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(54) System and method for power control of electrosurgical resonant inverters

(57) An electrosurgical generator is disclosed. The
generator includes an RF output stage configured to gen-
erate at least one electrosurgical waveform including a
plurality of cycles; at least one sensor coupled to the RF
output stage, the at least one sensor configured to meas-
ure a voltage and a current of the at least one electro-
surgical waveform; and a controller coupled to the at least

one sensor and the RF output stage, the controller in-
cluding a proportional-integral-derivative controller hav-
ing at least one of voltage limiter or a current limiter, the
proportional-integral-derivative controller configured to
saturate the RF output stage based on voltage-current
characteristics of the RF output stage.
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Description

BACKGROUND

Technical Field

[0001] The present disclosure relates to an electrosur-
gical system and method for operating an electrosurgical
generator. More particularly, the present disclosure re-
lates to a system, method and apparatus for controlling
electrosurgical waveforms generated by a radiofrequen-
cy resonant inverter that are suitable for arc cutting and
coagulation.

Background of Related Art

[0002] Electrosurgery involves application of high ra-
dio frequency electrical current to a surgical site to cut,
ablate, or coagulate tissue. In monopolar electrosurgery,
a source or active electrode delivers radio frequency al-
ternating current from the electrosurgical generator to
the targeted tissue and a return electrode conducts the
current back to the generator. A patient return electrode
is placed remotely from the active electrode to conduct
the current back to the generator.
[0003] In bipolar electrosurgery return and active elec-
trodes are placed in close proximity to each other such
that an electrical circuit is formed between the two elec-
trodes (e.g., in the case of an electrosurgical forceps). In
this manner, the applied electrical current is limited to the
body tissue positioned between the electrodes. Accord-
ingly, bipolar electrosurgery generally involves the use
of instruments where it is desired to achieve a focused
delivery of electrosurgical energy between two elec-
trodes positioned on the instrument, e.g. forceps or the
like. A forceps is a pliers-like instrument which relies on
mechanical action between its jaws to grasp, clamp and
constrict vessels or tissue. Electrosurgical forceps (open
or endoscopic) utilize mechanical clamping action and
electrical energy to effect hemostasis on the clamped
tissue. The forceps include electrosurgical conductive
surfaces which apply the electrosurgical energy to the
clamped tissue. By controlling the intensity, frequency
and duration of the electrosurgical energy applied
through the conductive plates to the tissue, the surgeon
can coagulate, cauterize and/or seal tissue. However,
the above example is for illustrative purposes only and
there are many other known bipolar electrosurgical in-
struments which are within the scope of the present dis-
closure.
[0004] Electrosurgical procedures outlined above may
utilize various tissue and energy parameters in a feed-
back-based control system. There is continual need to
improve delivery of energy to the tissue.

SUMMARY

[0005] The present disclosure provides a method for

controlling an electrosurgical generator. The method in-
cluding: generating the at least one electrosurgical wave-
form through an RF output stage including a pulse-width-
modulator coupled to an RF inverter, which is coupled to
a power source configured to output DC current; applying
at least one electrosurgical waveform to tissue through
at least one electrode, the at least one electrosurgical
waveform including a plurality of cycles; measuring a volt-
age and a current of the at least one electrosurgical wave-
form; calculating at least one of a voltage limit or a current
limit; and supplying a control signal to the pulse-width-
modulator based on at least one of the voltage limit or
the current limit to saturate the RF output stage based
on the voltage-current characteristics of the RF output
stage.
[0006] According to additional aspects of the above
embodiment, the RF output stage includes at least one
switching element coupled to a controller.
[0007] According to additional aspects of the above
embodiment, the controller includes a proportional-inte-
gral-derivative controller and a pulse-width-modulator,
wherein the pulse-width-modulator is configured to out-
put the control signal to the at least one switching element
and adjust a duty cycle of the control signal based on an
output of proportional-integral-derivative controller.
[0008] According to additional aspects of the above
embodiment, the controller is configured to determine
impedance based on the measured voltage and current.
[0009] According to additional aspects of the above
embodiment, the proportional-integral-derivative control-
ler is configured to provide the output based on the im-
pedance.
[0010] According to additional aspects of the above
embodiment, the proportional-integral-derivative control-
ler includes a voltage limiter function.
[0011] According to additional aspects of the above
embodiment, the proportional-integral-derivative control-
ler includes a current limiter function.
[0012] According to additional aspects of the above
embodiment, the method further includes generating DC
current at power supply coupled to the RF output stage;
and supplying the control signal to the power supply
based on at least one of the voltage limit or the current
limit to saturate the RF output stage based on the voltage-
current characteristics of the RF output stage.
[0013] The present disclosure also provides an elec-
trosurgical generator, including: an RF output stage con-
figured to generate at least one electrosurgical waveform
including a plurality of cycles; at least one sensor coupled
to the RF output stage, the at least one sensor configured
to measure a voltage and a current of the at least one
electrosurgical waveform; and a controller coupled to the
at least one sensor and the RF output stage, the controller
including a proportional-integral-derivative controller
having at least one of voltage limiter or a current limiter,
the proportional-integral-derivative controller configured
saturate the RF output stage based on the voltage-cur-
rent characteristics of the RF output stage.
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[0014] According to additional aspects of the above
embodiment, the RF output stage includes an RF inverter
coupled to a power source configured to output DC cur-
rent.
[0015] According to additional aspects of the above
embodiment, the RF inverter includes at least one switch-
ing element coupled to the controller.
[0016] According to additional aspects of the above
embodiment, the controller includes a pulse-width-mod-
ulator configured to output a control signal to the at least
one switching element and adjust a duty cycle of the con-
trol signal based on an output of proportional-integral-
derivative controller.
[0017] According to additional aspects of the above
embodiment, the controller is configured to determine
impedance based on the measured voltage and current.
[0018] According to additional aspects of the above
embodiment, the proportional-integral-derivative control-
ler is configured to provide the output based on the im-
pedance.
[0019] According to additional aspects of the above
embodiment, the controller is further configured to in-
crease the current of the at least one electrosurgical
waveform to increase the generation of the electrical dis-
charges.
[0020] According to additional aspects of the above
embodiment, the generator further including a power
supply having an AC-DC converter coupled to the RF
output stage, wherein the RF output stage includes an
DC-AC inverter.
[0021] According to additional aspects of the above
embodiment, the controller is coupled to the DC-AC in-
verter.
[0022] According to additional aspects of the above
embodiment, the power supply further includes a DC-DC
converter coupled to the AC-DC converter and the RF
output stage, the DC-DC converter being coupled to and
controllable by the controller.
[0023] The present disclosure also provides an elec-
trosurgical system, including: an electrosurgical genera-
tor having: a power supply configured to output DC cur-
rent; an RF output stage coupled to the power supply,
the power supply including at least one switching element
configured to generate at least one electrosurgical wave-
form including a plurality of cycles from the DC current;
at least one sensor coupled to the RF output stage, the
at least one sensor configured to measure a voltage and
a current of the at least one electrosurgical waveform;
and a controller coupled to the at least one sensor and
at least one of the RF output stage or the power supply,
the controller including a proportional-integral-derivative
controller having at least one of voltage limiter or a current
limiter, the proportional-integral-derivative controller
configured to saturate at least one of the RF output stage
or the power supply based on the voltage-current char-
acteristics of the RF output stage.
[0024] The system also includes at least one electro-
surgical instrument configured to couple to the electro-

surgical generator and to supply the at least one electro-
surgical waveform to a tissue.
[0025] According to additional aspects of the above
embodiment, wherein the controller is configured to de-
termine impedance based on the measured voltage and
current and the proportional-integral-derivative controller
is configured to provide the output based on the imped-
ance.
[0026] The present disclosure also provides for an
electrosurgical generator, the electrosurgical generator
comprising an RF output stage configured to generate
the at least one electrosurgical waveform, the RF output
stage comprising a pulse-width-modulator coupled to an
RF inverter, the RF inverter being coupled to a power
source configured to output DC current; the at least one
electrosurgical waveform including a plurality of cycles;
and at least one sensor coupled to the RF output stage,
the at least one sensor configured to measure a voltage
and a current of the at least one electrosurgical wave-
form; and a controller configured to calculate at least one
of a voltage limit or a current limit; the controller being
further configured to supply a control signal to the pulse-
width-modulator based on at least one of the voltage limit
or the current limit to saturate the RF output stage based
on voltage-current characteristics of the RF output stage.
[0027] According to additional aspects of the above
embodiment, the RF output stage further comprises at
least one switching element coupled to a controller.
[0028] According to additional aspects of the above
embodiment, the controller comprises a proportional-in-
tegral-derivative controller and a pulse-width-modulator,
wherein the pulse-width-modulator is configured to out-
put the control signal to the at least one switching element
and adjust a duty cycle of the control signal based on an
output of proportional-integral-derivative controller.
[0029] According to additional aspects of the above
embodiment, the controller is configured to determine
impedance based on the measured voltage and current.
[0030] According to additional aspects of the above
embodiment, the proportional-integral-derivative control-
ler is configured to provide the output based on the im-
pedance.
[0031] According to additional aspects of the above
embodiment, the proportional-integral-derivative control-
ler comprises a voltage limiter function.
[0032] According to additional aspects of the above
embodiment, the proportional-integral-derivative control-
ler comprises a current limiter function.
[0033] According to additional aspects of the above
embodiment, wherein the RF output stage is configured
to generate DC current at a power supply coupled to the
RF output stage; and the controller is configured to supply
the control signal to the power supply based on at least
one of the voltage limit or the current limit to saturate the
RF output stage based on the voltage-current character-
istics of the RF output stage.
[0034] In further embodiments, the controller is config-
ured to determine an output impedance of the electro-
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surgical generator based on the voltage and current de-
tected by at least one sensor coupled to an RF output
stage, the controller being configured to supply a control
signal to a pulse-width-modulator coupled to an RF in-
verter to saturate the voltage and/or current of the elec-
trosurgical waveform such that the voltage-current output
of the RF output stage is limited to values of output volt-
age and/or current that are substantially lossless, the val-
ues of output voltage and/or current which are substan-
tially lossless being dependent on the output impedance.
[0035] In further embodiments, the controller may be
configured to supply a control signal to the RF output
stage to match the output impedance of the electrosur-
gical generator to a geometric mean of expected mini-
mum to maximum terminating resistances.
[0036] In further embodiments, the RF output stage
may be used as a current source. Using the RF output
stage as a current source allows for a higher power output
for the same peak current.
[0037] In further embodiments, the electrosurgical
generator may comprise an active voltage clamp.
[0038] In further embodiments, the controller may be
configured to supply a control signal to the pulse-width-
modulator such that the pulse-width-modulator varies the
duty cycle supplied to the output of the RF output stage
such that the impedance of the RF output stage is sub-
stantially matched to a geometric mean of expected min-
imum to maximum terminating resistances.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] Various embodiments of the present disclosure
are described herein with reference to the drawings
wherein:

Fig. 1 is a perspective view of the components of
one illustrative embodiment of an electrosurgical
system according to the present disclosure;
Fig. 2 is a front view of one embodiment of an elec-
trosurgical generator according to the present dis-
closure;
Fig. 3 is a schematic, block diagram of the embodi-
ment of an electrosurgical generator of Fig. 2 accord-
ing to the present disclosure;
Figs. 4A and 4B are schematic, block diagrams of
other illustrative embodiments of the electrosurgical
generator of Fig. 2 according to the present disclo-
sure;
Fig. 5 is a plot of a voltage and current illustrating
electrical discharges according to an embodiment of
a voltage source of the present disclosure;
Fig. 6 is a plot of a voltage and current illustrating
electrical discharges according to an embodiment of
a current source inverter of the present disclosure;
Fig. 7A is a plot of voltage and current illustrating
ideal output of voltage and current sources according
to an embodiment of the present disclosure;
Fig. 7B is a plot of voltage and current illustrating

lossless output of voltage and current sources ac-
cording to an embodiment of the present disclosure;
Fig. 7C is an overlapping plot of voltage and current
illustrating ideal, lossless, and arcing output of volt-
age and current sources according to an embodi-
ment of the present disclosure;
Fig. 7D is a plot of power and impedance illustrating
ideal and lossless output of voltage and current
sources according to an embodiment of the present
disclosure;
Fig. 8 is a constant power plot of a generator output
according to an embodiment of the present disclo-
sure;
Fig. 9 is a plot of a voltage and current illustrating
electrical discharges according to an embodiment of
the present disclosure;
Fig. 10 is a schematic diagram of an RF amplifier of
the generator of Fig. 2 according to an embodiment
of the present disclosure;
Fig. 11 is a schematic diagram of an RF amplifier of
the generator of Fig. 2 according to an embodiment
of the present disclosure;
Fig. 12 is a schematic diagram of an RF amplifier of
the generator of Fig. 2 according to an embodiment
of the present disclosure;
Fig. 13 is a schematic diagram of an RF amplifier of
the generator of Fig. 2 according to an embodiment
of the present disclosure;
Fig. 14 is a schematic diagram of an RF amplifier of
the generator of Fig. 2 according to an embodiment
of the present disclosure;
Fig. 15 is a schematic diagram of an RF amplifier of
the generator of Fig. 2 according to an embodiment
of the present disclosure;
Fig. 16 is a schematic diagram of an RF amplifier of
the generator of Fig. 2 according to an embodiment
of the present disclosure; and
Fig. 17 illustrates duty cycle and power as a function
of impedance plots for controlling output of the gen-
erator of Fig. 2 according to an embodiment of the
present disclosure.

DETAILED DESCRIPTION

[0040] Particular embodiments of the present disclo-
sure are described hereinbelow with reference to the ac-
companying drawings. In the following description, well-
known functions or constructions are not described in
detail to avoid obscuring the present disclosure in unnec-
essary detail.
[0041] A generator according to the present disclosure
can perform monopolar and/or bipolar electrosurgical
procedures, including, for example, cutting, coagulation,
ablation, and vessel sealing procedures. The generator
may include a plurality of outputs for interfacing with var-
ious electrosurgical instruments (e.g., a monopolar in-
strument, return electrode, bipolar electrosurgical for-
ceps, footswitch, etc.). Further, the generator includes
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electronic circuitry configured to generate radio frequen-
cy energy specifically suited for various electrosurgical
modes (e.g., cut, blend, coagulate, division with hemos-
tasis, fulgurate, spray, etc.) and procedures (e.g., mo-
nopolar, bipolar, vessel sealing). In embodiments, the
generator may be embedded, integrated or otherwise
coupled to the electrosurgical instruments providing for
an all-in-one electrosurgical apparatus.
[0042] Fig. 1 is a schematic illustration of a bipolar and
monopolar electrosurgical system 1 according to the
present disclosure. The system 1 may include one or
more monopolar electrosurgical instruments 2 having
one or more active electrodes 3 (e.g., electrosurgical cut-
ting probe, ablation electrode(s), etc.) for treating tissue
of a patient. Electrosurgical alternating current is supplied
to the instrument 2 by a generator 200 via a supply line
4 that is connected to an active terminal 230 (Fig. 3) of
the generator 200, allowing the instrument 2 to cut, co-
agulate, ablate and/or otherwise treat tissue. The alter-
nating current is returned to the generator 200 through
a return electrode 6 via a return line 8 at a return terminal
32 (Fig. 3) of the generator 200. For monopolar operation,
the system 1 may include a plurality of return electrode
pads 6 that, in use, are disposed on a patient to minimize
the chances of tissue damage by maximizing the overall
contact area with the patient. In addition, the generator
200 and the return electrode pads 6 may be configured
for monitoring so-called "tissue-to-patient" contact to in-
sure that sufficient contact exists therebetween to further
minimize chances of tissue damage.
[0043] The system 1 may also include one or more
bipolar electrosurgical instruments, for example, a bipo-
lar electrosurgical forceps 10 having one or more elec-
trodes for treating tissue of a patient. The electrosurgical
forceps 10 includes a housing 11 and opposing jaw mem-
bers 13 and 15 disposed at a distal end of a shaft 12.
The jaw members 13 and 15 have one or more active
electrodes 14 and a return electrode 16 disposed therein,
respectively. The active electrode 14 and the return elec-
trode 16 are connected to the generator 200 through ca-
ble 18 that includes the supply and return lines 4, 8 cou-
pled to the active and return terminals 230, 232, respec-
tively (Fig. 3). The electrosurgical forceps 10 is coupled
to the generator 200 at a connector having connections
to the active and return terminals 230 and 232 (e.g., pins)
via a plug disposed at the end of the cable 18, wherein
the plug includes contacts from the supply and return
lines 4, 8 as described in more detail below.
[0044] With reference to Fig. 2, a front face 240 of the
generator 200 is shown. The generator 200 may be any
suitable type (e.g., electrosurgical, microwave, etc.) and
may include a plurality of connectors 250-262 to accom-
modate various types of electrosurgical instruments
(e.g., electrosurgical forceps 10, etc.).
[0045] The generator 200 includes a user interface 241
having one or more display screens or information panels
242, 244, 246 for providing the user with variety of output
information (e.g., intensity settings, treatment complete

indicators, etc.). Each of the screens 242, 244, 246 is
associated with corresponding connector 250-262. The
generator 200 includes suitable input controls (e.g., but-
tons, activators, switches, touch screen, etc.) for control-
ling the generator 200. The display screens 242, 244,
246 are also configured as touch screens that display a
corresponding menu for the electrosurgical instruments
(e.g., electrosurgical forceps 10, etc.). The user then ad-
justs inputs by simply touching corresponding menu op-
tions.
[0046] Screen 242 controls monopolar output and the
devices connected to the connectors 250 and 252. Con-
nector 250 is configured to couple to a monopolar elec-
trosurgical instrument (e.g., electrosurgical instrument 2)
and connector 252 is configured to couple to a foot switch
(not shown). The foot switch provides for additional inputs
(e.g., replicating inputs of the generator 200). Screen 244
controls monopolar and bipolar output and the devices
connected to the connectors 256 and 258. Connector
256 is configured to couple to other monopolar instru-
ments. Connector 258 is configured to couple to a bipolar
instrument (not shown).
[0047] Screen 246 controls bipolar sealing procedures
performed by the forceps 10 that may be plugged into
the connectors 260 and 262. The generator 200 outputs
energy through the connectors 260 and 262 suitable for
sealing tissue grasped by the forceps 10. In particular,
screen 246 outputs a user interface that allows the user
to input a user-defined intensity setting. The user-defined
setting may be any setting that allows the user to adjust
one or more energy delivery parameters, such as power,
current, voltage, energy, etc. or sealing parameters, such
as energy rate limiters, sealing duration, etc. The user-
defined setting is transmitted to the controller 224 where
the setting may be saved in memory 226. In embodi-
ments, the intensity setting may be a number scale, such
as for example, from one to ten or one to five. In embod-
iments, the intensity setting may be associated with an
output curve of the generator 200. The intensity settings
may be specific for each forceps 10 being utilized, such
that various instruments provide the user with a specific
intensity scale corresponding to the forceps 10.
[0048] Fig. 3 shows a schematic block diagram of the
generator 200 configured to output electrosurgical ener-
gy. The generator 200 includes a controller 224, a power
supply 227, and a radio-frequency (RF) amplifier 228.
The power supply 227 may be a high voltage, DC power
supply that connects to an AC source (e.g., line voltage)
and provides high voltage, DC power to the RF amplifier
228 via leads 227a and 227b, which then converts high
voltage, DC power into treatment energy (e.g., ultrasonic,
electrosurgical or microwave) and delivers the energy to
the active terminal 230. The energy is returned thereto
via the return terminal 232. The active and return termi-
nals 230 and 232 and coupled to the RF amplifier 228
through an isolation transformer 229. The RF amplifier
228 is configured to operate in a plurality of modes, during
which the generator 200 outputs corresponding wave-
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forms having specific duty cycles, peak voltages, crest
factors, etc. It is envisioned that in other embodiments,
the generator 200 may be based on other types of suit-
able power supply topologies.
[0049] The controller 224 includes a processor 225 op-
erably connected to a memory 226, which may include
transitory type memory (e.g., RAM) and/or non-transitory
type memory (e.g., flash media, disk media, etc.). The
processor 225 includes an output port that is operably
connected to the power supply 227 and/or RF amplifier
228 allowing the processor 225 to control the output of
the generator 200 according to either open and/or closed
control loop schemes. A closed loop control scheme is
a feedback control loop, in which a plurality of sensors
measure a variety of tissue and energy properties (e.g.,
tissue impedance, tissue temperature, output power, cur-
rent and/or voltage, etc.), and provide feedback to the
controller 224. The controller 224 then signals the power
supply 227 and/or RF amplifier 228, which adjusts the
DC and/or power supply, respectively. Those skilled in
the art will appreciate that the processor 225 may be
substituted by using any logic processor (e.g., control
circuit) adapted to perform the calculations and/or set of
instructions described herein including, but not limited to,
field programmable gate array, digital signal processor,
and combinations thereof.
[0050] The generator 200 according to the present dis-
closure includes a plurality of sensors 280, e.g., an RF
current sensor 280a, and an RF voltage sensor 280b.
Various components of the generator 200, namely, the
RF amplifier 228, the RF current and voltage sensors
280a and 280b, may be disposed on a printed circuit
board (PCB). The RF current sensor 280a is coupled to
the active terminal 230 and provides measurements of
the RF current supplied by the RF amplifier 228. The RF
voltage sensor 280b is coupled to the active and return
terminals 230 and 232 provides measurements of the RF
voltage supplied by the RF amplifier 228. In embodi-
ments, the RF current and voltage sensors 280a and
280b may be coupled to active and return leads 228a
and 228b, which interconnect the active and return ter-
minals 230 and 232 to the RF amplifier 228, respectively.
[0051] The RF current and voltage sensors 280a and
280b provide the sensed RF voltage and current signals,
respectively, to the controller 224, which then may adjust
output of the power supply 227 and/or the RF amplifier
228 in response to the sensed RF voltage and current
signals. The controller 224 also receives input signals
from the input controls of the generator 200, the instru-
ment 2 and/or forceps 10. The controller 224 utilizes the
input signals to adjust power outputted by the generator
200 and/or performs other control functions thereon.
[0052] Fig. 4A shows another embodiment of the gen-
erator 200 based on a Class S, high-efficiency, pulse
width modulation inverter. An example embodiment
based on an analog pulse-width-modulator that utilized
this configuration is disclosed in a commonly-owned U.S.
Patent Publication No. 2006/0161148, the entire con-

tents of which are incorporated by reference herein. In
this illustrative embodiment, the power supply 227 is a
fixed output AC-DC converter 227c coupled to a source
of AC energy as described above, which is in turn, cou-
pled to the RF amplifier 228.
[0053] Fig. 4B shows yet another embodiment of the
generator 200 based on a modified Kahn technique of
amplitude modulation. In this illustrative embodiment, the
power supply 227 is a fixed output AC-DC converter 227c
that is further enhanced by a variable DC-DC converter
227d. The variable DC-DC converter 227d of power sup-
ply 227 may be configured to any suitable topology in-
cluding, but not limited to, resonant, non-resonant, syn-
chronous, non-synchronous, buck, boost, buck-boost,
and the like.
[0054] With continued reference to Figs. 4A-4B, the
RF amplifier 228 may include a DC-AC inverter 302 cou-
pled to a resonant matching network 304. As shown in
Fig. 4A, the control input for the RF amplifier 228 may be
an analog-based PWM or a digitally-based DPWM 314.
In the Class S, high efficiency, pulse width modulation
technique the generator output amplitude is varied by
varying the pulse widths at the inverter operating frequen-
cy (e.g. 472 kHz) and relying upon the resonant matching
network 304 to smooth the output to about a sinusoidal
shape. The DPWM 314 is coupled to an oscillator 319,
which may be an analog voltage-controlled oscillator
(VCO) or a numerically-controlled oscillator (NCO). In
this embodiment, the oscillator 319 operates at a radio
frequency ("RF") (e.g., therapeutic frequency) suitable
for controlling the DC-AC inverter 302. The DPWM 314
is coupled to the inverter 302 of the RF amplifier 304.
The DPWM 314 is configured to control one or more
switching components of the RF amplifier 304 to invert
DC current into RF current as described in further detail.
[0055] As shown in Fig. 4B, the control input from the
PWM or the digitally-based DPWM 314 is supplied to the
power supply 227. In the modified Kahn technique the
input to the RF amplifier 228 at the DC-AC inverter 302
is a fixed-pulse width (e.g. for optimized efficiency at 472
kHz) resulting in about a sinusoidal output after passing
through the resonant matching network 304 and the gen-
erator output amplitude is varied by varying the power
supply 227 output. In this embodiment, the power supply
227 is controller by the DPWM 314. The DPWM 314 is
coupled to the oscillator 319, which may be an analog
voltage-controlled oscillator (VCO) or a numerically-con-
trolled oscillator (NCO). The input at the DC-AC inverter
302 may be provided by an oscillator 317, which may be
an analog voltage-controlled oscillator (VCO) or a nu-
merically-controlled oscillator (NCO). The oscillator 317
operates at a radio frequency ("RF") (e.g., therapeutic
frequency) suitable for controlling the DC-AC inverter 302
and the oscillator 319 operates at a switching ("SW") fre-
quency suitable for controlling the power supply 227.
[0056] With continued reference to Figs. 4A-4B, which
with the exception for the differences described above
otherwise share the same components and design, the
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inverter 302 may be configured according to any suitable
topology including, but not limited to, half-bridge, full-
bridge, push-pull, and the like. The resonant matching
network 304 may be a single or dual mode resonant net-
work having any suitable combination of LC (inductor-
capacitor) filters/resonators and other passive electrical
components for matching the output of the RF amplifier
228. The RF amplifier 228 also includes a plurality of
mode relays 306. Mode relays 306 are coupled to the
plurality of connectors 250-262 for controlling the supply
of electrosurgical energy to desired connectors such that
only the desired connectors 250-262 are energized at
any specific time.
[0057] The processor 225 is coupled to the user inter-
face 241 and is configured to modify modes, energy set-
tings, and other parameters of the generator 200 in re-
sponse to user input. The processor 225 includes a mode
initializer 308 which is configured to initialize a selected
operating mode. The generator 200 is configured to op-
erate in a variety of modes. In one embodiment, the gen-
erator 200 may output the following modes: cut, blend,
coagulate, division with hemostasis, fulgurate, spray,
combinations thereof, and the like. Each mode operates
based on a pre-programmed power curve that controls
the amount of power that is output by the generator 200
at varying impedances of the load (e.g., tissue). Each
power curve includes power, voltage and current control
ranges that are defined by the user-selected power set-
ting and the measured impedance of the load.
[0058] In the cut mode, the generator 200 may supply
a continuous sine wave output having a plurality of RF
cycles at a predetermined frequency (e.g., 472 kHz) with
a crest factor of about 1.414 over an impedance range
of from about 100Ω to about 2,000Ω. The cut mode power
curve may include three regions: constant current into
low impedance, constant power into medium impedance
and constant voltage into high impedance. In the blend
mode, the generator may supply alternating bursts of a
sine wave output at a predetermined periodic rate, with
the burst cycles reoccurring at a first predetermined rate
(e.g., about 26.21 kHz), each burst cycle includes a plu-
rality of sine wave RF cycles at the predetermined fre-
quency (e.g., 472 kHz). In one embodiment, the duty cy-
cle of the bursts may be about 50%. In other words, for
each burst cycle the power is on for 50% of the time and
it is off for 50% of the time. The crest factor of one period
of the sine wave output may be about 1.414. The crest
factor of one burst cycle may be about 2.7.
[0059] The division with hemostasis mode may include
bursts of sine wave outputs at a predetermined frequency
(e.g., 472 kHz) reoccurring at a second predetermined
rate (e.g., about 28.3 kHz). The duty cycle of the bursts
may be about 25%, i.e. the power is on for 25% of each
cycle and off for the remaining 75% of the cycle. The
crest factor of one burst cycle may be about 4.3 across
an impedance of from about 100Ω to about 2,000Ω. The
fulgurate mode may include bursts of sine wave outputs
at a predetermined frequency (e.g., 472 kHz) reoccurring

at a third predetermined rate (e.g., about 30.66 kHz). The
duty cycle of the bursts may be about 6.5% and the crest
factor of one burst cycle may be about 5.55 across an
impedance range of from about 100Ω to about 2,000Ω.
The spray mode may include bursts of a sine wave output
at a predetermined frequency (e.g., 472 kHz) reoccurring
at a fourth predetermined rate (e.g., about 21.7 kHz). The
duty cycle of the bursts may be about 4.6% and the crest
factor of one burst cycle may be about 6.6 across the
impedance range of from about 100Ω to about 2,000Ω.
[0060] The processor 225 further includes a mode
state control 310 which is configured to maintain energy
output of the generator 200 according to the parameters
set by the mode initializer 308. The mode state control
310 controls the RF amplifier 228 based on the sensor
signals from the sensors 280 using a proportional-inte-
gral-derivative (PID) control loop 312 with a control output
limited by a voltage and/or current output amplitude lim-
iter function 315 that includes saturation and integral anti-
windup capabilities for the PID implemented in the proc-
essor 225.
[0061] The processor 225 includes an analog front-end
(AFE) 307 for interfacing between the sensors 280 and
the signal processor 316. The AFE 307 may include a
plurality of analog-to-digital converters and other circuit
components for receiving and converting analog signals
from the sensors into digital counterparts thereof. The
AFE 307 provides the digitized sensor signals to a signal
processor 316. The signal processor 316 may also cal-
culate various energy and/or tissue properties based on
sensor signals including, but not limited to, impedance,
voltage, current, power, time duration, as well as instan-
taneous, average, root-mean-square values, and com-
binations thereof.
[0062] The generator 200 provides closed-loop control
of various electrosurgical modes, e.g., arc cutting and
coagulation, based on current, power and voltage
bounds inherent to voltage-current characteristics of a
resonant inverter of the RF amplifier 228. The voltage-
current characteristic of any resonant inverter, when plot-
ted, forms an ellipse bounded by voltage and current lim-
ited regions due to the output impedance of the resonant
network. This output impedance of the inverter may be
designed to be centered upon the geometric mean of the
expected minimum to maximum terminating resistances
observed during operation in the electrosurgical mode
(e.g. the resistance of the tissue). The operating charac-
teristics of the RF amplifier 228 may then be aligned to
coincide with the maximum voltage and current of the
particular power setting requested by the user.
[0063] Conventional generators supply electrosurgical
energy to tissue at constant power over some specified
range of load resistance. Closed-loop control algorithms
have been introduced since open-loop control algorithms
were insufficient for covering a wide range of tissue im-
pedance loads encountered during various surgical pro-
cedures. In certain embodiments, a combination of open
and closed loop controls were utilized as disclosed in a
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commonly-owned U.S. Patent Publication No.
2006/0161148, the entire contents of which are incorpo-
rated by reference herein.
[0064] Certain modes, such as arc cut and coagulation
modes, present a unique problem for closed-loop control
using a voltage-source-based inverter. During operation,
arcing is generated to achieve desired surgical effects.
High arc currents are well-suited for their hemostasis ef-
fects; however, to limit thermal transfer, it is also desirable
to also limit arcing. In particular, arcing in the coagulation
modes is interrupted to provide for high enough instan-
taneous power to create hemostasis, while keeping av-
erage power low enough to minimize thermal spread.
The present disclosure provides for inverters that are
configured to control arcing to achieve these goals with
a minimal amount of required heuristics or state changes
performed by the mode state control 310 and/or the PID
312. In particular, the present disclosure provides for in-
verters that accomplish this by maintaining zero-voltage
switching for all loads at all amplitudes, maintaining con-
stant power over a desired range of tissue impedances,
and limiting the current and voltage using the saturation
and integral anti-windup capabilities of the PID controller
by taking advantage of the voltage-current lossless out-
put characteristic of the RF amplifier 228 at a predeter-
mined maximum control output amplitude.
[0065] The RF amplifier 228 operates within its loss-
less voltage-current output characteristic ellipse sub-
stantially as a voltage, power or current source depend-
ing on the terminating load resistance. With respect to
Fig. 5, an arc discharge from a voltage source, e.g., RF
amplifier 228, is shown as a current plot 400 as a function
of voltage and as a current plot 410 and a voltage plot
420 as a function of time at a time scale of the predeter-
mined frequency (e.g., 472 kHz). For simplicity, only the
positive half-cycle is going to be described. At point 401
the voltage supplied to tissue is insufficient to provide for
current flow and is in a sub-saturation current region. As
the plots 400, 410, 420 progress to point 402 and toward
point 403 the discharge transitions from a Townsend ef-
fect to corona discharge to the glow discharge. In this
region the current is still relatively low with respect to
other points and no power is dissipated by the arc. How-
ever, once the arc jumps the gap between the electrode
(e.g., electrode 3) and the tissue, current immediately
flows at point 404 along a new load line, which overlaps
point 403 on the voltage plot 420. More voltage beyond
point 404 provides for a linear increase in current to point
405 at the peak. As the voltage is decreased at point 406,
the arcing is sustained, rather than spontaneously return-
ing to point 403. Voltage is decreased linearly until the
point 407, during which the arc is extinguished and the
process for arc initiation would need to be repeated as
described above. The voltage and current characteristics
are similar for the negative cycle. The arc may be extin-
guished unless there is an excess of low frequency RF
or DC charge available at the electrode thereby acting
as a bias charge producing non-symmetrical negative

half-cycle plots.
[0066] With respect to Fig. 6, an arc discharge from a
current source, e.g., RF amplifier 228, is shown as a cur-
rent plot 500 as a function of voltage and as current and
voltage plots 510, 520 as a function of time at a time scale
of the predetermined frequency (e.g., 472 kHz). For sim-
plicity, only the positive half-cycle is going to be de-
scribed. The current source may provide higher output
power, e.g., more power efficient, than a voltage source
at the same peak current. As the current is increased,
voltage is increased accordingly, until point 501, when
continual increase in current results in a voltage drop at
point 502. As current is decreased at point 503, the volt-
age increases to another peak. The voltage and current
characteristics are similar for the negative cycle.
[0067] Maximum power transfer from a power source,
e.g. RF amplifier 228, occurs at its matched impedance,
when the output impedance is substantially the same as
the load impedance. Ideal voltage and current sources
do not have Thevenin and Norton equivalent source im-
pedances as illustrated in Fig. 7A, which shows a current
plot as a function of voltage. A lossless matching network
added to an ideal Thevenin or Norton source has a sub-
stantially elliptically shaped curve as shown in Fig. 7B,
which shows a current plot as a function of voltage. The
present disclosure provides for an RF amplifier 228 hav-
ing a continuously variable voltage-current response
(e.g., characteristic) with a control loop limit for the volt-
age and current that simultaneously attempts to encom-
pass the voltage-current response of an arc as shown in
Fig. 7C, which shows a current plot as a function of volt-
age that operates within the parameters of ideal and loss-
less voltage/current sources of Fig. 7A and Fig. 7B, op-
erates at the desired current, voltage, or power point de-
termined by the load, user setting and/or mode, and limits
the voltage and current with the lossless matching net-
work characteristic rather than actively controlling the
voltage or current as done in prior art. The elliptical volt-
age-current response may be varied by changing the
equivalent amplitude of the output of the DC-AC inverter
302 either by varying the pulse widths of the DC-AC in-
verter 302, varying the frequency of the DC-AC inverter
302 to substantially change the output resistance and
voltage transfer ratio of the resonant matching network
304, varying the pulse widths of the power supply 227
DC-DC converter, or some combination therein. The in-
tersection of the load line with the elliptical voltage-cur-
rent response ultimately determines the operating point
of the generator into the load.
[0068] Maximum power transfer for ideal voltage and
current sources may also be represented as a power plot
as a function of impedance as illustrated in Fig. 7D. For
ideal current and voltage sources power increases con-
tinuously unless output device saturation is limited. Pow-
er, voltage, and current may be limited by matching im-
pedance. However, even for well-matched voltage sourc-
es arcing may result in excessive power output due to
insufficient limits.
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[0069] In embodiments, arc control may be accom-
plished by measuring and limiting instantaneous current,
voltage, and/or power using very high sample rates, e.g.,
digital sampling combined with correspondingly fast cir-
cuit components for limit current, e.g., current foldback
circuitry as described in more detail below. In further em-
bodiments, matched impedance may be increased and
the RF amplifier 228 may be operated as a current
source. In particular, output impedance may be in-
creased to be higher than the expected impedance dur-
ing arcing. Output impedance may be from about two to
about six times higher than the highest expected imped-
ance, in embodiments output impedance may be about
four times higher than expected impedance. This pro-
vides a natural power limiting function once voltage is
limited.
[0070] In another embodiment, output impedance may
include multiple output impedances that are selected by
the user and/or the generator 200 depending on the tis-
sue type. In a further embodiment, characteristic output
impedance of the generator 200 may be selected to be
a geometric mean of maximum and minimum impedanc-
es and limited maximum output amplitude of the DC-AC
inverter 302 such that the elliptical voltage-current re-
sponse occurs at the coincidence of the current and volt-
age limits as illustrated in Fig. 8.
[0071] In specific embodiments, the RF amplifier 228
may be configured as a square wave current source.
Waveform characteristics of a square-wave current
source are shown in Fig. 9 as a current plot 900 as a
function of voltage and as a current plot 910 and a voltage
plot 920 as a function of time at a time scale of the pre-
determined frequency (e.g., 472 kHz).
[0072] Fig. 10 shows an embodiment of an RF amplifier
328 that is an amplitude-limited current-source inverter
configured to variably limit peak voltage to prevent con-
duction of arcs at certain distances between the tissue
and the active electrode 2. The RF amplifier 328 gener-
ates square-wave current as shown in Fig. 9 and includes
a converter 330 that is coupled to the power supply 227,
which may be a DC or AC supply, via leads 227a and
227b and is, in turn, coupled to a converter 330 and an
inverter 332. The inverter 332 is, in turn, coupled to the
transformer 229. The converter 330 converts the AC or
DC output of the power supply 227 into a DC output. The
converter 330 is configured to limit voltage peaks where-
as the inverter 332 is configured to chop and steer the
current from the link inductor 301b. The RF amplifier 328
also includes a voltage limiting circuit 301 having a diode
301a that is coupled in parallel with an inductor 301b.
The voltage limiting circuit 301 is limited to the output of
the converter 330. The converter 330 and inverters 332
may be configured as any suitable converter/inverter
combinations including, but not limited to, isolated, non-
isolated, full-bridge, half-bridge, synchronous, asynchro-
nous, Buck, boost, Buck-boost, and combinations there-
of.
[0073] Fig. 11 shows another embodiment of the RF

amplifier 328. The converter 330 is shown as a half-
bridge inverter and includes a first switching element
330a and a second switch 330b. The first switching ele-
ment 330a is disposed on the lead 227a and the second
switch 227b interconnects the leads 227a and 227b. Op-
eration of the switching elements 330a and 330b is con-
trolled via a pulse-width-modulator (PWM) 336 and a pro-
portional-integral-derivative controller 338 whereby the
output voltage of the converter 330 is limited by a voltage
limiter function 335 for the PID controller 338, which in-
cludes saturation and integral anti-windup capability,
based on when the limiter is actively limiting. The PWM
336 and the PID controller 338 may be configured within
the controller 224. The voltage limiter 335 may be em-
bodied as a software algorithm in the controller 224. As
shown in Fig. 11, the inverter 332 is configured as a full-
bridge inverter having a first pair of switching elements
331a and 331b and a second pair of switching elements
332a and 332b that are coupled to the transformer 229.
Each of the switching elements 331a and 332a is coupled
to the steering diodes 333a and 333c. The PID controller
338 receives a feedback signal from the voltage limiting
circuit 301 allowing the PID controller 338 to control the
switching elements 330a, 330b, 331a, 331b, 332a, 332b,
in response thereto. In particular, the PID controller 338
controls the current and limits the voltage based on the
instructions of the voltage limiter 335 and provides a con-
trol signal to the PWM 336, which in turn provides the
activation signals (e.g., on/off periods) to the switching
elements 330a, 330b, 331a, 331b, 332a, 332b on a per
RF cycle basis.
[0074] Fig. 12 illustrates another embodiment of the
RF amplifier 328, which includes an inductor-capacitor-
inductor (LCL) filter/resonator 334 including first and sec-
ond inductors 334a and 334b with a capacitor 334c dis-
posed therebetween interconnecting the leads 227a and
227b. The LCL filter 334 transforms the voltage source
of the converter/inverter output into a current source as
seen from the terminals of the load.
[0075] With reference to Fig. 13, another embodiment
of the inverter 332 is shown. The inverter 332 is config-
ured as a phase-shifted, synchronous, full-bridge inverter
including four switching elements 331a, 331b, 332a,
332b clamped with diodes 331c, 331d, 332c, 332d, re-
spectively. Each of the switching elements 331a, 331b,
332a, 332b is controlled by the PWM 336 that may be a
phase-shifted modulator similar to that described in U.S.
Patent Publication 2006/0161148. The PWM 336 mod-
ulates the current amplitude of the output of the inverter
332 observed at the output terminals of the transformer
secondary winding 229b. The output of the inverter 332
is coupled to the transformer 229 having a primary wind-
ing 229a and a secondary winding 229b. In addition, the
inverter 332 includes an active clamp 340. The active
voltage clamp 340 is coupled to a primary winding 229a
of the transformer 229 along with the output of the filter
334 thereby clamping the output voltage seen at the out-
put terminals of the transformer secondary winding 229b.
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The secondary winding 229b is coupled to the connectors
250-256 of the generator 200.
[0076] Fig. 14 shows another embodiment of the in-
verter 332 having an LC-C filter 342 having a inductor
342a disposed on the lead 227a and a capacitor 342b
interconnecting the leads 227a and 227b, forming a first
portion of the LC filter 342 that is coupled to the primary
winding 229a of the transformer 229. A second capacitor
342c interconnects two leads of the secondary winding
229b of the transformer 229.
[0077] Fig. 15 shows the inverter 332 that is configured
as a phase-shifted, synchronous, half-bridge inverter in-
cluding switching elements 331a and 331b clamped
(e.g., connected in parallel) with diodes 331c and 331d,
respectively, and reverse-biased diodes 331e and 331f
coupled in series with the switching elements 331a and
331b, respectively. The inverter 332 also includes an LC
filter 335 having an inductor 335a and a capacitor 335b
connected in parallel thereto. The PWM 336 also mod-
ulates the current amplitude of the output of the inverter
332 and the output of the inverter 332 is coupled to the
transformer 229 as described above. In addition, the in-
verter 332 includes the active clamp 340 that is coupled
to a primary winding 229a of the transformer 229 along
with the output of the filter 335.
[0078] Fig. 16 shows another embodiment of the RF
amplifier 328 including the converter 330, the inverter
332 and the voltage limiting circuit 301 disposed there-
between. The RF amplifier 328 further includes the volt-
age limiter 335 and a power/impedance control 337,
which may be implemented as software algorithms within
the controller 224. The voltage limiter 335 and the pow-
er/impedance control 337 receive feedback from the pri-
mary winding 229a and the secondary winding 229b of
the transformer 229, respectively. The RF amplifier 328
further includes a first capacitor 327a and a second ca-
pacitor 327b disposed on the primary winding 229a and
the secondary winding 229b of the transformer 229, re-
spectively. The capacitors 327a and 327b are configured
to resonate with the primary winding 229a to provide for
sinusoidal output of the RF amplifier 328.
[0079] The RF amplifiers 328 of Figs. 10-16 are con-
figured to output mean constant power in the presence
of arcing. In one embodiment, the inverter 332 may be
operated using a constant current power control loop by
limiting duty cycle maximums of the PWM signal supplied
to the switching elements using the PWM 336. The con-
trol loop may be implemented using the PID controller
338. In embodiments, where the voltage and current lim-
its do not correspond to the power curve, the constant
power control loop may be implemented by limiting the
maximum duty cycle in response to measured imped-
ance.
[0080] In further embodiments, a duty cycle as a func-
tion of impedance curve may be used as shown in Fig.
17. The duty cycle vs. impedance curve provides con-
stant power, voltage, and/or current control for any meas-
ured impedance value as illustrated by a duty cycle plot

600 and a constant power plot 602 extrapolated there-
from. The plot 602 or constant current and constant volt-
age plots may be linearized to the plot 600 to match the
control curves. In further embodiments, other transfer
functions may be used to map the relationship between
impedance and power with respect to duty cycle control.
The duty cycle plot 600 may be implemented as a look-
up table and/or software executable by the controller 224
thereby allowing for control of the duty cycle for an input
value of the measured impedance. In embodiments, the
PID controller 338 may control the output of the generator
200 by adjusting the duty cycle based on measured im-
pedance to achieve desired discharge characteristics.
[0081] In embodiments in which the electrosurgical
waveform is pulsatile, upon detecting arc discharges, the
generator 200 may increase the time between pulses of
the electrosurgical waveform (e.g., lower the duty cycle)
to allow the electrode 3 to cool. In another embodiment,
the generator 200 may reduce the current to prevent the
electrode 3 from overheating. Conversely, shortening the
time between pulses may be used to insure that arcs are
generated when arcing is desired (e.g., cutting). The ad-
justments to the generator 200 may be embodied in either
hardware and/or software to be performed automatically
or in response to user input (e.g., entering pulse delay).
In a further embodiment, the generator 200 is configured
to detect a resistive contact between the electrode 3 and
the tissue (e.g., 0 V simultaneous with 0 A) and increase
power and/or voltage to initiate arc discharges or lower
power or voltage to extinguish arc discharges.
[0082] While several embodiments of the disclosure
have been shown in the drawings and/or described here-
in, it is not intended that the disclosure be limited thereto,
as it is intended that the disclosure be as broad in scope
as the art will allow and that the specification be read
likewise. Therefore, the above description should not be
construed as limiting, but merely as exemplifications of
particular embodiments. Those skilled in the art will en-
vision other modifications within the scope and spirit of
the claims appended hereto.

Claims

1. A method for controlling an electrosurgical genera-
tor, the method comprising:

generating the at least one electrosurgical
waveform through an RF output stage compris-
ing a pulse-width-modulator coupled to an RF
inverter, which is coupled to a power source con-
figured to output DC current,
the at least one electrosurgical waveform includ-
ing a plurality of cycles;
measuring a voltage and a current of the at least
one electrosurgical waveform;
calculating at least one of a voltage limit or a
current limit; and
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supplying a control signal to the pulse-width-
modulator based on at least one of the voltage
limit or the current to saturate the RF output
stage based on voltage-current characteristics
of the RF output stage.

2. The method according to claim 1, wherein the RF
output stage comprises at least one switching ele-
ment coupled to a controller,
wherein the controller comprises a proportional-in-
tegral-derivative controller and a pulse-width-modu-
lator, wherein the pulse-width-modulator is config-
ured to output the control signal to the at least one
switching element and adjust a duty cycle of the con-
trol signal based on an output of proportional-inte-
gral-derivative controller.

3. The method according to claim 2, wherein the con-
troller is configured to determine impedance based
on the measured voltage and current.

4. The method according to claim 3, wherein the pro-
portional-integral-derivative controller is configured
to provide the output based on the impedance.

5. The method according to claim 2, wherein the pro-
portional-integral-derivative controller comprises a
voltage limiter function, and/or
wherein, optionally, the proportional-integral-deriva-
tive controller comprises a current limiter function.

6. The method according to any preceding claim, fur-
ther comprising:

generating DC current at a power supply cou-
pled to the RF output stage; and
supplying the control signal to the power supply
based on at least one of the voltage limit or the
current limit to saturate the RF output stage
based on the voltage-current characteristics of
the RF output stage.

7. An electrosurgical generator, comprising:

an RF output stage configured to generate at
least one electrosurgical waveform including a
plurality of cycles;
at least one sensor coupled to the RF output
stage, the at least one sensor configured to
measure a voltage and a current of the at least
one electrosurgical waveform; and
a controller coupled to the at least one sensor
and the RF output stage, the controller compris-
ing a proportional-integral-derivative controller
having at least one of voltage limiter or a current
limiter, the proportional-integral-derivative con-
troller configured to saturate the RF output stage
based on voltage-current characteristics of the

RF output stage.

8. The electrosurgical generator according to claim 7,
wherein the RF output stage comprises an RF in-
verter coupled to a power source configured to out-
put DC current, preferably
wherein the RF inverter comprises at least one
switching element coupled to the controller,

9. The electrosurgical generator according to claim 7
or claim 8, wherein the controller is further configured
to increase the current of the at least one electrosur-
gical waveform to increase the generation of the
electrical discharges.

10. The electrosurgical generator according to any one
of claims 7, 8 or 9, further comprising a power supply
having an AC-DC converter coupled to the RF output
stage, wherein the RF output stage comprises an
DC-AC inverter.

11. The electrosurgical generator according to claim 10,
wherein the controller is coupled to the DC-AC in-
verter.

12. The electrosurgical generator according to claim 10,
wherein the power supply further comprises a DC-
DC converter coupled to the AC-DC converter and
the RF output stage, the DC-DC converter being cou-
pled to and controllable by the controller.

13. An electrosurgical system, comprising:

an electrosurgical generator comprising:

a power supply configured to output DC cur-
rent;
an RF output stage coupled to the power
supply, the power supply comprising at
least one switching element configured to
generate at least one electrosurgical wave-
form including a plurality of cycles from the
DC current;
at least one sensor coupled to the RF output
stage, the at least one sensor configured to
measure a voltage and a current of the at
least one electrosurgical waveform; and
a controller coupled to the at least one sen-
sor and at least one of the RF output stage
or the power supply, the controller compris-
ing a proportional-integral-derivative con-
troller having at least one of voltage limiter
or a current limiter, the proportional-inte-
gral-derivative controller configured to sat-
urate at least one the RF output stage or
the power supply based on voltage-current
characteristics of the RF output stage; and
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at least one electrosurgical instrument config-
ured to couple to the electrosurgical generator
and to supply the at least one electrosurgical
waveform to a tissue.

14. The electrosurgical generator according to claim 7
or the electrosurgical system according to claim 13,
wherein the controller comprises a pulse-width-mod-
ulator configured to output a control signal to the at
least one switching element and adjust a duty cycle
of the control signal based on an output of the pro-
portional-integral-derivative controller.

15. The electrosurgical generator according to claim 13,
wherein the controller is configured to determine im-
pedance based on the measured voltage and current
and optionally the proportional-integral-derivative
controller is configured to provide the output based
on the impedance.
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