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DEVELOPMENT OF COMPUTATIONAL SCHEMES
OF GENERALIZED KINEMATIC DEVICES THAT PRECISELY
REGULATE THE NATURAL FREQUENCY SPECTRUM
OF ELASTIC SYSTEMS WITH A FINITE NUMBER OF DEGREES
OF MASS FREEDOM, IN WHICH THE DIRECTIONS
OF MOTION ARE PARALLEL, BUT DO NOT LIE
IN THE SAME PLANE
PART 1: THEORETICAL FOUNDATIONS
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Abstract: To date, for some elastic systems with a finite number of degrees of mass freedom, in which the direc-
tions of mass movement are parallel and lie in the same plane, methods have been developed for creating additional
generalized targeted constraints and generalized targeted kinematic devices. Each generalized targeted constraint
increases, and each generalized targeted kinematic device reduces the value of only one selected natural frequency
to a predetermined value, without changing the remaining natural frequencies and natural modes. Earlier, for elas-
tic systems with a finite number of degrees of mass freedom, in which the directions of mass motion are parallel,
but do not lie in the same plane (for example, plates), an approach for the computing of a matrix of additional
stiffness and a method for the development of computational schemes of additional generalized targeted constraints
were developed. Also earlier, for such systems, an approach was proposed for the computing of a special matrix
with allowance for additional inertial forces that determine a generalized targeted kinematic device. At the same
time, the method of development of computational schemes of kinematic devices was not proposed. The distinctive
paper is devoted to approach, that makes it possible to develop computational schemes of generalized targeted
kinematic devices for such systems as well. A variant of the computational scheme of constraint for the rod system
with one degree of activity, is considered. Some special properties of such targeted kinematic devices are revealed.

Keywords: localization, natural frequency, natural mode, additional generalized targeted constraint,
stiffness coefficients, inertial forces, generalized targeted kinematic device
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Annoranusi: K HacTosiieMy BpeMeHH JUIsi HEKOTOPBIX YIPYTHX CUCTEM C KOHEYHBIM YHCJIOM CTETIeHeil CBOOOIbI

Macce, Yy KOTOPBIX HAIIpaBJICHU ABUKCHUA MAaCC MapaJlJICJIbHbI U JICKAT B OJIHOI IIJIOCKOCTH, pa3pa60TaHbl MCTObI
CO3aaHUsA JOIIOJIHUTCIIBHBIX 0606IH€HHI)IX MPULICTIBHBIX CBsI3eH U O606IHCHHLIX MPULICIBbHBIX KUHEMATUYCCKUX
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ycrpoticTB. Kaxknast 0600mEHHasI TPHUIIETbHAS CBA3b YBEIMUUBACT, a KaKI0e 0000IIEHHOE MPHUIIEThHOE KITHEMA-
THYECKOE YCTPOMCTBO YMEHBIIIACT BEIUUUHY JIHIIb OJJHOM BRIOPAHHON COOCTBEHHOM YaCTOTHI IO HATICPE]T 3a/[aH-
HOTO 3HAYCHUSI, HE U3MEHsISl TIPH STOM OCTalIbHbIE COOCTBEHHBIE YaCTOThI U (POPMbI COOCTBEHHBIX KOJICOAHUIA.
Panee /uist ynipyrux CUCTEM C KOHEYHBIM YHCIIOM CTEIeHel cBOOO/IbI MacC, Y KOTOPBIX HAPABICHUS JIBIIKCHUS
Macc TMapauIebHbI, HO HE JIeKAT B OJTHOW IUTOCKOCTH (HAIpUMe), TIACTHHBI), pa3padoTaH MOAX0 ] 00pa30BaHUs
MaTpPHIIbI JJONOJHUTENbHBIX KECTKOCTEH U METO (POPMHUPOBAHMUS PACUSTHBIX CXEM JIOTIOJHUTEIBHBIX 0000IICH-
HBIX TPHUIICTBHBIX CBs3el. Tarke paHee JIs TAaKUX CHUCTEM IPEUIOKEH MOAXO0 00pa30BaHMs MATPHILI y4eTa
):leﬁCTBPISI JOIIOJTHUTCIIbHBIX I/IHepHI/IOHHbIX CHJI, onpeuenﬂ}omnx O606I.HeHHO€ HpI/ILleJ'[bHOC KHHEMAaTHYCCKOC
ycrpotictBo. [Ipu 3ToM crioco6 (HOpMHUPOBAHUS PACUCTHBIX CXEM KHMHEMATHYECKHUX YCTPOMCTB, MPEIJIOKCH HE
ObUL. B maHHOM cTaThe MpeIaracTces moIXo I, MO3BOJIIONINN (HOPMUPOBATH PACUCTHBIC CXEMbI 0000IIICHHBIX MTPH-
LIETBHBIX KHHEMATHYSCKUX YCTPOUCTB U TSI TAKUX CUCTeM. PacCMOTpeH BapHaHT pacueTHOM CXEMBI CBSI3H, TIPE/I-
CTaBJICHHBIH CTEPIKHEBOM CHCTEMOM C OJHON CTENEHbIO AKTMBHOCTH. BBISBIEHBI HEKOTOPBIE 0COOBIE CBOWCTBA

TAaKUX TPULICIIBHBIX KHUHEMATHYCCKUX YCTPOﬁCTB.

KiroueBble cjioBa: 9acToTa COOCTBEHHBIX KOJeOaHMA, (popMa COOCTBEHHBIX KOJIEOaHHH,
JIOTIONTHUTEIbHAST 0000IIEHHAS TPULICIBEHAS CBSI3b, KOO PHUIIMEHTHI )KECTKOCTH, HHEPITHOHHBIE CHITHI,
00001IeHHOE TIPUTIETFHOE KHHEMAaTHIEeCKOE YCTPOHCTBO

INTRODUCTION

As is known [1-9], one of the methods for releas-
ing a certain frequency interval from one or more
natural frequencies can be the introduction of
generalized targeted constraints and generalized
targeted kinematic devices. In the mentioned re-
search works, for elastic systems with a finite
number of degrees of freedom of masses, in
which the directions of mass motion are parallel
and lie in the same plane (for example, elastic
rods), methods and algorithms for development
of targeted constraints and generalized targeting
kinematic devices were proposed. In [3-9] for
systems with a finite number of degrees of free-
dom of masses, in which the directions of mass
motion are parallel, but do not lie in the same
plane, an approach is proposed to the computing
of a matrix of additional stiffness coefficients
with allowance for targeted constraints and an al-
gorithm for development of computational
scheme for this constraint. For generalized tar-
geted kinematic devices an approach to the com-
puting of a special matrix with allowance for ad-
ditional inertial forces was also considered.

([ 1]+ me® v, [1, j1+ (1, 2]v,[2, j]+...

2,1, [1, j1+ (12, 2]+ m[2]@” v, [2, j]+.

rln v, [L, j1+7r[n,2]v, (2, j1+...+ r[n,q]v,
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Besides, a method for development of computa-
tional schemes of kinematic devices for such sys-
tems has not been proposed.

The distinctive paper contains description of an
algorithm that makes it possible to develop com-
putational schemes of kinematic devices for such
systems as well. A variant of the computational
scheme, represented by a statically determinate
rod system with one degree of activity, is consid-
ered. Some special properties of such kinematic
devices have been revealed. The possibility of
taking into account the influence of the elastic
properties of the rods of a kinematic device on
the values of the natural frequencies and the co-
ordinates of natural modes is considered.

Let us present, in accordance with [4, 5], the al-
gorithm of computing of corresponding matrix
with allowance for additional inertial forces. For
the considering systems (for instance, Figure 1a),
the main system of the displacement method is
selected (Figure 1b). The equations of the dis-
placement method are written in the conventional
form for systems with a finite number of degrees
of freedom

+r(Lqlv,[q,jl+...+r[lnlv [n,j]=0

42,9, [q, jl1+...+7r[2,n]v, [n, j]=0 0

g, j1+...+ (r[n,n]+ m[n]a)z)vw[n,j] =0
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Figure 1. Considering system: a) initial problem; b) the main system of the displacement method.

In (1) the quantities r[i, k] form a matrix of stiff-
rli, k]

m[i] form a diagonal matrix M =||m[i]

ness coefficients A:| ; the mass values

;@ 18
the natural frequency of the system; v [k, j] are
displacements in the direction of movement of
the masses in the jth (j=1,2,..,q,,..,n) form of
natural oscillations.
Roots of the equation

|A — a)2M| =0 2)

determine the natural frequency spectrum of the
system

oll], o[2],...,0[q —1],@[q], w[q +1],...0[n] . (3)

In [4], [5] it is shown that a kinematic device with
one degree of activity transmits a generalized im-
pact inertial force to the considering type of
structure, which reduces the value of only one
natural frequency to a given value g, leaving
the remaining frequencies of the spectrum un-
changed.

The device is formed on the basis of a special ma-
trix with allowance for additional inertial forces

MO:MmO*Mm’ (4)
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where we have
M, = ||m0[i,k

oy 5)

The matrix M, has special properties [4], [5]. If

the introduced kinematic device is “targeted” at
the ¢ th natural frequency, then the coefficients

of the matrix M, (||m0 [i,k]”;k:l) are orthogonal

to the coordinates of the natural modes corre-
sponding to the remaining frequencies of the
spectrum. That is

gmo[i, K1*v, [k, j1=0, "

(i=.2,.,n,j=12,..,g—1,qg+1,..,n).

In relation to the ¢ th natural frequency, at which
the kinematic device is “targeted” we have

imo[i,k]*vw[k,q] 0, (i=12,..,n). (7)

k=1

In [4], [5] it is shown that conditions (5) and (6)
will be satisfied by the coefficients

moli, k1= m{i]m{k]v,[i.q]v,[k.q].  (8)
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The value of the multiplier M, is found as the

root of the equation

(A= * M) =M, * (@} *M,)|=0.  (9)

The value M, is determined by the dependency

S (ali, k] - @2mli, kD, 7. ()], [k (4)]
M — i=1 k=l

S o ik, [ ()1, s (@)

i=1 k=1

(10)

Result of solving the equation

|4- 0" (M + M, ,M,)|=0 (11)
must confirm that the natural modes have not
changed, and the “target” frequency has de-
creased to the value w; .

Kinematic device, which will correspond to a

special matrix of coefficients with allowance for
additional inertial forces

My=M,M,, M, =|mlik

i (12)

ik=12

should ensure the relationship between nodal dis-
placements is the same as between the coordi-
nates of the ¢ th natural mode of the original sys-

tem. In [2, 4, 5] it is also shown that such a rela-
tionship will be realized if the kinematic device

transmits inertial forces R[i](i=1,..,n) to the

nodes, the ratios between which are proportional
to the ratios between the forces

R[i]=mlilv,[i,q]. (13)

The magnitude of the forces R[i](i=1,..,n) [2]
is determined from the relation
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Rli1=Y M, 02m[i. kv, [k ()] . (14)

Computational schemes of generalized targeted
kinematic devices are multivariate and depend on
the geometry of the base system, the location of
the masses and other features of the object.

One of the options for the computational scheme
of a generalized targeted kinematic device can be
a statically determined hinge-rod system, to
which additional mass M _,, is applied.

The geometry of the computational scheme is de-
termined by the lengths of the main racks in-
stalled in the nodes where the masses are located,
in the direction of movement of the masses
[ [i] (i=1,2,..,n), the coordinates of the node
X,,Y,,Z, for applying the additional mass, as
well as the coordinates X[i], Y[i], Z[i] of the ar-
ticulated fixed supports located outside the orig-
inal system and determining the directions of the
additional rods connecting the tops of some of
the main racks with these supports.

After forming a matrix M, of coefficients of ad-
ditional inertial forces (4), (5), (8), (10) and a set-
ting of values R [i] (12), it is required, by vary-
ing the lengths of the racks / [i] (i=1,2,..,n) and
coordinates X,Y,Z,, X[i],Y[i],Z[i] to find
their values at which the inertial forces
N_[i](i=1,..,n) in racks, will be equal to the
forces R,[i](i =1,..,n) with the accepted level of

approach.

Thus, it is proposed to solve the problem of form-
ing a computational scheme of a kinematic de-
vice based on minimizing the sum of the squares
of the differences between the inertial forces aris-
ing in the main racks in the process of forming
the kinematic device, and the quantities
R[i](i =1,..,n), the relationships between which
will be proportional to the relationships between
the forces R [i](i=1,..,n). To do this, in the

space of varied parameters [ [i] (i=1,2,..,n),
X,,Y,,Z,, X[i],Y[i],Z[i] the target function is
selected
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fo= Y (Nsil-RED* . (19)

To assess the proximity of the target function
(14) to the minimum, a small value QOO s as-
signed.

In accordance with the above, a version of the
computational scheme of the kinematic device is
formed in the form as a statically determinable
hinged-rod system. In this case, the computa-
tional scheme should provide the additional mass
with only one degree of freedom, namely the
ability to move in parallel with the movements of
the remaining masses in the process of natural os-
cillations.

According to the design conditions, the length of
one of the main racks (for example, the g thrack)

is specified. Let's call this rack the base one,
[ [g]=1,[g]. The initial values of the remain-

ing variable parameters are selected, that is, the
lengths of the racks

LI =1,2,.,(g=1),(g+1),..,n)

and coordinates X,Y,,Z,, X[i],Y[i],Z[{].

These steps determine the initial geometry of the
computational model of the kinematic device.
To further solve the problem, it is necessary to
choose a method for finding the minimum of the
target function (15) (steepest descent [10-15],
random search [16-18], or others).

The algorithm for implementing further steps to
develop the computational model of the kine-
matic device is similar to the algorithm of devel-
opment of the computational model of the tar-
geted constraints [6-9].

The first step. Increments are set to variable
lengths of racks

LI =L[i1+Al(i=1,2,...(g =1),(g +1),..,n)
and coordinates

X, =X, +AX,, Y, =Y +AY,,
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Z,=7,+AZ,;
XT[il= X[i]+AX[i], Y[i]=Y[i]+AYTi],
Z[i]= Z[i1+ AZ[i], i =1,2,..n,) ;

Thus, the geometry of the computational scheme
of the kinematic device is updated.

The second step. A system of equilibrium equa-
tions is compiled to determine the forces in the
elements of the updated computational scheme of
a statically determinate kinematic device.

The third step. From the equilibrium equations,
the forces in the elements of the computational
scheme of the kinematic device are found.

The fourth step. The value of the target function
(15) is computed.

The fifth step. If we have f, > 00O, then in ac-

cordance with the chosen method of searching
for the minimum of the target function (15), the
varied parameters and thereby the computational
scheme of the kinematic device and the system
of equilibrium equations are adjusted. Then we
go to the third step and the process continues.

The sixth step. If the value f; is less than a pre-

selected small value OOO, then the process
ends, and the computational scheme of the tar-
geted kinematic device is developed with a given
error (O0QO).

Within development a computational scheme or
creation of targeted constraints situations are
known in which the values of the lengths of the
main racks turn out to be of different signs. Struc-
turally, such a computational scheme is almost
impossible to implement. In these cases, within
creation of targeted constraints, the constraint
shifted in the direction of mass movement in a
positive or negative direction by an amount at
which the lengths of all main racks became of the
same sign [7, 9]. Within development of compu-
tational scheme of kinematic devices, a similar
the solution is not always applicable in such sit-
uations.

Allowance for the features of kinematic devices,
when the above situation occurs, represents a
separate problem and will be considered sepa-
rately in subsequent paper.
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Let us consider an approach to determining the
value of additional mass (M, ) from the condi-

tion that the kinetic energy of additional inertial
forces is equal to the work of the inertial force
created by the additional mass during natural vi-
brations.

It is obvious that the kinetic energy of additional
inertial forces ( £, ) is determined by the depend-

€nce

=

4

wsmy[i, kv, [i, (), [k, ((])]} :

(16)

Ek :Mm0|:

i=1 k=1

Inertial force created by additional mass is equal
to

8°v(t)

Nin(t) = _Madd W

(17)

Movement of additional mass in (17) is equal to

v(t)=v, sin(at) . (18)
In (18) the amplitude value of the movement of
additional mass during vibrations.

From (17) and (18) it follows that the amplitude
value of the inertial force created by the addi-
tional mass

_ 2
N, =M,V ;.

mn a

(19)

Equating the kinetic energy of additional inertial
forces (16) to the work of the inertial force N,

on displacement v

m?°

we obtain E, =N, v, or

E, =v.@;. Thus, we get

ogmy[i, kv, [i,(q)Iv, [k ,(q)]}

add 2 2
M ,,.v;,05

a

(20)
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In order to use dependence (20) it is necessary to
determine firstly the displacement value v, .

Let us consider the option of determining the
value v, under the condition that the kinematic

device moves as an absolutely rigid body only
due to the displacement of the nodes in which the
masses of the original system are located. To do
this, in the generated scheme of the kinematic de-
vice, a unit force is introduced in the node for ap-
plying additional mass, directed parallel to the
movement of the masses. The action of this force
determines the forces in the main racks

N, il (i=1,2,.,n).

The movements of the nodes, where the main
racks are installed, are determined by the coordi-
nates of the shape of the natural mode corre-
sponding to the frequency at which the kinematic
device is ‘targeted”

Vm[i’ (q)] (i = 192,"’ ll) .

Thus, we have

V=L@, @)

M, is determined by (20). The determination

did not take into account the compliance of the
kinematic device rods. Therefore, the result of
changes in the spectrum of natural frequencies
will depend on the rigidity parameters of its ele-
ments.

Let us consider the possibility of taking into ac-
count the influence of the compliance of the rods
of the kinematic device on the amount of move-
ment of additional mass. Let us denote the ampli-
tude of movement of additional mass during os-
cillations by v, ,. The value v, , consists of two

components

v .0 = Vm +vm,d H (22)

m
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where v is the component corresponding to the

movement of the kinematic device as an abso-
lutely rigid body (21); v, , is the component of

the movement of additional mass corresponding
to the deformation of the rods of the kinematic
device.

In order to determine v, , the forces in all the

rods of the developed diagram of the kinematic
device from the action of a unit force introduced
at the node of application of additional mass and
directed parallel to the movement of the masses

N LN, ) Ny k]

are found.

Here N, [i], N, [j],N,,[k] are the correspond-

ing forces are in the racks, belt rods and addi-
tional rods. The amplitude values of the forces

Nst[i]’Np[j]’Nd[k]a

that arise during natural vibrations in the rods of
the kinematic device are determined at the end of
the process of its creation. It should be noted that
N [i],N,[j1, N,[k] are respectively the forces in

the racks, belt rods and additional rods. Since the
linear theory of small vibrations is used, the
forces in the rods of the kinematic device are de-
termined according to the undeformed scheme.

Thus, the displacement v, , is determined by the

constraint
= NN )
vmd—{; BRI
S NN
= EF[J]
k]Nd L7101k
P T }

where E, F [i], F,[ ], F,[k] are respectively the

elastic modulus of the material of the kinematic
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device and the cross-sectional area of the racks,
belt and additional rods.

The total displacement is presented in (22).

The expression for determining the amplitude
value of the inertial force created by the addi-
tional mass can be written in the following form

Nm,o =M ddvm,Oa).Sz“ (24)

a

The energy balance is now based on the equality
of the sum of the kinetic energy of additional in-
ertial forces ( £, ) and the potential energy of de-
formation of the rods of the kinematic device
( E,) to the work of the inertial force N,, , on dis-

placement v, ;. This condition takes the form

E,+E, =N, ,,= Maddvfn,owf‘; (25)
n 2rs . 1, N2 . l .
- {Z NZE“]ZE{?] N j%[;][p.[]ﬂ N
i= st l j= J
1 2 j=1 » 26)
23 [k]ld[k]}.
‘= EF,[k]
Finally, we have
E +E
M, = % (27)
Vin0Ws

Before the formation of the kinematic device, a
system with n degrees of freedom was consid-
ered. Let us call the natural frequencies of this
system (3) “basic”. If the kinematic device is cre-
ated in such a way that the additional mass is able
to move only in parallel with the movements of
the remaining masses, then only one more degree
of freedom is added to the considering system.
Thus, the considering system has (rn+1) degrees
of freedom. This circumstance causes the appear-
ance of another “additional” natural frequency.

The targeting of the kinematic device is realized
only in relation to the “basic” natural frequen-
cies. The value of the “additional” natural fre-
quency depends on the compliance parameters of
the rods of the kinematic device and can be either
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greater than the values of all “basic” frequencies
or less than any of them.
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