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This paper compares our analog and digital self-powered systems for vibration suppression, and shows experimental results of
multimodal vibration suppression for both self-powered systems. The experimental results are evaluated in light of the damping
performance and adaptability under various vibrational conditions. We demonstrate various examples of our innovative vibration
suppression method, called “digital self-powered.” Proper status switching of an electric circuit made up of an inductor and a
selective switch connected to a piezoelectric transducer attenuates the vibrations. The control logic calculation and the switching
events are performed with a digital microprocessor that is driven by the electrical energy converted from the mechanical vibration
energy. Therefore, this vibration suppression system runs without any external power supply. The self-powering feature makes
this suppression method useful in various applications. To realize an ideal vibration suppression system that is both self-powered
and effective in suppressing multimode vibration, sophisticated control logic is implemented in the digital microprocessor. We
demonstrate that our digital self-powered system can reduce the vibrational displacements of a randomly excited multimodal
structure, by as much as 35.5%.

1. Introduction

Vibration control methods are roughly categorized into two
groups, that is, active and passive methods [1–4]. Active
vibration control methods usually yield high-performance
vibration suppression [1, 2]. However, active control systems
may become unstable if the control is improperly designed.
In addition, active vibration control systems need an external
energy supply to suppress vibrations. On the other hand,
passive vibration control methods use energy dissipative
mechanisms such as dampers, frictional devices, and electric
resistors [3, 4]. Because passive approaches do not need
an energy supply they are always stable. Passive methods
are easier to implement in actual systems than are the
more complicated active methods, because they do not need
controllers, sensors, or filters. However, in most cases, passive
systems do not provide a satisfactory vibration suppression
performance. In general, the majority of passive systems
suppress vibrations well only in expected situations such as

those regarding natural frequency and temperature. Typical
examples of less robustness of frequency alternation are
mechanically tuned mass dampers and electrical dynamic
vibration absorbers. There are research papers that compare
the performance of semiactive and passive systems [5, 6].

We found a new approach to resolve the dilemma be-
tween active and passive vibration controls in terms of
robustness and suppression performance. The semiactive
method is one of the practical answers both to reduce the
disadvantages of active systems and to maintain the advan-
tages of passive systems. Many studies of semiactive vibration
control methods have been published, and they often use
piezoelectric transducers for vibration suppression [7–14].
Some researchers have studied a semiactive approach to
suppress vibration by using piezoelectric transducers with
switchable circuits [10–14]. Richard et al. [10], Corr and
Clark [11], and Onoda et al. [12] proposed the use of an
inductive circuit. Depending on the circuit components and
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the switching strategies, this approach is called SSDI, LR-
switching, RL-shunt, and others. By shunting the transducer
in short time, the counter electromotive force that is
generated by the inductor and the restored electric charge
due to the piezoelectric effect can invert the polarity of the
charge stored in it. Accordingly, the stored electrical energy in
the transducer is recycled rather than immediately dissipated,
and is often called an energy-recycling semiactive method
[12]. The energy-recycling semiactive vibration control does
not require any external power supply to suppress vibration.
The systems without the need for external energy are quite
useful for various applications [13, 14] in energy shortage
systems and those that require energy saving, such as large
space structures, artificial satellites, and isolated lunar bases,
all of which are vulnerable to facing long periods without
sunlight.

So far, we have developed two types of self-powered
vibration controllers: analog [15] and digital [16]. Both types
of the controllers do not require external energy. In this
paper, we compare our analog [15] and digital self-powered
[16] systems for multimodal vibration suppression from
the viewpoints of damping performance and adaptability to
various vibrational conditions.

2. Problem Statements and Research Objectives

The energy-recycling semiactive vibration control does not
require any external energy to suppress vibrations. However,
switches, switching controllers, and other electric devices
contained in the energy-recycling semiactive vibration con-
trol devices consume electrical energy. To avoid external
power supply, we did not make use of the above devices
in the vibration suppression system. Thus, an analog self-
powered system using the semiactive technique [15, 17, 18]
has been proposed. The “analog self-powered” system is the
simplest type among self-powered vibration controllers. This
system requires neither an external power supply nor an
external control authority. However, analog circuit systems
are very awkward in practice and not at all programmable.
If the parameters need changing due to system alternations,
analog systems cannot deal with such requests. Therefore,
to solve the awkwardness and inflexibility issues associated
with analog self-powered systems, we investigated “digital
self-powered” systems for sophisticated vibration control.
Single degree of freedom (SDOF) structural vibration sup-
pression experiments using our “digital self-powered” system
indicated that the vibration magnitude dramatically reduced
by as much as 79.7% [16]. Moreover, we have attempted to
apply our “digital self-powered” system to multimodal struc-
tural vibration suppression.

Here, we revealed the experimental performance effec-
tiveness of our proposed analog and digital self-powered sys-
tems for multimodal structural vibration suppression con-
trol. First, we describe the energy-recycling, semiactive
mechanism (switching method for semiactive vibration sup-
pression and the equations of motion for a multimodal struc-
ture). Next, an explanation of our self-powered systems is
presented. Finally, experimental results are demonstrated in
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Figure 1: SDOF system with switching circuit for energy-recycling.

terms of damping performance under multimodal vibration
excitation.

3. Theoretical Analysis

3.1. Switching Method for Semiactive Vibration Suppression.
This section shows the basic idea of the energy-recycling
semiactive mechanism that has been reported in [10–12].
However, for a better understanding, a brief explanation is
presented using the simple SDOF system shown in Figure 1.
The system is composed of a mass, support structures, a
piezoelectric transducer, and a switchable inductive circuit.
The linear characteristic of the piezoelectric transducer [19]
is written as

fp = kpx1 − bpQ, (1)

Vp = −bpx1 +
Q

Cp
, (2)

where fp is the applied force, x1 is the elongation of the
piezoelectric transducer, Q is the electric charge stored in the
transducer, Vp is the piezoelectric voltage across two electric
terminals, Cp is the constant-elongation piezoelectric capac-
itance, and bp is the piezoelectric constant. The piezoelectric
transducer is modeled with a voltage generator Va and a
capacitor Cp. Here, let us assume that the SDOF system with
natural frequency ω is vibrating as

x1 = A sin(ωt). (3)

Active controls can freely change the value of Q for vibra-
tion control. The optimal control charge (defined as QT) is
derived from active control schemes. For instance, the direct
velocity feedback control [20] stipulates the control input as

QT = −F dx1

dt
, (4)
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where F is the feedback gain.
In contrast to the abovementioned active controls, our

switching system (Figure 1) has only a selective switch to
change its electrical state. This is the semiactive method
that does not have an external power source and cannot
change the value of Q as expected. Our switching logic is
that the selective switch is connected to point 1 or 2 to make
the polarity of Q the same as that of QT . The switching logic
[12] is written as follows

when QT < 0, change the switch into point 1,

when QT ≥ 0, change the switch into point 2.
(5)

We assume that Q is zero at t = 0. Equations (1) and
(2) indicate that Vp is negative when x1 is positive and Q
is zero. While the switch is positioned at point 1, the diode
at point 1 prevents the electric current from flowing in the
circuit. Consequently x1 and Q are zero, and Vp is −bpA just
before turning the switch at t = π/(2ω). After the switch
is connected to point 2 at t = π/(2ω), the electric current
flows in the inductive circuit. The governing equation of the
electric circuit while the current flows is expressed as

LQ̈ + RQ̇ +
Q

Cp
= bpx1, (6)

where ω
√
LCp � 1 according to study [12]. We also assume

that the electric current stops flowing in a much shorter time
than the period of the mechanical vibration. Thus, x1 can be
thought to remain equal to A during current flow. The values
of Q and Vp just after the current stops flowing are

Q = CpbpA
(

1 + e−ζπ
)

, Vp = bpAe
−ζπ ,

ζ ≡ R

2

√
Cp

L
.

(7)

x1 and Vp and Q remain constant, because the diodes
prevent the current from flowing. At t = (3π)/(2ω), x1

changes to −A and Vp becomes

Vp = bpAe
−ζπ + 2bpA. (8)

At this moment, the switch is turned to point 1 according
to the control logic (5), and the current starts to flow. After
the current flow stops due to the diode at point 1, Q and Vp

are

Q = −CpbpA
(

1 + 2e−ζπ + e−2ζπ
)

,

Vp = −bpA
(

2e−ζπ + e−2ζπ
)
.

(9)

After many repetitions of switching, the values of Q and peak
voltage converge to

|Q| = CpbpA
1 + γ

1− γ
, |VPeak| = bpA

(
1 + γ

1− γ
+ 1

)
,

γ ≡ e−ζπ .

(10)

Similarly, the dissipated energy ED for one cycle is

ED = 4Cpb
2
p A

2 1 + γ

1− γ
. (11)

The parameter γ is in direct correlation to the dissipated
energy and is called the voltage inversion coefficient. It is
defined in [13] as the ratio of voltages after and before the
voltage inversion.

4. Equation of Motion of the Multimodal
Structure and Controller

For deriving the generalized equations, let us consider an
l-DOF structure with piezoelectric transducers. The equa-
tion of motion for the structure with piezoelectric transduc-
ers [12] can be written as

M�̈u + D�̇u + K�u = Bp�Q + �w. (12)

To express (2) in vector-matrix form, we transform the scalar
equation to

�Vp = −BT
p�u + C−1

p
�Q. (13)

In modal coordinates, the equation of motion is expressed as

�̈ξ + Ξ�̇ξ + Ω�ξ = ΦTBp�Q + ΦT �w, (14)

and the voltage equation is written as

�Vp = −BT
pΦ
�ξ + C−1

p
�Q, (15)

where

Φ ≡ [φ1,φ2, . . . ,φl
]
, Ω ≡ diagonal

[
ω2
k

]
, (16)

Ξ ≡ diagonal[2ζωk], (1 ≤ k ≤ l). (17)

Then, (14) and (15) can be transformed into

�̇z = A�z + B�Q + E�w, (18)

�Vp = C�z + D�Q, (19)

where

�z ≡
[
�ξ
T

, �̇ξ
T
]T

, A ≡
[

0 I
−Ω −Ξ

]
, B ≡

[
0

ΦT Bp

]
,

C ≡
[
−BT

p Φ 0
]

, D ≡ C−1
p , E ≡

[
0
ΦT

]
.

(20)

If �Q in (18) is regarded as an active control input, the linear
quadratic regulator (LQR) control theory [21] specifies that
the performance index

J ≡
∫∞

0

(
�z T

W1�z + �Q T
W2�Q

)
dt (21)
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is minimized by

�Q = �QT ≡ −F�z, (22)

where

F ≡ W−1
2 BTP1. (23)

Here, W1 and W2 are weighting matrices, and P1 is a
positive solution of

P1BW−1
2 BTP1 − ATP1 − P1A−W1 = 0. (24)

The vector �QT is an evolved form of the simple scalar

in (4). While �QT can handle multiple transducer systems,
the simple scalar form QT can handle only single-transducer
system.

5. Experimental Configuration

5.1. Mechanical Experimental System. A view of the me-
chanical experiment system is shown in Figures 2 and 3.
The mechanical experimental system consists of two masses,
a pantograph-type displacement-magnification mechanism,
a piezoelectric transducer (PSt 1000/10/200-VS18, Pie-
zomechanik GmbH), piezoelectric sensors, two cantilevered
beams, a vibration shaker, and an experimental platform.
The displacement-magnification mechanism, attached to the
upper beam and upper side of the platform, is used to
amplify the displacement.

Figure 4 shows the electrical circuits of the self-powered
system. The piezoelectric transducer is connected to the an-
alog self-powered electrical device or the digital self-powered
electric device. One piezoelectric sensor is attached to the
base of the upper beam. Additional measuring instruments
(a laser displacement sensor and load cell) are arranged
around the system. These measuring instruments are used
only for recording and not for the semiactive feedback con-
trol. For the purpose of effective analysis, an equivalent two-
DOF spring-mass model is constructed for the experimental
system. The natural frequencies of the first and second modes
at constant electric charge are 20.3 and 36.6 Hz, respectively.
A detailed description of the experimental setup is given in
our previous paper [16].

5.2. Electric Experimental System. The electrical circuit of the
proposed analog self-powered system is shown in Figure 5.
This circuit is designed with one energy-recycling section and
two peak detection sections. The energy-recycling section
has a piezoelectric transducer, inductors, and thyristors. The
thyristors work as both a switch and a diode. The peak
detection section finds the peak voltage of the piezoelectric
transducer.

When the voltage across the piezoelectric transducer Vp

reaches the maximum and starts to decrease, the program-
mable unijunction transistor PUT1 is automatically turned
on, and the charge stored in capacitor C1 flows through the
thyristor SCR1 as its gate current. As a result, the thyristor
is turned on, and the charge stored in the capacitor of
the piezoelectric transducer Cp flows through the inductor.
Because the thyristor prevents the electric current from
flowing in the opposite direction, this turning on of the
thyristor is equivalent to turning the switch in Figure 1
to point 1. Conversely, when the value of Vp reaches the
minimum and starts to increase, PUT2 is turned on, and
subsequently, SCR2 is turned on. This action is equivalent
to turning the switch in Figure 1 to point 2. As a result, this
analog circuit turns the switch in Figure 1 to point 1 when Vp

is approximately the maximum, and turns the switch to point
2 when Vp is approximately the minimum. This is equivalent
to the switching logic proposed and studied by Richard et al.
[10]. This is the simplest design of a self-powered vibration
suppression system. However, it is not practical to realize the
switching logic for handling a multiple input multiple output
(MIMO) system.

Figure 6 shows a diagram of the energy flow and control
stream of our digital self-powered system. The energy-
harvesting section, comprising four connected diodes, can
supply the harvested energy to the digital processor. The
energy harvester, with a storage capacitor CS, is connected to
the piezoelectric transducer to collect vibration energy. The
circuit harvests electrical energy in a piezoelectric transducer
attached to the vibrating structure, and it supplies energy
to the energy harvester and sends the collected energy to
the microprocessor. The piezoelectric sensor is attached to
the structure and outputs a voltage that is proportional
to the upper mass’s displacement. It is connected to the
analog/digital (A/D) port of the digital processor. All the
necessary functions for switching control are built into the
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digital processor. First, the digital processor activates using
the power supplied energy-harvesting section. Second, it
collects data pertaining to the structural vibrations from the
piezoelectric sensor. Third, it calculates the modal estimation
using the Kalman filter. Fourth, it calculates the switching
criteria. Fifth, it activates the switch to inverse the voltage
polarity of the piezoelectric transducer when the switching
criteria polarity shifts. Finally, it monitors the transducer
with the shifted voltage polarity that works a transducer to
suppress structural vibrations. All of these steps are carried
out at 0.5-millisecond intervals.

6. Experimental Results

This paper describes three types of vibration suppression
experiments using our self-powered systems. Both self-pow-
ered systems presented in this paper utilize the same ontroller

and observer designs described in our previous papers [15,
16].

6.1. Multimodal Sinusoidal Excitation. In this section, we
carried out multimodal sinusoidal vibration suppression ex-
periments using our analog and digital self-powered systems.
A function generator creates an input voltage wave and sends
it to the vibration shaker. The input wave for the vibration
excitation is

α sin(ω1t) +
11
7

(1− α) sin(ω2t), (25)

where ω1 and ω2 are the angular frequencies of the first
and second modes, respectively. α is the modal combination
parameter. The excitation with α = 1 means the sinusoidal
excitation with frequency ω1 of the first mode, and the
excitation with α = 0 means the sinusoidal excitation with
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frequency ω2 of the second mode. The coefficient of the
second mode was determined, so that the first and second
modal vibrations had the same displacement level.

The comparison between the multimodal sinusoidal
excitation experiments with the analog and digital self-
powered control systems is shown in Figure 7. The horizontal
scale is the multimodal combination parameter, and the
vertical scale is the ratio value of the mean square of the
combined displacements of masses 1 and 2, divided by the
input vibration power. These ratio values are normalized
by the value of the no control case. This figure indicates
that our digital self-powered control system can suppress all
complicated vibrations. In contrast, our analog self-powered
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control system is less effective when the combination of
the two modes is around 0.4 < α < 0.7. This confirms
that for suppressing complicated vibrations such as 2-mode
vibrations, the digital self-powered system is better than the
analog self-powered system.

6.2. Impulsive Excitation. We carried out impulse excitation
experiments using our analog and digital self-powered sys-
tems. The impulse force was applied to mass 2 by an impulse
hammer.

Figure 8 shows the displacements of the masses and the
switching signal. The top of Figure 8 shows the displacements
of masses 1 and 2 with no control. The middle of Figure 8
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shows the displacements of masses 1 and 2 with digital self-
powered control. The bottom of Figure 8 shows the signal
voltage of the selective switch. Just after 0.035 seconds of
input force, our digital self-powered system started the vibra-
tion suppression. At 0.5 s, the magnitude of displacement 2
reduced from 0.215 mm to 0.021 mm, a reduction of 90.4%.
These figures indicate that our digital self-powered system
has a quick response and can therefore handle impulse
dynamics.

Figure 9 shows the comparison between the impulse ex-
citation experimental results of analog and digital self-
powered control systems. The horizontal scale is time, and
the vertical scale is the root mean square of the combined
displacements of masses 1 and 2. During the early period
(from 0 to 0.3 s), the analog self-powered system is more
effective in vibration suppression than the digital one. This

is quite natural because the digital self-powered system must
only store some amount of electrical energy in the storage
capacitor until the microprocessor enters the wake-up mode.
However, overall, the suppression performances of both
analog and digital controls are almost equivalent even for
impulsive disturbances.

6.3. Random Excitation. In this section, we carried out
random vibration suppression experiments using our analog
and digital self-powered systems. A function generator
creates an input voltage wave and sends it to the vibration
shaker. The input wave for random vibration excitation is
kept constant in the power spectral density (PSD) value, from
10 to 50 Hz.

Figure 10 shows the comparison of the PSD displace-
ments of masses 1 and 2 under random excitation. The
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horizontal scale is the frequency, and the vertical scale is the
PSD of the displacement. The upper left side of Figure 10
shows the PSD value with analog self-powered control. The
upper center of Figure 10 shows the PSD value with digital
self-powered control. The upper right side of Figure 10 shows
the PSD value with digital powered control. The lower part
of Figure 10 shows the PSD value with no control. Unlike
our self-powered systems, a digital powered system uses
an external power supply for driving the digital processor.
These figures indicated that the analog self-powered system
could not suppress the first mode. However, the digital self-
powered system significantly reduced all modal amplitudes.

Figure 11 shows the comparison of the root mean
square of the combined displacements of masses 1 and 2.
The experimental results demonstrate that the analog self-
powered system reduced the root mean square by 27.6%,
the digital self-powered system reduced it by 35.5%, and the
digital powered system reduced it by 40.7%. The damping
performance of the digital powered system was the most
effective. This is quite natural because the digital powered
system does not require an energy-harvesting section for
driving the digital processor. Thus, these experimental results
indicate that the lower the required harvested energy is, the
better the damping performance of the digital self-powered
system is.

7. Conclusions

This paper compared two types (i.e., analog and digital)
of self-powered vibration suppression systems by using an
energy recycling semiactive method with a piezoelectric
transducer. These self-powered systems do not need an
external power supply. The analog system comprises only
analog electric devices whereas the digital system comprises
an electric circuit with a programmable microprocessor.

We carried out several kinds of vibration suppression
experiments using our proposed self-powered systems. These
experiments clearly indicate that our self-powered systems
yield a highly effective damping performance. Furthermore,
we demonstrated that the digital self-powered system has

significant advantages over the analog system in dealing
with multimodal vibrations. These systems are useful for
various applications where energy-saving or energy-shortage
concerns exist, such as large-space structures, artificial satel-
lites, and isolated lunar bases, which are all exposed to long
periods of no sunlight.
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