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Piezoelectric Actuators With Integrated High-Voltage
Power Electronics

Yuen Kuan Yong, Member, IEEE, and Andrew J. Fleming, Member, IEEE

Abstract—This paper explores the possibility of piezoelectric
actuators with integrated high-voltage power electronics. Such de-
vices dramatically simplify the application of piezoelectric actu-
ators since the power electronics are already optimized for the
voltage range, capacitance, and power dissipation of the actuator.
The foremost consideration is the thermal impedance of the actua-
tor and heat dissipation. Analytical and finite-element methods are
described for predicting the thermal impedance of a piezoelectric
bender. The predictions are compared experimentally using ther-
mal imaging on a piezoelectric bender with laminated miniature
power electronics.

Index Terms—Actuators, piezoelectric, power electronics.

1. INTRODUCTION

IEZOELECTRIC transducers have become ubiquitous in
P applications requiring precision motion and force control.
For example, positioning systems [1]-[4], micromotors [5]-[8],
machine tools [9], pumps [10], surgical tools [11], fuel injec-
tors [12], scanning probe microscopes (SPMs) [13]-[16], and
vibration control systems [17], [18].

In addition to the high resolution [19], piezoelectric actuators
are also desirable for their low mass, dimensions, and zero static
power consumption. However, these benefits may be negated by
the requirement for an external high-voltage amplifier, power
supply, sensors, and a feedback loop. In some applications,
feed-forward control can alleviate the need for sensors and a
feedback loop [20]-[22], however the driving electronics are
still required.

The requirement for an external high-voltage amplifier has
significantly limited the feasibility of miniaturized piezoelectric
systems. For example, a piezoelectric microgripper still requires
bulky support electronics (100 mm x 100 mm) even though the
device itself is only 23 mm in width [23]. This also necessitates
the need for high-voltage wiring between the driver and actua-
tor. Piezoelectric bender actuators have also shown promise in
microrobotic applications. In [24], an energy recovery circuit
was designed to reduce the size of the drive electronics so that
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they could be mounted on-board the robot. Bimorph actuators
have also been used for piezoelectric motors with nanometer
resolution [25].

In sensing applications, the conditioning electronics are rou-
tinely integrated with the transducer to avoid interference from
high-impedance wiring. For example, accelerometers are pro-
duced with an integrated FET amplifier [26]. However, it is
not trivial to apply such techniques for actuation since the drive
electronics are significantly more complicated, require inductive
components, and may also dissipate heat.

This study investigates the feasibility of a piezoelectric bi-
morph actuator with integrated power electronics. Due to the
recent availability of high-voltage integrated circuits, it is now
feasible to construct a complete high-voltage power supply and
amplifier in an area smaller than 7 mm?. The driver can then
be thermally attached to the actuator for heat dissipation. This
technique is demonstrated in Section II.

The required power dissipation is derived in Section III which
defines the required thermal impedance of the actuator from the
mounting location to the ambient environment. Analytical and
finite-element techniques are applied to estimate the thermal
impedance of the actuator in Section I'V. The actuator is found
to be capable of easily dissipating the required power with neg-
ligible erroneous deflection due to thermal expansion. The pre-
dictions are compared to experimental results in Section V.

By integrating the power electronics and actuator, the electri-
cal design process is effectively eliminated. This dramatically
reduces the cost and complexity of installing piezoelectric actu-
ators in industrial and automotive applications where there may
be a restriction on the maximum wiring voltage. This level of
miniaturization also creates new possibilities for autonomous
piezoelectric walking and flying robots with independent con-
trol over each actuator. For example, a six-legged robot could be
designed with independent control over each limb from a single
3.7-V battery cell.

II. EXAMPLE BIMORPH ACTUATOR WITH INTEGRATED DRIVER
A. Actuator

The actuator is a two-layer brass reinforced bimorph bender
from Piezosystems Inc. (Q220-A4-503YB). Both of the piezo-
electric layers are poled in the same direction and driven electri-
cally in parallel, i.e., the top and bottom surfaces are grounded
and the internal layer is driven. The bender is fixed onto a mount-
ing base as shown in Fig. 1. The properties of interest are listed
in Table I. The static and dynamic behavior of piezoelectric
bimorphs is described, for example, in [27].
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Power Electronics

Fig. 1. Piezoelectric bimorph actuator with thermally attached power
electronics.

TABLE I
PROPERTIES OF THE PIEZO SYSTEMS Q220-A4-503YB BENDER ACTUATOR

Dimensions 63.5 x 31.8 x 0.51 mm
Piezo Material SA4E
Curie Temperature 350°C
Voltage +90 V
Mounted Deflection +1.26 mm
Mounted Stiffness 245 N/m
Mounted Blocking Force 031N
Mounted Resonance Freq. 68 Hz
Capacitance 260 nF
Enable
Supply l Bias
3V -5.5V Boost HV Bus Bias Voltage
Converter Voltage
L Bipolar Unipolar
=Vs +1.8V + Load Load
2 =y Input 27.5
Offset
' + +
-27.5
Fig. 2. Power electronics functionality [28].

B. Power Electronics

The power electronic module is a PiezoDrive PDul00 driver
[28] illustrated in Fig. 2. The power supply is a closed-loop
boost converter that produces 105 V from a 3 to 5.5 V supply.
The supply voltage is compatible with a single Lithium Ion or
Polymer battery cell. To obtain a bipolar output voltage, the load
is driven by two linear amplifiers with opposite gain, effectively
doubling the output voltage range to 100 V.

The circuit and support electronics are mounted on a ther-
mally conductive PCB with an area of 12 mm?. Approximately
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Fig. 4. Displacement sensor schematic diagram.

half the area is used for connecting pads so the size could be
reduced to less than 7 mm? if necessary. These dimensions are
compatible with many of bender geometries.

The module is bonded to the actuator using an adhesive ther-
mally conductive insulator (T-Global LI-98-150-025). This ma-
terial is a soft elastomer which effectively decouples the strain
of the actuator from the high-stiftness of the PCB. Three layers
of 0.25 mm thickness were used for a total thickness of 0.75 mm.

The connection diagram for the electronics and actuator is
shown in Fig. 3. An input signal of £1.65 V with an offset of
2.5V produces a £90-V output signal which is the full range of
the actuator.

C. Sensor Design

The position is measured with an OPB703 reflective sensor
and the conditioning circuit illustrated in Fig. 4. When driven
with a 40 mA current, the phototransistor current is proportional
to the distance over a range of approximately 2.5 mm (centered
at 2.5 mm). The op-amp acts as a photocurrent amplifier with
a variable gain up to 10 V/mA. The zero potentiometer is ad-
justed so that the output is zero volts with zero deflection. Other
possible sensor configurations are discussed in [29].

III. ELECTRICAL CONSIDERATIONS

For the purposes of estimating electronic power dissipation
at frequencies below the first resonance, a piezoelectric actuator
can be adequately modeled as a capacitor as shown in Fig. 5(a)
[30]. It should be noted that soft piezoceramics, such as PZT-5H,
exhibit significant hysteresis that can effectively double the
small-signal capacitance when driven at full range.

The power dissipation of the grounded amplifier in Fig. 5(a)
can be found by summing the power supplied by the positive
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Fig. 5. (a) Electrical model of a piezoelectric actuator driven in the grounded
configuration and (b) the equivalent bridged configuration.

and negative supplies [31],

P,=V'Il +VI,. (1)
For a capacitive load I, = —1I ; therefore,
Pi= (V" =V ). (2)
With a sinusoidal excitation, the peak load current is
Ink) = TVip-p) fCp- 3)
The average current is, therefore,
I, = % /0 ’ I (i) sin(6)d6 = IL;:’”. )

Thus, the power dissipation is
Py = (V+ - Vﬁ)VL(p—p)Cpf' ®)

The driver described in Section II-B operates in the bridged
configuration as shown in Fig. 5(b). To achieve the same load
voltage as the grounded circuit, the bridged configuration re-
quires only half the supply voltage. However, since the average
load current is identical and there are two amplifiers, the total
power dissipation of the bridged configuration is identical to the
grounded circuit.

In addition to the power dissipated by the amplifiers, the finite
efficiency of the boost converter must also be considered. If the
converter efficiency is 7, the total power dissipation becomes

P, = %(V_‘— — V_)VL(p,mef. (6)
The previous equation is relevant to any linear amplifier with
a switched mode power supply operating in the standard or
bridged configuration. It should be noted that n is the full-
load converter efficiency. The actual efficiency may vary under
lighter load conditions; however, this approximation is sufficient
for estimating the worst case power dissipation. For the bridged
driver described in Section II-B, V*/2 =105V, V™ =0V, and
the efficiency is approximately 17 = 0.75. Therefore, the power
dissipation is
P, = 210 V0><7E;20 nkF Viyn /- 7

With the full-scale £90 V load voltage, the power dissipation
is 26 mW/Hz. Thus, if the actuator is operated at the maximum

Piezo

Fig. 6. Cantilever beam model with the fixed-end heated.

operating frequency of 60 Hz, the maximum power dissipation
is approximately 1.5 W.

IV. THERMAL DISSIPATION

As discussed previously, the power electronic module may
dissipate up to 1.5 W. The thermal impedance of the mounting
location must be low enough to ensure that the junction temper-
ature of the electronics does not exceed 150 °C. Although the
Curie temperature of the piezoelectric material is 350 °C, the
maximum practical temperature is also limited to around 150 °C
by the glue layers. To investigate the thermal dissipation of the
bender, the thermal impedance is calculated analytically in this
section. This result is compared to an ANSYS finite-element
(FE) simulation and experimental results. The thermally in-
duced deflection and extension of the bender is also studied by
finite-element analysis.

A. Analytical Estimation

To estimate the thermal impedance, the temperature distri-
bution of the bender is first calculated. The bimorph bender is
thermally modeled as a fin. The Biot number (Bi = h.t/2k,)
of the bender is estimated to be <0.1, where h, is the natural
convection coefficient, ¢ is the thickness, and k, is the average
thermal conductivity of the bender. Bi < 0.1 shows that the
bender has a uniform temperature along its thickness direction
where temperature at the center will not differ from that of the
surface by more than 5% [32]. Therefore, the temperature dis-
tribution along the thickness direction can be ignored, and only
the temperature distribution along the longitudinal dimension is
considered. As a result, the bender is modeled as 1-D fin.

As shown in Fig. 6, the bimorph is a cantilever beam with
the fixed-end heated by the integrated power electronics. The
maximum power is assumed to be @ = 1.65 W. T}, is the ambient
temperature, L is the length, w is the width, and z is the distance
along the length of the bender. The temperature distribution
profile of the bender along the z-direction can be found by
solving the following differential equation [32], [33],

T
dx
where (3% = 2h../ (2kit; + koty) ,ky and t; are the thermal

conductivity and thickness of the piezoelectric layer respec-
tively, ko and to are the thermal conductivity and thickness of

- T (x)-T,] =0 ®)
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TABLE II
DIMENSIONS AND PROPERTIES OF THE BENDER
L w t1 to k1 ko
mm mm mm mm W/mK  W/mK
63.5 31.8 02 0.1016 1.25 115

the brass layer, respectively. Since /3 is a constant, (8) has the
solution

T(x)-T, = Cre P 4+ Cyel. 9)

Assuming the thermal heating occurs at x = 0, we have a bound-
ary condition

kA A IO g
—w (2]61 t1 + kgtg) dz(;{io) =Q
dT (0) —Q

= 10
dx w (Qkilt] + thQ) 10

where A; and A, are the cross-sectional area of the piezoelectric
and brass layer, respectively. Differentiating (9), and equate it
to (10), we have

Q
Bw (2k1ty + kats)”

Substituting (11) into (9), and by assuming that at x =
L, T (L) =1T,, we have

Cy=C —

an

QeQHL
C, = — . (12)
Lw (2k1t1 + kgtg) (1 + 62‘31’)
Substituting (12) into (11), we have
—Q
Cy = — 13
2 ﬂw (2]452151 +k2t2)(1 +62‘JL) ( )
Equations (12) and (13) can be simplified to
QeﬂL
¢, = 14
! 2610 (2]€1t1 + k2t2) cosh (BL) ( )
_ e BL
C; = we as)

Qﬂw (2]{31 tl + kgtg) cosh (ﬂL) '

Substituting (14) and (15) into (9), the temperature distribution
along the length direction of the bender is expressed as

sinh [3 (L — z)] Q
cosh (BL)  fw (2kity + koto)’

The dimensions and thermal properties of the bender are listed
in Table II. The heat flow applied to the fixed-end is @) =1.65 W
and the ambient temperature is 7, = 295 K. With a convection
coefficient of h, = 28 W/m?K, the predicted temperature at
the fixed-end is 84.8 °C. The temperature distribution along z is
plotted in Fig. 7. Atz = L, both the FE simulated and analytical
temperature results approach 7Ty, which justify the assumption
made in (12) and (13). The analytical temperature profile differs
slightly from the FE result due to the one-dimensional (1-D)
analytical model and the chosen boundary condition where input
power was applied at x = 0. The FE model is a 3-D model

T(z) T, = (16)
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Fig. 7. Temperature distribution profile 7" () of the bender.
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Fig. 8. Base thermal impedance versus the length and width of a rectangular
bender. The dimensions of the actuator under consideration are marked with a
white box.
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Fig. 9. Base thermal impedance versus the total thickness of a rectangular
bimorph actuator (with equal thickness of piezoelectric and metal layers).

where input power was applied on a 12 mm? area. It is possible
to extend the analytical model to multidimensional. However,
given the approximate nature of the model, the extension is not
deemed justified.

Based on the temperature difference, the thermal impedance
of the bender from the applied heat source to ambient is esti-
mated by Z = [T (0) — T,,] /Q = 38 K/W. This result shows
that the piezoelectric bender can be used to dissipate two to
three Watts of heat, depending on the ambient temperature.
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FE-simulated temperature profiles in degree Celsius (left column) and the corresponding deflections in meter (right column) of the bender. Note that

the deflection results are along the bending direction of the bender. Heat source was applied at the (top) fixed-end, (center) middle, and (bottom) free-end of the

bender.

When there is a high power dissipation, the actuator will also
be moving quickly which is advantageous since this promotes
air flow and better cooling. This is particularly true of actuators
with large lateral motions such as benders.

To examine the effect of dimensions, the thermal impedance
is plotted against the length and width in Fig. 8. The actuator
width has the greatest effect on the thermal impedance since
twice the heat can be conducted along the width compared to
the length. From Fig. 8, it can be observed that there is not a
significant advantages in making the width greater than 50 mm
or the length greater than 25 mm.

The effect of thickness is also examined in Fig. 9. The thick-
ness is observed to have a significant effect on the thermal
impedance, primarily due to the increased cross-sectional area
of the metal layer. The practical range of thickness is approxi-
mately 0.4 to 1 mm.

B. Finite-Element-Analysis of the Piezoelectric Bender

An FE model of the bender was constructed in ANSYS Work-
bench to simulate the temperature distribution and deflection of
the bender. A heat source was applied at three different loca-
tions: the fixed-end, the center, and the free-end of the bender.

Steady-state thermal analysis was first conducted on the
piezoelectric bender to simulate the temperature distribu-
tion. The piezoelectric and brass layers were modeled using
SOLID90 elements. This element has 20 nodes with a single
degree of freedom (DOF), that is temperature, at each node.
The thermal properties of the piezoelectric and brass layers are
listed in Table II. The resulting temperature profiles are plotted
in Fig. 10.

After finding the temperature profile, the results were im-
ported into the static structural analysis. In this analysis sys-
tem, the piezoelectric and brass layers were modeled using

SOLID186 elements. This element has 20 nodes with three
DOFs per node: translation in the nodal x-, y-, and z-directions.
The FE-simulated temperature profiles and deflections due to
temperature variations are plotted in Fig. 10.

Fig. 10 shows that the maximum and minimum temperatures
of the bender are very similar for all three heat source locations.
The estimated thermal impedances are 32.8 K/W, 32.5 K/W,
and 32.2 K/W respectively for the heated fixed-end, middle, and
free-end of the bender. These estimated thermal impedances are
in close agreement with that of the analytical value.

The simulated maximum deflection is approximately 2 um
along the length of the bender for all three cases. Deflections
along the bending direction are two orders of magnitude smaller
than that of the longitudinal direction. It can be concluded that
the unwanted deflections due to heating can be neglected. Since
the thermal dissipation and deflection of the bender are not af-
fected by the locations of the heat source, the power electronics
can be located at the fixed-end of the bender which is a conve-
nient choice.

V. EXPERIMENTAL RESULTS

To simulate the maximum feasible power dissipation, the ac-
tuator was driven at 100 Hz with a 40V sinusoid. This resulted
in a supply current of 0.33 A from a 5 V supply which indicates a
power dissipation of 1.65 W. The resulting temperature profiles
were recorded with an FLIR i3 infrared camera.

The temperature profiles for the fixed-end and centrally
mounted electronics are shown in Fig. 11. The maximum tem-
peratures were 82 °C and 84 °C, respectively (with a room
temperature of 24 °C). Therefore, the thermal impedance was
35 K/W for the fixed-end and 36 K/W for the central loca-
tion. These figures correlate well with the predicted thermal
impedances of 32.8 K/W and 32.5 K/W. The slightly higher
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(a)

Fig. 11.

experimental impedance is due to the impedance of the bonding
layer which is predicted to be approximately 6 K/W, this was
not modeled in the FE analysis.

The position sensor described in Section II-C was calibrated
to provide a sensitivity of 1.385 mm/V. The full displacement
range of the actuator (without power electronics) was measured
to be 2.4 mm (p-p) with a S Hz £90 V sine wave input. When
the electronics were mounted in the middle of the actuator, the
range was reduced by 5.8% to 2.26 mm. Similarly, when the
electronics were located at the base, the range was reduced by
4.2% to 2.3 mm. These range reductions are not considered to
be significant since they are smaller than the range tolerance
specified by the manufacturer. However, the range reduction
could be reduced by using a thermal interface material with
greater elasticity.

To assess the thermally induced bending, the actuator fre-
quency was increased until the input electrical power was
1.65 W. After the temperature reached a maximum, the fre-
quency was reduced to 5-Hz while monitoring the average value
of the position signal. A 24-mV change in the dc offset was ob-
served which corresponds to a thermally induced deflection of
0.033 mm or 1.4% of the range. This is larger than the FEA
prediction of 0.1%. Since there is little temperature difference
between the top and bottom surface of the actuator, the addi-
tional deflection is thought to be caused by the thermal strain
of the thermal interface material and PCB, which was not mod-
eled in the FEA. The thermally induced strain of the electronics
could be eliminated by mounting a second amplifier on the bot-
tom of the actuator. With the two amplifiers connected in series,
the dissipated power would be equal and the thermally induced
strains would be equal and opposite. If the 1.4% deflection is
deemed to be significant, the electronics could also be mounted
closer to the free end.

VI. CONCLUSION

This paper has described a piezoelectric bender with inte-
grated high-voltage power electronics. Although the power elec-
tronics require heat dissipation, the high thermal conductivity
of the piezoelectric ceramic is found to provide effective heat
sinking.

(b)

Experimental temperature distribution with the electronics located at (a) the fixed end and (b) center.

The power electronics for an example bimorph actuator re-
quired 26 mW/Hz of power dissipation. Since the thermal
impedance of the actuator was found to be 32 K/W, the tempera-
ture of the electronics and actuator will remain in the safe region,
even when driving the actuator at full-range near the resonance
frequency. The bending error caused by thermal expansion is
negligible due to the almost uniform temperature distribution
through the thickness of the bender.

With integrated electronics, only three wires are required for
the actuator: +5V, ground, and the input signal. This dramat-
ically simplifies the application of piezoelectric actuators and
eliminates the need for high-voltage wiring and power supplies.
Applications include autonomous piezoelectric robotics, indus-
trial actuators, micropumps, positioning systems, and vibration
control.

Future work includes replacing the linear amplifiers with an
H-Bridge to improve efficiency. The final goal is to produce a
driver smaller than 10 mm? with power-electronics, a sensor
interface, and digital feedback loop. This approach will produce
a true mechatronic system with all of the required control and
drive electronics. Another goal is to assess the impact of thermal
cycling on the fatigue life and performance of the actuators.
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