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METHOD AND SYSTEM FOR PROVIDING CURRENT
LEVELING CAPABILITY

Backeround of the Invention

The present invention relates to the field of current leveling. More specifically, the
present invention relates to methods and systems for leveling a current supply to a pulsed load,
such as an apparatus for ophthalmic surgery, to achieve efficient power management.

There exist numerous power applications and devices that require high power
pulses, i.e., high instantaneous power with a low duty cycle. One example of such power
applications is in ophthalmic surgery, particularly, cataract surgery, Cataracts are typically
described as clouding of the eyes, and cataracts are responsible for impairing the vision of many
people worldwide. As old cells die, some of these dead cells accumulate within the capsule
containing the lens of the eye. This accumulation of dead cells causes a clouding of the lens, i.e.,
a cataract. There arc many techniques that are available to alleviate or treat cataracts. One
technique entails using a power device in the form of a surgical handpiece to make an incision or
otherwise breach the capsule of the lens. The old cells are then broken up and extracted using,
for example, high energy and high velocity pulses of a warmed liquid solution. As such, a
surgical handpiece used for cataract surgery may require shori pulses of high level of power to
provide the warmed liquid solution at such a high velocity. However, providing this high level
of power in short bursts or pulses causes some concerns.

Onc main concern is the required use of large and heavy power supplies {o meet
load demands for high-level bursts of power. Without a large power supply to support such
power demand from a system, current overloads can result, which in turn can cause quick and
frequent system shutdowns. Consequently, the system can experience operational delays
associated with system cool down and/or restart and would not be a viable or practical product.
The system can further experience high operational costs associated with system downtime and
maintenance. On the other hand, large power supplies can also be considerably more expensive

to purchase.




20

25

30

WO 2006/135564 PCT/US2006/020803

A conventional technique for dealing with the aforementioned concern is shown in
FIGS. 1-3. InFIG. 1, a power supply input 3 supplies a largely DC voltage from a supplied AC
voltage source to an input module 5, which then levels the current from the power supply input 3
to regulate the build up in energy that is delivered to a transformer 7. The input module 5 and the
transformer 7 are parts of the RF driver or pulse load generator for a load 9, which is a pulsed
load that requires high-level bursts of power or is configured to store or bank energy/power for a
specific or extended time period. As such, the pulsed load expects a specific instantaneous
power to be supplied to it for a specific interval of time. An example of the load 9 is a surgical
cataract handpiece 9a having two electrodes as shown in FIG. 1. The transformer 7 steps up the
voltage from the input module 5 to generate a high voltage, 1.¢., a voltage many times larger than
the voltage supplied to the transformer. The high voltage is then supplied to the load 9.

FIG. 2 depicts an exemplary detailed circuit configuration of the conventional
systern shown in FIG. 1. InFIG. 2, the AC input voltage 20, power supply 21, and capacitor 23
correspond to components in the power supply input 3 (FIG. 1); the inductor 25, the capacitor
121, and the transistors, i.e., switches, 27 and 29 correspond to components in the input module
5; the transformer 123 corresponds to the transformer 7 (FIG. 1); and the load 125 corresponds to
the load 9 (FIG. 1). As shown in FIG. 2, the AC input voltage 20 is supplied to the power supply
21. The input voltage is, for example, 110 volts AC. The power supply 21 then converts the
input voltage to a desired load voltage, e.g., 24 volis, and supplies a predetermined average
current of, e.g., about 2 amperes (2A). The power supply 21 is coupled to capacitors 23 and 121
and a center tap of a primary winding of transformer 123, Thus, the power supply charges the
capacitors. It should be noted that capacitor 23 can be internal to and a part of the power supply
21.

The center tap of the transformer 123 separates the primary winding into two
halves, an upper half and a lower half. It should be noted that other configurations for the
transformer 123, e.g., a multi-tap primary winding, can be applied here as well. Coupled to one
end of the upper half is the transistor 27; to one end of the lower half, the transistor 29. The
upper and lower halves of the primary winding share the center tap. Both transistors 27 and 29
act as switches 1o permit or prevent current and voltage from being applied to the transformer

123. Thus, when transistor 27 is biased to turn on and transistor 29 is biased to turn off, current
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flows through the upper half of the transformer and voltage, e.g., 24 volts, is applied. Likewise,
when transistor 29 is biased to turn on and transistor 27 is turned off, current flows through the
lower half of the transformer and voltage is applied. However, the current and voltage applicd
are opposite in polarity to the current and voliage applied when transistor 27 is on and transistor
29 is off. Thus, following the sample voltage and current values given above, -24 volts is applied
to the lower half of the transformer 123. When transistors 27 and 29 are both off, no current or
voltage is experienced by the transformer 123, The transistors 27 and 29 are prevented from
being both on at the same time.

The transformer 123 has a requisite turn ratio to step the voltage supplied to its
primary winding to a level needed by the load 125. For example, the transformer 123 hasa 1to 6
(1:6) turn ratio in order to step up the 24 volts supplied to the upper half of the primary winding
of the transformer 123 to about 150 volts at the output of the secondary winding of the
transtormer 123. Similarly, -24 volts provided to the lower half of the primary winding of the
transformer 123 is stepped up to about -150 volts at the secondary winding of the transformer
123. The output voliage {rom the transformer 123 is then supplied to the load 125 coupled to the
secondary winding. As mentioned earlier, the load 125 can be a surgical handpiece having two
electrodes, whereby each electrode is coupled to one end of the secondary winding of the
transformer 123 and utilizes the output voltage to heat liquid positioned between the electrodes.

Waveforms illustrated in FIG. 3 depict the voltage and current at the secondary
winding of the transformer 123 versus time. Thus, as doscribed above with reference to FIG. 2
and as shown in FIG. 3, a square waveform of voltage 31 and a square waveform of current 33
are produced. As such, a +150-volipeak voltage and an £8A peak current are generated at the
secondary winding of the transformer 123. With the peak voltage about 150 volts and the peak
current about 8A, the instantaneous power is about 1,200 watts. As further shown in FIG. 3, the
transformer provides a 2-millisecond (ms) burst of voltage and current and reduces to zero
current and voltage and remains at zero for the remaining period, e.g., 48ms until the next burst.
Thus, the transformer is active for about 4% of the time and thus provides about 48 watts of
average power (.04 * 1,200).

As voltage is applied to the center tap of the transformer 123, the capacitors 23 and
121 quickly charge to the value of the applied voltage. When both transistors 27 and 29 are
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cycled as described above, capacitors 23 and 121 gradually discharge. Accordingly, as shown in
FIG. 3, the peak voltage drops to about 135 volts as both capacitors 23 and 121 discharge. Please
note FIG. 3 may not be drawn to scale. The peak current also drops due to the voltage drop
across the secondary winding and as the load resistance increases due to, €.g., liquid boiling away
in the surgical cataract handpiece 9a.

The output of the transformer 123 also reflects a current back from the secondary
winding to the primary winding. As such, 48A of current is experienced at the primary winding
due to the 1:6 turn ratio of the transformer 123, Such a high current produces concern, including
but not limited to, ground bounce due to resistance and/or inductance from printed circuit board
(PCB) traces or components on the PCB, or potential damage to the power supply. As such, the
capacitors 23 and 121 provide a path to ground to discharge or otherwise absorb the current
instead of the current being experienced by the power supply 21. However, a voltage drop or dip
would result in the power supply 21.

To minimize the abovc-mentioned voltage drop in the power supply, the capacilors
23 and 121 need to be sufficiently large. For instance, based on a one-volt voltage drop
experienced by the power supply 21, the capacitors 23 and 121 should be 96,000uF (surge
current * burst time / one volt), The capacitors 23 and 121 deliver charge at a frequency of about
2011z, i.e., 2ms (ms) in every 50ms, or 100Hz, i.e., Lms in every 10ms, respectively.

Conventionally, an inductor 25 is provided and coupled to the capacitors 121 and
23, the power supply 21, and the transformer 123. The inductor 25 blocks the surge current from
being experienced by the power supply 21, capacitor 23, and other components or connections
between the power supply 21 and the transformer 123. Similar to the capacitor 121, the inductor
25 can be quite large. For instance, based on the following equations, for a 50ms period and a

capacitor 121 of 100,000pF, the inductor is about 150k,
Period T = 1/frequency = 27+LC ;

2 B 2
Tnductance = l(_l‘_ 1 ZSmSJ .
c\2x)  100,000uF\ 27

The internal DC resistance of the inductor 25 may also result in a voltage drop. For

instance, for an inductor with a resistance of .43Q2 and a 2A average current being supplied to the
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inductor, a voltage drop of .86 volts (V) would occur and thus 1.8 watts of power (0.86V*2A)
would be dissipated, which is about 4 percent of the total power. The current and voltage
waveforms shown in FIG. 4 show the effect of the inductor 25 on the voltage and current
experienced by the transformer 123 as described above. As such, voltage waveform 41 shows
about one volt of voltage drop 41a, due to the inductor, that is experienced by the transformer.
In addition to the one volt drop due to depletion of energy from the capacitors 23 and 121,
current waveform 43 shows the current reflected back when the capacitor 121 is discharged
and thus about 48A of current occurs for about 2ms. Current waveform 45 shows the input
current provided by the power supply 21, with a ripple current peaking at about 5.7A for about
25ms, when capacitor 23 is charging. This ripple current may result in electromagnetic
interference and affect the power supply. To additionally flatten the current from the power
supply, i.e., reduce the ripple current, a larger inductor can be used. For example, a larger
inductor can cause the current from the power supply 21 to exhibit less than 20% ripple
current, or about 400mA on an average of 2A, and possibly reduce the EMI effects even
further.

A reference herein to a patent document or other matter which is given as prior
art is not to be taken as an admission or a suggestion that the document or matter was known
or that the information it contains was part of the common general knowledge as at the priority
date of any of the claims.

Where the terms “comprise”, “comprises”, “comprised” or “comprising” are used in
this specification (including the claims) they are to be interpreted as specifying the presence of
the stated features, integers, steps or components, but not precluding the presence of one or

more other feature, integer, step, component or group thereof.

Summary of the Invention

There are several disadvantages associated with the conventional
current-leveling system shown in FIGS. 1 and 2. For instance, while there may be relatively
little cost associated with the use of the capacitor 121 having such a large value (e.g., 100,000
uF) in the system, such capacitor is large, and the inductor 25 is both large and heavy in size,
and thus may not be practical for implementation. Further, the value of the capacitor 121 and
inductor 25 are preset and rigid, thereby denying the conventional current-leveling system the

flexibility to adapt to different power demands of the load.

817267 amended pages 5
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The present invention advantageously addresses at least the needs for load
current leveling and the above disadvantages in the conventional current-leveling scheme by
providing a system and method for supplying and maintaining a more constant current level at
the power supply load, providing flexibility in adjusting such current level per load demand,
avoiding extreme fluctuation in the power supply load current due to predictable and repetitive
load requirements, and thereby eliminating the need for large and expensive power supplies.

According to one aspect of the invention, a system with high-burst load
requirements, such as a cataract surgical module, includes a pulsed load, the pulsed load
drawing power during an on interval and not drawing power during an off interval, a capacitor
bank energy store, an output driver and recharge circuitry. The capacitor bank is coupled to the
pulsed load and is configured to store energy. The output driver is also coupled to the pulsed
load and is configured to transfer energy to the pulsed load. The recharge circuitry is
configured to receive and level an input current to regulate build up of the stored energy on the
capacitor bank based on a duration of the off interval, such that the capacitor bank is charged
at a rate during the off interval.

According to another aspect, the invention provides a system for supplying
energy to a load, the system comprising an input circuit configured to receive and condition an
input voltage and an input current from a power supply; a transformer circuit coupled to the
input module and configured to step up the conditioned input voltage and step down the
conditioned input current; an output circuit coupled to the load, the output circuit is configured
to store energy received from the transformer and to transfer the energy to the load; an energy
detection circuit coupled to the output circuit to monitor a level of the energy at the load; and a
recharge circuit configured to receive from the energy detection circuit the monitored level of
the energy at the load and configured to transmit an error signal to the input circuit, wherein
the input circuit conditions the input voltage and the input current based on the error signal
and an interval of time during which the load does not draw power.

In one embodiment of the present invention, there is provided a system with
high-burst load requirements having an input module receiving an input voltage and current
and leveling out the input current in conjunction with a recharge module and a voltage and/or
current sensor circuit, a transformer coupled to the input module and configured to increase
the voltage and current from the input module, and a load. The system also has an output
module coupled to the transformer and the load to apply the increased voltage and current
from the transformer along a first polarity of the load during a first portion of a cycle and
apply the increased voltage and current from the transformer along an second polarity of the

817287 amended pages 6
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load during a second portion of the cycle, the second polarity being opposite in polarity to the
first voltage.

Many of the attendant features of this invention will be more readily
appreciated as the same becomes better understood by reference to the following detailed

description and considered in connection with the accompanying drawings.

Brief Description of the Drawings

The preferred embodiments are illustrated by way of example and not limited
in the following figure(s), in which:

FIG. 1 illustrates a high-level block diagram of a conventional system for
handling a high-power, pulsed load, such as a surgical cataract handpiece;

FIG. 2 illustrates a detailed schematic diagram of the conventional system
shown in FIG. 1;

FIG. 3 illustrates waveform diagrams exemplifying voltage and current

experienced at an output of the transformer shown in FIGS. 1 and 2;

817287 amended pages 6
a
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FIG. 4 illustrates waveform diagrams exemplifying the effect of an inductor on the
input voltage and current experienced by the transformer and the input power supply shown in
FIGS. 1 and 2;

FIG. 5 illustrates a block diagram of a curreni-leveling system in accordance with
another embodiment of the present invention;

FIG. 6 illustrates a detailed diagram exemplifying a circuit configuration of FIG. 5
in accordance with an embodiment of the present invention;

FIG. 7 illustrates waveform diagrams exemplifying the input voltage and current
experienced by a transformer and the input power supply in a current-leveling system as shown
in FIGS. 5 and 6, in accordance with an embodiment of the present invention;

FIG. 8 illustrates waveform diagrams exemplifying voltage and current, in relation
to the operational period of a transistor, experienced by the transformer shown in FIGS. 5 and 6,
in accordance with an embodiment of the present invention;

FIG. 9 illustrates waveform diagrams exemplifying current and voltage experienced
by the transformer shown in FIGS. 5 and 6 in relation to an operational period of a trangistor, in
accordance with another embodiment of the present invention;

FIG. 10 illustrates waveform diagrams exemplifying current experienced at the
input and output of a current leveling systom shown in FIGS. 5 and 6, in accordance with an
embodiment of the present invention;

FIG. 11 illusirates a detailed schematic diagram of a portion of the current leveling
system that regulates the input current, in accordance with an embodiment of the present
invention;

FIG. 12 illustrates a block diagram of a current leveling system, in accordance with
another embodiment of the present invention,;

FIG. 13 illustrates a detailed schematic diagram exemplifying a partial
configuration of the current leveling system shown in FIG. 12a, in accordance with an
embodiment of the present invention; and

FIG. 14 illustrates a detailed schematic diagram exemplifying another partial
configuration of the current leveling system shown in FIG. 12, in accordance with an

embodiment of the present invention.

-10-
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Detailed Description of the Invention

Reference is now made in detail to embodiments of the present invention, an
illustrative example of which is llustrated in the accompanying drawings, in which like numerals
indicate like clements, showing methods and systems for leveling a current supply to a pulsed
load, such as a cataract surgical handpiece.

Referring to FIG, 5, according to one embodiment of the present invention, there is
provided a current-leveling system 600 that has the flexibility to adjust and maintain a constant
Tevel of current supply to a system load 161 based on the demand of such load. Again, the load
161 is shown as a surgical cataract handpiece 161a for example. As shown inFIG. 5, an input
module or circuit 61 is coupled to a transformer module or ¢ircuit 63. The input module 61
receives input power from a power supply (not shown) and filters the input power. In one
embodiment, the input module 61 includes inductance and capacitance units used to filter the
input power. Tt is also used to reduce changes in voltage experienced by the power supply as
further described below. The filtered input power is then supplied to the transformer module 63.
The transformer steps up the power voltage and supplies the power to an output module or circuit
65, which then filters the output power from the transformer module 63 and supplies the filtered
output power {o the load 161. The output module 65 is coupled to a voltage and/or current
sensor module or circuit 69. The voltage and/or current sensor circuit 69 monitors the vollage
and/or current in the output module 65 so that the system 600 can regulate power being supplied
to the load 161 using a recharge module or circuit 67 coupled to the input module 61 to
manipulate the filtered input power.

TIG. 6 depicts one example of a circuit configuration that can be used to implement
{he system shown in FIG. 5. Based on the present disclosure, it should be clear to one skilled in
the art that other circuit configurations can be implemented as well to perform the functions
described herein and still be within the scope of the present invention. As shown in FIG. 6, the
inductor 73, capacitor 75, snub circuit 703, modulator 701, transistor 77, potentiometer 174, and
resistor 172 correspond to components in the input module 61 in FIG. 5; the transformer 79

corresponds to a component in the transformer module 63 in FIG. 5; the recharge processor 707
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corresponds to a component in the recharge module 67 in FIG. 5; transistors 709a and 709b
correspond to components in the voltage and/or current sensor circuit 69 in FIG. §; resistor 705
on the right side of the magnetic-isolated interface, i.e., dashed line, 715 represents the load 161
in FIG. 5; and all other elements on the right side of the magnetic-isolated interface 715
correspond to components in the output module 65 in FIG. 5. Again, the load 161 can be, for
example, a surgical cataract handpiece. Alternative embodiments are contemplated wherein the
aforementioned components in their respective modules/circuits can be parts of a different
modules/circuits. For example, the modulator 701 can be a component in the recharge module
67, and the voltage and/or current sensor circuit 69 can be a component in the output module 65.
FIG. 6 is further described below.

Starting with elements on the left side of the magnetic-isolated interface 715 in
FIG. 6, an input voltage is supplied to the inductor 73. For example, the input voltage is 24V.
The inductor 73 is coupled to the capacitor 75 and together act as a filter, as mentioned above, to
reduce ripple components from the input voltage to provide a relatively flat DC current. As such,
the inductor 73 and the capacitor 75 provide sufficient local current storage for the input current,
e.g., a high frequency pulse current, and sufficient resistance to draw the input current from the
power supply (not shown). One end of a primary winding of transformer 79 is coupled to the
capacitor and the opposite end of the primary winding is coupled to a transistor 77. The
transistor 77 is coupled to a modulator 701 which, in one embodiment, is a pulse width
modulator.

The transistor 77 acts as a switch that is controlled by the modulator 701 providing
input to the base of the transistor 77. When transistor 77 is turned on, a path to ground via
resistor 172 and potentiometer 174 is established. As such, current flows through the primary
winding of the transformer 79, and thus the filtered input voltage is applied to the transformer 79.
A snub circuit 703 is coupled to the transistor 77 to limit the rate of the current rising through the
transistor 77 when it is turned on and thus reduces EMI from such transistor and also absorbs
stray energy that might otherwise damage the transistor 77.

While transistor 77 is on, diode 173 prevents current from flowing through the
secondary winding of the transformer 79. However, when transistor 77 is turned off, the diode is

forward biased, resulting in a delayed or flyback current flow through the secondary winding of

-12-
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the transformer 79 and to the capacitor 171 and the H-bridge 170. The current flowing to the
capacitor 171 charges the capacitor 171. Thus, voltage from the primary winding is transferred
to the secondary winding of the transformer, the output of the transformer, when transistor 77 is
turned off. The current from the secondary winding is a fraction of the current through the
primary winding. In other words, the current through the secondary winding is 1/n of the current
through the primary winding, where n is the number of turns of the secondary winding.
Likewise, the voltage at the secondary winding is larger, i.e., n times greater, than the voltage at
the primary winding. FIG. 7 shows a single capacitor 171; however, it should be understood that
a capacitor bank having one or more capacitors connected in series or parallel can also be
employed in place of the capacitor 171.

Thus, the transformer 79 steps up the input voltage to provide a larger voltage to the
H-bridge 170 and the storage capacitor 171. The H-bridge includes transistors 175a - d and is
coupled to a load 705. Each of the transistors 175a-d is controlled by an input, i.e., control inputs
Al, Bl, C1, D1, provided to the base of each transistor. In one embodiment, such control inputs
can be provided by the recharge module 67, e.g., by the recharge processor 707.

The control inputs A1, B1, C1, and D1 are grouped or provided so that a pair of
transistors, i.e., transistors 175a and 1754, are turned on, when the other transistor pair, i.c.,
transistors 175b and 175c, arc off and vice versa. 1n addition, the inputs provided to each
transistor are provided so that transistors 175a and 175b are not turned on at the same time and
that transistors 175¢ and 175d are not turned on at the same time. In one embodiment, the
transistors are selected as having a thirty-amp (30A) rating when an eight-amp (8A) current is
expected to prevent potential damage to the devices should a large current pulse occur.

When transistors 175a and 175d turn on and transistors 175b and 175¢ turn off,
current flows through the load 705 and voltage from the transformer 79 is applied to the load
705. Likewise, when transistors 175a and 175d turn off and transistors 175b and 175¢ turn on,
current flows through the load 705 and voltage from the transformer 79 is applied to the load
705. Therefore, the voltage and current experienced at the load 705 is similar to the voltage and
current described in reference to FIG. 2, through control of the transistor switches 27 and 29, and

shown in FIG. 3. However, a sharper edge on the waveforms may be present due to the H-bridge
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170 connostion to the load 705 instead of a roll-off at higher frequency due to the transformer
123 in FIG. 2.

The voltage across the capacitor 171 and the current o the H-bridge 170 track the
envelopes of the voltage and current experienced at the load 705. In one embodiment, the current
applied to the load 705 is tracked or sensed. As such, amplifier unit 179a is coupled to the H-
bridge to provide the current or a sampling of the current to a first converter 711a that converts or
doterniines the root means square value of the current. The first converter 711a provides the
converted current to a second converter 713a that converts the current to a frequency for
transmission across an magnetic-isolated interface 715.

Additionally or alternatively, in one embodiment, the voltage applied to the load
705 is tracked or sensed. As such, amplifier unit 179b is coupled to the H-bridge to provide the
voltage or a sampling of the voltage to a third converter 711b that converts or determines the root
means square value of the voltage. The third converter 711b provides the converted voltage to a
fourth converter 713b that converts the voltage to a frequency for (ransmission across the
magpetic-isolated interface 705 to the recharge processor 707 (connections not shown). In
another embodiment, the voltage across the capacitor 171 is sensed or checked to track the
voltage across the load 705. As such, the voltage across the capacitor can be converted to a
ﬁequenéy or a pulse width and transmitted across the interface 715.

Outputs from the second converter 7132 and fourth converter 713b are detected
and/or converted to voltage by transistors 709a and 709b. These transistors are coupled to the
recharge processor 707. The rccharge processor 707 compares predetermined limits for the
current, as received from input 715b, and voltage, as received from input 715a, to be applied to
the load 705 to the detected current and voltage represcnted by the respective voltages provided
by the transistors 709a,b. Based on the comparison, the recharge processor 707 notifies, e.g.,
sends an error signal, to the modulator 701, From the error signal and the desired voltage and
current inputs 715a-b, the modulator 701 adjusts the input to transistor 77 to make the detected
current and/or voltage correspond to the predetermined limits or to reduce the error signal to
zero. The error signal, in one embodiment, provides a difference value between the

current/voltage detected and the current/voltage limit. As shown in FIGS. 5 and 6, amplifiers
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179a-b and converters 711a-b, 713a-b can be parts of either the output module 65 or the voltage
and/or current sensor circuits 69 shown in FIG. 5.

In the aforementioned embodiment wherein the voltage across the capacitor 171 is
sensed, a feedback signal based on the voltage across the capacitor 171 is provided to the
modulator 701, Based on the feedback signal, the modulator is able to determine a difference
between a desired voltage value and the actual voltage value sensed across the capacitor 171, i.e.,
at the sccondary winding of the transformer 79. As such, the modulator 701, in one embodiment,
adjusts an output pulse or control input to the transistor 77 so that the desired voltage value
corresponds to the actual voltage value across the capacitor 171 or that the feedback signal
indicates that the desired voltage value corresponds to the actual voltage value. In one
embodiment, the frequency at which the transistor 77 turns on temains fixed, as determined by
the recharge processor 707 based on the burst rate input 717. However, the pulse width of the
output pulse is adjusted to vary the on-time duration of the transistor 77 to increase or decrease
proportionally the current through the transistor 77 in order to cause the actual voltage value to
correspond to the desired voltage value.

The resistor 172 limits the rate of power transfer through the transformer 79 by
effecting the current through the transistor 77, such that the modulator 701 turns the transistor 77
off when a current limit is rcached. In one embodiment, the current limit is predetermined. Tn
another cmbodiment, a voltage limit is set and the modulator tums the transistor 77 off when a
voltage limit is reached. In either embodiment, the switching frequency is fixed, such as at
100KHz. The resistor 172 without the potentiometer 174 provides a current-sense voltage that
varies from near zero, when at low output power and when the actual voltage value corresponds
to the desired voltage value, to a near maximum limit, e.g., 1 volt, at full power or when
modulation regulation is lost, €.g., when actual setup of the inductor due to the output power
exceeds a preset limit.

FIG. 7 depicts the current and voltage waveforms as experienced by the transformer
79, as controlled by the input module 61, from the effect of the current leveling scheme shown in
FIGS. 5 and 6. Voltage waveform 51 is similar to voltage waveform 41 showing the one volt
voltage drop 51a caused by the depletion of energy in the capacitor 171; however, there is no

longer the additional one-volt drop due to the inductor 73 because this is not a factor in the
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current leveling schemes of the present invention (i.e., the big surge current is kept to the
capacitor 171 and not directly reflected into the inductor 73). Likewise, current waveform 53 is
similar to the current waveform 43 showing the current reflected back when the capacitor 171
discharges. Current waveform 55 represents the input current, as controlled by the input module
61, and is flattened or leveled to a value of 1.8A — 2.2 for the same voltage provided from the
power supply. The areas for the discharge and charge waveforms are about equal.

As illustrated in FIG. 8, the period 81 in which transistor 77 turns on and off is
constant and for any given power level (e.g., 20W, 35W, and 50W are shown) the point at which
transistor 77 tums off is the same. The waveform shape of the sense voltage, which represents
the voltage across the resistor 172 and the current through the primary winding, is also the same
for any load and input voltage, as shown in the voltage waveform 83. However, the slope of the
current waveform varies with input voltage as needed to achieve a particular current, and thus
energy level, based on the following equation:

3

For example, power of about 1200 watts (150V X 8A) is delivered for about 2ms at

an approximately constant rate. With each burst of power, a proportional dip in energy level of

the capacitor 171 occurs according to the following formula:
! 1
AE, = [P()dt = - 1)
o

wherein P is the instantaneous power to the load, T is the duration of the burst, V; is the initial
valtage on the capacitor 171 and Vr is the final voltage on the capacitor 171 after the burst. Also,
as provided in the following formula, based on the exemplified values, the minimum capacitance
of the capacitor 171 is 1,150 pF:

C=2PAT/(V V) =2(1200 W )(2ms /(1502 -1357%)

As such, the capacitance of capacitor 171 is much lower then the capacitance of the
corresponding prior art capacitor 121 shown in FIG. 2. In one embodiment, the capacitor is rated
at 1200pF. The ripple current is limited to 3.5A at 120Hz and with a narrow width and a low

duty cycle of 8A per 2ms each 50ms. In another embodiment, the capacitor is rated at 3300pF.
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With such capacitor value, the dip in voltage, i.e., the final voliage on the capacitor after the burst

of power would be about 145V. The following calculation exemplifies the result.

2PAT
2
=V

In another embodiment, the capacitor 171 having a 1,200uF capacitance is provided

= |/ (15077)? - BRI 145

a fixed maximum constant-current rate of current to replenish the charge on the capacitor by the
next successive power pulse. For instance, with 15V lost (150V — 135V) on capacitor 171 due to
a drain of 1200 watts for 2ms by the load 705, such energy is recoverable by adding or providing
the lost energy over the idle or 48ms period between pulses at a rate of 50 mill Joules/ms (i.e., 50
watts). With the input voltage being 24V, an average input current of 2,08A (50 watts divided by
24V), would provide sufficient current to recharge the capacitor 171, During the 2ms pulse, the
energy transfer to the capacitor 171 also occurs with an average current of 2A and a power rate of
48 watts. Thus, the peak instantaneous value of the current is about 8 A with the modulator 701
running at a 50 percent duty cycle at a maximum power level of 50 watts, As such, equal areas
91 and 93 in FIG. 9 represent the energy or power provided to the transformer 79. The sense
voltage, i.e., the voltage across the resistor 172, coincides with the 8A peaks and thus with the
maximum sense voltage of about 1 volt, the resistance of resistor 172 is about 125mQ.

Al a recharge rate of 2A provided by resistor 172, the capacitor 171 recharges in
time for the next power burst. However, if the next power burst provides a lower energy
dissipation due to a slightly higher load resistance, for example, then the capacitor 171 will
recharge sooner. Accordingly, the 2A current limit provided by, for cxample, the transistor 77
and modulator 701, will stop as capacitor 171 reaches 150V.

As shown in FIG. 10, a current waveform 101 representing the input current and the
current waveform 103 representing the output current from the capacitor 171 show that the
inductor 73, capacitor 75, and transformer 79 filter the input current when the modulator is
operating at a frequency of 100 kHz. However, the combination of a fixed maximum current
limit (i.e., 8A peak or 2A average as shown in the current waveform 101) and less than
maximum power drawn by the load 705 results in the recharge of the capacitor 171 in a particular
time interval sooner than is actually needed to prepare for the next pulse, which in turn results in

an interval in which the average input current 101 can fall to zero. In one embodiment, such as
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that shown in FIG. 10, the modulator tends to run fully on or fully off. In contrast, the throttling
of the modulator 701 sets a less than full on current limit of the current through the transformer
79 to allow the capacitor 171 to charge in a specific lime (rame, such that the capacitor voltage is
restored just in time for the next pulse without a zero current interval, as seen in the waveform 55
depicted in FIG. 7.

In one embodiment, a programmable potentiometer 174, sets and adjusts the current
limit for the modulator 701. Additionally, hased on a feedback regarding the voltage across the
foad 705 or the capacitor 171, as previously described, the desired or predetermined voltage and
the time available between output pulses in which to replenish the energy consumed by the
output power pulse, the recharge processor 707 is able to set and adjust the current limit for the
modulator 701. In one embodiment, the recharge processor 707 can be a dedicated processor,
micro-controller or digital signal processor sharing resources with a resident processor. In
another embodiment, the rccha.rge processor 707 can be comprised of discrete analog and/or
digital circuitry.

The recharge processor 707 scales the input current feedback using the
potentiometer 174 to set a constant recharge rate for each output pulse cycle. The response time
of the potentiometer 174, in one embodiment, is about 10us.

A programmable operational amplifier, however, also provides gain to the resistor
172 sense feedback voltage. As such, the resistor 172 is selected, in one embodiment, to not
dissipate too much power and to develop a reasonable signal level at maximum current. The
amplifier provides gain at lower currents to provide the peak input current, i.e., 1 volt sense
voltage. Thus, a large resistor yiclding a | volt sense voltage at a lower current, €.g., 4 quarter of
{he maximum current, such as .5A, and then attenuating the voltage would not be needed.
Average input current of .5 to 2A is sufficient, and currents below .5A may not matter
considering the background current from other components may dominate anyway. FIG. 11
illustrates this embodiment of an amplifier 111 adjusting the input current.

The amplifier 111 is programmed to provide a constant one volt voltage feedback
to the modulator 701 to signify or identify that the current through transistor 77 and thus the
input current and voltage to transformer 79 has reached predetermined current and/or voltage

limits. Additionally, the resistance of resistor 172 can be small and thus power dissipation would
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be low. For instance, a 2A current through transistor 77 would cause a .2 volt voltage across
resistor 172 having a resistance of .1Q). As such, the amplifier would be programmed to provide
a gain of 5 to provide a one volt voltage feedback. Likewise, an 8A current through transistor 77
would cause a .8 volt voltage across resistor 172 and thus the amplifier would be programmed to
provide a gain of 1.25 to again provide a one volt voltage feedback.

If filtering is desired of the zero input current interval, as shown in the current
waveform 101 of FIG. 10 and a recharge processor is not used or desired, then the inductance of
inductor 73 and the capacitance of capacitor 75 are increased and the resistor 172 is fixed to
accommodate the maximﬁm input current at all pulse widths, repetition rates and output voltages.
The capacitor 75 takes on a value so that a dip of only 1 volt occurs and covers for a portion of
the total pulse energy. In this entbodiment, discharging of the capacitor 75 occurs, over 20 to
30ms, instcad of in 2ms, as the modulator 701 replenishes the energy of capacitor 171. During
the slower energy draw from capacitor 75, the input voltage would provide a portion of the
energy so that the capacitor is smaller, e.g,, less then 100,000uF or about 22,000uF.

Thus, the demands on filtering the non-DC component of the input current by the
induetor 73 is eased by 80 percent effectiveness of the fixed feedhack resistor 172 to expand the
input current duty cycle. The capacitor 171 and the low duty cycle in the absence of the
modulator energy transfer stage also addresses any high current concerns. However, the leveling
or flattening of the input current is somewhat dependent on the dynamic range of the modulator
701, the maximum output pulse duty cycle, the dynamic range of the current sense feedback
attenuator/amplifier, and/or the presence of noise.

In one embodiment, the values of inductor 73 and the capacitor 75 can be
determined empirically to provide an acceptable input ripple and power loss over a full range of
potential output voltages, frequency and pulse width, the response time requirements in tracking
a desired output set point changes, and maintenance of the output voltage amplitude against
various loads.

Referring to FIG. 12, theré is provided a current-leveling system 1200 in
accordance with another embodiment of the present invention. In FIG. 12, a power supply input
200 supplies a largely DC voltage from a supplied AC voltage source to an on/off control module

201. The on/off control module 201 receives a control input from a recharge processor 213. The
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recharge processor 213, in one embodiment, is a system processor 215 with a portion configured
to handle recharge processing. The system processor 215 communicates with and performs
instructions provided by a host controller (not shown). In one embodiment, the host controller is
a computer configured with a user interface with which a system operator can configure and issue
commands to the system processor 215, or receive, or view information provided by the system
processor 215.

The received control input from the recharge processor 213 causes the on/off
control module 201 to prevent or pass the DC voltage to a recharge circuitry 203. The recharge
circuitry 203, in one embodiment, increases the DC voltage which is supplied to a capacitor bank
207 and a RF output driver 217, The capacitor bank 207 functions similarly to the capacitor 121
shown in FIG. 2. Likewise, the RF output driver 217 functions similarly to the circuitry
exemplified by transistors 27 and 29 also shown in FIG. 2 or the H-bridge 170 shown in TIG. 6
and thus will not be further described here. Voltage sensors 209 are coupled to the recharge
circuitry 203 to identify the amount of voltage being supplied to the RF output driver 217 and
capacitor bank 207 and conveys this information to the recharge processor 213. The recharge
circuitry 203 also regulates the current supplied to the capacitor bank 207. In particular, the
recharge circuitry 203 levels the current that results, which is associated with the supplied DC
voltage 200. A bleed circuitry 211 is coupled to the capacitor bank 207 to assist the recharge
processor 213 in measuring the capacitance of the capacitor bank 207, which may vary, and to
discharge the voltage stored in the capacitor bank 207.

The RF output driver 217 supplies the DC voltage to a transformer 221, which then
transfers the voltage to a load 223 that expects a periodic pulse of energy. The transformer 221
may or may not be a part of the RF output driver 217, as desired. Again, for example, the load
223 can be a surgical cataract handpiece, wand or pen. Current detectors 219 are coupled to the
RF output driver 217. The current detectors 219 identify fanlts and/or monitor operating
conditions and provide this information to the recharge processor 213. Based on such
information, the recharge processor 213, which is coupled to the RF output driver 217, regulates
the current and voltage being supplied by the RF output driver 217 to the load 223.

A power-on reset module 205, in one embodiment, is coupled to the recharge

processor 213. The power-on reset module 205 supplies a power on reset signal to the recharge
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processor 213 to effectively shutdown the recharge circuitry 203. In particular, the power-on
reset module 205 causes the recharge processor 213 to signal the on/off control module 201 to
prevent power from being supplied by the on/off control module 201 and to discharge the energy
in the capacitor bank 207 via the bleed circuitry 211. The power-on reset module 205, in one
embodiment, supplies the power-on reset signal based on input from the voltage sensors 209
and/or current detectors 219 indicating a fault or an operational problem with the RF output
driver 217 or recharge circuitry 203.

FIG. 13 illustrates exemplary embodiments of a recharge circuitry 300 (203 in FIG.
12), capacitor bank 400 (207 in FIG. 12), bleed circuitry 500, (211 in FIG. 12), and voltage
sensors 600 (209 in FIG. 12) of the invention. The recharge circuitry 300 receives a current from
the on/off control module 201 (FIG. 12). The current is from a generally DC voltage source and,
in one embodiment, ranges {rom about 0 to 2.5A, [or example. The current is {iltered by
capacitors 301 and 303. The filtered current is monitored by a controller 305 and is supplied to a
step-up inductor 307. The inductor 307 is coupled to a blocking diode 309 and a transistor 311,
The transistor 311 controls the build up of charge on the inductor 307. As such, when the
transistor is active, charge is allowed to build up on the inductor 307, When the transistor 311
becomes inactive, the built-up charge is released by the inductor 307 and forward biases the
diode 309. Thus, a large voltage of about 150V, in one embodiment, is experienced at an output
313 of the recharge circuilry. The large voltage is also provided (o a capacitor bark 400.

The transistor 311 is coupled to a capacitor 315c, resistors 315a,d and a diode 315b
and a controller 319, The controller 319 receives a pulse signal and via such capacitor, resistors
and diode affect the turn on and off times of the transistor switch 311. Thus, the rate at which the
energy from the inductor 307 is released and stored is effectively controlled by those elements
along with the transistor 311. By regulating the rate of build up and release of energy,
electromagnetic interference can be reduced.

The recharge circuitry 300 receives a recharge current signal 321 from, for
example, a recharge processor 213 (FIG. 12), The signal 321 can be conveyed using, for
example, a pulsed photodiode or via digital to analog circuitry. The recharge current signal 321
is indicative of the maximum input current that is to be drawn in replenishing charge into the

capacitor bank 400, and thus in restoring the recharge circuitry output voltage 313 to nominal.
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The recharge circuitry 300, and specifically the controllor 305, uses a voltage to specify an
amount of such source current. In particular, the recharge current signal 321 is converted to a
voltage via resistors 323a,b,c and transistor 323d that is conveyed to the controller 305 which
also conveys the rate to a second controller 319, The controllers 305 and 319 respectively
supplement or effect the rate in which the input current is supplied to the step-up inductor and
supplied from the step-up inductor 307 to the capacitor bank 400,

In one embodiment, the recharge circuitry 300 includes an over-voltage protection
circuit. The over-voltage protection circuit includes a series of zener diodes 3 17a,b, resistors
317c,d and a transistor 317e. The zener diodes are situated and rated, such that voltage
expetienced at the capacitor bank 400 is recognized by the diodes. As such, if the voltage
exceeds a predetermined voltage, such as 160V, a voltage is experienced across resistor 317c.
Thus, transistor 317 turns on and pulls the signal provided by a controller 305 to controller 319
lo ground. Hence, the transistor 317e effectively causes the controller 319 to not activate the
transistor 311, to prevent encrgy from being transferred from the step-up inductor 307 to the load
223 via the transformer 221.

The capacitor bank 400 includes three capacitors 401a-c in parallel with cach other.
In one embodiment, the capacitors are 220uF capacitors. The total number and rating of the
capacitors may be more or less than described, depending on values of the other components and
load demand in the system 1200, as understood by one skilled in the art based on the present
disclosure. The capacitors 401a-c store the energy or a portion of the energy from the inductor
307, such that a voltage pulse can be provided when required or expected by the load 223, as
indicated by a recharge processor 213 (FIG. 12) without a large increase or burst in current as
reflected to the supply input 200 (FIG, 12). As aresult, a level current can be maintained.
Accordingly, the capacitor bank 400 holds or stores energy for the next RF burst for the load 223
to provide a constant current energy transfer.

Voltage sensors 600 are coupled to the capacitor bank 400 to identify the voltage
experienced at the capacitor bank 400. The voltage sensors 600 include a series of resistors
605a,b and a capacitor 607 coupled to a first voltage amplifier 601. The first amplifier 601
provides a coarse scale for sensing the voltage, In particular, the first amplifier 601 identifies the

voltage being supplied to the capacitor bank 400, For example, the first amplifier 601
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determines if a zero or very minimal voltage is being experienced by the capacilor bank, and thus
indicating that the system is off. Alternatively, the amplifier 601 determines if the voltage is
being experienced by the capacitor bank 400, such as 150V, and thus the system is on or
operating.

Another amplifier 603 provides a fine scale for sensing the voltage. Specifically,
the second amplifier 603 determines the voltage experienced at the capacitor bank to a finer
degree then the first amplifier 601. Thus, the second amplifier 603 senses the voltage
experienced by the capacitor bank under normal operating conditions.

In one embodiment, the bleed circuitry 500 reccives a bleed current indicator 511
from, for example, a recharge processor 213 (FIG. 12). The bleed cutrent signal 511 specifies or
identifies for the bleed circuitry an amount of current that should be reduced over a particular
amount of time. In particular, the bleed current signal 511 is converted to a voltage and supplied
to a gate of a transistor 501, via resistor 507 and diodes 503 and 505, to effect the transistor
coupled to the capacitor bank. As such, the transistor 501 is manipulated to provide a path to
ground to reduce or effect the rate of the current from the capacitor bank 400 through the
discharge resistor 509 and thus to effectively discharge the capacitor bank 400 or reduce the
voltage stored in the capacitor bank 400. The bleed current signal 511, in one embodiment, is
conveyed through an magnetic-isolation interface 225 using for example a pulsed photodiode or
via digital to analog circuitry.

The bleed circuitry 500 in conjunction with the recharge processor 213 also can be
used to determine the capacitance of the capacitor bark 400. As noted above, the bleed circuitry
controls or regulates the discharge of cnergy in the capacitor bank by removing or bleeding
current from the capacitor bank 400. The amount of current removed is determined and
monitored by the recharge processor 213. The recharge processor 213, based on the change in
voltage and current from the capacitor bank 400, is able to determine the capacitance of the

capacitor bank 400, Specifically, in one aspect, the following formula is used:

c=BTL,

For example, using a one second time period and a change in voltage from 150V to 120V, ie., a
30V dip, and a discharge current of 20mA, the capacitance of the capacitor is calculated by the
recharge processor to be about 660uF. As such, the capacitor bank is charged to about 150V and
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then discharged by the bleed circuitry using a predetermined discharge current to a predetermined
voltage.

By determining the capacitance of the capacitor bank 400, the recharge processor
213 is able to regulate the recharge current of the recharge circuitry 203. Specifically, in one

aspect, the following formula is used:

1=

Thus, the recharge circuitry is able {0 supply ample recharge current to ensure that sufficient
voltage is experienced at the capacitor bank for supplving to the load at the appropriate time.
Similarly, by determining the capacitance of the capacitor bank, the bleed circuitry is able to
regulate the discharge current, As such, the bleed circuitry is able to remove current from the
capacitor bank to ensure that sufficient voltage is experienced at the capacitor bank for supplying
to the load at the appropriate time.

In FIG. 14, one embodiment of the current detectors 800 (219 in FIG. 12} is
illustrated. The current detectors 800 are coupled to the switching transistors in the RF output
driver 217 to receive a signal input 808 in order to identify the current experienced at those
transistors. The current sensors 800 include a voltage reference 809 that is scaled by a series of
resistors 805a-f and capacitor 807 that are coupled to two voltage comparators 801 and 803. The
first comparator 801 senses the current under normal operation of the RF output driver 217 and
the second comparator 803 senses the current in a fault condition. Specifically, the resistors
805a-f coupled to the first and second comparators 801 and 803 convert the sensed RF output
driver current into a filtered voltage, and then compares this voltage to two reference levels to
form the resultant signal that is produced by each comparator.

In one embodiment, the first comparator 801 provides a resultant signal to signify
more than 8A is being sourced by the RF output driver 217, and so it is operating under normal
parameters. In one aspect, the first comparator provides a resultant signal to signify that less than
2A of current is being sourced by the RF output driver 217, and so the output pulse from the RF
output driver 217 is near the end. This signal is provided to the recharge processor to identify
that the pulse has ended to provide feedback for closed-loop termination. In one embodiment,
the second comparator provides a resultant signal to signify more than 20A of current is being

sourced by the RF output driver 217, or that a fault or a short-circuit has occurred in the RF
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output driver, This signal is supplied to the recharge processor to enable the recharge processor
to shut down the RF output driver, in a manner previously described.

Although the invention has been described with reference to these preferred
embodiments, other embodiments could be made by those in the art to achieve the same or
similar results. Variations and modifications of the present invention will be apparent to one
skilled in the art based on this disclosure, and the present invention encompasses all such

modifications and equivalents.
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The claims defining the invention are as follows:

1. A system comprising:

a) pulsed load, the pulsed load drawing power during an on interval and not
drawing power during an off interval,

b) a capacitor bank energy store coupled to the pulsed load to store energy;

c) an output driver coupled to the pulsed load and configured to transfer energy to
the pulsed load; and

d) a recharge circuitry configured to receive and level an input current to regulate
build-up of the stored energy in the capacitor bank based on a duration of the off interval, such

that the capacitor bank is charged at a rate during the off interval.

2. The system of claim 1, wherein the capacitor bank comprises one or more
capacitors.

3. The system of claim 1 or 2, further comprising:

a) at least one voltage detector coupled to an output of the recharge circuitry to

detect an output voltage supplied to the output driver and the capacitor bank;

b) at least one current detector coupled to the output driver to detect an output
current supplied by the output driver to the pulsed load;

c) a recharge controller coupled to the recharge circuitry, the at least one voltage
detector, and the at least one current detector and configured to control the recharge circuitry

based on receipt of the detected output voltage and the detected output current.

4. The system of claim 3, wherein the output current supplied by the output driver
to the pulsed load is based on a sum of the leveled input current and a current stored in the

capacitor bank as stored energy.

S. The system of claim 3, wherein the output current supplied by the output driver
to the pulsed load has a duty cycle of less than 50%, and the recharge circuitry is configured to

regulate the build-up of the stored energy in the capacitor bank outside of the duty cycle.

6. The system of claim 5, wherein the leveled input current remains substantially
constant both within and outside the duty cycle of the pulsed load.
23
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7. The system of claim 5 or 6, wherein the recharge circuitry is configured to
receive one or more signals from the recharge controller that is indicative of the duty cycle of

the pulsed load.

8. The system of any one of claims 3 to 7, further comprising:
a) a bleed circuitry coupled to the capacitor bank to regulate a discharging of the

stored energy in the capacitor bank.

9. The system of claim 8, wherein the bleed circuitry is further coupled to the
recharge controller to receive one or more bleed current signals to control the bleed circuitry's

regulation of the discharging of the stored energy in the capacitor bank.

10.  The system of claim 9, wherein the bleed circuitry and the recharge controller
are configured to measure a capacitance value of the capacitance bank, and the recharge
controller is further configured to regulate the build-up of the stored energy in the capacitor

bank based on the measured capacitance value.

11.  The system of any one of the preceding claims, wherein the output driver

comprises a transformer coupled to the pulsed load to transfer the energy to the pulsed load.

12. A system for supplying energy to a load, the system comprising:

a) an input circuit configured to receive and condition an input voltage and an
input current from a power supply;

b) a transformer circuit coupled to the input module and configured to step up the
conditioned input voltage and step down the conditioned input current;

c) an output circuit coupled to the load, the output circuit is configured to store
energy received from the transformer and to transfer the energy to the load;

d) an energy detection circuit coupled to the output circuit to monitor a level of
the energy at the load; and

€) a recharge circuit configured to receive from the energy detection circuit the

monitored level of the energy at the load and configured to transmit an error signal to the input

817287 amended pages
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circuit, wherein the input circuit conditions the input voltage and the input current based on

the error signal and an interval of time during which the load does not draw power.

13. The system of claim 12, wherein the input circuit comprises a filter circuit to

filter the input voltage and the input current.

14.  The system of claim 12 or 13, wherein the recharge circuit is further configured
to receive a predetermined level of energy for the load and compare the predetermined level of

energy with the monitored level of the energy at the load to generate the error signal.

15. The system of any one of claims 12 to 14, wherein the input circuit comprises a
modulator coupled to the recharge circuit and configured to condition the input voltage and the

input current based on the error signal.

16.  The system of claim 15, wherein the input circuit is configured to condition the
input current by maintaining a constant level of the input current when the load is a pulsed

load.

17.  The system of any one of claims 12 to 16, wherein the energy detection circuit
comprises a current detection circuit coupled to the load and the output circuit to monitor a

current level at the load.
18.  The system of claim 17, wherein the energy detection circuit further comprises
a voltage detection circuit coupled to the load and the output circuit to monitor a voltage level

at the load.

19.  The system of any onc of claims 12 to 18, whercin the output circuit comprises

a capacitor bank for storing energy received from the transformer.

20.  The system of claim 19, wherein the capacitor bank comprises at least one

capacitor.

21. A system substantially as hereinbefore described with reference to Figures
5-14.
817287 amended pages 25
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