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Abstract: The method of improving a two-section mainline diesel locomotive by using energy storage
in the traction system is considered. A mathematical model was developed to study the movement
of a diesel locomotive based on the recommendations and provisions of the theory of locomotive
traction. For this purpose, the movement of a diesel locomotive as part of a train along a given
section of a track was studied. It was determined that the use of an energy storage device on a diesel
locomotive will allow up to 64% of the energy spent on train traction to accumulate. The use of energy
storage in the accumulator during electrodynamic braking ensured a reduction in fuel consumption
by about 50%, regardless of the options for equipping the traction system of the diesel locomotive
with an energy accumulator. It is established that regardless of the options for equipping the traction
system of the diesel locomotive with an energy storage device, the indicators characterizing the
degree of use of the diesel engine do not change. These research results can be used in works devoted
to the improvement of the control system of energy exchange between the accumulator and traction
engines of diesel locomotives.
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1. Introduction

Three international pan-European railway transport corridors—No. 3 (Gdansk-Odesa
(Baltic Sea, Black Sea)), No. 5 (Europe-Caucasus—Asia (TRACESA)), and No. 9 (Europe—
Asia)—run through the territory of Ukraine. Also, Ukrainian railways through river ports
are tangential to pan-European corridor No. 7, which runs along the Danube [1,2]. In
2023, an agreement was reached on the creation of a 1520 mm gauge railway corridor
between Ukraine and Lithuania [3]. The railway lines of the active transport corridors,
as well as the main highways, are electrified. This ensures a low cost of transportation
and the potential for further development of transit transportation [4]. At the same time,
parts of the railway lines that transport goods to stations located on the lines of transport
corridors, ports, logistics terminals, etc., are served by diesel locomotives. The insufficient
volumes of these vehicles make it impractical to electrify such areas, even under conditions
of constant growth in the cost of fuel and lubricants. Therefore, it is considered that, for
such lines, it is necessary to use modern or modernized diesel locomotives; as a result, a
reduction in operating costs and the elimination of the negative impact on the environment
will be achieved.

To update the fleet of mainline freight diesel locomotives, TE33A “Tryzub” diesel loco-
motives were purchased, which are a version of the Evolution ES44ACi diesel locomotive
adapted for 1520 mm gauge [5,6]. The advantages of the new diesel locomotive are reduced
consumption of fuel and lubricants, increased service intervals, lower harmful emissions,
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improved working conditions of the locomotive crew, etc. Also, the new diesel locomotive
has significantly higher traction characteristics compared to existing diesel locomotives,
which makes it possible to increase the efficiency of the transportation process.

Another option for renewal is the modernization of diesel locomotives, which is widely
used to improve the locomotive fleet. Its advantage is a lower cost compared to the purchase
of a new locomotive. The diesel locomotive fleet of state railways and private carriers in
the Baltic States and Eastern Europe has been updated through modernization. In 2011,
the domestic railway operator JSC “Ukrzaliznytsia” modernized M62 diesel locomotives
using General Motors equipment [7]. The PrJSC Poltava Diesel Locomotive Repair Plant
modernized 2TE10M diesel locomotives using the SuperSkid power module from GE [8].
Modernization ensured a reduction in fuel consumption, reduced oil consumption, etc.
However, due to the preservation of the original traction electric motors, the traction
properties of diesel locomotives have hardly improved.

The method of updating the fleet of locomotives is to reduce operating costs, a signifi-
cant part of which is the cost of fuel and lubricants. The key here is to ensure the use of
modern diesel engines, which use less fuel compared to older models. The use of traction
electric drives and auxiliary electric drives, which have increased energy efficiency, also
contribute to reducing fuel consumption. A reserve for further reductions in fuel consump-
tion is the accumulation of energy during electrodynamic braking and its use in traction
modes. This technology is being researched by many research centers and companies [9].

In existing studies, two approaches to the use of energy storage devices are
proposed [9-11]. The first is that the energy storage is integrated into the diesel gen-
erator set, and they can work on a common load [12-14]. The second involves energy
storage that is placed on a separate section and interacts only with the traction drive of this
section [15-17].

The results of the study in accordance with the first option of adding an energy storage
device to the traction system can be found in [10]. In this paper, through modeling, it is
established that the use of an energy storage device leads to a reduction in fuel consumption
by up to 16.5%, and harmful diesel emissions are also reduced. In [11], it is shown that the
potential energy saving during the movement of the studied train is 23.87%. Taking into
account the construction of the optimal cost criterion of the life cycle of the drive in LTO
elements, the savings will be 15.67%.

Research on the application of energy storage is applied to many types of rail
transport [18-20]. In [21], a shunting locomotive is studied when performing removal
work. It is shown that when using an energy storage system in the traction system, the
reduction in fuel consumption is 20.57% without the use of recuperation and 25.64% in
the case of using energy storage. In [22], the results of the operation of the Ki-Ha E200
rail bus are given, the use of a storage device on which saved 10% of fuel. Ref. [23] pro-
vides data on the reduction in energy consumption by a passenger diesel locomotive for
various operating conditions. The reduction in energy consumption is 47.52% of the total
energy consumption.

An alternative option is the use of a separate booster section in which the energy
storage is located [17,24,25]. Operational studies of the FLXdrive battery locomotive are
being conducted in the USA, the use of which as part of a multi-section diesel locomotive
made it possible to save 11% of fuel [15]. The research results on a locomotive with a booster
section equipped with an energy store are given in [17,26]. According to the simulation
results, it was established that fuel consumption by locomotives from energy storage is
reduced by 12.40% when using inertial storage and 20.65% when using batteries. In [25], it
was found that the use of a booster section with an energy store allows fuel consumption
to be reduced by 22-30%.

Thus, the results of theoretical and experimental studies show the possibility of elim-
inating the consumption of fuel and energy resources when using energy accumulators
on mainline freight locomotives. The limitation of the obtained results is that they were
obtained for a specific type of diesel locomotive under specific operating conditions. This
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makes it impossible to extend them to other conditions, and therefore, there is a need for
new studies on specific types of locomotive, train, and route. To determine the effective-
ness of the use of energy storage on rolling stock, indicators characterizing the costs of
operating a serial rolling stock without energy storage and a hypothetical modernized
rolling stock with energy storage are compared [10,23]. As a rule, fuel consumption is taken
as an indicator. In more advanced calculations, economic indicators and combinations
of indicators that take into account various aspects of locomotive operation are used as
efficiency criteria [11,16]. Considering the above, it is necessary to carry out research to
determine the effectiveness of energy storage on domestic rolling stock.

The aim of this research is to assess the potential of energy saving when using energy
storage devices on mainline diesel locomotives on the railways of Ukraine.

The following tasks were performed as part of the assigned work:

- A mathematical model of the movement of the main diesel locomotive is developed
in Section 2;

- The movement of a diesel locomotive as part of a train is modeled for the following
options in Section 3: movement with a serial diesel locomotive; movement with a
diesel locomotive as part of one diesel and booster section with an energy accumulator
(energy exchange is carried out only with the traction system of the booster section);
movement with a diesel locomotive as part of one diesel and booster section with an
energy accumulator (energy exchange is carried out with the traction systems of the
diesel and booster sections);

- The obtained results are discussed in Section 4;

- Conclusions are drawn in Section 5.

N

. Development of a Mathematical Model of Train Movement

The most common locomotives on Ukrainian railways are the 2TE116 freight loco-
motives manufactured by PJSC “Luhanskteplovoz” (Luhansk, Ukraine) (Figure 1). The
basic form is a two-section diesel locomotive. The design of the locomotive is described
in [27-29].

/

Figure 1. General appearance of the 2TE116 diesel locomotive (photo [30]). Non-English word means
an element of the locomotive livery, which contains the name of the company in Ukrainian.

This study aimed to determine the movement parameters of the mainline diesel
locomotive as part of a train journey carried out in the section between the Kharkiv-
Sortuvalnyi and Sumy stations in both directions. The length of the section is 201 km; the
profile of the route is shown in Figure 2.
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Figure 2. Path profile (created by the authors).

An analysis of works devoted to the research of new technologies on rolling stock
shows that mathematical modeling is used in the initial stages [16,19]. Modeling is im-
portant in creating modern equipment for vehicles [31,32] and rail transport systems in
general [32-34]. Mathematical modeling is widely used, in particular, for the study of
rolling stock [35-37], traction power supply systems [38—40], infrastructure objects [41-43],
traffic safety assessment [44,45], transportation process management [46], etc. The priority
is mathematical modeling that does not require the production of physical prototypes of
equipment and systems.

Mathematical modeling is used in research devoted to the application of energy
storage on railway rolling stock [16,21]. This makes it possible to assess the expediency
and efficiency of energy storage applications. For this purpose, performance indicators of
a serial locomotive without energy storage and a hypothetical locomotive equipped with
energy storage are compared [16,19,25].

The mathematical modeling of train movement involves determining movement
parameters: duration, speed, the consumption of energy resources, etc. A mathematical
model was developed to study the movement of a mainline locomotive based on the
recommendations and provisions of the theory of locomotive traction [47]. It is accepted
that the train was viewed as a chain of rigid bodies connected rigidly [48].

The mathematical model of train movement is described by the following system of
equations [48,49]:

a8 = 5 (fL — (wr + ww) = b); W

ds
dr

< DM

where —coefficient taking into account the units of measurement;

v—train speed;

t—time;

S—path;

p—coefficient that takes into account the rotation of the parts of the locomotive subframe;
fr—specific traction force of the locomotive in traction or electrodynamic braking mode;
wy—specific resistance force of the locomotive movement;

ww—specific force of resistance to movement of wagons;

b—specific braking force of pneumatic brakes.

The specific tangential force of the locomotive in the mode of traction or electrody-
namic braking was determined in accordance with the expression

Fr

S n
Y Mpx+ ¥ My,
k=1 =1

fL= )

where F;—traction force of the locomotive in traction or electrodynamic braking mode;
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M; ;—mass of the locomotive section;
s—the number of locomotive sections;
My;—mass of the wagon;

n—the number of wagons.

The specific resistance to movement of the locomotive and wagons was determined in
accordance with the expression

W= wp + Wy + W; + Wy + ws, 3)

where w;—main specific resistance of movement;

w;—additional specific resistance to movement from a slope;
w,—additional specific resistance of movement from movement along a curve;
ws—additional specific resistance during train movement.

The main specific resistance during locomotive movement was determined as follows [47]:

17.2 4 0.044 - v + 0.0026 - v2, F; > 0;
L= (4)

20.5+0.18 - v + 0.0034 - v?, F; = 0.

The first equation of the system corresponds to the traction mode, and the second to
the coasting and braking modes.
The main specific resistance of four-axle wagons on semi-wagons was determined

as [48]

3+0.O9-v+0.002-02)'g

ww = <0.7 +
qo0

)

where g,—axle load;
g—acceleration of free fall.

With the calculated weight of the loaded wagon of 84 tons, the axle load is 21 tons.
In the case of the movement of an empty wagon (or with an axle load of less than
6 tons), the main specific resistance was calculated in accordance with the following
expression [48]:
Wy =3+ 0.1- v+ 0.0025 - v°. (6)

Additional resistance when moving on a slope was determined as

where i—axle load.
Let us determine the resistance from movement along a curved section of the track in
accordance with the expression [48]

Wy = —H -8 8)

where R—radius of the curve.
Additional resistance during displacement was determined in accordance with the

expression [48]

28

R

where g—load on the axis of the rolling stock unit.

The control system, which sets the force of traction and braking, functions in such a
way as to maintain the permissible speed of movement on the site. Stop braking is carried
out at the end of the movement on a section that is 1500 m long.

& )

Ws
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The energy that is actually produced by the diesel during movement in traction
modes is

N
G=) 8 Ti+8: T, (10)
i=1
where i—position number of the driver controller in traction mode;

gi—specific fuel consumption at the i-th position of the driver’s controller;
T;—total duration of diesel operation at the i-th position of the driver’s controller;
go—specific fuel consumption in idle mode;

To—total duration of diesel engine operation in idling mode;

N—total number of driver controller positions.

For additional evaluation of the use of the power plant, the following indicators
are used.

The coefficient of use of the installed diesel power, which characterizes the complete-
ness of the consumption of the installed (nominal) power of the diesel generator set when
moving under load, is defined as [50,51]

Er

Kp = —,
P Ep

(11)
where Er—energy actually produced by the diesel engine during movement in trac-
tion mode;

Ep—theoretical value of the energy that a diesel engine could produce when operating at
rated power during movement.

The energy actually produced by the diesel engine during movement in traction mode

was determined as
N

Er=) P, (12)
i=1

where P,—power of the diesel engine at the i-th position of the driver’s controller.
The theoretical energy value is calculated according to the expression

N
Ep=Py- Y T, (13)
i=1

where Py—nominal power of the diesel engine.
The load factor of the diesel engine over time [50] was determined as

Ty

Kp=-— 1 |
T Ty + T, + T3

(14)

where T7—total duration of work under load in traction mode;

Tr—total duration of coasting mode during movement along the section;
T3—total duration of braking mode, including electrodynamic braking.

The theoretical coefficient of energy accumulation was determined by the expression

A
krr = Ti “HR - (1 —=vaux) - (1—78), (15)

where Ap—work “on the wheel” of braking forces;

Ar—work “on the wheel” of traction forces;

nr—average value of the efficiency of the traction system and the energy storage system
during accumulation;

Yaux—share of energy consumed by auxiliary systems in electrodynamic braking mode;
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yp—share of energy that is utilized by other braking systems during braking.

The coefficients #g, yaux, and yp can be reliably determined based on the results of
calculations of parameters of motion processes. Let us consider it expedient to accept the
following values for estimation calculations:

- The average value of the efficiency of the traction system and the energy storage
system during accumulation is 0.9;
- The share of energy consumed by auxiliary systems in electrodynamic braking mode:

Yaux = 0.05;
- The share of energy that, during braking, is utilized by other braking systems:
g = 0.06.
Then, Expression (15) takes the form
Ap
krr ~ 16
rT ~ 0.8 A (16)

The actual accumulation coefficient was determined in accordance with the expression

AE
~ ZE 17
krr i (17)

where Ap—energy that was actually accumulated in the accumulator.

3. Results of Train Motion Simulation
3.1. Modeling the Movement of a Train with a Serial Diesel Locomotive (Option 1)

The electric locomotive uses alternating current-direct current power transmission.
The diesel generator has a traction synchronous generator in its composition, which feeds
an uncontrolled rectifier. DC traction motors with series excitation are powered from the
rectifier. The regulation of electric motors is carried out by changing the voltage on their
armatures, for which the excitation current of the traction generator is changed. In addition,
shunting of the excitation windings of traction electric motors is used, for which field
weakening resistors and appropriate contact equipment are used. A simplified structural
diagram of the traction system of a serial diesel locomotive is shown in Figure 3. The
traction systems of sections 1 and 2 are identical.

Section 1 - Section 2
(D D -
gl T T T Lo Ll @ 1
DG TN fu) l"/M\ ) / \ \” :/u\. ! _/t,\
} ¢) =SB =T DG
&) R B
‘/]‘ 41 ’_I H— /}‘) )
S =

Figure 3. Simplified structural diagram of the traction system of the 2TE116 diesel locomotive.

In Figure 3, the following designations are used: DG—diesel genset with non-controlled
rectifier, TD—traction electric drive, D—diesel engine, G—traction synchronous generator,
R—non-controlled rectifier, M—DC traction electric motors, F—field weakening resistors
and their switching devices, and [—auxiliary induction electric motors of equipment-
cooling motor fans.

Figure 4 shows the traction characteristics of the 2TE116 serial diesel locomotive in the
composition of two identical sections.

Table 1 shows fuel consumption on hyperbolic sections of traction characteristics.
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Figure 4. Traction characteristics of the 2TE116 diesel locomotive at odd positions of the
driver’s controller.

Table 1. Characteristics of fuel consumption by diesel locomotive 2TE116 in the composition of
two sections.

Driver controller position

0 1 3 5 7 9 11 13 15

Power of diesel engines, kW

2x33 2x180 2x415 2 x 670 2 x 990 2 x 1320 2 x 1660 2 x 2000 2 x 2250

Fuel consumption by two diesel
engines, kg/min

0.66 1.6 3.3 4.8 6.8 9.0 10.9 13.5 17.0

Calculations were made for the permissible speed of 60 km/h, which corresponds to
the actual speeds of freight trains on the section. For the calculation, a train weighing 4056
tons with forty-five loaded wagons (this corresponds to the weight standard for a 2TE116
diesel locomotive) and 1311 tons with forty-five empty wagons was accepted. The mass
of the diesel locomotive is 276 tons. The simulation was carried out while moving in both
directions. The results of calculations are given in Table 2.

Table 2. Results of the calculation of traffic parameters on the Kharkiv-Sortuvalnyi-Sumy section.

Movement Direction

Parameter
Kharkiv-Sortuvalnyi-Sumy Sumy-Kharkiv-Sortuvalnyi
Type of Train Loaded Train Empty Train Loaded Train Empty Train
Duration of movement, s 13,264 12,483 13,163 12,448
Fuel consumption, kg 1726 837 1611 780

Work “on the wheel” in traction mode, kWh 5605.3 2081.9 5173.9 1940.4
Work “on the wheel” of braking forces, kWh 3830.6 1071.5 4206.1 1190.0
Theoretical accumulation coefficient 0.544 0.423 0.648 0.488

The coefficient of use of the installed diesel power 0.881 0.524 0.876 0.521
Diesel engine load factor over time 0.501 0.434 0.482 0.411

From Figures 5 and 6, it can be seen that the movement is carried out at a permissible
speed. For loaded wagons, there is a decrease in speed when moving on climbs; the
tangential power mostly corresponds to the nominal power of the diesel locomotive. When
moving with empty wagons, the tangential power takes intermediate values according to
the locomotive’s traction characteristics. For the reverse direction—from the Sumy station
to the Kharkiv-Sortuvalnyi station—the speed and traction force dependences are similar
to those shown in Figures 5 and 6.
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the movement of a train with empty wagons from the Kharkiv-Sortuvalnyi station to the Sumy station.
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The data in Table 2 shows that, for movement with loaded wagons, the coefficient
of use of the installed diesel power is 0.87-0.88, and the loading coefficient of the diesel
engine over time is 0.48-0.5. When moving with empty wagons, the utilization factor
of the installed diesel power is 0.52, and the load factor of the diesel engine over time is
0.41-0.43. Larger values of the coefficient of use of the installed capacity of the diesel engine
correspond to more difficult driving conditions with loaded wagons. However, the diesel
load factor changes insignificantly over time when the mass of the train changes.

The theoretical coefficient of energy accumulation is 0.426-0.648. That is, 42.6% to
64.8% of the energy spent in traction mode can be stored in the on-board energy storage
system and can be reused in traction modes. This will ensure a reduction in fuel consump-
tion and increase the service life of the diesel engine. To implement this, the traction system
of the diesel locomotive must include an energy storage system.

3.2. Modeling the Movement of a Train with a Diesel Locomotive as Part of Diesel Sections and a
Booster Section with Energy Storage (Option 2)

Studying the movement of a train with a serial diesel locomotive showed the presence
of a significant potential for accumulating energy in the on-board storage device. The
option was studied when one of the sections of the diesel locomotive was converted and a
storage device was installed on it. For this purpose, it is necessary to use semiconductor
converters for powering and controlling electric motors, which, in this case, will work with
current pulsations [52,53]. A possible version of the construction of the traction system of
the locomotive is shown in Figure 7 (the diesel section does not change; its traction system
is shown in Figure 3).

Booster Section

Diesel Section

@ 1

Y )

DG ES
3

@

Figure 7. Structural diagram of the traction system of diesel locomotive with isolated booster section.

In Figure 7, the following designations are used: TA—traction electric drive with
semiconductor converter, ES—energy accumulator, A—semiconductor converter of the
armature circuit, E—semiconductor excitation regulator, ASB—auxiliary system of the
booster section, B—semiconductor power converter of cooling motor fans of traction electric
motors, C—semiconductor power converter of the compressor unit, N—semiconductor
power converter of additional systems of the booster section, and [—auxiliary induction
electric motors. Other designations are shown in Figure 3.

For modeling purposes, it is assumed that the booster section with energy storage has
traction and braking characteristics identical to the characteristics of the diesel section. The
traction characteristics of the booster section are shown in Figure 8.

Since, in the studied version of the locomotive, the diesel generator set remains only
on the diesel section, the fuel consumption of the locomotive will decrease (Table 3).

Table 3. Fuel consumption by diesel section.

Driver controller position 0 1 3 5 7 9 11 13 15
Diesel power, kW 33 80 415 670 990 1320 1660 2000 2250
Fuel consumption, kg/min 0.33 0.8 1.7 2.4 3.4 4.5 59 6.8 8.5
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The limiting braking characteristic of one section of the diesel locomotive is shown in
Figure 9.

O T T T T 1
20 40 60 80 100

-100

=200 -+

Braking effort [kN]

|
[63)
o
o
L

Velocity [km/h]

Figure 9. Limiting braking characteristic of one section of a diesel locomotive.

With electrodynamic braking, the operation of both sections is possible at any point
within the braking area [54]. On the accelerated section, this is ensured by appropriate
control of the traction converters. To implement electrodynamic braking, braking resistors
must be installed on the diesel section. If the section is equipped with an automatic rheostat
brake control system, it is also possible to operate in any mode corresponding to the points
“inside” the area that are limited by the limiting braking characteristic. The scheme of the
traction wheels in the braking mode corresponds to the traditional schemes that are used
on diesel locomotives with rheostat braking and are not shown here. It should be noted
that for cooling the traction electric motors in the rheostat braking mode, an increase in
the engine speed is necessary. There are no data on fuel consumption in such modes, so
in the simulation, it is assumed that the fuel consumption corresponds to the mode of
operation at the zero position of the driver’s controller (although the real fuel consumption
will be greater).

Table 4 shows the results of calculations during the movement of a diesel locomotive,
which consists of serial diesel and booster sections with energy storage. The simulation is
carried out under the same conditions as in option 1.

The calculation of energy exchange processes was carried out as follows [55,56].

The power, which is exchanged by the storage unit with the traction electric drive,
was determined as

Dyp .
P +Plllle/ PkB >0;
Pgs = o (18)

—(|Pg| - 11D — PauxB), P <0,

where Pig—tangential power of the booster section;
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nrp—total efficiency of traction electric drive (accepted efficiency equal to 0.9 for traction
mode and electrodynamic braking mode);
P,xp—power of auxiliary systems of the booster section (taken equal to 150 kW).

Table 4. Results of calculation of train movement parameters.

Parameter

Movement Direction

Kharkiv-Sortuvalnyi-Sumy Sumy-Kharkiv-Sortuvalnyi
Type of Train Loaded Train = Empty Train  Loaded Train = Empty Train

Duration of movement, s 13,345 12,524 13,212 12,461
Fuel consumption, kg 865 422 806 398

Work “on the wheel” in traction mode, kWh 5603.1 2084.9 5162.5 1938.5

Work “on the wheel” of braking forces in EDB mode, kWh 3831.2 1070.1 4216.7 1191.0
Theoretical accumulation coefficient 0.544 0.423 0.648 0.488
Coefficient of use of the installed diesel power 0.881 0.524 0.876 0.521
Diesel engine load factor over time 0.501 0.434 0.482 0.411

Energy accumulated in the accumulator at EDB, kWh 1336.4 473.4 1550.7 520.0
Actual accumulation rate 0.238 0.227 0.301 0.268

Energy consumed from ES in traction modes, kWh 3554.4 1642.1 3288.2 1555.1
Energy that must be stored in the ES before movement, kWh 2110 1115 2001 1013
Minimum working energy capacity, kWh 2100 1115 2001 1013

The energy change in the accumulator was determined by the expression

—Pgs - s - At, Pps > 0;

AEps = (19)

|Pps|-At
TES

, Pps <0,

where ygs—energy storage efficiency (in charging and discharging modes, this is equal to 0.9);
At—duration of the charging (discharging) process.

Table 4 shows that the parameters correspond to the traffic parameters with a serial
diesel locomotive. Minor differences can be explained by modeling errors. Table 4 shows
that the actual coefficients of energy accumulation are approximately half as much as the
theoretical values. This is explained by the fact that energy is accumulated only from the
traction electric drive of the booster section. The diesel section does not provide energy for
the accumulator. However, fuel consumption was reduced by approximately half. That is, the
use of an energy storage device made it possible to halve the consumption of fuel, which is
consumed directly during the movement of a diesel locomotive with a train along the section.

Figures 10 and 11 show the time dependences of power and energy changes in the
accumulator. The motion curves (speed, tangential power) are identical to the curves
obtained during the movement of a train with a basic diesel locomotive (Figures 5 and 6).
Table 4 shows the results of calculating the movement parameters for the studied option.

The analysis of the dependencies in Figures 10 and 11 shows that intensive energy
consumption occurs when moving uphill, and accumulation occurs when moving downhill.
The maximum power of the energy storage in the traction mode of the booster section
is 2156 kW, and in the energy storage mode with electrodynamic braking, this value is
2337 kW. To ensure the operation of the storage device, it must have a certain energy charge
before starting [56,57]. At the same time, there is an almost monotonous change in energy
in the accumulator, which allows us to estimate its minimum working energy capacity
equal to the initial energy before movement.
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Figure 10. Time dependences of power (a) and energy change (b) of the accumulator when moving
from Kharkiv-Sortuvalnyi station to Sumy station with loaded wagons.
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Figure 11. Time dependences of power (a) and energy change (b) of the accumulator when moving
from the Kharkiv-Sortuvanny station to the Sumy station with empty wagons.
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Thus, the use of energy storage on the booster section reduced fuel consumption
during movement by half. As a result of the fact that accumulation is only carried out from
the booster section, about half of the available energy is stored. The performance indicators
of the diesel engine do not change.

3.3. Modeling the Movement of a Train with a Diesel Locomotive as Part of a Diesel Section and a
Booster Section with an Energy Storage Unit with Combined Traction Systems (Option 3)

As can be seen from the analysis of the previous simulation results, energy accumula-
tion from only one section does not exhaust the entire energy saving potential. Therefore,
the case was considered when, in the mode of electrodynamic braking, energy accumula-
tion can occur both from the booster section and from the diesel section. At the same time,
the energy storage is located in the booster section. In this case, the traction system of the
diesel section will have a structure similar to the structure of the booster section (Figure 12).

Diesel Section Booster Section
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Figure 12. Structural diagram of the traction system of the diesel section for the case of energy accu-
mulation both from the booster section and from the diesel section during electrodynamic braking.

In Figure 12, the following designation is used: ASD—auxiliary system of the booster
section. Other designations are shown in Figures 3 and 7.

To provide energy return from the electric motors of the diesel section to the accumu-
lator, which is located in the booster section, the power circuits of the diesel and booster
sections are connected into a single link. At the same time, in the traction mode, only the
traction electric motors of the booster section receive power from the energy storage.

The traction characteristics of the sections shown in Figure 8 and the limiting braking
characteristics shown in Figure 9 were used in the simulation.

The calculation of energy exchange processes in the energy storage is carried out
as follows.

The power that is exchanged between the storage unit and the traction electric drive is

Dip .
+ PauxB, P = 0;
Plrg = D o (20)

—((|Pep| + |Pkgl) - 117D — (PauxD + Paux)), Px <0,

where Pyp—tangential power of the diesel section;

P,.xp—the power of auxiliary systems of the diesel section (taken to be equal to 200 kW);
Pr—tangential power of the diesel locomotive.

The total efficiency of the traction electric drive, #1p, is taken to be equal to 0.90
for the traction mode and the electrodynamic braking mode for both the booster and
diesel sections.

Positive values of storage capacity correspond to discharging, with negative values
to charging.



Vehicles 2024, 6 625

The change in energy in the accumulator is determined by the expression

—P'gs - yjgs - At, P'gg > 0;

|Pgs|-At
MES

AE'rs = (21)

p P/ES < 0.

As in the previous cases, the simulation was performed for the movement of the train
with loaded and empty wagons in both directions. The calculation results are given in
Table 5. Figures 13 and 14 show the time dependences of power and storage energy changes
for the studied variant.

The analysis of movement parameters according to the data in Table 5 shows that they
correspond to the traffic parameters with a serial diesel locomotive.

Table 5 shows that the actual coefficients of energy accumulation are practically equal
to the theoretical value (the excess of the actual coefficient over the theoretical one is
explained by the approximate calculation of its value). This is explained by the fact that
energy is accumulated both from the traction electric drive of the booster section and from
the diesel section. Fuel consumption by the diesel section is reduced by about half.

From Figures 10 and 11, it can be seen that intensive energy consumption occurs when
moving uphill, and accumulation occurs when moving downhill. The maximum power
of the energy storage in the traction mode of the booster section is 2156 kW, and in the
energy storage mode with electrodynamic braking, this value is 4674 kW. To ensure the
operation of the drive, it must have a certain charge of energy before starting. The analysis
of the dependences of the energy change in the accumulator shows that it is characterized
by a significant discharge of the energy accumulator as well as charging. At the same time,
energy accumulates in the accumulator at the end of the movement. The minimum working
energy capacity can be estimated at the level of the initial energy that must be in storage
before starting the movement. It should be noted that the values of the working capacity
of the drive for option 3 are significantly lower than those for the drive used according to
option 2.

Table 5. The change in energy in the accumulator is determined by the expression.

Movement Direction

Parameter Kharkiv-Sortuvalnyi-Sumy Sumy-Kharkiv-Sortuvalnyi
Type of Train Loaded Train  Empty Train  Loaded Train =~ Empty Train
Duration of movement, s 13,345 12,524 13,212 12,460
Fuel consumption, kg 865 423 806 398
Work “on the wheel” in traction mode, kWh 5603.1 2084.9 5162.5 1938.5
Work “on the wheel” of braking forces in EDB mode, kWh 3823.2 1072.5 4185.7 1236.0
Theoretical accumulation coefficient 0.546 0.411 0.649 0.509
Coefficient of use of the installed diesel power 0.881 0.524 0.876 0.521
Diesel engine load factor over time 0.501 0.434 0.482 0.411
Energy accumulated in the accumulator at EDB, kWh 2672.8 946.7 3288.2 1040.1
Actual accumulation rate 0.477 0.454 0.637 0.536
Energy consumed from ES in traction modes, kWh 3550.0 1642.1 3101.4 1555.1
Energy that must be stored in the ES before movement, kWh 1040 710 890 605

Minimum working energy capacity, kWh 1040 710 890 605
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Figure 13. Time dependences of power (a) and energy change (b) of the accumulator when moving
from the Kharkiv-Sortuvalnyi station to the Sumy station with loaded wagons.
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Thus, the use of an energy storage device to accumulate energy from the booster
and diesel sections reduced fuel consumption during driving by half. At the same time,
all energy that is available during electrodynamic braking is stored. The performance
indicators of the diesel engine do not change.

4. Discussion of the Obtained Results

As a result of the conducted research, the effectiveness of the use of energy storage
devices on the main freight diesel locomotive has been established. In order to determine
a more effective organization of the traction system of a mainline diesel locomotive, a
comparison of the obtained calculation results was made for the second (diesel section and
booster section with energy storage) and the third (diesel section and booster section with
energy storage with combined traction systems) options for organizing the traction drive
of a mainline diesel locomotive.

As can be seen from Table 6, both cases of using the energy accumulator—for energy
accumulation only from the booster section and accumulation from both the booster section
and the diesel section—ensure a 50% reduction in fuel consumption compared to a serial
diesel locomotive. The indicators that characterize the use of a diesel engine do not change.
In both cases, when the train is moving with loaded wagons, the use of diesel engines
based on the load can be considered effective. However, in terms of working time under
load, diesel is only used for about half of the time. It is worth noting that these indicators
are affected by the load algorithm of the diesel and booster sections, which, in this work,
was assumed to be identical to the serial diesel locomotive. Therefore, in order to improve
the use of diesel indicators, it is worth developing control algorithms that will ensure the
improvement of diesel use, prioritizing the reduction in the duration of unproductive work.

Table 6. The results of the comparison of the parameters of the train movement, obtained according
to options 2 and 3.

Accumulation only from the Accumulation from Both (Diesel and
Compared Parameter . .
Booster Section Booster) Sections
Reduction in fuel consumption relative to the
ST . ~50 ~50
basic diesel locomotive, %
Change in the utlhzatlo.n faoctor of the installed without change without change
capacity, %
Change in the diesel utilization rate over time, % without change without change
Minimum working energy intensity, r. u. 1 1 1 1 0.495 0.637 0.445 0.597
Energy that must be stored in the accumulator 1 1 1 1 0.495 0.637 0.445 0.597
before movement, r. u.
Power of the energy storage, r. u. 1 2

The analysis of the indicators of the energy storage device shows that when storing
energy only from the booster section, its power is approximately the same for both traction
mode and storage mode. In the second case, the power in the storage mode is almost twice
as high as the power in the energy return mode. At the same time, the working energy
capacity for the second option is 1.57-2.25 less than for the first option.

For the normal functioning of the energy storage during movement, it must be initially
charged. In the first case, using the storage device requires 2.25-1.57 times more energy,
which must be stored in the storage device before the trip. That is, the total cost of fuel
and energy resources for the trip will be higher in the first option of using the energy
storage: before starting the movement, more energy must be accumulated in the storage.
Charging can be carried out from a diesel section or—in case of long-term parking—from a
specialized charging station [58,59].
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When applying the energy storage according to the first variant of conversion, only
one section of the diesel locomotive is subject to conversion. In the case of using the
drive according to the second option, the conversion of both sections is necessary. In
order to charge the energy storage, it is necessary to build appropriate infrastructure
facilities [60-62]. In addition, the technological processes of stations, depots, and mainte-
nance points should be optimized in order to ensure the charging of accumulators on the
booster section and their diagnostics [63—65]. To increase the efficiency of the introduction
of energy storage devices on the locomotive, it is necessary to develop energy-optimal
management strategies for such locomotives [66-68].

Thus, with the investigated methods of using energy storage devices on the 2TE116
diesel locomotive, a two-fold reduction in fuel consumption during its movement on the
route is achieved. At the same time, there is a need to charge the energy storage before
starting movement, for which additional energy resources will be used. For the final choice
of the energy storage option on the 2TE116 diesel locomotive, further research is required,
taking into account the economic aspects of the diesel locomotive modernization and the
creation of an infrastructure for servicing the energy storage.

5. Conclusions

Ways of improving the two-section mainline freight locomotive, in which energy
storage is installed in one section instead of the diesel generator, are considered. The cases
where the traction system of the section with energy storage is isolated from the traction
system of the section with the diesel generator, as well as the case when the traction systems
of both sections are connected, have been investigated. Through mathematical modeling, it
was determined that in electrodynamic braking modes, depending on the configuration of
the traction system, 32.64% of the energy spent in traction mode can be accumulated. The
use of this energy in traction mode provides a reduction in fuel consumption when driving
on the route by about 50%. To determine the final option of modernization, it is necessary
to take into account the economic aspects that arise in connection with the introduction of
an energy storage device during the modernization of a diesel locomotive.
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