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Abstract

Piezoelectricity is one of the most popular electromechanical transduction mechanisms for
constructing kinetic energy harvesting systems. When a standard energy harvesting (SEH)
interface circuit, i.e., bridge rectiﬁer plus ﬁlter capacitor, is utilized for collecting piezoelectric
power, the previous literature showed that the power conversion can be well predicted without
much consideration for the effect of dielectric loss. Yet, as the conversion power gets higher by
adopting power-boosting interface circuits, such as synchronized switch harvesting on inductor
(SSHI), the neglect of dielectric loss might give rise to deviation in harvested power estimation.
Given the continuous progress on power-boosting interface circuits, the role of dielectric loss in
practical piezoelectric energy harvesting (PEH) systems should receive attention with better
evaluation. Based on the integrated equivalent impedance network model, this fast track
communication provides a comprehensive study on the susceptibility of harvested power in PEH
systems under different conditions. It shows that, dielectric loss always counteracts piezoelectric
power harvesting by causing charge leakage across piezoelectric capacitance. In particular,
taking corresponding ideal lossless cases as references, the counteractive effect might be
aggravated under one of the ﬁve conditions: larger dielectric loss tangent, lower vibration
frequency, further away from resonance, weaker electromechanical coupling, or using powerboosting interface circuit. These relationships are valuable for the study of PEH systems, as they
not only help explain the role of dielectric loss in piezoelectric power harvesting, but also add
complementary insights for material, structure, excitation, and circuit considerations towards
holistic evaluation and design for practical PEH systems.
Keywords: energy harvesting, piezoelectric materials, dielectric loss, switching interface circuits,
impedance modeling
1. Introduction

growing trends of ubiquitous wireless sensor networks and
wearable electronics. Innovative designs on both mechanical
structures and energy harvesting interface circuits have been
proposed and extensively studied for enhancing the bandwidth and power density of piezoelectric energy harvesting
(PEH) systems [2, 3]. In most of the early studies, in particular those considering standard energy harvesting (SEH)

The interest of kinetic energy harvesting using piezoelectric
materials has endured for more than a decade [1] and has
become even more intensive in recent times [2, 3] given the
4
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The two ﬁgures are presented in purely electrical or
mechanical styles, but they have the same underlying
mathematics [18]. veq(t) and ieq(t) in ﬁgure 1 are equivalent
voltage and current. They correspond to the excitation force
f (t ) and vibration velocity x˙ (t ) in ﬁgure 2 with the following
relations

interface circuit [4] or resistive load [5], neglecting the effect
of dielectric loss (even it is one of the important parasitic
features of piezoelectric materials) seemed to draw little
derivation on power estimation. However, when a powerboosting circuit, such as synchronized switch harvesting on
inductor (SSHI), is connected, Liang and Liao found that
some experimental observation and power overestimation
were unable to be properly explained based on the lossless
assumption [6]. As it was reported that the inﬂuence of
dielectric loss increases intensively under high-power operation [7], the error in power estimation might become even
bigger for some recently reported interface circuits, which aim
to further increase the power density of piezoelectric materials
[8, 9]. Given the popular usage of synchronized switch
power-boosting interface circuit for piezoelectric devices
[10–12], as well as that some commonly used piezoelectric
materials might have considerable dielectric loss, e.g., polyvinylidene ﬂuoride (PVDF) [13], the role of dielectric loss in
practical PEH systems is not trivial and should receive
comprehensive consideration, so as to provide a proper
description of system dynamics as well as an accurate estimation of harvested power in PEH systems.
Integrated analysis is emphasized in this paper for ﬁnding
the role of dielectric loss in practical PEH systems. The
mechanical part of practical PEH systems is usually parameter
distributed structure, while the electrical part is nonlinear
harvesting interface circuit. Advanced mathematical models
have been well developed for describing the dynamic behaviors of either side; yet, model integration for the both parts is
troublesome [14]. In most existing literature emphasizing the
design or analysis of mechanical structure, their harvesting
circuits were simply taken as an equivalent resistor [2]; In that
focus on the design or performance of the harvesting circuit,
the mechanical behavior was simply regarded as an equivalent current source [3]. Simpliﬁed models may not be able to
provide accurate integrated analysis for a holistic PEH system. In contrast to those modeling methodologies, Shu et al
proposed an integrated analysis for PEH systems based on
differential equations and energy balance [15–17]. And later
Liang and Liao developed the equivalent impedance network
model based on fundamental harmonic analysis [18]. The
impedance method takes both mechanical and electrical sides
into more balanced consideration, so that their overall
dynamics can be appropriately described. The equivalent
impedance network model is able to be further extended by
considering the effect of other constitutive elements, e.g., the
dielectric leakage. Because of its easy extension feature and
innate convenience on power analysis, the equivalent impedance network model is taken as the theoretical base of this
paper for investigating the role of dielectric loss in practical
PEH systems.

veq (t ) =

f (t )
,
αe

ieq (t ) = αe x˙ (t ),

(1)

where αe is the force–voltage factor of piezoelectric element.
In ﬁgure 1, L, R, C, and Csc in series form the resonant path,
whose resonance frequency corresponds to one of the vibration modes of the piezoelectric structure. These four components correspond to the equivalent mass M, damping
coefﬁcient D, stiffness of substrate structure K, and stiffness
of piezoelectric element under short circuit condition Ksc. Yet,
because of the voltage versus force and current versus velocity electromechanical analogy, the series connection in the
electrical domain is turned into a parallel one in the
mechanical domain, as shown in ﬁgure 2. The relations of
these components in the electromechanical analogy are given
as follows
L=

M
;
α e2

R=

D
;
α e2

C=

α e2
;
K

Csc =

α e2
.(2)
Ksc

Ce, Rh, and Rd in ﬁgure 1 are the electrically induced capacitance, harvesting component, and dissipative component
[18]. These three equivalent components are derived from the
combination of the clamped capacitance Cp and its shunt
harvesting interface circuit. The total power consumed by Rh
and Rd equals to the power extracted from piezoelectric
structure. Such power extraction induces an additional
damping effect to the vibrating system. The counterparts of
Ce, Rh, and Rd in the mechanical domain are denoted as Ke,
Dh, and Dd respectively, as shown in ﬁgure 2. They are linked
with the following relations
Ke =

α e2
;
Ce

Dh = α e2 Rh ;

Dd = α e2 Rd .

(3)

The roles of these electrically induced components can be
distinguished and quantiﬁed through energy ﬂow analysis
[19]. The available ranges for these electrically induced
components are different under different adopted interface
circuits; within the constraint, which is set by a speciﬁc circuit, the values of these components are tunable by changing
the non-dimensional rectiﬁed voltage V˜rect . The variability of
these equivalent components and their dependence on V˜rect are
illustrated with arrows and dot line linkages in ﬁgures 1 and 2.
Besides the aforementioned components, which were
discussed in detail by Liang and Liao [18], a leakage resistance Rp is added in this study for the purpose of discussing
the function of dielectric loss in practical piezoelectric
materials. This complement to the previous equivalent
impedance model enables better explanation of some
experimentally observed phenomena [6] and makes the power
estimation of practical PEH systems more accurate. Dp is the
counterpart of Rp in the mechanical domain, as shown in

2. Theory
Figure 1 shows the equivalent impedance network of a linear
PEH system under one of its vibration modes, while ﬁgure 2
shows the corresponding equivalent mechanical schematics.
2
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Figure 1. Equivalent impedance network of a PEH system.

Figure 2. Equivalent mechanical schematics of a PEH system.

ﬁgure 2. Rp and Dp are correlated with the following relation
Dp = α e2 R p .

by

(4)

Ph, lossless =

Given the parallel connection between Rp and the Ce–Rd –Rh
path in electrical domain, corresponding Dp in mechanical
domain is equivalent to a dash pot suspending (in series
connection) the three electrically tunable components Ke, Dd,
and Dh, as illustrated in ﬁgure 2.
In general, as shown in ﬁgure 2, the installation of piezoelectric insert and its shunt harvesting interface circuit
introduces an additional dynamic network, which is composed of Ksc, Ke, Dd, Dh, and Dp, to the vibrating system.
Compared to the extensively referred general harvester model
proposed by Williams and Yates [20], where the effect of
energy harvester is regarded as only an equivalent dash pot,
this model is able to describe the dynamic behavior of practical PEH systems more exactly. In addition, the understanding on the holistic context makes it possible to carry out
parametric studies to reveal the roles of different constitutive
elements, including the dielectric loss equivalence Dp.
As observed from ﬁgure 1, if the piezoelectric materials
are lossless, i.e., R p = ∞, ih, the current ﬂowing through Rh,
equals to ieq. Under harmonic excitation, the ideal harvested
power by assuming lossless piezoelectric materials is given

2
Ieq
Rh

=

2

2
Veq
Rh

2

1
Zm + Ze

2

,

(5)

where Ieq and Veq are the magnitudes of ieq(t) and veq(t),
respectively. Zm and Ze are sums of equivalent impedances in
mechanical part and electrical part (without Rp), respectively,
i.e.,
Zm = R + jωL +
=

1
1
+
jωC
jωCsc

⎛
K + Ksc ⎞ ⎤
1 ⎡
⎟ ⎥,
D + j ⎜ ωM −
2 ⎢
⎝
ω ⎠⎦
αe ⎣

Ze = Rh + Rd +

(6)

1
,
jωCe

(7)

where ω is the vibration frequency of the PEH system. When
dielectric loss is considerable, the lossless estimation is no
longer valid. In this case, Rp is ﬁnite, the harvested power
considering dielectric loss therefore can be derived as follows
Ph, lossy =

=

3

2
Ieq
Rh

Rp

2

R p + Ze

2

2
Veq
Rh

Rp

2

Zm R p + Zm Ze + Ze R p

2

.

(8)
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Table 1. Inﬂuential factors of relative power ratio AF and corresponding tuning methods in validating tests.

Dividing (8) by (5) gives the relative power ratio for
evaluating the effect of dielectric loss towards harvested
power. Yet, this factor depends on excitation condition. When
the system is excited under constant velocity magnitude, i.e.,
constant Ẋ , since Ieq = αe X˙ , the relative power ratio can be
obtained as follows
A X˙ =

Ph, lossy
Ph, lossless

1

=

1 + tan δ

const. X˙

( )
ωt
ω

Z˜e

2

,

Therefore, harvested power under dielectrically lossy condition is smaller than that under lossless condition. In another
word, dielectric loss always counteracts piezoelectric power
harvesting.
More information about the counteractive effect resulting
from dielectric loss can be dug out by further investigating (9)
and (12). From (9), the increase of tan δ, 1/ω, or Re [Z˜e ]
reduces A Ẋ , i.e., aggravates the counteractive effect. As for
AF, it approximates A Ẋ when |Z˜m | ≫ |Z˜e |. From (6), such
condition is attained when electromechanical coupling is
weak, i.e., αe → 0 , or vibration is far away from resonance,
i.e., ω ≪ ωsc or ω ≫ ωsc , where

(9)

where
tan δ =

1
ωt C p R p

(10)

ωsc =

is dielectric loss tangent of piezoelectric material, which is
determined under the testing frequency ωt. ωt is usually
selected to be 1 kHz according to speciﬁcations from most
piezoelectric material manufacturers [21, 22].
Z˜e = Ze ωC p

Ph, lossy
Ph, lossless

(11)

1

=
const. F

1 + tan δ

( ) ( Z˜
ωt
ω

m

∥ Z˜e

)

2

A X˙ < A F < 1.

, (12)

(13)

is the non-dimensional factor of the equivalent mechanical
part impedance. Z˜m includes information about mechanical
dynamics, as given by (6), and also that about electromechanical coupling. For instance, under quasistatic operation (ω → 0), we can have
Z˜m

ω→ 0

=

( K + Ksc ) C p
α e2

(16)

Since A Ẋ can be taken as a special case of AF, where
backward coupling is so weak that extracting energy from the
PEH system does not affect its vibration, AF generalizes the
counteractive role of dielectric loss in a holistic context. In
addition, given that AF is a function of tan δ, ω, Z˜m , and Z˜e ,
then generally speaking, the intensity of such counteractive
effect is related to material, structure, excitation, and circuit
portions of a PEH system. The correspondences are summarized in the ﬁrst two columns of table 1.

where
Z˜m = Zm ωC p

(15)

is the resonant frequency under short circuit condition. When
electromechanical coupling is considerable and, at the same
time, ω approaches ωsc, the magnitude of Z˜m ||Z˜e becomes
smaller than that of Z˜e ,5 making

is a non-dimensional factor isolating the contribution of harvesting interface circuit [18]. If the system is excited by a
force with constant magnitude, i.e., constant F, since
Veq = F /αe , dividing (8) by (5), the relative power ratio
becomes
AF =

K + Ksc
M

=

1 − k2
,
k2

3. Experimental validation
Experiments are carried out on a cantilevered PEH system,
whose conﬁguration and dimensions are illustrated in
ﬁgure 3, in order to validate the proposed theory according to
the practical power harvesting under different tan δ, ω, Z˜m ,
and Z˜e . Output impedance of the piezoelectric structure in use
is measured with an impedance analyzer (4294A, Agilent), as
shown by the discrete marks in ﬁgure 4(a). Assuming lossless

(14)

where k2 is the coupling coefﬁcient of the piezoelectric
structure.
In (9) and (12), tan δ, ωt /ω, Re [Z˜m ], and Re [Z˜e ] are all
above zero, making both A Ẋ and AF smaller than one.

5

Strictly speaking, such a relation is attained when Z˜e is approximately real
numbers, i.e., ∠Z˜e ≈ 0 . The real part of Z˜e is more dominated when a powerboosting interface circuit is adopted [18].

4
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Table 2. Identiﬁed parameters.

Parameter
R
L
C ∥ Csc
Cp
R p, in
αe
fsc

Value
111.94 kΩ
3.44 kH
2.70 nF
199.73 nF
217.79 kΩ
0.0015 N/V
52.14 Hz

which might affect AF, to be investigated, as listed in the third
column of table 1.
In experiments, dielectric loss tangent tan δ is changed by
connecting additional shunt resistor R p, ex across the piezoelectric element, as illustrated in ﬁgure 3. Since tan δ is a
function of Rp according to (10), by connecting R p, ex , effective leakage resistance becomes R p = R p, in ||R p, ex , where R p, in
is inherent dielectric leakage resistance listed in table 2. As
for αe, theoretically, it is ﬁxed once the piezoelectric material
was made. Yet, given that A Ẋ can be taken as a special case of
AF, where αe = 0 , we can obtain the results under two discrete
coupling conditions (αe = 0 and 0.0015 N/V, the factor of
piezoelectric material in use, as listed in table 2) for comparative study. As a base acceleration ÿ yields proportional
equivalent inertial force − My¨ at the equivalent mass of the
cantilever, the constant F and constant Ẋ conditions are realized by taking reference to the base acceleration measured by
an accelerometer, and the relative velocity measured by an
electromagnetic sensor respectively. Given a ﬁxed piezoelectric structure used in experiment, ωsc is constant. Vibration frequency ω and its difference to the resonant frequency,
i.e., |ω − ωsc |, can be simultaneously adjusted by tuning the
frequency of shaker excitation signal. Circuit factor Z˜e
depends on the selected interface circuit and non-dimensional
rectiﬁed voltage V˜rect . Power generation using different harvesting interface circuits, including standard energy harvesting (SEH) and two power-boosting interface circuits, i.e.,
parallel synchronized switch harvesting on inductor (P-SSHI)
and series SSHI (S-SSHI), are investigated in experiments.
Corresponding expressions of Z˜e in the three cases were given
in the early study [18]. The tuning methods in the validating
experiments are summarized in the fourth column of table 1.
According to the aforementioned four tuning methods,
four groups of experiments are carried out to produce different testing conditions and to observe the harvested power
under such conditions. In each experiment, results are
obtained by varying two conditions, while the other two are
ﬁxed. Corresponding testing conditions in the four groups of
experiments are summarized in table 3; while the results are
shown in ﬁgures 5–8. Theoretical predictions show very good
agreement with experimental results.
Under constant Ẋ excitation, where mechanical dynamics
is excluded, it can be observed from ﬁgure 5 that frequency
variation does not inﬂuence the harvested power much. On the
other hand, from ﬁgure 6, the level of dielectric loss, in terms

Figure 3. Experimental setup.

Figure 4. Parametric identiﬁcation by ﬁtting the measured data. (a)
Impedance data. (b) Open circuit voltage.

condition, i.e., without considering Rp, at the beginning, the
values of R, L, C ∥ Csc , and Cp are preliminarily estimated
based on the experimental data set. The preliminary estimation result is presented by dashed curves in ﬁgure 4(a). Taking
these estimated values as the initial condition and assigning
initial Rp as 1 MΩ, the values of R, L, C ∥ Csc , Cp, and Rp are
ﬁnely tuned by minimizing the error between the measured
and ﬁtted results. The ﬁnal values of these parameters are
listed in table 2; the ﬁnely ﬁtted result is shown by solid
curves in ﬁgure 4(a). To obtain the force-voltage factor αe,
more information is needed by ﬁtting the open circuit voltage
under constant force magnitude (proportional to acceleration
here) excitation, as shown in ﬁgure 4(b). The estimated value
of αe is also listed in table 2.
Within the aforementioned four factors, which might
inﬂuence the counteractive effect of dielectric loss, tan δ, ω,
and Z˜e can be regarded as independent variables; the inﬂuence
of Z˜m can be separately embodied by two independent variables: |ω − ωsc | indicating the frequency difference from
resonance and αe representing the electromechanical coupling. Therefore there are, in total, ﬁve independent variables,
5
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Table 3. Testing conditions in four groups of experiments.

Figure 5. Results in experiment #1 (constant Ẋ and inﬁnite R p, ex ). (a) SEH. (b) P-SSHI. (c) S-SSHI.

Figure 6. Results in experiment #2 (constant Ẋ and f). (a) SEH. (b) P-SSHI. (c) S-SSHI.

Figure 8 shows similar trend as ﬁgure 6, even they are
obtained under different excitation conditions. In general,
neglecting the effect of dielectric loss does not bring much
error for power estimation in the SEH case; yet, might
introduce large discrepancy if power-boosting interface circuits, such as P- and S-SSHI are used.

of Rp, has a different inﬂuence on the harvested power when
different power-boosting interface circuits, which associate
with different Z˜e magnitudes, are used. In SEH, the change of
Rp does not make a signiﬁcant difference, as shown in
ﬁgure 6(a); yet, in P- and S-SSHI, the decrease of Rp makes the
harvested power drop a lot, as shown in ﬁgures 6(b) and (c).
When the PEH system is excited under constant Y¨ex , or
equivalently constant inertial force magnitude, harvested
power is sensitive to the difference between excitation and
resonance frequency, regardless of harvesting interface circuits used, as shown in ﬁgure 7. Maximum harvested power is
obtained around the resonant frequency, 52.14 Hz in this case.

4. Discussion
Given the effectiveness of the equivalent impedance network
model in predicting the harvested power under different
6
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Figure 7. Results in experiment #3 (constant Y¨ex and inﬁnite R p, ex ). (a) SEH. (b) P-SSHI. (c) S-SSHI.

Figure 8. Results in experiment #4 (constant Y¨ex and f). (a) SEH. (b) P-SSHI. (c) S-SSHI.

excitations, i.e., AF and A Ẋ , with each interface circuit,
A F > A X˙ in general. Since constant force magnitude excitation represents larger αe condition, relative power ratio A is
lower with smaller αe. 3) From ﬁgure 9, AF becomes smaller
and approaches A Ẋ when the vibration is further away from
resonance, in particular, for the SSHI cases. 4) From ﬁgure 9,
without considering the effect of mechanical dynamics, A Ẋ is
smaller at lower vibration frequency. 5) From ﬁgures 9 and
10, the circuit factor towards the degradation of relative
power ratio A is signiﬁcant, no matter under constant Ẋ or F
excitations. The magnitude of Z˜e , whose real part corresponds
to electrically induced damping effect, is signiﬁcantly
increased by using power-boosting interface circuits, such as
P- and S-SSHI [18]. Recalling the order of harvesting capabilities of the three investigated circuits (SEH < S-SSHI < PSSHI [23]), and observing the curves’ level in ﬁgures 9 and
10, the counteractive effect of dielectric loss against power
harvesting is aggravated when harvesting interface circuit
with higher harvesting capability is used. Among the ﬁve
factors, roughly speaking, the loss tangent and circuit factor
have a bigger inﬂuence on the relative power ratio; while the
other three factors, i.e., frequency from resonance, coupling
factor, and vibration frequency, have a moderate inﬂuence.

testing conditions, the harvested power under practical lossy
condition can be theoretically compared with that under ideal
lossless condition, in terms of relative power ratio, which was
deﬁned in (9) and (12). Without connecting additional shunt
resistor R p, ex , ﬁgure 9 shows such a ratio under different
frequencies, excitation conditions, and circuit conditions6;
under 53 Hz vibration, ﬁgure 10 shows this relative power
ratio under different dielectric losses, excitation conditions,
and circuit conditions.
It can be seen from ﬁgures 9 and 10 that, all relative
power ratios A are below one, which conﬁrms the counteractive effect of dielectric loss against piezoelectric power
harvesting. Moreover, ﬁve additional features corresponding
to the ﬁve tuning variables listed in table 1 can be observed
from the curves’ trend in two ﬁgures. 1) From ﬁgure 10, the
smaller Rp, i.e., larger dielectric loss tangent tan δ, the smaller
relative power ratio A, i.e., less harvested power compared to
the ideal lossless case. 2) From ﬁgures 9 and 10, comparing
the ratios under constant force and constant velocity
6

The peak harvested power obtained at optimum V˜rect by each harvesting
interface circuit is regarded as the harvesting capability of the corresponding
circuit.
7
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practical PEH systems. In general, when the effect of
dielectric loss cannot be ignored, additional concerns should
be taken from material, structure, excitation, and circuit
aspects towards accurate estimation on harvested power and
design of practical PEH systems.
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Figure 10. Relative power ratio under different dielectric losses,
excitation conditions, and circuit conditions (f = 53 Hz).

5. Conclusion
The role of dielectric loss in practical piezoelectric energy
harvesting (PEH) systems was investigated in this study. The
intuitive conclusion that dielectric loss always counteracts
piezoelectric power harvesting was veriﬁed. Besides that, it
was also found that, by taking the ideal lossless case as
reference, the relative counteractive effect against power
harvesting becomes more signiﬁcant under: 1) larger dielectric loss tangent, 2) weaker electromechanical coupling, 3)
further away from resonance, 4) lower vibration frequency,
and 5) with power-boosting interface circuit. Among these
ﬁve factors, the ﬁrst three are unwanted in efﬁcient PEH
systems. These three factors and their aggravations on
counteractive effect should be simultaneously reduced
through proper design. On the other hand, the fourth factor
would be preferred in many practical scenarios for matching
the spectrum of ambient vibration; the ﬁfth factor is desired
for further enhancing the power density of PEH systems [9].
For these two factors, trade off should be made between
positive and counteractive effect in holistic design for
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