z’HB@Y 208b .. . .208h. The
optoi sol ators are_then coupl ed via lines 210a, 210b, ... 210h to term nal
144 and the 1Q;at eTher pawer supply of Claim, whereimeash of tie plumlity of bighr t er as
shown in Fl Gubltagé generators céMpri¥essOl at ors 208a, 208b, . . . 208h are provided

between demul ti pl @y’ &Wh&r&ha first input coupled to the DC power source and a

second input coupled to the timing generator;

(b)  atransformer having a primary winding coupled to an output from the
inverter; and

()  arectifier coupled to a secondary winding of the transformer.

11.  The power supply of Claim 10, wherein each of the plurality of high

voltage generators generates a rectified square wave output voltage in synchronism
with the timing signal generated by the timing generator.

12.  The power supply of Claim 10, wherein the primary winding of the
transformer includes a plurality of taps that are coupled to the output from the
inverter through a plurality of switches.
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35 vol t age generators 50b, -50€¢;~=:—50i to ensur ‘ o t age
produced in the tors is i 9o f’ﬁ?égfﬁ&m&" N gic
circuitry in control ci r mnm#’ iﬁ”ﬁﬁ”ﬂm \D_96/
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| ogic "1" on VO8I i pl exer out put I [ ne turns on a correspmmlﬁgﬁm!gh

vol t age generator, and a logic "Qg on a denultiplexer output |ine
turns off the correspondi ng hi gh“Vol t age generat or. :
The determ nation of whether to enable or disable Goup Il high voltage 5

generators is based on rreasured chao‘ges in the power supply voltage V[err]

or the vol tBge \Ehe Elaimn 9, furthen compritingoa cutrentucantrol st
enabl e or di sa&hﬁe&mdu@maresm er source bRtPtheiliidvolthgd hesibrater) t age

generators in order to ensure tha he sum vol t age generated by the

Goup I generator i@lm; a e V[err]
I ncr eases, V[err] creas or :giﬂ rEI B‘V err ) 1R#r‘li‘%%asesﬁ{“ﬁ e control
Raw i?r

circuit wll ercgoutep and th 8perdafer at or s by
generating additronal srgnals on i nes 210a, 210b ... 210h to bias
ON triac 146 and tl¥se aThepoweresupply of Claiim\dy Min?lhb,ﬁritOmltage geferatbf V[ err|
decreases, V[ &mninkisés!'Cr €ases, or (V[err] - V[err]) decr eases, t he

control circuit wJl] disable a di,tion G oup | h vol tage generators by
swi t chi ng OFF one rrﬂt'e‘“\’ff‘efﬂ’éW' i 1Pyt coupt %hg‘/ NSt

i nverters. Matdeand 3 semhémtmm@l&da@ethpmwemort thy canstant ¢urrent

generators sh%lﬁop th :mrekgaea Qev¥l' by an anount greater
t han the maxi numvgplta tm::r} mbee r,oduce eg t he Grogﬁ‘a

generators (i.e (8% 'FP‘]’“‘VP’é’f‘P‘}“}SWPHl 1e 48 gptput Fomthe he sym
of the tﬁmtegahdand I generators will allow the output voltage V[err]

of the high voltagg arectifier coupled to 2 secondary winding of the transformer.

16.  The power supply of Claim 15, wherein the first voltage generator
produces a tracking voltage equivalent to a voltage across a component of the load
minus the base voltage produced by the second voltage generator.

17.  The power supply of Claim 9, wherein the .third voltage generator
comprises:

(a)  aninverter having a first input coupled to the DC power source and a
second input coupled to the timing generator;

(b)  a transformer having a primary winding coupled to an output from the
inverter;

(c)  arectifier coupled to a secondary winding of the transformer; and

(d) a feedback circuit coupled to the inverter, the feedback circuit
monitoring a current in the power supply and disabling the third voltage generator if a

desired current level is achieved.

18.  The power supply of Claim 17, wherein the third voltage generator
produces a periodic square pulse.

19.  The power supply of Claim 1, wherein the repetitive timing signal is a
periodic bi-polar signal.

20.  The power supply of Claim 1, wherein the repetitive timing signal is
non-periodic.
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power supply to accurately track—Vvferr] The sumof th from

the—26——=Goup Il high v corresponds| TSt hown
i'n FI GURES 4 and 5 |l ﬂmﬂm ﬁ“ ose skilled | n t h@ERLACED | |
rrecogni ze that the inclu L awm er oprocessor in °* ttre—com T ot

circuit greawbgesmmpr oves the flexibility of the power supplBCT/EE6OERRNDI €,
W th appropriate programm ng the mcro pocessor may filter or otherw se

mani pul ate 25 the measured values of the selected voltages. As
di scussed above, m roprocessor 205 may al so be coupled to sensors to
detect when a Goup Il high vol t age generator has failed. Wen a

failure is detectddd, (The power sppply of Llaimkywherein thdﬁranvalagegme an

addi ti onal WI € gerherataiseoly rodeke e at or. 30
4 . G oup | th a\éjoltagge Ge%xeraug ﬁl@d Wth ref erence to FI GURE
i

2. in a pref ment the Group | high vol t age generat or 50a

I's constructed using a design nearly identical to the Goup Il hi gh
vol t age gener at 0r2250j .The rpesver supply of iGlaimdy svherdin: dhen thirdhvoaltage (geMir@ORE 6. The

only varlatl&ﬁwﬂuwm@r Yolthgh igBierdtSrstddapled i casdddétoOfroditei thé Or 166
I's selected tﬁl ﬁi QVi de overcurrent protection, rather than to set a
desired curr 'oad. High vol t age transforrrer 70a is

constructed around a magnetic ferrite core, with a primry WO
96/ 31939 23. A voltagepowersnpplyforgenemtmgacontrolledcurrentma

PCT/ US96/ 04aaadhavmgacapacmve component, comp: - 20-
turns: the o Bygi t?%'a%ﬁ”&{*ﬁvﬁ%%rﬂi"?‘ﬁi%?éconﬁ@ﬁ% ”Sl)?t hi gh_vol t age
transformer 70a i(Akr edsioltage generator for generating a voltage dunns repetition of

timing signal, the voltage generator comprising:

(1)  a first generator coupled to the load and to the timing circuit,
the first generator generating and applying to the load a driving voltage synchronously
with each repetition of the timing signal, wherein the driving voltage induces an
increasing cutrent in the load, the driving voltage being applied until the current in the
load reaches a desired magnitude; and

(i) a second generator coupled to the load and to the timing
circuit, the second generator generating and applying to the load a tracking voltage
following the generation of the driving voltage by the first generator, wherein the
tracking volitage is equal to a voltage measured across the capacitive component of
the load so that the current in the load is maintained at a nearly constant level.

24.  The high voltage power supply of Claim 23, wherein the first generator

comprises;
(@)  an accelerator generator for generating a rectified rectangular pulse as
an output voltage; and

(b) & base generator coupled in cascode with the accelerator generator for
generating a rectified square wave as an output voltage, wherein the sum of the
output voltage from the accelerator generator and the output voltage from the base
generator exceed a voltage in the load and therefore generate an increasing current in
the load.

25. The high voltage power supply of Claim 23, wherein the second
generator comprises:

i i




t he out put vol tage produced by the Goup | high vol tcfg_e—ge.ner ator to about
his

1: 200 volts. Recti nds to the SHEET ¢
rectifier 78j as shown |L|"1“”ﬂﬁﬂ“ﬂllﬁﬁm The CHWC?L‘?FFIESH’
vol t age generator is desi gne gr oduc& an out put vorTage

bet ween zer oWO$/339388xi num val ue |n order to track the d|ffycmrsmo“91the
vol tage generated by the Goup Il hi ghr§/ Itage generators and the voltage
V. across t he capacitive conpone s in the load. During the driving
node, the Group | high 10 vol t age generat or produces a

dynam cal | y-varying high voltage. During the tracking node, the G oup
| high vol tage ge(wgratobmrmuesfmywma@amﬁedm\ﬂpm@ummr] =
V[err] gher&qﬁap veveha ‘;,W,gﬂl Va%eproduces
a desired out ut ilhs &% current cont %ﬁf@lécs??éhg?{? @ Fdsjiprow ded to
noni tor and R&H‘l’fﬁ‘ current through the high voltage
generator. A sche@t i cad'ndmgagmmton coupled: it caswderwiﬂxﬂ&hﬁsegaimteufdrabl e for
nonitoring a ?’gj&%i' !?ﬁg,gﬁpm hi gh
vol t age gene%pt or m%}%ae nI‘JF %ﬁ@ eart t he ﬁi’E rent control
circuit is a M'@aﬁs ran W%WWW FumSf ¢ he

i nventi on i s the output voltagerproduced by-thetikse gidkfatarand dhe eutpit Adltagenprodiced an

i nt ernal ag@%?&g bigef erred frequency of 40
kHz for an :N"gerter eﬁg&rlmalse uf)l\e&rggélng 0 ro%ﬁ’a% kHz tim ng signal.

The PWM controlle eterm ned b resi gtor 3 and a
capacitor 250 con#’l%ct 2@' @d}/t’(gﬁﬁ?rﬂWI’g@y of Claim 23, wh é‘ m}%@?fﬁt rol | er

220 is conneélm*mgmmmomﬂﬂvik 222 that is used to connect
and di sconnect the DC-voltage provided on line 100 with the inverter 70a
t hrough an |nductm 224 high Yolvagecpovieg supsly Yot genetsting £ eontrolled surfenbSEET 25

bace and  ovd A Beh RAUARL LBl B TeRIN SlRet By O T 11

el ectrode of tran®st#DEpgwersource; s connected to one | ead of the secondary

w ndi ng of a tranex‘)or@ﬁmﬁﬁgmmdmga@mnﬁ@mg@owhmaﬁhgr | ead

g}‘ eLPsogggoggﬂy ran5| s g%ﬁ%oﬁ‘?'&%ﬁ%&gﬁ’te gﬂ’e"&‘r’y&fgﬁr ugh a 30

resi stor 228“%%!"9% kingmode;and current applied to the gate of
transistor 226, a() a pluralitysofiHigh voltage gemnitars coupled in éascode uo itienload | owi ng

f th t th
transi stop t chihat 3 Gifpdt %9:%%‘ Rhfcefiby the e'uf*‘*‘ﬁ%fk@%@%& 3*%“ of the
HW with ane ago ny dunng

primry wnd %9!’@'68&‘?‘155@ operation 40 and
capaci tor 2 38oltage ggenerathrs protuté ranugdtpat voltdget excedlitfy hovdliage atfids ther esi st or
234 1s capacitive component of the load, thereby causing an increasing current in the load

until the current reaches a desired level, after which the high voltage generators enter
the tracking mode of operation wherein the high voltage generators produce an
output voltage substantially equal to the voltage across the capacitive component of
the load, thereby causing a current in the load to remain at the desired level, each of
the plurality of high voltage generators comprising:

§)) an inverter having an input connected to said DC power source
and an input coupled to said timing generator and producing an AC voltage in
synchronism with the timing signal;

(ii)  a transformer coupled to the inverter for stepping up the AC
voltage produced by the inverter; and

(ili)  a rectifier coupled to the inverter for rectifying the AC voltage
produced by the inverter.
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35 connected in parallel with the primary w nding. The other |ead of the
T ng —ts—conneetet—to6—t he PAMecont+ol | er 220-

WO 96/ 31939 .
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| n operati onwagsamsbst or 226 is switched by PW control |l er pepukssoagii eve
di sconti nuous current flow through inductor 224 and inverter 70a. \Wen PWV
controller is switched on, current is allfgf@d to flow fromline 100 through
resistor 236 and the primary wi nding of transformer 232 and to ground via
the P\WM 5 controller on line 102. This generates a positive voltage

across the gate of transi stor 226, biasing the transistor ON and
allowing current to flow through i nductor 224 and over line 103 to
inverter 70a. After flow ng through inverter 70a, the current flows

through a line 104, a shunt resistor 242, and on line 102 to ground.

As the magnitude of the cur?€ﬁ?“? Tﬁﬁgps t hrough the shunt resistor, the
vol'tage drop 10 across b&eore pnEreases. Wen the current reaches a
desired level, the volta ip sufficient to turn the PW

controller off On turning the ntioller off transistor 226 is
swi tched OFF and swi tching het 'ho | onger allows current to
flowto the inverter. Shuntisagsi stor 242 t herefore operates as current
nonitor 60 to control e out put voltage of the Goup | high voltage
generator. 15 WherB3t he smntchxng network halts current flow on
line 100, current flow in tihe secbndary wi ndi ng of high voltage
transforner 72a and energy st.ofed.in _the i nductor 224 induces a
current flow through shunt resf stor 242 and a di ode 244. |f t he
current flow through thepstromtresrsgor indicates a current |evel flow ng
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the | oad above the de

sired current

| evel

then the voltage drop across the

stront—20—r=esi st or -+s—suffici ent—to—rad ntafﬂ—+he—44NM cont reHer—226—n an

off state. \Wen the
a:.current- | evel
vOl t age acr owe 9sBisse

to maintain the PWM c

sel ection of the shunt resistor thereforg
mai ntained int

ut
ntain
the I oa

I[err] that is to be

that PWM controll er adjusts the ou
vol tage generator 50a in order to

current flow through the shunt
in the | oad bel ow t he
resistor 242 falls below the
in the off position.

ontr ol

25

t he high voltage p
i nverter
A diode 246 is als

r supply and

is determped by the difference b
provided in the current _contro

desired current

| ects
e | oad. §
vol t age

HICHE YOLTAGE fcur r ent

wi |

CI I’CUIt

resi st or
| evel ,

i ndi cat es
then the

NeCPCIOs9s/0¥dk t age
Appropri ate
e desired current

be

appr eci at ed

(74,114 tect t he

circuit 30 from oviervol tage. Those N Iedzﬁn\fﬁa el lal ] recogni ze that
ot Her circui t84y or 5§24t echgs~gue400e : g
current |leve onpfth t af yhi gh
out put from b&%@ U 4 hy/ofi vgr1iagq he
V[err] graph N[/ Fl BURES 4 2 ed in the
art will als e PCEPT TRt
ensure that | u hL q! | 4de Lgens ut put
vol t age. Rather t hgnf t he #02-€f €T { 4d| dq hel G oup
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cantrol the output of the Goup Il high voltage generator to naintain a

destred— ——current—through t he—generat or—bur+rg—t-he dri vi-ng—+rode—of——

operation, the current 5 <control circuit would increase the voltage

génerated'by the Goup Il high voltage generator to raise the current
level to a daeoeeadoaurrent I[err]. During the tracking nodepcrusosdsbn
output fromthe Goup Il generator would be switched off.

Havi ng desci bed the construction of the Qi h vol tage power supply, a brief
exanpl e of the performance of the prefer enbodi nent of the power supply
is 10 provided below For purposes of the exanple, a representative |oad
is selected that has a resistive conponent of 20kChm a capacitive
conponent of 10 [err]F, and a i nducti ve conponent of 6 x 10[err] H.
Each hi gh voltage generator 50a, 50b, .. .50j produces an out put

vol tage of appro#i mately i1, 000 volts, thereby prodm0|ng a poténtlal
maxi mum out put vl tage fdr the high voltage power $upp|y of 10 kV.: 15
Ti M ng gener at or FE=—Pt-othte-CS—trm—a-ertitri-t—yrtrv-d tlnlng $|gnal of approxinately
15 kHZ M Tro—aet ore—af—G-6——% 13[ e FJ ocuu‘lT@T ,.AJ?l ng

t he dr|ving nmode of the High voltage power
Goup I, Il and tll genenators produces a voltage that exceeds the-voltage
across the apaC|t|we conponent of the |oad by approxi mately & 000
volts. From equafion (1)“ 20 the rate of jchange ot the current in t he | oad
is: [err] For the current iwrﬁHhe—+oYd toinitially drop

duri ng t he drlm 8] ot ame—t-iren oG atSt 5cu valm

t herefore takes ?pprOX|nHter 6 X 10[err].seconds : Once the current in
t he | oad has rea$hed t he idesi red val ue, the hi gh voltage power 25 : supply
enters the tracking node; The G oup I hlgh voltage generators contlnue to
generate an out put voltage that is less than or eqUaI to the voltage across
t he capac 7ﬂ?7ﬁﬂﬂﬂﬂﬂﬁﬂ'1ﬁ"11ﬂr11nnnv nweLjuup‘T T gm Vol t a

gener at or gene’&a €s tne : g eremcebetweertHheGoup 1 omTlI‘"OcSItage
and the voltage across the capacitive i conponeht of the | oad. IUrlng
the tracking node, the cdrrent in the | oad remai ns{30 constant since there
is no voltage drpp acrosd the inductive cdnponent pf the | oad.

It will be apprefiated tHat a high voltage power s ly formed in
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with the present invention offers many advantages over the prior art.

Béeaqur41ﬁN-- ener-gy—sterage eterents are—used—to—mai nt a-R—t+he—out-put--
voltage | evel at a desired val ue, the high voltage power supply of the
present invention may be qU|ckIy swi t ched WD 96/ 31939

PCT/ US96/ 046 WO 96/31939 PCTRIS96/04691 .

on or off. The lack of energy storage elements also provides for a fast
response tine to variations in quQ(Eoltage The hi gh voltage power
supply of the present invention erefor suitable for use in
dynam c applications wherein the |oad has quickly varying
capacitive, resistive, and inductive conponents. 5 A further

advantage is that the use of multiple high voltage generators to

generate a desired,oytput voltage allows the hi gh vol;tage power supply to
be.tail ored Y each particul ar applicati on. Hi;zgh vol tage generators
may be added to the to i ease nmaxi num gener at ed

vol t age and produce ! ly.
Control circuit 56 czg simlarly be expanded dr reduded 10 to control a
greater or |esser Qr er of high voltage generat or sg= The
ability to dynamc ? T g¢ generators al so
produces a nunber of foperating advant ages. Enabllnq Qr dlsabllng hi gh
vol t age gener ators aHows—tre—ott Pt o1 t-age ll. Gr fre—controtPdd to
produce a desired wayeform maki ng the gower egpply suitable for

state-of -the-art dars and other simlar —apptfi ¢ati ons The high
vol t age generators } ed or] kenoved to snooth

the effect fomri ppl put ACiverafe. Using the

hi gh vol t age gener at F—mhut—vottage—Tp es
elininates the ¥egy i
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need for | arge and expensive capacitive filters to regulate the input
vattage: Moreover——hi-gh vettage gererators may al so be-substituted.-
when ot her high voltage 20 generators in the power supply fail. The
dynanlc repl acenent of substitute generators inproves the overal
reliability ovosdsaezsower supply. Wi | e the prefpirhRosessor
enbodi nent of the invention has been illustrated and descri bed,

wi |l be appreciated that various changes be made therein wthout
departing fromthe spirit and scope of thé 1nvention. For exanple, while
the preferred 25 enbodi mrent of the power supply contains only one high
vol tage generator in Goups | and Ill, those skilled in the art wll
recogni ze that in each group a nunber of high vol t age generators
coul d be connected in cascode fashion to create the desired output
voltage. A controlfgcf rcuit coul d be provi ded Po dynanlcally enabl e or

di sabl e the aoiit|onal o ] e tage generators
produci ng the attendef ] } 459 spedt to the

G oup Il generators Slnllarly; - althouqh thé b eferred enbodi ment of
t he high voItagen@pdEP—euppky—ha9-ehghb—hhgh—1ed_de;gﬁ;ig§_gsperators in
Goup Il, the nunB2r} of generators may be vari ; upon the

expected | oad and | gad fuctuation. I t |1 al so be appreciated

that the constructl0ﬂ—e#-+#m»¢u{#L4uM44gy;4%;—444yuﬁﬂy4ﬁ¥4++ﬁyﬂﬁxanQd Wi t hin

“meoy.

<

+
[
*
[
1]
4
*
L
[}
13
»
L]
¥
¢
[]
[}
*
*
L]
[]
L4
]
»
*
(3
[ 3

each high voltage ggnerator may be varied. I|ndtead:of having a single
secondary mﬁndingviapeach hi gh voltage transfdrmer: fhe transformers
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secondary w ndi ngs may be coupled to a high voltage rectifier, and the

—of—each hi gh—vottage reet+H-er—summed %e—p#eduee-;he—

out put voltage of the high vol tage generator. The primry w nding of
each transforner may al so be constructed 5 wth a phurality of taps. Each
of' the taps maysamazsoupl ed to the output fromthe high PORIUSOCAGT

generator inverter through a witch. By switching the desired tap fromthe
primary winding into connection with the g/gerter, the output voltage from
each high vol t age generator may be sélectively varied.

Those skilled in the art wll nize that whide current control circuit
64 is 10 used to ensure that thq @tput voltage®df Goup | tracks the
vol t age across the capaci ti

%8 it he | oad, other control
met-hods coul d be used to control out put vol tage. For

exanple, a dedicated circuit g¢e . 0 joni tor vol tage V[err]
and change the output voltage V[egg] of C?o pJ to ensure the sumof V[ err]
and V[err] tracks V[err] thase : wi |l recognize that
this inplenentati on would 15 iti : CIFCUIt y to accurately

nmoni tor the vol tage across thg Al i & conponelpt of the |oad and
to quickly nmodify V[err] in r¢ ) \ | t
will further be recogni zed that i bl tlage Vc ac 0ss the capacitive -
conponent of the | oad wagdused—gs—fEEpack T n. adelred enbodi ment of

t he hi gh vol t age r supply, bther nea {he vol tage or
current in the lo Hee20 Hsep—as—e o5 r ol the nunber of
Goup Il generatofs that are|engbled pr pr exanple, a
nmeasure of the r chargg on discharge of the capaciter in the
| oad nay be used i chti nt flomnnb n the | oad.
Alternatively, a 0@ edt nmeasprefent npy e f Ithe ¢ufrent nagnitude or
direction in the | Tad.| Thasaft udl parpneter nmonift r the current in
cessibglity of the

pg

the | oad 25 may| depgnd @f {helavail pbilit
paranmeter in the § oad. i I wll ' recpghi zed that while
in the preferred enboqinent aac§ of the I ge1erators pmgéuce
t he sane output Volta t he} G qup |1} gener Y al so be .
constructed to prjo i Fentl out put v Hor exapple, in on
construction of & [ power suppl {2 each of| thr e[ G oup |
generators nmay be ned{to prpduce X olts} The G oup |
generator nust therefax so b¢ desPgAe8—Eo0 prodfice a maxi mum of
10, 000 volts. Beclaus® the oupfl genpratge in & the preferred
enbodi nent of thd power supsly {ncludes a physicafly lafge inductor in
whi ch magnetic eneLgy_Lskfgﬁred the kize and L ght oflthe power supply is
i ncreased.
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In a second construction of a 30,000 volt power supply, the three Goup |
may-—be—eest gned—to—produce—+~166—vol t s, 86660—vet+ts—ane—

4,300 volts. The second construction would allow the Goup |
generator to only produce a maxi nrum of 4,300 WO 96/ 31939

PCT/ US96/ 0468 96/31939 PCYIUS96/04691 .
volts. The smaller output voltage decreases the size, weight, and stored
energy of the Goup | generator. Thﬁ/aisclosed power supply design--
therefore offers trenmendous flexibility in tailoring the power supply
to a particular application. VWil e the preferred enbodi nent of
the high voltage power supply is discussed 5 above, other well-known
parts, conponents, and their conbinations nay be enpl oyed inthis

circuit for generating a PWM square waveform voltage to maintain a desired
output current. Several different designs of equivalent function and
performance are {| able to replace the conponent bl ocks of the high
vol t age power supply i z FI GURE 2. Consequent|yc?fthin the scope of

t he appended clains iT wll be 10 ppreci ated thgf the invention can be
practiced otherwi se than as s i\ fiaN y (f88cri bed her ei n.
—
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1.. A hi gh voltage power supply for generating a controlled current in a
| gad—travig—Tapaci t i-ve—anmd—+nductt+ve—eonporert—par+5—€ O NpH-SHAg:
(a) a timng generator producing a repetitive timng signal, wherein
during each repetition of the timng signal the power supply cycles through
a driving nW@SAIN® e the output voltage of the power suppl pePusRRLG
vol tage across the capacitive conponent part of the |oad and a trackl ng
node where the output voltage of the pom supply is substantially equal-
to the voltage acrosg the capacitive gconponent part of the |oad,
(b) a first vol tag%%nerat or conne2twgd to the timng generator and

P

produci ng a tracki ng tage that chaleg¢s with voltage changes across the
capacitive np‘dh'é'ﬁt“ Fee ot rrre=-roacr g f-rrg"t-n'e"r'r'ackr'n'g"nﬁd'e“

(c)- a second yo&x age penerator (_:aneced to the timng gener atgor and
coupled in cascpo§ th tnp first o enerator, the second 'vol t age
generator producivag a sg vol t ade hat§| 4 set at a vol tage Iev:el near the
vol tage across {he f{c gi i ve €@npo @ pgrt of the | oad durlng t he
driving node anfl thd S &k|ng mode: | & 8 (d) aghird

vol t age generatbr cqnneCtefl to the t) m rfg' dene ﬁor Znd coupl ed -| n cascode
wth the first and second vol tage generqtors, figa tkhird voltage-generator
produci ng an act:el eratgr voltage that il creasek gh total out put- vol t age of
the power supply to a Voltage greater than thg Scrjoss the capaczltlve
conponent part of the ljoaf qur)ing tthe dyiving jaBe f wherein an QUtput

vol t age producefd by theg ppwer suply i sjequal (ﬁt e sum of theitracking
vol t age, the base,v agel_and thejadcelerator ylltage produced°by t he
first voltage gae&r &.(l}a cend,,val e genclator, and the t-hl rd

vol tage gener atior™3 at F G tRe“Ur PV ng nodl the out put voldtage from
t he power suppl'y eXcgeds the voltage acrogss the Bapacitive corrpdnent part

of the | oad soiastoaralsethe current Y the Id dtoadeswed:lev . and
during the g "':_ ™~ :
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tracki ng node the output voltage fromthe power supply is substantially
equa-l—t—o-t—imwvl—t—age—amhogs—the—ea-pam-tl ve—conponent— of t+he—t+oatd—so—=as—to—

mai ntain the current in the load at substantially the desired |evel.

2., The power supply of Claim1l, wherein the second voltage generator
cOrrprl ses a plassaesey of high vol tage generators coupl ed i NPCRUSSHE6N t h
one anot her. 3. The power supply of Claim?2, wherein each of the

plurality of high voltage generators geng/eges an out put vol tage having the

same nagnit ude. -27- The power supply of daim 3,
wherein sonme of the plurality of high voI t age generators generates an
out put vol tage having a differentd4f2 e. . The power supply

of* Claim2, further conpri si

of ‘high voltage generators 4nd to t he | oad, sai d control Cir{

he plurality
uit ﬁnitori ng
a wol tage across{@f-gonpprretg-pen 2?5’ rhe1 Uaa :and enabi_-;-_ng 0 dick ling a
deS| red nunber of g:z.e_pi_u.LaJ ity - ge £
changes in the voltage acrogs the C nponem 4
The power supply of Cajmb5g whereirf the c g nonitors
an operating condition bf efyh high vogéaga or and enabl es an

addi ti onal high vol tage‘ gendroddfr i f;; £
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vol tage- generator has fail ed. 7. The pdg m 5,
wherein the controf—citeuit. further noni t.ors an wﬁ@MﬁHBﬂm power
supply and e w”f abl-es a~ dési red ;nunber off the plurality of [ hi gh
vol t age gen @”w@ e to changes in the n ut131;(,.,@;*(;1g;;,@)t7 - 8‘.
The power suppl ¥ wher ei n t kZ6=Corit r ol fcuit nai Atains fhe base

vol t age produced by the pl ural ity of high vol tageLgEnerat oT-S—at llevel
| ess than or equal to the voltage across the conp nt_part of the |l oad
noni tored by the control circuit. 9. The power suppryof Caim

1, further CorrprIISIngmgﬁvﬁmrpmrsﬁﬁplfmngﬁie%nhoa SoHRII¥d RRREM ih R0 Pover

wh
cach of "t nciopt JPRY pgpesiive g bdstve CORpRRE et Bbebridpecoe:

(a) an inverter hav(ag aahnnxggenaqatﬁrpmdtmﬁ@htepeﬁth&tﬁﬁn@@igﬁ whereme and a
Cantor mord \H-g%’énihﬁ‘?eﬁeﬁnbﬁ“af{ﬂe ndrag coJB% gawfroﬂﬁ?ﬁiyoﬁfclfﬁtth?éﬁmatwg

transf or mer
inverter; amade where the output Yqigage oﬁtheepowen sxppdaoameedls aarokageamoshithe

Winding of ¢d Smﬁﬁ@é&ﬁ?ﬂd@ﬁf part of the loadldhd RI88E WAt oRfpubhBiidRe! O
wher ei n eac t he urality of h VO ta enerators gener
rectified s% g’ree '&‘ﬁ R4 Wbﬂtﬂﬁ%’ |QQ“%IyFR:ﬁhQ)ﬁ’°3ﬁ8QM3FWSQ ke tcapdcitiyesi gnal
gener at ed mpmﬂmeﬁﬂmtﬂemiat or.

(b)  afirst voltage generator connected to the timing generator and
producmg a tracking voltage that changes with voltage changes across the capacitive

- component part of the load during the tracking mode;

()  a second voltage generator connected to the timing generator
and coupled in cascode with the first voltage generator, the second voltage generator
producing a base voltage that is set at a voltage level near the voltage across the
capagcitive component part of the load during the driving mode and the tracking mode;

- and

-

(d)  athird voltage generator connected to the timing generator and
coupled in cascode with the first and second voltage generators, the third voltage
generator producing an accelerator voltage that increases the total output voltage of
the power supply to a voltage greater than that across the capacitive component part
of the load during the driving mode, wherein an output voltage produced by the
power supply is equal to the sum of the tracking voltage, the base voltage, and the
accelerator voltage produced by the first voltage gemerator, the second voltage
generator, and the third voltage generator so that during the driving mode the output
voltage from the power supply exceeds the voltage across the capacitive component
part of the load so as to raise the current in the load to a desired level, and during the
tracking mode the output voltage from the power supply is substantially equal to the
voltage across the capacitive component of the load so as to maintain the current in
the load at substantially the desired level.

2. The power supply of Claim 1, wherein the second voltage generator
comprises a plurality of high voltage generators coupled in cascode with one another,

3. The power supply of Claim 2, wherein each of the plurality of high
voltage generators generates an output voltage having the same magnitude.

AMENDED SHEET



12. The power supply of Claim 10, wherein the pYREPL, EMENT HRRT |t he
transformer—includes a plurality of taps that arefc u;@ccu o ;Sm oyt put

fromthe mgnm pIur»ath of sw tcheg. L2213t The
power suppl ymmﬁ:mla her Conprising a cur ehit 1aMAY o997 citrduit

coupl ed between £het D* pdwel source andz-;the t hirdf vpl t ade gener atjori.
14. The power supply of CI aim9, further conpripging a current control

circuit coupled between the DC power source and t

gener at or . The y of Claim14,. wherejn i rst
vol tage gener at of- ib‘??g “%PY\e°f8H‘P£3 W%eref‘h)”me tP"mPE'Fﬁ’é}’ hgﬁhng a
first i nIDutvdlﬁgé)gmhritﬂrstgmemms&hantpucwltgaﬂnavmggldiﬂrmt magitadesecond i nput
coupl ed to the tinmng generator, the constant current regulator

mai ntaining a cugrenty h@ﬁwﬁr sﬂﬁ;ﬁ%to‘i’rCﬁhé meggﬁd) dﬁléﬁ%’ a control cir

(b) a transforner havi w ndi'ng cou t Q an, out put, ?‘u#omthe
i nverter; ageypled to the plurahty of 1‘{1&1) V°1t38° gereratorsegnd iy the logd; widcopgobrismity

%ndl ng ?L xh?ﬁtd rhs'frdlfaﬁE lacross a c?mponeiaﬁ part of kg lb@&\@ﬁkd Smhgoﬁﬂlsﬁhﬁgm 1|5
erein the fjr a uces a tracki ui_val ent
to a vol t agd¥s ’5%‘?8%’?8 %atgtﬁﬁ%ﬁ.gﬁ!ty@?hl t&ﬁﬁgﬁ%ﬁtgrﬁ Rt e&agge E%?fa&ggs Produced
by the secahdvumge@msgdrmmlgmentpartoftheloaﬂ. The power supply of Claim
9, wherein the third voltage generator conpri ses: (a) an

inverter having @ firgfe i3t sGMP! GACksn 5N SviidreiR BT cotd] Crcuit further
monitors an dperating condition of each high voltage generator and enables an
additional high voltage generator if the operating condition indicates that a high
voltage generator has failed.

7. The power supply of Claim 5, wherein the control circuit further
monitors an input voltage to the power supply and enables or disables a desired
mumber of the plurality of high voltage generators in response to changes in the input
voltage.

8. The power supply of Claim 5, wherein the control circuit maintains the
base voltage produced by the plurality of high voltage generators at a level less than
or equal to the voltage across the component part of the load monitored by the
control circuit. '

9. The power supply of Claim 1, further comprising a DC power source
connected to supply operating power to the power supply.

10.  The power supply of Claim 9, wherein each of the plurality of high
voltage generators comprises: '
(a)  aninverter having a first input coupled to the DC power source
and a second input coupled to the timing generator;
(b)  a transformer having a primary winding coupled to an output
from the inverter; and- '
(c) a rectifier coupled to a secondary winding of the transformer.

11.  The power supply of Claim 10, wherein each of the plurality of high
voltage generators generates a rectified square wave output voltage in synchronism
with the timing signal generated by the timing generator.

AMENDED SHEET



énd a second input coupled to the timng generator gmm ey ), a
transformer havin rimary w ndifig coupled to an &? tEMEN%SBﬂg;T

i nverter; ﬂ' Bﬂ,”"ﬁﬁm,” ectifi,er .coupl edjt M“S‘E'C‘UTI 31 Wi ndi ng
of the transforners P ?m - (d}y : a feedbagk ﬂwf 0nC! lfed to
the inverter, the feedbackI citcuit moni. Bt_)r!‘][\g adcu_ rentts h po Ir ;sgppl y
nd disabling the third voltage generator if a desfr!

Zchi eved. ° 18. The pgwegrJ supply of Claim )7, wherein the third

vol tage generatoyr_produces a periodic square pul se==— =
The power suppl yl%f cFeg pewer syrpiyepf Claim 10¢ peierain yke piimaryywindingabf the a

eri odi ¢ bitriiefories iftldles a plurality of 4%hs thaf e R\ SOPREeY o ut%gif%’
alherein t he _repet. tiwve tfmﬁ@fga@ﬁlgqs non-per?@ﬁ?c. E . The
power supplf¥ 8?%3?%’[’@% P IPHORES first vol tage generator conprises a
plurality of high voltage generators coupled in cascode to produce the
tracki ng vol tagel3.  The power supply of Claim 9, further comprising a current control

/’ circuit coupled between the DC power source and the third voltage generator.

3

19.

14.  The power supply of Claim 9, further comprising a current control
circuit coupled between the DC power source and the first voltage generator.

15. The power supply of Claim 14, wherein the first voltage generator
comprises;

(a  an inverter having a first input coupled to the constant current
regulator and a second input coupled to the timing generator, the constant current
regulator maintaining a current in the inverter at a desired level;

(b)  a transformer having a primary winding coupled to an output
from the inverter; and

(c)  arectifier coupled to a secondary winding of the transformer.

16.  The power supply of Claim 15, wherein the first voltage generator
produces a tracking voltage equivalent to a voltage across a component of the load
minus the base voltage produced by the second voltage generator.

17. The power supply of Claim 9, wherein the third voltage generator

comprises:

(a)  aninverter having a first input coupled to the DC power source .
and a second input coupled to the timing generator;

(®)  a transformer having a primary winding coupled to an output
from the inverter;

(©  arectifier coupled to. a secondary winding of the transformer;
and

(d)  a feedback circuit coupled to the inverter, the feedback circuit
monitoring a current in the power supply and disabling the third voltage generator if a
desired current level is achieved.

18.  The power supply of Claim 17, wherein the third voltage generator
produces a periodic square pulse.
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23. A high voltage power supply for generating a controlled current in a
load having a capacitive component, comprising:
(a)  atiming circuit generating a repetitive timing signal; and
(b) a voltage generator for generating a voltage during each
repetition of timing signal, the voltage generator comprising;

@ a first generator coupled to the load and to the timing
circuit, the first generator generating and applying to the load a driving voltage that
exceeds a voltage across the capacitive component of the load synchronously with
each repetition of the timing signal, wherein the driving voltage induces an increasing
current in the load, the driving voltage being applied until the current in the load
reaches a desired magnitude; and

(i) a second generator coupled to the load and to the
timing circuit, the second generator generating and applying to the load a tracking
voltage that changes with voltage changes across the capacitive component of the
load following the generation of the driving voltage by the first generator, wherein the
tracking voltage is equal to a voltage measured across the capacitive component of
the load so that the current in the load is maintained at a nearly constant level.

24.  The high voltage power supply of Claim 23, wherein the first generator
comprises: .
(a)  an accelerator generator for generating a rectified rectangular

pulse as an output voltage; and REPLACEMENT SHEET
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(b) a tracking generator coupled in cascode with the base

generator for generating a voltage equivalent to the difference between the output
voltage produced by the base generator and the voltage measured across the load,
wherein the sum of the output voltage produced by the base generator and the output
voltage produced by the tracking generator is equal to the voitage across the load.

26.  The high voltage power supply of Claim 23, wherein the repetitive
timing signal is a periodic bi-polar signal.

27. A high voltage power supply for generating a controlled current in a
load having [varying] inductive, capacitive, and resistive components, comprising:

(a) aDC power source;

(b)  atiming generator producing a repetitive timing signal, wherein
during each repetition of the timing signal the high voltage power supply cycles
through a driving mode where the output voltage of the power supply exceeds a
voltage across the capacitive component of the load and a tracking mode where the
output voltage of the power supply is substantially eﬁual to the voltage across the
capacitive component of the load; and

(c)  a plurality of high voltage generators coupled in cascode to the
load such that the output voltages produced by the plurality of high voltage generators
are summed with one another, wherein during the driving mode of operation the high
voltage generators produce an output voltage exceeding the_voltage across the
capacitive component of the load, thereby causing an increasing current in the load
until the current reaches a desired level, after which the high voltage generators enter
the tracking mode of operation wherein the high voltage generators produce an output
voltage substantially equal to the voltage across the capacitive component of the load,
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{54) Title: HIGH VOLTAGE POWER SUPPLY HAVING MULTIPLE HIGH VOLTAGE GENERATORS

(57) Abstract

A high voltage power supply (40) having a plurality of high
voltage generators (50a, S0b,... 50j) that produce a controlled
cumrent in a load (24) having a capacitive component. Each
high voltage generator consists of a pulsewidth-modulated PWM)
inverter, a high voltage transformer, and a high voltage full bridge
rectifier. The high voltage generators are divided into three groups:
Group 1, Group 11, and Group Ill. During a driving mode of power
supply operation, the Group 1, Group H, and Group ITl high voltage
generators produce an output voltage (Vges) from the power supply
which exceeds a voltage (V) across the capacitive component
of the load, causing the curment in the load to increase. When
the current in the load reaches a desired value, the power supply
enters a tracking mode of operation. During the tracking mode, the
Group [ and Group I high voltage generators produce an output
volugetvmofrmndwpowerapplywhichequﬂsmvoltage
(Vc) across the capacitive component of the load. The cumrent
through the load remains constant while the power supply tracks
the voltage across the capacitive component of the Joad. The
driving mode and the tracking mode are repeatedly performed, as
the high voitage generators are driven by a square wave voltage
(V) produced by a timing generator (66). A control circuit (56)
is also provided in the power supply to enable or disable additional
Group II high voltage generators in response to fluctuations in an
input voltage and the voltage across the load.
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