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Abstract: Operation modes of rolling stock at mining enterprises are considered and analyzed. The
justification of the need to replace it with a modern specialized electric locomotive for quarry railway
transport, equipped with an asynchronous traction electric drive and an on-board energy storage
system, is presented. The determination of the parameters and structure of the on-board energy
storage system, based on the condition of power compensation with limited power consumption
from the traction network and ensuring the autonomous movement of the electric locomotive, is
considered. This study was carried out by modeling the processes of energy exchange in the traction
system of an electric locomotive. The use of lithium cells and supercapacitors in energy storage
is considered. Variants of the hybridization of energy storage were studied from the standpoint
of minimizing the weight, size, and cost indicators. It was established that reducing the mass of
the energy storage device, which includes lithium cells and supercapacitors, leads to an increase in
the cost of one kilowatt-hour of energy storage capacity, which reduces the attractiveness of capital
expenditures for the creation of such an energy storage device. Hybridization of the energy storage
device by combining lithium cells of different types practically does not improve its weight, size, and
cost indicators. The recommended option is a storage capacity of energy based on LTO elements, for
which it is necessary to select elements in order to minimize weight, size, and cost indicators.

Keywords: quarry railway transport; electric locomotive; on-board energy storage system; traction
drive; induction motor

1. Introduction and Literature Review

Achieving the objectives of the European Green Course and the corresponding tasks
of the national decarbonization programs requires a radical review of the production
processes of Ukrainian mining enterprises [1]. Electrified railway open-pit transport, which
is widely used to transport iron ore from quarries to processing plants, uses traction rolling
stock, the development of which took place in the 1970s and 1980s of the last century.
Modernization of this rolling stock with the use of modern electrical equipment certainly
reduces the consumption of electrical energy by the rolling stock and losses in the electric
traction system. However, owing to the long service life of rolling stock, which, in most
cases, exceeds the standard service life, wide implementation of energy-efficient equipment
and technologies is not carried out.

For example, for traction units of the OPE1A type (Figure 1), the replacement of
an outdated rectifier with a modern analog is widely used, which allows exclusion of
the group switch from the traction electric drive and improves the traction and energy
performance of the locomotive. However, owing to the preservation of the structure of the
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traction electric drive and collector electric motors, the absence of a power compensator
and energy recovery, and the uncontrolled electric drive of auxiliary systems, the general
level of energy characteristics practically corresponds to a nonmodernized locomotive. The
real effect of this modernization is to ensure the operability of the locomotive.

Figure 1. OPE1AM traction unit Ne040 (photograph taken by the authors) [2].

A feature of electrified railway quarry transport is the change in routes and transport
volumes depending on the degree of exploitation of the iron ore deposit and the volumes
and methods of its extraction, while the end points of the routes are constantly moving away
from the traction substations. As a result, situations are observed when the traction power
supply system does not provide reliable and high-quality power to the electric rolling stock:
in certain operating modes of the electric rolling stock, the actual voltage on the current
receiver falls below the permissible regulatory level. In such situations, the train driver
reduces the power of the electric rolling stock to actuate emergency protection, which leads
to nonfulfillment of the movement schedule and disruption of the technological process.
Strengthening the traction network or setting up additional traction substations is not
considered appropriate due to significant capital costs. As a result, the throughput capacity
of the track is limited, which negatively affects the operation of the mining complex.

Thus, the current state of electric traction systems for railway quarry transport does
not meet the requirements for reduced energy consumption, decarbonization, or limiting
production processes.

The authors see a solution to this problem in the application of a new electric rolling
stock. In [3], a new electric locomotive was proposed for quarry railway transport. It
considers the use of a traction asynchronous electric drive and an on-board energy storage
system (ESS), the task of which is as follows:

Energy accumulation during electrodynamic braking;
Ensuring autonomous operation, including modes with low-quality energy consump-
tion from the traction network;

e  Power compensation in the case of low-quality traction power supply.

The accumulation of energy in the on-board ESS during electrodynamic braking is a
key energy-saving technology used in rolling stock. The use of energy from the on-board
ESS reduces the total energy consumption for movement.

One of the stages in electric locomotion is shunting on the tracks of the open top
loading point when loading ore into dump trucks. To ensure the operation of the excavator
that loads the ore, the contact wire is placed on the side of the track. At the same time,
there is the possibility of touching this wire with the excavator bucket and, accordingly,
the occurrence of a short circuit and damage to the traction network equipment. In the
case of autonomous movement of the electric locomotive from the on-board ESS, the
arrangement of the side contact wire is not required. The power consumed by the electric
locomotive is not more than 10% of the rated power during shunting. This leads to the
input converter’s mode with low energy indicators, in particular, the generation of higher
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harmonic components of the traction current in the traction network. Taking into account
the fact that the open top loading point is at the end of the feeder zone, the flow of
higher harmonic components of the traction current causes additional energy losses in the
traction network.

As mentioned above, the traction network on the quarry railway does not provide
regulatory voltage levels on the current receiver, which leads to a limitation in the power
that can be transmitted by electric rolling stock. Therefore, it is rational to limit energy
consumption from the traction network when the voltage on the current receiver drops
below the permissible level, and perform power compensation from the on-board ESS.

The aim of this work is to determine the structure and parameters of the on-board ESS
electric locomotive for quarry railway transport.

On-board ESS are created using supercapacitors [4,5], inertial energy storage [6,7],
lithium batteries [8-10], and a combination of elements, mainly supercapacitors and
lithium batteries [11-13]. The structure of the on-board ESS depends on the type of rolling
stock [14,15]. Consequently, the problem arises in determining the rational parameters
of the components, in particular the hybrid ESS, which consists of elements of different
types [16]. For the most part, research is devoted to determining the parameters of ESS,
which uses supercapacitors and lithium cells. In [17-19], the use of hybrid on-board ESS
based on lithium batteries and supercapacitors was investigated and their advantages over
ESS using only lithium batteries were shown. The use of supercapacitors allowed the peak
power exchanged by the lithium battery to be reduced, decreasing its discharge, which
positively affected the efficiency of the on-board ESS and extended the life of the lithium
battery. In [20], a method is proposed to determine the parameters of an on-board ESS,
which includes supercapacitors and lithium cells. The weight, size, and cost indicators were
selected as optimization criteria. In [21], the parameters of the hybrid on-board ESS were
determined to minimize the economic costs in terms of energy consumption and installation
of the on-board ESS. This ensured a reduction in energy consumption by 25.59%. In [22],
the optimal parameters of an on-board ESS with supercapacitors and lithium batteries were
determined according to the criterion of the minimum cost of the elements. In [23], the
application of hybrid on-board ESS on urban rail transport was studied. According to the
results of calculations, it is shown that the use of ESS reduces losses in the traction network
by 43%, decreases peak current by 32%, extends the battery life by 16.3%, and stabilizes the
voltage of the traction network. In [24], a hybrid on-board ESS for an electric locomotive
was investigated. In [25], the results of research on the on-board ESS of the tram provided
parameters that were determined by taking into account the cost of elements and operating
costs. The work described in [26] was devoted to improving the on-board ESS of the tram.
Parameter optimization for the hybrid ESS and the application of energy management
algorithms developed in the article show that the cost of daily operation is reduced by 25%
compared to the ESS based on supercapacitors. In [27], a hybrid ESS with lithium cells of
different types was investigated, as a result of which an increase in energy density of 5.56%
and specific energy by 28.21% was achieved compared to ESS based on lithium cells of the
same type. In [28], a hybrid ESS built with lithium nickel manganese cobalt oxides (NMC),
elements with high specific energy, and lithium-titanium-oxide (LTO) elements with high
specific power, was investigated. Depending on the optimization criterion, the hybrid ESS
has up to 33.5% less weight or up to 30% less cost compared to the ESS built on elements of
the same type. The work described in [29] was devoted to developing methodology for
optimizing hybrid ESS with lithium cells of various types. It is shown that the use of a
hybrid ESS allows for reducing costs compared to ESS on elements of the same type.

As can be seen from the analysis, the optimization of hybrid on-board ESS is widely
used for vehicles of various purposes. When optimizing ESS, the parameters of its elements
are determined primarily from the standpoint of minimizing the costs of its creation,
acquisition, and the costs incurred during the operation of rolling stock. This approach
reflects and takes into account the cost of the lifecycle as a criterion for choosing an on-
board ESS option. However, its application requires information on the value of equipment,
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operating costs, maintenance, repair, etc. This causes difficulties in applying such an
approach in the early stages of research.

An alternative approach to determining the optimal option is based on the application
of complex criteria that combine technical parameters and economic indicators of the on-
board ESS or the entire rolling stock. This approach is optimized using limited information
on the cost characteristics of the electric locomotive’s electrical equipment. On this basis,
we consider it appropriate to use just such an approach to optimize the on-board ESS of an
electric locomotive for open-pit railway transport.

2. Research and Optimization of Hybrid On-Board Energy Storage System
2.1. Input Data

Figure 2 shows a version of the traction system structure for the electric locomotive
under study. The intermediate circuit of the electric locomotive receives power from
both the traction network and from the on-board ESS. This provides the possibility of a
compatible and separate power supply from each of the energy sources of all connected
consumers. The electric traction drive and auxiliary systems of the electric locomotive are
connected to the intermediate circuit. The traction characteristics of the electric locomotive
and the profile of the section from the crushing plant to the open top loading point of the
route are shown in Figure 3 [3,30].
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Figure 2. Structural diagram of the traction system for the electric locomotive (P—pantograph, IC—
input converter, TT—traction transformer, 4QS1, 4QS2—four-quadrant converters; AUXCS—auxiliary
systems of electric locomotive control, ACM1—auxiliary converter module of the control section,
ACM2—auxiliary converter module of booster section, OESS—energy storage system, ES—energy
storage, MC—matching converter, TDCS—traction electric drive of the control section, TDBS—
traction electric drive of the booster section, TI1 ... TI16—traction inverters, M1 ... M16—traction
induction electric motors) [2].
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Figure 3. Traction characteristics of the electric locomotive (a) and profile of the track section (b).
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The determination of the parameters of the on-board ESS was carried out by analyzing
the power dependence. Therefore, the method has found wide application for the study
of ES systems [31-33]. The dependence of the power consumed by the electric drive and
auxiliary systems from the intermediate circuit was used as the power dependence. This
power was determined on calculations of the operating mode parameters of the traction
electric drive and auxiliary systems.

When moving along a section of the path, the tangential power was determined when
solving the traction problem. In general, this problem can be formulated as an optimization
problem [34-37]. Furthermore, the electric traction drive of an electric locomotive is
multimotor and, therefore, to increase its energy efficiency, it is recommended to use the
load distribution between individual electric motors [38—40]. The empty half-passage,
i.e., movement from the crushing plant to the open top loading point, is carried out by a
train with 14 model 33-7141 dump trucks. The tare of the dump truck is 50 tons, the mass
of the electric locomotive is 2 x 200 tons, and the electric locomotive moves forward. The
path profile is shown in Figure 3b. The cargo half-passage is movement from the open-
top loading point to the crushing plant, and is carried out with trucks each loaded with
115 tons of iron ore. Movement is carried out by wagons forward; the profile of the railway
is the reverse of the profile for an empty half-passage. The traction task was solved using
mathematical models given in [3,31,41-43], taking into account recommendations [44—47].

The methodology for determining the tangential power during shunting is described
and carried out in [31]. The power for the auxiliary systems, first of all, motor fans
for cooling traction motors, can also be optimized by taking into account the operating
modes of the electric locomotive and its electric traction electric drive [48]. At this stage
of the research, it is assumed that the power of the auxiliary systems does not depend
on the mode of operation and is estimated by the authors to be 300 kW for the modes
of movement along the path, 50 kW during shunting when loaded, and 100 kW during
shunting when unloading.

The dependence of the tangential power for a full flight is shown in Figure 4.
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Figure 4. Dependence of the tangential power on the electric locomotive (I—empty half-passage,
II—shunting during loading, IIl—cargo half-passage, IV—shunting during unloading).

The calculation of the power consumed by the on-board ESS is determined in this
paper based on the following considerations:

e In the electrodynamic braking mode, all available energy is accumulated in the energy
storage (ES);

e In the traction mode, ES provides by power compensation when limiting its consump-
tion from the traction network.

Taking into account the first condition, the power value is ES determined by using
the formula:

Pps > PruomfTDYBC 1)
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where Pp,,,—nominal tangential power of the electric locomotive, equal to 6700 kW; yrp—the
efficiency of the traction electric drive (link “traction reducer—traction motor-traction inverter”)
is taken as equal to 0.9; 7pc—the efficiency of the matching converter of ES, equal to 0.97.

For the electric locomotive, the ES power calculated by Equation (1) should not be less
than 5850 kW.

As mentioned above, one of the functions of the on-board ESS is power compensation
when limiting its consumption from the traction network. A system of a copper contact
wire and a bimetallic carrier cable is used in the contact suspension on open-pit railway
transport. The continuous current of the PBSM-95+MF-100 contact network (formed from
a bimetallic wire of the PBSM-95 brand and a shaped copper wire of the MF-100 brand) is
660 ... 820 A, depending on the degree of wear in the contact wire [49,50]. It is assumed
that the maximum allowed current that can be consumed by one electric locomotive is
600 A. In open-pit railways electrified in an alternating current system, the lowest voltage
in the pantographs is 7.5 kV. The power that can be consumed by an electric locomotive is
determined by using the formula:

Pc = Upylccos ¢ 2)

where Up;,—the minimum voltage on the current receiver is 7.5 kV; Ic—the limit current
consumed by the electric locomotive from the catenary network (equal to 600 A); cosp—the
power factor of the electric locomotive is equal to 0.98 for traction modes. Then, the power
calculated by Equation (2) is approximately 4400 kW.

To ensure the compensation mode, the power of the energy storage is determined by
using the formula:

(LL””'" + PAUX) — Pcm

NTD

®)

Pogss =
11BC

where P41 x—the power consumed by the auxiliary systems of the electric locomotive in
traction mode; 17;—the efficiency of the input converter (link “traction transformer—4qs-
converter”) is 0.95.

The minimum power calculated by Equation (3) is ES 3575 kW. It should be noted that
determining the value of ES power when limiting power consumption from the traction
network requires detailed research and is not the purpose of this work.

The power exchanged by the on-board ESS with the intermediate circuit is determined
by using the formula:

0, (Ppc < Pciy) A (Ppc > 0)
Pogss = 4 Poc — Pcn1, (Ppc > Pci) A (Ppc > 0) 4)
Ppc, Ppc <0

where Ppc—the power that is consumed or delivered in the intermediate circuit, which is
determined by the equation:

NTD

L 4 Paux, P> 0
DC = 5)
—(|P|ntD — Paux), B <0

It is assumed here that in the electrodynamic feeding mode of auxiliary systems
provided by the traction electric drive, the power is always sufficient.
The change in ES energy during the i-th stage of ES charging or discharging is:

T
mf Pogssidt, Popss > 0
AE; = 0 ©

T
nechpar | Poessidt, Poess < 0
0



Energies 2023, 16, 3293

7 of 19

where T;—duration of the i-th stage; Porrsi—dependence of power ES on time during the
i-th stage; 7psT—storage efficiency equal to 0.98

Figure 5 shows the dependence of the power exchanged between the on-board ESS
with the intermediate circuit and the change in the ES energy at an initial energy of
102 kWh.
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Figure 5. Dependencies of the power exchanged by the on-board ESS with the intermediate circuit
(a) and energy of the ES (b).

The dependencies analysis in Figure 5 confirms that discharge of the ES occurs in
modes when there are restrictions on the power consumption from the traction network
and during shunting. Charging of the ES occurs in electrodynamic braking modes during
service braking to maintain speed during braking before stopping. When discharging,
the maximum power taken from the on-board ESS is about 3400 kW, and when charging
it reaches 5000 kW. The operating energy capacity of the ES is defined as the difference

between the maximum and minimum value depending on the energy change in the ES and
is about 150 kWh.

2.2. Research On-Board ESS with Elements of the Same Type

The calculation of the parameters of the on-board ESS is provided below. Consider
the following cases: (1) only LTO elements are used in the on-board ESS; (2) only lithium
iron-phosphate (LFP) elements are used in the on-board ESS; and (3) supercapacitors
are used in the on-board ESS. For example, consider YINLONG 66160H 2.3v 40ah LTO
cells (Gree Altairnano New Energy Inc., Zhuhai, China) [51], ENERpower 26650 LiFePO4
3.2V 3000mAh (10C) LFP cells (Heter Electronics Group Co., Ltd, Shenzhen, China) [52],
and Maxwell 3000 FARAD Capacitor Boostcap 3000f 2.7volt BCAP3000 supercapacitors
(Maxwell Technologies Korea Co., Ltd, Yongin-si, South Korea) [53]. Table 1 shows the tech-
nical parameters for the elements based on information from the manufacturers” websites.
The cost of the elements is taken from online marketplaces.
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Table 1. Parameters of storage elements.
Parameter Value
Type of element
YINLONG 66160H2.3v ~ ENERpower 26650 LiFePO4 xiizjilsggifgigg) ;
40 ah Ito battery 3.2 V 3000 mAh (10C) 27 volt BCAP3000
Capacity of one element, Ah 37 3 2.2
Nominal voltage, V 2.3 32 2.7
Element charging voltage, V 29 3.6 2.7
Discharge voltage of the element, V 15 2.5 1.35
Allowable charging current, A 240 6 170
Permissible discharge current, A 240 18 170
Weight, kg 1.22 0.087 0.51
Geometric dimensions
Diameter, m 0.066 0.026 0.06
Length, m 0.160 0.065 0.130
The cost of one element, EUR 90.0 3.8 45.0

The parameters of the on-board ESS were calculated according to the following model,
developed taking into account the recommendations [28,29,54-56].
The capacity of the on-board ESS is determined by using the formula:

AEw

Eopss = 7
OESS = (SOC; — SOC,)kiky” @

where AEyy—working energy capacity; k;—coefficient that takes into account the decrease
in the capacity of the ES during the period of operation assumed equal to 0.9; kp—coefficient,
which takes into account the decrease in the capacity of the ES when the temperature
changes, self-discharge, etc., we accept 0.95; SOC—the stage of charge.

The value of SOC; should be selected to ensure maximum ES with maximum power.
Usually for lithium cells SOC; = 90%, for a supercapacitor—100%. The value of SOC,
should be selected at the permissible discharge level of the ESS. Usually SOC, = 10% for
lithium cells, 0% for supercapacitors.

If necessary, other factors can be taken into account in Equation (7), leading to a
decrease in capacity.

Let elements be used in the on-board ESS, which is characterized by the follow-
ing technical parameters. The number of serially connected elements is determined by
the expression:

Uac
Uepy

where U —intermediate circuit voltage; U.,—voltage at the end of charging the element.
The resulting value is rounded up.
The number of parallel branches is determined by using the formula:

N; = (8)

N, = max(Ny, Ny) )

where Nj—the number of parallel branches is determined from the condition “by energy”;
Np—the number of parallel branches is determined from the condition “by power”.
The number of parallel branches is determined from the condition “by energy” and
defined by using the formula:
Eokss
M NsEceirken (10
where E .;;—capacity of one element, expressed in kWh; k.;,—coefficient which takes into
account the decrease in energy that can be stored by the ES element when charging with
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a current that exceeds the optimal value (assumed equal to 0.9). The resulting value is
rounded up.

The number of parallel branches determined from the condition “by power” is defined
by using the formula:

Eokss
N = ———— (11)
NsEceriken

where Pprss—rated power of ES; Uj;;—element discharge voltage; I ..;;—the smaller the
charge and discharge currents of the element I.,;; = min(I, I;s). Here, I,,—permissible
charging current, l;;;—permissible discharge current. The resulting value is rounded up.
The number of elements:

Neeny = NSNp (12)

The total mass of elements of the on-board ESS:

Mcell = Ncellmcell/ (13)

where m,.;;—the mass of one element.
The volume which is necessary for the placement of elements of the on-board ESS:

Vcell = Ncellacellbcellhcellr (14)

where a..1,bce11,hcei1—length, width, and height of the prismatic element, respectively. For
a cylindrical element, the length and width are assumed to be equal to the diameter d_,;.
The cost of elements of on-board ESS:

Ccell = Ncellccell (15)

where c..;;—the cost of one element.
The total capacity of elements of the on-board ESS:

Ec = Nee1Ecenr (16)

where E .;;—energy capacity of one element.
The results of the calculations are given in Table 2.

Table 2. Calculation results.

Parameter

Value

Type of element

YINLONG 66160H  ENERpower 26650 LiFePO4 szigjilsgggfgﬁg% c
2.3 v 40 ah LTO battery 3.2V 3000 mAh (10C) 27 volt BCAP3000

Working energy capacity, kWh 146.8 146.8 146.8
Nominal energy capacity, kWh 214.6 214.6 171.0
Power, kW 4949.0 4949.0 4949.0
Number of serially connected elements 293 236 314
Number of parallel branches 47 1399 93
Number of elements 13,771 330,164 29,202

Mass of elements, t 16.8 28.7 14.9
Volume of elements, m3 9.6 14.5 14.5
Energy capacity of elements, kWh 1172 3170 173.6

Cost of elements, thousand EUR 11,01.7 1254.6 1314.1

Cost of one kilowatt-hour of ES, 0.94 0.40 76

thousand EUR/kWh

The model for calculating the ES parameters (Equations (7)—(16)) does not take into
account design features such as the cooling system or the dimensions of the battery manage-
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ment system (BMS). The determination of their parameters requires a detailed constructive
processing of the elements of the ESS, which is not part of this research task.

As we can see from Table 2, the largest mass-dimensional ESS is based on LFP-
elements. ES with supercapacitors is the smallest mass-dimensional, ES with LTO cells has
the smallest volume required for the placement. The lowest cost of cells is also in the case
of ES with LTO cells.

The total energy capacity of cells for ES with supercapacitors is almost equal to the
energy capacity of ES. The total energy capacity of ES cells with LTO elements exceeds the
required by 5.5 times and, in the case of LFP elements, by 14.7. On the one hand, such an
excess allows recharge ES through several passages, and on the other hand, the “excess”
energy capacity leads to an increase in the mass and dimensions of ES as well as capital
costs for acquisition. The lowest cost is ES based on LTO elements. The lowest cost per
kWh is ES based on LFP elements.

So, by mass criteria, volume, cost, and the cost of one kilowatt-hour, none of the ES
options based on the same type of elements simultaneously provides minimum indicators
for all criteria. In such cases, multicriteria optimization is used to select a rational option.

2.3. Optimization of Hybrid ES

Optimization of weight, dimensions, and cost indicators is widely used in the opti-
mization of on-board ESS vehicles for various purposes [23,57-61]. Such problems belong
to the class of multicriteria optimization problems [62-64].

The conditional optimization problem is formulated in the form:

minf(?), ¥ eRrV 17)

with restrictions in the form of equalities ; (?) =0,71=1,2,...,m and the form of
. . — . - = 7 — . .
inequalities g]-<x) < kj, j=12,...,1. a < x < b, where f(x)—ob]ectlve function,

X—vector of varied parameters, 4 and b—vectors of the lower and upper bounds of the
varied parameters.

A common method of optimization is to use different types of elements in ES, most
often lithium cells and supercapacitors or lithium cells of various types. It follows from the
above that ES is necessary to optimize simultaneously by several criteria, which describe
different properties. In this case, we apply the additive criterion composed of partial criteria
that are accepted as the mass of elements ES, the volume necessary for their placement, and
the cost of elements. The choice of the mass and volume of elements as criteria is explained
by the fact that the corresponding parameters of the entire onboard energy storage system,
which includes temperature stabilization systems, mounting elements, etc., depend on
them. The relationship between the parameters is proportional: the smaller the mass and
volume of the elements, the smaller the mass and volume of the entire energy storage
device. Accordingly, a decrease in the mass and volume of elements leads to a decrease
in these parameters for the entire energy storage device. Reducing the cost of elements
reduces the capital investment in its creation, which makes the drive more attractive.

Additive convolution of criteria [60,61] was used for calculations. To bring it to a
dimensionless form, the criteria are normalized. For this, the largest and smallest values of
the criteria were used for the case when the energy storage uses elements of the same type.
Since the value of the objective function is affected by a set of weighting factors set by the
researcher, it is appropriate to study the influence of a set of weighting factors on the result.

The objective function has the form (fractions are introduced into the objective function
to normalize the variables):

Me1(x) — Min Ve (x) = Vinin +w Cer(x) — Ciin

+w

X)=w , 18
f( ) ! Mmax - Mmin z Vmax - Vmin 3 Cmax - Cmin ( )
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where M,;(x)—the total mass of the elements of ES, M,;(x) = M; + My (M, Mp—the
mass of elements of the first and second type, respectively); Mmax, Mmin—the largest and
smallest mass of ES elements from which the hybrid ES is “mixed”; V,;(x)—the total
volume of elements of ES V,;(x) = V; + V3 (V4, Va—the volume of elements of the first and
second type, respectively); Vinax, Vmin—the largest and smallest volume which is necessary
for placement of elements ES from which the hybrid ES is “mixed”; C,;(x) —the total cost
of the elements of ES, C,;(x) = C1 + Cy(Cq, Co—the cost of elements of the first and second
type, respectively); Cmax, Cmin—the largest and smallest cost of the elements of ES, from
which the hybrid ES is “mixed”; w;—weighting factors (i =1...3,w; > 0, i w; =1).

As a variable in the objective function (Equation (18)), we take the plovlver of the ES
part which is formed by “energy” elements. For calculations, we impose restrictions. The
left border is selected from the condition of ensuring the autonomous movement of the
electric locomotive during shunting, the right border is the highest power, which is ES
exchanged by the intermediate circuit of the traction system.

The hybrid ES consists of two conventional parts—“energy” and “power”. Algorithms
for calculating power dependences of these parts, necessary for calculating energy storage
parameters according to Equations (7)—(16), are necessary for calculating the objective
function and given below.

Calculation of power dependence, which is consumed from the “energy” part is
performed according to the following equations:

e  The instantaneous power of the “energy” part of ES is determined:

Pes(t), |pes(t)] < P
Prat(t) = Pp, (Ipes(t)| > Pg) A (Pes ( ) >0) (19)
—Pg, (|pes(t)| > Pp) A (pes(t) < 0)

where p,; (t)—dependence of ES power in time; Pg—normative power of the “energy” part
of the ES.

e  The power of the “power” part of ES is determined:

0, [pes(t)| < Pg
psc(t) = Pes(t) — Pp, (|pes(t)| > Pp) A (pes(t) > 0) (20)
—(|pes(t)| = Pg), (Ipes(t)| > Pp) A (pes(t) <0)

In Equations (19) and (20), the ES discharge meets the condition pes(t) > 0, charging—
Pes(t) < 0.

ES energy is defined as follows. The ES energy at the r-th stage of charging is deter-
mined by using the formula:

t
ces(t) = eor + gt [ |pi(8) ot e
0

where p,(t)—dependence of the power transferred to the ES at the r-th stage of charging;
eopr—the energy of ES at the beginning of the r-th stage of charging.
The ES energy at the p-th stage of charging is determined by using the formula:

ees(t) = egp — @/ ’pp ‘dt (22)

where p,(t)—power dependence which ES is consumed at the p-th discharge stage; eo,—ES
energy at the beginning of the p-th discharge stage.

Equations (21) and (22) are applied as both parts of the ES.

The algorithm for calculating the objective function is as follows:
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Set the power of the “energy” part of the ES:

1.  Calculate power dependences for the “energy” and “power” parts according to
Equations (19) and (20), respectively;

2. Calculate the energy dependence of the “energy” and “power” parts using
Equations (21) and (22);

3. Calculate ES parameters for the “energy” and “power” parts according to the model
Equations (7)-(16);

4.  Specify a set of weighting coefficients {w; wy; w3} and calculate the value of the
objective function (18).

Consider three options for ES hybridization: (1) the “power part” is formed by LTO
elements: “powerful”—supercapacitors; (2) “energy part” is formed by LFP-elements:
“powerful”—supercapacitors; (3) “energy part” is formed by LFP-elements: “powerful”—
with LTO elements.

Since the result of the objective function depends on the set of weighting factors,
several cases are considered. The objective function (18) is a function of one variable,
which allows building it graphically and determining the minimum value from the graph.
Figure 6 shows the dependence of the objective function on the power of the “energetic”
part of the ES with different sets of weighting coefficients.

0.4

o

f(x), i.e

-

w

-0.4
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Power, KW

Figure 6. Dependence of the objective function on power (the red line is the objective function with
coefficients {0, 0;0,8;0,2}; the yellow line is the objective function with coefficients {0,2;0,6;0,2};
the purple line is the objective function with coefficients {0,4;0,4;0,2}; the green line is the objective
function with coefficients {0, 6;0,2;0,2}; and the blue line is the objective function with coefficients
{0,8;0,0;0,2}).

To determine the minimum of the objective function, its calculations were carried out
with a change in power, after which the minimum value was determined. One-dimensional
optimization algorithms were not used.

The results for the optimal point calculation are shown in Table 3.

Table 3. Results of calculations of ES parameters with LTO elements and supercapacitors.

A Set of . Mass of Volume of Cost of Energy
c Optimal . Cost of One
Weighting Power. KW Elements, Elements, Elements, Capacity of KWh. EUR
Factors ! t m3 Thousand EUR  Elements, kWh !
{0,0;0,8;0,2} 4740 16.6 9.7 1097.19 1127.6 0.97
{0,2;0,6;0,2} 4740 16.6 9.7 1097.19 1127.6 0.97
{0,4;0,4;0,2} 920 12.2 10.6 1002.24 328.9 3.05
{0,6;0,2;0,2} 920 12.2 10.6 1002.24 328.9 3.05

{0,8;0,0;0,2} 920 12.2 10.6 1002.24 328.9 3.05
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As can be seen in Table 3, the optimum of the objective function depends on the set of
weighting coefficients. In particular, the decision is influenced by the weighting coefficients
for terms that take into account mass and volume. However, we have two variants of
optimal power—4740 and 920 kW. Table 4 shows a comparison of the ES parameters based
on LTO elements and hybrid ES.

Table 4. Comparison of options.

Element Type LTO LTO + SC
Mass of elements, t 16.8 16.6 12.2
Volume of elements, m3 9.6 9.7 10.6
Energy capacity of elements, kWh 1172 1127.6 328.9
Cost of elements, thousand EUR 1101.7 1097.24 1002.24

Cost of one kilowatt-hour,

thousand EUR 0.94 0.97 3.05

As can be seen in Table 4, the variant of the hybrid ES with the power of the “energy”
part of 4740 kW is practically no different from the basic ES. In the hybrid ES with the
power of the “energy” part of 920 kW, the weight of the ES decreases from 16.8 to 12.2 t
(1.38 times) with a slight increase in volume from 9.6 to 10.6 m? (1.1 times). The cost of
elements for this option is reduced from 1101.7 thousand EUR to 1002.24 thousand EUR
(1.1 times). However, the storage capacity decreases from 1172 to 328.9 kWh (3.56 times),
and the cost of “one kilowatt-hour” increases from 0.94 thousand EUR to 3.05 thousand
EUR—3.2 times. In other words, with practically the same cost for elements, in the case
of a hybrid ES, we obtain a capacity 3.2 times smaller than in the case of ES only on LTO
cells. Tables 5 and 6 show the calculation results for the variant of the hybrid ES with LFP
elements and supercapacitors and the variant of the hybrid ES with LFP elements in the
“energy part” and LTO elements. The results of the calculations showed that the optimal
power for such ES does not depend on the set of weighting factors and is 500 kW for
LFP + SC and 520 kW for LFP + LTO.

Table 5. Results of calculations of ES parameters with LFP elements and supercapacitors.

Element Type LFP LFP + SC
Mass of elements, t 28.7 12.8
Volume of elements, m3 14.5 11.1
Energy capacity of elements, kWh 3170.0 437 .4
Cost of elements, thousand EUR 1254.6 1003.4
Cost of one kilowatt-hour, thousand EUR 0.40 2.29

Table 6. Results of calculations of ES parameters with LFP- and LTO elements.

Element Type LFP LFP + LTO
Mass of elements, t 28.7 12.9
Volume of elements, m3 14.5 11.2
Energy capacity of elements, kWh 3170.0 448.7
Cost of elements, thousand EUR 1254.6 1007.9
Cost of one kilowatt-hour, thousand EUR 0.40 2.25

As can be seen in Tables 5 and 6, the hybridization of the LFP accumulator allows
for a reduction in its mass by 2.22 times and its volume by 1.3 times. The cost of elements
is reduced by 1.24 times. However, the energy intensity of the elements decreases by
7.06. and the cost of “one kilowatt-hour” increases by 5.63 times. That is, the situation
is similar to the case of the hybrid ES based on LTO elements and supercapacitors (SC).
Optimization allows for significantly improved mass-dimensional indicators. However, it
does not reduce energy consumption.
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So hybridization does not allow for the improvement in the mass and dimensional
indicators; however, it leads to a significant reduction in the energy capacity of ES. At the
same time, the cost of the ES elements decreases significantly. As a result, it leads to a high
cost of one kilowatt-hour of ES capacity.

One of the criteria for considering the cost of energy storage elements is the cost of
one kilowatt-hour of energy. Consider a calculation for this case. As in the previous case,
normalization criteria and additive convolution were applied. The influence of weighting
factors on the result of the calculation of the objective function was also investigated.

The objective function for this case can be given as:

Mel(x) — Mmnin Vel(x) — Vinin uel(x) — Unin

xX)=w + w +w ,
f( ) ! Mmax - Mmin 2 Vmax - Vmin ? umax - Umin

(23)

where U, (x)—the cost of one kWh of element capacity. U, (x) = g} ié (E1, E;—the energy

capacity of the parts of ES).

The algorithm for calculating the values of the objective function is given above.
Hybridization options are the same as in the previous study.

Table 7 shows the calculation results for the option of LTO elements in the “energy”
part, and supercapacitors in the “power” part of ES. Figure 7 shows the dependence of the
objective function on different weighting factors for this option.

Table 7. Results of calculations of ES parameters.

A Set of . Mass of Volume of Cost of Energy
L. Optimal . Cost of One
Weighting Power. KW Elements, Elements, Elements, Capacity of KWh. EUR
Factors ! t m3 Thousand EUR  Elements, kWh !
{0,05;0,05;0,9} 3580 15.2 9.9 1065.43 883.2 1.21
{0,1;0,1;0,8} 2500 14.0 10.2 1042.98 661.8 1.58
{0,2;0,2;0,6} 1350 12.7 10.5 1011.22 417.4 2.46
{0,3;0,3;0,4} 920 12.2 10.6 1002.24 328.9 3.05
o
=

-0.3
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Power, kW

Figure 7. Dependence of the objective function (the yellow line is the objective function with
coefficients {0,05;0,05;0,9}; the blue line is the objective function with coefficients {0, 1;0,1;0,8};
the red line is the objective function with coefficients {0, 2;0,2; 0, 6}; and the purple line is the objective
function with coefficients {0,3;0,3;0,4}).

As can be seen in Table 7 and Figure 7, the optimal power when hybridizing depends
on the set of weighting factors. In general, the situation is similar to the one discussed
above. With the improvement in the mass indicators, the energy capacity of the storage
device decreases and the cost of one kilowatt-hour increases.
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Tables 8 and 9 show the results of the parameters of ES with the hybridization of LFP
+ SC and LFP + LTO.

Table 8. Results of calculations of ES parameters with hybridization of LFP elements and supercapacitors.

A Set of . Mass of Volume of Cost of Energy
- Optimal . Cost of One
Weighting Power. KW Elements, Elements, Elements, Capacity of KWh. EUR
Factors ! t m3 Thousand EUR  Elements, kWh !
{0,05;0,05;0,9} 1210 153 11.7 1041.5 871.8 1.19
{0,1;0,1;0,8} 770 13.8 11.3 1015.0 602.1 1.69
{0,2;0,2;0,6} 500 12.8 11.1 1003.4 4374 2.29
{0,3;0,3;0,4} 500 12.8 11.1 1003.4 437.4 2.29

Table 9. Results of calculations of ES parameters with hybridization LFP- and LTO elements.

A Set of Mass of Volume of Cost of Energy

Weighting PSJ;:“SN Elements, Elements, Elements, Capacity of Ck(;;th()fE%IIl{e
Factors ’ t m3 Thousand EUR  Elements, kWh !
{0,05;0,05;0,9} 520 18.0 10.0 1116.3 1380.3 0.8
{0,1,0,1;0,8} 520 18.0 10.0 1116.3 1380.3 0.8
{0,2;0,2;0,6} 520 18.0 10.0 1116.3 1380.3 0.8
{0,3;0,3;0,4} 520 18.0 10.0 1116.3 1380.3 0.8

The results of the calculations for the variant with LFP cells and supercapacitors are
similar to the results for the variant with LTO cells and supercapacitors. For the variant
with LFP and LTO-elements, the fact attracts attention: the optimal power does not depend
on the set of weighting factors. Furthermore, the parameters of such a hybrid ES are close
to the ES parameters on LTO cells.

Therefore, in the cases studied, hybridization did not provide, first of the all, a reduc-
tion in the mass of elements, and in some cases a reduction in volume is necessary to place
the elements. At the same time, during hybridization, the energy intensity of the elements
can significantly decrease with a slight decrease in the cost.

3. Discussion

This paper investigates a procedure for selecting energy storage parameters for the
on-board ESS of a mining electric locomotive. For the calculations, it is proposed to use
the dependence of the tangential power of the electric locomotive and the power of the
auxiliary systems based on which the power dependence was calculated. A feature of the
ES for the electric locomotive under study is the need for power compensation for the
electric locomotive traction system in the case when the capacity of the traction network
is limited. Another aspect is the need to power the electric locomotive’s systems during
autonomous shunting movement. Together, these features lead to the need for the creation
of an ES with a capacity of 4950 kW and an operating energy capacity of 150 kWh to ensure
the operation of the electric locomotive according to the selected algorithm.

LTO elements, LFP elements, and supercapacitors are selected for parameter evalu-
ation. The calculation of parameters is shown. Their mass can be 14.9 ... 28.7 tons, and
the volume to place the elements is 9.6 ... 14.5 m>. Such mass-dimensional indicators
can cause difficulties with the placement of ES on an electric locomotive. Therefore, it is
advisable to improve it. This is possible with the hybridization of ES when elements of
different types are used. The conducted studies show that the possible reduction in the
mass of the ES to 12.8 tons is 1.16 ... 2.24 times, depending on the basic version of the ES.
At the same time, the volume increases by 1.1 times, which can be considered acceptable.
However, during hybridization, the energy intensity of ES is significantly reduced, but
even with a sufficiently significant reduction in the cost of the elements, it does not lead
to an increase in the cost of a kilowatt-hour. This reduces the attractiveness of capital
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investments in such an ESS for the electric locomotive under study. Therefore, we consider
the option based on LTO elements to be acceptable, which can be considered a tradeoff
for the selected evaluation criteria. A reduction in weight and dimensions is observed
when using LTO elements with other technical parameters. The study of this issue is not
considered in this article.

4. Conclusions

The article considers the application of an on-board energy storage system for an
electric locomotive for quarry railway transport. The features of its operation include
power compensation while limiting its consumption from the traction network, energy
accumulation during electrodynamic braking, and power supply of electric locomotive
systems during autonomous shunting operation.

The method of determining the parameters of the on-board ESS was proposed and its
indicators were investigated when using LTO elements, LFP elements, and supercapacitors.
The hybridization of ES was studied when such elements were taken into account. Accord-
ing to the results of the calculations, it is established that during hybridization, the mass of
ES significantly decreases. At the same time, during hybridization, the energy intensity of
the ES is significantly reduced, and as a result, the cost of a kilowatt-hour of ES increases.
This reduces the efficiency of capital investments in such an ESS. Therefore, we consider
it expedient to use ES based on LTO elements. The improvement of which indicators is
possible through the selection of elements. An alternative option may be a hybrid ES based
on LTO and LFP elements.
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