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CROSS- REFERENCE TO RELATED APPLI CATION 5 This application clains the
benefit oWoW3B677®s ovi si onal Application No. 60/355,172, ficragosetouary 6,
2002, the entire content of which is hereby incorporated by reference.

FI ELD OF I NVENTION 10 This invention rel-ates to a nmethod and apparatus for
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15 electrical signals to extend and contract in order to generate a microscopic mechanical

motion within the motor that is transformed into a macroscopic motion of a driven
element. Inpart, piezoelectric motor designs differ in the electric signals used to excite
the motions, in the form of the microscopic motion, and in the mechanism used to
transform the microscopic motion into a macroscopic motion.

20 Piezoelectric motors take various forms and have various control systems.
Some piezoelectric motors operate principally with sinusoidal electric signals of a
single frequency, and are referred to here as single-frequency motors. The single
frequency piezoelectric motors contrast with piezoelectric motors that require special
waveforms for operation, such as triangular waveforms, such shaped waveforms having

25 frequency spectra that are the composite of many frequencies with the overall result
being a shaped waveform. Some single-frequency piezoelectric motors may also be
operated with electrical signals that contain other frequency components, but it is not
necessary to include additional frequency components for proper operation of a single-
frequency piezoelectric motor. Single-frequency piezoelectric motors may also have

30 more than one operational frequency that, when used at distinct times, result in distinct

macroscopic motions of the driven element at those times. For example, U.S. Patent



by reference, discloses enbodi nents that include single-frequency
pi ezoel ectric notors that have two distinct operational frequencies, one
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There is thus a need for an electrical driving circuit that drives a piezoelectric

20 motor at or near its optimal frequency of operation by employing means of control.
Prior art includes Phase Locked Loop (PLL) feedback control solutions. It is known

that when a typical piezoelectric motor is excited close to its operational resonance
frequency, there occurs a phase difference between the excitation signal and the
vibration of the piezoelectric motor. If the vibration can be measured, a PLL may be

25 able to exploit this phase difference and continuously track the operation frequency of
the piezoelectric motor. PLL requires a dedicated continuously operating control

circuit, and it is limited by the frequency range in which a phase difference is
discernible, and is further limited by various electrical noise factors. PLL works only

for piezoelectric motors where there is a clear monotonous relationship between the

30 measured phase difference and the quality (strength, speed, etc.) of the resulting



There is thus a need for control schenes that can drive a single-frequency
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ultimately degrades to a point where the performance is outside an acceptable range of

performance criteria.

20 To compensate for this natural performance degradation, a plurality of
concatenated sweeping frequencies is repeatedly supplied to the piezoelectric motor.
At least one of the sweeping frequencies is sufficiently close to the first operating
frequency or to an alternative resonance frequency of the motor and/or combined motor
and driven element to cause detectable motion of the driven element. Preferably, the

25 sweeping frequencies result in an average performance that exceeds the performance
of the motor and/or driven element when they begin to deviate from the desired
performance criteria. The composition of the sweeping frequencies can be varied in
order to maximize the performance so that it approaches, and preferably closely
approximates or achieves the desired performance criteria.

30 The detectable motion is preferably used to vary the sweeping frequencies in

order to help optimize an average performance over the period of time it takes for the



predetermned criteria in order to help optimze the average perfornmance.
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di stance. mode of the motor, driven element, or the combined motor and driven element so that

the average performance is maximized and approximates the desired performance
20 criteria. The combined period of the swept frequencies and the period of the individual
frequencies within the swept frequencies can be varied to approximate or achieve the

desired performance criteria.
Preferably, but optionally, the sweeping frequencies are varied periodically or
according to some other criteria in order to maintain the average performance criteria
25 at its desired value, and the desired value is usually as close to possible to the desired
performance criteria. When the sweeping frequencies are varied, the varied sweeping
frequencies preferably include at least one frequency which causes sufficient motion of
one of the motor or driven element to be detected by a sensor, and feedback from that
sensor can help to optimize the average performance as well help identify which

30 frequencies may be best included within the sweeping frequencies.
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frequencies provides a performance that, when averaged over the duration of the single

first electric signal, preferably, but optionally, does not vary more than 30% when the
20 properties of the piezoelectric motor change. Preferably, but optionally, the single
first electric signal causes the piezoelectric motor to move the driven element with a

varying performance.
Moreover, the method further advantageously, but optionally includes
monitoring the motion of the driven element. The first sequence of frequencies is
25 preferably further selected to include a sufficient number of frequencies that are
distributed to cause the piezoelectric motor to move the driven element so that the
motion of the driven element is maintained within a predetermined value as determined
by the monitoring of the driven element. The monitoring advantageously, but
optionally, uses a motion detector that provides a feedback signal when the motion of

30 the driven element passes at least one selected threshold.



generate a second electric signal in accordance with the nmethod of
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modified when the predetermined amount of time has passed so there is at least a

difference between the largest and the smallest frequency of the sequence that is larger
20 than the difference between the largest and the smallest frequency of the unmodified

second sequence. These steps of analyzing the feedback signal and modifying the

second sequence - until it is determined that the motion of the driven element is no

longer less than the predetermined value for the predetermined amount of time — can

be repeated as needed, preferably until the desired performance criteria is approximated
25 as closely as is possible.

The above method preferably selects the first sequence of frequencies to cause
the piezoelectric motor to move the driven element by a defined distance even if the
properties of the piezoelectric motor change due to predictable causes. The method can
further include supplying the electric signal a predetermined number of times per

30 second in order to cause the piezoelectric motor to move the driven element at a defined

speed. Moreover, any two consecutive frequencies advantageously each produce a



notor to produce a predeterm ned audi bl e sound. This could have a variety
of applications in various types of toys and entertai nnment applications.
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cause the gbRdafleRelid SighMttRdt i§ Suppive répeetedlyi téahe BleRd@Evtris mdidieto mbee
nonitored notion of the driven elenent neets a predetermned criteria.
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esti mat ed frequpency at ich the piezoelectric notor can nove the driven
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In further variations of this further embodiment, the at least two frequencies are

20 selected to cause the piezoelectric motor to move the driven element by a defined
distance. Moreover, the duration of each of the individual waveforms can be selected
to cause the piezoelectric motor to move the driven element with a defined speed. Still
further, the at least two frequencies can each cause the piezoelectric motor to move the
driven element with a different performance.

25 As with the above embodiments, this further embodiment can include
monitoring the motion of the driven element and selecting the sequence of the at least
two frequencies to further include a sufficient number of frequencies that are distributed
to cause the piezoelectric motor to move the driven element so that the monitored
motion of the driven element meets a predetermined criteria. Preferably, this further

30 embodiment of the piezoelectric motor includes a motion detector providing a feedback

signal when the motion of the driven element passes at least one selected threshold.



hi gher than an average performance of the piezoelectric notor before the
estimated frequency was determ ned. Preferably, the piezoelectric notor of
t hi s furtweroseatredi nent includes a notion detector provi@cmgsasbzerback
signal when the notion of the driven el enent passes a 10 selected

threshol d. Again, the feedback signal gan be analyzed to determne if the
notion of the driven el enent has been | ess than a predeterm ned novenent
for a pre i : i
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dr awisngs, Piézt%lé&ﬂc Inhd¢6r PUBEE theld@iven eléndnit kathP@T fveradepepfogimande thantd i n
which: : FIG 1 is a graph show ng piezoel ectric notor performance versus
frequency highei Hansanr amesaget peaformanageofabe piczoelgetsinareiopbeforethgeastimatedon

pi ezoel ectric notor erformance; 25 FIG 2 illustrates typical performance
curves obt g‘ieﬂ‘é?lm%)}wfséj%% % FIG 3 illustrates a feedback control method;
FIG 4 is a bl O@Fefﬁﬁ'ﬁfﬁm zoBle B RIBiH df higf @8 FRAGKIMeARndifes a nidtival e-
frequency piezoelectric tor that 1s in driving communication with a
driven el edemttpr pFdv@ling asfeedimcls eigealavheti the nadtioni afribd drive3Oel&n@it pisses aa bl ock
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pi ezoel ectric frot or I's provided and contfigured to El)e In driving contact

with a dri pasdebairedtanhnt Shenpl EPineicqatnceof i avleddd twe fokuérdvesteppee t hat
can be controlled to ﬁ;})lroduce usef ul macroscopic notion of the driven
el enent 22m®difjedayhn,tha gredstermincgiagoyat &fctipe Baspassnd in@rderdp Ayise ableast ri ¢
signal 25 th 1S Si i f taln,f . j oi dal
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15 larger than the difference between the largest and the smallest frequency of the

unmodified sequence.

BRIEF DESCRIPTION OF THE DRAWINGS
These as well as other features of the present invention will become more
20 apparent upon reference to the drawings, in which like numbers refer to like parts
throughout, and in which: :

FIG. 1 is a graph showing piezoelectric motor performance versus frequency
to illustrates the influence of sequences of frequencies on piezoelectric motor
performance;

25 FIG. 2 illustrates typical performance curves obtained by feedback;

FIG. 3 illustrates a feedback control method,;

FIG. 4 is a block conceptual diagram with a feedback loop for a single-
frequency piezoelectric motor that is in driving communication with a driven element;

FIG. 5 shows several digital signals;

30 FIG. 6 is a block diagram with multiple single-frequency piezoelectric motors

that are in driving communication with the same driven element.



phase shifted, such as cosi ne waves. The range of frequencies for which
useful notion 1is produced will be referred to herein as the range of

oper ati onwOmhmeT7agge of operation is typically a coherentCirniseszb7 of
frequencies within which the macroscopic notion of 10 the driven el enment 22
occurs in the sanme direction. For the pikezoel ectric notors of the type

di scussed herein, the notion of the driven elenent 22 is understood to be a
macroscopi ¢ notion of the dri s the conposite of a

mul titude of small displ acenevlgtﬁsgll?ﬂtghm%E%?ﬁ/ﬂeaﬁbb{ enment 22, the small

di spl acenent s beRefgrramusddGoy, apteeocﬂec&ﬂoaiomrtzo is prtided &d conflgined ngbe
substantially in the sane_direction. The bold, 15 arrow on the driven

el enent 22 Mdlriving contachwiithf déven elsgaat B2 The p@é@%ﬂrw Brator Hbis of fsd¥phg
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but other driven el enen rods, es an S may e 0554 t hat

provisle f usy piyiReesitel giedoeRstricanotdt Qe@tsﬁnyl@ eleftridBidran3s tat iy SE@eldRetric
motor 20 may have several disjoint ranges of operation in which the driven

el enent 22 mﬁamrfrmuﬁm@r ehe tomn gippsodda @m@edhh@lmémdgwp“raformth@mr@f t he
sul.ting from i C_notor

driven ele zoel ect 0

ot a1y onbesaRdd 3ot dsifuint Wised o tRRs e S o oA BTt i v
frequency wshRidacéd@ill Q@erRid 16 Refed dsQhe rah @o emfoﬁan% rafgel df@péahos an
vary, but typically includes one or nore o speed of the driven el enent

22, the foris¢ypticedly atdmhemnemk/ﬂmfrfraqumasmlﬂﬁn gdudrthe emcroscopac owtibn pfit | on

of the two, byt 25 the criteria y al so incl de the el ectric power
cons it i orthe ArivghFleRpnts 2&6@8%51% SRme GHEEHONy Ogélmlaaﬁq Chissmalopatts

per f or mance, thé diddfssS@ FerdiRt h%nm8{1(é be tﬁier Hl\i éh ElefitR50 1% Anli&sRGA! tg\b%da W' t h

| ess el ectr power consun’p Ion her or mance criterra could ap

The opti rralmﬁarrewapimyiomdofﬂle d@ﬁzlencébamas Zthhatt hetheaogeposiie ope naliitade of the
pi ezoel ectric notor 20 are ected to differ between any two piezoelectric
not or s of 3walllispagementsi qfah evenslereant &7, thesmathdisplasementhbeing cavsethes

mat or a1 s deb P8R ivor p0GH RARE HERR DN ER RS s iRk TS AN 10

not 015 20 angr@nonChetdrdlenCélébentt 2 iR FIQC Yainaitateb &r pYisitle daketicH, ut enpect ed
to change over tinme due to wear, vvarmﬁg da ging, etc. The bl ock di agramin
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FIG 4 furtdppesispditsctidrengy alsobe possitile nvaoelem@ntﬂz is shxg)vmafea whegtor e
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several disjoint ranges of operation in which the driven element 22 moves in different
20 directions. The macroscopic motion of the driven element 22 resulting from
piezoelectric motor 20 operation is typically optimal with respect to some performance
criterion at an optimal frequency within the range of operation. The performance
criterion can vary, but typically includes one or more of the speed of the driven element
22, the force that the piezoelectric motor 20 generates, or a combination of the two, but
25 the criteria may also include the electric power consumption. A typical piezoelectric
motor 20 generally has a better performance if the same motion of the driven element
22 is achieved with less electric power consumption. Other performance criteria could
apply. The optimal frequency and the boundaries of the range of operation of the
piezoelectric motor 20 are expected to differ between any two piezoelectric motors of

30 the same build due to design and manufacturing tolerances, material variations, etc.

The piezoelectric motor 20 itself, and the materials used to make the piezoelectric



el ements 21, and a controller 23 that controls the neans 24. A wide variety
of frequency generators, drivers and control circuits are known in the
art, and woloagea46 nunber are commercially avail abl e for uPETASIY/MTOBI gna
generating neans 24 and the 10 controller 23. The controller 23 may or may
not be supplied with a feedback signal -@% froma notion detecting device
26 that detects notion of the driven elenent 22 and/or wth a feedback

si gnal 30 thedor 26 aabtaay Besirdl'dRuitieabaAee kIRGEWitle, AOLRD eRPectdd fohdhange
associ ated el ectric conmponents. For the control nethods disclosed herein,

the cont r oiveefine3lugge weebSvaIingi4ging, ¢td.-n an open-1 oop fashion, but the

controller 23 15 intermttent u the feedback signals 27 an r 30
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varies wthin'the range of operation. The performance typically " increases

fromX he bouwdiayertypef andremechagisally respaating adement R8r diurthércare ghowmimeans
frequency. 20 The neral . shape of rfor ce curve of a representative
pi ezoel ect r1 cOfngﬁHSﬂ%%ﬁé an gjec Bﬁﬂg%izsttgi%ﬁ SPPﬁzer&afgt ¢ PRt P8I W‘Pqefeéifbcency i's
i ndi cat ed idleridd® 21, Bdd QUAFOROR23 MitCcoHRARE IRl mERR DAY T ATWRBGAIRHY YE

refl ects how the performance depends on the excitation frequencyf, to f5

or any par tframency gerequencyrifers andlvengblagiscuit ardEnovaeird thenahcamdcaltavge may

al so vary over, tinme. 25 The preferred control ,nmethods enplo redet erm ned
sequences &umh?ﬁﬁ%?%nm?fﬁ@ﬁﬁéﬁelﬂ@%e Bruse A% e %*&jlai E"éleﬁt@ﬁdg?%‘éﬁﬂiaegm or 20.

The {g equenghaSn&ia® PR dohrbhd23 MEANEASFna R sﬁgﬂlf‘e‘géﬁ% d:ie fe@&%ﬁ}cg%l%f P} range

of frequencies, where the control range ~ usual s at the
af or ement i dned armacti detectipg detico6 timodétbet niotien setheelniven cleaept 23 asl/at | east
one frequency fromthe range of operation. In a sequence of 30 frequencies,

at |east twWith aclgedinek signal 30 that s abjaiegdr frepethe pieroslertils metar 2hey thpave a

different fregy Vi t hepsa e j t i r ations
of | 0 031 0drPHEREFIGRIS FhubBe 1 TraZ R bR HE Mok Heth e
bei ng expl ajonadliéret Poperktes parapallyein AHLPealbop fa6hi6h Uit ke E6REVIRR QB gRapioUl d
not include two or nore sequential signals each having the sane frequency
but H f f er dntermistentyiruse it éeedbacki signal\aT aadloy 38xieladepiviss ppagleensiogtol woul d

i ncl ude tmots uential signals each having a frequency that differed from
the 5 otheﬁlﬁﬁ dnly a few hertz but were of the same duration, or even of

di fferent duratiRsperfdithaded8f dhe pR2oQLQHE thétos RONA méMutd bF AédiQkdd ng the
pi ezoel ectric notor 20 using

performance criterion varies within the range of operation. The performance typically

increases from the boundaries of the range of operation towards the optimal frequency.

20 The general shape of a performance curve of a representative piezoelectric motor 20
at some point in time as a function of frequency is indicated in FIG. 1 by curve 102.
The shape of the performance curve reflects how the performance depends on the
excitation frequency f; to f; or any particular frequency f,.  The shape of the
performance curve may also vary over time.

25 The preferred control methods employ predetermined sequences of non-zero
frequencies for exciting the piezoelectric motor 20. The frequencies of a particular
sequence are selected from a control range of frequencies, where the control range
usually includes at least the aforementioned range of operation, so that the sequence
comprises at least one frequency from the range of operation. In a sequence of

30 frequencies, at least two frequencies are mutually different, meaning that they have a

different frequency rather than the same frequency with different durations of



means of controlling 23 from such a sequence of frequencies, first a
waveformis created for each frequency of the sequence, each waveform
havi ng a woaedeswuéri ned finite duration and anplitude, aneCaasa3/0&0ef or m
further being periodic with a period 10 that is the inverse of the
correspondi ng frequency. Said predeternijned finite duration is understood
to be at |least as |long as one period of the correspondi ng waveform The

wavef or ns %g&gﬁag%\?,g\ie@mhkﬁﬁgfgb&ﬁrlhﬁbé%%%ﬁe Wmaﬁsp%ﬁ@eﬁehgﬁgﬂgﬁ r to
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peri odi ¢ wae@Edradueney by diferestifor durationg of pimey / Martuadlycaxclysive flEadHenes ng a

duration of T1,.T2 .T3 and an. .ampl.itude A. A3, I.esp [ ef ul
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rect angul arothedivgiond) A fedef Hufwerdtifthd dafle duati) or Evehafdiffarent ddPacldhy ef or ms
can be generated by changi ng the phase of another waveform For exanple, a

cosine is a si nélogenhrage HBlehtige Senad Ao e cohirolling thepiepoelecizic nntor 20 using
equi valently, the corresp ing electric si | 25,. cap be repeated as
often as néé‘?fé‘ﬁ .O?A?OPHP[IW&gngﬁ?MCb %Feqéle’é‘i?qggﬁﬁ%uepﬁ’ﬁf’ ﬁ?fﬁ ab‘@a‘{)?g%t&n th the
proposed Mek-0odh it b FRERRYIE thd SBAURAC Ya U GERfolnl hBHAE arodVehinddhe
sequence consists of freduenties t are 25 nonotoni calty i ncreasing, or
decr easi ng,fidetdvestiontand ainpdithieyadibgack svaotfothdutiartbenlg periadgevithihperseiguences
are preferably predeterm ned or random but within a predeterm ped,

i

di st #9 but i dhat ingisrigpersapkihs cqtresnoading Araquensy p srid ardessrmyneddiit BEatidhe e ps
fromlowtq hﬁ&gg&é@ g):‘lfeinaci'lga%t QSQ%%%% erigd o% % Wf%ng\%gyéggﬁfr&q UBJIC! €S 30

(dom-sweed%}l, ating s n up-swee|8 a down- sweep,

and so on)wayhsthstafetheh Bekdd tﬁ%@:hfgriﬁtg(ﬁéndes(c@ﬁt@@nht@d) fn@rddieo gurBgaeliact ri c
not or 20, the average WD 03/ 067746 PCT/ US03/ 03707 -12 piezoel ectric notor

20 per f or nesheseric bigeal 25t usingeapprenyitsgleestonie meansdshg force it is generating
el ect 11 ¢ power  dGNEOBPFLIn hchrbbs LI Pt s s SRt BRad8ing he
frequency i si ; bOinRes OF elddRicCREdae HFRBRSH WY, WL AHERE Are pRiodXWARIfSImMPY
sel ecting a ‘st arti ng and 5 ending frequency for a sweep. The speed in
whi ch a sequitinperiods Bfedif, et/fgependaveformHavihg atdimation of Ty hE,, T; and an
amplitude A,, A,, A,, respectively. Useful periodic waveforms are the sinusoidal
(harmonic), triangular (saw tooth), rectangular (digital) waveform. This list is non-
exhaustive.
20 Waveforms can be generated by changing the phase of another waveform. For
example, a cosine is a sine with a 90-degree phase shift. A sequence, or, equivalently,
the corresponding electric signal 25, can be repeated as often as needed. A further
example of a sequence that can be used in the proposed method is the periodic
frequency sweep. In such a sweep, the sequence consists of frequencies that are
25 monotonically increasing, or decreasing, between the two boundaries of the control
range.

The sequences are preferably predetermined or random but within a
predetermined distribution. Appropriate sequences include periodically repeated
sweeps from low to high frequencies (up-sweeps) or from high to low frequencies

30 (down-sweeps), or oscillating sweeps (an up-sweep followed by a down-sweep, and so

on). When the electric signal 25 is supplied to the piezoelectric motor 20, the average



waveforns of the corresponding electric signal 25. The speed in which a
sequence can be executed can also be used to further adjust piezoelectric
not or 20 weroBosTmadice and i nfluence acoustical noi se generatius3/o¥xepusti cal
noise in the formof a clicking or 10 simlar sound may occur, for exanple,
when the sequence of frequencies corregponding to the electric signal 25
supplied to the piezoelectric notor 20 conprises two frequencies gl and
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further select sequences of,frequencie optrolli NlL.£70 tric
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level that is perceived as particularly unpleasant to human hearing compared to other

20 frequencies given the same sound volume. By increasing of decreasing the frequency

of transitions, e.g., by increasing or decreasing the durations of the waveforms that

have the frequencies g, and g,, the noise is not eliminated but can be shifted in

frequency to a range that is less disturbing to the human hearing, to animal hearing, or

possibly to sound sensitive equipment. Alternatively, this sort of noise generation can

25 be minimized or eliminated by avoiding or limiting said transitions altogether. This can

be achieved by requiring that any two consecutive frequencies of a sequence produce

a piezoelectric motor 20 performance with a performance difference or change that is

no more than a predetermined value as measured by the selected performance criterion

when an electric signal 25 that is sinusoidal of either of these frequencies is supplied

30 to the piezoelectric motor 20.



noi se can be used to sinulate engine sounds in toys, or to generate other
noi ses that have application for toys or other uses. The speed and noi se
of the piwpmaloerié i c notor 10 20 can further be controll eedCiusewairhat i ng
the anplitude or the waveformof the driving signal 25. The nethods can be
used al one or in conbination. There is.ighus provided neans for using a
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operation then the resulting motion of the driven element 22 is principally a stop-and-go

motion. This stop-and-go motion is clearly noticeable if the durations of the waveforms
20 corresponding to said sequence are very long, e.g., several seconds. However, the
stop-and-go motion may also be present if said durations are extremely short, €.g., only
a few times the inverse of one of the said first or the second frequency. This is due to
the extreme responsiveness of piezoelectric motors. In other words, piezoelectric
motors have typically extremely short transients. If the stop-and-go motion is faster
25 than the human eye can perceive, for example approximately faster than about 25 Hz
stop-and-go cycles per second, the resulting motion of the driven element 22 appears
smooth to the unaided human eye. Depending on the number of stop-and-go cycles per
second, the resulting motion may also appear smooth to the human touch, or smooth
with respect to other measures. In this sense, the term ‘smooth’ reflects an average

30 motion quality of the driven element 22.



A notion of the driven elenent 22 caused by the piezoelectric nmotor 20 is
10 considered snooth if the piezoelectric notor 20 perfornmance fluctuations
during thwooanerwé i on of a sequence of frequenci es cannot Poa/yses/cgdved by
means and criteria of observing or nonitoring the driven elenment 22 as set
forth by a particular application. Inijather words, a notion of the driven
el ement 22 is considered snooth if said nonitoring nmeans and criteria
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responsive a?spt;eiir?gnsn%otﬁ iiigcﬂgino%tgﬁnfisq)%ﬁohﬁgd by an average human observer. Other
rates may apply if the motion is supposed to appear smooth to a non-human observer,

20 such as a pet animal. Likewise smooth motion could be identified by a smooth and
continuous sound produced by piezoelectric motor 20 operation as perceived by a

human ear, which may differ from what a dog or cat perceives. In still other

applications, the smoothness criteria may be based on performance criteria monitored

by instruments. Thus, the smoothness of the driven element 22 motion could also be

25 monitored by electric instruments such as optical sensors, motions detectors, or other
instruments that sense some parameter resulting from motion of the piezoelectric

element 20 or the driven element 22. For example, in some applications it may be

required that the motion of the driven element 22 is perceived as being smooth, i.e.,

free of fluctuations, when means of observing the motion of the driven element 22 is

30 the human or non-human touch. A motion may also be determined as smooth or

sufficiently smooth by indirect means. For example, the driven element may itself be



characteristic such as anplitude, frequency, or phase. If the control range
of 10 frequencies is selected sufficiently large, it should always contain
t he rangewofo3opean@ti on even if the range of operation shipCTraSdses7vp

predi ctabl e and unpredictable variations in the piezoelectric notor 20
operation attributable to manufacturingisnd production tolerances and
further attributable to performance changes and degradation of the
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can producebatigilayagmlisgion.c not or performance that varies typically by

| ess than 30% preferably |ess n.20% even.nore. pref. ess_than
Lo and better SOeromy el o REetel paUAP TR B RLRNG F Aty "o
pi ezoel ect r {y@icARhOpieRR]cehiaNtE6tor 20 pdicé atesbnsita Rlotioh df SignalGanLAddsaBd |l y, it
can al so be advantageous to desire a 25 performance variation that is nore
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t hus ,pe achj eved w t hout the_nee f feedback control. . The term .
TS oo s tranes s Ralttied DRy ke, FRGOT S Lot agsq o opprafion
reference t l; i nar r e
maxi nmal acﬂ{%&gﬁ??%@ﬁ%@?@gﬁ@ﬁ&g&%ﬁa iﬁ(t:a\g?e %ﬂ;?i g@?@%@gﬁgﬁ%myﬂbei ng

equal 100 %hel piedoelectric3fhofor 2 operafifd aittibuiable &b emamurfadtoidag iand production

pi ezoel ectric notor 20 perfornmance as the excitation frequency, changes.
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pi ezoel ectric notors of the sane design and manufacture. Said entire group

may, for exZhfiaegencoates the eleshiéc signal 36 and supplissl ildo ithmpiszeetgctmemetor 20 is
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group i s abtempanedis| Thereforedifia seqietlice of frequencies is selected so that the frequencies
20 of the sequence are sufficiently dense within the control range, then the aforementioned
averaging effect can produce a piezoelectric motor performance that varies typically by
less than 30% preferably less than 20%, even more preferable by less than 10% and
better even by less than 5% when the properties of the piezoelectric motor 20 change
within a predictable range. Concurrently, it can also be advantageous to desire a
25 performance variation that is more than 5%, 10%, 20%, or even 30%. A relatively
constant performance can thus be achieved without the need of feedback control.
The term ‘sufficiently dense’ as used here is illustrated schematically with
reference to FIG. 1, which shows performance vs. frequency graphs. The maximal
achievable performance on the vertical axis is labeled 1, 1 being equal 100%. In FIG.

30 1, curve 101 illustrates an idealized piezoelectric motor 20 performance as the

excitation frequency changes. Curve 101 serves as a reference curve for selecting an



standardi zed conditions. OQther conmputation nethods for the curve 101 nmay be
useful 10 as well. Curve 102 illustrates the piezoelectric notor

per f or marwe 0306We6 of a particular piezoelectric notor 20PCTarsoy/szoentire
group of piezoelectric notors at a given tine. Curve 102 is usually not
explicitly measured or known. Due to tbg.al ways present piezoelectric
not or paraneter fluctuations, curves 101 and 102 usually do not coi ncide.
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or, equi val saidaydizes ¢omditioas.f Otopu enmyputafion niEHwdy fomythaguve @l npydeaetiott ri c
not or 20 performance as_ a function, of the freogllfi’er}c%}(11 fois graf))hed by curve
106. 10s shawwelk Heirye 12 Hinsixates the pickealectricmofqrpRiIgananse s ve Qb PYRFWAL el v
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pi ezoel ect r¢grveDIORris udEhlIghD @eplidifly npaaped bi &Rowe Dwe toeihp abwdysreseat C.

and the curve 102 consequently WO 03/067746 PCT/ US03/ 03707 -17 noves in
bet ween t hepigzastpstneietor paragaigr flactuations s 1 3ad 192 wwally depoteiBsidei ng t he

sequence of_frequenci es f2, 1 f4, f ens t.al -
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now r epeat ekdbéled with fearehipimarkeddycordticad joe Hdk both dfvdyclemorewithithe curvg 2 £ 3,
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of piezoel ectri CFor illustrative purposes, a first sequence of frequencies, {f;, f,, f3, f,, 5},

comprising five equally-spaced frequencies is selected. The sequence is repeated as
20 often as needed to achieve a desired total duration of piezoelectric motor 20 operation.
In this example, each frequency of the first sequence of frequencies is executed with
an equal duration. The total piezoelectric motor 20 performance averaged over the
total duration of piezoelectric motor 20 operation for the first sequence of frequencies
is approximately one fifth of the sum of the values of the curve 102 at the five
25 frequencies of the sequence. Said total piezoelectric motor 20 performance varies with
the curve 102, i.e. with the location of curve 104 or, equivalently, with the frequency
f,. The varying total piezoelectric motor 20 performance as a function of the frequency
f, is graphed by curve 106. As shown, the performance reaches a maximum value of
approximately 0.3, this value being less than the maximum value of 1.0 of curve 102.
30 Curve 106 fluctuates between 0.2 and 0.3. In other words, if the piezoelectric motor

20 changes its properties due to temperature, etc., and the curve 102 consequently



not or 20 operation for the second sequence of frequencies is approxi mately
one ninth 10 of the sumof the values of the curve 102 at the nine
frequenciwe ofo6t7me sequence. The varying total piezoel ectcrawsosozn7 20
performance as a function of the frequency fo is shown by curve 105. The
variation of curve 105 is approxi mately70.29+/0.01, i.e., the curve is
constant within 0.01/0.29=3.5% Curves 105 and 106 have the sane naxina,
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e associated components. For example, the second sequence of frequencies would be
20 considered sufficiently dense if a piezoelectric motor 20 performance was required that
remains better than, say, 10% constant and that is above, say, 0.25
By sweeping the frequencies within the range of operation, an excitation signal
25 to the piezoelectric motor 20 is provided that preferably always encompasses the
optimum performance of the piezoelectric motor 20. While a portion of the frequencies
25 are less than optimal, the range of operation frequencies is advantageously close enough
to the frequency corresponding to the optimum performance of the motor 20 so that the
overall performance of the piezoelectric motor 20 is likely to be greater than if no
swept frequency is provided. This occurs because the performance of a piezoelectric
motor is typically very high for a range of frequencies on either side of the optimal

30 frequency, and by sweeping those frequencies an averaged performance is achieved that

is likely to be higher than will occur if a single fixed excitation frequency is selected



sequence may be re-arranged to satisfy other conditions. For exanple, the
10 aforenenti oned sequence {fl... f9} may be understood as the conposition
of two upwosmwepse The sane sequence witten as {fl, f6, PEI/USE30F8] f8,
f4, f9, f5} is a snooth up- sweep that has advantageously snmall frequency
steps but one | arge frequency jurrp fropng to fl in between repetitions.
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of curve 102 even when shifted. Each such sweep causes the piezoelectric motor 20 to

execute a well-defined step of the driven element 22 which is related to the area under

20 the curves 101 or 102. If the sweep can be executed repeatedly and sufficiently fast,

the individual steps blend together into what appears to be a smooth motion of the

driven element 22 in the sense that monitoring means and criteria set forth by an

application cannot tell that the motion is indeed composed of many individual and

distinct steps. The speed of said smooth motion is given by the product of the step size

25 and the number of repetitions per second. As discussed above, the criteria for

determining what constitutes “smooth” motion will vary with the particular application,

and the frequencies are repeatedly executed sufficiently fast to achieve the required
smoothness of motion.

There is thus provided an open-loop control method that produces defined step

30 sizes of the driven element 22 at a steady rate independently of parameter fluctuations

of a piezoelectric motor 20.



a sequence of frequencies may also be interrupted if, for exanple, the
driven el enent 10 has reached a predeterm ned destination, or if the
current swoueneE40f frequencies does not provide the desipcadiSos/erorl ectric
notor 20 performance. In the latter case, a sequence of frequencies my be
nodi fied or be replaced by a nore appropgi ate sequence of frequencies
using a feedback nethod as discussed |later. The rate of change of a
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piezoelectric motor 20 is abruptly set in operation, or abruptly stops operation. It is

20 thus preferable to slow the rate of sweep, or to increase the duration of the associated
waveform, so that as the transition of the piezoelectric motor 20 from an operational
to non-operational mode does either not produce an audible sound or produce a
predetermined audible sound. This variation in the rate of sweep or variation in the
duration of the associated waveform can also be used to meet other criteria at the
25 desired transition point. One example would be to produce a sound at a predetermined
volume or amplitude, or to generate a predetermined signal that may vary with the use
to which the motor 20 is put.
A sequence of discrete frequencies is suitable for means of signal generation 23
that are digital where the signal waveforms are rectangular, or digital, as opposed to
30 being sinusoidal. Digital signal generation 23 can be achieved, for example, with an

appropriately programmed microcontroller, or with a pulse-width modulation (PWM)



strictly periodic signal with base frequency 1/ (1 OAT) is digital signal

81, which has low 10 and hi gh periods of SAT. Athird strictly periodic

si gnal wwb oasew4é r equency 1/ (9AT) is digital signal 82, palmiush3/bg? | ow
peri ods of 5AT and hi gh periods of 4AT. The base frequency of a strictly
periodic signal is thus I /(NOT), wher@ON is a positive integer. This is a
limting factor in selecting sequences of frequencies and can further be a
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instead the 'piezoelectric notor 20 can be viewed as being presented with a
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content F3 that. lies in between F,. and F2. e exact |ocation o 3
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pi ezoel ectrirc notor 20 transients and the tine resolution of the digital
si gnal geneegteorto changes of piezoelectric motor 20 parameters such as temperature, etc.
20 Fast switching between adjacent frequencies, for example between 1/(NAT) and
1/((N+1)AT), provides a method to operate a piezoelectric motor 20 at frequencies that
a digital signal generator cannot readily generate in a pure form. In this method, a
sequence of frequencies {F;, F,, F, F, ...} is composed of two adjacent frequencies F,
and F, in repeated pairs that the digital signal generator can readily generate in a pure
25 form. It was previously discussed that if each of F, and F, is executed for a relatively
long duration, then the piezoelectric motor 20 performance toggles between the
performances corresponding to frequencies F; and F,. However, if the switching
occurs fast, i.e., if the duration for which each of F, and F, is executed is smaller than
the decay time for piezoelectric motor 20 transients, then the piezoelectric motor 20

30 performance is not given time to settle into either performance, but instead the

piezoelectric motor 20 can be viewed as being presented with a signal 25 that has a



23. Piezoelectric notor 20 are generally very responsive and can have
transients that 10 are as short as four or five vibration periods. For
exanpl e, WD oBle7aechani cal piezoelectric notor 20 transi emCI/usOFWI70W t hi n
4 oscillation periods, then the duration for which each of F, and F2 is
applied for should be less or equal than those 4 oscillation periods. If
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multiple of the period of that frequency. In particular, four periods of two adjacent

20 frequencies have nearly, but not exactly, the same duration. It is advantageous to use
said integer multiples of vibration periods to avoid sudden signal 25 jumps and possibly
resulting jarring noises of the piezoelectric motor 20, but durations do not need to be
integer multiples. It can also be convenient to use durations that are integer multiples
of one half of a period.

25 There is thus provided means for achieving usable operation from a
piezoelectric motor 20, even if the optimal operational frequency of that piezoelectric
motor 20 has changed, by using means of digital signal generation 23 to provide a
sequence of frequencies to the piezoelectric motor 20 at predetermined intervals within
a frequency range sufficient to cause the piezoelectric motor 20 to operate less than

30 optimally but reliably. The sequence of frequencies may contain sub-sequences of

frequencies that the digital signal generator 23 can generate in a pure form, but that are



notor 20, e.g., froma phase shift between voltage and current, or from an
10 i ncrease/ decrease in current consunption, or froman increase/decrease
of vol t agwoaw/o61he pi ezoel ectric el enent. Further sources Pefi/tfSesodyar k
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frequency. provide a measure of speed of the driven element 22.

In another example, a piezoelectric motor 20 comprises an electrically

20 conductive resonator 23 that is in driving contact with an electrically conductive driven
element 22. Measuring the electric resistance between the resonator 28 and the driven

element 22 may provide the desired feedback 30 in a piezoelectric motor 20 where the

resonator intermittently lifts off partially or completely from the driven element 22

during piezoelectric motor 20 operation. The electric feedback signal 30 in these cases

25 may be discrete due to complete liftoff or analog due to partial liftoff and/or change in
contact pressure. In a preferred embodiment of the invention, one of the resonator 28

or the driven element 22 is made of a semi-conductive material, such as plastic
containing carbon particles or fibers. In this embodiment, an analog signal
representing electric resistance can be used to provide feedback 30 as to the frequencies

30 at which the piezoelectric motor 20 operates and at which frequency the piezoelectric

motor 20 operates in an optimal sense.



Typi cal curves that may be obtained are illustrated in FIG 2. Curve 51 is
10 representative of a feedback nethod that provides continuous information
about piwpmdloeTié i c notor 20 performance. Curve 52 is repcadsat/ed7nve of a
f eedback nmethod that has a mnimal notion threshold and/or is hysteretic
and thus provides discontinuous inforoption about piezoelectric notor 20
performance. Curve 53 is representative of a feedback nethod that provides
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performance curve of the type of curve 53 is measured, an optimal frequency of
operation can only be estimated, for example at the horizontal center of the rectangular-

20 shaped portion of curve 53.
Piezoelectric motor 20 performance curves may be different for continuous
sweeps from low frequencies to high frequencies and vice versa.
Curves such as curves 51-53 may provide, in part, a way or the means to
determine a performance curve 102. A curve 102 may be selected to coincide with one
25 of curves 51-53, or additional information, for example from a feedback signal 30, may
me incorporated to compute a curve 102. As previously discussed, an idealized
performance curve 101 may be derived from the curves 102 that have been obtained
under standardized conditions for many piezoelectric motors 20.
Approximations to curves such as curves 51-53 are obtained by using sequences

30 of frequencies to generate the electric signal 25 supplied to the piezoelectric motor 20

instead of the continuous frequency sweep. For example, a curve such as exemplary



inertia). The information that is obtained wth a feedback nmethod therefore
tracks the 10 timng of the execution of the sequence of frequencies with a
del ay of wolog/oer7iew vi brati on periods, provided that thePdalty3/n3tot he
feedback loop is sufficiently small. There is thus provided a nethod to
execute a sequence of frequencies coverpfiug at | east the range of operation
of a piezoelectric notor 20 to nove a driven elenent, and to
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changed due to tenperature, aging, or other reasons. The procedure Is
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execution of WO 03/067746 PCT/ US03/ 03707 -25 the first sequence of
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slower if an appropriate performance and smoothness of motion may so be achieved.
20 The feedback information 27 and/or 30 can further be used to modify the sequence of
frequencies to more closely track the changing range of operation of the piezoelectric
motor 20.
The feedback method can be used to intermittently adapt a sequence of
frequencies to cause the piezoelectric motor 20 to move the driven element 22 with an
25 improved performance even if the properties of the piezoelectric motor 20 have
changed due to temperature, aging, or other reasons. The procedure is illustrated with
reference to the examples in FIG. 3. FIG. 3 shows an hypothetical performance curve
102 that a piezoelectric motor 20 may have at a particular point in time. In a first
example of intermittently adapting a sequence of frequencies, a first sequence of

30 frequencies {f;, f,, f,, f,, s} gives rise to waveforms w, - ws, which are supplied

repeatedly to the piezoelectric motor 20 in the sequence shown. During execution of



likely located in the vicinity of f8 Wile these exanples refer to

graphi ng and show 10 vari ous graphical inages, the generation of these
graphs i swoaBlermat i cal | y based and thus the anal ysis canPoa/tsas/iizet y
executed by appropriate software using a conputer or appropriate
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descri bed nMHeOfirst GBiMen0t -of PedrBfici®RYa &bk Mefhbl %z{iﬁgf%é Y P@%ﬁﬁ_&ﬂd&e, for
exanpl e, a second sequence of  frequencies {f2, 3, 3, 4, f}, which when
execut ed wotdading asea fuinsigont of timp endhoasrthe exemplediurge Ga.aFfamcuiverdlaf thei me
simlar to curve ocess to an e%&imateto curve 102 in

1b, dint
the form of C‘E:rlYFy]é) 551 g%?%ﬁﬁ%%%aé@&%mf HERTEPre Malyes ps SGHERT PEY theauses
the pi ezoel ggt L GxBRARn ﬁQ%&e%%}WQP( coiliciit ﬁﬁ@We?t!iﬁ:mhhs?t?ai%ﬂttlﬁle@nsdcﬁparsoved
a re in the rang

20 performance since It reguenci es wt e of operation
and alSso a dowsr mowsve FdadwNdtehthihehe tedndedsi ofsdurse doene aotled siclequersites, t he

bandw dt h bei{l’pgadefi ned _as the difference between the | argest and the

smal | est of S$HEE A<nen E0%do gpt Becssgiibnlie on the,hyppthaticalhcurys 40% dpp#0.98c ond
sequence of i rS.t f=z0p. I on. i ectric
rotor 20, t R Sty SRS, S P ARRENR S5 REHe T Bl ie gl Ry

range of opegriatfiofromaihe rafey 6ff @etatione afdithae tHedeirve N0V hds & Midximbm tBasial |
anmount. In a second exanple of intermttently adapting a sequence of
f r equenci eslikeljdocatesdnpavicinity b d- i SVhds thessieraoplesriefeatie graphingandishowt he

dri I t 22 h d Jicipent di o L f le,
1 1 st0sequermion araiiol Bigkes, Hhe asidlich SLER: EARH"BSunchairll AR « he
previous exgnikifs adali8 AnPekhefNpaCuEEe s ?[%‘g?ﬁa@ séﬂw&ﬂeh@ﬂlgcafcoﬁgmtérrm such

as curve 62a nmay be obtained. Curve 62a 1l rates that irnpulses are
likely to apmropridte iftegrated canguitesrsotber. el¢dtmonad systemst [khif appdieetocthe abowd)i ch

t he piezoelecfric notor WO 03/ 067746 PCT/ US03/ 03707 . -26 20 is bein
excited is ?‘H} wing gaphs ‘V‘?’é{ﬁa 1 torkustidR etR?Ht‘}fpl?sré th‘?rg‘?ﬁF@Eed motbr

di stributiogyudp curve 62a can then be used to graph a curve simlar to
curve 55a. Based on curve 55a, a second sequence of frequencies may be

sel edted to caus©ntheypise e irfotniation t@tierermial, foo examsle f isecoid segneeafent 22
with a better performnce and an adequate robustness 5 towards

pi ezoel ect r TeaUeBESE (Do Tpdn dndtle Whithawbasexgruiad pvomld give ise seanerernare

frequenci esre:g@i}ng)ﬁg %%E&iop’%f@ﬁ?eséiﬁggr t%gc(r(\]l?\;}:d? f]og g#c? fhct?le %&ogegset%%%%{ifngtaehg {fr2,

f3, f8, f4, ['nano her net| Tirs ccurrence o
impul se is ¢Eed 102 idahe foinof duivekssby CREAAYAtHeosabnd ?%ﬂl@ﬁ@cb’f- frequenbRs

exenplary curve 62a, the first inpulse occurs while
causes the piezoelectric motor 20 to move the driven element 22 with an improved
20 performance since it has more frequencies within the range of operation and also a
narrower bandwidth than the first sequence of frequencie;s, the bandwidth being defined
as the difference between the largest and the smallest of the frequencies of a sequence.
In addition, since the second sequence of frequencies covers the range of operation of
the piezoelectric motor 20, the piezoelectric motor can be reliably operated even if the
25 range of operation, and therefore the curve 102, should shift by a small amount.

In a second example of intermittently adapting a sequence of frequencies, the
feedback method is assumed to generate pulses when the driven element 22 has moved
by a sufficient distance. If, for example, a first sequence {f;, f,, f;, {,, f} is repeatedly
executed as done in the previous example, then a performance reading as a function of

30 time such as curve 62a may be obtained. Curve 62a illustrates that impulses are likely

to occur in faster succession the closer the frequency at which the piezoelectric motor



is being supplied to the piezoelectric notor 20. Based on this information
a second 10 sequence of frequencies may be selected such as {f2, 3, 8,

f4, f}, viwoob/oemEys cause a performance reading in functi omCafushy/myosuch as
curve 62b with an associated estimate of curve 102 given by, for exanple,
curve 55b. The second sequence of frequggcies has a nore narrow bandw dth
than the first sequence and causes the piezoelectric notor 20 to operate

with a bettepiRifUREFR e dptifdil TbqicAt ITRe @ﬁfslt?bf'thﬁ(ﬂg@ﬁké‘@ﬁﬁiﬁuﬂ%r ds 15

changes of piezoelectric notor 20 properties. This method is particularly
useful in enbod G2nca thhebe ubad tograpiea awyewmailarhatcutviedSpi d3ased ewewive not or
20 is nost

Likely tq tri f th 26._when th
pi 206l ect r PR RSP ABTE LT FETCIFY BRRDS SlssiHD COBel MisgRlGhmgLor
per f or mancesp i, eStPE bifi%én él&n@rﬁtﬂ%t)hea l%éi‘tef“ éerrf&%g?f?ne@ ‘C?r%e HEL {3B8siness e 20

second sequence 0 requenci es can urt epl aced wth
subsequent sevaién pegoctctfic enainclOe patameter cbhanges wherc khemeadond sequenes of02 due
to changi n? pi ezoel ectric_notor 20 paraneters while naintaining a certain
degree of FEBLEREISe BCxedited 08 PORNGSPRNA sepsRct TFaqEenpiRsds fZOfs’p(grfa -ers by
selecting s f j ] ! . at
east the r SRR cla, ohEAHE AR BRaditle MALBANE MEDR dctBmib Sl RGE

per f or manceop&ati@@l fregaericy. g tlidlé)fdnqilaiztchwe 624, dendsaintpuldse couswelirggd
sense, it is not necessary that a feedback sifgnal is either produced, or

eval uat ed t & bpingesupplicd, torghi miczoglestirumnior 281 Based; g ihis daformytéon a seaepd

sequence of frequencies, e.d. S j cuted, | I ere a
m cr S@ont roF’“:fqélf&ieso eeggténcﬂ?s.glg%%ge"igcggda%cg&gggs ﬂt %’ é“r‘r&r}t)y %ghgggag%%éﬂ
routine repgtiby®in¥e FaatiRlgyin fithcbA OF tifne shéteR cuPve GXOMIE 8 assBtihted ebtihakent | y
often to achieve an 30 appropriate inprovenent of the piezoelectric notor

20 per f or manteurdeid02 giveréyb fulexampte, purveisshl drhe saeordoegeence of figfueaciequence
of frequencjes is necessary i i gni ficant WD 03/0677 PCT/ USD3/ 03707 - 27
per o nmnce PSRN oty i ol dhe fi5f eauchin ra aircsife BEARRRRTPRE L <o

I s measur ed)q fPdpefarl GRAST R g@@brﬁﬁﬁw\% iR mAil%ing? B&Plin AdbubiiBitliS®agRy be
used to trigger ~ interrupts in a controller 23, stuch as in a

m cr déont r othanped bfapiezceleapiahiotora®l propaftiegurBds ntethadeis giavticudarty wsehlluat e

interrupts, in grder to enable the contrqller 23 to adapt the 5 sequence of
fr equenci esCmbRIIAGNESWhese BicA Be a3REIRE Hiak HCauFTOIGEH ICdROtRE P 1 likply to

m crocontroll. es. j ] t
Wit chdog. 1 THster BIERUBECST Bl 56 WHE oo LR RUAES0 e R  arfhen
timer coul defehrft 2214 piaeé indal d PerfornB@ed that ¥ doseasiptiglal.eln ko Eelgovef no

sensor 26 inpulse is neasured

methods, the second sequence of frequencies can be further modified or replaced with
20 subsequent sequences of frequencies in order to track moving curves 102 due to
changing piezoelectric motor 20 parameters while maintaining a certain degree of
robustness towards changing piezoelectric motor 20 parameters by selecting sequences

of frequencies that have bandwidths that include at least the range of operation.
If the resulting piezoelectric motor 20 performance is required to be sufficiently
25 constant in an averaged sense, it is not necessary that a feedback signal is either
produced, or evaluated to generate a modified sequence of frequencies, every time a
sequence of frequencies, e.g., a sweep, is executed. In embodiments where a
microcontroller is used, it can be advantageous to employ the feedback routine
relatively rarely in order to free up resources, but sufficiently often to achieve an

30 appropriate improvement of the piezoelectric motor 20 performance due to feedback.

In particular, an adaptation of a sequence of frequencies is necessary if significant



for a predeterm ned anount of tinme thus enabling a mcrocontroller program
to select 10 a new sequence of frequencies at that tine to inprove

pi ezoel ecwpiog/ooor 20 performance. Further additions toPCRaSO®R70DI

met hods i ncl ude occasionally switching between the first sequence of
frequenci es and any subsequent sequence27-n order to use the first sequence
again to determne the possibly changed range of operation of the 15

pi ezoel ect riGryRAke d%%radﬁh@rplstoh%r?ed %ﬂé&@m@&s ﬁ‘n'@'sbl'lsbi/% hﬂﬁulﬁél@nfe@ﬂﬁ@d of
operation o Iy partially overlaps with the bandwi dth a sequence of

f r equenci esfodweptedetprieided tatouat ofitithes o fensondé lmpptsed m%’abft @Sﬁh@ngﬁebf

e quence. of nerBitanecauto s, nEdias fmiiasduelt BRS: febl il Sodinfed rance.
wWien this octdeeive LR etlélﬁactff- ﬁf@eq C Bidef 8 IHAIC HRScHARIBE2S 8 844 A0

agai n, or new sequence 0 enhci es can be selected that has ‘a broader
bandwé dt h s'ehaendehff freqencies e dlsing an dhtefrupt uenlanésn cahifsribérobdlpl free up

particularly be the case if no, or,  an |nsuff| gl ent  feedback SL nal, is
obt ai ned f oRiGEOGRATOPTESRFCEY AR infeRaIpt cafy alsg Be upgbto teselA Walghdes tmer

frequency SYReRvend deRBNA HhBuans blt%eg\v&?ewﬁ@t %(tcf?({)c%a‘{’l%‘?d @ Yef Ur ther

if still no signal” i s genera resunm cause t rrven

el ement 25 a’&ﬁomsudaﬂynﬁ gep\wedicrpmtrbiled ﬁtﬁrhﬁpt 1ﬂ1f®t96hsdi JeeiathudeKs siegsuabd i s
observed, presumabl ecause the driven element 22 is noving sufficiently

again to cafese medeé@dbmdl@mt@n af time This eaglling oBjFresrRtLHeUpregInE Bhislast

met hods di scussed here ar.e. parti.cul sefu if the oelect tor
20' ?Gange BT, SFHEPSH Of ST SWHC%F??QL% DS g HREPYE p1eoz10% egtrlﬁrmf)eorrr%(go
enbodi ment Qfedrfi@ndivention, this kind of feedback control is 30

advant ageously carried out with a mcrocontroller. There are thus provi ded
met hods for i denFurftheradditpestathemoatrofmethodsinélade mammla@wetchmg betwsewr 20
and for usi n one or V\D%) /067746 PCT/ US03/ 03707 -28. %ﬁ

oper ati onalt AB8 ReARaNSS of Begiangies 30 Rny, FIDFRUET SEIFCH n %‘@eﬁ?‘&e e

suttable ! OsREBRY Ll 40 BEEARMADHR Bssrshﬂy fifed Hif:cCORt afbatfotS b The and

nmet hods that “are descri ere are particu for controlling

si ngle- f r egpiensefedoiiemoeir X0t rAISOrtmrerlsthEQ)osﬁhm}cmlat ﬁmlraﬁmﬁmﬁra@mﬂy be
used by thensel ves, in conbination with each ot her used in variqus
conbi nat i OnEarW?]llYlOYﬁr’f?@F wath the pardvadiit ¢fq sequenspes Wctﬁséi?@éq’ BEqdﬂqt%bl?mt or

20 oo TR B RGP PSR RY S APHE LRI
way of meangy ghwise@BHIBE Kf a I@tﬁleﬁwéﬂ @équencies, thus reducing piezoelectric motor 20
performance. When this occurs, the first sequence of frequencies can be selected
20 again, or a new sequence of frequencies can be selected that has a broader bandwidth
than the second sequence of frequencies. This should particularly be the case if no or
an insufficient feedback signal is obtained for a certain period of time, say, for the
duration of a frequency sweep. Said bandwidth can be subsequently broadened even
further if still no feedback signal is generated, presumably because the driven element
25 22 is being moved insufficiently, until a feedback signal is observed, presumably
because the driven element 22 is moving sufficiently again to cause a feedback signal.
The open-loop and feedback control methods discussed here are particularly
useful if the piezoelectric motor 20’s range of operation is known only in vague terms.
In a preferred embodiment of the invention, this kind of feedback control is
30 advantageously carried out with a microcontroller. There are thus provided methods

for identifying operational frequencies of piezoelectric motor 20 and for using one or



nmet hods provi de an anount of robustness towards predictable and

unpredi ctabl e 10 changes of piezoelectric notor 20 paraneters, which in
part nmay wWbg/0dupend on the nechanical | oad encountered PgTiUS3/AF7DVEN

el enent 22. Predictable piezoelectric notor 20 paraneter changes are

f oreseeabl e changes that are known at tige tine of the piezoelectric notor
20 control design. Predictabl e paraneter changes are changes that can

reasonably ﬁ@r&é‘ﬂ%ﬁ%e%be%ﬂdnﬂﬁfrb@feﬁ&@?% g5 8 lézb@leahembfeg@ fifh @ rﬂaaﬁl@f 20
and 15 driven elenment 22 and do not principally interfere with the

appl i cat i orsuithblehe aclieving bhn acreptabléspedifosmbnssed herei n. For exanpl e, changes

in piezoelectric,_notor t enper at ur.e, i ent te rature, notor are
predi ct abl e par ahit &P0 té‘ﬁaﬁ’é@gls a fr}e@h%ttgg?t Heedss Erﬁoqre Hﬁrr%‘fué‘?r\r(\gd

enmbodi ment s,/ e?%‘ﬁlrgllﬁ@éﬁlgfél _fr n%l@ﬁeﬁécﬁléméﬁf@@ OTR ARG EsBeméd

single driven eerrent suc I-notor configuration is tllustrated
in th® schemabé aseli dgrthemgodives] Ga combirexion twitle eagli etheel ecrtused imotacioss 22a,
22b, 22c are in simultaneous. driving_caontact yeth a.sin 8I e drjven ehement

22. The pi eXp¥NBRtons Withghsr xisting cong SChf‘EQ?S BEZRYEHTIF BWPIQh OrFanFS vi dual
el ectric Cgl'gters%gﬁl'l)gggérﬁ ég%ut %bcon%%‘f’ ogl'g]aﬁg‘glaﬁl@rr eg{eﬁca%@ 1ﬁtegx'iﬁt

circuits 24a t are contr from se ate contro ers

23a, 23b, Zii;date‘kifttﬂé extntiafly yopeﬂ-hﬁ)pmoﬁﬂroleﬂmay bfmemis of feedBack. 2P, coaBol may
be supplied with the sane electric control signal 25 fromone electric
driver circupthods preyide oneanaei rof| oBRStGSS  taWakds cpredistables pigh amprediablo s

25c¢ e |de |caI driv rs 24 4b, 24c ar ne and th

cont 1ol | er <9388 I?dezoﬁ &G RO SEgggﬁ@n}eﬁeés 'S ﬁl‘gﬁ) ThPHE P4 %Peﬁ?‘ipehg ﬁ}rll%I e
control | er @a:aBitaciond é&buﬁt&%d'b?@&é’dr%ﬁleleﬂ{éntfﬁ Fﬂeﬂi@tﬁble%nez%@le@ﬂ%m&ép 24c
generating electric signals 25a; 25b, 25c, in which case controllers 23a,
23b, 23c ar2) pammmtat ¢Haeg®aare foﬂ'dseeqbieezhwlges:tthatcamckmows Axhe thed of 2B have

i ndi vi dual WD 0O /067746 Q370 f eedback pat hs 30 30h, . 30c.
ot 1 o1 1 oy SPISERICT o5 20 LT defiEto brrdiF DUGPSPRE Rt OhAES: e CREo et oy
det ects not I t qugog t an
advant ageouésﬂgr\?ggroéltsgﬁ A )Ei)%ﬂte éﬁ?@ m%ﬁgezdogf)é;g{ ¥rH|ec not ggrc ﬁ%gogcgo%@a%

out pus acrdlsxaenadlém@itﬂcmﬂelotmt primoipally i2édere 24th, the @pplidatibn af éheecogargbd Wit h
the driven el enent 22 goes. intg effect, Arrultl-rmtorq%enflgurat can

al so have tmetheds r?d‘i“éoseﬁl ereist ecFer CxABPlse sCIPO8es iR PigFAFlECEdh (etor
dont cal  EBPERTIRuemakn: SR tha el SR @%fe%@gﬁé’%gybe o
further proghgtemdtoratvaasagads averagi ng effect where
Preferred embodiments may contain several piezoelectric motors 20 to move a
20 single driven element 22. One such multi-motor configuration is illustrated in the
schematic diagram of FIG. 6 where three piezoelectric motors 22a, 22b, 22¢ are in
simultaneous driving contact with a single driven element 22. The piezoelectric motors
22a, 22b, 22¢ may be supplied with individual electric control signals 25a, 25b, 25¢
from separate electric driver circuits 24a, 24b, 24c, that are controlled from separate
25 controllers 23a, 23b, 23c. Alternatively, the piezoelectric motors 22a, 22b, 22¢ may
be supplied with the same electric control signal 25 from one electric driver circuit 24
and one controller 23 in which case signals 25a, 25b, 25c are identical, drivers 24a,
24b, 24c are one and the same, and controllers 23a, 23b, 23c are one and the same.
Alternatively, a single controller 23 may control the individual driver circuits

30 24a, 24b, 24c generating electric signals 25a, 25b, 25¢, in which case controllers 23a,

23b, 23c are one and the same. The piezoelectric motors 22a, 22b, 22¢ have individual



the strength and weaknesses of various piezoelectric notor 20 designs and
10 manufactures are bal anced. The above description is given by way of
exanpl e, wod3f6t746 i mtati on. G ven the above discl osure, perasskoizbed in
the art could devise variations that are within the scope and spirit of
the invention, including various ways of9-arrangi ng the piezoelectric
notors 20 and of sel ecting appropriate sequences of frequencies and of
sweepi g t hegdadiopdih &AM ROb e, CohirbBrs 2841238203 Qibdire tReéamicetedtack Riotn

i nvention can be Esed alone, or in varying conbinations with each other
and ar e nota devieratattdetdees hotint afdhe drivéveclepenti22i dn nudivpiatert dpphicatéssy i bed
herein. Thus, the invention,is t

ot to.be limted by the illustrated
ombodi rent SiASVAREES A CTgIIE RREaDisal PIPeaAtG Tote 2. JOEn PSRRI, | he

broadest r 1 r SV | i i
037 067746 RERROAREGERORE s BREPRIN: G0 I 4 cohdel i GRS LA neat'0
cont r®l I'i n@2agpéseimel efédct.i c Amatudti-motdre cquifemostionc tan alsoohave tweiargmore

configured to nove a driven el ement when a_ _sinusojdal electric_signal of a
first 5 froseroskstyia Boiyp R0 Bdnyng wenigete Wil % singlecdiignoslement 22 ~5h%i i t ude
t hat 'S SuflIléll?’i(ﬁlgt Pite?oeléE?che G‘Eogg 20 gz&[ﬁdl%l m{htricgl d%rs%ﬂ%ﬁ ﬂﬁ‘lgtugé ﬁﬁtarﬂgf
conprising: selecting a predeterm ned first sequence o requencies,” t he
first sequesebédiffefdnIVEIOE NBY fEORETProdutg aatadvaasdeotyvematingbifyct dvfeter ent
frequenci es; creating individual waveforns corresponding to each frequency
of the firshe stengthyadcaveaknessesqobnearioys splezaplctiog AHORJZY | SR§EENSWARES or m
has z%predeterrpq%‘grd fi nl%aée (?urati on and anplitude and is periodic with a
peri t hatMFEHRGRCP ATFRPRTEY t he correspondi ng frequency; concatenating
the individual V@Y@i&&%eéc@%ﬁoﬁl isSE0ER By Wiay B eRABFIL! Al ot GinatatidRd Gisewp! yi ng
said signal repeatedly to the piezoelectric notor to nove the driven

el enent ;  lthe abavevdistlesune,tdve skileddn dut drf catld dejsrenariations fhat eneewithioghe
conprises a sufficient nunpber  of f uencjes that_are disiributed to cause

e
the pi ezoel36eRs 3 spigH thenygRpony Wé{uGF 8/ @Rloug Ay o arEpgine peicEgplectric

2075. The ABRELFGHEIESY LR A Re ot el BRHE- e mesenoe

per f o5 mancefrdéduehcieph Furaiee)r thg earicusefeattiies of uiiiatnventiod cdmhiee ssedgilenef ior st

electric s V%I;}?ilnjg combinations with each other and are not intended to be limited to the specific
combination described herein. Thus, the invention is not to be limited by the illustrated
embodiments but is to be defined by the following claims when read in the broadest

reasonable manner to preserve the validity of the claims.



sai d performance does not vary nore than 30 % when the properties of the
pi ezoel ectric notor change within a predictable range. 3. The nethod of
Claim1, woaes®s1746 he single first electric signal causes PRF/USa&03707

pi ezoel ectric notor to nove the driven elenent with a varying perfornmance,
further conprising: nonitoring the notjgon of the driven elenment; selecting
the first sequence of frequencies to further conprise a sufficient nunber
of frequengj : : distributed to cause the piezoelectric notor to
nove the G‘gﬁ%rl%egd&rmgq %rrent so that the notion of the driven elenent is
mai ntained within a predeterm ned val ue as determ ned by the rmnrtorr ng of
the driven el ement and so that 3/ 067746 PCT/ USO3/ 03707

noni t or i ng canno]t per/éélie&]éodtﬁ%C%P({f]rnfggaB’@??%?%?fE‘Q ) é’beZB?le‘ftﬁ‘ﬁ nf(?t?rst
electric on
det ect or tha a‘%)orngéurcfg d‘%“% eian(f]ér?al glréﬁiuﬁgﬁﬁrﬁi%#o HfﬂhoeFP a&@fs %/en

el ement passRfieddy is %ﬁﬁﬁheﬂﬁ@ theﬁ;géﬁieﬁ!@trﬁﬂmbf@lr edthodrhmplitedeiabio dufficidnh e
conprising: analyzing the ack signal to determne an esti mated
frequency anoweh dhwlh@lempflte&b@ﬂ@@tmlﬂ@‘?%fa@fw CARPHSIAE: t he driven el enent

when a si nusoi dal .ectric th l'ied
to the piezoel ec¥else bn%tpgpde%esrgfuée& ﬁ‘?bs qugrécceoéffl gg‘él{ﬁ% gﬂ% %%3?1% ?gs
conpri si ng Rqukf@sd cdrhsr §% htMBAsE Evo irﬁltddl@miﬁaem fibghedtie;east one ot her
frequency thq[ is different fromthe estimated frequency to generate a

second el ectric cs*ezgngl individuat ovadefiorms wortespondingetohesgh drequeayeelathientdst he
first elect t th t t t

el embht i (RASTCE DL fiegh glwiq%?sﬁﬁhﬁﬁ?l@? rEAG e PP fard G ' Yo"
per f or mancedug%t ot Eﬁ at ec? eetd HSCPQH&HE WaS abpdiE s aRs '1ﬂ@ér§hd of rigglUENCY

was determ ne |y analyzing the feedback signal and selecting a
second seqlmm;ep@fdmgfremnp,l es as often as needed to achi eve a desired

duration and di stance of npti on and g{gy red aver @%e m)1 perff nce.
5. The method ofcaocaepating %é‘?“é’flﬁuftlﬁ’ea@ Bﬁdmé’e‘h SHERC ISt © P‘rtelﬁ &4
conprises at lgrtrr?gt #ﬁéﬂl?&%ﬁ@ﬁ]}f/ b Bt 1éz%e%%§t lrﬁ‘éto{ %ﬂofﬁﬁa&ﬁ%ﬂ@éﬁ%t

frequency angr one frequ arger than the esti mated
freqyency. &g The nethod of C aim 4 further conpri si ng:

wherein the selected first sequence of frequencies comprises a sufficient number
of frequencies that are distributed to cause the piezoelectric motor to move the driven
element even when the properties of the piezoelectric motor change within a predictable
range.
20 2. The method of Claim 2, wherein the piezoelectric motor has a
performance that, when averaged over the duration of the single first electric signal,
said performance does not vary more than 30 % when the properties of the piezoelectric

motor change within a predictable range.

3. The method of Claim 1, wherein the single first electric signal causes
25 the piezoelectric motor to move the driven element with a varying performance, further
comprising:

monitoring the motion of the driven element;
selecting the first sequence of frequencies to further comprise a sufficient
number of frequencies that are distributed to cause the piezoelectric motor to move the
30 driven element so that the motion of the driven element is maintained within a

predetermined value as determined by the monitoring of the driven element and so that



anal yzi ng the feedback signal to determine if the notion of the driven

el enent has been |l ess than a predeterm ned value for a predeterm ned
anount ofwoio®e7746r0di f yi ng t he second sequence of frequen®CagiSnsasTot he
predet ermi ned amount 25 of tine has passed to have at |least a difference
between the | argest and the smallest f3jiequency of the sequence that is

| arger than the difference between the |argest and the snallest frequency
of the un b £ itSEEP hel ' e Figgdnaekc si gnal
and nodi fg}%%gftnﬁgltsecoﬂag]ngg%gﬁggmeu‘%?ﬁ?g{%tg Hiﬁgﬁ%%% )eérﬁrlnd'%ﬁe r\tt;ﬁhat t he notion
of the driwimael ement is no longer |ess than the 30 predetermn ned val ue
for that predeterm ned anount of tine gxlo 03/ 067746 PCT/ USO%O(FB?O? -32 7.
The nethod of O%i m 1Theumsthadnok frlaim; 1. iurher campESiHE & MoFQR feicstor; that
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5. The method of Claim 4, wherein the second sequence of frequencies
comprises at least one frequency that is smaller than the estimated frequency and at
20 least one frequency that is larger than the estimated frequency.
6. The method of Claim 4, further comprising:
analyzing the feedback signal to determine if the motion of the driven element
has been less than a predetermined value for a predetermined amount of time;
modifying the second sequence of frequencies when the predetermined amount
25 of time has passed to have at least a difference between the largest and the smallest
frequency of the sequence that is larger than the difference between the largest and the
smallest frequency of the unmodified second sequence;
repeatedly analyzing the feedback signal and modifying the second sequence

until it is determined that the motion of the driven element is no longer less than the

30 predetermined value for that predetermined amount of time.
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11. A method for selecting a sequence of frequencies for controlling a
piezoelectric motor to move a driven element, the piezoelectric motor being configured
to move the driven element when a sinusoidal electric signal of a first frequency is
supplied to the piezoelectric motor with an amplitude that is sufficient to move a driven
20 element a predetermined distance, comprising:
selecting at least two frequencies that are mutually different to form a sequence
of frequencies to cause the piezoelectric motor to move the driven element when
individual waveforms corresponding to each frequency of said sequence of frequencies
are concatenated to form an electric signal that is supplied repeatedly to the
25 piezoelectric motor to move the driven element, each of said individual waveforms
having a predetermined finite duration and amplitude and being periodic with a period
that is the inverse of the corresponding frequency;
selecting the at least two frequencies to further cause the piezoelectric motor to

move the driven element even if when the properties of the piezoelectric motor change

30 within a predictable range.
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element passes at least one selected threshold, the method further comprising:
analyzing the feedback signal to determine an estimated frequency at which the
20 piezoelectric motor can move the driven element when a sinusoidal electric signal of
the estimated frequency is supplied to the piezoelectric motor;

selecting the at least two frequencies to comprise the estimated frequency to
cause the piezoelectric motor to move the driven element with an average performance
that is higher than an the average performance of the piezoelectric motor was before

25 the estimated frequency was determined.

16.  The method of Claim 11, wherein the piezoelectric motor comprises a
motion detector providing a feedback signal when the motion of the driven element
passes at least one selected threshold, the method further comprising:

analyzing the feedback signal to determine if the motion of the driven element

30 has been less than a predetermined movement for a predetermined amount of time;
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wavefldr ns; is periodic with a period that is the inverse of a predetermined non-zero frequency
associated with the waveform, at least two of the frequencies associated with the
plurality of concatenated individual waveforms being mutually different, and at least
one of the frequencies associated with the plurality of concatenated individual
waveforms being sufficiently close to the first operating frequency to cause detectable

20 motion of the driven element.

19.  Thepiezoelectric system of Claim 18, wherein the frequencies associated
with the plurality of concatenated individual waveforms are varied in response to
movement of at least one of the motor and the driven element to produce an average
performance of the motor and driven element for a time corresponding to the total

25 duration of the plurality of concatenated individual waveforms that is greater than an
actual performance of the motor and driven element for the same period of time but
when the actual performance is less than the desired performance..

20.  Thepiezoelectric system of Claim 19, wherein the performance criteria

includes at least one of the speed of the driven element, the force exerted by the motor

30 on the driven element, and the power consumed by the motor.



atimer to cause the mcrocontroller to nmaintain at |east one frequency

whi ch causes sufficient notion of one of the notor or driven elenment to be
det ect ed W9 id/06m@hsor when the signal provided by the notipen/uses/exvpr
signals that the notion of the driven elenent has been | ess than a

predet erm ned val ue desired for a predet3érnm ned 30 anount of tine.

21.  The piezoelectric system of Claim 18, wherein the frequencies associated
with the plurality of concatenated individual waveforms are a continually increasing
series of frequencies.

22.  Thepiezoelectric system of Claim 18, wherein the frequencies associated

5 with the plurality of concatenated individual waveforms are a continually decreasing
series of frequencies.

23.  The piezoelectric system of Claim 18, further comprising means for
intermittently varying the frequencies associated with the plurality of concatenated
individual waveforms while maintaining at least one frequency which causes sufficient

10 motion of one of the motor or driven element to be detected by a sensor.

24.  The piezoelectric system of Claim 23, wherein the means for
intermittently varying the frequencies associated with the plurality of concatenated
individual waveforms comprises a microcontroller.

25. The piezoelectric system of Claim 24, further comprising a motion detector

15 to provide a signal when the motion of the driven element passes at least one selected
threshold:

wherein the microcontroller is capable of receiving and evaluating an interrupt
and is further configured to vary the frequencies associated with the plurality of
concatenated individual waveforms when the signal triggers said interrupt of the

20 microcontroller.

26.  The piezoelectric system of Claim 18, further comprising:

a motion detector to provide a signal when the motion of the driven element
passes at least one selected threshold;

a microcontroller configured to intermittently vary the frequencies associated

25 with the plurality of concatenated individual waveforms;

a timer to cause the microcontroller to maintain at least one frequency which
causes sufficient motion of one of the motor or driven element to be detected by a
sensor when the signal provided by the motion detector signals that the motion of the
driven element has been less than a predetermined value desired for a predetermined

30 amount of time.



