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ABSTRACT:

Applications of piezoelectric actuators have insegh dramatically during the past
decadesHowever, the capacitive nature of such devices makeir use delicate,
especially in terms of power supply, as the instaebus power may be much greater
than the average effective power. The present ppfses particular focus on the
description of a nonlinear technique for piezoelecactuator control. This technique
enables to significantly increase the energy temsfficiency of the device by reducing
the reactive part of the power. Such an approastthe&inverse effect of the well-known
Synchronized Switch Damping (SSD) technique deweddje reduce vibrations in smart
structures. The proposed solution consists in disecting the driving voltage source
from the piezoelectric element and switching th&tey to a passive electrical network at
each occurrence of a voltage extremum. This switgktrategy is designed to annihilate
the reactive energy supplied by the voltage soanckto decrease the active energy while
ensuring a constant output power. Suppressing #aetive energy is particularly
interesting for limiting the dimensions and enenmgguirements of power supplies.
Compared to classical methods, the direct supplgodh simulations and experimental
validations has demonstrated the effectivenesheptoposed technique for eliminating
all of the reactive energy and reducing the acpesver at frequencies close to the

resonant one, while maintaining similar mechanpeaformances.
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INTRODUCTION

The interest in ferroelectric properties, matereatsl devices has been considerable over
the last 20 years. Reactive power and power famorection have recently been the
subject of numerous investigations [1]-[6]. Due tteeir specific electromechanical
properties, piezoelectric materials are widely usedensors and actuators. Piezoelectric
ceramics are the dominant transduction materialsomar and ultrasonic applications.
The analysis of the power limitations of transdsdeas been discussed by Woollett [7]-
[8] and Berlincourt [9]. There are three typesiofifations:

_ The mechanical limits are caused by differentdiscsuch as fracture in the case of
ceramic transducers, or metal fatigue.

_ The thermal limit is the consequence of energsidation. The thermally limited
power output not only depends on the dielectrisédgsbut also on the mechanical losses
and the heat transfer design of the transducer.

_ The electrical limits are essentially relatedhe active material, and involve insulation
breakdown or depolarization of the materials r@sgifrom ferroelectric nonlinearities.

In addition to all these limitations, others origie from the electrical power supply.
Because of the capacitive behavior of piezoceraraitsducers, power amplifiers always
need to supply high levels of reactive power, ariegjently high power peaks compared
to average power, leading to an overdesign of poamplifiers by piezoceramic
transducer manufacturers.

In a simple alternating current (AC) circuit conisig of a source and a linear load, both
the current and voltage are sinusoidal. If the Imagurely resistive, the two quantities
reverse their polarity at the same time. At evarstant, the product of voltage and
current is positive, indicating that the directiohenergy flow is not reversed. In this
case, only real power is transferred.

If the loads are purely reactive, then the voltagd current are 90 degrees out of phase.



For half of each cycle, the product of voltage andent is positive, but on the other half
of the cycle, the product is negative, indicatihgtton average, exactly as much energy
flows toward the load as back from it. There isneb energy flow over one cycle. In this
case, there is only a flow of reactive energy dredld is no net transfer of energy load.
Practical loads have resistance, inductance, apdctance, so both real and reactive
powers will flow to read loads (Fig. 1a). Power imeg@rs measure apparent power as the
magnitude of the vector sum of real and reactivergge. The apparent power is the
product of the root-mean-square of voltage andecuirr

Engineers use the following terms to describe gniogv in a system (and assign each of
them a different unit to differentiate between them

_ Real power (P) or active power: watt (\W)

__ Reactive power (Q): volt-ampere (VA)

_ Complex power (S): volt-ampere (VA)

_ Apparent power|(3|) (absolute value of complex power S: volt-amp&f&)

P Re

Fig. 1a —\ector scheme of complex power.

This study presents the development of a new neatirtechnique for controlling
piezoelectric transducers which enables to decréeseeactive energy and increase the
energy transfer performance in the system.

The technique is based on recent developmentseirfields of vibration control and



energy harvesting [10]-[16]. Semi-active vibratioontrol techniques through nonlinear
treatments have experienced significant progressr dkie last years, due to their
effectiveness and advantages compared to passivadive approaches. In particular,
the so-called Synchronized Switch Damping (SSDhnepie permits a very effective
reduction of the vibrations thanks to an artificiatrease of the coupling coefficient
caused by a particular nonlinear processing ofuvibieage output of the piezoelectric
transducer [17]-[19]. This nonlinear approach cstssin connecting the active material
to an electric network for a brief time period. Fleonnection leads to an inversion of the
piezovoltage which induces a cumulative effecmdignifies the voltage magnitude while
shifting also this voltage, yielding a significairicrease of the energy conversion
abilities.

This paper presents an inverse approach of thet&3ique. The objective of this study
was to increase the piezoelectric actuator perfoo@s A nonlinear treatment of the
electrical actuator suppliers enables to notabtiuce the energy consumption without
significantly modifying the mechanical charactacist The first priority of this study was
to minimize the reactive energy and the high instamous power usually required for
actuating the device. A marked decrease of thisggneads to a high reduction of the
electrical currents provided by power amplifierfieTconsequences of such reductions
involve new opportunities for designing ultra-corapadow-cost power amplifiers for
piezoceramic actuators.

The second priority of the study was to decreaserglgquired active power close to the
resonant frequency (where piezoelectric actuat@lassically used). By enhancing the
energy exchange in the system, higher performaceesbe obtained with existing
actuators, and new actuators of reduced dimensiansbe developed to accomplish
identical operations. To render possible the mensive use of this new technique, the

nonlinear treatment must be simple, easily traaslerand based on a reduced number of



components.

This paper is organized in three parts. First, dbgctives, principles and theoretical
performances of the nonlinear driving approachex@osed in Section 2. Section 3 then
provides an experimental investigation aiming atidetéing the proposed concept.

Finally, Section 4 concludes the study.

II. BASIC THEORY AND MODELING

[I.1 Smart structure modeling

Lumped model analysis of smart structures hasvedetonsiderable attention since the
seventies, and the formulation presented by Alikl atughes [20], based on the
variational principle, is widely referenced. Fomsiicity, the model used in this paper
involves one piezoelectric element and has oneeeegf freedom. Indeed, a mechanical
model based on only one degree of freedom givesoa glescription of the vibrating
structure behavior near one of its resonant fregesn Close to one of the resonant
frequencies, the dynamic behavior and governin@ops of the structure can therefore
be written as:

MU +Cu + K fu = —aV 1)

| =au-CV (2)
whereu is the displacement of the structuM; C andKF are, respectively, the mass,
damping and stiffness when the piezoelectric elémsnshort-circuited;a is the
electromechanical coupling coefficient; is the piezoelectric element voltadeis the
piezoelectric element current; a@gis the clamped capacitance.

In an open circuit, the current is null, theref&g (2) becomes:

C, 3)



II.2 Basic theory of the nonlinear piezoelectric control

The aim of the nonlinear piezoelectric actuatortinis to create a driving effect
without any knowledge of the structure charactiesst The method consists of
disconnecting the piezoelement from the driving reeuwhen the latter reaches a
maximal or minimal value Sw1), while switching it to an inductorS§2 — Fig. 2),
therefore forming a resonant electrical networkis®witching operation is repeated each
half period, where the switch is closed during lodlthe pseudo-period of the electrical
oscillating network. The switching time instantg g@recisely defined so as to minimize
the reactive energy provided by the power amplified to maximize the relative active
energy conversion. The resonant electrical netwsrkonstituted by an inductance L

connected in series with the digital switch.

Svilff Su-'_lﬁff

Substrate R

Electrode

Fig. 2a —Experimental structure.

u(®
Mass

R

Fig. 2b —Single degree of freedom (SDOF) model.



The description of the process starts with theofeilhg initial conditions:

_ The voltage source value is zero.

_ The equivalent capacitor of the piezoelectrgsrednt is unloaded.
First, when the driving voltage is increasing biilt ®wer than its maximum value, the
electric source is connected to the piezoelectement 6wl closed,sw2 open), and
energy is transferred from the electric power sypplthe electromechanical converter.

The associated electric circuit is displayed inFig

e eeee——— = = -
»

| day/dt a.du/dt 1":35 ]
OIS

>

Fig. 3 —Electrical circuit for the first step of the proses

The constitutive equations during this procesglaus given as:
MU+Cu+Ku=-aV (5)
l=g-au (6)
When the electrical source reaches a maximum f@mamum) value,swl is open and
sw2 is closed. The piezoelectric element is then comueto the electrical network
(constituted by the actuator and the inductdneavhose internal resistance is givenrby
- in series with the digital switckw?2), shaping a resonant network because of the

capacitive behavior of the piezoelectric material.

54

,Ji,\ dg/dt v a.du/dt | lind ]

R

Fig. 4 —Electrical circuit for the second step of the pgxe

In this case, the constitutive equations become:



MU+Cu+Ku=-aV (7)

|, =G4-au (8)

L6y + RO +Ci0(qind +au)=0 9)
The electrical circuit remains in this configuratias long as the piezoelectric element
voltage is different from that of the source. Whiea two voltages are equal, the switches

return to their initial conditionss1 closed,sw2 open), and a new cycle begins.

I1.3 Energy transfers of the nonlinear control technique

The main objective of the nonlinear technique igptovide an equivalent mechanical
effect with a reduced consumption of active powst a full suppression of the reactive
power at working frequencies close to the resomawat During the first phase of the

process, the energy transfers can be describedhvatfollowing equations:

T o1 o7 oI

fM.u.u.dchudeszuudt :IZ—ant (10)

0 ag 0 U.IZ 0 JIZ 0
[1vdi=[qvd- [ auvd (11)
0 0 0

T

T
a. g g—

2 ) 2
Here, [Muud is the kinetic energy,| Cu®dt the mechanical lossed, | Kuudt
0 0

0

N | =

the potential energy. Moreover, T is the voltagaree period and is the duty cycle

defined as:

t0d O;aI O I;I+aI t0d JI;I O I+0'I;T
2 2 2 2 2 2 2 2

sy, =1sw, =0 sw =0;sw, =1



T
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le.\/.dt is the electrical energy provided by the power afnepl Identical equations have

been established for the second phase of the ggesding:

T T T T
P > > 5
jM.u.u.dt+jcu2dt+j Kuudt:j —aV dt (12)
T T T T
U'.E U.E UE U.E
T T T
2 2 2
q . _f .0 e
lg-—dt=| g—dt—- | au—dt 13
JJT "o UJT Co UJT Co .
2 2 2

Finally, during an entire semi-excitation periotie tenergy supplied by the electric

amplifier is given by:

T
o—

f | V.at (14)

II.4 Model of the piezoelectric actuator with the nonlinear control technique

A complete switching process model has been degdloging the previous constitutive
equations. The test structure employed in the sitionl is similar to the experimental

one and consists of a circular piezoelectric buligbtly clamped at its edge by a plastic

support, as shown in Fig. 5.

Substrate
Electrode

Fig. 5 —Piezoelectric buzzer.



The nonlinear technique is modeled using the ptsviequations. The simulation time
step has been set sufficiently low so as not te loformation. A laboratory-developed
Runge Kuntta 4 (RK4) algorithm is implemented intfa in order to assess the
performance of the technique through simulations.

The piezoelectric parameters of the actuator haes lcharacterized and are summarized

in Tab.1.
Dynamic mass M 1.10Kg
Structural damping coefficient C 0.02N st
Open circuit stiffnesgP 1.10°N m*
Force facton -1.10°N V*
Clamped capacitance,C 30 nF
Coupling factor 0.18

Tab. 1 —Identification of the experimental parameters.
Fig. 6 shows the voltage evolutions. When the sowuoitage is different from that of the
piezo, the buzzer is connected to the inductanbes flgure illustrates the piezoceramic
voltage variations during the different steps o firocess. The inductor value sets the
frequency of the piezoceramic voltage inversionmwiés disconnected from the voltage
source. By adjusting this frequency, the power worgion by the actuator can be
optimized.
Other losses, for instance switching losses, mapdggected compared to those of the
inductor. For instance, for a typical gate-sourgaut capacitance @& pF with a driving
frequency ofl kHz and a gate voltage @2 V, the corresponding power consumption
would be 3.6 pyW. On the other hand, the resistdgsds in the switching branch would
be 474 pW for al0 V input voltage, with a piezocapacitance3® nF, an inductance

value of100 mH and a series resistance of the switching brah@B0 Q.



In addition, the drain-source capacitor may also rneglected compared to the
piezoelement capacitance, although it may gendrgte frequency oscillations (which
are however not prejudicial for the system) whema $kvitch is turned on and off. The
inductor value has been set in order to match #itfiepleriod of the resonant instant (when
the piezo voltage reaches its maximum) with théammswhere the voltage of the source
and of the piezo are equal. The objective is toimiize the energy losses, which appear
at the disconnecting time of the inductor. This imimation corresponds to a
minimization of the energy consumption, which i tbbjective. In the case of the
piezoelectric buzzer actuator, the capacitancé@piezo-element is close to 30 nF. The

best performances are obtained with an inductarevaf 240 mH.
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Fig. 6 —Simulation plot of the circuit voltages.



The second set of simulation results are displaydtig.7. Fig.7.a shows the variation of
current through the clamped capacitance of theopleztric actuator versus time, with a
dashed line for the case without control and sgiel/ for the case with a control process.
We can here observe the discontinuities causettdgdammutation. Fig.7.b exhibits the
generator current, Fig.7.c the source voltage agd’ @ the buzzer displacement. By
comparing Fig.7.b and 7.c, we can confirm that geeerator current and its voltage
always have the same sign hence preventing reaatigggy in the system, which is not

true in the case without control.
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Fig. 7 —Simulation results.
Fig.8 displays the instantaneous power providethbyamplifier. This plot confirms the

total suppression of the reactive energy. In othends, the instantaneous power is



always positive.
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Fig. 8 —Simulation results.

lIl. EXPERIMENTAL RESULTS

I1l.1 Experimental setup

An overview of the experimental setup is shown ig. Pa, in which the experimental

sample is the circular piezoelectric buzzer desdipreviously. The monitoring of the

device center displacement is performed by meaas a@iptical laser vibrometer (Polytec
OFV 5000 vibrometer controller), the piezoelectbiazzer is driven by a frequency
generator (Agilent 33220 A), and MOSFET transis{@N7000) have been used for the
switching device. All measuring signals (from thezoelectric element and vibrometer)
are simply monitored using an oscilloscope (AgilB®0O7034A). The signal processing
for the command and switch control is performedabPspace digital/analog real time

controller. The simulink schemes are displayedeRig. 9b.
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Fig. 9.a —Experimental test structure.
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Fig. 9.b —Simulink schemes of the switches control.
Furthermore, floating switches have been devel@sgecially to electrically disconnect
the switch command from the generator as well anecting the material to the

inversion branch. The electronic specificationshef switches are detailed in Fig. 9c:
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Fig. 9.c —Electronic scheme of implemented switches.
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I1l.2 Experimental results

Fig. 10 presents the first experimental curveshefuoltage versus time. The analysis of
this figure leads to the conclusion that the cdrdfdhe switching is correctly done, and
that the driving time of the piezoelectric elembytthe source supplier is similar to the
simulated one. The amplifier remains disconnectgihd almost half the voltage source

period which justifies the reduction of the powensumption.
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Fig. 10 —Experimental variations of the circuit voltages.

Fig. 11 shows the instantaneous power providechbybltage source. We confirm here
that, as observed for the simulations, this cusvalways positive and that all reactive
components of the power have been suppressed.l1Eigexhibits a small resonant
behavior at the switching instant, probably duethe parasitic capacitance of the
transistor.
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Fig. 11 —Experimental test structure.



Fig. 12 shows the experimental and simulated eeerglipplied by the amplifier versus
frequency. In particular, we notice that the nosdintechnique significantly reduces the
energy consumption at frequencies close to theneegmne. This observation is however
not true for the remaining spectrum where this ¢émag is inversed (i.e., the energy
consumption with switch control is higher than #reergy consumption without switch
control). In Fig. 12.A and 13.A, the damping caogéint C is equal to 0.02, while it is
equal to 0.05 in Fig. 12.B and 13.B. By increasthg coefficient, we increase the
mechanical load of the piezoelectric buzzer, widalresponds to a shift of the resonant
frequency (to low frequencies) and an enlargeméthepeak. The damping coefficient

can be modified experimentally by changing the @iaztuator environment.
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Fig. 12 —Source energy versus frequency (A - C=0.05; B -.G20

Fig. 13 shows the experimental and the simulatedattans of the maximum

displacement versus the frequency with and withbatuse of the nonlinear technique

for the same frequency bandwidth.
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Fig. 13 —Displacement versus frequency (A - C=0.05; B - O2).

We can notice here that the displacement is almsostlar, which means that the
electromechanical properties of the buzzer aresigpificantly modified by the nonlinear
control technique.

The energy consumption at the power amplifier oul@s been calculated in simulation
by integrating a hundred periods of the instantaagmwer. This instantaneous power is
taken as the product of the amplifier voltage amel ¢lectrical current. Far from the
resonant frequency, the energy consumption measatréie power amplifier output
clearly becomes higher when using the nonlineatrobtechnique. This difference is
mainly due to the pure capacitive behavior of tihez@ceramic. It is also due to the
switching losses, which appear in the control pseceand to the resistance of the
inductance.

Without nonlinear control, the instantaneous enexglyibits an average value close to
zero. By taking into account the internal resistonsumption of the power amplifier
(whose value is H0), this difference is clearly reduced (as illustthin Fig. 14). To
correctly compare the energy consumptions far fribi resonant frequency, it is
necessary to take into account the active energyswuptions of all the electrical
distribution chains, i.e., from the production stefgthe buzzer consumption. By correctly
calculating the total energy consumption, it isgoie that the final energy consumption

under nonlinear control can be lower than with sileed control.
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All the energy consumptions of the direct and noedr control are resumed in Tab. 2.

Energy (j) at the amplifier output
freg Direct control .
Hz) with internal resistor WWithout internal res istor Nonlinear control
sUU 00154 00023 0.06
At constant 900 0,006 0,002 0,0236
displacement 1000 0,0015 0,0013 0,0013
1100 0.0057 0.0015 0,0236
1200 0,02 00011 0,097
500 1,62E-05 0.00015 0.00068
At constant 900 5,70E-05 0.0002 0.00068
anplifer vaftace | 1000 00045 00045 0,003
1100 4 30E-05 0.00016 0,000753
1200 9,03E-06 0.000714 0,000718
[ Close to the resonant frequency

[ |Far from the resonant frequency
Tab. 2 —Comparison of energy

consumption between direct control and nonlineatrol.

CONCLUSIONS

This paper proposes a new nonlinear control lawintmease the energy transfer
performances of piezoelectric transducers. Thenigake is based on a periodic switching
of the piezoelement to an electrical network. Thjgproach is independent of the
electromechanical structure characteristics, thilmveng very large frequency band
operations and a good robustness under environhuraages.

The proposed control law presents a very simple ncand that can be easily
implemented. The proposed solution consists ofodisecting the voltage source and
replacing it by a passive electrical network. Théching periods are chosen in order to
annihilate the reactive energy supplied by theag#tsource and to decrease the active
power. Suppressing reactive energy is particulentigresting for the design of compact
and efficient power supplies.

Experimental measurements have been carried adittate the efficient suppression of
the reactive energy by the nonlinear method. Near¢sonant frequency, experimental
results confirmed that the use of the nonlineahnege enabled a high reduction of the

energy consumption close to the resonant frequéamyal operating frequency). Indeed,



close to the resonant frequency, the active enisrgyvided by two and the mechanical
performances are maintained.

Although the nonlinear technique may not have aiaant impact on the behavior of
closed-loop systems as it only assists the powgplguthe effect of the nonlinearities on

such plants may be further investigated in futdueliss.
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