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Preface

The topic of this book is a comprehensive introduction of inerter, a new
two-terminal mechanical element proposed by Prof. Malcolm Smith from
Cambridge University in 2002, and its recent advances in vibration control systems.
One of the principal motivations for introducing inerter is due to a snag in the
correspondence between passive mechanical and electrical networks, as the
capacitor does not have a real corresponding mechanical element. Such a snag has
been removed because of the invention of inerter, and as a result a spring—damper—
inerter mechanical network can be directly transformed into an inductor—-resistor—
capacitor electrical network. In this way, the electrical network synthesis theory can
be directly applied to the mechanical network synthesis. Based on this, much
attention has been drawn to the inerter-based mechanical network synthesis, where
the problem of how to realize a positive-real transfer function as specific
mechanical networks while considering the simplicity, cost, and other realization
requirements is of particular interest. Apart from the research interest on
inerter-based mechanical network synthesis, inerter has been applied to a variety of
mechanical systems, such as vehicle suspensions, train suspensions, buildings,
motorcycle steering compensators, landing gears, wind turbines, etc. A common
practice of applying inerters to a specific system is that inerter-based networks,
usually more complex than the traditional networks without inerters, are given and
then optimize the parameters of the inerter-based networks to achieve a better
performance than the traditional ones. Such a procedure is effective to demonstrate
the benefits of using inerters, but the drawback is that the basic function of an
inerter for general vibration systems is concealed. Since all the application scenarios
of inerter are a subset of general vibration systems, it demands a comprehensive
investigation of inerters from a vibration system point of view, which is the main
motivation of this book.

This book is intended to provide a comprehensive summary of recent results
on inerter, and then introduce the recent advances by the author on the application
of inerter in vibration systems. In Chap. 1, the concept of inerter, its physical
realizations, and state-of-art applications are introduced. In Chap. 2, the influence
of inerter on the natural frequencies of vibration systems is discussed. Then, in



vi Preface

Chaps. 3 and 4, the inerter-based vibration isolators and dynamic vibration
absorbers are introduced, and the parameters’ optimization methods are proposed.
In Chap. 5, the inerter concept is extended to semi-active control by introducing the
semi-active inerter concept, where physical embodiments of semi-active inerter are
also discussed.

The book is intended as a text for graduate students and researchers. A certain
basic level of knowledge of mechanical vibration, control theory, and optimization
theory is a necessary prerequisite in order to follow the material presented here.

The authors are indebted to all those who have contributed to material presented
in this book and whose identities can be deduced from our joint publications that
appear in the bibliography.

Nanjing, China Michael Z. Q. Chen
June 2018 Yinlong Hu
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Chapter 1 ®)
Introduction Check for

1.1 Inerter

Inerter is a new mechanical element proposed by Professor Malcolm C. Smith from
Cambridge University, which is defined as a mechanical two-terminal, one-port
device with the property that the equal and opposite force applied at the terminals is
proportional to the relative acceleration between the terminals (Smith 2002a). The
symbol of inerter is shown in Fig. 1.1, where in the notation of Fig. 1.1,

F = b — ). (1.1)

The constant b in (1.1) is called the inertance with the units of kilograms. The energy
stored by the inerter can be quantified as %b(vz — )2

The main motivation of proposing inerter is due to the incompleteness of the
force-current analogy between mechanical and electrical systems. It is well known
that the mechanical and electrical systems have very similar dynamics. For the force-
current analogy between these systems, the force and velocity in mechanical systems
can be analogized to the current and voltage in the electrical systems, respectively. In
this way, the fixed reference point in an inertial frame, the kinetic energy, the poten-
tial energy in mechanical systems can be analogized to the electrical ground, the
electrical energy, magnetic energy in electrical systems, respectively. The detailed
force-current analogy is shown in Table 1.1. From the device point of view, the
spring and damper in mechanical systems can be analogized to the inductor and
resistor in electrical systems, respectively. However, it lacks a mechanical device to
analogize the capacitor in electrical systems. Historically, the mass is seen as the
mechanical element corresponding to the capacitor in electrical systems. However,
from Newton’s Second Law, the acceleration of the mass is relative to a fixed point
in the inertial frame. This means the one terminal of the mass is the ground and the
other terminal is the center of the mass. In other words, the mass is not a genuine
two-terminal device. The electrical element that corresponding to the mass is actu-
ally a grounded capacitor. It is straightforward to see that there exists performance

© Springer Nature Singapore Pte Ltd. and Science Press, Beijing 2019 1
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Fig. 1.1 The symbol of |_|
inerter
V2 v
b

Table 1.1 The force-current

. Mechanical systems <> Electrical systems
analogy between mechanical

and electrical systems Force < Current
Velocity < Voltage
Mechanical ground < Electrical ground
Kinetic energy & Electrical energy
Potential energy & Magnetic energy
Spring & Inductor
Damper & Resistor
Mass < Grounded capacitor

restrictions for the spring-damper-mass networks, as it is equivalent to the electrical
networks composed of inductors, resistors, and capacitors but all capacitors should
be grounded.

Due to the restriction between force-current analogy, the inerter is proposed.
From the definition of inerter, one sees that inerter is a genuine two-terminal device
which has similar dynamics with the capacitor. By proposing inerter, the force-
current analogy is completed, and the spring-damper-inerter mechanical networks
can be directly represented as inductor-resistor-capacitor electrical networks. A new
correspondence after proposing inerter is shown in Fig. 1.2.

Note that although inerter is motivated by the force-current analogy, its properties
are not dependent on this analogy, in the sense that, inerter has some unique functions
for mechanical systems such as large equivalent mass (virtual mass), mechanical dual
of the springs as an energy-storing element, etc. Such properties of inerter will be
revealed in the following sections.

1.2 Network Synthesis

The introduction of inerter completes the analogy between the spring-damper-inerter
mechanical networks and the inductor-resistor-capacitor electrical networks. There-
fore, the systematic methods in passive electrical network synthesis can be directly
applied to design inerter-based mechanical networks. In this part, some definitions
and notations in electrical network synthesis are transformed into the mechanical
domain by using the force-current analogy.
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Fig. 1.2 The new correspondence between mechanical and electrical networks
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Fig. 1.3 A two-terminal mechanical network in a free-body form with force-velocity pair (F,v),
where v = vy — vy

Consider the two-terminal mechanical network shown in Fig. 1.3, the network is
defined to be passive if for all admissible F' and v, which are square integrable on
(00, T] (Anderson and Vongpanitlerd 1973)

T
f F(@)v(t)dt = 0. (1.2)

oo

The left-hand side of (1.2) indicates the total energy delivered to the network up to
time 7. Therefore, for a passive network, no energy is delivered to the environment.

Throughout this book, we define the mechanical impedance Z(s) as the ratio
between velocity and force, that is

Z(s) = 2B
F(s)

where * denotes the Laplace transform. The mechanical admittance Y (s) is defined
as the reciprocal of mechanical impedance Z(s), that is

Y(s) = Z(s)" L.
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Here, the definitions of mechanical impedance and admittance are the same as the
electrical circuits based on the force-current analogy. The force and current are seen
as the through variables, and the velocity and voltage are seen as the cross variables.
According to the traditional notation of electrical circuits, the impedance is defined
as the ratio between cross variables and through variables.

The passivity of a network is related to the positive realness of the impedance and
admittance of the network. For a two-terminal mechanical network, the network is
passive if and only if its mechanical impedance or admittance is positive real (Smith
2002a). For a real-rational function G (s) to be positive real, the sufficient and nec-
essary conditions are Anderson and Vongpanitlerd (1973), Chen and Smith (2009)

1. Z(s) is analytic and Z(s) + Z(s)* > 0in Re(s) > 0;

2. Z(s) is analytic in Re(s) > 0, Z(jw) + Z(jw)* > 0 for all w, at which Z(jw)
is finite, and any poles of Z(s) on the imaginary axis or at infinity are simple and
have a positive residue.

The traditional electrical network synthesis indicates that any real-rational func-
tion Z(s) which is positive real, there exists an inductor-resistor-capacitor electrical
network whose impedance (or admittance) is Z(s) (Bott and Duffin 1949). Based on
the force-current analogy, it can be deduced that for any real-rational function Z(s)
which is positive real, there exists a spring-damper-inerter mechanical networks with
an impedance (or admittance) as Z(s) (Smith 2002a). Since (Chen and Smith 2009),
there have been a series of new results for mechanical network synthesis (Chen et al.
2013, 2015; Wang et al. 2018).

1.3 The Physical Embodiments of Inerter

The definition of inerter introduces a new mechanical concept. The equally important
issue for such a new concept is how to construct a real mechanical structure or device
possessing the same or at less similar properties with the definition of inerter. The
prodedure of constructing a physical embodiment of inerter is called realization.

Up to now, there are mainly three types of realizations of inerter, that is the rack-
pinon inerter (Smith 2002a, b; Chen et al. 2009), the ball-screw inerter (Wang et al.
2009; Wang and Su 2008; Chen et al. 2009), and the hydraulic inerter (Wang et al.
2011; Gartner and Smith 2011; Tuluie 2010). Moreover, based on whether a flywheel
is employed in the realization, it can classified into two categorizes, that is flywheel-
based inerters (Smith 2002a; Wang and Su 2008; Chen et al. 2009; Wang et al. 2011),
and non-flywheel inerters (Gartner and Smith 2011; Tuluie 2010).

Figure 1.4 shows the schematic and physical embodiments of a rack-pinion inerter
(Wang and Su 2008; Chen et al. 2009). In this type of inerter, a plunger silding in
a cylinder which derives a flywheel through a rack, pinion, and gears. If neglecting
the masses of the plunger, the rack-pinion and gears, the dynamics of this structure
can be approximated as

F = (m(x%(x% W,
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rack pinions
—
terminal 2 £ear  fywheel terminal 1

Fig. 1.4 The schematic of the rack-pinion inerter (Smith 2002a) (left) and the physical embodiment
manufactured in the Cambridge University Engineering Department (CUED) workshops (Chen et al.
2009) (right)

where m is the mass of the flywheel, oy = y /r3, ap = /7, with ry, 12, r3, and y
denoting the radius of the rack pinion, the gear, the flywheel pinion, and the gyration
of the flywheel. According to the definition, the inertance of the rack-pinion inerter
is

b= ma%a%.

Clearly, if o) and «; are larger than 1, the inertance is lager than the flywheel mass
m. This means that the rack pinion has the function of magnifying the mass of the
flywheel. For example. if «; = ap = 3, where these quantities can easily be realized
in practice, the inertance would be 81 times larger than the flywheel mass m. The right
figure of Fig. 1.4 shows a physical embodiment of a rack-pinion inerter manufactured
in the Cambridge University Engineering Department. The total mass of the structure
is approximately 3.5 kg, while the realized inertance is about 725 kg (Smith 2003).

The rack-pinion inerter can bear a large load, and as a result, a large inertance
can be realized. However, the inherent friction and the backlash between the gears
significantly increase the nonlinearities of the inerter. A possible solution is to replace
the rack pinion driving motion by a ball-screw type, then the second generation of
the inerter, namely the ball-screw inerter, is proposed (Wang et al. 2009; Wang and
Su 2008; Chen et al. 2009). Compared with the rack-pinion inerter, the friction is
greatly reduced, and the backlash can be eliminated by pre-loading. Figure 1.5 shows
a prototype manufactured in the Cambridge University Engineering Department,
where the real mass is approximately 1 kg, while the realized inertance is about 180
kg (Smith 2011).

Similar to the rack-pinion inerter, the inertance of the ball-screw inerter can rep-
resented as the product of a transmission ratio and the flywheel’s moment of inertia,
that is

b=JB%, (1.3)

where J denotes the moment of inertia of the flywheel, § is the transmission ratio of
the ball screw with 8 = 2/ p, p (in units of m/rev) is the pitch of the screw (Wang
and Su 2008).
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. © ©

SCrew nut flywheel

Fig. 1.5 The schematic of the ball-screw inerter (left) and the physical embodiment manufactured
in the Cambridge University Engineering Department (CUED) workshops (right) (Chen et al. 2009)

Another flywheel-based inerter is the hydraulic inerter proposed in Wang et al.
(2011), as shown in Fig. 1.6, where the hydraulic transmission motion is employed.
The theoretical inertance can be calculated as

A 2
b=1<5>, (1.4)

where J is the moment of inertia of the flywheel, A is the area of the piston, D is
constant in the units of m? (Wang et al. 2011).

In summary, a common feature of the flywheel-based inerters is that a flywheel is
driven by a transmission structure (the rack pinion, the ball screw, and the hydraulic
type), and the moment of inertia of the flywheel is magnified by the transmission
structure to realize the effect of the inerter. Therefore, there are two requirements for
the transmission structure, that is the ability to transform the rotatory motion into
linear motion for linear motion inerters, and the ability of magnifying the inertia
of the flywheel. From this point of view, it is possible to realize other different
types of inerter by using different transmission structures satisfying the above two
requirements.

Although a flywheel is commonly employed in most of the current realizations
of inerter, the inerter is not equivalent to the flywheel. This means that the flywheel
is not always necessary to realize an inerter. In Gartner and Smith (2011), Tuluie
(2010), non-flywheel inerters were introduced, where the inerter effect is achieved
by rotating the fluids within some helical channels, as shown in 1.7. The theoretical
inertance is represented as Gartner and Smith (2011)

2

A
b= pl—L, (1.5)
A3
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Fig. 1.7 The schematic of the non-flywheel hydraulic inerter (Gartner and Smith 2011; Tuluie
2010)

where p denotes the density of the fluid, / is the length of the helical channels, A
and A, denote the effective area of the piston and the helical channel, respectively.
A unique advantage of the non-flywheel inerters shown in Fig. 1.7 is that different
complex inerter-spring-damper networks can be simultaneously realized, then the
size of realizing such complex networks is significantly reduced (Gartner and Smith
2011). Moreover, the mass of the fluid can be smaller than the mass of the flywheel.
In this way, the real physical mass of the total inerter structure can be further reduced.
For example, the analysis result in Tuluie (2010) implies that 500 kg inertance can
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be realized by using at most 50 g fluid. This means that the magnification scale can
be as large as 10000.

All the above-mentioned inerters are linear motion inerters. Actually, according
to the similar definition and realization methods, rotational inerters can be similarly
defined and realized, where the epicyclic gears can be used to drive a flywheel to
realize a rotational inerter (Smith 2008). In this book, the linear motion inerter is
mainly focused on, and for the detailed description about the rational inerter can be
found in Smith (2008).

1.4 Inerter-Based Vibration Control Systems

Inerter has been successfully applied in Formula One racing cars. At the 2005 Spanish
Grand Prix, Kimi Raikkonen drove the McLaren MP4-20 to victory on the first racing
deployment of the inerter. To keep the technology secret from its competitors, a
decoy name “J-damper” was invented for the inerter (Chen et al. 2009). Nowadays,
the inerter has been employed by other Formula One teams (Chen et al. 2009).

From the mechanical control point of view, the introduction of inerter provides
an extra degree of freedom compared with the traditional spring-damper mechanical
systems. This ensures that the performance of the inerter-spring-damper networks is
always better or at least equal to traditional spring-damper networks, as otherwise
one just removes the inerter to simplify the inerter-spring-damper networks into the
spring-damper ones. It has been well demonstrated that inerter can provide signifi-
cant performance improvements for various mechanical systems, including vehicle
suspensions, train suspensions, motorcycle steering systems, build vibration con-
trol systems, wind turbines, landing gears, bridge vibration control systems, energy
harvesters, etc. The interest in passive network synthesis has also been rekindled.

In what follows, the up-to-date inerter-based vibration control systems and the
main research results on inerter will be reviewed. All the results in the literature are
classified from the energy consumption perspective. Therefore, three categories are
obtained, namely, passive vibration control, semi-active vibration control, and active
vibration control. Note that here, the passive, semi-active and active control means
the control devices are passive, semi-active and active, respectively, not the overall
system.

1.4.1 Passive Vibration Control with Inerters

As a passive element, one of the motivations for proposing inerter is to replace the
traditional spring-damper passive vibration control devices as spring-damper-inerter
ones. The methods for designing passive inerter-based vibration control systems can
be generally classified into two categories, that is the fixed-structure method and
the network synthesis method or “black box” method. The fixed-structure method
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is to investigate the performance of some specific structures. The network synthesis
method is to replace the traditional spring-damper networks as a “black box™ which is
represented as some positive real functions. Design these positive real functions based
on the required performance, and then realize the optimized positive real functions
as some specific networks.

Vehicle suspensions are essential parts of a vehicle, determining the overall per-
formance of a vehicle, which is also one of the main application fields of inerter.
In Smith and Wang (2004), the performances of six inerter-based networks applied
as suspension struts were numerically evaluated and compared with the traditional
spring-damper strut, where it was shown that more than 10% improvements can be
obtained by using inerter, in terms of the ride comfort, dynamic type load and han-
dling performance measures. In Scheibe and Smith (2009), analytical solutions were
derived for some inerter-based suspension struts based on a quarter-car model, and
the performance benefits of using inerter in vehicle suspensions were analytically
demonstrated. In Hu et al. (2014), multiple performance requirements including ride
comfort, suspension deflection, and dynamic type load, were analytically investi-
gated, and as a result, the direct comparison method was proposed by formulating
the performance indices of complex networks as a summation of those of some sim-
ple networks and terms relating to the extra elements. In Wang and Su (2008), the
nonlinearities of inerter and their influence on suspension’s performance were stud-
ied. In Wang et al. (2014), two series-connected inerter-based struts were numerically
and experimentally tested. In Zhang et al. (2014), an inerter-based configuration was
employed to approximate the sky-hook and ground-hook dampers. In Shen et al.
(2016), the dynamic vibration absorption idea was used to design an inerter-based
suspension strut.

The network synthesis method was also employed in designing passive vehicle
suspension. In Papageorgiou and Smith (2006), positive real synthesis using matrix
inequalities was proposed. The passive suspension design problem was first for-
mulated as a passive controller synthesis problem where the passivity constraint
was described by using matrix inequalities. Then, in terms of the performances of
vehicle suspensions, the H, and H, positive real controller synthesis problem was
described by using biliner matrix inequalities (BMI). After solving the BMI optimiza-
tion problem, the obtained positive real controller was realized as specific mechani-
cal networks. The effectiveness of this method was numerically and experimentally
verified (Papageorgiou and Smith 2006), and this method was extended to multi-
ple performance optimization problem in Molina-Cristobal et al. (2006). In Wang
and Chan (2011), mechatronic network strut was proposed, which combined a ball-
screw inerter and permanent magnet electric machinery. One of the main benefits of
this mechatronic strut is system impedance can be realized through a combination
of mechanical and electrical networks. As a result, higher-order system impedance
can easily be realized without occupying large space. The mechatronic strut was
applied to vehicle suspensions via numerical simulations and experiments (Wang
and Chan 2011). In Chen et al. (2012), the performances of inerter-based strut con-
taining one inerter and one damper, obtained by the synthesis procedure in Chen and
Smith (2009), were evaluated. In Chen et al. (2015), a special class of positive real
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controller synthesis problem was investigated, and an efficient H, optimization
method was proposed for passive vehicle suspensions.

Inerter has also been applied in railway vehilces. In Wang et al. (2009), the benefits
of inerter for train suspensions were demonstrated via given-structure method and
network synthesis based on an one-wheel train suspension model. In Wang and
Liao (2010), it was demonstrated that the lateral stability can be improved by using
inerter for train suspensions. In Wang et al. (2012), a full-train system was employed
to verify the performance of inerter and the mechatronic strut. In Jiang et al. (2012),
the inerter was demonstrated to improve the lateral and vertical ride comfort, as well
as the lateral body movement. In Jiang et al. (2013), the ride quality improvement
for a two-axle railway vehicle with single-stage suspension due to the employment
of inerter was demonstrated.

The application of inerter in civil engineering and engineering structures consti-
tutes one of the most concerned research areas for inerter. In Wang et al. (2010), in
terms of three different building models, the performance benefits of using inerter
on reducing the vibration of buildings were numerically demonstrated. In Ikago
et al. (2012), a tuned viscous mass damper (TVMD) containing a ball screw mech-
anism and a damper was proposed applied to seismic control systems. The ball
screw mechanism is actually an ball-screw inerter, where the mass of the flywheel
is about 2 kg, and the inertance (in Ikago et al. (2012), it was named as appar-
ent mass) is about 350 kg. The proposed TVMD has been implemented in a real
steel structure in Japan Sugimura et al. (2012). Thereafter, the modal analysis for
TVMD-based mutli-degree-of-freedom systems was conducted. In Takewaki et al.
(2012), an inertial damper which was a ball-screw inerter, was propposed, and the
fundamental mechanism of earthquake response reduction in building structures was
studied. In Lazar et al. (2014), the performance of an inerter-based device, named
tuned inerter damper (TID), was proposed to reduce vibrations in civil engineering
structures subject to base excitation, where the TID is an inerter-based network com-
posed of a series connection of a spring-damper parallel arrangement and an inerter.
In Dylejko and MacGillivray (2014), a transmission absorber was proposed to tackle
the internal resonance problem.

Tuned mass damper (TMD) (or dynamic vibration absorber (DVA)) is widely
used in the fields of civil and mechanical engineering, which is an auxiliary mass
system attached to a vibrating primary system to reduce the vibrations of the pri-
mary system. In the traditional passive TMD (or DVA), the auxiliary mass can be
attached to the primary structure through a spring (proposed by Frahm in 1909 Frahm
(1909)) or a spring-damper arrangement (proposed by Ormondroyd and Den Har-
tog in 1928 Ormondroyd and Den Hartog (1928)). In Hu and Chen (2015), the
inerter-based DVA (IDVA) was proposed, and its performances were evaluated. It
was demonstrated that unlike the traditional spring-damper DVA, three peaks in the
frequency response were depicted for IDVA, and therefore, the optimal frequency
response for IDVA was more flat than the traditional spring-damper DVA (Hu and
Chen 2015). In Brzeski et al. (2015), the dynamics of TMD with additional vis-
cous damper and inerter attached to the pendulum were investigated. In Marian
and Giaralis (2014), a tuned mass-damper-inerter (TMDI) passive vibration control
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configuration was proposed, which connected a traditional spring-damper TMD to
the neighboring mass through an inerter. The vibration suppression for mechanical
cascaded systems by using TMDI was analyzed (Marian and Giaralis 2014). In Siami
et al. (2018), the inerter-based isolators were applied to improve the isolation per-
formance of the famous statue Michelangelo Buonarroti Pieta Rondanini.

The application of inerter in aircraft landing gears has been investigated to sup-
press the shimmy vibration cased by the interaction between dynamic tire behavior
and landing gear structures. In Dong et al. (2015), the effect of inerters in the shimmy
vibration of aircraft landing gear structures was analyzed, where it was shown the
performances can be improved by using inerters, but also may yield instability prob-
lem which needs to be carefully designed. The nonlinearities in the landing gear
model incorporating inerters were analyzed in Liu et al. (2015). Recently, in Li et al.
(2017), the benefits of using inerter in main landing gear were further demonstrated
by considering torsional-yaw, lateral, torsional-roll motions.

In terms of other applications, in Evangelou et al. (2006, 2007), the inerter-damper
steering compensator was used to replace traditional one to stabilize the “weave” and
“wobble” motions in two-wheel motorcycles. In Hanazawa et al. (2011), Hanazawa
and Yamakita (2012), inerter was applied to flat-footed passive dynamic walkers,
where it was shown that faster and more energy-efficient walking can be achieved by
using ankle springs and inerters. In Graham et al. (2011), Limebeer et al. (2011), the
inerter was employed to address the problem of stabilizing aeroelastic instabilities
in long-span suspension bridges, and to simultaneously suppress buffeting. In Bakis
et al. (2016), the improvement on deck aerodynamic performance by using inerter
for a suspension bridge was investigated. In Zhao et al. (2016), wind tunnel tests
were conducted to compare the theoretical and the experimental results. In Hu et al.
(2015), the isolation property of several inerter-based isolators was investigated, and
parameter tuning methods with respect to Hy, and H, performances were proposed.

For general cascaded mechanical systems (mass-chain system), in Chen et al.
(2014), the influence of inerter on natural frequencies was investigated, and it was
theoretically demonstrated that the natural frequencies can be reduced by using inert-
ers. In Yamamoto and Smith (2016), the bounded disturbance amplification for mass
chains with passive interconnection was proved, and comparison between spring-
damper interconnection and spring-damper-inerter interconnection was conducted.
In Hu et al. (2018), the natural frequency assignment problem by using inerter was
studied. It was theoretically proved that mass-chain systems with inerters may have
multiple natural frequencies, where an eigenvalue of multiplicity m may occur only
if n > 2m — 1. Besides, it was proved that arbitrary assignment of natural frequen-
cies including multiplicities is not possible, but arbitrary assignment for distinct
natural frequencies is always feasible and requires at most n — 1 inerters for an n
degree-of-freedom system (Hu et al. 2018).
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1.4.2 Semi-active and Active Vibration Control with Inerters

In this section, the inerter-based semi-active and active vibration control systems
will be reviewed. The literatures will be classified into two categories. The first one
is the passive inerter-based systems, in the sense that the inertance of the employed
inerter cannot be controlled online. The second one is the semi-active inerter-based
systems, namely, the inertance of the employed inerter can be controlled online.

The passive inerter-based semi-active and active vibration control systems nor-
mally consist of a inerter-based passive network and a semi-active or active actuator.
For example, in Hu et al. (2012), Chen et al. (2015), the semi-active suspension
system were divided into a passive part and a semi-active part, where the passive
part was an inerter-based mechanical network, while the semi-active part was a
semi-active damper. In Hu et al. (2018), network synthesis was employed to design
the passive part by considering low-order mechanical admittances. In Zhang et al.
(2012), eight inerter-based networks were combined with skyhook controlled and
groundhook controlled actuators to verify the performance benefits of inerter. In Zil-
letti (2016), the performance of an inertial actuator consisting of a spring, a damper,
an inerter and an electromechanical transducer was analyzed, where it was shown
that the natural frequency reduction property of inerter can improve the stability of
the overall system and hence improve the performance. In Alujevia et al. (2018),
an inerter-based source/receiving two-degree-of-freedom vibration isolation system
was investigated, where the influence of inerter on the stability of the active system
was analyzed, and the performance benefits of using inerter were demonstrated.

Semi-active inerter is an extension of inerter, proposed in Chen et al. (2014),
defined as the inerter whose inertance can be controlled (adjusted) online (the detailed
definition can be found in Chap. 5 of this book). Draw on the experience of extending
passive damper to semi-active damper, it was natural to propose the semi-active
inerter concept. For example, in Tsai and Huang (2011), a variable-inertia device with
a magnetic planetary gearbox was proposed, where the variable inertia property can
be seen as a kind of semi-active inerter. In Li et al. (2014, 2015), vehicle suspension
using an adaptive inerter was studied, where the adaptive inerter was actually a
semi-active inerter. However, in Li et al. (2014, 2015), no physical realization of the
semi-active inerter was given.

The general physical realization of the semi-active inerter was given in Hu et al.
(2017), where it was shown that there are two general solutions to realize the semi-
active inerter. The first one is to adjust the transmission ratio online, and the other one
is to adjust the inertia of the flywheel online. Therefore, although up to now, several
realization methods for semi-active inerter have been proposed, they can always be
classified into these two solutions. For example, the variable-inertia device in Tsai
and Huang (2011) is realized by the first solution, that is using a magnetic planetary
gearbox to adjust the transmission ratio online. Moreover, in Brzeski et al. (2015),
a continuously variable transmission and gear-ratio control system was proposed to
realize the stepless and accurate changes of inertance, and in Brzeski et al. (2017),
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experiments were conducted to verify this kind of semi-active inerters. In Lazarek
et al. (2018), this semi-active inerter was applied to tuned mass damper systems by
considering the parameter identification problem. To use the second solution, in Hu
et al. (2017), a controllable-inertia flywheel was proposed to realize the semi-active
inerter, where the performance of the proposed semi-active inerter was experimen-
tally based on dynamic vibration absorption system.

The performance of semi-active inerter in various vibration systems have been
verified. In Chen et al. (2014, 2016), the force-tracking control strategy for the
semi-active inerter was proposed, and the benefits of semi-active inerter for vehicle
suspensions were demonstrated. In Brzeski et al. (2017), the performance of semi-
active inerter for tuned mass damper system was analyzed. In Hu et al. (2017), the
semi-active inerter-based adaptive dynamic vibration absorber was proposed and its
performance were verified. In Hu et al. (2017), a skyhook inerter configuration was
proposed, and semi-active inerter-based realizations of the skyhook inerter config-
uration were studied. In Zhang et al. (2018), the realization of the skyhook inerter
configuration by using hydraulic device of continuously adjustable inertance was
studied.

1.5 Conclusions

In this chapter, the mechanical element inerter has been introduced, in terms of
concept, physical embodiments, and the inerter-based vibration control systems. The
principal motivation of proposing inerter was for mechanical network synthesis by
completing the “force-current” analogy between mechanical and electrical systems.
However, the inerter has brought significant impact on vibration control systems.

Due to the invention of inerter, the spring-damper-inerter mechanical networks can
be systematically designed drawing the experience of electrical network synthesis.
Specially, the overall system can be classified into a given part and an interconnected
part to be designed. Then the given part is seen as the plant, while the part to be
designed is the controller. Then, the controller is deemed as “black box”, and designed
from an admissible space. For example, for passive controllers, the admissible space
is all the passive mechanical networks. Other similar admissible spaces could be
all networks with specific number of elements etc. In this way, the parameters and
the structure of the controller can be simultaneously considered (although maybe not
simultaneously designed). In this way, the overall performance can be improved, and
it is possible to propose new mechanical structures which could have been difficult
to be recognized by the conventional methods (Smith 2002a).

Another unique property of inerter is that a very large inertance (equivalent mass)
can be easily realized by using a small physical mass, which is advantageous for
vibration control systems. On one hand, the mechanical structure from the “black
box”” method always require small masses compared with other part of the systems.
For example, for vehicle suspensions, the mass of the suspensions strut should be
smaller than the vehicle body and the wheel. Therefore, itis possible for the traditional
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spring-damper-mass mechanical impedance synthesis (Piersol and Paez 2010) to
yield a large mass, but not practically feasible. On the other hand, inerter can be used
to simulate mass for some circumstances, specially for civil engineering structures
where large masses are beneficial but not feasible in practice.

As a mechanical concept, inerter can also be seen as a standard mechanical ele-
ment, similar to the spring and damper, when modelling, analyzing and controlling
mechanical systems. This means that inerter is not depended on any specific real-
izations, similar to the spring and damper. Actually, when modelling a mechanical
system using springs, we do not always care about the spring is a steel one or a gas
one. Therefore, inerter reveals the internal mechanism of some mechanical struc-
tures which at first sight are not relevant, and inerter is a standard summation of
these mechanical systems.
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Chapter 2 ®)
Analysis for Inerter-Based Vibration e
System

Abstract This chapter investigates the influence of inerter on the natural frequen-
cies of vibration systems. First of all, the natural frequencies of a single-degree-of-
freedom (SDOF) system and a two-degree-of-freedom (TDOF) system are derived
algebraically and the fact that inerter can reduce the natural frequencies of these
systems is demonstrated. Then, to further investigate the influence of inerter in a
general vibration system, a multi-degree-of-freedom system (MDOF) is considered.
Sensitivity analysis is performed on the natural frequencies and mode shapes to
demonstrate that the natural frequencies of the MDOF system can always be reduced
by increasing the inertance of any inerter. The condition for a general MDOF sys-
tem of which the natural frequencies can be reduced by an inerter is also derived.
Finally, the influence of inerter position on the natural frequencies is investigated
and the efficiency of inerter in reducing the largest natural frequencies is verified by
simulating a six-degree-of-freedom system, where a reduction of more than 47% is
obtained by employing only five inerters.

Keywords Natural frequency - Single-degree-of-freedom system *
Two-degree-of-freedom system + Multi-degree-of-freedom system -
Sensitivity analysis

2.1 Introduction

Inerter has been applied in various mechanical systems. However, among these appli-
cations, inerter always appears in some mechanical networks which possess more
complex structures than the conventional networks consisting of only springs and
dampers. The networks with inerters will surely be better than or at least equal to the
conventional networks consisting of only springs and dampers as they can always
reduce to the conventional ones when the values of element coefficients (spring stiff-
ness, damping coefficient, or inertance) become zero or infinity (Chen et al. 2012). It
is true that inerter can provide extra flexibility in structure, but the basic functionality
of inerter in vibration systems has not yet been clearly understood and demonstrated.

It is well known that in a vibration system, spring can store energy, provide static
support, and determine the natural frequencies, while viscous damper can dissipate
© Springer Nature Singapore Pte Ltd. and Science Press, Beijing 2019 19
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energy, limit the amplitude of oscillation at resonance, and slightly decrease the
natural frequencies if the damping is small (Tomson 1993). As shown in Smith (2002),
inerter can store energy. However, for the other inherent properties of vibration
systems such as natural frequencies, the influence of inerter has not been investigated
before.

The objective of this chapter is to study the fundamental influence of inerter on the
natural frequencies of vibration systems. The fact that inerter can reduce the natural
frequencies of vibration systems is theoretically demonstrated in this chapter and the
question that how to efficiently use inerter to reduce the natural frequencies is also
addressed.

2.2 Preliminary

It is well known that all systems containing mass and elasticity are capable of free
vibration, that is, the vibration occurring without external excitation (Tomson 1993).
Natural frequency of vibration is of primary interest for such systems. For a single-
degree-of-freedom spring—mass system shown in Fig. 2.1, the motion of equation
can be written as

mx + cx + kx = 0.

In another form,
¥+ 2w, % + w*x =0, 2.1)

k ¢ c
W, =4/ —, { = ———.
" Vm 2/mk

Here, w, is called natural frequency and ¢ is the mode damping coefficient.

where

Fig. 2.1 A single-degree-of-freedom spring—mass system
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Fig. 2.2 Model of a
vibration-based self-powered
system

Since the influence of damping on natural frequencies is well known, only the
undamped conservative systems are considered for simplicity. For the undamped
system, i.e., { = 0, the solution of (2.1) is

£(0)

x(t) = sin w,t + x(0) cos w,t,

n

where x(0) and x(0) are the initial velocity and displacement. This implies that the
system harmonically vibrates at the natural frequency.

For forced vibration cases, when the frequency of the excitation is equal to one
of the natural frequencies, there may occur a phenomenon known as resonance,
which may lead to excessive deflections and failure (Tse et al. 1979). In practice, it
is always desirable to adjust the natural frequencies of a vibration system to avoid or
induce resonance where appropriate. For example, for vibration-based self-powered
systems (Beeby et al. 2006) (as shown in Fig. 2.2), the natural frequency of an
embedded spring—mass system should be consistent with the environment to obtain
maximum vibration power by utilizing resonance, while for the engine mounting
systems (Yuetal. 2001), the natural frequency should be below the engine disturbance
frequency of the engine idle speed to avoid excitation of mounting system resonance.

The traditional methods to reduce the natural frequencies of an elastic system are
either decreasing the elastic stiffness or increasing the mass of the vibration system.
However, this may be problematic; for example, the stiffness values of an engine
mount that are too low will lead to large static and quasi-static engine displacements
and damage of some engine components (Yu et al. 2001). It will be shown below
that other than these two methods, a parallel-connected inerter can also effectively
reduce natural frequencies.
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2.3 Single-Degree-of-Freedom System

A SDOF system with an inerter is shown in Fig. 2.3. The equation of motion for free
vibration of this system is
(m+b)X +kx =0. (2.2)

Transformation of the above equation into the standard form for vibration analysis
yields
X+ a)ix =0,
k

where w, = /"= is called the natural frequency of the undamped system.

Proposition 1 The natural frequency w, of an SDOF system is a decreasing function
of the inertance b. Thus, inerter can reduce the natural frequency of an SDOF system.

Remark 2.1 Note that in Smith (2002), one application of inerter is to simulate the
mass by connecting a terminal of an inerter to the mechanical ground. Observing
(2.2), one concludes that the inerter with one terminal connected to ground can
effectively enlarge the mass which is connected at the other terminal.

2.4 Two-Degree-of-Freedom System

To investigate the general influence of inerter on the natural frequencies of a vibration
system, a TDOF system, shown in Fig. 2.4, is investigated in this section.
The equations of motion for free vibration of this system are

mi¥; 4+ ki(xy — x2) + b1 (¥; — X)) =0,
ma¥s — ki(x1 — x2) — bi1(X1 — ¥2) + koxs + bk, =0,

o
1| m
;

Fig. 2.3 SDOF system with an inerter
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Fig. 2.4 TDOF system with
two inerters

ki

B
-J

mi m:2

——3

=
b
5
b

or, in a compact form,
Mx + Kx = 0,

where M is called the inertia matrix and K is the stiffness matrix (Tse et al. 1979),

and
my + by —by ki —k1
[ —b; m2+b1+b2i|’ |:_kl k1+k2]

Note that the inertances b; and b, only exist in the inertia matrix M, but the
positions of b and b, are different as b; exists in all the elements of M while b,
only appears in the last element of M. Since one terminal of b, is connected to the
ground, b, effectively enlarges the mass m5, which is consistent with the conclusion
made in Remark 2.1.

The two natural frequencies can be obtained by solving the characteristic equa-
tion (Tse et al. 1979)

A() = |[K — Mo?|
= (mymy 4+ my(by + by) + maby + b1by)w* — ((my + ma)ky + miky +

kiby + biky)w” + kiky =0, (2.3)
which yields
aw:JhMﬁ+ﬁ— (i — "+ 4do). 04
2(f1 /2 — do)
o \/ kika(fi + fo + /(i — F2)7 + 4do) 03
" 2(fi f2 = do) ’ '

where fl = (ml +my + bz)kl, f2 = (m1 + b])kz, and d() = klkzm%.

Proposition 2 For a TDOF system with two inerters, both natural frequencies wy
and wyy are decreasing functions of the inertances by and b,.
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Proof The monotonicity of w,; and w,, can be proven by checking the signs of the
first-order derivatives of a),zl | and w%z in terms of f; and f,, respectively.

dog kika(q1 — q2)
af 2do — fi 22V (fi — f)? +4dy
w2, kika(q1 + q2)

0 2do— fi )i — f2)? + Ady

where g1 = (do + fH)V (i — f)* +4dy and g2 = fi(do — f3) + 3 fodo + f5-
Note that g; > 0 and

g} — g2 = 4do f2(fi — do/ 1),

2 a2
so one obtains |q;| > |g»|, which implies o1 < and 222 < 0, that is, both w,

of af
and w, are decreasing functions of inertancel b,. 1
Similarly,
do?, _ kika(q3 — q4)
0f2 2do — f1. £V (i = f)7 +4do
dwp, kik>(q3 + g4)

0 2do— i) — f2)? + Ady

where g3 = (do + )/ (fi — f)2 +4do and g4 = fo(do — f2) + 3 fido + f7.
Since g3 > 0 and g3 — qf = 4do f1(f> — do/f1)* > 0, one has |gs| > |qul,
2 a2

L;‘ < 0, and dw—;’ < 0, that is, both w,; and w,, are decreasing functions of
inertance b;. O

2.5 Multi-degree-of-Freedom System

From the previous two sections, one sees that inerter can reduce the natural fre-
quencies of both SDOF and TDOF systems. To find out whether this holds for any
vibration system, a general MDOF system, shown in Fig. 2.5, is investigated in this
section.

The equations of motion of the MDOF system shown in Fig. 2.5 are

Mx 4+ Kx =0,

T

where x =[xy, x2,...,x,]" ,and
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ki kn

|_| mr (- - Mn-1 |_| Mn
1

b,
J i J
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Fig. 2.5 MDOF system with inerters

[my + by —b
—by my+b+by —b
M= ,
| _bn—l my, + bn—l + bn
"k =k
—ki ki +ky —ko
K =

_knfl knfl + kn

It is well known that the free vibration of the MDOF system can be described by
the eigenvalue problem as follows (Tomson 1993; Zhao and DeWolf 1999)

(K-—Mlx)p; =0, (2.6)
where j =1,...,n, w,; = ,/A; are the natural frequencies of this system, and ¢;

is the jth mode shape corresponding to natural frequency w,; and is normalized to
be unit-mass mode shapes, i.e., ¢jTM¢j =1.

Sensitivity analysis is performed on the eigenvalues and eigenvectors with respect
to each inertance and the following proposition is derived.

Proposition 3 Consider the MDOF system shown in Fig. 2.5. For an arbitrary eigen-
value A, j =1, ..., n, and an arbitrary inertance b;, i =1, ..., n, the following
equations hold:

ah;
AD;; 1 = Aj

— =20 |~ + Y @i |, 2.8
ob; i\ 2% M—n; @8)
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%X ;
ab?

A
=20 [0 — > — @], (2.9)

where @;;, j =1, ..., n, is defined as

. N2
. M <(p§l) . (0;!-'-1)) Li#En
D =g; E%‘ = 2 .
’ ("’f ) : L=n
Proof The proof is inspired by the sensitivity analysis on natural frequencies (eigen-
values) and model shapes (eigenvectors) with respect to structure parameters in Zhao
and DeWolf (1999), Lin and Parker (1999), Lee and Kim (1999).
Sensitivity analysis on natural frequencies:
Considering the influence of the ith inertance b; on the jth natural frequency w,;,
the derivative of (2.6) with respect to b; is

) Y

K 9 M
ab;  ob; =

8 .
)¢j+(K—AjM)%=0. (2.10)
i

Premultiplying both sides of (2.10) by ¢; T and considering the relations that % =0
(K is independent of b;), ;7 (K — A;M) = 0, and ¢;"Mg; = 1, one obtains

N o™, o 2.11)
AT T A '
Note that B _
0
1 -1 .
~11 R
oM -
IV _ : (2.12)
ab; 0
[0
: s i=n
0
i 1

where the nonzero elements for the case i # n locate on the ith, i + 1th rows and
ith, i + 1th columns.
Thus, one obtains
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; N2
T N el 2.13)
il AT
where ;i =1, ..., n, denotes the ith element of ¢;.
Denoting
. N2
oM ((p;.') _¢;l+1)) ikn
Pij =0 G, i = %
ey
j
where j = 1, ..., n, one obtains (2.7). O

It is clearly shown in (2.7) that

%<07
ab; —

and the equality is achieved if ¢; ) = @;*1 fori # norg;™ = 0fori = n. Since
Jj and i are arbitrarily selected, (2.7) holds for any natural frequency with respect to
any inertance b;, which means that the natural frequencies of the MDOF system can
always be reduced by increasing the inertance of any inerter.

Note that for a discrete vibration system, A; > 0, j =1, ..., n always holds (if
A; = 0, the vibration system reduces to a lower degree-of-freedom system), then the
necessary and sufficient condition for % <0is

oM
— > 0. (2.14)
ob;

Thus, one obtains the following proposition:

Proposition 4 1. The natural frequencies of the MDOF system shown in Fig. 2.5
can always be reduced by increasing the inertance of any inerter.
2. The natural frequencies of any MDOF system can be reduced by an inerter if
the inertial matrix satisfies (2.14).

Remark 2.2 The second conclusion in Proposition 4 means that the vibration systems
of which the natural frequencies can be reduced by using an inerter are not restricted
to the “uni-axial” MDOF system shown in Fig. 2.5, but any MDOF system satisfying
(2.14), such as full-car suspension systems (Smith and Wang 2004), train suspension
systems (Wang and Liao 2009; Wang et al. 2011; Jiang et al. 2012), buildings (Wang
et al. 2010), etc.

Remark 2.3 Proposition 4 is easy to interpret physically. For a small increment of
inertance &, of a particular inerter b;, one obtains

oM
M:M()‘}-(;‘bi%, (215)
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Fig. 2.6 The permutation of natural frequencies of a three-degree-of-freedom system with m; =
100 kg, k; = 1000 N/m, i =1, 2,3 and by = b3 = 0kg, by € [0, 600] kg

where My is the original inertial matrix. Sine % is positive semidefine, (2.15) can
be interpreted as increasing the mass of the whole system, which will surely result

in the reduction of natural frequencies.

Note that from Proposition 4, it seems that any natural frequency of an MDOF
system will be reduced if an inerter with a relatively large value of inertance is
inserted since the added inertance can always be viewed as an integration of small
increments. However, this is not always true since there exist permutations of two
particular natural frequencies if the divergence between two eigenvalues of the orig-
inal system is not large enough or the increment of inertance ¢, is not small enough.
Figure 2.6 shows the permutation of the natural frequencies of a three-degree-of-
freedom system. As shown in Fig. 2.6, if one denotes the eigenvalues in the order
of Ay > Ay > ... > X, all the time, the A;,i = 1, ..., n, will always decrease when
the inertance increases. Hence, in the following sections, the eigenvalues are always
sorted in a descending order unless otherwise stated.

Remark 2.4 Note that the equality sign can be achieved for some natural frequencies
of a particular system. This means that for some particular system, it is possible to
reduce part of natural frequencies while maintaining others unchanged. This fact can
be demonstrated by using a Two DOF system as shown in Fig. 2.7. If m| = m, = m,
ky = k3 = k, by = b3 = b, then the natural frequencies of the system are

k
= ] ———, 2.16
Wnl m+ b ( )
k + 2k
W = | T (2.17)
m~+b+2b,

It is clear that increasing b, can reduce w,, but cannot reduce w;;;.



2.6 Influence of the Inerter Position on the Natural Frequencies 29

ki k> ks

—™

mi [N | me
U

X; X2

Fig. 2.7 A special TDOF system

2.6 Influence of the Inerter Position on the Natural
Frequencies

The fact that inerter can reduce the natural frequencies of any MDOF system sat-
isfying (2.14) has been demonstrated. However, for an MDOF system such as the
“uni-axial” MDOF system shown in Fig. 2.5, the influence of inerter position on a
specific natural frequency is still unknown. In particular, a practical problem is: for
a specific natural frequency such as the largest natural frequency, where is the most
efficient position to insert an inerter so that the largest reduction will be achieved? A
TDOF system shown in Fig. 2.4 will be investigated in detail and analytical solutions
will be derived for the TDOF system.
Considering (2.13) with n = 2, one obtains

oA ; 2
= (e o) (2.18)
0 _ @)’

where j =1, 2.

For a small increment of inertance, to compare the efficiency of reducing natural
frequencies in terms of b, and b, it is equivalent to compare the absolute values of
the derivatives in (2.18) and (2.19). Then, the following proposition can be derived.

Proposition 5 For a small increment of inertance and for a specific 1, j = 1,2, it
is more efficient to increase b than b, if

(2.20)

or
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ko
Aiop > L orhig < —m . 2.21
7 a4 by = g + by + 2m (22D
It is more efficient to increase b, than by if
P ki (2.22)
0> —, orkjg < ——, .
i by i by +2m;
or
k2 kz
———— < Ajp < ———, (2.23)
mo + by + 2m, my + by
where X jo, ] = 1, 2 denote the eigenvalues of the original system.
Proof Considering (2.6), one obtains
0,V — @ = Am 0;® (2.24)
/ / ki —xj(my+by)" "’
ko — Xi(my 4+ my + by)
= ’ 9%, (2.25)

)ijl

where j = 1, 2, and (2.24) is obtained by checking the first row of (2.6) and (2.25)
is obtained by summing the first and second rows of (2.6).
Note that

=15 (9, =9, = (9;7)?).

b,

o1,
3by

VM

Substituting (2.24) and (2.25), separately, one obtains the conditions in
Proposition 5. (]

Note that (2.20) and (2.21), (2.22) and (2.23) are equivalent, because (2.24) and
(2.25) are equivalent. Proposition 5 is only applied to the case that the increment of
inertance is small, as it is obtained by comparing the slopes of the tangent lines as
shown in the proof of Proposition 5. If large increments of inertance are allowed for
a given system that can be modeled as Fig. 2.4 and no inerter is employed in the
original system, the question that which is more efficient in terms of b, and b, will
be investigated as follows.

To answer this question, one needs to check two situations, where b, = 0 or
by = 0, respectively. If b, = 0, by = b, from (2.4) and (2.5), one has

(my +mo)ky +miky + koby — \/((ml +m)ki — miky — bi1k)? + 4kikym?

w1 = ,
"N 2(mymy + (my + m3)by)

(my +mp)ky +miky + koby + \/((ml +mky —miky — b1ky)? +4k]k2m%

: = .
"2 2(mymg + (my + m2)by)




2.6 Influence of the Inerter Position on the Natural Frequencies 31

If by =0, b, = b, one has

, (my +mo)ky +miky +k1by — \/((ml + mo)ky — miky + boky)? +4k1k2m%
w. = 5

n N 2(mymy +m1by)

, (my +ma)ky +miky +kibz + \/(('m +mo)ky — miky + bak1)? + dkikomy
“n2 = 2(mymy +myby) ’

The above question can be answered by comparing w, and w,, with @/, and /,,
respectively. Thus, one has the following proposition.

Proposition 6 Denote

_ kima(2miky — 2my + my)ky)
(ky = k) (miky — (my + ma)ky)”

0

For the larger natural frequency wy;:

Ifko < (1+ %)kb b is more efficient than b,;

Ifky > (1 + Z_T)kl’ by is more efficient in [0, by]; by is more efficient in [by, +00).
For the smaller natural frequency wy:

Ifkr > (1 + 2’"721)k1, by is more efficient than b,;

If ki <k, <(1+ 2%21)]{1’ b, is more efficient in [0, byl; by is more efficient in
[b07 +OO),

If ky < k1, by is more efficient than b.

Proof Denote by = b, = b,
dl = 2(1’)111’)12 + I’I’llb),
dy = 2(mymy + (m1 + ma)b),

dy = (m1 +mo)ky +miky + kob,
dy = (my +mo)k) +miks + kb,

ds =/ (bks + mky — (my + m)ky ) + 4y o3,

d =/ (bky — miky + (my + m)ky)? + 4k ko,

and

didy — dody — dds + dod
Fl(b)zwﬁl—w/ilz 1d3 2dy 1ds + dads
did,

o dids — dody + dyds — dod,
Fz(b)=a)32—wiz= 143 204 145 2 6.
dyd,

)
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Also denote
kimy(2miky — 2my + ma)ky)

- (ko — k1) (miky — (my +my)ky)

0

By direct calculation, it can be easily verified that both F;(b) = 0 and F>(b) =0
have solutions at 0 and by. However, note that F(b) and F,(b) cannot be zero at the
same time if b # 0, thus F;(by) = 0 and F>(by) = 0 cannot hold simultaneously.
Particularly, since b > 0, one is more interested in the cases that k, € [k, (1 +
my/(2m1))k;] and k, € [(1 + my/my)k;, 00), where by > 0.

Next, it is shown that the positive value of by ink, € [(1 + my/m3)k;, 00) belongs
to F>(b) = 0 and the other one belongs to F;(b) = 0. Denote

Ay = miky — (my +mo)ky,
AT = A3 + dkikoymy.

Then

2 2 2kym3
ds = \[bIG +285k0b + A3 = kob + A3 + Mo ().

)

1
b?

2k2m2 1

do = \[bIG — 2A5kib + A3 = kib — 3 + 2 +0(ﬁ

Hence, one has

dids — drdy + dds — dads

Fy(b) = ids
_ Ay (4b* + 4(my + ma)b + dmymy) _
- did,
dmy(maky — my(kimy — ka(my + m2))) s 1
dids b)’

Note that if A, < 0 and k, > kj, ork; < ky < (1 + my/my)k;, F>(D) is always
negative by omitting the higher order item O (%) This indicates that if ky <
(1 +my/m)k;, then F>(b) =0 only has the trivial solution 0, while if k, >
(1 +my/my)k;, then F,(b) = 0 has solutions at 0 and by. Consequently, if &k, <
(1 +my/my)ky, then Fi(b) = 0 has roots at 0 and by, while if k; > (1 + my/m1)ky,
then F(b) = 0 only has a trivial solution O.

Besides, since

did3z — dydy — dids + dordg
dydy ’

4oy (1 + m2) (k1 = ko)l — 4m m3 (ki — ko) = maky (m1 +m2) = O (4)
didy ’

Fi(b) =
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by the relationship of the coefficients and the roots of F;(b) and F,(b), one has
If ki, > (1 +my/my)ky, Fi1(b) <0 and F»(b) <0 for b € [0, by], F»(b) > 0 for
b € (bg, 00);
(1 +my/Cm )k <k, < (1 +my/mp)k;, F1(b) < 0and F,(b) < 0;
If ki<ki<( +m2/(2m1))k1, Fi(b) =0 for be][0,by], Fi(b) <0 for
b € (by, >0), and F»(b) < 0;
Ifk2 < k], F](b) > (0 and Fz(b) < 0.
Thus, Proposition 6 and the four cases shown in Fig. 2.8 have been proved. [

Proposition 6 has addressed four cases, which are k, > (1 + my/m)k;, (1 +
my/2m))ky < ky < (1 +ma/mki, ki <ky < (1 +mz/@2mi))ky, ka <ki. A
numerical example is performed with m; = m, = 100 kg, k; = 1000 N/m and &,
chosen as 2500, 1800, 1300, 500 N/m corresponding to the four cases in Proposi-
tion 6. The results are shown in Fig. 2.8, where one sees that in terms of the larger
natural frequency, although for small increment of inertance (about 0-250 kg) b is
more efficient than b,, for large increment of inertance, b, tends to be more efficient
than b;.

Note that the above discussion is based on TDOF systems. For a general MDOF
system, a similar argument as in Proposition 5 can be employed to determine the
efficiency of the position of inerter by comparing the absolute values of the deriva-
tives. For example, consider a six-degree-of-freedom system with m; = 100 kg,
i=1,...,6, and k; = 1000 N/m, k; = 1000 N/m, k3 = 2000 N/m, k4 = 2000
N/m, ks = 3000 N/m, k¢ = 3000 N/m. The objective is to find out the most effi-
cient position to insert an inerter so that largest reduction of the largest natural

o
ab;

2.759 x 1074, 0.0134, 0.1559, 0.8571, 1.5999, 0.4043, respectively. Note that

o
dbs

the most efficient position to insert an inerter, which is consistent with the simulation
shown in Fig. 2.9. Another method to find the most efficient position is by using
Gershgorin’s Theorem (Horn and Johnson 1988), which shows that the largest abso-
lute row sums is an upper bound of the largest eigenvalue. Hence, an efficient way
to reduce the largest natural frequency is to insert the inerter between the mass m ;
and m .| or m;_; and m ;, where the jth absolute row sum of MK is the largest
absolute row sum of M~!K. Taking the same six-degree-of-freedom system as an
example, one obtains

frequency will be achieved. By direct calculation, one obtains ‘ ,i=1,...,6as

’ possesses the largest value. Hence, the position between ms and m¢ would be

10 -10 0 0 O O

-10 20 -10 0 O O

0 —10 30 =20 0 O

1y

M K= 0 0 -20 40 -20 O
0 0 0 -20 50 -30
0O 0 0 0 =30 60
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Fig. 2.8 The natural frequencies of the TDOF system. a ky > (1 +ma/mi)k;; b (1 +
mz/(2m1))k1 <k <(l +m2/m1)k1; cki <k <+ mz/(zml))kl; d ky < kj. The red solid

line: wy1; the blue dashed line: o’

" 1> the red dash-dot line: w,2; the blue dotted line: a);lz
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Fig. 2.9 The largest natural frequency of a six-degree-of-freedom system
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The absolute row sums of MK are 20, 40, 60, 80, 100, and 90. Thus, one concludes
that the optimal way is to insert an inerter between ms and mg, which is consistent
with the simulation shown in Fig. 2.9 as well.

2.7 Design Procedure and Numerical Example

The problem of reducing the largest natural frequency of a vibration system is con-
sidered in this section, where the efficiency of inerter in reducing natural frequencies

will be quantitatively shown.

For the largest natural frequency, considering (2.8) and (2.9), one obtains

10y _
b, ~

Table 2.1 Structure model parameters

2

07
and > 0.

T

Floor masses (kg)

Stiffness coefficients (kN/m)

my = 5897 ki = 19059
my = 5897 ko = 24954
m3 = 5897 ks = 28621
ms = 5897 ks = 29093
ms = 5897 ks = 33732
me = 6300 ke = 232
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Fig. 2.10 Procedures. a first step; b second step: b4 = 5000 kg; c third step: b4 = 5000 kg, b, =
5000 kg; d fourth step: by = 5000 kg, b» = 5000 kg, bs = 5000 kg; e fifth step: by = 5000 kg,
by = 5000 kg, bs = 5000 kg, b3 = 3000; f sixth step: by = 5000 kg, b = 5000 kg, b5 = 5000 kg,
b3 = 3000, by = 1000 kg
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Table 2.2 Procedures and results

Steps Inertance (kg) Wmax (rad/s) Percentages (%)
1st bg = 5000 118.89 (11.22)
2th bs = 5000 b, = 5000 |100.19 (25.18)
3th bs = 5000 b, = 5000 | 90.49 (32.43)
bs = 5000
4th bs = 5000 by = 5000 | 78.15 (41.64)
bs = 5000 b3 = 3000
5th bs = 5000 b, = 5000 | 70.95 (47.02)
bs = 5000 b3 = 3000
b; = 1000
6th bs = 5000 by = 5000 | 70.91 (47.05)
bs = 5000 b3 = 3000
by = 1000
b =1 x 10

Note that @;; > 0 and the equality is achieved with (p;.i) = (p;.”l)

(p(.") = 0 when i = n, which means that for a specific inerter b;, i = 1, ..., n, the

largest natural frequency will always be reduced by increasing the inertance until the
two masses connected by inerter b; are rigidly connected.

In what follows, an intuitive and simple approach to lowering the largest natural
frequency for a given structure is illustrated by inserting the inerters one by one, where
the inerter in each step is placed at the most efficient position. Here, a procedure is
presented to reduce the largest natural frequency of a structure discussed in Kelly
et al. (1987), Ramallo et al. (2002) with parameters given in Table 2.1. Note that
the largest natural frequency wpax of this structure is 133.91 rad/s. The procedure to
reduce wmax 1s shown in Fig. 2.10 and Table 2.2.

when i # n, or

Procedure description:

Step 1  Figure 2.10a shows that b, is the most efficient regarding the original system
and for by > 5000 kg, wmax decreases slightly, and hence by = 5000 kg is selected;

Step 2 Figure 2.10b shows that b, is the most efficient regarding the original system
and b4 and by > 5000 kg, wmax decreases slightly, and hence b, = 5000 kg is
selected;

Step 3-Step 6  Similarly, from Fig. 2.10c to f, b5 = 5000 kg, b3 = 3000 kg, b; =
1000 kg, and bg = 1 x 10° kg are selected, respectively.

Note that the above-illustrated approach is not optimal as the natural frequencies
of a system can always be reduced by enlarging the inertance until the inertial matrix
M became singular, where all the natural frequencies become zero. However, the
efficiency of inerter in reducing natural frequencies can be clearly demonstrated by
this approach. As shown in Table 2.2, attenuation about 47.05% has been obtained.
It is worth pointing out that the required inertance for bg is 1 x 10° kg, which is
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quite large. However, the reduction of largest natural frequency is only improved by
0.03%. If the cost factor is considered in practice, bg can be omitted. In this way,
only five inerters are employed.

2.8 Conclusions

This chapter has investigated the influence of inerter on the natural frequencies of
vibration systems. By algebraically deriving the natural frequencies of an SDOF
system and a TDOF system, the fact that inerter can reduce the natural frequencies
of these systems has been clearly demonstrated. To reveal the influence of inerter on
the natural frequencies of a general system, an MDOF system has been considered.
Sensitivity analysis has been performed on the natural frequencies and mode shapes
to demonstrate that any increment of the inertance of any inerter in an MDOF system
results in the reduction of the natural frequencies. To that end, the effectiveness of
inerter in reducing natural frequencies of a general vibration system has been clearly
demonstrated. Finally, the influence of the inerter position has been investigated and
a simple design procedure has been proposed to verify the efficiency of inerter in
reducing the largest natural frequencies of vibration systems. The simulation result
has shown that more than 47% reduction can be obtained with only five inerters
employed in a six-degree-of-freedom vibration system.
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Chapter 3 ®)
Inerter-Based Isolation System oo

Abstract This chapter is concerned with the problem of analysis and optimization of
the inerter-based isolators based on a “uni-axial” single-degree-of-freedom isolation
system. In the first part, in order to gain an in-depth understanding of inerter from
the prospective of vibration, the frequency responses of both parallel-connected and
series-connected inerters are analyzed. In the second part, three other inerter-based
isolators are introduced and the tuning procedures in both the H., optimization and
the H, optimization are proposed in an analytical manner. The achieved H, and
H, performance of the inerter-based isolators is superior to that achieved by the
traditional dynamic vibration absorber (DVA) when the same inertance-to-mass (or
mass) ratio is considered. Moreover, the inerter-based isolators have two unique
properties, which are more attractive than the traditional DVA: first, the inertance-
to-mass ratio of the inerter-based isolators can easily be larger than the mass ratio
of the traditional DVA without increasing the physical mass of the whole system;
second, there is no need to mount an additional mass on the object to be isolated.

Keywords Vibration isolation *+ Hy, optimization - H, optimization -
Transmissibility - Analytical analysis.

3.1 Introduction

In this chapter, to further investigate the influence of inerter on vibration systems, the
performance of the inerter-based isolators based on a “uni-axial” single-degree-of-
freedom isolation system is studied. First, to gain an in-depth understanding of inerter
from the perspective of vibration, the frequency responses of both parallel-connected
and series-connected inerters are analyzed. It is shown that an extra invariant point,
which is independent of the damping ratio, can be introduced by using the series-
connected inerter. Then, to further tune the invariant points, three other inerter-based
isolators, each of which incorporates a spring, a damper, and an inerter, are proposed.
To facilitate the practical application, the optimal parameters of the inerter-based
isolators in both H,, optimization and H, optimization are analytically derived. An
analytical method is employed to calculate the H, norm performance measures of

© Springer Nature Singapore Pte Ltd. and Science Press, Beijing 2019 41
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the inerter-based isolators in this paper. In addition, the comparisons of the H, and
H, performances between the inerter-based isolators and the traditional DVA show
the superiority of the inerter-based isolators. Two properties make the inerter-based
isolators potentially more attractive than the traditional DVA: first, a relatively large
inertance can easily be obtained without increasing the physical mass of the whole
system (Smith 2002); second, there is no need to mount an additional mass on the
object to be isolated, as an inerter is a built-in component in the inerter-based isolators.

3.2 Preliminary

Vibration isolation is one of the most common vibration control categories, where
two situations are commonly encountered in terms of the vibrating source. The first
one is to protect the object from vibrating environment. For example, equipments
may be mounted on an isolator to be protected from an environment characterized
by severe shock or vibration. The other situation is the isolation of the vibrating
source. For example, a machine creating significant vibration during operation may
be supported upon isolators such that other parts of the systems or other machines
are less influenced (Piersol and Paez 2010).

InFig. 3.1, a “uni-axial” isolation system is shown, where the mass m is the object
to be isolated, the mass m  is the foundation, and Q(s) is the isolator to be designed.
The first situation discussed above can be described as the displacement transmissi-
bility problem and the later one is the force transmissibility problem (Carrella et al.
2012). In some cases, both tasks have to be addressed simultaneously (Rivin 2003).

For the displacement transmissibility problem with harmonic inputs, the absolute
transmissibility from x; to x; denoted as 1, can be obtained as

_lxl__ 10Gmje]
x| [ QUw)jo—mo? [

(3.1)

X

where o is the input frequency and F = 0.

For the force transmissibility problem with harmonic inputs, denoting F's as the
force transformed from the object to the foundation, the absolute transmissibility
from F' to F; denoted as wr can be obtained as

_E L my | O(jw)jw |
[ Fol m4my| Q(jow)jo—mepa? |

nr (3.2)

where F; = Fy.

Comparing (3.1) and (3.2), one concludes that i = pi, if only if m ; = 0o, which
means that for any passive isolator, the force transmissibility problem is equivalent
to the displacement transmissibility problem if only if the mass of the foundation is
sufficiently larger than that of the object.
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Fig. 3.1 Uni-axial vibration
isolation system
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For brevity, in this chapter, the assumption that m ; = oo is made and the absolute
displacement transmissibility and the absolute force transmissibility are identically
treated as o

M_IFiI_IMI_ | Q(w)jo |
[FI lxl | Q(wjo—me? |

(3.3)

where F is the force imposed on the object m, F; is the force generated by the isolator,
x1 and x; are the displacements of the object and the foundation, respectively. Q (jw)
is obtained by replacing the Laplace variable s in Q(s) with jw, where j is a complex
variable with j2 = —1 and Q(s) is the admittance of the isolator, i.e., the ratio of the
applied force F; over the relative velocity x; — x, in Laplace domain.

As shown in Fig. 3.1, Q(s) = lsﬁ + W(s), where W(s) denotes the admittances
of passive networks consisting of finite inter-connections of springs, dampers, and
inerters. For the traditional isolator without inerters, i.e., W(s) is a damper, the
transmissibility can be obtained as

|k +jco | \/ (1= g% + (2£9)> G

S lk=mo? tjcw| Y (1= g2+ (209)*
where g = a%”, .= Ci with ¢, = 2+/mk.

The frequency response, i.e., transmissibility u for the traditional isolator without
inerters is shown in Fig. 3.2, where an invariant point independent of the damping
ratio ¢ is depicted. The H,, optimization aims to minimize the maximum magnitude
of the frequency response, while the H, optimization aims to minimize the mean
squared displacement of the object under random excitation (Cheung and Wong
2011b).
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Fig. 3.2 Transmissibility u for the traditional isolator without inerters

Table 3.1 W(s) for configurations in Figs. 3.3 and 3.8, where s denotes the Laplace variable

Wil)=bstc |Wal) = | Wa() = Wa(s) = Ws(s) =
T SRt et

In this chapter, five inerter-based isolators will be investigated, as shown in
Figs. 3.3 and 3.8. Their admittances are summarized in Table 3.1.

To obtain a dimensionless representation, w, = \/g and ¢, = 2w,m = 2/mk
are used to denote the natural frequency and the critical damping of the isolation
system shown in Fig. 3.1 without W (s), respectively. Also, ¢ = a%’ = ﬁ, 8= %,
and A = ]f—l denote the frequency ratio, the damping ratio, the inertance-to-mass ratio,
and the stiffness ratio, respectively.

For the considered configurations as shown in Figs. 3.3 and 3.8, the transmissibility
w1 can be obtained by substituting Q; (jw) = Jiw + W;(w), i =1,...,5, into (3.3),
respectively, where W; (jw) are given in Table 3.1 by replacing s with jw.

3.3 Vibration Analysis for Two Simple Inerter-Based
Isolators

This section is to analyze the fundamental properties of inerter from the perspective
of vibration. Note that among all the applications of inerter, the main focus is to
optimize some inerter-based mechanical networks possessing more complex struc-
tures than the conventional networks consisting of only springs and dampers. The
proposed mechanical networks can be obtained either by using networks synthe-
sis (Wang and Chan 2011; Wang et al. 2012, 2014) or by giving some fixed-structure
networks (Smith and Wang 2004; Chen et al. 2014; Hu et al. 2014; Scheibe and
Smith 2009; Marian and Giaralis 2014; Lazar et al. 2014; Dylejko and MacGillivray
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Fig. 3.3 Two simple (a) ? (b)
configurations as W (s) of the
isolators in Fig. 3.1.a Cl; b

< b 1]
3 — ¢

2014). Although the benefits of using inerter can be effectively demonstrated by these
complex inerter-based mechanical networks, some fundamental properties of inerter
in vibration are overlooked due to the complexity of the structure. Consequently, it
lacks in-depth understanding of inerter from the perspective of vibration. In Chen
et al. (2014), the property that inerter can reduce vibration systems’ natural frequen-
cies is demonstrated. However, the influences of inerter on other aspects such as the
invariant property in frequency domain are still unclear. This motivated the inves-
tigation of this section based on two simple inerter-based configurations, as shown
in Fig. 3.3. The detailed analysis of the frequency responses of these configurations
constitutes the main contribution of this section.

Analysis of C1

For this configuration, the transmissibility can be obtained as

— bw? +i — 542)2 2
|k — ba? + jcw | _\/( (1 - 8¢2)% + (2¢q) 43)

k= m+ b +jew| VA=A +8)g)2 + Qg2

Figure 3.4 shows the transmissibility i with respect to different § and ¢, where
it is shown that an anti-resonant frequency (a particular frequency where minimum
magnitude is obtained) and an invariant point (a particular frequency where the
magnitude is independent of the damping ratio ¢ ) are introduced by using the parallel-
connected inerter. For the undamped case, the anti-resonant frequency ¢, can be

obtained as g, = \/; , and the resonant frequency or natural frequency is g, = 1+rs
Note that the natural frequency ¢, is a decreasing function with respect to §, which
is consistent with the result in Chen et al. (2014).

The transmissibility x in (3.5) can be rewritten as

_ [A?+B
H=Veceryp
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Fig. 3.4 Transmissibility p for the configuration C'1 when ¢ ranges from 0.02 to 1.2

where A = 4¢%, B = (1 — 8§¢*)?, C =4¢* and D = (1 — (1 + 8)g?)>. To find the
invariant points which are independent of damping, it requires

A _ B
c D’
that is,
(1 —68q%)?

(1= (1+8)g¢>*

Then, one obtains the nonzero invariant point g; as

[z
=\ 1x2

Obviously, g; is a decreasing function with respect to §, which means that the
parallel-connected inerter can effectively shift the invariant point left.

Figure 3.5 depicts the transmissibility o of configuration C1 when § = 1 with
some typical ¢. The magnitudes at the natural frequency ¢, the anti-resonant fre-
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(=G= 2(1I205)
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—

>
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dp qi qv g5

Frequency ratio q, w/wy,

Fig. 3.5 Transmissibility u for the configuration C1 when § = 1
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quency ¢, and infinity can be obtained as

1 1
M|q:qp = E m +4, (3.6)

Wlg=q, =2 |5 , (3.7)

/L|q»oo = (3.8)

1+’
where p|,—,, means the value of 4 when g = g;, j denotes p, b, or co.
From (3.6) and (3.7), it is clear that u|,—,, is a decreasing function with respect
to both § and ¢, and p|,—,, is an increasing function with respect to both § and ¢, as
shown in Fig. 3.4. From (3.7), one obtains that for the undamped case, i.e., ¢ = 0 or
¢ =0, plg=q, = 0, the effect of “dynamic absorption” of vibration occurs, which is
uncommon for single-degree-of-freedom systems (Rivin 2003).
Equation (3.8) shows that the transmissibility approaches to an asymptote at the
level of laﬁ when ¢ tends to co. For a given §, by solving the equation

. (1-8¢2+ Q) 8 (3.9)
VA= +8g)2+Qeg)r 148 '
one obtains that
V2 14268
B T R T ES DY e

82+8

2(1+25)
to an asymptote at the level of 1% when ¢ tends to oo, s is a critical value of ¢
in the sense that: if { < s, there exists a finite ¢ where the minimum of x occurs;
otherwise, p is uniformly larger than 1% and approaches laﬁ when ¢ tends to oo.
The curve with ¢ = ¢s is shown in Fig. 3.5.

Note that g, and g, are the natural frequency and the anti-resonant frequency of
the undamped case, respectively. For the damped case, the real natural frequency g,
and anti-resonant frequency ¢, for a specific damping ratio ¢ can be obtained by

setting the derivative of (3.5) to zero. Then, one obtains

1+28 —/14+822(1+26)
qpr =

Note that g5 isreal if and only if ¢ < &5 = . Since the transmissibility tends

2082+ 68 —2¢2(1 +28)) G-10)
14254+ /T +822(1 +26)
q”’_\/ 282468 —202(1428)) ©-12)
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It is clear that if ¢ ~ 0, g,, ~ q,, and g, ~ g, hold, but for a large ¢, it is not
sufficient to use this estimation.
In summary, one obtains the following remarks:

Remark 1 1. The parallel-connected inerter can effectively lower the invariant
point that is independent of the damping ratio ¢;

2. The magnitude at the natural frequency is a decreasing function with respect
to both the damping ratio and the inertance-to-mass ratio; the magnitude at
the anti-resonant frequency is an increasing function with respect to both the
damping ratio and the inertance-to-mass ratio;

3. The isolation at high frequencies is weakened by using the parallel-connected
inerter, where the magnitude tends to 1% when g tends to oo.

Analysis of C2
For this configuration, the transmissibility can be obtained as

%—ca)2+kja)|

H= k c : ’
| 5 — co? = T’ 4 (k — mo?)jo |

_ 8% +4(1 — 8g2%¢ a1
V820 = g2+ 40 — (1 +8)g?)* ¢ '

_ |A2+B
n= ot D’
where A = 4(1 — §¢*)?, B = §2¢%,C = 4(1 — (1 + 8)g*)?,and D = §%(1 — ¢*)%¢>,

the invariant points which are independent of damping can be similarly obtained
by setting

By rewriting (3.13) as

B
cC D’
that is,
1 —68q2 1
4 ___ 4 .
1 — (1 +8)g? 1—q2

For the case of plus sign, after simple calculation, one obtains 8g* = 0, which leads
to g = 0, a trivial result. For the case of minus sign, one obtains

8¢* —2(1 +8)¢> +2=0.

Then, one can obtain the two nonzero invariant points as

5 1 1
Gro=1+5+ 1+ 5 (3.14)
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Fig. 3.6 Comparison of the transmissibilities of configurations C1 and C2 when § = 1. Red bold
lines denote C2 and blue thin lines denote C1. The solid lines denote ¢ = 0O; the dash lines denote
¢ =5 = 0.5774; the dash-dot lines denote £ = ¢, = /T + 06 = /2

Denote gp < gg. It is easy to show that q%, < 1 and qé > 2, and both gp and g
are decreasing functions with respect to §. This indicates that, similar to the parallel-
connected inerter, the series-connected inerter can also effectively lower the invariant
points. Note that the magnitudes at P and Q are

1 1
Wg=gr = ‘— s Ma=gp = |75
g 1—gq> © 1—q5
Since g3 < 1 and g3, > 2, one obtains
Mlg=gp > 1 > plg=q,, (3.15)

which means that for a finite §, it is impossible to equalize the ordinates at the two
invariant points.

A comparison of the transmissibilities of configurations C1 and C2 is shown in
Fig. 3.6, where two invariant points P and Q of configuration C2 are depicted. It
is shown that for the same damping ratio ¢, the behaviors of configurations C'1 and
C2 are totally different. For example, for the case of ¢ = ¢, = +/2 (dash-dot lines
in Fig. 3.6), C1 is overdamped while C2 behaves similarly to the undamped case of
C1. This is caused by the series structure of C2, as by varying the damping ratio ¢
from O to oo, the configuration C2 is changed from the configuration with only a
spring to the configuration with a parallel connection of a spring and an inerter.

In summary, one obtains the following remarks:

Remark 2 1. Two invariant points, which are independent of the damping ratio,
can be introduced by using the series-connected inerter, and both the two invari-
ant points are decreasing functions with respect to the inertance-to-mass ratio;

2. For a finite inertance-to-mass ratio, the magnitude at the smaller invariant point
is larger than 1 and the magnitude at the larger invariant point is smaller than
1,.
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3. The series arrangement C2 behaves between the configuration with only a spring
and the configuration with a parallel connection of a spring and an inerter.

3.4 H, Optimization for Inerter-Based Isolators

In practice, in order to achieve good isolating performance, it is always desirable
to minimize the maximum displacement of the object, which is known as H,, opti-
mization (Cheung and Wong 2011a). In the previous section, it is shown that the
invariant point, the resonant frequency, and the anti-resonant frequency are directly
determined by the inertance-to-mass ratio 6. Therefore, in this section, Hy, tuning
procedures for a given § will be proposed.

For the configuration C1 in Fig. 3.3, the optimal damping in H., optimization for
a given § is oo, which is a trivial solution, as in this case the object and the foundation
are stiffly connected. For the configuration C2 with a given inertance-to-mass ratio
8, the optimal damping ratio ¢ for the H,, performance is the one making the curve
horizontally pass through the invariant P, as shown in Fig. 3.6. The rationality is
based on the fixed-point theory (Den Hartog 1985, Sect.3.3), the most favorable
damping is the one making the curve horizontally pass through the highest invariant
point. As demonstrated in Sect. 3.3, the magnitude of the invariant point P is always
larger than that of the other invariant point Q. Therefore, based on this consideration,
the optimal damping ratio ¢ for configuration C2 can be obtained as follows:

Proposition 3.1 For the configuration C2 with a given §, the optimal damping ratio
¢ in Hy optimization is

1

Proof See Appendix.

Note that two invariant points can be introduced by using the series-connected
inerter, and in order to further tune the two invariant points, an extra spring k; is
incorporated. Then, three inerter-based isolators are proposed as shown in Fig. 3.8.
The fixed-point theory (Den Hartog 1985, Sect. 3.3) is employed to derive the optimal
parameters for these three inerter-based isolators. The fixed-point theory can be
summarized as follows (Den Hartog 1985, Sect.3.3).

Procedure 1 [. For a given inertance-to-mass ratio 8, find the invariant points
which are independent of the damping ratio {, and denote the two smaller invari-
ant points as P and Q;

2. Adjust the spring stiffness ratio A so that the ordinates at the invariant points P
and Q are equal;

3. Calculate the damping ratio {p and L so that the curves of transmissibility |
vs. q horizontally pass through P and Q, respectively;
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Fig. 3.8 Three configurations as W (s) of the isolators in Fig. 3.1. a C3; b C4; ¢ C5

2 2
4. Obtain the optimal damping ratio as { = 4/ g”%

A graphical representation of Procedure 1 is given in Fig. 3.7, indicating the
required and output parameters in each step. According to this procedure, the optimal
parameters A and ¢ for each configuration are derived subsequently (Fig. 3.8).

Remark 3 The fixed-point theory (Den Hartog 1985, Sect. 3.3) actually yields a
suboptimal but highly precise solution as demonstrated in (Nishihara and Asami
2002). The merit of the fixed-point theory is that an analytical solution can be easily
derived, which makes it extensively employed in tuning dynamic vibration absorber
(DVA) (or tuned mass damper (TMD)). See, for example, (Ren 2001; Cheung and
Wong 201 1a; Asami et al. 1991) and references therein. This is also the reason why
it is employed in this paper. Please note that the optimal parameters derived in this
section are “optimal” in the sense of the fixed-point theory using Procedure 1, which
would be suboptimal in practice.

Proposition 3.2 The transmissibility for C3 can be obtained as

_ 1 =814+ Mg* +2jA(1 — 8¢*)q¢
1= (8414 6860)g% +8rg* +20(1 — (1 + 8)gH)q¢ |

1 (3.17)

As shown in appendix, there are three invariant points for C3 which are denoted
as P, Q, and R (qp < qg < qr), respectively. Following Procedure 1, the largest
invariant point R can be derived as
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13 1 3\> 4
2
1.3 S22 4o 3.18
Ix <5 2) 5 (3.18)

which possesses a relatively large value (q% > 3). The optimal stiffness ratio ) can
be obtained as

C2(qE8(L+8) — (1 +28)qr + 1D 2((1+28)(1 + 8)gp — 2(1 + 8))

5q3(qhs — 26+ D2 +2) g3+ 20)q% — 2(1 + 25 + 26%))
dr\4p qr dr dr 3.19)

The optimal damping ratio { can be obtained as

2 2
ST 5

where {,2, and g“é can be obtained as

)

oo 1=8(1+Mgp o\ (30 +1Q2 =1 +28)q3 o) — 282q5 o — D =83 )
e 1—843 42243
(3.21)

g% and qé are solutions of the following quadratic function with respect to g°:

=0. (3.22)

q* — 3(1+/\+3+A5)—q2 g+
82 K 821q%

Proof See appendix.

Procedure 2 [n summary, the Hy, tuning procedure for C3 is given below:

Obtain qg from (3.18);

Obtain A,p; by substituting qg into (3.19);

Obtain qp and qg by solving (3.22);

Obtain é‘[% and ;é by substituting qp and qg into (3.21), respectively;
Obtain the optimal £,p,; from (3.20).

SR W~

Note that in (Lazar et al. 2014), a similar tuning procedure was given for the
configuration C3 by following the procedure given in (Den Hartog 1985) as well.
The main difference between the method in this paper and the one in (Lazar et al.
2014) is the approach in calculating the optimal parameters A and ¢ . In this paper, the
analytical solutions of the optimal A and ¢ are given, thatis, (3.18), (3.19), and (3.21);
while in (Lazar et al. 2014), the optimal A and ¢ are obtained relying on numerical
iterations. Hence, the procedure in this paper is more convenient and reliable.

The transmissibility p of C3 for § = 0.2 is illustrated in Fig. 3.9.
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Fig. 3.9 Transmissibility u for C3 when § = 0.2

Proposition 3.3 The transmissibility for C4 can be obtained as

B 2(1 =81 +1)gH¢ +jdq
T 208rgf — (A + 8 +80)g2 + D +j8(1 —g>q |’

"

Following Procedure 1, the optimal stiffness ratio ) can be obtained as

1
A==
8

The optimal damping ratio { can be obtained as

th+ 85
é‘apl = ) s

where

) 82 (1 -5/ +98)
P 1)Vl T9) —0) (61 IVIRT D +9)
. 5 (1 + V5T FD)
CQ_4((1+3)M+5)((5+3)M—5)'

Proof See Appendix.
The transmissibility p of C4 for § = 0.2 is illustrated in Fig. 3.10.

Proposition 3.4 The transmissibility for C5 can be obtained as

B 1 =814+ M)g* +j2(h + 1)¢g
1=+ 84812+ 8rgt Fi2c(A+ 1 —AgD)q |’

7

53

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
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Fig. 3.10 Transmissibility x for C4 when § = 0.2

Following Procedure 1, the optimal stiffness ratio A can be obtained as

A:%(1—28+m>, (3.29)

which requires § < 1/2. The optimal damping ratio { can be obtained as

[$3 + 45
Copt = %, (3.30)

where
oo (1 =801 +M)q3 o) (1428 +25% —38rqg5 ) 331
ne 400+ g}, '
and
> 1

(1 + 21 +28(1 +A)2:t\/(28(1 + A2+ 1-22) +8A) .
(3.32)

.0 = 5000+ 1)

Proof See Appendix.

The transmissibility p of C5 for § = 0.2 is illustrated in Fig. 3.11.
Comparison between the traditional DVA and the inerter-based isolators

Now, all the optimal parameters for these inerter-based isolators in H, optimization
have been derived. In this section, the performance of the inerter-based isolators will
be compared with the traditional DVA as shown in Fig. 3.12. For the traditional DVA,

_ |A?+B
F=Vecoe+p
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Fig. 3.11 Transmissibility p for C5 when § = 0.2
Fig. 3.12 The dynamic
g y Xa

vibration absorber attached
to the object mass ma

ka Ca

X1

m
k
X2
where A = 432¢%, B = (1 — 84¢7)% C =422 (1 — (1 +8)¢?)” ¢*¢> + (1 — (1 +
§+80)g° + 5Aq4)2, and the mass ratio § and the stiffness ratio A are defined as
§="eand A = kﬁ, respectively.

It is well known that the optimal parameters for the traditional DVA (Ren 2001;
Cheung and Wong 2011a; Asami et al. 1991) are

6+ 1) 5 35
)Lopt = , gopl = .
5 1+5\8(1+9)
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Fig. 3.13 Comparison between traditional DVA and inerter-based isolators when § = 0.2
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Fig. 3.14 Comparison of the maximal p in Hy, optimization

Figure 3.13 shows the comparison between the traditional DVA and the inerter-
based isolators when the inertance-to-mass ratio (or mass ratio for traditional DVA)
8 = 0.2, where it is clearly shown that in terms of the same §, the configuration C4
provides comparable performance compared with the traditional DVA, whereas both
C3 and CS5 perform better than the traditional DVA. Such an observation is confirmed
by Fig. 3.14, where the comparison of the maximal © with respect to different § is
shown. The comparison of the optimal stiffness ratio A and damping ratio { with
respect to different § is shown in Fig. 3.15.

Note that the fundamental difference between the traditional DVA and the inerter-
based isolators is that the inertance-to-mass ratio of the inerter-based isolators can
easily be larger than the mass ratio of the traditional DVA, as large inertance can easily
be obtained without increasing the physical mass of the whole system. For example,
the inertance of a rack—pinion inerter or a ball-screw inerter can be significantly
magnified by enlarging the gear ratios (Smith 2002; Chen et al. 2009). However,
the mass ratio é for the traditional DVA is practically less than 0.25 (Cheung and
Wong 2011a; Inman 2008). From this point of view, the performance of the inerter-
based isolators can be further improved compared with the traditional DVA, and the
inerter-based isolators are potentially more attractive than the traditional DVA.
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3.5 H, Optimization for Inerter-Based Isolators

H, optimization aims to minimize the total vibration energy or the mean square
motion of the object mass when white noise excitation is enforced (Cheung and Wong
2011Db). In the case of random excitation such as wind loading instead of harmonic
excitation, the H, optimization would be more practical than the H,,, optimization. In
this section, the analytical solutions for the inerter-based isolators in H, optimization
will be derived and compared with the traditional DVA.

The performance measure to be minimized in H, optimization is defined as fol-
lows (Cheung and Wong 2011b; Asami et al. 1991):

_ Elx]

= , 3.33
2w Soa),, ( )

where Sy is the uniform power spectrum density function. Denoting u = |H (jg)| ,
the mean square value of x; of the object mass m can be calculated as

E[+?] =S f H () do = Sow / HiplRdg.  (334)

—0Q oo
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Substituting (4.12) into (4.11), one obtains
1 [ Lo
I = . |H (jg)I” dg, (3.35)
T J-

which is exactly the definition of the H, norm of the transfer function H (s) by
replacing jq in H (jq) with the Laplace variable s.
Therefore, the H, performance measure is rewritten as

~ 2
I= HH(S)HZ. (3.36)

In what follows, an analytical approach to calculating the H, norm of the transfer
function H (s) will be presented according to (Doyle et al. 1992, Sect.2.6), which has
been used to derive analytical solutions for vehicle suspensions in (Hu et al. 2014;
Scheibe and Smith 2009).

For a stable transfer function H (s), its H, norm can be calculated as (Doyle et al.
1992, Sect.2.6)

IH )3 = ICsI — A)'B|} =CLCT,

where A, B, and C are the minimal state-space realization H (s)=C(sI—A'B
and L is the unique solution of the Lyapunov equation given as

AL+ LA" + BB" =0. (3.37)
We can write H (s) as

bn,1S'1_1 4+ -4+ bis + by

H(s) =
) "+ ap_ 8"V as +ag

in its controllable canonical form below

X = Ax + Bu, y =Cx,

where
0o 1 0 0
0 1 0 0
A=| 1 o : ,B=|:|,C=[bo, b1, by ... by_q].
o 0 o0 ... 1 0
—ap —ay; —az ... —d,_1 1

Note that the analytical solution for the configuration C'1 cannot be derived by
using the above method, as the H (s) for C1 is not strictly proper. Actually, the H,
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norm of H(s) for C1 is infinity which can be obtained by observing Fig. 3.5, the
area under the frequency response curve of C1 which represents the H, norm of the
transfer function is infinity.

The procedure to derive the optimal parameters for C2, C3, C4, and C5 can be
summarized as follows:

Procedure 3

1. Analytically calculate the H, performance measure I using the method discussed
above. Denote the performance measure as I = F(A)¢ + @ where F (\) and
G (A) are functions of A with F(A) > 0, G(A) > 0;

2. Obtain the equations of optimal ¢ and I as &op =/ % and Iopt = 2/ F(L)G(A),

respectively;

Obtain the optimal X as the one minimizing F(A)G (L), denoted as Ayp;;

4. Obtain the optimal ¢ and I by substituting A, into the equations obtained in
Step 2, respectively.

w

Note that in Step 1 of Procedure 3, it includes the case that F (1) and G()) are
constants with respect to A. Following Procedure 3, the optimal parameters for C2,
C3, C4, and C5 in the H, optimization will be derived subsequently.

Proposition 3.5 For the configuration C2, the H, performance measure in (4.13)

A
1—-6+46 1 ( )
102 - 32 € I . 3.38

For a given &, the optimal ¢ is

5
ot = 2WI—6+682

After substituting Cop; into (4.23), the optimal I is

VI=5+8

IcZ,apt = 28

Proof Equation (4.23) can be obtained by direct calculation, and then the optimal ¢
and I, ,,; can be obtained subsequently.

Proposition 3.6 For the configuration C3, the H, performance measure in (4.13)
is
1 —8+82§+ 1 — 261 + 8227 + 8%
ST 42282¢

(3.39)
For a given §, the optimal A can be obtained as

2
)\o t = 82-8) 0 < 2’
P oo, &>2.
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Note that in the case of § > 2, C3 reduces to C2. For a given § and A, the optimal ¢

can be obtained as
_ 1 [1—=286x4+8%A
o =5 15462

Then, the optimal 1.3 can be obtained by substituting {,,, and A,p; into (4.40).

Proof Equation (4.40) can be obtained by direct calculation. The optimal A can be
obtained by checking the second part in (4.40). Since both parts in (4.40) are positive,
the optimal ¢ can be obtained subsequently.

Proposition 3.7 For the configuration C4, the H, performance measure in (4.13)
is
1 — 284 + 8242 + 28%4 — § 4 &7 1
Ly = —. 3.40
4 5 .+ i (3.40)

For a given §, the optimal A can be obtained as

1-8
55 <1
_ 5 )
A”’"‘{o, 5> 1.

Note that in the case of § > 1, C4 reduces to C2. For a given § and A, the optimal ¢
can be obtained as

1 5
o = E\/1 — 260 + 8202 + 2820 — 6 + 8%

Then, the optimal I.4 can be obtained by substituting ¢op; and Aop; into (3.40).
Proof The proof is omitted as it is similar to that of Proposition 3.6.

Proposition 3.8 For the configuration C5, the H, performance measure in (4.13)
is 343 2 3 2
0N +68(B8—2)A"+ (1 =258 +358")A+6

Ls=M+1%¢+ ( ) “2 ) : (3.41)

For a given § and A, the optimal ¢ and 1.5 can be obtained as

1 8303 + 6838 —2)A2 1 —28+38%)1 + 82
gopt = \/ + ( ) + ( + ) + N (342)
2(1+A) A
8303 4+ 838 —2)A2+ (1 —28 + 3831 + 82
IL'S,Upt =X+ 1)\/ Y . (3.43)

Let 2 be the set of real, positive solutions A of the quartic equation

4822 + (118 — 6)84% + (2 — 68 + 98922 + 84 — 8% = 0. (3.44)
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The optimal X is chosen from the elements of 2 as well as 0 that makes I.s op
minimum. If the optimal A is O, configuration C5 reduces to C1.

Proof Equation (4.41) can be obtained by direct calculation. Since both parts in
(4.41) are positive, the optimal ¢ and /.5 can be obtained as in (3.42) and (3.43),
respectively in a straightforward manner. In terms of (3.43), by making the derivative
of Ic5,,p: With respect to A zero, the quartic equation (3.44) can be obtained, and then
the optimal A can be selected from the real, positive solutions of the quartic equation
as well as co.

Comparison between the traditional DVA and the inerter-based isolators

Now, all the optimal parameters for the inerter-based isolators in H, optimization
have been derived. In this section, the performance of these inerter-based isolators
will be compared with the traditional DVA as shown in Fig. 3.12.
For the traditional DVA shown in Fig. 3.12, the H, performance measure can be
derived as
148 G+ 1D>=380E+2)A+ 522
8 ¢+ 402582¢

Ipya = , (3.45)

where the massratio § and the stiffness ratio A are definedas § = m,/mand X = k/k,.
Similar to the inerter-based isolators, the optimal parameters can be obtained as

28+ 1)
PSS +2) ]

8338 +4)
—4 (22T
§0pl (5+ 1)3
, 1 [ 38+4
DV A,opt — ) 5(5 + 1)

Figures 3.16,3.17, and 3.18 show the comparison between the traditional DVA and
the inerter-based isolators in H, optimization. As shown in Fig. 3.16, for the same
8, the inerter-based isolators C5 and C3 perform better than the traditional DVA
when § is less than 0.44 and 1.2, respectively, and the configuration C3 performs
slightly worse than the traditional DVA. As shown in Fig. 3.16, when § < 0.44, the
configuration C5 performs best among all the inerter-based isolators. From Fig. 3.17,
itis shown that the damping ratios ¢ of the inerter-based isolators are normally smaller
than the traditional DVA. The detailed values of the parameters are given in Table 3.2,
where it is shown that when § = 0.2, the inerter-based isolator C3 and C5 can provide
8.75% and 49.06% improvement compared with the traditional DVA.

Similar to the H,, optimization, the fundamental difference between the tradi-
tional DVA and the inerter-based isolators is that relatively large value of inertance
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Fig. 3.18 Optimal stiffness ratio A in H> optimization

can easily be achieved without increasing the physical mass of the isolation sys-
tem (Smith 2002; Chen et al. 2009), whereas the attached mass m, is normally quite
small and the typical mass ratio § for the traditional DVA is less than 0.25 (Cheung
and Wong 2011a; Inman 2008). In this sense, the performance of the inerter-based
isolators can be further improved by increasing the inertance-to-mass ratio § even
8 > 0.25, which is a potential advantage of the inerter-based isolators compared with
the traditional DVA.
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Table 3.2 Comparison of optimal parameters in H, optimization

(a) H, performance measure /

8 DVA C2 C3 Cc4 C5

0.1 3.1261 9.5394 2.9787 3.1623 1.0479
0.2 2.1890 4.5826 1.9975 2.2361 1.1152
0.3 1.7723 2.9627 1.5607 1.8257 1.2184
0.4 1.5236 2.1794 1.3077 1.5811 1.3798
0.5 1.3540 1.7321 1.1456 1.4142 1.6015
1 0.9354 1.0000 0.8660 1.0000 3.1087
2 0.6455 0.8660 0.8660 0.8660 6.5065
5 0.3979 0.9165 0.9165 0.9165 16.9393
(b) Optimal stiffness ratio A

8 DVA C3 Cc4 C5

0.1 11.5238 10.5263 9.0000 0.0796

0.2 6.5455 5.5556 4.0000 0.1787

0.3 4.8986 3.9216 2.3333 0.2824

0.4 4.0833 3.1250 1.5000 0.3426

0.5 3.6000 2.6667 1.0000 0.3542

1 2.6667 2.0000 0 0.3139

2 2.2500 00 0 0.2815

5 2.0571 00 0 0.2623

(c) Optimal damping ratio

) DVA C2 C3 Cc4 C5

0.1 0.2274 0.0524 0.0164 0.1581 0.4495
0.2 0.5837 0.1091 0.0476 0.2236 0.4014
0.3 0.9816 0.1688 0.0889 0.2739 0.3704
0.4 1.3930 0.2294 0.1376 0.3162 0.3827
0.5 1.8053 0.2887 0.1909 0.3536 0.4367

1 3.7417 0.5000 0.4330 0.5000 0.9004
2 6.8853 0.5774 0.5774 0.5774 1.9810
5 13.2637 0.5455 0.5455 0.5455 5.3157

3.6 Conclusions

In this paper, the performance of inerter-based isolators has been investigated by
applying five configurations with inerter in a “uni-axial” isolation system. In the first
part of this paper, the frequency responses of the inerter in parallel connection and the
one in series connection are analyzed. It has been analytically demonstrated that both
the parallel-connected inerter and the series-connected inerter one can effectively
lower the invariant points, and the isolation for high frequencies can be weakened by
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using inerter. In the second part of this paper, both H,, and H, performances have
been considered for the proposed inerter-based isolators. The fixed-point theory and
the analytical method in calculating H, norm are employed to analytically derive the
optimal parameters in Hy, and H, optimization, respectively. The performances of
the inerter-based isolators have also been compared with the traditional DVA to show
the benefits of the inerter-based isolators. On one hand, it has been shown that for
the same mass ratio or inertance-to-mass ratio, two inerter-based isolators perform
better than the traditional DVA. On the other hand, two unique properties make the
inerter-based isolators potentially more attractive than the traditional DVA: first, a
large inertance can easily be obtained for inerter without increasing the physical mass
of the whole system; second, the inerter is a built-in element and there is no need to
mount an additional mass to the object to be isolated.

In practical applications of the inerter-based isolators, the large transmission ratios
employed in the physical embodiments of inerter will amplify the internal friction
of the rotating device with a gain that is equal to the square of the transmission ratio.
This could lead to an amount of damping at a system level larger than the optimal
one, which may render the proposed inerter-based isolators far from an ideal design.
More research work needs to be carried to find low-friction designs to be used with
high amplification ratio.

Appendix

Proof of Proposition 3.1

Observing Fig. 3.6, it is shown that the curve horizontally passing through P indicates
the optimal damping. This optimal damping can be obtained by solving the following
equation:

—=0. (3.46)

Denote = /2, where n = §’q*> + 4(1 — 8¢*)*¢%, m = §*(1 — ¢»)*q* +4(1 —
1+ 8)q2)2§ 2, Equation (3.46) can be written in another form as

n'm—mn=0,

where n’ = 9n/3q* and m’ = dm/dq>. For the invariant point P,

n 1 (1-5g)?
m - (1—g2?  (1—(1+8¢>?*

therefore,
(A —g»H*n' —m' =0.
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Since
n' = —8(1 —8g*)8c% + 82,

m' = —8(1 — (1 4+8)¢) (6 + D¢+ 821 — ¢¥) (1 — 3¢?),

after substituting ¢gp into (3.14), one obtains

1
Copt = E\/5(1 +8— 1+ 82).

Proof of Proposition 3.2

Denote
A =421 —-58¢5%% B=(1-5814+1gH%

C=4)*1—(1+8)qg>%q* D=(1— G+ 1+810q>+5rgh>2.

Then, w in (3.17) can be rewritten as

_ |AL2+B
W= /m. (3.47)

To find the invariant points which are independent of damping, it requires

A B
C D’
that is,
1 —8q> 1—8(141)g?

1—(1+8)q¢> ~1—(G+1481)qg2+srg*

With the plus sign, after cross-multiplication, one obtains Squ(’ = 0, which leads to
the trivial solution g = 0. With the minus sign, after simple calculation, one obtains

82rg® —28(A + 8+ 14+ 80)g* +2Q28 + 1 +80)g> —2 =0, (3.48)

which is a cubic form in g2. Therefore, there are three invariant points for the con-
figuration C3.

Denoting these three invariant points as P, Q,and R (gp < qg < qr), separately,
one obtains
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2
q%+q§+q,€=§(x+5+1+xa), (3.49)
2
9pa09% = 537 (3.50)
2
qpdp + 99k + A9k = 525 28+ 1+80). (3.51)

Since at points P and Q, the values of  are independent of ¢, then in the case of
¢ = 00, one obtains

‘ 1—dqp | _|_1-84p
1—(+8q3| |[1-1+8q
It can be checked that

1-3843 1 — 384

’

—_— > — <0
I —(1+8)qgp 1—(1+8)qQ

Then, one obtains
2
1 —8q3 1 —d4qp

1—(1+8g;  1-(1+8q}

After cross-multiplication and simplification, one obtains
25(1+8)qpqp — (@p +qp)(1 +28) +2 = 0. (3.52)

Substituting (3.50) and (3.51) into (3.52), one can obtain a quadratic equation with
respect to q,ze as

SA(1 +28)gk — 200 + 281 + 38 + 282 + 1 +218%) g% +4(1+8) =0. (3.53)

Note that g is the same solution as both (3.48) and (3.53) for the same § and A.
Solving A from (3.48) and (3.53), separately, one obtains

L 2@rd(+8) — (1 +28)g5 + 1)

; (3.54)
897 (qzd —2(8 + Dgg +2)
O 2((1+28)(1+8)g3 — 2(1+)) (3.55)
T gA(8(1+28)g% —2(1 +28 +282)° :
Equating the solutions and simplifying the results, one obtains
Sqh — (2+38)qx +2=0. (3.56)

Then, one obtains q,2e as shown in (3.18).
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From (3.18), it is easy to show that q,ze > 3, which is relatively large compared
with the natural frequency. This can explain why only invariant points P and Q are
involved in the Hy tuning of C3.

In this way, the optimal A can be obtained by substituting g% in (3.18) into (3.54)
or (3.55). After obtaining A, all the three invariant points can be obtained by solving

gt — i(1+/\+5+/\5)—q2 qHL:o
A K hgy

which is obtained from (3.50) and (3.51).

The procedure of calculating the optimal damping ratio ¢ is similar to the proce-
dure in appendix, where the optimal { makes the gradients at invariant points P and
Q zero. After calculation and simplification, one obtains (3.21). Taking an average
of ;12, and §é, one obtains the optimal ¢, as in (3.20).

Proof of Proposition 3.3

Denote
A=4(1-5041)g>? B =84,

C=4(1 — (1 +8+80M)q* +8rg*)% D = 8*(1 — ¢»)*q*,

and w in (3.23) can be rewritten as

B [AC2 + B

To find the invariant points which are independent of damping, it requires

A B
C D’
that is,
1 =801+ M)g? 1
(1+M)q _ 4

1—(148+80)g2+8rg* 1 —q*

Again, with the plus sign, one obtains the trivial solution zero, and with the minus
sign, one obtains

S(1+20)g* —2(1 4+ 8 +81)g*> +2=0. (3.58)

Then, one obtains the two invariant points P and Q (gp < qg) as

148+ +8+81)2 —28(1+2A)

2
— 3.59
r.0 5(1+2%) (3:39)
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Letting the ordinates at invariant points P and Q equal, one has

1
l—qé

1
1—q}

It can be checked that # > (0 and +q2 < 0. Then, one obtains

P 1-q5

1 1

l—qz  1-gq3

After cross-multiplication and simplification, one has
qp +aqy =2. (3.60)
Considering (3.58), one obtains

2(1 484 61) _,
S(14+2x)

’

which leads to (3.24).

Similar to the method in appendix, the optimal ¢ can be obtained by making u to
have zero gradients at invariant points P and Q. After calculation and simplification,
one obtains

2 52
2 = dp.0 .
P4 (1-800+Mq2 o) (1 +28+261 — 8(1 +31)q3 )

After substituting (3.59) and (3.24), one obtains (3.26) and (3.27).
Taking an average of ;[% and ;‘é, one obtains the optimal ¢,,, as in (3.25).

Proof of Proposition 3.4

Denote
A =404+ 1%% B =(1-8(1+1g»%,

C=40+1—-1¢H%* D=1 — (148 +80)q>+ 18¢*)>.

Then, w in (3.28) can be rewritten as

_ [A:2+B
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To find the invariant points which are independent of damping, it requires

A B
c D’
that is,
A+1 1 —68(1+1)q?

A+1—2g2 " 1—(1+8+081)q2+8rg*

Similarly, with plus sign, one obtains the trivial solution zero, and with minus sign,
one obtains

200+ Dg* — (1420 +28(1+ 1)) g* +2(A + 1) = 0. (3.62)

Thus, one obtains the two invariant points P and Q (¢p < gg) as in (3.32).
Letting the ordinates at invariant points P and Q equal, one has

a1
Y

A+ 1
A+ 1—2g3

It can be checked that W > 0 and ﬁ < 0. Then, one obtains

A+1

A+l L+ 1
A+1-2gp  A+1-1rg)

After cross-multiplication and simplification, one has

2

20+ 1)
G +ah="

A

Comparing with (3.62), one obtains

1420 4+25(1+20) 2L +1)
2600+ 1) I

’

which leads to
2602 —2(1 =281 +25 — 1 =0.

It can be checked that this equation has real solutions if and only if
5 <1/2.

Under this condition, the optimal A can be obtained as in (3.29).
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Note thatif § = %, from (3.29), one has A = 0 or k = o0. In this case, C5 reduces

to C1. Thus, the more reasonable assumption is § < % rather than § < %

Similarly, the optimal ¢ can be obtained by making p to have zero gradients at
invariant points P and Q. After calculation and simplification, one obtains {5 and
¢g asin (3.31).

Taking an average of ;I% and §é, one obtains the optimal ¢,,, as in (3.30).
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Chapter 4 ®
Inerter-Based Dynamic Vibration oo
Absorption System

Abstract This chapter is concerned with the H,, and H, optimization problem
for inerter-based dynamic vibration absorbers (IDVAs). The proposed IDVAs are
obtained by replacing the damper in the traditional dynamic vibration absorber
(TDVA) with some inerter-based mechanical networks. It is demonstrated in this
chapter that adding one inerter alone to the TDVA provides no benefits for the Hy,
performance and negligible improvement (less than 0.32% improvement over the
TDVA when the mass ratio less than 1) for the H, performance. This implies the
necessity of introducing another degree of freedom (element) together with inerter
to the TDVA. Therefore, four different IDVAs are proposed by adding an inerter
together with a spring to the TDVA, and significant improvement for both the Hy,
and H, performances is obtained. Numerical simulations in dimensionless form show
that more than 20 and 10% improvement can be obtained for the H., and H, per-
formances, respectively. Besides, for the Hy, performance, the effective frequency
band can be further widened by using inerter.

Keywords Dynamic vibration absorber - IDVA - H,, optimization *
H, optimization + Dimensionless analysis

4.1 Introduction

Dynamic vibration absorber (DVA) is an auxiliary mass system attached to a vibrating
primary system to reduce undesired vibration, which is widely used in the fields of
civil and mechanical engineering for its simple design and high reliability (Den
Hartog 1985). In the first DVA proposed by Frahm in 1909 (Frahm 1909), only a
spring was employed, and it was useful only in a narrow band of frequency. In 1928,
the damping mechanism was introduced by Ormondroyd and Den Hartog (1928),
which is a parallel arrangement of a spring and a damper, and as a result, the effective
frequency band was significantly widened. It was also pointed out in Ormondroyd
and Den Hartog (1928) that for the spring—damper DVA (in this chapter, itis called the
traditional DVA or TDVA) and undamped primary system, there were two frequencies
called fixed points, where the magnitudes were independent of the damping, and the
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optimal setting of the spring stiffness was the one equalizing the magnitudes at
the fixed points, and the optimal damping was the one making the curves of the
frequency response horizontally pass through the fixed points. Such a tuning method
is still in use today and currently known as the fixed-point method (Den Hartog 1985),
which has been demonstrated to be a suboptimal H,, optimization method (Nishihara
and Asami 2002). The exact solutions were analytically derived in Nishihara and
Asami (2002) and it was also shown that the fixed-point method actually yielded
an approximate but highly precise solution (with less than 0.5% deviation when the
mass ratio less than 1). Another common performance measure of tuning DVA is the
H, performance measure, which is desirable when the primary system subjected to
random excitations. The objective of H, optimization is to optimize the total vibration
energy of the system over all frequencies (Crandall and Mark 1963). For the TDVA
with undamped primary systems, the optimal tuning frequency and damping ratio
were investigated in Crandall and Mark (1963), and then the analytical solutions
were derived in Asami et al. (1991). For damped primary systems, various design
methods and tuning criteria have been proposed, such as those in Anh and Nguyen
(2013), Asami et al. (2002), Ghosh and Basu (2007), Bekdas and Nigdeli (2013), and
the applications of the TDVA in nonlinear and distributed primary systems have been
investigated (Cheung and Wong 2009; Pai and Schulz 2000; Miguelez et al. 2010).
The active DVAs utilizing feedback control actions have also been proposed (Gao
et al. 2013; Si et al. 2014; Zhan et al. 2013).

Vibration absorption is one of the potential applications of inerter (Smith 2002).
In Smith (2002), the problem of designing inerter-based networks to absorb vibration
at a specific frequency was studied. Thereafter, the suppression of vibration over a
broadband frequency by using inerter has been proposed. In Lazar et al. (2014),
an inerter-based configuration (C4 in this chapter) was employed between adjacent
storeys to suppress the vibration of a multistorey building. In Hu et al. (2015), optimal
solutions for several inerter-based isolators (including all the configurations except
C5 in this paper) were algebraically derived based on a “uniaxial” vibration isolation
system. In Marian and Giaralis (2014), a new configuration incorporating an inerter
was proposed and applied to a mechanical cascaded (chain-like) systems. In Brzeski
et al. (2014), the dynamics of a tuned mass absorber with an additional viscous
damper and an inerter attached to the pendulum was investigated.

In this chapter, a novel structure for inerter-based DVAs (IDVAs) is proposed by
replacing the damper in the TDVA with some inerter-based mechanical networks,
and both the Hy, and H, performances of the proposed IDVAs are investigated. It
is demonstrated in this chapter that adding an inerter alone to the TDVA, no matter
it is in parallel connection or in series connection, provides no benefits for the H,
performance and negligible benefits (less than 0.32% improvement over the TDVA
when the mass ratio less than 1) for the H, performance. In contrast, by adding
an inerter together with a spring to the TDVA (e.g. C3, C4, C5, and C6 in this
chapter), both Hy, and H, performances can be significantly improved. Over 20%
improvement compared with the TDVA can be obtained for the Hy, performance,
and the effective frequency band can also be further widened by using inerter. For
the H, performance, it is analytically demonstrated that the IDVAs proposed in
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this chapter perform surely better than the TDVA and over 10% improvement is
obtained in numerical simulation. Moreover, a minmax framework directly using the
resonance frequencies is proposed for the H,, optimization, and an algebraic method
to analytically calculate the H, norm is employed for the H, optimization. All these
constitute the main contributions of this chapter.

4.2 Preliminary

The traditional spring—damper DVA is shown in Fig. 4.2a, where the mass M is the
primary mass, i.e., the main structure the vibration of which is to be controlled. The
spring—damper—mass (k, ¢, m) system is the DVA to be designed. The commonly
used method for parameter tuning is the so-called fixed-point method (Den Hartog
1985), which can be summarized as follows.

The frequency response of the spring—damper DVA with respect to various values
of absorber damping is shown in Fig. 4.1. It is obvious that if the damping is zero,
the spring—damper DVA reduces the spring-only DVA (Frahm 1909); while is the
damping is oo, the two masses are rigidly connected together then a single-degree-
of-freedom system is obtain. For both cases, the magnitudes are infinity, as shown
in Fig. 4.1. Therefore, there must exist a value of damping where the peak of the fre-
quency response is minimal. This result can also can be explained by from the energy
dissipation point of view. The amplitudes of the masses are reduced by converting
the kinetic energy into heat via the damper (Den Hartog 1985). The work done by the
damping force can be calculated by the force times the relative displacement. For the
case of zero damping, no work is done, and hence the amplitude is infinity; for the
case of infinity damping, the two masses are clamped together such that the relative
displacement is zero, and hence no work is done either. There must exist a damping
where the work done by the damping force is maximal and then the amplitudes are
minimized.

—c/er =0

--c/er =0.1

---c/er = 0.3
cfer = o0

) w.
w/wn

Fig.4.1 Frequency response of the primary mass with respect to various values of absorber damping
for traditional spring—damper DVA (Den Hartog 1985)
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Observing Fig. 4.1, it is shown that two invariant points independent of the
damping are depicted. Therefore, the most favorable curve is the one which has
equal heights of the invariant points and a horizontal tangent through these invariant
points (Den Hartog 1985). Then, two steps are generally required for the fixed-point
method: first, a proper choice of the spring stiffness where the heights of the two
invariant points are equal; second, a proper choice of the damping coefficient where
the curve passes through the invariant points horizontally. Since it normally not possi-
ble to find adamping coefficient such that the curve simultaneously passes through the
two invariant points horizontally, some approximations are usually employed (Den
Hartog 1985).

4.3 Inerter-Based Dynamic Vibration Absorbers

Figure 4.2 shows the comparison between the IDVAs proposed in this chapter and the
TDVA, where the IDVA is obtained by replacing the damper in the TDVA with some
inerter-based mechanical networks. The entire networks employed in this chapter
are shown in Fig. 4.3. The equations of motion for the whole system in the Laplace
domain are

Ms*x = F+ F; — Kx, 4.1)
mszxa = —Fy, 4.2)
Fy = (k+sY(s)) (xg — x), (4.3)

where Y (s) is the admittance of the inerter-based passive mechanical networks and
F, is the force of the DVA imposed on the primary mass M.
From (4.2) and (4.3), one obtains,

(a) . Xa (b) - Xa

d_
k € k :_Y(s) ll
F(1) o Rt

M M
K é K %
Fig. 4.2 Dynamic vibration absorbers (DVA): a traditional dynamic vibration absorber (TDVA);
b inerter-based dynamic vibration absorber (IDVA)
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Fig. 4.3 The employed inerter-based networks as Y (s) in Fig. 4.2

F; = —R(s)x,

where
_ (k + sY (s))ms>

Ris) = k+ms?2+sY(s)

Then, one obtains the displacement transfer function as

X 1
H(s) = o= 4.4)

s S+ LR+

where x; = F/K and o, =,/ % are the static displacement and natural frequency
of the primary system, respectively.
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The admittance of each network in Fig. 4.3 is shown in Table 4.1, where Y; (s),
i=1,...,6corresponds to C;, i =1,...,6 in Fig. 4.3, respectively. Substituting
each Y; (s) into (4.4), one can obtain the detailed transfer function for each configura-
tion. To obtain the dimensionless representation of each configuration, the following
dimensionless parameters are defined as

M = 3; © mass ratio
8= % : inertance-to-mass ratio
¢{ = —— : damping ratio
_w - 4.5)
n = 3= : corner frequency ratio
y = 2= : natural frequency ratio
A = 2 : forced frequency ratio
where
Wy = 4 /% : natural frequency of the DVA
wp = % : corner frequency of the DVA (4.6)
W, = % : natural frequency of the primary system

Remark 4 n this chapter, the force—current analogy between mechanical and elec-
trical networks is employed, and admittance is defined to be the ratio of force to
velocity, which agrees with the usual electrical terminology (see Smith 2002 for
details). Such a definition is consistent with some books (Shearer and Murphy 1967,
p. 328), but not others which use the force—voltage analogy (Hixson 1988).

Remark 5 Since the natural frequencies would be perturbed by using inerter as
demonstrated in Chen et al. (2014), w,, and w, are not the real natural frequencies
of the whole system. Neither is wy the real corner frequency. Here, these notations
are employed just for dimensionless representations.

Replacing s with jw in (4.4), the frequency response functions in a dimensionless
form can be obtained as

Rni + jlni

—,i=1,...,6, 4.7
Rmi +]1mi

H;(j3) =

where Ry;, i, Ryi,and I,;,i =1, ..., 6 are functions with respect to X, y, §, and
¢. The detailed representations are given in Appendix.
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Table 4.1 Admittance Y (s) for each configuration in Fig. 4.3

Yi(s) =bs +c Ya(s) = 1t Y3(s) =
bs " c ki T s
Ya(s) = 1 Ys(s) = —— Ye(s) = 1

4( ) k711+L+% 5( ) kf]ihl\_'*'% 6( ) bxl+r+ﬁ

4.4 H,, Optimization for the IDVAs

4.4.1 Minmax Optimization Problem Formulation

The objective of the H,, optimization is to minimize the maximum magnitude of
the frequency response |H;(jA)|, i = 1,...,6, which is known as the H,, norm
of H;(s) with s = jA. For the TDVA, the fixed-point method (Den Hartog 1985) is
commonly used to analytically obtain the optimal parameters (Den Hartog 1985, Sect.
3.3). Since there always exist more than two fixed points with respect to the damping
ratio for IDVAs, it is difficult to obtain simple and analytical representations for
optimal parameters. Given this fact, in this chapter, a minmax optimization problem
is formulated as follows to directly minimize the magnitude at resonance frequencies.
For a given mass ratio u, solving the follow minmax problem

min (max (|Hi(jkl)|)> i=1,...,6 4.8)
3,18 M

subjecttod >0,y > 0,7 >0,¢ >0,and A;,] =1, ..., N, are the real and positive
solutions of the following equation:

| H; (jMI?
— =0, 4.9
wherei =1, ..., 6 corresponds to the six IDVAs in Fig. 4.3, respectively.

The underlying idea of the minmax problem (4.8) and (4.9) is, instead of using
the fixed points to approximately minimize the H,, norm as done in the fixed-point
method (Den Hartog 1985), here the resonance frequencies are directly used to
exactly minimize the H,, norm. This is inspired by the method in Nishihara and
Asami (2002), where the two resonance frequencies were employed to derive the
exact solutions for the TDVA. Note that the solution set of (4.9), that is A;, [ =
1, ..., N, contains the resonance frequencies, anti-resonance frequencies, and other
frequencies where the curves horizontally pass through. Since the largest magnitude
of the frequency response, representing the H,, norm of the transfer function, only
occurs at resonance frequencies, it is sufficient to minimize max;, (|H; (jA)|), [ =
1,..., N, to obtain the optimal Hy, norm of the transfer function H; (s).

Equation (4.9) can be transformed into a polynomial function with respect to A>
as follows. From (4.7), | H; (j1)|? can be written as
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v 2 n
[Hi(GMI" = —,
m

where n = R, + 1%, m = R?,

2 .
'l i+ 1. Since
A H; (jM)|? _n'm—m'n
o2 - m?2

)

on

where n’ = 735 and m’ = g%, (4.9) is equivalent to

n'm—m'n=0, (4.10)

which is an equation of A? with different orders for different configurations.
Problem (4.8) and (4.10) is a constrained optimization problem, and the equal-
ity constraint (4.10) can be transformed into the objective function by employing
M = f(6,y,n, ¢). In this chapter, a direct search method is employed to solve the

constrained optimization problem (4.8) and (4.10) by using the Matlab solver pat-
ternsearch with multiple starting points.

4.4.2 Comparison Between the TDVA and IDVAs

For the TDVA, the optimal parameters can be analytically obtained as (Den Hartog

1985):
_ 1 _ 3u
Yopt = T+ Copt = 801+ 1)’

and the optimal height at the two fixed points are ./ 2:’ .

4.4.2.1 Performance Limitation of C1 and C2

In this subsection, it will be demonstrated that configurations C1 and C2 provide no
improvement for the H,, performance compared with the TDVA.

For configuration C1, by directly using the fixed-point method in Den Hartog
(1985), the optimal parameters for C1 can be analytically obtained as

_«/1+(1+/,L)5 Cors = 3u
Yopt —1"‘# » Sopt —8(14‘/1»)’

and the optimal height at the two fixed points is ,/ W It is obvious that the

optimal § is 0, which means that the parallel inerter in configuration C 1 provides no
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Fig. 4.5 Comparison between the minmax optimization method in this chapter and the fixed-point
method when u = 0.1

improvement in the H,, optimization. Such an observation is shown in Fig. 4.4 with
w=0.1.

The minmax optimization method proposed in this chapter is also applicable for
C1 and a comparison between the method in this chapter and the fixed-point method
is shown in Fig. 4.5. As shown in Fig. 4.5, the results by these two methods highly
coincide with each other and the results are consistent with the analytical solutions
in Nishihara and Asami (2002, Table 2), which demonstrates the effectiveness of the
method in this chapter.

In what follows, it will be shown that for configuration C2, the series-connected
inerter provides no improvement for the H,, performance as well. To show the
influence of §, the problem (4.8) is slightly modified as: for a given u and §,

min (max (|H2<m>|>) ,
y.¢ A

subjecttoy > 0,7 >0,¢ >0,and A;,/ =1, ..., N, are the real and positive solu-
tions of (4.10). Figure 4.6 shows the comparison between C2 with different 6 and
the TDVA when p = 0.1, where it is clearly shown that the maximum of |H,(j))|
is decreased by increasing § and if § is sufficiently large, the frequency response of
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Fig. 4.6 Comparison between the TDVA and C2 when p = 0.1 with different §
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C2 coincides with that of the TDVA. Such an observation is also confirmed by other
choices of u, as shown in Fig. 4.7. Therefore, it is sufficient to conclude that for a
single series arrangement of an inerter and a damper, the series inerter provides no
improvement for the H,, performance of the isolation system.

The IDVAs C1 and C?2 represent the two ways of adding an inerter to the TDVA,
that is, the parallel connection (C1) and the series connection (C2). Now, it has
been demonstrated that adding a single inerter alone to the TDVA, no matter it is
in parallel connection or in series connection, provides no improvement for the Hy,
performance. Therefore, other degrees of freedom should be introduced, which is the
motivation of introducing IDVAs C3, C4, C5, and C6 by adding an inerter together
with a spring to the TDVA.

4.4.2.2 Performance Benefits of C3, C4, C5, and C6

In this subsection, it will be shown that after adding another degree of freedom, that
is the spring k, the H,, performance will be significantly improved compared with
the TDVA.

The optimization problem (4.8) with the constraint (4.10) is solved for configu-
rations C3, C4, C5, and C6, separately, where a ninth-order polynomial of equation
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Table 4.2 Maximum magnitude max | H (jA)| in the Hy, optimization

m TDVA (Nishi- | C3 Cc4 C5 Cc6

hara and

Asami 2002)
0.01 14.1796 11.0330 11.0860 12.9216 11.0351
0.02 10.0530 7.8340 7.9064 9.1498 7.8352
0.05 6.4080 5.0159 5.1194 5.8051 5.0210
0.1 4.5892 3.6175 3.7448 4.1379 3.6208
0.2 3.3254 2.6552 2.7986 2.9877 2.6616
0.5 2.2480 1.8513 1.9941 2.0198 1.8521
1 1.7457 1.4893 1.6127 1.5809 1.4893
2 1.4279 1.2697 1.3629 1.3157 1.2697
5 1.1942 1.1166 1.1702 1.1766 1.1166
10 1.1033 1.0602 1.0918 1.0934 1.0603

(4.10) with respect to A2 is obtained. The exact solutions of the TDVA in Nishihara
and Asami (2002) are employed for comparison and the detailed parameter values are
shown in Tables 4.2, 4.3, and 4.4. Table 4.2 shows that all the IDVAs C3, C4, C5, and
C6 can improve the H, performance compared with the TDVA, where C3 performs
the best and the order of the performance is C3 > C6 > C4 > C5 > TDV A (“>”
means performing better) with an exception for 4 >= 1. However, since the mass
ratio is normally quite small and practically less than 0.25 (Inman 2008; Cheung
and Wong 2011b), it is sufficient to conclude that C3 > C6 > C4 > C5 > TDV A.
Such a conclusion is also confirmed by Fig. 4.8, where the comparison of the IDVAs
over the TDVA in the range of 0 < u < 0.25 is shown. As shown in the right figure
of Fig. 4.8, 8 to 26% improvement can be obtained for the IDVAs. The other param-
eters in the range of 0 < u < 0.25 are depicted in Fig. 4.9. It should be noted that
although the optimal y and ¢ for C3 are almost identical to the TDVA, as shown
in Table 4.3 and Fig. 4.9, over 22% improvement can be provided by C3 compared
with the TDVA. Moreover, the spring k; is better to be in series connection for the
H,, performance, given the fact that C3 and C6 are superior to C4 and CS5.

The frequency responses of the IDVAs and the TDVA when © = 0.1 are shown
in Fig. 4.10, where one sees that the magnitudes of the IDVAs around 1 are much
flatter than those of the TDVA, and the effective frequency band is much larger than
that of the TDVA.
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Table 4.3 Optimal natural frequency ratio y and damping ratio ¢ in the Hy, optimization

m TDVA (Nishi- | C3 Cc4 C5 Cc6
hara and
Asami 2002)
(a) Optimal natural frequency ratio y
0.01 0.9902 0.9900 0.9957 0.9712 0.9842
0.02 0.9802 0.9802 0.9911 0.9493 0.9684
0.05 0.9520 0.9520 0.9766 0.9090 0.9242
0.1 0.9083 0.9083 0.9499 0.8501 0.8642
0.2 0.8319 0.8319 0.8931 0.7538 0.7693
0.5 0.6642 0.6643 0.7514 0.5681 0.5604
1 0.4973 0.4971 0.5882 0.4041 0.3979
2 0.3307 0.3302 0.4100 0.2547 0.2526
5 0.1646 0.1641 0.2145 0.2004 0.1197
10 0.0889 0.0893 0.1198 0.1118 0.0652
(b) Optimal damping ratio ¢
0.01 0.0603 0.0547 0.0025 0.0655 0.0025
0.02 0.0841 0.0769 0.0065 0.0973 0.0073
0.05 0.1276 0.1199 0.0224 0.1477 0.0270
0.1 0.1686 0.1657 0.0505 0.2086 0.0593
0.2 0.2101 0.2244 0.0981 0.2919 0.1180
0.5 0.2402 0.3175 0.2012 0.4294 0.3047
1 0.2235 0.3894 0.2905 0.5359 0.4354
2 0.1749 0.4505 0.3779 0.6325 0.5498
5 0.1002 0.5057 0.4525 0.5163 0.6593
10 0.0581 0.5288 0.4804 0.5313 0.6841
30
[=c3---c4 c5--cé|
=12 = 25 /
3 SN
= T 20| e
g g 15
PEN X 10
0.05 01 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25
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Fig. 4.8 Maximum magnitude comparison between the IDVAs and the TDVA (left figure) and
percentage improvement of the IDVAs with respect to the TDVA (right figure)
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Table 4.4 Optimal inertance-to-mass ratio § and corner frequency ratio 7 in the Hy, optimization

m C3 Cc4 C5 Cc6

(a) Optimal inertance-to-mass ratio §

0.01 0.0238 0.0234 2.2791 0.0228
0.02 0.0473 0.0453 1.8105 0.04438
0.05 0.1156 0.1069 1.6782 0.0989
0.1 0.2208 0.1930 1.5320 0.1538
0.2 0.4082 0.3212 1.1521 0.2126
0.5 0.8256 0.5719 0.6919 0.2426
1 1.2552 0.7785 0.3130 0.2009
2 1.7228 0.9703 0.1423 0.1364
5 2.2540 1.1307 3.9018 0.0627
10 2.4989 1.2089 3.6257 0.0339
(b) Optimal corner frequency ratio n

m C3 Cc4 C5 Cc6

0.01 1.0051 0.9864 1.1242 1.0248
0.02 1.0098 0.9745 1.1982 1.0492
0.05 1.0248 0.9420 1.3341 1.1288
0.1 1.0485 0.9013 1.5181 1.2454
0.2 1.0940 0.8563 1.8754 1.4560
0.5 1.2219 0.7713 2.8856 2.2775
1 1.4061 0.7163 4.9686 3.5386
2 1.7178 0.6629 9.6074 6.0835
5 2.4169 0.6141 0.5009 14.5775
10 3.2632 0.5780 0.4739 27.6261

1 R 0.4 |l =C3---C4 C5--C6—TDVA
co8f el — < o2
0.6 —C3---C4 C5--C6—TDVA| 0
’ 0.05 0.1 0.15 0.2 0.25 0.05 0.1 015 0.2 0.25
Iz H
2 —C3---C4  C5--C§| 4 —C3---C4  C5--C§|
< 1 = 2
o FIinccmaena 0
0.05 0.1 H0'15 0.2 0.25 005 01 015 0.2 0.25
I

Fig. 4.9 Optimal parameters in the Hy, optimization: natural frequency ratio y (up left); damping
ratio ¢ (up right); inertance-to-mass ratio § (bottom left); corner frequency ratio 1 (bottom right)
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Fig. 4.10 Comparison between the IDVAs and TDVA when © = 0.1

4.5 H, Optimization for the IDVAs

4.5.1 H, Performance Measure and Its Analytical Solution

If the system is subjected to random excitation instead of sinusoidal excitation, the H,
optimization would be more desirable than the H,, optimization (Asami et al. 1991,
2002; Cheung and Wong 2011a). The performance measure in the H, optimization
is defined as (Asami et al. 1991, 2002; Cheung and Wong 2011a)

_ El¥]
- 27TS()a)n ’

@11

where Sy is the uniform power spectrum density function. The mean square value of
x of the object mass m can be calculated as

Ehﬂ:&/

—0Q

oo o0

|H(jM)I*d, = Sow, / |H(jMI d, (4.12)

—00

where H (jA) is given in (4.7). Substituting (4.12) into (4.11), one obtains
1 o i
I=— [H(jMI|" dy., (4.13)
27 J_o

which is exactly the definition of the H, norm of the transfer function H(s) by
replacing jA in H(jX) with the Laplace variable s.
Therefore, the H, performance measure is rewritten as

R 2
I = HH(S) . (4.14)
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The analytical approach provided in Doyle et al. (1992, Chap. 2.6) will be
employed to derive analytical solutions for IDVAs in the H, optimization, which
is briefly presented as follows.

For a stable transfer function H (s), its H, norm can be calculated as (Doyle et
al. 1992, Sect. 2.6)

A )3 = C(sI — A)'B|} =CLCT,

where A, B, and C are the minimal state-space realization H (s)=C(sI —A)'B
and L is the unique solution of the Lyapunov equation

AL + LAT + BBT =0. (4.15)
We can write H (s)

bnflsn_l 4+ -+ bis+ by
§" 4 ap_1" M4+ ais +ag

H(s) =

in its controllable canonical form below

X = Ax + Bu, y = Cux,

where
0o 1 0 . 0 0
0O 0 1 ... 0 0
A= oo : ,B=| 11|, C=[bo, b1, by ... by_1].
0 0 0 1 0
—ap —a; —ap ... —Q,_q 1

4.5.2 Comparison Between the TDVA and IDVAs

For the TDVA, the H, performance measure can be obtained as

1+ 1—(u+2)y2+ 1A+ wy?
Lrpya = y(1+ n)¢ n (n+2)y + A+ Wy ’ 4.16)
! 4yt

and the optimal y and ¢ are
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/ +2
YTDVA,opt = Z(IMT;L)Z “4.17)
[ Gu+dp
$TDVA.opr = —S(M Tt (4.18)

Substituting y7pv a,op: and {7py 4,0p: into (4.16), one obtains the optimal I7py 4 opr

as
3u+4

I opt = | ————. 4.19

TDV A,opt A+ i (4.19)

4.5.2.1 Performance Limitation of C1 and C2

The H, performance measures for C1 and C2 can be obtained as

1
er = YO8 L L (2 2y~ D5 41— ey + () (4.20)
Iz duyt
— 1 2
= Iova+ oo (82 +ac119). 4.21)
1— 2 2 1 2.4
Icr = (acz.zf2 +acz 187! +ac2,0) ¢+ e+ )IIL:{( 4 (4.22)
= Irpva + (%2.2572 + acz,ltrl) g, (4.23)

where

aci,1 = —2((1 + wy* =1,
acrr = % (1 4+ %y =200+ wy> + 1),

YV
acar = (24w —20+w??),

v+

aca,0 = P

The following proposition can be obtained.
Proposition 4.1 For the H, performance, C1 performs no better than the TDVA.
Proof See Appendix.

Proposition 4.2 For the H, performance, C2 performs slightly better than the
TDVA, but only at most 0.32% improvement can be achieved when pu < 1.

Proof See Appendix.

Now, we have demonstrated that for the H, performance, C'1 performs no better
than the TDVA and C?2 provides negligible improvement over the TDVA. This means
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that adding an inerter alone to the TDVA provides limited improvement for the H,
performance, and therefore, another four IDVAs C3, C4, C5, and C6 are proposed by
adding an inerter together with a spring to the TDVA. It will be shown in the following
sections that in this way, the H, performance can be significantly improved.

4.5.2.2 Performance Benefits of C3, C4, C5, and C6

In this subsection, it will be analytically demonstrated that for the H, performance,
IDVAs C3, C4, C5, and C6 perform surely better than the TDVA, and an optimization
problem will be formulated to find the optimal parameters.

By using the method shown in Sect. 4.5.1, the analytical representations of the
H, performance measures for C3, C4, C5, and C6 are calculated and the detailed
equations are shown in Appendix. Denote the optimal H, performances of C3, C4,
C5,and C6 as I¢3,0pr> Ic4,opi» Ic5,0p15 Ic6,0pt > TESPectively. The following proposition
can be obtained.

Proposition 4.3 For the H, performance, IDVAs C3 and C5 always perform better
than the TDVA, that is, the following inequalities hold:

Ic30pt < ITDVA0pts (4.24)

Ics.opr < ITDVA0pts (4.25)

and if u < 1, IDVAs C4 and C6 always perform better than the TDVA, that is, the
following inequalities hold:

Icaopr < ITDV A 0p1) (4.26)

Ic6.0pt < ITDVA,0pt> 4.27)
where It py a,op: IS the optimal H, performance for the TDVA given by (4.19).
Proof See Appendix.

Remark 6 The condition u < 1 for C4 and C6 in Proposition 4.3 is only a sufficient
condition, which means that for the case . > 1, itis also possible that the inequalities
(4.26) and (4.27) hold. However, such a condition introduces no conservativeness for
DVA applications, as the mass ratio w is normally less than 1 in practice (typically
less than 0.25) (Inman 2008; Cheung and Wong 2011b).

Since the IDVAs C3, C4, C5, and C6 can always reduce to the TDVA by setting the
spring stiffness ki (or n) and inertance b (or §) to 0 or oo, the conclusions Ic; op; <
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Itpvaops 1 =3,4,5,6 always hold. However, Proposition 4.3 demonstrates the
existence of finite n and § such that the IDVAs C3, C4, C5, and C6 are surely better
than the TDVA.

To determine the optimal values of §, y, n, and ¢, the following optimization
problem should be solved.

min Ic;,i =3,4,5,6, (4.28)
3,y.n.¢

subjectto§ > 0,y > 0,n > 0,and ¢ > O.
Analytical solutions of C3: Problem (4.28) can be analytically solved for C3,
where the optimal parameters for C3 are obtained as follows:

~ \/\/17M2+32M+ 16 —

= , 4.29
YC3,0pt 4(1 + M)2 ( )
1 =201+ ) ¥e3.0p + A+ 10V 00 @30
nes,opr = s .
" (= QA 30 ¥ 0 + (L 102030060 Vs o
2
SCS,opt = - ,\aClz s 4.31)
acs,1
1= (42985 o + (1 + )2¥85,
§C3,opt = J/C3! & ves Pl (432)

~ ) ~ 1 ~ ’
4ye3,opi(Ac3 28¢5 op + 03,1003 o T AC3,0)

where dc3 2, dcs 1, and des o are obtained by setting y = y¢3 ops and ) = 1¢3 op for
acs..acs.1, and acs o, respectively. For the representations of acs 2, acs,1, and acs,o,
see Appendix.

The analytical solutions &, y, and 7 are derived by successively setting the first
derivatives of I¢3 with respect to §, 1, and y as 0, and then checking the sign of the
second derivatives at stationary points. The optimal {¢3 p; is derived due to the fact
that both parts on the right-hand side of (4.40) of I3 are positive.

Solutions of C4, C5, and C6: The analytical solutions of C4, C5, and C6 cannot
be obtained due to the high order equations (more than fourth order) involved in the
derivation. However, the optimal solutions of 7 and ¢ can be analytically represented
with respect to § and y as follows:

V—(gca.18 + fca1)2fcan +28ca28 + 2lca 28%)
Nc4,opt = ) s (433)
2(fcap + 8ca2d + 1ca26%)

leaan*8? +1ca18 + leao
§C4,opt = ) 1 s (434)
ac428 % +acs 187 +acao
2a 2
Scs,opt = ———2, (4.35)

acs,1
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1—(n+2)y>+ 0+ w?y?
;CS,opt = ) —1 ) (436)
4y (acs 28¢5 p +acs18¢s o+ acs,0)
l 482 4 1ce 18 +1
CCo.opt = C6,2712 + C6,171+ 6,0 . (4.37)
ace 20 = +ace 167" + aceo

Correspondingly substituting the optimal representations above into I¢;, i =
4,5, 6, the problem (4.28) for Ci, i = 4,5, 6 reduces to a nonlinear programming
problem with two unknown variables § and y for C4 and C5, and with three unknown
variables §, y and n for C6, which can be efficiently solved by using the Matlab solver
Jfmincon and GlobalSearch in Global Optimization Toolbox.

Figures 4.11 and 4.12 depict the comparison between IDVAs C3, C4, C5, C6, and
the TDVA when 0 < @ < 1. As shown in Fig. 4.11b, C3 performs the best, and more
than 10% improvement with respect to the TDVA can be obtained by C3, C4 and
C6. Similar to the H, performance, the spring k; is better to be in series connection
for the H, performance, given the fact that C3 and C6 are superior to C4 and C5.
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Fig. 4.12 Optimal
parameters: a optimal y; b
optimal ¢; ¢ optimal 6; d
optimal n
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In this chapter, the performance of inerter-based dynamic vibration absorbers
(IDVAs) has been investigated, where the proposed IDVAs were a parallel arrange-
ment of a spring and an inerter-based mechanical network. Both Hy, and H, perfor-
mances were considered. The H,, performance optimization problem was formulated
in a minmax framework and solved by using a direct search optimization method;
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while in the H, optimization, an analytical method was employed to calculate the
H, performance measures. Comparisons between the proposed IDVAs and the tra-
ditional dynamic vibration absorber (TDVA) were conducted. The results showed
that adding one inerter alone to the TDVA, no matter it is in parallel connection (C1)
or in series connection (C2), provided no improvement for the H,, performance,
and negligible improvement (less than 0.32% improvement over the TDVA when
the mass ratio less than 1) for the H, performance. This demonstrated the necessity
of introducing another degree of freedom together with the inerter to the TDVA, and
then the IDVAs C3, C4, C5, and C6 were proposed by adding an inerter together
with a spring to the TDVA. Significant improvement was obtained by IDVAs C3,
C4, C5, and C6. For the H, performance, numerical simulations showed that over
20% improvement was achieved compared with the TDVA and the effective fre-
quency band can be enlarged by using inerter; while for the H, performance, it was
analytically demonstrated that IDVAs C3, C4, C5, and C6 were surely better than
the TDVA by carefully choosing the parameters, and over 10% improvement was
obtained in the numerical simulation.

Appendix

Detailed representations of R,;, I,;, R,;;,and I,,;,i = 1,...,6.

Ry = 22 — 2 + 822,
In1 = —2Ay¢,
Rpi = (—ud — 8 — DAY+ (02 + uy? + 1+ )22 — y2,
It = 20502 — 1+ i),
Rpp = 80(y* =),
Iip = =2y¢(y? — (1 +8)A?),
Rz = 800 — 2 + uy? + DAZ2 +92),
Iy = =2y8((L+ 8 + uda* — (2 + uy? + 1+ 822 + ),
Ry3 = 8n°ya(y? —242),
Iz = =20y 0 — (L + 80 + a2y +4,
Ry = 8n°y a0 — (1L + v + uyHa? +v2),
I3 = 2008 — (4 o+ 0+ 07 + usnAt + (e + Dn?y? + 1+ 07 +
sn?)y2a2 — yhn?,
—5(* — L+ 02 + P20 + vt
g = =272 (y* — 3% — 622,
Rpa = 808 — L+ (L e+ 1% + 80 + sun®)y DAt + (e + Dn?y? + (L + 0 +
sn?)y*n? — y*n?),
Ina = =2y Al (1 + 8+ udr* — 1+ 8+ 92+ uy?a? + 92,

&
i
Il
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Rus = 82 = 2202 — n?y?),
Is = —2yxL((1+8nH)y? — (1 +8)22),
Rps = 802 — 2y )04 — (1 + 2 + iy D2 + 92,
Ins = —2y28((1+ 8+ ud)A* — (1 + p + 80> + udn®)y> + 1+ A% +
(14 s1%)y?),
Rue = =80 — (1+ 0% +817)y222 + y*n?),
L = 20yC(A2 — (14 8n7)y?),
R -5 )L6_ 1 2 2 2 4 2.2
m6 = &( I+A+pu+n"+n"+udn DA™+ ((u+ Dn“y~ +
A+ 1% +n2)y2a% —y*n?),
I — o4 2 2y.,2y5 2 2y.2
me = —27AOF — (14 (1 4+ 4 80 + usnPHyH)a + (1 + 5n2)y?).

Proof of Proposition 4.1

From (4.21), if C'1 performs better than the TDVA, thatis Ic; < I7py 4, the second
term of (4.21) must be less than 0, which means

8*+aci1.18 < 0.

Since § > 0,if y? < Hl_—”, the optimal § denoted as 8, is 0. If 2 > ﬁ, the optimal
8opt = (1 + p)y? — 1, and it can be checked that the optimal y is ﬁ by substituting

8ops into (4.21), which means that the optimal § is also 0.
Proof of Proposition 4.2

First, we prove that C2 performs better than the TDVA, that is Ic2 opr < ITDVv A, 0pt>
where /¢ ,,; denotes the optimal I¢>. From (4.23), if C2 performs better than the
TDVA, the following inequality must hold:

-2 ~1
ac228 " +acy 187 <0,

which requires that
24+ p

aca1 < 0 or )/2 > m,

asacyp = 0forany y > 0. If y2 > the optimal s lis

2+u
2(1+up)?’
acz,i
- )
2ac2

s =

opt

and I, can be represented as

(4.38)

oo [A =@y A Py EA 0Py — )
@ Al —2(1+ )y + (1 + )y
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Using I7py a,op: given in (4.16), one obtains

((L+ Dy =D+ 1)%y? =2 — p)?
du(l —2(n+ Dy2 + (u+ D3yH(u+1)°

2 2
IC2 - ITDVA,opt -

. 2 1 . 1 241
Clearly, if y~ < m,then Iy < ITDV.A,OP,. Since ke m,oge can always
find a y such that Icy < Itpva,epr- Since Ica opr < Ic2, One obtains Ics opr <

Itpva,opi-
Second, we graphically prove that only at most 0.32% improvement can be

obtained by C2 when v < 1. The optimal y can be obtained by solving %1—522 =0,
which is equivalent to

a2y — 1 —a)2a’y® + (a@* — 7a®)y* + 8a® — 20¥)y? —3a + 1) =0,
(4.39)
where o = p + 1. It is easy to check that (4.39) has two real positive solutions
denoted as y; and y», ¥1 < y», where

1+«
n=y\ 57

and y; < 1> < v/2y1. Also, y22 is the unique real solution of equation
20°y°% + (@t — 7o)yt + (8a? — 20)y? =3+ 1 =0,

and the optimal y is y».
For 0 < u < 1, a graphical comparison with the TDVA is shown in Fig. 4.13,
where it is clearly shown that at most 0.32% improvement is obtained for C2.

Analytical representations of the H, performance measures for C3, C4, C5, and
Cco6

Denote I¢3, Ica, Ics, and I¢cg as the H, performance measures for C3, C4, C5, and
C6, respectively. The detailed representations are obtained as follows:

1= (u+2)y2 + (1 + w?y*

Ic3 = (%3,2372 +ac3 87! +ac3,0) ¢+

4y g
=lIrpva+ (%3,2572 + ac3,1571) ¢, (4.40)
_ _ 1
Icy = (ac4,25 2 tacs 57! +ac4,o) ¢+ (104,217452 +1ca,18 +lc4,0> 7
-2 —1 42 4 2\ 1
=Irpva+ (ac4,25 +aca, 16 )§+ (lc4,2?7 8 +lca 18+ feaon™ + feaan )E

_ _ 1
Ies = (ac5,23 2 tacs; 57! +ac5,o) ¢+ It (1 —(u+2y2+a +u)2y4>

=Irpva+ (ac5.25_2+acs,15_1)§y (4.41)
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Fig. 4.13 Comparison
between C2 and TDVA 10
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where

4 2
aczp =dc3an T +desin T +deso,

) y(L+pw
acs,1 = 8c3,1M ~ +8c3,0, 4C3,0 = L

1 2
deyz = —— (1=272 + A+ wr*), desy = —— (1= @+ w2+ 1+ w2,
vou 2%

2
deso = 7 (1=204 w77 + 0+ w**) gosi =~ (1= +wy?),

Y
8c3,0 == <2(1 +uwiyr-2- M) :
acsr = (1= @+wy’ + 0+ ),
(L4

ac4,1 = 1 (2 +u—2(1+ M)ZVZ) , ac4,0 = e

Iz Iz

y L+ w? 4 2 4 2
lcap = T leay = gca2n” +8ca1n”s leao = feaon™ + fean” + feao

- 3.2 14 2.2
8ca2 = ﬂ<1+“_(1+“) 14 ) gca,1 = @(2(1+M) Y —M—2>7
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]/3
fesr = (A+wh* + =2+ 127 +1).
"

14
fear==5 (4w =20 +wy7 +1),
1
fecao = T (1 —(u+2y2+ 1+ M)2V4> )
ny
gcs,2n4 + gcs,m2 +8c5.0
acsp = > T3
wd+ fesin® + fes,2n™)
acs | = Icsan® +1csan® +lcs.n* +lcs o acs o= y(1+p)
' n(+ fesan® + fesan®)? ’ ' wo

scsa =v (A +wrt =22 4+1), gesa = =27 (A + Pyt = w+2y2 +1),
gcs0 =7 (43" =20+ wy? +1), fosi =~ +72 A+ w), fesa=v>
less = 273U+ = D, lesp = =y (40 + w2yt =22 = —2),

kil=2V«1+M9V*+ﬂ+uﬂy2—u—2),kio=y(u+2—20+ufyﬁ,

1-2y% + (1 + wy* 2001+ wy? = 1) y(1+ )
acepn = 3 ,ace = ——————, 4c60=———,
you Y u
1 _
lce2 = o lce,1 = 8C6,11 > + 8C6,0-
YL
Ice.0 = fco2n * + fco1n > + fco.0-
nw—2+2y? 1—(1+wy?
8c61 = ——F 3+ 8C60= "7
4yu Zyu
1+ (u—2)y2+y* 1—=2y2 + (1 +py*
M Y 14 Y n)y
fce2 = 5 . fee1 = — 3 ,
duy 2py
1— Q2+ wy?+ 1+ w2y
fece,0 = 1 .
Yu
Proof of Proposition 4.3

For C3, substituting y7pyv 4,0pr and {7py 4,0p: into (4.40), one obtains
-2 —1
I(/:3 = ITDVA,opz + (a/C?,,z(S + a,CS,l(S ) gTDVA,()])ta

where a3, and ag3 | are obtained by setting ¥ = yrpya.op for acsz and acs 1,
respectively. It can be checked that a3 , > 0 and

1 2 -2
ac3'1 = — m}’] < 0,
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which means that there exist finite § and  such that 1.5 < It pya,ope. Since Ic3 opr <
I(.5, then one obtains I¢3,0pr < ITDV A, 0pt-
For C4, denote

Iey = 2\/(“64,25_2 +agy 187"+ agy) (1eson*8? + ey 8 +les )

/ / / / / / 3 3 —
where acy . ey 15 Ay 00 lca 00 Loy o> and [y o are obtained by setting y = yrpva opr-
Expanding I(,, one obtains

Ity =2\/aga o féap + fean (4.42)
where
fean = (1/04,252 + 8c428 + fLa2) (‘1/c4,2572 +
aca I + far @287 + apg O + flao@cs 870
Note that

_ ’ /
Itpva.opr = 2y/acy0fcap

Then, we will prove that there exist finite § and n so that fc4, < 0. It can be
checked thatl, ,8% + gy 28 + flun > 0.a04,872 +agy o > 0,and f{, | (ag, 872
+agy o) < 0. The discriminant of fcq, = 0is

’ 2 ’ ;2 ’ ’ ’ -2 ’ ’ ’ —1
A = (acy 8" +acq) <(fc4,1 —4fcarfcan)cand " —48canfcaodcard” +
;2 _ 4l/ ’ /
Jean acap ca2feaoacan) -

It can be checked that if u < &cﬂ ~ 1.045, there exists a finite § such that the
second term of A is positive, which means that if u < 1.045, there exists a finite n
such that fc4 , < 0. For example, if choosing

2g, / 3 4)(1
51 = : 2gc4,2f/c4,o - GBu+4)( +M)’ (4.43)
Jean” —4ScarSean 4p(pn +2)
and
- —fean _ 26p + 4920 + W@+
o4 20% + 8428 + flun (i + 2)(43u3 + 2042 + 272 + 64)
(4.44)

one obtains
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1 02810 G
128 (43103 + 20412 + 2720 + 64)(1 + ) (11 + 2)

fC4,n =

From (4.42) and for the § and n given by (4.43) and (4.44), one obtains that if
un < 1.045,

’
Ioy < ITpva,op:-

Since Ic4,0p[ < 164, one obtains that lfy, < 1.045, IC4.0pt < ITDVA,Upl-
For C5, setting ¥ = Yrpva,op: and { = {7py a,op in (4.41), one obtains

Its = Itpyaop + (085,25_2 + 9/6‘5,15_]) STDV A 0pt- (4.45)
Then, we will show that there exist finite § and 7 such that a5 ,672 + ags 57! < 0.

It can be checked that a5 , > 0. Therefore, we only need to prove that there exists
a finite n such that a5 ; < 0. Since

Ao = l/cs,3’76 + l/cs,2’74 + 1/05,1’72
€31 pu(l +fés,1’72+fc/'5,2774)2’

it is easy to check that ags, < 0 if n* > (u+ 1) (u +14+/u? +2M> or n? <
(w+1) (,u +1—/ur+ Zu). For example, if choosing

n =21+ w? (4.46)
1 22 4w+ 1)?
(148 +4u2) (449 +4u?)’

(4.47)

one obtains

_ V22 + WP+ 1)’ -
(148 4+ 4p>) (4 +9u + 4u) (1 + 3 + 5u? +2u%)?

fs =

)

which means that for the n and § given by (4.46) and (4.47), I(.5 < Irpya,op:- Since
Ics opr < If.5, one obtains Ics op < Irpva,op:-
For C6, setting ¥ = Yrpva,opr and & = {7pv A opr> ONE Obtaings

Ite = Irpvaope + fcon
where fce, = don™* + din~? + dy, with

-2
dy = agg 1 SToVA0pS ~ F [le2/STDV A0t
—1
dy = a/cs,1§TDVA,opt8 + (8236,18 + fC/‘G,])/;TDVA,Optv

dy = (Ig6.28° + 8¢6.08) /ST DV Aopi-
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It can be checked that d, > 0 for any § and if u < V2, d, < 0. Thus, it remains
to prove that there exists a finite n > 0 such that fc¢, < 0. This can be done by
checking the discriminant of fcs ,, which is

A = d} — 4dydy
=16(uw —H(u+ D3* —16p@u® + 11> +5u — ) (u + 1)*8° +
8u2(5u% 4+ 21 4+ 20)(u + 1382 + 1> G + 4)%.

It is easy to see that there always exists a finite § such that A > 0. For example, if
choosing

(A + 11 5 — 4 — /6p® + 56105 + 253 + 606143 + 7997 + 5684 + 176)

)
2(u — A+ D4

which is larger than 0 if i < 4, one obtains
A=pPCu+4)?>0.

Therefore, we can always find a n~2 between the two real positive solutions of
fce,n = 0 such that fce, < 0. A possible choice is n 2= —2%. This means that if
carefully choosing § and », the inequality I/ < I;pv a,op: holds. Since I opr < If,
one obtains Ice opr < ITDV A, 0pi-
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Chapter 5
Semi-active Inerter and Adaptive Tuned oo
Vibration Absorber

Abstract This chapter presents a novel framework to realize the semi-active inerter,
and proposes a novel semi-active-inerter-based adaptive tuned vibration absorber
(SIATVA). The proposed semi-active inerter can be realized by replacing the fixed-
inertia flywheel in the existing flywheel-based inerters with a controllable-inertia
flywheel (CIF). Then, by using the proposed semi-active inerter, a SIATVA is con-
structed, and two control methods, that is the frequency-tracker-based (FT) control
and the phase-detector-based (PD) control, are derived. The experimental results
show that both the FT control and the PD control can effectively neutralize the vibra-
tion of the primary mass, although the excitation frequency may vary. The proposed
SIATVA can also tolerate the parameter variation of the primary system. As a result,
it can be applied to a variety of primary systems without resetting the parameters.
The performance degradation by the inherent damping is also demonstrated.

Keywords Semi-active inerter -+ Adaptive tuned vibration absorber *
Controllable-inertia flywheel - Physical embodiments + Experiments

5.1 Introduction

To date, three types of inerters have been proposed, including the rack-pinion
inerter (Smith 2002; Chen et al. 2009), the ball-screw inerter (Wang and Su 2008;
Chen et al. 2009) and the hydraulic (or fluid) inerter (Wang et al. 2011; Gartner and
Smith 2011; Tuluie 2010). See Chap. 1 for details. Note that for the rack-pinion inert-
ers (Smith 2002; Chen et al. 2009), the ball-screw inerter in Wang and Su (2008),
Chen et al. (2009), and the hydraulic inerters in Wang et al. (2011), Gartner and Smith
Tuluie (2011), Tuluie (2010), the inertance cannot be adjusted online. This means the
inertance cannot be adapted according to the variation of the external disturbances
and environmental conditions.

To make the inertance adjustable, in Tsai and Huang (2011), a variable-inertia
device (VID) by using a magnetic planetary gearbox is proposed. The variable-
inertance inerter is actually a semi-active device, similar to the semi-active dampers
and semi-active springs, where parameters (inertance, damping coefficient, and
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spring stiffness) can be adjusted online by consuming small amount of energy. From
this point of view, we proposed the semi-active inerter concept in Chen et al. (2014),
which is defined as the inerter whose inertance can be controlled online. Almost at
the same time, other terminologies regarding variable-inertance inerter were inde-
pendently proposed, such as the “adaptive inerter” in Li et al. (2014), Li et al. (2015),
“inerter which enables changes of inertance” (Brzeski et al. 2015). In this chapter, we
uniformly use the term “semi-active inerter” to represent the inerter whose inertance
can be adjusted online. Moreover, note that the term “semi-active inerter” was first
used in Zhang et al. (2010). However, the so-called semi-active inerter in Zhang et al.
(2010) is not a variable-inertance inerter as defined in Chen et al. (2014) and this
chapter, but a semi-active suspension with a passive inerter.

In terms of the physical embodiments of semi-active inerter, in Hu et al. (2017), we
proposed a general framework to realize the semi-active inerter, that is the inertance
can be controlled online by adjusting either the transmission ratio or the moment of
inertia of the flywheel. From this point of view, the variable-inertia device in Tsai
and Huang (2011) and the “inerter which enables changes of inertance” in Brzeski
et al. (2015) are realized by adjusting the transmission ratio based on a magnetic
planetary gearbox and a continuously variable transmission (CVT) with gear ratio
control system, respectively. In contrast, in Hu et al. (2017), the method by adjusting
the inertia of a flywheel is demonstrated based a ball-screw mechanism.

In this chapter, the general framework to realize the semi-active inerter will be
introduced in detail. The proposed method is a general framework to realize semi-
active inerters, which means that although the proposed framework is illustrated
based on a ball-screw inerter, other types of semi-active inerters such as rack-pinion
inerters and hydraulic inerters can similarly be constructed. Besides, a novel semi-
active-inerter-based ATVA (SIATVA) is proposed. Two control frameworks for the
SIATVA, that is, the frequency-tracker-based (FT) control and the phase-detector-
based (PD) control, are proposed. The proposed control frameworks are also general
frameworks in the sense that other frequency-tracking and phase-detection tech-
niques can similarly be implemented.

5.2 Preliminary

The tuned vibration absorber (TVA) is an auxiliary spring-mass system connected to
a host structure in order to suppress the vibration of the host structure. It is a classical
vibration control device extensively used in many fields of civil and mechanical engi-
neering (Den Hartog 1985). Note that although the TVA has the similar structure with
the dynamic vibration absorber (DVA) or tuned mass damper (TMD) (see Chap. 4,
they are normally applied in different situations. For the DVA or TMD, the spring-
mass system is implemented to suppress the vibration of the host structure over a wide
range of excitation frequencies, such as the inerter-based DVAs in Chap. 4; while the
TVA is to suppress the vibration at a specific excitation frequency (Bonello 2011;
Brennan 2006). Figure 5.1 shows the schematic of TVA, where the principle idea is
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Fig. 5.1 The schematic of tuned vibration absorber (TVA), where K and M denote the host struc-
ture, k and m denote the spring-mass system
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Fig. 5.2 The frequency response of the TVA with different w,,, where w,, = \/g ,and w, =,/ %

that if the damping of the auxiliary spring-mass system is neglectable, the vibration
of the host structure at a specific frequency can be totally absorbed. As shown in
Fig. 5.2 with different stiffness-mass pairs, if the stiffness and mass of the TVA are
properly tuned, the vibration at a specific frequency can be totally suppressed.
Note that for the TVA, only the vibration at a specific frequency can be suppressed.
This may be not applicable in practice as the environmental conditions may vary in
time, and if the excitation frequency varies, the TVA would be not effective. To over-
come this drawback, the adaptive TVA (ATVA) is developed, where the parameters
(stiffness or mass) can be adapted online. A beam-like adjustable-stiffness TVA is
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proposed in Brennan (2006), where the stiffness is adjusted by moving the beams
apart. Other types of ATVA can be realized by using shape memory alloy (Jayender
et al. 2008), piezoceramic elements (Davis and Lesieutre 1999), etc. (see Bonello
2011; Brennan 2006) and references therein). In this chapter, another realization of
ATVA by using the proposed semi-active inerter will be introduced and tested.

5.3 Semi-active Inerter

5.3.1 The Existing Inerters

Most of the existing inerters (Smith 2002; Chen et al. 2009; Wang and Su 2008;
Wang et al. 2011) utilize a flywheel to realize the “inerter effect”, and for all the
existing flywheel-based inerters (Smith 2002; Chen et al. 2009; Wang and Su 2008;
Wang et al. 2011), the inertance can be represented as the product of the square of a
transmission ratio 8 and the moment of inertia of the flywheel J as follows

b=pJ. 5.1)

For example, for the ballscrew inerter (Chen et al. 2009; Wang and Su 2008), 8
equals (2mr/p), where p is the pitch of the screw in units of m/revolution; for the
rack-pinion inerter (Smith 2002; Chen et al. 2009), B is determined by the radiuses
of the gears, pinions and the flywheel; for the hydraulic inerter in Wang et al. (2011),
B is determined by the area of the piston.

Therefore, two means can be utilized to realize the semi-active inerter: the first
one is to adaptively control the transmission ratio 8 online; the other is to adaptively
control the moment of inertia of the flywheel J online. In this study, the latter is
concerned and the method by replacing the fixed-inertia flywheel with a controllable-
inertia flywheel (CIF) will be described in the following.

5.3.2 The Controllable-Inertia Flywheel (CIF)

In this study, a CIF is proposed based on the moving mechanical masses method
(Schumacher 1991). Figure 5.3 shows the schematic of the proposed CIF. It involves
at least two moving masses, which can radially move along the slots of the flywheel’s
main body. The slots are some channels enforcing the moving masses move radially
and straightly. The moving masses are engaged with the collar through linkages,
where the collar can move along the rotational axis. The position of the moving
masses on the main body can be controlled by adjusting the position of the collar. An
electric motor is mounted on the support structure to adjust the position of the collar,
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Notations:
Il Main body [ Moving mass
= Linkage I Collar
[ ] Bearings I Support structure
[ Position sensor I Electric motor
——————— Rotational axis

[ .
- Linear

/ actuator

Fig. 5.4 The 3D representation (left) and a prototype (right) of the proposed CIF

and the support structure is fixed and cannot move in any direction. The position
sensor is used to measure the distance between the support structure and the collar.

Different from the CIF in Schumacher (1991), in this chapter, two bearings are
employed among the collar, the main body of the flywheel, and the support structure,
as shown in Fig. 5.3. Thus, during rotation of the flywheel, the upper part of the collar
and the support structure do not rotate with the flywheel, guaranteeing the smooth
movement of the collar when pushed up and down by the electric motor. Figure 5.4
shows the 3D representation and a prototype of the proposed CIF with four moving
masses, where in the prototype, the electrical motor and the position sensor have
been embedded in the linear actuator.

Note that the number of moving masses can be adjusted if necessary. The moment
of inertia of the CIF can be classified into two parts: the static part and the variable
part. The static part includes the main body of the flywheel, the lower part of the
collar, and the bearings, whose moment of inertia remains constant during rotation
of the CIF. In contrast, the moving masses and the linkages constitute the variable
part, whose moment of inertia can be controlled online.

Denote J, Jsaric, and Jyariapie @S the moment of inertia of the CIF, the static part,
and the variable part, respectively. One has
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J = Jstatic + Jvariables 5.2)

where Jyuiapre 1S determined by the displacement of the linear actuator ». In this
way, the moment of inertia of the CIF can be effectively controlled by varying the
displacement of the linear actuator 7.

5.3.3 The CIF-Based Semi-active Inerter

In this study, the proposed framework of realizing semi-active inerter is illustrated
based on a ball-screw inerter, as shown in Fig. 5.5. Note that the CIF is located at
the end of the screw to facilitate the operation of the CIF, which is different from the
existing ball-screw inerters in Chen et al. (2009), Wang and Su (2008).

The inertance of the CIF-based semi-active inerter can be represented as

b =by+b,, (5.3)

where by and b, denote the static and the variable inertance, respectively, and by =
IBZJstatiCs b, = ﬁzjvariuble-
The variable inertance b, is determined by the displacement of the linear actuator
n. Therefore, the inertance of the CIF-based semi-active inerter can be represented
as
b=d(n). 5.4)

Note that @ (n) is an increasing function with respect to 1, which means that the
minimal and maximal inertances of the CIF are b.,j, = @ (§min) and bax = @ (Nmax)»
where nmin and nmax are the minimal and maximal 7, respectively.

5.3.4 Modeling of the Proposed Semi-active Inerter

The proposed CIF-based semi-active inerter utilizes a linear actuator to adjust the
displacement 7, and the linear actuator is driven by a driven voltage V. Denoting the
displacement 1 as G(V), the dynamics of the CIF-based semi-active inerter can be

Fig. 5.5 An illustration of Mount 1 Mount 2
the proposed semi-active (terminal 1) CIF Nut Screw (terminal 2)
inerter based on a ballcrew

inerter
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summarized as

F=0b( —i), (5.5)
b=, (5.6)
n=G(). (5.7

The details on deriving @ (1) will be introduced in Sect. 5.5.

5.4 Semi-active-Inerter-Based Adaptive Tuned Vibration
Absorber

5.4.1 Problem Formulation

Figure 5.6 shows the comparison between the TATVA and the SIATVA, where M,
K, C denote the mass, stiffness, and damping coefficient of the primary system,
respectively. The object is to reject the harmonic force imposed on the primary mass,
where the excitation frequency may vary with time.

Denote F as a sinusoidal force with a time-varying frequency. The transfer func-
tion from the disturbing force F to the displacement of the primary system for the
SIATVA can be obtained as

_ bs? + k;
F~ (Ms2+ Cs+ K)(bs? + k) + bkys2’

=

T =

(5.8)

As shown in (5.8), if the SIATVA is tuned to have w = /k| /b, where w is the
excitation frequency of the force F, perfect cancellation can be achieved. Perfect
cancellation means that the disturbing force F has no influence on the primary mass
M. The perfect cancellation condition only involves the parameters of the SIATVA
and does not rely on the parameters of the primary system.

Fig. 5.6 The comparison of
the traditional adaptive tuned
vibration absorber (TATVA)
and the semi-active inerter
based adaptive tuned
vibration absorber
(SIATVA): a TATVA; b
SIATVA
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5.4.2 Frequency-Tracker-Based (FT) Control

According to the perfect cancellation condition, for a given stiffness k; and a given
excitation frequency w, the required inertance can be obtained as

ki
w?’

b (5.9)

Therefore, an intuitive way to control the SIATVA is to track the excitation fre-
quency online, and adjust the inertance according to (5.9). The frequency can be
obtained by using a frequency tracker via the measurement of the acceleration of the
primary mass. Therefore, only one sensor is required in the FT control.

Various techniques can be employed to track the frequency of harmonic sig-
nals online, such as zero-crossing detection (Friedman 1994), Kalman filters (Par-
tovibakhsh and Liu 2014), etc. In this study, a zero-crossing-based frequency tracker
is employed for its simplicity and efficiency in the experiments (for the details on
zero-crossing detection, see (Friedman 1994) and references therein).

5.4.3 Phase-Detector-Based (PD) Control

Another framework to control the proposed SIATVA system is the phase-detector-
based (PD) control. The proposed controller requires two measurements, i.e. the
acceleration of the primary mass and the acceleration of the connection point between
the spring k; and the inerter b.

Denote the displacement of the connection point as y. The transfer function from
i to ¥ can be obtained as j/i = k;/(k; + bs?). Assume the excitation frequency is
wy, and let ¥ = a, sin(wyt), where a, is the amplitude, then ¥ can be represented as
¥ = ay sin(wot — ¢), where a, = a,ki/(|k; — bej|), and

0 ifk/b> a)(z),
p=17 ifkl/b<w(2),
n/2ifki /b = w}.

Itis clear that the phase difference between X and  is 77 /2 when the perfect cancel-
lation occurs. Therefore, the phase difference between ¢ and 7 /2 can be employed as
the error signal, and a proper controller can be designed to minimize the phase differ-
ence. Note that if ¢ > /2, the inertance b should be decreased, and if ¢ < 7/2, the
inertance b should be increased. It is also desirable for the designed controller to have
large adjustments if the difference is significantly different from 0 and have small
adjustments if it is close to 0. Since the inertance is adjusted by the displacement of
the linear actuator 7, a control law for » can be derived as
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m-ma=b(5-0)+n(5-6) -ph 10

where k is the sample index, the cubic term is to make the controller have small
adjustments if the phase difference is close to 0, and the derivative term is to improve
the dynamic response of the system.

The phase angle ¢ can be estimated by the following equation (Brennan 2006)

1 T <.
¢ = cos™! (—T J xydt)

Xrms Yrms

where T is the period of signals X and ¥, and X,,,,; and ¥,,,; are the root-mean-square
(rms) values of the signal X and ¥, respectively. For a sinusoidal signal, its rms value
equals 1/+/2 of its magnitude.

5.5 Experimental Evaluation

In this section, the effectiveness of the proposed semi-active inerter and STAT VA will
be experimentally verified.

5.5.1 Experimental Platform Description

As shown in Fig. 5.7, the disturbing force F () imposed on the primary mass M
is induced by the vibration shaker through the intermediate mass and intermediate
spring; the sensors 1 and 2 are two accelerometers, where sensor 1 is used to measure
the acceleration of the primary mass M, and sensor 2 is used to measure the acceler-
ation of the point between the spring k; and the semi-active inerter b; the spring k in
Fig. 5.6 is realized by four parallel springs. The proposed FT control and PD control
are realized by using SIMULINK. Displacements are obtained from accelerations
by performing Fourier transformation and then conducting numerical integration.

The parameters of the experimental platform and the control methods are given
in Table 5.1, where the parameters in the FT control and PD control are chosen by
using the trail-and-error method. According to the perfect cancellation condition in
Sect. 5.4, the effective frequency range for the proposed SIATVA is in [Wmin, ®max]
where
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Fig. 5.7 The experimental BELIE ? Support
platform for the proposed Linear actuator—————§T structure

SIATVA P ooz )
rimary L.
spring K (

Sensor 2

SIATVA
Spring k;

Primary

Sensor 1 mass M
Intermediate Intermediate
spring mass
Support Vibration
structure shaker
k1
Wmin = = 6.76 (rad/s), (5.11)
max
ki
Wmax = — = 12.10 (rad/s). (5.12)
min

Note that compared with the existing ATVAs (Bonello 2011; Brennan 2006), the
effective frequency range is quite small due to the limitation of the experimental
setup. The approaches to enlarge the effective frequency range can be: enlarging the
stiffness kj, or enlarging the mass of the moving masses, or increasing the number
of the moving masses, etc.

As shown in (5.6), the inertance b is determined by the displacement of the linear
actuator 1. The relation between b and 7, i.e. the function @ (), can be obtained as
follows: from Sect. 5.4, for a given excitation frequency w, if the inertance satisfies
the perfect cancellation condition, the response of the primary mass acceleration will
be minimized. Since the spring stiffness k; can be measured, one can obtain a relation
between b and n by measuring the specific 7 where minimal acceleration occurs for
a given frequency w, and then obtain b by b = k;/w?.

Figure 5.8 shows the relation between the inertance b and the linear actuator
displacement 1 from both theoretical calculation and experimental measurement,
where one sees that the theoretical calculation is consistent with the experimental
measurement. The moment of inertia is a quadratic function of the rotary radius, and
the rotary radius is a linear function of . Therefore, a second-order polynomial is
employed to fit the measured inertance and 7 in a least squares sense. The obtained
curve fitting equation is

b = —0.0494n% + 6.5257n + 124.1974, (5.13)

which will be employed as @ () in the experiments in the FT control.
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Table 5.1 The parameters of the experimental platform

113

Description Value
The primary system Primary mass, M 2.5kg
Primary spring, K 896 N/m
The intermediate mass 2.5kg
The intermediate spring 3576 N/m
Semi-active inerter Number of moving masses, n |4
Mass of per moving mass, 62.60 g
Mmm
Mass of the CIF main body, 152.30 g
My
Mass of the collar, m, 60.20 g
Mass of the bearing, my, 2490 g
Mass of per linkage, m |, 39¢g
Pitch of the ball-screw, p 2 cm
Min. rotary radius of moving |21.75 mm
masses
Max. rotary radius of moving |90.70 mm
masses
Min. linear actuator disp., Jmin | 0 mm
Max. linear actuator disp., 42 mm
Tmax
Static moment of inertia, 0.5452 gm?
Jstatic
Static inertance from 53.81 kg
calculation, bgsaric
Min. inertance from 99.11 kg
calculation, buin
Max. inertance from 316.72 kg
calculation, byax
Speed of the linear actuator 15 mm/s
Spring ki Stiffness, k; 14.5 kKN/m
FT control Sample time, T 10 ms
Zero-crossing number per 25
evaluation, N
PD control Sample time, 7§ 10 ms
Linear proportional gain, P 2.5
Cubic proportional gain, P3 20
Derivative gain, D 6
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Fig. 5.8 Comparison of the relation between inertance b and linear actuator displacement n via
theoretical calculation and experimental measurement

5.5.2 Test Cases

5.5.2.1 Test Case1l

This test is to demonstrate that the proposed SIATVA has the ability to adapt the
inertance and thus to handle the excitation frequency variation by using the FT control
and PD control. In the experiment, the excitation frequency w varies as follows:

6.90 te[0,50],
w =14 10.11 r € (50, 100],
6.85 t € (100, 150].

Figures 5.9 and 5.10 show the experimental results. Since some inherent nonlin-
earities exist in the experimental platform, such as the play in the ball screw, the
friction among the components, etc., the perfect acceleration of the primary system
cannot be achieved. However, compared with the case without the STATVA, the pro-
posed SIATVA can still significantly reduce the displacement of the primary mass.
As shown in Fig. 5.10, both the FT control and PD control can automatically adjust
the linear actuator displacement 7 to handle the variation of the excitation frequency.

Moreover, the experimental results show that the PD control tends to be more
fluctuant than the FT control. The reason for this is that in this chapter, the frequency
tracker tracks the frequency more stably than the phase detector detecting the phase,
as shown in Fig. 5.10. Through experiments, it is also found that the FT control
heavily relies on the performance of the frequency tracker, and if the disturbing
force is too noisy (the high-order harmonics are too large), the FT control performs
poorly. In this sense, the PD control is more robust to the variation of the disturbance
than the FT control. However, all these issues can be alleviated by employing more
efficient and more reliable frequency trackers and phase-detector-based controllers,
and the main purpose of this test is to show that both of them are effective to control
the SIATVA.
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Fig. 5.9 The primary mass displacement in Test case 1: top: FT control; middle: PD control;
bottom: without SIATVA
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Fig. 5.10 Test case 1: the displacement of the linear actuator (top); the estimated frequency in FT
control (middle); the phase difference in PD control (bottom)
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5.5.2.2 Test Case 2

This test is to show the ability of the SIAT VA to tolerate the variation of the primary
system. The excitation frequency w is 8.19 rad/s. The primary mass experiences a
43.6% sudden change, as represented as follows:

25 te][0,50],
M = { 3.59 t € (50, 100],
2.5 t € (100, 150].

As shown in Fig. 5.11, the variation of the primary mass has a negligible influence
on the performance of the SIATVA, which means that the proposed SIATVA can be
used in a wide range of systems without resetting the parameters. Theoretically, if
the inertance and the spring stiffness k; are well tuned, the SIATVA can be used in
any primary systems. However, if the disturbing force is relatively much larger than
the stiffness k1, the free terminal of the semi-active inerter will undertake a very large
vibration, which may lead to the stroke of the semi-active inerter to the limit.

1 T T
8
-1 1 1
0 50 100 150
Time (s)
1 T T
£
L0 Wi
8
-1 1 1
0 50 100 150
Time (s)
1 T T
%\ 0 ‘ I
2 |
-1 1 1
0 50 100 150

Time (s)

Fig. 5.11 The primary mass displacement in Test case 2: top: FT control; middle: PD control;
bottom: without SIATVA
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ki

b =5 c

Fig. 5.12 The SIATVA with inherent damping

5.5.3 The Influence of the Inherent Damping of the
Semi-active Inerter

The physical structure of the semi-active inerter, such as the friction, can introduce
some inherent damping to the proposed semi-active inerter. In this study, the inherent
damping is modeled as a viscous damper with a damping coefficient c. Then, the
SIATVA can be modeled as shown in Fig. 5.12. The transfer function (5.8) can be

rewritten as

x bs*+cs + ky
F~ (Ms2+4 Cs+ K)(bs®> +cs + ky) + ki (bs? + ¢s)’

where one sees that perfect cancellation cannot be achieved for a nonzero c.
Figure 5.13 shows the frequency response of the primary mass’s displacement with
respect to different values of the inherent damping ¢, where the inertance b is set to
be 200 kg. It is shown in Fig. 5.13 that the larger the inherent damping is, the worse
the performance of the STATVA will be, as increasing the inherent damping enlarges
the displacement of the primary mass around the perfect cancellation frequency.

1 4
: - —c=0 ]
e ‘ ) --c=10 Ns/m |
10 N ¢ =100 Ns/m
. . —c =200 Ns/m
0 5 10 15 20

Frequency (rad/s)

Fig.5.13 The frequency response of the primary mass displacement with respect to different inerter
inherent damping
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5.6 Conclusions

In this chapter, a novel framework to realize the semi-active inerter and a novel
semi-active-inerter-based adaptive tuneable vibration absorber (SIATVA) have been
proposed. The proposed semi-active inerter can be obtained by replacing the fixed-
inertia flywheel in the flywheel-based inerters with a controllable-inertia flywheel
(CIF). Two frameworks to control the proposed SIATVA have been presented by
using the frequency information (FT control) and the phase information (PD control),
separately. Experimental results demonstrated that the proposed SIATVA with both
the FT control and the PD control can effectively neutralize the vibration of the
primary mass. The proposed SIATVA can also tolerate the parameter variation of the
primary system, and can be applied to a variety of primary systems without resetting
the parameters of the SIATVA. The fact that the inherent damping can degrade the
performance of the SIATVA system was also demonstrated.

In terms of these two control methods, the FT control requires only one sensor
while the PD control demands two. It was also found in the experiments that the
FT control heavily relied on the performance of the frequency tracker, and the PD
control was more fluctuant than the FT control. Therefore, it depends on the real
applications to determine which method is more suitable in practice, and the main
purpose of this chapter is just to show the effectiveness of these two methods in
controlling the proposed SIATVA.
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Chapter 6 ®)
Conclusions Creck for

Asanew mechanical element, inerter has been applied in various mechanical systems.
This book provides an extensive introduction of inerter, from the concept, the physical
embodiments, the state of art research results, to the inerter-based vibration system
analysis and design problems.

There are six chapters in this book. The first chapter presented a detailed
description of inerter, its relation with network synthesis, the physical embodiments,
and the current inerter-based vibration control systems. The inerter-based vibration
control systems were divided into three categories, that is the passive, semi-active
and active systems, based on the property of the control devices. The applications of
inerter were reviewed, including the vehicle suspensions, train suspensions, tuned
mass dampers (or dynamic vibration absorbers), building vibration control, aircraft
landing gears, motorcycle steering compensators, rotors, bridges, etc. The state of
art research on semi-active inerter was also reviewed.

In Chap. 2, the influence of inerter on natural frequencies of vibration systems
was investigated. This is motivated by the fact that the performance benefits of inerter
always demonstrated by using more complex structures comparing with the tradi-
tional spring-damper ones, where the fundamental property of inerter for vibration
is not fully considered. Due to the importance of inerter, the influence of inerter was
studied. It was theoretically proved that inerter can reduce the natural frequency of
vibration systems. The position of the inerter on influencing the natural frequencies
was also studied.

In Chap. 3, the isolating property of inerter was studied by proposing some inerter-
based isolators. The investigation was conducted on two parts. The first part was to
analyze the frequency response of two simple inerter-based networks, that is the
parallel connection of an inerter and a damper, and the serious connection of an
inerter and a damper. The influence of the simple inerter-based networks on the
invariant points, the isolation properties was summarized. The second part was to
present analytical parameter optimization methods for inerter-based isolators. The
H,, and H, performance optimization methods were analytically derived.
© Springer Nature Singapore Pte Ltd. and Science Press, Beijing 2019 121
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122 6 Conclusion

In Chap. 4, the application of inerter in dynamic vibration absorption systems was
studied, where inerter-based dynamic vibration absorbers (DVA) were proposed. The
performances including the H., and H, performances were evaluated numerically.
It was demonstrated that only adding one inerter along to the traditional spring-
damper DVA can only provide negligible performance improvements. However, if an
inerter and a spring were added to the traditional DVA, the H, and H, performances
can be significantly improved. The comparison between inerter-based DVA and the
traditional spring-damper DVA was conducted.

In Chap. 5, the semi-active inerter was introduced, and the general methods to
realize semi-active inerter were presented. A physical embodiment of semi-active
inerter by using a controllable-inertia flywheel was proposed and experimentally
tested. The application of semi-active inerter in adaptive tuned vibration absorbers
was considered. Control methods for the semi-active inerter were proposed, and the
performance of the semi-active inerter-based adaptive tuned vibration absorbers was
experimentally evaluated.

In this book, the recent advances in inerter and its related vibration control prob-
lems were introduced. Especially, the inerter-based isolation system, inerter-based
dynamic vibration absorber, the semi-active inerter, and semi-active inerter-based
adaptive tuned vibration absorber were analyzed in detail. Apart from the application
of inerter in vibration control systems, inerter has potentially significant implications
for theoretical and applied research in a broad range of scientific and engineering
areas, such as systems and control fields. Over the longer term, the inerter also pro-
vides researchers with new methodologies and algorithms for application or evalua-
tion in such diverse areas as passivity-preserving model reduction, open and intercon-
nected systems, the passivity-based stability criterion, analysis and design of robust
control, dissipative systems, linear-quadratic-Gaussian control of passive networks,
high-precision synthesis, acoustic research, elastodynamic networks, microwave cir-
cuit design, filter deign, the design of electric ship control surface actuation systems,
biometric image processing, and material science.
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