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ABSTRACT: 

 

Applications of piezoelectric actuators have increased dramatically during the past 

decades. However, the capacitive nature of such devices makes their use delicate, 

especially in terms of power supply, as the instantaneous power may be much greater 

than the average effective power. The present paper places particular focus on the 

description of a nonlinear technique for piezoelectric actuator control. This technique 

enables to significantly increase the energy transfer efficiency of the device by reducing 

the reactive part of the power. Such an approach has the inverse effect of the well-known 

Synchronized Switch Damping (SSD) technique developed to reduce vibrations in smart 

structures. The proposed solution consists in disconnecting the driving voltage source 

from the piezoelectric element and switching the system to a passive electrical network at 

each occurrence of a voltage extremum. This switching strategy is designed to annihilate 

the reactive energy supplied by the voltage source and to decrease the active energy while 

ensuring a constant output power. Suppressing the reactive energy is particularly 

interesting for limiting the dimensions and energy requirements of power supplies. 

Compared to classical methods, the direct supply of both simulations and experimental 

validations has demonstrated the effectiveness of the proposed technique for eliminating 

all of the reactive energy and reducing the active power at frequencies close to the 

resonant one, while maintaining similar mechanical performances.   
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INTRODUCTION 

 

The interest in ferroelectric properties, materials and devices has been considerable over 

the last 20 years. Reactive power and power factor correction have recently been the 

subject of numerous investigations [1]-[6]. Due to their specific electromechanical 

properties, piezoelectric materials are widely used as sensors and actuators. Piezoelectric 

ceramics are the dominant transduction materials in sonar and ultrasonic applications. 

The analysis of the power limitations of transducers has been discussed by Woollett [7]-

[8] and Berlincourt [9]. There are three types of limitations: 

_ The mechanical limits are caused by different factors such as fracture in the case of 

ceramic transducers, or metal fatigue. 

_ The thermal limit is the consequence of energy dissipation. The thermally limited 

power output not only depends on the dielectric losses but also on the mechanical losses 

and the heat transfer design of the transducer. 

_ The electrical limits are essentially related to the active material, and involve insulation 

breakdown or depolarization of the materials resulting from ferroelectric nonlinearities.  

In addition to all these limitations, others originate from the electrical power supply. 

Because of the capacitive behavior of piezoceramic transducers, power amplifiers always 

need to supply high levels of reactive power, or equivalently high power peaks compared 

to average power, leading to an overdesign of power amplifiers by piezoceramic 

transducer manufacturers.  

In a simple alternating current (AC) circuit consisting of a source and a linear load, both 

the current and voltage are sinusoidal. If the load is purely resistive, the two quantities 

reverse their polarity at the same time. At every instant, the product of voltage and 

current is positive, indicating that the direction of energy flow is not reversed. In this 

case, only real power is transferred.  

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



For half of each cycle, the product of voltage and current is positive, but on the other half 

of the cycle, the product is negative, indicating that on average, exactly as much energy 

flows toward the load as back from it. There is no net energy flow over one cycle. In this 

case, there is only a flow of reactive energy and there is no net transfer of energy load. 

Practical loads have resistance, inductance, and capacitance, so both real and reactive 

powers will flow to read loads (Fig. 1a). Power engineers measure apparent power as the 

magnitude of the vector sum of real and reactive powers. The apparent power is the 

product of the root-mean-square of voltage and current. 

Engineers use the following terms to describe energy flow 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 (S ) (absolute value of complex power S: volt-ampere (VA). 

 

 

 

 

 

 

 
Fig. 1a – Vector scheme of complex power. 

This study presents the development of a new nonlinear technique for controlling 

piezoelectric transducers which enables to decrease this reactive energy and increase the 

energy transfer performance in the system.  

The technique is based on recent developments in the fields of vibration control and 



energy harvesting [10]-[16]. Semi-active vibration control techniques through nonlinear 

treatments have experienced significant progress over the last years, due to their 

effectiveness and advantages compared to passive and active approaches. In particular, 

the so-called Synchronized Switch Damping (SSD) technique permits a very effective 

reduction of the vibrations thanks to an artificial increase of the coupling coefficient 

caused by a particular nonlinear processing of the voltage output of the piezoelectric 

transducer [17]-[19]. This nonlinear approach consists in connecting the active material 

to an electric network for a brief time period. This connection leads to an inversion of the 

piezovoltage which induces a cumulative effect. It magnifies the voltage magnitude while 

shifting also this voltage, yielding a significant increase of the energy conversion 

abilities.  

This paper presents an inverse approach of the SSD technique. The objective of this study 

was to increase the piezoelectric actuator performances. A nonlinear treatment of the 

electrical actuator suppliers enables to notably reduce the energy consumption without 

significantly modifying the mechanical characteristics. The first priority of this study was 

to minimize the reactive energy and the high instantaneous power usually required for 

actuating the device. A marked decrease of this energy leads to a high reduction of the 

electrical currents provided by power amplifiers. The consequences of such reductions 

involve new opportunities for designing ultra-compact, low-cost power amplifiers for 

piezoceramic actuators.  

The second priority of the study was to decrease the required active power close to the 

resonant frequency (where piezoelectric actuators are classically used). By enhancing the 

energy exchange in the system, higher performances can be obtained with existing 

actuators, and new actuators of reduced dimensions can be developed to accomplish 

identical operations. To render possible the most extensive use of this new technique, the 

nonlinear treatment must be simple, easily transferable and based on a reduced number of 
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components. 

This paper is organized in three parts. First, the objectives, principles and theoretical 

performances of the nonlinear driving approach are exposed in Section 2. Section 3 then 

provides an experimental investigation aiming at validating the proposed concept. 

Finally, Section 4 concludes the study.  

 

 
II. BASIC THEORY AND MODELING 
 
II.1 Smart structure modeling 
 

Lumped model analysis of smart structures has received considerable attention since the 

seventies, and the formulation presented by Alik and Hughes [20], based on the 

variational principle, is widely referenced. For simplicity, the model used in this paper 

involves one piezoelectric element and has one degree of freedom. Indeed, a mechanical 

model based on only one degree of freedom gives a good description of the vibrating 

structure behavior near one of its resonant frequencies. Close to one of the resonant 

frequencies, the dynamic behavior and governing equations of the structure can therefore 

be written as: 

EMu Cu K u Vα+ + = −ɺɺ ɺ             (1)  

0I u C Vα= − ɺɺ                          (2) 

where u is the displacement of the structure; M, C and KE are, respectively, the mass, 

damping and stiffness when the piezoelectric element is short-circuited; α is the  

electromechanical coupling coefficient; V is the piezoelectric element voltage; I is the 

piezoelectric element current; and C0 is the clamped capacitance.  

In an open circuit, the current is null, therefore Eq. (2) becomes: 

 

                                    (3) 



II.2 Basic theory of the nonlinear piezoelectric control  

 

The aim of the nonlinear piezoelectric actuator control is to create a driving effect 

without any knowledge of the structure characteristics. The method consists of 

disconnecting the piezoelement from the driving source when the latter reaches a 

maximal or minimal value (Sw1), while switching it to an inductor (Sw2 – Fig. 2), 

therefore forming a resonant electrical network. This switching operation is repeated each 

half period, where the switch is closed during half of the pseudo-period of the electrical 

oscillating network. The switching time instants are precisely defined so as to minimize 

the reactive energy provided by the power amplifier and to maximize the relative active 

energy conversion. The resonant electrical network is constituted by an inductance L 

connected in series with the digital switch.  

 

 

 

 

 

 
Fig. 2a – Experimental structure. 

 

 

 

 

 
 

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



The description of the process starts with the following initial conditions: 

 _ The voltage source value is zero. 

 _ The equivalent capacitor of the piezoelectric element is unloaded. 

First, when the driving voltage is increasing but still lower than its maximum value, the 

electric source is connected to the piezoelectric element (sw1 closed, sw2 open), and 

energy is transferred from the electric power supply to the electromechanical converter. 

The associated electric circuit is displayed in Fig.3.  

 

 

 

 
Fig. 3 – Electrical circuit for the first step of the process. 

The constitutive equations during this process are thus given as: 

                                                                                                                                           (5)                 

                    (6) 

When the electrical source reaches a maximum (or a minimum) value, sw1 is open and 

sw2 is closed. The piezoelectric element is then connected to the electrical network 

(constituted by the actuator and the inductance L - whose internal resistance is given by r 

- in series with the digital switch sw2), shaping a resonant network because of the 

capacitive behavior of the piezoelectric material. 

 

 

 

 
Fig. 4 – Electrical circuit for the second step of the process. 

In this case, the constitutive equations become: 

. . . .M u C u K u Vα+ + = −ɺɺ ɺ

.I q uα= −ɺ ɺ



.indI q uα= −ɺ ɺ

. . . .
2 2 2 2

2

0 0 0 0

. . . . . . . . . .

T T T T

M u u dt C u dt K u u dt V dt

σ σ σ σ

α+ + = −∫ ∫ ∫ ∫ɺɺ ɺ ɺ ɺ

. . .
2 2 2

0 0 0

. . . . . . .

T T T

I V dt qV dt uV dt

σ σ σ

α= −∫ ∫ ∫ɺ ɺ

1 2

0; ;
2 2 2 2

1; 0

T T T T
t

sw sw

σ σ   ∈ ∪ +      

= = 1 2

; ;
2 2 2 2

0; 1

T T T T
t T

sw sw

σ σ   ∈ ∪ +      

= =

                                                                                                                                           (7) 

                                                                                                                                           (8) 

         (9) 

     

The electrical circuit remains in this configuration as long as the piezoelectric element 

voltage is different from that of the source. When the two voltages are equal, the switches 

return to their initial conditions (sw1 closed, sw2 open), and a new cycle begins. 

  
II.3 Energy transfers of the nonlinear control technique 

 

The main objective of the nonlinear technique is to provide an equivalent mechanical 

effect with a reduced consumption of active power and a full suppression of the reactive 

power at working frequencies close to the resonant one. During the first phase of the 

process, the energy transfers can be described with the following equations: 

 

                                                                                                                                         (10) 

 

                                                                                                                                         (11) 

 

 

Here, is the kinetic energy, the mechanical losses, and    

 

the potential energy. Moreover, T is the voltage source period and σ is the duty cycle 

defined as: 
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is the electrical energy provided by the power amplifier. Identical equations have  

 

been established for the second phase of the process yielding: 

 

                                                                                                                                         (12) 

 

 

                                                                                                                                         (13) 

   

 
Finally, during an entire semi-excitation period, the energy supplied by the electric 

amplifier is given by: 

                                                                                                                                         (14) 

 

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

 
A complete switching process model has been developed using the previous constitutive 

equations. The test structure employed in the simulation is similar to the experimental 

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

support, as shown in Fig. 5. 

 

 

 

Fig. 5 – Piezoelectric buzzer. 
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The nonlinear technique is modeled using the previous equations. The simulation time 

step has been set sufficiently low so as not to lose information. A laboratory-developed 

Runge Kuntta 4 (RK4) algorithm is implemented in Matlab in order to assess the 

performance of the technique through simulations.  

The piezoelectric parameters of the actuator have been characterized and are summarized 

in Tab.1. 

 

 

 

 

Tab. 1 – Identification of the experimental parameters. 

Fig. 6 shows the voltage evolutions. When the source voltage is different from that of the 

piezo, the buzzer is connected to the inductance. This figure illustrates the piezoceramic 

voltage variations during the different steps of the process. The inductor value sets the 

frequency of the piezoceramic voltage inversion when it is disconnected from the voltage 

source. By adjusting this frequency, the power consumption by the actuator can be 

optimized.  

Other losses, for instance switching losses, may be neglected compared to those of the 

inductor. For instance, for a typical gate-source input capacitance of 25 pF with a driving 

frequency of 1 kHz and a gate voltage of 12 V, the corresponding power consumption 

would be 3.6 µW. On the other hand, the resistive losses in the switching branch would 

be 474 µW for a 10 V input voltage, with a piezocapacitance of 30 nF, an inductance 

value of 100 mH and a series resistance of the switching branch of 100 Ω.  

Dynamic mass M 1.10-3 Kg 

Structural damping coefficient C 0.02 N s m-1 

Open circuit stiffness KD 1.103 N m-1 

Force factor α -1.10-3N V-1 

Clamped capacitance C0 30 nF 

Coupling factor 0.18 



In addition, the drain-source capacitor may also be neglected compared to the 

piezoelement capacitance, although it may generate high frequency oscillations (which 

are however not prejudicial for the system) when the switch is turned on and off. The 

inductor value has been set in order to match the half period of the resonant instant (when 

the piezo voltage reaches its maximum) with the instant where the voltage of the source 

and of the piezo are equal. The objective is to minimize the energy losses, which appear 

at the disconnecting time of the inductor. This minimization corresponds to a 

minimization of the energy consumption, which is the objective. In the case of the 

piezoelectric buzzer actuator, the capacitance of the piezo-element is close to 30 nF. The 

best performances are obtained with an inductor value of 240 mH. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 – Simulation plot of the circuit voltages. 
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The second set of simulation results are displayed in Fig.7. Fig.7.a shows the variation of 

current through the clamped capacitance of the piezoelectric actuator versus time, with a 

dashed line for the case without control and solid grey for the case with a control process. 

We can here observe the discontinuities caused by the commutation. Fig.7.b exhibits the 

generator current, Fig.7.c the source voltage and Fig.7.d the buzzer displacement. By 

comparing Fig.7.b and 7.c, we can confirm that the generator current and its voltage 

always have the same sign hence preventing reactive energy in the system, which is not 

true in the case without control. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 – Simulation results. 

Fig.8 displays the instantaneous power provided by the amplifier. This plot confirms the 

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

c d 

a 
b 



always positive. 

 

 

 

 

 

 

 

 

Fig. 8 – Simulation results. 

 
III. EXPERIMENTAL RESULTS 
 
III.1 Experimental setup 
 
 
An overview of the experimental setup is shown in Fig. 9a, in which the experimental 

sample is the circular piezoelectric buzzer described previously. The monitoring of the 

device center displacement is performed by means of an optical laser vibrometer (Polytec 

OFV 5000 vibrometer controller), the piezoelectric buzzer is driven by a frequency 

generator (Agilent 33220 A), and MOSFET transistors (2N7000) have been used for the 

switching device. All measuring signals (from the piezoelectric element and vibrometer) 

are simply monitored using an oscilloscope (Agilent DSO7034A). The signal processing 

for the command and switch control is performed by a Dspace digital/analog real time 

controller. The simulink schemes are displayed in the Fig. 9b.  

 

 



 

 

 

 

 

 
Fig. 9.a – Experimental test structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.b – Simulink schemes of the switches control. 

Furthermore, floating switches have been developed especially to electrically disconnect 

the switch command from the generator as well as connecting the material to the 

inversion branch. The electronic specifications of the switches are detailed in Fig. 9c: 
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Fig. 9.c – Electronic scheme of implemented switches. 

 

III.2 Experimental results 

 

Fig. 10 presents the first experimental curves of the voltage versus time. The analysis of 

this figure leads to the conclusion that the control of the switching is correctly done, and 

that the driving time of the piezoelectric element by the source supplier is similar to the 

simulated one. The amplifier remains disconnected during almost half the voltage source 

period which justifies the reduction of the power consumption. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 
Fig. 10 – Experimental variations of the circuit voltages. 

Fig. 11 shows the instantaneous power provided by the voltage source. We confirm here 

that, as observed for the simulations, this curve is always positive and that all reactive 

components of the power have been suppressed. Fig. 11 exhibits a small resonant 

behavior at the switching instant, probably due to the parasitic capacitance of the 

transistor. 

 

 

 

 

 

 

 

 

 
Fig. 11 – Experimental test structure. 



Fig. 12 shows the experimental and simulated energies supplied by the amplifier versus 

frequency. In particular, we notice that the nonlinear technique significantly reduces the 

energy consumption at frequencies close to the resonant one. This observation is however 

not true for the remaining spectrum where this tendency is inversed (i.e., the energy 

consumption with switch control is higher than the energy consumption without switch 

control). In Fig. 12.A and 13.A, the damping coefficient C is equal to 0.02, while it is 

equal to 0.05 in Fig. 12.B and 13.B. By increasing this coefficient, we increase the 

mechanical load of the piezoelectric buzzer, which corresponds to a shift of the resonant 

frequency (to low frequencies) and an enlargement of the peak. The damping coefficient 

can be modified experimentally by changing the piezo-actuator environment. 

 

 

 

 

 

 

 
Fig. 12 – Source energy versus frequency (A - C=0.05; B - C=0.02). 

Fig. 13 shows the experimental and the simulated variations of the maximum 

displacement versus the frequency with and without the use of the nonlinear technique 

for the same frequency bandwidth.  
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Fig. 13 – Displacement versus frequency (A - C=0.05; B - C=0.02). 

We can notice here that the displacement is almost similar, which means that the 

electromechanical properties of the buzzer are not significantly modified by the nonlinear 

control technique. 

The energy consumption at the power amplifier output has been calculated in simulation 

by integrating a hundred periods of the instantaneous power. This instantaneous power is 

taken as the product of the amplifier voltage and the electrical current. Far from the 

resonant frequency, the energy consumption measured at the power amplifier output 

clearly becomes higher when using the nonlinear control technique. This difference is 

mainly due to the pure capacitive behavior of the piezoceramic. It is also due to the 

switching losses, which appear in the control process, and to the resistance of the 

inductance.  

Without nonlinear control, the instantaneous energy exhibits an average value close to 

zero. By taking into account the internal resistor consumption of the power amplifier 

(whose value is 50Ω), this difference is clearly reduced (as illustrated in Fig. 14). To 

correctly compare the energy consumptions far from the resonant frequency, it is 

necessary to take into account the active energy consumptions of all the electrical 

distribution chains, i.e., from the production step to the buzzer consumption. By correctly 

calculating the total energy consumption, it is possible that the final energy consumption 

under nonlinear control can be lower than with classical control.    

A B 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 14 – Influence of the amplifier internal resistor on the energy consumption (A - at 

constant displacement B - at constant amplifier voltage). 
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All the energy consumptions of the direct and nonlinear control are resumed in Tab. 2. 

 

Tab. 2 – Comparison of energy 

 consumption between direct control and nonlinear control. 

CONCLUSIONS 

 

This paper proposes a new nonlinear control law to increase the energy transfer 

performances of piezoelectric transducers. The technique is based on a periodic switching 

of the piezoelement to an electrical network. This approach is independent of the 

electromechanical structure characteristics, thus allowing very large frequency band 

operations and a good robustness under environmental changes.  

The proposed control law presents a very simple command that can be easily 

implemented. The proposed solution consists of disconnecting the voltage source and 

replacing it by a passive electrical network. The switching periods are chosen in order to 

annihilate the reactive energy supplied by the voltage source and to decrease the active 

power. Suppressing reactive energy is particularly interesting for the design of compact 

and efficient power supplies.  

Experimental measurements have been carried out to validate the efficient suppression of 

the reactive energy by the nonlinear method. Near the resonant frequency, experimental 

results confirmed that the use of the nonlinear technique enabled a high reduction of the 

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



close to the resonant frequency, the active energy is divided by two and the mechanical 

performances are maintained.  

Although the nonlinear technique may not have a significant impact on the behavior of 

closed-loop systems as it only assists the power supply, the effect of the nonlinearities on 

such plants may be further investigated in future studies. 
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