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Thermo-electro-mechanical Performance of Piezoelectric
Stack Actuators for Fuel Injector Applications

M. S. SENOUSY,1 F. X. LI,1 D. MUMFORD,2 M. GADALA
1
AND R. K. N. D. RAJAPAKSE

1,*
1Department of Mechanical Engineering, University of British Columbia, Vancouver, BC, Canada V6T 1Z4

2Westport Innovations Inc., 101 - 1750 West 75th Ave., Vancouver, BC, Canada V6P 6G2

ABSTRACT: Piezoelectric actuators are increasingly used in fuel injectors due to their quick
response, high efficiency, accuracy, and excellent repeatability. Current understanding of their
thermo-electro-mechanical performance under dynamic driving conditions appropriate for
fuel injection is, however, limited. In this paper, the thermo-electro-mechanical performance
of soft Lead Zirconate Titanate (PZT) stack actuators is experimentally investigated over
a temperature range of �308C to 808C, under driving electric fields of up to 2.0 kV/mm (using
an AC drive method and a biased DC offset), different frequencies, and a constant preload of
about 5MPa. Experimental results show that the dynamic stroke of the actuators increases
with the magnitude and frequency of the applied electric field, as well as ambient temperature.
The dynamic stroke was also found to increase with decreased driving field rise time, which is
equivalent to increasing the driving field frequency. At driving frequencies lower than the
resonance frequency of the test apparatus (�500Hz), the strain-electric field behavior under
different temperatures agreed well with previously obtained quasi-static results. The duty cycle
was found to have a minimal effect on dynamic stroke but significantly affected the amount of
heat generated under high electric field magnitudes and/or frequencies. The temperature
increase due to self-heat generation under a continuous AC driving field (100% duty cycle)
was very high, and limited the maximum driving field magnitude and/or frequency. Reducing
the duty cycle significantly decreased the amount of heat generation.

Key Words: actuators, fuel injectors, piezoelectricity, stroke, temperature.

INTRODUCTION

P
IEZOELECTRIC ceramic elements are used as distri-
buted sensors and actuators in many engineering

applications because of their direct and converse piezo-
electric effects. Industrial piezoelectric devices are
subject to high temperatures, thus must be designed to
withstand thermal effects. These devices are also widely
used in dynamically loaded systems that require fast,
reliable, and precise actuation performance. Modern
internal combustion engines are a cutting-edge example
of such dynamic systems, where fuel injectors based on
piezoelectric actuators are used to open and close fuel
injection valves. A critical component of this new
generation of fuel injectors is the piezoelectric stack
actuator, which controls the injection process via an
applied electric field. This actuator represents a promis-
ing improvement in direct fuel injection technology, with
its precise positioning and rapid response time compared
with conventional solenoid technology.

A multilayer piezoelectric actuator consists of piezo-
electric thin discs with adjacent discs having opposite
poling directions bonded together and sandwiched bet-
ween electrodes. The axial length of a typical actuator
used in fuel injectors can change by up to 0.12% by
applying an electric field across the layer elements; the
resultant actuator stroke can be calculated by multi-
plying the total number of layers by the net displacement
of a single layer. This stroke is used to activate a valve
needle that allows the fuel to be injected and controlled.
Since the valve is actuated more quickly with piezo-
electric actuators than with conventional solenoids, very
precise injection intervals are possible between pre- and
main injection, which significantly reduces emissions.
Furthermore, piezoelectric actuator-based injectors
allow an increase in the injection pressure, up to
250MPa; the higher the pressure and the more accurate
the dosing and timing of the injection, the more efficient
(and therefore less polluting) the combustion event
becomes. Piezoelectric actuators in direct fuel injection
have been shown to reduce fuel consumption in diesel
and gas engines by up to 15% (Scharf, 2006). Overall,
the advantages of piezoelectric injectors over conven-
tional solenoid technology are that they provide an

*Author to whom correspondence should be addressed.
E-mail: rajapakse@mech.ubc.ca
Figures 2–19 appear in color online: http://jim.sagepub.com
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optimized injection system (i.e., quieter, more econom-
ical, more powerful, reduced emissions (Boecking and
Sugg, 2006)). It should be noted that whereas the needle
stroke was fixed in the previous electromagnetic injec-
tion systems, in injectors where the piezoelectric
actuator acts directly on the needle, the needle stroke
can be varied by changing the magnitude of the applied
electric field, enabling better control over the valve
opening. Boecking and Sugg (2006) proposed an optimal
piezoelectric injection actuator for combustion engines
that overcomes the drawbacks of solenoid valves, with
an innovative design that accounts for heat dissipation
of the actuator.
Fuel metering in the combustion chamber is impor-

tant for reducing the level of emissions generated during
the combustion process, while minimizing fuel con-
sumption. Many proposals have been made to pro-
vide fuel metering control for fuel injector systems,
including systems that employ piezoelectric fuel injectors
(Takase, 1999; Gromek and Shen, 2000). Fujii and
Toyao (2006) presented a highly reliable piezoelectric
actuator used in Toyota diesel engines with an injection
interval as low as 0.1ms.
It is clear that fuel injector technology utilizing piezo-

electric actuators holds much promise. It is therefore
important to examine the performance and reliability of
piezoelectric actuators under conditions that simulate
the actual operating conditions of a fuel injector. The
static and dynamic performance of stacked piezoelectric
actuators has received some attention in the past
(Andersen et al., 2000a, b; Yao et al., 2000;
Heinzmann et al., 2002; Ardelean et al., 2004; Li et al.,
2008), as well as that of disk-stacked actuators (Sakai
et al., 1992). The quasi-static thermo-electro-mechanical
performance of cylindrical PZT actuators manufactured
by Kinetic Ceramics Inc. was investigated by the current
authors (Li et al., 2008) over a temperature range of
�308C to 1258C. Ardelean et al., (2004) experimentally
investigated Noliac piezoelectric actuators, examining
their quasi-static characteristics at 1Hz, with an offset
voltage of 75V and different peak-to-peak voltages.
The dynamic behavior of these actuators was also
investigated for frequencies up to 3Hz, showing the
displacement–voltage hysteresis. Heinzmann et al.,
(2002) experimentally investigated co-fired PI piezo-
electric actuators (18mm length and 5� 5mm2 cross-
section). They used a maximum driving voltage of 120V
(although some measurements were carried out at a
higher voltage of 150V), which corresponds to a maxi-
mum electric field magnitude of 2.0 kV/mm for an active
layer thickness of 60 mm. The actuators’ behavior was
studied over an ambient temperature range of �408C to
1508C; results showed that stack capacitance is linearly
dependent on temperature. At a frequency of 200Hz
and a temperature range of 0.8–758C, displacement was
found to not be dependent on temperature (i.e., for a

constant voltage, displacement is almost constant with
temperature fluctuations, increasing510% at the high-
est applied electric field).

In this paper, we conduct a comprehensive investiga-
tion of the dynamic thermo-electro-mechanical response
of a typical set of piezoelectric stack actuators under
different ambient temperatures, electric field magni-
tudes, duty cycles, frequencies, and rise times. The
temperature increase due to heat generation under
continuous AC driving fields (100% duty cycle) is also
studied for different frequencies and electric field
magnitudes.

EXPERIMENTAL PROCEDURE

Custom-made PZT multilayer stack actuators manu-
factured by Kinetic Ceramics Inc. (www.kineticceramics.
com) were used in this study. The actuators are made
from soft PZT ceramics with a coercive field Ec of
1.08 kV/mm, and have a Curie temperature above 3608C
(Kinetic Ceramics Inc.). Soft PZT ceramics have a higher
dielectric loss factor tan � than hard PZT ceramics, which
promotes heat generation under large electric field mag-
nitude and/or frequency, a higher piezoelectric coeffi-
cient d, and a lower coercive field (Lynch, 1996, 1994;
Lynch et al., 2000). Piezoelectric materials with a higher
piezoelectric coefficient (soft) are advantageous for
actuator applications because they produce a greater
strain than harder materials in response to an applied
electric field. Soft PZT ceramics are also characterized by
highly mobile domain walls whereas hard PZT ceramics
restrain the domain wall response so that higher electric
field magnitudes are required for the same effect to be
observed. Table 1 shows the geometry and properties of
the actuators used in this study.

The test stand (shown in Figure 1) was placed inside
a thermal chamber (TestEquity Model 1007C) with a
temperature feedback control of 0.18C. The temperature
of the actuator was measured through a Resistance
Temperature Detector (RTD) attached to the surface of
the actuator. In injector applications, the piezoactuators
are subjected to a compressive preload for alignment
and other design requirements. Li et al. (2008) found
that a preload of 0–40MPa has a negligible effect on the

Table 1. PZT stack actuator characteristics.

Actuator diameter (mm) 5
Actuator length (mm) 30
Layer thickness (mm) 0.5
Number of layers (stacks) 54
Capacitance (nF) 69
Maximum operating voltage (V) 1000
Maximum operating electric field (kV/mm) 2.0
Longitudinal piezoelectric coefficient d33 (pC/N) 370
Young’s modulus Y33 (GPa) 48
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static response of an actuator. The actuators were there-
fore subjected to a constant compressive preload of
5MPa throughout the testing; the preload was applied
using a soft spring (30N/mm) fixed by a screw nut and
measured using a force sensor placed between the shaft
and the moving loading head, which was in direct
contact with the actuator. The other end of the actuator
was placed on a fixed plate, allowing the displacement
to be measured using a linear variable displacement
transducer (LVDT), with a resolution of 0.1 mm. Four
different wave forms, sine wave and trapezoidal waves
A, B, and C (Figure 2), were applied using an Agilent
33220A signal generator with variable wave frequencies.
The chosen wave forms were based on the potential
design requirements of fuel injectors. A TREK piezo
driver/power amplifier model PZD700 was used. Since
the maximum allowed negative voltage applied to the
stacks was �200V (�20% of allowable full operating
voltage), a DC bias voltage had to be applied to ensure
that the negative voltage peak did not exceed �200V
(�0.4 kV/mm). The actuator was operated at full
vendor-specified voltage with a bias field of þ300V,
and an AC field of þ500/�500V. Although the DC
offset was kept at �20% of the applied voltage, its effect
on dynamic stroke was also examined. The measured
displacement, temperature, and force signals were input
into a data acquisition system and simultaneously moni-
tored by a computer.
The test procedure consisted of the following steps:

(1) aligning the piezoelectric actuator with the center of
the shaft and the loading head; (2) preloading the actua-
tor using a screw nut through a spring; (3) choosing
the desired wave form, electric field magnitude, and
frequency using the signal generator; (4) switching the
power amplifier on and adjusting the DC offset;
(5) firing the actuator; and (6) recording data.
The actuators used in the previous static study

conducted by the authors (Li et al., 2008) could not be

used for dynamic testing in this study as they are incom-
patible with the current driver; their high capacitance
reduces the applied voltage at the actuator to about one-
third of the commanded voltage. This difference in
voltage is caused primarily by the reactive impedance of
the piezoelectric actuators, which places some special
requirements on the amplifier. In other words, the
amplifier has to handle significantly higher voltages and
circulating currents than are suggested by the real
electrical/mechanical power requirements of the actua-
tor. Additionally, Linder et al. (2001) showed that the
electrical power at the actuator terminals has a negative
real component, indicating that the actuator feeds
electrical power back to the source. Since the current
actuators are smaller and have lower capacitance than
those used by Li et al. (2008), there is almost no
difference between the two voltages.

In the current study, different controlling parameters
were employed to obtain a better understanding of
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the dynamic behavior of the stacks. These parameters
include the electric field magnitude E (E¼Vpp/h, where,
Vpp is the applied peak-to-peak voltage and h is the
thickness of a single layer), frequency f, driving field rise
time tr, biased DC offset voltage Vdc, duty cycle dt, and
ambient temperature. In addition, a sinusoidal wave
form and three different trapezoidal waves A, B, and C
with different rise times were used. Wave A had the
longest rise time, tr¼ 0.2Tp, where, Tp is the driving field
period, and C had the shortest rise time, tr¼ 0.05Tp

(Figure 2). Holding time th is defined as the period over
which a signal is kept constant at a peak value,
Tp¼ 4trþ 2th. Duty cycle is defined as the ratio between
the driving field period and the period of a complete
voltage cycle, Tf (i.e., dt¼Tp/Tf). A duty cycle of 100%
means a continuous wave, while a 0% duty cycle implies
no signal, or a DC signal.

EXPERIMENTAL RESULTS

Figure 3 shows the frequency dependence of the
dynamic stroke under sinusoidal electric driving fields of
0.6, 1.0, and 1.5 kV/mm and a duty cycle of 10%. It can
be seen from Figure 3 that below a frequency of 100Hz,
the dynamic stroke was almost constant. However, for
frequencies higher than 100Hz, the dynamic stroke
increased almost linearly with the driving field fre-
quency. It can also be seen that the rate of change of the
stroke increased with increasing electric field magnitude
as a result of the increased activities of non-1808 domain
walls at high electric field magnitudes (i.e., �coercive
electric field). The resonance frequency, fr, of the testing
system (including the actuator, loading shaft, spring
for preloading, etc.) was found to be about 511Hz.
This estimate is based on an actuator axial stiffness of
31N/mm, a mass of 5 g, and a moving parts mass of 3 kg.
Thus, as expected, when the driving field frequency

approached fr, the dynamic stroke and system oscilla-
tions rapidly increased with frequency, as shown in
Figure 4. Figure 5 shows the dynamic stroke for the four
waveforms at a frequency of 100Hz, a driving field
magnitude of 1.0 kV/mm, and a 10% duty cycle. For all
the driving waveforms considered, the dynamic stroke
showed a highest ringing level at the trapezoidal wave C,
which had the shortest rise time (Figure 5(d)). The
decrease in rise time is believed to increase the effect of
the sub-harmonics of the driving field, which may
explain the increase in dynamic stroke ringing with
decreased rise time.

Figure 6 shows the effect of duty cycle on dynamic
stroke for the four different waveforms at E¼ 1.0 kV/mm
and for different frequencies up to 300Hz. It can be seen
from the figure that the duty cycle had almost no effect
on dynamic stroke for both sinusoidal and trapezoidal
loading. Although duty cycle did not affect dynamic
stroke, it strongly affected the temperature increase of
the PZT actuators being considered in this study, except
at low frequencies and electric field magnitudes. The
duty cycle was therefore fixed at 10% in all remaining
dynamic testing, except for the self-heat generation tests
presented in the last section of this paper, where duty
cycles up to 100% were investigated. Figure 6 also shows
that the dynamic strokes corresponding to the three
trapezoidal waves were larger than those corresponding
to the sinusoidal wave. Furthermore, under trapezoidal
loading, the shortest rise time yielded the largest stroke.

In Figure 7, dynamic stroke is plotted against rise time
for different trapezoidal driving field magnitudes, with
duty cycle constant at 10%. Dynamic stroke was found
to increase with decreased driving field rise time. The
rise-time dependence may be explained by the time
dependence of the extrinsic response of PZT. Sherritt
et al. (1992) reported that non-1808 domain switching is
time dependent and needs a finite time to occur, and that
only domain wall motions that have sufficient time to
occur contribute to the piezoelectric response. This
result suggests that as rise time decreased in the current
study (i.e., holding time increased), more domain walls
may have had enough time to realign, causing a larger
actuator stroke. The increasing effect of the sub-
harmonics of the driving field may also explain the
increase in stroke with decreased rise time. System
inertia is also expected to have contributed to this
response. In the practical case of a piezoelectric actuator
in a fuel injector, the mass of the moving parts is much
less than in the test stand. Therefore, the rise-time effect
may differ in practices, but it will still show the decaying
trend depicted in Figure 7.

Figure 8 shows the dependence of dynamic stroke on
ambient temperature under a sinusoidal electric driving
field with magnitude ranging from 0.6 to 2.0 kV/mm,
a frequency of 100Hz, and a duty cycle of 10%. It can be
seen that dynamic stroke increased steadily with ambient
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temperature under the range of driving field magnitudes
considered. However, at driving fields of 1.0 kV/mm
and above, a non-linear transition zone occurred between
408C and 558C, leading to an almost bilinear stroke–
temperature curve. As discussed by Strukov and
Levanyuk (1998), if domain wall density is in equilibrium
state, new domain walls are not generated immediately
after heating. Instead, a certain degree of heating is
required for domain wall density to change noticeably
and reach another equilibrium state. Accordingly, the
non-linear transition zone observed in Figure 8 may be
explained by the extrinsic contribution from increased
domain wall density and non-1808 domain switching-
induced strain. The general trend of the dynamic stroke
results shown in Figure 8 is similar to that found in static-
stroke tests (Li et al., 2008), where a non-linear transition
zone was observed between 258C and 608C.
To reveal the relationship between driving field

magnitude and dynamic stroke over the desired ambient
temperature range (�308C to 808C), Figure 8 is
re-plotted in Figure 9. As expected, dynamic stroke
increased with driving field magnitude, such that
the stroke–electric field curves can be approximated
by a bilinear curve with a slope modulation point at
0.6 kV/mm, and the slopes of the curves increase with
ambient temperature. Li et al. (2008) found that in the
static case, the static strain at the maximum driving field
magnitude (1.8 kV/mm) was about 1.7 times the product
of the electric field and the piezoelectric constant, d33,

measured at a low driving field. For the actuators used
in this study, the dynamic strain at maximum driving
field magnitude (2.0 kV/mm) was almost 1.6 times the
product of the electric field and the piezoelectric
constant, d33, measured at a low driving field magnitude,
which indicates that under higher driving field magni-
tudes, non-1808 domain switching-induced strain may
contribute to the piezoelectric response.

Assuming that the thermal-expansion coefficient
� does not change with electric field magnitude, the
longitudinal piezoelectric constant d33 at different temp-
eratures can be calculated by dividing the induced
longitudinal strain, indirectly measured using the
LVDT, by the applied electric field. The d33 was calcu-
lated over a temperature range of �308C to 808C and
electric field magnitudes of up to 2.8 kV/mm using the
measured stroke. As expected, the longitudinal piezo-
electric constant showed a non-linear dependence on
electric field magnitude under different temperatures,
as depicted in Figure 10, which is in good agreement
with the results obtained at room temperature by
Masys et al. (2003). For low electric field magnitudes
(�0.6 kV/mm), the material behavior was approximately
linear and d33 was almost constant (Figure 10, region I).
When the applied electric field increased, d33 increased
non-linearly with E (Figure 10, region II). Figure 10 also
shows that d33 increased with ambient temperature. The
computed d33 of the stack actuator at room temperature
and low driving fields was about 350 � 10�12C/N,

0 0.02 0.04 0.06 0.08 0.1
0

2

4

6

8

10

12(a) (b)

S
tr

ok
e 

(μ
m

)

0 0.01 0.02 0.03 0.04 0.05
0

4

8

12

16

20

S
tr

ok
e 

(μ
m

)

Time (s) Time (s)

Figure 4. Dynamic stroke under (a) 100 Hz and (b) 400 Hz sinusoidal waveforms (E¼1.0 kV/mm and 10% duty cycle).
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which is close to the vendor-specified data of 370�
10�12 C/N. At room temperature and an electric field
magnitude of 2.0 kV/mm, d33 reached a value of �540�
10�12 C/N (�55% increase from the value at low driving
field). In the temperature range �308C to 808C at low

electric field magnitudes, d33 increased by 125%. Zhang
et al. (1994) stated that the change in piezoelectric
coefficients with temperature is due to intrinsic and
extrinsic contributions, with intrinsic piezoelectric con-
tributions of less than 37% at room temperature.
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Intrinsic properties are material properties from a single-
domain material, while extrinsic properties are mainly
from domain walls. They also stated that the extrinsic
piezoelectric contributions increased rapidly with tempe-
rature as a result of non-1808 domain walls. Therefore,
it can be concluded that for the actuator being consi-
dered in this study, at low driving field magnitudes
�0.6 kV/mm (Figure 11, region I), the linear change of

the piezoelectric coefficient with ambient temperature
was mainly caused by extrinsic contributions due to
domain walls, which were driven by temperature. At
higher electric field magnitudes (Figure 11, region II),
an additional extrinsic part was introduced to account
for the increased activities of non-1808 domain walls
caused by high electric field magnitudes (Li et al., 2008).
Figure 11 is a re-plotting of Figure 10 to delineate the
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variation of d33 with ambient temperature, and shows
that d33 was linearly dependent on temperature, which is
in good agreement with the results obtained by Zhang
et al. (1994, 1995).

The effect on the longitudinal piezoelectric coeffi-
cient of changing DC offset was also investigated by
applying different DC positive bias voltages. Figure 12
shows the biased DC offset dependence found of
d33 under a sinusoidal peak-to-peak electric field magni-
tude ranging from 0.6 to 2.0 kVmm, a frequency of
100Hz, and a duty cycle of 10% at room temperature.
For low electric field magnitudes51.0 kV/mm, the DC
offset was found to have almost no effect on d33.
At driving field magnitudes of 1.0 kV/mm and above,
the longitudinal piezoelectric coefficient decreased
slightly with the positive DC offset, which is in good
agreement with the results obtained by Masys et al.
(2003). Masys et al. (2003) reported that a positive bias
field does not increase the total polarization, but does
contribute to pinning of the domain walls, and hence
reduces the extrinsic contribution to the piezoelectric
response.

Heat Generation and Hysteresis in Actuators

Heat generation in PZT actuators was also investi-
gated, since it was observed that a significant amount of
heat is generated when PZT actuators are driven under
high frequency and/or high electric field magnitudes.
Heat generation can significantly affect the reliability
and piezoelectric properties of these actuators, and may
also limit their application. Heat generation in multi-
layer PZT actuators is considered to be caused by losses,
such as mechanical loss and dielectric loss (Ochi et al.,
1985). However, it has been assumed in the literature to
date that the major contribution to heat generation is
from dielectric loss which is caused by ferroelectric
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hysteresis loss (Zheng et al., 1996; Lesieutre et al., 1996;
Uchino and Hirose, 2001).
The effect of the electric field magnitude and of

ambient temperature on piezoelectric hysteresis is shown
in Figure 13(a–c) and (d–f ), at temperatures of �30 and
808C, respectively, and a driving frequency of 1Hz using
a sinusoidal wave form. At electric field magnitudes
50.6 kV/mm, there was almost no hysteresis at both
temperatures. On the other hand, for higher electric
field magnitudes, hysteresis increased due to increased
activities of non-1808 domain walls with increasing

temperature and electric field magnitude. As mentioned
by Zhang et al. (1995), mathematical modeling of
hysteresis and irreversible behavior in ferroelectric
materials is rather complicated. According to them
and Masys et al. (2003), most of the observed
non-linearities and hysteresis in the material response
are due to extrinsic contributions from the domain-
boundary motion and phase-boundary motion.

For the purpose of heat generation testing in the
current study, a 10min continuous loading cycle was
used. The temperature increase of the selected actuators
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under a continuous sinusoidal AC driving field
(i.e., 100% duty cycle) is shown in Figure 14 for
different frequencies up to 300Hz, and different electric
field magnitudes (0.6, 1.0, and 1.4 kV/mm). All tests
were conducted at room temperature, with 258C as the

reference temperature T0 (ambient temperature inside
the chamber). The temperature increase, �T, is defined
as (�T¼Ti�T0), where Ti is the measured temperature
of the actuator surface.

It can be seen from Figure 14 that self-heat generation
in the PZT actuators tested increased with increasing
electric field magnitude and frequency. The temperature
increase in actuators showed an initially increasing trend
and then reached a steady state temperature. The time at
which the steady state was achieved, as well as the value
of the steady state temperature, was governed by the
electric field magnitude and frequency. For instance,
for E¼ 1.4 kV/mm and f¼ 300Hz, the steady state
temperature was almost 608C, while for E¼ 0.6 kV/mm
and f¼ 100Hz, the steady state temperature was close
to 1.58C. Since the dynamic stroke was found to be
dependent on ambient temperature, one can expect the
dynamic stroke to increase with time as the actuator
temperature increases, as shown in Figure 15. Note
that the increase in stroke here is due to self-heat
generation which increases the extrinsic piezoelectric
contribution, non-1808 domain switching-induced strain
(Figure 8).

The variation of the steady state temperature increase
�T1 with frequency is shown in Figure 16 for different
driving electric field magnitudes and a 100% duty cycle.
For driving field magnitudes 50.6 kV/mm, the steady
state temperature increase was linearly proportional to
the driving field frequency. However, as the magnitude
of the electric field increased, the temperature–frequency
relation was no longer linear. A power law fit using
the least-squares technique was used to depict the
steady state temperature–frequency relation such that
�T1¼ afb (where, a and b are functions of the applied
electric field, and b � 1.0).

Self-heat generation in piezoelectric actuators was also
found to depend on electric field magnitude. Figure 17
shows the dependence of the steady state temperature
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increase of the actuators tested on electric field
magnitude. For driving field frequencies 5100Hz,
the steady state temperature increase was almost
linearly proportional to the electric field magnitude.
As the frequency increased (�100Hz), a non-linear
trend was observed with �T1 being almost proportional
to E3.
Although duty cycle did not affect the dynamic stroke,

it significantly affected self-heat generation under
dynamic operating conditions. For example, doubling
the duty cycle nearly doubled the steady state tempera-
ture increase. Figure 18 shows the dependence of the
temperature increase on duty cycle for different loading
frequencies at E¼ 1.4 kV/mm. Steady state temperature
increase in piezoelectric actuators was found to
be linearly dependent on duty cycle, as shown in
Figure 19. Decreasing duty cycle significantly decreased

the heat generated in the piezoelectric actuators tested.
Thus decreasing the duty cycle can improve the func-
tionality of these actuators and lead to their expanded
use in high-power applications.
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Zheng et al. (1996) proposed a theoretical model to
explain the mechanism of heating in piezoelectric
materials. The model was based on the law of energy
conservation, and the assumption that the rate of heat
generation is directly proportional to the frequency and
hysteresis loss per driving cycle per unit volume.
Polarization-electric field hysteresis was found to be
approximately proportional to E2 and linearly propor-
tional to frequency f. The mathematical model represents
a closed-form solution for temperature increase that
shows the classical exponential variation with respect to
time, as well as a steady state value. However, since the
dependence of hysteresis on duty cycle and ambient
temperature was not considered in the model, it cannot
be used to simulate the results of Figures 14–18. The
authors are currently formulating a mathematical model
that accounts for the effects of duty cycle, as well as the
dependency of piezoelectric losses on ambient tempera-
ture, electric field magnitude, and frequency.

CONCLUSION

The thermo-electro-mechanical performance of piezo-
electric stack actuators under different operating condi-
tions relevant to fuel injection was investigated in this
paper. Soft epoxy-bonded PZT stack actuators were
tested over a temperature range of –308C to 808C,
under sinusoidal and trapezoidal driving fields of up to
2.0 kV/mm with various frequencies, rise times, and duty
cycles. The effect of the biased DC offset voltage on the
dynamic performance of PZT stacks was also studied.
The biased DC offset was found to slightly affect the
dynamic stroke of PZT actuators by reducing the extrin-
sic contribution due to non-1808 domain walls. Below
the resonance frequency of the testing system (about
511Hz), the dynamic stroke was found to increase with
driving field frequency. In the case of the trapezoidal
loading field, a decrease in rise time increased the non-
1808 domain wall motions; decreasing the rise time was
found to be equivalent to increasing the frequency
(i.e., dynamic stroke increased with decreasing rise
time). Self-heat generation in the actuators was also
investigated for different combinations of electric field
magnitude, frequency, and duty cycle. Heat generation
increased with increased driving field magnitude and
driving field frequency. Although duty cycle had almost
no effect on dynamic stroke, it strongly affected heat
generation in the actuators. Decreasing the duty cycle
can significantly decrease heat generated in the actua-
tors. At driving field frequencies much lower than the
resonance frequency of the system, the stroke-electric
field behavior at different temperatures agreed well with
the quasi-static results obtained previously.
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