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(57) Abstract: A drive circuit for and method of driving a piezoelectric actuator utilizes an impedance coupled to the piezoelectric
actuator, wherein the impedance and the piezoelectric actuator together form a tank circuit that has a resonant frequency. A first
circuit is provided that drives the actuator at the resonant frequency and a second circuit is further provided that selectively operates
the first circuit in one of at least two modes of operation including a first mode that causes the actuator to be energized at a first duty
cycle and a second mode that causes the actuator to be energized at a second duty cycle.
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DRIVE CIRCUITS AND METHODS FOR
ULTRASONIC PIEZOELECTRIC ACTUATORS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application is a continuation-in-part of U.S. Application Serial No. 11/264,952,
filed November 2, 2005, entitled*‘Control-and: Integrated Circuit for a Multisensory Apparatus,”
which is a continuation-in-part.of U.S: Application Sérial No. 11/140,329, filed May 27, 2005,
entitled “Active Material Emitting Devicé,” which is a.continuation<in-part of U.S. Application
Serial No. 11/050,242, filed February.3, 2005, entitled “Device Providing. Coordindted Emission
of Light and Volatile Active,” which claims the benefit of 'U.S. Provisional Application No.
60/541,067, filed- February 3, 2004; and is further-a ..At':on't'inuati‘on-'in-part of U.S.. Application
Serial No. 11/050,169, filed February.3, 2005, entitled “Device Providing Coordinated Emission
of Light and Volatile Active,” which-claims the benefit of U:S. Provisional Application No.
60/541,067, filed February 3, 2004, and ‘is further a continuation-in-part of U.S. Application
Serial No. 11/247,793; filed October 11, 2005, entitled “Cornpact Spray Device” which claims
the benefit of U.S. Provisional: Application No. 60/617,950, filed October 12, 2004, and is
further a continuation-in-part-of: U.S. Application Serial No..11/401,572, filed April 11, 2006,

entitled “Electronic Aerosol Device.”
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SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable
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SEQUENTIAL LISTING

[0003] Not applicable

BACKGROUND OF THE INVENTION

1. Field of the Invention -,

[0004] The present. disclosure relates: generally for drive circuits for electtosti‘ic’:tive

transducers, and more particularly, to:drive:circuits for.piezoelectric actuators:
2. Description of the Background of the Invention

[0005] Drive circuits have been developed that.are useful with piezoelectric actuators. to
cause the piezoeléctric actuator ‘to -undeitake usefil .work, ‘Varicus methodologies have been
utilized to cause the actuator to-oscillate at a particular single frequency or range:of frequencies.
In addition, piezoelectric actuators can be designed to oscillate in a single or multiple bending

modes.

[0006] A product sold by the-assignee of the present application under the WISP® trademark
dispenses a volatile liquid for air freshening purposes. The- WISP® brand fragrance dispenser
includes a piezoelectric  actuator-coupled to a curved plate having a.plurality of small orifices
extending therethrough. A volatile fragrance in fluid form is supplied in a refill container having
a wick that transports the fragrance to the-curved plate when the refill container is placed in the
fragrance dispenser in :an- operative: position. Electrical circuitry is provided ito. periodically-
operate the piezoelectric. actuator :and thereby cause emissions of fragrance. droplets at a
selectable emission frequency. Specifically,.the electrical circuitry. is responsive to'the position
of a switch to develop a series of emission sequences wherein consecutive émission sequences
are separated from-one another in time by a périod that is dependent upon the switch position.
The electrical circuitry’includes an application specific integrated circuit (ASIC) that develops a

drive voltage for-the piezoelectric actuator-wherein the drive voltage .is ramped up and down in.
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frequency during each emission sequence between preselected frequency limits. This approach
is utilized to take into account that fact that it is desirable to drive the piezoelectric actuator at
one of the resonant frequencies thereof for at least a portion of the emission sequence so' that
adequate atomization is achieved and due to the fact that the resonant frequencies vary from
actuator to actuator. The need to:sweep the drive voltage across a band of frequencies results:in

increased electrical requirements.

SUMM

[ARY OF THE INVENTION

[0007] According to one aspect of the present invention, a drive circuit for.a piezoelectric
actuator includes an:impcd‘a'nce coupléd to the piezoelectric-actuator wherein the impedance and
the piezoelectric actuator together form a tank circuit that-has a resonant frequency. A first
coupled to the tank circuit and that develops a current. signal representing current flow in the
circuit. A feedback capacitor is ¢oupled to the resistanceé for phase shifting the current signal and
a second circuit is responsive to the phase-shified current signal and a gating signal. The second
circuit selectively operates the first circuit'in one of at least two modes of operation including a
first mode that causes the actuator-to be energized at a first duty cycle and a second mode that

causes the actuator to-be energized at:a second duty cycle greater than the first duty cycle.

[0008]  According to anotheriaspect'of the presént invention, a diive circuit for a pieZoelectric
actuator that dispenses a volatile comprises: an impedance:coupled-to the piezo€lectric -actuator
wherein the impedance and the'piezoelectric actuator together form a tank circuit that has. a
resonant frequency. A first circuit drives the actuator at the resonant frequency, the first circuit
including .a current :detector, coupled to the tank circuit and. that develops a current signal
representing current flow in: the tank circuit. A feedback capacitor is coupled to the resistance.
signal and a gating signal that selectively operates the first circuit in one of at least two modes of

operation. A first:mode of ‘operation causes the actuator to dispense volatile at'a first rate and a
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second mode of operation causes the actuator. to dispense volatile at a second rate greater than
the first rate, wherein the first mode comprises automatically periodically energizing the actuator
upon start-up of the drive circuit, and wherein the second mode temporarily overrides the first

mode when the second mode-is selected,.

{0009] According; to yet another: aspect of the present invention, a method of driving a
piezoelectric actuator includes the step -of coupling an impedance to the piezoelectric actuator,
wherein the impedance and the: piezoeléctric actuator together form a tank circuit that -has a.
resonant frequency. The method further includes the step of providing a first circuit that: drives
the actuator at the resonant frequency wherein the first circuit includes. a current detector coupled
to the tank circuit and that develops:a current signal representing current flow ‘in_the tank: circuit.
A feedback capacitor. is coupled. to:the resistance for phiase: shifting the current signal- and a
second circuit is provided that is résponsive to the phase shifted current signal and a gating signal
and that selectively operates the:first circuit-in one of at least two modes of operation. A first
mode of operation causes the actuator to be energized at a first duty cycle and a second mode of
operation causes the actuator to be energized at a second duty cycle greater than the first duty

cycle.

[0010] Other :aspects: and:advantages of the. present ‘invention -will: become .apparent: upon

consideration of the following drawings and detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]  FIG. 1 is a generalized block diagram of a drive circuit for a-piezoelectric actuator;
[0012] FIG. 2 is a'schematic'diagrami-of a first embodiment-of- the drive.circuitof FIG. 1;
{0013] FIG. 3 is a schematic diagrain .of a second embodiment of the drive circuit of FIG. 1;
[0014] FIG. 4 is-a-schematic -diagram of a third embodiment of the drive circuit of FIG. 1;

[0015] FIG. § is a schematic diagram of a fourth embodiment of the drivecircuit of FIG. 1;
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[0016] FIG. 6 is & schematic.diagram of-a fifth embodiment of the drive circuit of FIG. 1
[0017]  FIG. 6A is‘a flowchart illustrating operation of the drive circuit of EIG. 6:

[0018] FIG. 71s a block di’agraxr; of a sixth embodiment of the. drive circuit of FIG. 1;
[0019] FIG. 7A is an exemplary schematic diagram of the sixth embodiment of FIG. 7;
[0020] FIG. 8 is:a schematic diagram of 'a seventh embodiment of the drive circuit of FIG. 1;

[0021]  FIG. 8A is.a schematic-diagraim-of an implementation of a portion:of the-embodiment

of FIG. 8 using discrete components;
[0022] FIG. 9 is a schematic diagram of an eighth embodiment of the drive circuit of FIG. 1;

[0023] FIGS. 10A and 10B are flowcharts illustrating operation of the circuit of FIG. 7A;
FIG. 11 is a schematic diagram of a ninth embodiment of the drive circuit of FIG. 1;

[0024] FIG. 12 is a block diagram illustrating use of the drive circuits of any of the
embodiments disclosed herein in conjunction with-one ormore LED’s.; and

[0025] FIG. 13 is a schematic diagram: of a tenth embodiment of the present.invention.

[0026] Throughout the figures; like or corresponding reference numerals have been used for

like or corresponding parts.

DETAILED-DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0027] Disclosed: herein are-¢ircuits: for driving piezoelectric actuators in. which one or more
impedances, such as an inductor,:is coupled to the actuator. The purpose of the inductor is to act
in conjunction with the parasitic ‘parallel capacitance of the actuator as an impedance
transformation network. Specifically, the piezoelectric actuator requires high voltage and low
current, while the driver circuit-coupled to the actuator provides low voltage and high current
thereto. The combination of the inductor and parasitic capacitance efficiently transforms the low

impedance output of the driver circuit to the high.impedance of the actuator.
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[0028] The combination of reactances of the impedance transformation network and the
piezoelectric transducer, the totality: of which comprises’a tank cir¢uit, determines; the frequency.
at which the circuit operates. '

[0029]  One difference between -the actuation circuitry used in the WISP® biand fragrance
dispenser and the embodiments disclosed herein is this method of impedance transformation.
The actuation circuitry of the WISP®: brand: fragrancé dispenser uses a transformer for
impedance transformation, but: .does not. utilize the parasitic parallel capatitance of the
transducer.

[0030]  Another major diffeiencé is that the embodiments disclosed herein sense the resonant
frequency of the transducer and 4ctuate the transducer at that frequency instead of sweeping: the
frequency in a range ‘around. the expected. but unknown actual resonant frequency of the

piezoelectric transducer.

[0031] All of the embodiments disclosed herein. incorporate methods of doing these. two
things in a cost effective/practical matter. '
[0032]  The half-bridge/full-bridge implementations of the present embodiments are the least
expensive implementations: for an ASIC; however, these are not the. _only possible
implementations. For example & combination of a transformer and: an inductivé-and capacitive
impedance transformation network using a single transistor could be used.
[0033] The circuits disclosed herein also implement methods of sensing the correct resonant
frequency of the piezoelectric transducer. ‘These include the:

1. direct feedback method, which has no. independent oscillator:per se absent

the sensing ¢itcuitry, but whei combined with othéf circuits transforms the entire

circuit into an os¢illator; -

2. the PLL and:synchronous oscillator, either of which can be used to-lock to

the correct transducer frequency; and
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3. the' dither-method; which 1ises ‘an. indepéndent oscillator and “dithers” the

frequency of the oscillatorto find the maximurh current'through the transducer.

[0034] In the present embodiments the feedback mechanisms sense the current through: the
transducer, for example; .as developed. across:one or'more resistances or diodes. The resistance

may be a separate resistor or may be the parasitic resistance of the driver transistors.

[0035]  Except for the direct feedback method. the. oscillator frequency may be either voltage
controlled or digitally synthésized: “The balance of the circuitry in the €mbodiments hasi two
purposes: to generate the supply voltages-required for proper operation of all the.circuits, and:to

provide a user interface to control when and how long the piezoelectric transducer is activated.

[0036]  Referring to FIG. 1, a drive circuit 120 ‘includes an amplifier/driver circuit 122
coupled to a tank. circuit 124 comprising a piezoelectric actuator 126 and. one or more reactive
components 128. The component(s) 128 may include resistive and/or other components; as
necessary or desirable. A feedback path répresented by-solid line 130"-detects'a parameter of
power developed: across or flowing through one or more of the component(s) 128 and develops-a
feedback signal that is delivered to the an amplifier. portion of the: amplifier/driver circuit 122.
Alternatively or in addition, a second feedback path represented by dashed.line 131 detects a
parameter of power developed -across. or flowing through the piezoelectric actuator 126 and
provides a feedback signal that may be provided .alone to the amplifier portion of the
amplifier/driver circuit 122.or which may be summed or otherwise combined with.one or more
other feedback signals, including, possibly, the feedback signal on the line 130, and provided to

the circuit 122.

[0037]  The piezoe€lectric actuator 126° may comprise, for example, a piezoelectric element
itha‘t is a part of a fragrance or other volatile dispensing device. For example, the device may
comprise a fragrance ,di_spehsiﬁg.:de;\‘li(:’g. sold by the-assignee of the present-application underthe:
WISP® trademark. The piezoelectric-element vibrates a perforated orifice plate that is disposed

in fluid contact with a liquid conducted by a capillary wick forming a part of a replaceable fluid
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reservoir. Such a device is disclosed in Boticki et al. U.S. Patent No. 6,843,430, filed
May 24, 2002, owned by the assignee of the present application, the disclosure of which is
hereby incorporated by reference therein. Altematively, the piezoeléctric actuator may be used
to dispense a different volatile material, such'as an insecticide, or may produce useful-work other
than dispensing a volatile material,. as desired. For example, the present invention could
alternatively be utilized in :@ny .of the devices: disclosed in U.S. Application: ‘Serial: No.
11/427,714, filed June 29, 2006, entitled “Apparatus for and Method of Dispénsing. Active
Materials,” U.S. Application Serial No: 117131,718, filed May 18, 2005, entitled “Diffusion’
Device and Method .of Diffusing,”U.S: Application Serial No. 11/264,952,. filed November 2,
2005, entitled “*Control-and Integrated Circuit for a Multisensory Apparatus,” U.S. Application
Serial No. 11/401,572, filed ,A_pri'l 11, 2006, entitled “Electronic Aerosol :Device;,” U.S.
Application Serial No. 11/457,728, filed July 14, 2006, entitled “Diffusion Device,” owned by
the assignee of the present application and the disclosures of which are hereby incoiporated by
reference herein.

[0038]  The remaining FIGS. illustrate various embodiments according to FIG. 1. In each:of
the embodiments disclosed herein, the reactive component 128 comprises an inductor L1
preferably coupled. in seéries with the. piézoelectric actuator. 126, a.lthoi;tgh a combination of
reactive components (i.e., inductor(s) and/or capacitor(s). connected in series. and/or parallel
relationship and/or ini.a .combination of series: and/or. parallel relationships) and/or resistive:

and/or even nonliniear components could-also‘be used.

[0039] Referring next to FIG: 2, the amplifier/driver circuit 122 iricludes:fouritransistors Q1-
Q4 coupled in a full-bridge configuration between a regulated voltage developed on a line 132
and ground potential. The series combination of the inductor L1 and the piezoelectric actuator
126 is coupled across junictions- ¥34, 136 Between drain ¢lectrodes of thé transisters Q1, Q2 and
Q3, Q4, respectively. Resistors R1 and R2 are coupled between the line 132 and gate electrodes
of the transistors Q1 and Q3, respectively.: .Capacitors C1 and C2 are coupled between the gate
electrodes of the transistors Ql, Q2 and Q3, Q4, tespectively. The gaté. eléctrode of the
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transistor Q2 is coupled to an output of a first NAND gate 138 and the gate electrode of the
transistor Q4 is coupled to an. output of a second NAND gate -140. In addition, diodes D1 and
D2 are coupled between the gate electrodes of the transistors: Q1 and Q3, respectively, and the
line 132. The capacitor C1, the diode D1, and the resistor R1 form a self biasing, DC coupled
level shifter to drive the P-FET transistor Q1 from the low.voltage signal from the NAND: gate
138. In like fashion, the capacitor:C2, the diode: D2, and the resistor R2.form-a self'biasing, DC.
coupled level shifter to drive the. P-FET - transistor Q3 from the :low voltagé signal from the
NAND gate 140.

[0040] First and :second current®:sensors in the form of resistors R3 and R4 are coupled
between source electrodes -of ‘the transistors Q3 -and Q4; respectively, and the line 132 and
ground potential, 'res_peciivély. Feedback. capacitors C3-CS. are coupled between the source
electrodes of the transistors Q3 and Q4 and a feedback line 142 comprising the:‘feedback path
130. The feedback signal is phase shified for proper operation of the amplifier/driver circuit. 122.

[0041]  The amplifier/driver circuit 122 further includes-third and fourth NAND gates 144,
145, respectively. A first input of the third NAND gate 144 receives the signal on the feedback
line 142. The NAND gate 144 is biased-into a linear range of operatjon by a resistor R27. A
second input of the third NAND. gate 144:receives-a gating signal-developed across a:resistor: RS
and transmitted by: a pin 5 of an: ATTINY:13 microprocessor 146 manufactured: by.Atmel. The:
microprocessor 146 is, in turn, responsive to the setting of a rate selector switch 148, which can
be set to one of five settings. A wiper 150 of the switch 148 can be connected to-one of five pins
2-6 of the switch 148. The pin 2 is disconnected from all sources of potential whereas the pins 3-
5 are connected to.three resistors R6:R8 forming. a voltage divider. The pin 6 is coupled to
ground potential. The setting of the switch 148 determines.the:duration of a:dwell period during.
which the piezoelectric. actuator 126 is not -actuated. The dwell periods aré separated: by
emission sequences preferably of‘fixed duration. Preferably, each emission sequence is about 12
milliseconds in length, and the dwell periods are selectable to be about 5.75 seconds, 7.10

seconds, 9.22 seconds, 12.60 seconds, .or 22.00 seconds in léngth. In other embodiments, these



WO 2008/021281 PCT/US2007/017858

-10-

dwell periods are selectable to be .about 9:22 seconds, 12.28 seconds, 17.92 seconds, 2406
seconds, or 35.84 seconds in length or:5:65 seconds, 7.18 8é§bﬁds,-9;.2'-_3i seconds,: 12:81 seconds,.
or 22.54 seconds in length. ‘Any emission sequence. duration-and any dwell period durations
could be used and the number: of selectable dwell period durations and multiple selectable
emission sequence durations- of any number could be implemented. A pin 7 is..coupled to the
wiper 150 and is further coupled by a resistor R26 to a line .152 that receives a voltage VPP:
developed at a pin 8 of the microprocéssor 146. The: pin'7 of the microprocessor 146 is further
coupled by a capacitor C27 to ground. potential and ‘the voltage:on' the pin ‘7 i$ sensed'byan
internal A/D converter of the microprocessor :146 to read the setfing of the'switch 148:

[0042] Alternatively, the dwell period(s) may be predetermined to be anywhere in a range
from 12mS up to 30 minutes or longer. For example in.a boost mode, when it is desired to
release a large amount of _fragrﬁnce', each emission sequence could be 12mS and each dwell
period could be 12 mS in duration to-achieve a 50% duty cycle. ‘On the other extreme, when the
room in which the volatile dispensing-device is located is unoccupied (as detected by .a motion-
sensor or other sensor, for example, as seen in-the-¢émbodiments hereinafter) it might be desitable.
to emit volatile for-a 12'mS duration’once every 30 minutes just to-maintain some volatile in-the
room. As noted in greater detail-‘hereinafter; this. periodic 'emission :of volatile at-a ‘selectable:rate
may be overridden by a command to emit volatile at an accelerated rate on a periodic or

aperiodic basis..

[0043]  Pins 1 and 3 of the microprocessor: 146 are. coupled by resistors R9 and R10,
respectively, to the line: 152. A.pin 2 of the microprocessor 146 is coupled by a resistor R11 to a
battery 153, which may be a single 1.5 volt AA alkaline battery. The ~piﬁ_'2 is also coupled by a
resistor R12 to.ground potential. ‘A-capacitor.C6 is coupled ih parallel across the resistor R12. .A
switch 154 is coupled between ‘a pifi 6 of-the microprocessor 146 and ground potential, and is
further coupled by a.resistor R13 to further integrated circuits: 156, 158 that function to develop

regulated voltages for power supply purposes. The switch 154 is also coupled to a power
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conditioning circuit 160 inthe form of & pair of parallel-connected schottky:diodes D3, D4, an
inductor L2 coupled to an anode of the battery, and a capacitor. C7.

[0044])  The IC 156, the diodes D3 and: D4, the inductor. L2, and the ¢apacitor C7 act ‘as &
switching regulator that steps up and tegulates the battery voltage to 2.7 volts. This regulated
voltage is delivered to .the NAND:'gates 144 and 138. The- integrated circuit 158 and voltage
regulation components C9-C11, ' R14;:R15; L3;-and D5 together produce the regulated. voltage. of
preferably 9.6 volts on the line 132,

[0045] When power is supplied to. ‘the microprocessor 146 by the battery 153 the
microprocessor 146 periodically develops an approximate 12 millisecond gating signal on the pin
5. The gating signal is delivered to ‘inputs of the NAND gates 138, 140; and 144. This signal
causes the NAND gates 138,.140, 144, and 145, together with a resistor R27 and a capacitor C21
to provide drive signals to'the gate electrodes.of the transistors Q1-Q4.. In this regard, the
NAND gate 145 acts as an invérter to-invert ‘the output of the NAND. .gate 144 so that -the
transistors Q1 and Q2 are driven 180° out of phase with respect to the transistors Q3 and Q4.
That is, the transistors Q1 and Q4 are first turned -on while the transistors Q2 and Q3 are held in
an off condition, and subsequently the transistors-QI and Q4 are turned off and the transistors Q2
and Q3 are turned on. Preferably, the:transistors are operated at about 50% duty. cycle.. If
desired, a period of time may:be interposed between turn-off of 6ne pair ‘of transistors and tuin-
on of another pair of transistors during which all transistors are briefly turned off to prevent
cross-conduction. Inany event, the:current through the piezoelectric element 126 alternates at a
selected resonant frequency thereof during: each gating period (i.e., during the times that the
gating signal is developed) dependent upon the impedance of the tank circuit 124:. This
oscillation continues in.a-continuous fashion ‘during each approximate 12 millisecond emission
sequence, following which the- ifitegrated circuit 146 ‘terminates-the gating:§ignal on the pin 5
thereof, hereby turning off the transistors Q1-Q4 and terminating further emission of product by

the piezoelectric actuator 126.
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[0046]  When a.tser wishes to: dctivate the circuitry 120° durifig. operation referred to- as a
“boost” mode, the user depresses the switch 154. This action puills the voltage on thépin 6 of the
microprocessor 146 low and causes-the:microprocessor 146:to develop the gating 'signal on-the
pin 5. In one embodiment, the gating signal is periodically or aperiodically déveloped during:an
interval, For example; the gating signal may cause volatile emission comprising :one 12' mS
pulse every second for 83 or 84 seconds. As. another example the gating signal may cause
volatile emission: comprising d group of tén 12 mS pulses spaced’apart from one-another by 72
mS, wherein successive groups of ten.12 mS pulses take place at.intervals of sixty seconds. This
sequence may continue for any-length of time. As:should be evident, any number of pulses-of
any duration can be periodically or aperiodically emitted. at-any desired frequency (if periodic)
and over one or more intervals of any length, as desired. In yet another embodiment, the gating
signal is developed for as long as the switch 154 is depressed so that volatile is emitted in a
continuous fashion during the entire time that the switch 154 is depressed. In any-event, the
actuator 126 oscillates at the selected resonant frequency .dﬁring the entire time that the gating
signal is developed, although. the actuator 126.may:be intermittently actuated: during-the time-that
the gating signal is developed, if desired.

[0047] Referring next to FIG. 3, a further embodiment. will next'be described. The primary
difference between the embodiment of FIG. 2 and the embodiment of FIG. 3 involves the.
manner in which the current flowing ‘through the tank circuit 124 is sensed and other details, as
described. in greater detail hereinafter. In.addition to the foregoing, the voltage regulation
circuitry and the integrated circuit 146 illustrated in FIG. 2 are-not shown in FIG. 3, it being
understood that the voltage on. the:line: 132 is developed by similar oridentical:¢ircuitry to that
described in connection with FIG. 2 and the gating signal described above is developéd on a'line
200.

[0048)] A drive circuit 220 of FIG. 3 includes a current sensing circuit 224 coupled to the
resistor R4 and to a resistor R16.coupled between the source electrode of the transistor Q2 and

ground potential. The current sensing circuit 224 includes a pair of transistors Q5, Q6, resistors
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R17, R18 coupled to emittgr electrodes of the transistors Q5 and Q6, and a further resistor R19
coupled between. the -‘emitter electrodes of the transistors Q5 and Q6. Ends of the resistors R17
and R18 opposite the resistor. R19 are. coupled to the: line' 200 and: receive ‘the gating ‘signal
developed thereon. In addition.to the foregoing, :a collectsr electrode. of the! tansistor Q6 is
coupled by a resistor R20 to ground potential. A junction between the.collector electrode of the
transistor Q6 and the resistor R20 is coupled by a capacitor:C12-to one input of the NAND gate:
144. As in the eibodiment of FIG: 2,-a second:iriput of the NAND gate 144 receives the gating
signal on the ling 222. The transistors:QS5 and Q6 and the resistors R16-R20 form a differential-
to-single ended amplifier to: combine: the: two. feedback signals across R16. andi R20 -into-one
signal on a line 230.

[0049] The NAND pgates 138, 140 of FIG. 2 are not utilized in the embodiment of FIG. 3;
instead, the output of the NAND gate 145 ‘is provided directly to the gate electrode of the
transistor Q2 and to the gate electrode of the transistor Q1 via the capacitor Cl. Further; the
output of the NAND gate 144 is provided.directly to the gate electrodes of the transistors Q3 and:
Q4. A capacitor C 21 is connected betwéen one of the inputs of the:NAND gate 144 and the
output of the NAND: gate 145/ to provide hysteresis so that unstable switchirig is minimized:or

avoided.

[0050] During an. emission sequence when. the gating signal is developed on.the line 200 in
the fashion noted above in connection with FIG. 2, the NAND gates 144, 145 drive the
transistors Q1-Q4 in anti-phase relationship such that when the transistors Q1 and Q4 are on; the
Q3 are on (with the possiblé-exception of a brief period of'time between ‘turn-off of one pair of
transistors and turn-on of the: other pair:of transistois during: which.all of the transistors are -off).
The current flowing through the tank circuit 124 is at a frequency equal to a resonant. frequency
of the piezoelectric actuator 126, as also -noted above. The current flowing through the
piezoelectric actuator 126 in.either direction (for example, when the transistors'Q1 and Q4 are

on) is sensed by the current: sensing:cifcuitry 224, which 'is; active when the gating signal is
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developed on the line 200. Specifically, when current is. flowing through the piezoelectric
actuator 126 in either direction and. during the time that the. gating signal on the line 200 is- on,
the transistors Q5 and Q6 are turned-on, thereby causing-a feedback signal to. be developed:on.
the line 230 that is coupled through thie capacitor C12 to the NAND gate 144. This feedbick
signal operates in conjunction with the transistors Q1-Q4. to cause the current flowing through
the piezoelectric actuator 126 to be-at'a selected resonant frequency of the actuator 126, as:in the
embodiment of EIG. 2. In this regard, thé current flow through the actuator 126:is:self-resonant
in the sense that n‘(’iisé in the systém is:sufficient to establish the current flow.at the resonant
frequency, also as'in the:embodiment.of FIG. 2:

[0051) FIG. 4 illustrates another embodimeént wherein the power regulation circuitry and'the
integrated circuit 146 that generates the gating signal on the line 200 are not shown for the sale
of simplicity. Current sensing in this émbodiment is accomplished by a resistor R17, which is
coupled to the source electrodes of the transistors Q2 and Q4, and an operational amplifier (op
amp) 240. Specifically, an inivértirig input.of the op amp-240 is coupled to the resistor RI7-and a
non-inverting input thereof is- coupled to:a source of voltage, for example 10 millivolts. An
output of the op amp 240 is coupled to-a clock input of a D: flip-flop 242. A Q(bar) output of the
flip-flop 242 is coupled to theé D input thereof and a-Q output -of the flip-flop 242 is coupled to
and directly controls the gate. electrodes. of the transistors Q3 and Q4. An inverter 244 also
receives the Q output of the flip-flop 242 and the resulting inverted driver signal is coupled to the
gate electrodes of the transistors Q1 and Q2 to conitrol-same. The feedback -signal developed
across the resistor R17'Ain.'thisr case is at.twice the frequency. of the current flowing through-the.
piezoelectric actuator 126, i.e., each:half-cycle of the current waveform through the actuator 126
produces a positive half sine wave across .the resistor R17. The flip-flop242 divides the
frequency of this signal by two back to-the correct frequericy; An alternate circuit. would be to
omit the inverter-244:and‘connect the: gate electrodes of the transistors Q1 and Q2 to the Q(bar).
output of the flip-flop-242.
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[0052] Although not shown, the flip flop 242 includes- set and reset inpiits, either of which
receives the gating signal -developed on the line 200. As in the previous embodiments, the
transistors Q1 and Q4 are operated together in 180° opposition to the transistors Q2 and Q3.and a
feedback signal is developed on a line 246 arid. is provided to the clock input.of the flip-flop 242
to control same. The current through:the piezoelectric actuator 126 flows at a frequency equal to
a selected resonant frequency thereof .as in the ‘previous embodiments. Further, in any-of the
embodiments described herein. the FET's shown in thie-drawings may be replaced by any other
suitable switching devices, such as. bipolar transistors; in which- case flyback diodes may be

coupled in anti-parallel-relationship across:main:current path electrodes.of the switching devices:

[0053) Referring next to: FIG. 5, yet another embodiment is .illustrated wherein the current
flowing in each: direction through the piezoelectric actuator 126 is sensed by circuitry 300
coupled across the resistor R17. The circuitry 300 includes: first and second controllable
switches 302, 304 that are driven in anti-phase relationship. with respect to one another so that a
feedback signal is developed on a line 306 during an emission sequence. Specifically, when the
transistors Q1 and Q4. are reridered conductive, the switch 302 is. closed and the switch 304 is
opened so that an op amp 308 receives a high-state signal at a non-inverting input thereof that
causes the op amp 308 and associated resistors R18 and R19 coupled to an inverting input of the
op amp to act as an amplifier having a positivé unity gain. Thé voltage: across: the resistor-R 17,
representing the current 'ﬂowihg’-'throu_g_'hthe-pi’ezoelectfic%element 126:and the transistors Q1 and
Q4, is passed in un-inverted form thirough the feedback line 306 and the capacitor C12 to: one
input of a NAND gate 310. A sécond”input;of the NAND. gate 310 receives the gating signal -on.
the line 200. The output of the NAND gate 310 is directly coupled to the gate: electrodes of the.
transistors Q3 and ‘Q4-and is further coupled through an inverter 312 to the gate electrodes of the
transistors Q1 and Q2.

[0054) When the NAND gate 310. turns the transisfors Q! and ‘Q4 off and ‘turns the.
transistors Q2 and Q3 on, the .switch 302 is opened by the inverter 312 and the switch 304 is
closed by the NAND gate 310. Thls action.causes the op amp 308 and associated resistors R18
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and R19 to operate as an amplifier with a gain of minus unity; and hence, the voltage across the
resistor R17 is inverted and delivered-thirough the: capacitor €12 to the-input-of the NAND gate:
310.

[0055]  As should: be: evident.fromiithe foregoing, the.current sensing. circuit’is opérated to
provide a feedback signal of proper:polarity o the: ling: 306: s that stable operation of “the:
oscillator and piezo¢lectric actuator. 126:is:maintained:.

[0056]  FIG. 6 illustratés-an embodiment ‘wherein the full-bridge: topology. 6f FIGS:. 2+5 s
replaced by a halfibrigi,gex‘tqpol‘dgy including transistors Q7 and Q8.. An optional-capacitor=Cl4

is coupled- in series: with-the inductor-E1 and flyback diodes D6, D7 are coupled in anti-parallel
relationship across the-transistors-Q7,/Q8:: An eiid-of the piezoelectric actuator 126 opposite: thie
inductor L1 is coupled to-a‘junction:between current sensing diodes D8;,-D9: TFhessecond-€tid of
the piezoelectric actuator is-also: couplediby a feedback line 340'to a feedback:capacitor C15 and
a first input of a NOR. gate 342. The feedback signal is also:supplied through a resistor R20 and
a capacitor C16 to a base electrode of thé transistor Q7. The base ¢lectrode of the transistor Q7
is further connected by a diode D10 and a.resistor R21 to the line 132,

[0057] A second input of the NOR: gate 342 receives the gating signal on the line 122. An
output of the NOR gate 342 is ‘coupled by a ‘parallel combination ‘of ‘a resistor R22:and: a
[0058] As in theé previous :embodiments, the amplifier/driver circuit: 122 operates: the
transistors. Q7, Q8 in alternating; fashion to. periodically reverse the current in the piezoelectric.
element 126. The-circuit of FIG:. -6 :functions to drive the current through the piezoelectric.
[0059]  If desired;the diodes.D8 and"D9 can be replaced by-a-small resistor-having a first-end
coupled to. the junction between the:actuator 126 and the capacitor C15 and-a second end coupled

to ground potential:to obtain the cuirent sensing function.
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[0060) The resistors R20-R22, capacitors C16 and C17, and diode D10 are selected to
provide appropriate biasing and coupling characteristics to obtain the proper operation of the
transistors Q7 and Q8.

[0061) A jumper JP1 is open diring normal operation. Also, a resistor R28 is a pull-up
resistor that holds the NOR' gaté 342 off during testing, during which the pin ‘S of IC 146 is
programmed to be an open drain output that can only sink current. This allows an external sigrial
thereof. Also on power up whilethe micfoprocessor 146 is internally reset the pull-up resistor
R28 ensures that the NOR gate 342 will be off.

[0062] A connector 350"is, couipled tor the: pin 3 ‘of the ‘microprocessor 146 and is further
coupled through- the resistor R10 to: the' regulated voltage developed by the IC 156. A light
sensor, such as the light sensor 707 of:FIG. 7A described hereinafter, may optionally be coupled
to the connector 350. If used, the: light serisor-operates in :CO'njuncﬁon"ﬁ3ﬂ1‘the' balance of the
circuitry of FIG. 6 in the fashion noted below in connection with FIGS. 7A, 10A, and 10B to
detect motion and/or room occupancy and/or the like so that the dwell and/or emission sequence
duration(s) are adjusted based on' such-_detec_téd-;activity.

[0063] FIG. 6A illustrates programming ‘executed by the microprocessor 146 of FIG. 6.
Control begins at a block 360 upon start up-ofithe circuitry, for example, when:the battery 153 is
inserted into a pair of opposed battery contacts-of a battery holder (not shown). The block 360
implements operation in a coitinuous ‘action air-freshening mode (CAAF) wherein the actuator
126 is periodically- actuated such that 12 miS*bursts :dre separated by dwell:intervals each iofa.
duration determined by the setting of the:switch 148 as described.above.. A block.362 monitors,
the staté of the switch 154, and-as long-as:such switch is not depressed, control remains with the
block 360 so that ‘operation in the-CAAF mode continues. On the other hand, if the block 362
determines that the switch 154 is depressed, a block 364 initializes and starts .a ‘boost timer. In
the preferred embodiment, the boost timer times a predetermined interval, such as7 seconds. A

block 366 then initiates operation in-the boost mode, wherein the duty cycle of operation of the
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actuator 126 is increased to a certain level, such as about 14%. Each duty cycle comprises ‘an
approximate 12 mS actuation followed by, an approximate 72 mS dwell interval. These values
may be changed as necessary. or desirable. A block 368 check:to determine if the boost timer-has
expired. If not, control remains with the block 366. Otlierwise, control returns to the block 360

so that operation returns to the CAAF mode.

L1 and the piezoelectri¢ actuator 126 are operated by a phase-locked loop (PLL) 400. The PLL

[0064) FIG. 7 illustrates yet-another 'embod__imc;nt. where:-the transistors:Q1-Q4;.-the inductor

400 comprises first and second phase detection: circuits. 402, 404;. respectivély, that are coupled
across resistors R23, R24. The resistor ‘R23 is ¢oupled: between the drain &électrode of™the.
transistor Q1 and the line. 122 whereas the. resistor R24 is coupled between a. source electrode of
the transistor Q2 and ground ‘potential: The phase. detect circuits. 402, 404 are alternately
operable such that.the phase detect circuit 402 provides a phase feedback signal. on a line 406
when current is flowing through the transistors Q1 and Q4 and the phase detect circuit 404
provides a phase feedback signal on.-a line .408 when current flow is. occurring: through the
transistors Q2 and-Q3. A voltage-controlled oscillator (VCO) 410 s responsive to the phase
feedback signals developed on the lines: 406 and 408 and the gating signal to develop an
oscillator signal that is supplied to drive logic circuits 412, 414 that in turn operate the transistors
Q1-Q4 in the fashion described abéve. As-in the embodimént-of EIG. 8 following, cutrent flow

through the actuator 126 occurs at a selected resonant frequency thereof.

[0065] FIG. 8 illustrates a still further-embodiment of ‘a drive circuit 120-that utilizes a half:
bridge transistor topology in combination:with a. phase-lockediloop. The embodiment of FIG. §
is preferably impleriented ‘by dn-application spedific integrated circuit (ASIC) 500. A battery
502 supplies power to a capacitor-C18 and an inductor L4 and the battery voltage is-stepped. up
to an increased voltage by a boost.coiiverter 504 forming a part of the ASIC 500. The boost
converter 504 is responsive to a voltage reference developed by a block 506 and the stepped up
voltage is delivered through-a diode D11 to a capacitor C19 as:a boosted voltage:VDDHYV that is

applied to a source electrode. of a-transistor:Q9. ‘A drain electrode of ‘the tratisistor:Q94s- coupled
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to a drain electrode .of the transistor Q10 and a source electrode of the transistor QlO is coupled
to ground potential.. A first enid of the series.combination of thie inductor L1 anid the piezoelectric
actuator 126 is coupled to the drain electrodes: of the transistors Q9 and Q10 and a second end of
the series combination of the inductor L1 and the piezoelectric actuator 126 is coupled to a
current sensing resistor R25. The junction between the piezoelectric actuator 126 and the
resistor R25 is coupled through a phase comparator 508 of a PLL 510. The phase comparator
508 is, in turn, coupled to a V.CO:512-having an output coupled to a drive Jogic circuit 514.. The
drive logic. circuit 514 is further responsive to the-output of a digital controller 560: that is
responsive to a plurality of switches 518 and: a parameter of electrical: power at. a. point: of
regulation (POR) as detected by:a sensor'520. If desired; the individual switches 518 ‘may be
replaced by the switch 148 of FIG. 2, and,.in any -event, the switch(es) may be optionally
operated to provide a selectable dwell-interval between emission sequences as described above.
Alternatively, as: in some of .theé: preceding embodiments, a boost button may be actuated. to
override the selectable periodic :.emission: and cause an ‘increased emission: of: volatile by. ‘the-
actuator 126. In addition, terminals VSS1 and 'VSS2 are coupled to ‘ground ‘potential -and a
terminal VDD is coupled to a capacitor C20 to store energy for use by the ASIC 500. The digital
controller 516 provides control signals to the drive logic 514 together with the oscillator signal
developed by the VCO 512 to operate the switches Q9 and Q10 such that the current flowing
through the piezoelectric actuator 126 during an emission sequence is at a frequency equal to a

selected resonant frequency thereof.

[0066]  FIG. 9 illustrates yet:another embodiment wherein the on resistances: of ‘the driver
FET's Q1-Q4 are used as feedback elemenits. Specifically, transistors Q1.1 and.Q12 are coupled
to one end of the series combination of the inductor LI and the actuator 126 and transistors:Q13
and Q14 are coupled to:the other.end :of the series combination of the: inductor L1 and the
actuator 126. Junctions betweéri the transistors Q11 and Q12 and between the transistors Q13
and Q14 are coupled 1o voltage. bidsing circuits-600; 602, which augment the voltages-sensed by
the transistors Q11-Q14 by-approximately 1.5 volts. An op amp 604 acts as a comparator for the

sighals developed by the ciréuits'600,602,.and the resulting comparison signal is-delivered by a



WO 2008/021281 PCT/US2007/017858

-20-

capacitor C24 to inverters 606, 608.. The gate 606 may be replaced by a two-input device such as
a NAND or NOR gate- wherein one of the inputs receives the gating signal andthe other input.
receives the signal transmitted by the capacitor C24. A resistor R29 .is coupled across the
inverter 606. The signal developed by the inverter 60 is delivered to gate electrodes of the
transistor Q12. The signal developed by the inverter 608 is delivered to gate electrodes of the
transistors Q1, Q2, and QI1. T:h'e%si_g‘hal from. the inverter 608 is further delivered by -another
inverter 610 to gate electrodes of the transistors Q3, Q4; Q13,.and Ql4. The embodimerit of:
FIG. 9 is operative to cause the current ﬂovsring:‘through the actuator 126 at a selected resonant
frequency thereof, as in the previous embodiments. This i‘mple‘mentati'o-n ‘Tfequires féwer parts:
and is more power efficient, The: feedback is developed across the two. lower drive FET's-Q2
and Q4 only.

[0067]  The circuit could be rearrdnged to-develop the feedback across QI and Q3 instead.
The feedback FET’s connect: Q2:to ‘the:off$et circuit and compatator when Q2 is tirmed on, and
connect the offset circuit arid comparator’ to-ground when; Q2 is off. In a similar fashion the
feedback FET’s connect Q4 to the offset circuit and comparator when Q4 is turmed on, and
connect the offset circuit and ‘co‘mparatdr to ground when Q4 is off. This is a kind of
combination of FIGS. 3 and 5, -using the FET on-resistance for feedback instead of external

resistor(s) or diodes.

[0068] Either the offset voltages: developed by the .biasing circuits- 600, 602 .or the DC
coupling capacitor C24 are needed for DC biasing purposes. Both are not necessary for DC
biasing; however, the capacitor C24 along with the resistor R28 is used in most .implementations

disclosed herein as a high-pass/phase-shift network as well as the DC coupling/bias circuit.

[0069] Although not shown, a synchronous oscillator is another implementation. In a.single-
circuit a synchronous oscillator comibines together the functions of'an oscillator.and a PLL. Such
an implementation can be readily designed to have a limited. capture range so that the circuit

cannot run at an actuator resonance-mode: and/or frequency other than those desired..
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{0070]  Reférring next'to FIG. 7A, ari exemplary circuit foi ‘implementing. the embodiment of
FIG. 7 is illustrated. In the circuit diagram of FIG. 7A, the FET devices Q1-Q4 are replaced by
bipolar transistors Q15, Q16 and Q17, Q18 that are coupled to opposite ends of the series
combination of the inductq_r L1 :and the actuator 126. Flyback diodes D12, D13 are coupled in
anti-parallel relationship across ‘main custent path electrodes of the transistors Q1S, 16 and
flyback diodes D14, D15 are coupled in anti-parallel relationship across main current path
electrodes of the transistors Q17,-Q18. An emitter electrode of the transistor'Q17is coupled by a
resistor R30 to the line 132 and a further.résistor R31 is coupled between an emitter €lectrode of
the transistor Q18 and ground potential. Current sensing signals are developed .at junctions .J1
and J2, wherein the current sensing signals are' provided through capacitors C24-C26 and a
feedback line 700 to a pin 14 of .a CD4046 Micropower PLL IC 702 available: from Philips,
Texas Instruments; Fairchild, or National Semiconductor: A:signal VCO.OUT is developed-at a

second input of the NAND gate 704: receives the, gating signal developed at the pin 5 of the;IC
146. An output.of:the NAND gate 704.is. coupled to-a junction J3 that further. receives the:
feedback signal on the lines. 700 via a resistor:R33. A summed signal is developed at the
junction J3 that is delivered by coupling and. biasing components including capacitors C27, C28,
resistors R34, R3$5,.and diode D16 io’base*elecu'odes of the transistors Q17, Q18.

{0071] The output of the NAND gate 704 is, in turn, coupled to inputs of a further NAND
gate 706 that operates as an invertér. An output of the NAND: gate 706 is coupled by coupling
and biasing components including capacitors C29, C30, resistors R36, R37, and diode D17 to
base clectrodes of the transistors Q15,.Q16.

[0072]) When. a gating signal is developed by the microprocessor 146 :at the pin 5, the

with FIG. 7. Theé use of bipolar transistors Q15-Q18 is shown simply to- illustrate that different
switching devices could be used, other than the FET'S. shown in FIG. 7.
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[0073] Resistors R38-R41 and capacitors C31 and C32 are coupled to appropriate pins of ‘the
IC 702 as shown for proper operation.thereof.. A pin 16 of the IC 702 is coupled to the line 132
and is further coupled by a.capaci_tbr C33 to. ground potential-and a pin 8 of the IC 702 is coupled
to ground so that the IC 702 is properly: powered.

[0074] In addition to the boost feature afforded by the switch 154 a light sensor in the form
of a photodiode or photocell 707 is connected to the connector 350. The photodiode or photocell
707 acts as a motion sensor. Capacitors C34, C35, resistors R42, R43 and a transistor Q19-are
coupled to a pin 3 of the microprocessor 146. The transistor QI9: provides gdin to: the output: of
the light sensor, the resistors R42, R43 provide biasing, and the capacitors: C34, C35 are: part
biasing and part low-pass/high-pass filters to prevent triggering on very fast or slow changes in
light. (The capacitors-C34, C35, theresistors R42 and R43, and the transistor Q19 may be-aised
in the embodiment of FIG, 6 if the photodiode ot photocell 707 is used in such-émbodiment.)

[0075] The embodiment of FIGS. 7 and 7A automatically operatés in the: fashion noted in
connection with the previous embodiments wherein periodic emission sequences are interposed
between dwell intervals selectable by means of the switch 148. At any time, a user may depress
the switch 154 to-caiise .operation in the boost-mode. The photodiode or photocell 707 detects
motion in the vicinity of the device in which' the. circuitry' of FIG. 7A is used: to- vary- the.

operation in the manner described.generally above and:more specifically hereinafter.

[0076]  If desired, actuation of the.switch 154 to implement the boost mode may further cause
an LED or other device to be energized:. Specifically, referring to FIG. 12, the embodiment of
FIG. 7A, or any of the embodiments of the drive circuits 120 disclosed herein, may not only
drive the tank circuit 124, but. may further drive one or more LED’s 709: The LED may -be
provided an energization waveform that causes the LED to-appear to flicker.and thereby emulate.
a candle in the fashion disclosed in‘U:S: ‘Application Serial' No. 11/264,952, filed November2,
2005, entitled “Control and Integratéd: -Circuit for a Multisensory Apparatus,” incorpoerated ‘by

reference above.
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[0077] FIGS. 10A and 10B illustrate the operation of the microprocessor 146 in the
embodiment of FIG. 7A. Referring first to FIG. 10A, a main program routine begins upon
power-up of the circuit (block 720), and-a block 722 checks to determine whether the button 350
burst timer, disables détection of the: light sensor, afid enablés a fifteen-minute'sensor lockout
timer. A block 726 then executes. the icontinuous. action air freshening (CAAF) mode of
operation wherein the actuator 126 is.actuated. for 12 mS bursts:separated by-dwell intervals as
determined by the position of the switch -148. A ‘block 728 thereafter exécutes a routine 730
shown in FIG. 10B to detect the voltage developed by the battery and the position of the switch
154. A block 732 then checks to: detetrmihe whether ‘thé oné-minute startup burst. timer has
expired. If this is not the case, control returns to the:block 726.. .Otherwise; control passes to a
block 734, which develops the gating signal of three second duration at the pin 5 so that a three

second burst of volatile is emitted.

[0078]  Following the block 734, a block 736 again: invokes ‘the routine 730 to. check the
voltage developed by the battery and the position of the switch 154. A block 738 then checks to
determine whether the fifteen-minute sensor lockout timer has expired. If this:is not yet-the case,
control returns to the block. 736. On the other hand, if the block 736 determines that the sensor
lockout timer has. expired, a block ‘740 enables detection of the light sensor and a block 742
determines whether motion is detected in:the vicinity of the device. If no motion is detected, a
block 744 disables the fifteen-minute sensor lockout timer-and the microprocessor operates in a
“ghost” mode of operation wherein a 12'mS emission.sequence is undertaken every two minutes.
A block 746 again invokes the routine- 730 to check. the battery voltage and. the position of the.
switch 154, and control thereafter retumns to:the block 742.

[0079]  If the block 742 detects motion in the vicinity of the device, 4 block 750 disables
detection of the. light sensor, enables and, reinitializes.the. fifteen-minute. sensor lockout ‘timer,
initiates operation- in the CAAF mode; and. develops an immediate: three-second:bust:of volatile.

Control then returns to the block 136.
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[0080)  If the block 722 determines.ihat the button 154 has ‘been: depressed, a block ‘752
enables detection of the light.sensor: and a block 754 checks to determine:whéther motion is

724.

[0081] As seen in FIG. 10B,: the:routine 730 begins.at a block 760 that determines whether
the battery voltage has dropped -below a.certain level. If this. is found to be the case; -the.
microprocessor 146 is placed in an:idle staté. If this is fiot the-case, & block 762 checks to
determine whether the button 154 has'been depressed. If this has not occurred, control returns:to.
the appropriate point in the main prograim. -Otherwise; a block 764 develops a gating signaliof a
duration dependent upon the length-of tirrie-the button 154 hasibéen depressed: I1f'the button 154
has been depressed less than one second, a three-second. gating signal is developed. If the button
154 has been depressed Ionger than one:second; then a gating: signal of duration: ¢qual t6: the
length of time the button: 154 ‘has been .depressed is-developed. Control then: rétufns to ‘the
appropriate point:in, the main ‘program;

[0082]  FIG. 8A illustrates .an ‘embodiment similar to :that.of FIG. 8 withi the exception:that
the internal drive logic 514, the transistors Q9, Q10, the feedback resistor R25, and the ‘PLL
block 510 are replaced by discrete-components. As inthe:embodiment of FIG. 7A, a CD4046 IC
702 is utilized with the resistors R32 and R38-R41 -and the capacitorsi€31-C33. In addition a-pin
5 of'the IC 702 is.coupled-to-a voltage source 800:

[0083] A pair of bipolér transistors: Q20, Q21 and associated: flyback :diodes D18, D19
coupled in anti-parallel relationship therewith are coupled to; the inductor Ll -and the actuator
126, here represented by impedances:including capacitors C36, C37, resistor R44 and. inductor
L6. A series combination of first anidsecond current sensing diodes D20 and D27 are-coupled at
a first end thereof to the actuator 126 and are further coupled at a second end theréof to an
emitter electrode of ‘the transistor @21 and to ground. A feedback signal is- coupled by a
_“capacitor C38 to a'pin’ 14 of the IC702;



WO 2008/021281 PCT/US2007/017858

~25-

[0084]  Pins 3 and 4-of the IC 702 are coupled through a.resistor R45 and-a capacitor C39 to'a
base electrode of the transistor Q21. The pins 3 and 4 are further coupled by‘a‘capacitor C40to a
base electrode of the transistor Q20. A diode D22 is coupled: between the base of the transistor
Q20 and the line 132. In addition, a resistor R46 is coupled between the capacitor C38 and the
pins 3 and 4 of the IC 702. The comporients of FIG. 8A- are résponsive to a gating signal to
operate the transistors Q20 and Q21 at: 4 selected resonant frequency of the actuator 126, as in

the previous embodiments.

[0085] FIG. 11 llustrates a still further:embodiment. that dithers the applied frequency: and
causes the actuator 126 to operate at a'selected resonant frequency. This diagram illustrates an
analog oscillator with an analog input from a digital/analog converter (DAC) responsive to a
counter to control frequency. This circuit could alternatively employ a digitally synthesized
frequency from a master: clock .controlled: directly from. the counter without the DAC. Also,
while the circuit of FIG. 11 utilizes a full-bridge topology, the circuit could instead use:any other
driver circuit such as the half-bridge topology or a single transistor.

[0086]  Specifically, the transistors Q1-Q4, the inductor L1 and the actuator 126-are coupled
to a current sensing resistor R47. First and second combined low-pass and sample-and-hold
(S/H) circuits 900, 902 are coupled to the currernt sensing resistor R47. The first circuit 900
comprises a resistor R48, a switch 904, a capacitor C41,-and an op amp 906. The second circuit
902 comprises the resistor'R48;a switch'908; a capdcitor C42, and the op amp-906. The'switch
904 and the switch 908 are.coupled to:non-inverting :and inverting inputs, respectively; of the op:
amp 906. A logic circuit 910 converts an output signal developed by the op amp 906 into
counter control signals for a counter 912. A DAC 914 converts the counter output into an analog
counter signal and a VCO. 916 is responsive to the DAC 914 to develop an oscillator signal the
drives the transistors Q3 and Q4. An inverter 918 inverts the output of the VCO 916 and
controls the transistors Q1 and Q2.

[0087]  The switches 904, 908.are operated in anti-phase rélationship each:at 50%.duty: cycle

for 500 microseconds conduction time and the op amp 906 compares the sampled and held
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voltages to develop a cormparison sif_gnal‘.: The t:omparison@i':gna,_l is sensed by -t_he'_ _fogi'q circuit
910 to determine ‘whether’ the counter 912: should .count up-of down. The: cufrént thiough-the:

actuator 126 is maintained at a selected resonant frequency using this dithering approach.

[0088]  If desired, other means -of developing the feedback :signal could be used, such as a
current sensing transformer coupled in series with the tank circuit.

[0089] FIG. 13 illustrates -another:embodiment that incorporates aspects of the embodiments.
of FIGS. 2 and 7A. In particular, FIG. 13 comprises the circiiit of FIG. 2 together with a diode
D23 coupled to resistor R9 and :integrated circuits' 156, 1'58 and a capacitor C43 coupled to:
NAND gates 138 and 144, in: combination with. the photocell 707 of FIG: 7A -and circuitry
associated therewith, including resistors R42, R43, capacitors C34, €35 and transistor Q19. The’
microprocessor 146 of this embodiment can be programmed to implement the routines of FIGS.
" 10A and 10B.

INDUSTRIAL APPLICABILITY
[0090] The embodiments disclosed. herein are operable to provide drive current to a
piezoelectric actuator at a resonant: freéquency thereof. Opetation at.a fesonant frequency reduces
energy demands on the power source that supplies power for such -energization, thereby
increasing power source life and/or possibly reducing the:number of required power sources for'a.

given product life.

[0091] Numerous modifications to the present. invention will be apparent to those skilled .in
the art in view of the foregoing description. Accordingly, this description is to be.constiued as
illustrative only and is presented for the purpose of ‘enabling those skilled in thie.art to make and
use the invention. and to teach the best mode of carrying out same. The exclusive rights to. all

modifications which come within the scope-of the appended claims are reserved.
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WE CLAIM:

1. A drive circuiit for a piezoelectric actuator, comprising:

an impedance coupled to the piezoelectric actuator;: wherein the impedance and the
piezoelectric actuator together form a tankcircuit that has .a resonant frequency;

current detector coupled to-the tank- circuitiand‘that develops a current signal representing cur¥ent
flow in the circuit and a feedback capacitor coupled to the resistance for phase shifting the

current signal; and

the actuator to be energized at:a second duty'cycle greater than.the first duty cycle.

2. The. drive circuit of claim: 1, wherein the first mode. comprises. automatically

periodically energizing the actuator ipon start-up of the drive circuit.

3. The drive circuit of claim 2, wherein the second mode temporarily overrides the

first mode when the-s_econd_mo_de_ is.selected:

4, The drive circuit of claim I, wherein the second mode comprises a boost: mode.of

operation.
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5. The drive circuit of claim 1, wherein operation in the first mode causes the
actuator to dispense a volatile at-a fifst rate and operation in the second mode causes the actuator

to dispense the volatile at a second rate greater than the first rate.

6. The drive circuit of claim 1, wheréin thé second:circuit operates the first.circuit if

a third mode of operation in response to detection of motion.

7. The drive circuit of’ claim I, wherein the first circuit is responsive to a switch

setting to establish a dwell interval between successive energizations of the actuator.

8. The drive circuit of claim 1, wherein the first circuit has a full-bridge topology.
9. The drive circuit of claim 1, wherein the first circuit has:a half-bridge topology.
10. The drive circuit of claim 1, wherein- the -curreént detector includes a current:

sensing resistor for detecting current flowing through the actuator.

1. The drive circuit of claim 1, wherein the current detector includes:current sensing

diodes for detecting current flowing through the actuator.

12.  The drive circuit of claim 1, wherein the first circuit includes at least ene-
transistor coupled to the actuator and further including a circuit that detects an on resistance-of

the at least one transistor to detect current. flowing through the actuator.
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13. The drive circuit of claim 5, wherein the second rate is about fourteen percent

duty cycle and has a duration of about seven-seconds.

14.  The drive circuit of claim. 5, wherein the second rate is about, fifty percent duty

cycle and has a duration detérmined by therlength:ofitime that:aiboost switch is.activated,

15. The drive circuit. of claim 1,.wherein. the first circuit further comprises a phase-

locked-loop.

16. The drive circuit -of claim: 1, wherein the second circuit; further: comprises .an

oscillator that develops an oscillator signal that is-dithered.

17. The. drive circuit of claim 1, further including at least one LED driven by an

energization waveform.
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18. A drive circuit for a piezoelectri¢ actuator that dispenses a volatile, comprising:
an impedance coupled 'fo the piezoelectric actuator; wherein the impedance and the

piezoelectric actuator together form a.tank circuit that has a resonant frequency;

a first circuit that drives the actuator at the resonant frequency, the first circuit including a
current detector coupled to the tank circuit and that develops. a:current signal representing current
flow in the tank circuit and a feedback capacitor coupled to: the resistance for phase shifting:the

current signal; and

a second circuit responsive to the:phase shifted ciirrent signal and a gating signal‘that
selectively operates thé first circuit ifi ong of dt least two modeés of operation. including a ‘first
mode that causes the actuator to dispense volatile:at a first rate.and a second mode-that causes the:
actuator to dispense volatile at: a:second rate greater than the first rate, wherein the first: mode
comprises automatically periodically energizing the actuator upon start-up of the .drive circuit,
and wherein the second mode temporarily overrides the first mode when the second mode is

selected,.

19.  The drive circuit of claim: 18, wher¢in the second circuit operates.the. first circuit

in a third mode of operation in response to detection of motion.

20.  The drive circuit-of claim 18, wherein the first circuit is: resporisive to a switch

setting to establish a:dwell interval between successive energizations of the:actuator.
21. The drive circuit’ of élaim: 18, wherein the first circuit has a full-bridge topology..

22.  The.drive circuit-of claim 18, wheréin the first:circuit-has a half-bridge topology.
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23. The drive circuit: of claim: 18, wherein the current detector includes a current

sensing resistor for detecting current flowing through the actuator.

24, The drive circuit of claim 18 wherein the currént detector includes €urtent sensing

diodes for detecting current flowing through the actuator.

25 Tﬁe drive circuit' of claini 18, wherein t’he‘ first circuit includes at least one
transistor coupled o' the-actuator and:circuits for detecting an on resistance of the at least one

transistor to detect current flowing through the actuator.

26.  The drive circuit;of claim: 18, ‘wherein: the second circuit further. comprises. a

phase-locked-loop:

27.  The drive circuit .of claim 18, wherein the :second circuit further comprises' an

oscillator that develops an oscillator signal: that is dithered.

28. "The drive circuit of claim 18, further including at least one LED driven by an

energization waveform.
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29. A method of dri'ving a:piezoelectric actuator, the ‘method comprising the

steps of:

coupling an impedance to. the:piezoelectric. actuator; wherein: the impedance and -the.
piezoelectric actuator together forma tank circuit that has a resonant frequency;

providing a first circuit that drives the actuator at the resonant frequency, the first circuit
including a current detector -coupled to the tank circuit and that develops a currént signal
representing current flow-in the tank: circuit and a feedback capacitor-coupled-to the resistance
for phase shifting the ¢urrent signal; and

providing a second. circuit respoiisive ‘to -the :phase: shiﬁ‘edf current signal and a gating
signal that selectively operates the first ¢irciitin one of at'least two modes of operation iricluding
a first mode that causes the actuator-to be energized at a first duty cycle and a second mode that

causes the actuator to be.energized at-a second duty cycle greater than the first duty cycle.

30.  The -ifiethod of claim .29, wherein .the first mode comprises: automatically

periodically energizing the actuator upon-start-up of the drive circuit.

31. The method of claim 29, wherein the second mode temporarily overrides the first

mode when the second mode is selected.

32. The method of claim 29, wherein the second -mode comprises a boost mode -of'

operation.

33.  The méthod of claim.29, whercin operation in the first mode causés the actuator
to dispense a volatile: at a first rate ‘and operation in the second mode causes the -actuator to

dispense the volatile at ?a"_‘sc_cond rate greater than the first rate.
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34. Thie method of ¢laim 33, wherein the sécond rate is about fourteen percent duty

cycle and has a duration of about seven seconds,

35.  The method of claim 33, wherein the second rate is about fifty percent duty cycle

and has a duration determined by:thie length of time that a‘boost switch is activated.

36. The method of claim 29, wherein the second.circuit operates. the first circuit-in a

third mode of operation in response:to detection of motion.

37.  The method of claim 29, wherein. the first circuit is responsiveito-a switch sétting

to establish a dwell interval:between successive energizations.of the actuator:
38.  The method of:claim 29, wherein the first circuit has a full-bridge topology.
39. The method of claim 29, wherein the first circuit has-a half-bridge topology:

40. The method of claim 29, wherein the current detector includés a current sensing

resistor for detecting current flowing through the actuator.

41. The method of claim 29, wherein the current'detector includes-current sensing

diodes for detecting current flowing: through the actuator.
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42.  The method.of claim 29, wherein the first circuit includes at least.one transistor
coupled to the actuator and further including a circuit that detects an on resistarice.of the at least

one transistor to detect current flowing through the actuator.

43.  Themethod of cldim 29, wherein the second circuit further comprises a.phase--

locked-loop.

44, The method of claim 29, wherein the second circuit further comprises an

oscillator that develops an.oscillator signal that is dithered.

45.  The method of claim 29, further including at least one LED driven by an

energization waveform.
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