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MGB VOLTAGE POWER SVPPLY BA VING MULTIPLE HIGH 

VOLTAGE GENERATORS 

Relationship to Other Applications 

This application is a continuation-in-part of U.S. patent application Serial No. 

S 08/416,997, filed April S, 1995, the benefit of the filing of which is hereby claimed 

under 35 u.s.c. § 120. 

. 5e)d of the lnyention 

The present invention relates generally to high voltase power supplies and, in 

particular, to a high voltage power supply for generating a controlled current in a load 

10 having V81}'ing inductive and capacitive components. 

Background ofthe Invention 
mgh 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 may, the cabl~ 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. inductiv~ and capacitive 

components. 
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The presence or capacitive and inductive load components often makes it 
difticult to maintain a desired current in the load because the components prevent the 
current in a load &om quickly c.bansing. This is a disadvantage because in many 
applications, it is bcncficia1 to maintain the current in a high power circuit at a desired 

S level. A constant current allows the transfer of a maximum amount of electrical 

energy in a minimum time. A limited amplitude also increases the safety of those 

exposed to the circuit. Finallyt a limited amplitude is ideal for power supplies 
coastructed of power transistors. Since power transistors are rated to handle a 

maxinwm current, transistors used in power supplies that generate current waveforms 
10 that may periodically exceed an average current level must be selected to handle the 

periodic spikes to a much higher current Jevel. If the amplitude of a load current is 
controlled to· remain around an average level, typically less expensive po"A-er 

transistors having a lower current carrying capability may be selected for use in the 
power supply. 

15 Sevecal 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 <>Utput of the transfonner 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. Firs~ 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 ftom 

25 the inverter will have a direct eft'ect on· the output voltage .from the power supply. 
Second, changes in the voltage drop across the inductive or capacitive components in 
the load will aft'ect 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 may 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 
(hereinafter V seJ and the voltage across the capacitive components in the load 

(hereinafter VJ, often change independently of each other. The variation of both 
V gen and V c 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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voltage fiom the power supply and the voltage in the lo~ the magnitude and 
wavefonn of the cmrent in the supply and load often went uncontrolled. 

Generating a controlled current in an electrical circuit that includes inductive 
and capacitive components is therefore a dilicult problem. Several solutions have 

s been 11118M'ecl, aD of which limit the switching speed of the power supply. For 
eJ(81Jlple, one solution is to convert the unstable DC input voltage to a stable current 

by adding a current regulator or limiter to the output of the power supply. While an 
added regulator will limit the output current fi'om the high voJtap power supply,. a 
current regulator also contains reactive elements which store energy. When the 

IO power supply is turned off, the stored energy must dissipate through other 
components, preventing the output or the supply from rapidly decreasing to zero. 
Those techniques which allow the production of a regulated Qlll'eirt from a high 
voltage power supply therefore have a tendency to prevent the rapid shut down of the 

power supply. It is an object of the present invention to create a power supply that 
1S produces a regulated current in a load and allows rapid power down. 

Summuy of the Invention 
A high voltage power supply is disclosed having a plurality of high voltage 

generators that may be divided into three groups, hereinafter referred to as Groups I, 
~ and Ill Each of the high voltage generators comprises a pulsewidth-modulated 

20 (PWM) inVerter, a high voltage transformer, and a high voltage fbl1 bridge rectifier. 
In operation, the PWM inverter generates a high frequency AC voltage that is 

stepped-up by the transformer and rectified by the rectifier. The output voltage 

(hereinafter V gen) 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 VJ 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 ctming m~ Groups I, II, and m 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 1) that decreases as the current rises in the load, Group Il generates a base 

35 voltage (V 2) approximating the voltage across the load, and Group m generates an 
accelerator voltage (V 3) at a level that ensures that the sum of the three voltages 
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esceeds the voltage across the load (i.e., V1 + V2 + V3 >Ve). During the driving 

mode the rate of the change of the current in the load and in the high voltage 

generator transformers is at a maximum value. 

Operation in the traddng mode begins when the current in the load reaches a 

S desired level. During the tracking mode, Groups I and U of the high voltage 

generators operate to collectively provide an output voltage that is equal to the 

voltage across the capacitive components in the load. The Group ll component of the 

output vohage is a substantially constant base voltage (V v. which is equal to or less 

1han the voltage across the load. The Group I high voltage generator produces a 

10 traeking voltage (V 1) equal to the difference between the voltage provided by the 

Group ll high voltage generators and the voltage appearing across the capacitive 

components (i.e., V 1 + V2 = V c). Because the output voltage from the power supply 

tracks the voltage across the capacitive component in the load, the current in the load 

and in the high voltage generator transformers remains constant during the tracking 

15 mode. 
To expand the range of the power supply, a control circuit is provided to 

enable or disable additional high voltage generators contained in Group ll. In order 

to track a voltage change across the capacitive components in the load, the bigh 

voltage produced by the Group Il generator$ 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-oif 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 ll tail. The failed generators may be 

25 dynamically substituted with replaeement generators in order to maintain the desired 

output voltage without substantial intenuption. Dynamic replacement of 

malibnctioning 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 radus and other high voltage applications. 
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Additionally, the number of hip voltage generators that are inc1ucled in each 
power supply may be selected hued on the desired operatjng nmge of the power 

supply. More or less Group n generators may be included to alter the base voltage 
level applied by the power aupply in the driving mode and the tracking mode. The use 

S of a modular design therefore increases the applications and flexibility of the power 

supply. 

Yet another advantage is that several high voltage power supplies of the 
present invention may be connected in parallel with each other to produce a power 

supply having a desired output power and voltage. The parallel connection is possible 

10 because the output current &om each high voltage power supply is regulated, 
preventing the power supplies fi'om becommg overloaded. Several high voltage 
power supp1iea may also be connected in series to create a switched multi-output 
supply necessary for such applications as traveling wave tubes and x-ray equipment. 

A fbrther advantage of the disclosed power supply is that additional high 
1 S voltage generators contained in Group D 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 rectifyinJ an AC line voltage. Typically, large and 
expensive capacitive filters are required to generate a sufficiently smooth DC voltage 

to prevent the outj>ut from the high voltage power supply from fluctuating. · Rather 

20 than using capacitive filters, however, the disclosed power supply may enable 
additional Group Il generators as the input DC voltage drops, and disable the 

Group Il 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-oft: 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 u 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 Pescrjption of1he Drawinss 
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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refereace to the fbllowing detailed description, when taken in coqjunction with the 

accompanying drawings, wherein: 
FIGURE I is a block diagram of a prior art high voltage power supply 

coupled to a load having a capacitive, an inductive, and a resistive component; 
S FIGURE 2 is a block diaasam of a high voltage power supply having a 

plurality of hip voltage generators fonned in accordance with the present invention; 
FIGURE 3 is a timing diagram showing various voltages generated during 

operation of the high voltage power supply of FIGURE 2; 
FIGURE 4 is a timing diagram showing various voltages generated during 

10 operation of the hip voltage power supply of FIGURE 2 when a voltage across the 
capacitive component in a load is increasing; 

FIGURE S is a timing diagram showing various voJtaaes generated duririg 
operation of the high voltage power supply of FIGURE 2 when a voltage across the 

capacitive component in a load is decreasing; 
IS FIGURB 6 is a circuit diagram of an inverter suitable for use in a high voltage 

generator contained within the power supply of FIGURE 2; 
FIGURE 7 is a circuit diagram of a high voltage rectifier suitable for use in a 

high voltage generator contained within the power supply of FIGURE 2; 
FIGURE 8 is a circuit diagram of a control circuit suitable fur enabling or 

20 disabling a plurality of high voltage generators in the high voltage power supply of 
FIGURE 2; and 

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 ofFIGURB 2. 

25 Detailed Description of tbe Preferred Embodiment 
A high voltage power supply design that is known in the art is represented in 

the block diagram ofFIGURE 1. The power supply eonsists of a primary DC voltage 
source 20 that provides an unregulated DC voltage to a high voltage generator 22. 

The high voltage generator is conneeted to a load 24, and contains an inverter 26. a 
30 transfonner 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 
3 5 a nearly constant DC amplitude. 
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The current flowing in the load depends on the voltage generated and applied 

to the load by biah voltage generator 22. Load 24 may be modeled with three 
components: an inductive component 32, a capacitive component 34, and a resistive 
component 36. The current producecl in the inductive component when a voltage is 

S applied by the high voltage generator may be represented by the following equation: 

10 

V.--Vc: di ---=-
L dt 

(1) 

Where: V gen= voltage generated by high voltage generator 22; 

V c =voltage across capacitive component 34; 
i = current through inductive component 32; 

.L = equivalent value of inductive component 32; and 
di/dt ""the rate of change of current in the inductive component. 

From equation (1) it is apparent that the rate of change of the current in the 

load depends on the difference between VP and Ve. Several tactors can cause these 

voltages to fluctuate. With respect to V sen• the output voltage from the high voltage 
15 generator is proportional to the magnitude of the voltage produced by primmy 

voltage source 20. Fluctuations in the primaly voltage supply due to instability or 

voltage ripples directly cause variations in_ the output voltage V sen· In contrast, V c 
can change its magnitude due to a change in the voltage drop across the incluctive 
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 V sen 
and V c 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 load. 

2S The object of the present invention is to maintain the magnitude or 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. 

1. General Power Supply Constn1ction 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 SO identified as Groups I, ll, and m. In a 
preferred embodiment of the power supply, Group I consists of a single high voltage 
generator SOa, Group II is made up of eight high voltage generators SOb, SOc, .•. SOi,. 
and Group m is fomted by a single high voltage generator SOj. Upon understanding 
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the invention, it will be appreciated that greater or fewer high voltage generators may 

be included in each group so as to configure the invention for operation at a desired 

voltage and current level 

A single-phase AC power source 84 provides power to the high voltage 

S power aupply. In a prefclTed embodiment of the high voltage power supply, 

AC power source 84 provides a 120 volt AC voltage at 60 Hz. The AC power 

source supplies operating power to an unregulated AC-to-DC rectifier 52 which is 

connected via lines 100 and 102 to each of the high voltage 

generators SOb, SOc, .•• SOj. Connected between Jines 100 and 102 is a filter 

10 capacitor 88. AC power source 84 also provides operating power to a ament control 

circuit 64 that is coupled to high voltage generator SOa. In the cum:ntly preferred 

embodiment, rectifier S2 is a 1bll-bridge diode network that produces an unregulated 

DC voltage. In a realization of such an embodi~ the DC voltage produced by the 

rectifier is approximately 170 vohs. 

15 Each high voltage generator SOa, SOb, •.• SOj is comprised of a high voltage 

inverter 70a, 70b, •.. 70j, a high voltage transfonner 72a, 72b, ... 72j, and a high 

voltage rectifier78' 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 

windini 74a, 74b, .•. 74j of transformer 72a, 72b, ... 72j. Ait. associated hip 
20 voltage rectifier 78a, 78b, ... 78j is connected to the secondary 

winding 76a. 76b, ... 76j of each transformer. The high voltage generators are 

comected in a cascade configuration so that the output voltage V sen ftom 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 

25 voltage that is summed to form V pn· 

The hi.ah 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 c is produced across the capacitive component of the load. As discussed 

30 above, voltage V c will vary as a result of changes in the voltage drop across inductive 

component 32. A change in V c 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 maintams a 

nearly constant load current of desired amplitude through the inductive component of 

3S theload. 
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As noted earlier, each of the generator groups is responsible for generating a 
different component of the output voltage ti'om the power supply. Representative 

timing diagrams of the output voltages produced by Groups I, a and m of the power 

supply are provided in FIGURB 3" and will be discussed generally below. It will be 
S appreciated that the graphs showing the output voltage ftom each high voltage 

generator group are idealiml in FIGURE 3. For example, the voltage transitions of 

the inverters will be dampened somewhat by the load of the high voltage transformer 

and high voltage rectifier. The wavefonns shown in FIGURE 3 are thus to be 
considered as representative of the shape of the high voltage generator output 

10 voltages that produce a desired current (IcS) in the load. The specific construction of 
each high voltage generator group will be subsequently discussed with respect to 

FIGURES 6, 7, 8, and 9. 

In FIGURE 2, each of the high voltage generators is connected to a timing 

generator 66. The timing generator is provided to synchronously drive each of the 
15 inverters in the high voltage generators with a high ftequency timing signal. In a 

preferred embodiment of the invention. the timing signal produced by the timing 
generator is a square wave voltage having an amplitude of 1 S volts and a frequency 
within the range of 10 to 20 kHz. A representative square wave timing sipal 

generated by the timing generator is shown by graph V sw of FIGURE 3. AS shown in 
20 FIGURE 3,. each of the generator groups generates a characteristic output voJtaae 

beginning with the leading or falling edge of the square wave. Although a square 

wave timing signal is pm'erred, those skilled in the art will 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 ~ any non-periodic repetitive timing signal may be used to generate a desired 
output voltage wavefonn. 

The Group m high voltage generator 50j generates a periodic rectangular 

pulse as shown in graph V 3 of FIGURE 3. The rectangular pulse begins with the 

leading edge of the timing signal, and bu an amplitude that corresponds to the 

30 magnitude of the DC voltage provided by Ac-to-DC rectifier S2 and the turns ratio of 

tranafbrmer 72j. A current monitor SS, 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 SB corresponds to a 
desired load current (Id) through inductive component 32, the inverter of the Group 

JS m high voltage generator is switched oft: When switched oft; the output voltage 

generated by the Group m generator falls to zero. 
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The Group n high voltage generators SOb, soc, ... SOi of FIGURE 2 supply 
an approximately DC output voltage as shown in graph V 2 of FIGURB 3. That ~ 
each Group n inverter 70b, 70c, ••• 70i produces a square wave output tbat is 
synchronous with the timing signal produced by timing generator 66. The square 

S wave voltage produced by each inverter is ateppecl .. up by the associated transformer 
and is tbU wave rectified by the corresponding high voltage rectifier. In the 
arrangement of FIGURE 2, the output voltage collectively produced by the Group n 
generate>rs is determined by a control circuit 56 that selectively enables high voltage 
generators SOb, SOc, ... SOi. Control circuit 56 receives ftom a voltage divider 

10 network 82 on a line S4 a voltage representative of the voltage V c across the 

capacitive component of the load. The control circuit monitors the voltage acroas the 
load, and enables or disables the high voltage generators so that the total voltage 

generated by the Group n generators is less than or equal to the voltage appearing 
across the capacitive component of the load. The output voltage ftom the Group n 

1 S 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 SOa produces an output voltage V 1 that 
can range between zero and a value limited by the maximum input voltage being 
supplied to current control circuit 64. The Group I high voltage generator ia 

20 connected to a current control circuit 64. Unlike the Group Il and Group ID high 
voltage generators, the Group I high voltage generator is a current fed inverter. 
Connected between the CUlTCllt control circuit 64 and the inverter 70a is a current 
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 secondaiy winding of the transformer contained in the high voltage generator, and 
therefore proportional to the cw:rent ftowing 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.f. 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 cwrent measured by the current monitor 60 indicates a 
current in the load greater than the desired current Ics. the output voltage from high 
voltage generator SOa is reduced. In this manner, a variable voltage is generated by 
the Group I high voltage generator in order to track the change m 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 I ofFIGURE 3. 
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As each group of high voltage generators produces the above descnoed 

output voltage, the power supply cycles through two modes of operation, hereinafter 
refmed to as a driving mode and a tracking mode. During a driW1g mode, 

represented by the time interval from t1 to t2 in FIGURE 3, the sum of the Group I. 
S Group D, and Group m generators cm:eeds the voltage V c measured across the 

capacitive component of the load. The Group I generator produces a high voltage 
that will dynamically vary during the driving mode. The Group n generators produce 

a substantially constant output voltage comprising a rectified square wave voltage and 
the Group m generator produces a positive rectangular pulse. The amplitude of V 2 

10 and V3 are selected so that the sum of V 2 and V 3 is a constant voltage that exceeds 

Ve (i.e., V2: V3 >VJ. Since Vgen is greater than Ve during the driving mode. 
according to eq~tion (1) the rate of change of current is positive during the period 
ftom t1 to t2. The current through the load therefore increases during the driving 

mode until it reaches a desired level lei· When the current reaches a desired leve~ 
IS current monitor SS senses the desired current and switches off the Group m 

inverter 70j. At this point, the power supply enters a tracking mode of operation. 
When the desired a.urent level is reached, the power supply enters a tracking 

mode of operation represented by the time interval ftom t2 to t3 in FIGURE 3. 
During the tracking mode of operation, the voltage V gen generated by the power 

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

load. In particular, the output from the high voltage generator in Group m is 
switched off by the feedback provided by current monitor SS. The voltage V gen 

therefore drops to the level of the sum of the output from the Group I and Group Il 
high voltage generators. The Group II generators collectively generate a sum DC 

2S 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 voltages V 1 and V2 
is substantially equal to the voltage V c across the capacitive component of the load 
(i.e., Vt + V 2 = VJ. As previously pointed outs 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 load. Voltage V c may change for a variety of reasons. for eumple, due to any 
charging or discharging processes in the load. Absent the invention, any such change 

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

power supply disclosed herein maintains voltage V FA at a level substantially equal to 

35 Ve. 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 
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across the inductive component of the load is in the ideal sense equal to zero. By 

controlling the output voltap during the driving mode and the trac1cing mode it is 
pom"ble to generate a nearly constant cuuent having minimal ripple in the load. 
Additionally, a nearly square wave current is maintained in the transformers, which is 

S beneficial from the energy transfer standpoint. 
The two-mode voltage generation process repeats during the second half of 

the period of square wave voltage V aw produced by timing generator 66. At time~ 

the polarity of the square wave voltage reverses, and a negative voltage drives the 
hiah voltage pneraton. The change in polarity of the voltage driving the high 

1 O voltage generators causes a momentary drop in the output voltage V gen of the high 

voltage power ~pply. This causes V c to exc:eed VP• and generates a falling current 
in the load since, in accordance with equation (1), the change in the current through 
the inductor is negative. 

During the driving mode from t3 to t4, the application of the rectified sum of 

1 S V., V 2• and V 3 causes V pn to exceed V <> and the current to increase through the 
inductive component in the load. At time t4, the current through the inductor reaches 
the desired value. When the desired eumnt is reached, the power supply of 

FIGURE 2 begins operation in the tracking mode. The output from the high voltage 
generator in Group m is switched off, and the voltage v gen drops to the level of v 2• 

20 the output from the Group n high voltage generaton. At the same time, the high 

voltage generator in Group I daanges its output so that the sum of V 2 and V 1 are 
equivalent to the voltage V c across the capacitive load. Driving mode operation 

begins again at ts in FIGURE 3, i.e., at the end of the negative polarity portion of the 
square wave timing signal. 

2S FIGURES 4 and S are timing diagrams showing the effect of a change in the 
voltage across the capacitive components V c that will result in enabling or disabling a 
Group Il high voltage generator. llecall from FIGURE 2 that the Group Il output 
voltage V 2 is produced by a plurality of generators 50b, SOc, ... 52i. The number of 
Group Il 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 Group ll 

generators. FIGURE 4 represents a case when the voltage V c across the capacitive 
component in the load is increasing. As the voltage increases, the output voltage V 1 

produced by the Group I high voltage generator continues to increase in magnitude to 
insure that Vgen tracks Ve- At a time t 1, 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 t1 to time t2, the output voltage V 1 remains at a maximum. 
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Because V c continues to increase durins this period, however, Ve becomes greater 

than V PD' causing the carrent IL through the load to drop. Recognizing that the high 
voltage power supply output voltage can no longer track Ve> the control circuit in the 

power supply enables an additional generator in the Group Il high voltage generators. 

s The additional generator in Group n increases the output voltage V 2 produced by the 
Group n generators, thus increasing the output voltage V gen· By time t3, the output 
voltage produced by Group I and Group n generators is sufficient to again track V c 
without causing V 1 to saturate. CUrrent IL through the load is therefore returned to 
the desired amplitude and wavefonn after time t3. 

10 Similarly, FIGURES represents a case when the voltage across the capacitive 
component in the load is decreasing. As the voltage V c decreases, the output voltage 
V 1 produced by the Group I high voltage generator continues to decrease in 
magnitude to insure that Vgcn tracks Ve. At a time t 1, the voltage produced by the 
Group I high voltage generator reaches a minimum value (substantially equal to zero) 

15 wherein it is not producing any component or V gen· From time t1 to time t2' the 
output voltage V 1 remains at zero. Because V c continues to decrease during this 
period, however, V c becomes less than V SD causing the current IL through the load 
to increase. Recognizing that the high voltage power supply output voltage can no 
longer track v Ct the control circuit in the power supply disables a generator in the 

20 Group Ii high voltage generators. Eliminating a generator in Group D decreases the 
output voltage v 2 produced by the Group n generators, thus decreasing the output . 
voltage V acn· At time t3, the outpUt voltage produced by the Group I and Group n 
generators is sufficient to again track V c without forcing V 1 to zero. Current Ii. 
through the load is therefore returned to the desired amplitude and waveform after 

25 timet3. 

Control circuit 56 can also enable additional Group n generators to replace 
generators that tail. The failed generators may be dynamiaally substituted with 
replacement generators in order to maintain the desired output voltage without 
substantial inteauption. 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 Il geneiator SOb, SOc • .•• SOi. A sudden and unexpected drop in the output 

voltage produced by a given geneiator may be indicative of a failed generator. 
Alternatively, each of the Group ll generators may be provided with a fbse. A failure 
condition causing the fuse to blow could be detected and an additional Group ll 

35 generator enabled to compensate for the failed generator. Overall, the dynamic 
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replacement of malibnctioning generators under the control of control circuit S6 
enhances the reliability of the high voltage supply. 

Having described the general operation of the disclosed high voltage power 

supply, more detailed circuit diagrams of the components in the preferred embodiment 

S of the power supply will be described relative to PIGURES 6, 7, 8, and 9. 

2. Group m Hilb Voltaae Genenter 
The Group m high voltage generator is designed to produce a periodic 

variable-width rectangular pulse that is used as an accelerator voltage during the 
driving mode of the power supply. In the arrangement of FIGURE 2, the Group m 

10 geneiator includes a single high voltage generator 50j. The unregulated DC voltage 

from the AC-to-DC rectifier 52 is directly coupled via lines 100 and 102 to high 

voltage generator SOj. FIGURE 6 is a circuit diagram of a pulsewidth-modulated 
(PWM) inverter suitable for use in high voltage generator SOj. The PWM inverter 70j 

is shown schematically as comprising the following primary elements: 

15 transformer 148, four power metal-oxide-semiconductor field-effect transistors 
(MOSFETs) 157, ISi, 159, and 160, current transformer 165, resistor 166, and 
triaca 146 and 147. Transistors 157, 158, 159, and 160 are connected in a tbll-bridge 

configuration. When one transistor pair, for example transistors 157 and 160, are 
biased ON (i.e .• conductina), the other transistor pair comprising transistors 158 and 

20 159 are switched OFF, allowing current to flow from line 100 through transistor 157 
and transfonner 16S to terminal 168. Terminals 168 and 170 are connected to the 
primary winding 74j of the high voltage transformer 72j. The current flows from 

tenninal 16~ through the primary winding of the high voltage transformer, and 

through terminal 170 and transistor 160 to ground. When transistors 157 and 160 are 

25 switched OFF, and transistors 158 and 1S9 are biased ON, the current flows through 

the primary winding 74j in the opposite direction. That is, current flows ftom line 100 

through transistor 159, terminal 170, primmy 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 tenninaJs I OS and 

106. In a preferred mode of operation, the square wave timing signal generated by 

the timing generator bas a frequency of Io to 20 kHz and a magnitude of lS volts. 

35 Terminals 105 and 106 are connected to the primary winding of transformer 148. 

Applying a square wave voltage to transfonner 148 biases the transistor pairs ON and 
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OFF. When terminal 105 is of a positive polarity with respect to terminal 106, a 

positive voltap ia applied to the gates of transistors 157 and 160, biasing the 

transistors ON. At the same time. a negative voJtaae is applied to the gates of the 

transistors 158 and 159 clue to the reverse polarity of the secondary winding of 

5 transformer 148 connected to those transistors. While transistors 157 and 160 are 

biased ON,. transistors 158 and 159 will therefore be switched OFF. Similarly, when 

voltage across the terminals 106 and IOS reverses its polarity so that terminal 106 is 

positive with respect to terminal 105, transiston 157 and 160 are switched OFF and 

transistors 158 and 159 are biased ON. 

10 Additional components are present in the inverter to optimize the inverter 

operation. Diodes 161, 162, 163, and 164 are coupled between terminals 168 and 

170 and lines 100 and 102 to allow current to flow from high voltage transfonner 72j 

to lines 100 and 102 when all four transiston are switched OFF. The transistors are 

switched OFF during shut down, or when no voltage is generated by the high voltage 

IS generator. Resistors 149, 151, 153, and lSS are connected between the secondaiy 

winding of transformer 148 and the gates of the transistors in order to limit the gate 

voltage applied of the transistors. Resistors 150, 15Z 154 and 156 are connected 

between the gate and the source oftransistora 157, 158, 159 and 160. The resistors 

create a path for current flowing fi'om the gate-to-source capacitance of the 

20 transistors to allow the transistors to switch to an OFF position moie quickly. 

Each inverter may be 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 triae 146 is biased ON 

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

25 transformec 148 is completed, allowing the square wave voltage fi'om the timing 

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

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

transfonner 148 is broken and transiston 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 

biued ON in inverter 70j to ensure that the Group m 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 

tenninal 168 and the primary winding of high voltage transformer 74j. A resistor 166 
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is connected in panllel with the secondary winding of current transformer 165. The 
secondary winding is also coupled between the primlly winding of transformer 141, 
and the pte of triac 147. Triac 147 is connected between terminals 105 and 106. 

Since resistor 166 is connected across the secondary winding of current 

s transformer 165, a voltage drop is generated across resistor 166 that is proportional 
to the output eurrent of the inverter'. A value is selected for resistor 166 so that when 

the output current magnitude reaches a preselected limit, the voltage drop acroas 
resistor 166 is suflicient to bias triac 147 in the ON position. When triac 147 is biased 
ON, terminal 106 is shorted across a resistor 14S to tenninal lOS, preventing the 

10 square wave voltage generated by the timing generator from being applied across 

transfonner 148. When the current in the inverter passes the overcurrent limit, the 

inverter is tberCrore disabled by the triac shorting terminal I 05 to terminal 106. 

For the Group m mp voltage generator, the circuit comprising current 

transfonner 165, resistor 166, and triac 167 also serves as the current monitor 58 to 
15 control the width of the rectangular voltage pulse produced by high voltage 

generator SOj. Resistor 166 in the Group ID inverter 70j is selected to have a value 
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 cumnt, 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 ament in the load is equal to or greater than the desired current let· Biasing 

triac 147 ON will cause inverter 70j to be switched off: turning off the output voltage 
from the Group m generator. The Group Ill inverter 70j therefore produces 
rectangular voltage pulses rathe.r than the square wave voltage produced by 

25 .inverters 70a, 70b, ... 70i. 

W'lth reference to FIGURE ~ the rectangular voltage pulses produced by 

inverter 70j are applied to high voltage transfonner 72j. The high voltage transformer 

steps-up the input voltage to a desired output Jevel. In a preferred embodiment of the 
high voltage power supply, the high voltage transformer has a ferrite core, with a 

30 primmy winding 74j having 90 turns and a secondaiy winding 76j having SSO turns. 

The altemating square wave voltage driving inverter 70j has a fi'equency of 10 

to 20 kHz. After being stepped-up by the high voltage transfonner. the Group m 
high voltage generator therefore produces an output voltage having the same 

fi'equency of 10 to 20 kHz and a mapitude of about 1~000 volts. 

35 After the inverter output voltage is stepped-up by transformer 72j~ it is applied 
aaoss high voltage rectifier 78j. FIGURE 7 is a circuit diagram of an exemplary high 



W0'613193' PCl'/US'6/046tl . 

-17-

voltage rectifier 78j auitable for use in high voltage generator SOj. The high voltage 

rectifier comprises four high voltage diodes 180, 182, 184, and 186 that are 

"'~ in a fidl-bridge confiauration. Input lines 188 and 190 of the bridge are 

coanectecl to the aecond8I)' winding 76j of high voltage transfonner 72j. The output 

S Jinea from the bridge are connected across a parallel combination of a capacitor 192 

and a resistor 194. In operation, a high voltage square pulse pnerated by inverter 70j 

and stepped-up by transformer 72j is applied across the input to the diode bridge. 

The filll..wave rectified output A-om the bridge is then filtered and loaded by 

capacitor 192 and resistor 194. The rectified output from the Group m high voltage 

10 aenerator corresponds to the V 3 graph as shown in FIGURES 4 and S. 

. 3. Group D Blgll Voltage Generaton 

Wrth reference to FIGURE 2, in a preferred embodiment the eight Group Il 

high voltage generators SOb, SOc, ... SOi are constructed using a design nearly 

identical to the Group m high voltage generator SOj. Inverters 70b, 70c, ..• 70i are 

IS constructed substantially as shown in FIGURE 6. A slight variation is that the value 

of resistor 166 is selected so that the Group n inverters will not be disabled when the 

deaired current is indicated in the load. 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 n 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 

remainins components in each high voltage generator SOb, SOc, ... SOi are identical 

to the components in high voltage generator SOj. High voltage 

2S transformers 72b, 72c, ..• 72i are identical to transformer 72j,. and 

rectifiers 78b, 78c, .•. 78i correspond to the construction of rectifier 78j as shown in 

FIGURE 7. The square wave generated by the inverter is stepped-up by the 

transformer and full wave rectified by the rectifier. Each Group Il high voltage 

generator therefore produces an approximately DC output voltage having an 

30 amplitude of 1,000 volts. 

Control circuit 56 is connected to each of the Group ll high voltage 

generators SOb, SOc, .• • SOi. The control circuit is designed to monitor the voltage V c 

across the capacitive component of the load and to enable or disable the Group ll high 

voltage generators so that the output voltage V 2 from the Group Il generators is less 

35 than or equal to V c- 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 
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or disabling additional Group D high voltage generators in the high voltage power 

supply. 
AB shown in FIGURB 8,. high voltage divider network 82 consists of 

resistors 200a. 200b, . • . 200n connected in series between V c and ground. The 
S resistors are ae1ected such that the voltage drop across resistors 200b, 200c, .•. 2008 

reduces the voltage drop across resistor 200a to a desired level. The voltage across 

resistor 200a is provided on line S4 to control circuit S6. 

Control circuit S6 includes a multiplexer 202, an analog-to-digital 

converter 204, a demultiplexer 206, a microprocessor 205 and associated 
10 memory207,, and, in a p1eferred embodiment of the invention, eight 

optoisolaton 208a, 208b, ... 208h. The control circuit components are coupled to 
each other by an address.ldata bus 203. Multiplexer 202 is c:onnected to the hiy,h 
voltage divider network by line 54 and also to the AC power source 84byline101. 

The microprocessor may selectively sample the voltage V c across the capacitive 
IS components of the load or the output voltage V ac from the AC power source by 

switching multiplexer 202. The selected voltage is provided to analog-to-digital 
converter 204 on a line 201. Preferably. the analog-to-digital converter generates a 
three-bit digital value that is representative of the magnitude of the selected voltage 
CV ac or VJ. It will be ·appreciated that resistors 2001, 200b, ... 200n should be 

20 selected so that the expected voltage variation across resistor 200a is within the input 

voltage range of analog-to-digital converter 204. The AC power source may similarly 

have to be scaled so that the scaled power source voltage falls within the range of the 
analog-to-digital converter. 

The digitized value corresponding to the selected voltage is provided to the 

25 microproceasor 205. Based on the value of the selected voltage, the microprocessor 
may enable or disable additional Group n 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 demultiplexer is coupled to an optoisolator 2088., 208~ ... 208h. The 
optoisolators are then coupled via lines 210a, 210b, ... 210b to terminal 144 and the 
gate of triac 146 contained in each Group n inverter as shown in FIGURE 6. 

Optoisolators 208a, 208b~ ... 208h are provided between demultiplexer 206 and high 

3S voltage generators SOb, SOc, ..• SOi to ensure 1hat the high voltage produced in the 
high voltage generators js isolated ftom the logic circuitry in control circuit 56. A 
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loaic "I" on a demultiplexer output line turns on a corresponding high vo1tage 
generator, and a logic "O" on a demultiplexer output line turns off'the corresponding 
high voltage generator. 

The detelmination of whether to enable or disable Group n high voltage 
S generators is based on measured changes in the power supply voltage V ac or the 

voltage V c across the load. The control circuit must enable or disable the inverters in 
the Group ll high voltage generators in order to ensure that the sum voltage 
geaeratecl by the Group n generators is equal to or less than the voltage v c- If v c 
increases, V ac decreases, or CVc - V .d increases. the control circuit will enable 

10 additional Group n high voltage generators by generating additional signals on 
Jines 210a. 210b, • . . 210h to bias ON triac 146 and the associated 
inverters 70b, '7oc. ... 70i. If V c decreases, V ac increases, or (V c - V ac) decreases, 
the control circuit will disable additional Group II high voltage generators by 
switching OFF one or more of the triacs in the high voltage generator inverters. 

IS Ideally, the sum voltage produced by the Group n generators should not fall below 
the voltage Ve by an amount greater than the maximum voltage that can be produced 
by the Group I generators (i.e., Ve - V2 ~ V1). This ensures that the sum of the 
Group I and ll generators wiU allow the output voltage V gen of the high voltage 
power supply to accurately track V ~ The sum of the output voltages from the 

20 Group Il high voltage generators conesponds to the V 2 graph shown in FIGURES 4 
andS. 

Those skilled in the art will recognize that the inclusion of a microprocessor in 
the control circuit areatly improves the tJexil>ility of the power supply. For exampl~ 
with appropriate Prosrammins the microprocessor may filter or otherwise manipulate 

2S the measured values of the selected voltages. As discussed above, 
microproCMSOr 205 may also be coupled to sensors to detect when a Group Il high 
voltage generator has fiiled. When a failure is detect~ the microprocessor may 
dynamically ~le an additional high voltage generator to replace the failed 
generator. 

30 4. Group I mgb Voltage Generator 
With reference to FIGURB 2, in a preferred embodiment the Group I high 

voltage generator SOa is constructed using a design nearly identical to the Group m 
high voltage generator SOj. Inverter 70a is constmcted as shown in FIGURE 6. The 
only variation in inverter construction is that the value of resistor 166 is selected to 

3S provide overcurrent protection, rather than to set a desired current in the load. High 
voltage tnmsfonner 70a is constructed around a magnetic ferrite core. with a primary 
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winding consisting of 90 turns and a secondary winding consisting of 640 tums. The 
additional turns in the secondary winding of high voltage transformer 70a increases 
the output voltage produced by the Group I high voltage generator to about 1,200 
volts. Rectifier 78a corresponds to the construction of rectifier 78j as shown in 

5 FIGUl\E7. 

The Group I high voltage generatOr is designed to produce an output voltage 
ranging between z.ero and a maximum value in order to track the difference in the 

voltage generated by the Group n high voltage generators and the voltage Ve across 

the capacitive components in the load. During the driving mode, the Group I high 
10 voltage generator produces a dynamically-varying high voltage. During the tracking 

mode, the Group I high voltage generator produces a voltage such that V 1 + V2 = V c· 
To ensure that the high voltage generator SOa produces a desired output 

voltage, current control circuit 64 is provided to monitor and maintain a desired 
eurrent through the high voltage generator. A schematic diagram of a current control 

15 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 NESS61. PWM controller 220 generates an internal sawtooth waveform 
voltage having a preferred frequency of 40 kHz for an inverter embodiment operating 

20 fi:om a 20 kHz timing signal. The PWM controller frequency is determined by a 
resistor 248 and a capacitor 250 connected to the controller. 

The PWM controller 220 is connected to a switching network 222 that is used 
to connect and disconnect the DC voltage provided on 1ine 100 with the inverter 70a 
through an inductor 224. Switching network 222 comprises a MOSFET 

25 transistor 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 throuah 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 quiddy. One 

lead of the prinuuy winding oftransfonner 232 is connected across a resistor 240 and 
capacitor 238 to growicl, and through a resistor 236 to line 100. A resistor 234 is 

3S connected in parallel with the primary winding. The other lead of the primary winding 
is connected to the PWM controller 220. 
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In operation, transistor 226 is switched by PWM controller 220 to achieve 
dilCODtinuous current flow through inductor 224 and inverter 70a. When PWM 
controller is switched on, wrrent is allowed to flow &om line 100 through 
raistor 236 and the primary winding of transfonner 232 and to ground via the PWM 

S controDer on line 102. This generates a positive voltage across the gate of 
transistor 226, biasing the transistor ON and allowing cumnt to flow through 
inductor 224 and over line 103 to inverter 70a. After flowing 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 current increases through the shunt resistor~ the voltage drop 

10 across the resistor increases. When the current reaches a desired lev~ the voltage 
drop is suftici~ to tum the PWM controller off. On turning the PWM controller mt: 
transistor 226 is switched OFF and twitching network 222 no longer allows current to 
flow to the inverter. Shunt resistor 242 therefore operates as current monitor 60 to 
control the output voltage of the Group I high voltage generator. 

IS When the switching network halts current flow on line 100, current flow in the 
secondary winding of high. voltage transformer 72a and energy stored in the 
inductor 224 induces a aurent flow through shunt iesistor 242 and a diode 244. If 
the current tlow through the shunt resistor indieates a current level flowing through 
the load above the desifed current level, then the voltage drop across the shunt 

20 resistor is sufticient to maintain the PWM controller 220 in an off state. When the 
current flow through the shunt resistor indicates a current level in the load below the 
desired current level. then the voltage across shunt resistor 242 falls below the 
necessaiy voltage to maintain the PWM control in the otr position. Appropriate 
selection of the shunt resistor therefore selects the desired current Id that is to be 

2S maintained in the load. It will be appn:ciated that PWM controller adjusts the output 
voltage produced by high voltage generator SOa 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 V c and V 2. 

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 SOa. The output from the Group I high voltage generator 
COITeSpOnds to the V 1 graph as shown in FIGURES 4 and s. 

Those skilled in the art will also appreciate a ~urrent control circuit may be 
35 used to ensure that the Group m high voltage generator produces a desired output 

voltage. Rather than the punned construction discussed above, the Group m high 
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voltage generator may be CODltrUcted with a current fed inverter similar to the 

coastmction of the Group I high voltage generator. A current control circuit would 

control the output or the Group m high voltage generator to maintain a desired 
current through the generator. During the driving mode of operation, the current 

s control circuit would increase the voltage p:nerated by the Group m high voltage 

generator to raise the eum:nt level to a desired current lcl· During the tracking mode, 

the output ftom the Group m generator would be switched oft: 

Having descn"bed the construction of the high voltage power supply, a brief 

example of the performance of the preferred embodiment of the power supply is 

1 O provided below. For purposes of the example, a representative load is selected that 

has a resistive component of 20 kOhm, a capacitive component of 10 uF. and a 
inductive co~onent of 6 x to-3 H. Each hlgh voltage generator SOa, SOb • ••• 50j 

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 Tuning generator 66 produces a square wave timing signal of approximately 1 S kHz, 

having a period of 66 x 1 o"' seconds. 

Durina the driving mode of the high voltage power supply, the sum of the 

Group I, Il, and m generators produces a voltage that exceeds the voltage across the 

capacitive component of the load by approximately 1,000 volts. From equation (11 

20 the rate of change of the current in the load is: 

di 1000 
dt = 6x10.J 

For the current in the load to initially drop during the driving mode and then 

reach a desired value of O.S amps therefore takes approximately 6 x 10"' seconds. 

Once the current in the load has reached the desired value, the high voltage power 

2S supply enters the tracking mode. The Group Il 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 I high voltage generator generates the 

dliference between the Group n output voltage and the voltage across the capacitive 

component of the load. During the traclcing 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 

valu~ the high voltage power supply of the present invention may be quickly switched 
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on or oft: The Jack of energy storage elements also provides for a fist response time 
to variations in load voltage. The high voltage power supply of the present invention · 
i1 therefore suitable for use in dynamic applications wherein the load has quickly 
vll)'ina capacitive, resistive, and inductive components. 

S A fiutber advantage is that the use of multiple hish voltage generators to 
generate a desired output voltage allows the high voltage power supply to be tailored 
for each particular application. High voltage generators may be added to the Group Il 
generators to increase maximum generated voltage and produce a greater dynamic 
range of the power supply. Control circuit 56 can similarly be expanded or reduced 

10 to control a greater or lesser number of high voltage generators. 
The ~ility to dynamically enable or disable high voltage generators also 

produces a number of operating advantages. Enabling or disabling high voltage 
generators allows the output voltage to be controlled to produce a desired wavefonn, 
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 amooth the e1fect 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 generatora in the power supply tail. The dynamic replacement of substitute 
generatOrs improves the overall reliability of the power supply. 

While the preferred embod"unent of the invention bas 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 Ill, 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 Group I and m high voltage generators, producing the attendant 

30 advantages described above with respect to the Group Il generators. Similady, 
although the preferred embodiment of the high voltage power supply has eight high 
voltage generators in Group n, 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 transfonners contained within each high voltage generator may be varied. Instead of 

having a lingle secondary winding in each high voltage transformer, the transformers 
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may be constructed with a plurality of secondary windings.. Each of the plurality of 

secondary winclinp may be coupled to a high voltago rectifier, and the output voltage 

of each high voltage rectliier summed to produce the output voltage of the high 

voltage generator. The primary winding of each tranafonner may also be constructecl 

5 with a plurality of taps. Each of the taps may be coupled to the output fi'om the high 

voltage generator inverter through a twitch. By switching the desired tap fi'om the 

primary winding into connection with the inverter, the output voltage from each high 

voltage generator may be selectively varied. 

Those skilled in the art will recognize that while current control circuit 64 is 

10 used to ensure that the output voltage of Group I tracks the voltage across the 

capacitive component in the load, other control methods could be used to control the 

Group I output voltage. For example, a dedicated circuit could be used to monitor 

voltage V c and change the output voltage V 1 of Group I to ensure the sum of V 1 and 

V 2 tracks Ve:. Those skilled in the art will recognize that this implementation would 

15 require additional circuitry to accurately monitor the voltage across the capacitive 

component of the load and to quickly modify V 1 in response to changes in V c· 

It will ibrther be recognized that while the voltage V c across the capacitive 

component of the load was used as feedback in the preferred embodiment of the high 

voltage power supply, Other measures of the voltage or current in the load could. be 

20 used as feedback. to control the number of Group Il generators that are enabled or 

disabled. For example, a measure of the rate of charge or discharge of the capacitor 

in the load may be used as an indication of the current 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 n generators produce the same output voltage, the Group n 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 Il 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 I generator to only produce a maximum of 4,300 
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volts. The smaller output voltage decreases the size, weight, and stored energy of the 

Group I generator. The disclosed power supply design therefore offers tremendous 

flexibility in tailoring the power BUpply to a particular application. 

While the preferred embodiment of the hiah voltage power supply is discussed 

S ~ other well-known parts, components, and their combinations may be employed 

in this circuit for generating a PWM square waveform voltage to maintain a desired 

output current. Several ditferent designs of equivalent function and performance are 

available to replace the component blocks of the high voltage power supply in 

FIGURE 2. Consequendy, within the scope of the appended claims it will be 

10 appreciated that the invention can be practiced otherwise than as specificaJly descn'becl 

herein. 
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The embodiments of the invention in which an exclusive property or privilege 
is claimed are de6ned u follows: 

1. A hiah voltap power supply for generating a controlled current in a 
load having component parts, comprising: 

{a) a timing generator producing a repetitive timing signal. wherein during 

each repetitioa of the timing signal the power supply cycles through a driving mode 

and a tracking mode; 
(b) a first voltage generator COIUlected to the timing generator and 

producing a tracking voltage during the tracking mode; 
(c) a second voltage generator collllected to the timing generator and 

coupled in cascode with the first voltage generator, the second voltage generator 
producing a bue 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 tracJcing 
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 

aurent 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. 

S. 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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desired number of the plurality of high voltage generators in response to changes in 
the voltage across the component part of the load. 

6. The power supply of Claim 5, wherein the control circuit filrther 
monitors an operating condition of each high voltage generator and enables an 
additional hiah voltage generator if the operating condition indicates that a high 
voltage generator haa filled. 

7. The power supply of Claim 5, wherein the control circuit ti.nth.er 
monitors an input voltage to the power supply and enables or disables a desired 
number of the plurality othigh voltage generators in response to changes in the input 
voltage. 

8. The power supply of Claim S, 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) an inverter 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 ftom the 
inverter; and 

(c) a rectifier coupled to a secondaty 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 primaly 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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13. The power supply of Claim 9, fiuther comprising a CUtTeDt control 
cimJit coupled between the DC power source and the third voltage generator. 

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 cummt in the inverter at a desired level; 

(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. 

16. The power supply of Claim lS, 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) an inverter having a first input coupled to the DC power source and a 

second input coupled to the timing generator; 
(b) a transfonner having a primary winding coupled to an output from the 

inverter, 
( c) a rectifier 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 

deaired 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 Chum l, wherein the repetitive timing signal is 

non-periodic. 
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21. The power supply of Claim 1, wherein the first voltage senerator 
comprises a plurality of high voltage pnerators coupled in cascode to produce the 
tracking voltage. 

22. The power supply of CJaim I, wherein the third voltage generator 

comprises a plurality of high voltap generators coupled in cascode to produce the 
accelerator voltage. 

23. A high voltage power supply for generating a controlled current in a 
load having a capacitive com~ comprising: 

(a) a timing circuit generating a repetitive timing signal; and 
(b) . a voltage generator for generating a voltage during each repetition of 

timing~ the voltage generator comprising: 
(i) a first genenrtor 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 current in the load, the driving voltage being applied until the current in the 
load reaches a deaired magnitude; and 

(ii) a ~nd generator coupled to the load and to the timUw 
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 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 

(b) a base generator coupled in cascode with the accelerator generator for 

generating a rectified square wave as an output voltag~ wherein the sum of the 
output volUlge .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. 

2S. The high voltage power supply of Claim 23, wherein the second 
generator comprises: 
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(a) a bue generator for generating a rectified square wave as an output 

v01tage, the rectified square wave having an amplitude Jess than or equal to a voltage 
measured across the load; and 

(b) a tracking generator coupled in cascode with the base generator for 
generating a voltage equivalent to the difference between the output voltage produs.:ed 
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 voltage 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 CUITent in a 
load having varying inductive. eapacitive, and resistive components, comprising: 

(a) a DC power source; 
(b) a timing generator producing a repetitive timing signal, wherein during 

each repetition of the timing signal the high voltage power supply cycles through a 
driving mode and a tracking mode; 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 generaton produce an output voltage exceeding a voltage across the 
capacitive component of the load, thereby causing an increuing current in the load 
until the current reaches a desired level, after which the high vokage generaton 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: 

(i) 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. 

iiiOif 


