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Purpose. Determination of braking torque parameters that provide high braking performance of
a mine locomotive by mathematical modeling of the braking of a mine locomotive by a disc brake
that creates a pulsating braking torque.

The methods. Forced vibrations of the elements of the wheel-motor unit (WMU) of a mine lo-
comotive in the process of braking with a disc brake are studied by the methods of differential cal-
culus and mathematical modeling. Integration of the system of differential equations is performed
by the Runge-Kutt method.

Findings. A comparative analysis of a mine locomotive braking by a disc brake, which creates
a constant and pulsating sinusoidal braking torque with a different number of sinusoid periods per
revolution of the wheel pair, is carried out. It has been proved that the pulsating sinusoidal braking
moment generated on the axle of the wheel pair equal to the sum of the constant component and the
amplitude of the oscillations of the variable component multiplied by the sine of the product of the
number of sinusoid periods per revolution of the wheel pair by its angular coordinate provides high-
er braking characteristics than the constant braking moment. It is shown that pulsating braking
torque reduces the braking time and braking distance of the mine locomotive. The values of the am-
plitude of oscillations, which depend on the average value of the braking torque, and the number of
periods of the sinusoid per one revolution of the wheelset, at which the greatest effect is achieved,
are determined.

The originality. For the first time, a mathematical model has been developed for braking a
mine locomotive by a disc brake, which creates a pulsating braking torque on the axle of the wheel
pair, depending on its angular coordinate, taking into account the nonlinear dependence of the adhe-
sion coefficient on relative slip, on the basis of which the efficiency of a disc brake with a multi-
sector disc is shown in comparison with a disc brake with a homogeneous disk under various condi-
tions of the rail track.

Practical implementation. The research results make it possible to determine the parameters
of a disc brake with a multi-sector disc located on the wheelset axle and on the engine shaft, which
provide the highest braking efficiency.

Keywords: mine locomotive, disk brake, frictional pair, relative sliding, clutch coefficient.

Introduction. An increase in the productivity of mine rail transport is possible
only with high reliability of the brake systems of locomotives. The main characteris-
tics that determine the efficient operation of a mine locomotive include the realizable
traction and braking forces, reliability and energy consumption.
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Great attention is paid to the study of the process of realizing the maximum pos-
sible adhesion force of the wheels of the locomotive with the rails. This force de-
pends both on the state of the track and on the conditions of interaction of the wheel-
rail friction pair [1]. The main parameter characterizing the force of adhesion of
wheels to rails is the clutch coefficient [2].

In the work [3] a method for choosing a constant braking torque applied to the
axle of the wheelset is given. In order to prevent slipping of the clutch and skidding
of the wheels, it is recommended to implement 80% of the maximum possible brak-
ing torque for mining electric locomotives.

In the paper [4] examples of useful application of vibration, which are based on
phenomena related to vibration features in non-linear mechanical systems are present,
a general approach to the study and use of vibration is outlines. In particular, atten-
tion is paid to the study of the coefficient of sliding friction during vibration.

In the works [5, 6] recommendations are given on the analytical choice of the
braking torque applied to the axle of the wheel pair of a mine locomotive in order to
achieve the most effective braking for various states of the track. Constructive con-
ceptual solutions are proposed for the manufacture of a disc brake that creates a pul-
sating braking torque.

The braking torque created on the wheel by a wheel-shoe brake depends on the
speed of the mine locomotive, the condition of the rail track and the heating of the
brake shoe, which does not allow to fully realize the possible coefficient of adhesion.
Disc brakes used in transport systems do not have this disadvantage. Research aimed
at determining the rational parameters of the disc brake of a mine locomotive, study-
ing the dynamics of the drive during braking will contribute to improving the safety
of movement, increasing the throughput of intra-mine transport, and developing min-
Ing engineering in Ukraine.

Main part. The forced oscillations of the wheel-motor block of a mine locomo-
tive during braking by a disc brake, taking into account the nonlinear characteristics
of the interaction of the wheel-rail friction pair, can be de-scribed by a system of six
second-order differential equations

(ms/4—m3—m4)y=—[cy3(y—y3)+ﬂy3(S’—S’3)+

+Cya(Y—Ya)+ Bya(V-Ya)].
m3y3 =Cy3(y —Y3)+ Bya(y —¥3)+ F3(S3) ,
My§4 =Cya(yY—Ya)+ Bya(¥—Ya)+Fa(Sa)
l33 = | Coa(P3—92)+ Bya(p3—2) +1F3(S3) | .
'4@4=—[C¢4(¢4—¢2)+ﬂ¢4(¢4—¢2)+“:4(54)] ’
122 =Cp3(@3—92) + Bpa(@3—#2) + Cpa(Pa —p2) +

+ Bpa(9a—P2) =M,

, (1)
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where ms — mass of the train; ms, ms — the specified mass of the corresponding
wheels; y, ys, Y4 — linear movements of the locomotive and corresponding wheels; y,
vs, ¥4 — linear speeds; y, ys, ¥4 — linear accelerations; Cys, Cy4 — coefficients of rigidity
of the corresponding elastic elements; fys, pya — coefficients of viscous internal re-
sistance of the corresponding elastic elements; C,3, C,4 — coefficients of rigidity of
the corresponding half shafts of the wheel and motor block; g,s, S,4 — coefficients of
viscous internal resistance of the corresponding half shafts of the wheel and motor
block; Fs = w3(S3)(m g/8)cos B, Fs = wa(S4)(m; g/8)cos S — forces of adhesion of the
corresponding wheels; s, w4 — coefficients of coupling of the corresponding wheels;
Ss, S4 — relative slidings of the corresponding wheels; m; — mass of the locomotive;
g — acceleration of gravity; I, — the reductioned 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); Is, I, — reductioned moments of iner-
tia of the corresponding wheels concerning an axis of wheel couple; @2, @3, 4 — angu-
lar coordinates of an output shaft of a reducer and corresponding wheels; ¢,, ¢3,

@4 — angular speeds; ¢», ¢3, @4 — angular accelerations; r — radius of a circle of

driving of wheels; M; — the braking moment on day off to a reducer shaft (in case of
an arrangement of a disk brake on an engine shaft My =u M{ /2 where u — a gear ra-

tio of a reducer; M{ — the braking moment on an engine shaft).

The clutch coefficients of wheels with rails w3 and ya — functions of the relative
slips of the corresponding wheels and are found by the formula [7]

w =k th(koS)~kgS +ksS? |, ¥

Where ki, ko, ks, ks — numerical coefficients of the mechanical characteristics of the
wheel-rail friction pair (depend on the condition of the track); S — relative sliding of
the wheel along the rail (negative in the braking mode and positive in the acceleration
mode).

Relative slips at any given time can be divided by formulas

S3=(@3r—¥3)/¥s, Sa=(¢ar—Ya)/Ya. (3)

The integration of the system of differential equations (1), taking into account
formulas (2) and (3), was performed by the Runge-Kutt method for four states of the
rails (sprinkled with sand; covered with sand crushed as a result of a previous drive;
wet, clean; covered with liquid coal mud).

In numerical calculations geometric, weight, elastic-dissipative and stiffness
characteristics of the elements of the mine electric locomotive E10 were used. The
mass of the composition was taken equal to 5 - 10* kg. The initial speed of the loco-
motive differed in different states of the track. The braking torque created by a disc
brake with a multi-sector disc on the wheelset axle was determined by the formula

M¢ = Mg — Asin(agy ) = Mg (1— A sin(ap, ))’
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where M, — a constant component of the braking torque on the wheelset axle; A — an
amplitude of fluctuations of the variable component of the braking torque on the
wheel pair axle; a — the number of periods of the sinusoid in one revolution of the
wheelset; ¢, — angular coordinate of the axis of the wheel pair axle; 4™= A/Mo.

First of all, the value of the constant component of the braking torque Momax, Was
determined, at which during the braking process the clutch breaks down and the
wheel begins to move skidding. Then 80% of this value was found. The braking
torque was set constant (A = 0) and pulsating (A # 0).

The distance (Fig. 1) passed by the locomotive during braking on the track
sprinkled with sand for the initial speed of the locomotive vy =5 m/s will be less with
a pulsating braking moment. With a constant braking torque (Mo = 2480 N m, A = 0)
the braking time is 14.1 s, and the braking distance is 36 m. With a pulsating braking
torque with a small value of the parameter a (Mo = 2650 N m, A = 340 H-m, a = 4) the
braking time and the braking distance decrease by 11%, which is respectively 12.6 s
and 32 m. With a pulsating braking torque with a large value of the parameter «
(Mop=2730N m, A = 360 N m, o = 44) the braking time and braking distance de-
crease by 19%, which is 11.4 s and 29 m, respectively.

It is interesting to note that the angular velocity ¢ of the wheel at the beginning

of braking changes unevenly. It may even increase for short periods of time. This is
due to the presence of an oscillatory process in the movement of the wheel, character-
ized by an increase and decrease in the slip of the wheel relative to the rail.

Similar calculations that were carried out for other rail track states led to the fol-
lowing results (everywhere My is 80% of its maximum possible value). For the case
when the rails are covered with sand crushed as a result of a previous drive (the initial
speed of the locomotive v;=4.5m/s): with a constant braking torque
(Mo = 1900 N-m, A = 0) the braking time is 16.4 s, and the braking distance is 38 m;
with a pulsating braking torque with a small value of the parameter «
(Mo =2020 N-m, A = 260 N-m, a = 4) the braking time and the braking distance are
reduced by 11% and amount to 14.6 s and 34 m, respectively; with a pulsating brak-
ing torque with a large value of the parameter o (Mo =2100 N-m, A =270 N-m,
a = 44) the braking time and the braking distance are reduced by 18%, which is
13.5 s and 31 m, respectively. For the case when the rails are wet, clean (the initial
speed of the locomotive v;=3.5m/s): with a constant braking torque
(Mo = 1410 N-m, A = 0) the braking time is 16.7 s, and the braking distance is 30 m;
with a pulsating braking torque with a small value of the parameter «
(Mo =1490 N-m, A = 190 N-m, a = 4) the braking time and the braking distance are
reduced by 10% and are respectively 15 s and 27 m; with a pulsating braking torque
with a large value of the parameter oo (Mg =1550 N-m, A = 215 N-m, a = 44) the
braking time and the braking distance are reduced by 16%, which is 14 s and 25.2 m,
respectively. For the case when the rails are covered with liquid coal mud (the initial
speed of the locomotive vy, = 3 m/s): with a constant braking torque (Mo = 830 N-m,
A =0) the braking time is 23.6 s, and the braking distance is 36 m; with a pulsating
braking torque with a small value of the parameter « (Mo =880 N-m, A = 115 N-m,
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a = 4) the braking time and braking distance are reduced by 8% and are respectively
21.7 s and 33 m; with a pulsating braking torque with a large value of the parameter «
(Mo =910 N-m, A = 120 N-m, a = 44) the braking time and braking distance are re-
duced by 14%, which is 20.3 s and 31 m, respectively.
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Fig. 1. Dependences of the distance passable by the locomotive and the angular
velocity of one of its wheels on time: 1 — dependence of the distance with My = 2480 N
m, A = 0; 2 — dependence of the distance with My =2650 N m, A=340Nm, a = 4;

3 — dependence of the distance with My = 2730 N-m, A = 360 N-Mm, a = 44;

4 — dependence of the angular velocity with My = 2480 N-m, A = 0; 5 — dependence of
the angular velocity with My = 2650 H-m, A = 340 N-m, a = 4; 6 — dependence of the
angular velocity with My = 2730 N-m, A =360 N-m, a =44

Calculations have shown that with a pulsating braking torque to break the
clutch, it is necessary to apply a greater value Mgmax than with a constant braking
torque for any of the considered states of the rails, as well as for different values of a
train mass and the initial speed of the locomotive. This results in reduced braking
time and braking distances. This effect is most pronounced if the amplitude of oscil-
lations A is 10 ... 15% of the constant component of the braking torque Mo, i.e. with
values A4™that are within from 0.1 to 0.15. The number of periods of the sinusoid in
one revolution of the wheel pair « also plays a significant role. The best results can
be obtained with a that is equal to 35...55 (Fig. 2). The use of a pulsating braking
torque on slippery rails gives a significant effect, although less in percentage terms
than on dry rails.
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Fig. 2. Dependence of the maximum value of the constant component of the braking
torque on the coefficients a and A™{(rails are covered with sand, ms =5 - 10* kg,
vo =5 ml/s)

The decrease in braking time and braking distance is due to the fact that with an
increase in the maximum possible value Mo with a pulsating braking torque the rela-
tive slip during braking takes values closer to the extremum point of the function
w = w(S) [7]. This, in turn, results to the fact that the value of the clutch coefficient of
wheels to rails fluctuates around a value closer to the maximum possible for each of
the considered states of the rail track.

When using a multi-sector disc made of materials that have different friction co-
efficients with the material of the brake pad linings made in the form of an annular
sector [5, 6], the braking torgue will change according to a dependence very close to
sinusoidal. If the brake pad lining is made in the form of an annular sector with a cen-
tral angle of 45° from friction material 6KH-1 (cold forming press material), and the
brake disc is divided into eight sectors, made alternately from steel 45 HB 415 and
gray cast iron SCH 15-32 HB 200 (the friction coefficients between these materials
are respectively equal to 0.535 and 0.41 [8]), then the oscillation amplitude will be

0,535-0,41 0535+0,41
5 :

of Mo. When the brake disc is placed on the axle of the wheel pair, the number of pe-
riods of the sinusoid for one of its revolutions o will be equal to four. Placing a brake
disc on the motor shaft with a gear ratio of 10.875, we get « that is equal to 43.5.
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Conclusions. A comparative analysis of the braking of a mine locomotive by a
disc brake, which creates a constant and pulsating sinusoidal braking torques with a
different number of sinusoidal periods per wheel pair revolution, is performed. It is
shown that by creating a pulsating braking torque it is possible to reduce the braking
time and braking distance of a mine locomotive.

It has been ascertained that the greatest effect from the use of pulsating braking
torque is achieved if the oscillation amplitude is 10 ... 15% of the average value of the
braking torque, and the number of sinusoid periods per one revolution of the wheel
pair is between 35 and 55.

Further studies of the dynamics of braking of a mine locomotive by a disc brake
should be directed at studying the influence on the braking distance and braking time
of values of the stiffness and damping coefficients of rubber-metal elements as well
as values of the stiffness and damping coefficients of the semi-axles of the wheel-
motor unit.

References

1. TIIpouir B.B. (2009). ®opmyBaHHS AMHAMIYHOT MOJIENI IIAXTHOTO IIAPHIPHO-3WJICHOBAHOTO JIO-
KOMOTHBA, 1[0 PyXA€ThCS B PEKUMI raibMyBaHHs. Haykosuil gicnuk Hayionanvhoeo 2ipHuyoco
VyHigepcumemy, 4, 16-83.

2. Tapan, N.A., & Hosunkuii, A.B. (2014). Topmosusie ycmpoiicmea waxmuuix 10KOMOMUBOE:
Mmonoepaghis. HamionansHui ripauauii yHiBepeuret. https://core.ac.uk/download/pdf/48405061.pdf

3. Tapan U.A. (1999). MaremaTrueckasi MOJENb ABMKEHUS Py THUIHOTO JIOKOMOTHBA B YCIOBHUSAX
TOPMOXKEHHS. Bubpayuu 6 mexuuxe u mexronozusx, 3 (12), 47 -49.

4. bnexman N.U. (1998). Umo moocem subpayusa?: O «8uOpayuoHHol Mexanuxey u uOpayuoH-
Hou mexHuke: monoepaghus. Hayka.

5. Cepmiok, A.A., & Mons, A.I'. (2002). Pa3paboTka MaTeMaTHYECKOH MOJICIA TOPMOKEHUS
[IAXTHOTO JIOKOMOTHBA JTUCKOBBIM TOPMO3OM. [ ipHuua enekmpomexamixa ma aemomamuxd,
69, 127-132.

6. Monia, A.G. (2019). Mathematical modeling of shaft locomotive braking with a pulsing brake
moment for determining the characteristics of its drive. Iipuuua erexkmpomexanixa ma aemo-
mamuxa, 102, 49-53. https://gea.nmu.org.ua/ua/ntz/archive/102/102_10.pdf

7. Tlpouus, B.B., & Monsa, A.I'. (2003). DkcrnepuMeHTAIbHOE OINpPECICHHE XapaKTEPUCTHK
CIETUICHHUS IIAaXTHOTO JIOKOMOTHBA B PEXKUME TOPMOKEHUs. Memaniypeuueckas u 20pHOpYo-
Has npomviuiienHocms, 2, 95-97.

8. Momns, A.l'. (2012) NuTerpupoBanue quddepeHnnanbHOro ypaBHEHUs TEIIONPOBOAHOCTH IS
OTIpeNIeNIeHHUs] TeTUIOBOM HArpy>KeHHOCTH JHUCKOBOTO TOPMO3a IIAXTHOTO JIOKOMOTHBA. Hayko-
suti gichux Hayionanvnoeo eipnuuoeo ynisepcumemy, 3, 86-91.
https://nvngu.in.ua/index.php/uk/component/jdownloads/finish/33-03/522-monia/0

AHOTANIA
Merta. BcraHoBieHHS TapaMeTpiB TajdbMiBHOIO MOMEHTY, 110 3a0€31e4y0Th BUCOKI rajibMiBHI Xa-
PaAKTEPUCTHKH MIAXTHOTO JIOKOMOTHBA IIITXOM MaTeMAaTUYHOTO MOJICITIOBAHHS TalbMyBaHHS IIaX-
THOTO JIOKOMOTHBA TUCKOBUM T'aJIbMOM, SIK€ CTBOPIOE IyJIbCYIOUNH ralbMiBHUN MOMEHT.

Metoaunka. BumynieHi KOJIMBaHHS €1EMEHTIB KOIiCHO-MOTOpHOTo 0s1oKy (KMB) maxtHoro noko-
MOTHBA B TIPOIIECI TATBMYBaHHS TUCKOBUM TaJIbMOM JIOCIIIIPKEHI METOaMu Tu(depeHITiaTbHOTO YH-
CJIEHHSI Ta MaTeMaTHYHOTO MOJICNIOBaHHA. [HTErpyBaHHs cucTeMH TU(EpeHIialbHUX PIBHIHb BHU-
KOoHaHO MeToaoM Pynre-Kyrra.
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Pe3yabTaTn. BukoHaHO MOPIBHSUIBHUI aHAaJIi3 ralbMyBaHHS IAXTHOTO JJOKOMOTHBA AMCKOBUM Ta-
JBMOM, 1[0 CTBOPIOE HA OCI KOJIICHOI Napy NOCTIMHMN Ta MyJIbCYIOUUI CUHYCOINaNbHUN 3 PI3HUM
YHCIIOM TEpioJiB CHHYCOiJH 32 OAMH OOEpT KOJICHOI Mapu TajibMiBHI MOMEHTH. [loBeneHo, 1o
MyJIbCYHOYHA CHHYCOITAIbHUNA TaJIbMiBHUH MOMEHT, CTBOPIOBAHUN Ha OC1 KOJIICHOI IMapH, SIKUH J10-
PIBHIOE CyMi CTaJIOl CKJIa0BOI Ta aMIUTITYId KOJIMBAaHb 3MIHHOI CKJIaJI0BO1, TOMHOXEHIH Ha CUHYC
N0OyTKY 4uCIIa MEepioJIiB CHHYCOIIU 32 OJJUH 00epT KOJICHOT mapH Ha ii KyTOBY KOOpJIMHATY, 3a0e3-
nedye OUTBII BHCOKI TaJIbMiBHI XapaKTEPUCTUKU MIAXTHOTO JIOKOMOTHBA, HIK CTaJIMi TajlbMiBHUN
MoMeHT. [lokazaHo, 110 MyJIbCYIOUMil TadbMIBHUA MOMEHT 3a0e3leuye 3MEHLICHHs 4yacy IajibMy-
BaHHS Ta TaJbMIBHOT'O HUIAXY IIAXTHOTO JIOKOMOTHBA. BCTaHOBJIEHO 3HAYEHHS aMIUTITYAW KOJH-
BaHb, 1110 3JICXKUTh BiJl CEPEIHBOr0 3HAUE€HHSI MOMEHTY TajbMyBaHHsI, Ta KIJIbKOCTI NEPIO/IiB CUHY-
COIIM 32 OIMH 00EPT KOJICHOT MapH, IPH SKUX JOCATAETHCS HAHOLIbIINI eeKT.

HaykoBa HoBu3Ha. Briepiie po3po0iaeHo MaTeMaTHyHy MOJIETh FaJIbMYyBaHHS IIAXTHOTO JIOKOMO-
THBA JIUCKOBHM TajbMOM, IO CTBOPIOE HA OCI KOJIICHOT MapH MYJIbCYHOUHH TraJlbMiBHUH MOMEHT,
KU 3QJIEKHUTh B 11 KyTOBOI KOOpPAWHATH, 3 ypaxyBaHHAM HEJIHIMHOT 3aJeKHOCTI KoedilieHTa
34YeIICHHS BiJl BITHOCHOTO KOB3aHHs, Ha 0a3i sKoOi Moka3aHo €(EeKTHBHICTh JUCKOBOI'O TajibMa 3
0araTOCEeKTOPHUM JIUCKOM y TIOPIBHSHHI 3 JUCKOBHUM TaJIbMOM 3 OJHOPIAHUM JHUCKOM Ha MpH Pi3-
HHMX CTaHaX KOJIil.

IpakTnuna 3HaYnMicTh. Pe3ysbTaTi JOCHIKEHD JT03BOJISIOTH BCTAHOBUTH TApaMETPH JHCKOBO-
ro TajibMa 3 0araTOCEKTOPHUM JAMCKOM, PO3MIIIICHUM Ha OCi KOJIICHOT ITapy Ta HA Bajly JIBUTYHA, IO

3a0e3MneuyroTh HaOIbITY €EeKTUBHICTh TaTbMyBaHHS.

Kniouoegi cnosa: waxmmuii 10KomMomus, OUCKo8e 2aibmo, Ppukyitina napa, 8iOHOCHe KOB3AHHS, KO-
eiyicum 3uenyienHs.
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