Power Extraction from Ambient Vibration
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Abstract — Autonomous devices such as sensors for
personal area networks need a long battery lifetime in a
small voume. The battery size can be reduced by
incorporating micro-power generators based on ambient
energy. This paper describes a new approach to the
conversion of mechanical to eectrical energy, based on
chargetransportation between two parallel capacitors. The
polarization of the deviceis handled by an electret. A large-
signal model was deveoped, allowing simulations of the
behavior of any circuit based on this generator for any
mechanical input signal. A small-signal model was derived
in order to quantify the output power as a function of the
design parameters. A layout was made based on a standard
SOl -technology, availablein a MPW. With this layout it is
possible to generate 100 uW at 1200 Hz
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I. INTRODUCTION

As miniaturizetion of eectronic circuits proceeds,
their applications reach sizes and weights suitable for
autonomous and portable uses, creating a demand for
smdl, lightweight energy-supplies with high energy
densities. The use of a battery causes problems if
replacing or recharging the battery is difficult or
impossible (such as for implanted and distributed
systems). A solution consists in using small generators
extracting energy from the environment, so only a time-
buffering battery will be needed.

Environmental energy can be solar, thermal, kinetic,
chemical, acoustic or €ectrical. Conversion and
conditioning to an applicable dectrical form is
performed by a generator sysem [1] dlowing a
theoretically infinite lifetime.

Earlier work on vibrationa energy scavenging based
on e€ecromagnetic [2-5], dectrostatic [6,7] or
piezod ectric [8,9] conversion illustrates the great interest
in micro-generators for applications where battery-
replacement is unacceptable and kinetic energy is amply
available[10,11]. This paper describes a new approach to
electrostatic converters. The generator is based on charge
transportation between two paralld plate capacitors, and
on the use of a charged didectric (electret) as
polarization of the el ectrostatic converter.

[1. DEVICE CONCEPT
The device consists of two parale capacitors, one of
a constant capacitance C,, the other of a variable
capacitance C,, carrying a constant charge Q (Fig. 1).
The parald connection distributes this charge Q
proportionally over the capacitors, into a charge Q; on C;
and a charge Q; on Cyasindicated by (1) :
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By changing the capacitance C, to C,+AC, but
keeping the charge Q constant, the charge Q. increases
by the same amount AQ as the charge Q. decreases,
indi cating a charge transport through an external circuit :

CAC
AQ= y 2
(C,+C,+AC)(C, +C,)

The charge transport gives rise to a current, which
supplies energy to an external circuit (represented by the
resistance R). This energy originates from the
mechanical vibrations responsible of the capacitance
change.
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Figure 1 : Working principle of the energy converter

A schematic view of the device tha we have
designed is given in Fig 2. It consists of a combed in-
plane variable capacitor and of a seismic mass (sensitive
to acceleration), mechanically connected to the movable
electrode (electrode A). The change in geometry caused
by the movements of the mass rdative to the housing,
changes the capacitance between the éectrodes. The
constant charge Q is redlized by an dectret, i.e. a fixed
charge distribution in a dieectric material. The device
can be easily fabricated with the use of MEMS-
technology. The results of simulations shown further
will be based on this design.
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Figure 2 : Cross-section of a MEMS-based vibration-to-
electric generator

The micromachined capacitor has been doubled into
two variable capacitors with opposite capacitance-
variations (See schematics of Fig. 3). In this way the
charge transport to the common dectrode of the
capacitors (dectrode A) is zero, reducing energy losses
duetointernal resistivity.

Variabele capaciteit

Figure 3 : Working principle of doubled variable
capacitor

Previous studies on dectrostatic energy conversion
[6,7] usetheincrease of the energy stored in the variable
capacitor. After thisincrease, the capacitor is discharged
in the load. The charging still requires an incorporated
battery and a charging circuit, while the duty cycle is
only 50%.

The use of an dectret for polarization and the charge
transportation method used in this paper allow a 100%
duty cyde, and noinitia battery is needed.

[1l. LARGE-SIGNAL MODELING

In order to optimize the design towards maximal
electrical power for a given vibration, a large signa
model of the device was built. It consists of a
combination of the large-signa modds of the eectret
and of the variable capacitor.

A. Electret
Any fixed homopolar charge-distribution can be
modeled as an equivalent charge-layer at a fixed position

[12]. These fixed charges become dectricaly useful, by
applying two eectrodes (Fig. 4).
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Figure 4 : Homopolar dectret

The reationship between the voltage V across the
electrodes and the charges q is deducted using Gauss
Law and Faraday's Law for dectrostatics. The
reationship between V and q is given in (3), with the
symbols as defined in Fig. 4 :

V:qgi+a-i:q|3i+vdec (3)
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The capacitance Ciq is the capacitance between the
electrodes if no charge-distribution is present, while
o represents the net charge in the distribution.

An equivalent eectrical circuit is deducted from
equation (3), consisting of a capacitor and a voltage
source, allowing simulations of eectret-based circuits
with circuit-analyzing software, such as SPICE.

In the case of heteropolar fixed charges the analysis
proceeds in the same way, except for a different
definition of the distance d. The modd and its
implementation remain valid.

B. Variable capacitor

The large-signal model of the variable capacitor can
be deducted from analyzing the energy function of the
combed variable capacitor [13], resulting in two
rdationships between the mechanical parameters,
displacement x and external force F, and the dectrical
parameters, voltage V and chargeq:
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2Ngyb(h = x)
with :
€ Permittivity of vacuum
N Number of fingers
b Height of the fingers
h Initial overlap of the fingers
o Distance between two fingers

The implementation of this equation in SPICE using
Verilog-A language gives a two-port component,
enabling simulations of eectronic circuits with variable
capacitors, such as eectrostatic actuators. This SPICE
model aso alows the simulation of current-voltage
graphs, similar to those of photovoltai c generators.



IV. SMALL-SIGNAL MODELING

To understand the effect of the design parameters on
voltage, power or amplitude as a function of frequency, a
linear model was derived, based on the large-signd
model.

As the large signa modd of the electret is aready
linear, it can serve as a smal signa mode. After
linearization of equations (4) an eectrical equivalent of
the variable capacitor can be deduced [14]. To complete
the scheme, the dectrical equiva ents for the mechanicd
mass, spring and damping were combined with the
smal-signal modds into an electrica equivalent crcuit
for the generator (Fig. 5). The mechanica input is taken
into account by connecting a voltage source (for a force)
or a current source (for a displacements velocity) to the
connectors.
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Figure 5 : Equivalent electrical circuit of the linearised
variable capacitor (single capacitor, not
doubl ed)

By using standard circuit analyses, the output power
of the linearised energy converter is formulated as a
function of the pulsation w and of the amplitude Y of the
mechanical source. If damping and resistive losses are
neglected, the formula simplifies to:

o) = w, ) \w,) CZ2R
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In this equation w," is the resonance frequency of the
circuit of Fig. 5 with an infiniteload. It is higher than the
mechanical resonance frequency.

The frequency wy, is the cut-off frequency of the filter
formed by the load and the two parale capacitors. The
effect of the capacitance Ci: 0n the power is taken into
account by a. This factor is always smaller than 1.

The factor ' represents the increase in charge (LC)
on the variable capacitor due to a displacement of one
micrometer.

Fig. 6 gives the power spectrum of the designed
prototype, for an eectret voltage of 100V [15] and for
different loads.
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Figure 6 : Power vs. Frequency (parameter = load
resistance)

Let’s first consider the case of low values of R. The
cut-off frequency wy, is large and around the resonance
frequency the second term in the denominator of (5) can
be negl ected with respect to the first one. The resonance
occurs then at awy”. The resonance frequency is very
close to the mechanical resonance frequency.

With increasing the load, the resonance shifts to the
higher frequency wy". This alows a shaping of the
frequency response of the converter by changing the
load.
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Figure 7 : Schematic overview of the layout

V. REALIZATION

The conceptual design of the device alows a
separate fabrication of the electret and of the variable
capacitor. As the variable capacitor is a common
structure for MEM S-devices such as accel erometers and
resonators, the fabrication is done using the MPW-
services offered by Tronic's [16]. The layout is shown in
Fig. 7. The variable capacitor has a surface of 4 mm? and
was designed for vibrations of 20 um. An eectret, such
as charged SiO. layers [15], will be bonded to the
housing of the variable capacitor, as indicated by Fig. 3.



VI. DISCUSSION

The implementation of the variabl e capacitor through
MPW offers the opportunity of realizing in a short time
span a reiable micromechanica device. Simultaneously
the other parts of the generator can be optimized. On the
other hand, the design is tied to an existing process,
which limits the possibilities for optimization. It turned
out to be very hard to realize a low resonance frequency
in the given SOI-technology, because of the constraints
in mass-depth and minimal spring di mensions.

VIl. SUMMARY

A new approach to dectrostatic energy conversion
has been proposed and modeled. The large signal modd
allows smulation of any generator-based circuit in any
ambient mechanical conditions. A small signad modd
was used for evaluating the influences of the design
parameters on the output characteristics, leading towards
the design of a variable capacitor, based on a SOI-
process, available in MPW-service. According to this
feasibility study, 100 pW eectrical power is available at
1200 Hz for a device displacement of only 20 pm.
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