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Abstract. In this paper, we consider the problem of mathematical modeling of nonlinear vibrations
of a rod with distributed parameters and elastic-dissipative characteristics of the hysteresis type, and
also having a liquid section dynamic absorber under kinematic excitations. The method of obtaining
the differential equations of motion of the system protected from vibrations under consideration in
the work using the structural method - the method of bond graph. An expression is obtained for the
transfer function of a vibration-protective system for analyzing the dynamics and stability of the
system and evaluating the effectiveness of a dynamic absorber.
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1 Introduction

Particular attention is paid to the effective use of parts of machines and mechanisms, devices widely used in
all areas of industry and technology by reducing harmful vibrations caused by the movement of their parts,
identifying factors that time-proof working and taking measures to reduce them. In this regard, one of the urgent
tasks is to scientifically substantiate the existing problems associated with the motion of mechanical systems, to
study the dynamics, to choose the optimal parameters, to make the necessary recommendations. In solving such
problems, the effect of using liquid section dynamic absorbers in reducing harmful vibrations of low-frequency
systems is high.

In the problem of reducing the harmful vibrations of different types of mechanical systems, the correct
approach to the distribution of internal energy, taking into account the properties of elastic dissipation, plays an
important role in finding the correct solution to the problem. In many scientific works, the problems of complex
expression of nonlinear functions expressing the properties of elastic dissipative properties in systems by the
method of harmonic linearization have been studied under the influence of various external excitations.

In the article [1] studied the dynamic properties of the system hysteresis loop.

In the article [2] mathematically modeled hysteresis-type elastic dissipative characteristics of systems. The
geometrical position of each parameter involved in the formula representing the hysteresis curve is shown
graphically on this curve, and the change of the curve with the change of the parameters is analyzed.

The dissertation [3] presents analytical expressions of different types of elastic dissipative characteristics of
the hysteresis type of systems, which are compared with each other. For the mathematical model of the elastic
dissipative characteristic of the hysteresis type, the concept of the hysteresis operator is introduced, its definition,
properties and classes are studied.

The work [4] presents general equations of motion, nonlinear conservative, nonlinear dissipative forces and
mathematical expression of elastic dissipative characteristic of hysteresis type and application of averaging method
for systems with elastic dissipative characteristic of hysteresis type.

In the article [5] the elastic dissipative characteristic of the system of hysteresis type is considered in parametric
form. In this case, the parametric changes of the characteristic were analyzed numerically, that is, it was shown
that each parameter change leads to changes in a certain part of the hysteresis loop.

In the article [6] the forced vibrations of viscoelastic systems are learned and discussed problem of
mathematical modeling.

The article [7] presents nonaxisymmetric vibrations of systems, which have associated masses and hollows.
Systems have been chosen as axisymmetric structures.
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In the work [8] the study of the use and design of a console-type dynamic absorber in the reducing of vibrations
of micro-mechanisms. On this basis, systems with six degrees of freedom are mathematically modeled and
analyzed by solving solutions of the differential equation of motion when the external force is harmonic.

The article [9] shows the method of obtaining equations of normal form by the method of averaging and the
expression of the determinant form of the characteristic equation in the form of the Jacobi determinant.

The article [10] studied the effect of a dynamic absorber with elastic dissipative characteristics of the hysteresis
type which leads to unstable motion. It solves the problem of radically reducing the amplitudes that cause
instability.

In the article [11] solved problem that investigation and choosing the optimal parameters of dynamic absorbers.
Expression for optimal parameters is analyzed for a dissipative mechanical system.

Liquid section dynamic absorbers have been studied in the works [12, 13], and it is emphasized that unlike
traditional dynamic absorbers, very low frequency mechanical systems give high efficiency in reducing the
vibrational motions.

Systems consisting of liquids and solids as well as distributed parametric systems were mathematically
modeled separately, their dynamics were studied and the results were analyzed [13].

The method of bond graph allows mathematical modeling of the mechanical systems under consideration,
regardless of the complexity of the processes, through a single structural approach [14-21].

2 Formulation of the problem

We consider the transverse vibrations of a rod with an elastic dissipative characteristic of the hysteresis type in
conjunction with a liquid section dynamic absorber under the influence of kinematic excitations (Figure 1). The
elastic dissipative characteristic of the hysteresis type of the rod material is obtained according to the Pisarenko-
Boginich hypothesis [22].

CFy Fp

Figure 1. Schematic of a physical model of an elastic rod and liquid section dynamic absorber situated on it

We use the method of bond graph to mathematical model a system that is protected from the vibrations under
consideration. To do this, we express the system parameters by the method of bond graph. In this case I: (m,,) is
the inertial dimension (mass) of the outer body of the dynamic absorber, which surrounds the liquid; I: (m,,) is
the inertial dimension (mass) of solid of a dynamic absorber; I: (ms,) is the inertial dimension (mass) of liquid;
I: (m,,) is the inertial dimension of liquid attached to the body-2 (mass); R: (by) is coefficient of resistance of
damper (viscosity coefficient); C: (ci;}) and C: (c3.}) are compliances; F, (t) and Fr(t) are external forces; assume
that the effect of hydrodynamic force of a liquid on a solid-2 is Fs.

3 Method of solving

In the mathematical modeling of the system under consideration, the structural method - the method of bond
graph and the method of harmonic linearization in the expression of nonlinear elastic dissipative characteristics is
used.

Given that the method of bond graph is based on the exchange of power between the elements of mechanical
systems, we determine the elements of the system with total velocities (f; = f,i = 1...n) and forces (e; = e,i =
1...n) and connect them to 1 and 0 junctions, respectively.
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The shell liquid surrounding and the liquid have the same absolute velocity, so they are attached 1 junction has

following property:
I:mg, = 1= I:my, =— I:my, + ms,, (M, + my, = My3.).

According to Archimedes' principle, a force equals to the weight m,, g exerted by a solid surrounded by a liquid
acts on it, and the body is balanced by gravity, elastic forces of the springs and inertial forces in the liquid. If we
denote by F; and F, the inertial forces generated by Archimedes' principle in the shell surrounding the liquid and
the solid surrounding the liquid, then these forces are considered as an external source attached to the 1 junction
attached to the inertia of shell surrounding the liquid and the solid surrounding the liquid. As a result, the bond
graph is as follows:

SE:F)—X\1 ——>1:m,,

C:z/cz.h 0 0 ;R:Fg
SE:F,— 14 Imy,

C:]/cl, P 0 — R:bF

g

Figure 2. 0 and 1 junctions for a system consisting of a liquid section dynamic absorber with a rod under the
influence of forces F, (t) and Fx(t) at the left and right ends, respectively

where Fy is the force representing the interaction of the dynamic absorbers with the rod; ¢; are velocities (i =
1...n); m; and c; are the modal mass and stiffness, expressed as follows (i = 1 ...n):

L

f pAu?dx; €Y)

0
L

pr(l + Co(—my + jn))u? ax+ 22 o7 ( M+ jny) X

Z c. 0%y,
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A and p are the cross-sectional area and density of the rod; C,, C4, ..., C,, are experimentally determined coefficients
of the hysteresis loop, depending on the damping properties of the rod material [23]; E is Yong’s module; I is
moment of inertia; g4, g2q4.---» Gne are amplitude values of rod vibration forms; h and w,; are the thickness and
natural frequency of the rod; u; is natural vibration forms;

11, M, = sign(w)n,, are constant coefficients depending on the dissipative properties of the rod material,
determined from the hysteresis loop, sign(w) is the sign of w, n,, is constant coefficient [22, 23]; L is length of
the rod; j2 = —1.

We define causality of junctions 0 and 1 for a system consisting of liquid section dynamic absorber and rod
under the influence of forces F; (t) and F(t), at the left and right ends, respectively, described in Figure 2. (Figure
3.). Given the determination of the energy variables p,, and q,, from the inertia and compliance elements and
defining them as integral causality, then the compliance gives forces to the system and the other graphs in the 0
bonds to which they are attached give speed to the system. The elements of inertia give speed to the system, and

%" !
0x2

) dx]w?, (2)



these inertia elements, the other graphs in 1 junctions attached to the rod point on which the liquid section dynamic
absorber is situated, give only forces to the system.

SE:FZj\l 4\—1 Im,,

G2y e 0 p—>ER:F
SE:F, 1 Imy;,
C:le,, &—0* 00— R:br

1/e,
e ©
q?l

Figure 3. Causalities of 0 and 1 junctions for a system consisting of a liquid section dynamic absorber with a rod

If we describe the graphs in Figure 3. in a simple way, they will have the following properties of graphs [14-21]:

.

—1

T

With this in mind, it is possible to create the simplest view of the bond graph of system protected from
vibrations under consideration (Figure 4.).
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Figure 4. Bond graph of a system consisting of a liquid section dynamic absorber with a rod
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From this, it is possible to form a differential equation of motion for arbitrary i-sets. For convenience, we
highlight the bond graph connected to the i-sets and number them accordingly as shown (Figure 5.).

SE:Fy—M 150 > 1 b Ci2/cy,

6
5
I:"nzﬂ ]_l- R;F;
I
SE:F, —— 1 2oy Imy,
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Figure 5. Bond graph for i-sets of a system consisting of a liquid section dynamic absorber with a rod

From the junctions 0 and 1 we obtain the following relations for the velocities and forces determined by the
graphs numbered, respectively:

f21 = f22 = f23 = faa = fos; f23 = ui {(L) 20

€24 = €31 T €37 + €33 — €35, €7 = €10 = €11,

e1g = €16 fio = f7 + fi1;

€19 = €9, fs=/f=1f;

€20 = €17, e; = ez + es;

€10 = €o; fi=/fi1=fia = fias ©))
fi0 = fo; e11 = et ey — ey,
e21 = u;(0)eyg; €12 = €13 = €g,

for = ui ' (0) fis; fiz = fe + fi3;

€22 = U (x1)eso; fo=f6 = fe

foz = ui (X1 fro} eg = €4 + €¢;

ez3 = u;(L)ezo; fi3 = fis = fa;

e; = eg3 t égs,

where u;(0),u;(L) and u;(x;) are the values of natural vibration forms of rod at the points x = 0,x = L and
x = x4, they are the transformer modulus; x; is the point at which the liquid section dynamic absorber is installed.
We create expressions of the effect of elements to the system.



-1 . -
foa =M " D2a4; eq = Fp;

fl = m]T?,l*pla aWi(xl,t)
fo= _7(% ;
_1 .
f2 =maipy;
€3 = C14q3;
€25 = Ci(25; )
. €4 = 2C2*Q4;
614 = Fl’ . . .
—F- €s = brgs = bFQj = bp(qyo —
€15 = 2 d11) Zabp((%)_ q1) =
wi(xq,t _ )
616 = FL’ bF (_ Latl - m131*p1)’
e17 = FR! €g = —FS,
where % are the first-order derivatives of the rod vibration forms at points x = x;, which represent the

velocity of the rod point on which the liquid section dynamic absorber is situated.
We determine the expressions of the effect of the system to the elements of inertia and compliance.

D2a = €34 = €31 + €35 + €33 — €35 = U;(0)egg + u;(x1)e1o + ui(L)eyg — €35 =
= u;(0)erq + u;(x1)eq + ui(L)ey; — ex5 = u(x)Fp + u;(0)F, + u;(L)Fr — ¢iqps.  (5)

P1 =€ =€ — €3 — €14 =€; —eg— €14 =€3 1T €5~ €, —€;— €y =

a i( ,t) —
=C1.q3 + bp (_% - m131*P1) — 20,94 + Fs — F,. (6)
Dy =€ =eztes=egtes=e t+etes=20.q9,—F+F,. (7
425 = fo5 = foa = mi_1P24- (8)
. a i( ,t) —
4= fi=fr = fio— fir = fo— fr = == —milp. 9
Ga = fa=fo = fiz — fiz = f1 — [ = Mizp1 — 3Dy (10)
in the differential equation (5)
a i( ,t) -
Fr=ey=e,=e€,=e;+es=cy.qs+ by (— Wafl - mlg}*pl), 11D
given that, we form a system of differential equations of state variables
R ow;(xq,t) - .
P2a = ui(x1)(¢1.q3 + bp (—% - m131*P1)) + uw; (0)F, + w;(L)Fr — ¢iqas;
. awi(xll t) -1
P1 = C1.q3 + bp T M~ 2¢2.q4 + Fs = Fy;
D2 = 2¢2.94 — Fs + Fy; (12)

25 = M{ 'Daa;
4z = — i, 8) miz.p.;
ot
44 = Mizpy — M Py
This obtained system of first-order differential equations is a mathematical model of nonlinear vibrations of a

rod with an elastic dissipative characteristic of the hysteresis type in conjunction with a liquid section dynamic
absorber.

From the system of differential equations (12), it is possible to derive mathematical models of several problems
as special cases. Including, if m,;, = oo, m,, = o,¢;, = 0,c,, = 0,br = 0 the limit is reached when Fg = F; =
F, = 0 can be obtained from the differential equations of motion of a rod without a dynamic absorber under the
influence of forces F; (t) and Fr(t). D.C. Karnopp obtained this result for a rod with a linear elastic characteristic
[15], and for a rod with an elastic dissipative characteristic of the hysteresis type was obtained by the method of
bond graph [13].

D24 = wi(0)F, + w;(L)Fr — ¢iqzs;
(13)

|
25 = M; "Pag-
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If in the system of differential equations (12) m,, — 0,m,, = o,c,, — 0 the limit is reached, when Fg =
F, = F, = 0, it is possible to obtain a system of differential equations of motion of rod with a dynamic absorber
consists only of solid [2]. In this case, the last differential equation becomes that expressing the velocity of the
load of mass m,,, namely ¢, = ¢; = m7lp;. So,

. ow;(xq,t) — .
P2a = u;(x1)(c1.95 + b (_ Wafl - m1*1p1>) + u;(0)F, + w;(L)Fr — ¢iqzs;
. a i( ,t) —
P1 = €1.q3 + bp (_ Wafl - m1*1p1>i (14)
Gzs = m[lp“;
ow; (xq,t)

43 = —milp;.
t
Hydrodynamic force in the system of differential equations (12) as the inertial force of the fluid attached to a
body of mass m,, and the viscosity of the fluid with the coefficient b are given by [12]:

Fs = —(My.qy + bsqs). (15)
We express the inertial forces F; = m,,§, and F, = m,§; as follows:

. G2 = G13 =G12 — g = G11 — G4 = 0 .. ..
1T M2 =q10 =97 =94 =G99 —q3 — G4 ™y (o = 4 = d3)
(16)
Fy = myGy = {41 = G11 = Gro — G7 = Go — G3} = my(Go — G3).
Putting expressions (15) and (16) into the system of differential equations (12), after making some
simplifications, we obtain

AQ +BQ+CQ =F, (17)

where
4 o [4 qi u;(0)F, + u;(L)Fy
Q=‘:I:3; Q=C:13; Q=1|493|; F= 0 ;

144 qs 44 0

[ m; 0 0
A =Mz, + mpIu;(x)  (Myz +my) my, +my, |;

| (mZ* - mv)ui (xl) My, — My, ms. + My,

[0 —u;(x;)by 0 ¢ —u(xe., 0
B =0 by ol; c=|o L 0 |.

0 0 bs 0 0 2¢,

This system of differential equations (17) determined using the method of bond graphic is a mathematical
model of motion of rod with an elastic dissipative characteristic of the hysteresis type and liquid section dynamic
absorber.

We analyze the dynamics of the system under consideration using the system of differential equations defined
(17). First, we will get the transfer functions of the system. To do this, we bring the system of differential equations

(17) to the system of algebraic equations using the differential operator S = %.

(m;S? + ¢)q; — u; (%) (beS + ¢1.)q3 = w;(0)Fy + u; (L) Fr;
Myu;(x1)S?q; + (MyS? + bpS + ¢1,)q3 + MyS%q, = 0; (18)
Mau;(x,)S2q; + M3S?qs + (MyS? + bsS + 2¢,,)q, = 0,
where M; = my3, + my,; M, = m,, + my,; M5 = m,, —m,; M, = m,, +my,.
We solve this system of equations on the basis of Cramer's rule with respect to the variables q;, g3, q,4-

as(b,ds — bsd,) ]
ay(byds — bydy) + ay(bsdy — byds)’

q:(8) =

az(bzd; — byd3) ]
ay(byds — bydy) + ay(bsdy — byd3)’

q3(8) = (19)



0.(S) = az(b,d, — byd,) .
* ay(byds — bzd;) + ay(bsdy — byd3)’

where a; = m;S? + ¢;; ay = —u; (%) (beS + ¢1.); az = u;(0)F, + u;(L)Fg;
b, = Myu;(x,)S?%; b, = M;S% + bpS + cy.;
by = M,S?; d; = M3u;(x,)S?; dy = M3S?;
d; = M,S? + bsS + 2¢5,.
To find the expression for the transfer function, we determine the absolute acceleration of the system under
consideration.

Let the external forces F; and Fy acting on the left and right ends of the rod through the lying base give the
system W, acceleration.

In that case,
F, = Fr = —m;W,,. (20)
Absolute acceleration of the rod protected from vibrations
W, = w; + W,,. (21)

We put the expression of forces (20) in the system of equations (19) and, as a result, using them and (21) the
expression of absolute acceleration, we obtain the ratio of the expression of acceleration to the expression of basic
acceleration as follows:

u; (0)$%q:(S)

W,(S,x) =1+ W, (22)
The result obtained (22) is called the transfer function of the system under consideration.
We put the first equation of the system of equations (19) into the tragsfer fulnction (22).
Wi(S, qma, x) = % , (23)
where ug = 2¢4,65.¢;; Uy = (2bpcy, + bgcy)c;
f = (c1.My + bpbg + 2¢2.My)¢; + 2¢5.¢1,.(m; + uf () My — u; 0)m;(u;(0) + u;(L)));
ps = (bpMy + bsMy)c; + (m; + u? (e )My — u; ()m;(u; (0) + u;(L)))(cy.bs + 2¢5.b5);
ta = Ac; + Myu? (x)bgbs + uf (x1)Acy, + (1 — u; (x) (w;(0) + w;(L)))m;(Mycy. + bpbs + 2¢,.My);
ts = uf (x,)bpA + (1 — ui(x)(ui(o) + ui(L)))mi(M4bF + bsM;);
s = Am;(1 — ui(x)(ui(o) + ui(L));
@o = po = 2€1.C2.C5 @1 = pg = (2bpCy, + bscy.)Ci;
ay = (c;.My + bpbg + 2¢,,M;)c; + 25,1, (m; + u? (x,)M,);
as = (bpM, + bgM;)c; + (m; + u?(x,)M;)(bscy, + 2bgcy,);
a, = Ac; + my(Mycq, + bpbg + 2c5,My) + u?(x)cqy, A + uf (x;)bpbsMy;
as = m;(bpM, + bgM;) + u?(x;)bph;
ae = m;A; A= MM, — M, M.
In (23) we put jw instead of S . l
Wi(jw, Gma, x) = % (24)

The expressions of stiffness c; are complex expression in the coefficients wg, uy, o, Uz, ta, Xg, A1, Az, A3, Ay,
It can be written from the expression of stiffness (2) as follows:
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C; =Cq; TjcCy (25)

where

Ho

L
5 3EI
Ci = [J- pA(l — Cony)ugdx — o

2 Ny X
*m

0
- L
L 92 (9%,
% Z CirGma 20°(i* + 3) f Ym gxz\ oxz
i*=1 0
L

) 3EI
Cyp = [J- pAConupdx + My X

W2n

0 . .
ST 92 (9%, |0%u,| ,

X Zci*qmamfum7 W Ox2 dx]a)*m. (27)

i*= 0

According to stiffness expression (25), the coefficients po, 11, 4o, U3, Ua, Qg, A1, A3, a3, a4 Will be as follows:

2., i
0°uUy,

0x?

) dx]w?y; (26)

= Uy +jla0s M = Ha1 a1 B = Mg T jlog; s = ez + U3

Ha = Paa F jloa; Qg = Qg +jo0 = o = o + jlaos @1 = Aqq +jay =

=y = Hyg o1 Gy = App F g5 A3 = Qi3+ A3 @y = Apg T A

1o = Q1o = 2€1,C2,Cq45 Hog = Uag = 2C1.C2.C55
M1 = Qg1 = (2bpCy, + bsCr.)Cis Ha1 = @p1 = (2bpCy, + bsCr)Cyy
f1z = (c1.My + bpbs + 2¢5.M;)cy; + 2¢1.¢.(m; 4+ uf (x)M;) — ui(x)mi(ui(o) + ui(L)))i
Hoz = Azp = (€1 My + bpbs + 2¢5. My )y
M1z = (bpMy + bgM)cq; + (m; + uiz(x1)M1 - ui(x)mi(ui(O) + ui(L)))(Cubs + 2¢3.br);
Uz = a3 = (bpMy + bsM,)cy;;
Hia = Acq; + Mluiz(xl)beS + uiz(x1)AC1* +(1- ul-(x)(ui(O) + ui(L)))mi(le-cl* + bpbs + 2¢,.M,);
Uza = Qg = Acy;;
a1, = (¢, My + bpbg + 2¢,,M;)cq; + 2¢,,01,(m; + u?(x)M,);
@13 = (bpMy + bsM;)cy; + (2bpcy. + bscy) (my + uf (x)M;);
@14 = Acy; + my(Mycy, + bpbs + 2¢,.My) + uf (x,) ¢y A + uf (x;)bpbsM, .
We put these coefficients to the transfer function (24)
w;(j ) = Eo +JE 28
VW, Qmar X _N0+jN1' ( )
where
Ey = U1g = H21®@ — U207 + Up30° + Uy40* — U0 (29)
Ey = poyo + 0 — .Uzzw2 - 1113003 + 1124004 + /15(05; (30)
Ny = 1o — a1 — 0»’12002 + 1123003 + 0‘14(4’4 - a6w6F (€29)
Ni = lpg + 110 = flp0* — Qy30° + py* + asw®. (32)

Since it is of practical importance that the absolute accelerations of the rod points, which are determined from

the expression of the transfer function in dynamic reducing of vibrations (28), reach a minimum value, we test this
function to a minimum.

(28) The absolute value of the transfer function depends on the variables w and gq,,,. In that case from

expression (28)
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. E§ + Ef
IW;(w, e, X)| = P1(w, g, X) = NZ+ N (33)

From this it is possible to form the following equations which allow to define stationary points:
00, Eo(Eo)gne t E1(E)gp, B No(No) e + NN Gna
0qma EZ + E? NZ + N? '
aq)l — EO(EO);) + El(El)Ia) _ NO(NO)L) + Nl(Nl):u
ow EZ + E} NZ + N}

We define second-order partial differentials from first-order partial differentials (34) and (35).

(34)

(35)

0%®, _ 0%, _ ((E0)w(Eo) e + Eo(Eo) gmew T (E1)w (E1) g, T+
0qma0w  Owdqy, (E¢ + E?)?

+E; (E1)gpaw) (ES + EF) — Z(EO(EO):qma + El(El):{ma)(EO(EO)’m + E1(EDw)

 (N0)e (No)gpmg + No(No) g + (N oo (N1 + N1 (NG 000) (NG + NE) —
(NG + N{)?

—2(No(No)g,,, + N1(N1)g,,..) (No(No)ey + Ny (Ny)g) .

(36)

0%®, _ ((Eo)gma)® + Eo(Eo)g + ((51):;,,1,1)2 + E1(E1)q, ) %

dma dma9ma dma9ma

0qa (E§ + E})?

! ! 2 ! n
x (E§ + Ef) — Z(EO(EO)qma + E1(E1)qma) _ (((No)qma)z + No(No) g, udma
(VT + NP

1 " ! ! 2
+((NDG)? + Ne(NDY o amaYINE + N2 — 2(No(Np)y, ., + Ny (N, )

; (37)

0*®; _ (((E)w)® + Eo(Eo)iw + (E1)w)® + E1 (E1) i) (B + ET) —
dw? (E¢ + E})?

—2(Eg(Eo)w + E1(E)w)*  ((No)w)? + No(No)igw + ((N1)e)* +
(Ng + N7)?

+N; (N ) (NG + NE) = 2(No(No)g, + Ny (N1)3,)?

(38)

The stationary values of the variables g,,, and w are determined from the following system of equations:
00, 0 00, 0 39)
0ma '

Jw
Based on the above results and the theorem that a function of two known variables has a minimum can be
defined for the absolute value of the transfer function @, (w, g,,4, x) as follows:
If the variables q,,, and w satisfy system of equations (39) and

0", >0 (40)
0qha

o, >0, (41)
dw?

along with satisfying inequalities

0%d, 92D, 0%,
0q2,, dw? 0Qmq 0w

)? >0, (42)
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satisfy the inequalities, then the absolute value of the transfer function |W; (jw, gna, X)| = @1 (w, gnq, x) reaches
a minimum at these values of the variable.

4 Conclusion

1.

The system of differential equations that is governed above determined by the method of bond graph
represents a mathematical model of the motion of a rod with elastic dissipative characteristics of the hysteresis
type in conjunction with a liquid section dynamic absorber.

The transfer function of the system, which is protected from vibrations under the influence of kinematic
excitations, is obtained. The expression of this transfer function allows a complete analysis of the dynamics
and stability of motion of the system protected from vibrations.

Given that the problem of stability of motion in nonlinear cases is solved using the equations of the normal
form of systems, the traditional methods of converting the differential equations of motion to the equations
of the normal form require certain deviations and complex operations. To this end, it has been shown that the
method of bond graph in solving problems allows to bypass this problem, that is, to create a system of
equations of normal form, called the Cauchy form, directly relative to state variables.

Based on the given theorem, it is possible to determine the variables q,,,, and w, where the absolute value of
the transmission function @, (w, q,,4, x) reaches a minimum, and select the optimal values of the system
parameters protected from vibrations connecting these variables.

The structural approach in mathematical modeling allows to fully express the elastic dissipative nonlinear
characteristics of system elements and to evaluate the efficiency of dynamic reducing at a wide range of
frequencies, taking into account the inert properties of the fluid.
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