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LONG BRAKING OF THE MINE LOCOMOTIVE
ON BIAS AT THE PULSING BRAKE MOMENT

Anomauia. Line cmammi — po3pobumu mMamemamuyty mMooens i 00crioumu npoyec 2aibMy8aHHA Waxm-
HO20 JIOKOMOTUBA OUCKOBUM 2ATIbMOM HA 3AMAICHOMY YKIOHI NPU NYTbCYIOUOMY 2anbMosomy momenmy. Ha oc-
HOGI pO3poOaeHOl MameMamuunoi MoOeNni eanbMyS8aHHA WAXMHO20 TOKOMOMUBA HA 3AMAICHOMY YKIOHI OUCKO-
BUM 2ATTLMOM, WO CMBOPIOE HA OCI KONICHOI napu NYIbCYIOYUU CUHYCOIOANbHUL 2aTbMOSULE MOMEH, YCMAHOG-
JIEHO MAKCUMATbHE AOCONIOMHe 3HAYeNH s YKIOHY KOil, npu AKOMY memnepamypa pobouoi nogepxui 2anomo8o2o
oucka He nepeguUmMy NPUNYCMUMe 3HAYEHHs Ni0 4ac 3aMANCHO20 CNYCcKy. Bukonano nopisHanvHull ananis 2a-
JIMYBAHHA WAXMHO20 JIOKOMOMUBA HA 3AMANCHOMY YKIOHI OUCKOGUM 2ATIbMOM, WO CMBOPIOE HA OCi KOMICHOI
napu ROCMItHULL I NYIbCYIOYUL CUHYCOIOANbHULL 2ANbMOB] MOMEHMU.

Kniouosi cnosa: gppuxyiiina napa, koepiyicum 3uenienus, OUCKo8e 2aibMo, 2a1bMOBUL MOMEHM, KOMICHA
napa, peukoea KoJis.

Annomayua. Lleno cmamou — paspabomams MamemMamuiecKyio Mooenb U UCcredo8ams npoyecc mop-
MOJHCEHUS WAXNHO20 JIOKOMOMUBA OUCKOBLIM MOPMO30M HA 3AMANCHOM YKIOHE NPU NYAbCUPYIOUIEM MOPMO3-
Hom momenme. Ha ocnoee paspabomannoii mamemamuyeckot Mooenu mopmMoNCeHUsi WaAxXmuo20 10KOMOMuUed
HA 3aMAACHOM YKAOHE OUCKOBbIM MOPMO30M, CO30AIOUWUM HA OCU KOIECHOIU NApbl NYIbCUPYIOWUL CUHYCOUOANb-
HbIIL MOPMO3HOT MOMEHM, YCMAHOBNIEHO MAKCUMATIbHOE aDCONIOMHOe 3HAYEHUe YKIOHA NYMU, Npu KOMOpoM
memnepamypa paboyeil nOBEPXHOCMU MOPMO3HO20 OUCKA He Npesbicum O0onycmumoe 3HaueHue 60 epeMs 3a-
MSANUCHO20 CNYCKA. Bblnonnen cpagHumenbmvlii aHAIU3 MOPMOICEHUS WAXMHO20 JTOKOMOMUBA HA 3AMANCHOM
VKIOHE OUCKOBbIM MOPMO30M, CO30AIOWUM HA OCU KOAECHOU NApbl NOCMOSHHBIN U NYAbCUPYIOWUL CUHYCOU-
O0aNbHBLIL MOPMO3HBIE MOMEHMDbL.

Knrouegvie cnosa: ¢ppuxyuonnas napa, kodpguyuenm cyenienusn, OUCKOBbIUL MOPMO3, MOPMOZHOU MO-
MeHm, KOLeCHAs napa, peibCosbill nymb.

Abstract. Article purpose - to develop mathematical model and to investigate process of braking of the
mine locomotive a disk brake on a long bias at the pulsing brake moment. On the basis of the developed mathe-
matical model of braking of the mine locomotive on a long bias the disk brake creating the pulsing sinusoidal
brake moment on an axis of wheel couple established the maximum absolute value of a bias of a way at which
temperature of a working surface of a brake disk will not exceed admissible value during long descent. Compar-
ative analysis of braking of the mine locomotive on a long bias is made by the disk brake creating the constant
and pulsing sinusoidal brake moments on an axis of wheel couple.

Keywords: frictional couple, coupling coefficient, disk brake, brake moment, wheel couple, railway line

The implementable force of braking and the loudspeaker of the drive of the mine locomotive when braking
are defined first of all by coupling of wheels with rails. Brake force under the influence of the static and dynamic
factors taking place when braking the locomotive has a statistical property and results from frictional interaction
of a wheel and a rail [1].

From the moment of emergence of the first locomotives the numerous researches directed to studying of
coupling of a wheel with a rail as the physical phenomenon were conducted, hypotheses of forming of force of
adhesion in different operational conditions were entered. Taking into account influence on the size of force of
adhesion of a condition of surfaces of frictional couple, physical properties of materials, speeds of the move-
ment, geometry of a bandage of wheels and a profile of a way, normal loading were defined mean values of co-
efficient of coupling which were used for operational calculations. Influence of parameters of a running gear and
properties of the suspender of the mine locomotive on the force of adhesion and brake characteristics was studied
in detail [2].

In work [3] it is offered to improve traction and brake characteristics of the mine locomotive due to applica-
tion of the elastic axle-box node including rubber-metal elements. In work [4] the mathematical model of brak-
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ing of the mine locomotive a disk brake on a straight horizontal section of a railway line describing forced oscil-
lations of elements of the wheel and motor block taking into account the nonlinear characteristic of interaction of
frictional couple a wheel rail is developed and approved. In work [5] research of process of braking of the mine
locomotive on a horizontal railway line by the disk brake creating the pulsing brake moment on an axis of wheel
couple for the purpose of implementation of the greatest possible coefficient of coupling of wheels with rails is
described, recommendations about the analytical choice of the brake moment for different conditions of a rail-
way line are made, constructive conceptual solutions on production of the disk brake creating the pulsing brake
moment are proposed.

Article purpose — to develop mathematical model and to investigate process of braking of the mine locomo-
tive a disk brake on a long bias at the pulsing brake moment.

Forced oscillations of the wheel and motor block of the mine locomotive in the course of braking on the
straight section of a railway line having a bias a disk brake taking into account the nonlinear characteristic of in-
teraction of frictional couple a wheel rail can be described by system of six differential equations of the second
order

(mc/4—m3—m4)y=—[Cyg(y—y3)+By3(y—y3)+
+Cy4(y—y4)+[3y4(y—y4)+(mc/4—m3—m4)gsin[3],
m3y3 =Cyg(y—Y3)+Bys(y—V3)+F3(S3)-mggsinp,
My¥a =Cya(Y—Ya)+Bya(V—Ya)+Fa(Sa)-mygsinp,
|3¢>3=—[C¢3(¢3—<P2)+l3(p3(<b3—¢2)+rF3(53)J ;
|4¢)4:_I:Cq)4((p4_(P2)+B(p4((b4_(b2)+rF4(S4)] :
126 = Cy3 (03 = ®2) + By (93— 02) +Coa (94 — 02 ) +
+Boa(Ps—b2) —uM{/2,

@)

where m. — mass of structure; mg, m, — the specified mass of the corresponding wheels; y, y3, y,4 — linear

movements of the locomotive and corresponding wheels; y, V3, y, — linear speeds; ¥, V3, ¥, — linear accel-
erations; Cyg, Cy4, — coefficients of rigidity of the corresponding elastic elements; By3, Bys — coefficients of

®3 1 C(p4 '
responding half shafts of the wheel and motor block; B3, Be4 — coefficients of viscous internal resistance of

viscous internal resistance of the corresponding elastic elements; C — coefficients of rigidity of the cor-

the corresponding half shafts of the wheel and motor block; B — a tilt angle of a way (positive at the movement
on rise and negative at the movement on descent); F3 =wy3(S3)(mg/8) cosp, Fy=w4(S,)(myg/8) cosp —
forces of adhesion of the corresponding wheels; w3, v, — coefficients of coupling of the corresponding wheels;
S3, S, — relative slidings of the corresponding wheels; m; — mass of the locomotive; g — acceleration of gravi-
ty; 1, — the given moment of inertia of a reducer, a disk brake and the engine concerning an axis of wheel cou-
ple corresponding to one wheel couple (depends on the location of a disk brake); 15, 1, — the given moments of
inertia of the corresponding wheels concerning an axis of wheel couple; ¢,, ¢3, ¢, — angular data of an output
shaft of a reducer and corresponding wheels; ¢,, ¢3, ¢, — angular speeds; @,, ¢3, $, — angular accelera-
tions; 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 M, =u M{/2, where u — a gear ratio of a reducer;
M; — the braking moment on an engine shaft).

Coefficients of coupling of wheels with rails 5, vy, are also y, functions of relative slidings of the cor-
responding wheels and are on a formula [6]

v=kg| th(koS)—keS+ksS%| . @

Relative slidings can be determined by formulas at any moment
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S3=(03r—V3)/V3,  Sa=(Par—Ya)/Va - 3)

At small tilt angles of a way (|B|<5°)

. i
smB:th:m,

where i — a bias of a way (positive at the movement on rise and negative at the movement on descent).
Let's find the maximum absolute value of a sine of the angle of an inclination of a way at which tempera-
ture of a working surface of a brake disk will not exceed admissible value Ty (under the terms of work of fric-

tional couple) after the locomotive, moving on descent with the switched-off engines, passes a way y with a

constant speed v with the set mass of structure. Let's believe that from brake means only the disk brake of each
drive cart is involved.
At the first stage the task is reduced to definition of the best axial effort N, at which through a period

t=y/v temperature of a surface of friction of the brake disk rotating with a constant angular speed = (v/r)u
at the reference temperature 7,, =25 of °C will not exceed T . For this purpose we will use a formula

T1,2:61,2(Td_Tn)+Tn’ 4)

where T , — temperature on a friction surface (hereinafter the index 1 belongs to a disk, 2 — to frictional pads);
0; , —dimensionless temperature.
Dimensionless temperature in turn is on a formula [7]

2 Bi © V, 2 V Fo
nBh o 01,2(Vnp)( +7py 01,2(P1Vn)) N I Ki(Fo—x) (P1,2(Vn,T)dT G

2
Bif 2 +1 nt Vn(4—ﬂ2912Vo 1, 2(P1Vn )) 0

01 »(p, 0, Fo) =

where p=r/R, —dimensionless radius; r — current radius; R, — external radius of a disk; Fo= alt/Rz2 — Fou-
rier's criterion (dimensionless time); & , =%y »/C; 271, 2 — heat diffusivity coefficients; A;, A, — heat conduc-
tivity coefficients; ¢;, ¢, — specific heat capacities; y;, vy, — density; t — current time; Bi =(Gly 2/7~1, 2) R,
— Biot's criterion; o1, o, — the heat emission coefficients considering specific conditions of process of heat
emission; V0172(vnp)=(Bi1’2Y0 (V) =V Yz (Vp )) Jo(vnp)+(an1(vn)—BilszO(vn ))Yo (vnp) — kernel of final in-
tegral transformation of Hankel; v,, — eigenvalues; Jg, Yo — Bessel functions according to the first and the sec-
ond sort of an order zero; J;, Y; — Bessel functions according to the first and the second sort of first order;
a(t) Ry

p1=R/R, ; R — internal radius of a disk; Ki=
(Td_Tn) M

Kirpichev's criterion;

t

q(t)=At/ItF°) | (l_tljdr — thermal flow; M; =Ny Re — the brake moment arising in a disk brake; pu —
tF o t

- . . . - 2R3-R? o

friction coefficient for couple of materials of a disk and a frictional pad; R, =— 5 5 -

3R5 —R{ \/2(1-cos 01)

equivalent radius of friction; o — central corner of ring sector of a frictional pad; t, — braking time;

\/nlﬁ—(l—lc) Bi]_eKZ Bif Fo erfC<(1—K) Bilﬁ)j :

;O :\/xlclyl/(\/klclyl +\/x2c2y2) — the coefficient of distribution of thermal

2
F= a( R? —R? )/2 — area of contact; ¢ =oyKe " FO[

(l_atp> \/a efavﬁ Fo
2= JnFo

48



TipHuua easekKmpomexaHika

flows showing what part of heat generated at friction is taken away in a brake disk; k=o/2m ;

2 2
erfc x = "t dr=1-erfx; erf x= ~" dt —integral of probabilities; a=ay/a;; A=Ay /A .

2] 2]
—|e — e
Iy NEY,

Further, we will substitute the value of the brake moment M corresponding N,a in system of differen-
tial equations (1). For a disk brake with a multisector disk we use a formula

M/ =§(M0 —Asin(oc(pz))= Mé—A’sin(a'(p1)=

’ * . ’ ’ Hl_MZ !
=Myl 1-Assin(a'py))=Mj| 1-—=—"=sin(a'p J Uy > o ), (6)
§(1-A'sin(aley) [ B 2sin(orer) | (o)

where Mg — a constant component of the moment of braking on an axis of wheel couple; 4 — amplitude of
fluctuations of a variable component of the moment of braking on an axis of wheel couple; o — number of the
periods of a sinusoid for one turn of wheel couple; My =2Mg/u — a constant component of the moment of
braking on an engine shaft; A'=2A/u — amplitude of fluctuations of a variable component of the moment of
braking on an engine shaft; o’ =o/u — number of the periods of a sinusoid for one turn of a shaft of the engine;
W, Mo — friction coefficients for two couples of materials of a disk and frictional pads.

The system of differential equations (1) taking into account formulas (2), (3), (6) is nonlinear as unknown
functions are included into it not linearly. She represents mathematical model of braking of the mine locomotive
a disk brake on a long bias at the nonlinear brake moment. Having integrated system (1) taking into account
formulas (2), (3), (6), we will find value of a sine of the angle of an inclination of a way  at which the speed of

the locomotive will remain to a constant.
We will carry out calculations at the parameters of disk brakes specified below with homogeneous and mul-
tisector brake disks. A disk brake with a homogeneous disk: disk material — steel 45 HB 415; material of fric-

tional pads — 6KH-1; internal radius of a working zone of a disk R; =9,3-1072 m; external radius of a working
zone of a disk R, =1,7-1071 m; disk thickness 2b = 2,5-1072 m; a form of frictional pads — in the form of ring

sector with the central corner o =n/4 ; thickness of frictional pads 2b, —11-1072 m. A disk brake with a multi-

sector disk: quantity of the sectors of a brake disk made in turn of steel 45 HB 415 and the SCh 15-32 NV 200
gray cast iron, — eight; material of frictional pads — 6KH-1; internal radius of a working zone of a disk

R = 9,3-1072 m; external radius of a working zone of a disk R =18-10~1 m; disk thickness 2b = 251072 m;
a form of frictional pads — in the form of ring sector with the central corner o = /4 ; thickness of frictional pads
2b, =11:1072 m.

We will carry out calculation of the best axial effort N, for a multisector brake disk in the assumption

that the disk is not broken into sectors and it is made either of steel 45 HB 415, or of the SCh 15-32 NV 200 gray
cast iron. As rated we will accept smaller of the received values.

At the chosen parameters of a disk brake with a homogeneous disk, the mass of structure m; = 5.10% kg, a
way y=1000 m, speed v=3 m/s and rails covered with liquid coal dirt, we will receive |sin [3|:0,0139 that
corresponds ||| ~13,9 %o. At the chosen parameters of a disk brake with a multisector disk and the same input

datas |sinf3|=0,0152 that corresponds |i| ~15,2 %o.

It should be noted that at other conditions of a railway line we will receive approximately the same values
of a bias of a way, but relative sliding of wheels on rails will differ.

Conclusions

1. On the basis of the developed mathematical model comparative analysis of braking of the mine locomo-
tive on a long bias is made by the disk brake creating the constant and pulsing sinusoidal brake moments on an
axis of wheel couple.

2. It is established that at the chosen parameters of a disk brake with a multisector disk the maximum
absolute value of a bias of a way at which temperature of a working surface of a brake disk will not exceed ad-
missible value during long descent for set lengths of a way, speeds and the mass of structure will be more, than
at the chosen parameters of a disk brake with a homogeneous disk. For example, with a length of way 1000 m,
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the speed of the engine 3 m/s and mass of structure 5-10* kg the difference of biases is equal to 1,3%o that makes
9,35% of the maximum absolute value of the bias corresponding to a disk brake with a homogeneous disk.
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A.B. Boopoe, A.M. Pomanoeckuii Kano-mol mexH. HAyK
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AHAJIN3 PE3YJIBTATOB MOAEJIMPOBAHUSA
JEKTPOMEXAHUYECKON CUCTEMBI
QJEKTPUYECKASA CETbH - IIPUBO/I - KOMIIPECCOP - THEBMOCETDb»

Anomauia. B pobomi npogedeHo ananiz pe3yibmamis MOOen08AHHA MAMEeMaAMU4Hoi Mooei, W0 0036075€
BUSHAYAMU ONTNUMATLHULL PeXCUM poOOmu cucmemu UpoOHUYMEa i po3nooiLy CMUCIO20 NOBIMps, WO CKIa0a-
EMbCAL 3 HACMYNHUX eleMenmie "enekmpuuna mepedca - npugoo - komnpecop - nnesmocemu”. Ilposedenuii ana-
73 NOKA3a8, Wo 3aNnpONOHOBAHUL BAPIAHM Pe2YNIOBAHHS 3 «NIABAIOYUMY BEPXHIM pi6HeM MUCKY 3abe3neyye
CKOPOYEHHsL UMPAmM eJleKMPUYHOI eHepeil, CROHNCUBAHOI PO32NAHYMOI0 eleKMPOMEXAHIYHOIO cucmemoro. Y 3sic-
MasneHHi 3 KIACUYHUM OBOXNOUYILIHUM PecyTI08AHHAM, eKOHOMIA docsieacmbes 6 medcax 1...13% 6 3anexcnoc-
mi 8i0 3HAUEHb BUMPAMU CIMUCIO020 NOGIMPSl, CHOHCUBAHO20 NHEBMONPUUMAYAMU. .

Knrwouoei cnosa: enexmponpugoo, peynio8ants, KOMIpecop, enekmpomMexaniuua cucmema.

Annomauusn. B pabome npogeden ananuz pe3yibmamos MoOeIUuposanuusi Mamemamuieckol mooeiu, no3-
gonsouell onpeoensims ONMUMATILHBILI PEACUM PAOOMbL CUCHEMbl NPOU3B00CIBA U PACAPEOENEHUs] CHCAMO20
6030yxa, cocmosujell u3 Cie0yioWux dNeMeHmos “dNeKmpuiecKas cemv — NPUBOD — KOMNRPECcop — NHeGMO-
cemyv”. [Iposedennviil ananus noKaza, 4mo npediazaemvlii apUAHI PeSyIupO8anUst ¢ «NIAGAIOUUM» BEPXHUM
YpogHeMm Oaesnenus obecneyusaenm coKpaujerHue pacxooda 2NeKmpudeckol sHepeull, Nompedasemol paccmampu-
6AeMOUL DNIEKMPOMEXAHUYECKOU cucmeMoll. B conocmagienuu ¢ Kiaccuueckum 08yXnO3UyUOHHbIM PeSyiupo6d-
HUueM, 3KOHOMUs docmuzaemcs 6 npedenax 1...13 % 6 3agucumocmu om 3HaAUeHUll pacxooa CaHcamozo 8030yxd,
nompeosieMo20 NHEGMONPUEMHUKAMU.

Knrwouesvie cnosa: snekmponpusoo, pe2yiuposanue, KOMIPeccop, JNeKmpOMEXaHUecKdas Cucmemd.

Abstract. The paper analyzes the results of modeling a mathematical model that allows to determine the
optimal mode of operation of the production and distribution of compressed air, consisting of the following ele-
ments “electrical network - drive - compressor - pneumatic network”. The analysis showed that the proposed
control option with a “floating” upper pressure level ensures a reduction in the consumption of electrical energy
consumed by the electromechanical system under consideration. In comparison with the classical two-stage reg-
ulation, savings are achieved within 1...13%, depending on the values of the compressed air consumption con-
sumed by the pneumatic receivers.

Keywords: electric drive, control, compressor, electromechanical system.
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