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MATHEMATICAL MODEL OF MECHANICAL SUBSYSTEM OF
TRACTION ELECTRIC DRIVE OF AN ELECTRIC LOCOMOTIVE

The mathematical model of the mechanical subsystem of the traction electric drive of the four -
axle section of the locomotive is developed in the article. The peculiarity of the model is taking
into account the interconnected vertical oscillations of the locomotive and torsional oscillations in
traction transmission and the influence of the anti-discharge device on the processes in the
traction electric drive. This allows taking into account the relationship of oscillations of the crew
of the locomotive, which have a significant impact on the processes in the electrical part of the
traction drive. The model describes the oscillations of the locomotive body, two carts, four wheel
pairs, traction motors and gearboxes. When developing the model, the assumption of linear
dependence of stiffness and damping coefficients on displacements and velocities is accepted.
Coupling of a wheel with a rail is described by means of the approximated dependence. The
oscillations of the rails and the bases of the rail track are introduced into the model. As
perturbation for vertical oscillations the roughness of a rail track is accepted. The model takes
into account the influence of traction force and vertical oscillations of the crew on the unloading
of the axles of the locomotive. This will allow us to study the processes of realization of the
locomotive's maximum traction forces in the traction mode and in the mode of electrodynamics
braking.

The use of the developed mathematical model of the mechanical subsystem will allow taking more
fully into account the mutual influence of electrical processes and mechanical oscillations on each
other, which will increase the accuracy of modeling. The model can be used for research of freight
electric locomotives such as VLI10, VLI11, VL82, VLS80, 2EL4, 2EL5 in order to further improve
their traction electric drives, in particular, to determine the rational modes of application of the
anti-unloading device in traction and braking modes. Further application of the mathematical
model is possible to assess the performance of the traction drive and the locomotive in general in
the study of modern traction drives, in particular, asynchronous, the use of which is possible on
the above locomotives.
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Introduction. The National Economic Strategy for the period up to 2030 [1] provides for the renewal and
modernization of the rolling stock of JSC Ukrzaliznytsia. The latter will be most effective if, as a result of
modernization, the key technical characteristics of the rolling stock are brought closer to the level of modern models.
Taking into account the work on the electrification of the railways of Ukraine, it seems advisable to improve the main-
line electric freight locomotives of the VL10, VL11, VL80, VL82 types, as well as the 2EL5K and 2ES5K electric
locomotives in order to increase their traction and energy performance.

Prediction of the characteristics of modernized electric locomotives can be achieved through mathematical
modeling, which allows one to study processes in various systems and predict the properties of an electric locomotive as
a whole. To carry out such work, appropriate mathematical models are required that reliably describe the processes in
the systems under study.

The modern approach to modeling processes in such a complex electromechatronic system as a traction electric
drive of a locomotive is to develop a complex mathematical model [2, 3] using specialized software that allows
modeling with a high degree of detail of the studied locomotive systems [4-6]. However, for problems where electrical
processes in a traction electric drive and its components are studied as a priority, it is sufficient to use simplified, less
detailed mathematical models of the mechanical subsystem. For example, in [7, 8], the mechanical subsystem is
described in the form of equations of torsional vibrations in the traction drive of a locomotive. At the same time, it was
shown in [9] that torsional vibrations are interconnected with vertical vibrations of the locomotive undercarriage
assembly, therefore, models that take this circumstance into account will be more reliable. Such models are used in [10,
11]. In this case, the assumption is made that horizontal and vertical oscillations are independent of each other [9, 12].
Models of this type - taking into account the vertical vibrations of the locomotive and torsional vibrations of the traction
drive - seem to be more suitable for tasks in which the main research is directed to the processes in the electrical
subsystem, but there is a significant mutual influence of the electrical and mechanical subsystems of the traction electric
drive.

A mathematical model of the mechanical subsystem of an electric traction drive of an electric locomotive can be
developed using the recommendations that are used to study the dynamics of a locomotive and assess its driving
performance [13-15]. This model is supplemented by a description of the traction drive torsional vibrations, containing
the equations of the traction motor and gearbox vibrations. External forces will be traction and braking forces (with
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electrodynamic braking), resistance forces to motion, as well as axle loading forces during the operation of counter-
unloading devices, which are equipped with the considered electric locomotives. It should be noted that there are
practically no studies concerning the effect of anti-unloading devices on dynamic processes in the mechanical
subsystem and the traction electric drive as a whole. It also seems necessary to take into account the redistribution of
axle loads that occurs when traction (braking) forces are realized.

Thus, the aim of the article is to develop a mathematical model of the mechanical subsystem of the traction
electric drive of the four-axle section of an electric locomotive, taking into account the vertical vibrations of the
locomotive and torsional vibrations in the traction drive of the four-axle section, as well as the operation of the anti-
unloading device.

Research results. A mathematical model is being developed for a four-axle section of a mainline freight electric
locomotive. A general description of the design of electric locomotives can be found in the relevant literature ([16-18],
etc.), here we only note the design features that affect the development of a mathematical model. The electric
locomotives are equipped with a first-class traction drive, in which the traction motor and the traction gearbox have
axial support. The traction motor is supported on the axle of the wheelset through plain bearings, on the frame through a
rubber-metal support. The gear train is double-sided (spaced chevron), there are no elastic elements in the gear wheel
design. The wheel-motor unit is connected to the bogie frame through leashes with rubber-metal bushings. The transfer
of traction forces from the bogie to the body is carried out through a ball connection, which does not allow the body and
bogies to move along the longitudinal axis of the electric locomotive. A distinctive feature of electric locomotives is the
use of anti-unloading devices to increase the use of the adhesion weight of the locomotive: anti-unloading devices
provide additional loading of the extreme axes of the electric locomotive section when traction forces are applied (the
first wheelset is loaded) and electrodynamic braking (the last wheelset is loaded along the way).

When developing the model, the following assumptions were made [12, 13]:

1) the body, bogies and unspring elements of the locomotive undercarriage assembly are considered absolutely
rigid bodies;

2) the movement of wheelsets on the rails is uninterrupted;

3) the upper structure of the track is presented in the form of a concentrated mass with elastic and dissipative
parameters;

4) the crew is symmetrical, there are no technological deviations and clearances;

5) fluctuations are small;

6) the disturbing effect on the crew is assumed to be random;

7) is considered freight traffic at speeds of no more than 100 km/h in straight horizontal sections of the track.

We also neglect the elastic-dissipative properties of the wheelset axle [9, 19], which makes it possible to exclude
a separate mathematical description of the movement of the left and right wheels. We assume that the spring suspension
and vibration dampers of the body stage are installed in a vertical transverse plane passing through the center of the ball
connection of the body and the bogie, and are replaced by devices with equivalent parameters. We also assume that the
spring suspension and vibration dampers of the axle-box stage are installed in vertical and horizontal planes passing
through the axis of rotation of the wheelset and are replaced by devices with equivalent parameters. The counter-
unloading device is modeled by an elastic-dissipative element with constant stiffness and damping coefficients.

Figure 1 shows the computational model of the section of the investigated electric locomotive.
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Figure 1 - Design model of a four-axle section of an electric locomotive
(2L, - body base, 2L, - bogie base, L, — distance from the pivot assembly to the end beam of the bogie)

The design model of the wheel-motor unit was adopted in accordance with the recommendations given in [9, 14,
19, 20]. The elasticity of the gearing of the traction reducer has been added to the model. The design model diagram is
shown in Fig. 2.
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Figure 2 - Design model of the wheel-motor unit

Differential equations of oscillations are compiled using the Lagrange equations of the second kind
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where T —Kkinetic energy;

IT — potential energy;

@ — dissipative function;

q, — generalized coordinate;

g, — generalized speed;

O, — external force acting along the coordinate.

The kinetic energy is calculated by the expression
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where M, —body weight,
J, —body moment of inertia,
M ,—bogie frame weight,
J, — moment of inertia of the bogie frame,
M,, — weight of the wheelset (with axle boxes and toothed wheels of traction gearbox),
J,, —moment of inertia of a wheel pair (with gear wheels of traction gearbox),
M, — the mass of the traction motor (taking into account the mass of the casings and gears of the traction

gearbox),
J, —moment of inertia of the traction motor (taking into account the casings, gears of the traction reducers and

the reduced moment of inertia of the armature) relative to the axis of the wheelset,
J, —moment of inertia of the armature (taking into account the gears of the traction reducers) relative to the axis

of rotation of the electric motor,

M . — reduced mass of the rail-sleeper grate and track base (per wheelset),

X, 2,9, — speed of the center of mass of the body in the longitudinal and vertical directions and the speed of
rotation of the body when galloping, respectively,

X,;,Z2,,¢,; — the speed of the center of mass of the bogie frame in the longitudinal and vertical directions and the
speed of rotation of the frame when galloping the bogie, respectively (i =1,2),

K> Sui» Py — SPeed Of the center of mass of the wheelset in the longitudinal and vertical directions and the

angular speed of the wheelset, respectively ( j = l,_4 ),
a'cdj,z'dj,%— speed of the center of mass of the electric motor in the longitudinal and vertical directions and the

speed of rotation of the electric motor relative to the axis of the wheelset, respectively,
(baj — motor armature rotation speed,

z,; — vertical speed of the rail-sleeper grid.
The horizontal speed of the bogies is expressed in terms of the speed of the body

X, =% i¢’ka > 3)



where H, — the distance from the center of the ball link on the bogie to the center of mass of the body. The second term

takes into account the twitching of the cart when the body is galloping.
Horizontal speed of the center of mass of the traction motor (neglecting the clearances in the motor-axial
bearings)

)'cdj = )'ckpj . 4
The vertical speed of the center of mass of the traction motor [21]

 Glt,l,

2y ===, 5)

d
where L,L,,L, =L +L, — horizontal distance from the center of mass of the electric motor to the point of its

attachment to the bogie frame, the axle of the wheelset, respectively, and the total length of the engine mount. In the
calculations, we assume that the fastening of the electric motor to the bogie frame is located in a plane passing through
the center of the pivot assembly.
Speed of rotation of the traction motor frame around the axis of the wheelset [21]
. Zk =2 i
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Since the rolling of the wheelset on the rail is continuous, the vertical speed of the track element under the
wheelset is expressed as follows

8y =G 1 7
where 77; =7)(x,,) — time derivative of the unevenness of the track ( x;,, —longitudinal displacement of the wheelset).

The potential energy of the system is calculated by the expression
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where ¢, — coefficient of rigidity of the spring suspension of the body stage (equivalent),
¢, — coefficient of rigidity of the anti-unloading device,
¢, — coefficient of rigidity of the spring suspension of the axle-box stage (equivalent),
¢, — coefficient of rigidity of the leaders (equivalent),
¢, — coefficient of torsional rigidity of the leaders (equivalent),
¢, — coefficient of rigidity of electric motor suspension,
¢, — coefficient of rigidity of the gearing of the traction gearbox (equivalent),
¢, — coefficient of rigidity of the rail-sleeper lattice and the track base,
Az,, —movement of the spring suspension of the body stage,
Az, — movement of the support of the anti-unloading device,
Az, ;— vertical movement of the spring suspension in the axle-box stage,
Axkpj — horizontal movement of the rubber elements of the leashes,
Ag,,; — the angle of twisting of the rubber elements of the leashes,
Az, — deformation of the rubber support of the traction motor,
A, — deformation in the gearing of the traction gearbox,
Az,; — deformation of the rail-sleeper grid,
k s — boolean variable. If the anti-unloading device is on, then k = 1 otherwise k i = 0. In this case, the

simultaneous switching on of the anti-unloading device of the front and rear bogies is not allowed.
The movement of the spring suspension of the body stage is calculated by the expression (neglect the galloping
of the bogie)
Azy =(z, 2 L) -z, , ©))
where ¢, is the pitching angle of the locomotive body,
z,;— vertical movement of the bogie frame,

L, —half the distance between the centers of the ball joints on the body.

non

The "+" sign is taken for the first trolley in the direction of travel, the
of movement.

— for the second trolley in the direction



Vertical movement of the counter-unloading device hinge
Az, =(z, 2o (L, + L))~ (z, £ @, L,), (10)
where ¢, —bogie galloping angle,
L, — the distance from the center of the ball joint to the lining for supporting the anti-unloading device roller on
the end beam of the bogie.

Signs "+" are taken for the first bogie in the direction of travel, signs "—" — for the second bogie in the direction
of travel.
Vertical movement of the spring suspension in the axle-box step

Az =(z, £ 9,L) -z, 1D
where z,, is the vertical movement of the wheelset. The “+” sign is taken for the first wheelset in the direction of
travel for each bogie, the “—” sign — for the second wheelset in the direction of travel of each bogie.

Horizontal deformation of the leader rubber elements
Ax,, =x,, —(x, t¢,H, ) =X, —(x, toH, tp,H,), (12)
where H, — distance from the axle of the wheelset to the center of mass of the bogie.

[T3R2]

The “+” sign in front of the term ¢, H, is for the first and second wheelsets, the “-” sign in front of the term ¢ H, is for
the third and fourth wheelsets. The “+” sign in front of the term ¢, H, is taken for the first and third wheelset, the “—”
sign in front of the term ¢, H, is taken for the second and fourth wheelset.
The angle of twisting of the rubber elements of the leaders is calculated by the expression
Ap,,; = % (13)
where L, — the distance between the axes of the rubber elements in the leader.
Vertical deformation of the traction motor support (neglect the galloping of the bogie)

Az, =2z,— 7z, (14)
Deformation in gearing

Ap; =Rp,; —R@,; . 15)
where ¢, ., @, — the angle of rotation of the j-th wheelset and the armature of the j-th electric motor, respectively

R,, R, —radii of the gear and toothed wheel of the traction gearbox.
Deformation of the rail-sleeper lattice
Az =24, =11 (16)

Here 77; =1(x,,) is the unevenness of the path.

The dissipative function is calculated by the expression
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where b, —damping coefficient of the spring suspension of the body stage (equivalent);
b, — damping coefficient of the anti-unloading device (equivalent);
b, — damping coefficient of the axle-box spring suspension (equivalent);
b, — compression damping coefficient of the leader;
b,w — torsional damping coefficient of the leader;
b, — damping coefficient of the traction motor suspension;
b, — damping coefficient of the gearing of the traction reducer (equivalent);
b, — damping coefficient of the rail-sleeper lattice.

. d
In expression (17), it is assumed that the speed is calculated as A = EA. Then using expressions (9) — (16) we
t

obtain
Az, =(z, igbkLk)_Z.ti (18)
AZﬁ = (Zk x ¢k (Lk + Lf )— (Zri * ¢tiLf) (19)
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To calculate the generalized forces, we introduce the generalized coordinates:
— longitudinal horizontal and vertical movements and pitching angle of the body x,,z,.¢, ,

— vertical movements and angles of galloping of frame of bogies z,,¢, ,
— horizontal and vertical displacements and angles of rotation of wheelsets x, ..z, ..,
— angle of rotation of the traction motor armature ¢,

Thus, the system will have 23 degrees of freedom.
We introduce generalized forces as follows (Fig. 3). Consider the traction operation mode.
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Figure 3 - Scheme of application of generalized forces and moments

(H, — coupling height, H_ — height of the pivot assembly, R, — wheel radius)

kp
The traction forces act along the coordinate x,
4 1 &
Fim2F =2 My (26)
where M, — coupling moment of the j-th wheelset and the forse of the main resistance to movement W , which

we neglect

On the coordinate ¢, , the moment M W from the traction force acts on the resistance coupler

MW:FA(Ha_HS)’ 27)
where H, and H_ are the automatic couplings, the height and distance from the level of the rail head to the
center of the bogie ball connection. We accept these values as unchanged when the locomotive vibrates.
By the coordinates z, and z,, the forces act D, and D,, accordingly, from the anti-unloading device:
D, =k, (Do,- —c fdAfl.) — the additional loading force from the anti-unloading device, here D, — the initial force, Af, —
the piston stroke of the cylinder of the anti-unloading device of the i-th bogie, ¢, — coefficient of rigidity.

On the coordinate ¢,, , the moment from the force of the anti-unloading device and the traction forces of the first
bogie act

M, =-DL, +(F +F,)(H -R,) (28)
The moment from the traction force of the second bogie acts along the coordinate ¢,,
Mt2 :D2l’f +(Fk173+E<p4)(Hs _Rkp) (29)

The moments M ; of the electric motors act on the coordinates @, .
The adhesion moments M, act on the coordinates @, , .
The adhesion moment of the j-th wheelset is calculated taking into account the recommendations [9, 19, 23-26]

M,, =R, WK, (N,+AN, +AN,, ) (30)

kpj



where K

kpj
¥, — potential adhesion coefficient (determined by [22]),

= K(u,,) — dependence of the coefficient of adhesion on the sliding speed for the j-th wheelset,

N, — static component of the normal reaction of the rails to the wheelset, equal to 235 kN,
AN,

1, — the dynamic component of the normal reaction of the rails to the wheelset,

AN,,,,; — change in the load on the wheelset when the traction (braking) force is realized.
The sliding speed of the j-th wheelset is calculated by the expression
Ui = R p ¢kpj - xkpj 3D

Coefficient K(u,,) is approximated by the following formulas depending on the relative sliding speed ft (Vg
VE

— speed expressed in m/s ( VE =1x); V, —speed expressed in km/h (V, =3, 6\75 )):
if 0<u<0,14%V,

K =1491,25% (32)
VE
if 0,14%V, <u <1,14%V,
oo 38L6u-V, ’ 33
360u —0,04V,
if 1,14%V, <u<2,5%V,
K =1,06-16,36-% | (34)
VE
if u>2,5%V,
K =0,57¢ %) 10,36 00 4 0,02e ) (35)

where u,, = 2,5%‘}E .

The dynamic component of the normal reaction of the rails to the wheelset is calculated by the expression [9]

M, (bAz, +¢0z,;)-M,, (bAz, +c,Az,)

AN, . = . 36
w M, +M, (56
Change in the load on the rails when the wheelset implements the traction force [14]
F_R,
iy = —”L . (37)

12
In this case, unloading takes place if the traction motor is located behind the wheelset in the direction of travel,
and additional loading takes place if the traction motor is located in front of the wheelset.
After performing calculations according to expressions (1) - (25), we obtain 23 differential equations describing
the longitudinal, vertical and angular vibrations of the locomotive and torsional vibrations in the traction drive:
— longitudinal body vibrations
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— vertical body vibrations
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— body angular vibrations
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— angular vibrations of bogies

TGy +(=b, Lok, )2 + (=, (L + LOL ok, ) + (b Lok, )2, +(b, LKy, + 20, +b,)L +2b,L7 ), +

+(b,H, ) &y + (= +b,)L, ) 2 + (b, H, ) iy + (B +B)L,) 2 + (=, Lok ) 2, + (=, (L + L)Lk, ) @, +(43)

( fokfl)Zrl +(2'CILI2 _Zchx2 +Cf ' kfl )(orl +(CbHr )xkpl +(_Cth)'xkp2 + (_Cle)kal +(C1LI)ka2 =M,

J,(p;z+(—kf2bfo)z'k+(bf(Lk +Lf)Lfkf2)¢k +(kf2bfo)z't2+(—bfo2kf2+2(b, +b, )L +2b Lz)%
+(ByH, ) oy +(= (B + 5, )L, ) 2y + (b, H, )y + (B 5, ) L) s + (=€, Lok, ) 2 ( ¢, (L +L, )Lfkf2)¢k+ (44)
(/L/ka) (2c1 ZChH +e, L Zkﬂ)gz)l2 ( H)xk[;S+(_ch1)'xkp4+(_Cll‘1)zkp3+(cllﬁ)zkp4:MIZ

— longitudinal vibrations of wheelsets
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1
[b +bw 2+b +b jzkpg [ G wa 2 ]z,2+ cL ¢,2+(c +¢, L2+cd+c ]zkp3= (29
b b

=(M, )iy +(b, )iy +(c. )n,

LZ2 J, . LL J 1 ) .
(Mkp +M, _2+_21+M Zpa T M, 2 __; —b, - bbgo 2 -b, |z, +(b1L; )(012 +
L~ L, L, L, L,

1 1 1
[b +b,, — I +b, +D, JzkpA ( G Cb(pE_CdeIZ+(C1Lt)¢t2+(cl+Cb<pF+cd+CrJka4 = (52)

b b b

= (M, )iy + (b, )y +(c, )4

— angular vibrations of wheelsets

(74) B + (bR, )y + (=B RR, ) o, +(C. R ) @ +(—C.RR, ), =M, (53)
(1) B + (bR ) p + (-b.R R ) B + (R, )0y +(—C.R R, ) @0,y =M, (54)
(74) B + (DR, ) @y + (=D R R, ) o, + (R, ) s + (—C.RR, ), =M, (55)
(1) Bips + (bR, ) pp + (bR R ) By + (R, )0y +(—C.R R, ) @0, =M, (56)

— angular vibrations of traction motor armatures

(1,)By +(~b.RR,) @y +(b.R? ) +(—.RR,) @y +(c.R ), = M, (57)
(Ja )¢02 + (_bleRZ )¢k]}2 + (ble2 )¢a2 + (_CZR1R2 )(%2 + (Cle2 )qan = MaZ (58)
(Ja )¢a3 + (_bleRz )¢)kp3 + (b;R12 )¢)a3 + (_CleRz )gokpS + (CZR12 ) Puz = Ma3 (59)

(Ja )¢a4 + (_b:RlRZ )¢kp4 + (blez )¢a4 + (_CZRIRZ )¢kp4 + (Cle2 )¢n4 = Ma4 (60)



Thus, equations (38) - (60) form a simplified mathematical model of the mechanical part of a four-axle section of
an electric locomotive. The resulting model is intended to be included in a complex mathematical model of a traction
electric drive in order to take into account the mutual influence of electrical processes and mechanical vibrations on
each other.

Conclusions. A mathematical model of the mechanical subsystem of the traction electric drive of the four-axle
section of the electric locomotive has been developed. A feature of the model is to take into account the interrelated
vertical vibrations of the locomotive and torsional vibrations in the traction drive and the influence of the anti-unloading
device on the processes in the traction drive. The use of the developed mathematical model of the mechanical
subsystem will make it possible to more fully take into account the mutual influence of electrical processes and
mechanical vibrations on each other, which will increase the accuracy of modeling. Further improvement of the
developed model is possible by introducing nonlinear elastic-dissipative connections between the elements of the
mechanical subsystem.
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Y cmammi pospobreno mamemamuuny modens mMexamiyHoi niocucmemu ms208020 e1eKMPONPUoOy HOMUPbOXGICHOL
cexyii noxomomugy. Ocobaugicmio mooeni € 8paxy8anus 63A€MONOG ' A3AHUX BEPMUKATLHUX KOJIUBAHb TOKOMOMUBA |
KPYMUIbHUX KOIUBAHb Y MA2060i nepedaui ma enaugy pooomu npomupo36aHmaxicy8aibHo20 npucmpoio Ha npoyecu 6
ms2080My enekmponpugodi. Lle 003goae 8paxysamu 63a€mo38 130K KOIUBAHL eKINAICHOT YACMUNYU TOKOMOMUBY, AKi
Maomy 3HAYYWUL 6NIUE HA NPOYeCU 8 eNeKMPUUHIll YacCmuHi ma206020 enekmponpusody. Modenv onucye KoausanHs
Ky308a IOKOMOMUBY, 080X B6I3Ki6, YOMUPbOX KONICHUX NAp, mMA208ux 08ucyHie ma pedykmopis. Ilpu po3pobyi mooeni
NPULHAMMO NPURYUWEHHS NPO JIHIUHY 3a7eXCHIiCmb KoepiyieHmis scopcmrocmi ma 0eMn@)yeants 6i0 nepemiujeHb ma
weuokocmei. 3uenyienns Koaeca 3 peukoio ONUCAHO 3 OONOMO2010 anPOKCUMOBAHOI 3anedcHOCmi. Y modens 66edeHo
KOJIUBAHHA DpelioK md OCHOB8U pelikosoi Konii. YV axocmi 30ypeHHA O 8epMUKANbHUX KOAUBAHbL NPUUMAEMbCS
HepigHicmb  pelikogoi Koaii. Y mooleni epaxosano 6naue cuau mseu i BEPMUKAIbHUX KOAUBAHb eKInaxicy Ha
po3seanmadicenns ocell 1okomomusa. Lle 0ozeonums docniodicysamu npoyecu npu peanizayis 10KOMOMUBOM SPAHUYHUX
MA20BUX 3YCUTL Y MASOB0MY PEICUMI MA Y PEICUMI eNeKMPOOUHAMIUHO20 2ANbMYEAHHSL.

Bukopucmanns pospobaenoi mamemamuunoi mooeni mexauiuHoi niocucmemu 003801ums OLIbUL NOGHO GPAXYEAMU
83AEMHUTI 6NIUE EeNeKMPUUHUX NPOYeCcie i MexauiuHux KOIUSAHb OOUH HA O00HO20, WO RIOBUWUMb MOYHICTHb
Mmodenosannsi. Moodenv modce Oymu 3acmocosano 01 00CTIONCEHb 8AHMAICHUX elekmpogosie muny BJI10, BJI11,
BJI82, BJIS0, 2EJI4, 2EJI5 3 memow nooanvuio2o YOOCKOHANEHHS IX MA208UX eNeKmPOnPU8oois, 30Kpemd, 6USHAYEHHIO
PAayionanbHux pejCumie 3aCmocy6ants NPOMuPO3I6aAHMaNCy6aIbH020 NPUCMPOIO Y MA06UX MA 2ATbMIEHUX DEHCUMAX.
Iooanvwe 3acmocysanna mMamemMamuyHoi MOOeni MOdCIuge Oisl OYIHKU NOKASHUKIE MA208020 eNeKMpOnpugooy i
JIOKOMOMUBY 8 YINOMY NPU OOCIIONCEHHT CYUACHUX MALOBUX eIeKMPONpUEoois, 30Kpemd, dCUHXPOHHO20, 3ACMOCYBAHHS
SAKUX MODICTIUGE HA 8ULYE3AZHAYEHUX TOKOMOMUBAX

Knrouoei cnosa: enexmpo6os, mazosuii e1eKmponpusoo, 6i30K, KOIUBAHHS

B cmamve pazpabomana mamemamuueckas MoOelb MEXAHUYECKOU HNOOCUCHEMbl Ms208020 DIEKMPONPU800d
uemulpexochol cexyuu jaokomomusa. OcoGEHHOCMbIO MOOenU SGNAeMCs YUem G3AUMOCEA3AHHbIX BePMUKATbHBIX
KONeOAHULl TOKOMOMUBA U KPYMULbHbIX KOJIeOaHUll 8 MsA20601 nepedade u IusiHus. pabomosl NPOMUEOPA3ZPY304HO20
YCMpPOUCmea Ha NpoYeccyl 8 MA208OM INEKMPONPUBOOe. DMO NO360NAE YUeCmb 83aAUMOCEI3b KOACOAHUU IKURAICHOU
yacmu JIOKOMOMUBA, KOMOpble OKA3bI6AIOM 3HAYUMOE GIUAHUE HA NPOYECCbl 8 IIEKMPUYECKOU UACU MA208020
anekmponpugoda. Modenv onucvieaem Konebanus Ky306a JIOKOMOMUBA, O08YX MENENCEK, Yemblpex KONeCHbIX nap,
ms208bix 0sucamenell u pedykmopos. llpu pazpabomke mooenu NPuHAMo npeonoiodiceHue 0 JUHEUHOU 3A8UCUMOCTU
K02 Puyuenmos scecmxocmu u demnuposanusi om nepemewsenuti u ckopocmeil. Cyennenus Koieca ¢ peibcom
ONUCAHO C NOMOWBIO ANAPOKCUMUPOBAHHOU 3aucumMocmu. B moldenb 66edeno Konebanus peibco8 U OCHOGbI
penbcoso2o nymu. B xauecmee 6o3myuenus Onsi epMUKAIbHbIX KOLEOAHUT NPUHUMAEMCS HePABEHCMEO PelbCOBO20
nymu. B modenu yumeno enusinue CUlbl MseU U GePMUKALbHBIX KOACOAHUT IKUNANCA HA PA3SPY3KY Ocell T0KOMOMUGA.
Dmo nozeoaum uccied08ams NPOYECccvl NPu Peanu3ayusi 10KOMOMUBOM NPEOebHbIX MA206bIX VYCUIUL 8 MA2080M
pedicume U 8 pedcume INEKMPOOUHAMULECKO20 MOPMOICEHUSL.

Hcnonvzosanue pazpabomannoll MamemMamuyeckol MoOeiu MeXaHUYeckolu ROOCUCmeMbl NO360aum 6ojee NOIHO
yuecmyv 63aUMHOE GUAHUE DJIEKMPULECKUX NPOYECcO8 U MeXaHudecKux Korebauuil opye Ha Opyed, 4mo HOGbLCUM
mounocms mooenuposanus. Moodenb mooicem Ovimb NPUMEHEHO O UCCIe008AHULL 2PY308bIX INEKMPOBO308 MUNA
BJI10, BJI11, BJI82, BJISO, 2EJI4, 2EJI5 ¢ yenvio oanbHeliuie2co cOBEPUIEHCIMBOBANUSL UX TA20BLIX JNIeKMPONPUBOO08, 8
YACMHOCMU, ONPEOEeNeHUIO PAYUOHATLHBIX PENCUMOE NPUMEHEHUL NPOMUBOPA3ZPY30UHO20 YCIMPOUCMEA 8 MA208bIX U
MOPMO3HBIX pedcumax. JlanvHeliuiee npuMeHeHue MamemMamuieckol MOOeiu B03MOICHO OISl OYEHKU noKazameinetl
MA206020 INEKMPONPUBOOA U TOKOMOMUBA 8 YETOM NPU UCCIEO08AHUU COBPEMEHHBIX MA20BbIX INEKMPONPUBOO08, 8
YACMHOCIMU, ACUHXPOHHO20, NPUMEHEHUE KOMOPBIX 803MONCHO HA BLLUUEYNOMSIHYMbBIX IOKOMOMUBAX.

Knrwuoevie cnosa: 2JIeKMpOoe603, msieo8ulil 3/l€Kmp0an80(), meneoscKa, Konebanus
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