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Abstract. This paper presents the results of a study on the use of energy storage systems in electric traction
systems, conducted using the Matlab Simulink sofiware environment. The relevance of implementing energy
storage systems lies in the current inability to fully utilize regenerated energy during braking. The analysis of
available types of electrical energy storage devices reveals that several variants exist, each requiring specific
charging parameters. By applying an analytical approach to modeling electric traction loads, various scenarios
of integrating storage devices into subway power supply systems were examined. The simulation results
demonstrate that, under cost constraints for the storage system, lithium-ion batteries provide the highest efficiency
among the considered technologies.
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1. INTRODUCTION

Electric traction systems are one of the competitive structures in the passenger and freight
transport industry. Regarding railways, this is primarily due to the operational length of the main
railway tracks, which reaches 19,787 km, including 9,319 km of electrified ones [1]. Over the
past year, railways transported approximately 25 million passengers and 148.4 million tonnes of
cargo. This is a fairly large indicator among other modes of transport. Like any other type of
transport, electrified vehicles are equipped with braking system, but specific to its field. The main
types of braking are pneumatic, regenerative and rheostat.

Today, regenerative braking is not sufficiently high-priority type of braking, as it is
hindered by several factors related to the fact that, in most cases, there are no consumers of
regenerative energy. This is due to the fact that, during regenerative braking, the generated
electrical energy, which is returned to the contact network, can result in the increase of
voltage in the contact network and subsequently to the operation of the overvoltage
protection system [2]. And if this energy is converted using inverters at substations and fed
into the primary network, another problem related to the deterioration of the operating mode
and quality of electricity arises. But if excess recuperation energy could be stored directly
in storage devices, this would solve several current problems related to regenerative braking
and enable the electric traction systems to be considered as a modern and economical mode
of transport. It can be argued that the use of recuperated energy is more efficient, since now
it can be reused if necessary. These installations can be located directly on the rolling stock,
at substations or inside the feeder area.

If we consider storage batteries as on-board equipment of rolling stock, then the stored
energy can be used immediately when the train starts moving [3—4]. While starting the
movement from the place, quite large currents arise in traction motors resulting in the

138 e e e e .. Corresponding author: Dmytro Bosyi; e-mail: d.o.bosyi@ust.edu.ua


https://doi.org/10.33108/visnyk_tntu
https://doi.org/10.33108/visnyk_tntu2025.0
https://doi.org/10.33108/visnyk_tntu2025.02.138

Dmytro Bosyi, Oleksii Toms, Maksym Fursa, Bohdan Borsch, Mykhailo Tiurin

deterioration in the operating mode of the contact network. When using storage devices in such
cases, it is possible to reduce the starting currents that will occur in the contact network
improving the network operating mode and, accordingly, reduce power losses. However, with
such installation of energy storage devices, it is necessary to predict the increased complexity
in the design of the rolling stock.

Considering the need to increase the energy efficiency of electric traction systems, to
study modern types of storage devices and choose their application options is an important task.
Due to the technical complexity of electric traction systems and the stochastic nature of their
operation, full-scale studies of their use are quite difficult, therefore to achieve this goal, the
Matlab Simulink software product is used with analytical representation of power consumption
processes in electric traction systems during modeling.

The objective of the paper is to analyse the advantages and disadvantages of existing
types of storage devices, to determine the efficiency of their application in electric traction
systems using the Matlab Simulink computer modeling technology.

2. OVERVIEW OF EXISTING TECHNOLOGIES FOR COMPUTER
MODELING OF ELECTRICITY CONSUMPTION PROCESSES IN ELECTRIC
TRACTION SYSTEMS WITH THE POSSIBILITY OF TAKING INTO ACCOUNT
ENERGY STORAGE PROCESSES

Among the well-known technologies for computer modeling of traction power supply
systems with functions which take into account energy storage processes are the following:
Sitras Sidytrac, OpenPowerNet and Matlab Simulink.

Sitras Sidytrac is the development of the German company Siemens, designed for
simulation and calculation of AC and DC traction networks. Due to Sitras Sidytrac, design
becomes more versatile and automated, which increases work efficiency and reduces the
probability of errors [5]. The development makes it possible to model sections of electrified
railways with storage devices, however, their control algorithms are set by the developer, which
restricts the scope of use of this solution only to commercial projects.

OpenPowerNet is the software designed for modeling and calculating electrical networks,
developed by Dresden Institute of Railway Engineering [6]. OpenPowerNet is capable of
simulating AC and DC railway traction networks, taking into account the electrical structure of
the network. It can be used as energy forecasting and analysis tool and for planning and
optimizing power supply devices. OpenPowerNet is used together with the Swiss railway
operation simulator OpenTrack, as a compatible simulator. The module is capable of simulating
AC and DC railway traction networks, taking into account the electrical structure of the network.

Matlab Simulink is an interactive tool for modeling, simulating, and analyzing dynamic
systems, including discrete, continuous, and hybrid, nonlinear, and discontinuous systems. It
was created by the American company The MathWorks [7]. It is the most popular tool for
modeling power supply systems due to the large number of ready-made blocks, user-friendly
interface, good model visualisation and extensive analysis capabilities. It is the best choice for
modeling traction power supply systems when used for scientific research purposes. Since
Matlab Simulink contains ready-made blocks for modeling energy storage devices and makes
it possible to set algorithms for controlling them, you can choose this solution for modeling
research of the efficiency of using storage devices in electric traction systems.

At present, technology is developing quite rapidly, and this has resulted in rapid
development in the field of energy storage. The main types of common electricity storage
devices that can be used in electric traction are as follows:

- lead-acid (Pb);

- nickel-cadmium (Ni-Cd);
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- nickel-metal hydride (Ni-Mh);

- lithium-ion (Li-Ion);

- lithium-polymer (Li-Pol).

Let us consider each type of electricity storage device in detail, as well as some
features of their charge/discharge cycles:

Lead-acid batteries. This type of battery [8] is the most common among others. This is
caused by the fact that they are quite cheap due to the availability of materials for their
manufacturing. In addition, the technology for production of these batteries is already quite well
developed. The main consumable material of these batteries is lead, which is placed in sulfuric
acid. These batteries are divided into the following main groups: starter, stationary, traction and
portable (sealed).

The main advantages of this type of battery include:

- simplicity of manufacturing;

- low cost;

- low self-discharge;

- ability to withstand high discharge rates.

The disadvantages are:

- not enough charge/discharge cycles;

- use of environmentally harmful electrolyte;

- relatively low energy consumption (approximately 10—-30 Watt-hours/kg).

Nowadays, there are several methods of charging lead-acid batteries, including:
unstabilized current charging, stabilized current charging (CC), stabilized voltage charging (CV),
and two-stage charging using the CC/CV method.

In the case of unstabilised current charging, power supply is used, usually in the form
of transformer and rectifier diode bridge. The charging current is set by the rheostat. The
advantage is simplicity and, consequently, low cost. Disadvantages include the dependence of
the charging current on the network voltage and the battery charge level, the need for constant
monitoring of the charging process and regulation of the charging current, the possibility of
overcharging or undercharging the battery with the resulting consequences, and low efficiency
due to the dissipation of excess power on the rheostat.

In the stabilized current charging method, the control device measures the voltage at the
battery terminals and, if it is below the lower limit value, the switch is turned on and charging
occurs at the set current. When the upper threshold is reached, the control device turns off the
key and the charge stops. In the event of a voltage drop, the whole process is repeated.

The advantages are that the charging current does not depend on fluctuations in the
network voltage and the degree of battery charge, it has higher efficiency, and automation of
the charging process.

The disadvantages include more complex and expensive device, the possibility of not
charging the battery up to 100% capacity, and the possibility of overcharging.

We should also keep in mind that when charging with high current, the voltage at the
battery terminals increases relatively quickly and the battery does not have time to gain the
required capacity before it is disconnected. At low current, the voltage at the terminals increases
more slowly, but the battery can reach 100% capacity. But this current can not be enough to
reach the upper trip limit. The battery starts to boil and, if the charger is not disconnected,
overcharging is possible.

Stabilized voltage charging is typically used in cars when it is necessary to restore the
battery charge quickly. In this case the voltage stabilizer is DC generator, the voltage of which
1s maintained automatically using relay-regulator. The voltage of the on-board network should
be 2.4 V per cell (or 14.4 V per 12-volt battery). At the beginning of charging, the current is the
highest due to the significant difference between the source voltage and the battery voltage. At
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the same time, the greater the power of the charging current source and the more discharged the
battery, the greater the charging current. As the battery charges, the voltage increases and the
charging current drops to the minimum value.

Current
stabilizer

Power Switch Voltage I I
Source stabilizer |

Control
Device

Figure 1. Block diagram of two-stage charger

The advantages are short charging time and automatic reduction of the charging current
as the battery is charged.

The disadvantages are the need to set the voltage of the charging current source precisely in
order to avoid systematic undercharging or overcharging and the large initial charging current.

In contrast to the previous ones, two-stage charging by the CC/CV method (Fig. 1) takes
place in two stages. The first is the charge with stabilized current, the second is the charge with
stabilized voltage.

The voltage stabilization threshold is 13.8 V per battery or 2.3 V per cell. Despite its
complexity, the charging algorithm proves to be completely justified. The first stage
of charging makes it possible to reach the battery main capacity relatively quickly without
bringing the electrolyte to boiling. If you charge the battery using only current stabilization
mode, then for complete charge it would be necessary to increase the voltage to more
than 2.3V per cell and exceed the boiling point of the electrolyte. This increases
the intensity of the battery electrochemical processes and, as a result, reduces its service life.
The second stage is used to eliminate these disadvantages. The charger switches to
this mode when the voltage reaches 2.3 V per cell. In this case, there is a «soft» transition from
one mode to another, without current surges characteristic of the voltage-only stabilization
mode. The current starts to drop gradually and after some time decreases to the value equal to
the battery self-discharge current. Depending on the quality and capacity of the battery and the
ambient temperature, this value ranges from tens to hundreds of milliamps. This charging
algorithm minimizes the sulfation process, eliminates overcharging and makes it possible to
charge the battery up to 100% capacity. At the same time, you can’t disconnect the battery from
the charger for a long time, keeping it in constant readiness for operation. The disadvantages
include longer charging time and higher price of the charger.

The principle of operation of nickel-cadmium batteries [9] is based on the formation of
cadmium hydroxide at the anode and nickel hydroxide at the cathode. This type of battery is
capable of operating in the most severe conditions. These batteries are used to power mine
electric locomotives, hoists, and to start diesel and aircraft engines. They require careful
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handling because they have the memory effect. These batteries should be discharged slowly
until their capacity is completely exhausted, and then they should be quickly recharged.

The advantages of nickel-cadmium batteries include the possibility of rapid charging,
low cost, stable characteristics at low temperatures, good load capacity, and the greatest
adaptability to be used in difficult conditions.

Among the disadvantages, one should be aware of the memory effect and special
methods of its elimination, relatively high self-discharge after prolonged storage, and toxicity.

Nickel-metal hydride batteries are almost identical in design to nickel-cadmium batteries,
except the fact that nickel oxide electrode is used as the positive electrode, and the electrode made
of'the alloy of nickel with rare earth metals is used as the negative electrode [9]. This design resulted
in several advantages of such battery compared to nickel-cadmium batteries, namely: the increase
in capacity by approximately 30-40%, smaller memory effect, small amount of toxic substances,
and the possibility of further recycling. Disadvantages include small number of charge/discharge
cycles (approximately 200-300 cycles when completely discharged), high self-discharge, and 20%
increase in manufacturing costs compared to nickel-cadmium batteries.

Charging of nickel-cadmium and nickel-metal hydride batteries is mainly carried out
from a DC source. The charger is powered by DC source controlled by microcontroller, which
in turn monitors the battery voltage.

The peculiarity of nickel batteries is the fact that while charging to their nominal
capacity, the voltage at the terminals decreases by several tens of mV. It is on this principle that
the so-called «negative delta voltage method» (-A¥) is built. The method consists in charging
the battery with constant current, which has the value of 0,5C-1,0C , where C is capacity in
A-hours. During charging, the battery voltage rises to a certain peak value, after which it drops
slightly. This indicates that the battery is charged and then the controller turns off the charger.

Recently, lithium-ion batteries have become increasingly popular. Nowadays, any
portable device is equipped with such batteries and they are used in electric vehicles [9].

The advantages of lithium-ion batteries include high energy density, fast charging
process, relatively low self-discharge rate, fairly high number of charge/discharge cycles
(approximately 1000 times), and significantly higher voltage of the individual cell compared to
lead-acid and nickel-cadmium batteries (3.6 V).

Disadvantages include explosiveness, high manufacturing cost, and relatively rapid
battery aging.

The creation of lithium-polymer batteries is due to rather high explosive hazard of lithium-
ion batteries [9], which can occur in the event of mechanical damage and when they are overcharged
to sufficiently high level. In lithium-polymer batteries, the liquid electrolyte was replaced by
polymer electrolyte, which solved the problem of possible electrolyte leakage, and also increased
the safety of operation. The use of polymer electrolyte resulted in the emergence of such advantages
as compactness, low weight, and improved operational safety. Among the disadvantages are lower
energy consumption, fewer charge/discharge cycles, and high manufacturing cost.

The process of charging lithium batteries consists of two or three stages depending on the
degree of rarefaction. In the case of deep discharge, the so-called pre-charge with the current of Znom
is used. After raising the voltage to the minimum operating level, the charge is performed with the
current in the range of 0,5—1,0/mom. In the third stage, after the battery voltage reaches its maximum
value, it is charged with constant voltage, while the current gradually decreases as the battery
reaches full capacity. After the charging current decreases below 0,05 lhom the charger turns off.

3. INVESTIGATION OF THE BATTERY CHARGING MODES

Let us carry out the investigation of the efficiency of the charger with different types of
storage devices, followed by the analytical comparison of the obtained indicators.
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The following parameters were chosen as the basic ones:

- Dbattery type: lead-acid, lithium-ion, nickel-cadmium;

- nominal battery voltage: 550 V;

- nominal battery capacity: 200 A-h;

- charging current: 100 A, 200 A, 300 A, 400 A

charging voltage: 640 V.

The developed model of the charger for the investigation by CC/CV (constant
current/constant voltage) method is shown in Fig. 2. The charging time is determined from
the battery charge waveform at SOC output. The obtained results of charging time and
electricity consumption for selected battery types and their charging currents are
summarized in Table 1.
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Figure 2. Model of the charger by CC/CV method
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Table 1

Results of the charging process investigation

i

Scope

) oy Electricit
Battery type Chargl?gAcurrent Chartglnriigntlme consumptiz)/n

’ ’ W, kWh

100 128.5 116.84

Ph 200 76.7 119.42
300 62.6 121.26

400 56.4 122.74

100 125.0 117.08

Li-lon 200 70.8 118.36
300 43.9 119.58
400 33.3 120.7

100 150.8 138.04

. 200 100.0 139.08
Ni-Cd 300 84.7 139.78
400 76.4 140.3
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Based on

the research results, histograms of charging time versus charging

current (Fig. 3) and electricity used versus charging current (Fig. 4) were constructed for
each type of battery.
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Figure 3. Dependence of charging time on charging current for each type of battery
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Figure 4. Dependence of the amount of electricity consumed on the charging current

for each type of battery

After analysis of these dependencies, the following conclusions can be made. The
shortest charging time is achieved by the charger with the highest charging current (400 A).
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Among the considered types, the lithium battery proves to be the most efficient in terms of
charging time in the energy storage system.

Considering the dependencies shown in Fig. 4, it should be noted that
among the considered batteries, Pb and Li-Ion types show the smallest amount of
electricity consumed to charge the battery to 100% and this amount in both batteries is
within 120 kWh.

So, summarising the obtained results, for further investigation we choose the charger
with the following parameters:

- charging current — 400 A;

- charging voltage — 640 V;

- charger power — 256 kW.

It is also reasonable to choose the battery with the following characteristics:

- type — Li-lon;

- nominal voltage — 550 V;

- nominal capacity — 200 A-h.

Analyzing the investigation data, we can say that the efficiency of using batteries with
chargers as on-board equipment is not aimed at reducing overall electricity consumption.
However, considering that trolleybuses are at different distances from traction substations at
any given time and consume current from the contact network, then the effect of using onboard
energy storage device becomes apparent — specifically due to the partial power supply to the
engines from the battery.

In addition, the use of onboard energy storage devices makes it possiblle to eliminate
the contact network completely; however, it is necessary to provide power sources at the
terminal stops of trolleybus routes for recharging the storage systems [10—13].

It is also possible to combine electrified sections with non-electrified ones, which
makes it possible to develop new routes within cities. This, in turn, results in the
abandonment of vehicles based on internal combustion engines, which has positive impact
on the environment [14-17].

4. ANALYSIS OF THE EFFICIENCY OF STORAGE DEVICES APPLICATION
IN THE ELECTRIC TRACTION SYSTEM

In order to analyze the efficiency of using storage batteries in the electric traction
system, we will carry out the investigation for the traction power supply scheme of the
subway (Fig. 5).

In the investigation, we will compare the following types of batteries [8-9]:

- Pb (2 OPzS 100-12V);

- Li-Ion (Panasonic NCR18650B Protected);

- Ni-Mh (Panasonic Eneloop BK-3MCCE).

Since each storage device has characteristic parameters according to its type, for their
correct comparison, we will take as the base the element of lead-acid battery 2 OPzS 100-12V
with 12V voltage and 100 Ah capacity. To obtain similar parameters for lithium-ion and nickel-
metal hydride batteries, the parameters are recalculated taking into account the parallel-series
connection of cells in the battery. We get:

- Li—lon: 30 parallel-connected links (providing capacitance) of 3 series-connected
elements (providing voltage);

- Ni-Mh: 50 parallel-connected links (providing capacitance) of 10 series-connected
elements (providing voltage).

Parameters of the obtained batteries are summarized in Table 2.
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Figure 5. Schematic diagram of the traction power supply system of the site

For numerical calculations, initial conditions will be set. For this purpose, the
uniform traffic schedule and the periodic current load schedule (Fig. 6) will be used. When
forming the traction substation current under the given conditions, the load currents from
trains moving in both the even and odd directions are taken into account [18—19].

Table 2

Battery parameters

Battery types
Parameters FAAM 2STAS55-12 | Panasonic NCR18650B | PanasonicEneloop
(2 OPzS 100-12V) Protected BK-3MCCE

Voltage, V 12 3.7/11.1 1.2/12
Capacity, Ah 100 3.4/102 2/100
Length, mm 272 69/600 50/650
Width, mm 205 20/60 13/130
Height, mm 380 69 50
Battery volume, mm?® 21 188 800 2484 000 4225 000
Number of «charge-
discharge» cycles at depth of
discharge:

100% 1100 1500 1500

75% 1600 2000 2000

50% 3250 5000 4000

25% 5500 7000 6000
Weight, kg 50 0.05/4.5 0.027/13.5
Quantity, pieces 1 90 500
Price, $ 525 6.25/562 2.6/1285

Note: the numerator shows the parameter for a single cell, and the denominator shows the
parameter for the assembled battery.
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Figure 6. Formation of traction substation current according to the traffic schedule

The implementation of calculations in the traction power supply system is performed in
Matlab Simulink, the system model is shown in Fig. 7. The current value acts as a load, so the data
is entered using the «SignalEditor» block, the output of which controls the current source.
Additionally, parameters such as the internal resistance of the substation, the resistance of the traction
network, and the no-load voltage of the substations are also specified. When the energy storage
system is used, the model is modified by adding the corresponding components, as shown in Fig. 8.

— % PPower_base_sr.mal
Integrator To File 3
X
P| Power_base.mat
Determination of
power losses "
To File 2
[ 2281416.59|
Scope2
Display 1
Scopel Scope4
Scope3
\—J »| base.mat
+ i
|:rb M=V ! ToFile1
Base network Resistance of the B
current settlement network " 'E"asc Itor
Substation __.| N v} enario
i Signal 1 S
internal - i @
resistance Base grid
voltage
Controlled
DC Voltage Curent Source
Source

—n—l"—n—u

Figure 7. Formation of traction substation current according to the traffic schedule
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Since different types of storage devices can be used for electric traction system, and they
have a large number of types and classifications, we set the additional constraint in the form
that 1 million UAH is allocated for the electricity storage system. After analysis of the prices
of storage devices as of 2018, we summarise the data in Table 3, which takes into account the
number of cells, capacity, number of series and parallel connected cells.

Table 3

Parameters of selected options for electricity storage systems

Storage type
Parameter - -
Li-lon Ni-Cd Ni-Mh | Lead-acid | Supercapacitor
Price of one element, UAH 180 55 61 14692 492.1
Capacity of one element, Ah 3.4 2 2 100 400 F
Voltage of one element, V 3.7 1.2 1.2 12 2.7
Number of series-connected 3 688 688 69 306
elements
Number of parallel branches 24 26 23 1 6
Total system capacity, Ah 81.6 52 46 100 1.3F
Total system voltage, V 825.1 825.6 825.6 828 826.2
Expenses, KUAH 963. 36 083.84 | 965.264 | 1013.748 903.496
From File 3
:l Power loss Power_base.mat » »
b measurement — [] D
<50C (%)> l D Scope 1 » »
I’W. Scope 6 \nte;rator TN S 4
Display 2
Settlement Settlement base.mat
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Figure 8. Model of the traction power supply system using battery pack

As the result of the modeling, the dependences of the voltage change in the network in
the basic version and with the use of the storage device, as well as the total power losses in the
system, which will be considered an indicator of efficiency, are obtained. Comparisons of
voltages and currents in the corresponding modes are shown in Fig. 9, 10.
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The results of the investigation show that the application of storage devices has positive
effect on the power supply system, this is primarily due to the fact that the current load is
reduced, which results in the decrease of power losses in the traction network. Data on power
losses when using different types of storage batteries are given in Table 4.
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Figure 10. Comparison of load currents in the basic version and in the calculated mode of the storage device
application: 1 — initial current of the network, 2 — current of the network with energy storage,
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Table 4

Efficiency indicators of energy storage devices application

Options for using energy storage devices Power losses in the Efficiency of storage
application traction network, kW | device application, %
Without energy storage device (basic scheme) 2281416 —
Lead-acid 720.477 68.4
Li-Ion 378.371 83.4
Ni-Cd 475.115 79.1
Ni-Mh 531.598 76.6
Supercapacitor 444.263 80.5

5. CONCLUSIONS

Based on the results of computer simulation of the interaction between electric
traction power supply systems and energy storage devices, the following conclusions can
be drawn:

1. Lithium-ion batteries demonstrated the highest efficiency among the analyzed
storage technologies (lead-acid, nickel-cadmium, nickel-metal hydride, and supercapacitors) in
terms of the «cost-power loss reduction» criterion. This is due to their ability to provide high
discharge currents and superior cycle stability.

2. The traction power supply system model developed in Matlab Simulink enabled a
clear assessment of voltage and current dynamics in the network with and without energy
storage. The simulation results showed that using storage devices reduces current in the contact
network and decreases power losses by up to 83% compared to the baseline case.

3. The use of energy storage systems allows for peak load compensation, reduction of
starting currents, and stabilization of network voltage, thereby improving power quality and
operating conditions of traction substations.

4. The proposed model can be effectively used as an engineering tool for analyzing,
planning, and optimizing the energy infrastructure of electric transport, as well as for selecting
appropriate storage technologies under specified technical and economic conditions.
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BUKOPUCTAHHSA BIBJIIOTEK MATLAB SIMULINK JIJIAA
JOCJ/IIIZKEHHA EOEKTUBHOCTI 3ACTOCYBAHHA
HAKOIIMYYBAYIB EHEPI'II BCUCTEMAX EJEKTPUYHOI TATH

JAmutpo bocwuii; Ouekciii Tomc; Makcum ®@ypca; bornan bopu;
Muxaiino Trwopin

Vrpaincokuu oepacasnuil yHigepcumem HAyKU i MexHON02i,
Jninpo, Ykpaina

Pe3tome. [Ipeocmasneno pe3ysbmamu 00CHiONCEHHs OOYITbHOCE MA eheKMUBHOCTI 3aCMOCY8ANHS
cucmem HAKONUYEHHs eNeKMpOeHepeii 8 eleKmpomsaco8ux CUcCmemax 3 SUKOPUCMAHHAM KOMN HOMepHO20
modemoeanns y cepeoosuwyi Matlab Simulink. Axmyanvnicms memu 3yMOB1EHA HEMOINCAUBICINIO NOBHO2O
NOBMOPHO20 BUKOPUCMAHHS eJleKmpOeHepeil, W0 2eHepyeEMbCsa Ni0 4ac peKynepamuHo20 2albMyEaHHS
erekmpompancnopmy. Haonuwkosa enepeis 6 6invuwocmi unadkig¢ He 3HAXOOUMb CHOJNCUBAYA 6
KOHMAKmMHIU Mepedxci, wo npuzeooums 00 ii empamu abo HaGIMb He2AMUBHUX HACTIOKI8, 30Kpemd
CNpayr08anHs 3axucmis 6io nepenanpyau. 3acmocy8aHHs HAKONUYYBA4i8 003680J5€ YHUKHYMU YUX npobiem,
36epicaroyu eHepeiro 0Jisi NOOAIbULO20 BUKOPUCTNAHHS, WO NI0BUUYE eHepeoedeKMUBHICMb Md eK0I02IYHICMb
MPAHCHOPMHOT cucmemu.

IIpoananizoeano cyvacui munu HAKONUYY8AUie elexmpoeHepeii (CeUHYe8o-KUCIOMHI, HIKelb-
KAoMi€8i, HiKelb-Memano2iopuoni, nimiln-ioHni, CYnepKoHOeHcamopu), IixXx mexHiuHi XapaKxmepucmuxu,
pedicumMie 3apaodicantsl, YUKIiuHoi cmabiibHoCcmi, nNumomoi enepeoemnocmi ma eapmocmi. 3 ypaxy8auHam
yux napamempie 3mo00enboO8AHO BAPIAHMU 3ACMOCYBAHHA HAKONUYYBAYIi8 Y cucmemi e1eKmponocmaianHs
mempononimeny. 3a donomo2oio mooeni, cmgeopenoi' y Matlab Simulink, nposedeno uucenvni excnepumenmu,
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Wo 8paxo8yloms peanbHi pedlcumu pobomu mazoeux niocmanyii, epapiku Ha8anmadcewHs ma cmpykmypy
KOHMAKmMHOI Mepedici.

Pesynomamu  modenmosanns noxazanu, wo HaleeKMusHimuM 6apianmom 3a CnieGiOHOWEHHAM
«6apmicmy — 3MeHwenns. 6mpan NOMYNCHOCMI» € GUKOPUCIAHHS. TMili-ionHuX aKymyiamopnux 6amapei. Ix
3acmocy6ants 003605€ CYMMEGO 3HUSUMU NYCKOGL CMPYMU, KOMNEHCY6amu NiKOGi HAGAHMAIICEHHSA ma
3MEHWUMU 3a2a1bHi BMpamu enekmpoenepeii 6 mepesici. Ompumana Mooenb maKoxdc 0ae€ 3MO2y OYiHIO8aMuU GNIUE
HAKONUYY6auie Ha napamempu eleKmponoCmayauHs 3a PISHUX CcXeM NIOKTIOYeHHA, Wo  00380JA€
sUKOpucmogysamu ii Ak IHCMpyMeHnm 0N IHMCEeHEepHO20 aHANi3y ma Noodnbulol onmumizayii eHepeemuyHol
inghpacmpykmypu enexmpompancnopmy.

Kniouoei cnosa: nakonuuyeay enepeii, akymyasimop, CynepKkoHOeHCcamop, elekmpomsad, MOOem08anHsl,
Matlab Simulink.
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