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PROCESSOR CONTROL OF AN AUDIO
TRANSDUCER

(b) CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/558,601 filed Apr. 1, 2004.

(c) STATEMENT REGARDING
FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

(Not Applicable)

(d) REFERENCE TO AN APPENDIX

(Not Applicable)

(e) BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention generally relates to electronic sound gener-
ating devices. More particularly the invention relates to cir-
cuits for controlling and driving such devices and allowing
the generation of a variety of sounds from such sound gener-
ating devices.

2. Description of the Related Art

Piezoelectric transducers have been commonly used for
the generation of audio tones in a number of applications.
They are characterized by low cost, reliability and high audio
output. A drawback of the use of one type of piezoelectric
transducer, piezoelectric benders, to generate the tones is the
relatively high Q of such circuit elements, requiring a precise
drive frequency for maximum output, and the high voltages
needed to generate the high output sound levels.

Traditionally piezoelectric audible alarms have been
driven by square wave drives from oscillator circuits. The
high voltages desirable across the driven piezoelectric device
are achieved by driving bridge drivers, step-up transformers
or autotransformers or through an inductor in a flyback mode.
This allows little flexibility once the components are inserted
into the circuit. The use of a fixed digital drive in particular
allows little adjustment ofthe sound volume. Coil speakers or
polymer piezoelectric speakers have also been used as audio
transducers and present similar problems in designing flex-
ible drive circuits.

It is the object of the invention to provide a circuit and
method of signal modulation for the audio transducer to pro-
vide both high drive power and flexible control.

(f) BRIEF SUMMARY OF THE INVENTION

The invention is a circuit for generating sound in the
audible frequency range and includes the conventional input
voltage terminals for powering the circuit. An audio trans-
ducer is driven by a driving circuit that includes at least one
energy storing inductor and one or more electronic switches
adapted for energizing the energy-storing inductor and for
transferring energy from the inductor to the audio transducer.
A microprocessor circuit or controller generates a stream of
pulses at a controlled rate and with a controlled duty cycle
under program control. The controller has one or more con-
troller outputs coupled to the one or more electronic switches
for controlling energy storage in one or more inductors and
the energy transfer from the inductors to the transducer. The
controller has a finite state machine program that outputs the
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2

sequence of pulses to the one or more switches of the driving
circuit at a rate and duty cycle to generate a desired audio tone
and amplitude in the transducer. The controller can modify
the rate and duty cycle in response to measurements of the
transducer state or transducer environment.

(g) BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a block diagram of the audio system showing the
relationship of a regulator block 1, a controller block 2, a
driver block 3 and a feedback block 4.

FIG. 2 is a detailed electric circuit diagram showing a
preferred embodiment of the audio system comprising 781.05
regulator 1, a controller block 2 comprising a PIC12C671 2
driving a drive block 3 comprising an energy-storage inductor
10 with blocking diode 13. The feedback, block 4, in this
embodiment is not used.

FIG. 3 is a diagram showing the significant signals from
FIG. 2. The drive voltage from the controller 2 is shown
together with inductor 10 current and the voltage across FET
11.

FIG. 4 is a detailed electric circuit diagram showing a
preferred embodiment with the regulator, controller and
driver blocks of FIG. 2 combined with a feedback block 4
which delivers to the feedback input of controller 2 a signal
representative of the current delivered to transducer 12.

FIG. 5 is a detailed electric circuit diagram showing a
preferred embodiment with the regulator, controller and
driver blocks of FIG. 2 combined with a feedback block 4
which delivers to the feedback input of controller 2 a signal
representative of the voltage across transducer 12.

FIG. 6 is a detailed electric circuit diagram showing a
preferred embodiment with the regulator, controller and
driver blocks of FIG. 2 combined with a feedback block 4
which delivers to the feedback input of controller 2 a signal
from an additional transducer electrode excited by the piezo-
electric voltage in the transducer.

FIG. 7 is a detailed electric circuit diagram showing a
preferred embodiment with the regulator, controller and
driver blocks of FIG. 2 combined with a control input block 4
which, while driver block 3 is de-energized, delivers to the
control input of controller 2 a signal representative of the
ambient noise incident on transducer 12.

FIG. 8 is a detailed electric circuit diagram showing a
preferred embodiment with two alternating drives from con-
troller 2 that drive transducer 12 alternately from each side.

FIG. 9 is a detailed electric circuit diagram showing a
preferred embodiment with a full H-bridge audio transducer
drive allowing bipolar excitation with a single energy-storage
inductor.

FIG. 10 is a detailed electric circuit diagram showing a
preferred embodiment with switch 51, under the control of
controller 2, storing energy from the source 7 in inductor 54.
This energy is then transferred to capacitor 55. The energy is
then delivered to the transducer by a half-bridge drive.

FIG. 11 is a detailed electric circuit diagram showing a
preferred embodiment with switch 51, under the control of
controller 2, storing energy from the source 7 in inductor 54.
This energy is then transferred to capacitor 55. The energy is
then delivered to the transducer by a full-bridge drive.

In describing the preferred embodiment of the invention
that is illustrated in the drawings, specific terminology will be
resorted to for the sake of clarity. However, it is not intended
that the invention be limited to the specific term so selected
and it is to be understood that each specific term includes all
technical equivalents that operate in a similar manner to
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accomplish a similar purpose. For example, the word con-
nected or term similar thereto is often used. They are not
limited to direct connection, but include connection through
other circuit elements where such connection is recognized as
being equivalent by those skilled in the art. In addition, many
circuits are illustrated which are of a type that performs well
known operations on electronic signals. Those skilled in the
art will recognize that there are many, and in the future may be
additional, alternative circuits which are recognized as
equivalent because they provide the same operations on the
signals.

(h) DETAILED DESCRIPTION OF THE
INVENTION

The following discusses a controller function. It is meant
that a controller is any device for performing the functions of
a finite state machine, defined as a model of computation
consisting of a set of states, a start state, an input alphabet, and
a transition function that maps input symbols and current
states to a next state. Computation begins in the start state
with an input string. It changes to new states depending on the
transition function. Examples of a finite state machine are
microprocessors, microcontrollers, PLAs, PALs, and memo-
ries combined with sequential clocking.

Directing attention to FIG. 2, a detailed electric circuit
diagram of a preferred embodiment is shown. An input volt-
age is applied between a positive terminal 7 and ground 5.
This input voltage is regulated by the voltage regulator 1 and
applied to controller 2 in a method well known to the practice,
as, for example, by a 78L.05 voltage regulator. Controller 2 is
a programmed controller such as a Microchip PIC12C671,
where the connection from regulator 1 would be to pin 1, the
VDD supply and ground 5 would be applied to pin 8, the VSS
supply. The operating frequency of the control oscillator for
controller 2, the PIC12C671, is the internal oscillator,
trimmed during production to match the piezoelectric trans-
ducer by adaptively trimming the OSCCAL REGISTER in
the processor with the trimmed frequency being program-
matically used to modify the internal oscillator frequency of
the PIC12C671. Alternatively an external resonant circuit or
component, such as a ceramic resonator, can be used to more
accurately determine the operating frequency. FET 11 and
inductor 10 are used in this embodiment as the drive circuit
shown as box 3 in FIG. 1 for driving the transducer 12.
Preferably the transducer 12 is a piezoelectric transducer, but
could alternatively be a polymer speaker or coil speaker. The
control output from the PIC12C671 can be, for example, GP4
(pin 3) and is used to drive the gate of an N-channel FET 11.
The source of FET 11 is connected to ground 20. This
embodiment illustrates no feedback so the box 4 in FIG. 1 is
in this case a ground. The drain of FET 11 is connected to the
positive input voltage 7 through a series connection of diode
13 and inductor 10, such as a choke, and to ground 20 through
the transducer 12 as shown. Although the Microchip PIC
controller and a 78L.05 regulator are disclosed, many func-
tionally equivalent processors and regulators may be substi-
tuted. FET 11 may be replaced with other components for
performing the electronic switch function such as a bipolar
transistor and base limiting resistor, unijunction transistor or
IGBT with equivalent operation. It should be obvious to those
skilled in the art that equivalent circuits can perform the same
functions, such as the use of a negative supply at point 7, the
use of a negative voltage regulator in position 1, reversing the
diodes in block 3 and the replacement of the electronic switch
function by the reverse polarity analog (P-channel FET for
N-channel FET, PNP transistor for an NPN transistor, etc.).
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The operation of this circuit can be shown with reference to
FIG. 3. The top line in FIG. 3 represents the drive from
controller 2 driving the gate of FET 11. When the drive goes
high to turn on FET 11, the current through inductor 10 starts
to increase as shown on the second line. This represents
energy being stored in inductor 10. When the drive from
controller 2 goes low, turning off FET 11, the current through
inductor 10 then passes through transducer 12 causing the
voltage across the transducer to increase as shown in the
bottom line in FIG. 3. Without the presence of diode 13 this
current would reverse direction as shown in the dotted line in
the middle of FIG. 3, with a decrease in the voltage across the
transducer 12 as shown in the dotted line in the bottom of FIG.
3. Diode 13 blocks this flow and results in the voltage across
transducer 12 remaining near its peak value Vpeak. This
increased voltage results in an increased audible sound output
from the transducer 12. The peak voltage can be multiples of
the supply voltage 7.

The audible sound output amplitude can be reduced from
the peak value by decreasing the duty cycle of the drive signal
shown at the top of FIG. 2. If the on time is halved, for
instance, the Ipeak is approximately halved, and the energy
stored in the inductor is reduced by a factor of four. Controller
2 thus can control the output of transducer 12 by controlling
the pulse width in addition to controlling the frequency ofthe
audio output by controlling the pulse rate. This control of the
output frequency and duty cycle can be programmatically
accomplished using many techniques well known to those
skilled in the art. It is thus possible to modify the frequency
and amplitude of the output signal programmatically to
achieve, for example, siren, warble, intermittent tomes, and
chime effects, by the appropriate variation of frequency and
duty cycle without the addition of additional controlling com-
ponents. In addition, these effects can be modified in response
to signals on a control input of controller 2. For one example,
depending on the control input, the output could go from
silent to a constant tone to a warble.

The controller can introduce additional sub-cycle and
super-cycle effects to enhance the transducer control. It is
possible to drive the transducer at a higher frequency and
modify the normal square-wave drive to more discrete steps
to closer approximate a sine-wave drive. This reduces stress
in the transducer and improves reliability and power capabil-
ity. A technique that can be used when very low amplitudes
are required, where the pulse width becomes too small, is the
use of output reduction by means of cycle skipping, where
some output pulses are skipped entirely. Since the transducer
is a resonant circuit and the ear is not sensitive to the slight
amplitude variations cycle-to-cycle, the skipping of cycles
allows a finer adjustment of very small outputs such as at the
end of chime tones. It should be noted that it is not necessary
that these alternating outputs be driven 180 degrees out of
phase. For example, as amplitude is built up using a full
bridge drive the circuit could first operate as a half bridge for
finer amplitude control and later add the other half bridge for
increased amplitude. In the sub-cycle operation the positive
and negative values of the sine wave would commonly be
emulated using non-symmetric drive phase angles, i.e. the
negative controller output would have a different duty cycle
than the positive controller output.

The maximum RMS voltage across the transducer will be
achieved with approximately a 50% duty cycle. This is
accomplished when inductor 10 is sized so that energy cor-
responding to the peak stress desired in transducer 12 is stored
in inductor 10 at Ipeak. Ipeak is the input voltage 7 (less any
drops in diode 13 and FET 11) divided by the product of the
inductance of the inductor 10 and twice the drive frequency.
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The power delivered to transducer 12 from the circuit of
FIG. 2 is the power input from power supply 7 less any losses
in the components. The variable part of the power delivered to
transducer 12 is the power output as sound. The power output
can be maximized by maximizing the power delivered to
transducer 12. Since many transducers in combination with
their sound boxes represent high Q elements, the transducer
must be driven at its resonant frequency for maximum output.

FIG. 4 represents another preferred embodiment illustrat-
ing the use of feedback to maximize the audio power output.
The current through transducer 12 is filtered and available for
measurement at the feedback input to controller 2. For
example, this could be pin AN1 (pin 6) of a PIC12C671. This
is accomplished by adding block 4 comprising resistor 21 to
ground 23 and capacitor 22 to ground 24. The current is
filtered by the RC time constant to remove any harmonics and
can be measured by the internal A/D circuit in controller 2.
With knowledge of the current through transducer 12, the
frequency of the output pulses can be changed, preferably in
a small increment, and a new measurement taken. If the
change in the rate of output pulses results in an increase in the
voltage measured at the node between the transducer 12 and
block 4, then this is the direction of increasing output power
and the rate of output pulses should again be shifted in that
direction. If the change in the rate of output pulses results in
a decrease in the voltage measured between the transducer 12
and block 4 then this is the direction of decreasing output
power and the rate of output pulses should again be shifted in
the opposite direction. This is repeated until the change in the
rate of output pulses results in no change in the voltage
measured between the transducer 12 and block 4. This is the
point of maximum power. This process of adaptively modi-
fying the rate of output power can be programmatically
accomplished by those skilled in the art. It should be obvious
to those skilled in the art that the connection to ground of
switch 11 could also be routed through resistor 21 and capaci-
tor 22 so the current feedback represents the total current
through switch 11 and transducer 12.

Another preferred embodiment is shown in FIG. 5. This
circuit measures the peak voltage across transducer 12, which
is a measure of the power delivered to the transducer. This
peak voltage measurement can be used as described in the
case of the current measurement to programmatically modify
the drive frequency for maximum output.

Another preferred embodiment is shown in FIG. 6. Feed-
back s derived from the use of a third terminal connected only
to a portion of one surface of transducer 12 and unconnected
to either driving terminal. Such a terminal will detect the
voltage induced by piezoelectric strain and will represent the
response of the transducer to the excitation. By programmati-
cally varying the pulse rate in the direction of increasing the
peak-to-peak voltage of this terminal at a given drive level by
the manner discussed previously, the output can be maxi-
mized.

Another preferred embodiment is shown in FIG. 7. This
circuit in normal operation has the operation of the current
measuring resistor 21 of FIG. 4 shorted out by diodes. The
new monitoring resistor 25 has diodes 26 and 27 to limit the
voltage excursion of the measured voltage, allowing the use
of' a much larger resistor. When the unit is paused, and no
longer driven by controller 2 and FET 11 is continually off,
transducer 12 will now respond to ambient noise and repre-
sent ambient noise as a voltage across resistor 25, which is
sized so the ambient signal will be below the breakover volt-
age of diodes 26 and 27. This voltage is shifted out of any
negative range by resistors 30 and 31 and measured at the
input of controller 2 as was done previously. Thus, with short
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pauses in the output, the ambient noise can be measured and
the amplitude ofthe audio output from transducer 12 adjusted
by adjusting the duty cycle so that the output can be increased
during the presence of high ambient noise but could be
reduced so as to not be annoying when the ambient noise is
low. The use of an additional amplifier to measure this ambi-
ent is an obvious modification to those skilled in the art. An
equivalent function can be achieved by the use of an addi-
tional audio receiver in place of the use of the transducer 12
with the input from the external audio receiver input into the
control input of controller 2.

Controller 2, implemented as a microprocessor as
described previously, will customarily have more than one
output available. This feature can be utilized to drive the
transducer with alternate polarity as in FIG. 8 where an addi-
tional drive output has been added just above the drive output
shown in FIG. 4. Both approaches can be viewed as the
implementation of two parallel drives of the types described
previously in reference to FIG. 4. Programmatically the
drives for the implementations for FIGS. 8 and 9 can provide
a positive and negative duty cycle independently controlled
for desired effect, and do not need to be 180 degrees out of
phase. The result would be the output voltage shown in the
bottom of FIG. 3 applied to one side of transducer 12 and a
similar signal applied to the other side of transducer 12.
Transducer 12 would then be driven up to twice the voltage
seen in a similar single leg as shown in FIG. 4, or at four times
the output power. In addition, the piezoelectric element in
transducer 12 will have a zero volt bias and therefore with the
same peak stress as when driven by a single leg circuit at
one-fourth the power. FIG. 8 shows the current measured as in
FIG. 4 with the exception that the charging currents of induc-
tors 10 and 40 will also pass through the filter network, which
should not affect the ability to maximize this filter voltage as
a function of pulse rate to find the maximum audio output
frequency.

FIG. 9 represents another preferred embodiment delivering
the same advantages of a bipolar drive discussed for FIG. 8
with the use of only one inductor 10. The single switch 11 in
FIG. 4 has been replaced by a full bridge circuit comprised of
switches 65, 66, 67 and 68. In FIG. 9, to drive the high-level
switches 65 and 66 a translation circuit is usually required
illustrated as 63 and 64. This is available as components from
a number of sources such as International Rectifier’s
IPS5118. A sequence of drives from the controller first turns
on only switches 65 and 67, then turns on only 65 and 68, then
turns on 66 and 68, and then turns on 66 and 67, and repeats
this sequence. The frequency of the output tone is controlled
by the rate that this sequence is cycled, and the amplitude of
the output signal is controlled by the ratio of the times that
switches 65 and 67 are on plus the time that switches 66 and
68 are on compared to the total cycle time.

FIG. 10 represents another preferred embodiment illustrat-
ing the use of a separate output from controller 2 to energize
and deenergize inductor 54. Before being switched into trans-
ducer 12, this energy is stored in capacitor 55, decoupling the
energy storage from the transducer drive by another stage.
The use of this separate controller output driving switch 51
allows the selection of an inductor energizing rate indepen-
dent of the rate at which the transducer is driven through the
half-bridge switches 52 and 53. The ability to drive switch 51
at a much higher rate has the advantage of potentially reduc-
ing the size and expense of inductor 54. In addition, a separate
control of the excitation voltage, stored in capacitor 55 allows
an additional degree of control of the output amplitude.
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The circuit in FIG. 11 illustrates an enhancement of the
circuit in FIG. 10 in that both connections to the transducer 12
are driven in a full-wave bridge configuration.

The circuits illustrated in FIG. 10 and FIG. 11 illustrate
implementations with no feedback, i.e. block 4 is represented
by a ground. It should be obvious to those skilled in the art that
the feedback methods described previously, measuring the
current through the transducer (illustrated in FIG. 4) or
through the switches and the transducer (illustrated in FIG.
8), the voltage across the transducer (illustrated in FIG. 5) or
the voltage generated by an additional transducer electrode
(illustrated in FIG. 6) can be applied to these implementa-
tions. In addition, the implementation of the measurement of
ambient noise, illustrated in FIG. 7 or otherwise as described
previously, can be incorporated in this implementation.

It should be obvious to those skilled in the art that the
preceding discussion describes several implementations of
the generalized system shown in FIG. 1, where block 2 rep-
resents a control function, block 3 represents a drive function,
including the excitation of an inductor to accumulate energy
which is then dumped into an audio transducer, and block 4
represents a control input to the controller representing a
parameter of the transducer. The various functions described
previously in blocks 3 and 4 represent independent imple-
mentations of their respective functions and can be mixed in
combinations which have not been jointly described. For
example, FIG. 8 shows the feedback method illustrated in
FIG. 4, but could also be implemented with no feedback, i.e.
using the feedback block 4 of FIG. 2, or could use the voltage
feedback illustrated in FIG. 5 from each side of the trans-
ducer.

While certain preferred embodiments of the present inven-
tion have been disclosed in detail, it is to be understood that
various modifications may be adopted without departing
from the spirit of the invention or scope of the following
claims.

The invention claimed is:

1. A circuit for generating sound in the audible frequency
range, the circuit including input voltage terminals for pow-
ering the circuit and comprising:

(a) an audio transducer, for transforming electrical power

in the audio frequency range to audible power;

(b) a driving circuit connected to an input voltage terminal
and having an output coupled to the transducer for sup-
plying electrical drive power to the transducer in the
audible frequency range, the driving circuit including at
least one energy storing inductor and one or more elec-
tronic switches adapted for energizing the energy-stor-
ing inductor and for transferring energy from the induc-
tor to the audio transducer; and

(c) a controller having one or more controller outputs
coupled to the one or more electronic switches for con-
trolling said energy storage and said energy transferring,
the controller having a finite state machine program
which outputs a sequence of pulses to the one or more
switches of the driving circuit at a rate and duty cycle to
generate a desired audio tone and amplitude in said
transducer.

2. A circuit in accordance with claim 1 wherein the driving

circuit more particularly comprises

(a) the inductor in series connection with a diode for block-
ing reverse current through the inductor, the series diode
and inductor connected to an input voltage terminal and
connected through an electronic switch to a second input
voltage terminal for energizing the inductor by connect-
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ing the input voltage terminals across the diode and the
inductor through the switch when the switch is turned on
by the controller; and

(b) the transducer having a connection between the switch
and the inductor and a connection to an input voltage
terminal for permitting inductor current to flow through
the transducer when the switch is turned off by the
controller.

3. A circuit in accordance with claim 2 wherein each elec-
tronic switch comprises an FET or bipolar transistor.

4. A circuit in accordance with claim 1 or claim 2 and
further comprising a feedback circuit having an input con-
nected to the transducer and an output connected to an input
of'the controller, the feedback circuit applying a signal to the
controller representing the oscillation amplitude of the trans-
ducer and wherein the controller is programmed to modify
the frequency or duty cycle of the controller output as a
function of the feedback circuit signal.

5. A circuit in accordance with claim 4 wherein the feed-
back circuit is connected in series with the transducer or
transducer and driving circuit for sensing the transducer cur-
rent or current through the transducer and driving circuit.

6. A circuit in accordance with claim 4 wherein the feed-
back circuit is connected to the transducer for sensing the
voltage across the transducer.

7. A circuit in accordance with claim 4 wherein the feed-
back circuit is connected to an electrode on the transducer for
sensing the transducer strain.

8. A circuit in accordance with claim 4 wherein the con-
troller is programmed to detect the feedback signal while the
transducer is being driven in audible oscillation by the driving
circuit, the controller incrementally changing the controller
output frequency in one direction, detecting whether the
changed frequency results in an increase or decrease of the
feedback signal, changing the frequency further in the same
direction when an increase of the feedback signal was the
result of the frequency change and changing the frequency in
the opposite direction when a decrease of the feedback signal
was the result of the frequency change.

9. A circuit in accordance with claim 4 wherein the con-
troller is programmed to detect the ambient sound level to
allow a modification of the transducer drive to achieve an
increased sound level and signal modulation to be recogniz-
able in high ambient conditions without being excessive in
low ambient noise conditions.

10. A circuit in accordance with claim 9 wherein the said
controller detection of the sound level comprises monitoring
the voltage across the audio transducer while the transducer is
not being driven in audible oscillation by the driving circuit
when the transducer oscillation amplitude represents ambient
noise, the controller increasing the duty cycle or frequency
modulation of the controller output in response to increased
ambient noise and decreasing the duty cycle or frequency
modulation in response to decreased ambient noise.

11. A circuit in accordance with claim 2 wherein:

(a) the driving circuit comprises two legs, each leg com-
prising an inductor, a diode to block reverse current
through the inductor and a switch connected in series,
the switch when switched on connecting the diode and
inductor across the input power supply voltage termi-
nals;

(b) each terminal of the transducer is connected between
the switch and the inductor of a different one of the legs;
and
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(c) the controller includes two outputs each connected to
control a switch of a different one of the legs and pro-
grammatically apply the control signals to the two legs
sequentially.

12. A circuit in accordance with claim 2 wherein:

(a) the driving circuit comprises an inductor, a diode to
block reverse current through the inductor feeding four
switches arranged in a full bridge circuit;

(b) each terminal of the transducer is connected between
the two switches on each leg of said full bridge circuit;
and

(c) the controller includes two or more outputs each con-
nected to control a switch of said full wave bridge and
programmatically apply the control signals to the two
legs sequentially.

13. A circuit for generating sound in the audible frequency
range, the circuit including input voltage terminals for pow-
ering the circuit and comprising:

(a) an audio transducer, for transforming electrical power

in the audio frequency range to audible power;

(b) an energy storing driving circuit connected to an input
voltage terminal and having an output coupled to the
transducer for supplying electrical drive power to the
transducer in the audible frequency range, the driving
circuit including at least one energy storing inductor, at
least one storage capacitor and one or more electronic
switches adapted for energizing the energy-storing
inductor and for transferring energy from the inductor to
the storage capacitor, the driving circuit applying
through two or more switches the energy in said storage
capacitor to the audio transducer; and

(d) a controller having one or more controller outputs
coupled to the one or more electronic switches for con-
trolling said energy storage and for separately control-
ling said energy storage circuit and said driving circuit,
the controller having a finite state machine program
which outputs a sequence of pulses to the one or more
switches of the driving circuit at a rate and duty cycle to
generate a desired audio tone and amplitude in said
transducer.

14. A circuit in accordance with claim 13 wherein said

energy storing driving circuit more particularly comprises:

(a) the inductor connected to an input voltage terminal and
connected through an electronic switch to a second input
voltage terminal for energizing the inductor by connect-
ing the input voltage terminals across the inductor
through the switch when the switch is turned on by the
controller,

(b) a diode for steering the current through the inductor
when the switch is turned off to an energy storage
capacitor, and

(c) a second switch network for alternately connecting one
or more terminals of the transducer to said energy stor-
age capacitor under controller control.

15. A circuit in accordance with claim 14 wherein each

electronic switch comprises an FET or bipolar transistor.

16. A circuit in accordance with claim 13 and further com-
prising a feedback circuit having an input connected to the
transducer and an output connected to an input of the control-
ler, the feedback circuit applying a signal to the controller
representing the oscillation amplitude of the transducer and

10

15

20

25

30

35

40

45

55

60

10

wherein the controller is programmed to modify the fre-
quency or duty cycle of the controller output as a function of
the feedback circuit signal.

17. A circuit in accordance with claim 16 wherein the
feedback circuit is connected in series with the transducer or
transducer and energy storing driving circuit for sensing the
transducer current or current through the transducer and
energy storing driving circuit.

18. A circuit in accordance with claim 16 wherein the
feedback circuit is connected to the transducer for sensing the
voltage across the transducer.

19. A circuit in accordance with claim 16 wherein the
feedback circuit is connected to an electrode on the trans-
ducer for sensing the transducer strain.

20. A circuit in accordance with claim 16 wherein the
controller is programmed to detect the feedback signal while
the transducer is being driven in audible oscillation by the
driving circuit, the controller incrementally changing the con-
troller output frequency in one direction, detecting whether
the changed frequency results in an increase or decrease of the
feedback signal, changing the frequency further in the same
direction when an increase of the feedback signal was the
result of the frequency change and changing the frequency in
the opposite direction when a decrease of the feedback signal
was the result of the frequency change.

21. A circuit in accordance with claim 16 wherein the
controller is programmed to detect the ambient sound level to
allow a modification of the transducer drive to achieve an
increased sound level and signal modulation to be recogniz-
able in high ambient conditions without being excessive in
low ambient noise conditions.

22. A circuit in accordance with claim 21 wherein the said
controller detection of the sound level comprises monitoring
the voltage across the audio transducer while the transducer is
not being driven in audible oscillation by the driving circuit
when the transducer oscillation amplitude represents ambient
noise, the controller increasing the duty cycle or frequency
modulation of the controller output in response to increased
ambient noise and decreasing the duty cycle or frequency
modulation in response to decreased ambient noise.

23. A method for generating sound in the audible frequency
range, the method comprising:

(a) programmatically generating a sequence of output
pulses from a controller operating under control of a
finite state machine program stored in the controller, the
pulses having a pulse rate for generating a selected
audible frequency and a duty cycle for generating a
selected amplitude;

(b) storing electrical energy in an inductor in response to
each pulse; and

(c) transferring energy stored in the inductor to an audio
transducer during the interval between each pulse.

24. A method in accordance with claim 23 and further
comprising programmatically changing the selected audible
frequency or duty cycle in response to an input to the control-
ler.

25. A method in accordance with claim 24 and further
comprising feeding back to the controller a signal from the
audio transducer and programmatically changing the audible
frequency or duty cycle in response to the fed back signal.
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