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Abstract: In this paper, an inerter-based device for structural vibration control is proposed with
which inertance can be altered relying on the frequency changes of the excitation. In this manner,
a tuned mass damper is developed in such a way that it is assembled with a ball-screw inerter
along with a new continuously variable transmission system. The device is termed an adaptive
tuned mass inertance damper (ATMID). The ATMID is able to produce an alterable inertance, which
gives rise to seamless variability in device frequency; consequently, the device frequency can be
tuned to that of the excitation. To assess the efficiency of the device, the response amplitude of a
single-degree-of-freedom harmonically induced structure controlled by the ATMID is compared
with those of the passive-controlled and uncontrolled structures. Results show that in the frequency
band where the effectiveness of the passive device with a mass ratio of 0.2 is degraded and even
destructed, the adaptive device with a mass ratio of 0.1 and diverse inertance behaves impressively.
As a result, notable oscillation suppression is obtained using the proposed adaptive device compared
with passive-controlled (56%) and uncontrolled cases (21%). The presented extensive variability in
the frequency of the device utilizing its transmission ratio of 0.45-2.2 leads the device to a superior
level of oscillatory motion reduction in structural responses along an enlarged frequency band.

Keywords: ball-screw inerter; alterable inerter; adaptive inertance; CVT ratio; vibration reduction

1. Introduction

Structural vibration control methods using supplemental energy dissipation and
seismic isolation systems have drawn a lot of attention in recent decades [1-4]. In this
respect, using a rotary metal disk (flywheel) or fluid flowing in the helix tube with a light
actual mass [5-7], a huge apparent mass, that is, inertance is attained via an inerter [8,9].
The first inerter application was a suspension system in a car, that is, a J-damper introduced
by Smith et al. [10]. An inerter is also utilized as a suspension system in trains in addition
to its use in steering stabilization of high-performance motorbikes [11,12]. However, the
primary stage of the inerter development in civil engineering as a suspension system for
buildings was proposed by Wang et al. [13]. Regarding the working principle of inerters,
a rack-pinion inerter along with a solid-ring is utilized in dynamic mass and gyro-mass
dampers [14-17]. In another inerter mechanism, a ball-screw inerter is used in an inertial
mass damper with a flywheel as well as a rotational inertia damper with a viscous/friction
component [18,19]. Through the increase in the inertance of the above-mentioned devices,
the inter-story drift reduction is enhanced.

A viscous mass damper is constructed in which a dashpot with rotary viscous damping
is linked into an inerter (ball-screw) in a parallel manner, resulting in two amplified inertia
and viscous forces [20-23]. Later on, to enhance the amplification effect of the inerter,
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an extra flywheel and a spring are added into this device in serial layout. Eventually,
the tuned viscous mass damper was devised with more amplified dashpot deformation,
higher resistance force, and finally a higher motion suppression [24-26]. Afterward, a
force restriction mechanism was employed in the mentioned device in order to prevent
the generation of excessive force, which may damage the damper of the structure [27,28].
A ball-screw inerter is also integrated into a viscoelastic damper, which is more effective in
the second mode of vibration [23]. In addition, the magnetorheological fluid is applied to
work together with the ball-screw inerter. Results given in [29,30] showed that the device
decreased the displacement of the superstructure and isolation layer without increasing the
acceleration of the superstructure. Moreover, in order to control the vibration of high-rise
buildings, a tuned viscous mass damper coupled wall system was introduced [31]. In our
recently published article [32], a new ball-screw inerter named the adaptive tuned viscous
inertance damper (ATVID) was introduced. In this device, viscous damping, as well as
inertance, can be simultaneously altered through an innovative continuously variable
transmission (CVT) with a planetary power transmission mechanism. Therefore, high
mitigation in excited structure occurs in a large frequency band.

In order to outperform the tuned mass damper (TMD) in vibration reduction and
higher mode control [33-35], a TMD and an inerter were inter-connected in series and a
tuned mass damper inerter was constructed [36,37]. Higher mode vibration control was
achieved through the device and the device performance was enhanced when the device
was installed on lower floors. Later on, an energy harvester was also applied to the device
in order to save the kinetic energy of the induced structure [38,39]. Also, the mentioned
device along with a base-isolation system was utilized in order to mitigate the structural
responses [40]. The tuned inerter damper was introduced when the inerter was serially
installed in a parallel layout with a spring and viscous damper. One of the benefits it offers
is that, in lower frequencies, it performs similarly to the TMDs while in higher frequencies it
behaves similarly to viscous dampers [41]. Furthermore, a rotational inertial double-tuned
mass damper was introduced to enhance the vibration mitigation of the structures [42]. In
order to overcome the detuning of the rack-pinion inerter while it is assembled with the
TMD, a V-belt CVT was introduced into the TMD-inerter system [43,44]. In this device,
an ideal frequency can be generated, leading to remarkable vibration reduction. New
mechanisms are introduced regarding the influence of noise on the device or the reduction
of the level of radiated noise from the device. In controlled directivity of the noise method,
a lumped mass is employed to minimize the sound pressure [45,46].

The operation in a limited frequency band is the main defect of passive devices
while the structure may be excited by various external frequencies. As a passive TMD
is aligned to the primary structure, the primary structure’s oscillation is alleviated only
in its principal resonance. However, in other bands of frequency the level of response
mitigation is undesirable and is even destructive. In fact, there is a sensitivity to variation
of the frequency of the external force relative to that of the primary structure, leading to
detuning of the TMD and its performance degradation.

In this research, a newfound adaptive tuned mass inertance damper (ATMID) is
presented to resolve the above-mentioned problems. A novel redesigned CVT in which the
transmission of the torque occurs through a set of planets that can be rotated and tilted
between two rings is introduced. The proposed device with a new configuration and the
special CVT-inerter assembling is able to tune the inertance, allowing the adaption of the
TMD'’s frequency. The proposed device possesses the ability to generate an adjustable
inertance and frequency via the core of the CVT smoothly and seamlessly. The distinct
feature of the proposed ATMID lies in introducing an adaptive TMD in which a very small
amount of damping is included due to the internal damping of the CVT (not viscous oil),
a variable inertance is also included in the TMD. This variable inertance can generate a
variable frequency and a variable inertial force in the TMD. In fact, the initiative of utilizing
CVT with a special operation and concept contributed to enabling the introduced ATMID to
adjust the frequency to be equal to that of the excitation. Substantially, the adaptive TMID
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is capable of adapting and retuning itself according to the properly tuned inertance. It also
leads to the removal of device detuning. Consequently, a high reduction in the vibration of
the primary structure is attained in a vast frequency range by utilizing the ATMID.

In this research, to assess the efficiency of the ATMID as well as clarify its controllable
dynamic specifications, a single degree of freedom (SDOF) incorporated with an ATMID
is simulated while harmonic ground excitation is induced in the primary structure. This
research certified the significant potential of the proposed ATMID for harmonically induced
structures while the frequency is varied. The remainder of this article is organized as
follows. In Section 2, we present the technical design of the device including the details of
configuration, the efficiency of CVT, and the analytical model. The device features, as well
as the rationale behind the device, are investigated in Section 3. The damping properties of
the device and level of motion reduction are considered in Section 4. Finally, a summary of
the main achievements is given.

2. Technical Design of the Device
2.1. Device Anatomy

The device construction and main components of the ATMID are described in this
section in addition to its mechanism of action. The considered ATMID, as shown in Figure 1,
is fabricated by a parallel layout consisting of a variable inertance, small viscous damping,
and stiffness. Later this layout is serially linked into an auxiliary mass. In this device, a
terminal is used to affix the parallel constituents to an additional mass while the second
terminal is fixed to the structure where the vibration is to be reduced.

Auxiliary mass

Adaptive inertance damper (AID)

y

A

‘;,4

Figure 1. Perspective view of the adaptive tuned mass inertance damper (ATMID).

The details of the configuration of the proposed variable inertance section called the
adaptive inertance damper (AID) are shown in Figure 2. The figure shows a ball-screw
inerter and a CVT core such that the outer rotor and ball-screw system are encompassed
by the core of the CVT. The conversion of the nut spin to a screw translation, that is,
bidirectional movement of the primary structure, occurs due to the interaction between the
steel balls and the thread of the screw. The nut’s spinning can be transmitted to the input
ring of the CVT via the firm connection between the nut and the input ring (see Figure 2).
By tuning the CVT, an ideal rotation can be transmitted and obtained in the output ring.
Afterward, the gyration of the output ring is transmitted to the flywheel through the stiff
contact between the output ring and the flywheel.

The reciprocating deformation of the structure causes the screw shaft to accelerate
translationally. Subsequently, the screw’s acceleration (a) leads the nut to spin, and later
the flywheel rapidly swirls by utilizing CVT. The flywheel rotation gives rise to a moment
of inertia (I), and afterward an amplified rotational torque. The torque is converted and
amplified into a translational inertial force of F; = ba, in the opposite direction to the
structure’s motion. The physical light mass of the flywheel (m¢) is magnified multiple
times, causing the generation of a translational amplified mass known as inertance (b)
having kilograms (kg) as its unit. The generated inertance (b) is derived as follows:
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where the screw lead is denoted as L, and CVT performs in neutral mode.

Substantially, a large inertial resistance force is provided using the inerter’s magnifica-
tion mechanism while the physical mass of the flywheel is small. This generated inertial
force can be attained in a seamless and variable way as CVT operates in underdrive or
overdrive mode. Consequently, a controllable inertance (b) and its associated inertial force
are yielded. This will be further described in Section 2.2.

Flywheel (outer rotor) Steel ball

Planet

Stator Rotor Idler sun

i

Fixed-tube

Balls-threads interaction

Screw shaft

- Nut

Bearing Bearing Output-ring Input-ring

Planet axl
Shell housing anetaxie

Figure 2. Symbolic representation and principal components of adaptive inertance damper (AID).

2.2. Continuously Variable Transmission (CVT) Efficiency

The redesigned CVT (Figure 3a) is precisely able to produce a rotary acceleration in
the output ring (xoyut) in a seamless manner. This is because an input angular acceleration
occurs in the input ring (x4,) due to the primary structure’s deformation. Regarding the
configuration of the CVT core, a stator, as well as an idler sun with the same centrality, are
surrounded by a casted shell housing as depicted in Figure 3b. In this scheme, the idler
sun is capable of rotating and translationally moving relative to the stator. Furthermore,
through steel balls enclosed between the idler sun and a rotor with a two-way inward
slope on its surface, the rotor can spin relative to the idler. The planets with a planetary
arrangement are situated on the surface of the rotor while the shell housing surrounds
all the planets. Moreover, two input rings and output rings were positioned in touch
with the surfaces of the planets in a location where they are visible (see Figure 3a). In
addition, a metal appendage was placed around CVT as shown in Figure 3a, which is able
to spin by utilizing a motor shaft. This slight spin of the appendage leads the idler sun to
linearly move relative to the stator. The idler sun’s translational motion causes all axles of
the planets to slant together, therefore, the planets’ angles are adjustable. Consequently,
bidirectional spinning of metal appendage causes the CVT ratio to adjust into overdrive
(¢ > 1) or underdrive (¢ < 1) modes, as displayed in Figure 3c. An external battery
can also be supplied to the motor shaft. A controller sends a control signal based on the
received frequency of the excitation and then the motor begins to operate.

The ratio between the rotary motion of the flywheel and the screw’s translational
motion due to the inter-story drift can be adjusted through the transmission ratio of the
CVT (¢ = ‘%‘;*). The CVT core possesses the maximum ratio in the underdrive status
(b < 1) at 0.45 while the ratio in the overdrive status (¢ > 1) is 2.2. In the overdrive status,
the distance between the surface of the output ring and the planet’s axle is more than that
of the input ring (rjn < rout). The CVT ratio range (0.45-2.2) can be broadened by modifying
the design of the CVT core and its constituents. Therefore, the performance of the AID
can be enhanced. Eventually, the operation of the CVT in overdrive or underdrive mode
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Shell housing

Metal appendage
(CVT-ratio alteration)

enables the device to attain the variable inertia resistance force. It happens due to the
alteration of the CVT ratio within its range (0.45 < ¢ < 2.2).

Stator

Stator
Planet’s axle
Idler sun

Planet

(a) (b)

Planet 7\

. Input-rin
Output-ring —-_ \ P &

_— Idler sun

(©)

Figure 3. Core of the continuously variable transmission (CVT): (a) perspective (b) cross section
photograph (c) diagrammatic view in overdrive mode.

2.3. Analytical Model

The device anatomy, in addition to the assembly of its components, can be modeled
by a suitable system with few parametric quantities, showing the dynamic behavior of
the device. In the analytical model of the ATMID, the variable inertance (b) links into
the small allowable viscous damping coefficient (cq) due to the internal damping of the
CVT and the elastic spring (kq) in parallel. Later on, they were serially connected to the
attached mass (m). Moreover, in order to express the practical behavior of the ATMID,
friction, caused by the interaction between components, is generated. It was taken into
consideration in the viscous damping coefficient (cq). It should be pointed out that in this
research, the variable inertance could be attained using AID, and later an adaptive TMD
with variable inertial force is presented. However, the damping of TMD was obtained
from the very small internal damping of the CVT, not viscous oil damping. Nevertheless, a
variable inertance integrated with a variable viscous o0il damping was introduced through
an adaptive viscous inertance damper (AVID) in our previous research [32].
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3. Design Concept and Characteristics

Through the accurate adjustment of the CVT ratio (¢) to a proper value along its ratio
band, the required output angular acceleration and its associated inertance can be acquired.
The variability in the flywheel’s angular acceleration and inertance affects the frequency
of the ATMID and its inertial force. Thus, the natural frequency of the ATMID can be
seamlessly changed and controlled by using the CVT core. The frequency of the ATMID
can be formulated in a simple way in which there ought to be few negligible parameters:

_ | ka
Cd=\prm @)

It is well known that the design concept of passive devices comprising an attached
mass or an inerter relies on the tuning of their components so as to adjust their frequencies
close to that of the structure through the fixed-point theory [47]. Nevertheless, the CVT
allows the ATMID calibrates its parameters, resulting in the frequency of the ATMID (wg) to
equate to that of the current excitation (we). Substantially, the ATMID is capable of adapting
its mechanical characteristics such as inertance and frequency based on the detected current
force’s frequency. Furthermore, the retuning of the device can be easily implemented using
CVT during excitation in addition to the elimination of the detuning effect. In order to
demonstrate the alterability in generated inertance by AID, the device is excited by the
harmonic displacement of X(t) = Xgel®e!, where the amplitude and frequency of excitation
are denoted by Xy and we. The proposed AID under harmonic excitation is able to produce

the inertial force of Fi(t) = bX(t). By substituting the acceleration in the equation, the
relationship between the displacement and the variable inertial force is given as:

Fi(t) = —bwe2X(t), (3)

The correlation between the inertial force of the AID and its displacement is shown in
Figure 4 in which the gradient of the curve can be altered as the CVT ratio is changed. The
slope of the line is the value of the inertance. Through the CVT ratio alteration, a group
of the curves with various gradients is provided, showing the variability in inertance (b;)
and inertia force generated by the ATMID. In fact, alterations in CVT ratio (¢) are directly
proportional to the generated inertance and its associated resistance force. However, there
is an inverse relationship between the CVT ratio and the device frequency.
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Figure 4. Force-displacement correlation curve of the proposed AID.

4. Damping Effect of the ATMID for Harmonic Excitation with Various Frequencies
4.1. Model of the ATMID-Controlled SDOF Structure

The adaptive TMID-controlled structure was compared with a passive TMD-controlled
structure so as to evaluate the damping property of the considered ATMID. The adaptive
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and passive devices were employed in a single degree of freedom (SDOF) structure induced
by harmonic ground excitation as shown in Figure 5. The frequency of the excitation was
varied through this research scenario.

m
Xt
|
k d | Cq
1
M
X
|’
K I C
|
SAN \.\. NN 'Il\ . SN NN ~
g™
(a) (b)
Figure 5. Model of the SDOF structure incorporated with: (a) passive TMD (b) considered adap-
tive TMID.
The harmonic ground motion of xg(t) = xgoei“’et induces the SDOF structures

equipped with passive TMD (PTMD) and adaptive (ATMID) devices. Moreover, the
amplitude and frequency of the ground excitation are denoted by xg, (m) and we (rad/s),
respectively. The governing equation of the motion of the SDOF structure incorporating
with the ATMID induced by periodic ground motion is written as follows:

Mx + Cx + Kx — b(xr — X) — cg (X1 — x) — kg (xT —X) = —MX,g, @)

mi&T + b(XT — X) +cq (XT — X) + kd(XT — X) = —mkg, (5)
where the notation of the structure’s parameters such as mass, stiffness, and damping
coefficient is written as M (kg), K (N/m), and C (N-s/m), respectively. The natural

frequency of the structure is given as ws = 1/ 1;. The deformation of the auxiliary mass and

device components are denoted by xr(t) and x(t) — x(t), respectively; where x(t) is the
deformation of the structure. The governing equations of the system can be transformed
into the matrix equation as follows:

M+b —b H X(t) }J{cwd —cdH x(t) ]+[K+kd —de x(t) }:_[M}ig(t) ©)

—b m+b XT(t) —Cq Cq XT (t) —kyq kq XT(t) m

The displacement, velocity, and acceleration of the structure induced by the ground ac-

celeration of Xg(t) = ag, el®et with the amplitude of ag, = —wezxgO are achieved as follows:
x(t) = xpe' V<!, @)

x(t) = iwexge!@et, 8)

(1) = —wexelet ©)

The displacement, velocity, and acceleration of the attached mass that was periodically
excited are respectively attained as follows:

xt(t) = xToeiwet, (10)

xt(t) = iweXToeiwet, (11)



Appl. Sci. 2021, 12, 4028

8of 17

X0 _
agy

xt(t) = —weszOeiwet, (12)

Also, using little mathematical manipulation in the equations of the system, the output
to input ratio (aXTO)’ that is, deformation response of the structure to ground acceleration is
50

written as follows:

we2(b(M +m) +Mm) — iwecg(M 4+ m) — kq(M +m) (13)

T W (DM +m) +Mm) — iwe3(cg(M 4+ m) +C(m + b)) — we2(kg(M +m) +K(m +b) + Ceq) +iwe(Keg + Ckyq) + Kkgq

According to the current excitation frequency (we) exerted on the structure, inertance
would be altered through the proper calibration of CVT ratio by implementing the ideal
tilting in axels of planets. Afterward, the device equates its frequency (wq) to that of the
excitation (we).

4.2. Simulation of the System

In this part, damping effectiveness and the level of vibration reduction of the pro-
posed ATMID are elucidated. To this end, the passive-controlled, adaptive-controlled, and
uncontrolled models were simulated so that the values of the structure’s parameters were
consistent with the feasible realization of the experiment as shown in Table 1. Further-
more, the PTMD with its set of parameters of stiffness (kq) and damping (cq) in addition
to auxiliary mass (m) was designed based on the fixed-point method as mentioned in
Table 2 [47].

Table 1. Characteristics for the primary structure.

Mass Stiffness Damping Damping Ratio Frequency

M (kg) K (N/m) C (N-s/m) £= \/‘I%M ws (rad/s)

200 20,000 6 0.15% 10

Table 2. Device parameters for TMD and proposed ATMID.

Device

Auxiliary Mass
m (kg)

Mass Ratio Damping Stiffness  Flywheel Mass  Variable Inertance Frequency
u=5 cd (N-s/m) kd (N/m) mf (kg) b (kg) wgq(rad/s)

PTMD
ATMID

40
20

0.2 166 2500 - - 7.9
0.1 32 5000 0.66 8-128 5.8-13.3

Regarding the design of the ATMID, as CVT operates in neutral mode (¢ = 1) the
inertance ratio of b/M = 0.2 and the magnification factor of b/m; = 60 are provided.
Nevertheless, in CVT operational modes of overdrive and underdrive, the changeable
inertance is obtained (bpin < b < bmax), depending on the range of CVT ratio (0.45-2.2).
Likewise, the device stiffness and the range of CVT ratio ought to be set in such a manner
that the resonance frequency of the primary structure falls in the ATMID’s frequency range
(g, <ws<wgq,, ) The ATMID is able to produce different characteristics of its own
(bi,wq,) in each frequency of the excitation (we,) while other parameters are constant. In
other words, each set of the device parameters possesses its own specific inertance and
frequency at which the device can optimally work in a related excitation frequency.

4.2.1. Results in Domain of the Frequency

The frequency-domain analysis of the structure was conducted to appraise the damp-
ing properties of the ATMID as well as its effectiveness on the dynamics of the system.
In this manner, the frequency response curve (FRCs) of the PTMD-controlled, ATMID-
controlled, and uncontrolled structures were contrasted to specify their dynamic ampli-
fication factors (DAFs). We assumed the ratio of the structural deformation (xg) to the
acceleration of the ground (ag) to be the dynamic amplification factor (DAF).

Through the diverse CVT ratio, various sets of inertance (b;) and frequency (wq,) can
be provided by the ATMID, therefore, a set of diverse curves in the frequency domain
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is provided as depicted in Figure 6. Each curve possesses its own specifications (b;,wg,)
which were achieved by tilting a set of the planets at different angles. In each frequency
of the excitation, the minimum DAF is achieved as such that the minimal ordinate is
selected between all DAFs curves. Each of the opted minimal DAF is an expression of
an ATMID with a particular frequency (wg,) at which the topmost DAF reduction occurs
in the corresponding force frequency (we;). The optimal operation of the ATMID was
acquired by connecting the entire obtained minimum DAF points in each frequency as
referred to in Figure 6. The remarkable damping performance of the ATMID was identified
by comparing its optimal curve (red line) with the uncontrolled case (black dashed line).

0.2 T T T T T T T T T

—— ATMID (optimal)
— — = Uncontrolled

0.18 -

0.16 -

b=40 (kg)

=
T

~

|
[
|
I
|
|
|
|
I
|
|
I
I
I
,' b=24 (kg)
I
l

!
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
0.08 - |
\

0.06 - ! \ _

Structure displacement DAF
T

0.04 - / \ b=18 (kg) i

0.02

0 2 4 6 8 10 12 14 16 18 20
Exitation frequency (wc)

Figure 6. The FRC of the adaptive controlled and uncontrolled SDOF structures.

As shown in Figure 7 and summarized in Table 3, the ATMID behaves very well in
displacement-DAF suppression in comparison with the PTMD. A significant displacement-
DAF reduction was achieved using the devices at the resonance frequency of 10 (rad/s).
This reduction in the ATMID with a mass ratio of 0.1 is more than in the PTMD with
a mass ratio of 0.2. At the frequency of 9.22 (rad/s) with maximal DAF of the ATMID,
the DAF in the ATMID is much less than the PTMD while their generated inertance is
42 (kg). Furthermore, the widest DAF-variation between the PTMD and uncontrolled
cases happens at 7.13 (rad/s) where the ordinate of the PTMD is roughly increased by
46% compared to uncontrolled cases. However, in this frequency (7.13), the ATMID’s
ordinate is 56% less than that of the PTMD. Furthermore, it is worth noting that the slight
disparity between the excitation frequency and the calculated natural frequency of the
ATMID (Table 3) is due to the simplification in the formulation of the device frequency, as
presented in the former section.

The optimal inertance and its associated device frequency was attained such that the
device frequency was adjusted to that of the excitation (we = wq). When the excitation
with a specific frequency induced the controlled structure, the required optimal inertance
was computed as portrayed in Figure 8. It indicates an inverse relationship between
the optimum inertance and the relevant frequency. In higher excitation frequencies, the
frequency of the ATMID increases when CVT ratio is decreased (low inertance). Although,
the ATMID’s frequency is reduced in lower frequencies (high inertance).
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02 T T T T T T T T T
Adaptive TMID
........... pﬂSSiVe TMD
— — —Uncontrolled
0.15F B

e

Structure displacement DAF

0 2 4 0 8 10 12 14 16 18 20
Exitation frequency (w,)

Figure 7. The FRC of the adaptive-controlled, passive-controlled, and uncontrolled SDOF structures.

Table 3. Comparison of the uncontrolled, PTMD-controlled, and ATMID-controlled methods.

Excitation Frequency ATMID ATMID ATMID ATMID PTMD Uncontrolled
(we) Inertance (b) Frequency (wq) CVT Ratio DAF DAF DAF
7.13 84 6.94 21 0.016 0.037 0.0203
7.31 78 7.15 1.95 0.0163 0.0378 0.0215
7.9 64 7.72 1.6 0.0179 0.0364 0.0266
9.22 42 8.98 1.05 0.0211 0.0334 0.0667
10 32 9.8 0.8 0.019 0.0368 3.3333
120
100

o0
(e

~
S

Optimal inertance (kg)
o
)

20

i
i
i
i
i
L

7 8 9 10 11 12
Exitation frequency we(rad/s)

Figure 8. Required optimal inertance of ATMID in each excitation frequency.

Figure 9a indicates the slight influence of the structural damping coefficient on the
damping performance of the ATMID. There is a direct relationship between the structure’s
damping and the damping properties of the device. Moreover, the more the device damping
coefficient (cq), the higher the ordinate of displacement-DAF, that is, the DAF suppression
is diminished (see Figure 9b). The results show that by raising the attached mass (m) of the
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ATMID, the damping properties are enhanced, that is, higher structural DAF reduction is
obtained, as displayed in Figure 9c.

0.03 — —
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_g:ggg — (%15
Y =%2
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! L L I I | L L
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Frequency ratio (wc/wq)
()

Figure 9. Damping properties of the ATMID based on: (a) inherent structural damping coefficient,
(b) ATMID’s damping coefficient, (c¢) ATMID’s mass ratio.

It should be pointed out that by introducing a control system, the detection of the force
frequency can be eased. Subsequently, the controller sends a signal to the motor, which
causes the planet’s axles to slant together, and the angle of the planetary arrangement is
adjusted. Later on, the required CVT ratio can be calibrated and the optimal inertance is
provided. Afterward, the frequency of the ATMID is tuned to that of the current frequency
of excitation, leading to notable damping properties along a vast frequency range.

4.2.2. Time History Analysis

Through the time domain analysis, the displacement of the structure excited by reso-
nance frequency (10 (rad/s)) is shown in Figure 10a. The ATMID and PTMD devices can
substantially suppress the vibration of the primary structure in comparison with the uncon-
trolled resonated structure. The optimal inertance generated by the ATMID is b = 32 (kg)
and results in reducing the displacement of the main structure almost twice as much as the
PTMD. In a frequency of we = 7.13 (rad/s), the PTMD behaves intolerably compared with
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the uncontrolled case. However, the considered ATMID performs effectively by generating
an inertance of b = 84 (kg), as is evident in Figure 10b.

4 T T T T T

—— ATMID controlled
3 | PTMD controlled
Uncontrolled

g
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g
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3+ . "
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Figure 10. Structural displacement time-history at: (a) resonance frequency of 10 (rad/s), (b) fre-
quency of 7.13 (rad/s).

The relationship between the maximum displacement and the maximum acceleration
of the main structure for the PTMD, ATMID, and uncontrolled cases in both frequencies is
depicted in Figure 11. According to the results, an excellent structural response reduction of
the ATMID in contrast with the PTMD is observed. In addition, Table 4 shows the structural
displacement denoted by D and its acceleration (denoted by A) for the uncontrolled (U),
passively controlled (P), and adaptively controlled (A) structures. In this table, a vibration
reduction effect (VRE) is attained for the passive and adaptive control methods compared
to the uncontrolled case. For instance, at the frequency of 7.31 (rad/s), the passive TMD
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is destructive for the structure as it increases the structural displacement by 76% relative
to the uncontrolled structure. In contrast, the performance of the ATMID in the reduction
of the displacement is superior where it reduces the displacement by 23% relative to the
uncontrolled case. The efficiency of both devices is comparable in resonance frequency

(10 rad/s).
5 T T T T T T T
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E ’ v
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Figure 11. Structural maximum acceleration-maximum displacement in time-domain analysis at
frequencies of 10 and 7.13 (rad/s).

Table 4. Response structure in uncontrolled (U), PTMD-controlled and ATMID-controlled.

Frequency U-D PTMD-D ATMID-D U-A PTMD-A ATMID-A V.R.E V.R.E V.R.E V.R.E
(rad/s) (m) (m) (m) (m/s?) (m/s?) (m/s?) PTMD-D ATMID-D PTMD-A ATMID-A
10 3.2936 0.0368 0.019 329.35 3.677 1.8960 98% 99% 98% 99%
9.22 0.0527 0.0279 0.0195 44316 23375 1.6374 47% 62% 47% 63%
7.9 0.0168 0.0227 0.0112 1.0538 1.4161 0.6959 —35% 33% —34% 33%
7.31 0.0111 0.0197 0.0085 0.5892 1.0313 0.4442 —76% 23% —75% 24%
7.13 0.0105 0.0188 0.0082 0.537 0.9564 0.4152 —80% 21% —78% 22%

Figure 12 shows the correlation between the inertial force and the displacement
produced by the variable inerter of the ATMID. The generated inertance, that is, the gradient
of the line in the resonance frequency is less than that of the frequency of 7.13 (rad/s)
while its deformation is more than the deformation at the frequency of 7.13 (rad/s). The
structural deformation for both cases is represented by dashed lines and dotted symbols
for frequencies of 10 and 7.13 (rad/s), respectively, in Figure 12. It is worth noting that the
disparity between the two inertances shows the ability of the ATMID to generate different
frequencies in various excitation frequencies.

Moreover, the displacement-force curves resulting from the PTMD and ATMID are
contrasted in Figure 13 where the structural displacement boundaries are displayed by
dashed lines for the ATMID and dotted lines for the PTMD. It is apparent from Figure 13
that substantial reduction in structural displacement is obtained by using the ATMID at
the frequency of 7.13 (rad/s), while the displacement of the structure by using the PTMD
is more than that of the uncontrolled case as shown by dashed-dotted lines.
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Figure 12. ATMID inertial force-displacement correlation curve at frequencies of 10 and 7.13 (rad/s).
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Figure 13. Total resistant force-displacement curve of PTMD and ATMID at frequency of 7.13 (rad/s).

5. Conclusions

In this research, a newfound vibration reduction device named the ATMID is in-
troduced in which a ball-screw inerter is engaged with a novel redesigned CVT. In the
presented CVT with the new configuration and special CVT-inerter assembly, torque trans-
mission happens due to the use of a set of tilting and rotating planets positioned between
two rings. The presented ATMID can generate changeable inertance through the seamless
controlling of the transmission ratio of the motion of the screw to the gyration of the
flywheel. The function of inertance alteration enables the device to produce a smooth
variability in its frequency. Therefore, the tuning of the frequency of the ATMID relative
to that of the external force can be provided and the device retuning can be eased. By
equating the frequency of the ATMID to the frequency of the external excitation, substantial
damping properties and vibration mitigation are achieved in an extremely large band
of frequency.

The performance of the introduced ATMID in a harmonically induced SDOF structure
was also assessed and compared with PTMD-controlled and uncontrolled cases. At the
frequency of, for example, 7.13 (rad/s), where the efficiency of the PTMD with a mass ratio
of 0.2 is degraded, the ATMID with a mass ratio of 0.1 and various inertances behaves
much better. Noticeable oscillation suppression is obtained for the ATMID with a 56%
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response improvement compared to the PTMD-controlled structure and with 21% when
compared to uncontrolled. Results showed that the lesser the damping and higher the
mass ratio of ATMID, the higher the damping properties would be. The proposed ATMID
with a transmission ratio of 0.45-2.2 offers considerable vibration reduction in an enlarged
frequency range in the circumstances that the structure is derived with variable frequency.

Moreover, the concept and capability of the proposed ATMID to achieve the alterable
inertance utilizing CVT are demonstrated. The experimental test of the ATMID under
seismic and harmonic forces, as well as the investigation of various control algorithms,
will be our next research topics. In addition, parametric uncertainty modeling [48], as
well as the effect of internal/external noise would be the subjects in our future research.
However, expanding the CVT ratio to enhance the device performance would be an
attractive challenge.
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