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During the last decades, vibrations-based piezoelectric energy scavenging has been widely inves-
tigated as a way to replace or complement batteries to power sensor nodes in closed and confined
environments. Piezoelectric ceramics exhibit conductive and dielectric losses. However, in most
models used in energy harvesting, these losses are disregarded, as they appear to be relatively
small in manufacturer datasheets. In this paper, after briefly introducing the origins of those losses,
we experimentally prove that they are strongly dependent on the electric field in the material. This
means that the datasheets data, obtained under low electric field characterizations, are not repre-
sentative of the actual material losses under real-world vibrations. Thereafter, we prove that these
losses limit the harvesting energy bandwidth, and we deduce the theoretical performance bound-
aries of piezoelectric harvesters. Finally, we study how harvesting energy on a linear resistive load
is impacted by the losses in the piezoelectric material. Experimental results are in good agreement
with our analysis and show that these losses should be taken into account in the electromechanical
models in order to accurately predict the harvestable power from a linear piezoelectric harvester.

Keywords: Energy Harvesting, Piezoelectricity, Dielectric Losses, Electrical Interface, PZT,
PMN-PT, PZN-PT.

1. INTRODUCTION
Nowadays, most sensors nodes are powered thanks to
lithium and lithium-ion batteries. The main drawbacks
of those systems is their limited longevity and their
size, which make them hardly usable for powering aban-
doned, embedded, or biocompatible sensors nodes. Energy
harvesting has been proposed as an alternative or a
complement to battery, in order to make those sensors
nodes autonomous and self-powered. Ambient energy can
be found in the environment under the form of solar
radiations,1 thermal gradients,2 air flows,3 electromag-
netic radiations,4 biological organisms,5 and mechanical
vibrations.6 Among the various energies type available in
the environment, mechanical vibrations are of particular
interest in closed, dark, confined places, where there are
few solar radiations, nor thermal gradients.6

In order to convert the energy from a mechanical to an
electrical form, three main transductions principles have
been investigated as potential candidates: electromagnetic,

∗Author to whom correspondence should be addressed.
Email: adrien.morel@cea.fr

electrostatic and piezoelectric. The choice of the
transduction is mainly linked with the size of the har-
vester: for NEMS and MEMS applications, electrostatic
harvesters are essentially the preferred choices. At mm-to-
cm scale, piezoelectric harvesters usually exhibit the high-
est power density. For larger harvesters, electromagnetic
harvesters become the most appropriate.7�8 In this paper,
we chose to focus our analysis on piezoelectric harvesters.
It can however be noted that the analysis presented in the
two last sections of this paper could be extended to elec-
tromagnetic harvesters, thanks to the dual nature of the
electromagnetic/piezoelectric harvesters.9

A linear piezoelectric energy harvester (PEH) is usu-
ally made of a piezoelectric material deposited on a linear
mechanical resonator, whose dynamic is governed by a
second order linear differential equation. When this res-
onator is excited by an external force, a strain is applied
on the piezoelectric material. Thanks to the piezoelectric
effect, charges are generated and stored in the the material
itself. The role of the electrical interface is to collect these
charges in a way that maximizes the extracted energy from
the mechanical structure to the electrical storage element.10
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In most harvesters, the material used is made of hard
ceramic exhibiting piezoelectric effect, such as lead zir-
conate titanate (PZT).11�12 The main advantages of PZT are
its low production cost and its relatively important elec-
tromechanical coupling coefficient.13

Some works have proposed new electrical interfaces
based on single crystals piezoelectric materials, such as
lead magnesium niobate-lead titanate (PMN-PT) or lead
zinc niobate-lead titanate (PZN-PT).14�15 Indeed, those
materials exhibit higher k31 than PZT, and can be used to
design highly coupled harvesters exhibiting high energy
performances and whose resonance frequency can be elec-
trically adapted on a relatively large frequency band.16–18

However, some of those papers experimentally exhibited
the influences of losses that were not predicted by the
theoretical model and could be associated with dielectric
losses.15�17

In this paper, we demonstrate that the dielectric losses,
usually low in the materials datasheets, become important
and non-negligible under high electric fields, which may
usually be the case in real harvesting applications. Follow-
ing this analysis, we propose a model for those dielectric
losses, and, from this model, we derive new fundamental
limits of energy harvesting from linear PEHs. Finally, the
influences of these losses while harvesting energy from a
resistive load is analyzed and experimentally validated.

2. DIELECTRIC LOSSES ORIGINS
2.1. Dielectric Losses Modelling
A piezoelectric material is made of two conductors of
length L, width W , separated by a dielectric of depth D.
An electric field E in the piezoelectric material is gener-
ated due to the charges Q and −Q on the positive and
negative electrodes respectively. Considering that the elec-
tric field is uniform inside the material, the capacitance C
of such piezoelectric plate can be derived using Gauss’s
law, and is given by (1).⎧⎪⎪⎪⎨

⎪⎪⎪⎩
©
∫∫

�E · �dS = ELW = Q

�0�r

C = Q

� ∫ D

0 Edz� =
�0�rLW

D
= �0�rA

D

(1)

Where �0 is the permittivity of free space �8�85 ·
10−12 F ·m−1� and A is the electrode area. If the dielec-
tric is considered imperfect and has a finite resistivity �,
it presents an intrinsic resistance Rcond = �D/A. Hence,
the energy losses associated with Rcond are caused by the
leakage current in the dielectric material. When the mate-
rial is under a varying electric field, there are some addi-
tional dissipation of electromagnetic energy induced in the
dielectric material itself, due to dipole rotations and oscil-
lations. These losses, also known as dielectric losses, can
be taken into account by considering a complex permittiv-
ity �∗r = �′r +j�′′r .

19 The piezoelectric material’s admittance

taking into account these two different losses is given
by (2).

Yp= j�
�0�

′
rA

D
+�

�0�
′′
r A

D
+ A

�D
= j�Cp+

1
R�

+ 1
Rcond

(2)

This admittance expression (2) includes a real and an
imaginary part. Hence we can consider the piezoelec-
tric material electrical model as a capacitance Cp (mod-
eling its ability to store electric charges) in parallel with
two resistances R� and Rcond modeling respectively the
energy losses due to the thermal agitation in the dielec-
tric material, and due to the leakage current in the mate-
rial, as shown in Figure 1. Of course, this electrical model
remains a mathematical representation of the behavior of
the dielectric material. The ratio tan�	�, commonly called
“loss tangent,” is then defined as (3):19

tan�	�= 1
�R�//Rcond�Cp�

= 


�0�
′
r�

+ �′′r
�′r

(3)

With 
 the conductivity of the dielectric material,
defined as 1/�.

2.2. Influences of the Voltage Frequency on the
Dielectric Losses

From (3), it can be noticed that the loss tangent tan�	� is
the sum of two terms:
• 
/��0�

′
r��, due to the finite resistivity of the dielectric

material, which varies with the frequency of the voltage
across the piezoelectric material electrodes.
• �′′r /�

′
r which is due to the thermal agitation in the dielec-

tric material, and is, in another hand, not dependent on the
frequency of the voltage across the piezoelectric material
electrodes.

In order to study how tan�	� behaves with frequency
variations, two piezoelectric materials have been charac-
terized thanks to an impedance analyzer. Figure 2 shows
the module and phase of the admittance of a PZT mate-
rial plate while Figure 3 shows the the same figure for a
PMN-PT material plate.
The phase of the admittance �Y is directly linked to the

loss tangent tan�	� by relation (4).

�Y = 180
�

arctan�1/ tan�	�� (4)

We can observe that �Y remains relatively constant for
any frequency f ∈ 
100 Hz, 200 Hz] for the PMN-PT
material and f ∈ 
50 Hz, 500 Hz] for the PZT material. It
means that tan�	� is constant as well on these frequency
ranges. We can conclude that the main contribution to
tan�	� is constant with the frequency and is thus given by
�′′r /�

′
r . This physically means that the conduction losses in

the dielectric material are negligible in comparison with
the dielectric losses. We have been able to determine as
well the three components of the piezoelectric electrical
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Fig. 1. Piezoelectric material plate representation and its associated equivalent electrical model.

model Cp, R�, Rcond by fitting the theoretical admittance
expression given by (3) to experimental data shown on
Figures 2 and 3 for f ∈ 
100 Hz, 200 Hz]. These parame-
ters values have been summarized in Table I.
We can observe that Rcond is way more important

than R�. This confirms that the losses in the dielectric
material are mainly due to the dielectric losses, and not
to the conduction losses, leading to an almost invariant
loss tangent over the considered frequency range.20 If we
neglect Rcond in (3), we obtain the well-known expression
of tan�	� given by (5), which is frequency independent.21

tan�	�≈ �′′r
�′r

(5)

From now on, we will consider the expression (5) to
be true, and only take into account the losses due to the
thermal agitation in the dielectric material.

2.3. Influences of the Electric Field on the
Dielectric Losses

Some recent piezoelectric materials data from papers
and manufacturers datasheets have been gathered and

Fig. 2. Experimental admittance analysis of a PZT material and fitted
analytical model.

summarized in Figure 4, with respect to their coupling
coefficients k31 and their quality factor Qdiel = 1/tan�	�.
From manufacturer datasheets and prior art, PZN-PT mate-
rials appear to present highest k31, followed by PMN-PT,
soft ceramics, then hard ceramics. The dielectric losses
tangent of all those materials, even if they appear to be
a bit more important for soft ceramics, remain relatively
small (always lower than 2 or 3%).
Those losses are however characterized under low elec-

tric fields. In order to see whether or not the dielectric
losses remain small under higher electric fields, we char-
acterized the dielectric losses of two different piezoelectric
materials under various AC electric fields levels. To do so,
we used the experimental setup shown in Figure 5.
The piezoelectric materials used were a PZT ceramic

having a width of 200 �m, and a PMN-PT material hav-
ing a width of 500 �m. They have been excited from 0
to 210 V thanks to an Agilent B2962A power source. The
voltage difference across the sensing resistor Rsense gives
us the current IR flowing through the piezoelectric har-
vester. Since we know both IR and the voltage across the

Fig. 3. Experimental admittance analysis of a PMN-PT material and
fitted analytical model.
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Table I. Piezoelectric energy harvester’s characteristics.

Piezoelectric material

Parameters PZT PMN-PT Units

Cp 37 42 nF
R�� 1.36 5.150 G� · rad
Rcond 4246 16000 G�
tan�	� ≈1.97% ≈0.46% N/A

piezoelectric material, V2, we can get the phase between
those two signals, and their ratio. Thus, we can easily
determine the values of the electrical models R� and Cp,
for various voltage frequency and amplitude.⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
�Y � = �V1−V2�

Rsense�V2�
=
√

1
R2

�

+C2
p�

2

arg�Y �= �

(
V1−V2

Rsense

� V2

)
= arctan�R�Cp��

(6)

tan�	� has been characterized with various voltage
amplitude, from few mVs to 10th of volts, and its evolu-
tion can be seen on Figure 6.

From those tests, we can notice that when the electric
field is larger, the dielectric losses increase as well. This
is consistent with the model proposed by Yang et al. in

Fig. 4. Coupling k31 and loss tangent tan�	� of various materials
exhibiting piezoelectric properties characterized under small electric
fields, with data from Refs. [16, 20–25].

Fig. 5. Experimental setup for exhibiting the non-linear behavior of the
dielectric losses.

Fig. 6. Evolution of tan�	� as a function of the AC electric field ampli-
tude applied on the piezoelectric materials.

Ref. [24] who considered these losses nonlinearities as a
polynomial function of the electric field, as reformulated
by (7). In our case, as shown in Figure 6, tan�	� can be
approximated as a first order polynomial function of E
with a0 ≈ 0�01 and a1 ≈ 2 ·10−7.

tan�	�≈
	∑
i=0

aiE
i ≈ a0+a1E (7)

Thus, under important mechanical excitations leading
to high electric field in the piezoelectric material, these
dielectric losses have an increasingly impact on the har-
vestable energy. For identical converted power and same
material dimension, strongly coupled piezoelectric mate-
rial such as PMN-PT or PZN-PT exhibit higher electric
field than PZT materials, because of their smaller piezo-
electric capacitance Cp due to their lower �r .

24�26 Hence,
even though single crystals materials do not exhibit high
dielectric losses under low electric fields, they may how-
ever exhibit important losses under high electric fields,
which is the case under real world vibrations.

3. BOUNDARIES OF LINEAR
ENERGY HARVESTING

In order to study the influences of these losses in the
context of energy harvesting, let’s consider a piezoelec-
tric energy harvester made of a linear oscillator modelled
by a linear single degree of freedom differential equation.
A piezoelectric material is deposited upon this mechani-
cal oscillator, as shown in Figure 7. When the harvester is
excited under an external force F , a mechanical strain is
applied on the material. Thanks to the direct piezoelectric
effect, electrical charges are consequently generated in the
piezoelectric material. The constitutive equations of such
linear coupled system can be expressed by (8).18�27{

F =M� =Mẍ+Dẋ+Kscx+�vp

ip = �ẋ−Cpv̇p − vp/R�

(8)

Where M , Ksc, � stand for the effective mass of
the harvester, its effective short-circuit stiffness, and its

J. Low Power Electron. 14, 244–254, 2018 247
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Fig. 7. Piezoelectric energy harvester representation and its associated electrical equivalent model.

force coefficient respectively. D represents the mechanical
damping, � the acceleration of the excitation, x the mass
displacement, and ip the current going into the electrical
interface. The electrical equivalent model of (8) is shown
on Figure 7.
In order to study this model, some normalized vari-

ables have been proposed in previous works, as shown
in Table II. �0 is the short-circuit angular resonance fre-
quency of the harvester, �m is its normalized resonance
frequency, k2m its normalized squared coupling coefficient,
and �m is the normalized mechanical damping.
From this model, two conditions must be satisfied in

order to maximize the harvested energy:
• The damping induced by the electrical interface should
be equal to the mechanical damping.27�28

• The electromechanical system’s resonance frequency
should be equal to the input vibrations frequency.27

vp

ip
= Zelec = A+ jB (9)

Due to the filtering effect of the mechanical resonator,
we can consider that only the first harmonic of the piezo-
electric voltage will influence the dynamics of the elec-
tromechanical system. Thus, based on this assumption, the
electrical interface can always be modelled as a complex
impedance Zelec which presents a real part A ∈ �+∗ and
an imaginary part B ∈ �.27�29 If there is no restrictions on
the electrical interface (meaning that A and B can take
any value in their definition domains), and if the piezo-
electric material is lossless (tan�	� = �′′r = 0, Rcond → 	,
R� → 	�, then the two conditions above can always be
met, and the maximum harvested power given by (10) can

Table II. Normalized variables expressions.

Normalized parameters Expressions Domains

�0

√
KscM

−1 Mechanical

�m
D

2

√
K−1

sc M
−1 Mechanical

�m �/�0 Vibrational
k2
m k2/�1−k2�= �2/�KscCp� Material

be reach for any vibration frequency, coupling or mechan-
ical damping.30�31

�Pmax�lossless =
�M��2
8D

(10)

However, if the dielectric losses are taken into account,
this limit becomes a function of the losses themselves, but
also of the vibration angular frequency, mechanical damp-
ing, and electromechanical coupling. From (8) and (9), it
can be shown that this maximum is expressed by (11).27

�Pmax�lossy =
�M��2
8D

/(
1+ 2

√
MKscM

2D�2R�

(
4D2

KscM

+M
�M�2/Ksc−1�2

Ksc�
2

))
(11)

Normalizing (11) with respect to the maximum har-
vested power with a lossless piezoelectric material, and
replacing the model parameters by their normalized coun-
terparts (Table II), we can get the expression (12).

� = �Pmax�lossy

�Pmax�lossless

= 1

1+ tan�	��m/�2k
2
m�m��4�

2
m+��2

m−1�2/�2
m�

(12)

With � ∈ 
0�1�, the normalized harvested power bound-
ary which gives an information about how much the
dielectric losses influence the harvested energy boundaries.
For a lossless dielectric material (tan�	� = 0�, � will be
equal to unity. In another hand, if the dielectric losses are
very important (tan�	� → 	�, � will tend toward zero.
An interesting insight given by (12) is that � is only
dependent on three parameters: the normalized mechani-
cal damping �m, the normalized vibration frequency �m,
and the ratio of the dielectric loss tangent over the squared
coupling coefficient tan�	�/k2m. It means that a higher cou-
pling coefficient will reduce the influences of the dielectric
loss tangent on the harvested energy boundary. Figure 8
shows the evolution of � in the plane (tan�	�/k2m��m�.
From Figure 8 we can conclude the following:

• A higher loss tangent implies a smaller harvestable
spectrum of energy.

248 J. Low Power Electron. 14, 244–254, 2018



IP: 2.7.47.158 On: Thu, 30 Aug 2018 20:49:38
Copyright: American Scientific Publishers

Delivered by Ingenta

Morel et al. Dielectric Losses Considerations for Piezoelectric Energy Harvesting

Fig. 8. Normalized harvested power boundary � in the plane
(tan�	�/k2

m; �m� with �m = 0�01.

• A higher k2m implies a higher harvestable spectrum of
energy.
• The dielectric losses are minimized when the vibration
frequency matches the short-circuit resonance frequency
of the PEH. Consequently, the influences of the dielectric
losses are increased as the vibrations frequency get farther
from the short-circuit resonance frequency.

When the vibration frequency matches the harvester res-
onance frequency, (12) can be greatly simplified, and the
expression of � can be given in this case by (13). This
expression has been computed as a function of tan�	�/k2m
for various mechanical damping, as shown in Figure 9.
This figure shows that a higher mechanical damping leads
to higher dielectric losses at resonance.

�resonance =
1

1+ �2 tan�	�/k2m��m
(13)

The normalized harvesting bandwidth of a PEH is given
by the frequency range �� where the harvested power is

Fig. 9. Normalized harvested power boundary � at resonance (�m = 1�
with various dielectric losses, coupling, and mechanical damping.

Fig. 10. Normalized harvesting bandwidth �� with various dielectric
losses, coupling, and mechanical damping.

higher than 50% of the maximum harvested power. From
(12), we can derive the maximum �� that can be reach
for a particular linear PEH, which is no longer unbounded.

��max ≈
√
4�2

m+
2�mk

2
m

tan�	�
(14)

(14) has been computed as a function of tan�	�/k2m for
various �m, as shown in Figure 10. We can observe that a
higher mechanical damping leads to a greater harvesting
bandwidth.
In this part, we studied how the dielectric losses impact

the boundaries of the harvested energy from linear energy
harvesters in term of maximal power and bandwidth.
These boundaries are a theoretical limitation that could be
reach only with a perfect impedance matching realization.
It means that the bandwidth improvement that could be
reach with a perfect impedance matching and electrical
tuning is somehow limited by the dielectric losses.

4. DIELECTRIC LOSSES INFLUENCES ON
LINEAR HARVESTING INTERFACES

The previous analysis focused on the energy harvesting
boundary with a perfectly matched electrical load. How-
ever, in most real cases, this impedance matching requires
a highly inductive load reaching 100th of Henrys, which
is obviously unpractical.27 In this part, we will focus on
the influences of the dielectric losses on a simpler linear
electrical interface made of a resistive load.

4.1. Analytical Formulation
The harvested power on a resistive load Rload can be
expressed by (15).

P = v2pm
2Rload

(15)

Where vpm is the magnitude of the piezoelectric voltage.
The piezoelectric voltage can be found, solving the second

J. Low Power Electron. 14, 244–254, 2018 249
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equation of the system (8) in the frequency domain. Its
expression is given by (16).

vpm = �Xm�RpRload√
�Rp +Rload�

2+ �RloadCpRp��
2

= �Xm

Cp

1√
�r−1�−1

m + tan�	��2+1
(16)

With Xm the magnitude of the displacement x and r the
normalized electrical load resistance whose expression is
given by (17).

r = RloadCp�0 (17)

From the first equation of (8) in the Fourier domain,
the expression of the displacement magnitude can be
expressed as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xm = �M��√
�−�2M +Ksc+A�2+ ��D+B���2

B = �2

Cp�

�r−1�−1
m + tan�	��

1+ �r−1�−1
m + tan�	��2

A= �2

Cp

1
1+ �r−1�−1

m + tan�	��2

(18)

Thus, from (15), (16) and (18), the normalized power
harvested on a linear resistance while taking into account
the dielectric losses in the piezoelectric material can be
determined, as expressed by (19).

Pnorm = P

Pmaxlossless

=
([

8k2m�m
1+ �r−1�−1

m + tan�	��2

])
/(

r

[(
1−�2

m+
k2m

1+ �r−1�−1
m + tan�	��2

)2

+
(
2�m�m+k2m

�r−1�−1
m + tan�	��

1+ �r−1�−1
m + tan�	��2

)2])
(19)

Applying this relation on the piezoelectric harvester
used in the experimental validation part (whose character-
istics are summarized in Table III), we can see how the
dielectric losses influences the harvested energy frequency

Table III. Piezoelectric harvester characteristics (under very small
vibrations of 0.01 G).

Parameters names Parameters values Units

Cp 2 nF
tan�	� 0.1 %
�0 348.4 rad · s−1

�m 0.0135 –
k2
m 0.39 –

Fig. 11. Frequency responses of a highly coupled PEH (Table III) con-
nected to an optimal resistive load, with various loss tangent values.

responses. Figure 11 shows the harvested energy on an
optimized (for each frequency) resistive load with vari-
ous loss tangent values. The harvested power frequency
response of a highly coupled harvester on a resistive load
exhibits two power peaks: one corresponding to the open-
circuit resonance frequency of the harvester, and one cor-
responding to the short-circuit resonance frequency of the
harvester. If we consider a lossless piezoelectric material,
the two power peaks should reach the same value.31�32

However, because of the dielectric losses, the open-circuit
resonance peak would largely decrease, while the short-
circuit resonance peak would almost remain unchanged.
This is mainly because the optimal piezoelectric voltage
(the voltage maximizing the energy extraction) around the
short-circuit resonance frequency is inherently low, while
it becomes greater around the open-circuit resonance fre-
quency, leading to greater electric field and thus greater
dielectric losses. This analysis is confirmed by the nor-
malized AC electric field amplitude Enor = E/Emax, which
is computed in green on Figure 11. This electric field
is indeed maximal around the second power peak corre-
sponding to the PEH open-circuit resonance frequency.

Fig. 12. Piezoelectric harvester made with two plates of PZN-PT.

250 J. Low Power Electron. 14, 244–254, 2018
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Fig. 13. Setup used for automatically collecting the harvested power data using a variable resistive load.

4.2. Experimental Validation
We conducted experiments with the PZN-PT piezoelec-
tric harvester shown on Figure 12, whose characteris-
tics have been summarized in Table III. We placed this
piezoelectric harvester on an electromagnetic shaker and

Fig. 14. Experimental harvested power (a) in the �Rload� f � plane and
(b) as a function of the frequency f with an optimal Rload maximizing
the harvested power, with tan�	�≈ 0�1% and � = 0�01 G.

its electrodes has been connected to a programmable
resistance decade box. Thanks to a dSpace program, the
excitation frequency �, acceleration amplitude ���, and
the resistive load Rload have been consecutively changed,

Fig. 15. Experimental harvested power (a) in the �Rload� f � plane and
(b) as a function of the frequency f with an optimal Rload maximizing
the harvested power, with tan�	�≈ 5% and � = 0�05 G.

J. Low Power Electron. 14, 244–254, 2018 251
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and the voltages, displacement, and acceleration wave-
forms have been automatically stored in a computer for
each parameter configuration. The experimental setup is
described on Figure 13.
From the voltage waveforms, we computed the exper-

imental power on a resistive load in the plane �Rload� f �,
for various excitation amplitude.
Figure 14 shows the experimental harvested power on

a resistive load under a very small mechanical excita-
tion of 0.01 G. Under this excitation, the electric field in
the piezoelectric material remains small, and the dielectric
losses are almost negligible. As predicted in the theoreti-
cal part, the harvested power reaches its maximum power
point for two different frequencies which correspond to the
PEH short-circuit and open-circuit resonance frequencies.
Figure 15 also shows the experimental harvested power

on a resistive load, but with a slightly more important
mechanical excitation of 0.05 G. Due to the higher strain,
the piezoelectric material is under a higher electric field,
which, as detailed in the first part of this paper, leads to

Fig. 16. Experimental harvested power (a) in the �Rload� f � plane and
(b) as a function of the frequency f with an optimal Rload maximizing
the harvested power, with tan�	�≈ 10% and � = 0�1 G.

higher dielectric losses. Those losses can be observed from
the differences of power between the two power peaks.
Indeed, the dielectric losses do not affect the power around
the short-circuit resonance frequency since the voltage
level is quite low. However, as the excitation frequency
gets closer to the PEH open-circuit resonance frequency,
the voltage level increases, leading to higher dielectric
losses. This behavior is consistent with the predicted one
by the analytical model given by (19).
With further increase of the vibration magnitude, the

dielectric losses become more and more important, as
shown in Figure 16. This indeed confirms that dielectric
losses become increasingly important with the electric field
level, as expressed by (7), and shows how important it may
be to take them into account.

5. CONCLUSION
In this paper, we first started by introducing the standard
model of the dielectric losses in a piezoelectric material.
We experimentally showed that the dielectric losses are
dependent on the electric field across the piezoelectric
material which explain why the dielectric losses effects can
be observed while harvesting energy from vibrations (high
electric field) even though they are very low in the manu-
facturer datasheets (low electric field). We derived energy
boundaries for energy harvesting using linear piezoelec-
tric harvesters, which take into account the losses in the
dielectric material. Indeed, those losses set a fundamental
harvested energy bandwidth limitation as it is impossible
to tune the resonance frequency of the PEH without los-
ing energy in the dielectric material. The influences of the
dielectric losses have then been investigated on a simple
energy harvesting interface (i.e., a purely resistive load)
and the experimental results are in good agreement with
the theoretical ones. Further work will focus on study-
ing the dielectric losses influences while harvesting the
energy using a non-linear electrical interfaces that exhibit
higher piezoelectric voltages, such as Synchronous Elec-
tric Charges Extraction (SECE) and Synchronized Switch
Harvesting on Inductor (SSHI) interfaces.
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