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Abstract. Devices that may be affected by vibration loads from rolling stock passing nearby
include automation, signalling and blocking system equipment. Therefore, the currently applicable
regulatory document requires testing of this equipment, including vibration testing. Therefore,
parameters of vibration protection systems of this equipment should be evaluated at the design stage.
Spring sets of vibration protection systems often contain compression springs located in different
directions. Accordingly, some of the springs of the spring set work along their longitudinal axis, while
some springs work across the longitudinal axis, which makes it possible to call such sets combined
spring sets. The literature provides dependences for determining the stiffness of compression springs
that are exposed to vibration both along and across their longitudinal axis. However, determining
the stiffness of combined spring sets is rather difficult. Therefore, in this paper, we consider a method
for determining the required stiffness of combined spring sets and also propose a method for
determining the parameters of springs of combined spring sets during designing vibration protection
systems for equipment located near railway tracks.

Keywords: spring, movement, acceleration, stiffness, vibration protection.

Anomauin. 3anizHUYHUL MPAHCNOPM € 0XdCePeNoM BiOpayiuHUX 8NIUGIE, WO NepedarombCs
yepes IPYHM HA PO3MAULOBAHT NOOAUZY KOHCMPYKYIi ma cnopyou. Ls eibpayis modxce enaueamu na
mexHiuHuL cmau yux cnopyo. /lo npucmpois, Ha npaye30amHicms AKUX Moxce 8naugamu 8iopayiine
HABAHMANCEHHS 8I0 PYXOMO20 CKIAOY, W0 NpOXoOums NOpYH, HANEeHCUmMb OONAOHAHHA CUCTEM
aA8MoMamuKy, cueHanizayii ma 610xkyeanus. YunHumMu HOpmMamueHUMU OOKYMeHmMamu nepeobayeti
8UNPOOYBAHHA Yb0O20 ODIAOHAHHA, Y MOMY YUCII HA BIOPAYIUHI HABAHMAMNCEHHA. Alle 6unpoOysants
HAMYPHUX 3PA3KI68 € MPUBATUM [ OOPOSUM NPOYECOM, MOMY BUHUKAE HEOOXIOHICMb we Ha cmaoii
NPOEKMYBAHHSA OYIHUMU NAPAMEMPU CUCIEM BIOPAYIUHO20 3aXUCTY YbO20 00NAOHAHHSL.

Mna 3meHwenHs 6naugy 8iopayii Ha eleKmpoHHI M eNeKmpOmexHiuHi KOMHOHEHMU 8
NPUCMPOSIX 3ANI3HUYHOI A8MOMAMUKY, CUSHANI3ayii ma O10KY8aHHsA nepeobauaomvcs cucmemu
8IOPAYINIHO20 3aXUCMY, 8 OCHOBI SKUX € NPYICUHHI KOMnaeKmu. Taki KoMniexmu 4acmo Micmsmo
NPYHCUHU CIMUCHEHHSL, PO3MAUOBAH] 8 DI3HUX HaNpAMax. Bionogiono uacmuna npysi#cun npy#CuHHO20
KOMNJIEKMY NPAYIOE 83008HC CBOEI NO300BNHCHLOI OCI, A YACMUHA - NONEPEeK, WO 00360JIA€ HA3UBAMU
Maxi NPY’CUHHI KOMNAEKMU KOMOIHOGaHUMU. Y Jimepamypi HABOOAMbCA 3ANEHCHOCMI OISl
BUBHAYEHHS HCOPCMKOCMI NPYIHCUH CMUCHEHHS, AKI CHPUtMAaloms iOpAYitiHi HABAHMAICEHHS K
8300821C, MAK [ NONEPeK CBOEI N0300BAUCHBLOI OCI. Alle nio uac 8UsHaA4eHs HCOPCMKOCI NPYHCUHHUX
KOMNIeKMi8 KOMOIHOBAHO20 MUNY GUHUKAIOMb NEGHI MPYOHOW.
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Tomy 6 yit pobomi po3ensiHymuil cnocio eu3HauyeHHs NOMpIOHOI HCOPCMKOCE NPYIHCUHHUX
KOMNIIeKmMi8 KOMOIHO8AHO20 MUNY, A MAKONXC 3aNPONOHOBAHUL MemoO SUSHAYEHHs napamempie
APYIHCUH KOMOIHOBAHUX NPYIHCUHHUX KOMNJIEKMI8 HA cmaodii npOEKmy68anHs cucmem iopayitino2o
3axucmy 001AOHAHHSA, PO3MAUOBAHO20 NOOAU3Y 3ATIZHUYHUX KO

Cymuicms 3anpononosano2o memooy noiseae 6 maxomy. Lllaga xepyseanns poszensoacmocs
AK 0OHOMACO8A KONUBANILHA CUCMEMA, SPAHUYHI AMNLIMYOHO-4aACMOMHI XAPAKMEPUCMUKU AKOT
3a0aHi YUHHUMU HOPMAMUBHUMU OOKYMeHmamu. Lle 0o360.a€ eusHauumu HeoOXiOHY HOpCmKicmb
NPYAHCUHHO2O KOMNIEKmY cucmemu eiopayitinoeo 3axucmy. [ani, euxopucmosyrouu 8i0omi
3aNeHCHOCMI, CMAE MONCIUBUM BUSHAYEHHS XAPAKMEPUCMUK NPYHCUH, 3 AKUX CKAAOAEMbCA
APYHCUHHULL KOMNJIeKM. Alle npu GUKOpUCMAHHI Yux 3anexcHocmeli Ha cmaodii NpoeKkmy8aHHs.
BUHUKAE 3a0a2amo HeBI0OMUX NOKA3HUKIG. Y yili pobomi HABOOAMbCSA peKoMeHOayii wooo
00TPYHMOBAHO20 NPUSHAYEHHS 3HAYUEHb YUX NOKAZHUKIE.

Pezynomamu  docnioocenv, nagedenux y yiti pobomi, Oyau eukopucmani Ha Ccmaoii
NPOEKMYBAHHS Anapamypu MiKponpoyecopHoi asmomamudHoi cucmemu nepeizHoi cucHanizayii
«HHATIC-M» eupoonuymea TOB «AT CUT'HAJI» (Vxpaina) Ons usHauenHs NOKA3HUKI cucmemu
8ibpayitino2o 3axucmy yiei anapamypu.

Knrouoei cnoea: npysicunu cmucHenHs, GIOpayitiHuil 3axucm 3ani3HUYHO20 OONAOHAHMSA,
KOMOIHOBAHT NPYIHCUHHT KOMIIIEKMU, HCOPCMKICIb NPYIHCUH.

Introduction. Railway transport is a railway transport, must meet the requirements
source of vibration effects transmitted through of the standard of Ukrzaliznytsya Joint-Stock
the ground to nearby structures and Company [2], which defines, among others,
constructions. This vibration can affect the requirements for the levels of vibration loads
technical condition of these structures. The that this equipment must withstand, as well as
main source of vibration during the movement monitoring methods for such loads.
of railway rolling stock is wheel impacts at the For example, the controlling equipment
joints and irregularities of the rails [1]. of an automatic level crossing signaling system

Structures located near railway tracks that is placed in a metal cabinet (Figure 1). This
may be affected by vibration loads from rolling cabinet is installed at a distance of no more than
stock passing nearby include automation, 5 m from the railway track. Thus, vibrations
signalling and blocking system equipment. from the passing rolling stock are transmitted
Automation,  signalling and  blocking through the ground to this cabinet.
equipment, which is installed in the Ukrainian
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Fig. 1. Control cabinet of the automatic level crossing signaling equipment
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To reduce the impact of vibration on the
electronic and electrical components of the
control system, this equipment is installed on a
spring-loaded frame (Figure 2). The spring set
of the cabinet frame most often includes
cylindrical springs, some of which are located
with their axes directed along the Z-axis, and
some with their axes directed along the X-axis
(Figure 2). Thus, under the action of vibration
load along the X-axis, Springs 2 take up this
load with their transverse stiffness, while
Springs 3 take it up with their longitudinal

EEE

frame .

Verfical spring

Horizantal spring 1

stiffness; under the action of vibration load
along the Z-axis, Springs 2 take up this load
with their longitudinal stiffness, while Springs
3 take the load with their transverse stiffness;
under the action of vibration load along the Y-
axis, Springs 2 and 3 take up this load with their
transverse stiffness. Such a spring set can be
called a combined: in such a set, one part of the
springs takes up the vibration load with its
longitudinal axis, while the other - with its
transverse axis.

Verfical spring

Fig. 2. Spring-loaded frame for installation of control equipment of the automatic level crossing
signaling system

The purpose and objectives of the
study. The purpose of this article is to develop
a new approach to the calculation of spring
protection systems for equipment subject to
vibration.

To realize this goal, it is necessary to
develop a new method of determining the
required stiffness of spring sets of the combined
type. In practice, check the effectiveness and
accuracy of this method for determining the
spring parameters of spring sets for vibration
protection of railway equipment.

The main part of research. The
currently applicable regulatory document [2]
sets the maximum values of vibration loads to
which railway automation products must to be

exposed during acceptance tests. Table 1 shows
an example of the test vibration loads required
by [2] for the housing of the control cabinet of
the automatic level crossing signaling
system and the maximum permissible vibration
values that can be transmitted to the frame of
this cabinet with the equipment installed on it.

I.e., if the constraining forces frequency
is less than the transition frequency (f < f¢),
then the controlled parameter is the amplitude
of vibrational displacements, and if the
frequency of the constraining force is greater
than the transition frequency (f = f;), then the
controlled parameter is the amplitude of
vibration accelerations.
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Table 1

Vibration test loads of the control cabinet housing and maximum permissible vibration values
that can be transmitted to the frame of this cabinet

Constraining force

Vibration test loads of the control
cabinet housing

Maximum permissible vibration
values that can be transmitted to
the control cabinet frame

frequency interval f,

displacement acceleration displacement acceleration
Hz amplitude Ao, amplitude A;), amplitude 4, amplitude A",
mm m/s mm m/s>
from 5 to 20 1.5 - 0.5 -
from 20 to 80 - 6.0 - 23

Note: transition frequency f, = 20 Hz

Simulation of forced vibrations of the
cabinet frame

When vibration effects on the cabinet
frame with equipment installed on it is
simulated, the provisions of the theory of
mechanical vibrations given in [3-7] are used.
According to this theory, a design scheme was
created (Figure 3) and the following
assumptions were made:

Frame

ethe cabinet frame with the equipment
installed on it was assumed as an absolutely
rigid body, the mass of which is concentrated in
its geometric center;

e constraining force applied in the center
of mass of the cabinet frame;

ethe springs of the spring kit are
weightless and inertia free;

ethe spring kit is
environmental resistance is absent.

friction-free,

Fig 3. Design scheme of vibration effect on the cabinet frame

In accordance with the requirements of
[2], constraining force Q changes along the sine
curve. In this case, the differential equation of
forced harmonic vibrations of the cabinet frame
with the automatic level crossing signaling

equipment installed on it along the X, Y and Z
axes (Figure 2) has the following form

(1

m-x"+co-x =H-sin(w - t).
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According to [3-7], the solution of
differential equation (1) will have the form

x =A-sin(w - t). (2)

Since acceleration is the second
derivative of displacement, the formula for
determining the acceleration of the cabinet
frame with the equipment installed on it will
take the following form

x"=—w?"A-sin(w - t). 3)

In accordance with [3-7], we determine
the amplitudes:

¢ of displacement of the cabinet frame
with the equipment installed on it

A= 0

c—w?m

e acceleration of the cabinet frame with
equipment installed on it

A= 5)

C—w 'm

To find the amplitude of the constraining
force, Hooke's law can be used [8, 9]

F =—c-Ax. (6)

According to [2], for the case where the
frequency of the compressive force is less than
the transition frequency (f < f), the amplitude
of forced vibrations of the control cabinet
housing is known Ao. Then the amplitude of the
constraining force is determined by the formula

H = —c- A (7)

Also, in accordance with [3-7], the
circular frequency of the constraining force is
determined by the formula

w=2-1-f. (8)

Let us substitute formulas (7) and (8) into
formula (4) to finally obtain a formula for

determining the amplitude of displacements of
the cabinet frame with the equipment installed
on it
—c'A
A= - ©)

c—4-7r2-f2-m

According to [2], for the case where the
frequency of the compressive force is greater
than the transition frequency (f = f;), the
amplitude of accelerations of forced vibrations
of the control cabinet housing is known A4’.
Then the amplitude of the constraining force is
determined by the formula

c-AO.
wz

= (10)

We substitute formulas (8) and (10) into
formula (5) to finally obtain a formula for
determining the acceleration amplitude of the
cabinet frame with the equipment installed on it

" —cA
A = 0 (11)

C_4anLnf

Calculation of the required stiffness of
the spring set

Since the values of the amplitudes of
vibration displacements and accelerations of
the body and frame of the control cabinet are set
[2], then the value of the required stiffness of
the spring set can be determined using formulas
(9)and (11)

4'7‘[2'f2'm-A
= 12
¢ Apgt+A ’ (12)
4-n2-f2-m-A"
= (13)
AptA

Taking into account the requirements of
the current regulatory document [2], the
required stiffness of the spring set should be
determined in two frequency ranges of the
coercive force:

Frequency range 1. From the minimum
frequency of the coercive force f i, to the
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transition frequency f; — according to the
formula (12);

Frequency range 2. From the transition
frequency fto the maximum f,,,— according
to the formula (13).

Since the requirements of the applicable
regulatory document [2] on vibration protection
are the same for all directions of vibration,
determining the required stiffness of the spring

set for each of the axes (Figure 2) of forced
oscillations is not necessary.

For example, Table 2 shows the results of
calculations of the required stiffness of the
spring set of the control cabinet of the automatic
crossing alarm system at minimum m,,; and
maximum M,q, weights of the frame with the
installed equipment. The rest of the source data
are taken from Table 1.

Table 2

The results of calculations of the required stiffness of the spring set of the control cabinet
of the automatic crossing alarm system

Weight of the frame with Required stiffness of the spring set ¢, kN/m
the installed instruments m, Frequency range 1 Frequency range 2
kg fmin =5Hz ft=20Hz ft=20Hz fmax =80
Mpin = 76 kg 18.8 300.0 332.6 5321.1
Mpa = 118 kg 29.1 465.8 516.4 8261.7

The least of the received values should be
accepted as the calculated value, in our case the
required stiffness of a spring set was
po3paxyHkoBoro 3HaueHHs ¢ = 18.8 kN.

Determining stiffness of springs of the
combined spring set.

In general, the stiffness of a combined
spring set along the corresponding axis of
application of the vibration load (Figure 2) can
be defined as the total stiffness of springs
operating in the longitudinal and transverse
directions

c=Xc+XYc. (14)
In view of technological and economic
considerations, developers of vibration

protection systems often try to ensure that all
springs of the spring set are the same. Let us
consider this variant, in which all the springs of
the spring set are the same. For example, when
the compressive force is directed along the Z-
axis (Figure 2), the stiffness of a combined
spring set can be determined as follows
c=c"n;+cng

(15)

The longitudinal stiffness of a spring is
determined by the formula given in [10, 11]

G-d* 6
€ = 8'D3'n'l[1. ( )
According to [10], the coefficient
depends on the spring index
3
I-—ati<s5s
Y ={ 16-i2 , (17)
lati>>5

where i - spring index.

According to [10], the spring index is
defined as the ratio of the average spring
diameter to the diameter of the bar from which
the spring is made

D
Il =_

d

(18)

According to [10], the transverse stiffness
of a spring is determined by the formula

36ipunk HaykoBux npaub YkpAY3T, 2022, Bumn. 201

36



30ipHUK HAYKOBHX MPalb Y KPaiHCHKOI0 AePKABHOI0 YHiBePCUTETY 3aJi3HHYHOI0 TPAHCIIOPTY

. 3-E-d*
8-D'n-[h%(2+1)+3-D2]

Ct (19)

Let us substitute formulas (16) and (19)
into formula (15). In this case, the formula for
determining the stiffness of the combined
spring set will take the following form, N/m

Gn -d* 3-En -d*
c=__1 + t .
8:D3ny  8Dn[h§R+u)+3D?]
(20)

Formula (20) requires the stiffness of the
spring set ¢ is known, it can be defined from
formulas (12) and (13). The diameter of wire
from which the spring is made d, average
spring diameter D, spring height in the free state
ho, number of active coils of the spring n, as
well as the coefficient 1, which depends on the
spring index i are unknown. In preliminary
calculations of the parameters of springs of the
spring set, the coefficient that depends on the
spring index can be ignored by assigning
Y =1 [12]. This allows us to somewhat
simplify formula (20) by limiting the number of
unknown quantities to four: d, D, n and ho

. Gnpd*

8-D3-n

3-Engd*

8-:D-n-[h3-(2+p)+3-D?]
21)

Hence, it is convenient to express the
diameter of wire from which the spring is made

\/G-nl 3:-E'ng

D3 " D-[h%(2+u)+3-D?]

In this formula the average spring
diameter D, spring height in the free state ho,
number of active coils of the spring n are
unknown.

Also, when designing device elements, it
can be useful to estimate the height of the
springs of the spring set

3-D# En.n-d4
ho = Vo (G > n
2+p “8-cnD3-Gnpd

). (23)

The sourse data in the calculations using
formulas (22) and (23) are three values. For
example, in formula (23) such values are the
diameter of the wire from which the spring is
made d, the mean diameter of the spring D, and
the number of active coils of the spring N. N.
Such amount of source data complicates the
selection of this data. Then the minimum
number of active coils of the spring N,,;,can be
determined.

To simplify the selection of source data,
let us consider formula (23). According to the
rules of algebra [13] in formula (23), the
expression under the sign of the square root
cannot have a negative value. In this case, the
expression (8 ¢+ N - D3 — G - n; - d*) must be
at least zero

Gn,-d*

l
Nmin = 8-cD3 (24)

To perform the calculation according to
this formula, the diameter of the wire from
which the spring is made d and the mean
diameter of the spring D should be chosen. The

Qulgr demste ot g prg Be pagstiremont
diameter of the spring D

D=D,—d. (25)

In such case, formula (24) will have the
form

Gnp-d
8-c-(Dg—d)3

Noppin = (26)

The obtained number of active coils of the
spring N,,,;, should be rounded up to the nearest
whole number.

Procedure for predetermination of
parameters of the springs

Based on the above, we can recommend
the following step-by-step procedure for pre-
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determining the parameters of the springs of the
spring set.

Step 1. After analyzing vibration loads on
the device and selecting the design of the spring
set, stiffness of the spring set is determined
according to formulas (12) and (13). The lowest
value among those calculated by these formulas
should be chosen as the required stiffness of the
spring set.

Step 2. For the sake of the design, the
values of the diameter of the wire from which
the spring is made d, and the outer diameter of
the spring D, should be pre-determined. It
should be borne in mind that an increase in the
diameter d of the wire from which the spring is
made results in an increase in the stiffness of the
spring, while an increase of the outer diameter
of the spring results in a decrease in the stiffness
of the spring.

Step 3. According to formula (26), the
minimum number of active coils of the spring
Npnin should be calculated and the number of
active coils of the spring N should be
determined based on the condition N = N,,;y,.

Step 4. According to formula (23), the
height of the springs of the spring set is
determined. To reduce the height of the spring,
the number of active coils of the spring N
should be increased. It should be borne in mind
that too many active coils can lead to collisions
of the coils under load, which is unacceptable.

Step 5. According to the relevant
methods, which are not described herein, the
strength and durability of the springs are
determined.

Step 6. The final parameters of springs of
the set are determined.

Conclusions. The proposed method
reduces the duration and simplifies the
omplexity of the process of determining the
parameters of the springs of combined spring
sets. It is also easy to implement as software.

This method was tested to determine the
parameters of individual springs of spring sets
for vibration protection of the control
equipment of the crossing alarm system and
showed high efficiency and sufficient accuracy.

List of symbols:

X,Y,Z axes along which forced oscillations

occur

f frequency of coercive force [Hz]

ft transition frequency [Hz]

Ao amplitude of test displacements of the
control cabinet body [m]

A, amplitude of test accelerations of the
control cabinet body [m/s’]

A maximum permissible amplitude of test
displacements of the control cabinet
frame with the installed crossing
signaling equipment [m]

A" maximum permissible amplitude of test
accelerations of the control cabinet
frame with the installed crossing
signaling equipment [m/s]

m mass of the control cabinet frame with

the installed crossing signaling

equipment [kg]

stiffness of the spring set [N/m]

Q coercive force [N]

x"  acceleration of the frame of the cabinet
with the installed on-board signaling
equipment [m/s’]

X displacement of the cabinet frame with

o

the installed crossing signaling
equipment [m]

H amplitude of the coercive force [N]

) circular frequency of the coercive force
[radian/s]

t time [s]

F force [H]

Ax spring elongation [m]

fmin minimum test frequency of the coercive
force [Hz]

f max maximum test frequency of the coercive
force [Hz]

Mpmin, Minimum mass of the frame with the
installed crossing signaling equipment
[ke]

Mg, Maximum mass of the frame with the
installed crossing signaling equipment
[ke]

Y, c; total stiffness of springs that take
vibration load along its longitudinal axis
[N/m]

Y, c; total stiffness of springs that take
vibration load across their longitudinal
axis [N/m]
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C longitudinal spring stiffness [N/m] P coefficient depending on the spring
n number of springs that receive vibration index

load along their axis [pcs] i spring index
Ce transverse spring stiffness [N/m] E modulus of normal elasticity of spring
n number of springs that take vibration material [Pa]

load across their axis [pes] ho spring height in free state [m]

G shear modulus (modulus of rigidity) of
spring material [Pa]

spring wire diameter [m]

mean spring diameter [m]

number of active coils of the spring
[pes]

u ratio of transverse strain of the spring
material (Poisson's ratio)

Npin  minimum number of active coils of the
spring [pcs.]

D, outer diameter of the spring [m].

=0 X
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