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The subject of the research is the speed and time indicator of the driving of a cargo train with a fixed axle
load of the wheelset, organized by an electric locomotive of the Uz-EL type on the studied sections of the
railway track. Purpose: confirmation of the indicators of movement of a cargo train with a constant axle load,
which was carried out by simulating the transportation process on imaginary and existing areas of Uzbek
railway, implemented by AC electric locomotives in non-stop modes and with stops at intermediate crossing
points. Methods: The research methodology is based on the methods of locomotive traction theory, including
computing tools and computer programs, taking into account the necessary programming applications in the
MathCad environment and the Excel spreadsheet processor for solving traction problems. Results: using
computer modeling, the speed and time parameters of a freight train's movement were determined, taking into
accountthe dynamics of fluctuations in theirreduced values on sections of railways of various types. Practical
significance: The research results can be used in the activity of the locomotive depots of the Kokand railway
junction and implemented on areas of Uzbek railway with different types of track profiles for the existing

modes of functioning of cargo traffic.

1 INTRODUCTION

Increasing the efficiency of use, throughput and
carrying capacity of Uzbek railways consists in a
widespread increase in the volume of freight traffic,
which predetermines the technical focus of JSC
"Uzbekistan Railways" to move towards organizing
modernization and the quality component of repair
operating on the existing fleet of locomotives, taking
into account its replenishment with new Chinese-
made freight electric locomotives.

The latter circumstance is directly related to the
widespread increase in electrified sections, which
currently cover approximately seventy percent of the
total length of Uzbek railways.

The staff of Tashkent State Transport University
pays great attention to solving transport problems,
one part of which was related to the development of
recommendations and measures to ensure traffic
safety and operational reliability and substantiation of
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the effective of locomotives electric and diesel
traction in real conditions of organizing rail freight
transportation on various sections of railways.

The second part of the specified studies was
devoted to the confirmation of the indicators of the
kinematic, dynamic and traction-energy parameters
of the transportation operate of locomotives used and
necessary forimproving the system of organizing the
transportation process of transport products.

In this regard, the search for methods and
possibilities for modelling locomotive transportation
performance, together with the quantitative analysis
of operational indicators and the subsequent
substantiation of traction-dynamic and operational-
energy characteristics of electric rolling stock under
real operating conditions, remains a relevant and
promising research direction.
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2 OBJECTS AND METHODS OF
RESEARCH

Some of the general components of the effective ofa
railway locomotive fleet are the indicators of the
traction working dynamic coupling and operational-
energy functioning of its locomotives, as well as the
moving parameters of freight trains along the entire
way motion of the rolling stock.

As aresultoftheanalysisofpreviously completed
scientific work by domestic researchers [1]-[6] and
foreign scientists [7]-[20] indicates the presence of
common methodological approaches to the
comprehensive development recommendations and
measures providing at increased effective usingrail,
air and road transport in real, normal operating
conditions. These approaches are based on systems
analysis and generalization of known methods
(techniques) for taking into account operational,
technical and organizational factors and are aimed at
achieving sustainable improvement in the
performance of transport systems in conditions close
to the practical activities of railways.

Depending on the subject and methodological
focus, the analysed studies can be grouped into
research on electric traction and traction power
systems [1]-[3], [11]-[14], locomotive technical
condition and running-gear components [4], diesel
traction and internal-combustion engines [6], [15]-
[20], and modelling of train operation and
transportation processes [7]-[10], [21], [22].
Mathematical optimization methods applicable to
transport-process ~ control  are considered
in [23]-[26].

A comparative analysis of the works of domestic
and foreign scientists undoubtedly has significant
scientific interest and enormous practical value,
however, these analyzed studies did not reflect or
study the issues of the efficiency of mainline electric
traction locomotives on a wider range of existing
railway sections of varying difficulty, including
Uzbek ones.

The stated objective of this research is to
substantiate the driving parameters of a cargo train
with a fixed axle load on a wheelset, carrying goods
on imaginary and existing areas of the Uzbekistan
railways of different levels of difficulty, which is
implemented by electric traction rolling stock
(electric locomotives) without stops and taking into
account stops at intermediate separating points.

These studies are a continuation of the work [27]
and are carried out by solving a series of traction
problemsbased on the methods [28] of the theory of
locomotive traction, initial data [29] on the studied
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freightelectric locomotives ofthe Uz-EL type, taking
into account the straightened elements of the virtual
track profile [30] andreal [31] sections of railways,
including the subject and object of the study.

The object of the investigation is a freight train
with a fixed axle load of the wheelset, an AC freight
electric locomotive of the Uz-EL type [29], shown in
Figure 1 and a straightened railway profile of the
Kokand-Andizhan section of the Kokand node of the
railway.

Figure 1: General view of Uz-EL type AC cargo electrical
locomotive.

The subject of the study is the values of the
criterion for the movement of a cargo train with a
constantimpact on therailwaytrack ofq=15.0 t/axle
from each wheel pair, organized by the specified Uz-
EL electric locomotive on the investigation area of
the rail track. Here, by the values of the specified
criterion should be understood as the speed and time
in travel route motion of a cargo train, taking into
account the time it takes to accelerate and decelerate
when it stops at intermediate points.

Electric locomotives of this type have high
traction and dynamic performance and possess stable
traction and energy characteristics, taking into
account operational reliability at a sufficiently high
level. The design difference of the Uz-EL type
electric locomotives under study is the use of AC-
DC-AC electric transmission and the application of
power  semiconductor  converter technique
(technology), which provides contactless regulation
of the power and speed of asynchronous traction
electric motors. In addition, it contains a KLUB-U
type safety device and has identical in design
interchangeable bogies with two stages of spring
suspension, eachofwhich, restingon the bogie frame,
includes three traction modules - a traction electric
motor, a traction gearbox, a wheelset, as well as
traction, braking and anti-sand systems.

The achievement of the stated investigation
objective is ensured by the use of computer
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technologies [32], thatis, computer programs thatuse
the universal integrated environment MathCad and
the Excel spreadsheet processor to solve traction
problems.

In addition, the authors use an algorithm for
solving the differential equation of train motion,
implemented in a verbal-operator format [30], which
provides for the execution of additional graphical
constructions at the average speed of the train on the
current integration interval.

The proposed generalized algorithm of the
traction calculation program is shown in Figure 2,
which operates as follows. In block 1, the initial
conditions are set, as a rule, this is the initial
coordinate and the speed motion of the train. Block 2
compares the current train coordinate with the track
profile coordinate. At the beginning of the
calculation, the coordinate of the first track profile
element is selected (accepted). If the current
coordinate of the train is greater than the coordinate
of'the currenttrack profile, then control is transferred
to block 3, in which the track profile coordinate
counter is changed and a transition to the next profile
element is made.

Control thenreturns to block 2 for rechecking. If
the train's current coordinate is within the current

track profile, control is transferred to block 4, where
the resistance forces the train movement are
determinedbased on the current speed motionandthe
train's coordinates.

In block 5, the possibility of movingto the next
control position is determined and information about
this is displayed on the screen. Block 6 selects the
control position. In this case, it is possible to remain
at the current control position, or move to a higher or
lower control position, as well as switch to coasting
(idle) mode or braking mode.

In block 7, the selected control position is
checked, if then possible at this step of the
calculations. If the selected position is outside the
permissible values, then control is transferred to
block 8, after which control is again transferred to
block 6; if the selected control position is within the
permissible range, then in block 9 the acceleration
and deceleration forces of the train are calculated.

In block 10, the train's equation of motion is
solved, resulting in the speed and time increments
determined fora given coordinate increment. In block
11, the current coordinate is compared with the final
coordinate. If the current coordinate is less than the
final coordinate, then control returns to block 2,
otherwise the calculation ends.

1 Setting initial conditions: movement speed
I"and path profile coordinates .5

3

2 /T\
< 5> 5/\— «Data base Offsetn

1
Yes Using the function of

forces

4 Determining resistance
for movement

l

Determining the possibility of mowving ‘

10

S=5 T

5 to the next regulation position N
L | 7
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Ni = Ny =‘>—‘ Printing an  information
— message about an error of
the calculation program
al, ithm
Nao g
Dretermination of the specific resultant
8 {accelerating and decelerating) force of
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Figure 2: Algorithm of the traction calculation program.
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Next, in Figure 3 we present a compact version of
the pseudocode for the traction calculation for the
specified cargo train with the organization of the
stopping process at intermediate stations.

ALGORITHM I - COORDINATE-BASED TRAIN MOTION WITH STOPS

REQUIRE (INPUT) |
Require: i(z), R(x), Fk[v): m, (20,Vo), Tend. {Istop}: Tstops Az

| ENSURE (QUTPUT) Ensure: Viee, Vi, total

T:xe—ag;, VeV i+ 0

2: while = < x4 do

if o=z, then V = 0t ¢ &+ Tyy0p end if
W W(V,i(z), R(x))

Select control mode — F}

VeV +[(Fr.—W)/(mV)]- Az

t it + AT/ Vayg

T z+ Az

9: end while

10: return Vi, Vi (with stops), tiptal

0~ W

Figure 3: Pseudocode of the algorithm of the program by
traction calculation taking into account stops at
intermediate stations.

Here, the algorithm implements the method for
solving the Cauchy problem [28] for the differential
equation of train motion, which has the following
form:

dv

— = F.— W(V,i,R),

(1
where F - locomotive traction force or train braking
force, N; W - total resistance to train movement, N;
m - train mass, V - train speed movement, km/h; i -
railway track slope (ascent, descent or platform), %o;
R - curve radius, m.

The displacement is selected as the integration
variable - the coordinates of the train's location onthe
section.

Thus, after moving to integration over the path
(coordinate x), the equation of motion with respect to
time (1) will take the form

av )
= Fy — W(V,i,R)/mV. 2)

Consequently, one of the initial data at each
integration step is the train's coordinate.

Based on the given coordinates, the program will
determine the resistance to train movement,
conditional the given plan and the track profile. For
do this, you need to know the slope and curvature
parameters.
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Implementing this condition in Microsoft Excel
programming environment requires sequential
transition from onerecord in the database to another.
Moreover, this process needs to be automated, as the
database containing the track profile data is quite
large. Here, it is proposed to use the built-in "Data
Base Offset" function, which allows reading the
contents of a cell offset from a given cell by a certain
number of positions. In this case, the task arises in
organizing a counter that would determine the
required offset.

Figure 4 shows a block diagram of the algorithm
for sequential shifting in the database to extract the
required information. The implementation of the
algorithm for extracting information about the track
profile from the database in the traction calculation
program in the Excel spreadsheet is shown in Figure
5, and fragments of the corresponding Excel sheet
from the “Track Profile” database are indicated
in [30], [32].

The freight trains under study are composed of an
Uz-EL type electric locomotive and a train containing
fifty 4-axle cars on roller bearings with a constant
(fixed)loadon the axle of thewheelsetq=15.0 t/axle.
The wheel pairs of the locomotive and the train
carriages areequipped with castiron brakeshoes, and
the calculated braking coefficient of the trainis equal
to v = 0.33 kN/kN. The length of the receiving and
dispatching tracks on virtual sections of railways is I
aw= 1050 m, and for existing (real) sections of Uzbek
railways itis taken equal to the actual length of station
tracks.

Rail freight transportation is carried out by the
electric locomotives under study for two types of
movement, taking into account the organization with
and without stops at intermediate dividing points.

3 RESULTS AND THEIR
DISCUSSION

Table 1 presents the data of traction calculations
substantiating the moving parameters of the
transportation process for the studied freight trains
with a fixed axle load of the wheelset, operated by
three-section freight electric locomotives of the Uz-
EL type of the operating fleet of locomotives of JSC
"Uzbekistan Railways".
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Figure 4: Flowchart of the algorithm for extracting path profile coordinates from a database.
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Figure 5: Algorithm for extracting path profile information from a database.
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In Table 1 isindicated: Q - train mass; m - number
of axles; Ve - sectional speed (without stops); Vi -
technical speed; Vst - speed with stops; tsec - total
sectional travel time; Atq - deceleration time; At, -
acceleration time.

The given calculations characterize the conditions
of implementation of freight rail transportation on
two types of non-existent (virtual) and three types of
existing (real, including hilly, hilly-mountainous and
mountainous) sections of Uzbek railways of varying
degrees of complexity.

An analysis of Table 1 shows that with an increase
in the complexity of the track profile, regardless of its
type, the technical speed of a freight train decreases
and its travel time increases, which allows the use of
these indicators as criteria for assessing the
complexity of a railway track profile.

Figures 6 and 7 present the graphical results of the
analysis of dynamic fluctuationsin the speed and time
indicators of the transportation process for two types
of freight traffic of the freight trains under study,
implemented in the operating conditions of the
Kokand branch of the railway.

The numerical values of the speeds of movement
and the total travel time of a freight train presented in
Figure 6 and Figure 7 are indicators that are uniformly
distributed alongthe entire length ofthe railway track
and are given per every kilometer of the railway
sectionunder study. In this case, the calculated values
shown in Figure 6 have been increased by a hundred
times in order to improve the clarity of their graphical
interpretation.

Table 1: Moving parameters of the use of Uz-El type electric locomotives on railway sections of varying complexity.

Case No Operating Conditions and Speeds Motion of Freight Train Operation (Electric Locomotive “Uzbekistan”)
) Q (1) m (axles) Vsee (km/h) Vi (km/h) Vst (km/h)
1 2 3 4 5 6
Virtual, plain, type I
1 3000 200 | 89.99 | 78.458 | 62.769
Virtual, hilly, type 11
2 3000 200 | 87.708 | 76.339 | 61.068
Angren - Tukumachi, hilly, type II
3 3000 200 | 52.649 | 51.688 | 41.357
Marokand - Navoi, hilly - mountainous, type III
4 3000 200 | 75.128 | 72.757 | 58.209
Tashguzar - Kumkurgan, mountainous, type [V
5 3000 200 | 43.139 | 42.829 | 34.258
Kumkurgan - Tashguzar, mountainous, type IV
6 3000 200 | 59.61 | 59.00 | 47.20
Case No. Travel Time, min
Q (1) m (axles) toec Aty At,
1 2 3 7 8 9
Virtual, plain, type |
1 3000 200 | 30.60 | 1.0 I 2.80
Virtual, hilly, type 11
2 3000 200 | 26.20 | 1.40 | 2.50
Angren - Tukumachi, hilly, type II
3 3000 200 | 129.90 | 1.26 | 1.15
Marokand - Navoi, hilly - mountainous, type III
4 3000 200 | 112.21 | 2.24 | 1.40
Tashguzar - Kumkurgan, mountainous, type [V
5 3000 200 | 306.60 | 1.69 I 0.52
Kumkurgan - Tashguzar, mountainous, type IV
6 3000 200 | 221.90 | 1.73 | 0.53
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Figure 6: The nature of the change in magnitude of the studied moving parameters of freight train movement depending on

different sections of the railway.
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Figure 7: The nature of the change in magnitude of the studied parameters of freight train movement on real sections of the

Uzbek railway.

Based on the graphs presented in Figures 6 and 7,
taking into account the recommendations of a related
industry associated with the mechanization of
agricultural production, as well as using the Microsoft
Excel Office software environment, the authors
obtained regression (3) - (12).

The numerical values of the speeds of movement
and the total travel time of a freight train presented in
Figure 6 and Figure 7 are indicators that are uniformly
distributed alongthe entire length of the railway track
and are given per every kilometer of the railway
section under study. In this case, the calculated values
shown in Figure 6 have been increased by a hundred
times in order to improve the clarity of their graphical
interpretation.

Based on the graphs presented in Figures 6 and 7,
taking into account the recommendations of a related
industry associated with the mechanization of
agricultural production, as well as using the Microsoft
Excel Office software environment, the authors
obtained regression (3) - (12).

y,=—0.112-x2 — 0.1376 - x; + 1.922.
RZ = 0.9962. 3)

y, = —0.128 - x2 — 0.2048 - x; + 1.817.

R? = 0.9942. (4)
ys = 0.1962 - x? — 0.7872 -x; + 1.1003 R? =
0.9142. (5)

y, = 0.1005 - x2 — 0.4337 -x; + 0.897.
R? = 0.9243. (6)

Vs = 0.3095 - x2 — 1.1929 - x; + 1.14.

R? = 0.9216. (7)

Ve =0.198-x2 — 0.776 - x; + 0.8935.
R? = 0.9269. (8)

Vgee = 0.0005 - V2 — 0.0937 - V; + 0.5965.

R? = 0.9494. (9)
V, = —0.002 - V? — 0.0982 - V; + 0.5885.
RZ = 0.9575. (10)
Vg = 0.002 - V2 — 0.0806 - V; + 0.473.
RZ = 0.9584. (11)

teee = —0.0122 - t? + 0.0793 - t; + 0.9763.
R% = 09121. (12)
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In this case, the following designations are
adopted: y,isavirtual flatsection, y, is a virtual hilly
section, y5 is a hilly section Angren - Tukumachi,y,
is a hilly-mountainous section Marokand - Navoi,y.
is a mountainous section Tashguzar - Kumkurgan,y,
a mountainous section Kumkurgan - Tashguzar,x; =
1 is the speed of movement without stopping Ve,
x; = 2 is the technical speed of movement Vi, x; = 3
isthe speed of movementwith stops Vg, ,x; = 4 -total
travel time along the section tge., j = 1 - hilly section
Angren - Tukumachi, j = 2- hilly-mountainous
section Marokand - Navoi, j = 3 - mountainous
section Tashguzar - Kumkurgan,j = 4 - mountainous
section Kumkurgan - Tashguzar.

The specified equations are intended for
calculating the values of the speed and time
parameters of the transportation process of freight
trains with a fixed load on the axle of the wheelset,
implemented by studied freight electric locomotives
of'the Uz-EL type on any i-th section of the railway.

An analysis of the obtained regression equations
shows thatthe dynamics of changes in the parameters
of the studied indicators are described by second-
degree polynomials with high values of the
coefficient of determination (R?= 0.9121-0.9962),
ensuring a sufficiently high level of accuracy of the
calculations performed.

4 CONCLUSIONS

Based on the research conducted by the authors of this
article, the following results were obtained:

1) A program and algorithm for traction
calculation have been developed, the results of
which are determined by integrating the
differential equation of the train's driving, a
way of performing a structured sequence of
graphical constructions for a given average
train speed on the currentintegration interval.
A methodology for implementing a computer
program algorithm designed to substantiate the
value of moving parameters of the
transportation process using the universal
integrated MathCad environment and the Excel
spreadsheet for solving traction problems is

2)

proposed.
3) It has been proven that the speed and time
parameters of the indicators of the

transportation process of freight trains,
including the specific ones and the rate of
dynamics of change in the fluctuations of their
values depending on the studied sections of the
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railway can be taken as criteria for assessing of
difficulty of a section of the railway.

It has been proven that increasing the degree
(level) of difficulty of railway areas leadsto a
decrease in travel speeds and an increase in the
travel time following of cargo trains on these
sections.

The average absolute value of the travel time of
a freight train during deceleration ranges from
1.55 minutes (virtual sections) to 1.73 minutes
(real sections), and during acceleration, the
indicated time is, respectively,2.65 minutes for
virtual sections and 0.91 minutes for real
sections.

4)

3)

It isrecommended to continue these studies aimed
at determining the quantitative consumption of
electrical energy by Uz-EL electric locomotives on
the studied areas of the rail track.
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  m  dV dt =  F k − W ( V , i , R )


   F k


  W


  V


  i


  R


   dV dx =  F k − W ( V , i , R ) / mV


   y 1 = − 0 . 112   ∙ x i 2 − 0 . 1376   ∙ x i + 1 . 922


   R 2 = 0 . 9962


   y 2 = − 0 . 128 ∙  x i 2 − 0 . 2048   ∙ x i + 1 . 817


   R 2 = 0 . 9942


   y 3 = 0 . 1962   ∙ x i 2 − 0 . 7872   ∙ x i + 1 . 1003


   R 2 = 0 . 9142


   y 4 = 0 . 1005   ∙ x i 2 − 0 . 4337   ∙ x i + 0 . 897


   R 2 = 0 . 9243


   y 5 = 0 . 3095   ∙ x i 2 − 1 . 1929   ∙ x i + 1 . 14


   R 2 = 0 . 9216


   y 6 = 0 . 198 ∙  x i 2 − 0 . 776   ∙ x i + 0 . 8935


   R 2 = 0 . 9269


   V sec = 0 . 0005 ∙  V j 2 − 0 . 0937 ∙  V j + 0 . 5965


   R 2 = 0 . 9494


   V t = − 0 . 002 ∙  V j 2 − 0 . 0982 ∙  V j + 0 . 5885 .  


   R 2 = 0 . 9575


   V st = 0 . 002 ∙  V j 2 − 0 . 0806 ∙  V j + 0 . 473


   R 2 = 0 . 9584


   t sec = − 0 . 0122 ∙  t j 2 + 0 . 0793 ∙  t j + 0 . 9763 .


   R 2 = 0 . 9121
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