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Abstract

Introduction. The speed rise of railway transport and an increase in the loads on the axles of wheelsets necessitate the
modernization of the existing fleet. Scientific studies in the field of rolling stock dynamics are aimed at taking into account
the oscillatory processes that occur during the movement of railway vehicles in a traditional design. The attachment of
supplementary elements was considered at the coupling level of two cars and the attachment of a third trolley in the center
of gravity of the railway platform. The scientific literature has not paid enough attention to the construction of
mathematical models that make it possible to assess the dynamic states of such constructive solutions. The objective of
this study is to create a method for evaluating the dynamic conditions of a car. The situation is considered when an
additional set of mass-inertial and elastic elements is introduced into its structure, and the general dynamic condition of
the vehicle depends on the adjustment of their parameters.

Materials and Methods. The basic research tool is the structural mathematical modeling, which is based on an approach
where the source design scheme is a mechanical oscillatory system in the form of a solid body on elastic supports with
supplementary typical elements introduced into its structure. The dynamic analogue of the calculation scheme used is the
block diagram of the automatic control system, the use of which provides detailing the connections between typical elastic
and mass-inertia elements.

Results. A method for estimating the dynamic states of railway vehicles is proposed. It is based on the construction of
mathematical models, taking into account the introduction of an additional structure of mass-inertia and elastic elements.
The impact of additional parameters on the dynamic condition of the vehicle is investigated. Analytical relations have
been obtained that provide reducing the dynamic loads on the major structural elastic elements when changing the
corresponding parameters of a technical object. The transfer function of interpartial relations is given, which provides
controlling the interaction between the coordinates of the vehicle movement under the action of two kinematic
disturbances of the in-phase type.

Discussion and Conclusion. The generated mathematical model provides for assessment, monitoring and control of the
dynamic state of the vehicle under conditions of kinematic disturbances. The research results can be used to modernize

existing vehicles and create new ones with improved dynamics.
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Acknowledgements. The authors would like to thank Honored Scientist of the Russian Federation, Dr.Sci. (Engineering),
Professor S.V. Eliseev, as well as the Editorial board and reviewers for their attentive attitude to the article, and for the

above comments, which made it possible to improve its quality.

© Bolshakov RS, Gozbenko VE, Vuong Quang Truc, 2024

Mechanics

125


https://doi.org/10.23947/2687-1653-2024-24-2-125-134
mailto:bolshakov_rs@mail.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2024-24-2-125-134%20%20&domain=pdf&date_stamp=2024-06-30
https://orcid.org/0000-0002-1187-5932
https://orcid.org/0000-0001-8394-0054
https://orcid.org/0000-0003-3026-5301

https://vestnik-donstu.ru

126

Bolshakov RS, et al. Assessment of Dynamic States of Railway Vehicles: Structural Mathematical Modeling

For Citation. Bolshakov RS, Gozbenko VE, Vuong Quang Truc. Assessment of Dynamic States of Railway Vehicles:
Structural Mathematical Modeling. Advanced Engineering Research (Rostov-on-Don). 2024;24(2):125-134. https://doi.org/
10.23947/2687-1653-2024-24-2-125-134

Opuzunaﬂbnoe amnupudeckoe uccuedosarue

B03MOKHOCTH OLIEHKHU TMHAMUYECKHX COCTOSHUIH KeJ1e3HO0POKHBIX TPAHCHOPTHBIX
CPeICTB: CTPYKTYPHOE MaTeMATHYECKO€e MOIeJTHPOBAHHE

P.C. Boasmakos = <, B.E. I'o36enko =, K.Y. BeioHr

WpkyTcKuii rocyaapCcTBEHHBIH YHUBEPCUTET MyTel coolmenus, . Mpkyrck, Poccuiickas denepanust

D4 bolshakov_rs@mail.ru

AHHOTAIUSA
Beeoenue. Ypenuuenue cKOpocTed ABUKEHUS >KEIE3HOJAOPOXKHOIO TPAHCIOPTA M MOBBILIEHHE HATPY30K HA OCHU

KOJIECHBIX Tap 00yCIaBIMBaIOT HEOOXOAMMOCTh MOJEPHU3ALMH CYIECTBYIOIIEro napka. Hay4dHnsle ncciaenoBaHus
B O6J'IaCTI/l JUHAMUKU MMOJABUXKHOTO COCTaBa HallpaBJICHBI Ha y'-léT KOJ'leGaTeJ'II)HI)IX IMpOoUECCOB, BOBHUKAIOMIUX TIPHU
ABVIKCHHUU KCJIIC3HOAOPOKHBIX TPAHCIIOPTHBIX CPEACTB B TPAAUIIMOHHOM KOHCTPYKTUBHOM HCIHOJHCHUMH. HpI/ICO—
CAUHCHUEC JOIMOJIHUTCIIbHBIX 3JIEMCHTOB paCcCMAaTPpUBaAJIOCh HAa YPOBHC CHCIIKU JIBYX BAroHOB U IMPUCOCAUHCHUU TPEC-
ThEH TEJICIKKHU B IICHTPE TSHKECTH XKEJIE3HOAOPOKHOM miaTdopmel. [ToCTpOeHHIO MaTEeMAaTHYECKUX MOJEIICH, IT03BO-
JISIOUINX OLEHUTh JMHAMUYECKUE COCTOSHNUS TAKMX KOHCTPYKTHBHBIX PELICHUH, B HAYYHOH TUTEpaType HE yACICHO
J0CTaTOYHO BHUMaHMs. Llenb faHHOTO Hecae10BaHUs — CO3/1aTh METO/ OLIEHKH ANHAMUYECKHX COCTOSIHUN BaroHa.
PaccmaTpuBaercs cutyanusi, KOTia B €r0 CTPYKTYPY BBOJIHUTCS AONOIHUTENbHAS COBOKYITHOCTh MacC-MHEPIIMOHHBIX
1 yOPYTHX 3JIEMEHTOB, IIPHYEM OT KOPPEKTHPOBKM HX ITApaMETPOB 3aBHCHUT 0OIIee NMHAMHYECKOE COCTOSHHUE
TPAHCIIOPTHOTO CPEJCTBA.

Mamepuanst u memoost. ba30BbIM HHCTPYMEHTOM NPOBEICHUS UCCIEIOBAHNHN SBIAETCS CTPYKTYPHOE MaTeMaTH-
YeCcKOe MOJICJINPOBAHNE, B OCHOBE KOTOPOTO JIEKUT MOJIX0/, KOT/1a HCXOJHAs pacueTHas CXeMa IPeACTaBIIsieT cO00H
MEXaHHYECKYyI0 KoJIeOaTeIbHyl0 CUCTEMY B BHJAE TBEPAOIO Tella Ha YIPYTHX ONOpax C JONOJHUTEIbHOW BBEIEH-
HBIMHU B €€ CTPYKTYpy THIIOBBIMH 3J€MEHTaMU. J[MHAMUYECKUM aHaJIOTOM HCIIOJIb3yeMON pacueTHOW CXeMBI SIBIISI-
€TCsl CTPYKTYpHas CXeMa CHCTEMBI aBTOMATHUYECKOTO YIpPaBJIEHUs, IPUMEHEHHE KOTOPOH MO3BOJISAET ACTAIU3UPO-
BaTh CBA3U MCXKAY TUIIOBBIMU YIIPYTHMMU U MAaCC-UHCPUUOHHBIMU 3JIEMCHTAMU.

Pezynomamur uccnedoganus. IlpennoxxeH METOJ OLEHKH AMHAMHUYECKUX COCTOSIHHII kKeJNe3HOAOPOKHBIX TpaHC-
MIOPTHBIX CPEJICTB, OCHOBAHHBIM HAa MOCTPOSHUH MaTEMATHUYCCKUX MOJEIEH, C YIETOM BBEJICHUS JOTOJIHUTEIbHOMN
CTPYKTYPbl Macc-MHEPIMOHHBIX M YHPYTHX 3JeMEeHTOB. McciieoBaHo BIMAHNE NOMOJHUTENBHBIX MapaMeTPOB Ha
JUHAMHYECKOE COCTOSIHUE TPAHCIIOPTHOTO cpeacTBa. [lomydeHbl aHaTUTUYECKNE COOTHOILEHUS, T0O3BOIISIFOINE TIPU
HM3MEHEHUH COOTBETCTBYIOIINX apaMeTPOB TEXHNUECKOTO 00bEKTa CHU3UTh AMHAMUYECKIE HAarpy3K1 Ha OCHOBHBIE
KOHCTPYKTUBHBIE yNpyTue 371eMeHTHl. [IpuBenena nepenatouHas GyHKINS MEXMApIHaIbHBIX CBS3€H, ITO3BOJISIIO-
mast KOHTPOJIMPOBATH B3aUMOJCHCTBIE MEXIY KOOPANHATAMH JABHKEHUSI TPAHCIIOPTHOTO CPEJCTBA MPH JEHCTBUHU
JIBYX KHHEMaTHYECKUX BO3MYIIEHUI cuH(a3HOTO THHA.

Oébcyrcoenue u 3aknouenue. ChopMupoBaHHas MaTeMaTHdeckas MOJIEIb O3BOJISIET OLIEHUTh IHHAMHUYECKOE CO-
CTOSIHUE JKEJIE3HOJOPOKHOI0 TPAHCIOPTHOTO CPEJCTBA B YCIOBUSAX NEHUCTBUS KMHEMAaTUYECKUX BO3MYILEHUH. Pe-
3yJbTAThl UCCIICJOBAHUN MOTYT OBITH IPUMEHEHBI IIPU MOJAEPHHU3AIMH CYIIECTBYIONMX U CO3/IaHUU HOBBIX TPaHC-

HOPTHBIX CPEJCTB C YJIYUIIEHHON JUHAMUKOH.

KiroueBnble ciioBa: JUHaMHUKa TPaHCIIOPTHBIX CPEACTB, AMHAMUUYCCKOC COCTOAHUE, CTPYKTYPHOC MAaTEMATUICCKOC

MOJIEJTUPOBaHUE, CTPYKTYypHas cxema

BaaronapHocTH. ABTOPBI BBIPXAOT 0OJarofapHOCTh 3aciyKEHHOMY AesTento Hayku P®, n.T.H., npodeccopy
EnuceeBy C.B., a Takxe peiakiuy 1 pelieH3eHTaM 32 BHUMATEIbHOE OTHOIIIEHHE K CTaThe U YKa3aHHbIE 3aMeUaHusl,

KOTOPBIC IMMO3BOJIMIIN MMOBBICUTE €€ Ka4€CTBO.
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Introduction. The expansion of technical-and-economic ties at the interregional level, providing the growth of the
country's industrial engineering potential, and maintaining the growing system of international trade and commercial
relations largely depends and relies on rail transport [1]. The rail traffic volume is constantly increasing. This drives
the need to take into account the perverse effects of increased dynamic loads [2], which directly affect the reliability
of operation of both rolling stock and the track structure. Despite such negative factors, it is necessary to fulfill the
planned indicators, which include an increase in the service speed, compliance with weight and length standards for
trains, increasing axle load to 30 tons or more. This reflects the real demands of the development of the Russian
economy and stimulates the creation of new more powerful locomotives, the renewal of the fleet of rolling stock, and
the modernization of track facilities [3]. At the same time, the possibility of negative consequences of the
intensification of transportation processes should also be considered. One of the major issues is the increase in the rate
of wear of the track structure with the corresponding resulting difficulties [4].

Currently, particular attention is being paid to the development of a methodology for assessing the dynamic
condition of rolling stock, the interaction of technical means and rail tracks, energy savings, and improving the
reliability and safety of transportation processes. The mathematical modeling methodology is described, e.g., in [5].
At the same time, there are other possibilities for finding rational solutions [6]. It is important to pay attention to the
modernization of the existing fleet of freight wagons, whose operation is no longer effective under increased loads [7].
One of the approaches that could be adopted for the development is the concept of installing an additional two-axle
bogie for freight 4ax wagons [8]. In this case, we can expect a more uniform distribution of the load on the track
structure, as well as the possibility of increasing the weight of the transported goods while maintaining the regulations
for axial load values within 22 tons [9]. The unevenness of the wheel-rail contact parameters initiates the oscillatory
movements of the car, which in turn forms the oscillatory movements of the car body. The oscillation process is also
formed by the conditions of interaction of wagons inside the train [10]. In this case, dynamic restraint forces occur,
superimposing on the static components of the overall reaction, which can significantly increase the level of dynamic
interactions in the wheel-rail contact [11, 12]. However, the possibilities of structural mathematical modeling in
assessing the dynamic states of railway vehicles with the introduction of additional links have not yet been given
enough attention. Therefore, the objective of this study is to form a method for evaluating the dynamic states of a
railway vehicle when introducing an additional set of mass-inertial and elastic elements into its structure, the correction
of the parameters of which would affect the overall dynamic state of the vehicle.

Materials and Methods. The methodological basis of the research is the structural theory of vibration isolation
systems, which provides for the accurate assessment of the dynamic properties of a railway vehicle in a linear
formulation, taking into account concentrated parameters and small oscillations relative to the position of static
equilibrium or a steady-state process. The design scheme is a mechanical vibratory system with dynamic equivalent in
the form of a block diagram of an automatic control system. This makes it possible to detail the connections between
the elements of the vehicle, as well as to use methods characteristic of the theory of automatic control (transfer
functions, transformations of structural circuits, convolution and simplification, frequency characteristics) [13].

Standard design schemes of freight railway vehicles are described by well-known calculation schemes, and their
dynamic features can be estimated using linear calculation schemes. The article considers a railway vehicle in the form
of a four-axle freight wagon designed for the transportation of heavy goods such as coal, ore, sand, rolled metal,

small-sized metal structures, etc. (Fig. 1).
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Fig. 1. Schematic diagram of a four-axle freight wagon

The structure of the presented railway vehicle contains a body with mass M and moment of inertia J. It is based on
two four-wheel bogies, conventionally represented as a set of mass-inertial and elastic elements. The dynamic features of
the system under consideration show the excessive impact on the structural elements of the bogies of the railway vehicle.
In this regard, to improve its dynamic properties, a third two-axle truck is additionally introduced into the suspension

structure, which is located in the center of the wagon (Fig. 2).
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Fig. 2. Schematic diagram of a six-axle freight car

With a car's own weight of about 23 tons, and an axial load of 22 tons, this can provide an increase in the weight
of transported goods by approximately 20 tons, i.e., significantly increase the efficiency of transportation processes
without creating excessive dynamic loads on the track structure (TS). The practical implementation of the proposed
approach requires the modernization of the design of a standard wagon. The modernization consists in creating an
additional bogie attachment unit to reduce the load on the axle of a freight wagon by introducing an additional two-
axle track. The upgrading of the attachment unit is carried out in the same structural and technical forms as the fastening
using pins in two “standard” two-axle bogies, i.e., through the installation of over- and underpin bolsters with the
corresponding standard-type pin assembly.

The proposed method of increasing the efficiency of using four-axle freight cars under conditions of additional
loads is aimed at solving the problem of increasing the load on the axle of the wheelset to 30 tons, and speeding up the
trains. This is achieved through upgrading a typical freight car by installing an additional two-axle bogie with an
appropriate device that provides conditions for its dynamic interaction with the frame structure of the freight car.

The installation of an additional two-axle bogie by redistributing the load between a common set of wheelsets
provides the possibility of transporting heavy loads while reducing the load on the axle. This maintains better operating
conditions for the track and the superstructure while maintaining an acceptable length of the train.

It is assumed that the pin assembly has an elastic rubber gasket that provides cushioning for the interaction of the
bogie and the frame of the wagon body. At the same time, it is not supposed to upgrade the wheels of the wheelsets.
Only the form of wiring of the elements of the “regular” pneumatic braking system and the configuration of the supply

of pneumatic pipelines are changed.
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Research Results. The design scheme of the considered railway vehicle in the first approximation can be
represented as a mechanical oscillatory system consisting of a solid body with mass m and moment of inertia .J, based
on three elastic elements with stiffness k1, ko, k>. Kinematic effects are represented by in-phase harmonic functions of

the same frequency (Fig. 3).
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Fig. 3. Design scheme of a railway vehicle

under kinematic disturbance (z1, z2, zo)

The center of mass of the system — point O is located at distances /; and /, from the ends of the solid (points 4;, B)).
The element with stiffness ky is fixed at points D and D;; distance OD; is indicated as /. The movement of the system is
considered in coordinates y1, y» and yo, ¢, associated with a fixed basis. The calculations use the following ratios:

Yo=ay, +by,, o= C()’z _J’1)a Yi=Yo =00,y =yo +10,
Iy l; 1 (1

=y, +Lb,a= ,b= ,C= .
Yo =Yothba=mmm b= e =

Lagrange formalism is used to derive differential equations of motion [14], which requires the construction of

expressions for kinetic and potential energies. In this case, we have:

T=%M(ayi+by'z)2+Jc2(y'z—y{)2, @

1 1 1
H:Ekl(yl_Zl)2+5k0(yD_ZO)2 +Ek2 (J’z_zz)z- 3

Note that potential energy (3) can also be written as:

1 1 1
H:Ekl (yl _Zl)z +Ek2 ()’2 _22)2 +Ek0 [a)ﬁ +by, +loc()’2 _)’1)_20]2:

1 2 1 2 1 2 @)
Ekl (J’1 _Zl) +5k2 (J’Z _Zz) +5k0 [a1Y1 +by, —Zo] >
where a; =a — lyc, by = b + Iyc.
The system of equations of motion in coordinates yi, y> in the time domain takes the form:
" (ma2 +ch)+yl (kl +koa12)—y; (J02 —mab)-l—yzkoalbl =kz) +koaz,, %)
v (mb? +Jc?) + , (ks +kobi )= yi (Je? = mab) + yikoaby = kyz, +koby 2. (6)

After applying the Laplace integral transformations under zero initial conditions [15], the system of equations (5), (6)

can be represented in the operator form:

Vi [(ma2 +Jc? )p2 +k +koa12}—?2 [(ch —mab)p2 —koalle =kz, +kyaz,, @)
7, [(mb2 +J2) p? +k, +k0bf]—yl [(ch —mab) p* —koalle = k,Z, +kobiZ,, (8)

where p = jo — complex variable ( j = +—1 ), indicator <—> above the variable means its Laplace image [5].
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On the basis of (7), (8), in accordance with the provisions of the method of structural mathematical modeling [5], a

structural mathematical model in the form of a block diagram is constructed, which is dynamically equivalent to an

automatic control system (Fig. 4).

(Jc* — Mab) p* - k,a,b,

1 1
2 2
(Ma? + Jc*) p* + ki + koa? (Je* = Mab)p™ —kyab, (Mb? +Jc*) p* + ky + koh -

Fig. 4. Structural mathematical model of a railway vehicle

Discussion and Conclusion. The feature of the system is that it has two partial blocks, each of which determines the

corresponding partial frequencies:

k+kya?

2 1 0“1

=, 9

i ma® + Jc? ©)
2 _ k2 +k0b12 (10)

2T mb? v Jct’
which, in turn, determine the boundaries of the location of the natural oscillation frequencies of the system as a whole:
Do < <113 < s, (1n
where ®1co5, M2c06 — Natural oscillation frequencies of the system. When operating on them, resonant modes may occur.

Among the features of the system there are several simultaneously acting external disturbances. Assuming, for the

sake of simplification, that z; =z, =z, (quite acceptable at the stages of preliminary dynamic estimates), we consider
that force factors act on the input of the first and second partial blocks:

0, =7 (ky +koay ), (12)

0, =7 (ky +koby). (13)

Using the block diagram in Figure 4, we write down the expressions for the transfer functions, assuming that there is

a relationship between the external perturbation factors formed by the ratio:

Ql :Qa QZ ZGQ, (14)
_ 3 (k, +k0a1)[(mb2 +Je?) p* +k, +k0bf]+a(k2 +k0b1)[(./c2 ~mab) p? —koalbll "
z A(p)
7, (p) :)—}TZ _ Ot(kz +k0b1)[(ma2 +ch)p2 +k; +k0a12]+(k1 +k0al)[(ch —mab)p2 —koalbl] ’ (16)
z A(p)
where
A(p) = |:(ma2 -i—ch)p2 +k +k0a12][(mb2 +Jc2)p2 +k, +k0b]2]—[(ch —mab)p2 —koalb]} 17

is the frequency characteristic equation of the system.
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]
The numerator of the transfer functions in expressions (15), (16) determines the modes of dynamic vibration damping,

which can be detailed from the equations obtained by “zeroing” numerators (15), (16):

) (ky +koay ) (ks + kob? )= o1 (K, + koby ) koarby

I/IH: 9 18
Ol (ky + koay ) (mb? +J* )+ au(ky + koby ) (J* — mab) (15

(ky +koby ) (ki +koa? )= au(ky +koay ) koarby

O = . (19)
ok, +koby )(ma2 +Jc2)+(k1k2 +koa )(Jc2 —mab)

It follows from expressions (18), (19) that in a system with two degrees of freedom, in the presence of two
interconnected disturbing factors, dynamic vibration damping modes at two frequencies may occur, whose parameters
depend on the values of connectivity coefficient a. This coefficient can take negative, positive and zero values.

The analysis of the structural mathematical model (Fig. 4) also implies the possibility of a special dynamic mode at
the frequency:

ey = %, (20)
Jc* —mab
when the partial blocks get the possibility of disconnection. In this case, the system (Fig. 3) splits into two autonomous
blocks, which do not create situations of interaction of partial structures.

The implementation of this mode can cause a significant difference in the values of deviations at points 4; and B;, and
a “spread” of values of the dynamic reactions at points 4, By and D;. The determination of dynamic reactions at points
A, B and D can be implemented according to the methodology described in [14], in which the dynamic reaction is defined
as the product of a dynamic displacement (e.g., points 4;, B and D) by the value of the reduced dynamic stiffness.

For coordinate y,, the dynamic offset is determined from the expression for transfer function (15), and for
coordinate y, — from expression (16). The frequency characteristic equation is used to determine the reduced

dynamic stiffness (17):

kea’a [(ch —mab)p2 —koalbl]z
kpy (P) = Ky + e - . Q1)
(mb? +Jc? ) p? +hy +kob?  (mb? +.Jc*) p? +y + kobf
Similarly, the value of the reduced dynamic stiffness in coordinate y, can be found:
2
k- b2b Je? —mab) p* —kya,b,
kg (P) = s + . B[ ) L (22)

(ma2 +ch)p2 +ky +koa? (ma2 +ch)p2 +ky +kyai

To determine the specific values l;npl ( p) and l;r,pz ( p), it is necessary to find the value of frequency ®?, which is

determined from the condition that y, /y, =1. More generally, it is assumed that:
== 23)
where y — coefficient of connectivity of the movement of elements by coordinates y; and y,. Thus, this coefficient
(for the case y=1) can be written as:
oc(kz +kob, )[(ma2 +Jc? )p2 +ky +koat :| + (k1 +koa, )[(ch - mab)p2 —koa,b, J

SN . (24)
Vi (ko koa, ) (mb? ) p ks + kgb? |+ (ks + koby )| (Je? — mab) p* ~ koab, |

Taking specific values v, it is possible to find the oscillation frequencies for the motion of the object in question in

coordinates y;, and y,. Specifically, at y = 1, the frequency of translational vertical vibrations of a solid is determined

from the expression:
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N N N N N N NN N N — e e — N N — R ———.
v

T ey + koby ) (K + koat ) = (ky +koay ) ko, +(ky +koa, ) koaby —

»i Ot(k2 +k0b1)(ma2 +J02)+(k1 +k0a1)(ch —mab)—

(g + koay ) (Ky +kobi? ) = (ey +koby ) (e +koa? )+ (ky + koby ) koaiby
—(ky + koay ) (mb? + Jc? ) = a(ky +koby ) (Je* —mab)

(25)

Frequency o of in-phase harmonic disturbances z(f), z2(¢) and zo(¢) provides the motion of a solid body at ¢ = 0,

i.e., ¥ =y, =yp. For other values y (y # 1), ¥, and y, are determined, and on their basis, for geometric reasons,
value y, is determined. For a solid body with known ¥, and y,, the position of the center of rotation (or oscillations)

can be easily found [12].

The dynamic constraint reactions R Al R 1 and R p1 can be found in the first approximation by the formulas:
Ry =k, Rp = k3 s, Rpy =koyp.
In general, dynamic reactions are determined using dynamic displacements y,,y,, y,, that are defined by
expressions (15), (16). As for the dynamic displacement at point D, expression y, =a,y; +b,y, is used, whose

parameters are determined by the above values. In expressions (15), (16), data on the connectivity of force factors of
influence (parameter o) can be entered. To obtain specific data on the values of dynamic reactions, frequency

parameters are introduced at which the ratio of oscillation amplitudes y, and Yy, is implemented through the

coefficient of coupling of oscillation amplitudes vy.

The overall restraint force at points 4, B and D is determined by the sum of two components: static and dynamic. The
static component can be found from the expression for the transfer functions of dynamic reactions at p = 0 and setting the
parameters of the static load (weight of the wagon and the cargo being transported). With the intensive development of

oscillatory processes, when fluctuations in coordinates y,, y,, y, increase, the overall reaction can vary significantly and

differ from the static restraint force. In the presence of a dynamic component, the overall reaction can take on various
values, in particular, zero or negative.

The mathematical model formed within the framework of the proposed method is indicated by expression (25). It
provides assessing the dynamic state of railway vehicles when additional connections are introduced into their structure
to form a set of recommendations for obtaining stable modes of operation. The investigation of the features of the system
using approaches typical of structural mathematical modeling allows us to consider in detail the connections between the
elements. With regard to the technical object in question, this makes it possible to adjust the dynamic state of the technical
object, based on varying the parameters of the set of additionally introduced elements, to reduce the load on the main
parts of the suspension, as well as to establish the presence of natural frequencies and frequencies of dynamic vibration
damping in the system.

In the future, it is planned to conduct research on the introduction of dampers and motion conversion devices into the
structure of the vehicle to assess the possibilities of structural mathematical modeling. Another interesting area is the
assessment of the possibilities of changing dynamic reactions depending on external actions, which will allow us to assess

the efforts exerted on various elements of the vehicle suspension.
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