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Resonant Frequency Modulation in Inductive
Vibration Power Generator via Resistive

Impedance Control
Takeaki Yajima , Member, IEEE

Abstract—Resonant frequency modulation is indispensable for
vibration power generators using inductive coils to maintain maxi-
mum power extraction against environmental fluctuation. We have
shown that by inserting a fixed reactance element in series with an
inductive vibration power generator, its resonant frequency can be
modulated only by controlling the resistive impedance of the power
extraction circuit. The upper limit of the frequency modulation only
by resistive impedance was analytically shown and verified by sim-
ulation and experiments. For the purpose of comparison between
different devices, the figures of merit for electrical frequency mod-
ulation capability were also proposed, which are applicable both to
resistive impedance control and to complex impedance control. The
figure of merit can predict whether the specific harvester device is
suitable for electrical frequency modulation or requires mechanical
modulation, and the prediction was verified by experiments with
two types of harvester devices. The resonant frequency modulation
only by changing resistive impedance is more practical than the
previously reported methods via complex impedance variation,
and readily implemented by power extraction circuits with simple
switching operation.

Index Terms—Electrical modulation, electromagnetic induction,
energy harvesting, impedance matching, maximum power
tracking, power extraction circuit, resonant frequency modulation,
vibration power.

I. INTRODUCTION

ENERGY harvesting is attracting attention as a clean energy
source for edge devices. In particular, vibration power

generation [1], which generates electricity from vibration and
mechanical motion, is gaining importance as a complementary
technology to the preceding photoelectric and thermoelectric
power generation. There are two types of vibration power gen-
eration: inductive, which generates induced electromotive force
from changes in magnetic flux [2], [3], and capacitive, which
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uses the piezoelectric effect [4], [5] or electrostatic induction
[6], [7], [8]. Inductive vibration power generation has a simple
structure consisting of a spring and a magnet and is regarded as
a practical device for vibration energy harvesting.

In inductive vibration power generation, mechanical reso-
nance maximizes the vibration displacement, allowing even a
small-size generating element to generate a large amount of
power. Under the constant amplitude of vibration acceleration,
the vibration displacement becomes smaller in a square of the
frequency. Therefore, to obtain the maximum amount of power
generation from a given vibration space, it is necessary to in-
crease the Q value and increase the vibration amplitude at higher
frequencies. However, as the Q value is increased, the frequency
band of resonance becomes narrower, and even a small deviation
from the ambient vibration frequency can cause fatal problems.
To solve this problem, modulation technology of the resonance
frequency is important.

Mechanical modulation is often used to modulate the mechan-
ical resonance frequency in inductive vibration power generation
[9]. However, such a mechanical method is often incompat-
ible with the miniaturization of power generation elements.
Therefore, a technique to electrically modulate the mechanical
resonance frequency has been proposed, and theoretical con-
struction and empirical experiments have been conducted [10],
[11], [12], [13], [14], [15]. The essence of this technique is to
maintain resonance for arbitrary changes in ambient frequency
via impedance matching between the vibrating element and the
power extraction circuit. Impedance matching can actually be
achieved by inserting a capacitance C or inductance L in series
with the load R, thereby modulating the resonance frequency. In
reality, the winding resistance of the coil and the electromechan-
ical coupling constant limit the modulation range of the resonant
frequency [10], [14].

Thus, the studies on resonant frequency modulation have been
conducted mainly by LCR tuning. However, for small-sized gen-
erators, it is appropriate to use fixed values for L and C or coarse
discrete control due to their large size. The fine modulation of
resonance frequency should rather be performed by R-tuning
because it can be easily realized by relatively simple control of
switching circuits, such as a magnetic flux extraction circuit that
extracts the energy accumulated in the inductor of the generator
element [16], [17]. Indeed, the effective R value of these switch-
ing circuits can be varied via switching frequency because the
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switching frequency determines the average extraction current
from the inductor under discontinuous current mode. For exam-
ple, if we denote the switching period by t0 and the inductive
voltage by V (t), which evolves in a time scale longer than t0,
the average current through the inductor is approximately given
by V (t)t0/(2L) as long as t0 < L/RL. Then, the effective R
value of this switching circuit is given by (2L)/t0, which can be
controlled via t0. It should be noted that the resonance frequency
modulation via R-tuning has been demonstrated in capacitive
vibration power generation [18], [19], [20], [21], [22] but has
never been investigated in inductive vibration power generation.

In this study, we verified by analysis, simulation, and exper-
iment how much frequency modulation and power generation
can be achieved by R-tuning compared to conventional LCR-
tuning. The results show that resonant frequency modulation
can be achieved by R-tuning alone by inserting a fixed reac-
tance element in series with an inductive vibrating generator
element. Here, for simplicity, the reactance element is limited to
capacitance, but the basic argument remains the same when the
inductance is inserted where only the sign of the frequency mod-
ulation is inverted. We showed a tradeoff between the frequency
modulation and the power maximization and obtained its ana-
lytical expressions, which were consistent with simulation and
experiments. Furthermore, the figures of merit for the inductive
power generating element to achieve both frequency modulation
and power maximization were clarified. Finally, the frequency
modulation by R-tuning was demonstrated in an experiment
using actual power generation devices.

II. SIMULATION

A model of inductive vibration energy harvesting is shown
in Fig. 1(a). The relative vibration of the magnet and inductor
generates an electromotive force, and the resulting power is
extracted externally by a power extraction circuit (switching
circuit) for use in a wireless circuit or to charge a battery. The
switching circuit can be regarded as an average load resistance
(ROUT), the value of which can be varied by the switching
frequency or the duty cycle in general [16]. The objective of
this study is to enable the resonant frequency modulation via
ROUT, and the simplest method to achieve this is to insert a
fixed capacitance (CFIX) in series.

The generator element and the external circuit form an elec-
tromechanical coupling system [2], [3], which can be repre-
sented by the equivalent circuit shown in Fig. 1(b). The meanings
of each constant and variable are summarized in Tables I and II,
respectively. The coordinate X of the vibrating body is defined
in relative coordinates that oscillate with the environmental
vibration with acceleration

√
2aE sin(ωt), and the mechanical

force is also considered as an inertial force (maE in root mean
square) in relative coordinates. Then the equation of motion of
the vibrating body is given as follows:

m
√
2aE sin (ωt) = m

d2X

dt2
+ cm

dX

dt
+ kX + αI. (1)

Fig. 1. (a) Model of inductive vibration energy harvester. (b) and (c) Equivalent
circuits of the model. The vibrating magnet in (a) corresponds to “Mechanical”
parts in (b) and (c). When we convert the electrical part in (b) to the mechanical
counterpart, we obtain the equivalent circuit (c), which corresponds to (3).

TABLE I
LIST OF SYMBOLS
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TABLE II
LIST OF CONSTANTS FOR SIMULATION AND EXPERIMENTS

The equation of the electrical circuit is given as follows:

α
dX

dt
= L

dI

dt
+ (RL +ROUT) I +

1

CFIX
∫ Idt. (2)

An electromotive force is generated in the electrical system
in proportion to the speed in the mechanical system [left term of
(2)], and a braking force is generated in the mechanical system
in proportion to the current in the electrical system [last term
of (1)]. By removing I from these two equations, we obtain the
equivalent equation of motion of the vibrating body as follows:

maE=

(
cm+iωm+

k

iω
+

α2

RL +ROUT + iωL+ 1
iωCFIX

)
v.

(3)
This equation of motion corresponds to the equivalent circuit,

as shown in Fig. 1(c), where the electrical L is converted into
a capacitive component L/α2 in the mechanical counterpart,
and the electrical CFIX is converted into an inductive component
α2CFIX as well. Because this equivalent circuit in Fig. 1(c) covers
all the mechanical–electrical interactions, it is easy to discuss
impedance matching and to clarify the relationship between the
amount of frequency modulation and the generated power.

Fig. 2(a) and (b) shows a simulation of the resonance char-
acteristics when the values in Table II are assumed for the
parameters of the vibration power generation element. When the
vibration frequency is varied, the power consumed by the ROUT

(POUT) reaches its maximum at the resonance frequency. As
shown by thin solid curves in Fig. 2(a), the resonant frequency
varies depending on the value of ROUT. As ROUT decreases, the
POUT peak falls once but rises again, and the envelope of POUT

is characterized by two maxima [see bold curve in Fig. 2(a)]. The
frequencies at the two maxima are almost equal to the resonance
frequencies at open- and short-circuit conditions under some
assumptions, as shown later (see explanations for Fig. 4). The

Fig. 2. (a) Simulated POUT as a function of vibration frequency for RL = 1.87
kΩ. Each curve corresponds to different ROUT with fixed CFIX = 100 nF. (b)
Simulated POUT with R-tuning for RL = 1.87 kΩ and three different CFIX. The
dashed curve corresponds to the POUT with RC-tuning. (c) Simulated POUT for
RL = 0 Ω and different ROUT values. (d) Simulated POUT with R-tuning for
RL = 0 Ω and three different CFIX. The dashed line corresponds to the POUT

with RC-tuning.

envelope of POUT is calculated by a resistive matching condition
that matches only the absolute value of the impedance.

ROUT

α2
=

∣∣∣∣RL

α2
+ i

(
Lω

α2
− 1

α2CFIXω

)

+

(
cm + i

(
mω − k

ω

))−1
∣∣∣∣∣ (4)
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Fig. 3. (a)–(c) Schematic illustrations of impedance in the equivalent circuit
of Fig. 1(c). (d) Simulated total impedance Z for different ROUT.

POUT =

∣∣∣∣maE
Z ′
e

Zm + Z ′
e

∣∣∣∣
2
ROUT

α2
(5)

Zm = cm + i

(
mω − k

ω

)
(6)

Z ′
e =

(
RL +ROUT

α2
+ i

(
Lω

α2
− 1

α2CFIXω

))−1

.

(7)

Equations (4) and (5) give the optimal ROUT and POUT at
each frequency, respectively. The left side of (4) is the effective
admittance of the load resistance in the equivalent circuit of
Fig. 1(c), and the right side is the absolute value of the complex
admittance of the other parts. Thus, it is demonstrated that by

Fig. 4. (a) Mechanical impedance Zm at ω = ωr. (b) Equivalent electrical
impedance Ze at ω = ωr for various ROUT and CFIX. (c) Ze at ω = ωr for
various ROUT and L as a reference.

inserting CFIX, the resonance frequency can be modulated only
by R-tuning. It should be noted that the insertion of the fixed
reactance component (CFIX) is indispensable for frequency
modulation; otherwise, the R-tuning only modifies the dumping
constant of resonance, as obvious in Fig. 1(c), if the parasitic L
is too small to be counted as the fixed reactive component.
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In R-tuning, the two frequencies at which POUT reaches its
local maximum depend on CFIX, and the larger the CFIX is, the
more separated these peak frequencies become [see Fig. 2(b)].
Therefore, the larger CFIX leads to the larger frequency modu-
lation, but at the same time, it also leads to the smaller POUT

with tradeoff. The envelope of POUT for various CFIX values
[see dashed curve in Fig. 2(b)] corresponds to the curve of POUT

optimized by RC-tuning, as previously reported [10], [14], and
this curve satisfies the complex impedance matching condition.

ROUT

α2
= Re

[
RL

α2
+ i

(
Lω

α2
− 1

α2CFIXω

)

+

(
cm + i

(
mω − k

ω

))−1
]

(8)

0 = Im

[
RL

α2
+ i

(
Lω

α2
− 1

α2CFIXω

)

+

(
cm + i

(
mω − k

ω

))−1
]
. (9)

From these two equations, ROUT and CFIX are uniquely
determined for each ω, and POUT is calculated as the dashed
curve in Fig. 2(b). In other words, the tradeoff between the
resonance frequency modulation and the POUT maximization
in R-tuning is essentially the same tradeoff as the previously
reported RC-tuning. The difference in R-tuning from the pre-
viously reported RC-tuning is that at frequencies between the
two maxima, the complex impedance matching conditions (8)
and (9) are not satisfied, so POUT is slightly decreased. In such
a case, the higher POUT can be maintained by changing CFIX

discretely, as shown by bold curves in Fig. 2(b), which is a
realistic solution for small power generators.

The reason why POUT decreases as the resonant frequency
is modulated is that the matched ROUT becomes smaller and
the resistive loss at RL becomes comparatively larger. In other
words, RL is one of the main factors that determine the limit
of frequency modulation, as was also pointed out in RC-tuning
previously [10], [14]. In fact, assuming RL = 0, (8) and (9)
become simple impedance matching conditions between the
electrical and mechanical systems, and POUT does not decrease
for resonant frequency modulation [dashed line in Fig. 2(d)].

POUT−MAX =
(maE)

2

4cm
. (10)

This equation is valid under the condition of constant vibration
acceleration of the environment. It should be noted that the prior
literature [10], [14] assumes constant vibrational displacement
of the environment (not constant acceleration), where aE and
POUT-MAX are proportional to f2 and f4, respectively. It should
also be noted that in Fig. 2(d), the two frequencies at POUT

maxima for R-tuning [see bold curves in Fig. 2(d)] are rigorously
given by two solutions of (8) and (9) when CFIX is a constant and
ω is a variable. Interestingly, in piezoelectric energy harvesting,
POUT also shows similar double peak characteristics for R-
tuning, which has been used for resonance frequency modulation
[18], [19], [20], [21], [22]. In that case, the capacitance of the

piezoelectric device is relatively large and can be regarded as
the fixed reactance element, corresponding to CFIX in our study.
The essential difference of our inductive power generator from
the piezoelectric power generator is the existence of nonnegligi-
ble RL and the relatively weak mechanical–electrical coupling.

III. ANALYSIS OF FREQUENCY MODULATION

To investigate the upper limit of resonant frequency modu-
lation in R-tuning, we consider the complex impedance of the
entire electromechanical coupling system in Fig. 1(c). Here, we
discuss the case RL = 0, which is intuitively easy to understand
and use it as a reference for the case RL �= 0. First, the com-
plex impedance of the mechanical system is expressed by the
following equation, and in the complex impedance plane, it is a
straight line with respect to the frequency change, as shown in
Fig. 3(a):

Zm = cm + i

(
mω − k

ω

)
. (11)

The complex impedance of the electrical system converted
into the mechanical impedance is expressed by the following
equation, which is a circle of diameter α2/ROUT with respect to
frequency change, as shown in Fig. 3(b):

Ze =

(
ROUT

α2
+ i

(
Lω

α2
− 1

α2CFIXω

))−1

. (12)

These are added together to form the complex impedance of
the coupled system, and the curve bulges out in the real axis
direction, as shown in Fig. 3(c)

Z = Zm + Ze. (13)

The smaller the ROUT, the larger the electrical impedance
circle becomes, and the steeper the bulge of Z becomes in the
real axis direction. The actual simulation of Z for various ROUT

values is shown in Fig. 3(d). It can be seen that when ROUT is
large, Z is almost straight, but as ROUT goes down, it curves
greatly and bulges in the direction of the real axis.

When the complex impedance is matched between the elec-
trical and mechanical systems, the total impedance is given by
Z = 2cm, which is a real number. Therefore, we focus on the
point where Z intersects the real axis in Fig. 3(d). We can see that
initially for small ROUT, the intersect is close to cm (curve for
0.37 kΩ), but as ROUT increases, it moves to the right (curves
for 13 and 29 kΩ) and then moves back and returns to Z = cm
again (curve for 10 MΩ). As a result, the condition of complex
impedance matching (Z = 2cm) is satisfied twice [bold curves
in Fig. 3(d)], resulting in double-peak characteristics in POUT.

Then, the double peak frequencies in R-tuning can be approx-
imately obtained as follows. Let ωr =

√
k/m be the resonant

frequency when the circuit terminals are open. Fig. 4(a) and
(b) shows Zm and Ze at ω = ωr . For the mechanical system,
Zm = cm , represented by the pink dot in Fig. 4(a). For the
electrical system, Ze draws a semicircle centered on the imag-
inary axis for changes in ROUT (R-tuning, red solid curve) and
a circular arc centered on the real axis for changes in CFIX

(blue dashed curve), as shown in Fig. 4(b). The radius ce of the
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semicircle for R-tuning is given as follows:

ce =
α2

2
(

1
CFIXωr

− Lωr

) . (14)

For simplicity, we assume 1
CFIXωr

− Lωr > 0. The opposite
case can also be understood as the resonant frequency modula-
tion by inserting a fixed inductance instead of a fixed CFIX. In
this case, Ze for various ROUT and L are plotted in Fig. 4(c),
where L values are so large that insertion of an extra induc-
tance is inappropriate for resonant frequency modulation in the
current device. As is clear from Fig. 4(b), Ze intersects the
line Re (Ze) = cm twice for R-tuning as long as ce > cm.
Then, at each intersection, the condition for complex impedance
matching can be satisfied by changing ω until Zm satisfies
Im (Zm) = −Im(Ze). Here, it is assumed that the change
of Ze with respect to ω is negligible, which is a reasonable
approximation as explained later [see (21)]. First, the ROUT

at this intersection between the Ze semicircle and the line
Re (Ze) = cm is given as follows:

ROUT± =
α2

2cm

⎛
⎝1±

√
1−

(
cm
ce

)2
⎞
⎠ . (15)

And since Im(Ze) at this intersection corresponds to the
amount of resonance frequency modulation from ωr, the res-
onance frequencies at the double peaks of R-tuning are given by
the following equation:

ω± = ωr − cm
2m

√
α2

cmROUT±
− 1. (16)

The inside of the root of (16) can be shown always positive.
Note that cm

2m in (16) is the full-width at half-maximum (FWHM)
of POUT with respect to ω when ROUT is sufficiently large.
Therefore, (16) indicates that cmROUT− � α2 is required to
sufficiently shift ω− from ωr compared to the FWHM. This
condition is satisfied as long as ce � cm. On the other hand,
ω+ cannot be significantly shifted from ωr when ce � cm, ac-
cording to (15) and (16). Then, Δω = ω+ − ω− ≈ ωr − ω− is
the frequency difference between the double peaks in R-tuning,
which gives a measure of frequency modulation for each CFIX

value. It is clear from Fig. 4(b) that the imaginary components of
the intersection of the Ze semicircle and the line Re (Ze) = cm
are almost identical to the imaginary components of the points
at ROUT = 0, ∞ (intercepts of the imaginary axis). This means
that ω± is close to the resonance frequencies when the circuit
terminals are opened and shorted, respectively, as pointed out in
the past literature [22].

Using the above discussion of the RL = 0 case as a basis,
we consider the case where RL �= 0. If the impedance matching
between the electrical and mechanical systems is considered as
an approximation instead of the impedance matching between
ROUT and the rest part, similar equations to (15) and (16) are
obtained by replacing ROUT± with RL +ROUT±. From (16),
it can be seen that ROUT− must be small enough to satisfy

cm(RL +ROUT−) � α2 in order to modulateω− fromωr mean-
ingfully. On the other hand, since POUT is proportionally divided
by RL and ROUT−, ROUT− shouldn’t be too small with respect
to RL. Therefore, in order to maximize frequency modulation
while maintaining POUT, an optimal CFIX has to be selected
such thatROUT− = RL , and the correspondingω− gives a rough
estimate of the maximum modulation of the resonant frequency.
The maximum Δω and the corresponding CFIX are estimated
as follows from (16):

Δω ≈ ωr

2Q

α√
2RLcm

=
ωr

2

√
cm
mk

√
α2

2RL
(17)

1

CFIXωr
− Lωr ≈

√
2α2RL

cm
. (18)

Q is the Q value of the mechanical resonance when the
external circuit terminals are open, Q =

√
mk/cm . When this

Δω is achieved, POUT-MAX in (10) is divided into half by RL

and ROUT−. Precisely, however, this value of POUT is derived
from the impedance matching between the electrical system and
the mechanical system, and if the impedance matching of ROUT

alone is considered, the peak value of POUT is slightly larger,
and ROUT− at that peak becomes smaller than RL.

From (17), it can be seen that small RL and large α are
preferable for the frequency modulation. On the other hand,
large cm and small m leads not only to the large modulation but
also to small POUT according to (10). In other words, it is not
recommended to vary cm and m for the purpose of resonant
frequency modulation. To disentangle this tradeoff from the
ability of resonant frequency modulation for each device, we
can define the following absolute figure of merit (AFOM) from
the last term in (17):

AFOM =

√
α2

2RL
= 4Δω

√
POUT−MAX

a2E
. (19)

This AFOM shows that the larger the coupling constant α and
the smaller the winding resistance RL of the coil, the larger the
AFOM becomes, namely, the more suitable the element is for
resonant frequency modulation. And the machine parameters
cm, m, and k only move Δω and POUT up and down in opposite
directions, respectively, and it is appropriate to separate them
from the AFOM of the harvester element. Ideally, the vibration
power generator should be designed to have small size and large
AFOM.

On the other hand, even for the same Δω, shifting the steep
resonance peak is of much greater practical value than shifting
the broad resonance peak. Therefore, it is also meaningful how
large Δω can be made relative to the FWHM of the resonance
peak at an open-circuit condition cm

2m ( = ωr

2Q ).

RFOM =
Δω

ωr/ (2Q)
=

α√
2RLcm

=
AFOM√

cm
. (20)

This relative figure of merit (RFOM) can be regarded as a
“gain” of frequency bandwidth by electrical tuning. In other
words, while the AFOM tells you the potential magnitude of
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TABLE III
COMPARISON WITH THE PREVIOUS WORKS

frequency modulation by maintaining POUT, the RFOM value
indicates the benefit of electrical modulation.

If the RFOM of the power generating element is small, then,
in principle, no meaningful electrical frequency modulation can
be expected. In fact, (15) and (16) pointed out that meaningful
frequency modulation can only be achieved if ce � cm. By
substituting ce with (14) and using the definition of RFOM [see
(20)], this leads to the condition RFOM � 2. If RFOM < 2,
there is no complex impedance matching solution as in (15),
and modulating the resonance frequency while maintaining rea-
sonable POUT becomes difficult. In other words, a mechanical
method is suitable for modulating the resonant frequency of
a generating element with RFOM < 2. Thus, by examining
the RFOM of the harvester device, the appropriate frequency
modulation method can be predicted. For electrical frequency
modulation, the harvester device must be designed to make α
large and make RL and cm small.

Table III lists benchmarks of AFOM and RFOM for electrical
resonant frequency modulation. It can be seen that the generating
device used in the experiments in this article described in the
following (“EH13” in Table III) has a relatively low AFOM
but a higher RFOM than the previous works. The reason why
RFOM is higher in our device is because the damping coefficient
of the mechanical resonance is much smaller, and hence, the
original mechanical bandwidth is much narrower. The advantage

Fig. 5. POUT peak frequencies for R-tuning with various CFIX. “Model” is
calculated by (16).

of the narrower mechanical bandwidth is a larger POUT. Indeed,
despite the size of EH13 (3.2 × 3.3 × 1.0 cm3) being tens
of times smaller than in the literature [10], [14], the POUT

normalized by aE = 1 ms-2 for EH13 is several times larger,
as given in Table III. It should be noted that the small device
size causes thinner coil windings (large RL) or fewer turns
(small α), which inevitably lead to smaller AFOM according
to (19). In practice, generators require multifaceted comparison
that includes AFOM, RFOM, device size, normalized POUT,
etc. AFOM, RFOM, and normalized POUT are made bold in
Table III.

Equations (16) and (17) are approximations neglecting the
change of Ze with respect to ω as mentioned above. We show
that this approximation holds as long as the AFOM and RFOM
values are not too large (the coupling is not so strong). The
condition that the change of Ze can be neglected with respect
to the change of Zm in the vicinity of ω = ωr is given by the
following equation:∣∣∣∣dZe

dω

∣∣∣∣
ω =ωr

�
∣∣∣∣dZm

dω

∣∣∣∣
ω =ωr

. (21)

Since Ze hardly changes when ROUT = ROUT+ , we limit
ourselves to ROUT = ROUT− to investigate the conditions un-
der which this equation holds. Using (15), (21) becomes the
following inequality:

cm
CFIXω2

rROUT−
� m. (22)

Replacing ROUT− by 2RL as described earlier to estimate the
maximumΔω, and further assuming 2RLcm � α2 as explained
in (16), (21) [and (18)] becomes as follows:

Q � α√
2RLcm

( = RFOM ) . (23)

Therefore, (21) is valid if the RFOM of the generating element
is not too large. As a rough guide, substituting (17) into this
equation yields ωr/2 � Δω, which means that (21) does not
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Fig. 6. POUT versus frequency for different ROUT values with (a) CFIX = 400 nF, (b) CFIX = 625 nF, (c) CFIX = 1800 nF, and (d) CFIX = �. Markers
represent experiments and curves represent simulation by (3). The inset in (a) is the experimental setup.

Fig. 7. Experimentally obtained frequency and POUT at the resonant peaks
in Fig. 6 for different ROUT and CFIX. The solid curves and the dashed curve
show simulated POUT for R-tuning [see (4) and (5)] and RC-tuning [see (8) and
(9)], respectively.

hold if Δω is comparable to ωr. Equation (21) is correct in most
cases for small vibration power generators. In fact, (21) is valid
for all the generators in Tables II and III. For example, as for

the generator (“Sim.”) in Table II, (16) and (17) are indeed in
good agreement with the simulation results in Fig. 2. To show
this, Fig. 5 plots the resonance frequenciesω±/(2π) for R-tuning
against CFIX. It shows thatω±/(2π)obtained from (16) is almost
consistent with the value obtained in simulation. Furthermore,
ω− is hardly affected by the fact that RL �= 0. This is because as
long as ce � cm, ω− almost matches the resonance frequency
when the circuit terminals are shorted.

IV. EXPERIMENTAL DEMONSTRATION

Finally, resonance frequency modulation by ROUT was exper-
imentally demonstrated. EH13 (Toyo Electronics Corporation)
is a vibration energy harvester with extremely small mechanical
dumping, specialized for high POUT and narrow bandwidth
(see Table II). In the experiment, it was fixed to the stage with
an accelerometer, and the stage was vibrated by a shaker at a
constant acceleration of 0.2 ms-2 root mean square, as shown
in the inset of Fig. 6(a). Fig. 6(a)–(c) shows the R-tuning of the
resonant frequencies when CFIX was fixed at 400 nF, 625 nF, and
1800 nF, respectively. Fig. 6(b) for CFIX = 625 nF corresponds
to the maximum modulation condition of (18). The experimental
data (diamond mark) are in close agreement with the simulation
results (curve), indicating that resonance frequency modulation
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Fig. 8. POUT versus frequency for different ROUT values with (a) CFIX

= 2.4 μF, (b) CFIX = 6.0 μF, and (c) CFIX = � in the V-generator device.
Markers represent experiments and curves represent simulation by (3). The inset
in (a) is the experimental setup.

is successfully demonstrated by R-tuning. As a comparison, the
R-tuning without CFIX does not show any change in resonance
frequency, as shown in Fig. 6(d), where CFIX = � means the
capacitance is removed and electrically shorted. This is because,
as shown in Fig. 4(b), it is essential to insert CFIX and make ce
large in order to achieve frequency modulation. All the resonant
peaks in Fig. 6 are summarized as POUT versus frequency
in Fig. 7. The experimental values (diamonds in Fig. 7) are

approximately consistent with the simulated POUT curves for
R-tuning (solid curves) and RC-tuning (dashed curve).

As another demonstration, the V-generator (“Medium size,”
Kanazawa University, Japan), a vibration power generation de-
vice using magnetostrictive materials [3], [23], was used, as
shown in Fig. 8. The V-generator is a small-sized high-power
vibration power generation device (see Table II) that can ac-
commodate large m and k in its compact structure (2.4 × 6.7
× 2.1 cm3). Although the normalized output power is not as
large as EH13, the mechanical bandwidth is almost an order of
magnitude larger. Despite the excellent device characteristics,
the resonance frequency is only slightly reduced by R-tuning,
as shown in Fig. 8(a), even if an appropriate CFIX calculated by
(18) is connected to this generator element. Furthermore, since
the POUT is simultaneously reduced by frequency modulation,
there is little benefit from frequency modulation when compared
to the curve for ROUT = 1.5 kΩ in Fig. 8(a). Further increase in
CFIX does not produce any improvement, as shown in Fig. 8(b).
When CFIX is removed and shorted (CFIX = �), the large L of
the V-generator causes R-tuning in the direction of increasing
resonant frequency, as shown in Fig. 8(c), but the modulation is
still small and does not provide a significant advantage over the
curve with ROUT = 1.5 kΩ.

The reason why the V-generator does not provide a meaning-
ful modulation effect is because of its small RFOM, as given in
Table III. In fact, the theoretical RFOM of the V-generator does
not satisfy the condition RFOM � 2, so electrical frequency
modulation is not suitable in principle. In this case, mechanical
frequency modulation is more suitable. Thus, by calculating
the RFOM of each vibration power generator, the optimal
method for resonant frequency modulation can be identified.
In Table III, the experimental values of AFOM and RFOM for
the V-generator are put in parentheses because the conditions
necessary for their definitions (ce > cm) are not satisfied, and
hence, they are only the nominal values.

It should be noted that the equations of motion for the ca-
pacitive vibration power generator are qualitatively the same as
those for the inductive vibration power generator. The critical
difference is that in the case of a capacitive generator, the
resonant frequency modulation is determined by the capacitance
of the power generation device, which sets the maximum of
CFIX [18], rather than by the resistive component such as
RL. Therefore, the AFOM and the RFOM as the functions of
RL in this article are specific to inductive devices and do not
apply to capacitive devices. By the way, frequency modulation
in the reverse direction is possible by inserting an inductance
in series, as demonstrated in a capacitive power generator [19].
In this case, however, a new winding resistance is created, which
limits the amount of frequency modulation, and sometimes, the
inductance necessary for frequency modulation becomes too
large, as demonstrated in Fig. 4(c).

V. CONCLUSION

We have shown that, in inductive oscillatory power genera-
tion, the resonant frequency can be changed only by R-tuning
by inserting a fixed reactance element in series with the power
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circuit. Two types of figures of merit, one indicating the mag-
nitude of frequency modulation and the other indicating its
gain with respect to the original bandwidth, can be defined
for each energy harvester device by the winding resistance of
the generator coil, the mechanical dumping constant, and the
electromechanical coupling coefficient. Especially, the second
figure of merit, denoted as “RFOM,” tells whether the specific
harvester device is suitable for electrical frequency modulation
or for mechanical frequency modulation. We also experimen-
tally demonstrated resonant frequency modulation by R-tuning
using actual vibrating power generation devices. This research
will enhance the versatility of inductive vibration power gener-
ation elements, which have been increasingly applied in recent
years, and provide a basis for their application in a wide range
of industries.
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