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(57) ABSTRACT 

There is described a battery driven atomizer in Which an 
alternating voltage is applied to a piezoelectric actuation 
element to cause it to expand and contract and vibrate an 
atomizing membrane. The alternating voltage is controlled 
to produce a high amplitude vibration during a ?rst portion 
of a drive period, to initiate atomization, and thereafter to 
produce a loWer amplitude vibration to sustain atomization 
during the remainder of the drive period. The frequency of 
the alternating voltage is sWept repeatedly during each drive 
period. 
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CONTROL SYSTEM FOR ATOMIZING LIQUIDS 
WITH A PIEZOELECTRIC VIBRATOR 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a division of Application No. 09/519,560 
?led Mar. 6, 2000, Which is a Continuation-in-Part of 
Provisional Application No. 60/124,155 ?led Mar. 5, 1999. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to the atomization of liquids 
by means of a piezoelectric vibrator and more speci?cally it 
concerns novel methods and apparatus for controlling such 
atomization in an ef?cient and effective manner. 

[0004] The present invention also relates to means for the 
distribution of a liquid active material, such as a perfume, air 
freshener, insecticide formulation, or other material, in the 
form of ?ne particles or droplets, as in a ?ne spray, by means 
of a piezoelectric device. In particular, the invention is 
directed to a piezoelectric liquid delivery system for pro 
duction of droplets of liquid, or liquid suspensions, by 
means of an electromechanical or electroacoustical actuator. 

Even more speci?cally, the present invention relates to an 
improved control circuit for use With such devices. 

[0005] 2. Description of the Related Art 

[0006] The use of piezoelectric vibrators to atomize liq 
uids is Well knoWn; and examples of such devices are 
described in US. Pat. Nos. 5,164,740, 4,632,311 and 4,533, 
082. In general, these devices apply an alternating voltage to 
a piezoelectric element to cause it to expand and contract. 
The piezoelectric element is coupled to a perforated mem 
brane, Which in turn is in contact With a liquid source. The 
expansion and contraction of the piezoelectric element 
causes the membrane to vibrate up and doWn Whereupon 
liquid is driven into the membrane’s perforations and is then 
throWn upWardly in the form of a ?ne mist. 

[0007] It is desired to provide a battery driven piezoelec 
tric atomizer Which operates over a long period of time 
Without deterioration of its performance and Which permits 
the use of inexpensive alkaline batteries Whose voltage 
output is knoWn to decrease over the operating life of the 
battery. 

[0008] One Way in Which a piezoelectric atomizer can be 
driven economically is to control it to operate during drive 
periods Which are separated by sleep periods, so that liquid 
becomes atomized during the drive periods in successive 
short puffs. HoWever, during the sleep periods betWeen 
puffs, liquid accumulates on the membrane; and in order to 
start a successive puff at the next drive period, the membrane 
must be driven at a large amplitude. 

[0009] Another Way in Which a battery operated piezo 
electric atomizer can be operated economically is to drive it 
at the resonant frequency of its vibrating system, Which 
includes the membrane, the piezoelectric element and any 
mechanical coupling betWeen the membrane and the ele 
ment. A problem occurs, hoWever, because the resonant 
frequency may vary someWhat from device to device so that 
a different driving frequency must be set for each unit. 
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[0010] The distribution of liquids by formation of a ?ne 
spray, or atomization, is Well knoWn. One method for such 
distribution is to atomize a liquid by means of the acoustic 
vibration generated by an ultrasonic piezoelectric vibrator. 
An example of such a method is shoWn in US. Pat. No. 
4,702,418, Which discloses an aerosol dispenser including a 
nozzle chamber for holding ?uid to be dispensed and a 
diaphragm forming at least a portion of the chamber. An 
aerosol dispensing nozzle is disposed therein, With a restric 
tive passage for introducing liquid from the reservoir to the 
nozzle. Apulse generator in combination With a loW voltage 
poWer source is used to drive a piezoelectric bender, Which 
drives ?uid from the reservoir through the nozzle to create 
an aerosol spray. 

[0011] Another atomizer spraying device is shoWn in US. 
Pat, No. 5,518,179, Which teaches a, liquid droplet produc 
tion apparatus comprising a membrane Which is vibrated by 
an actuator Which has a composite thin-Walled structure, and 
is arranged to operate in a bending mode. Liquid is supplied 
directly to a surface of the membrane and sprayed therefrom 
in ?ne droplets upon vibration of the membrane. 

[0012] US. Pat. Nos. 5,297,734 and 5,657,926 teach ultra 
sonic atomizing devices comprising piezoelectric vibrators 
With a vibrating plate connected thereto. 

[0013] In US. Pat. No. 5,297,734, the vibrating plate is 
described as having a large number of minute holes therein 
for passage of the liquid. 

[0014] While a number of additional patents disclose 
means for the dispersion of liquids by ultrasonic atomiza 
tion, or for timed intervals of dispersion, they have achieved 
only moderate success in the efficient atomization of such 
materials as perfumes. See, e.g., US. Pat. Nos. 3,543,122, 
3,615,041, 4,479,609, 4,533,082, and 4,790,479. The dis 
closures of these patents, and of all other publications 
referred to herein, are incorporated by reference as if fully 
set forth herein. 

[0015] Such atomizers fail to provide an easily portable, 
battery operated dispenser employing an ori?ce plate in 
mechanical connection With a piezoelectric element, capable 
of long periods of use With little or no variation in the 
delivery rate. Furthermore, the ef?ciency of these atomizers 
may differ due to manufacturing differences in the atomizer 
piezoelectric pump components. Thus, a need exists for 
improved atomizers or dispensers for use in distribution of 
active ?uids such as fragrances and insecticides, Which 
atomizers are highly ef?cient and consume minimal electri 
cal poWer While providing Wide dispersal of the liquid. 

SUMMARY OF THE INVENTION 

[0016] The present invention in is various aspects, over 
comes the above problems. 

[0017] In one aspect, the present invention involves a 
novel method for operating a vibratory liquid atomizer of the 
type in Which a membrane, to Which liquid to be atomized 
is supplied, vibrates to drive the liquid from its surface in the 
form of a mist. This novel method includes the steps of 
initially vibrating the membrane at a high amplitude to 
initiate atomization of the liquid: and thereafter vibrating the 
membrane at a loWer amplitude suf?cient to sustain the 
atomization. 
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[0018] In another aspect, the invention involves a novel 
method for operating a piezoelectric vibratory liquid atom 
izer of the type in Which a piezoelectric actuating element is 
energized by an alternating voltage to expand and contract 
and thereby to vibrate a membrane, to Which a liquid to be 
atomized is supplied, so that the vibration of the membrane 
atomizes said liquid and ejects it from the membrane in the 
form of a mist. This novel method comprises the steps of 
?rst applying a high alternating voltage to said the piezo 
electric actuating element to cause it to vibrate the mem 
brane at a high amplitude to initiate atomization of the 
liquid; and thereafter applying a loWer alternating voltage to 
the piezoelectric actuating element to sustain atomization. 

[0019] In a further aspect the invention involves a novel 
vibratory liquid atomizer Which comprises a membrane, a 
liquid conduit Which is arranged to supply liquid to be 
atomized to the membrane, and a vibration actuator con 
nected to ?rst vibrate the membrane during a drive period at 
a high amplitude to initiate atomization of the liquid and 
thereafter, during the same drive period, to vibrate the 
membrane at a loWer amplitude sufficient to sustain the 
atomization. 

[0020] In a still further aspect, the present invention 
involves a novel vibratory liquid atomizer Which comprises 
a membrane mounted Which is mounted to be vibrated, a 
liquid supply conduit arranged to supply liquid to the 
membrane While it is vibrating, a piezoelectric actuating 
element coupled to the membrane to cause it to vibrate When 
the piezoelectric element eXpands and contracts, and an 
electric poWer supply system connected to supply an alter 
nating voltage to the actuating element during a drive period 
to cause it to expand and contract and thereby to vibrate the 
membrane to atomize the liquid and eject it in the form of 
a mist. The electric poWer supply system includes circuits 
Which are connected to ?rst apply a high alternating voltage 
to said the piezoelectric actuating-element to cause it to 
vibrate the membrane at a high amplitude to initiate atomi 
zation of the liquid and thereafter to apply a loWer alternat 
ing voltage to the piezoelectric actuating element to sustain 
atomization. 

[0021] A primary purpose of the present invention is to 
provide, a highly efficient method for dispensing such liq 
uids as perfumes, air fresheners, or other liquids. Such other 
liquids include household cleaning materials, sanitizers, 
disinfectants, repellents, insecticides, aroma therapy formu 
lations, medicinals, therapeutic liquids, or other liquids or 
liquid suspensions Which bene?t from atomization for use. 
These compositions may be aqueous, or comprise various 
solvents. 

[0022] It is an object of the present invention to provide 
improved control circuits for use With an easily portable, 
battery operated dispenser employing a domed Ori?ce plate 
in mechanical connection With a piezoelectric element. The 
piezoelectric pump is capable of operating ef?ciently for 
months, on loW voltage batteries, While maintaining consis 
tency of delivery throughout the period. A piezoelectric 
atomizer is capable for use With such electrical sources as 9 
volt batteries, conventional dry cells such as “A”, “AA”, 
“AAA”, “C”, and “D” cells, button cells, Watch batteries, 
and solar cells. The preferred energy sources for utilization 
in combination With the present invention are “AA” and 
“AAA” cells. 
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[0023] The piezoelectric pump has circuitry to compen 
sate for manufacturing differences in the pump components. 
The electronics of such circuitry may be programmable, and 
may be used to set a precise delivery rate (in milligrams per 
hour, hereinafter mg/hr). Alternatively, the electronic cir 
cuitry may alloW the consumer to adjust intensity or effec 
tiveness to a desired level for personal preference, ef?cacy, 
or for room size. 

[0024] In the preferred embodiment of the present inven 
tion, these and other objects of this invention are achieved 
by an atomizer for fragrances, insecticide formulations, and 
other liquids such as set forth previously, Wherein the 
atomization system includes a chamber for the liquid to be 
dispensed, means to supply the liquid from said chamber to 
an ori?ce plate for dispersal of the liquid, a piezoelectric 
element, an energy source, and the improved circuitry to 
drive and control the piezoelectric element. It has been 
found that by controlling the amplitude and frequency of the 
signal driving the piezoelectric element, superior results are 
attained. The present invention thus provides a means for 
more uniform atomization of the liquid to be dispensed 
throughout the total period of dispersion, such that the 
amount dispersed per time unit at the commencement of 
dispersion does not vary as greatly from the amount dis 
persed near or at the ?nish of dispersion. These and still 
other objects and advantages of the present invention Will be 
apparent from the description Which folloWs, Which is, 
hoWever, merely of the preferred embodiments. Thus, the 
claims should be looked to in order to understand the full 
scope of the invention. 

[0025] The invention also involves other speci?c features 
Which are described hereinafter; and Which in combination 
With the foregoing features, provide additional advantages. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1 is a sectional elevation vieW of an atomiz 
ing device With the invention may be used; 

[0027] FIG. 2 is a timing diagram shoWing the operation 
of the device of FIG. 1 according to the invention; 

[0028] FIG. 3 is a simpli?ed block diagram shoWing the 
arrangement of elements of a control system according to 
the present invention; 

[0029] FIG. 4 is a partial isometric vieW of a circuit board 
suitable for use in a piezoelectric atomizer in accordance 
With a preferred embodiment of the present invention; 

[0030] FIG. 5 is an isometric vieW of a liquid container 
and liquid transport means suitable to bring the liquid to the 
surface of the ori?ce plate; 

[0031] FIG. 6 is a cross sectional vieW shoWing the 
relationship of the liquid container, a feed means, and the 
piezoelectric element When assembled together; 

[0032] FIG. 7 is a magni?ed detail of the area of FIG. 6 
enclosed Within the circle. 

[0033] FIG. 8 is a top vieW of the piezoelectric element 
and the printed circuit board mounted on the chassis of a 
preferred embodiment; 
[0034] FIG. 9 illustrates a much simpli?ed cross-sectional 
diagram of a piezoelectric pump assembly suitable for use 
With a preferred embodiment of the present invention; 
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[0035] FIG. 10 is a block diagram of a preferred control 
circuit for driving the piezoelectric element; 

[0036] FIG. 11 illustrates the details of the state machine 
in FIG. 10; and 

[0037] FIG. 12 graphically depicts the modulation of the 
output signal of the control circuit. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0038] FIG. 1 shoWs a vibratory atomiZing device Which 
may be operated according to the present invention. This 
device comprises an annularly shaped pieZoelectric actuator 
10 having a center hole 12 and a circular membrane 14 
Which extends across the hole 12 on the underside of the 
actuator and slightly overlaps an inner region 15 of the 
actuator. The membrane 14 is ?xed to the underside of the 
actuator 10 in the overlap region 15. Any suitable cementing 
means may be used to ?x the member 14 to the pieZoelectric 
element 10; hoWever, in cases Where the device may be used 
to atomiZe liquids Which are corrosive, it is preferred that the 
membrane be soldered to the pieZoelectric element. 

[0039] The pieZoelectric actuator 10 may be made from 
any material having pieZoelectric properties Which cause it 
to change dimensionally in a direction perpendicular to the 
direction of an applied electric ?eld. Thus in the illustrated 
embodiment, the pieZoelectric actuator 10 should expand or 
contract in a radial direction When an electrical ?eld is 
applied across its upper and loWer surfaces. The pieZoelec 
tric actuator 10 may, for example, be a ceramic material 
made from a lead Zirconate titanate (PZT) or lead metanio 
bate (PN). In the embodiment illustrated herein, the pieZo 
electric actuator has an outer diameter of about 0.382 inches 
and a thickness of about 0.025 inches. The diameter of the 
center hole 12 is about 0.177 inches. These dimensions are 
not critical and they are given only by Way of example. 

[0040] The membrane 14 in the illustrated embodiment is 
about 0.250 inches in diameter and has a thickness of about 
0.002 inches. The membrane 14 is formed With a slightly 
domed center region 16 and a surrounding ?exible ?ange 
region 18 Which extends betWeen the domed center region 
16 and the region Where the membrane is af?xed to the 
actuator 10. The domed center region 16 has a diameter of 
about 0.103 inches and it extends out of the plane of the 
membrane by about 0.0065 inches. The domed center region 
contains several (for example 85) small perforations 20 
Which have a diameter of about 0.000236 inches and Which 
are spaced from each other by about 0.005 inches. Apair of 
diametrically opposed holes 22 are formed in the ?ange 
region 18. These holes have a diameter of about 0.029 
inches. 

[0041] Again, these dimensions are not critical and only 
serve to illustrate a particular embodiment. 

[0042] It Will be noted that the doming of the center region 
16, Which contains the perforations 20, makes this region 
stiff so that it does not bend during actuation, Whereas the 
?ange region 18, Which contains the holes 22, remains 
?exible so that it does bend during actuation. While the 
domed center region is spherical in con?guration, any con 
?guration Which Will maintain stiffness in this region may be 
used. For example, the center region 16 may have a para 
bolic or arcuate shape. 
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[0043] The membrane 14 is preferably made by electro 
forming With the perforations 20 and the holes 22 being 
formed in the electroforming process. HoWever, the mem 
brane may be made by other processes such as rolling; and 
the perforations and holes may be formed separately. For 
ease in manufacture, the center region 16 is domed after the 
perforations 18 have been formed in the membrane. 

[0044] The membrane 14 is preferably made of nickel, 
although other materials may be used, provided that they 
have suf?cient strength and ?exibility to maintain the shape 
of the membrane While being subjected to ?exing forces. 
One such material is a magnesium-Zirconium alloy. 

[0045] The pieZoelectric actuator 10 may be supported in 
any suitable Way Which Will hold it in a given position and 
yet not interfere With its vibration. thus, the actuator may be 
supported in a grommet type mounting (not shoWn). 

[0046] The pieZoelectric element 10 is coated on its upper 
and loWer surfaces With an electrically conductive coating 
such as aluminum. As shoWn, electrical leads 26 and 28 are 
soldered to the electrically conductive coatings on the upper 
and loWer surfaces of the actuator 10. These leads extend 
from a source of alternating voltages (not shoWn). 

[0047] Aliquid reservoir 30, Which contains a liquid 31 to 
be atomiZed, is mounted beloW the actuator 10 and mem 
brane 14. AWick 32 extends up from Within the reservoir to 
the underside of the membrane 14 so that it lightly touches 
the membrane in the center region 16 and so that it contacts 
the perforations 20. HoWever, the Wick should not touch the 
holes 22 and these holes should be laterally displaced from 
the Wick. The Wick 32 may be made of a porous ?exible 
material Which provides good capillary action to the liquid 
in the reservoir 30 so as to cause the liquid to be pulled up 
to the underside of the membrane 14. At the same time the 
Wick should be suf?ciently ?exible that it does not exert 
pressure against the membrane Which Would interfere With 
its vibratory motion. Subject to these conditions, the Wick 32 
may be made of any of several materials, for example, paper, 
nylon, cotton, polypropylene, ?berglass, etc. A preferred 
form of Wick 30 is strand of Woven cotton material that is 
bent back on itself Where it touches the membrane. This 
causes very thin ?bers of the strand to extend up to the 
membrane surface. These very thin ?bers are capable of 
producing capillary action so as to bring liquid up to the 
membrane; hoWever, these thin ?bers do not exert any 
appreciable force on the membrane Which Would interfere 
With its vibratory movement. 

[0048] In operation of the atomiZer, alternating electrical 
voltages from an external source are applied through the 
leads 26 and 28 to the electrically conductive coatings on the 
upper and loWer surfaces of the actuator 10. This produces 
a pieZoelectric effect in the actuator material Whereby the 
actuator expands and contracts in radial directions. As a 
result, the diameter of the center hole 12 increases and 
decreases in accordance With these alternating voltages. 
These changes in diameter are applied as radial forces on the 
membrane 14; and as a result, the ?ange region 18 ?exes and 
pushes the domed center region 16 up and doWn. This 
produces a pumping action on the liquid Which is brought up 
against the underside of the center region 16 by the Wick 32. 
The capillary action of the Wick causes the pressure of the 
liquid on the underside of the membrane 14 to be slightly 
higher than the atmospheric pressure above the membrane. 
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As a result, the liquid 31 is forced upwardly through the 
perforations 20 and is ejected from the upper surface of the 
membrane as a mist into the atmosphere. 

[0049] FIG. 2 shoWs the driving sequence of the pieZo 
electric actuation element 10 according to the invention. As 
shoWn in FIG. 2, the driving sequence is divided into 
alternate drive periods of 5.5 milliseconds duration, and 
sleep periods of from 9 to 18 seconds duration. 

[0050] During the 5 .5 millisecond drive periods, the volt 
age used for driving the pieZoelectric actuation element 10 
decreases exponentially from 3.3 volts doWn to about 1.2 
volts. Thus the pieZoelectric actuating element 10 is initially 
driven at a high amplitude, Which clears liquid from its 
surface and initiates atomiZation; and then it is driven at 
signi?cantly loWer amplitudes, Which are suf?cient to main 
tain actuation but Which consume only minimal amounts of 
driving poWer. 

[0051] After each drive period, the system goes into a 
sleep period of from 9 to 18 seconds. During the ?rst 4 
seconds of each sleep period the system recharges back to 
3.3 volts and this voltage is maintained for use during the 
next drive period. 

[0052] It Will be noted that the actuation element 10 is 
capable of driving the membrane 14 at a suf?cient amplitude 
to atomiZe the liquid 31 When the element 10 is driven from 
a supply voltage source of only 1.2 volts; hoWever in order 
to initiate atomiZation, the element 10 must be driven using 
a higher supply source voltage, such as 3.3 volts, in order to 
vibrate the membrane 14 at a suf?cient amplitude to clear a 
?lm of liquid Which had accumulated on its outer surface 
during the previous sleep period. Thus the membrane 14 is 
initially driven at high poWer to produce high amplitude 
vibrations Which initiate atomiZation; but once atomiZation 
has begun, a much loWer vibrational amplitude may be used 
to sustain atomiZation. By having the driving voltage 
decrease from 3.3 volts to 1.2 volts at an exponential rate, 
the total energy expended is reduced and battery life can 
thereby be extended signi?cantly. 

[0053] At the end of each 5.5 millisecond drive period, the 
system enters a “sleep period” of from 9 to 18 seconds. The 
length of this sleep period can be set at 9 seconds, 13.5 
seconds or 18 seconds by means of a selector sWitch as 
described hereinafter. 

[0054] The ?rst 4 seconds of each sleep period is used for 
recharging the supply for driving the system back from 1.2 
volts to 3.3 volts. Thus When the next successive drive 
period begins, the membrane 14 Will initially be driven at a 
high amplitude from a 3.3 volt drive voltage supply. 

[0055] The vibratory amplitude of the membrane 14 
depends not only on the voltage used for producing the 
vibrations, it also depends on the frequency used to drive the 
membrane. This is because the vibratory system Which 
includes the membrane 14, the pieZoelectric driving actuator 
10, and any interconnections betWeen these members, has a 
natural resonant frequency. When this system is driven at its 
natural resonance frequency, the vibrational amplitude of the 
membrane is maximiZed, While the driving poWer is mini 
miZed. HoWever, because of tolerances of manufacture, the 
resonant frequency of the membrane and actuator system 
differs from device to device. 
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[0056] In order to solve this problem, the driving fre 
quency is varied or sWept over a range Which includes the 
resonant frequency of the membrane and actuator system. 
Thus, even though the speci?c resonant frequency of a 
particular system is not knoWn, by driving it through a range 
of frequencies, it Will be caused to resonate at some point in 
this frequency range. As shoWn in FIG. 2, the drive fre 
quency is sWept over a predetermined frequency range of 
from 120 to 160 kilohertZ at a sWeep rate of about 2 
kilohertZ. Thus the frequency range is sWept back and forth 
at least eleven times during each 5.5 millisecond drive 
period. 

[0057] FIG. 3 is a simpli?ed block diagram for explaining 
a circuit arrangement that may be used for driving the 
pieZoelectric actuator element 10 according to the invention. 
For purposes of explanation, this circuit arrangement is 
described as a group of functional units Which are shoWn in 
dashed outline. These functional units are as folloWs: 

[0058] (a) an operating poWer supply unit 40; 

[0059] (b) a drive voltage pattern control unit 42; 

[0060] (c) a drive signal ampli?cation unit 44; 

[0061] (d) the pieZoelectric actuator element 10; 

[0062] (e) a sleep period control unit 46; 

[0063] a frequency pattern control unit 48; and 

[0064] (g) a loW battery detection and control unit 50. 

[0065] Portions of each of these units are formed in a 
common integrated circuit 52 (shoWn in dotted outline) 
While other portions are mounted on a printed circuit board 
(not shoWn) together With the integrated circuit 52, as Will 
be described more fully hereinafter. 

[0066] The operation of the circuit arrangement of FIG. 3 
Will ?rst be described in regard to the overall operation of 
the functional units 40, 42, 44, 46, 48 and 50; and thereafter 
the individual operation of each functional unit Will be 
described. 

Overall Description of the Functional Units 

[0067] The operating poWer supply unit 40 converts the 
voltage output of a 1.5 volt “AA” alkaline battery 54 to a 3.3 
volt operating voltage. The 3.3 volt operating voltage is used 
to poWer the other circuits in the system, including the drive 
voltage pattern control unit 42. 

[0068] The drive voltage pattern control unit 42 causes the 
operating voltage to folloW the exponential decrease from 
3.3 volts to 1.2 volts during the successive 5.5 millisecond 
drive periods shoWn in FIG. 2. Here it should be noted that 
an exponential decrease is not critical to this invention. 
Actually once atomiZation is initiated at the beginning of 
each drive period, the voltage can be loWered as rapidly as 
possible in order to conserve battery poWer, so long as the 
atomiZation function is sustained. 

[0069] The voltage from the drive voltage pattern control 
unit 42 is supplied to the drive signal ampli?cation control 
unit 44 Where it is ampli?ed and converted into a sWept 
frequency voltage output Which is used to energiZe the 
pieZoelectric actuator element 10. 
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[0070] The sleep period control unit 46 controls the dura 
tion of the sleep periods indicated in FIG. 2. In the illus 
trated embodiment, these sleep periods can be set for dura 
tions of either 9, 13.5 or 18 seconds. The sleep periods may 
be set for other durations, provided that they are long enough 
to alloW the operating poWer supply unit 40 to bring the 
drive voltage pattern control unit 42 back to its 3.3 volt level 
for the neXt drive period. In the present embodiment, the 
recharging to 3.3 volts requires about 4.5 seconds. 

[0071] The frequency pattern control unit 48 produces an 
alternating voltage signal having a frequency Which is sWept 
betWeen 120 and 160 kilohertZ at a 2 kilohertZ rate. This 
signal is applied to the drive signal ampli?cation and fre 
quency control unit 44 Which in turn drives the pieZoelectric 
actuator 10 at these frequencies and at a decreasing ampli 
tude corresponding to the drive period voltage pattern set by 
the drive voltage pattern control 42. 

[0072] The loW battery detection and control unit 50 
senses the voltage output of the battery 54; and When this 
voltage output decreases to a predetermined level at Which 
the battery no longer operates reliably, the detection and 
control unit 50 prevents further operation of the system. At 
the same time, the unit 50 causes the battery 54 to drain to 
a level such that it cannot recover suf?cient output voltage 
to cause inadvertent sporadic operation of the atomiZer 
device. 

The Operating PoWer Supply Unit 

[0073] The operating poWer supply unit 40 includes, in 
addition to the battery 54, a pumping coil 56, a Zener diode 
58 and a storage capacitor 60. The battery 54 is connected 
betWeen ground at its cathode and one end of the pumping 
coil 56. The other end of the coil 56 is connected to the 
anode of the Zener diode 58, While the diode’s cathode is 
connected to one side of the storage capacitor 60. The other 
side of the capacitor 60 is connected to ground. A voltage 
controlled sWitch 62 has one side connected betWeen the coil 
56 and the diode 58, While the other side of the sWitch 62 is 
connected to ground. The sWitch 62 is alternately opened 
and closed at a 2 kilohertZ rate by the output of a 2 kilohertZ 
pumping oscillator 64. Avoltage detector 66 is connected to 
sense the voltage at a point betWeen the Zener diode 58 and 
the storage oscillator 60. The voltage detector 66 has a high 
sensed voltage output terminal 66a and a loW sensed voltage 
output terminal 66b. These output terminals are connected to 
stop and start inputs 64a and 64b, respectively, of the 
pumping oscillator 64. 

[0074] The start input 64b of the pumping oscillator 64 is 
also connected to receive directly the 1.2 output of the 
battery 54. Thus the voltage detector loW sensed voltage 
terminal 66b and the battery 54 output are shoWn to be 
connected to the start terminal of the pumping oscillator 64 
via an OR gate 68. 

[0075] When the battery 54 is ?rst installed, its 1.2 volt 
output is supplied through the OR gate 68 to the start input 
terminal of the pumping oscillator 64 to start operation of the 
oscillator. The oscillator output causes the sWitch 62 to open 
and close at a 2 kilohertZ rate. When the sWitch is closed, 
current from the battery 54 ?oWs through the pumping coil 
56 to ground. Then, When the sWitch 62 closes, the How of 
current is suddenly interrupted and the inductance of the 
pumping coil causes it to eXperience a sudden rise in 
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voltage, Which alloWs current to pass through the Zener 
diode 58 and into the storage capacitor 60. When the sWitch 
62 opens again the voltage of the pumping coil decreases, 
but because of the diode effect, current cannot ?oW back 
through the coil 56. As the oscillator 64 continues to operate, 
the voltage on the storage capacitor 60 increases until it 
reaches about 3.3 volts. 

[0076] The voltage on the storage capacitor 60 is detected 
by the voltage detector 66 Which, When the voltage becomes 
just above 3.3 volts, produces a signal at its high sensed 
voltage output terminal 66a. This signal is supplied to the 
stop terminal 64a of the oscillator 64 causing it to stop 
oscillating, With the sWitch 62 in its open condition. As a 
result as current is drained from the storage capacitor, its 
voltage decreases until it reaches a point Where the voltage 
detector 66 produces a signal at its loW sensed voltage 
terminal 66b. 

[0077] The loW sensed voltage is applied to the start 
terminal 64a of the oscillator 64 Which causes the sWitching 
action of the sWitch 62 to resume and to begin further 
pumping of current into the storage capacitor 60. 

[0078] It Will be seen that the voltage at the capacitor 60 
is thus caused to dither betWeen slightly above and slightly 
beloW 3.3 volts depending on the high and loW voltage 
settings of the voltage detector 66. The 3.3 volts on the 
capacitor 60 is supplied to operate the remaining compo 
nents, as represented by the output poWer supply terminal 
70. 

The Drive Voltage Pattern Control Unit 

[0079] The drive voltage pattern control unit 42 comprises 
a resistor 72 connected at one end to the storage capacitor 60 
in the operating poWer supply unit 40. The other end of the 
resistor 72 is connected to one side of a voltage pattern 
control capacitor 74. The other side of this capacitor is 
connected to ground. The resistor 72 and the capacitor 74 
form a standard RC timing circuit; and the voltage at a 
junction 76 betWeen the resistor and capacitor decreases at 
an exponential rate When it is connected to a ?nite imped 
ance. In the present embodiment, the voltage at the junction 
76 decreases from 3.3 to about 1.2 volts in about 5.5 
milliseconds. 

The Drive Signal Ampli?cation Unit 

[0080] The drive signal ampli?cation unit 44 comprises an 
autotransformer 78 and a smoothing coil 80 connected in 
series betWeen the junction 76 in the drive voltage pattern 
control unit 42 and one side of the pieZoelectric actuator 
element 10. Also, there is provided a ?eld effect transistor 82 
Which is connected betWeen a point 78a along the autotrans 
former 78 and ground. The ?eld effect transistor 82 acts as 
a sWitch, and When it receives a positive voltage from the 
frequency pattern control unit 48, it becomes conductive and 
connects the point 78a to ground. 

[0081] Point 78a is located near the upper end of the 
autotransformer 78 closest to the drive voltage pattern 
control unit 42 such that only a minor portion of the 
autotransformer’s coils are betWeen the point 78a and the 
drive voltage pattern control unit 42. When the point 78a 
becomes disconnected from ground, the autotransformer 
effect produces a very high voltage at its end closest to the 
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actuation element 10 and causes the element to expand and 
contract. The voltage signal from the autotransformer ?rst 
passes through the smoothing coil 80 to convert it to a 
pattern corresponding more closely to that of the oscillation 
pattern of the actuator element 10. 

The Sleep Period Control Unit 

[0082] The sleep period control unit 46 comprises a three 
position selector sWitch 84 Whose common terminal is 
connected to ground and tWo of Whose three sWitch termi 
nals are connected through time control resistors 86 and 88 
to a sampling sWitch 90. The sWitch 90 in turn is connected 
to the 3.3 volt supply voltage. The third sWitch terminal is 
not connected. 

[0083] The resistors 86 and 88 are also connected to 
supply different voltages to a sleep period logic circuit 92, 
depending on the particular sWitch terminal that is connected 
to ground. The logic circuit 92 compares the voltages Which 
it receives from the resistors 86 and 88; and it outputs one 
of three different voltages at an output terminal 92a. This 
voltage is supplied to a sleep duty cycle circuit 94 Which acts 
as a timer to produce an output at an output terminal 94a at 
either 9, 13.5 or 18 seconds after receiving a signal from the 
logic circuit 92. 

[0084] There is provided a system timing clock 96 Which 
provides clock signals at a 2 kilocycle rate. These clock 
signals are used for all of the timing circuits and table 
reading circuits in the device, including the duty cycle 
circuit 94. 

[0085] When the duty cycle circuit 94 reaches the 9, 13.5 
or 18 second interval to Which it has been set, it produces a 
signal at an output terminal 94a Which is supplied to the 
frequency pattern control unit 48 to initiate driving of the 
pieZoelectric actuation element 10. The manner in Which this 
is done is explained hereinafter in connection With the 
description of description of the frequency pattern control 
unit 48. 

[0086] The signal at the output terminal 94a of the sleep 
duty cycle circuit is also applied to a drive timer 98 Which 
sets the driving time period for the pieZoelectric actuator 
element 10. In the illustrative example, this driving time 
period is 5.5 milliseconds. At the end of this period, the drive 
timer 98 outputs a signal from an output terminal 98a. This 
signal is transmitted to the frequency pattern control unit 48 
to discontinue driving of the pieZoelectric actuator element 
10. 

[0087] The signal from the output 98a of the drive timer 
is also transmitted to the sampling sWitch 90 to cause it to 
close momentarily. This causes a voltage drop to occur 
across the resistor 86 or 88 Which has been selected by the 
setting of the selector sWitch 84. If the selector sWitch is set 
to its unconnected terminal, no voltage drop Will occur. 
Thus, either a Zero voltage, a ?rst voltage, or a second 
voltage is produced each time the sample sWitch 90 is 
closed. This voltage is applied to the sleep time select logic 
unit 92 to initiate a sleep time duration corresponding to the 
position of the sleep selector sWitch 84. Thus at the end of 
each drive period of the pieZoelectric actuator element 10, a 
neW sleep period ins initiated; and the length of this sleep 
period depends on the position of the selector sWitch at the 
time the sleep period begins. 

Dec. 13, 2001 

The Frequency Pattern Control Unit 

[0088] The frequency pattern control unit 48 includes a 
sWept frequency oscillator 100, Which in the present 
example, produces a triangular Waveform output at a fre 
quency Which sWeeps betWeen 120 and 160 kilohertZ at a 2 
kilohertZ rate. This output is applied to a drive period on and 
off sWitch 102. The sWitch 102 is connected to be closed by 
a signal from the output terminal 94a of the sleep duty cycle 
circuit 94, and to be opened by a signal from the output 
terminal 98a of the drive timer 98. Thus, the variable 
frequency outputs from the oscillator 100 pass through the 
drive period on and off sWitch 102 only during the 5.5 
millisecond drive periods for the pieZoelectric actuator 10. 

[0089] The variable frequency outputs Which pass through 
the sWitch 102 are applied to a Wave voltage threshold 
detector 104. This device produces an output signal at an 
output terminal 104a at a particular point in each output 
cycle from the sWept frequency oscillator 100, namely the 
point in each cycle When the output voltage from the 
oscillator reaches a predetermined threshold. 

[0090] This output signal from the Wave voltage threshold 
detector 104 is applied to a driver sWitch 106 to cause it to 
close. The driver sWitch 106, When closed, connects a 
positive voltage, such as the 3.3 volt poWer supply, to the 
gate terminal of the ?eld effect transistor 82 to make it 
conductive. 

[0091] The signal from the output of the voltage threshold 
detector 104 is also supplied to a Wave segment control timer 
108. This timer produces an output signal after a ?xed 
duration, less than the duration of one cycle of the sWept 
frequency oscillator 100. 

[0092] The output signal from the timer 108 is applied to 
the driver sWitch 106 and causes it to open. the opening of 
the driver sWitch 106 causes the ?eld effect transistor 82 to 
become non-conductive so that current may no longer ?oW 
from the upper portion of the autotransformer 78 to ground. 
During this time the autotransformer causes a very large 
voltage to be imposed on the pieZoelectric actuator 10. 

[0093] It Will be seen from the foregoing, that during each 
output cycle of the sWept frequency oscillator 100, the drive 
control sWitch 106 is closed for a ?xed duration to produce 
a ?xed amount of energy to cause the driving of the 
pieZoelectric actuator element 10. At the same time, the 
spacing in time betWeen successive ones of these ?xed 
durations varies according to the frequency of the variable 
frequency oscillator 100. This ?xed driving duration for 
each drive cycle permits the pieZoelectric actuator 10 to be 
driven at a variable frequency While keeping the driving 
energy independent of the frequency. Thus the driving 
energy or amplitude of driving of the pieZoelectric actuator 
10 is made solely dependent on the voltage at any particular 
time at the junction 76 betWeen the capacitor 74 and the 
resistor 72 in the drive voltage pattern control unit 42. As a 
result, during each drive period, the pieZoelectric actuator 10 
is driven at a varying frequency at a decreasing amplitude. 
It Will be appreciated that this frequency is sWept betWeen 
120 and 160 kilohertZ approximately 11 times during each 
driving period, While the driving amplitude decreases once. 

The LoW Battery Detection and Control Unit 

[0094] The loW battery detection and control unit 50 
operates to maintain the system in operation for so long as 
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the battery 54 is capable of having its voltage pumped to a 
3.3 volt level Within a predetermined duration, namely 
Within the ?rst 4 seconds of each sleep period. The unit 50 
comprises a loW battery timer 110 Which is connected to 
receive a start timing input signal from the loW voltage 
output terminal 66b of the voltage detection circuit 66 in the 
operating poWer supply unit 40, and to receive a stop timing 
signal from the high voltage output terminal 66a of the 
voltage detection circuit 66. Thus Whenever an operation is 
initiated to begin pumping the supply voltage to 3.3 volts, 
the timing operation of the loW battery timer 110 is initiated. 

[0095] If the pumping action is completed Within the 
duration set for the timer, for example 4 seconds, the signal 
from the high voltage terminal of the voltage detector 66 Will 
stop timing action. If hoWever, the pumping action continues 
for a longer duration, Which occurs When the battery con 
dition has deteriorated, the loW battery timer 110 Will 
produce a signal at an output terminal 110a. 

[0096] The signal from the loW battery timer 110a is 
applied to a close terminal 106a of the drive sWitch 106 to 
hold the sWitch closed. This locks the gate of the ?eld effect 
transistor 82 to the 3.3 volt supply to hold the transistor in 
a conductive state. As a result, the voltage on the capacitors 
60 and 74 is drained and current is draWn from the battery 
54 through the ?eld effect transistor 82 to ground. This 
action forcibly drains the remaining life out of the battery so 
that is prevented from sporadically operating the pieZoelec 
tric actuator 10 in the event it should recover a slight amount 
of voltage, as often happens When batteries Wear doWn. 

[0097] It Will be appreciated that With the drive system of 
this invention, an inexpensive loW voltage alkaline battery 
may be used to drive a pieZoelectric actuator; and the 
operation of the actuator is maintained uniform even though 
the battery itself is Wearing doWn. When the battery has 
deteriorated to a predetermined level, the device shuts off 
positively Without having experienced any tailing off in its 
operation. 

[0098] It is to be understood that the Figures, and the 
discussion herein, are directed to preferred embodiments of 
the invention, but that, the invention itself is broader than the 
illustrations given. Speci?cally, the invention is equally 
applicable to other forms of pieZoelectric atomiZation, such 
as the use of cantilever beams and/or amplifying plates, as 
Well as atomiZers driven by conventional electric power, ie 
Wall plug, rather than battery poWered. 

[0099] It Will be appreciated that the speci?c circuit con 
?gurations shoWn herein are not critical to the invention and 
that possible modi?cations Will readily be seen by those 
skilled in the art. The circuit arrangements shoWn herein are 
presented to most clearly illustrate and explain the important 
concepts of the present invention. 

[0100] FIG. 4 illustrates the general relationship betWeen 
the printed circuit board, 201, and the pieZoelectric element 
202 located therein. It is to be understood that the circuit 
board may be, in use, attached to the chassis of the dispenser, 
Which chassis may in turn be placed in a decorative shell 
like housing or receptacle (not shoWn) for use. The chassis 
board 211 is shoWn in top vieW in FIG. 8, While the housing 
is not illustrated. The decorative receptacle or housing may 
be of any form or shape suitable for the purpose of retaining 
and protecting the elements of the dispenser While providing 
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a pleasing appearance to the consumer, and permitting 
passage of the liquid, in spray form, from the dispenser to 
the atmosphere. As such, the dispenser housing may be 
advantageously produced by high speed molding of any 
material suitable for use With, and contact With, the liquid to 
be dispensed. 

[0101] Piezoelectric element 202 may be mounted as 
illustrated in the circuit board 201, held in place by grommet 
204, or by any similar suitable means Which does not inhibit 
vibration of the element. The pieZoelectric element 202, in 
the form of a ring, is positioned in an annular relationship to 
the ori?ce plate 203, and is attached to the ori?ce plate 
?ange so as to be in vibratory communication thereWith. The 
pieZoelectric element generally comprises a pieZoelectric 
ceramic material, such as a lead Zirconate titanate (PZT) or 
lead metaniobate (PN), but may be any material exhibiting 
pieZoelectric properties. 

[0102] The ori?ce plate comprises any conventional mate 
rial suitable for the purpose, but is preferably comprised of 
an electroplated nickel cobalt composition formed upon a 
photoresist substrate Which is subsequently removed in 
conventional manner to leave a uniform porous structure of 
nickel cobalt having a thickness of from about 10 to about 
100 microns, preferably from about 20 to about 80 microns, 
and most preferably about 50 microns. Other suitable mate 
rials for the ori?ce plate may be utiliZed, such as nickel, 
magnesium-Zirconium alloy, various other metals, metal 
alloys, composites, or plastics, as Well as combinations 
thereof. By forming the nickel cobalt layer through electro 
plating, a porous structure having the contour of the photo 
resist substrate may be produced, in Which permeability is 
achieved by formation of conical holes having a diameter of 
about 6 microns on the exit side, and a larger diameter on the 
entrance side. The ori?ce plate is preferably dome shaped, 
i.e. someWhat elevated at the center, but may vary from ?at 
to parabolic, arc shaped, or hemispherical in shape, or any 
other suitable shape Which enhances performance. The plate 
should have a relatively high bending stiffness, to assure that 
the apertures therein still be subject to essentially the same 
amplitude of vibration, so as to simultaneously eject droplets 
of liquid Which are uniform in diameter. 

[0103] While shoWn in the form of an annular ceramic 
pieZoelectric element surrounding an ori?ce plate or aper 
ture, it is also conceived that the present invention is also 
suitable for use With a conventional pieZoelectric element 
comprising an oscillator and a cantilever beam in contact 
With a diaphragm, noZZle, or ori?ce plate suitable for 
dispersion of liquid droplets or fog. 

[0104] Also shoWn in FIG. 4 is the liquid container 205 
for storage and provision of the fragrance, air freshener, 
insect control liquid, or other material to be dispensed. As 
illustrated, the container is closed by a closure 208. Also 
shoWn are bayonet clips 206, Which are present to hold a 
removable top closure, or cap, not shoWn, Which is used in 
transport and storage of the container, and may be removed 
easily When it is desired to put the container into the 
dispenser and permit use of the contents thereof. From 
bottle-opening 209, exiting through the closure 208, projects 
the liquid supply means 207, a Wick or dome shaped liquid 
feed medium. For convenience, We shall refer to the liquid 
supply means as a Wick, although it may comprise a number 
of varying shape materials, from hard capillary systems to 
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soft porous Wicks. The function of the Wick is to transport 
liquid from container 205 to a position in contact With the 
ori?ce plate. Accordingly, the Wick should be unaffected by 
the liquid being transported, porous, and permit compliance 
With the ori?ce plate. The porosity of the Wick should be 
sufficient to provide a uniform How of liquid throughout the 
range of ?exibility of the Wick, and in any con?guration 
thereof. To best transport the liquid to the surface of the 
ori?ce plate, it has been found necessary that the Wick itself 
physically-contact the plate to transfer the liquid to the 
ori?ce plate. Liquid is preferably delivered to the ori?ce 
plate in such a manner that essentially all delivered liquid 
Will adhere to and transfer to the plate surface by surface 
tension. Among suitable Wick materials, We have found it 
preferable to utiliZe such materials as paper, or fabrics of 
nylon, cotton, polypropylene, ?ber glass, etc. The Wick may 
preferably be shaped to conform to the surface of the ori?ce 
plate to Which it is juxtaposed, and held in the correct 
position by a Wick holder or positioner, 210, located in the 
bottle opening 209, of the closure 208 of liquid container 
205. Liquid Will ?oW readily from the Wick to the plate as 
a result of the viscosity and surface tension of the liquid. It 
is to be noted that the Wick is intended to be included as an 
integral part of a liquid resupply unit, Which Will comprise 
the container, the liquid, the bottle closure, the Wick, and the 
Wick holder or positioner, as Well as a top closure to seal the 
unit for storage and shipment. Such a unit may thus com 
prise a re?ll bottle for the dispenser, suitable to be placed in 
the dispenser at the consumers convenience. To this end, the 
liquid container 205 may have attachment means 201 the 
bottle closure 208, for insertion into a suitable receiving 
means in the chassis 211 to lock it in operative position, after 
removal of the top closure or cap. 

[0105] FIG. 6 illustrates, in cross sectional vieW, the 
assembled relationship betWeen the liquid container 205, the 
Wick 207, the pieZoelectric element 202, and the ori?ce plate 
203 of a speci?c preferred embodiment of the invention. The 
pieZoelectric element 202 is positioned, for example, in 
printed circuit board 201, by grommets 204, or by any 
suitable means Which does not restrict vibration of the 
pieZoelectric element. In a preferred embodiment of the 
invention, the annular pieZoelectric element surrounds the 
ori?ce plate 203, in mechanical connection thereWith. The 
ori?ce plate is, in turn, in contact With the Wick 207, 
permitting the liquid to be dispensed from the container 205 
to the ori?ce plate, Where transfer occurs through surface 
tension contact. Not shoWn is the chassis ball of the dis 
penser, Which holds the circuit board and the liquid container 
in the appropriate position to bring Wick 207 into juxtapo 
sition With the ori?ce plate 203. Wick 207 is held in the 
opening of closure 8 by the Wick holder 210, Which permits 
a degree of freedom to the ?exible Wick 207, so as to alloW 
a range of adjustment thereof, While Wick tail 215 assures 
complete utiliZation of all the liquid in the container 205. 
This degree of freedom permits self-adjustment of the Wick 
relative to the surface of the ori?ce plate, to compensate for 
variations in position resulting from the vagaries of manu 
facture, and provides for a compliant feed means for transfer 
of the liquid from the container to the face of the ori?ce 
plate. As Will be apparent to one skilled in the art, the height 
of the Wick, as shoWn in FIGS. 6 and 7, may be adjusted to 
vary the liquid gap 214, as shoWn in FIG. 7, and to assure 
an appropriate degree of contact betWeen the Wick and the 
plate. For a more detailed vieW of the relationship betWeen 
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the Wick and the ori?ce plate, attention is directed to FIG. 
7, a magni?ed detail of a section of FIG. 6, Wherein is 
shoWn the looped Wick 207, in juxtaposition With domed 
ori?ce plate 203, thereby creating a liquid gap 214, in Which 
the liquid to be transferred is in surface tension contact With 
the ori?ce plate. While FIG. 7 shoWs the Wick and the plate 
as not actually in contact, it is to be understood that this gap 
is for illustration only, and that plate 203 does in fact contact 
the Wick 207 for transfer of the liquid. As shoWn, the passage 
of the Wick 207 through the opening 209 in the closure 
element 208 is controlled by the Wick holder/positioner 210. 
FIG. 7 also shoWs the mounting grommet 204 for the 
pieZoelectric element 202, ori?ce plate 203, and the ori?ce 
plate ?ange 212, as Well as the clips 206 Which hold the 
removable cap (not shoWn) to the bottle closure 208. 

[0106] FIG. 8 is a top vieW, shoWing the relationship of 
circuit board 201, pieZoelectric element 202, ori?ce plate 
203, mounting grommet 204, and the chassis board 211. As 
previously indicated, the pieZoelectric element 202, in annu 
lar relationship to the ori?ce plate 203, is held in place in the 
circuit board 201 by the grommet 204. The circuit board is 
mounted on chassis board 211 in conventional manner, such 
as With clips 217 and positioning brackets 218. 

[0107] In FIG. 9, a simpli?ed cross sectional diagram of 
the invention illustrates the overall relationship of various 
elements. The ori?ce plate 203 is shoWn as including ori?ce 
plate ?anges 212, Which are in turn attached to the pieZo 
electric element 202 by suitable attachment means 213, such 
as epoxy adhesive. The Wick 207 is illustrated in partial 
contact With the ori?ce plate 203, creating liquid gap 214, by 
Which the liquid to be dispensed is transferred to the ori?ce 
plate. The Wick is shoWn as also comprising fabric tails 215, 
Which extend into the liquid container 205, not shoWn. 

[0108] The pieZoelectric element 202 is controlled by 
control circuitry on the circuit board 201 to provide consis 
tent performance over an extended period. With reference to 
FIG. 10 the control circuitry is implemented by an appli 
cation speci?c integrated circuit (ASIC) 300 Which receives 
poWer from a battery 102. The battery 302 is connected to 
a charge pump 304 Which, together With external compo 
nents 305, acts as a DC-to-DC step up converter. Operation 
of the charge pump is controlled by a state machine 306 
Which receives timing signals from an oscillator 308 Which 
produces a 20 MHZ clock signal, for example, that is applied 
to the charge pump 304. The state machine also receives an 
indication from a loW battery indicator circuit 310. 

[0109] The functionality of the control circuit, and spe 
ci?cally the state machine 306 is determined by a set of three 
selector sWitches 312 Which produce input signals A, B, C 
to the state machine 306. The state machine inputs from the 
selector sWitches 312 are connected to individual pull-up 
resistors 313 Which are selectively coupled to the positive 
supply voltage Vcc by the ENABLE signal from the state 
machine 306. This alloWs the voltage to be disconnected 
from the pull-up resistors 313 to conserve battery poWer 
during inactive periods of the control circuit. As Will be 
described, the operation of state machine produces an output 
signal on line 314 Which has an amplitude and a 301 
frequency for driving the pieZoelectric element 202. That 
output signal on line 314 is coupled through an output driver 
216 to produce the output of the ASIC 300. The output driver 
216 controls the conductive state of metal oxide ?eld effect 
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transistor (MOSFET) 316 Which in turn controls the How of 
electric current from the charge pump 304 to the pieZoelec 
tric element 202. 

[0110] The details of the state machine 306 are shoWn in 
FIG. 11. The preferred embodiment of the state machine 306 
utilizes hardWare circuitry in an application speci?c inte 
grated circuit but alternatively could be implemented by a 
programmable device such as a microprocessor and associ 
ated circuitry. The state machine 306 has decision logic 320 
to Which the selector input A, B and C are applied. The 
decision logic 306 also is interfaced to storage devices 322 
and 324 Which respectively contain data regarding the 
period and the duty cycle for the output signal that drives the 
pieZoelectric element 202. The decision logic selects appro 
priate period and duty cycle values from the storage devices 
322 and 324, respectively and transfers them to the preload 
inputs of a frequency counter 326 and an amplitude counter 
328, respectively. These counters 326 and 328 receive a 
clock signal from the oscillator 308 and are enabled by a 
signal from the decision logic 320. As Will be described, 
When the frequency counter 326 counts doWn to Zero, it 
produces an output pulse designated PERIOD Which is 
applied to the set of a ?ip/?op 330. Similarly, When the 
amplitude counter 328 reaches Zero, it produces a DUTY 
signal that is o the reset input of ?ip/?op 330. The ?ip/?op 
is enabled by the signal from the decision logic 320 and 
produces the output signal on line 314. 

[0111] The driver circuit for the pieZoelectric element 202 
utiliZes amplitude and frequency modulation to poWer the 
piezoelectric element 202 thus providing a portable, battery 
operated dispenser for continuous use in an air trephener or 
pesticide application. The circuitry alloWs extended opera 
tion utiliZing a relatively loW-voltage battery 302 and pro 
vides a range of ingredient delivery rates. The circuit drives 
the pieZoelectric element 202 With amplitude and frequency 
modulation utiliZing an intermittent duty cycle. The elec 
tronic-circuit is programmable and can be used to set a 
precise atomiZing delivery rate in milligrams per hour. This 
is accomplished by selector sWitch 312 that alloWs the user 
to adjust the off time betWeen cycles and thus change the 
intensity/effectiveness to a desired level based on personal 
preference or for different room siZes. It has been discovered 
that the dispenser’s performance is directly related to the 
excitation voltage of the pieZoelectric element 202. HoW 
ever, it Was also discovered that With increased voltage, the 
dispenser utiliZed the limited battery energy less ef?ciently. 
Therefore, by varying the amplitude of the excitation volt 
age from a high level to a loW level, the delivery perfor 
mance Was enhanced Without incurring reduced ef?ciency. 
This result Was due to the momentary high level excitation 
that initiates the atomiZation in a “high-performance” mode. 
Thereafter, loWer level excitations are merely necessary to 
maintain that level of performance. 

[0112] The present inventors also found that the optimum 
operating frequency for the pieZoelectric element 202, var 
ied from unit to unit due to What are believed to be 
manufacturing differences in the circuitry and the dispenser 
components, such as the pieZoelectric element 202. This 
phenomenon can be overcome by sWeeping the excitation 
frequency through a prede?ned range thereby compensating 
for the unit-to-unit variations. 

[0113] Another feature of the present driver circuitry is to 
provide a constant delivery of active ingredients regardless 
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of the state of the battery charge. This circuitry includes a 
portion 318 that accumulates adequate charge to pulse the 
pieZoelectric element 202. As the battery voltage decays, the 
circuit insures that the proper amount of energy is available 
for a consistent pump action. When the battery voltage 
decays to the point that the circuit can no longer provide the 
proper energy, the circuitry turns the unit off. Thus, the 
circuitry provides a constant output delivery regardless of 
the state of charge of the battery 302. When the battery 
voltage decays to the point that a constant delivery output is 
not possible, the dispenser turns off. 

[0114] During the operation of the dispenser, the control 
circuit spends most of its time in a loW-poWer mode, 
commonly referred to as a sleep state. In the sleep state, the 
signal from the oscillator 308 is driving a timer Within the 
decision logic 320 of the state machine 306. During this 
sleep state, the output signal on line 314 of the state machine 
is a loW logic level thereby rendering the pieZoelectric 
element 102 inactive. The period of the sleep state is 
determined by the settings of the rate selector sWitch 312 and 
the particular inputs A, B and C to the state machine 306. 
The relationship betWeen the sWitch settings and the result 
ant signals A, B and C is shoWn in Table A. 

TABLE A 

INPUTS STATE OF 

A B C OPERATION 

CLOSED OPEN OPEN UNIT OFF 
OPEN OPEN CLOSED UNIT ON, SLEEP TIME = 18 SECS 
OPEN OPEN OPEN UNIT ON, SLEEP TIME = 27 SECS 
CLOSED CLOSED OPEN UNIT ON, SLEEP TIME = 27 SECS 
CLOSED OPEN CLOSED UNIT ON, SLEEP TIME = 27 SECS 
OPEN CLOSED CLOSED UNIT ON, SLEEP TIME = 27 SECS 
CLOSED CLOSED CLOSED UNIT ON, SLEEP TIME = 27 SECS 
OPEN CLOSED OPEN UNIT ON, SLEEP TIME = 36 SECS 

[0115] If the rate selector sWitch 312 is set so that the 
dispenser is off or When the loW battery circuit 240 detects 
that the charge on the battery 302 had drained to a point 
Where normal operation is not possible, the modulation 
sequence is not performed and the dispenser enters an 
inactive state. 

[0116] When the dispenser is on and the state machine 306 
Wakes up, it produces a brief output signal Which drives the 
pieZoelectric element 102. The state machine 306 generates 
a signal for driving the pieZoelectric element that sWeeps 
through a range of frequencies and a range of amplitudes. In 
the preferred embodiment, there are 19 amplitude values 
stored in the duty cycle table 322 and 40 frequency values 
stored in the period table. The decision logic 320 has an 
internal timer Which every 26.2 microsecond causes the 
amplitude and frequency values in the next set of table 
locations to be retrieved and loaded in the tWo counters 326 
and 328. Since the number of discrete amplitude and fre 
quency values are different the amplitude changes so that as 
a given frequency is periodically used to drive the pieZo 
electric element 102 its amplitude also varies. This concept 
is depicted in FIG. 12 Where as the frequency sWeeps 
through the 40 values (135 kHZ to 155 kHZ) in the period 
table 322 the amplitude is sWept though 19 values from the 
duty cycle table 324. Note that since 40 is not evenly 
divisible by 19, When the frequency sWeep repeats the ?rst 
frequency (135 kHZ) Will have an amplitude value of 3. 




