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Abstract—Piezoelectric actuators are used successfully to
enable locomotion of micro-robot such as micro air vehicle with
flapping wings. However, the use of piezoelectric actuators
presents a major challenge for power electronic design: the input
capacitance of such devices makes their use delicate because the
instantaneous power may be much greater than the average
effective power. Due to this challenge, conventional drive circuits,
especially inductor, become too bulky or inefficient in low mass
applications. This work describes a converter suitable to drive
this kind of actuators with low inductor. Moreover the converter
provides for recovery of the energy stored on the actuator
capacitance back to the primary power supply when the actuator
is not supply. The proposed converter is a DC/AC structure,
which is capable of producing a square unipolar AC voltage. In
our design, an auxiliary shunt circuits are connected to the
actuator. Signal flow graph modeling, analysis and design of such
a scheme is presented. Experimental validations have
demonstrated the effectiveness of the proposed technique for
recovery energy.
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L INTRODUCTION

In recent years, a number of actuation methods are
proposed or implemented in a micromechanical flapping insect,
including piezoelectric [1], electrostatic [2] and dielectric
elastomers [3]. It was shown that the piezoelectric actuator
could promise the requirements of strict lightweight and high
power density. Therefore, several robotic insects adopted the
piezoelectric actuator, such as the robotic insects developed in
our project “ANR EVA” (Fig. 1) and “Harvard Micro-robot
Fly” [4] which is the first robot with flapping wings to get off
with an external power supply. For biomimetic locomotion
applications (e.g., flying, walking, or jumping), the overall size
and weight are limited. Thus, there are critical limitations on
the actuator and it’s driving electronics. To produce a
mechanical actuation, piezoelectric element requires a high
electric field, so the high voltages ranging from ten to several
hundred volts are wusually required [5-10]. Different
piezoelectric actuators were available: thick PZT (Ferroperm
Piezoceramics), PZT fibers composite (Smart Material) and
Thunder® (Face International). There were already several
comparative studies of these actuators [11-14]. Due to the
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clamped capacitance, the piezoelectric devices are absorbing
reactive energy. Accordingly, power converters always need to
supply high levels of reactive power, or equivalently high
power peaks compared to average power, leading to an
overdesign of power converters, especially the magnetic
component like inductor. Therefore, power factor optimization
has recently been the subject of numerous investigations [15-
20]. In other hand, to avoid an overdesign of power converters
due to the switching losses a zero-voltage-switching (ZVS)
technique can be introduced [21]. But, to achieve the ZVS
condition, a bulky inductor or an inductive matching network is
typically required in the driving circuit [22]. However, the
added magnetic component sacrifices the size and the weight
of the converter. Although an inductor-less half-bridge circuit
is possible [23], it only exists in a narrow bandwidth near the
resonance frequency of the piezoelectric element. Therefore, to
overcome these drawbacks and to recovery energy stored in the
clamped piezoelectric capacitance, in this paper, an auxiliary
shunt circuit is added at the half-bridge which enables us to
decrease the reactive energy and the overall size of the power
converter. The auxiliary shunt circuit includes a diode, a switch
and a small inductor. The inductance is not in the path of the
major power flow, thus it is not designed with piezoelectric
drive frequency. The auxiliary circuit included the return of the
electrical energy stored in the piezoelectric actuator
capacitance back to the primary power supply when the
actuator is turned off. The energy recovery was accomplished
with high efficiency by using the resonance between the
capacitance of the actuator and an external inductor. This
switching shunt technique consists in connecting the
piezoelectric actuator to the shunt circuit for a brief time
period. This connection leads to a smooth inversion of the
piezoelectric voltage, which induces an energy transfer from
capacitance to supply source. The consequences of such size
reductions involve new opportunities for designing ultra
compact, low-cost wide bandwidth power amplifiers for
piezoelectric actuators in a micro-robot application.

The paper is organized as follow: the second section
summarizes the electrical behavior and drive requirements of
the actuators. In section 3 and 4, the circuit topologies suitable
for driving the high-voltage actuator in micro robotic



applications by using a voltage supply are presented. Finally,
the last section concludes the paper.

II.  PIEZOELECTRIC ACTUATOR MODEL

The piezoelectric actuator Thunder® provided by the
company Face International Corp, is used in this work. The
actuator consists of a thin layer of piezoelectric ceramic PZT
bonded to an electrically conductive substrate and a layer of
epoxy. The actuator is pre-stress, such that the piezoelectric
ceramic is in a state of compression and the substrate is in a
state of tension. The actuation of the Thunder is produced in
bending mode induced by the applied voltage. However, the
actuation displacement reaches only a few millimeters even
when it is operated as its natural frequency. The limited
displacement of the actuator is amplified by a mechanical
system, which also transforms the bending motion of the
actuator into a large wing flapping. In order to obtain an insect
flight with flapping wings including aerodynamics, structural
dynamics and control consideration, the two wings are drive
separately, and two Thunders are used. The piezoelectric
actuators were driven at the first resonant frequency (about
100 Hz).

Fig. 1. Piezoelectric actuators Thunder for flapping wings (CEA LETTI)

Smart structures, as piezoelectric actuator, is usually
analyzed by a lumped model based on the variational principle.
This model received considerable attention since the 1970s,
and the formulation presented by Alik et al. 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 equations (1) and (2).

Mii+ D+ KEfu+ aVp =0 (D)
I =au—CpVp )

where M is the mass, D is the damping coefficient, the spring
coefficient K" is the device stiffness, a is force-voltage
coupling factor, / is outgoing current generated from the
piezoelectric element, Cp is clamped capacitance of the
piezoelectric element and u is displacement of the system.

The electric equivalent circuit of the actuator is shown in
Figure 2. The circuit consists of a static part, which is
represented by the clamped capacitance Cp, and a resonant
branch which is corresponding to the first mechanical
vibration mode. In the resonant branch, inductor L., resistor

R, and capacitor C, are equivalent to the mass, the
mechanical damping, and the stiffness of the first vibration
mode respectively. The current i, flowing in the mechanical
resonant branch is equivalent to the vibration velocity of the
actuating structure. The dielectric losses are neglected.

TABLE L THUNDER ACTUATOR DIMENSIONS
Mass Footprint Thickness
21¢g 63.25 mm x 13.12 mm 0.43 mm
M 1/KE D
a:1
o— W]
Co P
Yo| == m
o

Fig. 2. Equivalent circuit of the piezoelectric actuator

The piezoelectric parameters of the actuator have been
characterized and are summarized in Table 2.

TABLE IL MODEL PARAMETERS
Symbol Description Value (unit)
fen Short circuit resonant frequency 100.6 Hz
Jop Open circuit resonant frequency 100.77 Hz
KE Equivalent sti.ffne.ss when short 1/0.0028
circuit

M Mass 12.10° kg
D Damping coefficient 0.01

o Force-voltage factor 0.004 N/V
K2 Coupling factor 0.0037

The main objective of the proposed technique is to reduce
consumption of reactive power, to optimize the active power
and a full suppression of the reactive power at all working
frequencies including close to the resonant one. The energy
transferred to the piezoelectric actuator can be described with
the following equations:

T T . T, . T .
J, Mitudt + [ Dutdt + [ Kutudt + [ avpudt =0 (3)
Jy tpvpdt = [ avpiidt — [ Cpvpvpdt @)

where fOT Miiudt is the kinetic energy during one period,
fOT Kuudt is the potential energy, fOTDuzdt is the mechanical

energy, fOT ipvpdt is the electrical energy provided by the

power amplifier. Accordingly, the active power is:

1 ,T.
P =2[lipvpdt (5)




For the equation (4), | OT avpudt is the energy transferred in

mechanical part and fOT Cpvpvpdt is the energy stored in the
clamped capacitance Cp. This energy in capacitance Cp is a
reactive energy that must be managed and recovery back to the
primary source when actuator is not supply to avoid to oversize
the power supply.

II. POWER SUPPLY WITH ENERGY RECOVERY

Owing to the clamped capacitor C,, in addition of the high
levels of reactive power, a square driving signal will generate
large losses in the switches. Therefore, a series or parallel
inductor is typically added to the piezoelectric actuator to
ensure the ZVS condition in the power stage, but the inductor
is bulky in low frequency application (around hundred henry)
and too heavy for flying micro-robot application. Accordingly,
the circuit topology is proposed to limited reactive energy
without any bulk inductor. The circuit topology is shown in
Figure 3. There are four n-channel power MOSFETSs switches
Ky, K> Sy and S,. The switches K and K, are operated as a half-
bridge circuit, and their parasitic capacitors are denoted by Ck;
and Ck, respectively. The actuator with input capacitance Cp is
connected to the middle point of the switches K| and K,. The
half-bridge switches generate a trapezoidal waveform of the
voltage v, applied to the input terminal of the actuator. The
input voltage v, excites the mechanical vibration and induces
the input current i,. This input current i, is the sum of the
virtually mechanical current i, of the actuator that is equivalent
to the vibration velocity and the charging and discharging
current of the capacitance Cp. Switches S, S, and inductor L
are also connected to the input terminal of the actuator. These
shunt circuit is only switched-on during the dead time of the
half-bridge (switches K; and K;). In practice, inductor L is
small, so there is no bulk inductor in the implemented circuit.
For simplicity, there are some assumptions for the
understanding of this circuit: the parasitic capacitors of
switches S; and S, are neglected, as they do not influence the
waveforms mainly leaded by the capacitance of the actuator.

iSI Shunt circuit
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Fig. 3. Circuit topology of DC/AC proposed converter
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Fig. 4. Theoretical waveforms

A. Principle of operation

The ideal key-waveforms of the driving circuit operating at
resonance frequency of actuator presented in Figure 4 are used
to explain the principle of operation. The circuit operation is
mainly categorized into six steps.

Step 1 [ty<t<t,] Figure 5-a: The high-side switch S; is ON
and the switches K, K, and S, are OFF. The capacitor C, is
charged through the inductor L. It should be noted that
capacitor C, contribute to the resonance with inductor L in this
step. Voltage v, increases sinusoidally until reaching Vpc and
the current in inductor L increases until reaching Vj.+/Cp /L. If
the charging time during the period is not large enough,
capacitor C, cannot be fully charged to Vpc and the high-side
switch K, cannot be turned ON at zero voltage in the following
step. Therefore, this step must be larger than the period of
resonance between L and capacitance Cp:

_m
tl_to—;

LCp (6)
which is a quarter of the resonant period of the L-Cp series
resonant circuit. According to Eq. (6), a small inductance is
required with the small time interval (t;-ty) under the given
capacitances. This is the underlying reason why we can adopt
a small value inductance. This step is over when capacitor
voltage reaches Vpc, diode D; automatically turns on and
keeps the voltage across the capacitor at Vpc.

Step 2. [tI<t<t2] Figure 5-b: During this step, switch S is
still ON and the switches K, K, and S, are still OFF. The input
voltage v, is equal to Vpc. During this period, the body diode
D, of switch K, is forward bias in order to support constant
current i;. The current in the inductor L will free wheel around
the S;-L-D; loop. This step is over until switch K, is turned ON
and S is turned OFF.

Step 3. [t2<t<t3] Figure 5-c: The high-side switch K, is ON
and the low-side switch K, is OFF. The shunt circuits S; and
S, are both OFF. During this period, the body diode of
switches K, and S, are forward bias in order to support current



i; flowing back to power supply decreasing in time at a rate
di . .
Ld—; = Vpe. The energy stored in the inductor L can be

recovered to the power supply. In the same time, the
sinusoidal mechanical current i, is flowing through the switch
K, and the actuator.

Step 4. [t;<t<t,] Figure 5-d: The high-side switch K is
OFF and the low-side switch S, is ON. The capacitor C,, is
charged through the inductor L. The discharge time is a quarter
of the resonance period of the L-Cp resonance circuit. This step
is over when capacitor voltage reaches 0, body diode D, of
switches K, automatically turns on. It is similar as step 1.

Step 5. [t,<t<ts] Figure 5-e: During this step, switches S,
are still OFF. During this period, the body diode D, of switch
K, is forward bias in order to support current ir. The current in
the inductor L will free wheel around the S,-L-D, loop. This
step is over until switch K; is turned ON and S, is turned OFF.
It is similar as step 2.

Step 6. [ts<t<ty] Figure 5-f: The high-side switch K, is OFF
and the low-side switch K, is ON. The shunt circuits S; and S,
are both OFF. During this period, the body diode of switches
K, and S, are forward bias in order to support current i
flowing back to power supply, decreasing in time at a rate

L% = Vpe. The energy stored in the inductor L can be

recovered to the power supply. In the same time, the
sinusoidal mechanical current i, is flowing through the switch
K, and the actuator.

Shunt circuit

Voc—

is) isi
S i !

siF K35l S
A 1 S
LL L‘T,’T,—,‘Ll P, ) € LLL ”ft—..".'!‘»—‘l L.

="
| i iy I,
sl }

Voc=T

Fig. 5. Equivalent circuits of proposed DC/AC converter in different steps
(a) Step 1 [to-t;] (b) Step 2 [ti-to] (c) Step 3 [to-t3] (d) Step 4 [ts-ts] (e) Step 5
[ts-ts] () Step 6 [ts-to]

In brief summary, the main power switches K; and K, are
turned ON in steps 3 and 6 respectively. During the other steps,
switches K; and K, are both OFF, which are the dead time in
the half-bridge circuit. In steps 1 and 4 the capacitor of the
actuator is resonantly charged or discharged by the shunt
circuits through the inductor. Once they are achieved, the
currents in the inductor of the shunt circuit are recovered in
steps 3 and 6.

B. Optimal value of inductor

To optimize the reactive energy in the system which
decrease the input power source and in the same time to
decrease the size of the inductors the amplitude of the input
current must be limited. In other words, the amplitude of
current in auxiliary shunt circuits must be the same than the
fundamental current at resonance of piezoelectric actuator.

The amplitude of current in auxiliary shunt circuit is given by

the resonance between L and C,, I¢%* = Vj,/Cp/L. At the
resonance the power supplied by the amplifier is given by:

M
p . — yRMs[RMS _ 2VDc Ip % )
piezo P1 P w2 V2

Where VRMS and IEMS is the RMS value of the fundamental of
the voltage v, and the RMS value of the piezoelectric
mechanical current at the resonance respectively. IY%* is the
magnitude of the mechanical current at the resonance. Ppic,, is
the active power at the input of the piezoelectric actuator
P 2V3ca?
piezo Rpm?
magnitude of the current in auxiliary circuit is equal to
magnitude of the mechanical current at the resonance.

The optimal inductor is obtained when the

Cp
202 )2
Rmm

IV. EXPERIMENTAL RESULTS

L= ®)

The experimental setup is shown in Figure 6, in which the
tested piezoelectric actuator is Thunder TH-8R from company
FACE. The signal processing to generate pulse to drive the
switches is performed by two monostables and two xor
(Figure 6). All measuring signals are simply monitored using
an oscilloscope. The following specifications and components
were adopted in our experiment: Vpc= 75 V; the four switches
K, K, S1 and S;: IRF 640; constant dead time, i.e. (t, —tg) and
(ts—t3): 0.15 ms. The inductor value has been set in order to
limit the spike current during quarter-period of the resonant
instant (when the piezoelectric voltage changes from 0 to Vpc
and from Vpc to 0) using equation (8). The objective is to
minimize the apparent power, which appear when the
piezoelectric clamped capacitance is charging or discharging.
In the case of the piezoelectric actuator Thunder, the clamped
capacitance of the piezoelectric layer is close to 25 nF. The
good performances are obtained with an inductor value of
20 mH. All component values are shown in table 3.
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Fig. 6. Signal processing to drive switches

TABLE IIL COMPONENT VALUES
Symbol Description Value (unit)
K, Ky, S1, S Transistors MOSFET IRF 640
L Inductor 20 mH
Vpe Input voltage 75V
Cp Piezoelement capacitance 25 nF
t3-to Dead time 0.15 ms
Monostable 4538
XOR 4070
MOS Driver IRF 2108

Figure 7 shows the picture of the converter. Figures 8 to 11
show the experimental waveforms of S; and S, driving signals,
piezoelectric voltage v,, inductor current i;, and piezoelectric
current ip at the mechanical resonance 100.6 Hz. It can be seen
that the experimental waveforms are in excellent agreement
with the theoretical and simulation predictions. We have tested
the converter with frequency range from 10 Hz to 500 Hz and a
constant dead time, i.e. 0.15 ms. The experimental results have
verified that the proposed circuit can recover energy in a wide
bandwidth without the use of a bulky inductor and thanks to a
minor complication of the circuit with ancillary low losses
semiconductors. The analysis of these figures leads to conclude
that the auxiliary circuits, during dead time, charge and
discharge the clamped capacitance trough inductor, which
justifies the reduction of the power consumption.

Fig. 7. Picture of the proposed DC/AC converter

[‘L — S, drive Silgnal

+
o . 3 m
_ﬂ o~ Sidrive signal | |
- _
[ "P
/
‘_-__J o oo o ]
R
. .

Fig. 8. Experimental waveforms: S, drive signal (10 V/div), S; drive signal
(10 V/div), voltage vp (50V/div) and current i, (100 mA/div)

Fig. 9. Experimental waveforms: S; drive signal (10 V/div), voltage vp
(50V/div) and current i, (50 mA/div)

Fig. 10. Experimental waveforms: voltage vp (20V/div) and current i_
(50 mA/div)

Figure 11 shows the experimental active power versus
frequency. The maximum power transmitted at the resonance is
390 mW. We notice that the power converter with recovery



technique can provide enough active power and minimize the
reactive power.
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Fig. 11. Experimental output power

V. CONCLUSION

A new circuit for driving a piezoelectric actuator with
square waveforms has been presented analytically and verified
experimentally and includes recovery of the electrical energy
stored in the capacitance of the actuator back to the primary
power supply. A shunt circuit with small inductor is connected
to the input terminal of the actuator in order to transfer energy
from piezoelectric clamped capacitance to power supply during
when the actuator is turned off. The proposed control law is
very simple and can be easily implemented. During the dead
time of the main switches, the capacitor of the actuator is
resonantly charged or discharged by the shunt circuits through
the inductor. This approach is independent of the piezoelectric
characteristics, thus allowing very large frequency range
operation. Since the recovery energy can be achieved without
any bulky inductor, the proposed circuit may be significantly
smaller, which could be an advantage in some applications.
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