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Abstract:

This contribution provides a technology overview on techniques to enlarge the bandwidth of vibration
energy harvesting devices. In general a broadband device is demanded, such a device would be easi-
ly applicable on many vibration sources without any adoption. Up to date such a system is not availa-
ble. However, improving the broadband characteristic has been investigated intensely in the recent
years. This paper introduces vibration energy harvesting briefly and provides a detailed classification

of the various broadband techniques.
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Introduction

Energy harvesting or energy scavenging is
utilizing (parasitic) energy form the (direct) envi-
ronment to power useful applications. The defi-
nition may be extended by the requirement, that
the harvesting system has no significant feed-
back to the host system.

The concept of energy harvesting allows creat-
ing autonomous devices which can run mainte-
nance free for the complete product lifetime.
This advantage leads directly to a second im-
portant aspect; the system is capable of full
capsulation which is a requirement for harsh
environments. A broad overview on energy
harvesting technologies is given in [1]

A typical energy harvesting system consists of
five main components (Fig. 1): energy conver-
sion, energy conditioning, energy storage, pow-
er management, and the application.

For the energy conversion all available energy
forms may be used, in industrial environments
most often mechanical, thermal, and radiation
energy is available. In typical industrial indoor
applications, the first two have the highest po-
tential. In this environment piezoelectric trans-
ducer are providing the highest power density

2.

The energy conditioning is needed to match the
impedances between the transducer and the
storage and to rectify AC Voltages into DC.

To ensure that there is no feedback to the host
system the harvested amount of energy is ra-
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ther small, in the area of a few mW. To perform
complex tasks an energy storage and power
management is essential.

Fig. 1.
tem

Components of an energy harvesting sys-

The application is certainly the most important
component of the harvesting system. Wireless
sensor nodes are most promising for industry
automation. Such nodes can be places in suited
locations on machinery, especially on moving
parts or other hard to reach areas. Further there
is a possible impact on the cost due to dramati-
cally reduced mounting effort, compared to
traditional wired sensor nodes.

The design of energy harvesting systems is a
complex task. To ensure a good performance,
all components needs to exhibit high efficiency.
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Fig. 2. Classification of broadband techniques.[3]

For the here focused component, the energy
conversion from mechanical vibration at the
example of piezoelectric transducers. Two
basic operation modes can be distinguished:
quasi static and resonant operation.

A transducer for quasi static operation is used
far below its first relevant eigenfrequency. In the
FRF, the output (per cycle) is nearly constant in
the quasi static frequency range. Consequently
the bandwidth is huge, but the strain dependent
energy output is low. This leads to bulky devic-
es.

The alternative is utilizing the resonance peak.
Here the transducer is designed to have its first
eigenfrequncy at the major frequency from the
target environment. In resonance the transduc-
er performs high vibration amplitudes for small
input excitation. To maximize the output, the
inner damping of the transducer needs to be
minimized. However, if a transducer provides a
sharp, high resonance peak its frequency de-
pendence is high (small bandwidth). This
makes an application dependent design and a
low tolerance fabrication necessary. The size of
transducers well on the target environment
adopted is much smaller than the size of a
comparable quasi static transducer.

In a consequence resonant transducers are
wanted for energy harvesting applications. But
a major improvement in bandwidth is needed to
allow all-purpose devices. Such are the key to
bring energy harvesting technology into the
makes at reasonable lot sizes and at complet-
ive prices.
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Much work has been done in recent years with
this purpose by many researchers. In the next
section those ideas are sorted and classified.
The principals are explained and their ad-
vantages and drawbacks are pointed out.

Techniques for bandwidth improvement

To improve the bandwidth of vibration harvester
without decreasing the power output different
technologies have been investigated. To cluster
those, tree major groups are proposed [3]: line-
ar generators, non-linear generators and ad-
vanced electronic networks.

In the group linear generators either multiple
transducers or used combined eigenmodes are
used to improve the bandwidth. Those tech-
nigues may be modeled by means of linear
theory.

Fig. 3. Array of piezoelectric transducers

Belong them mismatched generator arrays can
provide an improved bandwidth. Multiple trans-
ducers with slightly different resonance fre-
quencies are mounted in one device, i.e. [5-7].
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The basic idea is to have always one among
them operating in its resonance even if the ma-
jor frequency of the target environment chang-
es. To ensure a high output power, the individ-
ual transducers cannot be coupled electrically.
An electrical coupling would allow energy flow
between them [4]. Typically, this decoupling is
carried out by individual rectifiers for each
transducer of the array. Mechanical coupling
between the transducer is mostly neglected by
the assumption of a rigid mounting.

A second possibility is the combination of
eigenmodes of one structure, i.e. [8-12]. The
structure is designed in a way that two or more
of its eigenfrequencies are nearby, to increase
the working range. Similar to the mismatched
arrays the electrical coupling needs to be con-
sidered. Further the mechanical interaction is
not longer negligible.

In general the design of linear generator tech-
niques is challenging in terms of reproducibility
due to the high parameter dependence of the
performance. A drawback is the high number of
parts, piezoelectric transducer as well as circuit-
ry components.

Further it is questionable if the increased band-
width could be also reached by combining all
used piezoelectric material for one single trans-
ducer [4], with even better performance.

Non linear generators group the techniques
which require non-linear models for their de-
scription.

One possibility is the use of impacts or shocks
to excite the transducer, i.e. [13-16]. An impact
excites all resonances of the transducer. The
vibration will be used to harvest the energy. If
the impact excitation at a low frequency the
technique is sometimes called frequency-up
conversion. A rather simple setup may be found
in a patent [17] from 1971. This technique was
also employed in the piezoelectric wireless light
switches by enOcean [18]. It is especially ad-
vantageous if the energy is needed rather sel-
dom like those switching applications.

Fig. 4  Setup of a bistable system

A similar mechanism is used in bistable or
multistable energy harvesters [19-26]. Reso-
nate vibration is excited by switching from one
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stable position into another. Especially low fre-
quency vibrations with high amplitudes are well
suited to initiate the switching process. This
technique creates wide bandwidth for a wide
frequency range at low frequencies, which is a
desire in many possible application scenarios.
A typical setup is given in Fig. 4.

Fig. 5 Ideal frequency response of a vibro-impact
harvester with rigid stoppers

Vibro-impact generators are capable to extend
the bandwidth towards higher frequencies, i.e.
[27-32]. Here the free vibration amplitude is
limited by mechanical stoppers. In the majority
of the investigations, the stoppers are assumed
to be rather rigid and the vibrating element is
the transducer. In some cases the stoppers are
the transducer. However, as soon the vibration
amplitude is high enough to reach the stopper
in resonance the frequency response becomes
nonlinear. Fig. 5 shows this basic idea. From
this amplitudes a new stable plateau emerge,
and the bandwidth is increased dramatically for
higher excitation frequencies. However, reach-
ing the plateau is the challenge, which is only
possible near resonance or with huge ampli-
tudes. Further the stable plateau is sensitive to
disturbances (reduced input amplitude), so that
the system easily can “drop down”. Hence, the
vibro-impact technique essential need a defined
start up of the host system, maybe something
like the run-up of a turbine or engine.

The ideal Fig. 5 implied that the bandwidth has
no upper restriction, which is only correct for an
ideal 1-dof system. However, even for a real
system more than 10% of the resonance fre-
quency seems to be a possible bandwidth. This
is still a huge improvement.

The adaptive tuning of the transducer is the
last, in Fig. 2 mentioned technique. Here the
physical properties of the transducer are
changed by various means [33-39]. Moving the
tip mass of a cantilever beam would be the
easiest thought. The challenge in the reso-
nance is the energy need and the mechanism
to change the property. Mechanical adoption is
only possible by means of actuators; therefore
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a high (for an energy harvesting system) de-
mand of energy exists. The major application
for the adaptive tuning is not the real-time track-
ing of the environment frequency, but a slow
(after major changes) adaption is reasonable.

The third group the possibilities in the electrical
domain, the advanced electronic networks.

Switching networks have gained a lot of atten-
tion. Especially the SSHI (synchronized
switched harvesting on inductance) technique is
focused in [40-45]. On the electrical side of the
transducer a new branch is connected. This
consist of an inductor, a resistor, and most im-
portant a switch. Using the switch, the charge
on the piezoelectric element can be inverted. A
suited switching law guaranties that this is done
at the right moment. The studies show that the
working frequency range can be enlarged sig-
nificantly. However, getting the data for the
switching decision and the needed power for
the data processing and switching is a major
issue. But it has been shown, that a harvester
can power its own circuitry.

Conclusion

All presented and classified techniques have
their application fields none of them is a general
solution for the all-purpose energy harvesting
device. Hence many target environments can-
not provide stable vibration parameters (major
frequency, or amplitude) a broadband system is
necessary. If the frequencies are low a fre-
quency-up-conversion using bistable genera-
tors is a good choice. For user operated ele-
ments such as switches the impact excitation is
a good selection. In case the environment pa-
rameters are pretty stable and predictable an
irregularly adoption is well suited. The vibro-
impact systems have their applications where
the bandwidth needs to be extended to higher
frequencies.
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