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Abstract

In this article, a dual-stage converter driving for a piezoelectric actuator based on flyback circuit was designed and
implemented, which could be applied in a micro robot. A low-voltage direct current could be converted to a high-voltage
alternating current through flyback circuit and direct current/alternating current circuit in low-power condition. In the
direct current/direct current stage, the charging and discharging process was realized to generate a high voltage bias from
a low voltage directly supplied by battery. Then, the high voltage was converted into alternating waveform by an energy
recovery circuit in direct current/alternating current stage. Experiments were conducted to verify the ability of the
proposed converter to drive a 100-V-input piezoelectric bimorph actuator using a prototype 108 mg (excluding printed
circuit board mass), 169 (13 x 13) mm?, and 500-mW converter. According to the experimental results, this converter
could be used for driving piezoelectric actuator applied in micro robot.
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Meanwhile, the matching voltage conversion circuits
should be designed to satisfy the electrical requirements
of piezoelectric actuators.” Several researchers have dis-
cussed the miniaturization of voltage conversion circuits
for microrobotic applications. A boost converter cascaded
with a switched capacitor circuit was adopted by Steltz
et al. to obtain high voltage.® However, this structure
requires a large number of pump capacitors, which
increases the size of the circuit and reduces its power den-
sity, particularly at a high output power. Other topologies

Introduction

Micro robot is a centimeter-scale robot with potential appli-
cations in searched-rescue, exploration, and reconnais-
sance.! An existing challenge of the research on micro
robot is the sufficient power supply with high efficiency
to implement kinds of actions, such as flying, crawling, and
swimming. >

When the size of micro robot falls down to centimeter
scale, the efficiency and power density of conventional
actuators are significantly reduced because of the domina-
tion of surface effect.* To solve this limitation, piezoelec-

tric actuators that work as an alternative solution were paid
more attention.’ Meanwhile, Wood et al. considered a com-
plete fabrication solution for actuators, links, flexures,
integrated wiring, and structural elements using high-
performance materials.® They then developed a highly effi-
cient transmission link for a specific device.

College of Information Technology, Jilin Agricultural University,
Changchun, China

Corresponding author:

Ye Mu, College of Information Technology, Jilin Agricultural University,
2888 Xincheng Street, Changchun, Jilin 130018, China.

Email: muye@jlau.edu.cn

@ ® Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License

(http://www.creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work without
further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/

open-access-at-sage).


https://orcid.org/0000-0002-4599-0293
https://orcid.org/0000-0002-4599-0293
mailto:muye@jlau.edu.cn
https://doi.org/10.1177/1729881419826849
http://journals.sagepub.com/home/arx
http://www.creativecommons.org/licenses/by/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1729881419826849&domain=pdf&date_stamp=2019-02-04

International Journal of Advanced Robotic Systems

with more components and a high step-up ratio are also
suitable for driving high-voltage reactive loads; however,
most efforts have focused on large-scale and high-power
applications.”!" In another part of the circuit, a simple
push—pull driver described in the study by Steltz et al.® can
generate a unipolar square wave voltage across the load
without energy recovery. The majority of the existing
topologies focus on efficient piezoelectric driving for
large-scale and high-power applications, which reduces the
efficiency and power density of the power supply.'> !’
Harvard’s team has previously produced a small-scale
power conversion interface. However, as described in the
study by Karpelson et al.,'® the boost tapped-inductors they
use have difficulty in manufacturing compared to general
flyback transformers. At the same time, in the direct current
(DC)—alternating current (AC) stage, the detection of cur-
rent becomes quite difficult in the case of low power. This
article is dedicated to improving and validating the short
board mentioned above.

In this article, a dual-stage low-power converter driving
for piezoelectric actuator was designed and implemented. A
low voltage coming from battery was converted into 150-V
high alternating voltage which is capable of driving the piezo-
electric actuator. In addition, this manuscript presents (a) the
requirements and strategies of driving piezoelectric actuator,
(b) the working principle and control scheme of the dual-stage
low-power converter, including DC/DC flyback conversion
stage and DC/AC driving stage, (c) the experimental valida-
tion adopts converter prototype driving for piezoelectric
actuator, and (d) the conclusions and future prospects.

Requirements and strategies driving for
piezoelectric actuator

In terms of piezoelectric actuators, the size of displacement
is proportional to the excitation voltages within the endur-
able voltage range. In most applications, to supply a desired
high voltage, an external bulky power supply is the com-
mon choice which inevitably limits the size reduction.
Therefore, a compact converter with high step-up ratio
driving for piezoelectric actuator is desired.

Prior work about driving methods of piezoelectric actua-
tor includes efforts by Rios and Fleming,'® which made the
detailed analysis of the efficiency of several different con-
figurations.?’ The common driving method to drive piezo-
electric bimorph is named as “simultaneous drive,” as
shown in Figure 1.

In “simultaneous drive” mode, a DC bias boost stage is
connected to the two compliant electrodes, whereas a suit-
able unipolar drive stage is applied to the central compliant
elastomer film. The simultaneous driving architecture exhi-
bits the advantage of using fewer components to reduce the
size and mass of the converter when multiple bimorphs are
required in a system.?* When the AC voltage is operating in
the positive half cycle, the upper layer of the bimorph
produces less contraction than the bottom layer, which
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Figure |. Drive methods for piezoelectric actuator.

causes the bending actuator to exhibit downward
displacement.”'

Driving converter design

The converter shown in Figure 2 was designed as dual-
stage circuit.*** The first stage was DC/DC circuit using
flyback converter which realized the boosting from a low-
voltage DC to a high-voltage DC. The second stage is DC/
AC converter circuit using bidirectional active half bridge
which efficiently recycled unused energy.

DC/DC conversion stage

Compared with other forward topologies, the advantage of
the flyback converter is that the output filter inductor is not
necessary, which reduces the size of the converter.” A fly-
back converter is shown in Figure 3.

The operation of flyback converter can be divided into
discontinuous current mode (DCM) and continuous current
mode. Considering the requirement of high step-up ratio,
the flyback converter should be working in DCM. An ideal
switching waveforms of the adopted flyback converter
operating in DCM are shown in Figure 4.

When the switch Q is turned on, the current i;; through
the magnetizing inductor L; goes up. When the switch Q is
turned off, the magnetic energy stored in L, is transferred to
the secondary side. In the charging and discharging period,
the diode current i;, decreases from an initial value to zero
at the end of this period. Furthermore, the diode D is
designed to prevent the reverse current from i;, which
would remain i;, to zero during the discharging period.
In DCM, the voltage step-up ratio is written as

Ve D R (1)
= g —
Vbat 2L lfs
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Figure 2. Dual-stage converter.
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Figure 4. Switching waveforms of the adopted flyback working in
DCM. DCM: discontinuous current mode.

where Vy,, is the output voltage of lithium battery, V,
denotes the output voltage, D represents the controllable
duty cycle, n is the turns ratio of transformer, R is the

Ve

-_—0

Figure 5. DC/AC converter. DC: direct current; AC: alternating
current.

equivalent resistance of load, L; is the primary inductance
of transformer, and f; is the switching frequency.

DC/AC drive stage

To improve the conversion efficiency, the DC/AC drive
stage should be able to recover unused energy from capa-
citive load.> In the existing optional methods to generate
the arbitrary drive signal, the switching half-bridge has the
desired compact structure. Nevertheless, only the square
wave is able to be generated without unused energy recov-
ery.!! For another option, a pulse width modulation output
was generated by a switching half-bridge and filtered by an
RC network to produce an arbitrary output waveform. In
this case, high losses are invertible due to the dissipation of
a large amount of energy from the resistor.

A DC/AC drive stage is shown in Figure 5, which can
realize energy transfer between two capacitive loads. When
energy is delivered to the load, this circuit works in a step-
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Figure 6. Energy transformation in the high-voltage drive stage.

down mode. By contrast, when energy is removed from the
load, it works in a step-up mode. Inductor and the intrinsic
actuator capacitance, this design is able to both generate an
arbitrary unipolar output waveform and recover unused
energy from the load.

When the high-side switch Qy is turned on, the current
through the inductor begins to rise. When Qy is turned off,
the inertia current charges the node V, through the diode
Dy . By contrast, the energy stored in node V, is released to
the capacitor V, while low-side switch Oy is turned on. And
then, residual current continues to discharge through the
diode Dy when O is turned off. The output waveform can
be generated at V, by generating the sequence of charge and
discharge pulses at the appropriate time. Only a small
amount of energy is lost during the transformation in each
switching period, which enhances the conversion efficacy.

DC/AC energy transform

In the proposed converter, the energy transform can be
divided into two parts. The first part occurs in the flyback
converter operating in DCM. When the switch is turned on,
the energy stored in the capacitor provides the DC/AC
converter. When the switch is turned off, the transformer
supplies energy to the capacitor as compensation. The sec-
ond part exists in DC/AC drive stage. A waveform cycle
can be divided into six modes which was used to illustrate
the energy transform, as shown in Figure 6.

In mode (a), when switch Qg is turned on, inductor
current 7 is increased. Unused energy in the electrostatic
actuator at upper side is transferred to lower side. Accord-
ing to Kirchhoff’s law, we can get

L~%+RL'1'L+ Vea=Vc

5 (2)

Table I. The parameters used in formula.

Parameter Value

R
Neper frequency b

[
Angular resonance frequency wq Woire
ecaying oscillation frequency wqy wt — 3

8VC2 aVc1
C,- =i =iL+ici=iL+C;- 3
2 g Cc2 =IL T Ic1 L LT, (3)

As a result, the calculated formula could be expressed as
*V e oV
or? ot
Under the underdamped oscillation condition
(B —w? < 0)

—|—wé Ve = (.U(z) Ve (4)

+283

Vea(t) =Ve—Ve e (cos wqt + ﬁsinwdt) (5)

wd
where the used parameters are listed in Table 1.
Table 1 represents the parameters used in formula.
According to the theoretical calculation, the drive signal
voltage V-, increases approximately to V.
In mode (b), when Qy is turned off, the inductor current
i, is decreased and flows through the freewheeling diode
Dy

0i
L-—L+RL~iL+ch:0 (6)
ot
V V
Cr%:iczih+ic1:iLJrCl'aatCl (7)

As a result, the calculated formula could be expressed as
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Figure 7. Waveform in an energy transfer cycle.

V() =Ve - e (cos wqt + U% sin wdt> (8)

The drive signal voltage Vc,(f) decreases while the
energy stored in the inductor L is begin to release.

In mode (c), the electrostatic actuator at the lower side is
fully charged while the electrostatic actuator at the upper
side and inductor L are exhausted. In this period, the drive
signal voltage V-, is the same with V. The whole unused
energy of actuator is transferred from the upper side to the
lower side.

In mode (d), when switch Q; is turned on, inductor
current iy increases in reverse. Unused energy of piezo-
electric actuator at the lower side is transferred to the
inductor L.

Vealt) =Ve - e (cos wqt + ﬁ sin wdt> 9)
wq
In mode (e), when switch Qp is turned off, inductor
current i is decreased and flows through the freewheeling
diode Dy . Energy is transferred to the piezoelectric actuator
at the upper side

Vea(t)=Ve—Ve- e (cos wqt + wﬁsin wdt) (10)
d

In mode (f), the drive signal voltage V¢ (¢) is charged
same as V¢ while unused energy of piezoelectric actua-
tor is completely transferred from the lower side to the
upper side.

The mentioned energy transfer cycle is shown in Fig-
ure 7, two drive signals with a phase difference of 180° can
be generated to drive the piezoelectric actuator by control-
ling the charge and discharge period.

To achieve high conversion efficiency, the unused
energy in capacitive piezoelectric actuator is used, and the
overall efficiency of the system is enhanced effectively.

Figure 8. Image of the converter prototpye.

Table 2. Specifications of the discrete components.

Weight  Size
Chip number  (mg) (mm)
Flyback transformer LPR4012 64 4 x4
Power MOSFET (power S12304 8  2.8304M
stage)
Rectifier diode SMD1200PL 8 281200
Capacitor (power stage) | F200 V 1.2 1.6F/20
Power MOSFET (drive stage) TN2404K 8  2.8404K
Inductor (drive stage) 15 H/40 12 1.6x08
mA

Experimental results

Based on the mentioned theory, a converter prototype used
for driving piezoelectric actuators was realized.

The prototype of converter

The circuit topology described in Figure 8 is soldered onto
a well-designed printed circuit board using discrete com-
ponents. Table 2 lists the specifications of the discrete
components, which include a power MOSFET, a rectifier
diode, a flyback transformer, and a filtering capacitor. The
flyback step-up stage is responsible for increasing the input
DC voltage. The basis of the selection is to ensure that the
components can handle the predicted voltage and current
without breakdown and failure.

Table 2 provides the specifications of the discrete
components.

Using the abovementioned components, a prototype
weighing 108 mg was fabricated. The length, width, and
thickness of the circuit are 13, 13, and 4 mm, respectively.
The image of the fabricated converter is shown in Figure 8.

Circuit experimental analyses

A low-voltage source lithium battery is utilized to generate
high drive voltage in the developed topology. The input
voltage of the dual-stage drive circuit is 3.7 V, and the
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Figure 10. Output voltage waveforms of the DC/DC flyback
converter and the DC/AC driving stage. DC: direct current; AC:
alternating current.

output voltage is regulated at 150 V. The experimental
results are shown in Figures 9 to 11.

As shown in Figure 9, nodes waveforms of Vgs, Vps,
and i; ; were obtained. The waveforms are consistent with
the theoretical analysis. The zero current shows that the
circuit worked in flyback DCM.

For the switch to be fully operated, the drive voltage to
control switch Q is high to 10 V. When the switch Q is
turned on, the voltage Vpg crosses switch Q and immedi-
ately reduces down to zero, and the current 7y | is increased
linear to store energy. When the switch Q is turned off, the
voltage is maintained equal to the lithium battery voltage of
3.7V, and the energy stored in the primary side in previous
cycle transfers to the secondary side. At this time, the cur-
rent goes down to zero, which shows that flyback converter
is working in DCM.

In DC/AC drive stage, a regulated time-variable voltage
with 150 V and the two alternative driving voltages are

frequencies.

Testbed

| -,

Drive circuit and
Control IC

Figure 12. Image of the entire system.

shown in Figure 10, which meets the driving requirement
of piezoelectric bimorph actuator.

In DC/DC flyback stage, a regulated high-voltage DC of
150 V is generated from the lithium battery voltage 3.7 V.
The high step-up ratio is high up to almost 41 times. Two
180° out-of-phase square drive signals, with amplitude of
approximate 150 V and frequency of 100 Hz, are achieved
at the drive stage. LC resonance between the inductor L and
two nanocapacitors occurs at the beginning of each half-
switching cycle. Small inductance is required to increase
the resonance frequency, which further decreases the over-
shoot of the square drive signal.

Figure 11 demonstrates the efficiency of the proposed
interface in terms of various loads and drive signal
frequencies.

The loads continuously increase from 10% to 100% with
10% intervals. The three driving frequencies are 100, 110,
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Figure 13. Image of the piezoelectric actuator displacement: (a) down, (b) at equilibrium, and (c) up.

and 120 Hz. The peak efficiency (64.5%) can be reached at
60% load and 100 Hz driving frequency, which is higher
than the maximum conversion efficiency of 42.4%
obtained in the study by Kovacs et al.?

PZT driving validation

The piezoelectric bimorph ceramic material (QDTES2-
7.0-0.82-4, PANT, Suzhou, China) used to test dynamic
performance has the following parameters: 190 V highest
driving voltage, 52 mm long, 7 mm wide, 0.82 mm thick,
and 1.2 mm bidirectional displacement. The first resonant
frequency of each bimorph layer is approximately 100 Hz
close to the driving frequency of an insect-type robot,
which makes the research practical.

Figure 12 shows the image of the entire system, which
comprises a battery box, the proposed drive circuit, and a
manual probe station that is used in conjunction with a
B1505A I/V Agilent power device analyzer. The output
of the drive circuit is connected to the terminal of the probe,
and the piezoelectric actuator is physically anchored by the
terminal under the electron microscope.

Similarly, the bidirectional displacements shown in Fig-
ure 13 are achieved with —100, 0, and 100 V excitation
generated by the proposed circuit, which illustrate the
piezoelectric bimorph at down (Figure 13), equilibrium
(Figure 13(b), and up (Figure 13(c), respectively. The
experimental results show that the mechanical displace-
ment is proportional to the square of the driving voltage.
The displacement of the up—down motion is close to 1 mm,
which can be further expanded by mechanically magnify-
ing the structure to obtain potential applications in micro
robot application.

Conclusions and prospects

The designed converter driving for a piezoelectric bimorph
is implemented, which can be applied in micro robot appli-
cation. In DC/DC conversion stage, flyback converter
working in DCM was used to boost the voltage with high
step-up ratio. In DC/AC drive stage, the recycling energy
from capacitive load (piezoelectric actuator) enhances effi-
ciency of the overall circuit. The micro-displacement of

piezoelectric bimorph actuator is validated using alterna-
tive high drive voltage. Our next work will include further
reduction in circuit losses to improve efficiency and a chip-
based design to reduce size and mass, with further devel-
opment in the miniaturization of the electronic component.
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