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Abstract. To determine the optimal parameters of the dynamic vibration absorber (DVA), a
complete multi-parameter mode of the dynamics of machines and structuresis required. A moded with
two degrees of freedom is unacceptable for a sufficiently precise calculation with sufficient accuracy
of the oscillations of the design, and thus for an adequate description of its dynamic characteristics.
Therefore, in practice, it is necessary to investigate the design using a complex modd. In particular, the
methods for determining the concentration of mass and stiffness can be used on the basis of a refined
theoretical calculation. A number of numerical schemes (NS) are known for complex vibro-loaded
structures, in which developed methods of decompoasition and synthesis of NS based on new methods
of modal synthesis. Also developed is a complex NS of discrete-continuum type, which provides an
opportunity in the adaptive mode to calculate stresses not only in the continuum e ements, but also in
the places of their greatest concentration - in the compounds.

In this paper, an efficient numerical approach based on the theoretical-experimental method is
proposed to maximize the minimal damping of modes in a prescribed frequency range for general
viscous tuned-mass systems. M ethods of decompasition and numerical synthesis are considered on the
basis of the adaptive schemes. The influence of dynamic vibration absorbers and basic design elagtic
and damping properties is under discussion. A technique is developed to give the optimal DVA's for
the dimination of excessive vibration in sinusoidal and impact forced tall buildings system. One task
of this work is to analyze parameters identification of the dynamic vibration absorber and the basic
structure. The discrete-continue modds of machines dynamics of some elongated element with multi
mass DVA's are offered. A technique is devel oped to give the optimal DVA’s for the elimination of
excessive vibration in harmonic stochastic and impact loaded systems. The questions of robustness at
optimization of DVA are considered. Different types of control management for semi-active DVA’s
are applied. Examples of DVA'’s practical implementation are presented.

Keywords: dynamic vibration absorber, semi-active absorber, high-rise object, adaptive
scheme, optimization, robustness, design.

Introduction

Vibration in machines and structures plays a negative role, with the exception of the class of
machines that use vibration to carry out technological processes (vibro-transporters, vibro-condensers,
vibrating machines, etc.). About 70 % of structures are destroyed due to the effects of vibration. Hazardous
vibration for the human body causes a variety of diseases and greatly reduces efficiency and comfort, even
with minor vibration loads. The following are the main ways of reducing vibration in buildings and
machines: 1) reduction of vibration in the source of its occurrence; 2) absorption of vibration in the way of
its propagation; 3) rational design of the design in order to avoid resonance phenomena; 4) vibration
absorption with the help of special devices, for example, dynamic vibration absorbers (DVA’S).

The first three methods require significant structural changes and costs. Vibration absorption is
much more economical and efficient. In this paper, we consider the last way to increase the resource and
efficiency of machines and structures.
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Damping the vibrations of buildings and structures, machines and appliances, their individual
structures and elements is an important scientific and technical problem in many fields of technology —
industrial and civil engineering, shipbuilding, aircraft engineering, transport and power engineering.
Reducing the amplitudes of oscillations can significantly increase fatigue strength, reliability and durability
of structures, improve the technical conditions of their operation. In this regard, the development of
effective tools and methods of vibration protection is one of the major problems in the dynamics of
structures and machines.

Given the diversity of types of dynamic processes that cause increased vibrations and increased
operational requirements, the development of methods and means of vibration protection, in particular —
passive ones or controlled remains relevant. Among them, a special placeis occupied by DVA, which are
joined to the design in order to reduce its vibration load. A special feature of DVA is that their use can be
foreseen at the design and construction stage, and in case of elimination of unsatisfactory characteristics of
the structure already in the process of its operation.

One of the main directions of the development of the theory of fading oscillations is to evaluate their
efficiency and to select optimal parameters with different disturbing loads. To date, the theory of single-
mass linear DVA with viscous and independent friction with harmonic oscillations with stable or fixed
frequency (which variesin time) is most fully devel oped.

Energy Scattering and Its Simulation

In addition to DVA's, various devices for absorbing oscillation energy are widely used in machines
designs. The book [1] presents various devices for scattering energy in buildings under seismic loading.
This, al kinds of dampers. dampers with viscous, dry friction, liquid dampers. Different types and DVA’s
are also considered. Damping is considered both on the basis of a linearly viscous model and a hysteresis
for nonlinear oscillations.

Damping is a difficult process. Some basics can be found in [2-5]. The type of energy into which the
mechanical energy is transformed is dependent on the system and the physical mechanism that cause the
dissipation. For most vibrating system, a significant part of the energy is converted into heat. The specific
ways in which energy is dissipated in vibration are dependent upon the physical mechanisms active in the
structure. These physical mechanisms are complicated physical process that is not totally understood. The
types of damping that are present in the structure will depend on which mechanisms predominate in the given
situation. Thus, any mathematical representation of the physical damping mechanisms in the equations of
motion of avibrating system will haveto be a generalization and approximation of the true physical situation.
The expression similar to this equation have been discussed in [6] in the context of viscodastic systems. This
equations shows a linear dependence of the loss factor on the driving frequency. This dependence has been
discussed by [7] where it has been pointed out that the frequency dependence, observed in practice, is usually
not of this form. In such cases one often resorts to an equivalent ideal dashpot. Theoretical objections to the
approximately constant value of damping over arange of frequency, as observed in aero-dasticity problems,
have been raised. This representation however has some serious physical limitations. [8-10] have pointed out
that such a representation violates causality, a principle which asserts that the states of a system at a given
point of time can be affected only by the events in the past and not by those of the future.

In this paper, the basic model of the linear viscoelastic body and the analogy of the viscodlastic
system to eastic under constant oscillations are used. In systems with dry friction by the method of
numerical experiment in real time are the frequency characteristics of DVA. Of course, the issue of energy
scattering in solids or liquids is rather complicated and is not part of the scope of research data.

Problem Statement. Design of DVA

Consider first the general scheme of quenching oscillations. Fig. 1 shows the general scheme of
guenching vibration. Here on some body A thereis a certain system of forces. For vibration extinguishing,
a system of DVA of two types is used: discrete DVA (dDVA), and continual DVA (cDVA). Small arrows
show DV A with energy influence. It can be like all sorts of discrete DVA's controlled by magnetic fields,
and continual, such as piezoelectric cells. Also, great arrows show the energy supply regardiess of DVA.
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This is all sorts of active vibration controllers. Vibration sensitive e ements (SE) are also shown here. In
the numerical implementation of the optimization scheme, it is necessary to choose the geometry of the
location and parameters of the DVA, and the parameters of the DVA can vary in time, as well as external
influences and parameters of sensitive dements.
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Fig. 1. General scheme of vibration extinguishing

Among the sensitive e ements, aranking has been introduced. I ndicate the effectiveness of vibration
protection for each of the SE through Eg; . This may be the maximum stress, displacement, or some

integral characteristic in this element. The total effectiveness of vibration protection is denoted by Eg,

and we defineit as some sum of the individual Egs with coefficients of importance | ;.
ESE :éIiESEi' (l)
|

Of course, the improvement of criterion (1) can be achieved at the stage of design without the use of
DVA. However, this often requires high costs of materials and, in general, is often impossible.

Here all the parameters of DVA’s are some time-controlled processes, corrdated with external
disturbances. An important role is played by the mathematical models of the quenching process.
Preferably, we consider simple discrete models, but often we must take into account the distributed fields
of displacement and stress. Numerical methods of these fields are also discretized, either on the basis of
FEM, or by spectral methods [11-19].

Systems of equations of finite dimension are obtained in spatial coordinates. The axis of time is
generally not discretized. Processes in time are considered as harmonic, impulsive, stochastic. As a result,
a system of nonlinear equations is obtained

d’gs _ 2 20a
dt2

d“q d
=Fs(ds.dp.a). TZD:FD(CISPCIDPCIA)’ &2 =Fa(ds,9p,9a) (2
where qg is the movement vector of the SE. According to our scheme, he has alook dg =(0gy, dsp, - dgy ) -

Similarly, you can write and — the vector of DVA's displacements dp , 0p =(0dp1,dp2,-- dpm ) - VECtor g is
avector of system parameters that are nat included in thefirg two sets. Now criterion (1) can be written asfollows

Es =é:1 i Esi (0s. A da) - ©)
Sometimes you can simplify (3). If theinteraction of sensitive eementsis small, then
Eee =8 1iEei (990, 0a)- (4)
|

It should be noted that not only the parameters of the DVA, but also the geometry of their location,
have a great influence. For example, for long-console constructions, as will be shown, it is possible for a
much lighter DV A to get a good result.
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It is important to determine the parameters of the system (2). This, of course is a classical
identification scheme in mechanics. However, in this perspective (rice), this task, as will be shown,
acquires specifics.

Design of DVA can be divided into the following stages (Fig. 2).

Machine — DV A system
dynamic modeling

DV A experimental
verification on the
working machines
ot their knots

Y

Machine - DVA
system
optimization

DV A and DV A
joint design
optimization

DV A system design

Fig. 2. Scheme of system design of the machine - DVA

Let's single out the main criteria of optimality of the DVA design (Fig. 3). This is far from a
complete list of criteria for optimality. He, as in the case of any design, can be replenished with a number
of others, for example, repair capacity, aesthetics of design, etc. In our opinion, not least the criterion as the
simplicity of the design, which, in its turn, alows at the project stage to predict the value of the
constructive parameters of the DVA.

Vibration
absorbing Resource Mass
properties optimization minimization
optimization
DVA design
optimization
DV A design
Size technological DV A cost
optimization propertics minimization
uptimisation

Fig. 3. Diagram of optimization of DVA construction

The most important is criterion of vibration absorbing (Fig. 3). This criterion is very voluminous. It
may consist of a vibration protection criterion in some narrow operating frequency range. But, most often,
due to the operating conditions of machines, when the prevailing frequency drifts, the first place is the
ability of the DV A to operate effectively over a wide range of frequencies. Little attention researchers draw
attention to such a question as the durability of the design of the DVA. Elastic elements of the DVA to
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achieve effective vibration absorption should work at maximum amplitudes of oscillations in the zone of
maximum permissible stresses.

We can give the following summary parameters of optimal DVA: reliable, versatile, compact, easy
toinstall, wide frequency range, simple control system, low cost, low power consumption.

Types of DVA

First we will distinguish between passive and active DVA. Unlike active absorbers, the
characteristics of passive DVA can not be replaced during its action. This DVA is effective only when
there is one specific frequency at which vibration should be reduced. Active DVA can be divided into
active and active (semi-active) ones. Active DVA’s are characterized by significant energy costs to reduce
vibration, roughly speaking, creating an acting force in the antiphase. The semi-active DVA is connected
to a controller that uses sensors to analyze vibrations and drives that change the absorber characteristics to
reduce vibration not only for a fixed frequency. Thus, the vibrations can be neutralized in a wide spectrum
of frequencies. This kind of DVA has a clear advantage if the excitation force constantly changes the
frequency, or if the resonant frequencies of the system change due to fluctuations in physical and
mechanical properties, for example under the influence of temperature. It is also significantly less energy-
consuming than purely active DVA.

DVAs differ in ways of absorbing energy. The most well-known is the DVA with a viscodastic
element, or a combination of elastic e ement and damper. Electromagnetic and electrostrictive processes, in
al sorts of DVA with electromagnets, or piezoelements, are also used. Such DV As usually belong to the
class of active ones, because by means of eectrical processesit is easier to manage processes.

In purely mechanical DVA, different types of designs are possible. Thisis a classic DVA on a spring
(cylindrical or flat), a DVA of a pendulum type, a DVA with shock masses, with vibration absorbing
containers filled with granular material (particle DVA). Energy scattering can occur both due to internal
friction, and with the application of friction elements, shock processes in containers, and also between
particles in the “particle DVA”. As an inertial element, a liquid can be used in the capacity of a particular
configuration. An even wider spectrum of DV As that use electrical processes.

In[20], DVA’s are divided into groups: passive, semi-active, active and hybrid (Fig. 4).

P : sensor a : actuater G : controller

Passive type Semi-active type Active type Hybrid type ’
Fig. 4. Types of DVA

In active DVA's, the quenching of vibrations occurs based on the addition of special energy devices
according to alaw intime. In fact, this same effect can be achieved without DVA, by influencing the basic object
at certain points of energy tides. Significantly lower power consumption of semi-active DVA. In them only dastic
and damping parameters are changed in time. In Fig. 5 the diagram of management DVA isgiven [21]

In managing the dynamics of systems there are many parties that require appropriate technical
solutions. In this paper we consider only the simplest methods of controlling semi-active DVA [22].
Different structures of passive DV A are considered in [23-25].
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Fig. 5. DVA diagram management

During the last century, because of the important role of DV A in vibration attenuation, many studies
have been conducted to evaluate the performance of the absorbers as passive, active and semi-active
countermeasures [26]. As structures like bridges, wide-spanned floors, tribunes and high-rise buildings,
generally, possess low structural frequencies and little damping, many of these structures originally exhibit
medium to high vibration levels. Consequently, the application of DVA’s is effective in improving their
dynamic performance [27]. The application of largest DVA in the world (660 tons) in the second tallest
skyscraper in the world at Taipei 101 [28] (Fig. 6), utilization of eight horizontal and fifty vertical DVA’s
in Millennium bridge in London [29] and the installation of a 140 tones pendulum absorber in Doha sport
city tower in Qatar [30] can be named as some of the most prominent and spectacular usage of DVA's.

a b
Fig. 6. The DVA ingtalled in Taipei 101 Tower (a); mechanical model of the DVA in Taipel 101 Tower (b)
In [31] excessive vibrations of a pre-heater tower of a cement factory have been reduced to

acceptable levels successfully. This has been achieved by using 2D-damped vibration absorber system
functioning in two directions simultaneously (Fig. 7).
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Fig. 7. The pre-heater tower (a); Overall view of the 2D-vibration absorber (b);
Soring and friction damper connections (c)

Thus it was possible to increase the nominal production rate by 8 % while keeping the vibrations at
acceptable levels, similar to that of other towers operating without any problem. At the time of writing this
paper, the 2D-vibration absorber has been functioning satisfactorily for the last 8 months.

Design schemes of structures with DVA

The DVA design, apparently, was first proposed in [31] in 1911. His name is called tanks to reduce
the ship's fluctuations. However, the first recollection of the use of DVA to reduce the ship's fluctuations,
asnoted in [32], is still found in work [34].

For thefirst time, the theory of DVA was proposed in [35] In [36] optimal values for frequency and
damping in DV A are obtained. The most well-known DV A equations arein [36] and [37].

In both of these books, the theory of DVA is considered in the section: systems with two degrees of
freedom. If in [36] after severa introductory paragraphs of one example and dectromechanical analogy
immediately passes to the DVA, then in [37], at firdt, several examples are considered, including a double
physical pendulum, a mode of the crew, and a rotor on an dastic basis. In [37], systems without and with
damping are sequentially considered. In [36], this has already been done directly for DVA, athough, since the
equations are identical, there is no fundamental difference. In [36], a non-dimmed DVA is placed in a separate
unit, which analyzes its resonant frequencies. In the next section in [36] the damaged DVA is considered. In
[36], DVA is not alocated in a separate section at al. But let us consider and compare the main results of [36]
and [37]. To describethe fluctuations of the DVA in [36] and [37], the same system of eguations is written out:

d? sl dx G
my, dt;(l +kyxg - Ko (%0 - %) - C%d_tz Fa0, Pcos(wt),

(%)

d2X2+k (X ) )+c—

a2 2V TS g

Then in [36] the equations of stable oscillations are written
-W2rTh_U1+k1U1+k2 (Ul- Uuo +iWC(U1' U2))=P,

-w?mpu, - k2(u1 - Uy +iwe(uy - u2)) =0.

In [36] the solution of the system of algebraic equations (2) is obtained, the same solution is givenin

[37]. Here is a well-known figure (Fig. 8) for the frequency response of the base, depending on the
parameters of the DVA.

m

(6)
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Fig. 8. ACHSbasis, depending on the parameters DVA

And in [36] and [37] the conditions of optimality of DVA are obtained. The condition of the same
height of the points of theintersection P and Q gives such a simple condition

f:%+m’ Wheremz%. 7

In [36], the condition of the maximum horizontal line of PQ is found to be approximate:

— [3m
=\ awe ®

In Fig. 7 one optimal curve has a horizontal tangent at the point P and the other at point Q. The
damping values for these curves are somewhat different, and the value (8) is the average of these values.
Recall that all these results relate to the idealized case: zero damping in the basis. Only in this case al the
curves of the FRF's pass through two points. In the presence of damping, the basis of this will not be. In this
paper, thisis amoreredlistic case, and the results of optimization are given by a numerical method and on the
basis of (7, 8). We can seethat formulas (7, 8) arefar from optimal for the general case of damaged basis.

A large amount of research on DVA is presented in [38]. Here are found optimal values with
variable amplitude. The calculation of DVA in pulsed and random disturbances is considered. Some
constructive forms of DVA are considered. The use of DVA to continuum eements such as rods,
membranes, plates, membranes has also been investigated. Detailed investigated DVA of the pendulum
type for high-rise buildings under wind loads. In [38], it is appropriate to state that, for complex structures
with a sparse spectrum, the method of optimization of DVA on the basis of the system (1) of the second
degree of freedom can be fully applied.

For calculation and optimization of DVA, awide range of calculation models (PCs) is used, from the
simplest types (1) with harmonic loading to complex discrete-continuum nonlinear models with complex
vibration-damaging loads. However, as noted in [37] and in the works of many other authors, it is often
possible to distinguish, at a given frequency of perturbation, a certain prevailing vibration mode (whose
resonant frequency is close to the perturbation frequency) and reduce the problem to (1). For various types
of complex perturbations, mainly (1) is studied with an arbitrary right part. Influence on the NS and the
types of physical processes that are used and the inertial element itself, which can be both solid and liquid,
and in recent times the popularity has gained granular material, which allows you to significantly increase
the resource to simplify its design of DVA and significantly increase its resource. Different types of DVA
aredescribed in [39].
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The problem of attaching DVA to a discrete multi-degree-of-freedom or continuous structure has
been outlined in many papers and monographs by Bishop and Welbourn [40], Warburton [41], Hunt [25],
Snowdon [42], Korenev [38] and Aida et a. [43] to name but a few. Nonlinear DVA have been
investigated by Kolovsky [44], Kauderer [45], Pipes [46], Roberson [47]. The article [48] of Ibrahim
presents a comprehensive assessment of honlinear DVA'’s in the absence of active control means.

In [49] an improved scheme is proposed for identifying the time of contact and calculation of the
state variables after impact. This scheme avoids false detection of collisions and embodies collisions or
contacts with infinitesimally small differences in velocities. Detailed experiments with a horizontal impact
damper explain in [49] the general performance and the resonance vibration of the integrated system,
which occurs at a frequency, which is different from the original resonance frequency.

An impact damping system can overcome some limitations by impact as the damping medium and
impact mass interaction as the damping mechanism. The paper contemplates the provision of DVA or any
number of such absorbers. Such originally designed absorbers reduce vibration sdectively in maximum
vibration mode without introducing vibration in other modes. For example, the final result is achieved by
DVA at far less expense compared to the cost needed to replace the machine foundation with a new,
sufficiently massive one. In [50-52] the particle DVA’s are presented.

In order to determine the optimal parameters of an absorber the need for complete modeling is
obvious. Present research has developed a modern prediction and control methodology, based on a
complex continuum theory and the application of special frequency characteristics of structures. The
numerical schemes (NS) row for the complex vibroexcitated construction and methods of decomposition
and the NS synthesis are considered in our paper on the basis of new methods of modal synthesis [53-55].

The DVA designed in accordance with our proposals also has the advantage that it can be
constructed such that it has a wide-range vibration absorption property. Such originally designed absorbers
reduce vibration sdectively in maximum mode of vibration without introducing vibration in other modes.

Similar in a mathematical plan tasks are examined in [56]. Here basic task: maximally effectively to
pass energy to the container with details which are processed.

The semi-active DVA

The semi-active DV A uses control to adjust the device configuration based on the actual structure of
the vibration. As is typical for structural control, there are many types of devices and management laws,
some of them are more redlistic than others of varying degrees of complexity. A considerable number of
practical implementations of semi-active DV As can be found in the literature, some of which are described
in [57—61]. A broad description of the control algorithms that can be used to control these devices can be
found in [57], which in turn are divided into two groups. Some of them are based on strategies that
constantly change the parameters of the DVA in dynamic mode, and the other — on the ON / OFF control
strategy. The latter option, though not as impressive as the first one, tends to result in algorithms that are
simpler, morerealistic, and easier to implement.

For realization of semi-active control various mechanisms for controlling the movement of DVA are
offered. The mechanism based on the Magnetorheological (MR) control method has recently gained
popularity in the structural control zone [62]. The application of a magnetic field causes changes in the
structure of the liquid MR inside the damper, which is used to control the damping force, in these e ements.
The simplicity of its mechanical functioning is associated with low direct constructive costs and low
running costs for their operation. DVA can simultaneously reduce amplitude of oscillations at several
frequencies. In [63], based on the optimal control theory, it has been found that a semi-active DVA can
extinguish the vibration of the primary in both the transient and in steady-state modes. In [64], is proposed
to suppress the transient vibrations of rotary machines during start-up and stop. In [65, 66] a semi-active
vibration absorber with piecewise linear eastic components is presented, which may have an adjustable the
operating frequency, which follows the frequency variation of the excitation. In [67] numerically studied
two kinds semi-active skyhook DVA, and then magnetic resonator (MR) damper is tapped and
experimentally confirmed the improved control efficiency.
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Optimization Algorithms

Wide application for optimization found algorithms of random search, namely genetic algorithms
[68]. The problem of solving such problems is the direction in the computer sciences, which is called
Artificial Intelligence. For application of GA mathematical models should adequately reproduce the real
dynamic processes in machines and structures with DVA. They must satisfy the following basic
requirements: 1) adequate reproduction of dynamic processes in structures; 2) to include in the set of
calculation parameters the determining design and technological parameters; 3) to be adapted to the next
algorithmization and transformation into machine codes (there is somewhat absurd idea that designs should
be designed not only on the basis of their functional characteristics, but also on the requirements of their
maximum simplification, from the conditions of their simplest mathematical modeling); 4) interact with
known software application packages of computer design and computer-based production training; 5) have
an information correlation with world-wide patent knowledge bases (for example, from espacenet.com)
and with accessible “ open” software on the Internet. There are concepts of local and global object search.

GA, infact, originate from the mechanism of evolution in nature, which is called rigorous selection.
According to this scheme only the most suitable individuals are stored for the creation of descendants. This
contrasts with the soft selection, which offers a probabilistic mechanism to support the ability of
individuals to form descendants, despite the possession of its relatively poorer qualities. GA must contain
the following components: representation for potential problem solving; method of creating the initial
population of potential solutions; an evaluation function that plays the role of an assessment environment
for solutions in terms of their suitability; genetic operators that change the set of descendants; the value of
different parameters that use GA (population size, probability of application of genetic operators...).

The basic scheme of GA work consists of the following main phases: 1) creating an initial
population, applying the genome to each individual, calculation of target vector; 2) the step of evolution -
building a new generation; 3) check the completion criterion, if not completed — switch to 2.

Robust Optimal Design

The fundamental definition of robust design is described as a product or process is said to be robust
when it is insensitive to the effects of sources of variability, even through the sources themseves have not
been diminated [69]. The questions of robustness are discussed in [70] at optimization of DVA. The
weighted sum of deviation of the basic design and the gradient module of this deviation as the main criterion
is considered. A set of random values of such parameters as mass and stiffness of DVA is used for
graphically constructing a shell of optimal AFC with the deviation of parameters. In our optimization method,
genetic methods are used that give a sequence of points of parameters that coincide with the optimal value.
On the basis of intermediate results of calculations, it is possible to construct not shells of plane charts, but
map parameters, which is more informative. For this purpose, one or two start-ups of the optimization
process, preferably with diametrically opposite points of permissible values, prevail. The criterion of
robustness is the convexity of these maps in the vicinity of the optimum. It is not a sufficient condition, only
necessary. For a more complete study, we introduce the following indicator — the radius of deviation Rp:

Rp =min(R), CiLa=(1+a)CiL. 9)
This is the minimum distance from the points with the indicators (1+a ) at the higher (worst) points

from the optimal point. For optimization in a linear case, only two parameters are depicted in Fig. 8
fora =2. In this case, this condition is also sufficient. In the case of alot of parametric optimization, the
convexity of all maps across all parameters pairs is a necessary, but not sufficient condition. In a
multidimensional space, the behavior of the target function can be complex. However, the criterion that
finds the nearest point with some deviation of the point to the optimum remains effective. For optimization
inalinear case only for two parameters (frequency and damping) are depictedin Fig. 9 for a = 2.
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DVA modeling

Consider the frequency response and vibrograms of uncontrolled and controlled damping of DVA
(Fig. 10). DVAs come in different types.

] M2 -
M2 | ] Mz |
P 2 | ~ .
o | g%@ | e | § = - é_\,_u g |
- a § i - e é :-"; - g
\tl'l i I < I
= & ‘*-,5" 3 -
~ 5 ~ ~ M1 B
M1 B < M1 H
cl I ! i | q cl I Cl‘
WEy W=y, UL
a b c
Fig. 10. Different types of DVA's. (a) — active, (b) — damping and friction control, (c) — rigidity control
Consider the semi-active DVA (Fig. 10, a). Thisisa DV A with controlled damping € ements
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Here a kinematic perturbation with a certain frequency is considered. The coefficients are now
variables in time and change according to some rules with the help of controllers (Fig. 10, a). Heretherule
[21] for viscous friction is applied

& aglxy dx 60

SgNcX o—=- —==>0 = ;
g 818dt dt G =Cna

(11)
QUCq gy 2
For optimization the target function is proposed
& 0]
FC||_=maX9X1(f)+, f1<f<f2. (12)
e @

Gendic Algarithms (GA) has proven to be a suitable optimization tool for a wide sdection of problems
[68]. InFig. 11 theresults of optimization for DV A with constant and controlled damping are shown.
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Fig. 11. Results of optimization of the frequency response for DVA with constant damping
and controlled damping (a); the corresponding vibration for the frequency inside the optimization interval (b)

Just as a viscous friction, consider a variable dry friction. The results of optimization for DVA with
constant damping and controlled are shown
x &dXZ Xm 00

SgNcX o—= - —==>0 =Cron;
g 818dt dt 5y G2 =Craa

signs e . 190 ¢, =c
g ngdt dt G2 =Cr2g-

Fig. 12, a, shows optimized FRF for controlled viscous, dry friction and simultaneously controlled
these coefficients. Fig. 12, b shows optimized FRF's for DVA driven only by dry friction. Fig. 13 shows
optimized FRF' s for controlled only by viscous friction.

The optimized FRF's for controlled viscous (active damper), dry (active traction) and
simultaneously controlled these coefficients are shown. For comparison, it is indicated by a dashed line of
frequency response for a classical DVA. You can notice that due to changes in both viscous and dry
frictionit is possible to achieve roughly identical results, somewhat better than the classic.

Fig. 14 shows the nature of the change of viscous and dry friction and the difference in mass
velocities. In the narrower range, active friction is more effective (Fig. 15).

Hereis an improvement in the results. Below (Fig. 16) the map of the target function is shown.

(13)
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Fig. 12. Optimized FRF’ s for controlled viscous, dry friction and both controlled simultaneously (a)
and optimization results for DVA with permanent damping (Symmetrical DVA) and controlled friction (b)
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One can notice that here the area of optimal values is significantly narrowed, especialy in
frequency. As can be seen from the given numerical results, with a wide range of optimizations, controlled
damping dightly improves the results. Let's consider now its influence at impulse loading.

Pulse Optimization
Consider the optimization of the DV A by parameters, with impulse disturbance

CiL = Max(|u1(t)|) A>T (14)



Semi-Active Vibration Absorbers for the High-Rise Objects 87

Here, for the target function (14), the maximum deviation of the amplitude of the basis is taken after
some initial period of time. Fig. 17 shows optimization with different pulse shapes. Figs. 18, 19 show the
results of optimization in the control of viscous and dry friction and without control. Significant influence
of damping control is revealed. Figs. 20, 21 show the corresponding maps (for a wider impulse).
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Fig. 17. Results of optimization by different impulse
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friction

Optimizing viscous friction (0.00028) is almost twice as effective as optimizing for dry friction
(0.000448), but less rabust (seethe map in Figs. 20, 21). Fig. 22 shows the advantage of controlled DVA.

The use of controlled DVA improves the result by 2 times. Consider the DVA scheme with
controlled frequency and damping (Fig. 10, ¢). Fig. 23 shows the DVA frequency control and damping
frequency. Fig. 24 shows the DVA with controlled damping and no control in frequency.
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Fig. 21. Map of the target function in frequency and viscousfriction
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Fig. 23. DVA freguency controlled and frequency controlled dampers

The table 1 shows optimal values for DVA parameters. One can notice the positive role of control
both in frequency and in damping in DVA.

Table 1
Optimal Values for DVA Parameters
225Hz>f>17Hz 185Hz>f>175Hz 2.05Hz>f>195Hz 225Hz>f>215Hz
h om=3.55 h om= 0.852 h om= 0.675 h om= 0.493
f=20Hz f=181Hz f=22Hz f=222Hz
Different Types of Control Management
Different types of control are known. Continuous control of DVA parametersis used.
d2X1 dxq alx, dx 06 dXO
+kpg +o—- Ky (X - - —= - —=_ - F({t)=kX t¢q—;
Moy ke ey 2 (%2 - %) Cgq @i TW=kotay
, (15)
d X2 @XZ Xm o)
+ Ky (X - +Co——- —=+F(t)=0.
M 2 (X - %)+t T+ FO)

Here contral is a function F(t). Consider some simple control algorithms. This is, first of all, The
rule (11) is known as sky-hook, or on-off [57-69] for viscous friction. The effectiveness of thisrule in the
wide-frequency rangeis shown above. But there are similar rules of management [71, 72].

. omx afix dx 60
-—12250 ¢ =Cpa SONG o 2-—13;£0 Cy =Cop, (16)
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or
: 531 Xl @XZ Xm OO Xl &dXZ Xm O
sign - —+:>0 Cp =Cpp; SIgNG—= - —+;£0 Cy =GB (17)
2 Edt dt 5 2 &dt dt g
(%] (%]
The results of applying these rules are shown in Flg. 25. Asyou can see, the results are much worse.
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Fig. 24. FRF of DVA with controlled damping and no Fig. 25. Results of different rules of damping control in
control in frequency DVA

In Fig. 26 the optimal process of oscillation and variable damping for control (17) is shown. Target
function was asked in theform

CiL =Max(|u (1)), t>To, To=30s.

The optimization process is shown in the Table 2.
Table 2
Optimization Process
N= 1
fx .134E+01 dx .112E+00 dx2 .169E-02 k1 .22E-01 k2 .65E+00 CiL .671E-04
Mx .400E+01 M1 .270E+03 f1 .100E+01 d1 .100E-01
N= 2
fx .279E+01 dx .185E+00 dx2 .114E-02 k1 .69E-01 k2 .89E+00 CiL .364E-04
Mx .400E+01 M1 .270E+03 f1 .100E+01 d1 .100E-01
N= 12
fx .273E+01 dx .184E+00 dx2 .114E-02 k1 .57E-01 k2 .65E+00 CiL .356E-04
Mx .400E+01 M1 .270E+03 f1 .100E+01 d1 .100E-01

N= 63
fx .206E+01 dx .182E+00 dx2 .435E-03 k1 .96E-01 k2 .36E-01 CiL .244E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01
N= 66
fx .207E+01 dx .182E+00 dx2 .401E-03 k1 .95E-01 k2 .36E-01 CiL .241E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01
N= 112
fx .204E+01 dx .158E+00 dx2 .401E-03 k1 .46E-01 k2 .16E+00 CiL .221E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01
N= 113
fx .201E+01 dx .182E+00 dx2 .401E-03 k1 .46E-01 k2 .16E+00 CiL .214E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01
N= 115
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Continuation of the table 2

fx .204E+01 dx .158E+00 dx2 .157E-03 k1 .95E-01 k2 .16E+00 CiL .200E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01
N= 127
fx .201E+01 dx .152E+00 dx2 .153E-03 k1 .95E-01 k2 .16E+00 CiL .167E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01

N= 568
fx .201E+01 dx .158E+00 dx2 .157E-03 k1 .83E-01 k2 .65E+00 CiL .145E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01
N= 1067
fx .201E+01 dx .161E+00 dx2 .357E-04 k1 .14E+00 k2 .15E+00 CiL .133E-04
Mx .400E+01 M1 .270E+03 1 .100E+01 d1 .100E-01

Fig. 27 graphically shows the process of frequency optimization and damping (maximal) in DVA.

L07A 3.0 f, Hz
(0 S ]
0.6: _\é)vz 254 \\_ ,,,,,,,
0.4 20' L
02 ] 1) i l’"""""""]" """ U TR LA VTR T <4

] ALHARIRAR I il N S S
0 |M]WMW%W&IV'MM\W’WM\WW‘“’\ """ _
0.2 H P 0 R T F S A
0.4 ]

064 s 0.5 _h_ o e
0.8 : : : - ] I e
0 10 20 30 40 0.0 H0 Ve A
Fig. 26. Optimal process of oscillation and variable Fig. 27. The process of frequency optimization and
damping damping

In Fig. 28 a map of thetarget function of frequency and damping in the DV A is shown.
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Fig. 28. Target function map for frequency and damping in DVA

Here there is a threatening deterioration of the target function in the vicinity of 2.4 Hz. It should be
possibleto select the optimal parameters of the DV A dlightly shifted to the lft, for example, f = 1.9 Hz.

We shall also investigate the effectiveness of different control rules in the classical case in the
vicinity of the resonance (Fig. 29).

Just like outside the resonance zone, ON-OFF contral is effective only. Other management is just a
bit better than an uncontrollable process. In Fig. 30 the optimal FRF for DVA with different weights are
shown with the use of ON-OFF control.
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the vicinity of the resonance when using ON-OFF control
Bang-Bang Control
Let us consider additionally Bang-Bang control.
. e X0 . e %o
SgncXo—2:>0 G =Cp; SN —2-£0 ¢ =Chp. (18)
&7 dt g & dt

This and other control of DVA damping by frequency loading are presented in Fig. 31. In Fig. 32
different control of DVA damping by frequency loading (vibration ad control in time) is presented.
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Fig. 31. Different control (ON-OFF and Bang-Bang) of  Fig. 32. Different control of DVA damping by frequency
DVA damping by frequency loading loading (vibration ad control in time)

Different control of DVA damping by impact loading are presented in Fig. 33. It can be seen that
only ON-OFF (11) controls are effective for both frequency perturbation and pulse loading.
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Fig. 33. Different control of DVA damping by impact loading



92 Bohdan Diveyev

Examples of DVA’s Practical | mplementation

Let's consider some examples of the use of DVA for large-sized structures and high-rise buildings.

(A) Stabilization of the rod of the boom-sprayer in a horizontal plane. The most important
functional feature of sprayers is the rapid and even spraying of drugs to the largest area without passing
these drugs beyond the cultivated area. Especially important role is played by the parameters of such
functional units as a rod with a suspension for rod sprayers. A specia study requires the dynamics of the
air mixture propagation directly near the sprayer and at the surface layer of the atmosphere. Appropriate
mathematical models are sufficiently developed to study the dynamics of the rod element in the vertical
and horizontal plane [75-78]. In rod sprayers, the uniformity of spraying is closely correlated with the
fluctuations of the rod relative to the ground surface of the horizontal plane. To reduce the amplitude of
these oscillations, consider a boom sprayer with a dynamic vibration damper ([77, 79], Fig. 34). For
calculations, atypical five-section bar was considered (Fig. 35, wing rod).

DVA —’—'é

Fig. 34. Different control of DVA damping by frequency loading (vibration ad control in time)
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Fig. 35. Frequency characterigtics of therod

Therod of the boom- sprayer is usually flat for a size bar less than 18m or spacious constructions for
a larger rod. There are bars and box-shaped sections. The sprayer has three load cycles: 1) the transport
position; 2) deployment; 3) working position. We will consider the working paosition of therod. Therod, as
well as the overwhelming number of machine e ements, should be considered in cyclic loads. The main
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source of dynamic perturbations of the rod sprayer, as well as for each wheeled unit, is the interaction of
the whedls with the rdief of the field. The character of the wave oscillation and its amplitude-frequency
characteristics are shown in Figs. 36, 37 ([76]).
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Fig. 36. The character of the wave oscillation of the boonm-sprayer
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Fig. 37. Frequency characterigtics of external perturbation for rod sprayer

They are obtained for various speeds (4, 8, 12 kmv/h) of the unit on the basis of experimental studies
[76]. As can be seen, the frequency characteristics of external perturbations are concentrated in the low-
frequency range. We now define the frequency characteristics of the rod. Fig. 2 shows the wing model of
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an 18-meter rod and its own frequencies obtained using the WinMachin package. The first resonance
frequency is 1.8Hz. Now define the static stiffness at the point indicated by the arrow (Fig. 37). Inthe z
direction (perpendicular to the farm's plane) we set the force to 1000n and determine the displacement.
Let's give the first form of the vibrations of the farm (Fig. 38) and a stress map at a static load at a point
given by an arrow (Fig. 39).
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Fig. 38. The first form of boomwing vibration
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Fig. 39. Stress map at static load
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These data will take us long to construct a mathematical model of the rod wing and determine its
parameters.

The basic equation for identification. Given that both the first resonance frequency of the rod
wings and the peak of external perturbation are in the low-frequency range, consider the single-mass model
of therod wings (Fig. 40).

M

K .
M § K

Fig. 40. One-mass mode of arod

This mass is on a weightless rod (Fig. 40), equivalent to the classical one-mass model - the weight
on the spring. The calculation model is described by the following differential equation:

dle
my o2

+k1X1+Cl%=F, (19)

where k; —appropriate stiffness; ¢; — coefficient of viscous damping; ¥ — displacement; F — perturbation.
Parameters my, kq, ¢ areunknown. Rigidity k is determined on the basis of Fig. 37, 38.

k=F /D»1000/0.2195» 4556 N / m. (20)
The mass is now determined on the basis of the formula
m=Kk/w? » 4556 /11.54° » 34.2 kg . (21)

The weight in the model is three times smaller than the weight of the rod wing (Fig. 41). Consider
the loaded point at thetip of therod (Fig. 41).

Fig. 41. Loaded point at the tip of the rod
For this case, therigidity k is determined on the basis of Fig. 41 and formula (20)

k=F /D»1000/0.898»1136 N /m. (22)
We now determine the equivalent mass on the basis of formula (21)
m=k/w? »1136/11.54% » 85 kg . (23)

It can be seen that the equivalent mass of the wing rod is much smaller than its actual weight, and in
the case of calculations at the extreme point (4.5), the equivalent mass is less than an order of magnitude.
Condensed Model of the Beam — DVA

A dynamic vibration dampers comprising a vibration absorbing inertial element, made in the form of
acurvilinear surface and a moving mass, is characterized in that the curvilinear surface is made in the form
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of a plate with an adjustable curvature, and the entire structure is placed in a container with partially filled
viscous fluid, which allows, with taking into account the possibility of changing the shape of the plate, the
level of liquid in the container, to carry out the precision adjustment of the regulated dynamic flaps to the
given operating frequency with simultaneous provision the optimal damping properties.

Let us consider condensed model of impact masses DVA — primary system. In Fig. 41 the impact
mass type DV A is presented: an additional impact mass in container with elastic barrier e ements. Consider
now the DVA with 3 different impact masses in one container (Fig. 42).

R
7 Mx1l DMx3 Mx2
Fa 1 =

Uo

2ZA

K1

Fig. 42. DVA with 3 different impact masses

The system of equations is now

d?u
m dt21 +k1(U1' U0)+kA(U1' UA)_ mx%QXl(uX1_ UA)+kX1F1(U1' UX].)
mx%XN (uXN - uA)+kXN FN (Ul' UXN)zF(t)1
d?u
le —dtle +mX1 RXl(UX]_' UA)' leFl(Ul' UX1)+ F]_Z (UX1’UX2)+F13 (UX1’UX3):01 (24)
d?u
Mx2 dt;(Z +mx%x (usn - Ua) - kx P (U - Ux2) - Fra (Uxa,Ux2) + Fag (Ux2,Ux3) =0,

d?u
mX3T;(3+mX%X (UXN - UA)_ F13(UXl,ng)- F23(UX21UX3)=O.

Here three DVA’s masses are considered. Parameters my, k; of the prime system may be found by
means of FEM or experimentally. The nonlinear functions are
F=-Ki(%-A) [%/>A, F=0 |x[]<A ;F(t)=asin(wt), (25)
where A — clearance and K,; — boundary elements rigidity. The nonlinear functions F13(qu,uX3),
Fos (Uy o, Uy 3) Of DVA’s masses interaction may be defined analogously.
Fis=Fi3(4-%) a-%/<R+Rs, Fi3=0 |xq-Xx|>R +Rs,
Fs=Ri3(X - %) X2~ X|<Re+Rs,  Fp=0 |xp- x|>Ry +Rs.
Let us consider the optimization of this DVA’s by criterion
CiL =Max(x (1)), t>tp. (27)
Coordinates x, Xo, X3 of the impact masses and the differences between this coordinates xq, x3 and

Xo, X3 arepresented in Fig. 43. In Fig. 44 the results of DVA'’s application are shown.

The 3 mass impacts DVA seems to be better then independent 3 DVA'’s with the same masses. Here
the optimization in the real time is done. Present research develops the genetic algorithms for optimal
design searching by discrete-continuum DVA’s system — base system modeling [77-80]. The process of
geometrical DVA’s parameters evolution for different stage of impulse loading and different base system
damping is shown in Fig. 45.

(26)
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Here 8 parameters of optimization are used: fx, fx2 DVA’s eigenfrequencies; Dx, DG — proportional

viscous damping in container and in barrier (added to all equationsterms Kky; Dy; du/dt ), Mx3 —less DVA’
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mass, fKK — DVA’s masses inter-callision and fKx — DVA’s masses on barrier collision eigenfrequencies.
AX is clearance half length. The prime system mass is m; = 10 kg, the prime system eigenfrequency —

fr = 1Hz = 6.28 Rad/s, the proportional damping—D1 = 0.03.
In Fig. 46 results of one-mass DV A and 3 mass DVA optimization are shown.
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Fig. 46. Results of one-mass DVA (dash line) and 3 mass DVA optimization

The one-mass DVA isworse than 3-mass. The upper results are achieved with the Boltzman approximation
for contact forces [80]. InFig. 47 the experimental example of thisDVA (in natural size) is shown.

Fig. 47. The experimental example of DVA (in natural size)

Experimental results arethe same asin Fig. 45. This was achieved by the DV A frequency regulation
[74] and high damping as result of dry friction in the masses contacts.

(B) Elastic-pendulum DVA. Consider the eastic-pendulum DV A, which is often used in high-rise
buildings (see Fig. 7). The scheme of this DVA is shownin Fig. 48.

The equation of the dynamics of such a DVA will be

2
rTh_ l;l+k1(ul'U0)+kA(Ul'UA)+mAL(Ul'UA)=Oy
dt
(28)
dZUA —
mp——~+Kka(Ua - Up) - maL (up - ua)=0.
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The only difference from the usual one-mass DVA is that instead of one coefficient of rigidity we
have a combined: e astic-pendulum coefficient.
ka+1/L
However, in real DVA designs, the additional bond mainly includes not only elastic elements, but
also damping e ements, as well as nonlinear elements of dry friction and barrier functions. Asin the case of
a jack-type jacket with barriers, the nonlinear dynamics equations will be

d%u, agly;  duy 60 alu;  dun 6O
m—=+ Ky ¢u - Uo)*ﬂlng 2o mA'—aE(‘Ull UA)+nAm8 L. —A+F, =0,
dt2 & t dt gy dt dt gy 29
2
aglu;  dup 60 aglu;  dup oo
m A malL u + -—---k U - Up )+ — - = F,=0.
A \ ﬁul A nAmgdt dt oy A? h - A) nAgdt at % n

Parameters my, kg, ma, k, are indicated in Fig. 48. Nonlinear functions characterizing the
interaction of the mass of DV A with elastic barriers and dry friction will be
Fn, =Fg + Fy, where

aguy du 60
Fg =Kg c[Xa - X - thge——=- —2+, [Xa- %|>A, Fg=0 [Xa- <A,
B BgA - A) BC ot dt |Xa- %|>A, Fg |Xa - Xo| <A (30)
. adslup dulo
=k i
Fr TN T o

Here it was till possible to take into account dry friction in the hinges of the pendulum suspension,
but it, as well as damping in this suspension is rather small (especially when the mass of DVA is
suspended on ropes) and is not taken into account. As before, for this system of equations (1), a counting
program for Fortran was compiled. The results for some practical applications are given below. Below
(Fig. 49) the FRF s are optimized for DV A for different masses of the basis and frequency range.
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Fig. 48. Elastic-pendular DVA Fig. 49. FRF’ s optimized for DVA for different masses

of the base and frequency range
The frequency response is much higher than in [31]. That is, graphsin [31] are unrealistic.

The Equation for Basic Building | dentification

Given that both the first resonance frequency of pre-heater tower and the peak of external
perturbation are in the low-frequency range, consider the single-mass model of the tower as above for the
rod wings (Fig. 39). Now, rigidity k is determined on the basis of Fig. 50.

-F 10000 6
k= 4) » 0,00095 > 10X0° N/m. (31)
The mass is now determined on the basis of the formula

6
m= %VZ » 10X10 A 62 » 280000 kg . (32)
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The weight in the model is 5 times smaller than the weight 1400000 kg of the tower (Fig. 7).
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Fig. 50. The tower design (a); results of modeling by FE (b)

Let's consider the frequency response of uncontrolled and controlled by the damping of DV A for the
tower (Fig. 51). The use of controlled DVA improves the result by 2 times. The vibration response in
uncontrolled and controlled by the damping of DVA is presented in Fig. 52.
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Fig. 51. The frequency response is uncontrolled and Fig. 52. The vibration responsein uncontrolled
controlled by the damping of DVA and controlled by the damping of DVA

The practical design of DVA for high-rise buildings ([73]). The basis of the useful modédl is the
task of ensuring smooth control of the frequency and damping characteristics of DVA and the
implementation of effective vibration absorption in a wide frequency range on two axes. The given task is
achieved by the fact that in a dynamic oscillation chamber containing a vibration absorbing inertial
element, made in the form of a mobile box filled with granular material and limited by elastic barriers, on
guides of curvilinear surfaces, several special radius balls are used, the curvilinear surface is made in the
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form plates of spherical shape with a given curvature and the whole structure can move in its plane, which
alows, taking into account the possibility of changing the stiffness of elastic fastening By changing the
stiffness by changing the curvature of one of the plates using the electromechanical automatic control
circuit, adjusting the clamping devices, making a precise adjustment of the adjustable dynamic flap on two
axes in the wide-band range.

Fig. 53 schematically depicts a DVA (top view) with amoving body 1 in the form of abox that rests
on three ball bearings 3 and is limited by elastic barriers 8 in the form of curvilinear plates, one plate 9
changes its curvature under the action of the clamping device 7.

Fig. 54 schematically depicted DV A (side view) based on three ball bearings, each of which consists
of aball 5 rotating on a spherical surface of the plate 6 and moving along the surface of the damaged object
2 and controlled by the clamping device 7 and granulated material 4 in the box.

To adjust the main vibration absorber, a plate of variable radius, together with an automatic control
circuit, isused . Theiceisused as adriving force for pusher movement. When you move the plate with the
help of LED, the distance radius of the plate increases, and thus the frequency of DV A increases.

Fig. 53. Schematic of DVA (top view) Fig. 54. Schematic of DVA (side view)

Conclusions

In this paper, we consider a number of issues of optimal design of dynamic oscillation absorbers. Below
is a historical essay on the emergence of the theory of DVA and an overview of the latest results. The semi-
active DVAs, which are controlled both by damping and frequency, are considered. As a practical application,
fluctuations of therods of arod sprayer in ahorizontal plane with attached DV A are considered. Also, the use of
DVA for the tower is considered. To determine the dynamic characteristics of these structures, the FEM was
used. Onits basis, condensed models of these basic structures are obtained, mainly in the form of SDOF. On the
basis of these simple models, it is possibleto optimize different types of DVA intherange of thefirst resonance
of the basis, where, as arule, the greatest amplitudes of oscillations. Separately, various types of DVA control:
skyhook (different types), ON-OFF, Bang-Bang areinvestigated. It has been found that ON-OFF control is only
effective with the measurements of the relative speed of the DVA and the displacement of the basic design.
Some DV A congtructions are presented: the impact mass type DV A with an additional impact mass in container
with dastic barrier elements; two-axes DVA with a moving body in the form of a box that rests on three ball
bearings and is limited by dastic barriers in the form of curvilinear plates, one plate changes its curvature
under the action of the clamping device for the DV A frequency regulation.
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