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1. Introduction

The nonlinear energy sinks (NESs) are relatively new passive vibration control devices that are
designed to mitigate high-amplitude and high-velocity vibrations that often endanger structures and
machines. They have a significantly nonlinear connection with the primary structure (PS) and were
proposed after extensive discussion and application of linear passive vibration control devices. The
global scientific literature indicates that linear attachments such as Tuned Mass Dampers (TMDs)
operate efficiently in the narrowband frequency range, where their performance degrades with any
changes in frequency content in the structure and the TMD itself. In [1], the authors note that unlike
TMDs, the NESs are dynamical vibration absorbers that achieve vibration suppression for wide range
of frequency-energy levels. Due to the strong nonlinearity, NESs can realize broadband targeted
energy transfer (TET) and hence reduce the primary structure (PS) energy. Thus, the NESs provide
more effective response mitigation, without the necessity of adding more damping [2].

The scientific literature provides comprehensive reviews of modern studies on NESs [1, 3-6].
Among many proposed and discussed types, a notable place is occupied by the impact based, i.e.,
vibro-impact NESs. A comprehensive review of the VI NESs can be found in [1]. The authors,
referring to numerous works by the reputable authors, describe the design, analysis and applications of
impact-based NESs, advantages of VI NESs, realization and models. The authors state that VI NESs,
“when properly designed can act as the most effective NESs for shock and seismic energy absorption
and dissipation even at severe loadings”; and the SSVI type was found of robust performance.

In many works, the authors focus on the effect of VI NES physical parameters such as clearance,
mass, stiffness and coefficient of restitution on the energy dissipated and optimize these parameters.
For example, in a resent paper [7], the authors, studying the dynamics of the system with double-sided
VI NES with a ball in a cavity, investigate the influence

of the clearance and contact stiffness on the response . Knes

regimes. However, in [2], the authors, considering the — NV Tityinck o fuce
o . .. e connected to the

system under seismic loading, do not optimize the NES mass —T_‘l_]:— top flonr plate

damper mass, but construct separate contour plots for ~ -

several different mass ratios when the primary structure m | Z

has low damping, moderate damping, high damping,

and very high damping. We also believe that damper

mass should not be optimized, it should be pre-selected

and other parameters should be optimized for each

selected mass separately. In our previous works [8, 9],

we have shown that low-mass VI NESs (mass ratio 1 Fig.1. Schematic illustration of SSVINES

and 2%) can provide good mitigation of the primary coupled to a single-story primary structure
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structure vibrations, but their optimized parameters acquire unusual “strange” values, namely, a huge
clearance and a very small damping coefficient. In addition, the areas of bilateral damper impacts are
narrow. In the present paper, we show that these phenomena are also true for other structural
parameters, in particular, they persist when the primary structure damping is changed. In our next
paper (Part II), we will follow these phenomena when the primary structure stiffness and the amplitude

of the exciting force are varied.
Finally, it is worth noting. We use the scheme for SSVI NES shown in Fig. 2, which is given in
numerous authoritative works. However, this scheme

Initial position in equilibrium provides bilateral impacts from two sides, both directly on
F(_I)._“". £ the primary structure and on the rigidly coupled obstacle. We
”‘vé;\:’\r vy Y have shown this in our previous works and show it in the
|7 PS ™ present paper..From Fhis point. of yiew, .the scheme given in
& cs i) review [1] (Fig. 1) is more in hpe with the name of the
single-sided VI NES with obstacle impacts on one side only.
Thus, the goals of this paper are as follows:
5 E - e to show the inﬂue.:nce gf the VI NES tuning to the
Current position in motion structural parameters, " pgrtlculgr,
F(1) : t to the PS damping, on their efficiency;
ki —_— e to show that the VI NES attachment can replace the
AAAMAM MWW additional PS damping;

T PS |, e to show that unusual “strange” values of the optimized

o 5] m) parameters for the low-mass VI NES (very large clearance
and small damping coefficient) and narrow areas of bilateral

=T impacts persist also at different structural parameter values.
X R 2. Model description and governing equations

X1 +D+C In this paper, we study the dynamic behavior of a non-
smooth strongly nonlinear vibro-impact system consisting of

Fig. 2. Conceptual scheme of a primary structure (PS) and a coupled single-sided vibro-
asymmetric single-sided VI NES impact nonlinear energy sink (SSVI NES), which may be

referred to as a vibro-impact damper. The scheme of the
SSVI NES (Fig. 2) was chosen in accordance with numerous works in the scientific literature [10, 11,
12]. The primary structure is a heavy linear oscillator of mass m; connected to a fixed wall by a linear

spring k; and a damper c,, to which an obstacle is rigidly connected. The light-weight asymmetric
single-sided VI NES of mass m, is coupled to the PS by a linear spring &, and a damper c, ; m, <<
m, . The harmonic exciting force F(¢) with period T acts on the PS
F(t)=Pcos(t +¢,), P=800N, T =27/cw. €))
During operation, VI NES makes repeated impacts both on the PS directly and on the obstacle.
We chose the impact rule, i.e., the impact modeling method, according to the quasi-static Hertz’s

contact theory [13] after examining this problem in our previous works [14]. An interactive contact
nonlinear force that acts only during an impact, which has a specific duration, simulates an impact.

F,,,(2)=K[z(O]"*. @)
The coefficient K characterizes the mechanical and geometric properties of the colliding surfaces.

It differs for the damper impacts on the PS directly and on the obstacle, since different surfaces are
involved in these impacts.

When impacting the PS directly When impacting the obstacle
4 a4 4 ‘P
K = N K = )
'35+ 8,)(4 + B, > 3(8,+8,)J4, +B, o)
51:1—v12 1-v3 53=1—v32 1-v;

’ 2 = . s Y4 = .
Er E, Esm E,
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The Young’s moduli of elasticity for all surfaces E,, E,, E;, E, and Poisson’s ratios v;,v,, Vs,V
are the mechanical characteristics of colliding surfaces. The values E; and v, characterize the contact
surface of the PS; the values £, and v, — the contact surface of the obstacle; the values E,, E, and
v,,v, — the left and right contact surfaces of the vibro-impact damper. The constants 4,, 4,, B, B,,
4,, ¢, are the geometrical characteristics of colliding surfaces; they are calculated according to the
known table [13] depending on the type of contact surfaces. To use this table, we assume that the
damper surfaces, both left and right, are spherical with large radii R, and R,, and the contact surfaces
of the primary structure and the obstacle are flat. Then 4, = B, =1/(2R)), 4, =B, =1/(2R,). We set

A =4,=B =B,=0.5m", ¢, =¢,=0319 as in the collision of a plane and a sphere. Thus, this
simulation method makes it possible to calculate the contact forces and evaluate the influence of
collision surface characteristics.

In formula (2), z(¢) is the colliding body rapprochement in the contact zone due to local
deformations allowed by Hertz’s law. The contact conditions are formulated by means of the
Signorini’s contact condition as the following: the impacts occur when

X 2 Xy, that is, x, —x, 20 for direct impacts on the PS;
then z; =x, —x,
x,2x+(D+C), thatis, x, —x; —(D+C) =0 for impacts on an obstacle;
then z, =x, —x, —(D+C).

Distance D and clearance C are shown in Fig. 2. Combining the Signorini contact conditions and
the Hertz contact law, and using discontinuous Heaviside step function to “activate” the contact forces,
we write the motion equations for this system as follows:

mx, +ox +kx; —cy (X — X)) —ky(x, —x, - D)= F(t)— H(2))F,,,(z)) + H(z,) F.,,,(2,),
myXy + ¢y (X, — X))+ ky (X, —x, — D)= H(z))F,,,(2))— H(2,)F,,,(z,). ®)
The initial conditions are:
x1(0) =0, x; (0) =D, x; (0) = x, (0)=0, ¢y =0.

The presence of the discontinuous Heaviside step function H(z) in the motion equations (5) makes
the set of the Ordinary Differential Equations (ODE) stiff one. Stiff solvers from the Matlab platform
can integrate the stiff sets of ODE. They provide the variable integration step and make it extremely
small at the impact points. We use the solver ode23s.

The VI NESs are designed to mitigate the PS vibrations, that is, to reduce the total PS energy,
which is calculated by the well-known formula, where x,(¢#) and x,(¢) are the results of integration of
the set (5):

“4)

. 2 5
E mx, (t)” +kyx (¢
lrotal (t) = El/(metic (t) + Elpoten (t) =— 1( ) 2 : 1( ) . (6)

When optimizing the damper parameters, its maximum is chosen as the objective function.
In this paper, some PS parameters are pre-selected
m,=1000 kg, k,=3.95'10*N/m, E, = E; =2.110"' N/m?, v, =v, =0.3.

The PS damping ¢, changes; this paper studies how these changes affect the system dynamics and

damper efficiency. In our previous works [15], we have found that the softer impacts between the
damper and the barriers are preferable and provide the better results, so we have chosen:
E,=2.21-10'N/m*, E, =2.0510'N/m* v, =v, =0.4.

3. Changing the primary structure damping c;

In this section, we consider the SSVI NESs of mass m,=20 kg coupled to the PS with different
damping c¢;. How do their efficiency and system dynamic behavior change when the PS damping is
changed?
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3.1. System behavior during optimization of damper parameters at PS damping
¢, =452N-s/m
In this section, the SSVI NES was tuned to the PS damping ¢;=452 N-s/m, that is, its optimal
design was found for the PS with this damping. It is presented in Table 1.
Table 1
Parameters of VI NES optimized when PS damping was ¢;=452 N's/m

my,kg | k,,N'm | ¢;,,N's/m | Cm | D,m
20 198 36.0 0.871 | 0.109

These parameters have large clearance C and small damping coefficient ¢,. The area of bilateral
impacts on the PS directly and on the obstacle is narrow and located near the resonance (Fig. 3). The
regions of unilateral direct damper impacts on the PS are wider.

One of the most important advantages of NESs

Eiwo T over linear dampers is the preservation of PS
[ vibration mitigation efficiency over a relatively
1760 + | broad range of the energy-frequency domain.Fig.4
L demonstrates this phenomenon. It shows similar
L high efficiency in reducing the maximum PS
suu T energy Ejn.x despite the change in the PS damping
Coo c¢1. The dashed curves show the PS energy without
400 + | damper.
oo The same results are detailed in Table 2, in
1 . . . .
[ which the PS energy reduction is given as a
6 o percentage. According to the theory of targeted
5 6 7  o,rad/s energy transfer (TET), the NES, due to its
Fig. 3. The areas of bilateral (pink) and unilateral (light- nonlmearlty’ te}kes away some Of the PS energy,
green) impacts for SSVI NES with mass m:=20 kg, thus redl.lcmg it. Therefore, we give the values of
whose parameters were optimized for ¢;=452 N-s/m, the maximum damper energy FE,y.x in Table 2,
depending on the exciting force frequency Table 3, and Table 5.
Elmax» J = /::\\ {'4174]12 N-s/m L
g oSN et Nsm  Dwed g - 6463 N-s/m
1500 + Al A . SO
C Y.t NNRY 200 + e 27 N
o _E ,,,/’://i; \:;\\ 61:442 N-'s/m 1200 N f \""\‘.\ 1
1200 F 0!’/,/ P “\Q\C\.I:452 N-s/m , ?"r Sy ¢,=492 N's/m
AN 900 +
U 72 \N N A ‘2,
Y ) N\ \ 600 %,
600 + J ———=" xxmp\, m\
p— N :
300 Il Il 300 i i i 1 I 1 L Il L I 1 L L I L 1
6 ; p.

()}
(8]
(@)}
S
S
g
-
a L
w
(=2}
(=2
[
(=2
'

6, m, rad/s

(@) (b)

Fig. 4. The reduction of maximum PS energy with attached SSVI NES when changing the PS damping ¢;:
(a) for c;=412, 422,432, 442, 452 N's/m; (b) for ¢;=462, 472,482,492 N's/m

When the structural parameters are varied over a wider range, the VI NES performance is
maintained but degraded. Fig. 5 shows the maximum total mechanical energy of the PS Ey,,, for four
values of its damping without damper and for the PS coupled with the VI NES, whose parameters were
optimized for ¢;=452 N's/m and obtained the values presented in Table 1.

Table 3 summarizes the energy values in numbers and the PS energy reduction in persent.
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Table 2

The reduction of the maximum total energy of the PS with different damping ¢, coupled with VI NES
whose parameters were optimized for ¢;=452 N's/m. The maximum damper energy £sy.x

c1, N's/m 412 | 422 | 432 442 452 462 472 482 492
El‘mx’. " 1890 | 1801 | 1719 | 1642 | 1571 1503 1440 | 1381.3 | 1326
PS without damper
El‘mx’. " 1119 | 1041 | 965.9 | 892.8 | 667.0 | 655.3 639.9 | 625.1 | 610.8
PS with damper
% reduction of E . | 41 42 44 46 58 56 56 55 54
Eomax, J 539 | 522 |80.7 |57.2 |135 46.1 447 1433 42.0
Note Bilateral impacts Unilateral impacts against PS only |
E o IT SIES o S: PS without damper
F L&Y NTealrn r \ na 1 X7T RIS
¢;=252 N's/m ' PS with VI NES
4000 —+ ~_ -
s N \
L /A \
3000 - i=\— S
III' }\ ; (/l:/j,b; N-'s/m
2000 /,I / \‘/‘./ -
VAVIVAV NN I, R ¢, =452 N's/m
F —&&) N-alm / = N =
LI JJI L 1N ‘Illl\ / [,’\ *\\\/
1000 =l e A
L /%
R L nl—— S ——
0 T : : : : C — ‘
5 5,5 6 6,5 7 , rad/s

Fig.5. The maximum total mechanical energy of the PS E|n.x for four values of its damping ¢; without damper (dashed curves)
and for the PS coupled with the VI NES, whose parameters were optimized for ¢;=452 N's/m and given in Table 1 (solid curves)

Table 3

The reduction of the maximum total energy of the PS with four different damping ¢, coupled with VI
NES whose parameters were optimized for ¢;=452 N's/m. The maximum damper energy £»m.x

¢1, N's/m 252 352 | 452 552
E\max J, PS without damper | 5037 | 2587 | 1571 | 1054
E\max J, PS with damper 3589 | 1664 | 667.0 | 538.1
% reduction of E| 29 36 58 49
Esmax, J 106.4 | 50.8 | 135 40.5

In [1], the authors note that “energy dissipation is accomplished by three mechanisms: (1) the NES
damping, (2) energy loss during NES inelastic impacts and (3) the structural modal damping”. It is
important to note that one type of damping can be replaced by another one. In Fig. 5, one can see
almost the same effect of both increasing the primary structure damping ¢;=452 N-s/m (dashed dark
blue curve)and attaching the low-mass VI NES to the primary structure with lower damping
¢1=352 N's/m (solid brown curve). Figs. 6 (a) and (b) demonstrate this effect for two system variants,
where the PS with higher damping but without damper and the PS with lower damping but with
attached damper provide the same values of its maximum total energy.

How will the damper efficiency and dynamics of the system with attached VI NES change if their
parameters are optimized for new values of structural damping?
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Fig. 6. The damping effect of increasing PS damping ¢, or joining VI NES is the same

3.2. System behavior when optimizing damper parameters with appropriate PS damping

In this section, the SSVI NESs were tuned to the different PS damping, that is, their optimal
designs were found for the PS with appropriate damping. After performing optimization procedures
separately for each PS damping value, the optimized VI NES parameters were selected as follows
(Table 4). Optimization procedures were carried out by tools of standard Matlab software using surf
and fminsearch programs.

Table 4
Parameters of VI NESs of mass m,=20 kg optimized with appropriate PS damping
¢, N'sm | kp, NNm | ¢;, N'ss'm | C,m | D, m
252 187 26.6 1.36 | 0.126
352 228 21.7 1.33 | 0.141
552 229 23.1 0.966 | 0.170

Table 4 shows that the trend of unusualness for the clearance C and damping coefficient ¢, for
lightweight dampers persists; the clearance C is very large and the damping coefficient ¢, is small. Fig. 7,
obtained with the surf program, confirms the validity of this choice. These plots show the top-down
views of the 3D diagrams depicting the relationship between two parameters of SSVI NES with mass
m,=20°%kg, when PS damping ¢; =352 N's/m. The values of the objective function, i.e. the maximum total
PS energy E|mx, are shown in color. Fig. 7 (a) demonstrates that its lower values depicted in blue and
dark blue colors correspond to large values of clearance C. Fig. 7 (b) shows that its lower values depicted
in blue and dark blue colors correspond to small values of damper damping c,.

55 20 ky 88 20kg
15 260
240
220
2 200
180
g
g5 160
< =
& 140
120
! 100
00 o
60 1000
s 300
.06 0.08 01 012 0.14 0.16 200 250 300 35S0 400 450 SO0 550 600
Dom kg,N/S
(@) (b)

Fig. 7. The relationship between two parameters of SSVI NES with mass m,=20 kg, when PS damping ¢;=352°N"s/m:
(a) between (D — C) k,=198 N/m, ¢,=36.0 N's/m; (b) between (k> — ¢2) D=0.11 m, C=0.87 m
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The areas of bilateral impacts both directly on the PS and on obstacle are still narrow. In Fig. 8,
they are shown in pink color; the areas of the unilateral direct damper impacts on the PS are wider,
they are shown in light green color. In the white zones, the motion is shockless and there is no
nonlinearity.

Elmax, J 7;

(;?1:352 N-s/m

4000 +

3000 +

2000 |

1000 +

.

(2)

Fig. 8. The areas of bilateral (pink) and unilateral (light-green) impacts for VI NESs with mass m,=20 kg, whose parameters
were optimized for appropriate PS damping: (a) ¢;=252 N's/m, (b) ¢;=352 N's/m, (c) ;=552 N's/m

The damper efficiency is improved when its parameters are optimized at appropriate structural
parameters. Table 5 clearly demonstrates this improvement; the lowest green row is given for ease of
comparison.

Table 5

The reduction of the maximum total energy for the PS with four different damping
coupled with VI NES whose parameters were optimized for appropriate PS damping.
The maximum damper energy Espax

¢1, N's/m 252 | 352 | 452 552
E\max J, PSwithout damper 5037 | 2587 | 1571 | 1054
E1max J, PSwith damper 1234 | 1469 | 667.0 | 464.0
% reduction of E| 76 43 | 58 56
% reduction of E|,,, from Table 3 29 36 | 58 49
Esmax, J 198 | 261 | 135 132

Thus, as we have noted earlier, the low-mass VI NESs (mass ratio 1 and 2 %) have a rather high
efficiency in mitigating the primary structure vibrations when their parameters are optimized.
However, these parameters acquire unusual “strange” values, namely, very large clearance C and small
damping coefficient c,. In addition, the areas of bilateral damper impacts both directly on the PS and
on the obstacle are narrow; the areas of unilateral direct damper impacts on the PS are wider. These
phenomena persist when the structural parameters are changed. In particular, Table 4, Table 5 and Fig.
8 clearly demonstrate them when changing the PS damping c;.

System dynamics with SSVI NES is always complex;there is often an amplitude-modulated
response. For example, Fig. 9 shows the amplitude-modulated response of the system at w=6.38 rad/s,
when the PS damping ¢;=252 N's/m and the SSVI NES has parameters optimized for this damping,
which are presented in the top row in Table 4. Fig. 9 (a) presents the PS displacements with the upper
envelope highlighted in red; its frequency is 2=0.332015 rad/s. The modulation depth (modulation
factor) is m=21 %. Figs.9 (b) and (c) show the contact forces for direct impacts on the PS in blue color
(b) and on the obstacle in green color (c). Fig. 9 (d) presents the phase portraits with Poincaré maps in
red color for the PS on the left and for the damper on the right. In this plot, the velocity jumps at the
impact moments are clearly visible. Fig. 9 (e) presents the Fourier spectrum, in logarithmic scale in
inner frame.
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Fig. 9. The amplitude-modulated response of the system at w=6.38 rad/s, when the PS damping ¢;=252 N-s/m and the SSVI NES
has parameters optimized for this damping, which are presented in the top row in Table 4. (a) PS displacements with the upper
envelope highlighted in red; (b), (c) the contact forces for direct impacts on the PS (b) and on the obstacle (c); (d) the phase
portraits with Poincaré maps in red color for the PS on the left and for the damper on the right; (e) the Fourier spectrum

3.3. System behavior when PS is coupled to a linear damper
In the above sections in Figs. 3 and 8, narrow areas of the damper impacts on the obstacle have
been shown. If you move the obstacle away and
increase the distance between the PS and the damper,
i.e., increase the clearance C and distance D, the
damper operates as a linear one without any impacts.
If we tune it to PS damping ¢,=452 N's/m, i.e.,
optimize its parameters at this damping value, we get
a tuned mass damper (TMD). Optimization of the
parameters ¢, and k, for the damper with mass m,=20
kg when D and C are large is performed using the surf’
program from the Matlab platform (Fig. 10). The dot
o in the blue field in this figure defines them as follows:
Yie k,=X= 600 N/m, c,=Y=52 N's/m.
W B0 W0 B 400 4s0 S0 s e The linear damper with these parameters, tuned to
kN PS damping ¢,=452 N's/m, has a sufficiently high

Fig. 10. Finding thiHLal parameters of linear damper  efficiency, which is maintained for other PS damping
using the surf program ¢ (Figs. 11, 12).

S8 20kg

Fig. 11 (a) is Fig. 4 (a), to which the colored dotted curves were added. They correspond to the PS
energy behavior when the TMD is coupled to the PS. The upper dashed curves show the PS energy
without damper, the colored solid curves show the PS energy when SSVI NES is coupled to it. Fig. 11
(b) is almost identical to Fig. 4 (b); the colored dotted curves were added, but the colored solid curves
were removed because they almost merged. Fig. 12 presents such dependences for the larger values of
PS damping c;.

Figs. 11 and 12 clearly show that the high efficiency of linear damper is maintained over a wide
range of PS damping. Table 6 supports this assertion in numbers. The linear TMD, which has no
nonlinearity, also takes away some of the PS energy, thereby reducing it; its maximum energy £,y 18
given in Table®6.
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Fig. 11. The reduction of maximum PS energy with attached SSVI NES and TMD when changing the PS damping®c;: (a) for
=412, 422,432, 442, 452 N's/m; (b) for ¢,=462, 472,482,492 N's/m
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i \
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Fig. 12. The reduction of maximum PS energy with attached SSVI NES and TMD when changing the PS damping ¢,

Table 6
The reduction of the maximum total energy for the PS coupled with TMD. The maximum damper
energy £omax.
c1, N's/m 412 | 422 | 432 | 442 [ 452 | 462 | 472 | 482 |492 |552 | 952
E\max, J, PS
without 1890 | 1801 | 1719 | 1642 | 1571 | 1503 | 1440 | 1381 | 1326 | 1054 |354.5
damper
Elmax: Js

PS with 787.6 |763.5 |740.5 |718.5 [697.5 [677.4 |658.1 [639.7 [622.0 |529.9 |231.3
TMD

% reduction

58 58 57 56 56 55 54 54 53 50 35
OfElmax

Eomax, J 642 | 623 | 587 |569 |553 |53.7 |522 |50.7 [49.2 |41.8 | 18.0

Thus, the system under consideration with certain parameters and harmonic excitation does not
demonstrate the advantages of nonlinear vibro-impact damper compared to a tuned linear damperwhen
the PS damping is changed.The authors of a very serious review [1] write with reference to an old
paper by many reputable authors [16]:” In general, the structural vibration control aims to dissipate
excessive vibrational energy from a primary structure using an auxiliary device. Different types of
passive damping devices ... have been theoretically and experimentally investigated for vibration
mitigation in civil structures but no particular damper was found efficient under all circumstances”.
Consequently, the choice of an effective and reliable damper may be different for different real
constructions.
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4. Conclusions

In this paper, the effect of varying the structural parameters on the efficiency of single-sided vibro-
impact nonlinear energy sinks coupled to a primary structure was studied. The damper efficiency in
mitigating the primary structure vibrations and the system behavior when the damping of the primary
structure is changed were investigated. The effect of optimizing the damper parameters for each PS
damping separately was also studied. The above results allow us to draw following conclusions.

e The efficiency of a damper tuned to a certain PS damping, that is, whose parameters have been
optimized at this PS damping, remains sufficiently high over some range of PS damping.

e The efficiency of a damper tuned to a certain PS damping, that is, whose parameters have been
optimized at this PS damping, detereorates over a wider range of PS damping.

e Optimizing the damper parameters for appropriate PS damping, i.e., tuning the damper to the
appropriate structural parameters, significantly improves their efficiency.

e Coupling the VI NES to the PS has the same effect on the system behavior as increasing the PS
damping.

e The parameters of low-mass dampers optimized for different values of structural parameters
always acquire unusual “strange” values, namely very large clearance and small damping coefficient

The areas of bilateral damper impacts both directly on the PS and on the obstacle are always
narrow.

The areas of unilateral direct impacts only on the PS are wider.

e Dynamics of the system with attached SSVI NES is always complex. The amplitude-modulated
responses often occur.

e Tuned mass damper demonstrates the effect of mitigating the PS vibrations in the system under
consideration, which is as good as the effect exhibited by the vibro-impact nonlinear energy sink.
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Jisynos I1.11., [lozopenosa O.C., [locmuikosa T.I.
HAJANITYBAHHS BIGPOYJIAPHUX HEJIHIMHUX MMOTJIMHAYIB EHEPIIT ITPU 3MIHI
KOHCTPYKTUBHUX TAPAMETPIB. YACTHHA 1

V wiii craTti gocnijkyerbes eheKTUBHICTh BIOPOYIapHOro HENiHiMHOrO noriMHayva exeprii (Bibpoynapaoro nemndepa) y
raciHHi KOJIMBaHb NEPBUHHOI CTPYKTYpH, TOOTO y 3MEHIIEHHI il MOBHOI MeXxaHi4HOi eHeprii. [IepBMHHA KOHCTPYKLis sBIISE
c00010 JIHIHHUN OCLUIATOP, KU YTBOPIOE CHJIBHO HENiHiMHY BIiOpOyJapHY CHUCTEMY, KOJM JO HBOIO IIPHEAHYETHCS
BiOpoynapuuii nemndep. Ilpum HanamTyBanHi Jemmdepa Ha IEBHE 3HAYEHHS KOHCTPYKTHBHOIO Iapamerpa, 30Kpema,
JeMidyBaHHS IEPBUHHOI CTPYKTYPH, Or0 JOCUTh BUCOKA €(EKTHUBHICTh 30€piraeThcst B ICIKOMY Jliana3oHi LbOro nmapamerpa i
noripuryerbcst B OUIbII IIMPOKOMY Jiamna3oHi. Tojai HaJamITyBaHHS KOHCTPYKLIl Jemmdepa Ha BIINOBiIHE 3HAYCHHS
neMndyBaHHS TEPBUHHOI CTPYKTYpH [03BOJIIE CYTT€BO HIIBUIIMTH Horo edexkTuBHicTh. Ilpomenypu ontumisanii
3IIHCHIOIOTHCS 3aC00aMH CTaHJaPTHOTO MporpaMHoro 3adesnedeHus Matlab. OnHak ONTHMI30BaHI apaMeTpu Majlo MacOBOTO
neMndepa HaOyBalOTh HE3BUYHMX «IAMBHHUX» 3HAU€Hb, a cCaMe: Jy)Ke BEJIMKHUH 3a30p 1 Manuii koediuieHT nemndysanns. Kpim
TOr0, 30HH JIBOOIYHUX ynapiB aemidepa sk Oe3nocepeHbo 00 OCHOBHY KOHCTPYKIIIO, TaK 1 O MEPEIIKOLY € BY3bKUMH, @ 30HU
OJHOOIYHMX NPAMUX yAapiB aemmdepa o0 OCHOBHY KOHCTPYKLit0 € ImupmmMu. L{i sBHIIa, IO CHOCTEpIrajiucs B HaIIMX
nonepeHix podoTax Jyis OAHOTO KOHKPETHOTrO 3HAUYEHHS JieMI(yBaHHS EPBUHHOI CTPYKTYPH, 30€piratoThes i 1UIst pisHUX HOro
3HaueHb. Takox Ioka3aHo, sk ycraHoBka VI NES moxe 3aminutu nonarkoBe nemndysanns I1C. [lunamika cucremu 3
OJHOOIYHMM BiOPOYIApPHUM HEJIIHIHHMM MOTJIMHAYeM EHEprii, 3B'A3aHUM 3 NEPBUHHOIO CTPYKTYPOIO, 3aBXK/AU CKJIa/HA, 4acTO
BUHHMKAIOTh aMIUIITYJHO-MOJYJIbOBaHI BIArYKM cucTeMH. [l0Ka3aHO XapakTepUCTHKHM Takoro pexumy, a came: rpadik
NepeMillieHb 3 BEPXHbOIO OIMHAIOYOI0, JIiBY Ta IPaBy KOHTaKTHI cuiM, (a3oBi moprperu 3 kapramu Ilyankape ta ciekrpu @yp'e.
MoyemoBaHHs yapy 3 BHUKOPUCTaHHSM HEJHIHHOT KOHTakTHOI cuiu I'epra BiANoBiAHO a0 HOro KBasicTaTU4HOI Teopil
JI03BOJISIE PO3PAXyBAaTH KOHTAKTHI CUIIH y/iapy, BpaxyBaTH i ONTHMi3yBaTH XapaKTEPHCTUKU ITOBEPXOHb, 1[0 CTHKAIOTHCS.

SIkicHI puCyHKH i TaOJIMILI CyITPOBOKYIOTh BEJIMKUIT 00CAT YN CENbHUX EKCIIEPUMEHTIB.

KarouoBi cioBa: HeniHiliHMIA noraMHau eHeprii, nemmndep, BiOpoydap, ONTHMI30BaHI napaMmerpH, €QEeKTHBHICTb,
JIBOCTOPOHHI yAapu.

Lizunov P.P., Pogorelova O.S., Postnikova T.G.
TUNING OF VIBRO-IMPACT NONLINEAR ENERGY SINKS UNDER CHANGING STRUCTURAL
PARAMETERS. PART 1

This paper studies the efficiency of vibro-impact nonlinear energy sink, that is, vibro-impact damper, in mitigating the
primary structure vibrations, i.e., in reducing its total mechanical energy. The primary structure is a linear oscillator that forms a
strongly nonlinear vibro-impact system when a vibro-impact damper is coupled to it. When the damper is tuned to a certain
value of a structural parameter, in particular, the primary structure damping, its sufficiently high efficiency is maintained in
some this parameter range and deteriorates in a wider range. Then tuning the damper design to the appropriate value of the
primary structure damping allows to significantly improve its efficiency. Optimization procedures are carried out by the tools of
standard software Matlab. However, the optimized parameters of the low-mass damper acquire unusual “strange” values,
namely, very large clearance and small damping coefficient. In addition, the areas of bilateral damper impacts both directly on
the primary structure and on the obstacle are narrow; the areas of unilateral direct damper impacts on the primary structure are
wider. These phenomena, observed in our previous works for one particular value of the primary structure damping, persist for
its different values. It is also shown how a VI NES attachment can replace the additional PS damping. The system dynamics
with the single-sided vibro-impact nonlinear energy sink coupled to the primary structure is always complex; the amplitude-
modulated responses are often occur. The characteristics of such a regime are shown, namely, the time history of displacements
with upper envelope, left and right contact forces, the phase portraits with Poincaré maps, and Fourier spectra. Modeling the
impact using the nonlinear Hertz’s contact force in accordance with his quasi-static theory allows us to calculate the impact
contact forces, take into account and optimize the characteristics of the colliding surfaces.

Qualitative figures and tables accompany a large volume of numerical experiments.

Keywords: nonlinear energy sink, damper, vibro-impact, optimized parameters, efficiency, bilateral impacts.
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Tlokasano, ak Hanawmysanus 8i6POYOAPHUX HENIHIIHUX NOSIUHAYIE eHepeii Ha 8I0N0GIOHI KOHCMPYKMUGHI napamempu Moxice
nioguwumu ixuio egexmusnicmo y wupwomy oianaszomi yux napamempis. He3euuni «Ou6Hi» 3HAUEHHA ONMUMIZ08AHUX
napamempie Onia Mano MAacusHux demnghepie (Oyoce eenuxuti Kuipeunc i manuti koeiyichm oemnghyeéanus) i 6y3vki obracmi
060CMOPOHHIX YOapie 30epieaiombCs MAKOIC NPU PI3HUX SHAYEHHAX KOHCMPYKMUGHUX NAPAMEMPIE.

Tab. 6. In. 12. bibaiorp. 16 Ha3B.



22 ISSN 2410-2547
Onip matepiaiis i Teopist ciopy/Strength of Materials and Theory of Structures. 2025. Ne 114

UDC 539.3

Lizunov P.P., Pogorelova O.S., Postnikova T.G. Tuning of vibro-impact nonlinear energy sinks under changing structural
parameters. Part 1 // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA.
2025.—Issue 114.—P. 11-22.

1t is show how tuning of vibro-impact nonlinear energy sinks to appropriate structural parameters can improve their efficiency
over wider range of these parameters. Unusual “strange” values of optimized parameters for low-mass dampers (very large
clearance and small damping coefficient) and narrow areas of bilateral impacts persist also at different structural parameter

values.
Tabl. 6. Figs. 12. Refs. 16.
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