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Method for operating a piezoelectric speaker

The present invention relates to a method for operating a piezoelectric
speaker for generating sound waves in the audible wavelength spectrum
and/or in the ultrasonic range, a piezo actuator of the piezoelectric speaker
being at least partially charged with electrical energy from an energy unit and
then at least partially discharged, whereby sound waves are generated. A
present electrical piezo actuator voltage of the piezo actuator is also deter-
mined according to the method. The invention further relates to a circuit for

operating a piezoelectric speaker.

A circuit for a piezoelectric element is known from US 2010/0271147 Al.
Transferring electrical energy from an energy store to the piezoelectric ele-
ment for charging and from the piezoelectric element to the energy store for
discharging is described therein. A voltage at the piezoelectric element is fur-
ther measured and compared with a present input voltage. It is disadvanta-
geous that a quality of a sound reproduced by means of the piezoelectric el-
ement according to US 2010/0271147 Al is insufficient.

The object of the present invention is thus to improve the state of the art.

The object is achieved by a method for operating a piezoelectric speaker and

a circuit having the features of the independent claims.

The invention proposes a method for operating a piezoelectric speaker for
generating sound waves in the audible wavelength spectrum. The piezoelec-
tric speaker can be disposed in a smartphone, a set of headphones, an in-
ear earpiece, or the like, in order to generate music, sounds, or speech. The
sound waves in the audible wavelength spectrum can have frequencies from

approximately 20 Hz to 20 kHz, thus being audible to the human ear.
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In addition or alternatively, the piezoelectric loudspeaker can also be used to
generate sound waves in the ultrasonic range. Such sound waves have fre-
guencies above about 20 kHz. Thus, ultrasonic sound can be generated with
the piezoelectric loudspeaker. The piezoelectric loudspeaker can thus be
used in medical technology, for example for sonography. However, other ap-
plications are also conceivable. For example, the ultrasound generated by
the piezoelectric loudspeaker can also be used for distance measurement, in
particular echo sounder, for ultrasonic cleaning, for a motion detector, for ul-
trasonic welding, for ultrasonic levitation, for ultrasonic material testing devic-
es, for ultrasonic linear drives, for ultrasonic flow sensors or for ultrasonic cut-

ting.

According to the method, a piezo actuator of the piezoelectric speaker is at
least partially charged with electrical energy from an energy unit and then at
least partially discharged, thereby generating sound waves. The electrical
energy can thereby be provided by the energy unit. The piezo actuator com-
prises piezoelectric properties, that is, the piezo actuator can be displaced as
a function of the charge state thereof. The greater the charge of the piezo ac-
tuator with electrical energy, the greater the displacement of the piezo actua-
tor. The sound waves can be generated by means of the displacing of the
piezo actuator if the displacing is transmitted to a membrane, for example.
The air disposed above the membrane can thereby be set to vibrating so that
the sound waves are generated. The displacing of the piezo actuator can fur-
ther be modified in that said actuator is charged and discharged. If the piezo
actuator is charged further, the displacing can be increased. In order to re-
duce the displacement, in contrast, the piezo actuator can be discharged.
The piezo actuator can thus be set to vibrating by alternately charging and
discharging, wherein the vibrations are transmitted to the membrane, for ex-

ample, such that the sound waves are generated.

According to the method, the electrical energy is transferred from an energy

unit to the piezo actuator for charging the piezo actuator. The energy unit can
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thereby be an energy store, such as a non-rechargeable or rechargeable bat-
tery. The piezoelectric speaker can be operated by means of the energy unit.
The charging can be performed, as described above, when the piezo actua-

tor is to be further displaced.

The electrical energy is further discharged from the piezo actuator for dis-
charging the piezo actuator according to the method. The discharging can be
performed, for example, when the displacement of the piezo actuator is to be
reduced. The electrical energy can further be transferred from the piezo ac-
tuator into the energy unit, such that said energy is available again. The pie-

zoelectric speaker can thereby be operated more effectively.

Sound waves can thus be generated by controlled displacing of the piezo ac-
tuator. If the displacing occurs according to an audio signal, for example
comprising tones, sounds, or music, a corresponding noise, also comprising
tones, sounds, or music, is generated by means of the piezoelectric speaker.
The audio signal can be present in the form of a music file, for example. The
audio signal can also be provided by a conversational partner on a phone

call, for example.

By charging and discharging with electrical energy, an electrical voltage at
the piezo actuator also rises and falls. As the voltage at the piezo actuator
increases, the displacement rises. The displacement further falls as the volt-
age at the piezo actuator drops. The piezo actuator further has a capaci-
tance, as an electrical field is established by the charging of the piezo actua-
tor with electrical energy as a function of the electrical voltage. The piezo ac-
tuator can thus comprise properties of a capacitor. The charge state and the
electrical voltage of the piezo actuator and the displacement can also be in-

terdependent.

Furthermore, at least one present electrical piezo actuator voltage of the pie-

zo actuator is determined according to the method. The present electrical pi-
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ezo actuator voltage is the electrical voltage presently or momentarily present
at the piezo actuator. The present piezo actuator voltage is also the voltage
with which the piezo actuator is presently or momentarily charged. The dis-
placement of the piezo actuator can thereby be derived, as the displacement
is dependent on the electrical piezo actuator voltage.

According to the invention, a future input voltage for the piezo actuator is
compared with the present electrical piezo actuator voltage prior to charging.
In addition or alternatively, the future input voltage for the piezo actuator can
be compared with the present electrical piezo actuator voltage prior to dis-
charging. A future differential voltage is derived therefrom. The future input
voltage can thereby be the electrical voltage intended to be present at the
piezo actuator at a future time interval, for example a next time interval. The
future input voltage can be a specified value for the voltage at the piezo ac-
tuator. The future input voltage can also thereby be a future electrical piezo
actuator voltage. The future differential voltage can be a voltage compensat-
ing for a difference or a differential between the present piezo actuator volt-
age corresponding to the displacement and the future input voltage.

If the present or momentary piezo actuator voltage is 29.5 V, for example,
which can be measured and/or determined, and the future input voltage in-
tended to be present at the piezo actuator in a next time interval is 30 V, for
example, a future differential voltage of 0.5 V can be derived therefrom. In
the present example, the piezo actuator voltage is to be increased from the
present 29.5 V to the future 30 V. The piezo actuator voltage present at the
piezo actuator must therefore be increased by 0.5 V, particularly for the fu-
ture and/or next time interval. The differential voltage can thus be a compen-
sation voltage. The differential voltage for the next time interval is thereby de-
termined already at the present point in time. In order to be able to generate
a tone, music, or speech at a high quality, it is advantageous if the displacing
of the piezo actuator takes place as precisely as possible. By calculating the

future differential voltage in advance, the displacing can be controlled with
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high precision. The quality of the generated sound waves comprising a tone,

music, or speech is thereby increased.

The future differential voltage can be positive, if the piezo actuator is to be
charged. Alternatively, the future differential voltage can be negative, if the

piezo actuator is to be discharged.

The next or future time interval can correspond to the next charging or dis-

charging of the piezo actuator, for example.

In an advantageous refinement of the invention, the future input voltage of
the piezo actuator is derived from an audio signal provided for output at the
piezoelectric speaker. The audio signal can thereby comprise tones, music,
or speech to be output by means of the piezoelectric speaker. The audio sig-
nal can also include the signals required for ultrasonic applications. The au-
dio signal thereby varies over time. The audio signal comprises a single fre-
quency in the simplest case, if a tone having the corresponding frequency is
to be output at the piezoelectric speaker. In the case of a single tone, the au-
dio signal comprises a single periodic vibration described by a sinusoidal vi-
bration. If speech or music is to be output at the piezoelectric speaker, the
audio signal comprises a plurality of frequencies or vibrations. The audio sig-
nal is then a complicated time signal. In both cases, however, the piezo actu-
ator is displaced according to the audio signal in order to generate a tone,
music, or speech corresponding to the audio signal. The piezo actuator is
thus displaced according to the audio signal. The sound quality thus depends
on how precisely the displacing of the piezo actuator occurs as a function of

the audio signal.

It is advantageous if the electrical energy is transferred from the energy unit
to a charging transfer unit and/or from the charging transfer unit into the pie-
zo actuator when charging. In addition or alternatively, the electrical energy

can be transferred from the piezo actuator to the charging transfer unit and/or
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from the charging transfer unit to the energy unit when discharging the piezo
actuator. The charging transfer unit can be a coil having an inductivity, for
example, so that the electrical energy is stored in the charging transfer unit in
the form of an electrical current. An oscillating electrical circuit can thereby be
implemented, for example. The oscillating electrical circuit can be imple-
mented between the charging transfer unit and the piezo actuator and/or the
energy unit. The electrical energy can then be transferred between the ener-

gy unit, the charging transfer unit, and the piezo actuator in a simple manner.

It further advantageous if a future differential electrical energy is derived at
least from the future differential voltage. In addition or alternatively, it is ad-
vantageous if the future differential electrical energy is derived at least from
the measured piezo actuator voltage. The difficulty can arise with the piezo
actuator that the relationship between the future differential voltage and the
displacement resulting therefrom is not linear. In the general case, the rela-
tionship is nonlinear. This can be due to the fact that when the piezo actuator
is displaced, the geometry thereof changes, and as a result the capacitance
of the piezo actuator changes. The additional displacement when charging or
discharging at a particular differential voltage can be different for small dis-
placements than for large displacements. In particular, the capacitance de-
pendent on the displacement can be incorporated by means of deriving the
future differential electrical energy. For example, more differential energy
may be necessary for displacing the piezo actuator by the same amount for
an existing large displacement than for a smaller displacement. In addition,
the future differential energy can also depend on the present or momentary
piezo actuator voltage. The differential voltage can further be dependent on
additional factors, such as resistances in a circuit of the energy unit, the

charging transfer unit, and/or the piezo actuator.

The future differential electrical energy can be positive if the piezo actuator is
to be charged. Alternatively, the future differential electrical energy can also

be negative if the piezo actuator is to be discharged.
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The future differential energy can be advantageously transferred from the
energy unit into the charging transfer unit when charging. In addition or alter-
natively, the future differential energy can be transferred form the charging

transfer unit into the piezo actuator.

The future differential energy can be advantageously transferred from the pi-
ezo actuator into the charging transfer unit when discharging. In addition or
alternatively, the future differential energy can be transferred form the charg-

ing transfer unit into the energy unit.

If the charging transfer unit is implemented as an inductor, then the future dif-
ferential energy can be stored in the form of an electric current in the charg-
ing transfer unit. The electric current thereby flows through the charging

transfer unit.

It is advantageous if a future charging time is derived as a function of the fu-
ture differential energy. In addition or alternatively, the future charging time
can also be derived as a function of the future differential voltage. In addition
or alternatively, the future charging time can also be derived as a function of
the measured piezo voltage. During the future charging time, the electrical
energy, particularly the future differential energy, is transferred from the en-

ergy unit into the charging transfer unit.

It is further advantageous if a future discharging time is derived as a function
of the future differential energy. In addition or alternatively, the future dis-
charging time can also be derived as a function of the future differential volt-
age. In addition or alternatively, the future discharging time can also be de-
rived as a function of the measured piezo voltage. During the future discharg-
ing time, the electrical energy, particularly the future differential energy, is

transferred from the piezo actuator into the charging transfer unit.
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The duration for which the piezo actuator is charged or discharged in order to
displace the piezo actuator to a lesser or greater extent, in order to generate
sound waves having a higher quality according to the audio signal, can
thereby be determined. The circuit can also be controlled by means of the
charging and/or discharging time. For example, switches of the circuit can be
opened and/or closed correspondingly by means of the charging and/or dis-
charging time. The charging and/or discharging time can thereby be corre-

sponding times for switch states or switch settings of the circuit.

It is further advantageous if the charging time and/or the discharging time are
stored in a memory unit. The memory unit can be part of the piezoelectric
speaker. The charging time and/or the discharging time can be determined
and/or selected according to the future input voltage, the present piezo ac-
tuator voltage, the future differential voltage and/or the future differential en-
ergy. The deriving of the charging and/or the discharging time indicated for a
future point in time can thereby be shortened. Said data can be saved as a
list in the memory unit. If the piezo actuator voltage is measured and a par-
ticular input voltage is present at a future point in time, then the list can be
checked as to whether the charging time and/or the discharging time is pre-
sent. If the values are present, then said values can be accessed without
having to be newly derived. The time for deriving the value can thereby be
saved.

It is advantageous if the charging and/or the discharging of the piezo actuator
is performed by means of a pulse-width modulation method. A pulse width
and/or an impulse duration of the pulse-width modulation method can be de-
rived, for example, as a function of the charging time, the discharging time,
the differential voltage, and/or the differential energy. Corresponding switch-
es of a circuit can then be controlled for charging and/or discharging the pie-
zo actuator by means of the pulse-width modulation method. The switches of
the circuit can be closed and/or opened corresponding to the charging and/or

discharging time by means of the pulse-width modulation method.



10

15

20

25

30

It is advantageous if the charging, the discharging, and/or the deriving of the
differential voltage, the differential energy, the charging time, the discharging
time, and/or the determining, particularly the measuring, of the piezo actuator
voltage is performed incrementally and/or periodically at a working frequency.
The piezo actuator can thereby be charged or discharged incrementally
and/or periodically. In addition or alternatively, said values can be calculated
incrementally and/or periodically. Because the piezo actuator voltage is
measured periodically, for example, and the differential voltage is derived pe-
riodically, for example, the piezo actuator voltage, possibly being the input
voltage, can be controlled periodically. The working frequency can be in the
range of 1 MHz, for example. In addition or alternatively, the working fre-
guency can also be in a range higher than a bandwidth of the audio signal.
For audio signals, for example, the bandwidth of up to 20 kHz can be typical.
The working frequency can then be 50 times higher, for example. A range of
1 MHz is thereby reached, for example. When ultrasound is generated, the

frequency is of course correspondingly higher.

The audio signal thereby changes at a rate no greater than the bandwidth.
The sampling period corresponds according to the working frequency to ap-
proximately 1 ps, for example. A sound level of the audio signal, which corre-
sponds to the sound waves producing by the piezo speaker, in this example
thus changes every 1 s, or at the sampling frequency of 1 MHz. The dis-
placement of the piezo actuator must thereby also change every 1 us or at
the sampling frequency of 1 MHz in the present example. Since the piezo ac-
tuator cannot follow 1 MHz changing frequency, the displacement is the av-

erage over many periods of the sampling frequency of 1MHz.

If the working frequency is 50 times greater than the bandwidth of the audio
signal, for example, then the piezo actuator voltage can be measured, the
future differential voltage and/or differential energy can be derived, the charg-

ing and/or discharging time can be derived, and/or the piezo actuator can be
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charged and/or discharged 50 times per period of audio signal with the high-
est frequency. The piezo actuator voltage can thus be controlled 50 times per
period of the audio signal. The quality of the sound waves produced can
thereby be increased. Sound waves arising during the controlling have a cor-
responding audio range. Said frequency is in the range of the working fre-
qguency, for example, so that the sound waves have a frequency in the range
of up to 20kHz. Sound waves having a frequency that are above the wave-
length spectrum audible to the human ear, has little or no effect on the quality

of the sound waves, for example the tone, the music, or the speech.

It is advantageous if a period of the working frequency is divided into a first
span of time, a second span of time, and a third span of time. The second
span of time can thereby follow immediately after the first span of time. In
addition or alternatively, the third span of time can follow the second span of
time. The charging, the discharging, and/or the deriving of the differential
voltage, the differential energy, the charging time, or the discharging time,
and/or the measuring of the piezo actuator can be performed in the first, sec-

ond, and/or third span of time.

It is advantageous if the electrical energy is transferred from the energy unit
to the charging transfer unit in the first span of time. The first span of time is
the span of time in which the charging of the piezo actuator is prepared, for

example.

The transferring of the charging transfer unit from the energy unit can thereby
take place at a point in time in the first span of time, so that by the end of the
first span of time the differential energy is stored in the charging transfer unit.
Because the charging transfer unit can be an inductor, the differential energy
can be stored by the inductor in the form of an electric current. The point in
time when the charging of the charging transfer unit from the energy unit is
begun can be determined by means of the charging time. The future differen-

tial energy, particularly derived beforehand, is then present in the charging
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transfer unit at the end of the first span of time. The electric current thereby
rises during the charging time, if the charging transfer unit is in the form of an

inductor, until the differential energy is reached.

It is further advantageous if the charging and/or the discharging of the piezo
actuator begins at the beginning of the second span of time. When charging,
for example, the energy stored in the charging transfer unit can be trans-
ferred to the piezo actuator. If the differential energy has been transferred in-
to the charging transfer unit in the form of the electric current by the end of
the first span of time, then it is advantageous if subsequently, that is, at the
beginning of the second span of time following the first span of time, the dif-
ferential energy is transferred to the piezo actuator. Said uninterrupted charg-
ing transfer is advantageous because the differential energy is present in the
form of the electric current, and said current can flow only in an electrical cir-
cuit. During the second span of time, the electrical energy stored in the
charging transfer unit drops. If the charging transfer unit is implemented as
an inductor, then the electric current through the inductor drops. The electri-
cal energy in the piezo actuator, in contrast, rises during the second span of
time. Because the piezo actuator has properties of a capacitor, the electrical
voltage of the piezo actuator rises with the electrical energy, as a result of
which the displacing of the piezo actuator increases and sound is generated.
The times for transferring the electrical energy are thereby derived during the
first span of time by means of the derived piezo actuator voltage and the in-
put voltage, for example using the charging time, so that after the electrical
energy has been charged from the charging transfer unit to the piezo actua-
tor, said piezo actuator has a displacement corresponding to the provided
audio signal. A sound comprising a tone, music, or speech can thereby be

generated at a high quality.

The energy stored in the piezo actuator can be transferred into the charging
transfer unit during the second span of time when discharging. It is thereby

advantageous if no electrical energy is stored in the charging transfer unit. If
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the charging transfer unit is an inductor, then no electric current flows through
the inductor. When discharging, the electrical energy is transferred from the
piezo actuator into the charging transfer unit. The electrical voltage of the pi-
ezo actuator thereby drops and the electrical energy in the charging transfer
unit rises. If the charging transfer unit is implemented as an inductor, then the
electric current through the inductor rises. This can occur for the duration of
the discharging time. After the discharging time, the electrical of the piezo ac-
tuator has been reduced by the differential energy, said energy now being
present in the charging transfer unit. By reducing the electrical energy by the
differential energy, the displacement of the piezo actuator is reduced. Sound

corresponding to the audio signal can thereby be generated.

It is advantageous if the piezo actuator voltage is measured, the piezo actua-
tor voltage is digitalized, the differential voltage, input voltage, and differential
energy are derived, the piezo actuator is charged and/or the piezo actuator is
discharged in the second span of time. The third span of time can be used for
performing calculations of said values. In addition or alternatively, the third
span of time can be used for discharging the piezo actuator, for example if

the second span of time is not sufficient.

The invention further proposes a circuit for operating a piezoelectric speaker
for generating sound waves in the audible wavelength spectrum. The audible
wavelength spectrum thereby comprises sound frequencies in the range from
approximately 20 Hz to 20 kHz. In addition or alternatively, sound waves in
the ultrasonic range can be generated using the piezoelectric loudspeaker.
The sound waves then have frequencies above 20 kHz. A piezo actuator of
the piezoelectric speaker can be charged and/or discharged by means of the
circuit, so that displacements of the piezo actuator can be implemented. The
piezo actuator has piezoelectric properties. That is, displacements of the pie-
zo actuator can be implemented by means of charging and/or discharging.
Said displacements can be transmitted to a membrane, for example, in order

to generate the sound waves.
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Electrical energy is further able to be transferred between an energy unit and

the piezo actuator by means of the circuit.

According to the invention, the circuit is implemented for operating the same

according to a method according to any one or more feature(s) of the preced-

ing and/or following description.

Further advantages of the invention are described in the embodiment exam-

ples below. In the drawings:

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

A circuit having a switch setting for charging a piezo actuator,

A circuit having a switch setting for charging a piezo actuator,

A circuit having a switch setting for discharging a piezo actua-

tor,

A circuit having a switch setting for discharging a piezo actua-

tor,

A block diagram of a method for operating a piezoelectric

speaker, and

A diagram having time-based switch signals, a time-based cur-

rent curve, and a time-based voltage curve.

Figure 1 shows a circuit 1 for operating a piezoelectric speaker 2. In the em-

bodiment example shown, a first step for charging a piezo actuator 24, not

shown, of the piezoelectric speaker 2 is shown. The piezo actuator 24 is dis-

posed in the piezoelectric speaker 2 and shown here schematically.



10

15

20

25

30

14

The circuit 1 comprises at least one switch S1-S4. In addition or alternative-
ly, the circuit comprises at least one diode D1-D4. Electrical energy can be
transferred between an energy unit 3 and the piezo actuator 24 of the piezoe-
lectric speaker 2 by means of the at least one switch S1-S4 and the at least
one diode D1-D4. According to the present embodiment example, the circuit
1 comprises four switches S1-S4 and four diodes D1-D4. The energy unit 3
and/or the piezoelectric speaker 2 can thereby be connected to the circuit 1.
The energy unit 3 can be a non-rechargeable or rechargeable battery, for ex-

ample.

The diodes D1-D4 can be used for enabling current flow when the switches

S1-S4 have not yet been closed.

A capacitor 25 can be disposed in parallel with the energy unit 3 according to
the present embodiment example in order to stabilize a voltage of the energy

unit 3.

The piezo actuator 24 has piezoelectric properties. That is, if the piezo actua-
tor 24 is charged or discharged, a displacing of the piezo actuator 24 can be
implemented or changed. Sound waves can be generated as a result of the
displacing and can comprise a tone, music, or speech. In order to generate
the sound waves, the displacement can be transmitted to a membrane of the
piezoelectric speaker 2. The air disposed above the membrane can be set to
vibrating by the displacing. If the piezo actuator 24 is displaced according to
an audio signal, sound waves can be generated corresponding to the music,
speech, or tones present in the audio signal. With the piezoelectric loud-
speaker 2 or piezo actuator 24 sound waves in the ultrasonic range can be
additionally or alternatively generated. The audio signal then comprises sig-

nals that generate ultrasound.

According to the embodiment example shown in Figure 1, a method is shown

wherein electrical energy is transferred from the energy unit 3 to the piezo
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actuator 24. To this end, electrical energy is transferred from the energy unit
3 to a charging transfer unit 4 of the circuit 1 in a first step. The charging
transfer unit 4 is further implemented as an inductor in the present embodi-

ment example.

According to the present embodiment example, the first switch S1 and the
fourth switch S4 are closed to this end. The energy unit 3 can further com-
prise the +/- polarity shown in Figure 1, wherein the energy unit 3 comprises
a supply voltage, for example 3 V. An electric current 5 can be implemented
by the closed switches S1 and S4, flowing through the charging transfer unit
4 in the current direction 6. Because the charging transfer unit 4 is imple-
mented here as an inductor, the electric current 5 through the charging trans-
fer unit 5 becomes stronger over time. Electrical energy is stored therein as a
function of the electric current 5 through the charging transfer unit 4.

Figure 2 shows the circuit 1 having a further switch setting for charging the
piezo actuator 24. According to the present embodiment example, the first
switch S1 and the fourth switch S4 are open. The second switch S2 and the
third switch S3 are closed. The current 5 flows from the charging transfer unit
4 implemented as an inductor to the piezo actuator 24 of the piezoelectric
speaker 2. The current 5 thereby flows in the current direction 6. The electri-
cal energy is thereby transferred from the charging transfer unit 4 to the piezo
actuator 24. The current 5 thereby drops over time, wherein the current 5 will
cease entirely after a time. When the current 5 has ceased, that is, the cur-
rent 5 has an amperage of 0 amperes, the second switch S2 and the third
switch S3 can be opened in order to prevent the electrical energy from flow-
ing from the piezo actuator 24 back to the charging transfer unit 4. By charg-
ing the piezo actuator 24, the voltage of the piezo actuator 24 has been in-
creased. The piezo actuator 24 has displaced, corresponding to the in-
creased voltage. The sound waves can be thereby generated.
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The piezo actuator 24 can be charged in order to control the displacement

thereof by means of the methods shown in Figures 1 and 2.

Figure 3 shows a circuit 1 having a switch setting for discharging the piezo
actuator 24 of the piezoelectric speaker 2. The second switch S2 and the
third switch S3 are thereby closed. The first switch S1 and the fourth switch
S4 are open. At the beginning of discharging, the current 5 through the
charging transfer unit 4 can be zero. Over time, the current 5 increases due
to the electrical voltage of the piezo actuator 24. The current direction 6 is
opposite the current direction for charging, according to the present embodi-
ment example. After a time, particularly a discharge time, the current 5
through the charging transfer unit 4 has reached a value, particularly a prede-
termined value. The second switch S2 and/or the third switch S3 can then be
opened so that no current can flow from the piezo actuator 24 to the charging

transfer unit 4.

Figure 4 shows a circuit 1 in a switch setting for discharging the piezo actua-
tor 24. In the embodiment example shown here, the energy stored in the

charging transfer unit 4 can be charged back into the energy unit 3. Said en-
ergy is then available again and can thereby minimize the energy consump-

tion for operating the piezoelectric speaker 2.

According to the present embodiment example, the switches S2 and S3 are
open. The first switch S1 and the fourth switch S4 are closed, so that the cur-
rent 5 flows in the current direction 6 through the charging transfer unit 4 to

the energy unit 3.

Figure 5 shows a block diagram of a method for operating the piezoelectric
speaker 2. The block diagram shows the circuit 1 for operating the piezoelec-
tric speaker 2 and the energy unit 3. The energy unit 3 and the piezoelectric
speaker 2 are connected to a ground 7 as a reference potential according to

the present embodiment example. The piezoelectric speaker 2 further com-
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prises the piezo actuator 24, not shown here (see Figures 1-4), by means of
which the displacement can be implemented, so that the sound waves can
be generated. By means of the method shown in the block diagram, the pie-
zo actuator 24 of the piezoelectric speaker 2 can be charged and/or dis-
charged in order to control the displacement thereof and thus the sound gen-

erating.

In the method according to the present embodiment example of Figure 5, a
piezo actuator voltage 12 is measured. The piezo actuator voltage 12 can
thereby be read from the side of the piezoelectric speaker 2 opposite the
ground 7. The piezo actuator voltage 12 can thereby be measured by a
measuring device, not shown here. Said voltage corresponds to the voltage,
particularly the momentary voltage, of the piezo actuator 24. The deflection of
the piezo actuator 24 can be derived from the piezo actuator voltage 12.

In the present embodiment example, the measured piezo actuator voltage 12
is fed to a first processing unit 8. In addition or alternatively, the first pro-
cessing unit 8 can also comprise the measuring unit for capturing the piezo
actuator voltage 12. The first processing unit 8 can be a digitalizer, for exam-
ple. Alternatively, the first processing unit 8 can also be an analog-to-digital
converter (A/D converter). The first processing unit 8 can digitalize the piezo
actuator voltage 12 and output the same as a digital piezo actuator voltage
13. The advantage thereof is that the digital piezo actuator voltage 13 can be
easily processed further. Alternatively, the piezo actuator voltage 12 can also

serve for further processing.

The digital piezo actuator voltage 13 can further be fed to at least one com-

parator 9 according to the present embodiment example.

An input voltage, particularly digital, is further fed to the comparator 9. The
input voltage 14 can be determined in a method step not shown here from

the audio signal provided for outputting at the piezoelectric speaker 2. The
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audio signal can comprise a time-dependent sound level signal converted
into the input voltage 14. The input voltage 14 can correspond to the voltage
at which the piezo actuator 24 is charged in order to implement a displace-
ment corresponding to the sound, such as a tone, speech, or music, provided
by the audio signal. The input voltage 14 can thereby also be time-
dependent. The input voltage 14 is a function of the audio signal. The input
voltage 14 is determined such that the resulting displacements of the piezo

actuator 24 generate sound waves corresponding to the audio signal.

According to the invention, the input voltage 14 can be determined for a fu-
ture displacement. The input voltage 14 can also be a future input voltage 14.
Future can thereby mean that the input voltage 14 is determined for a future
audio signal. The audio signal in this invention can comprise a sampling fre-
guency, for example 1 MHz, or even higher sampling frequencies, future can
mean here that the audio signal is determined for a future sampling period. A
sampling period thereby corresponds to the time between two samplings of
the audio signal. For the case ofl MHz, said period corresponds approxi-
mately to a time of 1 ys (1/1 MHz). That is, the audio signal changes level
only every 1 ps. The future input voltage 14 can be determined for the next
sampling interval of the audio signal. The future input voltage 14 can thus be
the input voltage 14 to be applied to the piezo actuator 24 in 1 ps in order to
generate the sound corresponding to the audio signal.

A difference or differential between the piezo actuator voltage 12 or the digi-
tal piezo actuator voltage 13 and the future input voltage 14 can be deter-
mined by means of the comparator 9. For example, the piezo actuator 24 can
comprise a digital piezo actuator voltage 13 of 21 V. The future input voltage
14, for example the input voltage of the next sampling interval of the audio
signal, can be 21.5 V, for example. The future input voltage 14, particularly
the next input voltage according to the sampling interval, is thus greater than
the present piezo actuator voltage 13. The comparator 9 can derive a future

differential voltage 15 therefrom, which in the present example is 0.5 V. Be-
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cause said voltage is positive, charging of the piezo actuator 24 by the future
differential voltage 15 is performed. Alternatively, the determined future dif-
ferential voltage 15 can also be negative. The digital piezo actuator voltage
13 is then higher than the future input voltage 14. As a result, a discharging
of the piezo actuator 24 can be performed.

The future differential voltage 15 is fed to a second processing unit 10 ac-
cording to the present embodiment example. The second processing unit 10
can comprise a correcting unit, for example, for compensating for the nonlin-
earity of the piezo actuator 24. The piezo actuator 24 can comprise the non-
linearity, possibly due to the fact that a capacitance changes with the dis-
placement of the piezo actuator 24. A change in the displacement of the pie-
zo actuator 24 can depend on the momentary displacement. If the piezo ac-
tuator 24 is already displaced, for example, the further displacing can be less
when increasing the piezo actuator voltage 12 than if the piezo actuator 24 is
displaced less. Said behavior can be accounted for by means of the second

processing unit 10.

The second processing unit 10 can, for example, determine a charg-
ing/discharging time 16. If the differential voltage is 0.5 V according to the
preceding example, a charging is performed and a charging time 16 is de-
termined. The charging time 16 and the charging/discharging time are there-
by the time during which electrical energy is transferred from the energy unit
3 to the piezo actuator 24. The charging time 16 is the time, for example, dur-
ing which the switch state of Figure 1 is implemented. The charging time 16
is determined in that a future differential energy is transferred from the ener-
gy unit 3 into the charging transfer unit 4. If said future differential energy is
transferred to the piezo actuator 24 in a subsequent step, then the piezo ac-
tuator voltage 12 increases by the differential voltage 15, in this example by
0.5V.
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In the case that the differential voltage 15 is negative, that is, that the piezo
actuator 24 is to be discharged, the discharging time 16 is determined. A
switch state is implemented according to Figure 3 during the discharging time
16, for example, wherein the differential energy is transferred from piezo ac-
tuator 24 into the charging transfer unit 4. If the switch state from Figure 3 is
implemented for the discharging time, then the energy in the piezo actuator
24 is reduced by the differential energy, causing a reducing of the piezo ac-
tuator voltage 12 by the differential voltage 15. The displacement of the piezo

actuator 24 is reduced.

In order to implement the switch states according to one of the embodiment
examples of Figures 1 through 4, a switch state for charging or discharging
the piezo actuator 24 can be set by means of a third processing unit 11 for
the method. The third processing unit 11 can comprise a pulse-width modula-
tion module, for example, for outputting one or more pulse-width signals, by
means of which the corresponding switches S1 —S4 can be switched. The
circuit 1 can thereby be operated by means of a pulse-width modulation
method. The third processing unit 11 can output four switch signals 17-20 to
the circuit 1. One switch S1-S4 is thereby associated with each switch signal
17-20, so that the associated switches S1-S4 can be closed and opened by
means of the switch signals 17-20 in order to charge or discharge the piezo

actuator 24.

According to Figure 5, at least the piezo actuator voltage 13 can also be fed
to the second and/or to the third processing unit 10, 11. This can be advan-
tageous if the circuit 1 comprises a memory unit, not shown here, in which
digital piezo actuator voltages 13 and/or future input voltages 14 are stored.
The associated charging/discharging times 16 and/or the associated switch
signals 17—-20 can also be stored in the memory unit. Existing values can
thereby be accessed. Newly calculating the charging/discharging times 16

and/or switch signals 17—20 is then unnecessary.
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Figure 6 shows a diagram having time-based switch signals 17-20, a time-
based current curve 5, and a time-based voltage curve 13. The diagram can
show a time-based sequence of switch states, for example, by means of
which the circuit 1 can be operated according to Figures 1-4. Three spans of
time 21, 22, 23 are shown in the top region of the diagram. A high level of the
curves of the three spans of time 21, 22, 23 thereby means that the corre-

sponding span of time is present.

The switch signals 17-20 of the four associated switches S1-S4 are shown
below said region. According to the present embodiment example, the switch
signal 17 is associated with the first switch S1, the second switch signal 18 is
associated with the second switch S2, the third switch signal 19 is associated
with the third switch S3, and the fourth switch signal 20 is associated with the
fourth switch S4. A high level thereby indicates that the associated switch
S1-S4 is closed, so that a current can flow through the corresponding switch
S1-S4. A low level indicates that the associated switch S1-S4 is open, so

that an electrical circuit is interrupted.

The time-based curve of the current 5 through the charging transfer unit 4,
implemented as an inductor according to Figures 1-5, is shown below the

switch signals 17-20.

The digital piezo actuator voltage 13 is shown in the bottom region of the di-
agram. Instead of the digital piezo actuator voltage 13, the (analog) piezo ac-

tuator voltage 12 could also be shown, as both have the same curve.

The X-axis further indicates the time t, wherein a plurality of periods P1-P6 of
the working frequency of the circuit 1 are labeled. The diagram shown shows
only an excerpt. One period P1-P6 of the working frequency is the sum of
the three spans of time 21, 22, 23 in the present embodiment example. Cor-
responding to the repeating of the periods P1-P6, the three spans of time 21,

22, 23 also repeat. According to the present embodiment example, the three
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spans of time 21, 22, 23 divide the periods P1-P3 into three regions of equal

time.

According to the embodiment example shown in Figure 6, the first span of
time is disposed at the beginning of the periods P1-P6. The second span of

time 22 follows and then the third span of time 23.

The first time segment 21 is disposed at the beginning of the period P1. From
a preceding period P it has been determined according to the present em-
bodiment example that the future input voltage 14 is greater than the present
digital piezo actuator voltage 13. That is, the piezo actuator 24 is being
charged. For the first period P1 in the diagram, switch signals 17—-20 are de-
termined for the switches S1-S4, such that the piezo actuator voltage 13 is
increased by the differential voltage 15. To this end, the differential energy is

transferred from the energy unit 3 to the piezo actuator 24.

To this end, the associated switches S1 and S4 are closed during the first
time segment 21 of the first period P1 according to the switch signals 17 and
20. The two switch signals 18 and 10 are at a low level so that the associated
switches S2 and S3 are open. A switch setting according to Figure 1 is thus
implemented in the first span of time 21 of the first period P1. The time for
which the switches S1 and S4 are closed according to the switch signals 17
and 20 in the first span of time 21 of the first period P1 can correspond to the
charging time in which the differential energy is transferred from the energy
unit 3 into the charging transfer unit 4. The charging time corresponds to the
width of the switch signals 17 and 20 in the first period P1. The charging time
begins at a point in time in the first span of time 21 of the first period P1, so
that the differential energy is in the charging transfer unit 4 by the end of the
first span of time 21. The current 5 in the charging transfer unit 4 further in-
creases during the first span of time 21, particularly due to the inductivity.

The differential energy is thereby stored in the charging transfer unit 4.
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The second span of time 22 of the first period P1 follows the first span of time
21. A further switch setting is determined for the second span of time 22, cor-
responding to the closed switches S2 and S3 according to the switch signals
17-20 of the present embodiment example. The switches S1 and S4 are
open. This corresponds to a switch setting according to Figure 2, for exam-

ple.

The energy stored in the charging transfer unit 4 according to the embodi-
ment example is transferred to the piezo actuator 24 via the electrical circuit
implemented by the switches S2 and S3. The energy in the charging transfer
unit 4 thereby drops according to the current 5 at the beginning of the second
span of time 22. While the energy is being transferred form the charging
transfer unit 4 to the piezo actuator 24, the digital piezo actuator voltage 13
increases according to the bottom curve of the diagram. When the energy
has been transferred from the charging transfer unit 4 to the piezo actuator

24, the switches S2 and S3 can be closed.

The third span of time 23 of the first period P1 follows the second span of
time 22. During this time, all switches S1-S4 are open according to the
switch signals 17-20 in the period P1. During this time, the digital piezo actu-
ator voltage 13 can be measured and compared with the future input voltage
14, not shown here. The future input voltage 14 can be the input voltage for
the next period P, for the second period P2 according to the present embod-
iment example. According to the present embodiment example, the future
input voltage 14 for the second period P2 is greater than the digital piezo ac-
tuator voltage 13 of the first period P1. The positive differential voltage 15
can be derived therefrom in the third span of time 23, so that further charging
or a further charging cycle is performed. The charging time and the switch
signals 17-20 for the switches S1-S4 for the second period P2 can also be
determined in the third span of time 23. The piezo actuator 24 is charged

again in the second period P2. According to the present embodiment exam-
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ple, the piezo actuator 24 is also charged in the third period P3. The piezo

actuator voltage 13 also rises in the third period P3.

The digital piezo actuator voltage 13 can also be determined and compared
with the future input voltage 14 in the third span of time 23 of the third period
P3. In the third period P3 it is determined that the digital piezo actuator volt-
age 13 is too high in comparison with the future input voltage 14. Discharging
is therefore prepared for the fourth period P4 following the third period P3.
The future differential voltage 15, now being negative, the differential energy
charged from the piezo actuator 24 into the charging transfer unit 4, the dis-
charging time, and/or the switch signals 17—20 can be determined during the
third span of time 23 of the third period P3.

All switches S1-S4 are open according to the switch signals 17-20 in the first
span of time 21 of the fourth period P4, so that no current can flow and thus
no energy can be transferred. During this time, no energy is present in the
charging transfer unit 4. The charging transfer unit 4 can thereby receive en-
ergy. At the beginning of the second span of time 22 of the fourth period P4,
the switches S2 and S3 are closed, so that energy from the piezo actuator 24
is charged into the charging transfer unit 4. The two switches S1 and S4 re-
main open. Said switch setting is shown in Figure 3. The curve of the current
5 now has a negative curve. That is, the current 5 flows through the charging
transfer unit 4 in the opposite direction as for charging. After the discharging
time in the second span of time 22, the switches S2 and S3 are closed, be-
cause the differential energy is present in the charging transfer unit 4 and can
be proportional to the current 5 through the charging transfer unit 4. Thereaf-
ter, and still during the second span of time 22, the switches S1 and S4 are
closed, so that the energy stored in the charging transfer unit 4 is transferred
back into the energy unit 3. Said switch setting is shown in Figure 4. When
the energy is transferred from the charging transfer unit 4 to the energy unit
3, the current 5 through the charging transfer unit 4 drops (the magnitude of

the current 5 drops). By charging the energy from the piezo actuator 24 at
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least to the charging transfer unit 4, the digital piezo actuator voltage 13 has
dropped. The discharging of the piezo actuator 24 is performed for the further

periods P5 and P6, according to the present embodiment example.

The periods P1-P6 shown in Figure 6 can be the periods of the working fre-
quency. If the working frequency is 1MHz, for example, then one period P1—
P6 comprises 1 ps. That is, one charging or discharging cycle can be per-
formed within 1 ps. The three spans of time 21, 22, 23, during which the pie-
zo actuator 24 is charged or discharged and the charging and the discharg-
ing are determined for the next or future periods P, together comprise 1 us.
Because the sampling period of the audio signal comprises 1 us , the digital
piezo actuator voltage 13 and thus the displacement of the piezo actuator 24
can be adjusted correspondingly often in one sampling period of the audio
signal. A potential deviation of the digital piezo actuator voltage 13 and thus a
potential deviation of the displacement of the piezo actuator 24 causes sound
waves have a correspondingly high frequency in the range of 1 MHz. Such
high frequencies, however, are not perceptible to the human ear, so that the
controlling of the digital piezo actuator voltage 13 does not influence the qual-

ity of the music, speech, or tones.

The present invention is not limited to the exemplary embodiments shown
and described. Modifications in the context of the patent claims are also pos-
sible, as is a combination of features, even if these are shown and described

in different exemplary embodiments.
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Reference list

Circuit

Piezoelectric speaker
Energy unit

Charging transfer unit
Current

Current direction
Ground

First processing unit
Comparator

Second processing unit
Third processing unit
Piezo actuator voltage
Digital piezo actuator voltage
Input voltage
Differential voltage
Charging/discharging time
First switch signal
Second switch signal
Third switch signal
Fourth switch signal
First span of time
Second span of time
Third span of time
Piezo actuator

Capacitor

First diode
Second diode
Third diode
Fourth diode
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s1
S2
S3
sS4

P1-P6
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First switch
Second switch
Third switch
Fourth switch
Time

Periods of the working frequency



28

Claims

A method for operating a piezoelectric speaker (2) for generating
sound waves in the audible wavelength spectrum and/or in the ultra-
sonic range,

a piezo actuator (24) of the piezoelectric speaker (2) being at least
partially charged with electrical energy from an energy unit (3) and
then being at least partially discharged, whereby sound waves are
generated, and

at least one present electrical piezo actuator voltage (12, 13) of the pi-
ezo actuator (24) being determined,

characterized in that,

a future input voltage (14) for the piezo actuator (24) is compared with
the present electrical piezo actuator voltage (12, 13) prior to charging
and/or discharging, and

a future differential voltage (15) is derived therefrom.

The method according to the preceding claim, characterized in that the

future input voltage (14) of the piezo actuator (24) is derived from an

audio signal intended for outputting at the piezoelectric speaker (2).

The method according to any one of the preceding claims, character-
ized in that when charging, the electrical energy from the energy unit
(3) is charged to a transfer charging unit (4) and from the transfer
charging unit (4) to the piezo actuator (24), and/or

that when discharging the piezo actuator (24), the electrical energy is
charged from the piezo actuator (24) to the transfer charging unit (4)
and from the transfer charging unit (4) to the energy unit (3).

The method according to any one or more of the preceding claims,

characterized in that a future differential electrical energy is derived
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from at least the future differential voltage (15) and/or the measured

piezo actuator voltage (12, 13).

The method according to any one or more of the preceding claims,
characterized in that, depending on the future differential energy, the

future differential voltage (15), and/or the measured piezo actuator
voltage (12, 13), a future charging time during which the electrical en-
ergy is charged from the energy unit (3) into the transfer charging unit
(4) is derived, and/or

a future discharging time during which the electrical energy is charged

from the piezo actuator (24) to the transfer charging unit (4) is derived.

The method according to any one or more of the preceding claims,

characterized in that the future input voltage (14), the present piezo

actuator voltage (12, 13), the future differential voltage (15), the future
differential energy determine the charging time and/or the discharging

time that are saved in a memory unit.

The method according to any one or more of the preceding claims,

characterized in that the charging and/or the discharging of the piezo

actuator (24) is performed by means of a pulse-width-modulation

method.

The method according to any one or more of the preceding claims,
characterized in that the charging, the discharging, and/or the deriving

of the differential voltage (15), the differential energy, the charging
time, or the discharging time, and/or the determining of the piezo actu-
ator voltage (12, 13) is performed incrementally and/or periodically at a
working frequency.

The method according to any one or more of the preceding claims,
characterized in that a period (P1-P6) of the working frequency is di-
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vided into a first span of time (21), into a second span of time (22) par-
ticularly subsequent thereto, and into a third span of time (23) particu-

larly subsequent thereto.

The method according to any one or more of the preceding claims,

characterized in that the electrical energy is charged from the energy
unit (3) to the transfer charging unit (4) in the first span of time (21),
wherein the charging of the transfer charging unit (4) from the energy
unit (3) takes place at a point in time such that the differential energy is
stored in the transfer charging unit (4) at the end of the first span of
time (21).

The method according to any one or more of the preceding claims,

characterized in that the charging or discharging of the piezo actuator

(24) begins at the beginning of the second span of time (22).

The method according to any one or more of the preceding claims,

characterized in that the piezo actuator voltage (12, 13) is measured,

the differential voltage (15), the input voltage (14), or the difference
energy is derived, and/or the piezo actuator (24) is discharged in the
third span of time (23).

A circuit (1) for operating a piezoelectric speaker (2) for generating
sound waves in the audible wavelength spectrum and/or in the ultra-
sonic range, a piezo actuator (24) of the piezoelectric speaker (2) be-
ing able to be charged and/or discharged by means of the circuit (1),
such that deflections of the piezo actuator (24) can be shaped such
that the sound waves can be generated,

electrical energy being able to be charged between an energy unit (3)
and the piezo actuator (24) by means of the circuit (1),

characterized in that,
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the circuit (1) is implemented for operating the same according to a

method according any one or more of the preceding claims.



