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DISCRETE MATHEMATICAL STRUCTURES IN
THE ANALYSIS AND SYNTHESIS OF PASSIVE
AND ACTIVE VIBRATION ISOLATING DEVICES

JI. bosuezpa, K. Kipxonyno, A. Iasmuwxo, B. Jlimginos, 1. Cuoopenxo. JJHCKpeTHI MaTeMaTH4YHi CTPYKTYpPH HpH aHAJi3i Ta
CHHTe3i NAaCHBHUX Ta AKTUBHHMX Bi0poizonsiniiHMX npucTpoiB. Y poOOTi PO3MIAHYTI AUCKPETHI MaTeMaTH4Hi CTPYKTYpH, IO
3aCTOCOBYIOTBCS Ul aHalli3y Ta CHHTE3y MAaCHBHHX Ta aKTUBHHX BiOpoizomorounx mnpuctpoiB. [TokasaHo, 1o migxoau IUCKPETHOT
MaTeMaTUKH Yy BHUIVISAAI KiHEMaTHMYHUX Ta iX MOJAJbLIOr0 PO3BUTKY Y BUNNIAAI MOAU(IKOBAHMX KiHEMAaTHYHHX rpadiB, TO3BOJISIOTH
e(CKTUBHO IMITYBaTu (YHKLIOHAIBHY B3a€MOMI0 MK €JEMEHTAMH TaKUX MHPUCTPOIB, OMUCYOYM iXHIO B3a€MOAII0 BiANOBIIHUMHU
KIHIICBUMH MaTeMaTHYHUMH CTpyKTypamu. Takuil miaxix 1o BHpIIICHHs 3a1a4 CHHTE3y BiOPOI30IIOI0UMX HPHCTPOIB JO3BOJISIE e(hEKTHBHO
MPOBOAMTH TOBHUI Iepebip MOXIMBHUX BapiaHTIB i € OCHOBOK [UIS TEPEeXoqy 10 HPOEKTYBaHHS iX NMPOMHUCIOBUX 3pa3kiB. Y poOOTi
HaBEJICHO aHaJli3 ICHYIOUMX ITACUBHUX Ta aKTUBHHX BiOPOI30JIIOIOYHMX HA OCHOBI SIKOTO, SIK MPUKJIAJ, IPOBEJCHO CHHTE3 MIPUHIIUIIOBO HOBOTO
MIACHBHOT'O BiOPOi30/II0F0YOr0 IPUCTPOIO 3 €lIeMEHTaMH aKTUBHUX cucTeM. OCHOBOIO CHHTe3y € Mo (iKOBaHUH KiHEMAaTUYHUN rpad, AKui
ySBIISIE COOOK PE3yNbTaT NMEPETUHY Oe3ivi eleMeHTiB MOAM(IKOBaHMX KiHEMAaTHYHUX TpadiB BIAMOBIAHO MACMBHOTO Ta AKTHBHOTO
BiOpOI30JI00YHX NMPUCTPOIB. BeTaHOoBIEHO, 1110 Takuit Moan(BiKOBaHMI KIHEMAaTHYHMI rpad) Mae Ba UKIIH 3 OJHUM IIOJFOCOM i AYTrOl0, 10
BU3HAYA€ MPY>KHUH 3B'30K, SIKi BXOJATH B 00KBa UKIK. [oka3aHo, 10 OTpuMaHui MoaAN(iKOBaHNH KiHEMATHYHUH Tpad) CHHTE30BAaHOIO
MIPUCTPOIO MIBUAKO TPAHC(HOPMYETHCS y BIAMOBIHY CTPYKTYPHY CXEMY i MOKe OyTH KOHCTPYKTHBHO peasli30BaHUi y BUIIISAI MPOTOTUILY
AaHOTO NPUCTPor. OOrpyHTOBAHO, IO CHMHTE30BAHUH Y NpPEICTaBICHIH pOOOTI MPHUCTPii 32 CBOIMH CTPYKTYPHUMH O3HaKaMM 3aiiMae
HPOMIJKHE MicIle B iepapXii BiOpOi30JIFOI0UHX MPUCTPOIB MiXK TACHBHUMH Ta aKTHBHUMH.

Kniouogi cnosa: MaTeMaTH4Hi CTPYKTYpHU, JUCKPETHI CTPYKTypH, KiHeMaTuaHuil rpad, MoqudikoBaHuil KiHeMaTHUHUH rpad, cuaTe3
CTPYKTYpH

L. Bovnegra, K. Kirkopulo, 4. Pavlyshko, V. Litvinov, I. Sydorenko. Discrete mathematical structures in the analysis and
synthesis of passive and active vibration isolating devices. The article deals with discrete mathematical structures used for the analysis and
synthesis of passive and active vibration isolation devices. It is shown that approaches of discrete mathematics in the form of kinematic
graphs and their further development in the form of modified kinematic graphs make it possible to effectively model the functional
interaction between the elements of such devices, describing their interaction with the corresponding finite mathematical structures. Such an
approach to solving the problems of synthesis of vibration isolating devices makes it possible to effectively carry out a complete enumeration
of possible options and can be the basis for the transition to the design of their industrial samples. The paper presents an analysis of existing
passive and active vibration isolating devices on the basis of which, as an example, a synthesis of a fundamentally new passive vibration
isolating device with elements of active systems was carried out. The basis of the synthesis is a modified kinematic graph, which is the result
of the intersection of the sets of elements of the modified kinematic graphs, respectively, of passive and active vibration isolation devices. It
has been established that such a modified kinematic graph has two cycles with one pole and an arc that defines an elastic connection included
in both cycles. It is shown that the resulting modified kinematic graph of the synthesized device is very quickly transformed into the
corresponding block diagram and can be constructively implemented as a prototype of this device. It is substantiated that the device
synthesized in the presented work, according to its structural features, occupies an intermediate place in the hierarchy of vibration isolation
devices between passive and active ones.

Keywords: mathematical structures, discrete structures, kinematic graph, modified kinematic graph, structure synthesis

Introduction

Discrete mathematics is an important tool for solving problems of analysis and synthesis of tech-
nical systems. This is due to the fact that the problems of analysis and synthesis of most technical sys-
tems, which are described by advising discrete mathematical structures, are associated with the con-
struction of specific algorithms in which efficiency, including in terms of computational complexity, is
of great importance.

Synthesis of the design of a new vibration isolating device, however, like any other technical de-
vice, is the main stage on the way to its design implementation. At this stage, the presence of certain
constituent elements in the device is theoretically substantiated, a generalized description of their func-
tional interaction is carried out and requirements for each of them are established, and their influence
on the properties of the synthesized device as a whole is determined. Since the same design of a vibra-
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tion isolating device can receive a different design transformation for specific conditions of its use,
which determine its passive or active form, it is advisable to synthesize the design based on a structur-
al analysis of some design prototype, and in some cases several structural prototypes. A constructive
prototype is most often understood as a virtual model of a vibration isolation device, which has certain
simplifications that do not affect the functional properties of the device. Existing 3D computer design
tools, such as AutoCad, Inventor, Te-Flax, etc., allow creating not only computer models of mechani-
cal systems, but also simulating the functional interaction between their elements, performing their
kinematic and force calculations [1]. In this case, structural prototypes, as a rule, are final structures.
Such structures are associated with the direction of discrete mathematics in the form of finite mathe-
matics, the subject of which is finite graphs, finite groups, finite automata. Supplementing a 3D com-
puter model of mechanical systems with the corresponding finite mathematical structures makes it
possible to efficiently carry out a complete enumeration of possible synthesis options [2].

This approach, which determines the simulation study of technical structures, is the basis for the
transition to the design of their industrial designs. The development of this approach is a solution to a
rather important scientific and applied problem.

Literature analysis

When performing a structural analysis of technical systems in order to identify elements of the
same purpose and possessing, as a consequence, the same properties, it is possible to identify elements
whose functional purpose is determined only by the specifics of the considered structure. In this case,
an additional study of these elements in terms of their functional appropriateness and possible re-
placement or combination with existing elements is required.

One of effective tools to solve the problems of analysis of structures is the apparatus of discrete
mathematics in the form of graph theory, which allows you to model the relationship between ele-
ments of various natures, thereby determining the structural properties of the system under considera-
tion [3, 4]. Models based on finite graphs are widely used as structural models of systems since such a
model allows their idealized representation in the form of appropriate schemes with concentrated
components and poles. In such schemes connection of components among themselves is realized in
nodes, which are formed solely by combining the poles. Depending on the number of poles possessed
by the considered concentrated component, there are two-pole and multi-pole components, which are
called bipolar and multi-polar respectively. Typical representatives of physical systems which allow
representation by finite graphs with concentrated components are mechanical structures. Included in
their structure elastic elements, dampers, mechanical transmissions are displayed by bipolar poles, and
engines — by multipolar poles. Thanks to its clearness and simplicity, this device has recently won
wide recognition and widespread use [5].

For mathematical description of composition and structure of physical system two types of relations
are usually used: the pole equations describing individual properties of each component without refer-
ence to possible connections with other components; the equations of connections reflecting character of
connection of various components in the scheme without reference to their individual properties [6].

The pole equation of the bipolar is a functional dependence between two physical quantities
characterizing its state (for example, force and movement of the mechanical bipolar). Function de-
scribing nonlinear bipolar can be defined by analytical expression, graph or table. Linear bipolar is
characterized by parameter which is either constant value (stationary bipolar) or function of time (non-
stationary bipolar).

A multipole is described by a system of equations linking the physical quantities at its poles. Of-
ten multipole components are represented by a circuit model consisting of bipolar components, each of
which is described by a corresponding functional relationship, unlike conventional bipolar, such rela-
tionships may contain quantities associated with other components of the circuit model. Eventually, a
physical system with concentrated components can always be represented by a circuit consisting of
bipolar. In this case, the fundamental physical laws expressing the conditions of equilibrium and con-
tinuity (for mechanical systems — Dalamber principle) usually act as the equations of connections. In
each specific case, these equations are derived from consideration of the scheme structure, and they
should contain the same values as the component equations, which characterize the states of bipolar
systems. Thus compatibility of initial equations which transformation allows to receive mathematical
model of system in the required form is provided [7, 8].
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N A circuit with bipolar components, regardless of its specific physi-

/ \ cal nature, can be represented by a pole graph. There is one-to-one cor-
b&—  }——o  respondence between the circuit consisting of bipolar components and
i its graph: the nodes of the circuit correspond to vertices and the edges of

the graph correspond to bipolar components. Orientation of an edge is
connected with the direction of counting of physical quantities charac-
terizing the bipolar state. The pole graph is a universal topological mod-
el of physical systems with concentrated components. The way to such
Fig. 1. Bipolar component:  model lies through idealization of the system (structural diagram) and its
model (a); pole graph (b)  apstraction (polar graph). The main value of topological models is that
their properties and methods of use can be studied and developed inde-
pendently from physical nature of systems [9]. The specificity of a particular problem is evident at the
initial stage when constructing the graph and at the final stage of interpretation of the obtained results.
For any two-pole (Fig. 1, a) its pole graph is an arc with two end vertices (Fig. 1, b). In the general
case the bipolar equation f (y, £) =0 contains two variables y and &. One of them, for example vy, char-
acterizes the state of bipolar relative to the cross section and is oppositely directed to each of its poles.
Such variables are called transverse variables (e.g. for mechanical systems this is a force or moment).
Another variable & characterizes the state of the bipolar relative to its poles (for example, linear (angu-
lar) velocity or displacement). Such variables are called longitudinal and their directions are associated
with the direction of the path from one pole to the other. Often transverse variables are called follow-
up variables, and longitudinal variables are called parallel variables [10].

If the bipolar equation can be explicitly represented in relation to the transverse variable y=f,(&),
its corresponding arc is called y — arc, and the value of y can be considered as a response to &. If a bi-
polar equation can be represented in the form & =f,(y), then its corresponding arc is called z — arc, and
the value & can be seen as a response to &. Bipolar that allow description with respect to both variables
are called mutually determined, and their corresponding arcs are called w — arcs. Since of two varia-
bles y and & one characterizes the impact and the other the reaction, their positive directions are con-
sidered to be mutually opposite. Usually, the directions of arcs are identified with positive directions
of readings of transverse variables, and positive directions of readings of longitudinal variables are
taken as inverse orientations of arcs.

The polar graph of the system is constructed so as to provide the simplest relations between its
structure and the coupling equations [11, 12]. Usually the connection equations are formed for trans-
verse and longitudinal variables in the following form:

— the algebraic sum of transverse variables for any vertex of the graph equals zero:

D> (t)=0, (1)
— the algebraic sum of longitudinal variables for any vertex of the graph is zero:
D&t =0. )

When variables are summed algebraically, they are considered positive if their directions coin-
cide with the chosen direction relative to the vertex or contour, and negative if the directions of the
variables are opposite to the chosen directions.

The ideal passive bipolar of mechanical systems are resistance (dissipation), mass and stiffness,
as well as the source of displacement (velocity) and the source of force (Fig. 2).

fo (X(1)) fu (X(1)) fe(x(1)) fy(t) fe(t)

X(t) b X(t) m  x(0) c X QDX F(t) QQ F

a b c d e

Fig. 2. Models of ideal mechanical (translational) two-terminal networks:
dissipation (a); mass (b); rigidity (c); source of movement (d); source of power (g)
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The displacement x(t) and its time derivatives are longitudinal variables, and the force f(t) is a
transverse variable [12, 13].

Increasing technological requirements to modern equipment requires a significant reduction of
negative manifestations associated with vibrations and oscillations. Therefore, it is of interest to apply
the presented apparatus of discrete mathematics to the analysis of existing passive and active vibration
isolating devices in order to find new, optimal design solutions.

Research methodology

Application of the presented apparatus of discrete mathematics for the analysis of the structure of
a fairly common uniaxial passive vibration isolating device is based on a step-by-step transition from
its 3D-model, including a fixed base 0 and a movable support 1 and a cylindrical compression spring
with between them (Fig. 3, a), to the corresponding kinematic (structural) diagram, defining the con-
sidered device as a flat mechanism with the degree of movement W=1 (Fig. 3, b).

F()

W=1 F(t)
1. I fo(x(t) 1 7_ _ Cycle d,’AIerp‘bert 1
: Ix(t) m- X F 4
> 1
F(t
. ,.j> i L (1)
<> 0 cX
> ot
— fu(X®) o  fo(x() 0 0
a b d e

Fig. 3. Formation of the graph of a uniaxial passive vibration isolating device: 3D model (a); kinematic
(structural) diagram (b); scheme based on ideal mechanical two-poles (c); bipolar graphs (d, €)

Such an approach makes it possible to describe the device in question quickly enough with the
corresponding models of ideal mechanical bipolar (Fig. 3, c), on the basis of which the direct func-
tional interaction of the elastic connection with fixed 0 and movable 1 parts can be described by ele-
ments of discrete mathematics in the form of a pole graph.

The pole graph corresponding to the model of ideal mechanical bipolar, being a logical continua-
tion of the analysis allows us to determine the relationship between the links — poles 1 and 2 in the
form of arcs, which form a cycle, which is called a d’ Alamber cycle, since the interrelations forming it

obey the well-known principle ZF(t) =0 - the algebraic sum of forces for any vertex of the pole

graph is equal to zero (Fig. 3, d). If we abstract from inertial m(X) and dissipative b(x) forces, the

arcs of the graph define a direct relationship between the external disturbance from the object subject
to vibration protection and the internal restoring elastic force generated by the elastic element of the
device in the form F(t) =cx (Fig. 3, e).

In contrast to passive vibration isolation devices, the structures of active vibration isolation sys-
tems have a complex organization. In addition to the basic elements 0 and 1 separated by a reduced
elastic coupling, since the device generally uses several elastic elements, it contains control and man-
agement elements (Fig. 4, a).

The functional interaction between the controls is determined by the signal generated by the con-
trol element — sensor R. The signal is transmitted to the control system consisting of the signal ampli-
fier 5 and the differentiating device 6. In turn, the control system determines the magnitude and direc-
tion of the corrective movement of the system link 2 and sends a corresponding command to the elec-
tric motor 4 for the corresponding orientation of the link 3. The presence in the structure of the active
vibration isolation system of electronic elements and the motor implies that for their normal function-
ing it is necessary to have a sufficiently powerful energy source 7. The transition from the structural
diagram of the active vibration isolation system (Fig. 4, b) to its diagram based on ideal bipolar poles
(Fig. 4, c) gives the corresponding pole graph (Fig. 4, d). The presence of the arc of the graph corre-
sponding to the energy source characterizes the obtained pole graph of the considered active system as
one-connected. The analysis of the graph shows that the arcs determining interrelations between its
poles form two cycles: d’Alamber cycle between poles 0, 1, 2 and control cycle formed by arcs be-
tween poles 0, 2, 3, 4, 5, 6.
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c d

Fig. 4. The sequence of the formation of the graph of electro — mechanical active
vibration isolation system: 3D model (a); block diagram (b);
scheme based ideal two-terminal networks (c); bipolar graph (d)

It should be noted that in the case when link 2 is stationary, the relationship between poles 0 and
2 is absent, and the d’Alamber cycle of the active vibration isolation system becomes identical to the
d’Alamber cycle of the passive vibration isolation device. The interrelationships in the control cycle
have a mixed character and obey both d’Alamber’s principle (interrelationships between mechanical
elements — poles 0, 2, 3) and Kirchhoff's laws (interrelationships between electrical elements — poles 4,
5, 6). It is established that the functional purpose of link 2 is both the realization of the place of at-
tachment of the elastic element and the realization of control of the elastic characteristics of the device
in the form of some corrective motion. The organization of the above type of control of elastic charac-
teristics is most often carried out on the condition that the elastic elements of the system are all-metal.
It is for them, in contrast to non-metallic and combined elastic elements, that the directions of the
force and the elastic deformation caused by it coincide and always lie in the same plane.

The analysis of the received pole graph of the considered electro-mechanical active vibration-
isolating system allowed to reveal and functional identity of two interrelations determined by the arc
of the graph R(x) and the arc of the graph c,(x) between poles 0 and 2. The identity lies in the fact that
the change in both the sensor resistance and the value of strain of the elastic connection determine the
change in the same parameter — the external force impact. On this basis, the hypothesis is put forward
that the change in the magnitude of the elastic coupling strain can be considered not only as a con-
trolled parameter, but can also be used as a corrective motion after a certain kinematic transformation.
The hypothesis put forward is quite logical based on the type of the controlled signal — displacement
X(t) and the expected result — the corrective displacement y(t), which determines the change in the elas-
tic characteristics of the device.

Results

In order to substantiate a formalized design algorithm for a passive vibration isolation device
with elements of active systems to control its elastic characteristics, several basic principles for the
synthesis of such a device are formulated. As the first principle, it is accepted that a passive vibration
isolator with elements of active systems can be synthesized only on the basis of all-metal elastic ele-
ments, for which, in contrast to non-metal and combined elastic elements, the directions of force and
elastic deformation caused by it coincide, and the directions of elastic deformation and correction mo-
tion lie in one plane. The second principle, based on the provisions of the first one, limits the spatial
realization of the synthesized structure and defines it as a flat mechanism with elastic links whose mo-
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bility is W=1. The third principle defines the presence of some value of elastic bond deformation,
which can be used without transformation as a controllable parameter that reflects the intensity of ex-
ternal vibration and shock effects on the synthesized device. The implementation of the elastic control
function by a feedback loop based only on the mechanical elements constituting a closed kinematic
chain designed to convert the controlled motion into a corrective one is the fourth principle. The fifth
and final principle is that the corrective displacement realized in the closed mechanical feedback loop
results in an additional deformation of the elastic coupling elements or a change in their orientation
with respect to the external load line.

The above principles can be the basis for a formalized algorithm for analysis and synthesis of a
passive vibration isolator with elements of active vibration protection systems. As a base in the pro-
posed algorithm one can use the improved technique of analysis of kinematic schemes of plane mech-
anisms by means of kinematic graphs, proposed by R.V. Ambartsumyants [14]. In case of applying
kinematic graphs, the degree of mobility of a planar mechanism with rigid links, which corresponds to
the previously mentioned second principle of the formalized algorithm, can be determined by the ex-
pression:

W=3(p-1)-20s - qs, 3
where p is the number of poles of the graph corresponding to the number of rigid links; gs is the num-
ber of arcs of the graph corresponding to kinematic pairs of class 5; g, is the number of arcs of the
graph corresponding to kinematic pairs of class 4.

In this paper it is suggested that expression (3) can be used for the analysis of structures of plane
mechanisms with elastic links, which corresponds to the first and second presented principles, or of
plane mechanisms with links with links of non-mechanical nature. However, application for these pur-
poses of expression (3) is possible with some modification which will take into account not only kin-
ematic pairs characterizing contact of links but also elastic, dissipative links and links of mixed nature:
electro-mechanical, electric, pneumatic, etc. that determine functional interrelations between links.

To approve this proposal, consider the previously presented structural diagram of a single-axis
passive vibration isolator (Fig. 3, a). When modeling it with kinematic graph, a graph is obtained,
which contains two poles (p =2) and one arc (qs=1) (Fig. 5, a).

W=1 W=2

Analysis cycle

@,
Direct control Control cycle

a b c

Fig. 5. Modeling of vibration isolating devices by modified kinematic graphs: passive vibration isolating device (a);
active vibration isolation system with direct control (b); active anti-vibration system with automatic control (c)

Then, according to expression (3), the degree of mobility is W=3(2-1)-2-1=1. However, in a
real passive vibration isolator, its elements do not move until a certain external force is applied. There-
fore, if there is no external action, any vibration isolator can be regarded as a conditionally stationary
system (W=0). In this case, the stationary state of such a system, in addition to the kinematic state, is
also determined by the elastic coupling. In this connection, it was proposed to modify the previously
presented kinematic graph by adding an arc qcr defining the elastic coupling. Moreover, the properties
of this arc determining mobility restrictions are assumed to be similar to the properties of a kinematic
pair of class 4 since the elastic coupling admits a similar number of mobility when solving a planar
kinematic problem. Taking this into account, the degree of mobility of a uniaxial passive vibration
isolator according to the modified kinematic graph is:

W=3(p-1)-20s—Gs—Ger. =3(2-1) —=2:1-0-1=0. ()

[HOOPMALIIIMHI TEXHOJIOT'Ti. ABTOMATH3ALILA



ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

Proceedings of Odessa Polytechnic University, Issue 1(67), 2023 87

Consider the graph of an active vibration-isolating system in the version where the elastic control
system is implemented as a linear motor with an electronic control system (Fig. 5, b). The mechanical
part of the system consists of fixed part 0 and movable part 1. The elastic coupling is located between
the movable part 1 and the linear motor 2. The kinematic graph of such system consists of 3 poles
(p=3) and two arcs gs=2. According to expression (3) the degree of mobility of the system in ques-
tion isequal to W=3(3-1)-2-2=2.

However, the presence of two links, namely the elastic link ¢, and the electronic control system in
the form of the link of non-mechanical nature R, which are defined by the arc q.. between poles of
graph 1 and 2 and the arc gr between poles of graph 0 and 1, allows to consider the active vibration
isolating system as conditionally motionless system. Analyzing the derived modified kinematic graph
we can distinguish the analysis cycle of external perturbation bounded by the arcs between the poles 0
and 1 and also the direct kinematic control of elastic characteristics in the form of the arc between the
poles 0 and 2. The analysis cycle and the control arc have one pole 0 in common, corresponding to the
stationary part of the device. It should be noted that the arc defining the elastic relation is not part of
the control loop and is the outer arc of the graph. A similar result is obtained when analyzing the struc-
ture of an active vibration isolation system with a more complex organization of the elastic control
system. The mechanical part of the system consists of stationary 0 and movable 1 parts. The elastic
link is located between the movable part 1 and the link 2. Links 2 and 3 form a group of corrective
links which are moved by rotation of electric motor 4 (Fig. 5, ¢). Modified kinematic graph of the sys-
tem in question consists of 4 poles (p=4) and five basic arcs q=5. According to expression (3), the
degree of mobility. W=3(5-1)-2-5=2. As in the previous case, the elastic connection cr and the
electronic control system in the form of non-mechanical connection R define the system in question as
conditionally motionless. In the obtained modified kinematic graph one can distinguish not only the
analysis cycle but also the control cycle, which have one common pole 0 corresponding to the station-
ary part of the device.

Summarizing the obtained results, the condition for the modified kinematic graph defining the
vibration isolator in which the control of its elastic characteristics is implemented is formulated. This
condition is the presence of two cycles with one common pole and an arc included in both cycles de-
fining the elastic relation in the non-single-connected modified kinematic graph.

The fulfillment of this condition is the basis for synthesis of a new vibration isolating device with
extended functionality, which will be illustrated by the following example. To simplify the synthesis
procedure, let us assume that the synthesized device having some elastic coupling in its structure will
be constructed using some number of links and only kinematic pairs of class 5. In this case the corre-
sponding modified kinematic graph will include one arc g, =1 and there will be no arcs g in it. Then
the zero value of expression (4) which defines conditional immobility of the device corresponds to the
certain number of poles and arcs of the modified kinematic graph. For the considered example the
number of poles and arcs of such graph p=4 and gs=4 correspondingly. Consequently, the graph of
the synthesized device besides the poles corresponding to the necessary fixed 0 and movable parts 1 of
the device between which there is an elastic connection, must contain two more poles — the corrective
links 2 and 3. As it was mentioned before, all poles of the graph are connected by arcs corresponding
to kinematic pairs of class 5.

The required solution in the form of organizing two cycles with a common pole 0 and a common
arc corresponding to the elastic coupling is quite obvious and has only one option (Fig. 6, a).

Analysis cycle 1 w=1
()

Direct control
a b c

Fig. 6. Synthesis of a passive vibration isolating device with extended functionality:
modified kinematic graph (a); block diagram of the device (b); device prototype (c)
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The resulting graph allows easy transition to a structural diagram (Fig. 6, b) and a structural pro-
totype (Fig. 6, ¢). Thus, as an example, an autonomous hybrid structure of a passive vibration isolator
of a new type was synthesized. The synthesized structure, being passive, is self-adapting. Depending
on the magnitude of the external action that determines the magnitude of the displacement x(t), the
structure implements the possibility of transforming this displacement into the corresponding correc-
tive displacement y(t) that determines the change in the elastic characteristics of the device.

Conclusions

On the basis of this research, the following conclusion is drawn:

1. Discrete mathematics is an important tool for solving problems of analysis and synthesis of
technical systems, because its apparatus, in the form of graph theory, allows modelling the relationship
between elements of diverse nature, thereby determining the structural properties of the technical sys-
tem in question.

2. Modelling of real mechanical objects by schemes of discrete mathematics in the form of bipo-
lar components, which are represented by a pole graph, allows revealing certain dependences at inter-
action between elements of both passive and active technical systems.

3. It has been established that in the non-single-connected modified kinematic graph which defines
the vibration isolating device with controllable elastic characteristics there are necessarily two cycles
with one pole and an arc which defines elastic connection and which are included into both cycles.

4. The modified kinematic graph with the presence of two cycles with one pole and an arc defin-
ing the elastic coupling, entering into both cycles, allows obtaining a structural scheme of a passive
vibration isolator with controlled elastic characteristics.

5. Considering the evolution of vibration isolation devices in terms of functional interaction,
number and type of control elements of elastic characteristics, it is found that the device synthesized in
the presented work takes an intermediate place between passive vibration isolation devices and active
vibration isolation systems by its features.
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