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ABSTRACT

Dielectric loss is one of the important parasitic features of piezoelectric materials; nevertheless, its role in practical
piezoelectric energy harvesting (PEH) systems has received little attention in previous studies. Based on the
integrated equivalent impedance network model, this paper investigates the susceptibility of harvested power in
PEH systems under different dielectric leakage conditions when different harvesting interface circuit is adopted.
It shows that dielectric loss always counteracts power generation in PEH systems. In particular, harvested power
degrades from the ideal lossless case more significantly under large dielectric leakage, or when power boosting
interface circuits, e.g., synchronized switch harvesting on inductor (SSHI), are adopted. These results provide
useful insight for the selections of piezoelectric material and harvesting interface circuit towards holistic PEH
designs.
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1. INTRODUCTION

In recent research of piezoelectric energy harvesting (PEH) systems, various designs on both mechanical struc-
tures and harvesting interface circuits were extensively studied for enhancing the bandwidth and level of power
generation.1,2 In most of these studies, harvested power was estimated by assuming lossless piezoelectric mate-
rials. Yet, some experimental observation and power overestimation in a specific PEH system were unable to be
explained with the lossless model.3 Since the dielectric loss of some commonly used piezoelectric materials is con-
siderable,4 the role of dielectric loss in practical PEH systems is not trivial and should receive full consideration
for proper description of system dynamics and accurate estimation of harvested power in these systems.

To clarify the role of dielectric loss in practical PEH systems, the holistic context should be thoroughly
understood. Practical PEH systems are usually composed of parameter distributed mechanical structure and
nonlinear harvesting interface circuit. Advanced mathematical models have been well developed for either side;
yet, their integration is troublesome.5 Most existing literature either emphasized the design or analysis of me-
chanical structure by simplifying the harvesting circuit as a resistor;1 or focused on the design or performance of
harvesting circuit by simplifying the mechanical behavior into an equivalent current source.2 These unbalanced
methodologies cannot provide accurate integrated analysis for the holistic PEH systems. Different from these
modeling methodologies, the equivalent impedance network makes moderate simplifications on both mechanical
and electrical sides towards a uniform description on their dynamics, in terms of fundamental harmonic.6 There
are some other analytical solutions for integrated analysis of PEH systems;7–9 yet, further extension for consider-
ing the effect of constitutive elements, e.g.,, the dielectric leakage, is challenging based on differential equations.
Given the easy extension feature of equivalent impedance network model and also its innate convenience on
power analysis, in this paper, it is taken as the theoretical base for investigating the role of dielectric loss in
practical PEH systems.

2. MODEL

The equivalent impedance network of a PEH system, considering dielectric loss, is shown in figure 1; while its
corresponding equivalent mechanical schematics is shown in figure 2. veq(t) and ieq(t) are equivalent voltage
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Figure 1. Equivalent impedance network of a PEH system.
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Figure 2. Equivalent mechanical schematics of a PEH system.

and current, corresponding to excitation force f(t) and vibration velocity ẋ(t) in mechanical domain with the
following relations

veq(t) =
f(t)

αe
; ieq(t) = αeẋ(t) . (1)

where αe is the force–voltage factor of piezoelectric element. L, R, C, and Csc in series form the resonant path
corresponding to one of the vibration modes of the piezoelectric structure, which is constituted by equivalent
mass M , damping coefficient D, stiffness of substrate structure K, and stiffness of piezoelectric element under
short circuit condition Ksc, as shown in figure 2. The relations in this electromechanical analogy are given as
follows

L =
M

α2
e

; R =
D

α2
e

; C =
α2
e

K
; Csc =

α2
e

Ksc
. (2)

Ce, Rh, and Rd are the electrically induced capacitance, harvesting component, and dissipative component.6

They are equivalent components derived from the combination of clamped capacitance Cp in parallel with a
harvesting interface circuit. The total power consumed by Rh and Rd is the power extracted from piezoelectric
structure, which induces damping effect to the vibrating system. The counterparts of Ce, Rh, and Rd in
mechanical domain are denoted as Ke, Dh, and Dd, respectively, which can be obtained with the following
relations

Ke =
α2
e

Ce
; Dh = α2

eRh ; Dd = α2
eRd . (3)

The roles of these electrically induced components can be distinguished and quantified through energy flow
analysis. Different interface circuits endow different available ranges for these electrically induced components;
within the constraint set by a specific circuit, the values of these components are tunable by changing the
non-dimensional rectified voltage Ṽrect.

Besides the aforementioned components in equivalent impedance network of PEH system, which have been
discussed in previous study,6 a leakage resistance Rp summarizes the function of dielectric loss in practical
piezoelectric materials. This complement to the previous model enables explanation and quantitative evaluation
of some reported experimental phenomena3 towards accurate power estimation for practical PEH systems. Dp in
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figure 2 is the counterpart of dielectric loss in mechanical domain. It is related to Rp with the following relation

Dp = α2
eRp . (4)

It is equivalent to a dash pot suspending the electrically tunable components Ke, Dd, and Dh, as illustrated in
figure 2.

From the mechanical schematics shown in figure 2, the installation of piezoelectric insert and its connected
harvesting interface circuit introduces an additional dynamic network, which is composed of Ksc, Ke, Dd, Dh,
and Dp, to the system. Compared to the extensively referred general harvester model proposed by Williams
and Yates,10 where the effect of energy harvester is regarded as only an equivalent dash pot, this model is more
accurate in describing the dynamic details of practical PEH systems. In addition, such understanding on the
holistic context make it possible to distinguish 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.,, Rp = ∞, ih, the current flowing
through Rh, equals to ieq. Under harmonic excitation, the ideal harvested power by assuming lossless piezoelectric
materials is given by

Ph,lossless =
I2eqRh

2
, (5)

where Ieq is the magnitude of ieq(t).

When the dielectric loss tangent is considerable, the previous estimation is no longer valid, even the vibration
magnitude still maintains the same. In this case, Rp is finite, the magnitude of current flowing through Rh

becomes

Ih = Ieq

∣∣∣∣ Rp

Rp +Rh +Rd + ZCe

∣∣∣∣ , (6)

where ZCe = (jωCe)
−1

is the corresponding impedance of Ce. No matter what interface circuit is selected, Ce,

Rh, and Rd depend on Ṽrect;
6 therefore, Ih is also influenced by Ṽrect. On the other hand, Ṽrect is defined as

Ṽrect =
Vrect
Voc

, (7)

where Vrect is the dc rectified voltage, Voc is magnitude of the nominal open-circuit voltage over Cp, i.e.,

Voc =
Ih
ωCp

. (8)

As observed from (6)–(8), Ih and Ṽrect are mutually depended.

Denoting a = Ze/Rp, where Ze = Rh +Rd + ZCe, the harvested power considering dielectric loss is

Ph,lossy =
I2eqRh

2

1

|1 + a|2
. (9)

Comparing (5) and (9), the harvested power decreases more from the lossless case as the ratio a getting larger.
It was known that the power boosting interface circuits, such as the parallel or series synchronized switch
harvesting on inductor (SSHI) can significantly increase the magnitude of Ze.

6 It implies that, at the same
time of enhancing the harvested power by increasing Rh, they also produce a counteractive effect by increasing
the ratio of a. Therefore, revision on power estimation is particularly necessary for not only the PEH systems
adopting lossy piezoelectric materials, i.e., those with small Rp, but also the systems using power boosting
interface circuits, i.e., those can produce large Ze.

Above power analysis assumed that ieq, which is proportional to the vibration velocity ẋ, is known. If not
the case, but excitation force is determinated, e.g., that defined by f(t) in figure 2, the harvested power can still
be worked out after calculating

Ieq =
Veq

R+ ZL + ZC + ZCsc +Rp‖Ze
, (10)

where Veq is the magnitude of veq; ZL, ZC , and ZCsc are the impedances of L, C, and Csc, respectively.
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Figure 3. Experimental setup.

Table 1. Identified Parameters.

Parameter Value

R (kΩ) 586.69

L (kH) 28.35

C‖Csc (pF) 264.50

Cp (nF) 16.12

Rp,in (MΩ) 1.03

αe (10−4 N/V) 2.64

Table 2. Testing Conditions.

Parameter Value

Ÿex (m/s2 in rms) 5.0

ω (rad/s) 2π×58

γ in SSHI −0.64

3. RESULT

Evaluations on power degradation under different loss conditions and connected circuits are conducted with a
cantilevered PEH system, whose configuration and dimensions are illustrated in figure 3. The piezoelectric patch
used in this experiment is cut from a piezoceramic sheet (T110-A4E-602, Piezo Systems Inc.). An accelerometer
(2635, Brüel & Kjær) is installed on the vibrating base for maintaining the sensing the base acceleration, which
is proportional to inertial force. An electromagnetic sensor is installed at the free end for sensing the velocity
so as to synchronously carry out switching action in SSHI. The output impedance of the piezoelectric structure
under different frequencies is measured with an impedance analyzer (4294A, Agilent). Parameters are identified
through fitting the experimental results using the proposed model. The identified parameters are listed in table
1.

A shunt resistor Rp,ex is connected externally across the piezoelectric element for varying the effective leakage
resistance Rp within the range of [0, Rp,in], because Rp = Rp,in||Rp,ex, where Rp,in is the inherent dielectric loss
of the piezoelectric element in use. On the other hand, for producing different values of Ze, three represen-
tative harvesting interface circuits are connected by turns. These circuits include standard energy harvesting
(SEH) interface circuit, and two representative power boosting interface circuits, parallel-SSHI and series-SSHI.
Corresponding expressions of Ce, Rh, and Rd in the three cases have been derived in early study.6

In experiment, the cantilever is harmoniously excited with the rms acceleration of Ÿex and frequency of ω
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Figure 4. Experimental verification. (a) SEH. (b) Parallel-SSHI. (c) Series-SSHI.
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Figure 5. Contours of harvested power under different loss condition. (a) SEH. (b) Parallel-SSHI. (c) Series-SSHI.

(both values are listed in table 2). The harvested power, as a function of Ṽrect, is recorded under different effective
leakage resistances Rp and connected circuits. As shown in figure 4, experimental and theoretical results are
in good agreement. It can be observed from these results that, with all the three selected interface circuits,
harvested power degrades as a result of the increase of effective dielectric loss, i.e., decrease of leakage resistance
Rp.

Figure 5 shows the contours of harvested power within a range ofRp and Ṽrect with respect to the three selected
circuits. Connecting the maximum harvested power points in different loss conditions, i.e., Ph,lossy,max (Rp),
we can identify the ridge in each contour, as illustrated by dash line in figure 5. Such ridge represents the
maximum harvesting capability under different loss conditions. By taking Ph,lossless,max, the lossless maximum
in the same circuit, as reference, the relative harvesting capability under different loss conditions are calculated
and comparatively shown in figure 6. It provides better insight on the degradation of harvesting capability
with respect to the decrease of Rp in the three cases. Recalling the order of harvesting capabilities of the
three investigated circuits (SEH < series-SSHI ≈ parallel-SSHI11) and observing the curves in figure 6, it can
be summarized that the counteractive effect of dielectric loss against power generation is aggravated when
harvesting interface circuit with larger harvesting capability is used. Therefore, when putting into the holistic
context of PEH systems, the circuit advancement might be discounted because of the effect of dielectric loss
against piezoelectric power generation. Trade off should be made between positive and counteractive effect in
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Figure 6. Relative harvesting capability under different loss conditions.

holistic design solution for practical PEH systems.

4. CONCLUSION

The role of dielectric loss in practical piezoelectric energy harvesting (PEH) system was investigated in this study.
Besides verifying an intuitional conclusion that the larger dielectric loss, the more degradation on harvested
power, it was also found that, by taking the ideal lossless case as reference, harvested power degrades more
significantly when power boosting interface circuits are adopted. Therefore, at the same time of emphasizing the
advancement of a certain circuit approach, in terms of power boosting, its enhancement on the counteractive
effect of dielectric loss against piezoelectric power generation should also received sufficient consideration. Only
when both the positive and negative effects are taken into account, can harvested power be accurately predicted.
Such insight on the interaction between piezoelectric transducer and harvesting interface circuit is valuable for
the holisitc design of practical PEH systems. In addition, the equivalent impedance network model, which has
been proposed by the authors in their previous study, once again showed its extendibility and high efficiency for
integrated analysis of electromechanically coupled PEH systems.
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