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Abstract

This research reports on the experimental verification of an enhanced energy conversion device utilizing a tuned inerter,
called tuned inertial mass electromagnetic transducer (TIMET). The TIMET consists of a motor, a rotational mass, and
a tuning spring. The motor and the rotational mass are connected to a ball screw and the tuning spring interfaced to
the ball screw is connected to the vibrating structure. Thus, vibration energy of the structure is absorbed as electrical
energy by the motor. Moreover, the amplified inertial mass can be realized by rotating relatively small physical masses.
Therefore, by designing the tuning spring stiffness and the inertial mass appropriately, the motor can rotate more
effectively due to the resonance effect, leading to more effective energy generation. The authors design a prototype of
the TIMET and conduct tests to validate the effectiveness of the tuned inerter for electromagnetic transducers. Through
excitation tests, the property of the hysteresis loops produced by the TIMET is investigated. Then a reliable analytical
model is developed employing a curve fitting technique to simulate the behavior of the TIMET and to assess the power
generation accurately. In addition, numerical simulation studies on a structure subjected to a seismic loading employing
the developed model are conducted to show the advantages of the TIMET over a traditional electromagnetic transducer

in both vibration suppression capability and energy harvesting efficiency.
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Introduction

Vibratory energy harvesting technologies, which convert
vibrational kinetic energy to electrical energy, have been
getting attention over the last decade (Priya and Inman 2008;
Anton and Sodano 2007; Wei and Jing 2017). Traditionary,
this research area has been focused on high-frequency
vibration such as 10 Hz or higher on the order of
millimeter amplitude. And the power harvested from such
ambient vibration with piezoelectric devices has been limited
to uW-mW scale for wireless sensing and embedded
computing systems (Anton and Sodano 2007; Roundy et al.
2003; Beebyetal. 2006; Knightetal. 2008; Han et al.
2013). While, recently, energy harvesting employing
electromagnetic devices from low-frequency oscillations has
been getting attention (Drezet et al. 2018; Mahmoudi et al.
2014; Daqaq et al. 2009). Especially, for large-scale energy
harvesting from a vibratory structure whose fundamental
frequency is less than 10 Hz, an electromagnetic transducer
(ET) employing a motor has been considered as an
effective tool (Nagemetal. 1997; Zuo and Tang 2013).
The ET is a device which converts mechanical energy
of the linear motion to electrical energy by rotating
a motor connected to a ball screw. The examples of
these large-scale energy harvesting applications include
railway systems (Nagodeetal. 2010; Wang et al. 2012),
automotive suspensions (Zuo et al. 2010; Abdelkareem et al.
2018), wave energy converters (Lattanzio and Scruggs 2011;
Liang and Zuo 2017), wind-excited high-rise buildings
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(Tang et al. 2011), and wind-excited cable-stayed bridges
(Shen and Zhu 2015; Jung et al. 2017; Jamshidi et al. 2017).
These references have shown that ETs enable W-kW scale
energy harvesting. In general, research activity to achieve
further improvement of the ET aiming for W-kW scale
energy harvesting has been devoted to developing power
flow controllers for the motor (Cassidy and Scruggs 2013;
Cassidy et al. 201 1b; Caruso et al. 2018).

Meanwhile, in the field of civil engineering, to improve
the energy absorption performance in structures subjected
to external loadings such as earthquakes and winds,
tuned inertial mass has gotten a lot of attention recently
(TIkago et al. 2012; Lazar et al. 2014). One of the examples
is the tuned viscous mass damper consisting of two
components, i.e., a rotational mass damper and a tuning
spring parts (Ikago et al. 2012). The rotational mass damper
is composed of a ball screw, a rotating mass, and a viscous
material. The ball screw is employed to convert linear motion
to rotational behavior and to produce an amplified equivalent
inertial mass effect by rotating a relatively small physical
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mass. The force produced by the inertial mass is proportional
to the relative acceleration between both ends, which is
defined as inerter by Smith (2002). This rotational mass
damper is connected to a vibrating structure through the
tuning spring whose stiffness is tuned so that the inertial mass
resonates with the natural frequency of the structure. Due to
this tuned inerter effect, the energy absorption capability by
the viscous material which is arranged in parallel with the
rotational mass is increased.

By taking advantage of the tuned inerter, the tuned
inertial mass electromagnetic transducer (TIMET) has been
proposed by the authors to improve the energy harvesting
performance of the ET (Asaietal. 2017). In this work,
the authors proposed the parameter design method for the
TIMET and examined the effective frequency bandwidth
under broadband and narrowband random vibration inputs.
Considering the fact that a ball screw is employed in both
ETs and tuned viscous mass dampers, the TIMET can be
realized through one ball screw, which makes the proposed
device simple and compact. The authors investigated the
potential of the TIMET not only as an energy harvester
(Asaietal. 2017; Haraguchi and Asai 2017) but also as
a structural control device for civil structures subjected
to seismic loadings (Asaietal. 2018; Asai and Watanabe
2017) and the effectiveness was shown through numerical
simulation studies. However, in these numerical simulation
studies, energy loss occurring in the mechanical device was
not considered, even though that could be a critical issue
practically in the field of energy harvesting. While a device
with the same mechanism as the TIMET, named tuned
electromagnetic inertial mass damper, has been introduced
by Nakamura and Hanzawa (2017) independently from the
authors, in which experimental studies were conducted.
However, since the device was considered only as a
structural control device, the power generation efficiency
was not examined in the literature. Therefore, to investigate
the possibility of the TIMET much further, experimental
verification and development of a reliable analytical model
considering the energy loss in the device are necessary for
the assessment of the power generation performance.

This article makes a number of specific contributions,
which extend results from recent conference paper by the
authors (Watanabe et al. 2018). The primary objectives of
this study are to design a prototype of the TIMET and
to develop a reliable analytical model of the prototype
including the mechanical energy loss in the device through
experiments. In addition, the energy harvesting efficiency
and structural control performance of the TIMET are
evaluated using the developed model by comparing the
conventional ET. In this paper, first, the mechanism of the
proposed device of the TIMET is reviewed briefly along with
the ordinary ET. Then a prototype device employing a three-
phase permanent-magnetic synchronous motor (PMSM)
designed by the authors is introduced. And experiments
under various conditions are carried out using the prototype
and the obtained results are shown. Subsequently, referring to
the modeling method introduced in (Cassidy et al. 201 1a) for
the traditional ET, we seek the parameters for the analytical
model of the prototype by the curve fitting technique to
simulate the behavior of the TIMET accurately even when
the motor is electronically controlled. Finally, to demonstrate

Prepared using sagej.cls

the structural control capability and the energy harvesting
efficiency of the TIMET in comparison to the ET, numerical
simulation studies using a single-degree-of-freedom (SDOF)
system are conducted using the developed device models.
Conclusions obtained from this study then follow.

Mechanism

In this section, the mechanism of the TIMET is introduced
after the brief review of the ET. The equations of motion
when the devices are attached to a base-excited SDOF
oscillator are developed. Also, the damping induced by the
motor as well as the generation power is formulated.

Electromagnetic transducer

Figure 1(a) depicts the ET schematically. As illustrated,
a three-phase motor is interfaced with a ball screw and
mechanical energy of linear motion is converted to electrical
energy by rotating the motor. This device can be modeled
simply as shown in Fig. 1(b), in which mg is the inertial
mass attributable to the motor and the ball screw and c,. is
the damping coefficient caused by the motor. Let x4 be the
deformation of the ET, then the electromechanical force is
defined as

fe = —ceiq (D
Thus the force produced by the ET is given by

fi = magZq — fe 2

Also the mechanical angle of the motor 8, has a relationship

with z4; that is
2
om = Tﬂ-xd (3)

where [ is the lead conversion of the ball screw.

Next, consider the ET attached to a base-excited SDOF
oscillator with three resistive loads as shown in Fig. 1(c).
Let x, be the displacement of the mass of the oscillator
and assume that resistive loads R, are connected across
the terminals of the motor. Then the equation of motion is
developed as

My + Css + ksTs = —Msa — fi “)

where my, cs, and k4 are the mass, damping, and stiffness
of the oscillator, respectively and a is the base acceleration.
In this case, because the deformation of the ET corresponds
to the displacement of the oscillator, we have x4 = x,. Thus
from Egs. (1) and (2), Eq. (4) would be

(ms +mg)Es + (cs + ce)ds + ksts = —msa  (5)

As stated above, this equation indicates that the motor rotates
no more than the displacement of the mass of the oscillator
in this system.

Tuned inertial mass electromagnetic transducer

The proposed TIMET is illustrated in Fig. 2(a) schematically,
which has the tuning spring and rotational mass producing
additional inertial mass effect compared to the ET introduced
above. The basic model of the TIMET can be represented as
in Fig. 2(b). In a similar way to the ET case, let x4 be the
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Figure 2. TIMET: (a) Schematic illustration, (b) Model, (c) Attached to a base-excited oscillator with resistive loads.

deformation of the inertial mass part of the TIMET, then the
force produced by the TIMET f; can be expressed by Eq. (2)
as well. Because the tuning spring is connected in series, f;
is equal to the force by the tuning spring, so we also have

ft = kt(xs - $d) (6)

Form Egs. (1), (2), and (6), we can derive the equation of
motion of the inertial mass part given by

Malq + Celq + kixg — kixs =0 @)

While the equation of motion for the oscillator with the
TIMET has the form of Eq. (4) as well. And the deformation
of the inertial mass part is not synchronized with the mass of

. . . T
the oscillator due to the tuning spring. Hence, let [z, 4]
be the displacement vector, then the equation of motion can
be expressed as a 2DOF system in matrix form as

ms 0 T cs 0 |z
K 1R 1
ks + kt _kt Zs ms

L R
The advantage of the TIMET over the ordinary ET can
be found when the excitation has the dominant frequency.
Under this condition, the inertial mass can be resonated
with the excitation at the specified frequency by designing
the rotational mass and tuning spring stiffness appropriately.
Then the deformation of the inertial mass could be larger
than the displacement of the oscillator, leading to the
increase in the rotation number of the motor and the energy
harvesting performance is boosted. In this paper, it is shown
experimentally that the TIMET can rotate the motor more

efficiently to the excitation with the specified frequency
through excitation tests.

Electromechanical modeling

To formulate the viscous damping coefficient ¢, and the
generated power Py, by the motor, the circuit of the
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star connected motor interfaced with three resistive loads
represented in Fig. 3 is considered here as in Cassidy et al.
(2011a); McCullagh et al. (2016). Let ey, €pn, and e., be
the internal voltages for phase a, b, and c relative to the
neutral node n. Then we have

Can cos(pfm) )
€abe = €un = COS(pem + 271—) Kegm (9)
€en cos (pé‘m - gﬂ)

where K. is the back-emf constant and p is the polarity of
the motor. Similarly, we define the line-to-neutral voltages at
the terminals of the three phases and the corresponding line
currents as

Ua/'”/ ian
Vabe = Vbn s labe = bn (10)
Uc’n ZC”L

Then the dynamic equation for the three-phase motor
becomes, in matrix form,

%iabc - %(Uabc - Riabc - eabc)
where R and L are the line-to-neutral resistance and
inductance of the motor, respectively. In this paper, we
assume that the three phases have the same values for L and
R.

It is widely accepted to express the dynamics of the
three-phase motor on the coordinate system consisting of
quadrature (g), direct (d), and zero (0) (Pillay and Krishnan
1989). Thus v4pe and i4p. can be transformed to

(1)

Vqdo = P(om)vabm iqu = P(am)iabc 12)
where P(0,,) is the Park transformation defined as
P(Om)
cos(ph)  cos(pby + 27)  cos(pby, — 27)
2| . 3
=1\/3 sin(pfm)  sin(pfy, + 57)  sin(pfy, — 57)
1 1 1
V2 V2 V2
13)
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Figure 3. Electrical schematic for the three-phase motor with resistive loads.

By this transformation, the number of phases is reduced from
three to two because

=0, =0 (14)
are satisfied due to Kirchhoff’s law, applied at the neutral
node, i.e.,

i +ip+i.=0 (15)
Also, it should be noted that this transformation does not
change the norm, i.e.,
(16)

[Vabe| = |qu0|a liabe| = ‘iqdo‘

Substituting Eq. (12) into Eq. (11) gives

%iqdo - Qemiqdo = %(quo - Riqu - P(em)eabc)
17
where the matrix @ is
d 0 -1 0
Q= ( P(em)> P l'On)=p| 1 0 0] (18
dem O O 0

and the dynamics of the motor is described by three
differential equations

d 1 . 3. -
%iq = E (—RZq + Vq —pﬁmde — \/QKJ,H)

d. 1, _— (19)
%’d = Z( Rig+ vg + pOmLiy)

d . 1 .

%ZO = Z(_RZO + ’UO)

Finally, because the torque provided by the motor is

\/g K14 and the lead conversion is 27” the electromechani-

cal force f. is given as

2
fo=1/2 2 ki,

=\27 (20

Now, we consider the circuit illustrated in Fig. 3, in which
three resistive loads in a star connection are attached to the
motor. With this configuration we have

Vabe = —RLiape 1.€., Vgd0 = —RiLiqdo 21
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Substitute the second equation of Eq. (21) into Eq. (17), then
14 and 44 can be expressed as

%iq = Z ((R + RL)iq 7p9mLid - \/gKeom>
(22)

d . 1 . s
7= (—(R + Ry)ig + mequ)

Furthermore, under the assumption that 0y, is slowly varying,
14 and 44 are approximated as Cassidy et al. (2011a)

. \/5 (R+ R)K. b
T N 2R+ RL2 + (pmD)?
S \/§ (PO L) KOy
2(R+ Ry)? + (pfmL)?

(23)

From these expressions, the dynamics of i; can be
neglected under the condition that pf,, < (R + Ry)/L.
This condition is satisfied for the experiments presented
in the next section, thus in this article, ¢, and ¢4 can be
approximated further as

iy = — §Keém g =0
¢ 2R+ R, 4

24)
Therefore, the electromechanical force f. is obtained by

substituting the first equation of Eq. (24) into Eq. (20) as

3rK?2 B
l(R+RL) m —

62 K2

RECET

f e — —
Hence the damping coefficient provided by the motor would
be
_ 6rPK?
NE (R+ Ry)
Additionally, for this article, the generated power by the
motor is equal to the dissipated power by the resistive loads
Ry, which is defined as

(26)

Ce

Pyen = (i2 + i +i2)Ry, 27)

Thus, from Egs. (16) and (24), the generated power is also
expressed as

3R (K 0n)?

Pen o’ D T D \9
& 2(R+ Ry)?

=i’Ry = (28)
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Table 1. Design parameters

Parameter Value
K. 0.584 Nm/Arms
P 5
R 0.69 Q2
L 1.92 mH
l 20 mm
ky 39240 N/m

Experimental characterization

To identify the characteristics of the TIMET introduced
above experimentally, a prototype of the proposed device
is designed and excitation testings are conducted. The
hysteresis loops produced by the ET and TIMET are
compared and analytical models of the prototype devices are
developed based on the sine sweep wave test in this section.

Device design and experimental setup

The designed prototype and the experimental setups in which
the prototype is connected to the electric servo actuator
are shown in Fig. 4(a) and (b). The motor employed for
power generation in this research is a SGMJ-08A three-
phase PMSM by YASKAWA and a precision ball screw
manufactured by THK is used. The parameters for the
motor, tuning spring, and ball screw of the prototype are
summarized in Table 1. The rotational mass and tuning
spring of the prototype are designed to be removable, which
enables the device to be used as an ET as well. As shown
in Fig. 4(c), the rotational mass part consists of a rotational
plate and six round shape weights, therefore the produced
inertial mass can be adjustable by changing the radius of
rotation of the six weights. The rotational plate has three
different radii which can produce three different inertial mass
values, i.e., Type T-1, T-2, and T-3. For Type T-1, the weights
are fixed to the inner six holes on the rotational plate, the
middle six holes for T-2, and the exterior six holes for T-3.
As for the tuning spring, four compression springs are used
for the prototype. These springs are at free length when the
device is at the static equilibrium position and only two of
the springs are compressed depending on the direction and
apply restoring force when the inertial mass or the actuator
are displaced from the static equilibrium position.

In this study, the resistive load configuration is realized by
connecting the three-phase motor to an analog servo drive as
in Cassidy and Scruggs (2013). This concept is illustrated by
the block diagram in Fig. 5. The three-phase servo drive that
is used in this study is an SX30A8 analog servo drive from
Advanced Motion Controls. One of the advantages of this
drive is that four-quadrant regenerative operation is available,
i.e., the servo drive is capable of not only dissipating but
also injecting power. The servo drive requires command
signals for two of the three phases which are denoted by
iy and 45 in Fig. 5. And the command for the third phase
is determined by enforcing the relationship given by Eq.
(15) in the servo drive. Tracking of the desired command
signals is achieved through high-frequency PWM switching
control of six MOSFETs. The switching frequency of the
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servo drive used here is 27 kHz. The output voltages of the
three-phase motor are measured by a dSPACE MicroLabBox
data acquisition system at a sample rate of 1 kHz and two of
the phases of the line-to-neutral voltages denoted by v,,, and
vy, are divided by the desired load resistance Ry, and the
obtaining current command signals ¢ and 7; are sent to the
servo drive.

Sine wave excitation tests

To demonstrate the force capabilities of the ET and TIMET,
external forces are applied to the devices by the electric
servo actuator as shown in Fig. 4(a) and (b). Applied forces
are measured by the load cell installed between the actuator
and the device and the displacements and accelerations are
measured by laser displacement sensors and accelerometers,
respectively. For the TIMET case, the displacement and
acceleration of the inertial mass are measured separately
from the input displacement and acceleration as shown in
Fig. 4(b). To obtain the velocity data for the input and the
inertial mass part, the encoders embedded in the motors for
the electrical servo actuator and for power generation are
used, respectively.

Figure 6 presents the forces measured by the load cell for
the ET cases to 1.0 Hz sine wave input with an amplitude
of 15 mm. The previously introduced analog servo drive is
employed to simulate various resistive loads including 10, 3,
and 1 € in addition to the open circuit case, i.e., Ry, = oo.
As can be seen in Fig. 6(b), the ET exhibits almost viscous
damping behavior and shows larger damping force as the
load resistance becomes smaller.

On the other hand, the forces produced by the TIMET
with Type T-1 inertial mass are shown in Fig. 7. The input
sine wave is 1.0 Hz as well, while 5 mm input amplitude
is used instead to ensure that the amplified inertial mass
displacement due to resonance effect would not exceed the
deflection limit of the tuning springs. The load resistance
values are set to 10, 3, 1 €2, and open as well. Comparing Fig.
7(b) and (d), we can find that the displacement of the inertial
mass part is amplified compered to the input displacement.
At the same time, the amplification of the velocity can be
confirmed by comparing Fig. 7(c) and (e), which leads to
the improvement of the energy absorbing capability of the
TIMET. We can observe that the inertial mass produces
negative stiffness in Fig. 7(d). It should be noted that the
open case produces larger force than any other case. This
is because the open case induces larger displacement of the
inertial mass because of the lower damping.

Sine sweep wave test

To further examine the resonance effect of the inertial mass
part of the TIMET and the effective frequency bandwidth,
we input a sine sweep wave ranging from 0.6 to 1.1
Hz over 100 s. To clearly observe the difference of the
resonance behaviors of the TIMET among the three different
inertial masses, i.e., Type T-1, T-2, and T-3, the displacement
amplitude of the input sine sweep wave is set to 3 mm and
the velocity amplitude varies gradually with the change of
the input frequency. The time histories of the displacement
and frequency of the input sine sweep wave to the TIMET



6 Journal Title XX(X)

Accelerometor| |

. A
‘Actuator ZLoad ce ‘

Laser disp.
sensor 1

Accelerometor 1] Tuning spring|-++{Rotational mass

Figure 4. Photographs of the designed prototype and experimental setup: (a) ET, (b) TIMET, (c) Rotational mass.
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Figure 6. Forces of the electromagnetic transducer for various load resistances to 1 Hz sine wave with an amplitude of 15 mm: (a)
Force vs. time, (b) Force vs. input displacement, (c) Force vs. input velocity.
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Figure 7. Forces of the TIMET for various load resistances to 1 Hz sine wave with an amplitude of 5 mm: (a) Force vs. time, (b)
Force vs. input displacement, (c) Force vs. input velocity, (d) Force vs. inertial mass displacement, (e) Force vs. inertial mass

displacement.

are presented in Fig. 8. The terminals of the motor are left
open for this test.

The responses of the inertial mass displacement for Type
T-1, T-2, and T-3 are compared with the input amplitude of
3 mm in Fig. 9. As can be observed in the figure, Type T-
1, T-2, and T-3 reach their peak amplitudes around 67 s,
46 s, and 30 s, respectively, indicating that their resonance
frequencies are 0.93 Hz, 0.83 Hz, and 0.75 Hz, respectively.
Also, at these frequencies, the amplitudes of these three
open circuit cases approach almost 30 mm, which are 10
times as large as the input of 3 mm due to resonance.
Considering the fact that the ET does not amplify the input
amplitude, we can conclude that the tuned inerter amplifies
the displacement and improves the power generation in a
specified frequency range. However, it should be noted that
the response of the Type 3 goes below the input amplitude
around 80 s corresponding to about 1 Hz. Therefore, these
sine sweep wave tests confirm that appropriate parameter
design considering the target frequency is necessary to make
the best use of the TIMET. In addition, it is shown that the
effective frequency bandwidth can be adjusted by changing
the radius of the weight for the rotational mass.

Parameter fit and model verification

Finally, analytical models and their parameter values for the
designed prototype are developed from the experimental data
by the curve fitting technique based on the least squares
method. To take the wide range of input frequency to the
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device into account, the previously presented results obtained
from the sine sweep wave tests are employed. The terminals
of the motor are left open, i.e., c. = 0. Also, to develop more
accurate analytical models than the models shown in Figs.
1(b) and 2(b), the detailed models depicted in Fig. 10 are
considered. In these models, viscous dampings ¢; and cq4
that are present in the location of the tuning spring and the
ball screw mechanism are added. In addition, a Coulomb
friction term f. is included to represent the friction force
acting on the device. The data used for curve fitting are
downsampled to 100 Hz and the least square fitting method
within MATLAB is implemented to solve for the optimal
parameters in the model.

In particular, for the TIMET cases, to determine the
parameter values for the model shown in Fig. 10(b), the force
equilibrium relationship given by

f = Ct(is - Z'd) + kt(xs - xd)

29
= mgiq+ (ce + ca)ta + fesgn(da) @
should be considered. Solving Eq. (29) for &, results in
.. 1 . .
Eq=—{ci(ds — &a) + ke(zs — 24)
mq
— (ce +ca)ta — fesgn(da)} (30)

where x4 and &4 can be calculated through numerical
integration with the measured data of = and 2, for the inputs
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Figure 8. Time history of the sine sweep applied to the devices: (a) Displacement, (b) Frequency.
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Figure 9. Responses of the inertial mass displacement of the TIMET for the open circuit.
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Figure 10. Detailed models: (a) ET, (b) TIMET.

to the differential equation. Then the force given by Eq. (29)
is evaluated by the least squares method.

The obtained parameter values for the TIMET are
summarized in Table 2 as well as the ET case, in which
40171 N/m, 39690 N/m, and 40479 N/m are obtained for
the tuning spring stiffness k; for each TIMET case. We

Prepared using sagej.cls

(b)
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e

can confirm that these values for all three cases are very
close to the nominal value of 39240 N/m given in Table 1,
which verifies the accuracy of the parameters predicted by
the curve fitting technique. In addition, the results reflects
the difference of the inertial mass my for the TIMETS as
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intended. Moreover, the resonance frequencies calculated by

1 [k
fr—ﬂ mid

become 0.91 Hz, 0.80 Hz, and 0.72 Hz, respectively and
these values are matched well with the resonant frequencies
observed in the sine sweep wave tests. However, the obtained
values for ¢, cq4, and f. are relatively high, indicating that the
undesirable energy loss occurred in the mechanical device is
non-negligible.

The curve produced by the obtained analytical model for
Type T-1 is compared with the experimental data in Fig. 11.
As can be seen, not only the force but also the inertial mass
displacement by the developed model show good agreement
with the experimental data with the input frequency range of
0.6 to 1.1 Hz.

In addition to the graphical comparison between the
experimental data and the developed model, a quantitative
study of the errors proposed by Spenceretal. (1997) is
conducted. First, let f; and fz be the ith element of the
experimentally measured force vector and the ith element
of the force vector by the developed model using Eq. (29),
respectively. Then error norms for time, displacement, and
velocity can be calculated by

€29

(St - f2)
(S0 (fi =)

o (S e
RS I TS D R

(S - Ftiel)”
(s (e = np)?)

where n is the number of data, p1y is the mean value of
the measured force, &, ; is the ¢th element of the input
measured velocity, %, ; is the ¢th element of the measured
input acceleration. Moreover, for the TIMET cases, the error
norms with respect to the inertial mass displacement and
velocity can be defined as

E, =

Ts

n N2 - 1/2
(Ei:1(fi — fi) |9€d,i|>
n 1/2
(Si (i — p)?)
n A2 o 1/2
(S0 (i = folias])
n 1/2
(S (fi = )2
where 4 is the ith element of the measured velocity of
the inertial mass, Z4; is the ¢th element of the measured
acceleration of the inertial mass. The error norms calculated
by Egs. (32) and (33) are listed in Table 3. The error norms

calculated for the TIMET models are smaller than those
calculated for the ET model considered.

E,, =
(33)

Tq

Response to a fluctuating electromechanical
force

The data examined previously are based on the responses of
the device when the load resistance to the motor is held at
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a constant value. However, to maximize the performance of
the proposed device, the load resistance should be controlled
depending on the response. Thus, it should be shown that
the developed model can simulate the behavior of the device
accurately when the electronics introduces an additional
fluctuating electromechanical force, which is given by Eq.
(1). In this article, two tests are carried out to validate
the accuracy of the proposed model with a fluctuating
electromechanical force, i.e., (1) constant Ry, random
displacement; and (2) random Ry, random displacement.

In the first test conducted to verify the model, the device is
excited with the random displacement as shown in Fig. 12(a).
And a constant load resistance Ry, = 10 (2 is simulated by
using the analog servo drive. The response of the TIMET
with Type T-1 inertial mass to this test is compared with
the predicted response in Fig. 13. As can be seen, the model
predicts the behavior of the device with satisfactory accuracy.
For this test, the error norms given by Eq. (32) are calculated
to be By =0.0411, E,, = 0.0041, E;_ = 0.0097, E,, =
0.0071, and E;, = 0.0148

For the second verification test, the load resistance is
simulated randomly by the analog servo drive as shown
in Fig. 12(b). The upper bound on the resistance load
is 200 Q and the lower bound is 1 €. And the same
random displacement as in Fig. 12(a) is applied to the
device. The response produced by the developed model
for the TIMET with Type T-1 inertial mass is compared
with the experimental data in Fig. 14. Slight discrepancies
can be found in the figure, however, the model predicts
the experimental data with satisfactory accuracy. For this
test, the error norms calculated by Egs. (32) and (33)
deteriorate to E; = 0.1313, E,, = 0.0131, E;, = 0.0302,
E,, =0.0232, and E;, = 0.0591.

Response analyses

As stated before, one of the promising applications of the
TIMET can be found in the field of structural control
such as a vibration suppression control device for the
structures subjected to earthquake loadings. To evaluate the
effectiveness of the TIMET compared to the ET, a base-
exited SDOF structure as shown in Figs. 1(c) and 2(c)
subjected to an earthquake record is considered in this
section. Numerical simulation studies using the developed
models in the previous section are carried out and the 1995
JMA Kobe record shown in Fig. 15 is employed as an input
acceleration a.

The mass, stiffness, and damping for the SDOF structure
model used in this study are m, = 12400 kg, ¢, = 2505
Ns/m, and ks = 316266 N/m, respectively. These values are
determined based on the design method introduced for the
tuned viscous mass damper in lkago etal. (2012) so that
the structure model suits to the developed model for the
TIMET with Type T-1 inertial mass. In particular, the viscous
damping factor for the structure and the mass ratio defined by
p=t (34)

ms

Go=r

Y. msks
are set to (; = 0.02 and px = 0.1, respectively. Assuming that
the damping provided by the TIMET is the summation of
ce and ¢y, then the design formulae proposed in Ikago et al.
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Table 2. Parameters obtained from the curve fitting method.
TIMET
Parameter ET T1 T2 T3
mq 23.5kg 1240 kg 1567 kg 1998 kg
ky N/A 40171 N/m 39690 N/m 40479 N/m
C N/A 112 Ns/m 203 Ns/m 147 Ns/m
C4 313 Ns/m 356 Ns/m 285 Ns/m 427 Ns/m
fe 226N 182N 227N 20.8 N
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Figure 11. Comparisons of the force and inertial mass displacement of the TIMET (T-1) for the sine sweep test: (a) Force vs. time,

(b) Force vs. input displacement, (c) Force vs. input velocity. (d) Force vs. inertial mass displacement, (e) Force vs. inertial mass
velocity, (f) Inertial mass displacement vs. time.

(2012) can be written as Then the parameters of the SDOF structure is determined

5 so that the above equations are satisfied. Taking ¢y = 356

ki = (Bws)"ma,  ce + ca = 2BCwsma (35 N¢/m in Table 2 into account, Ry, =3.72 , ie., c. =

where 2544 Ns/m calculated by Eq. (26) is chosen for this study.

Thus this can be considered as an example of constant Ry,

. — ﬁ = 1-v1i-4p ¢= V31 —+v1T—4u)  and random displacement input. Also, the natural frequency
s ms’ 2/ ’ 4

36 of the structure determined by w, becomes 5.05 rad/s,
(36)
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Figure 13. Comparisons between the experiment and model of the TIMET (T-1) for the constant Ry, and random displacement

test: (a) Force vs. time, (b) Force vs. input displacement, (c) Force vs. input velocity. (d) Force vs. inertial mass displacement, (e)

Force vs. inertial mass velocity, (f) Inertial mass displacement vs. time.
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input velocity. (d) Force vs. measured inertial mass displacement,

(e) Force vs. measured inertial mass velocity, (f) Inertial mass displacement vs. time.
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Figure 15. Ground acceleration of the 1995 JMA Kobe.

i.e., 0.80 Hz, which is within the frequency range used
for developing model. Therefore, the reliability of result
produced by the developed device model for this simulation
study is guaranteed.

The response results obtained from the developed models
are summarized in Table 4. For comparison, no control
device case is carried out in addition to the ET and TIMET
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15 20 25

Time (s)

cases. In this table, p; and o4 are the peak and root mean
square (RMS) of the displacements of the structure and p,
and o, are the peak and RMS of the absolute accelerations.
Also, the input energy Ej, (Chopra 2007), the generated
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Table 3. Error norms for the the sine sweep test

TIMET
Error norm ET T1 T T3
E; 0.3151 0.0261 0.0470 0.0482
b, 0.0553 0.0027 0.0047 0.0045
E;. 0.1967 0.0064 0.0107 0.0105
E;, N/A 0.0063 0.0095 0.0088
E;, N/A 0.0183 0.0246 0.0219
Table 4. Results to the 1995 JMA Kobe record.
Uncontrolled ET TI}EI IE T
Pd 438.2 mm 3424 mm  295.7 mm
o4 166.9 mm 109.0 mm 65.9 mm
Pa 15.03 m/s2 14.59 m/s2  13.63 m/s?
O 4.46 m/s? 3.23 m/s? 2.42 m/s?
Ei 15.01 Wh 15.91 Wh 15.67 Wh
Egen - 5.57 Wh 7.81 Wh
E. - 35.0% 49.8%

energy Fg.,, and the energy conversion ratio E, defined as

Egen
Ein
(37)
respectively, are provided in the table as well. Note that
ty is 25 s. The time history responses of the displacement,
acceleration, and the generated power given by Eq. (28) are
plotted in Fig. 16. The result summarized in Table 4 shows
that the conversion ratios are 35.0% for the ET and 49.8%
for the TIMET, indicating that the TIMET can convert larger
portion of the input energy to electricity than the ET despite
the existence of the energy loss in the device. Additionally,
we can confirm that the TIMET suppresses the peak response
values more and decays the responses more quickly than the
ET from Fig. 16.

ty ty
E,, = —/ Mmsadsdt, Fgen :/ Pyendt, E; =
0 0

Conclusions

In this research, the prototype of the proposed TIMET
was designed and its behavior and energy conversion
performance were examined through excitation tests. The
results obtained from the sine sweep wave tests showed
that the TIMET can increase the number of rotations of the
motor around the specified frequency in comparison with
the ET and that the specified frequency was adjusted by
changing the inertial mass value. Also, the reliable analytical
models including the mechanical energy loss in the prototype
were developed based on the sine sweep wave tests with
the wide frequency range using the curve fitting technique.
The models with the obtained parameters provided good
agreement with the experimental responses of the device
under a various operating conditions, including constant
load resistance with random displacement and random load
resistance with random displacement, which showed the
accuracy of the developed model.
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Furthermore, this article compared the structural control
capabilities and energy harvesting efficiencies of the
developed device models installed in the SDOF structure
subjected to the 1995 JMA Kobe record through numerical
simulation studies. And the result showed the superiority
of the TIMET over the ET in both vibration suppression,
i.e., response displacement and acceleration, and power
generation senses. However, the obtained models indicated
that the undesirable energy dissipation in the device were
still relatively high compared with the energy absorbed by
the motor. Thus, for future work, to enhance the energy
conversion efficiency of the device much further, we seek
to develop a device for reducing energy loss. At the same
time, to make the most of the TIMET, appropriate algorithms
to control the power flow for the motor which is applicable
even to nonlinear systems and mechanisms to adjust the
inertial mass value automatically in response to changes in
the frequency of the external input should be incorporated
into the system.
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