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Abstract: For some elastic systems with a finite number of degrees of freedom of mass, in which the
directions of mass movement are parallel, methods have been developed for creating additional kinematic
devices, the introduction of each of which targetly reduces the value of only one natural frequency to a
given value, while not changing any of the other natural frequencies and not one of the forms of natural
oscillations. If it is necessary to precisely reduce the values of several natural frequencies, then this re-
quirement can be realized by creating an appropriate number of separate targeted kinematic devices. The
computational scheme of each of the individual targeted devices should include racks installed at the mass
application nodes and directed along the trajectory of their movement. In some cases, separate targeted
constraints can be independently installed in the source system. In most cases, on the basis of individual
targeted kinematic devices, a computational scheme of a single group targeted device is formed, which
reduces all the intended frequencies to the set values without changing any of the other natural frequencies
and not one of the forms of natural oscillations. The distinctive paper is devoted to the method for forming
a matrix of coefficients of additional inertial forces, which corresponds to a group targeted kinematic
device. An algorithm for the creation of group targeted kinematic devices is proposed. Algorithm is tested
with the use of “SCAD” and “Lira” software products.
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O ®OPMHUPOBAHHUHU PACUYETHbBIX CXEM I'PYIIIIOBbIX
IMNPULHEJBHBIX KHHEMATHYECKHUX YCTPOUCTB
JIA HEKOTOPBIX YIIPYT'UX CUCTEM
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AHHoOTanms: /|11 HEKOTOPBIX YIPYTUX CUCTEM C KOHEYHBIM YHCIIOM CTENeHeil cBOOObI Macc, y KOTOPBIX
HaIpaBICHHUs JBIKCHUS Macc IMapajlieNbHbl, pa3paboTaHbl METOAb! CO3/IaHUS JOMOIHUTENbHBIX KHHEMa-
TUYECKHUX YCTPOWCTB, BBEIEHUE KAXJOT0 M3 KOTOPBIX MPHUIEIHHO YMEHBIIAET BEJIMYNHY TOJIBKO OJIHOM
COOCTBEHHOM YaCTOTHI J]0 33aJ]laHHOTO 3HAYCHUsI, HE U3MEHSET NPU ATOM HH OJIHY M3 OCTAJIbHBIX COOCTBEH-
HBIX YacTOT U HHU OJHY M3 (GopM cOOCTBEHHBIX KosieOaHmii. Eciin HeoOX0IMMO NMPUIENbHO YMEHBIINUTD
BEJINYMHBI HECKOJIBKMX COOCTBEHHBIX 4acTOT, TO 3TO TPeOOBAaHME MOKHO pEajM30BaTh CO3/IaHHEM COOT-
BETCTBYIOIIETO KOJNYECTBA OT/ACIBHBIX MPUIEIbHBIX KHHEMAaTHUECKUX yCTPOHCTB. PacuéTHas cxema Kax-
JIOT0 M3 OTACIBHBIX MPUIEIBHBIX YCTPOICTB HOKHA BKIIOYATH CTOMKH, yCTAHOBJICHHBIC B y3JaX IPHUIIO-
KCHHS MacC W HaIpaBJICHHBIC [0 TPACKTOPUHU UX JIBHKCHHS. B HEKOTOPBIX clydasx OTACIbHBIC MPHILIEIh-
HBIE CBS3M MOT'YT aBTOHOMHO yCTaHABJIMBAThCS B HCXOJIHOM cucteMe. B OONBIIMHCTBE CllyyaeB Ha OCHOBE
OTJENbHBIX NPULEIbHBIX KHHEMAaTHYECKHX YCTPOUCTB (OpMUpYyeTCs pacuéTHasi cXeMa eIHHOTO TPYIIIO-
BOTO NPHUIEIBEHOTO YCTPOICTBa, KOTOPOE YMEHBIIAeT BCE HAMEUYEHHBIC YaCTOTHI 10 3alaHHBIX 3HAYCHHH,
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HE M3MEHsS MPU 3TOM HU OJHY M3 OCTaJbHBIX COOCTBEHHBIX YacTOT M HHM OJHY M3 (OPM COOCTBEHHBIX
konebanuii. B naHHOW cTathe paccMoTpeH cnocod GopMHpOBaHHS MATPHUIB KOA(G(UINEHTOB JOIOIHU-
TEJIbHBIX MHEPIHOHHBIX CHJI, KOTOPOIl COOTBETCTBYET I'PYIIIOBOE MPHUILEIbHOE KHHEMATHYECKOE yCTPOIi-
cTBO. [IpennoxkeH anroputM GOpMUPOBAHUS TPYIIIOBEIX MPHLIEIbHBIX KHHEMaTHYSCKUX ycTponcTB. [lep-
BUYHAs MpoOanus (TeCTHPOBAaHHE) alropuTMa ObUIa peaxn3oBaHa ¢ MCIMOIb30BAHUEM MPOTPAMMHBIX IIPO-

nyktoB “SCAD” u «JIupay.

KiroueBble cjioBa: yactota COOCTBEHHBIX KOeOanni, popma COOCTBEHHBIX KOJICOaHNUH,
OT/eJIbHAS MIPULICJIBHOE KHHEMAaTHIECKOe YCTPOUCTBO, IPYIIIOBOE NPHULEIFHOC KHHEMAaTHYECKOE YCTPOICTBO,
KO3(I)(I)I/IL[I/ICHT])I JONOJHUTE/IbHBIX WHEPIIMOHHBIX CUJI

1. INTRODUCTION

For some elastic systems with a finite number
of degrees of freedom of the masses, in which
the directions of motion of the masses are par-
allel, methods have been developed for creat-
ing additional kinematic devices, which intro-
duction specifically reduces the magnitude of
only one natural frequency to a given value,
without changing any of the other natural fre-
quencies or any of the natural oscillation
modes [2, 7, 10-13]. If it is necessary to spe-
cifically reduce the values of several natural
frequencies, this requirement can be realized
by creating an appropriate number of separate
targeted kinematic devices [1]. The computa-
tional scheme [3, 4] for each of the separate
targeted devices must include posts installed
in the nodes of mass application and directed
along the trajectory of their motion. In some
cases, individual targeted constraints can be
independently installed in the original system.
In most cases, a computational scheme for a
single group targeted device [8] is formed on
the basis of individual targeted kinematic de-
vices, which reduces all the intended frequen-
cies to given values, without changing any of
the other natural frequencies or any of the nat-
ural oscillation modes. The distinctive paper
is devoted to the method of forming of matrix
of additional inertial force coefficients corre-
sponding to a group kinematic targeted device.
An algorithm [9, 16-21] for forming group
kinematic targeted devices is proposed. Initial
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testing of the algorithm was carried out with
the use of “SCAD” and “Lira” software prod-
ucts [18].

2. ALGORITHM FOR CREATION

OF COMPUTATIONAL SCHEME

OF A GROUP TARGETED KINEMATIC
DEVICE

The following algorithm for creation of compu-
tational scheme for a group targeted kinematic
device is used:

1) Individual targeted kinematic devices are
generated; each of them reduces one of the in-
tended natural frequencies to a specified value;
2) All individual targeted kinematic devices are
placed at the nodes of the original system;

3) In areas where several posts are aligned, only
one is left;

4) Hinges are introduced at the intersections of
the rods.

During the first step of the algorithm, the natural
frequency spectrum of the original system with
n degrees of freedom is considered

oll], of2], ..., olq], ..,
olqg+jl, olg+(j+D)], ..., ofn].

It is necessary to specifically clear the frequency
interval w[q], .., w[g+ j] from j frequencies,
reducing their values to values

ols], ..,o[s+ j—1].
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3. NUMERICAL EXAMPLE

OF IMPLEMENTING OF ALGORITHM
OF CREATION OF COMPUTATIONAL
SCHEME OF GROUP TARGETED
KINEMATIC DEVICE

Let us demonstrate the implementation of the al-
gorithm described in the previous paragraph us-
ing the example of a system with five degrees of
freedom from [2]. The beam section is a compo-
site [-beam (Figure 1). The modulus of elasticity
of the system material is £ =206000 MPa. The
mass values are equal to

m[1]=m[5] =
m[4]=2800kg;

400 kg;
m[2]= m[3]=1200 kg.

The frequencies and modes of the natural oscil-
lations of the original system are determined by

the displacement method, in which the unknowns
are the displacements in the direction of mass
motion. The basic system of the displacement
method is shown in Figure 2.

The coefficients of the displacement method
equations and the values of the nodal masses
form matrices

M = |mfi]|. (1)

A=|ali, k]
The roots of the equation
|A—mm4=o (2)

define the frequency spectrum of the system's
natural oscillations. The frequencies and modes
of natural oscillations of the original system are
presented in Table 1.

m][1] m|2] m[3] m(4] m|S] N
l I N .006 m
. \0.25m
1.75m 2m 2m 2m 2m 2.25m _ | 0.009 m
12 m .
- 0.12m

Figure 1. Considering structure (numerical example)

Figure 2. The baszc system of the dlsplacement method (numerical example)

Table 1. Frequencies and modes of natural oscillations of the original system

®opmbl COOCTBEHHBIX KOJICOAHMIA
Number for for for for for mk]
k frequency | frequency | frequency | frequency | frequency
14.07953 53.0752 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.315087 | -0.502865 | -0.594382 | -0.73793 -0.369613 400
2 -0.565080 | -0.520103 | -0.174580 | 0.370387 | -0.264938 800
3 -0.606213 0.103822 0.432120 | -0.086169 | 0.212601 1200
4 -0.432097 | 0.574986 | -0.359747 | -0.137055 | -0.383591 800
5 -0.164932 | 0.367738 -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
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In order to form individual targeted kinematic de-
vices, it is necessary to determine the forces that
should appear in the device's posts [2, 5-7, 10-15]

Ryli, k]=m[iMi, k], 3)
where i, k are the numbers of the components of

the k-th mode of natural oscillations, respec-
tively.

If in the considering example it is required to re-
duce the value of the first natural oscillation fre-
quency from 14.0715 sec™ to 10 sec’!, and the
second natural oscillation frequency from
53.0769 sec” to 11 sec™!, then

Ryli, 11=mli]V[i, 1]; Ry[i, 2]=m[i]v[i, 2].

The values are given in Table 2.

Table 2. Values of R,[i, k]

] 1 2 3 4 5
R[i, 1] 63.04 226.24 364.32 173.28 33.08
R[i, 2] -101.52 -210 62.88 232.16 74.24

Table 3. Frequencies and modes of natural oscillations of the modified system

@®opMbI COOCTBEHHBIX KOJIC€OaHMI
Number for for for for for mk]
k frequency | frequency | frequency | frequency | frequency
10.0095 53.0752 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 0.315087 | -0.502865 | -0.594382 | -0.73793 -0.369613 400
2 0.565080 | -0.520103 | -0.174580 | 0.370387 | -0.264938 800
3 0.606213 0.103822 0.432120 | -0.086169 | 0.212601 1200
4 0.432097 0.574986 | -0.359747 | -0.137055 |-0.383591 800
5 0.164932 0.367738 | -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0

In order to construct a computational model for a
kinematic targeted device that reduces w[q] to

o[s], a matrix of additional inertial forces is
formed:

MO = MmOMm )
M, =y li k1[5

myli, kl=mlilm[k]v,[i, q]v,[k, q] or
myli, k1= R[i, q1R,[k, q1; (6)

(4)
©)

Mm() =

SN (ali, k] (@ls)?nli, k), [i, qlv,[k. q]

__ =1 k=1

S S (@l mi, v, [ qlv, [k g]

i=l k=1

(7
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After forming the matrix, the following equation
is solved:

|4 @* (M +M,,M,)|=0. (8)

The solution results determine the frequency
spectrum and natural oscillation modes of the
modified system.

For systems in which the directions of mass mo-
tion during natural oscillations lie in the same
plane, the method of creation of computational
model is based on the properties of a rope poly-
gon constructed from the forces R [i, k]. For the

initial system considered in the distinctive paper,
such an approach is given, for example, in [2].
There we have R[i, 1]=m[i]v[i, 1] and corre-

sponding kinematic targeted device is formed,
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that reduces the first natural oscillation frequency
from 14.0715 sec! to 10 sec™. The frequencies

and forms of natural oscillations of the modified

system are presented in Tab

le 3.

1,[5]=2.7498 m.

The magnitude of the additional mass is deter-

mined by the relationship (see, for example, [2])

The general view of this kinematic targeted de-
vice is shown in Figure 3. We have the following

lengths of posts:

1,[11=2.6934m; [ [2]=0.9406 m;
1[3]=0.2000m; [ [4]=1.0879m;

2]

m(3)

Madd =

mo

M, (NLjIY

ngil

ng::]

9n

12m

)

ol

M add

e1.75m N

[
L

Figure 3. The general view of computational scheme of targeted kinematic device

Table 4. Coordinates of the belt nodes

Number of

0 node

1 2

3

4

5

6

Coordinate  of nog

1e4.0557

2.9725

1.6217

6.4406

94115

5.5631

4.0557

Table 5. Frequencies and modes of natural oscillations of the modified system

@®opMbI COOCTBEHHBIX KOJI€OaHMI
Number for for for for for mk]
k frequency | frequency | frequency | frequency | frequency
11.0062 14.07953 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.502865 | -0.315087 | -0.594382 | -0.73793 -0.369613 400
2 -0.520103 | -0.565080 | -0.174580 | 0.370387 | -0.264938 800
3 0.103822 | -0.606213 0.432120 | -0.086169 | 0.212601 1200
4 0.574986 | -0.432097 | -0.359747 | -0.137055 | -0.383591 800
5 0.367738 | -0.164932 | -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
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where N[ ;] is the force in the outermost post of

the device's belt, to which the additional mass is
attached.

The additional mass for the formed device is
equal to M, =1586.5229kg. The cross-sec-

tional areas of the kinematic device rods are iden-
tical; their values can be chosen arbitrarily. A ca-
ble runs from the lower hinge of fifth post
through the block to the ground.

Similarly we have R [i, 2]=m[i]V[i, 2] and a
matrix of additional inertial forces is formed
based on the forces, reducing the second natural

o m[l1] m (2]

- ‘

m [3]

* 12 Mm >

frequency from 53.0769 sec! to 11 sec!, and a
corresponding computational model for the tar-
geted kinematic device is created. A general view
of the computational model for this targeted kin-
ematic device is shown in Figure 4.

The additional mass is equal to

M, =6301.7206915414kg.

The frequencies and modes of natural vibrations
of this modified system are presented in Table 5.

m [4]

m|[5]

7777

M add
1.75m

Figure 4. The general view of computational scheme of targeted kinematic device

Table 6. Coordinates of the belt nodes

Number f o node 0 1 2 3 4 5 6

Node coordinate 3.2000 | 2.6934 | 0.9406 | 0.2000 | 1.0879 | 2.7498 | 3.2000
(upper chord)

Node coordinate 4.0557 | 2.9725 | 1.6217 | 6.4406 | 9.4115 | 5.5631 | 4.0557
(lower chord)
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After creation of individual kinematic targeted
devices necessary for solving the problem, a
group matrix of additional inertial force coeffi-
cients can be formed. In order to do this it is
required simply sum the coefficients of the ad-
ditional inertial force matrices of the individual
kinematic devices.

By implementing the second step of the algo-
rithm described above, we form a group targeted
kinematic device. In order to do this, the gener-
ated computational schemes for the individual
targeted kinematic devices are placed at the
nodes of the original system. The general view of
this device is shown in Figure 5.

We have the following additional masses:

m [3]

M., =1586.5229kg, M., =6301.72069 kg.

a A

In this version of the group targeted kinematic
device, both additional masses are attached to the
rightmost links of the individual kinematic devic-
es' belts.

In some cases, it may be necessary to attach ad-
ditional masses to different sides of the group
targeted kinematic device. Implementing this
requirement does not complicate the procedure
of creation of the group targeted device. In this
case, in the individual kinematic devices used,
the corresponding numbers j of the outermost

belt links are selected when determining the
values (9).

ngl] 2]

¥ 12 m

m [4] m [5] k i
9 ” Q vl
Im
v
M add
M add 2
1.75m

v

Figure 5. The general view of the device
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2]

3
gll

[4]

o

m 45]

I2m
L Im
M add
M|add2
1.25» 1.75 M
" 12 M >
Figure 6. The variant of group targeted kinematic device.
Table 7. Frequencies and modes of oscillation of both variants
of the group targeted kinematic device
DopMbI COOCTBEHHBIX KOJICOAHMIT
Number for for for for for mk]
k frequency | frequency | frequency | frequency | frequency
11.0062 14.07953 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.502865 | -0.315087 | -0.594382 |-0.73793 -0.369613 400
2 -0.520103 | -0.565080 | -0.174580 | 0.370387 | -0.264938 800
3 0.103822 | -0.606213 | 0.432120 | -0.086169 | 0.212601 1200
4 0.574986 | -0.432097 | -0.359747 | -0.137055 | -0.383591 800
5 0.367738 | -0.164932 | -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0

Table 8. Comparison of the natural frequencies of the original system
with the results of testing using the “SCAD” and “LIRA” software products

o[l] o2] (3] o[4] o[5]
Proposed pproach 14.0715 53.0769 109.5339 195.0757 226.8873
“SCAD” and 14,0820 53,4030 111,5070 201,4150 237,1590
“LIRA” software
packages
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A version of the group sighting kinematic device
in which the additional masses are attached to
different sides is shown in Figure 6.

The frequencies and modes of natural oscilla-
tions of both variants of the group targeted kine-
matic device are identical and are presented in
Table 7.

The posts of the individual targeted kinematic de-
vices, mounted at the mass application nodes and
directed along their trajectory, are aligned.
Forces R,[i, k]=ml[i]V[i, k] arise in the aligned
posts, each of which determines one of the indi-
vidual targeted kinematic devices.

The absence of mutual influence between the
forces determining the various individual kine-
matic devices is justified by the properties of the
forces R,[i, k]. The forces R [i, k,] determining

the targeted device, which reduces the natural
frequency o[k, ], do not perform work on the dis-

placements of the natural oscillation mode of any
other natural frequency, that is,

if k, # k, we get > Ry[i., ki, k,]=0. (10)

i=1

Relationship (10) determines the absence of mu-
tual influence between the forces R [i, k] arising

in the posts of the group targeted device.

The results presented in Table 7 confirm that
the introduction of the group targeted kine-
matic device reduces only the first two selected
natural oscillation frequencies to the intended
values and does not lead to a change in the nat-
ural modes and values of the remaining fre-
quencies. The results presented in Tables 1, 2,
3, 5, 7 were obtained by the finite element
method (FEM) [18] by dividing (discretizing)
the length of the original beam into 24 sections.
A comparison of the natural vibration frequen-
cies of the original system with the test results
of the “SCAD” and “LIRA” software products
is presented in Table 8. Considering the differ-
ence in the calculation method for Tables 1, 2,
3, 5, 7 between the “SCAD” and “LIRA” soft-
ware products, the agreement between the re-
sults can be considered fairly close, confirming
the reliability of the original data.

Table 9. Testing the group targeted kinematic device

o[1] o[2] o[3] o[4] @[3]
Initial 14,0820 53,4030 111,5070 201,4150 237,1590
Group 10,8000 11,1400 111,5200 201,4200 237,1600

We will now test the group targeted kinematic
device using the “SCAD” and “LIRA” software
products. The results are presented in Table 9.
The data presented in Table 9 prove that the test-
ing performed convincingly demonstrates a re-
duction exclusively in those frequencies targeted
by the group kinematic device, while the other
natural oscillation frequencies remained un-
changed.

In summary, the distinctive paper proposes an al-
gorithm of creation of group targeted kinematic
devices. Besides, a method of creation of a ma-
trix of additional inertial forces corresponding to
a group kinematic targeted device is considered.
We provide a rationale for the absence of mutual

Volume 21, Issue 4, 2025

interference between the forces R [i, k] arising

in the group kinematic device posts, and tests the
proposed algorithm using the “SCAD” and
“LIRA” software products.
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