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(57) Abstract: The present invention is directed to current mode output control with a current mode (CM) region of the high voltage
output curve (VI) slope controlled by component selection and arrangement in the construction of high voltage power supplies. The
controlled CM current slope output, the tapped multiplier feedback network, and the subsequent output voltage correction network,
yields a power supply with the desired VM and CM output characteristics that is significantly less expensive to construct and more
efficient than a power supply built using conventional construction techniques.
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REGULATED OUTPUT CURRENT
AND SLOPE CONTROL
This patent application claims the benefit of US provisional patent application

serial number 60/899,783 filed on February 6, 2007.

FIELD OF THE INVENTION
The present invention relates to a method of regulating of the output current
of high voltage power supplies, and more particularly relates to and includes slope
control of the output current as voltage mode regulation shifts to current mode

regulation.

BACKGROUND OF THE INVENTION

A High Voltage Power Supply’s output (HVPS or hereinafter referred to as
just a “power supply”) is typically output voltage regulated, so that the output voltage
remains relatively stable over a wide range of output currents that varying the load
may present to the unit. This is called Voltage Mode (VM) regulation. Additionally,
the output current of the power supply may be limited to some maximum current
while still in the VM region, either for the protection of the power supply itself or the
load, or both. Once the threshold of VM has been passed, the power supply then
would go into Current Mode (CM) region of control, where a decrease in load
resistance does not cause an increase in current output, but rather causes a decrease of
voltage output, while holding the output current constant. Therefore, in some
applications, it would be highly desirable to have a circuit displaying more slope, that

is, less steep slope in the CM region of the power supply curve.
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At times, it is necessary to have the CM slope something other than near
vertical. We have approached this problem with two novel solutions; both aimed at
maintaining highest efficiency, and lowest cost.

In this respect, before explaining at least one embodiment of the
invention in detail it is to be understood that the invention is not limited in its
application to the details of construction and to the arrangement of the
components set forth in the following description or illustrated in the drawings.
The invention is capable of other embodiments and of being practiced and
carried out in various ways. In addition, it is to be understood that the
phraseology and terminology employed herein are for the purpose of

description and should not be regarded as limiting.

SUMMARY OF THE INVENTION

The principle object of this invention is to provide an output slope that is less
steep than vertical in the CM region, whereby remedying the output voltage drop is
done by utilizing the current feedback voltage signal to create a correction voltage fed
to the voltage feedback signal. We reduce the current feedback signal, which may be
in the range of a volt or more, with a resistive voltage divider network, and adding the
correction voltage to the reference voltage. An inverting amplifier device, such an
inverting op amp stage, may need to be employed if the correction signal is of the
opposite polarity needed.

The preferred embodiment of the invention involves the use of Current Mode
(CM) output control with CM region of the high voltage output VI curve slope
controlled by innovative component selection. A novel technique is employed here to

bring the power back in line with the desired lower value. Instead of sensing the
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output voltage from the end of the third multiplier stage, we can sense the outpuf
voltage at the output of an earlier stage in the multiplier. Remedying the output
voltage drop, in the VM region due to the inherent voltage drop of the successive
multiplier stages, is done by utilizing the current feedback voltage signal to create a
correction voltage. We reduce the current feedback signal, which may be in the range
of a volt or more, with a resistive voltage divider network, and adding the correction
voltage to the reference voltage of the VM amplifier. An inverting amplifier device,
such an inverting op amp stage, may need to be employed if the correction signal is of
the opposite polarity needed. In this way, the power supply curve is optimally flat in
the VM region.

It must be clearly understood at this time although the preferred embodiment
of the invention consists of the use of Current Mode (CM) output control with CM
region of the high voltage output VI curve slope controlled by innovative component
selection, including any number of high voltage circuits, requiring a safe and efficient
high voltage delivery to numerous configurations of contacts, or other combinations
thercof, that will achieve the a similar operation, and they will also be fully covered
within the scope of this patent.

With respect to the above description then, it is to be realized that the optimum
dimensional relationships for the parts of the invention, to include variations in size,
materials, shape, form, function and manner of operation, assembly and use, are
deemed readily apparent and obvious to one skilled in the art, and all equivalent
relationships to those illustrated in the drawings and described in the specification are
intended to be encompassed by the present invention. Therefore, the foregoing is

considered as illustrative only of the principles of the invention.
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Further, since numerous modifications and changes will readily occur to those
skilled in the art, it is not desired to limit the invention to the exact construction and
operation shown and described, and accordingly, all suitable modifications and

equivalents may be resorted to, falling within the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
The accompanying drawings, which are incorporated in and form a part of this
specification, illustrate embodiments of the invention and together with the
description, serve to explain the principles of this invention.
10 FIG. 1 depicts a typical prior art power supply VI curve;
FIG. 2 depicts a block diagram of a typical VM and CM power supply;
FIG. 3 depicts a typical multi-stage half-wave high voltage multiplying
rectifier with feedback sensor elements;
FIG. 4 depicts a VI curve with more slope in the CM region;
15 FIG. 5 depicts a high voltage multiplier with an carlier voltage sensing
divider, constructed in accordance with the present invention; and
FIG. 6 depicts an output voltage drop correction circuit, constructed in
accordance with the present invention.
For a fuller understanding of the nature and objects of the invention,
20 reference should be had to the following detailed description taken in conjunction
with the accompanying drawings which are incorporated in and form a part of this
specification, illustrate embodiments of the invention and together with the

description, serve to explain the principles of this invention.

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
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For a fuller understanding of the nature and objects of the invention,
reference should be had to the following detailed description taken in conjunction
with the accompanying drawings wherein similar parts of the invention are identified
by like reference numerals.

Use of Current Mode (CM) output control with CM region of the high
voltage output VI curve slope controlled by innovative component selection.

A High Voltage Powcr Supply’s output (HVPS or just “power supply”) is
typically output voltage regulated, so that the output voltage remains relatively stable
over a wide range of output currents that varying the load may present to the unit.
This is called Voltage Mode (VM) regulation. Additionally, the output current of the
power supply may be limited to some maximum current while still in the VM region,
cither for the protection of the power supply itself or the load, or both. Once the
threshold of VM has been passed, the power supply then would go into Current Mode
(CM) region of control, where a decrease in load resistance does not cause an increase
in current output, but rather causes a decrease of voltage output, while holding the
current constant,

A Voltage vs. Current plot (called a VI plot for the typical voltage and current
symbols used) for a typical voltage and current controlled power supply looks like
that of FIG.1 FIG. 1 depicts a typical prior art power supply VI curve. As one can
see, once an output current of 800 is reached, the power supply switches from VM or
constant voltage mode, to CM, or constant current mode.

Referring now to FIG. 2, here is illustrated a block diagram of a typical VM
and CM power supply. The VM performance is typically obtained by the use of a
control clement called a VM Error Amplifier, which is typically comprised of an

operational amplifier, or op amp, with an inverting input, a non-inverting input, and
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an output. The inverting input of the op amp receives a signal representative of the
actual output voltage, through a resistive “feedback” network. The non-inverting
input of the amplifier receives a “reference” or fixed voltage, which the op amp will
compare to the feedback voltage. The output of the amplifier will seek a level that
will cause the power supply’s output voltage to provide a fecdback voltage that is
equal to the reference voltage, and thus the power supply’s output voltage is actively
managed to stay constant. The output voltage will stay constant as long as the VM
Error Amplifier (EA) is in its active region.

Upon reaching a certain or “programmed” output current threshold, another
crror amplifier “takes over” control of the power supply output voltage. This constant
current mode is controlled by another amplifier, the CM EA. Output current feedback
is obtained by another sensor, gcnefating a feedback voltage proportional to the
output current returned to the power supply through the sense resistor. This current
feedback signal is applied to the inverting input of the CM EA, and again a reference
voltage is applied to the non-inverting input of the op amp. The output of the CM EA
is used to control the power supply’s output such that the two inputs are equalized,
and thus causing the output of the power supply to stay at a constant current level past
the programmed threshold point.

Referring back to FIG. 1 above, one can see a slight “slope” to the output
curve while in the CM region. This is due to the fact that not all of the output current
of the power supply is delivered to the load. By necessity, a small sampling of the
output current is required in order to generate the voltage feedback signal. This
“waste” current is conducted through the resistors R2 and R3 in the circuit of FIG. 2.
The slope of the line is directly related to the voltage impressed upon the series

combination of the two resistors. At maximum output voltage, the output current
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represented is approximately 800uA in this example. At minimum output voltage, the
current is shown at approximately 808uA. This 8uA of current through the two series
resistors is thus subtracting from the output current available at full voltage, but since
no current will flow through the resistors at zero voltage across them, the full output
current of 808uA is delivered to the load. The slope of the CM line is related by
Ohm’s Law, which tells us that 24kV/8uA is 3 Giga Ohms. So, the combination of
R2 and R3 in series for this example is 3 Giga Ohms.

At times, it is necessary to have the CM slope something other than near
vertical. We have approached this problem with two novel solutions; both aimed at
maintaining highest efficiency, and lowest cost.

To explain this, we must first examine an actual output circuit of the high
voltage power supply. The typical high voltage power supply uses an output rectifier
made up of voltage multiplying rectifier stages. For example, the lowest cost
multiplying rectifier stage is a half wave implementation of the Cockcroft — Walton
voltage doubler. For increased voltage, multiple stages can be employed in serics (for
this example three), as shown by FIG. 3.

FIG. 3 depicts a typical multi-stage high voltage rectifier with feedback sensor
clements. Again, we sec that current and voltage feedback signals, necessary for
regulation of the power supply’s output voltage, are implemented by resistive
elements. The power lost by the “waste” current in the voltage feedback divider
elements, again by Ohm’s Law P =V x [ is the full output voltage multiplied by the
total resistance of the two resistors in series. For our example of 24kV and 8uA, this
would be 192mW. Again, for this example, the slope of the VI curve in the constant

current or CM region of the VI curve is nearly vertical.
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To provide an output slope that is less steep in the CM region, a simple
technique is employed — reduce the resistance of the output voltage divider. If we
desire a slope that is 6 times less steep, or for our example, 48uA from maximum to
minimum voltage, the total resistance of the divider must be reduced by a factor of 6,
thus to 500 Mega Ohms. Doing so will produce an output curve like that of FIG. 4.

FIG. 4 depicts a voltage versus current or VI curve with more slope in the CM
region. This illustrates the controlled CM V-1 output curve. However, a problem
occurs when we do this. The 500M Ohm resistance consumes more power, reducing
cfficiency of the power supply. With this new lower resistance, the power consumed
by the voltage feedback divider becomes 1.152 watts; 6 times that of the original.

A novel technique is employed here to bring the power back in linc with the
desired lower value. Instead of sensing the output voltage from the end of the third
multiplier stage, we can sense the output voltage at the output of an earlier stage in the
multiplier. In this example of FIG. 5, we use the first stage (please see FIG. 5, the
HV Multiplier with Earlicr Voltage Sensing Divider).

FIG. 5 depicts a high voltage multiplier with an carlier voltage sensing
divider, constructed in accordance with the present invention.

The voltage at the first of three stages of the multiplier is essentially one third
that of the full output, since each multiplier stage doubles the peak AC output voltage
of the high voltage output transformer employed to feed the multiplier’s input. So, at
this stage, for our example of a 24kV output power supply, the voltage is 8kV.

To generate the 48uA desired output slope, again employing Ohm’s Law, we
need a total resistance of 8kV / 48uA = 166.67M Ohms. The power lost by this

resistance value is 8kV * 48uA = 384mW, which is one third that of the circuit of
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FIG. 3. Thus, a savings of 768mW is obtained at a slight loss of output voltage
regulation accuracy.

The voltage output accuracy is slightly negatively affected by this regulation
technique, due to the slight drop in voltage by each successive multiplier stage after
the point of regulation sensing. This drop may be a few hundred volts of the 24kV
example, due to the forward drop voltage and losses of the rectifier diodes, and by the
slight equivalent series resistance of the multiplier capacitors employed.

If this drop in output over the VM range presents a problem for the device, a
novel technique may be employed to correct it. The output voltage drop of the
uncorrected multiplier stages will be largely directly proportional to the output current
level, since the loss elements mostly represent those of a resistive nature. Remember
that the VM mode is controlled by an error amplifier, represented by VM EA in FIG.
2. The output voltage is locked directly to the voltage reference input to the non-
inverting input of the VM EA. The reference voltage level is typically a few volts, to
make use of the myriad of available integrated circuits for this purpose. For our
cxample, lct’s use a reference voltage of one volt. Since the output voltage is 24,000
volts, this means that for the voltage feedback signal must also be one volt, when VM
EA and power supply is in equilibrium state. The drop in output will be near zero at
no output current, and may be a few hundred volts at full output current. Thus, to
correct an output drop of, say, 500V at full load, we must increase the reference
voltage (when at full load) by 500 * 1/24000 volts, or 20.833mV. We do not want to
increase the reference voltage at no load condition.

Remedying the output voltage drop is done by utilizing the current feedback
voltage signal to create a correction voltage. We reduce the current feedback signal,

which may be in the range of a volt or more, with a resistive voltage divider network,



WO 2008/098091 PCT/US2008/053231

and adding the correction voltage to the reference voltage. An inverting amplifier
device, such an inverting op amp stage, may need to be employed if the correction
signal is of the opposite polarity needed. We will ignore this polarity issue for our
example, shown in FIG. 6.

5 FIG. 6 depicts an output voltage drop correction circuit, constructed in
accordance with the present invention. If, for example, we assume that the feedback
voltage is two volts for full output current, and the correction voltage needed is as
above, 20.833mV, we can then create a voltage divider network with values to fit
these figures. For our example, let’s use a fairly low value of R4, such as 1k ohm.

10 We need to develop 20.833mV across the 1k; so the voltage at the non-inverting input
will be approximately 1.0208V when full output current is drawn from the power
supply. Our reference voltage is constant at one volt, and the current feedback
voltage will be 2V. So, the current through the 1k resistor caused by the correction
voltage of 20.833mV will be 20.833uV. This current must be supplied by RS, so its

15 value must be (2V-1V)/20.833uA=48k ohms. With this network in place, the output
drop will be corrected to nearly equal values from no load to full load on the power
supply over the VM range, and is not affected in the CM range.

In summary, our novel developments of controlled CM current slope output,
the tapped multiplier feedback network, and the subsequent output voltage correction

20 network, have yielded a power supply with the desired VM and CM output
characteristics that is significantly less expensive to construct and more efficient than
one utilizing conventional construction.

The invention shown in the drawings and described in detail herein disclose
arrangements of elements of particular construction and configuration for illustrating

25  preferred embodiments of structure and method of operation of the present invention.

10
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It is to be understood however, that elements of different construction and
configuration and other arrangements thereof, other than those illustrated and
described may be employed for providing regulation control in high voltage power
supplies by innovative component placement and selection techniques, in accordance
with the spirit of this invention, and such changes, alternations and modifications as
would occur to those skilled in the art are considered to be within the scope of this
invention as broadly defined in the appended claims.

Further, the purpose of the foregoing abstract is to cnable the U.S. Patent
and Trademark Office and the public generally, and especially the scientists,
engincers and practitioners in the art who are not familiar with patent or legal
terms or phraseology, 1o determine quickly from a cursory inspection the nature
and essence of the technical disclosure of the application. The abstract is
neither intended to define the invention of the application, which is measured
by the claims, nor is it intended to be limiting as to the scope of the invention

in any way.

11
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CLAIMS

We claim:

5 1. A method for regulating output current and slope control in high

voltage power supplies comprising the steps of:

a) providing current mode output control with a current mode (CM)
region of the high voltage output curve (VI) slope controlled by
10 component selection and arrangement in the construction of high

voltage power supplies.

2. A method for controlling CM current slope output in high voltage power
15 supplied comprising:
(a) a tapped multiplier feedback network, and
(b) a subsequent output voltage correction network,
yielded a power supply with the desired VM and CM output characteristics
that is significantly less expensive to construct and more cfficient than one

20 utilizing conventional construction.

25
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