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Abstract. The possibilities of developing system approacies system analysis in building the
foundations of the method of structural mathemétimadeling in the application to the problems of
dynamics of technical objects operating under dinth of intense dynamic loading and vibration
interaction of machine elements are considered.plinpose of the research is to develop a system
of basic concepts of structural mathematical modelidevelop principles for forming a set of
typical elementary links and rules for their switahin solving problems of forming and controlling
dynamic states of mechanical oscillatory systerossiclered as calculation schemes of technical
objects. Methods of oscillation theory, integransformations, and automatic control theory are
used. The basic methodological basis for usingathelytical apparatus of the automatic control
theory for evaluating the dynamic properties ofhtécal objects in the problems of vibration
interactions of system elements has been developed.

CUCTEMHBIE OCHOBBI ®OPMUPOBAHUSI HABOPA TUIIOBBIX
3BEHBEB B IPUJIOKEHUAX METO/JIOB CTPYKTYPHOI'O
MATEMATHYECKOI'O MOJIEJIMPOBAHUA K 3AJIAYAM
JUHAMMUKU TEXHOJOI'MYECKHUX U TPAHCIIOPTHBIX MAIIIUH
Muponoe A.C., Enuceee A.B.

KiroueBble c10Ba: TEXHHYECKHH OOBEKT, MEXaHHMYecKas KojieOaTenpHas CHCTEMa, CTPYKTypHAs
MaTeMaTHYECKask MOJEIb, JIEMEHTHI, IepeaTouHast QYHKIHS, 0OpaTHAasI CBA3b.

AHHOTanus. PaccMaTpuBaIOTCS BO3MOXHOCTH PAa3BHTHS CHCTEMHBIX IOJXOJOB U CHUCTEMHOTO
aHau3a B TOCTPOCHHM OCHOB METOJla CTPYKTYPHOTO MATEMAaTHYECKOTO MOJCIUPOBAHHS B
OPWIOKEHUU K 3aJa4aM JUHAMHKH TCXHUYECKAX OOBCKTOB, pabOTAIOMMX B YCIOBUIX
WHTCHCUBHOTO JMHAMHYCCKOTO HATPYKCHUS U BUOPAIIMOHHBIX B3aUMOJICHCTBHC JICMCHTOB MAIIUH.
Henp wnccriemoBaHus 3aKiodacTcss B pa3paboTKe CHUCTEMBI OCHOBHBIX IOHSTHH CTPYKTYpHOTO
MaTeMaTHYECKOTO MOJICTUPOBAHMSA, pa3padoTKe NPUHIHIIOB (opMUpOBaHHA Habopa THIOBBIX
3JIEMEHTAPHBIX 3BEHBEB W MPABIJI UX KOMMYTAINH B PEIICHNH 3a1a4 ()OPMHUPOBAHUS U yIIPABICHUS
JUHAMUYECKHMH COCTOSTHHSIMH MEXaHMYECKHX KOJeOaTeNFHBIX CHCTEM, pacCMaTpPHUBAaEMBIX Kak
pacdeTHbIE CXEMBI TEXHHMYECKHX OOBEKTOB. VICHONB3YyIOTCA METONBI TEOpPHH KOJIeOaHHH,
WHTETPANTBbHBIX TpeoOpa3oBaHWi W TEOPHHM aBTOMAaTHYECKOTO ympaBieHus. Pa3pabortana
NPUHIUIHAATEHAS METOJOJIOTHYECKasi OCHOBA WCIIOJIb30BAHMS aHATUTHYCCKOTO ammapara TEOpHUU
ABTOMATHYCCKOTO YIPABICHUS JJIsl OLICHKA NUHAMHYCCKHX CBOMCTB TEXHHYCCKHMX OOBEKTOB B
3a/1a4ax BUOPAIIMOHHBIX B3aMMOJICHCTBHI 3JICMCHTOB CUCTEMEI.

Introduction. Technical objects, such as vehicles and techncdbgibration
machines operating under intense dynamic loadsiireeqicreased attention to the
assessment of the features of dynamic States lotheastages of preliminary
research, design and calculation, and during operainvolving the assessment,
control and management of parameters of dynamie$ta



The problems of machine dynamics are diverse afiecteattention to the
effects of external disturbances that lead to wibnamovements and interactions of
machine elements, an increase in dynamic loads@rdrresponding components,
aggregates and devices, and a decrease in perfoemadicators of dynamic
quality. [1-4].

Methods of structural mathematical modeling allea develop and support
the development of specific ways and means to eedbe level of impacts on
technical objects, their working bodies, equipmamd equipment. One of the most
developed directions in this field can be considetbe development of a
methodological basis for solving problems of vilmat protection and vibration
isolation of objects [5-8].

Structural mathematical modeling, as a methodoébgposition, is most
promising on models that reflect the features ofaigic States of mechanical
oscillatory systems, in relation to which methods constructing differential
equations of motion based on Lagrange formalisnmappied, followed by the use
of methods of integral Laplace transformations abthining operator forms that
allow the transition to structural mathematical misdin the form of structural
schemes that are equivalent in dynamic terms, aattoroontrol systems [9-13].

The presence of structural schemes makes it pestblse the analytical
apparatus of automatic control theory to evaludte tynamic properties of
systems. The possibilities of such approaches basethe methods of systems
theory and system analysis are considered in spagplications in [3, 14-16].

This article is devoted to the development and ililegaof ideas about the
basics of the structural mathematical modeling wetin problems of dynamics of
machines operating under vibration loads.

|. Some general provisionsThe problems of dynamics of many technical
objects, which are characterized by working underadhic loads of external and
internal nature, considered in the calculation s as mechanical oscillatory
systems with one or more degrees of freedom, inyntaises are reduced to the
problems of vibration protection and vibration a&tn of a certain mass-inertia
element or block within the framework of represéntes of a system that has a
certain structure, dynamic connections and coreittelements that generally form
an idea of the corresponding system [3, 6-8].

The structural theory of vibration-proof systems Milae possibility of using
structural analogues of mathematical models infoinen of structural schemes of
dynamically equivalent automatic control system&€®&). In control theory, as well
as in vibration protection structures, typical edgrtary links are used. Note that the
transfer function of the ACS, which has the formaofarbitrary polynomial, can be
decomposed into prime factors, that is, it is repnéed by transfer functions of
simpler elementary typical links.

With all the common approaches, the constructionadditional circuits
introduced into the structure of vibration protentisystems (VPS) has its own
specifics and requires taking into account a nurobéatures.
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The transfer function of the additional feedbackcwi in a vibration
protection system (VPS) is defined in the genesakdy the expression

- Qtap+..+a,p
W4 (P) b, +bp+..+b p"’ (2)
where n,m— are natural numbersn& m), a;, by —coefficients that depend on the

design features of the VRiS=1m; j=1m). In accordance with (1), the
elementary links of the VPS can be found by sirgpld W,,, (p) through the
corresponding "zerosd, b; in a certain order.

The emerging problem is that it is necessary tce tako account the
boundaries of the "closing" of the two approachegetbped in the theory of VPS
and the theory of automatic control, focused on dbesideration of elementary
links [17-19].

[I. Comparative analysis of the elements' capabilies In the theory of
automatic control (TAC), the choice of typical Imks based, to a large extent, on
the idea of a certain set of typical links, duethe tradition and connection with
Laplace integral transformations:

1 1 1
K,p, =, Tp+1, ——, T?p*+ 2&Tp+ : 2
P P P lTpil p™+ 2£Tp szpziZETp+1 @)
where p = ja is a complex variabléj =+/-1).
Note that the coefficierk in the theory of automatic control [17-19] is edll
the transfer coefficient] - the time constant, and(0<¢ <1) - the damping

coefficient. From the above positions in the untderding of elementary links in

the expression (2), we can see that the first thn&e k, p, 1 are elementary, and

the rest can be obtained by using the rules ofesgtal and parallel connections, as
is customary in the theory of automatic control. dlagram of the ratio of
conversion rules is shown in fig. 1. Note the esakfeature of the mechatronics
VPS, which is determined by the fact that an addal connection (or a chain) has
the dimension of the input signal level in the effsand the output is a force, that is
considered essentially a mechanical circuit comgjstf elements of the same type.
There are five such elements, but a pure lag lank loe added to them under the
same conditions. Such elements are combined to foore complex structures
according to the rules of sequential and paratlditeon of springs [17-20].

The transfer function (1), in our case, refers to aalditional mechanical
circuit introduced in a certain way into the blodkagram of a dynamically
equivalent ACS. The complexity of this circuit detenes the structureO, the
number of elementary links, and the rules for swwtg them, as shown in figure 1.

When considering the block diagram, the transfection of the VPS as a
whole is determined, which gives an expression hlagt in general, the same type
as the expression (1). But in two cases, theseesgjns, despite their external



similarity, have different physical meaning, givsat the element base of the VPS

is formed within the framework of additional feedka
> P
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ACS transfer function:
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Fig. 1. Diagram explaining the relationship betwé#snconversion rules in the
additional feedback circuit and the ACS block daagr

lll. General methodological provisions on the strutural approach. The
basis of the vibration protection system is a me# oscillatory structure. Its
simplest form is an object of magsand an elastic elemekitSuch a system can be
called a basic model. It corresponds to a dynaigiemjuivalent automatic control
system (Fig. 2, a, b).
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Fig. 2. The base model VPS (a) and its block diag(a)

The block diagram gives an idea of the location aol@ of the elastic
element, which is fed to the input "displacement"The output of the link with the
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transfer functionW,, =k is the force. This force is applied to the inptittioe
second link with the transfer functiofy, :iz. Such a link in the block diagram
mp

is a "summator”, since all forces are gatheretadtriput.

This link performs a basic function and is not ud#d in the number of
elementary links and has a different transfer fiomcin dimension, since the output
signal is an displacemeny. In such a system of minimal complexity, the link

W, =k creates a force of elastic interaction. From tomtpof view of the theory

of automatic control (TAC), the mentioned link iglled an amplifying one. The
second base link is a second-order integrating fhid¢ "transforms” the elastic
force into an offset. Both schemes in Fig. 2 a &ndorrespond to the same
differential equation:

my+ky = kz+Q(t). (3)

The block diagram in Fig. 2 b is a graphical forfnrepresentation of the
differential equation (3). Obtaining equation (8nhde implemented on the basis of
the Dalembert principle or by using the Lagrangaeatign. For us, an important
circumstance is the choice of a "key" element ia lbiasic model — an object of
massm. More precisely — the "key" element is the matgr@nt massn, relative to
which the kinetostatics equation is made. An ataskement with a coefficient of
rigidity is thus an elementary link, and the othso links with transfer functions
W, andW; - create a basic model of minimal complexMy: =K it is included in an
expanded set of elementary links of vibration prtta systems.

We will assume that the physical or constructiveitecal form of
implementation of typical links is feasible on thesis of links of passive and active
nature. The latter is related to the use of medmasidriven by external energy
sources in the VPS [14-16].

Characteristic of the approach developed in thiglaris the perception of
these typical elementary links, homogeneous, indhese that they all have a
transfer function that represents (in the field.aplace transformations) the ratio of
the image of the output signal to the input sigivathis case, the input signal is an
offset, and the output signal is a force factortted corresponding type. In this
sense, typical elementary links are compatible, thett connection is determined
by the rules of parallel and sequential connecti@sstwo elastic elements (or
links). Figure 3 shows the ratio of traditional amdended sets of elements.

Since typical elements are homogeneous (in the ealmeaning), transfer
functions of typical elements of the second levah che obtained from a
combination or combination of two different elemgenwhich consist of basic
elements using the rules of "parallel and sequémtssembly [4].



Classical approach

W, =k Elastic element
W, =bp Dissipative element
W = 1

int mp? Mass-inertia element

L.

Developing approach

~— W, = k  Proportional link (1)
Differentiating link of
+—» | W, . =b
ar1 = 0P the first order )
W.  =Lp? Differentiating link
— a2 = P f the second order 3)
w. =A First-order )
™ p integrating link
A Second-order
W, =2
"z p? integrating link )
W, = Ae™ Pure lag link (6)

Fig. 3. The ratio of traditional and advanced apphes of model elements VPS

IV. Features of the rules for connecting VPS linksLet's look at a number
of examples of connections that are not of the stype, but of connections of
elements of different types. Let's present thestienfunctions of the second-level
links using information about possible combinatiovisen the typical elements of
the first level are connected in series and pdr@igble 1).

Further increase in the complexity of combinatiocahstruction leads to the
concept of a mechanical chain formed from connetypital elementary links
based on the mentioned rules of structural transitions. Note that the additional
feedback taken by itself is quite rationally trawsied into compact structures
based on the concepts of bipolars, which was giv¢20].

Tab. 1. Possible types of standard second-levies lin

I

Ne Types of links Parallel connectigrSerial connectior
1.| W=k, W,=Ap W' =k + Ap W' = KAD
Ap+k
kLp®
. W, =k YW, =L 2 "= K+ Lp? W' =
2 A ,=Lp W' =k+Lp L +K
3. \/Vl_k’szé W!:A+kp W": Ak
p Y A+kp
A 2 " Ak
4. W=k, W,=— W'=pk:A W'=———
p p A+kp
5. | W, =k, W, =Ae™® W' = kAe ® w" :L
N ke® + A

10
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Tab. 1. Possible types of standard second-levied lin

Ne Types of links Parallel connectionSerial connection
W =bp+L 2 = 2
6. | W =bp, W, =Lp? p+Lp W = bLp
= p(b+Lp) Lp+b
_ _A ., A+bp® . Abp
7. Wl—bp,VVz—p W' = > W_b|02+A
A 3 2
8. W, =Lp?, W, == W’=Lp +A W' = Als_p
P P Lp’+A
- - bpAe ™
. W, =Db , W, = A & "= ap w=-—"—">-__
° T W =bprhe bp+ Ae™®
A 4 2
10 VVl:_Z’WZZLpZ W’:Lp :A Wn: Ai—p
p p Lp*+A
2 AP
11. | W, =Lp?, W, = Ae™® | W' =Lp’+Ae® | W' —_LPpAe )
Lp®+ Ae™®
+ n
12. V\/l:ﬁ,vvz:iz Wr:ALpZAZ W' = A_AZ
P P p P(AP+A)
= ﬁ = —ap T AZ + Apze_ap Wy — AZA
13.| W = IC)2,W2—Ae W_T _Aze“"p+p2

Conclusion. A characteristic circumstance that | would likenmte is that by
choosing a transfer function of a particular forirgm the expression (1), it is
simultaneously possible to obtain a preliminaryeasment of dynamic properties,
followed by a choice of methods for the physicabiementation of such a chain. In
this plan, at least three directions can be constiea combination of elementary
links of an extended standard set; combinationsutyin connections of standard
links based on structural transformation rulesyade#or physical implementations
of mechanical systems that have a transfer funatibra particular type from
expression (1) based on various types of mecharosssrvos.
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