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Purpose. Development, solution and analysis of a mathematical model to determine the dynamic
and kinematic characteristics of a mine locomotive drive during braking with a pulsating braking
torque.

The methods. Forced oscillations of the elements of the wheel-motor unit (WMU) of a mine
locomotive during braking with a disc brake were investigated using the methods of differential cal-
culus and mathematical modeling. The integration of the system of differential equations was per-
formed using the Runge-Kutta method.

Findings. A mathematical model has been developed for braking a mine locomotive using a disc
brake, which creates a pulsating braking torque on the axle of the wheelset, depending on its angular
coordinate, taking into account the nonlinear dependencies of the adhesion coefficient on the relative
slip in the braking mode of the mine locomotive for various track conditions, on the basis of which
the braking torque parameters are established, allowing for improvement of braking characteristics.
The friction characteristics of the interaction between the wheel and the rail during braking with a
pulsating braking torque in mine conditions are theoretically substantiated. By means of mathematical
modeling of the process of braking a mine locomotive with a disc brake, which creates a pulsating
braking torque on the axle of the wheel pair, the parameters of the braking torque were established,
ensuring high braking characteristics.

The originality. The dependences of the path and speed of the locomotive, the angular velocity
and relative slip of one of its wheels, the coefficient of adhesion and the adhesion force of one of the
locomotive wheels to the rail, the difference in the linear speeds of the locomotive and one of its
wheels, the longitudinal force in one of the rubber-metal hinges of the wheel pair suspension on time
during braking with a pulsating braking torque were obtained.

Practical implementation. A scientifically based engineering technique has been developed that
allows, at the design stage, to select rational parameters of the disc brake of a mine locomotive, which
creates a pulsating braking torque that ensures the implementation of the maximum braking force on
the wheel-rail coupling during braking and determine the dynamic and kinematic characteristics of
the mine locomotive drive during braking with a disc brake with a multi-sector disc under different
initial data (rail track condition, train weight, initial locomotive speed).

Keywords: mine locomotive, braking force, braking torque, adhesion coefficient, disc brake, fric-
tion pair.

Introduction. The performance of underground mining depends on the perfor-
mance of vehicles. One of the main modes of transport in coal and mine mines is
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locomotive haulage [1]. In mine trains, only locomotives are equipped with braking
means. Therefore, the braking capabilities of the train in specific mine conditions are
determined by the braking force, which is realized by the locomotive [2].

The main problem that arises during braking of mine locomotives with a wheel-
block brake is the instability of the braking force generated by the brake shoe while
reducing the locomotive's speed [3]. Impulse brake pressing used when braking the
rolling stock of the main and industrial railway transport is a promising direction for
improving the braking performance, but significantly complicates the design of the
brake system [4]. The use of a pulsating braking torque due to the use of a disc brake
with a multi-sector disc i1s a simple solution that improves the braking characteristics
of mine shaft locomotives.

The monohrafiia [3] provides a methodology for choosing a constant braking
torque applied to the axis of a wheel pair. In order to prevent clutch disruption and
wheel use for mine electric locomotives, it is recommended to realize 80% of the max-
imum possible braking torque. In [5], a study was made of the braking process of a
mine locomotive with a disk brake that creates a pulsating braking torque on the axis
of the wheelset in order to realize the maximum possible coefficient of adhesion of
wheels to rails. Recommendations are given on the analytical choice of braking torque
for various rail conditions. Constructive conceptual solutions for the manufacture of a
disk brake with a multi-sector disk that creates a pulsating braking torque are proposed.

The purpose of the article is development, solution and analysis of a mathematical
model to determine the dynamic and kinematic characteristics of a mine locomotive
drive during braking with a pulsating braking torque.

Main part. Forced vibrations of the wheel-motor unit of a mine locomotive dur-
ing braking with a disc brake on a straight horizontal section of a track, taking into
account the nonlinear characteristics of the interaction of the wheel-rail friction pair,
can be described by a system of six second-order differential equations, which is ob-
tained using the Lagrange equation of the second kind [5].
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where m, is train weight; my, my are the specified mass of the corresponding wheels;
¥, V3, Y4 are linear movements of the locomotive and corresponding wheels;

¥, V3, V4 are linear speeds; 7, y3, J4 are linear accelerations; Cy3, Cyy4 are coeffi-

cients of rigidity of the corresponding elastic elements; S5, 4 are coefficients of

viscous internal resistance of the corresponding elastic elements; C,3, C,,

ficients of rigidity of the corresponding half shafts of the wheel and motor block;
Bp3» Ppa are coefficients of viscous internal resistance of the corresponding half

4 are coef-

shafts of the wheel and motor block; £ is a tilt angle of a way (positive at the movement
on rise and negative at the movement on descent); F3=y;3(S3)mg / 8,

F4=w4(S4)m1g/8 are forces of adhesion of the corresponding wheels;

w3 =k [ th(kyS3 ) —k3S3 + quﬂ Cwa=h [ th(kySy)—kySy + k452] are coeffi-
cients of coupling of the corresponding wheels (in the mode of braking accept negative
values) [6]; ki, ky, k3, k4 are numerical coefficients of the mechanical characteristic
of frictional couple; S3=(@3r—33)/53, Sq=(@4r—74)/4 are relative slidings of
the corresponding wheels; m; is mass of the locomotive; g is acceleration of gravity;
I, 1s the given moment of inertia of a reducer, a disk brake and the engine concerning

an axis of wheel couple corresponding to one wheel couple (depends on the location
of a disk brake); /5, I, are the given moments of inertia of the corresponding wheels

concerning an axis of wheel couple; ¢,, @3, @4 are angular coordinates of the gearbox
output shaft (wheel pair axis) and the corresponding wheels; ¢,, ¢3, ¢4 are angular
speeds; ¢, @3, @4 are angular accelerations; r is radius of a circle of swing of wheels;
my is mass of the locomotive; g is acceleration of gravity; u is a gear ratio of a re-
ducer; M{ is the braking moment on an engine shaft.

We take the number of sectors of the brake disc, made in turn from steel 45 HB
415 and gray cast iron SCh 15-32 HB 200, equal to eight. Brake pads in the form of an
annular sector with a central angle of friction material 6KX-1 (cold forming press ma-
terial). The friction coefficients for these pairs of disk materials and friction linings are
respectively 0.535 and 0.41 [7].

For the selected number of sectors of the brake disc and the shape of the friction
linings, the dependence of the pulsating braking torque on the motor shaft on the an-
gular coordinate of the motor shaft can be described with a sufficient degree of accu-
racy by the expression [5]

M; :Z(MO —Asin(ngoz))/u =M, —A’Sin(n'q)=M(')(I—A*Sin(”’ﬂ)):

' HM—H
=My| 1- sin(n'gy > ), (2)
0[ 14 + 1 ( )] ( 1 2)
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where, M, M are the constant components of the braking moments, respectively,

on the axis of the wheelset and on the motor shaft; n, n' are the number of periods of
a sinusoid per revolution, respectively, of the axis of the wheel pair and the motor shatft;
A, A" are the amplitude of the oscillations of the variable components of the braking
moments on the axis of the wheelset and on the motor shaft;

A =AMy = (1 —10)/(1 + 112)5 wy» 1o are friction coefficients for two pairs of

disc materials and friction linings.
Based on the selected parameters of a disk brake with a multi-sector disk, we set

the values of the coefficients »' and A*. In our case n'=4; A =0132. Further, inte-
grating the system of differential equations (1), taking into account formula (2), we
determine the maximum value of the constant component of the braking torque on the
engine shaft A, .., corresponding to the initial data (the state of the rail track, the

mass of the train, the initial speed of the locomotive) [8]. Substitute in the formula (2)
My =08My,,,,- Integrating the system of differential equations (1) taking into ac-

count formula (2) for given initial data, we obtain graphs of the linear and angular
velocities of the links of the wheel-motor block, relative slip, coefficient and force of
adhesion of the wheels to rails, and the braking moment created on the output shaft of
the gearbox, and the braking torque on the wheel, the forces in the rubber mounts of
the wheel pair suspension, the speed and the path of the locomotive from time to time,
we determine the braking distance and the braking time. We will integrate the system
of differential equations (1) using the Runge-Kutta method [9] with the standard
«Mathematica» software package for four rail conditions (sprinkled with sand; covered
with sand crushed as a result of a previous trip; wet, clean; covered with liquid coal
mud). In numerical calculations we will use the geometric, weight, elastic-dissipative
and stiffness characteristics of the elements of the mine electric locomotive E10. The
mass of the composition is taken equal to 5-10* kr. The initial speed of the locomotive
differs under various conditions of the rail track. Some of the graphs obtained for a rail
track sprinkled with sand crushed as a result of a previous trip, with the mass of the

composition mg =5 - 10* kg and the initial locomotive speed v =4,5 m/s (dependence

of the path and speed of the locomotive, the angular velocity of one of its wheels on
time; dependence of the relative slip of one of the locomotive wheels on time; depend-
ence of the adhesion coefficient and the adhesion force of one of the locomotive wheels
on the rail on time; dependence of the difference in linear speeds of a locomotive and
one of its wheels on time; dependence of the longitudinal force in one of the rubber-
metal hinges of the wheel pair suspension on time) are shown below (fig. 1-5).

The angular speed of the wheel at the beginning of braking varies unevenly
(fig. 1). For short periods of time, it can even increase. This is due to the presence of
an oscillatory process in the wheel movement, characterized by an increase and de-
crease in the amount of wheel slippage relative to the rail.

For the case when the rails are covered with sand crushed as a result of a previous
trip, the function y =y (S) has an extremum at the point Sy =—0,025 [6]. It is possible
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at the beginning of braking to achieve oscillations of relative slip around the extremum
point by applying a pulsating braking torque to the axle of the wheelset, the average
value of which is 80% of its maximum possible average value (fig. 2).
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Fig. 1. Dependences of the path and speed of the locomotive, the angular velocity of
one of its wheels on time: 1 is dependence of the path of the locomotive; 2 is
locomotive speed dependence; 3 is dependence of the angular velocity of one of the
wheels
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Fig. 2. The dependence of the relative slip of one of the wheels
of the locomotive on time
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The coefficient of adhesion at the beginning of braking fluctuates around its max-
imum possible value (fig. 3). The upper peaks correspond to a relative slip in absolute
value that is smaller |SO , and the lower peaks to a relative slip that is larger |SO| :
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Fig. 3. Dependences of the coefficient of adhesion and the adhesion force of one of
the wheels of a locomotive with a rail on time

The coefficient of adhesion approaches the value —0,18, and the adhesion force

tends to —2200 N. The linear speed of one of the locomotive wheels (fig. 4), starting
from 0.3 s, differs from the linear speed of the locomotive by no more than 0.0011 m/s.
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Fig. 4. The dependence of the difference between the linear speeds of the locomotive
and one of its wheels on time

166



Mamepianosnaecmeo ma 2anyzeee MawiunoOyoysanHs

It can be concluded that the longitudinal force in one of the rubber-metal hinges
of the wheel pair suspension does not reach 2150 N in absolute value (fig. 5). At the
same time, its average value, starting from the second second, is approximately 2000 N
in absolute value. Based on this and similar dependencies for other conditions of the
track and with other initial data, it is possible to establish the characteristics of rubber-
metal hinges, make their choice and determine their durability, which is necessary
when designing a wheel-motor unit.
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Fig. 5. The dependence of the longitudinal force in one of the rubber-thallic hinges of
the wheel pair suspension on time

Based on similar calculations made for the other three conditions of the track
(sand-sprinkled; wet, clean; covered with liquid coal mud) and an analysis of the ob-
tained graphical dependencies, it was established that with the number of sectors of a
multi-sector brake disc, made alternately from two different materials, equal to eight
and the linings of the friction brake shoes in the form of a ring sector with a central
angle « =7/4 the ratio of the difference in the friction coefficients for two pairs of

disc and friction lining materials to their sum should be from 0.1 to 0.15.

Conclusions. Based on mathematical modeling of the braking process of the E10
mine locomotive with a disk brake with a multi-sector disk, the dynamic and kinematic
characteristics of its drive are determined for given initial data.

It has been established that due to the oscillatory process, characterized by an
increase and decrease in the value of wheel slippage relative to the rail, at the beginning
of braking, the angular velocity of the wheel can increase over short periods of time.

It has been shown that when using a disc brake with a multi-sector disc made of
two alternating materials and friction linings of the brake pads in the form of an annular
sector, the ratio of the difference in the friction coefficients for two pairs of disc mate-
rials and friction linings to their sum should be from 0.1 to 0.15. Rational parameters
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of a disc brake with a multi-sector brake disc have been substantiated and selected for
the E10 mine locomotive.
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AHOTALIA
Meta. Po3poOka, po3B’si3aHHsI Ta aHaJIi3 MaTEMAaTUIHOI MOJIENi JJIsi BUBHAYEHHS TMHAMIYHHX Ta Ki-
HEMATHUYHUX XapaKTEPUCTUK MPHUBOJY IMAXTHOTO JIOKOMOTHBA MiJ] Yac TaJbMyBaHHS MyJIbCYIOUUM
raJbMIBHUM MOMEHTOM.

Metoauka. BumyiiieHi KOJUBaHHS €JIE€MEHTIB KOJicHO-MoTopHOTO 010Ky (KMB) maxTHoro ymoko-
MOTHBA B IIPOIIEC] TaJIbMYyBaHHS IUCKOBUM TallbMOM JIOCIHIIKEH1 MeToAaMu TU(epeHIIIalbHOTO Y1-
CJICHHS Ta MAaTEMAaTUYHOTO MOJICTIIOBaHHs. [HTerpyBaHHS CUCTEMU TU(EPECHITIATHHIX PIBHSIHb BUKO-
HaHO MeTozioM Pynre-Kyrra.

PesyabTaT. Po3po0ieno mMaremaTMyHy MOJ€Nb raJlbMyBaHHS IIAaXTHOTO JIOKOMOTHBA JHCKOBUM
rajibMOM, 1[0 CTBOPIOE Ha OC1 KOJIICHOT apy MyJIbCYIOUHMM ralbMiBHUIT MOMEHT, SIKUH 3aJ1€KUTh BiJ|
il KyTOBOi KOOPJIMHATH, 3 YPaxXyBaHHSAM HENIHIHHUX 3aJIe)KHOCTEH KoedillieHTa 3UeryieHHs Bif Bij-
HOCHOT'O KOB3aHHS B PEKUMI TalbMyBaHHSI IAaXTHOT'O JJOKOMOTHBA JIJIsl PI3HUX CTaHIB PEHKOBOT KO-
i1, Ha 0a3i K0T BCTAHOBJICHO MapaMeTpH raJIbMiBHOTO MOMEHTY, 110 J103BOJISIOTH MOJIMIIUTH T'ajlb-
MIBHI XapaKTepuCTHKU. TeopeTnyHo oOrpyHTOBaHO (DPUKLINHI XapaKTEPUCTUKH B3a€EMO/IIT Kojeca
Ta peKU NMpH raJibMyBaHHI MTyJIbCYIOUYUM TalbMiBHUIM MOMEHTOM B yMoBax maxtu. [1lnsgxom mate-
MaTHYHOT'O MOJICITIOBAHHS TPOIIECY TaJbMyBaHHS IMAXTHOTO JIOKOMOTHBA JUCKOBHM TajIbMOM, IO
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CTBOPIOE Ha OC1 KOJIICHOT Tapy MyJIbCYIOUMi raJibMiBHUII MOMEHT, BCTAHOBJICHI TapaMeTpH rajbMiB-
HOTO MOMEHTY, K1 3a0€31e4yI0Th BUCOKI TaJIbMiBHI XapaKTEPUCTHUKH.

HaykoBa HoBu3HA. OTpUMaHO 3aJIS)KHOCTI NUISAXY Ta MIBUAKOCTI JIOKOMOTHBA, KyTOBOI IIBUAKOCTI
Ta BITHOCHOTO KOB3aHHS OJJHOTO 3 HOT0 KOJIiC, Koe(illieHTa 34eTJICHHS Ta CHJIA 3YETUICHHS OJTHOTO 3
KOJIIC JIOKOMOTHBA 3 PEHKOI0, PI3HUIII JIHIHHUX MIBUIKOCTEH JIOKOMOTHBA Ta OJTHOTO 3 MO0 KOJIiC,
M03/I0BXKHBOT CHJIM B OJJHOMY 3 TYMOMETAJIEBUX IIAPHIPIB MiABICKH KOJICHOI MapH Bij Yacy Mpu ra-
JHbMYBaHHI ITyJIbCYFOUUM TaJIbMiBHUM MOMEHTOM.

IIpakTuyHa 3HAYHMicTB. P03p001eHO HAayKOBO OOTPYHTOBAHY iHKEHEPHY METOJIHKY, KA JJ03BOJISIE
Ha CTajil MPOEKTyBaHHs BUOPATH palliOHAIbHI MAapaMETPH JAUCKOBOTO rajibMa IIAXTHOTO JIOKOMO-
THUBA, [0 CTBOPIOE MYJIbCYIOUMI TaIbMiBHUI MOMEHT, SIKUH 3a0e3Iedye peani3amilo MaKCHMaIbHOT
raJbMIBHOI CHJIM 110 3UETUICHHIO KOJIeca 3 PEUKOI0 B MPOIECi ralbMyBaHHS 1 BU3HAYUTH JTUHAMIUHI
Ta KIHEeMaTH4YHI XapaKTepUCTUKHU MPUBOAY IIAXTHOTO JIOKOMOTHBA ITiJ] YaC TaIbMyBaHHS JTUCKOBUM
rajJbMOM 13 0araTOCEKTOPHUM JIMCKOM NpPU PI3HUX BHUXIJIHUX JTaHUX (CTaH peHKOBOi Kouii, Maca
CKJIa/ly, TOYaTKOBA MIBUKICTH JIOKOMOTHBA).

Knrouosi cnosa: waxmmuil 10KOMOMUS, 2ATbMI6HA CULA, 2ATbMIGHUL MOMEHM, Koeiyicum 3uen-
JIeHHS, OUCKO8e 2AlbMO, (ppuKyitina napa.
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