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ABSTRACT

The rapidly decreasing size, cost, and power consumption of wireless sensors has opened up the relatively new
research field of energy harvesting. Recent years have seen an increasing amount of research on using ambient
vibrations as a power source. An important feature of all of these generators is that they depend on the resonance
frequency of the generator device being matched with the frequency of the input vibrations. The goal of this paper,
therefore, isto explore solutionsto the problem of self-tuning vibration based energy harvesters. A distinction is made
between “active’ tuning actuators that must continuoudly supply power to achieve the resonance frequency change,
and “passive’ tuning actuators that supply power initialy to tune the frequency, and then are able to “turn off” while
maintaining the new resonance frequency. This paper analyzes the feasibility of tuning the resonance frequency of
vibration based generators with “active’ tuning actuators. Actuators that can tune the effective stiffness, mass, and
damping are analyzed theoretically. Numerical results based for each type of actuator are presented. It is shown that
only actuators that tune the effective damping will result in a net increase in power output, and only under the
circumstance that no actuation power is needed to add damping. The net increase in power occurs when the mismatch
between driving vibrations the mismatch between driving vibrations the resonance frequency of the device is more
than 5%. Finally, thetheory and numerical results are validated by experiments done on a piezoel ectric generator with
asmart material “active” tuning actuator.

Keywords: energy scavenging, vibration, self-tuning, piezoe ectric

1. INTRODUCTION

Recent years have seen a dramatic increase in energy harvesting research applied to wireless sensors. This research
interest has been driven largely by the vast reduction in power and size of the CMOS circuitry associated with wireless
sensor devices. For example, the power requirements for wireless sensor devices has been reduced to well below 1
mW", opening up the possibility of completely powering the device from energy scavenged from the environment.

A significant amount of research has been published on vibration based generators that make use of the
piezoelectric effect’, eectromagnetic coupling™’, or electrostatic coupling®’®. An important feature of all of these
generatorsisthat they depend on the resonance frequency of the generator device being matched with the frequency of
the input vibrations. The generators tend to have fairly low damping ratios resulting in quality factors around 20 .
Therefore, if there is a significant mismatch between input and resonance frequencies, the power output drops very
quickly to levels too low to be of use by wireless sensors. While it is feasible in many applications to design a
generator device for a specific vibration environment that will not change (e.g. HVAC ducts), the frequency of the
driving vibrations depends on the operating conditions in many other environments (e.g. an automobile). Therefore, it
would be highly desirable if the generator could tune its own resonance frequency, in real-time, to match that of the
driving vibrations. Whether or not this can be done in such away as to increase the net power output is still an open
question.

The frequency tuning could be done by “active” actuators in which the change in frequency is accomplished by an
actuator that is“on” at all times. An example of this type of tuning actuator would be electrostatic springs™. This
approach will be referred to as “active tuning”. The frequency tuning could also be accomplished by an actuator that
turns “on” to tune the generator, and then is able to turn “off” while maintaining the new resonance frequency.
Examples include a moveable clamp which would change the length (and stiffness) of a flexure mechanism, a
moveable mass, or flexures that could be tensioned and re-clamped. This approach will be referred to as “passive
tuning”.
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Whilethe passive tuning approach also needs to be eval uated, the purpose of this paper isto analyze the feasibility
of tuning the resonance frequency of vibration based generators with active tuning actuators. A general theory
regarding the tuning of generators will be presented along with numerical results based on this theory. Finaly, a
piezoelectric generator with a tuning actuator has been developed, and test results from this generator will be
presented.

2. BASIC THEORY

The general theory developed in this section will provide expressions for the power required to tune the resonance
frequency and compare that power to the theoretical eectrical power output. The goal isto analytically determine the
extent to which the resonance frequency can be atered while still maintaining a net positive power output, and
whether this net power output is greater than would be obtained without the use of a tuning actuator.

2.1. General power conversion model

The theory presented in this section is based on the linear vibration based generator model presented by Williams and
Yates’. The primary idea behind this model is that the generator behaves like a second order mechanical system. The
electrical energy removed from the oscillating mechanical system behaves like viscous damping from the point of
view of the mechanical system. Figure 1 shows a schematic of the system where b, represents mechanical viscous
damping (or pure loss) and b, represents the damping introduced by the dectrical load. Note that a tuning actuator
force F4(t) is also shown on the schematic, but is only used to derive the power expressions for tuning, which are
presented later.
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Figurel.  Schematic of generic vibration based generator.

Neglecting the tuning actuator, the dynamics of the system are given by:

mz+ (b, +b,)z+kz=-my D

where y represents the input vibrations, z is the displacement of the mass with respect to the generator frame (e.g. the
deflection of the spring), misthe proof mass, k is the stiffness, by, is the mechanical damping coefficient, and be isthe
electrically induced damping coefficient.

The power transferred to the electrical 1oad is equal to the power removed from the mechanical system by damper
b.. Therefore, the output electrical power isgiven by:
1, .
P= 3 b,z )

Assuming a sinusoidal excitation, equations 1 and 2 can be used to derive the following frequency domain expression
for the output eectrical power:
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where wis the frequency of the input vibrations, a, is the resonance frequency of the generator, ¢ isthe eectrically

induced damping ratio ({ = 2mbeay), {isthe composite damping ratio (& + ), and A is the accel eration magnitude
of the input vibrations.

In the case where the resonance frequency matches the driving frequency (a, = @), the output power can be
further reduced to the following expression:

_mgA?

|F)0Ut| 40)(2

The Williams model characterizes an eectromagnetic generator quite well. Piezoelectric and electrostatic
generators are not represented as well by this model. However, the model does characterize important aspects of
piezoelectric and e ectrostatic systems. Specifically, the power output is proportional to mass, inversely proportional
to frequency (at constant input acceleration magnitude), and inversely proportional to the mechanical damping.
Furthermore, there is an optimal level of eectrically induced damping (or apparent electrical load impedance).
Finally, the model does give a reasonable estimate of theoretical power output for any type of generator®. Therefore,
the Williams model seems an appropriate model to evaluate the attractiveness of frequency tuning techniques.

The power will be maximum when the system is oscillating at its natural frequency, which is simply given by:

w, =K (5)

Therefore, in order to tune the generator, an actuator must alter the effective stiffness or mass. Or, in other words, the
natural frequency can be atered by providing an additional force proportional to the generator’s displacement (i.e.
alter gtiffness), or acceleration (i.e. alter mass). A second consideration isthat by altering the damping, the bandwidth
of the system could be increased at the expense of the quality factor. Under certain circumstances this could improve
the net power output. So, athird option isto provide aforce proportional to the velocity (i.e. alter the damping).

(4)

2.2. Effective gtiffness and masstuning actuators

Firgt, consider the case in which the tuning actuator alters the effective stiffness (or provides a force proportional
to the displacement). Then F4(t) = kaz(t). The power (P4(t)) required by this actuator is:

P.(1) = k,z(t) Z(t) (6)

Assume that the actuator alters the system resonance from the origina natural frequency () to a new natura

frequency (ap). Then ay isgiven by:
k+k,
w, = @)
m

The actuator stiffness, k,, can then be represented as.
k, = ma? —k =mla? - ) @

The displacement of proof mass can be expressed as z(t) = Zsin(awt), and the velocity as z(t) = apZcos(art), whereZ is
the magnitude of z(t). Substituting these two expressions, and equation 8 into equation 6 yields
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Equation 9 can be rewritten asin 10.

1 .
P.(t)= S me, (a2 - af )22 sin(2ayt) (10)
Assuming that the frequency of theinput vibrationsis at a, Z can be expressed as.
-_A (11)
20w’
Subgtituting equation 11 into 10, the magnitude of the actuation power becomes:
2 2 2
mlw;, —ay JA
oy = e @)

8w,

Let r be the ratio of tuned natural frequency to original natural frequency (r = ay/@). Equation 12 can then be
rewritten as:

m(r 2 - 1)A2
8°%r%w,

Next, consider the case in which the tuning actuator alters the effective mass (or provides a force proportional to
the acceleration). Then F4(t) = my 2(t) 2(t) . The power (P4(t)) required by this actuator is:

P,(t) = mz(t) 2(t) (14)

Following the same procedure as presented above in equations 7 through 13, the resulting expression for the
magnitude of the actuation power isidentical to that in equation 13.

P.| = (13)

2.3. Power output for effective stiffness and mass tuning actuators

With the expressions in equations 3, 4 and 13 established, we are now in a position to determine the condition
under which tuning the natural frequency of the generator can result in a net increase in electrical power outpult.
Assume, as before, that the frequency of the driving vibrations is a» and the un-tuned natural frequency of the
generator is ax. Then, therewill be anet increase in power output only if the following inequality is true.

|P0ut2 (wzx - |Pa| 2 |Pout1(w2)| (15)
where Poyo(ap) is the power output after tuning, P, is the actuation power, and Py (a) is the power output without

tuning at an input frequency of .

The power output after tuning (Pou(ad)) is sSsimply given by equation 4 where w= «». The actuation power (P,)
isgiven by equation 13. An expression for the power output without tuning (Pou1(as)) is obtained by substituting w=
w and w, = a into equation 3. With the further substitution of r = «/a, the expression for Poy(a) is:

md A
4{2r2w1+w1(1—r2)2

It is important to note that the following limits on variables will always betrue: r >0, {> 0, >0, {> &
Therefore, Pouo(ar) and Poyi(ap) are aways positive.  Substituting equations 4, 13, and 16 into equation 15, and
rearranging algebraically yields the following inequality:

|P0utl(w2)| = (16)
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Two situations of interest exist: r > landr < 1. Notethat r = 1isnot of interest sincethat meansthat thedriving
frequency exactly matches the untuned natural frequency. These two situations will be considered separately. If r >
1, then |r>-1| = r?— 1. Using thisfact, and the fact that ¢, < ¢, theinequality in 17 can be reduced to:

(a-r2)+2rg.F <0 (18)

which is never true for any value of r or .

Next, consider the situation in which 0 < r < 1. Then |r>-1|= -(r?—1). Again, using thisfact, and thefact that
< ¢, theinequality in 17 can be reduced to:

~(@-r2)+2rf 20 (19)

which is never true for any value of r or ¢.

Therefore, an “active’ actuator that tunes the natural frequency of the generator by altering either the effective
gtiffness or mass will never result in anet increase in eectrical power output aslong as the system iswell represented
by the Williams model.

2.4. Numerical results from effective stiffness and mass tuning generators

Figure 2 givesavisua illustration of the theory presented above. The three power elements of inequality 15 above
are shown in the figure versus the ratio of tuned natural frequency to untuned natura frequency (r = w/a).
Additionally, the net change in power output from tuning (|Poutz|-|Pal-| Poutz|) 1S shown. Asper inequality 15 above, the
net change in power output should be positive if the frequency tuning is to have a beneficial effect. As the theory
predicts, the net power change is not positive for any value of r. The simulation shown in Figure 2 was performed
with a mass of 10 grams, untuned natural frequency of 100 Hz, and damping ratio of 0.03. However, the results are
the same for any positive mass, natural frequency, and damping ratio.

2.5. Altering the damping ratio

Next consider the case in which an actuator alters the damping characteristics of the generator. From equation 1,
|Z(j 0| can expressed as:

Z(jw) = %)"2 (20)

2 232
27 @) 41-[ @
wn wn
Taking the derivative of equation 20 with respect to aj setting it equal to zero, and solving for wyields the value of w
for which |Z(ja)| is optimized. The optimal value of wisthe damped natural frequency (or @).

However, the magnitude of the power output (|P(jc)|) is maximized for w= «, not w= «y. The expression for
|P(a)| is given above as equation 3. Using the same procedure to find the frequency at which |P(ja)| is optimized
yields w= @, Thisisillustrated below in Figure 3, which shows both the output displacement and power versus
frequency for damping ratios ranging from 0.01 to 0.2. Note from the figure that while the displacement is greatest for
w= a, which is a function of the damping ratio, the power is greatest for w= «,, which is independent of the
damping ratio. This can be explained by the fact that the power is proportional to the output velocity (z), not the
displacement, and |Z(j )| = ddZ(j ).
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Figure2.  Power output after tuning (|Pout2|), power output
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(r = wlw).

Therefore, altering the damping characteristics will not alter the frequency at which the power output is
maximized. So, assuming that the Williams model isavalid power conversion model, if the input frequency does not
matched the undamped natural frequency, trying to tune the resonance frequency of the system by altering damping
will not result in increased power output.

It will be noticed from Figure 3 however, that if the driving frequency does not match the undamped natural
frequency very closdly, a lower Q system (one with more damping) will result in a higher power output. Therefore,
although not altering the peak frequency of the power spectrum, increasing the damping could improve the power
output if the driving and resonance frequencies do not match. It is natural to assume that the “extra” damping in this
Situation would be dectrically induced damping. First, in most cases, it will be easier to control the eectrically
induced damping. Second, the net power output will naturally be higher by increasing the eectrically induced
damping as opposed to increasing the mechanical damping which represents pure loss.

Assume that an actuator (which may be purely eectronic) that can control the eectrically induced damping ({¢) is
applied to the system. Further assume that without the actuator, the el ectrically induced damping ratio (¢) isequal to
the mechanical damping ratio ({), its optimal value. Assuming that thisis an “active’ actuator, as described above,
the magnitude of the power consumed by this actuator is

md., (w] A’
w

n

oot 2]

where &, represents the extra damping provided by the actuator. Let Py, be the output power without the actuator
(i.e. any “extra’ damping). Then the magnitude of Py is given by

@ 3
| A?
mz””[wn] (22)

<ol (2]

(21)

P.(jw) =

[P (1) =
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Let Py be the output power after the extra damping is applied. Py isthen give by

m¢, +Zea)[a‘j] A’

o] (2]

As before, the net change in power output iS |Png|l = |Poute] — [Pal — |Powz|. EQquation 24 gives an analytical
expression for |Pnel.

(23)

|Poz (j&)| =

p.|=1 4rm):af‘zz (48, + )X
“lagar (g, + ¢ )+t - T hester 2 + (o -]

From equation 24, |P.g| must clearly always be negative for positive values of & a, {n, and {,. Therefore, as with
“active’ stiffness and mass actuators, an “active’” damping actuator will never result in improved power output. This
isillustrated visually for one set of parametersin Figure 4.

In reality, adjusting the electrically induced damping ratio by adjusting the characteristics of the electrical load
would probably not require a constant power input. Thus, it isunlikely that such a system would constitute an “active”
actuator. If the trivial, but possibly not too far off, assumption is made that adjusting the damping ratio requires no
power (i.e. [Pa| = 0), then |Pet| = [Poutz] — [Pouta]- An analytical expression for |Png| in thiscaseisgiven in equation 25.

, My, ((af af) 407 0f (..
[afaf 2+ (o) +\at - P 6atarc? + (e - )]

In contrast to the expression in equation 24, the value of P.g as expressed in equation 25 can be positive or negative

depending on the values of {n {a, @ and wy. A graphical example is shown Figure 5 using the same set of
parameters as the example shown in Figure 4.
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Figure4. Power output with no extra damping (|Pouul), Figure5.  Power output with no extra damping (|Poul),
after extra damping is applied (|Pouw2l), from damping after extra damping is applied (|Poul), and net power out
actuator (|P.]) and net change in power output (|Ph«l) Vs. (IPnel) vs. frequency. It isassumed that [Py = O, ¢n=0.015,
frequency. ¢ = 0.015, & = ¢ and {e = 0.05 for this & = {m ad {u = 005 for this example.
example.

In the example shown in Figure 5, the power output can be improved by increasing the el ectrically induced damping if
the driving frequency does not match the resonance frequency. In this example, if the driving and resonance
frequencies matched, the output power would be 335 uW. However if the input frequency were at either 93 Hz or 107
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Hz (the optimal points for the Png curve), the power output without extra damping (|Pou]) is 60 uW, the power output
with extra damping (|Pout2|) is 124 uW. Therefore the net power improvement from altering the damping is 64 pW.
However, the power output is still less than half of what it would be if the resonance frequency matched the driving
frequency. It isalsoimportant to note that this situation does not constitute an “active” tuning actuator as the system
can maintain its tuned natural frequency with no actuation power.

Thus, regardless of the phase of the actuation force, the increased power output will always be more than offset by
the required actuation force. This conclusion is valid as long as the system can be reasonably well modeled by the
Williams model.

3. DESIGN AND MODELING OF A TUNABLE PIEZOELECTRIC BENDING GENERATOR

Piezoel ectric benders mounted as cantilever beams have been used as vibration based generators™®. Such generators
can be actively tuned by creating two electrodes on the surface of the beam, one for scavenging and the other for
tuning. A schematic of thistype of deviceis shown in Figure 6. The apparent stiffness of a piezoelectric material is
dependent on both the dastic constant of the material, and the electric field across the material. Thus, by controlling
the voltage across the tuning electrode, the natural frequency of the system can be controlled. In particular, driving the
tuning electrode with a signal that is 180 degrees out of phase with the signal from the scavenging electrode will
“soften” the beam and reduce its apparent stiffness.

Etched gap
in surface electrode

Scavenging
Electrode

Tuning
Electrode

Figure6. Schematic of a piezoelectric bender mounted as a cantilever beam. The surface electrode is etched to create a
scavenging and a tuning el ectrode.
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Figure7. Mechanical and circuit schematic of piezoelectric generator with tuning electrode. F(t) is the force resulting from the
coupling of the material under the scavenging electrode, and Fy(t) is the force from the coupling of the material under the tuning
electrode.
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The system can be modeled as a simple spring mass system and circuit as demonstrated by the schematic in
Figure 7. The two forces result from the voltage across the scavenging and tuning electrodes. The current source
represents the current scavenged from the scavenging electrode. C, is the capacitance from the scavenging electrode
to ground, C; is the capacitance from the tuning eectrode to ground, and C., is the capacitance between the
scavenging and tuning electrodes. If the scavenging electrode is terminated with a smple resistor, the system can be
described by equations 26 and 27.

nr\2+cz+kz—OI—YVS:—my+OI—Y\/t (26)
tpbls tpblt
CV, + 1 V, = dAY, 27)
oad b25

where d is the piezoelectric strain coefficient, Yis Young's modulus, t, isthe thickness of the piezod ectric layer, bisis
a constant that relates average stress under the scavenging electrode to a force at the end of the beam, by relates stress
under the tuning el ectrode to tip force, and by rel ates average strain under the scavenging electrode to displacement of
proof mass (2)*.

We will assume that the tuning voltage is given by the relationship Vi(t) = -aV(t), whereaisjust a constant gain
factor. The power consumed by the tuning actuator is than just Py(t) = V4(t)Ii(t) = -aVy(t)l¢(t), the magnitude of which
is given by P = ¥:C\V?w =%:a’CVa For the purposes of this analysis, we will assume that no power is required to
generate the signal for Vi(t). In other words, no power isrequired to measure, invert, and amplify the signal from the
scavenging electrode.

4. RESULTS

A prototype device, shown in Figure 8, was constructed, built and tested. The natural frequency of the device with the
tuning electrode short circuited (ci) was measured as 67 Hz. A simple inverting amplifier circuit was used to invert
and amplify the voltage signal from the scavenging electrode. This voltage was used to drive the tuning electrode.

Figure8.  Photograph of generator with scavenging and tuning el ectrodes.

Using the dimensions and material properties of the prototype device, the system was simulated using equations
26 and 27 above. Figure 9 shows both the simulated and measured natural frequency versus the magnitude of the
voltage placed on the tuning electrode (|Vi|). Five separate measurements of the relationship between the natura
frequency and |V;| were performed and the results of al five measurements are shown in Figure 9. Figure 10 showsthe
simulated and measured actuation power versus the natural frequency.

Both Figure 9 and Figure 10 indicate that the simulation underestimates the voltage (and power) required for a
given frequency change. Nevertheless, the shape of the simulated curves fits the measurement data, and the basic
behavior is as expected.
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Figure 11 shows the simulated powers versus frequency. |Pou| is the output power without tuning, |Pou| is the
output power with tuning, |P| is the actuation power, and |Pn«| is the net power change (|Poutz| — |Pal — [Pouta]). Note
that the actual situation is somewhat worse than indicated by Figure 11 because the measured actuation power for the
same frequency changeis greater than the simulated actuation power.

The scavenging electrode was terminated with a variable resistor and output power versus load resistance was

measured for three cases:

1) devicedriven at the untuned natural frequency (67 Hz) with tuning electrode short circuited
2) devicedriven at tuned natural frequency (64.5 Hz) with tuning el ectrode short circuited
3) devicedriven at the tuned natural frequency (64.5 Hz) with tuning voltage of 5 volts in magnitude.

Power output versus load resistance for these three casesis shown in Figure 12. The actuation power for case 3 is440
HW. Table 1 indicates the maximum power for each case, and the net power change from tuning.
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Figure9. Simulated (line) and measured (crosses) natural
frequency versus magnitude of the tuning voltage.
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Figure11. Simulated power output after tuning (|Pou|),
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Figure12. Measured power output
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electrode vs. load resistance for three cases described above.

Tablel. Maximum power output (LW) for each of the three casesin Figure 12 and net power change (|Pnef) from tuning.
P(casel) P(cae2) P(case3) [Pret
180 152 262 -358
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5. DISCUSSION OF RESULTS

The tunable generator shown in Figure 8 may not represent the most effective active tuning actuator. However, it does
exhibit the basic intended behavior; the natural frequency changes in response to an input stimulus (a tuning voltage
in this case) that must remain “active’” aslong as the tuned natural frequency isto be maintained. As predicted by the
general linear transducer theory presented in section 2, the power required to tune the natural frequency far outweighs
theincreasein power output as a result of tuning.

The measured power output from the scavenging el ectrode while the tuning actuator is active (case 3in Figure 12
and Table 1) issignificantly larger than predicted by the mathematical model given in equations 26 and 27. Equations
26 and 27 predict that the power output for case 3 should be only 7 uW larger than that of case 1 instead of the 82 uyW
measured difference. The reason for this discrepancy is not entirely known. Equations 26 and 27 model the generator
as a lumped parameter system, which may cause some error. More detailed modeling and further validating
experiments are needed to identify the exact source of the discrepancy. However, the power output with the tuning
actuator active is gtill well below the actuation power, and the net change in power output due to tuning is—358 uW.
Therefore, while discrepancies between experiments and data exist, the experiments do validate the basic expected
behavior.

More detailed moddling and further validating experiments may yield a better fit between experimental data and
theory. However, as the experiments presented here do validate the basic conclusion that active tuning generators will
not result in increased net power output, a more extensive round of tests would seem to befruitless. The experimental
data already supports the basic conclusion that “passive’ tuning generators are the better of the two alternatives to
frequency tuning of vibration based generators.

6. CONCLUSIONS

Asthe need for alternative power sources for wirel ess sensors becomes more acute, research on vibration based energy
scavengers is becoming more prevalent. Almost all scavengers reported are resonant devices that rely on the natural
frequency of the device being matched to the dominant frequency of the input vibrations. As most scavengers have
quality factors of about 20, a scavenger that can tune its natural frequency to match that of the input vibrations could
significantly broaden its application.

This paper has analyzed the feasibility of “active” tuning actuators. “Active’ tuning actuators are distinguished
from “passive’ tuning actuators by their need for a constant power input to the tuning actuator while maintaining a
tuned natural frequency. Using a standard, technology non-specific, mode for vibration based generators® this paper
has demonstrated that an “active’ tuning actuator will never result in a net increase in power output. The power
required to tune natural frequency will always exceed the increase in power output resulting from the frequency
tuning.

A piezodlectric generator with an active tuning actuator has been built and tested. Whilethereis some variability
in the test data, and there is significant mismatch between theoretical calculations and experimental results,
experiments validate the basic expected behavior. The change in power output (82 pW) as a result of tuning is
significantly smaller than the power needed to drive the tuning actuator (440 pW).

As aresult of this study, the authors believe that future research into frequency tuning of vibration based energy
scavengers should focus on “passive’ tuning actuators, which are able to cut power to tuning actuator while till
maintaining the tuned natural frequency.
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