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ABSTRACT

The article discusses one of the options for solving the problem of precise control over the 14KA mine electric locomotive
when rearranging cars for unloading into a tipper. VG-4.5 cars are unloaded by turning around the axis of drawbars designed with
gaps of up to 0.2 m. The gaps and elastic shock-absorbers make it possible to present a mining train as a model of a chain of
connected oscillators with gaps. The system of equations of such a model is very difficult to solve analytically. The authors propose
to automate the operation of precise positioning of cars in the tipper using a given diagram of the electric locomotive movement. If
you prevent the wheels of an electric locomotive from slipping on the rails during skidding and slipping, then, knowing instantaneous
speed of the electric locomotive and the basic laws of rectilinear movement, it is easy to stop the electric locomotive in the required
place. The stop of each car in the right place can be ensured by forcibly removing all the gaps. The intensity of braking of the electric
locomotive should be such that the cars catch up with each other, but do not bounce back. Therefore, the locomotive at the end of
travel should have a sufficient amount of kinetic energy. High rigidity of rubber shock-absorbers contributes to accuracy of car
positioning in this way. To determine the required diagram for a moving mining locomotive, consisting of eight cars, a computer
model is developed and implemented in the MATLAB environment. Thus, the required schedule of the electric locomotive
movement determined as a result of studies and carried out on a computer model under the conditions specified in the model, enables
moving the entire mining locomotive with arbitrary loading and high accuracy for unloading into the tipper. Therefore, further
research should be aimed at finding ways to obtain data on the position of an electric locomotive relative to loading and unloading
devices of cars, which are reliable in operation under real environmental conditions.

Keywords: Computer Model; Mining Electric Locomotive; Efficient Diagram of Movement; Accurate Positioning; Car
Unloading

For citation: Oleg N. Sinchuk, Vladyslav A. Fedotoff, Albert B Somochkyn, Igor A. Kozakevich, Svitlana V. Somochkyna. Computer
Simulation of Movement and Accurate Positioning of Mining Electric Locomotives Trains when Unloading Cars. Applied Aspects of
Information Technology. 2020; Vol.3 No.3: 165-178. DOI: https://doi.org/10.15276/aait.03.2020.5

INTRODUCTION

Biaxial electric locomotives come in the largest
mass range of 20 types amounting to over 3
thousand units in total [1, 2]. They can be exploited

by the type and structure of their traction
electromechanical complex (TEMC).

As for biaxial electric locomotives, the TEMC
structure is a system with a single power source (a

traction electric grid) and two modules: a traction

at a variety of places — building companies,
industrial enterprises, etc. However, the majority of
electric locomotives of these types operate in under-
ground mining conditions and at enterprises
specialized in mining minerals, including coal, iron
and manganese ore, etc. Unfortunately, currently
operating biaxial electric locomotives are of an
obsolete technological type, this fact being the
reason for their low reliability and unsatisfactory
power and electromechanical traction properties.
Yet, the latter characteristics of these
locomotives including biaxial ones are determined
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electromotor — a reducer — a wheel set [1, 2].

LITERATURE REVIEW

Much attention has been paid to the issues of
analyzing dynamics of various locomotive types
with a variety of input data, approaches applied and
purposes set [3, 4], [5, 6], [7, 8], [9, 10], [11,12],
[13, 14].

Electrified main railway vehicles have been
studied to the fullest, their mechanical components —
wheel sets, drawbars, etc. — being focused on [3, 4],
[5, 6], [7, 8]. Industrial electric locomotives have
been understudied to some extent. Thus, [9] contains
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the results of testing updated open pit electric
locomotives with an asynchronous drive.

The papers [10], [15] are the closest to the
research aims of the given paper.

Yet, the above-mentioned conditions, in spite of
their fundamental character, cannot be applied to
open pit electric locomotives because of a number of
principal differences in the design of both
locomotives and their cars. Concerning open pit
electric locomotives, the results of the research into
vibrations of trains should be noted as well as search
for ways to decrease their impacts on mechanical
parts of locomotives. The results of the mentioned
researches deal with relevant changes in designs of
the mechanical part of drawbars and other elements
of open pit electric locomotives, which are or can be
under the negative action of dynamic processes.

At [12] analyzes the problem of improving
dynamics of open pit electric locomotives
considering the factors of both iron ore and coal
underground mines. Yet, TEMC dynamics is treated
skin-deep here, as there are different researches aims
to achieve which the authors use relevant tools.

To sum up the known research results,
including the above-mentioned ones, let us indicate
the fact relevant to our further research. Most of the
researches concern automatic coupling devices
(hitches) connecting cars with each other and the
locomotive respectively. Meanwhile, the difference
in the design of drawbars greatly impacts transfer
processes occurring in them and the whole
electromechanical system, thus determining a
relevant approach to analyzing these processes in
operation.

We can assume that the research results
continue the studies into dynamics of electric
locomotives, yet on a deeper level. The authors
mean that in recent years, there have been resumed
researches into designing efficient TEMCs in
Ukraine [13, 14], [15]. It is essential that along with
other elements of improving operation efficiency,
there are studies into dynamics of open pit electric
locomotives with TEMCs based on the “invertor-
traction asynchronous motor” driver.

THE PURPOSE OF THE ARTICLE

The research aims to investigate into dynamics of a
mining electric locomotive by using computer
simulation of accelerating and precise positioning at
car unloading and develop an efficient schedule of
changing the speed of an electric locomotive
equipped with a variable-frequency drive of the
“yoltage inverter-traction asynchronous motor”
structure with scalar control.

Biaxial electric locomotives transport a
locomotive with 8-10 cars connected by drawbars of
an appropriate design [2]. The design of drawbars of
operating car types (VG-4.5) provides process gaps
of 0.2 m intervals as is shown in Fig. 1.

Fig. 1. Photographic evidence of conditions of
drawbars of VG-4.5 cars (for two extreme
positions)

Source: compiled by the author

The total length of a train (without an electric
locomotive) can vary from 39.5 m (all the drawbars
are closed) to 41.5 m (all the drawbars are opened).
The two-meter variation of the train length indicates
the necessity to control accurate positioning of cars
in unloading points. One should take into account
that at Ukrainian iron ore mines, car tippers are
designated for simultaneous unloading of two VG-
4.5 cars.

For this reason, accuracy of positioning is
determined by the size of a tipper and two cars
inside the tipper. With two closed 7.9 m cars and
0.2 m gaps of car drawbars at the tipper edges,
accuracy of car positioning should be no less than
0.2 m (0.1 m at each tipper edge).

Thus, the necessity of accurate positioning
affects the time period of loading-unloading
operations and the mode of the train movement. The
basic source of inaccuracy in cars positioning during
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unloading is ambiguity of current conditions of
drawbars. In the last resort, the state when all the
cars do not contact with each other is probable.

In this case, there are inevitable jerks caused by
shocks in drawbars at selecting gaps during
acceleration and deceleration. All the above-
mentioned complicates control over car positioning
in unloading. For this reason, when designing an
effective TEMC of biaxial electric locomotives, the
requirement of maintaining speed and controlling
properties of the drive should be considered to
provide accurate positioning.

THEORETICAL REGULATIONS AND
MATHEMATICAL DESCRIPTION OF
CONTROL OVER THE ELECTRIC
LOCOMOTIVE TEMC

The traction electromechanical complex of a train,
the diagram of which is in Fig. 2, is the object of the
given research. Considering elastic properties of
drawbars connecting cars, a linear chain of
connected harmonic oscillators shown in Fig. 3 is
relevant as a basic mathematical model
[16]. Here mg, mi... mn are weights of material
points, ko, ki... kn are rigidities of springs
connecting material points with each other and
buffer stops A and B. To approximate the
calculation model to our case, we should release the
end of the oscillator chain on the right by taking the
condition kn = 0. Accordingly, the left stop A
(Fig. 4) is used as an electric locomotive here.

Considering [16], analytical solutions of
equations of movement of long linear chains (N>3)
can be obtained for a relatively small number of
cases only (1).

As in our case, weight of cars changes in series
and discretely from the beginning of the train till its
end (in loading or unloading), we can draw a

conclusion that the analytical solution is only for the
case when car weights at the beginning/end of the
train differ from those of other cars.

1. k0=k1=...=kN71,
My =M, =...=My_;

2 k0=k2—k4 ,

kl—ks—ks 1
My =M =..=My,

3 k0= 1=...=kN71, O
m,=m,=m, =...,
m1:m3: 5 = X

4 k.:k;tkN,i:o,l,..,N 1,
Mmy=m =..=my_;

5 ki=k,i=0,l, 4N,

m=m=m,,,i=01.,N-2.

For other cases of weight distribution, there is
no analytical solution at all.

The model (Fig. 3) does not consider the
presence of gaps between neibouring material
points. In other words, the situation when a material
point (in our case, a car) cannot interact with
adjacent cars and be in a free movement is excluded

Assuming the above-mentioned, it is evident
that the analytical solution for the system of
connected oscillators with gaps is almost impossible
to find. There is only a method of investigating into
regularities of movement of such a system by means
of computer simulation. To achieve the given goal,
the model in Fig. 4 is used as the basic one, yet with
gaps introduced.

Fig. 2. General structure of an electric locomotive and cars
Source: compiled by the author

Fig. 3. Calculation model of the mechanical part of the mining locomotive
Source: compiled by the author
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According to the structure of the mining train
(Fig. 2) and properties of drawbars, we apply
equations describing behaviour of the mechanical
system of a mining train as follows:

dv
Ean° dlt” = sz

~F.,,-F F (2)

m TP1’

cr1” Tv@e2) T

is the differential equation of the locomotive
movement;

dv,,

m,, F ) (3)
i dt

TPN

Fop —F

=Fyinn-y T Feomv V(N,N+1)

is the differential
movement

equation of the N-th cars

C '[ALN _%j+ FBTl...N ;ALN > 5N;

(4)

|
F.V(l,Z...N—l,N) = J|O; ‘ALN‘S Oys

5
{c .[ALN + 7’“} ~Fyry AL, <=3,

is the expression for modelling the elastic-viscous
effort considering a gap in the N-th drawbars.
Here

FBTN :ﬁ'(vBN _VB(N—l)) ) (5)
is the expression modelling viscous friction force in
the N-th drawbar, £ is the viscous friction factor.

Foy = Fpp - (K-S +1)7 (6)

is the expression modelling resistance to the shift of
the N-th car with subsequent descent according the
hyperbolic law

daL,
dt BN B(N-1)

: ()

is the differential equation to calculate deformation
for the N-th drawbars.

Here mgyz, mgi... mpy are weights of the electric
locomotive (considering reduced weights of electric
motors) and cars;

C is the rigidity factor of a drawbar:

VerVis.. Vag are linear velocities of weights of
the locomotive and cars;

F .z is the moving effort affecting the mass mgy ;

Fcn is static resistance affecting the locomotive;
Fcr is static resistance affecting the mass may:

S,y 1s movement of the N-th car;

k is the weight factor determining intensity of
the car shift effort dropping to zero.

RESEARCH CONDITIONS

Our research is focused on a single process
operation — movement of two VH-4.5 cars in the
tipper as this very operation requires maximum

accuracy of car positioning. Considering process
requirements to unloading intensity and geometry
the movement distance should be 7.9 m within 20 s.
We ignore slipping of locomotive wheels along rails.
Instead, we monitor dynamics of the effort in the
drawbar maintained on the level of maximum shear
traction force (35 kN for the 14 KA locomotive) to
prevent wheel slipping.

As is known, the maximum rail tractive effort
of a locomotive is calculated on the basis of the
locomitive’s adhesion force (14 t) and the adhison
factor of the rail head with the wheel which is not
exceeding ¥ = 0.25 for underground mines and dry
rails. In other words, in our case, the sought rail
tractive effort makes Fs.f. = Pc.m.-0.25 = me-g-0.25
= 14000-9.81-0.25 = 34335 H = 35 kN. Yet, one
should distinguish slipping and skidding of the
electric locomotive and acceleration intensity of the
locomotive itself as well as a disturbing elastic effort
on the locomotive drawbar. The excessive effort
caused by locomotive motors and the elastic effort
of the reaction on the drawbar from the stock train
can equally cause skipping or slipping. Yet, in the
former case, there is auxiliary circular slipping of
wheels relative to rails, while in the latter — linear
slipping. The specification of the 14KA electric
locomotive states that nominal traction force makes
23 kN.

The factor considering resistance to linear
movement of cars and the locomotive is accepted as
0.01, i.e. with the weight of the loaded car of
14200 kg, resistance to movement will
0.01-14200 kg-9.81 m/s? = 1393 N.

An asynchronous motor 4A250S6Y3 with the
following nominal parameters is selected to be a
motor of the 14 KA locomotives:

capacity P, =45 kW,

synchronous angular velocity o, =104,7 s¥;
the efficiency factor n=0,915;
the capacity power factor

make

cosp =0,89 ;
the maximum torque factor
M /M, =20.

Equivalent  circuit  parameters of the
asynchronous motor presented in Fig. 4
X, =3,8 relative unit (r.u.),

R, =0,037 r.u, X/ =0,090 r.u,

R!=0,015 r.u., X! =014 r.u.

These parameters are given in the motor
specification.
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Xm

oL
2

Fig. 4. Equivalent circuit (specification) of the

asynchronous motor
Source: compiled by the author

The equivalent circuit from Fig. 5 is applied to
modelling in the given paper.
I ox Ry X, Re/s,
— s I

Rm

Xm

Fig. 5. Equivalent circuit applied to modelling

Source: compiled by the author

Here are equivalent circuit parameters of Fig. 5 (in
relative and physical units).
Leakage inductive reactance of the stator
winding:
X ’
X, =2X] m -

X4 X2 44X X!

38
3,8+ /382+4-0,09-38

=2-0,09 =0,088 r.u.

Active stator winding resistance:

X 0,088
R, =R’'—:=0,037 ——=0,0362 r.u.

!
1 H

The correction factor for the

equivalent circuit:
X/ 0,09
b, =—=——
X, 0,088

L-shaped

=1,0231 .

1

Reduced leakage inductive reactance of the
rotor winding:

Xy o
b  1,0231°

’
2

=0,1337 r.u.

Base reactance:

220
c=— - == __26276 Ohm,
|, 8372

Here are basic parameters of the equivalent
circuit of the asynchronous motor in physical units.

Inductive reactance of the magnetization
circuit:

X, =X, -c=38-2,6276 =9,985 Ohm.
Leakage inductive reactance of the stator
winding
X, = X,-¢=0,088-2,6276 =0,2311 Ohm.
Inductance of the magnetization branch:

L= Xn 9985 o318 h
, 314
Inductance of the stator circuit:
_ X, X% 9,985 +0,2311
, 314

=0,0325 H.

LS

Inductive reactance of the rotor circuit:

2,6276
X; = X7 —=014-"22 _ 03514 Ohm,
b? 1,0231

Active reactance of the stator winding:
r,=R,-c=0,0362 -2,6276 =0,095 Ohm.
Active reactance of the rotor winding:

c 2,6276
r] =RJ-— = 0,015 = =0,0377 Ohm.
b 23

2 2
k il

Self-inductance of the rotor winding:
Inductance of the rotor winding:
L =X 01 60 1,
@, 314
When simulating dynamics in AM, the

following assumptions are accepted:

— the air gap is uniform;

— windings of the stator and the rotor are
symmetrical and shifted by 120 degrees;

— the magnetic flow in the gap is distributed
sinusoidal;

— steel saturation is ignored.
The research aims to find ways of improving
accuracy of cars movement. It is topical as most of
the time, a locomotive travel for short distances
transporting cars for loading-unloading operations.
VG-4.5 cars are unloaded in a special tipper by
revolving them by 360 degrees. For this reason,
drawbars are made to provide unhindered revolution
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of cars to any side and the gap changes within 0-0.2
m as is shown in Fig. 1.

For the rest of the model the following
assumptions are taken:

— the locomotive is on the horizontal section of
the way;

— distances between buffers in the expanded
locomotive are equal;

— rigidity factors of rubber shock-absorbers of
drawbars are equal;

— shock-absorbers are considered by Hooke’s
law with shock absorption [18];

— the rigidity factor of rubber shock-absorbers
is 108 N/m,

_ the vicious friction factor makes 2 = 72000
Ns/m for rectilinear movement. Vicious friction is
considered by using (5) in the drawbar model, which
is in the Vagonetka (Car) subsystem as is shown
hereunder.

DEVELOPMENT OF A SIMULATION
MODEL OF A TRACTION
ELECTROMECHANICAL SYSTEM OF A
BIAXIAL ELECTRIC LOCOMOTIVE

Fig. 6 presents a model of a mining locomotive
with 8 cars. The motors are fed from a frequency

converter with a scalar control U/f = const. Such
systems are characterized by droop, which is the
cause of error accumulation when determining the
distance covered by the locomotive. Yet, application
of an encoder on the locomotive makes the droop
problem a non-issue.

The following notations are used in the model:
Signal Builder is the signal of locomotive
electrodrive operation, Initial current limiter is the
group of blocks intended for limiting the current of
locomotive motors at starting, EMS is the
locomotive electromechanical system, Sostav is the
structure of the model of a train of n cars, Id is the
motor current, Vel is the locomotive linear velocity,
Fun is the elastic energy of the n-th drawbar, Vn
and Sn are the linear velocity and travel of the n-th
car, Zazor n is the gap size in the n-th drawbar.

Fig. 7 presents the structure of the locomotive
electromechanical system EMS, where Rk is the
radius of the locomotive wheel (Rk =0.34 m),
ired is the reduction ratio (ired = 14.75), massa El is
the locomotive weight (14000 kg), g is the free-fall
acceleration, empty VG-4.5 car weight is 4200 kg,
that of loaded ones is 14200 kg. The length of a car
with a drawbar is 3.950 m.

(e
Vel
Group 1
% Signal 1
Signal Builder
> Fu Ve »{V
—» Um
P Wx Id
EMS
»
1 x Id
3 Q _>f
z-1
Initial current limiter
Discrete
0.0001 s.

Fut H - L)

Fu2

Fu3d

Fu4 D

Fu5

Fun KTs |

z-1

Fué

Fu7 Integrator

Ol

Sn

Fu8

V1

V2

1.783
] 1.781

1.781
» 1.779
1.775
1.766|
1.764

V3

V4

V5

V6

v7

V8

Zazor 1

Zazor 2

Zazor 3

Zazor 4 C]

Zazor 5

Zazor 6 Zazorn

Zazor 7

Zazor 8

Sostav

Fig. 6. Model to study travelling and positioning of a mine electric locomotive (with 8 cars)
Source: compiled by the author
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@D
Um L’ Um wd
Fu 4’ - ’_’ Wx Is
3) PCH-AD —
Wx 0.34 X »(1)
RK = Ve
14.75 14000 p ) | W
ired massa El g*Kc % ||
-C- 1896 —J
L Id
X
MexTopm VKl —p Ftr RED
O -
0
Relay

Mex Topm VykI

Fig. 7. Model of the subsystem EMS (locomotive electromechanical system)
Source: compiled by the author

Relay is the block of the relay hysteresis
necessary for forming the pure reactive character of
loading caused by resistance to locomotive
movement (bearing friction) and resistance from the
reductor on the locomotive motor shaft. The factor
of resistance to the rectilinear movement of the
locomotive is considered in the blocks massa El and
g*Kc, the output signal from which goes through the
block Relay to the adder where it is added to elastic
energy of the drawbar of the locomotive and the
brake power of the drum brakes (provided by a
group of blocks with MexTormVkl and
MexTormVkyl). Elastic energy from the
locomotive drawbar (which includes resistance to
movement form cars as well) goes direct to the

orthogonal coordinate system x, y, O which is fixed

with respect to the feed voltage vector.

This choice is conditioned by the fact that there
is no real voltage invertor in the model. The
asynchronous motor model has inputs of frequency
Wx and voltage Um, so we assume the motor feed
voltage to be ideal and sinusoidal, this enabling its
presentation as the first harmonic only.

Equations of the asynchronous motor are
topologically reflected in the model of the PCH-AD
subsystem (Fig. 9) which is in its turn integrated in
the EMS model (Fig. 6). The structures of each of
the subsystems F1, F2, F3, F4, F5 and Me are not
presented here.

motor shaft considering the locomotive kinematics. W Uy —ay,taky,, + Q. ;
When the locomotive is braking, elastic energy at its dd!//t
drawbar becomes active. Ftr RED is the resistance vyl _ ' ' :
friction force as a response of the mechanical dt Uy =yt aky e + Qi
transmission (reductor) to the locomotive motor dy, " (@, - Q.,:
(1.896 kN). The coefficient 0.5 considers tha fact gt Ve T TRk TN,
that the locomotive is equipped with 2 motors, i.e. dy,, (8)
the pull-in torque of resistance is divided between “a =-—ay,, taky,, - (Q, - Q).
them equally. PCH-AD is the model of a frequency 3 Kk
electrlp drive (18). M=—p —r(‘//xz'//yl - ‘//xﬂ//yz)i

Fig. 80mmoka! McTOYHMK  CCBHUIKH  He 2 ol
Haiinen. presents the structure of the subsystem M —M.(Q)= J dQ
Sostav (Train) with 8 cars. The model of the U podt
traction asyncronous electric drive is build on the
equations (8) of the asynchronous motor [17] in the
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>V Fut
@ »{ massat V1 Fu2 ;@
massa 2 »{Fu2 Zazor 1 »( 18 V2
Vagonetka 2 Zazor 2
I_P \ Ful ;@
14200] massatl \l Fu3 ;@
massa 3 ’—> Fu2 Zazor 1 :@ V3
Vagonetka 3 Zazor 3
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@ P{ massat V1 Fud ;@
massa 4 P Fu2 Zazor 1 ;@ \Z
Vagonetka 4 Zazor 4
L Vv Fu1 :@
4200 massal % Fub5 =®
massa 5 Fu2 Zazor 1 »( 21 V5
I_' Vagonetka 5 Zazor 5
>V Fu1 »( 6
4200 P massal %1 FU
massa 6 P Fu2 Zazor 1 »( 22 V6
Vagonetka 6 Zazor 6
I_V \2 Fu1 @
4200 massatl V1 Fu7 =@
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Fig. 8. Model of the subsystem Sostav of a mining electric locomotive (with 8 cars)
Source: compiled by the author

Here, Q, is cyclic frequency of stator voltage,

d . L

%, v, Is the x-projection of the vector

derivative and the stator linkage vector itself,
dlr//yl . . - .
et w,, is the y-projections of the linkage

vector derivative and the stator vector itself, u,,,

u, are the x- and y-projections of feed voltage,
W h jection of th
et v, are the x-projection of the vector

d
derivative and the rotor linkage vector itself, ZVZ ,
t

v, are the y-projection of the vector derivative and
the rotor linkage vector itself, p is the number of

pole pairs, o =1-kk, =1- L% /L.L, is the total
leakage factor, L,=L,+L,, L =L, is total

inductance of the rotor and the stator, L, L, , L

m

are stator leakage inductance, rotor leakage
inductance normalized to the stator, and
magnetization circuit inductance respectively,

T,=L./r,, T, =L,/r, is the electromagnetic time
constant of the stator and the rotor respectively;
al=1/cT,, a=1/oT, are the inverses of
transient time constants (attenuation factors),
k,=L,/L,, k, =L, /L, are the feedback factors
of the stator and the rotor respectively, Q is electric

angular velocity of the rotor, J is the inertia
moment of the motor and the mechanism.
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Fig. 9. Model of the subsystem PCH-AD

Source: compiled by the author

DEVELOPMENT OF THE CONTROL
ALGORITHM FOR ACCURATE
POSITIONING

As considerable gaps in the train complicate
analitycal solution of the task, the solution for
accurate positioning of cars through shocking cars
by each other is suggested. At that, this concerns
both acceleration and braking. Experiments
demonstrate efficiency and viability of the method.

However, this requires a special tachogram of a
locomotive movement [19] of the type presented in
Fig. 9. The tachogram is received on the model in
Fig. 7. First, elastic energy in drawbars is limited by
the marginal tractive power value at which slipping or
skidding is excluded — 35 kN. The first stage of the
steady motion (1-3 s) provides starting of a fully
loaded and long train with a zero gap in all drawbars.
This is the most difficult case. Duration of the stage is
selected in the way so that all the cars start moving. On
completion of the stage, transition to the second stage
of the steady motion (4-10 s) is performed.

Speed values of the first and second stages of
the steady motion are selected not to let elastic
energy in the drawbars exceed the maximum
permissible value of 35 kN (at the first speed — with
the initial opened position of the drawbars, at the
second speed — with the initial closed position). The
second stage of the steady motion finishes when the
last car starts moving. After that, the speed is
smoothly increasing (10-17s) up to the moment the
entire train gets the sufficient amout of Kkinetic
energy. This kinetic energy is required for all the

cars to catch up with each other, but not bounce
back. The latter is achieved through limiting the
maximum target speed of the train acceleration (for
electric locomotives 14 KA — a little more than 0.6
m/sec).

Based on the above, the locomotive control
algorithm can be outlined [19].

It is well known that any body with its known
instantaneous speed moves for the distance:

tCn
L=[v,dt ©)
0

where: — L is the current travel of the locomotive;
— t,, is the current travel time of the locomotive;

- v, Isthe instantaneous speed of the locomotive.

Special attention should be paid to the last part
of the tachogram. Braking should be started at the
moment that lets the locomotive stop in a certain
place.

This moment can be easily determined by
expression (9) concerning the last part of the
movement tachogram as the drooping speed part is
relatively straight, the travel at braking makes:

v .t

1104 "rai

0,63-25
=222 _0,7875 M.

L., =
2

Hence, if it is necessary to move all train units

for X meters (providing X is not less than 7.9 m),
acceleration and steady movement should first be
performed till the moment the locomotive reaches
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the point x-0,7875 m, and rectilinear braking
should start from that moment.

Additional requirement in the end of
acceleration is immediate use of air brake on the
locomotive wheels as the cars catching each other
and impacting the locomotive may move it a little
and affect positioning accuracy.

The disadvantage of this method is its
impossible application to moving cars for less than
7.9m.

Thus, the car movement process is visually
divided into four stages: the two-stage one (the first
stage limits speed for the cases when gaps are
completely opened, the second one — for the cases
when gaps are completely closed) acceleration for
limiting tractive power by the rail tractive effort,
further acceleration to the initial braking speed and
braking until stop.

It is obvious that to implement the set special
movement tachogram, an electric drive system able
to provide high accuracy of the tachogram tasks
fulfillment should be applied. When using this

V, m/c
07

0.6

///
0.5 -~
\
0.4 \
\

t,c
0 5 10 15 20 25 0

Fig. 10. The locomotive movement diagram
Source: compiled by the author

t,c
0 5 10 15 20 25 30

Fig. 12. Travel of the locomotive and 8 cars

Source: compiled by the author

tachogram in the model, the following diagrams of
the transition process of movement of the
locomotive with fully loaded cars for 7.9 m (i.e. for
the length of two cars) are obtained (Fig. 10, Fig. 11,
Fig. 12, Fig. 13, Fig. 14, Fig. 15 & Fig. 16).

Fig. 10 presents the diagram of locomotive
movement and it differs slightly in the form from the
set movement tachogram (small fluctuations of
speed at the first acceleration stage can be observed).

Fig. 11 shows speed of all cars and the
locomotive. Speed of the cars is seen to fluctuate to
a varying degree around the locomotive speed.

Fig. 12 shows that each zero gap makes still
moving cars travel a longer and longer distance.

Fig. 13 shows elastic energy at each drawbar.

Fig. 14, Fig. 15 & Fig. 16 demonstrate that
for both initially closed and initially opened
drawbars elastic energy never exceeds the maximum
permissible value of 35 kN, thus preventing slipping
and skidding.

07,

N

0 5 10 15 20 25 30

Fig. 11. Linear speed of train units
Source: compiled by the author

0 5 10 15 20 25 30

Fig. 13. Elastic energy in drawbar

Source: compiled by the author
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Fig. 14. Values of gaps in drawbars of the
mining train(opened initial state)
Source: compiled by the author
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Fig. 16. The value of elastic energy of a locomotive drawbar:

a) opened initial state of the gap; b) closed initial state of the gap
Source: compiled by the author

CONCLUSIONS

1. The paper substantiates possibility of
building a strictly determined automated system for
controlling accurate movement of cars applying the
set movement tachogram with the initial state of a
train being arbitrary, i.e. drawbars may be in an
arbitrary initial state.

2. One of possible solutions of the precise car
positioning task consists in stopping all the cars by
their “impacting softly” each other. For this,
appropriate rigidity of speed characteristics for the
locomotive TEMC should be provided and the
maximum rail tractive effort value should not be
exceeded. Due to their small deformation, rigid
dampers enable accurate car positioning.

3. The performed modelling proves operability
of the control algorithm, which provides for opening
or closing gaps in the kinematic circuit that enables
unambiguous determination of the distance from a
locomotive to a particular car (or a pair of cars). If

there is information available on the locomotive
position in relation to car loading-unloading
equipment, the algorithms tested on the model can
be implemented.

4. Considering poor accuracy of standard
equipment of the locomotive, to enhance accuracy of
the obtained data on locomotive movement, a
spring-loaded roller with an encoder should be
mounted on it. The roller does not slip on the rails.
Data from the encoder will enable controlling
slipping and skidding modes of locomotives to make
the set movement tachogram more precise. No
feedback sensors are required on cars, this being a
considerable advantage of the suggested automation
system.

5. The modeling results prove adequacy of the
mathematical and software model. That is why; the
suggested model may be a basis for further
development of enhanced systems of controlling the
locomotive TEMC.
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VY craTTi po3TISIAEThCS OMUH 3 BapiaHTIB BHPIIIEHHS 3aBIaHHS TOYHOTO YNPABIIHHS IIAXTHUM eJeKTpoBo3oM 14KA mpu
NIEPECTAHOBIIl BarOHETOK ITiJ PO3BaHTa)XEHHS B mepekunad. Baronerku tumy BI'-4.5 po3BaHTaXyIOThCs IepEeBOPOTOM HABKOJO OCi
3YIMHUX MPUCTPOIB, i B KOHCTPYKIII 34iMHUX HPHCTPOiB € 3a30opu 10 20 cm. Lli 3a30pu pa3oMm 3 MpyKHUMH aMOpPTH3aTOpaMHu
JIO3BOJIAIOTH YSIBUTH MIAXTHUH CKJIAJ SIK MOJENb Y BUTJIAII JIAHIIOXKKA 3B'I3aHUX OCLIIIATOPIB 3 3a30pamu. CHUCTeMy piBHSHB TaKol
CHCTEMH aHAJiTUYHO BHPINIUTH TOCUTH BaKKO. ABTOpaMH IPONOHYETHCS aBTOMATH3YBaTH OIEPAIil0 TOYHOTO ITO3HI[iIOHYBaHHS
BaroHEeTOK B MEPEeKHadi 3a JOIMOMOT0I0 3aJaH0i TaXOrpaMy PyXy eJIeKTpoBo3a. SIKIo 3anobiraTi NpOCIU3aHHIO KOJIC eIeKTPOBO3a
00 peiiku npu 1031 i OyKCOBaHUM, TO, 3HAIOYM MUTTEBY IIBUAKICTH €JIEKTPOBO3a 1 OCHOBHI 3aKOHHU MPSIMOJIIHIHOTO PyXY, HEBaKKO
3YIIUHATH €NIEKTPOBO3 B MOTPiOHOMY MicHi. 3yNMUHKa K KOXXHOI BarOHETKH B MOTPIOHOMY MICIli MOKHA 3a0e3MEeYHUTH, IPHUMYCOBO
BUOpABIIY BCi 3a30pH. [HTEHCHUBHICTH TaJIbMyBaHHs €JIEKTPOBO3a IIOBUHHA Oymu makoro, wod BarOHETKH Ha3OTAHSIA OAUH OJJHOTO,
ajyie He BiJCKaKyBaM Ha3aA. ToMy Moi3[ A0 KiHIM MEpEeMIleHHs] TOBUHEH MaTH JOCTaTHIO KUIBKICTh KiHeTH4HOI eHeprii. TodnocTi
TIO3UIIIIOBAaHHS BaroHETOK TaKUM CHOCOOOM CIIpHsi€ BHCOKAa JKOPCTKICTH T'yMOBHX aMopTu3aropiB. [ BU3Ha4YeHHs HeoOXimHOI
TaxorpaMy pyxy LIAXTHOTO MOI371a, IO CKJIAJAa€TbCsl 3 €NEKTPOBO3a 1 BOCBMH BaroHETOK, po3po0jeHa KOMITIOTEpHA MOIENb,
peamnizoBana B cepenoBuili MATJIAB. Takum yMHOM, B pe3yJabTaTi AOCIiIKEHB, IPOBEACHOI HA KOMIT'IOTEPHI MOeNi, BU3HAYCHUI
HEeoOXiTHUH Tpadik pyXy eIeKTpoIoi3ia J03BOJSIE P 3aJaHUX B MO yMOBaxX 3/IiICHUTH MepeMillleHHs] BChOTO IIaXTHOTO 1013112
3 JOBUIBHUM 3aBaHTa)KECHHSIM 1 BUCOKOIO TOUHICTIO ITiJl pO3BaHTaXKeHHsI 10 Nepeknaady. ToMy ImoJaiblli JOCITiPKeHHS TOBUHHI OyTH
CHpsSIMOBaHI Ha MOUIYK HAIIMHUX B POOOTI MpH pealbHUX YMOBaX HAaBKOJIHUIIHHOTO CEPEIOBHUINA CIIOCOOIB OTpHMaHHS iH(opmarii
IIPO CTaH eJIEKTPOBO3a IIOJI0 IIPUCTPOIB 3aBAaHTAXKEHHS 1 BUBAHTA)KEHHS BarOHETOK.
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AHHOTALIMA

B craree paccMaTpuBaeTcs OAUH U3 BapUAHTOB PELICHUS 3aJa4d TOYHOIO YIPABJIECHHs LIaXTHBIM 3IeKTpoBo3oM 14KA npu
IIEpeCTaHOBKE BArOHETOK IIOJ Pa3rpy3Ky B ONpOKUAbIBaTenb. Baronerku tuna BI'-4.5 pasrpyxarorcs spamenuem BOKPYI OCH
CIENHBIX YCTPOWCTB M B KOHCTPYKIMH CIEMHBIX YCTPOMCTB HMMeIoTcs 3a30pbl 1o 20 cM. DTH 3a30pbl BMECTE€ C YIPYTUMH
aMOPTU3aTOPaMH MO3BOJISIOT MPECTAaBUTh LIAXTHBIA COCTaB KaK MOJENb B BUJAE LEMOYKU CBI3aHHBIX OCLIUIATOPOB C 3a30paMH.
CucrteMy ypaBHEHHH TakOW CHCTEMBl aHAJIMTUYECKU PEIIUTh BECbMa 3aTPYAHHUTENbHO. ABTOPAMHU MpPEAIaraeTcsi aBTOMaTU3UPOBATh
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OIEpalUl0 TOYHOTO IO3UIHOHMPOBAHMS BAOHETOK B OIPOKHUJIbIBATEIC IIPU IOMOLIM 33JaHHOH TaxorpaMMsbl JBUDKECHUS
JIeKTpoBo3a. Eciy nmpenoTBpaTuTh NpOoCKanb3bIBaHNE KOJIEC 3JIEKTPOBO3a O PEbCHl IIPH 03¢ U OYKCOBAHHH, TO, 3HAsI MTHOBEHHYIO
CKOpPOCTb 3JIEKTPOBO3a U OCHOBHBIC 3aKOHBI IPSIMOJIMHEHHOIO IBUKEHHs, HETPYIHO OCTAHOBUTH JJIEKTPOBO3 B HYXKHOM MECTE.
OcTraHOBKa BaroHeTOK C TpeOyeMOH TOYHOCTBIO B CYIIECTBYIOIIEH CHCTEME YIPaBICHUS PEAH3yeTcsl MyTeM IPHHYIUTEIHHOTO
YCTpaHEHHMs 3a30POB B CLEMHBIX YCTPOHCTBaX. MIHTEHCHBHOCTh TOPMOXEHHS 3JIEKTPOBO3a JOJDKHA OBITh TaKoif, 4TOObI BAarOHETKH
JIOTOHSIN JPYT ApYyra, HO He OTCKakuBaiau Hazald. [losToMy moesq kK KOHIly HepeMelleHHs A0KeH 001afaTh AOCTaTOYHBIM, HO HE
Ype3MEpHBIM KOJIUYECTBOM KHHETHYECKOH 3Hepruu. TOYHOCTH MO3MIHOHUPOBAHMS BarOHETOK TAKUM CIIOCOOOM CIIOCOOCTBYET
BBICOKas JKECTKOCTh PE3MHOBBIX aMOpPTH3aTOpoB. Il ompenereHHs palOHAIBHOM TaXorpaMMbl ABIDKEHHUs IIAXTHOTO MOe3ja,
COCTOSIIIIETO M3 JIEKTPOBO3a M BOCEMH BaroHETOK, pa3paboTaHa KOMIBIOTEpHAs MOJIelb, peann3oBanHas B cpene MATJIAB. Takum
o0pa3oM, omnpenereHHbI B pe3ylbTaTe HCCICJOBAHMUH, NPOBEACHHBIX Ha KOMIBIOTEPHON MoAeNH, TpeOyeMblil IpadiK ABIKCHUS
JIEKTPOIOE3/1a IO3BOJISIET IIPH 3aJaHHBIX B MOJEIH YCIOBHUIX OCYIIECTBUTh IEPEMELICHUE BCErO IAaXTHOIO M0€3/1a C IPOU3BOJILHON
3arpy3KOod M BBICOKOH TOYHOCTBIO IIOJ| Pasrpy3Ky K OIPOKHIbIBAaTeNto. [103ToMy naibHeWIIne HCCIeAOBaHUS IOJDKHBI OBITH
HalpaBJIeHbl Ha TIOMCK HAJEXHBIX B PabOTe MPH PEalbHBIX YCIOBHAX OKPYXKAIOLIEH cpeipl croco0oB MoNydeHUs HHPOPMALUH O
MOJIO’KEHUH 3JIEKTPOBO3a OTHOCUTENBHO YCTPOKCTB 3arpy3KU U BHITPY3KH BarOHETOK.

KnroueBble cjoBa: KOMIBIOTEpHAs MOJENb;, ILIAXTHBIM 3IEKTPONOE3]; palHOHalbHAs TaxorpaMMa JBIDKEHHs; TOYHOE
MO3UIIMOHUPOBAHUE; Pa3rpy3Ka BarOHETOK

ABOUT THE AUTHORS

Oleg N. Sinchuk — Dr. Sci. (Eng), Prof. of the Automated Electromechanical Systems in the Industry and
VehiclesDepartment, Kryvyi Rih National University, 11, Vitaly Matusevich Str. Kryvyi Rih, 50027, Ukraine
speet@ukr.net. ORCID: http://orcid.org/0000-0003-2366-1920. Scopus ID: 6602755095

Oger Mukonaiiopuud CiHuyk - J-p TexHi4. Hayk, mpodecop, 3aBimyBad Kadeapu ABTOMaTH30BAHHX
i o eNIEKTPOMEXaHIYHIX CHCTEM B MPOMHUCIIOBOCTI Ta TpaHCmopTi. KprBOpi3bKuii HAlIOHATBHHUI YHIBepCHTET, By Bitamis
Marycesuua, 11. Kpuswii Pir, 50027,Ykpaina

N Vladyslav O. Fedotoff — Cand. Sci. (Eng.), Associate Prof. of the Automated Electromechanical Systems in the Industry
a and Vehicles Department, Kryvyi Rih National University, 11, Vitaly Matusevich Str. Kryvyi Rih, 50027, Ukraine
-, (o o8 fedotov@knu.edu.ua. ORCID: http://orcid.org/0000-0002-6536-5591

BaamucinaB OuexcanapoBny dDeroToB — KaHA. TEXHIY. HAyK, JOLEHT Kad. ABTOMATH30BAHHX EJIEKTPOMEXaHIUHHUX
CHCTEM B IIPOMHCIIOBOCTI Ta TpaHCIOPTi. KpHBOpi3bKHMiI HaIlioHaNBHUN YHiBepcHTeT, Byl Bitamis MartyceBnya, 11.
Kpusuii Pir, 50027, Ykpaina

Albert B. Somochkyn — Cand. Sci. (Eng.), Associate Prof. of the Automated Electromechanical Systems in the Industry
and Vehicles Department, Kryvyi Rih National University, 11, Vitaly Matusevich Str. Kryvyi Rih, 50027, Ukraine
a.syomochkyn@knu.edu.ua. ORCID: http://orcid.org/0000-0002-3592-7899.

Aabdept BopucoBuy ChOMOYKHH — KaH[. TEXHi4. HayK, J0L. Kad). ABTOMATH30BaHHUX EIEKTPOMEXAHIYHHX CHCTEM B
IIPOMHCIIOBOCTI Ta TpaHcHopTi. KpuBopispkuii HamioHaIbHMI yHiBepcHTeT, Byl Bitamiss Marycesuua, 11. Kpusuii Pir,
50027, Ykpaina

Igor A. Kozakevich — Cand. Sci. (Eng.), Associate Prof. of the Automated Electromechanical Systems in the Industry and
Vehicles Department, Kryvyi Rih National University, 11, Vitaly Matusevich Str. Kryvyi Rih, 50027, Ukraine
kozakevych@knu.edu.ua. ORCID: http://orcid.org/0000-0003-4472-4783.

Irop Apxaniiiony Ko3zakeBnmu — KkaHJ. TexHid. HayK, JOI. Kad. ABTOMAaTH30BAaHMX EIEKTPOMEXaHIYHHX CHCTEM B
MIPOMHUCIIOBOCTI Ta TpaHcmopTi. KpuBopi3pkuii HalliOHAaNbHUK yHiBepcHuTeT, Byn. Bitamis MaryceBuua, 11. Kpuswuii Pir,
50027,Vkpaina

Svitlana V. Somochkyna — Cand. Sci. (Eng.), Associate Prof. of the Department of Computer Systems and Networks,
Kryvyi Rih National University, 11, Vitaly Matusevich Str. Kryvyi Rih, 50027, Ukraine
somochkyna@knu.edu.ua. ORCID: http://orcid.org/0000-0001-9809-0048.

Caitiana BosiogumupiBHa ChOMOYKMHA — KaHJA. TeXHIY. Hayk, jgou. kad. Komm’roTepHHX cucTeM Ta Mepex.
KpuBopisbknii HallioHaNsHIHI yHiBepcHUTET, ByIL. Bitamis Matycesnya, 11. Kpusnii Pir, 50027, Ykpaina

178 Applied information technologies ISSN 2617-4316 (Print)
in energy engineering and automation ISSN 2663-7723 (Online)



