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A novel invention, a digital self-powered autonomous system, is proposed to achieve sophisticated vibration
suppression dealing with multimodal vibrations. This vibration suppressor can be used ubiquitously at any site
because it does not require an external power supply or a central control authority. The digital approach enables the
system to be programmed, and thus, it affords some versatility with regard to control schemes. The proposed system
is a vast improvement over conventional analog-autonomous systems whose fine-tuning is very difficult. The digital
unit can be implemented in multi-input/multi-output systems to suppress complicated structural vibrations, such as
multimodal vibrations. This paper provides an analytical discussion on the energy-harvesting effect on suppression
performance in terms of the power balance and flow. Experiments demonstrate that the vibration magnitude reduces
dramatically by as much as 79.7% under force excitation, although the self-powered control unit is used.

Nomenclature
a = displacement amplitude of the single-degree-of-
freedom system
B, = input matrix
b, = piezoelectric constant of piezoelectric transducer
C, = constant-strain capacitance
C, = constant-strain-capacitance matrix
C, = storage capacitance
D = damping matrix
F = positive feedback gain matrix
fo = tensile force exerted on piezoelectric transducer
K = constant-charge-stiffness matrix
k, = constant-charge stiffness of piezoelectric transducer
M = mass matrix
m = mass of the single-degree-of-freedom system
0 = electric charge applied to piezoelectric transducer
Or = switching criteria for semi-active control
Sis 8o = parameters for Kalman filter design
u = displacement vector
u, u, = displacements of upper mass and lower mass
v, = voltage applied to piezoelectric transducer

Vi storage voltage in storage capacitor

Vien = voltage of piezoelectric sensor

Weeiea = inputpower of vibration excitation through a
vibration shaker

w, = power harvested via diode bridge
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W, = power dissipated by a resistor

Without power dissipated without energy harvesting

w = external force vector

w;, w, = controller design parameters

X = elongation of piezoelectric transducer

o = control gain for direct-velocity-feedback method

B = modal combination parameter for vibration excitation

y = magnitude of vibration excitation

¢ = modal damping coefficient

¢, = damping coefficient for electric circuit

n = overshoot ratio of piezoelectric voltage

& = modal displacement vector

w = natural frequency of the single-degree-of-freedom
system

W, = natural frequency of electric circuit resonance

o = natural frequency of kth vibration mode

estimated value by the Kalman filter

“ex experimental setup parameters

I. Introduction

NUMBER of studies have exploited the piezoelectric and
converse piezoelectric effect in the synthesis of piezoelectric
materials and electric devices to suppress structural vibrations [1-3].
The piezoelectric effect is the generation of voltage as a result of
external forces or material deformation, and is usually exploited in
sensor applications [4,5]. In contrast, the converse piezoelectric
effect generates forces and deforms the material as a result of an
applied electric charge or voltage, and is often exploited in actuator
applications [6]. As these effects are reversible, mechanical
and electrical energy can be generated cyclically in piezoelectric
materials.

Passive vibration suppression is commonly used because it is easy
to implement. However, because passive systems cannot adapt to
environmental changes, suppression performance may deteriorate
when the design parameters drift from optimally tuned values [7].
Therefore, to achieve high suppression performance, researchers
have been working on various active-vibration-suppression systems.
Although an active vibration control system usually provides a
satisfactory performance, in general, it is costly and its reliability is
reduced because of unstable control phenomena, such as spillover.
Thus, it may be desirable to adopt a semi-active suppression system
to avoid the disadvantages of active systems. A semi-active system
attenuates vibrations by changing the states of the structure with
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a variable element, such as variable stiffness or damping force.
Because the semi-active suppression system exploits passive
mechanisms, it guarantees system stability even in the event of
control system malfunction.

Semi-active systems do not require any external energy to
suppress vibrations, but do require peripheral devices, such as
external controllers, sensors, and AD/DA boards, which consume a
substantial amount of electrical energy. To avoid the necessity of
external energy, analog self-powered systems based on a semi-active
approach have been proposed [8-10]. These systems do not require
any external power supply or control authority. However, analog
circuit systems are rather impractical because it is difficult to finely
tune various parameters and impossible to program the systems. In
addition, analog systems cannot handle situations wherein certain
parameters are to be changed on account of modifications to the
system.

A digital self-powered autonomous vibration suppressor has been
developed, featuring sophisticated vibration suppression, to alleviate
the disadvantages of analog self-powered systems. The significance
and definition of the sophisticated vibration controls are described
elaborately in [11]. The proposed unit consists of a programmable
microprocessor, a piezoelectric transducer, an energy-harvesting
section, an inductor, and a selector switch. In particular, the self-
powered processor changes the electric switch automatically in sync
with the vibration phase, and, therefore, the unit can achieve
autonomous vibration suppression. The multifunctional, self-
controlled processor is driven only by the voltage of the piezoelectric
transducer via the energy-harvesting section, which means that the
unit is completely isolated in terms of energy flow. In other words, no
external energy is required to activate the sensors, processors,
switches, and transducers that will suppress even complicated
multimodal vibrations. The piezoelectric transducer works as a semi-
active vibration-suppressing actuator and as a power supply to drive
the microprocessor. As will be described in detail, the self-powered
vibration suppressor has an energy-harvesting section to supply
electrical energy to the microprocessor. It exploits both the energy-
recycling vibration-suppression mechanism [12—14] and the energy-
harvesting mechanism [15].

In this paper, the energy-recycling mechanism and its switching
circuit are first described, followed by the addition of an energy-
harvesting device to the energy-recycling switching circuit.
Vibration-suppression experiments are carried out to validate the
digital autonomous self-powered suppressor system. All of the
digital operating procedures in one clock cycle are described. The
details of the controller designing are presented. Then, single-modal
vibration-suppression experiments are undertaken, and the displace-
ment and voltage under no-control and self-powered control
conditions are compared. Multimodal vibration-suppression experi-
ments are carried out. Last, the advantages of digital self-powered
autonomous system over conventional systems are discussed.

II. Theoretical Analysis of Harvesting Influence
on Suppression Performance

An energy-recycling semi-active approach was adopted [12—14]
in light of its high reliability and energy efficiency. The energy-
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Fig. 1 SDOF system with a switching circuit for the energy-recycling
mechanism.

recycling method inherently possesses energy-harvesting [15]
and energy-confinement mechanisms [16], making it superior to
conventional semi-active methods for various applications (e.g.,
vibration suppression of an artificial satellite [17]). Depending on the
switching strategy and circuit components employed, this energy-
recycling semi-active approach is known as synchronized switch
damping on inductor, LR-switching, RL-shunt, and so on. Qiu
et al. [18] have presented an extensive latest overview of this field
(i.e., switching-control approaches using piezoelectric materials for
vibration suppression) that enables readers to quickly grasp the
history and significance of semi-active vibration suppression.

A. Single-Degree-of-Freedom Model with Energy-Recycling Circuit

A simple single-degree-of-freedom (SDOF) system (shown in
Fig. 1) was considered that is composed of a mass and a piezoelectric
transducer. The piezoelectric transducer comprises multiple layers
of a piezoceramic material, and it generates an axial force. The linear
relation among the tensile load f, exerted on the transducer, the
elongation x; of the transducer, and electric charge Q, and the
corresponding relation with the piezoelectric voltage V), can be
written as

fp=kpxy—b,0 (D

V, =—b,x + 0/C, @

The values of k,, b,, and C, are functions of the size and
characteristics [19] of the piezoceramic. From Eq. (1), the equation of
motion of this system can be written as

m.}él +kpxl :bI’Q (3)

If an active-control method is used, the vibrations of the structure
can be suppressed by supplying a control input charge Q; to the
piezoelectric transducer according to the state of the system. A
number of active-control theories can be used to obtain the value of
Q. Simple active-control logic is the direct-velocity-feedback
approach [20]:

Or = —ax, “

in which « is the control gain (o > 0). The authors attempt to semi-
actively suppress the vibration of the structure by switching the
circuit connection point instead of actively supplying a control
charge or voltage to the actuators. Therefore, in the semi-active
approach, Q7 is used as the switching criterion.

To implement semi-active vibration suppression based on energy
recycling, the piezoelectric transducer is shunted on a switching
circuit composed of a selector switch, a resistor, and an inductor
(Fig. 1). It can be seen that when the electric current flows

LO+RQ+ Q/C,=b,x )
and when the electric current does not flow
0=0 ©)
Thus, Egs. (2) and (5) can be rewritten as
LO+RO=-V, )

To understand how the semi-active control works, it can be assumed
that the amplitude of the vibration of the system is almost constant
even when this semi-active control is applied. The mass motion is
assumed as

x; = acos(wr) ®)

The value of Q can be made as large (positive) as possible when Q7 is
positive, and as small (negative) as possible when Q7 is negative. Itis
clear from Egs. (6) and (7) that when the selective switch is connected
properly, Q starts to increase if V,, <0, and to decrease if V,, > 0.
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Owing to the two diodes, the switching logic is constructed [14] as
follows. Turn the switch to point 1 when Q7 < 0 and to point 2 when

0r>0 )

It can be assumed that the displacement of the mass during the very
short period when the value of Q changes is small, and that the
displacement can be approximated as x; = a. Then, the following
equation can be derived from Eq. (5):

Q=ab,C,—ab,C,exp(={.w.t) [cos(a)m/l — (1)

[
+ ——=sin(w.y/1 — §Ct)i| (10)
\Y, 1- é‘c
in which
1 R

w, = s .=
¢ LC, ¢ 2Lw,

an

The inversion of electric charge and subsequent voltage inversion are
notable characteristics of the energy-recycling mechanism.

B. Energy Analysis of Energy-Harvesting Effect
on Self-Powered System

An energy-harvesting device was then added to the energy-
recycling switching circuit. The switching-control system that
includes the diode bridge is shown in Fig. 2. Here, the authors
analyze theoretically the harvesting influence on the suppression
performance of the self-powered system. The harvesting device is
composed of a diode bridge and an electric load (i.e., a capacitor C).
The authors focus on the value of the piezoelectric voltage in two
systems: with and without the harvesting device, and assume that the
value of C, is much larger than that of C,,. Figure 3 shows a schematic
illustration of the piezoelectric voltage histories in the system in
Fig. 2 with and without energy harvesting. The system with energy
harvesting has a circuit that is connected to the diode bridge as
depicted in Fig. 2, whereas the system without energy harvesting has
a circuit that is not connected to the diode bridge. The value of the
piezoelectric voltage immediately after the voltage inversion finishes

Piezoelectric transducer

e
VEEE Point|2 Point|1
L
- N2

Fig. 2 Switching circuit with the energy-harvesting device.

t1 \v\ t2 {
| th \ "
=

A % Without harvesting
J‘""’min
Vhis i
|4
With harvesting t
— i s

| Je— 1y, —

Fig. 3 Schematic illustration of the piezoelectric voltage with and
without harvesting.

isdefined as V| att = t,. In the system without an energy-harvesting
device, the peak voltage is V, at t = #,. On the other hand, in the
system with the energy-harvesting device, the piezoelectric voltage
increases to V;, at f = t,, and remains constant until f = t, because V,,
and V are balanced. The constant voltage V) results from power
outflow through the diode bridge. The overshoot ratio of the inverted
voltage 71 can be defined as

12)

=
I
==

From Eq. (2), considering that Q is constant at ¢, and #,, Eq. (13) is
obtained:

V, -V, =2ab, (13)

The averaged power that is harvested via the diode bridge W), can be
written as

c,V,(V, =V,
Wh:w P h(ﬂz ) (14)

For simplicity, the normalized parameters are introduced:

vV = Vl Vy = V2
' 2ab,’ *7 2ab,’
V
vy =t W, (15)

~2ab,” """ T Qab,yC,0

Then, the following relations are obtained:
Uy = 1Y, v, —v =1 wy, = vy (vy — vy) (16)
The equation for v, is

A =mv; —v, +w, =0 (17)

Considering that v, = v, at w;, =0, v, is

14+ 1 —4w,(1—n) (18)

2(1—n)

v, =

Thus, the following relation is obtained:

Vi v 1+ y1-4w,(1—7n)

— 19)

Vo vy 2—p4n/1—4w,(1—1)

The dissipated energy owing to the current flow through the resistor
R in Fig. 2 at each switching event can be expressed as

1+\/m}z

1—n

1
SCH(VE = VD) = Cyab, (1 - n2>{
0)

Because the switching occurs every 7/w seconds, the dissipated
power in the resistor W, is given by

14 /1 —4w,(1 - n)}2 @

I—n

W, =52 C,(ab,)*(1 - n2>{
21

The mechanical vibration energy is transformed into electrical
energy via the piezoelectric transducer and is transferred to the
electric circuit. For the steady-state condition, the transferred power,
which is the deprived vibration power, is equal to the sum of the
harvested power flowing into an electrical load and the dissipated
power in the resistor. Accordingly, for the steady-state condition, the
total deprived power of the vibration system is
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_@ 2 L+n _ ey
Wi+ W, =" (ab,) cp[(l_n>{1+ 1— 4w, (1 n)}

+ 8wh] :;(abp)ch[(“r—”){l + /T — 4w, (1= n)}

I—n

+2(1 — n)wh:| (22)

Equation (22) indicates the performance of vibration suppression
with the energy-harvesting device, because vibration suppression is
inherently involved in depriving vibrating structures of vibrational
energy. In a system without an energy-harvesting device, the
harvested power W), is 0 W. Without energy harvesting, the deprived
power Wimou 18 Obtained from Eq. (21) by substituting w,, = 0:

2w 1417
Wwithoul = 7 Cp (ab]7)2 (m) (23)

This equation indicates the performance of vibration suppression
without the energy-harvesting device. When electrical power is used
for the energy-harvesting mechanism, the total power for the
vibration system is reduced by

0 1+7n
Wwilhoul - (Wh + Wr) = _(abp)ch {1
b4 1—n

— V1—4w, (1=} —2(1 - n)wh] 24)

In the case that w, < 1, Eq. (24) approximates
4w )
Wwithout - (Wh + Wr) ~ ? (abp) Cp (nwh) (25)

{Waithowr — (W), + W,)} indicates the reduction of vibration-
suppression performance, and accordingly, it indicates the influence
of the energy-harvesting mechanism on suppression performance.
Note that when the energy-harvesting device is used, as w), increases
{Wyimou — (W, + W,)} also increases. Specifically, it suggested that
the total deprived power of the vibration system is reduced by 7 times
the power of the harvested power via the diode bridge. As will be
explained later, the harvested power via the diode bridge is used to
drive the microprocessor for the self-powered unit. The deprived
power for the energy harvesting has a significant influence on the
performance of the energy-recycling vibration suppression. It should
be noted that the range of w),, is constrained by the value of 1 in
Eq. (17):

0 (20)

1
< <
_Wh_4(1_77)

The power balance formula mentioned in Eq. (24) will be justified by
the experimental data presented in Sec. I'V.

III. Explanation of Digital Self-Powered Unit

A. Equations of Structure Including Piezoelectric
Transducers and Controller

For the purpose of deriving generalized equations, consider an /-
DOF structure having m piezoelectric transducers. The equation of
motion for the structure including the piezoelectric transducers [14]
can be written as

Mii +Du +Ku=B,Q+w (27)

To express Eq. (2) in vector-matrix form, the scalar equation is
transformed to

V,=-Blu+C;'Q (28)

In modal coordinates, the equation of motion is expressed as

E+EE+QE=0"B,Q+D'w (29)
The voltage equation is written as
V,=-Bl®t +C,'Q (30)
in which

D =[p. 0.+, 1], Q= diagonal[a)ﬁ] 3D

g = diagonal2¢w;]. (1 <k<1I) 32)

Then, Egs. (29) and (30) can be transformed to
z=Az+ BQ + Ew (33)

V,=Cz+DQ (34)

in which

z=[£ET. A

0 1 0
% ] welh e

D=C,, E= [q?T] (36)

If Q in Eq. (33) is regarded as an active-control input, the linear
quadratic regulator (LQR) control theory [21] specifies that the
performance index

C =[-Blo 0],

J= / " (2'W,z + QTW,Q) d 37)
0
is minimized by
Q=Q,=Fz (38)
in which
F = W;'BP, (39)

Here, W, and W, are weighting matrices, and P, is a positive
solution of

P ,BW;'B’P, — ATP, —P,A— W, =0 (40)

The vector Q7 is an evolved form of the simple scalar in Eq. (4).
While Q; can handle multiple transducer systems, the simple Qr
deals with only single-transducer systems. The performance index J
comprises two competing factors: the first and second terms in
Eq. (37). However, the method presented in this paper only refers to
the polarity of Q; for the switching operation, and the meaning of W,
and W, in switching-control systems is quite different from the
standard guidelines. A comprehensive discussion and interpretation
of these peculiar meanings in switching controls can be found in [16].

B. Mechanics

Figure 4 shows a view of the mechanical experiment system that
consists of two added masses, a pantograph-type displacement-
magnification mechanism, a piezoelectric transducer (PSt 1000/10/
200-VS18, Piezomechanik GmBH), piezoelectric sensors, two
cantilevered beams, a vibration shaker, and an experimental
platform. The pantograph-type displacement-magnification mech-
anism (Fig. 5), attached to the upper beam and upper side of the
platform, is used to amplify the displacement. One piezoelectric
sensor is attached to the base of the upper beam. Additional
measuring instruments (a laser displacement sensor and a load cell)
are arranged around the system. These measuring instruments are
only used for recording and not used for the semi-active feedback
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Piezoelectric transducer

Piezo-sensor

_aser disp
Sensor 1

Fig. 4 View of the mechanical part in the two-DOF system; “disp.”
denotes displacement.

Fig. 5 Piezoelectric transducer and pantograph-type displacement-
magnification mechanism.

control. For the purpose of effective analysis, an equivalent two-DOF
spring-mass model is constructed for the experimental system. The
natural frequencies of first and second vibration modes at constant
electric charge are 20.3 and 36.6 Hz, respectively.

C. Electrics

Figure 6 shows a diagram of the energy flow and control stream of
the digital self-powered system. The energy-harvesting section,
consisting of four diodes, can supply the harvested energy to the
microprocessor (78KOR/KE3-L, Renesas Electronics). The energy
harvester, with a storage capacitor C,, is connected to the piezo-
electric transducer to collect vibrational energy. The circuit harvests
electrical energy in a piezoelectric transducer attached to a vibrating
structure, and it supplies energy to the energy harvester and sends the
collected energy to the microprocessor. When the vibration becomes
large, the harvested energy also increases, and accordingly, the
processor enters a wake mode and suppresses the vibration. In
contrast, when the vibration is suppressed to a very small level, the
harvested energy decreases, and accordingly, the processor enters a
sleep mode and waits. In this manner, the processor suppresses
vibrations according to the vibrational magnitude, which is a
preferable characteristic for an autonomous self-powered unit.

The processing speed and energy consumption of the processor
must be finely balanced. The processor should not be too fast, or else

Microprocessor  lg.eeocerecnnnaeenns
(modal estimation & control) | Sensor voltage
.S'n-':fu‘ch;'ng signal A
Electricalpower supply

Vibrating

Selective switch
R L

)

Structure

Piezoelectric transducer RSN
Fig. 6 Energy flow and control stream of the digital self-powered

suppression system.

3

Fig. 7 Autonomous digital processor inside the digital processor board
(left) and the piezoelectric sensors (right).

its energy consumption would exceed the energy harvested from the
piezoelectric transducer. Conversely, a processor that is too slow
would decrease the control frequency and make the system unstable.
A 16-bit microprocessor has been selected that has an internal clock
oscillator, RAM, flash ROM for storing programs, 10-bit A/D
converters, digital output ports, a hardware integer multiplier/divider,
and a real-time clock. All the necessary functions for switching
control are built in. Piezoelectric sensors (C-91H, Fuji Ceramics
Corporation) attached to the structure and that output a voltage that
is proportional to the upper mass displacement are connected to the
A/D port of the processor.

The energy supply circuit consists of a switch, diode bridge,
storage capacitor, and a dc/dc converter. The diode bridge rectifies
the transformed voltage, and the capacitor stores it. The dc/dc
converter changes the high input value of the piezoelectric voltage
into a low output voltage of 2.0 V. The dc/dc converter transforms
voltage efficiently in a low-output-current range (approximately 1—
2 mA), and it is configured for the wide input piezoelectric voltage
range. This wide voltage range is an advantage of the selected dc/dc
converter. Figure 7 shows the digital processor inside the CPU board
and the two piezoelectric sensors.

D. Modal Estimation in Digital Processor

The structure for the experiment has multiple modal vibrations;
however, a reduced modal estimation of a two-DOF system as a
modal truncation has been implemented to facilitate effective
estimation. To execute multimodal estimation, the Kalman filter [21]
for the proposed system is derived, and vibration suppression is
achieved by using the estimated values of the modal velocities and
displacements. Equation (33), the equation of motion, can be
transformed into

Zex = [El!éZ?él’éZ]T (41)

The subscript ex indicates that an experimental system with modal
truncation is being considered. The sensor equation can be written as

i ex = ACXZCX + BSXQ + ECXW7

Veen = Cex Zex (42)

Because the system has one transducer and one parallel sensor group,
the values Q and V., are scalars. The Kalman filter for estimating

Z., is

;CX = AEXiEX + BCXQ + FCX(VSEH - Cexiex) (43)
in which the observer gain matrix I, is defined as
1-‘ex = PZngSEI (44)

Here, P, is a positive definite solution of

A P, + P,AL —P,CLST!CP, +S, =0 45)



MAKIHARA ET AL. 2009

The noise covariance matrices for Eqs. (41) and (42) are S, and S,,
respectively. From Eq. (38), the estimated value of the state vector Z,
is then used to calculate the switching criteria Q7 as

0r = —Fz, (46)

For digital implementation of the self-powered programming, a
switching strategy using the switching criteria is constructed. When
some of the energy harvested from the vibrations is supplied to the
processor, the processor enters a wake mode. In summary, the
programming code is created to implement the circuit switch
determination and Kalman filter to estimate the modal velocities and
displacements.

IV. Digital Self-Powered Suppression Experiments
A. Operating Procedure of Digital Processor

The digital processor 1) activates using the power supplied by the
energy-harvesting section; 2) collects data pertaining to the structural
vibrations from the piezoelectric sensors; 3) calculates the modal
estimation using the Kalman filter; 4) calculates the switching
criteria; and 5) activates the switch to inverse the voltage polarity of
the piezoelectric transducer when the switching criteria polarity
shifts. All of these steps are carried out in each clock cycle.

In particular, instead of the discrete Kalman filter, a continuous
filter is used to update in time with the fourth-order Runge—Kutta
method in the processor because this continuous formula is more
precise than the discrete formula. The estimation precision is of great
importance in systems subject to large ambient noise. For the purpose
of constructing the controller based on the LQR theory and the
modal estimator (i.e., the continuous Kalman filter), a calculation
that emulates the experimental setup is performed. To measure the
suppression performance

3
Irms = / 8rms d[ (47)
Is
was calculated for g = 0.0 s and t; = 5.0 s, in which
2 2
b = |2 (48)

First, the feedback gain matrix F of Eq. (46) was obtained. W, was
set to

W, =diagonal[l, 1, 1/e?, 1/w3] (49)

and W, was set to a scalar value and optimized so that 7, was
minimized for excited vibrations. As a result, W, was set to
1.0 x 10%, and accordingly, F was determined. Next, the observer
gain [, of Eq. (44) was obtained. It was assumed that

0 o0
Sl:Sl|:0 Izi|7 S, =514 (50)

In the simulation, the structure was excited at two frequencies: the
first and the second modes, and the state vector was estimated by the
observer. To evaluate the observation performance, the estimation
error

g
/ |2 —z|dt 1)
Is

was calculated for 7 = 0.0 sand ¢z = 5.0 s. The values of s, and s,
in Eq. (50) were determined so that the error was minimized, and an
observer gain was obtained with s, = 1.0 x 10 and s, = 1.0 x 10°.
Consequently, the observer of the experiment was expressed by
Eq. (43).

B. Self-Powered Single-Modal Vibration Suppression

First, experiments of the single-modal vibration suppression were
carried out using the digital self-powered unit. A function generator
created the input force waves and relayed them to the vibration
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Fig. 8 Experimental results of the displacement and piezoelectric
voltage in the single-modal vibration system under vibration excitation
without control; “disp.” denotes displacement.

shaker. Figure 8 shows the displacement of the lower mass and
voltage of the piezoelectric transducer without any control as a
function of time. The vibration reached the steady-state condition.
Clear sinusoidal waves can be seen in this figure; the magnitudes of
displacement and the voltage are 0.630 mm and 87.2 V, respectively.
Figure 9 shows the displacement and piezoelectric voltage with
the digital self-powered autonomous control over time. Focusing
on the displacement magnitude compared with that in Fig. 8, the
displacement is reduced from 0.630 to 0.128 mm—a reduction of
79.7%. This reduction is quite significant and striking, considering
that this is a completely self-powered control unit. At the positive
peak displacement, the voltage polarity inverts from positive to
negative, and the opposite occurs at the negative peak displacement.
This voltage behaviorin Fig. 9 is quite typical of the voltage inversion
mechanism [12-14], and it means that none of the processing
procedures, from modal estimation to activation of the switch, suffer
from any time delay. The overshoot ratio of Eq. (12) is around 61%,
which indicates that the circuit was close to optimal in practice. After
inversion, the piezoelectric voltage increased in proportion to the
displacement attributable to the piezoelectric effect, and reached a
plateau where both the harvested and consumed power in the device
was balanced.

To evaluate the suppression performance as a function of vibration
strength, four cases of single-modal vibration excitations were
examined. The input force for the vibration shaker is expressed with
B and y as

y{ﬁ sin(w, 1) + 17—1 1-p) sin(wzt)} (52)

in which w; and w, are the angular frequencies of first and
second vibration modes, respectively; § is the modal combination
parameter; and y is the magnitude of vibration excitation. A vibration
excitation with 8 = 1 indicates excitation with only the first mode,
and the vibration excitation with # = 0 indicates excitation with only
the second mode. In the experiment, y was set to 0.7 and 0.42 V. The
coefficient of the second mode [i.e., 11/7 in Eq. (52)] was chosen so
that the first and second modes had the same displacement magnitude
for each input. Table 1 lists the four single-modal vibration cases with
the corresponding 8 and y values. The power balance for the four
experimental cases is given in Table 2. The excitation power through
the vibration shaker W, ;.q 1s calculated with the displacement and
load values that were measured by the displacement sensors and the
load cell. The harvested power to the diode bridge in Eq. (14), W,,, is
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-0.8 | 1 -100 <
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Fig. 9 Experimental results of the displacement and piezoelectric
voltage in the single-modal vibration system under vibration excitation
with self-powered control; “disp.” denotes displacement.
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Table 1 Single-modal vibration

Shaker voltage input

Case By  Firstmode Second mode
A 0 035 0 0.55

B 0 0.70 0 1.1

C 1 035 0.35 0

D 1 0.70 0.70 0

measured with the current and voltage in the circuit. The term
{Wescitea — (W, + W,)} is regarded as the mechanical dissipation
energy as a result of the mechanical-damping mechanism. Table 2
shows that the normalized value, {1 — (W, + W,)/Wiea}> 18
almost the same for each modal excitation in spite of the different y
values. It is quite reasonable that the dissipation is an inherently
constant value of the modal damping, regardless of vibration
amplitude. In general, electronic devices employed in experiments
have some nonlinearities that are difficult to measure precisely to
create an accurate mathematical model. In spite of these actual
difficulties, it is possible to say that the theoretical analysis in
Sec. II might be justified practically without substantial discrepancy.

C. Self-Powered Multimodal Vibration Suppression

Multimodal vibration-suppression experiments were also carried
out using the digital self-powered system. Figure 10 shows the
multimodal vibration suppression with 8 =0.5 and y =0.7. The
switching timing (at the time of voltage inversion) is adaptive to the
vibrational state. This is quite important for sophisticated vibration
suppression because sensitive and adaptive switching can
simultaneously suppress multiple-mode vibrations, unlike monotone
switching at equally spaced intervals. Furthermore, the piezoelectric
voltage appears to keep a high value because the switching timing is
appropriate to avoid unnecessary energy dissipation. This high
voltage value leads to high performance of vibration suppression,
which is quite a preferable suppression system.

To compare the suppression performance of the digital self-
powered system and an analog system, an analog control emulator
has been fabricated that simulates analog self-powered systems with
an external energy supply. Because actual self-powered analog-
directive controllers [8—10] have a large amount of energy dissipation
in resistors, a fair comparison between analog self-powered systems
and the digital self-powered system was thought to be difficult to
carry out practically. For the purposes of impartial comparison, an
analog controller was constructed by a PC that implemented the
derivative control in Eq. (4). The analog controller emulated by
the PC has no time delay and no energy consumption, which provide
an ideal controller. The analog control emulator does not consume
any harvested energy to drive its controller, and thus, is highly
advantageous over the digital self-powered system in terms of energy
dissipation. Figure 11 shows the ratio 82,/ Weycied for various 8 and
y values. The ratio values are normalized to the value of the excitation
case: digital self-powered case with y = 0.7. The figure clearly
shows that the analog system cannot suppress complicated vibrations
[i.e., a combination of two vibration modes, especially in which
(0.1 < B <0.6)], whereas the digital system is able to suppress
multimodal vibrations sufficiently. This confirms, in spite of the high
advantages of analog-emulated controllers, the superiority of the
proposed digital unit over conventional analog systems for combined
vibration suppression.
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Fig. 10 Experimental results of the displacement and piezoelectric
voltage for multimodal vibration suppression.
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Fig. 11 Comparison of §2,,;/Pey.iteq for various vibration-suppression

methods.

V. Discussions on Advantages of Digital
Self-Powered Autonomous System

The proposed digital self-powered autonomous system affords
several significant advantages over conventional systems.

First, unlike typical analog self-powered systems [8—10], the
proposed system is programmable and can thus be easily used to
implement any type of control scheme and properly tune various
parameters. Analog-circuit systems cannot accomplish advanced
modern control schemes (e.g., linear quadratic Gaussian and H-
infinity controls); however, the digital system easily enables any
sophisticated control scheme and will implement any advanced
filtering algorithm. Therefore, this autonomous system is applicable
even to complex multi-input/multi-output systems.

Second, this proposed unit possesses the same advantages as semi-
active methods in that it has a highly effective performance and
excellent stability (with no chance of spillover instability), thus
affording good control reliability in practice. This characteristic
results in much utilization for the structures whose mathematical
model errors are inevitable to avoid, such as large structures, plants
constructed in space or deep-ocean.

Third, the proposed self-powered unit can ubiquitously be used at
any site and even at sites without external power. Many structures in
sparsely settled regions are subject to vibrations, and conventional
suppression systems cannot be used, as there is no access to an
external power supply. It is because of considerations such as energy
saving and actual difficulties involved in wiring, such as in space
structures, moving vehicles, long bridges, constantly streaming
factory walls, and acoustically insulated walls alongside highways

Table 2 Inputand dissipation power balance in the self-powered system (values in milliwatts)

Case chcilcd Wh Wr chcitcd - (Wh + Wr)

15.99 8.47 5.39
51.08 179 264
22.27 8.50 7.39
74.07 1708 345

Coaw»>

- (Wh + Wr)/chciwd
2.13 0.133
6.74 0.132
6.39 0.287
21.8 0.294
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and high-speed railroads, that conventional suppression systems
cannot be used. Because the digital self-powered vibration
suppressor is autonomous, multifunctional, and easily adaptable to
various applications, the authors strongly expect that it will find
many practical applications in automatically controlling various
structural vibrations.

Last, the authors describe the limitation of the digital self-powered
system. As mentioned in this paper, any electronic device (e.g., a
microprocessor or a dc/dc converter) requires some amount of
electrical energy to drive. While the stored energy is below the required
amount, the total system is unable to run. When the vibration becomes
large, the harvested energy also increases, and accordingly, the
processor enters a wake mode and starts to suppress the vibration. In
contrast, when the vibration is suppressed to a very small level, the
processor enters a sleep mode. The boundary of these wake-up and
sleep modes indicates the system’s limitation, in other words, the dead
band of vibrations. The dead band of vibrations is directly linked with
the consumption energy of electronic components. It can be said that
the behavior (i.e., these wake-up and sleep modes) depending on the
vibration amplitude is quite reasonable as an autonomous vibration
suppressor. Considering that some amount of the stored energy is
needed to drive a microprocessor, the digital self-powered unit may not
handle impulsive shocks well because of the lack of driving energy,
while it can handle continuous vibrations beautifully.

Furthermore, developmental applications of the invented device
are mentioned. Because the energy-harvesting mechanism is
inherently contained in the total system, the digital self-powered unit
can be used as an autonomous energy harvester (or an autonomous
power scavenger). Such an autonomous energy harvester has a great
potential for realizing a wireless-network-type structural health
monitoring (SHM) system. When it comes to isolated structures,
moving vehicles, and rotating devices, such as turbine blades and
automobile tires, the autonomous digital self-powered unitis suitable
for a simple wireless SHM system having a built-in energy harvester.

VI. Conclusions

A digital self-powered autonomous vibration suppressor with a
microprocessor has been proposed. The digital and autonomous
approach enables the vibration suppressor to be programmed, and
thus, is versatile in control schemes. Vibration-suppression exper-
iments using the digital self-powered system indicated that the
vibration magnitude reduced dramatically by as much as 79.7%.
Moreover, the theoretical formula for the power balance was verified
with the experimental data. Multimodal vibration suppression
demonstrated the adaptability of the system to suppressing compli-
cated vibrations, and the digital autonomous unit was shown to
have significant advantages over conventional analog devices.
The proposed device is versatile and applicable to a variety of
machines and devices. The system is useful for various applications in
which energy-saving or energy-shortage concerns exist, such as large
space structures, artificial satellites, and isolated lunar bases, which all
are vulnerable to long nighttimes without solar power. It is hoped that
the system will serve as a starting point for further innovation.
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