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1. Introduction

The nonlinear energy sinks (NESs) and the tuned mass dampers (TMDs) are passive vibration control
devices. They are designed to mitigate unwanted vibrations in the main structure. This mitigation can be
assessed by a reduction of its total mechanical energy, especially in the resonance zone. The difference in
the design of NES and TMD lies in the way they are connected to the main structure, which is linear for
TMD and nonlinear for NES. The TMDs have been widely discussed in scientific literature and have
been implemented in engineering practice. There are several well-known structures in which TMDs were
used very successfully.

Scientific literature suggests that NESs, which were proposed two decades ago in frame of the
Targeted Energy Transfer (TET) theory, can effectively attennuate the main structure vibrations due to
their nonlinearity across a broadband frequency range. The advantage of NES compared with TMD is
considered its ability to maintain tuning over a wide range of natural frequencies of the main structure.

Research on both NESs and TMDs, which has been actively conducted for two decades, continues
today. Along with comprehensive reviews in recent years [ 1-5], many new and recent works on NES and
TMD research have appeared. There are many studies examining the dynamics of impact-based, i.e.
vibro-impact NESs, which are considered as “the most effective NESs for shock and seismic energy
absorption and dissipation even at severe loadings” [1]. A number of studies compare the performance of
NES and TMD in various specific cases.

In the newest work [6], the authors consider the system, which falls with in the passive control
technology; in particular, this system can be seen as an evolution/combination of different passive control
systems: tuned mass damper (TMD) systems, particle impact damping systems, and vibro-impact
isolation systems. They believe that the tuned mass absorbs the kinetic energy from the main system and
dissipate it through the TMD damper and the impacts with the bumpers. Through numerical analyses, an
optimal bumper design procedure is introduced. The authors analize, at which conditions the insertion of
bumpers can bring significant increses in effectiveness. The scientists of this scientific school also
analyze the dynamics of single-degree-of-freedom base-isolated systems whose displacements are limited
by optimally designed bumpers [7]. In [8], they use numerical analisys to study the affect of two-sided
vibro-impacts on the optimally designed bumpers. The performances of TMD and NES in suppressing
vibration in self-excited systems, which vibrate even without external harmonic, is also studied in the
latest work [9]. The authors consider their key findings to be assertions that, firstly, a well-designed TMD
is highly effective at suppressing vibrations, and, secondly, the NES offers impressive robustness and can
expand the range of effective suppression, particularly in systems with external forcing.The paper [10]
presents thorough theoretical and numerical investigations of transient dynamics of a linear primary
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system coupled with a polynomial stiffness nonlinear vibration absorber (PNVA), which incorporates
positive linear and cubic stiffhesses and negative quadratic stiffness. Then, the nonlinear restoring force is
a polynomial consisting of linear, quadratic and cubic terms. The comprehensive comparison of the
overall performance among the PNVAs, cubic NESs, bistable NESs, and traditional TMDs under free
decay vibration induced by different initial conditions allowed the authors to conclude that the “PNVA
optimized has the best robustness against structural frequency detuning and relatively good energy
dissipation efficiency and robustness against input energy variation”. The authors note citing [11] that “in
practice, TMDs are often reported to have performance lower than expected”. In the paper [12], a two-
degree-of-freedom system consisting of a linear oscillator (LO) under harmonic excitation, and an
embedded single-sided vibro-impact nonlinear energy sink (SSVI NES) is investigated. Following Hunt
and Crossley’s model, the authors divide the contact force into two parts: the elastic force and the
damping force. They highlight the dependence of the efficiency of energy transfer and dissipation on the
changing of SSVI NES parameters and focus on two parameters, the linear stiffness and the loss
coefficient of the impact process. They state that the linear stiffness affects the efficiency of energy
transfer from the main structure to the SSVI NES, while the loss coefficient determines the efficiency of
energy dissipation. We would like to note that the authors point out the difficulty of finding the optimal
design for the VI NES and emphasize the great influence of the clearance size. "However, existing NES,
including VINES, face the problem of robustness with respect to the vibration level, i.e., the NES is
usually effective only in a specific range of moderate vibration amplitudes but fails at high or low
vibration levels. From this sense, the effectiveness of a VI NES is very sensitive to its clearance size,
making its optimal design a rather challenging issue.” The authors of the work [13] also study the effect
of different clearances on the response regimes and carry out an optimal anslysis of the stiffness and
clearance parameters. They study a system in which a ball in a cavity collides with both its boundaries.
The interaction force between the two bodies is generated through equivalent contact stiffness and
viscous damping and is written using the Heaviside step function. The effect of clearance of the VI NES
on the maximum amplitude and vibration suppression performance of the main linear oscillators is also
examined in the paper [14]. This paper presents a comprehensive study of periodically forced, weakly
coupled two-degree-of-freedom (2 DOF) linear oscillators integrated with a VI NES. A sweep-frequency
analysis is conducted to determine the optimal parameters of the VI NES system across the entire
resonance frequency band. It is worth paying attention to article [15] in which, the vibration damping
performance of the VI NES for the beam under harmonic force, broadband white noise, and transient
shock excitations is discussed and compared to other types of absorbers. The authors claim that non-
smooth vibro-impacts allow “a broadband transfer of vibration energy among the eigenmodes of the host
beam, resulting in hence a much more effective vibration reduction than the tuned mass damper (TMD)
or other NESs”. The comparison is made using three examples of the behavior under different
excitations. A parametric optimization of the VI NES was conducted concerning the key design
parameters: the clearance, the damper location on the beam, and the restitution coefficient. The authors
believe that the main parameters that affect the vibration suppression performance of the VI NES are the
clearance and the location, but not the vibro-impact damping. The study [16] introduces a novel approach
to vibration suppression by integrating a piezoelectric NES with a digitally programmable shunt circuit.
An experimental verification conducted to validate the vibration suppression capability of the
piezoelectric NES using the test platform confirms the NES performance, showing a significant vibration
amplitude reduction in real-world applications. The authors claim that NESs have significant advantages
in the broadband control of structural vibrations, but their traditional forms typically involve a large
additional mass, complex structural configurations, and difficulties in parameter tuning. The paper [17]
experimentally identifies the damping of vertical track NES by appropriately using the restoring force
surface method, which is the first reported. The nonlinear damping generated by such factors as friction,
prestress, and restraint within the mechanism and its influence on the vibration reduction characteristics is
discussed. A multi-frequency harmonic balance method is proposed in the paper [18] in which a
mathematical model is established for a rectangular plate with four-point support and a NES under
arbitrary multi-frequency excitation. The proposed method validity and high computational precision
have been validated through a comparison with numerical results. The possible application of the vibro-
impact absorber in practical mechanical engineering is described in [19]. This study introduces a novel,
asymmetrically constrained vibro-impact nonlinear energy sink to suppress broadband vibrations induced
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by collision and friction in clearance joints. Clearance joints introduce complex nonlinear effects, such as
contact collisions, stick-slip friction, and local compliance changes that significantly influence
mechanism dynamics. A dedicated experimental platform is developed to investigate the nonlinear
vibration in the clearance joint and validate the passive control method. The proposed controller achieves
broadband vibration suppression without external energy input by incorporating asymmetric bilateral and
vibro-impact interaction. The paper [20] also analyzes the dynamics of vibro-impact system under the
presence of dry friction. The system consists of a harmonically excited capsule and a bullet that is freely
moving in its interior. The system is non-smooth due to the impacts at the bottom (top) of the capsule.
Dry friction introduces a second type of non-smoothness, dynamical system is discontinuous. With
harmonic forcing, the system exhibits different types of non-smooth periodic behavior that, due to the dry
friction, may include sticking intervals where the capsule and bullet move together.The paper [21]
systematically investigates the suppression mechanisms of flow-induced vibration in elastically supported
rigid cylinder with an additional NES. Flow-induced vibrations are typical fluid-structure interaction
phenomenon observed in slender structures, commonly encountered in marine and civil engineering
applications.The results demonstrate that the addition of a weakly nonlinear NES effectively mitigates
vibrations of both the circular cylinder and square cylinder, while its effectiveness is significantly
diminished in the case of strongly coupled square cylinder.

To summarize these short descriptions of the article, let us pay attention to the following statements
that are often encountered. Firstly, when performing optimization procedures, the authors note the
significant influence of clearance on the VI NES efficiency. Secondly, the authors note the difficulties
in selecting the optimal VI NES design.

This paper is a continuation of the work [22], which examined the preservation of the tuning of
light NES and TMD with a mass ratio of 2% when changing such a structural parameter as the PS
damping. In this paper, we study how lighter and heavier NESs and TMDs with mass ratio of 2% and
6% maintain their tuning when various structural parameters, namely, the PS damping and stiffness, as
well as the exciting force intencity, are changed. Thus, the main objective of this work is to show how
the efficiency of the NES and TMD, the optimal design of which has been found for certain values of
the structural parameters, changes when the values of these structural parameters change.

This paper is organized as follows.Section 2 develops the mathematical model of the SSVI NES
and presents the governing equations. Section 3 describes the efficiency and dynamic behavior of the
SSVI NES and TMD with mass ratio of 6%, tuned to different values of the PS damping when varying
this parameter. Section 4 demonstrates the performance of the SSVI NES and TMD with mass ratio of
2% and 6% when varying the PS stiffness. Section 5 shows these characteristics when the exciting
force intensity, i.e. its amplitude, changes. Finally, Sectin 6 summarizes the main conclusions.

2. Model description and governing equations

This paper examines the dynamics of a mechanical system consisting of a heavy primary structure
(PS), which is the linear oscillator, and a light attached damper. We consider two types of dampers,
namely, a vibro-impact damper, which is a single-sided vibro-impact nonlinear energy sink (SSVI
NES), and a linear damper, which is a tuned mass damper (TMD). The selected SSVI NES scheme
(Fig. 1) corresponds to the schemes described in many works [23-26]. It is described in detail in Part 1
of this paper [22], but we are forced to repeat this description in order to understand the paper content.
The system is under the influence of a harmonic exciting force acting on the PS
F(t)=Pcos(wt+¢,), T=2/w. (1)

. . . Initial position in equilibrium Current position in motion

The vibro-impact damper hits F(d) d . o Fo) ¥ "
the PS directly and the obstacle Paar— ko ki ————% L
during movement, but the linear f\/\‘/\f ] SN
damper does not produce any —H ke ) al PS |
impacts, which can be achieved g €2 ) a € b
in this circuit by using large
values for distances D and C. In (oM N®] [CHNe)
this paper, we compare the D C X 25
efficiency, dynamics, and ability X +DiC

to maintain the tuning of these ] ] ] o ) )
Fig. 1. Conceptual scheme of a single-sided vibro-impact nonlinear sink
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dampers when changing structural parameters such as PS damping c, its stiffness 4, the exciting force
intencity, i.e. its amplitude P.

The repeated impacts, which occur during movement of the system with attached SSVI NES, are
simulated using nonlinear Hertz’s contact force according to its quasi-static contact theory [27,28]:

Fp(2) = K[2(0)]F". ©)
Here z(f) is the rapprochement of the colliding bodies during an impact; it is defined by the values of
coordinates x; and x,.The relationship between these coordinates also allows us to formulate the
Signorini’s contact condition for the occurrence of a collision. They are different for impacts on the PS
directly and on the obstacle.
X 2Xy, thatis, x; —x, >0 for direct impacts on the PS;

X 2x +(D+C), thatis, x, —x; —(D+C)=0 for impacts on an obstacle. )
So, the colliding body rapprochments during the damper impacts on the PS z, and on the obstacle z,
looks like this:
ZI=X =Xy, =X —x—(D+C). “)
The coefficient K in formula (2) characterizes the mechanical and geometric properties of the
colliding surfaces and is calculated using the following formula [27]:
2

4 4q; l-vi .
K, = S =V =13, 5
T3 (640,418 zE ©)

i+1
As there are four colliding surfaces, we have two different values of K;. The Young’s moduli of

elasticity and Poisson’s ratios are the mechanical characteristics of colliding surfaces: E;, v, for the PS
surface, E;, v; for the obstacle surface, E,, v,, E,, v, for left and right damper surfaces. The constants
A;, B;, q; are joint geometrical characteristics of the colliding surfaces; they are calculated according to

the known table [27] depending on the type of contact surfaces. Assuming that both damper surfaces are
spherical and PS and obstacle surfaces are flat, then 4, =B, =1/2R; , where R; is the large radius of the

damper surface. Assuming that R, =1°m for both damper surfaces, we set 4, = B, =0.5°m™, ¢,=0.319.

Combining the Signorini’s contact conditions and the Hertz contact law, and using discontinuous
Heaviside step function to “activate” the contact forces, we write down the motion equations for this
system in accordance with the fundamental law of dynamics as follows:

mX, +ex; +kixy — ey (%, — %) —ky (X, —x, = D)= F(t)— H(z))F,,, () + H(zy)F,,,(2,),
MyXy + ¢y (Xy — X))+ ky (X, — %) — D)= H(2))F,,,(2)) — H(z,)F,,,,(z,). (6)
The initial conditions are:
x1(0)=0, x,(0) =D, x,(0) = x,(0)=0, ¢, =0.

The set of the Ordinary Differential Equations (ODE) (6) is the stiff due to the discontinuous

Heaviside step function H(z). It is integrated using the stiff solver ode23s from the Matlab platform,

which provides the variable integration step and make it extremely small at the impact points.

If the damper does not hit either the obstacle or the PS directly, it operates as a linear damper.
Equations (6) describe the motion of the system with such a damper if the terms with the contact force
are not active. Their activity is controlled by the Heaviside function value, which is determined by the
fulfillment or non-fulfillment of the Signorini’s contact condition. Therefore, setting large values of
distance D and clearance C ensures shockless movement and operation of the damper as Tuned Mass
Damper, if its parameters are optimized and tuned to certain structural parameter values.

Both SSVI NES and TMD are used to mitigate the PS vibrations, that is, to reduce the total PS
energy. The mechanical total PS energy, as the sum of kinetic and potential energy, is calculated using
the well-known formula:

-2 2
El total(t) = El kinetic (t) + Elpoten (t) = mIXI(t) ; klxl (t) :

Here x,(t) and x,(¢) are obtained by integrating the motion equations (6).

(7
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The tuning of dampers consists of selecting a set of optimal parameters that ensure the best
mitigation of the PS vibrations. The mitigation of the PS vibrations can be well assessed by the
reduction in its maximum mechanical energy. Therefore, it is the maximum PS energy that is chosen as
the objective function when performing optimization procedures and selecting the damper optimal
design.The analysis of damper efficiency is based on graphs showing changes in maximum PS energy,
i.e., using an energy approach.

In this paper, some parameters of the PS and the obstacle are pre-selected

1000 kg, E; = E; =2.1-10" N/m’, v, =v, =0.3.

The PS damping ¢, and PS stiffness 4, as well as the exciting force amplitude P, change; this paper
studies how these changes affect the system dynamics and damper efficiency. In our previous works
[29], we have found that the softer impacts between the damper and the barriers are preferable and
provide the better results, so after optimization we have chosen the following values of Young’s
moduli and Poisson’s ratios for both damper surfaces:

Ey=2.21-10'N/m?, E,;=2.05-10'N/m?, v, =v, =0.4.

3. Changing the primary structure damping ¢,

In [22], the SSVI NESs of mass m,=20 kg coupled to the PS were considered under its different
damping c;. It was shown that when PS damping c, is varied, the tendency of non-standard “strange”
values of optimal clearance C and damping coefficient ¢, for lighter dampers is maintained. It has also
been shown that the tuned mass damper demonstrates an effect of mitigating the PS vibrations in the
system under consideration, which is as good as TMD é0kg
the effect exhibited by the vibro-impact nonlinear = 1
energy sink for different PS damping c¢;. In our 0
previous works [30, 31] it was shown that the 220
dynamical behavior of lighter VI NESs differs 200
from that of heavier VI NESs. Therefore, in this i
section, the SSVI NESs and TMDs of mass
m,=60 kg coupled to the PS are considered under
its different damping c,. The SSVI NES is tuned
for two values of the PS damping c¢;:
¢1=452°N's/m and ¢;=252 N's/m. The tuning of .
the TMD is identical for both these values of ¢;.
In this Section, the PS stiffness is ,=3.95-10* _
N/m, and the exciting force amplitude is 800 N. 00 M 300 350 A00 .a50 SO0 S50 0l

ke N
The surfprogram outputs such values of _ o o e _ _
Optimized parameters (Fig. 2). Fig. 2. Finding the optimal pgrameters of linear TMD using
the surfprogram

3.1. Tuning on ¢; =452 N-s/m
So, the optimized parameter values for the SSVI NES and TMD are as follows:

Table 1
The optimized parameter values for the SSVI NES and TMD when they are tuned to ¢;=452 N's/m
Damper type my,kg | ky,N'm | ¢,,N's/m C'm D, m
SSVINES 60 215 232 0.360 0.0600
TMD 60 600 262 4.70 2.08

Large values of distances C and D ensure the motion without impacts, that is, the damper operation
as a linear one. Fig. 3 shows the behavior of maximum total energy E| ., of the PS coupled with both
SSVI NES and TMD as a function of the exciting force frequency @ for different values of PS
damping c;, smaller and larger than the PS damping ¢, at which the dampers were tuned.

Fig. 3 demonstrates high efficiency of both SSVI NES and TMD despite the change in the
structural parameter ¢;. The SSVI NES mitigates the PS vibrations slightly better than the TMD if the
PS damping ¢, and its value, for which both dampers were tuned, are the same. Both dampers retain
their tuning and show the same efficiency when the PS damping c, is increased (Fig. 3 (b)). But when
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the PS damping ¢, decreases, the tuning of SSVI NES deteriorates and its efficiency becomes non-
uniform at different exciting force frequencies, while the TMD maintains the tuning and uniform
efficiency at different exciting force frequencies (Fig. 3 (a)).

Elnmx- J 2\ ¢,=252 N-s/m Elmax’ T y PN (’;*452 N-s/m
[ \ : \

4,E+3 I /’ \ C1=352 N-s/m / \

i \ ¢;=452 N's/m i // \ =952 N's/m
3.E+3 + ' \ LE+3 T , \\

& 7 -\ / \
2,E+3 L AN [ hp ety \
N

LE+3

0,E+0

= G t C 0,E+0 + t {
55 6 6,5 o, rad/s 55 6 6,5 o, rad/s
— PS with SSVI NES (60 kg) ==u1 PSwith TMD (60 kg) = PS with SSVINES (60 kg) ===+ PSwith TMD (60 kg)
= = PS without damper = = PS without damper
(a) (b)

Fig. 3. The reduction of maximum PS energy with attached SSVI NES and TMD with masses m;=60 kg tuned to ¢;=452 N's/m
when changing the PS damping c;: (a) for ¢,=252, 352, 452 N-s/m; (b) for ¢,=452, 552,952 N's/m

The maximum PS energy is reduced as the attached damper takes up some of this energy.

Figs. 4, 5 demonstrate clearly this energy transfer for ¢; =452 N's/m. In the left graph, the area of
bilateral damper impacts on the PS and obstacle is shown in pink; the areas of unilateral impacts on the
PS only are shown in pastel blue. The vertical black straight line shows the resonant frequency.

ol LA B forPS £1 1 E\a JO¥ PS
L | ,' \‘: wixlhgcut damper e : “ without damper
[ Ak | I an
Lt L 1 § '
1 I} 1 i
LE+3 + i il | LE+3 + '
1 I, 1 F ] ‘
ro | N By for PS i ) |
Lo | U\ with SSVTNES I \ Etmay for PS
5E+2 1 1 ! ! 5E+2 + \ with TMD
[ : : E:‘.Illﬂx Uf [
: l I I C Rl j E 2max f’)f
0.E+0 = A . 0E+0 . ey
5 6 7 , rad/s 5 6 7 , rad/s
(@) (b)

Fig. 4. The zone of bilateral impacts of SSVI NES in pink and the unilateral impacts in blue. The maximum PS energy and the maximum
damper energy when PS with ¢,=452 N-s/m is coupled with dampers also tuned to ¢;= 452 N's/m (a) SSVINES, (b) TMD

o, rad/s 2 ) 7 o, rad’s

Fig. 5. The relations of the maximum damper energy Emax and the maximum PS energy Ejm.x When PS
with ¢;=452 N-s/m is coupled with dampers also tuned to ¢;= 452 N's/m: (a) SSVI NES, (b) TMD
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Fig. 5 presents the relations of the maximum damper energy £, i, to maximum PS energy E .« for the
PS with damping ¢;=452 N-s/m as the functions of the exciting force frequency @: E av /Eimax -

The significantly different appearance of these curves is striking. Although the part of the transferred
energy for TMD is much smaller, it reduces the PS energy quite well, which can be clearly seen in Fig. 3.

Similar plots of energy for PS with damping ¢;=452 N-s/m without damper, the energy E, of the PS
coupled with SSVI NES and TMD also tuned to ¢;= 452 N's/m, and damper energy E, as the functions
of time for the resonant exciting force frequency w=6.28 rad/s are presented in Figs. 6, 7.

£, T E, for PS without damper £,] T
[ + E; for PS without damper
LE+3 1 1B |
i E, for PS with SSVI NES C ¥ Ll S
5542 1 s5E+2 |
E, of SSVI NES Ey of TMD
0,E+0 . il MR i 2 Wt b W ol 0!E+0 ¥ 4
100 120 140 1,8 100 120 140 1,8
(a) (b)

Fig. 6. The PS energy E; and the damper energy E, as the functions of time at exciting force frequency w =6.28°rad/s when PS
with ¢; =452 N's/m is coupled with dampers also tuned to ¢;= 452 N's/m: (a) SSVI NES, (b) TMD

) ‘H R T | A N
0 | HM W .Wm W | IMW WU ts o | e

Fig. 7. The relation of the damper energy E, and the PS energy E, as the functions of timeat exciting force frequency
®=6.28 rad/s when PS with ¢;=452 N's/m is coupled with dampers tuned also to ¢;= 452 N-s/m: (a) SSVI NES, (b)°TMD

The plots in Fig. 6 again show a slightly better reduction of the PS energy £, with SSVI NES
compared to TMD when the PS damping ¢, and its value, for which both dampers were tuned, are the
same (¢;=452 N-s/m). However, when TMD is coupled to the PS, the energy change over time is
smoother.

The graphs in Fig. 7 also show the lower values of the relation E,/E; , that is, TMD takes away the
smaller part of the PS energy, which does not prevent it from reducing it anyway. The behavior of this
relation over time is smoother for TMD.

3.2. Tuning on ¢;=252 N-s/m
Since the TMD tuning is the same for both values of ¢;=452 N's/m and ¢;=252 N's/m, the
optimized parameter values for the SSVI NES and TMD are as follows:

Table 2
The optimized parameter values for the SSVI NES and TMD when they are tuned to ¢;=252 N's/m
Damper type my, kg k>, N/m ¢z, N's/m C,m D, m
SSVINES 60 186 249 0.47 0.061
TMD 60 600 262 4.70 2.08
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Fig. 8 shows in green the behavior of maximum total energy E}.x of the PS with damping c;=
=252°N-s/m coupled to both SSVI NES and TMD tuned also to ¢;=452 N's/m as a function of the
exciting force frequency w. For comparison, the Ey, behavior for the PS with damping c;=
=252 N's/m coupled to dampers tuned to PS damping ¢,=452 N's/m is shown in black. The green and
black dotted curves for PS with attached TMDs tuned to these two different PS damping ¢, merge,
which means that the TMD holds the tuning well. The black solid curve for the PS with the connected
SSVI NES tuned to ¢;=452 N's/m is significantly different from the green solid curve for the PS with
the connected SSVI NES tuned to ¢;=252 N's/m, which means that SSVI NES holds the tuning worse
in this case. However, the efficiency of all four dampers is high.

Again, as in Fig. 3, the green

Epays 3| DS with lj“:;;:"‘ W curves in Fig. 8 show that SSVI NES
§ by 1 mitigates the PS vibrations slightly
WS T winssvings ¢ \—— PSwilSSVINES better than the TMD if the PS
I tnedtoc—452Nsim! | edoamsiem damping ¢, and its value, for which
L ! ¥ both dampers were tuned, are the
PS with TMD ; PR PS with TMID» same C1:252 NS/m in thlS Flg But

2E+3 LT tuned fo ¢,—452 N s/ip v tuned fo =252 N'sim ?

) . % the black curves demonstrate that the
reduction of the PS energy coupled
with TMD retains the same, while the
reduction of the PS energy coupled

0.E+0

with  SSVI NES becomes very

5,5 6 6.5 w, rad/s different at different exciting force
Fig. 8. The reduction of maximum energy of PS with damping ¢,=252 N's/m frequencies when these values are
with attached SSVI NES and TMD tuned to two different PS damping c;: different

green curves to ¢;=252 N-s/m, black curves to ¢;=452 N's/m .

Figs. 9, 10 demonstrate the energy
transfer for the PS with damping ¢,;=252 N's/m. In the left graph, the area of bilateral damper impacts
on the PS and obstacle is shown in pink; the areas of unilateral impacts on the PS only are shown in
pastel blue. The vertical black straight line shows the resonant frequency.

Emax= J : : 'I: Elmilx fo‘ pPS Emax! I ,l Elmax ﬁ)}' PS
P i i \ without damper r v without damper
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; |0 : I !
N b{ib : i 'l
+3 4 1 1A i e \
PR N Edgerrs o 2P V|V B or s
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1
I E i ! ‘\ E EZ\zmx Of m \\ ) o
- PN\ SSVINES L & Fomax 0f TMD
0,E+0 A 0,E+0 \ \ {
5 6 7 w, rad/s 5 6 7 , rad/s

(a) (b)
Fig. 9. The maximum PS energy and the maximum damper energy when PS with ¢;=252 Ns/m is coupled with dampers tuned
also to ¢;= 252 N's/m (a) SSVI NES, (b) TMD

Fig. 10 presents the relations of the maximum damper energy Ejn,x to maximum PS energy Fn.x
for the PS with damping ¢;=252 N-s/m as the functions of the exciting force frequency @: Eamax / E1max-

Again, as in subsection 3.1, it can be seen that the appearance of these curves is significantly different.
Although the part of the transferred energy for TMD is much smaller, it reduces the PS energy quite well,
which can be clearly seen in Fig. 8. It should be noted that the ratio £, / E1max for the PS coupled to the
TMD is the same in Fig. 10 and Fig. 5, although the values of E|,,, and F,,, are naturally different when
the PS with different damping c; is coupled to the TMD with the same optimized parameters.
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Fig. 10. The relation of the maximum damper energy Erma.x and the maximum PS energy Ejmax
when PS with ¢,=252 N's/m is coupled with dampers tuned also to ¢;= 252 N's/m: (a) SSVI NES, (b) TMD

The plots of energy for PS with damping ¢,=252 N's/m E| without damper, the energy £, of the PS
coupled with SSVI NES and TMD tuned also to ¢;=252 N's/m, and damper energy E, as the
functions of time for the resonant exciting force frequency @=6.28 rad/s are presented in Figs. 11, 12.

EJ +

e o _ y EJ

: El for PS with SSVI NES r By for PS with TMD
800 /M /M /Wh /"m /ﬂu J i

;IIW HW IIW IIW IIW 800 T
400 + I

F E, of SSVI NES 400 L

i Ey of TMD
100 120 140 08
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Fig. 11. The PS energy E; and the damper energy E, as the functions of time at exciting force frequency @ =6.28°rad/s when
PS with ¢;=252 N's/m is coupled with dampers tuned also to ¢;=252 N's/m (a) SSVI NES, (b) TMD

The plots in Fig. 11 again show a slightly better reduction of the PS energy E; in resonant region
with SSVI NES compared to TMD when the PS damping ¢, and its value, for which both dampers
were tuned, are the same (¢;=252 N's/m in this Fig). However, when TMD is coupled to the PS, the
energy change over time is smoother.

Ezm'1 E,/E,
0,2 i | 0,04
01 ‘ 0,02
0 HJ W m HW hlw mm “ “UM “ ‘ 0
100 120 140 4,8 100 120 140 1,8
(@) (b)

Fig. 12. The relation of the damper energy E> and the PS energy E, as the functions of timewhen PS with ¢,=252°N-s/m is
coupled with tuned (a) SSVI NES, (b) TMD

We emphasize that the character of the dependences in Figs. 11 and 12 and in Figs. 6 and 7 does
not change; changing the PS damping ¢, and the optimal damper design did not affect their character.
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3.3. Other options of SSVI NES tuned to c¢; =252 N-s/m

It is interesting to look at other options for the optimal design of SSVI NES coupled to PS with
damping ¢,=252 Ns/m. The programs surf and fminsearch allow selecting several different variants of
such SSVI NES designs (Fig. 13).

Let’s take a look at two of them.

Table 3
The optimized parameter values for the SSVI NESs when they are tuned to ¢; =252 N's/m
Variant my kg | ky,Nm | ¢;,Nsm | Cm D,m 4 F , Jat @=6.28 rad/s
SSVI NES (V1) 60 170 30.0 0.500 | 0.0600 188.3
SSVI NES (V2) 60 171 25.8 0.672 | 0.0581 1180.6
NES 60kg We note the small values of damping
0 Y 2w coefficient ¢, and the PS energy E,,, ., ie.,
ml ll the small value of the objective function,at the

220

resonant frequency. However, the system
behavior when the PS is coupled to these SSVI
NESs is not similar to that described above.
Fig. 14 shows the plots of maximum energy of
the PS and SSVI NESs for these two variants
as the functions of the exciting force frequency
@, which are significantly different from the
plots depicted above. Although the PS energy
decreases at the resonant frequency, the
resonance peak remains large; it only shifts to
00 250 300 350 400 450 500 550 600 the left towards the low frequencies. The PS

. . | Balils energy decreases at higher exciting force
Fig. 13. Finding the optimal parameters of SSVI NES coupled fr ies. but i t1 fr .
to PS with damping ¢,=252 Ns/m using the surf program cquencies, but mcreases at lower Irequencics.

The areas of bilateral damper impacts on the
PS directly and the obstacle, shown in pink, are much wider; the areas of unilateral direct damper
impacts on the PS, shown in pastel blue, are only observed at high and very low frequencies. That is,
wide regions of nonlinearity do not provide reliable suppression of the PS vibrations.

Eosd

. Elmax fUV'PS E]max’ J

max g : E]max ;J‘Of"PS
L \without dynper : i)V without damper
4.E+3 4 . P 443 11 i :
! Elmax:‘fa‘r PS E I 1 Elm:ax fOf" PS
\" with SV NES : i[v  withSSVINES
¢ Vlvariant : I |‘ OfVE2 variant
L i o
LB S 2E+3 1 H+—
¢ P ! I :
) P : I} :
(I ] : I :
: : E2max
0,E+0 - . 0,E+0 ] 1 ‘
3 6 7 orads 5 6 7 ,radis
(@) (b)

Fig. 14. The zone of bilateral impacts of SSVI NESs in pink and the unilateral impacts in pastel blue. The maximum PS energy
and the maximum damper energy when PS with ¢,=252°N-s/m is coupled with SSVI NESs tuned also to ¢;=252 N's/m: (a)
variant V1, (b) variant V2

Fig. 15 presents the relations of the maximum damper energy Ejp,x to maximum PS energy E|n.x
for the PS with damping ¢;=252 N-s/m coupled to SSVI NESs of variants V1 and V2 tuned also to
¢1=252 N-s/m as the functions of the exciting force frequency @: Eay/Ejmax - These graphs exhibit



ISSN 2410-2547 23
Onip matepiaiis i Teopist ciopy/Strength of Materials and Theory of Structures. 2025. Ne 115

their large values, i.e. the dampers take away a lot of PS energy. However, we see that neither the wide
zones of nonlinearity nor the large part of PS energy transferred to the SSVI NES guarantee a
sufficiently satisfactory damper efficiency.

3 -

(.LLJ.LL_I.LLJ

=]

wh
(=}
~]

f
@, rad/s 7 o, rad/s
(a) (b)
Fig. 15. The relation of the maximum damper energy Ermax and the maximum PS energy E\max When PS with ¢,=252 N's/m is
coupled with SSVI NESs tuned also to ¢;=252 N-s/m: (a) variant V1, (b) variant V2

Thus, in the case of periodic external load, the TMD demonstrates quite high efficiency in
mitigating the PS vibrations and good retention of tuning when such a structural parameter as PS
damping ¢, is changed. The SSVI NES with optimized parameters also demonstrates high efficiency,
in the resonant zone, it can be more effective and stronger to reduce the PS vibrations than TMD,
which can be seen in Figs. 3, 6, 8, 11. However, it holds the tuning weaker. Furthermore, finding its
optimal deign is a complex and not fully defined, since there are many different parameter sets that
provide the similar damper efficiency; and each found design has to be tested.

4. Changing the primary structure stiffness k;

The study of the dynamics of the “primary structure — damper” system with a change in the primary
structure stiffness & exhibits similar results. Naturally, the primary structure natural frequency changes

with a change in its stiffness. It is calculated using the well-known formula @, =/k;/m, . This is the

resonant frequency of the PS oscillations without any damper. All dampers both SSVI NES and TMD
of masses m, = 20 kg and 60 kg are tuned on stiffness &, =3.95-10* N/m and damping ¢,=452 N*s/m.
The optimized parameters for the SSVI NES and TMD with mass m,=20 kg were given in [22].
Here we repeat them in Table 4 for a more visual representation of all described phenomena.
Table 4
The optimized parameter values for the SSVI NES and TMD of masses m,=20 kg when they are tuned
to £;=3.95-10* N/m and ¢,=452 N-s/m

Damper type my, kg k>, N/m ¢y, N's/m C m D, m
SSVI NES 20 198 36.0 0.870 0.109
TMD 20 600 52.0 4.70 2.08

Dynamic behavior of the maximum PS energy coupled with both SSVI NES and TMD with changing
the PS stiffhess 4 is shown in Fig. 16. In this Section, the PS damping is ¢,=452 N's/m, and the exciting
force amplitude is 800 N. The PS energy in the tuned version is shown in red. Naturally, in this case the
reduction of the PS energy is maximal. The attached SSVI NES provides two resonance peaks and
somewhat better energy reduction than TMD near the resonant frequency. When the PS stiffhess changes,
both the SSVI NES and the TMD hold their tuning and efficiency and mitigate the PS vibrations quite
well. However, the TMD provides somewhat better mitigation. Only at a significantly low stiffhess
k=1.00-10"N/m the mitigation is practically absent. The lighter SSVI NES with mass m, =20 kg does not
provide the bilateral impacts on the PS and an obstacle. It only carries out unilateral impacts on the PS
directly. The zones of these impacts are shown in Fig. 17 in pastel blue.
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Fig. 16. The reduction of maximum PS energy with attached SSVI NES and TMD of masses m,=20 kg tuned to £,=3.95°10* N/m
and ¢; =452 N's/m when changing the PS stiffness &,
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Fig. 17. The zones of unilateral impacts of lighter SSVI NES with m, =20 kg in blue. The maximum PS energy and the
maximum damper energy for two values of the PS stiffness: (a) k,=2.00-10*N/m, (b) £,=6.00-10*N/m

The optimized parameters for the SSVI NES and TMD with mass m,=60 kg were given inTable 1

in Section 3. Fig. 18 shows the dynamic behavior of the maximum PS energy at changing the PS
stiffness k;.
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Fig. 18. The reduction of maximum PS energy with attached SSVI NES and TMD of masses m,=60 kg tuned to ,=3.95°10* N/m
and ¢; =452 N's/m when changing the PS stiffness &,



ISSN 2410-2547 25
Onip matepiaiis i Teopist ciopy/Strength of Materials and Theory of Structures. 2025. Ne 115

In general, the picture for heavier dampers is similar to that shown in Fig. 16. In the version
corresponding to the tuning shown in red, the oscillation suppression is achieved best. The SSVI NES
provides two resonant peaks and reduces the PS vibrations in the resonance zone somewhat better than
TMD. The mitigation is quite good for both the SSVI NES and the TMD at different PS stiffness
values. Both damper types retain their tuning, but the TMD retains it somewhat better. However, there
are some differences from Fig. 16. With increasing the PS stiffness 4 the energy reduction remains
practically unchanged. With decreasing the PS stiffness, the energy reduction worsens, but is
maintained even at a significantly low stiffness value.

The heavier damper with mass m,=60 kg realizes bilateral impacts on the PS directly and on the
obstacle in the zone shown in Fig. 19 in pink.

Emax s ] r ,f =2.00-104 \[ m ! “ : E!nw\: f?-" PS .Ema}: E ) ;; 6. ‘Im ](]4‘:.\ J]f‘l E Eimax fO?' PS
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¥ '+ A s for B with o W B sorpsvin
800 -+ : : ] \ ‘:.\.\I,-'_u:.\ ﬁ(uU kg) 300 I : :' : \ S 7S |
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Fig. 19. The zones of bilateral impacts of heavier SSVI NES with m,=60 kg in pink and unilateral impacts on the PS only in
blue. The maximum PS energy and the maximum damper energy for two values of the PS stiffness: (a) £,=2.00-10* N/m, (b)
k1=6.00-10* N/m

Thus, with periodic excitation, both the SSVI NES and the TMD maintain their tuning and
demonstrate high efficiency when changing the PS stiffness k. The TMD retains its tuning somewhat
better, which is especially evident for heavier dampers.

5. Changing the intensity of the external load P

In this section, the SSVI NESs and TMDs of mass m,=20 and 60 kg coupled to the PS are
considered under different intensity of the external load, i.e., its amplitude P. The SSVI NES and TMD
are tuned for two values of the exciting force amplitude P: P=800 and 3000 N. It was found that the
tuning of the TMD is identical for both of these values of P, as it is for both values of ¢}, as shown in
Section 3 and in [22]. In this Section, the PS damping is ¢;=452 N's/m and PS stiffness is
k1=3.95-10* N/m.

5.1. Tuning on P=800 N

The optimized parameters for the SSVI NES and TMD with mass m,=20 kg are given in Table 4 in
Section 4. The optimized parameters for the SSVI NES and TMD with mass m,=60 kg are given in
Table 1 in Section 3.

Too large value of the clearance C and small value of the damping coefficient ¢, for SSVI NES
with mass m,=20 kg are features of lighter vibro-impact dampers. It is these values that provide the
best reduction of the PS vibrations. Fig. 20 shows the behavior of maximum total energy E,, .. of the

PS coupled with both SSVI NES and TMD tuned to P=800 N as a function of the exciting force
frequency w for different values of exciting force amplitude P. The graphs in Fig.20 are similar to
those in Fig. 3, but there are also differences. The SSVI NES with mass m, of both 20 kg and 60 kg
mitigates the PS vibrations near resonance slightly but marginally better than the TMD if the exciting
force amplitude P and its value, to which both dampers were tuned, are the same. When the exciting
force amplitude increases, both lighter and heavier TMDs hold tuning and maintain uniform high
efficiency. But the SSVI NES tuning deteriorates, and its efficiency also deteriorates, which is
especially evident at P=3000°N. The nature of the system behavior with lighter and heavier dampers is
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the same. The only significant difference is that the optimized parameters for the lighter SSVI NES,
which ensure such its behavior and efficiency, are non-standard.
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Fig. 20. The reduction of maximum PS energy with attached SSVI NES and TMD of different masses m,, which were tuned to
P=800 N, when changing the exciting force amplitude: (a) m,=20 kg, P=800, 1200 N; (b) m>=60°kg, P=800, 1200 N; (c) m,=20
kg, P=800, 2000, 3000 N; (d) m,=60 kg, P=800, 2000, 3000 N

Energy transfer from the PS to the dampers is shown in Fig. 21 for the system with dampers tuned
for P=800 N when the exciting force amplitude P=1200 N. The areas of nonlinearity for the coupled
SSVI NES, in particular the regions of bilateral impacts on the PS directly and on the obstacle, shown
in pink, expand as P increases. However, the expansion of nonlinearity zones does not improve the
mitigation of the PS vibrations, i.e., the reduction of its energy. The SSVI NES with a larger mass
(however, tuned for another P=800 N) provide a slightly larger decrease in PS energy. But the resonant
peak is shifted and the PS energy at lower frequencies increases. Increasing the TMD mass has little or
no effect on its efficiency.
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Fig. 21. The maximum PS energy and the maximum damper energy when PS is coupled with SSVI NES and TMD of different
masses m,, which were tuned to P=800 N, when exciting force amplitude P=1200 N: (a) SSVI NES of m,=20 kg, (b) SSVINES
of m,=60 kg
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Fig. 21. (continuation). The maximum PS energy and the maximum damper energy when PS is coupled with SSVI NES and
TMD of different masses m,, which were tuned to P=800 N, when exciting force amplitude P=1200 N: (c) TMD of m,=20 kg,
(d) TMD of m,=60 kg

The plots of the energy E; of the PS coupled with SSVI NES and TMD of masses m,=20 kg, tuned
to P=800 N, and damper energy E, as the functions of time for the resonant exciting force frequency
®=6.28 rad/s at the exciting force amplitude P=1200 kg are presented in Figs. 22.
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Fig. 22. The PS energy E; and the damper energy E, as the functions of time at exciting force frequency w=6.28°rad/s when PS
is coupled with dampers of masses m>=20 kg tuned to P=800 N: (a) SSVINES, (b) TMD

These plots confirm the curves in Fig. 22 (a) and (c) that TMD in this case reduces the PS energy
more strongly, despite the smaller values of £, energy it took away from the PS.

5.2. Tuning on P=3000 N
Tuning the dampers on large amplitude of the exciting force P=3000 N gives the next optimized
parameter sets that are presented in Table 5.

Table 5
The optimized parameter values for the SSVI NES and TMD when they are tuned to P=800 N

Damper type my, kg ky, N/'m || ¢, N's/m C m D, m
SSVINES (1) 20 200 198 0.901 0.070

2) 20 100 135 0.802 0.060

3) 20 150 72.8 2.10 0.100
TMD 20 600 52.0 4.70 2.08
SSVI NES 60 100 260 0.900 | 0.070
TMD 60 600 262 4.70 2.08

Previously, we showed that some optimized parameters for SSVI NES with low mass tend to take non-
standard values: the clearance C becomes very large and the damping coefficient ¢, too small. Table 5 shows
that tuning the SSVI NES with a larger mass to a large exciting force amplitude also yields a large C
clearance value. Recall that the large values of C and D for TMD are chosen to ensure the shockless motion
and linear operation of the damper. The choice of optimized parameters for the SSVI NES with a smaller
mass m,=20 kg when tuned to P=3000 kg is ambiguous. Table 5 shows 3 variants of this choice. They show
different values of the damper characteristics &, and ¢, and large values of the clearance C for all three



28 ISSN 2410-2547
Omip matepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2025. Ne 115

variants. All three damper variants demonstrate a similar efficiency in mitigating the PS vibrations and a
similar manifestation of nonlinearity, which will be shown below for the first variant SSVI NES (1).

Table 6
The optimized parameter values for the SSVI NES and TMD with different masses m, when they are
tuned to different exciting force amplitude

Tuned for | Damper type my, kg k>, N/m ¢y, N's/m C m D, m
800 N TMD 20 600 52.0 4.70 2.08
3000 N TMD 20 600 52.0 4.70 2.08
800 N TMD 60 600 262 4.70 2.08
3000 N TMD 60 600 262 4.70 2.08
800 N SSVINES 20 198 36.0 0.870 0.109
3000 N SSVINES (1) 20 200 198 0.901 0.070
800 N SSVINES 60 215 232 0.360 0.0600
3000 N SSVINES 60 100 260 0.900 0.070

Data from Table 1(Section 3), Tables 4 and 5 are summarized in Table 6 to compare the values of
damper parameters optimized for different masses and exciting force amplitudes.

Table 6 clearly shows that the tuning of TMD depends only on its mass and is independent of the
exciting force amplitude. It was shown in Section 3 and in [22] that the tuning of TMDs with equal masses
is identical for different values of PS damping c¢;. We now see that it is identical for another structural
parameter as well. Fig. 23 clearly demonstrates this effect, the appearance of surface projections created by
the surfprogram is the same, and the values of parameters in the data-windows are also the same.

TMD 20 kgtuned 200) - TMD 20 kg(tuned 3000) o
240
220
200
180
& 160

=
< 140
pul

300 400 f 100 00 300 400 500 Py
kN /s By Nfs
(a) (b)
Fig. 23. The relationship between two parameters of TMD of mass m,=20 kg, created with the surf program, when they were
tuned to different values of exciting force amplitude: (a) P=800 N, (b) P=3000 N

The dynamic behavior of the maximum PS energy and its reduction when coupling different
dampers tuned to P=3000 N are shown in Fig. 24.

The graphs for different masses in Fig. 24 do not differ much from each other. The dampers tuned
to large exciting force amplitude P=3000 kg retain their tuning when exciting force amplitude is
reduced. This effect occurs for both TMD and SSVI NES. The efficiency of TMD with m, =20 kg is
significantly higher than that of SSVI NES. The reduction of maximum PS energy by dampers with
mass nm,=60 kg at different exciting force frequencies is more uniform for TMD than for SSVI NES.
Although in some non-broad frequency bands SSVI NES reduces the maximum PS energy more
strongly.
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Fig. 24. The reduction of maximum PS energy with attached SSVI NESs and TMDs of different masses tuned to P=3000 kg
when changing the exciting force amplitude: (a) m>=20 kg; (b) m>=60 kg

The depiction of nonlinearity zones in Fig. 25 gives a varied “motley” picture. If SSVI NES of
mass m,=60 kg, tuned to P=3000 N, at the exciting force amplitude P=3000 N provides quite a wide
region of bilateral impacts, shown in pink color, then with decreasing of this amplitude such region
decreases and disappears altogether for P=800 N. The SSVI NES of mass m,=20 kg, tuned to
P=3000 N, provides only a narrow region of bilateral impacts even at the exciting force amplitude
P=3000 N, but it also disappears when this amplitude decreases. The regions of unilateral damper
impacts only directly on the PS are shown in blue. However, the presence and breadth of nonlinearity
zones, in particular the regions of bilateral damper impacts, do not give a clear picture of the operation
and efficiency of the damper. The dynamic behavior of the PS maximum energy shown in Fig. 24
provides a clearer picture of this effect.
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Fig. 25. The zones of bilateral damper impacts in pink and the unilateral impacts in blue. The maximum PS energy and the
maximum damper energy when PS is coupled with SSVI NESs of different masses m,, tuned to P=3000°N for different values
of exciting force amplitude P: (a) m, =60 kg for P=3000 N; (b) m, =60 kg for P=2000 N; (c) m, =60 kg, for P=800 N; (d) m, =20
kg for P=3000 N; (e) m, =20 kg for P=2000 N;(f) m, =20 kg, for P=800 N

Thus, the effect of varying such a structural parameter as the intensity of the external load, i.e., the
amplitude of the exciting force P in our case, when tuning the SSVI NES and TMD to its different
values is similar to the effect of varying the PS damping ¢, descripted in Section 3. In the case of
periodic external load, both the SSVI NES and the TMD demonstrate quite high efficiency in
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mitigating the PS vibrations and good retention of tuning when P is changed, but TMD retains its
tuning somewhat better.

6. Conclusions

This paper investigates the influence of structural parameter changes on the efficiency and
dynamics of the SSVI NES and TMD with optimized design under periodic excitation. The article
focused on the ability of these dampers to maintain their tuning. This ability was studied for lighter
dampers with a mass ratio of 2% and heavier dampers with a mass ratio of 6% when changing
structural parameters such as PS damping, PS stiffness, and the exciting force intencity. It has been
convincingly shown that both the SSVI NES and the TMD retain their tuning and demonstrate high
efficiency in mitigating the PS vibrations across fairly wide ranges of these parameters. The TMD
retains tuning no worse than SSVI NES, and in some cases even better. At the same time, SSVI NES,
which always exhibits complex dynamics, provides narrow zones of bilateral damper impacts on the
PS directly and on the obstacle located near the resonance. The lighter SSVI NESs exhibit a special
behavior. Their high efficiency is ensured by non-standard unusual values of large clearance and small
damping coefficient. Furthermore, selecting the optimal SSVI NES design is difficult because there are
many sets of optimal parameters that provide their similar performance.

Thus, the advantage of the SSVI NES over the TMD under periodic excitationis not obvious.
Therefore, it is necessary to demonstrate this advantage under transient loads, such as impulsive and
blast ones, which is included in the author’s plans for further work.
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Jisynos I1.11., Ilozopenosa O.C., [locmuikosa T.I.

HAJAIITYBAHHS BIGPOYJIAPHUX HEJIHIMHUX MMOTJIMHAYIB EHEPIIT ITPU 3MIHI
KOHCTPYKTUBHUX TAPAMETPIB. YACTHHA 2. HOPIBHSIHHSI 3 JEMII®EPOM 3 HAJTALITOBAHOIO
MACOIO.

VY wmift crarti JOCHIIPKYEThCS JMHaMiKa Ta e(EeKTUBHICTH IOM'SKIIEHHS KOJMBaHb IepBHHHOI koHcTpykuii (PS) 3
BHUKOPUCTaHHSAM OIHOCTOPOHHBOIO BiOpoynapHoro HemniniitHoro noraunaya eHeprii (SSVI NES) ta nemndepa 3 HanamroBaHo
Mmacoto (TMD). Posrusinaetses PS, 3'ennana 3 BiOpoyaapHUMU Ta JiHIHHUMY AeMIipepaMu 3 MAaCOBUM CITiBBiJHOLIEHHIM 2% Ta
6% min nepiogUMYHUM 30Y/UKEHHSAM 31 3MIHOIO CTPYKTYPHHUX INapaMeTpiB, Takux sk jaemidipyBanHs PS, T jxopcTkicTh Ta
IHTEHCUBHICTb 30y/KYI040i CHIIM. Y CTaTTi 30CEPEKEHO yBary Ha 3aTHOCTI LUX AeMi(epiB 30epiraTu CBOI HAJIAIITOBAHICTb.
YucieHH] YucelbHI eKCIIEPUMEHTH, Pe3yJIbTaTH AKUX BiI0OpaXkeHi y BUpa3HUX rpadikax i TabauIsax, NepeKOHIMBO 0Ka3ylOTh,
mo sk SSVI NES, tak i TMD 30epiratotb CBOI HaJalITOBAHICTh i JEMOHCTPYIOTh BHCOKY €(EKTHBHICTb Yy 3MEHILICHHI
konuBaHb PS y nocuth mmpokoMy aianasoni mux napamerpis. TMD 30epirae HanamroBanicts He ripuie, Hibx SSVI NES, a B
JIeIKUX BUIIAJIKax HaBiTh kpaute. Bognouac SSVI NES, sikuii 3aBx1u A1eMOHCTPYe CKIaJHY AUHAMIKY, 3a0e31eqye By3bKi 30HU
JIBOCTOPOHHBOI'O yJapiB nemndepa Oe3nocepennbo Ha PS 1 Ha nepemikoy, ski po3ramoBasi moouusy pesonancy. Jlermi SSVI
NES 1eMOHCTpYIOTH 0COOJIMBY MOBEIiHKY. IXHS BHCOKA €(EKTMBHICTh 3a6e3MedyeThcs HECTAHAAPTHUMH HE3BUMYHMMH
3HAQYEHHSAMHU BEJIMKOro 3a30py i Manoro koediuienra aemndipysanus. Kpim toro, Bubip ontumanbhoi koHctpykuii SSVI NES
YCKJIQJHIOETHCS TUM, 1110 iCHY€e OaraTo HabOpiB ONTUMAJIBHUX MapaMETPIB, sKi 3a0€3Me4yI0Th IXHIO CX0XKY NPOIYKTHBHICTb.

JIyist OLiHKM 3MEHIIeHHS BiOpauiit PS BUKOPUCTOBYEThCS €HEPreTHYHUI MiJXij, TOOTO KPUTEPieM 3MEHILEHHS BBAXKAETHCA
3HW)KEHHS MakcHMMaslbHOT MexaHiuHol eneprii PS. ITokazaHo eneprito nemmndepis, ska BinOupaetbcst Bin eneprii PS. 3onu
HeniniiHocti ans SSVI NES BkiII04aloTh 30HM JBOCTOPOHHIX Ta OAHOCTOPOHHIXyAapiB aemmdepiB Ha PS Tta mepewkony; i
30HHM TaKOX IOKa3aHi. TakoXx IMoKa3aHi XapakTeprucTHKU HeperyisipHoro pyxy SSVI NES.

KarodoBi cjoBa: HeniHiiiHMI moriMHay eHeprii, gemrdep 3 HAJAIITOBAHOK MAacoo, BiOpoyaap, MEpPBUHHA CTPYKTYpa,
e(eKTUBHICTb, MOPIBHAHHS.
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Lizunov P.P., Pogorelova O.S., Postnikova T.G.
TUNING OF VIBRO-IMPACT NONLINEAR ENERGY SINKS UNDER CHANGING STRUCTURAL
PARAMETERS.PART 2. COMPARISON WITH TUNED MASS DAMPERS

This paper studies the dynamics and efficiency in mitigating the primary structure (PS) vibrations with using the single-
sided vibro-impact nonlinear energy sink (SSVI NES) and tuned mass damper (TMD). It is considered the PS coupled with
vibro-impact and linear dampers with mass ratio of 2% and 6% under periodic excitation with change in structural parameters
such as the PS damping, its stiffness, and exciting force intencity. The paper focuses on the ability of these dampers to maintain
their tuning. The numerous numerical experiments, which results are reflected in expressive graphs and tables, convincingly
show that both the SSVI NES and the TMD retain their tuning and demonstrate high efficiency in mitigating the PS vibrations
across fairly wide ranges of these parameters. The TMD retains tuning no worse than SSVI NES, and in some cases even better.
At the same time, SSVI NES, which always exhibits complex dynamics, provides narrow zones of bilateral damper impacts on
the PS directly and on the obstacle located near the resonance. Thelighter SSVI NESsexhibit a specialbehavior. Their high
efficiency is ensured by non-standard unusual values of large clearance and small dampingcoefficient. Furthermore, selecting the
optimal SSVI NES design difficult because there are many sets of optimal parameters that provide their similar performance.

The energy approach is used to estimate the mitigation of PS vibrations, that is, the reduction of maximum mechanical
energy of the PS is considered as criterion of mitigation. The energy of dampers, which is taken away from the PS energy, is
shown. The zones of nonlinearity for SSVI NES include the zones of bilateral and unilateral damper impacts on the PS and
obstacle; these zones also are shown. The characterisitics of irregular motion of SSVI NES are also shown.

Keywords: nonlinear energy sink, tuned mass damper, vibro-impact, primary structure, efficiency, comparison.
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