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Description
BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION

[0001] Thisinvention relates to ultrasonic surgical sys-
tems and, more particularly, to improved apparatus for
facilitating the performance of surgical procedures such
as simultaneous soft tissue dissection and cauterization
of large and small blood vessels through the use of a
precisely controlled ultrasonically vibrating blade or scal-

pel.

2. DESCRIPTION OF THE RELATED ART

[0002] Itis known that electric scalpels and lasers can
be used as surgical instruments to perform the dual func-
tion of simultaneously effecting the incision and hemosta-
tis of soft tissue by cauterizing tissue and blood vessels.
However, such instruments employ very high tempera-
tures to achieve coagulation, causing vaporization and
fumes as well as splattering, which increases the risk of
spreading infectious diseases to operating room person-
nel. Additionally, the use of such instruments often results
in relatively wide zones of thermal tissue damage.
[0003] Cutting and cauterizing of tissue by means of
surgical blades vibrated at high speeds by ultrasonic
drive mechanisms is also well known. One of the prob-
lems associated with such ultrasonic cutting instruments
is uncontrolled or undamped vibrations, and the heat as
well as material fatigue resulting therefrom. In an oper-
ating room environment, attempts have been made to
control this heating problem by the inclusion of cooling
systems with heat exchangers to cool the blade. In one
known system, for example, the ultrasonic cutting and
tissue fragmentation system requires a cooling system
augmented with a water circulating jacket and means for
irrigation and aspiration of the cutting site. Another known
system requires the delivery of cryogenic fluids to the
cutting blade.

[0004] It is known to limit the current delivered to the
transducer as a means for limiting the heat generated
therein. However, this could result in insufficient power
to the blade at a time when it is needed for the most
effective treatment of the patient. U.S. Patent No.
5,026,387 to Thomas, which is assigned to the assignee
of the present application, discloses a system for con-
trolling the heat in an ultrasonic surgical cutting and he-
mostasis system without the use of a coolant, by control-
ling the drive energy supplied to the blade. In the system
according to this patent, an ultrasonic generator is pro-
vided which produces an electrical signal of a particular
voltage, current and frequency, e.g., 55,500 cycles per
second. The generator is connected by a cable to a hand
piece, which contains piezoceramic elements forming an
ultrasonic transducer. Inresponse to a switch onthe hand
piece or a foot switch connected to the generator by an-
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other cable, the generator signal is applied to the trans-
ducer, which causes a longitudinal vibration of its ele-
ments. A structure connects the transducer to a surgical
blade, which is thus vibrated at ultrasonic frequencies
when the generator signal is applied to the transducer.
The structure is designed to resonate at the selected fre-
quency, thus amplifying the motion initiated by the trans-
ducer.

[0005] The signal provided to the transducer is con-
trolled so as to provide power on demand to the trans-
ducer in response to the continuous or periodic sensing
of the loading condition (tissue contact or withdrawal) of
the blade. As a result, the device goes from a low power
(idle) state to a selectable high power (cutting) state au-
tomatically depending on whether the scalpel is or is not
in contact with tissue. A third, high power coagulation
mode is manually selectable with automatic return to an
idle power level when the blade is not in contact with
tissue. Since the ultrasonic power is not continuously
supplied to the blade, it generates less ambient heat, but
imparts sufficient energy to the tissue for incisions and
cauterization when necessary.

[0006] The control system in the Thomas patent is of
the analog type. A phase lock loop that includes a voltage
controlled oscillator, a frequency divider, a power switch,
a matching network and a phase detector, stabilizes the
frequency applied to the hand piece. A microprocessor
controls the amount of power by sampling the frequency
current and voltage applied to the hand piece, because
these parameters change with load on the blade.
[0007] The power versus load curve in a generator in
a typical ultrasonic surgical system, such as that de-
scribed in the Thomas patent, has two segments. The
first segment has a positive slope of increasing power,
as theloadis increased, which indicates constant current
delivery. The second segment has a negative slope of
decreasing power as the load increases, which indicates
a constant or saturated output voltage. The regulated
current for the first segment is fixed by the design of the
electronic components, and the second segment voltage
is limited by the maximum output voltage of the design.
This arrangement is inflexible since the power versus
load characteristics of the output of such a system can
not be optimized to various types of hand piece trans-
ducers and ultrasonic blades. The performance of tradi-
tional analog ultrasonic power systems for surgical in-
struments is affected by the component tolerances and
their variability in the generator electronics due to chang-
es in operating temperature. In particular, temperature
changes can cause wide variations in key system param-
eters, such as frequency lock range, drive signal level,
and other system performance measures.

[0008] Inordertooperate anultrasonicsurgical system
in an efficient manner, during startup the frequency of
the signal supplied to the hand piece transducer is swept
over a range to locate the resonance frequency. Once it
is found, the generator phase locks on to the resonance
frequency, keeps monitoring of the transducer current to
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voltage phase angle and maintains the transducer reso-
nating by driving it at the resonance frequency. A key
function of such a system is to maintain the transducer
resonating across load and temperature changes that
vary the resonance frequency. However, these tradition-
al ultrasonic drive systems have little to no flexibility with
regards to adaptive frequency control. Such flexibility is
key to the system’s ability to discriminate undesired res-
onances. In particular, these systems can only search
for resonance in one direction, i.e., with increasing or
decreasing frequencies, and their search pattern is fixed.
The system cannot hop over other resonance modes or
make any heuristic decisions, such as what resonance
(s) to skip or lock onto, and ensure delivery of power only
when appropriate frequency lock is achieved.

[0009] The prior art ultrasonic generator systems also
have little flexibility with regard to amplitude control,
which would allow the system to employ adaptive control
algorithms and decision making. For example, these
fixed systems lack the ability to make heuristic decisions
with regards to the output drive, e.g., current or frequen-
cy, based on the load on the blade and/or the current-to-
voltage phase angle. It also limits the system’s ability to
set optimal transducer drive signal levels for consistent
efficient performance, which would increase the useful
life of the transducer and ensure safe operating condi-
tions for the blade. Further, the lack of control over am-
plitude and frequency control reduces the system’s ability
to perform diagnostic tests on the transducer/blade sys-
tem and to support troubleshooting in general.

[0010] Some limited diagnostic tests performed in the
past involve sending a signal to the transducer to cause
the blade to move and the system to be brought into
resonance or some other vibration mode. Then the re-
sponse of the blade is determined by measuring the elec-
trical signal supplied to the transducer when the system
is in one of these modes. The new system has the ability
to sweep the output drive frequency, monitor the frequen-
cy response of the ultrasonic transducer and blade, ex-
tract parameters from this response, and use these pa-
rameters for system diagnostics. This frequency sweep
and response measurement mode is achieved via a dig-
ital code such that the output drive frequency can be
stepped with high resolution, accuracy, and repeatability
not existent in prior art. As a result, extensive and accu-
rate diagnostics can be performed.

[0011] A particular operation may make use of an ul-
trasonic surgical instrument followed or preceded by the
use of an Electro-surgical Unit ("ESU") in which a high
frequency electric current is delivered through the tissue
under treatment and acts as a combination scalpel and
cauterizing instrument. However, an ESU can emit a
large amount of electrical interference when activated.
This interference can impair the reliable operation of the
ultrasonic surgical equipment, which may be activated
at the same time. Thus, there is a need for a means to
temporarily disable the ultrasonic surgical equipment
during ESU activation. In the prior art this has been ac-
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complished by hardwiring the ultrasonic equipment and
the ESU together such that when the ESU is activated,
the ultrasonic equipment is disabled. However, this can
be inconvenient, since both instruments must be brought
into the operating area, even if only one is going to be
used.

SUMMARY OF THE INVENTION

[0012] The presentinvention is directed to eliminating
problems in an ultrasonic surgical system that includes
an ultrasonic generator that drives a hand piece with an
ultrasonic blade or scalpel. These problems include dif-
ficulty in locating the mechanical resonance of the blade,
excessive heat in the blade, temperature dependance of
the components of the ultrasonic generator, inconsistent
blade performance, reduced diagnostic capability, limit-
ed flexibility in the frequency and amplitude control of the
output signal, and susceptibility of the system to interfer-
ence from an electrosurgical unit. These problems are
overcome by utilizing a digital ultrasonic generator sys-
tem, which is controlled by switches on the generator
console, foot activated pedals, and hand activated
switches mounted on a hand activation assembly at-
tached to the hand piece.

[0013] In an illustrative embodiment of the invention
an ultrasonic generator and control system is housed in
a console. Connected to the console by a cable is a hand
piece that includes a piezoelectric transducer attached
by a mechanical amplifying structure to a surgical blade
or scalpel. The cable applies an electric current drive
signal from the generator to the transducer to cause it to
vibrate longitudinally. The structure and blade have a
principle resonance frequency, so that when the proper
electrical signal is applied to the transducer, the blade
will vibrate back and forth with significant longitudinal dis-
placement (e.g., 40 to 100 microns) and at an ultrasonic
rate of speed. For a given load the greater the current,
the larger the longitudinal displacement amplitude.
[0014] A switch assembly attached to the hand piece
may allow the surgeon to activate and deactivate the gen-
erator to drive the ultrasonic blade on and offrespectively.
The switch is wired to the console via the hand piece
cable. In addition, it is typical to provide a foot switch as
a way of activating the ultrasonic blade in the same man-
ner as explained for hand activation. Such a foot switch
is connected to the generator by way of another cable
which extends from the foot switch to the generator con-
sole. Further, other control switches and indicators are
provided on the console.

[0015] According to the presentinvention, the core fre-
quency control portion of a typical analog ultrasonic gen-
erator is replaced with a digital system that provides in-
creased capabilities that assist in ameliorating some of
the problems inherent in the prior art. The digital core
includes a digital signal processor or microcontroller,
which controls the frequency and sets the desired am-
plitude of the output ultrasonic signal as well as other
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system functions.

[0016] The generator uses a current amplitude feed-
back loop to set the drive current at a level selected by
the user. Setting the desired power level is set by the
user via switches on the console front panel, which level
provides an indication to the processor of the output cur-
rent level required. The processor produces a digital sig-
nal representative of the required current level, which is
converted into an analog signal that controls the ampli-
tude of a frequency signal also produced by the proces-
sor, that is supplied as an input to a push-pull amplifier.
Before being supplied as an input to the amplifier, this
signal is compared to a signal from a current sensor at
the transducer to create an outer current control loop
allowing the processor to change the drive current set
point on the fly during operation. A change of the current
set point is utilized only when the processor needs to
adjust the output drive current set point during operation
in the non-constant current portion of the power versus
load curve, in order to create a specific power curve
shape it is programmed to generate.

[0017] The constant output current control loop has a
sensor which senses: the output drive current into the
hand piece transducer. This sensed value is compared
with the signal designating the output drive current set
point (i.e. the required current) supplied by a direct digital
synthesis (DDS) circuit. The difference is fed into the in-
putofthe push-pullamplifier. In turn, the amplifier delivers
the appropriate output voltage to maintain the desired
constant drive current.

[0018] A switching power supply in the form of an ad-
justable Buck regulator supplies D.C. voltage to the push-
pull amplifier. The level of the output voltage supplied by
the Buck regulator to the push-pull amplifier is deter-
mined by sensing the amplifier output minimum voltage
which is required such that the amplifier will operate un-
der the most efficient conditions without dissipating un-
necessary or excess power and comparing it to a fixed
reference.

[0019] In order to set the generator operation at the
resonance of the hand-piece transducer, the microproc-
essor produces a frequency signal that sweeps either
from above or below the target resonance frequency in
search for this resonance. The current and voltage sen-
sors at the transducer provide signals to the processor
enabling it to calculate the instantaneous impedance of
the transducer and blade combination. A change in this
impedance along with a change in the current-to-voltage
phase angle indicates resonance. The frequency signal
from the processor is digital, butis converted to an analog
signal by the direct digital synthesizer (DDS), whose out-
put amplitude (i.e. full scale of its output) is controlled by
the current set point signal. The voltage and current sen-
sor signals are also provided to zero crossing detectors
that control the starting and stopping of a counter driven
by an oscillator with fixed and precise frequency. As a
result, the digital value in the counter is an indication of
the output current to output voltage phase angle or dif-
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ference. This digital signal is provided to the processor
which compares it to a digital phase angle set point, a
process that generates an error input signal for the res-
onance frequency control loop. This error signal is ap-
plied to a phase error correction algorithm whose output
is the digital representation of the frequency of the signal
that drives the push-pull amplifier so as to complete the
frequency close loop control. Thus, the system has a
digitally controlled frequency as well as current set point
amplitude loops. This provides significant flexibility and
accuracy.

[0020] Using this digital topology in the generator
makes it possible to achieve increased consistency of
harmonic scalpel performance by better control of the
electrical signals driving the transducers which resonate
the ultrasonic blade. The described topology allows the
system to individually regulate the three elements of out-
put current, output voltage and output power. This pro-
vides flexibility such that the power versus load curve
can be tailored for specific hand pieces and/or blade
types to allow for the delivery of desired tissue effects.
[0021] The system also provides hardware based
safety mechanism by which output current in excess of
the maximum allowed current for each specific power
level can not be delivered into the hand piece transducer,
such that unsafe excess displacement of the ultrasonic
blade tip is prevented. In addition to preventing unsafe
excess displacement of the ultrasonic blade, this mech-
anism ensures both transducer and blade operate in a
region that is best for their reliability. This is achieved by
sensing the output current and comparing it, with a set
of comparators, to individual set points for each of the
designated power levels selectable by the user. The sys-
tem output drive is shut down when the output current is
determined to be in excess of the maximum allowed cur-
rent level for the specific power level utilized. When not
controlling the current for the designated power levels
during normal operation, this arrangement s also utilized
to ensure the current during diagnostic tests is not in ex-
cess of the designated output current for the user initiated
diagnostic mode.

[0022] To allow the drive signals to be tailored for in-
dividual hand pieces and/or blades, the following key pa-
rameters affecting the system electrical output signals
are stored in non-volatile memory embedded in the hand
piece cable: (1) current set point (optimal current level to
drive the particular transducer while in the constant cur-
rent region of the output power versus load curve); (2)
maximum output voltage (along with the current set point
that designates the maximum output power drive); (3)
regulation mode (identifies the parameter the generator
is required to regulate, e.g. voltage or power, as the load
increases beyond the point were the maximum output
power of the generator has been reached); (4) maximum
load point (the maximum load the generator should use
to drive the specific hand piece utilized, larger loads
should not be driven); and (5) frequency lock range (des-
ignates the frequency range for both the seek and main-
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tain sweep range in search for resonance.

[0023] In addition, the digital system provides im-
proved performance (at start up and under load, minimal
performance degradation with temperature variations,
and reduced tolerance requirements form the transducer
and blade designs. It also provides consistency between
hand pieces (current and voltage drive level require-
ments are set during the manufacturing process of the
transducer) and extended useful life of the hand piece.
These benefits are achieved by employing a topology
that includes a digital signal processor (DSP), a direct
digital synthesis (DDS) circuit, a digital phase detection
scheme, and direct sensing of transducer current and
applied voltage which are digitally fed into the DSP to
achieve tight analog regulation of output current drive by
having the microprocessor control and regulate the out-
put drive frequency. The benefits are also achieved by
utilization of the microprocessor software control to
change the current set point for the analog closed loop
output current regulation circuit during operation, which
allows switching to voltage or power regulation as de-
sired.

[0024] Another key advantage of the system is that it
has a frequency lock range that is temperature stable,
free of the effects of electronic component variability, and
as narrow as required. The range is digitally set as pa-
rameter stored inside the hand piece in non volatile mem-
ory. It also has the ability to sweep the output frequency
in either up or down directions, as well as to hop in fre-
quency, such that the transition between one frequency
and another occurs at the zero crossing of the sine wave,
which ensures minimal distortion of the signal, thereby
preventing erroneous operation and minimizing electro-
magnetic interference. This results in related relaxed de-
sign tolerances for the transducers and blades. The fre-
quency can also be swept for diagnostic purposes where
individual frequencies are set, output current drive levels
are set, and measurements of transducer behaviors are
monitored by sensing the output drive voltage and cur-
rent-to-voltage phase angle, which allows an impedance
calculation. Furthermore, the output drive signal can be
controlled such that the output current, voltage and power
can be regulated.

[0025] In order to avoid accidental contact with tissue
during a user initiated diagnostic tests, the tests can be
initiated by two switch operations. For example, the di-
agnostic test may be initiated by activation of a button on
the front panel of the generator and the foot pedal switch
or the hand piece switch. This requirement for a combi-
nation of switches to activate the diagnostic mode helps
to eliminate the possibility of accidental movement of the
blade while it is either in contact with tissue or another
object, which could result in incorrect diagnostic results
or harm to the user.

[0026] The inventive ultrasonic generator can further
be arranged so that it can be automatically disabled in
the presence of electrical interference from an Electro-
surgical Unit. This is accomplished by equipping the gen-
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erator with a noise emission detector. When noise of this
type is detected, the activation of the ultrasonic surgical
system is inhibited. This noise emission detector may be
in the form of an antenna created by the hand piece cable
or by pick-up coils located inside the hand piece or con-
sole of the generator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The foregoing and other features of the present
invention will be more readily apparent from the following
detailed description and drawings of an illustrative em-
bodiment of the invention in which:

FIG. 1 is an illustration of a console for an ultrasonic
surgical cutting and hemostasis system, as well as
a hand piece and foot switch, in accordance with an
exemplary embodiment of the present invention;
FIG. 2 is a schematic view of a cross section through
the ultrasonic scalpel hand piece;

FIG. 3 is a block diagram illustrating the ultrasonic
system according to an embodiment of the present
invention;

FIG. 4 is a state diagram for a portion of the operation
of the phase detection logic of the system shown in
FIG. 3; and

FIG. 5 is a graph of phase slope vs. Impedance at
0° Phase for the system of FIG. 3.

DESCRIPTION OF ILLUSTRATIVE EXEMPLARY EM-
BODIMENTS

[0028] FIG. 1 shows an illustration of a console or
housing 10 for an ultrasonic generator and a control sys-
tem for the ultrasonic surgical system of the present in-
vention. By means of a first set of wires in cable 20, elec-
trical energy, i.e., drive current, is sent from the console
10 to a hand piece 30 where it imparts ultrasonic longi-
tudinal movement to a surgical device, such as a sharp
scalpel blade 32. This blade can be used for simultane-
ous dissection and cauterization of tissue. The supply of
ultrasonic current to the hand piece 30 may be under the
control of a switch 34 located on the hand piece, which
is connected to the generator in console 10 via a wire in
cable 20. The generator may also be controlled by a foot
switch 40, which is connected to the console 10 by an-
other cable 50. Thus, in use a surgeon may apply an
ultrasonic electrical signal to the hand piece, causing the
blade to vibrate longitudinally at an ultrasonic frequency,
by operating the switch 34 on the hand piece with his
finger, or by operating the foot switch 40 with his foot.

[0029] The generatorconsole 10includes aliquid crys-
tal display device 12, which can be used for indicating
the selected cutting power level in various means such,
as percentage of maximum cutting power or numerical
power levels associated with cutting power. The liquid
crystal display device 12 can also be utilized to display
other parameters of the system. Power switch 11 is used
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to turn on the unit. While it is warming up, the "standby"
light 13 is illuminated. When it is ready for operation, the
"ready" indicator 14 is illuminated and the standby light
goes out. If the unit is to supply maximum power, the
MAX button 15 is depressed. If a lesser power is desired,
the MIN button 17 is activated. This automatically deac-
tivates the MAX button. The level of power when MIN is
active is set by button 16.

[0030] If a diagnostic test is to be performed, it is initi-
ated by the "test" button19. For safety reasons, e.g., to
make sure a test is not started while the blade is touching
the surgeon or other personnel, the button 19 must be
pressed in combination with hand piece switch 34 or foot
switch 40. Also, if the hand switch 34 is to be operative
instead of foot switch 40, "hand activation" button 18 on
the front panel must be operated.

[0031] When power is applied to the ultrasonic hand
piece by operation of either switch 34 or 40, the assembly
will cause the surgical scalpel or blade to vibrate longi-
tudinally at approximately 55.5 kHz, and the amount of
longitudinal movement will vary proportionately with the
amount of driving power (current) applied, as adjustably
selected by the user. When relatively high cutting power
is applied, the blade is designed to move longitudinally
in the range of about 40 to 100 microns at the ultrasonic
vibrational rate. Such ultrasonic vibration of the blade will
generate heat as the blade contacts tissue, i.e., the ac-
celeration of the blade through the tissue converts the
mechanical energy of the moving blade to thermal energy
in a very narrow and localized area. This localized heat
creates a narrow zone of coagulation, which will reduce
or eliminate bleeding in small . vessels, such as those
less than one millimeter in diameter. The cutting efficien-
cy of the blade, as well as the degree of hemostasis, will
vary with the level of driving power applied, the cutting
rate of the surgeon, the nature of the tissue type and the
vascularity of the tissue.

[0032] Asiillustrated in more detail in FIG. 2, the ultra-
sonic hand piece 30 houses a piezoelectric transducer
36 for converting electrical energy to mechanical energy
that results in longitudinal vibrational motion of the ends
of the transducer. The transducer 36 is in the form of a
stack of ceramic piezoelectric elements with a motion
null point located at some point along the stack. The
transducer stack is mounted between two cylinders 31
and 33. In addition a cylinder 35 is attached to cylinder
33, which is mounted to the housing at another motion
null point 37. A horn 38 is also attached to the null point
on one side and to a coupler 39 on the other side. Blade
32 is fixed to the coupler 39. As a result, the blade 32 will
vibrate in the longitudinal direction at an ultrasonic fre-
quency rate with the transducer 36. The ends of the trans-
ducer achieve maximum motion with a portion of the
stack constituting a motionless node, when the transduc-
er is driven with a current of about 380mA RMS at the
transducers’ resonant frequency. However, the current
providing the maximum motion will vary with each hand
piece and is a valve stored in the non-volatile memory of

10

15

20

25

30

35

40

45

50

55

the hand piece so the system can use it.

[0033] The parts of the hand piece are designed such
that the combination will oscillate at the same resonant
frequency. In particular, the elements are tuned such that
the resulting length of each such element is one-half
wavelength. Longitudinal back and forth motion is ampli-
fied as the diameter closer to the blade 32 of the acous-
tical mounting horn 38 decreases. Thus, the horn 38 as
well as the blade/coupler are shaped and dimensioned
so as to amplify blade motion and provide harmonic vi-
bration in resonance with the rest of the acoustic system,
which produces the maximum back and forth motion of
the end of the acoustical mounting horn 38 close to the
blade 32. A motion at the transducer stack is amplified
by the horn 38 into a movement of about 20 to 25 microns.
A motion at the coupler 39 is amplified by the blade 32
into a blade movement of about 40 to 100 microns.
[0034] The system which creates the ultrasonic elec-
trical signal for driving the transducer in the hand piece
is illustrated in FIG. 3. This drive system is flexible and
can create a drive signal at a desired frequency and pow-
er level setting. A microprocessor 60 in the system is
used for monitoring the appropriate power parameters
and vibratory frequency as well as causing the appropri-
ate power level to be provided in either the cutting or
coagulation operating modes.

[0035] A.C. power from a line 71 is provided to the
power supply 72. This power may be from 90 to 267 volts
RMS at 50 to 60 cycles. The power supply sends part of
the input, i.e., a 48 vac signal to a D.C. to D.C. converter
74 which uses this regulated A.C. voltage to create the
low D.C. system voltages needed to operate the elec-
tronic circuits for the rest of the system, e.g., £15 volts
DC and * 5 volts DC.

[0036] The power supply 72 also provides a 48 vac
signal to Adjustable Buck regulator 76, which is a switch-
ing regulator that changes the 48 vac to a lower D.C.
signal that is required as a supply voltage by a push-pull
amplifier 78. The output of amplifier 78 is applied to a
transformer 86 (Figure 3b), which provides an isolated
signal over line 85 to the piezoelectric transducer 36 in
hand piece 30. This transducer drives the scalpel blade
32. The transformer 86 has about a 1:7 voltage step up
ratio and its main purpose is to isolate the patient circuit
represented by the hand piece transducer 36 of the hand
piece from the amplifier 78.

[0037] A signal is tapped off the drains of one of the
field effect transistors in the push-pull amplifier 78. This
signal, which is indicative of the output voltage, is passed
through a loop filter 80 and is applied to the minus input
of a summing node 84. The plus input to node 84 has a
fixed reference voltage 82 applied to it. The output of
node 84 is fed to the Buck regulator 76. This output gen-
erates a feed back control loop from the push-pull am-
plifier 78 to the Buck regulator 76, through loop filter 80,
and summing node 84. The push-pull amplifier can op-
erate over a range of approximately of 5 to 44 volts D.C.
supply voltage from the Buck regulator. However, if the
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amplitude of the output voltage for a particular power
setting is low and the Buck regulator output voltage is
high, the push pull amplifier 78 must produce a voltage
drop to compensate. This makes operation of the ampli-
fier inefficient. However, in this case the output voltage
of the Buck regulator 76 is lowered via the feedback
mechanism arrangement of the line tapped off the drains
of the two field effect transistors that make up the main
circuit of the push-pull amplifier 78, the loop filter 80, the
summing node 84, and the fixed reference 82. The signal
applied to the loop filter 80 is near ground level if the
transistors are dissipating a normal amount of power. If
the transistors are dissipating more power, the drain volt-
age is higher, and that voltage drives the Buck regulator
76 through loop filter 80 and the summing node 84 to
lower its supply voltage to the push-pull amplifier 78. As
a switching regulator, the Buck circuit 76 can create a
voltage drop in an efficient manner, as opposed to the
push-pull amplifier 78 which is linear amplifier.

[0038] The loop filter 80 keeps the push-pull amplifier
78 and supply voltage feedback loop from becoming un-
stable. The fixed reference 82 makes sure that the supply
voltage to the push-pull amplifier 78 is at least a certain
amount above the minimum supply voltage required by
the push-pull amplifier 78 in order to operate linearly,
such that it does not generate a distorted output voltage
sine wave. This guarantees efficient operation of the
push-pull amplifier 78 as the supply voltage to it from the
Buck regulator 76 is raised or lowered as more or less
output voltage is required to deliver the required current
level.

[0039] A current sense 88 (Figure 3b), in the form of a
second isolation transformer across a sense resistor,
senses the amount of current in line 85 at the input to the
transducer 36. In addition, voltage sense 92, in the form
of a third isolation transformer, measures the voltage at
the input line 85 to the transducer 36. The current sense
signal is applied to stabilizing loop filter 94, whose output
is compared to a variable set point in a summing node
96. The creation of the set point will be described below.
The output of node 96 drives the push-pull amplifier 78
at a current amplitude maintained by the feedback loop
of current sense 88, loop filter 94 and node 96. This is a
current amplitude control loop.

[0040] The signal from current sense 88 and the volt-
age sense 92 are applied to zero crossing detectors 100
and 102, respectively (Fig. 3b). These detectors produce
output pulses whenever the current and voltage signals
cross zero. The current zero crossing signal is applied
to the start input of a counter (not shown) in phase de-
tection logic 104, while the voltage zero cross signal is
applied to the stop input ofthe counter in the phase de-
tection logic 104. An oscillator (not shown) providing a
clock signal operating, e.g., at 40 MHz, is located in the
detection logic 104. It drives the counter from the start
pulse to the stop pulse. As aresult, the count of the coun-
ter is related to the current/voltage phase difference or
delta in the signal applied to the transducer. The larger
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the count, the greater the phase delta. The phase detec-
tion logic may also perform other functions and may be
implemented with a programmable logic array. With the
40 MHz clock and a 55.5 KHz nominal transducer drive
frequency, the phase detection logic 108 provides a
phase resolution of approximately 0.5°.

[0041] The phase detection logic further executes rou-
tines equivalent to two phase delta state machines, one
for a raising edge phase delta and one for a falling edge
delta. Each of these is made available to the DSP through
a register interface. The state machine operation for a
rising edge zero crossing detection is shown in FIG. 4
and begins in the IDLE state (0001). Arising current edge
sends it to the LEAD state (0010), A in FIG. 4, while a
rising voltage edge sends it to the LAG state (0100), B
in FIG. 4. This causes the phase counter to increment or
decrement, respectively, a the 40MHzrate. Itis also pos-
sible for concurrent voltage and current rising edges to
occur, e.g., when at zero phase. In this case, the state
machine goes directly to DELTA state (1000), i.e., C in
FIG. 4. The counter value is captured, but it should be
zero.

[0042] Once in the LEAD or LAG state, if any falling
edge is seen before the rising edge of the other signal,
the state machine resets to the IDLE state (0001), i.e.,
D or E, respectively. Since the transducer phase range
is only » +90°, these two situations represent an abnor-
mal case and will preclude a phase measurement until
the next legitimate sequence is seen. The early falling
edge is assumed to have been caused by multiple zero
crossings of a noisy signal. As a result, the phase counter
is disabled and reset to zero.

[0043] Wheninthe LEAD state (0010), arising voltage
signal sends the machine to the DELTA state (1000), i.e.,
F, which indicates that a legitimate current leading (pos-
itive phase) cycle has been detected. In the LAG state
(0100), a rising current signal sends the machine to the
DELTA state, i.e., G. Again, a legitimate cycle has been
detected. But in this case it is a current lagging (negative
phase) cycle.

[0044] In the DELTA state, the phase counter is
stopped, the counter value, which represents the phase
reading, is captured, the value is copied to a register in
order to make the reading available to the DSP, and the
counter is reset. Further, when in DELTA state, if both
signals are low, the machine returns to the IDLE state,
path H. As a result, the phase counter is reset to zero.
[0045] The diagram of Fig. 4 is of the rising edge zero
cross detection state machine. The falling edge state ma-
chine can be easily derived by inverting the logic of the
voltage and current signals.

[0046] The phase delta, which is a digital count, is pro-
vided to the digital signal processor (DSP) or microproc-
essor 60 over line 140. It is used as the negative input
to a summing node 110 in the DSP or microprocessor,
while a stored digital phase set point number is applied
to the positive input. The output of node 110 is a digital
phase error. The digital phase error signal is passed
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through a phase error filter 112, which acts to stabilize
the circuit. In turn the filtered phase error signal is used
by a phase correction algorithm implemented 114 also
by the DSP or microprocessor 60. A change of the current
set point is utilized only when the processor needs to
adjust the output drive current set point during operation
in the non-constant current portion of the power versus
load curve, in order to create a specific power curve
shape it is programmed to generate.

[0047] Signals from the current sense 88 and voltage
sense 92 are also applied to current and voltage aver-
aging circuits 120 and 122, respectively, which are in the
form of full wave rectifier and averaging circuits. The
measured signals are converted to RMS current and volt-
age values through known scaling factors. This conver-
sion to RMS values provides the most accuracy only
when the monitored waveform is sinusoidal. The more
non-sinusoidal distortion in the signal, the less accurate
the reading. Since the current and voltage waveforms
are usually close to sinusoidal, the measurement tech-
nique is appropriate. Harmonic distortion, which is also
sinusoidal, superimposed on the fundamental drive sig-
nal does not negatively affect this measurement.
[0048] The drive voltage of the harmonic scalpel trans-
ducer exhibits asymmetrical harmonic distortion. Be-
cause it is asymmetrical, it must be composed of even
and odd harmonics. The distortion is most evident when
the voltage, and therefore the mechanical load on the
blade, are low. This is because the magnitude of the har-
monics is unaffected by the mechanical loading. Thus,
at low mechanical load the harmonic contribution is a
much higher percentage of the signal. Itis not reasonable
to reduce this distortion since the distortion is a mechan-
ical effect caused by feedback from the excitation of sec-
ondary resonance(s). The distortion can have a negative
effect on the ability to measure the impedance phase and
magnitude.

[0049] Implementation of a filter with discrete compo-
nents or the DSP could give a more accurate measure-
ment of the primary resonance impedance. The result
would be more sinusoidal, but not an accurate measure-
ment of the totalimpedance, since the harmonics do con-
tribute. However, the full-wave rectified averaging meth-
od chosen to measure impedance magnitude is relatively
immune to the affects of the harmonic distortion. The
challenge is to minimize the impact on the measurement
ofthe impedance phase. The method chosen to measure
phaseisto measure the distance between the zero cross-
es of the voltage and current signals. When the harmonic
distortion appears near the zero crossing of a signal, it
can cause the location of the zero crossing to vary sig-
nificantly. Also, the harmonic distortion usually causes
the voltage waveform to have other than a 50% duty cy-
cle. Measuring the "phase" at the rising edge zero cross-
es yields an entirely different reading than the "phase"
at the falling edge zero crosses. Averaging the two read-
ings provides a more accurate phase reading, but would
still have significant error if the harmonic distortion was
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not centered about the crest of the voltage waveform.
Using the average of the falling edge and the rising edge
phase measurements as the accepted phase reading,
and regulating to a target of 0° phase, causes the har-
monic distortion to center about the crest of the voltage
waveform. The affects of the harmonic distortion are,
therefore, minimized to an acceptable degree with this
architecture and processing.

[0050] In implementing this concept, the analog aver-
age value signals created by circuits 120, 122 are con-
verted by respective analog-to-digital converters (ADC)
circuits 124 and 126, respectively. By applying the digital
outputs of ADC 124, 126, which represent the average
current and voltage applied to the transducer 36, to the
DSP or microprocessor over input lines 142, 144 can
calculate the instantaneous average impedance of the
transducer to be utilized for the phase correction algo-
rithm 114.

[0051] Since the DSP 60 or microprocessor, when im-
plementing the phase correction algorithm 114 calcu-
lates and knows the impedance and the phase error of
the signals driving the transducer, it can generate the
frequency signal 146 for the system so that it locates the
resonance frequency for the transducer/blade assembly.
For example, under the control of a program stored in
the DSP or microprocessor 60 as the phase correction
algorithm, the frequency during startup can be made to
be a set value, e.g., 50 kHz. It can than be caused to
sweep up ata particular rate until a change inimpedance,
indicating the approach to resonance, is detected. Then
the sweep rate can be reduced so that the system does
not overshoot the resonance frequency, e.g., 55 kHz.
The sweep rate can be achieved by having the frequency
change in increments, e.g., 50 cycles. If a slower rate is
desired, the algorithm program can decrease the incre-
ment, e.g., to 25 cycles which both can be based adap-
tively on the measured transducerimpedance magnitude
and phase. Of course, a faster rate can be achieved by
increasing the size of the increment. Further, the rate of
sweep can be changed by changing the rate at which the
frequency increment is updated.

[0052] Ifitis known that there is an undesired resonant
mode , e.g., at say 51 kHz, the program can cause the
frequency to sweep down, e.g., from 60 kHz, to find res-
onance. Also, the system can sweep up from 50 kHz and
hop over 51 kHz where the undesired resonance is lo-
cated. In any event, the system has a great degree of
flexibility.

[0053] To carry out this operation it is necessary to
implement a transducer drive phase control algorithm
that seeks and then maintains the desired phase angle
between the transducer voltage and the transducer cur-
rent. The transducer drive phase is dependent on the
frequency of the drive signal. However, the desired phase
will not always be found at the same frequency because
it is dependent on the characteristics of the transducer.
These characteristics can vary from transducer to trans-
ducer, and over temperature.
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[0054] The parameters controlling the drive control al-
gorithm are the transducer impedance average magni-
tude, and the transducerimpedance average phase. The
outputs of this algorithm are the frequency set point to a
DDS (Direct Digital Synthesis) and the transducer current
magnitude set point. Utilizing the algorithm, the DSP first
seeks the target 0° impedance phase delta. The frequen-
cy of the DDS is set to an off-resonance frequency that
is lower than the resonance of any known transducer/
blade combination. When off resonance, the impedance
magnitude of the system is very high. In order for the
voltage to not exceed the physical limit of the system,
the currentis set very low. The frequency is then smoothly
increased until the target 0° impedance phase delta is
found. As resonance approaches, a corresponding drop
intheimpedance magnitude occurs. The current set point
can be raised to the point that the voltage magnitude falls
just below the physical limit of the system. The frequency
must be smoothly ramped to avoid oscillation of the trans-
ducer impedance magnitude and phase. Oscillation oc-
curs when the seeking results in a rate of change of dis-
placement (dd/dt) which exceeds the maximum dd/dt
which occurs in the natural mechanical resonance of the
blade and hand piece. The frequency step to be used is
dependent on the transducer impedance magnitude and
phase. A two dimensional lookup table, of which the im-
pedance phase and magnitude are the two indices, can
be used to contain the frequency step values. The higher
the impedance magnitude and phase, the higher the fre-
quency step. The frequency step is applied at a rate of
2 KHz or greater.

[0055] Once the target phase delta has been found, it
must be maintained. The frequency at which the target
0° impedance phase occurs can drift due to temperature
change of the transducer, or it can move rapidly due to
amechanical load change at the hand piece. To maintain
the target 0° impedance phase, the impedance phase
and magnitude are measured and used to determine a
frequency correction (see FIG. 5, Phase Slope vs. Im-
pedance at 0° Phase):

fp = * phase_slope(|z|) * k

where fp = the calculated frequency change, f = phase
reading, z = impedance, k = a scaling factor. The fre-
quency/phase slope vs. impedance magnitude curve
was determined through a mathematical modeling of the
transducer. It should be noted that the phase slope curve
does not change significantly for these purposes for ap-
proximately +40° from 0° phase. Therefore the curve will
still be applicable even when slightly off resonance. The
scaling factor is a fractional number less than 1 which is
applied to prevent overshoot. This is necessary due to a
delay in impedance phase and magnitude measure-
ments due to filtering. The impedance magnitude and
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phase readings are filtered with a moving window aver-
age routine. This correction function is applied at a 1KHz
rate.

[0056] AsshowninFIG. 3, the digital frequency signal
146 from the phase correction algorithm 114 is applied
to direct digital synthesis (DDS) circuit 128. DDS 128 is
a numerically controlled oscillator whose analog sine
wave output frequency varies according to a digital fre-
quency code input, such as signal 146.

[0057] In operation, the user sets a particular power
level to be used with the surgical instrument. This is done
with power level selection switch 16 on the front panel of
the console. The switch generates signals 150 that are
applied to the DSP 60. The DSP 60 then displays the
selected power level by sending a signal on line 152 (Fig.
3b) to the console front panel display 12. Further, the
DSP 60 generates a digital current level signal 148 that
is converted to an analog signal by digital-to-analog con-
verter (DAC) 130. The resulting reference analog signal
is applied as a current set point to summing node 132.
A signal representing the average output current from
circuit 120 is applied to the negative input of node 132.
The output of node 132 is a current error signal or am-
plitude control signal which is applied to DDS 128 to ad-
just the amplitude of its output, as opposed to the fre-
quency of its output, which is controlled by the signal on
line 146 from the DSP 60. The arrangement of current
levelsignal 148, DAC 130, summing node 132, and signal
supplied by average output voltage 122 allows the DSP
to adjust the output current such that it can generate a
desired power versus load curve when not in constant
current mode.

[0058] Thedigitalfrequency signal 146 and analog am-
plitude control signal from node 132 are converted by the
DDS 128 to an analog output signal that is applied to
summing node 96 as the positive input. The negative
input to node 96 is the output of current sense 88 after it
has been passed through a loop-stabilizing filter 94. The
output of node 96 is the drive signal for the push-pull
amplifier 78, whose supply voltage is under the control
of the loop with the adjustable Buck regulator 76.
[0059] To actually cause the surgical blade to vibrate,
the user activates the foot switch 40 or the hand piece
switch 34. This activation puts a signal on line 154 in Fig.
3a. This signal is effective to cause power to be delivered
from push-pull amplifier 78 to the transducer 36. When
the DSP 60 has achieved phase lock at the hand piece
transducer resonance frequency and power has been
successfully applied to the hand piece transducer, an
audio drive signalis put on line 156. This causes an audio
indication in the system to sound, which communicates
tothe user that power is being delivered to the hand piece
and that the scalpel is active and operational.

[0060] Using digital control of the generator makes it
possible to achieve increased consistency of harmonic
scalpel performance by better control of the electrical sig-
nals driving the transducers 36 which resonate the ultra-
sonic blade 32. This digital system can individually reg-
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ulate the three elements of output current, output voltage
and output power. This provides flexibility such that the
power versus load curve can be tailored for specific hand
pieces and/or blade types to allow for the delivery of de-
sired tissue effects.

[0061] The system also provides hardware based
safety mechanism by which output current in excess of
the maximum allowed current for each specific power
level can not be delivered into the hand piece transducer,
such that unsafe excess displacement of the ultrasonic
blade tip is prevented. This is achieved by storing a max-
imum current value in the system and having DSP 60
compare the average current from circuit 120 to that val-
ue. If it is exceeded, the system can automatically shut
down.

[0062] In addition to preventing unsafe excess dis-
placement of the ultrasonic blade, the digital control can
be use to ensures both transducer and blade operate in
a region that is best for their reliability. This is achieved
by sensing the output current and comparing it, with a
set of comparators, to individual set points for each of
the designated power levels selectable by the user. The
system output drive is shut down when the output current
is determined to be in excess of the maximum allowed
current level for the specific power level utilized.

[0063] When not controlling the current for the desig-
nated power levels during normal operation, the digital
system can be use to ensure that the current during di-
agnostic tests is not in excess of the designated output
current for the user initiated diagnostic mode.

[0064] To allow the drive signals to be tailored for in-
dividual hand pieces and/or blades, the following key pa-
rameters affecting the system electrical output signals
can be stored in non-volatile memory embedded in the
hand piece cable: (1) current set point (optimal current
level to drive the particular transducer while in the con-
stant current region of the output power versus load
curve); (2) maximum output voltage (along with the cur-
rent set point that designates the maximum output power
drive); (3) regulation mode (identifies the parameter the
generator is required to regulate, e.g. voltage or power,
as the load increases beyond the point were the maxi-
mum output power of the generator has been reached);
(4) maximum load point (the maximum load the generator
should use to drive the specific hand piece utilized, larger
loads should not be driven); and (5) frequency lock range
(designates the frequency range for both the seek and
maintain sweep range in search for resonance. The DSP
can then read these values and control the generation
ofthe ultrasonic frequencies to assure thatthe hand piece
is operated efficiently and safely.

[0065] In addition, the digital system provides im-
proved performance (at start up and under load, minimal
performance degradation with temperature variations,
and reduced tolerance requirements form the transducer
and blade designs. It also provides consistency between
hand pieces (current and voltage drive level require-
ments are set during the manufacturing process of the
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transducer) and extended useful life of the hand piece.
These benefits are achieved by employing the DSP, the
direct digital synthesis (DDS) circuit, the digital phase
detection scheme, and direct sensing of transducer cur-
rent and applied voltage which are digitally fed into the
DSP to achieve tight regulation of the output current drive
by having the DSP control and regulate the output drive
frequency. The benefits are also achieved by utilization
of the microprocessor software control to change the cur-
rent set point for the analog closed loop output current
regulation circuit during operation, which allows switch-
ing to voltage or power regulation as desired.

[0066] Another key advantage of the system is that the
digital system provides a frequency lock range that is
temperature stable, free of the effects of electronic com-
ponent variability, and as narrow as required. The range
can be digitally set as parameter stored inside the hand
piece in non volatile memory. The system also has the
ability to sweep the output frequency in either up or down
directions, as well as to hop in frequency, such that the
transition between one frequency and another occurs at
the zero crossing of the sine wave, which ensures mini-
mal distortion of the signal, thereby preventing erroneous
operation and minimizing electromagnetic interference.
This results in related relaxed design tolerances for the
transducers and blades. The frequency can also be
swept for diagnostic purposes where individual frequen-
cies are set, output currentdrive levels are set, and meas-
urements oftransducer behaviors are monitored by sens-
ing the output drive voltage and current-to-voltage phase
angle, which allows an impedance calculation. Further-
more, the output drive signal can be controlled such that
the output current, voltage and power can be regulated.
[0067] In order to avoid accidental contact with tissue
during a user initiated diagnostic tests, the tests can be
initiated by two switch operations. For example, the di-
agnostic test may be initiated by activation of a button on
the front panel of the generator and the foot pedal switch
or the hand piece switch. This requirement for a combi-
nation of switches to activate the diagnostic mode helps
to eliminate the possibility of accidental movement of the
blade while it is either in contact with tissue or another
object, which could result in incorrect diagnostic results
or harm to the user.

[0068] The inventive ultrasonic generator can further
be arranged so that it can be automatically disabled in
the presence of electrical interference from an Electro-
surgical Unit. This is accomplished by equipping the gen-
erator with a noise emission detector. When noise of this
type is detected, the activation of the ultrasonic surgical
system is inhibited. This noise emission detector may be
in the form of an antenna created by the hand piece cable
or by pick-up coils located inside the hand piece or con-
sole of the generator.

[0069] Whilethe invention has been particularly shown
and described with reference to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made
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therein without departing from the scope of the invention.

Claims

An ultrasonic surgical system including a controlla-
ble ultrasonic energy generator, a hand piece (30)
with a blade (32) that is vibratable at an ultrasonic
resonance frequency rate by energy from the gen-
erator, and a switch for indicating to the generator
the amplitude and frequency of the energy supplied
tothe hand piece, said ultrasonic generator compris-

ing:

an analog input drive signal generator adapted
to generate an input drive signal having an am-
plitude and frequency;

an amplifier (78) adapted to receive the analog
input drive signal and to supply the energy to
the hand piece through a line (85) in response
thereto;

a current sensor (88) adapted to sense the cur-
rent in the line (85) and to produce a current
signal related thereto;

a comparator (84) adapted to compare the cur-
rent signal to a variable preset current value and
to produce a difference signal that is applied to
the analog input drive signal generator so as to
change the amplitude of the drive signalto cause
the current signal to match the preset value;

a voltage sensor (92) adapted to sense the volt-
age on the line (85) and to produce a voltage
signal related thereto;

adigital phase detector (100, 102, 104) adapted
to compare the current signal to the voltage sig-
nal and to generate a digital phase code related
to the phase difference between them;

adigital impedance detector (120, 122) adapted
to compare the ratio of the voltage signal to the
current signal and to generate a digital imped-
ance code related thereto;

a digital controller adapted to receive the digital
phase code and the digital impedance code and
to produce a digital frequency code in response
thereto which is at a frequency which represents
the resonance of the hand piece; and

a direct digital synthesis circuit adapted to con-
vert the digital frequency code to an analog fre-
quency signal that is applied to the analog input
drive signal generator so as to maintain the fre-
quency at the resonance frequency.

The ultrasonic surgical system of claim 1 further in-
cluding a controlled power supply for said amplifier
which supplies power at a level to assure efficient
operation of said amplifier.

The ultrasonic surgical system of claim 2 wherein
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the controlled power supply comprises:

a fixed reference voltage (82);

a comparator (84) adapted to compare the out-
put of the amplifier to the fixed reference voltage
and to generate a power control signal in re-
sponse thereto;

an adjustable Buck regulator (76) adapted to re-
ceive a supply of power at one level and produce
a supply of power at a different level based on
the power control signal, the power at the differ-
ent level being supplied to the amplifier.

The ultrasonic surgical system of claim 3 wherein
the output of the amplifier is connected to said com-
parator (84) by a loop filter (80).

The ultrasonic surgical system of claim 1 wherein
the digital phase detector comprises:

a voltage signal zero crossing detector (102)
adapted to produce a voltage zero signal when
said voltage signal crosses a zero axis;

a current signal zero crossing detector (100)
adapted to produce a current zero signal when
said current signal crosses a zero axis;

a circuit (104) for measuring the time between
the voltage zero signal and the current zero sig-
nal and producing a digital code related thereto.

6. The ultrasonic surgical system of claim 1 wherein

the digital impedance detector comprises:

a voltage averaging circuit (122) adapted to pro-
duce a voltage average signal based on the said
voltage signal;

a current averaging circuit (120) adapted to pro-
duce a current averaging signal based on said
current signal; and

wherein said digital controller is adapted to con-
tinuously generate the ratio of the voltage aver-
age signal to the current average signal as an
impedance signal, and wherein a change in said
impedance signal as the drive signal frequency
changes indicates an approach to said reso-
nance frequency.

The ultrasonic surgical system of claim 1 further in-
cluding a power level switch circuit which determines
the preset current level.

The ultrasonic surgical system of claim 7 wherein
the power level switch circuit comprises:

a power level switch connected to said digital
controller and causing said digital controller to
produce a digital current level signal;

a digital-to-analog convertor (130) for changing
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the digital current level signal into an analog cur-
rent level signal;

a current averaging circuit (120) adapted to pro-
duce a current average signal based on the said
current signal from said current sensor;

a current comparator (132) adapted to compare
the analog current level signal and the average
current signal and to produce an amplitude con-
trol signal, said amplitude control signal which
is applied to the direct digital synthesis circuit to
vary the amplitude of the analog frequency sig-
nal.

The ultrasonic surgical system of claim 8, wherein
said analog input drive signal generator comprises
a comparator adapted to compare the analog fre-
quency signal from the direct digital synthesis circuit
and the current signal from the current sensor to pro-
duce the input drive signal of the amplifier.

The ultrasonic surgical system of claim 1, wherein
during start up the system is adapted to cause the
amplifier to generate an ultrasonic signal at a fre-
quency near resonance, and to increment the fre-
quency toward resonance while monitoring the out-
puts of said digital phase detector and digital imped-
ance detector, and to halt the incrementing when
these outputs indicate resonance of the hand piece.

The ultrasonic surgical system of claim 1 further in-
cluding a memory which stores the maximum current
to be delivered to a hand piece, and wherein the
digital controller is adapted to compare the average
current signal to the maximum and to halt the supply
of energy to the hand piece when the average current
exceeds the maximum.

The ultrasonic surgical system of claim 1 where in
the digital controller includes a program which caus-
es the amplifier to supply different current and volt-
age levels to the hand piece at different frequencies
and to measure the current, voltage and phase to
diagnose and test the operation of the system.

The ultrasonic surgical system of claim 12 further
including a console for housing the generator, said
console having a front panel, and wherein the diag-
noses and testing is implemented in response to the
activation of a button on the front panel and one of
a foot pedal switch and a hand piece switch.

The ultrasonic surgical system of claim 1 further in-
cluding a electrical interference detector adapted to
produce an output in response to the operation of an
Electro-surgical Unit in the vicinity, and wherein the
digital controller halts operation of the system in re-
sponse to an output from said interference detector.
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Patentanspriiche

1.

Mit Ultraschall arbeitendes chirurgisches System,
welches einen steuerbaren Generator fiir Ultraschal-
lenergie, ein Handstlck (30) mit einer Klinge (32),
die mit einer Ultraschallresonanzfrequenzrate durch
Energie von dem Generator in Schwingungen ver-
setzbar ist, und einen Schalter, um dem Generator
die Amplitude und Frequenz der Energie, die an das
Handstlick geliefert wird, anzugeben, umfal3t, wobei
der Ultraschallgenerator aufweist:

einen Generator flr ein analoges Eingangstrei-
bersignal, der dazu ausgelegt ist, ein Eingang-
streibersignal mit einer Amplitude und Frequenz
Zu erzeugen;

einen Verstarker (78), der dazu ausgelegt ist,
das analoge Eingangstreibersignal zu empfan-
gen und die Energie zu dem Handstlick durch
eine Leitung (85) als Antwort darauf zu liefern;
einen Stromsensor (88), der dazu ausgelegt ist,
den Strom in der Leitung (85) abzufiihlen und
ein dazu in Bezug stehendes Stromsignal zu er-
zeugen;

einen Komparator (84), der dazu ausgelegt ist,
das Stromsignal mit einem variabel voreinge-
stellten Stromwert zu vergleichen und ein Diffe-
renzsignal zu erzeugen, das an den Generator
fir ein analoges Eingangstreibersignal angelegt
wird, um so die Amplitude des Treibersignals zu
andern, um zu bewirken, dal® das Stromsignal
an den voreingestellten Wert angepaf3t wird;
einen Spannungssensor (92), der dazu ausge-
legt ist, die Spannung auf der Leitung (85) ab-
zuflihlen und ein dazu in Bezug stehendes
Spannungssignal zu erzeugen;

einen digitalen Phasendetektor (100, 102, 104),
der dazu ausgelegt ist, das Stromsignal mitdem
Spannungssignal zu vergleichen und einen di-
gitalen Phasencode zu erzeugen, die zu der
Phasendifferenz zwischenihnen in Bezug steht;
einen digitalen Impedanzdetektor (120, 122),
derdazu ausgelegtist, das Verhaltnis von Span-
nungssignals zu dem Stromsignal zu verglei-
chen und einen digitalen Impedanzcode zu er-
zeugen, der dazu in Bezug steht;

einen digitalen Controller, der dazu ausgelegt
ist, den digitalen Phasencode und den digitalen
Impedanzcode zu empfangen und einen digita-
len Frequenzcode als Antwort darauf zu erzeu-
gen, der bei einer Frequenz ist, welche die Re-
sonanz des Handsttickes darstellt; und

eine direkte digitale Syntheseschaltung, die da-
zu ausgelegt ist, den digitalen Frequenzcode in
ein analoges Frequenzsignal umzuwandeln,
das an den Generator fir ein analoges Eingang-
streibersignal angelegt wird, um so die Fre-
quenz auf der Resonanzfrequenz zu halten.
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Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 1, das weiterhin eine gesteuerte En-
ergieversorgung fur den Verstarker hat, welche En-
ergie mit einem Pegel liefert, der den effizienten Be-
trieb des Verstarkers sichert.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 2, bei dem die gesteuerte Energie-
versorgung aufweist:

eine feste Referenzspannung (82),

einen Komparator (84), der dazu ausgelegt ist,
die Ausgabe des Verstarkers mit der festen Re-
ferenzspannung zu vergleichen und ein Ener-
giesteuersignal als Antwort darauf zu erzeugen;
einen einstellbaren Buck-Regulator (76), der da-
zu ausgelegt ist, eine Zufuhr von Energie mit
einem Pegel zu erhalten und eine Zufuhr von
Energie mit einem unterschiedlichen Pegel zu
erzeugen, basierend auf dem Energiesteuersi-
gnal, wobei die Energie auf dem unterschiedli-
chen Pegel an den Verstéarker geliefert wird.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 3, bei dem der Ausgang des Verstar-
kers Uber einen Schleifenfilter (80) mit dem Kompa-
rator (84) verbunden ist.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 1, bei dem der digitale Phasende-
tektor aufweist:

einen Detektor (102) fir den Nulldurchgang ei-
nes Spannungssignals, der dazu ausgelegt ist,
ein Nullsignal der Spannung zu erzeugen, wenn
das Spannungssignal eine Nullachse schnei-
det;

ein Detektor (100) fur den Nulldurchgang eines
Stromsignals, der dazu ausgelegt ist, ein Null-
signal fur den Strom zu erzeugen, wenn das
Stromsignal eine Nullachse schneidet;

eine Schaltung (104) zum Messen der Zeit zwi-
schen dem Nullsignal der Spannung und dem
Nullsignal des Stromes und zum Erzeugen ei-
nes dazu in Bezug stehenden digitalen Codes.

6. Mit Ultraschall arbeitendes chirurgisches System

nach Anspruch 1, bei dem der digitale Impedanzde-
tektor aufweist:

eine Schaltung (122) fiir das Mitteln einer Span-
nung, die dazu ausgelegt ist, ein gemitteltes Si-
gnal der Spannung basierend auf dem Span-
nungssignal zu erzeugen;

eine Schaltung (120) zum Mitteln eines Stro-
mes, die dazu ausgelegt ist, ein gemitteltes Si-
gnal des Stroms basierend auf dem Stromsignal
zu erzeugen; und
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wobei der digitale Controller dazu ausgelegt ist,
kontinuierlich das Verhaltnis vom gemittelten Si-
gnal der Spannung zum gemittelten Signal des
Stromes als ein Impedanzsignal zu erzeugen
und wobei eine Anderung in dem Impedanzsi-
gnal, wenn sich die Treibersignalfrequenz &n-
dert, eine Anndherung an die Resonanzfre-
quenz anzeigt.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 1, das weiterhin eine Schaltung zum
Umschalten eines Energiepegels umfafdt, welche
den voreingestellten Stromwert bestimmt.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 7, bei dem die Schaltung zum Um-
schalten eines Energiepegels aufweist:

einen Energiepegelumschalter, der mit dem di-
gitalen Controller verbunden ist und bewirkt,
daR der digitale Controller ein digitales Strom-
pegelsignal erzeugt;

einen Digital-Analog-Wandler (130) zum An-
dern des digitalen Strompegelsignalsin ein ana-
loges Strompegelsignal;

eine Schaltung (120) zum Mitteln eines Stro-
mes, die dazu ausgelegt ist, ein gemitteltes Si-
gnal eines Stromes basierend auf dem Strom-
signal von dem Stromsensor zu erzeugen;
einen Stromkomparator (132), der dazu ausge-
legt ist, das analoge Strompegelsignal und das
gemittelte Stromsignal zu vergleichen und ein
Amplitudensteuersignal zu erzeugen, wobei
das Amplitudensteuersignal in die direkte digi-
tale Syntheseschaltung gegeben wird, um die
Amplitude des analogen Frequenzsignals zu va-
riieren.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 8, bei dem der Generator fir ein ana-
loges Einoangstreibersignal einen Komparator auf-
weist, der dazu ausgelegtist, das analoge Frequenz-
signal von der direkten digitalen Syntheseschaltung
und das Stromsignal von dem Stromsensor zu ver-
gleichen, um das Eingangstreibersignal des Verstar-
kers zu erzeugen.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 1, bei dem wahrend des Anlaufens
das System dazu ausgelegt ist zu bewirken, daf der
Verstarker ein Ultraschallsignal mit einer Frequenz
nahe der Resonanz erzeugt und die Frequenz in
Richtung auf Resonanz inkrementiert, wobei die
Ausgénge des digitalen Phasendetektors und des
digitalen Impedanzdetektors Uberwacht werden,
und das Inkrementieren anzuhalten, wenn diese
Ausgaben die Resonanz des Handstlickes anzei-
gen.
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Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 1, das weiterhin einen Speicher um-
fallt, welcher den maximalen Strom speichert, der
an ein Handstiick zu liefern ist, und bei dem der di-
gitale Kontroller dazu ausgelegt ist, das mittlere
Stromsignal mit dem Maximum zu vergleichen und
die Zufuhr von Energie an das Handstiick zu stop-
pen, wenn der mittlere Strom ein Maximum Uber-
schreitet.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 1, bei dem der digitale Controller ein
Programm umfal3t, welches bewirkt, dal® der Ver-
starker unterschiedliche Strom- und Spannungspe-
gel an das Handstlick bei unterschiedlichen Fre-
quenzen liefert und den Strom, die Spannung und
die Phase mit, um den Betrieb des Systems zu dia-
gnostizieren und zu prifen.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 12, das weiterhin eine Konsole zum
Unterbringen des Generators umfaldt, wobei die
Konsole eine Vordertafel hat, und bei dem das Dia-
gnostizieren und Prifen als Antwort auf die Aktivie-
rung eines Knopfes aufder Vordertafel und entweder
eines FuBpedalschalters oder eines Handstulicks-
rhalters implementiert wird.

Mit Ultraschall arbeitendes chirurgisches System
nach Anspruch 1, das weiterhin einen Detektor fir
elektrische Interferenz umfal3t, der dazu ausgelegt
ist, eine Ausgabe als Antwort auf den Betrieb einer
elektrochirurgischen Einheit in der Nahe zu erzeu-
gen, und wobei der digitale Controller den Betrieb
des Systems als Antwort auf eine Ausgabe von dem
Interferenzdetektor anhalt.

Revendications

Systéme chirurgical a ultrasons comprenant un gé-
nérateur d’énergie a ultrasons contrdlable, un élé-
ment portable (30) muni d’'une lame (32) qui peut
étre amenée a vibrer a un taux de fréquence de ré-
sonance a ultrasons par I'énergie produite par le gé-
nérateur, et un commutateur pour indiquer au géné-
rateur 'amplitude et la fréquence de I'énergie four-
nies a I’élément portable, ledit générateur d’énergie
a ultrasons comprenant :

> un générateur de signal de commande d’en-
trée analogique adapté pour générer un signal
de commande d’entrée ayant une amplitude et
une fréquence ;

> un amplificateur (78) adapté pour recevoir le
signal de commande d’entrée analogique et
pour fournir de I'énergie al'élément portable par
le biais d’'une ligne (85) en réponse celui-ci ;
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> un détecteur de courant (88) adapté pour dé-
tecter le courant dans la ligne (85) et pour pro-
duire un signalee courant relatif a celui-ci ;

> un comparateur (84) adapté pour comparer
le signal de courant & une valeur de courant pré-
définie variable et pour produire un signal de
différence qui est envoyé vers le générateur de
signal de commande d’entrée analogique dans
le but de modifier 'amplitude du signal de com-
mande afin d’amener le signal de courant a coin-
cider avec la valeur prédéfinie ;

> un détecteur de tension (92) adapté pour dé-
tecter latension sur la ligne (85) et pour produire
un signal de tension relative a celle-ci ;

> un détecteur de phase numérique (100, 102,
104) adapté pour comparer le signal de courant
au signal de tension et pour générer un code de
phase numérique relatif a la différence de phase
entre eux ;

> un détecteur d'impédance numérique (120,
122) adapté pour comparer le rapport entre le
signal de tension et le signal de courant et pour
générer un code d'impédance numérique relatif
a celui-ci ;

> un contréleur numérique adapté pour rece-
voir le code de phase numérique et le code d’'im-
pédance numérique et pour produire un code
de fréquence numérique en réponse a ceux-ci,
qui est a une fréquence qui représente la réso-
nance de 'élément portable ; et

> un circuit de synthése numérique direct adap-
té pour convertir le code de fréquence numéri-
que en un signal de fréquence analogique qui
est envoyé vers le générateur de signal de com-
mande d’entrée analogique de fagon a maintenir
la fréquence a la fréquence de résonance.

Systéme chirurgical a ultrasons selon la revendica-
tion 1, comprenant en outre une source de fourniture
de puissance contrdlée pour ledit amplificateur qui
fournit de la puissance a un niveau permettant d’as-
surer un fonctionnement efficace dudit amplificateur.

Systéme chirurgical a ultrasons selon la revendica-
tion 2, dans lequel la source de fourniture de puis-
sance controlée comprend :

> une tension (82) de référence fixe ;

> un comparateur (84) adapté pour comparer
la sortie de 'amplificateur a la tension de réfé-
rence fixe et pour générer un signal de contrble
de puissance en réponse a celle-ci ;

> un régulateur de Buck (76) ajustable adapté
pour recevoir une fourniture de puissance a un
niveau et pour produire une fourniture de puis-
sance a un niveau différent sur la base du signal
de contrdle de puissance, la puissance au ni-
veau différent étant envoyée vers I'amplifica-
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teur.

4. Systéme chirurgical a ultrasons selon la revendica-

tion 3, dans lequel la sortie de I'amplificateur est con-
nectée audit comparateur (84) par un filire de boucle
(80).

Systéme chirurgical a ultrasons selon la revendica-
tion 1, dans lequel le détecteur de phase numérique
comprend :

> un détecteur (102) de passage par zéro de
signal de tension adapté pour produire un signal
a zéro de tension quand ledit signal de tension
coupe un axe a zé&ro ;

> un détecteur (100) de passage par zéro de
signal de courant adapté pour produire un signal
a zéro de courant quand ledit signal de courant
coupe un axe a zé&ro ;

> un circuit (104) pour mesurer le temps entre
le signal a zéro de tension et le signal a zéro de
courant et pour produire un code numérique re-
latif a celui-ci.

6. Systeme chirurgical a ultrasons selon la revendica-

tion 1, dans lequel le détecteur d'impédance numé-
rigue comprend :

> un circuit de calcul de moyenne de tension
(122) adapté pour produire un signal de moyen-
ne de tension sur la base dudit signal de
tension ;

> un circuit de calcul de moyenne de courant
(120) adapté pour produire un signal de moyen-
ne de courant sur la base dudit signal de
courant ;

> dans lequel ledit contréleur numérique est
adapté pour générer en continu le rapport entre
le signal de moyenne de tension et le signal de
moyenne de courant sous la forme d’un signal
d'impédance, et dans lequel un changement
dans ledit signal d'impédance a mesure que la
fréquence de signal de commande change, in-
dique un rapprochement par rapport a ladite fré-
quence de résonance.

Systéme chirurgical a ultrasons selon la revendica-
tion 1, comprenant en outre un circuit de commuta-
tion de niveau de puissance qui détermine le niveau
actuel prédéfini.

Systéme chirurgical a ultrasons selon la revendica-
tion 7, dans lequel le circuit de commutation de ni-
veau de puissance comprend :

> un commutateur de niveau de puissance con-
necté audit contréleur numérique et amenant le-
dit contréleur numérique a produire un signal de
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niveau de courant numérique ;

> un convertisseur analogique numérique (130)
pour convertir le signal de niveau de courant nu-
mérique en un signal de niveau de courant
analogique ;

> un circuit (120) de calcul de moyenne de cou-
rant adapté pour produire un signal de moyenne
de courant sur la base dudit signal de courant
délivré par ledit détecteur de courant ;

> un comparateur de courant (132) adapté pour
comparer le signal de niveau de courant analo-
gique et le signal de courant moyen, et pour pro-
duire un signal de contrdle d’amplitude, ledit si-
gnal de controle d’amplitude étant envoyé vers
le circuit de synthése numérique direct pour faire
varier 'amplitude du signal de fréquence analo-

gique.

Systéme chirurgical a ultrasons selon la revendica-
tion 8, dans lequel ledit générateur de signal de com-
mande d’entrée analogique comprend un compara-
teur adapté pour comparer le signal de fréquence
analogique délivré par le circuit de synthése numé-
rique direct et le signal de courant délivré par le dé-
tecteur de courant pour produire le signal de com-
mande d’entrée de I'amplificateur.

Systéme chirurgical a ultrasons selon la revendica-
tion 1, dans lequel, au cours du démarrage, le sys-
teme est adapté pour amener I'amplificateur a gé-
nérer un signal a ultrasons a une fréquence proche
de larésonance et pour augmenter la fréquence vers
la résonance tout en surveillant les sorties dudit dé-
tecteur de phase numérique et dudit détecteur d'im-
pédance numérique, et pour cesser de faire aug-
menter la fréquence quand ces sorties indiquent la
résonance de I'élément portable.

Systéme chirurgical a ultrasons selon la revendica-
tion 1, comprenant en outre une mémoire qui con-
tient la valeur de courant maximum a délivrer a I'élé-
ment portable, et dans lequel le contréleur numeéri-
que est adapté pour comparer le signal de courant
moyen a la valeur de courant maximum et pour ar-
réter la fourniture d’énergie a I'élément portable
quand le courant moyen dépasse la valeur de cou-
rant maximum.

Systéme chirurgical a ultrasons selon la revendica-
tion 1, dans lequel le contréleur numérique com-
prend un programme qui ameéne I'amplificateur a
fournir des niveaux de courant et de tension diffé-
rents a I'élément portable a des fréquences différen-
tes et a mesurer le courant, la tension et la phase,
dans le but de diagnostiquer et de vérifier le fonc-
tionnement du systéme.

Systéme chirurgical a ultrasons selon la revendica-
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tion 12, comprenant en outre une console pour abri-
ter le générateur, ladite console comprenant un pan-
neau frontal, et dans lequel les opérations de dia-
gnostic et de vérification sont mises en oeuvre en
réponse a l'activation d’'un bouton sur le panneau
frontal et a l'activation d’'un commutateur a pédale
et d’'un commutateur manuel.

Systéme chirurgical a ultrasons selon la revendica-
tion 1, comprenant en outre un détecteur d’interfé-
rences électriques adapté pour produire une sortie
en réponse au fonctionnement d’'une unité électro-
chirurgicale dans les environs, et dans lequel le con-
tréleur numeérique arréte le fonctionnement du sys-
téme en réponse a une sortie délivrée par ledit dé-
tecteur d'interférences.
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